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The heterometallic Mn'"4Ni"; title compound has been synthesized
and characterized by X-ray crystallography. The compound consists
of a Ni-Mn—Ni linear moiety, [{Ni—(u-NO)s},—Mn], linked by
oximate bridges and three Mn(ll) hfac terminal units attached by
oximate oxygens in a di-u-oxo fashion, forming a novel hetero-
metallic cluster: Mn{Mn(hfac),} s{ Ni(pao)s}, (1). Magnetic mea-
surements reveal the antiferromagnetic nature of the oximate
pathway between Mn(ll) and Ni(ll) metal ions, which imposes an
unusual high-spin ground state (S = 8) for 1.

In recent years, high-spin clusters have been attracting
much attention in the fields of molecule-based magnetism

and solid-state physics. One of the reasons is the emergenc

of single-molecule magnets (SMMs) in the beginning of the
1990s. The first example of an SMM is the mixed-valent
dodecanuclear Mn cluster, [Mi©1(O.CCHs)16(H20)4],
which possesses & = 10 spin ground state and a large
uniaxial anisotropy. To date, a number of SMMs with

peculiar magnetic properties such as metastable magnetiza-

tion,? guantum spin tunnelingand quantum phase interfer-
ence have been reportéd. major part of the research aimed
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at the development of new SMMs and giant-spin paramag-
netic clusters is devoted to the fine control of magnetic
interactions between magnetic centetsnowledge of the
magneto-structural correlations between homometallic ions
with different oxidation states or heterometallic centers is
considered to be the key to the design of such new high-
spin complexes. Nevertheless, examples of heterometallic
clusters are usually limited to those with low nuclearity, and
those exhibiting a large high-spin ground state are still
extremely raré.In this regard, we focused on the assembly
of heterometallic ions by oximate linkages, which is known
to act as a good magnetic pathway. Among the available
ways of introducing oximate bridges, we selected the pyri-
dine-2-aldoximate ligané.® Here we report the synthesis,
Structural determination, and magnetic properties of a novel
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heterometallic MiyNi", cluster, Md Mn(hfacy} 3{ Ni(paok}
(D (hfac, hexafluoroacetylacetonate; pagyridine-2-al-
doximate). In1, the antiferromagnetic couplings mediated
by oximate bridges between Ni(ll) and Mn(Il) lead to 8n
= 8 spin ground state.
Heterometallic clustefl is obtained in good yield from Ni(1)* _f-Ni(1)
the reaction of Mn(hfag) with Ni(paok(py). in chloro- \
form.1%11 Simultaneous to the assembly processlpfa
complicated ligand exchange occurs to form a Ni(pao)
building block and free Mn(ll) ion, both of which are derived
from the partial replacement of the hfac ligands of the
Mn(hfac), precursor, which is followed by the formation of
a cluster moiety of [(pagNi—Mn—Ni(pao)]. Nevertheless,
such byproducts as Ni(hfacpr Ni(hfack(py),, which are
predicted to be formed from the ligand-exchange reaction,
are not cocrystallized from the solution. The structure of
neutral clusterl is depicted in Figure 3 Compoundl
crystallizes in tetragonal space groBfs2:2 (Z = 4). The
heterometallic cluster lies on th& axis located on Mn(1)
and Mn(3) metal ions. On the basis of bond distance and
charge balance considerations, the three types of Mn ion are
divalent, andl is therefore neutral. All metal centers adopt
a slightly distorted octahedral geometry. The Ni(ll) ion is
surrounded by three padigands in a perpendicular fashion
with average Ni-N bond distances of NiNoximate = 2.042-
(4) A and Ni-Np, = 2.109(4) A. The coordinating oximate
groups are gathered on one side; therefore, [Ni@haacts
as a tridentate coordination-donor building block. Two _ o _ _
Figure 1. Molecular structure of: side view (top) and a view projected

[Ni(paok]~ units and their six oximate groups cap the i5ng Ni(1)-Mn(1)—Ni(1)"] axis (bottom). In the side view (top), the hfac
ligands on the terminal Mn ions are omitted for clarity.

