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ABSTRACT

During the past decade, a new family of high nuclearity oxometalates has emerged,
oxomolybdenum(V) complexes whose d-electrons are localized in MoY—Mo" bonds. The structure types
of all known complexes in this family are reviewed, including nine different (MoY—Mo") monomer, dimer,
trimer, tetramer, hexamer, and octadecamer structures, with an emphasis on high-nuclearity structures.
In each case, oxomolybdenum(V) core structures are identified and analyzed with regard to degree of
polymerization, degree of condensation, and oxygen packing, and an effort is made to identify smaller
complexes as subunits of larger structures.

1. INTRODUCTION

High-nuclearity oxomolybdenum complexes have traditionally contained Mo"!
centers only (iso- and heteropolymolybates) or both Mo" and Mo"! centers with
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delocalized d-electrons (heteropoly blues) [1]. More recently, however, a new family
of high-nuclearity oxomolybdenum complexes has emerged, one whose MoV
d-electrons are localized in MoY—Mo" single bonds. These complexes have appeared
in various contexts, including organometallic chemistry ([(Cs MesRh)g(Mo,3040)] *
Cl,-13H,0 [2]), alkoxide chemistry ((Me;NH),(Et,N)Na,[Na(H,0);H,s-
Mo0,4;0,05{(OCH;); CCH,OH},]-15H,0 [3]), and coordination chemistry
(PPh,),(H;0),Na[MosO,s(HPO,)(H,PO,);]*5H,0O [4]). Moreover, their stoi-
chiometries and structures are complicated, and structural interrelationships are far
from obvious. The present review aims to address the situation through a systematic
review of polynuclear Mo" oxo complexes containing MoY—Mo" units, with an
emphasis on the structures of high-nuclearity species, i.e. those containing more than
four MoV centers.

The MoY—Mo" unit in molybdenum oxo complexes is known to occupy the
ligand environment shown in Scheme 1 [5-10]. Within this [Mo} O]~ structural
building unit, the MoY—MoV bond distance lies in the 2.5-2.7 A range, while MoY—O
bond distances are in the 1.6~1.8 A range for O,, the 1.9-2.0 A range for O,, and
the 2.0-2.2 A range for O,. Frequently, but not always, a sixth oxygen ligand is
weakly bonded to each MoV center trans to the O, ligand. Here, complex
oxomolybdenum(V) structures will be simplified by extracting from them core struc-
tures comprised of [Mo} Og]°~ building units of the type shown in Scheme 1, and
then showing how these units are linked together. As with organic polymers, linkage
of [MoYO4]°" units can be achieved either by addition or by condensation. In the
former case, the core structures have formulas Mo,, 0§, corresponding to degree
of polymerization n. In the latter case, condensation yields core structure formulas
Mo,, 08" 2P~ corresponding to a degree of polymerization n and a degree of
condensation Z:

nMo} 0§~ = Mo}, 08"~ + pO?~ )
Z=p/n )

According to eqn. (2), the degree of condensation is the number of O2~ ligands
eliminated upon condensation per [Mo3Og]®~ building unit. This definition is in

O,

o //Mow——o"?/ MO\\OO
oc b

Scheme 1. The C,, [MoYOy]®" structural building unit observed in polynuclear oxomolybdenum(V)
core structures.
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complete accord with the classical definition of Z* [11] obtained when polyoxoani-
ons are viewed as condensates of tetrahedral oxoanions obtained upon acidification:

xMo¥0}~ + yH* = MoY O$>=2)3 + (y/2)H,0 @)
Z* =y/x “@

If protons are removed from eqn. (3), x is set equal to 2n, and y is set equal to 2p,
then Z=Z" and eqns. (3) and (4) are converted into eqns. (1) and (2), respectively.
For purposes of calibration, Z=0 for MoyO§~, Z=1 for MojO%~, Z=2 for
MoYO2~, and Z = 3 for Mo} Os. In this review, oxomolybdenum(V) complexes will
be regarded as those complexes containing Mo bonded only to oxygen ligands, and
related complexes containing other types of ligand will be treated as derivatives.
These derivatives have been reviewed extensively elsewhere [5-10], and will be
discussed here only when the parent complex is unknown.

