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Introduction

The principal application of rhenium is the produc�
tion of structural alloys with various refractory metals (in
particular, with molybdenum, tungsten, niobium, and tan�
talum), which possess unique mechanical characteristics
and stability against high temperatures and corrosive
media. They have been recognized as the materials of
choice for the manufacture of jet�propulsion engines, gas
turbines, and critical parts in the precision mechanical
engineering, nuclear engineering, aircraft industry, and
high�vacuum, electric, and electronic technology. Ca�
talysis is one more important application of rhenium and
its compounds.1—3

Traditional methods for the production of rhenium
alloys with other refractory metals (powder metallurgy
and electron�beam, induction, and electric�arc melting)
suffer from considerable drawbacks. The most critical are

high process temperatures (>2000 °C) and specific energy
expenditures, impossibility of controlling the sample
microstructure, and the difficulty of homogeneous intro�
duction of doping components.4 The substantial differ�
ence between the saturated vapor pressure above rhenium
oxides and other refractory metal oxides and incongru�
ent sublimation of lower rhenium oxides hamper the pro�
duction of specimens with a required set of properties
(microstructure, high degree of phase and chemical ho�
mogeneity) in the production of oxide materials by the
traditional solid�phase synthesis. This determines the topi�
cality of the research aimed at development of new syn�
thetic routes to rhenium�containing metallic and oxide
materials. One approach to the manufacture of materials
with a specified set of properties is the alkoxide method,
which involves hydrolytic or thermal decomposition of
metal alkoxide derivatives and related oxoalkoxide de�
rivatives.
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The development of the preparation methods for rhe�
nium�containing materials (alloys with refractory metals,
rhenium�based addition alloys, simple and complex ox�
ides, etc.) implies the solution of the following problems:
(1) search for and development of methods for the syn�
thesis of new rhenium alkoxide and oxoalkoxide deriva�
tives, including heterometallic ones; (2) study of their
physicochemical properties including the structure in the
solid state and thermal decomposition processes; (3) de�
termination of the chemical and phase compositions of the
products of thermal decomposition of rhenium alkoxide
and oxoalkoxide derivatives under various conditions and
the search for rational applications of the materials pro�
duced in this way.

This paper summarizes the results of studies consider�
ing the above�outlined problems.

Foundations of alkoxide method

The sol—gel method is based on the solubility of metal
alkoxides in organic solvents and their ability to undergo
hydrolysis; the thermolysis method is underlain by their
low thermal stability (most compounds of this type de�
compose at 100—300 °C) (Scheme 1). The sublimation
and evaporation of alkoxide derivatives have been used to
produce materials by the chemical vapor deposition
(CVD) technique.

Scheme 1

Depending on the nature of the metals and the com�
position of the gas medium (reducing, oxidative, inert),
thermolysis may give metals or oxides of the metal in
various oxidation states. Decomposition of appropriate
compounds containing several metals may furnish mate�
rials with a complex composition and a high degree of
homogeneity.

Metal alkoxides have been tested in the industrial prac�
tice for the production of ferroelectrics and related mate�
rials, dielectrics, solid electrolytes, heat�resistant materi�
als, high�temperature superconductors, protective coat�
ings, films with specific optical and electrophysical prop�
erties, and catalysts.5—10 As applied to materials based on
rhenium, this line of research started to develop only in
the 1990s.

Synthesis of rhenium alkoxides

The first data on the synthesis of an individual rhe�
nium alkoxide dates back to 1937.11 Most of individual
alkoxides of this metal have been synthesized and de�
scribed much later.12—31 Despite the significance of the
rhenium�based materials for the modern engineering and
industry and good prospects of rhenium alkoxides for the
production of materials with a complex composition, it
was not until the mid�1990 that data on its heterometallic
derivatives were reported. These compounds have not been
studied systematically as yet.

Let us consider the known methods for the prepara�
tion of rhenium alkoxides.

Ligand substitution is a general method for the prepa�
ration of alkoxides of various metals, which is also appli�
cable to rhenium derivatives. According to this method,
the initial metal compounds (amide, halide, and oxohalide
complexes, or compounds with more complex compo�
sition) react with alkoxylating reagents. The following
individual rhenium alkoxides have been synthesized
using these reagents:11—17,20 Re(OEt)3, Re3(OPri)9,
Re3(OCH2But)9, Re2(OMe)10, Re(OMe)6,
Re2O3(OMe)6, ReO(OBut)4, ReO3(OMe), and
ReO3(OBut).

Since metal alkoxides are highly sensitive to moisture,
the syntheses are conducted without ingress of water va�
por and the reactants and solvents are dehydrated prior
to use.

The ethoxide Re(OEt)3 is synthesized11 by the reac�
tion of a solution of ReCl3 in ether with an ethanol solu�
tion of NaOEt.

ReCl3 + 3 NaOEt    Re(OEt)3 + 3 NaCl

The compounds Re3(OPri)9 and Re3(OCH2But)9 are
prepared12—14 by the reaction of Re3(µ�Cl)3Cl6(THF)3
with NaOR in THF (yield 31—74%).

Re3(µ�Cl)3Cl6(THF)3 + 9 NaOR  
  Re3(OR)9 + 9 NaCl + 3 THF

The alkoxide Re2(OMe)10 15 is synthesized by the re�
action of ReF6 with Si(OMe)4 in MeCN, which gives
fluoroalkoxides ReF6–x(OMe)x, followed by the reaction
of the fluoroalkoxides with Mg(OMe)2•2MeOH in THF
(yield 60%).

