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A significant principle of bioinorganic chemistry is that the
potentials of (mostly oligonuclear) redox systems increase
only gradually with increasing oxidation state when the
respective higher oxidation number of the central metal is
stabilized by deprotonation of the Brùnsted acid ligands.[1]

Carbohydrates, which are polybasic acids and ubiquitous in
organisms, should be of some significance for such reactions.
However, the polyanionic ligands derived from carbohydrates
appear to be strongly prone to oxidation. Here we report that
even anions of a ªreducingº sugar are able to form surprisingly
stable coordination compounds with higher oxidation states of
the important ªbiometalº manganese, thus giving rise to unex-
pected chemistry in aqueous solution at circumneutral pH.

ªManganese(iii) acetateº[2] is a common oxidating agent in
organic chemistry.[3] At pH 13 and under cooling with ice a
stable, red solution that absorbs oxygen is formed on reaction
with the reducing[4] aldohexose d-mannose (d-Man) and
sodium hydroxide solution (molar ratio NaOH:Mn:d-
Man� 20:1:3, cMn� 0.04 mol Lÿ1). On exclusion of air, diffu-
sion of barium chloride into the reaction solution yields red,
rhombic crystals of Ba2[MnIII

2 (b-d-ManfHÿ5)2] ´ 13 H2O (1,
Manf�mannofuranose).[5] This is simply a homoleptic coor-
dination compound of mannose pentaanions and mangane-
se(iii) formed without any redox reactions taking place.
Complex 1 is isotypic with analogous metalates of the
nonoxidizing trivalent states of vanadium, chromium, iron,
aluminium, and gallium with entirely deprotonated d-man-
nose ligands.[6] In the binuclear anions (Figure 1 a), the
manganese(iii) atoms are the central atoms of two edge-
sharing, distorted octahedra. The assignment of the oxidation
state is particularly supported by the Jahn ± Teller (JT)
distortion of the high-spin d4 central atoms, which may be
separated from distortion due to steric strain by comparison
with the isotypic compounds (Figure 2). The coordination of
the second metal-atom site may be analyzed analogously. The
resulting tetragonal elongation is the same when iron(iii) and
manganese(iii) are compared as two ions with the same crystal
radius.[7]

When calcium hydroxide is used instead of caustic soda,
stable solutions may be prepared even for biochemically more

Figure 2. Bond lengths between the central metal and O atoms of the
open-chain part of the deprotonated mannose ligands (O3,5,6) in
Ba2[MIII

2 (b-d-ManfHÿ5)2] ´ 13H2O (M�Cr, Fe)[6] as well as in 1 and 2.
The data points for bonds to bridging O atoms (O3) are connected by
dashed lines. The variance of the distance for crystal field stabilized
chromium(iii) is smaller than for the high-spin d5 FeIII ion, which shows no
crystal-field effects; furthermore, the distances are larger when bridging O
atoms are involved. The tetragonal distortion of the MnO6 octahedra in 1
takes place along the O61-Mn1-O32 and O31-Mn2-O22 axes.

