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I. CLASSIFICATION OF THE ALCOHOL DERIVATIVES
OF THE ELEMENTS

Alcohol derivatives of the type E(OR)M are now known
for almost all the elements of the Periodic System. Even
as long ago as 1899, Tishchenko noted that "the form of

alcoholates is as general and besides much more stable (in
respect of thermal stability) than the hydroxide form"1.
However, the alcohol derivatives of many rare metals have
been prepared and studied intensively only recently — the
difficult-to-prepare compounds of the multivalent elements
of Groups IV, V, and VI, and also the alkoxides of the
platinum group metals and actinides.

The properties of the alcohol derivatives — unlike
hydroxides — are not determined solely by the nature of
the element, but depend also on the nature of the alcohol
radical in the E(OR)« molecule. Therefore the acidity of
the alcohol (that is, the lability of the hydrogen atom of the
hydroxyl group) and the electronegativity of the element
obviously must be taken as the basis of the classification of
the alcohol derivatives of the various elements of the Periodic
System. From this standpoint the following groups of com-
pounds of type E(OR)« can be distinguished:

1. Compounds formed by elements with sharply expressed
metallic properties and the radicals from alcohols having a
strongly acid character (Zfatss ** 10"10). This group includes
the derivatives of the alkali and alkaline earth metals and
thallium(I) with phenols, naphthols, anthrols, etc. Sub-
sequently we will term them phenoxides. These compounds
are saltlike, and as "salts of strong bases and acids of
medium strength" are capable of existing in aqueous solu-
tion. They are insoluble in organic solvents (even in
absolute ethanol), have usually a definite melting point,
exhibit a high thermal stability, and evidently do not exist
in the gaseous state.

2. The other boundary case consists of the derivatives
of non-metallic elements and alcohols whose acid function
is weakly expressed — the esters of inorganic acids. Low
melting and boiling points, high vapour pressure, solubility
in organic solvents, and instability with even traces of water
are characteristic here. The molecules of esters are of
very low polarity, usually strongly associated, and tend to
form complexes. As characteristic examples of esters
we may mention the alkyl borates, whose properties have
been reviewed in detail2»3. However, it should be noted
that the above-mentioned general features of the compounds
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of this group are also distinctive of the alcohol derivatives
of the metals of Groups ΙΠ-VIII of the Periodic System.

3. The characteristic representatives of the compounds
of the third group — the alkoxides (into whose composition
there enter an active metal and the alkoxy radical of an
alcohol with an acid dissociation constant « 10~10) — are
the derivatives of the metals of the principal subgroups of
Groups I and II and thallium(I) with the aliphatic alcohols.
From the character of the Μ-OR bond they occupy an
intermediate position between the polar phenoxides and the
non-polar esters. This is evidently fundamental and
determines their unique properties. The alkoxides, like
the esters of inorganic acids, are extremely sensitive to
the action of moisture, are sometimes (as in the case of
Li) associated, and tend to form complexes. By analogy
with phenoxides, alkoxides are capable of electrolytic dis-
sociation (in alcoholic solutions they exhibit appreciable
electrical conductivity and sometimes react in an ionic
form), and are insoluble in organic solvents (with the
exception of alcohols). However, unlike the compounds
of the first two classes, the alkoxides do not melt or sub-
lime, but undergo thermal decomposition at 200-300°.

These three classes of alcohol derivatives of elements
are only boundary cases, since their characteristic repre-
sentatives are the compounds of elements which exhibit
clearly expressed metallic or non-metallic character. At
the same time the vast majority of metals of the main
subgroups (starting with beryllium and Group ΙΠ) and the
elements of all the auxiliary subgroups form alcohol
derivatives combining simultaneously the properties of
alkoxides and esters of inorganic acids.

The present review is devoted to the alcohol derivatives
of the alkali and alkaline earth metals, magnesium, and
thallium(I), which are characteristic representatives of
two of the classes mentioned above: the alkoxides and
phenoxides. Most of the compounds considered have been
known for over a century, but the most important investi-
gations devoted to their synthesis and also to their chemical
and most physicochemical properties were only completed
in the last 20-30 years. This is due on the one hand to the
improvements in experimental techniques, which permit
work with substances that decompose in the presence of
traces of moisture, oxygen, or carbon dioxide, and on the
other to the important part which alkoxides and phenoxides
play in the technology of contemporary organic and inorganic
syntheses. This review will not deal with the rather large
group of inner complex (chelate) compounds of the elements
mentioned, which are only formal analogues of alkoxides and
phenoxidest· There have been other reviews devoted 4~9

mainly to the use of sodium alkoxides in organic syntheses.
The reactions of mixed magnesium halide alkoxides was
considered in detail in a monograph by Ioffe and Nesmeya-
nov10, published in 1963. In Bradley's reviews11»12 atten-
tion was mainly directed towards the alkoxide compounds
of multivalent metalsj.

t This refers to the metal derivatives of polyfunctional organic
molecules (hydroxyketones and diketones, ketoenols, alkyl sali-
cylates, nitro- and amino-phenols, hydroxy-pyridines, -quinolines,
etc.) and also to most "acid" phenoxides — the incompletely sub-
stituted derivatives of polyhydroxy-compounds.

t After this review had been prepared for publication, there
appeared a volume of Houben ("Houben-Weyl: Methoden der organi-
schen Chemie. 4. Aufl. Band VI. Spezielle chemische Methoden.
Teil 2. Sauerstoffverbindungen I. 2", Thieme, Stuttgart, 1963)
containing a review of the literature on alcohol derivatives of metals.

II. ALKOXIDES OF THE ALKALI AND ALKALINE EARTH
METALS, MAGNESIUM, AND THALLIUM(I)

A. METHODS OF PREPARATION

Method I. Reaction of Metals with Alcohols

The action of potassium and sodium on ethanol was first
observed by Liebig in 1837; in 1840 Kuhlmann (who pro-
posed the term "alcoholate"), on the basis of this reaction,
considered compounds of type MOR to be alkali metal salts
in which an alcohol plays the part of an acid1.

The alkali and alkaline earth metals react very readily
with at least the first members of the series of aliphatic
alcohols but nevertheless the reaction goes to completion
only with a large excess of the absolute alcohol or on con-
tinuous heating13. As a result alkoxide solvates of the
type M(OR)M.xROH (* = 2 or 3) are formed, which lose the
alcohol of crystallisation only on heating (sometimes to
150-200° in a stream of inert gas). To obtain the unsol-
vated alkali metal alkoxides at low temperatures (such pre-
parations exhibit the greatest reactivity), Brflhl14 sug-
gested carrying out the reaction using the stoichiometric
quantity of the alcohol with finely dispersed Na or Κ in a
medium of hydrocarbon or diethyl ether 1 5 , 1 6 . Fisher and
MacElvain17 perfected this method: the metal (in a
massive state) was put in the filter in a Soxhlet apparatus
and a mixture of high-boiling inert solvent (xylene or
dioxan) with the calculated quantity of the alcohol was put
in the flask. Utilising the insolubility of unsolvated alkox-
ides in hydrocarbons or ethers, the alcohol was quantita-
tively converted into the alkoxide. In a similar way
Mamedov18 synthesised disodium ethylenedioxide, which
is not readily available (aniline was the reaction medium).
In all cases the syntheses (as in general work with alkali
and alkaline earth metal alkoxides) were carried out under
nitrogen or hydrogen.

This reaction (in the synthesis of derivatives of higher
aliphatic alcohols or magnesium alkoxides) has often been
catalysed by mercury(II) chloride (or directly with the
metal amalgam)20"28, and also with iodine (first employed
by N.D. Zelinskii in 1903), bromine 18>27»28, or with mer-
cury (Π) chloride and iodine together27>29"31. Nevertheless,
reaction between magnesium amalgam and tertiary alcohols
has not been achieved, even on heating to 100°.

In Germany in 1932 a commercial scheme was worked
out for the production of aliphatic, aromatic, and hydro-
aromatic alkoxides of sodium — important intermediates
in organic synthesis. It was based on an electrolytic pro-
cess for the decomposition of an aqueous NaCl solution
usually employed for the production of chlorine and alkali
(the chlorine is liberated at a graphite anode, and the
sodium is discharged at a moving mercury cathode and is
removed from the cell as an amalgam). The next stage of
the process was the decomposition of the sodium amalgam
with an absolute alcohol; it was effected in reactors and then
in columns filled with pieces of graphite, and the counter-
current principle was employed to ensure that the reaction
went to completion. Subsequently this scheme was per-
fected: the decomposition of the amalgam by the alcohol
was accelerated considerably by using a contact electrode
not susceptible to amalgamation (of graphite or stainless
steel)§. The economics of the process were improved

§ A recent patent claims32 carrying out the reaction between the
amalgam and alcohol in the presence of graphite containing 2-3% iron.
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because of the greater utilisation of the sodium: the
residues of amalgam contained in the spent mercury were
decomposed with water and then the mercury and solution
of alkali were recycled to the electrolyser. The heat set
free in the formation of NaOH was used to raise the tem-
perature of the reaction between Na/Hg and the alcohol.
This method was used in the USA in 1944 by the Mathieson
Alkali Works for the production of sodium methoxide on an
industrial scale. The purity of the unsolvated NaOCH3

(obtained after vacuum distillation of methanol) was < 95%,
the main impurities being 2% NaOH + Na2CO3 and < 3%
CH3OH.5 '8 '9 '3 3.

The rate of reaction of a particular metal with various
alcohols can serve as a measure of the lability of the hydrogen
atom in the ROH molecule. Using the reaction of magnes-
ium 3 4 and aluminium x amalgams it was found that the acid
function of alcohols are in the order primary > second-
ary > tertiary, and in each of these the values of /fans de-
crease along the homologous series. Fig. 1 gives values
of the enthalpies of formation of the alkali metal alkoxides
of a series of alcohols, after Forcrand3 5"3 7 plotted against
the logarithm of the reciprocal of the acid dissociation con-
stant of the alcohols38. The thermal effect for the replace-
ment of the first hydrogen atom in molecules of polyhydric
alcohols considerably exceeds AH for the replacement of
subsequent Η atoms (thus the value shown in Fig. 1 for AH
of the reaction of Na with glycerol relates to the mono-
sodium salt and is 1.5 times that of the corresponding value
for the disodium salt)4 0.

Method n. Reaction of Ammines of Metals with Alcohols
in Liquid NH3 as Solvent

The solubility of the alkali and alkaline earth metals in
liquid ammonia, permits their homogeneous reaction with
alcohols (unlike the previous reaction). On account of the
liberation of hydrogen and precipitation of the alkoxides

(which are usually insoluble in ammonia41), the equilibrium
of the ionic reaction:

Fig. 1. Relation between the^acidity function
of alcohols and the heats of formation of the
alkali metal alkoxides by the reaction:

Msolid + ROHliquid = MORsolid + 2H2 gas.

The value of AH of formation of the sodium

salt of erythr i to l was calculated from F o r -

crand 1 s data on the heat of react ion of solid

erythr i to l with allowance for the heat of fusion

of Ο 4 Η 1 0 Ο 4 (10.2 kcal m o l e " 1 ) . 3 9

M(NH3)e+nROH; M(OR)n+n/2H, (rt=lor2),

is almost instantaneously shifted to the right for primary
alcohols; with secondary and tertiary alcohols the rate is
somewhat less 421i.

This method was proposed in 1905 by Chablay for the
synthesis of sodium alkoxides42, but he subsequently
extended it to the other alkali metals 4 3 and the alkaline
earth metals4 4,4 5. The field of application of this reaction
now extends to the higher, unsaturated, and polyhydric alco-
hols43»45"47 — including the mono- and poly-saccharides,
cellulose48"50, poly(vinyl alcohol)51, etc.

Method ΠΙ. Decomposition of Hydrides, Organometallic
Compounds, Carbides, Nitrides, Amides, or Sulphides
by Alcohols

This reaction is based on the alcoholysis of compounds
which are sensitive to the action of "active hydrogen", and
leads to the formation of alkoxides and gaseous products
according to the scheme: MX + HOR -• MOR + HXt, where
X = H, R, C=C, =N, NH2, or SH.

Judging by the patent literature, the reaction of various
alcohols with NaH,52»53 Na2S,54 calcium carbide 5 5"5 β, and
magnesium carbide57 is now a cheap industrial method for
the production of alkoxides. White et al.47»58 proposed to
carry out the alcoholysis of alkali amides by alcohols of the
aromatic series (whose acidity function is very low) in
solution in liquid NH3, where the equilibrium is shifted to
the right, owing to the precipitation of the alkoxides.

The reaction described has found wide application in the
field of organometallic compounds (mainly Grignard com-
plexes). As Grignard showed, the alcoholysis of alkyl-
magnesium halides leads to the formation of alkoxymag-
nesium halides and the liberation of gaseous hydrocarbons.
This reaction forms the basis of the method of quantitative
determination of "active hydrogen" developed by Tsereviti-
nov59. However, in recent years in the determination of
active hydrogen simple and double hydrides have begun to
displace the less readibly available CHgMgl.60 Among the
reactions of the hydro-derivatives is the recently described
methanolysis of ethoxymagnesium hydride, leading to the
formation of an unsymmetrical alkoxide, CH3OMgOC2H5.

61

Method IV. Double Decompositions of Salts with Alkoxides

To effect the synthesis of alkoxides by the scheme:
EX + wM!OR -» E(OR)M + «MX, it is necessary for one of
the products to be removed from the sphere of reaction
(usually by insolubility in the corresponding non-aqueous
solvent). This method is widely used in the synthesis of
the alkoxy-derivatives of multivalent elements, but has only
limited application for the metals of the main subgroups of
Groups I and Π. Thus in 1923 Jones and Thomas62 brought
about the reaction LiCl + NaOC2H5 = LiOC2H5 + NaCl by
making use of the lower solubility of NaCl (compared with
LiCl) in absolute alcohol.