2. (Mo"-Mo") MONOMERS

Numerous oxomolybdenum(V) complexes and derivatives having monomeric
[MoY O3]~ core structures are known [5-10], and the single example treated here
was selected on the basis of its apparent complexity. The centrosymmetric
[Mg, Mo,z O,,(0OMe)s(MeOH),]*>~ anion shown in Fig. 1(a) has been observed in
the solid state as a solvated [Mg(MeOH)g]** salt [12]. When [Mo) O]~ units
(see Scheme 1) are extracted from the anion structure as shown in Fig. 1(b), the
structure is seen to contain two isolated [MoyO4]®~ units, ie. two (MoY—MoV)
monomers. The anion structure can be regenerated by dimethylating each
[MoYO416~ unit to form two [Moy O4(OMe),]}* units, interconnecting the MoV
centers with two O?~ ligands, interconnecting the O, oxygens (see Scheme 1) with

T

Fig. 1. The C, [Mg,;Mo30,,(OMe)s(MeOH),]>" anion (a), and its D,, oxomolybdenum(V) core struc-
ture (b) comprised of two isolated [Mo} 031%™ building units. Molybdenum atohs are drawn as small
filled circles, magnesium atoms as small shaded circles, oxygen atoms as large open circles, and carbon
atoms as large shaded circles; hydrogen atoms have been omitted for! purposes of clarity.
Molybdenum—oxygen bonds within the [Mo} O]~ structural building units are{ drawn as thick bonds,
and all the remaining bonds are drawn as thin bonds. :
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two [(Mo''0,),(u-OMe)]** units, and interconnecting the O, oxygens with two
[Mg(MeOH),1?* units.

3. (Mo¥—Mo"), DIMERS

As was the case for (MoY—Mo") monomers, numerous structures are known
to contain (MoY—Mo"), dimers in their oxomolybdenum(V) core structures [5-10].
These structures fall into three classes, and one member from each has been selected
for discussion. The first two classes include Mo} 012~ oxomolybdenum(V) core
structures that are [Mo) Og]®~ dimers and are formally addition polymers. In the
third class, two [MoyOg]®~ units have two oxygen atoms in common, and the
Mo} O%; oxomolybdenum(V) core structure is formally a condensation polymer.

3.1 Rhombic complexes

The squarate complex [Mo,Og(OMe),(C,0,),(C,O,H),]*~ shown in
Fig. 2(a) is known as a solvated Buj}N™* salt [13]. This complex contains two
(MoY—MoVY)'®* units, eight O?~ oxide ligands, two CH,O~ bridging ligands, two
bridging C,O%~ squarate ligands, and two terminal C,O,H~ hydrogensquarate
ligands. Extraction of [MoYOg]®~ building units yields the Mo}O12-
oxomolybdenum(V) core structure shown in Fig. 2(b), in which the MoV centers
occupy the vertices of a distorted rhomb (rhomboid). Note the compactness of this
core structure: the oxygen atoms form a cubic closest-packed array and the molyb-
denum centers occupy octahedral holes within that array.

3.2 Tetrahedral complexes

Several phosphomolybdate lattice compounds contain the [Mo,Ogx(PO,), 1%~
fragment shown in Fig. 3(a) where some or all of the PO}~ groups serve as bridging

— QO ~0—C

Fig. 2. The C, [M0,05(OMe),(C,0,),(C,O,H),]*~ anion (a) and its C; Mo} 012~ oxomolybdenum
core structure (b). Atoms and bonds are drawn as explained in the Fig. 1 caption.
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(@) (b)

Fig. 3. The D4 [M0,04(PO,), 13 anion (a) in (Pr,N)(NH,)[Mo,04(PO,),,] and its D,y Mo} O}2~
oxomolybdenum(V) core structure (b). Molybdenum atoms are drawn as small filled circles, phosphorus
atoms as small shaded circles, and oxygen atoms as large open circles. Molybdenum—oxygen bonds within
the [MoYO3]®~ structural building units are drawn as thick bonds, and all the remaining bonds as
thin bonds.

