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The preparation and crystal structures of two oxalato-bridged FeII-FeIII mixed-valence compounds, [FeII(bpm)3]2-
[FeIII

2(ox)5]‚8H2O (1) and FeII(bpm)3Na(H2O)2FeIII (ox)3‚4H2O (2) (bpm) 2,2′-bipyrimidine; ox) oxalate dianion)
are reported here. Complex1 crystallizes in the triclinic system, space groupP1h, with a ) 10.998(2) Å,b )
13.073(3) Å,c ) 13.308(3) Å,R ) 101.95(2)°, â ) 109.20(2)°, γ ) 99.89(2)°, andZ ) 1. Complex2 crystallizes
in the monoclinic system, space groupP21/c, with a ) 12.609(2) Å,b ) 19.670(5) Å,c ) 15.843(3) Å,â )
99.46(1)°, andZ ) 4. The structure of complex1 consists of centrosymmetric oxalato-bridged dinuclear high-
spin iron(III) [Fe2(ox)5]2- anions, tris-chelated low-spin iron(II) [Fe(bpm)3]2+ cations, and lattice water molecules.
The iron atoms are hexacoordinated: six oxygen atoms (iron(III)) from two bidentate and one bisbidentate oxalato
ligands and six nitrogen atoms (iron(II)) from three bidentate bpm groups. The Fe(III)-O(ox) and Fe(II)-N(bpm)
bond distances vary in the ranges 1.967(3)-2.099(3) and 1.967(4)-1.995(3) Å, respectively. The iron(III)-iron-
(III) separation across the bridging oxalato is 5.449(2) Å, whereas the shortest intermolecular iron(III)-iron(II)
distance is 6.841(2) Å. The structure of complex2 consists of neutral heterotrinuclear Fe(bpm)3Na(H2O)2Fe(ox)3
units and water molecules of crystallization. The tris-chelated low-spin iron(II) ([Fe(bpm)3]2+) and high-spin
iron(III) ([Fe(ox)3]3-) entities act as bidentate ligands (through two bpm-nitrogen and two oxalato-oxygen atoms,
respectively) toward the univalent sodium cation, yielding the trinuclear (bpm)2Fe(II)-bpm-Na(I)-ox-Fe(III)-
(ox)2 complex. Twocis-coordinated water molecules complete the distorted octahedral surrounding of the sodium
atom. The ranges of the Fe(II)-N(bpm) and Fe(III)-O(ox) bond distances [1.968(6)-1.993(5) and 1.992(6)-
2.024(6) Å, respectively] compare well with those observed in1. The Na-N(bpm) bond lengths (2.548(7) and
2.677(7) Å) are longer than those of Na-O(ox) (2.514(7) and 2.380(7) Å) and Na-O(water) (2.334(15) and
2.356(12) Å). The intramolecular Fe(II)‚‚‚Fe(III) separation is 6.763(2) Å, whereas the shortest intermolecular
Fe(II)‚‚‚Fe(II) and Fe(III)‚‚‚Fe(III) distances are 8.152(2) and 8.992(2) Å, respectively. Magnetic susceptibility
measurements in the temperature range 2.0-290 K for 1 reveal that the high-spin iron(III) ions are
antiferromagnetically coupled (J ) -6.6 cm-1, the Hamiltonian being defined asĤ ) -JŜ1‚Ŝ2). The magnitude
of the antiferromagnetic coupling through the bridging oxalato in the magneto-structurally characterized family
of formula [M2(ox)5](2m-10)+ (M ) Fe(III) (1), Cr(III), and Ni(II)) is analyzed and discussed by means of a simple
orbital model.

Introduction
The tris-chelated [M(ox)3]3- complex (M ) trivalent first-

row transition metal ion; ox) oxalate dianion) is a well-known
ligand in the preparation of heterometallic complexes when
using the so-called building block strategy.2-16 It has been found
that its reaction with transition metal ions can lead to infinite

two- and three-dimensional magnetic networks depending on
the nature of the templating cation. Therefore, honeycomb
anionic layers of formula [MIIMIII (ox)3]n

n- (MII ) V, Cr, Mn,
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Fe, Co, Ni, Cu, Zn; MIII ) V, Cr, Fe) were synthesized by using
bulky organic cations [AX4]+ (A ) N, P; X ) phenyl,
n-alkyl)3,4,6,8,10,11,14or decamethylferrocinium.15 Within each
layer, the adjacent tris-chelated metal complexes exhibit different
chirality. Given that at the six anionic layers present in the unit
cell three have MIII in the ∆ enantiomeric form and the other
three only incorporate MIII in the λ conformation, the whole
structure is not optically active. However, the 3D networks of
formula [MII

