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A. INTRODUCTION AND SCOPE OF THE REVIEW

Oxides are known for all the elements of the periodic table except the lighter
noble gases. Furthermore, most elements form more than one binary compound with
oxygen [1]. Structural classifications of oxides span the range from discrete binuclear
molecular species to polymeric species, exhibiting chain, layer, and three-dimensional
network structures. The metal oxides adopt complex structures of the latter type
whose chemistry on the molecular level is difficult to characterize. Yet transition metal
oxides constitute an important class of heterogeneous catalysts which display a re-
markable variety of behavior toward organic substrate molecules [2]. Metal oxide
catalysts are effective in transformations as diverse as partial oxidation of methanol,
selective hydrocarbon oxidations, olefin metathesis, and ammoxidation [3].

Since solid metal oxide catalysts are of such significant practical importance
and yet are notoriously difficult to characterize with respect to surface-bound inter-
mediates, there is considerable interest in the chemistry of soluble metal oxides, or
polyoxometalates [4], with simple organic subunits, such as carboxyl, carbonyl,
alkoxy and organonitrogen groups. Many of the early transition elements form large
polynuclear metal-oxoanions, M, 0}, where M =V(V), Nb(V), Ta(V), Mo(VI]) or
W(VI), which contain up to 200 atoms or more. The unusually large size of the early
transition metal polyoxoanions places their solution chemistry in a region intermedi-
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ate between small molecule chemistry and infinite lattice solid-state chemistry [5].
More significantly, the structural and bonding properties of the polyoxoanions
suggest that these species may be described as fragments of the solid lattice structures.

Although these polyoxoanions have been investigated for more than a century,
their coordination chemistry with simple organic ligands has received significant
attention only in the last decade. This renewed interest in the chemistry of polyoxo-
metalates is a consequence, in large measure, of the development of reactive polyoxo-
metalate precursors soluble in organic solvents suited to coordination of organic
ligands, a viewpoint most elegantly presented by Day and Klemperer in their seminal
publication of 1985 [5]. Although polyoxometalates containing covalently attached
organic groups were reported by Miolati in 1908 [6] and by Rosenheim and Bilecki
in 1913 [ 7], the structures of these complexes were not established until quite recently.
Furthermore, as illustrated by Table 1, the coordination chemistry of polyoxometa-
lates was represented by a handful of examples prior to the 1985 publication of Day
and Klemperer. The significant growth in the coordination chemistry of polyoxometa-
lates since 1985 is amply demonstrated by Table 2, which does not claim to be an
exhaustive compilation of polyoxometalate coordination compounds.

For the purposes of this review, the scope of the discussion has been limited
generally to complexes of polyoxomolybdates and polyoxovanadates with simple
organic ligands. Complexes containing polyoxometalates supporting organometallic
subunits, whether of the transition metal or main group types, have been excluded,
as has the vast literature on heteropolyoxoanions [4]. We have also chosen not to
discuss complexes of nuclearity less than three or species with trinuclear cores which
possess reduced metal sites and fewer oxo-groups than metal centers, such as the
triangular Mo(IV) and V(III) carboxylate clusters.

B. STRUCTURAL CHEMISTRY OF POLYOXOMOLYBDATE COORDINATION COMPLEXES
(i) General considerations

As pointed out by Pope [4], the formation of polyoxoanions depends both on
the appropriate relationship of coulombic factors of ionic radius and charge and on

TABLE 1

Polyoxomolybdate coordination complexes structurally characterized prior to 1985

Complex Ref.
[Mo3O,5(HCO),]°~ 8
[CH;Mo,0,sH]*~ 9
[MgO,6(CsHsN), 14~ 10

[MosO,4(OCH;),1* " 1
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Polyoxomolybdate and polyoxovanadate coordination complexes
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Complex Organic ligand(s) Ref.
1 Polyoxomolybdates
(a) Trinuclear core
[Mo305(OCH3)(C,04),1°~ “OCHs, C,07~ 12
[Mo;Os(pinacolate),]*~ ~0OC(Me,)C(Me,)O™ 13
[Mo;0,{RC(CH,0)3},1*~ RC(CH,0);3~ 14
[Mo03;04(OCH;XRC(CH,0);3},]" ~“OCH;, RC(CH,0)3" 14
[Mo;04(DMSO0),] (CH,),SO 15
(b) Tetranuclear core
[Mo,0,o(OCH;)6]?~ “OCH; 16,17
[Mo,0,,Cl,(OCH3), 1%~ “OCH; 16,17
[MO4OIO(C6H204)2]3_ CeH,021" 18,19
[Mo,0(OC,Hs),{RC(CH,0)3},] “OC;H;, RC(CH,0)3~ 20
[M0,0,,(OCH;3)(OCgH,0),1*~ ~OCH, catecholate 17
[Mo,Og(OCH;),(HOCH,),Cl,]*~ “OCH,, HOCH, 17
[Mo,04(0OC,H;),(HOC,H,),Cl,1*~ ~OC,H,, HOC,H; 21
[Mo0,04(OPr),(HOPr),Cl,] “OPr, HOPr 22
[Mo,Os(OPr1)4(py)a] ~OPr, C;HsN 23
[Mo,O,,(LH,}LH)XL)]™ Benzamidoxime, CH,CcH, C(NH)NO?2~ 24
[Mo,0,,{CH;C(NH,)NO},]*~ Acetamidoximate, CH;C(NH,)NO~ 25
[M040,5(Cy;H30N4S2),] (Me,NCH,;NHCH,CH,S), 26
[Mo,Og(OCH;),(NNPh),]%" “OCH;, —NNC4H;, 27,28
[M0,06(OCH3),(0,CsH,),- “OCH,;, —NNC4H;, (0,CeH,)? 29,30
(NNPh),]*~
[Mo,O,,(dhphH,)]?~ Dihdrazinophthalazine(4 —) 31
[Mo,O;,(hphH)]*~ Hydrazinophthalazine(2 —) 32
[Mo0,0,,(OCH;),(NNR,),]*~ “OCH,;, —NNMePh 33
[Mo,0,,(malate),]?~ {0,CCH,CH(OH)CO,}?" 34,35
[Mo,O,(citrate),]*~ {0,CCH,C(OH)CO,)CH,CO,}*"~ 36,37
[Mo0,06C1,(0,CR)s] RCO; 38,39
[Mo,0,6(0OCH;),(C¢H,CONO), 1>~ ~OCH,, C¢H,CONO?"~ 40
[Mo0,0,,(OCH,),(NNPh),]?~ “OCH,;, —NNC¢H; 41
{CH,Mo0,0,sH]*" H,CO%" 9
[(HCCH)Mo,0,:X]*" (O,CHCHO,)*"~ 42
[(CsH,0)Mo0,0,5(0OCH,)1*~ “OCHj, (CoH40,)* ™ 43
[(C14aH10)M0,0,5(CcHsCO,)1~ (C14H004)* 7, CeH5CO; 43
[(C14H8)M04015(OH)]3 N (C14H804)4 - 43
[Mo0,O5(OCH;3)5(C404),- ~OCH,, C,0; ", HC,O; 44
(CsO4H),1*~
[Mo,O4(OH)(CO;XCO),(PMe3)s] CO0%-, CO, PMe, 45
[Mo,OSCH,CH,0)s]*~ (SCH,CH,0)*~ 46
[Mo,0,{HB(pz);},(HOCH,),(OCH,),] ~OCH,;, —HOCH;,, pyrazoylborate 47



110

TABLE 2 (continued)

Complex Organic ligand(s) Ref.
(c} Pentanuclear core
[Mos0,4(OCH;)]? “OCH;4 12
[MosNa(NO)O,5(OCH;),]*~ “OCH;, NO 48
(d) Hexanuclear core
[MogO,s(NNPh)]*~ “NNC¢H; 49
[MogO,s(NNMePh)]? - “NNMePh 50
[MogO,s(NOY]?~ —NO 48
[Mo0gO4(OPr);5] “OPr 51
{e) Octanuclear core
[(HCO),M0:0,41° HCO; 8
[MogO,6(py),1*~ CsH;sN 10
[MogO,,(NCS), 1%~ NCS~ 52
[MogO,4(OH),(sal),]1?~ PrN=CHC4H,O"~ 53
[Mo0gO,,(OH),(met),1*~ CH;SCH,CH,CH(NH,)CO; 53
[Mo0gO,,(OCH;),]*~ “OCH;4 11
[MogO44(OCH;),{RC(CH,0);},]%~ “OCHj;, RC(CH;0)3~ 54
[MogO,o(NNPh)s ]+~ “OCH;, —NNC4H; 55,56
[MogO,¢(OCH;)s(NNMePh)s1?~ “OCH,;, —NNCH, 33
[H,;Mo040,,(OCH;),1*" “OCH; 57
[Mg;Mo050,,(OCH;)s(HOCH;), 1%~ “OCH;, HOCH, 58
[Mo0gO{,(OCH;)4(SCH,CH,0)s1*~ “OCH;, (SCH,CH,0)*" 59
[Mo5O,6(OCH;)5(C,04)]%" “OCH3;, C,03~ 60
[MogO,6(OCH;)g(PR;),] “OCH;, PRy 61
(f) Decanuclear and dodecanuclear cores
[Mo0,40,4(SCH,CH,0),- HOCH;, (SCH,CH,0)*~ 46
(HOCH3), 14~
[M0;00,4(OMe),(NO)]J2~ “OMe, —NO
[M012036(C4O4H)4]4 ) HC,O4 62
2 Polyoxovanadates
(a) Trinuclear core
[VO(salCH;OH)], CH,OH, salicylhydroximate 63
[V3O05(THF)YCgHCO,)6] THF, CcH;CO; 64
(b) Tetranuclear and pentanuclear cores
[V410g(NO;)(thiophene-2- Thiophene-2-carboxylate 65
carboxylate),]>~
[V405(C,04)4(H,0),1*~ C,05" 66
[VsO,Cl(thiophene-2- Thiophene-2-carboxylate 65

carboxylate), 1%~
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(¢) Hexanuclear core

[V60,0(PhCO,), ] CsHsCO; 67
[V6013{RC(CH,0)3},1*~ RC(CH,0);~ 68
[VsOo(OH)4{RC(CH,0)3},1*~ RC(CH,0)3~ 69
[V6O-(OH)6{RC(CH,0)3},]*~ RC(CH,0);~ 69

(d) Octanuclear to quindecanuclear cores

[VsOs(OCH3);6(C,04)1*~ ~OCH;,, C,07~ 70
[VoO,6(bdta),]7~ Butanediaminetetraacetate 71
[V10013{CH3C(CH,0)5}5]~ CH,C(CH,0);

[V1203,(CH;CN)J* - CH,CN 72
[V15036(CO3)1" " co?- 73

the accessibility of empty d orbitals for metal-oxygen bonding. Polyanion structures
can often be represented as clusters of edge-shearing MOy octahedra in which the
metal ions are displaced as a consequence of M—O n-bonding toward the vertices
at the surface of the structure [74]. In addition, it has been noted that polyanion
structures that contain three or more terminal oxo-groups are not observed [75], a
restriction which has been explained in terms of the strong trans influence of terminal
M—O bonds facilitating dissociation of the cluster [4]. This restriction, the “Lipscomb
principle,” is not absolute in the case of polyoxoanion coordination complexes where
ligand influences often modify the general principles associated with the underivatized
or parent polyoxometalates.

