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1,3,5-Trideoxy-1,3,5-tris(dimethylamino)-cis-inositol (tdci =
L) reacts with MoCl5 in a mixture of MeOH/water at 80 °C
to yield the pale purple syn-[Mo2O4H(L)2]Cl3·14.5H2O
(1Cl3·14.5H2O). Crystal data: space group P21/n, a =
8.797(2) Å, b = 25.439(5) Å, c = 23.077(5) Å, β = 90.44(3)°, V
= 5164(2) Å3, Z = 4 for C24H84Cl3Mo2N6O24.5. In solutions of
the dinuclear 13+, which were exposed to air for several
weeks, slow formation of deep red crystals containing a
novel, hexanuclear, mixed-valence complex of composition
[Mo4O8(L)2(MoO4)2]·≈27H2O (2·≈27H2O) was observed. The
tetranuclear core of complex 2 was unambiguously identified
by MS-FAB spectrometry, and the entire structure was char-

Introduction

Polynuclear oxido complexes of the early-transition ele-
ments attracted considerable interest due to their unique
structural properties and reactivity[1] and interesting appli-
cations in catalysis, materials science, and medicine.[2] An-
ionic representatives, the so-called polyoxometalates
(POMs), have been particularly well investigated, whereas
the chemistry of neutral or cationic species is somewhat less
developed. In view of their electronic structure, spectro-
scopic properties and redox behavior, mixed-valence deriva-
tives constitute an especially fascinating class of com-
pounds.[3,4] As an example, the so-called molybdenum blue,
a polynuclear MoV/MoVI complex, has attracted chemists
for more than 100 years, but its structure has been eluci-
dated just recently.[5] Papers reporting on the determination
of the crystal structure of mixed-valence MoV/MoVI tetra-
mers have been published in 1973 and in 1983;[6,7] however,
it has been shown later that they proved to be isovalent
MoV complexes.[8] Preparation and structural characteriza-
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acterized by a crystal-structure analysis: space group P21/c,
a = 12.224(2) Å, b = 15.986(3) Å, c = 14.220(3) Å, β = 98.95(3)°,
and V = 2744.9(9) Å3, Z = 2 for C24H109Mo6N6O49.5. The
structure of the hexanuclear mixed-valence complex 2 con-
tains the well-known [Mo4O8]4+ core in which two of the four
MoV centers bond to MoVIO4 units by corner sharing. The
remaining two MoV centers are each chelated by a tdci li-
gand. Cyclic voltammetry confirmed an irreversible re-
duction and oxidation of 13+ at a potential of about –1.15 V
and +0.54 V vs. NHE, respectively.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

tion of the first true mixed-valence MoV/MoVI derivative
has been reported by Chisholm et al. in 1982.[9] Since then,
a variety of discrete examples have been described.[10–20] In
addition, polymers consisting of [MoV

2O4]2+ units and
[MoO4]2– bridges are also known.[21]

Mixed-valence MoV/MoVI species can either be obtained
by partial reduction[10,11,14,16,17,21] or partial oxidation[18] of
isovalent MoVI or MoV precursors, respectively. However,
in a variety of preparative attempts, the two types of pro-
cesses, i.e. the polymerization reaction and the redox pro-
cess, have been found to occur in combination. The polyme-
rization reaction, which starts from mononuclear MoV,
yielding dinuclear species of the [Mo2O4]2+ core which as-
semble to tetranuclear complexes and further to aggregates
of even higher nuclearity, is well known.[22–30] Even the for-
mation of very large clusters, still containing the basic
[Mo2O4]2+ unit as building block,[17] has been observed.
Modec and Brencic stated in their review on [Mo2O4]2+ ag-
gregation that “traces of water have been found to severely
change the reaction course, leading to mixed-valence, MoV/
MoVI clusters. The sensitivity towards water makes the re-
actions irreproducible and difficult to control”.[24] We found
in our laboratory that, in the presence of the tripodal triol
1,3,5-trideoxy-1,3,5-tris(dimethylamino)-cis-inositol (tdci,
see Scheme 1), MoV reacts in a MeOH/H2O medium to
yield a cationic [Mo2O4]2+ species, and this dimeric species
further reacts to afford an uncharged, well defined, hexanu-
clear mixed-valence complex. In this paper, we will report
on the molecular structures of the two complexes, which
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have been determined by single-crystal X-ray diffraction. In
addition, a CV study on the [Mo2O4]2+ complex, which
sheds some light on possible redox processes of this species,
will be presented.

Scheme 1.

Results and Discussion

Synthesis and Structure of the Dinuclear Complex

The reaction of MoCl5 with a slight excess of tdci in
MeOH/H2O resulted in the formation of the dinuclear com-
plex [Mo2O4(tdci)(Htdci)]3+ (13+). The complex crystallized
from a H2O/acetone mixture as a strongly hydrated trichlo-
ride salt. The resulting crystals were of sufficient quality to
perform a single-crystal structure analysis (Figure 1). The
cation of 13+ contains the well-known MoV dimer with two
MoV=O units that form a Mo–Mo single bond, and two
µ-Ooxo bridges. The tridentate tdci ligand coordinates in a
tripodal fashion through the three oxygen donors, one of
them in the trans and two of them in the cis position with
respect to the terminal Ooxo ligand. Although not crystallo-
graphically imposed, the symmetry of 13+ is C2v within sig-
nificance. Both, the syn and anti orientations of the two
Mo=O entities are known for such (LMoO)(µ2-O)2(LMoO)
complexes.[31] However, the syn isomer is in general more
stable and, in agreement with these findings, complex 13+

contains a syn-[(MoO)2(µ2-O)2]2+ structure. In agreement

www.eurjic.org © 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2008, 129–137130

with previous reports, the four-membered Mo2O2 ring exhi-
bits significant puckering as shown by the dihedral angle
(“fold angle”) between the two µ2O–Mo–µ2O planes of
159.5°. This value is, however, significantly larger than ex-
pected[24,28] and corresponds more closely to those found
for derivatives with an additional carboxylato bridge span-
ning the two positions trans to Ooxo in a Mo–O–C(R)–O–
Mo arrangement.[32]

Figure 1. Molecular structure of syn-[Mo2O4(HL)(L)]3+ (13+); the
atomic displacement ellipsoids are drawn at the 50% probability
level; hydrogen atoms are omitted for clarity; only the labeling
scheme of the inorganic core is shown. Selected bond lengths [Å]
and angles [°]: Mo1–Mo2 2.625(1), Mo1–O1 1.945(4), Mo1–O2
1.961(4), Mo1–O11 2.311(4), Mo1–O13 2.045(4), Mo1–O15
2.079(4), Mo1–O3 1.701(4), Mo2–O1 1.952(4), Mo2–O2 1.960(4),
Mo2–O21 2.329(4), Mo2–O23 2.048(4), Mo2–O25 2.045(4), Mo2–
O4 1.698(4), O11–Mo1–O3 172.1(2), Mo1–O1–Mo2 84.7(2), Mo1–
O2–Mo2 84.1(2), O21–Mo2–O4 173.4(2).

