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Abstract

The preparation, crystal structure and reactivity of a trimetallic MnIII carboxylate cluster containing the dianion of meth-
ylsalicyloxime (Me-saoH2), is reported. The reaction between Mn(OAc)2 Æ 4H2O and Me-saoH2 in pyridine (py) produces the complex
½MnIII

3 OðOAcÞðMe-saoÞ3ðpyÞ4� � 2py ð1 � 2pyÞ in very good yields. The neutral complex consists of a central triangular fMnIII
3 Og unit

assembled together by three g1:g1:g1:l2-oximato(�2) and one bridging AcO� ligands. Oxidation of 1 Æ 2 py in MeCN in the presence
of (NH4)2[CeIV(NO3)6] leads to the formation of complex ½MnIV

4 CeIII
2 O2ðMe-saoÞ6ðNO3Þ4ðOAcÞ2ðH2OÞ2� � 6MeCN ð2 � 6MeCNÞ. Its cen-

trosymmetric structure may be described as two fMnIV
2 CeIIIOgtriangles linked through two g2:g2:g1:l4 oximato(�2) ligands. Each

fMnIV
2 CeIIIOg unit is held together via one g2:g1:g1:l3 and one g1:g1:g1:l2-Me-sao2� ligand, and one bridging acetate. Dc magnetic

susceptibility studies reveal the presence of dominant antiferromagnetic interactions in both complexes.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The employment of new ligands towards the synthesis of
new homometallic and heterometallic species is of great sig-
nificance for the future of coordination chemistry and its
interface with multidisciplinary fields of science such as
bioinorganic chemistry, materials science and magneto-
chemistry [1]. It is not an exaggeration to state that the
design of ligands underlines much of modern coordination
chemistry. Important tools for the development of new
synthetic patterns and strategies are the ligands used, which
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may lead to metallic complexes with potential technologi-
cal applications. For example, in the field of molecular
magnetism, new types of ligands have led to the formation
of complexes that display single-molecule magnetism, in an
attempt to mimic or improve the behaviour of the proto-
type Mn12OAc complex [2]. This molecule is able to retain
its magnetization in the absence of an external magnetic
field, once magnetized at very low temperatures, for pro-
longed periods of time due to the presence of a high-spin
ground-state, S, and a large and negative magnetoanisot-
ropy, D, that establishes an energy barrier for the
re-orientation of the magnetization equal to U = S2jDj.
Of great importance for the development of this particular
area of molecular magnetism is the synthesis of new poly-
metallic compounds and the study of their magnetic
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properties. Since the discovery of the prototype molecule,
numerous compounds have been found to display SMM
behaviour and this has led to a better understanding of
the fundamental principles that govern this remarkable
phenomenon [3].

For several years we have focused our interest on the
study of homometallic complexes of oximato ligands since
they have proven a fruitful source of polynuclear com-
plexes (clusters), displaying a range of magnetic properties
from high-spin molecules to SMMs [4,5]. This investigation
was initiated as an attempt to discover the ‘‘chemistry’’ of
oximes that present ‘‘structural similarity’’ to di-2-pyridyl
ketone, (py)2CO (Scheme 1), since – from our previous
experience – (py)2CO had proven to be an excellent candi-
date for the formation of polynuclear clusters [Mx]
(M = Mn, Fe, Co, Ni, Cu; x = 3–14) [6]. The first oximes
employed were di-2-pyridyl ketone oxime, (py)2CNOH,
phenyl 2-pyridyl ketone oxime, (py)C(ph)NOH, and
2-pyridinealdoxime, (py)C(H)NOH; we also employed sal-
icylaldoxime (saoH2) (Scheme 1). Even though oxime spe-
cies cannot be considered ‘‘new’’ ligands in coordination
chemistry [5,7], they have been used (for example) as mod-
els for the biologically important imidazole donor group of
the amino acid histidine [8], as corrosion inhibitors [9] and
as copper extractants in metallurgical procedures [10]. We
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Scheme 1. The ligands discussed in the text.
feel that they may play an important, and perhaps even
leading role, in the synthesis of the next generation of
SMMs.

In this paper, we will restrict our discussion to saoH2

and its analogues. We believed that this ligand offered the
potential for easy functionalisation, allowing us to vary
the steric and electronic properties of the resulting com-
plexes systematically. Recently, we reported that upon
functionalising the oxime carbon of saoH2 with an Et-
group (to form Et-saoH2, Scheme 1), we were able to tune
the ground-state of a ½MnIII

6 � SMM [4g] from S = 4 to
S = 12 preparing a molecule with Ueff = �53 K, due to
the imposed twisting of the bridging moiety [11] and the
resultant structural distortion this caused. Herein, we
report the synthesis of a ½MnIII

3 � triangle featuring the new-
est member of the oximes under study, Me-saoH2 (Scheme
1), and its CeIV-assisted oxidation to form a heterometallic
½MnIV

4 CeIII
2 � complex. The use of Me-saoH2 in manganese

chemistry seems very promising, since it has already pro-
vided the first ferromagnetic ½MnIII

4 � cube displaying
SMM behaviour [12].

