
Abstract. The review surveys the pathways of formation ofThe review surveys the pathways of formation of
crystalline oligomeric oxoalkoxides Mcrystalline oligomeric oxoalkoxides MmmOOnn(OR)(OR)pp, which are prod-, which are prod-
ucts of partially controlled (or uncontrolled) hydrolysis, oxida-ucts of partially controlled (or uncontrolled) hydrolysis, oxida-
tion, thermal decomposition of mono- and bimetallic alkoxides oftion, thermal decomposition of mono- and bimetallic alkoxides of
the ortho seriesM(OR)the ortho seriesM(OR)nn andMandMmmMM

0
n(OR)(OR)pp or elimination of ethersor elimination of ethers

from these compounds. The physicochemical properties offrom these compounds. The physicochemical properties of
oxoalkoxides (solubility, the behaviour in solutions, volatility,oxoalkoxides (solubility, the behaviour in solutions, volatility,
etcetc.) differ considerably from the properties of the corresponding.) differ considerably from the properties of the corresponding
alkoxides. Hence, oxoalkoxides can be considered as immediatealkoxides. Hence, oxoalkoxides can be considered as immediate
precursors of oxide materials produced by sol ± gel technology.precursors of oxide materials produced by sol ± gel technology.
The MThe MmmOOnn(OR)(OR)pp compounds are classified according to the sizescompounds are classified according to the sizes
of associates. The crystal chemistry of alkoxides is discussed. Theof associates. The crystal chemistry of alkoxides is discussed. The
bibliography includes 249 referencesbibliography includes 249 references..

I. Introduction

Polymeric metal oxoalkoxides (OA) of the general formula
MmOn(OR)p, which are amorphous products of partial hydrolysis
or thermolysis of alkoxides, have been used for years as heat-
resistant insulating coatings, elastomers, resins for the production
of plastics, lacquers, paints, enamels, etc. Andrianov,1 who has
made a considerable contribution to this area of chemistry,
considered OA as `polymers with inorganic main chains enclosed
by OR groups',

7M(OR)27O7M(OR)27O7M(OR)27O7.

In the late 1950s, Bradley 2 studied hydrolysis of titanium
alkoxides (and, in part, of zirconium alkoxides) primarily by
ebullioscopy. He assigned structures to hydrolysis intermediates
(which either occur in solution or exist in the amorphous state)
based on his `structural theory', according to which a metal atom
has the maximum coordination number in the case of the lowest
degree of association of [MOn(OR)p]x. However, Bradley always
emphasised that it is necessary to establish the structures by direct
methods for solving this problem.

The present review is devoted to oligomeric crystalline oxoalk-
oxides belonging to a new class of oxo-bridged molecular com-

pounds. These compounds have attracted considerable interest
because they are immediate precursors in the `sol ± gel technology'
of oxide materials, which is based on hydrolysis of alkoxides in
organic solvents.3

The sol ± gel method has assumed great importance, as evi-
denced by regular international conferences devoted to this
problem. Beginning in 1981, information presented at these
conferences was published in J. Non-Cryst. Solids and J. Sol-Gel
Sci. Technol. The physicochemical fundamentals of various proc-
esses of sol ± gel technology were discussed in the comprehensive
monograph by Brinker and Scherer.4 Applied aspects of this
technology were covered in two collections of articles.5, 6

A substantial advantage of the alkoxide-based sol ± gel tech-
nology is the possibility of deep purification of the starting
compounds. Besides, mono- and bimetallic oxides are prepared
as amorphous substances consisting of highly reactive nanosized
particles. This allows one to perform ceramic sintering at lower
temperatures compared to those used in alternative technologies.
In the synthesis of complex oxides, the use of alkoxide solutions
makes it possible to overcome the main difficulty of alternative
methods, viz., the necessity of homogenising various metals at the
molecular level. Subsequent hydrolysis and thermal treatment of
such samples afford submicron particles. In particular, this
method enables one to prepare particular composites inaccessible
by direct reactions of oxides. Data on the compositions and
structures of real particles involved in these processes are required
to elucidate the mechanisms of formation of simple and complex
oxide phases and to optimise the synthesis of materials based on
these phases.

The class of oligomeric crystalline oxoalkoxides was discov-
ered by the X-ray diffraction method. In the late 1960s, this
method was used for establishing the structures of the partial
hydrolysis products of titanium, niobium and zirconium alkox-
ides, viz., Ti7O4(OEt)20,7 Nb8O10(OEt)20,8 and Zr13O8(OMe)36
(see Ref. 9) (Fig. 1 a ± c). It was found that all oxo ligands in these
molecules serve as bridges (even the Nb complex contains no
terminal `yl' oxygen atoms, which are typical of compounds with
this metal). Oxo bridges were considered as units that formed
upon condensation of two hydroxy groups resulting from the
replacement of an OR group in the first step of hydrolysis.

X-Ray diffraction studies of OA revealed new molecules of
various sizes and with different structures, which have greatly
extended our knowledge of the crystal chemistry of metal alkoxo
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complexes. It appeared that many crystalline compounds, which
were initially considered as alkoxides of the ortho series M(OR)n,
contain, in reality, oxo ligands generally with high dentate
numbers. Examples of such compounds are `isopropoxides' of
rare-earth elements 10 ± 14 and In,14 `iron(III) ethoxide' 15 (these
compounds, in reality, contain the pentadentate oxo group
[M5(m5-O)(OR)13]) (Fig. 2 a), `calcium ethoxide disolvate'
[Ca6(m4-O)2(OEt)8(EtOH)14] (Fig. 2 b),16 and `crystalline alumi-
nium ethoxide' [Al10(m4-O)2(m3-O)2(OEt)22] (Fig. 2 c).17 The
`AlCl(OPri)2' compound, which is a well-known catalyst and
reducing agent used in organic chemistry, consists of the tetra-
hedral [Al4(m4-O)(OPri)6(PriOH)Cl4] molecules 18 (Fig. 2 d ). Due
to inclusions of organic solvents in the intercrystallite space and
the formation of numerous solvates of OA with alcohols or
hydrocarbons, the results of chemical analysis for OA are no
different from those for M(OR)n. For this reason, the present
review deals only with compounds whose compositions were
confirmed by the data on their structures. These compounds are

listed in Tables 1 ± 10 in order of increasing nuclearity. Unfortu-
nately, space does not permit a discussion of abundant informa-
tion on heteroleptic complexes, such as oxo alkoxo carboxides,
oxo alkoxo b-diketonates, etc.
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Figure 1. Metal ± oxygen cores in the structures of Ti7O4(OEt)20 (a),7

Nb8O10(OEt)20 (b) 8 and Zr13O8(OMe)36 (c).9
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Figure 2. Metal ± oxygen cores in the structures of [M5(m5-O)(OR)13]

(M=Sc, Y, Ln, In, Al, Fe) (only one of four m3-OR groups is shown)

(a),10 ± 15 [Ca6(m4-O)2(OEt)8(EtOH)14] (b),16 [Al10(m4-O)2(m3-O)2(OEt)22]

(c) 17 and [Al4(m4-O)(OPri)6(PriOH)Cl4] (d ).18

Table 1. Dinuclear oxoalkoxides.

Compound Structure Starting compounds, conditions of formation Ref.

[(OsO)O(OCMe2CH2NHBut)]2 two tetrahedra sharing a (m-O)2 edge OsO3(NBut)+Me2C=CH2 19

[Nd2O(OCH2But)4] two tetrahedra sharing a [(m-O)(m-OR)2] face 7 20

[Ti(m-O)(OC6H3Pr
i
2-2,6)2

. two trigonal bipyramids sharing Ti(OC6H3Pr
i
2-2,6)2[Bu

tNCBn2]Py+ 21
. (NC5H4-4-NC4H8)]2 (see a) a (m-O)2 edge +H2O

[Nb(m-O)(OC6H3Pr
i
2-2,6)3]2 the same [Nb(OC6H3Pr

i
2-2,6)3(CH2C6H4Me-4)]2+ 22

+H2O

[Me2NH2]
�
2 [(MoVO)(m-O)(OC6F5)2]

ÿ
2 anion Ð two square pyramids sharing Mo2(NMe2)6+C6F5OH 23

a (m-O)2 edge

[(OsO)O(Z2-1,2-O2C2Me4)]2 two square pyramids sharing a (m-O)2 edge OsO4+Me2C=CMe2 24

[W2O(OBut)(OSiMe2But)5Py2] five-vertex polyhedron and an octahedron W2(OSiMe2But)6+ButOH+NO+Py 25

sharing a [(m-O)(m-OR)] edge

[Li(THF)3Nb(m-O)(OC6H3Me2-2,6)4] tetrahedron [LiO(THF)3] and the [NbO(OR)4] NbCl3+LiOC6H3Me2-2,6 26

square pyramid sharing a (m-O) vertex

[MoIII2 O(OCH2But)4(PMe3)4] five-vertex polyhedron and an octahedron Mo2(OCH2But)6+PMe3+H2O 27

sharing a [(m-O)(m-OR)] edge

(MoO)2O[O(CMe2)2O]2[O(CMe2)2OH]2 [(MoO)2O(Z2-RO2)2(Z2-OROH)2], MoO3+HO(CMe2)2OH 28, 29

two octahedra sharing a (m-O) vertex
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II. Pathways of formation of oxoalkoxides from
alkoxides

There are several main pathways of formation of oxo ligands in
alkoxide molecules. Among them are hydrolysis and oxidation,

thermolysis, desolvation of solvates M(OR)n .mL and decompo-
sition accompanied by elimination of ethers. Only the first two
above-mentioned processes can be controlled. Although some
authors persist in considering OA only as products of uncon-
trolled hydrolysis (and often do not discuss the origin of oxo

Table 1 (continued).

Compound Structure Starting compounds, conditions of formation Ref.

[(WO)O(RO2)(OROH)]2, two octahedra sharing a (m-O)2 edge W(O2R)3+H2O 30

R=C2Me4, cyclo-C7H12, cyclo-C8H14

K4[TiO(Z2-C6H4O2-1,2)2]2 . 9H2O the same K2Ti(C6H4O2-1,2)3+H2O 31

[(WVIO)O(OSiMe2But)2Py]2 " W2(OSiMe2But)6+NO 25

[(OsVIO)O(O2C6H10-cyclo)(C7H13N)]2 " OsO4+C6H10+C7H13N 32

[Ta2O(OPri)8(PriOH)] two octahedra sharing a [(m-O)(m-OR)] edge electrochemical synthesis (Ta+PriOH) 33, 34

[Ta2OCl3(OC6H3Pr
i
2-2,6)5] two octahedra sharing a [(m-O)(m-Cl)2] face TaCl2(OC6H3Pr

i
2-2,6)3+ traces H2O 35

WV
2 O(OCH2But)8 two octahedra sharing a [(m-O)(m-OR)2] face, W2(OCH2But)8+pyridine oxide 36

W=W bond

M2[(MoO2)2O(C6H4O2-1,2)2] . nH2O, [(MoO2)2O(m3,Z2-RO2)2]27, two octahedra M2MoO4+C6H4(OH)2-1,2 37

M=NH4 (n=2), Ba/2 (n=5) sharing a [m-O]3 face (from two RO2 groups)

[Me3NBn]2[(WO2)2O(OMe)4] two octahedra sharing a [(m-O)(m-OR)2] face [Me3NBn]2WO4+WO(OMe)4 38

[(ReVIO)2O(OMe)6] the same ReOCl4+MeOH+Et3N 39

a 4-NC4H8 is 4-pyrrolidino-.

Table 2. Trinuclear oxoalkoxides.

Compound Structure Starting compounds, Ref.

conditions of formation

Triangles [M3(m3-O)]

[Sn3O(OBui)10(BuiOH)2] three octahedra sharing a [(m3-O)(m-OR)] edge Sn(OBui)4+H2O 40

[BiTi2O(OPri)8] two [TiO6] octahedra sharing a [(m3-O)(m-OR)2] Ti(OPri)4+Bi(OPri)3+H2O 41

face and [(m3-O)(m-OR)] edges, C-five-vertex

polyhedron [:BiO4]

Triangles [M3(m3-O)(m3-X)], three [M(m3-O)(m3-X)(m-OR)2(OR)2] octahedra sharing [(m3-O)(m3-X)(m-OR)] faces

[Ti3O(OMe)(OPri)9] X=OMe Ti(OPri)4+H2O+MeOH (h=0.07) 42 ± 44

[Ti3OCl(OCH2But)9] X= Cl TiCl4+ NaOCH2But 42 ± 44

[Zr3OCl(OCH2But)9] X= Cl ZrCl4+ KOCH2But 42 ± 44

[Zr3O(OH)(OBut)9] X=OH ZrCl4+LiOBut 44

[Zr3O(OBut)10] X=OBut prolonged storage of electrolyte 45

[MIV
3 O(OR)10 ] (M=Mo, W; X= ORa M2(OR)6+O2 46, 47

R=Pri, CH2But)

[U3O(OBut)10] X=OBut (see b) U2(OBut)8+H2O 48

Triangles [M3(m3-O)(m3-X)], three [M(m3-O)(m3-X)(m-OR)2(OR)2] octahedra sharing [(m3-O)(m3-X)(m-OR)] faces

[Ba(Mo2O5)(OC2H4OMe)4(MeOC2H4OH)] [Ba(Mo2O5)2(m3,Z2-OR)2(m,Z2-OR)2(Z2-ROH)], Ba(OC2H4OMe)2+ 49

two Mo octahedra sharing a [(m-O)(m3-OR)2] face, +MoO2(OC2H4OMe)2
CN of Ba is 10

Ring

[WIV
3 O2(OBut)8] [7W7(m-O)7W=W7(m-O)7], two W7W bonds, W2(OBut)6+O2 50

one W=W bond, CN of W are 3, 4, 5

Linear chain

[UO2][U(m-O)(OBut)5]2 three octahedra sharing a [(m-O)(m-OR)] edge UO2Cl2+KOBut 51

Angular molecule

Nb3O2[(CMe2)2O2]5[(CMe2)2O2H] three [Nb3(m-O)2(m,Z2-O2R)2]2[Z2-RO2]4H octahedra Nb(OEt)5+ (CMe2)2(OH)2 52

Note. Accepted abbreviations: h=[H2O] : [alkoxide], C is an incomplete polyhedron with a localised electron pair, CN is the coordination number.
a The bond length M=M 2.53 �A; b the U_U distance is 3.57 �A.

Metal oxoalkoxides. Synthesis, properties and structures 1043



Table 3. Tetranuclear oxoalkoxides.