The tdci ligand is known to offer two different types of
metal binding sites: a triaxial O,O,O and an axial-equato-
rial-axial O,N,O mode (Scheme 1a).[33–39] Coordination
through the three axial oxygen donors has been observed
for hard, highly charged metal cations such as FeIII,[33]

AlIII,[33] VIV,[39] and TaV,[35] whereas side-on-coordination
through the O,N,O site has been found for [(MoIV-tdci)3-
S4]4+, [(Mo-tdci)3S4CuBr]3+, and in a trinuclear PbII com-
plex.[34,36] In terms of Pearson’s HSAB concept, the PbII as
well as MoIV centers of the thio complexes are relatively
soft, whereas the MoV centers of the oxido species 13+

should be considered to be somewhat harder. This differ-
ence is nicely reflected in the different coordination modes
of tdci observed in these complexes.

A peculiar property of tdci is the ability of the non-coor-
dinating dimethylamino groups to act as internal bases,[37]

deprotonating the coordinating hydroxy groups and thus
generating a zwitterionic form of the ligand within a com-
plex (Scheme 1b). Moreover, the resulting ammonium
groups may act as a reservoir of weakly acidic protons.
Their deprotonation would lead to an anionic form of the
ligand. On the other hand, protonation of a coordinated
alkoxo group of the zwitterionic form is also possible. This
would then generate a cationic form of tdci. The possibility
of tdci to coordinate in all these various forms is certainly
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a particularly fascinating aspect, since it allows alteration
of the overall charge over a wide range (Scheme 1b).[35,38,39]

However, because of this flexibility, it is often difficult to
ascertain unambiguously the overall charge of the resulting
complexes. This problem can be particularly troublesome,
because it is sometimes difficult to locate the positions of
the hydrogen atoms by X-ray diffraction experiments. In the
structure presented here, the overall charge of 13+ clearly
follows from a charge-balance consideration (the Mo/Cl ra-
tio, which has been determined by elemental analysis, is ex-
actly 2:3, see Experimental Section). On the basis of an
analysis of the bond lengths (Table 1) with values of
2.625(1) Å for the Mo–Mo single bond, 1.698(4),
1.701(4) Å for the Mo=Ooxo double bonds, and 1.945(4)–
1.961(4) Å for µO–Mo bridges, the +5 state is the only
chemically sensible oxidation number for the two Mo cen-
ters in this complex.[22–28] Consequently, one of the tdci
entities must bear a positive charge. Inspection of the Mo–
O bond lengths for the two tdci ligands revealed values of
2.045(4)–2.079(4) Å (mean: 2.054 Å) for the four tdci oxy-
gen donors in the cis position of Ooxo. For the oxygen do-
nors in the trans position, M–O distances are, however,
2.329(4) and 2.311(4) Å. These values are too large for a
MoV–Oalkoxo bond, even if a considerable trans influence
of the terminal Ooxo ligand is taken into account.[8,28] The
elongation of these Mo–O bonds becomes, however, under-
standable, if protonation of the alkoxo groups is proposed.
We were not able to locate any proton in the proximity of
the trans-Otdci atoms. However, the observations that (i) the
O(11)–Mo(1)–Mo(2)–O(21) torsional angle of 1.9° indicates
an almost ideal eclipsed orientation of the two Mo–Otrans

bonds, (ii) the trans-Otdci–Mo–Mo angle of 88° is smaller
than 90°, thus indicating some attraction between the two
trans-Otdci atoms and (iii) the trans-Otdci···trans-Otdci dis-
tance of 2.460 Å is very short, are all in support of a proba-
bly symmetric Otdci···H···Otdci hydrogen-bonding system.
The entire protonation scheme of 13+ is summarized in
Scheme 1c; it comprises a zwitterionic form of the two tdci
systems with a total of six protons, located at the dimeth-
ylammonium groups, four deprotonated alkoxo groups in
the cis position of the two MoOoxo groups, and one
mononegative RO···H···OR group.

Table 1. Summary of Mo–O bond lengths [Å] in 13+ and 2.

2 13+

Ooxo–MoV 1.697,[a] 1.701[b] 1.698,[c] 1.701[c]

µ2Ooxo–MoV 1.918,[b] 1.973[d]

µ3Ooxo–MoV 2.009,[e] 2.031,[d]

2.192[f]

Oalkoxo–MoV 2.025,[a] 2.097[g] 2.045–2.079[g,h]

µ2Oalkoxo–MoV 2.188,[g] 2.244[f]

H0.5Otdci–MoV 2.311,[f] 2.329[f]

MoV–µ2OMoVI 2.063
MoVµ2O–MoVI 1.877
MoVI–Ooxo 1.707–1.745

[a] trans to µ3Ooxo [b] trans to µ2Oalkoxo [c] trans to H0.5Otdci [d]
trans to Oalkoxo [e] trans to OMoVIO3 [f] trans to Ooxo [g] trans to
µ2Ooxo [h] Mean value: 2.054.
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Spectroscopy and Electrochemistry of the Dinuclear
Complex

