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9/1). The eluates were evaporated to dryness in vacuo (ca. 0.1 mbar), and
the residues recrystallized from n-pentane/toluene (9/1). Selected physical
and NMR spectroscopic data for 5a, b (the deuterated solvents were used
as internal and 85% H;PO, as external standards). 5a: yellow powder,
yield: 180 mg (34 %), m.p. 113°C (decomp). 5a: C{'H} NMR (50.3 MHz,
C¢Dg, 25°C): 0=20.3 (d, 'J(P,C) =271 Hz; PCHj;), 24.2 (s; NCCCH,), 25.7
(s; NCCCH,), 48.5 (s; NCCCH,), 52.3 (s; OMe), 52.8 (s; OMe), 141.6 (d,
@+3J(P,C) =21.1 Hz; PCC), 159.7 (d, **»J(P,C) =8.4 Hz; PCC), 160.2 (d,
@3)J(P,C)=5.4 Hz; PNC), 1614 (d, J(P,C)=11.1 Hz; CO,Me), 165.6 (d,
J(P,C)=15.4 Hz; CO,Me), 196.5 (d, 2J(P,C) =76 Hz; cis-CO), 199.8 (d,
2J(P,C) =21.7 Hz; trans-CO); *'P{'"H} NMR (81.0 MHz, C¢Dy, 25°C): d =
76.0 (s, J(P,'$>W) =248.7 Hz). 5b: yellow powder, yield: 80 mg (13 %), m.p.
124°C (decomp). BC{'H} NMR (50.3 MHz, C¢Ds, 25°C): 6=24.3 (s;
NCCCH,), 25.9 (s; NCCCH,), 48.9 (s; NCCCH,), 52.8 (s; OMe), 53.4 (s;
OMe), 128.7 (d, 2J(P,C) =10.6 Hz; o-Ph), 130.8 (d, *J(P,C) =14.1 Hz; m-
Ph), 131.2 (d, ¥(P,C)=2.9 Hz; p-Ph), 131.9 (d, 'J(P,C)=42.1 Hz; i-Ph),
140.0 (d, ®+3J(P,C) =20.4 Hz; PCC), 159.3 (d, “*YJ(P,C) =7.6 Hz; PCC),
160.9 (d, @*3J(P,C)=5.4 Hz; PNC), 161.4 (d, J(P,C)=10.8 Hz; CO,Me),
165.6 (d, J(P,C)=15.3 Hz; CO,Me), 196.0 (d, 2/(P,C) =6.4 Hz; cis-CO),
199.0 (d, %/(P,C) =22.8 Hz; trans-CO); 3'P{'H} NMR (81.0 MHz, C,Dj,
25°C): 6 =178.8 (s, J(P,'®*W) =254.0 Hz).
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Spin Frustration in a Dimeric Mn" Complex
with a Metallocene-Substituted a-Nitronyl
Nitroxide Radical**

Daniel Ruiz-Molina, Christian Sporer, Klaus Wurst,
Peter Jaitner,* and Jaume Veciana*

The synthesis of new molecular magnetic materials that
combine paramagnetic metal ions and pure organic radicals as
ligating sites has attracted much more attention in the last few
years.l!l Such systems enhance the diversity and/or dimen-
sionality of magnetic systems made up from paramagnetic
metal ions and diamagnetic coordinating ligands. So far,
different types of stable organic radicals have been studied
although one of the families most extensively used is that of a-
nitronyl nitroxides (NIT). Since the nitroxyl groups are only
weakly coordinating, a-nitronyl nitroxides bearing different
coordinating functionalities have been reported.l? 3 Variation
of the coordination ability provided access to new complexes,
whose diversity ranged from discrete molecules to high-spin
clusterst! and to extended two- or three-dimensional sys-
tems.[) Another approach successfully used to expand the
dimensionality of the systems, ensuring the presence of large
exchange interactions, has been the use of multicoordinating
polyradical ligands. For instance, Iwamura et al. reported
complexes with such polyradicals and manganese(i) hexa-
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fluoroacetylacetonate, [Mn(hfac),], showing two- or three-
dimensional networks that exhibited ferrimagnetic behav-
ior.”l Herein we propose the use of the ruthenocene-
substituted a-nitronyl nitroxide diradical [Ru(NIT),] (see
Scheme 1), previously reported by us,®! as a new multicoordi-
nating ligand to obtain complexes that combine paramagnetic
metal ions and organic radicals and show nonconventional
magnetic behaviors.

