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Abstract

Two new l3-oxo-centered trinuclear manganese complexes, one of them a homo-valence ½MnIII
3 OðO2CCMe3Þ6ðImÞ3�ðMe3CCO2Þ �

0:5Me3CCO2H (1) pivalate complex and the other a mixed-valence ½MnIII
2 MnIIOðO2CCMe3Þ6ð1-MeImÞ3� (2) pivalate complex (where

Im = imidazole, 1-MeIm = 1-methylimidazole), have been synthesized and characterized by IR spectroscopy, thermogravimetric analy-
sis, X-ray crystallography and magnetochemistry. Complexes 1 and 2 are l3-oxo-trinuclear compounds with the three manganese atoms
bridged by six pivalate groups. At each axial position there is an Im (1) or 1-MeIm (2) molecule. In both compounds, the manganese
coordination geometry is slightly distorted octahedral, consisting of the oxygen of the central triangle, four oxygen atoms from bridging
pivalate ligands, and a terminal Im or 1-MeIm nitrogen atom. The crystal packing of 1 involves hydrogen bonding between complex
cations [Mn3O(Piv)6(Im)3]+ and outersphere pivalate ions, whereas in compound 2 interactions of the C–H� � �p type, formed by both
the aromatic and methyl C–H groups of 1-MeIm molecules, are present. Magnetic studies reveal that both compounds represent anti-
ferromagnetically coupled, spin-frustrated triangular systems exhibiting weak to moderate exchange coupling constants.

Keywords: Manganese complexes; Carboxylate complexes; Crystal structure; Magnetic properties
1. Introduction

In the past decade polynuclear manganese complexes
have been of interest due to the remarkable magnetic prop-
erties of single-molecule magnets (for recent reviews see [1]
and references therein) and their use as models of biological
* Corresponding authors. Tel.: +373 22 72 5490; fax: +373 22 73 9611
(S.G. Baca), Tel.: +41 31 631 4255; fax: +41 31 631 4399 (S. Decurtins).
E-mail addresses: sbaca_md@yahoo.com(S.G.Baca), silvio.decurtins@
iac.unibe.ch (S. Decurtins).
systems [2]. Much of the work in these areas has involved
manganese carboxylates. A large number of polynuclear
manganese carboxylate complexes has been prepared to
date; many compounds are l3-oxo trinuclear complexes of
the general formula [Mn3O(O2CR)6(L)3]z (z = 1+,0) with
a wide variety of both the bridging carboxylates and termi-
nal ligands (L) [3–19]. However, interest in new trinuclear
manganese carboxylates which can serve as both, precur-
sors for higher nuclearity carboxylate complexes like Mn9,
Mn22, etc., and as models for understanding the different
magnetic interactions of manganese clusters, still remains.
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We have been interested in the design, synthesis and inves
tigation of polynuclear manganese complexes, especiall
based on pivalic acid [19–21]. In this paper, we repor
the synthesis, crystal structures and characterization o
two new manganese pivalates, namely homo-valen
½MnIII

3 O-ðO2CCMe3Þ6ðImÞ3�ðMe3CCO2Þ � 0:5Me3CCO2H (1
and mixed-valent ½MnIII

2 MnIIOðO2CCMe3Þ6ð1-MeImÞ3� (2
(where Im = imidazole, 1-MeIm = 1-methylimidazole
complexes.

2. Experimental

2.1. Materials and methods

Starting materials were purchased from commercia
sources and used without further purification. [Mn6O2

(O2CCMe3)10(Me3CCO2H)4] was prepared by the reporte
procedure [22]. The infrared spectra were recorded on
Perkin–Elmer Spectrum One spectrometer using KB
pellets in the region 4000–400 cm�1. TG analyses were car
ried out on a Mettler-Toledo TA 50 in dry nitroge
(60 ml min�1) at a heating rate of 5 �C min�1.

2.2. Synthesis of complexes

2.2.1. Synthesis of [Mn3O(O2CCMe3)6(Im)3]-

(Me3CCO2) Æ 0.5Me3CCO2H (1)

Imidazole (1.25 g, 18.36 mmol) and pivalic acid (5.4 g
52.89 mmol) were dissolved in water (4 ml) and stirred
Then, to this solution was added MnCl2 Æ 4H2O (0.8 g
4.06 mmol) followed by adding solid KMnO4 (0.25 g
1.58 mmol) in small portions to give a brown homogeneou
solution. Finally, this solution was heated at 60 �C for 1
and then was left to stand overnight at r.t. The microcrys
talline precipitate was filtered off, washed with hexane an
dried in air. Single crystals suitable for X-ray analysis wer
obtained by recrystallization of 1 from MeCN. Yiel
(after recrystallization): 0.36 g (30%). Anal. Calc. fo
C93H160Mn6N12O32: C, 48.82; H, 7.05; N, 7.35. Found
C, 48.65; H, 7.04; N, 7.38%. IR (KBr, cm�1) 3159m
3067m, 2960m, 2872m, 1609vs, 1570m, 1547m, 1510m
1482s, 1458m, 1405s, 1370s, 1358s, 1329m, 1224s, 1148w
1098w, 1069m, 958w, 938w, 895w, 836w, 786m, 751m
655m, 625m, 598m, 562w.