The compound Re(OMe)6 16 is prepared in 80% yield
by the reaction of ReF6 with excess Si(OMe)4.

ReF6 + 6 Si(OMe)4
    Re(OMe)6 + 6 SiF(OMe)3

The reaction of ReOCl4 with MeOH in diethyl ether in
the presence of Et3N affords Re2O3(OMe)6 17 (yield 74%).

2 ReOCl4 + 8 MeOH + 8 Et3N  
  Re2O3(OMe)6 + 8 [HNEt3]Cl + Me2O
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In another method, Re2O3(OMe)6 was isolated in 46%
yield18,19 from the electrolyte formed upon the anodic
dissolution of rhenium metal in MeOH.

The compound ReO(OBut)4 17 is formed in 84% yield
upon the reaction of ReOCl4 (a solution in diethyl ether)
with LiOBut (a solution in petroleum ether).

ReOCl4 + 4 LiOBut    ReO(OBut)4 + 4 LiCl

The compounds ReO3(OMe) and ReO3(OBut)20 are
prepared by the reaction of ReO3Cl or ReO3(OSiMe3)
(a solution in hexane) with Me3Si(OR). The yield is
74—87%.

ReO3Cl + Me3Si(OR)    ReO3(OR) + Me3SiCl

ReO3(OSiMe3) + Me3Si(OR)  
  ReO3(OR) + (Me3Si)2O

The synthesis of ReO3(OBut)21 was accomplished by
the reaction of Re2O7 with ButOH or (But)2O (yield 90%).

The compounds Re4O6–y(OMe)12+y can be pre�
pared in several ways. For example, the complex
Re4O6(OMe)12 18,19 crystallizes upon the reaction of
Re2O7 with MeOH and on storage of solutions of
Re2O3(OMe)6 (yield >90%). Crystallization from the elec�
trolyte formed upon anodic dissolution of rhenium metal
in MeOH affords the Re4O6–y(OMe)12+y crystals with
variable composition (0 < y < 4), depending on the con�
ditions, in a yield of >70% based on Re.18,19,22—25

The complex Re4O6(OPri)10 23,24,26 crystallizes from
the electrolyte produced upon anodic dissolution of rhe�
nium metal in PriOH (yield 33% based on Re).

The alkoxide ReMoO2(OMe)7 23,27 was isolated from
the electrolyte with Re : Mo = 1 : 1, obtained by anodic
dissolution of rhenium metal in MeOH in the presence of
[MoO(OMe)4]2 (yield 62% based on Mo).

Crystallization from the electrolyte formed upon an�
odic dissolution of rhenium metal in MeOH in the pres�
ence of [MoO(OMe)4]2 gave Re4–xMoxO6–y(OMe)12+y
samples18,19,23—25,28 (0.10 ≤ x ≤ 2.82, ymax = 0.14) in
22—70% yield based on Re. Crystals with y = 0 are formed
in 60—92% yield based on Re18,19 on refluxing Re2O7
with a solution of [MoO(OMe)4]2 in toluene.

The complexes Re4–xWxO6–y(OMe)12+y 18,19,23 crys�
tallize from a solution obtained by anodic dissolution of
rhenium metal in MeOH in the presence of [WO(OMe)4]2;
they are also formed when Re2O7 is refluxed with a tolu�
ene solution of [WO(OMe)4]2. The latter method pro�
vides more compositionally homogeneous specimens. The
specimens with х < 1 and with x ≈ 2 have been prepared in
a yield of up to 96% based on Re.

The compounds Nb4–xTaxO2(OMe)14(ReO4)2 and
Nb2–x´Tax´(OMe)8(ReO4)2 23,24,29—31 were formed in
30—93% yield based on Re by the reaction of Re2O7 with
a solution of Nb2(OMe)10 and/or Ta2(OMe)10 in toluene
(0 ≤ x ≤ 4; 0 ≤ x´ ≤ 2).

Ligand substitution processes are often complicated
by the formation of relatively stable intermediate com�
pounds, in particular, complexes containing different
ligands. For example, ReF6 reacts with Si(OMe)4 to
give a mixture of compounds ReF6–x(OMe)x, which
can be converted into Re2(OMe)10 on treatment with
Mg(OMe)2•2MeOH.15

The substantial drawbacks of these methods include
the large number of steps, laboriousness, and the need to
use complicated equipment. Most of these do not comply
with the condition of versatility or process flexibility.
Moreover, the preparation of the starting compounds of�
ten represents a separate problem. Therefore, many of the
above�mentioned methods are applicable only under labo�
ratory conditions.

These drawbacks determine the topicality of the de�
velopment of new synthetic routes not only to individual
rhenium alkoxides but also to compounds containing more
than one metal. We participated in the development of
two approaches to the preparation of alkoxides, namely,
reactions using rhenium(VII) oxide and the electrochemi�
cal method.

The first method involves the reactions of Re2O7
with alcohols, ethers, or metal alkoxides. The reaction of
Re2O7 with alcohols or ethers was first used to prepare the
individual alkoxide ReO3(OBut).21 A number of stud�
ies18,19,23,24,29—31 in which we participated have demon�
strated that the reaction of Re2O7 with metal alkoxides
(Mo, W, Nb, Ta) is an efficient way for the synthesis of
heterometallic alkoxides. Thus, trimetallic rhenium�con�
taining compounds were obtained for the first time.

