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a b s t r a c t
The use of 1,3,5-trihydroxybenzene (thbH3) in manganese carboxylate chemistry has been investigated.
The reactions of thbH3 with 4 and 6 equivalents of Mn(O2CEt)2 in MeOH afford the complexes [Mn6(O2CEt)8(L)(MeOH)4(H2O)2] (1) and [Mn8O2(O2CEt)14(MeOH)4] (2), respectively. In the case of complex 1, the
product of the in situ organic ligand transformation has been observed, namely the conversion of the tridentate thbH3 group to a new octadentate ligand L4; the latter has never been previously reported. Both
complexes possess rare topologies, with 1 containing 6MnII ions, whereas 2 is mixed-valent 6MnII, 2MnIII.
The core of 1 consists of two [Mn3(l3-OR)]5+ triangles linked by the bulky octadentate ligand L. The
[Mn8(l4-O)2(l-OR)8]6+ core of 2 can be considered an extension of the common [Mn6(l4-O)2]10+ (4MnII,
2MnIII) core, comprising two edge-sharing tetrahedra, with two additional Mn atoms at one end. Peripheral ligation in both 1 and 2 is provided by eight and fourteen bridging EtCO
2 groups, respectively. Variable-temperature, solid-state dc and ac magnetization studies were carried out on complexes 1 and 2 in
the 1.8–300 K range. The magnetic susceptibility data for 1 were ﬁt to the theoretical vM vs T expression,
derived by the use of an isotropic Heisenberg spin Hamiltonian and the Van Vleck equation, for two
essentially non-interacting triangular [Mn3(l3-OR)(l-OR)2]3+ units. The ﬁtting procedure revealed the
two pairwise exchange parameters to be weakly ferromagnetic (Jbasal = J0 = + 0.79(3) cm1) and antiferromagnetic (Jside = J = 2.04(3) cm1), respectively, resulting in an S = 5/2 spin ground state. In contrast, the
data for 2 revealed dominant antiferromagnetic interactions and a resulting S = 0 ground state; the latter
value is rationalized in terms of the strong antiferromagnetic coupling within the central MnIII
2 O2 unit.
Ó 2008 Elsevier B.V. All rights reserved.

1. Introduction
The continuing interest in the synthesis and characterization of
polynuclear manganese carboxylate complexes in intermediate
oxidation states has three main driving forces: (i) the desire to
recreate with synthetic models the structure, spectroscopic properties and/or function of the active sites of several redox enzymes
containing a carboxylate-bridged manganese core; the most fascinating of these is the water-oxidizing complex (WOC) of green
plants and cyanobacteria, which is a Mn4Ca complex [1]; (ii) the
realization that oligo- and polynuclear Mn carboxylate compounds
containing MnIII atoms often have large, and sometimes abnormally large, ground state spin (S) values as a result of ferromagnetic exchange interactions and/or spin frustration effects, which
combined with a large and negative magnetoanisotropy (as reﬂected in a large and negative zero-ﬁeld splitting parameter, D)
have led to some of these species having a signiﬁcant energy barrier (vs kT, where k is the Boltzmann constant) to magnetization
relaxation and thus functioning as single-molecule magnets
* Corresponding author. Tel.: +1 352 392 6737; fax: +1 352 392 8757.
E-mail address: christou@chem.uﬂ.edu (G. Christou).
0022-2860/$ - see front matter Ó 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.molstruc.2008.04.031