2. Experimental

2.1. General and physical measurements

All manipulations were performed under aerobic condi-
tions using materials (reagent grade) and solvents as
received. Me-saoH2 was prepared as described elsewhere
[13]. Elemental analyses (C, H, N) were performed by the
EaStCHEM microanalysis service. IR spectra (4000–
450 cm�1) were recorded as KBr pellets on a Jasco FT/
IR-410 spectrometer. Variable-temperature, solid-state
direct current (dc) magnetic susceptibility data down to
5 K were collected on a Quantum Design MPMS-XL
SQUID magnetometer equipped with a 7 T dc magnet.
Diamagnetic corrections were applied to the observed
paramagnetic susceptibilities using Pascal’s constants.

2.2. Compound preparation

2.2.1. [MnIII
3 O(OAc)(Me-sao)3(pyÞ4] � 2py (1 � 2py)

A white suspension of Mn(OAc)2 Æ 4H2O (245 mg,
1.0 mmol) in py (20 ml) was treated with solid Me-saoH2

(151 mg, 1 mmol) in the presence of NEt3 (0.6 ml). After
1 h of stirring, the resulting dark brown suspension was fil-
tered and the dark brown solution was left to slowly evap-
orate at room temperature. X-ray quality black crystals
formed during 3 days. The crystals were collected by filtra-
tion, washed with Et2O (2 · 4 ml) and dried in vacuo. The
yield was approximately 45%. The dried sample analyzed
as solvent-free. Anal. Calc. for C46H44Mn3N7O9: C,
55.03; H, 4.42; N, 9.77. Found: C 55.12; H 4.30; N
9.63%. IR data (KBr pellet, cm�1): 1592 s, 1561 s, 1525 s,
1482 s, 1435 s, 1365 w, 1319 s, 1249 m, 1212 m, 1133 m,
1051s, 1028 s, 972 s, 864 s, 809 w, 749 s, 703 s, 674 s, 641
s, 616 w, 594 w, 570 w, 546 w, 520 w, 474 m, 434 s, 417 w.
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2.2.2. [MnIV
4 CeIII

2 O2(Me-sao)6(NO3)4(OAc)2(H 2O)2]�
6MeCN (2 � 6MeCN)

To a stirred brown suspension of 1 Æ 2py (581 mg,
0.5 mmol) in MeCN (40 ml), was added solid (NH4)2-
[Ce(NO3)6] (274 mg, 0.5 mmol) and the suspension was
stirred for 3 h, during which time the (NH4)2[Ce(NO3)6]
dissolved. The resulting dark brown suspension was filtered
and left for slow evaporation. After 5 days, single crystals
suitable for X-ray diffraction formed. The crystals were col-
lected by filtration, washed with Et2O (2 · 3 ml) and dried
in vacuo. The yield was approximately 35%. The dried sam-
ple analyzed as 2 Æ 2MeCN. Anal. Calc. for C56H58Ce2-
Mn4N12O32: C, 35.19; H, 3.06; N, 8.79. Found: C, 35.31;
H, 3.25; N, 8.63%. IR data (KBr pellet, cm�1): 1593 w,
1566 w, 1435 w, 1383 s, 1338 m, 1300 m, 1132 m, 1073 w,
1049 m, 1027 w, 974 s, 856 s, 814 w, 759 s, 672 s, 638 m,
577 m, 556 m, 518 w, 480 s, 405 w.

2.3. X-ray crystallography

Diffraction data were collected at 150 K on a Bruker
Smart Apex CCD diffractometer equipped with an Oxford
Cryosystems LT device. Complete crystal data and param-
eters for data collection and processing are reported in
Table 1. The structures were solved by direct methods
(SHELXS) and refined by full-matrix least-squares against
F2 (CRYSTALS) [14]. The hydrogen atoms were placed geo-
metrically, then refined subject to geometric restraints
Table 1
Crystal data and structure refinement for complexes 1 Æ 2py and
2 Æ 6MeCN

Compound 1 Æ 2py 2 Æ 6MeCN

Formula C56H54Mn3N9O9 C64H70Ce2Mn4N16O32

Formula weight 1161.8 2075.36
Crystal system monoclinic triclinic
Space group P21/n P�1
Unit cell dimensions

a (Å) 10.1142(3) 11.7965(4)
b (Å) 22.8891(6) 13.3428(4)
c (Å) 23.1854(7) 14.9432(5)
a (�) 90 110.865(2)
b (�) 96.048(2) 108.038(2)
c (�) 90 99.869(2)

