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The reaction between Mn(CIO,), and di-(2-pyridyl)-ketone in the presence of the sodium salt of propanediol as a
base in MeOH leads to the formation of a hexanuclear manganese cluster. This cluster has been characterized by
the formula [Mn(1l)sMn(111)30(OH)(CHspdol)s(Hpdol)s(pdol)](ClO4)s (1). Molecular conductance measurements of a
1072 M solution of compound 1 in CHsCN, DMSO, or DMF give A, = 529, 135, or 245 uS/cm, respectively,
which suggests a 1:4 cation/anion electrolyte. The crystal structure of hexanuclear manganese cluster 1 consists
of two distinct trinuclear units with a pseudocubane-like arrangement. The trinuclear units show two different valence
distributions, Mn(Il)/Mn(ll1}/Mn(I1) and Mn(lll)/Mn(ll)/Mn(Ill). Additional features of interest for the compound include
the fact that (a) two of the Mn(lll) ions show a Jahn—Teller elongation, whereas the third ion shows a Jahn—Teller
compression; (b) one bridge between Mn(lll) atoms is an oxo (O%>7) ion, whereas the bridge between Mn(ll) and
Mn(lll) is a hydroxyl (OH™) group; and (c) the di-(2-pyridyl)-ketone ligand that is methanolyzed to methyl-Hpdol and
Ropdol (R = CHs, H) acts in three different modes: methyl-pdol(—1), Hpdol(—1), and pdol(—2). For magnetic
behavior, the general Hamiltonian formalism considers that (a) all of the interactions inside the two “cubanes”
between Mn(ll) and Mn(lll) ions are equal to the J; constant, those between Mn(ll) ions are equal to the J, constant,
and those between the Mn(lll) ions are equal to the J; constant and (b) the interaction between the two cubanes
is equal to the J; constant. The fitting results are J; = J» = 0.7 cm™', J3 ~ 0.0, Jy = —6.2 cm™', and g = 2.0
(fixed). According to these results, the ground state is S = 1/2, and the next excited states are S = 3/2 and 5/2
at 0.7 and 1.8 cm™", respectively. The EPR spectra prove that the spin ground state at a low temperature is not
purely S= 1/2 but is populated with the S = 3/2 state, which is in accordance with the susceptibility and magnetization
measurements.

Introduction the liberation of dioxygen occurs during the S;—>Ss—S,
transition.® Several homo-- or mixed-valence trinuclear’ and

The photosynthetic conversion of water to dioxygen occurs 6 . 7
homo-" or mixed-valence tetranuclear’ manganese complexes

in the oxygen evolving complex (OEC) of photosystem II.
Four manganese ions form the heart of the water oxidation
machinery of this enzyme.' The recent crystal structure
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cubane with a fourth Mn atom attached to one of its bridging Eds.; Springer: Dordrecht, The Netherlands, 2005. (c) Tommos, C.;
0> i Th fi lvabl idati 1 | Babcock, G. T. Acc. Chem. Res. 1998, 31, 18-25. (d) McEvoy, J. P.;
1ons. There are five resolvable enzyme oxidation levels, Brudvig, G. W. Chem. Rev. 2006, 106, 4455-4483. (¢) Yocum, C. F.;
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have been prepared as potential models for the OEC of PS
II. Reports of tetranuclear Mn complexes with average
oxidation states of 2.5+/Mn ((ILIILILII) or (ILILILIV)
formulations),”™%¢ 2.75+/Mn (represented by two valence
distributions, Mn(IDMn(I1T);%¢ and Mn(II),Mn(IIHMn(IV)),”
3.0+/Mn (with only Mn(Ill), oxidation states),®*° 3.25+/
Mn and 3.50+/Mn (with valence distributions Mn(III);3-
Mn(IV) and Mn(III),Mn(IV),, respectively),®><"¢ 3754/
Mn (with Mn(II[)Mn(IV); formulation), and 4.00+/Mn
(with - Mn(IV), homovalence formulation) have been
published.® The 3.25-++/Mn and 3.50+/Mn oxidation states
most resemble the S; state of the OEC, whereas the 3.75+/
Mn state is the best model for the S, state.

Whereas there are examples of tetranuclear manganese
clusters having cubane-like cores,® there is only one’
currently known trinuclear compound in inorganic chemistry
that has a pseudocubane-like arrangement. Trinuclear man-
ganese clusters that interact with calcium ions forming a

(3) Kok, B.; Forbush, B.; McGloid, M. Photochem. Photobiol. 1970, 11,
457-475.

