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Antiferromagnetically coupled spins in polynuclear com-
plexes of paramagnetic metal ions[1] and p-cross-conjugated
organic polyradicals[2] can be arranged in triangular, ªbutter-
flyº-shaped, tetrahedral, or cubane-like structures and com-
binations of these topologies. Consequently, these materials
provide ample opportunities for delineating competing inter-
actions in which two neighboring spins have to align in
parallel in spite of the antiferromagnetic coupling. When a
degenerate ground state ensues, the system is referred to as
spin-frustrated. The versatility of molecule-based magnetic
materials will be much enhanced in heterospin systems
consisting of paramagnetic metal ions
in conjunction with organic free radical
bridging ligands.[3] The diradical 2,2'-
bis(1-oxyl-3-oxide-4,4,5,5-tetramethyl-
imidazolinyl) (bnn), which was first
reported by Ullman et al.[4] and later
characterized by Rey et al. with respect
to its magnetic properties,[5] captured
our attention as an interesting bis-
bidentate paramagnetic ligand for
magnetic metal ions. We report here
a new spin-frustrated system consist-
ing of manganese(ii) bis(hexafluoroacetylacetonate)
([Mn(hfac)2]) and bnn with a butterfly spin arrangement.

Complexation was effected by mixing anhydrous
[Mn(hfac)2] and bnn. Dark green crystals were obtained,
and their composition was found to be 2:1, [{Mn(hfac)2}2-
(bnn)], by elemental analysis.[6] The crystal and molecular
structure (Figure 1) was determined by X-ray crystallographic
analysis.[7] The molecular structure of bnn in the complex is
very similar to that reported for free bnn.[5] The C1ÿC8 bond
length of 1.44(2) � is almost the same as that in the free ligand
(1.439(3) �), and the dihedral angle between the two ªUll-
man�s nitronyl nitroxide radicalº moieties is 558 in the
complex as well as in bnn itself. These similarities suggest
that the bnn ligand forms the [Mn(hfac)2] complex with
minimal structural perturbation and that the magnetic inter-
action between the two radical centers should only be
marginally modified by complexation.

Magnetic measurements of [{Mn(hfac)2}2(bnn)] were per-
formed on a SQUID susceptometer/magnetometer. The
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temperature dependence of the paramagnetic susceptibility c

at 500 G is presented as a cT vs. T plot in Figure 2. The cT
values remained almost constant from 300 to 2 K.

Figure 2. cT vs. T plot for [{Mn(hfac)2}2(bnn)] at 500 G. The solid line
represents the theoretical curve (see text).

The spin Hamiltonian H for this butterfly system is given by
Equation (1),[1b] where J is the exchange coupling parameter
between the 3d spins of MnII and the 2p spins of the organic
ligand (corresponding to the spins of the ªwingº and the
ªbodyº, respectively, of the butterfly), and J13 is the inter-
action between the two 2p spins of the organic ligand
(Scheme 1 a). The eigenvalues E are given by Equation (2);
ST� S1� S2� S3� S4 , S13� S1� S3 and S24� S2� S4 .

H�ÿ2J(S1 ´ S2�S2 ´ S3� S3 ´ S4� S4 ´ S1)ÿ 2J13S1 ´ S3 (1)

E�ÿJ[ST(ST� 1)ÿ S13(S13� 1)ÿS24(S24� 1)]ÿ J13[S13(S13� 1)] (2)

A theoretical equation was
derived for the temperature
dependence of c due to the
Boltzmann distribution of the
four spins among the energy
levels and fitted to the ob-
served data (Figure 2). The
best fit provided J/kB�
ÿ68.1� 4.6 K and J13/kB�
ÿ408� 28 K. The latter is
close to that for the free ligand
bnn (ÿ447.4 K),[5] and its ab-
solute value is about 10 %
smaller. Both J and J13 are
negative, which confirms that
any two neighboring spins are antiferromagnetically coupled.
Therefore, the four-spin system must have a competing
interaction, since two neighboring spins have to align in
parallel in spite of the antiferromagnetic coupling.

