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PREFACE

The study of the chemistry of metal alkoxides, which began more than
100 years ago, is now experiencing a renaissance connected with the broad
application of these compounds as molecular precursors in the synthesis of
materials of modern technology based on simple and complex oxides. The
solution of this problem is occupying a wide circle of inorganic chemists,
technologists specializing in fine synthesis in nonaqueous media, and those
working on the production of films and coatings. The application of metal
alkoxides in the first step of sol-gel technology (based on hydrolysis of alkox-
ides with subsequent dehydration of the hydrated oxides formed) can benefit
from this monograph covering the modern literature devoted to all the steps of
this process.

The information on chemistry of metal alkoxides has been reported in a
number of reviews (devoted to the single groups of derivatives) and numerous
original publications. The only other monograph — Metal Alkoxides by
D. C. Bradley, R. C. Mehrotra and D. P. Gaur was published in 1978 (Aca-
demic Press, London) and, unfortunately, does not reflect modern findings.

The present book is devoted to the general questions of the chemistry of
metal alkoxides — the synthetic routes to them (both laboratory and technol-
ogy), physicochemical properties, structure, specific features of single groups
of alkoxides, theoretical principles of their use for the preparation of simple
and complex oxides by the sol-gel method, and major directions of the appli-
cation of this method in the preparation of functional materials. Chapter 12
describes the derivatives of single elements of first throuth eighth Groups of
the Periodic Table. The tables in this chapter contain the major data on the
alkoxides, phenoxides, siloxides, derivatives of polyatomic alcohols, and phe-
nols — their composition, structure, preparation techniques, and major phys-
icochemical characteristics. Each table is accompainied by text that comments
on it but is not a review in the classical sense of this word. These data allow this
book to be used as a handbook permitting a quick and essentially complete
acquaintance with the distinct compounds and the literature describing them.

The book is intended for chemists and technologists who specialize in the
area of functional materials, and who apply the metal alkoxides in their prac-
tice. It also can be used as a textbook for students.
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INTRODUCTION

1.1. Classification: General characteristic of the metal alkoxides

The derivatives are known now for almost all the elements of the
Periodic Table (including the transuranium elements and Xenon). They are
formal analogs of hydroxides but possess much higher thermal stability. Their
properties are determined not only by the electronegativity of the metal atom
but also by the nature of the radical — its ramification and the acidity of the
corresponding alcohol, which provides their various properties. From this point
of view they can be subdivided into the following groups of compounds:

Derivatives of alkaline, alkaline earth metals and phenols, naphtols, an-
troles, etc. These compounds are salts in their nature and, as the
salts of strong bases and moderately weak acids, can exist in water solu-
tions. They are soluble only in polar solvents (water, liquid ammonia), are
prone to form adducts with phenols, water, etc., have high thermal stability
and cannot be transferred into the gas phase.

Derivatives of nonmetals and alcohols with very low acidity (pK =15–
19). These are esters of inorganic acids, characterized by low melting and
boiling points, solubility in alcohols and nonpolar solvents, and sensitivity
even to the traces of water. They are usually monomeric or weakly aggre-
gated. The representatives of this group are and

Chapter 1



2 The Chemistry of Metal Alkoxides

Metal alkoxides themselves — the derivatives of metal and aliphatic
alcohols. The character of M-OR bonding in them is intermediate between
phenoxides and esters. Their properties are varied, but almost all of them
are sensitive to the action of water and, normally, aggregated in solution,
gaseous, and solid phases.
Even for the alkaline metal alkoxides on transition from methoxides to t-

butoxides it is possible to observe the transition from ionic compounds to
more molecular, close to organic derivatives. Thus are soluble in alco-
hol and ammonia (but not hydrocarbons), have conductivity in solutions, crys-
tallize giving polymeric structures analogous to LiOH (anti-PbO), and decom-
pose without melting at temperatures >200°C [1644]. At the same time,

are soluble in hydrocarbons, ethers, and other nonpolar solvents; their
crystal structures contain oligomeric molecules tetram-
ers) and can sublime without decomposition [1728]. In the homologous series
of alkoxides — derivatives of multivalent metals — the variation in properties
is not so drastic, but nearly all the methoxides possess polymer structures (more
stable than for the alkaline metals due to more covalent M–O bonding). They
all are insoluble in organic solvents, decompose without melting, and cannot
be transferred into a gas phase.

Special interest has recently been given to the metal 2-alkoxyethoxides,
(R= Me, Et) — derivatives of the monoethers of ethylenegly-

col. The presence of the second ether function in the molecule permits forma-
tion of chelate cycles:

and thus hinders the aggregation of the molecules. It results in much higher
solubility of 2-methoxyethoxides compared to alkoxides and in higher volatil-
ity for them. In addition, the are a bit more stable to hydrolysis
and oxidation. Especially stable sols have been obtained from the
water — systems.

The numerous reactions of metal alkoxides can be subdivided into three
major groups: (1) complex formation with donor ligands or alkoxides of other
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metals; (2) partial or complete substitution for the OR-groups; and (3) various
degradation reactions — such as oxidation and hydrolysis—leading to forma-
tion of oxoligands.

The numerous substitution reactions lay in the background of the applica-
tion of metal alkoxides in inorganic and metal-organic synthesis (preparation
of halides, hydrides, sulfides, carboxylates, alkyl derivatives, certain classes of
coordination compounds, etc.). One advantage of their application is the for-
mation of only alcohols as by-products:

The products of partial substitution for the OR-groups, i.e., alkoxocarbox-
ylates, where X= RCOO, acac, thd, etc.—the mixed-
ligand complexes—usually are more soluble and stable than as their
molecules contain the chelate cycles. Mehrotra et al. [223] have described a
great number of such products (usually liquid or amorphous), in which indi-
viduality appeared sometimes questionable. During recent years, however, in
connection with the application of these compounds to the synthesis of oxides,
interest in them has increased, and a number of them have been isolated and
structurally characterized (Chapter 7). Unfortunately, length restriction did not
permit us to present a complete review of their chemistry in this book.

The solvates of alkoxides and the bimetallic complexes are described in
Chapter 8, and oxocomplexes in Chapter 5. The products and mechanisms of
hydrolysis for mono- and bimetallic alkoxides are considered in Chapters 9
and 10.

1.2. Main steps in the development of the chemistry of metal alkoxides

The first reports on the alcohol derivatives of potassium, sodium, boron,
and silicon date from the 1840s, when Liebig for the first time observed the
action of Na and K on ethanol. The term alkoxides was proposed by Kuhlmann
[969] for the alkaline derivatives considered then as salts of alcohols as acids
(in contrast to esters, where the alcohol acts as base). Next should be men-
tioned the works of Lamy [988], who in the 1860s prepared the homologous
series of T1OR — along with other derivatives of this then recently discovered
element and also those of Demarcay, who described In the 1880s
Berthelot and DeForcrand [575–580] studied the interaction of alkaline earth
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metals with alcohols to obtain the alkoxides and isolated a number of crystal-
line products, whose nature remains still unclear [1547,1644].

An outstanding input into the chemistry of metal alkoxides was made by
the dissertation of V. E. Tishchenko, which was devoted to aluminium alkox-
ides. It was published in 1899 (unfortunately only in Russian) [1585] and—in
contrast to his works on organic chemistry — is practically unknown by for-
eign chemists. A number of general synthetic approaches to metal alkoxides
have been developed. The main regularities for the variation of the properties
in the homologous series and ramification of the radical were found to deter-
mine the main directions of the thermal decomposition. He made also the pro-
posal to use the in ester condensation of aldehydes (Tishchenko reac-
tion) (see also Chapter 12, Section 12.5).

For several decades after this, the metal alkoxides remained objects of
interest only for organic chemists, who applied them for reduction of carbonyl
compounds and as catalysts for disproportionation of aldehydes, condensation
and polymerization. Among these works, of special interest is the work of
Meerwein and Bersin [1101], who were the first to prepare the bimetallic alkox-
ides that were then called “Meerwein alkoxosalts” in analogy
with much less stable hydroxosalts

The derivatives of the other new class — the alkoxide halides,
which are more reactive than the alkoxides themselves — were first described
by Meerwein and Schmidt for magnesium and aluminium [1103, 1098]. An
important input into the development of synthetic and physicochemical meth-
ods in the investigation of metal alkoxides was made by an outstanding meta-
lorganic chemist H. Gilman [855, 856], who studied the derivatives of urani-
um in Los Alamos during the Manhattan Project.

The most important step in the development of the modern chemistry of
metal alkoxides is connected with the works of D. C. Bradley and the school
that he started in 1950 [197, 198, 223]. His work has covered a very broad
variety of chemical elements from Group III to Group VIII in the Periodic
Table, including lanthanides and actinides. A variety of laboratory synthetic
approaches have been developed. Preparation of a large number of homologues
for each metal (including the derivatives of very ramified radicals) permitted
Bradley to determine the structure of oligomeric alkoxides: the main principle
was that metal atoms tried to achieve the highest coordination with the lowest



Chapter 1. Introduction 5

possible molecular complexity. The data on molecular weights (taking into
account the rule formulated) allowed him to formulate suppositions concern-
ing the structures of many aggregates. This has stimulated the study
of metal alkoxides using a variety of physicochemical techniques. The results
of X-ray structure studies, carried out recently, urged the reconsideration of
many concepts concerning not only structures but even the compositions of a
number of alkoxides, to explain the particular features of behavior of these
very unusual compounds (for details, see Chapter 4).

The present moment is characterized by a considerable interest of chemists
and technologists in the metal alkoxides. It is connected in particular with the
search for the precursors for synthesis of materials. Systematic studies of these
classes of compounds are being carried out in the following laboratories —
D. C. Bradley (Queen Mary and Westfield College, London, UK),
R. C. Mehrotra (University of Radjastan, Jaipur, India), T. J. Boyle (Sandia
National Laboratories, Albuquerque, USA), M. H. Chisholm (Ohio State Uni-
versity, Columbus, USA), K. G. Caulton and J. C. Huffamn (Indiana Univer-
sity, Bloomington, USA), D. L. Clark and D. M. Barnhart (Los Alamos Na-
tional Laboratory, USA), G. B. Deacon (Monash University, Clyton, Austral-
ia), R.J.Errington (University of Newcastle, UK), W. J. Ewans (University of
California, Irvine, USA), M. J. Hampden-Smith (University of New Mexico,
Albuquerque, USA), W. A. Herrmann (Technische Universität, Munich, DBR),
L. G. Hubert-Pfalzgraf (Universitê de Lyon 1, IRC, Villeurbanne, France),
I. P. Rothwell (Purdue University, West Lafayette, Indiana, USA), C.Sanchez
(Universitê P. et M. Curie, Paris, France), M. Veith (Universität des Saarlandes,
Saarbrücken, FRG), G. Westin (Arrenius Laboratory, Stockholm University
and Angstrom Laboratory, Uppsala University, Sweden).

In Chapter 12, devoted to the alkoxides of different metals, we try to re-
flect the activity of different groups that made the most important studies in
this field.

For more than 30 years at Lomonosov Moscow State University, later at
Karpov Institute of Physical Chemistry, and recently at the Swedish Universi-
ty of Agricultural Sciences, Uppsala (V. G. Kessler), the authors of this book
have systematically studyied the synthesis and properties of homometallic alkox-
ides of Groups I–VIII of the Periodic Table, the bimetallic derivatives (alkox-
oaluminates, -titanates, -zirconates, -niobates, -tantalates, -molybdates, -tung-



6 The Chemistry of Metal Alkoxides

states, -ferrates), and where X = Hal, O. The
X-ray studies were carried out at the Nesmeyanov Institute of Organoelement
Compounds of the Russian Academy of Sciences by Yu. T. Struchkov,
A. I. Yanovsky and Z. A. Starikova. Also studied were the synthesis condi-
tions for the preparation of complex oxide materials — ferro- and piezoe-
lectrics, HTSC, etc. The results of  this work have laid the ground for the devel-
opment of sol-gel technology in Russia.

1.3. Application of alkoxides in sol-gel processes

Over the last three decades an intensive development of the synthetic ap-
proaches to various oxide materials has been based on the application of metal
alkoxides, In principle, a number of ways leading to the formation of
oxides from metal alkoxides are possible — for example,

Both of the first two reactions (decomposition in plasma and oxidation)
lead to high purity oxides, all their by-products being gases. If the initial alkox-
ides are volatile, they can be applied for the deposition from the gas phase
(MOCVD). The broadest application was received, however, by the third reac-
tion, that of the hydrolytic decomposition of the alkoxide of one or several
metals in organic media, leading to formation of hydrated metal oxides, which
are then subjected to dehydration. This principle is drawn from the sol-gel
technology of inorganic materials, the alkoxides and the esters of inorganic
acids being important raw materials in this technology (Fig. 1.1).

The successful application of the sol-gel route has been realized in the
International technological practice of many branches of the industries—elec-
tronics, optics, construction of engines, nuclear energetics, chemical, and food
industry equipment. Among these materials are ferro-, piezo-, and dielectrics,
solid electrolytes, refractory materials, membranes, protective and decorative
coatings, and also films with special optical and electrophysical properties,
like hightemperature superconductors.
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What are the applications of this technology? At its core lay the unique
properties of metal alkoxides. First, the majority of the derivatives

can easily be subjected to deep purification by destillation or
sublimation (below 200°C) or by recrystallization from organic solvents. Sec-
ond, they easily undergo hydrolysis, forming hydrated oxides not containing
any extra anions (in contrast to precipitation from the aqueous solutions of
inorganic salts). These forms of  are the least agglomerated and
maximally hydrated (their structures do contain the minimal amounts M–O–M
bridges), and therefore they easily form stable colloid systems — sols and gels
— and have high reactivity (see Chapter 9). Their dehydration occurs at rather
low temperatures, sometimes directly during the hydrolysis, and is accompa-
nied by the formation of very small oxide particles with well-devel-
oped surfaces, high chemical activity, and often amorphous or metastable phases
that on subsequent thermal treatment are transformed into more stable forms.
Varying the dehydration temperature it is possible to regulate the dispersion of
the powders (and particle morphology), their phase composition, and their
physical properties. Application of the solutions of alkoxides or the colloid
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solutions of the products of their hydrolysis (sols) permits gels, films, coat-
ings, glasses, fibers, and so on to be prepared.

Application of alkoxides in the synthesis of complex oxides provides usu-
ally high homogeneity of the products, which gives it the advantage in com-
parison with precipitation from solutions of inorganic salts. In the latter case
the formation of single occurs at different pH values, while the
simultaneous presence of highly charged metal cations and such anions as

cannot be achieved at all. Low temperatures for the for-
mation of oxide phases and the synthesis of ceramics (in comparison with the
alternative technologies) hinders the loss of the more volatile components of
the oxide composition and favors the preservation of the steichiometry.

* * *

For more than 50 years, the reaction of hydrolysis of metal alkoxides has
been used for the preparation of oxide catalysts and adsorbents with highly
developed surfaces, stable sols and gels of hydroxides, and the deposition of
the optical coatings [629]. Before the World War II the State Optical Institute
in Leningrad (Russia) developed and introduced into technological practices
antireflective coatings of  and complex compositions on their basis
[1549]. In Germany the technology of  coatings was developed by
Schott Glasswerke Co. first for the production of automobile mirrors and then
for a whole variety of antireflective coatings. Work continues quite intensively
at present in the same company [485, 1513] and in many others. Application of
different techniques of deposition (dipping, spinning, spraying), developed for
optical coatings, permits films to be obtained with various functional proper-
ties: optical (with different reflective ability for different wave lengths), con-
ductive transparent layers, opto- and acustoelectronic coatings, barrier, anti-
static, decorative, protecting refractory, ferroelectric, HTSC, etc. It is already
clear that the film deposition is a very promising direction in the application of
metal alkoxides. This process demonstrates clearly the advantages of the sol-
gel method connected with the simplicity of the necessary equipment, high
purity of obtained materials, low temperatures of oxide phase formation, and
exact conservation of the ratio of components given by solutions. At the same
time the comparably high price of the raw materials (metal alkoxides), which
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has traditionally been regarded as a hindrance for their broad application, does
not have any important role in this case due to very low amounts of solutions
that are used in this process.

The other intensively developing direction in sol-gel technology is the prep-
aration of fibers as precursors that are used for solutions of partially hydro-
lyzed alkoxides that form viscous gels. Pressing it via filiers at room tempera-
ture gives fibers that transform into glass fibers on further thermal treatment.
The main compositions of the fibers are
[1384, 1513]. The industrial production of fibers using sol-gel technology is
carried out by, in particular, Japanese companies such as Asahi Glass Co.

and Sumimoto Chemical Co.
A traditional direction in sol-gel technology is the preparation of special

glasses based on avoiding the melting step. Gel formed on
aging of the hydrolyzed solution of the alkoxide is dried and subjected to ther-
mal treatment. The major hindrance to formation of monoliths is cracking
during the drying. It can be avoided via very slow step-by-step thermal treat-
ment [1770, 1792], drying under hypercritical conditions (especially in the
production of transparent warm-retaining fillings), and, finally, on addition
into the initial solution of chemical additives, regulating the drying process
(DCCA) [1717]. The latter technique has been used in the production of the

optical filters, doped by rare earth oxides.
The described applications of sol-gel processing deal mainly with the

based materials, obtained from TEOS, In spite of that. Even now
about 40% of patents in this technology are given for materials based on
The range of compositions is continuously growing, the special place in the
latter being occupied by the highly dispersed complex oxides — components
for production of condensator, electrooptical, piezoelectric, and refractory ce-
ramics. This direction in the sol-gel technology was started by the pioneering
work of Mazdiyasni, performed in the late 1960s and early 1970s at Air Force
Wright Aeronautical Laboratories, Ohio, USA [1084, 1083]. He has carried
out the preparation of  being of main prac-
tical interest and demonstrated the great advantages in the application of alkox-
ides. Among them can be mentioned the high purity of the products, their
chemical homogeneity, and their easy sintering.
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Work in this area has been most successfully pursued in Japan. Synthesis
of a large group of complex oxides — silicates, aluminates, stannates, ger-
manates, and vanadates — was studied by Yamaguchi [1764]. The synthesis
of ferroelectric oxides was systematically developed by Ozaki et al. [1245].
According to [58], alkoxides were used as precursors in the preparation of
more than 100 varieties of monodisperse powders for the electronic ceramics.
The Japanese have announced the industrial production of high purity mono-
disperse powders of  for the preparation of multilayer thin film conden-
sators and also the powders of mullite —                                                           — and cubic zirconia [1245].
According to Nomiya [1218], in 1978 to 1986 only in Japan were registered
more than 800 patents on application of sol-gel technology in the synthesis of
oxides (a drastic increase in their number started in 1980). Since 1981 the
International Workshop on Glasses, Ceramics, Hybrids, and Nanocomposites
from Gels, the International Conference on Ultrastructure Processing of Ce-
ramics, Glasses and Composites (1983 to 1991), and the Materials Research
Society (MRS) Symposium on Better Ceramics Through Chemistry have been
regularly held. Materials from these conferences are published in the Journal of
Non-Crystal Solids and the Journal of Sol-Gel Science and Technology. Physic-
ochemical principles of different processes of sol-gel technology were consid-
ered in the book by C. J. Brinker and G. W. Scherer [243]). Its application as-
pects were treated in two collected series of articles edited by L. Klein [1513].

In conclusion, we would like to mention that, in addition to this new direc-
tion, a large consumer of metal alkoxides (initially aluminium and titanium) is
by tradition the technology of materials, where the alkoxides are used for hy-
drophobization and for cross-linking of the polyhydroxocompounds, epoxides
and polyester resins, and organosilicon polymers. The products of the partial
hydrolysis and pyrolysis of alkoxides — polyorganometalloxanes — are ap-
plied as components of the thermally stable coatings [48].

Concerning the other areas of application for metal alkoxides, see Chapter 12.



Chapter 2

GENERAL SYNTHETIC APPROACHES

Synthesis of metal alkoxides has been studied for more than a century by
different researchers, who have proposed a large variety of synthetic tech-
niques aimed at preparation of different distinct derivatives. In the 1950s in
the course of the systematic studies Bradley suggested a few general tech-
niques [196]. In the present review we would like to differentiate the methods
that had technological applications and those that are mostly used in laborato-
ry practice.

All metal alkoxides are sensitive to moisture. They decompose even in the
presence of traces of water in solvents or in the atmosphere the products of
their partial decomposition usually contain oxo-groups. When operating with
the alkoxides in general and especially with those of alkaline or alkaline earth
metals it is necessary to avoid the presence of even the traces of oxygen as the
peroxides formed on oxidation decompose giving water and other undesirable
products. Therefore, all operations with alkoxides are to be performed in an
inert atmosphere of nitrogen or argon, dried over zeolite, or other mois-
ture absorbents; only anhydrous solvents should be used (some considerations
concerning the drying of alcohols are discussed below).

2.1. Reactions of metals with alcohols (method 1)

This method may be used only in the case of the most active metals,
with the values of the standard electrode potential in the approximate range
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of V (alkaline and alkaline-earth metals and Mg). These metals
usually react readily with the first representatives of the homological series of
alcohols or with phenols; however, to bring the reaction to completion it is
important to dissolve the alkoxides obtained, which is why a considerable ex-
cess of alcohols usually is used together with heating of the reaction mixture.
Alkoxides usually crystallize in the form of solvates, such as

(Tables 12.1 and 12.2). High
temperatures of their desolvation (sometimes close to the temperature of py-
rolysis of   determine the necessity of direct synthesis of nonsolvated
alkoxides (which are far more reactive and find applications, for instance, as
catalysts). One of such methods involves the reaction of metal with the stoi-
chiometric amount of alcohol in an inert solvent such as xylene or dioxane.
The solvated alkoxide first formed in the process reacts with the new portion of
metal while the nonsolvated alkoxide precipitates [567].

One of the modem methods is associated with the application of pyrophor-
ic metals formed, for examle, as a result of low-temperature gas phase codepo-
sition with toluene vapor (MVS-metal vapor synthesis) [757].

Liquid ammonia may aso be used as a solvent in reactions of metals with
alcohols, such as

This reaction is especially important for the synthesis of the derivatives of
higher unsaturated and polyatomic alcohols [1644, 313].

Reactions of metals with alcohols may frequently be accelerated by amal-
gamation with mercury or its salts:

On the other hand, application of alkali metal amalgam permits the slow-
ing down of the reaction of metals with alcohols, which is used in the industri-
al production of alkali metals alkoxides. Production of NaOR by Mathieson
Alkali Works is based, for instance, on the reaction of sodium amalgam (formed
as a result of the electrolysis of aqueous NaCl solution with the mercury cath-
ode) with alcohol; is isolated from the solutions. Na residue in
the amalgam is hydrolyzed, the obtained mixture is returned to the electrolyz-
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er, and the evaluated heat is used for initiation of the reaction of the amalgam
with alcohol [1644].

may also speed up the reaction; good results were
obtained when two reagents were introduced simultaneously, such as

The following metal alkoxides were synthesized in
this way: and are produced
by this method commercially] [1301], (M = Y, La, Ln) [1084, 251,
466]. The mechanism of this activation lies in formation in the solutions of
oxonium complexes which readily react with the metal to form

The value of the electrode potential is not changed;
however, overvoltage is removed. The overvoltage is caused by the existence
of a layer of oxide on the surface of metals. Even the addition of catalyst
does not eliminate this layer completely. Therefore, the dissolution of metal
occurs in a nonuniform manner, leaving a fine powder of oxides or suboxides
of metals when reactions are completed. In those cases when common cata-
lysts are inefficient, Caulton and his coworkers have successfully used acti-
vation of Ba by short time bubbling of in solutions of ROH in THF

formed under these conditions supposedly acts
as a proton carrier [497, 305].

It is noteworthy that solubility of the formed metal alkoxide is in many
cases even more important for the reaction than the values of the metal stand-
ard electrode potentials or the mobility of protons of the alcohol. The follow-
ing examples illustrate this statement. Despite higher acidity of MeOH in
comparison with EtOH (pK = 15.5 and 16, respectively), the insoluble
is formed very slowly in comparison with the soluble derivatives or

(both latter compounds crystallize from solutions as solvates) [1646].
Aluminum readily reacts with with the formation of the highly solu-
ble even in the absence of the catalyst

On the other hand, polymeric and are formed
only on prolonged refluxing of the metal with alcohols in xylene (140°C) in
the presence of  and    [1301].

Binding of the polymeric alkoxide in a soluble complex allows metals to
react with alcohols even for the elements with standard potentials close to
zero, such as
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(R = Me, Et; L= En, Dipy, Phen) [936]
Due to high solubility and stability of  2-methoxyethoxide derivatives, high-

purity aluminium and lanthanides readily react with 2-methoxyethanol with-
out any catalyst.

2.2. Anodic oxidation of metals (method 2)

Direct interaction of metals with alcohols may be efficiently performed
only for the most active metals; therefore, it seemed promising to use the anodic
oxidation for synthesis of  the derivatives of less active metals. The first attempt
in this direction was made by Szilard in 1906: he performed electrolysis of
NaOMe solutions in MeOH with Cu or Pb anodes [1552]. For many years,
however, this idea did not receive the appropriate attention; it was not until
1970 that Monsanto Chemical Co. disclosed the electrochemical synthesis of
Si, Ge, Ti, Zr, and Ta alkoxides by anodic dissolution in alcohols in the pres-
ence of electroconductive additives [1599]. In 1974 Lehm-
kuhl and his coworkers elaborated on a continuous process of synthesis of
insoluble in alcohols with

or NaBr as additives [1005]. In the early 1980s we proposed and
introduced into laboratory practice a series of electrochemical techniques for
synthesis of  the following metal alkoxides: M = Sc, Y, La, Ln, Ti, Zr,
Hf, Nb, Ta, Ni, Cr(III); R = Et, Pri, M = Mo, W; R =
Me, Et, as well as methoxyethoxides M =
Be, Cu, Fe(III), Co,Ni, Cr(III); or LiCl were used as additives [1478,
953, 968,1637, 1367, 1652, 1614, 906]. Recently, synthesis of the following
insoluble derivatives  also  has  been  reported:  [1410],  [1701],

[R = Me, Ph] [97], [828],
[R=Me, Et, Pr, Bu, Ph] [98], [906].

The character of the processes that take place on anodic dissolution is de-
pendent on the nature of metal. Those that have high enough negative poten-
tials to dissolve directly in alcohols (lanthanides, for example) need only some
additional anodic potential to overcome the overvoltage. The electric current
yields (i.e., the ratio of the amount of alkoxide formed and that calculated
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theoretically taking into account the electric charge that passed through the
solution) are in this case much higher than 100% [1478, 953]. For the less
active metals the nature of of the process is much more complex (an overvol-
tage problem appears to be of importance for many of those cases, as the dis-
solution of metals is often incomplete and precipitation of fine powders of
metal or lower oxides can be observed). Lehmkuhl has supposed that for the
late transition metals, such as Fe, Co, and Ni, the oxidation of the conductive
additive takes place [1005]. Halide radicals that are released attack the surface
of electrode and form a solvated metal halide. The latter is transported to the
cathode and reduced to an alkoxide, which is usually insoluble in this case. The
same kind of transformation occurs presumably in the electrochemical synthesis
of the heavy main group alkoxides. Precipitating alkoxides in this case are often
contaminated with alkoxide halides. It has recently been reported that the pres-
ence of amines (Dipy, Phen) in the electrolyte permits to avoid halide contami-
nation and accelerates the dissolution of Cd and Cu due to the formation of
stable insoluble complexes with metal alkoxides or phenoxides [97, 1062].

When the anodic dissolution of niobium was investigated there was ob-
served the reaction, leading to formation of metal alkoxides already in the
anodic process [911, 1676]. The cathodic reactions are limited to partial reduc-
tion of the alkoxides formed (it is usually a monoelectronic process — that is
Ti(IV) is reduced to Ti(III), Nb(V) to Nb(IV), Mo and W(VI) to M(V) [908],
Fe(III) to Fe(II) [1005]). Reduction is accelerated at higher concentrations of

or on heating of the solutions. It is often associated with the color
changes in solutions. Thus, in the course of the electrochemical synthesis of
niobium alkoxides the solutions turned brown due to formation of
[911, 1676]. Oxidation of the low-valent derivatives thus formed by oxygen,
present in the solvents or in atmosphere, gives oxoalkoxides that contaminate
the final product. It has been also noticed that the electrochemical destruction
of the conducting additives can play a considerable role:

The appearance of the alkali alkoxide can lead to formation of  bimetallic
alkoxides or bimetallic alkoxide halides as impurities. For example, lithium
oxoalkoxocomplexes were isolated as side products of the anodic dissolution
of  Mo and W when LiCl was used as conductive additive [908].
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The electrochemical technique can be used also for direct synthesis of  bi-
metallic alkoxides. For instance, the anodic dissolution of  rhenium in the meth-
anol-based electrolyte that already contained permitted to pre-
pare with a good yield (60%) a bimetallic complex with a
single Re–Mo bond [904]. Application of the same procedure permitted the
preparation of complex alkoxide solutions with controlled composition for
sol-gel processing of ferroelectric films [1777].

It should be mentioned that by changing the conditions of electrochemical
synthesis — such as nature of the alcohol, the purity of the metal used as
anode, the nature and concentration of the conductive additive, the voltage
(usually 30 — 110 V DC is applied), the temperature, and even the construc-
tion of the cell — one can significantly effect the process of the anodic disso-
lution or even change its mechanism. As it has already been mentioned, the
electrochemical dissolution of iron in alifatic alcohols gives insoluble iron (II)
alkoxides [1005], while in 2-methoxyethanol a soluble iron (III) complex is
obtained [1514]. Another example is provided by tantalum dissolution in iso-
propanol: while high-purity metal is rapidly dissolved anodically [1639], the
one containing impurities is passivated. Therefore, it is quite clear that each
synthesis requires careful study, optimization of parameters of electrochemical
synthesis, and isolation and purification of final products.

An important advantage of the electrochemical technique lies in its sim-
plicity because metals are much easier to handle than metal halides and are
always commercially available; the consumption of  the solvents is also much
smaller than for conventional techniques [1639, 1612]. The electrochemical
method allows the creation of a highly efficient, low-waste continuous process
for commercial production of metal alkoxides [948].

2.3. Reactions of metal oxides or hydroxides with alcohols (method 3)

Both reactions are used for the commercial production of alkaline and al-
kaline-earth alkoxides from very cheap raw materials. As far as the metal
alkoxides thus formed are soluble in alcohols, both reactions are reversible.
Thus, application of these methods is expedient in the case of  alcohols with the
boiling temperature higher than 100°C (water is distilled off). When low-
boiling alcohols are used the reaction time increases greatly, water is eliminat-
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ed in the form of an azeotrope with benzene. Sometimes hydrophilic agents
are added; metal alkoxides may be also precipitated by addition of

acetone (NaOEt) [1273, 1644].
This method is especially important for synthesis of thallium (I) alkoxides,

such as for the most frequently used TlOEt:

In this case isolation of metal alkoxide from water does not require any
special measures: liquid TlOEt is accumulated in the bottom of the flask in a
95% mixture with EtOH, while T1OH and water comprise the upper layer
[1625]. Alkaline metals react in analogous way with alcohols that do not mix
with water. For instance, reaction of KOH with (pentanol-3) at
120°C also results in the formation of two layers; the upper (alcoholic) layer
contains 40 wt% of KOR and 2 wt% of  KOH while the lower (aqueous) layer
contains 54 wt% of KOH [1277].

Alcoholysis of metal oxides may also be used for the synthesis of multiva-
lent metal alkoxides; nevertheless, application of this method is restricted to
“covalent” oxides with low values of  lattice activation energies. Usually these
are derivatives of M in the higher oxidation states, and their interaction with
alcohols is complicated by oxidation-reduction processes — for example,
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Application of metal hydroxides is especially fruitful for the preparation of
metal phenolates as the latter are exceptionally stable to hydrolysis. Reactions
can be performed in alcohols, benzene, water or melted phenols [1644].

In conclusion, it should be mentioned that the reactions discussed in the
present section are very important for drying of alcohols. The application of
sodium alkoxides, which has been employed in old techniques, can hardly be
recommended because the equilibrium of the reaction

is shifted to the left. The equilibrium constant of the reaction

at 25°C is equal to 0.68 [290, 1186], which means that in the 0.1 M solution of
NaOH in 99% EtOH, 96% of Na is present in the form of  NaOEt. There are
unfortunately no available thermodynamic data concerning the equilibria of
alkaline-earth metals with water; however, refluxing over  or
allows the minimizing of the traces of water in alcohols [155]. Presumably,
low solubility of the hydrolysis products   ensures the shift of the
equilibrium toward the formation of alcohols. Therefore, we would like to give
some practical recommendations concerning the methods of drying of alco-
hols. Alcohols are usually dried by the most readily available metal alkoxides
Mg, Ca, Al. These alkoxides are previously synthesized by reactions of metals
with anhydrous alcohols and introduced into the alcohol that is to be dried

refluxing of the reaction mixture for 4 to 6 hours is per-
formed; then alcohol is distilled off with a deflegmator. 5–8 g of Mg or Al or
~ 20 g of Ca is necessary for drying of 11 of  alcohol.                                  is
convenient for drying of MeOH,      for EtOH;

for BuOH and In the two latter cases it is also useful to reflux
the alcohols thus obtained with zeolites NaA (with the pore size < 5Å). The
content of  in alcohols thus prepared is usually  (determined by
Fischer technique).

2.4. Alcoholysis of         (method 4)
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The main idea of these techniques lies in the interaction of the “active”
hydrogen atom of the alcohols with the “anions” of metal hydrides, alkyls,
acetylides, nitrides, amides, dialkylamides, bis(trialkylsilyl)amides, sulfides,
etc., with formation of compounds where an H atom is bonded by a strong
covalent bond (usually gaseous HX). Alkaline hydrides of the most active
metals (K, Rb, Cs) are used to slow down the reaction of metal with alcohol;
sometimes it is necessary simply to avoid explosion.

On the other hand, to accelerate alcoholysis of  NaH and KH in solutions of
benzene or THF [2.2.1] – [2.2.2] – cryptands are used (which bind alkaline
metal into a rather stable chelate complex) [1004]. Quite stable, volatile per-
fluorotert-butoxides were first obtained in reactions of LiH or NaH with

they distill at atmospheric pressure at 218 and 232°C, respective-
ly [467] (the application of metals would presumably lead in this case to
condensation of Wurtz type). Li and Na hydrides are used as cheaper than
metal raw materials for production of the corresponding metal alkoxides. In
particular it has been suggested that the equipment used in production of MH
could be cleaned from its residue by the mixture of EtOH and the aromatic
hydrocarbon (40 to 60% by volume). After hydrogen evolution is completed
the solvent is eliminated under vacuum at the residue is MOEt with
the content of the main product > 98% [342].

Alcoholysis of amides was first reported for the preparation of alkaline
alkoxides. The reaction was carried out in liquid ammonia solutions and was
aimed at the obtaining of the derivatives of aromatic alcohols:

The individual dialkylamides were first applied for the synthesis of metal
alkoxides by Gilman et al. who used them for the preparation of [856].
The universal character of this method was demonstarted later by Bradley and
Thomas [196], who reported the synthesis of
and using this route. The advantage of this technique lies in almost
quantitative yields. It also can be applied in the preparation of the derivatives
of any alcohols including Formation of only gaseous side products

that can be easily removed by the evacuation can be considered to
be another advantage of the technique. However, in some cases the formation of
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stable complexes of alkoxides with the amines to be removed was nevertheless
observed (as, for instance, in case of     [16]).

The other problem in the application of this route originates from the ne-
cessity of synthesis of the initial amides (which are not commercially availa-
ble) and the complicated procedure of their separation from LiCl. The alkyla-
mide group is a strong and especially and it can act both to stabi-
lize the higher oxidation states and to reduce the derivatives of  highly electron-
egative metals (thus synthesized from      is always contaminated
with [207]). The high extent of additional that is ob-
served for the electronegative elements in higher oxidation states makes them
even inert to alcoholysis by ROH, which are extremely weak acids. For example,

at ambient temperature is almost stable to the action of  [207].
To overcome these difficulties the application ofbis-(trialkylsilyl)-amides

was recently recommended [770]. The latter ligands are much weaker
and, therefore, are easier hydrolizable and higher thermally stable. Due to

highly ramified radicals, attached to the nitrogen atom of the amide, they are
usually monomeric and highly volatile and thus can be efficiently purified by
distillation.

Alcoholysis of bis-(trimethylsilyl)-amides provides a very advantageous
route to the synthesis of alkoxides of early transition (Cr(II), Mn(II) [770]) and
heavy main group metals (Zn [649], Cd [183], Pb [1074, 1254], Bi [649,
1069]). Unfortunately, the derivatives of late transition elements, in particular
Co and Ni, cannot be obtained using this route because of poor stability even
of the corresponding silylamides [265]. Also known are some examples of
only partial substitution of the ligand on alcoholysis; for example, the interac-
tion of with gives at the first step
[1464]. However, the main obstacle that limits the application of this route
only to the laboratory practice is the comparably high price of the initial rea-
gents for the synthesis of bis-(trimethylsilyl)-amides — and

We would like to mention alcoholysis of   (accompanied by evolution
of hydrocarbons). However, metal alkyls are practically unavailable; therefore,
they are used for the synthesis of metal alkoxides very rarely. Only a few ex-
amples are known: CuOMe [413], [1306], [1338],
[350]. On the other hand, alcoholysis of metal alkyls is frequently performed
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to obtain alkoxoalkyls — catalysts in polymerization processes
[400, 401]. The latter are often quite stable to further alcoholysis and cannot be
transferred to metal alkoxides (recently, however, a contribution has reported
the preparation of  by action of alcohols
on [1582]).

In contrast to all the above mentioned the chloride atoms in the mol-
ecules of covalent chlorides can be replaced only on the action of phenols. In
the case of sterically hindered alcohols such as the alcoholysis
oftenyields only phenoxide chlorides such as [749], and

[389].

2.5. Metathesis reactions of with alkaline alkoxides or ammonia
(method 5)

This method hitherto has been the most commonly used for the synthesis
of metal alkoxides; the reaction is usually carried out in alcohols. That is why
at first some considerations concerning interaction of metal halogenides with
alcohols should be made. It has been emphasized by Tishchenko [1585] that
dissolution of in alcohols is accompanied by vigorous reaction leading
to accompanied by evolution of HC1, and followed by further
reaction:

This reaction is catalyzed by Metal halogenides being strong
Lewis acids demonstrate pronounced tendency to solvolysis, which increases
in the series primary < secondary < tertiary. Indeed, interaction of  with
EtOH or with t-BuOH results in the formation of [223]. The
following examples illustrate the dependence of the rate of the reaction on the
valency of metal (the ionic character of M-C1 bond) and the pK of alcohol:
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Because reactions are accompanied by the formation of oxochlorides (the
derivatives of the most acidic phenols being the only exception) with partial
substitution of chlorine atoms by alkoxide groups, they should be avoided in
synthesis of metal alkoxides.

Alkoxylation of is performed by KOR, NaOR, or LiOR or by am-
monia in solution in alcohol (formally ammonium alkoxide). Reaction with
NaOR is accompanied by formation of NaCl, which is almost completely in-
soluble in organic solvents and is, therefore, used in the synthesis of soluble
metal alkoxides. One of the first examples of application of such reactions has
not lost its importance as a method of synthesis to this day:

For many years attempts were made to improve this method: different au-
thors suggested changing the techniques of introductihg the components, sep-
arating the products, lowering of the reaction temperature, and so on. In all the
cases the yield of the alkoxide did not exceed 70% [473, 560]. We succeeded
in making considerable improvements in the yields of (M = Ge, Ti, In,
La, Ln, Bi, V, Nb, W, Fe) in these reactions by complete elimination of alco-
holysis reactions: metal halogenides were very slowly introduced either with-
out solvent or in the form of solution or suspension in an inert organic solvent
(ether, hydrocarbon, alkyl halide) in reaction with the solution of NaOR in
alcohol [953, 968, 1613, 1648, 1652].

The process is complicated by the formation of bimetallic complexes
or which may be decomposed by prolonged re-

fluxing or stirring of the reaction mixture after the addition of the reagents is
complete. In the case of due to the low stability of alkoxotitanates
reaction can be successfully accomplished; however, the attempt to synthesize

by this reaction failed: complexes are quite stable and
may even be distilled in vacuum without decomposition [115]. Alkoxochlo-
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rides and especially which are formed in this reaction, are also
usually very stable. and react with 3 moles of NaOR to give

and while in the same conditions yields
[553, 41]. Syntheses of and are the rare

examples of reactions of fluorides with NaOR [699, 19].
To synthesize insoluble polymeric metal alkoxides (primarily methoxides)

LiOR is usually used, such as

Solubility of LiCl in MeOH, EtOH, and is 30.4, 19.6, and 13.9%,
respectively. That is why after refluxing of the reaction mixture and washing
off the precipitate with alcohol, alkoxides free from LiCl are obtained. How-
ever, this reaction in many cases is also complicated by formation of bimetallic
complexes. Formation of stable intermediate complexes is especially charac-
teristic when LiOR is applied for alkoxylation. Thus was
isolated in reaction of with 2 mols of (i.e., on lack of OR-
ligands) [553].

Thus, in accordance with the data of [1367], the synthesis of sug-
gested by Mehrotra [99] leads, in fact, to (R = Me, Et). In
the synthesis of metal alkoxides highly soluble in hydrocarbons (with branched
or chelated radicals) both LiOR or NaOR may be used. The product is usually
extracted by hexane, or other low-boiling solvents, such as
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Ammonia in alcohols is used for alkoxylation much more frequently than
the alkaline alkoxides. This method, which was first patented by Nelles in
1939 [560], remains hitherto the main technological process for the production
of titanium alkoxides:

Chloride may be also bound by or is soluble
in amides (and nitriles), while titanium alkoxides remain in the bottom layer.
However, reactions with gaseous in an alcohol-benzene (toluene, cyclohex-
ane, mixture are by far the most economic. The latter are added in ap-
proximately 90% concentration to decrease the solubility of in alcohols
(which comprises 3.3% in MeOH, 1.5% in EtOH). Higher concentration of
hydrocarbons results in very fine precipitates, that cannot be filtered off. It has
already been mentioned above that pronounced solvolysis of in
does not allow the performance of synthesis of under the above con-
ditions. To overcome this obstacle, is introduced in reaction with alco-
hols in the alkaline medium in the form of (which crystallizes on
the bubbling of through the solution of in benzene or cyclohexane).
On refluxing of this complex with ROH

were obtained with high yields [560,1547].
The use of instead of allows the formation of bimetallic com-

plexes to be overcome; thus by this method and were first
synthesized [196]. Alcohol derivatives of different elements (such as Si, Ge, V,
Nb, Ta, Sb, Mo, W, U, Fe, and Re) were also prepared using this route. Some-
times instead of the tertiary amines were used:

Application of this method is limited by high stability (and presumably
low solubility in alcohols) of the complexes of chlorides with ammonia, such
as Interaction of with “ammonium alkoxides” cannot lead
to compounds with higher basicity, such as (its alcohol solution is
alkaline). Such alkoxides are synthesized by reaction of with NaOR.
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In one of the variants of this reaction Bradley suggested using pyridinium
halogenmetallates instead of

This allows the exclusion alcoholysis of the strong Lewis acid; the precur-

sor, which is much more stable than the chloride, is synthesized by reaction:

This method is the only possible way for synthesis of and

from the halogenide precursors, since the corresponding has not been

described [196].

This section concludes with a discussion of the reactions of metal haloge-

nides with other alkoxylating agents (besides and the reactions of the

salts with alkaline alkoxides, used in the synthesis of In this

connection the synthesis of Mo and W alkoxides and akoxohalogenides of

ortho-series, using alkylalkoxoorthosilicates or B, Nb, P alkoxides, are de-

scribed:

For complete substitution of fluoride ligands in such complexes, applica-

tion of was recently proposed (exploiting the much lower solubility

of in comparison with MF) [262].

Among metal salts other than metal carboxylates (and especially

acetates) are sometimes used in the synthesis of metal alkoxides. Their advan-

tage in reactions with lies in considerably lower stability of intermedi-

ates — metal alkoxoacetates in comparison with metal alkoxohalogenides.

* * *
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Indeed, reactions

can be performed due to precipitation of polymeric alkoxides [1623]; whereas
in the synthesis of it is NaOAc, which is insoluble in alcohols:

Application of halogenides under the same conditions results in
which does not decompose in excess of or under refluxing. The patent
[833] describes the general method of preparation of the stable metal alkoxide
solutions (which are used in technology); it comprises a heterogeneous reac-
tion of Zn, Cd, Y, Ln, In, Pb, Sn, Zr, Sb, Bi and Mn carboxylates in alcohol
solutions with or amines with subsequent purification by ionic exchange.

The use of complex cerium nitrate (IV) (which is more accessible in com-
parison with in the synthesis of proved quite fruitful:

2.6. Reactions of alcohol interchange or transesterification (method 6)

This method is especially important for the preparation of homologues,
which are hardly accessible by other techniques. According to the data of
NMR spectroscopy, the first step of the reaction lies in addition of the free
alcohol (and presumably destruction of the existing oligomers) [196].
There may be two ways to shift the equilibrium in the desired direction: distil-
lation of the alcohol with lower boiling point (usually as an azeotrope with



Chapter 2. General syntetic approaches 27

benzene) or precipitation of the newly formed alkoxide. Tishchenko was the
first to use this method for the synthesis of insoluble aluminium alkoxides —
derivatives of methyl, allyl alcohols, and glycol (which do not react with Al-
amalgam) from Reactions are performed under mild conditions; there
are no side reactions, associated with the presence of and HC1. The use
of benzene as a reaction medium allows the amount of the introduced R'OH
(for the synthesis of to be controlled. In some cases the stoi-
chiometric amount of R'OH is sufficient for synthesis of — for in-
stance, in the case of preparation of 2-methoxyethoxides). Under these condi-
tions it is also possible to lower the reaction temperature, which is especially
important in the case of application of the high-boiling alcohols.

Bradley and Mehrotra demonstrated that high-boiling alcohols may be
substituted by low-boiling alcohols; however, in this case considerable excess
of R'OH is necessary along with repeated treatment (with complete evacuation
of the solvent) [196]. This reaction is, in fact, used for synthesis of all methox-
ides (because of their polymeric character and minimal boiling temperature of
MeOH in comparison with other alcohols) and for the derivatives of unstable
alcohols, which in other cases may undergo decomposition. For instance,
trimethylsilanolates the formal analogues of t-butoxides, may be
obtained only in this way (usually from ethoxides or isopropoxides). Substitu-
tion of OR groups in the polymeric alkoxides is especially difficult to perform.
Thus refluxing of for 120 to 130 hours with fractionation leads to

where R = Et, [223]. However, it proved possible to
obtain and by refluxing of the insoluble and

for a few hours [1645, 1623]. Substitution by OR groups with
branched radicals (especially tertiary) is nearly never complete, presumably
because of the high stability of the partially substituted alkoxides, such as

Apart from alcohols, esters are also used as alkoxylating agents for
If the boiling points of the introduced and eliminated alcohols are the same
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(e.g., and b.p. 82.4°C), application of allows t-butox-
ides to be obtainied by distilling off the low-boiling ester:

In many cases application of esters in contrast to alcohols results in com-
plete substitution of OR-groups, which (according to Bradley) is due to the
stronger coordination of the carbonyl oxygen in comparison with the alkoxide
oxygen on the first step of the reaction [196]. Application of esters in the
synthesis of trialkylsilanolates is expedient due to their high stability in com-
parison with which readily undergoes polymerization and oxidation:

2.7. Redox reactions of metal alkoxides: Oxidation of organometallic
compounds (method 7)

Only a few of rather numerous reactions of oxidation of alkoxides by oxy-
gen, peroxides, halogens, and other compounds may be used for synthesis of

(with considerable yields). These reactions are known for uranium
alkoxides [197, 856], such as

Alkoxides of Mo and W with the metal-metal bonds are readily oxidized to
M(VI) alkoxides:

Oxidation of or (e.g., by t-butylperoxide) is the only
way to synthesize — one of the unique compounds of Cr(IV); it is
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quite stable to hydrolysis and oxidation, presumably because of high stability
of the tetrahedral molecules with the central atoms completely hindered by
tertiary radical. On the other hand, primary and secondary ROH reduce
to [197, 696, 960]. Such original oxidants as TlOAr and
were used for transformation of metallic ytterbium into Yb(III) and Yb(II) phe-
noxides [465, 466]:

Reduction reactions are primarily characteristic of Cr, Mo, and W(VI) com-
pounds. The UV-irradiation of the solutions of or in
alcohols results in [248, 769]. Reaction of pinacol
with aqueous solutions of K, Cs, or chromates leads to alkoxochromates
(V) which are stable to hydrolysis due to chelating of the ligand
[1750]. For W aryloxides reduction of very stable by K (in the pres-
ence of Reneu nickel) to and is of practical interest
[600]. were obtained by reduction of by Na
in solutions in alcohols (i.e., by hydrogen in statu nascendi) or by K in ether
[560], while the action of ytterbium amalgam on produced

[461].
Recently, was obtained by irradiation of

solutions in and by the visible light
[1803]. Partial reduction of alkoxides occurs in the course of electrolysis of
metal alkoxides (see above). Oxoalkoxoniobates (R = Me, Et, Bu),
the products of oxidation of the were isolated in the course of elec-
trolysis performed with Nb anode and Pt cathode [911]. Although the reduc-
tion products are highly unstable (they cannot be used for synthesis of oxides)
their formation in electrochemical synthesis should be taken into considera-
tion because their subsequent oxidation by (or even its traces) leads to ox-
oalkoxides.

Butlerov and Francland in the XIX century made an attempt to synthesize
alkoxides by oxidation of However, the oxidation is a quite complicated
process, which first led to peroxides [241]:
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Metal alkoxide is formed as one of the products in this complicated proc-
ess (its formation is usually registered by the presence of alcohols in the prod-
ucts obtained after the hydrolysis of the reaction mixture) [241].

Application of metal alkoxides in preparation of oxide materials assumes
their high purity, which satisfies the requirements for modern electronic mate-
rials. Nevertheless, there are only few works that consider the question of pu-
rification of metal alkoxides and that give the characteristics of their purity
[522]. Future studies of the syntheses of metal alkoxides should pay special
attention to the problems of their purification.

* * *



Chapter 3

PHYSICOCHEMICAL PROPERTIES OF ALKOXIDES:
REGULARITIES IN THE HOMOLOGOUS SERIES

High donor activity of the oxygen atom in the OR-groups allows the pos-
sible formation of M–O(R)–M bridging, binding the monomeric alkoxide units
into oligo-or polymeric structures. Therefore, the major factor determining all
the physicochemical characteristics of is their molecular complexity.
The latter decreases usually in the homologous series from methoxides to ethox-
ides and then from the derivatives of n-radicals to ramified primary, secondary,
and ternary groups. The highest possible ramification for causes serious
difficulties in the formation of donor-acceptor bonds, providing the lowest
molecular complexities for and making them most soluble in nonpo-
lar solvents and often volatile. The ionic component in the M-O bonding de-
creases in the same series.

Let us take the LiOR series as an example. The methoxide and ethoxide
crystallize from solutions in alcohols as solvates, demonstrating
good solubility in alcohols (LiOMe, 12.0; LiOEt, 16.4% at 20°C) [1643]. Then-
solutions have good conductivity; for the solutions of LiOMe
LiOEt, 40; 20[112, 852].Desolvation of occurs at 28 and
55°C under solvent and over 40 and 110°C for solids with elimination of gaseous
ROH for R = Me and Et, respectively. As can be seen in Fig. 3.1, the desolvation is
associated with the change in the sign of the dissolution enthalpy,  the process is
endothermic for and exothermic for LiOR.
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This situation can be explained by the difference in the structure of the
solid phases. LiOMe has a polymer structure analogous to that of LiOH (see
Section 4.8.2), the lattice of solvate contains molecules, 6 alcohol molecules
are incorporated into the core of the tetramer, while other 2
are connected with it only by hydrogen bonds (see Fig. 4.6) [1521]. Thermo-
lysis of both LiOR occurs at ~320°C, but while the methoxide cannot be trans-
formed into the gas phase, the ethoxide sublimes easily at and

at The latter derivative is in contrast to both methox-
ide and ethoxide soluble in hydrocarbons — benzene, cyclohexane, and so on.

sublimes easily at its mass-spectrum reveals the frag-

The chemical shift for methyl protons in the spectrum of
is higher than for which indicates the higher covalence of the

Li–O bond even in comparison with the O–H one [1489]. The tert-butoxide,
perfectly soluble in hydrocarbons, ethers, and so on, is practically insoluble in
the parent alcohol (1.3%). While its structure remains unknown, it is possible
to suppose that its hexanuclear molecules are built up in the same manner as in

ments of hexameric molecules. The molecular complexity of in solu-
tion varies between 3 and 11 according to different authors and is equal to 6 for
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[675] or in the enolate [1748], where there
have been found the hexagonal prisms with alternating metal and oxygen at-
oms in the vertices (see also Section 12.1).

In all the homologous series of a special place is occupied
by the methoxides possessing usually polymeric structures. They are often
insoluble in organic solvents, decompose without melting on heating, and are
not volatile. The difference between and other homologues is often
visual even in the color. Thus, with the octahedral coordination of
metal is yellowish green, while other containing
tetrahedrally coordinated Ni atoms are violet [1367,1005]. The violet color of
the polymeric distinguishes it from the other which have
an orange color [6, 770].