An essential feature of the reactions of Re2O7
with alkoxides or alcohols is the formation of unstable
rhenium(VII) alkoxides. Rhenium in the higher oxidation
state exhibits oxidizing properties with respect to the
alkoxy group, being thus reduced to a lower oxidation
state (predominantly, +6). The methods based on this
reaction can be subdivided into two groups: (1) processes
in which the reduction of rhenium(VII) affords the target
products, the alkoxides of rhenium in lower oxidation
states; (2) processes in which rhenium reduction is unde�
sirable.

The syntheses of Re4O6(OMe)12,
Re4–xMoxO6–y(OMe)12+y, and Re4–xWxO6–y(OMe)12+y
can be cited as examples of the former type of processes.
An individual rhenium complex was isolated from the
solution obtained upon the reaction of Re2O7 with MeOH.
The reaction of Re2O7 with a solution of [MoO(OMe)4]2
or [WO(OMe)4]2 in toluene affords the corresponding
bimetallic complexes with variable composition.18,19

In the synthesis of Nb4–xTaxO2(OMe)14(ReO4)2 and
Nb2–xTax(OMe)8(ReO4)2, rhenium reduction is a side re�
action. When Re2O7 reacts with Nb2(OMe)10 and/or
Ta2(OMe)10, the corresponding bi� and trimetallic de�
rivatives are formed through the addition of rhenium as
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perrhenate (i.e., without a change in the oxidation state)
to the niobium/tantalum alkoxides. However, decompo�
sition of the intermediate rhenium(VII) methoxide arising
at an early step according to the putative mechanism
shown in Scheme 2 results in the subsequent reduction of
rhenium.

Scheme 2

M = Nb, Ta

The rate of rhenium reduction can be decreased and
the yield of target products can be increased by using
special thermal conditions of the process according to
which the initial step of the reaction is carried out at a
relatively low temperature.24,29—31

One more approach to the synthesis of rhenium
alkoxides is based on electrochemistry (Table 1). This

method consists of anodic dissolution of metals in re�
quired alcohols. A large number of alkoxides of various
metals have been prepared by electrochemical synthesis
(Sc, Ga, Y, La, Ln, Si, Ti, Ge, Zr, Hf, Nb, Ta, Mo, W,
Fe, Co, Ni, etc.).1,32,33 This method is not free from
drawbacks, the most important being the use of rather
high voltage (≤250 V) due to the low conductivity of the
alcohol medium and low current yields (<50%) observed
in some cases due to side processes. However, this tech�
nique is most convenient from the standpoint of indus�
trial implementation.

The first data on the application of this
method to rhenium derivatives were published
only recently.22,27 This method was used to prepare
the following compounds: Re4O6(OMe)12,
Re4O2(OMe)16, Re4O6–y(OMe)12+y, Re4O6(OPri)10,
ReMoO2(OMe)7, Re4–xMoxO6–y(OMe)12+y, and
Re4–xWxO6–y(OMe)12+y.18,19,22,24—28 In the synthesis of
rhenium alkoxides, lithium chloride is used as a conduc�
tive additive. The process is carried out in water�cooled
cell equipped with a reflux condenser at an electrolyte
temperature of 15—50 °C. Crystallization from the elec�
trolyte obtained by anodic dissolution of rhenium in
alcohols affords individual Re compounds. Bimetallic de�
rivatives were prepared by the successive anodic dissolu�
tion of two metals or by dissolution of rhenium in an
alcohol solution containing the second metal alkoxide.

Table 1. Synthesis of rhenium alkoxides by electrochemical method

Product Anode Cath� Electrolyte U/V I/A ja t/h Yield Refs
ode composition /А cm–2 (%)

Re4O2(OMe)16 Re Pt MeOH, 31.4—110 0.16—0.12 0.1—0.2 36—38 91—96 22, 24,
LiCl (based on Re) 25

Re4O6–y(OMe)12+y Re Stain� MeOH, 110 ~1 0.56 8—36 70—90 18
(у = 0.55) less LiCl (based on Re)

steel
Re4O6(OPri)10 Re The PriOH, 250 0.025 0.025 20.5 33 (based 26

same LiCl on Re),
48 (current)

ReMoO2(OMe)7 Re Pt MeOH, LiCl, 110 — >0.8 10 62 27
[MoO(OMe)4]2 (based on Mo)

Re4–xMoxO6–y(OMe)12+y Re Pt MeOH, LiCl, 29.5—60 0.18 0.07—0.10 8—16 22—70 19,
(x ≤ 1) [MoO(OMe)4]2 (based on Re) 28
Re4–xWxO6–y(OMe)12+y Re Pt MeOH, LiCl, 30—60 — 0.07—0.10 — 70 19
(x < 1) [WO(OMe)4]2 (based on Re)
Re4O6(OMe)12 Re Pt MeOH, 25 0.055 0.01—0.02 8 93 (based 24,

LiCl on Re), 25
79 (current)

Re4–xMoxO6–y(OMe)12 Mo, Pt MeOH, 22—28 0.01—0.045 0.01—0.04 28—116 74—90 24,
(х = 0.10, 2.82) Re LiCl (based on 25

the metal),
60—63

(current)