2.2.2. Synthesis of [Mn3O(O2CCMe3)6(1-MeIm)3] (2)
Complex [Mn6O2(O2CCMe3)10(Me3CCO2H)4] (0.5 g

0.28 mmol) and KMnO4 (0.05 g, 0.31 mmol) were dis
solved in 1-MeIm (2 ml). The mixture was heated at 9
�C for an hour and then the reaction was allowed to coo
After two days this mixture was extracted with diethy
ether. On the next day, from the diethyl ether extracts, crys
tals suitable for X-ray analysis formed. The crystals wer
filtered off and washed with cold diethyl ether. Yield
0.27 g (31.03%). Anal. Calc. for C84H144Mn6N12O26: C
48.79; H, 7.02; N, 8.13. Found: C, 47.78; H, 6.80; N
8.15%. IR (KBr, cm�1) 3129m, 2958s, 2926sh, 2869sh
1608br.vs, 1538m, 1526m, 1482s, 1457m, 1411vs, 1370
1358s, 1286w, 1227s, 1110s, 1024w, 956w, 932w, 893w
831m, 788m, 762w, 733w, 695m, 656m, 615m, 599m.

2.3. X-ray crystallography

Diffraction data were collected at 153 K for 1 and 2 wit
a Stoe Mark II Imaging Plate Diffractometer using Mo K
graphite-monochromated radiation. Crystallographic dat
and details of the refinement process are summarized i
Table 1. The structures were solved by direct method
using the program SHELXS-97 [23]. Refinement and all fur
ther calculations were carried out using SHELXL-97 [24
H-atoms were located from Fourier difference maps an
refined isotropically; their thermal parameters were kep
fixed with Uiso = 1.5Ueq of their carrier O and N atom
In both structures some of methyl groups in the pivalat
fragments are disordered over two positions with occupan
cies 0.50 ± 0.10. Non-hydrogen atoms were refined aniso
tropically, using weighted full-matrix least-squares on F2

2.4. Magnetic measurements

Magnetic susceptibility and magnetization data o
powdered samples of compounds 1 and 2 were collecte
on a MPMS Quantum Design SQUID magnetomete
(XL-5) in the temperature range of 300–1.8 K and a
applied magnetic fields up to 5 T. The samples were place
in a saran foil bag for compound 1 and in a gelatine capsul
for compound 2. A straw was used as the sample holde
Data were corrected for the experimentally determined dia
magnetism of the sample holder and the diamagnetic con
tributions of the samples, which were estimated from
Pascal’s constants. The Levenberg–Marquardt leas
squares fitting algorithm, in combination with MAG
PACK [25], was used to model the experimental magneti
susceptibility and magnetization data.

3. Results and discussion

3.1. Synthesis and preliminary characterization

The reaction of manganese(II) chloride with KMnO
imidazole and an excess of pivalic acid in a small amoun
of water leads to the formation of [Mn3O(O2CC
Me3)6(Im)3](Me3CCO2) Æ 0.5Me3CCO2H (1). This metho
of preparing oxo-bridged manganese complexes by the ox
dation of Mn(II) ions using MnO4

� ions in the presence o
carboxylate ligands and aromatic amines was first used b
Lis for the synthesis of a dodecanuclear complex [26] an
then largely developed by Christou et al. [6,27]; it is a ver
useful synthetic route to design Mn complexes with highe
oxidation states (MnIII, MnIV). Moreover, the largest man
ganese carboxylate cluster, a Mn30 complex [28], was als
obtained from this type of comproportionation reaction
The synthesis of the mixed-valence compoun
[Mn3O(O2CCMe3)6(1-MeIm)3] (2) was performed by th



Table 1
Crystal data and details of structure determination

1 2

Empirical formula C93H160Mn6N12O32 C42H72Mn3N6O13

Formula weight 2287.97 1033.87
Temperature (K) 153(2) 153(2)
Wavelength (Å) 0.71073 0.71073
Crystal size (mm) 0.30 · 0.30 · 0.20 0.40 · 0.20 · 0.15
Crystal system monoclinic monoclinic
Space group P21/n P21

a (Å) 13.6326(5) 19.685(2)
b (Å) 46.1720(16) 19.7203(12)
c (Å) 19.6917(8) 13.5507(13)
b (�) 100.175(3) 90.792(12)
V (Å3) 12199.9(8) 5259.8(8)
Z 4 4
Dcalc (g/cm3) 1.246 1.306
l (mm�1) 0.674 0.770
F(000) 4832 2180
h Range for data collections (�) 1.14–25.10 2.07–25.96
Index ranges �16 6 h 6 16, �53 6 k 6 55, �23 6 l 6 23 �24 6 h 6 24, �24 6 k 6 23, �16 6 l 6 16
Reflections measured 98816 41579
Independent reflections [Rint] 21524 [0.0757] 19412 [0.1037]
Data/restraints/parameters 21524/0/1557 19412/1/1211
Goodness-of-fit on F2 0.884 0.745
Final R indices [I > 2r(I)] R1 = 0.0471, wR2 = 0.1098 R1 = 0.0509, wR2 = 0.0856
R indices (all data) R1 = 0.0876, wR2 = 0.1246 R1 = 0.1238, wR2 = 0.1019
Largest difference peak and hole (e Å�3) 0.355 and �0.312 0.477 and �0.528

3

interaction of the hexanuclear mixed-valent ½MnII
4 MnIII

2 O2-
ðO2CCMe3Þ10ðMe3CCO2HÞ4� cluster with KMnO4 in
1-methylimidazole.

The IR spectra of complexes 1 and 2 have strong and
broad bands in the 1609–1546 and 1369–1357 cm�1 region,
which are due to asymmetric and symmetric vibrations,
respectively, of the coordinated carboxylate groups
[29,30] of the pivalate ligand. The broad bands with med-
ium intensity in the 3159–3067 cm�1 region can be ascribed
to the absorption frequencies of the N–H vibration
of Im and O–H vibration of solvate pivalic molecules in
compound 1.