The polymeric structures are sometimes observed even for other homo-
logues with n-structure, especially ethoxides and n-propoxides. In the series of
oligomeric one can observe the regularly decreasing m.p., density —
the parameters connected directly with the regularity of the structure, density

increasing viscosity in the series of, for example, monomeric (Fig. 3.2).
The refraction coefficient in the and homologous series

varies in different directions, while the molecular refraction increases
as usual with the increase in the molecular weight. The influence of the rami-
fication of R on the boiling point can be illustrated comparing the isomeric
series of Ti, Zr, Nb, Ta [225, 237, 205], and Al amyloxides [1107, 91]. In Fig.
3.3 it can be seen that in the series of the primary alkoxides the boiling points
are decreasing with the ramification of R for the same value of molecular com-
plexity It is very interesting that the b.p. for

appears in all the series to be as low as for (in case

transition to while practically no changes are observed for the mo-
lecular complexities (being 1 for Ta, Nb, Ti -derivatives and 2 for Al and Zr).
The boiling point therefore turns out to be a parameter more sensitive to ram-
ification than the molecular complexity.

boiling points are very close for all three isomers and decrease sharply on
of              the molecular complexity is ~2 for both isomers). For the

of molecular packing, and so on. B.p., of evaporation increase in the same
series in connection with the increasing molecular weights and also with the
effect on entanglement of the long hydrocarbon chains, reflected directly in the
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General considerations lead then to the following conclusion: the increase
in the ramification of the radical should promote the solubility in organic sol-
vents, especially the nonpolar ones, while the numeric data on this topic are
quite rare and often contradictory in literature. For reasons for this situation
see, Chapter 6.

The state of the alkoxides in the gas phase appears important in connection
with their purification. The mass-spectra of the volatile species indicate the
existence of aggregates, whose size is usually corresponds to that established
for the solid phase by the X-ray single crystal studies [952, 1655]. It is, howev-
er, important to take into consideration the fact that the distillation is in some
cases accompanied by ether elimination reaction and formation of oxoalkox-
ides:

[968, 1639, 1612, 1655].
A special case is represented by the M = Mo, W oxoalkoxides,

which in analogy with the corresponding oxide halides undergo disproportion-
ation in the gas phase:

Therefore, in spite of the identical microanalysis data for the initial prod-
uct and the destilled one, the X-ray powder diffraction indicates the presence
of the admixture phases in the latter [950, 968]. Details of the physicochemical
characteristics of different derivatives are provided in Chapter 12. They are
also described in the review part of the book by Bradley et al. [223].



Chapter 4

CRYSTAL AND MOLECULAR STRUCTURES
OF METAL ALKOXIDES

High donor activity of the oxygen atom in the alkoxide group causes the
formation of rather stable M-O(R)-M bridges, combining the alkoxide units
into various oligo- and polymeric structures. For more than 100 years the size
of the aggregates and their probable structures could be deduced only from the
data on their molecular weights (obtained by cryo- and ebullioscopic measure-
ments). The structures of the mono- and dimeric molecules could be deduced
practically unambiguously (the cyclic where two metal at-
oms are connected via two bridges, being usually present in the structures of
dimers). Sidgwick [1482] as early as 1930 predicted the cubane-like structure
of (later confirmed by the single crystal X-ray study of
[439], [714]; see Fig. 4.6) using the data on molecular weight and

parachore of the ethoxide.
In 1950s and 1960s Bradley developed the “structure theory” for metal

alkoxides, based on the principle that metal atoms should achieve maximal
coordination at minimal molecular complexity of the aggregate,

The orthoesters of nonmetals E = B, Si, P, C – in contrast to metal alkoxides – are
monomeric, the stabilization of their molecules being achieved via the increase in multiplic-
ity of E-O bonds due to interaction of the filled orbitals of O-atoms and vacant orbitals
of the E atoms.
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This theory permitted the predict of the structures of a number of oligomeric
aggregates and in particular of such an important product as [198,
199] (see Fig. 4.8).

Experimental studies of the structures of metal alkoxides started more than
40 years ago. The very first study of this kind was made at Moscow State
University in 1957 by Struchkov and Lobanova and was devoted to the inves-
tigation of  [1358]. During the last 20 years work in the field of struc-
tural studies of metal alkoxides and phenoxides has been intensified. At present
more than 1000 structures of the derivatives containing exclusively OAlk- and
OAr- functional groups have been described. We consider them in relation to
their molecular complexity beginning with the monomers and finishing with
polymers.

4.1. Mononuclear complexes

The compounds of this group are formed only in two cases:

The intensification of studies of the derivatives of sterically hindered lig-
ands such as 2,6-
or 2,4,6- substituted phenoxides is
caused by the search for new soluble and volatile alkoxides required for the
synthesis of inorganic materials. The application of such compounds is justi-
fied in the cases when the derivatives with sterically less demanding radicals
are polymeric, not volatile, and soluble in the best case only in polar solvents.
The most considerable efforts have recently been made in synthesis and struc-
tural characterization of the derivatives of alkaline, alkaline earth, and rare
earth metals — precursors of ferro- and piezoelectric materials, high tempera-
ture superconductors, and so on.

The accumulated data on structures belonging to different structure types are available on
request from the author via e-mail at natalie@inorg.chem.msu.ru.

If the donor ability of the oxygen atom of the OR-group is hindered
sterically (in case of sterically hindered ligands) or functionally — due to
the presence of other donor groups in the alkoxide ligands, permitting che-
lation, or via coordination of other donor ligands such as solvating mole-
cules; or

If the oxidation number of the central atom is equal to its coordination
number.
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The coordinatin numbers (CNs) of the metal atoms in the monomeric mol-
ecules are quite varied (from 2 to 8) and are usually minimal ones for the metal
in question. Thus the atoms of lanthanides have very unusual for them CNs of
3, 4, and 5, Al has 3 and 4 Cr(II) and Cr(III) have 4, U has 4, Mn has 4 and so
on. This fact explains the formation of the monomeric molecules instead of
polymers that are usually formed for these elements in the lower oxidation
states. As the examples can be taken the 2,6-substituted phenoxides of V(II)
and V(III), Re(III), Nb(II), Cr(II), Mo(IV), Co(I), Yb(II), and so
on. (see Chapter 12). It is supposedly the matching of the sizes of both central
atom and ligands that permits the existence of monomeric tetrahedral
molecules, where being stable not only in the solid phase but
even in the gas phase [167, 1573]. It is well known that the +4 oxidation state
is not characteristic of chromium and these are polymeric and mon-
omeric that are formed with less bulky radicals. In the monomeric

molecule the steric hindrance introduced by the
ligands favors the triangular coordination of Be-atoms [1372].

The bulky and branched radicals in the monomeric molecules are known in
some cases to stabilize the ortho-forms of alkoxides —
M = Zr, Hf are monomers stable in both gas and the solid phases, while the
derivatives of less branched alcohols form when desolvated (even partially) the
oligomeric oxocomplexes, like [1520]. The alkoxide lig-
ands possessing properties (like phenoxides) can also favor the for-
mation of the ortho-forms via stablilization of the molecules against the ether
elimination reaction. Thus, while the alkoxides of series are easily
forming monooxoderivatives on heating, the phenoxides of tung-
sten in all oxidation states (for example, or

[897]) are stable to heating to reasonable tem-
peratures. The total shielding of the central atom in where the phe-
nyl rings are arranged as propeller blades covering the W atom, explains the
unique stability of this compound to hydrolysis [1538]. Examples of stabiliza-
tion of the monomers via chelation include [284]
and [1037].

The coordination numbers of the metal atoms in the monomeric molecules
can in some cases be increased by coordination of additional ligands. Thus the
coordination of two THF molecules by the tetrahedral
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gives the product that has an octahedral structure [480, 876]. The trigonal py-
ramidal molecule is converted into trigonal bipyramidal
complex via solvation with two molecules [1528].

Some characteristic features of the alkoxide structures can be identified for
the monomers:

The presence of solvating ROH-molecules gives rise to the hydrogen
bonding leading usually for the formation of network aggregates. Accord-
ing to the common rules we do not consider such aggregates in the deter-
mination of the molecular complexity.

The compounds containing phenoxide ligands are often stabilized by
intra- and even intermolecular bond formation, which is most char-
acteristic of Ln, Nb and so on. Thus the agostic Yb...Me (3.42 Å) interac-
tion in the molecule or Yb-C (2.98 Å)
bond formation in leads to chelation [465, 466]. A
great number of studies of such derivatives have been reported by Roth-
well et al. [1371]. These derivatives are not considered in this book be-
cause of the presence of M–C bonds in their structures.

The presence of fluorine atoms in the alkyl residue is known to increase
the volatility of alkoxides. The data of X-ray single crystal studies indicate
unambiguously the presence of the secondary intramolecular M...F interac-
tion, which is especially pronounced in case of alkali and alkaline earth,
lanthanides, and some other metals. The coordination sphere of M be-
comes then saturated by the F atoms, which thus preclude the formation of
OR-bridges [732]. The literature describes many dimeric alkoxide struc-
tures (for example, [288], [548],

which have monomeric fluorinated analogs —
[1361], [208,

209], [527].
A parameter, which is of special importance for the description of

in addition to the coordination polyhedron of the central atom and the M-O
bond lengths, is the M-O-C bond angle. Bradley [198] was the first to empha-
size the role of unshared electron pairs at the oxygen atoms that can be in-
volved into interaction with the vacant d-orbitals of the transition metal. Thus
in the molecules containing maingroup metals such as Bi, Sn, Ge, Te, and Al.
the values of these angles usually do not exceed 120 to 130°, while in those of
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the derivative of transition metals (represented mainly by phenoxides) they achieve
170 to 180°. Tesh [1572] has pointed out that this increase can be caused in
addition to the electronic effects by the sterical hindrance (the individual input of
these factors can hardly be distinguished). This fact can be illustrated by the
structures of phenoxides of some maingroup metals such as
where M = Mg, Ca, Sr, Al, where in contrast to the alkoxides of the same
elements the M-O-C angles are 170 to 180°[495, 723, 757, 1361, 1572].

4.2. Binuclear complexes

The majority of alkoxide aggregates are dimers containing a four-member
cycle. The stability of this fragment is apparently so high that the

dimerization occurs for the vast majority of monomeric molecules containing
only one OR-group along with other ligands (this is of special importance for
the OMe-group, which is the smallest among the alkoxide ligands). Below are
considered some examples of dimeric molecules (arranged with the increasing
CN of the central atoms).

coordination for both metal atoms is observed in the molecule
of indium(I) phenoxide, where the terminal lig-
ands are absent [1434] and Monosolvates of lithium alkox-
ides or phenoxides and those of copper(I) alkoxides (see Sections 12.1 and
12.2) with bulky ligands of   type
2,6) form dimeric molecules with trigonal planar coordination of the metal
atoms The same structure is observed for

and other molecules. Tetrahe-
dral coordination of both central atoms is observed for
and They can be exemplified by

[1484], [391], and [548].
Dimers containing two pentacoordinated atoms are the molecules of the

type — [1184] (n=1),
[289] (n = 2), [105],

[752](n = 3), [186, 191](n = 4). Let us con-
sider in particular the structure of the dimer, where the Ti-Ti
distance is 3.27 Å (compared with 3.33 Å in the compact metal) and the Ti-O
one is 1.74 Å; the red color of the complex being caused by the delocalization
of electrons in the [PhOTi] fragment [1719].
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The most widespread dimers are those of 2 octahedra —
Let us consider such structures of 2 centrosymmetric molecules, R

[Nb(OR)5]2 the lengths of the bridging Nb-O bonds is 2.13–2.14, and the ter-
minal ones are 1.89–1.91Å. These values are approximately 0.17 Å smaller
than the sums of the covalent radii, which indicates a considerable role of the

This can be even more clearly seen in the Nb–O–C valent angles: they are
equal to 121 to 123° for the bridging groups, while their average for the termi-
nal ones is 145°. In general it can be pointed out that the values of these angles
decrease with the increase in coordination of the ligands: the largest angles are
observed for the terminal ligands (achieving for some derivatives of Mg, Ba,
Ln, Cr, and U nearly 180° — i.e., sp-hybridization of the oxygen atoms). It
should be also mentioned that this parameter is in many cases more sensitive
to the molecular geometry than even the C–C bond length. The
dimers are partially destroyed on dissolution.

[1304, 1782] and the                                 solvates  (Fig. 4.1a, b). In the   =
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The molecules of the solvates at the same time demonstrate much higher
stability. Thus an attempt at desolvation of leads to its
decomposition with formation of the oxocomplexes like while the
crystalline solvates are partially recuperated on the action of the excess of

on the latter [1612]. In the structures of    where M =
Ce, Sn, Zr, or Hf [702,1350, 1589,1665], the molecules of alcohols are situated
on different sides of the equatorial plane and form the intramolecular hydrogen
bonds with the neighboring OR-group (O...O 2.77 Å). The resulting angles
between the trans-axial become reduced to 161 (M=Zr) and 155°(M=Ce). The

indicates that the structure is preserved in solution and the protons are
migrating between all the OR-groups in solution. The same structural type is
observed for many solvates, particularly, [1350, 1496,
1531, 1721], [624], [108],

[1550], [43,417],
[1669]. All of them exist unchanged in solutions and

do not loose the solvating alcohol molecules below the pyrolysis temperatures.
In the molecule of the formation of only one rather

strong hydrogen bond leads to the mutual approach of the corresponding alkox-
ide groups (O...OH 2.52 Å) and elongation of the distance between the OR-
groups situated at the other side of the equatorial plane (Fig. 4.1 c) [1639].

Let us consider the structure of the planar cycle present in the
molecules of nearly all binuclear alkoxides and phenoxides. In the vast major-
ity of structures the M-O-M bond angle is 107 to 112° independently of the
nature of the alkyl group, the metal, or its coordination polyhedron. Taking
into account that for the bridging groups the value of the M-O-C bond angles
lays usually in the 120 to 130° interval, the sum of the valent angles at
approaches 360°, and the hybridization approaches For the derivatives of
smaller metal atoms such as Li, Cu, Be, and Al the angles at the oxygen atoms
in the cycle become decreased to 80–100°. Even smaller angles are observed
for the complexes, where the formation of strong M-M bonds takes place: for
example, in it is 76, and in it is 90° (the Mo=Mo
and Mo–Mo bond lengths are 2.52 and 2.69 Å respectively) [350, 870].

Much less common are dimers, where the metal coordination polyhedra
share a common face. As examples can be taken

built up of 2 tetrahedra [497] or bimetallic t-butoxides
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M = In, Tl, consisting of two [1693, 1685]
(Fig. 4.2 a).

In the asymmetric molecule the
connected elements are trigonal bipyramids [497], while in that of

they are the octahedra around U(IV) and U(V) atoms [419]. In
the dimer the metal atoms are connected by a
Re-Re bond (2.56 Å) in addition to 3 alkoxobridges [519].

In the molecule of the complex the 2 dis-
torted octahedra share 4 vertexes — 2 OAr and 2 THF ones (along with the
extra connection via K...F interaction) [246].

The dimeric molecules of phenoxides have also a number of specific fea-
tures worth to be noted. The number of bridging units there can be increased
via where n = 1–6, bond formation. This phenomenon can be traced
in the case of bimetallic phenoxides. In the molecule
of the metal atoms are connected only by 2
OAr-bridges. In the molecule of  the Na atom
(which already possesses d-orbitals) forms an extra bond with the of
the in addition to 4 bonds in the tetrahedron [383]. In the

complexes the K atoms are connected by 16 bonds
and the Cs atoms by 12 bonds which leads to the formation of a

continuous one-dimensional polymer chain, where no bridging via O-atoms
occurs [381, 383]. The analogous features are observed for the dimeric

molecules, where Ln = La, Nd, Sm, Er [283,105]. The literature
describes numerous examples of phenoxides of Nb, U, and so on, where both
kinds of bridging — via  and  — are present.
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A specific class of dimeric alkoxides is represented by the cluster deriva-
tives of Mo and W in lower oxidation states studied during the 2 last decades
by Chisholm et al. The derivatives of Mo (II) and (III) as well as W(III) with
bulky or ramified radicals (sec-, tert-, form ethane-like
molecules with multiple M-M bonds. In contrast to the abovementioned ag-
gregates, they do not contain any bridging groups, for example,

where The length of a metal-metal bond is a

good indicator for determinating its multiplicity: for a quadruple bond

in it is 2.13-2.15, for a triple — 2.2-2.3, double M=M—2.5 and
single M–M — 2.7 Å. These are quadruple and triple bonds and
configurations for the metal-metal bonding orbitals) that can exist without any
supporting bridging ligands [345]. The diffuse being involved in
bonding, the triple bonds turn out to be much more stable than the

ones (no alkoxides with quadruple tungsten-tungsten bonds have ever
been mentioned in the literature). dimers have a strong trend to dimerize
and form butterflytetramers and can often be stabilized by the addition of extra
N- and especially P-donor ligands [347]. The length of the metal-metal bond is
very sensitive to the nature of the additional ligands (which can affect its mul-
tiplicity). Thus the presence of the bridging OR and other ligands results in the
elongation of the M-M bond. Thus on transfer from the “pure” metal cluster

to the Mo–Mo distance increas-
es from 2.22 to 2.53 Å, which corresponds to the replacement of a triple bond
with a double one. The addition of 2 strong electron-acceptor NO molecules as
terminal ligands to the molecule of  leads to the complete break-
down of the Mo-Mo bonds. The dimeric molecule thus formed exists only due
to the presence of two bridges; the distance between Mo atoms is in-
creased to 3.33 Å (see also Section 12.18).

4.3. Trinuclear complexes

The majority of the compounds that are part of this group belong to the 3
following types: triangular molecules, linear chains, and nonlinear chains. The
molecules of the first type are built up of 3 polyhedra
(most often of octahedra), bound by the common vertexes in the equatorial
plane. In addition, both above and below the plane of the triangle are placed 2

tridentate ligands (Fig. 4.2 b).
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In the majority of triangular structures both are the alkoxide
ones — for example, in [387]. There are, however,
many examples where one of them is an oxogroup — for example,

[454], [1520],
][356], or —

[553]. Quite unusual are molecules with only one
[1350] and [1258]. The presence of

4 bridging groups — — causes naturally a rather strong distor-
tion of the octahedron. This conclusion can be illustrated by the structures of
compounds quite different in composition and containing not only octahedra
but even tetrahedra or 5-vertex polyhedra

[209], [398],
[553],

[454], and
[1688]. All these molecules are built around trigonal bipyra-

mids, contracted in apical direction: the angles are 64–75°,
angles are 92–97°, an-

gles are angles are and the (t-O)-M-(t-O) angles
are 85–105°.

The derivatives of Mo, W, and Re belonging to this type contain the cluster
units, such as

. [357], but also known are the molecules, where the
are absent and the bonding in the triangle is due to doubly bridging groups and
M-M bonds as in       and 1 W=W 2.45 Å) [348],

[762].
The linear trinuclear molecules can be formed on the condition that the

central metal atom has no terminal ligands and its polyhedron shares an edge
or a face with those of the peripheral metal atoms. This type is exemplified by

[137], [1185],
[1691], [727],

[1561] (Fig. 4.3 a) structures with tetrahedrally coor-
dinated central metal atoms (the cycles being situated in perpendicular
planes). In the molecule of [518], where
the central atom has a square planar coordination, the cycles lay in the
same plane.
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Examples include and

The third possibility of linear arrangement of the 3 metal atoms observed

where
in

The linear trinuclear molecules can also be formed in the case of the pres-
ence in the central octahedron of 2 terminal ligands in trans-configuration
because both cycles are arranged in the equatorial plane in this case.

(Fig. 4.3 b) [1561],
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[1681], and [453] cation is due to the sharing
of the parallel opposite faces by the central octahedron and the
peripheric ligands. In the molecule, the con-
siderable trigonal distortion of the central octahedron results in Zr–

[1689].
Less represented is the group containing molecules with cis-configuration

of the groups of the central octahedron. It includes
[1402], [1104],

[1691], [1608],
[1622, 1562] (Fig. 4.3 c). The

angular configuration is characteristic also of the asymmetric
Ta molecules [1622, 334], where the central octahedron is sharing

with the peripheric ones a face and an edge (Fig. 4.3 d). The central atom
polyhedron in [1781] is a trigonal bipyramid and the
shared edges are therefore not parallel (Fig. 4.4 b).

The structure of the cycles in the chain-like trimers is in general
analogous to that in the molecules of dimeric alkoxides.

4.4. Tetranuclear complexes

This class of compounds displays a large variety of structural types, which
can be generalized as follows:

Tetrahedral molecules;
“Butterfly” with an open tetrahedron (1 M–M bond is missing) or a

cluster molecule built up of 2 triangular fragments with one common
edge, laying in different planes;

Cubane-like molecules with core tetrahedron with 4

Planar rhombs with                and
type”);

Planar cycles, where the metal atoms are connected by bidentate
bridges (OR, O, Hal, etc.) or M–M bonds;

An octahedron sharing ages with 3 tetrahedra
Linear and non-linear chains with -groups.

4.4.1. Tetrahedra
The regular tetrahedron exists supposedly only in the

molecule, where in addition to the central ligand are present only
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the 6 placed over the edges of tetrahedron (Fig. 4.5 a) [608].
Some distortion should be present in the molecule of

due to its heterometallic nature and different terminal
ligands being present [1742].

The absence of one or several in the structures of
[1657], [1492],

[1565],
[1803], and so on, molecules permits them to be consid-

ered as “butterfly” tetramers, where the “wings” are bound by an additional
tetradentate oxogroup and, in the structures of solvates, also by a rather short
hydrogen bond between 2 terminal groups (OR and ROH).

Among the distorted tetrahedra with 4 edges missing it is necessary
to mention the “Chinese lamp” (2 trigonal prisms with perpendicular
axes and a common plane). Its pure form was discovered in only one case,
that of [365]. In the distorted

tetrahedron the is absent and the molecule exists
due to and 6 W-W bonds (2.47–2.96 Å) [362]. Tetrahedral cluster
containing a tetradentate OAr-group has been observed in only one structure,
that of

[548].
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4.4.2. Butterfly
Butterfly is a cluster molecule built up of 2      triangles with a

common edge lying in different planes. This type of structure was discovered
by Chisholm for the derivatives of trivalent Mo and W with ramified radicals
such as [354]. They contain
usually M-M bonds with multiplicity varying between 1 and 3. The metal
atoms placed at the ends of the “butterfly wings” are coordinating 1, 2 or 3
terminal OR or Hal ligands; the atoms forming the “body of the butterfly” are
connected with 1 or 2 or even none of those. The edges of the
are supported by one or 2 bidentate OR-bridges. In some cases the outer side
of one or both triangles bears also the which permits these
molecules to be considered as those of type (see Section 4.4.5),
contracted along the axis. The examples are provided by

with 5 Mo=Mo bonds (2.48-2.51 Å) [346] (Fig. 4.5
b). A very asymmetric molecule of
bears along one of the edges of 1 triangle and along 1 of
those of the other triangle and 1 along its other edge [365]. In the struc-
ture of anion, where there is
present even a hydride ligand bound to all the 4 Mo atoms [271]. The complex-
es where M=Mo, W are the only examples of heter-
ometallic butterflies; the M=M bonds are present naturally only in the “body”
of the butterfly [271]. The quantum-chemical aspects of the description of this
type of structures are discussed in [346, 271] (see also Section 12.18).

4.4.3. Cubane-Iike molecules
Molecules possessing core can be considered as

dra with all the 4 faces capped by The molecules of this type
are characteristic of alkaline metal alkoxides (with branched radicals) and those
of T1(I) (Fig. 4.6 a)(see also Section. 12.1 and 12.6). The

cubanes are present in the molecules of solvates such as
magnesium methoxochloride [1524,165], and

The molecule is a distorted cubane with
two square faces, and 4  pentagons,
the hydrogen bonds inside the latter leading to formation of a closo-polyhe-
dron [1521] (Fig. 4.6 b). Among the derivatives of transition metals the cu-



Chapter 4. Crystal and molecular structures of metal alkoxides 51

banes are characteristic of pyrocatechinates —
[1235], [1475].

The molecules of this type display quite high stability, many of them being
observed in the gas phase. Like dimers, they are common for heteroleptic com-
plexes, containing at least one OR-group per metal atom and are especially
common for methoxides. Examples include the numerous complexes of Zn,

Mn, Fe, Co, Ni, and so on containing along with acac, OAr,
and other ligands [1771, 276]. Methanolysis of

and leads to cubane-like molecules, containing tetrahe-
drally coordinated metal atoms M [1468,1220]. On further treatment they are
transformed into dicubanes—pairs of cubes
with a common vertex an octahedrally coordinated Zn atom [1812].

The same kind of distortion (analogous to that in the
cycles) is observed for all the structures of this kind: the bond angles at the
oxygen atoms turn to be bigger than 90, and those at the metal atoms are
smaller than 90. The minimal deviations are observed for the derivatives of
alkaline metals (the symmetry of the tetramer itself is According to
NMR data the rotation of the radicals, which are situated on the volume
diagonals of the cube, is not frozen over –20°C, while the ther-
mal motion of the Me-groups remains noticeable even below –50°C [352,1728].

4.4.4. Planar with and
This most widespread type of tetrameric structures is a rhombus of 4 metal

atoms, where 4 edges are supported by ligands and where both triangles



are capped by lying on different sides of the rhombus plane — that
is, 4 polyhedra sharing common edges. In such molecules there are
present 2 types of metal atoms, one connected with 2 and of the
other one with only one of them (in Fig. 4.7 a they are designated as and

The number of terminal groups in them is rather much varied—from 0 in
[1692] to 14 in

(CN = 7 for U atoms) [1813]. The majority of these mole-
cules are, however, built up of the octahedra, the structure of

being the first one of this kind determined by an X-ray study.
In this centrosymmetric molecule one can clearly trace the correspondence
between the structural function of the ligand and the Ti–O bond lengths and
Ti–O–C bond angles. These parameters vary in the term-, row in the
ranges 1.78–2.08, 1.96–2.08 and 2.13–2.20 Å,140–161, 117–126 and 100-
106° [1759]. The shortest ones turn to be the terminal bonds situated in trans-
position to the groups (1.75 and 1.82 Å).

In addition to this structural type is also observed for the
homometallic derivatives with branched and bulky radicals —

Oxo- (hydroxo-) ligands occupy most often the like in
[1405], [1014],

[1689], and [425].
It should be mentioned that in the structures of bimetallic alkoxides the

position is occupied in the majority of cases by an alkaline or alkaline earth
metal atom (often coordinating the solvating molecules), while the is occu-
pied by an atom of electronegative transition metal. That is true for

[187, 703], [652],
[52], [1638]. At

the same time, in the molecules of [1690],
[1622, 1561],

[548], and many others the inverse arrangement is observed. In
this sense of the special interest is the complex
with the statistic distribution of Mg and Ti between and positions,
unusual for the molecular structures of metal alkoxides [1773].

52 The Chemistry of Metal Alkoxides
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It is to be pointed out that the packing of the metal atoms in the discussed
structure type is rather less dense than in the cubane-like structures (where all
the 4 bridges are and therefore their stability is usually lower than
that of the latter ones. The planar rhombs with and groups do not
exist in the gas phase and usually dissociate giving trimers in solution [198].
Even cluster molecules such as give monomers in gas (while their
molecular complexity in solution is 4) [364]. The same relationship is actually
observed for many inorganic tetramers — for example, the cubane-like mole-
cules of turn to be more stable than tellurium(IV) bromide or iodide
the structure analogs of

The structures of [1564]
molecules and and

[548] anions can be considered
as derived from that of — the first of them containing 4, the second
one and the third one and The polyhedra turn then
out to be joined not via edges but via faces. The pairs of metal polyhedra are
then sharing not edges but faces.

4.4.5. Planar [M4] cycles with or M-M bonds
This group includes in particular the square planar molecules of

(analogs of oxocuprates), where the Cu
atoms have linear coordination, the vertexes of the squares being occupied by
the oxygen atoms [676, 1094, 1027]. In the cluster molecules of Mo, W, and



54 The Chemistry of Metal Alkoxides

Re alkoxides, the vertexes of the tetragon are occupied by the metal atoms, the
R, OR, O, Hal, and so on groups being the bridging ones —
(Fig. 4.7. b) [347], [906].

A special notice is to be made for the struc-
ture, where the groups being tridentate in the molecules, turn
bidentate and connect only Ba atoms [173] (Fig. 4.8 a).

4.4.6. An octahedron coupled to 3 tetrahedra
The structure of the tetrameric molecule of aluminium isopropoxide con-

taining the metal atoms with 2 types of coordination — octahedral and tetrahe-
dral — has been predicted by Bradley and then confirmed by the NMR data.
The X-ray single crystal study has shown that the central and the three pe-
ripheric aluminium atoms are situated in the same plane perpendicular to the
main trigonal axis, which goes through the central atom. The 3 4-
member cycles are situated in the mutually perpendicular planes [1642, 574]
(Fig. 4.8 b).

The analogous structure of the metal-oxygen core was discovered for
[1744] and also [1746] and

(with peripheric groups) [996]. The molecules
of this kind have apparently high stability and are present not only in the solid
phase but also in the gas phase.

4.4.7. Four-member chains
Four-member chains turn out to be linear, as has already been mentioned

for the trinuclear molecules in the cases, for the tetrahedrally —
[1321], M = Mg, Cr, Mn, Co,
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Ni [1683] or square planar [518]) coordina-
tion of  the 2 central atoms. If the latter are octahedrally coordinated, the line-
arity can be achieved when they share common faces —

[17]. In the [106]
and [962] molecules the chains
are zigzag formed because of the cis-coordination of  the terminal groups in the
central octahedra.

* * *

Molecules containing more than 4 metal atoms are very often conglomerates
of smaller stable fragments described above. There do exist, however, a number
of  highly symmetric (often closo-) aggregates containing 5, 6, or 9 nuclei.

4.5. Pentanuclear complexes

Pentanuclear complexes are represented by 2 major structural types: closo-
”clusters” with a in the center (heteroleptic complexes) and by
combinations of  2   triangular aggregates, having 1 common metal atom
(heterometallic ones as this M’ “central” metal atom should have higher coor-
dination number and be rather electropositive to permit the existence of such
an aggregate).

The molecules containing groups are described as tetragonal pyra-
mids or trigonal bipyramids. The structures of

derivatives of Sc, Y, Er, Yb, In [208, 783, 1309, 1607,
1734] belong to the first type (Fig. 4.9 a), and those containing the
[444], [1179] groups, and the

solvate [726] to the second.
Except for the isopropoxides this structural type includes

[303],
[1702, 1150], [727], and

[1506].
The trigonal bipyramid [548] does not con-

tain any pentadentate ligand, while in the
tetragonal pyramid the oxogroup is placed in

the center of the basal plane and is tetradentate [191].
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The aggregates of this type are very stable: they are present in solutions
and in the gas phase and display low reactivity, in particular, toward the com-
plex formation with the alkoxides of other metals (see Chapter 8).

A combination of 2 triangles with a common vertex is known only for
heterometallic complexes. These are, for example, the very stable

The central 8-
coordinated atom in these molecules coordinates groups (of 2
octahedra sharing a common face) via and (Fig. 4.9 b)
[125, 970, 1611, 1662]. In the molecule,
the [NaBi2] triangles are centered by [1742], while in the struc-
ture of the cycle is situated between 2 tetra-
hedrally coordinated Al atoms [1104].

provides the first example of a molecule, where
all the 5 metal atoms are involved in a nonplanar cycle (incorporating a Mo=Mo
bond in addition to and ones) [847].

4.6. Hexanuclear complexes

The majority of the complexes studied belong to one of the 2 most wide-
spread structural types:

octahedra or trigonal prisms (containing or not centered by
any atom); or
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Pairs of triangles connected via groups, and so on. Much
more rarely observed are pairs of cubes with a common plane, and so on.
and also tetramers of the type with 2 additional
groups or zigzag chains.
4.6.1. octahedra and trigonal prisms
These prisms containing a in the center have been observed for both

homo- and heterometallic alkoxides. Examples include
[304].

In the first case the 12 are situated on the edges of the octahe-
dron, while in the second the 8 ones are capping the faces of it. The
bimetallic molecules contain usually a cluster
such as [1441], and

[1696].
The same group includes the

anions (Fig. 4.10 a) [724] and numerous vanadium ox-
oalkoxides described by Zubieta et al. possessing a highly symmetric structure
of type [337, 913] (see also Section 12.15).

Among the octahedral clusters not containing a hexadentate oxoligand one
can note with alternating O and
OR ligands capping the faces of octahedron [492, 710,1401,1786], which are
the structural analogs of the hydroxides of the same metals (Fig. 4.10 b), and



58 The Chemistry of Metal Alkoxides

also bimetallic
and

Significantly less represented are the trigonal pyramidal molecules con-
taining a hexadentate ligand in the center, tridentate ones on the bases, and
bidentate ones along the 9 edges of the cluster

In the molecule of
the bidentate groups are situated also along 3 diagonals of the side

faces [763]. The molecules of  Li and Na alkoxides with branched radicals such
as

and also
contain the uncentered prisms.

4.6.2. Aggregates of two triangles
These belong to one of the 3 known types. The first one is represented by

the molecule, containing two triangles situated in
the perpendicular planes and connected by a tetradentate oxoligand [446]. A
big group is formed by the molecules, where the vertices of 2 triangles are
connected by a pair of bridging groups, forming a X = OR, Hal
cycle. This group includes bimetallic complexes like

Cl, I [1508, 1662, 1688, 1691],
[1598],

etc. (Fig. 4.11 a).
The third possibility is provided by the connection of different triangles via

like in (Fig. 4.11 b)
or like in

4.6.3. Aggregates of 2 cubane-like tetramers with a common face
These are known for only one homometallic alkoxide —

(common face) [1653] (Fig. 4.11 c) and
heterometallic alkoxide — (common

face) [1441].
4.6.4. Aggregates of 2 tetrahedra with a common edge
These have been found only in the structure of the

cation, containing the fragment
in its center [1188].
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Closo-polyhedra;
Condensed structures related to the inorganic isopolyanions;
Pairs of clusters connected via the central group;

Oligomeric alkoxides containing more than 6 nuclei nearly always incor-
porate oxogroups and are represented by the following structural types

Oligomeric alkoxides containing more than 6 nuclei4.7.

4.6.6. Hexanuclear chains

This is demonstrated by the molecules of [304]
and also by a whole series of bimetallic complexes such as

[1735],
Ni [140], [1742]

[1034], and
[902].

These are always nonlinear. They are represented by one homometallic
zigzag chain complex— [357] — and by a number of
heterometallic ones, such as [1565],

[847].

4.6.5.   core with 2 additional
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Cycles; and
Fragments of a planar polymer layer.

Closo-polyhedra (“cluster” structures with or without a center-
ing polydentate group).

4.7.1.

The highest symmetry in the considered group is demonstrated apparently
by the complexes containing 9 metal atoms. These are, first the
molecule (in the structure of a doubly truncated hex-

agonal bipyramid with alternating Na and -groups [675]. The second
molecular type is represented by Ln
= Eu, Y -square antiprism with a [Ln(OR)] -cap centered by a nonaden-
tate X = Cl or OH ligand [553].

Molecules containing cubane-like cores in their structures are represented
by 2 types. To the first one belongs built up of 2

cubes sharing a common face, connected also by
the outer [TiO(OR)4] groups [970].

The second is formed by the molecules of
(Fig. 4.12 a), M =
Nb, Ta and which central core is a
cube. The atoms are connected to octahedra via oxoligands
and 2 or more [1522, 1622, 1787]. The coordination of is
completed by solvating alcohol molecules. In spite of the different nature and
even valence of and R, these compounds have almost analogous structures.
The only difference is based on different orientation of the octahe-
dra in relation to the cubane-like core: they can be situated along the continued
edges (Mg–Ta), face diagonals (Ba–Nb), or volume diagonals (Ba–Ti). It is
reasonable to suppose that the described structure can be observed even for
other oxoalkoxides with The Mg-Ta complex is the first
example of a structurally characterized n-butoxide. The formation of the cu-
bane-like core permits the effect of entanglement of the hydrocarbon chains,
to be overcome, usually preventing the crystallization of n-butoxides.

A number of examples represent a structural type, where the 8 faces of the
central octahedral core are capped by alternating and octahedral

groups. Among those are [1253],
[1519], and [140].
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As a tetrahedral analog of the preceding structure type one can consider the
molecule, where the edges of the central

tetrahedron are capped by 6 linear groups [1321].
4.7.2. Condensed structures related to inorganic isopolyanions
This type is represented by a considerable number of oxoalkoxo complex-

es containing more than 6 metal atoms, where the oxogroups usually (with the
exclusion of the doubly bonded terminal oxoatoms) are bridging (bi- to hex-
adentate ones) and the OR-groups are terminal or bidentate bridging. Among
the known structures include two groups: (1) a dense packing of octahedra
sharing common edges and vertices analogous to and
(2) skeleton molecules, where the pairs or triades of octahedra are connected
via shared vertices directly or via single octahedra.

The first type is represented by oxoalkoxomolybdates (VI) and (V, VI) and
-alkoxovanadates (V), (IV) and (IV, V), studied by Zubieta et al. [914, 913,
1018, 1039] (see Sections 12.15 and 12.18). The centrosymmetric

anion (Fig. 4.12 b)
can be considered as an analog of metamolybdate [1087]. The sur-
face of the groups is covered by the residues of various polyols —

and so on.
The second type includes M = Nb, and Ta oxoethoxides

(Fig. 4.14 b) [219, 911, 1617], [1519] (Fig.
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4.13 a). The molecule (obtained on hydrolysis of
consists of  2  tetrahedra with a common vertex, connected also

by one and 2 (Fig. 4.13 b). An unusual feature of this mole-
cule is the presence in it of pairs of octahedra sharing common faces [1639].

Of special interest are the titanium oxoalkoxides recently studied by Klem-
perer et al. [291, 454, 457] and Mosset [1177], of which many do not have
analogs among the inorganic systems. The molecule of — the
primary hydrolysis product of titanium ethoxide — can for-
mally be considered as derived from the structures of the tetramer
and trimer (existing in solution). The molecule con-
tains a linear chain and the 2 groups,
situated above and below it with their centers in front of each other but shifted
from the center of the trinuclear unit [457, 1414, 1719] (Fig. 4.14 a). The
analogous principles lay in the background of construction of the bigger mol-
ecules like

where the parallel chains of pairs or triades of octa-
hedra are connected with each other via and The

molecule contains 2 perpendicularly placed blocks of 8 octa-
hedra, where each of them contains a layer of 6 octahedra with NiAs-type
structure and 1 octahedron below and 1 above the layer [1177] (see also Sec-
tion 12.11).

A special group is composed by “spherical” molecules such as
(Fig. 4.14 b) and in
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the center of which are situated the 8-coordinated zirconium atoms, their sur-
face being covered by the OR-groups. Of the same kind are the

molecules with one central tetrahedron and 12 pe-
ripheric octahedra for Ti (a structural analog of  the known Keggin structure of

[293], and ones
possessing symmetry and containing 2 Mn-octahedra in the center [140].

4.7.3. Pairs of clusters connected via the central unit
These can be considered as derived from the structural type discussed in

Section 4.6.2, described for hexanuclear complexes. The central unit in this
case is connecting usually 2 tetranuclear complexes. This group includes

and the unit) [5182],
tetrahedra and the unit) [368]. The most

interesting appear the trimetallic isopropoxides,
described by Veith [1687, 1686,
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1691]. In the latter, 2 triangles, for example, are connected by a
linear unit.

In the molecules of Al and Fe oxoethoxides,   five-member
rings are connected via the unit [1785,1365] (see Fig. 6.4) . The

cycle is situated in the center of the 16-nuclear molecule of
obtained by microhydrolysis of [986].  In the mol-

ecule of the 2 butterflies connected via
2 cycles form a linear chain [553].

4.7.4. Cycles
Cycles are formed by 7-, 8-, and 10-nuclear alkoxides. In the molecule of

a tetrahedral Ba atom is incorporated into 2
cycles - linear) [1321]. The tetrahedral group in the

molecule of connects 2 eight-member rings, each of
them containing 2 linear groups and a octahedron [1385].

One centrosymmetric cycle of 4  triangles connected via
is observed in the molecule of

[1385, 156].
Finally, a cycle with a crown shape (close to that of built up of

tetragonal pyramids was found in the structure of
(the molecules of alcohol being connected only to the terminal

OR) [898]. The decanuclear cycle is
built up of the pentagonal bipyramids [1308]

4.7.5. Fragments of a planar polymer layer
Fragments of a planar polymer layer of type are present in the nona-

nuclear molecules, M = Ca, Cd, R = (not con-
taining oxogroups and not isomorphous with each other). In the first of the
central core contains 3 octahedra and the periphery — 6 polyhedra with 7
vertices [654], in the second one there are present 7 octahedra and 2 polyhedra
with 5 vertices [183].

The analogous cycles have been discovered in the molecules of
[1680 a] and however, in the structure of the former they are connected
via the common Fe atom and and groups, while the structure of the latter contains
in its centrum the group connecting the 2 cycles.
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4.8. Polymers

Chains4.8.1.
The factors determining the geometry of the polymer chain — linear or

zigzag one — are considered in Section 4.3 for the trinuclear alkoxides. The
examples of  linear polymeric chains are provided by   com-
posed of    tetrahedra (the ether functions not being involved into
coordination) [649]. The linear M = K, Rb chains
are formed of pairs of tetrahedra sharing common edges, connected
via pairs of  [352].The trinuclear linear
molecules octahedra connected with groups via com-
mon faces) are converted into linear chains via coordination with benzene
molecules situated perpendicularly to the chain direction [1387]. Among the
linear polymers a special place is occupied by the pseudocarbonyls of alkali
metals, erroneously considered initially to be the salts of hexaoxybenzene, that
turned out to contain the fragments, M = Na, K, Rb, Cs,
permitting them to be considered as derivatives of acetylenediol [1728, 1929].

The zigzag chains are formed if the monomeric unit is, for example, a
polyhedron with 5 vertices, like in built up of

tetragonal pyramids [1074, 1069]. In the structure of
are present alternating tetrahedra and trigonal
bipyramids [703,1691]. In the structure of
the nonlinearity is introduced by cis-arrangement of terminal ROH molecules
in the octahedron [1105]. The same feature is observed in
the structure of  composed of alternating  tetrahe-
dra and octahedra [1519]. The ethoxide analog —

— has an analogous structure, but the chains are in that case
forming helices due, supposedly, to the bigger size of  the ligand. This supposi-
tion is confirmed by the existence of a spiral chain for a tert-butoxide,

composed of and
tetrahedra [1692].

Layers
The minimal structure demand for the OMe-group is leading to the maxi-

mal coordination of the metal atoms resulting in the fact that the majority of
methoxides — both crystalline and amorphous — are polymeric. The powder
diffraction studies have shown that many methoxides (and sometimes ethox-

4.8.2.
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ides and even isopropoxides) form structures related to those of the corre-
sponding hydroxides: the alkaline methoxides to that of LiOH

[507, 1729, 1728, 1737], alkaline earth ones and those of other
divalent metals Mg, Ca, Sr, Ba, Cd, Pb, Fe, (layers of
octahedra) [1367, 1517, 1627, 1646, 1649], and those of trivalent ones — Al,
Cr, Fe — (layers of octahedra) [1366]. The Me-groups form
layers among the M-O layers placed according to the [MeOMOMeMe...]
motive. Thus the value of the a parameter turn out to be very close for hydrox-
ides and methoxides, while the c parameter increases with 3.4 Å. As the con-
tact between the layers in the structures (along the c axis) is supported
by rather strong hydrogen bonding, which is replaced for the metal alkoxides
by weak Van-der-Waals interactions, the sequence of the layers should be dis-
turbed for the metal alkoxides, which results in the presence of only rather
weak 001 reflections, looking diffuse on the side corresponding to the increase
in theta [1646, 1649, 1366].

For the derivatives of di- and trivalent metals, the crystalline phases are
embedded into the amorphous matrices and appear sometimes only after sev-
eral years of storage. This circumstance and also the disorder in the direction
perpendicular to the plane of the layer are leading to considerable decrease in
the experimentally determined density compared to the theoretical one: the
ratio of those decreases from 98 to 60% from to It is
interesting that on prolonged storage the phase isostructural to
— bayerite — is transformed into a more stable one analogous to –
gibbsite; crystallizes always in this form [1366]. Studies have de-
scribed the products of partial substitution for OMe-groups with the OH ones
in the methoxides of Mg [965], Ca, Cd [59], and [965],
conserving the unit cell parameters of their hydroxides with only the corre-
sponding increase in the cell height (AIO(OH) — boehmite).

Polymeric layers of 5-member cycles exist in the structures of
Zn, Mn, Fe, Co [700, 1329, 1501], and Ni [1568] glyoxides.

The structures of the K, Rb, Cs methoxides are very close to that of LiOMe, but the
coordinating numbers of the metal atoms in them increase to 5 (distorted tetragonal pyramid).
The intermediate situation for NaOMe among the other is reflected by the existence
of 2 derivatives. The form isomorphous to LiOMe is very unstable (d = 1.28); it is instantly
hydrolyzed by the traces of methyl groups that form layers among the metal-oxygen layers
placed according to moisture with the formation of (d = 1.63), isomor-
phous to KOMe [1729].
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Tridemensional networks are apparently not common for the structures
of the alkoxides. Among the few examples are network of

cubanes [761 ]; the structure of    contains the net-
work of cycles [1321]; the molecules of
Diox} are connected in three directions by the dioxane molecules [548].

Comparison of the properties of metal alkoxides with their structures per-
mits a conclusion that the polymeric nature does not always lead to chemical
inertness. The major role appears to be played by the nature of the M-OR
bonding. Solubility in alcohols and liquid ammonia of the methoxides of alka-
line and alkaline earth metals and that in hydrocarbons of the isopropoxides of
K, Rb, Cs (isostructural with the corresponding methoxides), and also

M = Pb, Bi indicates the easy oligomerization due to solva-
tion or chelation. At the same time the methoxides and ethoxides of Al, Cr, Fe,
and so on, forming the strongest covalent bonds in the octahedra (and
not prone to solvation in alcohols), appear almost inert. They can be dissolved
only due to complexation or partial destruction with formation of oxobridges.

* * *

In conclusion, it should be noted that the vast majority of the structures of
alkoxides, phenoxides, and siloxides can be described using a restricted varie-
ty of the most widespread structural types. The initial building blocks are just
very few fragments. These are, the binuclear       fragments (with OR and
oxobridges), and triangles, cubanes,
and also some larger aggregates (for example, octahedra).

A comparison of the number of known structures for different homologs
shows that among the homoleptic alkoxides of n-structure those studied (and
crystalline) are nearly exclusively the methoxides. The exceptions are repre-
sented by [364] and polymers, M =
Ca, Sr, Ba, Ni [1646; 1627, 1367], Al, Cr, Fe [1366]. The ethoxide groups are
present mainly in heteroleptic complexes, containing chloride ligands (in bi-
nuclear molecules), and also in oxoalkoxides, where the OEt-groups are situat-
ed on the surface of        fragments, preventing the entanglement of the
hydrocarbon chains. An analogous role is apparently played by the heteroatoms
in the bimetallic complexes. Among the lager-size derivatives it is necessary to
mention again the [1522]. At the same time most
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of the described structures are those of the derivatives of branched radicals
like and the sterically hindered ones, such as

The accumulated structural material permits at present reliable predictions
in many cases of the structure of the so far unknown derivatives. Exceptions
are, however, provided by the oxoalkoxides, which have a great variety of
unexpected molecular structures.



Chapter 5

OXOALKOXIDES

Polymeric metal oxoalkoxides — the products of partial hydrolysis or ther-
molysis of have long been applied as refractory and isolating pro-
tection coatings. It has been supposed that these amorphous products contain
metal-oxygen chains surrounded by OR-groups [199,48].

A new step in this story was linked to the oligomeric oxoalkoxocomplex-
es, whose role in the chemistry of alkoxides and apparently in sol-gel process-
ing is extraordinarily important. The reliable data on these compounds were
received first in the 1960s due to determination of the molecular structures of the
“crystalline primary products of hydrolysis” such as [457, 1414,
1719], [219, 911], and [1173] (Fig. 4.14).

It has been found that all the oxoligands have bridging functions (even the
Nb-complex did not contain any terminal “ylic” O-atoms). They were consid-
ered to be the condensation points originating from 2 hydroxyl groups. During
recent years, due to the development of X-ray studies, a great number of deriv-
atives have been characterized as belonging to this class. Moreover, a good
number of derivatives considered earlier as orthoalkoxides turned to
contain oxoligands (very often the polydentate ones so that the percentage of
the replacement of OR-group with O-ones is very small). Examples include
the isopropoxides of lanthanides and In, whose molecules contain a pentaden-
tate oxoatom— (Fig.4.9 a), [1309,1607,208,1734], “crys-
talline ethoxides” of Al and Fe — (see Fig. 6.4) [1785, 1365],
“calcium ethoxide disolvate” — (Fig. 4.11 c) [1653],
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and so on. The well-known organicchemistry catalyst and reducing agent,
turned out to consist of tetranuclear

molecules [1657] (Fig. 12.16).
It was quite unexpectedly found that the amorphous samples of zirconium

and hafnium alkoxides contain several types of oxocomplexes, partic-
ularly, and [1612]. The trinuclear

was isolated in a crystalline form and turned out to be a structur-
al analog of the known isopropoxide clusters of Th, Mo, and U(IV) –

[1520] (see also Sections 4.3 and 12.12). The inclusion of the
solvent molecules inside the cavities of the structures and formation of alcohol
solvates in many cases leads to microanalysis data that does not deviate much
from those calculated for

Although many authors continue to consider these compounds only as the
products of uncontrolled hydrolysis, the conditions of their formation indicate
the possibility of other decomposition pathways. The most important in this
sense was the recent proof of the chemical identity of the and

single crystals obtained by two different routes: on hydrolysis
of ethoxides and also on spontaneous decomposition of  and
(for example on prolonged storage or on heating of solutions in an autoclave in
rigorous isolation from the traces of water) [457, 1177,911].

As one of the possible pathways of their formation it is possible to consid-
er the ether elimination reaction:

Condensation of this kind was first observed by Bradley in case of nio-
bium t-butoxide:

The formation of ether has not been proved in this case, but the authors
have proposed a decomposition mechanism including the heterolytic cleavage
of an O–R bond and a subsequent attack of the carbocation formed on the
oxygen atom of the neighboring OR-group [205].

Processes of this kind are very characteristic of the alkoxides of rhenium
[168], molybdenum, and to a minor extent in tungsten: of all the
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series only the methoxide was successfully isolated [812, 1453, 1560]. All
are rather unstable and display a trend to transformation into
[1637]. The solutions of bimetallic Na and Mo alkoxides were

found to decompose at room temperature giving nearly quantitatively
and the ether [1638].

The desolvation of alcohol solvates is to some extent always accompanied
by the formation of oxoligands, — for example,

The other product of this reaction at low temperatures might be ether. The
formation of ether has been reported, for example, for the decomposition of

into [783].
This process is a common one in the fragmentation of the majority of

metal alkoxide molecules in the mass-spectra. A typical example of the latter
is the fragmentation pattern of zirconium and hafnium oxoalkoxides [1612]
(Fig. 5.1).

The elimination of ethers can play an important role in the processes of
hydrolysis of metal alkoxides, where the formation of crystalline oxides is
observed already at low temperatures. For example, the action of the excess of
water on solution in benzene provides and [1610].

This decomposition type has supposedly a quite general character. Thus
the siloxides of lead and mercury, and (the latter
being the most stable among the mercury alkoxides), decompose at rather low
temperatures with the elimination of [1417]. The formation of ox-
obridges is undoubtedly a thermodynamically favored process and is analo-
gous to the well-known process of aging of hydroxides, where the condensa-
tion of 2 hydroxide groups occurs with the elimination of a molecule of water.

The other pathway leading to the formation of oxogroups in the coordina-
tion sphere of the metal atom is provided by uncontrolled oxidation of the
basic alkoxides such as alkali, alkaline earth metal, and quite probably the rare
earth metal ones by oxygen dissolved in solvents and present in the atmos-
phere. The primary oxidation products are peroxides and hydroperoxides —

and whose decomposition gives water among the other
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products [241]. A specific trend to oxidation in comparison with other deriva-
tives has been noticed for 2-methoxyethoxides (for details see Section 12.1). It
is interesting to note that among the rare earth derivatives the only one isolable
free from oxogroups was found to be [1308] — the deriv-
ative of the most electronegative element. The 2-methoxyethoxide of gadolin-
ium can be isolated already as [782]. Caulton et
al. have even with most rigorous protection from moisture and oxygen ob-
tained on reaction of Ba metal with 2-meth-
oxyethanol [304].

The controlled oxidation of the low-valent metal alkoxides has in fact been
used for the preparation of oxocomplexes. Thus on action of   on
or the red-colored solutions obtained by anodic dissolution of molybdenum
metal in alcohols (containing the derivatives of Mo(V)) were obtained the di-
oxoalkoxides, [356, 908].

The situation with the determination of the input of different reaction path-
ways into formation of the oxoalkoxide species is rather complicated, as in
addition the two last ones — ether elimination and oxidation by oxygen — are



Chapter 5. Oxoalkoxides 73

catalyzed by the traces of water. The origin of oxogroups in the molecules of
alkoxide carboxylates appears to be the formation of esters taking place in the
course of their synthesis or in storage (see Section 7.1).

It is quite apparent that the oxocomplexes — homo- and heterometallic
ones — play a crucial role in formation of the simple and complex oxide phas-
es and are their true precursors. It therefore is reasonable to consider some
examples illustrating the formation conditions and the structures of these com-
pounds (in the order corresponding to the increase in molecular complexity).
The dinuclear complex (Fig. 4.1) crystallizes
from the solution of  in the parent alcohol on reflux (due to elimina-
tion of [1639]. The triangular molecules of  (M
= Mo and W) (Fig. 4.2 b), were obtained on oxidation of  with oxy-
gen and [356, 357]. The same kind of molecular structure was found
for obtained on hydrolysis of [454]. The
tetrahedral molecules of (Fig. 4.5 a) and

were formed on alcoholysis of   and on complex formation of
2 alkoxides, respectively [608, 447].

is the product of slow decomposition of
(it was earlier erroneously described as [1622, 1621], its
structure being an example of the  type (Fig. 5.2). Its molecule con-
tains a terminal doubly bonded oxoatom (“niobyl” group), which is connected
by an intermolecular hydrogen bond with an alcohol molecule at Li atom.