Note. U is voltage, I is current, ja is current density, t is electrolysis duration. For the first six compounds, the process was conducted in
an undivided cell and for the other two compounds, in a divided cell.
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The cathodic reduction of rhenium compounds taking
place simultaneously with the anodic dissolution of the
metal is an important process influencing the composi�
tion and properties of the products formed in the electro�
synthesis. The role of this process is dictated by the fact
that the anodic dissolution of rhenium first gives ReVI

derivatives, which are reduced at the cathode to ReV de�
rivatives, and the ratio of these forms in the electrolyte
determines the composition of the crystallization prod�
uct. When electrolysis was carried out in methanol,
by varying the process conditions, it was possible to
obtain structurally related complexes Re4O6(OMe)12,
Re4O2(OMe)16, and Re4O6–y(OMe)12+y.18,22,24,25 The
formation of the rhenium(V) compound, Re4O2(OMe)16,
is facilitated by conducting the process in an undivided
cell and by an increase in the cathodic current density.
The variation of the electrochemical parameters of the
process carried out in an undivided cell also allowed the
researchers to obtain crystals with variable composition,
namely, ReV and ReVI derivative, Re4O6–y(OMe)12+y. The
electrolysis in a divided cell (i.e., under conditions sup�
pressing the cathodic reduction of rhenium derivatives)
gave the rhenium(VI) complex Re4O6(OMe)12.

An important factor affecting the properties of
mono� and heterometallic alkoxides is their association
and condensation through the formation of bridging alkoxy
or oxo ligands, respectively.

In particular, this is the mechanism of the formation
of tetranuclear derivatives in the reactions involving Re2O7
and in electrochemical processes. The major reaction in
this case is association of binuclear complexes existing in
the solution; for rhenium(VI) derivatives, this should be
represented as follows:

2 Re2O3(OMe)6
    Re4O6(OMe)12.

The association and condensation involving
rhenium(V) derivatives results in tetranuclear species
Re4O6–y(OMe)12+y containing rhenium simultaneously in
different oxidation states (+6 and +5). This type of pro�
cess ensures the formation of compounds with isomor�
phous replacement of atoms having similar properties.
When binuclear complexes of rhenium and other metals
(for example, [MoO(OMe)4]2, ReMoO2(OMe)7, and
[WO(OMe)4]2) are simultaneously present in a solution
in different ratios, compounds Re4–xMoxO6–y(OMe)12+y
and Re4–xWxO6–y(OMe)12+y containing both metals
are formed. The central fragment of the complexes
Nb4–xTaxO2(OMe)14(ReO4)2 composed of four nio�
bium/tantalum atoms is formed upon condensation of
the starting binuclear niobium/tantalum derivatives due
to the formation of oxo bridges.

An important aspect of practical application is that the
methods developed for the synthesis of bi� and trimetallic
alkoxides allow one to obtain specimens with a pre�speci�

fied ratio of two metals. This opens up the way for delib�
erate action on the composition and properties of ma�
terials.

Structure of rhenium alkoxides

The structure of rhenium alkoxides is shown in Fig. 1.
The structure of rhenium(III) derivatives Re3(OPri)9

and Re3(OCH2But)9 is based on triangular Re3 fragments
with rhenium—rhenium bonds:12—14 the Re atoms are
located at the vertices of a regular triangle and are alter�
nately bound by three alkoxo bridges (three Re=Re
bonds).

The structure of binuclear rhenium compounds
Re2(OMe)10, Re2O3(OMe)6, and ReMoO2(OMe)7 is
based on two metal�and�oxygen octahedra linked by shar�
ing edges or faces. For Re2(OMe)10,15 these are two ReO6
octahedra with a common edge and the Re=Re bond,
while in the case of Re2O3(OMe)6,17 the same two octa�
hedra share a face (Re—Re bond). In the latter case, the
structure contains two terminal and one bridging oxo
ligand.

The structure of ReMoO2(OMe)7 23,27 is composed of
two distorted MO6 octahedra (M = Re or Mo) with a
common face and terminal oxo ligands (M—M bond).
The distribution of the atoms of two metals among the
crystal positions is random and partially ordered, the popu�
lations being 0.71(1) Re + 0.29(1) Mo and 0.29(1) Re +
0.73(1) Mo.

The structure of tetranuclear rhenium methoxy de�
rivatives Re4O6–y(OMe)12+y and related bimetallic com�
plexes is based on planar Re4 fragment. The structure of
Re4O6–y(OMe)12+y 18,19,22 is characterized by the ReO6
ocrahedra sharing edges and faces; the rhenium atoms
occupy the vertices of a nearly regular quadrangle and are
bound alternately by oxo bridges and double alkoxy
bridges. No metal—metal bonds are present. When y = 0,
one terminal oxo ligand per rhenium atom is present,
while for y = 4, the structure does not contain terminal
oxo ligands. For 0 < y < 4, these occur in the statistic
disorder with alternative methoxy groups (i.e., the crystals
are built by joint packing of molecules containing differ�
ent numbers of oxo and alkoxy groups).

The structure of Re4–xMoxO6–y(OMe)12+y 18,19 is simi�
lar to that of Re4O6–y(OMe)12+y. Some rhenium atoms
are replaced by molybdenum atoms in the isomorphous
manner. The distribution of the metal atoms of two sorts
among the positions is random and partially ordered (from
0.83(2) Re + 0.17(1) Mo to 0.98(2) Re + 0.02(2) Mo for
the crystal with x = 0.4). The structure of the deriva�
tive Re4–xWxO6–y(OMe)12+y 18,19 is similar to that of
Re4–xMoxO6–y(OMe)12+y.

