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Dinuclear Oxomolybdate(V) Species with Oxalato and Pyridine Ligands
Revisited: cis/trans Isomerization of [Mo2O4(η2-C2O4)2(R-Py)2]2– (R-Py =

Pyridine, Alkyl-Substituted Pyridine) in Water Evidenced by NMR
Spectroscopy
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The simple oxohalomolybdate(V) ions [MoOCl4(H2O)]– and
[MoOBr4]– were reacted with oxalic acid in mixtures contain-
ing an alcohol and a pyridine (R-Py) to form the dinuclear
anions [Mo2O4(η2-C2O4)2(R-Py)2]2– based on the {Mo2O4}2+

structural core. The dinuclear anion exists in two isomeric
forms − as a trans and as a cis isomer. A trans arrangement
of the pyridine ligands relative to the Mo2(μ2-O)2 bridge was
observed for (PyH)2[Mo2O4(η2-C2O4)2Py2] (1), (PyH)2-
[Mo2O4(η2-C2O4)2(3,5-Lut)2] (2), [MeNC5H3(Me)2]2[Mo2O4-
(η2-C2O4)2(3,5-Lut)2]·H2O (3), (4-MePyH)2[Mo2O4(η2-C2O4)2-
(4-MePy)2]·1/2(4-MePy) (5), and [(C6H5)4P]2[Mo2O4(η2-C2O4)2-
Py2]·H2O (7) [Py = pyridine; 3,5-Lut = 3,5-lutidine;
MeNC5H3(Me)2

+ = N-methyl-3,5-lutidinium cation and 4-
MePy = 4-methylpyridine], while a cis arrangement was
found in only two compounds, namely (4-EtPyH)2[Mo2O4(η2-
C2O4)2(4-EtPy)2] (4) (4-EtPy = 4-ethylpyridine) and (4-Me-
PyH)3[Mo2O4(η2-C2O4)2(4-MePy)2]Br (6). The solution chem-
istry of the trans-[Mo2O4(η2-C2O4)2Py2]2– anion was moni-

Introduction

The MoO3+ structural unit pervades in the chemistry of
molybdenum in the +5 oxidation state.[1] The metal displays
a marked tendency to dimerize through one or two oxygen
bridges with the formation of the {Mo2O3}4+ and
{Mo2O4}2+ dinuclear fragments. In the case of the
{Mo2O4}2+ structural core a direct interaction between two
molybdenum atoms, conveniently described as a single me-
tal–metal bond, is formed. The X-ray structural analyses of
numerous {Mo2O4}2+ compounds have shown that the ba-
sic structural properties of the {Mo2O4}2+ core are indepen-
dent of the ligands which complete the five- or sixfold coor-
dination environments of the metal.[1,2] In the absence of
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tored by 1H and 13C variable temperature NMR spectroscopy
and showed evidence of two processes: the substitution of a
pyridine ligand for water, coupled with cis/trans isomeriza-
tion. Both reactions were exploited in the preparation of
trans-(PyH)2[Mo2O4(η2-C2O4)2(H2O)2] (8) from a water/meth-
anol solution of cis-(4-EtPyH)2[Mo2O4(η2-C2O4)2(4-EtPy)2]
(4). trans-(PyH)2[Mo2O4(η2-C2O4)2(H2O)2] (8) was seen to re-
act with methanol with the rupture of the molybdenum-to-
oxalate bonds resulting in the cyclic octanuclear anion which
crystallizes as a pyridinium salt, (PyH)2[Mo8O16(OCH3)8(μ8-
C2O4)]·2CH3OH (9). The compounds were fully charac-
terized by X-ray structural analysis and IR spectroscopy. MO
calculations were performed on the isomeric pair of
[Mo2O4(η2-C2O4)2(4-MePy)2]2– in order to establish their rel-
ative energies.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

ligands, the metal centers attain coordinative saturation
through further assembly of {Mo2O4}2+ units which share
their originally μ2-bridging oxo groups to form discrete oli-
gonuclear clusters.[3] For instance, the association of four
{Mo2O4}2+ units through the agency of methoxide ions has
been shown to produce two different types of octanuclear
metal oxide cores: (i) a ring-like {Mo8O8(μ2-O)8(μ2-
OCH3)8},[4,5] and (ii) a more compact {Mo8O8(μ3-O)4(μ2-
O)4(μ3-OCH3)2(μ2-OCH3)4}2+ core.[6] In the presence of
suitable ligands, their ligation to the {Mo2O4}2+ core nor-
mally precedes the self-assembly of dinuclear subunits.
Multidentate oxygen donor ligands, in particular oxalate,
with its well-known ability to adopt different coordination
modes, can theoretically connect the dinuclear {Mo2O4}2+

units into polymeric materials. True polymeric {Mo2O4}2+

species where multidentate oxygen donor ligands link the
dinuclear building blocks into infinite structures are ex-
tremely rare. The only examples are [Mo2O4(C2O4)Cl2]n2n–

and [Mo2O4(C2O4)2(H2PO4)]n3n–, with infinite chain struc-
tures, and [Mo2O4(PO4)(HPO4)]n3n–, with an infinite layer
structure.[7–9] The bridging ligand in [Mo2O4(C2O4)Cl2]n2n–

is oxalate, while in the other two polymers the phosphate
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serves to link the dinuclear subunits. The literature also re-
ports on another type of polymeric compound where the
repeating structural unit is a tetranuclear, cube-like metal
oxide core with the formula {Mo4O4(μ3-O)4}4+ and the
bridging ligands are the phosphates.[10] The cube-like core
may be considered as the assembly of two {Mo2O4}2+ units.
Apparently, under the reaction conditions employed, the as-
sembly of {Mo2O4}2+ units took place first and was fol-
lowed by phosphate coordination to the periphery of the
{Mo4O4(μ3-O)4}4+ core.

We have demonstrated in our previous work that a series
of complexes with the oxalate bonded in different ways can
be obtained by tuning the oxalate-to-molybdenum ratio:
[Mo8O16(OCH3)8(μ8-C2O4)]2– and [Mo2O4(μ2-C2O4)Cl2]n2n–

when the oxalate amounts were small, and trans-
[Mo2O4(η2-C2O4)Py2]2– and [{Mo2O4(η2-C2O4)2}2(μ4-
C2O4)]6– when the amounts of the ligand were large.[7,11]

Furthermore, with an even larger amount of the oxalate,
{Mo2O4}2+ no longer formed, but rather the {Mo2O3}4+

core with four coordination sites per metal center. The spe-
cies obtained, [Mo2O3(η2-C2O4)4]4–, thus contains two oxal-
ato ligands per molybdenum. Although the X-ray structure
analyses provided unambiguous characterization of the
above-listed complexes, their solubility in water and their
diamagnetic nature enabled NMR solution studies. The
spectrum of the pyridine-coordinated complex trans-
[Mo2O4(η2-C2O4)Py2]2– displays broadening of the pyridine
resonances, which suggested substitution reactions in water
solutions. Further studies were therefore initiated with the
aim to provide an adequate explanation of these observa-
tions.

Results and Discussion

Structural Studies

Structures of Compounds with trans- and cis-[Mo2O4(η2-
C2O4)2(R-Py)2]2– Anions

The trans and cis geometric isomers of the [Mo2O4(η2-
C2O4)2(R-Py)2]2– ion are depicted in Figures 1 and 2,
respectively. A central {Mo2O4}2+ core, with a pyridine li-
gand and a bidentate oxalate completing the six-coordinate
environment of each metal, may be recognized in both iso-
mers. The position of the pair of pyridine ligands or oxa-
lates can be either on the opposite sides of the plane defined
by the Mo=O groups (trans isomer) or on the same side (cis
isomer). The trans arrangement was observed for R-Py =
pyridine (1 and 7), 3,5-lutidine (2 and 3), and 4-methylpyri-
dine (5), while cis isomers were found for 4-ethylpyridine
(4) and 4-methylpyridine (6). Both isomers were isolated
only in the case of 4-methylpyridine. The two isomeric
forms of the dinuclear anion differ in symmetry: neglecting
the alkyl substituents on the pyridine rings, the trans isomer
belongs to the C2 point group, and the cis isomer to the
Cs point group. However, the above-stated symmetry of the
anions is rarely realized in solid-state structures. The excep-
tions are the trans anions in 1 and 2, where the center of
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the Mo(μ2-O)2Mo group sits on a crystallographic twofold
rotation axis and only half of the anion defines the asym-
metric unit. The geometric parameters of the {Mo2O4}2+

core in compounds 1–7 do not differ significantly and have
similar values to those determined previously for many
other {Mo2O4}2+ compounds:[1,2] (i) a short Mo–Mo dis-
tance in the range 2.5430(3)–2.5559(5) Å for trans isomers
and 2.5519(2)–2.5520(3) Å for cis isomers, signifying a sin-
gle metal–metal bond, and (ii) a nonplanar Mo(μ2-O)2Mo
moiety with fold angles in the ranges 149.5(2)–154.07(9)°
and 152.17(5)–153.88(6)° for trans and cis isomers, respec-
tively. The trans influence of the terminal oxo group is re-
flected in the nonequivalence of the two molybdenum-to-
oxalate oxygen bond lengths. Relevant geometric parame-
ters for the anions in 1–7 are summarized in Tables 1 and
2.