74 The Chemistry of Metal Alkoxides

The Fig. 5.2 shows clearly that even a very light thermal treatment would
lead to the elimination of the solvating alcohol and formation of the Li–O–Nb
bridge [1622, 1621].

The already mentioned pentanuclear (M = In, Sc, Y,
Ln) (Fig. 4.9) crystallize from solutions obtained by all the described tech-
niques (Section 12.7) [208, 1309, 1607]. The

complex is formed on the reaction of Ba with PhOH
[303], supposedly due to oxidation by the traces of oxygen. From the solutions
of (obtained by anodic oxidation of metal or via metathesis reac-
tions) occurs the crystallization of  (Fig. 4.10 b) [ 1627,
1786]. The formation of oxocomplexes in the latter case occurs either due to
hydrolysis or the elimination of ether, which is rather characteristic of lead
alkoxides [34,1254]. The metathesis of with NaOR and NaCp provides

[1441], and hydrolysis of potassium alkoxozirconate gives
[1666] (see also Section 4.6).

A short time refluxing of alcohol solutions of Ba and Ti isopropoxides
enables the crystallization of containing the metals
in 1:1 ratio, which can serve as the precursor of (in contrast to barium
alkoxotitanates containing the metals in 1:4 and 1:2 ratios). The central ele-
ment in its molecule is the cubic core, coordinating in its turn the

residues. Taking into account the exclusively short Ti-O bond lengths
(1.71 and 1.79 Å), the structure can be considered as the combination of four
ion pairs (Fig. 4.12) [1787, 1631]. Its solutions
contain supposedly the single ions or their aggregates in contrast to the
molecular [1686] (see also
Chapter 10).

Examples of polynuclear oxoclusters include the products of controlled or
uncontrolled hydrolysis such as [1639, 1784] (Fig. 4.13 b),

(M = Nb,Ta) [219,911,1617] (Fig. 4.14 b),
[851], [457],

[1173] (Fig 4.14 c), [1177], and
[291]. In these molecules the blocks of

octahedra are connected by n = 2–4 forming the structures that closely
remind those of the known iso- and heteropolyanions and are often spherical
(see also Section 4.7.2).
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This family of structures includes also some heterometallic molecules such
as [1519],
[901], [140],

and [1519] (Fig 4.13
a), [1519], and [293].

The characteristic feature of the polynuclear is their slow crys-
tallization from solutions. They are usually soluble in hydrocarbons but can be
transferred into solutions in alcohols only on heating (or mechanic crashing in
alcohol). The determination of their solubility in alcohols is never providing
the reproducible values — the solubility polytherms measured on heating and
on cooling of solutions demonstrate hysteresis [911]. These data indicate the
solvolytic decomposition of oxocomplexes on transfer into solution in alcohol
with formation of pieces of different composition and structure participating in
complex equilibria of poly- or oligomerization. The only exclusion appears to
be whose binuclear molecules do apparently exist in solu-
tions in alcohol [1639]. At the same time, some of the oxoalkoxides —

(Fig. 4.9 a), (Fig. 6.4), — appear to exist in the
gas phase according to the mass-spectrometry data [953, 1785].

In conclusion it is necessary to note the considerable change in chemical
activity occurring on transformation from the alkoxides into oxocomplexes.
An example is the synthesis of a bimetallic Bi–Ti complex. The complex for-
mation of 2 isopropoxides occurs only in the presence of water (h = 0.2–0.7),
which leads to the formation of Bi-oxoisopropoxide, which then reacts with

already at room temperature providing [447] (see also
Chapter 8). Teyssie et al. [760] have proposed a large group of alkoxides of 3d-
transition metals, and also those of Zn, Al, and Mo as highly effective selective
catalysts for polymerization of lactones, isocyanates, and so on.



Chapter 6

SPECIFIC FEATURES OF PHYSICO-CHEMICAL
BEHAVIOR: «COORDINATION POLYMERISM»

The structural types described in Chapt. 4 correspond to the crystalline
alkoxides. At the same time, are much more prone to give amorphous
samples due, supposedly, to the nonhomogeneity of their molecular composi-
tion. Crystallization occurs only in the cases when the samples contain only
one type of aggregate or a regular polymeric structure.

The aging processes leading to the changes of the properties of samples
over time (such as solidification of liquids, decrease in solubility, increase in
evaporation temperature, changes in the composition of the fragments in the
mass-spectra, crystallization of amorphous solids) have become wellknown.
These processes, very characteristic also for the hydroxides, are caused by ag-
gregation or polymerization and also by condensation of oligomeric molecules.

During the last 30 years the literature has included many reports on the
variation of the properties (such as m., solubility, vapor pressure, IR, and mass-
spectra) of samples of different alkoxides in time. Such examples were provid-
ed by the samples of and [1640, 1642], [1234,
1233], [106], [1734], and so on. The properties
of the polymeric and tetrameric samples of (“A” and “B” forms)
[866] that differ in solubility in hydrocarbons, structure, and IR spectra are
compared in Section 12.11. Dioxomolybdates and tungstates are
also prone to polymerization in time: their solubility decreases to practically



78 The Chemistry of Metal Alkoxides

zero and the IR spectra indicate formation of the M=O...M oxobridges (in-
stead of the terminal M=O groups) [968, 1637].

The most detailed study of the mutual transformations has been carried out
for the two types of aggregates that very often are present in the
samples simultaneously. In the 1960s and 1970s with the aid of IR and NMR
spectroscopy it was shown that the freshly distilled liquid samples of
contained trimeric molecules — nonlinear chains
with the 5-coordinated central and 2 tetrahedral peripheric Al-atoms [198, 563]
(their structural analog was found in the crystal structure of
[1781]). On storage the liquid solidifies slowly and after approximately 40
days achieves a m.p. of 140°C [1642, 1043]. The crystalline samples contain

tetrameric molecules [1642] (whose structure was earli-
er predicted by Bradley [198], see Section 4.4.6). They are preserved in solu-
tion at room temperature and are destroyed forming trimers on heating [18,
927]. The process of aging, (i.e., of the increase in the average molecular com-
plexity and m.p. in time) can be illustrated by a melting polytherm in the
binary trimer-tetramer system (Fig. 6.1) [1642]. The activation enthalpy of the
trimer tetramer transformation is estimated at ~ 12 kcal/mol [563]. There
do not exist, therefore, in contradiction to the literature data [563] any specific
polymorphs of except, one and the same sample can contain 2 dif-
ferent forms of molecules in different ratios (the m.p. of 117 to 118 °C, provid-
ed usually in the literature, corresponds to the crystals formed directly from
the alcohol solution and still containing about 12% of the trimer). This ratio is
kept in hydrocarbon solutions.

On addition of to the crystals it is possible first to obtain very con-
centrated solutions, from which then commences the crystallization of poorly
soluble tetrameric form (Fig. 6.2). It can be supposed that the trimer molecule
coordinates an additional alcohol molecule along the sixth coordinate of the
central aluminum metal in solution and then forms with the aid of hydrogen
bonding the intermediates, which transform subsequently into tetrameric mol-
ecules already containing the hexacoordinated central Al atom. The incom-
plete coordination polyhedron of the Al atom is thus responsible for the ther-
modynamic instability of the phase, where it is present [1642].

At ~110°C the melts of contain even dimeric molecules, which
quickly transform into trimers on cooling [927]. The kinetics of mutual trans-
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formations of all 3 forms of aggregates has been thoroughly investigated by
Shiner, Wittaker et al. [1472, 927]. According to the mass-spectroscopic stud-
ies, [435, 250], the samples of  can even contain admixtures of poly-
nuclear oxocomplexes. We have interpreted the mass-spectrum as the frag-
mentation of a decanuclear molecule analogous in composition to the structur-
ally characterized oxoethoxide (the provided m/z correspond to
the following ions: 1369, 1165, 1063,

961, The latter can result from microhydrolysis,
micropyrolysis, or ether elimination from the molecules [1655].

It was found that the molecular composition of the samples strongly
influences the b. and the vapor pressure over the samples. The irreproducibility
of these values was interpreted by some authors as the result of nonequilibrium
conditions of distillation or partial thermolysis. Fieggen et al. concluded, how-
ever, that the major reason lies in the different molecular compositions of the
samples [563].

The characteristics of the samples do also vary in a very broad
range: the m. change from 88 to 150°C (this latter value was obtained after a
year of storage), the color on aging or on action of cold alcohol changes from
reddish brown to light yellow, the solubility in alcohol change from ~7% to
zero (20°C). The mass-spectra of all the samples contain the n =
1–3 fragments [1365].

Even greater variation in the molecular composition has been observed for
the 2-methoxyethoxides. The presence of the ether function in their molecules
provides an alternative possibility for the saturation of the coordination sphere
of metal atoms: the aggregation using the OR-bridges is competing with che-
lation via the ether oxygen atom. Both oxygen atoms, as it can be concluded
from the single crystal X-ray data, can be mono-, bi-, or tridentate or not coor-
dinated at all. All these factors provide additional opportunities for the exist-
ence of different isomers and aggregates. One of the consequences of this fact
is that the majority of the crystalline 2-methoxyethoxides could be obtained
only with low yields from the solutions in hydrocarbons.

The much more complex composition of the samples leads to a
very broad variation in properties, which led a number of authors to some
conclusions about the existence of distinct modifications for this compound.



The mass-spectra of all the forms of   were found to contain the 4 to
10 nuclear fragments of  the oxoethoxides (Fig. 6.3) in addition to the
(n = 2–4) ones.The relative intensity of ions corresponding to ortho- and oxo-
forms indicated that the composition of the samples varied in a rather broad range
depending on the conditions of their synthesis and their thermal prehistory.

Certain information concerning the structure of the oligomeric oxoalkox-
ides present in amorphous samples can be obtained regarding the molecular
structures of the crystalline oxocomplexes, treating the oxogroups as the knots
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in condensation. Thus in the molecule of the “crystalline aluminium ethoxide”
[1785] (Fig. 6.4) it is easy to distinguish the fragments forming

tetra-, penta, hexa- and octanuclear oxocomplexes discovered in the mass-spec-
tra. The average molecular complexity in the benzene solutions of
[1661] and in the gas phase [1640], turned out to be the same — 4.4.

The same kinds of ortho- and oxo-forms were discovered in the mass-
spectra of Its most reactive (young) forms were also obtained for

obtained under mild conditions — on alcohol interchange from
in benzene at 20°C [1640]. In storage in the samples of

and in the amorphous matrix there occurs crystallization of the poly-
meric layered structure of  bayerite type, which on longer storage (af-
ter several years) transforms into the gibbsite phase [1366]. The dif-
ference in reactivity of “old” and “young” is clearly displayed in
their complex formation with NaOMe [887].

It can be concluded from the above-mentioned examples that the nonho-
mogeneity of the molecular composition can be caused not only by the exist-
ence of different aggregates but also by the presence of oxoligands in
them (often to a very low extent) (see also Chapt. 5). The oxoligands appear
always on sublimation, distillation or any other thermal treatment. The most
thermally stable alkoxides, such as produce oxocomplexes only at
high temperatures in the hydrocarbon media. Thus on prolonged thermal treat-
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ing at 240°C or on reflux with benzene, the solid can be partially
transferred into solution due to oligomerization with formation of

where n << 1. Soluble forms of can also be obtained on the
interaction of metal with alcohol in xylene (140°C) [1103, 344]. Action of the
excess of the alcohol in this form leads to the precipitation of
being supposedly free from oxoligands [1640].

The analogous form of  (yellow microcrystalline powder hav-
ing a bayerite-type structure) was first obtained by action of or

on solutions of  in alcohol, which is containing suppos-
edly much higher amount of oxoligands than (brownish orange

can be obtained from these solutions by crystallization with good
yields; see also Section 12.22) [1365].

The variation in characteristics of  (M = Zr, Hf) is connected
with the presence in their samples of   and oxocomplex-
es, formed on desolvation of  [1612]. Slow decomposition of
liquid or (with formation of crystalline
or leads also to the variation of the properties of the samples in
time. In the latter case a color change from the brownish yellow to a practically
colorless takes place; the solubility decreases drastically [911, 1637].

The appearance of microamounts of oxoligands usually leads the alkox-
ides that have polymer structures to oligomerization and strong increase in
solubility and chemical reactivity, in particular, in the reactions of complex
formation. Thus obtained by reaction of metal with alcohol in
hydrocarbon media is insoluble in and does not react with either

or The appearance of the oxogroups in its composition
(<0.05 per 1 Ba atom) permits solutions in with up to ~40%, and in
joint solutions with all the ratios of the components can be achieved
[1631, 1562]. Thus the absence of solubility or reactivity toward an alkoxide
of other metal can serve as an indication of the purity of samples. At
the same time, the introduction of oxogroups turns out to be very useful for the
preparation of the complex solutions to be applied in sol-gel technology (see
Chapt. 10). It brings light on the sol-gel technology recommendation to sub-
ject the solutions of several alkoxides (and sometimes even the heterogeneous
systems) to prolonged reflux before the introduction of water for hydrolysis.
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This treatment leads to increased solubility and the formation of bimetallic
complexes.

The influence of the microamounts of oxogroups on the thermal properties
of and has been clearly illustrated by the data of
Chisholm et al. In the atmosphere of highpurity He, both these compounds
sublime at 200–220°C under atmospheric pressure. In the presence of traces of
water and oxygen at >190°C they decompose forming and re-
spectively (an autocatalitic mechanism has been proposed for the decomposi-

tion) [124].
For a great number of metal alkoxide derivatives of Al, Ti, Zr, Hf,

Ta, Fe, and Ni, we have discovered that var-

iations in the characteristics of the samples dependent on their “prehistory” —
temperature of the synthesis, nature of solvent they are isolated from, storage
time (age) — have a more or less general character and are caused by the
existence of several types of aggregates (different in size and composition) and
the possibility of their mutual transformations. All these phenomena we desig-
nated by the term “coordination polymerism” [1655]. We suppose that the
driving force of this process is the sterical instability of oligomeric alkoxides

caused by coordination unsaturation of the metal atoms. The trend to satura-
tion of the coordination sphere via polymerization, isomerization, and so on is
the reason for the thermodynamic instability of the corresponding crystalline

or amorphous phases.
The following general features of the poly- or oligomerization processes

were observed:
The molecular complexity increases in time (“aging”) and on action of

alcohols due supposedly to solvation of the “young” forms containing co-
ordinatively unsaturated atoms. The second step is connected with the for-
mation of hydrogen bonds between the solvated species and their subse-

quent condensation with the formation of OR-bridges and the release of
the solvating alcohol molecules. The process is associated with increase in
m. and b., decrease in solubility (in the alcohols) and lightening of the
color. In the mass-spectra, due to the increasing temperature of the trans-

fer, increases the extent of fragmentation products with lower weights.
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Thermal treatment of the samples (melting,* destillation) or dissolution
in aromatic hydrocarbons favor oligomerization of the molecules (in the
latter case supposedly due to partial rupture of the alkoxide bridges and
formation of The products of oligomerization display lower
thermal constants, higher solubility in alcohols and more intense colors.
Their mass-spectra contain ions with higher weights — fragments of oli-
gomeric aggregates existing in the condensed phase. The scheme of these
transformations is shown in the Fig. 6.5. Knowledge about these regulari-
ties permits in many cases to modify the molecular composition and prop-
erties of the samples, which is very important in their technological appli-
cations.

The m. values depend on the technique of determination — heating time, amount of the
sampleused, and size oftheparticles (forexample, them.p. for0.02 g of on heating
with the rate of 20°/min was 135, and for 8 °/min was 146° C) [1640].
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In conclusion, we should mention that in the description of the behavior of
distinct alkoxides it appears very difficult to distinguish the influence of each
of the two factors — the inhomogeneity of the molecular composition and the
presence of oxoderivatives. In certain cases the reversibility of transformations
and reproducibility of the properties of the oligomeric forms can be used as
criterion (as for indicating the constant chemical composition and
the dominance of the first factor. At the same time, an irreversible aggregation/
polymerization can result from the both factors.



Chapter 7

HETEROLEPTIC METAL ALKOXIDES CONTAINING
CARBOXYLATO-,  AND
AMINOALKOXIDE LIGANDS

The studies of the mixed-ligand alkoxide complexes of metals belong to
one of the most intensively and dynamically developing directions in the chem-
istry of metal alkoxides. Interest in these compounds has risen due to a number
of reasons. One of the strongest driving forces was the request for the soluble
in organic solvents and easy-to-handle derivatives of the transition (Fe, Co, Ni,
Cu) and main group (Zn, Cd, Pb) metals — the components of the most impor-
tant materials applied in the modern industries (such as HTSC and ferroe-
lectrics PZT, PLZT, PZN, and so on) [326]. The other reason that drew the
attention to the mixed-ligand complexes turned out to be the much higher
stability of the heteroligands to hydrolysis, which provided a possibility to
influence the speed of this process and regulate the morphology and properties
of its products [1394, 1392]. Such behavior of heteroligands also gave rise to
the supposition that the bridging heteroligands can be used to keep the metal
ratio in the heterometallic species in the course of hydrolysis and preparation
of a desired oxide material [785]. In the present chapter we do not pretend to
cover all the information present in the literature on mixed-ligand complexes
but try to describe and characterize the most important methods of their prep-
aration, known types of molecular structures, and particular features of their
hydrolytic behavior.
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7.1. Synthesis

The most important ways to prepare heteroleptic complexes are (1) the
reaction of chemical modification, (2) the interaction of an alkoxide with a
carboxylate, or other derivative of the same or the other metal,
and (3) reactions of alcoholysis of derivatives initially not containing alkoxoli-
gands.

In the background of the chemical modification lies the interaction of an
alkoxide with an acidic organic ligand, usually carried out in hydrocarbon
solvents or in ethers:

This reaction is analogous to microhydrolysis, and for it as well as for the
microhydrolysis in literature have been proposed different mechanisms: the

slow crystallization of
and

respectively, occurs (Table 7.1). For the description of
the extent of substitution in the complexes formed, the parameter x is equal to
the ratio of the number of groups introduced to the number of atoms in the
complex. The extent of microhydrolysis is characterized by the parameter h
equal to the number of moles of water per mole of alkoxide that is needed to
produce the oxocomplex considered. Thus for all the given complexes h is 2/3,
while the x values differ. It is 4/3 for the ethoxide and butoxide and 2/3 for the
isopropoxide. The x value can be regulated varying the alkoxide:acidic reagent
ratio (thus at higher values of this ratio the complex

analogous to those for the derivatives of the primary alco-
hols can be obtained). The h value can be increased by the introduction of
small amounts of water in organic solvent. Thus on the very slow addition of

possibilities of both [1021], and proton-assisted [1056] scenarios have
been discussed. The modification often leads in case of alkoxides that are Lewis
acids and in the presence of excess of an acidic reagent to heteroleptic ox-
oalkoxides. It is supposed that their formation is due to the reaction of the
alcohol released with the excess of acid leading to formation of esters and
water. The latter causes microhydrolysis leading to oxospecies. Thus during
storage of the mixtures containing AcOH, and ROH in 1:1:1 ratio the
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isolate the crystalline complex
[1590] (x = 0.11, h = 1.22). For the tetravalent metals

such as tin [324] and cerium [1590] the chemical modification by symbol
leads to and with very high

yields, no oxo-by-products being noticed in the absence of additionally intro-
duced water. It is also important that the x-value is not always determined by
the ratio of the reagents and HZ) in the reaction mixture. In many
cases the composition of the complex to be formed is determined by the stabil-
ity or the solubility of the complexes formed. Thus the interaction of

(M = Ca, Sr, Ba) with Hacac leads immediately to the pre-
cipitation of insoluble while that with Hthd as modifier leads to
soluble, heteroleptic complexes (x = 1), such as

and [68]. In the same

formation of a more stable complex and not to the com-
pounds with lower La : tea ratio [899].

The interaction of the metal alkoxides with the salts of carboxylic acids or
with of other metals is especially attractive for the synthesis of
bimetallic molecular precursors in the cases, when the preparation of the alkoxide
of the other metal is somehow hindered or it is insoluble or irreactive under the
conditions applied. This method has been widely used for the sol-gel prepara-
tion of HTSC materials (because of low solubility and reactivity of
and lead-containing ferroelectrics (in the view of difficult synthesis and low

(M= Mg, Cd, Pb) [181], but the reaction with both car-
boxylates and leads very often to mixed-ligand oxocomplexes as

water to the solutions of (x < 1) it turns out to be possible to

way the reaction of with     tea leads always to the

stability of  It should be mentioned that the reaction between a metal
alkoxide and a functional derivative does far not always lead to the formation
of a mixed-ligand bimetallic complex:

as it might be supposed. This approach turned out to be very efficient for the
preparation of carboxy-isopropoxides of divalent metals and niobium,
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products. The reaction of acetates with alkoxides appears very often to be asso-
ciated with the elimination of esters [298], as for example

The same reason was given in the literature for the formation of a number
of other bimetallic oxocomplexes such as
[325] and [320]. When the alkoxides of zirconium,
hafnium, or cerium are used for this reaction, the formation of the oxocom-
plexes can be due to the elimination of an unsaturated hydrocarbon from the
initial alkoxide [1565], leading to the formation of monometallic oxoalkox-
ides as intermediates (the latter are formed already on desolvation of

and are always present as admixtures in the samples of des-
olvated where R is a primary or secondary radical [1612] (see also
Section 12.12). In this case the possible sequence of transformations (taking
place usually on reflux in toluene) can look as follows:

The analogous explanation can be given for the formation of such bimetal-
lic heteroleptic oxocomplexes as [443] or

[1040].
It should be mentioned that in many cases it turns out to be impossible to

isolate the bimetallic mixed-ligand complex. The isolable reaction products
appear to be homometallic heteroleptic species. The composition of the reac-
tion products is often dependent on the polarity and donor properties of the
solvent as the molecules of the latter compete with the bridging alkoxo-, car-
boxylato-, or for the place in the coordination sphere of

is carried out in pyridine, it gives and as
the major products and not the bimetallic complex [298].

metal atoms. Thus if the reaction of  with mentioned above

turns also to be the major product of the reaction of with
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in pyridine [298], while the same reaction in toluene leads via the ester elimi-

homometallic mixed-ligand derivative [1498,
1307], while that with the aluminium alkoxide produces a bimetallic complex

[1498]. In the latter case the stability of
the intermediate bimetallic derivative turns out to be higher.

The alcoholysis of derivatives that do not initially contain alkoxide lig-
ands is of special importance for the preparation of alkoxide halids. It is
also an efficient synthetic route to mixed-ligand complexes of chromium
[538, 523, 1189]:

The latter cannot practically be prepared by any other way because of low
solubility and insufficient reactivity of chromium(III) alkoxides. The alcohol-
ysis by the alcohols with rather high boiling points such as 2-alkoxyalkoxides
can even lead to replacement of such ligands as an acetate group [583]:

The formation of a mixed-ligand alkoxoacetate complex takes place pre-
sumably also on reflux of the pure led acetate with 2-methoxyethanol [985],
while in this case the reaction products have not been characterized by the X-
ray single-crystal study.

7.2. Molecular structures

The major types of the molecular structures for the heteroleptic derivatives
appear to be the same or very close to those characteristic of homoleptic alkox-
ides. They can be classified as follows:

Mononuclear complexes in the cases when the number of donor atoms
in the ligands is not less than is necessary for the saturation of the coordi-
nation sphere of the central atom. These compounds are of interest as mo-
lecular precursors of oxide materials in the MOCVD technique, such as,

nation to the mixture of  and The com-
position of the reaction products can also be dependent on the nature of the
atom that should act as the donor of alkoxide groups. Thus the reaction of
copper acetylacetonate with sodium or yttrium alkoxides in pentane gives a
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[535], or as specific catalysts of stereoselective processes
as [353].

Binuclear complexes, whose molecules usually contain a
group. This structure is characteristic, for example, of

M= Ce [1590], Sn [324];
[786];

[1498]; [538, 523, 1189], R= Me,
Et, thd [535]. Application of specific heteroligans (that
form usually a M–C bond and that lay beyond the scope of this book) can
lead to the formation of dimers with three alkoxide bridges such as

(L,L’ — a ligand acting as an acceptor of an electron pair, type
[1695], and dimers with one bridging heteroligand such as, for

example, [687].
Trinuclear aggregates are represented by triangular molecules such as

[1307],
[298], or linear chains, where the metal atoms

are bound by three bridging groups, such as
M = Mg, Cd, Pb [181].

The tetranuclear molecules of heteroleptic derivatives demonstrate with
a few exceptions all the structural types described for alkoxide- and ox-
oalkoxide tetramers of homoleptic alkoxides. Among the homoleptic com-
pounds that are the cubane type that appears to be the leading one. It is
represented, for example, by the structures of
[1498], [377],

[68]. The
methoxide type is represented by such complexes as

[1406],
[1415], R= Et [899]. The

type is displayed by [899]. The substitu-
tion for 2 bridging acetate groups in molybdenum(II) acetate structure by
two bridging isopropoxoaluminate ligands gives
[760]. Closo-fragment of 4 same or different metal atoms with a

oxygen atom in the center was discovered in the structures of
[1415], [779],

for example, [324] [298] or
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[1590]. The complex nature of the bridg-
ing ligands permits the realization of the structures that belong to the struc-
tural types that are close but not identical with those known for homoleptic
derivatives, such as, for example, that of
[583] — a rhombus of metal atoms connected only by doubly-bridging
ligands.

Pentanuclear complexes are represented by the pairs of triangles with a
common vertex This type is displayed by the structure

Hexanuclear molecules can appear as closo-structures with an oxygen
atom in the center, such as [1415],

[782], or result from the condensation of trian-
gle aggregates via bridging ligands as

[490], [320],
[1040]. A ring of 6 metal atoms not identical to that

observed for the previous type was also found in the structures of
[625, 490, 981].

Octanuclear aggregates have been so far represented by the combination
of two tetrahedra as, for example, in
[325].

There is now known a number of bigger heteroleptic aggregates such as,
for example,
[1590].

7.3. Particular features of hydrolysis and thermolysis

A number of rather thoroughly written and detailed reviews have been
devoted to the problems associated with hydrolysis and thermolysis of heter-
oleptic complexes authored mainly by Sanchez [1394, 1021].

The application of weakly acidic organic ligands for chemical modifica-
tion has been initiated itself by attempts to influence the processes in the course
of hydrolysis of metal alkoxides (see Chapter 9). It turned out that the hydrol-
ysis of the complexes incorporating the ligands forming stable chelate cycles
(such as carboxylate or effects nearly exclusively the alkoxide
groups, leaving the functional ligands intact. The chemical modification is
thus limiting the h value that can really be achieved as the excess of water does

of  [150].
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not permit to remove the heterogroups, while its influence on the formation of
hydrogen bonds and solvation of the hydrohyde aggregates formed (i.e., the
key parameters influencing the subsequent polycondensation step) cannot be
excluded completely. On the other hand, polycondensation occurs in a quite
different manner even at very low x values as the development of the polymer
chain turns out to be limited in the directions in space that are shielded by the
heterogroup strongly attached to the metal center. Finally, the gel formation
for the chemically modified precursors occurs much more slowly than for the
homoleptic alkoxides, the gels formed are much more stable, while the parti-
cles forming them (when the x value is chosen properly) are more uniform in
size. As the elimination of the chelating ligands occurs at rather high tempera-
tures (500 to 600°C as it is shown by TGA [320, 1040]), the morphology of the
initial particles formed on hydrolysis is kept during the subsequent steps of the
preparation of materials, even on the thermel treatment. The chemical modifi-
cation appears therefore to be the key to the preparation of the oxide materials
with the prescribed morphological characteristics. The most illustrative dem-
onstration of the influence of x and h values on the structure and morphology
of the particles obtained in the sol-gel process has been demonstrated by Sanchez
in [1394] for cerium alkoxides. For the achieved x value, the solutions ob-
tained by the addition of Hacac to cerium(IV) isopropoxide can contain the
following structurally characterized molecular precursors:
(I), (II), (III),

(IV), which can be present simultaneously in different ra-
tios. In the absence of a modifier (x = 0) the compound I is the only precursor
present, and its hydrolysis is followed by polycondensation in all directions,
leading to the formation of a precipitate, whose particles vary a great deal in
size and morphology. At low x(x < 0.5) the solutions contain both I and II, and
thus there appear some limitations in the polycondensation process, whose
products consist of large areas with a high extent of condensation connected by
branched polymer chains. The latter become the main product at x close to 0.5
(both slightly lower and slightly higher than this value), when II becomes the
main component in solution. When x reaches 1, III becomes the major molec-
ular precursor, and the structure of the polymer starts to incorporate small,
well-formed blocks. The bonds inside them occur via oxo- and hydroxobridg-
ing groups, while the surface becomes covered by the molecules of modifier.
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When x exceeds 1, the free aggregates of this type appear in solution after
hydrolysis. When x = 2 (i.e., in the situation when IV becomes the main mo-
lecular precursor), such aggregate was characterized by X-ray single crystal
study, and it was shown to have composition [1590].

The fact that the groups of the modifier are kept in the coordination sphere
of the metal atom gave rise to the concept of creating organic-inorganic hy-
bride materials using chemical modification and subsequent hydrolysis fol-
lowed by the polymerization (or polycondensation) of the organic residues,
not affected by hydrolysis [1392]. As such ligands there have been tested the
metacrilic and related unsaturated organic acids or containing
unsaturated radicals.

As it has been mentioned above, the elimination of the organic residues
corresponding to the modifying ligands incorporated into the coordination sphere
of the metal atoms occurs at rather high temperatures. This fact gave rise to
numerous recent attempts to apply the heteroleptic heterometallic complexes
as precursors in the MOCVD. It has been supposed that the thermally stable
bridging ligands can guarantee the conservation of the metal-metal ration on
transition into the gas phase, which will permit such derivatives as single-
source precursors to be used in the deposition of films with rather complex
composition [779].



Chapter 8

ADDUCTS AND HETEROMETALLIC ALKOXIDES

As has been mentioned above, of the many works devoted to the studies of
the chemical properties of metal alkoxides, we here can consider only the reac-
tions of partial substitution for the alkoxide groups (Chapter 7), decomposi-
tion with formation of oxocomplexes (Chapter 5), and hydrolysis with the
formation of homo- and heterometallic hydroxides (Chapters 9 and 10). We
discuss here the complex formation products of metal alkoxides — the ad-
ducts with neutral ligands, and the bimetallic alkoxides, precur-
sors of complex oxides in sol-gel technology.

8.1. Solvate complexes

The high donor activity of the oxygen atoms of the OR-groups makes
formation of the aggregates, where the coordination spheres are filled with the
oxygen atoms of bridging ligands, much more common than the formation of
solvates with “alien” donor molecules. In fact the solvates with such strong
donors as normal-chain alcohols are known nearly exclusively for the deriva-
tives of alkaline and alkaline-earth metals (R= Me, Et, Bu, Ph) (see Tables
12.1 and 12.2). The alkoxides of more electronegative elements were reported
to form solvates if the branched alcohols are involved (for example, for M =
Sn, Ce, Zr, Hf, and for Pb, Bi, Of special interest
is the structure of bismuth ethoxide, which turned out to be a solvate of

composition, where a crown is solvated by a
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high number of ethanol molecules, of which only 7 in the first solvation sphere
could be located by the single crystal X-ray study [898].

The exact composition of the solvates was established in a number of cases
by the study of solubility (melting) polytherms and desolvation vapor pressure
polytherms in the systems (solvent) [1234, 1655], while the most
accurate determinations could be achieved only using the X-ray single crystal
method: for example, the exact composition of the solvate known as

turned to be 1:3.5 [1524]. For the derivatives of transi-
tion metals, the low-temperature solubility studies have revealed the existence
inthe systems of [1615]and
[1639] monosolvates. They eliminate the solvating alcohol molecule peritecti-
cally at –10 and +21°C, respectively; the analogous transformation has also
been observed for (Fig. 3.1). However, in the majority of cases
the desolvation is accompanied by solvolysis and formation of oxoalkoxides.
An illustrative example is provided by the decomposition of the isopropoxides
(and, supposedly, isobutoxides) of quadrivalent metals, M
= Sn, Ce, Zr, Hf forming and whose composition and
structure have been determined by mass-spectrometry and X-ray techniques
(see Fig. 4.2 b) [1497, 1612, 1803]. It can be supposed that the solvates of
other homologues of these metals are less stable and transform to oxocom-
plexes already at room temperature (see Sections 12.9, 12.7, 12.12, and Tables
12.8, 12.10, 12.13). Among the derivatives of trivalent metals, the

solvate decomposed in a vacuum at 20°C forming
[1308] (see also Chapter 5).

Quite unexpected turned out to be the recently discovered molecular na-
ture of the solvates of the most electropositive metals, such as
[1521, 1643] (Fig. 4.6 b) and [1524] (the single mole-
cules being connected by the hydrogen bonding). The polymer structures have
been observed for the [352] and also the adducts of
phenoxides with phenols, water, alcohols, and crown-ethers [482, 548, 858,
974, 1483, 1720] (see Table 12.1).

The most numerous are their adducts with THF, Py and other amines
of 2,6- and 2,4,6-substituted phenols and also the derivatives of the most
branched radicals Ditox, Tritox, and so on. These
molecular compounds — monomers or dimers — have been described for
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almost all metals — Li, Na, Mg, Ca, Ba, Ga, Ln, Th, V(III), Cr (II and III),
Mo(II-VI), Mn, Co, Fe, and Pt-metals.

8.2. Heterometallic complexes

Bimetallic alkoxides (“Meerwein salts”) have been known for more than
70 years, since the report made by Meerwein and Bersin [1101] on the forma-
tion of alkoxosalts (analogs of hydroxosalts on titration of alco-
hol or benzene solutions of acidic alkoxides by those of basic ones to the
equivalence points determined using the acid-base indicators:

Subsequent studies by physicochemical methods — and initialy the struc-
ture studies — have shown that the majority of the derivatives of this class are
molecular compounds, many of them being soluble in nonpolar solvents, vol-
atile, their structures belonging to the same types as those of the homometallic
ones described in Chapter 4.

As has been mentioned above, the special interest in these derivatives is
connected with their application in the synthesis of the complex oxide materi-
als (see Chapter 10 for details). The heterometallic alkoxides have been dis-
cussed in a number of reviews, the most complete of those (at different mo-
ments in time) being the corresponding chapter in the book by Bradley et al.
[223] and articles of Mehrotra [1138] and also of Caulton and Hubert-Pfalz-
graf [306].

The data on properties of the single compounds are presented in Chapter
12 in the tables by the more electronegative element but mentioned even in the
tables describing the properties of derivatives of the other one (at the bottom).

The synthesis of bimetallic alkoxides can be achieved using the 2 routes
first described by Meerwein and Bersin [1101]: complex formation of 2 alkox-
ides and the methathesis of a metal halide with an alkali metal alkoxide.

8.2.1. Complex formation of two alkoxides

turns out definitely to be more effective if one of the reactants is an alkoxide of
an alkaline or alkaline earth metal and the other one is an alkoxide of a multi-
valent metal (transition or main-group one). It is necessary, however, to take
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into account that the application of the aged forms of, for example,
hinders its interaction with NaOMe [887].

A modification of this route is a simultaneous reaction of two metals with
alcohol that can be considered as the in situ reaction of the alkoxides formed.
Thus the interaction of Mg and Al with ethanol (leading to the formation of the
perfectly soluble occurs very rapidly and does not need activa-
tion, in contrast with the reactions of individual metals with alcohol, leading to
polymeric and [1101, 887] (see Section 2.1). The prepara-
tion of the heterometallic derivatives has been achieved even via anodic oxida-
tion of one metal in solution of the other (the complex solutions obtained have
been used for the deposition of films in sol-gel technique) [1777].

Many examples have been described where the specific stability of one or
both multivalent alkoxides hindered the complex formation. In all these cases
the application of a corresponding oxocomplex instead of the alkoxide makes
the reaction more facile. Thus, if the products of partial hydrolysis of the pol-
ymeric or were used instead of the homoleptic alkoxides in
reaction with the heterometallic products — and

— could be obtained quite quickly and already at room temper-
ature [447] (without a long period of refluxing) (see Chapter 5). The polymeric

reacts with in alcohol only in the presence of the prod-
ucts of uncontrolled oxidation forming well-soluble bimetallic oxocomplexes,
which permitted the preparation of butoxide solutions with different concen-
trations and broad variety of metal ratios [1562]. The isopropoxides of Zr, Hf,
or Ta react with only on prolonged refluxing of solutions in alcohol
accompanied supposedly by the appearance of the oxoalkoxide products [334,
1608]. It can be suggested that reactions of or do not require
preliminary activation because of the presence in the sample a small amount of
oxogroups.

To determine the composition of bimetallic alkoxides formed via complex
formation in solution and in the solid phase and to estimate their stability, we
have applied physicochemical analysis — the investigation of the solubility
isotherms in the systems (solvent: alcohol, ether, hy-
drocarbon, etc.). This method, common for the studies of the interaction of
inorganic salts in water solutions, turned out to be rather fruitful in the chem-
istry of alkoxides. It permitted the study of the interaction ofthe components
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in all the range of possible [M]:[M’] ratios and the composition of all com-
plexes formed in solution and in the solid phase [1635]. Fig. 8.1 shows the
examples of different kinds of interaction, represented graphically in the Gibbs-
Roseboom triangle diagrams:

In the system no complex formation takes
place, the polymeric not being transferred into solution
at any concentration of NaOMe, and its crystallization curve being situated
therefore on the side of the triangle [1365] (Fig. 8.1 a).

The polymeric is transferred into alcohol solutions of
due to formation of the complex (not discov-

ered in the solid phase), and thus the line corresponding to crystallization
of is situated along the section with the Ba:Ti = 1:4 ratio [ 1631 ]
(Fig. 8.1 b).

Both components — and — are poorly soluble in
alcohol, but dissolve due to formation of two complexes in solution having
3:2 and 1:1 metal ratios (not isolated in the solid phase): the lines corre-
sponding to the crystallization of the components going along the corre-
sponding transsections of the triangle [1638] (Fig. 8.1 c).

In the following four systems the crystallization of the bimetallic com-
plexes — and

— is observed (Fig. 8.1 d–g). The first of them exists in the
excess of the alkaline alkoxide and undergoes solvolysis on the action of
alcohol (in analogy with hydrolysis of sodium aluminate). The eutonic
point (the one corresponding to the equilibrium of two solid phases and
solution) is situated on the cross-section corresponding to the 1:1 ratio
[887]. crystallizes in the excess of as the latter is
much more acidic than and the difference in acidity for the two
components in this system is higher than for those in the previous one
[1626]. And, finally, in the system formed by two acidic alkoxides — those
of  Hf  and Al—the complex, can coexist with the solutions of
both components and does not undergo solvolysis on action of alcohol [1608].
The results of investigation of more than 50 systems, in which there has

been observed the formation of alkoxoaluminates, -titanates, -zirconates, -haf-
nates, -niobates, -tantalates, -molybdates, -tungstates, and -ferrates — permit-



102 The Chemistry of Metal Alkoxides



Chapter 8. Adducts and heterometallic alkoxides 103

ted the optimization of the conditions of their synthesis and the preparation of
solutions to be used in sol-gel technique [1655].

There are many examples where the formation of stable heterometallic
complexes can occur only via the formation of a M–O–M’ bridge (oxocom-
plex), while the homoleptic nonoxo complexes cannot be isolated in the solid
state. Thus the interaction of and leads to

formed apparently via oxidation of Ba ethoxide by
the traces of oxygen in solvents (the corresponding isopropoxides forming
under the same conditions quite stable [1522, 1562,
1621,1622]) (see also Section 12.16). A specific trend to decomposition in the
presence of alkali alkoxides (via the ether elimination mechanism) has been
observed for the derivatives of Mo and W. Thus, on the reaction of
with in alcohol solutions, the
complexes (containing one O-ligand more per each molybdenum atom) have
been isolated. The treatment of the solutions of these complexes with the ex-
cess of NaOR at room temperature leads to crystallization of The
same reaction leads to the formation of the crystalline phases of

and cubic solid solutions in the system (the solid-state
synthesis of these compounds takes place only on prolonged heat treatment at
over 700°C) [1638]. (Concerning the formation of heteroleptic bimetallic com-
plexes accompanied by elimination of esters, see Section 7.1).

The stoichiometry and structure of the oxoalkoxometallates are often quite
different from those of the compounds not containing oxoligands. That al-
lowed them to be applied in the sol-gel technology of many important materi-
als. The above mentioned oxoalkoxotantalates and niobates of 1:1 composi-
tion, in difference of the complexes of 1:2 composition free from oxygen lig-
ands, can be used as precursors of phases,
complexes as precursors of (formed on reflux of the solutions contain-
ing and so on.

From the solutions definitely containing oxocomplexes can, in certain cas-
es (with often far not quantitative yields), be crystallized the bimetallic com-
plexes not containing the oxoligands. The examples are provided by

[1608], [1609], [334,
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1622], possessing, supposedly, the minimal solubility among the components
of solutions (including or

8.2.2. Methathesis reaction of a metal halide with an alkali metal alhoxide

is usually applied in the cases, when one of the alkoxides is difficult to access
(the halide being used instead). In principle, this is also an example of complex
formation in situ. The other important aspect in application of this method is
thus the inertness of one of the alkoxides to the complex formation. Thus the
reaction of with rather stable (M= Sc, Y, Nd) is hin-
dered[1308, 1309, 1607]. At the same time, according to Mehrotra et al. [223,
1118], the reaction

easily provides the alkoxoaluminates of the rare earth metals (volatile and well
soluble in alcohol and benzene).

An important development of this method has recently been carried out by
Mehrotra and Veith. The reaction with the excess of halide was found to pro-
vide bimetallic alkoxide halides. Their interaction with the alkoxometallate of
the third metal provided access to trimetallic alkoxides:

Among the large number of compounds of this class described [143, 501,
618, 1138, 1509], only a few have been unequivocally proved to exist and be
characterized by the X-ray single-crystal method, among them

[1686, 1687,
1690, 1691], [847] and also

[782] (see also Section 12.16)
In addition to the synthetic routes to the bimetallic alkoxides described

above, in some cases the redox reactions have been applied, such as:
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Veith has also applied the transmetallation in the synthesis of t-butoxides
of the Group III and IV metals:

A convenient approach to alkoxoaluminates is provided by the alcoholysis
of the corresponding alumohydrides:

(this reaction has also been applied for the volumetric determination of the
active hydrogen in alcohols) (Section 12.5).



Chapter 9

HYDROLYSIS OF METAL ALKOXIDES AND
SYNTHESIS OF SIMPLE OXIDES BY THE
SOL-GEL METHOD

Hydrolysis of metal alkoxides is the basis for the sol-gel method of prepa-
ration of oxide materials; therefore, reactions of metal alkoxides with water in
various solvents, and primarily in alcohols, may be considered as their most
important chemical properties. For many years the sol-gel method was mostly
associated with hydrolysis of  discussed in numerous original papers
and reviews [242, 1793, 243]. Hydrolysis of  in contrast to hydrolysis
of is an extremely quick process; therefore, the main concepts well
developed for cannot be applied to hydrolysis of alcoholic derivatives
of metals. Moreover, it proved impossible to apply classical kinetic approach-
es successfully used for the hydrolysis of to the study of the hydroly-
sis of metal alkoxides. A higher coordination number of metals in their alco-
holic derivatives in comparison with leads to the high tendency to
oligomerization of metal alkoxides in their solutions prior to hydrolysis step as
well as to the continuation of this process of oligomerization and polymeriza-
tion after first steps of substitution of alkoxide groups by hydroxides in the course
of their reactions with water molecules. This results in extremely complicated
oligomeric and polymeric structures of the metal alkoxides hydrolysis products.

The process of formation of oxide from metal alkoxide can be presented
by the following scheme:
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As a rule amorphous hydrated products containing alkoxide groups are
formed on the first stage (so called xerogels); their drying and thermal treat-
ment leads to crystalline products. It is now a well established that the main
properties of oxide materials are to a considerable extent determined by reac-
tions taking place during the first steps of the hydrolysis process. Molecular
structure and complexity of metal alkoxide in solution as well as the tendency
to form oxoalkoxocomplexes play important roles in the character of the future
hydrolysis product The structural peculiarities of monometallic and hetero-
metallic oxocomplexes have been discussed earlier in Chapters 4 and 5. Oxo-
bridges in the molecules of oxoalkoxide complexes probably are the centers of
formation of future crystalline structures of metal oxides. Formation of the
M–O–M' group in the case of heterometallic precursors ensures chemical ho-
mogeneity on molecular level of complex oxide phase formed in the course of
metal alkoxide hydrolysis.

Although different classes of chemical compounds are used as precursors
in the sol-gel method, metal alkoxides or modified metal alkoxides (with par-
tial substitution of alkoxide groups by other organic ligands) are by far the
ones used most frequently. The stability of colloids obtained during hydrolysis
of metal alkoxide solutions is usually much higher than that prepared from aque-
ous solutions of inorganic salts (due to the absence of destabilizing anions).

Formation of M–O–M' bonds in the hydrolysis products may proceed in
two different ways. The first way is the typical process of aging of hydrated
oxides; their central metal atoms are coordinated by hydroxo-, oxo-, and aqua-
groups. Dehydration of such product results in irregular amorphous oxide struc-
tures, such as

The second way is characteristic only of metal alkoxides and involves the
elimination of ethers:
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The presence of water most probably catalyzes this reaction, which is es-
pecially accelerated by refluxing of the reaction mixture. As a result, crystal-
line phases are formed at very low temperatures (in comparison with the con-
ditions of dehydration and crystallization of usual gels).

The main principles of metal alkoxide hydrolysis were formulated by Livage
in his reviews [1020]. On the addition of water or a water-alcohol mixture to
the solutions of alkoxides in organic solvents, nucleophillic attack of mol-
ecule at the positively charged metal atom occurs (a), which leads to an inter-
mediate state (b):

The shift of the proton from water molecule to the negatively charged
oxygen atom of the neighboring OR-group results in the intermediate state (c)
followed by elimination of alcohol molecule. Thus, the whole process follows
the mechanism of nucleophillic substitution. The thermodynamics of  the reac-
tion is determined by the nucleophilicity of the attacking group and the elec-
trophilicity of the metal atom The rate of the substi-
tution process depends on the coordination insaturation of the metal atom in
the metal alkoxide N – z (N is the maximum coordination number of the metal
atom of the oxide, z is the oxidation state of the metal atom), and the possibil-
ity of the proton transfer within the transition state (b). The higher the N – z
value, the lower the activation energy of the nucleophillic attack.

Immediately after hydroxide groups are introduced into the coordination
sphere of the metal atom, condensation occurs that may proceed in one of
three possible ways:
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Alkoxolation with elimination of alcohol:

Oxolation with elimination of water molecule:

Olation with elimination of solvent molecule (alcohol or water):

It has been traditionally assumed that condensation is a much slower reac-
tion than substitution of the alkoxide group by the hydroxide; however, quite
recently it was shown that the rates of these processes are actually very close.
Kinetic study of hydrolysis of titanium and zirconium alkoxides by means of a
quick mixing technique with FTIR, SAXS, and conductivity measurements
monitoring has shown that hydrolysis is a very quick reaction followed by
condensation, which is also a very fast process and occurs after from 25 to
50% of alkoxide groups are substituted by hydroxides (under the experiment
conditions this occurs in 80 milliseconds after the beginning of mixing of the
reagents) [709].

Study of hydrolysis and condensation of by means of NMR
spectroscopy has also shown that formation of oxobridges occurs immediately
after addition of water, which indicates the extremely high rates of both reac-
tions; these rates are comparable even in the presence of such reaction inhib-
itors as acids and complexation ligands [158].

Rate of hydrolysis depends primarily on the size and structure of the alkoxide
group, — for example, it decreases in the series titanium butoxide tertiary >
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secondary > normal [1755]. The nature of the OR- group also affects the con-
densation process, — for example, on hydrolysis of precipitates are
formed very quickly in case of , wheras in the case of
precipitation takes much longer.

The rates of hydrolysis and condensation reactions may be regulated by
pH of water used for hydrolysis (by addition of acids — HC1, or alkali

NaOH) [1020]. The role of acid catalysis lies in the quick protonation
of the negatively charged OR groups by groups; therefore, proton trans-
fer and elimination of the ROH molecule do not limit the hydrolysis rate; this
theoretically allows the substitution of all OR-groups. Nevertheless, OH-groups
are mostly formed at the ends of the chains, which results in the formation of
linear polymers. In the strongly acidic medium condensation proc-
ess is considerably slowed down; protonation of hydroxide groups becomes
possible and results in the formation of hydrated hydroxocomplexes.

In the course of the basic catalysis, activation of condensation process oc-
curs via formation of highly nucleophillic fragments such as

This reactive precursor attacks the positively charged metal atom; as a re-
sult of this process dense compact polymer species are formed.

Condensation of metal alkoxides occurring as a result of uncontrolled hy-
drolysis greatly influences further hydrolysis; therefore, the properties of the
products are highly dependent on the content of residual water in the anhy-
drous solvents used for the preparation of metal alkoxide solutions, as well as
on the time and conditions of storage of the solutions prior to hydrolysis. This
fact was demonstrated by the study of hydrolysis of which are espe-
cially sensitive to water [1015].

Nevertheless, the main parameter that affects the course of hydrolysis reac-
tion is the molar ratio of reactants (i.e., the water to metal alkoxide ratio

This h value determines the composition and the prop-
erties of the hydroxides and oxides formed on hydrolysis and thus allows them
to be obtained in different forms of powders, films, glasses, and fibers.

In the rest of this chapter we focus on the peculiarities of hydrolysis proc-
ess for different groups of metal alkoxides.
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9.1. Alkoxides of the metals of Groups I and II

Few data are available on the hydrolysis of simple metal alkoxides of these
elements. Alkoxides of alkaline and alkaline earth metals are mostly used as
precursors for the preparation of complex oxides or solid oxide solutions. Com-
mercial production of pure magnesium oxide by hydrolysis of with
formation of transparent gel has been described [715], as well as hydrolysis of

with the following thermal treatment to produce a fine MgO
powder that sinters at low temperatures [1766]. Solutions prepared by dissolv-
ing magnesium in methoxyethanol are by far the most convenient precursors
for preparation of magnesium oxide films.

are hard to produce, and in reality they are not used for prepara-
tion of oxides. On the other hand, highly soluble can be easily
prepared by alcoholysis of and therefore they are the main precursors for
the preparation of ZnO powders for sintering of varistor ceramics [725]. Hy-
drolysis of in toluene followed by drying of the precipitate under
vacuum at 90 to 110°C results in the crystallization of zincite. On hydrolysis
porous species of the amorphous powder of regular spherical shape with the
size of about are obtained. These species are indeed comprised of fine
crystallites (150Å), which explains the very high specific surface area of the
powder Washing of the powder with water drastically changes its
morphology (pseudohydrothermal recrystallization), the species acquire bipyram-
idal shape, their size increases approximately four times, and the surface area de-
creases down to which considerably improves their sintering properties.

9.2. Aluminum alkoxides

First investigations of hydrolysis of aluminum alkoxides were performed
in the 1950s and 1960s [1252, 285]. Stolarek [1536] studied hydrolysis reac-
tions with the aim of the preparation of aluminum oxide as a carrier for catalysts.

The investigations on the preparation and properties of alkoxy-derived sols
and gels of performed by Yoldas [1793], along with the numerous works
on hydrolysis of laid the foundation of the sol-gel method as the
technique employing the process of continuous transformation from colloid
(sol) to gel. The structures of sols and gels prepared in accordance with the
procedures described by Yoldas were in detail characterized by means of NMR,
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Raman, and IR spectroscopy [243]. are normally
used as precursors. Hydrolysis in an acidic medium at 20°C results in stable
sols with mixed octahedral and tetrahedral coordination of aluminum atoms.
Decrease of acidity results in amorphous hydroxide precipitate with consider-
able content of residual alkoxides. Hydrolysis at 80°C leads to sols with octa-
hedral coordination of all Al atoms. In a neutral medium, precipitate of

(boehmite) is formed. This precipitate is easily peptized by the addi-
tion of small amounts of acid, which cannot be achieved on heating to 80°C of
precipitate obtained by hydrolysis with cold water. Gradually, sols are trans-
ferred into continuous transparent gels, which, however, shrink on elimination
of solvent to give porous nontransparent bodies. [327]. Dried gels are in chem-
ical composition very close to AIO(OH), which is in agreement with the data
of FTIR analysis [327]. The structure of gels, size, and morphology of pores is
determined by the amount of the introduced acid. About 60% of the volume of
porous bodies is occupied by pores; their very small size (2 to 8 nm), however,
ensures preservation of their transparency. Thermal treatment of dry gel results
at first in the formation of further temperature increase up to 1200°C
gives crystalline Despite shrinkage the material does not crack due to
uniform volume crystallization. In the course of thermal treatment, however, it
looses transparency. Despite numerous hydrolysis techniques varying quite
considerably in hydrolysis conditions, the sequence of phase formation in all
of the cases can be summarized by the following scheme [1400, 512]:

Aluminum oxide sols are successfully used for application of films [1794,
1793], such as high area films for hybrid circuits [1236]. The same technique
was used for the preparation of in this case alcoholic
solutions of NaOR were added to aluminum alkoxide solutions [1795, 1038].
To increase the stability of sols, aluminum alkoxides are frequently modified
with acetic acid [1570] or [1659]. Alumina sheets are commercial-
ly produced by the sintering of high-purity fine powders prepared by
hydrolysis of modified [1236]. To prepare powders with spherical
species from dilute solutions, hydroxopropylcellulose was added to prevent
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agglomeration [1555]; an alternative option is to perform hydrolysis in hydro-
phobic solvents, such as in the mixture of n-octanol with acetonitrile [1164].
These sols were used for preparation of ultrafiltration layer (with the pore size
of 4 to 100 nm) of the inorganic ceramic membranes for filtration of liquids
and gases [1801, 993].