ligands between MoyOgf* units. The compounds include (Et,N),[Mo,-
05(POy),2(H, sPO,),]1-2H,O0 [9], containing one-dimensional polymers;
(Et;NH;),[Mo,04(PO,)s/2] [14], (4-phenylpyridinium),[Mo,Og(PO4)s/2] [14],
and (Pr,N)(NH,)[Mo,O3(PO,),,;] [15], containing two-dimensional sheets; and
(MeyN); 3(H;0)o.7[M0o,Og(PO4)4/2 ] 2H, O [16], containing a three-dimensional
phosphomolybdate framework. A closely-related molecular “cubane” structure where
four bidentate (CH;), POS™ ligands are all bonded to the same Mo, Oy core is
found in the oxomolybdenum(V) derivative [Mo,Og(Me, POS),] [17].

When [Mo} O41°~ units are extracted from the [Mo,Og(PO,),]®~ structure,
the Mo} 012~ oxomolybdenum(V) core structure shown in Fig. 3(b) is obtained.
Here, the MoV centers lie at the vertices of a distorted tetrahedron (disphenoid). This
tetrahedral complex is isomeric with the Mo} O}2~ complex shown in Fig. 2(b), and
is also a very compact structure comprised of cubic closest-packed oxygen atoms
with MoV centers occupying octahedral holes.

3.3 Linear complex

The M0 O,,(OPr'),, structure [18] and its oxomolybdenum(V) core structure
are shown in Fig. 4(a) and (b), respectively. The Mo} O3, core structure is comprised
of two [Mo) Qg1 building units fused together at two O, sites. Since they have
two oxygens in common, the degree of condensation is 1 according to eqns. (1) and
(2). Comparison of Fig. 4b) with Fig. 4(a) shows that all six of the O, oxygens in
the Mo} O%; core structure are alkoxide oxygens; the O, oxygenslat each end of the
structure are, in addition, coordinated to an MoY'O(OPr'), group



214 H.K. Chae et al./Coord. Chem. Rev. 128 (1993) 209-224

(b)

Fig. 4. The C; MogO,o(OPr'),, structure (a) and its C,, Mo} O}, oxomolybdenum(V) core structure (b).
Atoms and bonds are drawn as explained in the Fig. 1 caption.

4. (Mo"—Mo"), TRIMERS

The [MogO,5(PO,), ]2~ complex illustrated in Fig, 5(a) is observed in several
salts as a protonated polyanion: (PPh,),(H;0),Na[MosO,s(HPO,)(H,PO,);]"
5H,0 [4], (H;PO,)Naglng(H,0)s[MogO,s(HPO,)(H,PO,)31s [9], (H3PO,)-
Na 4(EtyN)¢[MosO;s(HPO,)(H,PO,)3]4° xH, O [19], and (4-phenylpiperidin-
ium), Na, s[MosO,s(H, ,PO,),]*4H,0 [14]. Its MogOi2~ oxomolybdenum(V)
core structure, shown in Fig. 5(b), has a degree of condensation equal to 1, since
each of the three [Mo) Og]®~ subunits shares two O, oxygens with neighboring
[Mo3Y O3] subunits.

5. (Mo"—Mo"), TETRAMERS
Two types of (MoY—MoVY), tetramer are known, and both are cyclic. The first

is a homologue of the cyclic trimers just discussed in that its degree of condensation
is also 1. The second is more highly condensed (Z = 2) in that each [MoYOg]%~
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Fig. 5. The approximately C,, symmetric [MogO,s(PO,),]'2~ anion (a) in (PPh,),(H;0),Na-
[MogO,s(HPO,)(H,PO,);]- 5H,0 and its C4, M0sO}}~ oxomolybdenum(V) core structure (b). Atoms
and bonds are drawn as explained in the Fig. 3 caption.

building unit shares all four of its O, oxygens (see Scheme 1) with its neighbors in
the ring structure.

