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I. INTRODUCTION

The application of organoaluminium compounds (OAC)
have been greatly extended recently1"6, but many diffi-
culties arise in studies involving OAC due to their highly
corrosive nature. A number of workers have found that
many chemical reactions of OAC are characteristic of
their etherates, which have been more readily available
and are more convenient to handle and therefore can be
used successfully instead of the ether-free OAC. Fur-
thermore, examples are known where the use of etherates
involves the manifestation by the latter of completely
specific properties.

No attempts have been made to survey the literature
data on OAC etherates, probably because the principal
results concerning the specific features of these com-
pounds have been obtained during the last ten years and
their importance is still not adequately recognised5'6. The
available reviews of OAC coordination complexes, includ-
ing individual data on etherates, are based on results
published up to the beginning of the 1960s 1'7"10

 Or are
devoted to special problems (polymerisation11'12, ligand
exchange13' 4). A monograph15 deals with the literature
up to 1966, mainly concerning various aspects of physico-
chemical studies on aluminium complexes; another pub-
lication16 is descriptive.

The aim of the present review is to draw the attention
of investigators to certain aspects of the chemistry of
OAC etherates and to the possibility of their employment.
The review deals systematically and critically with the
literature data of the synthesis, physicochemical and
chemical properties, and applications of the etherates of
OAC complexes published mainly during the last decade.
The properties of the etherates are compared with those
for the ether-free aluminium alkyls. The influence of
complex formation on OAC reactions is discussed. The
tables present the constants of the most typical etherates
among those which have not been included in the reviews
mentioned above.

The conclusions reached can be used in considering
many general problems of the chemistry of organometallic
compounds, including the chemistry of complexes of
aluminium alkyls with S-, N-, and P-organic donors.

II. THE ETHERATES OF ALUMINIUM TRIALKYLS

1. Composition and Structure

It has been established by various methods that the
composition of the etherates usually corresponds to
monomeric 1 : 1 complexes having the general formula
R3AI.OR2. This composition is most likely for mono-
functional ethers and aluminium alkyls with not unduly
cumbersome side groups 7'K'17"23, but in the case of t-butyl
compounds stoichiometry breaks down23"25.

Bi- and poly-functional ethers can combine with
several aluminium alkyl molecules. Dioxan20"23'26,
monoglyme27'28, diglyme 28'29 and/j-dimethoxybenzene30

form stable 1 : 2 adducts; the 1 :1 compounds are labile
and exist in the presence of an excess of the donor.
Acetals give rise to both 1 :1 and 2 :1 complexes23'31. The
formation of complexes of triethylaluminium with
dimethyl29 and diethyl31 ethers of ethylene glycol, the
dimethyl ether of tetraethylene glycol31, and polyethers
with higher molecular weights 6'32'33 involves the attain-
ment of an Al: O ratio of 1 : 1 . However, the products
formed are unstable and on heatin in vacuo split off part
of their aluminium trialkyl and are converted into com-
pounds of the type

—O—CH2CH2—O—CH2CH,—

I
AlEt,

Complex formation with a single oxygen atom in such
systems (AH = 10-10.5 kcal mole) reduces the electron
donating properties of the neighbouring oxygen atom to
such an extent that the next A1R3 molecule is coordinated
via at least one heteroatom, reducing still more the
basicity of the oxygen which has not reacted31'34; this
atom is the last to be coordinated (AH = -1 .5 -4 kcal
mole"1 31).

Owing to steric hindrance, substituted poly(vinyl
ethers) react with iso-Bu3Al via only some of the ether
groups23. Even in the presence of a triple excess of the
acceptor, the degree of complex formation never reaches
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50%. Furthermore, steric hindrance depends on the
regularity of the polymer structure. It is noteworthy
that, depending on the conditions (the state of aggregation,
the concentration of the solution, temperature, etc.),
polymeric ligands assume different conformations and
possibilities are created for the occurrence of a wide
variety of modes of coordination: Systematic study
of the formation of complexes by A1R3 with polydentate
ligands will assist in providing an answer to a number of
questions concerning the specific features of the behaviour
of such complexes in certain reactions (see, for example,
Ivanov et al.35).

On the basis of spectroscopic data17'18'36, the structure
with Cs symmetry (as for BF3.OMe2) was postulated for
the simplest etherate (Me2A1.0Me2). A number of infra-
red and Raman spectroscopic data6'15 as well as X-ray
diffraction 37 indicate an appreciable distortion of the
tetrahedron in compounds of this kind. The molecule of
triethylaluminium dioxanate has C2h symmetry and the
dioxan molecule exists in the chair form 38. The coor-
dination of the aluminium atom is closer to trigonal than
tetrahedral, which can be accounted for by the electro-
static reduction of the electron pairs involved in the Al-C
bond.

The coordination compounds of aluminium alkyls with
electron-donating molecules, including ethers, readily
conduct electricity3'8'15'39 (K = 10~9-10~7 m"1 cm"1 in
solution in hydrocarbons and 10~6 in a pure state), which
indicates the presence of the ionic complexes [R2A1.
.2OR2]*A1R4" as well as the neutral complex.

2. Methods of Synthesis

Etherates are obtained in high yields by the reactions
n RMg R3A1 • OEt2 + n MgX2 (n , 1 - 3 ) 1'6'7-40~42

 ?

3LiR3 + AICI3 R3AI • OEt2 4 3LiCl

In principle, various ethers can be used as the solvent
and the corresponding etherates can thus be obtained, but
only the use of diethyl ether has been described. The
etherates R3A1 (R - Me, Et, n-Pr, or n-Bu),1'7'43'44 iso-
Pr3Al,41 t-BusAl,24'25'41 Al(CH2SiMe3)3,42 and optically
active tri-2-methylbutylaluminium etherate5 have been
obtained in this way.

The etherates are usually obtained by mixing trialkyl-
aluminium with ether (exothermic reaction)—this was the
method used to synthesise the adducts of Me3Al,17'18'29'36'45

Et3Al,18'20'21'46-48,and iso-Bu3Al 22'46'48 with a series of
dialkyl, alkylaryl, and cyclic ethers as well as Et2AlCH2X.
.OEt2 (X = Cl, Br, or I) 49and(n-CioH21)3Al.iso-OPr2.

7

When the etherate is acted upon by another ether which
is a more powerful electron donor, a new complex is
formed. The 2 :1 adducts of trimethylaluminium with
dioxan26 and monoglyme 27 as well as compounds of tri-
ethyl-,20'21 tripropyl-, and tributyl-aluminium50 of
various ethers have been obtained in this way.

According to patent data5, the etherates of trimethyl-
and triethyl-aluminium have been synthesised via the
scheme

3NaAlR4 + Al + '3Hg 4R3A1 • THF + 3NaHg

A number of etherates have been obtained by adding the
etherates of aluminium hydride to olefins on heating under
pressure1 '6 '7:

A1H3 • Et2O + 3CH2=CHR -^ (RCH2—CH2)3 Al • OEt2 ;

R = H , Me, Et, Pr, C10H21 etc.

