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Two novel mixed-valent manganese (Mn"/Mn") cluster compounds
were synthesized in solvothermal reactions and characterized by
single-crystal X-ray diffraction, bond valence sum calculations, IR
spectra, elemental analysis, and magnetic measurements. Com-
pound 1 is a Mnyy cluster with a cylindrical core structure.
Compound 2 possess a Mnss core where all of the manganese
sites have unique ligation environments. The magnetic measure-
ments on both compounds indicate dominant antiferromagnetic
interactions between the metal centers.

In the last 10 years, a number of high-nuclearity manga-
nese clusters with interesting properties have been reported
in the literature.' ™ The possibility of discovering new clusters
simply for their structural aesthetics is motivation in itself,
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but the chemistry of high-nuclearity mixed-valent molecular
compounds of manganese draws further attention as models
for the photosynthetic water oxidation centers’ and because
of their potential as single-molecule magnets.? Phosphonates
(RPO;>") are versatile ligands that can link metal ions
through their three phosphonate oxygen atoms even up to
nine metal centers. However, cluster compounds featuring
phosphonate ligands are relatively rare. There are a small
number of papers previously reported on manganese phos-
phonate cluster compounds.®

Two novel mixed-valent Mn9 and Mn¢ clusters, [Mnio-
(U4-0)6(u3-0)2(0,CCMes) 10(OCH3)16(0sPPh(Me))] (1) and
[Mn;6(PhoCHPO3)s(14-O)6(tt3-0)2(OMe)s(HOMe)>(Me;CC-
0,)6(OH,)(Py)2] (2), were synthesized solvothermally upon
reaction of [Mn3O(M63CC02)6(Py)3]9 with 3,5-dimethylphe-
nylphosphonic acid [H,OsPPh(Me),] and diphenylmeth-
ylphosphonic acid [Ph,CHPO;H,], respectively, in methanol
at 125 °C for 12 h. The phosphonic acid ligands 3,5-dimethyl-
phenylphosphonic acid and diphenylmethylphosphonic acid
(Scheme 1) were synthesized following modified Arbu-
zov'®!! reactions. Syntheses of both of the cluster com-
pounds were first tried in methanol at room temperature.
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Different organic solvents—acetonitrile, ethanol, and dichloro-
methane—have also been tried under solvothermal conditions.
However, those efforts failed. At room temperature, the
yields of the reactions were very low, and because the
product compounds were insoluble in most of the common
solvents, we were unable to crystallize them. Apparently,
high temperature and pressure, as well as the solvent
methanol, have a profound role in the synthesis and the
ability to crystallize these cluster compounds. That is also
revealed by the fact that all of the compounds contain
coordinating methanol molecules and bridging methoxides.

Compound 1'** is a mixed-valent complex, containing 9 Mn'!
ions and 10 Mn™ ions, as determined by bond valence sum
(BVS) calculation, ' charge considerations, and inspection of
the metric parameters. The molecular structure and the core
structure of the compound are shown in parts a and b of Figure
1, respectively. The center of the Mn—O core (Figure 2a)
consists of a planar isolateral hexagon with six Mn™ ions at
the corners bonded with a Mn™ at the center through six 14-O
ions (Figure 2a,b). The lateral distances between manganese
ions on the hexagon range from 3.083 to 3.175 A. The central
core is bonded to two pairs of Mn—O triangles stacked one
above the another both above and below the Mn7 core (Figure
1b). The oxygen atoms forming the triangles are from phos-
phonate groups that also connect the triangles to the central
core. All of the phosphonate oxygen atoms are involved in this
connectivity, and the organic portion of the phosphonic acid
groups is outside the cluster. Methoxy groups bridge across
manganese atoms on the periphery of the cluster and thus serve
an essential role in the formation of the cluster. A total of 12
of the 16 methoxy groups are thereby involved, and the 4
remaining are simply bonded to the manganese atoms at the

Figure 1. (a) Molecular structure of 1 in the crystal. Color code: pink,
Mn!"'; gray, Mn'; purple, phosphorus; red, oxygen; black, carbon. Hydrogen
atoms are omitted for clarity. (b) View of the core structure of 1. Hydrogen
and carbon atoms (in part b) are removed for clarity.
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Figure 2. (a) View of the central Mn7 unit in 1. (b) View of the connectivity
of the central manganese in 1 (apex triangles are removed for clarity).

