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The use of the anion of 2,2-bis(hydroxymethyl)-2,2¢,2¢¢-nitrilotriethanol (‘bis-tris’ or LH5 ) as a chelate
in Mn cluster chemistry is reported, and two products [Mn(N3 )(LH3 )] (1) and [Mn5 (LH2 )3 (LH5 )(MeOH)2.5 ]Cl4 (2) are described. The reaction of Mn(ClO4 )2 ·6H2 O and NaN3 with LH5 and NEt3 in a
1 : 1 : 1 : 2 molar ratio in DMF gave complex 1. The reaction of 1, NEt3 and MnCl2 ·4H2 O in a 2 : 2 : 1
ratio in MeOH gave the pentanulear complex 2. Complex 1 contains a distorted-octahedral MnIII atom
exhibiting a Jahn–Teller axial elongation. Complex 2 has a mixed-valence MnII 2 MnIII 3 trigonal
bipyramidal Mn5 topology, with the apical positions of the [Mn5 (m-OR)7 ]6+ core occupied by the MnII
atoms. Variable-temperature, solid-state dc and ac magnetization studies are reported for 1 and 2 in the
1.8–300 K range. The data for 1 are as expected for a high-spin d4 MnIII complex with S = 2; at low
temperature, the effects of zero-ﬁeld splitting (ZFS) and intermolecular antiferromagnetic interactions
via OH ◊ ◊ ◊ O hydrogen bonds become evident. Fitting of magnetization vs. ﬁeld (H) and temperature
(T) data by matrix diagonalization gave S = 2, D = -3.25 cm-1 and |E| = 0.32 cm-1 , with g ﬁxed at
2.00, where D and E are the axial and rhombic ZFS parameters, respectively. The analogous ﬁt for 2
gave S = 3 and D = -0.68 cm-1 . The combined results demonstrate the usefulness of ‘bis-tris’ as a new
poly-alkoxide chelate for the synthesis of new Mn complexes.

Introduction
There continues to be great interest in the synthesis and study
of polynuclear 3d transition metal complexes, not least for
their intrinsic architectural beauty and aesthetically pleasing
structures.1 Other reasons for this interest are varied, and for
manganese it derives from their relevance to two ﬁelds. First,
the ability of Mn to exist in three oxidation states (II–IV) under
normal conditions has resulted in it being at the active sites
of several redox enzymes, such as the water-oxidizing complex
(WOC) of photosystem II in green plants and cyanobacteria.2
Second, polynuclear Mn compounds containing MnIII have been
found to often have large, and sometimes abnormally large,
ground-state spin values (S). When combined with a large and
negative magnetoanisotropy, this has led to some of these species
being able to function as single-molecule magnets (SMMs).3 These
are individual molecules that behave as magnets below a certain
(“blocking”) temperature.4 Thus, they represent a molecular,
‘bottom-up’ approach to nanomagnetism.5
As a result of the above, we have explored and successfully
developed over the years many synthetic routes to new polynuclear
Mn complexes,5,6 with nuclearities currently up to 84.7 These
procedures have included comproportionation reactions of simple
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starting materials,8 aggregation of clusters of smaller nuclearity,9
fragmentation of higher nuclearity clusters,10 reductive aggregation or fragmentation of preformed clusters,11 electrochemical oxidation,12 disproportionation,13 and ligand substitution of
preformed species,14 among others. As part of this work, we5,15
and others16 have also explored a wide variety of potentially
chelating and/or bridging ligands that might foster formation
of high nuclearity products. Two families of such ligands are
the dipodal and tripodal alcohols, which 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 behaviour.17 Two examples of such
organic species are N-methyldiethanolamine (mdaH2 ) and 1,1,1tris(hydroxymethyl)ethane (thmeH3 ), shown in Scheme 1. As
an extension to this productive use of mdaH2 and thmeH3 ,
we have explored the products that might result from the
fusion of these two groups into a pentol ligand, namely 2,2bis(hydroxymethyl)-2,2¢,2¢¢-nitrilotriethanol (‘bis-tris’, hereafter
LH5 ) shown in Scheme 1.

Scheme 1
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‘Bis-tris’ (LH5 ) is often employed as an aqueous buffer solution
for biological materials, and has also been occasionally used in inorganic chemistry for the synthesis of mononuclear Co, Ni, Cu and
Zn complexes; these contain neutral LH5 groups bound through
their N and four of the ﬁve protonated O atoms.18 In 3d metal cluster chemistry, the only reported examples are the tetra- and pentanuclear cobalt complexes, [CoIII 4 NaI 2 (LH)2 (LH2 )2 (MeOH)4 ] and
[CoII 4 CoIII (LH)2 (LH2 )2 ], where the triply- (LH2 3- ) and quadruplydeprotonated (LH4- ) groups act as N,O,O,O,O-chelates to a CoIII
atom, and link with their deprotonated arms to neighbouring
metal atoms.19
The fusion of mdaH2 and thmeH3 within LH5 suggested that
the latter would likely give Mn cluster products distinctly different
from those obtained with mdaH2 and thmeH3 alone. In the present
work, we have explored the reactions between LH5 and various
non-carboxylate Mn starting materials under basic conditions.
We shall describe how this study has led to a mononuclear MnIII
complex containing a doubly-deprotonated (LH3 2- ) N,O,O,O,O
chelate, and that this complex is an excellent ‘stepping-stone’
to a new mixed-valence MnII 2 MnIII 3 cluster containing both
LH2 3- and LH3 2- bridging groups. The syntheses, structures, and
magnetochemical characterization of these complexes are reported
herein.

