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Reactions of quinquedentate Schiff base ligands with Mn and Cu
ions afforded icosa- and hexadecanuclear mixed-metal clusters in
which dinuclear Cu" complexes trapped oxo-bridged [Mn"gMn",0y,]
and [Mn"sOg] cores, respectively. Maximum entropy method
analysis for synchrotron X-ray diffraction data was used to
determine the oxidation states of the Mn ions.

the most frequently used starting materfalSome new
synthetic routes, such as the reduction of MnMave been
reported. However, the number of rational routes for
preparing manganese oxide clusters is still limited. It is noted
that structures and properties can be dramatically influenced
and tunable by synthetic conditions and that mixed-valent
metal ions play important roles in their properties. Oxidation
states of metal ions can be assigned by using charge

Some solid-state oxides were endowed by nature with considerations, coordination bond lengths, and bond-valence-
physical and chemical properties such as piezoelectricity, sum (BVS) calculation$.However, determination of the
superconductivity, ferromagnetism, and catalytic activities, oxidation states of metal ions, which have nonlocalized
and these properties depend upon the crystal structures, metajalence electrons, is rather difficult. We report here a new

ions, and tunable valenéyRecently, mixed-valent Mn

synthetic route to manganese oxide clusters and determina-

compounds have been studied intensely because of theition of the oxidation states of Mn ions by using the maximum

catalytic abilities and their solid-state properties. LN,

entropy method (MEM) for X-ray diffraction data.

which has a Perovskite structure, is an antiferromagnetic The reaction of a quadridentate Schiff basgh@np=
insulator, and the material becomes a ferromagnetic conduc-2,6-bisN-(2-hydroxyethyl)iminomethyl]-4-methylphendtyith

tor with sufficient hole doping.On the other hand, metal

oxide clusters exhibit a wealth of orgarimorganic hybrid

materials such as photosysterhdhd quantum-spin systerfs.

Mn(NO3)-6H,0 and Cu(OAcyH,O in a 1:2%; ratio
afforded the heterometal cluster of [MgMn'"V,Cu'gO;e-
(OMe)(OAC)ANO3)(bemp)(H20)1(NOs)»+8H;0 (1), while

Oxo-bridged Mn dimers and tetramers have been shown tothe reaction with a 1:2:2 ratio yielded the different

mimic water oxidation in biological systerisand a dode-

cluster [MA'¢CU'1005(OH)(OAC)s(bemp)(Hbemp)](NO3),:

canuclear Mr-O cluster is the first single-domain magnet 14H,0 (2).2° A dark-brown crystal ofl crystallizes in the

called a single-molecule magrfetlanganese oxide clusters

tetragonal space groug,/amd!! A complex cation ofl has

have been prepared by using ambient and solvothermalS, symmetry and contains four dinuclear Cu units ([gu

synthetic techniques, in which manganese acetate has been
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Figure 2. MEM electron-density distribution in the oxide core of
horizontal (right bottom) and vertical (right up) divisions were taken from
planes of the whole molecule (left). The contour maps are drawn from 0.001
to 2.0 e A3, and high electron density is colored in red.

Figure 1. ORTEP diagram of catiof. Green, brown, and blue ellipsoids

correspond to MH, Mn'V, and CU ions, respectively. Coordinating water - ) o ]

molecules and nitrate ions are omitted for clarity. 50% probability and completed the sixth coordination site

on one of the two Cliions. Bond lengths about Clons
(bemp)]) capping a pentacubic core of manganese oxide,are in the range of 1.912(5)1.947(3) and 2.493(6)2.736-
[MNn"gMnY 4(us-O)g(us-O)d] (Figure 1). The manganese oxide (6) A for equatorially and axially coordinating atoms,
core, which is composed of 12 Mn ions bridged by:#4 respectively. The six coordination sites of the Mn1 ion are
0% (05) and &3-0% (06) ions, has five face-shared cubes occupied by oxide ions, while each Mn2 ion has six
arranged in a cross shape. Four [&bemp)] units cap the  coordinating O atoms from three oxide, methoxide, alkoxide,
oxide core on its top and bottom faces uiaO? (O7) and and acetate ions. Coordination bond lengths about Mn1 and
uz-alkoxo (O2) bridges, and four acetate ions and four Mn2 are in the range of 1.919(62.120(4) and 1.912(3)
methoxide ions surround the core. 'Cions in the [Cl.- 2.326(3) A, respectively, and the average coordination bond
(bemp)] unit are doubly bridged hy,-phenoxo (O1) and  length @, = 1.968 A) of the Mn1 ion is shorter than that
usz-0* (O7) bridges, and each €uion has elongated (d, = 2.033 A) of the Mn2 ion. BVS calculations yielded
octahedral coordination geometry. The equatorial sites of thevalues of 3.42 and 3.07 for Mn1 and Mn2, assuming*Mn
Cu' ions were coordinated by,®; atoms from bemp and and Mrl", respectively. The structural data suggest that the
us-0?~ (O7) ions, and the axial sites were occupied either Mn1 ions have higher oxidation states than the Mn2 ions. It
by two water molecules or by one water molecule and a is noted that the X-ray absorption near-edge structure
NO;~ ion. The NQ™ ions were positionally disordered with  (XANES) spectrum forl consists of the superimposed
spectra characteristic of Mnand MrV ions (Figure 1S in
(10) A mixture of MNn(NQ)-6H,0 (287 mg, 1.0 mmol) and #dem|§ (125 the Supporting Information). We applied the MEM analysis