V (Å3) 5337.7(3) 1981.97(11)
Z 4 4
Dcalc (Mg m�3) 1.446 1.739
Temperature (K) 150 150
F(000) 2400 1038
h Range (�) 1.78–28.87 1.59–27.03
Index ranges �12 6 h 6 13,

�29 6 k 6 30,
�31 6 l 6 29

�15 6 h 6 15,
�17 6 k 6 17,
�19 6 l 6 18

Reflections collected 63548 34997
Independent reflections (Rint) 13070 (0.045) 8660 (0.0389)
Parameters refined 694 542
R1

a (data) 0.0400 (7685) 0.0306 (9888)
wR2

b [F > 4r(F)] 0.0742 0.0981
Goodness-of-fit on F2 0.8970 1.118

a R1 =
P

(jFoj � jFcj)/
P

(jFoj).
b wR2 ¼ f

P
½wðF 2

o � F 2
cÞ

2�=
P
½wðF 2

oÞ
2�g1=2.
and finally constrained to ride on their host atoms, unless
otherwise stated. For compound 2, H-atoms were placed
at calculated positions, except those on O71, which were
located in a difference map. The water and methyl groups
were treated as rotating rigid groups. The MeCN solvate
molecules were restrained to be geometrically similar.

3. Results and discussion

3.1. Syntheses

The 1:1 reaction between Mn(OAc)2 Æ 4H2O and Me-
saoH2 in py, in the presence of NEt3, yields complex
[Mn3O(OAc)(Me-sao)3(py)4] (1). The neutral complex
was crystallographically identified as 1 Æ 2py. All manga-
nese atoms are in the 3+ oxidation state and 1 may be con-
sidered as a member of the large family of oxo-centred
[Mn3O] triangles [15]. The role of NEt3 is dual: it helps
the deprotonation of the oxime ligand, as well as the rapid
oxidation (in air) of the MnII starting material, since it is
well-known that higher pH values favour the formation
of MnIII ions. The same product can also be isolated in
the absence of base, but longer periods of stirring are
required in order for MnII to be oxidized to MnIII, as is evi-
denced from the colour of the solution which darkens only
slowly upon stirring. The nature of the base is not crucial
for the identity of the product, since we were able to isolate
1 by using a plethora of bases such as NEt3, NMe4OH,
NEt4OH, NaOH, etc.

Our next synthetic goal was to try to oxidize some of the
MnIII ions in 1 to MnIV ions – with or without strict
retention of structure. (NH4)2[CeIV(NO3)6] was selected
as the oxidant. Cerium(IV) is commonly employed as an
oxidant in inorganic synthesis [16a–c], and has a long
history as an oxidizing agent for a vast variety of organic
substrates [16d,16e]. The 1:1 reaction between 1 and
(NH4)2[CeIV(NO3)6] in MeCN gives the complex ½MnIV

4

CeIII
2 O2ðMe-saoÞ6ðNO3Þ4ðOAcÞ2ðH2OÞ2� ð2Þ which was

crystallographically identified as 2 Æ 6MeCN. Complex 2

is heterometallic containing both MnIV and CeIII atoms.
Since the yield of 2 was rather small (�35%) and the filtrate
– after its isolation – intensely coloured, it is likely, as with
many other reactions in Mn chemistry [17], that the reac-
tion solution contains a mixture of several species in equi-
librium, with factors such as relative solubility, lattice
energies, crystallization kinetics and so on determining
the identity of the isolated product. With the identity of
complex 2 established, we tried to prepare 2 in situ from
the 1:1:1 Mn(OAc)2 Æ 4H2O/Me-saoH2/(NH4)2[Ce(NO3)6]
reaction mixture in MeCN. We were able to isolate a
microcrystalline material which displayed an identical IR
spectrum to 2 and analytical data very close to those corre-
sponding to 2 Æ MeCN, but no single-crystals suitable for
X-ray crystallography could be made under the conditions
investigated.

The Mnn+/RCOO�/Me-saoH ternary system seems to
be of great synthetic potential, since from the 1:1 reaction
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of Mn(OAc)2 Æ 4H2O and Me-saoH2 in MeCN, we were
able to isolate and characterize the cube-like complex
½MnIII

4 ðMe-saoÞ4ðMe-saoHÞ4� ð3Þ in which all manganese
atoms are in the +3 oxidation state [12]. The same reaction
in py gave complex 1, and in the presence of
(NH4)2[Ce(NO3)6] gave complex 2, therefore suggesting
that the system is very sensitive to subtle synthetic param-
eters such as solvent, base and oxidizing agents.