top and bottom of the cluster. The coordination spheres of these
manganese atoms are completed by bonding to the trimethy-
lacetate groups. The manganese ions of the central Mn7 unit
are held together by 6 us-O, 12 u»-OCHj3, and 6 u3-O from
phosphonates (symmetrically 3 from each side). Interestingly,
Mn" at the center is connected with a total of 12 manganese
ions (Figure 2b), 6 from the central hexagon and 6 others from
the middle triangles on each side through 6 u4-O ions. All of
the phosphonates are bonded to a total of six manganese ions,
showing a 6.222 topology.'* The apex triangles are us-O-
centered, and the average distances between manganese atoms
are 3.481 and 3.66 A, which is much less than that of the middle
triangles (5.86 and 5.89 A). The BVS calculations confirm that
the manganese atoms in the two apex triangules and one each
in the triangles below the outer ones are in the 2+ oxidation
state. The central manganese atom is also in the 2+ oxidation
state (indicated in gray, Figure 1b). The oxidation state
assignments are confirmed by the magnetic susceptibility
measurements. The magnetic data of 1 were collected in the
temperature range 2—300 K, as shown in the form of a ym7 vs
temperature (7) plot in Figure 3. The room temperature ym7T
value for 1 is 60.03 cm® K mol™!, which is less than the
calculated value, 69.37 cm?® K mol™! (g = 2), for 10 Mn™ and
9 Mn" noninteracting centers. This behavior is due to the
presence of a strong antiferromagnetic interaction, as is expected
for this type of large cluster.' The ymT values decrease
smoothly down to 5.85 ¢cm® K mol™' upon lowering of the
temperature from room temperature to 2 K, as is expected for
antiferomagnetic interactions. However, the magnetization
experiment for 1 does not show any saturation even at the
highest field measured (Figure S1 in the Supporting Informa-
tion). The possible reason is the presence of low-lying excited
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Figure 3. Plot of ymT vs T (2—300 K) plot for 1 and 2.

Figure 4. Molecular structure of 2. Color code: same as that in Figure 1.
Hydrogen atoms are removed for clarity.

states, which are populated at higher field or the presence of
magnetic spin frustration, because the magnetic structure
contains several Mn—O triangles. The dynamic magnetic
susceptibility data of 1 were measured by using an alternating
current susceptometer. The dynamic susceptibility data (both
real and imaginary components; Figures S3 and S4 in the
Supporting Information) below 3 K increase upon lowering of
the temperature and show frequency dependency. However, the
signal is very weak and not well resolved, so no conclusion
has been drawn.

Compound 2'* has 10 Mn™ and 6 Mn" centers, as
determined from BVS calculations. The X-ray structure analysis
of the compound reveals that the Mn—O core has a very
irregular shape and is encased in a hydrophobic sheath of alkyl
or aryl groups (Figure 4). The Mn—O core can be described as
a combination of two subunits, an isovalent Mn;—O triangle
(Mn13, Mnl5, and Mnl6 in Figure 5) bonded to a larger
Mn 307 unit through three phosphonates (in 6.222, 5.221, and
4.211 bridging mode)'* and one carboxylate group (Figure 5).
The Mn;30; part can be described based on a central Mn!
(Mn2) bonded to five us-oxides, which are bridged to a total
of 10 Mn sites. Mn2 is therefore a vertex of the five O-centered
prisms. Two Mn centers, Mnl1 and Mnl4, are not bridged
through any oxo group to the central Mn (Mn2). Mnl1 is
connected to Mnl and Mn3 through two OMe and an oxo
group, which forms a triangle. Mn14 is bonded to Mn7, Mn10,
and Mnl4 through one u4-O, two OMe, and a phosphonate
group (5.221). The central manganese has a distorted square-
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Figure 5. Core structure of 2. Color code: same as that in Figure 1.

pyramidal geometry, with the longest Mn—O bond [2.138(5)
A] at the apex of the pyramid and all other distances ranging
from 1.868(5) to 1.974(5) A (Table S3 in the Supporting
Information). The other 15 manganese atoms are hexacoordi-
nated with distorted octahedral geometry. The hexacoordination
of the manganese sites are fulfilled by peripheral ligation of a
total of eight OMe groups, eight phosphonate ligands, five
carboxylate ligands, and two pyridine molecules. The most
interesting feature of the molecule is that all 16 manganese sites
are unique based on their ligation.

The susceptibility data for compound 2 were collected in the
temperature range 2—300 K, as shown in the form of a ym7 vs
temperature (7) plot in Figure 3. The room temperature ym7T
value for 2 is 49.82 cm? K mol™!, which is much less than the
calculated value, 56.25 cm?® K mol™! (for g = 2), for 10 Mn!!
and 6 Mn" isolated centers. The ymT values decrease smoothly
down to 8.316 cm® K mol~! upon lowering of the temperature
to 2 K, and this indicates the presence of antiferomagnetic
interaction between the metal centers. However, like 1, the
magnetization experiment for 2 does not show any saturation
even at the highest field measured (Figure S2 in the Supporting
Information). The reason for this behavior could also be the
same as that discussed for 1.

In conclusion, we have demonstrated the synthesis and
characterization of two large unprecedented mixed-valent
manganese cluster compounds. The organic substituent of
the phosphonate ligand and the solvent in the reaction have
key roles in determining the structural type. This work is
currently being extended to other phosphonic acid ligands.
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