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The syntheses, crystal structures and magnetic properties are reported of two new and unusual mixed-
valence Mn clusters [MnII

4MnIVO(mpko)5(MeO-hmp)(mpko-hmp)(H2O)](ClO4)3 (1) and [MnII
4MnIVO

(ppko)5(MeO-hmp)(ppko-hmp)(H2O)](ClO4)3 (2). They were obtained from the reaction of mpkoH or
ppkoH and hmpH with Mn(ClO4)2 in the presence of NaOMe, where mpkoH is methyl(pyridin-2-yl)ketone
oxime, ppkoH is phenyl(pyridin-2-yl)ketone oxime, and hmpH is 2-(hydroxymethyl)pyridine. Complex 1
possesses a distorted MnII

4 cubane core attached to an external MnIV by the O2� ion. The peripheral ligation
includes two unprecedented hemiacetal ligands formed in situ from the reaction of hmpH with MeOH or
mpkoH/ppkoH. Solid-state dc and ac magnetic susceptibility measurements established that both 1 and 2
possess an S = 7/2 ground state, which was confirmed by ac in-phase susceptibility data. Simulations of
the vMT versus T data established the presence of dominant antiferromagnetic exchange interactions,
rationalizing the observed ground state.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Polynuclear clusters of 3d transition metals have been a major
focus of scientific endeavor for many years, and for several reasons
including the quest to understand the details of their roles in active
sites of many enzymes, their relevance to research areas such as
molecular magnetism, and not least the intrinsic structural beauty
that they often exhibit [1–6]. Manganese clusters, in particular,
continue to be under immense study because of the interesting
magnetic properties they commonly display, such as Ising-type
magnetoanisotropy (negative zero-field splitting parameter, D) as
a consequence of Jahn–Teller (JT) axial elongation of MnIII in
near-octahedral geometry [7,8]. When this anisotropy is combined
with large ground-spin state (S), it can result in a significant mag-
netization relaxation barrier, making them single-molecule mag-
nets (SMMs) [9]. These are molecules that function as nanoscale
magnets below their blocking temperature (TB), and often display
interesting quantum behaviors such as quantum tunneling of mag-
netization [10,11] and quantum phase interference [12–14] that
make them candidates for potential applications in new technolo-
gies, such as qubits for quantum computation and molecular com-
ponents of spintronics devices [15–17].
For a variety of such reasons, we continue to explore synthetic
procedures to new manganese clusters. Of relevance to the present
work is the rich variety of such species that we and other groups
have reported from utilization of chelating/bridging ligands such
as 2-(hydroxymethyl)pyridine (hmpH) and methyl(pyridin-2-yl)
ketone oxime (mpkoH), either by themselves or in addition to car-
boxylate ligands [18–22]. Many clusters from these reactions, and
analogous ones using bulkier derivatives of these chelates [23–30],
have displayed interesting structures and/or magnetic properties,
and some have turned out to be new single-molecule magnets
(SMMs). The latter owes much to the propensity of bridging hmp�

to lead to ferromagnetic (F) coupling [18,21,31–34], as indeed do a
number of oximate chelates in Mn cluster chemistry [20,35,36]. In
addition, some of the Mn3 SMMs have also proven excellent pre-
cursors for making supramolecular aggregates or high nuclearity
manganese clusters [37–40].
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In the present work, we have explored the joint use hmpH and
mpkoH together in non-carboxylate reactions in MeOH with sim-
Table 1
Unit cell and structure refinement parameters for 1�xMeOH�yH2O.

Formulaa C55H57Cl3Mn5N14O23

FW (g/mol)a 1663.21
Crystal system triclinic
Space group P�1
a (Å) 16.7793(11)
b (Å) 20.3974(14)
c (Å) 25.0501(17)
a (�) 75.024(1)
b (�) 74.939(1)
c (�) 75.607(1)
V (Å3) 7845.1(9)
z 2
T (K) 100(2)
k (Å)b 0.71073
qcal (mg/m3) 1.562
l (mm�1) 1.386
R1

c,d 0.1631
wR2

e 0.2329

a Excluding lattice solvent molecules.
b Graphite monochromator.
c I > 2r(I).
d R1 = 100R(||Fo| � |Fc||)/R|Fo|.
e wR2 = 100[