Figure 1. Ball-and-stick representation of the trans-[Mo2O4(η2-
C2O4)2(Py)2]2– anion in 1. Mo sites are cross-hatched, nitrogen
atoms are lined bottom left to top right, and oxygen atoms are
small, unshaded and carbon atoms small, shaded spheres. The
same drawing scheme is used throughout.

Figure 2. Ball-and-stick representation of the cis-[Mo2O4(η2-C2O4)2-
(4-MePy)2]2– anion in 6.

Interesting patterns of hydrogen bonds are observed for
compounds 1–7. The oxalato ligands, which can act as ac-
ceptors of hydrogen bonds, are matched with protonated
pyridine molecules, and these are seen to form either a hy-
drogen bonding interaction with one noncoordinated oxy-
gen atom from the oxalate or a bifurcated interaction with
both noncoordinated oxygen atoms of the oxalate (Fig-
ure 3). The former type is present in 1, with relatively short
N···O distances of 2.642(2) Å, while the latter occurs in 2
and 5. In the case of bifurcated hydrogen bonds, one is
shorter than the other, as illustrated by 2, where the N···O
distances are 2.700(2) and 2.984(2) Å. Another type of hy-
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Table 1. Selected geometric parameters [Å, °] for trans-[Mo2O4(η2-
C2O4)2(R-Py)2]2–.

Compound Mo–O(oxalate) Mo–Mo Fold angle[a] Mo–N

1 2.135(1) vs. 2.189(1) 2.5490(3) 149.56(4) 2.257(2)
2 2.132(1) vs. 2.185(1) 2.5525(3) 151.58(4) 2.266(2)
3 2.129(2) vs. 2.167(1) 2.5488(2) 149.87(4) 2.246(2)

2.257(2)
2.127(2) vs. 2.180(2)

5[b] 2.135(3) vs. 2.195(3) 2.5559(5) 150.2(2) 2.246(3)
2.260(3)

2.140(3) vs. 2.198(3)
2.130(3) vs. 2.200(3) 2.5492(5) 149.5(2) 2.247(4)

2.253(4)
2.142(3) vs. 2.184(3)

7 2.118(2) vs. 2.176(2) 2.5430(3) 154.07(9) 2.268(2)
2.310(2)

2.127(2) vs. 2.155(2)

[a] Defined as the dihedral angle between two Mo(μ2-O)2 planes.
[b] Two sets of parameters are listed, one for each anion in the
asymmetric unit.

drogen-bonding interaction is observed for the cis isomers:
the position of the protonated aromatic ring is such as to
form two interactions to two closest coordinated oxygen
atoms of two different oxalates (Figure 3). As exemplified
by 4, one of the two N···O distances is shorter than the
other [2.728(2) vs. 2.977(2) Å]. In 3 and 7, with no cations

Figure 3. Types of hydrogen bonds in [Mo2O4(η2-C2O4)2(R-Py)2]2– compounds.
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Table 2. Selected geometric parameters [Å, °] for cis-[Mo2O4(η2-
C2O4)2(R-Py)2]2–.

Compound Mo–O(oxalate) Mo–Mo Fold angle Mo–N

4 2.115(1) vs. 2.212(1) 2.5520(3) 153.88(6) 2.241(2)
2.260(2)

2.086(1) vs. 2.185(1)
6 2.117(1) vs. 2.229(1) 2.5519(2) 152.17(5) 2.233(1)

2.251(1)
2.113(1) vs. 2.207(1)

able to participate in hydrogen-bonding interactions, hydro-
gen bonds occur between the oxalato ligands and the water
molecules of crystallization instead. For instance, in 3 each
water molecule forms two hydrogen bonds to two noncoor-
dinated oxalate oxygens from two different anions, with
O···O distances of 2.904(3) and 2.986(3) Å. Infinite chains
of alternating dinuclear anions and water molecules are
thus formed (Figure 3). In 3 the chains propagate along the
b axis.

Structure of trans-(PyH)2[Mo2O4(η2-C2O4)2(H2O)2] (8)

The structure of 8 consists of dinuclear trans-[Mo2O4(η2-
C2O4)2(H2O)2]2– anions (shown in Figure 4) and protonated
pyridine molecules as countercations. The asymmetric unit
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contains two dinuclear anions and four pyridinium cations.
The bonding pattern within the two crystallographically in-
dependent trans-[Mo2O4(η2-C2O4)2(H2O)2]2– anions is basi-
cally the same (see Table 3). Owing to the trans influence of
the terminal oxo group, one of the two molybdenum-to-
oxalate oxygen bond lengths is short and the other is long.
The molybdenum-to-water bond lengths are comparable
to those observed for [Mo4O8(OH)2(H2O)2(C4O4)2]2–

[2.148(6) Å],[12] Ba[Mo2O4(η2-C2O4)2(H2O)2]·3H2O
[2.198(4) Å], and Cs2[Mo2O4(η2-C2O4)2(H2O)2]·H2O
[2.12(1) and 2.15(1) Å].[13,14]

Figure 4. Drawing of the trans-[Mo2O4(η2-C2O4)2(H2O)2]2– anion
in 8.

Table 3. Selected geometric parameters [Å, °] for the trans-
[Mo2O4(η2-C2O4)2(H2O)2]2– anion in 8.[a]

Mo–O(oxalate) Mo–Mo Fold angle Mo–O(water)

2.124(2) vs. 2.187(2) 2.5620(4) 153.6(1) 2.159(2)
2.161(2)

2.143(2) vs. 2.164(2)
2.115(2) vs. 2.197(2) 2.5626(4) 155.0(1) 2.160(2)

2.150(2)
2.142(2) vs. 2.184(2)

[a] Two sets of parameters are listed, one for each anion in the
asymmetric unit.

A complicated pattern of hydrogen bonds is formed in 8.
Each water ligand forms two hydrogen bonds, one to the
doubly-bridging oxo group of the adjacent anion, with
O···O distances in the range 2.675(3)–2.720(3) Å, and one
to the noncoordinated oxygen of the oxalate, also from the
adjacent anion, with O···O distances in the range 2.643(3)–
2.662(3) Å. Each anion forms a total of eight hydrogen
bonds to four neighboring anions, two to each neighbor.
Infinite layers that are coplanar with the (110) unit-cell
plane are thus formed. Pyridinium cations are attached to
the oxalate oxygen atoms on both sides of these layers
through the agency of hydrogen bonds with lengths in the
range 2.744(4)–3.125(5) Å.

The structure of the [Mo2O4(η2-C2O4)2(H2O)2]2– anion
has been determined previously. It is of interest to note that
the X-ray structure determination of trans-Ba[Mo2O4(η2-
C2O4)2(H2O)2]·3H2O was also the first on a compound con-
taining the {Mo2O4}2+ unit and, as such, unambiguously
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confirmed the existence of the previously assumed
{Mo2O4}2+ structural core.[13] In contrast to the uniform
tendency of Mo=O bonds to weaken bonds trans to them-
selves, no significant trans influence was observed. This
phenomenon was ascribed to a low trans susceptibility of
the oxalato ligand.[15] However, later structural determi-
nations on the trans-[Mo2O4(η2-C2O4)2(H2O)2]2– anion
clearly indicated the existence of a trans influence.[14] The
pyridinium salt of this anion has also been reported, but
with a different composition, H(PyH)3[Mo2O4(η2-C2O4)2-
(H2O)2]2·2H2O.[16] In the case of the thio-bridged derivative
of the dinuclear aqua-ligated anion, i.e., [Mo2O2(μ2-S)2(η2-
C2O4)2(H2O)2]2–, the cis geometric isomer has been isolated
as well. A cis arrangement of the ligands was observed in
two caesium salts, cis-KCs3[Mo2O2S2(η2-C2O4)2(H2O)2]2·
4H2O,[14] and cis-NaCs3[Mo2O2S2(η2-C2O4)2(H2O)2]2·
6H2O.[17] These were the only known cis isomers prior to
this study.

