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Two tetranuclear manganese compounds, [Mn4(µ3,η2-L)4Br4-
(LH)4] (1) and [Mn4(µ3,η2-L)2(µ,η2-L)4L2Br2] (2), with cubane
and defect dicubane-like cores were synthesized and charac-
terized by single-crystal X-ray diffraction, magnetic mea-
surements, and DFT calculations (LH = 2-methoxyethanol).
The magnetic properties of the resulting [Mn4] building

Introduction
In the last few years, many classes of tetranuclear manga-

nese compounds with various oxidation states and geome-
tries have been prepared and studied.[1] Among these com-
plexes, cube [Mn4(µ3-O)4] and defect dicubane-like
[Mn4(µ3-O)2(µ-O)4] cores are very important due to their
biological functions such as the active centers of photosyn-
thetic water oxidation and their single molecule magnet
(SSM) behavior.[2] Development and optimization of pre-
parative routes towards the synthesis of polynuclear Mn
complexes is thus of great interest not only for the discovery
of completely new complexes but also as a way of building
up families of related species so that structure–property re-
lations can be developed.[3] We have previously described
a simple and efficient self-assembly method for the in situ
generation of cuboidal complexes.[1g] In the present work
we describe the synthesis, structure, and magnetic proper-
ties of two different tetranuclear Mn clusters with MnII

4

and MnII
2MnIII

2 systems.

Results and Discussion
Syntheses

A general synthetic route for manganese complexes used
in this study is shown in Scheme 1. The reaction of metallic
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blocks are presented and discussed in detail. In particular, in
2 the MnIII–O–MnIII angle 103.12(8)° is the largest observed
to date for such a system. The conjunction of antiferromag-
netic and ferromagnetic interactions within the tetranuclear
mixed-valent MnII

2MnIII
2 complexes results in an unusual ST

= 1 ground state.

Mn powder with 2-methoxyethanol (LH) in the presence of
NH4Br in toluene under reflux yielded a dark-brown slurry,
which after filtration was left for crystallization at room
temperature. After a few days, colorless crystals of
[Mn4(µ3,η2-L)4Br4(LH)4] (1, 62%) were collected by fil-
tration. Next, the filtrate was concentrated and left again
for crystallization to give red crystals of [Mn4(µ3,η2-L)2-

Scheme 1. Synthesis of 1 and 2.
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(µ,η2-L)4L2Br2] (2) in 8% yield. Furthermore, an increased
yield of 2 (29 %) was achieved when the reaction was carried
out in the presence of a stoichiometric amount of MnO2.
NH4Br plays an important role in the synthesis of these
compounds as a factor enabling the activation of the metal
surface and oxidation of Mn to MnII by H+ and as the
source of Br– ions, which act as terminal ligands in the com-
pounds. It is worth mentioning that the use of NH4Cl in-
stead of NH4Br leads to the formation of the MnII

4(µ-Cl)2-
Mn4

II unit, created by double chloride linkage of the two
Mn4

II cubanes.[1g]

Description of Structures

Complex 1 is composed of four manganese, four bro-
mide, and four 2-methoxyethanolate ions, as well as four
methoxyethanol molecules (Figure 1). The manganese(II)
ions and bridging alkoxido groups are arranged in a cubane
core, which is stabilized by relatively strong intramolecular
O–H···Br hydrogen bonds formed between the manganese
bonded Br ion and the OH group of the alcoholic ligand.
The H atom of this bond lies in the plane of the MnOBrMn
fragment. Distortion of the core from a perfect cube, char-
acteristic for the [Mn4(µ3-O)4] cuboidal fragment is conspic-