H A side-reaction — the decomposition of the ammines with
formation of metal amides, MNH2 — can be disregarded because
of its slowness under these conditions.
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Menzies63, and then Abbott64 alkoxylated the dialkyl-
thallium(III) halides with ethylsodium and ethylthallium(I)
(in absolute alcohol):

R2T1X + MI0CiHi=R!T10CiH5+MX | .

The patent literature contains descriptions of the syn-
thesis of KOR, by the reaction of KOH or K2CO3 with sodium
or potassium alkoxides. The success of the reaction is
decided by the choice of solvent, in which only one of the
products should be soluble56,65. The double decomposition
of a sodium alkyl carbonate with Ba(OCH3)2 (formed in a
boiling methanol suspension of BaO) is interesting, and
leads to the formation of NaOCH3 and the precipitation of
BaCO3.

66

Chablay made wide use of the double decomposition of
sodium alkoxides with alkaline earth metal or thallium(I)
nitrates in solution in liquid ammonia, utilising the fact
that the alkoxides are usually precipitated but NaNO3 is
soluble in liquid ammonia. Alkoxy-derivatives of Ca, Sr,
Ba, and Tl1 with many mono-, di-, and poly-hydric alco-
hols were obtained in this way44»45.

Jander and coworkers 67 succeeded in bringing about the
double decomposition: K2SO3J + (C2H5)2SO = KOC2H5| + 2SO2

in liquid sulphur dioxide solution, because under these con-
ditions the potassium ethoxide formed was less soluble than
the original sulphite. The reaction:

NaH+B (OCH3)a - •Na[BH(OCH)3]

+NaH

NaBH 4 +Na0CH 3 +B (OCH3)3t NaBH 4 +Na0CH 3 ,

is used in the preparation of sodium and lithium tetrahydro-
borates6 0 '6 8 and is interesting in that the alkoxylating agent
in this instance is trimethyl orthoborate (and not NaOR, as
usually). The sodium and lithium methoxides which remain
in large amounts after extraction of NaBH4 with amines
apparently find no use at present.

Method V. Reaction of Oxides or Hydroxides with Alcohols

The oxides and hydroxides of the alkali and alkaline
earth elements are much cheaper raw materials than the
corresponding metals, therefore their use for the production
of alkoxides on an industrial scale is especially promising.
However, reactions (1) and (2) are reversible

(1)

(2)

M'OH-fROH

M"O+2ROH ΐ ± M"(OR)2 + H2O,

and special conditions are required to separate the alkox-
ides from the reaction mixture in a particular case. As
long ago as 1840 Kuhlmann l obtained KOC2H5 by the action
of ethanol on "Gay-Lussac pyrophor" (a mixture of K2O,
K2SW, and carbon). Obviously the equilibrium is close to
the alkoxide side on account of the reaction of water with
the dipotassium polysulphide. Subsequently similar syn-
theses of alkoxides were repeatedly described in the patent
literature. To remove the water from the reaction zone,

calcium carbide70 and oxide71,72, and benzene (giving an
azeotrope with water at atmospheric73 or elevated pres-
sure7 4) were used. The last of these methods was em-
ployed in Germany in the 1930's in the industrial production
of sodium ethoxide and methoxide8. In 1946 a patent was
taken out on the production of compounds of Ba and Sr with
the higher aliphatic alcohols by the alcoholysis of hydrox-
ides in a mineral oil medium75.

Another way of shifting the equilibrium to the right is to
precipitate the alkoxides. In particular, there has been a
proposal76 to carry out the reaction of alkalis with ethanol
in the presence of anhydrous acetone, which probably "salts
out" the sodium and potassium ethoxides.

The method described is used much more frequently
under laboratory conditions for the synthesis of alkoxides
of polyhydric alcohols (the water is then removed because
of the high reaction temperature and its greater volatility
in comparison with the reacting alcohols). The synthesis
of sodium 2-hydroxyethoxide and disodium ethylenedioxide
(by the reaction of NaOH with ethylene glycol in a vacuum
at < 110°) was patented77 in 1926. Cross and Jacobs78

obtained monopotassium and monosodium glycerolates
analogously, and in 1891 Forcrand had obtained mono-
and di-sodium derivatives of 1,2,3,4-tetrahydroxybutane79.
Ushakov and his coworkers51 synthesised in this way sodium
poly(vinyl oxide) (the alkoxidic nature of which was demon-
strated by infrared spectroscopy and also by a counter-
-synthesis by method II). The low solubility of the alkalis
in the higher alcohols for long restricted the use of alco-
holysis for synthesising the alkoxides8. However, in
1957-58 patents were taken out on the production of alkox-
ides in the reaction of solid NaOH or KOH 8 0 or their
aqueous solutions81 with higher alcohols (aliphatic, hydro-
aromatic, and aromatic). In the last case the reaction is
brought about in counter cur rent flow in a distillation column
at high temperatures81.

Here it is pertinent to mention the decomposition of alkali
carbonates by glycol, as a result of which the correspond-
ing 2-hydroxyethoxides are formed54. This reaction takes
place at the boiling point of ethylene glycol (198°); in it the
considerably weaker acid (ethylene glycol) displaces H2CO3

(whose dissociation constant at 25° exceeds that of ethylene
glycol by a factor of over 109).

According to the literature, this method plays the main
part in the synthesis of thallium alkoxides. Owing to its
low standard electrode potential, metallic thallium hardly
reacts with alcohols (or with water). The reaction can be
brought about only in a continuous stream of dry oxygent.
Hence the essence of the method consists in the reaction of
T12O (formed by oxidation of the metal and with properties
similar to those of the alkali oxides) with the alcohol:

Tl+O,

T1OH+ROH

+ROH
[T1,OJ • T1OR +T1OH,

:T1OR + H 2 O .

After repeated treatment of T1OH with small portions of
alcohol the solid is completely converted into a heavy oily
liquid to which Menzies63 and other authors after him64»83"85

ascribe the formula T1OC,H5 (quoting at best only results

Τ The thermal decomposition of the alkoxyboron complexes —
formed in the alcoholysis of M[BH4]n or on dissolution of the metal
in an alcohol in the presence of the corresponding B(OR)3 (com-
pare p. 172): M[B(OR)4] -> M(OR)n + B(OR)3t) — can in turn serve
as a convenient method of synthesis of unsolvated alkaline earth
and alkali metal alkoxides 3 2 ' 6 9 .

t According to Forcrand's resu l t s 8 2 the hypothetical reaction
of Tl with alcohols and water should be endothermic, for the dif-
ference of their AH and the AH of the analogous reactions of
sodium is constant at 58.52 kcal mole" 1 . Nevertheless the reac-
tion of T12O and T1OH with ethanol has a weak exothermic effect
(AH is respectively -2.742 and -1.132 kcal per mole alkoxide).
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of determinations of the metal). Yet as long ago as 1919,
Freudenberg 8 6 showed that the concentration of carbon in
this oily product is approximately one-half that calculated
for T1OC2H5. In Brauer's handbook87 this method is even
proposed as a method for preparing thallium hydroxide, not
alkoxide. Hence despite the many results which relate
supposedly to T1OC2H5, we are speaking in the present case
not about an individual compound but about a mixture (or
possibly a complex compound) of thallium hydroxide and
ethoxide. It must be noted that the structure of the mole-
cular associates of thallium alkoxides quoted in several
reviews u>12>88 and monographs89»90 were proposed by Sidg-
wick and Sutton83 on the basis of cryoscopic and ebullio-
scopic investigations of the oily product (in this, the mole-
cular weight of the monomer was calculated for the formula
T1OC2H5). In view of the absence of a complete chemical
analysis of other thallium(I) alkoxides obtained by this
method, the problem of the composition of these compounds
must at present be considered open.

In conclusion, mention must be made of the special
importance of this type of reaction in making alcohols
absolute — since the position of equilibrium (2) (p. 164)
determines the maximum possible degree of dehydration of
the alcohol concerned. Thus the equilibrium in the reaction
NaOC2H5 + H2O ^ NaOH + C2H5OH lying considerably to the
left91"93 does not permit sodium to be used for making
alcohols absolute§. A series of authors up to the present
day have recommended that alcohol should be made abso-
lute with alkaline earth oxides96. Moreover, in 1938
Berner9 7, and subsequently Scholder and Kreutz9 8, showed
conclusively that the equilibrium

MO+2 CH3OH ^ ± Μ (OCH3)2 -J- 2H2O 5± Μ (OCH3) (OH) + CH3OH-!-H2O,

where Μ = Ca, Sr, Ba, which exists in the solution, leads
to the appearance of water in the absolute alcohol put in
contact with the alkaline earths. This conclusion is con-
firmed by an investigation of the isotopic exchange in the
CaO-C2H5OH-D2O system9 9. Nevertheless under these
conditions both alkoxides were isolated in an individual state.
The normal methoxides of Ca, Sr, and Ba are formed when
the reaction is carried out with a large excess of alco-
hol — they are precipitated on heating the solutions. The
hydroxide methoxides are obtained as sparingly soluble
crystalline powders on treating the oxides with a little
alcohol (see also p. 174).

Most methods for making alcohols absolute employ
metallic Mg or Ca (sometimes Ba)9 6, but the expediency of
using them has only been demonstrated preparatively 10° by
the determination of the water concentration after distilla-
tion over the corresponding alkoxide. Thermodynamic
data, which determine the equilibria in these important
reactions, have not been published.

Method VI. Double Decompositions of Alkoxides with Alco-
hols Leading to the Synthesis of New Alkoxides

This method is of rather limited application among the
elements of the main subgroups of Groups I and II. The
equilibrium of the double decomposition M(OR)W + «RrOH -

1)^ + «ROH usually lies to the right on account of

the removal of the more volatile alcohol. Therefore this
method is used mainly for the synthesis of the alkoxides of
polyhydric alcohols, and alkali metal methoxides or ethox-
ides are used as starting materials. This is the only
method for the preparation of the trisodium salt of glycerol
(reaction of the monosodium glycerol salt with sodium
ethoxide): the reaction of glycerol with metallic Na or with
alkoxides of monohydric alcohols does not yield such highly
substituted products 1 8 0 .

As Forcrand showed, the first stage of an exchange re-
action of this type is the formation of addition compounds,
which decompose with liberation of alcohol only on pro-
longed heating:

120°
C , H 5 ( O H ) 3 + K O C , H , • C 3 H S ( O H ) 2 ( O K ) · C , H 6 O H _ C , H . O H ' C 3 H 5 ( O H ) , ( O K ) 3 6 ,

C 3 H S ( O H ) j ( O N a ) + N a O C , H 5 • C 3 H 5 ( O H ) , ( O N a )

i),.(Ref.

According to Geiger and Nobs 1 0 2 , the equilibrium of the
reaction between the alkali metal derivatives of cellulose
and an excess of methanol is almost completely in favour
of formation of NaOCH3.

Method VII. Certain Reactions of Organometallic Com-
pounds Leading to the Formation of Alkoxides

In this section we consider the reactions which form the
basis of several important methods of synthesis in organic
chemistry. Alkoxides are intermediate products of reac-
tions, almost never liberated in the free state. This
explains the absence from the literature of any physico-
chemical characteristics whatsoever for most alkali metal
alkoxides or the unsymmetrical alkoxymagnesium halides,
despite the large number of reactions leading to their for-
mation which have been described.

(a) Oxidat ion of a lkyl d e r i v a t i v e s of m e t a l s
by oxygen. The example of the alkyllithium compounds
showed103 that in the first stage of the reaction peroxides
are formed, which give alkoxides on further reaction with
LiR:

LiR + O2- R _ O — OLi 2 [LiOR].

§ According to Caldin and Long 9 4 and tOvMurto95 the equili-
brium constant of the reaction: C2H5OH + OH" ^ C2H5O~ + H2O
is 0.68 at 25°, that is, in a 0.1 Μ solution of NaOH in 99% ethanol
96% of the sodium is present as NaOC2H5.

The compound is enclosed within square brackets to denote
that its formation is inferred only from the hydrolysis pro-
ducts.

In the case of the Grignard complexes this reaction is
only one of the possible oxidation paths 1 0 . On prolonged
storage of ethereal solutions of ethylmagnesium iodide in
dry air Meisenheimer succeeded in isolating crystals of
C2H5OMgI.(C2H5O)2O, and sometimes also more oxidised
(and probably, partly hydrolysed) products of composition
3[C2H5OMgI.(C2H5)2O].MgO.1041

(b) R e d u c t i o n of c a r b o n y l - c o n t a i n i n g c o m -
pounds. This class includes, firstly, many reduction

11 Obviously it is more correct to consider such compounds
as alcohol addition compounds of disubstituted glycerol salts,
C3H6(OH)(ONa)2.C2H5OH.

t This reference is incorrect. References to Meisenheimer's
work in this area are to be found in " Grignard Reactions of Non-
metallic Substances" by M. S. Kharasch and O. Reinmuth, Constable,
London, 1954, pp. 1264-1276 (Ed. of Translation).
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reactions of Grignard complexes which are accompanied by
the formation of alkoxymagnesium halides — derivatives of
secondary and tertiary alcohols:

=O+RMgX-
^OMgX

S R

That the products of this reaction were alkoxides was
finally decided only in 1941 by Nesmeyanov and Sazonova.
Until then many authors had considered them to be addition
compounds of RMgX and oxo-compounds 10.

After the discovery of the Grignard synthesis, the possi-
bility of using alkylsodium and alkyllithium compounds 1 0 5,1 0 6

as reductants for carbonyl compounds was demonstrated.
The reaction of organolithium compounds with carbon di-
oxide, described by Gulman, must be mentioned. As a
result of addition of LiR at both double bonds, derivatives
of the hydrate forms of ketones are produced106:

RLi+c'
yO

"\)Li"

[R-C-Rh
/ \

LOLi OLiJ

In 1927 Gomberg and Bachmann107 employed unusual
reductants, magnesium monoiodide and monobromide,
obtained by the reaction: 2Mg + X 2 - ^ ^ 2MgX. Their
reaction with ketones, which is accompanied by an intense
coloration (due to the formation of free radicals — metal-
ketyls), led to the pairing of the radicals and the synthesis
of pinacolates:

AraC—CArj
I I

XMgO OMgX
2AraC=O+2MgX >2 \

L OMgXj

An alkoxide of a special type, an enolate of structure

C,H 6 -C=C-C e H 5

Br MgO OMgBr

was obtained in the reduction of the α-diketone, benzil, as
a colourless solvate with two molecules of ether. The
solutions of this compound are always coloured (probably
on account of the equilibrium between the ketyl and the
dimer)1 0 8.