P
[w(Fo2 � Fc

2)2]/
P

[w(Fo2)2]]1/2, w = 1/[
P2(Fo2) + [(ap)2 + bp], where

p = [max (Fo2, O) + 2Fc2]/3; a and b are constants.
ple MnII salts in the presence of base to encourage air oxidation
of MnII; we anticipated that the combined use of these distinctly
different chelates might give some interesting new clusters. We
also employed for comparison purposes the analogous phenyl(pyr-
idine-2-yl) ketone oxime (ppkoH). We herein report the synthesis,
crystal structure and magnetochemical characterization of a new
Mn5 cluster type, which is unusual in multiple ways, namely its
MnII

4MnIV oxidation level involving Mn ions differing by two oxida-
tion units, and the occurrence of two different chelates generated
in situ from a transformation involving hemiacetal formation
between hmpH and either MeOH or mpkoH.

2. Experimental

2.1. Synthesis

All preparations were performed under aerobic conditions
using chemicals and solvents as received, unless otherwise stated.
mpkoH [41] and ppkoH [42] were prepared as described. Safety
Note: perchlorates salts are potentially explosive and should be used
in small quantities and handled with extreme care at all times.

2.1.1. [MnII4MnIVO(mpko)5(MeO-hmp)(mpko-hmp)(H2O)](ClO4)3 (1)
To a stirred solution of hmpH (0.60 mmol, 58 lL) in MeOH

(25 mL) were added NaOMe (0.73 mmol, 0.050 g) and Mn(ClO4)2-
�6H2O (0.60 mmol, 0.22 g). Solid mpkoH (0.60 mmol, 0.080 g) was
added to the resulting light brown solution, which rapidly turned
deep brown. The solution was stirred for a further 60 min, filtered,
and the filtrate allowed to stand undisturbed in a closed vial at
ambient temperature. Dark brown X-ray quality crystals of
1�xMeOH�yH2O slowly grew over 18 h. They were collected by fil-
tration, washed with MeOH, and dried under vacuum. The yield
was 84% based on Mn. Elemental analysis: Calc. (Found) for
1�2H2O (C55H61Cl3Mn5N14O25): C, 38.88 (38.96); H, 3.62 (3.86); N,
11.54 (11.33); Cl 6.26 (5.92) %. Selected IR data (KBr, cm�1):
3423(br), 2066(w), 1597(s), 1474(s), 1436(w), 1384(s), 1290(w),
1109(w), 1039(w), 866(s), 777(s), 707(s), 624(s), 544(s), 486(s).

2.1.2. [MnII4MnIVO(ppko)5(MeO-hmp)(ppko-hmp)(H2O)](ClO4)3 (2)
To a stirred solution of hmpH, (0.60 mmol, 58 lL) in CHCl3/

MeOH (25 mL) were added NaOMe (0.73 mmol, 0.050 g) and Mn
(ClO4)2�6H2O (0.60 mmol, 0.22 g). Solid ppkoH (0.60 mmol,
0.12 g) was added to the resulting light brown solution, which
rapidly turned deep brown. The solution was stirred for a further
60 min, filtered, and the filtrate layered with pentane. Dark brown
crystals slowly grew, and after 6 weeks were collected by filtration,
washed copiously with pentane, and dried under vacuum. The
yield was 63% based on Mn. Elemental analysis: Calc. (Found) for
2�2H2O (C86H76N14O25Cl3Mn5): C, 49.50 (49.56); H, 3.67 (4.04); N,
9.40 (9.27); Cl 5.10 (4.86) %. Selected IR data (KBr, cm�1): 3423
(br), 2066(w), 1597(s), 1474(s), 1436(w), 1384(s), 1290(w), 1109
(w), 1039(w), 866(s), 777(s), 707(s), 624(s), 544(s), 486(s).

2.2. General and physical measurements

Elemental analyses (C, H, N, Cl) were performed by the in-house
facilities of the University of Florida chemistry department and by
Atlantic Microlab, Inc. Infrared spectra in the 400–4000 cm�1 range
were recorded in the solid state (KBr pellets) on a Nicolet Nexus
670 FTIR Spectrometer. Variable-temperature dc and ac magnetic
susceptibility data were collected using a Quantum Design
MPMS-XL SQUID magnetometer equipped with a 7 T dc magnet.
Pascal’s constants were used to estimate the diamagnetic corrections,
which were subtracted from the experimental susceptibilities to
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give the molar magnetic susceptibilities (vm) [43]. Microcrystalline
samples were restrained in eicosane to avoid torquing.