(4) (a) Christian, P.; Rajaraman, G.; Harrison, A.; Helliwell, M.; McDouall,
J. J. W.; Raftery, J.; Winpenny, R. E. P. Dalton Trans. 2004, 2550—
2555. (b) Menage, S.; Vitols, S. E.; Bergerat, P.; Codjovi, E.; Kahn,
0.; Girerd, J.-J.; Guillot, M.; Solans, X.; Calvet, T. Inorg. Chem. 1991,
30, 2666-2671. (c) Tsuneyoshi, K.; Kobayashi, H.; Miyamae, H. Acta
Crystallogr., Sect. C 1993, 49, 233-236. (d) Rardin, R. L.; Poganiuch,
P.; Bino, A.; Goldberg, D. P.; Tolman, W. B.; Liu, S.; Lippard, S. J.
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J. Inorg. Chem. 2002, 8, 502-2510. (g) Asada, H.; Hayashi, K.;
Negoro, S.; Fujiwara, M.; Matsushita, T. Inorg. Chem. Commun. 2003,
6, 193-196. (h) Wang, R.; Gao, E.; Hong, M.; Gao, S.; Luo, J.; Lin,
Z.; Han, L.; Cao, R. Inorg. Chem. 2003, 42, 5486-5488.
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1990, 712, 4985-4986. (c) Kulawiec, R. J.; Crabtree, R. H.; Brudvig,
G. W.; Schulte, G. K. Inorg. Chem. 1988, 27, 1309-1311. (d) Albela,
B.; Salah, M. S. E.; Ribas, J.; Folting, K.; Christou, G.; Hendrickson,
D. N. Inorg. Chem. 2001, 40, 1037-1044. (e) Afrati, T.; Dendrinou-
Samara, C.; Raptopoulou, C. P.; Terzis, A.; Tangoulis, V.; Kessis-
soglou, D. P. Angew. Chem., Int. Ed. 2002, 41, 2148-2150. (f) Wang,
S.; Huffman, J. C.; Folting, K.; Streib, W. E.; Lobkovsky, E. B.;
Christou, G. Angew. Chem., Int. Ed. Engl. 1991, 30, 1672-1674. (g)
Randall, D. W.; Sturgeon, B. E.; Ball, J. A.; Lorigan, G. A.; Chan,
M. K.; Klein, M. P.; Armstrong, W. H.; Britt, R. D. J. Am. Chem.
Soc. 1995, 117, 11780-11789.

CaMn3;0, cubane-like cluster remain largely elusive in
inorganic chemistry and are reported as only a part of the
structure of a Ca,Mn3 compound.10

The reported compound belongs to the family of hexa-
nuclear compounds; therefore, a detailed discussion of this
class of compounds is given below.

Our previous efforts have been centered on the preparation
and characterization of trinuclear mixed-valence Mn(III)-
Mn(IDMn(III)(Schiff base)(carboxylato)s(solvent), and
Mn(IDMn(IV)Mn(II)(pko)»(X)s (X = SCN~, Cl-, NNN-,
NCO™) complexes with predominantly oxygen-donor ligands
in order to understand the fundamental coordination, struc-
ture, and magnetochemistry of complexes that are potentially
relevant to the active site of the OEC.* ¢

In this Article, we present the crystal structure of a
hexanuclear manganese cluster [Mn(II)sMn(III);O(OH)-
(CHj3pdol)s(Hpdol)s(pdol)](ClO4)s (1) consisting of two
distinct trinuclear units. This compound is the second
reported example of a compound with trinuclear units in a
pseudocubane-like arrangement. Furthermore, this is the first
time a compound with two trinuclear units in different
valence distributions, Mn(II)/Mn(III)/Mn(II) and Mn(IIl)/
Mn(II)/Mn(III), is reported. Additional features of interest
for the compound include the fact that (a) two of the Mn(III)
ions show a Jahn—Teller elongation, whereas the third ion
shows a Jahn—Teller compression; (b) one bridge between
Mn(II) atoms is an oxo (O?>7) ion, whereas the bridge
between Mn(II) and Mn(III) is a hydroxyl (OH™) group; and
(c) the di-(2-pyridyl)-ketone ligand methanolyzed to methyl-
Hpdol and Rypdol (R = CHj, H) acts in three different
modes: methyl-pdol(—1), Hpdol(—1), and pdol(—2). The
synthesis and the detailed study of synthetic analogues of this
cluster would greatly enhance our understanding of the spec-
troscopic, physical, and redox properties of the OEC. The
reported compound should be a useful agent in our attempt to
prepare CaMn; clusters with a cubane-like structure.

Experimental Section

Safety Note. Caution! Although no problems were experienced
in the handling of perchlorate compounds, these salts are potentially
explosive when combined with organic ligands and should be
manipulated with care and used in only small quantities.

Materials. N,N-Dimethylformamide (DMF) was distilled from
calcium hydride (CaH,), and methanol was distilled from Mg. Both
were stored over 3 A molecular sieves. Di-(2-pyridyl)-ketone, Br,

(8) (a) Hendrickson, D. N.; Christou, G.; Schmitt, E. A.; Libby, E.;
Bashkin, J. S.; Wang, S.; Tsai, H.-L.; Vincent, J. B.; Boyd, P. D. W_;
Huffman, J. C.; Folting, K.; Li, Q.; Streib, W. E. J. Am. Chem. Soc.
1992, 114, 2455-2471. (b) Wemple, M. W.; Adams, D. M.; Folting,
K.; Hendrickson, D. N.; Christou, G. J. Am. Chem. Soc. 1995, 117,
7275-7276. (c) Wemple, M. W.; Adams, D. M.; Hagen, K. S.; Folting,
K.; Hendrickson, D. N.; Christou, G. J. Chem. Soc., Chem. Commun.
1995, 1591-1593. (d) Wang, S.; Folting, K.; Streib, W. E.; Schmitt,
E. A.; McCusker, J. K.; Hendrickson, D. N.; Christou, G. Angew.
Chem., Int. Ed. Engl. 1991, 30, 305-306. (¢) Wemple, M. W.; Tsai,
H.-L.; Folting, K.; Hendrickson, D. N.; Christou, G. Inorg. Chem.
1993, 32, 2025-2031.