The formation of metalketyls occurs also in the action
of metallic sodium or potassium on aromatic and aliphatic
ketones 109»110. The reaction of dialkyl and diaryl carbon-
ates with sodium takes place quantitatively and serves for
the production of extremely pure carbon monoxide. In
this case, alkoxides are only side-products of the synthe-
sis 1 1 1.

There is great interest in the reduction of bis-2-oxo-
ethylmercury with alkali metals (lithium and sodium) in a
solution of liquid ammonia. In this way Nesmeyanov et
al. 1 1 2 synthesised lithium and sodium enolates which were
derivatives of vinyl alcohols; for example,

Hg (—CH2—CH=O),+Li — — ± * Li/Hg+CHa=CHOLi.

The products form colourless hygroscopic crystals;
the existence of a double bond and the absence of a carbonyl
group in the molecules were shown convincingly by their
infrared spectra1 1 3.

The reaction of carbon monoxide with the alkali and
alkaline earth metals also belongs formally to this class of
reactions. The pyrophoric "carbonyls" formed as a re-
sult have attracted the attention of chemists since the time
of Liebig. Until very recently it was thought that they

were salts of hexahydroxybenzene — for example (COK)6

is C6(OK)6

 114 — or derivatives of glyoxal — of the type
O=C-Cs

I . 1 1 5 However, in 1963-64 Weiss and Bilchner 116>117

O=C-Cs
found, in an X-ray investigation of the potassium, rubidium,
and caesium "carbonyls", that the distance between the
carbon atoms in them corresponds to a triple bond and the
metal is bound to the carbon through oxygen, as in ordinary
alkoxides. Hence it can obviously be considered as proved
that in the reaction between the alkali metals and CO (in
the solid state or in solution in liquid NH3), disubstituted
derivatives of the hypothetical acetylenediol are formed:

2M+2CO- >MOC=COM (see Table 1).

(c) C l e a v a g e of the C—Ο bond in e t h e r s
with the a id of m e t a l a l k y l s (Shoryg in r e a c -
t i o n ) . In 1910 Shorygin105, in attempting to carry out in
ethereal solution the exchange reaction of sodium with a
dialkylmercury, obtained sodium ethoxide instead of the
organosodium compound expected. The instability of
ethers in relation to an alkyl derivative of alkali metals
was thus observed for the first time.

Wittig 118 succeeded in carrying out the Shorygin reac-
tion with tetrahydrofuran (the ether bond in which is usually
unreactive). In the reaction with (C6H5)CNa, tetrahydro-
furan was introduced as a complex with diphenylberyllium
(in the molecule of which the C-O bond was weakened by
coordination). It was shown subsequently that this reac-
tion takes place much more vigorously with organolithium
compounds 119.

An interesting compound — a lithium organotinethoxide
[the alkoxide of 2-hydroxyethyltriphenyltin (Ed. of Trans-
lation)] — is formed by the action of an organotin complex
on epoxyethane 12°:

[(CeH6)3 Sn] L i + C H 2 — C H 2 » [(C,H6)3 SnCH a —CH 2 OLi].

Among the organomagnesium compounds, particularly
the Grignard complexes, the Shorygin reaction was known
until recently only for the least stable cyclic ethers —
epoxyethane and oxetan 10>121. Bauer 122 observed that
ethylmagnesium hydride — obtained by the reaction:
*Mg(C6H5)2 + SiHf = HMgC2H5 + SiH4_*(C2H5)J - reacts
vigorously with diethyl ether. The reaction product
HMgOR is insoluble in ether and exhibits quite consider-
able thermal stability. Huston123 made a detailed investi-
gation of the mechanism of the reaction of epoxides with
symmetrical and unsymmetrical alkylmagnesium com-
pounds. The formation of a series of magnesium alkox-
ides and halide alkoxides was established. Compounds of
analogous type were also obtained in reactions of epoxy-
ethane and its homologues with MgBr2.2(C2H5)20.124 How-
ever, the compounds synthesised were characterised in the
best instance solely by chemical analyses.

Method VIII. Electrochemical Methods of Synthesising
Alkoxides

Numerous instances of the formation of alkoxides in
electrochemical processes are noted, particularly in the
anodic oxidation of metals during the electrolysis of alco-
holic solutions. Szilard125 isolated pure magnesium
ethoxide (and also Pb n and Cu11 methoxides) during the
electrolysis of alcoholic solutions of sodium alkoxides with
various anodes (at low current densities).
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The reaction of metals with alcohols (with the aim of
obtaining alkoxides) can be considerably accelerated by
the setting up of an internal e.m.f. (by the introduction of
a second — platinum — electrode)126 or by connection to
a source of current (reacting metal-anode)127.

The electrolysis of MgCl2 solutions128 (and various
other chlorides)129 leading to the formation of magnesium
alkoxides at the cathode is obviously not of interest from
the synthetic aspect.

B. PHYSICAL PROPERTIES OF ALKOXIDES AND CERTAIN
STRUCTURAL PROBLEMS

The alkali metal and alkaline earth metal alkoxides
are white, infusible substances, very sensitive to oxygen,
moisture, and carbon dioxide (however, CsOC2H5, CsOC3H7,
and KOC3H7 are completely liquid by the time decomposi-
tion starts 1 3). Oxidation, hydrolysis, and carbonation are
accompanied by such an appreciable liberation of heat that
in air the spontaneous ignition of unsolvated alkali metal
alkoxides is possible5»130. The potassium and caesium
alkoxides are the least stable in this respect (alcohol deri-
vatives of rubidium are still unknown): even in an atmos-
phere dried by phosphorus pentoxide they rapidly darken

and liquefy. To prevent oxidation of solid alkoxides and
also of their alcoholic solutions, the patent literature pro-
poses the use of antioxidants: imines, iminium chlorides,
and amides 1 3 2 . Thallium(I) alkoxides — derivatives of
primary normal alcohols (with the exception of methoxide)
— are heavy liquids, readily soluble in alcohols and hydro-
carbons (Tables 1, 4, and 5).

Most authors refer to the amorphous nature of the alco-
hol derivatives of the alkali and alkaline earth metals, but
adequately sharp reflections are present on the X-ray
powder diagrams of all the alkoxides yet studied, including
LiOCH3,

133>134 NaOCH3, NaOCH3.2CH3OH,133 KOCH3,
133,135

KOCH3.«CH3OH (n = 1 or 3) 1 3 3, NaOC2H5,
136 Sr(OCH3)2.

97

In 1960-63 the first structural investigations of alkox-
ides were completed: lithium133»134, potassium135, and
thallium(I) 8 8 methoxides. According to Wheatley's re-
sults 1 3 3, LiOCH3 has a layer structure, analogous to LiOH,
of the type ABCBA/AB, , where A = CH3, Β = O,
C = Li. Each Li atom in this lattice is surrounded by a
distorted tetrahedron of oxygen atoms; the coordination
polyhedron of the oxygen is a pyramid with four Li atoms
for the base and a CH3 group for the vertex. Hence the
basis of the bridge structure of lithium methoxide consists
of polymeric chains of [LiO4] tetrahedra.

TABLE 1. Alkali metal alkoxides.
tion (see the text on pp.

The Roman numerals here and subsequently denote the method of prepara-
162-167).

ROH

CH3OH

C2H6OH

n-C3H,OH

iso-C3H7OH

n-QH.OH

iso-C4H,OH

s-CjHdOH

Li

LiOR, decomp. > 360137

tetr., α = 3.63

c = 7, 62A, Z = 2 , sp.gp.

P4/nmm, str. type LiOH

133, 134. J 138, 139. J J10

LiOR-2 ROH (?) 1 4 4

LiOR, p e . m . 144.

II 4 3 ; I II 1 4 4 ; IV'2

LiOR, I 1 3 9 ; III 1 1 9

LiOR, subl. > 100° per

c y , Q 4 mTTff η • S S

]139. 149

LiOR, I 1 3 9 · 1 M ; II43

LiOR, snbl., a = 3 — 5,

T139, 149. JI43. l | f l ^ &

LiOR, I 1 4 9

Να

NaOR · 3ROH

NaOR · 2 ROH, decomp. 190°

NaOR, decomp. 300°, 1 4 0

o-rh., 0 = 4.32, 6 = 7.42

c = 8, 73A, Z= 4 1 3 3

d = 1 . 2 8 ,

CP298 = = ^6.6, s° = 26,43

//» _ //J = 3374, Φ* = — 15.12141;

jl4—16. 142, 143. j[42, 43. JJJ52. 54.

γ73, 8, 81

NaOR · 3 ROH

NaOR · 2 ROH, decomp. 200°

NaOR, deccmp. 320° 1 4 0

(240° 1 4 5 ) , I 1 * - 1 " ; I I 4 1 · " ;

III 5 2 · V8' 7 X ~ 7 4 ' 7 *

NaOR · 2 ROH, decomp. 220°

NaOR, decomp. 320°, Ι17' Χ 4 ί · 1 4 7

NaOR · 3 ROH

NaOR, I1'· " ° - 1 5 i

NaOR· 2ROH

NaOR, I 1 7 ' 1 6 4 ; I I 4 1 ' " ;

γ73, 81. Yj8

NaOR · 2 ROH

NaOR, I1 7· 1 5 4 ; II 4 a

NaOR · 3 ROH, decomp. 200°

NaOR, I 1 7 · 1 4 7 · X 4 8· * " ; V90

Κ

KOR · 3 ROH, mon.

0 = 1 4 . 9 6 , 6 = 7.68, c = 13.24A,

β = 93.8°, Z= 8, sp.gp. P21/ni

KOR • ROH, mon.

α = 14.75, 6 = 15.04, c = 9.33 A

Ζ = 6 , decomp. 190° 1 3 3

KOR, decomp. 350°, tetr.

α = 3.94, b = 8.76A, Ζ = 2, sp.gp.

P4/nmm13b

Jl4, 37. JJ43. ιγ«»

KOR·ROH

KOR, decomp. 250°

113,14.37. υ 43. JJJ 47 . γ7«, 80, 146

KOR, m.p. 250° decomp.,

Ii3, i4a

KOR, I 1 "; Veo

KOR, II43; V'3

KOR, I148; II43

KOR, I 1 6 · ; V80

C>

CsOR • ROH

decomp. 20°,

CsOR, decomp. 330°,

I13

CsOR · ROH

decomp. 50°

CsOR,

m.p. 200° (decomp.)

I 1 3

CsOR · ROH

decomp. 100°

CsOR, m.p. 250°, I18
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TABLE 1 (contd.)

ROH

t -C4H,OH

iso C6HnOH

s -C5HnOH

(CH^ (C2HB) COH

n-CeHi30H

n-CeH17OH

C,H6CH,OH

( C H J J J C H O H

(C,H,)a COH

CH,=CHCH,OH

[CH,=CHOH]

C6H,C0H

C6H,C0H

CHaOH

CHjOH

[HOC=COH]

HOCHjtCH^CHOH

CH.CHOH

CH,CBOH

0 (CH,CH,OH),

HOCH (CH,OH),

(C.H10O,)x

CH,OH

(CHOH),

CH,OH

Methylelncosides

Mannitol

Hexoses

Li

LiOR, sabl. μ = 0.74 D

a = 6-9, ΐ»»··ι«·»'

LiOR, a = 3 - 5 ; I139; II43

LiOR, I1 4 9

LiOR, I1 1 9

LiOR, I 1 M

LiOR, VII11»

LiOROH, dispropor. 170°

(LiO)jR, II"

(LiO)s R

Viifc i". m

(LiO), R (OH),

II4»

(LiO),R(OH)4, II43

Na

NaOR-2ROH

J154, 168. JJJ52

NaOR, decomp. 270°

Jl4. 162. ]]43. yl62

NaOR, VI8

NaOR, VI8

NaOR, I9· " · ; V81

NaOR, I*·M*

NaOR, I 1 M

NaOR, α = 1, μ = 1.62D (25°), I 1 "

NaOR, II4 8

NaOR, VII111

NaOROH · R (OH),

jie«. 167. j |43. 47, 49. y77. yj43, 1«8

(NaO)2R, I", II4"; V " · 1 " ; VI170

(NaO)aR

Vllfc17>·17S

(NaO) ROH · R (OH),, VI 1"

(NaO)R(OH),AlkOH, decomp. 120°

(NaO) R (OH),, decomp. 245°

J177. |j4t. γ54, 78. yjSi. 118, 177

(NaO), ROH, m.p.22<P(decomp.)
J40. yjlOl, 17·

(NaO)sR, VI1 8 0

NaOR (OH),, II 4 8 · 4 ' ; VI50

derivatives of starch, inulin,
lichenin, glycogen

(NaO)s R, II60, derivatives of
celluloses

NaOR (OH)3 · X (X=H,O, CHSOH)

]J43. γ39, 79. 181, yjlM

(NaO), R (OH), · χ Η,Ο, decomp. 140°

(NaO), R (OH),, V "

NaOR (OH)j; II4 8

NaOR (OH),, II 4 3 · 4 8 ; VI18*

NaOR(OH) t— derivatives of fruc-

toses and glucoses, II

Κ

KOR, decomp. 250 e W $

sobl.1"- I u > > l u > u o > u l

KOR, decomp. 250°

[14, 148. JJ43

KOR, V80

KOR, I 1 M

KOR, I47; V80

KOR, III; VII"

C*

KOR, CsOR — glass, formed in pyrolysis of ethoxides ( ? ) u

(KO),R, VII110

KOROH

(KO),R, II4S

(KO^R1"· " 4

(VII)6 te

α =3.93 A

c=12.75A

d=2.27 l M

(RbO),Rm·171

tr., sp.gp., 74

= 4.13 A

= 13.05 A

= 3.381 1 7

( a O ) , R u s · 1 7 1 · 1 7 5

/mmm, Ζ = 2

= 4.37 A

= 13.52 A

= 4.14 1 1 7

(KO),R170

(KO),R"0

KOR (OH), · AlkOH. decomp. 120°

y78. yjSS. 178

(KO),ROH, VI101

^υR(OH),, II4 8 ·4*

K 0 R ( 0 H ) s . H , 0

KOR (OH),

II43, V; VI"

KOR (OH),, II48

KOR (OH),, I I 4 3 ' "
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Potassium methoxide also crystallises in a layer struc-
ture (the space group of both methoxides is PAnmm), in
which the linear KOCH3 molecules are situated perpen-
dicular to the plane of the layers. The coordination num-
ber of potassium is five and the oxygen atom is at the
centre of a distorted octahedron, five of the vertices of
which are occupied by K+ and the sixth by a methyl group135.