2.2.1. X-ray Crystallography
Data for 1�xMeOH�yH2O were collected at 100 K on a Bruker DUO

diffractometer using MoKa radiation (k = 0.71073 Å) and an APEXII
CCD area detector. Raw data frames were read by program SAINT
[44] and integrated using 3D profiling algorithms. The resulting data
were reduced to produce hkl reflections and their intensities and
estimated standard deviations. The data were corrected for Lorentz
and polarization effects, and numerical absorption corrections were
applied based on indexed and measured faces. The structure was
solved and refined in SHELXTL6.1, using full-matrix least-squares
refinement on F2. The non-H atoms were refined with anisotropic
thermal parameters and all of the H atoms were placed in calcu-
lated, idealized positions and refined riding on their parent atoms.

The asymmetric unit consists of two Mn5 cluster cations (A and
B), six ClO4

� anions, and approximately thirteen MeOH and three
H2O solvent molecules. In Mn5 cation A, the H atoms of the coordi-
nated H2O molecule (O11A) were located in a difference Fourier
map and were refined as riding on their parent atom. In the Mn5

cation B, the H2O is replaced by a disordered MeOH ligand (O11B
and C) and its partial H atoms were placed in calculated positions.
Of the six ClO4

� anions, only the Cl1 anion was not disordered; the
others were disordered to different extents. The anions with Cl2
and Cl4 both were disordered about two positions sharing three
of the O atoms. The Cl3 anion was fully disordered and refined in
two parts. The Cl5 anion showed some disorder with a nearby
MeOH molecule. The final model also included several partial
MeOH and H2O molecules scattered around voids in the lattice.
In the final refinement cycle, 36,041 reflections (of which 17,235
were observed with I > 2r(I)) were used to refine 2003 parameters,
and the resulting R1, wR2 and S (goodness of fit) were 7.17%, 20.36%
and 1.117, respectively. Selected crystal data and refinement
parameters are listed in Table 1.

3. Results and discussion

3.1. Synthesis

The reaction of Mn(ClO4)2, hmpH, and mpkoH in a 1:1:1 molar
ratio in MeOH with 1.2 equiv of NaOMe resulted in a deep brown



O.A. Adebayo et al. / Polyhedron 122 (2017) 71–78 73
solution indicating air-oxidation of Mn2+, and subsequent isolation
of X-ray quality crystals of 1�xMeOH�yH2O in 84% yield. Small
changes to the amount of mpkoH or hmpH still gave the same pro-
duct in comparable yield. 1 was also obtained, but in a decreased
yield of 56%, when NaOMe was replaced with NEt3. When Mn
(NO3)2 or MnCl2 were used, we could not isolate any pure material
for characterization. If mpkoH was omitted, a previously reported
Mn4 complex [45] was obtained.

Once the crystal structure of 1 had been determined (vide infra),
it became obvious that some interesting organic transformations
had occurred in situ leading to two distinct hemiacetals being
formed and acting as chelating ligands on the cluster. The two
hemiacetals are methoxy(pyridine-2-yl)methanol (MeO-hmpH)
and (E)-1-(pyridin-2-yl) ethan-1-one O-(hydroxy(pyridin-2-yl)
methyl) oxime (mpko-hmpH), abbreviated to reflect their clear
derivation from the indicated groups. On the basis of the usual
pathway for hemiacetal formation being attack by an alcohol on
an aldehyde, we propose the pathways in Scheme 1 for the forma-
tion of MeO-hmp� and mpko-hmp�. The Mn-assisted air oxidation
of hmpH to 2-formylpyridine is proposed as the first step, followed
by attack on the carbonyl by MeOH or mpkoH. We omit any metal
ions from the scheme, although it is likely that binding to Lewis-
acidic Mn2+/3+ ions activates the hmpH to oxidation and the 2-for-
mylpyridine to reaction, the latter being analogous to the general
use of acidic media to activate aldehydes to hemiacetal formation
by protonating the carbonyl O atom. The resulting MeO-hmp� and
mpko-hmp� would then be trapped by their binding to Mn ions
and stabilized to the reverse reactions, which are facile except in
cyclic hemiacetals [46]; the binding modes to the Mn atoms are
described below (vide infra). The formation of MeO-hmp� is rea-
sonable given the large amount of MeOH present, whereas the for-
mation of mpko-hmp� is a little surprising for the same reason. The
formation of 1 is summarized in Eq. (1):