Structure of (PyH)2[Mo8O16(OCH3)8(μ8-
C2O4)]·2CH3OH (9)

Compound 9 crystallizes in a triclinic unit cell with one
octanuclear anion [Mo8O16(OCH3)8(μ8-C2O4)]2–, two pro-
tonated pyridine molecules as countercations, and two
methanol molecules. The asymmetric unit consists of one
half of the anion, with the other half generated by the inver-
sion center located at the center of the ring. Each cyclic
anion consists of four {Mo2O4}2+ units arranged around
the μ8-oxalate and linked together by pairs of μ2-bridging
methoxides (Figure 5). The bonding pattern in the anion is
very similar to that determined previously for (Bu4N)2-
[Mo8O16(OCH3)8(μ8-C2O4)][18] and (MeNC5H5)2-
[Mo8O16(OCH3)8(μ8-C2O4)]:[11] the Mo–Mo bonds are
2.5767(4)–2.5876(4) Å, the nonbonding Mo···Mo contacts

Figure 5. Drawing of the [Mo8O16(OCH3)8(μ8-C2O4)]2– anion in 9.
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Figure 6. Octanuclear anion in 9 with a pair of hydrogen bonded methanol molecules and pyridinium cations.

spanning the methoxide bridges are 3.2489(4)–3.2548(4) Å,
and the molybdenum-to-oxalate bond lengths are 2.357(3)–
2.386(3) Å. Each octanuclear anion has a pair of methanol
molecules linked by hydrogen bonds to the doubly-bridging
oxo groups with lengths of 2.745(4) Å. Methanol partici-
pates in another hydrogen-bonding interaction with the
protonated pyridine nitrogen, where it acts as the acceptor
of the hydrogen bond (Figure 6). The corresponding O···N
distance is 2.686(4) Å. Recently, a related octanuclear ring,
[Mo8S4O12(OH)8(C2O4)]2–, was reported. It is built of four
{Mo2O2(μ2-O)(μ2-S)}2+ subunits.[19] It supplements a series
of octanuclear, cyclic anions built either of {Mo2O4}2+

units or thio-bridged analogs, i.e., {Mo2O2(μ2-O)(μ2-S)}2+

and {Mo2O2(μ2-S)2}2+.[17] This series confirms the ability of
the structurally related, yet chemically markedly different,
dinuclear cores to assemble in a similar manner with the
formation of clusters with the same architectures. A struc-
tural similarity was observed with several other molybde-
num(v) oxalato complexes, namely trans-[Mo2O4(η2-C2O4)2-
(H2O)2]2– and its thio analog trans-[Mo2O2S2(η2-C2O4)2-
(H2O)2]2–,[15,20] and a series of tetranuclear anions, i.e.,
[{Mo2O4(η2-C2O4)2}2(μ4-C2O4)]6–,[11] [{Mo2O3S(η2-C2O4)2}2-
(μ4-C2O4)]6–,[20,21] and [{Mo2O2S2(η2-C2O4)2}2(μ4-
C2O4)]6–.[17] It is of interest to note that the recently re-
ported hexanuclear species [{Mo2O2S2}3(OH)4(η2-C2O4)2-
(μ6-C2O4)]4– has only been observed for the {Mo2O2-
(μ2-S)2}2+ series of compounds.[22]

Synthetic Considerations

The basic reaction system inspected was that with a pyri-
dine, oxalic acid, acetonitrile, an alcohol, and (PyH)5-
[MoOCl4(H2O)]3Cl2 or (PyH)[MoOBr4]. Both molybdenum
starting materials possess labile sites (aqua and halo li-
gands), which in the mixtures of pyridine and methanol un-
dergo a facile substitution chemistry with the formation of
the {Mo2O4}2+ structural unit or discrete clusters, as dem-
onstrated before.[3] With a sufficient amount of oxalate, i.e.
a ligand to metal ratio greater than 1, the formation of
trans-[Mo2O4(η2-C2O4)2Py2]2– takes place. The dinuclear
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anion was isolated in two salts, one with protonated pyri-
dine molecules as countercations and the other as an N-
methylpyridinium salt.[11] The two salts have different solu-
bilities. While the pyridinium salt of trans-[Mo2O4(η2-C2O4)2-
Py2]2– is only soluble in water, the N-methylpyridinium salt
is also soluble in methanol. Contrary to our expectations,
the N-alkylation of pyridine which occurs in the latter case
did not turn out to be a general reaction:[23] it was observed
only in the case of methanol. When other alcohols were
used, such as ethanol, 2-propanol and tert-butanol, the only
solid isolated was trans-(PyH)2[Mo2O4(η2-C2O4)2Py2] (1). It
is pertinent to note that the reaction mixture in the absence
of alcohol also produced 1. Although not required for the
formation of dinuclear anions, the use of alcohols was justi-
fied by the fact that most oxalate salts, either with proton-
ated or N-methylated pyridines, exhibit good alcohol solu-
bility and the only product which crystallizes from the reac-
tion mixture is that with the [Mo2O4(η2-C2O4)2(R-Py)2]2–

anion.
By using 4-methylpyridine in place of pyridine we hoped

to prepare analogous compounds of trans-[Mo2O4(η2-
C2O4)2(4-MePy)2]2–, which, provided they were also meth-
anol soluble, would be a better choice for NMR solution
studies as the anion [Mo2O4(η2-C2O4)2(4-MePy)2]2– would
not only display a simpler pattern of aromatic resonances
than pyridine, but also a methyl singlet in a different spec-
tral region which could serve as a probe for monitoring the
substitution reactions. However, the reaction mixture de-
scribed for the preparation of 6 afforded two crystalline
phases whose identities were revealed by X-ray structure
analyses as trans-(4-MePyH)2[Mo2O4(η2-C2O4)2(4-MePy)2]·
1/2(4-MePy) (5) and cis-(4-MePyH)3[Mo2O4(η2-C2O4)2(4-
MePy)2]Br (6). The described reaction shows that the for-
mation of both isomeric forms of the [Mo2O4(η2-C2O4)2(4-
MePy)2]2– anion takes place simultaneously from the same
reaction mixture, under the same conditions. MO calcula-
tions performed on the isomeric pair of [Mo2O4(η2-C2O4)2-
(4-MePy)2]2– anions revealed insignificant differences in
their energy. According to the most reliable approach of the
three used, the B3LYP density functional with a 6-31G*
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basis set and pseudopotential, the trans isomer of
[Mo2O4(η2-C2O4)2(4-MePy)2]2– has a lower energy than the
corresponding cis isomer by only 7.24 kJmol–1. With so
small an energy difference, the formation of either is equally
probable unless the pair differs in solubility. The stereo-
chemistry of the product thus depends to a larger extent
upon its solubility rather than on the reaction conditions
employed.