5.1 Puckered cyclic complex

The Moy O,4(0OMe)s(PMe, ), molecule shown in Fig. 6(a) contains oxide, meth-
oxide and trimethylphosphine ligands coordinated to MoY—Mo" units, and is thus
an oxomolybdenum(V) derivative [20]. A hypothetical oxomolybdenum(V) parent
core structure can be obtained, however, by replacing the P(CH,); ligand with an

Fig. 6. The S, MogO,5(OMe)y(PMe;), molecule (a) and its oxomolybdenum(V) derivative core struc-
ture (b). Molybdenum atoms are drawn as small filled circles, phosphorus atoms a$ small shaded circles,
carbon atoms as large shaded circles, and oxygen atoms as large open circles; hydrogen atoms are omitted
for purposes of clarity. Molybdenum—ligand bonds within the phosphorus-substituted [Mo3 Og]¢~ struc-
tural building units are drawn as thick bonds, and all the remaining bonds as thin| bonds.
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oxygen ligand and extracting the four [Mo} Og]°~ structural building units present
to obtain the Moy O1§~ structure shown in Fig. 6(b).

5.2 Planar cyclic complex

The [MogO,6(0OMe)g(C,0,)]*~ anion (see Fig. 7(a)) is known as an BujN™*

salt [217. Its Moj O3, oxomolybdenum(V) core structure is shown in Fig. 7(b). Here,
all O, and O, oxygens are oxide oxygens and all O, oxygens are alkoxide oxygens.

(a) Q O (b) Q O

<)
</

B O/KW
O O O O

Fig. 7. The Dy, [Mo030,5(OMe)g(C,0,)]?~ anion (a) and its D,, MoyO$; oxomolybdenum(V) core
structure (b). Atoms and bonds are drawn as explained in the Fig. 1 caption.

©og gy

Fig. 8. The T, RhyMo, ;03" fragment of the [(CsMesRh)g(Mo,30,,)]** cation structure and its T,

MoV}, 042~ oxomolybdenum(V) core structure (b). Molybdenum atoms are drawn as small filled circles,
rhodium atoms as small shaded circles, and oxygen atoms as large open circles. Molybdenum—oxygen
bonds within the [Mo} O3]~ structural building units are drawn as thick bonds, and all the remaining
bonds as thin bonds.
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6. (MoY—Mo")s HEXAMERS

The [(CsMesRh)g(Mo0,30,,)]>" cation has been prepared as a hydrated,
hydroxide/chloride salt [2]. As shown in Fig. 8(a), a tetrahedral Mo"'OZ ~ anion lies
at the center of the structure, and this anion is surrounded by an Mo}, 032~ cage
(Fig. 8(b)), which in turn is bonded to the rhodium centers of eight CsMesRh™?*
groups. The Mo}, 032~ cage is, in fact, an oxomolybdenum(V) core structure com-
prised entirely of [MoYOg]°~ units of the type shown in Scheme 1. Each of the
[MoYOg]°~ units shares each of its four O, oxygens with a neighboring unit; the
degree of polymerization is six and the degree of condensation is two.

For future reference, it is useful to re-examine the [(CsMesRh)g(Mo,3040)]**
cation and its Mo}, O32 "~ core from the alternative viewpoint shown in Fig. 9(a) and
(b). Here, the molybdenum oxide framework is seen to be a cubic closest-packed
array of oxygens with Mo" centers occupying octahedral holes. Moreover, the

(c)

Fig. 9. Alternative views of Fig. 8(a) and (b) are shown in (a) and (b), respe}ﬁively; two isomeric
Mo} 042~ subunits of the Mo}, 052~ oxomolybdenum(V) core structure are shown in (c) and (d).
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Mo}, 03¢~ core structure is seen to result from fusion of the two isomeric
Mog 032~ units shown in Fig. 9(c) and (d). The cyclic structure in Fig. 9(d) is identical
to the structure shown in Fig. 5(b).