The fundamental structural motif for polyoxomolybdate structures is the pair
of edge-sharing octahedra, illustrated in Fig. 1. No simple polymolybdate anion with
the [Mo0,0,,] core has been identified, as this clearly violates the Lipscomb restric-
tion. However, several examples of coordination complexes with this core have been
identified [76,77], and a representative structure is illustrated in Fig. 2. The shapes
of polyanions can be predicted by adding additional octahedra in an edge-sharing
fashion to this structural motif. Thus, a third octahedron may be added in any of

i

Fig. 1. Polyhedral representation of two edge-sharing octahedra producing the type II core.
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Fig. 2. The structure of [Mo,0O(pyridinecarboxylate),]*~.

four ways to generate possible trinuclear core structures, as illustrated in Fig. 3. In
coulombic terms, structure Illa is the most favorable; it is also the most compact.

In fact, further expansion of the aggregates may be accomplished by the “rule
of compactness” [ 78], which requires that each octahedron share two edges on the
same face. The polynuclear structures illustrated in Fig. 4 are constructed by following
this principle [79]. Of these potential structural prototypes, only the hexanuclear
and the octanuclear structures have been structurally characterized for the underivat-
ized polyoxomolybdates. In non-aqueous solvents, [MogO,]*>~ [80] and §S-
[Mo030,¢1* " [81] may be isolated, while the heptamolybdate [Mo,0,,]1° " [82] has
been confirmed as the predominant species in aqueous solution at pH 3-5.5. The
tetranuclear core IVa is known only in the solid phase Li, ,(WO,); W,0,,-4H,0
[83]. However, the introduction of common organic ligands expands the structural
chemistry of the polyoxomolybdates to include not only the prototypes shown in
Figs. 3 and 4 but a variety of novel geometries constructed from corner-sharing and
face-sharing of octahedra, in addition to the more common edge-sharing, and from
tetrahedral and square-pyramidal units, as well as the more common octahedral
motifs.

(ii) Brief survey of the structural chemistry of polyoxomolybdate coordination
complexes

(a) Trinuclear species
Although the trinuclear core Ila is a constituent of numerous polyoxometalates
such as [PMo,,0,,]*", the isolated core has been identified only recently. The
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Fig. 3. Four ways of constructing a trinuclear core from three edge-sharing octahedra.

squarate complex [Mo;04(OCH,)C,0,),]° ", shown in Fig. 5, may be synthesized
from [MosO,,(OCH;)]*~ by direct displacement of two [M0oO,]?>~ units by the
squarate ligands [12]. The trinuclear core [Mo03;O04(OCH;)]" is reminiscent of the
general class of oxo-capped Mo(IV) triangulo clusters [84,85] but with an expanded
Mo,07] central fragment to accommodate the oxidized Mo(VI) centers.

While the squarate ligand effects direct displacement of [M0O,]?~ groups with
concomitant retention of the central triangular core, reaction of [Mo50,;4(OCH3)]*~
with dialcohols results in structural reorganization, as illustrated by the pinacolate
derivative [Mo;Og(pinacolate),]>~, which adopts the structural type IIlc shown in
Fig. 6. While the steric and bonding requirements of the ligand preclude adoption
of structure IIla, the most favorable geometry on purely electrostatic considerations,
the observed structure is the most favorable of the three remaining prototypes, I1Ib—
I11d.

The influence of ligand geometry on structure is illustrated by the polyoxomo-
lybdate chemistry of the trisalkoxy ligands of the 2-(hydroxymethyl)-2-methyl-1,3-
propanediol class, RC(CH,OH),, whose chelate geometry requires some degree of
bridging of metal centers. The structure of the trinuclear polyoxomolybdate
[Mo;0,{CH;C(CH,0);},1* ", shown in Fig. 7, exhibits the triangulo core IIla [14].
Mo(1) and Mo(2) are each bound to two terminal oxo groups and complete their
coordination requirements through ligation to bridging and terminal alkoxy groups,



i VI

Fig. 4. Several possible arrangements of four edge-sharing octahedra (IVa—IVd). Arrangements of five, six,
seven and eight edge-sharing octahedra, V--VIII, respectively.

while the Mo(3) center coordinates to three bridging alkoxy units and completes its
coordination by ligation to three terminal oxo groups, in clear violation of Lipscomb’s
restriction. As expected, there are relatively few examples of this structural unit, and
these are largely limited to mononuclear species which are invariably unstable in
solution [86-89] and to the binuclear [Mo0,0,]%>~ [90]. When present in polynuclear
species, such as [M;,03,]1% " [91] and [Mo0gO,,(OCH,),]*~ [57] the [M0O;] unit
is associated with the cluster as part of a corner-sharing [M00O,]?~ tetrahedron and
readily dissociates in solution. The terminal oxygen atoms of the fac-trioxomolybdate
are basic/nucleophilic and provide a site for further reaction, such that
[Mo;04(OCH;}{CH;C(CH,0);},]- may be prepared directly from [Mo;O4-
{CH,C(CH,0);},]*>~ by reaction with methanol. The Mo(3) also provides a site
for further oligomerization, a feature shared with mononuclear fac-trioxo complexes
[7].

A trinuclear repeat unit is observed in the structure of the unusual adduct



115

Fig. 5. The structure of [Mo;O05(OCH;}C,0,),1°".

Fig. 6. The structure of [Mo;Og(pinacolate),1*~.
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Fig. 7. The structure of [Mo0,0,{CH,C(CH,0);},]1%".

[Mo3;04(DMSO),] [15], illustrated in Fig. 8. The structure consists of infinite chains
of both octahedral and tetrahedral Mo sites repeating in a (-oct-tet-oct-oct-tet-
oct-), motif. The one-dimensional nature of the structure is unique for polyoxomolyb-
date coordination complexes and is most closely related to the inorganic structures
Na,Mo,0, [92] and K,Mo0,0, [93], which contain infinite chains of [MoO,]
tetrahedra and [MoQy] octahedra, albeit in different arrangements.

(b) Tetranuclear species

The tetranuclear unit is by far the most common compositional motif in the
coordination chemistry of polyoxomolybdates. The most common arrangement is
that adopted by [Mo,0,,(OMe)s]*>~ [16,17] with four edge-sharing octahedra in
the compact cluster of type IVa. As illustrated in Fig. 9, the structure displays two
unique molybdenum centers, one displaying [MoO,(p-OYOCH 3)(u-OCH,)(p5-
OCH )] coordination and the second [ MoO,(u-O)(pu-OCH 3 )}(p;-OCH,;), ] geometry.

The structure illustrates a common feature of the chemistry of polymolybdates
in alcoholic solvents: the incorporation of alkoxy groups into the cluster. Formation
of the underivatized polyoxomolybdate parent structure, [Mo,0,¢]® ~, is most likely
precluded by the high negative charge. Replacement of bridging oxo groups by
alkoxy ligands serves to reduce the overall cluster charge and hence to stabilize the
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Fig. 8. The structure of [Mo;0,(DMSO),].

unit in alcoholic solvents. Thus, the same core structure with replacement of periph-
eral and/or doubly bridging alkoxy groups or oxo groups is common to the struc-
tures of [Mo,0,4(OCH;),Cl,]>~ [17], [Mo,0,(OCH;),(OCsH,0),]*~ [17],
[M0,04(0OC,H;),{RC(CH,0)3},] [20] and [Mo,0;,(OCH;),(C¢H,CONO),]*~
{401.

In the presence of appropriate reducing agents, [Mo0,0,,(OCH;),Cl,]*>~ may
be reduced to the Mo(V) cluster [Mo,O4(OCH,;),Cl,(HOCH,),]? ", which is shown
in Fig. 10. While cluster geometry IVa is retained, the structural consequences of
reduction are manifest in the shortening of the Mo(1)-Mo(2) distance to 2.595(1) A,
a bond length consistent with a significant degree of metal-metal bonding and with
distances observed for other Mo(V) d' binuclear and tetranuclear species. The
complex [Mo,O4(OCH,),Cl,(HOCH,),]?~ is a member of a class of reduced oxo-
alkoxychloromolybdates structurally related by the tetranuclear core of edge-
sharing octahedra [MoQO;Cl], as shown schematically in Fig. 11. Other examples
of this structural class include [Mo,Og(OC,Hs),(HOC,H,),Cl,]1?>~ [21] and
™Mo0,04OPr),(HOPr),Cl,] [22]. Although both of these latter complexes were
originally described as mixed valence Mo(V)/Mo(VI) species, the need to reformulate
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Ola

Fig. 9. The structure of [Mo,0,,(OMe)s]*".

these complexes as Mo(V) species is most convincingly presented by Lincoln and
Koch [47]. Each of these structures exhibits a long bond length for the Mo—O bond
to the terminally coordinated alcohol ligand (Mo—O>2.10 A) which reveals this
ligand to be an alcohol, since these distances are far outside the range for terminal
alkoxide ligands bound to Mo(V) (1.81-1.98 A) [94,95].

A characteristic feature of this reduced core is the presence of easily displaced
alcohol and chloride ligands as peripheral groups of the cluster. Appropriate ligands
may be introduced to substitute for these groups to give clusters which do, however,
retain the [Mo,Og(OCH};),]** core. The persistence of this robust unit is illustrated
by the structures of the octanuclear Mo(IV)/Mo(V) mixed-valence cluster
[H,Mo0g0,4(OCH;),]*~ [57] and the squarate complex [Mo,Og(OCHj),-
(C,0,),(C,O,H),]1* ™ [44], which are illustrated schematically in Fig. 12.