2(ox)3]n
2n-, [MIMIII (ox)3]n

2n-, and [MIIMIII (ox)3]n
n-

result when [M(bpy)3]m+ (bpy ) 2,2′-bipyridine;m ) 2 and 3)
is used as counterion.5,7,9,12,13,16In this latter case, the compound
is chiral, both the cation and the anion being enantiomers. These
chiral compounds were first prepared from the racemic starting
materials, and only very recently, the feasibility of the enantio-
selective preparation of optically active two- and three-
dimensional oxalate-bridged networks has been elegantly dem-
onstrated using resolved [Cr(ox)3]3- and [M(bpy)3]2+ (M ) Ni,
Ru) species.17

The remarkable ability of the oxalate ligand to mediate strong
magnetic interactions between the metal ions18-21 makes these
two- and three-dimensional oxalate-bridged networks valuable
candidates for experimental and theoretical studies in the field
of molecular-based magnets.22,23However, the lack of suitable
theoretical models to analyze these complex high-dimensional
magnetic materials has so far precluded a thorough analysis of
their magnetic properties. In the context of our magneto-
structural studies concerning low-dimensionality systems with
transition metal ions and bridging ligands such as oxalato and
2,2′-bipyrimidine (hereafter noted bpm),24-28 we have obtained
the dinuclear [FeII(bpm)3]2[FeIII

2(ox)5]‚8H2O (1) and trinuclear
FeII(bpm)3Na(H2O)2FeIII (ox)3‚4H2O (2) complexes containing
the high-spin [FeIII 2(ox)5]4- (1) and [FeIII (ox)3]3- (2) units and
the low-spin [FeII(bpm)3]2+ (1 and2) entity. Their preparation,
crystal structure characterization, and magnetic properties are
presented here.

Experimental Section

Materials. Sodium and ammonium oxalate salts, iron(III) ammonium
sulfate dodecahydrate, and 2,2′-bipyrimidine were purchased from

commercial sources and used as received. Elemental analyses (C, H,
N) were performed by the Microanalytical Service of the Universita`
degli Studi della Calabria. Iron content was determined by atomic
absorption spectrometry.

Preparation of [Fe(bpm)3]2[Fe2(ox)5]‚8H2O (1) and Fe(bpm)3Na-
(H2O)2Fe(ox)3‚4H2O (2). Complex 1, as red-brown plates, can be
prepared (yield about 80%) by slow evaporation of aqueous solutions
(50 mL) containing iron(III) ammonium sulfate dodecahydrate (or iron-
(III) chloride) (0.5 mmol), ammonium oxalate (1 mmol), and 2,2′-
bipyrimidine (1.0 mmol). The crystals were filtered off and dried on
filter paper in air. Compound2 (red-brown parallelepipeds) was
obtained as a minor product (yield of about 5%) together with
compound1 (yield of about 70%) from an aqueous solution (50 mL)
containing sodium oxalate (1.0 mmol), iron(III) ammonium sulfate
dodecahydrate (0.5 mmol), and bpm (0.5 mmol) by slow evaporation
at room temperature. They were filtered off, dried on filter paper, and
separated by hand. Anal. Calcd for C58H52Fe4N24O28 (1): C, 39.66; H,
2.98; N, 19.14; Fe, 12.72. Found: C, 39.55, H, 3.02; N, 19.21; Fe,
12.68. Anal. Calcd for C30H30Fe2N12NaO18 (2): C, 36.72; H, 3.08; N,
17.13; Fe, 11.38. Found: C, 36.68, H, 3.12; N, 17.09; Fe, 11.30.

The infrared spectrum of1 reveals the presence of chelating bpm
(doublet at 1578 and 1567 cm-1)29 and chelating and bridging oxalato
[1710, 1680, and 1630 cm-1 for νas(O-C-O); 1357, 1310, 1240, and
873 cm-1 for νs (O-C-O); 810 and 795 cm-1 for δ(O-C-
O)].18b,21,30-32 The infrared spectrum of2 shows chelating and bridging
bpm (triplet at 1590, 1577, and 1551 cm-1) and oxalato (1718, 1680,
1645, 1380, 1273, 1250, 895, 804, and 790 cm-1). The presence of a
strong and broad absorption at ca. 3420 cm-1 in the infrared spectra of
1 and 2 is indicative of the presence of hydrogen-bonded water
molecules in these complexes.33 All these spectral suggestions have
been confirmed by the X-ray structural determinations of1 and2.