Thermal analysis of 1 and 2 has been performed in a
nitrogen atmosphere in the temperature range 25–600 �C.
For 1 the first weight loss of 19.05% from 110 to 210 �C
corresponds to the loss of a half molecule (per formula
unit) of solvate pivalic acid, one molecule of the uncoordi-
nated pivalic anion and one imidazole molecule (calculated
19.25%). On further heating, the decomposition of remain-
ing organic ligands takes place in two unidentified steps
with total weight loss of 61.08% and is completed below
500 �C to give the expected oxide (observed 19.95%, calcu-
lated 20.00%). It is interesting to note that the mixed-valent
oxo-centered trinuclear compound 2 decomposes to the
final products below 275 �C, a much lower temperature
compared to the above mentioned homo-valent compound
1. The first weight loss of about 4.54% occurred at 110 �C,
which corresponds to the loss of a half molecule (per for-
mula unit) of 1-MeIm (calculated 3.97%). A further weight
loss of 30.25% occurred between 130 and 210 �C, which
agrees with calculated values of 29.62% for the release of
the remaining 1-MeIm molecules and one molecule of piv-
alate ligand. The decomposition of the pivalate ligands was
completed at ca. 275 �C (the weight loss is 40.55%) with the
observed remaining weight percentage of 24.58%.

3.2. Crystal structures

3.2.1. The structure of [Mn3O(O2CCMe3)6(Im)3]-

(Me3CCO2) Æ 0.5Me3CCO2H (1)
The crystal structure of 1 consists of two independent

[Mn3O(O2CCMe3)6(Im)3]+ cations (molecules A and B),
two Me3CCO2

� anions and a neutral Me3CCO2H molecule
(Fig. 1). The structure of cation A is shown in Fig. 2.
Selected bond distances and angles for 1 are listed in Table
2. Three Mn(III) atoms form a nearly equilateral triangle
with an oxygen atom in the center. The Mn� � �Mn distances
within the triangle are all very similar (3.260 ± 0.006 Å).
The central l3-oxygen atom is slightly displaced from the
Mn3 triangular plane (0.015(2) Å for molecule A and
0.019(2) Å for molecule B). The Mn–(l3-O) bond distances
are in the range of 1.879(2)–1.890(2) Å (Table 2). Four oxy-
gen atoms from the bridging carboxylate groups and a ter-
minal imidazole nitrogen atom additionally complete
coordination at each Mn(III) atom. The Mn–Ocarb bond
distances range from 1.923(2) to 2.186(3) Å, and the Mn–
N bond distances lie in the range of 2.011(3)–2.026(3) Å.
Thus, the manganese coordination geometry can be
regarded as a slightly distorted octahedron. The configura-
tion, bond distances and bond angles of molecules A and B
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Fig. 1. View of the structure of complex 1 (molecule A, left; molecule B, right). Hydrogen bonds are shown as dashed lines. Hydrogen atoms are omitted
for clarity.

Fig. 2. View of the structure of molecule A in compound 1. Hydrogen
atoms are omitted for clarity.
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are in a good agreement with the data in earlier invest
gated structures of oxo-centered trinuclear manganese(III
carboxylate complexes [13–15] (Table 3).

The presence of the uncoordinated carboxylic group o
pivalic acid and the solvate acid molecule as well as o
the N–H group of imidazole ligand results in an extensiv
hydrogen-bonded network in complex 1. It is interestin
to note that in this crystal structure the formation of cen
trosymmetric motifs consisting of four trinuclear cluster
is observed. The packing of molecules in the crystal struc
ture along the [00 1] direction is shown in Fig. 3a. In add
tion, these centrosymmetric motives are connected b
hydrogen bonds N–H� � �O (2.636(4)–2.866(4) Å) betwee
carboxyl oxygen atoms of pivalic acid and nitrogen atom
of Im, as well as by hydrogen bonds O–H� � �O o
2.556(4) Å, forming zig-zag chains (Fig. 3b). Finally,
3D supramolecular architecture is formed in compoun
1. The parameters of all intermolecular hydrogen bond
are listed in Table 4.

3.2.2. The structure of [Mn3O(O2CCMe3)6(1-MeIm)3]

(2)

X-ray diffraction analysis revealed that complex 2 con
sists of two independent molecules (A and B) of the trinu
clear oxo-centered [Mn3O(O2CCMe3)6(1-MeIm)3] cluste
in the unit cell. The structure of molecule B is shown i
Fig. 4. Selected bond distances and angles for 2 are liste
in Table 5. Each Mn atom adopts a slightly distorted octa
hedral geometry and is coordinated by an oxygen atom o
the central triangle, four oxygen atoms from bridgin
pivalate ligands, and a terminal 1-MeIm nitrogen atom
The central l3-oxygen atom is slightly displaced from th
Mn3 triangular plane (0.029(2) Å for molecule A an
0.028(2) Å for molecule B). The Mn� � �Mn distance
are in the range of 3.220(2)–3.408(2) Å, and th
Mn(2)� � �Mn(3) distances of 3.220(2) and 3.312(2) Å for A
and B molecules, respectively, are significantly shorter tha
the Mn(1)� � �Mn(2) (average value 3.391 Å) an
Mn(1)� � �Mn(3) (average value 3.406 Å) distances. Base
on the neutral charge of the [Mn3O(O2CCMe3)6(1-MeIm)
cluster, the Mn oxidation states in this complex are given a
½MnIII