While tetranuclear compositions are persistent in the structural chemistry of
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Fig. 10. The structure of [Mo,04OCH,),Cl,(HOCH,),]*".
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Fig. 11. Shematic representation of the structures of the Mo(VI) cluster [M0,0,,(OCH),Cl,]*~ and of
the Mo(V) cluster [Mo,04(OCH,),(HOCH;),Cl1,12", and [Mo,O4OPr),(HOPr),Cl,], showing the
common tetranuclear core.

polyoxomolybdates, the arrangements of the constituent polyhedra of the clusters
exhibit considerable variation. Although structural type IVa is the most common
arrangement in conformity with “the principle of compactness” [78,79], ligand
bonding and geometrical constraints play a critical role in determining the cluster
geometry. Just as Lipscomb’s principle is violated in coordination complexes of
polyoxometalates, so too are a variety of polyhedral connectivities adopted by these
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Fig. [2. Schematic  representations of the structures of [H,Mo0z0,,(0OCH;),]*~ and
[Mo0,05(OCH;)5(C,0,),(C,0,H),1* .

complexes. While there are approximately 20 ways of combining four edge-sharing
octahedra and many more combinations if corner-sharing and face-sharing are
considered, relatively few of these structural types have been realized. Several charac-
teristic polyhedral geometries are illustrated in Figs. 13 and 14.

A variety of carbomolybdate clusters have been synthesized by substitutive
intramolecular  carbonyl  insertion [9]. The  structural  prototype,
[(H,CO,)Mo0,0,,(OH)]*", shown in Fig. 15, adopts a structure which may be
viewed as a ring of oxo-bridged cis-dioxomolybdate units, [ MoO,(1-O)],, capped
above and below by an acetal and a hydroxide, respectively. Since the OH ™ group
provides a common vertex, the structure may be described as two pairs of face-
sharing octahedra, fused by corner-sharing. The molybdoarsinate complexes
[(R,As)Mo,0,sH]?>~ [96-98] exhibit an identical core structure.

Since the formation of acetal and ketal derivatives of polyoxomolybdates is
quite general, several related structures with different capping ligands have been
determined. The structures of the formylated and fluoride derivatives,
[((HCCH)Mo,0,5(HCO,)]®~ and [(HCCH)Mo,0,sF]>~ [42] are illustrated sche-
matically in Fig. 13. The most pronounced structural consequences of introducing
the diacetal moiety on the prototype [Mo,0,,]*"* ring structure are the incorpora-
tion of one of the bridging oxo groups of the Mo,0, heterocycle into the diacetal
linkage with a concomitant increase in the Mo---Mo distances and replacement of
the quadruply bridging OH™ group by the doubly bridging F~ or HCO; unit.
Consequently, the structures exhibit non-equivalent molybdenum centers: two are
pentacoordinate with distorted trigonal bipyramidal geometry, while the remaining
two sites display the usual distorted octahedral geometry.

Several organic substrates containing the a-diketone subunit are also incorpo-
rated into this tetramolybdate framework to yield diketal derivatives of the same
structural type, [RMo,0,sX]° . Thus, 1,23-indantrione (ninhydrin), benzil and
phenanthraquinone are incorporated to yield [(CoH,O)Mo,0,5(OCH,)1®",
[(C14H10)M0,015(C;H50,)]> ™ and [(C,,Hg)Mo0,0,5(OH)]* ~, respectively [43,99],
shown schematically in Fig. 13. The methoxy derivative [(CoH,OMo0,0,s-
(OCH3)]? ™ is structurally analogous to [(HCCH)Mo,0,sF]°>~ with F~ replaced
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(e)

Fig. 13. Schematic representations of the structures of (a) [(CH,)Mo0,0,sHJ*~, (b) (HCCH)Mo0,0,5sF]*~,
(¢) [(HCCH)Mo,0,5(HCO,)]*~, (d) [(C14Hg)M0,O5s(OH)*~, (¢) [(C14H;0)M0,0,5(C;H;0,)1* .

by OCH; and the [HCCH] moiety by [CoH,O]. In contrast, the latter two struc-
tures demonstrate the remarkable flexibility of the structural core. The phenanthra-
quinone derivative [(C,,Hg)Mo,0,5(OH)]* " exhibits a triply bridging OH~ group,
which results in three structurally distinct molybdenum sites: a pentacoordinate
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Fig. 14, Polyhedral representations of tetranuclear polyoxometalate coordination complexes.
(a) [M0,0,5(C;,H30N,S,). ], (b) [Mo,0,,(malate),]*", (c) [Mo, Oy, (LHLHXL)]™
(L =CH;CaH,CINH)NO?"), (d)} [M0,0 ,{H;C(NH,)NO},1* 7, (¢) [Mo,O4(SCH,CH,0);1*, (f) [Mo,-
{HB(pz);},0,(OCH;),(HOCH;), ], (g) [M0,04Cl,{0,CR)s], (h) [Mo,0OCH),(NNC¢H;),1* .
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Fig. 15. The structure of [(H,CO,)Mo0,0,,(OH)]*".

center, the octahedral centers bonded to two p-oxo groups, and the third octahedral
center at the open edge of the [Mo,(n-O);] core. The bridging benzoate group
of [(Ci4H ()M0,0,5(C;Hs0)]*~ also adopts an unsymmetrical bidentate
bridging mode, but bridges two molybdenum centers through one carboxylate
oxygen and bonds to a third molybdenum through the second carboxylate oxygen
in a weak interaction (Mo—O, 2.62 A).

The geometries illustrated in Fig. 14 often represent structural singularities, an
observation which may reflect the relatively undeveloped state of polyoxometalate
coordination chemistry. It is clear, however, that both the geometric constraints of
the ligand and the oxidation states of the molybdenum centers are important factors
in determining the structure. The cluster [Mo0,0,,(C,H3oN,S,),] [26,100] repre-
sents the single example of a polyoxomolybdate species with amine ligands. The
overall structure consists of an [Mo0,0,] ring of edge sharing [MoO,N,] octahedra
(Fig. 14(a)), with the tetradentate amine ligands each spanning two molybdenum
centers.

Figure 14(b) illustrates the tetranuclear framework adopted by [Mo,O;-
(malate),]*>~ [34,35] and [Mo,O,(citrate),]*~ [36,37]. The structure consists
of distorted [MoQg] octahedra, pairs of which share an edge and which are then
linked by vertex-sharing interactions. The citrate groups are each terdentate, bonding
through the central hydroxy unit, both oxygen donors of one carboxylato group,
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and a single oxygen of a second carboxylate. The third carboxylate arm is pendant,
extending away from the metal ions and hydrogen bonding to water of crystallization.
The malate derivative exhibits similar anion cluster geometry.

The consequences of introducing ambidentate ligands with different donor
groups are illustrated in Fig. 14(c) and (d). The structure of [Mo,O,;(LH,XLH)L)] ",
L =(CH,;C,H,C(NH)NO)? ", consists of non-symmetrical extended tetranuclear ani-
ons, constructed from two dinuclear units [Mo,Os(H,L)}L)] and [Mo,O4(H,L)]*
linked by one slightly bent p-oxo bridge. In both units the H,L ligand is present in
the zwitterionic form with protonation occurring at the nitrogen. Within each di-
nuclear unit, the molybdenum atoms are linked by three oxygen bridges, one p-oxo
and two amidoximes, one of which chelates one molybdenum center [24]. In contrast,
the structure of the acetamidoximato complex [Mo,O,,{H;C(NH,)NO},]*~ [25]
is based upon two pairs of face-sharing octahedra connected by two corner-sharing
p-oxo groups to form a ring, structurally similar to the [(H,CO)Mo,0,sH]*"~
prototype discussed previously and to the peroxo species [M0,0,,(0,),]*~ [101].
The oxime oxygen and nitrogen donors of both oxime ligands assume bridging
coordination modes to produce [MoO;N] coordination at each of the four molyb-
denum centers.

In addition to the Mo(V) clusters of the type [Mo,Og(OR),(HOR),Cl,]*~
discussed previously, several examples of tetranuclear polyoxomolybdates with re-
duced metal centers have been described recently. The Mo(V) cluster
[Mo,O(SCH,CH,0)5]>~ [46], shown in Fig. 14(e) exhibits a structure consisting
of two triply bridged [Mo,0,(SCH,CH,0),]° units, sharing an edge defined by an
oxygen donor of a mercaptoethanolate ligand and a triply bridging oxo group. The
tetranuclear core adopted by this complex may be constructed by condensation of
the binuclear cores previously reported for [Mo,0,(SCH,CH,0),Cl;]™ and
[Mo0,0,(8CH,CH,0);Cl]~ [102]. In fact, reaction of the two binuclear species in
wet methylene chloride produces [Mo,O4(SCH,CH,0)5]?" in good yield [59].

The pyrazolylborate ligated cluster [MoHB(pz);},0.(OCH;),(CH;0H),]
represents another example of a Mo(V) cluster [47]. The structure, illustrated in
Fig. 14(f), consists of two pairs of edge-sharing octahedra fused along an edge defined
by two methoxy oxygen donors. The face-capping pyrazolylborate groups prevent
further aggregation and constrain the outermost molybdenum centers from forming
additional edge-sharing interactions to give a more compact structure.

Reduced polyoxomolybdate(V)-carboxylate derivatives have also been de-
scribed. Both [Mo,0O4Cl,(O,CCH;)s] [38] and [Mo,04Cl,(0,CcH,CH;)e] [39]
exhibit the tetranuclear core shown in Figure 14(g). Two [MoQO] octahedra share
an edge and exhibit a short Mo—-Mo distance consistent with two interacting Mo(V)
centers, while the two remaining [MoO;Cl1] units each share a vertex of the [Mo0,0,]
rhombus of this binuclear fragment. The six carboxylate ligands adopt the bridging
bidentate mode to complete the coordination about the Mo centers. The arrangement
of Mo octahedra is distinct from that observed for Mo(VD-carboxylate clusters and
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is less compact as a consequence of adopting vertex-sharing rather the more common
edge-sharing motif.