Compound Structure Starting compounds, Ref.

conditions of formation

Tetrahedra [M4(m4-O)]

[Al4O(OPri)6Cl4(PriOH)] [Al4(m4-O)(m-OR)5][H(m-OR)2]Cl4, [AlO4Cl] trigonal Al(OPri)3+AlCl3+PriOH 18

bipyramids sharing [O(m-OR)] edges

[Al4O(OBui)10(BuiOH)] pairs of [AlO5] trigonal bipyramids sharing Al(OBui)3+H2O 53, 54

[(m4-O)(m-OR)] edges

[Al4O(OCH2CF3)10(CF3CH2OH)] the same Al(OCH2CF3)3+H2O; 55

AlMe3+CF3CH2OH

[Y4OCl3(OBut)7(THF)3] [Y(THF)3(m-Cl)3Y3(m4-O)(m3-OR)(m-OR)3(OR)3]; Y3Cl2(OBut)7 . 2THF+LiAlMe4 56

base of a tetrahedron consists of three [YO6] octahedra

centred with m3-OR, CN of Yax is 7

[CeIV4 O(OPri)14] two octahedra and two seven-vertex polyhedra Ce(OPri)4 .PriOH 57

sharing [(m4-O)(m-OR)2] faces (70 8C, 1073 mm Hg)

[Lu4O(OH)(OCMe2CH2OMe)9] [Lu4(m4-O)(m3-OH)(Z2,m3-OR)(Z2,m-OR)3(Z1,m-OR)(Z1-OR)4], Lu[N(SiMe3)2]+ 58

two octahedra and two seven-vertex polyhedra +MeOCH2CMe2OH

[Pb4O(OSiPh3)6] .PhH six (m-OR) bonds along tetrahedron edges; PbCp2+Ph3SiOH+PhH, D 59

[:PbO4] is aC-trigonal bipyramid

[Pb2Ti2O(OPri)10] two [:PbO5]C-octahedra and two [TiO6] octahedra Pb(OPri)2+Ti(OPri)4 60

[Ce3:75�4 O(OPri)13(PriOH)] `butterfly wings' Ð [OCe4]; two octahedra are linked [Ce(OPri)4 .PriOH], UV irradiation 61

only via m4-O, two Ce seven-vertex polyhedra sharing

[O(m-OR)2] faces

[Pb3ZrO(OBut)8] `butterfly wings', a Zr octahedron and a PbC-tetrahedron PbZr(OBut)6+Pb(OBut)2 , D 62

are linked via m4-O, two Pb square pyramids sharing

a [(m-O)(m3-OR)(m-OR)] face

[Th4O{O(C2H4O)4}3Cl8] . 3MeCN [Th4O(Z5,m-ORO)3Cl8], each [O(C2H4O)4] fragment ThCl4+MeCN+ 63

is bound to one Th atom +HO(C2H4O)3C2H4OH

[NaBi3O(OC6F5)8THF] 7 BiCl3+NaOC6F5+THF 64

[Li2(NbO)2O(OCMe2CH2OMe)6] [Li2(NbO)2(m4-O)(Z2,m-OR)4(Z2-OR)2]; 7 65

two Nb octahedra; CN of Li is 5

Uncentred [M4] tetrahedron

[WIII
4 O(OPri)9Cl] . 0.5 Et2O [W4(m-O)(m-OR)2(OR)7Cl]; three W=W bonds, W2(OPri)6+NaOPri+[Bun2NH2]Cl+ 66

three W7W bonds, [WO4] square +H2O (traces)+Et2O

Cube [M4(m3-O)4]

[(MoO)O(OSiMe3)(Me2NH)]4 cube [M4(m3-O)4] 7 67

`Butterfly' Ð cluster of two [M3] triangles sharing a [M2] side

[MoIII4 O(OCH2But)10Py] [Mo4(m3-O)(m-OR)4(OR)6Py], one triangle is centred with m3-O; Mo2(OCH2But)6+O2 68

five Mo=Mo bonds, two OR groups at the end of one `wing';

two OR and Py groups at the end of another `wing'; one

terminal OR group at each of the central atoms

[K(18-Ê -6)2]
+[Mo4O(OCH2But)11]7 one terminal OR group at each central Mo atom, two Mo2(OCH2But)6+AsH3+ 69

OR groups at one `wing', three OR groups at another `wing' +KOH+18-C-6 (see a)

Rings of two dimers (two pairs of octahedra are linked to a ring via two m-O groups)

[Nb2Cl4(OEt)2(THF)2]2O2 [Nb2(m-Cl)(m-OR)Cl3(OR)(THF)2]2(m-O)2 NbCl3+EtOH+THF 70

[ReV2 (OMe)8]2O2 [Re2(m-OR)2(OR)6]2(m-O)2 electrochemical synthesis 71

(Re+MeOH)

[ReVI2 O3(OMe)6]2 [(ReO)2(m-OR)2(OR)4]2(m-O)2 the same 72

Planar [M4] rhombuses with two m3-L and four m-L [`Ti4(OMe)16 type']

[Bi4O2(OBut)8] Bi1 five-vertex polyhedron, a Bi2 tetrahedron Bi[N(SiMe2)2]3+ButOH 73

[(VVO)4O4(OMe)4(bipy)2] two [V1O(m3-OR)2(m-O)2(OMe)] octahedra and VIVO(sal-glu) .H2Ob+bipy 74

two [V2O(m3-OR)(m-O)2bipy] octahedra

[Nb4O4{O(Me2C)2O}2(OPri)8] two [Nb1(m3-O)2(m-O)(OPri)(Z2,m-RO2)] octahedra and Nb(OPri)5+ (Me2C)2(OH)2 52

two [Nb2(m3-O)(m-O)(OPri)3(Z2,m-RO)] octahedra

[Ce2Ti2O2(RO2)4(OPri)4(PriOH)2], two [Ti1(m3-O)2(Z2,m-RO2)2] octahedra and two Ce2O[(Me2C)2O2]2[(Me2C)2O2H]2+ 75

R=(Me2C)2 [Ce2(m3-O)(Z2,m-RO)2(OPri)2(PriOH)] octahedra +Ti(OPri)4

[Ce2Nb2O2{O(Me2C)2O}4(OPri)6] two [Nb1(m3-O)2(Z2,m-RO2)2] octahedra and Ce(OPri)4(PriOH)+[Nb2O. 75

two [Ce2(m3-O)(Z2,m-RO)2(OPri)3] octahedra .{(Me2C)2O2}4{(Me2C)2O2H}2(OPri)]
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Table 3 (continued).

Compound Structure Starting compounds, Ref.

conditions of formation

Planar [M4] rhombuses with two m3-L and four m-L [`Ti4(OMe)16 type']

[MgNbO(OMe)5(MeOH)2]2 two [Mg1(m3-OR)2(m-OR)2(ROH)2] octahedra and two Mg(OMe)2+MeOH+ 76

[(Mo2O2)(m3-OR)(m-OR)(m-O)(OR)] octahedra +Nb(OMe)5, D

[(MoO2)4O2(OMe)4(Me2CNOH)] two [(Mo1O2)(m3-OR)2(m-OR)(m-O)] octahedra and two [Bun4N]4Mo8O26+MeOH+ 77

[(Mo2O2)(m3-OR)(m-OR)(m-O)(OR)] octahedra +Me2CNOH

[Bun4N]�2 [(MoO2)4O2(OMe)6]27 the same [Bun4N]4Mo8O26+MeOH 78

[Bun4N]�2 [(MoO2)2(MoO)2O4(OMe)2. two [(Mo1O2)(m3-OR)2(m-O)2] octahedra and two [Bun4N]4Mo8O26+ 78, 79

.(C6H4O2-1,2)2]7 [(Mo2O)(m3-OR)(m-O)2(Z2-ArO2)] octahedra +C6H4(OH)2-1,2+MeOH

[(MoVO)4O4(OPri)4Py4] two [(Mo1O)(m3-O)2(m-O)(m-OR)Py] octahedra and Mo2(OPri)6+O2+Py 80

[(Mo2O)(m3-O)(m-O)(m-OR)(OR)Py] octahedra, Mo=Mo bonds

[(MoVO)2OCl2(OEt)2L]2, two [(MoIO)(m3-O)2(m-OR)2Cl] octahedra and two [(MoO)2Cl4(OEt)2+EtOH]+ 81

L=EtOH, PMe3 [(Mo2O)(m3-O)(m-OR)2ClL] octahedra, Mo7Mo bonds +PMe3+SbF3+Me3SiC3H5

[(MoV,VIO)4O2Cl4(OPrn)6] two [(Mo1O)O2(m-OR)2Cl] octahedra and two MeMoCl2(OPrn)2+PrnOH 82

[(Mo2O)O(m-OR)2(OR)Cl] octahedra, Mo7Mo bonds

[UO2]2[U2O2(OPh)10(THF)4] two [(UVI(1)O2)(m3-O)2(m-OR)2THF] pentagonal bipyramids UCl3+NaOPh+THF 83

and two [UV(2)(m3-O)(m-OR)2(OR)3THF] pentagonal bipyramids

[ReV;VI4 O6(OPri)10] four [Re4(m3-O)2(m-O)4(OR)10] octahedra, five Re7Re bonds electrochemical synthesis 84

(Re+PriOH)

[LiNbO(OEt)4(EtOH)]2 tetrahedron [Li2(m3-OR)(m-OR)2(ROH)] and the LiNb(OEt)5 (decomposition 85

[Nb1(m3-OR)2(m-OR)2(OR)O] octahedron in solution)

Linear chain of tetrahedra and octahedra

[(VVO)(VIVO)O(OEt)3Phen]2 (see c) [(VVO)(OR)2(m-O)(VIVO)(m-OR)Phen]2 VCl3+NaSPh+EtOH+Phen 86

Zigzag molecule

[(ReVIIO3)NbO(OMe)4]2 [(ReO3)(m-O)Nb(OR)3(m-OR)]2; Re7O7Nb angle&1808 Re2O7+Nb(OR)5 87

Octahedron is linked to a vertex of the [M3] triangle via a common (m-OR)3 face

[WIV
4 O2(OPri)12] [W4(m-O)2(m-OR)3(OR)9], W2(OPri)6+Me2CO 88

along two (m-O) sides, W:W bonds

Note. Accepted abbreviations: ax is axial.
a 18-C-6 is 18-crown-6; b sal-glu is N-salicylideneglycinate; c Phen is phenathroline.

Table 4. Pentanuclear oxoalkoxides.

Compound Structure Starting compounds, Ref.

conditions of formation

Square pyramids [M5(m5-O)] and [M5(m5-OH)]

[Ba5O(OPh)8(PhOH)(THF)8] [Ba5H(m5-O)(m3-OR)4(m-OR)4(OR)9(THF)8], Ba+PhOH+THF 89

four m3-OR groups above lateral faces, four m-OR groups

along the base, CN of Baax is 6, CN of Baeq is 7

[Ba5(THF)4(H2O)(OH){OCH(CF3)2}9] .THF [(BaTHF)4Ba(H2O)(m5-OH)(m3-OR)4(m-OR)4(OR)] .THF, Ba+ (CF3)2CHOH+THF 90

four m3-OR groups above lateral faces, four m-OR groups

along the base

[(Ba5(OH)(OC6H3Bu
t
2-3,5)9(THF)5] [(BaTHF)5(m5-OH)(m3-OR)4(m-OR)4(OR)]; Ba+3,5-But2C6H3OH+ 91

four m3-OR groups above lateral faces, four m-OR groups +THF

along the base, OR group at Baax, CN of Ba are 7, 8

[M5O(OPri)13], [M5(m5-O)(m3-OR)4(m-OR)4(OR)5]; four m3-OR groups electrochemical synthesis; 10 ± 14,

M=In, Sc,Y, [Y4Pr], Pr, Er, Yb, Gd above lateral faces, four m-OR groups along the base, M+PriOH; MCl3+NaOPri; 92, 93

CN ofM is 6 Pr(OPri)3 .PriOH+PriOH

[Al5O(OBui)13] [Al5(m5-O)(m-OR)8(OR)5]; Alax Ð an octahedron, four Al4O(OBui)10 . BuiOH+ 53

Aleq atoms Ð trigonal bipyramids, 8 m-OR groups +DBUb

along all edges

[Fe5O(OEt)13] Feax Ð an octahedron, four Feeq atoms Ð trigonal FeCl3+NaOEt 15

bipyramids, eight m-OR groups along all edges
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Table 4 (continued).

Compound Structure Starting compounds, Ref.

conditions of formation

Square pyramids [M5(m4-O)] with a centred base

[IBa(LiTHF)4(OH)(OBut)4] [IBa(LiTHF)4(m4-OH)(m3-OR)4] BaI2+LiOBut+ 94

+H2O+THF

[Sr5O(OCH2But)8(ButCH2OH)(THF)4] [Sr5(m4-O)(m3-OR)4(m-OR)4(ROH)(THF)4] Sr+ ButCH2OH+THF 95

[EuIIIEuII4 O5(OAr)(ArOH)5(MeCN)8], [Eu5(m4-O)(m3-O)4(m-OAr)(m-ArOH)(ArOH)4(MeCN)8], Eu(OPri)2+ 96

Ar=C6H3Pr
i
2-2,6 EuIIIax Ð an octahedron, CN of EuIIeq is 7 +2,6-Pri2C6H3OH

[Ti3(OMe)2(OPri)9]+[FeII2 Fe
III
2 TiOCl4(OPri)9]7 [(FeCl)4Ti(m3-O)(m-OR)8(OR)]7 (see a) FeCl2+KOPri+ 97

+Ti(OPri)4+MeOH

Trigonal bipyramids [M5(m5-O)]

[Li(MgTHF)4O(m-OC6H4Me-2)7] two Mgax atoms; MgÐ a trigonal bipyramid, LiBun+MgBun2 + 98

Li Ð T-like coordination +2-MeOC6H3OH

[Nd5O(OPri)13(PriOH)2] [Nd5(m5-O)(m3-OR)2(m-OR)6(OR)5(ROH)2], Nd+PriOH (HgCl2) 10, 13,

two m3-OR groups above faces of two different pyramids, 99

six mer-m-OR groups, Nd Ð an octahedron

[Sm4TiO(OPri)14], [(Tb0.9Eu0.1)4TiO(OPri)14] two m3-OR groups above faces of two different pyramids, LnI2+NaTi(OPri)5, 100,

six mer-m-OR groups, Ti Ð a trigonal bipyramid, Ln=Sm, Tb, Eu 101

Ln Ð an octahedron

Two [MM02] triangles sharing an M vertex

Sr(PriOH)2[Ti2O(OPri)7]2 Sr(ROH)2[Ti2(m3-O)(m-OR)2(OR)5]2; Sr(OPri)2+Ti(OPri)4+ 102

[Ti2O(OR)7] Ð two trigonal bipyramids sharing +PriOH

a [(m3-O)(m-OR)] edge

[Ta5O7(OBut)11] [Ta5(m3-O)4(m-O)3(m-OR)(OR)10], Ta(OBut)5+H2O (h=1) 103

[Ta5] is a trigonal pyramid

[NaBi4O2(OC6F5)9(THF)2] [NaBi4(m3-O)2(m-OR)7(OR)2], BiCl3+NaOC6F5 64

[NaBi2(m-OR)3] ring in the centre

Rings containing five M atoms

[MoV2 MoVITa2O8(OPri)10] Two [Ta(m-O)(m-OR)2(OR)3] octahedra, one MoV4 Ta2O8(OPri)14+ 104

[(MoVO)2(m-O)2(m-OR)4] group (CN 5) and the +O2 traces

[(MoVIO2)(m-O)2] tetrahedron

Note. Hereinafter, eq is equatorial.
a The authors considered the oxo ligand as tridentate taking into account the presence of three short bonds, viz., two Feeq7O bonds and one Tiax7O

bond. bDBU is 1,8-diazabicyclo[5.4.0]undec-7-ene.

Table 5. Hexanuclear oxoalkoxides.

Compound Structure Starting compounds, Ref.

conditions of formation

Octahedra [M6(m6-O)]

[Ba6O(OC2H4OMe)10(MeOC2H4OH)4] [Ba6(m6-O)(m3,Z2-OR)8(Z2-ROH)4(m-OR)2], a [M6] Ba+MeOC2H4OH 105

octahedron, m3-OR groups on eight faces, CN of

Baax is 8, CN of Baeq is 9

trans-[Na2Gd4O(OBut)12] [Na2{Gd(OR)}4(m6-O)(m3-OR)8], the [NaO(m3-OR)4] GdCp3 +NaOBut 106

square pyramid in the axial position, the [GdO(m3-OR)4.

.(OR)] octahedron in the equatorial position

trans-[K4Zr2O(OPri)10] [K4Zr2(m6-O)(m3-OR)8(OR)2], the [ZrO(m3-OR)4(OR)] KH+`Zr(OPri)4'+H2O 107

octahedron in the axial position, the [KO(m3-OR)4]

square pyramid in the equatorial position

trans-[K4Zr2O(OAr)8(OEt)4], [K4Zr2(m6-O)(m3-OAr)8(m-OR)2], K atoms are `Zr(OEt)4'+ 108

Ar=C6H3OMe-2-All-4 coordinated by eight OMe groups of eugenol +KOC6H3OMe-2-All-4

trans-[MI
4M

III
2 O(OBut)8] . nTHF, [M6(m6-O)(m3-OR)8], MI and MIII are disordered M(OBut)3+NaOBut+THF 109

MI=Na, K; MIII=Sb, Bi; n=0, 1, 4 (7But2O)

trans-[Na4Sb2O(OSiMe3)8] [M6(m6-O)(m3-OR)8], Na and Sb are disordered Sb(OSiMe3)3+NaOSiMe3 110
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Table 5 (continued).

