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A Ferromagnetic Ring of Six Manganese(lll) lons with aS = 12 Ground State
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The design of novel high-spin molecules represents a major
goal of current research in the field of nanoscale materials. In
particular, the synthesis of large transition-metal ion clusters has
provided excellent materials for the observation of unusual
physical properties, such as quantum tunneling of the magnetiza-
tion and magnetic hysteresis effects of purely molecular ofigin.
Unfortunately, large molecular clusters are almost invariably
obtained in a serendipitous manner from self-assembly reactions
and general strategies for the synthesis of large clusters with

preordained structures and properties have not yet been developed.

We recently suggested that hegjuest interactions are among
the available tools for a fine-tuning of the structure and properties
of magnetic cluster® We now show that the magnetic properties
of high-nuclearity clusters may be varied to a very large extent
by acting on the electronic structure of the constituent metal ions.
By substituting iron(lll) with manganese(lll) in the core of the
cyclic cluster [NaFg{OMe),(dbm)]* (1) (Hdbm = dibenzoyl-
methanef<we were able to switch from 8= 0to aS= 12
ground state. Changing the number of d electrons on the metal
centers may therefore represent a powerful tool for modulating
the properties of single-molecule magnets.

The complex [NaMg(OMe)(dbm)]t (2) was synthesized
from manganese(ll) dichloride by simultaneous oxidatiomd
methoxide-promoted aggregation. A one-pot reaction involving
MnCl; (1 equiv), dibenzoylmethane (1 equiv), NaOMe (4 equiv),
and dioxygen in anhydrous methanol, followed by recrystallization
from CHCk/MeOH mixtures in the presence of NaBPafforded
black-brown crystals off]BPh,.2 A single-crystal X-ray inves-
tigation at 188 K pointed to a cyclic structure with approximate
S point-group symmetry but crystallograpl@csymmetry (Figure
1). The [Mns(OMe),4] ring displays a 12-metallacrown-6 struc-
ture and acts as a host for an alkali-metal domhich has a
trigonally distorted octahedral environment. Although the average
nearest-neighbor MrMn distance [3.21(2) A] compares well

Figure 1. ORTEP drawing showing the molecular structure2ofiith
30% probability thermal ellipsoids. Hydrogen atoms are omitted for
clarity.

Mn1-02, 01+Mn2—-06, and 016-Mn3—04 directions, which

are roughly perpendicular to each other as a consequence of edge-
sharing between Mngbctahedra (Figure 2). Axial bonds involve
oxygen atoms from dbm ang;-OMe ligands and have unequal
lengths [average: 2.06(2) and 2.23(4) A, respectively]. Two trans
equatorial sites are occupied py-OMe ligands [average Mn

O: 2.00(3) A]. The remaining oxygen of dbm and.gOMe
ligand (involved in an axial bond with an adjacent metal ion) act
as in-plane donors with much shorter M@ distances [average:
1.910(8) A]. The observed coordination geometry of the metal

with that observed in [3.194(9) A], the coordination environment
of the metal ions shows important differenéesA tetragonal
elongation of the coordination polyhedra is evident along the O8
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(4) Crystal data for ZIBPhy:XxCHCI; (x = 2): MngNaQ»CizgH12.CleB, fw
=2622.41T = 188(2) K; triclinic, space groupl (No. 2),a= 14.392-
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(1)°, y = 88.96(2), V = 3466.8(10) & Z =1, pcaca= 1.256 g cm?3,
pobsa = 1.44(1) g cm?3, A = 0.710 69 A u = 0.71 mnTL. For 14 516
unique reflections and 944 parameterR2w= 0.2741 andR1 = 0.0783
[on 9862 observed reflections with> 20(1)].1° The BPh anion was
found in general positions and refined with half-occupancy. Two highly
disordered chloroform molecules per unit cell were located. Residual
peaks £0.9 e A3) probably arising from additional, highly disordered
CHCI; and/or MeOH molecules (SgRaica VS pobsd Were not assigned.
Selected bond lengths (A): M1, 1.988(3); Mnt02, 2.274(3);
Mn1-03, 1.973(3); Mn+04, 1.921(3); Mnt07, 1.904(3); Mnt
08, 2.074(3); Mn2-01, 2.006(3); Mn2-02, 1.903(3); Mn2-05, 2.052-
(3); Mn2—-06, 2.196(3); Mn2011, 2.042(3); Mn2012, 1.901(3);
Mn3—03, 2.013(3); Mn3-04, 2.215(3); Mn3-05, 1.963(3); Mn3-
06, 1.914(3); Mn3-09, 1.914(3); Mn3-010, 2.070(3); Na02, 2.306-
(3); Na—04, 2.305(3); Na-06, 2.291(3). Interbond angles (deg): Mn1
01-Mn2, 107.72(15); Mn202—Mn1, 100.74(14); Mn+O3—Mn3,
106.7(2); Mnt04—Mn3, 101.02(13); Mn3-05—Mn2, 105.7(2); Mn3-
06—Mn2, 102.1(2). Nonbonded distances (A) and angles (deg): -Mn1
Mn2, 3.2258(10); Mn2Mn3, 3.2011(11); Mn+Mn3, 3.1972(10);
Mn3—Mn2—Mn1, 119.85(3); Mn1-Mn3—Mn2, 119.55(3); Mn3-
Mn1-Mn2 119.92(3).
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Figure 2. Sketched structure of the Mn/O/Na coreih the context of
an idealized Cdl lattice. The peculiar “whirlpool” arrangement of
elongation axes (black) is highlighted.

