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‘ABSTRACT

The cyanides Me2MCN(M = Al, Ga, In or Tl) were
prepared from the trimethylﬁetal and hydrogen cyanide.

In contrast to the polymeric boron‘cyanides, RQBCN, the
aluminium; gallium; and indium compounds are tetramefic
in benzene, and dimethylthallium cyanide is a salt in
aquéqus solution.' Reactions between dimethylberyllium
(and its trimethylamine complex) and hydrogen cyanide were
also investigated.

The phosphinates, thiophosphinates, sulphinates, one
arsinate and carboxylates of many of the Group 1III metals
were prepared from reactions between the trimethylmetal
and the corresponding acid in an inert solvent (ether or
benzene). These were sufficiently volatile to be purified
by vacuum sublimation. The compounds were air-sensitive.
Molecular weights wére determined cryoscopically in bengzene
and the compounds were found to be dimers. The structures
of these dimers were established on the basis of their
infrared spectra, as eight-membered ring compounds in which
the P = 0 or similar groups participated in co-ordinate
bond formation.

The dithiophosphinates of aluminium, gallium and indium
were prepared from reactions between the trimethylmetal and

dimethyldithiophosphinic acid in an inert solvent. These

were purified'by vacuum sublimation as colourless crystals.

—i
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Molecular weights were determined cryoscopically in
benzene and the compounds were found to be monomers
(compare the phosphinates, sulphinates etc. which were
found to be dimers). |

Dimethylaluminium methane-sulphonate and the
corresponding gallium compound were prepared by similar
reactions. They were purified by vacuum sublimation as
white crystalline solids. Molecular weights were determined

~cryoscopically in benzene and the compounds were found

to be trimers.

The infrared spectra of all the compounds prepared
were investigated and several new assignments for different

structural features were made.




INTRODUCTION




INTRODUCTION

In this section preparétive methods for the
trialkyls of group III elements are discussed with
special reference to trimethyls. The properties df these
trimethyls are also included. This is followed by a
féview of the interaction of group III trialkyls with
donor molecules not containing reactive hydrogen. Much
interesting work has been done on the co-ordination

chemistry of the halides and hydrides of group III

Aelements, but diécussion of these compounds is not directly

relevant to the subject of the present investigation.
The reactions of group III trialkyls with donor molecules
containing reactive hydrogen are then reviewed. ZFinally

the objects of the present investigation are described.

°

Preparative Methods for the Trialkyls of Group III Elements.

The trimethyl derivatives of group III elements are

spontaneously inflammable, sometimes with explosive

violence, on exposure to air. Therefore, their preparations

demand careful attention to safety and a good deal of
precautions regarding the design of apparatus employed,
use of a protective atmosphere of pure inert gas like
nitrogen or argon, .and the maintenance of rigorously
anhydrous conditions. Different preparative methods are

available for these alkyls, and they usually differ in




economy, convenience, and yield. All the trimethyl
derivatives are volatile, and therefore the choice of a
method from the point of view of purification is no
pfoblemf A suitable choice can sometimes avoid the
tedious separation of the trialkyl from large quantities
of the solvent. A preparative method may also be decided
on the end use of the product. Thus, for example, pure
trimethylaluminium can not bé obtained by the Grignard
reaction, but the etherate can be prepared and used for
the study of displacement reactions with stronger donors
(e.g. bipyridyl). A method involving the use of free

metal and anothér organometallic compound can be represented

by the reversible equilibrium:
M+ MR —_—— MR+ M

The resction which is not applicable to transition metals,
proceeds to the right if M is more electropositive than M'.
As é result, a more reactive compound is obtained from a
less reactive compound. In theory, a number of organo-
metallic derivatives should be able to participate in this
reaction leading to a group III trialkyl. In practice,

the dialkyls and diaryls of mercury are the only suitable
reagents. These mercury compounds are extremely easy to
prepare, purify and handle because they are stable in air

due to small affinity of mercury for oxygen. A disadvantage




is that the displacement reactions with group III elements
are rather slow (boron and thallium cannot be used), a
further limitation of the method is the instability of
higher and branched-chain mercury alkyls. Another method
of general application is the reaction between the tri-
‘halide and the alkyl of a more electropositive metal. The
Grignard reagents or the lithium alkyls are most commonly
employed. In these reactions; a less reactive compound

is formed from a more reactive compound.

A survey of the methods available for the synthesis
of the trialkyls of the individual elements, with special
reference to their trimethyl derivatives follows.
Trialkyls of Boron.

The general methods for the preparation of the
trialkyls of boron are gi&eh below:s

(a) In recent years the alkyls of aluminium have
been shown to be a very convenient reagent for the pre-
paration of the trialkyls of boron(}) An attractive
feature of this synthesis is the exclusion of large
quantities of solvents. The formation of quaternary
salts is also avoided (these are easily formed when
lithium reagents are employed and sometimes even with
Grignard reagents in the aryl series). Reactions between
boron trifluoride anq aluminium alkyls do not easily go

to completion. Triethylborane can be obtained in about




90% yield by the reaction between the etherates of ~
triethylaluminium and boron trifluoride. Other variations
of thié method have been describedSQ) the most satisfactory
method is the reaction between a borate ester and an

alkyl of aluminium. Triethylalumiﬁium exothermically
reacts with ethyl orthoborate to give triethylborane in
over 90% yield.

B(-OEt)3 + AlEt3 = Al(OEt)3 + BEt3

(b) The trialkyls of boron can be prepared by
the reaction between a borate ester and Grignard reagents.
The use of boron trifluoride etherate is less satisfactory.