9.3. Alkoxides of rare earth elements

Hydrolysis of solutions was used mostly together with hydrolysis
of or for the preparation of powders and further sintering of
stabilized (solid solution or (see Chapter 10)
ceramics. On hydrolysis of M=Y, La, Ce with further crystalliza-
tion at 500°C submicron powders were obtained [1541, 878]. The au-
thors suggest a diffusion-limited particle-growth mechanism. Hydrolysis study
of the modified cerium isopropoxide (0.15 < x < 1.0) by means
of IR, EXAFS, SAXS has demonstrated that the properties of the hydrolysis prod-
ucts are controlled by the value of x: precipitation occurs for x < 0.15; for
x < 1 the sols that undergo transformation into gels with time are formed (gels
are formed even at very low temperatures); in the case of stable
micellar sols based on oligomeric molecules are obtained [1351].

9.4. Germanium, tin, lead alkoxides

Voigt [1705] prepared transparent glasses on hydrolysis of
the temperature of glass formation is about 100°C lower in comparison with
that used in conventional methods. On crystallization of amorphous oxide pre-
pared on hydrolysis of a mixture of two phases, crystoballite and
quartz, is formed. On further thermal treatment, phase transition of crystobal-
lite to occurs, while grinding in air results in the transition to a rutile-
type structure; on treatment at temperatures higher than 1050°C all phases are
tranferredto [1766].

Although hydrolysis of tin alkoxides and alkoxochlorides, especially in
the mixture with indium alkoxides, is used extensively, such as for preparation
of conductive ITO (solid solution of indium and tin oxides) layers, only few
fundamental works on hydrolysis of are known, and they have been
summarized in a comprehensive review [702]. Bradley proved the formation
of oligomeric molecules as first hydrolysis products of by
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ebulioscopy measurements. Further hydrolysis of tin isopropoxide as well as
and results in the formation of crystalline even with-

out additional thermal treatment; calcination at 400°C increases the crystallin-
ity of the product. Spherical species 250 ran in size consist of irregular
grains 20 to 30Å in diameter. Hydrolysis of was used for prepara-
tion of gels [641] and high-quality conductive films [662, 1601].

Looking for convenient precursors for lead containing perovskites, Teff
and Caulton [1565] isolated in the course of hydrolysis of at h = 0.5
and 1.33 two series of oxoalkoxides, and
with tetrahedral and octahedral “cluster” molecules respectively; these oxoalkox-
ides enter reactions with to form bimetallic oxoalkoxides [1563].
Hydrolysis of the solution of in THF (synthesized by alcoholy-
sis of at room temperature results in the crystalline hydrox-
ide — structural analogue of oxoalkoxide). Increas-
ing the hydrolysis temperature up to 66°C leads to 2 crystalline modifications
of PbO, tetragonal, litharge, and rhombohedral, massicot. Prolonged refluxing
of the reaction mixture increases the yield of massicot, which is thermody-
namically more stable [649]. In the earlier studies of hydrolysis of in

solution, formation of litharge and massicot was also registered at very
low temperature; however, massicot was reported to be the main product. This
difference may be due to the presence of considerable amounts of sodium in
the initial solution in the latter case, as precursors for hydrolysis were prepared
by the exchange reaction of and without isolation of individ-
ual [1767, 1197]. In general, the presence of traces of sodium in

becomes a very serious obstacle for the application of lead alkoxides
as precursors for ferroelectric films.

9.5. Titanium and zirconium alkoxides

and are the most thoroughly studied alkoxides from the
point of view of their hydrolytic decomposition. Depending on the hydrolysis
technique, different products such as films, fibers, glasses, and powders of

and may be obtained, numerous preparation techniques are described
in dozens of patents. On the other hand the physico-chemical aspect of hydrol-
ysis received considerably less attention.



116 The Chemistry of Metal Alkoxides

In the course of calorimetry study of hydrolysis of at different
concentrations and h ratios the values of enthalpies of hydrolysis reaction were
measured: at 298.15K as 14.2, 64.9, 19.3 kJ/mol for R = Et,
respectively [660]. These values grow linearly at the first stage when h in-
creases from 0 to 1 and practically do not undergo any changes with further
introduction of water. Therefore, the first step of hydrolysis should be regarded
as reaction with stoichiometry of h = 1:

This step is immediately followed by condensation:

Further hydrolysis proceeds much slower with very small heat evolution
(for R = Et and its value is zero within the accuracy of the experiment ,
while for it does not exceed 20% of the overall reaction heat). Compo-
sition of the hydrolysis products for all h values approximately corresponds to

where y = 0.15–1 depending on the nature of alcohol and
concentration of alkoxide. Solvating alcohol in the hydrolysis products was
confirmed by chemical analysis and IR spectroscopy of the products of their
thermal decomposition. Residual carbon on thermal treatment in air is elimi-
nated in two steps — at 300°C with formation of amorphous black powder and
then in the process of crystallization at 400 to 500°C. A mixture of anatase and
rutile is usually thus formed, calcination at higher temperature gives pure rutile.

The formation of metal oxoalkoxides in the course of hydrolysis of Ti and
Zr alkoxides was first described by Bradley [214, 203]. Later Day and Klem-
perer performed structural and NMR-spectroscopy studies of the multinuclear
titanium oxoalkoxides in crystalline form and in solutions (see Chapter 5).
Crystalline oxoalkoxides of varying complexity, ranging from 7-nuclear

to containing 12 Ti atoms, were isolated on
controlled hydrolysis of titanium ethoxide and isopropoxide [1651, 457]. Boyd
and Whiter reported the formation of polytitanoxane complexes in the course
of hydrolysis of [1755, 185]. It has been shown that average com-
plexity of the hydrolysis products depends on the reagents ratio. At the
products are linear polymers, and their composition may be evaluated from the
following equation:
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The last alkoxide group cannot be eliminated even at h = 4. Excess of
water results in the cross-linked polymers either in the form of gels or precip-
itates, the average complexity and molecular weight are mostly affected by
the h value.

In 1986 Yoldas performed one of the first detailed studies of the morphol-
ogy of and hydrolysis products as a function of their thermal
treatment, metal alkoxides concentrations in solutions, h ratio, and pH or acid
content in the hydrolysis agent. [1793]. The range of concentrations where
fibers could be drawn in the system was determined
by Kamiya [872].

The SAXS study of the influence of mineral acids on the growth of titani-
um oxoalkoxopolymers in the course of hydrolysis of
has demonstrated that the structure of the polymers changes gradually from
open network to dense gels [869]. Densification occurs as a result of the 2-step
process: large polymer molecules formed at the first step absorb free mono-
mers. At high acid concentration, growth of polymer chains occurs as a result
of recombination of the fragments close in size, densification takes place only
by the end of the process and leads to gel formation. On the other hand, at low
acid concentrations only a few of monomers undergo condensation; after that,
oxopolymers densify very quickly, resulting in gradual precipitation.

Raman spectroscopy and SAXS studies of structural changes, which occur
in the course of hydrolysis of in solutions in indicate the
instant hydrolysis, while formation of gels is a result of gradual aggregation of
primary clusters formed on mixing of the components. Their drying leads to
xerogels, amorphous hydrated oxides that on thermal treatment at 400°C for 2
hours give tetragonal Only on further thermal treatment at 1000°C for 2
hours is the monoclinic crystallized, even though it represents the ther-
modynamically stable phase at room temperature [81]. Calcination in nitrogen
hinders considerably the phase transition from tetrahedral to monoclinic [1250].

Acetic acid is also used as an acidic catalyst, which increases gelation time
and leads to transparent homogeneous gels. This effect can be explained by
partial substitution of OR- by OAc- groups chelating metal atoms [1391]. In
the course of hydrolysis, the OAc-groups remain bonded to titanium atom and
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consequently hinder formation of gels. Interaction of with acetic
acid liberates nPrOH, which enters esterification reaction with acetic acid and
water thus formed hydrolyzes metal alkoxide. This allowed Larbot et al to use
gas chromatography of the evaluated nPrOH as an efficient tool to study the
hydrolysis process [993]. Introduction of acetic groups considerably decreases
the tendency of to hydrolysis: the polymer product that contains
alkoxide and acetic groups is stable even to excess of water. As a result of this
reaction, transparent gel is formed; however, acetic groups can be eliminated
only in the course of thermal treatment at 200°C [33].

Acetylacetone and other are much stronger chelating agents.
In this case precipitation does not occur even with a big excess of water, as
chelating ligands cannot be completely eliminated. Blanchard and Sanchez
used complex formation to slow down condensation in the course of
hydrolysis [158]. Transparent monolithic gel was obtained by controlled
hydrolysis of in the presence of acetylacetone [468]. After drying
at 40°C, amorphous microcrystalline monolith is obtained with the pores < 1.5
nm. Stable acidic sols, prepared on hydrolysis of zirconium alkoxides modi-
fied by acetylacetone, contained linear polymers [458] and were used for the
preparation of fibers about 165 cm long with the diameter of 3 to The
sequence of phase formation in the course of thermal treatment of the fibers is
the same as in the course of thermal treatment of gels: at first at 500°C metast-
able tetragonal phase is formed, which at 1000°C undergoes transfer to mono-
clinic

For many years it has been discussed in the literature if hydrolysis of metal
alkoxides can be used as a convenient way for the preparation of ideal nanop-
owders (powders with spherical submicron species 0.1 to in size), which
can find numerous applications (e.g., for sintering of ceramics of special appli-
cations). Different techniques are described in dozens of patents. Among fun-
damental works in this direction, studies of Barringer and Bowen aimed at the
synthesis of on hydrolysis of are of special interest [110, 557].
The required condition for the synthesis of ideal powders by the sol-gel meth-
od is the homogeneous nucleation — complete mixing of the components

solution and water) prior to the beginning of precipitation. Therefore,
special attention should be paid to the conditions for solutions preparation,
storage, and filtration in the inert atmosphere to avoid uncontrolled hydrolysis,



Chapter 9. Hydrolysis of metal alkoxides and synthesis of simple oxides 119

which leads to the formation of heterogeneous nucleation centers. To achieve
complete mixing prior to precipitation, the authors used dilute metal alkoxide
and water solutions in ethanol (0.1 to 0.2 M) and (0.3 to 1.5 M) at Mean
particle diameter was about 0.3 to and increases with the decrease of
water and alkoxide concentration, the species are quite uniform in size

According to the authors, these are the most uniform
species ever reported in the literature. As mixing of dilute solutions under the
static conditions is a very inefficient and time-consuming technique a few var-
iations of dynamic hydrolysis have been suggested [1357, 1674, 1227]; these
methods are also used for the kinetic studies of hydrolysis reactions.

Assuming that the formation of uniform fine powders in the course
of hydrolysis occurs in accordance with the LaMer homogeneous
nucleation mechanism [987], many authors following Barringer and Bowen
considered time after mixing of the components before precipitation (induc-
tion time) as a qualitative measure of the rate of hydrolysis reaction [840, 659,
712, 1357]. Having applied this approach to the study of hydrolysis of

in EtOH and in                      Smit [1503] and Bartlett et al. [113] have
proven that hydrolysis occurs with the substitution of only three alkoxide groups:

thus supporting the mechanism suggested by Smit for hydrolysis of
in PrOH [1503].

The mechanism of particle growth in the course of hydrolysis and conden-
sation of Ti, Zr, and Ta alkoxides has been frequently discussed. Nevertheless,
the discussion so far remains open. Ring suggested a diffusion-limited model
for growth of particles [484, 1357]; other authors, however, assume a growth
mechanism limited by reaction on the surface of the growing species [1228,
708, 477].

Species prepared by hydrolysis of in accordance with the tech-
nique suggested by Barringer and Bowen were studied by Edelson and Gleiser
[517] by means of high-resolution electron microscopy; the latter studied also
sintering ability of the powders. They paid attention to the drastic discrepancy
between the specific area and the mean particle size
of the species. High-resolution electron microscopy proved that the species,



120 The Chemistry of Metal Alkoxides

earlier observed by Barringer, indeed consisted of minute fragments 6 to 10
nm in size; this result is in agreement with the specific area measurements. It is
therefore no surprise that the volume shrinkage of the powders during sinter-
ing in the temperature range from room to 1200°C amounted to 87%. Accord-
ing to the authors, approximately half of this value is due to the densification
of the internal structure of the agglomerates, which occurs in the temperature
range of 425 to 600°C. Porosity of the particles hinders their sintering ability:
sintering of dense species in size should have occurred at far lower
temperatures.

The SAXS study of the hydrolysis product has demonstrated it
to be a multilevel system, its primary structural element being an oligomeric
molecule of titanium oxobutoxide with the size of 1.6 nm [659, 1247]. Com-
ponents concentration and ratio determine the character of further condensa-
tion of these species and may result in various morphological forms of the
final hydrolysis product: uniform dense particles are precipitated from dilute
solutions; hydrolysis of concentrated solutions at high h results in polydis-
perse precipitates with open porosity and high surface area. Gradual densifica-
tion of the precipitate occurs with time due to filling of the volume with the
condensation products. By analogy with the well-known structures of metal
oxoalkoxides in crystals, and on the basis of the data of chemical analysis, it
has been suggested that the molecule of primary hydrolysis product consists of
6 hexa- and 6 penta-coordinated titanium atoms, supported by and 6

bridges.and bonded to 12 terminal OR-groups.. Refinement of the struc-
ture of the primary hydrolysis species was performed by HyperChem® (ver-
sion 5.01), Hypercube, Inc. The mean diameter of the calculated structure of
the primary particle is 1.6 nm, which corresponds to the value determined
from the SAXS experiment.

Uniform submicron particles cannot be obtained by hydrolysis of concen-
trated solutions, as the increase of concentration results in agglomer-
ation of the hydrolysis product, these agglomerates cannot be redispersed.
Agglomeration is a result of the sticking together of the particles in the course
of Brown movement, which can be overcome electrostatically (it assumes in-
troduction in the solution of electrolyte ions) or sterically by introduction of
surface active components, which should be able to diffuse from solution and
bind with the surface of the particle by physical adsorption. To prevent ag-
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glomeration, Ring suggested adding hydroxopropylcellulose (HPC) to the
solution prior to hydrolysis in concentrations of about to [840,
1076, 328]. This approach proved very fruitful, and was subsequently used in
different hydrolysis techniques to prevent agglomeration, which was described
in numerous patents. It was also suggested that organic acids be used with not
less than 6 carbon atoms in the molecule as agglomeration preventing agents
[1026]. Acids probably act as both electrostatic and steric stabilizers.

Hydrolysis of  does not allow the obtaining of “ideal”  pow-
ders [1394]. In contrast to oligomeric titanium ethoxide and butoxide, titani-
um isopropoxide is a monomeric molecule; condensation of its hydrolysis prod-
uct occurs very quickly and results in quick nonuniform particle growth; and
minute particles quickly agglomerate into polydisperse species.

Hydrolysis of  results in considerably denser particles, in compar-
ison with the hydrolysis products. Having studied hydrolysis in dif-
ferent alcohols Kotova et al. [944] demonstrated that well-shaped regular par-
ticles precipitate only at the first step from diluted solutions in ethyl alcohol at
moderate h values. Hydrolysis of solutions containing both titanium and zirco-
nium alkoxides leads to the species homogeneous in chemical composition,
and the metal ratio in the precipitated species corresponds to that in the starting
solution [708, 659]. This is a fairly unexpected result, in particularly taking
into account quite different hydrolysis rates of titanium and zirconium alkox-
ides; it is also noteworthy that no chemical complexes between the alkoxides
of the two elements were registered, although the attempts to synthesize such
compounds were indeed made [945]. It further turned out that even a very
small addition of zirconium alkoxide to solutions in             results
in drastic densification of the particles.

Therefore, the review of the studies of hydrolysis of Ti and Zr alkoxides
indicates that “ideal” oxide powders can be obtained only when very dilute
solutions are used, at low h values with homogeneous mixing of solutions
before precipitation, which indeed means that nucleation of solid precipitate
should occur from homogeneous solution and high yields could never be
achieved. The size of the particles can be regulated by pH of water used for
hydrolysis, modification of alkoxides by introduction of RCOO or acac- groups,
and addition of hydroxopropylcellulose. Despite a series of publications dis-
cussing the growth mechanism, it still remains obscure. Even hydrolysis with
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excess of water results in amorphous precipitate containing residual alkoxide
groups. The regular species observed by electron microscopy demonstrate po-
rosity that is very high in the case of hydrolysis products of titanium alkoxides
and far less pronounced in the case of hydrolysis of zirconium alkoxides. An
interesting peculiarity of these hydrolysis products lies in the preservation of
their morphology on thermal treatment with crystallization of corresponding
oxides.

9.6. Bismuth alkoxides

The interest in bismuth alkoxides emerged only in the last decade, mostly
in connection with high-temperature superconductivity and layered perovskites,
especially for thin films applications. Phase composition of formed on
hydrolysis of  depends on the nature of alkoxide radicals and solvents
and the h ratio. Thus refluxing of sols obtained on reaction of
in methoxyethanol with excess of water gives crystalline Hydrolysis
of the same bismuth alkoxide in THF resulted in amorphous powders [1074.].
Crystallization of         from amorphous powder precipitated on hydrolysis
of solution in THF occurs only after prolonged thermal treatment at
550°C[1069]. When is used as the precursor, is always formed
as hydrolysis product. If hydrolysis of solution in benzene is performed by
excess of water, the crystalline phase is formed immediately in the course of
hydrolysis. Precipitates obtained from ethanol or methoxyethanol are amor-
phous and crystallize after subsequent refluxing with water or thermal treat-
ment at 450°C. The extent of crystallinity of the products isolated from EtOH
is always higher than that of the products isolated from              Crystal-
lization, probably simultaneously, follows two patterns: “aging” of the precip-
itate of hydrated oxide and elimination of The second pattern results in
formation of crystalline precipitate with a high extent of structural perfection
already in the course of hydrolysis in benzene. There is a lot of speculations in
the literature concerning elimination of ether in the course of hydrolysis of
metal alkoxides, and many indirect observations supported this assumption;
however, the above described reaction is its first direct experimental proof [1610].
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9.7. Vanadium alkoxides

Hydrolysis of vanadium alkoxides has attracted the attention of scientists
for several decades. Back in 1913 Prandtl and Hess [1313], who suggested
using hydrolysis for the preparation of vanadium acid sols, assumed existence
of equilibrium in solutions. In the 1960s Jahr and
Fuchs [814, 591] applied hydrolysis of  in the presence of different
cations for synthesis of new polyvanadates (at the same time, an analytical
technique for measuring of traces of water in organic solvents by precipitation
of [AmH] was suggested [814]). Because of application of
as a precursor for catalysts and oxide materials, lately considerable attention
has been paid to the preparation of gels from these metal alkoxides. It has been
demonstrated that the addition of stoichiometry amount of water to
(h = 3:2) results in transparent orange gel, whereas under the
same conditions gives sol. Excess of water (h > 100) leads to red gels, which
in contrast to the orange ones do not contain residual OR-groups. The gels
with the composition of are polymeric ribbons involving, in
accordance with 51V NMR spectroscopy data, decavanadate groups. Vanadium
is in square-pyramidal environment with one short V=O bond along z
axis. Residual alkoxide groups are always absorbed in the branched structure
of gel, and they can be eliminated only after thermal treatment at the tempera-
ture not less than 300°C. Dehydration of gels occurs in two steps: at first at
about 120°C water is reversibly eliminated; nonreversible dehydration is ac-
complished by 250°C. Hydrolysis is always accompanied by partial reduction
of  V(V) by alcohol and appearance of in this results in green
coloring of gels. In organic solvents the process plays a very important role. It
is interesting that ensures polymerization of  and formation of
gels, probably as a result of higher radius and coordination abilities of  in
comparison with The electron microscopy photographs of the gels show
fibers ~ 10 nm tick. According to the X-ray data, gel has a layered structure.

gels are conductors with mixed electron and ion anisotropic con-
ductivity. Polycrystalline     films were obtained by the application of  V(IV)
solutions to the substrates with subsequent thermal treatment at 600°C; they
undergo reversible phase transition semiconductor metal at 72°C. Structures
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and properties of gels were discussed in detail in a special review by Livage
[1019]; an interesting review of the photovoltaic effect on vanadium pentoxide
gels is given in the paper [511].

9.8. Niobium and tantalum alkoxides

Niobium and tantalum ethoxides are commonly used as precursors for the
corresponding oxides. Formation of gels on partial hydrolysis of

has been described in [28]. Sols prepared by hydrolysis of
in accordance with the data of X-ray absorption at the niobium K

edge (EXAFS), contain polymers built of octahedra sharing common
vertices [1667]. Some edge-sharing species were also observed, and the short-
range order around Nb atoms appeared to be quite similar in both the crystal-
line phase and the niobium pentoxide gels. Crystallization occurred on
heating up to about 700°C, when all water molecules were removed. Analo-
gous results were obtained when modified by acetic acid up to the
composition of (x = 0.1) was used as a precursor [680].

It has also been demonstrated that ideal spherical particles can be obtained
by hydrolysis of in the alkaline medium or by addition of hydroxo-
propylcellulose to the initial alkoxide solution [1190, 840, 1227]. The size of
the particles thus formed may be controlled in the range of 0.05 to by
increasing concentration and decreasing h (nevertheless, at h < 4 no
precipitation is observed). The amorphous precipitate is assumed to have com-
position of however, in accordance with the exothermic peak at
about 400°C, accompanied by weight loss, it contains residual alkoxide groups.
Crystallization of  occurs only on heat treatment in air at 800°C, and the
oxide species inherit the morphology of the hydrolysis product.

Hydrolysis of tantalum alkoxide and preparation of in the form of
powders and films gains much more attention in comparison with hydrolysis
of This is primarily due to the fact that is used much more
extensively in electronics due to its higher stability and better dielectric proper-
ties. Sols prepared by partial hydrolysis of  are used for deposition of
amorphous       films. They crystallize at the temperature higher than 650°C.

layers with high dielectric permittivity (20 to 40) are good candidates for
insulators in large-scale integration (LSI) devices, electroluminescent devices,
film capacitors. Dielectric characteristics of the films prepared by sol-gel method
are not lower than that of       films deposited by CVD [1487, 1229, 1016].
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9.9. Molybdenum and tungsten alkoxides

Yamaguchi was the first to study hydrolysis of  [1766]. Hydroly-
sis performed in situ at 20 and 80°C yielded amorphous blue precipitate or
green-yellow crystals of  respectively. The final crystallization product
formed on thermal treatment of both precipitates was monoclinic while in
the course of thermal treatment at 350°C, the cubic was also registered.

Yanovskaya et al. [1774] have demonstrated that the hydrolysis products
of tungsten oxoalkoxides, and contain two phases —
crystalline and amorphous The SAXS and UV-
spectroscopy study of colloid and solid hydrolysis products of
and have demonstrated that hydrolysis of tungsten oxoethoxide and
the structure of sols formed in the course of its hydrolysis are absolutely anal-
ogous to the hydrolysis products of  (the latter have been described in
detail by Brinker [242]). Sols have a network structure, which densifies and
becomes three-dimesional with time. The structure of the network is primarily
determined by the h ratio in solution: when it is low, networks are very porous;
increase of h results in formation of porous balls. Formation of oxide is ac-
companied by an increasing of polycondensation extent — branching of the
W–O core ultimately resulting in the three-dimensional structure based
on W–O–W bridges.

Hydrolysis of  leads to micellar sols with the isopolymolyb-
date ion Drying of the sols gives xerogels of crystal-
line molybdenum blues transferring into rhombohedral
on thermal treatment at 280°C. groups of are inherited in
all hydrolysis products, and they can be further subjected to thermal treatment
until also containing group is formed [1774]. Molybdenum and
tungsten oxide sols prepared by hydrolysis of the corresponding alkoxides
were successfully used for application of photo- and electrochromic oxide films.

9.10. Iron ethoxide

In the first study of hydrolysis of  carried out by Thiessen et al.
[1577], the precipitate of cubic crystals was obtained after reflux-
ing of diluted alcoholic solution of iron ethoxide for a few hours. Hydrolysis
of iron ethoxide by excess of water results in amorphous precipitate, which on
thermal treatment at first gives and then (in contrast to the
precipitates of  which precipitate from aqueous solutions) [1776].



Chapter 10

SYNTHESIS OF COMPLEX OXIDES
FROM METAL ALKOXIDES

Over the last few decades, the preparation of complex oxides from metal
alkoxides has become one of their major applications. Almost all the studies of
bimetallic metal alkoxides or interaction between metal alkoxides are aimed at
the synthesis of precursors for complex oxides, either volatile for MOCVD or
soluble in organic solvents for sol-gel synthesis. The number of works describ-
ing the different preparative techniques and properties of complex oxides syn-
thesized from metal alkoxides already exceeds by many times the number of
works on the synthesis and properties of metal alkoxides themselves. Many
reviews and books cover in substantial detail the application of metal alkox-
ides to metal oxide synthesis, and some of the most important references to our
best knowledge are given in Chapter 1. Among the most interesting compositions

— refractory ceramics with zero expansion coefficient (which cannot
be obtained by conventional techniques because of the poor sintering ability of
the oxides) [861, 890]. The refractory construction materials also include the
cubic (used also as solid electrolyte). The preparation of the
solid solution was achieved by hydrolysis of the isopropoxides of the 2 metals.
The properties of the transparent ceramics obtained by alkoxide technology
turned out to be much better than those of the product of solid-state synthesis
[844, 1084]. Recently, the application of the sol-gel techniques was shown to

include the spinel powders –  [1148, 1224, 1680, 1765], [804],
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be successful for the preparation of ferrites in the system [1776],
cathode materials (films and powders) based on bronzes [1630].

Therefore, in this book we do not by any means intend to provide a com-
prehensive treatise on the subject. The aim of this chapter is rather to show a
few illustrations of the application of metal alkoxides in the synthesis of com-
plex oxides.

In particular, we have chosen to have a close look at the synthesis and
properties of ferroelectrics and related materials, where the sol-gel method
with application of metal alkoxide precursors seems to have produced the most
promising results. In most cases we have selected for discussion in this chapter
those works on the preparation of complex oxides, emphasized that the chem-
istry of the precursors and its role for the properties of complex oxide phases.

Synthesis of complex oxides from metal alkoxides includes the prepara-
tion of the initial solution, hydrolysis, drying, and thermal treatment of the
product. Despite the apparent simplicity and versatility of the scheme, the prop-
erties of oxides are extremely sensitive to the conditions of their preparation.
The commonly used precursor for oxides preparation is a solution of
in organic solvents. The heterogeneous precursor usually affects the homoge-
neity of the future oxide phase.

At first, it seemed that the only problem lies in the preparation of the pre-
cursor solution containing alkoxides of all the elements of future oxide com-
position: molecular distribution of the components in the initial solution was
supposed to ensure homogeneity of the future oxide phase. It soon turned out,
however, that this is far from being the only condition. In fact, this apparently
logical assumption did not take into consideration different hydrolysis rates of

which indeed present a considerable obstacle. Even if true bimetallic
complexes are formed in solutions, homogeneity of the future oxide phase on
the atomic scale may be achieved only if the stoichiometry of alkoxo-com-
plexes in solutions corresponds to that in the future oxide phases. For example,
the only stable bimetallic complex in the ternary systems

is rather than
as it has been postulated in literature (see Section 12.11). Indeed, hydrolysis of

On the other hand, hydrolysis of solutions containing (formed as

the freshly prepared solutions of  and with Ba:Ti =1:1 gives
powders always containing admixtures of  and polytitanates.



Chapter 10. Synthesis of complex oxides from metal alkoxides 129

the complex oxide formed in the process of the transformation
Certainly, most of the ideas concerning the rates of hydrolysis and their

impact on the forms and morphologies of the hydrolysis products comply with
those discussed earlier for monometallic alkoxides (Chapter 9).

Ozaki [1245] in his review classified perovskites prepared from metal alkox-
ides according to conditions of their crystallization. He described the follow-
ing three possibilities of crystallization of perovskites: (1) direct crystalliza-
tion in the course of hydrolysis, (2) one-step process of thermal treatment of
the amorphous hydrolysis products, and (3) crystallization as a result of the
solid-state reactions between the first crystallized oxides. At present, it has
become evident that the careful choice of processing conditions (which in-
cludes pre-hydrolysis and hydrolysis stages) allows most of the perovskites
enumerated by Ozaki to be obtained without thermal treatment after hydroly-
sis. If the thermal treatment is, nevertheless, necessary, it is important to choose
the appropriate atmosphere (air, oxygen, or oxygen-water vapor flow).

Some examples of application of metal alkoxides for synthesis of ferroe-
lectrics such as -based materials, complex niobates and tantalates, PZT
and PLZT-materials, and high-temperature superconductors are discussed below.

10.1. Barium titanate and -based solid solutions

Barium titanate and -based materials are most commonly used for
ceramic capacitors with high dielectric permittivity. powder of extremely
high quality (in respect of its purity, stoichiometry, particles morphology) is
required for most of the modern applications. This characteristic may be con-
siderably improved by the application of alkoxide precursors. Thus, it is of no

a result of the partial decomposition of  results in pure
containing no admixtures.

Therefore, in the course of the studies of bimetallic alkoxides it turned out
that one of the most important features for their application in sol-gel films
preparation lies in their ability to undergo partial decomposition via hydroly-
sis, oxidation, or elimination of ethers or esters with formation of M–O–M'
bridges (see, e.g., Section 10.1), fragments of future complex oxide phases. For-
mation of bimetallic oxoalkoxides ensures homogeneity on the atomic scale of

surprise that synthesis of  and -based materials from metal alkox-
ides attracted considerable attention for several decades. The first works on
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[571]; hydrolysis of the solution of alkoxides was used for preparation of
by Mazdiyasni in the late 1960s [1083]. By the end of the 1980s, we

(organic or inorganic), and
Barium salts (X = Cl, Br, OAc) do not react with organic solutions of

which explains why the products of thermal treatment of the hydrol-
ysis products always contain its decomposition is completed only at
1200°C [450]. It is thus quite natural that the reaction product contains along
with admixtures of numerous complex oxides of the sys-
tem together with oxohalogenides (in the case when barium halogenides are

leads to crystallization of from solutions and is probably one of the

preparation of in reaction of  with date back to 1955

witnessed a new upsurge of interest to synthesis of via decomposition
of metal alkoxides presumably caused by the attempts of commercial applica-
tion of these methods. These attempts were realized on a small scale; so far
there are no data reporting major production of   powders with applica-
tion of metal alkoxides.

All techniques based on the application of titanium alkoxides as titanium
component precursors may be subdivided into three groups in accordance with
the methods of introduction of barium in the system — the application of salts

used as precursors). Application of  solution in acetic acid or other
barium carboxylates turned out to be fruitful for sol-gel application of thin
films, and thus will be discussed in connection with thin films preparation,
however, small-angle X-ray scattering, IR- and Raman spectroscopy data dem-
onstrated that Ba and Ti species coexist in the sol and gel separately [1203].
Thermolysis at 200 to 400°C results in the formation of  and crys-
tallization of occurs only after annealing at 650°C as a result of solid-
state reactions [1178].

The alkoxide-hydroxide route summarized by the following reaction

most promising methods for synthesis of    fine powders.
The surprisingly low temperature of  formation, below 100°C, makes

this reaction very attractive for regulating the particle sizes and paves the way
for preparation of submicron uniform species. This method was subsequently

used for the synthesis of other perovskites [329]. As to the reaction mecha-
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nism, it was at first assumed that hydroxotitanate anion was the
first hydrolysis product, which under the decomposition by the alkaline-earth

cation crystallized to form [329, 571]:

Hydroxotitanate anion, however, has never been detected in the course of
hydrolysis of titanium alkoxides. On the basis of electron microscopy data,
Diaz-Guemes et al. [477] suggested the two-step adsorption mechanism for

the above reaction. According to his assumption hydrolysis of titanium alkox-
ide results in a gel of hydrated titanium oxide, which is further diffused by
cations to form crystalline

A series of patent publications reflect the attempts made by different com-
panies to commercially develop this method [261, 1264, 1013, 921]. The con-
ditions for the preparation of highly crystalline powder with precise stoichi-
ometry were determined, and the main problem concerning preparation of fine

and uniform powders was addressed. In recent studies it was demonstrated that
the morphology of perovskite species (M = Sr, Ba) prepared by the
alkoxide-hydroxide route is mostly governed by the rate of the second reac-
tion, the adsorption of alkaline-earth metal by the hydrolysis prod-
uct. Thus, to prepare uniform species with the size of about it is impor-
tant to slow down the adsorption rate. Therefore, for each alkaline-earth titan-
ate or solid solution, separate experiments are required to determine concen-
trations of the components and temperature regimes to achieve necessary
morphology [658]. Anyhow, the alkoxide-hydroxide method is undoubtedly a
promising route to and -based solid solutions. Powders pro-
duced by the alkoxide-hydroxide route sinter at temperatures significantly lower

than the conventional powders; ceramic materials demonstrate considerably
improved dielectric properties. A few data on the sintering and dielectric prop-
erties of the materials prepared by this method presented below are presented
as illustrations.
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More than 30 years ago, Mazdiyasni [1083] suggested preparing
by hydrolysis of obtained by alcoholic exchange from

and Solutions containing Ba and Ti alkoxides were re-
fluxed for several hours and then slowly hydrolyzed, which led to crystalliza-
tion of After calcination at 800°C the powder was characterized by
high purity, uniformity, and being sintered into dense ceramic with
(t = 20°C, f = 1 kHz) at 1300°C. This remarkable technique may be considered
the first brick in the chemistry of preparation of complex oxides from metal
alkoxides. Nevertheless, it remains obscure which of the conditions described
in the technique were indeed important. First of all, the choice of the alkoxide
precursor is quite unusual: it is not clear if the authors believed it indeed essen-
tial to perform alcoholic exchange and to synthesize instead of

ulation that is formed as a result of refluxing of Ba- and Ti-contain-
ing solutions seems highly improbable. Bimetallic alkoxide with such stoichi-
ometry has never been registered. Besides, no details concerning the hydroly-
sis conditions, such as ratio or hydrolysis temperature, were
given; on the other hand, in the works of other authors it was demon-
strated that hydrolysis conditions indeed control the phase composi-
tion of the powders [922].

Interaction between and in was studied in detail
by Kirby [920]. He isolated single crystals with the ratio of Ba:Ti = 1:1; ther-
mal decomposition of these crystals resulted in the formation of tetragonal

in one step. Moreover, even the shape of big complex oxoalkoxide
crystals was preserved in formed on their decomposition. Neverthe-
less, the true chemical composition of the crystal as
was determined only in the further X-ray structural study of these crystals and
revealed the existence of Ba–O–Ti bridges in their structure [1787] (see Sec-
tion 4.7.1); these are presumably preserved in the course of further thermal
treatment with formation of complex oxide. This study provided the first ex-
ample, where the role of complex oxoalkoxides as precursors for complex
oxides was clearly demonstrated by crystallographic data; besides, it provided
an explanation of why in many techniques the refluxing of metal alkoxide
solution or other methods of partial decomposition of alkoxides leading to
oxoalkoxides is essential and facilitates formation of complex oxides on hy-

using  for further complexation with and hydrolysis. Spec-
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drolysis. This fact also emphasizes the utmost sensitivity of the complex oxide
crystallization conditions to the precursor solution preparation prior to hydrol-
ysis. Indeed, it is necessary to ensure the formation of oxoalkoxide species in
solutions: only in this case further hydrolysis results in the formation of com-
plex oxide in one step. If the necessary precursor is not “preconstructed” in
solution, a mixture of hydrated oxides is formed in the course of hydrolysis of
the metal alkoxide solution, and complex oxide is formed only in the course
of solid-state reactions that occur on thermal treatment. In this case, howev-
er, the chemical homogeneity, actually one of the major advantages of metal
alkoxides application as precursors, will be lost (Fig. 10.1).

complex metal alkoxides; usually Ba and Sr ethoxides and are used
[588, 1470, 1474].

Crystallization of  and solid solutions may also occur
on aging at 30 to 90°C of gels prepared by hydrolysis in methoxyethanol of
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Crystalline prepared by hydrolysis of the alkoxide solutions in the
form of dispersion without drying was successfully used to make a ceramic
slip formulation, which was then cast as a ceramic green body for microcapac-
itors 1 to thick.

Metal alkoxides are traditionally widely used in the sol-gel method as pre-
cursors for preparation of film-forming solutions. was probably the
first ferroelectric complex oxide prepared in the form of thin films from metal
alkoxide solutions back in the 1960s [1539, 1161]. It was, however, only much
later that ferroelectric properties of the films were actually measured [1780,
1709,1605]. Due to the necessity of high-temperature annealing, the first fer-
roelectric films were obtained on Pt substrates. Recently, the films of
the (BST) system, as high permittivity materials for high-density
dynamic access memories (DRAMs) and millimeter microwave integrated cir-
cuits (MMIC), attracted substantial attention. Moreover, these films seem to
be among the most promising sol-gel applications for the near future; they are
widely considered to be a particular target, where sol-gel method can success-
fully compete with other well-known techniques for thin-film applications.

Either pure titanium alkoxides or titanium alkoxides stabilized by addition

with high permittivity were prepared. In the course of thermal treat-
ment, however, titanium precursor was shown to decompose earlier than alka-
line-earth carboxylate, which leads to a mixture of amorphous titanium oxide
matrix with finely distributed alkaline earth carboxylate. Then decomposition
of the alkaline-earth carboxylate occurs in the temperature interval of 375 to
500°C (depending on Ba or Sr derivative and the chemical nature of carboxy-
late), crystallization requires further temperature treatment at above 600°C.
During layer-to-layer deposition, and show epithaxial growth
resulting in columnar film structure [843]. The dielectric measurements were
performed on films with different morphologies grown on Pt-coated

of acetylacetone (usually 2 moles per mole of are used as titanium
precursors. Barium and strontium can be introduced in the form of alkoxides
or carboxylates in methoxyethanol. Recent study [717] has been devoted to the
systematic investigation of application of different alkaline-earth carboxylates
as precursors. Series of (M = Ba, Sr) thin films were prepared in iden-
tical conditions using alkaline earth acetates, propionates, 2-methylpropion-
ates, and 2-ethylhexanoates. In all cases the ceramic thin films of and



Chapter 10. Synthesis of complex oxides from metal alkoxides 135

Si substrates. The change of morphology from grainy to columnar resulted in
an increase of room temperature permittivity for the films with the thickness of

from 500 to 900 (measurements were performed at 10 kHz), which
clearly emphasized the necessity and possibility to control the morphology by
film formation process.

In [1677] complex alkoxides and alkoxide-carboxylates were compared as
precursors for preparation of BST films. In contrast to the introduction of alka-
line earth carboxylates in the form of preliminary isolated salts, in this work
metal alkoxide solution in methoxyethanol containing titanium and alkaline-
earth metal was modified by addition of 2-ethylhexanoic acid with subsequent
slow distilling off the solvent and repeated dilutions with fresh portions of
methoxyethanol. During the distillation process, part of the alkoxide groups
are substituted by the 2-ethylhexanoate ligands. The exchange reaction of

with acid was studied in different solvents, and it was demonstrated
that in the course of distillation the titanium oxoisopropoxy-2-ethylhexanoate
is formed with elimination of ester:

Oxoalkoxocomplexes are oligomers of varying molecular complexity. The
extent and conditions of distillation allow to control the nature of the species in
solution, thus influencing the film-formation process [1368]. This process of
in situ modification of metal alkoxide solution by carboxylate ligand may have
certain advantages with respect to the chemical uniformity as compared to the
techniques based on simple mixing of a titanium alkoxide with alkaline-earth
carboxylates.

IR spectra measurements as well as variation of the film thickness, shrink-
age, and refractive index demonstrated substantial differences in the mecha-
nisms of thermal decomposition of films prepared from the exclusively metal
alkoxide precursor and from the metal alkoxides modified by 2-ethylhexanoic
acid. These differences affect the evolution of film microstructure and thus
determine the different dielectric properties of the obtained films. The dielec-
tric permittivity of the films prepared from metal alkoxide solutions was rela-
tively low (about 100) and showed weak dependence of the bias field. This fact
may be explained by the early formation of metal-oxide network (mostly in the
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course of hydrolysis during application of solution to the substrate) in this
case. This hinders structural relaxation and causes high mechanical stresses in
the films. As a result, the crystallization starts at lower temperatures but results
in a structure with defects and distortions. By contrast, in the case of modified
metal alkoxide precursors, the metal-oxide network is created after pyrolisis of
organics at a much higher temperature when atoms with higher energy and
mobility ensure better conditions for crystallite growth in a porous non-stressed
structure. In general, the higher extent of solvent distillation during solution
preparation results in the higher permittivity and more pronounced nonlinear-
ity with application of the bias voltage.

The dielectric permittivity of BST films (measured at the frequency of 1
MHz at 20°C without application of bias electric field) as a function of the
strontium content in the films is shown in Fig. 10.2. The maximum value of
dielectric permittivity is observed for the films with Ba/(Ba+Sr) = 0.3 in ac-
cordance with single-crystal behavior. The values of dielectric permittivity in-
crease with the increase of annealing temperature of the films (from 700 to
800°C), as well as with the increase of film thickness.

Recently, an attempt to use derivatives for preparation of BST
films was made [191]. According to the authors, ligands were cho-
sen because they facilitate the “cross-linking” decomposition pathway, and
thus the formation of uniform films, besides the t-butyl moiety due to the steric
hindrance, minimizes oligomerization and increases the solubility of the alkox-
ide species. Indeed, the titanium precursor (iso-
lated by the alcohol exchange reaction of with is the
smallest crystallographically characterized homoleptic titanium alkoxide iso-
lated to date. Barium and strontium derivatives were prepared by reactions of
metals with in THF, and the precursor solution was made by mix-
ing of Ba, Sr, and Ti alkoxides. It is interesting that although an attempt to
prepare a ternary single-source precursor was made, the crystals isolated from
the precursor solution containing all three metal alkoxides represented a bina-
ry complex with the Ba:Ti ratio of 1:2. Films with the thickness of
deposited on platinized silicon demonstrated dielectric constant of 120

at 10 kHz.
In the present time Veith et al. have made detail investigation on the syn-

thesis of the powders and ceramics and based
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on isopropoxides of Ti and Zr and complex useing three Ba

Thin-film dielectrics for the thin-film capaci-
tors were prepared using Ba, Ca, and Zr ethoxides and Ti isopropoxide in
refluxed methoxyethanol solutions as precursors. Films were deposited on a
usual platinized Si substrate. Crystalline thin films after heat treatment at 800°C
demonstrated dielectric permittivity of 1200, dielectric loss of 0.5%, nonlinear
coefficient and break-down voltage of 980 V [1595].

10.2. Complex niobates and tantalates

Synthesis of niobates and tantalates of alkaline metals at high tempera-
tures may result in the products with unintended stoichiometry because of
high volatility of alkaline metal (especially lithium) oxides. Therefore, their
synthesis in the form of efficiently sintering powders presents a serious prob-
lem. Films of alkaline niobates and tantalates can find wide range of applica-
tions in acousto- and optoelectronics and are usually prepared by rf-sputtering
techniques, also giving rise to stoichiometry problems.

precursors —  and [1689].
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Application of metal alkoxides for the preparation of niobates and tanta-
lates in the form of both powders and films has been first performed by Dänd-

der is amorphous for X-ray, it already contains microcrystallites of
[1778]. In addition to conventional techniques, the properties of the powder in
the course of thermal treatment were studied by the second harmonic genera-
tion of the laser beam, which is a sensitive technique for detection of noncen-
trosymmetric phase; the first signal was registered at 350°C.

Studying the preparation of alkaline niobates and tantalates in the form of
powders and films, Hirano [756] demonstrated that in order to prepare pure
phase of complex oxide, the refluxing of the precursor alkoxide solutions prior
to hydrolysis or film application is beneficial. He explained this fact by the

has been reported in [1621]). Formation of oxoalkox-
ide is facilitated by direct reaction of alkaline metal with the alcoholic solution
of niobium ethoxide. Application of partially hydrolyzed solutions is also pref-
erable to control morphology of the species formed. Formation of via
the gelation step allows oxide species of regular shape with high sintering
ability to be prepared [1324]. Crystallization of alkaline niobates occurs at
lower temperature (250 to 300°C) if calcination of the hydrolysis products and
films is performed in a flow of oxygen mixed with water vapor.

Although in most papers concerning the preparation of
Li and Na are introduced as alcoholic derivatives, a few

workers suggest introducing alkaline elements in the form of their acetates,
while are used as Nb and Ta precursors [95, 373, 840, 931].

The same metal alkoxide precursor solutions in EtOH and methoxyetha-
nol, which were used for preparation of powders were also suggested for appli-

anhydrous EtOH, it was demonstrated that although the freshly prepared pow-
liker [475]. In our study of hydrolysis of LiOEt and   solutions in

formation of  in solution during refluxing. However, according to
[1622], the above bimetallic complex is formed immediately on the mixing of
lithium and niobium ethoxides. Refluxing or storage of the solutions leads to
bimetallic oxoethoxoniobates. (The structure of the crystalline

cation of and   films on Pt and quartz substrates [524, 1778].
The choice of solution concentration and thickness of the layer, which under-
goes calcination, is very important for the preparation of films without cracks
or bubbles.  Oriented                       films were obtained on the
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sapphire substrates (012), (110), or (001) [96; 1540]. Partially hydrolyzed so-
lutions were used for the preparation of stoichiometric crystalline lithium nio-
bate fibers [755]. Other oxide phases of the system can be syn-
thesized from alkoxide precursor solutions with different
ratios [1548]. Potassium niobate powders and thin films as
well as solid solutions of were also prepared from metal alkox-
ides [1760, 36, 1658].

Perovskites (A = Ba, Sr; B = Zn, Mg, Co, Ni; C = Nb, Ta) are
promising compounds for microwave applications. It is important to synthe-
size these complex oxides as pure perovskite phases because the slightest ad-
mixture of a second phase hinders drastically the dielectric properties of ce-
ramics, which sinter only at very high temperatures (1400 to 1500°C). The

First approach. Ba and Zn, are introduced in the form of inorganic salts
suspended in the alcoholic solution of and the dispersion is hy-
drolyzed and annealed. Uniform distribution of Ba and Zn in this gel is
achieved by vigorous stirring of the reaction mixture [805]. A high degree

are hydrolyzed, remains unaffected and reacts with the products
of metal alkoxides hydrolysis only at the thermolysis time. Thus, forma-
tion of the complex oxide in this case also occurs only as a result of the
solid-state reaction between the components at ~1030°C.

Second approach. Mg is introduced into the alcoholic solutions of liq-
uid Nb or Ta alkoxides either in the form of solid Mg alkoxide or as metal

precursor chemistry resembles greatly that of  formation by alkoxide or
alkoxide-hydroxide routes. Below we summarize the 3 approaches to the syn-
thesis of these perovskites by the sol-gel method:

of dispersion and reactivity of ensures the formation the com-
plex oxide at temperatures ~150°C lower than those necessary for solid-
state reactions. In the variation of the above procedure, all 3 elements are
dissolved in the organic solvent, Ba and Ta as alkoxides, and Zn as acety-
lacetonate, its most available organic derivative. While metal alkoxides

that readily dissolves in the alcoholic solution of  with elimination
of hydrogen. This solution is then hydrolyzed by aqueous solution of
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then is adsorbed by the precipitate of hydrated oxides. Crystalli-
zation of the perovskite phase under these conditions occurs at 80 to 100°C
[1779, 805].

Third approach. The precursor solution in alcohol, methoxyethanol, or
alcohol-benzene mixture contains all elements of the future oxide compo-
sition in the form of metal alkoxides. In the case of the synthesis of indi-
vidual Zn, Co, Ni alkoxides presenting certain difficulties they may be
introduced in methoxyethanol solution containing other metal alkoxides
by anodic dissolution of the corresponding metals. Hydrolysis of the solu-
tions at room temperature results in amorphous precipitates of hydrated
oxides that are dehydrated on thermal treatment and crystallize in the per-
ovskite phase at 800 to 1000°C. If hydrolysis is carried out on refluxing,
which is continued with stirring for several hours, and residual solvent is
isolated at the crystalline perovskites are obtained without addi-
tional thermal treatment [805]. The crystalline products obtained directly
by hydrolysis were successfully used for sintering of ceramic sheets [707].

tric perovskite films crystallized at 800°C [583]. Porous
was prepared by drying the gel under supercritical conditions [329]. In the
search for the precursors for this class of complex oxides, Hubert-Pfalz-
graf studied reactions between niobium alkoxides and
anhydrous acetates (M = Mg, Ba, Pb, Cd). With the exception of
barium acetate, which remains inert even under refluxing or in the presence
of acetic acid, the reaction proceeds at room temperature in non-polar sol-
vents. Acetates are dissolved to give species. Iso-
propoxides are more reactive than ethoxides. X-ray structural data confirmed

Just as in the above described case of  preparation, the reaction can
be performed in two steps: at first bimetallic alkoxide is hydrolyzed, and

Lead-magnesium  niobate was prepared by decomposition
of gel produced by mixing of magnesium alkoxoniobate with lead acetate
and subsequent hydrolysis [583]. Crystallization of the amorphous powder
prepared after drying of gel occurs at 470°C with crystallization of pyro-
chlore; perovskite crystallizes only on further thermal treatment at a higher
temperature of about 700°C. It is interesting that the rate of phase transi-
tion from pyrochlore to perovskite depends not only on the annealing con-
ditions but rather on the gelation process. The same precursor solutions
were used for application of films on platinized silicon wafers. Ferroelec-
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that two different metals are clamped together by the acetate ligand. Forma-
tion of pure and after hydrolysis and thermal treatment

was introduced [506]. The following investigations demonstrated
that hydrated Ti and Zr hydroxides, which are formed on the hydrolysis of
corresponding metal alkoxides, are extraordinarily active and react readily with
suspended PbO to form amorphous matrix with uniform distribution of ele-
ments [1779]. Crystallization of PZT from this matrix occurs in one stage at
600°C. The sintered ceramic is characterized by the absence of composition
fluctuations and residual porosity and therefore demonstrates very good opti-
cal properties. The introduction of lead in the form of its acetate did not give
very good results as decomposition of occurs only on calcination
and the perovskite phase is thus formed only as a result of the solid-state reac-
tions between the components.

Comparison of different commercially available samples in sintering
of PZT ceramics has demonstrated that crystallization of PZT occurs in one
step only if samples prepared by hydrolysis of alkoxides are used [1697].

of  (M = Mg, Cd) occurs at 600°C [779].

10.3. Lead zirconate-titanate (PZT) and lead-lanthane zirconate-
titanate (PLZT) solid solutions

The first studies on the synthesis of PZT and PLZT materials from metal
alkoxides date back to the early 1970s. They dealt primarily with the prepara-
tion of powders for sintering of the electrooptic PLZT ceramics [252]. Al-
though Mazdiyasni et al. suggested hydrolyzing the solution containing all 4
elements as alkoxides, in most of the subsequent studies lanthanum alkoxides
have not been used. Instead, the hydrolysis of the solution in organic solvent
was performed by aqueous solution of lanthanum acetate. Different lead deriv-
atives, such as lead alkoxides, dissolved in alcohols together with titanium and
zirconium alkoxides, PbO-powder vigorously stirred in the alcoholic solution
of titanium and zirconium alkoxides during the hydrolysis stage, or aqueous
solution of lead acetate, were also used.

Application of all four alkoxides resulted in a powder with the purity of
99.95% and the particle size in the range of 75 to 300 Å, which sintered into
dense optically transparent ceramics at 1050 to 1175°C without hot pressing.
However, for large-scale synthesis, another technique using PbO and aqueous
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Despite good laboratory results, metal alkoxides did not find commercial
application for sintering of piezoelectric ceramics, presumably because of their
high cost. On the other hand, the last decade has been characterized by a tre-
mendous growth of interest in the sol-gel PZT or doped PZT films. In the early
1990s, the sol-gel route to high-quality ferroelectric Pb-based films still was
questionable, as films were mostly characterized by poor or variable micro-
structure and lack of control of the perovskite phase formation. However, after
extensive studies performed by numerous research groups, which were aimed
at the improvement of solution synthetic methods, hydrolysis and heat treat-
ment parameters, dielectric film/substrate interface, and high-quality textured
films were prepared. While solution deposition may not prove useful for all
applications of PZT and related films because of potential problems with coat-
ing conformity, fabrication of this type has many advantages associated with
low capital cost, rapid processing, reasonable reproducibility, and excellent
compositional control. When used in conjunction with spin-casting, it is com-
patible with existing semiconductor fabrication processes. A great variety of
techniques for the preparation of the precursor solutions was reported. These
techniques, along with the attempts to explain the chemistry of the precursor
solutions, are summarized in reviews [1442,1409, 1442].