Physical Techniques.The IR spectra of1 and2 were registered in
solid KBr pellet on a Perkin-Elmer 1750 FTIR spectrophotometer, in
the 4000-400 cm-1 region. Magnetic susceptibility measurements were
performed on a polycrystalline sample of1 with a Quantum Design
superconducting quantum interference device (SQUID) magnetometer
(2.0-300 K temperature range) using an applied magnetic field of 0.1
T. The susceptometer was calibrated with (NH4)2Mn(SO4)2‚12H2O. The
experimental susceptibility data of1 were corrected for the diamag-
netism estimated from Pascal’s constants34 [-857 × 10-6 cm3 mol-1

K].
X-ray Data Collection and Structure Refinement.The diffraction

data were collected at room temperature on a Bruker R3m/V automatic
four-circle diffractometer using graphite monochromated Mo KR
radiation (λ ) 0.710 73 Å) with theω-2θ scan method. The unit cell
parameters were determined from least-squares refinement of the setting
angles of 25 reflections in the 2θ range, 15-30°. Information
concerning crystallographic data collection and structure refinements
is summarized in Table 1. Examination of two standard reflections,
monitored after every 98 reflections, showed no sign of crystal
deterioration. Lorentz polarization and semiempirical (ψ scan) absorp-
tion corrections35 were applied to the intensity data. The maximum
and minimum transmission factors were 0.860 and 0.792 for1 and
0.693 and 0.608 for2.

The structures were solved by standard Patterson methods and
subsequently completed by Fourier recycling. All non-hydrogen atoms
were refined anisotropically except for the oxygen atoms of the water
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molecules of compound2. The hydrogen atoms of the bpm were set
in calculated positions and refined as riding atoms with a common fixed
isotropic thermal parameter. The hydrogen atoms of the water molecules
(except those of2) were located on a∆F map and refined with
constraints. The refinement was performed onF (1) andF2 (2) using
4514 for 1 and all 8501 reflections for2. The residual maxima and
minima in the final Fourier difference maps were 0.59 and-0.44 for
1 and 1.66 and-0.60 for2. The nonoptimal refinement of compound
2 is related to the disorder of the water molecules. Solutions and
refinements were performed with the SHELXTL PLUS and SHELXTL
NT systems.36 The final geometrical calculations were carried out with
the PARST program.37 The graphical manipulations were performed
using the XP utility of the SHELXTL PLUS and SHELXTL NT
systems. The main interatomic bond distances and angles are listed in
Tables 2 (1) and 3 (2).

Results and Discussion

Description of the Structures. [Fe(bpm)3]2[Fe2(ox)5]‚8H2O
(1). The structure of compound1 consists of centrosymmetric
dinuclear [Fe2(ox)5]4- anions (Figure 1, top), mononuclear [Fe-
(bpm)3]2+ cations (Figure 1, bottom) and crystallization water
molecules linked together by means of electrostatic interactions
and hydrogen bonds.

The anionic unit contains two Fe(III) atoms and four terminal
and one bridging oxalato ligands. Each iron(III) ion has a
distorted octahedral environment. The iron-to-bridging-oxalato
bond lengths are significantly longer than those involving the
terminal oxalato ligands as observed in the parent [Cr2(ox)5]4-

and [Ni2(ox)5]6- anionic complexes,.21,32The mean value of the
Fe(2)-O(terminal oxalate) bond lengths is comparable to the
mean distance observed in X3Fe(ox)3‚3H2O with X ) K+ (2.037
Å),38 NH4

+ (2.002 Å),39 and Rb+ (1.963 Å).40 The iron atom is
shifted by 0.072(2) Å from the best equatorial plane, which is

defined by O(1), O(2), O(9), and O(6). The bridging oxalato is
essentially planar because of the inversion center located at the
midpoint of the C(29)-C(29a) bond, and the iron atom is 0.203-
(1) Å out of this plane. The dihedral angles formed by the
bridging and the two terminal oxalato groups are 83.3(1)° and
83.1(1)°. The distance between the two iron atoms through the
bridging oxalato is 5.449(2) Å [Fe(2)‚‚‚Fe(2a); a) symmetry
code-x, -y, -z].

The [Fe(bpm)3]2+ cation consists of the iron(II) ion coordi-
nated to three bpm molecules in a distorted octahedral geometry
(Figure 1, bottom). The average Fe(1)-N bond length is 1.978-
(4) Å, a value that compares well with those reported for this
unit in the compounds [Fe(bpm)3]2(ClO4)2‚2H2O (1.970(5) Å)41

and [Fe(bpm)3]2[Fe2(N3)10]‚2H2O (1.972(4) Å),42 and that is in
the range of the observed bond lengths for low-spin tris-chelated
iron(II) complexes.5,43,44 The pyrimidyl rings are planar, as
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Table 1. Summary of Crystal Dataa for [Fe(bpm)3]2[Fe2(ox)5]‚8H2O
(1) and Fe(bpm)3Na(H2O)Fe(ox)3‚4H2O (2)