5Mn2þ þ6mpkoHþ2hmpHþMeO� þO2

!½MnII
4MnIVOðmpkoÞ5ðMeO�hmpÞðmpko�hmpÞðH2OÞ�3þ þ6Hþ ð1Þ

Note that the oxidation of hmp� to picolinate (pic�; pyridine-2-
carboxylate) has been previously observed in the synthesis of
[Mn21O16(O2CMe)16(hmp)6(hmpH)2(pic)2(py)(H2O)]4+ salts [47],
and since the reaction very likely proceeded via a 2-formylpyridine
intermediate, it provides some precedent for postulating the same
intermediate in the present hemiacetal formations.
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Scheme 1. Proposed steps in the conversion of hmpH to the anions of (top)
methoxy(pyridine-2-yl)methanol (MeO-hmpH), and (bottom) (E)-1-(pyridin-2-yl)
ethan-1-one O-(hydroxy(pyridin-2-yl)methyl) oxime (mpko-hmpH).
With 1 structurally identified, we also employed ppkoH instead
of mpkoH in the same reaction, hoping the Ph-for-Me substitution
would divert the reaction to a different product. However, the IR
spectrum, elemental analysis, and magnetic properties (vide infra)
of the resulting complex 2 indicated it to be structurally analogous
to 1.
3.2. Structural description of [Mn5O(mpko)5(MeO-hmp)(mpko-hmp)
(H2O)]

3+

There are two inequivalent but near-superimposable Mn5

cations (A and B) in the asymmetric unit, and only the former (with
atom labels ending in A) will be described. The labeled core and a
stereopair of the complete cation are shown in Fig. 1, and selected
interatomic distances and angles are listed in Table 2. The cation
possesses a low-symmetry {MnII

4(l4-O2�)(l3-OR)2(l3-NO)} cuboidal
core, with the oxide ion (O1A) becoming l4 with near-tetrahedral
geometry by attaching to the external MnIV atom, Mn4A. Alterna-
tively, the structure can be described as a tetrahedral {Mn4(l4-
O2�)} unit to which is attached Mn5A via three alkoxide O atoms;
this description will be useful in the magnetism discussion below.
The Mn oxidation states were apparent from the metric parameters,
and confirmed by bond valence sum calculations (Table 3). As
expected, the MnIV atom Mn4A is six-coordinate octahedral, as are
two of the MnII atoms, Mn1A and Mn2A. The other two MnII atoms,
Mn3A and Mn5A, are seven-coordinate. The five Mn atoms form a
trigonal bipyramid with the MnIV on the axis.

The two l3-RO� in the core are the alkoxides of the MeO-hmp�

and mpko-hmp� groups, whose complete Mn binding modes are
shown in Scheme 2 and Fig. S1. Also shown is the ligation mode
of the five mpko� chelates, which are in their usual chelating/
bridging modes. It is interesting to note that there are no hmp�

ligands in 1, only their hemiacetal derivatives. Finally, the periph-
eral ligation is completed by one terminal water molecule.

The type of ligand transformation seen in this work is by no
means unprecedented in metal-oxo cluster chemistry. Perlepes
and coworkers have encountered a large variety of transformations
of organic ketones, such as di-2-pyridyl ketone (py)2CO, 2-acetyl-
pyridine (py)(Me)CO and others, into metal-stabilized deproto-
nated forms of the gem-diols or hemiketals, i.e., (py)2C(OH)2 and
(py)2C(OH)(OR), etc., from nucleophilic attack by water or alcohol,
respectively [48]. These have led to 3d metal clusters with a wide
range of metal nuclearities and structural topologies. In our own
work, we have previously encountered an unusual hemiacetyl
group LH3 formed in situ and bound as a pentadentate LH2� chelate
from the reaction of [Mn3O(O2CEt)6(py)3][ClO4] with pyrine-2,6-
dimethanol (pdmH2) in MeCN [49]. We proposed that oxidation
of one of the hydroxymethyl arms of pdmH2 to the corresponding
aldehyde had occurred, followed by nucleophilic attack by a sec-
ond pdmH2 group; this would thus be similar to the formation of
mpko-hmp� by attack of mpko� on 2-formylpyridine.