In the case of the isopropoxide Re4O6(OPri)10, the
metal—oxygen core of the structure is constructed
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Fig. 1. Structure of rhenium alkoxides: Re3(OR)9 (R = Pri, CH2But) (a); Re2(OMe)10 (b); Re2O3(OMe)6 (c); ReMoO2(OMe)7 (d);
Re4O6(OMe)12 (M = Re), Re4–xMoxO6(OMe)12 (M = Re, Mo), Re4–xWxO6(OMe)12 (M = Re, W) (e); Re4O6(OPri)10 ( f );
Nb2(OMe)8(ReO4)2 (M = Nb), Ta2(OMe)8(ReO4)2 (M = Ta), Nb2–x´Tax´(OMe)8(ReO4)2 (M = Nb, Ta) (g); Nb4O2(OMe)14(ReO4)2
(M = Nb), Ta4O2(OMe)14(ReO4)2 (M = Ta), Nb4–xTaxO2(OMe)14(ReO4)2 (M = Nb, Ta) (h).
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according to the Ti4(OMe)16 pattern: the planar Re4 frag�
ment is an almost regular rhombus, and the oxo ligands
function as bidentate or tridentate bridges. The structure
of Re4O6(OPri)10 23,24,26 contains four ReO6 octahedra
connected by common edges and five Re—Re bonds with
a higher order. The metal atoms are located in one plane
and are connected by two µ3� and four µ2�oxo bridges.

Bi� and trimetallic derivatives of rhenium, niobium,
and tantalum exist as two structures containing perrhenate
groups. One is based on M2(OMe)10 (M = Nb or Ta) and
the other, on fragments consisting of four metal atoms. In
the complex Nb4–xTaxO2(OMe)14(ReO4)2,23,24,29—31 four
niobium (or tantalum) atoms form a fragment resembling
the structure of Re4O6–y(OMe)12+y. This can be con�
ceived as resulting from condensation of two Nb2(OMe)10
or Ta2(OMe)10 molecules through the formation of two
oxo bridges and replacement of two alkoxy groups by
perrhenate groups in the trans�position to the oxo bridges.
Trimetallic complexes are formed due to isomorphous
replacement of niobium atoms by tantalum. The distribu�
tion of the metal atoms of two sorts among the positions is
statistic, partially ordered (for the crystal with x = 2, the
populations of the position connected to the ReO4 group
are (0.70±0.05) Nb + (0.30±0.05) Ta; for the other posi�
tion, (0.29±0.05) Nb + (0.71±0.05) Ta). The complex
Nb2–x´Tax´(OMe)8(ReO4)2 23,24,29—31 has two Nb(Ta)O6
octahedra that share an edge. This compound can be
represented as the product of replacement of two axial
alkoxy groups in the Nb2(OMe)10 or Ta2(OMe)10 mol�
ecules by perrhenate groups. Trimetallic complexes are
formed upon isomorphpous replacement of niobium by
tantalum. The metal atoms of two sorts are statistically
distributed among the positions.

The structure of rhenium oxoalkoxides is determined
by the following features, which are common to transition
metal alkoxides.

(1) Typical feature of the alkoxy and oxo ligands is the
ability to form bonds with two or more metal atoms. This
fact, together with the tendency of the central atom for
increasing the coordination number and for completing
the environment to an octahedron results in most of the
compounds under consideration being associated or con�
densed to contain more than one metal atom in the
structure.

(2) As the size of the hydrocarbon radical increases,
the above trend is counteracted by the opposite trend for
decreasing the coordination number and the degree of
association (entropy factor). This feature is illustrated by
the difference between the structures of related compounds
ReO3(OMe) and ReO3(OBut): a polymeric structure with
bridging methoxy ligands has been proposed for the
former,20 while the latter is monomeric.20,21

(3) Most of compounds under consideration contain
oxo ligands apart from the alkoxide groups in the metal
coordination sphere. These ligands are formed, in par�

ticular, upon hydrolysis induced by traces of water, elimi�
nation of the ether, and oxygen oxidation of alkoxides of
metal in a lower oxidation state (e.g., those formed upon
cathodic reduction of the products resulting from the an�
odic dissolution of the metal during the electrochemical
synthesis).

(4) Association or condensation of metal complexes
in lower oxidation states may give metal—metal bonds
(Table 2). The structural criterion for the formation of
these bonds is that the metal—metal distance is compa�
rable with or shorter than that in the structure of the
corresponding metals,34 or shorter than twice the effec�
tive metallic radius, which is 2.76 Å for Re: r(M—M) ≤
≤ 2rm(M).