1 2

formula C58H52Fe4N24O28 C30H30Fe2N12NaO18

mol wt 1756.6 981.4
cryst syst triclinic monoclinic
space group P1h P21/c
a, Å 10.998(2) 12.609(2)
b, Å 13.073(3) 19.670(5)
c, Å 13.308(3) 15.843(3)
R , deg 101.95(2)
â , deg 109.20(2) 99.46(1)
ø , deg 99.89(2)
V, Å3 1707.2(6) 3876(1)
Z 1 4
Dc, Kg m-3 1.709 1.682
F(000) 896 2004
µ(Mo KR), cm-1 9.40 8.54
reflns, unique/observed 7494/4514 8501/5612
Rb 0.048 0.085
Rw 0.074c (all data) 0.251d (all data)
S 1.256e 1.046f

a Details in common:T ) 25 °C, I > 3σ(I) (1), I > 2σ(I) (2). b R
) ∑(||Fo| - |Fc||)/∑|Fo|. c Rw ) [∑w(||Fo| - |Fc||)2/∑w|Fo|2]1/2. d Rw

) [∑w(Fo
2 - Fc

2)2/∑w(Fo
2)2]1/2. e Goodness of fit) [∑w(|Fo| - |Fc|)2/

(No - Np)]1/2. f Goodness of fit) [∑w(Fo
2 - Fc

2)2/(No - Np)]1/2.

Figure 1. Perspective views of the structures of the dinuclear
[Fe2(ox)5]4- anion (top) and mononuclear [Fe(bpm)3]2+ cation (bottom)
occurring in complex1. Thermal ellipsoids are drawn at the 30%
probability level.

Oxalato-Bridged Mixed-Valence Complexes Inorganic Chemistry, Vol. 40, No. 4, 2001657



expected, with deviations not greater than 0.016(5) Å for C(17)
from the mean planes. The carbon-carbon and carbon-nitrogen
bond lengths within the pyrimidyl rings agree with those
observed in other iron(II) complexes with chelating bpm.41,42,45,46

The carbon-carbon bond lengths between the pyrimidyl rings
[av, 1.477(7) Å] are somewhat shorter than those reported for
the dinuclear iron(II) complexes [Fe2(bpm)3(NCS)4] [1.510(11)
and 1.502(14) Å for chelating and bridging bpm, respectively]45

and [Fe2(H2O)8(bpm)](SO4)2‚2H2O [1.488(4) Å].47 The bpm
ligand as a whole is almost planar [the dihedral angles between
the pyrimidine rings are 1.7(1)°, 1.9(1)°, and 0.3(1)°]. The values
of the dihedral angles between the bpm ligands are 83.0(1)°,
87.2(1)°, and 96.4(1)°. The shortest separation between low-
and high-spin iron centers is 6.841(2) Å [Fe(1)‚‚‚Fe(2b); b)
symmetry code 1+ x, y, 1 + z], whereas that between the low-
spin centers is 7.961(2) Å [Fe(1)‚‚‚Fe(1c); c) symmetry code
2 - x, -y, 1 - z].

The dinuclear units are held together by means of H bonds
involving some of the oxalato-oxygens [O(4), O(5), O(8)] and
all crystallization water molecules (see end of Table 2).
Noncovalent interactions are expected to occur in compounds
containingπ systems. In the case of compound1, an examina-
tion of the relative geometric positions of the planar bpm ligands
in the crystal structure shows that the tris-chelated cations are
connected by off-set face-to-face interactions in such a way as
to form a chain along they axis. Only two of the three bpm
molecules are involved in these stacking interactions within the

chain, the distance between the mean planes planes C(1)-C(8),
C(1c)-C(8c) and C(17)-C(24), C(17d)-C(24d) [d) symmetry
code 2 - x, 1 - y, 1 - z] being 3.29(1) and 3.22(1) Å,
respectively.

Fe(bpm)3Na(H2O)2Fe(ox)3‚4H2O (2). The structure of com-
pound2 consists of neutral trinuclear Fe(bpm)3Na(H2O)2Fe-
(ox)3 units (Figure 2) and crystallization water molecules linked
by hydrogen bonds in which the water molecules and oxalato
groups are involved.

