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A Tetranuclear Mixed-Valent Mn¥Mn'Y
Compound with a (#,-O)Mn, Core**
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It has become accepted that the water-oxidation catalytic
site in the oxygen-evolving complex (OEC) contains four
manganese ions that are bridged together by water-derived
ligands O?~ and OH~. The crystal structure of OEC confirmed
the presence of four manganese atoms, yet a clear image of
the manganese cluster still eludes us.l Thus, the question
whether the natural model acts as a tetranuclear or 1:3 or 2:2
cluster still remains. Working on the 1:3 model we have
published some mononuclear and mixed-valent trinuclear
manganese compounds.>* Tetranuclear mixed-valent man-
ganese complexes as potential models for the OEC of
photosystem IT (PSII) have also been reported.”>" Most of
them also exhibit interesting magnetic behavior as a result of
the ground-state spin frustration that is typical for this type of
compound.l>7 Christou and co-workers®7 and Brudvig,
Crabtree, and co-workers.'>'3! have shown that, under
appropriate conditions, monofunctional carboxylato ligands
support the formation of the so-called butterfly type tetranu-
clear clusters. However, these and other carboxylato systems
are labile and tend to aggregate further. Higher-nuclearity
oxo-carboxylate species with 6, 9, 10, and 12 manganese
atoms have been structurally characterized.['> 1% To date, the
lowest-valence tetranuclear clusters, with an average Mn
oxidation state of 2.5+ and a 1L, formulation,
reported are [Mn,O(AcO),(H,O),(tphpn),]** (tphpn = [ (0-py)-
CH,],NCH,CH(O")CH,N[CH,(0-py) ],; py = pyridine) with a
linear (u-O)Mn, bridging moiety and [Mn,O,(Ph;-
COO);),(OEt,),] with a (u;-O)Mn bridging moiety.l's 21 The
next lowest average Mn oxidation state of 2.75 + is found in
[Mn"™n{"] species such as [Mn,O,(X-PhCOO),(bpy),] (X=
Cl, Br, bpy=2,2'bipyridine)?"! with a (u;-O)Mn; bridging
group and the [MniMn™Mn'V] core of the
[Mn,0,(H,0),(CF;SO;),(tphpn),]** ion with a (u-O)Mn,
bridging unit.’l The average Mn oxidation state 3.0 + is only
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found in the [Mni!] formulation. Typical examples of this
structure are [Mn,0,(MeCOO)y(py),(dbm),]? (dbm = di-
benzoylmethane) and (NBu,)[Mn,O,(X-PhCOO),(H,0)]?!
with a (u-O)Mn, bridging group. The average Mn oxidation
states 3.25+ and 3.50+ are considered the most in favor of
the S, state of the OEC and the formulations reported to date

are  [Mn™"Mnl"] and [MnfMnl¥]. The com-
pounds (H,Im),[Mn,0;Clg(MeCOO),(HIm)], [Mn,0;Cl,-

(MeCOO);(py)s], and [Mn,O;Cl(MeCOO);(dbm);] (HIm =
imidazolium) which have a distorted cubane [Mn,O;Cl] core
with a (u;-O)Mn; bridging groupl?> 2+ 2 represent the former
formulation while the [(Mn,O,),(tphpn),]** ion with a (u-
O)Mn, bridging unitl?2627 js an example of the latter.
Average Mn oxidation states 3.75+ with a [Mn™Mn}¥]
formulation, the most favorable for the S, state, and 4.00 +
for [Mn}'] have been reported for the [Mn,O4(bpy)]** and
[Mn,O4(bpy),]** ions, respectively.?!

Herein the first example of a tetranuclear cluster [Mn}
Mn"V(O)(pko),(3,4-D),]-2.5CH;0H (pko = di(2-pyridyl)ke-
tonoxime, 3,4-D =3,4-dichlorophenoxy acetic acid) contain-
ing a (#,-O)Mn, bridging moiety is presented. The most
interesting features of this compound are: 1) it is the only
example of a manganese tetranuclear cluster with a 2e-
difference between the oxidation states of the metal ions
and 2) it is the first example of a manganese tetranuclear
cluster with four metal centers interacting through a u,-O
bridging atom.

