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The reaction of [Cu(acpa)]+ with [MO4]2- (Hacpa) N-(1-acetyl-2-propyridene)(2-pyridylmethyl)amine and
M ) Cr and Mo) in water-methanol or water-acetonitrile solution affords dinuclear copper(II) complexes with
metalate bridges, [{Cu(acpa)}2(µ-CrO4)]‚4CH3OH‚4H2O (1) and [{Cu(acpa)}2(µ-MoO4)]‚4H2O (2), respectively.
The crystal structures and the magnetic properties have been studied. Complexes1 and2 are isomorphous and
the structures are made up of discrete dimers in which two copper(II) ions are bridged by the [MO4]2- anion.
The coordination geometry about the copper(II) ions is square planar with a N2O chelate group from acpa and an
oxygen atom from [MO4]2-. Magnetic susceptibility measurements for1 revealed that a ferromagnetic interaction
between copper(II) ions is propagated through the [CrO4]2- bridge and the coupling constant (2J) was evaluated
to be 14.6(1) cm-1 (H ) -2JS1‚S2). In 2, two copper(II) ions bridged by [MoO4]2- anion are antiferromagnetically
coupled with the 2J value of-5.1(4) cm-1. The ferromagnetic interaction in1 is explained by means of the
orbital topology of frontier orbitals. Crystal data:1, monoclinic, space groupP21/m, a) 8.349(2) Å,b) 17.616(3)
Å, c ) 10.473 Å,â ) 107.40(2)°, Z ) 2; 2, monoclinic, space groupP21/m, a ) 8.486(2) Å,b ) 18.043(3) Å,
c ) 9.753(2) Å,â ) 95.82(2)°, Z ) 2.

Introduction

Magnetochemistry of multinuclear metal complexes is a
subject of current interest. The bridging ligands between
paramagnetic metal ions usually mediate antiferromagnetic
interactions due to the magnetic orbital overlap through the
bridge. Ferromagnetic interactions, however, can be achieved,
if the magnetic orbitals are (accidentally) orthogonal to each
other.1 For example, the orthogonality of dσ and dπ spins in
CuIIsVIVdO and NiIIsCrIII complexes lead to the ferromagnetic
interaction.2,3 This approach has also been applied to metal
complexes with organic radicals, in which the central metal ions
are diamagnetic. In TiIV- and GaIII-semiquinone complexes,4

coordinated semiquinones are orthogonally arranged and the
intramolecular ferromagnetic interactions-56 cm-1 (H )
JS1‚S2) and 7.8 cm-1 (H ) -2JSi‚Sj) between semiquinones
have been observed, respectively. In [CuI(immepy)2](PF6)
(immepy) bidentate iminonitroxide), a tetrahedral coordination
geometry of the copper(I) ion gives an orthogonal arrangement
of the iminonitroxides, which have ferromagnetic coupling with
2J value of 103 cm-1 (H ) -2JS1‚S2).5 On the other hand,
tetraoxo anions such as phosphate, arsenate, vanadate, and
molybdate have been known to interact and bridge metal ions.
Diiron(III) complexes as models for purple acid phosphatases
have been the subject of study from structural, electronic,

and vibrational viewpoints.6 However, magnetic interactions
mediated through tetraoxo anions remain unclear. We report
herein the structures and magnetic properties of dinuclear
copper(II) complexes bridged by the tetraoxometalates, [CrO4]2-

and [MoO4]2-. The magnetic interaction through the metalate
will be discussed by means of orbital symmetry of the frontier
orbitals.