The most frequently applied and well-known technique is based on the
reaction of lead acetate with titanium and zirconium alkoxides suggested by
Budd and Dey. It was probably the first successful technique used for prepara-
tion of PZT films, which has been tested by numerous subsequent applications
by different authors. It is also so far the most widely used conventional tech-
nique for PZT films applications [269, 476]. Titanium isopropoxide and zir-
conium n-butoxide are separately subjected to the exchange reaction with meth-
oxyethanol. Lead acetate trihydrate is dehydrated by dissolu-
tion in methoxyethanol and subsequent 3 times distillations of the solvent with
repeated addition of fresh portions of methoxyethanol. As a result, acetate
groups are partially substituted by methoxyethoxide. To achieve a higher ex-
tent of substitution of acetate groups (up to about [OAc]:[Pb] = 0.83) by meth-
oxyethanol, the last distillation may be performed under vacuum. Stoichio-
metric amounts of Ti and Zr precursors are then added to the lead-containing
solution. Before film casting, the stock solution is mixed with the hydrolysis
solution.
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In the following years many attempts were made to isolate ternary Pb–Ti–
Zr complex; however, so far none of them has been successful. On the other
hand, many authors have reported the crystallographically characterized bime-
tallic Pb–Ti and Pb–Zr complexes of different stoichiometry [120, 320, 779,
784, 555]. It is clear that in the system suggested by Dey, numerous chemical
reactions proceed, thus making the chemistry of precursors very complicated
and strongly dependant on the reaction conditions, which affects the reproduc-
ibility of the properties of the films obtained. Several attempts to gain better
understanding of the chemistry of the techniques suggested by Dey [985, 1332,
269, 924] were undertaken. Dehydration of lead acetate under different condi-
tions was studied in [1775], and in contrast to the above technique, it was
suggested that obtained in mild dehydration conditions by reaction

ring on interaction of and Ti–Zr alkoxide mixture with acetylace-
tone, was performed in [1448] and allowed the authors to simplify the tech-
nique for preparation of precursor solution for PZT films application and to
overcome the requirement of prolonged refluxing, which certainly decreases
reproducibility. After dissolution of titanium and zirconium alkoxides in meth-
oxyethanol, acetylacetone is added to form stable zirconium and titanium stock
solutions. The introduction of acetylacetone allowed aqueous lead acetate (and
lanthanum acetate for PLZT films) solutions to be added to mixed titanium
and zirconium solutions. No reaction steps involving elevated temperatures or
distillation or long reaction times are required. The solution could be used
both immediately on mixing or after storage for several months. Such solu-
tions were successfully used for application of ferroelectric films.

Another approach to sol-gel PZT precursors involves the reaction of alkox-
ide mixture with glacial acetic acid [1442, 1790]. Lead acetate and titanium

of with acetic acid anhydride should be used. Anhydrous lead
acetate obtained under these reaction conditions does not contain Pb–O–Pb
bonds, which hinder further reactivity of  in reactions with Ti and Zr
alkoxides. The same work suggested using the electrochemically prepared Ti
and Zr methoxyethoxide solutions as precursors, thus avoiding the exchange
reactions of aliphatic alkoxides with methoxyethanol. It has also been suggest-
ed that lead should be introduced in the form of 2-ethylhexanoate [924].

Modification by acetylacetone is a powerful route, that allows precursor
solutions to be stabilized. Interaction of titanium alkoxides with acetylacetone
was extensively studied and reviewed in [1391,86]. Study of reactions, occur-
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and zirconium propoxides or butoxides are dissolved in acetic acid; the solu-
tion is afterward diluted, usually by propanol or methanol containing certain
amount of water. such as acetylacetone are sometimes added to
the precursor solutions to increase their stability. Acetic acid or acetylacetone

10.4. Bismuth strontium tantalates and niobates

Volatility of PbO leads to the so-called fatigue of Pt/PZT/Pt capacitor struc-
tures: polarization drastically decreases after the structure is exposed to repeat-
ed (about cycles) polarization cycles. The fatigue problem may be over-
come by application of ferroelectrics without volatile components leading to

“modify” with the formation of oxoalkoxoacetates or oxoalkoxoacety-
lacetonates with oligomeric structures extensively discussed in literature (see
Chapter 7). The characteristic structural feature of these precursors is the met-
al-oxygen core surrounded by acetate or acac ligands.

Solutions prepared by any of the above-described techniques are spun onto
the rotating substrate and dried at the temperature ranging from 150 to 450°C.
Spin coating and drying are usually repeated several times. The coated films
are finally annealed at 650°C for crystallization. Rapid thermal annealing (RTA)
is frequently used for crystallization, demonstrating a positive impact on per-
ovskite phase crystallization. It was also demonstrated by numerous workers
that excess of lead (about 10% over stoichiometry) has to be introduced to
compensate for the partial evaporation of volatile PbO during thermal treat-
ment. This also allows the formation of pyrochlore admixtures, which repre-
sents the major obstacle in the course of PZT films crystallization, to be over-
come.

It may thus be concluded that application of metal alkoxides for prepara-
tion of PZT-based thin films in many aspects may be nowadays considered to
be a routine technique widely used in many laboratories. The research work is
presently mostly focused on electrical and microstructural aspects of these
films rather than on chemical routes of their preparation. Irrespective of the
technique for the precursor preparation, when 10% excess of Pb is introduced
(to prevent loss of lead due to the PbO volatility) the ferroelectric perovskite
PZT films are obtained after annealing at about 700°C, demonstrating nonlin-
ear properties of the level acceptable for most of the desired applications. Their
typical microstructure is presented in Fig .10.3.
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stoichiometry variations [78]. (SBT) is such an alternative to PZT.
films with the thickness of 0.2 to were applied from solu-

or and Sr and Bi 2-ethylhexanoates [1029]. Ferroelectric properties
are registered after films are crystallized by annealing at 800°C. About 10%
excess of Bi is essential for the preparation of perovskites without admixtures.
The main admixture is the phase with pyrochlore structure. The main problem
for more extensive application of these films is lower remanent polarization
than that of PZT films and crystallization temperature of 800 to 850°C, which
is too high for microelectronic applications. A few attempts to decrease crys-
tallization temperature were made. Thus, it has been suggested that films be
deposited on an intermediate layer or that thermal treatment be
performed under reduced pressure. To optimize the choice of the alkoxide
derivatives for application of these films, the interaction between different Bi
and Ta alkoxides was studied. It was demonstrated that Bi and Ta ethoxides
were the best alkoxide precursors [1710]. On complete elimination of EtOH
used as a solvent, the viscous pastes containing and are
formed. Such pastes can be stored for a long time without any alteration of
their properties or solubility. On the other hand, they are readily dissolved in
most organic solvents and allowed to prepare a convenient precursor for films
application, when combined with strontium 2-ethylhexanoate. Crystallization
of in the films obtained by application of these solutions occurred
at 700°C. structures annealed at 700 and 750°C
demonstrated a coercive field of about 50 kV/cm and the remanent polariza-
tion Pr*–Pr of 7 to

Kato et al. have prepared solutions in EtOH with the necessary stoichiom-
etry compositions and claimed that corresponding ternary complexes were thus
formed; although no evidence for formation of the complexes was given, the

[190,984]. was mixed and stirred with pyridine. Separately,
and were mixed and dissolved in glacial acetic acid, then Bi-contain-

tions in alcohol or xylene of metal alkoxides and

solutions were successfully used for the application of  films [890].
With the ethoxide precursor, after annealing of films in the mixture of water
vapor and oxygen, the crystallization occurred at 650°C, and the prepared film
with the thickness of demonstrated switching polarization of

Another approach implies the application of glacial acetic acid as a solvent
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ing precursor was added, and was completely dissolved. Deposition
on variety of substrates followed by heating at 700°C allowed crystalline films
to be prepeared with dielectric parameters suitable for integration.

10.5. High-temperature superconductors

Soon after the discovery of high-temperature superconductivity in 1987,
the first data on the preparation of powders and films were pub-
lished [1469, 957, 755, 1169, 1559, 1221]. Single crystalline MgO and
were most commonly used substrates; later, doped with was also
introduced. Different and were
used. The introduction of a Cu derivative into this solution presents the most
complex problem.The alkoxides irrespective of R are practically
insoluble in organic solvents due to their polymeric nature. A few variations of
the technique were suggested to overcome this problem; they mostly take ad-
vantage of special conditions known to enhance the solubility of copper alkox-
ides. Thus, has a very limited solubility in BuOH (about 2%),

as well as can be dissolved in methoxyethanol in the pres-
ence of and and are soluble in alcohols in the pres-
ence of ethanolamines In [1614] powders and
films on MgO single-crystal substrates were obtained from the partially hydro-
lyzed solutions of all 3 metal alkoxides in methoxyethanol. Nevertheless, ap-
plication of metal alkoxides did not give any substantial decrease of crystalli-
zation temperature in comparison with the conventional preparation techniques.
This fact is due to the thermolysis mechanism: on thermal treatment at first
just simple oxides are formed; crystallization of the 1:2:3 phase occurs only as
a result of further solid-state reaction between simple metal oxides. The only
advantage of the method is, therefore, the uniform mixture of oxides partici-
pating in solid-state reaction. Nevertheless, the sol-gel method became one of
the techniques that, along with other methods, is used for the application of
thin films for studies of physical properties as well as application of sublayeres
in heterogeneous structures.

The Bi-containing high-temperature superconductors received considera-
bly less attention. The films and ceramics with were
obtained; films with higher could be prepared only in the Pb-doped
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system, where a mixture of 2 superconducting phases
and was registered. Layered films are

always highly (001) textured. The crystallization mechanism did not show any
dependence of the precursor compounds and was similar whether metal alkox-
ides, stabilized metal alkoxides, or 2-ethylhexanoates were used [923, 932,
1587, 1620].

Very careful regulation of the thermal treatment parameters allowed Non-
aka to prepare films containing only a high-temperature superconducting phase
with



Chapter 11

HYBRID ORGANIC-INORGANIC MATERIALS

During recent decades the metal alkoxides have been used in the quickly
developing new area of hybrid organic-inorganic materials. This direction has
emerged on the edge of such areas of chemistry as materials science, polymer
chemistry, chemistry of metalorganic compounds, and alkoxide-based sol-gel
processing. The first detailed report on this topic was made by Sanchez and
Ribot [1393], and was followed by a larger review article [860].

Hybrid materials are a new generation of multifunctional materials with a
broad spectrum of useful properties and diverse possibilities of application.
The very name indicates the presence of  both organic and inorganic compo-
nents. The inorganic part is formed from silicon or transition metal alkoxides
via hydrolysis, while the organic is represented by different molecules. These
2 components are difficult to combine (ionic hydrophilic oxides and covalent
hydrophobic organic molecules), and to achieve the interaction between them
special reaction conditions should be applied. Application of high tempera-
tures is excluded because of low thermal stability of the hybrid systems. The
most effective approach to hybrid materials appears to be the sol-gel technique
with its specific ability to create the spacious network (macromolecular net)
containing M–O bonds under mild conditions using organic solvents and low
temperatures.

Inorganic and organic parts of the nanocomposite are multidimensional
interpenetrating nets bound to each other by the chemical bonds. The forma-
tion of the inorganic part occurs due to polymerization-polycondensation reac-
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tions that take place on hydrolysis of metal alkoxides (see Chapter 9), while
the organic net originates due to the polymerization of organic monomers.
Depending on the extent of interaction between the components, the size of the
particles of materials obtained can vary from nano- to submicron size. The
properties of the composite obtained are not a simple combination of those of
the components but are noticeably modified and improved due to interphase inter-
actions and size effects (being most pronounced in the case of nanocomposites).

The interphase interaction is the key issue, and it has now become com-
mon to classify the hybrid materials into two major classes. The first one in-
cludes the systems with weak chemical interaction between the components.
The organic oligomeric or low molecular weight polymeric molecules are in
this case simply introduced into an inorganic matrix and are bound to it mainly
due to Van der Waals or hydrogen bonds. The other class contains materials
where organic and inorganic components are connected by covalent bonds. In
this case the organic components may play both the role of the net and of the
modifiers of the net.

The chemistry of hybrid materials applies mainly tetraalkoxysilanes, the
metal alkoxides being used at much lower scale because of their much higher
reactivity in hydrolysis compared with (leading often to the quick
formation of precipitates in their case instead of the desired slow gel forma-
tion). The mechanism of hydrolysis of metal alkoxides and the means permit-
ting to regulate its speed are described in Chapters 9 and 7. We provide here
only some examples demonstrating the developed synthetic approaches to
different groups of hybrid materials of the first and the second classes using
the metal alkoxides. The numerous literature data dealing with the application
of  and their derivatives for this purpose are not summarized here.

11.1. Systems with weak chemical interactions

Inorganic oxopolymers can easily be generated in situ inside a soluble
organic polymer as well as an organic component can easily be introduced into
the oxide gels on simultaneous dissolution of the organic substances and the
alkoxides. Both approaches lead to the formation of amorphous composites.

11.1.1. Introduction of the organic dyes
In the case of the organic dye rhodamine, it has been demonstrated that the

interaction of the molecules of dye with the oxide net in the course of forma-
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tion of the composite turns to be stronger than their interaction with each other.
This hinders therefore the formation of dimers (which can lead to the disap-
pearing of the fluorescent properties of the dye). The rhodamine molecules are
supposedly absorbed inside the micropores, and the dimerization is negligible
even at high concentrations of the dye [80, 483]. Different rhodamine dyes,
such as R640, were introduced into the matrix obtained by hydrolysis of the

mixed solutions. The low water concentration favors the
formation of monomers of rhodamine and their interaction with the inorganic
matrix. These materials demonstrate constantly the induced optical anisotro-
py, which is linearly increased with the concentration of the dye.

11.1.2. Polymers inside the amorphous inorganic sol-gel matrices
There are several kinds of such composites, including the polymers filled

in situ by inorganic particles, hybrids formed on simultaneous formation of
interpenetrating organic and inorganic networks, and materials obtained by the
introduction of organic substances into the polymer inorganic networks.

Practically all these hybrid materials are derived from   Metal alkox-
ides are sometimes applied in the reactions of the first type on homogeneous in
situ generation of the filling by hydrolysis of Thus poly(n-bytilmeth-
acrylate)-titanium oxide [1080] and polyphosphazenemetaloxide
(M = Ti, Al, Zr) [989, 408] were obtained in situ by hydrolysis of solutions of
an organic polymer and in organic solvents (ROH, THF). The hybrid
composites obtained are transparent materials with improved physical properties.

11.13. Introduction of organic molecules into an anisotropic inorganic network
Examples of such materials include the composites based on layered vana-

dium oxides, where the organic molecules are intercalated according to the
host-guest principle. Hydrolysis of leads to different vanadium ox-
ide structures dependent on the h, influencing not only the size of the particles
but even the structure and properties of the oxides formed. Within several hours
after water is added to the 1 M solutions of  in alcohol at h > 100,
red tixotropic gels (consisting of negatively charged flat bands) demonstrate a
strong trend to intercalation [1019]. Xerogels obtained on their drying at room
temperatures — — have layered structures and mixed electron-
ionic conductivity. Treatment of the gel with solutions of alcohols, alkylamines,
sulfoxides, benzidines, and so on leads to facile intercalation of the organic
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component. Its driving forces, dependent on the nature of the guest, can be
cation or solvent exchange or acid-base or redox interactions. The introduced
organic molecules are oriented in the interlayer space in distinct directions,
determined by the lattice energies and the energies of Van der Waals and elec-
trostatic interactions. An example is the introduction of   alkylamines,
where the orientation is dependent on the chain length. At n < 6 the molecules
are placed parallel to the layers, which minimizes the energy of their shift. At n
> 12 the organic molecules lay perpendicular to the oxide layers to maximize the
Van der Waals interaction between the alkyl chains [179] (Fig. 11.1 a).

The gels can incorporate even polymers such as, for example, water-solu-
ble polyethylene oxide (PEO), polyvinylpyrrolidone (PVP), and polypropyl-
eneglycol (PPG). For the system the interlayer broadening achieved
13.2 Å, which corresponds to more probable placement of the polymer mole-
cules along the layers [1373] (Fig. 11.1 b).
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Vanadia xerogels are especially interesting for their redox properties, which
promote the catalytical activity of enzymes such as glucose oxydase [644] or
induce the oxidative polymerization of organic monomers, such as aniline,
pyrrol, and thiophene [873].

11.1.4. Introduction of inorganic oxide clusters into an organic poly-
mer with pores developed by mechanical crazing

The films of organic polymers like polypropylene or polyethyleneterephta-
late, when subjected to mechanical tensions, develop systems of micro- and
mesopores that make them “transparent” for the diffusion of solutions in sol-
vents not dissolving the polymers itself. The counterflow diffusion of solu-
tions of (M = Mo, W) in (from one side)
and water solutions (from the other side) permitted composites to be obtained
where the metal (Mo, W) oxohydroxide particles were formed in situ inside such
organic polymer films and remained there after the removal of the solvents [171].

11.2. Systems with strong chemical interactions between components

Their synthesis is based on 2 main approaches — the formation of a new
network in the matrix of an initially formed network or during the simultane-
ous formation of two networks.

In the first case, the initially formed network should contain the functional
groups that would be able to react with the other component. Here can be used
both macromonomers with inorganic functional groups and a metal-oxygen
core with organic functional ones. In the first case, the preparation of hybrid
materials is achieved mainly by co-condensation of alkoxides with previously
formed macromonomers containing the active terminal groups like
The most often used organic net-forming macromonomers are the derivatives
of trialkoxysilyl (like polystyrene, polyoxazolines,
polyethylene oxides, polytetramethyleneoxide, and so on.

Among the few examples of hybrid materials using the metal-oxygen core
for their construction is the composite obtained from The hy-
drolysis-polycondensation reactions are quite fast for the derivatives of tin (as
the increase in the coordination number takes place), but the Sn–C bond is
quite stable against the attacks of nucleophilic reagents like water. It makes
possible the addition of the organic molecules to the oxopolymers — the tin-
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containing oligomers. Thus the hydrolysis of   at h > 3 leads to the
formation of the crystalline com-
pound. This oxohydroxocluster contains 6 pentacoordinated and 6 hexacoordi-
nated tin atoms, and the metal-oxygen core is surrounded by groups
that prevent the further condensation [528] (Fig. 11.2). An analogous oxohy-
droxocluster is formed on the hydrolysis of at h > 3.

The subsequent polymerization of the butenyl groups in the presence of
azobisisobutyronitrile (AIBN) at 80°C leads to opalescence in solutions. The
reaction results in formation of a composite containing the nets, where the tin
oxohydroxoclusters are connected by polybutane chains (Fig. 11.3 a)
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The introduction of the transition metals into the covalent hybrid materials
usually requires a different strategy because of the more ionic character of the
M–C bonds and its consequently lower stability to hydrolysis. There are 2
ways to solve this problem: the metal-oxygen core can be connected with the
organic components via M–O–Si–C bonds or via the complex-forming ligands
containing the organic functional groups that can be polymerized. The first
approach was realized by Judeinstein [860], who obtained the polyoxometal-
lates modified by organic groups — which contained two
unsaturated monomeric groups (R = vinyl, allyl, metacryl, styryl). Their radi-
cal polymerization in the presence of azobisisobutyronitrile (AIBN) provided
hybrid composites, where the polyoxometallate clusters were connected by
polymethacrylate or polystyrene chains.

The other approach can be illustrated by the structures of heteroleptic
oxoalkoxide clusters of transition metals containing the polymerizable ligands —

(OMc–methacrylate), and
(X = allylacetoacetate) [780, 1439, 1392].

These clusters were produced by controlled hydrolysis of metal alkoxides in
the presence of complexing ligands (metacrylic acid, allylacetoacetate). Like
the oxohydroxocomplexes of tin, these clusters contain on their periphery the
ligands, which polymerization leads to the formation of hybrid materials, where
the nano-blocks of oxoclusters are connected by organic chains. The low size
and low h value for these clusters makes them hydrolysis-sensitive and there-
fore the polymerization should be carried out in anhydrous conditions. This
problem can be avoided if larger metal-oxygen cores — for example, the col-
loid particles — are applied. Thus Caris has carried out the polymerization of
methylmetacrylate on the surface of submicron particles, which
have been modified with  via in-
teraction of the latter with the OH groups on the surface of the
particles. These modified species were dispersed in the water solution of sodi-
um dodecyl sulfate, thus creating the micellar systems with the metal-
oxygen nuclei. The subsequent polymerization of the metacrylate has led
to a hazelnut-like structure, where the nucleus was imbedded in a
polymethylmetacrylate shell [295] (Fig. 11.4).
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The most successful example of formation of hybrid materials with simul-
taneous formation of inorganic and organic networks is considered to be the
approach applied by Sanchez [1392], who applied the interaction of
with strongly chelating agents — methacrylamidoalysilate (MASA), acetoac-
etoxyethylmethacrylate (AAEM) — containing the reactive methacrylate
groups. The simultaneous organic and inorganic polymerizations were carried
out at 60°C and h = 2 in neutral or basic media in the presence of AIBN as
catalyst. The AAEM/Zr ratio varied in 0.25 to 0.75 interval. The study of the
milky sols produced (X-ray absorption, IR, NMR) showed that the organic
polymerization was carried out with a good yield and the bonds of Zr with the
complexing agents were preserved. The experiments with other ligands carried
out according to the same scheme — the synthesis of heteroleptic precursors
via the addition of the polymerizable ligands to M = Ti, Zr, their
controlled hydrolysis to form oxoclusters or polymers, subsequent polymeri-
zation of the unsaturated groups of the organic component in the presence of a
catalyst followed by thermal treatment — all turned out to be less successful.
Application of the unsaturated carboxylic acids like was
shown to be accompanied by a partial loss of the ligands due to the low stabil-
ity of the carboxylates to hydrolysis. Application of the allyl acetylacetone for
the modification of   led to very slow polymerization with extremely
low yields. The chelating ligands in combination with turned out to
be optimal for the preparation of the hybrid composites, the structure and the
texture of the latter being dependent on h and, in particular, on the complexa-
tion ratio x = L : Zr. Thus at x = 0.25 the nanosized and at x = 0.75 the submi-
cronsized materials were obtained. In the second case the zirconium oxoclus-
ters were bound by long polymethacrylate chains, while in the first case the
short organic chains are connecting the bigger oxoparticles (Fig. 11.3 b).
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In addition to the examples discussed above, where the hybrid materials
were derived from the alkoxides of the transition metals, it is necessary to
mention that (M = Ti, Zr) are the typical inorganic chain-forming
reagents often added to the silicon alkoxides to play the cross-linking role
between the organosilicon units, which increases the hardness and the refrac-
tive index of the hybrid materials. were also found to catalyze the
condensation of siloxanes.

Among the most perspective applications of the organic-inorganic hybrid
materials one should mention the preparation of materials with good mechan-
ical properties (the main problem being the study of the influence of polymers
on glass fibers and tissues), optical properties (doping by dyes, preparation of
waveguides, gel glasses with dispersed liquid crystals), preparation of coatings
and membranes (control of porosity, balance of hydrophilic and hydrophobic
properties), preparation of photo- and electroactive materials (insertion of re-
dox aims into hybrid matrices), and creation of new biomaterials (improve-
ment of natural systems, synthesis of new microstructural composites).
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THE OVERVIEW OF METAL ALKOXIDE
DERIVATIVES ALONG THE GROUPS OF THE
PERIODIC TABLE

This chapter considers the alkoxides of metals (and therefore does not pro-
vide data on the alkoxide derivatives of such nonmetals or semimetals as B, C,
Si, P, As, Sb, Se, and Te).

The tables here are organized as follows: first come the derivatives of aliphat-
ic alcohols (n-, i-, s-, t-, c-R for each homologue), then phenols (positioned
according to the increase in the number of substituents in the cycle), naphtols,
unsaturated, fluorinated, chlorinated alcohols, silanols, polyatomic alcohols
(glycols, pinacols, glycerin, pyrocatechol).

Next are placed the classes of alkoxide halides, hydrides, and bimetallic
alkoxides. The latter are considered in the chapters devoted to more electron-
egative metal (in those devoted to the other metal they are mentioned only in
the footnotes after the table).

The following data are provided for the distinct compounds: composition,
molecular structure, synthetic approach (according to the numeration in the
Chapter 2), and main properties (such as physical state, color, m.p., b.p., sub-
limation temperature (°C/mm Hg), solubility, molecular complexity, magnetic
moment etc.). Then are mentioned the investigation techniques and given ref-
erences. The data provided in the tables are shortly discussed for each element
(or group of elements) in short reviews accompanying each table.
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Unfortunately, length restrictions did not permit us to consider in detail
the tremendous amount of information available on heteroleptic complexes,
which are briefly reviewed in Chapter 7. The reviews do not consider a broad
group of autocomplexes — derivatives of nitro-, aminophenols, ketoenols, and
also chloro-, bromo-, and iodophenols that are stable to hydrolysis and are
only formal analogs of alkoxides and phenoxides.

The alkoxides are considered in the order corresponding to increasing group
number in the Periodic Table — first the derivatives of the main group and then
the derivatives of the bigroup.

12.1. Alkaline, alkaline earth, and magnesium alkoxides

This group of derivatives has been known for more than 160 years. The
interaction of K and Na with alcohols was first observed by Liebig in 1837.
The alkaline alkoxides have been long and broadly used as reactants and cata-
lysts in the organic synthesis; they are described in an enormous number of
works, where they usually have not been isolated in the pure form. The para-
dox with them is that at present their properties appear to be much less studied
than those of the derivatives of multivalent metals. The literature reviews on
the application of MOR in the organic synthesis are provided in [1420] and
[286]. A rather thorough review by Turova and Novoselova from 1965 [1644]
has also been devoted to the chemistry of the alkoxides of this group. The
interest to the alkoxides of alkaline and especially alkaline earth metals has
strongly increased recently in connection with the search for volatile and solu-
ble “precursors” in the preparation of complex oxide materials — high-tem-
perature superconductors, ferroelectrics, and so on. The major success in this
area has been achieved by the groups of Caulton and Chisholm on the prepara-
tion of the alkoxides and phenoxides with sterically demanding radicals — the
compounds that are oligomeric in contrast to polymeric MOAlk and
This new generation of alkoxide derivatives has been investigated in a much
more detailed manner with the aid of a number of modern methods and the X-
ray single crystal study.

12.1.1. Synthesis
In principle, all the methods described in Chapter 2 have been applied for

the preparation of the alkoxides of this group. The direct reaction of metals
with alcohols (method 1) can be carried out only for the first members of the
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homologous series and also the phenols. The techniques differ in reaction con-
ditions (the catalysts and solvents applied) and also in the separation condi-
tions for For the preparation of unsolvated MOR (being of special
interest for the organic synthesis) it was proposed that the highly disperse (“mo-
lecular”) metals be taken in steichiometric amounts and that the reactions be
observed in hydrocarbon, or THF media [258, 9, 1147, 567, 1023].

Of practically universal character is the technique based on carrying out
the metal interaction with alcohol in liquid ammonia proposed by Chablay
[313] at the beginning of the twentieth century, which has not received any
broad application because of inconveniences connected with this solvent [1740].
The activation of the alkaline earth metals by gaseous ammonia noted by Chab-
lay is used now in the preparation of the derivatives of barium and the “least
acidic” alcohols — that is,

where the usual activation approaches. Cataly-
sis with or ultrasound treatment proved to be unsuccessful. THF (at
20°C) and toluene (at –40°C) were applied as solvents in these reactions. The
use of hexane for this purpose gave only as the product. The mech-
anism proposed for the metal activation with ammonia includes the formation
of an amide intermediate — [497, 303, 1150, 1484].

The alcoholysis of oxides or hydroxides of alkaline or alkaline earth met-
als (method 3) is used mainly in the industrial preparation of the alkoxides
[1644, 1499]. This method has become the major route to the hydrolysis-in-
sensitive phenoxides, even in laboratory practice. The alcohols, benzene, and
water have been used as reaction medias.

Concerning the application of hydrides in the preparation of alkali alkox-
ides (method 4), see Chapter 2 [467, 1716, 246, 628, 1361]. was found
to be a useful initial reagent in the synthesis of LiOR [864, 792], and or
ether-free Grignard reagents — in the preparation of magnesium derivatives of
s- and t- alcohols [400, 1582]. Sylilamides have been also used in certain cas-
es. Thus could be obtained only on alcoholysis of

Application of the alcohol interchange reaction (method 6) is limited by
certain phenols and also di and trisubstituted glyoxides (while the reaction of
metals with glycols gives only monosubstituted derivatives) [745, 621, 575,
1584, 1369]. As redox processes (method 7) can be considered the Grignard-
type reactions — the interaction of metal alkyls with carbonyl compounds,

[174].
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which provide access to [37], [1206],
ROMgBr[1210].

12.1.2. Properties
The alkoxides of alkaline or alkaline earth metals are colorless solids very

sensitive to moisture and carbon dioxide. A very important detail, which should
be taken into consideration in handling MOR and (except methox-
ides and derivatives of is their trend to oxidation in the presence of the
traces of oxygen present in the atmosphere and in solvents (see below).

The derivatives of n-alcohols are insoluble in nonpolar solvents, liquid
and so on. The ramification of the radical and decrease in the polar-

ity of the M-O bond decreases the solubility of corresponding alkoxides in
alcohols and increases the solubility in nonpolar solvents. The first members
of the homologous series (including t-butoxides) form solvates with alcohols,
which usually easily lose the first molecules of solvating alcohols, but the
complete desolvation is very difficult to achieve. The latter is nearly always
associated with partial solvolysis (with formation of oxoalkoxides). The con-
siderable difficulties appear then in the isolation of individual compounds. The
exact composition of a number of solvates has been determined by a number of
physicochemical techniques (thermogravimetry [498] and tensimetry [1643]).
The available structural data indicate their oligomeric nature (even when the
desolvation gives polymeric products). All these compounds are therefore well
soluble in alcohols, THF, hydrocarbons, and liquid ammonia.

In the solubility polytherms in the Mg, Ca, Sr, Ba;
R = Me, Et) systems, the shape of the liquidus lines has usually a specific
character: the solubility of solvates increases with temperature up to their par-
tial or complete desolvation in contact with the solvent. The sign of the for
dissolution changes at this point, and the solubility of the or less
solvated forms decreases drastically with temperature (see solubility polytherms
for LiOMe, LiOEt in the Fig. 3.1). The polarity of the M-O bonds in MOR and

— the first members of the homologous series — causes their ability
to electrolytic dissolciation and noticeable conductivity for their solutions in
polar solvents (its value in alcohols is only several times lower than that of
such strong electrolytes as NaOH and KOH) [112].

According to the observed desolvation temperatures, the stability of
increases from Li to K and then decreases to Cs (the analo-
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gous picture is observed in the Mg–Ca–Ba series); in the homologous series
the stability of solvates increases noticeably from 20°C for the methoxides of
Ba and Cs to 100°C for propoxides and t-butoxides (see Table 12.1).

Practically all the LiOR, starting with the ethoxide, are transferred into the
gas phase without decomposition, while among the Na–Cs alkoxides the vol-
atility is observed only for derivatives of fluorinated alkoxides, and
syloxides (whose tetrameric molecules display the cubane-type cores). In the
high vacuum the sublimation is observed also for (M = K, Rb,
Cs) that form a polymeric crystal structure of the same type as LiOMe. The
phenoxides with very branched radicals — e.g.,
Me–4) and — can be sublimed only in high vacuum
[1089,757,1321]. Much higher volatility (sublimation at to mm Hg) is
characteristic of syloxides and alkoxyalkoxides (containing chelate cycles) —

and
497, 304, 739]. The alkoxyalkoxides n = 2, 3, reported by
Rees [1345], are liquids and display unlimited solubility in nonpolar solvents
(in their monomeric molecules the Ba-atoms are surrounded by 6 or 8 oxygen
atoms like in the crown-ethers complexes).

It is difficult to trace the general regularities in the thermal stability of the
alkoxides following the data of single publications, in spite of the differential
thermal analyses being made in some cases. It is well known that the start of
the thermal decomposition can be dependent on the purity of the samples, the
particle size, thermal prehistory, and so on. It can only be concluded that the
pyrolysis of MOR commences at 250 to 330°C independently of the nature of
M and R. In the series the derivatives of barium decompose at 250 to
360°C, at much higher temperatures than those of magnesium (120 to 140°C).
The products of thermal decomposition are or MOH, car-
bon, and, in case of methoxides of K–Cs the free metals [1578].

The unsolvated MOMe and possess polymeric layered struc-
tures analogous to that of LiOH [1737, 507, 1729,1728] and respec-
tively [1646; 1517] (see Section 4.8.2). The increase in the size of R in the n-
series decreases the order in packing of the layers and leads finally to complete
amorphization [1646]. The iso-derivatives (especially those of t-R) are usually
oligomeric. The most widely spread and most stable among the MOR are sup-
posedly the cubane-like molecules described for Ph

[1702].
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[37,1303]), (M = K, Rb, Cs) [1728,
352], (M = Li, Rb, Cs) [1730], [592],

[1386], [548]. The cordination
number for the metal atoms in the molecules is equal to 3 and
increases to 4 or 5 in the presence of solvating ligands. The dimeric
molecule contains the 4-member cycles [128], while the solvated

L = THF, are pairs of trian-
gles sharing a common edge [795, 934, 792, 311]. In the structure of

where the alcohol molecules are bidentate, the dimers form
a polymer chain [352]). Another type of oligomers known for the alkali alkox-
ides is a hexagonal prism with a core. It is represented by

352,810], and [675].
The structure of the latter contains also the nanomeric which can
be described as hexagonal bipyrmids with 2 cut vertexes. The structure of Li-
OBut is unknown (in spite of repeated attempts to solve it); however, the mass-
spectrometry data indicate the existence of nona- and hexameric molecules in
the gas phase [657] and thus permit the analogy with that of

The molecular structures of the alkoxides and phenoxides of divalent met-
als are more diversified. Monomeric are the phenoxides with rather branched
radicals formed in the presence of solvating molecules, — for example,

a tetragonal pyramid [1361];
(M = Ca, Sr, Ba, trigonal bipyra-
mids [757,495]; an octahedron [551].

Not solvated molecules form dimers of two triangles sharing a common
edge, like [288]. The
addition of 0.5 mol of solvating ligand per mol of M(OR)2 leads to a combina-
tion of 2 tetrahedra with a common face, [305]; 1 mol of
L produces 2 tetrahedra with a common edge,

[1572]; 1.5 mol L, 2 trigonal bipyramids with a common face -
[497]; and finally, 2 mol of L, an octahedron and a trig-

onal bipyramid with a common face, [449]. The trinu-
clear molecules and

contain triangles centered with
[304, 398]. The cubane-type cores are observed in the structures of solvates
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such as  [1524] and [174], where a
half of the OR-groups are terminal and the metal atoms are octahedrally coor-
dinated. Nonamers are represented by which
core is a fragment of packed planar layer, containing 3 octahedra in
the center and six 7-vertex polyhedra on the periphery [654].

The change in the ionic contribution in the M–O bonding in and
series for the Group II elements is clearly illustrated by the compari-

son of their IR spectra. It is to be noted that these are the C-H stretching fre-
quencies and not the C–O ones, as one might suppose, that appear to be most
sensitive to the electronegativity of metal. Thus from Be to Ba the v(E) Me
decrease with nearly supposedly due to the induction effect along
the M-O-C-H chain [681].

Among the chemical reactions of this group of alkoxides, special attention
should be paid to oxidation (in particular the uncontrolled one) with the oxy-
gen gas. A thorough investigation of this process was carried out by LeBerr
[999]. The primary products of this reaction contain peroxide groups such as -
OOR and -OOH [241], which decompose by a radical pathway producing water
and oxo- and carboxylic groups in the coordination sphere of the metal atoms.
This process is accompanied by the appearance of yellowish brown color, whose
intensity increases noticeably on storage of the samples or on reflux (in the
solutions in alcohols). Thus from the yellow solutions of obtained
on long-term reflux, there was observed crystallization of an oxocomplex —

(whose molecular structure is composed of two cubic cores
with a common edge Fig. 4.11 c) [1653]. The color is supposedly
due to free radicals present in trace amounts, which was confirmed by the data
of an ESR study of the colored samples). Appearing the IR spectra of
such samples are the new bands corresponding to v(OH) of the alcohol mole-
cules and also v(COO) and of a formate group formed on decomposi-
tion of peroxides independently on the nature of the original radical [1654]).
The trend of alkoxides to oxidation increases in the series Li << Cs, Mg << Ba
and [1654], which corresponds to the rate of the
radical formation (which has been determined by ESR in particular for LiOR)
[70]. It appears thus natural that the barium reaction with 2-methoxyethanol
inspite of extraordinary precautions leads to an oxoalkoxide,
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[1304], while the corresponding calci-
um complex is quite stable to oxidation [654].

The samples obtained in hydrocarbon media with steichiometric amount
of alcohol turn to be much more stable compared to those obtained from alco-
hol solutions or by desolvation of The oxidation of the alkox-
ides on their synthesis in hydrocarbons is hindered supposedly by their precip-
itation and also by much lower solubility of in hydrocarbons in comparison
with alcohols. The microhydrolysis promotes apparently the oxidation via in-
troduction of the alcohols into the systems. Concerning the difference in the
properties of the samples containing oxo- microadmixtures and those of the
pure see Chapter 5.

Due to the obstacles described above, the products of interaction of the
metals with alcohols turn out usually to be polynuclear oxocomplexes espe-
cially characteristic of barium. Their molecules can be considered to be the
products of the condensation of metal atoms around polydentate oxo- or hy-
droxogroups.Thus them olecules of [Ba5

[1702], and                                                        [727],con-
tain the tetragonal pyramidal [M5O] cores. The molecule of

can be described as 2 tetragonal
pyramids with a common edge [304]. In the molecule of the abovemen-
tioned 2-methoxyethoxide, the 6
barium atoms form an octahedron around the hexadentate oxygen atom [304].

The appearance of the oxogroups in the molecular structures of these com-
pounds is not connected with microhydrolysis (as was usually supposed).
This is testified by high yields of the products and good reproducibility of the
experiments carried out by different researchers and under different conditions.
Caulton et al. [174] supposed that this phenomenon is caused by the redox
processes that proceed with the participation of the metal. The preparation of
the pure should apparently be based on alcoholysis of organometallic
compounds, silylamides, and so on.

Alkaline and alkaline earth alkoxides form numerous bimetallic complex-
es with the alkoxides of the Groups III to VIII. The information available about
those is presented in the chapters devoted to multivalent metals. The Tables
12.1 and 12.2 list only the few compounds where both atoms belong to the

[303],
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title groups, such as
[727], and (a structural an-

alog of the barium phenoxide) [304]. Among the complexes of the alkaline
atoms it is necessary to note                      [102], and — the interme-
diates in the metalalkyls preparation via metathesis of MOR (M = Na–Cs)
with LiR [1023].

The metathesis reactions, where MOR or are used as alkaline agents
in nonaqueous medias, provide efficient approaches to high-purity samples of
MHal [1000], and [805, 806, 1009, 1036], MHSe [1566], silicates
[1593], peroxides, oxides [77], and so on. The most important, however, is
played by the metathesis of with which is one of the major
routes to the alkoxides of multivalent metals (see Section 2.5).

Among the heteroleptic derivatives of the considered metals, major atten-
tion is paid to to magnesium alkoxide halides — the intermediates in many
reactions of organic synthesis and also catalysts of Meerwein-Schmidt reac-
tion, aldol condensation, and so on. Their formation was postulated in a tre-
mendous number of reactions such as Grignard syntheses, alcoholysis and ox-
idation of RMgHal,* and complex formation of alkoxides and halides. The
individual (R = Me, Et, Hal = Cl, I, n = 0 – 1) —
possessing the characteristic X-ray powder patterns and IR spectra — were
obtained on alcoholysis of Grignard reactants in ether media and also on ther-
mal decomposition of “cements” formed on interaction of alkoxides with hal-
ides in alcohols. Shearer et al. have carried out an X-ray single crystal study of

whose molecule is built up of 2 tetrahedra sharing a
common edge [138]. Magnesium alkoxide halides are quite stable in the pres-
ence of ether or hydrocarbons, but on action of polar solvents they decompose
— in contradiction to the earlier literature data giving the individual compo-
nents. The speed of this decomposition increases in the series

[1650].  The physicochemical investigation of the interaction in the
(R = Me, Et, Hal = Cl, I) systems has indicated the

formation of a crystalline complex — (which cat-
ion demonstrates a cubane core analogous to that of but

* The alkoxide nature of these products was ultimately proved by Nesmeyanov and Sazonova
in 1941. They were initially considered to be adducts of RMgX with oxoderivatives [1210].

[398], [1690];
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with a statistical distribution of OR and ROH groups) [165,1524] in only one
case. This phase is metastable and decomposes on action of alcohol giving a
precipitate of The stability of polymeric MCl(OR) (R =
Me, Et) to alcoholysis increases from Mg to Ba [1628]. The metathesis reac-
tions of with KOR (in 1:1 ratio) in THF gave oligomeric alkoxoiodides —

with octahedral coordination of the metal atoms. The reversible desolvation of
the latter in toluene provided insoluble polymeric
Hydrolysis of MOR is always complete, even in the presence of only traces of
water. At the same time the form a number of crystalline products
containing OR, OH, ROH — groups in common [1644], whose nature remains
still unknown. The only exclusions are the above-mentioned

and also (M = Mg, n = 1.3; Ca, 0.3; 1) — the phases
of steichiometrical composition obtained on intercalation of MeOH into the
layered structures of hydroxides under high pressure [965, 59].

12.1.3. Phenoxides
Phenoxides of the elements of this group are typical salts: they are insolu-

ble in organic solvents except for LiOPh and are transferred even into EtOH
media only in the presence of water. Their aqueous solutions are highly basic,
but the hydrolysis equilibrium can be shifted only by prolonged reflux (pK of
PhOH is 6 orders of magnitude higher than that of In contrast to the
alkoxides they are easily soluble in liquid ammonia, and their solutions dis-
play a considerable conductivity. The phenoxides are usually obtained initially
from the syntheses as adducts that melt without decom-
position. The unsolvated MOAr usually also have distinct melting points; their
thermal decomposition occurs at 450 to 500°C independently of the nature of
the metal. The known structures of NaOAr contain linear chains with OAr-
bridging groups and H-bonds [858, 482, 548], only are oligo-
meric (cubane and hexagonal prismatic cores) [810, 1303, 1483].

12.1.4. Fluoroalkoxides
Among the derivatives of halide-substituted alcohols the fluoroalkoxides

are of special interest. The presence of “peripheral” fluorine atoms enables the
secondary M...F interaction and filling of the coordination sphere of the metal,
which leads to an unusually high volatility. These compounds are described in
the review by Willis [1749].
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The preparation of the trifluoromethoxides was achieved by Bradley, Red-
wood and Willis et al. [238, 1344] by a principally new technique (denoted as
“F” in the Table 12.1, in addition to the specification provided in Chapter 2)
based on interaction of alkaline fluorides with carbonylfluoride:

(M=K, Rb, Cs; no react. for Li, Na, Ba)

In the acetonitrile media the equilibrium is shifted due to formation of
insoluble alkoxides. The other perfluorohomologs for Rb and Cs were ob-
tained on application of fluoroanhydrides of acids and ketones in this reaction:

The synthesis of fluorinated butoxides was carried out by interaction of
metal hydrides with corresponding alcohols in ether media [467, 947]. The
interaction of fluorinated ketones with sodium in THF or aqueous alkali led to
the derivatives of perfluoropinacol:

The primary perfluoroalkoxides are rather unstable. They dissociate: meth-
oxides on heating in vacuo and ethoxides already at room temperature accord-
ing to the reaction opposite to that of their formation. The stability decreases in
the following series:

The most stable turned out to be the derivatives of carbinols
and fluorinated phenols. They are described for Li, Na, and Ba and are formed
on interaction of metals, hydrides, or alkyls, with alcohols. The cubane-
shaped molecules of this kind are present not only in the solid state but
even in gas. The temperatures of their sublimation decrease on substitution for
Me and H with The stability of the Na...F bonds is so high that the
gas-phase decomposition of these compounds (~300°C) yields NaF [1386].
The observed frequency corresponding to the vibration of the C–O bonds in
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the IR spectra of  is very high, indicating its increased order [375]. The
fluorinated alkoxides of alkaline earth metals are transferred into the gas phase
only in a rather high vacuum at t > 200°C (i.e., under the condi-
tions very close to those of pyrolysis). Of considerable interest is a volatile and
hydrolysis-insensitive complex, which
contains the solvating O-donor molecules in addition to the pentadentate OH-
group [1702]. All these derivatives of alkali metals are well soluble in organic
solvents, while those of alkaline earth ones are soluble only in THF.
was proposed as a reagent in the preparation of the active samples of CsF [486]
and also in the synthesis of the fluorinated esters [1716].

In conclusion we mention only the major areas of the application of the
alkoxides of this group in organic chemistry. These are the ester condensation
(NaOR, Kleisen); reduction of the carbonyl compounds into alcohols
ClMgOEt (Meerwein), BrMgOEt, IMgOEt (Gomberg), NaOR (Verley), HM-
gOEt (Bauer) [123], Ashby [71]); alkoxylation of RHa1 in the synthesis of
ethers [1067]; M = Na–Cs (Lochmann)
[1023]); polymerization of unsaturated compounds (acrylates, methacrylates,
vinyl ethers, etc.) [87], ROMgHa1 [809, 1023]).

Concerning the application of these compounds in the sol-gel technology
of complex oxide materials, see Chapter 10.

12.2. Copper, silver, and gold alkoxides

The intensive development of the chemistry of homo- and heterometallic
alkoxides of copper started more than 10 years ago in connection with the
prospects of their application in the preparation of materials and initially in
high temperature superconductors. In the search for the appropriate precur-
sors in sol-gel and MOCVD techniques, attention was focused on the alkox-
ides of copper (I) and the fluorinated alkoxides of copper (II) — oligomeric
derivatives soluble in non-polar solvents and existing not only in condensed
but also in the gas phase. The derivatives of copper (II) and aliphatic alco-
hols, even rather branched or functional ones (such as alkoxyalkoxides) turned
out to be polymeric substances uninteresting for further application.

12.2.1. Synthesis
The preparation of CuOR is usually achieved by the exchange reaction of

CuCl with LiOR in THF (method 5) and also by alcoholysis of CuR (method
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4). The insoluble were prepared mainly by methathesis of and
LiOR (LiCl remains in this case in solution, method 5). The difficulties in
carrying out these syntheses are connected with rather the high stability of the
insoluble CuCl(OR) intermediates that in order to be destroyed have to be
washed repeatedly with alcohols, which increases the risk of partial hydrolysis
[1614]. A much easier and more efficient approach is provided by the anodic
oxidation of metal in alcohols in the presence of electrolyte and sometimes
even Dmfa, which forms stable complexes with (method 2). The di-
rect interaction of metal with alcohols can be achieved only in the presence of
amine ligands (Section 2.1). In a number of cases the alcohol interchange reac-
tions (method 6) and oxidation of CuOR by alkylperoxides (method 7)
were used.

12.2.2. Properties
The alkoxides of Cu(I) are colorless or yellowish crystalline substances.

The data on the thermal behavior are accessible only for a limited number of
derivatives, but it can be supposed that all of them except the polymeric CuOMe
can exist in the gas phase. At high temperatures they undergo pyrolysis with
formation of copper metal or (which is applied in the preparation of thin
films from the gas phase [841]). The X-ray single crystal data show CuOR to
be tetrameric; their molecules are square planar with the O-atoms in the cor-
ners of the square and the Cu ones (in sp-hybrid state) in the middle of the
edges. They are structural analogs of the anions. The attachment of
additional ligands or complexation with the alkoxides of other
metals leads to the increase in the CN to 3 or 4 or hybridization,
respectively) and formation of binuclear molecules, where the metal polyhedra
share a common edge as in

or cubane-like The alkox-
ides of Cu(I) are rather sensitive to oxidation in the presence of traces of oxy-
gen and immediately achieve the blue color. These substances have a rather
broad spectrum of applications in organic and inorganic synthesis — in the
reactions of metallation and condensation of unsaturated hydrocarbons [1241,
1602], as alkoxylating agents for [711],reactants for CO and [1769]
and nitrile [1602] fixation, in the synthesis of soluble hydride complexes such
as [647], and so on.
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are blue or green nonmelting solids insoluble in organic solvents
(methoxide is slightly soluble in liquid They can be transferred into
solutions via complexation with amines or aminoalcohols [1445, 1614] or by
partial substitution of OR-groups with other ligands, such as, for example,
acac [1286]. The inaccessibility of the single crystals of limits our
knowledge on their structures. The conclusions concerning the coordination of
copper atoms made by different authors on the base of electron spectroscopy
and magnetic measurements data were quite different. Thus the structure of the
methoxide was supposed to be built up of tetrahedra [6] or tetragonally distort-
ed octahedra in a chain structure analogous to that of [254]. The
single crystal data have been obtained only for the amine complexes, deriva-
tives of fluorinated alcohols and bimetallic complexes. The coordination of the
Cu(II) centers in them may be quite different, such as, triangular, square pla-
nar, tetrahedral, or trigonal bipyramidal; the molecular complexity varies from
monomeric structures to the polymer ones.

were proposed as catalysts for the oxidation in oil [1068],
for the oxidative polymerization [60], for the reversible fixation of CO and

with formation of alkylcarbonates [1381, 1602], and also as alkoxylating
agents in the reactions with RHal for the synthesis of ethers [1741]. Reduction
of the copper glycerate with metallic Al was used for the preparation of high-
purity copper powders with 0.01 to 0.05 m particle size, which is a highly
active catalyst [715].

The alkoxides of copper(II) were successfully applied in the preparation of
and Bi- and Pb-containing ones). It is covered by a great

number of publications (especially in patent literature), but the chemical prin-
ciples of the preparation of these materials remained unchanged since the very
first ones [958, 755, 1614, 1620, 1633] (see also Section 10.5).

12.2.3. Derivatives of gold (I)
Derivatives of gold containing the Au–O–C bond are derivatives of fluori-

nated alcohols and appear to be always stabilized by ligands. They all are
therefore stable to hydrolysis and soluble in chlorinated organic solvents. Of
special interest are derivatives of a dibasic alcohol where both
hydroxyl groups are attached to the same carbon atom. The analogous deriva-
tives have also been described for Cu(I).



202 The Chemistry of Metal Alkoxides



Chapter 12. The overview of metal alkoxide derivatives 203



204 The Chemistry of Metal Alkoxides



Chapter 12. The overview of metal alkoxide derivatives 205



206 The Chemistry of Metal Alkoxides



Chapter 12. The overview of metal alkoxide derivatives 207



208 The Chemistry of Metal Alkoxides



Chapter 12. The overview of metal alkoxide derivatives 209



210 The Chemistry of Metal Alkoxides



Chapter 12. The overview of metal alkoxide derivatives 211

12.3. Beryllium alkoxides

Beryllium belongs to those few elements whose alkoxides are much less
studied than the derivatives of other elements and definitely less than those of
the other Group II metals and especially of those of its diagonal analog alu-
minium. The first attempts at preparation were attempted by Schmidt
[1426] in 1929 via the action of metal on EtOH (in the presence of or

and also on the chloride metathesis with NaOEt. It turned out that
was insoluble in alcohol and not volatile, which hindered its separa-

tion from NaCl. The data of Meerwein [1101] on the existence of a bimetallic
complex were not confirmed later [1645], but a large number of

bimetallic complexes with 1:1 composition were subsequently described 1:1
(see Table 12.4). A great contribution to the chemistry of beryllium alkoxides
was made by Coates and his collegues, who carried out the preparation of
oligomeric alkoxide halids and alkoxoberyllates with branched rad-
icals — volatile and soluble in nonpolar solvents.

12.3.1. Synthesis
The interaction of metal with alcohol (on catalytic action of

or is used only for the synthesis of the ethoxide, which precipitates on
reflux (method 1). In the case of MeOH or the stable viscous liquid
alkoxide halids are formed [1645, 1624, 1120]. The electrochemical approach
(method 2) was applied only for the preparation of [1652].

The reaction of berylliumorganic compounds with alcohols (method 4) or
ketones (method 7) yields which usually are stable to further alco-
holysis, but the action of the excess of alcohols on at
low temperatures gave [399]. The dimeric Me-
BeOMe easily disproportionates with the formation of and insoluble

[399]. The metathesis of with lithium alkoxides (method 5)
was proposed for the preparation of polymeric and [65];
however, the IR spectra of the products presented in this publication indicate
the presence of considerable amounts of admixtures.

A heterogeneous alcohol interchange interaction between solid
and higher alcohols in refluxing benzene provided
[65], while the prolonged refluxing of with methanol gives the meth-
oxide [681] (method 6).
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12.2.2. Properties
All the derivatives of the alcohols with n-structure — and quite

unexpectedly — are amorphous polymers, insoluble, and not
volatile. The same is true for the phenoxides with nonbranched Ar-groups.

and are oligomeric compounds
easily soluble in organic solvents and volatile in vacuo It is
worth mentioning especially the perfluoro-t-butoxide which
sublimes at room temperature [39]. The majority of the molecules of this class
are trimers. According to the Proton NMR data for their structure
is analogous to that of (see below). On transition from

(i.e., on substitution for the third Me-group with
the Et one), the molecular complexity decreases to 2; the molecule of

was also found to be dimeric [39]. In both of these the Be
atoms do apparently have a triangular coordination. The molecules of 2,6-

are already monomeric, and the Be atoms in them
should posses a linear coordination (which has been otherwise known only for

in the gas phase). The lower molecular complexity and increased CN
for Be can also be achieved by the solvation of the oligomeric molecules. Thus

is a monomer, in which the bidentate ligand causes
the formation of a tetrahedral chelate (it is interesting to note that amines,
Py, and Dipy are unable to form complexes with trimeric Compl-
exation of with dimeric or monomeric

leads to formation of monomers with tricoordinated Be atoms [39, 1372].
Rather stable alkoxide halids of variable composition are formed on alco-

holysis of with primary or secondary alcohols and also on interaction of
with These are viscous liquids, which leads to suspection of

the presence of oxo-ligands in their composition. The interaction of the solid
ethoxide with the solution of in ethanol for several months has pro-
duced a solid crystalline The alkoxide halids with

of 2:2 and 3:2 compositions are easily crystallized from the nonpolar sol-
vents. The dimeric molecule consists of two tetrahedra
sharing a common edge. The linear molecule contains a

tetrahedron in its centrum, which shares two opposite edges with the
triangles [137].
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A number of heteroleptic alkoxide complexes with analogous composition
— and so on — were found to
possess a considerable thermal stability [39]. They are supposedly structural
analogs of alkoxide halids, which is confirmed by the data of an X-ray single-
crystal study of  [1174]. The cubane-like structure (analo-
gous to that of was proposed for numerous products of partial
alkaholysis of — tetrameric MeBeOR [399]. The dimeric
molecules do obviously contain the cycles [39].

reacts with alkali alkoxides forming the complexes of
(M = Li, Na, K, Rb, Cs) composition, which are easily soluble

in nonpolar solvents and dimeric in solution. They are also formed on alcohol-
ysis of  or organometallic compounds [39]. The known alkoxoberyl-
lates with less branched radicals (Me, have the same composition, but due
supposedly to the higher polarity of the M–O bonds they are soluble only in
alcohols [137, 65]. The question concerning the individuality of the liquid
alkoxoberyllates of aluminium [1117, 15] should be so far considered as open
in the view of the absence of the mass-spectral confirmation. Concerning the
existence of trimetallic [14], see Section 12.16.