The above methods are simple in principle, but their
application requires the availability of the organometallic
compounds. A more convenient procedure involves
treatment of alkyl halides in ether with metallic aluminium
and magnesium:

2A1 + 3Mg + 6RX 2A1R3 • ether + 3MgX2

According to the latest data 1"56, the use of methods
described previously1'7 leads to the cleavage of the ether
and the yield of the pure etherate is appreciably reduced
51'52. Conditions preventing the ether cleavage have been
found and triethylaluminium phenetolate has been obtained
in 80% yields under these conditions53'54. However, a
large excess of the ether is used to obtain a liquid reac-
tion mixture and the final solution frequently contains
organomagnesium compounds in addition to the OAC. It
is more convenient to carry out this reaction in a hydro-
carbon medium in the presence of 1.0 mole of ether per
gram-atom of aluminium21'50'55"57. As a result, there is
no need for vacuum distillation. The solution contains
only the OAC and can be used directly, for example, in
alkylation or polymerisation reactions, which greatly
simplifies the experimental technique.

3. Physical and Chemical Properties

(a) S t a b i l i t y . With rare exceptions the etherates
are colourless liquids which distil in vacuo . Compounds
of the type R3A1.OR2, where R, R' = Me or Et, can be
distilled at atmospheric pressure. The adducts of tri-
methylaluminium and ethers containing more than one
oxygen atom are solid crystalline substances soluble in
hydrocarbons.

The heats of formation of the etherates can serve as an
indication of their stability. Table 1 shows that, when
complexes are formed by aluminium trialkyls with aliphatic
ethers, the length of the groups linked to aluminium or
oxygen has a small influence on the heat of formation. The
stability of the complexes is greatly reduced on passing
from aliphatic to aromatic ethers. In benzene6 and
toluene63 Me3Al does not form compounds with diphenyl
ether. Experiments on the displacement of ethers from
etherates20 showed that the relative stability of the com-
plexes with aluminium trialkyls increases in the sequence
Ph2O < PhOR < R2O < dioxan < THF < (PhCH2)2O; if the
position of dibenzyl ether is disregarded, this series is
consistent with existing ideas concerning the electron-
donating properties of ethers64'65. The displacement of
tetrahydrofuran and dioxan by dibenzyl ether is associated
with the high boiling point of the latter. According to JH
NMR data for Et3Al etherates at 20°C, the electron-donat-
ing capacity of dibenzyl ether is low (as for aromatic alkyl
ethers21: Ph2O < (PhCH2)2O < PhOR < Bu2O. Ethers
are readily displaced by nitrogen- and phosphorus-con-
taining electron-donating molecules26 '4 '66" 9. Exceptions
are known, concerning mainly phenyl-containing donors6'
44'70 and sterically hindered aluminium alkyls24.

The formation of the etherate stabilises the Al-C bond
in straight-chain and branched aluminium trialkyls, which
is reflected by a decrease of their tendency towards
isomerisation24 and racemisation6 and also by an increase
of their thermal stability (depending on the nature of the
ether and the strength of the Al — O bond, the decomposi-
tion temperature increases by 35-100°C).22'48

Apart from certain adducts with aromatic ethers20'21'48'
57'62 and polyethers6'15'29'33, etherates do not usually dis-
sociate into components. Dissociation is observed only
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when the complexes are diluted by hydrocarbons71. On
heating or irradiation, the etherates are cleaved, but the
OAC undergoes further transformations under these
conditions. The photochemical cleavage of etherates
derived from aromatic ethers, aromatic alkyl ethers, and
dioctyl ether72 as well as thermal cleavage of etherates
derived from dimethyl53, diethyl6'24, allyl propyl17, and
allyl phenyl58 ethers, anisole21'53"56'73 and its substituted
derivatives53, phenetole 21'53'54, diglyme29, chlorex58'74,
tetrahydrofuran 24, and other cyclic ethers4'75"77 have been
described. The following reactions are therefore used to
convert the etherates into free aluminium trialkyls5'6'41:

,28,39,59,82

23,

R3A1 • ORa

R2AtF R3AI

(R3A1)2 • KF -» AIR3 • KF + R3A1
T I

R,A1OR,

——> R2A1C1 • RaO _ R ' Q ^ R2A1H ° l e f ' n — • R3A1

NaAlR4 R,A1 .

Table 1. The heats of formation of the etherates
R3A.I.ether in solution.

R

Et
Et
Et
Et
Et
Et
Et
Et
Et
Et
Et
Et
Pr
n-Bu
iso-Bu
C8H17

Ether

Bu2O
(C7H15)2O
(C1CH2CH2)2O
PhOEt
Ph2O
CH2(OMe)2
1,4-dioxan
m-(MeO)2C6H4
m-(MeO)2C6H4
EtO(CH2CH2O).,Et
EtO(CH2CH2O)2Et
MeO(CH2CH2O)4Me
Et2O
THF
THF
Bu2O

-AH,
kcal mole'l*

20.0
18.9
16.3
14.2
10.2
31.5*
35.0*
13.4*
25,0*
18.0*
48.0*

*

*
**

77.3*****
19.5
22.5
22.6
19.0

Refs.

3,58

. 5 8

* 58
58
58
31
31,58
31
31
31
31
31
59
59
60

3

•Taking into account the energy of dissociation via the
mechanism ReAla — 2R3AI.59"61

**2 :1 adduct. ***1 : 1 adduct. ****3 :1 adduct. *****5 : 1
adduct.

The free R3A1 can be isolated from the etherate also with
the aid of transolvation with ethers of polyethylene glycols
and subsequent thermal dissociation of the complexes
formed6'15.

(b) P h y s i c o c h e m i c a l c o n s t a n t s . More or less
complete sets of physical properties (boiling and melting
points, heats of evaporation and formation, etc.) are
available only for isolated examples of aluminium trialkyl
etherates15' '78. The simplest constants, such as spec-
ific gravity and refractive index, are rarely encountered
in the literature22. A large number of etherates have
been described in the studies quoted (Tables 2 and 3);
only the most typical examples are presented here.

In addition, there is some information about the infra-
red 6,15,18,26,27,36,79,80^ N M R ̂  1 3,19 , 39 ,63,7! , 81 - 87 ^ N Q R 88

spectra, luminescence spectra 32, electrical conductivity

32 magneto-optical properties46'89'90, optical
rotation'3'51'92, inversion93'94, dipole moments 3>65, and
thermodynamic characteristics51'78'95"99.

Table 2. The properties of tri-isobutylaluminium
etherates.

Ether

Et2O
iso- Pr2O
Bu2O
Dioxan
PhOMe
PhOEt

B v °C
(mmHg)

88(2)
59-60(1.5)

103—105 (2)
118-119 (1)

73(1)
80—81(1.5)

1.4519
1.4469
1.4620
1.4808
1.4790

4

0.837
0.829
0.822
0.868
0.874
0.877

Temp, of onset
ofdecomp.,

°C

155
—

135
—
110
90

References

46, 48
22

22, 46, 48
22

22, 48
22, 48

Table 3. The properties of aluminium trialkyl etherates.

Alkyl

Me
Me
Me
Et
Et
Et
Et
Et
Et
Pr
Pr
Bu
Bu
Me3SiCH2

Ether

THF
PhOMe
(CD3)2O
Am2O
(C7H15)2O
PhOEt
Dioxan
Cyclohexyl ethyl ether
(MeOCH2)2
Bu.O
PhOEt
Bu2O
PhOEt
Et2O

B.p., °C
(mmHg)

54-55 (2)
87 (2) *

72—73 (42)
109—110(2)
141-143(2)
88—89 (1)

111—113(1)
90—91 (1)

116—117(2.5)
103—107(1.5)
115-118(5)
129—132 (2)
123-126 (2)

64(0.02)

_

—
—

0.825
0.828
0.880

—
—
—
—
—
—

—

References

18
51
36
58
58
58

20, 21, 48
20, 21, 56

47
21, 50
21, 50
21, 50
21, 50

42

•Colourless needles at -78°C.