Experimental Section

Preparation of Complexes. Chemicals used were of reagent grade
quality and were used without further purification. The ligand Hacpa
was prepared by the literature method.7

[{Cu(acpa)}2(µ-CrO4)]‚4CH3OH‚4H2O (1). To a methanol solu-
tion (10 mL) of Cu(BF4)2‚4H2O (310 mg, 1 mmol) and Hacpa (190
mg, 1 mmol) was added a water solution (3 mL) of triethylamine (200
mg, 2 mmol) and K2CrO4 (97 mg, 0.5 mmol). The solution was stirred
at room temperature for 1 h, yielding a dark green solution. Upon
standing in a refrigerator for 2 days, the mixture deposited dark green
tablets. These were filtered, and one of these was subjected to the
X-ray analysis. Some water and methanol molecules were lost upon
drying. Anal. Calcd for C20H32CrCu2N4O9 (1): C, 39.11; H, 4.77; N,
8.29. Found: C, 39.23; H, 4.92; N, 8.08.
[{Cu(acpa)}2(µ-MoO4)]‚4H2O (2). 2 was obtained in a manner

similar to the preparation of1 from a water-acetonitrile solution by
using K2MoO4 (129 mg, 0.5 mmol) instead of K2CrO4. Some water
and acetonitrile molecules were also lost upon drying. One of the dark
blue tablets was subjected to X-ray analysis. Anal. Calcd for C20H32-
Cu2MoN4O9 (2): C, 36.72; H, 4.48; N, 7.79. Found: C, 36.89; H,
4.53; N, 7.87.
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Physical Measurement. EPR spectra were recorded on a JEOL
FE2XG spectrometer operating at a X-band frequency with a magnetic
field modulation of 100 kHz. Microwave frequency was measured with
a Takeda Riken 5201 frequency counter, and magnetic field values of
the signals were measured with an Echo Denshi EFM 200. UV-visible
spectra were recorded on a Hitachi UV 340 spectrometer. Magnetic
susceptibility data were collected in the temperature range 2.0-300 K
and in an applied 1 T field with the use of a Quantum Design Model
MPMS SQUID magnetometer. Powdered samples were contained in
the small half of a gelatin capsule and a phenolic guide (clear soda
straw) was used to house the sample holder and was fixed to the end
of the magnetometer drive rod. [Cr(NH3)6](NO3)3 was employed as
magnetometer calibrant. Pascal’s constants were used to determinate
the constituent atom diamagnetism.8

X-ray Crystallography. Crystals of [{Cu(acpa)}2(µ-CrO4)]‚4CH3-
OH‚4H2O (1) (dimensions 0.47× 0.47× 0.47 mm3) and [{Cu(acpa)}2-
(µ-MoO4)]‚4H2O (2) (dimensions 0.66× 0.15× 0.15 mm3) were used
for data collection. A single crystal was mounted on a glass fiber with
epoxy resin. Diffraction data were collected on a Rigaku 7S four-
circle diffractometer equipped with graphite-monochromatized Mo KR
radiation (λ ) 0.710 69 Å). Three standard reflections were measured
every 200 data collections and revealed no fluctuation in intensities.
The lattice constants were optimized from a least-squares refinement
of the settings of 25 carefully centered Bragg reflections in the range
25° < 2θ < 30°. Empirical absorption corrections (ψ-scans) were
carried out in each case. The maximum 2θ values for the data collection
were 50° for 1 and 55° for 2. The number of measured and unique
reflections withRint were 2845, 2661, and 0.022 for1 and 3483, 3262,
and 0.037 for2. The minimum and maximum transmission factors
were 0.422 and 0.506 for1 and 0.770 and 0.738 for2, respectively.
Crystallographic data are collected in Table 1. The structures were
solved by direct methods with SHELX-869 and Fourier techniques, and
refined by full-matrix least-squares using XTAL 3.2.10 All non-
hydrogen atoms were readily located and refined with anisotropic
thermal parameters. Hydrogen atoms for1 were included in the
refinement at calculated positions with C-H ) 0.96 Å andUH(iso))
0.035 Å2. Convergence was reached atR ) 0.049 andRw ) 0.070
(the 2175 reflections withI0 >3σ(I0)) for 1, while the values for2
were 0.064 and 0.098 (the 2390 reflections withI0 > 3σ(I0)). Final
atomic parameters and equivalent isotropic thermal parameters for
non-hydrogen atoms are listed in Tables 2 and SVII for1 and 2,
respectively.