Compound Structure Starting compounds, Ref.

conditions of formation

Octahedra [M6(m6-O)]

cis-[Na4Bi2O(OC6F5)8(THF)4] [(NaTHF)4Bi2(m6-O)(m3-OR)2(m-OR)6] 2NaOC6F5+Bi(OC6F5)3+ 111

+THF

[VIV;V
6 O7(OEt)12] [(VO)6(m6-O)(m-OR)12] VO(OEt)3+H2O (traces) 112

M2[V
IV;V
6 O7(OH)n{MeC(CH2O)3}(127n)/3], [M6(m6-O)(m-O)12O6], structural analogue of the V2O5+V2O3+NaVO3+ 113 ±

n=0, 3; [M6O19] `large octahedron', m-O groups along +NH4Cl+MeC(CH2OH)3+ 117

M2[(VIV,VO)6O77n(OH)n{RC(CH2O)3}2], twelve edges of the octahedron +H2O (D, high pressure)

R =NO2, CH2OH, Me, Et, Bn; n=0, 2, 4, 6;

[M][(VVO)6O6(OMe)7],

M=R4N, Na

[Bun4N]n71[M(WO)5O13(OMe)], analogue of the `large octahedron', one terminal M(OMe)n+WO2ÿ
4 + 118

M=Ti, Zr, Nb, Ta O atom is replaced by OMe +MeOH+(Bun4N)Cl

[Bun4N]3[Nb2W4O18(OR)], analogue of the `large octahedron', [HNb2W6O19]37+ROH+

R=Me, Et, Pri, But, SiMe3 [Nb2(WO)2(WO2)2(m-O)12(OR)]37 +(Bun4N)Cl 119

[Me4N]2[Fe6O{MeC(CH2O)3}6] . 4MeOH analogue of the `large octahedron', one of three O FeCl3+ [Me4N]OMe+ 120,

[Me4N]2[Fe6O{MeC(CH2O)3}(OMe)6Cl6] . 2H2O atoms of the RO3 ligand is m-coordinated, two other +MeC(CH2OH)3 121

O atoms are terminal +MeOH+H2O

Tl4Ti2O(OR)5(OEt)5, R=Et, Pri [Tl4Ti2(m6-O)(m3-OR)8(OEt)2], Tiax atoms Ð distorted TlOEt+Ti(OR)4, 122

octahedron, Tleq atoms ÐC-octahedra a R=Et, Pri

Trigonal antiprism

[Mo3:3�6 O(m-OEt)12(OEt)6] . 4.8H2O [Mo6(m6-O)]; m-OR groups along nine edges and three Mo(OEt)3+H2O 123

m-OR groups along diagonals of lateral faces (h=15)

Uncentred [M6] octahedra

[Sn6O4(OR)4], R=Me, Pri [Sn6(m3-O)4(m3-OR)4], m3-O and m3-OR groups Sn(OR)2+H2O, 124 ±

alternate on eight octahedron faces R=Me, Pri 126

[Pb6O4(OR)4], R=Pri, But [Pb6(m3-O)4(m3-OR)4], m3-O and m3-OR groups electrochemical synthesis 127

alternate on eight octahedron faces (Pb+PriOH);

Pb(OBut)2+H2O

[Bi6O3(OC6F5)12(THF)2] [Bi6(m4-O)(m3-O)2(m-OR)12(THF)2] BiCl3+NaOC6F5+THF 64

[La2(MoO)4(m4-O)4(m-OPri)8(OPri)6] [La2(MoO)4(m4-O)4(m-OR)8(OR)6], La5O(OPri)13+ 128

Mo atoms Ð octahedra, CN of La is 9 +MoO(OPri)4 (7R2O)

Two [M4] tetrahedra sharing an [M2] edge

[Fe6O2(OMe)12{N(C2H4NH2)3}2]2+. [Fe6(m4-O)2(m-OR)8(OR)4L2]2+ [Fe3O2(OH)N(C2H4NH2)3]4++ 129

.[CF3SO3]
ÿ
2

. 2MeOH +MeOH+CF3SO3H

Two cubes sharing an [M2(m4-O)2] face

[Ca6O2(OEt)8] . 14EtOH [Ca6(m4-O)2(m3-OR)4(OR)4]; three terminal OR Ca(OEt)2+EtOH+ 16

groups at the terminal Ca atom, two terminal +O2+H2O (traces), D
OR groups at the central Ca atom

Two [M3(mn-O)] triangles

[Gd6O(MeOC2H4O)16] [Gd6(m4-O)(Z2,m3-OR)4(Z2,m-OR)6(Z1,m-OR)2(OR)4], Gd+MeOC2H4OH 130

two triangles in perpendicular planes sharing a m4-O
vertex, CN of Gd are 7, 8

[Ba2Ti4O(OMe)18(MeOH)7] .MeOH [Ba2Ti4(m3-O)(m3-OR)6(m-OR)2(OR)10(ROH)7] .ROH, Ba+MeOH+Ti(OMe)4 131

[BaTi2(m3-O)] triangles sharing a [Ba2] edge,

CN of Ba is 9

[Bi6O3(OC6H3Cl2-2,6)12] two [Bi3(m3-O)(m-OR)2(OR)2] triangles are linked via BiPh3+2,6-Cl2C6H3OH 132

two m3-O groups and three m-OR groups

[Hf3O(OEt)10(EtOH)]2 two [Hf3(m3-O)(m-OR)2(OR)5)] triangles are linked electrochemical synthesis 45

to each other to form a ring via two pairs (Hf+EtOH)

of m-OR groups
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Table 5 (continued).

Compound Structure Starting compounds, Ref.

conditions of formation

Rings of two [M3(m3-O)] triangles linked via two linear m-O groups

[MoTa2O4(OMe)8]2 [(MoO2)Ta2(m3-O)(m-OR)3(m-O)(OR)5]2 MoO(OMe)4+2Ta(OMe)5+ 133

+H2O

[IZnTa2O2(OPri)7]2 [IZnTa2(m3-O)(m-OR)3(m-O)(OR)4]2 ZnI2+KTa(OPri)6 134

[MoV3 O4Cl4(OEt)3]2 [(MoOCl)3(m3-O)(m-OR)3(m-Cl)]2 Mo2Cl4O2(OEt)2 .EtOH+ 135

+Me3SiC3H5 (7C3H6)

[LiMo2O4(OC2H4OMe)(OPri)4]2 [Li(MoO2)(MoO)(Z2,m3-OC2H4OMe)(m3-OR)(m-O). Li2Mo2O4(OEt)5 .EtOH+ 136

.(m-OR)2(OR)]2 +PriOH+MeOC2H4OH

[NaMo2O4(OPri)5(PriOH)]2 [Na(ROH)(MoO2)(MoO)(m3-OR)2(m-OR)2. MoO(OPri)4+NaOPri 137,

.(m-O)(OR)]2 (7Pri2O) 138

[Ta2(ReVIO4)O(OMe)7]2 [(ReO3)(m-O)Ta(m-OR)2Ta(OR)3(m-O)]2 Re2O7+Ta(OMe)5 139

Derivatives of Ti4(OMe)16 structural type

[Er2Ti4O2(OEt)18(EtOH)2] [Er2Ti4(m4-O)2(m3-OR)2(m-OR)8(OR)8(ROH)2], ErCl3+KOEt+ 140

two [Ti(m3-OR)(m-OR)2(OR)2] fragments are bound +Ti(OEt)4+H2O

to m3-O groups

[NaBi2O(OC6F5)5THF]2 [{Na(THF)2}Bi4(m4-O)2(m-OR)10], two {Na(THF)} NaOC6F5+Bi(OC6F5)3+THF 64

fragments are bound to m3-O groups

[Li4(WO)2O2(OR)6(ROH)]2+[W6O19]27, [Li4(WO)2(m-O)2(Z2,m3-OR)2(Z2,m-OR)4(Z2-ROH)]2+, WO(OC2H4OMe)4+LiCl+O2 136

R=C2H4OMe two [Li(m-O)(Z2-ROH)] fragments are bound to

terminal [WO] groups

[H3Ba6O(OBut)11(R
0O2)(THF)3], [Ba5(m5-O)(m3-OR)4(m-OR)3(OR)(THF)3](m3-OR). Ba+ButOH+THF+ 89

R0O2=OCEt2CH2O .(m-OR)2Ba(Z2-R0O2)], two Ba atoms are bound to three +HOCEt2CH2OH

Ba atoms, Ti4(OMe)16 structural type with m5-O
and m-OR groups

Zigzag chains

[Mo5:3�3 O5(OPri)6]2 (A) [(MoVIO)(OR)3(m-OR)2(MoVO)(m-O)2(MoVO)(m-OR)2], Mo2(OPri)6+O2; 46, 141

all Mo atoms are in a single plane; MoO(OPri)4! A+Pri2O+

Mo=Mo bonds +PriOH+Me2CO

[MoV2 TaO4(OPri)7]2 [(RO)3Ta(m-OR)3(MoO)(m-O)2(MoO)(m-OR)]2, MoO(OPri)4+Ta(OPri)5 104

Mo=Mo bonds

a The authors considered this molecule as an octahedron centred only along the Tiax7(m-O)7Tiax direction taking into account a substantial difference in

the Ti7O and Tl7O bond lengths.

Table 6. Heptanuclear oxoalkoxides.

Compound Structure Starting compounds, Ref.

conditions of formation

[Ti7O4(OEt)20] [Ti7(m4-O)2(m3-O)2(m-OEt)8(OEt)12], six edge-sharing Ti(OEt)4+H2O 7, 142,

octahedra about the central [TiO4(m-OEt)2] octahedron (h=0.5 ± 0.7) 143

[Ta7O9(OPri)17] [Ta7(m3-O)3(m-O)6(m-OR)4(OR)13], two vertex-sharing electrolyte (Ta+PriOH), 33, 34

[Ta4] tetrahedra are linked via one m3-O and two m-OR Ta(OPri)5+H2O (h=0.5 ± 1) 103

groups

[Pb7O2(OPri)10] fragment [Pb4(m4-O)(OR)6] is linked to the Pb(OPri)2+H2O 144

[Pb3(m3-O)(m3-OR)(m-OR)2] chain via one m3-OR

group and two m-OR groups

[Pb7O2(OSiMe3)10] fragment [Pb4(m4-O)(OR)6] is linked to the Pb[N(SiMe3)2]2+Me3SiOH 145

[Pb3(m3-O)(m3-OR)(m-OR)2] chain via one m3-OR group [7(Me3Si)2O]

and two m-OR groups

[Fe7O(OH)(RO3)4Cl6(MeCN)2], [Fe(OH)(MeCN)2][Fe6(m6-O)Cl6(RO3)4], the [Fe6(m6-O)] FeCl2 . 4H2O+V2O5+ 146

R=(CH2)3CCH2OH octahedron is linked to the [Fe(m3-O)3(MeCN)2(OH)] +C(CH2OH)4+MeCN,

octahedron
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Table 7. Octanuclear oxoalkoxides.

Compound Structure Starting compounds, Ref.

conditions of formation

Centred [Mn(mn-O)] polyhedra

[Al8O2(OH)2(OBui)18] [Al4(m4-O)(m-OH)(m-OR)5(OR)4]2, distillation of Al4O(OBui)10 53

two [Al4(m4-O)] tetrahedra sharing a (m-OR)2 edge

[K2Sb2O(OPri)6]2 two [K2Sb2(m4-O)(m3-OR)6] tetrahedra are linked KSb(OPri)4, D 109

via the [K4(m3-OR)8] group

[Ni5Sb3O2(OEt)15(EtOH)4] [Ni5Sb3(m4-O)2(m3-OR)4(m-OR)8(OR)3(ROH)4], Sb(OEt)3+NiCl2+NaOEt 147

[Ni4(m3-OR)2(m4-O)2] cube in the centre is surrounded

by [:SbO4] groups ofC-octahedra and three Ni octahedra

[Na4Cr
III
4 O3(OPh)10(TMEDA)4] a [(Na4(TMEDA)4Cr4(m3-O)3(m3-OR)4(m-OR)6]; Na4Cr

II
2 (OPh)8+ 148

two [NaCr2(m3-O)] triangles, one [Cr3(m3-O)] and +TMEDA+O2

a [Na(m-OR)3Cr] group; CN of Na and Cr is 5

[Na2Fe6O(OMe)18(MeOH)6] [Na(ROH)3]2[Fe6(m6-O)(m3-OR)6(m-OR)6(OR)6]; Naax FeCl3+NaOMe 149

[Pr4O2(OC2H4OMe)8(OPMe3)]2 spherical [Pr4(m4-O)2(Z2,m3-OR)2(Z2,m-OR)4(Z1,m-OR)(OR). Pr[N(SiMe3)2]3+ 150

.(OPMe3)]2 molecule; CN of Pr are 7 and 8 +MeOC2H4OH

Isopolyanion-type structures

[Ti8O6(OBn)20] .Et2O [Ti8(m3-O)4(m-O)2(m-OR)8(OR)12] Ti(OBn)4+H2O, h=1 143

[M8O10(OEt)20], M=Nb, Ta [M8(m3-O)2(m-O)8(m-OR)6(OR)14], two octahedra M(OEt)5+H2O (h=1± 1.25) 8, 103,

fragments [M(m-O)4(OR)2] are linked to each other to form NbO(EtO)3 (7Et2O) 151,

a ring via two triads of [M3(m3-O)(m-OR)3(OR)6] octahedra 152

Na4[Mo8O24(OMe)4] . 8MeOH Na4[(MoO2)6(MoO)2(m4-O)2(m3-O)4(m-O)4(m-OR)2(OR)2], H2MoO4+MeOH+ 153

structure is similar to [Mo8O26] (metamolybdate) +Na zeolite

[Bu4N]�2 [Mo8O20(OMe)4(RO3)2]27, [{(MoO2)6(MoO)2(m-O)6(m3-OMe)2(Z3,m3,m-(RO3)}2(OMe)2]27, [Bu4N]2Mo2O7+ 154

R=MeC(CH2)3 quadruples of octahedra sharing m-O vertices +MeC(CH2OH)3

[Bu4N]�4 [MoV;VI8 O24(OMe)2]47 .MeOH [(MoVIO3)2(MoVIO2)2(MoVO)4(m3-O)2(m-O)8(m-OR)2]47, [Bu4N]2MoVI2 O7+MeOH+ 155

[MoVO6] octahedron and [MoVIO4] tetrahedra, +Me2C=NNH2

two MoV7MoV bonds

[LiMo4Ta3O14(OPri)9(OC2H4OMe)3] [Li(MoO)4Ta3(m-O)10(m,Z3-OR0)(OR)9], [LiMo3O4] cube is LiMo2O4(OPri)4(OC2H4OMe)+ 133

linked to three [Ta(m-O)3(OR)3] groups and +MoO(OPri)4

one [MoO(m-O)3] group

Rings

[Cu4Zr4O(OPri)18] [Cu2Zr2(m-OR)5(OR)4]2(m4-O), two eight-membered Cu2Zr2(OPri)10+H2O 156

[OCu2(m-OR)2Zr2(m-OR)3(OR)4] rings sharing a m4-O vertex

[(MoVO)4Cl3O2(OH)3(OEt)2(EtOH)2]2 [(MoO)8Cl6(m3-O)4(m-OH)4(OH)2(m-OR)4(ROH)4]; two rings (MoVO)2Cl4(OEt)2+SbF3 81, 157

consisting of four [Mo2(m3-O)] triangles sharing (m-OH) vertices,

MoV7MoV bonds

Cuboidal-type structures

[LiTiO(OPri)3]4 [Li4Ti4(m5-O)2(m3-O)2(OPri)4] LiTi(OPri)5+H2O 158

[Ba4Ti4O4(OPri)16(PriOH)4] [Ba4Ti4(m4-O)4(m3-OR)2(m-OR)8(m-OR)6(ROH)4] BaTi4(OPri)18 (7Pri2O) 159

[Mg4Ta4O4(OBun)20(BunOH)4] [Mg4Ta4(m4-O)4(m-OR)8(OR)12(ROH)4] MgTa2(OBun)12 (7Bun2O) 160

[Sr4Ta4O4(OMe)20(MeOH)10] [Sr4Ta4(m4-O)4(m-OR)8(OR)12(m-ROH)2(ROH)8] SrTa2(OMe)12 (7Me2O) 160

[Ba4M4O4(OEt)20(EtOH)6], [Ba4M4(m4-O)4(m3-OR)4(m-OR)6(OR)10(ROH)6] BaM2(OEt)12 (7Et2O) 85, 160

M=Nb, Ta

[Mo4Ta4O16(OPri)12] vertices of the [Mo4Ta4] cube are occupied by vertex-sharing MoO(OPri)4+Ta(OPri)5 133

[(MoO)(m-O)3] tetrahedra and [Ta(OR)3(m-O)3] octahedra

Hx[Eu
II
8 O6(OC6H3Me2-2,6)12(OPri)8] Hx[Eu8(m4-O)6(m-OAr)12(OPri)8], m4-O groups in the centres Eu+PriOH+2,6-Me2C6H3OH, 96

of faces, m-OR are located along edges D

H10[Eu8O8(OC6H3Me2-2,6)10. H10[Eu
II
6 Eu

III
2 (m4-O)6(m-O)2(m-OAr)10(OPr i)2THF] [Eu(OAr)2(THF)2]+PriOH 96

.(OPri)2THF]
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Table 7 (continued).