relevant circumneutral pH values. When a molar ratio of
Ca:MnIII :d-Man� 3:2:6 (cMn� 0.04 mol Lÿ1) is used, a red-
brown solution of pH 7 is obtained; use of 3.5 equivalents of
Ca(OH)2 yields solutions of pH 9.[8] Addition of barium
chloride results in formation of a precipitate, which may be
isolated as red-brown rhombic crystals when barium chloride
is allowed to slowly diffuse into the reaction solution. X-ray
analysis[5] reveals a mixed-valence compound of analogous
structure with the formula Ba2[MnIVMnIII(b-d-ManfHÿ5)2]Cl ´
14 H2O (2). The crystals of 2 were of good quality, and the
unexpected oxidation state� iv for one of the central atoms of
the likewise binuclear complex anions could be unambigously
assigned (Figure 1 b): 1) All hydrogen atoms could be located
with satisfactory certainty; hence, the charge of the ligands
can be determined directly. (2) The MnÿO bond lengths in 2
(as in 1) lie within the range observed for other manganese
compounds with MnO6 coordination (Table 1). 3) For 2 the
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Figure 1. a) The tetraanion in 1 (ORTEP plot, ellipsoids for the 60%
probability level). Bond distances [pm] and angles [8]: from Mn1 to: O51
186.9(9), O52 191.1(8), O62 196.1(8), O31 197.0(8), O61 214.7(9), O32
218.9(9); from Mn2 to: O11 188.9(9), O12 189.6(9), O21 194.8(9), O32
205.5(7), O22 206.5(9), O31 224.4(9); Mn1 ´´´ Mn2 332.3(3); Mn1-O31-Mn2
103.9(4), Mn1-O32-Mn2 103.0(4). b) The C2 symmetrical tetraanion in 2
(ORTEP plot, ellipsoids for the 70% probability level; the C2 axis runs
through the two manganese atoms). Bond distances [pm] and angles [8]:
from Mn1 (MnIV) to: O5 185.1(5), O6 189.0(5), O3 191.9(5); from Mn2
(MnIII) to: O1 188.3(5), O2 196.6(4), O3 218.2(5); Mn1 ´´´ Mn2 324.5(2);
Mn1-O3-Mn2 104.4(2).
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diagnostic JT distortion of the trivalent stage is cancelled, and,
hence, the variance of the bond lengths is as small as for the
isosteric chromium(iii) ion.

In 1 the spins of the high-spin manganese centers (S� 2) are
coupled antiferromagnetically (J�ÿ3 cmÿ1). In 2 (S� 3/2
and S� 2) ferromagnetic coupling is observed; the coupling
constant is �19 cmÿ1.[9] For 2 c T increases from
4.8 emu K molÿ1 at 300 K with decreasing temperature until
a maximum of 7.6 emu K molÿ1 is reached at 20 K.

Neutral solutions from which 2 may be isolated are
surprisingly stable. They remain visually unchanged for some
days, and even heating for 1 h to 80 8C does not alter the
appearance of the solutions. The UV/Vis spectrum of a
solution that has been stored at room temperature for one
week indicates a slight decrease in the MnIV content. The
solutions do not absorb oxygen from air. Hence, 2 may be
prepared even under a nitrogen atmosphere by partial
disproportionation of manganese(iii).[10] The dependence of
equilibrium (1) (L� b-d-ManfHÿ5) on pH can be quantified

1.5 [MnIII
2 L2]4ÿ�5 H2O> [MnIIIMnIVL2]3ÿ�Mn2��LH5�5OHÿ (1)

by UV/Vis spectroscopy on exclusion of oxygen (Figure 3).
The formation of the MnIVMnIII species, which can be
monitored by means of the red shift of the charge-transfer
absorption, is complete below pH 10 when sodium counter-
ions are present, whereas the MnIII

2 species is stable against
disproportionation above pH 11. The isosbestic point at the
right of Figure 3 is defined precisely by five of the seven

Figure 3. UV/Vis spectra of alkaline solutions (NaOH) of manganese(iii)
acetate and d-mannose (MnIII :d-Man� 2:5, cMn� 0.064 mol Lÿ1) at various
pH values (recorded under nitrogen and cooling with ice).

spectra; there are further species only in the narrow range
between pH 10 and 10.5 (deviation of the extinction values at
the isobestic point at 13 400 cmÿ1: 2 Lmolÿ1 cmÿ1, too low for
pH 10; 1 L molÿ1 cmÿ1, too high at pH 10.5). Disproportiona-
tion takes place at a somewhat lower pH when calcium is the
counterion. In this case the spectrum of a solution at pH 9.5
indicates a mixture of approximately equal parts of the MnIII

2

and the MnIVMnIII species. The equilibrium is reversible in
solutions containing either sodium or calcium as counterions.