12.4. Zinc, cadmium, and mercury alkoxides

The derivatives of Zn were among the first derivatives studied. The meth-
anolysis of  was described first by Butlerov [1591] and Beilstein [1354]
in 1863. Its products were found to be RZnOMe or depending on
the ratio of the reactants. The detailed study of this process was carried out in
the 1900s by Tishchenkos pupil Tolkachev [1591]. At the same time, even now
the alkoxides of Zn, Cd, and Hg remain much less studied than the intermedi-
ate alcoholysis products derived from metalorganic derivatives — RMOR’.
The volatile and soluble zinc alkoxides useful as precursors of the ZnO-de-
rived oxide materials were obtained only during the last decade. Hg(OR)2 are
very unstable and decompose even on short-term storage.

12.4.1.Synthesis
The alcoholysis reaction starting from dimethyl- or diethylzinc remains

the major approach to The latter can contain admixtures
which can be separated by destination in vacuum [255]. The alkyl-alkoxode-
rivatives are usually very stable. Thus EtZnOR, and
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are not decomposed even on reflux with an excess of the corresponding alco-
hol or phenol [731, 255, 628], while the alcoholysis of can easily be
completed [255]. The considerable stability of alkyl-alkoxides like
and existing in equilibrium with [525], is supposedly pro-
vided by their structures. The former are built up of cubane-like molecules
with alternating Zn and O-atoms in the vertexes, while the latter are “dicu-
banes” — the pairs of two such cubes sharing a common Zn-vertex (the corre-
sponding Zn atom being octahedrally coordinated, see Section 4.4).The better
but less accessible starting reagent for the alcoholysis reaction appears to be

(used recently for the preparation of — derivatives of
rather branched alcohols). Zn and Cd phenoxides can be prepared by alcohol-
ysis of the corresponding acetates [1095] (method 4). The derivatives of mer-
cury form under the same conditions as the mercuroorganic phenols or are
reduced, giving the metallic mercury [1070].

The metatheis of acetates with the alkali alkoxides (method 5) can be used
for the preparation of the methoxides and ethoxides of all three elements and is
the only reaction leading to [1623]. The trans-esterification of

(method 6), according to [1121], can be carried out only in the
presence of LiOR (forming soluble bimetallic complexes). The direct electro-
chemical synthesis on the anodic oxidation of metals in alcohols has been
described for and a series of cadmium derivatives — ob-
tained in the presence of such donor ligands as Dipy, Phen, and Dmso [98])
(method 2).

12.4.2. Properties
The derivatives of the title metals are white (Zn, Cd) or yellow (Hg) solids,

usually insoluble in organic solvents, not melting and not volatile. It is inter-
esting to note at the same time that the polymeric methoxides and ethoxides of
Zn and Cd (as well as the corresponding hydroxides) undergo “aging.” Thus
after the prolonged reflux in alcohols they lose the ability to dissolve in acids
and even in aqua regia. Their X-ray patterns display sharp, intense lines demon-
strating the formation of the crystalline structure instead of the halo, characteris-
tic of the fresh samples [1623, 1649]. The pyrolysis temperature for the samples
of  increases from 289 to 421 on storage during 6 months [823].

The trend to aggregation is so strong for that the separate mole-
cules can be formed only with such sterically crowded radicals as
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and The first of these derivatives is insol-
uble in organic solvents but can be sublimed in a high vacuum; the second is
soluble even in hexane and is rather volatile. Its tetrameric nature in solution
suggests a cubane-like structure. The phenoxides coming next are soluble in
hydrocarbons but not volatile. Their dimeric nature suggests that their mole-
cules are triangles sharing a common edge. The comparison of these mole-
cules with the corresponding derivatives of beryllium — trimer,

— polymer, — dimer, and —
monomer [198]) illustrates the increase in the coordination numbers with the
increase in the atomic radius. The alkoxides of cadmium form apparently less
stable aggregates than their Zn analogs. This conclusion can be made using the
comparison of the properties of the t-butoxides or 2-methoxyethoxides (see
Table 12.5). The Zn atoms usually are tetrahedrally coordinated in the oligo-
and polymeric structures (the CN = 5 was observed for Zn only in the structure
of its monoglycerate).

Cadmium methoxide and ethoxide crystallize formed a layered polymeric
structure of type as well as The nonanuclear molecule of cad-
mium 2-methoxyethoxide contains 7 octahedra and 2 5-vertex polyhedron;
while the metal atom in the structure of  has a square
planar coordination.

The major application of  is connected with their catalytical activ-
ity in the polymerization of olefine oxides. It is rather interesting that the activ-
ity of the freshly prepared amorphous samples of the zinc methoxide, ethox-
ide, or as heterogeneous catalysts in these reactions is no-
ticeably higher than for soluble as homogeneous catalysts
[808, 1604].

The layered structure and hydrophobic properties of zinc monoglycerate
prepared by high-temperature alcoholysis of acetate (in contrast to the proper-
ties of the samples obtained from the water solutions at room temperatures)
permit it to be applied as a lubricant and alternative to graphite and talc [700].
The alkoxides of mercury were used in the 1970s as fungicides [715, 819] but
were found to be too poisonous and were forbidden as they caused the death of
birds and small animals in several places in Europe ("The dead spring").
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12.5. Aluminium alkoxides

were first prepared by Gladston and Tribe in 1876 on the action
of metal on anhydrous alcohols in presence of HI or Wislizenus and
Kaufman, studying the reductive properties of the aluminium amalgam, pro-
posed useing it for obtaining water-free alcohols. They found, however, that
after all water has reacted, the alcohols themselves start to react with alumini-
um. In 1897 Hillyer and Crooker reported the preparation of on the
action of alcohols on the metal in the presence of Al, Sn, Pt, and Fe chlorides
[1301].

The classic study of  was carried out by Tishchenko [1585] at the
end of nineteenth century. His dissertation, entitled “On the Action of Amalga-
mated Aluminum on Alcohols (Aluminum Alkoxides, Their Properties and
Reactions),” became a great resonance for the chemistry of alkoxides (see also
Chapter1). The synthetic approaches, that he developed are still in use; the
purity of the samples obtained by Tishchenko, taking into account the data he
reported, was definitely not worse than that of those described at present. In
1929 Meerwein and Bersin [1101], performing the acidimetric titration of

solutions by solutions of alkali alkoxides, discovered the existence of
bimetallic alkoxides (Meerwein salts), which play an important role in the
modern chemistry of metal alkoxides.

Compared with the tremendous number of publications on the application
of in organic and polymer chemistry as reducing or condensation
agents (Cannizzaro-Tishchenko-Meerwein-Ponndorf-Verley-Oppenauer reac-
tions), components of catalytical systems for polymerization processes, alkylat-
ing agents, and so on. [1420], the studies of the alkoxides themselves appear
very limited. The most important among them were those devoted to the pecu-
liarities of the physicochemical behavior of in connection to the non-
uniformity of their molecular complexity, carried out during the last 30 years,
and also the synthesis and structure studies of the bimetallic complexes. The
synthetic approaches and physicochemical properties of a broad variety of alu-
minium alkoxides are summarized in [1301].

12.5.1. Synthesis
The most widespread synthetic approach to remains even at present

the reaction of the aluminium amalgam with anhydrous alcohols proposed by
Tishchenko and then described in detail by Adkins [10]. The most attractive
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and widely used derivative is the isopropoxide, which is soluble in boiling
alcohol under the reaction conditions (compare Chapter 2). As catalysts in this
reaction, in addition to and the mentioned halides, were also the
themselves; according to the patent data, can be obtained even in the
absence of catalysts (method 1) [1301].

Tishchenko has even proposed a different method of synthesis — the reac-
tion of with alcohols, which was later widely used by Mehrotra et al.
for the preparation of amylates, glycolates, siloxides, derivatives of unsaturat-
ed alcohols, and so on. Application of leads only to the formation of

[1107, 655]. It is worth noting the contribution of
Baker [94], who was the first to propose the transesterification of by
esters (for the preparation of butoxides, allyloxides, method 6). Alcohol inter-
change reactions (method 4) play a much less important role in the preparation
of compared with the alkoxides of transition metals. Also described
in the synthesis of have been the applications of such starting reagents
as (for

and also (for (in the synthe-
sis of (method 4). The metathesis of with
alcohol solutions of or amines proposed by Bayer AG and described in
[1567] has not received any broad application in the synthesis of (meth-
od 5). Ziegler et al. [1811] have described the formation of primary
on oxidation by oxygen of (obtained by addition of Al and to double
bonds in alkenes). The method has been used for the preparation of otherwise
hardly accessible alcohols produced on the hydrolysis of alkoxides. The mech-
anisms of oxidation reactions have been reported in detail in the works of
Razuvaev et al. [1341].

12.5.2. Properties
The derivatives of lower alcohols and also are

solids; derivatives of other amyloxides and hexyloxides are liquids; substitut-
ed phenoxides are crystalline matters. The oxocomplexes display a much clearer
trend to crystallization than the homoleptic alkoxides. Nearly all the deriva-
tives of aluminium can be sublimed or distilled without decomposition.

Numerous investigations have noted the instability of the physicochemical
characteristics of  — the first members of the homologous series, which
can display varied physical states, m.p., density, vapor pressure (hysteresis on
measurement), viscosity, refraction coefficient, solubility in alcohols, and so
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on — which has led several authors to to conclude that there can exist different
forms of [344, 1103, 1050] and [563]. Wilhoit [1745] has,
in contrast, attributed this phenomenon to the presence in the samples of the
products of uncontrolled hydrolysis or thermolysis. The molecular composi-
tion (the presence of aggregates with different size and structure) was consid-
ered to be the major factor influencing the characteristics of the samples (see
Chapter 6). The stability of the aggregates of     is rather high.
for example, does not react with such strong donors as Diox, THF, and

According to data, such solvents as Py, and
form adducts in solution only with the molecules of trimers, while only En and

are capable of destroying the molecule of tetramer [1231, 1472]. The
existence of the aggregates in liquid and gaseous phases even at the boiling
point of  is indicated also by high values of evaporation enthalpies and
enthropies; the Truton constants are twice higher than the usual value [197,
1107,1745,330,1301].For more details on the particular features of the phys-
icochemical behavior of in connection with the inhomogeneity of its
molecular composition, see Chapter 6.

The properties of different samples of  differ so greatly that they
were considered in the literature as different forms — polymeric ("alcohol
solvate") and oligomeric ("unsolvated"). The first is formed on the pro-
longed refluxing of metal with the excess of alcohol; the second on the synthe-
sis of in xylene media or on thermal treatment of the first, especially
in hydrocarbon media. The latter form has, in contrast to the former, much
higher solubility in hydrocarbons and higher reactivity. The properties of this
form vary in a rather broad interval — from a viscous liquid to amorphous
solids with m.p. 105 to 146°C (depending on the synthesis conditions and
heating rate). The action of alcohol on liquid samples leads to the precipitation
of the solid polymer one. The solubility of in xylene is 45 to 55,
to 1.5g/100ml[1103,1640, 344]. In addition to the 2 above-mentioned forms,
there has even been described the “crystalline formed from the so-
lution of the in [1661]. According to the single crystal X-ray study,
it turned out to be an oxocomplex — Its molecule (Fig. 6.4)
consists of 2 pentanuclear aggregated connected with each other by planar

The Al atoms possess tetrahedral, octahedral, and trigonal bipyram-
idal surroundings. It is interesting to note that such large molecules are present
even in the gas phase [1785].
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An analysis of the extensive literature data and the data of the authors of
this book [1640, 1642, 1655] permits a conclusion that the variations in the
physicochemical characteristics of  are caused by the existence of dif-
ferent types of aggregates and the possibility of their mutual transformations.
The molecular composition depends on the conditions in the course of sample
preparation — temperature, nature of the solvent applied, and the “age” of the
sample. An important role is also played by the presence in the samples of
microamounts of oxocomplexes, which are always formed on sublimation,
distillation, and any other thermal treatments.

The tetrameric molecules present in amorphous
crystalline and liquid samples should suppos-

edly possess the structure analogous to that of (Fig. 4.8 b), while
the dimeric s-Bu, t-amyl-, hexa-, and heptoxides, and benzyloxide —
in analogy with the crystalline [391] — should be built up of 2
tetrahedra sharing a common edge. The same structure was observed also for
the phenoxides— [141],
[1440]. Monomeric molecules were observed only for the sterically crowded
phenoxides — triangular [723] and tetrahedral
solvates [1066] and [56].
They are characterized by rather short Al–O distances (1.65 and 1.71 Å) and
rather large Al–O–C angles (177.2 and 144°), indicating a noticeable input of

Among the oxoalkoxides there are rather widespread the molecules with a
tetrahedral central oxygen atom, as in
[1492, 1396], [1657], where the trigonal bipyrami-
dal groups are sharing common edges (Fig. 12.1b). In contrast to

the presence in these molecules (and also in that of
of the 5-coordinated Al atoms does not lead to a decrease in their stability
(Fig. 4.4 b) (see Table 12.6).

The numerous studies of the thermolysis reactions of have been
summarized in the review by Piekos [1301]. They permit a conclusion that the
the starting temperatures of decomposition are not constant but depend on the
rate of heating and the time of preliminary treatment. The general scheme of
decomposition proposed by Tishchenko includes for the first step the forma-
tion of ethers and Next comes the dehydration of ethers:
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The presence of ether among the decomposition products depends on its
stability (maximal for and minimal for All except the
methoxide form alcohols, alkenes, traces of water, and hydrogen.

The hydrolysis of and their application in sol-gel processes are
considered in Chapter 9.

A special place in the chemistry of the alkoxide complexes of Al is occu-
pied by alkoxide halides — which have found a very broad
application in organic chemistry. A great number of compositions
mainly) have been reported with A1:C1 ratio varying from 1:2.66 to 1:1. The X-
ray single-crystal studies indicate, however, that in

there is present only one complex — (Fig. 12.1 a)
(already mentioned above as a structure analog of the trimer of The
well-known crystalline product of composition turned
out to be an oxoalkoxochloride, (Fig. 12.1 b), re-
sulting supposedly from the decomposition of the former (it is formed from
the alcohol solutions with A1:C1 = 1:2).

The liquid is not represented by a singular point in the solubility
isotherm. The IR and of these samples contain the sums of the signals for

and and their mass-spectra are also the fragments of
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Taking into account the absence in literature of the proofs for individuality
of other complexes, the existence of the latter remains in question. In particu-
lar, all ethoxide halides can be suspected to be oxocomplexes as they all were
prepared starting from the “soluble form of ” and the reactions were
carried on reflux [1661, 1130].

12.5.3. Bimetallic alkoxides
Bimetallic alkoxides of aluminum and alkaline and alkaline earth metals

— and — are formed on the complex formation be-
tween two alkoxides (or and in situ) and also on the alcoholy-
sis of the corresponding Meerwein [1101] considered them as the
salts of unsolvo-acids formed on dissolution of in alco-
hols. However, the solubility of the majority of in nonpolar sol-
vents, low values of electric conductivity, volatility and trend to aggregation in
solution and in the gas phase indicates their molecular or polymeric character.
This conclusion has been confirmed by the data of X-ray single-crystal stud-
ies. Only a few examples of compounds, whose structures contain isolated
alkoxoaluminate ions are known. These are tetrahedra in the structures of

[1738, 1418], and trigonal
bipyramids in the structures of glycolates —

[609] and [429]. In the structures of the majority
of alkoxoaluminates, the hetero- metal atoms share edges with the

tetrahedra. This results in dimeric
molecules [546], infinite chains [1105], trinuclear linear

molecules (with a tetrahedrally coordinated central Mg atom)
[1691], angular (with cis-octahedrally coordinated Mg)

Ph [1402, 1104], tetranuclear zigzag-shaped
[962]  or  in  structure analog of   [1774] (Fig. 4.8 b). In
the molecule of 2 such groups (with a 7-coordinated
Pr atom) are connected via 2 Cl bridges [1598] (Fig. 4.11 a). The determina-
tion of the composition of the bimetallic complexes formed were applied through
the methods of physicochemical analysis. In the (solvent)
systems were found the complexes of only one composition —
[887, 949] (Fig. 8.1). These are not melting solids; the compounds of Li and
Na can be sublimed in vacuo. Their thermal stability is higher than that of the
components, the thermolysis leading to and The anoma-
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lous character in the conductivity variation in solutions indicate the associative
character of the current-bearer complexes; the mass-spectra were also found to
contain aggregates. Their molecular complexity depends on the synthesis and
isolation conditions and their thermal prehistory and increases in time (up to
formation of polymers).

In the there was discovered the
formation of the complexes of two compositions — and

— the stability of the latter increasing from Mg to Ba, the sta-
bility and the size of the crystallization field for in the diagram
being more pronounced than for [1629] (Fig. 8.1 e). According
to the mass-spectrometry data, only the derivatives of Mg among the

are stable in the gas phase [887], in contrast with the Mehrotras
data on volatility of these derivatives for alkaline earth metals [1112]. On the
metathesis of with Meerwein [1101] has obtained the com-
pounds that he described as (M = Cu, Co, Ni). In continuation,
a large amount of soluble and often volatile isopropoxides of transition metals
and the products of their alcohol interchange have been reported by Mehrotra.
The data on the existence of bimetallic aluminum alkoxides containing 3d-
transition metals — (M = Mn-Cu) and (M = Cr,
Fe), and also trimetallic isopropoxides containing

[1493, 1138, 1139] — have not been
proved (see also Sections 12.12 and 12.16). In particular, on an attempt to
reproduce the syntheses of and
on metathesis of with in conditions of [1493, 501, 1139] the
isolated products were found to be and (i.e.,
the complex formation did not take place). It was found that the transition of
the polymeric alkoxides into solution could occur only on microhydrolysis or
pyrolysis with formation of bimetallic oxoalkoxocomplexes of variable com-
position [1365, 1622, 1561]. In fact, Teyssie et al. [1244] and then Kapoor et
al. [1331, 1465, 1330] have obtained in this way (and also on the reaction of

with the complexes of composition (M =
Mg, Zn,Cr, Mo, Fe, Co), which turned out to be soluble in alcohols and hydro-
carbons and were applied as highly active and selective catalysts for ethylene
oxide polymerization and also for oxidation reactions with molecular oxygen.
The conclusion concerning the presence of oxogroups in the molecules of alkox-
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oaluminates of transition metals does not appear to be valid forbutoxides, as a
homoleptic deriavtive of this series, M = Co, Ni, Cu [1148a,
1691], has recently been isolated and characterized.

12.5.4. Alkoxoaluminohydrydes
A special class among the bimetallic alkoxides of aluminium are alkox-

oaluminohydrydes — the products of partial alcoholysis of
used as reducive agents in organic and organometallic synthesis.

— a unique, mild, reducive agent with selective action — is
used in the synthesis of alcohols from aldehydes (especially for natural prod-
ucts like steroids), aldehydes from chloroanhydrides, amides, and nitriles, of
metallic Ge from its tetrachloride. It was described in 1956 by Brown [249]
and has long been produced industrially [715]. The other possibility for ob-
taining these complexes lies in the hydrogenation of (or the MOR
+Al + ROH mixtures) under high pressure [299]; the third, in complex forma-
tion of with [627] or with MH [1430, 744].

The study of the gaseous and solid products of the reaction

at different ratios of the reactants has shown that for the primary and secondary
alcohols it is finished at the 1:4 ratio with formation of  In the case
of at room temperature, the substitution occurs for only 3 H-atoms,
while the fourth can be replaced only under reflux (THF, Dig) [1636, 249,
1805]. The X-ray powder and IR study studies of the alcoholy-
sis products indicate that they consist of the phases of components —
and The only exclusions are being individual com-
pounds [1636, 747, 139].

At the same time, in solutions, according to conductometry [1636],
[730, 768, 627] and ebullioscopy [69], the complexes of

intermediate compositions are formed — — that are soluble in
other, in contrast to and

[249, 1430, 744, 299, 139]. They are stable supposedly due to
the solvation of the cations and disproportionate on removal of the solvents.
The disproportionation takes place even in solutions, its speed being deter-
mined by the donor activity of the solvent [730, 139, 1060, 718]. It can be
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supposed that the mild action of the is connected with their
lower reactivity compared with The selectivity is in fact observed only
for It is very thermally stable (subl. at 280°C/1), soluble in
THF, Dig, and insoluble in ether, MeCN, is aggregated in solution;
and forms tetrameric molecules in the gas phase, supposedly possessing a cu-
bane-like structure [886].

In addition to the application fields already mentioned above, it is
necessary to name the production of synthetic and isolator materials, pigments,
paints, and resins. Their production is based mainly on alkoxides modified by
the introduction of carboxylate, polyster groups, or acetoacetic ester. The alkox-
ide then plays a role of a binding agent. The synthetic materials formed were
called “alucons” by analogy with silicons [1301]. The polymers containing
Si–O–Al and P–O–A1 fragments are thoroughly described in the monograph
by Andrianov [48].

12.6. Gallium, indium, and thallium alkoxides

Studies of the alkoxides of this group started in the middle of 1960s when
Funk [602], Mehrotra [1129], and Reinmann [1349] nearly simultaneously
reported the synthesis of Indium isopropoxide was first described by
Mehrotra in 1972 [1106] (the preparation of on reaction of InC13
with 50 equivalents of NaOMe reported by Runge et al. [1374] should appar-
ently be questioned). Of the modern studies of primary interest are the prepa-
ration of indium (I) phenoxides stabilized by bulky ligands, reported by Roesky
et al. [1362,1434], and that of the bimetallic butoxide, described
byVeith et al. [1685].

12.6.1. Synthesis
The low values of the standard electrode potentials for gallium and indium

(-0.56 and -0.34 V, respectively) prevent them from direct interaction with
alcohols. Even the reaction with PhOH (method 1) on reflux occurs very slow-
ly [602]. The anodic oxidation of indium in the solutions containing diols in
presence of MeCN (method 2) gave the In(I) diolates in solution; the latter
have not been isolated in the pure form and when oxidized by iodine gave solid
In(III) derivatives [1041]. Preparation of different members of the
homologous series for both metals has been achieved by the alcohol inter-
change reaction or by transesterification with esters using as starting
reagent. The latter were prepared by interaction of chlorides with (meth-
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od 5). and were also obtained by alcohol interchange
from the phenoxide (method 6). Indium (I) phenoxides are usually prepared by
alcoholysis of (method 4).

The composition of gallium isopropoxide corresponds to the formula giv-
en above (it appears to be an anlog of [1233, 1234]). The indium
isopropoxide, according to the X-ray single crystal data an oxoalkoxide,

has a molecular structure analogous to those of rare earth metal
isoprpoxides [208] (see also Fig. 4.9 a). This calls into question the composi-
tion of the alcohol interchange products that is also questioned in the case of

(Section 12.7). Indium methoxide and ethoxide are polymers that
precipitate from solution on action of the alcohols on while the amor-
phous butoxides and n-amyloxide described by Chatterjee [332] were isolated
on evacuation of solutions and had to contain the oxoligands (which might be
the reason for their solubility in organic solvents).* Their formulas are there-
fore put into Table 12.7 in quotation signs.

12.6.2. Properties
Gallium alkoxides are crystalline substances displaying good solubility in

hydrocarbons and lower in alcohols. All except the phenoxide can be distilled
in vacuo. Their molecular complexity in solutions and in the gas phase is usu-
ally very close to that of the corresponding The characteristic fea-
tures of the physicochemical behavior of are same as those of

its distillate is a vicous liquid that crystallizes in a few days, where-
as the molecular complexity increases from 2 to 4. On dissolution of the solid

in benzene, the tetramer dissociates slowly into dimers according to
cryscopy and NMR spectra. These data in combination with the data on
fragmentation of different aggregates in mass-spectra permits the analogy in
the molecular structures of aluminium [1642, 391] and gallium compounds to
be traced (no single crystal X-ray data being reported for the latter so far). The
molecular structures of the tetramer, trimer, and dimer can be deduced to be

and
These molecules contain 6-, 5-, and 4-coordinated metal atoms. The aggre-
gates of the first type are most probably present in the structures of the bime-
tallic complexes like and [1119, 1106], where

* Taking into account the observed analogy in the molecular structures of rare earth and
indium alkoxides, the butoxide of the latter should exist only as solvates
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the gallium atoms occupy the tetrahedrally and octahedrally coordinated sites,
respectively.

The information on indium alkoxides is much more restricted. These are
amorphous solids that do not melt or evaporate in vacua; the “isopropoxide”,
in particular, is not transferred into the gas phase even under the conditions of
the mass-spectrometric experiment [1618]. The size of their aggre-
gates is unknown, the only exclusion being the isopropoxide —
whose molecular structure is a tetragonal pyramid of metal atoms (octahedral-
ly coordinated) centered by an oxygen atom. The mechanical molding of the
crystals leads to their partial amorphization, while the action of the alcohol
leads to their decomposition into two fractions — a soluble one and a polymer-
ic one. The latter can be partially dissolved in benzene after a prolonged reflux.
The product of the evacuation of the solution obtained is a viscous liquid,
which is unlimitedly soluble in hydrocarbons — in contrast to the crystals —
and rapidly crystallizes on the action of alcohol [1618]. The nature of the mol-
ecules existing in the crystal structure suggests a scheme of transformations of
the ”isopropoxide” in solutions, on mechanical or thermal treatment, and so
on. In this case (as well as for many other oxoalkoxides), the action of alcohol
leads to solvolytic decomposition of molecules leading to two types of frag-
ments — those that contain and those that do not contain oxoligands. The
former ones are oligomeric and able to exist in solution. They contain appar-
ently more than 1/5 of an oxoligand per In atom. The latter form an irregular
polymeric structure that can be again oligomerized via reflux with aromatic
hydrocarbons. The oligomerization occurs presumably via partial termolysis
(and, probably, even microhydrolysis) providing new oxogroups and also via
formation of The insertion of alcohol leads to the solvation of
these fragments, the aggregation of the latter via hydrogen bonding and subse-
quent formation of the pentanuclear molecules again. All these processes can
never occur quantitatively, and thus no equilibrium values can be achieved on
determination of the solubility of “isopropoxide” in alcohol.

In the molecules of and the indium atoms display a
coordination

Concerning the application of gallium alkoxides, one can mention the se-
lective catalytic activity of in the condensation reactions of isobutene
with phenols. is used for the preparation of solutions for production of

and conduction films [1618] and also in the synthesis of
volatile precursors for MOCVD deposition of
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12.6.3. Thallium alkoxides
In contrast to its analogs, thallium forms the homoleptic alkoxides only in

a +1 oxidation state (the trivalent derivatives are known only as
The T1OR homologous series is represented by a considerable number of de-
rivatives that has been studied for 140 years. A number of them were first
synthesized along with the other main derivatives of thallium in 1860s by Lamy
[988], who discovered this element (simultaneously with Crookes). TlOEt was
isolated as a viscous oil that separates from solution on dissolution of T1OH in
hot EtOH. TlOMe crystallizes on action of MeOH on the ethoxide. The easily
accessible ethoxide has become the most useful reactant in the synthesis of
other inorganic and organic derivatives of T1(I).

12.6.3.1. Synthesis
The preparation of TlOEt has been achieved on action of alcohol on

TlOH, * and thallium metal [1482] (method 3). The latter reaction is to be
carried out in the flow of dry oxygen as the low value of the standard electrode
potential for Tl (–0.34 V) prevents its direct reaction with water or alcohols
(even the amalgamated thallium remains inert [1096]). The side products of all
these reactions are water or TlOH. The composition and the possibility of
purifying the oil-like product remained therefore questioned for more than 100
years. The study of the solubility polytherm in the TlOEt — EtOH system has
shown that the layering in it occurs at over 7.5°C; at 20°C the lower layer con-
tains 95%, and the upper 7.0 % of TlOEt; the critical temperature is 123°C. It
turned out that T1OH (formed in the synthesis of TlOEt) is concentrated only
in the upper layer of the two-phase liquid system and does not effect the purity
of the product of purpose. The equilibrium of the reaction

is shifted to the right on evaporation of the solvent, which leads again to sepa-
ration of the oil-like ethoxide that then can be separated nearly quantitatively
[1625]. The second most common route to T1OR is the alcohol interchange
reaction of the ethoxide used for the preparation of the majority of the ho-
mologs (method 6). The application of the exchange reaction of with
sodium alkoxides in the liquid ammonia [313], is useful presumably in the
preparation of the derivatives of polyols. The same reaction in EtOH as solvent
(on reflux) has been patented [1274] (method 5).

* The heats of these reactions are given in the works of Forcrand [182,1191].
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12.6.3.2. Properties
The derivatives of n-alcohols (except TlOMe and and even iso-

meric amyloxides are colorless oil-like liquids, unlimitedly soluble in all or-
ganic solvents. All T1OR are rather light-sensitive: they quickly decompose
when irradiated producing a black colloid sediment. It cannot be filtered out
but is easily separated by dissolution of T1OR in boiling alcohols [1482]. The
thermal stability of alifatic derivatives is also rather low: they all decompose
below 100°C (no melting is observed for solids) and are not present in the gas
phase. The molecular weight detrminations have shown that practically all
derivatives of alcohols and phenols form tetramers in solutions. Sidgwick [1482]
proposed in 1930 that for the cubane-like structure is to be preferred
over the square planar. This supposition was later confirmed by the single-
crystal X-ray studies of TlOMe [439] and [714] (see
also Section 4.4.3). The Tl atoms, situated in the apexes of distorted cubes,
have coordination (the fourth vertex of the tetrahedron that lie on
the volume diagonal of the cube is occupied by an electron pair). Only the
derivatives of very bulky sterically hindered phenols like
[1362] or biphenyldiol like [526] form dimeric mole-
cules containing cycles with pseudo tricoordinated Tl atoms. The
same kind of coordination is observed also in the bimetallic com-
plex [1693, 1685].

The ethoxide is applied as the reactant for preparation of different organic
and inorganic derivatives of T1(I). Among the numerous reactions of T1OR (R
= Me, Et) studied so far, we would like to underline the interaction with CO
and leading to the insertion of these molecules into the Tl-OR bond with
the formation of ROC(O)Tl [1375] and ROCOOT1 [620]. A broad application
area is also connected with the use of TlOEt as oxidant for organic compounds
such as, for example, acyloins (into [1096]. Kahlbaum [863] has
proposed that this substance be used as a heavy liquid in the molecular weight
determination for solids It also was applied later in analytical
chemistry as a thermometric titrand for the determination of organic acids and
phenols [136, 750]. The two latter possibilities are rather doubtful, however, in
the modern laboratory practice as thallium compounds are very poisonous.



250 The Chemistry of Metal Alkoxides



Chapter 12. The overview of metal alkoxide derivatives 251



252 The Chemistry of Metal Alkoxides



Chapter 12. The overview of metal alkoxide derivatives 253



254 The Chemistry of Metal Alkoxides



Chapter 12. The overview of metal alkoxide derivatives 255



256 The Chemistry of Metal Alkoxides

12.7. Rare earth elements alkoxides

In the studies of the alkoxides of rare earths that started in 1950s (the first
publications were devoted to the derivatives of Ce(IV) in connection with the
problem of separation of Ce from Th), one can distinguish two major steps.
The first was covering the preparation of derivatives for nearly all
the members of the lanthanide series, the compounds themselves being char-
acterized only by microanalysis and IR spectral data. The detailed reviews
summarizing these works are published in [1127, 1138]. The second step, which
started in the 1980s and included the studies of the alkoxides of Sc, Y, and Ln
by NMR and X-ray single-crystal methods established the exact compositions
and determined the structures of the most important derivatives of the alifatic
series and also characterized the numerous recently prepared derivatives of
alkylsubstituted phenols and other derivatives with sterically crowded ligands.
The interest in the latter as well as in the bimetallic complexes was connected
with the search for soluble and volatile precursors for laser materials, HTSC,
sensors, catalists, and so on (a review is provided in the article Hubert-Pfalz-
graf [779] and corresponding chapter of Bochkarev et al. [164]).

The most important result of the structure studies was undoubtedly the
establishment of the fact that the crystalline isopropoxides of all rare earths are
not the homoleptic complexes but oxoalkoxides of
composition, where Ln = Sc, Y, Er, Yb (see also Fig. 4.9 a). They appear to be
desolvation products of the very unstable solvates (per-
fectly soluble and rather reactive); the complex of such composition has been
isolated and characterized only for neodymium, but the IR spectroscopic evi-
dence for the existence of such solvates was obtained also for Pr and Er. De-
solvation of leads also to the
formation of oxocomplexes: the ions corresponding to the fragmentation of
the homoleptic species are absent in their mass-spectra (except for

where the ion was found along with
The same kind transformations have been observed also for

* At the same time the reaction products of La interaction with do always contain the
amorphous component, being presumably the polymeric form of [953] (it was de-
scribed by Mazdiyasni as the product of thermolysis or dehydrogenation of soluble yttrium
alkoxides).
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Ce(IV) alkoxides — — which on mild
heating (the former) or even on prolonged stirring lose alcohol (and apparently
also ethers) and transform into respectively. In
recognition of this fact the homoleptic compositions are displayed in quotation
signs for all the lanthanide elements in table 12.8.

12.7.1. Synthesis
See also Chapter 2. As has been already mentioned, the lanthanide metals

react with only on prolonged reflux and in the presence of the mercury
catalysts [1084] (method 1). The normal chain alcohols do not react at all
because of the insolubility of

The soluble derivatives of s- and t- alcohols, prepared by alco-
hol interchange from (method 6, which was the most popular one
at the first step of the studies [1084, 1159, 1397, 1122]), are not the homolep-
tic derivatives either, presumably. In some cases the substitution reactions are
even incomplete. Thus it has been established that the refluxing of

with even a huge excess of leads only
to substitution of the 5 terminal by [1607]. The same note
can be made on the alcohol interchange products of

The exchange reaction of chlorides with the alkali metals alkoxides in 1:3
ratio (method 5) in spite of its broad application in the preparation of the alkox-
ides of lanthanides is complicated by the formation of rather stable alkoxide
chlorides with a low number of chlorine atoms per molecule, which have been
in some cases characterized crystallographically (as, for example,

[553]. It is important to mention that the introduc-
tion of the excess of MOR does not guarantee the complete elimination of Cl
either and leads in some cases to the formation of bimetallic alkoxide chlo-
rides, such as, for example, [516]. The metathesis
is not complicated by the formation of the chloride-containing complexes only
in case of phenoxides due presumably to much higher ionic input into the Ln-
Cl bond nature in those compounds compared with the alkoxide chlorides [552].
In some cases it was proposed to carry out the interaction of the chloride with
sodium phenoxide at rather high temperature (~300°C) in the melt of
1,3,5 [380].

The application of ammoniac in this reaction is limited by the derivatives
of Sc and Y as the other form rather stable amine complexes soluble in
organic solvents. At the same time the reaction of with ArOH and the
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solution of sodium in liquid ammonia led to the
complex, which lost completely on prolonged reflux in toluene.

It is necessary to mention in particular the application of carboxylates of
lanthanides instead of halides in the reactions with Li, Na, and K, alkoxides for
the preparation of -derivatives of almost all the lanthanides patented
by Ozaki. The methoxides and n-buthoxides were thus obtained by interaction
of formates with NaOR, the ethoxides by that of propionates with LiOEt, n-
and isopropoxides by reaction of acetates or bensoates with LiOPr, t-buthox-
ides by that of oxalates with [1246]. In addition to carboxylates for the
interaction with NaOR using the easily accessible anhydrous
[1494, 1159] was proposed. The adducts of with glycols or poly-
ethers were used for the preparation of phenoxides [73].

The most reliable methods for the preparation of the lanthanide isopropox-
ides appear to be at present the anodic dissolution of metals (method 2) and
especially the alcoholysis of (method 4). The reaction of the
alcohol interchange starting from “isopropoxides” can be efficiently used only
in the cases when the product formed or can be purified by
recrystallization or is separated like amorphous due to its much low-
er solubility (the side products containing the residual oxogroups remain in
this case in solution). The successful applications of the method 6 are exempli-
fied by preparation of or PhMe.
The phenoxides ofYb(II) were obtained on oxidation of metal by TlOAr or on
reduction of (see Chapter 2).

The preparation of Ce(IV) alkoxides requires the application of nitrato- or
chlorocerrates (IV) as precursors (i.e.,
[206], as does not exist). The alkoxylation is carried out by a solution of
ammonia in alcohol or by that of NaOR. In the former case it turned out to be
possible to isolate the intermediate crystalline products of incomplete substi-
tution for the nitrate-ligands, such as [547] (for the
application of in the preparation of see [671]).

12.7.2. Properties
The alkoxides of almost all the lanthanides (except for with bulky

radicals) are solids. The derivatives of the radicals with the normal chain struc-
ture are usually not volatile and insoluble polymers, while the derivatives of
branched alcohols are crystalline and consist of oligomeric molecules with the
molecular complexity from 1 to 10 (their polymerics are only the solvates with
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bidentate ligands as Dmfa, Dme, etc.). The low temperatures of their transition
into the gas phase and their solubility in nonpolar organic solvents are provid-
ed by the low size of their molecules. The color of the derivatives of an element
does usually correspond to that of the correspondent ion in water solution.

The peculiarity of the lanthanide alkoxides structures in comparison with
those of the common inorganic derivatives lies in rather low CN for the Ln
atoms. It is presumably this fact that leads to the structures of the lanthanide
alkoxide being dependent only on the nature of radical and not the radius of the
central atom and thus the isostructurality of the analogous derivatives along
the whole lanthanide series. The most thoroughly investigated are the struc-
tures with the sterically overcrowded ligands like

They contain the tricoordinated metal atoms in
monomers (trigonal pyramids) or dimeric (2 triangles sharing a
common edge). Tetrahedral coordination is observed in

monomeric molecules of with sterically
overcrowded radicals, or dimeric be-
ing pares of edge-sharing tetrahedra. The latter are able to attach the solvating
molecules of THF, MeCN forming monomers —
(trigonal bipyramids) and increasing CN to 5.

Octaherdal coordination has been observed for the derivatives of least ram-
ified radicals such as isopropoxides and t-buthoxides (or their analogs contain-
ing F or Si atoms). It is necessary to mention that the coordination sphere of
the Ln atoms contains in addition to OR-groups the smaller ligands such as
oxoatoms, molecules of THF, and so on. Among the few dimers being
edge-sharing pairs of octahedra one can mention or

The examples of trimers — the triangles, cen-
tered with 2 — are provided by (Ln = Y, La, Pr;

bimetallic alkoxides of yttrium and cerium and yttrium alkoxide
halides. The only example of a tetramer with octahedral coordination of the
atoms remains the unstable solvate with the structure be-
longing to the type. The heptacoordinated atoms are found in sev-
eral structures such as the monomeric (monocapped
octahedron), dimeric tetranuclear and
the product of its photoreduction decanuclear

(pentagonal bipyramids). In the first case the high CN is
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achieved due to the smaller size of the other ligand, and in all other cases the
lengths of two bonds with the oxygen atoms turn out to be ~0.4 Å longer than
the other ones.

It is necessary to mention the presence of the where n = 1–6
interactions increasing the CN for the Ln atoms in addition to the OAr-bridges
in the molecules of mono- and bimetallic phenoxides of La, Nd, Sm, and Yb(II)
and Yb(III) with branched Ar-groups. The Ln-C interaction has even been ob-
served in the structures of Ln = La, Nd, in the absence of a
phenyl ring. About the structures see. Section 4.2.

The special emphasis should be made on oligonuclear oxoalkoxides. Their
stability, low solubility in parent alcohol, and low reactivity (in particular in
the complex formation with [1309,1607]) is connected probably with
the highly symmetric structure of the molecules containing 3 to 8 metal atoms
bound by a polydentate oxogroup. The examples are provided by

— triangle [547], —tetrahedron [1497],
— tetragonal pyramid [783,1607], — oc-

tahedron [1441], and a spherical 8-ver-
tex polyhedron [783]. The first 3 molecules are present even in the gas phase.
The special stability of the pentanuclear isopropoxides is demonstrated by the
possibility of exchange for single atoms in it with formation of heterometallic

complexes, containing [782], [444],
and [1179] cores.

The investigated chemical properties of the alkoxides of this group cover a
tremendous number of reactions of partial or complete substitution for the OR-
groups with different O, N, S-containing ligands such as carboxylates,

ketoesters, amides, imides, Schiff bases, alkanolamines, semicarbazides,
thiophenols, Cp, and so on. The compounds obtained were characterized
usually by the data of chemical and spectral analysis. Taking into account that
these were usually that were used as precursors and also the non-
crystalline nature of the majority of complexes described, it is possible to con-
clude that their composition and individuality require a further proof. An in-
complete review of this class of compounds is given in [1138]. It is necessary
to mention two crystalline complexes obtained from metal alkox-
ides — i.e., [1590] and

[1150]. The octahedral core of the first of these molecules is
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analogous to those of hydroxides and alkoxides of Sn and Pb (II) but is so far
unknown for the derivatives of quadrivalent metals. The core of the second one
is an oxo-centered metal octahedron analogous to that in

[1441]. Hydrolysis of is discussed in Chapter 9.
The t-butoxides of Pr, Sm, and Yb have found an interesting application in

the preparation of metalorganic compounds containing the chains of different
atoms like [163]. Very good prospects were observed
for the in catalysis. In particular, their activity in the Meerwein-
Ponndorf-Oppenauer-Verlay reaction is much higher than that of
[1230, 1001, 1194]. The majority of publications are devoted to the stereoreg-
ular synthesis of polymers with Ziegler catalysts containing neodymium alkox-
ides (see, for example, [339, 1772]). The catalytical systems for the gas-phase
preparation of methanol based on Na and Sm alkoxides and CuCl have been
patented [541]. Concerning the application of yttrium alkoxides in the synthe-
sis of HTSC ceramics, see [755, 958, 1614, 1620, 1633].

12.8. Germanium alkoxides

Tabern [1553] and Schwarz [1443] were the first to describe single
in the 1920s and 1930s. The systematic study of the homologous series was
carried out from 1953 to 1956 by Bradley [222] and Jonson [857]. Much less
stable was obtained only in 1979 by Silverman and Zeldin [1488].
Fundamental synthetic and structural studies of homo- and heterometallic t-
butoxides of germanium and its analogs were carried out from 1980 to 1990 by
Veith et al. [1681, 1683, 1684].

12.8.1. Synthesis
The alkoxides of both oxidation states were obtained by metathesis of ger-

manium halides (chlorides and iodides) with alkali alkoxides [1488, 1142,
857, 1535]. The yields can be increased by application of solvates with
Py or or amines [3, 222] (method 5) and also by alcohol interchange of
ethoxides (method 6) or alcoholysis of [568, 1543] (method 4).
The application of alkali alkoxides in the preparation of is possible in
contrast to that of analogous derivatives of Sn(IV) and Zr due presumably to
the much lower stability of corresponding alkoxogermanates the intermediate
products of the corresponding reactions because of stability — of the tetrahe-
dral coordination for Ge. The direct electrochemical preparation of
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by anodic oxidation of metal in the alcohol in presence of as electrolyte
has been patented [1599] (method 2).

12.8.2. Properties
described in the literature are yellow crystalline compounds. They

are strong reductive agents and require stabilization by highly ramified ligands
2,6-substituted phenols). are soluble in hydrocarbons in contrast

to the polymeric ethoxide. It is interesting to note that is not
only soluble in ethanol and hydrocarbons but also volatile [1488]. The known

molecules are monomeric (the only exclusion is the dimeric
The presence of the localized nonshared electron pair at the Ge

atom its coordination is usually characterized by incomplete polyhedra —
(angular coordination), or pyramid.

The properties of allow them to be considered more likely to be
the esters of an inorganic acid than metal alkoxides: these are colorless volatile
liquids, containing monomeric tetrahedral molecules. The solid crystalline form
is known only for and also 2,6-substituted phenoxides. All
the members of the homologous series are characterized by thor-
oughly determined physical characteristics — density, refraction index, sur-
face tension, viscosity (and calculated parachor values), dipole moments in
different solvents [222, 857, 1537] (Table 12.9). The results of the investiga-
tion of vapor pressure, density, viscosity polytherms, and so on. permitted
rectification for the preparation of samples of high purity for sol-gel and
MOCVD applications [682, 884].

It is necessary to note the application of the ethoxide in the synthesis of
(on reaction with [1804] and that of glycols and derivatives of

diatomic phenols for the preparation of cyclic ethers [51, 796, 1123, 1183,
1404, 1486] and germocins [572]. Phenoxides are proposed as catalysts of
terephtalate polycondensation [827]. The application of in the sol-
gel discussed in Chapter9.
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12.9. Tin alkoxides

The obtaining of  tin(IV) alkoxides was first reported in a well-known pub-
lication by Meerwein and Bersin [1101] devoted to bimetallic alkoxides. At
the end of the 1950s Bradley [222] and Make [1049] practically simultane-
ously devoted the synthetic approaches to and described the properties of near-
ly all major representatives of the homologous series. During the last
10 to 20 years interest in these compounds was renewed due to the prospect of
their application in the synthesis of optically transparent and conducting films
based on and also of related ceramic materials. The alkoxides of Sn(IV)
were considered in detail in a review by Hampden-Smith et al. [702].

The synthesis of the alkoxides of tin(II) was first reported at the beginning
of the 1960s when the preparation of the cyclic derivatives of diatomic phenols
(Zuckermann et al.) [1814] and also that of their precursor methoxide was
described. Recently it has also been reported that the synthesis and structural
characterization of derivatives of sterically hindered phenols, and
also of the bimetallic complexes (mainly with alkaline and alkaline earth met-
als) (Veith) [1682–1685, 1688, 1692–1695].

12.9.1. Synthesis
At the primary step, the preparation of   was seriously hindered by

taking into account the formation of rather stable bimetallic com-
plexes (compare Section 12.12) on the reaction of with NaOR [1101,
202]. Therefore, on continuation the sodium alkoxides were replaced with am-
moniac [1049, 1048, 831], [702] (method 5)* and also

[1143]. The reaction of  with LiOAr was applied for the prepa-
ration of phenoxides [1506]. Another very widespread approach to  is
based on the alcohol interchange and transesterification reactions [1125] (method
6). Certain homologs were even prepared by alcoholysis of [44] or

[702, 1506].
All the above mentioned approaches have been used in preparation of the

derivatives of Sn(II) (the most convenient for the preparation of the methoxide
being the reaction of  with MeOH and Py or  [766]) and the univer-
sal approach being provided by alcoholysis of [311, 568] or

* At the same time Reuter [1350] succeeded in preparing of on reaction
of   with
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[710, 766, 554]. The electrochemical synthesis of  has been
patented in Japan [828].

12.9.2. Properties
The trend of  to oxidation by oxygen is much smaller than for the

analogous derivatives of germanium, and they are therefore much better stud-
ied. Both methoxide and ethoxide are polymeric and insoluble in organic sol-
vents. The further homologs are soluble in alcohols and hydrocarbons and
evaporated at comparably low temperatures forming dimeric molecules in the
gas phase (2 triangles sharing a common edge as was established by gas elec-
tronography for [568]). In the case of sterically hindered radicals
like [568], are formed, [107, 311],
monomeric angular molecules are formed, and for less sterically
hindered ones in presence of additional ligands, pyramids like

or even bipyramids like
are formed [1543, 1534].

Regarding the molecular complexity for the first members of the
series for solid amorphous substances it is equal to 3 to
4 and decreases to 1.5 to 1.1 for liquid amyloxides — heptyloxides. This pic-
ture is quite analogous to that observed for the  homologous series
(see Section 12.12). Taking into account the presence of the fragmentation
patterns of the oxoalkoxides,   and  in their mass-spectra
[1612], it can be supposed that the samples of  in this series do also
have a uniform molecular composition (their formula is given in citation signs
in Table 12.10). The triangular oxoalkoxide molecules —

(three edge-sharing octahedra), — were discovered in
the structure of the hydrolysis product of the i-butoxide [1350].

The isopropoxide and isobutoxide form crystalline solvates with alcohols
having 1:1 composition. These are along with really
individual compounds as it has been proved by the X-ray single crystal data.
The molecules of as well as the corresponding

are built up of two edge-sharing octahedra supported by two
intramolecular hydrogen bonds [324, 702, 1350] (see Fig. 4.1. b). An analo-
gous structure has also been observed for the amine adduct

[1506]. The molecule of     contain-
ing rather bulky radicals is monomeric [297] (it should be taken into account



Chapter 12. The overview of metal alkoxide derivatives 299

also that two positions in the octahedron are occupied by a comparably strong
but rather efficient donor ligand — Py). The crystalline consists of
tetrahedral molecules [702], to be found evidently also in the monomeric liq-
uid In solution in alcohol  the forms, however, a 1:1 sol-
vate, and the CN of  the metal atom increases to 5 [297]. In the molecules of the
majority of   there occurs the formation of a rather strong Sn-C bond
with a carbon atom in the benzene ring (cyclometallation) [1506], and so on.
These metalorganic derivatives are not considered in the present review.

The pyrolysis of as well as that of their Ge and Pb
analogs results in the formation of metal and not of oxides, which is of  primary
interest for their application in the CVD technique [1563,1684]. The thermol-
ysis of bimetallic tin (II) derivatives results in two phases containing and

respectively. For example, that of  provides small spheres
of Sn, which are then covered by a new layer forming a fractal structure (that
resembles a blackberry), whose surface is covered by [1684].

The systematic study of bimetallic t-butoxides of tin and mono- and diva-
lent metals carried out by Veith (see Table 12.10) established that the complex-
es of    composition are formed by all alkaline metals, while those
of are formed only by K, Rb, and Cs. It has been therefore
concluded that should be stronger Lewis acids than [1692].
In the molecules of its bimetallic complexes, the atoms of  have a

coordination, all the OR-groups being bridging. The compounds of
display octahedral or distorted octahedral coordination (see also Chapter 4).

Hydrolysis of tin alkoxides and its application in sol-gel technology is
considered in Chapter 9. Among the application domains of tin alkoxides one
can mention the organic synthesis, where they are used along with other
for the reduction of aldehydes into primary alcohols (Meerwein-Schmidt reac-
tion), as alkoxylating agents in synthesis of orthocarbonates [1383], and
esters of dibasic acids [1225]. In the inorganic synthesis they are used as con-
venient precursors in the preparation of   carboxy-
lates [835], and Cyclic esters of the stannic acid (resulting from
the reaction of SnO with polyatomic phenols) have been proposed as refracto-
ry materials [562]. In polymer technology, the have been used as
solidifiers of epoxyresins, additives improving the structure ofpores in polyes-
ter-based solid foams and improving the thermal stability of polyvinyl resins
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[715].

12.10. Lead alkoxides

In contrast to its analogs, lead forms alkoxides only in +2 oxidation state.
For tetravalent lead, there have been described quite stable metalorganic deriv-
atives of    type; however, the attempts to obtain   starting from

or led to and respectively, in
combination with the oxidation products — aldehydes, esters, and so on. [34,
1259]. was first reported by Szilard [1552] in 1906 as a product of
anodic oxidation of metal in the NaOMe solution in MeOH. Chablay [313] in
1911 to 1917 succeeded in preparing with the aid of metathesis reac-
tions of lead iodide or nitrate with NaOR in liquid ammonia. Recently there
have been described and structurally characterized volatile and hydrocarbon
soluble — derivatives of ramified radicals [649] and also bimetallic t-
butoxides of lead and divalent metals [1681, 1683, 1684].

12.10.1. Synthesis
The most often used are metathesis reactions of lead salts with sodium

alkoxides (method 5). The repeated study of the reaction in liquid ammonia
has shown that the only derivative that can be obtained in a pure form by this
reaction is polymeric which can be purified from the ad-
mixture by extraction with liquid ammonia and from unreacted NaOR by that
with MeOH). The samples of alcohol soluble always contain consid-
erable amounts of sodium [1627]. The application of   (Hal = F, Cl, Br,
I) gives rather stable as the
major products. The halide-free was obtained on the action of five-
fold excess of KOMe on [34]. The reaction of   with NaOR in
alcohol media patented as the synthetic route to

[1271] can be applied only for the preparation of the isopropox-
ide, as for all the other derivatives the intermediate com-
plexes appear to be so stable that the reaction solution contains both metals.
However, in certain cases, when the sodium admixture does not hinder the
further application of the solution (as, for example, in some sol-gel applica-
tions), the solution prepared by metathesis reaction in containing min-
imal admixture of sodium can be used directly [1627]. The attempt to repeat
the electrochemical preparation of  and other homologs (method 2)
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has not led to success because of cathodic reduction causing the electrochem-
ical refinement of metal. The oxocomplex of  composition was
obtained, however, with low yields from the electrolyte [1786].
In the modern research works the preparation of   is achieved usually
by alcoholysis of  [311, 649, 1254, 1543, 1681].