Compound Structure Starting compounds, Ref.

conditions of formation

Ribbon

[CuII4 Zr4O3(OPri)18] [Cu4Zr4(m4-O)3(m-OR)10(OR)8]; [Cu4(m4-O)(m-OR)2] group in CuCl2+H2O+K4Zr2O(OPri)10, 157,

the centre of the molecule, two [Cu2Zr2(m4-O)(m-OR)4(OR)4] CuI2Zr2(OPri)10+O2 161

tetrahedra on opposite sides

Two square pyramids [M5(m5-O)] sharing one [M2] edge

[M8O2(OPh)12(PhOH)2L6] . 2PhMe, [M8(m5-O)2(m3-OR)8(m-OR)4(m-ROH)2L6]; Ba+PhOH+OP(NMe2)3, 162

M8=Ba8 or [Ba2Sr6] m3-OR groups are above the centres of lateral faces, m-OR Ba+PhOH+Sr(OPh)2+

L=OP(NMe2)3 groups are located along the base, CN of Ba are 6, 8 +OP(NMe2)3+PhMe

[EuIII2 Ba6O2(OPri)14(PriOH)2(THF)4] groups m3-OR are above the centres of lateral faces, m-OR Eu+Ba+PriOH, THF, D 163

groups are located along the base, CN of Eu is 6, CN of Ba is 8

Two [M4] tetrahedra linked by two m-OR groups

[WIII
8 O4(OPri)16] tetrahedra contain two W=W bonds and two W7W bonds, decomposition of W4(OPri)10 164

[W4(m-O)2(m-OR)2(OR)6]2 (7C3H8)

a TMEDA=(Me2NCH2)2.

Table 8. Nonanuclear oxoalkoxides.

Compound Structure Starting compounds, Ref.

conditions of formation

[Ba6Li3O2(OBut)11(THF)3] two [M6] octahedra sharing a [Ba3] face Ba+ButOH+LiBun+THF 165

[Bi9O7(OC6F5)13(THF)2] [Bi6(m3-O)7(m3-OAr)[Bi(OAr)4]3; m3-O groups on seven [Bi(OC6F5)3(PhMe)]2 . 2PhMe+ 166

faces of the [Bi6] octahedron, m3-OR groups on +THF

the eighth face; three of seven m3-O groups are

coordinated to [Bi(OR)4]

[Fe9O3(OEt)21] .EtOH [Fe9(m4-O)2(m3-O)(m-OR)15(OR)6(ROH)]; distillation of Fe5O(OEt)13 167

two pentanuclear rings linked by m3-O and m-OR (200 8C, 0.01 mm Hg)

groups and sharing an Fe atom

H18[Eu
II
9 O8(OAr)10L7][Eu9O9(OAr)10L6], two types of monocapped cubes; m4-O groups in the Eu(OAr)2(PriOH), 96

Ar=2,6-Me2C6H3, L=THF centres of faces, three m-OR groups along the edges D, vacuum, THF

Table 9. Decanuclear oxoalkoxides.

Compound Structure Starting compounds, Ref.

conditions of formation

[K2(TMEDA)2Li8O(OBut)8] [K2(Z2-TMEDA)2Li8(m8-O)(m3-OR)8] 7 168

[M10(m6-O)2X26] as structural analogues of [V
V
10O28]67

Na2[V
IV
8 VV

2 O16(RO3)4] . nH2O anion [V10(m6-O)2(m3-O)4(m-O)10(m-OR)4(OR)8]n7, RO3 groups V2O5+V2O3+NaVO3 169

R= HOCH2C(CH2)3 on the surface of anions

[NH4]4[V
IV
10O16(RO3)4] . 4H2O or the same R(OH)3+MCl+H2O, 170

[Et4N][VIV
10O13(RO3)5] [R=EtC(CH2)3] D, P

or M2[V
IV
10O14(OH)2(RO3)4] . 2H2O

[M=Me4N, Et4N, Me3NH;

R=HOCH2C(CH2)3]

MI
2[Mn10O2(RO3)6Cl8] . 4MeOH . 2H2O, anion [Mn10(m6-O)2[(OCH2)3CMe]6Cl8]27 7 171

R=MeC(CH2)3

[Fe10O2Cl8(RO3)6], R=EtC(CH2)3 [Fe10(m6-O)2Cl8(RO3)6] FeCl2 . 4H2O+R(OH)3 146

[(VO)2Fe8O2Cl6(RO3)6], [(VO)2Fe8(m6-O)2Cl6(RO3)6], two [Fe6(m6-O)] octahedra FeCl2 . 4H2O+R(OH)3+ 146

R=EtC(CH2)3 sharing a [Fe2] edge +V2O5
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Table 9 (continued).

Compound Structure Starting compounds, Ref.

conditions of formation

Other isopoly compounds

[Fe10O4Cl8(OMe)14(MeOH)6] . 2MeOH [Fe5(m4-O)2Cl4(OR)7(ROH)3]2 . 2ROH FeCl2+NaOMe+ 172

+ [NH3OH]Cl+MeOH

[LiTa9O13(OEt)20(EtOH)] [LiTa9(m4-O)(m3-O)3(m-O)9(m-OR)6(OR)15(m3-H)], by-product of electro- 173

Ta octahedra and a Li tetrahedron chemical synthesis

Ta+EtOH+LiCl

[Mg(MeOH)6]27[Mg2Mo8O22(OMe)6. anion [Mg2(MoV,VIO)8(m4-O)2(m3-O)6(m-O)6(m-OR)6(ROH)4]27, MoCl5+MgCl2+ 174

.(MeOH)4]27 . 6MeOH MoV=MoV bonds +MeOH+NaOH

[Na4Zr6O2(OEt)24] [Na2{Zr(OR)}3(m5-O)(m3-OR)2(m-OR)7]2, two [Na2Zr3(m5-O)] `Zr(OEt)4'+NaOSiMe3 44

trigonal bipyramids sharing a [Na2(m3-O)4] face

[Ba4Cu
I
6O(OCEt3)12] [Ba4Cu6(m4-O)(m-OR)12], six linear [Cu(OR)2] groups along edges Ba2Cu

I
4(OCEt3)8+O2 175

of the [OBa4] tetrahedron

[Al10O4(OEt)22] [Al5(m4-O)(m3-O)(m-OR)7(OR)4]2; two pentanuclear rings are Al(OEt)3, PhH, D 17

linked via the [Al2(m3-O)2] ring; CN of Al are 4, 5, 6

[Al10O6(OPri)18NH3] [Al10(m4-O)2(m3-O)4(m-OR)6(OR)12NH3]; CN of Al are 4, 5, 6 Al(OPri)3+NH3 176

[Ti10O8(OEt)24] .PhMe [Ti10(m4-O)4(m3-O)2(m-O)2(m-OEt)10(OEt)14] .PhMe Ti7O4(OEt)20+ 143

+Ti8O6(OR)20+PhMe

[Sr6Ti4O4(OPri)20] [Sr6Ti4(m4-O)4(m3-OR)4(m-OR)12(OR)4]; four m3-OR groups and Sr(OPri)2+Ti(OPri)4 102

four [OTi(OR)4] groups on eight faces of the [Sr6] octahedron;

the [SrO6] octahedron

[Ni6Sb4O4(OEt)16(EtOH)4] [Ni6Sb4(m4-O)4(m-OR)16(ROH)4]; C-octahedra [(m4-O)Sb(m-OR)4] NiBr2+Sb(OEt)3+KOEt 177

on four faces of the [Ni6] octahedron, [NiO6] octahedra

[Pb6Nb4O4(OEt)24] [Pb6Nb4(m4-O)4(m3-OR)4(m-OR)12(OR)8]; four m3-OR groups and Pb4O(OEt)6+Nb(OEt)5 178

four [ONb(OR)5] octahedra on eight faces of the [Pb6] octahedron; (7Et2O)

the [PbO6] trigonal prism

[Me4N]4[Mn10{2,2-(OC6H4)2}4O4Hal12], [Mn10{m,m-2,2-(OAr)2}4O4Hal12]47 is a structural analogue of MnCl2+C6H4(OH)2-2,2 179

Hal=Cl, Br adamantyl, CN of Mn are 5, 6 + [Me4N]OH . 5H2O

Table 10. Oxoalkoxides with nuclearity higher than 10.

Compound Structure Starting compounds, Ref.

conditions of formation

[Al11O6(OR)21], R=Prn, Pri [Al11(m4-O)2(m3-O)2(m-O)2(m-OPrn)10(m-OPri)2(m-ROH)2. Al(OPri)3+Ta(OPri)5+PrnOH 180

.(OPri)8(OR)]; two pentanuclear [Al5O2(OX)10] rings are

linked via the [Al(m3-O)2(m-O)2(OR)] group

[Mn7Sb4O4(OEt)18(EtOH)2] [Mn7Sb4(m5-O)2(m4-O)2(m3-OR)2(m-OR)16(ROH)2] Mn2Sb4(OEt)16+H2O 181

[Zr3Mo8O24(OPri)12(PriOH)4] [Zr3(MoO2)4(MoO)4(m3-O)8(m-O)4(m-ROH)4(OR)] Zr(OPri)4 .PriOH+MoO(OPri)4 182

(7Pri2O)

[Ti11O13(OPri)13(OR)5], R=Et, Pri [Ti11(m3-O)10(m-O)3(m-OR)7(OR)6(OEt)5] Ti(OPri)4+H2O (h=0.3 ± 0.8) 183 ± 185

[Ti12O16(OPri)16] [Ti12(m3-O)14(m-O)2(m-OR)4(OR)12] Ti(OPri)4+H2O, 1008C (h=1) 183 ± 185

[Ti12O16(OPri)10(OEt)6] [Ti12(m3-O)14(m-O)2(m-OR)4(OR)6(OEt)6] Ti(OPri)4+AcOH 183 ± 185

[Mn8Sb4O4(OEt)20] [Mn8Sb4(m5-O)4(m3-OEt)4(m-OEt)16] MnCl2+NaSb(OEt)4 186

[Zr13O8(OMe)36] [Zr13(m4-O)4(m-O)4(m-OR)24(OR)12]; Keggin-type [Zr12O36] Zr(OMe)4+MeOH+NaOH 9

structure, the thirteenth Zr atom, [ZrO8] cube, in the centre;

this cube is linked to twelve [ZrO2(m-OR)4(OR)] seven-vertex

polyhedra

[Y14Cl12O2(OBut)28(THF)4] four [Y3(m3-OR)(m3-Cl)(m-OR)3(OR)n(THF)m] triangles are decomposition of 187

linked via m4-O and m-Cl ligands and two [Y(m-OR)2(m-Cl)2] [Y3Cl2(OBut)7(THF)2]

groups
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groups at all), the conditions of formation of the latter indicate
that various decomposition processes can occur. Inmost cases, the
appearance of oxo groups is associated with uncontrolled decom-
position of alkoxides in situ in attempting to synthesise these
compounds according to conventional methods.

Apparently, the most stable forms of OA exist in each system.
For instance, single crystals of Nb8O10(OEt)20 and Ti7O4(OEt)20
prepared according to two procedures, viz., by the reactions of
water with ethoxides or upon spontaneous decomposition, were
demonstrated to be identical. For example, the Nb8O10(OEt)20
compound was formed upon prolonged storage of liquid samples
ofNbO(OEt)3 in tubes (the process is accompanied by elimination
of Et2O),151 whereas Ti7O4(OEt)20 was prepared by heating
solutions of Ti(OEt)4 in an autoclave to 100 8C,142 i.e., in the
complete absence of moisture.

Of special note is the synthesis of OA by alcoholysis of metal
oxides or the synthesis of oxo metallates by exchange reactions
with compounds which already contain oxo groups. Examples are
the synthesis of (MoO)2O[(CMe2)2O2]2[O(CMe2)2OH]2
from MoO3 and pinacol,28, 29 the formation of [R4N]2.
.[(MoO2)4O2(OMe)6] by methanolysis of metamolybdate
[Bu4N]4Mo8O26,78 the preparation of [Bu4N]3[Nb2W4O18(OR)]
(R=Me, Et, Pri, But, SiAlk3) by alcoholysis of the
[HNb2W4O19]37 heteropolyanion 118 and the hydrothermal syn-
thesis of numerous hexa- and decanuclear molecular and anionic
V(IV,V) andMo(V,VI) complexes by reactions ofmetal oxides with
MeOH and polyatomic alcohols.113, 115 ± 117, 169, 170, 197

1. Hydrolysis
Pioneering X-ray diffraction studies of the structures of partial
hydrolysis products of alkoxides marked the beginning of system-
atic studies of this reaction (which was generally monitored by

17O, 1H and 13C NMR spectroscopy). Condensed titanium OA
molecules were investigated by Day and co-workers,42, 143, 183, 193

Mosset and co-workers 142, 189 and Sanchez and co-
workers.184, 185, 191 These molecules contain from three to eighteen
metal atoms linked via polydentate oxo and alkoxy groups.
Hydrolysis of alcoholic solutions at a [H2O] : [Ti(OEt)4] ratio
varying from 0.5 : 1 to 0.7 : 1 (h=0.5 ± 0.7) afforded crystals of
[Ti16O16(OEt)32] 142, 189 along with the above-mentioned
Ti7O4(OEt)20 7, 142 (see Fig. 1 a). Oxoisopropoxide Ti3O(OPri)10
is formed in solutions at h=0.05 ± 0.2. However, only the hetero-
leptic complex [Ti3(m3-O)(m3-OMe)(OPri)9] was isolated in the
crystalline state.42 The octanuclear [Ti8O6(OEt)20] molecules
exist in an alcoholic solution, but only a derivative of benzyl
alcohol with the [Ti8O6] core, viz., the [Ti8O6(OBn)20] .Et2O
complex, was prepared in the crystalline state.143 The decanuclear
[Ti10O8(OEt)24] .PhMe complex was also prepared from toluene
solutions of oxoethoxides. Hydrolysis of Ti(OPri)4 in solutions at
100 8C (in an autoclave) afforded a mixture of two isomers with
composition [Ti12O16(OPri)16]. At 20 8C, the solution contains
[Ti11O13(OPri)18], which crystallises in the presence of EtOH to
form [Ti11O13(OPri)13(OEt)5].183 The largest molecule of this
group, viz., [Ti18O28(OBut)16(ButOH)], was prepared by hydrol-
ysis of Ti(OBut)4 (h= 1.14).193 Condensation of Ti(OPri)4 in the
presence of acetic acid to form [Ti12O16(OPri)16] 183, 184 results
from the reaction with water (generated in the course of ester-
ification of an excess acid) and alcohol eliminated upon the
replacement of OR groups with OAc.

Hydrolysis also gave rise to [Sn3O(OBui)10(BuiOH)2],40

[U3O(OBut)10],49 a series of bimetallic complexes, viz.,
[BiTi2O(OPri)8],41 [LiTiO(OPri)3]4,158 [K4Zr2O(OPri)10],107

[Cu4Zr4O3(OPri)18],156 [MoTa2O4(OMe)8]2,133 etc. Among these
compounds, the barium titanium oxo cellosolve molecule

Table 10 (continued).