7. (Mo¥—Mo"),; OCTADECAMERS

The mixed-valence compound (Me;NH),(Et,N)Na,[Na(H,0);H,;sMo,,-
0,00{(OCH;); CCH,OH},]-15SH,O0 [3] contains the [MoYsMo¥'O,q0
{(OCH,);CCH,0H},]**~ polyoxoalkoxide shown in Fig. 10. The MoYs03;
oxomolybdenum(V) core structure (see Fig. 11(a)) has the most highly condensed
oxomolybdenum(V) framework observed to date (Z=2.17). As illustrated in
Fig. 11(b) and (c), the core structure can be simplified considerably by breaking it
down into a Mo}, 032~ cage subunit and a Mo}, O%2~ ring subunit which have 12

Fig. 10. The C;, [MoY¥sMo{'0,0,{(0OCH,);CCH, OH},]%*" structure, with atoms and bonds drawn as
explained in the Fig. I caption. All of the CH,OH moieties have been deleted from (CH,), CCH,OH
groups for purposes of clarity.
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Fig. 11. The C;, MoY¥033; oxomolybdenum(V) core structure of the [Mo3ysMog'O oo {(OCH,);-
CCH,0H},]**" ion is shown in (a); its Mo}, 032~ and Mo,, 0%} subunits are shown in (b) and (c),
respectively. Atoms and bonds are drawn as explained in the Fig.1 caption. The same viewing
perspective is adopted for Figs. 10 and 11.

oxygen atoms in common. The Mo},03%2~ cage in Fig. 11(b) is the same species
observed as the oxomolybdenum(V) core structure of [(CsMes Rh),,(Mol:,O.m)]2+
(see Fig. 9(b)): Fig. 11(b) shows a “top” view and Fig. 9(b) shows a “side” view. The
Mo}, 082" ring in Fig. 11(c) is seen to be comprised of three Moy O§~ subunits
(Scheme 1) and three Moy O3~ subunits (Fig. 9(c)) which share a total of six oxygen
atoms. The nature of the Mo) O§ “/Mo¥ O?" linkage is evident in Fig. 11(c): each
Mo, O$~ subunit shares each of its two O, atoms (see Scheme 1) with a neighboring
Mo 032~ subunit where the same oxygen serves as an O, oxygen. The linkages
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between the central Mo},032” subunit and the peripheral MolO3}?~ and
Moj 0§~ subunits is difficult to see in the “top” view shown in Fig. 11(a), but can
be clearly seen in Fig. 12 where the same “side” view adopted for Fig. 9(b) is employed.
In Fig. 12, two O, oxygens (see Scheme 1) in each Mof 012~ subunit are seen to be
shared with the central Mo}, 032~ subunit where they serve as O, oxygens; two
Moj 0§~ O, oxygens also serve as Mo}, 042~ O, oxygens. Two O, oxygens plus
an O, oxygen in the Mo}, O}Z~ subunit also form weak bonds to three molybdenum
centers in each Mog O}~ subunit, occupying coordination sites trans to O, oxygens
(see Scheme 1). One Mo}, 032~ O, oxygen is similarly bonded to one molybdenum
center in each Mo} Of ~ subunit, trans to an O, oxygen. Comparison of Fig. 12 with
Fig. 9(a) is instructive in that tridentate binding of the central Mo}, 0}%™ cage to
peripheral MoV centers (Fig. 12) and Rh™ centers (Fig. 9(a)) is seen to occur in the
same two ways, using either a triangle of O, oxygen atoms or a triangle of O,
oxygen atoms,

The MoYs 0335 oxomolybdenum(V) core structure has a seemingly irregular
geometry when described as a central Mo}, 032~ core joined to three Mo} O§~ and
three Moy O3}~ subunits. A far more regular pattern becomes evident, however,
upon examination of the oxygen atom packing geometry. As mentioned above in