The central [Mny(u,-O)]¥* core is best described as a
distorted Mn, tetrahedron with the Mn'v ion Mnl and the
Mn!" ions Mn2, Mn3, Mn4 in octahedral environments
(Figure 1). A u,-O atom bridges the four manganese ions.
The four ketonoximato N—O groups link the Mn!¥ ion with
the three Mn! ions, while each Mn! ion is bridged with
the other two Mn! ions through carboxylato bridges. The
Mn --- Mn separations fall in the range of 3.185-3.607 A with
the shortest one being between Mn" ions Mn2 and Mn4,
which are bridged by a unidentate, double bound carboxylato
ligand and a bidentate chelate carboxylato ligand, and the

Figure 1. An ORTEP diagram of 1 with thermal ellipsoids set at 30%
probability, showing the coordination environment of the tetranuclear
cluster.
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longest one being between the Mn!! ions Mn2 and Mn3, which
are bridged only by a bidentate chelate carboxylato ligand.
For the Mn!V---Mn! separations the shortest (3.259 A) is
between Mnl and Mn3 which are bridged by two ketonox-
imato moieties (Table 1). The angles around the (u,-O)Mn,

Table 1. Selected interatomic distances [A] and angles [°] of 1.

Distances [A]

Distances [A]

Mnl ---Mn2 3.351 Mn2---Mn3 3.607
Mnl ---Mn3 3.259 Mn2---Mn4 3.185
Mnl ---Mn4 3.471 Mn3---Mn4 3.522
Angles [°] Angles [°]

Mn1-O-Mn2 115.9(2) Mn2-O-Mn4 94.33(13)
Mn1-O-Mn3 108.1(2) Mn3-O-Mn4 105.98(14)
Mn1-O-Mn4 120.1(2) Mn4-O71-Mn2 88.53(13)
Mn2-O-Mn3 111.64(14)

center vary from 94.2(1) to 120.1(2)° consistent with a
distorted tetrahedral geometry and an O?~ ion rather than a
square-pyramidal geometry which is expected for a u,-OH
group and for which the Mn atoms should have a square-
planar arrangement. All the Mn centers have distorted
octahedral coordination environments. The coordination
sphere of the Mn'Y ion (Mn1), comprises four O atoms, three
of which are from the ketonoximato ligands and the fourth
from the u,-O*>" ion, and two N atoms, one from the
ketonoximato moiety and the second is a pyridyl nitrogen.
Two of the Mn'" ions, (Mn2 and Mn4, have Mn(N,onoximato)-
(prridyl)(Ochelale-carboxylal0)2(Ounidenlale-carboxylalo)0"4'0) coordina-
tion spheres, whereas for the third Mn' ion (Mn3), the
unidentate carboxylato oxygen is replaced by a ketonoximato
oxygen atom. Considering the oxidation states of the man-
ganese atoms, the three of them, Mn2, Mn3, and Mn4, can be
easily assigned as Mn'!, based on the lengths of the Mn—O
bonds which fall in the range of 2.11-2.36 A, while the bonds
around Mn1 of 1.800(4)-2.083(5) A and the lack of a Jahn—
Teller distortion along any of the three axes support an Mn'Y
oxidation state. Further support for the oxidation state of the
Mnl ion is the tetrahedral coordination environment of the
us-O atom (with this geometry the charge balance of the
cluster is only satisfied with an Mn(1v) oxidation state). To
elucidate more clearly whether the oxidation state of the Mn1
ion is Mn'V or Mn™ we have to examine closer the
coordination environment of Mnl1. This center has a distorted
octahedral geometry with a very short Mn1—O bond 1.80 A
and the longest bond is along the same axis to the opposite
apex Mn1-N21 2.083 A. The sum of the axial bonds O-Mnl1-
N21 3.883 A, O1-Mnl-N22 3.935A, and O11-Mnl-O31
3.815 A does not suggest any bond elongation or depression
along any axis. The presence of the Mn—O bond of 1.8 A could
suggests an Mn=0O~ moiety, but this is unlikely and is not
supported by the IR data which do not show the anticipated
strong bands at about 1000 and/or 750 cm~! proposed by
Groves and Stern.P To elucidate the bonding situation
further we have synthesized the compound [Zn,(OH),-
(pko),Cl,] that has a metallacrown structure with zinc ions
interacting through OH groups.”? The IR patterns of Mn and
Zn clusters in the range 1000-650 cm~' are almost identical,
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not showing any additional band which could be assigned to
an Mn=0O bond.

