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A Series of Molybdenum(v) Complexes with the Oxalato Ligand Engaged in
Different Binding Roles — An Unusual Staggered Conformation of the
pg-Oxalate in [{M0,04(n*-C104),}2(ns-C204)1°~
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Solvothermal reactions between mononuclear halooxo-
molybdates(v) and oxalic acid afforded smaller oligonuclear
complexes with the oxalate ion engaged in different binding
modes. The oxalate ion coordinates as a bidentate terminal
ligand to each metal centre of the {Mo,O4}?* unit to form
the anion of (MeNC;sH;5)2[M0,04(n*-C204)2pY2] (1; PY = pyr-
idine; MeNCsH;5* = N-methylpyridinium cation).
(MeNC;5Hj5)6[{M0,04(n%-C204)2}2(1s-C204)] (2) with a tetra-
dentate oxalate ion connecting two dinuclear subunits is a
very rare example of a coordination compound with the oxal-
ato ligand in a completely staggered conformation: the two
CO, entities of the py-oxalate ion are rotated by 90° with re-
spect to each other. Ab initio MO calculations on [{Mo,04(n?-
C504)2}2(1s-C204)1%” revealed the isomer with the staggered
conformation of the p,-oxalate ion to be of the lowest energy.

The cyclic octanuclear anion of (MeNCsHs),[MogOqg-
(OMe)g(png-C204)] (3) consists of four dinuclear subunits ar-
ranged around the central oxalate ion and additionally
linked by pairs of methoxide bridges. Each oxygen atom of
the oxalate ion bridges a pair of metal centres not connected
by a metal-metal bond. The anionic part of [MeNCsH,-
(Me);3]o[HNCsH,(Me)3]2[M0,03(n*-C504)4] (4) [MeNCsH,-
(Me)s* = N-methylcollidinium cation; HNCsH,(Me)3* = pro-
tonated 2,4,6-collidine] possesses an anti-{Mo,O3}** struc-
tural fragment with a pair of bidentate oxalate ions coordin-
ated to each molybdenum atom. The compounds were fully
characterized by X-ray structural analysis and infrared spec-
troscopy.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2004)

Introduction

The continuous interest in polyoxometalates, in particu-
lar those with incorporated organic groups, is driven by
their structural analogy to metal oxide surfaces, their use as
models for the catalytic reactions taking place at these sur-
faces and also by the search for novel materials, dis-
tinguished by special structural and magnetic properties.[!]
The mechanism of their formation is still not well under-
stood. Mostly it is described as the self-assembly of known
species. The basic building unit in the chemistry of molyb-
denum in the +5 oxidation state is a particularly stable di-
nuclear fragment, shown in Scheme 1 and henceforth sym-
bolised by {M0,0,4}". Its two d' metal centres are bridged
by a pair of oxygen atoms. A single metal —metal bond with
the usual length in the 2.5—2.6 A range participates in the
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Scheme 1. {Mo0,0,}?" structural unit

[al Faculty of Chemistry and Chemical Technology, University of
Ljubljana,
Askerceva 5, 1000 Ljubljana, Slovenia
Fax: (internat.) + 386-1/2419-220
E-mail: barbara.modec@guest.arnes.si

Eur. J. Inorg. Chem. 2004, 1611—1620

DOI: 10.1002/ejic.200300741

cohesion of the unit.”! A set number of available coordi-
nation sites allows coordination of numerous ligands, while
in their absence further aggregation takes place and larger,
more stable assemblies are formed. The X-ray structure
analyses of many {Mo0,0,}?>* compounds have shown that
the structural integrity of the dinuclear unit remains intact
irrespective of the nature of ligands completing the immedi-
ate environment of the metal atom.[’) Among the very di-
verse ligands which fulfil molybdenum’s coordination de-
mands, multidentate oxygen donor ligands have been used
with the aim of assisting in the linkage of dinuclear blocks
into polymeric materials. With only a few exceptions, the
self-assembly process of dinuclear fragments prevailed,
leading to discrete cluster species with the multidentate li-
gands incorporated into the metal oxide cores. As shown
with some examples from the recent literature, various typi-
cal patterns of assembly can be recognized. For instance,
the hexanuclear motif in [(M0,04)3(He-AsO3)(1-SOy4)3(1o-
OH)31°7, P [(M0,04)3(16-CO3)(12-CO3)3(uo-OH)3~ 1 and
[(M0,04)3(116-SO3)(12-SO3)3(11,-0)5]* Pl is the same as first
observed among the phosphomolybdates(v):[° three
{Mo0,0,4}>" building blocks are arranged around the cen-
tral pg-bridging ligand [arsenate(in),®] carbonate,® sul-
fate(rv)P! or phosphatel®)] to form a planar hexanuclear
moiety with three p,-bridging ligands [sulfate,’] carbon-
ate,[ sulfate(1v)P®! or phosphatel®] on its periphery. These
hexanuclear moieties tend to aggregate even further: in
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{Mn"[P,Mo0cO,5(OH);],} "¢~ and {Co"'[P;M0¢0-
(OH);],}1 167,11 two recent examples of the basic hexanu-
clear motif with bridging phosphate ions, the transition me-
tal cation is sandwiched between two hexanuclear moieties
to form a “dimer”. These “dimers” are linked further
through strong ionic interactions into polymeric materials.
However, the  mixed-valent  [(M0,04);(MoV'0,)-
(O3PCH,PO5);]® reveals a new pattern of assembly.!®!
Rather than sharing edges as in the above-described ex-
amples, three pairs of octahedra arranged around the cen-
tral molybdate(vi) share corners. Apparently, the larger size
of the pg-bridging ligand, molybdate(vi) vs. phosphate, ar-
senate(1n) etc., induces the change in the connectivity be-
tween the {Mo0,0,}>" blocks. The sulfate(1v) ion has also
been seen to connect six {Mo0,O4}>" units into a bulky
[(M0,04)6(115-SO3)12(13-SO3)4]?°~ core’! Its structure re-
sembles that of an e-Keggin derivative.’! Another example,
[(M0,04)10(P207)10(CH3COO)5(H,0),]**~,  with  coordi-
nated pyrophosphate and acetate ions features an even
larger assembly of dinuclear blocks.['” These are arranged
into two groups, one of six and the other of four dinuclear
blocks to form two non-equivalent interconnected rings.