(SMMs) [2,3]; and (iii) the ability of high-oxidation state molecular
compounds or polymeric oxides of Mn to oxidize both inorganic
and organic substrates, which have led to a wide range of catalytical applications in diverse areas involving inorganic, organic, environmental, and industrial chemistry [4].
Progress in the ﬁeld of high-spin molecules and the chances of
identifying new SMMs will both beneﬁt from the development of
new synthetic methodologies to Mn carboxylate clusters [5]. Discovering new preparative routes is thus of great interest not only
for the isolation of completely new complexes but also as a means
of building up families of related Mn carboxylate species so that
structure–property relations can be developed. The choice of ligands in such studies is obviously crucial, because the versatility,
ﬂexibility, chelate bite size(s) and other ligand properties are of
great importance in determining the structure of the product.
One synthetic methodology that has proven to be very useful for
the synthesis of new polynuclear Mn complexes is the reaction of a
chelating ligand with simple Mn carboxylate sources, e.g.
Mn(O2CR)2 (R = Me, Et and Ph), or with a preformed Mn carboxylate
cluster that does not already contain any chelating ligands [6]. Chelates that have previously proven useful are, amongst others, 2,20 bipyridine [7], 2-picolinate [8] and the anion of dibenzoylmethane
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[9]. Thus, for example, the reaction of 2,20 -bipyridine (bpy) with
[Mn3O(O2CR)6(py)3]+ was the original way by which the tetranuclear
‘‘butterﬂy” complexes [Mn4O2(O2CR)7(bpy)2]+ were obtained [7a].
As part of this work, we have also explored a wide variety of
new potentially chelating and/or bridging ligands that might foster
formation of high nuclearity Mn products. One such family is the
alkoxide-based chelates, which includes pyridyl alcohols [10], diols
[11], and triols [12], amongst others [13]. All of these ligands have
proved to be extremely versatile chelating and bridging groups
that have yielded a number of 3d metal clusters with various structural motifs, large S values, and SMM behaviors. More recently, we
have been investigating a number of other O-based alcohol ligands,
and one of these has been the phenol (PhOH; Fig. 1). We recently
reported, for example, the employment of PhOH in Fe carboxylate
chemistry, which gave the octanuclear ‘‘ferric wheel” complexes
[Fe8(OH)4(OPh)8(O2CR)12] [14]. As an extension to this work with
PhOH, we have now asked what kind of products might result from
the addition of two more alcohol arms onto the PhOH group but on
the meta-sides (3 and 5 positions) of the phenol ring; the resulting
molecule, 1,3,5-trihydroxybenzene (thbH3), is shown in Fig. 1. We
anticipated that the use of thbH3 triol in polynuclear transition metal cluster chemistry would give products distinctly different from
those with simple phenols (i.e. PhOH), and we have therefore explored its use in Mn chemistry. Note that thbH3 has never been
previously employed in coordination chemistry with any metal.
In the present investigation, we have deliberately targeted high
nuclearity Mn products by exploring the reactions between thbH3
and various Mn carboxylate starting materials under ambient conditions. This has successfully led to Mn6 and Mn8 carboxylate cluster products containing, in the former case, the tetraanion of an
unprecedented organic ligand (L4, Fig. 1), which resulted from
the in situ structural transformation of the thbH3 molecule. The
syntheses, structures, and magnetochemical characterization of
these complexes are described in this paper.
2. Experimental
2.1. General and physical measurements
All manipulations were performed under aerobic conditions
using chemicals and solvents as received, unless otherwise stated.
Mn(O2CEt)2xH2O was prepared as described elsewhere [15].
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Infrared spectra were recorded in the solid-state (KBr pellets)
on a Nicolet Nexus 670 FTIR spectrometer in the 400–4000 cm1
range. Elemental analyses (C, H and N) were performed by the
in-house facilities of the University of Florida Chemistry Department. Variable-temperature dc and ac magnetic susceptibility data
were collected at the University of Florida using a Quantum Design
MPMS-XL SQUID susceptometer equipped with a 7 T magnet and
operating in the 1.8–300 K range. Samples were embedded in solid
eicosane to prevent torquing. Pascal’s constants were used to estimate the diamagnetic corrections, which were subtracted from the
experimental susceptibilities to give the molar paramagnetic susceptibilities (vM).
2.2. Compound preparation
2.2.1. [Mn6(O2CEt)8(L)(MeOH)4(H2O)2] (1)
A pink solution of Mn(O2CEt)2xH2O (0.40 g, 2.0 mmol) in MeOH
(20 mL) was treated with solid thbH3 (0.05 g, 0.5 mmol). The solid
soon dissolved, and the resulting pale yellow solution was stirred
for about 1 h, during which time the reaction mixture colour changed from pale yellow to orange. The solution was ﬁltered, and the
ﬁltrate left undisturbed to concentrate slowly by evaporation. After
ﬁve days, large pale orange crystals of 1 were collected by ﬁltration, washed with cold MeOH (2  3 mL) and Et2O (2  5 mL),
and dried in air. Yield: 60% (based on the total available Mn). The
dried sample analysed as solvent-free. Anal. Calc. for
C40H64O30Mn6: C, 35.47; H, 4.76. Found: C, 35.39; H, 4.58%. Selected IR data (KBr pellet, cm1): 3221mb, 2979m, 1714m, 1536s,
1465m, 1412s, 1302m, 1226m, 1144m, 1078m, 1024m, 889w,
815m, 635m, 442w.
2.2.2. [Mn8O2(O2CEt)14(MeOH)4] (2)
Method A. A pink solution of Mn(O2CEt)2xH2O (0.60 g,
3.0 mmol) in MeOH (20 mL) was treated with solid thbH3 (0.05 g,
0.5 mmol). The solid soon dissolved, and the resulting pale yellow
solution was stirred for about 1 h, during which time the reaction
mixture colour changed from pale yellow to deep orange. The solution was ﬁltered, and the ﬁltrate was layered with Me2CO (40 mL).
After 10 days, dark orange crystals of 2 were collected by ﬁltration,
washed with cold Me2CO (2  3 mL) and Et2O (2  5 mL), and dried
in air. Yield: 45% (based on the total available Mn). The dried sample analysed as solvent-free. Anal. Calc. for C46H86O34Mn8: C, 34.05;
H, 5.34. Found: C, 32.89; H, 5.41%. Selected IR data (KBr pellet,
cm1): 3213mb, 2965m, 1535s, 1361m, 1300m, 1272m, 1235m,
1198m, 1047m, 966m, 934m, 906m, 806m, 772w, 733s, 639m,
606s, 579m, 519w, 475m, 449w, 416w.
Method B. A pink solution of Mn(O2CEt)2xH2O (0.60 g,
3.0 mmol) in MeOH (20 mL) was stirred for about 6 h, during
which time the reaction mixture colour changed to deep orange.
The solution was ﬁltered, and the ﬁltrate was layered with Me2CO
(40 mL). After six days, dark orange crystals of 2 were collected by
ﬁltration, washed with cold Me2CO (2  3 mL) and Et2O (2  5 mL),
and dried in air. Yield: 70% (based on the total available Mn). The
identity of the product was conﬁrmed by elemental analysis (C,
H and N) and IR spectroscopic comparison with material from
Method A.
2.3. Single-crystal X-ray crystallography
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Fig. 1. The ligands discussed in this work.