Finally, complexes 1 and 2 form new additions to the family of
Mn5 clusters known to date. These are collected in Table 4 together
with their core topologies and ground state spin values.



Fig. 1. (Top) Labeled core of cation A of 1, and (bottom) a stereopair of the complete cation. Color code: MnIV green, MnII brown, N blue, O red, C gray. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 2
Selected bond distances (Å) and angles (�) for complex 1.a

Mn(1)–O(6) 2.099(4) Mn(3)–N(8) 2.336(5)
Mn(1)–O(1) 2.167(4) Mn(3)–O(8) 2.400(4)
Mn(1)–N(2) 2.197(5) Mn(3)–N(7) 2.423(5)
Mn(1)–N(1) 2.230(5) Mn(4)–O(1) 1.779(4)
Mn(1)–O(8) 2.240(4) Mn(4)–O(5) 1.889(4)
Mn(1)–N(1) 2.328(5) Mn(4)–O(3) 1.909(4)
Mn(2)–O(2) 2.117(4) Mn(4)–O(4) 1.921(4)
Mn(2)–O(1) 2.150(4) Mn(4)–N(10) 2.028(5)
Mn(2)–N(4) 2.201(5) Mn(4)–N(9) 2.053(5)
Mn(2)–N(14) 2.211(5) Mn(5)–O(9) 2.154(4)
Mn(2)–N(3) 2.262(5) Mn(5)–O(2) 2.194(4)
Mn(2)–O(9) 2.331(4) Mn(5)–O(11) 2.228(4)
Mn(3)–O(9) 2.143(4) Mn(5)–N(12) 2.238(5)
Mn(3)–N(6) 2.215(5) Mn(5)–O(8) 2.242(4)
Mn(3)–O(1) 2.275(4) Mn(5)–N(11) 2.269(5)
Mn(3)–N(5) 2.297(5)

Mn(4)–O(1)–Mn(2) 117.3(2) Mn(1)–O(8)–Mn(5) 112.13(16)
Mn(4)–O(1)–Mn(1) 116.23(19) Mn(1)–O(8)–Mn(3) 98.09(15)
Mn(2)–O(1)–Mn(1) 109.24(17) Mn(5)–O(8)–Mn(3) 97.77(15)
Mn(4)–O(1)–Mn(3) 111.21(18) Mn(3)–O(9)–Mn(5) 108.99(17)
Mn(2)–O(1)–Mn(3) 96.04(14) Mn(3)–O(9)–Mn(2) 94.61(15)
Mn(1)–O(1)–Mn(3) 104.20(16) Mn(5)–O(9)–Mn(2) 96.60(15)

a For cation A of the two independent cations in the asymmetric unit, the one
with atom labels ending with A in the cif; for convenience, the A suffix has been
omitted from all atoms in the Table.b

Table 3
Bond valence sums for Mn atoms in 1.

Atom Mn(II) Mn(III) Mn(IV)

Mn1A 2.04 1.92 1.93

Mn2A 2.04 1.93 1.93

Mn3A 1.94 1.84 1.83

Mn4A 4.20 3.91 4.00
Mn5A 1.90 1.77 1.80

The oxidation state is the nearest whole number to the underlined value, which is
the one closest to the value with which it was calculated.
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3.3. Magnetic susceptibility studies