1Cl3 exhibited a UV/Vis spectrum in aqueous solution,
typical for a syn-(LMoO)(µ2-O)2(LMoO) complex, showing
a charge-transfer band at λmax = 325 nm (ε =
6�103 Lmol–1 cm–1). In comparison with corresponding
tridentate N-donors [L = 1,4,7-triazacyclononane: λmax =
284 nm, ε = 7�103 Lmol–1 cm–1; L = 1,5,9-triazacyclo-
dodecane: λmax = 299 nm (ε = 5�103 Lmol–1 cm–1)],[31] the
band of complex 13+ with its tridentate oxygen donor tdci
is displaced to a slightly longer wavelength. Corresponding
species with an anti-[Mo2O4]2+ core exhibited an additional
characteristic band in the range 520–550 nm
(300� ε�600 Lmol–1 cm–1). In accordance with the syn-
configuration, assigned from the crystal structure analysis,
such a band has not been observed in the spectrum of 13+.
Also the IR spectroscopic characteristics of 1Cl3 with
strong absorptions at 963 cm–1 (Mo=Ot) and 730 cm–1

(Mo–Ob) are indicative of the syn-(LMoO)(µ2-O)2(LMoO)
structure.[27,28]

FAB mass spectrometry in the positive-ion mode proved
to be a rather efficient tool to characterize the complexes
formed (Figure 2). Due to the multi-isotope nature of natu-
rally occurring molybdenum, the Mo-containing species dis-
played a characteristic isotope distribution pattern, which
helps significantly in the identification of mononuclear, di-
nuclear and tetranuclear species (Figure 2b). Moreover, the
fragmentation pattern displayed in the spectrum reflects pro-
cesses in the matrix rather than in the gas phase, and conse-
quently, an analysis of the fragmentation products provides
valuable information about possible high-energy solution re-
actions. In the FAB+ mass spectrum of 1Cl3, a series of mo-
nonuclear and dinuclear species could be identified in the
range 350�m/z�500 and 700�m/z�800, respectively. The
signal with the most intense line at 777 corresponds to the
pseudomolecular ion [Mo2O4(tdci)2–H]+, in which one of
the tdci ligands is present as an anion. This species elimin-
ates two molecules of H2O, as indicated by the peaks with
m/z at 759 and 741. A third elimination yields an additional
peak at m/z = 724. The resulting difference of ∆m/z = 17
indicated, however, elimination of OH· rather than H2O. In
terms of the relevant reaction in the matrix, we interpret this
elimination as a two-step process, comprising an elimination
of OH– and a reduction of MoV to MoIV. It is well known
that, under FAB conditions, the glycerol matrix can act as a
strong reducing agent.[40] The observed fragmentation
pattern is well understandable if one considers that the par-
ent [Mo2O4(tdci)2–H]+ species still contains a total of five
weakly acidic protons (Scheme 1). Two of them, together
with either a bridging or terminal Ooxo ligand, constitute
one H2O entity. However, after the second H2O elimination,
the above-mentioned reservoir contains only one single pro-
ton, and the final elimination of OH–, followed by a re-
duction of one of the MoV centers, results in the formation
of the completely deprotonated, mixed-valence [(H–3tdci)-
MoV–O–MoIV(H–3tdci)]+. We tentatively assign a µ2-O
structure for this final product of this process.
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Figure 2. FAB+-mass spectra of 1Cl3·12.5H2O and 2·≈27H2O. (a)
Section of the spectrum of 1Cl3·12.5H2O. (b) Observed (black) and
calculated (gray) isotope distribution for the pseudo-molecular-ion
[Mo2O4(tdci)2–H]+. (c) Section of the spectrum of 2·≈27H2O.

The formation of a mixed-valence MoV–MoIV complex
as observed in the FAB-MS spectrum induced us to study
the redox properties of 13+ by means of cyclovoltammetric
measurements in aqueous solution. CV measurements were
performed at pH 9 (Figure 3). Reduction of 13+ occurred at
a strongly negative potential, and a hanging-drop Hg work-
ing electrode was therefore used to avoid evolution of
H2. CV measurements revealed irreversible redox behavior
with a single reduction wave at about –1.15 V (vs. NHE)
and at least three oxidation waves at –0.95, –0.85, and
–0.55 V (Figure 3a). The peak current of the reduction wave
depended linearly on the square root of the scan rate, thus
indicating a diffusion-controlled reaction. In analogy to
similar observations for [Mo2O4]2+ complexes, we tenta-
tively assign this process to a four-electron reduction of the
MoV dimer.[41,42] Obviously, further chemical transforma-
tions must be taken into account at the reduced stage to
explain three distinct oxidation waves.[41] It appears, how-
ever, that a major portion of the original 13+ is reformed in
these oxidation steps, as indicated by the observation that
the same reduction wave is observed in a second and a third
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scan. The range of positive potentials was investigated with
a gold working electrode, and a single oxidation wave at
0.54 V vs. NHE (Figure 3b) assignable to a two-electron
MoV/MoVI transition[43] was observed. The absence of the
reduction peak is indicative of an EC mechanism with a
fast subsequent structural rearrangement at the MoVI stage.
The peak current of this wave proved to be directly pro-
portional to the scan rate, thus indicating an adsorption-
controlled, rather than a diffusion controlled process. It is
well known that complexes of the dinuclear, doubly bridged
[OMo-(µO)2-MoO]2+ core can be oxidized in aqueous solu-
tion by chemical oxidizing agents such as Ce4+. The final
product of this irreversible reaction is MoVI with a mixed-
valence MoV–MoVI species as intermediate.[44] A different
behavior has been described by Wieghardt et al. for the
dinuclear, monobridged [LO2MoVI–µO–MoVIO2L]2+ com-
plex (L = N,N�,N"-trimethyl-l,4,7-triazacyclononane),
where a diffusion controlled, reversible two-step reduction
was observed with the mixed-valence MoVI–MoV as an in-
termediate.[45]

Figure 3. Cyclic voltammograms for 13+ in aqueous solution
(23 °C, pH 9, potentials are referenced against NHE). (a) Hg hang-
ing-drop working electrode, scan rate = 200 mVs–1. (b) Au working
electrode, scan rate = 20 mVs–1.

Synthesis and Characterization of the Hexanuclear
Complex

A solution of 13+ in MeOH/H2O, upon prolonged stand-
ing open to the air over a period of several weeks, formed
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a small amount of deep red crystals of composition
[Mo4O8(tdci)2(MoO4)2]·≈27H2O (2·≈27H2O) according to
Equation (1).