2 MnIIO�6þ. As expected for its lower oxidation state
the position of the Mn(II) atom can be assigned on th
basis of its longer metal–l-oxygen and metal–ligand bon
distances compared with the Mn(III) atoms (Table 3
From these data Mn(1) is readily assigned as the MnII cen
ter, whereas Mn(2) and Mn(3) atoms are MnIII center
The MnIII–O(1) bond distances are in the range 1.800(4)
1.848(4) Å, which is in agreement with the common basi
carboxylate type seen for the above mentioned trinuclea
manganese(III) complex 1 and other trinuclear manga
nese(III) carboxylate complexes (Table 3). For manga
nese(II) atoms these distances are significantly longer an



Table 2
Selected bond distances (Å) and angles (�) for compound 1

Molecule A B Molecule A B

Mn(1)–O(1) 1.885(2) 1.887(2) Mn(2)–O(8) 2.182(2) 2.162(3)
Mn(1)–O(2) 1.944(2) 2.175(3) Mn(2)–O(9) 1.935(2) 1.945(3)
Mn(1)–O(3) 2.173(2) 1.923(2) Mn(2)–N(3) 2.011(3) 2.020(3)
Mn(1)–O(4) 2.165(2) 2.158(2) Mn(3)–O(1) 1.890(2) 1.883(2)
Mn(1)–O(5) 1.925(2) 1.940(2) Mn(3)–O(10) 2.171(2) 2.186(3)
Mn(1)–N(1) 2.013(3) 2.026(3) Mn(3)–O(11) 1.931(2) 1.929(3)
Mn(2)–O(1) 1.879(2) 1.880(2) Mn(3)–O(12) 1.927(2) 2.146(3)
Mn(2)–O(6) 1.947(2) 1.947(2) Mn(3)–O(13) 2.143(2) 1.931(3)
Mn(2)–O(7) 2.174(2) 2.159(2) Mn(3)–N(5) 2.023(3) 2.017(3)

O(1)–Mn(1)–O(2) 93.84(9) 92.49(9) O(1)–Mn(2)–O(8) 92.06(9) 94.60(10)
O(1)–Mn(1)–O(5) 94.47(10) 94.58(10) O(9)–Mn(2)–O(8) 98.75(9) 93.05(11)
O(5)–Mn(1)–O(2) 171.41(10) 84.82(9) O(6)–Mn(2)–O(8) 84.51(9) 87.57(10)
O(1)–Mn(1)–N(1) 178.47(12) 178.15(11) N(3)–Mn(2)–O(8) 85.39(10) 86.21(11)
O(5)–Mn(1)–N(1) 86.91(11) 86.06(11) O(7)–Mn(2)–O(8) 172.21(9) 171.54(10)
O(2)–Mn(1)–N(1) 84.81(10) 85.84(11) O(1)–Mn(3)–O(12) 94.07(9) 93.74(10)
O(1)–Mn(1)–O(4) 93.50(9) 94.53(9) O(1)–Mn(3)–O(11) 93.82(9) 93.64(10)
O(5)–Mn(1)–O(4) 94.13(10) 92.14(10) O(12)–Mn(3)–O(11) 172.08(10) 85.89(11)
O(2)–Mn(1)–O(4) 87.52(9) 172.55(9) O(1)–Mn(3)–N(5) 177.70(10) 178.68(12)
N(1)–Mn(1)–O(4) 85.73(10) 87.17(11) O(12)–Mn(3)–N(5) 86.28(11) 86.16(12)
O(1)–Mn(1)–O(3) 93.53(9) 94.40(10) O(11)–Mn(3)–N(5) 85.86(11) 85.04(12)
O(5)–Mn(1)–O(3) 85.33(9) 170.81(10) O(1)–Mn(3)–O(13) 94.80(9) 93.97(10)
O(2)–Mn(1)–O(3) 92.00(9) 96.74(10) O(12)–Mn(3)–O(13) 91.61(9) 94.16(11)
N(1)–Mn(1)–O(3) 87.25(11) 85.02(11) O(11)–Mn(3)–O(13) 87.07(9) 172.37(11)
O(4)–Mn(1)–O(3) 172.98(9) 85.21(10) N(5)–Mn(3)–O(13) 87.46(10) 87.35(12)
O(1)–Mn(2)–O(9) 93.49(9) 93.71(10) O(1)–Mn(3)–O(10) 93.27(9) 93.57(10)
O(1)–Mn(2)–O(6) 95.86(9) 94.14(10) O(12)–Mn(3)–O(10) 85.70(9) 172.49(10)
O(9)–Mn(2)–O(6) 169.98(10) 172.06(10) O(11)–Mn(3)–O(10) 94.51(9) 95.35(11)
O(1)–Mn(2)–N(3) 176.85(11) 179.16(11) N(5)–Mn(3)–O(10) 84.48(10) 86.57(12)
O(9)–Mn(2)–N(3) 85.09(10) 85.99(11) O(13)–Mn(3)–O(10) 171.67(9) 83.62(11)
O(6)–Mn(2)–N(3) 85.75(10) 86.15(11) Mn(2)–O(1)–Mn(1) 120.01(11) 120.24(11)
O(1)–Mn(2)–O(7) 94.46(9) 93.73(9) Mn(2)–O(1)–Mn(3) 120.18(11) 119.67(12)
O(9)–Mn(2)–O(7) 85.11(10) 87.88(10) Mn(1)–O(1)–Mn(3) 119.79(11) 120.06(12)
O(6)–Mn(2)–O(7) 90.55(9) 90.36(10)
N(3)–Mn(2)–O(7) 88.22(10) 85.47(10)