In only three cases does the interaction between the
{Mo0,0,4}" unit and the multidentate ligand result in a true
polymeric material: (i) [Mo,O04(PO,)(HPO,)],*"~ with
{Mo0,0,4}2" units linked in a complicated manner by bridg-
ing phosphate ions into a two-dimensional array;!'! (ii)
[M0,04(C504),(H,PO,)],**~ where p,-phosphate ions link
dinuclear units into polymeric chains;!'? and (iii)
[M0,04(11,-C,04)CL,],>"~, prepared in our laboratory,
which has infinite chains containing alternating {Mo0,0,4}>"
units and bis(bidentate) oxalate ions.'3l Our choice of the
oxalate ion among many oxygen donor ligands was gov-
erned by its ability to adopt several coordination modes.
The binding mode the ligand eventually adopts depends, to
a certain extent, upon the ratio between the ligand and the
central atom. Studies of the interaction between the oxalate

C,04)] (3) and [MeNCsHy(Me);[,[HNCsH,(Me)s]o-
[M0203(T]2'C204)4] 4).

Results and Discussion
Structural Studies

Crystal Structure of (MeNCsHs) [ Mo;0,(i?-C50,) 5py,]
(1)

The crystal structure of 1 consists of [Mo,Ou(n?-
C,04)5py-)*~ anions (Figure 1) and N-methylpyridinium
cations. Selected bond lengths are given in Table 1. Two
molybdenum atoms are bridged by a pair of oxygen atoms
to form the {Mo0,0,4}?" structural moiety. Its geometry fol-
lows a well-established pattern.?! The distance between

Figure 1. Drawing of [M0,04(n?-C>0,4)-py>]>~. the anionic part of
1, showing the atom labelling scheme; molybdenum atoms are
cross-hatched; nitrogen atoms are lined bottom left to top right,
oxygen atoms are unshaded and carbon atoms shaded, small-sized
spheres; the same drawing scheme applies to all figures

Table 1. Selected bond lengths [/c\] for 1

. . : Mo(1)-O(1) 1.690(2) Mo(2)—0(2) 1.690(2)
ion and the molybdenum(v) starting material resulted, Mo(1)—0O(3) 1.944(2) Mo(2)—0(3) 1.927(2)
apart from the polymeric [M0,04(1,-C504)CL],>"~, in a  Mo(1)—04) 1.932(2) Mo(2)—0(4) 1.944(2)
series of smaller {Mo0,0,}>" assemblies. We report herein xog};_gg %%;ggg ﬁog_gg%) gg;g;

.. o(l)— . o(2)— .
on the synztheses and the characterization of (MeNCSHs)%- Mo(1)—N(1) 2.26003) Mo(2)—N(2) 2.26803)
[M0,04(n*-C,04)2py>] 1), (MeNC;sHs)s[{M0,04(n>- Mo(1)—Mo(2) 2.5468(4)
C204)2}2(1a-C204)] (2), (MeNCsHs)y[MogO,6(OMe)s(pig-
Table 2. Selected geometric parameters [A, °] of the {M0,0,4}>" unit in some compounds

Mo—Mo Fold angle Op—Mo—0, [ Mo—-0,—Mo

1 2.5468(4) 149.62(6) 94.02(10), 94.18(10)  82.16(9), 82.29(9)
2 2.5655(4) 160.21(5) 95.73(7) 82.73(7)
3 2.5770(4), 2.5786(4)  156.43(14), 156.83(18)  93.89(9)—94.47(9) 83.30(8)—83.94(8)
[M0,0,Cly(4-EtPy),]l14] 1] 2.5489(5) 144.51(14) 92.3(1), 92.5(1) 82.29(9), 82.7(1)
(PyH),[M0405(OEt)>,(HOEt),Bry]'*! [€] 2.6060(4) 152.22(12) 93.61(8), 93.71(9) 82.09(8), 84.39(8)
(Et;NH)[MogO;»(OMe)y(acac)J18 @ 2.595(1)—2.608(1) 152.6[¢] 9495kl 80—85el
(MeNC;sHs),,[M0,04(C,0,)Cl,], 131 2.5607(7) 150.21(8) 93.31(10) 83.10(9)
(3-MePyH),,[M0,04(C>0,4)Cl,],, [31 2.5832(4) 148.77(6) 92.84(7) 83.20(6)

[al Oy, denotes bridging oxygen atoms in the {Mo0,0O,}>" unit. I A neutral dinuclear compound. ! Contains a tetranuclear anion built
up from two {Mo0,0,}>" units. [ acac = acetylacetonate. Contains a hexanuclear anion with three {Mo0,0O4}2" units arranged around
the central methoxide unit. [! The angles were calculated from data of the CCDC.['"]

1612 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.eurjic.org

Eur. J. Inorg. Chem. 2004, 1611—1620



Molybdenum(v) Complexes with the Oxalato Ligand

FULL PAPER

molybdenum atoms, 2.5468(4) A, is shorter than those ob-
served in larger {Mo0,0,4}>" assemblies (see Table 2). The
Mo(Oy),Mo ring is not planar, instead it is folded about
the line connecting the bridging oxygen atoms (Oy). The
dihedral angle between two Mo(Oy), planes, commonly de-
noted as the fold angle,” is 149.62(6)°. The six-coordi-
nation of each molybdenum atom is completed with a bi-
dentate oxalate ion and a pyridine ligand.