3.3.1. Dc susceptibility studies
Variable-temperature, solid-state magnetic susceptibility data

in a 0.1 T dc field and in the 5.0–300 K range were collected on
powdered microcrystalline samples of 1�2H2O and 2�2H2O
restrained in eicosane to prevent torquing. The data are shown as
vMT versus T plots in Fig. 2, and the two complexes are seen to
exhibit similar overall profiles. The vMT increase with decreasing
T from 15.03 to 15.64 cm3 K mol�1 at 300 K to maxima of
18.22 cm3 K mol�1 at 40 K and 17.44 cm3 K mol�1 at 50 K, for
1�2H2O and 2�2H2O, respectively, and then decrease to 11.02 and
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10.77 cm3 K mol�1 at 5.0 K. The 300 K values are less than the spin-
only (g = 2) vMT of 19.38 cm3 K mol�1 for 4MnIIMnIV non-interact-
ing ions, indicating the increase in vMT with decreasing T to be due
to ferrimagnetic spin alignments from antiferromagnetic (AF)
interactions rather than dominant ferromagnetic (F) ones, with
the decrease at the lowest temperatures assignable to additional
weak AF interactions. This would be consistent with the fact that
MnIIMnII exchange interactions are usually AF, as are those involv-
ing MnIV. There may be some contributions from intermolecular
interactions and zero-field splitting to the decreases in vMT at
the lowest temperatures, but since we saw no significant inter-
cation interactions in the crystal structure, and high-spin MnII
Table 4
Structural types and ground state S values for Mn5 clusters.

Complexa,b Core

[MnII
5(Htrz)2(SO4)4(OH)2] [Mn5(l3-OH)2]8+

[MnII
5(poapH)6]4+ [Mn5(l-OR)6]4+

[MnII
5(poapH)6]4+ [Mn5(l-OR)6]4+

[MnII
5(L)2(O2CMe)2(ClO4)2]2+ [Mn5(l-OR)6(l-OClO3)2]2

[MnII
5(phaapH)6]4+ [Mn5(l-OR)6]4+

[MnIII
5 O3(tBuPO3)2(O2CMe)5(H2O)(phen)2] [Mn5(l3-O)3]9+

[MnIII
5 O3(tBuPO3)2(O2CPh)5(phen)2] [Mn5(l3-O)3]9+

[MnIII
5 (l3-O)2(L01)4 (O2CMe)3(MeOH)] [Mn5(l3-O)2(l-OR)5]6+

[MnIII
5 (l3-O)2(L01)4(O2CPh)3(MeOH)] [Mn5(l3-O)2(l-OR)5]6+

[MnIIMnIII
4 (HL02)2(L02)2(O2CMe)4)] [Mn5(l-OR)6]8+

[MnIIMnIII
4 (HL02)2(L02)2(O2CPh)4)] [Mn5(l-OR)6]8+

[MnIIMnIII
4 (shi)4(O2CMe)(DMF)6] [Mn5(l3-ON)4]10+

[MnIIMnIII
4 (shi)4(O2CPh)2(MeOH)6] [Mn5(l3-ON)4]10+

[MnII
2MnIII

3 O(salox)3Cl2(N3)6]3� [Mn5(l3-O)(l-ON)3(l-N3

[MnII
2MnIII

3 (LH2)3(LH5)(MeOH)3]4+ [Mn5(l-OR)7]6+

[MnII
3MnIII

2 (fsatren)2(H2O)4] [Mn5(l-OR)8]4+

[MnII
3MnIII

2 (tmphen)6(CN)12] Mn5(l-NC)6]6+

[MnII
4MnIII(cat)4(O2CBut)2(py)8 ]+ [Mn5(l3-OR)4(l-OR)4]3+

{MnII
4MnIV}3+cation of 1 [Mn5(l4-O)(l-ONR)7]3+

{MnII
4MnIV}3+ cation of 2 [Mn5(l4-O)(l-ONR)7]3+

a Abbreviations: Htrz = triazole; phaapH = ditopic, diazine ligands; LH2 = [2 + 2] macro
dibromobenzylideneamino)propane-1,2-diol; shiH3 = salicylhydroxamic acid; DMF = d
tmphen = 3,4,7,8-tetramethyl-1,10-phenanthroline; catH2 = catechol; py = pyridine.

b Counterions and solvent molecules are omitted.
c Edge-sharing MnO6 octahedra.
d Trigonal bipyramid.
e Four Mn around a central Mn.
f Four [12-metallacrown-4] �Mn ring.
g Linear array.
h Basket-like cage.
i Incomplete cubane extended at one face by an incomplete adamantane unit. n.r. = n
and MnIV are both electronically isotropic ions, we expect such
contributions to be minimal.