(1)

The crystals, which proved to be air-stable, were insoluble
in water and acetone. They could be used for single-crystal
analysis. The molecular structure of the uncharged complex
[(MoO)4(µ2-O)2(µ3-O)2(tdci)2(MoO4)2] (2) is depicted in
Figure 4. It represents a mixed-valence MoV–MoVI species
consisting of the well-known [Mo4O8]4+ core,[22–28] which is
ligated by two facially coordinating tdci entities and by two
[MoVIO4]2– units coordinating in a monodentate fashion.
The oxidation state of +6 for Mo3 was confirmed by bond-
valence calculations (5.95).[46] The [Mo4O8]4+ core can be
regarded as a dimer of two Mo2O4 units, which are fused
in an anti (i.e. head-to-tail) arrangement. The two Mo cen-
ters in these units are connected by a Mo–Mo single bond,
and the two Mo centers together with the bridging oxygen
donors form a four-membered Mo–O–Mo–O ring. It is
worthy to note that the Mo–Mo distance (2.625 Å in 13+,
2.671 Å in 2) is slightly longer in the tetramer; in addition,
the tetramer exhibits some increased puckering of the four-
membered ring: the deviation of the mean plane is 0.167 Å
for 2 but only 0.089 Å for 13+.

In analogy to 13+, an exclusive coordination of tdci
through the three oxygen donors is observed in 2. Although
an unequivocal location of the hydrogen atomic positions
was again not possible by means of the crystal structure
analysis, a zwitterionic form with protonated nitrogen and
deprotonated oxygen donors was assigned (Scheme 1b) on
the basis of charge balance considerations. As mentioned
above, such a zwitterionic form has been observed in several
mononuclear metal complexes.[33] The binding mode of tdci
in 2 differs, however, from 13+ in so far, as for each tdci
entity, only two alkoxo groups coordinate in a terminal
fashion, whereas the third alkoxo group serves as a µ2-al-
koxido bridge. Consequently, only two of the Mo centers
are connected to all three oxygen donors of the tdci ligands,
whereas the remaining two Mo centers, which are only co-
ordinated to the µ2-alkoxo bridge, complete their coordina-
tion sphere by binding a MoO4

2– unit.
The eight oxygen atoms of the entire [Mo4O8]4+ core to-

gether with the six alkoxo oxygen atoms of the two tdci
ligands, and the two bridging oxygen atoms of the MoO4

2–

moieties form an aggregate of four fused, edge-sharing oc-
tahedra. The symmetry for an idealized geometry with reg-
ular octahedra would be C2h. Owing to the formation of
two Mo–Mo single bonds and the coordination of the two
tdci and MoO4

2– ligands, the geometry of this core is, how-
ever, severely distorted, and the symmetry is reduced to Ci.
The various Mo–O bond lengths are summarized in Table 1
and correspond to expectations.[8,22–28] The observed order:
Ooxo–MoV �µ2Ooxo–MoV �µ3Ooxo–MoV ≈ Oalkoxo–MoV

�µ2Oalkoxo–MoV can be correlated to the decreasing π-
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Figure 4. Molecular structure of the neutral complex [Mo4O8(L)2-
(MoO4)2] (2). (a) Numbering scheme and atomic displacement el-
lipsoids drawn at the 50% probability level; dimethylamino groups
and hydrogen atoms are omitted for clarity. (b) Polyhedral repre-
sentation for the hexanuclear core with MoVO6 octahedra and Mo-
VIO4 tetrahedra; the organic residue is drawn as a black stick
model. Selected bond lengths [Å] and angles [°]: Mo1–Mo2
2.671(1), Mo1–O12 1.701(5), Mo1–O11 2.031(5), Mo1–O1
2.244(5), Mo1–O3 2.097(6), Mo1–O5 2.025(5), Mo2–O1 2.188(5),
Mo2–O22� 1.918(5), Mo1–O22 1.973(6), Mo2–O23 1.697(5), Mo2–
O11 2.192(5), Mo2–O11� 2.009(6), Mo2–O21 2.063(6), Mo3–O21
1.877(6), Mo3–O31 1.745(7), Mo3–O33 1.707(9), Mo3–O32
1.740(8), O1–Mo1–O12 165.4(3), O3–Mo1–O22 160.7(2), O5–
Mo1–O11 152.9(2), O23–Mo2–O11 103.4(2), Mo1–O1–Mo2
106.0(2), Mo1–O11–Mo2 113.8(2), Mo2–O11–Mo2� 103.3(2),
Mo3–O21–Mo2 122.9(3), Mo1–O22–Mo2� 86.7(2).

bonding ability of the different types of oxygen donors, and
the observed differences within the same donor class can
simply be discussed in terms of a trans influence (push-pull
mechanism): strong π-bonding generally results in a more
significant weakening of the Mo–O bond in the trans posi-
tion.[47]

Formation of the [Mo4O8]4+ core was further confirmed
by FAB mass spectrometry (Figure 2c). In the range
980�m/z�1320, several signals displaying an isotope dis-
tribution characteristic of tetranuclear species were detected
in the spectrum in the positive-ion mode. The most intense
signal centered at m/z = 1031 was assigned to [Mo4O8-
(tdci)2–3H]+. It can be regarded as the remaining fragment
of 2 after dissociation of the two MoO4

2– entities. As a mat-
ter of fact, the spectrum did not show any significant
amount of penta- or hexanuclear species, thus indicating
that the MoO4

2– entities are only loosely bonded to the
[Mo4O8]4+ core. Similar to 13+, the elimination of H2O is
observed, as indicated by a peak at m/z = 1013 assignable
to [Mo4O7(tdci)2–5H]+. In addition, a series of signals at
1200�m/z�1300 indicated the binding of an additional
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tdci ligand. The signal centered at m/z = 1292 was assigned
to [Mo4O8(tdci)3–3H]+. Elimination of H2O resulted in the
formation of [Mo4O7(tdci)3–5H]+ (m/z = 1274), [Mo4O6-
(tdci)3–7H]+ (m/z = 1256), and [Mo4O5(tdci)3–9H]+ (m/z =
1238); the latter species corresponds to the product in which
all three tdci ligands are completely deprotonated. In ad-
dition, some signals of weaker intensity observed in the
range 700�m/z�800 indicated the formation of dinuclear
species such as [Mo2O4(tdci)2–H]+ (m/z = 777). Obviously,
the aggregation reaction, yielding the tetramer as a dimer
of dimers, is reversible under FAB conditions.