NMR Solution Studies

The 1H NMR spectrum of an aqueous solution of trans-
(PyH)2[Mo2O4(η2-C2O4)2Py2] (1) recorded at room tem-
perature reveals six broad resonances in the aromatic spec-
tral region, indicating that the pyridine ligands are involved
in an exchange process. The temperature-dependent nature
of these reactions was confirmed by recording the spectra
at higher temperatures, at 10 K intervals up to 343 K, where
the six resonances coalesce into three [δ = 8.25 (2 H, 3-H),
8.74 (1 H, 4-H), and 9.20 ppm (2 H, 2-H)] and the signals
corresponding to pyridine, in coordinated and free form,
and pyridinium cation became indistinguishable. The NMR
spectra of aqueous solutions of trans-(4-MePyH)2-
[Mo2O4(η2-C2O4)2(4-MePy)2]·1/2(4-MePy) (5) and cis-(4-
MePyH)3[Mo2O4(η2-C2O4)2(4-MePy)2]Br (6) gave evidence
for another process. Apart from different values of integrals
due to differences in the composition of 5 and 6, their spec-
tra are the same: a set of broad resonances in the aromatic
spectral region and two, also broadened, methyl resonances.
The isomerization of the cis into the trans isomer and vice
versa was assumed to take place. The use of methanol-solu-
ble trans-(MeNC5H5)2[Mo2O4(η2-C2O4)2Py2] enabled
NMR experiments at temperatures below 273 K and a
quantitative evaluation of this process. Since the N-methyl-
pyridinium cation does not participate in the exchange pro-
cess in the way the pyridinium cation does, its resonances
(three in the aromatic part of the spectrum and the methyl
singlet) are consequently sharp and their integrals remain
constant. Upon lowering the temperature, the previously
broad pyridine resonances become sharper and at 243 K
are resolved into seven signals, shown by COSY to belong
to three sets, denoted as A, B and C (Figure 7). The signals
C2, C3, and C4 were unambiguously identified by the ad-
dition of a small amount of pyridine as belonging to free
pyridine.[24] Its presence can be accounted for only if the
complex is partially dissociated, but in that case, an ad-
ditional set of signals belonging to the mono-substituted
[Mo2O4(η2-C2O4)2Py(H2O)]2– is expected. Two isomeric
forms are also possible for the mono-substituted complex.
Since the environments of pyridine ligands in both are very
similar, we assume that the pair is indistinguishable in the
1H NMR spectrum. Accordingly, the mono-substituted
complex is considered throughout the text as one species
only. The bis(aqua)-ligated [Mo2O4(η2-C2O4)2(H2O)2]2– is
also present; however this species is invisible in the 1H
NMR spectrum. The remaining four signals belong to sets
A and B. Only the resonances of 2,6-H protons were clearly
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separated (A2 doublet centered at δ = 9.30 ppm and B2
doublet centered at δ = 9.16 ppm), while the resonances of
the 4-H and 3,5-H protons were superimposed on each
other (A4, B4 and A3, B3 signals). It is reasonable to expect
that the immediate coordination environment is mostly ex-
perienced by the 2,6-H pair and to a significantly smaller
extent by the 4-H proton or the 3,5-H pair. Set A was there-
fore assigned to belong to coordinated pyridine ligands in
cis-[Mo2O4(η2-C2O4)2Py2]2– and set B to trans-[Mo2O4(η2-
C2O4)2Py2]2– and the mono-substituted [Mo2O4(η2-
C2O4)2Py(H2O)]2– together. This assignment was based on
the values of integrals of signals A2, B2, and C2[25] and the
fact that the environment of the pyridine ligands in the
trans isomer differs significantly from that in the cis isomer
and that the environment of pyridine in the mono-substi-
tuted complex resembles that in the trans isomer very
closely. On the basis of the chemical shifts of sets A and B,
one can assume that the protons will resonate at lower field
when the two pyridine rings are placed close to each other,
as in the case of the cis isomer. In order to provide experi-
mental support for the above-described assignment, two ad-
ditional experiments were performed at 243 K. The solution
of trans-(MeNC5H5)2[Mo2O4(η2-C2O4)2Py2] was divided
into two aliquots, of which one was repeatedly diluted and
the other was titrated with pyridine. An increase in the con-
centration of free pyridine upon dilution was paralleled
with the gradual decrease of the amount of coordinated
pyridine, as monitored by the sum of integrals of signals
A2 and B2 relative to the integral of the cation (Figure S1).
The relative heights of A2 and B2 changed as well: a grad-
ual decrease in the integral of A2 was observed, while B2
remained virtually constant within this concentration range.
The signal B2 became slightly deformed, indicating two
overlapping resonances. The pyridine titration had the op-
posite effect: the signal A2 started to gain in intensity, while
B2 remained constant (Figure S2). The total amount of co-
ordinated pyridine increased upon pyridine titration. The
sum of integrals of signals A2 and B2 gravitated towards
the integral of the cation. It was also observed that even
with large additions of pyridine, {0.254 mmol of pyridine
per 0.0405 mmol of [Mo2O4(η2-C2O4)2Py2]2–; Figure S2,
spectrum f} the dissociation of pyridine was not entirely
suppressed. Assuming that the extent of dissociation of the
second pyridine ligand is very small and the amount of
bis(aqua) complex negligible, approximate amounts of the
mono-substituted complex and both major species, cis-
[Mo2O4(η2-C2O4)2Py2]2– and trans-[Mo2O4(η2-C2O4)2-
Py2]2–, could be calculated. Under these conditions, an ex-
cess of pyridine and a temperature of 243 K, around 8% of
dinuclear complex exists in the mono-substituted form,
while the cis isomer of [Mo2O4(η2-C2O4)2Py2]2– exceeds its
trans isomer in concentration by a factor of 1.8.

With the expectation that the oxalate carbon resonances
would provide extra information about the major species in
the solution, the 13C NMR spectra were recorded. Of the
three coordination sites of each metal in the {Mo2O4}2+

moiety, the two sites that are in the cis position to the
Mo=O group may be denoted as the equatorial ones, and
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Figure 7. Variable temperature 1H NMR spectra of trans-(MeNC5H5)2[Mo2O4(η2-C2O4)2Py2]. Labels A, B, and C refer to different
pyridine species, and 2, 3, and 4 to pyridine protons 2,6, 3,5, and 4, respectively.

the remaining site, i.e. the one trans to the terminal oxo
group, as the apical one. With the oxalate bonded in the
bidentate manner as in the title compounds 1–8, where one
coordinated oxygen occupies the equatorial position and
the other the apical position, the two oxalate carbon atoms
are not chemically equivalent. Furthermore, the coordina-
tion environment of the oxalato ligand in cis-[Mo2O4(η2-
C2O4)2Py2]2– differs from that in trans-[Mo2O4(η2-C2O4)2-
Py2]2–. The room temperature 13C NMR spectrum of trans-
(MeNC5H5)2[Mo2O4(η2-C2O4)2Py2] reveals two broad reso-
nances at δ = 165.7 and 166.9 ppm, which resolved upon
cooling to 243 K into three major ones at δ = 166.2, 166.5,
and 167.7 ppm, and a minor one at δ = 167.5 ppm. How-
ever, no signal appeared at around δ = 173 ppm that would
suggest the presence of free, noncoordinated oxalate.[26] In
order to establish the dependence of the carbon oxalate fre-
quencies upon the oxalate coordination mode, the 13C
NMR spectrum of (MeNC5H5)6[{Mo2O4(η2-C2O4)2}2(μ4-
C2O4)] was recorded. The oxalato ligands in the latter com-
plex are bonded differently than in compounds 1–8 (Fig-
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ure 8). Each of the four bidentate oxalates is bonded with
both oxygen atoms in cis positions relative to the molyb-
denyl group, causing the chemical equivalence of the two
carbon atoms. The carbon atoms of the tetraunidentate
oxalate are equivalent as well. The 13C NMR spectrum of
(MeNC5H5)6[{Mo2O4(η2-C2O4)2}2(μ4-C2O4)] reveals two
resonances that could be associated with the oxalate moiety,
an intense one at δ = 166.6 ppm and a weak one at δ =
173.0 ppm. The latter confirms the presence of free oxalate
as a consequence of the rupture of the tetranuclear struc-
ture in solution. This result is not surprising in view of the
results of the X-ray diffraction analysis, which showed that
the bonds to μ4-oxalate are weakened due to the labilizing
trans influence of the four terminal oxo groups.[11] The
cleavage of the tetranuclear anion produces two dinuclear
[Mo2O4(C2O4)2]2– fragments, each of which possesses two
vacant coordination sites. Addition of one equivalent of
pyridine per molybdenum results in a solution whose 1H
and 13C NMR spectra are identical to the spectra of trans-
(MeNC5H5)2[Mo2O4(η2-C2O4)2Py2], differing only in the
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ratios between the N-methylpyridinium cation and pyridine.
Since the bidentate oxalato ligands in trans-[Mo2O4(η2-
C2O4)2Py2]2– and in [{Mo2O4(η2-C2O4)2}2(μ4-C2O4)]6– do
not occupy the same coordination sites of the {Mo2O4}2+

unit, the equivalence of the NMR spectra indicates re-

Figure 8. Oxalato ligands in [{Mo2O4(η2-C2O4)2}2(μ4-C2O4)]6–

adopt two binding modes: (i) the bidentate oxalates occupy the
equatorial positions of the {Mo2O4}2+ moiety, and (ii) the μ4-oxa-
late occupies the apical positions of two {Mo2O4}2+ moieties.[11]