B(OMe)3 + 3MeMgBr = BMej + 3(MeO )MgBr

Thus,_trimethylboréne can be very conveniently obtained by
the slow addition of a solution of borate ester in di-n-
butyl ether to‘the Grignard reagent prepared in the same
solvent. Unlike the other trimethyl derivatives, tri-
methylborane (m.p. - 159.85°C, b.p. - 21.8°C) is a gas

at room temperature. Therefore, the storage of large
quantities of‘the material is rather inconvenient. It can
be easily stored in combination with trimefhylamine. The
adduct Me3N.BMe3 can be purified by sublimation and the
trimethylborane regenerated by treatment with less than

the calculated amount of dry hydrogen chloride.(3’4’5)

The method (a) described above is more useful for the




preparation of triethyl or higher derivatives because the
corres?onding aluminium alkyl can be more easily obtained,
on a large scale, by the reaction between an olefin, hydrogen
and activated aluminium metal (described later).

(¢c) The higher alkyls of boron can be obtained by
the reaction between diborane and a suitable olefin. 1In
a typical reaction, tri-n—hexylbofane was obtained in 91%
yield by bubbling diborane into a solution of l-hexene

in diglyme [(CH3OCH20H2)20] at room temperature(6)
ByHg + 6CH, = CH(C4H9) = QB(C6H13)3
(d) The displacement reaction between the boron

isobutyl derivative and a higher olefin is another useful

preparative method for higher alkyls, as shown below:

. above 120°C
B[ CH,CHMe ], + 3CH, = CHCgH), — N

B(C10H2l)3 + 3CH, = CHe,

In general, a more volatile shorter chain olefin is displaced
by a less volatile longer chain olefin€1’7)
Trialkyls of Aluminium. |

The general methods for the preparation of trialkyls
of aluminium afe given below:

(a) By heating (80—9000) excess of aluminium with a

dialkyl of mercury, the trialkyl can be obtained.(8®) mne




exothermic reaction goes to completion in about a day

or two.

2A1 + 3HgM62 = 2A1Me3 + 3Hg

This method has been particularly useful in the past in

the alkyl or aryl(g’lo) series, when other methods for

preparing these compounds were less developed.
(b) Alkylaluminium sesquihalides can be obtained by
the reaction between aluminium metal (activated by iodine

or a little aluminium alkyl) and an alkyl halide.(ll)

2A1 + 3RX = AR3A12X3
These sesquihalides are air sensitive liquids at room
temperature, without any sharp boiling points, due to the
following disproportionation:

2R3A1,X5 — R,AL,X, + R,AL X,
The trialkyl derivatives can be obtained by reduction with

sodium, and sodium-potassium alloy during the final stages

of the removal of halogen.

R3A12X3 + 3Na = .A1R3 + 3NaX + Al
The use of an alloy of aluminium and magnesium has been
describedtl?)

Aleg3 + 6RCL = 2A1R3 + 3MgCl,

The method was originally used to prepare the etherate of




_7_
of trimethylaluminium.(l3)
It has been shown that alkylaluminium sesquiiodides
disproportionate more easily than the chlorides or bromides,

giving a reasonable yield of the trialkyl. Thus, for

example, the products from a reaction between methyl

iodide and aluminium, can be distilled slowly and the

trimethylaluminium taken off (at reduced pressure) from

the top of a fractionating oolumn.(l4)
Dialkylaluminium chlorides can be obtained by dis-

tillation from the corresponding sesquichlorides. From

a,(15)

these, the trialkyls can be obtaine as shown by

the following equations.

R,AL1CL + NaF = R,ALF + NaCl.
R2AlF + NaF = Na[R2A1F2]
- 200-300°¢
3Na[R2AlF2] - 2A1R3 + Na3A1F6

The method is very useful for the large-scale preparation

of trimethylaluminium.

(¢) The reactions of aluminium hydride and lithium
aluminium hydride with olefins, together with those between
an olefin, hydrogen and aluminium metal were investigated
in the last decade.(l6’l7) Reactions of aluminium hydride
with terminal olefins is similar to that described for

diborane. It does give a trialkyl but the method is not
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very useful because aluminiﬁm hydride is not easy to
prepare free from ether. In contrast with boron hydrides,
the reactions of aluminium hydrides with non-terminal
olefins are extremely slow. A dialkylaluminium hydride
can be used to prepare a mixed trialkyl. The aluminium
atom of an Al-H bond is positively polarised, therefore,
in reactions with a terminal olefin, the alkylated carbon
is attacked by the negatively polarised hydrogen atom,

as shown below:

L yan s+ g_ .
Al-H-—»RzAl(CHQCHZCH3)

= o ¥ og =&
H3__ C CH CH2 + R2

Thése mixed trialkyls usually disproportionate into the
individual trialkyls{ A reaction between lithium aluminium
hydride and ethylene at about lOOOC, under pressure, gives

a quaternary salt.

LiAlH, + 402H4 = LiAlEt4

4
The quaternary salt may be washed with cold pentane to
remove any polymer férmed, and treated with a suspension
of aluminium chloride in an inert solvent, to form the
triethyl.

JLiAlEt, + ALCl; = 4AlEt; + 3LiCl

4
The higher alkyls, for example, the triethyl can be

obtained by a high pressure reaction at about lOOOC,‘bbtween

o

an olefin, hydrogen and aluminium (suitably activated,

for example, by agitation with triethylaluminium).
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2AL + 3H2 + 602H4 = 2AlEt3

>

This method is very useful for the preparation of many
of the trialkyls particularly the triethyl and tri-iso-
butyl, but trimethylaluminium cannot be obtained by this
reaction.
Trialkyls of Gallium.
| The general methods for the preparation of the tri-
alkyls of gallium are given below: |

(a) Good yields were reported(18) for triethyl-
gallium (80%) from the transalkylation reaction between
gallium trichloride and triethylaluminium. A typical
reaction sequencé is shown below:

GaCl3 + 3A1Et3 = GaEt3 + 3A1Et,Cl

GaCl

+ 3A1Et,Cl = GafAlEt2012]3

2
+ 3A1Et3 = GaBty + Ga[AlEt2012]3

3

2GaCl3

Ga[AlEt2012]3 + 3KC1l = GaCl3 + 3K[A1Et2012]
GaCl3 + 3A1R3 + 3KC1 = gaR3 + 3K[A1$¢2012]

Final purification of GaR3 from admixed AlR3 was achieved

by preferential complexation of the A1R3 with alkali

fluorides.