The compound Re4O6(OPri)10 is of interest as regards
the metal—metal bonds. In this structure, the Re—Re
distances, equal to 2.5204(7)—2.5501(5) Å, are compa�
rable with the length of a localized Re—Re bond with a
higher order (see Table 2). Since two Re atoms in this
complex occur in +5 oxidation state and the other two
atoms, in +6 oxidation state, there are six electrons avail�
able for their binding to each other. Clusters similar
to Re4O6(OPri)10 with five virtually equal metal—metal
distances have been found previously35—37 only in a
system with ten electrons (i.e., two electrons per every
short metal—metal distance), namely, in the oxide
phase Ba1.14Mo8O16, in which r(Mo—Mo) =
2.578(1)—2.616(1) Å. A decrease in the number of elec�
trons involved in the formation of metal—metal bonds
entails distortion, resulting in a pronounced elongation of
two symmetrically equivalent sides of the rhombus.38 In
the W4(OEt)16 molecule with eight electrons, the elon�
gated side of the rhombus is 2.936(2) Å, the shorter side is
2.646(2) Å, and the diagonal is 2.763(1) Å.39,40 A system
with four electrons, for example, Mo4O8(OPri)4(Py)4,
contains only two localized metal—metal bonds.41

(5) Oxo and alkoxo ligands serve as effective π�do�
nors; this results in an increase in the M=O and M—O(R)
bond order in the case of terminal ligands. The length of
the single σ�bond can be estimated from the sum of the

Table 2. Characteristic of the metal—metal bonds in alkoxide
derivatives

Compound r(M—M)/Å Bond Refs
order

Re4O6–y(OMe)12+y 3.45, 3.65 —* 18, 19,
22, 23

Re2O3(OMe)6 2.559(1) 1 17
ReMoO2(OMe)7 2.658(2) 1 27
Re4O6(OPri)10 2.5204(7)—2.5501(5) >1 23, 24, 26
Re2(OMe)10 2.5319(7) 2 15
Re3(OPri)9 2.36 2 12, 13
Re3(OCH2But)9 2.365(1)—2.372(1) 2 14

* No bond.
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corresponding covalent radii.42 The rc(Re) + rc(O) value
is ~2.06 Å. This value resembles more closely those typi�
cal of bridging OR groups and is much greater than the
observed M—O bond lengths for terminal OR groups
(Table 3). An exception to this rule is Re4O6(OPri)10, in
which the M—O bonds are elongated, evidently, due to
electron density redistribution between the metal—metal
and metal—oxygen bonds.24,26 The order of the corre�
sponding bonds between the metal and terminal OR
groups in transition metal alkoxides varies from 1 to 2.42,43

The increase in the M—O(R) bond order entails an
increase in the M—O—C bond angles. The following
model has been proposed to account for this phenom�
enon.43,44 Without π�bonding, the oxygen atom can be
described by the sp3 state, and upon the formation of a
double bond, this is the sp2 state; in the former case, the
bond angle is expected to be about 109°28´, while in the
latter case, it should approach 120°. Despite the obviously
conditional character of this model as applied to M—O(R)
multiple bonds, it interprets qualitatively the observed
great M—O—C angles for terminal alkoxy groups (see
Table 3). Since the size of the M—O—C angle is mark�
edly affected by steric (nonelectronic) factors, an unam�
biguous relationship between the bond angles and the
bond order (length) does not always hold.

(6) M—O bond length is substantially smaller for
the terminal oxo ligand than for a terminal alkoxy
group. For example, in Re4O6(OMe)12, these values are
1.665(8)—1.682(7) and 1.883(7)—1.936(7) Å, respec�
tively.18 The M—(µ2�O) and M—(µ3�O) bond lengths for
oxo ligands are usually somewhat shorter than the dis�
tances to the alkoxy groups (exceptions to this rule are
due to the strong trans�effect involved). In particular,
the Re—(µ2�O) bond lengths in Re4O6(OMe)12 are
1.876(6)—1.905(5) and 2.046(6)—2.189(7) Å for the oxo
and MeO ligands, respectively.18

(7) In most structures incorporating metal atoms con�
nected by µ2�OR groups (in particular, those containing
the [M2O2] ring), the M—O—M angle ranges from 107

to 112°; the M—O—C angles for bridging alkoxy groups
are ~120—130°, and the valence state of oxygen can be
conventionally described as sp2. Due to the formation of
the M—M bond, the M—O—M angle markedly decreases.
For example, in the Re4O6(OMe)12 molecule containing
no Re—Re bond, the Re—O—Re angles at the bridging
MeO groups are 108.5(3)—110.8(3)°;18 in the case of
Re2O3(OMe)6, containing a single Re—Re bond, these
angles are 74.4(3) and 74.7(3)°.17

(8) In octahedral complexes, one can observe a sub�
stantial trans�effect, which is most pronounced in transi�
tion metal complexes containing multiple metal—ligand
bonds.45—47 In the complexes in question, this is mani�
fested in the fact that shortening of the M—O bond in�
duces elongation of the bond in the trans�position. This
effect brings about the following structural feature. If the
trans�position relative to the terminal oxo ligand is occu�
pied by a bridging OR ligand, then the longer M—(µ�OR)
bond of the asymmetric bridge is located in this posi�
tion. For example, in the Re4O6(OMe)12 structure, the
M—(µ�OR) bond lengths in the trans�position to the ter�
minal oxo ligands amount to 2.140(6)—2.189(7) Å, while
those in the trans�position to the terminal OMe groups
are 2.046(6)—2.074(6) Å.18

(9) Isomorphous replacement of atoms with similar
properties affords crystalline complexes with variable com�
position in which the ratio of the two metals can be varied
over a broad range.

For example, the replacement of rhenium by molyb�
denum or tungsten gives rise to rhenium�based tetra�
nuclear complexes Re4–xMoxO6–y(OMe)12+y (0 ≤ x ≤ 2.82)
and Re4–xWxO6–y(OMe)12+y (0 ≤ x ≤ 2).18,19,24,28 Since
tetranuclear structure is not encountered for individual
molybdenum or tungsten derivatives, in this case, the
isomorphous replacement of rhenium by these metals is
possible only in a limited range of compositions.