Conclusions

The reaction of MoCl5 with tdci resulted in the direct
formation of [Mo2O4(tdci)(Htdci)]3+ (13+) which was sub-
sequently converted into the mixed-valence species [MoV

4-
O8(tdci)2(MoVIO4)2] (2) by means of an oxidatively induced
polymerization process. Formation of the [MoV

4O8]4+ core
by dimerization of [MoV

2O4]2+ complexes is well estab-
lished, and a variety of [MoV

4O8]4+ complexes with alkox-
ido ligands have been reported in the literature.[26,28] The
present investigation provides, however, some new aspects
for this reaction type:

(i) Our study confirmed the formation of a mixed-val-
ence MoV–MoVI species in a partially aqueous system, as
postulated by Modec and Brencic (see Introduction).[24]

(ii) Coordination of the MoO4
2– unit in polynuclear Mo

complexes is well established. However, in most of these
complexes, the MoO4

2– units undergo a bridging coordina-
tion mode. A terminal, monodentate coordination to a
polynuclear (oxido)molybdenum core appears to be rather
scarce,[48,49] and we are only aware of one example[11] where
this type of coordination mode has been described in a
mixed-valence MoVMoVI species.

(iii) It is of interest to compare the hydrolytic polymeriza-
tion process of MoV with TaV under similar conditions. In
analogy to the results reported here for MoV, two discrete
TaV complexes, the mononuclear [H–2Ta(tdci)2]3+ and the
heptanuclear [H–11Ta7O12(tdci)6] have been obtained by the
reaction of TaCl5 with tdci in MeOH/H2O.[35] However, the
structural differences clearly reflect the specific properties
of the d1 and d0 electron configuration. As is well known,
MoV has a pronounced tendency to form a Mo–Mo single
bond. Consequently, formation of a mononuclear complex
as observed for TaV was not observed. Moreover, the for-
mation of Mo–Mo bonds resulted in a much denser pack-
ing of the MoO6 octahedra (Figure S1, Supporting Infor-
mation): The Mo4O16 substructure of 2 is exclusively made
up of edge-sharing MoO6 octahedra, whereas in the corre-
sponding Ta7O30 substructure, the TaO6 octahedra are con-
nected by common vertices.

(iv) Two new coordination modes of the tdci ligand are
reported: In 13+ two tdci units are bridged by a (possibly
symmetrical) M–(R)O···H···O(R)–M bridge. A related type
of bridging is known in the chemistry of aqua complexes,
where a first intermediate in the so-called olation reaction

www.eurjic.org © 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2008, 129–137134

is believed to be a dimer of the type M–O(H)–H···O(H)–
M.[50]

In 2, both tdci ligands bridge two MoV centers. Each
tdci ligand exhibits a facial tridentate and a monodentate
coordination mode in which two of the alkoxo groups coor-
dinate in a terminal fashion and the third oxygen donor
serves as a µ2-alkoxo group.

(v) Owing to the different coordination modes offered by
the tdci system (Scheme 1), this ligand can be used as an
indicator to investigate the preference of a given metal cen-
ter for binding either nitrogen or oxygen donor atoms, as
expressed by Equation (2):[51]

(2)

Our investigation points to preferential binding of the
harder oxygen donor to MoV, whereas binding to the softer
nitrogen donor of tdci has been observed in a series of
MoIV thio complexes (Scheme 2). It should, however, be
noted that this question cannot be discussed simply in
terms of HSAB arguments. Although MoVI is expected to
be even harder than MoV, the molybdenum center in [(taci)-
MoO3] is exclusively bonded to the nitrogen donors of the
taci ligand (Scheme 2b).[52]

Scheme 2. Coordination modes for molybdenum complexes with
1,3,5-triamino-1,3,5-trideoxy-cis-inositol (taci) and 1,3,5-trideoxy-
1,3,5-tris(dimethylamino)-cis-inositol (tdci). (a) syn-[Mo2O4H-
(tdci)2]3+ (this work), (b) [MoO3(taci)] (ref.[52]), (c) [Mo3S4(tdci)3]4+

(ref.[46]) and (d) [Mo3S4(taci)3 + 3acetone – 3H2O – 4H+] (ref.[46]).

Experimental Section
Physical Measurement and Analyses: The IR spectrum of
1Cl3·14.5H2O was measured with a Bruker Vector 22 FT IR spec-
trometer equipped with a Golden Gate ATR unit. FAB+ mass spec-
tra were recorded with a VG ZAB VSEQ instrument. The samples
were measured as aqueous solutions by using a glycerol matrix.
Cyclic voltammetry was performed at ambient temperature
(23�2 °C) in a BAS C2 cell equipped with a BAS 100B/W2 po-
tentiostat, by using a Au or Hg (hanging-drop) working electrode,
a platinum counterelectrode, and a Ag/AgCl reference electrode.
The measurements were performed in an aqueous medium (12 m

total Mo concentration, 0.5  KCl as supporting electrolyte), and
the pH was adjusted to 9 by using additional tdci (12 m) as buffer.
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C, H, N analyses were performed by D. Manser (Laboratorium für
Organische Chemie, ETH Zürich); the Cl analysis (argentometric
titration) and Mo analysis (ICP-OES) were performed by K.
Hametner (Laboratorium für Anorganische Chemie, ETH Zürich).