The introduction of ligands capable of n-bonding to the molybdenum centers
would be expected to produce significant structural rearrangement of the cluster
cores. Phenylhydrazine reacts with polymolybdates in alcoholic solution to give
complexes of the type [Mo,0g(OCH;),(NNC¢H;),}>~ [27,28]. The structure of the
tetranuclear polyanion, shown in Fig. 14(h), consists of a binuclear unit of edge-
sharing octahedra, bridged by two [MoO,]?~ tetrahedra, each sharing two corners
with the binuclear core. A significant feature of the structure is the short Mo-N
distance which, together with the short N—N distance and the linearity of the Mo—
N-N unit, is a common feature of metal-diazenido bonding [103-107] and is
consistent with the description of the diazenido ligand as a three-electron donor,
RN;. Using this formalism, the average molybdenum oxidation in the cluster is
+3. Since the [MoQO,]?>~ units exhibit unexceptional metrical parameters for a
tetraoxomolybdate(VI) moiety, the octahedral molybdenum sites of the
[Mo,(OCH,),(NNPh),]?>* core may be considered formally to be in the Mo(0)
oxidation state.

Several variants of this structure have been isolated in reactions under modified
conditions or with functionalized organohydrazines or diorganohydrazines. Thus,
reaction of molybdates with 1,1-diphenylhydrazine yields the tetranuclear species
[Mo0,0,o(OCH3),(NNR,),]*>~ [33]. The overall geometry is similar to that described
above for [Mo,05(OCH3),(NNR),]?~, except that in the core of edge-sharing octa-
hedra, [Mo,0,(OCH;),(NNR,),]?", each molybdenum center possesses one termi-
nal oxo group and one hydrazido(2—) ligand rather than the cis-bisdiazenido
grouping [Mo(NNR),]?* associated with the prototype. The organohydrazine ligand
in [M0,0,0(OCH,),(NNR,),]*>" is formally described as a hydrazido(2—), four-
electron donor, electronically analogous to an oxo group [108]. The
[MoO(NNR,)]** unit is common in the chemistry of mononuclear Mo(VI) com-
plexes [109-111], as is the [Mo(NNR,),]?* unit [112,113], which does not appear,
however, to be present in the polyoxomolybdate chemistry.

The complex [M0,0,o(OCH;),(NNPh),]>~ [41] also adopts the tetranuclear
core common to this class of compounds, but with the [Mo,0,(OCH,),(NNPh),]?*
binuclear core consisting of a cis-dioxomolybdate center [M0oO,] and a cis-bis-
diazenidomolybdenum site [Mo(NNPh),]. Upon introduction of functionalized hy-
drazines, such as hydrazinophthalazine, H,NNH(CzH;N,), (hphH,), and dihydrazi-
nophthalazine, (H,NNH),(CgH,N,), (dhphH), the tetranuclear core (Fig. 14(h)) is
again retained with some modification of the central binuclear unit. The structure
of [Mo,0O,,(dhphH,)]?~ [31] exhibits a [Mo,O;(dhphH,)]?>* core. Each molyb-

~denum center is ligated by one terminal oxo group and one terminal hydrazido(2 —)
moiety of the (dphpH,)*~ ligand, which also provides the nitrogen donors from the
bridging phthalazine group. The two molybdenum centers are also bridged by a
single oxo group, such that the central core may be described as two [MoO,N,]
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octahedra sharing a corner defined by the oxo group. The structure of
[Mo,O,,(hphH)]?>~ [114], shown in Fig. 16, contains the [Mo,0,(hphH)]** core,
wherein one molybdenum displays the cis-dioxo [MoO,] geometry as a consequence
of the ligand possessing a single hydrazine arm.

Structural modification of this class of compounds is not limited to the terminal
and bridging groups of the edge-shared binuclear core, but may be extended to the
bridging molybdenum sites. In this fashion, reactions of [Mo,Og(OR),(NNPh),]*~
with catechols or o-aminophenol yield the complexes [Mo0,04OCH;),(OC¢H,0),-
(NNCgHs),1*>~ and [Mo,04(OCH;),(OC¢H,NH),(NNC¢H;),]?>", respectively
[29,30]. The structures are related to the [Mo,O4OR),(NNPh),]?>~ prototype
through substitution of a single oxo group of each bridging [MoQO,]*~ unit by a
catecholate or o-amidophenolate ligand, as illustrated in Fig. 17. The resultant square
pyramidal geometry at the bridging molybdenum sites, [MoQ,(catecholate)]? ™, is
relatively unusual and may reflect the geometric and electronic requirenients of the
[Mo,(OR),(NNPh),]?* core.

This brief introduction to the structural chemistry of tetranuclear Mo(V) and
mixed-valence clusters suggests that clusters with reduced molybdenum sites may

Fig. 16. The structure of [Mo,O,,(hphH)]*".
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Fig. 17. The structure of [Mo0,0¢(OCH,),(0,CcH,),(NNC¢H;), 12~

represent an area largely unexplored and potentially fruitful. Certainly, some unusual
structural types have emerged, often serendipitously. As a final example, the polyoxo-
molybdate—triorganophosphine complex, [Mo,04(OH),(CO),(CO;)PMes)s] [45],
is illustrated diagrammatically in Fig. 18. The structure exhibits a binuclear (n-O),
bridged Mo(V) core, [M0,0,], bridged by hydroxy groups to the seven-coordinate
Mo(II) sites. The carbonate groups assumes an unusual 42, p,-coordination mode to
bridge all four Mo sites. The edge-sharing binuclear core of [Mo0,0¢(OH),(CO),-
(CO,)XPMe,)q] appears to provide a template for further aggregation of the reduced
Mo centers. Since a common feature of the structural chemistry of tetranuclear
complexes with reduced metal sites is the presence of a binuclear core of edge-sharing
octahedra, it is tempting to speculate that the aggregation process involves addition
of molybdenum polyhedra to such robust cores.

(c) Pentanuclear species
Pentanuclear geometries are represented by only two clusters,
[Mo50,,(OCH,)]*~ [12] and [Mo50,;Na(NO)YOCH,),]2 " [48]. The relative pau-



128

Fig. 18. Schematic representation of the structure of [Mo,04(OH),(CO),(CO);(PMe;)¢].

city of examples may reflect the tendency of polymetalates to assume approximately
spherical structures, so that addition of an additional [Mo=Q01] unit via condensation
of a molybdate group to the pentanuclear core to generate the hexametalate structure
VI is favored.

The pentanuclear [MosO,4(OCH;)]>~ may be isolated from solutions of
Mo,02%" in methanol in the presence of Lewis bases [12]. Curiously, the structure
does not conform to the “rule of compactness” to give a cluster of type V, but
rather exhibits a structure similar to that previously described for
[Mo;04(OCH;)C,0,),]* . Thus, the structure consists of a trinuclear core
[Mo304(OCH3)]" coordinated to two bridging (MoQ,)?~ groups. There are three
distinct Mo coordination environments: two molybdenums display pseudo-
tetrahedral coordination, while the remaining sites adopt distorted octahedral geome-
tries, with two exhibiting the common cis-dioxo unit and the third possessing a single
terminal oxo group. The analogous [MosQ,4(OH)]*~ [13] appears to be structurally
isomorphous.

In contrast, the nitrosyl-containing cluster [MosNa(NO)O,3(OCH,),]>~ [48],
shown in Fig. 19 adopts a structure derived from the Lindquist structure, or hexamet-
alate [M¢O,,] core, by removal of one MO group and replacement by the sodium
cation. The linear [Mo(NO)]** subunit is bridged by four methoxy ligands to the
four Mo(VI) neighbors. The formal oxidation state of the Mo(1) center is inferred to
be +2 from the net polyanion charge. This complex represents the only example of
a lacunary Lindquist structure and, as expected, readily adds a [MoO]J*™ unit to
complete the hexametalate core.

(d) Hexanuclear species
Not unexpectedly, most examples of hexanuclear polyoxomolybdate complexes
adopt structures based on the hexametalate or “superoctahedral” framework
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Fig. 19. The structure of [MosNa(NO)O,5(OCH,),]>".

[MO,g]"™ [115-118] and their derivatives [119], illustrated in Fig. 4 and classified
as structural type VI. The clusters [MogO,s(NNPh)]*~ [49], [MogOs-
(NNMePh)]2~ [50], [M0oO5(NO)]*~ [48] and [MogO,s(NCsH,CH,)]*>~ [80]
exhibit the hexametalate structure with one terminal oxo group replaced by the z-
bonding diazenido, hydrazido(2 —), nitrosyl or imido ligand, respectively. However,
it should be noted that, while the molybdenum centers of [MogO;s(NNMePh)]?~
and [MogO,s(NCcH,CH;)]? " are all formally in the + 6 oxidation state, the ligand
bound molybdenum sites of [MogO;5(NNPh)]*~ and [MogO,5(NO)]*~ are in the
+2 oxidation state. We return to this point in the discussion of the electrochemical
properties of these species.

In contrast to these pseudo-spherical structures, [MogO,o(OPr),,] [51] adopts
the extended structure shown in Fig. 20, consisting of two distorted octahedral
[MoO(OR);] units terminating either end of a chain of fused square-based pyramidal
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Fig. 20. The structure of [M0zO4(OPr);,].

units [Mo0,0,(OPr),], with alternating (u-OR), and (p-O); bridges. As shown in
Fig. 20, the coupling of [Mo,0,(OR),] units produces a zigzag chain of edge-sharing
polyhedra. Curiously, the complex is a mixed-valence species with the terminal Mo
centers best described as Mo(VI) and the four central Mo sites as Mo(V).

(e) Octanuclear species
The persistence of certain structural motifs in the polyoxometalate chemistry
is again apparent in the cluster geometries adopted by octanuclear polyoxomolybdate
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coordination compounds. Thus, both the B-[MogO,6]*~ [120,121] and the
[Mo,0,,(OCH,),]*~ [11] structures may be described in terms of the class IVa
structure of [M0,0,;o(OCH;)¢]? ", as illustrated in Fig. 21. Condensation of two
[Mo,0,o,(OCH;)s]%~ units by sharing of four edges of each unit and loss of CH,OH
produces the B-[MogQO,¢]* "~ structure, while the [MogO,,(OCH3),J* " structure
results either from shearing of [Mo0,0,3]?>~ asymmetric units of f-[MogO,]*"~
parallel to one another or from condensation of two [Mo,0,;o(OCH;)s]>~ units
along two edges of each unit and partial loss of CH;OH.