In the case of Nb4–xTaxO2(OMe)14(ReO4)2 and
Nb2–x´Tax´(OMe)8(ReO4)2, the Nb : Ta ratio susceptible
for isomorphous replacement of niobium by tantalum is

Table 3. Parameters of the rhenium—oxygen bonds in alkoxides (distances (r) and angles (ω))

Com� r(M—ORterm) ω(M—O—R) r(M—µ2�OR) ω(M—µ2�O—R) r(M—Oterm) r(M—µ�O) Refs
pound /Å /deg /Å /deg

Å

Re4O6(OMe)12 1.883(7)— 124.4(6)— 2.046(6)— 119.0(5)— 1.665(8)— 1.876(6)— 18
—1.936(7) —129.8(6) —2.189(7) —121.6(6) —1.682(7) —1.905(5) (µ2)

Re2O3(OMe)6 1.867(12)— 128.5(13)— 2.094(11)— 124.7(11)— 1.690(11), 1.916(13), 17
—1.903(11) —131.3(10) —2.139(10) —126.4(10) 1.703(12) 1.917(13) (µ2)

Re2(OMe)10 1.943(4)— 125.6(4)— 2.036(4) — — — 15
—1.907(4) —124.9(4)

Re4O6(OPri)10 1.950(5)— — — — — 1.866(6)— 24,
—2.148(6) —1.999(5) (µ2), 26

2.018(5)—
2.073(5) (µ3)
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boundless. The bimetallic niobium/rhenium (х = 0, x´ = 0)
and tantalum/rhenium complexes (х = 4, x´ = 2) as well
as trimetallic complexes with a variable composition
(0 < x < 4, 0 < x´ < 2)23,24,29,30 have been prepared.

An interesting feature of isomorphous replacement in
the complex Nb4–xTaxO2(OMe)14(ReO4)2 is the fact that,
due to the differences in the environment of symmetri�
cally independent crystallographic positions, the replace�
ment of niobium atoms by tantalum is nonuniform: the
position connected to the perrhenate group is occupied
predominantly by niobium atoms, while the other, by
tantalum atoms.23,24,30 For a crystal with Nb : Ta = 1 : 1,
the populations of the former position are 70% Nb +
30% Ta; this position is characterized by enhanced π�in�
teraction with oxygen atoms, which is manifested in the
pronounced shortening of the M—(µ2�O) bond; there�
fore, it is thermodynamically favorable for the lighter
Nb atom. For the heavier Ta atom, the second position
characterized by predominant σ�bonding to oxygen (with
elongated M—(µ2�O) bond) is thermodynamically more
favorable. The populations of this position are 30% Nb +
70% Ta. This specific feature of replacement is respon�
sible for the nonmonotonic pattern of variation of the
crystal properties (in particular, thermal stability) upon
the change in the composition.

Applications of rhenium alkoxides

Studies of the thermal properties of rhenium alkoxides
have shown that they decompose at relatively low tem�

peratures (100—300 °C) yielding either oxide or metal
phases, depending on the process conditions (Scheme 3,
Table 4).23—25,29

Decomposition of individual rhenium alkoxides
Re4O6(OPri)10, Re4O2(OMe)16, Re4–xO6–y(OMe)12+y,
and Re4O6(OMe)12 in air or in an inert atmosphere af�
fords rhenium oxides, ReO3 or monoclinic ReO2, as highly
dispersed powders with an average particle size of
less than 30—50 nm; similar decomposition of the
bimetallic derivatives Re4–xMoxO6–y(OMe)12+y and
Re4–xWxO6–y(OMe)12+y yields single�phase specimens of
rhenium/molybdenum (Re,Mo)O2 or rhenium/tungsten
(Re,W)O3 solid solutions. By decomposition of bi� and
trimetallic rhenium, niobium, and tantalum derivatives,
complex oxide phases of the Re—Ta(Nb)—O systems
based on a block type structure derived from L�Ta2O5
were prepared for the first time (the traditional synthesis
of these phases is impossible).

Decomposition of alkoxide in a hydrogen atmosphere
allows one to prepare nano�sized powders of rhenium
metal (from individual derivatives) or rhenium alloys (from
the bimetallic complexes Re4–xMoxO6–y(OMe)12+y, and
Re4–xWxO6–y(OMe)12+y).

Rhenium alkoxides proved to be promising starting
materials for the development of catalysts by insertion
into a zeolite matrix. In particular, mono� and bimetallic
rhenium alkoxides Re2O3(OMe)6 and ReMoO2(OMe)7
have been used to prepare new�generation catalysts by
insertion of these compounds into a NaY zeolite matrix
followed by their thermal decomposition. A substantial

Scheme 3
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advantage of this approach is the possibility of preserving
the high�dispersed state via stabilization of clusters, in�
cluding those containing two different metals, in the zeo�
lite cavities. Decomposition of the alkoxides inserted in
the matrix affords metal or oxide nanoclusters whose mo�
bility is restricted inside the pores. In the case of bimetal�
lic systems, it is possible to obtain, directly in the pores,
highly dispersed particles uniform not only in their size
but also in their composition, which is pre�specified by
the ratio of the metals in the initial compound. A study of
the catalytic properties of the materials obtained by this
method showed a substantial positive synergistic effect for
the product of insertion of the bimetallic complex com�
pared with the materials based on individual rhenium and
molybdenum compounds.48

The above�described processes of thermal decom�
position underlie the alkoxide method of the pro�
duction of rhenium�based materials and allow one to
produce materials with reproducible set of specified
properties. The main features of these processes are as
follows.