Results and Discussions

Description of the Structures. [{Cu(acpa)}2(µ-CrO4)]‚
4CH3OH‚4H2O (1) and [{Cu(acpa)}2(µ-MoO4)]‚4H2O (2).
Complexes1 and2 crystallize in the monoclinic system with
space groupP21/m. Selected bond distances and angles are
listed in Tables 3 and 4, respectively, and an ORTEP view of
1 is presented in Figure 1 with the atom numbering scheme.
The numbering system for2 is the same as that used in1 except
for the Mo atom. The complex molecules of1 and2 are located
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Table 1. Crystallographic Data of
[{Cu(acpa)}2(µ-CrO4)]‚4CH3OH‚4H2O (1) and
[{Cu(acpa)}2(µ-MoO4)]‚4H2O (2)

1 2

formula C26H50CrCu2N4O14 C22H34Cu2MoN4O10

fw 821.79 737.57
temp (°C) -120 -60
cryst syst monoclinic monoclinic
space group P21/m (No. 11) P21/m (No. 11)
a (Å) 8.349(2) 8.486(2)
b (Å) 17.616(3) 18.043(3)
c (Å) 10.473(3) 9.753(2)
â (deg) 107.40(2) 95.82(1)
V (Å3) 1469.7(6) 1485.6(6)
Z 2 2
Fcalcd (g cm-3) 1.857 1.649
Fobsd(g cm-3) 1.87 1.63
µ(Mo KR)(cm-1) 19.62 19.39
Ra 0.049 0.064
Rwb 0.070 0.098

a R) ∑(|Fo| - |Fc|)/∑|Fo|. b Rw ) [∑w(|Fo| - |Fc|)2/∑w|Fo|2]1/2 and
w ) (σc

2 + (0.025x|Fo|)2)-1.

Table 2. Fractional Coordinates and Equivalent Isotropic
Displacement Parameters (Å2) of Non-hydrogen Atoms of
[{Cu(acpa)}2(µ-CrO4)]‚4CH3OH‚4H2O (1)

x/a y/b z/c Ua

Cu 0.27313(7) 0.56712(3) -0.00902(6) 0.0148(2)
Cr 0.1556(1) 3/4 0.0134(1) 0.0202(4)
O(1) 0.2773(4) 0.6722(2) 0.0403(4) 0.021(1)
O(2) 0.0288(8) 3/4 -0.1360(7) 0.054(3)
O(3) 0.0477(8) 3/4 0.1180(8) 0.047(3)
O(4) 0.3468(4) 0.5958(2) -0.1574(3) 0.020(1)
O(5) 0.4498(8) 3/4 -0.1670(7) 0.042(3)
O(6) 0.3040(7) 1/4 0.2830(6) 0.039(2)
O(7) 0.534(1) 1/4 0.606(1) 0.120(6)
O(8) 0.048(2) 3/4 -0.474(2) 0.146(9)
N(1) 0.1909(5) 0.5344(2) 0.1415(4) 0.017(1)
N(2) 0.2686(5) 0.4604(2) -0.0474(4) 0.018(1)
C(1) 0.1547(6) 0.5797(3) 0.2324(5) 0.021(2)
C(2) 0.0917(7) 0.5514(3) 0.3294(5) 0.025(2)
C(3) 0.0645(7) 0.4747(3) 0.3346(5) 0.027(2)
C(4) 0.1017(7) 0.4276(3) 0.2422(6) 0.024(2)
C(5) 0.1662(6) 0.4592(3) 0.1473(5) 0.020(2)
C(6) 0.2183(6) 0.4116(3) 0.0461(5) 0.019(2)
C(7) 0.3096(6) 0.4286(3) -0.1471(5) 0.019(2)
C(8) 0.3607(6) 0.4716(3) -0.2420(5) 0.023(2)
C(9) 0.3733(6) 0.5496(3) -0.2450(5) 0.020(2)
C(10) 0.3040(6) 0.3437(3) -0.1625(6) 0.024(2)
C(11) 0.4208(7) 0.5873(3) -0.3574(5) 0.028(2)
C(12) 0.369(1) 1/4 0.541(1) 0.109(8)
C(13) -0.039(2) 0.6846(7) -0.498(1) 0.122(8)

a Equivalent isotropicU defined as one-third of the trace of the
orthogonalizedUij tensor.