Two common substitution patterns based on this octanuclear core are observed.
The first is based on the structure of [MogQO,4(OH),]°~ [122], where only the two
A sites of the [MogO,4] core are occupied by ligands, while the second is that
adopted by [MogO,,(OCH,),]*~, where the four B sites are occupied by the methoxy
groups (Fig. 22). The first of these structural prototypes is adopted by the formylated
octamolybdate cluster [(HCO,);Mo050,6]1°~ [8], [M0gO,6(py).1*~ [10] and
[MogO,4(NCS),]*~ [52]. On the other hand, [MogO,,(OH),(sal),]*~ (sal =salicyli-
denepropyliminato, PEIN=CHC H,O ~) and [M0gO,,(OH),(met),]*~ (met = methio-
nato, CH;SCH,CH,CH(NH,)CO;) [53] provide a variant of this structural type.
The methionine derivative exhibits the [MogO,6(OH),]%~ structure, with carboxyl-
ate oxygen donors replacing the OH ™ groups of the prototype, and with two bridging
oxo groups now protonated. The analogous silicylideneiminato structures has un-

[Mo,0,, (ocu,),]z'
+[Mo,0,0(0CH; )¢1* + [Mo, 0,6{0CH, ) ]*
+6H,0 + 4H,0
-12CH, OH - 8CH; OH
\\\" ‘\ \K‘\\ 4 ‘\\ m
\ q (5 \\\ ' \
' \\\ \\\ ., 0 ’ VA
wafA.\A Pk AA
w A AA
B -[Mog0,6]* [ Mog044(OCH;), 1*”

Fig. 21. Idealized polyhedral models illustrating the structural relationship of [Mo0,0,o(OCH;)s]?~ to
B-[M0g0,¢1*™ and to [MogO,,(OCH,),]*".
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Fig. 22. Schematic representation of the structures of [Mogz0,6(OH),1°~ and [MogO,,(OCH;),J* .

dergone protonation at two additional bridging oxo sites. Unfortunately, the proton-
ation positions could not be discerned in either case.

The structure of [MogO,4(OCH;)s(NNR,)s]? ", formed from the hydrolysis of
[Mo0,0,o(OCH;),(NNR,),]? ", may also be described in terms of two fused tetra-
nuclear cores of type 1Va, as shown in Fig. 21. The structure exhibits two centrosym-
metrically related [Mo,Og(OCH;);(NNR);]~, units connected through doubly
bridging and quadruply bridging oxo groups. Of the six methoxy groups, two are
terminal and four are doubly bridging. Six terminal hydrazido(2 —) groups ligated to
each of six molybdenum centers, together with doubly and triply bridging oxo groups,
complete the distorted octahedral coordination adopted by the molybdenum sites.
The linkage of octahedra in this complex is unique, but clearly related to that
observed in f-[Mo0gO,4]*~ and in the derived structures [MogzO,6(L),1*" % The
latter species are related to the f-[MogQO,¢]* ™ structure by translation of one set of
one type IVa unit one octahedral edge length parallel to the second type IVa unit.
A second translation in the perpendicular direction produces the framework for
[MogO6(OCH;)6(NNR,)6]* .

The polyoxoalkoxy complex [MogO,,(OCH;),{CH;C(CH,0)3},]* ™ [54] exhi-
bits yet another variation in the joining of two type 1Va cores. The structure consists
of edge and corner sharing [MoQOg] octahedra. There are two tetranuclear
[Mo,0;¢(OMe),{CH;C(CH,0);}]™ moieties related by a center of symmetry, and
each Mo center of this tetranuclear core is structurally unique. As illustrated in
Fig. 23, the two tetranuclear units adopt a corner-sharing geometry with relatively
weak bridging interactions.

The oxoalkoxide cluster [Mg,Mo0gO,,(OCH;)s(HOCH;),]?~ [58] provides
an unusual example of a heterometallic, Mo(V)/Mo(VI) mixed valence species. The
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Fig. 23. Idealized polyhedral models and bond representations of the structures of [Mo,0,o(OCH;)¢]%~
and [MogO,4(OCH;),{CH;C(CH,0);},1*".

structure, illustrated in Fig. 24, consists of two class IVa edge-sharing tetranuclear
cores fused along the two AA edges (Fig. 4). The central core consists of two pairs
of two edge-sharing Mo(V) octahedra joined by two corner-sharing interactions. The
short Mo~Mo distances for the edge-sharing metal centers of this core identify these
as the Mo(V) sites. The localization of these sites indicates that the complex may be
classified as a class I mixed-valence compound with coupled binuclear Mo(V) centers
[123]. The two [Mg(OCH;),] units fill the two cavities formed by the unusual
stacking of Mo octahedra.

The Mo(V) cluster [MogO,,(OCH;)(SCH,CH,0)s]*" adopts an extended
structure consisting of two tetranuclear [Mo,O4OCH,),(SCH,CH,0);]1° units
bridged by two mercaptoethanolate groups. The structure has a precedent in the
binuclear [Mo,0,(SCH,CH,0);(SCH,OH)]~ [102], which exhibits one mercapto-
ethanol ligand bound only through the sulfur and hence providing a pendant arm.
The structural relationship to the tetranuclear [Mo,0¢SCH,CH,0)s]*> is also
evident. Displacement of one mercaptoethanolate oxygen donor by a methoxy group
at one molybdenum site of this latter species and of one mercaptoethanolate sulfur
donor by methoxy at a second site provides the coordination geometry observed at
the tetranuclear moieties of [M0gO,,(OCH;),(SCH,CH,0)s]*".

The reduction of polyoxomolybdates by rhodizonic acid in alcohols yields the
octanuclear Mo(V) species [M0gQ4(OR)g(C,04)]* ", shown in Fig. 25. The structure
exhibits an octagonal array of Mo atoms, alternately bridged by two methoxy groups
and two oxo groups, producing a “tiara” framework [MogO,4(OCH,)5]°. The Mo-
Mo distances display a short—long alternation around the ring, with average values
of 2.578 and 3.282 A, respectively. The short Mo—Mo distance, which is associated
with the oxo-bridged Mo,0, rhombi, is characteristic of Mo—Mo bonding distances
for Mo(V) d! centers in bridged binuclear systems [124,125]. The cavity produced
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(a)

(b)

Fig. 24. (a) Polyhedral representation of the structure of [Mg,Mo040,,(0CH;)4(HOCH,),]?". (b) The
structure viewed as a central type IVd core fused to two type II binuclear units, with the circles indicating
the common vertices of each of the two resultant type IVb subunits.

by the cyclic [MogO,4(OCH3);s] unit is occupied by an oxalate moiety [C,0,]7.
Each of the oxalate oxygen donors bridges two Mo centers to produce an arrange-
ment of alternating face-sharing and edge-sharing [MoQO,] octahedra. The structure
may be alternatively described as an alkoxyoxomolybdate cluster [Mo0g0,,(OCH;)s]
encapsulating an acetylide C3~ unit. Although the mechanism of formation of the
oxalate unit is not understood in detail, the process requires a succession of two-
electron transfers and cationic intermediates.

The cyclic [Mo0gO,4(OCH;)g]° framework has also been observed in the struc-
ture of [MogO,;5(OCH;)g(PR3),] [61], illustrated in Fig. 26. Two features of this
structure are noteworthy: the cavity is vacant and the ring is puckered rather than
planar as is the case for [MogzO;,(OCH;)4(C,0,)]> . The short Mo-Mo distances
are again localized to the oxo-bridged pairs of metal centers,
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Fig. 25. The structure of [MogO,¢(OR)5(C,04)]> .

The structure of [MogO,,(NNPh)s]*~ [55,56] is unique among the octanuclear
species in possessing tetrahedral, as well as octahedral, building blocks. The overall
geometry may be described as a crown of six oxo-bridged molybdenum centers
alternating oxomolybdate units [MoO,]*>~ and cis-bisdiazenido molybdenum sites
[Mo(NNPh),]**, capped above and below by tetraoxomolybdate fragments. There
are three structurally unique Mo centers: the tetrahedral [MoO,]%~ units bridging
through two oxo groups and occupying positions in the [MosO4] crown, distorted
octahedral cis-bisdiazenidomolybdenum centers which alternate with the [MoO,]?>~
groups in the crown, and the capping, triply bridging [MoO,]?~ tetrahedra. The
structure is related to that of the parent polyanion o-[MogO,6]*~ [126-128] by
replacement of two terminal oxo groups on each of three alternate molybdenum
atoms in the MogOg4 crown by two phenyldiazenido groups and rotation of the
capping [MoO,]*~ unit 50 as to bridge to the cis-bisdiazenidomolybdenum units
exclusively. The structural relationship of the octanuclear species is illustrated in
Fig. 27.
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Fig. 26. The structure of [MogO,4(OCH;)s(PR;),].

(f) Decanuclear and dodecanuclear species

Although clusters of nuclearity greater than eight are uncommon in the non-
aqueous chemistry of oxomolybdates, several examples have been described recently.-
Features which these larger aggregates share with the clusters discussed thus far are
the presence of a simple core which provides a template for further accretion or the
repetition of a simple structural motif.

The Mo(V)/Mo(VI) mixed valence cluster [Mo,;,0,4(SCH,CH,0),-
(HOCH,),]* ", shown in Fig. 28, is isolated from the reaction of a-[MogO,]*~ with
2-mercaptoethanol in methanol [46]. The structure consists of two
[Mo050,4(SCH,CH,0)(HOCH,)]?>~ units, bridged by two oxo-groups. The Mo
centers coordinated to the mercaptoethanolate ligands are clearly identified as re-
duced Mo(V), exhibiting a short Mo—Mo distance of 2.693(1) A and the triply bridged
geometry through the mercaptoethanolate S and O donors and an oxo group,
characteristic of binuclear Mo(V)-mercaptoethanol complexes [129,130]. A curious
feature of the structure is the presence of five coordinate distorted square-pyramidal
[MoO;] sites. Despite the apparent complexity of the structure, the structural core
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esentation of the relationship of the [MogQ,o(NNPh)s]*~ structure to
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Fig. 28. The structure of [Mo,,0,4(SCH,CH,0),(HOCH;),]*".

consists of binuclear Mo(V) thiolate species [Mo,0-(SCH,CH,0)]*~ about which
the pentacoordinate molybdate centers are disposed.