(18)

(b) The displacement reaction between the metal

isobutyl derivative and a higher olefin is a useful pre-
parative méthod for higher alkyls, as shown below:

155 - 60°¢C

K
7

GaLCH2CHMe2]3 + 30H2 = CHC8H17

Ga(010H21)3 + 3CH, = CMe,
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The displacement of the alkyl groups branched in the
R- position, by reaction with an &-alefin went smoothly
according to the above equation. The higher indium
alkyl was, however, unstable at the necessary reaction
temperature. The ease with which isobutyl derivatives
of group III elements participate in the displacement
reaction appear to decrease in the order Al B7Ga 7 In.

(c) The trialkyls can be obtained by the reaction
"of galllium metal with dialkylmercury.

2Ga + 3HgR2 = 2GaRy+ 3Hg

Trimethylgallium(lg) can be conveniently obtained by this
method (see experimental section). ‘
(d) The reaction between gallium trichloride and

the corresponding Grignard reagent in ether has been

describedggo’Zl)

Trialkyls of Indium.
The trialkyls of indium can be obtained by the

following general methods.
(18)

(a) The transalkylation reaction between

indiﬁm trichloride and triethylaluminium gives a good

yield of triethylindium.
InCly + 3AlEty + 3KCL = InEtj + 3K[A1Et,C1,]

Excess of triethylaluminium was removed by preferential

complexation with alkali fluorides.

() Trimethylindium(22) can be prepared by the
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action dimethylmercury on indium metal (see experimental

section).

2In + 3HgMe2 = 2InMe3 + 3Hg

(c) The trialkyls can also be prepared by the reaction
between an ethereal solution of indium trichloride and a
Grignard reagent.(23) Though they form co-ordination
complexes with diethyl ether, these dissociate sufficiently

to allow the ether-fpee alkyls to be separated by fractional

distillation or condensation.

Trialkyls of Thallium.

Reaction between a Grignard reagent and thallic chlorides
introduces only two organic groups in the molecule giving

71X. These can react further with a lithium alkyl to

R
2 (24)

give a trialkylthallium derivative
MeleBr + LiMe = TlMe3l+ LiBr
Primethyl thallium can also be made from the following

reaction.

T1I + Mel + 2LiMe = TlMe3 + 2LiT

"Properties of the Trimethyl Derivatives of Group III Elements.

Except trimethylborane, all other tfimethyls react
with water at room temperature to give hydroxy derivatives.
These trialkyls usually react with halogens. Trimethyl-
borane has a very sharp smell. It is monomeric in the

vapour phase. Electron diffraction,infrared and Raman
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spectra(25) show that in the vapour phase the B(CH3)3
molecule is planar and symmetrical with angles of 120°.
It has been suggested that lack of association may be due
to the small size of the boron atom relative to the
surrounding organic groups(26) or due to trigonal hyper-

conjugation(27) 'These trialkyls can combine with a suitable
ligand (e.g. LiMe) to give a salt (e.g. LiBMe4). Tri-
methylthallium cannot act in this way. Most of these

trimethyls can be used up to about ZOOOC without any thermal
decompositién (trimethylthallium explodes on heating to
90°C; also it is photosensitive).

Trimethylaluminivwm (m.p. 15.0°%, b.p. 126°C) is a
(28)

colourless mobile liquid. It is dimeric as vapour

at 70°C, and in benzene(l4) solution. The heat of dissociation

-to two moles of monomer is 20.2 kcal.(28) The infrared

spectrum(zg), and x-ray crystal analysis(BO)indicate

a bridge structure, as shown below:

H3C\ ) ,C}?% / CH3
/ AL oAl \
H3C CH3 CH3

The nature of the bonds in this electron deficient dimer

has been a subject of much controversy. At present, the




- 13 -

Al - C - Al bridge bonds are regarded as formed by bent

3 3 3).

three-centre molecular orbitals (Al sp~ + C sp~ + Al sp
Thus, each A1l - C - Al three centre bond occupied by two
electrons can be regarded as a single bond or the Al - C
bridge bond as a half-bond. It is of interest to mnote
that the Al-Al distance (2.55 Ao) is slighfly greater
fhan the calculated Al-Al single bond distance (2.52 A%).
Some Al-Al bonding has been suggested from theoretical
considerations§3o) Proton magnetic resonance spectra can

distinguish between the two types of methyl groups at
-7500, but not at room temperature(3l) since rapid exchange
‘occurs. |

Trimethylgallium (m.p. -16%; b.p. 56°C), trimethyl-
indium (m.p. 88.4%; b.p. 135.8°C) and trimethylthallium
(mepe 38.50; extrapolated b.p. 147°¢) are monomeric in
the vapour phase. Trimethylthallium is monomeric while
trimethylindium is tetrameric in benzene solution and in

the crystalline state.(32)

These electron deficient molecules can usually
combine with ligands able to provide a donor site. The
possibility of the donor-acceptor bond being formed can

be qualitatively considered in terms of an energy cycle.




- 14 -

Energy steps in the formation of adducts. (33)

MXy(g) + D(g) with
configurations suit-

able for bonding. AF,

MX3(g) + D(g)

JAN

MX3 and D in
standard states AF

(condensed or

Afe

polymeric)

state, liquid or
solid)
‘AFQ = vapourisation energy required to convert donor
and acceptor to the gas phase’from their standard
states.
[}FA = adjustment energy required to convert gaseous donor

F

D°MX3( g)

D.MX3 (standard

and acceptor to moieties having configurations
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present in the final product, e.g. deformation
from trigonal to tetrahedral forms.
AT = total energy released in dative-bond formation,

giving the adduct in the gas phase.

[SFg = gas-phase energy of formation.

ZXFC = energy releaéed when addiﬁion compound condenses
to standard state.