ions and the UV~vis spectra in the solid sté&tare both typical
of Jahn-Teller-distorted high-spin manganese(fil)This strongly

suggests the presence of six manganese(lll) ions in the cluster

and is consistent with charge-balance requirements.

The ¥T vs T curve for a microcrystalline sample c2]BPh,
clearly reveals a tendency of the Mispins to align in a parallel
fashion at low temperature (Figure B)The 4T value at 260 K
(26.0 emuK-mol™?) is larger than expected for six uncouplgd
= 2 spins (18.0 emiK-mol~* with g = 2.00). With decreasing
temperature, theT product increases, reaching 71.0 ekumol !
at 5 K. This value is close to the limit of 78.0 emktmol?!
expected for parallel alignment of the spins to give a gro@red
12 state. Comparison of thgT values measured at low

temperature with those expected for the various ground configura-
tions proves that the six coupling constants are ferromagnetic,
although not necessarily equal to each other. Attempts were mad
to fit the data on the assumption of identical coupling constants
in the ring, but this does not account for the observed magnetic
behavior, as shown in Figure 3 (dashed line). Since from the
structural point of view it would be possible to choose up to three
differentj constants, we first attempted to use two constants. By

Settingjlz = j23 = j45 = j55 = jA andj34 = j51 = jB, we could
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Figure 3. ExperimentalyT vs T curve measured on a microcrystalline
sample of P]BPh,. The calculated curves fgp = —23.8 cnT?, jg =
—2.6 cnl, g = 2.00 (solid line) anda = jg = —16.6 cn1! (dashed
line) are also shown.

nonzero overlap with the empgf — y? orbitals throughus-OMe
ligands. Thisx? — y%¥z? pathway is expected to provide a
ferromagnetic contribution to magnetic couplihg.

The low-temperature magnetism of]BPh, was further
investigated by magnetization vs field measuremén@n the
assumption of an isolate8= 12 multiplet with axial zero-field
splitting, the experimental data could be fitted with- 1.80 and
D = —0.12 cmt%.  The best-fitg value is unusually low for a
Mn'" comple¥ and may reflect the presence of low-lying
multiplets withS < 12.

In conclusion, a novel high-nuclearity transition-metal cluster
with 24 unpaired electrons in the ground state has been synthe-

osized. lts cyclic structure is unprecedented among high-nuclearity

(n = 6) manganese(lll) complex@sComparison with previous
work on iron(lll)—alkoxide clusters reveals an outstanding
tendency of oxygen atoms of OMe and dbm ligands to assemble
into two closest-packing layers under the adopted experimental
conditions (Figure 2J. We suggest that full exploitation of this
tendency for addressing the synthesis of molecular clusters with

accurately reproduce the experimental data down to 15 K with a planar arrangement of metal ions may represent a possible

ja = —23.8 cm?, jg = —2.6 cnT?, andg = 2.00 (solid line in
Figure 3). At first sight, a 1-order-of-magnitude difference
betweenj, andjg is surprising, though it is consistent with the

starting point for designing the structure and properties of large
magnetic clusters.
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