Complex 1 (hfac =hexafluoroacetylacetonate; IMH =re-
duced form of the imino nitroxide) was obtained from
[Mn(hfac),] -2H,0 and [Ru(NIT),]. During the complexation

[{(Mn(hfac),},{Ru(NIT)(IMH)},] - 2CH,e 1

reaction a partial reductionof the [Ru(NIT),] diradical to the
monoradical [Ru(NIT)(IMH)] takes place (Scheme 1). This
fact was confirmed by X-ray structure analysisl’! and the IR
spectrum of complex 1, which exhibited an absorption peak at
3350 cm™! characteristic of the stretching vibration of the
N—-H group.

The reduction of a-nitronyl nitroxide radicals in the
presence of [Mn(hfac),] has already been described.'%l In all
the examples so far reported, the reduced radicals bind to the
manganese ions through the O(1) atom of the amidino-oxide
group to generate a dimeric structure, which seems to be the
structure thermodynamically favored. This is also the case for
complex 1 as shown by the ORTEP views of the [{Mn-
(hfac),}(Ru(NIT)(IMH)) ] asymmetric unit and complex 1 in
Figure 1.

The asymmetric unit comprises one Mn! center and one
[Ru(NIT)(IMH) ] unit coordinated to the Mn!! center through
the O(1) atom of the amidino-oxide group. The N(1)—O(1)
bond length of 1.376(3) A is in agreement with those reported
in analogous reduced radicals, which range from 1.37 to
1.39 A. Moreover, the substituents on the cyclopentadienyl
rings adopt a cisoid conformation resulting from an intra-
molecular H(2n)---O(4) hydrogen bond of 2.00 A. This
hydrogen bond is expected to play an active role in enhancing
the magnetic exchange interactions between the Mn!'ions and
the organic radicals. The uniqueness of the system becomes
clearly apparent when the complete structure of complex 1 is
considered. As shown in Figure 1, complex 1 adopts a
butterfly arrangement in which the two Mn! atoms occupy
the central or body positions of the core and the nonreduced
NIT radicals occupy the external or wing-tip positions. This

R R R
Co O\ / )\ o / )\
N \N v2eior] N T, e N \'N
[Ru(NIT),] o
R2
R= Ru N

~

Scheme 1. Mechanism proposed for the partial reduction of the [Ru(NIT),] diradical to the monoradical

[Ru(NIT)(IMH)].
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Figure 1. ORTEP views of a) the [{Mn(hfac),}(Ru(NIT)(IMH))] asym-
metric unit and b) complex 1. The fluorine atoms have been omitted for
clarity. The central Mn---Mn distance is 3.546(1) A with Mn(1)-O(1)-
Mn(1)" and Mn(1)-O(1)-Mn(1)" bridging angles of 108.8°. The bond
lengths Mn—O(1) and Mn—O(1)’ are 2.164(2) and 2.198(2) A, respectively.

type of arrangement has already been shown to induce spin
frustration in polynuclear transition metal complexes consist-
ing of four interacting metal ions.["!