Experimental
Syntheses
All manipulations were performed under aerobic conditions
using chemicals and solvents as received, unless otherwise stated.
(NEt4 )2 [MnCl5 ] was prepared as described elsewhere.20 WARNING: Azide and perchlorate salts are potentially explosive; such
compounds should be synthesized and used in small quantities, and
treated with utmost care at all times.
[Mn(N3 )(LH3 )] (1). To a stirred solution of LH5 (0.42 g,
2.0 mmol) and NEt3 (0.56 mL, 4.0 mmol) in DMF (20 mL) was
added solid Mn(ClO4 )2 ·6H2 O (0.72 g, 2.0 mmol). The resulting
brown solution was stirred for 1 h, during which time solid NaN3
(0.13 g, 2.0 mmol) was added in small portions. The solution
was stirred for a further 30 min, ﬁltered, and the ﬁltrate layered
with Et2 O (40 mL). After 4 days, red crystals of 1· 12 Et2 O were
collected by ﬁltration, washed with Et2 O (2 ¥ 5 mL), and dried
under vacuum over silica gel; the yield was ~70%. The dried solid
analysed as solvent-free. Found: C, 36.20; H, 3.55; N, 16.45%.
Calcd for C8 H17 MnN4 O5 : C, 36.10; H, 3.46; N, 16.54%. IR (KBr,
cm-1 ): 3332mb, 2860m, 2551mb, 2069vs, 1477m, 1371m, 1334s,
1243w, 1146m, 1103m, 1059vs, 1017s, 892m, 752m, 717w, 677m,
643w, 579m, 545s, 478m, 410m.
{[Mn5 (LH2 )3 (LH5 )(MeOH)3 ]Cl4 }·{[Mn5 (LH2 )3 (LH5 )(MeOH)2 Cl]Cl3 } (2).
Method A. To a stirred, red solution of complex 1 (0.60 g,
2.0 mmol) in MeOH (40 mL) was added NEt3 (0.28 mL, 2.0 mmol).
The resulting dark red solution was stirred for 20 min, during
which time solid MnCl2 ·4H2 O (0.20 g, 1.00 mmol) was added in
portions. The solution was stirred for a further 5 min, ﬁltered, and
the ﬁltrate left undisturbed to concentrate slowly by evaporation.
After 5 d, red crystals of 2·4MeOH were collected by ﬁltration,
washed with cold MeOH (2 ¥ 3 mL) and Et2 O (2 ¥ 5 mL),
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and dried under vacuum over silica gel; the yield was ~50%.
The dried solid analysed as solvent-free using an average formula
of [Mn5 (LH2 )3 (LH5 )(MeOH)2.5 ]Cl4 . Found: C, 31.40; H, 5.95; N,
4.11%. Calcd for C34.5 H77 Mn5 N4 O22.5 Cl4 : C, 31.29; H, 5.86; N,
4.23%. IR (KBr, cm-1 ): 3365sb, 2872mb, 1633m, 1469m, 1379m,
1312w, 1256w, 1106m, 1044s, 917m, 893m, 722w, 681m, 623s,
553m, 496w.
Method B. To a stirred, red solution of complex 1 (0.60 g,
2.0 mmol) in MeOH (40 mL) was added NEt4 OH (0.30 g,
2.0 mmol). The resulting dark red solution was stirred for 30 min,
during which time solid (NEt4 )2 [MnCl5 ] (0.49 g, 1.0 mmol) was
added in portions. The solution was stirred for a further 5 min,
ﬁltered, and the ﬁltrate left undisturbed to concentrate slowly by
evaporation. After 8 d, red crystals were collected by ﬁltration,
washed with cold MeOH (2 ¥ 3 mL) and Et2 O (2 ¥ 5 mL), and dried
under vacuum over silica gel; the yield was ~35%. The identity of
the product was conﬁrmed by elemental analysis (Found: C, 31.47;
H, 5.83; N, 4.01%. Calcd for C34.5 H77 Mn5 N4 O22.5 Cl4 : C, 31.29; H,
5.86; N, 4.23%), and IR spectroscopic comparison with material
from method A.
Method C. To a stirred solution of LH5 (0.42 g, 2.0 mmol) and
NEt3 (0.64 mL, 6.0 mmol) in MeOH (50 mL) was added solid
MnCl2 ·4H2 O (0.40 g, 2.0 mmol). The resulting dark red solution
was stirred for 1 h, ﬁltered, and the ﬁltrate left undisturbed to
concentrate slowly by evaporation. After 4 d, red crystals were
collected by ﬁltration, washed with cold MeOH (2 ¥ 3 mL) and
Et2 O (2 ¥ 5 mL), and dried under vacuum over silica gel; the yield
was ~75%. The identity of the product was conﬁrmed by elemental
analysis ([Mn5 (LH2 )3 (LH5 )(MeOH)2.5 ]Cl4 ·2H2 O; Found: C, 30.35;
H, 6.21; N, 4.19%. Calcd for C34.5 H81 Mn5 N4 O24.5 Cl4 : C, 30.46; H,
6.00; N, 4.12%), and IR spectroscopic comparison with material
from method A.
X-Ray crystallography and solution of structure
Data were collected on a Siemens SMART PLATFORM equipped
with a CCD area detector and a graphite monochromator utilizing
Mo-Ka radiation. Suitable crystals of 1· 12 Et2 O, and 2·4MeOH
were attached to glass ﬁbres using silicone grease and transferred
to a goniostat where they were cooled to 173 K for data collection.
An initial search of reciprocal space revealed a triclinic cell for
both compounds; the choice of space group P1̄ 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 w-scan method
(0.3◦ frame width). The ﬁrst 50 frames were remeasured 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 SHELXTL6,21
and reﬁned on F 2 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· 12 Et2 O, the asymmetric unit consists of the Mn molecule,
and half of a Et2 O molecule of crystallization disordered about
an inversion centre. The latter could not be modeled properly,
thus the program SQUEEZE,22 a part of the PLATON package
This journal is © The Royal Society of Chemistry 2009

Table 1 Crystallographic data for 1· 12 Et2 O and 2·4MeOH
Formulaa
M/g mol-1 a
Crystal system
Space group
a/Å
b/Å
c/Å
a/◦
b/◦
g /◦
U/Å3
Z
T/K
l/Åb
rcalc /g cm-3
m/mm-1
Measd/independent
(Rint ) reﬂns
Obsd reﬂns [I > 2s(I)]
R1 c , d
wR2 e

C10 H22 MnN4 O5.5
341.25
Triclinic
P1̄
7.8789(7)
9.3663(8)
9.9722(8)
92.000(2)
93.201(2)
100.783(2)
721.02(11)
1
173(2)
0.71073
1.572
0.945
4947/3230
(0.0456)
2492
0.0332
0.0724

C73 H170 Mn10 N8 O49 Cl8
2777.20
Triclinic
P1̄
13.0460(7)
14.7764(7)
32.4347(16)
90.395(1)
101.172(1)
110.509(1)
5726.2(5)
2
173(2)
0.71073
1.621
1.340
36 154/25 053
(0.1016)
16 199
0.0648
0.1584

b
c
Including
Graphitemonochromator.
 solvent molecules.