Lithium alkoxides retain their polymeric nature in solu-
tions and even in the vapour. The degree of association of
LiOR, soluble in organic solvents, varies from 3 to 9.149,157

For insoluble LiOR with radicals of normal structure the
association should be even greater 139. Because the posi-
tion of the Li-0 stretching vibration frequency in the
infrared spectra of LiOBu* vapour (at 200°) is almost the
same as that for the solid alkoxidej, Simonov and co-
workers 183 suggested that there was association in the gas
phase.

ί The association of the LiOR molecule leads to a great reduc-
tion inthe frequency of the Li-O stretching vibrations by ~ 1000 cm"1

compared with the value calculated for the isolated molecule 13i.

TABLE 2. Solubility of NaOR in the corres-
ponding alcohols at 20°.1β0

R

n-C,H,
iso-C,H,
n-C4H,

Solubility, moles
NaOR litre"1

> 1
0.22

> 1

R

iso-C.H,
s-C4H,
t-C4H,

Solubility, moles
NaOR litre'1

0.63
0.66
0.34(27°)

TABLE 3. Equivalent electrical conductivity at infinite dilution of
alcoholic solutions of alkoxides at 25°.18T

Solvent

CH,OH

sr
LiOR

94.0
39.6

NaOR

98.4
43.0"·

NtCH—210

KOR

106.8»»»
46.6'»»

KOH~210 1

Ca(OR),

~ 8 5

A KOR),

(83°) 9.8· 10"··

* Calculated from published data190.

TABLE 4. Magnesium and alkaline earth metal alkoxides.

ROH

CH3OH

C-H6OH

n-C3H7OH

iso-C,H,OH

iso-C4H9OH

iso-CHnOH

0,,Η6ΟΗ2ΟΗ

CH2OH

CHSOH

HOCH (CH2OH)2

HOCH.CHOH

HOCH.CHOH

[HOCsCOHJ (?) VUb

MgX(OC 2H s),X=CI,Br,
]10. 29. 104, 207

M«

Mg(OR) 2-4ROH (—20°)

Mg (OR)a · 3 ROH, decomp. 40°

Mg(OR)2, decomp. 350°

[51—28. JJJ57. 101· 1 »

Mg (OR), • χ ROH

Mg(OR),, I " · " - » ;

III"; VIII111

CjH,OMgOCHs, III"

C,HBOMgX, X = H , BH4, A1H4

VHc"· l M ; X = C i H i , Vila201

Mg(OR),, I1'·»4

Ca

Ca (OR),, decomp. > 150°

[163. 1S4. []44. 45

[Jj55, M, 1»J, Ul .

jy45. y»7

Ca(OR), · 2 ROH, decomp. 50°

[1»3. 1»4, 117, 81. J[4» .

[[jl»3· 186—1«»

IV"

Ca(OR),

Sr

Sr(OR)s

II4 4; I V " ;

V»'

Sr(OR),
,!«,«.

IV"

Ca(OR),, I 1 M

Mg(OR),, I» ·» · ; III" 1

MgtOR),, I1»

Mg (OR),, I1 9 '*"

Mg(OR)2, VI 2 0 3

MgOjR, III"

MgO2ROH, III"

RMgOC3H,-iso, RMgOC 4H s-t,
III; IV" 1

Ca(OR),, I 4 4 · " ; IV"

Ca (OR),, II4 4· 4 6; IV"; V7 0

Ca(OR),, I " s ; VI 2 0 3

CaO2R, II4 6·8 0*; IV4S;

CafOROH],, IV"

CaO2ROH, V2 0 4

CaO,R (OH),, II4 5

CaO,R1 7 1

[(C,H6) (BrMgO) 0 = 1 , · (C2H5)2 0

VII 1 0 '

SrO2R

[[46. !02 .

IV4»

Ba, Ra

Ba (OR),

decomp. 250°

[98. j[44, 45 ,

j y « . y»8, 140

Ba(OR),
1144,45.

IV 4 5

Ra (OR)J00

B.(OR n),,

Ba (OR)2, V75

BaO2R, II,

IV46

I S r O 2 R 2 0 5
BaO,R2 0 e

, HC—CH (C,H,)2

—/~V-COMgBr

cis. and irons- VII2 0 8
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The explanation of such a marked inter molecular inter-
action for LiOR (in relation to other alkali and alkaline
earth alkoxides for which the question remains open) is as
follows: (1) the possibility of the formation of "tricentric
bonds" from the Li p orbital of one molecule and electrons
of the Li-O σ bond of another; (2) donor-acceptor inter-
action between the free p orbital of an Li atom and the oxy-
gen lone pair of a neighbouring molecule 139.

A recent investigation of the nuclear magnetic resonance
spectra showed that the nature of the bonding of LiOR tri-
mers in n- and t-butoxides is essentially different up to
values of α of 6 and 9 respectively§. Whereas in the first
case the interaction is of a donor-acceptor character, in
the second the formation of multicentre orbitals has the
main role1 5 7. The authors assume that1 5 7 elementary
associates, (LiOR)3, form almost planar six-membered
rings of alternating lithium and oxygen atoms.

As Table 5 shows, thallium(I) alkoxides are also asso-
ciated, with formation of tetramers. However, as already
indicated on pp. 164-165, the absence of reliable data on
the individuality of the products investigated reduces
considerably the value of the molecular weight determina-
tions here83»184. The existence of tetramers in the T1OCH3

crystal lattice was recently established by X-ray diffrac-
tion. Following Sidgwick83, the authors assume that such
a molecular associate is a distorted cube at the vertices of
which are four Tl atoms and four oxygen atoms8 8. Unfor-
tunately in this work also only the analyses for the metal
are given.

The most important characteristic, which influences all
the physicochemical properties of the metal alkoxides being
considered, is the considerable polarisation of the Μ—Ο
bond. However, direct measurement of the dipole moments
of the most polar alkoxides is impossible, owing to their
insolubility in dipole-free liquids and their involatility. In
addition, the published information about the negligible
dipole moments of NaOC(CeH5)3 (μ - 1.62 D) 165 and LiOBuc

(μ = 0.74 D) 139 — compounds which are readily soluble in
non-polar solvents — cannot be considered as evidence of
the covalent character of the M-O bonds in alkoxides in
general (as is done, for example, by Nazarova165), in
view of the fact that the constants of acid dissociation
of (C6H5)3COH and t-C4H9OH are three orders of magnitude
less than the corresponding values for the first members
of the aliphatic series of alcohols.

Of all the compounds of the class considered, volatility
(in a high vacuum) is distinctive for only lithium secondary
and tertiary alkoxides 149, potassium tertiary t-butoxide 159,
and thallium(I) pentyl oxide 1 8 4 — the least polar of the ali-
phatic alkoxides.

Unsolvated alkoxides, as a rule, are insoluble in most
organic solvents (with the exception of alcohols, in which
dissolution is effected by the formation of solvates), in
liquid ammonia, sulphur dioxide, etc. With increase in
size and complexity of the radicals the solubility of MOR
in non-polar solvents usually increases. As already men-
tioned, the LiOR products of normal primary alcohols are
insoluble even in the "parent" alcohols, whereas alkoxides
with iso-radicals are soluble in any organic solvent (in-
cluding alkane, hydroaromatic, and aromatic hydrocarbons)
except alcohols 149. Sodium normal alkoxides are readily
soluble in alcohols, but as the branching of the radicals is
increased the solubility of NaOR in the corresponding alco-
hols falls considerably (Table 2).

§ α is the degree of association (Ed. of Translation).

TABLE 5.

Formula

CHSOT1

CjHjOTl (?)

n-C,H7OTl
n-C4HeOTl
iso-C4H,OTl
iso-QHuOTl (?)

t-C6HuOTl

C,HUOT1
C,HBCH2OT1

Thallium(I) alkoxides and phenoxides*

Method of preparation

JY«. γ83, 209, 210

JY 45, 63
γ63, 82, 85, 209-211
γ211
γ211

V VI211

IV45; VI2 0 9

VI184

γ82. YJ83, 209

V I 8 i

HOCHjCHjOTl, VI210

Appearance

o-rh. crystals
a=13.80, 6=6.98,
c=13.66, Z=16,
sn.gp. Pea 2,88

oily liquid

crystals
oily liquid
crystals
heavy liquid

liquid j

powder
colourless tablets

(CHiOTl)j, IV"

Glycerolates

R(OH)S(OT1), VI2 1 0; R (OT1)3, V»»

R(OTl),-sorbitol2U

(>CHOTl)e-inositolVs l i

M.p., °C

120°-decomp.

—3
80° decomp.

—80
decomp. 50°
distils at 20°
in a vacuum
74

(CHjOTlVTlOH-HA V*12

ν ΐ

( £ " ι 0 Τ Ι ) 4 ' * τ 1 H

Stereoisomeric hexides
R t O T l ^ i O H ) , ^ Λ Γ = 5 - 6 ;

mannitol, dulcitol, IV4*; VI2 1'

C w H l e O, (OT1)4

sucrose, V" 2

C,H6OT1
2-CH,CeH4OTl
3-CH3C,H4OTl
4-CH3C,H4OTl
a-Cl0H,OTl
3-C10H,OTl
5-CH,—2 (iso-C,H7) CeH3OTl
2-CH,-5 (i s e-C sH,) C,H.,OT1
2CH3OC,H4OT1

3CH3OC,H4OT1
4-CH3OC,H4OTl
4-CHO-2 (CH,O) CeH3OTi

2-CH3O-4 (CH2CH=CH,) C4HSOT1
2-CHOCeH4OTl
CeH4(OTl)a-l,3
5-CH3C,H3(OTl)-l,3

(CH3)2T1HIOCH3

(C sH6)2Tln lOCaH6

d

4.75

d20 3-522

η ^ 1.678

2.465

Degre· of
associa·
tion, a

(Ref. 83)

3.86

4.45

4.0

3.16
3.94

CH2(CH2OT, ) 2.VI"·

methylglucoside
R (OH) (ΟΤΙ),, V ! 1 $

R(OT),-mannitol, V"*

«•methylarabinoside
R(OT1)8> decomp. 160°V218

γ 215.216. Y J 8 3 , 2 1 0

γ83.215,217

γ 2 1 7

γ 2 1 5

γ218
γί17

ν 2 1 7

γ215,217. V I 83

γ215.217.γ|83

γ 2 1 7

γ 2 " ; VI'8

γ217
γ217,219.νΐ83

ν 2 1 *
γ 2 1 ·IV'3

I V "

IV"4

colourless
needles

crystals
»
»

tablets
crystals
crystals

rhomb-like
tablets

prisms

yellow
crystals

ditto
>
>
>

solid darken-
ing in air

colourless
mobile
liquid

crystals

CH2OT1 1V; V l l f

(1:HOTI) 4

COOT1

203
180

164 decomp.
158 decomp.
161

147
196
142

148 decomp.
197

Hecomp. w ith-
J out melting

181

b.p.
110°/15mmHg

45; b.p.
10l7aimmHg

3.83

1.99

-

* See pp. 164-165.

The solubility of alkali metal alkoxides in liquid NH3

increases with the size of R;41 with potassium ethoxide it
is somewhat greater than with sodium ethoxide 4 7 (almost
insoluble), but Chablay45 noted a further decrease in solu-
bility on going from the alkali to the alkaline earth alkox-
ides.

The higher sodium alkoxides — primary isopentyl oxide,
triphenylmethoxide — are, unlike the derivatives of alco-
hols of normal chain structure, readily soluble in benzene,
dioxan, etc. (see Table 1). According to ΜcEwen185, the
solubility of NaOCH3 in benzene at room temperature is
3-9 x 10~4M.

The alkaline earth and magnesium alkoxides are much
more inert towards organic solvents — even in alcohols
their solubility is very restricted and falls on heating (pro-
bably owing to a decrease in the solvation of M2+ ions with
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the alcohols). The solubility of Mg(OCH3)2 in methanol is
given by Bjerrum186 as 0.9 Μ at 18°, but Quinet25 gives
0.118 moles per 100 g at 20°, or ~ 0.99 M, taking the den-
sity of Mg(OCH3)2 as 1.34,

The polar nature of the M-0 bond in alkoxides is res-
ponsible for their capability of electrolytic dissociation
and consequently their appreciable conductivity in polar
solvents. Table 3 gives the equivalent conductance of
alkoxides in alcoholic solutions (at infinite dilution). The
corresponding quantities for aqueous alkalis and aluminium
ethoxide (molten) are also given for comparison.

Thus the electrical conductivity of the alkali metal
alkoxides in alcohols is only a few times less than the solu-
bility of such strong electrolytes as NaOH and KOH; it is
of the same order as λΜ of an aqueous solution of sodium
acetate and exceeds the electrical conductivity of A1(OC2H5).,
by ~ 6 orders of magnitude, A1(OC2H5)3 being a compound
whose properties lie at the boundary between typical alkox-
ides and the esters of inorganic acids.