Data were collected on a Siemens SMART PLATFORM equipped
with a CCD area detector and a graphite monochromator utilizing
Mo Ka radiation (k = 0.71073 Å). Suitable crystals of 1 and 2 were
attached to glass ﬁbers using silicone grease and transferred to a
goniostat where they were cooled to 173 K for data collection. An
initial search for reciprocal space revealed a monoclinic cell for 1,
and an orthorhombic cell for 2; the choice of space groups C2/c
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(for 1) and Pna2/1 (for 2) was conﬁrmed by the subsequent solution
and reﬁnement of the structures. Cell parameters were reﬁned
using up to 8192 reﬂections. A full sphere of data (1850 frames)
was collected using the x-scan method (0.3° frame width). The
ﬁrst 50 frames were re-measured at the end of data collection to
monitor instrument and crystal stability (maximum correction
on I was <1%). Absorption corrections by integration were applied
based on measured indexed crystal faces. The structures were
solved by direct methods in SHELXTL6 [16], and reﬁned on F2 using
full-matrix least-squares. The non-H atoms were treated anisotropically, whereas the H atoms were placed in calculated, ideal
positions and reﬁned as riding on their respective C atoms. Unit
cell parameters and structure solution and reﬁnement data are
listed in Table 1.
For 1, the asymmetric unit consists of half the Mn6 cluster located on an inversion centers. There are three disordered propionates, one disordered methanol, and one disordered coordinated
water molecule. All disorders were reﬁned in two parts, each with
their site occupation factors dependently reﬁned. A total of 340
parameters were included in the structure reﬁnement using
18509 reﬂections with I > 2r(I) to yield R1 and wR2 of 6.14% and
12.84%, respectively.
For 2, the asymmetric unit contains the complete Mn8 cluster.
Four propionate ligands have their methyl groups disordered and
were reﬁned in two parts each with their site occupation factors
at 0.7/0.3 or 0.6/0.4. A total of 32728 parameters were included
in the structure reﬁnement using 817 reﬂections with I > 2r (I) to
yield R1 and wR2 of 6.23% and 12.17%, respectively.
3. Results and discussion
3.1. Syntheses
As stated above, many synthetic procedures to polynuclear
manganese carboxylate clusters rely on the reaction of simple MnII
salts, such as Mn(O2CR)2 (R = various) or preformed higher oxidation state Mnx clusters, i.e. triangular [Mn3O(O2CR)6L3]0/+ species,
with a potentially chelating/bridging ligand [6]. Both of these strategies have previously proved to be useful routes to a variety of

Table 1
Crystallographic data for complexes 1 and 2
Parameter

1

2

Formula
Formula weight
Crystal system
Space group

C40H64Mn6O30
1354.55
Monoclinic
C2/c

C46H86Mn8O34
1622.67
Orthorhombic
Pna2/1

Unit cell dimensions
a (Å)
b (Å)
c (Å)
b (°)
V (Å3)
Z
qcalc. (g cm3)
Radiation, k (Å)
Temperature (K)
l (mm1)
Reﬂections collected/unique (Rint)
Data with I > 2r(I)
Parameters reﬁned
(Dq)max, (Dq)min (e Å3)
Goodness-of-ﬁt (on F2)
R1, a, wR2 b (all data)
R1,a wR2 b (I > 2r(I))

15.9148(17)
21.837(2)
16.1832(16)
97.124(2)
5580.6(2)
4
1.612
Mo Ka, 0.71073
173(2)
1.404
18509/6363(0.0945)
3311
340
0.606, 0.349
0.999
0.1381, 0.1643
0.0614, 0.1284

26.823(2)
11.3028(9)
23.3933(18)
90
7092.2(2)
4
1.520
Mo Ka, 0.71073
173(2)
1.458
32728/10592(0.1159)
7289
817
0.469, 0.483
1.032
0.1086, 0.1428
0.0623, 0.1217

a

R1 = R(|Fo |  |Fc|)/R(|Fo|).
wR2 ¼ ½R½wðF 2o  F 2c Þ2 =R½wðF 2o Þ2 1=2 ,
p ¼ ½maxðF 2o ; 0Þ þ 2F 2c =3.
b

w ¼ 1=½r2 ðF 2o Þ þ ½ðapÞ2 þ bp,

where
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higher-nuclearity complexes with ligands ranging from bidentate
to pentadentate [10–13]. The present study employed the former
strategy with the potentially tridentate ligand thbH3. Thus, a variety of reaction ratios and solvents, carboxylate reagents, and other
conditions were investigated. The reaction of thbH3 with four
equivalents of Mn(O2CEt)2 in MeOH afforded a pale orange solution
from which was subsequently obtained the hexanuclear complex
[Mn6(O2CEt)8(L)(MeOH)4(H2O)2] (1) in 60% yield. Complex 1
was also obtained, but in lower yields of 10–30%, from the reaction
of thbH3 with 1–3 equivalents of Mn(O2CEt)2 in MeOH. We also
investigated the identity of the product as a function of the carboxylate groups on the MnII starting material, but we were unable to
isolate pure, crystalline materials for satisfactory characterization.
The use of other alcohols such as EtOH and PrnOH, or a non-alcohol
such as MeCN or CH2Cl2, as reaction solvent gave only insoluble,
amorphous precipitates that we were not able to characterize further. The presence of counter-cations or -anions, and/or the presence of extra inorganic anions with coordinating afﬁnity (i.e. Cl,
N
3 , etc. . .) had no inﬂuence on the identity of the product. Attempts to oxidize one or more MnII ions of 1 failed to give a crystalline compound. Several 1=NBun4 MnO4 reaction mixtures, and
in situ reactions between Mn(O2CEt)2 and thbH3 in the presence
of NBun4 MnO4 at various MnII/MnVII ratios were studied using different conditions, but almost all led to dark brown amorphous precipitates; we did not study these materials further.
The most remarkable feature of the reaction that led to complex
1 is the in situ transformation of the tridentate ligand thbH3 to the
tetraanion of an unprecedented octadentate ligand L4 (Fig. 1),
most probably from a complicated redox reaction of two thbH3
molecules with the reaction solvent MeOH (and/or H2O) and air,
in the presence of the Mn2+ cations. A search of the chemical literature reveals that no organic compound structurally similar (or
even related) to L4 has been reported to date. As a consequence,
an extensive search of the Cambridge Crystallographic Database
did not locate any crystal structures of metal compounds containing L4 as a ligand. The mechanism of this transformation is clearly
very complicated and we refrain from unnecessary speculation
(vide infra).
When more than four equivalents of Mn(O2CEt)2 were employed in reactions with thbH3 in MeOH, the colour of the solution
become dark orange (compared to the solution of complex 1), and
subsequently gave dark orange crystals of the octanuclear, thbH3free, complex [Mn8O2(O2CEt)14(MeOH)4] (2) in 45% yield. Complex 2 was also obtained, and in a higher yield of 70%, from the
simple dissolution of Mn(O2CEt)2 in MeOH, and subsequent crystallization (Method B). The compound is mixed-valent, containing
six MnII and two MnIII ions. Given that the starting manganese
source contains only MnII ions, it is clear that the MnIII ions are
formed by aerial oxidation during the extensive stirring time, as
observed by the colour change from pink to dark orange. As is almost always the case in Mn cluster chemistry, the mechanism of
formation is likely to be complicated, involving the protonation/
deprotonation, oxidation/reduction and structural rearrangement
of several species in solution, and thus a mechanistic rationalization is not possible. The formation of complex 2 is summarized
in Eq. (1).
8 MnðO2 CEtÞ2 þ 4 MeOH þ H2 O þ 1=2 O2
! ½Mn8 O2 ðO2 CEtÞ14 ðMeOHÞ4  þ 2 EtCO2 H