 I > 2s(I).
R1 = (F o | - |F c )/ |F o |. e wR2 = [ [w(F o 2 - F c 2 )2 ]/ [w(F o 2 )2 ]]1/2 ,
w = 1/[s2 (F o 2 ) + [(ap)2 + bp], where p = [max(F o 2 , 0) + 2F c 2 ]/3.

a
d

of crystallographic software, was used to calculate the solvent
disorder area and remove its contribution to the overall intensity
data. A total of 175 parameters were included in the structure
reﬁnement using 2492 reﬂections with I > 2s(I).
For 2·4MeOH, the asymmetric unit consists of two Mn5 clusters,
differing only in that one has a terminally-bound MeOH group on
Mn3 while the other has a terminally-bound Cl- ion at this position
(Mn8); everything else is the same. There are also seven Cl- anions
and four MeOH molecules of crystallization in the asymmetric
unit. One Mn5 cluster exhibited some disorder problems: The
OH groups on C15 (O9) and C30 (O23) are disordered about
two sites with 50:50% occupancies. There is also disorder at the
bound MeOH groups (O11 and O12) and nearby lattice MeOH
groups (O47 and O46) with which they are hydrogen bonding
(O11 ◊ ◊ ◊ O47 = 2.700(6) Å, O12 ◊ ◊ ◊ O46 = 2.731(6) Å). There is
also extensive hydrogen bonding between the Cl- anions and OH
groups of LH2 3- and LH3 2- chelates, with O ◊ ◊ ◊ Cl distances all in
the 3.0–3.1 Å range, or slightly greater. A total of 1449 parameters
were included in the structure reﬁnement using 25 053 reﬂections
with I > 2s(I).
CCDC reference numbers 666391 and 666390 for 1· 12 Et2 O and
2·4MeOH, respectively. For crystallographic data in CIF or other
electronic format see DOI: 10.1039/b810701g
Other studies
Infrared spectra were recorded in the solid state (KBr pellets) in the
400–4000 cm-1 range with a Nicolet Nexus 670 FTIR spectrometer.
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 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 icosane to prevent
torquing. Magnetization vs. ﬁeld and temperature data were ﬁt
using the program MAGNET.23a Pascal’s constants were used to
This journal is © The Royal Society of Chemistry 2009

estimate the diamagnetic corrections, which were subtracted from
the experimental susceptibilities to give the molar paramagnetic
susceptibilities (c M ). The values of the diamagnetic susceptibilities
for complexes 1 and 2 were calculated as -142.9 ¥ 10-6 cm3 mol-1
for the former and -678.45 ¥ 10-6 cm3 mol-1 for the latter.23b

Results and discussion
Syntheses
Most synthetic procedures to polynuclear Mn clusters rely
on the reaction of either the triangular [Mn3 O(O2 CR)6 L3 ]0,+
complexes or simple MnII salts with a potentially chelating ligand. In particular, thmeH3 and mdaH2 have given a
number of carboxylate-containing products such as the disklike [Mn9 O7 (O2 CMe)11 (thme)(py)3 (H2 O)2 ]24 and a family of
Mnx /thme3- (x = 6–12) rod-like clusters,25 as well as the looplike [Mn12 (O2 CMe)14 (mda)8 ] and a [Mn4 (O2 CPh)4 (mda)2 (mdaH)2 ]
cage.26 However, in the absence of carboxylate groups,
the only structurally-characterised products have been the
[Mn2 (thmeH)2 (bpy)2 ]2+27 and the wheel-like [Mn7 X6 (mda)6 ]- (X =
Cl- , N3 - ) clusters.28 In the present study, we have investigated
the reactions of LH5 with simple MnII sources in the absence of
carboxylate groups. In some cases, we have in addition included a
source of azide ions, which are also excellent bridging ligands and
can foster the formation of high nuclearity products.29
Various reactions have been systematically explored with differing reagent ratios, reaction solvents, and other conditions.
The reaction of Mn(ClO4 )2 ·6H2 O and NaN3 with LH5 and
NEt3 in a 1 : 1 : 1 : 2 molar ratio in DMF gave a brown solution and the subsequent isolation of well-formed red crystals
of [Mn(N3 )(LH3 )]· 21 Et2 O (1· 21 Et2 O) in high yield (~70%). The
formation of 1 is summarized in eqn (1).
Mn2+ + LH5 + NEt3 + N3 - + 14 O2 → [Mn(N3 )(LH3 )]
+ NHEt3 + + 12 H2 O
II

(1)

