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Since the 1990s, manganese clusters with large spin ground states (a)
have received increasing attention mainly due to their single-
molecule magnet behavié? A number of high nuclearity homo-
metallic manganese complexes from o Mng, have been
explored to daté-1! However, the rational synthesis of high nuclear
heterometallic manganese clusters remains a challenge. Triethanol-
amine (teal) is a potentially versatile ligand, and several poly-
nuclear complexes have been recently repoitdghlightened by
the facile reactions of zerovalent copper with'@m''/Cd'/Pd' salts
and aminoalcohol® we tried to extend such reactions into a new et
synthetic route to heterometallic manganese clusters. We reportgjgure 1. Molecular structure (a) and coordination environments (H). of
herein the synthesis, structure, and magnetic properties of a giantH atoms and lattice water molecules have been omitted for clarity.
heterometallic CyCu';sMn",Mn!" . MnV 1, cluster, [CuzMn2gOs0- Symmetry: @) =y, X, =z (0) ¥, =X, =z (¢) =%, =Y, z (d) =Y, =X, Z (¢)
(tea)(HCO)e(H,0):]-36H,0 (1). To our knowledgel is the 2 %Y (%2 @ =%y ~zMy.zx O zxy 0)yxz K -y
largest manganese teatluster and unprecedented with five metal ™

oxidation states.
The reaction of copper powder, Mn(OA&}H,O, and teaklin ’ " l

a 1:2:1 ratio inN,N-dimethylformamide (DMF) (30 mL) at 8%5C
gave a dark green solution from which dark block crystaldl of
were slowly deposited after several months. The in situ generated
formate ligand arises from hydrolysis of DMF which has been
previously documentet.

The crystal structure of'® contains a giant [CgMn,gO40]*?"
core of Ty symmetry with 4 Ctiions, 13 Cll ions, 4 Mr' ions, 12
Mn'" jons, 12 M ions, 28u4-0?", and 12u3-0O? ions. Each o="_]

4-0%~ ion joins three Mn ions and one Cu ion (2Mnt Mn" + ] i L
CU' or 2MnY + Mn'" + Cu or 3MnV + Cu'"), while eachus-02- Figure 2. The adamantane-like Mgcluster containing six [MMoMn'" ;04

N . . . and four [MrV3Mn'"Oy4] cubanes via sharing all Mh atoms. Atom color
ion joins one MI ion and two Mi' ions. There are five metal  .oge: MV, dark yellow; M, navy blue; M, magenta; O, red.

oxidation states of M&t, Mn3*, Mn#*, Cut, and C@" in 1, which
were established by consideration of bond lengths, bond valence
sum (BVS) calculation? charge considerations, and the observa-
tion of Jahn-Teller (JT) distortions for the Mh centers. The [Ci+
Mn2gO40]*?™ core is surrounded by 12 teagroups, 6 HCGQ™
groups, and 4 aqua ligands into a neutral cluster (Figure 1).

T

Mn'" ions. There are three oxidation states for the manganese ions,
which is uncommon for the manganese clusté?s’All Mn centers
are six-coordinate (Figure S1), through interactions with fiye
0% ions and ongi3-O?~ ion for Mn1 in an essentially octahedral
L ] . eometry (average MRiO = 1.904 A), oneu,-O?~ ion, two ugs-
Each Cliion is coordinated in a tetrahedral geometry by three gz— ionsryt\(/vo forr?]ate O atoms. and o)ne a?lzgxide O atom ]féar Mn2

_0% | i 0 i ' .
#aO _lons and one aqua ligand. The Gions h_ave_ two dn"f_erent . in a tetragonally elongated octahedral geometry (MG2 and
coordination environments: the central Cul ion is coordinated in \, » ~7 - 5 221(6) and 2.143(8) A constituting the JT axis), and