Figure 1. Molecular structure of 1 with hydrogen atoms omitted.
Selected bond lengths [Å]: Mn1–O11 2.184(2), Mn1–O21 2.193(2),
Mn1–O31 2.163(2), Mn2–O11 2.202(2), Mn2–O21 2.197(2), Mn2–
O41 2.150(2), Mn3–O21 2.161(2), Mn3–O31 2.183(2), Mn3–O41
2.208(2), Mn4–O11 2.168(2), Mn4–O31 2.211(2), Mn4–O41
2.179(2), Mn1···Mn3 3.249(1),Mn1···Mn2 3.394(2), Mn1···Mn4
3.279(1), Mn2···Mn3 3.279(1), Mn2···Mn4 3.280(1), Mn3···Mn4
3.388(2).
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uous, as reflected by the values of Oalkoxido–Mn–Oalkoxido

[78.25(7)–82.34(7)°, average 80.5(1)°] and Mn–Oalkoxido–Mn
[96.55(7)–101.41(7)°, average 98.9(1)°]. The face diagonal
Mn···Mn vectors in the cluster reflect the different Mn–
Oalkoxido bond lengths, with the Mn1···Mn3 [3.249(1) Å]
and Mn1···Mn2 [3.394(2) Å] distances being the longest
and the shortest, respectively. The shortest Mn···Mn dis-
tance corresponds to the smallest Mn–O–Mn [96.78(7)°]
and the largest O–Mn–O [82.34(7)°] internal cube angles,
whereas the longest Mn···Mn distance corresponds to the
larger Mn–O–Mn [101.41(7)°] and the smaller O–Mn–O
[78.71(7)°] angles. The Mn–Oether, Mn–Oalkoxido, and Mn–
Ohydroxido bonds lie well within the range of reported values
for the corresponding bond lengths in other manganese(II)
compounds.[1g] The deformation of the coordination geom-
etry around the metal center was analyzed in terms of the
continuous shape measures.[4] The values of the metric
shape parameters (Table S1, Supporting Information) indi-
cated that coordination surrounding each manganese ion
can be described as an octahedron distorted towards a tri-
gonal prism. The centrosymmetric structure of 2 is com-
posed of four manganese cations, two bromide anions, and
eight 2-methoxyethanolate anions (Figure 2). The manga-

Figure 2. Molecular structure of 2 with hydrogen and disordered
carbon atoms omitted. Selected bond lengths [Å]: Mn1–O11
2.379(2), Mn1–O21 2.062(2), Mn1–O31 2.085(2), Mn2–O11
2.007(2), Mn2–O21 1.906(2), Mn2–O41 1.847(2), Mn2–O11(i)

2.246(2), Mn2–O31(i) 1.912(2), Mn1···Mn2 3.281(2), Mn1···Mn2(i)

3.381(1), Mn2···Mn2(i) 3.335(1). Symmetry operation: (i) –x + 1,
–y, –z + 2.
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nese ions and bridging alkoxido groups are arranged in a
face-shared dicubane-like core with two missing vertices.
The planar Mn4 rhombus can be described as being com-
posed of two Mn3 triangular faces, each held together by a
µ3-oxygen atom [O11 or O11(i)] of a CH3OCH2CH2O– li-
gand. The external edges of each triangle are hold by µ2-
oxygen atoms [O21] and [O31]. The stoichiometry of the
complex requires that the average oxidation level for the
manganese atoms is 2.5. The structural data provide strong
evidence for the localization of the charges; bond lengths
around Mn2 are significantly shorter than equivalent bonds
to Mn1. On the basis of charge balance considerations,
bond valence sum analysis (BVS),[5] DFT calculations,[6]

and the presence of Jahn–Teller axial elongations at Mn, it
has been assumed that the diagonal Mn2 center is in the
trivalent state, whereas the Mn1 ion is divalent (Table S2,
Supporting Information). The analysis of the coordination
polyhedra of the manganese ions in these complexes indi-
cated that MnIII ions can be roughly described as octahedra
with some degree of trigonal distortion, whereas the MnII

are much closer to the trigonal prism (Table S1, Supporting
Information).[4] Such a deviation of the metal coordination
spheres can be attributed mostly to the combined effects of
a chelating distortion (Mn1) and Jahn–Teller effect (Mn2).
The Jahn–Teller distortion of the manganese center is ap-
proximately parallel to the bridging MnIII

