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ABSTRACT: The microwave-assisted reaction of Fe-
(ClO4)2 with NaN3, NaO2CPh, and 1,3-di(2-pyridyl)-1,3-
propanedione gave a ferrimagnetic dodecanuclear iron(III)
complex that shows magnetization relaxation behavior.

The synthesis of polynuclear transition-metal complexes has
become the focus of intense research activities in the last few

decades, not only because of their fascinating chemical and
physical properties but also because of the architectural beauty
of their structures.1,2 To this end, synthetic efforts to prepare
model complexes of iron proteins have yielded several interesting
and unexpected polyiron complexes.3 In contrast to the abun-
dant FexSy system, the corresponding iron oxo clusters are few in
nature, but the design and preparation of polynuclear oxido-,
hydroxido-, and alkoxido-bridged iron clusters have received
considerable interest for four reasons: First, such coordination
complexes may serve as biomimetic models;3a-c second, high-
nuclearity iron complexes may exhibit interesting magnetic pro-
perties, e.g., single-molecule-magnet (SMM) behavior;3d-g third,
some polyiron complexes show electrochemical bistability;3h,i fourth,
a few complexes with a Fe2O core show interesting catalytic proper-
ties.3j

To date, a number of coordination complexes in which iron
ions are bridged by μn-O(H) have been reported that involve the
Fe2O (V shape), Fe3O(triangle), Fe4O(square4 or tetrahedron3g,5)
and Fe4O4 (cubane) cores,

3g,h,5,6 in which the Fe4O4 cubic core
built from most frequently μ3-O(H) bridges associated with
other O-bridging moieties (carboxylato, carbonato, alkoxo, phe-
noxo, etc.) has been found in some Fe4 and Fe8 complexes. From
the magnetic point of view, [Fe4O4]-containing complexes are
particularly interesting because they often show ferromagnetic
exchanges within the core.3g,h,5,6

On the other hand, microwave heating is an increasingly
common tool for cluster synthesis.5,7 As a preparative method,
it may improve the yields and hasten the reaction rates. More-
over, it may lead to novel products by stabilizing different energy
minima in a reaction system than the conventional methods of
heating. Here, we report themicrowave-assisted synthesis, crystal
structure, and magnetic properties of a dodecanuclear iron(III)
complex (1) with a cubic [Fe4(OH)4] core. It should be
mentioned that, although several dodecanuclear iron(III) com-
plexes have been reported,8 complex 1 is the first one with the
[Fe4(OH)4] core.

A microwave-assisted reaction (50 psi and 30 W) of Fe-
(ClO4)2, NaO2CPh, and NaN3 with 1,3-di(2-pyridyl)-1,3-pro-
panedione (dppo) in a MeOH-MeCN (1:5) solution at 70 �C
for 10 min gave rodlike red crystals of [Fe12O4(OH)12-
(C7H5O2)8(C13H9N2O2)4](ClO4)4 3 xMeCN 3 yH2O (1 3 xMe-
CN 3 yH2O).

9 It should be mentioned that synthesis in the
absence of sodium azide could give the complex but in low yield,
and solvothermal synthesis without microwaves also gave the
complex but in a longer time (2 weeks) and with a lower yield.
The crystals lost guest solvents in air and then gave stable crystals
of 1 3 16H2O after 2 weeks, which were used for X-ray and mag-
netic studies.

Single-crystal X-ray structural analysis10 of 1 3 16H2O revealed
that the crystals crystallized in the tetragonal space group I41/a,
and the molecular structure is shown in Figure 1a. All iron ions in
complex 1 are obviously iron(III), based on the charge balance
and valence bond calculation (Supporting Information). The
whole entity of the Fe12 cluster has a 4/m point group, and the
cluster can be viewed as a [Fe4(OH)4] cubane connected to eight
peripheral iron(III) ions through μ3-O

2-, μ2-OH
-, and η1:η1-μ2-

O2CPh
- bridges, respectively. The ligand dppo- coordinates to

iron(III) ions in a η1:η1:η1:η1-μ2 mode, as shown in Scheme 1,
whereas the ligand PhCO2

- coordinates to iron(III) ions in a
η1:η1-μ2 mode that connects peripheral-peripheral iron(III)
ions (Fe1 and Fe2) and peripheral-internal iron(III) ions (Fe2
and Fe3), respectively. In the [Fe4(OH)4] core (Figure 1b), the
Fe3 atom locates in an octahedron with O8, O8B, and O8C
atoms from the core, O9 from μ3-O

2-, O10C from μ2-OH
-, and

O6 from the benzoate ligand, respectively. Both Fe1 and Fe2
atoms are coordinated by one N atom and five O atoms to form
coordination octahedra, in which O3 and O4 atoms belonging to
one benzoate connect Fe1 and Fe2, which are also connected by
the outside O7 atom and the inside O9 atom, respectively. The
O1 andN1 atoms coordinated to Fe1 come from a dppo- ligand,
the O2A and N2A atoms coordinated to Fe2 come from another
one. The Fe1 and Fe2 atoms are connected to the [Fe4(OH)4]
core in a slightly different way, where Fe1 is connected to Fe3 and
Fe3A via μ3-O9 and μ2-O10 atoms, while Fe2 is connected to
Fe3 via μ3-O9 and the benzoate group (O5 and O6). The four
iron(III) (Fe3, Fe3A, Fe3B, and Fe3C) atoms in the [Fe4(OH)4]
cubane are bridged by four μ3-OH

- groups with Fe-O-Fe
bond angles of 100.94�, 101.28�, and 103.73�, respectively. Also,
each iron(III) ion of the [Fe4(OH)4] core is bridged to
two peripheral iron(III) atoms by both oxygen (μ3-O

2- and
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μ2-OH
-) and benzoate groups with Fe-O-Fe bond angles of

125.20�, 130.65�, and 130.31�, respectively. Among the eight
peripheral iron(III) ions, every two iron(III) ions are bridged
together by both oxygen (μ3-O

2- and μ2-OH
-) and benzoate

groups with Fe-O-Fe bond angles of 98.52� and 90.92�,
respectively (Figure 1c). The Fe-O-Fe bond angles between
internal-peripheral iron(III) ions are larger than those within
the [Fe4(OH)4] core and peripheral-peripheral iron ions.