5

equal to 2.128(5) Å for Mn(1)–O(1) and 2.170(4) Å for
Mn(1A)–O(1A). The four Mn–Ocarb distances around
manganese(III) atoms are in the range of 1.947(5)–
2.174(5) Å, and the MnIII–N distances (2.060(6)–
2.064(5) Å) are quite similar to those found in 1. As
expected for a typical manganese(II) atom, Mn–Ocarb bond
distances are found in the range of 2.129(5)–2.207(5) Å,
which is slightly longer than those for MnIII atoms. The
MnII–N distance of 2.251(6) Å at Mn(1) and Mn(1A) is
also longer than that for the trivalent manganese atom
(2.256(6) Å). The Mn–O(1)–Mn angles range from
116.6(2)� up to 125.4(2)� and differ slightly from the anal-
ogous angles which were found in a Mn3O cluster with
imposed C2 symmetry [9].

In contrast to 1, in which an extensive network of hydro-
gen-bonding interactions is observed due to the presence of
the uncoordinated carboxyl group of pivalic acid and the
NH group of imidazole, aromatic C–H� � �p interactions
[31–33] embracing 1-methylimidazole rings enhance the
structural stability in compound 2. Because the 1-MeIm
heterocycles are not all parallel with each other, the aro-
matic–aromatic interactions in compound 2 are either
edge-to-face interactions or T-shaped orientations. In addi-
tion to the aromatic C–H� � �p interactions, five 1-MeIm het-
erocycles from six heterocycles (heterocycles are marked as
follows: N1 \ N2 is cycle N1C1N2C2C3, N3 \ N4–
N3C5N4C6C7, etc.) exhibit five contacts, each between ali-
phatic C–H of the methyl group and the p-cycle of another
molecule (Table 6). Note that all six 1-MeIm heterocycles
are involved in such interactions forming a 3D network in
compound 2 (Fig. 5). The heterocycle N5A \ N6A forms
with the N1A \ N2A heterocycle two types of C–H� � �p
contacts, one exhibiting aromatic–aromatic edge-to-face
interaction having a centroid–centroid distance of 4.468 Å
and plane angle of 24.47� between the aromatic heterocy-
cles, and the other being an aliphatic–aromatic interaction
between the hydrogen (H12E) of the methyl group (C12)
and imidazole cycle (N1A \ N2A) with the shortest inter-
atomic distance of 2.835 Å. Further, the cycle N1A \ N2A
interacts with N1 \ N2 forming an edge-to-face contact
with the centroid–centroid distance of 4.242 Å (plane angle
31.69�) and the aliphatic–aromatic interaction of 3.032 Å (a
typical aliphatic–aromatic interaction is in the range of
2.79–3.05 Å [32]). The third edge-to-face interaction is
found between cycles N1 \ N2 and N5 \ N6 (centroid–
centroid distance 4.374 Å, plane angle 24.22�) and there is
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Table 3
Selected average bond distances (Å) in [Mn3O(O2CCR)(L)3]0,1+

Compound Mn–l-O Mn–Ocarb Mn–L Ref.

MnIII
3 O

[Mn3O(O2CCMe3)6(Py)3]ClO4 Æ MeCN 1.891 2.033 2.084 (Mn–N) [13]
[Mn3O(O2CMe)6(3-MePy)3]ClO4 1.900 2.002 2.101 (Mn–N) [14]
[Mn3O(O2CC2H5)6(3-MePy)3]ClO4 1.888 1.990 2.062 (Mn–N) [14]
[Mn3O(O2CC3H7)6(Py)3]ClO4 1.893 2.025 2.15 (Mn–N) [15]
[Mn3O(O2CCMe3)6(Im)3](Me3CCO2) Æ 0.5Me3CCO2H 1.884 2.051 2.018 (Mn–N) this work

MnIII
2 MnII O

[Mn3O(O2CMe)6(Py)3] Æ Py 1.936 2.105 2.167 [4,6]
[Mn3O(O2CMe)6(3-ClPy)3] 2.034 (MnII) 2.114 (MnII) 2.280 (MnII–N) [5]

1.863 (MnIII) 2.072 (MnIII) 2.143 (MnIII–N)
[Mn3O(O2CPh)6(Py)2(H2O)] Æ 0.5MeCN 2.135 (MnII) 2.166 (MnII) 2.237 (MnII–O) [6]

1.816 (MnIII) 2.072 (MnIII) 2.088 (MnIII–N)
[Mn3O(O2CPh)6(Py)3] Æ 2MeCN 1.972 and 1.966

(MnII and MnIII)*

2.108 and 2.129
(MnII and MnIII)*

2.194 and 2.199
(MnII and MnIII)*

[12]

1.819 (MnIII) 2.066 (MnIII) 2.077 (MnIII–N)
[Mn3O(O2CPh-2F)6(Py)3] Æ 2MeCN 1.990 (MnII) 2.109 (MnII) 2.234 (MnII–N) [11]

1.871 (MnIII) 2.048 (MnIII) 2.118 (MnIII–N)
[Mn3O(O2CPh-3Cl)6(Py)2(H2O)] Æ 0.5H2O 2.064 (MnII) 2.054 (MnII) 2.123 (MnII–O) [11]

1.833 (MnIII) 2.016 (MnIII) 2.061 (MnIII–N)
½Mn3OðO2CPh-3BrÞ6ðPyÞ2ðH2OÞ� � 1

4H2O 2.066 (MnII) 2.036 (MnII) 2.140 (MnII–O) [11]
1.827 (MnIII) 2.077 (MnIII) 2.083 (MnIII–N)