Grenier and Westrem 1 4 1 determined the main thermo-
dynamic functions of sodium methoxide (Table 1); such
data are not available for other alkoxides. The variation
of heat capacity with temperature, measured between 5°
and 340°K, had an anomaly at 34°K, for which the surplus
entropy was ~ 0.43 e.u.

C. CHEMICAL PROPERTIES OF ALKOXIDES AND THEIR MAIN
APPLICATIONS IN ORGANIC AND INORGANIC PREPARATIONS

1. Addition Reactions

(a) Complex f o r m a t i o n . M e e r w e i n ' s
" a l k o x y s a l t s " c r y s t a l l i n e a l c o h o l a d d i t i o n
compounds . M a g n e s i u m h a l i d e a l k o x i d e s .
The tendency of the alkali metal and alkaline earth metal
alkoxides to various complex-forming reactions is due to
the acceptor and donor abilities of their molecules. A
clear demonstration of this "dual" function is the polymeri-
sation of molecules of alkoxides (see p. 169).

The most studied class of oxonium compounds of the
alkoxides are their complexes with alcohols. Although the
formation of such compounds is due mainly to valence bonds,
intermolecular interaction also plays a significant part here,
as was shown above. The results of Forcrand's thermo-
chemical investigations (Table 6) suggest that for a single
alkoxide the heats of formation of its oxonium complexes
from the components decrease along the homologous series
of alcohols.

TABLE 6.

Alkoxide

MOCH3
MOC.,H5

MOOH,

AH of formation
compounds (after

MOCH-. —'CH.OH
CH2 - OM

CH — O H

CHs — OH

Addend

CH3OH
CSH»OH
C2H5OH

( - C H . O H ) ,
, CH3OH

C8H5OH
{ n-C3H7OH

iso-C.H.OH
liso<:6HuOH

of the crystalline alcohol addition
Forcrand's

Composition
of complex

1:1
1:2
1:3
1:1
1:1
1:1
1:1
1:1
1:1

r e s u l t s ) 1 M · 1 7 8 · 1 " ' 2 2 0 ' 2 2 1

-Δ//, kcal (

No

8.84
8.06
8.64
7.02
5.04
4 58
4.67
2.71
2.80

nole complex)

Κ

3.65
2.69
3.76

1.78

Co

8~5

—

—

A still more definite conclusion can be drawn from
Chelintsev's results2 0 7 on the heats of formation of the
compounds of type C2H5OMgI.3ROH. On plotting the total
thermal effects for addition against the dielectric constants
of the alcohols (Fig. 2) we observed a relation very close
to a straight line (there is a departure only for the first
member of the series, CH3OH). A comparison of the
thermal effects for the addition of the first molecules of
ligand made by Chelintsev is incorrect, since there is no
information about the existence of products of an inter-
mediate composition other than 1: 3 (see, for example,
Tolstopyatov104). Since in the series of alcohols there is
almost no change in the chemical nature of the molecule or
the donor properties of the oxygen atom, the observable
effect can evidently be ascribed to interaction of entire
molecules, not individual atoms (donor and acceptor). The
principal role in this interaction is obviously played by the
dispersion effect. (In view of the constancy in the dipole
moments throughout the homologous series the orientation
interaction cannot be great. The induction effect must
also be negligible, since in the case under consideration μ
and the polarisability of the donor and acceptor molecules
differ little from one another.)

All this at first seems to be contradicted by the results
of Frb'lich142 and Thomas 1 3 on the thermal stability of the
sodium and caesium alkoxide-alcohol compounds shown in
Table 7.

In the examples quoted the desolvation temperatures rise
along the homologous series of alcohols, but it must be
borne in mind that the acceptor-molecules are different.

For the derivatives of a single alcohol, the enthalpy of
formation (Table 6) and thermal stability (Table 1) of the
compounds with alcohol of crystallisation decreases from

-AH, keal mole"

35

30

25

20

ζο 30

Fig. 2. Relation between the heats of formation of the alcohol
addition compounds by the reaction:

C2H5OMgI+ 3ROH = C2H5OMgI.3ROH

and the dielectric constant of the ligands.
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TABLE 7. Temperatures of desolvation of the
crystalline alcohol addition com-
pounds.

CH, C,H, n-CH,

NaOR-2RO№«
CsOR-ROH»

(decomp. in a vacuum)

170°
20—30°

200°
50"

220°
100°

sodium to potassium. However, Thomas 13 thinks that the
tendency of CsOR to solvation by alcohols is somewhat
greater than that of KOR.

The coordination compounds of alkoxides with alcohols
obviously exist in solution as well as in the solid state. In
1963, Kecki and Witanowski showed222 that solutions of Li
and Na methoxides in CH3OH do not give the splitting of the
NMR signal of the OH group and linked this with the rapid
transfer of protons along the chain of a solvate macromole-
cule; they also considered the solutions to be systems in
which strong intermolecular interaction led to a deficiency
of protons.

Besides alcohols, the alkoxides are capable of forming
"onium" compounds with many other organic molecules.
In particular, the literature mentions the existence in solu-
tion of 1:1 and 1:2 complexes of NaOCH3 with HCOOCH3

(from electrical conductivity)223, and complexes of KOR
with dimethoxyethane and ethylenediamine. In the last two
cases complex formation with the solvent determines the
catalytic activity of alkali metal alkoxides in reactions of
anionic polymerisation224.

A special place among the complex formation reactions
of the alcohol derivatives of the alkali and alkaline earth
metals is taken by their interaction with formal analogues
— the esters of inorganic acids. Even in the last century
thanks to the work of Kopo and later Cambi225 it became
known that stable saltlike compounds of the type M[B(OR)J
were formed during crystallisation of alcoholic solutions
containing borate esters and Li, Na, K, or Ca alkoxides.

Meerwein and Bersin observed226 that the alkoxy-deri-
vatives of most of the elements of Groups III-VI undergo
alcoholysis in alcoholic solutions with formation of "alkoxy -
-acids" of type H[E(OR)n]· Their reaction with the "strong
bases" M!OR is analogous to neutralisation:

Η [Ε (OR)n] + M'OR >• Μ [Ε (OR)n| + ROH.

The complexes which a r e formed have a c q u i r e d the n a m e
" M e e r w e i n ' s a l k o x y - s a l t s " . In many c a s e s t h e s e a u t h o r s 2 2 6

s u c c e e d e d in t i t r a t i n g with a lcohol ic so lut ions of M ' O R . Sub-
sequently synthesis of alkoxy-salts progressed and now
compounds of the type M[E(OR)W] and also the mixed salts
M[EXm(OR)« -m] (where X is H, halogen, NH2, OH, OR',
or R') are known for almost every element in the Periodic
System. Table 8 gives brief information about them.

These complex alkoxides crystallise readily and are much
less reactive than their components. The most stable of
them even shows some stability towards water and does not
react with methyl iodide; in their alcoholic solutions the
inversion of methone does not take place — in other words,
the most characteristic reactions of the alkali metal alkox-
ides do not occur226»230. Meerwein notes that the instability
constant of the complex anion depends on the nature of the
alkoxy-group to an even greater extent than on the central

atom. As might be expected, under strictly equal condi-
tions it decreases as the "acidity" of the alcohol increases;
therefore maximum stability is shown by the compounds of
the polyhydric alcohols and phenols; these are usually
inner complexes which do not even decompose in aqueous
solutions.

Just as in some respects the alkoxides behave like the
hydrides of the corresponding metals (tendency to solva-
tion, polymerisation, extreme sensitivity to moisture,
oxygen, CO2, etc.), their "alkoxy-salts" show in several
properties a similarity with double hydrides (by the alco-
holysis of which they can readily be obtained). A con-
sideration of the physicochemical properties of the complex
alkoxides enables them to be classified roughly (by analogy
with the double hydrides) into molecular and saltlike. It is
interesting that the nature of the metal-complex anion bonds
in the M[EXM] molecules which contain atoms of the same
elements obviously do not change significantly on going from
hydrides to alkoxides. The considerable difference in the
polarity of the E-0 and M-0 bonds in the components leads
to the formation of saltlike complex alkoxides, characteristic
representatives of which are the alkali and alkaline earth
metal methoxyborates. These compounds (like the corres-
ponding hydroborates 68) are insoluble in non-polar organic
solvents but their alcoholic solutions exhibit considerable
electrical conductivity; their thermal decomposition takes
place at high temperatures and is accompanied by the
detachment of B(OR)3. Meanwhile M[B(OC2H5)4]2 (where
Μ is an alkaline earth metal) are soluble in (as well as
alcohols) tetrahydrofuran, benzene, cyclohexane, and
ether, their solubility falling in this order of the solvents69.
At the same time, Mg[Al(OC2H5)4]2 or the recently described
LifAlHiOBu^g] and Ca[U(OC2H5)6I are readily soluble in
ethers and hydrocarbons and distil without decomposi-
tion - the b.p. of Mg[Al(OC2H5)4]2 is 235-237°/l mmHg,238

and the sublimation temperatures of Li[AlH(OBul)3] is
280°/l mmHg,237»242 and of Ca[U(OC2H5)e]2200°/0.01 mmHg.2M

Hence their molecules, by analogy, for example, with
A1[BH4]3, appear entirely covalent and it can be assumed
that there is something in common between the molecular
structures of "alkoxy-salts" and the corresponding double
hydrides. In connection with this, there is the interesting
question of the nature of the reaction of barium and titanium
methoxides. According to the patent literature2 5 9, on
boiling an alcoholic solution of these alkoxides Ba2TiO4 is
precipitated, and this can be explained only by the instability
of the double methoxide which is probably formed in the
first stage.

In the last 15-20 years interest in the complex alkoxides
has grown considerably, in connection with their possible
use as efficient catalysts. Thus, the "amphoteric" nature
of Mg[Al(OR)4]2 determines the peculiar catalytic action of
this alkoxy-salt260. The "strong base" Mg(OR)2 present in
the molecule brings about the aldol condensation, but the
"acid" A1(OR)3 leads to the Tishchenko reaction between the
hydroxyaldehyde formed in the first stage and a molecule
of the original aldehyde (to a glycol ester) 2 6 1:

RCH2CHO+CH2CHO

R
+RCH.CHO

• RCH,CH—CH—CHO

O H R

RCH,COOCHj—CH—CH —CHjR

R OH

Hydroalkoxy-complexes — for example,
— are valuable reductants. They differ from LiAlH4 by
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TABLE 8. The complex alkoxides M[E(OR)n]

Formula

K[U(ieo-OC,HT),]

Κ, [Be (OC,H6)4] *

Na,[Mg(OR)4]

K2[Ca(OCHsC,H,)4]

MH [Zn (OR)4)

M'[B(OR)4]

M" [B (OR)4),

Na[BH4.n(oa)J

M[BF,(OCH,)]B

M[B(OR),R'J

K[U(NH,)(OCH,),]

M[A1(OR)4]

M[A1(OR)4),

Mg,[Al(OC iH5),),

M[AIH4.n(On)J

Νβ[ΑΗ0ΠΜ0ε,Η,),]

K[A1(NH,)(OCJH,)J]

MfAUORkR^J,,

ΜΟίΗ,ίΟϋΧΟ,Η,)],,

Κ [Si (OCH,),]

•[(§DH

Na, [Sn" (OCH,)4J

Na [Sn, (OC,H,)S] (?)

M,[Sn(OC,H,),] (?)

KH3[Ti(OC4H,),l.

κ,ΕτϊίΝΗ,ί,ίοεπ,),]

M[Zr,(OR),J

Na[Sb'"(OR)4]

Na [Sb v (OC.H,).]

Na[SbvCl(OC,H,)J

Kn[Cr,(NH )(ΝΗ,)4(0α,Η,,)]η

NaH[SeIV (OCH,),J

M[SelvO,(OCH,)]

NaH[TeIV(OR).]

MiFe"I(OC,H,)4J

Nam[Fen l(OCH,)nJ

BaH[Fe(OCH,)4],

Na[Fe(OR)(CO),J**

K, [OsV IO 8 (OCH,)4)

Μ

_

_

—

—

Na, Κ

Li, Na, K, Rb, Cs, Tl1

Mg, Ca, Sr, Ba, Zn

—

Na, K, Hg

Li, Na

—
LI, Na, K, Tl

Mg, Ca, Cu", Ni, Co

—

Li, Na, [(C,H,),Sn]

[(C.Hu)3SnJ

—

-

Na, K, Ca, Sr, Ba

Na, Ca

-

_

(NaH), K. Sn"

—

_

Li, Na, K, Tl,

( C H J 4 N -

—
—
—
—
_

K. NH«

-

Li, Na, K, Tl

m-Z—A, n=5—7

_

—

—

_

—

CH,, 11-CH7

—

CH,, C,H,

CH,, C,H,, n-C,H7
n-, iso·, t-C4H,,

C,H,CH,—

CH3, C3H5

CH,, CH.. C,H,

(ieo-.t-

CH,, CH,;
(R'=CH,, C4He)

CH3, C,H,,
n-, iao-C,H,, D-, t-C4H,

iso-C5Hu, C,HU, C.H,CH,

C,H,, n-C,H7, n-C4H§

C,C,H,, t-C4H,

—

—

CH,, C4H,(n-.s-)
(R'=CH,, CH, etc.)

CH,, C4H,, C,H, . . .

CH,, CH,

_

_

CH,, C,H,(ii-tieo-),
C4Hj (n-,»-)

CH,, C.H,

•~

CH,, C H ,

-

ReUrtnces

IM

tn

SI. IM

IM

IM

115. 117—11·

( · . 135. 21·. 130

131—131

133. 134

130. 135

Ιϋβ

I M . 137

IM. «38

13·

137, 140—Ml

2M

13»

«35. 143. 144

M l

14f

M7

M l

IM. M·. 150

IM. MO. 151

IM

13·

M l

IM

I M

I M

153

I M

154

IM

IM

•3

•3

15·

M l

* According to our observations2Si, this compound could not be prepared, either under the conditions des-
cribed by Meerwein226 or on reaction of the two alkoxides.