(8) Chaudhuri, P.; Birkelbach, F.; Winter, M.; Staemmler, V.; Fleischhuer,
P.; Hasse, W.; Fike, U.; Haupt, H.J. Chem. Soc., Dalton Trans.

1994 2313. Scheme 1

(9) Sreerama, S. G.; Pal, Biorg. Chem.2002 41, 4843. OMHEQ}’
(10) Krause, R. A.; Busch, D. HI. Am. Chem. Sod.96Q 82, 4830. g g
(11) The synthesis df was carried out under dried nitrogen atmosphere. / Mn(1 IJJ !
First, a diethyl ethen-heptane solution containing Mn(hfa(.O), 7 _E,} /4
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finally obtained was dissolved in a solution of diethyl ether/CH@I Jin(3) % .

mL/20 mL). The resultant solution was allowed to diffuse into a GHCI
solution (20 mL) containing Ni(pagpy)z (0.21 g, 0.25 mmol). Red- Mn(2)
orange single crystals df were obtained after one week in 34%

yield (48 mg, 0.021 mmol). An alternative route for obtainihg/as ; i
found by simply stirring together Mn(hfac)and Ni(pao)(py)s centered octahedral Mn(ll) ion with an average ™MD

precursors. An orange powder was obtained in 62% yieid (88 mg, bond distance of 2.171(3) A to form a bridging motif of

0.038 mmol). Physical measurements confirmed that this orange [{Ni—(M'NOpac)e,}z—Mn]- Each of these oximate oxygens
powder and the red-orange single crystals are identical. Nevertheless,f her link M hf . ith M
the crystalline sample was used systematically for elemental analysis, Urther links to a Rrmina(hfac) unit (wit Merminal &S

infrared spectroscopy, and all magnetic measurements. Calcd for -~ Mn(2), Mn(2)*, or Mn(3)) in the [Mnentra(1)— (-Oox)2—

HaeN1:O1gFseNisMng: C, 34.37; H, 1.57; N, 7.29. Found: C, 34.06; : :
&61.3664-1§|O 178.4333'.\l R (rll?ujol)/(C=N) = 1606.6 cnt v(h?;(r:]): 7213 Mniermina] mode with an average Ménina—Oox distance of

1145.6, 1647.1 crr- 2.132(3) A. The crucial role played by the oximate oxygen
(12) Crystal structure data fdr CeeHagN12016F3MnaNiz My = 2306.17,  jn assembling and fortifying the hexanuclear core should be

orange prism, tetragonal space grd¥#p2:2 (No. 96),a = 16.701(3) . .

A, c=30.590(5) AV = 8532.5(3) B, Z = 4, peaca= 1.795 g c3, emphasized here. Indeed, as the Mn(ll) metal ions are all

T =113 K,F(000)= 4560,1(Mo Ka)) = 1.157 mm, 20max= 59.C°, connected through the O,sN— bridge to Ni(ll) sites, the

38927 reflections collected, 7441 uniquBn{ = 0.040), variable ;
parameters= 642, R1= 0.0440 using 7105 reflections with > oximate oxygens further cement the cluster througméx)Z

20(1), wR2 = 0.1140 (all data), GOR= 1.066, min./max. residual  that connects the three terminal Mn(ll) species to the central

electron density= —0.73/1.93 e A3. The structure was solved by i i ithi
direct methods (SIRS7: Altomare, A.» Burla, M. G Camalli, M- one (Scheme 1). The average intermetal distances within the

Cascarano, M.; Giacovazzo, C.; Guagliardi, A.; Polidori JGAppl. cluster are Ni-Mncenier= 3.65 A, Ni=Mniemina = 5.05 A,

Crystallogr. 1994 27, 435) and refined by full-matrix least-squares  Mncenter—MNtermina = 3.49 A' and MRmina—MnNierminal =
treatments ofr2. The non-hydrogen atoms were refined anisotropically 6.05 A
whereas hydrogen atoms were introduced as fixed contributors. ~* :

Additional crystallographic details are available as Supporting Infor-  The magnetic susceptibility of a polycrystalline sample
mation or by application to the Cambridge Data Centre (CCDC- . .