The nitrosyl-containing cluster [Mo,,0,,(OCH;),(NO)]>~ [131] provides an
example of a decanuclear structure constructed from two lacunary Lindquist or type
V cores joined by four corner-sharing interactions (Fig. 29), a polyhedral core also
adopted by [W,,0,,]*~ [132]. The average Mo oxidation state in the cluster is
+ 5.2, If the nitrosyl bound molybdenum is assigned a formal oxidation state of + 2,
there are then five Mo(VI) and four Mo(V) sites. There is, however, no apparent
localization of the d* centers to produce short Mo-~Mo distances.

The cluster [Mo,,0;,(C,O,H),]*  consists of a dodecanuclear cage of Mo
atoms, bridged by oxo groups to give a cyclic [Mo,,0,,] framework. Each of the
hydrogen squarate ligands bridges six Mo sites, such that two of the oxygen donors
adopt bridging modes and two oxygens donors assume terminal monodentate coordi-
nation. The resultant [MoOg] octahedra form an edge- and corner-sharing frame-
work which encapsulates the organic moieties, as illustrated in Fig. 30. The structural
motif is clearly identified as the type 1Hb trinuclear unit. Four of these subunits are
connected through corner-sharing interactions to form the cyclic framework of the
cluster.

C. STRUCTURAL CHEMISTRY OF POLYOXOVANADATE COORDINATION COMPLEXES

While the coordination chemistry of polyoxomolybdates has received consider-
able attention, the synthesis of analogous covalent polyoxovanadate derivatives
remains relatively undeveloped. The growth of polyoxomolybdate coordination
chemistry has paralleled the availability of soluble starting materials, such as
[(C4H )4 N]3;[M0,0,] and [(C4Hg)4 N1, [Mo0gO,¢] which are soluble in aprotic,
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Fig. 29. The structure of [Mo0,,0,,(OCH;),(NO)]*".

polar solvents. Only recently have analogous polyoxovanadate salts, such
as  [(C4Ho)sN1;3[Vs04,] [133], [(C4Ho)s N1 [CH3CN(V,04,)] [72], and
L(C4Ho)aNT3[H3V9044] [134-136], been described and employed in polyoxovana-
date coordination chemistry.
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(i) Trinuclear species

The salicylhydroximato derivative [VO(sal(CH;OH)]; [63] exhibits a trian-
gulo core of VO3* units, bridged by the salicylhydroximato ligands which will
employ all three oxygen donors and the nitrogen in ligation to the vanadium centers.
The [VOsN] coordination geometry at each V site is completed by the coordinated
methanol molecule.

The vanadyl species [V;O3(THF)CsHsCO,)s] [64] also adopts a triangulo
structure but with a central oxo group. Although the vanadium(I'V) centers exhibit
[VO,] distorted octahedral coordination geometries, there are two distinct coordina-
tion types. Two of the vanadium centers are normal VO?* vanadyl units, while the
third exhibits a coordinated tetrahydrofuran molecule in place of the terminal oxo
group. The structure belongs to the larger class of trinuclear, oxo-centered, basic
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Fig. 30. The structure of [Mo,,0,4C,0,H),J*".

carboxylates [M3;O(RCO,)sL3] [137-139], which fall beyond the scope of this
review.

(ii) Tetranuclear and pentanuclear species

The tetranuclear V'VVY complex [V,O4(NO,)thiophenecarboxylate),]*~
adopts the type IVc structure with an oxygen donor from the nitrate providing the
common vertex, as shown in Fig. 31. The structure of [V;O4Cl(thiophenecar-
boxylate), ]2~ is derived from that of [V,O4(NO;)thiophenecarboxylate),]>~ by
replacement of the nitrate with chloride and capping the tetranuclear core by a [VO]
unit. Since the apical vanadium is five-coordinate, the arrangement of metal centers
is a modified form of the lacunary Lindquist or type V framework.

The V(V)-oxo-oxalate cluster [V,Og(C,0,4)4(H,0),]*~ [66] adopts a cyclic
structure, in this instance based on a tetravanadate core with an eight-membered
V4,0, ring. Each V(V) center coordinates to a terminal oxo group and a bidentate
oxalato(2 —) ligand, in addition to two bridging oxo groups and the oxygen donor
of a bridging aquo ligand. Viewed as idealized octahedra, the structure may be
described as two sets of two edge-sharing octahedra, joined by two corner-sharing
interactions. The complex appears to provide a unique example of a type IVd core
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Fig. 31. The structure of [V,04(NO;)thiophene-carboxylate),]* .

(Fig. 4). The structure also illustrates the tendency of polyoxovanadates to form
cyclic structures.

(iii) Hexanuclear species

The mixed-valence VYV cluster [V,0,,(0,CPh)s] [67] also exhibits a cyclic
structure, shown in Fig. 32. The {framework consists of a binuclear [V,0;(O,CR),]
moiety bridged by four carboxylate groups to a tetranuclear [V,04(O,CR);] unit
in which the vanadium centers are in square pyramidal geometries. The binuclear
and tetranuclear fragments may be regarded as mixed anhydrides of benzoic acid
with divanadic and linear tetravanadic acids, respectively [140].

Although the hexametalate core [M¢O,4]" " is represented for M =Nb, Ta, Mo
and W, [V,0,,]® has not been isolated, possibly as a consequence of the high
charge/volume ratio. However, the hexavanadate core may be stabilized in the
presence of organic ligands or organometallic moieties. The structure of
[VsO1310,NC(CH,0);!,]*~ [68] exhibits a [V,0,3]*" core binding two
[RC(CH,0);1 " subunits (Fig. 33). Alternatively, the structure may be described as
a hexametalate core [V40,4]®~ supporting two [RC(CH,);1** subunits. The struc-
tural core is similar to that reported for [(CsHs)Rh],[V.O,4] [141,142].

(iv) Octanuclear to quindecanuclear species

The structure of [VgOg(OCHj;);4(C,0,)]*~ [143] is similar to that previously
described for [MogO,((OCH;)s(C,0,)]1*~ (Fig. 23) with the exception that there are
no V(IV)-V(IV)interactions. This latter observation appears to be a common feature
of the structural chemistry of reduced polyoxovanadates.

Another example of a polyoxovanadate complex with V(IV) sites is provided
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Fig. 32. The structure of [V,0,,(0,CPh),].

by the nonanuclear VYVY cluster [V,0,¢(bdta),]’* (bdta =butanediaminetetracet-
ate [717), shown in Fig. 34. The structure contains a central tetrahedral VO3~ group
linking four binuclear mixed valence moieties. The mixed-valence units are linked
by the bdta ligands, acting as hepta-coordinating groups.

Although the decavanadate anion [V,,0,5]%~ is well established in polyvana-
date chemistry, replacement of peripheral oxo-groups by organic ligands with reten-
tion of the structural core has been achieved only recently [144]. The decanuclear
complex [V ,,0:3{CH;C(CH,0);}s] exhibits the decavanadate core, with 15 p-oxo
groups replaced by the alkoxy oxygen donors of the ligand, as shown in Fig. 35. The
decavanadate core [134] consists of an efficiently packed cluster of edge-sharing
octahedra, related to the structural type VIII of Fig. 4 by addition of two octahedra.
Curieus features of the polyanion are the presence of only V(IV) sites and the absence
of any short V(IV)-V(IV) distances.

An unusual development in polyoxovanadate chemistry has been the recent
description of soluble oxide inclusion complexes. The first of these to be reported is
the dodecanuclear [V,,05,(CH;CN)]*~ [72] whose structure, shown in Fig. 36,
consists of an acetonitrile molecule suspended in the center of a basket-like
[V,203,]* " cage. This nido-[V,,03,]*~ framework is derived from the closo-structures
[PV,40,;1°" [145] and [V,30,,1**" [70] by removal of the appropriate number
of [VO] vertices and the central PO~ unit of the heteropoly-structure and by a
small amount of reorganization of the vanadium polyhedra. Cages or “hollow
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Fig. 33. The structure of [V40,;{CH,C(CH,0),},]*".

spheres™ with “cryptand” properties have also been formed by exploiting the topologi-
cal possibilities for linked VO, square pyramids. These spherical cluster shells,
[V1s04,] and [V,s0,¢], are capable of encapsulating negatively charged ions to
give complexes of the types [H,V,50,,X]°” (X=Br, I), [V,;503,Y]°” (Y=CI, Br)
and [V,5036(CO;3)]7~ [73]. The structure of the carbonate derivative, shown in
Fig. 37, exhibits a spherical arrangement of edge-sharing [VO;] square pyramids
surrounding a central (CO,)?~ group. These spherical cages are structurally related
to their polyoxovanadate prototypes, the V(IV) cluster [V,30,4,]'?~ and the mixed-
valence VYVY cluster [V,5036]° .

The common occurrence of vanadium(IV) centers in polyoxovanadate coordi-
nation complexes may reflect the relative oxidation and hydrolytic stability of the
lower oxidation state isopolyoxovanadates and heteropolyoxovanadates. In addition
to the examples cited above, heteropolyvanadate(IV) clusters, of which
[AsgV504,(H,0)1° [146] is an example, have also been described. Mixed-valence
VIVVY clusters include the VYVY cluster [V,00,6]*~ [147.148], the VYVY species
[Vi5036]1° ™ [149], the VY;VY aggregate [V,,0,,H]®~ [150], and the heteropoly-
oxovanadate structure of the VY V' cluster [P,W,5V304,1'°~ [151].

The reduced vanadium polyanions exhibit a characteristic which is markedly
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Fig. 34. Schematic representation of the structure of [V,0,¢(bdta), ]’ .

different from that observed for Mo and W species, namely, that metal-metal
interactions are not pronounced for the V(IV)-containing complexes, in contrast to
the Mo(V) and W(V) d* species which exhibit strong spin-pairing manifest in short
M-M distances. As previously noted, the range of VVV'Y mixed-valence structures
is quite remarkable, including a single d! center in [VyV'VO,,(0O,CPh)s] [67]
and [VYVVO4(NO,)thiophenecarboxylate), ]~ [65], two weakly ferromagnetically
coupled d! centers in [VyVY0,s]*~ [147,148], and multi-vanadyl site clusters,
exemplified by [V3VYO,,H]® ™ [150], [VYVYO,4(bdta), 17" [71], [VIVYO36]°~
[149], and [VYVY Cl(thiophene-2-carboxylate),]*~ [65]. In addition to the absence
of short V(IV)-V(IV) distances in these structures, the vanadium coordination geome-
tries are also observed to be variable, such that V(V) sites may adopt tetrahedral,
square pyramidal, trigonal bipyramidal and octahedral geometries, while the V(IV)
centers are observed in square pyramidal and octahedral coordination. This diversity
of coordination type is reflected in the range of structures adopted by the polyva-
nadates.