2O2 plane. As a
result of this, the MnIII–O–MnIII angle [103.12(2)°] is the
largest one observed to date for such a system.[7] The intra-
molecular Mn···Mn distances change from 3.281(2) to
3.381(1) Å and are related to the oxidation states of manga-
nese atoms. It was found that one of the CH3OCH2CH2O–

ligands coordinated to the divalent center (Mn1) is statistic-
ally distorted between two positions. The presence of elec-
tronic interaction between the manganese ions is indicated
by magnetic measurements.

Magnetochemistry

The magnetic susceptibility was measured under a mag-
netic field of 500 mT in the temperature range 1.8–300 K.
Diamagnetic corrections (–582 and –485�10–6 emumol–1

for 1 and 2, respectively) were calculated by using Pascal’s
constants. The magnetic susceptibility of 1 obeys the Curie–
Weiss law above 100 K, with a Weiss constant θ = +15.9 K
and a magnetic moment of 11.09 µB, which is a little less
than the value of 11.83 µB (g = 2.00) expected for an uncou-
pled MnII

4 system with SMn
II = 5/2. The effective magnetic

moment [µeff = 2.828(χT)1/2] increases from 6.1 µB at 1.9 K,
achieves a maximum at 30 K (12.5 µB), and then slowly de-
creases to 11.4 µB at 300 K (Figure 3). The increase in the
moment with a decrease in the temperature suggests ferro-
magnetic interaction between some pairs of MnII ions, and
the drop at low temperature implies the presence of an anti-
ferromagnetic component in the total spin exchange.

To fit the experimental data the Kambe vector coupling
method was applied. Even though the exact symmetry of
the MnII

4 cluster is low, the reasonable simplifying approxi-

www.eurjic.org © 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2010, 4492–44984494

Figure 3. Variation of χ–1 (triangles – 1, diamonds – 2) and µeff

(squares – 1, circles – 2) with temperature. The solid lines represent
the best fit of the data (see text for details).

mation is possible by taking equal Mn1–Mn2 [d(Mn–Mn)
= 3.394(2) Å] and Mn3–Mn4 [d = 3.388(2) Å] magnetic in-
teractions with the coupling constant J1, and Mn1–Mn3,
Mn1–Mn4, Mn2–Mn3, and Mn2–Mn4 [d = 3.249(2)–
3.280(1) Å] with J2 (see Figure 1 for the definition of atom
numbers). The Heisenberg spin Hamiltonian can be written
as: = –2J1(S1·S2 + S3·S4) – 2J2(S1·S3 + S1·S4 + S2·S3 +
S2·S4), where Si is the spin of the Mn ion number i. The
good fit of the experimental µeff data to the theoretical
model (Figure 3) was obtained with J1 = 1.2 cm–1, J2 =
–0.10 cm–1, g = 2.00 (fixed), the temperature independent
paramagnetism (TIP) fixed at 0, and intermolecular inter-
action zJ� = –0.090 cm–1 (the agreement factor R =
Σ[(χT)exp. – (χT)calcd.]2/Σ [(χT)exp.]2 = 2.0�10–3). No signifi-
cant improvement in the fit was achieved after employing a
spin Hamiltonian with more than two different coupling
constants and/or an axial zero-field splitting parameter D
(using the program julX written by E. Bill[8]).