3.2. Description of structures

The molecular structure of complex 1 is shown in Fig. 1,
and selected interatomic distances and angles are given in
Table 2. Complex 1 crystallizes in the monoclinic space
group P21/n. Its structure consists of an near-equilateral
MnIII

3 triangle ‘capped’ by the central oxide ion, O(1).
The core of the complex consists of a [Mn3(l3-O)]7+ moi-
ety, in which the central oxo bridge lies 0.35 Å above the
plane defined by the three manganese ions, in contrast to
the vast majority of triangular [Mn3(l3-O)]6+/7+ species
in which the central oxo group and the metal ions are
coplanar [15]. Such an arrangement has been reported
recently and has been suggested to modify the magnetic
behaviour of the complex [18]. Each edge of the triangle
is bridged by a diatomic oximate(�1) group of an
g1:g1:g1:l2-Me-sao2� ligand, whose deprotonated hydro-
xyl group is bound terminally to a MnIII ion. The
Mn(2)� � �Mn(3) edge is additionally bridged by the
g1:g1:l2-AcO� group. Two pyridine ligands complete six-
coordination at Mn(1), while the coordination sphere of
Mn(2) and Mn(3) is completed by one py molecule. Each
metal centre adopts a distorted octahedral geometry.

The oxidation states of the Mn atoms were determined
from a combination of charge balance, bond lengths, the
presence of MnIII(d4) Jahn–Teller elongation axes [N(14)–
Fig. 1. The molecular structure of complex 1 (top) and the out-of-plane
arrangement of the central oxo-group (bottom). The grey plane defines the
plane through Mn1, Mn2 and Mn3 (colour code: Mn red, O green, N blue,
C yellow).
Mn(1)–N(15), O(28)–Mn(2)–N(16), O(38)–Mn(3)–N(17)]
and bond valence sum (BVS) calculations [19]. The BVS
calculations are summarized in Table 4. There is no identi-
fiable regular packing pattern and no H-bonds are present.
The closest intermolecular Mn� � �Mn distance is �9 Å.
Complex 1 joins a rather large family of triangular MnIII

complexes containing the ½MnIII
3 ðl3-OÞ�7þ core [15b,15c,18].

The molecular structure of complex 2 is shown in Fig. 2,
and selected interatomic distances and angles are given in
Table 3. Complex 2 crystallizes in the triclinic space
group P�1, with the molecule lying on an inversion centre.
The molecule has a novel ½MnIV

4 CeIII
2 ðl3-OÞ2ðl2-OAcÞ2

ðl3-NORÞ2ðl2-NORÞ4ðl2-ORÞ4�
6þ core, whose topology

consists of six metal ions arranged as two fMnIV
2

CeIIIðl3-OÞ2g triangular subunits bridged by two oximato
oxygen atoms [O(101), O(101 0)] and two deprotonated
hydroxyl oxygen atoms [O(11), O(11 0)] that belong to
two g2:g2:g1:l4-Me-sao2� ligands. Along with the triply
bridging oxide ion [O(1), O(1 0)], each heterometallic trian-
gular subunit is held together via one g2:g1:g1:l3-Me-
sao2� ligand, one g1:g1:g1:l2-Me-sao2� ligand that bridges
the two MnIV atoms, and one g1:g1:l2-AcO� ion that
bridges Ce(1) [Ce(1 0)] and Mn(2) [Mn(2 0)]. Two chelating
nitrates and one terminal water molecule complete deca-
coordination at each CeIII ion. The MnIV ions are
hexa-coordinate adopting slightly distorted octahedral
geometries, while the CeIII ion has a bicapped square
antiprismatic geometry. The length of the near-planar het-
erometallic ‘rod’ is �6.7 Å while the closest intermolecular
M� � �M distance is �7.2 Å. The oxidation states of the Mn
and Ce atoms were assigned by a combination of charge
balance, bond lengths and BVS calculations which are
shown in Table 4 [19]. The molecules pack in such a way
as to form 1D ‘zig-zag’ like chains through an extensive
H-bonding network (Fig. 3). Each hexametallic molecule
forms six inter-molecular H-bonds; four between terminal
H2O molecules and nitrate ligands and MeCN solvate mol-
ecules; and two between the chelating nitrate ligands and
terminal H2O molecules.

It is somewhat surprising to witness the variety of coor-
dination modes adopted by the doubly-deprotonated
Me-sao2� ligand in just one molecule: three distinct coordi-
nation modes that bridge up to four metal ions, all of
which are in high oxidation states – proving the great ver-
satility (and hence potential) of this and similar ligands in
coordination chemistry. These modes are illustrated in
Scheme 2. From these three modes only one, namely the
g1:g1:g1:l2 (C) is present in 1.