Materials: MoCl5 was purchased from Aldrich and was used with-
out further purification. Tdci was prepared as described pre-
viously.[53]

[Mo2O4H(tdci)2]Cl3·12.5H2O: Anhydrous MoCl5 (2.13 g,
7.796 mmol) was added carefully to frozen MeOH (60 g). The mix-
ture was warmed up slowly to room temperature, resulting in a
green, clear solution. An aliquot of this solution (1.21 g,
0.153 mmol Mo) was added to a solution of tdci (0.1 g,
0.383 mmol) dissolved in MeOH (2.5 mL). After 15 min., a portion
of H2O (2.5 mL) was added, and a color change from green to
brown was noted. The solution was stirred and heated to 80 °C
until complete evaporation of MeOH. The resulting solution was
cooled to room temperature and was layered with an equal volume
of acetone. Ruby-colored prismatic crystals (56 mg, 66%), which
formed within a period of about 14 h at 4 °C, were isolated by
filtration and dried in a desiccator over P2O5 to yield 1Cl3·10.5H2O.
C24Cl3H76Mo2N6O20.5 (1075.1): calcd. C 26.81, H 7.13, N 7.82;
found C 26.50, H 6.86, N 7.76. The dried product was allowed to
stand open to humid air until a constant weight was reached, to
yield 1Cl3·12.5H2O. C24Cl3H80Mo2N6O22.5 (1111.2): calcd. C
25.94, H 7.26, N 7.56, Cl 9.57, Mo 17.27; found C 25.93, H 7.18,
N 7.44, Cl 9.60, Mo 17.31. IR: ν̃ = 3345, 1633, 1462, 1414, 1363,
1229, 1184, 1155, 1127, 1003, 963, 924, 888, 841, 712, 534 cm–1.
MS-FAB+: m/z = 777.2 [Mo2O4(tdci)2 – H]+. Single crystals of com-
position 1Cl3·14.5H2O were grown by layering an aqueous solution
of the complex with acetone.

[Mo4O8(tdci)2(MoO4)2]·≈27H2O: A crystalline sample of
[Mo2O4H(tdci)2]Cl3·12.5H2O (50 mg, 45 µmol) was dissolved in a
mixture of MeOH (1 mL) and H2O (1 mL). The solution was al-
lowed to stand open to the air in such a way that very slow evapora-
tion of the solvent was possible. After a period of four weeks, the
solution was concentrated to a total volume of about 0.5 mL, and
the deposition of a small amount (≈ 5%) of dark red crystals was
noted. MS-FAB+: m/z = 1031.5 ([Mo4O8(tdci)2 – 3H]+).

X-ray Diffraction Analysis:[54] Suitable crystals of 1Cl3·14.5H2O
and 2·≈27H2O were directly taken from the mother liquor and
mounted on the diffractometer. Diffraction data were collected at
200 K with a Siemens Stoe IPDS diffractometer, using monochro-
mated Mo-Kα radiation. Crystal data for the two compounds are
presented in Table 2. A total of 32137 and 16631 reflections were
collected in the range 1.94°�θ�24.10° and 2.11°�θ�23.93° for
1Cl3 and 2, respectively. Both data sets were empirically corrected
for absorption effects. The two structures were solved by direct
methods (SHELXS-97).[55a] In the structure of 1Cl3, 18 peaks were
located in the electron-density map accounting for the total of 14.5
water molecules. Eleven of them (O1w–O11w) corresponded to a
fully occupied water position, O12w–O16w had an occupancy of
only 50%. O17w was found to be disordered over two sites with
occupancies of 60 and 40%. In the structure of 2, one methyl group
(C42) of a peripheral dimethylammonium moiety was found to be
disordered, exhibiting two split positions, each having 50% site oc-
cupancy. Moreover, in the asymmetric unit, only three water mole-
cules (O1w, O2w, O4w) were located at well-defined positions. The
remaining water molecules were found to be badly disordered. In
a first attempt, a total of eleven additional peaks (O3wA, O3wB,
O5w, O6wA, O6wB, O7wA, O7wB, O8wA, O8wB, O9wA, O9wB)
were assigned to partially occupied sites. However, there remained
several minor peaks, having an electron density in the range 1–
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1.5 eÅ–3, in the difference Fourier map, thus indicating that the
problem of the disordered water molecules was not completely
solved.

Table 2. Crystallographic data for 1Cl3·14.5H2O and 2·≈27H2O.

1Cl3·14.5H2O 2·≈27H2O

Empirical formula C24H84Cl3Mo2N6O24.5 C24H109Mo6N6O49.5

FW [gmol–1] 1147.2 1849.8
Crystal size [mm] 0.5�0.3�0.3 0.2�0.2�0.2
Crystal system monoclinic monoclinic
Space group P21/n (No. 14) P21/c (No. 14)
a [Å] 8.797(2) 12.224(2)
b [Å] 25.439(5) 15.986(3)
c [Å] 23.077(5) 14.220(3)
β [°] 90.44(3) 98.95(3)
V [Å3] 5164(2) 2744.9(9)
Z 4 2
T, [K] 200(2) 200(2)
λ [Å] 0.71073 (Mo-Kα) 0.71073 (Mo-Kα)
ρcalcd [gcm–3] 1.476 2.238
µ [cm–1] 7.19 14.62
R1 [I�2σ(I)] 0.050 0.056
wR2 (all data) 0.167 0.137

Both structures (5364 unique reflections, 568 parameters for 1Cl3
and 2692 unique reflections, 261 parameters for 2) were refined by
using full-matrix least-squares calculations on F2 (SHELXL-
97).[55b] All non-hydrogen atomic positions except the two split po-
sitions of the disordered methyl group C42 in 2 were refined aniso-
tropically. Several of the H(-C) and H(-N) hydrogen atomic posi-
tions could be located in the difference Fourier map. However,
some of them exhibited rather poor Uiso values. We therefore de-
cided to use calculated positions by the riding model, Uiso =
1.5�Ueq and 1.2�Ueq of the pivot atom for the methyl groups
and the other H(-C) and H(-N) positions, respectively. The atomic
positions of the hydrogen atoms of the water molecules were not
considered.

At this stage, the refinement of 2 resulted in agreement factors of
R1 = 5.80% for I�2σ(I) and wR2 = 14.47% for all data. Because
of the above mentioned unsatisfactory situation for the water mole-
cules, the SQUEEZE program of the PLATON package[56] was
now applied to subtract the electron density of all water molecules.
The program removed 137.2 e–, corresponding to a total of 13.75
solvent H2O molecules in the asymmetric unit. In the final refine-
ment, the agreement factors diminished, however, only slightly to
R1 = 5.65% for I�2σ(I) and wR2 = 13.67 for all data.

Supporting Information (see footnote on the first page of this arti-
cle): Figure S1 showing the complex core (polyhedra) of [H–11Ta7-
O12(tdci)6] and [MoV

4O8(tdci)2(MoVIO4)2].