(9) (a) Nihei, M.; Hoshino, N.; Ito, T.; Oshio, H. Chem. Lett. 2002, 1016—
1017. (b) Mishra, A.; Wernsdorfer, W.; Abboud, K. A.; Christou, G.
Chem. Commun. 2005, 54-56.

(10) Mishra, A.; Wernsdorfer, W.; Abboud, K. A.; Christou, G. Chem.
Commun. 2005, 54-56.
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Table 1. Crystal Data and Structure Refinement for
Mn(II)sMn(I1I)3(CHspdol)s(Hpdol)3(pdol)(O)(OH)(C1O4)4* CH3OH «
2.3H,0 (1)

1
empirical formula C32H79>6CI4M1’16N14035>3
fw 2297.44
temp 180(2) K
cryst syst triclinic
space group P1
a, (A) 13.9501(5)

b, (A) 16.3574(5)

¢, (A) 23.2809(9)

o, (deg) 84.437(1)

B, (deg) 78.913(1)

Y, (deg) 67.782(1)

V, (A3 4824.5(3)

V4 2

Decalcds mg'm_3 1.582

« (Mo Ka)), mm™! 0.964

F(000) 2340

6 range for data collection 3.03—25.00°

index ranges —16<h=<16,—19 < k <18,
—27<1=<27

GOF on F? 1.075

final R indices (I > 20(])) R1 =0.0724, wR2 = 0.1899¢
“For 13 371 reflections with I > 20(I).

1,3-propanediol, and Mn(ClO,),*6H,0 were purchased from Al-
drich and used as received. All chemicals and solvents were reagent
grade.

Physical Measurements. Infrared spectra (200—4000 cm™')
were recorded on a Perkin-Elmer FT-IR 1650 spectrometer, and
samples were prepared as KBr pellets. Ultraviolet/visible spectra
were recorded on a Shimadzu-160A dual-beam spectrophotometer.
Electron paramagnetic resonance spectra were recorded on a Bruker
ESR 300 spectrometer equipped with a Varian variable-temperature
controller. The external standard was dpph. Variable-temperature
magnetic susceptibility measurements were carried out on powdered
samples in the 3—300 K temperature range by the use of a Quantum
Design SQUID susceptometer in 0.1 and 1.0 kG applied magnetic
fields. Magnetization measurements were carried out at different
temperatures in the range of 1.8—6 K and in the field range of
0—5 T. Carbon, hydrogen, and nitrogen elemental analyses were
performed on a Perkin-Elmer 240B elemental analyzer. Electric
conductance measurements were carried out with a WTW model
LF 530 conductivity outfit and a type C cell, which had a cell
constant of 0.996. This represents a mean value calibrated at 25
°C with potassium chloride. All temperatures were controlled to
an accuracy of +0.1 °C by the use of a Haake thermoelectric
circulating system.

X-ray Crystal Structure Determination. Slow crystallization
from MeOH yielded brown prismatic crystals. A crystal with
approximate dimensions of 0.10 x 0.20 x 0.30 mm® was taken
directly from the mother liquor and immediately cooled to —93
°C. Diffraction measurements were made on a Rigaku R-AXIS
SPIDER image plate diffractometer using graphite monochromated
Mo Ka radiation at —93 °C. The data collection (w scans) and
processing (cell refinement, data reduction, and empirical absorption
correction) were performed using the CrystalClear program pack-
age.'" The structure of compound 1 was solved by direct methods
by the use of SHELXS-97'** programs and was refined by full-
matrix least-squares techniques on F2 by SHELXL-97.'?" Important
crystal data and structure refinement details are listed in Table 1.
Additional experimental crystallographic details for compound 1
include 26,,,x = 50°; reflections collected/unique/used, 73 827/

(11) CrystalClear; Rigaku/MSC Inc.: The Woodlands, TX, 2005.
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16 939 (Riy = 0.0655)/16 939; 1455 parameters refined; (A/0)max
= 0.009; (AP)max/(AP)min = 1.592/—0.993 e/A3; and R1/wR2 (for
all data), 0.0882/0.2045. Hydrogen atoms were either located by
difference maps and refined isotropically or introduced at calculated
positions as riding on bonded atoms. No H atoms for the solvate
molecules were included in the refinement. All nonhydrogen atoms
were refined anisotropically.

CCDC 679815 contains the supplementary crystallographic data
for compound 1. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from Cambridge
Crystallographic Data Centre, 12 Union Road, Cambridge CB21EZ,
U.K.; fax: (+44)1223-336-033; e-mail: deposit@ccde.cam.ac.uk).

Preparation of [Mn(II);Mn(III);O(OH)(CHzpdol);(Hpdol)s-
(pdo])[(C104)4+ CH30H - 2.3H,0 (1). Compound 1 was synthesized
by adding 10 mmol (1.842 g) of di-(2-pyridyl)-ketone to 10 mmol
(3.62 g) of Mn(ClO4),*6H,0 in 20 mL of methanol, and the mixture
was stirred for 20 min; 30 mmol of Br, (1.53 mL) was added, and
the yellow mixture became dark brown. After 30 min of stirring,
40 mmol (3.52 g) of the sodium salt of 1,3-propanediol in 10 mL
of methanol was added. The solution was left to evaporate slowly,
and after three days, brown crystals suitable for X-ray diffraction
studies were deposited from the mother liquor. These crystals have
been structurally characterized with the formula CgyH7960-
ClsMngN 1403530 (fw = 2297.44). The crystals were collected via
filtration, and the resulting powder was analyzed as solvent-free.
Anal. Calcd for C31H71C14M116N14O321 C, 4375, H, 322, N, 8.82.
Found: C, 43.50; H, 3.10; N, 8.50.