The trinuclear entity contains tris-chelated [Fe(ox)3]3- and
[Fe(bpm)3]2+ units, which act as bidentate ligands through one
oxalato ligand and a bpm group, respectively, toward a central
sodium atom. The sodium atom is hexacoordinate; two nitrogen
atoms of a bpm molecule, two oxygen atoms of an oxalato
group, and two water molecules incis positions build a highly
distorted octahedral environment around the sodium atom,
inasmuch as only the angle N(12)-Na-O(14) has a value of
almost 180° [172.8°]. This distortion is mainly due to the
position of the O(12) atom, which reduces the trans N(11)-
Na-O(12) angle to 128.6° and increases the adjacent O(13)-
Na-O(12) angle to 123.9°. The Na-O(water) distances [av,
2.34(1) Å] are similar to one Na-O(ox) [Na-O(12)], whereas
the second one is longer [2.511(6) Å]. These values are in
agreement with those reported for the oxalato-bridged two-
dimensional [NaCr((bpm)(ox)]‚5H2O [av, 2.382(5) Å (Na-
O(ox))]28 and [NaCr(bpy)(ox)2(H2O)]‚2H2O [2.511(4)-2.331(4)
Å (Na-O(ox)) and 2.371(5)-2.325(4) Å (Na-O(water))]48 and
for the three-dimensional [Fe(bpy)3][NaFe(ox)3] [av, 2.318(3)
Å (Na-O(ox))],7 [Ni(bpy)3][NaAl(ox)3] [2.378(3) Å (Na-
O(ox))],9 and [Cr(bpy)3][NaCr(ox)3]ClO4 [2.320(6) Å (Na-
O(ox))]12 compounds. The Na-N distances vary from 2.55(1)
to 2.68(1) Å, values that are somewhat greater than those
observed in the compound [NaCr(bpm)(ox)]‚5H2O [2.489(4) Å
for Na-N(bpm)].28 The iron atoms in the cationic (Fe(1)) and
anionic (Fe(2)) units are bound to three bpm (Fe(1)) and three
oxalate (Fe(2)), both exhibiting distorted octahedral geometries.
No remarkable differences were found in the Fe(1)-N and Fe-
(2)-O distances of the terminal and chelating bpm and ox
groups. The average Fe(2)-O and Fe(1)-N bond lengths
[2.009(6) and 1.977(6) Å, respectively] are similar to those
found in1 for terminal oxalato and bipyrimidine, respectively.
Consequently, compound2 contains a low-spin iron(II) (Fe-
(1)) and a high-spin iron(III) (Fe(2)) center.

(45) Real, J. A.; Zarembovitch, J.; Kahn, O.; Solans, X.Inorg. Chem.1987,
2939.

(46) Claude, R.; Real, J. A.; Zarembovitch, J.; Kahn, O.; Ouahab, L.;
Grandjean, D.; Boukheddaden, K.; Varret, F.; Dworkin, A.Inorg.
Chem.1990, 29, 4442.

(47) Andrés, E.; De Munno, G.; Julve, M.; Real, J. A.; Lloret, F.J. Chem.
Soc., Dalton Trans.1993, 2169.

(48) Muñoz, M. C.; Julve, M.; Lloret, F.; Faus, J.; Andruh, M.J. Chem.
Soc., Dalton Trans.1998, 3125.

Table 2. Selected Bond Distances (Å) and Bond Angles (deg) for
Compound1

Distances
Fe(1)-N(1) 1.983(3) Fe(1)-N(2) 1.995(4)
Fe(1)-N(5) 1.978(4) Fe(1)-N(6) 1.971(4)
Fe(1)-N(9) 1.976(5) Fe(1)-N(10) 1.967(3)
Fe(2)-O(1) 1.991(4) Fe(2)-O(2) 1.967(3)
Fe(2)-O(5) 1.971(4) Fe(2)-O(6) 1.979(4)
Fe(2)-O(9) 2.099(3) Fe(2)-O(10) 2.085(4)

Angles
N(1)-Fe(1)-N(2) 81.4(2) N(1)-Fe(1)-N(5) 93.8(2)
N(2)-Fe(1)-N(5) 174.0(2) N(1)-Fe(1)-N(6) 88.5(1)
N(2)-Fe(1)-N(6) 94.6(2) N(5)-Fe(1)-N(6) 81.6(2)
N(1)-Fe(1)-N(9) 95.7(2) N(2)-Fe(1)-N(9) 89.8(2)
N(5)-Fe(1)-N(9) 94.3(2) N(6)-Fe(1)-N(9) 174.4(2)
N(1)-Fe(1)-N(10) 174.1(2) N(2)-Fe(1)-N(10) 93.4(2)
N(5)-Fe(1)-N(10) 91.5(2) N(6)-Fe(1)-N(10) 94.9(2)
N(9)-Fe(1)-N(10) 81.3(2) O(1)-Fe(2)-O(2) 81.2(1)
O(1)-Fe(2)-O(5) 102.1(2) O(2)-Fe(2)-O(5) 98.4(2)
O(1)-Fe(2)-O(6) 175.0(2) O(2)-Fe(2)-O(6) 95.6(2)
O(5)-Fe(2)-O(6) 82.1(2) O(1)-Fe(2)-O(9) 89.4(1)
O(2)-Fe(2)-O(9) 169.9(1) O(5)-Fe(2)-O(9) 87.3(2)
O(6)-Fe(2)-O(9) 93.4(1) O(1)-Fe(2)-O(10) 90.6(2)
O(2)-Fe(2)-O(10) 97.0(2) O(5)-Fe(2)-O(10) 161.3(2)
O(6)-Fe(2)-O(10) 85.9(2) O(9)-Fe(2)-O(10) 79.2(1)

Hydrogen Bondsb

A D H A ‚‚‚D A‚‚‚H-D
O(13) O(11) H(1w) 2.79(1) 142(1)
O(5) O(11) H(2w) 2.88(1) 141(1)
O(8) O(12) H(4w) 2.88(1) 151(1)
O(11) O(14) H(7w) 2.85(1) 165(1)
O(4b)a O(13) H(5w) 2.94(1) 172(1)

a b ) symmetry code 1- x, -y, -z. b A ) acceptor; D) donor.