ð1Þ

We again investigated the identity of the product as a function of
the carboxylate groups on the MnII starting material, but obtained
[Mn8O2(O2CR)14(L0 )4] (R = Me, But, CH2But; L0 = terminally ligated
groups) products isostructural to 2 with identical magnetic properties (vide infra). Clearly, the core of complex 2 is the preferred product of these reaction components under these conditions. However,
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with R = Ph, a different product was isolated, namely the hexanuclear mixed-valent [Mn6O2(O2CPh)10(HO2CPh)2 (H2O)2] (3) complex
10þ
core and an S = 0 spin ground
with the common fMn4II MnIII
2 O2 g
state value.
3.2. Description of structures
A partially labeled representation and a stereoview of complex 1
are shown in Fig. 2. Selected interatomic distances and angles are
listed in Table 2. Complex 1 crystallizes in monoclinic space group
C2/c and possesses crystallographic Ci symmetry. The core of 1 consists of six Mn ions arranged as a dimer of two [Mn3(l3-OR)]5+ triangles linked together by the bulky octadentate ligand L (Fig. 3).
Each [Mn3(l3-OR)]5+ triangular unit is essentially isosceles within
the usual 3r criterion (Mn1  Mn2 = 3.554(2) Å, Mn1  Mn3 =
3.539(2) Å, Mn2  Mn3 = 3.083(2) Å), and non-planar. The central
l3-alkoxide atom O1 is 1.037 Å above the Mn3 plane and has distorted tetrahedral geometry. The Mn-l3-OR-Mn angles range from
86.76(12)° to 107.06(14)°, deviating signiﬁcantly from the 109.5°
ideal values of a tetrahedron, whereas the three Mn–OR bonds
are also distinctly different (2.196(3)–2.265(4) Å). The two equivalent basal sides (Mn2  Mn3) of each isosceles triangle are additionally bridged by two monoatomic l-O atoms (O21, O31) of two
EtCO
2 groups, with their second O atoms being either dangling
(O22) or bridging (O32) to an adjacent Mn atom (Mn1), respectively. Thus, two of the carboxylato groups are arranged in the fairly
rare g1:g2:l3 mode, whereas the other two are in the more usual
g2:l mode. The complex therefore contains a {[Mn3(l3-OR)(lOR)2]-L-[Mn3(l3- OR)(l-OR)2]}4+ core (Fig. 3) with the ligand L providing a long intra-triangular ‘spacer’; the inter-triangular Mn  Mn
separations within the Mn6 molecule are in the 7.781(2)–8.762(2) Å
range.
Peripheral ligation is further provided by four EtCO
2 groups
bridging in their familiar syn,syn-g1:g1:l mode, and six terminal

Table 2
Selected interatomic distances (Å) and bond angles (°) for complex 1
Interatomic distances
Mn(1)  Mn(2)
Mn(1)  Mn(3)
Mn(2)  Mn(3)
Mn(1)–O(1)
Mn(1)–O(3)
Mn(1)–O(12)
Mn(1)–O(32)
Mn(1)–O(42)
Mn(1)–O(61)
Mn(2)–O(1)
Mn(2)–O(2)
Mn(2)–O(11)
Mn(2)–O(21)

3.554(2)
3.539(2)
3.083(2)
2.196(3)
2.311(4)
2.145(3)
2.135(4)
2.186(3)
2.156(4)
2.223(3)
2.126(4)
2.123(4)
2.259(4)

Bond angles
Mn(1)–O(1)–Mn(2)
Mn(1)–O(1)–Mn(3)
Mn(2)–O(1)–Mn(3)
Mn(2)–O(21)–Mn(3)
Mn(2)–O(31)–Mn(3)
O(1)–Mn(1)–O(61)
O(3)–Mn(1)–O(32)

107.06(14)
104.95(14)
86.76(12)
86.81(14)
88.35(13)
166.77(14)
170.31(15)

Mn(2)–O(31)
Mn(2)–O(71)
Mn(3)–O(1)
Mn(3)–O(4)
Mn(3)–O(21)
Mn(3)–O(31)
Mn(3)–O(41)
Mn(3)–O(51)
C(1)–O(1)
C(3)–O(2)
C(4)–O(3)
C(5)–O(4)

2.207(4)
2.095(9)
2.265(4)
2.117(3)
2.227(4)
2.217(3)
2.086(4)
2.116(4)
1.423(8)
1.235(6)
1.195(6)
1.248(6)

O(12)–Mn(1)–O(42)
O(1)–Mn(2)–O(71)
O(2)–Mn(2)–O(31)
O(11)–Mn(2)–O(21)
O(1)–Mn(3)–O(51)
O(4)–Mn(3)–O(31)
O(21)–Mn(3)–O(41)

170.03(15)
172.5(3)
158.29(13)
170.25(15)
164.53(15)
158.89(14)
168.19(14)

Fig. 3. PovRay representation of the labeled core of 1. Color scheme: MnII, yellow;
O, red; C, grey. (For interpretation of the references to colour in this ﬁgure legend,
the reader is referred to the web version of this article.)