The direct-current (dc) magnetic susceptibilities of 1 were
measured in the temperature range of 2-380 K (Figure 2). The
χMT value is 29.69 cm3 K mol-1 at 380 K, which is much smaller
than the theoretical one (52.5 cm3 K mol-1) for 12 uncoupled
iron(III) ions (S = 5/2 and g = 2). Upon cooling, the χMT value
slowly decreases to aminimum value (27.45 cm3Kmol-1) at 230
K, and when the temperature continues to decrease from 230 K,
the χMT value smoothly increases to reach a maximum of

59.43 cm3 K mol-1 at 3 K, indicating the presence of intramo-
lecular ferrimagnetic interactions within the Fe12 cluster. Finally,
the χMT value suddenly decreases upon cooling to reach a value
of 57.62 cm3 Kmol-1 at 2 K, which may be due to magnetization
saturation and/or zero-field splitting. The M vs H plots at 2 K
(Figure 2, inset) also confirm the observed ferrimagnetism. The
magnetization value at 7 T is 20.04 μB, which is similar to that (20
μB) for a ferrimagnetic Fe12 cluster with ground state ST = 10 (8
� 5/2- 4� 5/2, g = 2). Generally, iron(III) oxo complexes show
antiferromagnetic properties when the Fe-O-Fe angles are
larger than 110�. A further investigation of the core structure of 1
reveals that the average Fe-O-Fe angle between the peripheral
and cubane iron(III) ions is 128.8�, and the average Fe-O-Fe
angles within the [Fe4(OH)4] core and between the peripheral
and peripheral iron(III) ions are 101.9� and 94.7�, respectively,
which imply that ferromagnetic exchanges exist within the
[Fe4(OH)4] core and among the peripheral iron(III) ions, while
antiferromagnetic exchanges are present between the [Fe4(OH)4]
core and the peripheral iron(III) ions.

The alternating-current (ac) susceptibilities (Figure 3) of 1
show obvious frequency-dependent behavior although without a
maximum in the out-of-phase signal until 1.8 K; meanwhile, the
out-of-phase signal intensity increases with an increase in the
frequency, which indicates that complex 1may behave as a SMM,
showing magnetization relaxation. On the other hand, the
reduced magnetization (1-5 T; Figure 4) at a temperature
range of 2-4 K shows that the M ∼ H/T lines are far from
superposition, which further confirms the possible SMM behav-
ior of 1 with significant anisotropy.

Scheme 1. Deprotonation and Coordination Modes of
Ligand dppo in 1

Figure 3. In-phase (χ0) and out-of-phase (χ0 0) magnetic susceptibilities
versus temperature in a 3.0 Oe ac field oscillating at the indicated
frequencies and dc fields of 0 Oe for 1.

Figure 1. Perspective view of 1 with atom labels and a “metallic skeleton” of the new type Fe12 showing the [Fe4O4] cubane. Selected bond distances
(Å) and angels (deg): Fe3-O8 2.083(5), Fe3-O8A 2.093(5), Fe3-O8C 2.057(5), Fe3-O9 1.868(5), Fe3-O10C 1.957(6), Fe3-O6 1.961(5),
Fe2-O9 1.902(5), Fe2-O4 1.947(7), Fe2-O5 1.981(6), Fe2-O2A 2.007(6), Fe2-O7 2.102(6), Fe2-N2A 2.137(7), Fe1-O9 1.920(5), Fe1-O10
1.937(6), Fe1-O7 1.958(6), Fe1-O1 1.987(6), Fe1-O3 2.090(6), Fe1-N1 2.137(8); Fe3-O8-Fe3A 103.7(2), Fe3-O8-Fe3B 101.3(2), Fe3A-
O8-Fe3B 100.9(2), Fe3-O9-Fe2 125.2(3), Fe3-O9-Fe1 130.7(3), Fe1-O10-Fe3A 130.3(3), Fe1-O9-Fe2 98.5(3), Fe1-O7-Fe2 90.9(2).
Symmetry codes: A, -x, -y þ 1/2, z; B, -y þ 1/4, x þ 1/4, -z þ 1/4; C, y - 1/4, -x þ 1/4, -z þ 1/4.

Figure 2. Temperature-dependent susceptibilities of 1 under an applied
field of 1000 Oe. Inset: Magnetization at 2 K.
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In conclusion, we have synthesized a new dodecanuclear
iron(III) complex with a [Fe4(OH)4] core. Magnetic studies
have revealed ferromagnetic interactions within the [Fe4(OH)4]
core and among the eight peripheral iron(III) ions as well as
antiferromagnetic interactions between the [Fe4(OH)4] core
and the peripheral iron(III) ions, thus resulting in a ferrimagnetic
cluster with ground state ST = 10. Further studies on the ac
susceptibilities and reduced magnetization show that complex 1
may be a SMM with magnetization relaxation.
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Figure 4. Magnetization in applied fields from 1 to 5 T at a temperature
between 2 and 4 K.