** This is the probable formula, judging from the properties of the complex carbonyl described by Feigl and
Krumholz 2 5 6.
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their gentler and more selective reducing action for certain
classes of organic compounds and also for metal halides 2 4 2>2 6 2.

A second, much wider field of use of alkoxyborates is
connected with the synthesis of hydroborates, for example:

M|B(OCH-,)4|
Na|HH(OCH 3 ) : l | •M|BH4] -!- Β (OCH3)3

Μ Li, Na, K, Mg, Ca, Sr, Ba , ·ο.·»····«·*

NaBH4 i - I N a | B ( O C H a ) 4 ] i l i 3 .

A much less studied class of complex alkoxides com-
prises the products of addition to inorganic halides. At
present such compounds (given the formula X-M-OR) are
known only for magnesium among the group of elements
covered by this review (see p. 165).. By common crystal-
lisation of alcoholic solutions of MgCl2 and Mg(OC2H5)2,
Meerwein and Schmidt29 separated a 1 :1 addition product,
which could be recrystallised with partial decomposition
from boiling alcohol. On carrying out the reaction with
magnesium methoxide under similar conditions, Quinet264

obtained the crystalline complex 3Mg(OCH3)2.MgCl2.llCH3OH,
which easily loses its alcohol of crystallisation.

Tolstopyatov and coworkers 1 0 4, in a detailed investiga-
tion of the alcoholysis of the alkylmagnesium halides, pro-
posed a convenient method for isolating crystalline ROMgl:
precipitation as a complex with benzophenone or benzalde-
hyde. It was shown simultaneously that the higher alcohols
(starting with n-propanol) do not form stable magnesium
alkoxides. The equilibrium of the symmetrisation:
ROMgX ^ Mg(OR)2 + MgX2, which the authors 104>265 think
exists in ether solutions is easily shifted to the right by the
precipitation of Mgl2.3(C6H5)2CO (which is insoluble in ether).
The scanty data2 6 6 '2 6 7 suggest that the crystalline magnesium
bromide alkoxides (obtained on the alcoholysis of RMgBr)
are considerably less soluble in ether than the iodides, and
are less reactive.

In further investigations of this theoretically interesting
class of compounds it is proposed, apparently, first to
solve the problem of the identity of the halide alkoxides ob-
tained by different paths: (1) the addition, MgX2 + Mg(OR)2;
(2) alcoholysis of a Grignard reagent — it has recently be-
come known that the nearest analogues of ROMgX (the alkyl-
magnesium halides) are different from the molecular com-
pounds of the type MgX2.MgR2.x(C2H5)2O, synthesised in the
reaction of ethereal solutions of MgX2 andMgR2.

268

(b) R e a c t i o n s wi th t h e a n h y d r i d e s of i n o r -
g a n i c a c i d s . The reactions of alkoxides with SO2, CO2,
CS2, and other anhydrides of inorganic acids are accom-
panied by addition of the metal and alkoxy-group at a double
bond of the anhydride to form salts of alkyl hydrogen sul-
phites 7 ' 1 0 ' 1 9 1 ' 2 6 9, alkyl hydrogen carbonates,8 '1 9 1 '2 7 0"2 7 2 and
alkyl hydrogen monothiocarbonates 5 , thus:

MOR-f
' X O R '

where Ε = S or C; X = Ο or S; and Μ = Na, K, iMg, or
,LBa.

II Presumably the authors intended to write the scheme:

The reaction of alkali metal alkoxides with carbon
monoxide is more complex and the composition of the pro-
ducts is greatly dependent on the temperature and pres-
sure 7. The reaction of CO with alcohols in the presence
of solid NaOR is now used for making formate esters 160>273

>

or (under different conditions) for the synthesis of salts of
the higher carboxylic acids by lengthening of the hydro-
carbon chain5. In inorganic preparations sodium alkoxides
are sometimes used as mild reagents for binding CO mole-
cules. Thus, in the reaction of pentacarbonyliron with
NaOR in alcohol solution tris(tetracarbonyliron) [Fe(CQ)4 ]3

was obtained274. The information about the products of
the reaction between the alkali metal alkoxides and S2O3 is
contradictory275.

2. Substitution Reactions

(a) I n t e r a c t i o n with a c i d s — r e a c t i o n a n a -
logous to n e u t r a l i s a t i o n :

MOR+HX -, " MX 4- ROH .
(ΰοΤΓΓ

(1)

The use of this reaction (usually brought about in alcohol
solutions) for preparative purposes has a series of advan-
tages in comparison with the neutralisation of the corres-
ponding bases in aqueous solution. Firstly, the greater
volatility of alcohols, and also the lower solubility of the
salts formed ensure that equilibrium (1) is displaced to the
right. Secondly, under the conditions described anhydrous
salts are formed (in the case of fatty acids, soaps)5.

Of the reactions of alkoxides with inorganic acids, those
with hydrogen sulphide which lead to the formation of sul-
phides or hydrogen sulphides of Li, 6 2 Na,2 7 6 K,114 Tl,8 5

Ca 1 9 4 have been studied most:

MOR-;H.,S -MHS. M2S i .

for SO2 and CO2 at least; however, this would give an xanthate
with CS2 (Ed. of Translation).

This reaction is the most convenient method for preparing
alkali metal hydrogen sulphides (their salting out from
alcohol solutions is effected with ether or benzene m ) .

It is interesting to note that solutions of H2S in aromatic
hydrocarbons or CHC13 (unlike aqueous solutions) are
titrated by alkoxides, despite the almost complete absence
of electrical conductivity. This fact served at the time as
one of the first proofs of the unsuitability of the Arrhenius
"aqueous" theory of acids and bases 26°.

Here it is pertinent to refer to the reaction of disubsti-
tuted potassium glycerolate with silicic acid — in the form
of amorphous silica or the hydrolysis products of Si(OR)4.
According to Toropov204 and Kreshkov277 this reaction
enables calcium silicates soluble in glycerol to be obtained
in quantitative yield.

(b) R e a c t i o n with w a t e r . P r o d u c t s of p a r -
t i a l h y d r o l y s i s of the a l k o x i d e s of G r o u p II
m e t a l s . Whereas the alkali metal alkoxides with even
traces of water undergo hydrolysis in accordance with the
equation: MOR + H2O ^ MOH + ROH, the alkoxy-deriva-
tives of bivalent metals (alkaline earth elements and Mg)
form intermediate products, hydroxide alkoxides of the
type M(OH)(OR) (see also p. 165). In most of the old work
on the alkaline earth alkoxides compounds are described
(obviously of individual composition) which crystallise from
alcohol solutions in those cases where the alkoxides under-
go partial hydrolysis or reaction with the corresponding
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metal oxide or hydroxide. Even Dumas and Berthelot, and
then Forcrand278 considered them to be oxides with alcohol
of crystallisation, MO.wROH. Szarwasy191 succeeded in
isolating the normal basic magnesium methoxides by using
the fall in solubility of Mg(OCH3)2 on raising the tempera-
ture (on boiling the alcohol solution, pure magnesium meth-
oxide is precipitated). Szarwasy proposed the formula
Mg(OH)(OCH3) for the partial hydrolysis product on the
principle that this compound had considerable thermal
stability, with no loss of alcohol on heating (as would have
occurred for ROH of crystallisation). Berner97, as already
noted, isolated analogous compounds of Ca and Sr (which in
alcoholic solution exist in equilibrium with the normal
methoxide and oxide) and showed their individuality by
X-ray analysis. Scholder and Kreutz98 made a systematic
investigation of the solid phases existing in equilibrium
with solutions of BaO in methanol. For crand's results2 7 9

on the overall composition of the compounds formed were
confirmed, but from the information on the decomposition
of the compounds in a high vacuum at 20° the authors pro-
posed different structural formulae (Table 9). From the
results of work98 on the solubility of various hydrolysis
products of Ba(OCH3)2 in methanol, we attempted to con-
struct an approximate equilibrium diagram for the
Ba(OCH3)2 + H2O ^ CH3OH + Ba(OH)2 reciprocal system (by
Ja'necke's method). As Fig. 3 shows there are four solid
phases in this system at 20°; one of the hydrolysis pro-
ducts is the barium hydroxide alkoxide and the other is a
solvate of Ba(OH)2 with the alcohol.

Table 9 lists the compounds of this type mentioned in the
literature; we assume that hydroxide alkoxides analogous
in composition and method of preparation to the barium
compounds98 possess the same structure.

(c) R e a c t i o n s with a l c o h o l s . These have
received detailed consideration above (p. 165). The exchange

TABLE 9. Magnesium and alkaline earth metal hydroxide alkox-
ides.

ROH

CH3OH

CjH,OH

Mg

MgiORMOH)1»1

Ca

Ca (OR) (OH)»'

Ca(OR)(OH)·
•0.33ROH ι"'»»·"»

Ca(OR)(OH)"«

Sr

Sr(OR)(OH)·'

Ba

Ba (OR) (OH)· ROH
Ba(OR)(OH)-0.33ROH
Ba(OH)a-2ROH.
•Η,Ο"·1·'·"9

Ba(OR)(OH)·
• 0.33ROH1"·"»

(CK3OH), ia.(OCH3)2

Ba(OH),

Fig. 3. Approximate solubility diagram for
the Ba(OCH3)2-CH3OH-H2O system (20°) after
Scholder and Kreutz M .

reactions of alkoxides with S-dicarbonyl or 0-hydroxy-
carbonyl compounds (whichobviously react in an enol form)
are of definite preparative interest. The products — the
β-diketone derivatives of the alkali and alkaline earth
metals, Mg and Tl1 — are inner complexes and are there-
fore not considered in this review. However, it must be
noted that there is an important difference between the
derivatives of these metals. Whereas all the derivatives
of acetoacetic ester (except that of Li) are readily soluble in
benzene, resist the action of water, have low melting points,
and volatilise easily (that is, they are typical chelates), the
analogous Li or sodium compounds of alkylmalonic esters
are insoluble in hydrocarbons, decompose without melting,
and do not sublime281. Hence despite their formal analogy
with typical chelates, the latter resemble more closely the
alkoxides, a fact which is probably linked with the more
polar nature of their molecules and the lower stability of
the rings formed.

(d) R e a c t i o n s with i n o r g a n i c and o r g a n i c
h a l i d e s . These play a large part in organic synthesis,
where alkoxides are used as alkoxylating agents. The re-
action of alkali metal alkoxides with inorganic halides in a
medium of organic solvents — or, more correctly, with
solvato-acids of the type H[EXM(OR)m] is usually the most
general method of synthesis of the alkoxy-derivatives of all
the elements of the Periodic System: nMOR + EXn —
— E(OR)M + η MX. This reaction is ionic and, as stated
above226, in many instances titration in alcoholic solu-
tion is possible (for example, HgCl2 may be titrated by
sodium ethoxide against phenolphthalein)860. Whereas
the reaction of alkoxides with alkyl halides which are
used for the synthesis of ethers (Williamson reaction):
MOR + R'X — R'OR + MX, takes place by an entirely dif-
ferent mechanism (nucleophilic substitution at the carbon
atom). But the most ionic Na and Κ phenoxides generally
do not react with alkyl halides, therefore silver phenoxides
are used to introduce phenoxy-groups into molecules282.

In addition to the Na, K, and Li alkoxides, usually used
as alkoxylating agents in the Williamson and Schotten-
Baumann reactions283, several authors24»284 recommend the
use of magnesium alkoxides, which sometimes give higher
yields of the main reaction product. An unusual applica-
tion of the Schotten-Baumann reaction appeared recently in
the work of Lebl; the reaction of potassium methoxide with
acetyl chloride was proposed as a method for obtaining KC1
of high purity285.

(e) R e a c t i o n with h y d r i d e s . Wiberg and Hart-
wimmer69 synthesised borohydrides of the alkaline earth
elements directly from alkoxides in tetrahydrofuran:

(boiling
3 Μ (OR)a + 4B2H, T.H.F.)—• 3MIBH4]2+2B (OR)3.

Earlier the tetrahydroborates of metals of Groups I
and II were made by Schlesinger's method, starting from
the corresponding alkoxyborates 6 9 :

M[B (OR)4]f B2He • Μ |BH 4]+4B (OR),.

Rossmanith and Macalka286 carried out an analogous re-
action with mixed tetrahydroborates-chlorides of the rare-
-earth elements. In a solution in tetrahydrofuran, in
addition to replacement of chlorine in the molecule of the
complex hydride there is replacement of one [BH4] by a
methoxy -group and then also partial alcoholysis of [BH4]:

NaOCH3 -h LnCl [BH4]2

—NaBH,.—NaCl
Ln(OCH 3) 2[BHI 4- • Ln (OCH3)2 |BB,(0CK,)],

where Ln = Gd, Dy, Y, Sm, Er, etc.
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3. Oxidation Reactions

The alkali and alkaline earth metal alkoxides are readily
oxidised by oxygen in the cold in the solid state, in solu-
tion, or as suspensions in organic solvents. The oxidation
products of the derivatives of primary alcohols are mainly
salts of carboxylic acids, those of secondary alcohols are
ketones and metal peroxides5»287. In the presence of
diphenylmethanol oxygen oxidises sodium and potassium
t-butoxides to hydroperoxides MOOH, peroxides, or super-
oxides, depending upon the reaction conditions (the ratio of
the components and the nature of the solvent)287. In
alcoholic solution in the presence of catalysts (platinum
black, Fe2O3, or Co2O3) sodium alkoxides are smoothly
oxidised to salts of the corresponding acids5.

The action of chlorine or bromine on NaOR forms a
mixture of various oxidation and halogenation products;
with Mg(OC2H5)2 the main product is acetaldehyde21. The
reaction of sodium alkoxides with iodine288 is accompanied
by replacement of hydrogen and splitting of the hydro-
carbon chain, for example:

NaOC 2 H 5 +3I 2 - • C H 2 I 2 + C H I 3 + H 2 O + N a I .

A detailed summary of work on the oxidation of alkoxides
(mainly carried out at the end of the last century), is given
in Dermer's review7.