Variable-temperature magnetic susceptibility data for a
crystalline sample of complex 1 was measured on a SQUID
susceptometer over the temperature range of 2—300 K with
an applied external field of 1 kG. A plot of xT versus T is
depicted in Figure 2. The value of y T gradually decreases from
7.8 emuKmol™! at 300 K to 0.4 emuK mol~! at 2 K. Attempts
to fit the data in Figure 2 to the equation defined for a pair of
interacting S, =9,=5/2 systems with an isotropic exchange
interaction and two noninteracting S=1/2 radicals were
unsuccessful. By contrast, the data was nicely fitted to a

magnetic model based on a
butterfly arrangement of the
R metal ions and organic radicals,
consistent with the structure

—OH H~N1 \%)/O shown in Figure 1. The spin
: / Hamiltonian, H, for this butter-

Y 42 fly system is given by Equa-

[Ru(NIT)(IMH)] tion (1),1"? where J is the wing-

tip/body exchange interaction
between the manganese(i1) ions
and the organic radicals and J;3
is the body/body interaction be-
tween the two manganese(il)
ions (Scheme 2).
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Figure 2. Temperature dependence of the magnetic susceptibilities for
complex 1 in the form y 7 versus 7. The solid line was calculated with the
descibed equation and parameters.

8,=52

=172

83=5/2 Jwe=J
Je=J13

Scheme 2. Butterfly-like arrangement of the metal ions and organic
radicals in the structure of complex 1 and magnetic exchange coupling
constants involved.

Equation (1) can be transformed to Equation (2) with $;; =
S’l + 53, 3’24 = 3’2 + 3’4, S’T = 3’13 + 3’24. The eigenvalues E deduced
from Equation (2) using the Kambe method!"¥ are shown in
Equation (3), where S;;=358;+ 83, S5 =95, +S,, and S; =83+
S

H=—2J(858,+ 8,8+ 5.8, + 8.8)) — 27,58.5, 1)
H:* 2J(§% - 3‘%3 - §%4) - lezg%s (2)
E=—J[S:(St+1) = Si5(Si3+1) = S$24(Sau + 1) ] = J13[S13(S13+ 1) ] (3)

A theoretical expression for the T versus T behavior of
complex 1 was derived from Equation (3) and the Van Vleck
equation, and the resulting expression, modified to take into
account intermolecular interactions (0) in the molecular field
approximation, was then used to least-squares fit the exper-
imental data.l'¥l The best fit was obtained for J=—31.8 cm~,
Ji3=—98cm™!, =—-64K, and g=1.91. The value of the
body/body interaction, J;;=—9.8 cm~, is within the range of
those previously reported for the same kind of interaction in
other butterfly-like tetranuclear manganese clusters, as it is
also the case for the g values (1.70-2.00).I] However, the
value of /= —31.8 cm™, associated to the magnetic exchange
coupling between the manganese(11) ions and the NIT radicals,
is considerably smaller than those previously reported for
other mono- and polynuclear complexes with the radicals
directly coordinated to Mn™ ions through the O atom of the
N—O group.['! This fact is not surprising if we consider that in
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the latter complexes there is a direct overlap between the d
orbitals of the manganese ions and the m orbitals of the
radicals, whereas in the complex described herein, the
exchange interaction occurs mediated by the diamagnetic
IMH ligand. A plausible explanation of the magnetic ex-
change interactions could be that the IMH part of the
[Ru(NIT)(IMH)] group promotes an antiferromagnetic ex-
change interaction between the Mn!! centers as well as an
antiferromagnetic exchange between the Mn"' atoms and the
peripheral NIT radical groups. The latter may be due either to
a delocalization of spin density over the ruthenocene unit or
to a spin polarization mechanism. Such a spin polarization
mechanism may take place through the o skeleton of the
ruthenocene unit and, most likely, through the O-N-C-N-H
group of the reduced IMH unit.l'’l That both exchange
coupling parameters, J and /5, are negative indicates that any
two neighboring spins tend to align antiferromagnetically.
However, the topological arrangement of metal ions and
organic radicals in the butterfly structure results in a spin
frustration due to the presence of competing interactions. The
ground state of complex 1 is, in the format (S,5;3,5,,), the
quintet state (2,3,1) with a first triplet excited state (1,2,1) and
a second septet excited state (3,4,1) at energies above the
ground state of 4 and 14 cm~!, respectively. This is one the rare
examples of a spin-frustrated system composed of organic
radicals and metal ions. As far as we know, there is only
another example described by Iwamura et al.'®! with the main
difference that in the latter case the body/body interaction J;
corresponded to the interaction between the two radicals,
which are covalently linked, whereas in the complex described
herein such an interaction corresponds to the interaction
between the two manganese ions.