[Mn3O(O2CCH2Cl)6(Py)2(H2O)] Æ 0.5MeCN 2.136 (MnII) 2.171 (MnII) 2.222 (MnII–O) [17]
1.805 (MnIII) 2.073 (MnIII) 2.064 (MnIII–N)

[Mn3O(O2CCCl3)6(H2O)3] 1.924 2.055 [18]
[Mn3O(O2CCMe3)6(Py)3] 2.171 (MnII) 2.172 (MnII) 2.339 (MnII–N) [13]

1.830 (MnIII) 2.088 (MnIII) 2.107 (MnIII–N)
[Mn3O(O2CCMe3)6(Py)3] 2.114 (MnII) 2.165 (MnII) 2.289 (MnII–N) [19]

1.818 (MnIII) 2.056 (MnIII) 2.099 (MnIII–N)
[Mn3O(O2CCMe3)6(1-MeIm)3] 2.149 (MnII) 2.163 (MnII) 2.254 (MnII–N) this work

1.816 (MnIII) 2.056 (MnIII) 2.062 (MnIII–N)
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a contact with 2.848 Å distance formed by the C–H of th
methyl group (C12) and the p-cycle (Table 6). The nex
C–H� � �p interactions consisting of the edge-to-face contac
(centroid–centroid distance 4.250 Å, plane angle 18.11�
and aliphatic–aromatic contact (2.952 Å) are foun
between N5 \ N6 and N3 \ N4 heterocycles. There is fur
ther close C–H� � �p contact with distance of 2.999 A
between heterocycle N3 \ N4 (C6) and N3A \ N4A (C7
H7A), which is probably more of a T-shaped interactio
based on the interplane angle of 68.64�. It is noted that ther
is only the aliphatic–aromatic C–H� � �p interaction o
2.986 Å between the heterocycle N3A \ N4A and th
neighboring heterocycle N5A \ N6A (the centroid–cen
troid distance is 5.953 Å and plane 86.72�).

3.3. Magnetic properties

The magnetic susceptibility vMol between 1.9 and 300 K
of the trinuclear, l3-oxo-bridged manganese(III) com
pound 1 was determined. In Fig. 6, the temperature depen
dence of the inverse molar susceptibility v�1

Mol is depicted
Above 55 K, the data can be fitted to the Curie–Weis
expression with a Weiss constant h = �147 K which
indicative of antiferromagnetic exchange interactions. Th
thermal dependence of the molar susceptibility, plotted a
vMolT versus T is shown in Fig. 7. The vMolT value a
300 K is 8.14 emu K mol�1, which is a little below the ca
culated value of 9 emu K mol�1 for three non-interactin
manganese(III) ions (S = 2, g = 2). The decrease of vMol

with decreasing temperature suggests overall antiferromag
netic exchange interactions. A simulation based on th
model proposed by Borrás-Almenar et al. [25] using the iso
tropic Heisenberg–Dirac–Van Vleck term, bH O ¼
�2Ri;f J if

bSi
bS f , as the leading part of the exchange spi

Hamiltonian, was applied. Thereby and in correspondenc
with the structural data, the compound is regarded as a
isosceles triangle and consequently, two different exchang
coupling constants are considered: J between Mn(3)
Mn(1) and Mn(3)–Mn(2) and J* between Mn(1) an
Mn(2). However, as shown in a theoretical study by Bre
chin et al. [34], there is a high density of different energ
levels close to the ground state and also the total S valu
of the ground state depends strongly on the ratio J/J
hence it is a quite complex situation. Taking the data o
the temperature dependence of the magnetic susceptibilit
and the magnetization data which are measured at 1.85 K
(Figs. 7 and S1), a simulation of the experimental dat
revealed the following parameters: J = �7.5 cm�

J* = �5.2 cm�1, D = 15.5 cm�1 and g = 2.1. With thes
parameters, the vMolT versus T data can be simulated fairl
well. On the basis of the same parameter set, also the mag
netization data can be approached reasonably wel



Fig. 3. (a) A fragment of the crystal structure in compound 1. Hydrogen bonds are shown as dashed lines. (b) Perspective view of the crystal structure
along the b axis. Hydrogen bonds are shown as dashed lines, the methyl groups of the coordinated pivalic acid are omitted for clarity.
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especially if one notes the complex configuration of multi-
ple states lying close to the ground-state. Overall, a ground
state with S = 0 but with energetically close lying states
with S = 1 and S = 2 can be anticipated.
Table 4
Hydrogen bonding interactions in compound 1

D–H. . .A d(D–H)
(Å)

d(H. . .A)
(Å)

d(D. . .A)
(Å)

\(DHA)

N(2)–H(2). . .O(14) 0.88 1.96 2.685(5) 139.3
N(2A)–H(2A). . .O(18)1 0.88 1.86 2.730(4) 169.4
N(4)–H(4). . .O(19)2 0.88 2.13 2.779(4) 130.3
N(4)–H(4). . .O(16) 0.88 2.22 2.866(4) 130.4
N(4A)–H(4A). . .O(19)3 0.88 1.90 2.733(4) 156.2
N(6)–H(6). . .O(15)2 0.88 1.80 2.655(4) 164.2
N(6A)–H(6A). . .O(15)2 0.88 1.78 2.636(4) 164.1
O(17)–H(17). . .O(18)2 0.84 1.75 2.556(4) 159.0

Symmetry transformations: 1x � 1, y, z; 2x + 1/2, �y + 1/2, z + 1/2;
3�x + 1, �y + 1, �z + 1.