Results and Discussion

The preparation of complex 1 can be achieved by the
reaction of a mixture of Mn(ClO,), with (Py),CO in MeOH
at room temperature.

12Mn(CIOy,), + 14(Py)2CO + 8NaOCH,CH,CH,ONa +
6MeOH + 9H,0 +3/20,—
2[MndD3MndID3O(OH)(CH;pdol); x
(HpdoD3(pdoD](ClO,), + 8NaClO, +

8HOCH,CH,CH,0OH (1)

The reaction between Mn(ClOs); and di-(2-pyridyl)-ketone
in the presence of the sodium salt of propanediol as a base
in MeOH produces a deep-brown solution. By slow evapora-
tion, brown crystals of compound 1, which is soluble in
DMF, CH;CN, and DMSO, were deposited. Molecular
conductance measurements of a 1073 M solution of com-
pound 1 in CH3CN, DMSO, or DMF gives A, = 529, 135,
or 245 uS/cm, respectively, which suggests a 1:4 cation/
anion electrolyte. The IR spectrum of compound 1 derived
from the methanolysed form of Hdpk exhibits characteristic
bands as a result of the ligand (V(O—H)wugiol, (C=N)pyriayl,
and ¥(C—O)gio at ~3507, 1602, and 1100 cm™!, respectively)
and the noncoordinated perchlorate anions (V(C1—0),ssym at
1095 cm™!, »(Cl—0)gym at 1052 cm™!, and 6(O—CI—0) at
623 cm™!). The presence of two overlapping broad bands
at ~3507 and 3350 cm™! reflects the extended H-bonding
network between the O—H bridging ion and the unbound
O—H groups of Hpdol ligands (Figure 1).

Description of the Structure. Selected bond distances and
angles for complex 1 are listed in Table 2. The molecule
consists of a discrete tetracationic hexamanganese unit, four
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Figure 1. X-ray crystal structure of  [Mn(I[);Mn(IID);-
O(OH)(CH3spdol)s;(Hpdol)3(pdol)](C1O4)4 (1). The unbound ClO4~ ions are
omitted for clarity.
Table 2. Selected Bond Distances and Angles of 1

bond distances (A)

Mnl—071 1.859(3) Mn4—061 2.093(3)
Mnl—01 1.906(3) Mn4—071 2.104(3)
Mnl1—-031 2.018(3) Mn4—032 2.190(3)
Mnl—NI 2.084(4) Mn4—051 2.225(3)
Mnl1—-021 2.166(3) Mn4—N61 2.255(4)
Mnl1—N31 2.213(4) Mn4—N52 2.300(4)
Mn2—-011 2.082(3) Mn5—-061 2.094(3)
Mn2—N2 2.195(4) Mn5—-051 2.186(3)
Mn2—N22 2.221(5) Mn5—041 2.198(3)
Mn2-021 2.225(3) Mn5—N42 2.213(4)
Mn2—-01 2.24003) Mn5—N62 2.252(4)
Mn2—Nl11 2.269(4) Mn5—N51 2.298(4)
Mn3—-072 1.849(3) Mn6—072 1.855(3)
Mn3—-011 1.953(3) Mn6—041 1.935(3)
Mn3—031 2.022(3) Mn6—032 1.938(3)
Mn3—N12 2.187(4) Mn6—N41 2.069(4)
Mn3—N21 2.204(4) Mn6—051 2.210(3)
Mn3—-021 2.301(3) Mn6—N32 2.272(4)
Mnl+++Mn2 3.249(2) Mn3-+-Mn6 3.393(3)
Mnl---Mn3 3.365(2) Mn4-++Mn5 3.263(2)
Mnl +++Mn4 3.583(3) Mn4-++Mn6 3.346(1)
Mn2-++Mn3 3.321(3) Mn5+++Mn6 3.269(3)
angles (deg)
Mnl1—O1—Mn2 102.9(2) Mn6—041—Mn5 104.4(1)
Mn3—011—Mn2 110.7(2) Mn5—051—Mn6 96.1(1)

Mnl1—021—Mn2 95.4(1)
Mn1—021—Mn3 97.7(1)

Mn5—051—Mn4 95.4(1)
Mn6—051—Mn4 97.9(1)

Mn2—021—Mn3 94.4(1) Mnd4—061—-MnS  102.4(2)
Mnl—031-Mn3  112.8(1) Mnl—0O71-Mn4  129.32)
Mn6—032—Mn4  108.1(2) Mn3—072—Mn6  132.8(2)
071-Mn1-01 169.7(2) 061-Mn4—071  166.0(1)
031—-Mnl—N1 168.9(2) 051-Mn4—N61  147.1(1)
021-Mnl—-N31  152.3(1) 032—-Mn4—N52  140.9(1)
072-Mn6—041  167.3(1) 051-Mn5—N42  142.7(1)
032—Mn6—N41  171.1(2) 041-Mn5—N62  154.7(1)
051-Mn6—N32  156.0(1) 061-Mn5—N51  148.0(2)
072—Mn3-011  168.3(2) O11-Mn2—N22  1422(2)
031-Mn3—-N21  141.5(1) N2—Mn2—021 144.6(1)
NI12-Mn3—021  148.7(1) 01-Mn2—N11 156.2(2)