(c) R e a c t i o n s with i n o r g a n i c c o m p o u n d s .
Me3Al does not usually react with alkali metals, but in the
presence of ether or tetrahydrofuran (THF) the reaction
proceeds smoothly with formation of MAlMe4.

5 Other
R3AI readily react both in ether and in a hydrocarbon. The
etherates react in a very unusual manner with alkali
metals or magnesium in the presence of unsaturated
hydrocarbons. In this case interesting cyclic OAC are
formed together with MA1R4, for example:

2Na + 2R3A1-OR2 • OR2 + NaAlR*

Free aluminium trialkyls react very vigorously with
water (explosively); on the other hand, the corresponding
etherates interact quietly105, particularly in the presence
of a solvent, an alkane and aluminium hydroxide being
produced. For the molar ratio R3A1: water = 2 :1 ,
hydrolysis at room temperature leads to the etherates of
alkyl aluminoxanes 106:

2R3A1 • E t 2 O+ H2O -» (R2A1),O • Et2O + 2RH + Et2O .

The yield of tetra-alkylaluminoxanes formed from the
etherates is much higher (90%) than in the hydrolysis of
free R3A1 (25-30%).

Aluminium trialkyl diethyl etherates begin to react with
carbon dioxide at 100-120°C. The final product is the
dialkylaluminium salt, which readily hydrolyses to a
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carboxylic acid24'107"109. When etherates are treated
with CO2 under pressure, a second Al—C bond is involved
in the reaction6'7. R3A1 diethyl etherates react with
sulphur dioxide to form the corresponding sulphinic acids.
The reaction proceeds readily at -50°C via the three
Al-C bonds; the yield of highly pure aluminium tri-
sulphinate is quantitative109' 10. The yields of carboxylic
and sulphinic acids in reactions involving etherates are
much higher than for ether-free aluminium trialkyls,
since the etherates do not undergo side reactions.

Alkali metal hydrides and fluorides (except LiF) react
with R3A.I and their etherates to form complexes of the
type M[A1R3X], where X = H or F;5 '6 they do not react
with chlorides and bromides. Ethers accelerate the
reaction of lithium hydroxide with Me3Al, which leads,
depending on the reactant ratio to [Me2AlOLi].AlMe3 or
Me2A10Li.R20. The ability to accelerate this reaction
decreases with enhancement of the electron-donating
properties: PhOMe > Et2O > THF. Triethylalumin-
ium and its tetrahydrofuranate do not react with CaH2;
treatment with BaH2 leads to Ba[AlEt3H]2.

112

On interaction with the acid derivatives of many metals
and metalloids, the OAC exchange the organic group for
the acid residue with formation of organoelemental com-
pounds:

R3AI • OR2 + EXn -» ERn + X3A1 • OR2 .

In these reactions the etherates are as a rule more effec-
tive than ether-free aluminium alkyls. The synthesis of
trialkylboranes (yield 87— 98%),1>7 alkylmercury com-
pounds (80%),7'113 dialkylthallium chlorides (57-63%),7

mixtures of ethylsilanes (85%),5'6'14 and trialkyl deriva-
tives or gallium114, antimony, and bismuth1 has been
described. The etherates are particularly effective in
the synthesis of alkyl derivatives of phosphorus6'7, lead6,
and tin115'116.

Transition metal salts, which do not form stable alkyl
compounds, are reduced by etherates to lower-valence
compounds or to the free metal51'117"119. The reaction
proceeds in general at a high rate and to a higher extent
than in the case of ether-free trialkylaluminium21'120"122.
In the presence of stabilising ligands (phosphines, 2,2-
bipyridyl, olefins, etc.) it is possible to isolate the inter-
mediates5'123. A multiplicity of transition metal com-
pounds have been synthesised in this way, for example:
(Ph3P)3Co(N2)H;5 MeCu(PPh3)3.0.5Et2O;124'125 (Ph3P)2Ni.
.(C = CPh)H;126 R2M(bipy)2

 125 (M = Fe, Co, or Ni);
(Ph3P)4RuH2;

5 MnAl2Et4l4.4THF;127 RCrCl2.3THF.128'129

The reduction of chromium, molybdenum, tungsten,
and manganese salts by aluminium alkyls in an ethereal
medium in the presence of carbon monoxide has been
proposed for the synthesis of the corresponding metal
carbonyls (yield 85-86%),3 which are otherwise difficult
to obtain.

(d) R e a c t i o n s with o r g a n i c c o m p o u n d s . In
contrast to the free tri-n-alkyl derivatives of aluminium,
their diethyl etherates do not add to olefins. However,
the etherates of aluminium trialkyls containing branched
groups react with ethylene (under certain conditions, the
yield of the product is quantitative)24:

(Me3C)3 AI • OEf2 + 3C2H4 -» (Me3C—CH2—CH2)3 Al • OEt2

Like aluminium trialkyls, the etherates catalyse the
migration of the double bond in olefins when it is present
in the centre of the chain130. Under the influence of
Et3Al.OEt2, dodec-6-ene is converted into dodec-5-ene
and dodec-4-ene. Hex-2-ene isomerises to hex-1-ene

with a much higher yield than in the presence of ether-
free aluminium alkyls131. The etherates inhibit the
cis —trans isomerisation of straight-chain octenes, which
proceeds under the influence of y-rays in the presence of
aluminium alkyls132. When ethylene and triethylalumin-
ium are heated together, a mixture of olefins is formed;
in this reaction the etherate gives rise predominantly to
a -olefins 6.

Etherates react with molecules containing an active
hydrogen atom similarly to free R3A1 (with liberation of
RH) but more smoothly5'133"135. The reactions of
etherates with imines5 and carboxylic109, thiocarboxylic
136, dithiocarboxylic 137, dimethylarsinic, and dimethyl-
phosphinic 109'138 acids are therefore used to synthesise the
corresponding dialkylaluminium derivatives. The reac-
tion of trimethylaluminium with an excess of MeSH in
pentane gives rise to (MeS)2 AlMe, while in ether the
product is (MeS)3Al in a yield of approximately 100%.139

Strong electron donors displace the ethers from
etherates, forming complexes with aluminium trialkyls:

R3A1 • OR' + D -> R3AI • D + RlO.

A number of such reactions have been achieved, where the
donors (D) were NMe3, PMe3 and C5H5N,1>7 N,N,N'.N'-
tetra-alkylethylenediamines27'66, 2,2'-bipyridyl26'66' ,
1,10-phenanthroline26'66, /V-methylmorpholine and
./V,A?'-dimethylpiperazine26, Ar,AT-dimethylaminomethoxy-
ethane27, iminotriphenylphosphine67, RnEO (E = S, N,
or P),43 and R3EnPR3 (E = Si, Sn, or Ge).44'68'69 The
electron-donating capacity of compounds and the rate of
displacement decrease in the following sequence43'68:
Me3NO > Me3PO > Me2SO > Et2O; Me3GeNPEt3 >
Me3GeNPMe3 > Et2O ^ Me3SiNPMe3 > Me2SiPPh3.