Figure 2. Perspective view of complex2. Hydrogen atoms and
uncoordinated water molecules have been omitted for clarity. Thermal
ellipsoids are drawn at the 30% probability level.
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The pyrimidyl rings of the bpm ligands are planar, as
expected, with deviations not greater than 0.013(9) Å for C(14)
from the mean planes. The bpm ligands are not far from
planarity [the dihedral angles between the pyrimidine rings are
1.8(2)°, 3.8(2)°, and 5.6(2)°]. The dihedral angles between the
three bpm mean planes are 92.4(1)°, 91.7(1)°, and 90.9(1)°. The
oxalate groups are also planar, and the dihedral angles they form
with each other are 100.5(2)°, 75.7(2)°, and 80.3(2)°. The
trinuclear units are held together by means of H bonds in which
the oxygen atom O(8) of the oxalate group and a crystallization
water molecule are involved [O(13)‚‚‚O(8f) ) 2.271(1) Å; f)
symmetry code-1 + x, y, z]. The resulting chain propagates
along thex axis. Adjacent chains are joined in thexy plane by
hydrogen bonds occurring between the O(3) oxalate atom and
the O(14g) crystallization water molecule [O(14g)‚‚‚O(3) )
2.93(2) Å; g) symmetry code-x, -0.5 + y, 0.5 - z].

The separation between the Fe(1) and Fe(2) centers in the
trinuclear unit is 6.763(2) Å, a value much shorter than the
intermolecular distances between low-spin [8.152(2) Å for [Fe-
(1)‚‚‚Fe(1e); e) symmetry codex, -0.5 - y, -0.5 + z] and
high-spin [8.992(2) Å for [Fe(2)‚‚‚Fe(2d); d) -1 - x, -1 -
y, -z] centers.

Magnetic Properties of 1.The magnetic behavior of complex
1 is shown in Figure 3 in the form of aøMT vs T plot (øM is the
magnetic susceptibility per two iron(III) ions). At room tem-
perature, the value oføMT is 7.93 cm3 mol-1 K. This value,
which is somewhat smaller than that calculated for two
uncoupled high-spin Fe(III) ions [8.75 cm3 mol-1 K with g )
2.0], decreases rapidly on cooling and becomes practically zero
at 2.0 K. These features and the presence of a maximum in the
susceptibility curve at 27 K (see inset of Figure 3) demonstrate
that a relatively strong antiferromagnetic coupling between the
iron(III) ions through the bridging oxalato occurs in1. Taking
into account its dinuclear nature, we have treated the magnetic
data using the appropriate expression derived from the isotropic
Hamiltonian:

whereJ is the exchange coupling parameter,Ŝ1 andŜ2 are the
spin operators associated with the local spins S1 ) S2 ) 5/2,
andg is the Lande´ factor. Best-fit parameters of the magnetic

data of1 areJ ) -6.6 cm-1, g ) 2.0, andR ) 2.1× 10-5 (R
is the agreement factor defined as∑i[(øM)obs(i) - (øM)calc(i)]2/
∑[(øM)obs(i)]2). The calculated curve matches the magnetic data
very well, as indicated by the low value ofR. In the case of
complex 2, the value of the magnetic moment at room
temperature (µeff ) 5.91µB) is as expected for a high-spin iron-
(III) complex and is in agreement with its crystal structure.

It should be noted that as far as we are aware,1 is the first
structurally characterized example of a oxalato-bridged dinuclear
iron(III) complex. The value of the antiferromagnetic coupling
in 1 (-6.6 cm-1) shows once more the special ability of the
oxalato bridge to mediate quite strong magnetic interactions
between paramagnetic centers, which are separated by more than
5 Å.18-21 The magnetic coupling in1 compares well with that
previously reported for the assumed oxalato-bridged compounds
[Fe2(acac)4(ox)]‚1/2H2O (acac) acetylacetonate) (J ) -7.22
cm1),49 [Fe2(phen)4(ox)]Cl4 (phen) 1,10-phenantroline) (J )
-6.8 cm-1),50 and [Fe2(salen)2(ox)]‚H2O (salen) N,N′-ethyl-
enebis(salicylideneaminate)) (J ) -7.1 cm-1),51 whose struc-
tures are unknown.