AF = free-energy change accompanying the reaction

MX3 + D — D.MX3, reactants and products being
- in their standard states.
If the rehybridisation energy @SFAz is greater than AF,
then no adduct will be formed. Fu;thermore, if the final
(D.MX3) standard state lies above the initial (D + MX3)
standard state, then no compound will‘be formed. In the
case of trimethylaluminium, a further complication is

introduced by the necesszsity of 20.2 kcal. for breaking

the dimer.

Review of IHiteraction of Group III Trialkyls with Donor

Molecules not containing Reactive Hydrogen.

A qualitative or quantitative understanding of the
relative stability of a metal-ligand bond has provided
much valuable information. Thus, for example, it was possible
to arrange the trimethyls of group III elements in the order

of decreasing Lewis acidity (Al7> Ga>In7>B>T1l) from gas
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phase dissociation equilibrium studies on their addition
compounds with trimethylamine. From an investigation of
the dissociation,

D.MX3(g) :::.MX3(g) + D(g)

it is possible to determine the Kp values. From this,

the free energy change can be calculated.

AF° = - RT Iln K,
If the K values are known at two different temperatures

and T, then the heat content (enthalpy) change AH,

Ty 2
accompanying the formation of the donor-acceptor bond
can be calculated by using the integrated form of the

van't Hoff equation.

o Ele o _am [l 1
R T T
(Kp,)y 2 1

With AH in calories, R is 1.987, and therefore,

(K.)
log p’2 _ _ AH 11
(Kp)l 4,576 T, T,

It: should be mentioned that in a heterogeneous system,
the actiﬁe mass of solid substances present in a reversible
equilibrium should be regarded as constant, irrespective
of the amount present. Therefore, no terms for any solid

present at equilibrium need be included in the expression
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for the equilibrium constant. For the following
dissociation,
D.MXy (s) = MXy (s) + D (g)

the equilibrium constant will depend on the partial

pressure or pressure of D, depending on whether the system

contained any inert gas or not.

Now; the integraﬁed form of van't_Hoff equation can be

used, but fhe value of AH derived will be for the complete
reaction including solid phases. This value of AH

will différ from that for a reaction entirely taking place

in the gas phase by the heats of sublimation of the solids.

Py AH [ 1 1
l — = - rre—— -
n P, - R T, i
'or lo .Iig = - AH r_]:— - _..1—
T8 P, £576 | T, T

Calorimetric methods have been employed for systems
which dissociate to a great extent or not at all at

reasonable temperatures. Another method frecuently used

is the displacement reaction,

D).MKy + D, == D,.MXy + D,

3 2

to get some qualitative indication of the relative stability

1
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of the metal-ligand bond. These reactions depend on
a decrease in the free-energy of the system. Therefore,

from the following equation,

AF = AH - 1T AS

it can be concluded that a displacement reaction does
not necessarily give an indication of the relative
differences of the values of the enthalpy changes
accompanying the formation of the donor-acceptor bond,
due to complications resulting from possible differences
in the entropy of the two systems. Complications due to
volatility effects and lattice energy are also important.
A large number of 1l:1 addition compounds of tri-
methylborane with donor molecules ammonia, methylamine,
dimethylamine, trimethylamine, many other higher amines,
pyridine and substituted pyridines, trimethylphosphine
etc. have been described‘§3). Phosphine and trimethyl-
stibine forms no compound with trimethylborane even at
-78°C. WMany of these addition compounds have been
investigated by the gas phase dissociation equilibrium
methods§34> In the amine seriess35) it was found that
substitution of one methyl group for hydfogen in ammonia
made methylamine a better donor (due to electron releasing
power of the methyl group), substitution of one more

methyl group slightly increased the donor power of
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dimethylamine, but the substitution of third ﬁethyl group
made trimethylamine a weaker donor (Z&H = 13.75, 17.64,
19.26 and 17.62 kcal./mole for thé BMe3 addition compounds
with NH3, NH, Me, NHMe, and NMe3 respectiveiy). As the
inductive effect increases continuously, this observation
was explained by suggesting.sterié strain due to the
interference of the three methyl groups attached to nitrogen
with those attached to boron (F-strain). However, this was
only part of the explanation because in aqueous solution

the same order is found for changes in the basic strengths

of these amines.

Me,NH 7 MeNH, e ;N > NH,

unlike the bulkyl BMe3, the proton was too small to
interfere sterically with the methyl groups attached to
nitrogen. It was suggested that the formation of the fourth
bond to proton or trimethylborane causes the three methyl
groups attached to nitrogen, to move closer together and
interfere sterically among themselves (B-strain). Both

P-strain and B-strain are effective in co-ordination

compounds of trimethylborane.

It has been reported(36) that the addition compound
of trimethylborane with triethylamine is too unstable to
permit a gas phase dissociation equilibrium study. This

is due to steric interference of bulky ethyl groups with
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the methyl groups attached to the boron atom. However,
the compound with quinuclidine in which the carbon atoms

are held back from nitrogen, the adduct is more stable.

CH, — C(H

NP
N

BMe3

CHf——_— CH2 CH2

™ 2 T CHé/

The comparable stability of Me3N.BMe3 and Me3P.BMe3
(AH ='17.62 and 16.47 kcal./mole respectively) may be
due to. greater F-strain in the trimethylamine adduct,
because the boron-nitrogen bond is shorter than boron-
phosphorous bond. Absence of F-strain will make ammonisa
a better donor than phosphine. Relative to trimethyl-
phosphine, phosphine may be a much weaker donor due to the
absence of inductive effects, thus, explaining the non-
existence of Me;B.PH,. However, in trimethylphosphine
and phosphine the appropriate bond angles are 100° and
930 respectively (for ammonia and trimethylamine, 107°
and 108O respéctively). Therefore, the weaker donor power
of phosphine may be due to a large readjustment energy
involved for changing into a tetrahedral model..