Aluminium trialkyls in ether do not react with alkyl
halides and the reaction with ClCH2OMe gives a low yield
of ethers 141. In the presence of ether (ether : R3A1 < 1)
the above reactions proceed readily74. Etherates react
with CCU to form free radicals and vinyl chloride intro-
duced into this mixture is converted quantitatively into a
polymer 142.

The diethyl etherates of R3A1 behave in many instances
as effective reducing agents for aldehydes and ketones.
Chloral is reduced to trichloroethanol in 89% yield, cin-
namaldehyde is converted into ethylstyrylmethanol (95%) 7

and benzophenone is converted into diphenylmethanol
(94%).143 Various alkyl methyl ketones react with Et3Al.
.OEt2, forming mainly tertiary alcohols, while free Et3Al
gives a mixture of secondary and tertiary alcohols 144. The
dialkyl etherates of triethylaluminium interact with
benzylideneacetophenone via a 1,2-addition mechanism,
the yield of the addition product being higher (82%) in the
reaction of the di-isopropyl etherate than in the reaction
of Et3Al (69%).145 The etherates of chiral aluminium
trialkyls reduce alkyl phenyl ketones, forming optically
active secondary alcohols (yield 91 — 97%); the yield in the
reaction with ether-free aluminium alkyls is 85%:146'147

/ Me \
R. I ' l l R\ / M e

>C=O+ I Ei—C*—CH2 I AI • OEt2 -> >C*HOH + CH2= C(

\ H / ,

It has been established that, when optically active ethers
are used, the aluminium alkyl does not lose the coor-
dinated ligand in this reaction and gives rise to a six-
membered transition complex with a pentacoordinate
aluminium atom147. The nature of the solvent, alumin-
ium alkyl, ether, carbonyl compound, etc. plays a major
role in reactions of this type148"156. As a rule, on pass-
ing to THF and stronger electron donors (amines), the
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yields diminish or the reaction does not take place at
all "7,i53,i57-i5B> Aluminium trialkyls behave differently
in the reactions with anhydrides. The yield of ketene
formed from (CH3CO)2O increases when the diethyl
etherate and particularly the tributylaminate is used
instead of free R3A1.1 6 0

In a mixture with HCN the etheral aluminium alkyls
behave as stereoselective agents for the hydrocyanation
of a ,/3-unsaturated ketones 161~163, for example, chol-
estenones. The same mixture cleaves the epoxy-groups
of steroids, giving high yields of diaxial products.
Etherates readily convert epoxyalkanes into the cor re -
sponding alcohols76 '150 '151; under certain conditions,
triethylaluminium in ether condenses epoxyalkanes to
1,4-dioxan derivatives164 '165 . In contrast to aluminium
trialkyls, the etherates interact only insignificantly with
the oxygen —oxygen bonds of peroxides1 6 6 ' 67. The reac-
tion with hydroperoxides40 proceeds even at 0 — 20°C,
involving the active hydrogen atom and giving r ise to
organoaluminium peroxides, which are stable in solution
for several hours. The diethyl etherate of tri-isobutyl-
aluminium reduces benzonitrile exclusively to benzalde-
hyde, while free iso-Bu3Al gives a mixture of the
aldehyde and a ketone 168.

A number of etherates of alkyl aluminium halides have
been synthesised by mixing the components and subsequent
distillation 15>16>i8'4a>170

 Or crystallisation29>171>172. in the
synthesis of their components account must be taken of the
tendency of alkylaluminium dihalides towards dispropor-
tionation173"175; this tendency increases in the sequence
RAII2 < RAlBr2 < RA1C12:172'174

2RA1X2 + ether ->• R2A1X + MC13. ether.

The optimum Al: ether ratio can be various and is deter-
mined by the nature of the ether6 '172 '176 . In this connec-
tion it was impossible to obtain the diphenyl etherate 176

and dioxanate 172 of ethylaluminium dichloride in paraffinic
hydrocarbons. The dioxanates of ethylaluminium dihal-
ides can be readily obtained from ethylaluminium sesqui-
halides172:

2Et3AI2X3 + C4H8O2 -^ [EtAlXa]i • C4H8O2 + 2Et2AlX .

The formation of Et2A.lX disproves the possibility of dis-
proportionation. The method is of interest, because it
makes it possible to obtain the individual compounds from
the readily available mixture of alkylaluminium halides.

III. THE ETHERATES OF ALKYLALUMINIUM HALIDES

With the exception of fluorine-containing OAC, which do
not form complexes with ethers5'10'41, alkylaluminium
halides form etherates with a stronger donor-acceptor
bond than do aluminium trialkyls. The tendency towards
complex formation increases with increasing electro-
negativity of aluminium: Et3Al < Et2 A1C1 < Et2AlBr <
EtAlCla. Using the XH NMR,83 cryoscopic 62, conducti-
metric, and calorimetric 8T methods, a somewhat different
OAC acidity series was found: Et2AlCl < Et3Al < EtAlCl2;
this is associated with the fact that Ph2O is too weak a
base to cleave the diethylaluminium chloride dimer.
Diethylaluminium bromide and iodide, which exhibit a
greater tendency towards dissociation, add to diphenyl
ether21'87.

S y n t h e s i s . These complexes can be obtained by the
reaction involving a redistribution of ligands between the
alkyl derivatives of sodium 3'169, magnesium1, or
aluminium1'24 and aluminium halides in ether, for example:

n RNa + AIC13 RaAICI3_n • OEt2 + n NaCl

n R3AI + A!CI3 RnAlCl3_n • OEt2

R==Et, Bu, or t-Bu

If the reaction of aluminium with alkyl halides is
carried out in ether, a mixture of etherates is formed21'57:

2AI + 3RX R2AIX • OR, + RAlXa • OR2

Higher alkyl halides are cleaved during the synthesis6'8.
Since ethers retard the cleavage reaction, it is possible to
synthesise propyl- and butyl-aluminium sesquichlorides5,
propyl- and isopentyl-aluminium sesqui-iodides, and
octyl-aluminium sesquibromides 1 in diethyl ether. Hydro-
carbon solutions of diethylaluminium bromide and diethyl-
aluminium iodide etherates have been obtained in 65 — 90%
yield and by the reaction21'55"57:

2A1 + Mg + 4EtX + 2D -» 2Et,AIX • D + MgXa ;

D = Ph2O, MeOPh, orEtOPh.

Table 4. The properties of alkylaluminium halide
etherates*.