coordinatively unbound perchlorate anions, CH;OH, and 2.3
H,O solvent molecules. The hexamanganese cation com-
prises two distinct Mn3(II/III/IT) and Mns(III/II/III) trinuclear
units in a pseudocubane-like arrangement. Each trinuclear
unit could be described as a strongly distorted cube with a
missing edge, in which four corners are occupied by four
oxygens and three corners are occupied by manganese atoms.
The four oxygen atoms are derived from two methyl-
pdol(—1) ligands, a Hpdol(—1) ligand, and a pdol(—2)

ligand. Each manganese atom is six-coordinated in an
octahedral arrangement. All oxidation states have been
assigned by using a combination of charge balance consid-
erations, bond lengths, and bond valence sum (BVS) analy-
ses.'? BVS calculations lead to values of 3.1, 2.1, 2.9, 2.2,
2.1, and 3.1 for Mn(1)—Mn(6) centers, respectively, which
suggests that Mn(1), Mn(3), and Mn(6) atoms are valence-
trapped in oxidation state 3+, whereas Mn(2), Mn(4), and
Mn(5) are in oxidation state 2+. BVS calculations also
confirmed that the oxygen atoms connecting the two tri-
nuclear subunits are a OH™ and an O>” ion, giving values
of 1.2 and 1.6 for O(71) and O(72), respectively. Mn(1),
Mn(3), Mn(4), and Mn(6) possess an O4N, coordination
environment with Mn—O(N) average distances of 2.041,
2.086, 2.195, and 2.047 A, respectively, whereas Mn(2) and
Mn(5) have an O3;Nj coordination environment with Mn—O(N)
average distances of 2.205 and 2.207 A, respectively. Mn(1)
and Mn(6) in oxidation state 3+ show Jahn—Teller elonga-
tion with Mn—O/N average distances of 1.967 and 1.950 A,
respectively, for the equatorial plane and average elongated
axes of 2.190 and 2.241 A, respectively, whereas Mn(3),
also in oxidation state 3+, shows a Jahn—Teller compression
with a Mn(3)—O/N average distance for the equatorial plane
of 2.179 A and average compressed axes of 1.901 A. For
the bridging groups of the trinuclear species, the bridge
between Mn(III)(3) and Mn(III)(6) may be assigned as an
02~ atom (Mn(3)—0(72) = 1.848 A and Mn(6)—0(72) =
1.855 A) and that between Mn(III)(1) and Mn(II)(4) may
be assigned as a OH™ ion (Mn(1)—O(71) = 1.861(3) and
Mn(4)—0O(71) = 2.105(3)). The Mn(II1)—O distances are
comparable with those of u—O, u3—0, and us—O bridges
of polynuclear Mn(III) compounds.’"#

The Mn—O—Mn angles within cubane-like trinuclear units
vary between 94.4(1) and 112.8(1)° for the smaller angle
Mn(2)—0(21)—Mn(3) and the larger angle Mn(1)—0O(31)—
Mn(3), respectively. The average Mn—O—Mn angles were
102.3 and 100.7° for each trinuclear unit, respectively.
The angle between Mn(III) and the bridging oxo group
(Mn(3)—0(72)—Mn(6)) is 132.8(2)°, and the angle for
Mn(I), Mn(III), and the OH™~ group (Mn(1)—O(71)—Mn(4))
is 129.3(2)°.

The separations within the pseudocubane cores, Mn-
(ID)(1)++*Mn(II)(2), Mn(III)(1)*+*Mn(III)(3), Mn(II)(4) -+
Mn(I)(5), and Mn(II)(4) -+~ Mn(II1)(6) (3.249, 3.364, 3.263,
and 3.346 A, respectively) are not related to the oxidation
states of manganese atoms, which is obvious after comparing
the separations between the trinuclear units Mn(IIT)(1)-*
Mn(11)(4) and Mn(III)(3)+++Mn(II1)(6) (3.583 and 3.393 A,
respectively). The two O—H groups of Hpdol ligands, the
O—H bridging anion and the O?~ bridging atom, create a
H-bonding network with O+++H separations from 1.816 to
1.884 A.

(12) (a) Sheldrick, G. M. SHELXS-97, Crystal Structure Solving Program;
University of Gottingen: Germany, 1997. (b) Sheldrick, G. M.
SHELXL-97, Crystal Structure Refinement Program; University of
Gottingen: Germany, 1997.

(13) (a) Brown, L. D.; Altermatt, D. Acta Crystallogr. 1985, B41, 244. (b)
Thorp, H. H. Inorg. Chem. 1992, 31, 1585. (c) Liu, W.; Thorp, H. H.
Inorg. Chem. 1993, 32, 4102.
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Figure 2. (a) Temperature dependence of the susceptibility data in the
form of ymT at 0.1 T (O). The solid line represents the best fit according to
eq 1; see the text for details. (b) Magnetization data of compound 1 at 2 K
(%) and a theoretical model according to the fitting results of the
susceptibility data (—).

Magnetic Discussion. The temperature dependence of the
susceptibility data in the form of ym7 as well as the
magnetization data are shown in Figure 2.