Scheme 1. Proposed cis/trans isomerization of [Mo2O4(η2-C2O4)2Py2]2– with intermediate states included in square brackets. For simplicity,
only the rearrangements on one metal center of the dinuclear anion are shown.
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arrangements on the sites occupied by the oxalates as well.
The conversion of one isomer into another presumably pro-
ceeds via a five-coordinate intermediate state (Scheme 1).
The intermediate species in which the bidentate oxalate is
coordinated to the two equatorial sites and the free apical
position remains to be occupied with a unidentate ligand,
i.e. pyridine or water, is also probable. Its relative instability
may be explained in terms of the trans influence of the ter-
minal oxo group: it is more favorable if the apical position,
which is subject to the trans influence, is occupied by one
terminus of the bidentate ligand rather than by a unidentate
ligand. Binding of pyridine to the apical position is there-
fore weaker and the ligand exchange at this position too
fast, even at low temperatures, to be observed in the NMR
spectrum. The dissociation of coordinated pyridine as the
rate-determining step of the whole process was confirmed
by measuring the rates of exchange in the 253–293 K tem-
perature interval in the 1H NMR spectra of [Mo2O4(η2-
C2O4)2Py2]2– prepared in situ. The rate constants were mea-
sured on the basis of the line broadening of signal A2,
which belongs to the pyridine ligands of cis-[Mo2O4(η2-
C2O4)2Py2]2–.[27] The shape of signal A2 at each tempera-
ture was compared with the corresponding signal in the
simulated spectrum. The activation parameters for the
dissociation of pyridine from cis-[Mo2O4(η2-C2O4)2Py2]2–

were calculated from Eyring plot (Figure 9): ΔH‡ =
82±4 kJmol–1 and ΔS‡ = 79±14 Jmol–1 K–1. The positive
activation entropy is in agreement with the proposed disso-
ciative mechanism. The determined value of the activation
enthalpy could serve as a rough estimate of the molybde-
num-to-pyridine bond strength.
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Figure 9. Eyring plot in the 253–293 K interval for the dissociation of pyridine from cis-[Mo2O4(η2-C2O4)2Py2]2– in D2O/CD3OD solution.
The solid line represents the equation y = –9876·x + 33.284 (r2 = 0.9934) from the linear regression analysis.

Speculations on the Solution Chemistry of cis- and trans-
[Mo2O4(η2-C2O4)2(R-Py)2]2–

Reports of oxalato complexes of molybdenum(v) date
back almost a century, when the preparations of barium,
potassium, and pyridinium salts of trans-[Mo2O4(η2-C2O4)2-
(H2O)2]2– were reported.[28] In a later study, the substitution
chemistry of trans-[Mo2O4(η2-C2O4)2(H2O)2]2– with several
ligands, including pyridine, was explored.[29] It was ob-
served that the addition of pyridine to the sodium salt of
trans-[Mo2O4(η2-C2O4)2(H2O)2]2– did not result in the
coordination of pyridine; rather, the coordination sphere re-
mained intact and the product was the pyridinium salt of
the same anion. The substitution of water for pyridine in
trans-[Mo2O4(η2-C2O4)2(H2O)2]2– was reported to be slow,
with the equilibrium favoring the aqua complex. (PyH)2-
[Mo2O4(η2-C2O4)2Py2] could only be prepared from (PyH)2-
[Mo2O4(η2-C2O4)2(H2O)2] upon prolonged refluxing in
boiling pyridine. In reactions with some other ligands two
other processes were suggested: a rupture of the doubly
oxo-bridged structure to afford a singly oxo-bridged
{Mo2O2(μ2-O)}4+, and a substitution of the bidentate oxa-
late. Since the stereochemistry of the starting material was
not known, no isomerization processes were proposed.

In line with the previous findings, we observed that both
geometric isomers of [Mo2O4(η2-C2O4)2(R-Py)2]2– react in
water with the substitution of coordinated pyridine for
water molecules, which are present in huge excess. This sub-
stitution is, as evidenced by NMR spectroscopy, ac-
companied by another process, namely isomerization of the
trans isomer into the cis and vice versa. The crystallization
of trans-(PyH)2[Mo2O4(η2-C2O4)2(H2O)2] (8) from a water/
methanol solution of cis-(4-EtPyH)2[Mo2O4(η2-C2O4)2(4-
EtPy)2] (4) after the addition of pyridinium sulfate adds
firm support for both processes. Slow evaporation of a solu-
tion of trans-(PyH)2[Mo2O4(η2-C2O4)2Py2] (1) also afforded
a dinuclear species with coordinated water − trans-(PyH)2-
[Mo2O4(η2-C2O4)2(H2O)2] (8). On the other hand, when the
pyridinium cations in the solution of trans-(PyH)2-
[Mo2O4(η2-C2O4)2Py2] (1) were neutralized with a strong
base, followed by the addition of tetraphenylphosphonium
bromide, no substitution occurred. The product was a water
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solvate − trans-[(C6H5)4P]2[Mo2O4(η2-C2O4)2Py2]·H2O (7)
− which retains the original, trans, configuration of the li-
gands. Although water solutions of [Mo2O4(η2-C2O4)2Py2]2–

contain isomeric pairs of [Mo2O4(η2-C2O4)2Py2]2–, partially
substituted [Mo2O4(η2-C2O4)Py(H2O)]2– and fully substi-
tuted, aqua-ligated [Mo2O4(η2-C2O4)2(H2O)2]2–, we were
not able either to isolate any of the two isomeric forms of
[Mo2O4(η2-C2O4)2Py(H2O)]2– or carry out the transforma-
tion of trans-[Mo2O4(η2-C2O4)2Py2]2– into the cis isomeric
form on a preparative scale.

In the context of the above-discussed reactions of
[Mo2O4(η2-C2O4)2Py2]2– anions in water, the reaction of
trans-(PyH)2[Mo2O4(η2-C2O4)2(H2O)2] (8) with methanol
has to be briefly mentioned. Although 8 is sparingly soluble
in methanol, it slowly reacts with it. Evaporation of a
lightly colored, saturated methanol solution yields orange
crystals of (PyH)2[Mo8O16(OCH3)8(μ8-C2O4)]·2CH3OH
(9). The formation of this octanuclear anion supports se-
veral other processes. The coordinated oxalate is shown to
be labile under certain conditions and can be substituted
with other ligands, methoxide being such a ligand. Due to
the rupture of the molybdenum-to-oxalate bonds, the oxa-
late content in the resulting species is greatly reduced. Since
the variable temperature NMR studies were carried out in
a water/methanol mixture, the formation of 9 shows that
the role of methanol is not restricted solely to that of a
solvent.

Vibrational Spectroscopy

The most relevant feature of the IR spectra of the title
compounds concerns the carbon-oxygen frequencies of the
oxalato ligand because they are diagnostic of its coordina-
tion mode.[30] Several absorption bands observed for
νas(OCO) in the range 1710–1633 cm–1, two bands for
νs(OCO) in the range 1418–1249 cm–1, and a single band
for δ(OCO) at 789–780 cm–1 (see Table 4) are typical for the
bidentate coordination mode found in complexes 1–8. The
observed frequencies agree very well with the data observed
for Ba[Mo2O4(η2-C2O4)2(H2O)2]·3H2O {1710, 1680, 1653
[νas(OCO)], 1430, 1289 [νs(OCO)], 793 [δ(OCO)]}.[13] For
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the anion in 9 with all oxalate oxygen atoms engaged in
coordination and metal–oxygen distances of approximately
equal length, bands at 1661, 1650 [νas(OCO)], 1389, 1283
[νs(OCO)], and 814 [δ(OCO)] cm–1 were observed. Their
frequencies do not differ from those reported for the N-
methylpyridinium salt of this anion.[11]

Table 4. Characteristic oxalate absorptions [cm–1] in [Mo2O4(η2-
C2O4)2(R-Py)2]2– compounds and in trans-(PyH)2[Mo2O4(η2-
C2O4)2(H2O)2] (8).

Compound νas(OCO) νs(OCO) δ(OCO)

1 1707, 1681, 1638 1418, 1279 789
2 1707, 1671 1415, 1275 780
3 1710, 1662 1376, 1294 785
4 1708, 1669, 1634 1417, 1272 785
5 1709, 1667 1414, 1275 784
6 1707, 1682, 1633 1417, 1277 789
7 1707, 1687, 1672 1376, 1249 784
8 1650[a] 1392, 1287 788

[a] A single, very broad band is displayed. The water bending mode
absorbs in the same spectral region.

The antisymmetric and symmetric O–H stretching modes
of the lattice water in 3 appear at 3533 and 3464 cm–1, and
in 7 at 3526 and 3396 cm–1. Their frequencies fall in the
usually observed region (3550–3200 cm–1).[31] The absorp-
tions assigned to coordinated water in the spectrum of 8
are seen as very broad bands. A broad band centered at
about 2900 cm–1 may be attributed to both types of O–H
stretching vibrations. The typical region for the water
bending vibration (1630–1600 cm–1)[31] overlaps with the
νas(OCO) vibration of the oxalate.