The co-ordination compounds of trimethylaluminium
with ligands such as, dimethylamine, trimethylamine,

dimethylphosphine, trimethylphosphine, dimethyl ether,
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dimethyl sulphide, dimethyl selenide and dimethyl
telluride have been described.(37’19’38) The adducts
with trimethylamine, trimethylphosphine and dimethyl
ether are not appreciébly digssociated at 15000 and 40 mm.
pressure. From dispiacemenf reactions it was established
that the stability of the donor-acceptor bond decreased

in the order:

Me N.AlMe3 7 Me3P.AlMe3 "7 Me2O.AlMe3 > MeZS.AlMe3

3

It was shown that dimethylaluminium chloride was a stronger
Lewis acid than trimethylaluminium. The adducts MeZS.AlMe3
and Mezse.AlMe3 were sufficiently dissociated in the gas
phase to permit the determination of relative stability,
but Mez‘ﬂ?e.AlMe3 was highly dissociated. It was found

that the donor power decreased with increasing size of

the ligand atom (O > S » Se » Te). The adduct MezHP.AlMe3
dissociated appreciably at lSOOC, so towards trimethyl-
aluminium as reference acid, trimethylphosphine is a better
donor than dimethylphosphine.

Primethylgallium forms 1l:1 addition compounds with
most of the ligands mentioned above in connection with
aluminium, methyl cyanide and acetone.(39) Trimethyl-
bismuth does not react. The heats of formation of adducts
‘with trimethyls of Group V elements progressively decrease:c

from nitrogen to antimony (measured in gas phase)g4o)
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-NMe3, 217 PMe3, 18'7 AsMe3, 10 7 SbMe3 too wegk to measure.
Oxygen, in dimethyl ether is a stronger donor to trimethyl-
gallium than sulphur, but S, Se and Te are similar (in
dimethylsl(4o)

- Addition compounds of trimethylindium with trimethyl-
amine and trimethylphosphine have been described; those
with trimethylarsine, dimethyl ether and dimethyl sulphide

dissociate eitensively in the wvapour phase.(41)

Co-ordination compounds of trimethylthalliumt*l)

with trimethylamine, trimethylphosphine, dimethyl sulphide
and dimethyl selenide have been described, it was mentioned
that dimethyl ether was a very weak donor and in the case
of trimethylarsine and dimethyl telluride there was hardly
any evidence for reaction. The trimethylphosphine and
dimethyl sulphide adducts had nearly sharp melting points
(27-8°C and.—O.5OC respectively), the others melted a
little below 0°C.

Review of Reactions of Group III Trialkyls with Donor

Molecules Containing Reactive Hydrogen.

Many of the addition compounds of the trimethyls of
group III elements with ligands containing a reactive
hydrogen can eliminate methane on heating under ordinary
conditions or under pressure if the adduct tends to

dissociate. Sometimes, a reaction with a suitable ligand
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can result in elimination of methane épontaneously

at room temperature, the hypothetical adduct presumably

having only a transitory existence. DBonation of a pair

of electrons by the ligand increases the protonic

character of the hydrogen, and elimination of methane

occurs due to nucleophilic attack by one of the negatively

polarised methyl groups attached to the acceptor aiom;
(a)' A discussion of reactions in which the

reactive hydrogen is attached to the donor atom follows.

The adduct of trimethylborane with ammonia can be thermally

decomposed under high pressure, as shown below.(33)
0 0 NH
280°C 330°C N\
MesB.NH3 —_— MegBNH2 + CH4 ——> MeB Bile +CH4
20 atm. 20 atm. [ |
: HN NH

A

Bile

The compound MeQBNH2 is interesting because it can exist
(42)

as a monomer, and also a dimer. In the monomner,

co-ordination saturation is attained by pn—IH[bonding
- +

between boron and nitrogen (MezB = NH2). The following

structure can be written for the dimer

/\




- 24 -

A monomer-dimer reversible equilibrium can be observed
in gas phase at room temperature. The compound
MeZE = ﬁMe2 is also monomeric,(42+43,44)

The double bond formation is entirely confined to
boron chemistry and has not been observed with any other
‘element under discussion. Thus, the addition compound
of trimethylaluminium with dimethylamine decompose on
heating to give MezAl.NMe2, which is dimeric in the gas

phase.(37) The following structure has been assigned for

this compound.

The compound Me2AlPMe2 was however, found to be trimeric
in the- gas phase.(37)
//// AlMe2
MeQT 1’>Me2
MezAl' ////AlMez
2

Ple

Unlike the formation of these amino and phosphino
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derivatives which require heating, the reactions of
trimethylaluminium with MeOH or MeSH go spontaneously

at room temperature with elimination of methane.

Me6Al2 + 2MeOH = 2Me2AlOMe + 20H4

These compounds were found to dimeric, a typical structure

is shown below.

OMe -
‘4 \\\\\
MezAl_- - AlMe2
\\\\\\+ ////
OMe

The compound (MezAlSMe)2 reacts with trimethylamine.

- +
(1v1e2A131v1e)2 + 2NMe3 = 2Me2Al(SMe). NMe3

Irimethylgallium amine decomposes on heating to give

(19)

the bis-amino derivative and methane.

N

MegGg - - GaMe2
\+/
NH,

~Similar compounds can be obtained by the decomposition of

H

adducts with methylamine and dimethylamine.(lg) Methanol
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reacts spontaneously at room temperature with elimination

of methane, to give a dimer, which has been assigned

the following structure.(39)

OMe
/+\.
Ve, Ga - - Galle

N, S

OMe

2

The dimer does not react with trimethylamine or dissociate

in the vapour phase. WMethanethiol reacts with trimethyl-

gallium.

GaMe3 + MeSH % MezGaSMe-+(3H4

The compound which is a dimer, has been assigned the

following structure.