mg, 0.5 mmol) in methanol (10 mL) was stirred at €D for 20 min, _ ; ; ;

and the solution turned reddish brown. To the resulting solution were Tor the SynChrOtron X raY dlf_fraCtlon dafeto Ol_)tam further
added triethylamine (152 mg, 1.5 mmol) and Cu(OA)O (67 mg, information about the oxidation states of Mn idd€ontour

0.3 mmol), and the resulting solution was heated at@@or 20 min. maps of the electron density reproduced from the MEM are

The solution was allowed to stand for several days, and dark-brown . . .
columnar crystals of were obtained (yield: 23%). Anal. Calcd for ~ depicted in Figure 2. The number of electrons on the Mn1

che dgedéargglg,z@:'logtéegﬂn,ilzNéz(zvzz: é? 24.&1(; H, 3.27; E 5_.25d and Mn2 ions were computed to be 19.9 and 20.3, respec-
ound: C, 24.02; H, 2.99; N, 5.24. Complé&was synthesize ; ; ; ; ;
similarly to 1 except for the amount of Cu(OAeH,0 (200 mg, 1.0 tlvely’ bY using the Voronoi de,formatlo_n de,nSIty methéd,
mmol) that was used. Dark-brown lozenge crystals were obtained from suggesting that Mn1 has a higher oxidation number than
the reaction mixture (yield: 21 %). Anal. Calcd for the dried sample, i - i
g oM Oes €. 28.60: 1. 3.67: N 4.90. Found: C, 28.40: Mn2. It is noted that electron-counting analyses are affected
H, 3.38: N, 5.15. by the diffuseness of the outer shells, and the obtained values
(11) g‘ry%gl( Zd)a}fl foﬂ:zgségg?lgl)m%u@Mnli%o,z ;gr)a or?ll412an3d a= are sometimes less than the ones predicted by the formal
. ,C = . WV = , £ = 4, Ocalcd = ; ; 4 ; i H i
1.769 Mg i3, T = 100 K, A(synchrotron)= 1.000 00 A, 18 848 oxidation state'* We tentatively assigned the oxidation states
reflections measured, 3979 unique reflectioRg: (= 0.0310). Final
R1 = 0.0690 and wR2= 0.2169 [ > 20¢(l)]. X-ray diffraction data (12) MEM analysis was performed with the Enigma program (Tanaka, H.;

were obtained with a Weissenberg-type imaging plate detector. Crystal Tanaka, M.; Nishibori, E.; Kato, K.; lishi, T.; Sakata, M. Appl.

data for2: CsgHggCuioMngN100sg, dark-brown lozenge (0.4 0.15 Crystallogr.2002 35, 282) at a resolution of 128 128 x 128 pixels,

x 0.1 mn¥), M = 2938.55, triclinicP1, a = 14.208(3) A = 14.344- and theR factor of the final MEM charge density was 0.046.

(3) A, c=15.912(3) Ao = 77.549(3}, B = 64.388(3}, y = 75.093- (13) Electron counting on each Mn ion was performed within the particular
(4, V =2805.59) B, Z=1, deaica= 1.739 Mg n73, T = 200 K, compartment of the space (Voronoi cell), which was defined as a
(Mo Ka) = 0.710 73 A, 12 885 reflections measured, 7993 unique region surrounded by perpendicular bisecting planes of bonds between
reflections Rt = 0.0226). Final R1= 0.0570 and wR2= 0.1697 Mn and neighboring O nuclei. Guerra, C. F.; Handgraaf, J.-W.;
using reflections witH > 20(l). Baerends, E. J.; Bicelhaupt, F. Nl. Comput. Chen2004 25, 189.
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Figure 3. ORTEP diagram of catior?2. Green and blue ellipsoids 0 160 260 36_0
correspond to M# and CUf ions, respectively.