Compound 2 is an extremely rare example of a hetero-
metallic Mn/Ce complex. The previously structurally
characterized examples are: (i) ½MnIII

8 CeIVO8ðO2CMeÞ12-
ðH2OÞ4� whose structure [20a] consists of a non-planar,
saddle-like [Mn8O8]8+ loop attached to the central CeIV

via O2� ions; (ii) ½MnIV
2 CeIVO3ðO2CMeÞðNO3Þ4ðH2OÞ2

ðbpyÞ2�ðNO3Þ [20b] which comprises a ½MnIV
2 ðl2-OÞ2-

ðl2-O2CMeÞ�3þ rhomb linked to a CeIV atom through a
linear O2� bridge (bpy = bipyridine); (iii) ½MnIV

2 -



Table 2
Selected interatomic distances (Å) and angles (�) for complex 1 Æ 2py

Mn(1)� � �Mn(2) 3.2390(3) Mn(2)–N(13) 2.0195(12)
Mn(1)� � �Mn(3) 3.2387(3) Mn(2)–O(53) 1.8699(10)
Mn(1)–O(1) 1.8799(10) Mn(2)–N(16) 2.3908(13)
Mn(1)–O(11) 1.9096(10) Mn(2)–O(28) 2.1616(11)
Mn(1)–N(12) 2.0112(12) Mn(3)–O(1) 1.9005(10)
Mn(1)–O(52) 1.8842(10) Mn(3)–N(11) 2.0148(12)
Mn(1)–N(14) 2.3872(13) Mn(3)–O(51) 1.8622(10)
Mn(1)–N(15) 2.4213(13) Mn(3)–O(13) 1.9234(10)
Mn(2)� � �Mn(3) 3.1785(3) Mn(3)–N(17) 2.4286(13)
Mn(2)–O(1) 1.8988(10) Mn(3)–O(38) 2.1519(11)
Mn(2)–O(12) 1.9459(10)

Mn(2)� � �Mn(1)� � �Mn(3) 58.770(7) O(53)–Mn(2)–N(16) 85.62(5)
O(1)–Mn(1)–O(11) 92.11(4) N(16)–Mn(2)–O(28) 172.79(4)
O(1)–Mn(1)–N(12) 89.88(5) O(53)–Mn(2)–O(28) 90.03(4)
O(11)–Mn(1)–N(12) 177.99(5) Mn(2)� � �Mn(3)� � �Mn(1) 60.619(7)
O(1)–Mn(1)–O(52) 178.36(4) O(1)–Mn(3)–N(11) 90.98(5)
O(11)–Mn(1)–O(52) 89.05(4) O(1)–Mn(3)–O(51) 176.19(5)
N(12)–Mn(1)–O(52) 88.95(5) N(11)–Mn(3)–O(51) 90.31(5)
O(1)–Mn(1)–N(14) 95.45(4) O(1)–Mn(3)–O(13) 92.13(4)
O(11)–Mn(1)–N(14) 91.96(5) O(1)–Mn(3)–O(38) 91.63(4)
N(12)–Mn(1)–N(14) 87.61(5) N(11)–Mn(3)–O(38) 93.70(5)
O(1)–Mn(1)–N(15) 100.65(4) O(51)–Mn(3)–O(38) 91.86(4)
O(11)–Mn(1)–N(15) 94.04(5) O(13)–Mn(3)–N(17) 85.20(4)
N(12)–Mn(1)–N(15) 85.82(5) O(13)–Mn(3)–O(38) 93.24(4)
O(52)–Mn(1)–N(14) 83.36(5) N(17)–Mn(3)–O(38) 176.12(4)
O(52)–Mn(1)–N(15) 80.40(5) N(11)–Mn(3)–O(13) 172.31(5)
N(14)–Mn(1)–N(15) 162.58(4) O(1)–Mn(3)–N(17) 91.98(4)
Mn(1)� � �Mn(2)� � �Mn(3) 60.610(7) N(11)–Mn(3)–N(17) 87.67(5)
O(1)–Mn(2)–O(12) 91.68(4) O(51)–Mn(3)–O(13) 86.15(4)
O(1)–Mn(2)–N(13) 90.84(5) O(51)–Mn(3)–N(17) 84.49(5)
O(12)–Mn(2)–N(13) 174.34(5) Mn(3)–O(1)–Mn(2) 113.57(5)
O(1)–Mn(2)–O(53) 176.82(5) Mn(3)–O(1)–Mn(1) 117.89(5)
O(12)–Mn(2)–O(53) 87.83(4) Mn(2)–O(1)–Mn(1) 118.00(5)
N(13)–Mn(2)–O(53) 89.37(5) Mn(1)–O(11)–N(11) 120.69(8)
O(1)–Mn(2)–N(16) 91.23(4) O(11)–N(11)–Mn(3) 115.52(8)
O(12)–Mn(2)–N(16) 88.29(4) O(11)–N(11)–C(21) 115.09(12)
N(13)–Mn(2)–N(16) 86.59(5) Mn(3)–N(11)–C(21) 128.92(10)
O(1)–Mn(2)–O(28) 93.15(4) N(11)–C(21)–C(31) 120.64(13)
O(12)–Mn(2)–O(28) 97.31(4) N(11)–C(21)–C(41) 120.76(13)
N(13)–Mn(2)–O(28) 87.62(5)
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CeIV
3 O6ðO2CMeÞ6ðNO3Þ2 ðmhpHÞ4� whose structure [20b]