Etherate

Me2AlCl-EteO
[Me2AlCl] 2 • [MeOCH2CH2] 2O
Cl2AlCH2AlCl2-2Et2O
EtjAlCl-EtjO
Et2AlCl-PhOMe
[Et2AlCl]2-C4H8O2

EtAlCl2-Et20
[EtAlCl2]2-C4H8O2

Et2AlBr-Ph20
[Et2AlBr]2-C4H8O2

EtAlBr2-C4H8O2
EtjAlI-PhOMe
Et2AlI-Ph20
[Et2AlI]2-C4H8O2
Et2All-C4H6O2
EtAlI2.C4H8O2
Bu2AlCl.Et2O
t-Bu2AlC1.0.7Et2O

B.p., °C (mmHg)

73—74(2.5)
—
•—

92-93(3.5)
86(2)

143—146 (3)
100—105 (3)
135—137 (2)
102—106 (4)**

—
—

99—102(0.5-1)**
104—105(1)**

—
—
• • —

128—130(0.5)
70 (10-3)

Other properties

m.p. 75°
m.p. 34-37°

df 0.9403
decomp. temp. 135°
m.p. 97-98°

df 1-0779
m.p. 118-120°

—
m.p. 123°
m.p. 28-30°

—
—

m.p. 127-128°
m.p. ~ 10°
m.p. 46-48°

—

References

18
29

171

18,170

48
172

18, 170

172
21, 56. 37

2

21

72
72
1, 5G
56, 57
72
72
72
69
21

*The boiling points quoted by Gallais46'170 (see also
Alpatova et al.15) are somewhat high compared with the
data of other workers.
**With decomposition.

P r o p e r t i e s . The majority of the compounds
obtained are colourless liquids which can be distilled in
vacito and which do not ignite in air; the 2 :1 complexes
with dioxan and monoglyme are crystalline substances
(Table 4). According to cryoscopic measurements ls, the
etherates of alkylaluminium halides are monomeric. The
1 :1 compounds of methyl- and ethyl-aluminium halides
with di- and poly-functional ethers (dioxan172, diglyme29)
are more stable than the R3A1 compounds, and on heating
in vacuo they split half the ether and are converted into
2 : 1 complexes. Diethylaluminium chloride adds to poly-
ethylene glycol up to the ratio Al: O = 1:1, the organic
molecule passing from the skew to the transoid conforma-
tion in the process 2 :1 complexes are also
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formed under certain conditions 178. Owing to the pres-
ence of the CH3 side group, polypropylene glycol is incap-
able of being fully "saturated" by the acceptor. The
methylenealuminium compounds C2AI-CH2-AICI2 and
CbAl-CH2-Al(Cl)-CH2-AlCl2 form complexes with two
and three diethyl ether molecules respectively171'180"182;
on heating above 120°C in vacua, these complexes split off
part of the ether with simultaneous disproportionation and
polymerisation The physical properties of the ether-
ates of alkylaluminium halides have been investigated to
an even lesser extent than for the etherates of R3A1.
Apart from the data presented in Table 4, there is isolated
information about the heats of formation J'L infrared
spectra15'18'178'179, NMR spectra 1 3 ' 8 3 ' 1 7 1 ' 1 8 1- 1 8 3 , and mag-
neto-optical properties170.

The etherates of alkylaluminium halides show a tendency
towards rupturing the C-O ether bond with liberation of
the alkyl halide and the formation of alkoxy-compounds
of aluminium. Allyl184 and alkyl phenyl53"56'73'118 ethers
are particularly readily cleaved, while dialkyl ethers53

and diglyme 29 '185 are cleaved with more difficulty. The
"stabilising effect" of dialkyl ethers is therefore less
pronounced than in the case of R3A1 (the Et2AlCl decom-
position temperature increases from 160° to 170-180°C
on formation of the complex with Bu2O and Et2O; on the
other hand, alkyl phenyl ethers reduce this temperature
to 13O-135°C 4H). The tendency towards cleavage in the
series of aluminium alkyls increases with increase of
their acidity: R3A1< R2A1X< RA1X2,

73'184 while for
different X the tendency increases in the sequence
Cl< Br < I.21

In contrast to free R2A1C1 and RA1C12, the diethyl
etherates of alkylaluminium chlorides do not react with
ethyl chloride and vinyl chloride 18h, while their reaction
with NaF and LiH (in the case of R2AlCl.Et2O) results in
the formation of dialkylaluminium fluorides and hydrides
respectively1. Alkali metals dehalogenate the etherates
of R2AICI, sometimes with the cleavage of the ether and
liberation of aluminium. The presence of aromatic
hydrocarbons rules out side processes, which leads to the
formation of the etherates of aromatic alkyl compounds of
aluminium6'187'188. The etherates of alkylaluminium
halides react with tin dichloride and tetrachloride to give
a high yield of dialkylstannanes 189 and tetra-alkylstan-
nanes115 as well as dialkyltin dichlorides 6 . These
etherates are used to synthesise various aluminoxanes 106 '
190 '191 , including aluminosiloxanes 192:

2R2A1C1 • E t 2 O + H2O -> (RA1CI)2O • Et=0 ;•- 2RH \- Et2O ;

R2AICI • THF -]- R2AlOLi -, (R2A1)2O • THF -f LiCl ;

RA1CU • Et2O -(- 2R:iSiONa > (R:lSiO),AlR j- 2NaCl .

The interaction of methylenedialuminium compounds
with aldehydes in tetrahydrofuran has been suggested as a
method of synthesising olefins 193:

THK
RCHO +Br2A!—CH2—AlBr2 -*-££-* RCH-^CH2 .

Styrene, nitrostyrene, and vinylnaphthalene have been
obtained in yields of 65, 60, and 80% respectively.

In contrast to hydrocarbon solutions of OAC and pure
RsAl, which give rise to a maximum in electrical conduc-
tivity on mixing with electron-donating molecules in pro-
portions of 1:1, pure Et2A.lCl and EtAlCla mixed with
diethyl ether and tetrahydrofuran exhibit a maximum cor-
responding to the ratio Al-alkyl: ether 2 : 1 . 3 9 On subse-
quent dilution with a hydrocarbon, the position of the
maximum shifts, tending towards the 1 :1 ratio. These
results have not been explained satisfactorily.

IV. THE ETHERATES OF ORGANOALUMINIUM
COMPOUNDS OF THE TYPE R2A1Y (Y = H, OR, NR2,
ETC.)

The etherates of these compounds are less stable than
those described above; this is due to the competing inter-
action of R2AIY molecules with one another, forming
extremely stable associated species. Dialkylaluminium
hydrides do not form stable adducts with ethers for this
reasonb2, but the existence of such compounds has been
demonstrated by infrared spectroscopy 6 '15 and calori-
metric measurements59.

Like the R2A1H, their etherates readily add to multiple
bonds, but in many instances this entails the formation of
other products194"199. Thus the etheradduct Et2AlH reacts
with hexa-l,5-diene to form the etherate of diethylhex-5-
enylaluminium 19b:

(H2C=CH—CH2)2 f Et2AlH • EUO - Et2Al(CH2),CH=CH2 • Et2O .

In the absence of ether, a cyclic OAC is formed, giving
rise to methylcyclopentane after hydrolysis197'198. In the
presence of ether 1,1-dimethylindene interacts stereo-
specifically with di-isobutylaluminium hydride, forming a
product with the cis -configuration, while in the absence of
ether a molar mixture of the cis- and trans-isomers is
obtained200. The reaction of the etherates of dialkyl-
aluminium hydrides with alkenylacetylenes proceeds via
two pathways: addition (as for the free R2A1H) and
metallation (as for the aminates of R2AIH).201 Two moles
of OAC add to alkynes of the type HC^CR in ethers202'203:

R2A1II -1- HC = CR ^ R^A1-CH=: CHR R ; A I H _ . (RlAl)2CH-CH2R .

With increasing basicity of ethers, the yield of product
rises203. In octane and toluene only the first stage of
this reaction occurs, while in triethylamine metallation
takes place.