Fig. 2. Labeled PovRay representation (top) and stereopair (bottom) of complex 1,
with H atoms omitted for clarity. Color scheme: MnII, yellow; O, red; C, grey. (For
interpretation of the references to colour in this ﬁgure legend, the reader is referred
to the web version of this article.)

alkoxide arms from the ligand L. The ligation is completed by four
terminally bound MeOH groups (O51, O61 and their symmetry-related partners) and two terminal H2O molecules (O71, and its symmetry-related partner), each bound to a different Mn ion. All the
Mn atoms are six-coordinate with distorted octahedral geometries.
The oxidation states of all Mn atoms were established as +2 by
charge balance considerations and inspection of Mn–O bond distances, and conﬁrmed quantitatively by bond valence sum (BVS)
calculations (Table 3) [17]. The protonation levels of the O atoms
of the dangling EtCO
2 and the ligand L were also conﬁrmed by
inspection of C–O bond distances and BVS calculations (Table 3).
Given the overall charge of the MnII6 cluster, the octadentate ligand
L should have a 4 charge. Taking into account the l3 mode of
two of the RO groups (O1, and its symmetry-related partner) of
the ligand L, and therefore their undoubtedly negatively charged
character, the remaining two negative charges were attributed to
a charge-delocalization between the O2/O40 and O4/O20 pair of
atoms within the two O–C–CH–C–O units (see Figs. 1 and 3). Such
a closely related charge-delocalization situation between two O
atoms has been previously reported in many MnII/acac complexes
(acac = the anion of acetylacetone), possessing very similar MnII–
O, C–O and C–C distances with that of 1 [18]. The remaining two
terminally ligated O atoms (O3, and its symmetry-related partner)
of the ligand L have a more pronounced ketone-character as reﬂected in the shorter C–O distance (C4–O3 = 1.195(6) Å, Fig. S1),
thus leaving a neutral charge around them.
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Table 3
Bond valence sum (BVS)a,

b

calculations for Mn and selected oxygen atoms in 1

Atom

MnII

MnIII

MnIV

Mn1
Mn2
Mn3

1.935
2.023
2.034

1.770
1.850
1.860

1.858
1.942
1.953

BVS

Assignment

O1
O2
O3
O4
O22

1.77
1.97
2.07
1.91
1.85

OR(l3)
c
c
c

OR

a
The underlined value is the one closest to the charge for which it was calculated. The oxidation state of a particular atom can be taken as the nearest whole
number to the underlined value.
b
A BVS in the 1.8–2.0, 1.0–1.2 and 0.2–0.4 ranges for an O atom is indicative
of non-, single- and double-protonation, respectively, but can be altered somewhat
by hydrogen-bonding.
c
See the corresponding BVS discussion on Section 3.2.

The structure of 1 also contains two strong intramolecular
OH  H hydrogen-bonds between one of the MeOH groups and
ligand:
the unbound C@O group of a neighboring EtCO
2
O(51)  O(22) = 2.482(6) Å. There are no signiﬁcant intermolecular
hydrogen-bonds.
There have been a large number of Mn6 complexes reported in the
literature, most of them being mixed-valent (MnII/III) or MnIII systems, and these possess a wide variety of metal topologies such as
edge-sharing bitetrahedra, octahedra, fused triangles, etc. [19].
However, the only previous example of a Mn6 cluster with a core
consisting of two Mn3 triangles linked together through a large organic ‘spacer’ as in 1 was [Mn6O2(O2CPh)12(py)4(4,40 -bpy)], where
4,40 -bpy acts as the inter-triangle linker [20]. The latter Mn6 complex
has a MnII2 Mn4III oxidation level description, thus leaving 1 as the only
example of such a metal topology in MnII cluster chemistry.
A partially labeled representation and a stereoview of complex
2 are shown in Fig. 4. Selected interatomic distances and angles are

Fig. 4. Labeled PovRay representation (top) and stereopair (bottom) of complex 2,
with H atoms omitted for clarity. Color scheme: MnII, yellow; MnIII, blue; O, red; C,
grey. (For interpretation of the references to colour in this ﬁgure legend, the reader
is referred to the web version of this article.)

given in Table 4. Complex 2 crystallizes in the orthorhombic space
group Pna2/1 with the Mn8 molecule in a general position. The
structure consists of a [Mn8(l4-O)2(l-OR)8]6+ core (Fig. 5, top)
which can be considered as an extension of the [Mn6(l4-O)2(lOR)4]6+ core of complex 3 (Fig. 5, bottom), and many other similar
Mn6 clusters with a ‘‘two edge-sharing tetrahedra” core topology
[19b]. In the hexanuclear species, the six O atoms of the core consist of two l4-O2 ions with a distorted tetrahedral geometry and
four l-OR groups from carboxylate ligands. This unit is exactly
reproduced in the octanuclear complex 2 and comprises
Mn(1,2,3,6,7,8) and O(10,15,2,5,16,32). Extension of this hexanuclear core at one end with two additional Mn atoms, Mn4 and
Mn5, each with a bis(l-OR) bridge from the O atoms of four
EtCO
2 ligands to Mn3 and Mn6, respectively, affords the octanuclear core of complex 2. Peripheral ligation about the core is provided
by fourteen EtCO
2 and four terminal MeOH ligands; the latter complete ligation on Mn(1,4,5,8). The 14 EtCO
2 groups are arranged in
two classes: (i) six bridge two Mn ions and are in their familiar
syn,syn-g1:g1:l binding modes, and (ii) eight are in the rare
g1:g2:l3 modes, one O bridging two Mn ions and the other O terminal to a third Mn ion, with the bridging carboxylate O atoms
being O(2,5,14,16,21,24,30,32).
Charge considerations and an inspection of the metric parameters indicated a 2MnIII, 6MnII description for 2. This was conﬁrmed
quantitatively by bond valence sum (BVS) calculations (Table 5)
[17], which identiﬁed Mn2 and Mn7 as the MnIII ions, and the others
as MnII. In addition, the former display Jahn–Teller (JT) axial elongations, typical of high-spin MnIII (d4) ions in near-octahedral geometry, with the JT axes avoiding the bridging oxide ions and instead
oriented along O5–Mn2–O16 (173.8(2)°) and O2–Mn7–O32
(173.2(2)°). This is an identical arrangement to that observed in 3.