First, low decomposition temperature of these com�
pounds allows the preparation of finely dispersed (in par�
ticular, with a particle size of several nm) oxide or metal�
lic materials. During thermal treatment, particles are en�
larged; this provides the possibility of controlling the prod�
uct microstructure by varying the conditions and of ob�

taining specimens with a particle size from several na�
nometers to several micrometers.

Second, in the case of bi� and trimetallic systems,
using the alkoxide method, one can retain the specified
composition (metal ratio) and the high degree of homo�
geneity throughout the whole process. By decomposition
of bi� and trimetallic complexes with the metal ratio vary�
ing over a broad range, one can produce materials with a
pre�specified composition.

Third, the low decomposition temperatures of
alkoxides in combination with a high degree of chemical
homogeneity markedly reduces the temperature and du�
ration of the production of oxide and metallic materials.
Specifically, this approach essentially decreases the en�
ergy consumption in particular stages of the synthesis of
refractory metal�based alloys compared to traditional
methods. Single�phase rhenium�based alloys can be ob�
tained at a temperature more than 2000 °C lower than the
rhenium melting point.

Conclusion

The traditional method for alkoxide synthesis is based
on ligand substitution reactions. This method was used to
prepare individual rhenium alkoxides. Alternative syn�
thetic routes include reactions of rhenium(VII) oxide with
alcohols and alkoxides of other metals and anodic disso�

Table 4. Examples of the synthesis of metallic and oxide materials based on rhenium

Starting Decomposition Products Refs
complexes conditions

Phase composition Particle size/nm

Re4O6–y(OMe)12+y 150—400 °С, in air Cubic ReO3 <30 23—25
Re4O6–y(OMe)12+y 120—400 °С, in a vacuum Monoclinic ReO2 phase <50 23—25
Re4O6(OPri)10 400 °С, in air ReO3 — 23, 24
ReMoO2(OMe)7 250 °С, 2 h, in air; Re—Mo alloy (σ�phase) (3—5)•103 23

then 800 °С, 3 h, in H2
ReMoO2(OMe)7 400 °С, 1 h, in H2 Re—Mo alloy (σ�phase) 10—50; 23

5•104*
Re3.90Mo0.10O6(OMe)12 500 °С, 1 h, in H2 Re—Mo alloy (Re�based solid solution <50 24, 25

with the HCP structure)
Re1.18Mo2.82O6(OMe)12 500 °С, 1 h, in H2 Re—Mo alloy (Mo�based solid solution <50 24, 25

with the BCC structure)
Re4–xWxO6–y(OMe)12+y 200—240 °С, in air (Re,W)O3 phase with the ReO3 type structure >10 23
Nb4O2(OMe)14(ReO4)2 900 °С, heating Re2Nb4O12±δ phase with — 23, 24,

10 °C min–1, in nitrogen the L�Ta2O5  structure 29
Ta4O2(OMe)14(ReO4)2 900 °С, heating Re2Ta4O12±δ phase with — 23, 24,

10 °C min–1, in nitrogen the L�Ta2O5 structure 29
Nb4–xTaxO2(OMe)14(ReO4)2 160—170 °С, 3.6—8.3 h, Re2(Nb4–xTax)O12±δ phase with — 24

in a vacuum the L�Ta2O5 structure
Ta4O2(OMe)14(ReO4)2 900 °С, heating Rhenium�doped (2 at.%) L�Ta2O5 phase — 23, 24,

10 °C min–1, in air 29
Nb2(OMe)8(ReO4)2 900 °С, heating Re2Nb2O12±δ phase with — 24, 29

10 °C min–1, in nitrogen the L�Ta2O5 structure

* Aggregates.



Rhenium alkoxides Russ.Chem.Bull., Int.Ed., Vol. 54, No. 10, October, 2005 2257

lution of metals in alcohols. These methods made it pos�
sible to synthesize both known and new monometallic
rhenium alkoxides and also to synthesize for the first time
bi� and trimetallic rhenium, molybdenum, tungsten, nio�
bium, and tantalum complexes. The isomorphous replace�
ment of metals in bi� and trimetallic derivatives opens up
the way to the alkoxide derivatives with variable composi�
tion, in which the ratio of the metals can be varied over a
broad range.

An important structural feature of alkoxides and
oxoalkoxides is the presence of alkoxy and oxo bridges,
which ensure the formation of polynuclear (in particular,
heterometallic) compounds.

Alkoxides possess low thermal stability. Their decom�
position at temperatures above 100—300 °C leads, de�
pending on the conditions, to individual oxides, solid
solutions, complex oxide phases, and metal and alloy pow�
ders. The variation of temperature conditions of the de�
composition allows one to produce both nano�sized and
coarsely crystalline materials. Decomposition of hetero�
metallic compounds with variable composition affords
materials with a high degree of homogeneity and a pre�
specified atomic ratio of two metals.

Development of synthetic routes to and studies of the
properties of rhenium alkoxides demonstrates the good
prospects of the application of these compounds for the
production of oxide and metallic materials based on
rhenium.
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