Dinuclear oxalato complexes of molybdenum(v) have
been studied before.'® Their dinuclear nature, initially for-
mulated on the basis of spectroscopic data and diamagne-
tism, was first confirmed by the X-ray structure analysis of
Ba[M0,04(1?-C,04)>(H,0),]-:3H,0,'°! which was also the
first crystal structure of an {Mo,O,4}>"-containing com-
pound. The literature also mentions the
[M0,04(C,04)-py-]*>~ species, although no X-ray structural
data were given to support its formulation.*l In Ba-
[M0,04(1n?-C>0,4)>(H>0),]:3H,0,['T in contrast to the well-
documented and uniform tendency of Mo=O bonds to
weaken bonds trans to themselves, no significant trans influ-
ence was observed. The molybdenum-to-oxalato-oxygen
bond length trans to the oxo ligand is 2.14(4) A compared
to 2.11(3) A for the same bond in the cis position. The
earlier belief that the oxalato ligand has a low trans suscep-
tibility compared to other ligands®!l was ruled out by the
later structural determinations of a series of compounds
containing the [Mo0,04(n?-C,04)>(H,0),]*>~ anion, which
clearly indicated the existence of a trans influence.*?! How-
ever, the effect was not equally conspicuous in all these
compounds. In the anion of 1, two sets of non-equivalent
bond lengths are observed, Mo(1)—O(5) = 2.179(2) A vs.
Mo(1)—0(6) = 2.1202) A and Mo(2)—0(9) = 2.157(2) A
vs. Mo(2)—0O(10) = 2.135(3) A. Again, the differences are
smaller than those observed in various compounds with
an operating trans influence. For example, in
[{M0,04(C504)>(H20), 15 {[Ln(H,0)4]5(C504)}]-7H,0
(Ln = La**, Ce’M)?3 the bis(bidentate) oxalate ions link
two MoV, entities and two rare earth cations with two dis-
tinctly different bond lengths, 2.244(7)—2.251(3) A vs.
2.143(3)—2.159(7) A. These observations imply that there
are other factors that influence the molybdenum-to-oxalato
bond lengths.

Crystal Structure of (MeNCsHs) o {Mo0 (-
C:04)2}:(urC0.)] (2)

The crystal structure of 2 consists of tetranuclear
[{M0,04(M*-C504),}2(14-C504)]°~ anions (Figure 2) and
N-methylpyridinium cations. The anion may be viewed as
two {Mo0,0,}>" subunits linked to each other through a p,-
bridging oxalate ion. The Mo—Mo separation in the
{Mo0,0,4}>" subunits, 2.5655(4) A, is in agreement with the
value expected for a single metal—metal bond. Each metal
centre is attached to a bidentate oxalate ion, the corre-
sponding molybdenum—oxygen distances are 2.0846(16)
and 2.0920(18) A. The terminal oxalate ions are tilted in an
umbrella-like manner towards the other half of the anion,
as if to shield the bridging oxalate ion. The relatively short
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Figure 2. (a) (top) [{M0,04(M*C504)2}2(1s-C504)]°~, the anionic
part of 2, with the p4-oxalate ion in a staggered conformation;
selected bond lengths [A]l: Mo—O(1) 1.678(2), Mo—0(2)
1.9397(18), Mo—OQ)& ~ 1.9423(17), Mo—0O(3) 2.0920(18),
Mo—0(4) 2.0846(16), Mo—0(7) 2.3678(16), Mo—Mol?l 2.5655(4),
C(3)—Og7) 1.2548(19), C(3)—C(3)®! 1.532(6); symmetry oper-
ations: [l —x, —y — 0.5, z; [P —y — 0.25, x — 0.25, —z + 0.25;
(b) (bottom) the tetranuclear anion viewed along the improper
fourfold axis

distances, 2.7169(22) and 2.7359(23) A, between a pair of
coordinated oxygen atoms of the terminal oxalate ions to
the oxygen atom of the py-oxalate ion add support to this
observation. This structural feature is readily apparent in
Figure 2a. The four molybdenum atoms are related by an
improper fourfold rotation axis, which passes through the
C—C vector of the py-oxalate ion and the centres of both
Mo(Oy)>Mo rhombic units (Figure 2b). Consequently, the
two metal—metal bond vectors are perpendicular to each
other. Each oxygen atom of the bridging oxalate ion is co-
ordinated to a different metal centre at a relatively long dis-
tance of 2.3678(16) A. The lengthening of this bond when
compared to the molybdenum-to-terminal-oxalate bond
lengths may be explained in terms of the frans influence of
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Table 3. Selected geometric parameters [A] of {M0,0,}2* units with a third bridging ligand LI

Mo—Mo L Mo—-L
2 2.5655(4) oxalate 2.3678(16)
3 2.5786(4), 2.5770(4) oxalate 2.355(2)—2.395(2)
[Mo",Mo0Y,04(OH)4(14-CO5)(CO),(PMes)g]?H 2.5522(9) carbonate 2.419(3)
[(M0,0,)5(1g-CO3)(12-CO3)3(1,-OH), P~ (41 0] 2.5884(6) carbonate 2.355(3)
{Na[(M0,04)3(1t6-SO3)(12-SO3)3(112-0)3]o} 12~ P11 2.597(5) sulfate(1v) 2.36(2)
[M0,04(11>-S03)(SO5),Jf~ 15 2.5872(18) sulfate(1v) 227(1)
[{M0,04(n>mal),} >(uy-mal)]— 231 [d] 2.555 malonate 2.321

[a1 A multidentate oxygen donor ligand L coordinates to the dinuclear unit in all cited examples through two of its oxygen atoms, and to
each metal centre with one. With the exception [M0,04(1,-SO3)(SO5),]®~, it binds in this manner to two or three {M0,04)>" units. I A
pe-carbonate unit links three dinuclear units. [7 A pg-sulfate(rv) unit links three dinuclear units. [ mal = CH,(COO),?>". A p4-malonate

unit links two dinuclear units.

the terminal oxo group. A comparison with other
{Mo0,0,4}>" compounds where multidentate oxygen donor
ligands also coordinate to a pair of molybdenum atoms
through two oxygen donor atoms in trans positions to the
terminal oxo groups shows that the distances in 2 are within
the normal range (Table 3).