For the susceptibility data, the value of yu7T at room
temperature is 21.0 emu-mol~!+K, which is close to the
expected value for six-isolated (3Mn(III) + 3Mn(Il)) ions.
Until 50 K, there is a smooth decrease, whereas after 50
and until 2 K, a more pronounced decrease occurs and
reaches 2.6 emu-mol~'+K at 2 K. Two different magnetic
models (Supporting Information) were used to fit the
magnetic susceptibility according to the crystallographic
criteria: (a) the bond distances (Mn—Mn) and angles
(Mn—O—Mn) and (b) the valences of the Mn ions (Table
2). A general Hamiltonian formalism is given in eq 2,
according to which (a) all of the interactions inside the two
cubanes between Mn(II)-Mn(III) ions are equal to the J,
constant, between Mn(II) ions are equal to the J, constant,
and between Mn(III) ions are equal to the J3 constant and
(b) the interaction between the two cubanes is equal to the
J, constant (Scheme 1).

H=—2J,(5,S,+S,S;+S,S¢ 4+ S5S¢) —
275(5185) = 2J5(5485) = 2448154+ 555¢) (2)

The pair of J;, J, interactions is expected to be small and
ferromagnetic, whereas, the other two interactions are
antiferromagnetic.mt The fitting results (J;, = J, = 0.7, J3 =
0.0, Jy = —6.2 cm ! and g = 2.0 (fixed)), are shown in
Figure 2a as a solid line. According to these results, the
ground state is S = 1/2, and the next excited states are S =
3/2 and 5/2 at 0.7 and 1.8 cm™!, respectively. To verify the
correctness of the fitting results, a simulation of the mag-
netization data was carried out with the values obtained and
is shown in Figure 2b as a solid line along with the
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Scheme 1. Magnetic Model Used in This Study

experimental data. The magnetic susceptibility and the
magnetization of compound 1 were fitted by the use of the
MAGPACK program'*® employed with a nonlinear least-
squares curve-fitting DSTEPIT program.'*

It is very difficult to extract a general magnetostructural
correlation concerning the magnitude and the sign of the
exchange interaction. The values (and signs) obtained in this
fitting procedure are analogous to, or follow the same trend
as, the other hexanuclear Mn(II)/(IIT) complexes discussed
in the final part of the Article. The X-band EPR spectrum at
various temperatures from 4 K to room temperature is shown
in Figure 3. Apart from the central transition at g = 2 (Figure
3b) where hyperfine lines are observable (probably corre-
sponding to an impurity of a Mn(II) ion), there are multiple
transitions in the low-field region due to ms = +1/2 for an
S = 3/2 ground state, Figure 3c. At higher temperatures, there
is only a broad signal centered at g &~ 2. Thus, the EPR
spectra provide proof that the spin ground state at a low
temperature is not purely S = 1/2 but is populated with the
S = 3/2 state, in accordance with the susceptibility and
magnetization measurements.'*

Relationship between Different Structures. Complex 1
is a valuable addition to the small but growing family of
hexanuclear manganese complexes. The present work also
extends to the body of results that emphasizes the ability of the

(14) (a) Rajaraman, G.; Sanudo, E. C.; Helliwell, M.; Piligkos, S.;
Wernsdorfer, W.; Christou, G.; Brechin, E. K. Polyhedron 2005, 24,
2450-2454. (b) Milios, C. J.; Fabbiani, F. P. A.; Parsons, S.; Murugesu,
M.; Christou, G.; Brechin, E. K. Dalton Trans. 2006, 351-356, and
references therein. (c) Borrds-Almenar, J. J.; Clemente-Juan, J. M.;
Coronado, E.; Tsukerblat, B. S. J. Comput. Chem. 2001, 22, 985—
991. (d) Chandler, J. P. Program 66; Quantum Chemistry Program
Exchange, Indiana University: Bloomington, IN, 1982.

(15) Ribas, J.; Albela, B.; Stoeckli-Evans, H.; Christou, G. Inorg. Chem.
1997, 36, 2352-2360.

(16) Milios, C. J.; Manoli, M.; Rajaraman, G.; Mishra, A.; Budd, L. E.;
White, F.; Parsons, S.; Wernsdorfer, W.; Christou, G.; Brechin, E. K.
Inorg. Chem. 2006, 45, 6782.

(17) Rajaraman, G.; Murugesu, M.; Saiiudo, E. C.; Soler, M.; Wernsdorfer,
W.; Helliwell, M.; Muryn, C.; Raftery, J.; Teat, S. J.; Christou, G.;
Brechin, E. K. J. Am. Chem. Soc., 2004, 126, 15445-15457.

(18) Murugesu, M.; Wernsdorfer, W.; Abboud, K. A.; Christou, G. Angew.
Chem., Int. Ed. 2005, 44, 892.

(19) (a) Murrie, M.; Parsons, S.; Winpenny, R. E. P. Dalton Trans. 1998,
1423. (b) Stamatatos, T. C.; Foguet-Albiol, D.; Perlepes, S. P.;
Raptopoulou, C. P.; Terzis, A.; Patrickios, C. S.; Christou, G.;
Tasiopoulos, A. J. Polyhedron 2006, 25, 1737.

(20) (a) Schake, A. R.; Vincent, J. B.; Li, Q.; Boyd, P. D. W.; Folting, K.;
Huffman, J. C.; Hendrickson, D. N.; Christou, G. Inorg. Chem. 1989,
28, 1915. (b) Gavrilenko, K. S.; Punin, S. V.; Cador, O.; Golhen, S.;
Ouahab, L.; Pavlishchuk, V. V. Inorg. Chem. 2005, 44, 5903.
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Figure 3. (a) X-band powder EPR spectra of the compound at various
temperatures, (b) enlargement of the area around g = 2, and (c) enlargement
of the low-field area in the range of the g values, which are also shown.

dpk ligand to form new structural types in 3d metal chemistry.
Because most hexanuclear manganese complexes have been
reported only recently, we felt that it was timely to collect all
hexanuclear manganese complexes reported by different groups
(Table 3).