Compound Structure Starting compounds, Ref.

conditions of formation

Linear chain

[Li8Y8O2Cl4(OBut)24] [Li4Y4(m4-O)(m3-OR)2(m-OR)6(m-Cl)2(OR)4]2, YCl3+2LiOBut+THF 188

two [Li2(m-OR)2] groups in the centre are linked to

two `butterflies' via two m-C1

[Ti16O16(OEt)32] [Ti8(m4-O)2(m3-O)4(m-O)2(m-OR)8(OR)8]2 Ti(OEt)4+EtOH, 100 8C, P 142, 189

[VIV
16O20(Z3,m-O3R)8(H2O)4] . 3H2O, [{(VO)6V2(m5-O)2(Z3,m-RO3)4(H2O)2}2(m-O)4] . 3H2O, V2O5+C(CH2OH)4+MCl+H2O, 190

R=(CH2)3CCH2OH four layers of [V2V6]2 octahedra D, P

[Li8Ta8O14(OEt)20(EtOH)8] . 4EtOH [Li8Ta8H8(m4-O)2(m3-O)8(m-O)4(m3-OR)2(m-OR)10(OR)16] . LiTa9O10(OEt)20(EtOH)+LiOEt 173
. 4ROH

Ti17O24(OPri)20 Keggin-type structure, seventeenth Ti atom in the centre Ti(OPri)4+AcOH 191

[Ba4Ti13O18(OC2H4OMe)24] [Ba4Ti13(m5-O)6(m3-O)12(Z2,m3,m-OR)12 (Z1,m-OR)12] Ba(OR)2+Ti(OR)4+H2O 192

(h=6)

[Ti18O28(OBut)16(ButOH)] [Ti18(m4-O)4(m3-O)20(m-O)4(OR)16(ROH)] Ti(OBut)4+H2O, 100 8C 193

(h=1.14)

[Cu18O2(OSiMe3)14] [Cu18(m4-O)2(m-OR)14]; two intersecting [Cu9O8] rings, CuOSiMe3, 80 8C, 194

m4-O in the centres 1073 mm Hg (7R2O)

Mn19O12(OR)14(ROH)10, [Mn19(m3-O)12(OR)14(ROH)10], CdI2 structural type, layers MnCl2+NaOC2H4OMe 195

R=OC2H4OMe of octahedra are linked via m3-O and m3-OR groups

[Ni6Sb14O18(OEt)18(EtOH)2] 7 NiCl2+NaSb(OEt)4 147, 196

M7[Na(H2O)3MoV36MoVI6 H15O109. framework of vertex- and edge-sharing Mo octahedra, the MoO3+Na2MoO4+H2O+ 197

.{(OCH2)3CCH2OH}7] [Na(H2O)3] group in the centre, RO3 groups on the surface +C(CH2OH)4+Me4NCl, D, P

Polymeric linear chain

[Sr2Sb4O(OEt)14] [Sr2Sb4(m4-O)(m-OR)14]? Ð a chain of alternating [Sb(m-OR)4] Sr(OEt)2+Sb(OEt)3 198

tetrahedra and [Sr2Sb3(m4-O)(m-OR)10] groups, CN of Sb

are 4, 5; CN of Sr is 7
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[Ba4Ti13O18(OC2H4OMe)24] (prepared at h=6) 192 has the max-
imum size.

Recently, the following oxoalkoxides were synthesised by
controlled hydrolysis in alcoholic solutions of aluminium
and tantalum alkoxides:33, 34, 53 ± 55, 103, 152 the tetrahedral
[Al4(m4-O)(OR)10(ROH)] complexes (R=Bui, h=0.25;
CF3CH2, h=0.5), Ta5(m3-O)4(m-O)3(OBut)11 (h=1.0),
Ta7(m3-O)3(m-O)6(OPri)17 (h=0.55) and Ta8(m3-O)2(m-O)8.
.(OEt)20 (h=0.5 ± 1.0) with isopolyanion-type structures.

Controlled hydrolysis of aryloxoalkyl derivatives, in which
water replaces alkoxy groups, while aryloxy groups remain intact,
is also of interest.

M(OAr)nRm +H2O [M(OAr)nOm/2]2 + ROH

Examples are the [TiO(OC6H3Pr
i
2-2,6)2(NC5H4-4-NC4H8)]2

(see Ref. 21) and [NbO(OC6H3Pr
i
2-2,6)3]2 complexes.22

2. Oxidation
Many oxo complexes were synthesised by controlled oxidation of
alkoxides of metals in the lowest oxidation states. For example,
oxoalkoxides [MIV

3 O(OR)10] (R=Pri, CH2But),
[(MoVO)4O4(OPri)4Py4], [Mo5:3�3 O5(OPri)6]2, [MoVIO2(OBut)2]
and WVI

2 O3(OR)6 (R=Pri, But, CH2But) were isolated from
the reaction products of M2(OR)6 (M=Mo, W) with
oxygen.46, 47, 80, 199, 200 In the case of W2(OR)6, NO {in the syn-
thesis of [WIV

2 O(OBut)(OSiMe2But)5Py2] 25} or acetone {in the
synthesis of [WIV

4 O2(OPri)12] 88} were used as oxidants.
Oxidation of bimetallic copper(I) alkoxides, viz.,

Ba2Cu4(OR)8 and Cu2Zr2(OR)10, with oxygen produced the oxo
ligands [Ba4Cu

I
6O(OCEt3)12] and [CuII4 Zr4O3(OPri)18], respec-

tively.156, 161, 175 In the former compound, the oxidation state of
copper remained unchanged.

The MoO2(OEt)4, WO(OR)4 and NbO(OR)3 compounds
(R=Me, Et, Bun) were prepared by passing dry air through
coloured alcoholic solutions of electrolytes, which are anodic
oxidation products of molybdenum, tungsten or niobium (which
were subjected to partial reduction on the cathode).136, 201, 202

Uncontrolled oxidation with oxygen traces present in the
gaseous phase or solvents is typical of alkali or alkaline-earth
metal alkoxides. The primary reaction products contain peroxide
groups OOR or OOH.203 Decomposition of the latter by a radical
mechanism results in the appearance of water molecules, as well as
oxo and carboxy groups, in the coordination environment of the
metal atom. This process is accompanied by the appearance of a
yellow-brown colour, whose intensity sharply increases upon
storage of samples or refluxing of their alcoholic solutions. For
example, refluxing (in particular, in the course of dehydration of
EtOH) of yellow alcoholic solutions of Ca(OEt)2 over a long
period of time afforded crystals of the oxo complex
Ca6O2(OEt)8 . 14EtOH (see Fig. 2 b).16 Apparently, this colour is
attributable to the presence of radicals, which was confirmed by
ESR spectroscopy of coloured Ba(OR)2 samples. The IR spectra
of such products show the following new bands (regardless of the
nature of the starting radical): n(OH) band of ethanol molecules
coordinated toOA and n(COO) and d(OCO) bands of the formate
group generated from peroxides upon their decomposition. The
tendency of alkoxides to oxidation increases in the series Li�Cs,
Mg�Ba and Et<Bun�Pri�C2H4OMe,204 which corresponds
to the rate of formation of radicals (the rate was determined by
ESR spectroscopy, in particular, for LiOR).205

Samples of MIOAlk or MII(OAlk)2, which were prepared by
the reactions of metals with a stoichiometric amount of alcohol in
a hydrocarbon medium, appeared to be much more resistant to
oxidation compared to those synthesised in alcoholic solutions or
prepared by desolvation of M(OR)n . xROH. Oxidation of the
alkoxides in their synthesis in a hydrocarbon medium is, appa-
rently, hindered by precipitation of the unsolvated M(OR)n
compounds and insolubility of O2 in hydrocarbons (as opposed
to alcohols). Uncontrolled microhydrolysis is favourable for

oxidation due, apparently, to the appearance of free alcohol in
samples.3

An interesting procedure for the synthesis of OA is based on
the addition of ketones to certain molecules, in particular, to
Ti(OR)4 (`oxolation') giving rise to large cluster molecules.185

3. Decomposition (thermolysis and elimination of ethers)
At rather high temperatures, volatile thermolysis products of
alkoxides can contain alcohols, ethers, aldehydes, saturated and
unsaturated hydrocarbons, etc. The structures of crystalline
products provide evidence for condensation attendant on this
process. For instance, refluxing of Al(OEt)3 under a benzene layer
for several days leads to thermal destruction of the polymeric
molecules to give products which go into solution, resulting in
crystallisation of [Al10O4(OEt)22] in low yield.17 The hydrocar-
bon-soluble `a form of aluminium ethoxide' (which is, in reality,
OA) was synthesised (according to the Meerwein method) by the
reaction of the metal with a stoichiometric amount of alcohol in a
xylene solution at 140 8C; in this case decomposition of Al(OEt)3
occurs already in situ.206

The [Al8O2(OH)2(OBui)18] 53 and [Fe9O3(OEt)21] .EtOH 167

complexes crystallise from vacuum distillation products of the
lower-nuclearity oxo complexes Al4O(OBui)10 and Fe5O(OEt)13.
Copper oxosilane oxide [Cu18O2(OSiMe3)14] was prepared by
distillation of CuOSiMe3 [the formation of (Me3Si)2O was estab-
lished].194 Evidently, the process is accompanied by destruction
followed by condensation of the resulting fragments. Decompo-
sition ofW4(OPri)10 to [W

III
4 O2(OPri)8]2 occurs with elimination of

propane.164 Thermolysis of bimetallic isopropoxide KSb(OPri)4
afforded crystalline [K2Sb2O(OPri)6]2 and Pri2O. Refluxing of
toluene solutions of KMIII(OBut)4 (MIII=Sb, Bi) over a long
period of time resulted in elimination of isobutylene and afforded
the oxo complexes [K4M

III
2 O(OBut)8]. It should be noted that

Na-containing compounds with the same composition are gen-
erated already in the step of the reaction of NaOBut with
MIII(OBut)3.109

If decomposition of alkoxides occurs at rather low temper-
atures, the reaction gives ethers as the major products. For
instance, thermolysis of methoxides Al(OMe)3, Pb(OMe)2 and
NaAl(OMe)4 (at *120 8C) afforded dimethyl ether as the only
gaseous product.206 ± 208 Heating of an alcoholic solution of
Ti(OEt)4 in an autoclave at 100 8C led to crystallisation of
Ti16O16(OEt)32 and elimination of Et2O.142, 190

Condensation with elimination of ethers

M7OR+RO7M M7O7M+R2O

proved to be one of the main pathways of spontaneous decom-
position of alkoxides. The formation of oxo bridges is, undoubt-
edly, thermodynamically favourable and, in the case under
consideration, is analogous to ageing of oxide hydrates accom-
panied by condensation of two hydroxy groups with elimination
of a water molecule. This type of reaction was first described by
Bradley and co-workers,209 who prepared oxo complexes by
transesterification of niobium ethoxide with tert-butyl alcohol

Nb(OEt)5 + ButOH

NbO(OBut)3 + Nb2O(OBut)8+ But2O +EtOH.

The proposed mechanism involves the heterolytic cleavage of
theO7Rbond followed by the attack of the resulting carbocation
on the M7O bond of another OR group. Ethers (like other
volatile decomposition products, for example, unsaturated hydro-
carbons) are not always detectable against the background of
alcohols.14

Evidently, the size ratio of the metal atom and the substituent
(as well as the degree of branching of the latter) is an essential
factor responsible for the resistance of ortho derivatives to
decomposition. As an example, let us consider iron(III) alkoxides.
In the known structures of alkoxides {except for
[Fe(OMe)3 .MeOH]? and unstable [Fe(OEt)3]?}, the coordina-
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tion environment of Fe atoms always involves oxo
groups.15, 129, 149, 172 However, in the presence of the CHBut2,
C6HMe4-2,3,4,6, SiMe3 (see Ref. 3) or CMe2Ph 15 substituents,
the reactions afford stable structures of alkoxides of the ortho
series containing tetrahedrally coordinated metal atoms. Of
aluminium derivatives (the atomic radius of aluminium is sub-
stantially smaller than that of iron), polymeric alkoxides Al(OR)3
(R=Me, Et) with a layered structure consisting of [AlO6]
octahedra [isostructural with the corresponding Fe(OR)3] appear
to be quite stable. The same is true for the crystalline [Al(OPri)3]4
compounds (Al has coordination numbers of 4 and 6) and
[Al(OBut)3] 2 (containing tetrahedrally coordinated metal
atoms). Analogous iron homologues do not crystallise at all and,
according to the IR spectroscopic data, contain oxo groups.3

Apparently, this type of decomposition is themain pathway in
various synthesis reactions of alkoxides resulting in the `unex-
plainable' formation of oxo complexes. This decomposition is
particularly characteristic of derivatives containing large Ba, Ln,
Zr,Mo,W andU atoms. It should be emphasised that their lighter
analogues form alkoxides of the ortho series under comparable
conditions.

For instance, barium compounds virtually always contain oxo
groups even in the presence of large ligands. Examples are
[Ba5(m5-O)(OPh)8(PhOH)(THF)8] 89 and [Ba6(m6-O)(OR)10.
.(ROH)4] (R=C2H4OMe).105 The Ba atoms in these molecules
have coordination numbers from 7 to 9. Analogous Sr or Ca
derivatives, viz., [Sr4(OPh)8(PhOH)2(THF)6] 210 and Ca9(OR)18 .
. 2ROH,211 belong to the ortho series. In the latter compounds,
the metal atoms are octahedrally coordinated (only in the calcium
cellosolve, the peripheral Ca atoms have a coordination number
of 7). Even the reaction of barium metal with phenol in the
presence of orthophenoxide [Sr(OPh)2]3 . 5OP(NMe2)3 affords
the bimetallic oxo complex [Ba2Sr6(m5-O)2(OPh)12(PhOH)2.
.{OP(NMe2)3}6].162 An increase in the size of metal atoms in
going from Sr to Ba leads to an increase in the coordination
number. Evidently, stable polyhedra are formed only if one oxo
group is involved in the coordination environment of the metal
atoms along with large ligands.

The appearance of oxo groups in these compounds is not
associated with uncontrolled hydrolysis or oxidation. This is
evidenced by high yields of products and good reproducibility of
experiments which were carried out by different research groups
under various conditions. The corresponding ortho forms
Ba(OAr)2 can be prepared only upon their stabilisation by
chelation with crown ethers or amino alcohols or after the
introduction of one more substituent into the phenoxy group in
the para position with respect to the OH group.91, 212 ± 214

The formation of oxo groups upon coordination of `small'
ligands to the Ba atom can be exemplified by barium alkoxotita-
nates. The most stable complexes in the Ba(OR)2 ±Ti(OR)4 ±
ROH systems have the composition Ba[Ti2(OR)9]2 (R=Et, Pri,
Bun). In these complexes, the central Ba atom has a coordination
number of 8.215, 216 However, the use of a system consisting of
methoxides leads to the formation of the [Ba2Ti4(m3-O)(OMe)18.
.(MeOH)7] .MeOH complex,131 in which the coordination num-
ber of Ba increases to 9 due to additional coordination of one oxo
group (Fig. 3). Evidently, eight `small' OMe groups are inad-
equate to provide a stable polyhedron of the Ba atom, but only an
oxygen atom can be coordinated instead of the ninth alkoxy group
for steric reasons, resulting in elimination of an ether molecule. It
should be emphasised that in all the molecules under consider-
ation, the coordination environment of the metal atom involves
only one oxo group.

An analogous situation is observed in the structures of rare-
earth metal alkoxides, which can be exemplified by methyl
cellosolves (R=C2H4OMe). Cerium-group metals form seven-
and eight-vertex polyhedra involving oxo atoms: [Pr4(m4-O)2.
.(OR)8(OPMe3)]2 (see Ref. 150) and [Gd6(m4-O)(OR)16].130 By
contrast, derivatives of yttrium-group metals [M(OR)3]10

(M=Y, Dy) contain no oxo ligands and occur as planar
decanuclear rings with seven-coordinate metal atoms.217, 218

Desolvation of the solvates Ln(OR)n .mL (L=ROH, THF)
is always attended by the formation of oxo groups. In certain
cases, elimination of the corresponding ethers was observed.