III

The oxidation of Mn to Mn is almost certainly by atmospheric O2 under the slightly basic conditions prevailing. The
use of DMF as reaction solvent is crucial for clean product
formation; oily products were obtained when the reaction was
performed in MeOH, EtOH or MeCN, whereas no signiﬁcant
reaction was observed when the solvent was CH2 Cl2 or CHCl3 .
However, complex 1 was obtained using DMSO as reaction solvent
but in a much lower yield (~20%). The presence of NEt3 is also
crucial for the clean isolation of 1, providing a proton acceptor to
facilitate the partial deprotonation of LH5 . In an attempt to fully
deprotonate LH5 and thus perhaps obtain higher nuclearity Mn
products, several reactions were performed with higher NEt3 :LH5
ratios, up to 5 : 1. However, complex 1 was still the only isolable
product, in comparable (2 : 1 ratio) or lower (3–5 : 1 ratio) yields.
No added base at all gave only pale yellow solutions indicative of
MnII products, likely containing the neutral LH5 ligand.
Since complex 1 was obtained from the presence of NaN3 , we
also explored various Mn(ClO4 )2 /LH5 /NEt3 reaction systems in
DMF in the absence of azide. These gave dark brown solutions
but we have been unable to date to isolate any clean products from
these reactions, except when the solvent was MeOH (vide infra).
With several higher MnII : LH5 ratios and added base, we again
targeted higher-nuclearity products, but in all cases complex 1 was
again the only isolable product, in poor yields of 10–20%.
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Since we could not easily divert the synthesis of complex 1 to
higher nuclearity products, we instead decided to investigate reactions of pre-isolated 1. Its insolubility in most common solvents
limited our choices, and we thus employed MeOH in which 1
is very slightly soluble. Given the only partial deprotonation of
LH3 2- in 1, we targeted its additional deprotonation by reaction
of 1 with 1–3 equivalents of base, either NEt3 or NMe4 OH. Such
reactions gave insoluble amorphous powders that perhaps were
polymeric, and the ﬁltrates gradually became colorless, indicating
the presence of exclusively MnII species. We thus added additional
MnII to discourage polymer formation, and now the reaction of 1,
NEt3 and MnCl2 ·4H2 O in a 2 : 2 : 1 ratio in MeOH (Method A of
Experimental section) led to subsequent isolation of well-formed
red crystals of [Mn5 (LH2 )3 (LH5 )(MeOH)2.5 ]Cl4 (2) in good yield
(~50%). Its formation is summarized in eqn (2).
4[Mn(N3 )(LH3 )] + 2Mn2+ + NEt3 + 2 12 MeOH → 4N3 - +
[Mn5 (LH2 )3 (LH5 )(MeOH)2.5 ]4+ + NHEt3 + + Mn3+

Mn–O1
Mn–O2
Mn–O3
O1–Mn–O3
O1–Mn–N1
O1–Mn–N4

1.907(1)
2.208(1)
1.876(1)
169.33(6)
93.43(7)
85.70(6)

Mn–O4
Mn–N1
Mn–N4
O1–Mn–O4
O2–Mn–O4
N1–Mn–N4

2.235(2)
1.973(2)
2.063(2)
92.04(6)
159.42(6)
177.15(7)

(2)

A similar reaction (Method B) but with extra MnIII , added as
the (NEt4 )2 [MnCl5 ] salt, and NEt4 OH in place of NEt3 , also gave
complex 2 but in a lower yield (~35%).
Once the identity of 2 had been established, we also sought and
identiﬁed a convenient preparation of 2 in MeOH involving aerial
oxidation of simple MnII starting materials. This was the reaction
between MnCl2 ·4H2 O, LH5 and NEt3 in a 1 : 1 : 3 ratio in MeOH,
which gave 2 in high-yield (~75%); the reaction is summarized in
eqn (3).
5Mn2+ + 4LH5 + 6NEt3 + 34 O2 + 2 12 MeOH →
[Mn5 (LH2 )3 (LH5 )(MeOH)2.5 ]4+ + 6NHEt3 + + 1.5H2 O

Table 2 Selected interatomic distances (Å) and angles (◦ ) for 1· 12 Et2 O

Fig. 1 Labelled PovRay representation of complex 1, with H atoms
omitted for clarity.

(3)

Again, an increase in the NEt3 : LH5 ratio up to 5 : 1 gave
comparable (or slightly decreased) yields of complex 2 rather
than a higher nuclearity product from complete deprotonation of
LH2 3- /LH5 groups. Further increases in the amount of NEt3 led
to insoluble amorphous precipitates that may be polymers formed
from this further deprotonation. Complex 2 was also obtained,
but in lower yields (<20%), from reactions with MnII : LH5 ratios
of 2 : 1, 3 : 1, and 1 : 2 in MeOH. Clearly, complex 2 is the preferred
product of these reaction components under these conditions.
Structural description of [Mn(N3 )(LH3 )] (1) and {[Mn5 (LH2 )3 (LH5 )(MeOH)3 ]Cl4 }·{[Mn5 (LH2 )3 (LH5 )(MeOH)2 Cl]Cl3 } (2)
A partially labeled representation of complex 1 is shown in Fig. 1.
Selected interatomic distances and angles are listed in Table 2. The
compound crystallizes in triclinic space group P1̄ with the Mn
monomer in a general position. The MnIII atom is coordinated
by a {NO4 }-pentadentate chelating LH3 2- group (Scheme 2) and
a N-atom from a terminal N3 - group. Thus, the MnIII atom is
six-coordinate with distorted octahedral geometry and exhibits
a Jahn–Teller (JT) distortion, as expected for a d4 ion in nearoctahedral geometry. The distortion takes the form of an axial
elongation, as is almost always the case for MnIII , with the
elongation axis being O(2)–Mn–O(4), as reﬂected in the two long
trans bonds (Mn–O2 = 2.208(1) Å and Mn–O4 = 2.235(2) Å).
The MnIII oxidation state was conﬁrmed by a bond valence sum
(BVS) calculation,30 which gave a value of 3.07. BVS calculations
on the O atoms also conﬁrmed that two of the bound O atoms (O1
and O3) are deprotonated (BVS = 1.78–1.89), whereas the other
44 | Dalton Trans., 2009, 41–50

Scheme 2 The coordination modes of LH5 (top, left), LH3 2- (top, right),
and LH2 3- (bottom) in complexes 1 and 2. Colour scheme: MnII yellow;
MnIII blue; O red; N, green; C grey.