consists of a CeIV
3 isosceles triangle, each edge of which is

bridged by two l3-O2� ions that also bridge to the two
MnIV atoms, each one lying above and below the CeIV

3 tri-
angle forming an M5 trigonal bipyramid (mhpH 6-methyl-
2-hydroxypyridine), and (iv) ½MnIV

6 CeIVO9ðO2CMeÞ9
ðMeOHÞðH2OÞ�ðClO4Þ which is a wheel of transition-metal
ions housing a central lanthanide ion [20b]. As apparent
from the above examples, complex 2 is the first structurally
characterized complex containing MnIV and CeIII. It
should be mentioned at this point that Ramalakshmi and
Rajasekharan [21] have reported the single-crystal X-ray
structure of ½MnIII;IV

2 O2ðbpyÞ4�½CeIIIðNO3Þ6�; however, this
compound is not a true heterometallic complex but a salt
containing separate [Mn2O2(bpy)4]3+ cations and
[CeIII(NO3)6]3� anions.

Complexes 1 and 2 join a very small family of structurally
characterized metal complexes with anions of Me-saoH2 as
ligands. This family currently comprises the complexes
[CoIII(Me-saoH)(NO)] [22a], [CuII(Me-saoH)2] [22b,22c],
[RhIII(Me-sao)(Me-saoH)(PPh3)2] [22d], [Ni(Me-saoH)2]
[22e], [CoII(Me-saoH)2] [22f] and ½MnIII

4 ðMe-saoÞ4-
ðMe-saoHÞ4� [12]. In the above-mentioned cobalt, nickel(II),
copper(II) and rhodium(III) complexes, the Me-saoH� and
Me-sao2� ions behave as Ophenolate, Ooxime or oximate-chelat-
ing ligands (in fact the RhIII complex contains the H bonded
tri-anion Me-sao� � �H� � �Me-sao3� as a (Ophenolate)2N2-che-
lating ligand). The manganese ‘cube’ [12] contains four
Ophenolate, Noxime-chelating Me-saoH� ligands and four
g1:g2:g1:l3-Me-sao2� ligands. However, unlike the
g2:g1:g1:l3 mode adopted by two of the Me-sao2� ligands
in 2 (B in Scheme 2), the bridging donor atom of Me-sao2�

in ½MnIII
4 ðMe-saoÞ4ðMe-saoHÞ4� is the oximate oxygen [12].

3.3. Magnetic properties

Direct current (dc) magnetic susceptibility studies
were performed on a microcrystalline sample of 1 in the



Fig. 2. The molecule structure of complex 2 (top) and its
½MnIV

4 CeIII
2 ðl3-OÞ2ðl2-OAcÞ2ðl3-NORÞ2ðl2-NORÞ4ðl2-OR0Þ4�

6þ core (bot-
tom) (colour code: Mn red, Ce olive, O green, N blue, C yellow).

Table 3
Selected interatomic distances (Å) and angles (�) for complex 2 Æ 6MeCNa

Ce(1)� � �Mn(2) 3.479(2) Mn(2)–O(1) 1.840(2)
Ce(1)� � �Mn(3) 3.997(2) Mn(2)–O(12) 1.893(3)
Mn(2)� � �Mn(3) 2.999(1) Mn(2)–O(13) 1.853(3)
Ce(1)–O(1) 2.517(2) Mn(2)–O(26) 1.920(3)
Ce(1)–O(11) 2.633(2) Mn(2)–N(92) 1.983(3)
Ce(1)–O(12) 2.612(2) Mn(2)–N(93) 1.992(3)
Ce(1)–O(14) 2.567(3) Mn(3)–O(1) 1.828(2)
Ce(1)–O(15) 2.594(3) Mn(3)–O(110) 1.913(2)
Ce(1)–O(16) 2.462(3) Mn(3)–O(101) 1.931(2)
Ce(1)–O(17w) 2.497(3) Mn(3)–O(102) 1.888(2)
Ce(1)–O(24) 2.632(3) Mn(3)–O(103) 1.904(3)
Ce(1)–O(25) 2.585(3) Mn(3)–N(910) 1.983(3)
Ce(1)–O(101 0) 2.594(2)