Solvate Reaction Reaction product Ref.

conditions

[La3(OBut)9L2], PhMe, D La5O(OBut)13 219

L= ButOH, THF

[Nd(OPri)3(PriOH)]4 25 8C, vacuum Nd6O5(OR)8 220

[Ce(OBut)4(THF)2] 20 8C, 72 h Ce3O(OBut)10 221

[Ce(OPri)4(PriOH)]2 70 8C, Ce4O(OPri)14 57

1073 mm Hg

The extremely unstable praseodymium solvate Pr3(OPri)9.
.(PriOH)2 decomposes to Pr5O(OPri)13 already at low temper-
atures (in the course of drying).92 Taking into account that the
ortho forms Ln(OAlk)n (n=3, 4) exist only as solvates with
alcohols, THF or Py, it can be hypothesised that the widely
occurring form of oxoalkoxides Ln5O(OR)13 (R=Pri, But) is
generated as a result of desolvation of unstable solvates. Trans-
esterification of the solvate [Ce(OPri)4(PriOH)]2 with pinacol
giving rise to Ce2O[O(CMe2)2O]2[O(CMe2)2OH]2 (see Ref. 75)
can also be assigned to this type of reaction.

Decomposition with elimination of ethers (detected) is very
typical of lead and bismuth alkoxides. For example, polymeric
Pb(OPri)2 readily undergoes oligomerisation to form Pb4O.
.(OPri)6, Pb6O4(OPri)4 and Pb7O2(OPri)10.127, 144, 222, 223 In this
connection, the complex formation of these compounds with
other alkoxides is generally accompanied by the formation of the
oxo complexes [Pb2Ti2O(OPri)10],60 [Pb3Zr(m-O)(OBut)8] 62 and
[Pb6Nb4(m4-O)4(OEt)24] 178 [for Sn(II) alkoxides, only oxometh-
oxide, which was prepared by hydrolysis, is known 123].

In various synthesis reactions and subsequent transforma-
tions, bismuth alkoxides also give oxo complexes. The exchange
reactions of BiCl3 with alkali metal alkoxides produce
[NaBi4O2(OC6F5)9(THF)2], [Na2Bi4O2(OC6F5)10(THF)2],
[NaBi3O(OC6F5)8(THF)] and [Bi6O3(OC6F5)12(THF)2].64 The
complex formation of bismuth and sodium alkoxides affords
[Na4Bi2O(OBut)8] 109 and [Na4Bi2O(OC6F5)8(THF)4].111 Alco-

a

Ba

Ti

OEt

b

Ba

Ti

O

OMe

H

Figure 3. Metal ± oxygen cores in the structures of Ba[Ti2(OR)9]2 (a) 216

and [Ba2Ti4(m3-O)(OMe)18(MeOH)7] .MeOH (b).131
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holysis of BiPh3 or Bi[N(SiMe2)2]3 is accompanied by the for-
mation of [Bi6O3(OC6H3Cl2-2,6)12] 132 and [Bi4O2(OBut)8].73

Transsolvation of [Bi(OC6F5)3(C6H6)]2 with tetrahydrofuran
gives [Bi9O7(OC6F5)13(THF)2].166 Even hydrolysis of Bi(OEt)3 in
benzene occurs with elimination of ether.224 Due to the high
sensitivity of bismuth derivatives to moisture traces, the results of
the synthesis of particular compounds depend on the origin of the
starting reagents. For example, the reaction of BiCl3 with
NaOC6F5 in phenol purchased from Aldrich affords
[NaBi3O(OC6F5)8(THF)], whereas the reaction with the use of
phenol purchased from Strem gives rise to
[NaBi4O2(OC6F5)9(THF)2] and [Na2Bi4O2(OC6F5)10], which are
products of deeper decomposition.64

Unexpectedly, it was found that zirconium and hafnium
`isopropoxides' (commercial reagents) prepared by desolvation
of [M(OPri)4 .PriOH]2 contain several types of oxo complexes [for
example, M3O(OR)10 and M4O(OR)14]. These samples also con-
tain impurities of the undecomposed starting solvates. Hence,
their empirical composition corresponds to the formula
`M(OR)4'. The presence of oxo complexes was detected by 1H
NMR spectroscopy and mass spectrometry of theM(OR)4 .ROH
compounds, in which fragmentation of all oligomers is attended
by elimination of ether (Scheme 1).225

Crystals of Zr3O(OBut)10 and [Hf3O(OEt)10(EtOH)]2 were
grown by allowing electrolytes, which were prepared by anodic
dissolution of metals in the corresponding alcohols,45 to stand for
a long period of time (Fig. 4).

Recently, the crystalline ortho form [Zr(OPrn)4]4 has been
isolated from commercial reagents containing primarily
Zr3O(OPrn)10 by vacuum distillation with unprecedented protec-
tion against moisture 226 [it should be noted that alkoxides
Ti(OAlk)4, unlike Zr and Hf derivatives, are quite stable]. In the
study,226 it was hypothesised that the formation of numerous
oxoalkoxides Ln5O(OPri)13 is also associated with extremely high
hygroscopicity of the corresponding ortho forms.

Condensation with elimination of ether is very typical also of
rhenium,227 molybdenum and, to a somewhat lesser extent,

tungsten alkoxides. Of compounds belonging to the Mo(OR)6
series, only highly unstable methoxide was isolated.228 ± 230 All
oxoalkoxidesMoO(OR)4 are very prone to decomposition both in
the free state and solutions to form polymeric compounds
MoO2(OR)2 and ethers R2O.231 Numerous attempts to synthesise
W(OBut)6 led only to the formation of WO(OBut)4, Bu

t
2O being

detected among the reaction products.232 ± 234 Storage of the oily
MoO(OPri)4 compounds over a long period of time afforded
crystalline [Mo5:3�3 O5(OPri)6]2 and Pri2O (along with alcohol and
acetone) as a result of a redox reaction.141

To summarise, it can be hypothesised that this type of
decomposition is associated with the fact that metal atoms,
which are coordinated only by alkoxy ligands and have no space
for a new OR group, are coordinatively unsaturated. Hence,
stable polyhedra are formed only in the presence of `small' ligands,
viz., an oxo group or solvate molecules (THF, ROH, MeCN, Py,
etc.), in the coordination environment.

Decomposition of bimetallic alkoxides to oxo alkoxo metal-
lates MmM

0
nOp(OR)q containing heterometallic M7O7M0

bridges is of most importance among the reactions under consid-
eration. Many complexes of this type are formed as a result of
complexation of two alkoxides (i.e., decomposition occurs in statu
nascendi). Attempts to isolate compounds devoid of oxo groups
failed.

In most cases, alkali or alkaline-earth metal alkoxide is
involved as one of the components. Examples are
[Li(MgTHF)4O(m-OC6H4Me-2)7],98 [LiTiO(OPri)3]4,158

Sr(PriOH)2[Ti2O(OPri)7]2,102 [Sr6Ti4O4(OPri)20],102 [Na2Zr3O.
.(OEt)12]2,44 [M4Sb2O(OBut)8] . nTHF 109 (M=Na, K; n=0,
1, 4), [Na4Bi2O(OBut)8],109 [MgNbO(OMe)5(MeOH)2]2,76

[LiTa9O10(OEt)20(EtOH)] 173 and Na4[Mo8O24(OMe)4] .
. 8MeOH.153 However, processes are known where decomposi-
tion attends the complex formation of alkoxides of two transition
metals, for instance, [La2(MoO)4O4(OPri)14],128 [Zr3Mo8O24.
.(OPri)12(PriOH)4] 182 (in these two cases, elimination of ether
was observed), [TaMoV2 O4(OPri)7]2,104 [Er2Ti4O2(OEt)18.
.(EtOH)2] 140 and [Cu4Zr4O(OPri)18].156

The reactions of Ba and Nb (or Ta) ethoxides give rise to
crystals of [BaMVO(OEt)5(EtOH)n]4 (M=Nb, Ta), although
bimetallic complexes with composition BaMV

2 (OEt)12 exist in
freshly prepared solutions. By contrast, isopropoxides
[BaMV

2 (OPri)12(PriOH)2] are not prone to decomposition and
exist in the crystalline state.85, 160, 235 The compound
[Ba4Ti4O4(OPri)16(PriOH)4] slowly crystallises from solutions of
barium and titanium isopropoxides in isopropyl alcohol 159 [as
mentioned above, the complexes in all solutions have the compo-
sition BaTi4(OR)18 (see Ref. 215)].

The influence of the nature of the substituent (steric factors) is
observed, in particular, in the complexation of titanium and
thallium(I) alkoxides. The reaction of two ethoxides and isoprop-
oxides affords the octahedral [Tl4Ti2O(OR)10] molecules. How-
ever, even the partial introduction of OCH2But groups gives rise
to the ortho forms TlTi2(OR)5(OCH2But)4 (R=Et, Pri).122

M= Zr, Hf; R = Et, Pri, Bun, Bui, But.

M4O(OR)�14

7OR

M4O(OR)�13
7R2O

M4O2(OR)�11
7R2O

M4O3(OR)�9
7R2O

M4O4(OR)�7
7R2O

...

7M(OR)4

M3O4(OR)�3
7R2O

M3O3(OR)�5
7R2O

M3O2(OR)�7M3O(OR)�9
7R2O 7R2O

M3O5(OR)+ ...
7R2O

7M(OR)4

M2O(OR)�5
7R2O

M2O2(OR)�3
7R2O

...

Scheme 1

Zr

OBut

O

Hf

OEt

O

a b

Figure 4. Metal ± oxygen cores in the structures of Zr3O(OBut)10 (a) and

[Hf3O(OEt)10(EtOH)]2 (b).45
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Attempts to reveal a particular dependence of the decompo-
sition pathway on the nature of metals and substituents failed.
However, a comparison of the results of physicochemical analysis
of theM(OR)m ±M0(OR)n ±ROH systems (Fig. 5) with the results
of structural studies of bimetallic oxo complexes demonstrated
that crystallisation of OA occurs in systems (or concentration
regions) where these compounds are least soluble. In these cases,
MmM

0
n(OR)p are readily soluble or uncrystallisable products.

Molybdenum and tungsten derivatives are particularly prone
to decomposition in the presence of alkali metal alkoxides.
Judging from conductometric titration curves, the first step of
the reactions of MoO(OR)4 with NaOR in alcoholic solutions
affords the addition products NaMoO(OR)5 (R=Et, Pri). How-
ever, [NaMo2O4(OR)5(ROH)]2 [compounds of the MoO2(OR)2
series] crystallise from these solutions even if the reagents are
present in a ratio Na :Mo4 1 : 2. In the presence of an excess of
NaOR (compared to 1 : 2), the formation of Na2MoO4 is
observed, and the crystallisation rate of this compound sharply
increases with increasing concentration of NaOR. The process
occurs with elimination of ether (which was detected chromato-
graphically).137, 138 Analogous results were obtained in the reac-
tions of MIOR with WO(OR)4 or WO2(OR)2, but the rates of
these reactions are substantially lower than that observed for
MoO(OR)4.137

The formation of oxo complexes [along with M(OR)n or
instead of them] in the electrochemical synthesis of alkoxides is,
apparently, attributable to decomposition of M(OR)n in the
cathode compartment (presumably, due to local warming). Exam-
ples are the syntheses of [M5O(OPri)13] (M=Sc, Y, La),11, 93

[Pb6O4(OPri)4],127 [Hf3O(OEt)10(EtOH)]2,45 Ta2O(OPri)8.
.(PriOH),33, 34 [LiTa9O10(OEt)20(EtOH)],173 a series of rhenium
alkoxides {[ReV2 (OMe)8]2O2,71 [ReVI4 O6(OMe)12] 72 and
[ReV;VI4 O6(OPri)10]} 84 and numerous methyl cellosolves.236

Apparently, the above-described type of decomposition has a
rather general character. For example, the synthesis of silane
oxides M(OSiMe3)2 (M=Hg, Pb) by transesterification of

M(OR)n, alcoholysis of MCpn or metathesis of Pb[N(SiMe3)2]2
with ButNCO is complicated by the formation of the oxo
derivatives Pb4O(OSiPh3)6 .PhH,59 [Pb7O2(OSiMe3)10] 145 and
HgO 237 [with elimination of (R3Si)2O].

Heteroleptic complexes, in particular, alkoxo carboxylates,
are even more prone to this type of decomposition 238, 239 than
homoleptic alkoxides.

Sn(OR)4 + Cd(OAc)2

Cd4Sn4O2(OR)10(OAc)10 + AcOR

R=CH2But.

Since such complexes readily eliminate ester, they were pro-
posed as precursors in the synthesis of complex oxides from the
gaseous phase (CVD method):240

MM0nOx(OR)y(R
0COO)z MM0nOm +R0COOR.

Other examples of processes where the appearance of oxo
groups cannot be related to the above-mentioned decomposition
pathways of alkoxides, can be cited. In particular, transesterifica-
tion of Nb(OR)5 with pinacol affords [Nb3O2{O(CMe2)2O}5.
.{O(CMe2)2OH}] and [Nb4O4{Z2,m-O(CMe2)2O}2(OPri)8].52 By
contrast, transesterification with ethylene glycol and methyl
cellosolve gave rise to niobium compounds belonging to the
ortho series.241

The formation of [Al4O(OBui)10(BuiOH)],53

[Al10O6(OPri)18NH3] 176 and [K(18-C-6)2]+[Mo4O(OCH2.
.But)11]7 (see Ref. 69) in the reactions with bases, such as DBU
(1,8-diazabicyclo[5.4.0]undec-7-ene), NH3 or KOH, may be asso-
ciated with elimination of b-hydrogen atoms in radicals attended
by elimination of alkenes.

Alcoholysis of chlorides, viz., Lewis acids, can be accompa-
nied by side reactions giving rise to HCl and water, which are
responsible for the appearance of oxo groups {for example, in the
[Nb2Cl4(OEt)2(THF)2]2O2 (see Ref. 70) and [Th4O.
.{(OC2H4)4O}3Cl8] . 3MeCN 63 molecules}. Presumably, the

1 : 4

1 : 2 M(OEt)5Ba(OEt)2

EtOH

[Ba4M4O4(OEt)20(EtOH)6]

1 : 4Ba(OEt)2 Ti(OEt)4

EtOH

1 : 4

1 : 2 : 5

[BaTi4(OEt)18][Ba4Ti2O(OR)14 . 8ROH]

[Ba4Ti4O4(OPri)16(PriOH)4]

Ti(OR)4Ba(OR)2

ROH

1 : 4

d e f

Mg(OMe)2

MeOH

1 : 1

1 : 3.5

[MgNbO(OMe)5(MeOH)2]2

1 : 2 M(OMe)5 Mg(OBun)2
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Ta(OBun)5
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[MgTaO(OBun)5(BunOH)]4

Mg(OEt)2 Ta(OEt)5

EtOH
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Mg[Ta(OEt)6(EtOH)]2
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Figure 5. Solubility (20 8C) and the formation of bimetallic oxo complexes 76, 85, 159, 160 in the Mg(OMe)2 ±M(OMe)5 ±MeOH (M=Nb, Ta) (a),

Mg(OEt)2 ± Ta(OEt)5 ±EtOH (b), Mg(OBun)2 ± Ta(OBun)5 ±BunOH (c), Ba(OEt)2 ±M(OEt)5 ±EtOH (M=Nb, Ta) (d ),85, 235

Ba(OEt)2 ± Ti(OEt)4 ± EtOH (e) and Ba(OR)2 ±Ti(OR)4 ±ROH (R=Pri, Bun) ( f )215 systems.
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same is also true for the formation of oxo complexes in numerous
exchange reactions of chlorides in alcoholic solutions, where
alcoholysis of MCln cannot be suppressed. Examples are the
syntheses of [IZnTa2O2(OPri)7]2 [by the reaction of ZnI2 with
KTa(OR)6],134 [Ti3OCl(OCH2But)9] (from TiCl4 and NaOR) 43

and [Al4O(OPri)6Cl4(PriOH)] [from AlCl3 and Al(OR)3].18

Unfortunately, by-products of decomposition accompanied
by the formation of OA have been thoroughly examined only in a
few studies. The question about the relation between individual
reactions is very complicated, particularly because oxidation and
elimination of ethers are catalysed by water traces.