Fig. 4. View of the structure of molecule B in compound 2. Hydrogen
atoms are omitted for clarity.
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Table 5
Selected bond distances (Å) and angles (�) for compound 2

Molecule A B Molecule A B

Mn(1)–O(1) 2.128(5) 2.170(4) Mn(2)–O(8) 2.174(5) 2.090(5)
Mn(1)–O(2) 2.174(4) 2.178(5) Mn(2)–O(9) 1.968(5) 2.030(5)
Mn(1)–O(3) 2.143(5) 2.149(5) Mn(2)–N(3) 2.064(5) 2.063(6)
Mn(1)–O(4) 2.129(5) 2.143(5) Mn(3)–O(1) 1.848(4) 1.813(4)
Mn(1)–O(5) 2.178(5) 2.207(5) Mn(3)–O(10) 2.173(4) 2.110(5)
Mn(1)–N(1) 2.251(6) 2.256(6) Mn(3)–O(11) 1.985(5) 2.000(5)
Mn(2)–O(1) 1.803(5) 1.800(4) Mn(3)–O(12) 2.003(4) 2.047(5)
Mn(2)–O(6) 2.133(5) 1.998(5) Mn(3)–O(13) 2.136(5) 2.015(5)
Mn(2)–O(7) 1.947(5) 2.082(6) Mn(3)–N(5) 2.061(6) 2.060(6)

O(1)–Mn(1)–O(2) 91.13(17) 94.05(17) O(1)–Mn(2)–O(8) 95.47(19) 94.15(19)
O(1)–Mn(1)–O(5) 90.92(17) 91.51(18) O(9)–Mn(2)–O(8) 90.01(18) 92.3(2)
O(2)–Mn(1)–O(5) 177.60(17) 174.36(19) O(6)–Mn(2)–O(8) 168.50(17) 86.4(2)
O(1)–Mn(1)–N(1) 176.90(17) 174.01(18) N(3)–Mn(2)–O(8) 84.25(19) 86.0(2)
O(1)–Mn(1)–O(3) 92.47(17) 89.70(17) O(7)–Mn(2)–O(8) 86.98(18) 170.24(19)
O(5)–Mn(1)–N(1) 91.40(19) 84.2(2) O(1)–Mn(3)–O(12) 94.2(2) 96.69(19)
O(4)–Mn(1)–O(1) 91.90(18) 94.35(18) O(1)–Mn(3)–O(11) 94.7(2) 95.00(19)
O(4)–Mn(1)–O(5) 90.95(19) 93.9(2) O(11)–Mn(3)–O(12) 171.0(2) 88.9(2)
O(4)–Mn(1)–O(2) 87.73(18) 84.8(2) O(1)–Mn(3)–N(5) 176.0(2) 178.8(2)
O(4)–Mn(1)–N(1) 86.0(2) 90.1(2) O(12)–Mn(3)–N(5) 86.0(2) 84.5(2)
O(3)–Mn(1)–O(5) 88.22(18) 88.1(2) O(11)–Mn(3)–N(5) 85.1(2) 85.3(2)
O(3)–Mn(1)–O(2) 92.94(18) 92.9(2) O(1)–Mn(3)–O(13) 99.00(18) 95.6(2)
O(3)–Mn(1)–N(1) 89.7(2) 86.0(2) O(12)–Mn(3)–O(13) 91.63(18) 92.2(2)
O(2)–Mn(1)–N(1) 86.51(18) 90.4(2) O(11)–Mn(3)–O(13) 88.70(18) 169.1(2)
O(4)–Mn(1)–O(3) 175.57(19) 175.5(2) N(5)–Mn(3)–O(13) 85.02(19) 84.0(2)
O(1)–Mn(2)–O(9) 94.89(19) 94.33(19) O(1)–Mn(3)–O(10) 92.87(18) 94.4(2)
O(1)–Mn(2)–O(6) 95.97(19) 95.81(19) O(12)–Mn(3)–O(10) 86.72(17) 168.8(2)
O(9)–Mn(2)–O(6) 87.90(18) 169.84(18) O(11)–Mn(3)–O(10) 91.10(18) 89.1(2)
O(1)–Mn(2)–N(3) 179.5(2) 179.8(2) N(5)–Mn(3)–O(10) 83.12(19) 84.4(2)
O(9)–Mn(2)–N(3) 84.65(19) 85.6(2) O(13)–Mn(3)–O(10) 168.11(18) 87.6(2)
N(3)–Mn(2)–O(6) 84.30(19) 84.30(19)
O(1)–Mn(2)–O(7) 95.06(19) 95.50(19) Mn(2)–O(1)–Mn(1) 118.4(2) 117.9(2)
O(7)–Mn(2)–O(9) 169.83(18) 85.6(2) Mn(2)–O(1)–Mn(3) 124.1(3) 125.4(2)
O(7)–Mn(2)–O(6) 93.12(18) 94.1(2) Mn(3)–O(1)–Mn(1) 117.4(2) 116.6(2)
O(7)–Mn(2)–N(3) 85.38(19) 84.4(2)

Table 6
CH� � �p contacts in compound 2

Heterocycle� � �heterocyclea Aliphatic CH� � �p (Å)
(h(HCC0), �)

Aromatic CH� � �p (Å)
(h (HCC0), �)

Centroid–centroid distance
(Å) (plane angle, �)