The bridging oxalate ion is in a completely staggered con-
formation. The C—O distances of the py-oxalate ion are
equal, at 1.2548(19) A, suggesting a bond character be-
tween a single and a double bond. For comparison, two
sets of C—O distances are displayed within the bidentate
oxalate ions, short ones, 1.216(3) and 1.219(3) A, typical of
localized double bonds, and longer ones, 1.291(3) and
1.294(3) A. Hexaanions with two dinuclear subunits linked
through a tetradentate oxalate ion have been observed be-
fore. Thio derivatives of the dinuclear unit, {Mo0,0,(u,-O)-
(12-S)}>+ and {Mo,05(1,-S),}12", assemble in almost the
same fashion as shown by [{M0,0;S(*-C504),},-
(14-C200)]°”  and  [{M0,0,8,(0%-C504)2} 2(1a-C204)1°7,
respectively.?" 281 The same structural type also occurs
among very rare oxotungsten(v) compounds, such as
[{W50,55(M?-C504)5} »(1s-C204)]° .81 Another example,
[M04045,X5(C,04)5]°~ (X = O or S), consists of one
{M0,05(1,-S),}>" unit, while the other displays a disorder
in the double bridge.*® The bridging atoms are partially
oxygen and partially sulfur atoms. In contrast to a com-
pletely staggered configuration of the oxalate ion in 2, the
ps-oxalate ions in all the cited examples are planar. Ab in-
itio MO calculations on the [{M0,04(M*C504)>}5(Hs-
C,0,)1°” anion revealed the isomer with the staggered con-
formation of the oxalate ion to be the energetically more
favoured one (Figure 3). The difference between the calcu-
lated energy of the anion with a staggered oxalate ion and
that with a planar oxalate ion is 18 kcal/mol. AM1 and ab
initio calculations on the oxalate dianion itself also indi-
cated a slight preference for a completely staggered D,
structure over a planar D, structure.’”) Bearing in mind
that the bond lengths between the molybdenum atom and
the oxalate oxygen atom in 2 are relatively long, this agree-
ment is not surprising. The calculated barrier to rotation
about the C—C bond in the oxalate dianion is smaller than
in our case, ca. 5 kcal/mol. An oxalate ion coordinated to
different metal ions usually adopts a planar or near-planar

1614 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Relative energy of [{Mo0,04(M*C504)-}-(1s-C>04)]0 as
a function of the dihedral angle in the py-oxalate 1on; 0.01 units
correspond to 6.27 kcal/mol

form. Only a few deviations from planarity have been re-
ported so far. In [Ni(L1)(C,04)],,,nH>O (L1 represents a
tetraaza macrocyclic ligand)BP! and [Cu(C,04)(H,0)(4-
apy)s], (4-apy = 4-aminopyridine)3?! the twist angles of the
1,1’-bis(monodentate) oxalate ion are 103° and 28°, respec-
tively. In both these compounds the nonbonded oxalate
oxygen atoms participate in significant hydrogen bonding
interactions suggesting that these have an important influ-
ence over the ligand’s conformation. In a recent study of
the anhydrous alkali oxalates, in combination with K™,
Rb* and Cs* cations, both planar and staggered oxalate
conformations were observed, showing that the confor-
mation is determined mainly by packing effects.>31 On the
other hand, the electronic structure calculations for the
model compounds [(HCOO);M,(s-C>04)M,(HCOO);]
(HCOO™ stands for formate; and M, stands for pairs of
Mo or W' atoms linked by quadruple metal—metal
bonds) employing density functional theory predicted the
structure with the planar oxalate ion to be energetically
more favoured than the one with the completely staggered
oxalate ion by ca. 8 kcal/mol. This latter result is in line
with the concept that the electronic coupling of M, units is
maximized when the oxalate ion is in a planar confor-
mation.34

Two other multidentate oxygen donor ligands, the malon-
ate and sulfate ions, also form similar tetranuclear hexa-
anions in combination with the MoV, unit — [{Mo0,0,4(n>-

www.eurjic.org Eur. J. Inorg. Chem. 2004, 1611—1620
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mal)z}z(u4-mal)]6_ 23 and [{M020252(n2-804)2}2(u4-

SO,)1°~.[331 The latter is the closest structural relative to the
anion in 2. The inherent improper fourfold rotation sym-
metry of the uy-SO,%~ ligand leads to the perpendicular
orientation of the two {Mo0,05(1,-S),}>" subunits. The
elongated Mo, tetrahedron has two short (approx. 2.8 A)
and four long (approx. 6.8 A) Mo—Mo distances. The cor-
responding distances within the Mo, tetrahedron in 2 are
2.5655(4) A and 7.5913(4) A.36

The fold angle in 2, 160.21(5)°, is larger than in other
{Mo0,0,4}?" compounds (see Table2). Keeping the
metal—metal bond length within the normal range, the less
folded bridging moiety, where the value of the fold angle is
larger, induces changes in the angles within the Mo,(Oy),»
rhombus, especially in the O,—Mo—O,, angles, which be-
come larger. In some of the selected examples in Table 2,
the {Mo,0,4}>" units are fused together by sharing bridging
oxygen atoms. It is pertinent to note that such an assembly
also induces stress upon the internal dimensions of the con-
stituent dinuclear blocks.