An inspection of Table 3 clearly shows that there are 12
different cores and types 3 and 6 (Figure 4) are the most common.

Core type 1 can be described as a nonplanar (Mn™,Mn'-
(ua—OR)»(13—OR)4)®" unit or as a central planar
(Mn",Mn',) rhombus with two peripheral Mn ions above
and below the plane. Core type 2 consists of a rodlike
(Mn",Mn";(t,—OR)4(143—OR)4)** unit comprising four edge-
sharing triangles. Core type 3, similar to type 1, consists of
a nonplanar (Mn",Mn'(zt,—OR)4(1t3—OR)4)®" unit and can
be described as consisting of a central (Mn",Mn'}) plane
with two Mn ions located above and below the plane. Core
type 4 consists of a hexanuclear motif in which two cuboidal
(Mnj30,) units are fused together through a pair of T-shaped
us-oxo groups. Core type 5 contains a central planar Mny
rhombus, edge-bridging O atoms, and capping O atoms. Two
additional Mn"' ions are each connected to the central

(21) Yang, C.-L; Chung, G.; Kuo, T.-S.; Shieh, M.; Tsai, H-L. Chem. Lett.
2006, 35, 724.

(22) Yang, C.-L; Tsai, Y.-J.; Chung, G.; Kuo, T.-S.; Shieh, M.; Tsai, H.-
L. Polyhedron 2007, 26, 1805.

rhombus by an alkoxide O atom. Core type 6 contains a
nonplanar (Mng(u3—0?)2(u2—OR),)"* unit of two offset,
stacked (Mnj3(u;—0?7))*" triangular subunits linked by two
central O atoms. Core type 7 can be regarded as a face-
sharing double-cubane cluster with a (Mn¢Og) core. The
centrosymmetric complex comprises two groups of Mnj
clusters, and the core of the molecule can be regarded as a
dimer of trimers joined together by O bridges. Core type 8
(the present compound) exhibits two independent trinuclear
subunits bridged by two oxygen atoms that are not a part of
the pseudocubane-like cores. Core type 9 consists of two
Mn(II) ions surrounded by four Mn(II) ions to form two
edge-sharing OMny tetrahedra that give rise to the (Mn¢O,)
core. Core type 10 contains two (Mn3(¢3—0))"t units linked
by two RCO,™ ligands and one u4—CH,0,>" bridge. Core
type 11 consists of six Mn atoms disposed in a distorted
trigonal antiprismatic topology, and core type 12 consists
of two trinuclear wheel-type subunits bridged by two y,—0O
units of two tridentate carboxylato ligands.

By a close examination of all core types reported, we may
conclude that assuming that there are two trinuclear subunits
they are sharing at least one oxygen atom; thus, compound 1
is unique in exhibiting two independent trinuclear subunits
bridged by two oxygen atoms that are not part of the pseudocu-
bane-like cores.

For the valence distribution of manganese atoms, (Mn(I-
II)s) and (Mn(III),Mn(Il)s) seem to be the most popular,
whereas the spin ground state is not related to the core type.
It is obvious that (Mng(OAc)s(thme),(py)s), (Mng((CH3)s-
CCO,)s(tmp)a(py)2), and (Mns(CH3CO,)s(thme),(Hatea)s,), all
of core type 3, show spin ground states of S = 4, 3, and 0,
respectively, and (MngOx(sa0)(O.CH),(MeOH),), (MngO,-
(Etsao)s(02,CCMes)(EtOH)s), and (MngO,(Etsao)s(O,CPh),-
(EtOH)4(H»0),), all of core type 6, show spin ground states
of S =4, 7, and 12, respectively. A general remark could
be that the presence of multiple Mn?* ions in the structure,
which promotes weak exchange interactions and results in the
presence of low-lying excite states, does not contribute to the
enhancement of the spin ground state.

(23) Xia, X.; Verelst, M.; Daran, J.-C.; Tuchagues, J.-P. J. Chem. Soc.,
Chem. Commun. 1995, 2155-2157.

(24) Godbole, M. D.; Roubeau, O.; Mills, A. M.; Kooijman, H.; Spek, A. L.;
Bouwman, E. Inorg. Chem. 2006, 45, 6713.

(25) (a) Milios, C. J.; Vinslava, A.; Wernsdorfer, W.; Moggach, S.; Parsons,
S.; Perlepes, S. P.; Christou, G.; Brechin, E. K. J. Am. Chem. Soc.
2007, 129, 9. (b) Milios, C. J.; Vinslava, A.; Wernsdorfer, W.;
Prescimone, A.; Wood, P. A.; Parsons, S.; Perlepes, S. P.; Christou,
G.; Brechin, E. K. J. Am. Chem. Soc. 2004, 126, 15445.

(26) Milios, C. J.; Raptopoulou, C. P.; Terzis, A.; Lloret, F.; Vicente, R.;
Perlepes, S. P.; Escuer, A. Angew. Chem., Int. Ed. 2004, 43, 210-
212.