two bound O atoms (O2 and O4) remain protonated (BVS =
1.34–1.38), as is the unbound O atom O5; i.e. the chelate is LH3 2- .
There are three symmetry-inequivalent, intermolecular
OH ◊ ◊ ◊ O hydrogen bonds involving the protonated LH3 2- O atoms
being the H-bond donors and the deprotonated LH3 2- O atoms
of a neighboring molecule being the acceptors (Fig. 2). Two of
these H-bonds, O(2) ◊ ◊ ◊ O(3) = 2.560(4) Å and O(4) ◊ ◊ ◊ O(1) =
2.582(4) Å, serve to link neighbouring Mn monomers into onedimensional, zig-zag chains along the b axis. The remaining one,
This journal is © The Royal Society of Chemistry 2009

Table 3 Selected interatomic distances (Å) and angles (◦ ) for 2a

Fig. 2 A partially-labelled section of the 2D hydrogen bonding network
of 1 illustrating the inter-chain hydrogen bonding linkages through the
LH3 2- groups. Colour scheme: Mn, blue; O, red; N, green; C, grey.

Mn1–O1
Mn1–O2
Mn1–O3
Mn1–O17
Mn1–O22
Mn1–N1
Mn2–O3
Mn2–O5
Mn2–O6
Mn2–O7
Mn2–O8
Mn2–N2
Mn3–O1
Mn3–O10
Mn3–O11
Mn1 ◊ ◊ ◊ Mn2
Mn1 ◊ ◊ ◊ Mn3
Mn1 ◊ ◊ ◊ Mn4
Mn1 ◊ ◊ ◊ Mn5
Mn2 ◊ ◊ ◊ Mn3
Mn1–O3–Mn2
Mn1–O1–Mn3
Mn1–O17–Mn4
Mn1–O22–Mn5

1.917(4)
2.386(4)
1.911(3)
1.895(4)
2.118(4)
2.057(4)
2.080(3)
2.202(5)
2.214(5)
2.151(5)
2.219(5)
2.314(5)
2.184(3)
2.242(4)
2.239(4)
3.533(2)
3.701(3)
3.710(2)
3.673(2)
6.728(4)
124.5(2)
128.8(2)
133.0(2)
132.3(2)

Mn3–O12
Mn3–O13
Mn3–O14
Mn4–O14
Mn4–O15
Mn4–O16
Mn4–O17
Mn4–O21
Mn4–N3
Mn5–O13
Mn5–O19
Mn5–O20
Mn5–O21
Mn5–O22
Mn5–N4
Mn2 ◊ ◊ ◊ Mn4
Mn2 ◊ ◊ ◊ Mn5
Mn3 ◊ ◊ ◊ Mn4
Mn3 ◊ ◊ ◊ Mn5
Mn4 ◊ ◊ ◊ Mn5
Mn3–O14–Mn4
Mn3–O13–Mn5
Mn4–O21–Mn5

2.215(4)
2.155(4)
2.165(4)
1.921(4)
2.474(4)
1.885(4)
2.148(3)
1.879(4)
2.053(4)
1.926(4)
2.355(4)
1.866(4)
2.161(4)
1.897(3)
2.059(4)
4.813(4)
4.863(3)
3.667(2)
3.662(2)
3.753(2)
127.5(2)
127.5(2)
136.5(2)

O(5) ◊ ◊ ◊ O(1) = 2.758(3) Å, serves to link the chains along the
crystallographic a axis into a 2D sheet structure (Fig. 2). The
existence of these many strong hydrogen bonds rationalizes the
high thermodynamic stability of 1 leading to its very low solubility
in all organic solvents.
Complex 2 crystallizes in the triclinic space group P1̄ with two
crystallographically independent Mn5 cations in the asymmetric
unit, both in a general position. The two units, [Mn5 (LH2 )3 (LH5 )(MeOH)3 ]Cl4 (2a) and [Mn5 (LH2 )3 (LH5 )(MeOH)2 Cl]Cl3 (2b) are
essentially identical, differing only in that a terminal MeOH group
of 2a is replaced by a terminal Cl- ion in 2b; as a result, the overall
charge of 2a is 4+, whereas that of 2b is 3+. Thus, only the structure
of 2a will be further discussed.
The partially labelled structure of the [Mn5 (LH2 )3 (LH5 )(MeOH)3 ]4+ (2a) cation is shown in Fig. 3. Selected interatomic
distances and angles are listed in Table 3. The labelled structure

and interatomic distances and angles for complex 2b are shown
in Fig. S1 and Table S1, respectively, in the ESI.† The core of
2a consists of ﬁve Mn atoms arranged in a distorted trigonal
bipyramidal topology (Fig. 4, top). The apical positions are
occupied by two MnII ions, whereas three MnIII ions reside in
the equatorial trigonal plane. The Mneq –Mneq –Mneq , Mneq –Mneq –
Mnap , and Mneq –Mnap –Mneq angles range from 59.0(2)–61.1(2)◦ ,
59.1(2)–84.9(2)◦ , and 45.6(2)–61.6(2)◦ , respectively. Each MnIII ion
is linked by three monoatomic RO- bridges (O1, O13, O14) of three
LH2 3- groups to one of the apical MnII (Mn3) atoms. The only

Fig. 3 Labelled PovRay representation of the cation 2a, with H atoms
omitted for clarity. Colour scheme: MnII yellow; MnIII blue; O red; N green;
C grey.