The introduction of a donor alters the reactivity of
dialkylaluminium hydrides, probably as a result of the
loosening of the Al —H bond, which increases with increas-
ing strength of the donor6'204. In the absence of an ether,
diazomethane reacts more effectively with the less asso-
ciated R3AI than with R2A1H. In the presence of an ether,
the Al-H bond is preferentially involved in the reaction205.
Apparently this is why R2A1H are frequently used as
reductants in the form of etheral solutions. The alkyl
and alkyl halide derivatives of certain elements (Be, Si,
Sn, etc.) are reduced by dialkylaluminium hydrides in
ether to the hydrides of these elements6'206'207. The
reduction of optically active R3SiX by the etherate of iso-
BU2AIH takes place without change of configuration (X =
OMe or OPh) or with its inversion (X = F, Cl, or SMe),
depending on the nature of x.208'209

The diethyl etherate of di-isobutylaluminium hydride
reduces epoxides quantitatively to primary and secondary
alcohols210. The presence of stronger electron donors
leads to an increase of the yield of the secondary alcohol,
while pure iso-Bu2AlH gives preferentially the primary
alcohol. Di-isobutylaluminium hydride in ether reduces
nitriles, carboxylic acids, esters, and Ar,Ar-disubstituted
amides6'211 to the corresponding aldehydes. In the pres-
ence of an excess of iso-Bu2AlH amides are readily
reduced to the amines. Ethereal solutions of R2A1H can
be used to hydrogenate nitrogen-containing heterocycles,
for example, quinoline 211. The reduction proceeds much
more readily and in a higher yield than in the case of
LiAlH4.
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On heating, dialkylaluminium hydrides cleave dialkyl
ethers53, tetrahydrofuran75'212 and other cyclic ethers75,
diglyme29, anisole53, phenetole, and benzyl ethyl and
allyl phenyl ethers5 '7 with formation of compounds of the
type R2A10R'. Diphenyl ether53 is cleaved above 200°C,
while a ,0-unsaturated ethers213 are cleaved at tempera-
tures as low as 25-35°C. IS0-BU2AIH reacts with alkyl
allyl ethers as a rule at the double bond, giving rise to
inner complexes5.

The presence of a bond between aluminium and O, N,
P, and S atoms greatly reduces the electron-accepting
properties of aluminium alkyls, but does not eliminate
the possibility of the formation of complexes by these
compounds with ethers in many instances. Compounds
having the composition Et2 AlPPh2.Et20,5'6 Et2AlN2.THF,214

and several adducts of the type R2A1NR'2.ether 59'215 have
been described. A number of etherates of alkylalumin-
oxanes (Table 5), which undergo polycondensation with
formation of polyalkylaluminoxanes on heating, have been
synthesised and characterised (Table 5).

Table 5.

Etherate

(MeAlCl)20-Et20
(Me2Al)2O-THF
Me3ClAl2O-Et2O
(Me2Al)2O-PhOMe*
(Et2Al)20-Et20
(EtAICI)20-Et20
(iso-Bu2Al)20-Et20
[(C8Hi7)2Al]2O-Et2O

Alkylalummoxane etherates.

Yield, %

90
—
—
90
90
85

100

,20

_

—

0.8576
1.0880
0.876S
1.1332

Molecular weight

found

444

237—324
—

248
268
390
—

calc.

245
—

224.5
—
260
273
372
—

Refs.

190
191
216
191
106
106
106
10G

•M.p. -50°C.

associated species are unstable and are readily cleaved
by ether. The foregoing considerations have been con-
firmed by infrared227'228 and XH NMR 227"231 spectroscopy.

The principal methods for the synthesis of the etherates
of unsaturated OAC involve the interaction of alkyl halides
and aluminium trihalides with alkenylmagnesium halides
224,229,230,232̂  a l k e n y l - l i t h ium 2 2 9 ' 2 3 0 , or sodium acetylides

224,227,228,233,234 i n e t h e r > ^ addition, the reactions of

aluminium with vinyl224 and acetylenic 3 organomercury
compounds as well as complex acetylides of the type
MA1(C = CR)4 (M = Li or Na) and NaAlRn(C = CR)4 -n are
used224'226. The etherates of aluminium acetylides are
sometimes synthesised by displacing one ether by another
in the sequence Et2O •—• THF-^ dioxan 227 and also by the
exchange reaction of A1(C = CR)3 with triethylaluminium
or aluminium trichloride in ether233. The synthesis of
the etherates of allyl-, crotyl, and propargyl-aluminium
sesquibromides from aluminium and the corresponding
organic bromides has been described5'232. The dibutyl
etherate and anisolate of but-3-enylaluminium have been
synthesised from the Al/Mg alloy and 1-bromobutene 3 in
butyl ether or anisole232. A method has been patented
for the synthesis of the dioxanates, tetrahydrofuranates,
and diethyl etherates of a wide variety of cycloalkenyl-
aluminium compounds by the reaction of aluminium,
dialkylaluminium hydrides (or NaAlR4), and a conjugated
diene in an ethereal medium235"241.

With the exception of allyl derivatives6'229'230'232, the
etherates of unsaturated OAC are relatively unstable
(Table 6). As a rule, compounds with a double bond are
mobile liquids, while acetylides are solid crystalline
substances. The triacetylides are monomeric in dioxan,
while in benzene the molecular weight of Al(C = CBu)3.
.C4H8O2 varies with concentration (the association factor
of 0.7-1% solutions is 1.3-1.5).224 The molecular weight
of the diethyl etherate of trivinylaluminium corresponds
to the monomeric form.

(Me2AlCN)2.THF,214 Et2AlBH4.Et20,217 EtAlC2B9Hn.
.2THF,218'219 (Ph3Si)3Al2Et6.8THF,220 iso-Bu2AlMC5H5(CO):
.C4HSO2 (M = W or Mo),221 Me2AlOLi.E (E = Et2O, THF,
or PhOMe), U1 R2A1OM(THF)A1R3 (M = Li, Na, or K;
R = Me, Et, or iso-Bu),157'222 and Et2AlHNi(CDT).Et2O
(CDT = cyclododecatriene)223 should be assigned to the
same class of compounds.

V. THE ETHERATES OF UNSATURATED ORGANO-
ALUMINIUM COMPOUNDS

Unsaturated OAC were discovered comparatively
recently. Their synthesis in the form of etherates or
aminates constitutes frequently the only possibility of
isolating them in a pure form; many studies dealing with
compounds of the vinyl, acetylene, allyl, and other series
have been published.

The direct proximity of a C=C or C = C bond to alumin-
ium greatly reduces the electron accepting properties of
aluminium alkyls owing to the interaction of the IT elec-
trons of the multiple bond with the vacant p orbitals of the
aluminium atoms in a second molecule, which leads to the
formation of a complex with a relatively high dissociation
energy224'225. On the other hand, aluminium trialkynyls
form very stable etherates, sometimes with two ether
molecules224'226. This is due to a uniform distribution of
electron density in the molecule, as a result of which each
individual bond has a low polarity; for this reason, the

Table 6. Etherates of unsaturated organoaluminium
compounds.