Crystal Structure of (MeNCsHs) [ MogO5( OMe) g(1t5-
;0071 (3)

This compound consists of cyclic octanuclear
[MogO,4(OMe)g(pg-C>04)]>~ anions and N-methylpyridin-
ium cations. As the centre of the ring lies on an inversion
centre, the asymmetric unit consists of one half of the
anion. Four {Mo,0,}>" blocks are connected by pairs of
methoxide ligands, forming a ring around the oxalate anion
(Figure 4a). The methoxide ions fold out from the ring,
whereas the oxo groups fold into the ring. Short
metal—metal distances [2.5770(4) A and 2.5786(4) A]
within the dinuclear blocks alternate with longer non-bond-
ing Mo---Mo contacts [3.2577(4) and 3.2655(4) A] between
the neighbouring dinuclear blocks. Each of the molyb-
denum centres displays a pseudo-octahedral coordination
sphere consisting of six oxygen atoms. The terminal oxygen
atoms lie at 1.683(2)—1.688(2) A, bridging oxygen atoms
at 1.926(2)—1.946(2) A, and bridging methoxide ligands at
2.084(2)—2.122(2) A. An oxygen atom of the central oxalate
ion occupies the position trans to the molybdenyl group at
a significantly longer distance, 2.355(2)—2.395(2) A. Tt also
functions as a third bridge between a pair of molybdenum
atoms linked by methoxide ligands. The fold angles of the
{Mo0,0,}>" units are 156.43(14)° and 156.83(18)°. All me-
tal atoms, terminal oxo groups and the oxalate ion lie in
the plane. One half of the bridging methoxide ions and the
bridging oxo groups liec above, and the other half below this
plane (Figure 4b). The central oxalate ion is disordered over
two positions. The C—O distances of the oxalate ion are in
the 1.287(6)—1.317(7) A range.

The planar configuration of the ring in 3 contrasts with
the puckered arrangement observed in [MogO,4(OMe)g(R-
py)a], with a vacant central cavity.?”) However, the Mo—Mo
bond lengths and the Mo-*Mo non-bonding contacts in the
two are basically the same. The pair illustrates how the oxa-
late or pyridine ligands influence the conformation of the

Eur. J. Inorg. Chem. 2004, 1611—1620 www.eurjic.org

Figure 4. (a) (top) [MogO;4(OMe)g(usg-C,04)]*~, the anionic part
in 3, with the oxalate ion disordered over two positions; selected
bond lengths [A]: Mo(1)—Mo(2) 2.5786(4), Mo(3)—Mo(4)
2.5770(4), Mo(1)—0(13) 2.386(2), Mo(2)—0(14) 2.355(2),
Mo(3)—0(14) 2.373(2), Mo(4)—O(13)al 2.395(2); symmetry oper-
ation: 112 — x, 1 — 3,2 — z; (b) (bottom) side view of the octanu-
clear anion showing the planar conformation of the ring

ring obtained upon the assembly of four {Mo,04}>" build-
ing blocks.

The anion [MogO;4(OMe)g(us-C>04)]>~ has been ob-
tained before by the reaction of a-[(7-C4Hg)4N]s[M0gO»¢]
with rhodizonic acid.®®¥ Its formation was explained in
terms of a carbonyl insertion reaction coupled with ligand
dissociation and redox processes. The same authors also re-
ported the crystal structure of an ethoxide-bridged deriva-
tive, [Mo0gO,4(OEt)g(ng-C,04)]>~.B% The same structural
motif — four dinuclear building blocks forming a cycle — is
also produced upon the linkage of {Mo0,0,(1,-S)>}>" units
through pairs of hydroxide bridges. The neutral cycle with
the [MogSgOg(OH)g] composition can encapsulate various
ligands, such as oxalate,*®4%4 molybdate(vi)*°?! or tung-
state(vi) ions.[*%l The {Mo0,O5(11,-S),}>" unit forms in the
presence of hydroxide ions even larger neutral cycles, which
incorporate oxygen-donor guests with direct covalent inter-
actions between the oxygen and molybdenum atoms. The
inorganic backbone adapts its size and geometry to that of
the guest anion. In the case of glutarate, a decanuclear ring
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was obtained, while with larger anions such as pimelate and
trimesate, dodecanuclear rings were formed.[40]

Crystal Structure of [MeNCsH,(Me)3],-
[HNCsHy(Me);]5[ Mo,05(1>-C504) ] (4)

The dinuclear complex [Mo0,03(n*-C,0,4)4*" (4; Fig-
ure 5) displays a centrosymmetric structure consisting of an
anti-{Mo0,0,(1,-0)}** core (Scheme 2). N-methylated colli-
dine and protonated collidine molecules serve as coun-
tercations. Two molybdenum atoms are connected by a sin-
gle oxygen atom, O(2), lying on the inversion centre. Conse-
quently, the Mo—O—Mo bridge is linear with symmetrical
Mo—0(2) bond lengths of 1.8534(2) A. The two terminal
oxygen atoms are trans to each other. Insofar as the dimen-
sions of the anti-{Mo0,O,(p,-O)}*" unit are concerned,
these are similar to other compounds containing this frag-
ment.[*!'l Two bidentate oxalate ligands complete a distorted
octahedral environment of each metal atom. The coordi-
nated oxygen atoms of one oxalate ion, with bond lengths
to the molybdenum atom of 2.032(2) and 2.081(2) A, are
cis to the Mo=0O group. The corresponding bite angle is
78.37(9)°. The other oxalate ion binds with two distinctly
different bond lengths, 2.0869(19) and 2.217(2) A. The
longer one is, as expected, frans to the terminal oxo group.
The oxalate bite angle is smaller, 73.87(7)°. The oxalate bite
angles are largely determined by the metal—oxygen dis-
tances: when these are longer than 2.1 A, the
oxygen—metal—oxygen angles become smaller than 80°.14%

Figure 5. [M0,05(1%C,04)]*~ ion in 4; selected bond lengths [A]:
Mo-O(1) 1.668(3), Mo—0(2) 1.8534(2), Mo—0(3) 2.081(2),
Mo—0(4) 2.032(2). Mo—0(7) 2.0869(19), Mo—O(8) 2.217(2)

0
Mo——o——llvllo

Scheme 2. anti-{Mo0,05}*" structural unit

Vibrational Spectroscopy

Although the oxalate absorption bands in the infrared
spectra reflect its binding modes,*3! the overlap of some
with pyridine absorptions prevents straightforward assig-