. o _ i . . ,

a per'f&ect tet_rahedral environment by40°" ions (Cu-O = 1'97_5 . threeus-O? ions and three alkoxide O atoms for Mn3 forming a
(11) .)’ Wh”.e eagh of the Quter 12. symrr}etry-rellated Cus ions is distorted trigonal prism (average Ma® = 2.190 A), respectively.
coordinated in a_dlstorted trigonal bipyramidal environment by three The most striking structural feature is that all the 28 Mn ions
alkoxo O atoms in the plane (BCu3—0 = 102.9(3)-127.58(179) are bridged by the 28,-02~ and 12.5-02 ions into 6 Mril,-
and one amino N atom and opg-O?~ ion at the axial positions MnlV,0, cubanes (Mr-O—Mn = 93.6(2)-102.5(2}) and 4 MH-
(N1-Cu3—-04 = 172.6(3}). Each te& ligand acts in aw:ntn? MN'V,0, cubanes (MA—O—Mn", MnV—O—MnV = 97.5(3)-

2:092 : ’ .
%172 mode to cap an outer Cuatom and bridge one Mrand two 99.9(3Y}), which are further joined to be a cubane-based manganese
cage via sharing all the 12 Mions (Figure 2). Such a structure

T : i i . . . . .
s gggléabﬁi‘flgrgig"ers'ty' is unprecedented in the known high nuclearity Mn clusters. Finally,
* University of California at San Diego. the connectivity of the [CiyMn,g040]*?" core can be precisely
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Figure 3. Plot of reduced magnetizatioM(NS3) versusH/T for 1 in the
temperature range of 1-8..0 K (5 kG (orange), 10 kG (dark green), 20
kG (brown), 30 kG (dark red), 40 kG (teal), 50 kG (dark blue), 60 kG
(green), 70 kG (red)). Solid lines represent best theoretical fit. Inset illustrates
xmT versusT plot for complex1 from 1.8 to 300 K (1 kG (black), 10 kG
(red), 50 kG (blue)).
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Figure 4. AC magnetic measurements forat Hoc = 5 G andHgc = 0.
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described by noting that the central Cul ion connects fout-Mn
MnV3;04 cubanes into a tetrahedral array. Six 'Mn'V,0,
cubanes are located on the midlines of the six edges of the
tetrahedron and connect the four Min'V;0, cubanes via the 12
Mn'V corners into an adamantane-like cage. Each of the four [Cu
(H20)] groups (on 3-fold axes) connects three "MNIn'V,0,
cubanes, and the outer 12 'Cimns connect the Mg cluster via
the remainingus-O?~ sites.
DC magnetic susceptibility data were collected in fields ranging
from 70 to 1 kG in the temperature range of 230 K (Figure
3). The reduced magnetizatioM) versusH/T data cannot be fit
to one state experiencing axial zero-field splittiai (in fact, Ty
symmetry does not allow this). Thd versusT data (inset Figure
3) taken at fields of less than 1 kG show a maximum-@R5 cn?
mol~1 K. This suggests &= %Y, ground state in small fields, which
is reasonable given that the Mpr-Mn'', MnV---Mn'V, and Md! -
-Mn' interactions within the cubane units are expected to be
ferromagnetically coupled, while the Mn-Mn'V, Cu'---Mn"', and
Cu'---Mn" interactions are antiferromagnetic which would g&e
= 12Sumpvy + 12Sunay — 4Sunm 13%yqy = Y, The
non-superimposability of isofields in the reduced magnetization
versusH/T plot usually indicates the presence of axial zero-field
interactions. However, we have fit all the data (solid lines in Figure
3) assuming that there is%= %%, excited state lyig 5 K above
the S= 5%/, ground state. The fit is quite good, and it is important
to emphasize that the model has no zero-field splitting for either
of the states. This is consistent with fRgsymmetry that precludes
the D§ term in the spin Hamiltonian. High-frequency EPR
studies have been initiated to verify the two spin state model.
AC magnetic susceptibility data fat (Figure 4) do show a

frequency-dependent out-of-phase signal; however, only the onset

of the signal is seen. Lower temperature AC data or micro-SQUID
data are needed to establish whether this interesting coniplex
functions as a single-molecule magnet.

In summary, we have established an approach to generate a giant
heterometallic mixed-valent @Cu'/Mn"/Mn"'/Mn" cluster which
contains an unprecedented adamantane-likggMore connected
wholly by Mn,O, cubane units and exhibits unusual magnetic
properties.
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