The lowest T data suggest a significant non-zero ground state
spin. The low-symmetry of the cations, the large number (P5) of
inequivalent exchange interactions (Jij), and the many expected
very weak MnIIMnII interactions, prevent derivation using the
Kambe method [63] of a Van Vleck equation to fit the data. In
any case, a high density of low-lying excited states was expected
from the weak MnIIMnII interactions, and for all these reasons we
decided to determine the ground state using ac susceptibility
methods, and estimate the constituent pairwise Mn2 Jij values
using MAGPACK [64].
Typec–i S Ref.

c n.r. [50]
d 5/2 [51]
d 5/2 [51]

+ e n.r. [52]
d 5/2 [53]
i 2 [54]
i 2 [54]
i 2 [55]
i 2 [55]
e 2 [55]
e 2 [55]
f n.r. [56]
f n.r. [57]

)6]2+ d 11 [58]
d 2 [59]
g 7/2 [60]
d 11/2 [61]
e n.r. [62]
d 7/2 t.w
d 7/2 t.w

cycle; H2L01 = 3,5-dibromosalicylidene-2-ethanolamine; L02 H2 = 3-(2-hydroxy-3,5-
imethylformamide, saloxH2 = salicylaldoxime; fsatrenH6 = 3-formylsalicylic acid;

ot reported; t.w. = this work.
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3.3.2. Ac susceptibility studies
In-phase (v0

MT) and out-of-phase (v00
M) ac magnetic susceptibil-

ity data in the 1.8–15.0 K temperature range were collected on
1�2H2O and 2�2H2O using a 3.5 G ac field with oscillation frequen-
cies in the 50–1000 Hz range. The in-phase data are plotted as v0

MT
versus T in Fig. 3 and exhibit steep decreases with decreasing T
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Fig. 3. In-phase acv0
MT vs. T plots at 1000 Hz for complexes 1�2H2O (d) and 2�2H2O (d).
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Fig. 4. Proposed ground state spin vector alignments in 1�2H2O and 2�2H2O leading
to their observed S = 7/2 ground states.

Table 5
Exchange constantsa and ground state S values for MnIIMnIV complexes.

Complexb S

[MnII
2MnIV(OMe)2(mpko)4Br2] 13/2

[MnII
2MnIV

2 O2(heed)2(EtOH)6Br2] 0
[MnII

2MnIV
2 (l4-Hedte)2(thme)2] 8

[MnII
3MnIVO(pko)4(3,4-dpa)4] 6

[MnII
3MnIVO(N3)(O2CPh)3{Ph(Py)CNO}4] 6

[MnII
4MnIV

3 (tea)(teaH2)3(peolH)4]2+ 23/2
[MnII

24MnIV
8 (thme)16(bpy)24(N3)12(OAc)12]8+ 9

1 7/2
2 7/2

a In cm�1, using the H = �2JŜi�Ŝj convention.
b Abbreviations: pko = di(2-pyridyl)ketonoxime; heedH2 = N,N-bis(2-hydroxyethyl)-et

(2-hydroxyethyl)ethylenediamine; thmeH3 = 1,1,1-tris(hydroxymethyl)ethane; teaH3 = t
= not reported; t.w. = this work.
from 17.52 and 16.88 cm3 K mol�1 to 9.55 and 9.27 cm3 K mol�1

at 1.8 K. This is consistent with depopulation of low-lying excited
states with spin S greater than that of the ground state, as expected
for very weak AF interactions. Extrapolation of the data to 0 K, at
which temperature only the ground state would be populated,
gives v0

MT slightly less than 8.0 cm3 K mol�1, indicating an S = 7/2
ground state with g � 2.0; spin-only v0

MT values for S = 9/2, 7/2
and 5/2 systems are 12.38, 7.88 and 4.38 cm3 K mol�1. Neither com-
plex exhibited out-of-phase v00

M signals down to 1.8 K.
Assuming as a first approximation that the magnetic core has

virtual C3 symmetry, the spin Hamiltonian is given by Eq. (2),
where the Si subscripts refer to the atom labels of Fig. 1, and

H ¼ �2JaðŜ1 � Ŝ4 þ Ŝ2 � Ŝ4 þ Ŝ3 � Ŝ4Þ � 2JbðŜ1 � Ŝ2 þ Ŝ2 � Ŝ3 þ Ŝ1 � Ŝ3Þ
� 2JcðŜ1 � Ŝ5 þ Ŝ2 � Ŝ5 þ Ŝ3 � Ŝ5Þ ð2Þ

Ja = J (MnIVMnII), Jb = J (MnIIMnII) for MnII
2 pairs bridged by O2�, and

Jc = J (MnIIMnII) for MnII
2 pairs that include Mn5A. Excellent simula-

tions using all the data were obtained (solid lines in Fig. 2) with
Ja = �9.2 cm�1, Jb = �1.4 cm�1, and Jc = �0.6 cm�1 for 1�2H2O, and
Ja = �8.6 cm�1, Jb = �1.7 cm�1, and Jc = �0.4 cm�1 for 2�2H2O, in both
cases with g kept fixed at 2.0.