III. Properties of oxoalkoxides

Oxo complexes differ from alkoxides of the ortho series primarily
in that the former compounds are not necessarily soluble in
alcohols and hydrocarbons and they are much more prone to
crystallisation. Numerous examples are known, where insoluble
polymeric M(OR)n compounds undergo oligomerisation due to
uncontrolled hydrolysis or oxidation. Solubility of these com-
pounds sharply increases in alcohols and non-polar organic
solvents. For instance, the replacement of OR groups in polymeric
Ba(OBun)2 up to the composition BaO0.05(OBun)1.9 leads to an
increase in solubility in alcohols from 0% to*40%.204

Crystalline oxo complexes go into an alcoholic solution only
upon weak warming (or after mechanical grinding under an
alcoholic layer). Cooling of such solutions generally leads to very
slow crystallisation of MOm(OR)n (even in the presence of a
bottom phase), and crystals never precipitate in quantitative
yields. Vacuum distillation of the mother liquor usually gives rise
to a non-crystalline substance, which is compositionally different
from crystals. In no case were the equilibrium values attained in
the determination of the solubility of oxo complexes in alcohols.
Polytherms measured on heating and cooling of solutions show a
hysteresis.151 The only exception is Ta2O(OPri)8 .PriOH, whose
binuclear molecules apparently exist in an alcoholic solution.33, 34

These facts indicate that oxo complexes undergo solvolytic
decomposition when going into solution to form fragments with
different compositions and structures, and these fragments are
involved in complex poly(oligo)merisation processes.

Certain information on the structures of fragments existing in
the gaseous phase or alcoholic solutions can be obtained by their
`reconstruction' from the crystal structures of polynuclear com-
plexes. For example, fragments of tetra-, penta- and hexanuclear
oxo complexes can readily be distinguished in the Al10O4(OEt)22
molecule (see Fig. 2 c).17 These fragments were detected by mass
spectrometry. The average degree of association [with respect to
monomeric Al(OR)3] is *4.4. It should be noted that this value
was obtained from the results of both mass spectrometry and
cryoscopy in benzene, from which the decanuclear complex
crystallises.242 Analogously, the structures of molecules in amor-
phous [NbO(OEt)3]n samples can be reconstructed from the data
on the crystal structure of Nb8O10(OEt)20 (see Fig. 1 b).151

The possibility of crystallisation of alkoxides of the ortho
series from solutions containing oxo complexes is yet another
consequence of the presence of particles with different composi-
tions (including particles containing no oxo groups) in solutions of
OA. For example, the starting solvate crystallises in low yield from
an alcoholic solution of desolvation products of
[Zr(OPri)4 .PriOH]2 containing, as mentioned above,
Zr3O(OR)10 and Zr4O(OR)14.225 Bimetallic alkoxides
ZrAl2(OPri)10 and LaNb2(OPri)10 were prepared from solutions
of the Al(OPri)3 ± ZrOn(OPri)472/n ± PriOH 243 or Nb(OPri)5 ±
La5O(OPri)13 ± PriOH systems,85 respectively, because they are
apparently the least soluble of all the components and complexes
present in these systems. In the presence of Ti(OEt)4 or Nb(OEt)5
(which add oxo groups), polymeric Fe(OEt)3 precipitates from a
solution containing iron oxoethoxide.244

Since oxoalkoxides undergo thermal destruction on heating,
they are not, as a rule, transformed into the gaseous state. In some

cases, mass spectra show low-intensity ions corresponding to
fragmentation of the most stable molecules, for example,
[Ln5O(OPri)13] 93, 11, 245 and [Al10O4(OEt)22].17 The [Na4M2O.
.(OBut)8] complexes (M=Bi or Sb) sublime without decomposi-
tion at 180 and 120 8C (1072 mm Hg), respectively.109 In many
cases, heating is accompanied by disproportionation of OA to
form volatile M(OR)n and polymeric products containing a larger
number of oxo groups per metal atom. This is the reason why
Ta(OPri)5 can be prepared by sublimation from the product of
electrochemical synthesis [Ta2O(OPri)8(PriOH)] 33 or by distilla-
tion of Nb(OEt)5 from [Nb8O10(OEt)20].151

In conclusion, it should be noted that the reactivity increases
substantially in going from alkoxides to oxo complexes. In many
cases, high stability of one or both orthoalkoxides hinders their
complexation. The replacement of inactive M(OR)n with the
corresponding oxo complex substantially increases the reaction
rate. For example, the reaction of Ti(OPri)4 with partial hydrolysis
products of polymeric Pb(OPri)2 or Bi(OPri)3 instead of these
compounds as such proceeds rapidly at 20 8C to give
[Pb2Ti2O(OPri)10] 60 and [BiTi2O(OPr)9], respectively.41 Poly-
meric Ba(OBun)2 reacts with alcoholic solutions of Ta(OBun)5
only in the presence of traces of uncontrolled oxidation products
to form highly soluble bimetallic oxo complexes. This allows one
to prepare solutions of these two butoxides with different concen-
trations and any component ratio.232 Under the same conditions,
the reaction with Ti(OBun)4 affords solutions with a ratio
Ba : Ti� 1 : 4 (Fig. 5 f ).204 Zirconium, hafnium or tantalum iso-
propoxides react with Al(OPri)3 only upon prolonged refluxing of
alcoholic solutions, which is apparently accompanied by the
appearance of OA particles.243, 246 Presumably, preliminary acti-
vation is not needed in reactions with MIOR or MII(OR)2 due to
the virtually unavoidable presence of microamounts of oxo
groups in the samples.

IV. Structural types of oxoalkoxides

Since oxoalkoxides have various structures, it is convenient to
consider these compounds in order of increasing nuclearity in
their oligomeric molecules.

1. Binuclear OA
Binuclear oxoalkoxides (see Table 1) are represented bymolecules
consisting of two tetrahedra {[(OsO)O(OCMe2CH2NHBut)]2,19

[Nd2O(OCH2But)4] 20}, two five-vertex polyhedra, viz., trigonal
bipyramids and tetragonal pyramids sharing a (m-O)2 edge {for
example, [Nb(m-O)(OC6H3Pr

i
2-2,6)3]2 (see Ref. 22)}, two

octahedra sharing a m-O vertex [(MoO)2O[O(CMe2)2O]2.
.[O(CMe2)2OH]2 28], sharing a (m-O)2 edge ([(WO)O.
.(RO2)(OROH)]2 (see Ref. 30), sharing a [(m-O)(m-OR)] edge
{[Ta2O(OPri)8(PriOH)] 33, 34} or sharing a [(m-O)(m-X)2] face
(X=OR, Cl) {for example, [Ta2OCl3(OC6H3Pr

i
2-2,6)5]

35}. The
bonds between metals and oxo bridges are shorter than the
M7(m-OR) bonds and, in some cases, shorter than the terminal
M7ORbonds. In the [M2(m-OR)2] rings of dimeric alkoxides, the
M7(m-OR)7Mangles remain virtually constant (107 ± 1128) and
are independent of the nature of the metal atom, the substituent
and the coordination polyhedron, whereas the M7(m-O)7M
angles in oxo complexes vary within a broad range {from 80.18 in
the [MoIII2 O(OCH2But)4(PMe3)4] molecule 27 to 154 ± 1618 in the
[(WO)O(RO2)(OROH)]2 molecule 30}.

In the [Ta2O(OPri)8(PriOH)] complex,33, 34 the presence of one
strong PriO_HOPri hydrogen bond between the terminal ligands
leads to a decrease in the distance between these ligands
[O_O(H), 2.52 �A] and `pushing off' of the OPri groups located
on the opposite side of the equatorial plane (Fig. 6). Binuclear
derivatives of metals in the lowest oxidation states, such as
[WIV

2 (m-O)(m-OBut)(OSiMe2But)5Py2],25 [ReVI2 O2(m-O)(m-OMe)2.
.(OMe)4] 39 and [(MoVO)(m-O)(OC6F5)2]

ÿ
2 ,

23 contain bridging
groups along with M=M bonds (2.49 ± 2.56 �A).
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2. Trinuclear OA
Trinuclear oxoalkoxides (see Table 2) are represented by two
types of triangles. In one type, the [M3] triangle is centred by a
m3-O group on one side of the equatorial plane. In another (more
widespread) type, there is not only a m3-O group but also a m3-X
group located on the opposite side of the equatorial plane
(X=OR, OH, Cl), resulting in the formation of the [M3(m3-O).
.(m3-X)(m-OR)3] trigonal bipyramids (see Fig. 4 a) flattened along
the threefold axis. In the [Ti3O(OMe)(OPri)9] molecule,42 the
(m3-O)7Ti7(m3-OMe) angles are 698. In the [W3(m-O)2(OBut)8]
molecules, the bonds in the triangle occur not only via the
bidentate oxo groups but also via W7W single bonds and
W=W double bonds (2.93 and 2.45 �A, respectively).50

In addition to triangular structures, there are also chain
molecules, such as linear [UO2][U(m-O)(OBut)5]2 (see Ref. 51) (as
a result of the trans arrangement of two terminal groups in the
central octahedron) and angular [Nb3O2{O(CMe2)2O}5.
.{O(CMe2)2OH}].52

3. Tetranuclear OA
Tetranuclear oxoalkoxides (see Table 3) are represented by two
main groups, viz., tetrahedra and planar rhombuses consisting of
four octahedra linked via two m3-ligands and four m-ligands
[Ti4(OMe)16 type 3]. Apparently, a regular tetrahedron is present
only in the [Pb4(m4-O)(m-OSiPh3)6] molecule,59 in which six m-OR
groups are located along its edges (Fig. 7 a). Taking into account
the absence of one or several m-OR groups in the [Al4.
.(m4-O)(m-OR)5X5(ROH)] [X=OPri, Cl, OBui, OCH2CF3 (see
Fig. 2 d )],18, 54, 55 [Pb3Zr(m4-O)(m3-OBut)(m-OBut)5(OBut)2] 62 and
[Ce3:75�4 (m4-O)(m3-OPri)2(m-OPri)4(PriO)7(PriOH)] 61 structures,
these compounds can be assigned to `butterfly-type' molecules,
in which the wings are additionally linked via an oxo group. In
solvates of these molecules with alcohols, the wings are linked not
only via an oxo group but also via a very short hydrogen bond
between the terminal OR and ROH groups. In the distorted
[W4(m-O)(m-OPri)2(OPri)7Cl] tetrahedron, the central m4-O group
is absent, and the tungsten atoms are linked to each other via
m-OR and m-O bridges and W=W and W7W bonds (2.45 and
2.9 �A, respectively).66

In Ti4(OMe)16-type molecules, four sides of the [M4] rhombus
are additionally linked via m groups, and two [M3] triangular
fragments are linked by m3 ligands located on the opposite sides of
the plane of the rhombus. These molecules involve two types of
metal atoms. Metal atoms of one type are coordinated by two m3
groups, whereas metal atoms of another type are coordinated by

only one m3 group (in Fig. 7 b, these atoms are denoted M1 and
M2, respectively). The oxo ligands are generally located in m3
positions. Examples are the [Bi4(m3-O)2(OBut)8] 73 and
[(MoO)4(m3-O)2(OEt)4Cl4(EtOH)2] 81 molecules. However, the
reverse situation is observed in the [(VO)4O4(OMe)4(bipy)2]
(bipy is 2,20-bipyridyl) 74 and [(MoO2)4O2(OMe)4(Me2CNOH)] 77

complexes and the [(MoO2)2(MoO)2O4(OMe)2(C6H4O2-1,2)2]7

anion,78, 79 in which the OMe groups are in m3 positions, whereas
the oxo groups are bidentate.

In the [LiNbO(OEt)4(EtOH)]2 (see Ref. 85) and
[MgNbO(OMe)5(MeOH)2]2 molecules,76 the oxo ligands are
terminal and are involved in the `niobyl' groups (these groups
occupy the M1 and M2 positions in two molecules, respectively).

Compounds containing more than four metal atoms occur, as
a rule, as conglomerates of smaller stable fragments described
above. However, there are several more types of penta-, hexa- and
octanuclear associates (often closo) with high symmetry.

4. Pentanuclear complexes
Pentanuclear complexes (see Table 4) are represented by twomain
structural types, viz., clusters containing the [M5(m5-O)] core and
combinations of two [M2M

0] triangles.
In the molecules of isopropoxides [Ln5(m5-O)(m3-

OR)4(m-OR)4(OR)5] (Ln=Sc, Y, Er, Yb, [Y4Pr], In),10 ± 14, 92, 93

the [M5O] group can be described as a tetragonal pyramid, in
which four m3-OR ligands are located above the centres of lateral
faces, and four m-OR groups are located along the edges of the
base (see Fig. 2,a). The [Al5O(OBui)13] and [Fe5O(OEt)13] mole-
cules have the structure of [M5(m5-O)(m-OR)8(OR)5] and differ
from the above-describedmolecules in that they contain no m3-OR
groups. In these molecules, eight m-OR groups are located along
all edges of the pyramid.15, 53

In the [Ln5O(OPri)13] molecules with the group
[M5]= [Sm4Ti], the [(Tb0.9Eu0.1)4Ti] molecule and the
[Nd5(m5-O)(OPri)13(PriOH)2] solvate, the `cluster' has a trigonal-
bipyramidal structure. In these molecules, two m3-OR groups are
located above faces of two different pyramids, whereas six m-OR
groups serve as bridges between two axial metal atoms and three
equatorial metal atoms.10, 13, 99 ± 101 In the tetragonal-pyramidal
molecules [Sr5(m4-O)(OCH2But)8(ButCH2OH)(THF)4] 95 and
[EuIIIEuII4 O5(OAr)(ArOH)5(MeCN)8] (Ar=C6H3Pr

i
2-2,6),

96 the
oxo group is located in the centre of the base and is coordinated in
a tetradentate fashion. Aggregates of this type are very stable,
exist in solutions and the gaseous phase and have low reactivity, in
particular, in complex formation with other metal alkoxides.

A combination of two corner-sharing triangles is observed
exclusively in bimetallic complexes, themore electropositive metal
atom being common to two triangles. In the [NaBi4(m3-O)2(m-
OC6F5)7(OC6F5)2] molecule, the [NaBi2] triangles are centred by
m3-O groups.64 The [MoV2 MoVITa2O8(OPri)10] complex is the first
example ofmolecule in which all fivemetal atoms are involved in a
non-planar ring containing a Mo=Mo bond (2.58 �A) along with
m-O and m-OR groups.104

5. Hexanuclear OA
Many compounds belonging to this group of mono- and bimet-
allic complexes (see Table 5) contain m6-O-centred or non-centred
[M6] octahedral `clusters'. In the [Ba6(m6-O)(OC2H4OMe)10.
.(MeOC2H4OH)4],105 trans-[Na2Gd4(m6-O)(OBut)12] 106 and
trans-[K4Zr2(m6-O)(OPri)10] molecules,107 the m3-OR ligands are
located on eight faces of the octahedron. Structural analogues of
the `large octahedron' [M6O19]n7= [M6(m6-O)(m-O)12O6]
(M=Nb, Ta, Mo, W), in which twelve m-O groups are located
along the edges and six m-O groups are terminal, are also well
known. Among them are numerous oxo alkoxo vanadates,113 ± 117

[VIV;V
6 (m6-O)(m-OEt)12O6], which is a microhydrolysis product of

VO(OEt)3 (see Ref. 112) and the [Fe6(m6-O){MeC(CH2O)3}6]27

and [Fe6(m6-O)(OMe)18]27 anions 120, 121 (Fig. 8 a).
Among octahedral clusters containing no m6-O groups, the

[M6(m3-O)4(m3-OR)4] compounds (M=Sn, Pb; R=Me, Pri) with

Ta

OPri

O
H

Figure 6. Metal ± oxygen core in the structure of [Ta2O(OPri)8.

.(PriOH)].33, 34

a

O

b

Pb

OSiPh3

M

OR
M1

M2

Figure 7. Metal ± oxygen cores in the structures of

[Pb4(m4-O)(m-OSiPh3)6] 59 (a) and M4(m3-O)2(m-OR)4(OR)n [Ti4(OMe)16
type] (b).
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alternating oxo and OR ligands above the centres of the
faces 124 ± 127 [structural analogues of hydroxides of the same
metals (see Fig. 8 b)] and the bimetallic [La2(MoO)4(m4-O)4(m-
OPri)8(OPri)6] complex,128 in which four [Mo2La2(m4-O)] groups
are located inside the octahedron, are of interest.