1616 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

nations. Among three sets of the characteristic oxalate
bands, v, (OCO), vy(OCO) and &(OCO), the
carbon—oxygen asymmetric and symmetric stretching fre-
quencies show the highest sensitivity to the metal coordi-
nation and thus to the binding mode employed. In addition,
the metal—oxygen bond lengths also affect the number of
bands.** The influence of the asymmetric binding on the
infrared bands is clearly observed in the infrared spectra of
(MeNCsHs)5,[M0,04(Cy04)CL],  and  (3-MePyH),,-
[M0,04(C504)Cl,], where the bis(bidentate) oxalate ion
bridges two metal centres in a highly asymmetric fashion,
2.172(2) vs. 2.312(2) and 2.1684(15) vs. 2.3183(16) A,
respectively.['3] Two sets of v,(OCO) [at 1671 and 1633
cm™! for the MeNCsHs™ compound, and at 1671 and 1633
cm™! for the 3-MePyH™ compound] and v(OCO) bands
[at 1354, 1306 and 1288 cm ! for the MeNCsHs" com-
pound, and at 1353, 1302 and 1264 cm ! for the 3-
MePyH™ compound] are observed.

In 3, with one type of oxalate ligand, each of the oxalate
oxygen atoms bridges two molybdenum atoms with
metal—oxygen distances of approximately the same length.
The bands at 1659, 1635 [v,(OCO)], 1336, 1290 [v,(OCO)]
and 813 cm~! [§(OCO)] are in accordance with expec-
tations.[**] The terminal, bidentate binding mode in 1 gives
rise to bands at 1705, 1667, 1633 [v,(OCO)], 1372, 1287
[vi(OCO)] and at 780 cm™ ' [3(OCO)]. Their frequencies
agree very well with  those  reported  for
Ba[Mo0,04(C,04),(H,0),]:3H,O {1710, 1680, 1653
[Vas(OCO)]; 1430, 1289 [v(OCO)]; 793 cm™! [(OCO)]} 1]
and other compounds containing a bidentate oxalate ion.[*>!
The occurrence of a bidentate oxalate ion is also evident in
the spectrum of 4 where the bands occur at 1709, 1682,
1633 [vas(OCO)], 1337, 1259 v [(OCO)] and 799 cm™!
[0(OCO)]. A multitude of bands {1705, 1681, 1657, 1633,
1574 [v,s(OCO)]; 1360, 1322, 1288 [v,(OCO)]; 828, 800
cm ! [§(OCO)]} in the spectrum of 2 indicates both the
bidentate and tetradentate binding modes of the oxalate
ion. These are similar to those observed in
[H3N(CH,)3;NH;3]5[M04S404(C504)5]-4.5H,O  [bands at
1716, 1688, 1600, 1506 in the v,,(OCO) region; 1391, 1321,
1242 in the v{(OCO) region and 830, 794 cm™! in the
3(0CO) region].l?8

Bands in the 1000—900 cm ™! region are associated with
the Mo=0 stretching vibrations. These are seen as strong
bands at 949, 939 and 927 cm~! for 1, 958, 942 and 903
cm~ ! for 2, and for 3 and 4 as a single band at 962 and 960
cm ™! respectively.

General Considerations

As observed before,['3~ 1346l methanol and pyridines pro-
vide a medium where the formation of the {Mo0,0,}>* frag-
ment from the mononuclear halooxomolybdate(v) is a fast
and reproducible process. The dinuclear unit with three co-
ordination sites per metal atom and the oxalate ion is a
system where the variation of the amount of one with re-
spect to the other can produce discrete clusters when the
amounts of the oxalate ion are large, or a polymeric mate-
rial when the amounts of the oxalate ion are small. In the
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former case, [M0,04(n*-C50,)-py-]>~ (1) and [{Mo0,0,4(n>-
C,04)51>(1s-C504)]°~ (2) were obtained. In 1 the oxalate
ion occupies two out of three coordination sites of each
metal atom in a bidentate fashion. One of the coordinated
oxalate oxygen atoms is cis to the Mo=O group, and the
other is in a less favourable frans position. Pyridine ligates
to the remaining, third site. Considering both metal centres,
two distinct geometries are possible. In 1, the two pyridine
ligands are on the opposite sides of the plane defined by a
pair of Mo=O0 groups (trans to each other). The two pyri-
dine ligands can also lie on the same side of the plane (cis
to each other). The reaction conditions employed in the
preparation of 1 apparently favour the trans isomer. Em-
ploying a huge excess of the oxalate ion afforded
[{M05,04(1?-C504)5}2(1s-C504)]°~ (2), where all three coor-
dination sites of each metal centre are occupied with oxy-
gen-donor ligands. Two belong to the bidentate oxalate ion
and the third one to the bridging oxalate ion. Although the
reaction medium for the preparation of 2 is mostly pyridine,
pyridine does not coordinate. Reducing the ratio of oxalate
vs.  molybdate  produces  either a  polymeric
[M0,04(C,0,4)Cl,],%"~, with one oxalate ion per dinuclear
unit,[B] or a discrete octanuclear [MogO,s(OMe)g(pig-
C,04)>~ (3) with one oxalate ion for every four dinuclear
units, the major difference between the two synthetic pro-
cedures being the presence of pyridine. While the polymeric
species is obtained in pyridine, the reaction mixture used in
the case of 3 does not contain any. Methanol not only pro-
vides the reaction medium in the preparation of 3, it is also
a source of methoxide ions, which coordinate to the molyb-
denum atom and serve as bridges in the linkage of
{Mo0,0,4}?" units. The role that methanol plays in the reac-
tion mixtures merits additional comment as it is also con-
sumed in the in situ formation of N-methylpyridinium cat-
ions. Their formation at elevated temperature requires apart
from methanol, also pyridine and oxalic acid. N-Alkylation
takes place when other pyridines are used as substrates as
well, for example 2,4,6-collidine in the formation of 4. The
exact nature of this process is currently under investi-
gation.*”l When no methanol is used, the only product iso-
lated so far was (PyH),[M0,04(n>-C50,4),py], provided
that a sufficient amount of the oxalate ion was present.