Table 4
Selected interatomic distances (Å) and bond angles (°) for complex 2
Interatomic distances
Mn(1)–O(1)
Mn(1)–O(2)
Mn(1)–O(4)
Mn(1)–O(6)
Mn(1)–O(8)
Mn(1)–O(10)
Mn(2)–O(5)
Mn(2)–O(10)
Mn(2)–O(11)
Mn(2)–O(13)
Mn(2)–O(15)
Mn(2)–O(16)
Mn(3)–O(3)
Mn(3)–O(5)
Mn(3)–O(14)
Mn(3)–O(15)
Mn(3)–O(18)
Mn(3)–O(21)
Mn(4)–O(14)
Mn(4)–O(19)
Mn(4)–O(20)
Mn(4)–O(21)
Mn(4)–O(23)
Mn(4)–O(25)
Bond angles
Mn(1)–O(2)–Mn(7)
Mn(1)–O(10)–Mn(2)
Mn(1)–O(10)–Mn(7)
Mn(1)–O(10)–Mn(8)
Mn(2)–O(5)–Mn(3)
Mn(2)–O(10)–Mn(7)
Mn(2)–O(10)–Mn(8)
Mn(2)–O(15)–Mn(3)
Mn(2)–O(15)–Mn(6)
Mn(2)–O(15)–Mn(7)

2.174(7)
2.305(6)
2.184(7)
2.121(7)
2.152(7)
2.183(6)
2.255(6)
1.895(6)
1.963(6)
1.966(6)
1.902(6)
2.207(6)
2.117(7)
2.211(6)
2.246(7)
2.269(6)
2.126(8)
2.169(7)
2.218(6)
2.124(7)
2.226(7)
2.251(7)
2.172(7)
2.137(6)
88.0(2)
119.7(3)
100.9(3)
118.7(3)
91.5(2)
96.2(3)
101.1(3)
99.8(3)
116.2(3)
95.2(3)

Mn(5)–O(22)
Mn(5)–O(24)
Mn(5)–O(26)
Mn(5)–O(27)
Mn(5)–O(28)
Mn(5)–O(30)
Mn(6)–O(15)
Mn(6)–O(17)
Mn(6)–O(24)
Mn(6)–O(29)
Mn(6)–O(30)
Mn(6)–O(32)
Mn(7)–O(2)
Mn(7)–O(9)
Mn(7)–O(10)
Mn(7)–O(15)
Mn(7)–O(31)
Mn(7)–O(32)
Mn(8)–O(7)
Mn(8)–O(10)
Mn(8)–O(12)
Mn(8)–O(16)
Mn(8)–O(33)
Mn(8)–O(34)
Mn(2)–O(16)–Mn(8)
Mn(3)–O(14)–Mn(4)
Mn(3)–O(15)–Mn(6)
Mn(3)–O(15)–Mn(7)
Mn(3)–O(21)–Mn(4)
Mn(5)–O(24)–Mn(6)
Mn(5)–O(30)–Mn(6)
Mn(6)–O(15)–Mn(7)
Mn(6)–O(32)–Mn(7)
Mn(7)–O(10)–Mn(8)

2.167(6)
2.247(6)
2.117(7)
2.215(7)
2.163(6)
2.226(7)
2.234(6)
2.126(6)
2.131(6)
2.148(6)
2.227(6)
2.203(6)
2.218(6)
1.943(7)
1.883(6)
1.908(6)
1.995(7)
2.184(6)
2.159(7)
2.196(6)
2.144(7)
2.269(6)
2.175(7)
2.191(7)
90.0(2)
97.7(3)
126.9(3)
116.9(3)
99.0(3)
99.9(3)
97.6(3)
98.2(3)
91.4(2)
118.9(3)
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3.3. Magnetochemistry

Fig. 5. Labeled PovRay representation of (top) the complete [Mn8(l4-O)2(l-OR)8]6+
core of 2, and (bottom) the [Mn6(l4-O)2(l-OR)4]6+ core of complex 3 emphasizing in
both cases the ‘‘two edge-sharing tetrahedra” [Mn6(l4-O)2]10+ subcore (purple thick
lines). Color scheme: MnII, yellow; MnIII, blue; O, red; C, grey. (For interpretation of
the references to colour in this ﬁgure legend, the reader is referred to the web
version of this article.)
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Table 5
Bond valence sums for Mna and selected oxygenb atoms in complex 2

O10
O15

3.3.1. Magnetic susceptibility studies of complex 1
Variable-temperature magnetic susceptibility measurements
were performed on a powdered polycrystalline sample of complex
1, restrained in eicosane to prevent torquing, in a 1 kG (0.1 T) ﬁeld
and in the 5.0–300 K range. The data are shown as a vMT vs T plot in
Fig. 6 (top). The vMT value of 24.24 cm3 Kmol1 at 300 K decreases
gradually with decreasing temperature to 3.72 cm3 Kmol1 at
5.0 K. The 300 K value is appreciably less than the spin-only
(g = 2) value of 26.25 cm3 Kmol1 for six MnII non-interacting ions,
indicating the presence of dominant antiferromagnetic exchange
interactions and suggesting a low, but non-zero, ground state S value. The 5.0 K value is consistent with an S = 5/2 ground state, with
a g factor slightly less than 2.0; the spin-only value for S = 5/2 is
4.375 cm3 Kmol1.
Due to the large separation between the two identical Mn3II triangular subunits within 1 induced by the octadentate ligand L, and
the expected negligible exchange interaction between them, we ﬁt
the data assuming two non-interacting [Mn3(l3-OR)(l-OR)2]3+
(Fig. 6, bottom) units. In order to determine the individual pairwise
exchange parameters Jij between MniMnj pairs within each Mn3
unit, the vMT vs T data were ﬁt to the appropriate theoretical
expression for a MnII3 isosceles triangle. The isosceles model requires two exchange parameters, and the resulting isotropic Heisenberg spin Hamiltonian is given by Eq. (2), where J = J12 = J13
and J0 = J23 refer to the MnIIMnII exchange interactions of a C2V symmetry isosceles triangle, with Mn2–Mn3 being the unique edge.