Fig. 4 (top) The Mn5 topology of 2a, emphasizing the trigonal bipyramidal description. (bottom) PovRay representation of the complete
[Mn5 (m-OR)7 ]6+ core. Colour scheme: MnII yellow; MnIII blue; O red.
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linkage between an equatorial MnIII ion (Mn1) and the remaining
apical MnII atom (Mn2) is provided by another monoatomic RObridge (O3) from an LH2 3- group. The three MnIII centers are
bridged by three RO- groups (O17, O21, O22), one each from the
three LH2 3- chelates. Two of the latter are pentadentate-chelating
to a MnIII atom, with two of their three deprotonated RO- arms
bridging to an adjacent MnII and MnIII atom; these groups are thus
h1 :h2 :h1 :h1 :h2 :m3 (Scheme 2). The remaining LH2 3- group is also
pentadentate-chelating to a MnIII atom, but in this case all three
deprotonated RO- arms bridge to adjacent MnII and MnIII atoms;
this group is thus h1 :h2 :h1 :h2 :h2 :m4 (Scheme 2). In addition, there is
one neutral LH5 group acting as a pentadentate chelate (Scheme 2)
to MnII atom Mn2, and three terminal MeOH molecules bound to
the other MnII atom Mn3. The complex thus contains a [Mn5 (mOR)7 ]6+ core (Fig. 4, bottom).
All Mn atoms are six-coordinate with distorted octahedral
geometry. Charge considerations and an inspection of the metric
parameters indicate a 2MnII , 3MnIII description, which was
conﬁrmed quantitatively by BVS calculations (Table 4),30 which
identiﬁed Mn2 and Mn3 as the MnII ions, and the others as MnIII .
The latter also show a Jahn–Teller axial elongation, with alkoxide
oxygen atoms O2/O22, O15/O17, and O19/O21 of the LH2 3groups occupying the axial positions of the Mn1, Mn4 and Mn5
distorted octahedra, respectively. The protonation levels of the
peripheral and bridging RO- groups of LH2 3- were also conﬁrmed
by BVS calculations (Table 4).
In addition to the trigonal bipyramidal description of 2a,
an alternative way of describing it can be presented that emphasizes its structural relationship to [Mn(N3 )(LH3 )] (1). The
{[Mn4 (LH2 )3 (LH5 )][Mn(MeOH)3 ]}4+ (2a) cation can be considered as four MnNO5 octahedra of mononuclear {Mn(LHx )} units
linked together, and to the ﬁfth {Mn(MeOH)3 } unit, through the
deprotonated oxygen atoms of LH2 3- groups.
Complex 2a contains two strong intramolecular hydrogen bonds
between two of the protonated OH groups of the LH5 chelate and
the terminal, deprotonated RO- groups of two neighboring LH2 3chelates (O(7) ◊ ◊ ◊ O(20) = 2.567(4) Å, O(8) ◊ ◊ ◊ O(16) = 2.574(4) Å).
There are also many hydrogen bonds between the many protonated
OH groups of LH5 /LH2 3- ligands and the Cl- counterions, with
O ◊ ◊ ◊ Cl distances in the 3.0–3.1 Å range, or slightly greater. These

Table 4 Bond valence sum (BVS)a , b calculations for Mn and selected
oxygen atoms in 2a
Atom

MnII

MnIII

MnIV

Mn1
Mn2
Mn3
Mn4
Mn5

3.183
1.961
1.860
3.192
3.221

2.942
1.809
1.701
2.951
2.977

3.039
1.874
1.786
3.048
3.076

BVS

Assignment

1.74
1.86
1.78
1.75
1.50
1.77
1.56
1.81
1.80

RORORORORORORORORO-

O1
O3
O13
O14
O16c
O17
O20c
O21
O22
a

The bold value is the one closest to the charge for which it was calculated.
The oxidation state of a particular atom is the nearest whole number to the
bold 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 H- bonding. c Non-bridging, deprotonated
O atoms.

serve to link neighboring Mn5 cations and Cl- anions in the crystal
into a 3D H-bonded network.
Complex 2 joins a small family of cage-like Mn clusters of
nuclearity ﬁve. Many of these have been reported only within the
last several years, and they are listed in Table 5 for a convenient
comparison of their structural type and pertinent magnetic data
such as ground state spin (S) values (vide infra). Examination of
Table 5 shows that complex 2 is one of six Mn5 trigonal pyramids
currently known; three of these are wholly MnII species, and there
are only two at the MnII 2 MnIII 3 oxidation level, complex 2 and the
anion [MnII 2 MnIII 3 O(salox)3 Cl2 (N3 )6 ]3- .
Magnetochemistry
Magnetic susceptibility studies on complex 1. Variabletemperature magnetic susceptibility measurements were

Table 5 Structural types and ground state S values for pentanuclear Mn clustersa
Complexb

Core

Type

S

Ref.

[MnII 5 (Htrz)2 (SO4 )4 (OH)2 ]
[MnII 5 (p3oapH)6 ]4+
[MnII 5 (poapH)6 ]4+
[MnII 5 (L)2 (O2 CMe)2 (ClO4 )2 ]2+
[MnII 5 (phaapH)6 ]4+
[MnII MnIII 4 (shi)4 (O2 CMe)2 (DMF)6 ]
[MnII MnIII 4 (shi)4 (O2 CPh)2 (MeOH)6 ]
[MnII 2 MnIII 3 O(salox)3 Cl2 (N3 )6 ]3[MnII 2 MnIII 3 (LH2 )3 (LH5 )(MeOH)3 ]4+ (2)
[MnII 3 MnIII 2 (fsatren)2 (H2 O)4 ]
[MnII 3 MnIII 2 (tmphen)6 (CN)12 ]
[MnII 4 MnIII (cat)4 (O2 CCMe3 )2 (py)8 ]+

[Mn5 (m3 -OH)2 ]8+
[Mn5 (m-OR)6 ]4+
[Mn5 (m-OR)6 ]4+
[Mn5 (m-OR)6 (m-OClO3 )2 ]2+
[Mn5 (m-OR)6 ]4+
[Mn5 (m3 -ON)4 ]10+
[Mn5 (m3 -ON)4 ]10+
[Mn5 (m3 -O)(m-ON)3 (m-N3 )6 ]2+
[Mn5 (m-OR)7 ]6+
[Mn5 (m-OR)8 ]4+
[Mn5 (m-NC)6 ]6+
[Mn5 (m3 -OR)4 (m-OR)4 ]3+

c
d
d
e
d
f
f
d
d
g
d
e

n.r.
5/2
5/2
n.r.
5/2
n.r.
n.r.
11
2
7/2
11/2
n.r.