12.10.2. Properties
Lead alkoxides are colorless crystalline matters (with the only exception

for red [311]). Methoxide, isopropoxide, 2-meth-
oxyethoxide, phenoxide, glycolate, and glycerate, of lead are insoluble in or-
ganic solvents and have polymeric structures. The structure of

is built up of octahedra (see also Section 4.8.2), while those of
where is built of the chains of tetrahedra [1627, 649]. The
majority of lead alkoxides are oligomeric; the coordination of the central at-
oms can vary considerably: these can be octahedra, bipyramids,
tetrahedra, and As has been mentioned, these are only
and their bimetallic derivatives, which can exist in the gas phase. At the same
time all are rather prone to decomposition reactions, followed by
ether elimination and the formation of oxoalkoxides. In the case of
these are apparently –O–Pb–O–Pb– polymers [34]. Isopropoxide gives on de-
composition oligomeric products —

(Fig. 4.10 b) and being obtained in particular on reac-
tion of   with water in different communications [1786, 1254, 1563].
Tetranuclear alkoxides of the same kind are known even for and
[1254, 608], and heptanuclear for [1724] (Table 12.11). The con-
siderable stability of the octahedral core is illustrated also by the structure of
the known bimetallic complex [1253], which can be con-
sidered as coordinating with the aid of its four oxo-lig-
ands groups, each of the latter forming 3 more bridges to
Pb atoms (see also Section 4.7.1).

Hydrolysis of is discussed in Chapter 9. The most important
application domain for is at present the sol-gel technology of inor-
ganic materials and, first and foremost, ferroelectrics (see Chapters 9, 10).

A traditional area of application for is also the technology of
polymers, where they are recommended for the stabilization of vinyl poly-
mers, polyvinylchloride, and so on. [715, 1271]. Cresolate is also used for the
purification of oil from sulfur-containing compounds [715]. A number of pub-
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lications are devoted to the reaction products of the oxide, hydroxide, and
acetate of lead with glycols or glycerine and found their application in phar-
macology and also as protecting coverings. The product of polycondensation
of PbO with glycerine is a polymer having special rigidity after being heated to
120°C, due, apparently, to a net-like structure containing
fragments [144].

12.11. Titanium alkoxides

This class of compounds is the most represented and most thoroughly stud-
ied compared with the alkoxides of other metals and even with other organo-
metallic derivatives of titanium (as alkoxides appear to be the most stable and
easiest to approach among them). The preparation of  was first report-
ed by Demarcay (1875) [473] on the reaction of with NaOEt. In 1892
Levy reported the preparation of a number of phenoxides and naphtoxides.
The interest in the alkoxides of titanium is connected with the growing areas of
their application. A great contribution to the chemistry of titanium alkoxides
was made by D. C. Bradley in the 1950s and 1960s. [224, 223]. He has pre-
pared and systematically studied all the homologous series of  deriv-
atives, which allowed the tracing of general trends in the variation of physico-
chemical properties in homologous series, possibilities of separation from the
derivatives of other rare metals; he has also carried out the thermochemical and
hydrolytic studies of these compounds. Nesmeyanov, Freidlina et al. [1204,
1208, 1209] have made fundamental studies in the synthesis of alkoxides and
alkoxide halides of titanium, and Andrianov studied the siloxides of titanium
and derived polymers [48, 49].

At present researchers are focused on the studies of  bimetallic derivatives
in connection with the obtaining of complex oxide materials (see also Section
10.1 and 12.12).

The number of articles and especially patent publications devoted to
is increasing continuosly (while the peak of their number was observed in
1950-70-es). The properties and synthetic approaches to and their de-
rivatives have been summarized in the capital review by Suvorov and Spasskiy
[1547], included in a reduced version in the book by Feld and Cowe [560];
more recent publications were summarized in the book by Reetz [1346].

12.11.1.
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Numerous attempts have been made to reduce and the isolation
of       was achieved first in 1954 by Nesmeyanov et al.
[1209] on the interaction of  with K metal in alcohol. In continuation
for the reduction of  were applied such agents as

[21], Mg/Hg in or THF and Na/Hg (in the
synthesis of [509]. The application of
led to such complexes as and containing both Ti(III)
and Ti(IV) atoms [1378].

Except the reduction of in the synthesis of were used
such approaches as alcoholysis of     [991]
and [1155] (method 4) and also the metath-
esis reactions of    with NaOPh [1155] or   [1422] (method 5).

All the derivatives of Ti(III) are strong reducive agents and are immediate-
ly oxidized in air with the formation of titanium (IV) oxoalkoxides.
are green or pinkish violet solids, poorly soluble in organic solvents; they are
diamagnetic and supposedly polymeric (the X-ray patterns of methoxide and
ethoxide are very close to those of the corresponding derivatives of Cr (III)
[1366]). The phenoxides are bluish green crystalline substances; they are par-
amagnetic oligomeric and soluble in hydrocarbon solvents.

On the action of an excess of a reducive agent (K or Na/Hg) on
there are formed the derivatives of formally divalent titanium. They contain,
however, a hydride ligand as is shown by their reactions
while the magnetic and ESR data indicate the presence of a single unpaired
strongly delocalized electron per each Ti atom. The electrochemical study of
the complex permitted the consideration of one of
the Dipy ligands as an anion [510]. The compounds presented at the beginning
of the Table 12.12 should be considered supposedly as containing Ti(III).

The derivatives from this series are suitable for the fixation of molecular
nitrogen and can be used for the preparation of  with rather high yields
[1706, 1673].

12.11.2.
12.11.2.1. Synthesis
See also Chapter 2. The reaction of the chloride with sodium alkoxide

proposed by Demarcay (method 5) has for a long time served as the major
synthetic approach to Its numerous studies, however, have indicat-
ed (in case of the ethoxide) rather huge variations in the yield of the final
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product — from 25 to 80%. Different ways have been studied for the introduc-
tion of the components (NaOR or Na metal, preliminary heating of  with
ROH or its introduction in the reaction avoiding the preliminary contact with
alcohol), separation of the products (distillation of   or centrifugation
of NaCl), different temperatures, solvents, and so on. The optimal turned out
to be the technique proposed by Andreev and Nikolsky [47], who introduced

slowly into the solution of NaOEt in EtOH at –20°C and then heated it
for 3 hours at 60 to 65°C (to decompose the intermediate bimetallic alkoxide
chlorides). These conditions exclude the preliminary alcoholysis of ac-
companied by formation of water and alkoxide chlorides and then polymeric
oxoalkoxides. This method was used for the preparation of other than
ethoxide [8, 153, 1515]. The major disadvantage of this
technique is the necessity for using sodium alkoxide and also the decrease in
the yield of with the increase in the R size; in case of no
reaction takes place at all [472].

In 1940 Nelles patented the application of ammoniac instead of NaOR in
the metathesis of which permitted the increase of the yields of alkoxides
and the application of the reaction for all R [1275]. At present this method has
become the major industrial and laboratory route to [185, 215, 433,
1217, 1547, etc.]. Benzene, toluene, or favoring the precipitation of
were recommended as solvents by Boyd [185]. The best solution has been
achieved by the application of the  solid adduct as reactant and by
bubbling the EtOH vapor via its solution [47, 1800] or by its refluxing with ROH

[1660, 560]. Py can be used instead of  in the case of
while in EtOH a very stable permit the increase of the

yield [1217]. In the case of and the application of
En,  and  permits to increase the yield of the products,
while that of Py, and  hinders completely the reaction [1800].

The greatest number of homologs was obtained using the alcohol
interchange reaction (method 6), the isopropoxide being usually applied as
reactant [225, 224, 235]. This reaction has also been reported to lead to numer-
ous Application of esters as alkoxylating agents has also been
reported Mehrotra [1111, 1800].

The alcoholysis of other derivatives than alkoxides themselves (method 4)
has not found any broad application in the case of titanium derivatives; howev-
er, the use of   for this purpose has been reported [1579]. Phenoxides
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can often be prepared simply by the formation of with phenols [599],
while in the case of sterically hindered ligands this reaction is often complicat-
ed by formation of phenoxide chlorides (for example,
is formed not only on alcoholysis with corresponding phenol but even on the
reaction of  with LiOAr [480]).

At present the most perspective and ecologically pure route appears to be
the anodic oxidation of metal in alcohols in the presence of a conductive addi-
tive (method 2), and industrial technology has been developed in Russia for

[948].
12.11.2.2. Properties

are mainly colorless or light yellow liquids (even the t-butoxide,
being crystalline for nearly all other metals). The boiling points increase near-
ly linearly with the molecular weights in the n-, s-, and t-R series considered,
starting with the ethoxide (Fig. 3.2). The increase in the evaporation enthrop-
ies and decrease in and along the same series are connected with the
effect on the entanglement of  hydrocarbon chains [224]. In the series
(R = Et, Pr, Bu) the molecular complexity is 3 [220]; in the series 1.4
to 1; all are monomeric. The influence of the ramification of R on the
evaporation temperature is demonstrated by the scheme in Fig. 3.3, showing
the boiling points for isomeric amylates for a number of metals (the derivatives
of titanium being most volatile). In spite of all the amylates being monomeric

only for the boiling point turns to be more sensitive to the in-
crease in ramification.

It is quite surprising that the dipole moments in the series – from
trimeric butoxide to monomeric nonanoxide — are practically the same (1.60
to 1.68 D) and do not differ from the theoretical values calculated for a tetrahe-
dral monomer with freely rotating OR- groups [61].

The only solid derivative with a high melting point is the methox-
ide. It is known in 2 modifications — polymeric (“A-form”) obtained on alco-
hol interchange or on reaction of with NaOMe, and oligomeric (“B-
form”), obtained from the reaction with The first one is insoluble in
organic solvents; the second is soluble in toluene on refluxing. It melts at
216°C and is tetrameric in both solution and gas phases [8, 866]. Its structure
is also built up of tetrameric centrosymmetric molecules (Fig. 4.7 a) [1759].
The analogous molecules were also discovered in the structures of
and [800, 1757]. At the same time the determinations of mo-



Chapter 12. The overview of metal alkoxide derivatives 319

lecular complexity for in solution (reported independently in at least
15 different publications) is close to 3 (the maximal observed value — 3.21
was reported in [1208]). Having compared the results obtained by anisotropic
relay scattering on (in solutions in cyclohexane and with those
of IR, Raman, and NMR spectra, Russo and Nelson [1376] confirmed the
presence of trimers in them and not a mixture of  tetramers and dimers as it was
supposed by Martin and Winter [1064]. * It is supposed now that in the trimer-
ic molecule the octahedrally coordinated central atom is sharing edges with
the coordination polyhedra of 2 peripheric pentacoordinated Ti atoms —

The same structure is characteristic supposedly for
the trimers of n-propoxide and n-butoxide in solution, as a very quick ex-
change between the terminal and the bridging groups has been discovered for
them by NMR even at –90°C [220]. This situation with the existence of 2
types of structures — a trimer and a tetramer — is very close to that described
for the solid and the liqud Both trimeric molecules contain 5-
coordinated metal atoms that become octahedrally coordinated in tetramers
(see Chapter 6 and Section 12.5).

12.11.2.3. Oxoalkoxides,
The only other known crystalline alkoxide complexes of titanium are the

oxoalkoxides, — representatives of a new series of condensed
molecules. They originated from the controlled hydrolysis of The
complexes described recently mainly by Day et al. and Mosset contain from 3
to 18 Ti atoms and polydentate and OR ligands. The long known
“first crystalline hydrolysis product of titanium ethoxide” —  —
was found as a precipitate formed on storage of the solution of alkoxide in
ethanol and on introduction of 0.5 to 0.67 M per mol of  into
them [1719, 214] (Fig. 5.1 a). Another product isolated under the same condi-
tions along with is [1177] (see also Section 4.7.2).

The molecule is, according to the NMR data, formed in solu-
tion on hydrolysis at h = 0.05–0.2, but only a heteroleptic complex of

composition could be obtained in the crystalline form [454].

* This conclusion is also supported by the fact that the molecular complexity of is
not dependent on the concentration of solutions but decreases in the presence of the traces of
water [220]).
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The NMR studies of solutions indicated the existence of an
octanuclear molecule, but the crystalline complex with a
core was successfully isolated only for the benzylate
[457] (see Section 4.7.2). From the solutions of oxoethoxides in toluene there
has also been isolated a decanuclear complex. The hydrol-
ysis of   at 100°C (in an autoclave) provides a mixture of two isomers of

composition. A solvate of this complex with ia also
one of the products of interaction of the isopropoxide with acetic acid [1532].

The treatment of this complex with EtOH gives crystalline
Its spherical molecule consists of 3 layers of Ti atoms

(3 in both the upper and lower layers and 6 in the middle one) connected by O
groups; the CN for Ti is 5 in the middle layer and 6 in the peripheric ones. On
hydrolysis at room temperature, the complex is formed in solution
and can be crystallized in the presence of EtOH as  [457].

The biggest molecule of this kind, is formed on
hydrolysis of It is considered to be the first example of Keggin
structure built up of Ti atoms [291] (see also Section 4.7.2).

While the formation of solvates is not characteristic of Bains has
obtained stable orange complexes of ethoxide and isopropoxide with such strong
donors as En, [92]. The study of the solubility polytherm in the
–EtOH system indicated the formation of a solvent with 1:1 composition [1615].

forms in solution the complexes with certain esters (for example, in
1:1 composition with dibutilphtalate) [1310].

12.11.2.4. Aryloxides
Aryloxides are crystalline yellowish orange substances soluble in nonpo-

lar organic solvents and usually can be sublimed in vacuo. Their color appears
presumably due to the charge transfer from the phenyl radical to the metal
atom. Their structures demonstrate the decrease in the coordination numbers
of Ti atoms with the increase in ramification. Thus the molecule of

is built up of 2 octahedra sharing a common edge [1550];
is a trigonal bipyramid [748] (the latter molecule

demonstrates a rather rare example of terminal oxoligand at Ti atom). The
presence of bulky 2,6-substituted phenyl rings in the structures of

and leads to tetrahedral coordination of the metal
and rather short Ti–O bond lengths (1.78 Å).
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12.11.2.5. Siloxides,
An important area in the chemistry of titanium alkoxides is with the si-

loxides, and their derivatives containing Hal, OR, oxoligands and
the related polymers. The latter find rather broad applications as dielectric and
isolation materials. They are briefly considered in the book by Feld and Cowe
[560], a detailed review being included in the monograph by Andrianov [48].
Table 12.12 presents the properties of only certain simplest derivatives.

12.11.2.6. Titanium alkoxide halides
The literature data on titanium alkoxide halides — — are as

numerous as those on homoleptic alkoxides. Described are the derivatives of
all R from Me to naphtolates and those of polyols where Hal varies from F to
I, all the steps in substitution (n = 1, 2, 3) having apparently their individual
representatives. The alcoholysis products of have different composition
depending on the reaction conditions, the solutions obtained containing often
mixtures of derivatives, the special techniques being developed to separate
individual components. The preparation of requires the reaction to
be carried out in the excess of at 0°C or in an inert media like
[1205, 1337]. Andrianov et al. have used the reaction of with
in this purpose [49]. The excess of alcohols at room temperature leads mainly
to which can then be used for the preparation of derivatives
of less stable alcohols via alcohol interchange or transesterification. Dialkox-
ide halides are formed also on action of free halogenes or HHal on solutions of

in benzene [1205].
can be most conveniently prepared via alcohol interchange from

— a very stable product of interaction with ethanol in the
presence of Py (see above). It is possible to insert one Cl atom in the molecule
of with the aid of [PyH]Cl [1217].

The most universal and facile techniques for the preparation of the deriva-
tives of all three types of complexes are reactions of co-proportionation of

with [1204, 1199] and also of action of AcOHal on (in
1:1, 1:2 and 1:3 ratios). In the latter case the crystallization of solvates of

composition is observed [215]. The preparation of alkox-
ofluorides has been achieved also with the use of instead of AcOF [259].
The vacuum distillation of alkoxide chlorides is often accompanied by their
disproportionation, and the separation in the form of adducts with pipyridine

has been therefore proposed as an alternative [1204].
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At room temperature the phenol substitutes only one chlorine atom in
producing while replaces – 2 Cl atoms.

Alkoxide halides, are colorless crystalline matters
(in contrast to liquid with low m.p. and b.p. and are soluble in most of
the common organic solvents. are usually viscous liquids. The
derivatives of s- and t-alcohols decompose easily on storage and/or heating
with formation of HC1, RC1, and the products of olefine polymeriza-
tion. are crystalline yellowish orange substances.

In contrast to the alkoxides, the are very prone to the for-
mation of rather stable adducts with ROH, and so on.
The stability of the latter increases with the number of Hal atoms in the mole-
cule. The alkoxide halides are usually aggregated via groups. Among
the exclusions can be named containing the infinite chains with
Cl-bridging atoms [1600]. The molecules of

[876, 1789], and
[1799] are isolated octahedra with cis-arrangement of solvat-

ing molecules. Alkoxide dichlorides, containing one solvating alcohol mole-
cule, form dimers of 2 octahedra sharing a common edge —

[624 ], [777]. In
the absence of solvating molecules the dimers are
built up of 2 polyhedra with 5 vertexes sharing common edge. Only the pres-
ence of more than one bulky OAr-group leads to monomeric tetrahedral mole-
cules. The only complex with a Ti:Cl = 2:1 ratio exists as a
tetramer — an analog of

12.11.2.7. Bimetallic titanium alkoxides
The study of bimetallic titanium alkoxides during recent years has been

urged by the prospect of their application in the sol-gel technology of per-
ovskite-related materials, and therefore attention has been paid to the deriva-
tives of divalent metals (mainly barium and strontium). Comparison with anal-
ogous derivatives of zirconium reveals much lower stability of titanium com-
plexes, none of them displaying volatility. The composition and structure of
the known alkoxotitanates and -zirconates (determined in particular on study
of the in the main do coincide, however [1631,
1609, 1686]). Only a few of the described complexes possesss 1:1 composi-
tion, permitting them to be used as molecular precursors of Among
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them can be mentioned [1787, 1631] (see Section
4.7.1), [447], and [456].

The more typical structure arrangement for alkoxotitanates contains usual-
ly a (of 2 octahedra with a common face), which is connect-
ed with a via two and two groups. The coordination of two such
groups by a Ba atom leads to the highly symmetric molecule
with a CN = 8 for Ba (Fig. 4.9 b). The Ba:Ti = 1:2 ratio leads to a
triangle, containing the same kind fragment, connected to the Ba
atom. Quite an original structure is demonstrated by

where in addition to the group,
the molecule contains also a group (of 2 octahedra sharing a com-
mon edge) [1523] (Fig. 12.2).

The mechanism of the hydrolysis and nature of its products for bimetallic
titanium alkoxides are discussed in Chpters 9 and 10.

The application of in different areas of technology has been re-
ported in a tremendous number of articles and patents. We cannot discuss this
question in detail, so we only refer to 2 detailed review articles — in the book
by Harwood [715] and Feld, Cowe [560]. We list below only the major aspects
of application of and their derivatives:

As catalysts of different reactions and components in catalytical compo-
sitions (initially of the Ziegler type, applied not only in the polymerization
processes but even in nitrogen fixation),
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In the technology of refractory coatings,
As additives to pigments, promoting their drying,
As binding and modifying (providing hydrophobic properties) agents

for cellulose,
As additives to motor fuels,
leaching agents on cloth painting,
in the cosmetic industries,
in the production of dielectric and protective coatings based on polyor-

ganotitanoxanes and -siloxytitanoxanes; and recently
In the production of   and titanate-based inorganic materials (films,

coatings, powders, and ceramics).

12.12. Zirconium and hafnium alkoxides

The synthesis of zirconium and hafnium alkoxides was first carried out by
Meerwein and Bersin [1101] in 1929. They found out that the formation of

on metathesis of with NaOR is hindered by the rather high
stability of the bimetallic complexes formed. To achieve decomposition they
introduced steicheiometric amounts of dry HC1. All the major deriva-
tives for both metals were prepared and investigated by Bradley at the begin-
ning of the 1950s [223]. The practical aspect of these works was connected
with the search for the separation and purification routes for the derivatives of
zirconium and hafnium — products of nuclear reactions, components in min-
eral raw materials, and so on. Application of zirconates and also titanate-zirco-
nates in modern electronics stimulated the studies of bimetallic derivatives of
Zr and alkaline earth metals and also lead, copper, and so on that were carried
out at the beginning of the 1990s by Caulton et al. [970, 1385, 1387, 1389,
1565,1662–1664]. Of considerable interest are also the recent studies by Veith
et al. on alkoxohalogenozirconates of Ba, Cd, Pb, and Bi — precursors of
trimetallic complexes with peculiar structure [1686–1689, 1691].

12.12.1. Synthesis.
That was in fact for zirconium alkoxides that Bradley developed all the

major synthetic approaches to the alkoxides of high-valent metals—metathe-
sis of or (more preferably with ammonia [201]* (method
5), alcoholysis of [1579] (method 4), alcohol interchange reactions

* Application of alkali alkoxides is impossible in this reaction because of formation of
rather stable alkoxozirconates [115].
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starting from isopropoxide [224] (method 6, see also Section 2.6). The prepa-
ration of and was also very efficiently carried out by anodic
dissolution of metals in alcohols (method 2). The samples purified from LiCl
by extraction with hexane, usually still contain about 0,5% Cl in the form of
alkoxide chlorides, volatile and soluble in hydrocarbons. The solubility of

in increases rapidly with the increased temperature,
and therefore, the Li and Cl impurities can easily be diminished to < 0.1%
values by recrystallization [1612]. This result is fairly good as the purification
of the majority of these derivatives by distillation or sublimation is impossible
in contrast to the data published earlier in literature (see below).

12.12.2. Properties
The majority of  and described in literature are

amorphous solids or viscous liquids. In contrast to the traditional concepts
these are not individual compounds. According to the mass-spectrometry and
proton NMR data they contain big amounts of oxocomplexes like

along with in their composition. The same concerns the
desolvation products of having the
average composition that contain according to IR and X-ray powder data the
residual quantities of nondecomposed solvates [1612]. It is especially interest-
ing that the data on molecular complexity of many in benzene solu-
tions reported by many authors practically coincide with the data on ”stability”
of the corresponding aggregates in thir mass-spectra. (“Stability” is the ratio of
the intensity of an individual ion to the total intensity for all ions observed.)
The average for the molecular complexity is observed at 3.1 to 3.6 for the
majority of derivatives, which corresponds to the presence of tri- and tetranu-
clear oxocomplexes. The same situation takes place supposedly for a number
of alkoxides, for which the data on molecular complexity are missing (isomer-
ic amyloxides, n-octyloxide, and so on). Their compositions are therefore
placed in citation signs in Table 12.13.

The triangular molecules of (X = Cl, OH, OR) type, cen-
tered by two groups and have been discovered in the struc-
tures of  products crystallizing in the syntheses of  Thus crystalline
oxocomplexes of and compositions [543]
are formed in the metathesis of with the alkali alkoxides in 1:4 ratio
(and proper protection against moisture), while a prolonged storage of an elec-
trolyte obtained by anodic oxidation of metal in gave
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[1520]. The molecular structure of hafnium ”ethoxide”,
can be considered as a dimer of  units [1520]. The mol-
ecule of  can even be considered to be a structural analog of
the

At the same time the crystalline where
(Fig.4.1 b) and also the liquid contain-
ing monomeric molecules, are individual compounds. The mass-spectra of

contain only the ions corresponding to fragmen-
tation of aggregated molecules of homoleptic 2-methoxyethoxides [1612]. The
same group includes obviously also the crystalline phenoxides and in particu-
lar the monomeric glycerates [193], and deriva-
tives of fluorinated alcohols such as The forma-
tion of on distillation of the crude product of the synthesis, contain-
ing oxoadmixtures, is associated apparently with the low thermal stability of
the latter and high volatility of the homoleptic t-butoxide. This explains also
the low yield of distillation in this case.

12.12.3. Bimetallic complexes
An important role in the chemistry of zirconium alkoxides is played by the

bimetallic complexes, which have much higher stability than the correspond-
ing alkoxotitanates and -thorates. The compositions of the derivatives of alka-
line metals — de-
scribed first by Bartley and Wardlaw [115], and also those of alkaline earth
metals prepared by Mehrotra et al. [1112], — were later con-
firmed by the X-ray data [543, 1385, 1564, 1662, 1666]. However, the exist-
ence of derivatives of some other compositions as, for example,
[1112], numerous derivatives of 3d-transition metals [306, 1138,
1116], was not confirmed by further studies. The repeated attempts to repro-
duce the data dealing with the bimetallic complexes of Fe, Co, Ni, Cr (in the
case of alkoxoniobates, -tantalates, etc.) [1561, 1365, 1622,], and also the re-
sults of X-ray single crystal studies of alkoxozirconates (and other alkoxometal-
lates) of transition metals indicate that these products usually are oxocomplexes
— (and not as they were described by Mehrotra
[501]). The only exclusions known so far are homoleptic alkoxozirconate of
copper (I) — — and alkoxoantimonates of Ni and
Mn(II) [140]. The developed synthetic approach — a metathesis reaction of
halides with stepwise replacement of Hal in reaction with different
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(containing different metal atoms) permitted Mehrotra et al. to describe differ-
ent tri- and even tetrametallic complexes such as

and The
lack of the individuality proof for the corresponding bimetallic complexes gives
reason to doubt concerning these more complex compositions (see also Sec-
tion 12.16). Taking this fact into consideration, we included into the Table
12.13 only the heterometallic derivatives, whose composition is confirmed by
X-ray single-crystal data and their analogs.

The presence of halide ligands in the molecules of bimetallic alkoxide
complexes hinders apparently their decomposition with formation of oxoalkox-
oderivatives. Examples are
1687]. Veith et al. [1687,1691] used the the stepwise replacement of Cl and I
atoms for preparation of trimetallic zirconates,
Sr, Ba. These octanuclear aggregates contain linear

chains in the center and triangles at the ends of each mole-
cule (see also Section 4.7.3).

The structures of the majority of alkoxozirconates (and isomorphous -hafni-
ates) contain the fragments, which form via two
connecting them to the heteroatom, the triangles. The latter are cen-
tered by two (Section 4.5). The molecules of bimetallic ox-
oalkoxides contain polydentate oxoligands. Thus the structure of
containsa atom in the center of   tetrahedron [1565] (Section 4.4.1),
and that of in the center of a square [1385]. The

molecules are trigonal bipyramids
(Section 4.5), and are octahedra with a hexan-
dentate O-atom in the center [1385, 1666] (Section 4.6.1).

Practically all the known structures of zirconium and hafnium alkoxides
contain the atoms of these atoms in octahedral coordination. Only the presence
of such 2 ramified ligands as tritox, as in the molecule of

leads to the decrease in coordination number to 5
trigonal bipyramid) [1030]. The presence of 3 sterically crowded aryloxide
ligands in the molecule of  leads to tetrahedral coordi-
nation [322, 994]. The rather small size of the ligands permitts the existence of

7-vertex polyhedron in the spherical molecule of
(Fig. 5.1 c).
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The prospects for the application of mono- and bimetallic alkoxides in
CVD-technology gave special actuality to the studies of their volatility. The
coexistence in the gas phase over of the particles of different size
and composition cannot be a hindrance in their application in preparation of

The most convenient are, however, the volatile monomeric
and initially t-butoxide and also The sublimation temper-
atures decrease with the replacement for Me-groups with and are higher
for the derivatives of Zr than for those of Ti. The thermolysis of and
the derivatives of fluorinated alcohols (in He atmosphere) takes place at ~100°C
at a temperature much higher than that of their transition into the gas phase
[1386]. Concerning the application of and
for the preparation of fine powders and crystalline films see [1082,1084,
1763].

The alkoxozirconates that sublime in a vacuum include where
M = Li, Na, K, Tl, Mg [115,1116], 1564],

Tl[1387], M = Sn,Pb,
[1565, 1663] and also—quite naturally—oxocomplexes, whose molecules have
nearly spherical shapes, such as and
[1565].

Thermolysis of tin and lead alkoxozirconates leads to the formation of
metals. The mass-spectral data indicate the presence of barium and aluminium
derivatives in the gas phase, but no preparative data are accessible for them.
The major application of zirconium and hafnium alkoxides lies now in the sol-
gel technology of zirconate-titanate and solid solutions (see Sec-
tion 10.3), Except in the synthesis of oxide materials, the alkoxides of zirconi-
um and hafnium are traditionally used in the polymer chemistry, where they
are applied as the components in catalysts [1278, 1269] and as additives to
polymers, improving their characteristics [825, 1403] and so on. Already in
1930s Meerwein has proposed the use of zirconium alkoxides for the reduc-
tion of aldehydes into primary alcohols (Meerwein-Schmidt reaction) [1420].

12.13. Thorium alkoxides

The first studies of thorium alkoxides were carried out by Bradley [223] in
the mid-950s in connection with the problem of the separation of rare elements
of Group IV and Ce(IV). They were devoted at the same time to the solution of
certain theoretical problems such as the influence of the size of the central
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atom and the nature of the alkoxide groups on the molecular complexity of
and their physical chemical properties. All the members of the homol-

ogous series — from the methoxides to heptyloxides have been synthesized
and characterized. Recently a number of derivatives of sterically hindered al-
cohols, in particular phenoxides, were also prepared and characterized structur-
ally by Clark etal. from Los Alamos National Laboratory [108, 106, 382, 384].

12.13.1. Synthesis
The basic nature of does not permit the use of metathesis reac-

tions with the solutions of ammonia (see Chapter 2). Only (stronger
bases than can be used as reactants in metathesis with or
Application of this approach is attractive as thorium alkoxides do not form as
stable bimetallic intermediates as their zirconium analogs [196] (method 5).
Most of the derivatives described by Bradley were obtained by alcohol inter-
change from (method 6). In recent studies the major
approach applied was alcoholysis of a silylamide thorim derivative

(method 4).
12.13.2. Properties
All are solid amorphous or crystalline powders except

— viscous liquids. and can be sublimed or distilled in
vacuo; they usually are well soluble in organic solvents. The molecular com-
plexities for the distinct derivatives are usually twice as high those for the
corresponding and one and a half times as higher as those for
which excludes the possibility of the structural analogy (except for
where for all three metals). Bradley supposed that this situation is
due to higher coordination numbers for thorium atoms. To illustrate mis postu-
late one can compare the monomeric tetrahedral molecule [225]
with whose molecular complexity was determined to be equal to
3.4 [232]. Among only the t-amyloxides were found to be monomer-
ic. The decrease in the coordination number occurs therefore “in advance” for

compared with The described structures of  contain
octahedral and trigonal pyramidal coordinated atoms (a dodecahedron was
observed only in one case — that of the salt anion
with long ionic bonds around Th atom [1529]). The difference in the molecular
complexity not connected with a change in the coordination number of metal
is demonstrated by the structures of two pyridine adducts —
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and The dimeric molecule of the first is evidently com-
posed of 2 octahedra sharing common edge, while that of the second one is a
zigzag chain of 4 octahedra sharing common edges. At the same time,
the dimeric molecule of with a more branched radical
or alkoxoiodide [108] were found to be structural ana-
logs of (Fig. 4.1 b). The same is the matter also for
the bimetalllic complexes and where
M = Li, K, Dme [1662, 1666]. All the 3 molecules contain
triangles connected by three along the edges and centered by
the being octahedrally coordinated.

The majority of have been isolated in the crystalline form only as
pyridine solvates and — as alcohol solvate (with 2:1 composition),
the yields of complexes being rather far from quantitative [387]. This fact in
combination with the observed molecular complexities (3–4) for unsolvated

— amorphous solids or viscous
liquids — permits to suppose (in analogy with and see
Section 12.12) the existence in their samples of tri- and tetranuclear oxocom-
plexes — and — to be supposed. Crystalline

has in fact been isolated on the hydrolysis of [Th(OBut)4Py2]
[387] (Table 12.14).

One of the possible applications of  has been proposed by Mazdi-
yasni [1082], who reported the preparation of fine     powder on the oxida-
tive pyrolysis of alkoxides in the gas phase.

12.14. Bismuth alkoxides

The study of the bismuth derivatives of polyatomic phenols started in the
nineteenth century due to their broad application in dermatology as antiseptic
medicines [308, 1575]. Feigl [559] proposed the pyrogallol complex
as a standard form for the gravimetric determination of bismuth in the pres-
ence of lead. The study of bismuth alkoxides has started only in 1966 with the
work of Mehrotra [1134], which described the preparation of the first members
of the aliphatic homologous series. The discovery of Bi-containing high-tem-
perature superconductors (HTSC) has stimulated the search for new volatile
and soluble alkoxides — the derivatives of ramified and functional radicals
and also the derivatives of halogenated alcohols. These compounds have usu-
ally been characterized by the X-ray single crystal studies.
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12.14.1. Synthesis
where R = Me, Et, were first prepared by the exchange

reaction of solid with on prolonged reflux of solu-
tions in benzene-alcohol media (method 5) [1134]. The application of diethyl-
ether instead of alcohols in this reaction permitted a noticeably decrease in
reaction time and avoided the partial decomposition of [967] (it is
preferable to use the freshly sublimed soluble in this reaction).
was obtained using in hexane media at room temperature on prolonged
stirring (24 h)[1069].

The alkoxides of bismuth have been obtained also using the alcoholysis of
(synthesis of

(for the preparation of and the 2-methoxyethox-
ide [1069]) and (preparation of solvates [851]) (method 4).

The electrochemical route (2) can be applied only for the synthesis of
which is insoluble in the parent alcohol (in the other alcohols it was

the electrochemical refinement of metal that took place) [967]. The glycolates
and derivatives of polyatomic phenols stable to hydrolysis have been obtained
on alcoholysis of [1808, 1352, 684, 559].

12.14.2. Properties
All bismuth alkoxides are white crystalline or amorphous solids; certain

phenoxides are yellow. The majority of are very unstable even in
comparison with the analogous derivatives of other metals: they are tremen-
dously sensitive to the traces of water, oxygen, UV, and X-ray irradiation (which
often hinders their X-ray single crystal studies). On storage they slowly de-
compose getting dark-colored (due probably to their oxidation into Bi(IV) de-
rivatives). The decomposition reactions lead to the formation of oxoalkoxides
that are very often easily crystallizable. The latter are exemplified by

[1742], and The other route to oxoderivatives is
provided by the ether-elimination reaction. Thus the recrystallization of

from toluene gives (the formation of
was proved by mass spectra) [848].

This high sensitivity of bismuth derivatives to traces of water often leads
to a situation where the results of the synthesis are dependent on the origin of
the reactants. Thus, Whitmire [1742] has shown that on application of the
phenol purchased from Aldrich in the reaction of with the
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major product is while when this reactant is purchased
from Strem the products obtained are and
(i.e., the products of deeper decomposition). It can be supposed that the reason
for such instability lies in the possibility of intramolecular interactions be-
tween the oxidant (i.e., Bi(III), and the alkoxide groups being potential reduct-
ants). The exclusions are represented by the comparatively stable polymeric
methoxide, 2-methoxyethoxides (where the ligands possess a chelate func-
tion), and ionic phenoxides.

All derivatives of n- and i-alcohols are volatile, which permits
their purification by distillation, but the yields of the sublimates are low as the
processes are accompanied by partial decomposition. A much higher thermal
stability is demonstrated by According to the mass-spectrometry
data the first members of the homologous series are dimeric in the gas phase,
while and are monomeric [967]. However the solid
state structure of the latter contains the polymer chains and its solutions in
benzene — the dimeric molecules. The NMR spectra indicate the equilibrium
in solution of aggregates with different number of chelated ligands [1069].
This obstacle hinders the crystallization of 2-methoxyethoxide from solutions
(Table 12.15).

The coordination of bismuth atoms varies considerably in the structures
described in the literature, but as for all other derivatives of Bi(III) these are the
geometries with a localized electron pair [Bi:] that are dominating. The mini-
mal CN 3 and 4 and -trigonal bipyramid) are present in the
molecule of (in the gas phase) and in the polymeric structure of

There are also present the structures with 5-coordinated Bi-
atom (tetragonal pyramid = Its representatives are the structure

of 2-methoxyethoxide,                                      and

The most common coordination for the Bi atoms in
the structures of alkoxides is the octahedral one. It is demonstrated by the
monomers like and dimers as

and and a tetranuclear
The coordination sphere is usually asymmetric and contains 2

or 3 longer bonds with the oxygen atoms of ether functioning (in the pinaco-
late) or solvating THF molecules or with the bridging OR or O groups. The
heptacoordination for Bi (monocapped octahedron) is observed in the

molecule [1290].
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Special attention should be paid to the bimetallic alkoxides of bismuth.
While the methoxides and ethoxides are unable to build complexes with the
alkali metal alkoxides [967], is easily formed on the mixing of the
solutions of the components in alcohol. The interaction of bismuth t-butoxide
with under the same conditions yields an oxoalkoxide,
[1696]. The interaction of the isopropoxides of bismuth and titanium can be
achieved only after the partial hydrolysis of It gave, naturally, an
oxocomplex The formation of bimetallic complexes of
3:2 and 1:1 compositions in the system and of 2:3
composition in the system takes
place only in solutions [1638], which were used for the preparation of the
powders of oxide ferroelectrics and solid electrolytes [1223].

The most important applications of bismuth alkoxides are connected with
the preparation of high-temperature superconductors in the Bi-Sr-Ca-Cu-O
system. and (with subsequent exchange with
an aminoalcohol) [889] were most frequently used for preparation of solutions
for film deposition. The HTSC powder was prepared using bis-
muth isopropoxide and t-butoxide [1525] (see Section 10.5). During recent
years considerable attention has been paid to the obtaining of ferroelectric
films of bismuth-strontium tantalates and niobates (see Section 10.4) and
based oxide solid electrolytes [83]. The application of antiseptic medicines
based on Bi(V) pinacolates remains also of importance [1739].

12.15. Vanadium alkoxides

— the alkoxides of vanadyl (V) or otherwise the esters of vanad-
ic acid — belong to the most easily available derivatives and can be easily
purified by distillation under low vacuum. The synthesis of these derivatives
— from ethoxide to t-amyloxide—via alcoholysis of   was first described
at the beginning of the twentieth century by Prandtl and Hess [1313, 743]. The
same work contained the first description of the hydrolysis of   which
laid basis for the numerous studies of the processes of formation of sols and
gels of vanadic acid. The studies of the low-valent derivatives of vanadium that
are very sensitive to oxidation were started in the 1960s by the works of Brad-
ley on and The preparation, structure, and magnetic
properties of vanadium(II) alkoxides were investigated only quite recently.

12.15.1. Synthesis
The refluxing of with alcohols (along with the alcoholysis of
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provides the simplest access to and has remained very important until
now. It is especially useful in the case of long-chain alcohols with the boiling
points over 100°C, which permits to efficiently remove water from the reaction
sphere [1238] (method 3). The reaction time increases for the first derivatives of
the homologous series. The yields of different homologs vary from 25 to 90%. The
exchange reaction of with alcohols in the presence of ammonia or with
NaOR in the benzene-alcohol media (method 5) permitted certain homologs

to obtained with 50 to 80% yields.* The interaction of  with
NaOR is complicated according to [1313] by formation of alkoxide chlorides —
volatile liquids stable even in the presence of a considerable excess of an alkali
alkoxide. For it has been shown that the stability of

increases in the series The preparation of
with good yields turned out to be possible in a certain

excess of NaOR in comparison with the steichiometry [NaOR] = 1 :
3.09 for and 1:3.30 for R = Et). In the case of R = Me, even for
: [NaOR] = 1 : 4.00, the chloride content remained the same as for the 1 : 3.00,
and this route appears therefore to be not useful for the synthesis of
The 51V NMR study of  interaction with KOPri has indicated the forma-
tion of the and ions along with               in solu-
tion [774]. On the attempt to prepare via an exchange reaction of
with the solutions of NaOR in alcohols, it turned out that at the first step there
occurs alcoholysis yielding which in its turn is transformed subse-
quently into The majority of the higher homologs have
been prepared using the alcohol interchange reaction, where in some cases the
esters were used as reactants instead of alcohols (method 6). This route provided
access to which could not be prepared by alcoholysis of  in
hexane because of an incomplete substitution of Cl ligands [607].

The major synthetic approach to is the alcoholysis of
(method 4) [226]. may be also obtained, howev-
er,via the interchange reaction of VCl4 with NaOR [1613].** The same ap-

*The NMR study of the alcoholysis of in the or MeCN media showed that
even in a large excess of alcohol the substitution takes place only for 2 Cl atoms and the
equilibrium can be shifted exclusively in the presence of bases — for example, amines [942].

** It is worth noting here that in contradiction to the data published by Bradley [227] on the
formation of alkoxide chlorides on alcoholysis of t his reaction was proved to
yield as the major products [607, 1634]. To avoid this reaction, the vanadium
chloride should be introduced as an ether solution into the reaction with NaOR for the prepa-
ration of vanadium (IV) alkoxides.
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proach was used also for the preparation of  The
synthesis of the polymeric via interaction with LiOR (method
5) demands a very long washing with alcohols to remove LiCl [226]. The
application of the same reaction for the preparation of comparably stable

is more smooth due to the good solubility of the latter in hydrocar-
bons. The phenoxides of V(II) were obtained on alcoholysis of the metalorgan-
ic derivatives of V(II) (method 4) or on interaction of with NaOAr
(method 5) [1156].

12.15.2. Properties
The monomeric phenoxides of V(II) (stabilized with the sterically crowd-

ed radicals) are red-colored solids with that practically coincide with the
spin-only values (3.88 for -configuration); the CN of the V atoms varies
from 4 to 6 depending on the size and functionality of the Ar group [1156].

As has already been mentioned, the alkoxides and the alkoxide chlorides
of V(III) are green-colored solid polymers, not volatile and insoluble in organ-
ic solvents. Their heating in vacuo yields originating from thermo-
lysis [226]. Their electronic spectra indicate the octahedral coordination of the
central atoms, while the low values of (in comparison with the spin-only
value of 2.83 for the configuration) are usually attributed to the ex-
change interactions. At the same time, the theoretical values are observed for
the soluble monomeric phenoxides and phenoxovanadates with trigonal bipy-
ramidal or tetrahedral coordination of the central atom, while the value deter-
mined for the binuclear molecule was found to be
1.41 [614].

are green or brown liquids except for the solid methoxide and
isopropoxide. They are very sensitive to moisture and oxygen. Their molecular
complexity decreases in the homologous series from 3 (R = Me) to 2 (Et) and
1 which permits the supposition that the CN changes for V atoms
from 5 to 6 in the molecule of methoxide to 5 in that of the ethoxide and 4
in the molecule of bright blue-colored (see Table 12.16). These
data on coordination were supported by those of IR, electronic, and ESR spec-
troscopies. Their detailed interpretation is presented in a review by Bradley
[198], and also in [1613]. The few known representatives of the se-
ries are solid brown substances, whose molecules are aggregated via bridging
OR-groups to permit the V atoms to achieve octahedral (R = Et) or tetrahedral

coordination.
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Special attention should be paid also to the oxoalkoxopolyvanadates (IV)

and (IV, V) described recently by Zubieta et al. [913, 337]. The single crystals

of these compounds demonstrating a considerable stability were grown on their

hydrothermal synthesis from vanadium oxides in the presence of alcohols con-

taining a and basic reagents. Reserches have described 2

major classes of anions—hexa- and decavanadates that possess metal-oxygen

cores analogous to the corresponding (“a large octahedron”, cen-

tered with the known for M = Nb, Ta, Mo, W) and oxomet-

allate anions. The tridentate are situated on the surface of the

anions. It is worth noting that only the hexanuclear complexes have been so far

described for V(V) (only the decanuclear structures being known for the ox-

oanions).

are mainly yellow easily distillable liquids. The absence of the

color for the derivatives of the branched radicals that are more stable to hydrol-

ysis led to the conclusion that the color of is due to the presence of

polynuclear oxoalkoxides with the structures analogous to those of the orange

polyoxovanadates [1313]. As it has been mentioned above, the alkoxohexa-

vanadates (V) have red color (see Table 12.16). Of the lower homologs, solid

are only methoxide, t-butoxide, and i-amyloxide. In the molecular structures

of where R = Me and there are the dimers of two 5-vertex

polyhedrons with a common edge [302, 752]. In the case of methoxide they

form a weakly connected polymer chain due to formation of longer OR-bridg-

es (connected in the trans-position to the doubly bonded O atom of another

dimer), completing the coordination arrangement of V atoms to octahedral.

From 1970 to 1980 Rehder et al. conducted a large cycle of studies devoted to

the investigation of the solution structure and behavior (solvation, aggregation,

etc.) of using It has been shown that the dimeriza-

tion in solution takes place for nearly all the homologs, including amyloxides

[1284]. The intensity of the dimeric ions in the mass-spectra achieves 2 to 5%

for the methoxide and only about for other homologs [1613].

The only representative of the series is the cation in the complex
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are very convenient and easily available precursors for the prep-
aration of a wide range of V(V) derivatives and via their reduction by matalla-

lkyls even for the derivatives of the lower oxidation states. The complete or
partial substitution of OR-groups has led to halides, carboxylates,
nates, alkyls, sulfides, azids, complexes with Shiff bases, phenylisocyanate,
and so on. Hydrolysis of is discussed in Chapter 9.

The thermal decomposition of vanadium alkxoides [24, 983, 1296] and
their behavior in the gas phase (with the aid of mass-spectrometry) [11, 1613]
were also studied in detail to optimize the CVD-techniques, applying the va-
nadium alkoxides as precursors.

The alkoxides of vanadium have been tested as substituents for the titani-
um component in the Ziegler catalysts for about 30 years ago. The most effi-
cient were found to be and also and (see, for
example, [434, 1266]).

One of the most important applications of vanadium alkoxides is connect-
ed with their catalytical action on the reactions of oxidation of hydrocarbons
and, in particular, alkanes, cycloalkanes, and so on. [645, 172]. Except for

it was proposed that the complexes already containing the peroxide
groups in their composition — such as

and — be used.
Recently interest has been shown in studies of the biochemical processes,

which include the action of enzymes with vanadium-containing centers (like
those of serine or tyrosine) that catalyze or inhibiting the redox and phospho-
rylation reactions, and the alkoxides were investigated as the structural models
for the latter [1319, 424]. A bimetallic phenoxide of vanadium (II, III) was
found to be an efficient reducive agent for molecular nitrogen in the methanol
solutions [1034].

12.16. Niobium and tantalum alkoxides

Studies of niobium and tantalum alkoxides were started by Bradley in the
1950s as a part of the studies of a broad range of derivatives of rare metals for
the separation of the elements from the mineral raw materials.

12.16.1. Synthesis
See also Chapter 2. Bradley has used for the preparation of all the ho-

mologs of the alifatic series 2 main reactions — the interaction of
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with alcohols in the presence of ammonia (method 5) and the alcohol

the dimeric molecules formed. The latter are
liquids that can easily be distilled in vacuo without decomposition [205, 1126,

The first attempt to substitute all 5 alkoxide groups in on action of
yielded (this process was accompanied by the formation

of which on sublimation was transformed into [205].
was, however, obtained later under the same conditions and also on

[1478, 1616, 1639]. It should be mentioned that a crystalline
oxoisopropoxide (Fig. 4.1 c), was isolated from the
based electrolyte. It is destroyed on heating in vacuo, yielding

Oxoalcoxides of niobium of the series were obtained on the

and also via alcohol interchange from they are even formed on the

by oxygen [911].
The derivatives in the lower oxidation states Nb(II), Nb(III), Ta(III) (known

interchange of (method 6). Mehrotra proposed later the application
of esters in the alcohol interchange reaction for [223].

On the interaction of  with s- or t-ROH it turns out usually to be
impossible to substitute the fifth OR-group, which has the bridging function in

882]. The preparation of represents then a considerable problem.

application of as an alkoxylating agent [1126, 1128] and as well on
alcoholysis of (accompanied by oxidation of the formed
by action of alcohol and evolution of hydrogen gas) [196].

Recently, the anodic oxidation of metals (method 2) was also applied for
the preparation of the niobium and tantalum derivatives of  series

interaction of with solutions of or NaOR in alcohols [791, 911]

oxidation of  (the side products in the electrochemical preparation of

mainly for niobium) were obtained by the reduction of by sodium
amalgam [404, 1187], and bimetallic methoxoniobates (IV) by reduction with
hydrogen in statu nascendi (Mg + MeOH) or on cathodic reduction in solution
(method 7). The alkoxide chlorides of Nb(III) and Nb(IV) crystallize on alcohol-
ysis of the corresponding chlorides at low temperatures (method 4) [416, 1731].

12.16.3. Properties
The phenoxides of Nb(II) and alkoxides of Ta(III), as well as the corre-

sponding derivatives of vanadium should be stabilized by the sterically hin-
dered ligands. The alkoxide chlorides of niobium (III) and (IV) are diamagnet-
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ic clusters with double or single M–M bonds, respectively. All these com-
pounds are colored. (R = Me, Et) are very sensitive red oils; their
molecules are aggregated and diamagnetic [416, 1731]. In all the molecules of
the structurally characterized derivatives of Nb (II–IV) the metal atoms have
octahedral coordination (see Table 12.17).

starting with the ethoxides are light yellow (Nb) or colorless (Ta)
liquids; and are colorless crys-
tals. They can be easily distilled and sublimed in vacuo (which is used for their
isolation and purification) and soluble in practically all the organic solvents.
The results of the molecular weight determinations indicate that the deriva-
tives of primary alcohols are dimeric in solution and that those of secondary
and tertiary alcohols are monomeric. The NMR study of the solutions of

has proved the existence of the monomer-dimer equilibrium, which is
nearly completely shifted to monomer for the isopropoxides at 20°C. At the
same time the methoxides form stable dimers, not dissociating up to 160°C
[219]. The NMR data indicate the possibility of shifting the equilibrium of
aggregation for via the complex formation with donor molecules
(of the solvent in particular) [1353, 237]. Numerous adducts of methoxides
with O-, N-, S-donor ligands having 1:1 composition have been isolated in the
solid state. There has recently been reported even the

complex was found to be isostructural to the dimers described
and to exist even in the gas phase and in solutions in hydrocarbons at low
temperatures [788].

The data accumulated on properties of Nb and Ta alkoxides studied in
detail permitted the connection to be traced between the molecular complexity
and the boiling points for different members of the homologous series, which
allowed some general conclusions to be made concerning the trends in the
homologous series in general (see Chapter 3). Concerning the vapor pressures
and the possibility of purification by distillation, see [205]. The evaporation
enthalpies for methoxides, ethoxides, and n-propoxides of the 2 metals are

vate, crystallizing from the solution of  in methanol at < 20°C [1639].
The structures of the isomorphous pairs of  or of deriv-

atives are built up of dimeric molecules, where the 2 metal octahedra share a
common edge [1304, 1639, 1622] (Fig. 4.1 a).The crystalline bimetallic
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close to each other and increase naturally from the lighter to the heavier homologs
[928, 1569]. The M-OR bond energies are very close for the alkoxides of Nb and
Ta (100 and 105 Kcal) and appear to be practically independent of R [1569].

contrast to they are very unstable and disproportionate on transition
into the gas phase into and They decompose also on
prolonged storage undergoing ether elimination and condensation, which for
the ethoxide leads to the crystalline [911]. This compound and
the corresponding Ta-complex isomorphous to it have been also isolated on

NMR data, a dynamic equilibrium between the and groups takes

[1802] and in the molecules of the heterometallic com-
plexes like and [1622,
732]. Only the oxobridges have been observed in the other known structures of
oxoniobium alkoxides, like a cycle in the structure of the

dimers [1703], or and groups in the mole-

[782], and in the structures of the abovementioned (Fig. 4.12 b).
The same trend is observed in the few structures of the tantalum oxoalkoxides
known so far (mainly the bimetallic complexes, see Table 12.17).

The absence of the monomeric derivatives of the series for tan-
talum can be explained by the inability of its atoms to form the terminal double
bonds with the oxygen atoms. The gas phase over all the contains

series that crystallizes from the solutions of in
after prolonged reflux [1639] (Fig. 4.1 c). In this latter molecule the 2

octahedra are sharing a edge. It should be mentioned that the mass-

intensity does not exceed 0.6 to 5% of that of the while for
these values are comparable [1606]. The features described corre-

spond to the known trend to decrease in multiplicity for the M=O bonds in the
V, Nb, Ta (or Cr, Mo, W) series, which occur due to the increase in the energy
of the of the metal atom M that gives rise to the higher stability of

The derivatives of the have been described only for niobium. In

partial hydrolysis of [219, 1617] (see Chapter 3). According to the

place in solutions of in nonpolar solvents [791].
The terminal double bonds with the oxygen atoms have been observed

according to the X-ray single-crystal data only in the tetrahedral molecule of

cules of  and

quite stable binuclear molecules of  and it is the solvate of the same

spectra of do also contain the however, their
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the oxobridges compared with that for a terminal bond. This results in forma-

or (Figs. 4.13 a and b) and
[1519] close to those of isopolyanions, unknown for niobium
being the only exclusion).

The numerous alkoxide halides of niobium and tantalum containing the
atoms of all the known halogenes from F to I and a broad range of radicals are
considered in the Table 12.17.

A special role in the chemistry of Nb and Ta alkoxides is played be to the
bimetallic complexes — precursors of the complex oxide materials with per-
ovskite structures. Mehrotra has described a large variety of alkoxoniobates
and-tantalates of alkaline and alkaline earth metals
[1136, 1509], obtained on direct interaction of the homometallic derivatives.
Alkoxotantalates are solids or viscous noncrystallizing liquids soluble in alco-
hols and hydrocarbons. According to the mass-spectral data, the molecules of
alkoxotantalates are present in the gas phase but undergo a considerable disso-
ciation, which precludes their purification by distillation in contradiction to
the data of Mehrotra [1562]. Of all the alkoxoniobates, these are the only Mg
complexes that have been detected in the gas phase according to mass-spectra
[898]. The investigation of solubility in the tricomponent

systems permitted the envisaging
of formation of the complexes of 1:2 composition in solution, the

and Ba disolvates be-
ing isolated as crystalline solids. In all the other cases, the complexation prod-
ucts turned out to be noncrystallizing [1562, 1622].