Table 3. Selected Bond Distances (Å) and Angles (deg) of
[{Cu(acpa)}2(µ-CrO4)]‚4CH3OH‚4H2O (1)

Cu-O1 1.919(4) Cu-O4 1.903(4)
Cu-N1 1.984(5) Cu-N2 1.921(4)
Cr-O1 1.679(4) Cr-O2 1.606(6)
Cr-O3 1.614(8) Cu-Cr 3.3961(9)
Cu-Cu* 6.443(1)

O1-Cr-O2 110.7(2) O1-Cr-O3 108.6(2)
O1-Cr-O1* 109.5(2) O2-Cr-O3 108.8(4)
O1-Cu-O4 88.8(2) O1-Cu-N1 92.8(2)
O1-Cu-N2 176.5(2) O4-Cu-N1 177.9(1)
O4-Cu-N2 94.6(2) N1-Cu-N2 83.8(2)
Cu-O1-Cr 141.3(2)

a Key to symmetry operation: (* ) x,
3/2 - y, z.

Table 4. Selected Bond Distances (Å) and Angles (deg) of
[{Cu(acpa)}2(µ-MoO4)]‚4H2O (2)

Mo-O1 1.782(6) Mo-O2 1.73(1)
Mo-O3 1.730(9) Cu-O1 1.929(6)
Cu-O4 1.907(6) Cu-N1 1.979(7)
Cu-N2 1.917(8) Mo-Cu 3.576(1)
Cu-Cu* 6.703(2)

O1-Mo-O2 109.8(3) O1-Mo-O3 108.7(2)
O1-Mo-O1* 111.2(3) O2-Mo-O3 108.7(5)
O1-Cu-O4 87.4(3) O1-Cu-N1 93.8(3)
O1-Cu-N2 176.0(3) O4-Cu-N1 178.5(3)
O4-Cu-N2 95.1(3) N1-Cu-N2 83.6(3)
Mo-O1-Cu 149.0(4)

a Key to symmetry operation: (* ) x,
3/2 - y, z.
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on a crystallographic mirror plane; thus the asymmetric unit
consists of a half-molecule. Copper(II) ions in each asymmetric
unit are bridged by the O1-M-O1* unit of [MO4]2- (M ) Cr
or Mo) with separations of 6.443(1) and 6.703(2) Å, respec-
tively. The coordination geometry about the copper(II) ions is
square planar, in which the four coordination sites are occupied
with N2O chelate groups from acpa and an oxygen atom from
the [MO4]2- anion. The copper(II) ions in1 and2 stay 0.03-
(1) Å above the mean plane of N1-N2-O1-O4 and bond
distances between the copper(II) and coordinated atoms are
1.903(4)-1.984(5) Å, which implies that the magnetic orbital
of the copper(II) ion is dx2-y2. Two square planar coordination
planes of the copper(II) ions bridged by the [CrO4]2- and
[MoO4]2- unit make angles of 10.6(1) and 4.8(2)°, respectively.
The coordination geometries around the Cr and Mo atoms are
pseudotetrahedral, where M-O (M ) Cr and Mo) bond lengths
are in the range 1.606(6)-1.679(4) and 1.730(9)-1.782(6) Å
with O-M-O bond angles of 108.6(2)-110.7(2) and 108.7(2)-
111.2(3)°, respectively. The bond length of Cr or Mo with the
O1 atoms coordinated to the copper(II) ion is the longest among
the M-O bonds and the bond angles (Cr-O1-Cu and Mo-
O1-Cu) about the bridging O1 atom are 141.3(2) and 149.0(4)°,
respectively.
Magnetic Properties. Temperature dependent magnetic