The appearance of ferromagnetic coupling between the
MnII ions in 1 is rather unexpected, although ferromagnetic
exchange is sometimes observed in MnII dimers with ox-
ide,[9] chloride,[10] and nitride[11] bridges. Contrary to the
iron(III) complexes containing FeIII–O–FeIII bridges, where
the average Fe–O distances (and not the Fe–O–Fe bridging
angles) are correlated with the exchange coupling con-
stants,[12] analogical relationships in the isoelectronic MnII

compounds have not been found. It was only noticed that
the presence of N-donor terminal ligands favors ferromag-
netic coupling.[10a]

MnII
4 clusters with a cubane topology are sparse.[1e,1h,13]

All of them exhibit an antiferromagnetic coupling of the
spins and monotonically increasing effective magnetic mo-
ment (or χT) with the temperature. In comparison with pre-
viously investigated cubane-like MnII

4 compounds, complex
1 has the most compact [Mn4(µ3-O)4] core with very short
average Mn–Obridge [2.183(2) Å] and Mn–Mn distances
[3.312(2) Å]. This fact would support an assumption that
short Mn–O and Mn–Mn distances favor ferromagnetic
exchange interactions between the MnII ions. It is worth
noting that only the nonlinear MnII tetramer with intra-
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molecular ferromagnetic interactions, which consists of the
centered trigonal Mn[(µ-phenoxido)2Mn]3 core, has even
shorter average d(Mn–Obridge) = 2.152 Å and d(Mn–Mn) =
3.27 Å.[14]

The magnetic susceptibility of complex 2 is plotted as χ–1

and the effective magnetic moment of a tetranuclear mole-
cule versus T in Figure 3. In the range 150–300 K, the
susceptibility obeys the Curie–Weiss law with a Weiss con-
stant θ = –1.8 K and a magnetic moment of 10.05 µB, which
is a little less than the value of 10.88 µB (g = 2.00) expected
for an uncoupled MnII

2MnIII
2 system with SMnII = 5/2 and

SMnIII = 2 local spins. The effective magnetic moment in-
creases from 3.7 µB at 1.8 K to 10.0 µB in the 40–300 K re-
gion. The best fit of the data (R = 2.8�10–5, 66 points) led
to Jbb = 3.9 cm–1, Jwb = –0.35 cm–1, g = 1.82, tempera-
ture independent paramagnetism (TIP) fixed at
600 �10–6 cm3 mol–1 [H = –2Jbb(SMn2SMn2A)–2Jwb(SMn1 +
SMn1A)(SMn2 + SMn2A)].[2g] The ground-state spin ST was
found to be 1, and no SMM behavior was observed. The
first 14 levels are all within 10 cm–1 of the ground state. The
g value must be taken with caution, as this parameter re-
flects most of the experimental artifacts.[13b,15] The fact that
the ST = 1 level is lowest in 2 is uncommon at first sight,
but may be explained with the aid of magnetostructural
correlations. The comparison of magnetic and some struc-
tural data of compounds containing a MnII

2MnIII
2 system

shows a dependence between these parameters, as presented
in Figure 4 (Table 1). The magnetic exchange interactions
between the Mn ions are ferromagnetic in most of the com-
pounds containing a tetrameric MnII

2MnIII
2 center, giving

a maximum allowable value of ST = 9. For these com-
pounds, the Jahn–Teller axes are parallel to the MnIII

2O2

plane, with d(MnIII–MnIII) � 3.1 Å and two different
MnIII–O distances in the bridge: 1.97 and 2.24 Å on average
(Table 1). The MnIII–O–MnIII angle is in the range 97–103°.
Along with increasing this angle, ferromagnetic interactions
Jbb and Jwb decrease, and the last parameter achieves even
negative values.

Figure 4. Correlation between Jbb (diamonds), ST (circles) and
MnIII–O–MnIII bridging angle for complexes containing rhom-
boidal MnIIMnIII

2MnII central unit. Full symbols represent com-
pounds with Jahn–Teller distortion perpendicular to the [MnIII(µ-
O)]2 plane. See Table 1 for details and the Supporting Information
for additional discussion.
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Such conditions favor orbital overlap and thus increase
the antiferromagnetic component of this magnetic interac-
tion. Compound 2 with the Mn2–O11–Mn2i angle equal to
103.12(8)° and large MnIII–MnIII distance 3.335(1) Å be-
longs to this class. The closest analog of 2 is [Mn4(µ3,η2-
hmp)2(µ,η2-hmp)4(η2-hmpH)2] (ClO4)4·2MeCN (Hhmp: 2-
hydroxymethylpyridine), with very similar dimensions of
the central unit (Table 1) and ST = 1 ground-state spin.[25]