Additional support to the oxidation state of Mn1 as Mn!V is
based on variable-temperature magnetic measurements.
The temperature dependence of ¥7 of Mn'VMnY in a field
of 0.1 T is shown in Figure2. At room temperature y7
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Figure 2. Temperature-dependence of the susceptibility data for y,7 of 1
at 0.1 T. o is the measured data, ——is the best fit according
to Equation (2), B is the best fit according to the Mn"Mn} model

[Eq 3)]-

is 11.3 cm®*mol 'K, smaller than expected for three uncoupled
S=5/2 and one §=3/2 spins (15 cm®*mol~'K) and steadily
increases with decreasing temperature, reaching a maximum
of yT=18.86 cm*mol~'K, at about 4.5 K. Below this point, it
rapidly decreases with decreasing temperature, reaching
18 cm*mol'K at around 2 K, possibly a result of zero-field
effects. To define the exchange interactions(*! the exchange
model in Equation (1) was used which is shown in Figure 3
based on crystallographic criteria.

H = 118,84+ oS85+ 8,S,) +J5(5,S,) 1)
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Figure 3. The graphical exchange model according to crystallographic
criteria.

The S,-S, exchange interaction is expected to be ferro-
magnetic while the other two are expected to be antiferro-
magnetic. To define the valence of the Mn1 (two possibilities
exist: Mn'! or Mn'V) we used the same magnetic model in the

[*] Because of the valence complexity of the complex, various magnetic
models were used with more exchange interactions. Even if we take
into consideration the interaction S;—S, and S,-S; the fit does not
improve while the energy spectrum remains the same with ground state
S=6.
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two hypothetical cases where the S;=2 or S,=3/2, respec-
tively, and in the temperature range 5-300 K [Eq. (2) and

3]
Mn"Mnl — J,=—-415cm™, /,=484cm™}, J;=133cm™}, g=195 (2)

Mn"™MnY — J,=-50cm™,/,=689cm!, /;=0.85cm™!, g=2 3)

Both fits are superimposable in the low-temperature limit
while after 100 K only the model in Equation (2) is closer to
the data (Figure 2, solid line). According to the first model the
ground state of the system is § = 6 while for the second is § =
11/2. To define the ground state of the system, magnetization
measurements were carried out at two temperatures 2.5 and
4.5 K in the field range 0—6.5 T (Figure 4). The solid lines are
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Figure 4. Magnetization measurements, in the reduced form of M/Nug, in
the field range 0-6.5 T at 2.5 K (solid stars) and 4.5 K (e). The solid lines
represent the simulations according to a Brillouin function of a system with
an S =6 ground state and D =0.025 cm™.

the best fits using the Brillouin function for an §=6 system
(g=2) with a small D =0.025 cm~! (where D is the zero-field
splitting term) while the second case was ruled out because of
unrealistic g values. Therefore, the magnetic measurements
provide strong evidence that model in Equation (2), that is for
an Mn'V center, is the most appropriate.

Experimental Section

The compound [Mn"Mn"Mn"Mn'"(O)(pko),(3,4-D),]-2.5CH;OH was
synthesized by adding the sodium salt of di(2-pyridyl)ketonoxime ligand
(10 mmol) to a solution of MnCl, -4 H,0 (10 mmol) in methanol (100 mL).
The sodium salt of 3,4-D (10 mmol) dissolved in methanol (10 mL) was
added. The resulting dark red-brown solution was reduced to a volume of
20 mL after 5 h of stirring. Red/black crystals suitable for X-ray diffraction
studiesi®’! were obtained by slow evaporation. Yield 60%. Elemental
analysis (%) calcd for Cyg 50Hg,ClsMnyN;,04950 (1988.76): C 47.36, H 3.11, N
8.44, Mn 11.06); found: C 47.60, H 3.45, N 8.05, Mn 10.80.
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