TIK

of Mn1 and Mn2 to M# and Mr" ions, respectively. The ~ F19uré 4. xmT vsT plots of ©) 1 and @) 2.

exact number of electrons on Mn atoms cannot be determined W~ 1 _
from the present MEM analysis; hence, the localization or ;oompongn'\tﬂsﬁ(l)fCMﬁuMglggu 8 (34.5;?\}[(] Tm KE)rzgo—
delocalization of the valence electrons is not clear. -0) an eClUlso (21.7 emu m or g =2.0),
Complex2 crystallized in triclinic space groupl. The respectively. The Clions in [CU'2(bemp)] units are anti-
complex cation o is located on a crystallographic inversion ferromagnetlcally coupleq through phenoxo, oxo, and. hy-
center and has a face-sharing double cube ([M-O)s- droxo bridges, and thﬂs coupling gongtants sometimes
(4s-O)y]), four dinuclear units ([Clp(bemp)]), and two gxceeded] = —100 cm=. The COhtI’IbL.JtI.OH of the .OU
additional mononuclear Ctuunits linking the former two lons to theymT vaIue; 1S, thereforg, negllgl'bly small in the
units (Figure 3). Charge consideration and coordination bondItoyv-tzn;)peraf[uretr:eg(;o?. Tge WS(')SOS K(CUH(;S)Z %or}lstggtg ob-
lengths suggested that MAMn3 are M ions. The double ane i’fi'ng q 54:‘;2 (2)\2/60 WG?K 'f 1( .d
cube was comprised of six Mnions with twog,-0?~ (018) gmu mo i )I arjb\ d. | d( : emufm )I or ar:h
and fourus-0?~ (017) ions. Coordination bond lengths about respectively. A gradual decrease of fhel va uesasthe
Mn1, Mn2, and Mn3 ions are 1.878(52.179(6), 1.892(5} temperature was lowered suggests that antiferromagnetic
2 39’2(6) :amd 1.896(5)2.258(5) A respectivély and ap- interactions are operated also among the Mn centers via oxide

. . bridges.
galrgltvl\:&flﬁo'l'lesllleéleéllc_)Ir\l/lgnazttaginga; (;) gsle;vl\(ﬂegsa_l%nlgsllv ith The MEM analysi_s for the syncr_]rotron X-ray diffraction
vectors. Two acetate ions and [G(bemp)] units cap the data has been gpplled to determine small gugas mql- .
double cube via,-0%~ (07) andu-0- (05 or O2) bridges, ecules tripped in cage full_ergne and porous coordination
and an additional mononuclear Cunit bridges the double- polymers.® The ME.M analy§|s s also useful tool to evaluate
cube and [Clp(bemp)] units. In the [Ctp(bemp)] units, Cul the electron der_15|t)_/ of mixed-valent Mﬁ/ systems. In
and Cu2 ions have square-planar geometry, with each havmgsummary, cqmblnatlo_ns of Mn_ and Cu ions W|th_qumque-
N1, chromophores, and they are doubly bridgeddyD?- dentate Schiff base ligands give a new _s_ynthetm route to
(07) andus-phenoxo (O1 from berip) ions. Cu3 and Cu4 prepare Igrge MﬁO_cIusters: _L|gand qulflcatmns, s_ubt[e
ions, on the other hand, have square-pyramidal coordination"2N9ES n the reaction qondltlons, anq-dn‘rerent combinations
geometry with NO, chromophores, of which the equatorial of metal lons may provide opportunities to prepare larger
sites are occupied by one N atom and three O atoms frommolecules with different core structures.
bemp~. The apical positions are occupied fyalkoxo (O3) Acknowledgment. This work was supported by a Grant-
and us-O?~ (O7) groups, bridging to the neighboring di- in-Aid for Scientific Research from the Ministry of Educa-
nuclear units. Cu5 in the mononuclear unit has a square-tion, Science, Sports and Culture, Japan, and by the COE
pyramidal coordination geometry with five O atoms and is and TARA projects at University of Tsukuba.
bridged with Cu3 and Cu4 bys-OH~ (0O8) groups. The
monocopper unit links the double-cube and '[&bemp)]
units via twou,-AcO™, us-OH™ (08), andus-O~ (O3 from
bemg~) groups.

Supporting Information Available: Crystallographic details
in CIF format and XANES spectra (Figure 1S). This material is
available free of charge via the Internet at http://pub.acs.org.

Magnetic susceptibility measurements foand 2 were 1C062258H
carried out in the temperature range of-3300 K (Flgure (15) Mukherjee, S.; Weyheritiar, T.; Bothe, E.; Wieghardt, K.; Chaudhuri,
4). TheynT values at 300 K forl and 2 were 32.1 emu P.Eur. J. Inorg. Chem2003 863.

mol~! K and 19.4 emu moft K, which were smaller than (16) (a) Sawa, H.; Wakabayashi, Y.; Murata, Y., Murata, M.; Komatsu,

- K. Angew. Chem., Int. E@005 45, 1981. (b) Kitaura, R.; Kitagawa,
the values expected for the magnetically uncorrelated S Kubota, Y.; Kobayashi, T.. Kindo, K.: Mita, Y.. Matsuo, A
Kobayash, M.; Chang, H.-C.; Ozawa, T.; Suzuki, M.; Sakata, M.;
(14) Koritsanszky, T. S.; Coppens, €hem. Re. 2001, 101, 1583. Takata, M.Science2002 298 2385.
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