Conclusions

A series of compounds containing the trans or cis iso-
meric form of the [Mo2O4(η2-C2O4)2(R-Py)2]2– anion has
been prepared. trans-(4-MePyH)2[Mo2O4(η2-C2O4)2(4-
MePy)2]·1/2(4-MePy) (5) and cis-(4-MePyH)3[Mo2O4(η2-
C2O4)2(4-MePy)2]Br (6) are the only examples where both
isomers were isolated. The stepwise substitution of pyridine
for water in solutions of [Mo2O4(η2-C2O4)2Py2]2– produces
the mono-substituted [Mo2O4(η2-C2O4)2Py(H2O)]2–, whose
presence was detected by NMR spectroscopy, and the bis-
(aqua)-ligated [Mo2O4(η2-C2O4)2(H2O)2]2–. The isolation of
trans-(PyH)2[Mo2O4(η2-C2O4)2(H2O)2] (8) from a solution
of cis-(4-EtPyH)2[Mo2O4(η2-C2O4)2(4-EtPy)2] (4) adds firm
support for simultaneous cis/trans isomerization ac-
companying the substitution reactions. The latter result is
in accordance with the MO calculations on the trans and
cis isomer of [Mo2O4(η2-C2O4)2(4-MePy)2]2–, which re-
vealed insignificant differences in their energy.

Experimental Section
General Remarks: Reagents were purchased from Aldrich and used
without further purification. (PyH)5[MoOCl4(H2O)]3Cl2 and
(PyH)[MoOBr4] were prepared by published procedures.[32,33] Pyri-
dinium sulfate was isolated as a white solid by neutralizing sulfuric
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acid with two equiv. of pyridine and drying in vacuo. The solvo-
thermal reactions were carried out in sealed glass tubes under au-
togenous pressure. Several synthetic procedures are described for
some compounds. The IR and far-IR spectra were measured on
solid samples as Nujol or poly(chlorotrifluoroethylene) mulls using
Perkin–Elmer 2000 series FT-IR spectrometer. 1H and 13C spectra
were recorded on a Bruker Avance DPX 300 spectrometer refer-
enced to the solvent. Elemental analyses were performed by the
Chemistry Department service at the University of Ljubljana. The
compounds 1, 2, 4, and 6 were found to decompose on prolonged
exposure to the air.

NMR Spectroscopy of trans-(MeNC5H5)2[Mo2O4(η2-C2O4)2Py2]:
trans-(MeNC5H5)2[Mo2O4(η2-C2O4)2Py2] (63 mg, 0.0809 mmol),
prepared following the previously published procedure,[11] was dis-
solved in 0.6 mL of D2O/CD3OD mixture (1:1 volume ratio). The
variable temperature 1H NMR spectra (the aromatic region) are
shown in Figure 7. The signals for the N-methylpyridinium cation
in the spectrum recorded at 243 K are at δ = 4.36 (s, 3 H,
CH3NC5H5), 8.00 (m, 2 H, 3-H), 8.48 (t, J = 7.8 Hz, 1 H, 4-H),
and 8.80 (d, J = 5.9 Hz, 2 H, 2-H) ppm. The assignments of other
signals are described in the text.

NMR Spectroscopy of (MeNC5H5)6[{Mo2O4(η2-C2O4)2}2(μ4-
C2O4)]: (MeNC5H5)6[{Mo2O4(η2-C2O4)2}2(μ4-C2O4)] was prepared
following the previously published procedure.[11] 1H NMR (D2O,
300 MHz): δ = 4.35 (s, 3 H, CH3NC5H5), 8.00 (m, 2 H, 3-H), 8.48
(t, J = 7.9 Hz, 1 H, 4-H), 8.73 (d, J = 5.9 Hz, 2 H, 2-H) ppm. 13C
NMR (D2O, 75 MHz): δ = 48.5 (CH3NC5H5), 128.4 (C-3), 145.4
(C-2), 145.6 (C-4), 166.6 (coordinated oxalate), 173.0 (free oxalate)
ppm.

NMR Determination of the Exchange Rates: (MeNC5H5)6-
[{Mo2O4(η2-C2O4)2}2(μ4-C2O4)] (22 mg, 14.5 mmol) was dissolved
in D2O (0.3 mL), followed by the addition of CD3OD (0.3 mL).
An excess of pyridine (15.4 mg, 0.1927 mmol) was added to this
solution. The relative amounts of cis-[Mo2O4(η2-C2O4)2Py2]2–,
trans-[Mo2O4(η2-C2O4)2Py2]2–, and [Mo2O4(η2-C2O4)2Py(H2O)]2–

were calculated from the integrals of the corresponding signals. The
spectra were measured at 10 K intervals in the temperature range
233–333 K.

trans-(PyH)2[Mo2O4(η2-C2O4)2Py2] (1): A glass tube was charged
with (PyH)5[MoOCl4(H2O)]3Cl2 (50 mg, 0.117 mmol of Mo),
H2C2O4·2H2O (20 mg, 0.159 mmol), acetonitrile (0.5 mL), tert-bu-
tanol (1 mL), and pyridine (4 mL). The tube was sealed and heated
for 90 h in an electric oven maintained at 115 °C. The tube was
then allowed to cool slowly to room temperature. Orange, block-
shaped crystals of 1 were collected by filtration and washed with
dichloromethane. Yield: 73% (32 mg). Note. Other alcohols (etha-
nol, 2-propanol) can be used instead of tert-butanol. The yields are
comparable (77% for the reaction mixture with ethanol and 80%
for the reaction mixture with 2-propanol). IR: ν̃ = 3130 cm–1 (w),
3089 (w), 3053 (w), 2168 (w), 2066 (w), 1707 (vvs), 1681 (vvs), 1638
(vvs), 1542 (vs), 1487 (vvs), 1418 (vvs), 1279 (vvs), 1224 (vs), 1203
(vs), 1171 (w), 1137 (w), 1078 (m), 1046 (m), 1016 (m), 997 (m),
955 (vvs), 935 (vs), 907 (s), 789 (vvs), 773 (vvs), 760 (vs), 742 (vvs),
691 (vvs), 641 (m), 603 (vs), 528 (s), 491 (vs), 477 (s), 441 (m), 400
(m), 361 (s), 341 (w), 318 (s), 291 (w), 279 (w), 269 (m), 247 (m),
228 (w) cm–1. C24H22Mo2N4O12 (750.3): calcd. C 38.42, H 2.96, N
7.47; found C 38.18, H 2.99, N 7.30.

trans-(PyH)2[Mo2O4(η2-C2O4)2(3,5-Lut)2] (2): (PyH)5[MoOCl4-
(H2O)]3Cl2 (200 mg, 0.466 mmol of Mo) and H2C2O4·2H2O
(200 mg, 1.59 mmol) were added to a mixture of 3,5-lutidine
(2 cm3), methanol (2.5 mL), and acetonitrile (0.5 mL) in an Erlen-
meyer flask. The reaction mixture was allowed to stand in the
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closed flask under ambient conditions for ten days. Orange crystals
of 2 were collected by filtration and washed with dichloromethane.
Yield: 24% (45 mg). IR: ν̃ = 3061 cm–1 (w), 1707 (vvs), 1671 (vvs),
1604 (s), 1595 (s), 1523 (s), 1482 (vs), 1415 (vs), 1325 (w), 1275
(vvs), 1248 (w), 1198 (m), 1169 (w), 1153 (vvs), 1093 (w), 1044 (m),
1022 (m), 1003 (m), 952 (vvs), 938 (vs), 907 (s), 875 (m), 780 (vvs),
768 (vvs), 740 (vvs), 705 (s), 694 (vs), 637 (w), 608 (m), 540 (w),
529 (m), 489 (vs), 480 (s), 430 (w), 397 (m), 363 (s), 345 (m), 317
(s), 256 (s) cm–1. C28H30Mo2N4O12 (806.4): calcd. C 41.70, H 3.75,
N 6.95, found C 41.49, H 3.86, N 6.82.

trans-[MeNC5H3(Me)2]2[Mo2O4(η2-C2O4)2(3,5-Lut)2]·H2O (3): A
glass tube was charged with (PyH)[MoOBr4] (120 mg,
0.235 mmol), H2C2O4·2H2O (100 mg, 0.794 mmol), tetraphen-
ylphosphonium bromide (100 mg, 0.239 mmol), 3,5-lutidine
(4 mL), methanol (0.5 mL), and acetonitrile (0.5 mL). The tube was
sealed and heated for 90 h in an electric oven maintained at 115 °C.
The reaction mixture was then allowed to cool slowly to room tem-
perature. Orange, block-like crystals of 3 were separated manually
from unidentified crystalline material of a light yellow color, proba-
bly the N-methyl-3,5-lutidinium salt of oxalic acid. Yield: 49%
(52 mg). IR: ν̃ = 3533 cm–1 (w), 3464 (w), 1710 (vvs), 1662 (vvs),
1376 (s), 1307 (s), 1294 (s), 1254 (vs), 1215(w), 1205(m), 1185 (m),
1153 (s), 1052 (m), 1039 (m), 1028 (m), 943 (vvs), 923 (vs), 899 (vs),
867 (s), 785 (vs), 772 (vs), 739 (vs), 724 (vs), 699 (m), 677 (vs), 612
(w), 588 (w), 525 (m), 474 (vs), 416 (w), 397 (m), 353 (m), 314 (s),
296 (w), 277 (m), 261 (w) cm–1. C34H44Mo2N4O13 (908.6): calcd. C
44.95, H 4.88, N 6.17, found C 44.87, H 4.69, N 6.03.