The unexpected inertness of the higher oxidation states of
manganese towards a reducing sugar is best highlighted by
experiments on oxygen absorption. When the pH value of
neutral solutions containing calcium ions is shifted to the
weakly alkaline region, oxygen is absorbed (with a decrease in
pH).[11] The result of the reaction with excess oxygen in a
noncoordinating buffer at pH 9.5 is depicted in Figure 4: At

Figure 4. Oxidation of a solution of Ca(OH)2/NaOH/manganese(iii)
acetate/d-mannose (0.12, 0.144, 0.064, 0.15m) buffered with 2-cyclohexyl-
aminoethanesulfonic acid (CHES, 0.24 m) with oxygen (ca. pH 9.5, room
temperature, vigorous stirring); the volumetrically determined molar ratio
of absorbed oxygen and binuclear complex is drawn as a sum curve. The
reaction equation given is valid for the MnIII

2 part (see text); the electron
balance of the disproportionated part is naturally the same, however, MnII

oxidation and complexation needs more OHÿ ions than are released in the
parallel reaction. The OHÿ consumption determined by titration shows
about equal concentration of the species of equilibrium (1).

room temperature, the deprotonated mannose ligands are not
oxidized, even by pure oxygen in the presence of the proven
redox catalyst manganese. Instead, the MnIVMnIII compound
is formed quantitatively, and O2 absorption is then brought to
a standstill! Further absorption of oxygen, which then results
in decomposition of the solution, needs strongly alkaline
conditions. A binuclear MnIV

2 species, which was recently
found for binuclear complexes with bridging boronato
ligands,[12] has not been observed yet with mannose ligands.

Complexes 1 and 2 are related to the manganese (hydr)ox-
ides not only in terms of atomic distances (Table 1), but also
electrochemical potentials. The known mixed-valence stage as
in 2 is the (rather poorly defined) ªgroutelliteº (Mn2O3(OH)),
which is formed in the course of electrochemical reduction of
ramsdellite (MnO2) to groutite (MnO(OH)) domains on half-
reduction. In 1m KOH groutellite is reduced to groutite
between �0.05 and ÿ0.05 V (versus the standard hydrogen
electrode, SHE).[13] Correspondingly, the cyclic voltammo-

Table 1. Mean MnÿO bond lengths [pm] in manganese compounds with
octahedral O6 coordination.[a]

MnIII MnIV

1 : Mn1 200.2� 12.0 ±
1 : Mn2 201.7� 12.2 ±
2 201.0� 12.6 188.7� 2.8
[MnIV(cat)3]2ÿ[b] [14] ± 189.5� 1.7
groutite (a-MnO(OH))[15] 204.1� 16.4 ±
pyrolusite(b-MnO2)[16] ± 188.7

[a] Crystal radius of six-coordinate high-spin Mn3� : 78.5, of Mn4� :
67.0 pm.[7] [b] (cat� catecholate).
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gram of the mannose system shows a quasi-reversible MnIII
2 $

MnIVMnIII transition in strongly alkaline solution at a
potential of ÿ0.31 V versus AgCl/Ag,Clÿ (ÿ0.09 V versus
SHE; Figure 5). In the pH range of the disproportionation of
the MnIII

2 species, increasingly higher scan speeds are required
to achieve reoxidation. When the potential range is extended

Figure 5. Cyclic voltammogram for the MnIII
2 /MnIIIMnIV redox pair

(0.005m manganese(iii) acetate, 0.0138m mannose, pH 13.5, 40 mV secÿ1

scan speed, Hg working electrode, the second cycle is depicted). The
transition is quasi-reversible (DE� 79 mV; cf. 56.5 mV for a reversible
single-electron transition[17]). Reversibility decreases with decreasing pH
value. The potential is almost independent of pH in the range pH 12 to 14;
in the range of pH 9 to 12 the pH dependence corresponds to an addition of
about one proton to the reduced form (dilution is much larger in the
voltammetric investigation than for other experiments; thus, protolysis
reactions are more important).

to more negative values, reduction to manganese(ii) is
observed about 0.3 V below the quasi-reversible stage, as
with the oxides. The manganese(ii) species now formed in
higher concentration decompose quickly with respect to
various scan speeds applied; therefore, no reoxidation is
observed in these experiments, and the individual cycles are
no longer identical. We will report on a deeper insight into the
interplay between stereo and redox chemistry, which may be
obtained from experiments with rac-mannose as ligand.
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