Acknowledgments

The FAB mass spectra have been measured by R. Häfliger and
Dr. W. Amrein (ETH Zürich). An early crystal structure analysis
of 1Cl3·14.5H2O and 2·≈27H2O was performed by Prof. Dr. V.
Gramlich, Dr. S. Leoni and Dr. M. Wörle (all ETH Zürich); the
data sets presented in this investigation have been collected by Dr.
Volker Huch (University of des Saarlandes). Financial support by
the Schweizerischer Nationalfonds (for M. D. M.) is gratefully ac-
knowledged.



M. D. Meienberger, B. Morgenstern, S. Stucky, K. HegetschweilerFULL PAPER

[1] a) Y. P. Jeannin, Chem. Rev. 1998, 98, 51; b) P. Gouzerh, A.
Proust, Chem. Rev. 1998, 98, 77; c) I. A. Weinstock, Chem. Rev.
1998, 98, 113; d) M. Sadakane, E. Steckhan, Chem. Rev. 1998,
98, 219; e) A. Müller, F. Peters, M. T. Pope, D. Gatteschi,
Chem. Rev. 1998, 98, 239; f) W. G. Klemperer, C. G. Wall,
Chem. Rev. 1998, 98, 297; g) T. Yamase, Chem. Rev. 1998, 98,
307.

[2] a) I. V. Kozhevnikov, Chem. Rev. 1998, 98, 171; b) N. Mizuno,
M. Misono, Chem. Rev. 1998, 98, 199; c) E. Coronado, C. J.
Gomez-Garcia, Chem. Rev. 1998, 98, 273; d) J. T. Rhule, C. L.
Hill, D. A. Judd, R. F. Schinazi, Chem. Rev. 1998, 98, 327; e)
D. E. Katsoulis, Chem. Rev. 1998, 98, 359.

[3] C. G. Young, Coord. Chem. Rev. 1989, 96, 89.
[4] Q. Chen, J. Zubieta, Coord. Chem. Rev. 1992, 114, 107.
[5] A. Müller, C. Serain, Acc. Chem. Res. 2000, 33, 2.
[6] J. A. Beaver, M. G. B. Drew, J. Chem. Soc. Dalton Trans. 1973,

1376.
[7] M. F. Belicchi, G. G. Fava, C. Pelizzi, J. Chem. Soc. Dalton

Trans. 1983, 65.
[8] S. Lincoln, S. A. Koch, Inorg. Chem. 1986, 25, 1594.
[9] a) M. H. Chisholm, K. Folting, J. C. Huffman, C. C. Kirkpat-

rick, J. Chem. Soc. Chem. Commun. 1982, 189; b) M. H. Chish-
olm, K. Folting, J. C. Huffman, C. C. Kirkpatrick, Inorg.
Chem. 1984, 23, 1021.

[10] S. Liu, X. Sun, J. Zubieta, J. Am. Chem. Soc. 1988, 110, 3324.
[11] S. Liu, J. Zubieta, Polyhedron 1989, 8, 537.
[12] M. Yu. Antipin, L. P. Didenko, L. M. Kachapina, A. E. Shilov,

A. K. Shilova, Y. T. Struchkov, J. Chem. Soc. Chem. Commun.
1989, 1467.

[13] A. A. Eagle, M. F. Mackay, C. G. Young, Inorg. Chem. 1991,
30, 1425.

[14] H. K. Chae, W. G. Klemperer, D. E. Paez Loyo, V. W. Day,
T. A. Eberspacher, Inorg. Chem. 1992, 31, 3187.

[15] M. K. Ehlert, S. J. Rettig, A. Storr, R. C. Thompson, J. Trotter,
Inorg. Chem. 1993, 32, 5176.

[16] M. I. Khan, Q. Chen, J. Salta, C. J. O’Connor, J. Zubieta, In-
org. Chem. 1996, 35, 1880.

[17] A. Müller, C. Kuhlmann, H. Bögge, M. Schmidtmann, M.
Baumann, E. Krickemeyer, Eur. J. Inorg. Chem. 2001, 2271.

[18] a) B. Modec, J. V. Brencic, I. Leban, Inorg. Chem. Commun.
1998, 1, 161; b) B. Modec, J. V. Brencic, L. Golic, L. M. Dan-
iels, Polyhedron 2000, 19, 1407; c) B. Modec, J. V. Brencic, L.
Golic, G. Giester, Inorg. Chim. Acta 2000, 307, 32; d) B. Mo-
dec, J. V. Brencic, G. Giester, Acta Crystallogr., Sect. C 2001,
57, 246.

[19] a) W. Yang, C. Lu, X. Lin, H. Zhuang, Inorg. Chem. 2002, 41,
452; b) A. Dolbecq, L. Lisnard, P. Mialane, J. Marrot, M. Be-
nard, M.-M. Rohmer, F. Secheresse, Inorg. Chem. 2006, 45,
5898.

[20] C. du Peloux, A. Dolbecq, P. Mialane, J. Marrot, F. Secheresse,
Dalton Trans. 2004, 1259.

[21] a) Y. Lu, E. B. Wang, M. Yuan, Y. G. Li, C. W. Hu, J. Mol.
Struct. 2003, 649, 191; b) D. Liu, P. Zhang, J. N. Xu, S. H.
Feng, Z. Shi, Solid State Sci. 2007, 9, 16.

[22] M. T. Pope, Prog. Inorg. Chem. 1991, 39, 181.
[23] H. K. Chae, W. G. Klemperer, T. A. Marquart, Coord. Chem.

Rev. 1993, 128, 209.
[24] B. Modec, J. V. Brencic, J. Cluster Sci. 2002, 13, 279.
[25] B. Modec, J. V. Brencic, J. Zubieta, P. J. Hagrman, Inorg. Chem.

Commun. 2001, 4, 537.
[26] B. Modec, J. V. Brencic, J. Zubieta, J. Chem. Soc. Dalton Trans.

2002, 1500.
[27] B. Modec, J. V. Brencic, E. M. Burkholder, J. Zubieta, Dalton

Trans. 2003, 4618.
[28] B. Modec, J. V. Brencic, Eur. J. Inorg. Chem. 2005, 1698.
[29] M. J. Manos, A. D. Keramidas, J. D. Woollins, A. M. Z. Sla-

win, T. A. Kabanos, J. Chem. Soc. Dalton Trans. 2001, 3419.
[30] M. J. Manos, J. D. Woollins, A. M. Z. Slawin, T. A. Kabanos,

Angew. Chem. Int. Ed. 2002, 41, 2801.

www.eurjic.org © 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2008, 129–137136

[31] a) K. Wieghardt, M. Hahn, W. Swiridoff, J. Weiss, Inorg. Chem.
1984, 23, 94; b) K. Wieghardt, M. Guttmann, P. Chaudhuri,
W. Gebert, M. Minelli, C. G. Young, J. H. Enemark, Inorg.
Chem. 1985, 24, 3151.