Aromatic nitro-compounds are reduced by alkali metal
alkoxides quantitatively to azoxy-compounds5'289:

ο
C6H5NO2-:-CH3ONa • C e H s —N=NC e H 5 +HCOONa+CH 2 O+H 2 O.

According to Ogata and Mibae289, the reaction proceeds
through a transition state of the type:

O ,.O N;,..
:|.·· «- i + '·.

CoH5—N.6-* ί-b—CH 3

(and not through a quinoid structure, as was suggested
earlier 2 9 0).

Of all the compounds considered here, only the thallium(I)
alkoxides act as oxidants. According to McHatton and
Soulal217, aromatic acyloins reduce T10R to metallic
thallium and are themselves quantitatively oxidised to
Cu-diketones:

Ar—C—CH—Ar+2T1OR ·
II \

Ο OH

Ar-C - C-Ar -f- 2T1+2ROH.
II II
0 0

4. Thermal Decomposition of Alkoxides

Despite many investigations of the thermal decomposi-
tion of alkoxides, there is not yet a single opinion concern-
ing the mechanism of this process. Tishchenko 1, on the
basis of an analysis of the literature on the alkaline earth
alkoxides272 and his own studies of the thermal decomposi-
tion of A1(OR)3, proposed the following general scheme for
the pyrolysis of alkoxides:

M(OR)

C n H M + 2 + C n H 2 n C H O + H 2 (III)
\

M(OH) n +C n H a r t .

(I)

(ID

(IV)

The relative amounts of each of the reaction products
depend on the decomposition temperature, the stability of
the alkoxide group, and mainly on the catalytic properties
of the oxide formed. In consequence, reaction (IV) pro-
ceeds quantitatively only in the decomposition of alkali and
alkaline earth alkoxides (the oxides of which are capable of
dehydrating ethers). Hence the primary products of the
decomposition, according to Tishchenko, should be ethers
or the original alcohols. Actually, when Tropsch and
Philippovich291 heated sodium methoxide to 240° in nitro-
gen they found dimethyl ether. The thermal decomposi-
tion of Mg(OCH3)2

 2 5 or of potassium tertiary fluorinated
butoxidesT 2 9 2 is accompanied by the formation of the
corresponding alcohols.

The pyrolysis of alkali and alkaline earth metal alkoxides
starts at 300-350°. On the basis of many results (given in
Tables 1 and 4) it can be suggested that generally the ther-
mal stability of the alkoxides decreases in the homologous
series of the alcohols 145 and with increasing branching of
the hydrocarbon radical2 9 3. It is difficult to draw any
definite conclusions as to the influence of the metal. Zook
et al. 2 9 3 gave the following series of decreasing thermal
stability: Li > Na > K. An analogous series (including
Cs) can also be given for ethoxides (Table 1).

Durand 14°, and later Thomas 13 investigated in detail the
mechanism of the thermal decomposition of MOR and
M(0R)2, and showed that the pyrolysis of the alkali metal
methoxides follows a quite special path:

6MOCHs=9H2+2MaCO3+2C+M sC1, .

2M+2C

The second stage, the formation of the free metals,
occurs only with Κ and Cs (sodium acetylide exhibits excep-
tional thermal stability). Kahlbaum et al. 2 1 1 observed the
formation of metallic thallium in the decomposition of
"thallium ethylate". In the first stage of the thermal dis-
sociation of sodium, potassium, and caesium ethoxides
and propoxides, dehydrogenation occurs, with formation
of vitreous products of composition CwH2M_iOM, to
which Thomas13 ascribes a vinyl oxide structure:
RCH2CH2OM — RCH=CHOM + H2. The subsequent course
of the decomposition, connected with that of the vinyl oxides
— and probably of poly(vinyl oxides) — is rather complex
and depends on the nature of the radical and metal. For
ethoxides, for example, the overall equation is:

3C2H5OM •4H2 + 4C+3MOH+C2H4. ™-w

In the case of tertiary alkoxides, the gaseous reaction
product is almost pure unsaturated hydrocarbon130 —
hence the decomposition proceeds quantitatively according
to Eqn. (IV). It is worth noting the thermal decompo-
sition of the "acid" alkoxides of dihydric alcohols43»101, the
first stage of which is symmetrisation by the scheme:

CH2OM
I

CH2OH
(CH.OM,) f(CH 2OH).,.

5. Catalytic Action of Alkoxides.

To conclude this review of the chemical properties of
alkoxides brief reference must be made to their use as
catalysts. This field of application is extremely impor-
tant, since it is connected with the synthesis of many

t Such as (CF3)2CMeOH and CF3CMe2OH (Ed. of Translation).
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dyestuffs and their intermediates, of pharmaceutical pre-
parations (such as barbituric acid and its derivatives,
vitamins B, etc.), perfumes and perfumery materials, and
also a series of ketones, aldehydes, esters, and amines
which find extensive use in industrial organic syntheses5»7.

Among the reactions in which alkoxides are used as con-
densing agents, mention must first be made of the Guerbet
reaction. In 1909 Guerbet observed that alcohols (starting
with propanol) heated with sodium alkoxides in ampoules
double, and sometimes treble, their molecular weight.
Subsequently Thomas used potassium alkoxides in this re-
action, and in the presence of CsOR was able to condense
ethanol also 13. According to Terent'ev's results 19, mag-
nesium or calcium alkoxides can also act as catalysts for
this reaction. Weissmann13 proposed the following scheme
for this reaction:

RCHjCHj-j-OH + H:-CH-CH,OH

R'

(-Η,Ο)
R C H J C H J - C H - C H J O H .

R'

In condensations of carbonyl-containing compounds —
aldol and crotonaldehyde condensations with malonic or
acetoacetic esters, etc. — the formal role of the alkali
metal alkoxides is ascribed to dehydration action4»5'294.
The use of various alkali metal alkoxides in the Claisen
condensation is well known (for example, see Ioffe and
Nesmeyanov10, and Berkman and coworkers294); recently
magnesium ethoxide has been used successfully by Lauk-
kanen295 for the cyclisation of esters of dibasic acids. It is
appropriate here to mention the synthesis of barbituric acid
by the condensation of malonic ester with urea using
Mg(OCH3)2.

296

In the Meerwein-Schmidt-Verley reaction alkoxides are
used as reducing agents. To reduce aldehydes to primary
alcohols, Meerwein and Schmidt29 first used Mg(OC2H5)2

and ClMgOC2H5. Simultaneously Verley297 suggested
using sodium alkoxides in this reaction, and Gomberg and
Bachmann successfully employed magnesium iodide ethox-
ide and magnesium bromide ethoxide. The more funda-
mental nature of the catalysts mentioned is due to some
specificity in their action compared with the A1(OR)3 usually
employed in this reaction2 3 0 '2 9 7.

Alkali metal alkoxides are used in the Wolff-Kishner
reduction in the second stage only, the catalytic decomposi-
tion of hydrazones294'298.

Information has also been published on the isomerising
action of alkali metal alkoxides in relation to the different
classes of unsaturated compounds. There is firstly iso-
merisation of acetylenic hydrocarbons into allenes294,
secondly migration of a triple bond294, and finally migration
of a double bond156'299.

In the last five years there have been reports of the use
of the alkoxides of metals of Groups I—III in processes for
the polymerisation of epoxides 152'153'202'30°, and of certain
types of unsaturated compounds iei>3oi-3O4

As well as the reactions mentioned, alkali metal alkox-
ides are also used as additions to catalysts. Thus the
so-called "Alfin catalysts", which are mixtures of sodium
isopropoxide and sodium alkenides, have been used for the
polymerisation of dienes3O5. The hydrogenation of furfural
diethyl acetal on nickel is much faster in the presence of
sodium ethoxide306.

Of other application of alkoxides we can note the use of
NaOR as oil additions to facilitate their drying5, and of Sr
and Ba alkoxides as additives for lubricating oils7 5. Calcium
methoxide is a stabiliser for vinyl resins3 0 7, the calcium
and magnesium higher alkoxides as additions to anti-knock
agents to eliminate the precipitation of lead from them308.
Vitreous films exhibiting valuable dielectric properties are
formed by the heat treatment of barium or strontium
alkoxides deposited on a surface by impregnation with
alcoholic solutions of M(OR)2. The formation of such
films on the surface of fluorine-containing polymers in-
creases their adhesive properties309. Thallium "ethylate"
had been suggested as a heavy liquid (d = 3.55) for deter-
mining the specific gravity of solids211. The derivatives of
thallium and polyhydric alcohols (like other Tl1 compounds)
are used for the stripping of hair from hide 31°.

ΙΠ. PHENOXIDES OF THE ALKALI AND ALKALINE
EARTH METALS, MAGNESIUM, AND THALLIUM(I)

A. METHODS OF PREPARATION

For the preparation of phenoxides it is possible in prin-
ciple to use the same methods as for the preparation of
alkoxides. Therefore for convenience in Table 10 the same
symbols for the preparative methods (Roman numerals) are

TABLE 10. Alkali metal phenoxides.

ArOH

C.H.OH

2-CH3C0H4OH

LI, Na

LiOAr-2H,O decomp. 450°

jis3 i v 9 1 > · 3 1 4 LiOAr, V»1»

Cr (o-C,H4OLi), . 2 C 4 H , O " ·

NaOAr-6ArOH (?)

NaOAr- 2ArOHnH,O (n = 0 ;

3.5; 7; 8 ; m.p. respectively:

> 100; 34.7; 19 decomp., 21°.

NaOAr-3H,O, m.p.. 52"

NaOAr.NaOH-2.5H,O; m.p. > 100°

NaOAr-0.5C«H,O,

NaOAr, m.p. 60°, decomp. 450°;

I 1 7 · * 1 7 ; I I 4 ' ; V31§~s*°; VI3 1 1; IX*2 !

NaOAr-3ArOH

NaOAr-nArOH-6H,O ( n = l or 2)

N a O A r H s O

NaOAr. 3NaOH-6H,O

NaOAr, m.p. < 0 ° ,

vai»,3«s. V I J I «

K. Cs

KOAr-3ArOH, m.p. 114°

KOAr2HjO

KOAr, m.p. 104°;

VIMl; IXJ!»

CsOAr, Vs1»

KOAr-3ArOH

KOAr,
yJ18,319
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TABLE 10 (contd.)

ArOH

3-CHjC,H4OH

4-CH3C,H4OH

β.^ΟΗ,ϊ,Ο,Η,ΟΗ

LI, N«

NaOAr, m.p. 94°, decamp. 450".
pi»; H«T. y311.3l«. y j , M

NaOAr, m.p. 125°, decomp. 450°;

I»ii; γηι,ιι·. γι»·

NaOAr, VI·1·

K. Cs

KOAr-3ArOH, m.p. 88°

KOAr, m.p. 36e;V5UI<>lt

KOAr-3ArOH, m.p. 148°

KOAr, m.p. 92°,

decomp. 420»; V ' " · " 8 ' " · · · "

2.4-(CHJ,C,H,OH

2,5-(CHs),C,H,OH

5-CH,-2 (iso-C,H7)C,H,OH

NaOAr. m.p. 43°; V«·; VI3*

NaOAr, m.p. 83"; V«»; VI»*

NaOAr, VI »'

KOAr, liquid; V " ·

KOAr, m.p. 35°; V »

2-CHj—5(iso-C,H,)C,HjOH

a-CioH7OH

βΐωΗ,ΟΗ

2-CH,OCeH4OH

2-CHjO—4-(CH,CH=CH,)C,H,OH

NaOAr. VI «

NaOAr, m.p. 45°;

II 4 '; ν 5 1 · · * " ; VI*1·

LiOAr, I«" NaOAr, m.p. 120°; V
ySl».3M. YJM»

2NaOAr-5ArOH-2H,O, m.p. 139°

NaOAr-5ArOH, m.p. 172°

NaOAr, m.p.. 120°; v 3 W l 3 M ; VI'1 '

NaOAr, m.p. 115°; V31·

KOAr.4ArOH-5HiiO

KOAr. liquid; V " ' · " 3

KOAr-2ArOH-5H,O

KOAr, m.p. 40°
J 1 U . Y»W.81S

KOAr-3ArOH

KOAr·ArOH-Ι.δΗ,Ο. m.p. 188°

KOAr, m.p. 168°.
y519,313,830

KOAr, m.p. 128°; V31»

2-CIC,H4OH NaOAr, I 3 3 1

3-C1CH4OH

2-C1—6—CH,OC,HSOH

4-ClC,H4OH

3-CH3—4—C1C,H8OH

4-BrC,H4OH

2,4-ClsCeHsOH

2,4,e-Cl3CeH2uH

2,4,6-Br3C,H2OH

2,4,6-I3CeHeOH

2,3,4,6-Cl4C,HOH

4ΐΗ,Ο—2,3,5,e-Br4C,OH

CI,C,OH

Br6C,OH

C,H4(OH)a.l,2

CeH«(OH)rl,3

C,H4(OH),-1,4

Ο,Η,ίΟΗ),-!^^

NaOAr, I 3 "

NaOAr;I'«

2NaOAr-ArOH;
NaOAr. V3»1

NaOAr-H.0
NaOAr, decomp. 220°; V e »

NaOAr, m.p.. 370°; Vs»»

NaOAr, Vffla

LiOAr.H2O V83» NaOAr H,O; V 3 3 ' · 3 3 1

NaOAr, m.p. 373°

NaOAr; V *

2NaO Ar (OH) · Ar (OH), · 6H,O

NaOAr (OH)· Ar (OH),

(NaO),Ar; V 3 "·" 7 ; VI»·

NaOAr (OH)
(NaO),Ar, V»·; VI3»·; IX3»

NaOAr (OH)-4ArOH
NaOAr (OH)

(NaO),Ar, V«»; VI»»

NaOAr (OH),
(NaO), Ar (OH)

(NaO), Ar. Vl»*»

2-NaOC,H3—C,H3OH-2'(

yjao
4.4'—Cls (C,H3),CH, (OH) (ONa)-2,2',

V»ao

KOAr·ArOH. m.p. 146°

KOAr, m.p. 160"; V.»«»

KOAr-2ArOH; V3»»

KOAr-2ArOHj
KOAr·ArOH, V»31

KOAr-2ArOH, Vs3»

KOAr, decomp. 70-80°; V»33

KOAr-2 ArOH

KOAr. V*"'*"

KOAr2C,H,OH
KOAr, decomp. 90°;

a~5(inCHBr s ) ; V2»»

KOAr-Η,Ο, V»a

KOAr-H.0
yss»

CsOAr-ArOH
VS30

KOAr (OH) · Ar (OH),· 2H,0
KOAr (OH)· Ar (ΟΗ),·0.5Η,Ο

γ323.337,130

Κ Ο Α Γ ( Ο Η ) · 2 Η , Ο , Ι Χ 8 Μ

KOAr (OH)
(ΚΟ),ΑΓ·4Η,Ο, V*«; VI»S»

KOAr(OH)-7Ar(OH),,
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used as in Tables 1, 4, and 5. The data in Table 10 show
that phenoxides are most frequently obtained by the reac-
tion of metal hydroxides with phenols in alcohol, benzene,
or aqueous solutions or in the melt (method V). The use
of this method in a particular case (unlike alkoxides) is
almost without limitation owing to the considerable resist-
ance of phenoxides to the action of water, already referred
to.