It is pertinent to mention briefly a series of structurally
related species, dinuclear cis-[M 0,05 (p1»-S)-(n?-
C,04)2(H,0),1, tetranuclear [{M0,05(11>-S)o(n?*
C504)515(1s-C504)]1°~ and octanuclear [MogOgSg(OH)s(ps-
C,04)]>, which are formed in the reactions between the
thio-bridged dimer {Mo0,0,(11»-S),}>" and oxalate ions in
aqueous media.l?$40%40f1 Tt was observed that the reaction
products depend more upon the pH of the reaction medium
than the stoichiometry. At pH = 1.5, the dinuclear species
is obtained, in less acidic medium, at pH = 4, the tetranu-
clear one and at pH > 5, the octanuclear one. The binding
modes of the oxalate ion were described as the competition
between the chelating and the templating role of the ligand.
The analogy between the thio-bridged species and the
anions of 1, 2 and 3 is unfortunately limited to their struc-
tures only. The same pattern of assembly of basic dinuclear
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units to form larger oligonuclear species can be recognized
within the two series.

The preparation of 4 opens new perspectives. Similar
amounts of the reagents were used as for the preparations
of 1 or 2 with 2,4,6-collidine instead of pyridine. Given the
low coordinating ability of 2,4,6-collidine due to methyl
substituents in the ortho positions, the oxalate ion, as the
only other ligand present in the reaction mixture, was for-
ced to occupy more than two coordination sites in each
metal atom environment. A singly oxo-bridged dimer,
{Mo0,05}*", was formed. The four coordination sites of
each metal atom are occupied by a pair of bidentate oxalate
ions. It remains open for further studies to investigate how
this system would respond to a reduced amount of oxalate
ions, whether the oxalate ion would adopt the bis(bidentate)
binding mode and as such connect dinuclear units,
{Mo0,05}*" fragments in this case, into polymeric struc-
tures. It also seems feasible that the use of non-coordinating
solvents could enable the coordination of the oxalate ion in
less common binding modes and thus the synthesis of more
complex architectures.

Conclusion

A series of discrete oxalato complexes of molybdenum(v)
was accessed by solvothermal reactions of mononuclear
halooxomolybdates(v) with oxalic acid. The oxalate ion
binds to the dinuclear units, {Mo0,0,}2" or {Mo0,05}4", as
a terminal bidentate ligand as observed in [Mo,O4(n>-
C204)2py2l*~ (1) and [M0,05(n*-C,04)4]*~ (4) or bridges
two or four {Mo0,0,}>" units as observed in [{Mo0,04(n*-
C304)2}2(114-C204)1°” (2) and [MogO;(OMe)s(1s-Co04)*~
(3), respectively.

Experimental Section

General Remarks: Reactions were carried out in sealed glass tubes
under autogenous pressure. Reagents were purchased from Aldrich
and wused without further purification. (PyH),[MoOCls] and
(PyH)[M0OBr4] were prepared by minor modification of a pub-
lished procedure.™ The IR and far-IR spectra were measured on
solid samples as Nujol or poly(chlorotrifluoroethylene) mulls using
a Perkin—Elmer 2000 series FT-IR spectrometer. Elemental analy-
ses were performed by the Chemistry Department service at the
University of Ljubljana.

(MeNC5sHs),[M0,0 4(m*C50.4),pyal 1): A mixture of
(PyH),[MoOCls] (100 mg, 0.223 mmol), H,C,0,-2H,O (100 mg,
0.793 mmol), pyridine (4 mL), methanol (0.5 mL) and acetonitrile
(0.5 mL) was placed in a glass tube which was sealed and sub-
sequently heated in an electric oven maintained at 115 °C for 120
h. After cooling to room temperature, orange crystals of compound
1 were isolated in 40% yield (35 mg). IR: v = 3047 (w), 2915 (w),
2851 (w), 1705 (vs), 1667 (vs), 1633 (vs), 1603 (vs), 1584 (s), 1494
(s), 1450 (s), 1372 (s), 1287 (m), 1254 (m), 1241 (m), 1216 (m), 1192
(m), 1163 (m), 1073 (m), 1015 (m), 949 (s), 939 (s), 927 (s), 897 (s),
780 (vs), 758 (vs), 734 (vs), 685 (vs), 649 (m), 639 (m), 524 (m), 482
(s), 451 (w), 435 (w), 348 (w), 320 (vs), 257 (s) cm L
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C26H26M02N4012 (77839) caled. C 40.12, H 3.37, N 720, found
C 40.25, H 3.48, N 7.08.

(MeNCsHs)6l{M0,04(n*-C;04)2}2(1s-C204)] (2): A mixture of
(PyH),[MoOCIs] (50 mg, 0.111 mmol), H,C,042H,O (150 mg,
1.19 mmol), pyridine (4 mL), methanol (0.5 mL) and acetonitrile
(0.5 mL) was placed in a glass tube which was sealed and sub-
sequently heated for in an electric oven maintained at 115 °C 120
h. After cooling to room temperature, the reaction mixture con-
sisted of a dark solution and a black oil. Orange-red crystals
formed after a period of two weeks. Yield 43% (18 mg). IR: v =
3390 (m), 3136 (w), 3040 (m), 1705 (vs), 1681 (vs), 1657 (vs), 1633
(vs), 1574 (vs), 1494 (vs), 1449 (w), 1360 (vs), 1322 (vs), 1288 (vs),
1229 (vs), 1188 (vs), 1059 (w), 1026 (w), 958 (vs), 942 (vs), 903 (s),
879 (m), 828 (m), 800 (vs), 770 (vs), 737 (vs), 682 (vs), 649 (m), 528
(vs), 467 (m), 449 (m), 411 (w), 395 (w), 359 (m), 326 (w), 311 (vs),
235 (w) em 1. Cy4sHusM04NgOog (1516.7): caled. C 36.43, H 3.19,
N 5.54; found C 36.25, H 3.28, N 5.41.