31
32
32
33
34
35
36
37
t.w.
38
39
40

Abbreviations: n.r. = not reported; t.w. = this work; Htrz = triazole; poapH, p3oapH, phaapH = ditopic, diazine ligands; LH2 = a [2 + 2] macrocycle;
shiH3 = salicylhydroxamic acid; DMF = dimethylformamide; saloxH2 = salicylaldoxime; fsatrenH6 = 3-formylsalicylic acid; tmphen = 3,4,7,8tetramethyl-1,10-phenanthroline; catH2 = catechol; py = pyridine. b Counterions and solvate molecules are omitted. c Edge-sharing MnO6 octahedra.
d
Trigonal bipyramid. e Four Mn around a central Mn. f [12-metallacrown-4]«Mn ring. g Linear array.
a
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performed on a powdered polycrystalline sample of 1, restrained
in icosane 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 c M T
vs. T plot in Fig. 5. c M T remains almost constant at a value of
~3.0–3.1 cm3 K mol-1 as the temperature decreases, until ~40.0 K
where the value starts to decrease sharply to a minimum value of
1.86 cm3 K mol-1 at 5.0 K. The 40–300 K data are consistent with
an S = 2 spin state, as expected for a high-spin d4 MnIII complex
in near-octahedral geometry; the spin-only (g = 2) value for S =
2 is 3.00 cm3 K mol-1 . The low-temperature (<40.0 K) decrease
is attributed to both a combination of a zero-ﬁeld splitting, D,
expected for a MnIII atom in a Jahn–Teller distorted octahedral
arrangement, and intermolecular antiferromagnetic interactions
between neighboring molecules of 1 (vide infra). The latter must
be considered to be weak but not negligible given the H-bonding
that is present between neighbouring molecules of 1 in the crystal.
Fig. 6 Magnetization (M) vs. ﬁeld (H) and temperature (T) data, plotted
as reduced magnetization (M/NmB ) vs. H/T, for complex 1 at applied
ﬁelds of 0.1–7.0 T and in the 1.8–10 K temperature range. The solid lines
are the ﬁt of the data; see the text for the ﬁt parameters.

Fig. 5 Plot of c M T vs. T for complex 1.

The structural data for 1, namely its Jahn–Teller elongation,
strongly support a 5 B1g ground state (using octahedral symmetry
labels),41 and hence a negative ZFS parameter D. We probed
this further to determine the magnitude and sign of D by ﬁtting
magnetization (M) data collected over a range of magnetic ﬁelds.
Thus, M vs. dc ﬁeld measurements were made on restrained
samples in the magnetic ﬁeld (H) and temperature ranges of 1–
70 kG and 1.8–10.0 K, respectively. The strong ﬁelds employed
are expected to overcome the effect of weak intermolecular
interactions. The resulting data for 1 are shown in Fig. 6 as
a reduced magnetization (M/NmB ) vs. H/T plot, where N is
Avogadro’s number and mB is the Bohr magneton. The data were
ﬁt using the program MAGNET23a to a model that assumes only
that the ground state is populated at these temperatures and
magnetic ﬁelds, includes isotropic Zeeman interactions and axial
zero-ﬁeld splitting (DŜz 2 ), and incorporates a full powder average.
The corresponding spin Hamiltonian is given by eqn (4)

H = DŜz 2 + gmB m0 ŜH,

(4)

where Ŝz is the easy-axis spin operator, and m0 is the vacuum
permeability. The last term in eqn (4) is the Zeeman energy
associated with an applied magnetic ﬁeld. The best ﬁt is shown
as the solid lines in Fig. 6 and was obtained with S = 2, g =
1.85(4), and D = -2.75(7) cm-1 ; the ﬁt was noticeably worse when
This journal is © The Royal Society of Chemistry 2009

positive values of D were employed. The root-mean-square D vs. g
error surface for the ﬁt was generated using the program GRID,23a
which calculates the relative difference between the experimental
M/NmB data and those calculated for various combinations of D
and g. The obtained error surface (Fig. S2†) shows the best ﬁt to be
the global minimum, and to be a fairly hard minimum, indicating
a relatively small level of uncertainty in the ﬁt parameters.
The obtained value of |D| is, however, somewhat smaller
than those reported for other mononuclear, octahedral MnIII
complexes,41,42 which are typically 3.2 cm-1 or greater for N
and/or O ligation. In fact, the value for 1 is in the range
normally found for ﬁve-coordinate MnIII complexes with square
pyramidal geometries.43 We therefore suspected that the smaller
than expected D value was an artifact due to the large distortion
of complex 1 from octahedral geometry, leading to a signiﬁcant
rhombic zero-ﬁeld splitting parameter E. Thus, we included both
D and E in the magnetization ﬁt for 1; shown in Fig 7 is the error
surface for this D vs. E ﬁt with a ﬁxed g = 2.0. The best ﬁt was with
D = -3.25 cm-1 and |E| = 0.32 cm-1 . These parameters are quite
similar to those previously determined by electron paramagnetic
spectroscopy for another MnIII azide complex [Mn(terpy)(N3 )3 ]
(D = -3.29 cm-1 , |E| = 0.51 cm-1 , g = 2.00).44
Magnetic susceptibility studies on complex 2. Variabletemperature magnetic susceptibility measurements were performed on a microcrystalline powder sample of 2, restrained in
icosane 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 c M T vs. T plot in
Fig. 8. c M T rapidly decreases from 17.44 cm3 K mol-1 at 300 K to
4.45 cm3 K mol-1 at 5.0 K. The 300 K value is slightly less than the
spin-only (g = 2) value of 17.75 cm3 K mol-1 for two MnII and three
MnIII non-interacting ions, indicating the presence of dominant
antiferromagnetic exchange interactions. The 5.0 K value is more
consistent with an S = 3 rather than an S = 2 ground state, since the
g factor should be slightly less than 2.0 for a MnII /MnIII complex;
the spin-only values for S = 3 and S = 2 are 6.00 and 3.00 cm3 K
mol-1 , respectively. Given the low-symmetry of the Mn5 cation,
and the resulting number of inequivalent exchange constants,
Dalton Trans., 2009, 41–50 | 47