Computational Results

To extract information about the site of oxidation, single-
point DFT calculations for 2 as described in the Supporting
Information were performed (Scheme 2). The values of
both the charges and the spin polarization indicate that
Mn1 is in the divalent state and Mn2 is trivalent. This is
particularly noticeable when the spin polarizations are
taken into account: five unpaired electrons at Mn1 site and
four at Mn2. The Mulliken charges are lower than expected
for ideally ionic bonds, indicating thus a significant overlap-
ping of the 3d orbitals of Mn with those of the closest
neighbors and, in consequence, a partially covalent charac-
ter of the Mn–O,Br bonds. The HOMO (Figure S3, Sup-
porting Information) is composed of approximately 50% 3d
functions of Mn1 and the rest of the contribution comes
from a few percent shares of neighboring O atoms, Mn2,
and Br, the last being the greatest (approx. 9 %). The pre-
vious orbital (HOMO-1), located a few hundred (500 for
the calculations with the PW91 functional and 700 for the
BLYP) cm–1 below, contains ca. 30% of the 3d functions of
Mn2 and a less significant admixture (10–12%) of 3d orbit-
als of Mn1; the rest is composed mostly of the 2p functions
of neighboring oxygen atoms. The LUMO, contrary to the
HOMO, has a significant share (more than 50 %) of the 3d
orbitals of Mn2. In this way the energy gap between the
highest occupied and the lowest unoccupied states with
dominant share of Mn2 orbitals is approximately 14100
(PW91) or 14200 (BLYP) cm–1. The analogous gap for Mn1
is much greater and may be estimated as 31000 cm–1 [a few
hundred (500 for the calculations with the PW91 functional
and 700 for the BLYP) cm–1 below, contains ca. 30% of the
3d functions of Mn2 and a less significant admixture (10–
12 %) of 3d orbitals of Mn1; the rest is composed mostly of
the 2p functions of neighboring oxygen atoms].

Scheme 2. Possible Mn···Mn magnetic interactions in 2.
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Table 1. Parameters of exchange coupling for compounds containing rhomboidal MnII

2MnIII
2 system. θ denotes the MnIII–O–MnIII

angle, d the MnIII–MnIII distance, g the Landé splitting factor, Jbb and Jwb the magnetic exchange parameters between MnIII···MnIII and
MnIII···MnII pairs, and ST the ground-state spin.

θ / ° d / Å g Jbb / cm–1 Jwb / cm–1 ST Ref.

[Mn4O2(O2CMe)2(L1)2]2–[a] 96.2 2.798 1.80 –4.3 –3.9 1 [16]

[Mn4(teaH2)2(teaH)2(PhCO2)2]2– 97.0 3.165 1.95 6.6 0.40 9 [2d]

[Mn4O2(O2CMe)6(bipy)2][a] 97.1 2.779 1.70 –3.1 –1.97 2 [17]

[Mn4(HL2)4(MeOH)4Br2] 97.3 3.244 1.89 12.5 3.25 9 [18]

[Mn4(hmp)4(OH)2Mn(dcn)6] 97.5 3.172 1.95 4.9 1.04 9 [19]

[Mn4O2(O2CCPh3)6(OEt2)2][a] 97.6 2.770 1.47 –2.8 –1.5 2 [20]

[Mn4(team)2(teaH2)2(O2CPh)2]2– 97.6 3.174 1.95 8.6 1.8 9 [1i]

[Mn4(hmp)4Br2(OMe)2(dcn)2] 97.7 3.160 1.98 7.6 0.90 9 [2c]

[Mn4O2(cao)4(MeCN)2(H2O)6]2–[a] 97.8 2.773 1.88 –46.0 –2.50 5 [21]