Etheiate

(CH2 = CH—CH2—CH2) 3AI • Bu2O
(CH2 = CH—CH2—CH2)3Al-Me0Ph
[CH2 = CH—(CH2)3]3Al-Et20
(PhC = C)aAl.THF
(PhC = C)3A1.2THF
(C6H9C = C)3Al-Et20**
EtAl(C = CB'i)2-THF
Et2Al—C = CPh-THF
HC = C—A1C1,- dioxan
Ph2Al—C = CMe-Et,0

Yield, %

69
—
80
90
85
47
85
96
87
81

Properties

b.p. 113 (1)
b.p. 110-115 (1)*
b.p. 96-98 (1)
does not melt
decomp. > 100°
m.p. 78-81°*
liquid, decomp. > 140°
liquid, decomp. > 120°

-—
m.p. 69-73°*

Refs.

232
232
232

224, 226
224,226

227
224,226
224, 226

233
228

*With decomposition.
**CsH9 = cyclohexenyl.

The chemical properties of the etherates of unsatu-
rated OAC are somewhat unusual, but in general they
resemble those of the etherates of aluminium alkyls.
They are unstable in air and are explosively decomposed
by water228'242. The dioxanate of the triacetylide 224 is
inert with respect to CO2 up to 100°C, condenses with
acetone and mesityl oxide, does not react with dimethyl
sulphate and ethylene, but initiates the polymerisation of



494 Russian Chemical Reviews, 48 (5), 1979

olefins in combination with TiCl4. The etherates of
unsaturated OAC react with various aldehydes and ketones
to give the corresponding alcohols 6>227>228>243-245_ ^ cQn_
trast to the etherates of aluminium trialkyls, the ether-
ates of allylaluminium compounds add readily (at 25 to
100°C) to olefins, forming 1 :1 adducts229'230.

By virtue of the electron-accepting effect of the vinyl
and ethynyl groups, the polarity of the Al—R bond in com-
pounds of the type R2A1C = CR' and R2A1CR'=CHR" dimin-
ishes, which entails a diminution of its nucleophilic
properties. The vinyl and ethynyl groups are therefore
more reactive in the reactions of vinyl- and ethynyl-alkyl
mixed compounds with carbonyl compounds169'226'228'244'246,
CO2, alcohols226'246, and halogens246'247, which makes it
possible to carry out the reactions selectively with the
unsaturated group without affecting the alkyl group.
Furthermore, the vinyl group in the compounds R2A1CR' =
CHR" is more reactive than the alkyl group in R3A1.246

The reactivity of the ethynyl group depends on the nature
of the reactants: the ethynyl group reacts more readily
with bromine and isopropyl alcohol, while the alkyl group
reacts more readily with iodine and CO2. The reactivity
of the groups usually increases in the sequence alkyl <
alkynyl < alkenyl. Compounds of the type R2A1C = CR'
are partly associated even in the presence of an ether,
while the ethynyl group is in the bridging position, which
lowers its reactivity compared with the vinyl group.

VI. THE ETHERATES OF OTHER ORGANOALUMINIUM
COMPOUNDS

In the first place mention should be made of the ether-
ates of aromatic organoaluminium compounds for which
there are about twenty publications. However, since in
many chemical reactions (with h, alkyl halities, carbox-
ylic acids, metal salts, ketones, aldehydes, nitriles, and
esters) these compounds resemble alkyl analogues with
rare exceptions (the reactions with a ,/3-unsaturated
ketones4 and diphenylacetylene248) and the data can merely
supplement those described above, there is no point in
presenting them here.

An extensive class of compounds M[A1R4].ether, where
M is an alkali or alkaline earth metal and R = alkyl,
alkenyl, alkynyl, H, OR, etc., is also known. The ether
in these compounds is coordinated to the other metal
cation and not to aluminium 112>249

( but the coordination is
significantly influenced also by the group linked to alumin-
ium224'250. A series of such compounds, many of which
are valuable alkylating and reducing agents, have been

. . . , , . , . , , 5-7,15 ,16,35,224,233>250-253

obtained and investigated

VII. THE REACTIVITY OF ETHERATES

When OAC etherates are used instead of ether-free
aluminium alkyls in various reactions, the characteristic
features of the etherates are manifested: (a) the yield of
the desired product is in many instances increased;
(b) the reaction frequently proceeds via another pathway
and many reactions are characteristic solely of etherates;
(c) the reactivity of etherates depends on the strength of
the donor-acceptor bond.

It has been shown frequently that coordination of the
type of at -complexes leads to a weakening of the metal-
carbon bonds254, which is usually attributed to an increase
of the amount of their ionic character (the carbanionic
mobility of the alkyl groups15'255"266), which leads in its

turn to an increase of the reactivity of the metal alkyl.
An extensive generalisation of this postulate is apparently
not feasible, since, together with an increase of the
polarity of the Li-C,2?6"258 Mg-C,259'260 Hg-C,261"263 and
certain other bonds263'264, coordination has been found to
entail an acceleration of the homolytic rupture of the
Ti-C 267"27Oand V-C 271 bonds. Furthermore, it is
known that the presence of electron-donating molecules
stabilises transition metal-carbon bonds272'273, but in
many instances the opposite effect has been observed268'
274. The results of XH NMR studies on OAC (enhancement
of the electropositive nature of the aluminium atom)63'82'
83'275 and of conductimetric studies (a sharp increase of
conductivity)21'22'39 suggest the "ionic loosening" of the
Al-C bond:

I ̂  /
R2O—*-AI C

On the other hand, infrared spectra 30'36'228 and X-ray
diffraction 38 indicate only a slight change in the nature
of this bond.

In order to explain processes involving organometallic
compounds, it is insufficient to take into account only the
polarity of the metal-ligand bond256'276. In most cases
metal alkyls are associated, the associated species
ranging from dimers to hexamers. Coordination to
molecules of other compounds, accompanied by changes
in the geometry of the organometallic compound, leads to
the dissociation of the associated metal alkyls, the nature
of which depends on the nature of the alkyls256'259'277.
Furthermore, many metal alkyls have several compara-
tively readily accessible vacant orbitals, so that their
complexes are capable of being coordinated to the reacting
molecule, which results in a decrease of the activation
energy in the transition state. Consequently the decisive
factor in a particular reaction may not be the amount of
ionic character, but the state of the coordination sphere of
the metal. Having combined with the electron-donating
molecule, the OAC lose or undergo a sharp reduction in
their capacity for further coordination (the d orbital of
aluminium is not readily accessible), 30 that certain
reactions of the etherates of aluminium alkyls are slower
or are altogether ruled ouh These include primarily the
reactions with CO2, halogens, alkyl halides, H2S, O2,
olefins, certain carbonyl compounds, nitriles, and all
possible ligand exchange processes. However, the
decrease of reactivity frequently entails an increase of the
yield of the desired product6'106'107"110'131'144'278. For
example, the presence of an ether or another electron
donor has a favourable influence on the alkylation of the
salts of various elements by organometallic compounds,
which is usually attributed to the enhanced nucleophilic
properties of the latter255. We believe that a more sig-
nificant factor in the case of OAC is that the ether neutral-
ises the strong Lewis acid (usually A1C13) arising during
synthesis, reducing its dealkylating and electron accepting
capacities, for example115:

4R3A1.ether + 3SnCl4 — 3R4Sn + 4AlCl3.ether.
Without the involvement of an ether in this reaction, a

mixture of organotin compounds alkylated to different
extents is formed, since A1C13 forms stable complexes of
the type AlCl3.RnSnCl4 -n, which prevent further alkylation
of tin. This is confirmed by the finding that diphenyl
ether, which has only a weak influence on the Al-C bond
but forms stable complexes with A1C13, is effective in this
reaction, and this is also true of tetrahydrofuran.