Sect. 6, the 36 oxygen atoms in the Mo}, 02~ unit are cubic closest-packed, and

Fig. 12. Substructure of the MoYs 0335 structure showing the linkages between the central Mo}, 012"
subunit and the Moy O§~ and Moy O~ subunits. Atoms and bonds are drawn as explained in the
Fig. | caption.
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this packing is shown in Fig. 13(a) in the same orientation employed in Fig. 11(b),
i.e. perpendicular to a set of closest-packed planes. When the three Mo} O§ ~ subunits
are joined to the Mo}, 032~ unit, each of the three groups of six oxygen atoms
added extends the closest-packing as shown in Fig. 13(b), such that all 54 oxygen
atoms in the MoY3 0318~ subunit shown form cubic closest-packed array. When the
MoY; 0395 core structure is completed by joining three Moy O3~ subunits, each of
the three groups of 17 oxygen atoms added further extends the closest-packing of
the 54 oxygen atoms shown in Fig. 13(b). The resulting array of 105 oxygen atoms
shown in Fig. 13(c) is not cubic closest-packed, however. Instead, each set of 17
oxygen atoms adds two layers of oxygen atoms to the ABCA cubic closest-packed
layer sequence of the 54 oxygen atom array to generate an ABCACB mixture of
cubic and hexagonal closest-packing. This type of hybrid cubic/hexagonal closest-
packing of oxygen atoms is not unusual in polyoxoanion chemistry and is observed,
for example, in the Keggin structure, albeit on a smaller scale [22].

We finally turn to the problem of generating the [Mo3sMo'Ogo-
{(OCH,); CCH, OH},]?*~ structure from its MoYsO33; oxomolybdenum(V) core
structure though addition of six Mo"' centers, 25 O?~ ligands, and seven

[(CH,); CCH,OH]** moieties. This is achieved as shown in Fig. 14. First a

Fig. 13. Spacefilling representations of the MoY,032~ (a) and Mo}z O~ (b) subunits of the
Mo¥;033; oxomolybdenum(V) core structure (c). The viewing perspective adopted is the same as that
employed in Figs. 10 and 11.
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Fig. 14. Fragments of the [MoYs Mo 0,0, {(OCH,); CCH,OH},]**~ structure discussed in the text.
Atoms and bonds are drawn as explained in the Fig. 1 caption. All of the CH, OH moieties have been
deleted from (CH,); CCH,OH groups for purposes of clarity.
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[(CH,),CCH,OH]** group is added to the “top” of the Mo}, 042~ cage, and four
O?~ ligands are placed in its central cavity (Fig. 14(a)). These four atoms occupy
the same positions occupied by the four MoY'O2~ oxygens in the
[(CsMesRh)g(Mo,30,40)]** cation (Fig. 9(a)). Next, each of the three Moy Q3%
subunits is modified by adding a central O?~ ligand plus a [(CH,); CCH,OH]**
group as shown in Fig. 14(a). Finally, an Mo}'Og¢ group plus a [(CH,); CCH,OH]**
group is added “below” each Moy O$~ subunit as shown in Fig. 14(b). Note that
each MoY'Og group is actually bonded an Moy O$ ~ subunit and its two neighboring
Mo} 012~ subunits.

8. CONCLUSIONS

The family of nine polynuclear oxomolybdenum(V) core structures reviewed
above resembles related families of structures such as oxomolybdenum(VI) and
oxovanadium(V) structures in that structural building units can be readily identified
[8,10]. The family of oxomolybdenum(V) compounds containing Mo¥—Mo" units
is unique, however, in that only finite oxomolybdenum(V) core structures are ob-
served, whereas infinite chains, sheets, and lattice frameworks are routinely observed
in oxovanadium(V) and oxomolybdenum(VI) chemistry [8,10]. Even the parent
compound Mo} O; is unknown! One can, of course, easily rationalize this state of
affairs by pointing to the large family of mixed-valence Mo(V/VI) lattice compounds,
the molybdenum bronzes and oxides [23], and assuming that compounds with
delocalized d-electrons are energetically favored in extended systems relative to
compounds whose d-electrons are localized in MoY—Mo" bonds. Nonetheless, the
preparation of extended oxomolybdenum(V) structures based on the [Mo} 041~
structural building unit of Scheme 1 appears to be feasible and stands as a challenge
to the synthetic chemist.
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