D. SOLUTION CHEMISTRY: SELECTED EXAMPLES
The reaction chemistry of polyoxometalate anions in non-aqueous solvents has

been characterized by the replacement of peripheral oxo groups by organometallic
units [152-154], by a variety of simple organic ligands with oxygen, nitrogen and



146

C20A

Fig. 35. The structure of {V,,0,3;{CH;C(CH,0);3}s]~ and a polyhedral representation of the structure.

sulfur donors, and by inorganic ligands such as halide and sulfide donors [155,156].
In addition, polyoxometalate coordination compounds exhibit electrochemical and
chemical redox chemistry, oligomerization processes, and even transformations of
organic substrate molecules.

The solution chemistry of polyoxoanions can be quite complicated. However,
under carefully controlled conditions in organic solvents, a single polyoxoanion is
formed in most cases, rather than a mixture of several oligomers. 1’0 NMR spectro-
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Fig. 36. The structure of [V;,0,,(CH;CN)]*".

scopy has proved most useful in establishing the identity of these polyoxoanions in
solution [157]. Chemical shift data provide the most readily interpreted structural
information, and assignments can be made based on the general correlation between
downfield chemical shift and oxygen n-bond order.

The chemistry of [M0,0,,(OCH;)¢]*~ in alcoholic solvents provides an exam-
ple of the wide-ranging reaction chemistry associated with polyoxoanions in organic
media and of the utility of 7O NMR spectroscopy in identifying the species present
in solution. Figure 38 presents a schematic summary of the chemistry of
[Mo,0,,(OCH;)¢]*~ and its derivative polyanion complexes.

Substitution chemistry of [Mo0,0,o(OCH3)s]? ", involving peripheral oxo and
methoxy groups, is readily effected by appropriate reagents. Thus, treatment with
(CH3);38iCl results in displacement of the terminal methoxy groups, while reaction
with catechols displaces both terminal and bridging methoxy groups.

[Mo0,0o(OCHj3)s]> ™ +2(CH;),SiCl-[Mo,0,,(0OCH3),Cl,])*> ™ +2(CH;);SiOCH;,

[Mo0,0;4(OCH3)s]*~ + HOC4H,OH—[Mo0,0,,(OCH;),(0C¢H,0),]*~
+4CH,OH

The identity of the reactant and product in solution for this latter reaction are
confirmed by 7O NMR spectra, shown in Fig. 39.

The addition of reducing agents to [Mo,0,o(OCH,),Cl,]?>" results in reduc-
tion of Mo(VI) centers to Mo(V) sites in [Mo,Og(OCH;),Cl,(HOCH,),]*>~. The
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Fig. 37. The structure of [V;5034(CO;)]"7 .

reduced core is also sufficiently stable to undergo substitution reactions at the
terminal chloride and methanol sites

[Mo,04(OCH,),Cl,(HOCH,),]*~ +4H,C,0, -
[M0,05(OCH,),(C,0,),(C,0,H),]*~ + 2HOCH, + 4HCl +2H*

[Mo,04(OCH3),Cl,(HOCH,),1*~ +2Mo0,02"~ +2H"* +2H,0—
[H,Mo0,04(OCH,),(M0O,),]*~ +4HCl + 2HOCH,

The tetranuclear species [M0,0,,(OCH;)s]?~ also reacts with monosubsti-
tuted hydrazines with displacement of terminal oxo-groups and with core rearrange-
ment to give the complexes of the [Mo,Og(NNR),(OCH;),]>" class. This latter
complex reacts, in turn, with catechols by substitution of one terminal oXxo-group at
each tetrahedral [MoO,] unit of the parent to give [Mo,OsOCH,),(NNPh),-
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(OC¢H,40),]% ", whose structure is shown schematically in Fig. 39. The identity of
this species in solution may again be confirmed by !’O NMR as shown in Fig. 39(f).

In the presence of excess ligand, however, the weakly bonded [MoO,]*>~ groups
of [Mo,0g(OCH,;),(NNPh),]*>~ may be displaced by a variety of ligands, including
squarate to give [Mo,(OCH;),(C,0,),(NNPh),]>~ [44], catechols to give
[Mo,(OCH;),(OC4H,0),(NNPh),]* ", and neutral and monoanionic ligands to give
the neutral binuclear series of complexes [Mo,(OR),(NNPh),(L,),(L,),] [158-1601].
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The displacement of tetrahedral units [MoO,]%~ from polyanions, particularly by
dianionic ligands with similar geometric requirements, is quite general.

In contrast to the reactions with phenylhydrazine, [Mo,0,o(OCH3)¢]*~ reacts
with 1,1-disubstituted hydrazines to give complexes with the cis-[MoO(NNR,)]**
core, rather than the cis-bisdiazenido core [Mo(NNPh),]?*. The product of this
reaction, [Mo0,0,o(OCH,),(NNR,),]?", reacts in controlled hydrolysis reactions to
aggregate into a higher oligomer.

H,;0/MeOH

3[M0,06(OCH3);(NNR,),]* " ————[Mo050,6(OCH3)s(NNR;)s]* ~ +2Mo,07~

Although the principles underlying polyanion accretion are not understood in
detail, condensation processes have been invoked [161,162]. The aggregation process
is demonstrated most convincingly in the synthesis of higher oligomers from
[Mo,0,{RC(CH,0),3},]1* [14,20,163—168]. The structural interrelationships of the
bi-, tri-, and tetranuclear are shown in Fig. 40, which illustrates schematically
the course of the aggregation process viewed as successive condensations of
[MoO,(OR)]" units.

[Mo,0,]2~ +2H,L—~[Mo,0,L,]*~ +3H,0
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Fig. 39. (a) Schematic representation of the structure of [Mo0,0,o(OCH,)¢1? ~, with oxygen environments
labelled; (b) 'O NMR spectrum of [Mo,O,o(OCH;)s]%"; (¢) schematic representation of
[Mo,04OCH,),(OC4H,0)s}* ", indicating the different oxo-group environments; (d) 0O NMR
spectrum  of [Mo,Og(0OCH;),(OCcH,0),]*~; (e) schematic representation of the structure of
[Mo,O4(OCH,),(NNR),]*7; () 7O NMR spectrum of [Mo,O4OCH;),(NNR),]*>"; (g) schematic
representation  of the structure of [Mo,0,o(OCH;),(NNR);]>7; (h) O NMR spectrum
of  [Mo,0;o(OCH;)(NNR),1*"; (i) schematic representation of the structure of
[M0,0,,(OCH;),(NNR,),127; (j) *"O NMR spectrum of [Mo,0,,(OCH;),{NNR,),]*~; (k) schematic
representation of the structure of [MogO,(OCH;)s(NNR,)]*": (I) 7O NMR spectrum of
[MogO,4(OCH,)6(NNR)s]* .

2[Mo,0,L,1*~ +[Mo0,0,]*~ + H;L+ MeOH—
[Mo03;04(OMe)L,]~ +[Mo30,L,]?>" +2H,0+L3"
2[M0304(OMe)L,]~ +[Mo0,0,]>~ +6MeOH -
[Mo,04(0OMe),L,]+[Mo,0,4(OMe)]?~ +H,0+2H,L"
2[Mo,04(OMe),L,]+4H,0—[H,Mo050,,(OMe),L,] +2H,L

New reaction pathways are available if the oxo groups of the polyoxoanions are
sufficiently basic/nucleophilic. The [MoOj3] unit of [M0;0,{RC(CH,0),},]%>~ offers
a reactive site of this type, allowing protonation, alkylation and silylation reactions.
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Fig. 40. Schematic representation of the structures of [Mo0,0,{RC(CH,0),},1%",
[Mo304(OCH3{RC(CH;0)5},]” and [Mo,04(OCH;){RC(CH;0),},].

This behavior may be compared with that of the [WO;] unit of [(1,4,7-triazocyclono-
nane(WO,]+3H,0 [182].

H+ —H>0
2[Mo030,L,]' "——2[Mo;04OH)L,]"* "——[{Mo0304L;},0]1*~

[Mo030,L,]2 " — =% [Mo;04(OR)L, ]~



154

In addition to substitution reactions, oligomerizations, and alkylation-type
processes, polyoxoanions often react with organic substrates to effect chemistry at
the organic site. The most common reaction of this type is the carbonyl insertion
reaction, which is quite general in converting aldehydes to acetals and dialdehydes
to diacetals. The process may be illustrated by the reaction of dimolybdate with
glyoxal to give the formylated methylenedioxymolybdate. The carbonyl group of this
species inserts into an adjacent Mo—O bond upon replacement of OH™ with F~ or
HCO; [42]. This reaction is quite general and has been observed for ninhydrin,
benzil and phenanthraquinone [43,99].

[Mo,0,]*>~ + OHCCHO—[OHCCHMo,0,H]*"
[OHCCHMO4015H]3 - + HX"*[(HZC204)MO4011X]3 T+ HZO

On the other hand, rhodizonic acid, CcO,(OH), [169] reacts with polyoxo-
molybdates with ligand dissociation to give [MogO,s(OCH;)5(C,0,)]*~ (Fig. 25).
The synthesis of a Mo(V)~oxalate cluster from polyoxomolybdate(V1) and rhodizonic
acid precursors implies that, in this instance, the well-documented carbonyl insertion
reaction is coupled with ligand dissociation and redox processes. Although no
mechanistic information is available, the process most likely involves a succession of
two-electron transfers and cationic intermediates of the types illustrated in Fig. 41.
Since multicenter Mo clusters are involved in the chemistry, the formally Mo(IV)
sites produced in this sequence of electron transfer steps are in close proximity to
oxidized Mo(VI) sites and rapid disproportionation is to be expected

Mo(IV):.-Mo(VI)=Mo(V)---Mo(V)

Ox.R

¢ +
. 0~ R
\ / 2t N/ 07 R \ / ][
—Mo=0 —— —Mo + H0 ——— —Mo—0" "R

/\
N O R O R
N\ / " \/ , \ / ,
—~Mo—-0" 0+ R +~—— —My—0 "R «~—— — Mo—0x*"R

/\ /N /\ (0
<

(repeat) >Mo( S l&lo’

~
| |

Fig. 41. Possible mechanism for the synthesis of [MogO,s(OCH,)s(C,0,)]1>" from [Mo,0,]*" and
rhodizonic acid.
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Under more forcing reaction conditions, polyoxoanion coordination com-
pounds may effect dramatic organic transformations. For example, while thermal
decomposition of [Mo;O4¢(OEt){RC(CH,0);},]~ yields acetaldehyde and ethanol as
organic products, photochemical degradation yields ethylene, as well as acetaldehyde
and ethanol. Similar results have been observed in the degradation of
[(P3;04)MoO;CH,CH,}?~ [2], and the photochemical process has been rationalized
in terms of a carbonyl Norrish Type II intramolecular hydrogen transfer (Fig. 42).
The production of ethylene would proceed by the six-membered intermediate shown
while acetaldehyde production would result from a five-membered ring transition
state.