There are several interesting aspects that emerge form the
present work. The first concerns the synthetic possibilities arising
from the use of the tris-chelated low-spin [Fe(bpm)3]2+ cation.
Recently, its use as a cation has allowed us to prepare single
crystals of the ferromagnetically coupled [Fe2(N3)10]4- dinuclear
iron(III) complex.42 Here, it provides us with two different
compounds: the exotic dinuclear entity [Fe2(ox)5]4- in 1 where
oxalato plays both terminal and bridging roles and the neutral

(49) Julve, M.; Kahn, O.Inorg. Chim. Acta1983, 76, L39.
(50) Wrobleski, J. T.; Brown, D. B. Unpublished results.
(51) Lloret, F.; Julve, M.; Faus, J.; Solans, X.; Journaux, Y.; Morgenstern-

Badarau, I.Inorg. Chem.1990, 29, 2232.

Figure 3. Thermal variation oføMT (O) andøM (4) for compound1.
The solid line is the best fit (see text).

Table 3. Selected Bond Distances (Å) and Bond Angles (deg) for
Compound2

Distances
Fe(1)-N(1) 1.972(4) Fe(1)-N(2) 1.970(5)
Fe(1)-N(5) 1.970(4) Fe(1)-N(6) 1.977(4)
Fe(1)-N(9) 1.992(4) Fe(1)-N(10) 1.989(4)
Na-N(11) 2.547(6) Na-N(12) 2.675(6)
Na-O(11) 2.511(6) Na-O(12) 2.374(6)
Na-O(13) 2.363(9) Na-O(14) 2.345(12)
Fe(2)-O(1) 2.010(4) Fe(2)-O(2) 2.031(5)
Fe(2)-O(6) 1.992(5) Fe(2)-O(5) 1.996(5)
Fe(2)-O(9) 2.006(5) Fe(2)-O(10) 2.015(4)

Angles
N(1)-Fe(1)-N(2) 81.5(2) N(1)-Fe(1)-N(5) 91.3(2)
N(1)-Fe(1)-N(6) 93.1(2) N(1)-Fe(1)-N(10) 93.8(2)
N(1)-Fe(1)-N(9) 174.0(2) N(2)-Fe(1)-N(5) 93.5(2)
N(2)-Fe(1)-N(6) 172.3(2) N(2)-Fe(1)-N(9) 95.0(2)
N(5)-Fe(1)-N(10) 174.3(2) N(2)-Fe(1)-N(10) 89.9(2)
N(5)-Fe(1)-N(6) 81.1(2) N(6)-Fe(1)-N(10) 96.0(2)
N(5)-Fe(1)-N(9) 93.8(2) N(6)-Fe(1)-N(9) 90.8(2)
N(10)-Fe(1)-N(9) 81.3(2) O(14)-Na-O(13) 103.0(4)
O(14)-Na-O(12) 103.3(4) N(11)-Na-N(12) 64.9(2)
O(13)-Na-O(12) 123.9(3) O(14)-Na-O(11) 94.1(3)
O(13)-Na-O(11) 154.3(3) O(12)-Na-O(11) 69.0(2)
O(14)-Na-N(11) 111.5(3) O(13)-Na-N(11) 83.9(3)
O(12)-Na-N(11) 128.6(2) O(11)-Na-N(11) 71.9(2)
O(14)-Na-N(12) 172.3(3) O(13)-Na-N(12) 83.7(3)
O(12)-Na-N(12) 75.6(2) O(11)-Na-N(12) 78.4(2)
O(1)-Fe(2)-O(2) 80.4(2) O(5)-Fe(2)-O(1) 93.8(2)
O(6)-Fe(2)-O(1) 97.2(2) O(6)-Fe(2)-O(5) 80.8(2)
O(6)-Fe(2)-O(9) 166.4(2) O(5)-Fe(2)-O(9) 89.8(2)
O(9)-Fe(2)-O(1) 93.2(2) O(6)-Fe(2)-O(10) 90.8(2)
O(5)-Fe(2)-O(10) 98.2(2) O(9)-Fe(2)-O(10) 80.8(2)
O(1)-Fe(2)-O(10) 166.6(2) O(6)-Fe(2)-O(2) 91.9(2)
O(5)-Fe(2)-O(2) 170.1(2) O(9)-Fe(2)-O(2) 98.5(2)
O(10)-Fe(2)-O(2) 88.6(2)

Ĥ ) -JŜ1‚Ŝ2 + gâH(Ŝ1 + Ŝ2) (1)
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trinuclear complex2 through self-assembly via sodium(I). The
tris-chelated iron(II) complex acts as a cation in the former
compound, whereas it acts as a bidentate ligand toward sodium-
(I) in the latter. The second point that deserves to be pointed
out is the fact that the parent Ni(II)21 and Cr(III)32 derivatives
of the anionic entity of1 were known, the cations being H3-
dien3+ (dien ) diethylenetriamine) and NBu4