[Mn4(teaH2)2(teaH)2(EtCO2)2]2– 97.8 3.187 1.95 10.9 0.22 9 [2d]

[Mn4(O2CPh)4(mda)2(mdaH)2] 97.8 3.166 1.78 9 [22]

[Mn4(HL2)4(MeOH)4Cl2] 97.9 3.281 1.89 7.7 3.42 9 [18]

[Mn4O2(O2CCHMe)6(bpm)2(EtOH)4][a] 98.0 2.800 2.00 –3.5 –1.74 2.5 [23]

[Mn4(hmp)6Cl2]2– 98.1 3.215 9 [24]

[Mn4(idea)2(bdeaH)2(O2CCMe3)4] 98.3 3.162 1.97 4.7 0.28 9 [1i]

[Mn4(hmp)6(dcn)2]2– 98.4 3.189 1.98 6.3 0.71 9 [2c]

[Mn4(hmp)6Br2(H2O)2]2– 98.4 3.192 1.94 8.8 0.93 9 [2g]

[Mn4(bdea)2(bdeaH)2(O2CPh)4] 98.5 3.174 2.00 7.6 0.90 9 [1i]

[Mn4(hmp)6(H2O)2(NO3)2]2– 98.8 3.230 1.96 7.1 0.80 9 [2b]

[Mn4(hmp)6(NO3)2(dcn)2] 98.9 3.210 1.94 6.8 1.12 9 [2c]

[Mn4(hmp)6(H2O)4]4– 98.9 3.230 2.01 3.5 0.38 9 [25]

[Mn4(hmp)6(NO3)4] 99.0 3.207 1.99 6.3 4.2 9 [26]

[Mn4(hmp)6(PhCO2)2(H2O)2]2– 99.1 3.220 2.01 5.2 0.90 9 [27]

[Mn4(hmp)6(MeCN)2]4+ 99.4 3.187 1.99 3.0 0.43 9 [28]

[Mn4(hmp)4(acac)2(MeO)2]2– 99.4 3.202 1.93 5.3 0.78 9 [26]

[Mn4(hmp)6(H2O)2(NO3)2]2– 99.4 3.253 1.93 9.2 0.86 9 [25]

[Mn4(hmp)6(MeCN)2]4+ 99.5 3.211 2.02 7.0 0.40 9 [28]

[Mn4(hmp)6(MeCO2)2(H2O)2]2– 99.5 3.218 1.94 5.6 0.54 9 [27]

[Mn4(hmp)6(NO3)2(MeCN)2]2– 99.6 3.228 1.87 9.9 1.0 9 [26]

[Mn4(hmp)6(MeCO2)2]2– 99.7 3.211 1.94 4.5 1.3 9 [27]

[Mn4(hmp)6(ClCH2CO2)2]2– 100.3 3.234 1.98 4.9 1.1 9 [27]

[Mn4(O2CMe)2(pdmH)6]2– 100.3 3.253 1.84 8.1 0.40 8 [29]

[Mn4(O2CMe)2(pdmH)6]2– 100.3 3.253 1.89 8.7 1.1 9 [29]

[Mn4(teaH2)2(teaH)2(H2O)2(MeCO2)2]2– 100.4 3.222 1.89 6.5 1.7 9 [2d]

[Mn4(hmp)6(MeCN)2(H2O)4]4– 100.5 3.235 1.96 5.9 0.46 9 [30]

[Mn4(hmp)4(pdmH)2(dcn)2]2– 100.6 3.238 1.97 8.8 0.80 9 [2c]

[Mn4(hmp)6(CCl3CO2)2(H2O)2]2– 100.7 3.237 1.99 3.7 0.69 9 [27]

[Mn4(N3)4(pdmH)2(team)2] 101.6 3.267 1.96 1.2 0.03 9 [31]

[Mn4(hmp)6(hmpH)2]4– 102.9 3.353 2.05 0.2 –0.64 1 [25]