cis-(4-EtPyH)2[Mo2O4(η2-C2O4)2(4-EtPy)2] (4). Procedure a: A
glass tube was charged with (PyH)5[MoOCl4(H2O)]3Cl2 (50 mg,
0.117 mmol of Mo), H2C2O4·2H2O (20 mg, 0.159 mmol), and 4-
ethylpyridine (3 mL). The tube was sealed and heated for 90 h in
an electric oven maintained at 115 °C. The tube was then allowed
to cool slowly to room temperature. Large, orange, plate-like crys-
tals of 4 were collected by filtration and washed with dichlorometh-
ane. Yield: 79% (40 mg). Procedure b: A glass tube was charged
with (PyH)[MoOBr4] (75 mg, 0.147 mmol), H2C2O4·2H2O (20 mg,
0.159 mmol), 4-ethylpyridine (3 mL), 2-propanol (0.5 mL), and
acetonitrile (0.5 mL). The tube was sealed and heated for 90 h in
an electric oven maintained at 115 °C. The tube was then allowed
to cool slowly to room temperature. Large, orange, plate-like crys-
tals of 4 were collected by filtration and washed with dichlorometh-
ane. Yield: 82% (52 mg). IR: ν̃ = 3068 cm–1 (w), 2922 (m), 2851
(m), 1708 (s), 1669 (vs), 1634 (vs), 1615 (vs), 1495 (m), 1455 (w),
1417 (s), 1314 (w), 1272 (m), 1224 (w), 1201 (m), 1108 (w), 1066
(m), 1028 (m), 946 (vvs), 930 (s), 904 (m), 833 (vs), 785 (vs), 740
(vs), 720 (m), 662 (w), 647 (w), 580 (w), 560 (w), 521 (w), 486 (s),
404 (w), 362 (m), 347 (w), 313 (s), 285 (w), 273 (w), 254 (m) cm–1.
C32H38Mo2N4O12 (862.5): calcd. C 44.56, H 4.44, N 6.50, found C
44.34, H, 4.38, N, 6.41.

trans-(4-MePyH)2[Mo2O4(η2-C2O4)2(4-MePy)2]·1/2(4-MePy) (5):
A glass tube was charged with (PyH)5[MoOCl4(H2O)]3Cl2 (50 mg,
0.117 mmol of Mo), H2C2O4·2H2O (50 mg, 0.397 mmol), 4-methyl-
pyridine (4 mL), 2-propanol (0.5 mL), and acetonitrile (0.5 mL).
The tube was sealed and heated for 90 h in an electric oven main-
tained at 115 °C. The tube was then allowed to cool slowly to room
temperature. Yellow, needle-shaped crystals of 5 were collected by
filtration. Yield (based on the dried sample): 32% (15 mg). IR: ν̃ =
3512 cm–1 (w), 3416 (w), 3062 (m), 1709 (vvs), 1667 (vvs), 1501
(vvs), 1462 (vvs), 1414 (vs), 1306 (w), 1275 (s), 1230 (m), 1212 (m),
1200 (m), 1097 (w), 1071 (m), 1032 (s), 1010 (m), 950 (vvs), 904
(m), 830 (m), 813 (vs), 784 (vvs), 742 (vvs), 668 (w), 522 (m), 491
(vs), 402 (w), 363 (m), 346 (w), 315 (s), 251 (m), 238 (w) cm–1. Note.
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No elemental analysis was performed, since the crystals lost the 4-
methylpyridine solvent of crystallization when removed from the
solution.

cis-(4-MePyH)3[Mo2O4(η2-C2O4)2(4-MePy)2]Br (6). Procedure a:
A glass tube was charged with (PyH)[MoOBr4] (120 mg,
0.235 mmol), H2C2O4·2H2O (200 mg, 1.59 mmol), 4-methylpyri-
dine (4 mL), 2-propanol (0.5 mL), and acetonitrile (0.5 mL). The
tube was sealed and heated for 90 h in an electric oven maintained
at 115 °C. After cooling to room temperature, the reaction mixture
consisted of a clear, orange solution. Over a period of two weeks
two types of crystals grew from the solution: yellow, needle-like
crystals of 5 and orange, block-like crystals of 6. The total amount
of solid material was 62 mg. Procedure b: A glass tube was charged
with (PyH)[MoOBr4] (120 mg, 0.235 mmol), H2C2O4·2H2O
(100 mg, 0.794 mmol), and 4-methylpyridine (4 mL). The tube was
sealed and heated for 90 h in an electric oven maintained at 115 °C.
The reaction mixture was allowed to cool slowly to room tempera-
ture. Orange, block-shaped crystals of 6 were separated manually
from the colorless, needle-like crystals of 4-methylpyridinium oxa-
late. Yield: 71% (82 mg). IR: ν̃ = 2921 cm–1 (m), 2846 (m), 1707
(vvs), 1682 (vvs), 1633 (vvs), 1503 (vs), 1417 (vs), 1307 (s), 1277
(vs), 1232 (m), 1202 (m), 1098 (m), 1059 (m), 1032 (s), 1006 (m),
949 (vvs), 932 (vs), 904 (m), 813 (vs), 789 (vs), 748 (vs), 722 (vs),
666 (w), 651 (w), 553 (m), 519 (s), 503 (vs), 483 (vvs), 476 (vvs),
402 (m), 365 (s), 349 (m), 321 (vs), 294 (m), 273 (w), 247 (m), 218
(w) cm–1. C34H38BrMo2N5O12 (980.5): calcd. C 41.65, H 3.91, N
7.14, found C 41.58, H 3.64, N 6.98.

trans-[(C6H5)4P]2[Mo2O4(η2-C2O4)2Py2]·H2O (7): Compound 1
(250 mg, 0.333 mmol) was dissolved in water (10 mL). After the
addition of potassium hydroxide (42 mg, 0.749 mmol), the clear,
orange solution turned cloudy. The solution was then filtered and
a solution of tetraphenylphosphonium bromide (315 mg,
0.754 mmol) in acetonitrile (7 mL) was added to the filtrate. The
volume of the filtrate was reduced to one half by pumping on the
vacuum line. The concentrated solution was kept in a closed flask
at ambient conditions. Red crystals of 7 grew after two days and
were collected by filtration and washed with dichloromethane.
Yield: 41% (178 mg). IR: ν̃ = 3526 cm–1 (w), 3396 (w), 1707 (m),
1687 (s), 1672 (vs), 1642 (s), 1603 (m), 1581 (m), 1481 (m), 1436
(s), 1376 (s), 1314 (w), 1249 (m), 1218 (m), 1160 (w), 1107 (vs),
1069 (w), 1042 (w), 1015 (w), 997 (m), 937 (vs), 919 (m), 898 (m),
845 (w), 784 (s), 755 (s), 743 (s), 721 (vs), 691 (vs), 634 (w), 528
(vs), 471 (m), 317 (m), 264 (w). C62H52Mo2N2O13P2 (1286.9): calcd.
C 57.87, H 4.07, N 2.18, found C 57.68, H 4.28, N 2.09.

trans-(PyH)2[Mo2O4(η2-C2O4)2(H2O)2] (8): Compound 1 (250 mg,
0.333 mmol) was dissolved in water (10 mL). Methanol (10 mL)
and pyridinium sulfate (256 mg, 1.00 mmol) were then added to
the clear, orange solution. The solution was left in an open beaker
under ambient conditions. Within a few hours orange crystals of 8
started to deposit from the solution. The crystals were collected by
filtration and washed with dichloromethane. Yield: 67% (140 mg).
IR: ν̃ = 2900 cm–1 (br), 1650 (vvs), 1483 (s), 1418 (s), 1392 (s), 1287
(s), 1258 (s), 1197 (m), 1166 (m), 1058 (m), 1007 (m), 964 (vvs),
945 (vvs), 910 (vs), 856 (m), 788 (vs), 750 (vs), 722 (vs), 678 (vs),
609 (s), 588 (s), 534 (s), 490 (vvs), 447 (m), 393 (m), 350 (w), 311
(s), 260 (s), 180 (w) cm–1. C14H16Mo2N2O14 (628.2): calcd. C 26.77,
H 2.57, N 4.46, found C 26.71, H 2.49, N 4.49.

