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Three-spin magnetic cluster consists of manganese(II) and
ortho-carboranyl biradical OCB-BNN have been synthesized
and characterized as the first example of the carborane contain-
ing paramagnetic complex. The crystal structure of discrete 1:1
complex Mn(hfac)2.OCB-BNN was unambiguously deter-
mined. In the crystal structure, OCB-BNN behaves as the
molecular tweezers that bind to manganese(II) ion. The strong
antiferromagnetic interaction (J=kB ¼ �181ð2ÞK) was found
between nitronyl nitroxides and manganese(II) ion.

There have been a number of reports on the syntheses and
magnetic properties of the spin clusters containing organic rad-
icals. The direct overlap between the magnetic orbitals of para-
magnetic transition-metal ion and organic radical ensures signif-
icant magnetic exchange interaction. Because of the great ad-
vantage of the chelate effect that enforces the coordination of ni-
troxide, most organic radical ligands in spin-cluster complexes
bear coordination subunits such as pyridine,1 bipyridine,2 ethyl-
enediamine,3 imidazole,4 triazole,5 phosphine oxides,6 and so
on. Recently, we have reported the synthesis and magnetic prop-
erty of ortho-carboranyl biradical (OCB-BNN; Chart 1) having
a weak through-space dipole intramolecular antiferromagnetic
interaction.7 Two nitroxide arms that held together by ortho-car-
borane cage might be suitable for the coordination to transition-
metal ions with the aid of the chelate effect, therefore OCB-
BNN should behave like molecular tweezers that can bind tran-
sition-metal ions, in spite of the absence of the assistance of the
coordination sites.8 The carborane framework is sometimes used
for the construction of the supramolecular structures, however,
the synthesis of carborane cluster compound having nonzero
spin ground state is unexplored. The construction of magnetic
carborane cluster is one of the productive approaches to the
development of the boron material science. For the construction
of the magnetic metal complex of OCB-BNN, we have chosen
manganese(II) ion having 6S5=2 ground state. The aim of our
work in this communication is the synthesis, structural and
magnetic investigation of the manganese(II) complex of ortho-
carboranyl biradical as the first example of the transition-metal
complex of the carborane derivative with nonzero spin ground-
state.

In the usual way, 7.8mg (15mmol) of Mn(hfac)2.2H2O was
azeotropically dehydrated in n-heptane. After the solution (ca.
5mL) was cooled to room temperature, a solution of 9.6mg of
OCB-BNN (14mmol) in 3mL of dichloromethane was added
and stirred 5min. The color of the solution changed immediately
from blue to green. The solution was concentrated to remove
dichloromethane under reduced pressure then kept standing
20min. The precipitation was filtered off and dried in vacuo to
give 12.1mg (11 mmol) of Mn(hfac)2.OCB-BNN as green block
crystals (yield; 79%). IR (KBr): �B{H ¼ 2593 cm�1, �N{O ¼
1362 cm�1, �C{F ¼ 1148{1254 cm�1.

The molecular structure revealed by X-ray crystallographic
analysis is shown in Figure 1.9 The long C1–C1i [symmetry op-
erator; (i) �xþ 1, y, �zþ 1=2] distance (1.718(6) �A) that result
from the characteristic electronic state of carborane cage was
found in the complex, however, there is no significant difference
in the distance compared to that of free OCB-BNN (1.727(4)
�A).7 Manganese(II) ion is comprised of trans-coordination by
nitroxides with 2.132(2) �A of bond lengths. The N–O distances
are 1.272(3) �A (uncoordinated) and 1.302(3) �A (coordinated)
and the N2–O2–Mn angle is 123.6(2)�. These bond lengths
and angle are reasonable as compared with those found in man-
ganese(II)-coordinated nitroxides in the literature.10 The O2–
Mn–O2i and O3–Mn–O4i angles are 157.1(1) and 157.40(8)�,
respectively. The coordination environment of the manga-
nese(II) is severely distorted from the octahedron. Although
3.542(4) �A of intermolecular contact in the adjacent uncoordi-
nated NO���ONii was found [symmetry operator; (ii) �xþ 1=2,
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Figure 1. ORTEP view of Mn(hfac)2.OCB-BNN. Hydrogen
atoms are determined by calculation except those in carborane
cage. The selected atom numbers are given in the figure.
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�yþ 1=2, �zþ 1], there is no effectual overlap between their
magnetic orbitals in the molecular arrangement. Hence, a small
contribution of the direct exchange is expected for the intermo-
lecular magnetic interaction. On the other hand, a fluorine atom
of hfac anion (F3) is held in close to O2iii (3.241(3) �A), N2iii

(3.560(3) �A), and C14iii (3.337(4) �A) of the other neighboring
molecule [symmetry operator; (iii) �xþ 3=2, �yþ 1=2,
�zþ 1]. Therefore, the intermolecular magnetic interaction
through the superexchange path might play more important role
for the magnetic behavior of Mn(hfac)2.OCB-BNN rather than
the direct exchange.

The temperature dependence of the product of magnetic sus-
ceptibility and temperature is shown in Figure 2. The magnetic
interaction between manganese(II) and nitroxide radical is
expected to be strongly antiferromagnetic due to the symmetry
of the electronic ground state of the manganese(II).

At 300K, �mT value is 3.0 emuKmol�1 much lower than
the calculated uncorrelated spin-only value, 5.1 emuKmol�1.
This fact indicates that manganese(II) ion and nitroxide radicals
are strongly coupled in antiferromagnetic manner in Mn(hfac)2.
OCB-BNN. The �mT value showed a gradual decrease as
decreasing temperature, followed by the abrupt decrease attrib-
utable to the intermolecular interaction below 50K to a value
of 0.359 emuKmol�1 at 1.8K. The magnetic interaction
between the radicals through the carborane cage is probably
very small in comparison with the direct exchange interaction
between manganese(II) and radicals. Therefore, we carried
out the analysis with linear three-spin model. On the basis of
the Hamiltonian H ¼ �JðSrad�SMn þ SMn�SRadÞ, the magnetic
susceptibility data were analyzed by following equation
(Eq 1), where J=kB is intramolecular magnetic interaction
between manganese(II) and radicals and the other symbols have
their usual meaning.11 The Lande factors were fixed to 2.0.
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A best-fit result is obtained as shown by the solid curve in
Figure 2 with J=kB ¼ �181ð2ÞK. The large antiferromagnetic
coupling constant is similar to other systems reported previously,
and is consistent with the expectation based on the X-ray

structure.1–6,10,11a A weak intermolecular antiferromagnetic
interaction (zJ0=kB ¼ �3:4ð1ÞK) was taken into account by the
mean-field approximation to reproduce the sudden decrease
below 30K.12 The strong antiferromagnetic interactions between
manganese(II) and nitroxides cause Mn(hfac)2.OCB-BNN to be
the magnetic cluster molecule with S ¼ 3=2 ground state.

In conclusion, we have successfully synthesized three-spin
magnetic system consists of manganese(II) and ortho-carboranyl
biradical OCB-BNN as the first example of the carborane
containing paramagnetic cluster. The construction of the spin-
cluster molecule using OCB-BNN will contribute to the devel-
opment of the boron material science and the supramolecular
chemistry by means of carborane units.
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Figure 2. �mT–T plot of Mn(hfac)2.OCB-BNN. The solid
curve is the theoretical fitting value that described in the text.
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