N5A \ N6A� � �N1A \ N2A C12A–H12E� � �C3Ab 2.835 (36.25) 4.468 (24.47)
N1A \ N2A� � �N1 \ N2 C4–H4A� � �C3Ac 3.032 (41.42) C2A–H2A� � �C1g 2.917 (55.92) 4.242 (31.69)
N1 \ N2� � �N5 \ N6 C12–H12A� � �C3d 2.848 (29.68) 4.374 (24.22)
N5 \ N6� � �N3 \ N4 C8–H8A� � �C11e 2.952 (29.34) 4.250 (18.11)
N3 \ N4� � �N3A \ N4A C7A–H7A� � �C6h 2.999 (45.85) 4.873 (68.64)
N3A \ N4A� � �N5A \ N6A C8A–H8D� � �C9Af 2.986 (21.53)

a Heterocycle N1 \ N2 (N1, C1, N2, C2, C3); N3 \ N4 (N3, C5, N4, C6, C7); N5 \ N6 (N5, C9, N6, C10, C11); N1A \ N2A (N1A, C1A, N2A, C2A,
C3A); N3A \ N4A (N3A, C5A, N4A, C6A, C7A); N5A \ N6A (N5A, C9A, N6A, C10A, C11A).

b 1 � x, 1/2 + y, 1 � z.
c 1 � x, y, z.
d �x, 1/2 + y, 1 � z.
e �x, �1/2 + y, 2 � z.
f 1 � x, �3/2 + y, �z.
g 1 + x, y, z.
h x, y, �1 + z.
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For the trinuclear mixed-valence compound 2, the tem
perature dependence of the inverse molar susceptibility v�1

M

between 1.9 and 300 K is depicted in Fig. 8. A fit abov
55 K of the data to the Curie–Weiss expression gives
Weiss constant h = �140 K, which is indicative of antifer
romagnetic exchange interactions. In Fig. 9 the therma
dependence of the molar susceptibility, plotted as vMol

versus T, is shown. The experimentally determined room



Fig. 5. Molecular packing and aromatic–aromatic interactions of com-
pound 2. The edge-to-face contacts are highlighted with the space-filled
1-MeIm heterocycle. The methyl groups of pivalic acid are omitted for
clarity.

Fig. 6. The inverse molar susceptibility v�1
Mol vs. T for compound 1. The

solid line represents a linear fit to the data from 55 to 300 K, giving a
Weiss constant h = �147 K.

Fig. 7. Plot of the vMolT product vs. T of compound 1 in an applied field
of 1 kG. The solid curve represents a simulation from 2 to 300 K with the
parameters J = �7.5 cm�1, J* = �5.2 cm�1, D = 15.5 cm�1 and g = 2.1
(see text).

Fig. 8. The inverse molar susceptibility v�1
Mol vs. T for compound 2. The

solid line represents a linear fit to the data from 55 to 300 K, giving a
Weiss constant h = �140 K.

9

temperature value vMolT of 10.0 emu K mol�1 is in good
agreement with a calculated value of 10.38 emu K mol�1

for the non-interacting two manganese(III) ions (S = 2,
g = 2) and one manganese(II) ion (S = 5/2, g = 2). With
decreasing temperature the vMolT values drop slowly,
which suggests overall antiferromagnetic exchange interac-
tions. For the simulation of the data [25], two different
exchange interactions have been considered: J between
the Mn(II) (S = 5/2) and the two Mn(III) (S = 2) centers,
and J* between the two Mn(III) centers. The parameters
found for the best simulation of the experimental data
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Fig. 9. Plot of the vMolT product vs. T of compound 2 in an applied field
of 1 kG. The solid curve represents the fit from 2 to 300 K with the
parameters J = �7.0 cm�1, J* = �1.6 cm�1, D = �1.6 cm�1 and g = 2.2
(see text).

Fig. 10. Field dependence of the magnetization of compound 2 measured
at T = 1.85 K. The solid curve represents the fit with the parameters
J = �7.0 cm�1, J* = �1.6 cm�1, D = �1.6 cm�1 and g = 2.2 (see text).
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are: J = �7.0 cm�1, J* = �1.6 cm�1, D = �1.6 cm�1 an
g = 2.2. Moreover, with the same parameter set, a fairl
good simulation of the magnetization data, measured a
1.85 K (see Fig. 10), has been obtained. At a magnetic fiel
of 5 T, Msat is not yet reached but a value close to 3 Nb ca
be estimated. Accordingly, this would be consistent with
total ground state spin value of S = 3/2. This result is i
accordance with a related detailed study by Ribas et a
[11].

4. Conclusions

In summary, we have synthesized and structurally char
acterized two new l-oxo trinuclear manganese carboxylat
complexes with imidazole and 1-methylimidazole ligand
One of them, complex [Mn3O(O2CCMe3)6(Im)3

(Me3CCO2) Æ 0.5Me3CCO2H (1) is a homo-valent MnIII
3 O

cluster, which has been synthesized by comproportionatio
reaction of manganese(II) chloride with KMnO4, imidazol
and an excess of pivalic acid, whereas comple
[Mn3O(O2CCMe3)6(1-MeIm)3] (2), which is a mixed-valen
MnIII

2 MnIIO cluster, was isolated by the reaction of hexa
nuclear mixed-valent ½MnIII
4 MnIII

2 O2ðO2CCMe3Þ10ðMe3

CCO2HÞ4� with KMnO4 in 1-methylimidazole. The trinu
clear nature of these complexes has been compared to tha
of the previously reported l-oxo trinuclear manganes
carboxylates. The magnetic properties of 1 and 2 were stud
ied by variable-temperature susceptibility measurement
The results reveal that both compounds are antiferromag
netically coupled, spin-frustrated triangular systems exhib
iting weak to moderate exchange coupling constants.
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