[Mn4Br2(OCH2CH2OCH3)8] 103.1 3.335 1.83 3.4 –0.36 1 this work

[a] Jahn–Teller distortion perpendicular to the [MnIII(µ2-O)]2 plane. Abbreviations: acac = 2,4-pentanedione; bdeaH2 = N-butyldiethanol-
amine; bipy = bipyridine; bpm = 2,2�-bipyrimidine; caoH = HON = C(CN)CONH2; dcn– = N(CN)2

–; hmpH = 2-hydroxymethylpyridine;
L1 = 1,2-bis(bipyridine-6�-yl)ethane; H3L2 = 2,6-bis(hydroxymethyl)-4-methylphenol; mdaH2 = N-methyldiethanolamine; pdmH2 = pyr-
idine-2,6-dimethanol; teaH3 = triethanolamine.

Conclusions

In conclusion, in a one-step reaction we have synthesized
two different tetranuclear manganese species and shown
which factors play a role in the formation of each of them.
Complex 2 is a mixed-valent species containing two MnIII

and two MnII ions. Given that the starting manganese
source contains only metallic manganese it is clear that the
MnII ions are formed directly by oxidation of Mn by HBr.
The MnIII ions are formed by aerial oxidation[10] of MnII

during stirring of the reaction mixture because of inadver-
tent exposure to air during stirring or by MnO2. The forma-
tion of two chemically and structurally different tetranu-
clear units can be explained in terms of the geometric
requirements resulting from ligand field theory and the in-
fluence of ligands. The MnII ion with d5 has no particular
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preference for geometry, whereas the d4 configuration of
MnIII enforces a more rigid geometry. When the manganese
ion is oxidized to the +3 state, its geometry stiffens and this
reduces the angular lability at that center. At this stage of
the oxidation process the system has some conformational
flexibility, and the diagonally opposite manganese ion is ox-
idized next. As before, the oxidation is accompanied by a
geometric rearrangement in which the angular geometry of
the +3 ion is ordered. All these changes are transmitted
through the ligand framework to the remaining +2 ions.
The more rigorous geometric requirements enforced by the
+3 ions reduce the mobility of the system at each oxidation
step. In the case of manganese, the irregular geometry im-
posed on the remaining two +2 metal ion sites (which is
stabilized by bromide ion) is sufficient to move their redox
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potential out of the range accessible for the system, yield-
ing, in effect, a mixed-valence MnII

2MnIII
2 complex. In the

case of 1, ligand-ligand interactions such as hydrogen bonds
are important factors in stabilizing the cuboidal [Mn4(µ3-
O)4] core.

Experimental Section
Synthesis: All reactions were conducted under a nitrogen atmo-
sphere. Chemicals were treated as follows: toluene, distilled from
Na/benzophenone; hexanes, distilled from P2O5; and 2-methoxye-
thanol (Aldrich), distilled prior to use. Metallic Mn and NH4Br
(Aldrich) were used as received. Microanalyses were conducted
with an ASA-1 (GDR, Karl–Zeiss–Jena) instrument (in-house).

Method A: To a suspension of NH4Br (2.34 g, 23.8 mmol) in a mix-
ture of CH3OCH2CH2OH/toluene (40:10 mL) was added metallic
manganese (1.31 g, 23.8 mmol). The mixture was heated under re-
flux until the evolution of NH3 had ceased (48 h). The resulting
dark-brown slurry was filtered, and the filtrate was left to crys-
tallize. After a few days, colorless crystals of [Mn4(µ3,η2-L)4-
Br4(LH)4] (1, 62.04%) were collected by filtration.
C24H60Br4Mn4O16 (1144.10): calcd. C 25.20, H 5.29, Br 27.94, Mn
19.21; found C 25.16, H 5.20, Br 28.03, Mn 19.17. The filtrate was
concentrated to ca. 20 mL and kept at room temperature for a few
days. It slowly yielded red crystals of [Mn4(µ3,η2-L)2(µ,η2-L)4-
L2Br2] (2, 8.40%). C24H56Br2Mn4O16 (980.26): calcd. C 25.20, H
5.29, Br 27.94, Mn 19.21; found C 25.01, H 5.21, Br 27.73, Mn
19.28.