(27) Chakov, N. E.; Zakharov, L. N.; Rheingold, A. L.; Abboud, K. A.;
Christou, G. Inorg. Chem. 2005, 44, 4555.

(28) Milios, C. J.; Vinslava, A.; Wood, P. A.; Parsons, S.; Wernsdorfer,
W.; Christou, G.; Perlepes, S. P.; Brechin, E. K. J. Am. Chem. Soc.
2007, 129, 2754.

(29) Mukhopadhyay, S.; Armstrong, W. H. J. Am. Chem. Soc. 2003, 125,
13010.

(30) Low, D. M.; Brechin, E. K.; Helliwell, M.; Mallah, T.; Riviere, E.;
Mclnnes, E. J. L. Chem. Commun. 2003, 2330.

(31) Caiada-Vilalta, C.; Streib, W. E.; Huffman, J. C.; O’Brien, T. A.;
Davidson, E. R.; Christou, G. Inorg. Chem. 2004, 43, 101.
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Table 3. Structural and Magnetic Features of Hexanuclear Manganese Compounds Reported”

compound ground state S D (cm™") core type ref
[Mn(III),Mn(IT)4]
1 [Mng(OAc)s(Hatea)(tmp)z] 0 2 15
2 [Mng(acac)s(OAc)(Htmp)2(HoN-ep)2] 0 2 15
3 [Mne(OAC)s(tmp)2(py)al 4 —0.44 1 15
4 [Mng(OAc)s(thme)o(py)a] 4 —0.58 3 15
5 [Mng((CH3);CCOL)s(tmp)a(py):] 3 -0.75 3 16
6 [Mng(CH3COz)s(thme),(Hatea)s] 0 3 16
7 [Mng(teaH)x(teaH2)2(0,CCHPhy)s] 5 —0.20 5 17
8 [MngO2(02CR)10(L*)4] 0 9 18
9 [MngO2(02CPh);0(S)4] 0 9 19
[Mn(III);Mn(IT)3]
10 [MngO»(O,CPh)g(L')3 72 —0.56 3 20
11 MngO,(0,CPh)g(L?); 72 —0.46 3 21
12 [MngO(OH)(CHspdol)z(Hpdol)s(pdol)[(C104)4 12 8 this work
[Mn(I1I)s]
13 [MngO,(L3)4(02,CMe)2(OMe)s ] 2 22
14 [MngO4(OMe)2(OAc)s(Mesalim),] 0 7 23
15 [Ml’l(,Oz(SaO)(,(OzCH)z(MeOH)4] 4 —1.39 6 24
16 [Ml’l(,Oz(EISﬂO){,(OzCCMC3)z(EtOH)5] 7 —0.75 6 24
17 [Ml’l(,Og(EtS’dO)(,(OzCPh)z(EtOH)4(H20)2] 12 —0.43 6 24
18 [MngOa(salox)s(O2CMe)2(EtOH)4] 4 —1.22 6 25
19 [MngOa(salox)s(O2CPh)>(EtOH)4] 4 —1.21 6 25
20 [MngO2(0,CH2)(02CPet); 1 (HO2CPet)2(0,CMe), <2 10 26
21 [MngOa(Etsao)s(O2CPh(Me),)2(EtOH)e] 12 —0.43 3 27
[Mn(III);Mn(IV)4]
22 [MngOs(O2CArthg(dmb)e](OTH)3 4 28
[Mn(II),Mn(I1I)4]
23 [MngO2(O2CPh)2(py)2] 3 —1.1 12 29
[Mn(III);Mn(IV)3]
24 [MngOg(mpdp)3(bpy)s](C104) 3/2 —0.79 11 30

“ Hstea, triethanolamine; Hstmp, 1,1,1-tris(hydroxymethyl)propane; H,N—Hsep, 2-amino-2-ethyl-1,3-propanediol; Hsthme, 1,1,1-tris(hydroxymethyl)ethane;
HL'!, (L-phenyl-3-pyridin-2-ylpropane-1,3-dione); HL?, 1-(2-pyridyl)-3-(p-tolyl)propane-1,3-dione; L3, N-(5-MeO-salicylidene)-N,N-bis(2-hydroxyethyl)-
ethyienediamine; HMesalim, methyl salicylimidate; EtsaoH», 2-hydroxypropio-phenone oxime; dmb, 4,4’-dimethyl-2,2’bipyridine; OTf, trifluoromethane-
sulfonate; L*, H,O, py, MeCN; mpdp, m-phenylenedipropionate; S, py, MeCN, DMF.

Figure 4. Structural cores observed in hexanuclear manganese compounds.

Conclusions

In this Article, we present the crystal structure of a
hexanuclear manganese cluster [Mn(II)sMn(I1I);O(OH)-
(CHj3pdol)s(Hpdol)s(pdol)](ClO4)s (1) consisting of two
distinct trinuclear units in different valence distributions,
Mn(II)/Mn(II)/Mn(Il) and Mn(III)/Mn(II)/Mn(III), and a
unique core type among all hexanuclear compounds reported.
The synthesis and detailed study of synthetic analogues of
this cluster would greatly enhance our understanding of the
spectroscopic, physical, and redox properties of the OEC.
Trinuclear manganese clusters interacting with calcium ions
forming a CaMn3;O4 cubane-like cluster remain largely
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elusive in inorganic chemistry and are reported as only a
part of the structure of a Ca,Mn,3 compound. The reported
compound should be a useful agent in our attempt to prepare
CaMn; clusters with cubane-like structures.
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