Isomerization of cis-(4-EtPy)2[Mo2O4(η2-C2O4)2(4-EtPy)2] (4):
Compound 4 (140 mg, 0.162 mmol) was dissolved in water
(7.5 mL) and methanol (7.5 mL) and pyridinium sulfate (130 mg,
0.508 mmol) were added to the solution. The solution was allowed
to stand in an open beaker under ambient conditions for three
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days. Orange crystals of 8 were collected by filtration and washed
with dichloromethane. Yield: 81% (82 mg).

(PyH)2[Mo8O16(OCH3)8(μ8-C2O4)]·2CH3OH (9): Compound 8
(220 mg, 0.350 mmol) was added to methanol (15 mL) in an Erlen-
meyer flask, which was stoppered and the reaction mixture stirred
under ambient conditions for three days. The unreacted starting
material (150 mg) was filtered off and the resulting filtrate was al-
lowed to stand in an open beaker under ambient conditions over-
night. Orange, needle-shaped crystals of 9 grew from the solution.
Yield (based on the dried product and taking into the account only
the reacted starting material): 84% (37 mg). IR: ν̃ = 2925 cm–1 (s),
2851 (m), 2825 (m), 1661 (vs), 1650 (m), 1610 (w), 1528 (m), 1484
(m), 1444 (m), 1389 (s), 1283 (w), 1253 (w), 1200 (w), 1168 (m),
1027 (vs), 969 (vvs), 814 (vs), 750 (vvs), 721 (vvs), 676 (m), 539
(vvs), 462 (vvs), 380 (m), 339 (m), 275 (s), 221 (m) cm–1. Note. No
elemental analysis was performed since the crystals quickly lost the
methanol solvent of crystallization when removed from the solu-
tion.

Table 5. Crystallographic data for compounds 1–5.

1 2 3 4 5

Empirical formula C24H22Mo2N4O12 C28H30Mo2N4O12 C34H44Mo2N4O13 C32H38Mo2N4O12 C31H33.5Mo2N4.5O12

Formula mass 750.34 806.44 908.61 862.54 852.99
Crystal system monoclinic monoclinic monoclinic monoclinic triclinic
Space group C2/c C2/c P21/n P21 P1̄
T [K] 200(2) 150(2) 150(2) 94(2) 110(2)
a [Å] 22.0725(2) 22.0750(3) 13.3334(1) 10.3678(8) 12.4664(2)
b [Å] 8.7841(1) 8.4565(1) 16.4482(2) 15.399(1) 17.3974(2)
c [Å] 15.1629(2) 17.3676(3) 17.2333(2) 11.0861(9) 18.0972(3)
α [°] 90 90 90 90 93.8446(6)
β [°] 113.3504(4) 97.7975(8) 92.0718(4) 91.902(2) 108.9105(7)
γ [°] 90 90 90 90 92.8035(6)
V [Å3] 2699.11(5) 3212.16(8) 3776.97(7) 1768.9(2) 3694.4(1)
Z 4 4 4 2 4
μ [mm–1] 1.002 0.848 0.733 0.776 0.742
Collected reflections 5947 6908 16799 22565 28754
Unique reflections, Rint 3087, 0.0149 3651, 0.0133 8586, 0.0178 11276, 0.0236 16441, 0.0251
Observed reflections 2699 3354 7264 11088 13525
R1 [I � 2σ(I)] 0.0217 0.0221 0.0284 0.0251 0.0503
wR2 (all data) 0.0551 0.0565 0.0739 0.0652 0.1414

Table 6. Crystallographic data for compounds 6–9.

6 7 8 9

Empirical formula C34H38BrMo2N5O12 C62H52Mo2N2O13P2 C14H16Mo2N2O14 C22H44Mo8N2O30

Formula mass 980.48 1286.88 628.17 1584.11
Crystal system monoclinic monoclinic triclinic triclinic
Space group P21/n P21/n P1̄ P1̄
T [K] 91(2) 293(2) 293(2) 150(2)
a [Å] 10.0050(5) 14.4105(1) 12.5884(2) 8.6323(1)
b [Å] 14.4475(7) 26.0364(2) 13.0228(2) 12.2594(2)
c [Å] 27.838(1) 15.2125(1) 13.5288(2) 12.2558(2)
α [°] 90 90 89.2790(6) 94.4216(6)
β [°] 96.538(1) 98.4308(4) 70.3024(7) 105.3578(7)
γ [°] 90 90 76.6323(6) 110.2995(7)
V [Å3] 3997.7(3) 5646.01(7) 2026.33(5) 1152.34(3)
Z 4 4 4 1
μ [mm–1] 1.691 0.569 1.316 2.195
Collected reflections 50588 23321 16410 9530
Unique reflections, Rint 13204, 0.0224 12915, 0.0218 9171, 0.0176 5250, 0.0138
Observed reflections 11878 10290 6834 4843
R1 [I � 2σ(I)] 0.0273 0.0340 0.0314 0.0268
wR2 (all data) 0.0736 0.1006 0.0842 0.0821
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Computational Details: MO calculations on the trans and cis iso-
meric forms of [Mo2O4(η2-C2O4)(4-MePy)2]2– were performed in
order to determine their relative stabilities using three different
methods: (i) semi-empirical PM3, (ii) ab initio Hartree–Fock with
the 3-21G basis set, and (iii) density functional B3LYP with the 6-
31G* basis set and a pseudopotential. The SPARTAN�02 program
was used.[34] The atomic coordinates of the anions in 5 and 6 were
taken from the X-ray diffraction study. No geometric optimization
was applied. The calculated energy differences are too small to have
any significance. According to the first method, the energy of the
cis isomer is 0.95 kJmol–1 lower than that of the trans isomer. The
other two methods show the trans isomer as the more energetically
favored, by 11.59 kJmol–1 using the second method and by
7.24 kJmol–1 using the third method.

X-ray Crystallographic Study: Crystals were mounted on the tip of
a glass fiber with a small amount of silicon grease and transferred
to the goniometer head. Data for 4 and 6 were collected on a
Bruker P4 diffractometer equipped with a SMART CCD system.
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Data processing was accomplished with the SAINT program.[35]

Absorption corrections were made using SADABS.[36] Data for 1,
2, 3, 5, 7, 8, and 9 were collected on a Nonius Kappa CCD dif-
fractometer. Data reduction and integration were performed with
the software package DENZO-SMN.[37] Averaging of the sym-
metry-equivalent reflections largely compensated for the absorp-
tion effects. For all compounds, the coordinates of some or all of
the non-hydrogen atoms were found by direct methods using the
structure solution program SHELXS.[38] The positions of the re-
maining non-hydrogen atoms were located by use of a combination
of least-squares refinement and difference Fourier maps in the
SHELXL-97 program.[38] With the exception of 5 and 9, all non-
hydrogen atoms were refined anisotropically. The asymmetric unit
of 5 contains two 4-methylpyridine molecules of crystallization, one
of which is badly disordered, in addition to two dinuclear anions
and four protonated 4-methylpyridine molecules. The disorder
could not be modeled satisfactorily, resulting in relatively large R

factors and residual density in the final difference Fourier map. The
nitrogen and carbon atoms of both solvent molecules were refined
isotropically. The oxalate ion in 9 is disordered over two positions.
The carbon atoms C(6) and C(7) of the disordered oxalate ion were
refined isotropically, each with an occupancy factor of 0.5. The
hydrogen atoms were included in the structure factor calculations
at idealized positions. Figures depicting the structures were pre-
pared with SHELXTL.[39] Cell parameters and refinement results
are summarized in Tables 5 and 6. CCDC-258550 (1), -258551 (2),
-258552 (3), -258553 (4), -258554 (5), -258555 (6), -258556 (7)
-258557 (8), and 258558 (9) contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

Supporting Information (see also footnote on the first page of this
article): Contains Figure S1 {1H NMR spectra of the diluted D2O/
CD3OD solutions of trans-(MeNC5H5)2[Mo2O4(η2-C2O4)2Py2], re-
corded at 243 K} and Figure S2 {1H NMR spectra of D2O/
CD3OD solutions of trans-(MeNC5H5)2[Mo2O4(η2-C2O4)2Py2] ti-
trated with pyridine, recorded at 243 K}.

Acknowledgments

The work was supported by the Slovenian Ministry of Education,
Science and Sport (grant P1-0134) and by the National Science
Foundation (Grant CHE-0242153). We are grateful to Prof. Alojz
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