Method B: To a suspension of NH4Br (2.42 g, 24.7 mmol) and
MnO2 (0.59 g, 6.79 mmol) in a mixture of CH3OCH2CH2OH/tolu-
ene/thf (30:10:10 mL) was added metallic manganese (1.36 g,
24.7 mmol), and the mixture was heated for 3 d under reflux. Col-
orless crystals of [Mn4(µ3,η2-L)4Br4(LH)4] (1) were collected by fil-
tration. The filtrate was concentrated to ca. 20 mL and after a few
days at room temperature red crystals of [Mn4(µ3,η2-L)2(µ,η2-L)4-

Table 2. Crystal data and structure refinement for 1 and 2.

1 2

Empirical formula C24H60Br4Mn4O16 C24H56Br2Mn4O16

Formula weight 1144.12 980.27
Temperature / K 100(2) 100(2)
Wavelength / Å 0.71073 0.71073
Crystal system monoclinic monoclinic
Space group P21/n P21/c
a / Å 18.134(5) 11.481(5)
b / Å 12.883(4) 20.407(6)
c / Å 19.284(5) 8.094(4)
β / ° 107.46(3) 92.20(2)
Volume / Å3 4298(2) 1895(2)
Abs. coefficient / mm–1 4.93 3.47
F(000) 2288 996
Crystal size / mm 0.38�0.23�0.09 0.21�0.19�0.09
θ range for data collection 3.1, 28,1 2.7, 27.5
Reflections collected 58608 18376
Independent reflections 10393 4336
Rint 0.051 0.072
Data, restraints, parameters 10393, 0, 457 4336, 0, 220
Goodness-of-fit on F2 1.11 0.83
R1, wR2

[a] [I�2σ(I)] 0.034, 0.055 0.031, 0.046
R1, wR2

[a] (all data) 0.048, 0.058 0.071, 0.051
∆ρmax, ∆ρmin / eÅ–3 0.39, –0.40 0.53, –0.39

[a] R1 = Σ||Fo| – |Fc||/Σ|Fo|; wR2 = [Σw(Fo
2 – Fc

2)2/Σw(Fo
2)2]1/2.
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L2Br2] (2) were formed. The crystals were filtered off and dried in
vacuo (28.90 %).

Crystal Structure Determination: Crystals were mounted on glass
fibers and then flash-frozen to 100(2) K (Oxford Cryosystem-
Cryostream Cooler; Table 2). Preliminary examination and inten-
sity data collections were carried out with a Kuma KM4CCD κ-
axis diffractometer with graphite-monochromated Mo-Kα radia-
tion. All data were corrected for Lorentz, polarization, and absorp-
tion effects. Data reduction and analysis were carried out with the
Kuma Diffraction programs.[32] All structures were solved by direct
methods and refined by the full-matrix least-squares method on
all F2 data by using the SHELXTL software.[33] Carbon-bonded
hydrogen atoms were included in calculated positions and refined
in the riding mode by using SHELXTL default parameters. Other
hydrogen atoms were located in a difference map. In 2 one of coor-
dinated CH3OCH2CH2O– molecules was found to be disordered
over two positions (0.50:0.50). Continuous shape measure analysis
for coordination sphere of Mn were performed with the use of
SHAPE v. 1.1b software.[4] (Table S1, Supporting Information).
Bond valence sum analysis were performed with use of VaList
v.3.0.17 software[34] (Table S2, Supporting Information).

CCDC-757981 (for 1) and -757982 (for 2) contain the supplemen-
tary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.

Supporting Information (see footnote on the first page of this arti-
cle): Tables giving descriptors of CSM analysis, bond valence calcu-
lations, and DFT calculations; figures showing, magnetic proper-
ties and DFT calculations.
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