The results of the numerous structure studies lead to a conclusion that all
the alkoxoniobates and -tantalates have similar composition and are isomor-

tion of the highly condensed systems on hydrolysis of [219, 231,
815]. The other examples are provided by the structures of     [1639]

phous. The structures of  (R = Me, Et) contain infinite chains of
intermitting Li tetrahedra and Nb(Ta) octahedra sharing common edges. These
chains are planar for the methoxides and helical for ethoxides [1519, 524,
1622]. The above-mentioned molecules of solvated magnesium ethoxotanta-
late and barium (strontium) isopropoxotantalate (niobate) consist of 3 octahe-
dra sharing common edges, where the first of these molecules is linear because
of the trans -arrangement of the solvating alcohol molecules and the second is
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bent as the solvating molecules are in cis-position to each other. The
molecules of and have also the chain structure.
The first one is linear and contains a tetrahedrally coordinated Be atom in the
center. The second one is bent and asymmetric: the La-octahedron shares an
edge with one Ta-octahedron and a face with the other (Fig. 4.3 a-d).The Al
and Ta isopropoxides form complexes of 1:1 and 1:2 compositions and exist
only in the liquid and gas phases [334].

It is rather interesting that in the systems where no crystalline complexes

[898],
(Fig. 4.12 a), and [1622,

1522], [1253]. It is important that the metal ratios in the
oxocomplexes described do correspond to the steichiometry of the desired oxide
materials — — in contrast to those in

Of great interest are the data on numerous — derivatives of
the 3d-elements Co,Ni, [12, 501, 618, 818,1109,1462,1561],
prepared by interchange reactions of with The other

homologs were prepared from the isopro-
poxides by alcohol interchange reactions. The data on formation of bi- and
trimetallic alkoxoniobates and tantalates under the conditions described in [12,
14, 501, 618, 818, 1109, 1462] was questioned. The products described could
be obtained only in the presence of traces of water and were undoubtedly ox-
oalkoxides by nature. The mass-spectra of trimetallic (con-
sidered as the major proof of their individuality [14]) have discovered only the
presence of the fragments of and [1622, 1561].

The major application domain for the alkoxides of Nb and Ta is the depo-
sition of the oxide films from the gas phase by CVD technique [1339] (their
application in the sol-gel technology is described in Section 9.8 and 10.2).

12.17. Chromium alkoxides

The studies of chromium (III) alkoxides were initiated in the 1960s by
Hornuff [769] and by Bradley, who has even described isolation and characteri-
zation of Cr(IV) derivatives [30]. Quite a comprehensive investigation of the
preparation and properties of chromium (II) alkoxides was carried out by Hor-

are formed by the alkoxides of Nb (Ta) and the refluxing or prolonged
storage of solutions lead to precipitation of crystalline bimetallic oxoalkoxides
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vaths in the late 1970s [770]. The preparation, separation, and characterization
of Cr(VI) alkoxides (esters of chromic acids) was first described in a paper by
Zeiss [1807] and then quite recently developed further by Osborn et al. [1527].

12.17.1.Synthesis
The main route to the derivatives of Cr(II–IV) is provided by alcoholysis

of corresponding alkyl or sylilamides (method 4). The exchange reactions of
chlorides with alkali metals alkoxides (method 5) have been applied to the
preparation of Cr(III) phenoxides and some dioxoalkoxocomplexes of Cr(VI).
An interesting modification of method 5 is the interaction of silver chromate
with alkylhalids: the feasibility of this reaction indicates that chromium (VI)
alkoxides are more likely the esters of the chromium acid and not the usual
metal complexes, where one can identify the positively charged central atom
and negatively charged alkoxide ligands. The acidic character of chromium
anhydride is demonstrated also by its easy interaction with alcohols leading to
formation of chromium acid esters (method 3). An important role in the prep-
aration of chromium (III) alkoxides is also played by redox reactions: this
oxidation state is the most stable for chromium and can be achieved by both
thermally or photochemically activated oxidation of chromium by alcohols
and as well by the reduction of chromium (VI) by primary or secondary alco-
hols. It should be mentioned here that the alkoxocomplexes of chromium (V)
are considered to be the intermediates in the reduction of hexavalent deriva-
tives in the presence of diols, but the corresponding individual products have
not been isolated and characterized [1162].

12.17.2. Properties
The most important feature of the chromium compounds, as well as of the

other derivatives of early transition 3d-elements, appears to be a very pro-
nounced difference between the derivatives of different oxidation states (Table
12.18). The alkoxides of chromium (II and III) are in the majority the insoluble
and non-volatile polymers. The most important exclusion from this rule ap-
pears to be the volatile chelate complex, and in the fu-
ture, possibly, the number of the representatives of this family will increase.
The derivatives of chromium (IV and VI) are monomers highly soluble in or-
ganic solvents. The lack of volatility for Cr(VI) compounds in contrast to those
of Cr(IV) is caused apparently by the high electronegativity of the central atom,
leading to thermal destruction and not to evaporation.

The redox reactions have been quite well studied for the chromium deriv-
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atives. Thus it is known that nearly all Cr(II) derivatives are pyrophoric and
ignite in the presence of the traces of oxygen [770]. In the presence of alcohols
they are spontaneously converted into Cr(III) alkoxides (apparently with the
release of hydrogen gas). A very easy while not spontaneous oxidation has
been observed for the Cr(III) derivatives of tertiary alcohols: they cannot be
isolated as individual products even on alcoholysis of chromium (III) dialkyla-
mides. The quantitative transformation into requires, however, the
application of oxidants such as
and CuCl [30]. The reaction of thus obtained monomeric with prima-
ry or secondary alcohols gives again insoluble polymeric and corre-
sponding aldehydes or ketones, resulting from the oxidation of the alcohols,

scarcely studied. The derivatives of all the three known series (i.e.,
and are formed simultaneously on interaction

with alcohols in hydrocarbon media and can be separated by thin-layer chro-
matography on silica gel [131].

In the polymeric structures of the first members of the homologous series
of trivalent chromium derivatives, the metal atoms possess octahedral coordi-
nation [1366], while the derivatives of branched radicals are often monomeric

molecules with square planar coordination [1571] or dimeric
with triangular cordination of the metal atoms [795, 1185]. The

monomeric are trigonal bipyramids [1571], while the derivatives
of chromium (IV) and (VI) are tetrahedral [167, 1573, 1527].

12.17.3. Application
The major practical application has been developed so far for

They are used in combination with metalalkyls as the catalysts of stereoregular
polymerization by Ziegler [696]. They can also serve as versatile precursors of
othervise hardly accessible chromium derivatives — for example,

are formed also on interaction of  with primary or second-
ary alcohols.

The transitions between different oxoforms for hexavalent derivatives are
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12.18. Molybdenum and tungsten alkoxides

The compounds of these two elements belong apparently to the most stud-
ied and most fully characterized alkoxoderivatives of metals. The particular fea-
tures of their synthesis and physicochemical properties are discussed in detail in
a large number of review publications authored by Chisholm [370] who made
tremendous contributions to the development of the chemistry of these sub-
stances. The synthetic routes to the bimetallic alkoxide derivatives of molybde-
num and tungsten (VI) along with the discussion of their physicochemical
properties and application prospects are also reviewed in [1638, 908].

12.18.1. Synthesis
The preparation of the derivatives of the lower oxidation states (II–IV) is

based almost exclusively on the alcoholysis reactions (method 4). The corre-
sponding alkyl- or silylamides serve as initial reagents for the obtaining of

and The derivatives of divalent molybdenum were obtained
from the mixed-ligand alkyl alkylamide derivatives (type
which in this case undergo a reductive elimination of a saturated hydrocarbon).
For the alkoxide derivatives of molybdenum and tungsten (V) quite a small
number of representatives is known, being prepared mainly by means of differ-
ent redox reactions (method 7, see below). The nonoxo derivatives of tungsten
(VI) can be prepared by alcoholysis of corresponding alkylamides; oxocom-
plexes of both tungsten and molybdenum (VI) have been prepared by exchange
reactions of the chlorides with alkali alkoxides (method 5) or with alcohols in
presence of ammonia or amines. Various alkoxoderivatives of Mo and W(VI)
can also be prepared by anodic oxidation of metals (method 2). The approach
to the derivatives of unusual or rare alcohols is provided by the alcohol inter-
change reaction (method 6) using the most stable and easily prepared alkox-
ides as precursors.

12.18.2. Molecular structures
See also Chapter 4. The molybdenum (II) alkoxides isolated as alcohol or

amine solvates of composition are the typical examples of binu-
clear clusters with a quadruple metal-metal bond not supported by any bridg-
ing ligands. Square planar coordinated (not taking into account the M-M bond)
metal atoms are situated exactly in front of each other, which leads to the
molecules with eclipsed conformation.

The derivatives of molybdenum and tungsten (III) are known in predomi-



426 The Chemistry of Metal Alkoxides

nantly two different forms — dimers with triple metal-metal bond on one hand
(more typical for the molybdenum compounds and stabilized for both metals
by highly ramified radicals) and butterfly tetramers (see Section 4.4.2). The
polymers are observed for the derivatives of both metals with R = Me, Et. The
dimeric molecules demonstrate the gauche conformation (CN = 3) in the ab-
sence of additional neutral ligands, which becomes eclipsed when such lig-
ands are added. The formation of a butterfly cluster structure is typical for the
molybdenum (III) derivatives of primary alcohols with bulky radicals and for
the majority of tungsten (III) alkoxides in the absence of additional donor

dimeric (CN = 5, two bridging OR-groups, with a double metal-metal

mologous series are tetramers with the -type structure. The deriv-
atives of ramified or bulky alcohols are known only as mixed-ligand complex-
es (such as dimeric solvates of alkoxide halids with alcohols, various alkoxide
hidrides and monomeric complexes with phenantroline, see Table 12.19).

The homoleptic derivatives of Mo and W(VI) are rather scarcely studied.
The only structurally characterized complex, possesses the molec-
ular structure analogous to those of alkoxide halids, i.e. a dimer built up of two
edge-sharing octahedra. The structure of monooxo homometallic derivatives is
unknown and their individuality appears questionable. The only dioxocom-
plex of molybdenum(V) isolated as pyridin solvate demonstrates the

-type structure (Table 12.19).
The alkoxide only derivatives of hexavalent elements are monomeric octa-

hedral complexes, as has been shown in the case of M = Mo, W
and [691, 1453, 1538].

The first representatives of the homological series of monooxocomplexes
are centrosymmetric dimers (pairs of edge-sharing octahedra), the oxogroups
being situated in the equatorial plane in trans-position to the bridging alkoxide
groups [900]. The derivatives of ramified radicals are monomers with
tetragonal pyramidal coordination of the central metal atom (the apical posi-
tion is always occupied by the double-bonded oxygen atom) [845]. The diox-
ocomplexes studied so far are either derivatives of functional alcohols, such as

ligands. It is worth noting that in the crystal structure of  both dimeric
and tetrameric molecules are present in 1:1 ratio.

The molecular complexity of molybdenum (IV) alkoxides is determined
by the size and ramification of the alkyl group — the polymeric (R = Me),

bond, and even monomers The first representatives of ho-
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2-methoxyethanol [900], or the complexes of alifatic alkoxides with N- or P-
donor ligands. They are monomers with cis-arrangement of oxogroups and
trans- of alkoxide groups.

12.18.3. Physical properties
The connection between the molecular complexity and the molecular struc-

ture on one hand and the physicochemical characteristics on the other hand can
clearly be traced for the derivatives of these elements. The alkoxides of molyb-
denum (II) and tungsten (III) are nonvolatile and thermally unstable as the
metal atoms in these compounds are present in anomalous oxidation states and
the thermal decomposition appears to precede their evaporation. For the deriv-
atives of molybdenum (III) a sharp difference is observed between the poorly
soluble and practically nonvolatile polymeric methoxide and ethoxide and com-
pounds containing the ramified radicals, which can be distilled without de-
composition and are unlimitedly soluble in both polar and nonpolar organic
solvents. The observed difference in thermal stability of molybdenum (IV) and
tungsten (IV) alkoxides (see Table 12.19) is due apparently not only to the
difference in their molecular complexity but also to their different stability to
intramolecular redox processes: the mass-spectra of the tungsten derivatives
[364] indicate the occurrence of disproportionation to different oxidation states
analogous to that observed for the rhenium (V) alkoxides (see Section 12.21).
The connection between the molecular complexity and the solubility and vol-
atility of the compounds is most apparent for the derivatives of hexavalent
metals: are volatile monomeric species perfectly soluble in any organ-
ic solvents; the individual M = Mo, W, are dimeric and possess
rather high solubility, but in the presence of microadmixtures of alkaline alkox-
ides they polymerize and become less soluble. The dioxospecies
spontaneously change their characteristics in time (undergo aging): the freshly
prepared samples consist predominantly of dimeric molecules, possess moder-
ate (for molybdenum) or even good (for tungsten) solubility in polar organic
solvents, and are volatile under a vacuum. On storage they polymerize build-
ing polymeric oxo-bridged structures, analogous to those of the corresponding
oxide chlorides and lose both solubility and volatility.

12.18.4. Chemical properties
The chemical transformations of the title alkoxides can be subdivided into

2 large groups, where the first should include the processes not conncected
with a change in the metal atoms oxidation state such as ligand substitution
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(chemical modification), complex formation with donor ligands, and the proc-
esses of thermolytical and hydrolytical decomposition. The second group would
include in this case the redox reactions, which in their turn can be subdivided
into those connected with the oxidative addition to the metal-metal multiple
bonds for the low-oxidation state derivatives and those of reduction of metal
(VI) centers. The processes leading to formation of heterometallic derivatives
will be discussed separately below.

12.18.4.1. Nonredox transformations
Ether elimination. The most important and the most unusual property of

molybdenum and tungsten (VI) alkoxides is their trend to ether elimination. It
was first discovered by Bradley for niobium tert-buthoxide [205] (see Chapter
5). The driving force of this process is the ability of molybdenum and tungsten
atoms in higher oxidation states to form the M–OR bonds with increased mul-
tiplicity and also the very high stability of M=O double bonds. The decompo-
sition speed appears therefore to be much higher for molybdenum than for
tungsten derivatives (as this property is more pronounced for molybdenum).
According to the mechanism described, the decomposition speed increases
with the increase in size and ramification of the hydrocarbon radical

This very reaction is one of the major obstacles precluding the possibil-
ity of purification of M(VI) alkoxides by distillation or sublimation. The other
obstacle is the trend of oxoalkoxides to disproportionation into alkoxo and
dioxospecies [968, 950]:

The ether elimination is also observed as the first step in thermal decompo-
sition of these alkoxides. The same reaction appears also to be responsible for
the observed difference in the hydrolytic behavior of molybdenum and tung-
sten alkoxides: the hydrolysis of the W alkoxides leads as for the majority of
other metal alkoxides to the formation of hydroxospecies, forming sols and
gels on polycondensation, while in the case of Mo alkoxides the added water,
being a stronger acid than alcohols, acts as a catalyst for the ether elimination
reaction and causes the formation of individual isopolyanions (independently
of the nature of the alkyl radical or quantity of water added) [1774]:
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As is shown in the reaction equation above, the hydrolysis of the molybde-
num species is accompanied by their partial reduction that can be noticed due
to the appearing dark blue coloration of the samples, which is characteristic of
Mo(V,VI) compounds (for details see Chapter 9).

Chemical modification. Partial stabilization in relation to the ether elimi-
nation and an increase in volatility (due to formation of monomeric species)
can be achieved via the chemical modification of the title alkoxides (interac-
tion with the “acidic” reagents such as functional alcohols or
[124, 1638]:

The substitution reactions on action of phosphorus trihalids or acylhalids
on molybdenum (II) alkoxides have also been investigated in detail:

It is interesting to note that the partially substituted derivatives obtained in
spite of having the same composition demonstrate quite different molecular
structures: the fluorosubstituted compound is a tetrahedral cluster, the chloro-
derivative a square planar, one and the bromosubstituted a butterfly type clus-
ter [370] (Figs. 4.7 b and 4.5 b, Sections 4.4.2, 4.4.5).

Complex formation with neutral ligands. The low-valent derivatives of
molybdenum and tungsten demonstrate a pronounced trend to formation of
complexes with Lewis bases. The complex formation enhances stabilization of
alkoxides toward thermal and chemical decomposition and simplifies their iso-
lation. Thus the derivatives of Mo(II) are known exclusively as the complexes
with corresponding alcohols, amines, or phosphines. For compounds
the stability of complexes with neutral ligands is much higher for the complex-
es of tungsten than for those of molybdenum, while the phosphine complexes
are much more thermally stable than amine ones. For the alkoxides of trivalent
metals the complex formation can lead to changes in molecular structures and
the order of metal-metal bonds: for example, on addition of a neutral ligand the
equilibrium between dimeric and tetrameric t   tetrahedron or a “but-
terfly”) shifts usually to the dimeric forms:
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The addition of a ligand type NO can increase the stability of
dimers, decreasing at the same time the multiplicity of the metal-metal bond:

In case of Mo(VI) compounds, the introduction of N- or P-donor ligands
appears to be the only way to isolate the derivatives of ramified alcohols:

The breakdown of metal-metal bonds without changes in the oxidation
state. The processes of this kind have been first discovered by Schrock et al. in
the course of investigation of the mechanisms of the catalytical action of low-
valent tungsten alkoxocomplexes in the reaction of olefine metathesis [349, 1017]:

The bond in nitriles is cleaved in the same way by molybdenum(III)
derivatives, but, and this is worth noting, the metal-nitrogen bond in the struc-
ture of in the solid state is triple and terminal, while in
that of it becomes asymmetrically bridging.

12.18.4.2. Redox transformations
Oxidation of the metal-metal bond. The most frequently studied redox

processes are those of oxidative addition to the multiple metal-metal bonds in
the molecules of low-valent derivatives. They lead very often to the formation of
heteroleptic derivatives that keep, however, a metal-metal bond in their structure.

On reaction with molecular oxygen, the oxidation proceeds usually deeper
and is accompanied by the cleavage of metal-metal bond [357, 364]:

The Chemistry of Metal Alkoxides

That happens, for example, on the interaction of  with alcohols (for M =
W only) [17, 314, 368], halogenes [367, 870], or alkyl or acylperoxides [370]:
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Even molybdenum and tungsten (VI) alkoxides can act as oxidants: the
coproportionation leads to formation of M(IV) derivatives—for example [357],

Reduction of the compounds of molybdenum and tungsten (VI). The first
reaction of this group that was studied was the reduction of tungsten phenox-
ide by the alkaline metals (Li, Na, K) in inert solvents that led to bimetallic
complexes of W(V) [600]:

A bimetallic complex of molybdenum (V) was obtained on cathodic re-
duction of molybdenum (VI) oxomethoxide in the course of its electrochemi-
cal synthesis [902]:

As has been shown recently, a partial reduction of some molybdenum de-
rivatives can occur spontaneously on storage via oxidation of the organic rad-
ical. Thus, molybdenum (VI) oxoisopropoxide transforms completely in 2
months according to the equation:

It has been supposed that the reason for the high reducive activity of just
the isopropoxogroup lies in the possibility of  atom transfer.

12.18.4.3. Complex formation of molybdenum and tungsten alkoxides with
the alkoxides of other metals; formation of bimetallic alkoxides

The reactions of complex formation with the alkoxides of other metals
have been studied for the derivatives of di-, tri-, penta-, and hexavalent metals.
The investigation of molybdenum and tungsten (VI) alkoxides with the deriv-
atives of other metals is complicated by the etherelimination reaction leading
in some cases to precipitation of inorganic molybdates directly from solutions
in organic solvents. However, the bimetallic drivatives of the title metals with
the representatives of practically all the other groups of the Periodic Table have
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been described in the literature. It should be noted that practically in all the
cases when the analogous derivatives of both molybdenum and tugsten could
be isolated and characterized they turned to be very close in their molecular
structure or even isostructural. As the metal atoms in the compounds of
series have saturated coordination, all the bimetallic compounds described are
in fact oxocomplexes.

Alkoxomolybdates and tungstates of alkaline metals (lithium and sodium)
belong to 3 main series:

(R = Me, Et) are very unstable representatives of
the monoooxoseries that have been discovered by conductometric titration
in alcohols [1638]. The only solid product of this series that has been iso-
lated and characterized was which structure be-
longs to the type. The oxogroups at tungsten atoms are termi-
nal. The comparison of bond lengths and angles in this structure led the
authors to the conclusion that it can be best described as ionic

and demonstrate very high solubility in alcohols and slightly
lower in hydrocarbons. The unusual mixed-ligand complex

formed on reaction of

[1638] are formed on the direct interaction of with in
alcohols (according to the data of conductometric titration) and with the
exception of 2-methoxyethoxides are very unstable. The stability against
the ether-elimination reaction is apparently due to the stability of the mo-
lecular structures if the corresponding complexes as 2-methoxyethoxide
complexes of sodium appear to be much more stable than those of lithium,
due presumably to the small size of the atoms of the latter [902].
The mutual transformations of alkali alkoxomolybdates and tungstates can

be generalized in the form of the following scheme:

Dioxocomplexes of composi-
tion are stable in both solid phase and in solution at room temperature.
They are formed slowly on the reaction of alkali alkoxides with excess of

with 0.5 to 2 equivalents of in hex-
ane belongs also to this series [902].

Dioxocomplexes of R = Me, Et, composition
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metals than the alkali, bismuth, and rhenium (see Section 12.21) has not been

the description of the bimetallic alkoxides of molybdenum.

investigated in detail, and therefore the major attention below will be paid to

The investigation of the interaction of molybdenum alkoxides with those
of alkaline earth metals is hindered by ether elimination leading to crystalliza-
tion of inorganic molybdates of composition. The most stable are
magnesium methoxomolybdates (V and VI), with
and composition, formed on alcoholysis of

in the presence of magnesium methoxide and demonstrating the molec-
ular structures of type. The molybdenum (VI) derivative can be
obtained both on oxidation of the Mo(V) complex by oxygen and on the inter-
action of  with magnesium methoxide in a MeOH–THF mixture
with subsequent precipitation by hexane [908]. The formation of the dioxo-
complex in this latter case can be due also to ether elimination. The bimetallic
2-methoxyethoxides of (n = 0, 1; Sr, Ba)
composition turned out to be more stable. The structure of the barium com-
pound turned out to belong to the well-known type of triangular aggregates

X = O, OR [910] (see Section 4.3).
The interaction of molybdenum and bismuth ethoxides is also accompa-

nied by ether elimination and the crystallization of a crystalline cubic phase of
approximate composition The mixed solutions of bismuth and
tungsten ethoxides and those of molybdenum and bismuth 2-methoxyethox-
ides turned out to be more stable. The occurrence of the interaction between
the components was revealed by their tremendously increased solubility in the

presence of each other (see Fig. 8.1 h).

The formation of the bimetallic complex of molybdenum and aluminium

was revealed by mass-spectrometric study of viscous pastes,

The complex formation of tungsten alkoxides with the alkoxides of other
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obtained by addition of  to the liquid samples of aluminum isopro-
poxide [898]. The only structurally characterized complex of molybdenum

and a trivalent metal is formed according to the following

reaction [909]:

No formation of bimetallic complexes is observed on dissolu-

tion in the alcohol solutions of zirconium isopropoxide, due presumably to the

high stability of the structure of the latter. A very unusual complex of

composition precipitates slowly from solutions of

isopropoxides in hexane subjected in advance to evacuation to dryness and
redissolution repeated three times. The structure of the complex obtained is

very close to that of the zirconium methoxide hydrolysis product,

(Fig. 5.1 c) [901]. The formation of a complex very rich in oxoligands is pre-
sumably due to the trend of  to form oxocomplexes on desolva-

tion (see Section 12.12).

The bimetallic complexes are not formed on direct interaction of either mo-

lybdenum or tantalum alkoxides. The introduction of steichiometric amounts of

water into the solution of corresponding methoxides in methanol with subse-

quent evacuation and recrystallization from toluene leads to the formation with

high yield of the bimetallic polyoxocomplex

Oxidation of  with molecular oxygen leads to the forma-

tion of and, in the presence of Li 2-
methoxyethoxide, to

12.19. Uranium and transuranium elements alkoxides

The alkoxides of actinides are rarely studied except the derivatives of ura-

nium and thorium, as interest in the alkoxides of these 2 elements has in-

creased by the hope to use them in the isotope-separation processes. The study

of uranium alkoxides was initiated by groups led by Gilman and Bradley in the

1950s. The major part of this work is still carried out at the Nuclear Research
Center at Los Alamos in the United States by the group of Sattelberger et al.
[1671]. The detailed data on alkoxides of uranium is provided in a number of
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reviews, the most complete of which are [1574], Clark [386], and also VanderS-
luys and Sattelberger [1671].

12.19.1. Synthesis
Nearly all the methods described in Chapter 2 have been applied for the

preparation of uranium derivatives. The reaction of metallic uranium with al-
cohols in the presence of halogenes (method 1) doesn’t lead, as it turned out, to
homoleptic alkoxides, but is a facile route to alkoxide halides [79, 1669]:

The interaction of U and Pu with a mixture of alcohol and was used
in particular for the dissolution of the nuclear wastes, but the products of it
were not isolated [1701].

The anodic oxidation of metal (method 2) has been successfully applied
for the preparation of uranium (IV) ethoxide [1701]. Cyclooctatetraene (cot)
derivatives of uranium (“II”) were obtained by the alcoholysis of correspond-
ing borohydrides [64], and hexaalkoxides of uranium (VI) by that of dialkyla-
mides [856] (method 4). The exchange reaction of halids with the alkoxides of
alkali metals or silicon (method 5) was successfully applied for the preparation
of uranium (III–VI) derivatives, using

and as initial reagents (see Table 12.20).
Ethoxides of uranium (IV and V) and uranium (VI) methoxide were used as
initial reagents in the preparation of different homologues using alcohol inter-
change reaction (method 6) [204, 221, 527, 856]. The scheme illustrating the
preparation of uranium (V and VI) derivatives from uranium (IV) alkoxides
applying redox transformations (method 7) was given in Section 2.7.

12.19.2. Properties
Practically all the uranium alkoxides, excluding the polymeric derivatives

of uranium (IV) and those of dioxouranium (VI), are rather highly soluble in
both polar and nonpolar organic solvents (Table 12.20). Lowvalent (“II”–III)
derivatives are not volatile because of redox transformations that apparently
accompany the heating. The volatility of alkoxoderivatives increases from tetrav-
alent to hexavalent ones and in each homologous series with the increase in the
size and ramification of the radical.

On consideration of the properties of — viscous liquids and
amorphous solids — there arises a question about their individuality, especial-
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ly if we take into account the recent data on the studies of their Zr analogs (see
Section 12.12) and also the formation of a structural analog of
the corresponding Zr compound.

Polymeric oxoalkoxocompounds disproportionate on heating releasing
the more volatile alkoxide derivatives into the gas phase:

The disproportionation into forms with different oxo-content has been ob-
served for the derivatives of uranium (VI) even at room temperature. Thus on
reaction of with inTHF it was that was isolated
and not the dioxocomplex. The authors of [277] supposed that its formation
takes place due to decomposition of the initially formed accord-
ing to the following scheme:

An important feature of the alkoxide complexes containing uranium atoms
in different oxidation states is their relative stability to redox transformations,

which can be formally considered as the complexes of uranium
(“II”) should better be treated as the derivatives of uranium (IV), as the con-
figuration of the alkene ligand is corresponding rather to the anion. The
latter acts also as a which ensures the further stabilization of the
molecule [64]. Alkoxocomplexes of uranium (III) can be easily transformed
into the derivatives of uranium (IV) on action of different oxidants [79]:

The reaction with oxygen in contrast to that with nitrous oxide doesn’t
lead to the formation of oxoalkoxides, due probably to the intermediate forma-
tion of peroxocomplexes in this case. The reaction products are then alkoxides
of uranium (IV) and uranium (IV) oxide:



Chapter 12. The overview of metal alkoxide derivatives 459

The oxidation of uranium (IV) complexes has already been mentioned on
discussion of the synthesis of U (V) derivatives. They can even be transformed
directly into the U(VI) compounds on action of strong dielectron oxidants in
the basic media [432]:

The highest oxidation state (+6) appears not to be the most stable one for
the alkoxides. Uranium hexaethoxide is easily converted into pentaethoxide on
action of different reducing agents such as ethylmercaptane, diethylamine, and
so on. Its interaction with uranium tetraethoxide leads to coproportionation [856]:

The reduction of U(VI) into U(V) is observed also on photolysis of
[1154]:

Photolysis is carried out on IR laser irradiation and is isotope selective
reaction, as the molecules containing turn to be more sensitive to its ac-
tion and the samples become finally

It is of importance that uranium atoms remain electropositive even in rath-
er high oxidation states. The M–OR bonds remain polar, and the molecules
can act as the donors of alkoxide anions in the reactions with HC1 and organic
halids, such as, for example, acylbromide [147]:

The alkoxide is then transformed into alkoxide halide.
The stereochemistry of uranium alkoxides is very diverse, and it is possi-

ble to conclude that the geometry of the metal atom is independent on its
oxidation state and the coordination numbers are in general lower than those
observed for the inorganic compounds. In the series of monomeric U(IV) mol-
ecules — e.g.,
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and                                          [520] — the CN of the metal atom increases
from 4 (tetrahedron) to 5 (trigonal bipyramid) and 8 (dodecahedron). The dimeric

molecule (2 octahedra sharing a common edge) [1669]
is a structural analog of the known isopropoxides of Zr, Hf, Sn, and other
quadrivalent metals (Fig. 4.1 b). Among the quinquevalent derivatives it is
necessary to mention the monomeric (octahe-
dron) [527], dimeric [419]) pairs of octahedra shar-
ing common edges. Homoleptic hexavalent alkoxides are monomeric octahe-
dra (the structure of [432] has been investigated). The uranyl deriva-
tive is a pentagonal bipyramid with a trans-arrange-
ment of the oxoatoms [104]. The presence in the coordination sphere of U of a
number of bulky OR-groups decreases the CN to 6. The example is provided
by an octahedral anion                                    [104].

Among the alkoxides of transuranium elements there are known only de-
rivatives of neptunium and plutonium — mainly in the +4 oxidation state.

(insoluble in alcohols) were obtained by metethesis of with
LiOR [1390], and soluble by reaction of with
ammonia in alcohol [216] (method 5). It can be supposed that plutonium iso-
propoxide solvate is isostructural to the analogous derivatives of Zr, Hf, Sn,
Ce, Th, and so on. M(IV) and consists of dimeric molecules — pairs of edge-
sharing octahedra with two intramolecular hydrogen bonds each. In analogy
with those derivatives, the desolvation of should be accompa-
nied by solvolysis with formation of oxoalkoxides as products (and not

as it was supposed in [216], Section 12.12). Its alcohol interchange
with tBuOH yields volatile Oxidation of with bromium
in the presence of NaOEt provides unstable                      [1390].

phenoxide complex was obtained on alcoholysis of
the corresponding trimethylsilylamide (it is mentioned only in the review
[1671]).

12.20. Manganese alkoxides

The methoxide of manganese (II) was described by Kandelaki [874] and
first obtained and described in the individual state by the group of Martin in
the late 1960s along with a series of methoxide derivatives of the divalent 3d-
transition metals [6].
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A comprehensive study of Mn (II) derivatives was then published by Hor-
vaths in 1979, describing preparation, spectra, and magnetic properties of a
large variety of derivatives [770]. The isolation and X-ray characterization of
soluble derivatives of Mn(II) with branched alcohols was investigated by Pow-
er et al. [114]. The mixed-valence Mn(II)–Mn(III) and monomeric Mn(III)
species possessing interesting magnetic properties were studied by Christou et
al. since the late 1980s [1411]. The hydrolysis pathways for bimetallic com-
plexes of Mn(II) were investigated in 1990 by Westin et al.[1733].

12.20.1. Synthesis
The metathesis reaction of metal chloride with alkali alkoxides (method 5)

was historically the first approach applied, and it remains the main route to
both mono- and bimetallic derivatives of Mn(II). The most efficient approach
to Mn(II) derivatives is, however, provided by the alcoholysis of the corre-
sponding silylamide (method 4). The derivatives of Mn(III) and mixed-va-
lence Mn(II,III) were obtained by alcoholysis of Mn(III) acetate by polyatom-
ic phenols in the presence of accompanied by reduction in the
latter case (methods 4 and 4+7).

12.20.2.Properties
The alifatic derivatives of Mn(II) are colorless or pale-colored polymeric

solids as indicated by IR and magnetic data. They are insoluble in organic
solvents and decompose without melting on heating. The compounds derived
from very branched R and phenols are pale-colored crystalline
matters possessing good solubility in hydrocarbons. The most prominent fea-
ture of all Mn(II) alkoxide compounds lies in their facile oxidation by the
traces of molecular oxygen, making their isolation and treatment a very com-
plicated problem and demanding the application of carefully degassed sol-
vents. These difficulties led to a certain confusion in description, especially of
soluble heterometallic complexes. Thus, brown liquids reported by Mehrotra
[1110], appear in fact to be the decomposition products of the Mn(II) alkox-
ides. The structural chemistry of these derivatives has not been excessively
studied, but the existing data                                    [140]) indicate clearly its
likeness to that of small divalent metal atoms. The isolated derivatives of Mn(III)
and are dimeric or monomeric species with a tetragonal
pyramidal coordination of the central atom due to the Jahn-Teller distortion of
the electron configuration [1411] (Table 12.21). The alkoxoantimonates of
Mn(II) were investigated as precursos of Mn-doped varistor ma-
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terials[1733].

12.21. Technetium and rhenium alkoxides

This section is actually devoted to the description of rhenium alkoxides, as
the technetium ones are rarely studied. The latter are reviewed in a short ap-
pendix at the end. The chemistry of rhenium in lower oxidation states is much
alike that of ruthenium and therefore even for rhenium, the lower oxidation
state complexes with ligands are described in this chapter.

12.31.1. Synthesis
The main route to rhenium alkoxides is the interaction of halids and oxy-

halids with alkali alkoxides or alcohols in presence of amines (method 5). As
the important starting reagents can serve also and (method 3)
The preparation of rhenium (V) and (VI) oxoderivatives by the anodic oxida-
tion of metal in alcohols has also been described (method 2) (see Table 12.22).
The bimetallic alkoxides of rhenium and heavy transition metals can most
efficiently be obtained by interaction of rhenium (VII) oxide with the alkox-
ides of these elements in refluxing toluene:

12.21.2. Properties
Nearly all the alkoxide derivatives of rhenium demonstrate rather high sol-

ubility in different organic solvents such as hydrocarbons, chlorinated hydro-
carbons, alcohols, and ethers. The only exceptions are the oxomethoxides —
namely, — demonstarting quite low solubility in hydrocar-
bons due presumably to its polymeric structure and which
is almost insoluble. The other complex, possessing a very close molecular
structure, is rather sparingly but noticeably soluble in both polar
and nonpolar solvents. It should be noted that the rhenium (V) compound is
almost stable to hydrolysis. The latter property is usually characteristic of ho-
moleptic phenoxocomplexes like [471] and is quite
unusual for alifatic derivatives. The analogous complex of rhenium (VI) and
bimetallic complexes of rhenium and molybdenum with close molecular and
crystal structures are noticeably less stable and decompose completely in am-
bient atmosphere in several hours.

All the known rhenium alkoxocomplexes are thermally unstable. In the
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cases when the partial transition into the gas phase can nevertheless be ob-
served, it is accompanied by disproportionation in both oxidation states and
the composition of the oxoforms as it takes place in the case of
[906] — for example,

The chemistry of the alkoxoderivatives of rhenium is very diversified due
to the existence of the compounds corresponding to practically all the possible
oxidation states. The transitions between them occur usually quite easily, be-
ing characterized by comparably low values of redox potentials as it takes
place, for example, for rhenium (VI) cateholates [471]:

The observed values in this case indicate the highest stability of rhe-
nium (V) derivatives in this series. The comparison of the preparative data
published indicates that these are the +5 and +6 oxidation states that appear to
be most stable for the alkoxocomplexes of rhenium. The low-valent (+1 – +3)
complexes should either be stabilized by ligands (CO, NO,
unsaturated hydrocarbons) or contain multiple bonds [321, 586, 729,
762,]. The compounds of rhenium (VII) are very unstable and decompose at
room temperature in several minutes when isolated. They can be isolated and
kept for several days as the complexes with N-donor ligands such as Tmeda or
Py [533, 519, 1358]. The decomposition products of rhenium (VI) and (VII)
alkoxides are often described in literature as a “black tar.” The compound with
this kind of appearence turned to be the major product of the anodic oxidation
of rhenium in methanol (at high current density) and was shown by the X-ray
single crystal study to be

The other feature that enriches but also complicates the chemistry of rhe-
nium alkoxides is their ability to use different kinds of decomposition process-
es, not leading to the changes in the oxidation state. That is first and foremost
the ether elimination from the rhenium (V-VII) derivatives. It leads to the for-
mation of oxocomplexes, as, for example [168]:
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The other decomposition pathway discovered for the rhenium (III) isopro-
poxide is the elimination of an acetone molecule via transfer and
appears to be a reversible reaction [762]:

The hydride derivative thus formed is comparably stable and was structur-
ally characterized. The elimination of an acetone molecule in this case there-
fore does not lead to changes in the oxidation state.

12.21.3. Bimetallic alkoxides of rhenium
In addition to the bimetallic complexes of rhenium and alkaline metals

formed as byproducts in the exchange reactions of rhenium halids with alkali
alkoxides (such as, for example, there has
been recently prepared a number of bimetallic complexes of rhenium and mo-
lybdenum, rhenium and tungsten, and rhenium and niobium [904, 1451]. The
latter are formed either due to the formation of a metal-metal bond, arising due
to combination of a free electron pair on rhenium (V) and a vacant orbital of
molybdenum (VI) atom or via insertion of molybdenum or tungsten atoms
into the molecular structure characteristic of rhenium (V and VI) oxoalkox-
ides. The formation of the compounds with variable composition becomes
possible in the latter case.

12.21.4. Application
Rhenium alkoxocomplexes are of interest as homogeneous catalysts of

olefine metathesis [519]. They have also been used for the preparation of fine
powders of rhenium and rhenium alloys for catalytical and powder metallurgi-
cal use [1452].

12.22. Iron alkoxides

The preparation of iron (III) ethoxide was first reported in 1929 simultane-
ously by Meerwein [1101] and Thiessen [1577]. The aim of the first of these
studies was to obtain a new reagent for reduction of carbonyl compounds, and
the aim of the second was to obtain a precursor for the preparation of iron
hydroxydes and their colloid solutions. The derivatives of the series
were obtained then by Bradley et al. in 1958 [228], and their magnetic proper-
ties and UV-vis spectra were studied in detail in the 1960s by the group of
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Martin and Winter in Australia [7, 5]. The scarce structural studies of
have been carried out since 1985.

The very oxidation-sensitive iron (II) derivatives turned out to be much
less accessible. The studies of (along with the other polymeric
were started in 1966 by the same group from Australia [6, 7]. An important
step was connected with the application by Lehmkuhl [1005] of the electro-
chemical synthesis for the preparation of which permitted research-
ers to obtain the samples free from impurities arising from oxidation. The first
studies of oligomeric phenoxides with sterically crowded ligands were carried
out by Bartlert et al. [114] in 1991.

12.22.1. Synthesis
The preparation of was achieved nearly exclusively via metathe-

sis of chloride with NaOR or in alcohol-benzene media (method 5) and
also via alcohol interchange [228] or transesterification [1466] from ethoxide
or isopropoxide (method 6). The introduction of into the reaction with
NaOR as an ether solution or suspension in benzene (i.e., elimination of the
risk of alcoholysis before the contact with NaOR) permitted of the increase of
the yields of to nearly quantitative [1647, 1365, 1648]. It is interest-
ing to note that the anodic oxidation of iron in 2-methoxyethanol leads to the
formation of [1652, 1514] in contrast to that in alifatic alco-
hols, which gives the derivatives of iron (II) [1005]. In addition to the electro-
chemical techniques (method 2), the alcoholysis of [114, 1475]
or [941] (method 4) and even the metathesis of with lith-
ium methoxide (to obtain the polymeric iron (II) methoxide [6]) were applied
for the preparation of

12.22.2. Properties
The alkoxides of iron (III) are reddish-brown solids or viscous liquids. All

of them except for are soluble in alcohols and hydrocar-
bons. The molecular complexity in a benzene solution is equal to 3 for the
derivatives of primary, 2 for derivatives of secondary, and 1 to 1.5 for deriva-
tives of tertiary alcohols [228]. and are volatile, while

are not transmitted into the gas phase [1365] in contradiction to [228].
An X-ray single crystal study of the repeatedly reported “crystals of iron

ethoxide” has shown that this compound (as well as isomorphous to it “crys-
talline aluminium ethoxide”) is actually an oxocomplex-
(Fig. 6.4) [1365, 1785]. The fragmentation products of such big molecules
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were detected in the mass-spectra [954]. The “true” (an amorphous
polymer getting on storage a structure of the gibbsite type) was ob-
tained on the action of titanium or niobium alkoxides on solutions of iron
oxoethoxide [1365, 1366]. The following equilibrium

is apparently shifted to the right due to the formation of a precipitate (and
stability of titanium oxoethoxide complexes). The samples of ob-
tained on evacuation of solutions, do contain supposedly both of the forms (oxo-
and homoleptic), their ratio being dependent on the separation conditions — the
solvent, concentration, temperature, time of storage, and so on. Therefore, the
melting points and solubility in alcohol for different samples can vary in a
rather broad range (80 to 120°C, 3 to 15% (see also Chapter 6).

The same picture observed for the samples of is caused by the
presence of aggregates with different molecular complexity (h = 2, 3, and

The former 2 kinds are present in the overcooled brown melt; the large
reddish-brown crystals formed from diluted solutions in alcohol consist of
trimeric molecules (m. 117°C). The yellow powder obtained as residue after
extraction of the more soluble forms with alcohol is a polymer (m. 157°C). On
action of benzene its color darkens, the molecular complexity turns to be 3,
and the melting point varies in the 120 to 150°C interval [1647]. The scheme
of the occurring transformations is summarized in the Fig. 12.3.

The iron methoxide precipitates from the solutions in alcohol only as in-
soluble which easily loses solvating alcohol yielding

It can therefore be supposed that the
samples described in the literature [5-7, 867, 228], that were obtained by
long-term drying in vacuo, did contain oxoligands.

The magnetic moments for the majority of are significantly lower
than (only-spin value for the high-spin configuration), which is con-
nected with the existence of stable aggregates not only in the solid state but
also in solutions. The results of magnetic measurements [5-7], and UV-vis
and Mössbauer spectroscopic studies [1065] did not permit an unambiguous
conclusion about the structure of the aggregates and the coordination of the
metal atoms. The data of the later publications [1065] are in contradiction with
the earlier proposed [7] model of the trimer structure with tetrahedral-
ly coordinated iron atoms. The results of the X-ray structure determinations
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indicate that in the majority of cases the atoms of iron (III) demonstrate octa-
hedral coordination when surrounded not only by such ligands as OMe or OEt,
— as in the structures of [916],

(Fig.4.10 a), [1366, 1365],
but even in the case of more branched radicals like in

[1329]. The tetrahedral
coordination is described only for ~ [933] and

[167]. In the pentamers, decanuclear
molecules consisting of 2 cyclic 6 iron atoms have

trigonal bipyramidal coordination, 2 — tetrahedral and 2 — octahedral (Fig.
6.4) [1365, 1785].

The known are green polymeric substances. The diffuse reflect-
ance spectrum of indicates the octahedral coordination of iron at-
oms [6]. According to the X-ray powder data its structure is isomorphous to
those of other divalent metals, — i.e., resembles that of
type) [1656]. The solubility is characteristic only of the derivatives of rather
branched radicals — — or of the phenoxides solvated
by such bulky ligand as Dipy [941]. The octahedral coordination is observed
not only for the methoxide but quite unexpectedly for the derivatives 3,5-sus-
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tituted pyrocatechine containing 6 molecules of Py —
In the molecule of the coordi-

nation number of iron atoms is decreased to 5 (tetragonal pyramid) [1475].
The trigonal bipyramidal coordination is observed in the polymer structure of

The tetrahedral arrangement is observed only with
such sterically crowded ligands as or

The tetranuclear iron alkoxide halides (see Table 12.23) were supposed to
possess the cubane-like or type structures. The Mössbauer spec-
troscopy indicated the presence of 2 types of iron atom coordination in

and only one kind of octahedral arrangement in
and For the 2 latter products the layered structures

of the type were also proposed [867, 1065].
The data on the existence of solid bimetallic derivatives, M = Li,

Na, K, R = Me, Et, [1101, 817, 1432, 1031], and
[1432] were not confirmed in the studies of the solubility isotherms in the
corresponding tricomponent systems. The formation of complexes of 1:1 and
1:3 composition was observed only in solutions in EtOH. The stability of the
former (more stable ones) increases in the series K < Na < Li < Ba. The
formation of glasses is observed between these two compositions. In the sys-
tems having polymeric MeOH as component no complex formation
is observed [1365]. It can be supposed that the crystalline sodium and barium
alkoxoferrates described by Scholder [1432] are in fact oxoalkoxide complex-
es, such as, for example, The oligomeric

also forms bimetallic complexes (with 1:2 and 1:3 compositions)
only in solution with, for example, (the glass formation is observed
in the solid phase between these compositions). The data on existence of a
volatile liquid [1493] were not confirmed either: both in the
condensed and in the gas phases the samples were, with the aid of IR and
mass-spectroscopy, shown to contain only the 2 homometallic alkoxides [1365].
The question of the existence of bi-, tri- and tetrametallic alkoxides of iron (III)
and 3d-transition metals is discussed in the Sections 12.12, 12.16, and so on.

In general, it can be concluded that the stability of alkoxoferrates (III) is
much lower compared with the analogous complexes of other transition metals
or aluminium. The structurally characterized compounds are limited to the
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derivatives of sterically crowded radicals such as
and

Among the heteroleptic derivatives of special interest is the decanuclear
cyclic molecule of — the “iron ring” with the
effective diameter of ~12 Å. All the 10 iron atoms are situated in the same
plane and connected with each other by pairs of -bridges [1554]. Hy-
drolysis of and application in sol-gel method discussed in Chapters 9
and 10.

The traditional area of application of lies in polymer chemistry,
where they are used as components of catalytical compositions for, for exam-
ple, Ziegler reactions [837], stereospecific polymerization of epoxides [93],
and, in combination with for olefine polymerization [836, 1268]. The
bimetallic oxocomplex [1244] was in addition to high cata-
lytic activity in polymerization ring-opening reactions, found also to be a car-
rier of molecular oxygen (absorbing it at 20 and releasing at 150°C).

They are also used for vulcanization of organosilicon cauchucs, solidify-
ing agents for epoxy resins, additives to pigments, and so on. [715].

12.23. Cobalt and nickel alkoxides

The first attempts to prepare cobalt and nickel ethoxides were reported in
1936 by Meerwein [1102] and Kandelaki [875]. Application of NaOR in the
exchange reactions could not, however lead to the obtaining of the pure prod-
ucts of purpose as they were insoluble in the parent alcohol. Application of
LiOR for this purpose permitted Adams et al. in 1966 to obtain the individual

— derivatives of 3d-transition elements in the series from Cr to Cu
[6]. In the 1980s Mehrotra et al. have described the homologous series of

— from methoxide to t-hexyloxide [99], and also where R
= Me, Et, [1108]. On the alkoxylation of by esters, phenol,
or fluorinated ketones, Hayashi et al. [720] have obtained a series of tetrahe-
dral complexes.

12.23.1. Synthesis
The major route to insoluble is provided by the metathesis reac-

tion of with LiOR (method 5). To increase the solubility of in s-
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and t-ROH the addition of pyridine was proposed. The named reactions are
complicated by the formation of stable mono- and bimetallic alkoxide chlo-
rides. The latter can be destroyed only by the dilution of the reaction solutions
and prolonged reflux of the products with them. The same problem compli-
cates the preparation of these alkoxides by the anodic oxidation of metals in
alcohols (method 2) as alkali halides are applied as electrolytes. The latter
method was applied for the preparation of the first representatives of both se-
ries and also [1005, 1367, 1652]. The alcohol interchange
reactions starting from led to hexylate and octylate and also deriva-
tives of unsaturated alcohols (method 6). The preparation of the derivatives of
sterically hindered radicals is usually achieved by alcoholysis of silylamides
[167, 1484, 1235]; the acetates are used as initial reagents in the preparation of
phenoxides [1095] (method 4).

12.23.2. Properties
All the known derivatives of both metals are insoluble microc-

rystalline or amorphous powders. The compounds of Co have a reddish violet
color. In the series the color changes from green for the methoxide to
light-violet for ethoxide and dark violet for the isopropoxide [1367, 1005].

are violet, and are light blue powders turning rapidly green
if left in the open air [99]. The samples of methoxides are single phase and
have a polymeric structure of brucite type containing octahedrally coordinated
Ni-atoms. The samples of both ethoxide and n-propoxide contain metal atoms
(according to the diffuse reflactance spectra) in 2 different coordinations —
octahedral and tetrahedral (the latter, supposedly, is characteristic of the amor-
phous part of the samples) — and in case of only in the tetrahedral
coordination. At the same time, all the homologs obtained by metathesis with

and, apparently, containing the admixture of solid hydrolysis products
are green colored [99]. Their spectra contain only the bands corresponding to
octahedral coordination of nickel (the values of the magnetic moments do not
permit the coordinations to be identified unambigously). The derivatives pre-
pared by this route and also by alcohol interchange are, therefore, taken in
Table 12.24 in citation signs.

A special role in the chemistry of nickel and cobalt alkoxide derivatives is
played by the poorly soluble methoxide halids studied in detail by the group of
Winter [964, 865]. According to the diffuse reflectance spectra, the coordina-
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tion of the metal atoms in CoCl(OMe) and appears to be
octahedral and in CoHal(OMe), where Hal = Br, I, — tetrahedral. The change
in coordination on desolvation of the methoxide bromide is testified by the
color change from pink to bright blue. It was supposed that the structures of
the Ni-complexes contain cubane-like aggregates (with octahe-
drally coordinated Ni atoms), which are connected into a tridimensional net by
the extra bridging ligands. In the case of NiCl(OMe) the bridging should occur
via Cl-atoms. The magnetic interaction via them is minor, and the compound
is ferromagnetic. The magnetic isolation of cubanes decreases in the OR, Br, I
series, and the antiferromagnetic interaction increases. The energy splitting of
the orbitals (10 Dq) increases on the replacement for Cl with OMe (from 7900
to for

The formation of bimetallic complexes is rarely studied for the derivatives
of these 2 metals. The structurally characterized derivatives are limited to 2
derivatives of rather branched radicals— [1235],

[26, 427] and a series of ethoxoantimonate complexes:
and

[140, 1733].
Rather high stability is observed for the nickel and cobalt derivatives con-

taining the cubane-like core and heteroligands such as acac,
OAr, and so on [1771, 1097, 698, 642, 276].

12.23.3. Application
The hydrolisis of mixed solutions of Ni and Ti 2-ethoxyethoxide in ROH

with subsequent thermal treatment of the dried product at 500 to 700°C was
reported as a route to [1425].

Cobalt glycerate prepared by the reaction of acetate with glycerine at
160°C (in contrast to the samples obtained from water solutions at 20°C) and
possessing a layered structure and hydrophobic properties was proposed as a
lubricant in alternative to graphite and talcum [700]. The alkoxides of both
metals are used as coloring additives to titanium pigments. The insoluble

were proposed as additives to the vanadium-containing fuels. They
react with forming nickel vanadate and thus hinder the corrosion [715].
A patent on cobaltocene preparation via reaction of with CpH was
registered [1226].
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12.24. Alkoxide derivatives of platinum metals

The most important feature of the chemistry of platinum group elements in
general lies in their high electronegativity associated with a big number of elec-
trons in the outer shell that leads to a relative reluctance to form derivatives in
the higher oxidation states and a need in ligands for the formation
of stable complexes. As the alkoxogroups are known to be strong it
appears to be practically impossible to prepare corresponding homoleptic de-
rivatives for these elements. The complexes described in the literature do usu-
ally contain the carbonyl, phosphine, or unsaturated hydrocarbon ligands nec-
essary for their stabilization. The only exception is the chemistry of osmium
(VI), where the high oxidation state is responsible for the central atoms affinity
to such as oxide and alkoxide ligands. A good description of the
chemistry of the alkoxide derivatives of platinum metals can be found in the
review [1115].

12.24.1. Synthesis
The most usual synthetic routes to the derivatives of platinum group met-

als are the exchange reactions of the complexes containing halide ligands with
alkali metal alkoxides (method 5), alcoholysis of the same kind derivatives
(usually by phenols, method 4), alcoholysis of hydroxide complexes (method
3), and redox reactions — reduction of chlorides or in alcohol media
(method 7) (Table 12.25).

12.24.2. Properties
The molecular derivatives of platinum group metals are usually rather well

soluble in organic solvents and volatile in vacuum. At normal pressure they
demonstrate very low thermal stability and easily decompose producing fine
metal powders. This decomposition occurs more easily for the derivatives of
branched radicals as it is based on a elimination process. An im-
portant feature of the chemical behavior of these alkoxide complexes is their
rather high stability to hydrolysis. Some derivatives can even form outer sphere
hydrates when reacted with water in organic solvents. This stability to hydrol-
ysis can at least partially be due to the kinetic inertness of the complexes of
this group.

12.24.3. Application
As many other derivatives of the platinum metals the alkoxide ones find
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their application first and foremost as catalysts in different processes. Thus
indium complexes were report-
ed to catalyze transformation of aldehydes into esters in Tishchenko reaction,
carbonylation of alcohols [245], and so on. Rhodium complexes were used in
hydrogen or even methyl group transfer, such as [895]

Ruthenium derivatives were found to be catalytically active in dehydro-
genation of cyclic alkenes [333].
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