Me

(39)

An analogous selenium compound has been described.
Unlike the dimeric methoxide, the sulphur and selenium

dimers react reversibly with trimethylamine.
. ) .
—
(Me GaSMe), + 2NMe 3 2Me ,Ga( SMe ) . Nile 3

Compounds with phenols, thiophenols and selenophenol
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were found to be similar. They reacted with trimethyl-
amine in a reversible manner. At 20°C the dissociation
pressures for the compounds (MeZGaSMe)z, (Me2GaSeMe)2;
(MezGaO.06H4But-p)2, (MeQGaOPh)Z; (Me,Ga0.CcH, C1-p),,
(Me,GaSPh), and (Me,GaSePh), in combination with tri-
methylamine were found to be 10.3, 4.5, 14, 6.1, 1.5,
0.4 and 0.1 mm. respectively. Increase in dissociation
pressure is-an indication of stronger donor power of
the ligand in these compounds which are ver& similar,
and therefore, other effects may be comparable. From
the above data it can be concluded that both in the
methyl and the phenyl series the donor power decreases
from oxygen to selenium. Substitution of phenyl for
methyl makes the ligand a weaker donor. Furthermore,
the inductive effects are apparent from the dissociation
pressures of the trimethylamine adducts of (MeZGaO.C6H4
But--p)2 and (MeZGaO.C6H4Cl-p)2 when compared with these
of the analogous phenyl compound.

Trimethylgallium reacts with hydrogen halides to
give a monochloride or a dichloride depending on the

relative proportions of the reactants used.(45)

2GaM63 + 2HC1

2GaMe3 + 4HC1

(Me2GaCl)2 + ZCH4

(MeGaCl,), + 4CH,

Both these compounds were found to be dimeric as vapour.
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The reactions of trimethylindium hawe been less
extensively investigated than those of trimethylgallium.
The unstable ammine, Me3InNH3, loses methane slowly at
room temperature(4l) and rapidly on heating (70-80°¢)
giving a polymer (MeZInNHé)X. A dimer (MeZInNMeZ)2
was obtained on heating (140-60°C) the adduct of trimethyl-
indium with dimethylamine. The compounds (Me2InOMe)X
~and (Mezl‘-nSMe)2 obtained from the reactions of trimethyl-
indium with methanol and methanethiol respecfively have

been described.

A striking difference between triethylaluminium

and triethylgallium is their reactions with acetylenes46)

as shown below:
40-60°C
AlEt3 + HC =CH ——> AlEtz(CH = CHEt)

) not observed
AlEt3 + HC= CH —> AlEtz(C CH) + C H6

50°¢

Ga.E't3 + = CH —— GaEtg(C =CH) + 02H6

The suggested mechanisms for these reactions are

shown below:

+
R'C = COH — R'C —— CH —> R'C —— OCH
1 ; | - l \
ALR, R------ AlR, R AIR,
I IT 111
+ + ™~ _Hi
RiIC== OH — R'C — Qi — RC=2¢C~ R
R, R GaR | Nea?”
R 2
R/ \R
IV v » vI|

(R*C=C)GaRy, + R - H
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Structure V may be less favoured than structure VI due
to decrease in bridging tendency in gallium alkyls.
Nucleophilic attack on‘hydrogen by the negatively
‘polarised R group gives the observed product.

(b) A discussion follows of the reactions of the
trialkyls of group III elements with donor molecules in
which there are two or more donor atoems. Trimethylgallium

reacted with acetylacetone with elimination of methane

to form a chelate monomer.(39)
0 CMe
Me,Ga - \\\\CH
\\\\\ N ///
0 —/—— ClMe

A similar compound was obtained from trimethylindium£4l)

The following chelate monomer was obtained from sali-

cylaldehyde and trimethylgallium.

q“\o
(. l
o/ h

The product obtained from trimethylgallium and dimethyl-
ethanolamine is not a chelate compound because it is a

dimer which forms a dimethiodide with methyl iodide. The
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structure is given below.(39)
Me Ga - - GaMe2

Nl

0. CH .CH .NMe

Diethylboroh acetate(47)Aand a dimer dimethylgallium
acetate(Bg) obtained from the reactions of triethylboron
and trimethylgallium with acetic acid have been described.
However, these compounds were inadequately examined and
their structures were not established. A dimer from tri-

ethylaluminium and 1:1 dimethylhydrazine has been described’*8)

Objects of the Present Investigation

There has recently been a growth of interest in
bridging ligands in connection with the development of
"inorganic polymers" stable to high temperatures. From
‘the review maae it 1s apparent that very little information
was available on the reactions of trialkyls of group III
elements with weak acids containing two or more donor
atoms. These reactions are of interest in connection
with the problem whether, for example, a three-atom donor
group acts as a chelating or a bridging ligand, e.g. in

- dimethylgallium acetate.
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I'\J

Me Ga‘/ | \O /GaM

MeC— 0O

CMe

\ / | Galle,

|

/\

Me Ga

\/

The trimethyls were chosen for these investigations since
the reaction products were expected to'have higher melting
points and simpler spectra than those derived from other
trialkyls. Infrared spectroscopy was used to help to
establish the structures of the products, andfor making

' new assignments. Review of any available information

in the areas actually investigated will be given in the

discussion section.




DISCUSSION
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DISCUSSION

vaanides of Group II1 Elements

Compounds in which an element of Group III is bound
to an element of donor character, commonly nitrogen or oxygen,
are often associated in order that both elements can
become co-ordinatively saturated. Well-known examples
are the aminoboron halides, e.g. (ClzB.NMez)z, and the
aluminium alkoxides. Boron cyanides are interesting in
this connection since the linear B ~ C= N——>  group
would mnot allow the formation of the four- and six-membered
rings so frequently found among boron compounds. Boron
cyanide is a polymeric solid(49) [B(CN)3]X and di-n-butyl-
cyanoborane(so) is an involatile viscous liquid for which
cryoscopic measurements in benzene indicate a degree of
association of about twenty. Some diarylcyanoboranes have
also been found to be polymeric, and both these(sl) and
(BugB;CN)X are depolymerised by pases such as ammonia and
pyridine.