10

5
experimental
fitting

0
0

50

100

150

200

250

300

Temperature (K)

See footnote a of Table 3.
See footnote b of Table 3.

All the MnII atoms are also six-coordinate with distorted octahedral
geometries. The protonation level of O2 groups (O10 and O15) was
also conﬁrmed by BVS calculations (Table 5). Furthermore,
although there is no crystallographic symmetry, the core of 2 possesses a virtual C2 axis, passing through O10 and O15. Finally, the
structure contains four strong intermolecular OH  H hydrogenbonds between the four MeOH OH groups and four of the bridging
EtCO
2 in neighboring molecules (O1  O28 = 2.708(3) Å, O20  O7
= 2.702(3) Å, O27  O4 = 2.765(3) Å, O34  O25 = 2.709(3) Å).
Complex 2 joins only a small family of Mn clusters of nuclearity
eight, which currently comprise the metal oxidation states Mn8II
II
III
II
III
[21], MnII6 MnIII
[24], MnIII
2 [22], Mn4 Mn4 [23,6b], Mn2 Mn6
8 [25]
III
IV
and Mn2 Mn6 [26], and thus becomes the third member of the
MnII6 MnIII
2 subfamily. The [Mn8O10] core of 2 is similar to that in the
[Mn8O2(O2CCH2But)14(ButCH2 CO2H)4] carboxylato cluster [22b].

Fig. 6. (top) Plot of vMT vs T for complex 1. The solid line is the ﬁt of the data; see
the text for the ﬁt parameters. (bottom) Labeled PovRay representation of the
½MnII3 ðl3  ORÞðl  ORÞ2 3þ core of each Mn3 subunit of 1, emphasizing the spin
alignments that give the observed S = 5/2 ground state (see text). Color scheme:
MnII, yellow; O, red. (For interpretation of the references to colour in this ﬁgure
legend, the reader is referred to the web version of this article.)
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H ¼ 2Jðb
S1  b
S2 þ b
S1  b
S 3 Þ  2J 0 b
S3
S2  b

ð2Þ

14

Applying the Kambe approach [27] using the substitutions
b
S2 þ b
S 3 and b
ST ¼ b
SA þ b
S 1 , where ST is the total spin of the
SA ¼ b
whole molecule, gives the equivalent spin Hamiltonian of Eq. (3).

The eigenvalues of Eq. (3) are given by Eq. (4), where E(ST, SA) is the
energy of state ST arising from SA, and constant terms contributing
to all states have been omitted. For complex 1, S1 = S2 = S3 = 5/2,
and the overall multiplicity of the spin system is 216, made up of
58 individual spin states ranging from ST = 1/2–15/2.
EðST ; SA Þ ¼ J½ST ðST þ 1Þ  SA ðSA þ 1Þ  J 0 ½SA ðSA þ 1Þ

-1

10
8

3

ð3Þ

χM'T (cm mol K)

H ¼ Jðb
S 2T  b
S 2A  b
S 21 Þ  J 0 ðb
S 2A  b
S 22  b
S 23 Þ

12

6
4

ð4Þ

2

A theoretical vMT vs T expression was derived using the ST values,
their energies E(ST), and the Van Vleck equation, and this expression
was used to ﬁt the experimental data. Data below 10 K were omitted because the low-temperature decrease is caused by factors not
included in the above model. The ﬁt parameters were J, J0 and g. A
temperature-independent paramagnetism (TIP) term was included,
held ﬁxed at 600  106 cm3 mol1. The obtained good ﬁt (solid line
in Fig. 6 (top)) gave J = 2.04(3) cm1, J0 = +0.79(3), and g = 1.98(5).
Thus, there are both ferro- and antiferromagnetic exchange interactions within 1 giving an ST = 5/2 ground state, the jST, SA > = |5/2, 5>
state, and a |ST, SA > = |3/2, 4> ﬁrst excited state at 10.20 cm1 above
the ground state; the second excited state is the |ST, SA > = |7/2, 5>
0
which lies 14.28 cm1 above the ground state. Both J and J are relII
II
atively weak, as typically expected for Mn –Mn exchange interactions promoted by oxide and/or alkoxide groups [28].
The ST = 5/2 ground state is the expected one, given the fact that
one of the exchange interactions is ferromagnetic (J0 ) whereas the
other one is antiferromagnetic (J); thus, no spin frustration effects
are operative (Fig. 6, bottom). Moreover, such a spin ground state
value can also be rationalized according to previous magnetostructural correlations reported for many MnIIx complexes [28]. In particular, (i) it is expected that l3-bridging oxide groups give weak
antiferromagnetic MnII–MnII interactions, and (ii) tris-monoatomically bridging by an oxide (O1) and two OR (O21, O31) of MnII
ions such as Mn2/Mn3 with corresponding and relatively acute angles of 86.8(1), 86.8(1) and 88.4(1)°, respectively, will likely result
in ferromagnetic coupling.
To conﬁrm the indicated S = 5/2 ground state of 1 and to determine D, magnetization data were collected in the magnetic ﬁeld
and temperature ranges 1–70 kG and 1.8–10.0 K. However, we
could not get an acceptable ﬁt using data collected over the whole
ﬁeld range, which is a common problem caused by low-lying excited states, especially if some have an S value greater than that
of the ground state, as is the case for 1. A common solution is to
only use data collected with low ﬁelds (61.0 T), as we previously
reported for many MnII and/or mixed-valence MnII/MnIII clusters
[29]. However, it was still not possible to obtain a satisfactory ﬁt
assuming that only the ground state is populated in this temperature range. This suggests that low-lying excited states are populated, even at these relatively low temperatures.
Thus, in an additional effort to conﬁrm the spin ground state of
each MnII3 subunits of complex 1, we turned to ac susceptibility
measurements in a 3.5 G ac ﬁeld oscillating at frequencies in the
50–1000 Hz range. As we have described before on multiple occasions [10,11,29], ac susceptibility studies are a powerful complement to dc studies for determining the ground state of a system,
because they preclude any complications arising from the presence
of a dc ﬁeld. The in-phase v0M T vs T data are shown in Fig. 7 and
show a rapid decrease below 10 K consistent with decreasing population of low-lying excited states with S greater than that of the
ground state. The plot from above 6 K extrapolate to just over
v0M T  4 at 0 K, which is consistent with an S = 5/2 ground state,