The field dependence of the magnetization of [{Mn-
(hfac)2}2(bnn)] was measured at 2 K. The fitting of a
theoretical Brillouin function to the observed data (Figure 3)
suggests that the populated state is close to the S� 4 state
(Scheme 1 a). Although J13 is more negative than J, the latter
wing ± body antiferromagnetic interaction appears to domi-
nate, and the two S� 1/2 spins of the bnn moiety are obliged
to align in parallel. The butterfly configuration and two S�
5/2 spins of the manganese ions at the wing sites therefore
play an important role in dictating this spin configuration.

Equation (2) reveals that the ground state is S� 4 when
6 j J j> j J13 j or degenerate among S� 0, 1, 2, 3, 4, 4 and 5
when 6 j J j�j J13 j . The present case of 6 j J j�j J13 j suggests
the latter possibility, that is, a genuine spin-frustrated system.

The butterfly configuration of the four spins (Scheme 1 a)
and the ineffectiveness of a large J13 interaction in aligning the
two body spins in antiparallel in [{Mn(hfac)2}2(bnn)] offer a

Figure 1. ORTEP drawing of [{Mn(hfac)2}2(bnn)] with thermal ellipsoids at the 50% probability level. The fluorine and hydrogen atoms are omitted for
clarity. Selected bond lengths [�] and angles [8]: C1ÿC8 1.44(2), Mn1ÿO1 2.150(8), Mn1ÿO3 2.201(9), O1ÿN1 1.28(1), O3ÿN3 1.28(1), N2ÿO2 1.28(1),
N4ÿO4 1.25(1), O2ÿMn2 2.168(7), O4ÿMn2 2.18(1); O3-Mn1-O1 83.8(3), Mn1-O1-N1 126.8(6), N3-O3-Mn1 124.5(6), O2-Mn2-O4 84.8(3), Mn2-O4-N4
127.3(7), N2-O2-Mn2 121.6(6).

Scheme 1. a) Spin alignment
for the ground state of
[{Mn(hfac)2}2(bnn)];
b) Wheatstone bridge.
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Silanediols: A New Class of Potent
Protease Inhibitors**
Scott McN. Sieburth,* Thomas Nittoli,
Alfred M. Mutahi, and Luxuan Guo

Lower dialkylsilanediols, with their proclivity for self-
condensation [Eq. (1)], are the cornerstone of the siloxane
(silicone) industry, and siloxane polymers 2 have a reputation
as stable and inert materials.[1] Dimethylsilanediol (1) is the
best known siloxane monomer and the most prone to
polymerization. In contrast, more sterically hindered silane-

Figure 3. Dependence of the magnetization M of [{Mn(hfac)2}2(bnn)] on
the field strength H at 2 K. The solid line indicates the theoretical curve for
S� 4.

formal comparison of these systems with a Wheatstone bridge
in an electric circuit (Scheme 1 b). In a balanced Wheatstone
bridge, no current flows through R13 even if R13 is very small.
With respect to information processing at the molecular level,
the mimicking of an electric circuit by molecular materials is
instructive.[8]

We have succeeded in constructing a heterospin system which
displays competing interactions between organic radicals and
transition metal ions. In this system the large antiferromag-
netic interaction was made ineffective by the butterfly spin
configuration, and J and J13 are sufficiently large to realize the
degeneracy of a ground-state spin-frustrated system.

Experimental Section

Preparation of the sample: A suspension of [Mn(hfac)2] ´ 2H2O (165 mg,
0.32 mmol) in n-heptane (40 mL) was heated at reflux to remove H2O by
azeotropic distillation. The dark green solution obtained by adding bnn
(50 mg, 0.16 mmol) in CH2Cl2 (20 mL) was concentrated on a rotary
evaporator to remove CH2Cl2. The green precipitate was collected by
filtration to afford dark green plates of [Mn2(hfac)4(bnn)] (153 mg, 76%).
The sample for X-ray crystallography was recrystallized from CH2Cl2/
heptane: IR (KBr): nÄ � 1258, 1651, 3002 cmÿ1.

Magnetic measurement: A fine-crystalline sample was mounted in a
capsule and measured on a Quantum Design MPMS-5S SQUID suscep-
tometer at 500 G. Corrections for the diamagnetic contribution were made
with Pascal�s constants.
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