The formation of dimethylaluminium cyanide (m.p. 88°¢)
frbm trimethylaluminium and hydrogen cyanide has been
mentioned briefly,(52) but without indication of its
molecular complexity. In the present work it was found
that this compound is tetrameric in benzene solution, and

that so are the corresponding gallium and indium compounds
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( prepared from‘hydrogen cyanide and trimethyl-gallium
and -indium). Aluminium, gallium, indium, and thallium.
(37)  .(19,39)
all form compounds, €.g. (M92M°Nme2)2’ M= 4Al, Ga,
In, or 71841 in which the metal is bound to four ligands
and is also part of a four-membered ring, implying easy
distortion of the valency angle from 109° to about 90°.
Gillespie(53) has shown that distortions from the tetrahedral
angle occur much more readily for elements :of the second
or higher period than for elements of the first period.
Thus structure (I; M = Al,Ga, or In) is reasonable, even

if M - ¢=N—M group is assumed to remain linear.

Me I - C= N > M,
N L
I {

c N

Me2M + N =— C IéfMez

(1)

The reactions of the cyanides with trimethylamine were
examined, rather than with ammonia or pyridine (whose
reactions with RzB.CN have been studied), because there
are data on similar reactions between trimethylamine and
(Me M. SMe), (M = 10T or 62199390 in wnich we Site )Nite

is formed. The tetramers (I) absorb four mole of trimethyl-
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amine, which doubtless competes with cyanide groups in
co-ordination with the metal, forming solid adducts whose

dissociation pressures are given by the equations:

(MezAlcN)4 + NMey : logyy P, = 5.288 = 1140/T (T in °g)
(MezGaCN)4 + NMe3 : 1og10 Ppm. = 11,297 - 3330/T

At 25°C the dissociation pressures are 29(Al) and 1.3 mm
(Ga), and the above equations}correspond to heat content
changes of 5.2 and 15.2 keal. mole_1 (of trimethylamine).
Thus, relative to trimethylamine, the co-ordination affinity
of the cyanide group is greater to gallium than to aluminium,
though this conclusion would be invalidated:in the event
of lafge disparities between the sublimation energies of the
aluminium adduct énd tetramer'and those of the gallium
analogue.

The aluminium compound (I; M = Al) is very sensitive to
air and sometimes inflames in the air when touched with a
drop of water. The gallium compound slowly liguefies when
" exposed to the air, smells strongly of hydrogen cyanide,
and gradually deposits crystals of the hydrbxydimethyl—
gallium tetramert o) (Mfe,Ga,0H),. The air-sensitivity of
the indium compound is very similar to that of (MezGa.CN)4,
and is much less than that of (MezAlfCN)4.

Reaction between trimethylaluminium and more than one

mole of hydrogen cyanide results in the displacement of
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more than one methyl group from each aluminium atom,
but the products appear to catalyse the polymerisation
of hydrogen cyanide and isolation of any pure product
was not achieved. An excess of hydrogen cyanide may
be used in the preparation of dimethyl-gallium and
-indium cyanide, without the loss of further methyl
- groups (reactions under pressure at high temperature
were not atteﬁpted). Dimethylindium cyanide, however,
reacts very slowly with an excess of hydrogen cyanide
at room temperature.

Dimethylthallium cyanide was prepared both from
tfimethylthallium and hydrogen cyanide and from dimethyl-

thallium fluoride and potassium cyanide in agueous
solution. Diphenylthallium cyanide(5%) is a high-melting
solid [m.p..31800 (decomp. )], which is sparingly soluble
in water, with slight hydrolysis. The dimethyl :compound
igs soluble in water (2.7 gm. in 100 gm. of water at .
25°¢), in which it behaves as a 1:1 strong electrolyte
[Me2T1]+CN—. Its conductance at 2500 is given approxi-

mately by the equation:
Ae=1005 =515 JC (G = 0.004 - 0.02 mole 1)

It is insoluble in ether and in benzene.
A brief study was made of the reaction between

dimethylberyllium and hydrogen cyanide. Beryllium
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cyanide does not appear to have been described previously,
but it seems to be present in the product of the reaction
between beryllium iodide and cyanogen at about SOOOC:_ this
substance dissolves in water_to a viscous solution which
shows reactions characteristic of agqueous cyanide solutioné?6)
Beryllium cyanide is precipitated at once when dimethyl-
beryllium is added to an excess of hydrogen cyanide in an
inert solvent. It is insoluble in solvents other than

those which cause hydrolysis, does not absorb trimethyl-

amine at room temperature or at 7000, and no doubt has a
cross-1linked polymeric constitution as would be expected

if each beryllium atom had a co-ordination number of four.

- If dimethylberyllium and hydrogen cyanide are added
simultaneously to ether, some insoluble matter is precipitated
‘but the filtrate evidenfly contains methylberyllium cyanide.
Solutions so obtained are mobile and are unlikely to con-
tain highly polyméric material. The beryllium is co-
ordinated to ether, which may be removed by pumping at
7000, but the residue does not redissolve in ether. Puri-
fication of methylberyllium cyanide was not achieved, but
the product had a Be:CH3 ratio of 1.00:1, though the analysis
indicated a purity of only 97-98%.

Addition of 2,2'-~bipyridyl to an ether solution of
methylberyllium cyanide gave an'orange-yellow solution.