In summary, we have shown that metallocene-substituted
a-nitronyl nitroxides are good multicoordinating ligands for
obtaining new complexes following the metal —radical ap-
proach. In addition, we have reported a new dimeric Mn"
complex with a butterfly structure and competing magnetic
exchange interactions between the manganese ions and the
organic radicals. Efforts are currently underway to obtain new
complexes derived from [Ru(NIT),], or related metallocene
diradicals, with two- or three-dimensional extended struc-
tures.

Experimental Section

1: A solution of [Mn(hfac),] - 2H,0 (0.370 mmol) in dry n-heptane (20 mL)
was refluxed until the solution acquired a light yellow color. After
stabilization at 60 °C, a solution of diradical [Ru(NIT),] (0.185 mmol) in dry
chloroform (2mL) was added under vigorous stirring. The resulting
mixture was filtered under argon and allowed to stand at room temperature
for one day giving a blue precipitate. Single crystals of 1 were grown from
an n-heptane/chloroform solution by means of a crystallization box
equipped with a heating block described by Hulliger.!""!
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Al;Br; - STHF—The First Saltlike Aluminum
Subhalide
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Al" halides have been studied intensively in the solid state,
in solution, and in the gas phase,-? whereas for aluminum
subhalides for a long time only the monomeric AIX high-
temperature molecules had been characterized by gas-phase
IR spectroscopy.* 4 With the development of matrix isolation
spectroscopy, subsequently dimeric Al,X, species were also
investigated.* 1 A further development of this technique for
preparative applications was presented by the cocondensation
technique, which provided access to a donor-stabilized
metastable AIX solution.”) From these solutions, Al and
Al' halides, in the form of AlLBr,-2anisole and Al,Br,-
4NEt;, respectively, were structurally characterized for the
first time in 1994, and additional isomers of the type ALX,-
2D and E,X,-4D (D =Donor) have since been found.” The
first polyhedral subhalide Al,,X,,- 12D, which we reported on
recently in this journal,®! represented a new compound type.
Herein we report on the first example for the mixed-valent
compound type Al;X;-5D.

Cocondensation of the high-temperature molecule AIX
(X=(l, Br, I) with a toluene/THF mixture according to the
method described in reference [5] gave dark red-brown,
metastable AIX:THF/touene solutions. The AII solution
decolorized at room temperature, without the deposition of
aluminum, and colorless crystals of ALL,-2THF (1) were
isolated after cooling of the concentrated solution.l”y Com-
pound 1 displays the typical D - X,Al-AlX, - D structure.'”l In
contrast, in addition to aluminum, among others, the well-
known AICl; - THF? precipitated from the the AICI solution
at room temperature.

Besides aluminum and Al,,Br,,- 12 THF® the AlIBr-THF/
toluene solution afforded a colorless, brittle compound (2) of
the composition “AlsBr;-5STHF”, which crystallizes in the
triclinic crystal system. An X-ray crystal structure analysis
revealed that 2 is a salt comprising [Al;Brg-4 THF]~ ions and
[Al;Brs- 6 THF]* ions (2a and 2b, respectively; Figure 1).
The Als framework of both ions consists of a central Al atom,
which is tetrahedrally surrounded by four Al atoms. In the
case of the (approximately S,-symmetric) anion, these four Al
atoms each bear two Br atoms and a coordinated THF
molecule. In constrast, in the (approximately C,-symmetric)
cation only two AlBr,- THF groups as well as two AlBr-
2THF groups are arranged about the central Al atom. Thus
the formula [Al(AlBr-2THF),(AlBr,- THF),]*[Al(AlBr,-
THF),]” provides a better description of the bonding situa-
tion. This ion pair possesses two Al atoms with the formal
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