Although the solution chemistry of polyoxoanion coordination complexes re-
mains largely unexplored, the range of reactivity appears to encompass both organic
molecule activation as well as substitution chemistry and accretion processes centered
at the polyoxometalate core.

E. ELECTRONIC STRUCTURES: ELECTROCHEMISTRY, MIXED VALENCY SPECIES, AND REDUCED
SPECIES

The electronic structures of oxidized (d°) polyoxometalates have been discussed
in terms of the properties of the individual MQOg octahedra of the polynuclear
framework. The MOy octahedra may be described in terms of two classes of idealized
geometries: the “mono-oxo” (C,,) class or type I which have one terminal oxo group
and the “cis-dioxo” (C,,) class or type II which exhibit two terminal oxo groups
[170]. While the lowest unoccupied molecular orbital of the type I class is approxi-
mately non-bonding and metal-centered, the LUMO for the type II octahedra is
strongly antibonding with respect to the M=0 bonds. As a consequence of this
difference in the characteristics of the LUMO, type I polymetalates may be reduced
reversibly to mixed valence species while type 11 polymetalates exhibit irreversible
reduction processes.

\TH’

N //o /CH2 N /OH
O—Mo—O0 O—Mo—0 CH2
o~y o o — W oy N + ]
bel— bel—f ™

Il o]

0 (o} 0 0]

Fig. 42. The production of ethylene from coordinated ethoxide by a mechanism similar to the Norrish
type I1 intramolecular hydrogen transfer.
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These restrictions apply to the coordination compounds of polyoxometalate
as well. Thus, all the polyoxomolybdate complexes of Table 2 constructed from
octahedra with the cis-dioxo unit exhibit irreversible reductions in their electro-
chemistry with the exception of the “semiquinone” derivatives of which (TBA),-
[Mo0,0,0(C¢H,04),], shown in Fig. 43, is characteristic {43,99]. However, careful
analysis of the electrochemical and spectroscopic data indicates that the electrochemi-
cal processes are totally ligand-based rather than metal-based, such that the common
[Mo0,05]** units [171-176], which provide the framework for these structural types,
are unaffected by the redox processes. Characteristic cyclic voltammograms are
shown in Fig. 44,

The reduction process for [M0,0,o(CsH,0,),]*>~ may be summarized by

—-0.208 V -0.677 V

[M0,0,(CsH,0,),1?~ & [M04010(C6H204)2]3; —
[M0,0,o(CcH,04),]1* "

Such successive one-electron processes are characteristic of ligand-based redox, rather
than metal-centered processes, a feature of the electrochemistry confirmed by the
EPR spectrum of the one-electron reduced species [Mo,0;0(CsH,0,),]° . The
sharp, single-line spectrum, centered at g=1.999, is characteristic of an unpaired
electron localized on the ligand orbitals. Addition of a second electron to give
[Mo0,0O,o(C¢H,0,),1* " results in a diamagnetic, EPR-silent species.

In contrast to this behavior, [Mo0gO,5(CsO¢),]° ~ exhibits a reversible one-
electron reduction and a reversible one-electron oxidation.

-0.428 V -0.024 V

[M06015(C606)2]2¥ — [Moéols(c606)2]3v = [M0s0,5(C¢04),1* "

Fig. 43. The structure of [Mo,O,4(CsH,0,4),]*".
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Fig. 44. Cyclic voltammograms for [M0,0,,(C¢H,0,),1%~ and [M0s0O,5(Cc04),]13 -

Since the rest state for [M0g0,5(C¢0¢),]* ™ is one oxidation state negative of the
stable form of [M0,0;0,(C¢H;0,),]%", the complexes exhibit the identical redox
levels but shifted ca. 0.65 V more positive in potential for [MogO;5(C¢O¢),1° . Thus,
one-electron oxidation of the paramagnetic [MogO,5(C¢O¢),]> ~ removes an electron
from the HOMO to give the diamagnetic [M0gO,5(Cs0¢),]1*> . Similarly, one-
electron reduction of [MogO,5(C¢O¢),]? ~ results in spin-pairing in the ligand-based
HOMO to give the diamagnetic [MogO,5(C4O0¢),1* .

Type I polymolybdate clusters are represented by the hexametalate series
[M0g0101%~, [M0gO,;s(NNPh)]*~ and [MogO,5(NNR)]?>~. An unusual feature of
the structure is the difference in the formal oxidation states of the Mo centers: in
[MogO;o(NNR)]3~ the diazenido(1 +) formalism results in the Mo¥'Mo" description
while for [MosO4(NNR,)]* " the hydrazido(2 —) formalism requires that all six Mo
centers be in the + 6 oxidation state, as are the Mo centers of the parent complex
[Mo0gO15]>". Although such formal oxidation states should be viewed with caution,
the- differences in the cluster oxidation levels are apparent in the redox behavior
of these complexes, illustrated in Fig. 45. The hydrazido(2—) species
[MogsO,s(NNR,)]?>~ exhibits electrochemical characteristics similar to those of
[MogO,5]*~ but shifted to more positive potentials. Thus, there are two successive



158

()

[ MogOie ™ 2% [MogOs)” L2 [Mog0ye]"

(b}

+0.82v +0.06V

[ Mo Og(NNR)]™ 2% [ Mo 0, (NNRI]

[ Mo0y(NNR)]

Fig. 45. Cyclic voltammograms for [MosO 41>, [M0gO,4(NNR,)]? ™ and [Mo,0,s(NNPh)]*".

one-electron reductions at —0.35 and —0.63 V, compared with —0.85and —1.70 V
for [MogO,5]* . In contrast, [MosO,s(NNPh)]* ", exhibits successive one-electron
oxidations at +0.08 and +0.84 V. These oxidative processes are consistent with the
presence of a reduced molybdenum center, since polyoxomolybdate(V]) clusters
would be expected to be thermodynamically resistant to oxidation [178].

Mixed-valence clusters were seen to be common in the polyvanadate chemistry,
and a varied electrochemistry might be anticipated. This has been realized in the
“hexavanadate” series of complexes which exhibit structurally identical cores with
different electron populations. The red complex [V40,3{RC(CH,0);},]*~ exhibits
reversible one-electron reduction to give the emerald green VYV'Y mixed-valence
complex [V40,3{RC(CH,0);},]°~ whose EPR spectrum indicates charge localiza-
tion at a single vanadium site at low temperatures and rapid intramolecular electron
transfer or “hopping” at higher temperatures (Fig. 46).

The hexametalate [V4O,3{RC(CH,0);},]*" also undergoes coupled reduc-
tion and protonation reactions to give the mixed valence species
[ViVYO,,(OH),{RC(CH,0);},]* ", and [V V' Og(OH),{RC(CH,0);},]*~ and the
fully-reduced [VE'(OH){RC(CH,0);},1*~ (Fig. 47). Although the magnetic moments
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of these complexes decrease with increasing number of V(IV) centers, the antiferro-
magnetic coupling occurs in the absence of V—V bonding, the maor consequences
of reduction manifesting themselves in cluster expansion (Fig. 48).

F. CONCLUSIONS

Although systematic studies of polyoxometalate coordination chemistry are of
recent origin, the growth of the field in the last decade, and particularly since 1985,
has been significant. The field has been characterized by the varied structural chemis-
try associated with these aggregates and by a rich spectroscopy and electrochemistry
for certain classes of complexes. The potential applications to catalysis and the value
of these species as models for interactions of organic substrates with metal oxide
surfaces have been discussed [2,4,5].

However, there are yet great opportunities for the realization of interesting
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Fig. 47. The structure of (TBA),[VY'O,(OH)s{RC(CH,0);},].

chemistry. Although a multitude of new structural types have been characterized,
the mechanisms of accretion processes in solution remain elusive. Likewise, control
of aggregation has not been achieved to allow the construction of clusters of a given
nuclearity or molecular architecture. Perhaps the time is ripe for the design of ligands
which may constrain the aggregation process or extend the nuclearity. Ligands
developed from arboral technology [178,179], for example, may provide a starting
point for molecular engineering of novel polyoxometalates.

The mixed-valence chemistry of polyoxometalate coordination complexes has
also developed sporadically and requires a more systematic approach. The wide
range of oxidation states available to vanadium and molybdenum and their variable
coordination numbers and geometries provide an unusual potential for the existence
of novel mixed-valence clusters. Similarly, few attempts have been documented to
incorporate heterometal centers into polyoxometalate coordination complexes to
provide species of the type [M,M’,0,L,], although the precedent exists in the
organometallic chemistry where species such as [{C4Ho)yN]3[Nb,W,0 4(OSiR,)]
[181] and [(CsH;)TiW 0,41~ [182], to name but two, have been described.

Only a decade ago, polyoxometalate coordination complexes were virtually



161

unknown. The first examples seemed to be chemical curiosities, exotic compounds
prepared inadvertently or in the absence of rational synthetic design. This is no
longer the case since the advent of a variety of synthetic precursors which provide
a starting point for the study of covalent transformations of the type conventionally
used in organic and organometallic chemistry [5]. As a consequence, rational synthe-
sis and systematic studies of polyoxometalate coordination complexes are attracting
growing interest. As more examples of this class of complexes are characterized, the
structural interrelationships will evolve, as well as the understanding of reactivity
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Fig. 48. Comparison of the structures of (a) [V,0,3{RC(CH,0);},1* ", (b) [V6O4(OH),{RC(CH,0),},1*~
and (¢) [VsO0,(OH)¢{RC(CH,0);},]*~ viewed as planar layers of negatively charged close-packed oxygen
atoms separated by layers of vanadium cations.

and mechanisms of polyoxoanion transformations. We hope that this review will
stimulate the continuing growth of this area of chemistry.
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