[32] B. Modec, J. V. Brencic, Eur. J. Inorg. Chem. 2005, 4325.
[33] K. Hegetschweiler, T. Kradolfer, V. Gramlich, R. D. Hancock,

Chem. Eur. J. 1995, 1, 74.
[34] K. Hegetschweiler, M. Wörle, M. D. Meienberger, R. Nesper,

H. W. Schmalle, R. D. Hancock, Inorg. Chim. Acta 1996, 250,
35.

[35] K. Hegetschweiler, T. Raber, G. J. Reiß, W. Frank, M. Wörle,
A. Currao, R. Nesper, T. Kradolfer, Angew. Chem. 1997, 109,
2052; Angew. Chem. Int. Ed. Engl. 1997, 36, 1964.

[36] R. Hedinger, T. Kradolfer, K. Hegetschweiler, M. Wörle, K.-
H. Dahmen, Chem. Vap. Deposition 1999, 5, 29.

[37] K. Hegetschweiler, Chem. Soc. Rev. 1999, 28, 239.
[38] T. Gajda, Y. Düpre, I. Török, J. Harmer, A. Schweiger, J. San-

der, D. Kuppert, K. Hegetschweiler, Inorg. Chem. 2001, 40,
4918.

[39] B. Morgenstern, S. Steinhauser, K. Hegetschweiler, E. Gar-
ribba, G. Micera, D. Sanna, L. Nagy, Inorg. Chem. 2004, 43,
3116.

[40] a) T. Kradolfer, K. Hegetschweiler, Helv. Chim. Acta 1992, 75,
2243; b) K. Hegetschweiler, M. Ghisletta, T. F. Fässler, R.
Nesper, H. W. Schmalle, G. Rihs, Inorg. Chem. 1993, 32, 2032;
c) K. Hegetschweiler, M. Ghisletta, V. Gramlich, Inorg. Chem.
1993, 32, 2699.

[41] a) V. R. Ott, F. A. Schultz, Electroanal. Chem. Interfacial Elec-
trochem. 1975, 59, 47; b) V. R. Ott, F. A. Schultz, Electroanal.
Chem. Interfacial Electrochem. 1975, 61, 81.

[42] a) M. T. Paffett, F. C. Anson, Inorg. Chem. 1984, 23, 1996; b)
A. Domenech, E. Llopis, A. Cervilla, F. Vicente, Polyhedron
1992, 11, 1517.

[43] a) J. K. Howie, D. T. Sawyer, Inorg. Chem. 1976, 15, 1892; b)
K. Unoura, T. Ooi, K. Tanaka, A. Iwase, J. Electroanal. Chem.
1988, 252, 335.

[44] a) R. K. Wharton, J. F. Ojo, A. G. Sykes, J. Chem. Soc. Dalton
Trans. 1975, 1526; b) G. A. Chappelle, A. MacStay, S. T.
Pittenger, K. Ohashi, K. W. Hicks, Inorg. Chem. 1984, 23,
2768.

[45] K. Wieghardt, G. Backes-Dahmann, W. Herrmann, J. Weiss,
Angew. Chem. Int. Ed. Engl. 1984, 23, 899.

[46] N. E. Brese, M. O’Keeffe, Acta Crystallogr., Sect. B 1991, 47,
192.

[47] K. Hegetschweiler, A. Egli, E. Herdtweck, W. A. Herrmann,
R. Alberto, V. Gramlich, Helv. Chim. Acta 2005, 88, 426.

[48] a) J. Fuchs, H. Hartl, W.-D. Hunnius, S. Mahjour, Angew.
Chem. Int. Ed. Engl. 1975, 14, 644; b) M. Touboul, C. Idoura,
P. Toledano, Acta Crystallogr., Sect. C 1984, 40, 1652; c) J. L.
Garin, J. A. Costamagna, Acta Crystallogr., Sect. C 1988, 44,
779; d) R. Benchrifa, R. De Pape, Acta Crystallogr., Sect. C
1990, 46, 728.

[49] P. K. Bharadwaj, Y. Ohashi, Y. Sasada, Y. Sasaki, T. Yamase,
Acta Crystallogr., Sect. C 1986, 42, 545.

[50] M. Ardon, A. Bino, K. Michelsen, J. Am. Chem. Soc. 1987,
109, 1986.

[51] K. Hegetschweiler, M. Ghisletta, L. Hausherr-Primo, T. Kra-
dolfer, H. W. Schmalle, V. Gramlich, Inorg. Chem. 1995, 34,
1950.

[52] K. Hegetschweiler, P. J. Hagrman, J. Zubieta in Advances in
Coordination, Bioinorganic and Inorganic Chemistry (Eds.: M.
Melnik, J. Sima, M. Tatarko), Slovak Technical University
Press, Bratislava, 2005, pp. 61–72.

[53] K. Hegetschweiler, I. Erni, W. Schneider, H. Schmalle, Helv.
Chim. Acta 1990, 73, 97.

[54] CCDC-653482 (1Cl3·14.5H2O) and -653483, -653484
(2·≈27H2O, before and after application of the SQUEEZE pro-
gram, respectively) contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge



A Dinuclear MoV and a Hexanuclear Mixed-Valence MoV/MoVI Complex

from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

[55] a) G. M. Sheldrick, SHELXS-97, Program for Crystal Struc-
ture Solution, Göttingen, 1990; b) G. M. Sheldrick, SHELXL-
97, Program for Crystal Structure Refinement, Göttingen, 1997.

Eur. J. Inorg. Chem. 2008, 129–137 © 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 137

[56] A. L. Spek, PLATON, a multipurpose crystallographic tool,
Utrecht University, The Netherlands 2001; see also: P. v. d.
Sluis, A. L. Spek, Acta Crystallogr., Sect. A 1990, 46, 194.

Received: July 13, 2007
Published Online: November 20, 2007