susceptibilities for the complexes have been measured down to
2.0 K andømT values vs temperature for1 and2 are plotted
together in Figure 2, whereøm is the molar magnetic suscep-
tibility per dinuclear unit.
For 1, theømT value at 300 K is 0.89 emu mol-1 K, which

would be expected for the uncorrelated spins. When the
temperature is lowered,ømT for 1 increases and exhibits a
maximum at 10 K (ømT ) 1.00 emu mol-1 K) and then
decreases. The magnetic behavior for1 suggests that a
ferromagnetic interaction between the copper(II) ions is pre-
dominant at intermediate temperature and then a weaker
antiferromagnetic coupling is involved at lower temperature.
The magnetic susceptibility data were analyzed by the Bleaney-
Bowers equation (H ) -2JS1‚S2) as11

where the contribution of the intermolecular antiferromagnetic
interaction (Θ) and temperature independent term (NR: 60×
10-6 emu/Cu) were included in the calculations. The symbols
have their usual meaning. The best fit parameters were 2J )
+14.6(1) cm-1, g ) 2.12(1), andΘ ) -0.8(1) K. In contrast
to 1, the ømT values for 2 show gradual decrease as the
temperature was lowered, and this behavior is characteristic of

antiferromagnetically coupled copper(II) ions. The least square
fitting of the experimental data with the equation (1) led to 2J
) -5.1(4) cm-1, g ) 2.07(1), andΘ ) -1.2(1) K. An EPR
measurement for1 showed no signal at 77 K, which might be
due to a rapid spin relaxation. On the other hand,2 showed an
axially symmetric EPR pattern (g| ) 2.195 andg⊥ ) 2.079) at
77 K, which is characteristic of magnetically isolated copper-
(II) ions with square planar coordination.
When two magnetic orbitals, each having one electron, are

sufficiently close to interact, either a ferromagnetic or an
antiferromagnetic interaction is propagated. The magnetic
interaction can be expressed as the sum ofK (exchange integral)
and 2âS (â, transfer integral, andS, overlap integral) which
favor the ferromagnetic and antiferromagnetic interactions,
respectively.1 When two magnetic orbitals overlap each other,
the 2âS term is much larger than theK term, and thus the
antiferromagnetic interaction is predominant. On the other hand,
in the case of the two magnetic orbitals being orthogonal to
each other (strict orthogonality) or the2âS term being small
enough compared with theK term, the ferromagnetic interaction
can be obtained. It should be noted that bridging ligands are
responsible for the ferromagnetic contribution and that magnetic
properties can be understood by orbital symmetry of the bridging
ligand and magnetic orbitals.
If we assume that the ions [CrO4]2- and [MoO4]2- have

tetrahedral geometry, where the X-ray crystallographic analyses
for 1 and 2 revealed the two ions to have pseudotetrahedral
symmetry, we expect that the metal d-orbitals are split into e
and t2 type orbitals and p-orbitals of the coordinated oxygen
atoms forms a1 and t2 type orbitals. The e pair of the d-orbitals
has no matching combination of oxygen orbitals, hence these
orbitals remain nonbonding. The t2 type orbitals of the metal
ion, however, form triply degenerate bonding and antibonding
orbitals with those of the oxygen p-orbitals and six electrons
form the coordinated oxygen p-orbitals occupy the t2-type
bonding orbitals (Figure 3a). When the [CrO4]2- anion bridges
copper(II) ions along the equatorial directions, two of the t2(11) Bleaney, B.; Bowers, K. D.Proc. R. Soc. London, A1952, 214, 451.

Figure 1. ORTEP drawing of [{Cu(acpa)}2(µ-CrO4)] (1).