(MeNCsHs),;[Mo0gO16(OMe)g(ns-C,04)]  (3): A mixture of
(PyH),[MoOCls] (100 mg, 0.223 mmol), H,C,042H,O (22 mg,
0.175 mmol), methanol (4.5mL) and acetonitrile (0.5 mL) was
placed in a glass tube which was sealed and subsequently heated in
an electric oven maintained at 115 °C for 120 h. After cooling to
room temperature, large orange crystals of compound 3 were sepa-
rated manually from the orange microcrystalline phase. The yield
based on 3 was 14% (6 mg). IR: V = 3143 (w), 3092 (w), 1659 (vs),
1635 (vs), 1585 (m), 1492 (m), 1336 (m), 1290 (m), 1224 (w), 1190
(m), 1162 (w), 1015 (vs), 962 (vs), 813 (vs), 755 (vs), 724 (s), 680
(s), 528 (vs), 466 (vs), 437 (m), 412 (m), 380 (s), 288 (w), 275 (s),
217 (m), 151 (w) ecm™ L. CoHygMogN,Oyg (1548.1): caled. C 17.07,
H 2.60, N 1.81; found C 16.95, H 2.51, N 1.92.

[MeNCsH,(Me)3],[HNCsH;(Me);1,[M0,03(1?-C,04)4] (4): A mix-
ture of (PyH)[MoOBrs] (120 mg, 0.235 mmol), H,C,042H-0
(100 mg, 0.793 mmol), 2,4,6-collidine (4 mL), methanol (0.5 mL)
and acetonitrile (0.5 mL) was placed in a glass tube which was se-
aled and subsequently heated in an electric oven maintained at 115
°C for 120 h. After cooling to room temperature, large black crys-
tals of compound 4 were isolated in 47% yield (61 mg). IR: V =

Table 4. Crystallographic data for compounds 1—4

2920 (vs), 2849 (vs), 2671 (m), 2580 (m), 1912 (w), 1709 (vs), 1682
(vs), 1633 (vs), 1337 (m), 1274 (w), 1259 (m), 1224 (w), 1199 (m),
1171 (w), 1152 (w), 1039 (m), 997 (w), 960 (vs), 892 (m), 863 (),
799 (vs), 786 (m), 721 (w), 535 (s), 517 (s), 477 (m), 445 (m), 366
(m), 350 (m), 312 (s), 264 (m), 220 (m), 193 (m). C4>H5;M0,N,O1o
(1108.76): caled. C 45.50, H 4.73, N 5.05; found C 45.68, H 4.59,
N 4.97.

X-ray Crystallographic Study: The crystals were mounted on the
tip of a glass fibre with a small amount of silicon grease and trans-
ferred to a goniometer head. Data were collected with a Nonius
Kappa CCD diffractometer. For all compounds, data reduction
and integration were performed with the software package
DENZO-SMN.[*!" Averaging of the symmetry-equivalent reflec-
tions largely compensated for the absorption effects. The coordi-
nates of some or all of the non-hydrogen atoms were found by
direct methods using the structure solution program SHELXS.?
The positions of the remaining non-hydrogen atoms were located
by use of a combination of least-squares refinement and difference
Fourier maps with the SHELXL-975% program. Non-hydrogen
atoms were refined with anisotropic displacement parameters. The
hydrogen atoms were included in the structure factor calculations
at idealized positions. The oxalate ion in 3 is disordered over two
positions. The carbon atoms C(1) and C(2) of the disordered oxa-
late ion were refined anisotropically with the occupancy factors
0.51(1) and 0.49(1), respectively. Cell parameters and refinement
results for compounds 1—4 are summarized in Table 4. CCDC-
211525 (1), -211526 (2), -211527 (3) and -211528 (4) contain the
supplementary crystallographic data for this paper. These data can
be obtained free of charge at www.ccde.cam.ac.uk/conts/
retrieving.html [or from the Cambridge Crystallographic Data
Centre, 12 Union Road, Cambridge CB2 1EZ, UK; Fax: (internat.)
+ 44-1223/336-033; E-mail: deposit@ccdc.cam.ac.uk].

Computational Details: Ab initio MO calculations on the
[{M05,04(M*-C504)-}>(1s-C504)] ™ ion at the HF/3-21G* level were
performed in order to determine its energy as a function of the
dihedral angle in the py-oxalate ion. The Gaussian 98 suite of pro-
grams was used.’!) No geometry optimization was applied. The

1 2 3 4
Empirical formula C26H26M02N4012 C46H48MO4N6028 C22H40M08N2023 C42H52M02N4019
Formula mass 778.39 1516.66 1548.08 1108.76
Crystal system triclinic tetragonal triclinic triclinic
Space group P1 14\lacd Pl P1
T [K] 150(2) 200(2) 150(2) 293
a [A] 9.7696(2) 16.5235(2) 7.4875(2) 9.2687(2)
b [A] 11.5733(2) 16.5235(2) 10.9441(2) 11.3919(2)
¢ [A] 14.0069(4) 40.6033(5) 14.3626(4) 12.3534(3)
o [°] 75.4096(10) 90 105.1707(10) 78.2266(8)
BI°] 86.8787(9) 90 103.5065(10) 69.0781(8)
v[] 69.0585(13) 90 105.5552(10) 86.8045(9)
VA3 1430.29(6) 11085.8(2) 1034.27(4) 1192.53(4)
zZ 2 8 1 1
A A] 0.71073 0.71073 0.71073 0.71073
p [mm™1 0.949 0.980 2.439 0.605
Collected reflections 7850 10297 8539 7994
Unique reflections, R, 4901, 0.0174 3164, 0.0206 4709, 0.0226 4159, 0.0129
Observed reflections 4405 2791 4092 3806
R1 [I > 20(])] 0.0319 0.0299 0.0262 0.0334
wR2 [all data] 0.0822 0.0695 0.0605 0.1013
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atomic coordinates were taken as obtained from the X-ray diffrac-
tion study.
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