Ce(1)–O(1)–Mn(2) 104.92(10) O(1)–Mn(2)–O(13) 173.37(11)
Ce(1)–O(1)–Mn(3) 133.20(12) O(1)–Mn(2)–O(26) 94.45(11)
Mn(2)–O(1)–Mn(3) 109.67(12) O(12)–Mn(2)–O(26) 93.68(11)
Ce(1)–O(11)–Mn(30) 107.03(10) O(12)–Mn(2)–N(93) 177.40(12)
Ce(10)–O(101)–Ce(10) 107.92(10) O(13)–Mn(2)–N(92) 92.58(12)
Ce(1)–O(12)–Mn(2) 99.91(10) O(26)–Mn(2)–N(92) 177.70(12)
O(14)–Ce(1)–O(24) 48.86(9) O(26)–Mn(2)–N(93) 88.31(12)
O(15)–Ce(1)–O(25) 49.21(9) N(2)–Mn(2)–N(93) 92.09(12)
O(1)–Ce(1)–O(14) 136.58(9) O(1)–Mn(3)–O(110) 171.85(11)
O(11)–Ce(1)–O(25) 123.71(8) O(1)–Mn(3)–O(103) 90.76(11)
O(12)–Ce(1)–O(24) 71.65(8) O(11 0)–Mn(3)–N(910) 84.31(11)
O(14)–Ce(1)–O(16) 71.66(9) O(101)–Mn(3)–O(102) 173.49(10)
O(15)–Ce(1)–O(24) 67.74(9) O(101)–Mn(3)–N(91 0) 91.35(11)
O(16)–Ce(1)–O(1010) 115.34(8) O(102)–Mn(3)–O(103) 89.12(11)
O(17w)–Ce(1)–O(25) 79.05(9) O(102)–Mn(3)–N(91 0) 91.27(12)
O(24)–Ce(1)–O(1010) 172.81(9) O(103)–Mn(3)–N(91 0) 178.35(12)
O(25)–Ce(1)–O(1010) 67.14(8)

a Symmetry transformation used to generate equivalent atoms: ( 0) �x,
�y + 1, �z.

Table 4
BVS calculations for complexes 1 and 2

Complex Mn(1) Mn(2) Mn(3) Ce(1)

1 2.963 3+ 3.048 3+ 3.100 3+
2 3.954 4+ 3.979 4+ 3.013 3+
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5–300 K range in an applied field of 0.1 T and under a
field of 0.03 T in the 2–20 K range. The results are plotted
as the vMT product versus T in Fig. 4. The vMT value of
9.13 cm3 K mol�1 at 300 K (close to the spin-only (g = 2)
value of 9.00 cm3 K mol�1 expected for a ½MnIII

3 � unit
comprising three non-interacting, high-spin MnIII ions)
gradually decreases upon cooling down to
2.51 cm3 K mol�1 at 5 K. This behaviour is consistent
with the presence of dominant antiferromagnetic interac-
tions between the metal centres with the low temperature
values indicating a small (S � 2) spin ground-state for 1.
Inspection of the molecular structure reveals that there
are two exchange pathways between the metal centres:
one (J1) for the Mn(1)� � �Mn(2) and Mn(1)� � �Mn(3) pairs
mediated by the g1:g1:l2-NO� group of the Me-sao2�

ligand, and a second (J2) for the Mn(2)� � �Mn(3) pair
mediated by the g1:g1:l2-NO� group of the Me-sao2�

ligand and the g1:g1:l2-AcO� ligand. The spin Hamilto-
nian for an isosceles triangle is given in the following
equation:

bH ¼ �2J 1
bS 1
bS 2 þ bS1

bS 3

� �
� 2J 2

bS2
bS 3

� �
ð1Þ
Using the Kambe vector coupling method, we were able to
determine the fitting parameters J1 = �1.06 cm�1,
J2 = �2.82 cm�1, g = 2.03 and S = 2 (with TIP held con-
stant to 600 · 10�6 cm3 mol�1). Previous studies [15] of tri-
angular complexes containing the planar ½MnIII

3 ðl3-OÞ�7þ
core have indicated weak antiferromagnetic exchange of
similar magnitudes. The exchange between MnIII ions med-
iated by oximato (Mn–N–O–Mn) bridges has also been re-
ported to be very weak; for example the exchange in the
previously discussed [Mn4] cube [12] was found to be of
the order of 1–2 cm�1. In addition the presence of an addi-
tional bridging carboxylate will likely contribute to weak
exchange: if there are different bridging units that mediate
the exchange between metal centres (carboxylate and oxi-
mato) then orbital counter-complementarity effects must
also be considered. It is particularly important when the ex-
change interactions are small, as is the case here.