A ground state S = 7/2 can readily be rationalized from these AF
exchange interactions and the relative ordering |Ja| > |Jb| � |Jc|, i.e.
|J24| > |J22|. The strongest J24 interactions would then align the MnIV

spin vector antiparallel to those of the MnII ions bridged to it by the
O2� ion, overcoming (frustrating) the weaker Jb interactions with
which it is competing (Fig. 4). This leads to the increase in vMT
with decreasing T, until the weakest (alkoxide-bridged) Jc interac-
tions to the distant MnII (Mn5A) align that spin vector antiparallel
to the other MnII vectors, giving the overall S = 15/2–8/2 = 7/2 ground
state. This alignment of spin vectors in the ground state is shown in
Fig. 4.

In Table 5, we compare the present results with those for the
handful of other MnII/MnIV complexes that have been character-
ized magnetically. Except for two complexes for which unusually
strong J values were reported, the general trend is that MnIIMnII

and MnIIMnIV interactions are weak, as is typical for MnII. As such,
the structural details at the bridging ligands (i.e., the type of bridg-
ing ligand, Mn-O-Mn angles, etc) will then determine whether the J
values are weakly F or AF. Note that the two MnII

3MnIVO complexes
contain a l4-O2�-centered Mn4 tetrahedron as found in 1, and thus
their S = 6 ground state is consistent with their spins being aligned
as shown for the corresponding fragment of 1 in Fig. 4. Also, the
three Jc interactions in 1 and 2must be overall AF on average, to give
the low-T drop in vMT as the Mn5A spin vector aligns antiparallel to
those of the other MnII. Since one MnIIMnII pair is bridged by an oxi-
mate group rather than an alkoxide, however, we wondered whether
this might be weakly F instead of AF, as seen for several of the
J (MnIIMnII)a J(MnIIMnIV)a Ref.

+0.3 +3.4 [65]
�1.5 �11.8 [66]
+3.97 +1.46 [67]
+2.1 �24.2, �1.33 [68]
+1.5, +0.8 �26.9, �1.75 [69]
+0.21 -0.35,+1.75 [70]
n.r. n.r. [71]
�1.4, �0.6 �9.2 t.w.
�1.7, �0.4 �8.6 t.w.

hylenediamine; 3,4-dpa = 3,4-dichlorophenoxy acetate; edteH4 = N,N,N0 ,N0-tetrakis
riethanolamine; (peolH4 = pentaerythritol (C(CH2OH)4); bpy = 2,20-bipyridine; n.r.
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entries in Table 5. Taking this interaction as Jd, we repeated the sim-
ulations and found that an equally good fit of all data could be
obtained with a F Jd interaction. The simulation parameters were
Ja = �9.7 cm�1, Jb = �0.6 cm�1, Jc = �1.3 cm�1 and Jd = +0.9 cm�1 for
1�2H2O, and Ja = �7.3 cm�1, Jb = �0.9 cm�1, Jc = �0.7 cm�1 and Jd =
+0.3 cm�1 for 2�2H2O, with a fixed g = 2.0. We thus cannot rule out
that the oximate-bridged MnIIMnII pair is very weakly F, but we
can conclude that the coupling between Mn5A and the other MnII

ions is dominantly AF.
4. Conclusions

Two newMn5 clusters have been obtained from aerial oxidation
of a MnII reaction system in MeOH with two types of chelates. 1
and 2 join only a small family of complexes containing only MnII

and MnIV. This work emphasizes the often complicated in situ
ligand transformations that can occur, in this case leading to prod-
ucts containing two unusual hemiacetal chelates. The complexes
both have an S = 7/2 ground state resulting from AF MnIIMnIV inter-
actions frustrating weaker AF MnIIMnII interactions.
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