The different types of behaviour of etherates and ether-
free OAC are frequently due to the different structures of
these compounds i6i,i67,194,i97,i98,202,246> ^ a p u r e g t a t e a n d
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in solution in hydrocarbons aluminium alkyls as a rule
exist in a dimeric form 3. In this form they attack v a r i -
ous molecules (aldehydes, ketones, a -o lef ins , etc.)
forming many-centre intermediate complexes
for example, the complex of phenyloxiran (styrene oxide)
and trimethylaluminium 150151

143,148,167,279

p
150'151:

Ph—CH—CH2

Me—Al •«—\ Al

Mo Me Me

A further transformation of this complex leads to the
pr imary alcohol PhCH(Me)CH2OH. Ethera tes , which a r e
saturated monomeric molecules, a r e effective in such
react ions when the ether is displaced by the reacting
molecule. The result ing coordination complex reac ts
further in a manner which depends on the s t ructure of the
components. Thus phenyloxiran i somer i ses to phenyl-
acetaldehyde and, reacting via the carbonyl group, gives
r i s e to a secondary alcohol:

Ph—CH—CH, J- Me,Al • OEU Ph—CH—CH, -- Ph-CH.,— C

AI Me

- Ph—CH2—C—O—Al Jhll-, Ph-CHo—CH(Me)—OH.

Me Me

In mixed alkenyl- and alkynyl-alkyl compounds of
aluminium the most reactive group (the unsaturated group)
is in the bridging position in the absence of an ether225'246

which lowers its reactivity. In complex formation the
reactivity of the unsaturated group increases, so that,
for example, the reactions with carbonyl compounds pro-
ceed more effectively in ether than in hexane and benzene
169.

\ I
RC=C—AlEt.. •- C O -» R C - C — C - O H .

/ I
Thus acetone gives the corresponding alcohol in ether with
a yield twice as great as in a hydrocarbon, while
2-methylcyclohexanone gives 96% of 2-methyl-l-propynyl-
cyclohexanol in THF and 87% in benzene.

The properties of the whole class of various OAC
etherates cannot be judged on the basis of individual
instances (for example, Et3A1.0Et2). Apart from all
other factors, the properties of etherates depend on the
strength of the Al — O bond 12'21'151. For example, on
reacting with the anisolate of R3A1, diazomethane dis-
places anisole and the resulting adduct rearranges as in
the case of the ether-free aluminium alkyl205:

R-.A1 R,A1CH,RMeOPh -f CH2N2 — MeOPh -f- R,A1 • CH2N : -

The reaction with R3ALTHF takes place differently,
because tetrahydrofuran is a stronger donor than diazo-
methane. As a result, diazomethane coordinates via the
free d orbital (the fifth coordination site of aluminium)
with its subsequent polymerisation via the mechanism

R 3 AI •
t

CH2N2

R-Al

CH2

1-' RSA1

'r
THF -» R3AI • THF+polymethylene

2—(CH2)

Apart from the strength of the donor —acceptor bond,
the reactivity of etherates is influenced by the presence of
an excess of the ether7'140. One must therefore treat with
much caution conclusions concerning the reactivity of
etherates if the study has been carried out in an ethereal
solution. Thus the claim that the etherates cannot be

used to synthesise the 2 :1 complex of triethylaluminium
with 2,2'-bipyridyl has been disproved140:

2Et3Al • OR2

paraffin ic
hydrocarbon

AlEt,

Finally, in connection with the tendency of the etherates
of R3AI to dissociate into the ions [R2A1.2ether]+ and AIR4",
a large group of reactions characteristic of such ions,
with participation of alkali metals or magnesium and
unsaturated compounds (aromatic hydrocarbons, olefins,
and conjugated diolefins), has been observed100"103:

2M ; [R2A1 • 2cther

R2A1 + MA1R,

A1R2

-^C I -i-MAlR4

Ether-free R3A1 react quite differently, for example, in
the case of butadiene we have

2Na -;- 2R.,A1 + C,H6 - . Na2[R.,AlCH2CH--CHCH2AlR:!] .

In the presence of stronger solvating agents (diglyme,
hexamethylphosphoramide) the formation of butadienes
polymerisation products was observed.

Thus the difference between the reactivities of
etherates and ether-free OAC is due to the following
factors: (a) the decrease of the degree of association of
the aluminium alkyl; (b) the change in its geometry;
(c) the increase in the degree of electrolytic dissociation;
(d) the change in the polarity of the Al—C bond; (d) the
ability of the ether to bind side products. The results of
the reaction may depend on energy of the Al — O bond in
the etherate. Although some of these factors are inter-
related and their effects overlap, in many cases individual
factors are decisive. The problem of the dominant influ-
ence of one or several of the above factors must be solved
in each specific instance, taking into account the specific
features of the mechanism of the given reaction and the
structure of the intermediate complex.

VIIL THE APPLICATIONS OF ETHERATES

The application of OAC etherates as components of
polymerisation catalysts have been reported in reviews11'
12. Publications48'280"285 recommending that etherates be
used for a particular purpose in the polymerisation pro-
cess have now appeared. The use of Et2AlCl etherates
286,287 Qr of a n e t h e r e a l solution of Et3Al 288 to polymerise
e-caprolactam has been described. The ether adducts of
aluminium trialkyls are promising in the polymerisation
of epoxy-compounds289"291, as catalysts292'293, and as
reagents102 for selective hydrogenation and hydroalumin-
ation200'294.

Etherates are fairly mild alkylating agents and this
feature permits their employment in the synthesis of
incompletely alkylated compounds of various elements:
R2Sn 89 and REC12

 295 (E = As, B, or P), the yield being
appreciably higher than in the case of ether-free alumin-
ium alkyls. Apart from the examples presented in the
preceding sections, the use of the ether adducts of OAC
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for the synthesis of organic derivatives of beryllium 14,
cadmium295, boron14'296, aluminium297"299, niobium and
tantalum42, and titanium 300 and also for the synthesis of
alkylcylcopropanes 301, cyclopentanes299 a wide variety of
olefins235-239'*95, alcohols4-7'224'239'241'^2'303, ketones4'158'
304, and carboxylic, sulphinic, and sulphonic acids and
their aluminium salts5'305'306 is of interest.

Etherates are frequently used as the starting materials
in the synthesis of other complexes. Many such examples
are known among alky!24'26'27'43'44'66"69'140'190'307, alkenyl

alkynyl
224,227

and phenyl OAC. The free
aluminium alkyls can also be obtained from the etherates.
It has been shown that iso-Pr3Al and t-Bu3Al can be most-
simply synthesised from their etherates41.

The heat treatment of various etherates is used to
obtain high-purity aluminium (>99.99%), 31° diethylalumin-
ium arylalkoxides 311, and organoaluminium polymers used
as components of rocket fuels 312'313. The employment of
etherates makes it possible to increase the yield and
purity of polyalkylaluminoxanes 314. Finally, the forma-
tion of stable complexes by aluminium alkyls with ethers
is used for their separation172'315, analysis3'105'316, and
isolation from various hydrocarbon mixtures 317~321.
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