In yet another large group of hexanuclear complexes, two
[M3(m3-O)] triangles are linked to each other to form a ring via
bidentate O or OR bridges. Examples are [(MoO2)Ta2(m3-O)(m-
OMe)3(m-O)(OMe)5]2,133 [IZnTa2(m3-O)(m-OPri)3(m-O)(OPri)4]2
(see Ref. 134) and [Hf3(m3-O)(m-OEt)4(OEt)6(EtOH)]2 (see
Ref. 45, Fig. 4 b). In the [Gd3(OC2H4OMe)8]2(m4-O) molecule,
two triangles, which are perpendicular to each other, are linked via
a tetradentate oxo group.130

In the bimetallic [Er2Ti4O2(OEt)18(EtOH)2] 140 and
[(NaTHF)2Bi4(m3-O)2(m-OC6F5)10] 64 complexes, the [Ti(m3-
OR)(m-OR)2(OR)2] and [NaTHF] groups, respectively, are addi-
tionally bound to two m3-O ligands of the core {[Ti4(OMe)16]
type}. Only the [Ca6(m4-O)2(m3-OEt)4(OEt)4] . 14EtOH mole-
cule 16 contains two cuboidal tetramers sharing the [Ca2(m4-O)2]
face (see Fig. 2 b). The [Fe6(m4-O)2(m-OMe)8(OMe)4.
.{N(C2H4NH2)3}2]2+ cation 129 consists of two [M4] tetrahedra
sharing the [M2] edge {the [Fe2(m4-O)2] group in the centre}. In the
molecules [(MoO)3(m-O)2(OPri)6]2 (see Refs 46 and 141) and
[MV(MoO)2(m-O)2(OPri)7]2 (MV=Nb, Ta),104 the zigzag hexa-
nuclear chains are linked via m-O groups.

6. Oligomeric oxoalkoxides with nuclearity higher than six
The following structural types were found for oligomeric oxoalk-
oxides with nuclearity higher than six (see Tables 6 ± 10): closed
polyhedra, in which all atoms are bound to no more than two oxo
groups; rings; condensed structures related to inorganic isopo-
lyanions (metal atoms in the latter are coordinated by several oxo
groups).

Among closed polyhedra, oxo complexes involving cuboidal
cores (see Table 7) are of particular interest. The [Li4Ti4(m5-O)2.
.(m3-O)2(OPri)12] molecule consists of two cuboidal cores
[Li2Ti2O3(OR)], which share the [Ti2(m5-O)2] face and are addi-
tionally linked via the `external' trigonal bipyramids
[TiO(OR)4].158 A larger number of molecules contain one
cube [MII

4 (m4-O)4] in the centre. Examples are
the [Mg4Ta4O4(OBun)20(BunOH)4] (Fig. 9 a), [Sr4Ta4O4.
.(OMe)20(MeOH)10],160 [Ba4M4O4(OEt)20(EtOH)6] (M=Nb,
Ta) 85, 160 and [Ba4Ti4O4(OPri)16(PriOH)3.5] 159 complexes.{

The MII atoms are linked to the `external' [M0(OR)m] groups
(M0=Ti, Nb, Ta) via oxo ligands and two or more m-OR groups.
The coordination environment of the MII atom also involves
alcohol solvate molecules. In spite of the different nature (and
even valence) of M0 and R, these compounds are structurally very
similar. The only difference is the orientation of the [M0O(OR)m]
groups with respect to the cuboidal core. These groups can be

located as continuations of edges (Mg7Ta), diagonals of faces
(Ba7Nb) or body diagonals (Ba7Ti). It is reasonable to expect
that the above-described structure would be observed also in other
oxoalkoxides with a ratio MII :Mn=1 : 1. The complex
[Mg4Ta4O4(OBun)20(BunOH)4] is the first structurally character-
ised n-butoxide. Evidently, the cuboidal core (a matrix, on which
an OA molecule is formed) prevents the hydrocarbon chain from
knotting, which generally hinders crystallisation.

The same situation is observed in decanuclear molecules (see
Table 9). In such molecules, the [M6] octahedral `clusters' are
located in the centre and the m3-OR and m4-O groups alternate on
eight faces. The latter are involved in the [(m4-O)M0(OR)5]
octahedra. Examples are the [Pb6Nb4O4(OEt)24],178

[Sr6Ti4O4(OPri)20] 102 and [Ni6Sb4O4(OEt)16(EtOH)4] 177 com-
plexes. In all these complexes, the central octahedron is formed
by more positive metals, viz., Pb, Sr and Ni, respectively. The
[Ba4Cu6(m4-O)(m-OCEt3)12] molecule, in which the edges of the
central [(m4-O)Ba4] tetrahedron are linked via six linear
[Cu(m-OR)2] groups,175 can be considered as a tetrahedral ana-
logue of the above-described structures. In the
[Fe7O(OH){(OCH2)3CCH2OH}4Cl6(MeCN)2] molecule,146 the
central [Fe6(m6-O)] octahedron is linked to one [Fe(OH)(MeCN)2]
group (see Table 6). In the [Na2Fe6O(OMe)18(MeOH)6] com-
plex 149 (with axial Fe atoms), the central octahedron is linked to
two [Na(ROH)3] groups (see Table 7). In the structure of [Bi6(m3-
O)7(m3-OC6F5)[Bi(OC6F5)4]3(THF)2],166 the m3-O groups are
located on seven faces of the [Bi6] octahedron {three of these
groups are coordinated to [Bi(OR)4]} and the eighth face is
occupied by the m3-OR ligand (see Table 8).

Hepta-, octa-, deca- and octadecanuclear alkoxides (see
Tables 6, 7, 9 and 10) form rings. The tetrahedral oxygen atom
in the [{Cu2Zr2(OPri)9}2(m4-O)] molecule serves as a bridge
between two eight-membered rings, each ring containing two
linear [CuO2] groups and [Zr(m-OR)3Zr] octahedra.156 One cen-
trosymmetric ring, which consists of four [Mo2(m3-O)] triangles
linked to each other via m-OH groups, is observed in the
[(MoO)4O2(OEt)2(OH)3Cl3(EtOH)2]2 molecule.81, 157 The spheri-
cal [Cu18O2(OSiMe3)14] molecule is formed by two intersecting
m4-O-centred [Cu9O8] rings.194

The pentanuclear [M5(m4-O)(m3-O)(m-OR)6(OR)4] rings,
which differ only in the mode of binding to each other, were
found in the structures of aluminiumOAwith nuclearity from 9 to
11. In the [Al10O4(OEt)22] molecule,17 these rings are linked via the
central [Al2(m3-O)2] group. In the [Al11O6(OR)21] complex
(R=Pri, Prn), the rings are linked via the [Al(m3-O)2(m-O)2(OR)]
group. In the [Al5Mg4O3(OH)3(OPri)8(acac)6] molecule 180 (acac
is acetylacetonate) and its structural analogue
[Fe9O3(OEt)21] .EtOH,167 the rings share the [M(m3-O)] edge and
are additionally linked to each other via a m-OH group. The
[Al8O2(OH)2(OBui)18] molecule 53 can be considered as a deriva-
tive of decanuclear oxoethoxide lacking one Al atom, which is not
bound to the m4-O group, in each half of the molecule. Therefore,
there is a homologous series of aluminium oxoalkoxides, includ-
ing from octa- to undecanuclear molecules (Fig. 10).

Fe

OMe

O

Pb

OPri

O

a b

Figure 8. Metal ± oxygen cores in the structures of

[Fe6(m6-O)(OMe)18]27 (a) 149 and [Pb6(m3-O)4(m3-OPri)4] (b).127

{Taking into account the exceptionally short Ti7O bonds (1.71 and

1.79 �A), this structure can be considered as a combination of four ionic

pairs [Ba(ROH)]2�4 [TiO(OR)4]
2ÿ
4 . In solution this complex, unlike molec-

ular alkoxo titanates Ba[Ti2(OPri)9]2, [BaTi2(OPri)10]2 and [BaTi3.

.(OPri)14],247 can apparently exist as isolated ions or their associates.

b

Ta

OPri

O

Mg

H

Ta

OBun

O

a

Figure 9. Metal ± oxygen cores in the structures of

[Mg4Ta4O4(OBun)20(BunOH)4] (a) 160 and [Ta7O9(OPri)17] (b).33, 103
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Many known oxo alkoxo complexes containing more than six
metal atoms belong to condensed structures related to inorganic
isopolyanions. All oxo groups in these compounds (except for `yl'
O atoms) serve as bridges (from bi- to hexadentate), and OR
groups are either terminal ligands or bidentate bridges. Oxo
alkoxo molybdates(VI) and (V,VI) and vanadates(IV), (V) and
(IV,V), which are characterised by the closest packing of edge-
and vertex-sharing octahedra, are worthy of notice. These com-
pounds are analogous to metamolybdate [Mo8O26]47 (see Refs
154 and 155) and decavanadate [V10O28]67.169, 170 Alkoxy groups
of mono- or, more often, polyatomic alcohols RC(CH2O)3 are
located on the surface of these compounds. Examples are the
[(MoO2)6(MoO)2O10(OMe)4]47 (see Ref. 153) and
[VIV

10O13{EtC(CH2O)3}5]7 anions.169 The [Ta7(m3-O)3(m-O)6.
.(OPri)17] molecule 33, 34, 103 consists of two vertex-sharing [Ta4]
tetrahedra, which are additionally linked to each other via one
m3-O group and two m-OR groups (see Fig. 9 b). The structure of
[LiTa9O13(OEt)20(EtOH)] 173 contains Li atoms and two layers of
rings consisting of the [Ta3O7(OR)6] and [Ta6O6(OR)15] octahe-
dra, which are linked to each other via m-O bridges. Apparently,
the product of hydrothermal synthesis with composition
M7[Na(H2O)3MoV36MoVI6 H15O109{(OCH2)3CCH2OH}7] 197 has
the maximum size. The [Na(H2O)3] group located in the centre
of this molecule is surrounded by the [MoV6 O24] ring and the
framework of the [MoV,VIO] octahedra (see Table 10).

The spherical [Zr13O8(OMe)36] 9 and [Zr3Mo8O24(OPri)12.
.(PriOH)4] 182 molecules also belong to the class of compounds
under consideration. In these molecules, the [ZrO8] groups are
located in the centre and OR groups are located on the surface (in
the former complex, twelve OR groups serve as bridges). The
[Ba4Ti13O18(OC2H4OMe)24] molecule containing one central and
twelve peripheral Ti octahedra {a structural analogue of the
known [Al13O4(OH)24(H2O)12]7+ ion} 192 and the
[Mn8Sb4O4(OEt)20] molecule with the symmetry S4 and two Mn
octahedra in the centre belong to the same class of compounds (see
Table 10).186

Unlike the structures with the closest packing of metal ±
oxygen polyhedra, the `loose' M8O10(OEt)20 molecules (M=Nb
and Ta) 100, 148, 149 (see Fig. 1 b and Table 8) contain a cavity
surrounded by pairs and triads of octahedra sharing a vertex and
linked to each other via single octahedra.

Let us consider titanium oxoalkoxides, which have no ana-
logues in inorganic chemistry, in more detail. The Ti7O4(OEt)20

molecule, which is the first crystalline hydrolysis product of
titanium ethoxide, can be considered as a condensation product
of the [Ti4(OEt)16] molecules and the Ti(OEt)2[(m-OEt)2Ti(OEt)3]2
trimer (the latter is present in solution).248 This compound
contains the linear [Ti(m4-O)(m-O)2Ti] chain with the [Ti(m3-O).
.(m-O)Ti] groups located above and below this chain 7, 142 (see
Fig. 1 a and Table 6). An analogous situation is observed in the
structures of the large [Ti8O6(OCH2Ph)20] .Et2O, [Ti10O8(OEt)24] .
.PhMe,143 [Ti17O24(OPri)20] 191 and [Ti18O28(OBut)16(ButOH)] 193

molecules (first examples of Keggin-type structures containing Ti
atoms). In these structures, chains composed of pairs or triads of
edge-sharing octahedra are linked to each other via m4-O, m3-O and
m-OR bridges. The [Ti16O16(OEt)32] molecule 142, 189 contains two
mutually perpendicular blocks consisting of eight octahedra. In
each block, six octahedra form aNiAs-type layer, one octahedron
is located above the layer, one octahedron is located below the
layer, and a tetrahedral cavity is located in the centre of the
molecule (see Table 10).

In summary, it can be concluded that most molecules belong-
ing to the class of oxoalkoxides contain 4 ± 10 metal atoms. A
rather small number of dinuclear molecules have been described,
and polymeric molecules are few in number, as opposed to
alkoxides M(OR)n, the majority of which belong to one of the
latter two groups. Evidently, the reason is that OR bridges are, as
a rule, bidentate (except for m3-OR groups on the surface of closo-
aggregates [Mn]), whereas oxoalkoxide molecules contain oxo
ligands with high dentate numbers (up to 8) responsible for
coordination of metal atoms.

It should be noted that no cuboidal molecules of the
[M4(m3-X)4] type were found in the class of tetranuclear oxo
complexes {the only exception is [(MoO)O(OSiMe3)(Me2NH)]4
(see Ref. 67)}, as opposed to orthoalkoxides, for which such
molecules are very typical and these molecules are stable.

In many cases, the accumulated data allow one to predict the
structures of unknown compounds of the ortho series with high
probability.3 At the same time, oxoalkoxides, on the whole, are
characterised by high variability and unpredictability of molec-
ular structures.

V. Oxoalkoxides as true precursors of oxide
phases

It is quite apparent that oxo complexes (mono- and bimetallic)
play a considerable role in the phase formation of simple and
complex oxides and are true precursors. TheM7O7Mbridges in
bimetallic oxo complexes provide homogeneity of the newly
formed oxide phases at the molecular level.

The above-considered differences in the composition, stoichi-
ometry, solubility and reactivity of ortho- and oxoalkoxides are
widely used in the sol ± gel synthesis of a series of very important
composites. The synthesis of BaTiO3 is the most prominent
example. For the latter compound to be prepared, the starting
solutionmust contain a precursor with a metal ratio of 1 : 1, which
is attained only upon decomposition of BaTi4(OR)18 into oxoalk-
oxides BaTiOn(OR)672n. Otherwise the sol ± gel synthesis affords
a mixture of phases containing not only BaTiO3 but also poly-
titanates and Ba2TiO4. The latter fact is attributable to the
presence of free Ba(OR)2 (along with a complex with 1 : 4
composition) in solutions containing Ba and Ti in a ratio of
1 : 1.159, 215, 216 Therefore, for single-phase bimetallic oxides to be
synthesised, it is necessary that the solution should contain not
only components in a required ratio but also a complex with a
specified stoichiometry.

Yet another aspect of the use of oxo complexes in the synthesis
of crystalline oxide phases is associated with spontaneous decom-
position of alkoxides at 20 8C accompanied by elimination of
ethers (this method does not belong to the sol ± gel technology).
This procedure was employed for the preparation of Na2MoO4,
Na2WO4, Li2MoO4, Li2WO4, g-Bi2MoO6 and cubic solid solu-
tions (d* phase) of the Bi2O3 ±WO3 system.137, 224, 249 Alterna-

Mg, OH.Al, OR, O,

a b

c d

Figure 10. Comparison of themetal ± oxygen skeletons in themolecules of

undeca-, deca-, nona- and octanuclear aluminium oxoalkoxides Ð

[Al11O6(OPrn)10(OPri)10(OR)(ROH)2] (R=Pri, Prn) (a),180

[Al10O4(OEt)22] (b),17 [Al5Mg4O3(OH)3(OPri)8(acac)6] (c) 180 and

[Al8O2(OH)2(OBui)18] (d ).53
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tively, the latter can be prepared by solid-phase synthesis. How-
ever, this method requires annealing at temperatures >700 8C
over a long period of time. Crystallisation of oxide phases directly
from solutions in organic solvents is unambiguously indicative of
elimination of ether, whereas products prepared by the sol ± gel
method are amorphous and their crystallisation occurs only after
dehydration by annealing.
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