Coloured bipyridyl complexes of organoberyllium compounds




_37_

have been described.(57)

The reaction between hydrogen cyanide and MezBeNMe3
was investigated, because the beryllium atom in the hypo-
thetical primary reaction product, (Me3N)MeBe.CN, would
have only one vacant co-ordination position, unlike that
in MeBe.CN which has two vacant co-ordination positionms.
The reaction (in penzene solution) resﬁlted in the deposition
of a little insoluble matter, but most of the product
remained in solution. Removal of benzene gave an apparently
amorphous product, very sparingly soluble in benzene and .
involatile at 200°C/0.01 mm., which evidently is a polymer.
Thus trans-association (11) is favoured by both the beryllium
and the boron cyanides rather than the cis-association

displayed in the tetramers (1) T

N
li
|
Me - Be - C=N — Be <« NMe3
! |
Me

(11)

Infrared Spectra

The spectra of the cyanides each had a single sharp

band in the 2100-2800 cm«l region, clearly due toV(C:N)
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(Table 1). The stretching frequencies of the cyanide

Table 1

Cyanide stretching frequencies,V sy (cm_l) in R,MCN

Compound C:N (stretch)
(50)
1. a
(Bu, BCN)n 2280
(Me ,A1C0N) , 22132, 2224°
(Me,GaCN) 22022, 2216°
a
(Me2InCN)4 2178
Me ,T1CN 2101°
(MeBeCN),, | 2222P
[ (ife JN )MeBeCN] 2200°
® in oCl,, b ujol mull, °© hexachlorobutadiene mull.

group in many metal complexes have been discussed with
particular regard to the distinction between terminal

and bridging cyanide groupé$58) the former having the

lower V(CiN). In compounds of six elements containing
bridging cyanide groups, V(C:iN) was in the range 2164 -
2239 cmt} and in the tetramers described here Y(C:N)

falls within that range. In agreement with the formulation
of dimethylthallium cyanide as a salt, V(CiN) is guite (59)

near the values observed for sodium and potassium cyanide

(2085, 2076; respectively, both measured for Nujol mulls).




_39_

Examination of the spectrum of the aluminium
tetramer at lower frequencies was restricted by the difficulty
of finding suitable solvents. The tetramer reacts with,
for example, carbon disulphide, forming a yellow substance.
Features noted in the spectrum of (MezAl.CN)4 in carbon
tetrachloride include a prominent band at 1195 cm—l due

(60) ~L for

to CH3 symmetric deformation (compare 1201 cm.
' MegAl, and 1205 cm. ™t for Me4A12012). The assignments

for,(MezGa.CN)4 are given in Table 2.
Table 2.

Infrared spectrum in carbon disulphide.

(MezGaCN)4 Assignments

1207 (ms) Ga-CH, (d)Sym

1134 (vw) | 591 + 548-= 1139 °
766 (s,sh) Ga-Me (rock)

746 (vs)

705 (ms)

607 (ms,sh) GaMe, (stretch)
598 (s) 2 2

591 (ms,sh)
548 (m) Galle, (stretch)sym

Thé infrared spectra of a number of boron trichloride
complexes with aliphatic and aromatic nitPiles have been

described’®l) 1t was found that the CN stretching fre-

quencies were 80 + 9 cm.”! greater in the complexes than




in the free nitriles. This was surprising because co-
ordination would have been expected to lower the bond
order; with consequent decrease in the nitrile stretching
frequency. A decrease in carbonyl stretching frequency
is observed in the complexes of carboxylic esters, amides
and ketones, where the donors are the carbonyl groups

-1
(e.g. CH;.CO,E% has\/czo at 1740 em. ~ but CH;.CO,Et, BCl,

at 1563 cm._l) The observed increase in CN stretching

frequency was too great to be due to a mass effect or
a coupling between the widely separated CN and BN stretching
modes. Therefore, it was suggested that in the complexes
the CN bond order is in fact higher than in the free
nitriles. The suggestion was based on the hypothesis
that in the free nitriles, the CN bond is approximately
intermediate between a double and a triple bond (I). A
similar situation (involving II and III) is not possible

(+) (=)
- C N

—
——

R - C=N« » R

II 111
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in the complexes because of the very different geometry
of (II) and (III). Structure(II) was assumed to represent
the co-ordination compounds investigated and is supported
by the x-ray analysis of acetonitrile-boron trifluoride
complex. Further, the CN bond distances in acetonitrile
(1.168) and the boron trifluoride complex (1.13%) indicate
that co-ordination shortens bénd length and hence increases
bond order (although the difference between the two lengths
is just outside the quoted mean deviations).

Similar effects have been observed for the isocyanide
groups(62).  The stretching frequencies of these groups

" bonded to phenylethynylgold are about 100 cm._l greater

than those of threfree isocyanides, the differences V(bonded)

_“V(free) being 103, 98, and 81 cm. - for n-butyl, p-tolyl,

and o-ethylphenyl isocyanide.
















The Interpretation and Discussion of Spectroscopic Data.

In Tables 1-26 are given suggested assignments of the
characteristic absorption bands to the various structural
features of the compounds examined. A discussion of these
follows (all frequencies are given in wave-numbers).
P—CH3lLinkage

A sharp band (sometimes a doublet) in the 1280-1320
regidn has been sometimes erroneously assigned as a CH3
rocking (wagging) vibration, for example, by Corbridge and

Lowa(63) However, other workers are in agreement that this
band is due to symmetrical deformation of the methyl group£64)
In the preéent work, this band (usually a doublet) was
found in the regions 1300-1320 and 1280-1300 for dimethyl-
phosphinates (see Tables 3,5 and 6) and dimethyldithio-
phosphinates (Tables 12-17) respectively. Many other com-
pounds containing a similar structural unit (e.g. X*CH3,
where X=C, As,Al,Ga,In and Tl) were investigated. Therefore,
it is of interest to discuss in some detail the §OSitional
stability of this band, and changes with alteration in the
eiectronegativity'or mass and size of X. Present work is

in agreement with published material that X remaining the
same thesé bands are fairly stable in position within the

ranges quoted, and can be used for diagnostic work. Thus

for example,»C-CH3-absorbs at 1379 in ethane(65) and within
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a few wa&e—numbers in other compounds. As X is pro-
gressively replaced by nitrogen, oxygen and fluorine,

for example, in methylamine(66), méthanol(67) and methyl

' fluoride(68),‘the frequency. gradually rises to 1426,

1455 and 1475 respectively. There is very little change

in the mass or size of X on passing from one atom to

its ﬁeighbour within the same périod. Therefore,
presumably the chemical nature of X and in particular its
electronegativity influences the considerable changes

in observed frequencies. The elements silicon and antimony
have'the same electronegativity. For these heavier eleménts
the frequency data can only be derived from molecules
co