Fig. 9 Magnetization (M) vs. ﬁeld (H) and temperature (T) data, plotted
as reduced magnetization (M/NmB ) vs. H/T, for complex 2 at applied
ﬁelds of 0.1–6.0 T and in the 1.8–10 K temperature range. The solid lines
are the ﬁt of the data; see the text for the ﬁt parameters.
Fig. 7 Two-dimensional contour plot of the root-mean-square error
surface for the D vs. E ﬁt for complex 1 with a ﬁxed g = 2.0. The star
indicates the best ﬁt (error minimum); see the text for the ﬁt parameters.

preclude any complications arising from the presence of a dc
ﬁeld. We thus chose to carry out ac studies on complex 2 as
an independent determination of its ground state S. These were
performed in the 1.8–15 K range using a 3.5 G ac ﬁeld oscillating
at frequencies in the 50–1000 Hz range. If the magnetization
vector can relax fast enough to keep up with the oscillating ﬁeld,
then there is no imaginary (out-of-phase) susceptibility signal
(c¢¢M ), and the real (in-phase) susceptibility (c¢M ) is equal to
the dc susceptibility. However, if the barrier to magnetization
relaxation is signiﬁcant compared to thermal energy (kT), then
the in-phase signal decreases and a non-zero, frequency-dependent
c¢¢M signal appears, which is suggestive of the superparamagneticlike properties of a SMM. For complex 2, the in-phase c¢M T vs.
T data are shown in Fig. 10 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. Extrapolation
of the plot to 0 K from above 6 K (to avoid the decrease at
lower T due to anisotropy, Zeeman effects, weak intermolecular

Fig. 8 Plot of c M T vs. T for complex 2.

it is unreliable to apply the Kambe method45 to determine the
individual pairwise Mn2 exchange interaction parameters, and we
concentrated instead only on characterizing the ground state spin,
S, and the zero-ﬁeld splitting parameter, D. Magnetization (M)
vs. dc ﬁeld measurements were made on restrained samples in the
magnetic ﬁeld (H) and temperature ranges of 1–60 kG and 1.8–
10.0 K, respectively. The resulting data for 2 are shown in Fig. 9
as a reduced magnetization (M/NmB ) vs. H/T plot. The data were
ﬁt using the program MAGNET,23a as described above for the ﬁt
for complex 1. The best ﬁt is shown as the solid lines in Fig. 9
and was obtained with S = 3, g = 1.88(2), and D = -0.68(1) cm-1 .
Alternative ﬁts with S = 2 or 4 were rejected because they gave
unreasonable values of g and D.
As we have described before on multiple occasions,6,15,46 ac
susceptibility studies are a powerful complement to dc studies
for determining the ground state of a system, because they
48 | Dalton Trans., 2009, 41–50

Fig. 10 Plot of the in-phase ac susceptibility signals, c¢M T vs. T for
complex 2 at the indicated frequencies.
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interactions, etc.) gives a value of ~5.0 cm3 K mol-1 . This indicates
an S = 3 ground state with a g ~ 1.83, in general agreement
with the dc magnetization ﬁt. Note that S = 2 and 4 ground
states would be expected to give c¢M T values of slightly less than
3 and 10 cm3 K mol-1 , respectively, clearly very different from
the experimental values. The slightly low value of g, which would
normally be expected in the 1.90–2.00 range, is most probably due
to experimental error, particularly the difﬁculty in achieving an
accurate extrapolation in the presence of ZFS and intermolecular
interactions. Nevertheless, this does not impact on our overall
conclusion that complex 2 does indeed have an S = 3 ground
state. Finally, complex 2 did not exhibit an out-of-phase ac
magnetic susceptibility signal down to 1.8 K, indicating that it
does not exhibit a barrier large enough (vs. kT) to show the
superparamagnet-like slow relaxation of its magnetization vector,
i.e. it is not a SMM. Studies at much lower temperatures would
be required to search for what would at best be a tiny relaxation
barrier.
The S = 3 ground state of 2MnII , 3MnIII complex 2 has not been
previously encountered in Mn5 clusters, and it is distinctly different
from the S = 11 ground state possessed by the entirely ferromagnetic [MnII 2 MnIII 3 O(salox)3 Cl2 (N3 )6 ]3- complex mentioned above
that also has a trigonal bipyramidal Mn5 topology.37 An S = 3
ground state for a 2MnII , 3MnIII complex such as 2 that has spin
values in the S = 0–11 range is consistent with the presence of
spin frustration effects arising from antiferromagnetic coupling
within the several triangular units in the structure. There are thus
various possible coupling schemes and resulting intermediate spin
alignments at some metals that could yield an S = 3 ground state,
making it difﬁcult to rationalize the observed value in a unique
manner without recourse to theoretical calculations. Note however
that some coupling schemes can clearly be ruled out, such as the
ferromagnetic J(MnIII MnIII ) and antiferromagnetic J(MnII MnIII )
possibility, which would give an S = 1 ground state.

Conclusions
We have reported the employment of ‘bis-tris’ (LH5 ) as a new,
potentially {NO5 }-based hexadentate ligand in manganese cluster
chemistry, one that can be thought of as an amalgamation of
thmeH3 and mdaH2 . In the present work, it has bound as a {NO4 }chelating and bridging ligand, the ﬁfth OH group remaining
protonated and unbound, but the hexadentate binding mode will
likely be encountered as the coordination chemistry of LH5 is
further developed. The versatility of this reagent is suggested by the
products of this initial study, both a mononuclear MnIII species and
a Mn5 cluster, emphasizing again the ability of poly-ol groups to
foster formation of high nuclearity products. It will be interesting
to determine, as this work is extended, to what extent the LH5
ligand will continue to provide a route to new metal clusters and
to what extent, if any, these are related to clusters provided by
dipodal (mda2- ) and tripodal (thme3- ) ligands alone.
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