A special method which can be used only for preparing
phenoxides (method IX) consists in fusing aromatic sul-
phonic acids with alkalis. It is well known that in industry
this important method is usually used indirectly for the
preparation of phenols. Analogous conversions (usually
with formation of disubstituted resorcinolates) also occur
under specified conditions with isomeric chlorophenols or
benzenedisulphonic acids.

B. PROPERTIES OF PHENOXIDES

The phenoxides (with the exception of LiOC6H5), because
of their saltlike nature, are insoluble in organic solvents
and even in absolute ethanol (they dissolve only on addition
of water). However, they are readily soluble in water and
the solutions exhibit a strongly alkaline reaction. The
dissociation constant of C6H5OH (10~10) is six orders of
magnitude greater than that of water, therefore the equili-
brium for the hydrolysis of alkali metal phenoxides is
completely shifted to the right only on prolonged heating.
However, potassium phenoxide, according to Selivanov's
results3 1 1 hydrolyses rather more readily: for example,
Ca(OH)2 is formed by the action of benzene or ether on its
hydrate, Ca(OC6H5)2.2H2O. Obviously, in this case the
hydrolytic equilibrium is displaced to the right by extrac-
tion of phenol into the organic phase. In general, naph-
tholates (Kdiss of naphthols is 10~4-10~5) do not undergo
hydrolytic decomposition.

In contrast with alkyloxides, unsolvated phenoxides are
soluble in liquid ammonia47, they readily crystallise and
have a definite melting point, which suggests that their
crystal lattice is of a molecular nature. Sodium phen-
oxides (except for the first member of the series) melt
considerably above their potassium analogues (see Table 10).

In ammoniacal solutions, phenoxides exhibit appreciable
electrical conductivity 1 6 4.

According to Fischer's results3 1 2, the pyrolysis of deri-
vatives of CeH5OH, independently of the nature of the metal,
takes place at 450-500°. Under these conditions the
aromatic nucleus gives small fragments — CH4, CO, CO2,
H2, the formation of which does not enable the mechanism
of the thermal decomposition and the nature of the inter-
mediate products to be established.

In 1958 Krflger313 observed that association is peculiar
to the alkali metal phenoxides. For example, NaOCeH5

exists as dinners in a melt with magnesium sulphate (at
1 Μ concentration).

Phenoxides crystallise from aqueous solutions as hy-
drates, and in the presence of phenol as MOAr.#ArOH.
.yH2O. Mixed molecular compounds of this type were ob-
served also in studying solubility in the reciprocal systems
M(OAr)w-ArOH-H2O. A detailed investigation was first
completed by van Meurs3 1 4 and alkali and alkaline earth
metal phenoxides and resorcinolates were dealt with.
Lichtenstein and coworkers 320>325 studied the solubility poly-
therms in systems containing sodium phenoxide or o-cresyl
oxide, which are of technological importance (in the process
for separating phenols in treating lignites). The equili-
brium diagram of the CeH5ONa-C6H5OH-H2O system320 at
25° is shown in Fig. 4. Table 11 lists the solid phases
observed in the systems mentioned above.

Fig. 4. Equilibrium diagram of the
C6H6ONa-CeH5OH-H2O system at 25°.S2°

TABLE 11. Solid phases existing in the M(OAr)n-ArOH-H2O systems.
Phenol

C,H6OH

O-CHJCJH^OH

p-C,H,(OH)s

LI

ArOH

LiOAr-2H,O

LiOH-Η,Ο
25° 314

Na

ArOH (B,)
NaOAr-2ArOH(Bt)
NaOArArOH-3,5H,O(Ba)
NaOAr.3HtO(B4)
NaO Ar • NaOH · 2. 5H,0 (B,)
NaOAr-ArOH-8H,O
NaOAr-ArOH-7H,O

0 _ 50° »to

ArOH
NaOAr-3ArOH
NaOArHjO
NaOAr-3NaOH6H,O
NaOAr-ArOH6H2O
NaOAr.2ArOH.6HtO
NaOHH,O
NaOH-4H,O
0 _ 50° »«·

κ

ArOH
KOAr-3ArOH
K0Ar-2H,0

Κ0Η·2Η,0
25°»"

Ar(OH),
KOArOH-2H,O
KOArOH-4Hrf)

30°»"

c

ArOH
Ca(0Ar) a3H,0

Ca (OH)i
25° «4

Sr. Bi

ArOH
M(0Ar),.4H,0

M(0K),.8H,0
25° »'«

Ar (OH),
Ba(ArO),-2H,O*
Ba(OH),.8H,O

30°»"

* This compound should obviously be given the formula Ba(OArOH)2.Ba(OH)2.
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TABLE 12. Magnesium and alkaline earth metal phenoxides.
ArOH

C,H,OH

a-CI0H,OH

p-C,oH7OH

C,H4(OH),-1,2

C0H4(OHV1,3

CeH4(OH)2-l,4

3-CHO-CeHa(OH)2-l,2

4-CHO-C6H8(OH)2-l,2

2,4,6-Br3CeH2OH

Cl6CeOH

Mg.Ca

Ca (OAr)2-nArOH-2-H2O (η = 2,4 , etc.)
Ca(OAr>2-5.5H2O « 0 ° )
Ca(OAr,y3H2O
Ca(OAr)2-2HjO (?), decomp. 105"
Ca(OAr)2; V

3 " · 3 1 2 · 3 1 4

Ca (ΟΑΓ)2,Μ·

BrMgOAr-(C2Hs)A III 2"; Ca (OArjf6

Ca [OAr/OH/]2,V»«'

Ca (OAr)s, »°

Mg (OAr),. 10HaO Ca (OAr),
IV»»» IV»"

Sr, Ba

Sr (OAr), · 4H,0 Ba (OAr), · 4H,O
V«« Ba(OAr)s, decomp.

450°, V·»

Ba [OAr (OH)]2)V
S"

BaO2Ar-3.5H,O, decomp. 240°
BaO2Ar, V»«

BaOaAr-2H2O, V J U > **9

BaO2Ar-*H2O, V»»»

BaO2Ar-4HaO, decomp. 105°
BaO2Ar-2H2O, decomp. 170°, V"«

Ba[OAr/OH/]a.3H2O, BaO,Ar.4HA decomp. 120°
BaO2Ar-2H2O, decomp. 160°, V»«

Sr (OAr), • 2H,O Ba (OAiOa · 2H,O
IV»»» IV·»»

As is evident from the data in Table i l , the formation of
molecular compounds with phenols is characteristic only
for sodium and potassium phenoxides. The lithium and
alkaline earth phenoxides only form hydrates, whose solu-
bility in water falls in the sequences: Κ > Na > Li;
Sr > Ba > Ca.3 1 4

The "crystal phenolates", MOAr.nArOH, are readily
soluble in water, alcohol, acetone, and can be recrystal-
lised from hot benzene. They all crystallise well and
melt without decomposition.

The problem of the structure of the phenoxide hydrates
is interesting. For a long time they, like the products of
the partial hydrolysis of alkoxides, were considered to be
molecular compounds of hydroxides with phenols311. How-
ever, Forcrand3 4 1 showed that on careful dehydration of
these compounds anhydrous phenoxides could be obtained
(and not hydroxides, which are formed in those cases when
hydrolysis is carried to the limit).

In comparison with alkoxides, there have been many
fewer investigations of the reactions of phenoxides; we will
note only the most important of them. The action of CO2

at room temperature on dry sodium phenoxide forms the
sodium salt of phenylcarbonic acid (by analogy with alkox-
ides), and on further heating it isomerises into sodium
salicylate342. This reaction forms the basis of industrial
methods of preparing aromatic hydroxy-acids (Kolbe and
Schmidt). In alcoholic solution, evidently a mixture of two
acids is formed as a result of partial substitution: phenyl-
and ethyl-carbonic342. In aqueous solution, according to
Meyer323, the decomposition of phenoxides by carbonic acid
sometimes does not go to completion (although Kdiss of
phenol is six orders of magnitude below the first Kaiss of
H2CO3) owing to the formation of stable "acid phenoxides"
(MOAr.ArOH) between unreacted phenoxide and the phenol
liberated in the reaction. The equilibrium constant of the
reaction: NaOC6H5 + H2CO3 ^ C6H5OH + NaHCO3 is 1.05
at 20°.343 Wesseley and coworkers315 found that in the
Kolbe reaction of lithium and potassium phenoxides lead

mainly to the synthesis of salicylic acid but the potassium
and caesium phenoxides to the formation of the />-hydroxy-
-acids.

Sulphur dioxide forms with phenoxides (unlike alkoxides)
salts of the phenylsulphinic acid MSO2OC6H5 (and not of
phenylsulphurous acid)344.

The reaction of phenoxides with halogen-substituted
hydrocarbons, leads, by analogy with other Williamson
syntheses, to the formation of ethers. However, owing to
conjugation in the system Me-O-C=C-, phenoxides are
here characterised by a dual reactivity, due to the forma-
tion of not only O-derivatives, but also C-derivatives.
Thus the reaction of 2-naphthyl oxides with benzyl bromide
leads according to Zagorevskii's results2 1 8, depending on
the nature of the metal, to different proportions of the
products of alkoxylation and alkylation:

BrCH2C.H5

-OCH2C,H,

The maximum yield of esters is reached with silver or
tetramethylammonium phenoxide.

The metallation of sodium and potassium phenoxides
(by n-pentylsodium) leads to the replacement of one or two
atoms of hydrogen in the nucleus, which in the case of
NaOC6H5 results in ortho-substitution whereas the -OK
group proved to be more strongly meta-orientating345.
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RO' radicals are produced in the light- and heat-induced
decomposition of alkyl and aralkyl

U.D.C. 541.515

CHEMISTRY OF UNSTABLE OXYGEN-
-CONTAINING RADICALS

L. M. T e r m a n

INTRODUCTION

In recent years there has been particular interest in
unstable free radicals having an unpaired electron on an
oxygen atom. A recent review1 described the production,
thermochemistry, and reactions of a large group of alkoxy-
-radicals, but the four years since its publication have seen
a considerable increase of work on these radicals, and this
has persuaded us to write the present article.

We shall consider the gas- and liquid-phase reactions
most typical of RO" radicals, but not those of stable oxy-
gen-containing radicals such as the substituted phenoxy-
-radicals, nor heterogeneous reactions involving hydro-
peroxides.

REACTIONS OF RO* RADICALS

Oxygen-containing radicals with an unpaired electron on
the oxygen atom are produced as unstable intermediates in
many chemical processes. We indicate below only the
main ones; a detailed list was given in the above review l.

nitrites:

nitrates:

hyponitrites:

hypochlorited:

and peroxides:

RONO->RO+NO,

RONO,-RO-+NOj,

RONNOR-2RO-+N,

ROCI — RO'+Cl .

ROOR -» 2RO",

and in the decomposition, in solution, of dialkylanddiaralkyl
peroxodicarbo nates:

ο ο ο
II il II

ROCOOCOR-»2ROCO· -* 2RO"-f 2CO 2,

dialkyl diperoxocarbonates:

ο ο
I! II

ROOCOOR -» ROOCO'-f RO· -• R O a + C O j + R O .

and dialkyl monoperoxocarbonates:

ο ο
I I I I .

ROCOOR -» ROC + R O · .

The formation of RO' radicals in the photolysis of organic
esters and ethers has been described.

The RO' radicals are usually identified by indirect kinetic
and analytical methods. Direct mass-spectrometric deter-
mination of free RO' radicals has been described only for
the phenoxy-radicals produced in the pyrolysis of anisole2

and the methoxy-radicals produced in the decomposition of
methanol and dimethyl ether light-sensitised by mercury3.
The RO" radicals produced by thermal or photo-decom-
position undergo various reactions, the main ones being
decomposition, hydrogen abstraction, and disproportiona-
tion, depending on the structure of the radicals and the
chemical and physical properties of the medium. More-
over, the RO' radicals may isomerise or react with other
active particles or radicals present, or with compounds
containing double bonds.

Below we list the main reactions of RO' radicals in the
gaseous and liquid phases. Since liquid-phase reactions
have attracted most attention in recent years, we shall give
them more attention here also.

1. D e c o m p o s i t i o n of RO' r a d i c a l s . Alkoxy-
-radicals can decompose by two reactions: with the elimi-
nation of a hydrogen atom:

or the alkyl radical:

S H '

R C H 4 O - - > R ' + C H 2 O .

Of these two the second is more favourable thermodynami-
cally4 (see Table 1), and experimental observations sup-
port this.

The decomposition of methoxy-radicals has been ob-
served in the photolysis of methyl nitrate6:

CH3O--*CHiO+H\

and decomposition of ethoxy-radicals at a carbon-hydrogen
bond in the pyrolysis7 and photolysis8 of ethyl nitrate.
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