202735), 12 Union Road, Cambridge CB21EZ, U.K. (Fak44) of 1is studled.fror.n 300 to 1'.9 K at 1000 Oe. ThE versus
1223-336-033. E-mail: deposit@ccdc.cam.ac.uk.) T plot, shown in Figure 2, slightly decreases from 17.8 emu
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H0 —4.3(2) K, Jo/kg = —10(1) K, andJs/ks = —0.57(5) K (red
i RAARAMPRAMASAISAPARARE AR line in Figure 2). Comparison af; andJ, with previously
. 35@ i ] published values is not possible due to the fact that, as far
s _ as we know,1 presents the first example of Ni(HHMn(lI)
g 30 = E magnetic interactions mediated by oximate linkages. Nev-
% [y = ertheless, it should be noted that the obtaifisid more than
E o5 % ] twice the value of);. This result is in agreement with the
L -k ] structure ofl that reveals thal, is mediated by threeeNO—
§< i 0 20 30 a0 s s 70 bridges when only one of these links suppodis The
20F H (kOe) 1 obtained value ofl; is also reasonable considering that
B N Mn(Il) compounds with big{-O) bridging are generally
150‘ — : 1'50 : 2[')0 250 300 weakly coupled either antiferromagneticafiyr ferromag-

T (K) netically216A simple picture of theS= 8 ground state is

- 1 devend g 4 41000 O given by all the Mn(ll)S = %, spins aligning in the same
e e 1 piocct measires ot 000 0¢  direction in opposition to Ni(I)S = 1 spins. Indeed, this
with the magnetic model described in the text (Scheme 1). Inset: field configuration is obtained because the antiferromagnetic
dependence of magnetization measured at 1.9 K, where the solid line is theMn—Ni interactions §; andJ,), which force all Mn spins to
best fit obtained using a Brillouin function with= 8 (g = 2). be parallel, overcome the weak antiferromagnetic-Wm
interaction {s) (|31 and|J;| > |J3)).

In summary, a new heterometallic MiNi", cluster,
Mn{Mn(hfac)} s{ Ni(paok}. (1), was synthesized and struc-
turally characterized. Although was the result of compli-
cated ligand-exchange reactions, it was selectively obtained
in high yield. As expected, the use of the pao ligand led to
the formation of oximate bridges between Mn(ll) and Ni(ll)
that mediated the antiferromagnetic interactions, as shown
by magnetic susceptibility measurements. The architecture
of the MnyNi; cluster and the strength of the antiferromag-
netic Mn—Ni interaction imposed an overall high-spin ground

K/mol at 300 K to reach a minimum of 15.6 erkimol at
75 K. At even lower temperaturegT increases to reach a
plateau at 36.0 emK/mol below 2.5 K. This low-temper-
ature value ofyT suggests ai% = 8 ground state witly ~
2 as the predicted value because 8 8 spin state is 36.0
emuK/mol assumingg = 2.00. At 1.9 K, the field
dependence of magnetization saturates atug6and is
perfectly reproduced using & 8 Brillouin function with
g = 2.00 (inset of Figure 2). This result confirms tBe= 8
ground state ofl.

Considering the molecular structure of the possible
exchange pathways are shown in Scheme 1. Due to theState: S= 8.
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analyzed with the following Hamiltonian: Supporting Information Available: X-ray crystallographic file
of 1in CIF format. This material is available free of charge via the
H=-2J[ Sy Sungy T Sy Suny)] — Internet at http://pubs.acs.org.
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