0

1000 Hz
250 Hz
50 Hz

0

2

4

6

8

10

Temperature (K)
Fig. 7. Plot of the in-phase ac susceptibility signals, v0M T vs T for complex 1 (per Mn3
subunit) at the indicated frequencies.

in satisfying agreement with the dc ﬁt. Below 6 K, the data begin
to decrease very slightly faster, which is probably due to very weak
interactions between the two Mn3 units within 1. As expected, due
to the minimal single-ion anisotropy of the MnII ions and the relatively small spin ground state value of the cluster, there were no
out-of-phase ac signals down to 1.8 K.
3.3.2. Magnetic susceptibility studies of complex 2
Variable-temperature magnetic susceptibility measurements
were performed on a microcrystalline powder sample of 2, restrained in eicosane to prevent torquing, in a 1 kG (0.1 T) ﬁeld
and in the 5.0–300 K range. The obtained data are shown as a
vMT vs T plot in Fig. 8. The vMT value of 28.62 cm3 Kmol1 at
300 K decreases gradually with decreasing temperature to
3.42 cm3 Kmol1 at 5.0 K. Again, the 300 K value is much less than
the spin-only (g = 2) value of 32.25 cm3 Kmol1 for six MnII and
two MnIII non-interacting ions, indicating the presence of dominant antiferromagnetic exchange interactions and strongly suggesting a low, probably zero, ground state S value. Owing to the
size and low symmetry of the molecule, it is not possible to apply
the Kambe method [27] or otherwise evaluate the exchange
parameters between the Mn ions. However, the S = 0 ground state
was further supported by the ac in-phase v0M T vs T data (Fig. 9),
which show a steady decrease below 10 K and are clearly heading
for v0M T  0 at 0 K.
30
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Fig. 8. Plot of vMT vs T for complex 2.
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deposited at the Cambridge Crystallographic Data Centre with
CCDC Nos. 675212 (1), 675214 (2) and 675213 (3). Copies of this
information may be obtained free of charge from The Director,
CCDC, 12 Union Road, Cambridge, CB2 1EZ, UK (fax: +44 1223
336033; e-mail: deposit@ccdc.cam.ac.uk or http://www.ccdc.
cam.ac.uk). Supplementary data associated with this article can
be found, in the online version, at doi:10.1016/j.molstruc.
2008.04.031.
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Fig. 9. Plot of the in-phase ac susceptibility signals, v0M T vs T for complex 2 at the
indicated frequencies.

The S = 0 spin ground state for 2 can be rationalized by considering its structural relationship to the family of compounds of formula [Mn6O2(O2CPh)10(L00 )4] (L00 = py, MeCN, H2O/PhCO2H (3))
[19a,19b,19c,19d,19e,19f,19g,19h]. In the latter complexes, such
as 3, the most dominant exchange interaction is the antiferromagnetic one (J = 42 cm1) between the bis(l-O)-bridged MnIII centers, which results in an overall S = 0 ground state whatever the
spins of each of the two halves of the molecule might be [19g].
The ½MnII4 Mn2III O2 10þ core of complex 3 is essentially preserved in
2, which differs only by the presence of two additional peripheral
MnII centers. Typically, MnII–MnII and MnII–MnIII exchange interactions are weak and antiferromagnetic [28,30]. Hence, the dominant
exchange interaction is again likely to be an antiferromagnetic one
between Mn2 and Mn7 through the carboxylate groups bridging
them, resulting in the observed S = 0 ground state for the complex.
4. Conclusions and perspectives
The initial use of thbH3 in Mn carboxylate chemistry has generally revealed its instability to redox transformations in the presence
of in situ generated MnIII. Nevertheless, it has provided access to
new MnII and MnII/III carboxylate clusters spanning Mn6 and Mn8
nuclearities and topologies that are either prototypical or very rare,
respectively. The thbH3 group has undoubtedly undergone the
same redox transformation in both reaction systems, and its occurrence as a bridging octadentate ligand L4 in [Mn6(O2CEt)8(L)
(MeOH)4(H2O)2] (1) has fortunately allowed its identiﬁcation.
Our future work will be oriented towards the further investigation of deprotonated thbH3 and its transformed versions as a
potentially multidentate ligand in Mn chemistry, as well as with
other transition metals, particularly those that are less oxidizing.
In addition, there are other aromatic poly-ols whose reactions
would make for interesting comparisons with those of thbH3. It
will be particularly interesting to extend this work to FeIII, which
has a strong preference for aromatic alcohols such as phenol and
catechol.
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Appendix A. Supplementary data
PovRay representation of the completely labeled core of complex 1 (Fig. S1). Crystallographic data in CIF format have been
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