+ (n-tetrabutyl-
ammonium), respectively. So these species cannot be considered
uncommon, and in the near future this family could be extended
to other transition metal ions. Finally, the most interesting point
concerning this family of complexes is the opportunity that their
magneto-structural characterization provides a comparison of
the efficiency of theσ andπ exchange pathways through the
bridging oxalato. The relevant magneto-structural data are listed
in Table 4. Given that the number of unpaired electrons on the
metal ion in this series is different, the value of the coupling to
be compared isn2J instead ofJ.52 The experimentaln2J value
can be decomposed into a sum of individual contributions,Jµν,
involving each pair of magnetic orbital involved in the exchange
phenomenon:

If the x andy axes are defined as the metal-to-bridging-oxalato
bonds, it is clear that in the case of the nickel(II) dimer only
the σ exchange pathway is operative:

The first two terms in eq 3 are negative (antiferromagnetic
contributions), whereas the last one is positive (ferromagnetic
contribution because of the strict orthogonality between the dx2-y2

and dz2 magnetic orbitals from the two metal ions). Because of
the better overlap, the first term in eq 3 is more important than
the second.21 In addition, given that the ferromagnetic coupling
decreases as the length of the bridge increases,53 the last term
in this equation is expected to be weak. In the chromium(III)
dimer, only theπ exchange pathway is operative, (Cr(III) in
Oh symmetry is a t2g

3 system). The value ofn2J in this compound
(-55.8 cm-1) is close to that of the nickel(II) dimer and reveals

that the purelyπ pathway through oxalato is also very efficient.
Given that in the iron(III) dimer (1) the two exchange pathways
are operative (Fe(III) inOh symmetry), one would expect a
maximum value ofn2J ) -(91.2 + 55.8) ) -147 cm-1 for
this compound. The experimental antiferromagnetic coupling
in 1 (-165 cm-1) is close but somewhat larger. The consider-
ation of the ferromagnetic terms arising from the orthogonal
interaction between dπ and dσ in 1 would decrease the calculated
value of-n2J, resulting in a larger gap between the experimental
and calculatedn2J values. In our approach, we have neglected
the ferromagnetic contributions through the bridging oxalato
because they are expected to be weak for extended bridges.53

The fact that the experimental value of-n2J for 1 is somewhat
greater than the calculated one is most likely due to the
combination of two factors that enhance the antiferromagnetic
coupling through bothσ andπ pathways in the case of the Fe-
(III) derivative: (i) first, the greater covalency of the Fe(III)-
O(ox) bonds and thus the better overlap; (ii) second, the smaller
energy gap between the SOMO’s of the Fe(III) ion and the
symmetry-adapted HOMO’s of the oxalate. A quite compre-
hensive discussion of the influence of orbital and structural
parameters on the magnetic coupling in oxalato-bridged copper-
(II) complexes (only theσ pathway and one unpaired electron
per metal center being involved) was published recently.54 In
the present case, more experimental work is needed to complete
Table 4 with additional examples concerning other first-row
transition metal ions. A further theoretical study of the whole
family of homodinuclear species would provide a clear picture
of the contribution of the different terms involved in the
exchange pathways through the bridging oxalato.

Note Added in Proof: When correcting these proofs, we were
aware of two recent publications concerning the magnetostruc-
tural investigation of three compounds of similar nature contain-
ing the oxalato-bridged [Fe2(ox)5]4- anion and tetrathiafulvalene
derivatives as cations.55,56 The antiferromagnetic coupling
between the iron(III) ions across bridging oxalato in them is
found to vary in the range-6.9 to -7.4 cm-1, in good
agreement with the value reported for complex1 in the present
work.
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Table 4. Selected Magneto-Structural Data for the Oxalato-Bridged
Complexes [M2(ox)5](2m-10)+

M M-O(bridge)a/Å M ‚‚‚Mb/Å -Jc/cm-1 -n2Jd/cm-1 ref

Ni(II) 2.072(4) 5.380(2) 22.8 91.2 21
Cr(III) 2.035(7) 5.32 6.2 55.8 32
Fe(III) 2.092(4) 5.449(2) 6.6 165 this

work

a Average value of the metal-to-bridging-oxalato bond length.
b Metal-metal separation through bridging oxalato.c Value of the
exchange coupling with the Hamiltonian defined asĤ ) -JŜ1‚Ŝ2. d n
is the number of unpaired electrons on each metal ion M.

n2J ) ∑
µ)1

n

∑
ν)1

n

Jµν (2)

-91.2 cm-1 ) Jx2-y2,x2-y2 + Jdz
2,dz

2 + 2Jx2-y2,dz2 (3)
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