In order to confirm the magnitude of the ground state,
magnetization data were collected in the ranges 1–6 T



Fig. 3. The crystal packing of complex 2 showing the formation of ‘1D chains’. The colour scheme is the same as in Fig. 2.

Scheme 2. The coordination modes of the oximato(�2) ligand in 1 and 2.
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and 1.8–10 K and these are plotted as reduced magnetiza-
tion (M/NlB) versus H/T in Fig. 5. The data were fit by
a matrix diagonalization method to a model that assumes
only the ground state is populated, includes axial zero-field
splitting ðDbS 2

z Þ and the Zeeman interaction, and carries out
a full powder average. The corresponding Hamiltonian is
given in Eq. (2), where D is the axial anisotropy, lB is
the Bohr magneton, l0 is the vacuum permeability, bS z is
the easy-axis spin operator and H is the applied field:

bH ¼ DbS2
z þ glBl0

bS � H ð2Þ
The best fit gave S = 2, g = 1.94 and D = �2.43 cm�1.
Numerous fits employing only the low field data gave sim-
ilar numbers, while fixing the g-value to 2.0 (spin-only) pro-
viding considerably poorer results. Given the weak
exchange between the metal centres, the expected presence
of a number of low-lying excited states and the likelihood
of significant zero-field splitting of the S states, an accurate
determination of S and (particularly) jDj via magnetization
measurements is difficult and thus inherently inaccurate.
Our model assumes population only of the ground state
– a scenario which is unlikely to be true, even at the low
temperatures employed. The use of only low field data in
magnetization versus field fits normally helps to overcome
this problem and provide more reliable results. However, in
this case all fits produced parameters of similar magnitude
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Fig. 4. Plot of vMT vs. T for complex 1. The solid line represents a fit of
the data in the temperature range 300–5 K (see text for details).
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Fig. 5. Plot of reduced magnetization (M/NlB) vs. H/T for 1 in fields
1–6 T and temperatures 1.8–10 K.
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and goodness of fit. While the magnitude of S is in agree-
ment with the fit of the dc susceptibility data above (and
as expected for a ½MnIII

3 � triangle), the validity of the mag-
nitude and sign of jDj is debatable (at best), and a more
accurate determination needs to be made from multi-fre-
quency EPR studies. These are currently in progress.

Solid state dc magnetic susceptibility measurements
were collected for complex 2 in the temperature range
1.8–300 K in an applied field of 1 kG (see Fig. 6). The room
temperature vMT value of approximately 7.4 cm3 K mol�1

(Mn4+, S = 3/2; Ce3+, 2F5/2, S = 1/2, L = 3, J = 5/2)
decreases rather steeply with decreasing temperature to a
value of approximately 5.5 cm3 K mol�1 at 150 K, and
then ca. 2 cm3 K mol�1 at 10 K before decreasing some-
what more gently to a minimum value of �1.6 cm3

K mol�1 at 1.8 K. This is indicative of the presence of dom-
inant (and reasonably strong) antiferromagnetic interac-
tions between the four Mn4+ ions, with the residual
magnetization at low temperature likely due to the pres-
ence of two essentially non-interacting Ce3+ ions (vMT

value per Ce3+ ion, 0.8 cm3 K mol�1).

4. Conclusion

The present work extends the body of results that
emphasizes the ability of the dianionic derivatives of sali-
cylaldoxime to form interesting structural types in 3d-tran-
sition metal chemistry. The use of Me-saoH2 in reactions
with Mn(II) acetate sources has provided access to three
new complexes: (i) the recently reported ½MnIII

4 � distorted
cube [12] containing both Me-saoH� and Me-sao2�

ligands, possessing an S = 8 ground state and exhibiting
SMM behaviour; (ii) complex 1 reported here which is a
rare example of an oxo-centred trimetallic cluster in which
the MnIII

3 centres are bridged mainly by ligands other than
carboxylates, and (iii) complex 2, also reported in this
work, the synthesis of which may ‘‘open’’ a synthetic route
to a new class of mixed MnIV/CeIII/O2� molecular clusters.
This new procedure has great potential as a route to related
species by replacing the Mn and/or Ce for other metal ions.
In these three Mn clusters, the ligand Me-sao2� exhibits
four different coordination modes (l2, l3, l4). This shows
that Me-sao2� is a very flexible and versatile ligand for a
variety of objectives, including formation of polynuclear
complexes (clusters) with other 3d-metal ions, mixed-metal
chemistry and magnetochemistry. Thus the future promises
many more new and exciting complexes with a host of
paramagnetic metal ions including 3d transition metals,
combinations of 3d with 4d, 5d and 4f metals, and homo-
metallic 4f-metal clusters.
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