Figure 2. Plots ofømT Vs Tfor (O) [{Cu(acpa)}2(µ-CrO4)]‚4CH3OH‚-
4H2O (1) and (×) [{Cu(acpa)}2(µ-MoO4)]‚4H2O (2). Solid lines
correspond to the best fit curves by using the parameters given in the
text.

øm ) Ng2â2

k(T- Θ)[ 2
3+ exp(-2J/kT)] + NR (1)
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type molecular orbitals of the [CrO4]2- anion form two sets of
σ-type bonding and antibonding orbitals with dx2-y2 orbitals of
the copper(II) ions, and the remainder of the t2 type orbitals
remain nonbonding. The two unpaired electrons from the
copper(II) ions occupy the antibonding orbitals (Figure 3b). In
1, the complex molecule has only mirror symmetry; hence the
molecular geometry of the complex isCs. It should be noted
that there are no degenerate orbitals under theCs symmetry.
The magnetic susceptibility measurement of1, however, does
show the ferromagnetic interaction between the copper(II) ions.
Therefore, the two antibonding MOs must be energetically close
enough to have a large exchange integralK overcoming the
stabilization of the singlet state, or they must be nearly
degenerate. In contrast to1, 2 showed only a weak antiferro-
magnetic interaction through the [MoO4]2- ion. The lack of
the substantial magnetic interaction in2 can be understood by
orbital energy mismatch of the Mo and O atoms. The UV-
visible spectrum of K2CrO4 in water shows strong absorption
bands at 370 (ε ) 3900 M-1 cm-1) and 270 nm (ε ) 3200
M-1 cm-1) which are assigned to LMCT bands from O to Cr
atom.12 The corresponding CT bands for K2MoO4 appear in
the high energy region (226 nm withε ) 5000 M-1 cm-1 and
207 nm withε ) 9800 M-1 cm-1).13 The UV-visible spectra
suggest that in the [CrO4]2- ion the t2 type orbitals undergo
substantial mixing of the chromium d- and oxygen p-orbitals,
while such orbital mixing for [MoO4]2- is energetically inac-
cessible. In1 and 2, the oxygen atoms of the metalate ions
coordinate to the copper(II) ions from their equatorial plane
(dx2-y2 orbital) and the spin of the copper(II) ions is considered
to be delocalized onto the coordinated oxygen atoms of the
metalate ions. In the [MoO4]2--bridged complex, however, the
magnetic interactions between two delocalized spins on the

oxygen atoms are disconnected by the Mo atom due to the
energy mismatching of the molybdenum d- and oxygen p-
orbitals. Hence, the fairly weak antiferromagnetic interaction
observed in2 does not occur through [MoO4]2- unit but results
from the magnetic dipole-dipole interaction.

Conclusion

One of the purposes of this paper was to verify the validity
of the [CrO4]2- bridging unit to link paramagnetic species with
ferromagnetic interactions. The chromate bridged dicopper
system studied here does show the ferromagnetic interaction
due to the accidental degeneracy of theσ-type frontier orbitals.
Some multinuclear complexes with [CrO4]2- as the bridging
ligand have been magnetically and structurally characterized.14

For example, [LFeIII (µ-CrO4)3FeIIIL] (L ) 1,4,7-trimethyl-1,4,7-
triazacyclononane) has shown an antiferromagnetic interaction
(2J) -15 cm-1) between the high-spin iron(III) centers through
the three chromate bridges.15 The antiferromagnetic interaction
in the iron(III) complexes might be understood by an extra
π-orbital overlap between [CrO4]2- and FeIII ions leading to
the nondegenerate frontier orbitals of the [FeIII

2(µ-CrO4)3]
chromophore.
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Figure 3. (a) Molecular orbital scheme of the [CrO4]2- anion underTd symmetry and (b) a proposed molecular orbital scheme for the [Cu2CrO4]2+

chromophore, where the occupied t2 type orbitals of [CrO4]2- form quasi doubly-degenerate molecular orbitals with dx2-y2 orbitals.
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