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The properties, structure, and methods of preparation of the tetrahydroborates of beryllium, aluminium, and certain heavy
metals (zirconium, hafnium, thorium, and uranium) are reviewed.

These compounds, which can provisionally be grouped together as the so-called covalent complex hydroborates, have much
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I. INTRODUCTION

For the last 15—20 years the saltlike alkali metal tetra-
hydroborates, the crystal lattices of which contain isolated
tetrahedral BH; ions, have been the subject of an intensive
investigation, which has shown the possibility of their use
in preparative inorganic chemistry and chemical technol-
ogy.

Considerably less attention has been paid to the tetra-
hydroborates of metals, the “cations” of which show high
reduced moments z/7 (beryllium, aluminium, and the
heavy metals zirconium, hafnium, thorium, and uranium),
where z is the charge and 7 the radius of the ion.

Evidently, the main reason for ignoring the experimen-
tal chemistry of the complex covalent tetrahydroborates of
the M(BH,),, type was the difficulties associated with the
preparation and investigation of these extremely reactive
and volatile compounds.
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Actually, aluminium tetrahydroborate Al(BH,),, for
example, reacts explosively in the solid, liquid, and
gaseous states with atmospheric oxygen and moisture,
beryllium tetrahydroborate Be(BH,), and uranjum tetra-
hydroborate U(BH,), are spontaneously inflammable in air,
and so forth.

The relatively low thermal stability of the covalent
tetrahydroborates (they all decompose rapidly and irre-
versibly in the range 130—150°C) gives rise to additional
difficulties in their preparation.

Nevertheless the chemistry of the complex covalent
hydroborates is much richer and more interesting than
that of the saltlike tetrahydroborates. The M(BH,),, mole-
cules exhibit a dual reactivity: the BH, group in them is
simultaneously a carrier of the functions of both a tetra-
hedral BH; “ion” and an H,BH, bridging group, close in
structure and properties to the H,BH, group in the diborane
molecule.



The saltlike nature of the tetrahydroborates M(BH,),
increases in the sequence:

Be (BH,). Al (BH,)s U (BH,). Zr (Hfj (BH,)s U (BHgs Ca(BHy),
zjr 4.4 4.3 3.8 3.7 2.8 2.0

It is interesting to trace how the structure of the BH,
group situated in the field of the “cation” M and the type of
the M—H--B chemical bond vary as the reduced moment
2/7 is increased.

In the most saltlike tetrahydroborate (that of UII) the
proper symmetry of the BH, group is evidently the same as
in the tetrahydroborates of univalent cations, 7;. On
going to molecular structures with z/7 > 3 the nature of
the bonding of the BH, group with the cation is more com-
plicated. In the Ml‘f tetrahydroborates the symmetry of
the BH, group is decreased to Cg, and a new type of
multicentre bridging bond MH,B, unknown in the chemistry
of the boron hydrides, is formed.

The Al(BH,), molecule contains AlH,B bridges close in
structure to the BH,B fragments in the B,H; molecule
(symmetry of the BH, group Cg,) and from the nature of
the chemical bond in it is a complete analogue of diborane.

The Be(BH,), molecule, the structure of which is con-
sidered in detail on p. 5, can be described as the result
of “association” of a distorted B,H; molecule and a BeH,
molecule! or as a combination of two BH, tetrahedra with
a common vertex and a planar BeH, group, which com-
plete a six-membered ring {BeHsB:}. 2

The dual reactivity of the tetrahydroborates M(BH,),,
connected with the intermediate nature of the bond between
the BH, group and the M atoms, appears clearly in the
chemistry of aluminium tetrahydroborate, which reacts
with alkenes like diborane and with ammonia like the
tetrahydroborate [Al(NH,),[(BH,),. ®»*

Since the covalent tetrahydroborates, like diborane,
are electron-deficient compounds—the number of atomic
orbitals in the M(BH,),, molecules is greater than the
number of valency electrons-—a specific type of reaction,
not characteristic of the saltlike tetrahydroborates, is
inherent for them. This refers to the addition of mole-
cules which are don.rs of electrons, with the formation of
new molecular structures of the type M(BH,),,.mL (I) or
[M(BH,),X]- (II), in which the atom M, which exhibits a
coordination number anomalously high from the viewpoint
of classical ideas, is at the centre of a coox dination poly-
hedron with an unusual configuration.

Examples of such compounds are the complexes??® of
aluminium tetrahydroborate with trimethylamine, tri-
methylphosphine, and trimethylarsine, in the molecules of
which the aluminium atom is surrounded by three boron
atoms, six hydrogen atoms, and a nitrogen atom, situated
at the vertices of greatly distorted [H---AlH,---N]
pentagonal bipyramids.

The structures of compounds of types (I) and (II) are of
exceptional interest in connection with the definition of the
concepts of “valency” and “coordination” number, the
clagsical treatment of which is inapplicable for the
description of most light metal hydrides.

The prospects of the practical use of the tetrahydro-
borates M(BH,), is evidently linked with their use as
starting materials in the preparation of new inorganic
compounds containing an M—H—B bond and also with their
high volatility and with the possibility of their use in this
connection for separating elements with very similar
properties, for example, Zr and Hf or the isotopes 25U
and 238U' 6-10

It has alsn been noted repeatedly’»® that the light metal
tetrahydroborates, which have high heats of combustion,
can be regarded as promising components of rocket fuels.
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II. METHODS OF SYNTHESIS

1. DOUBLE DECOMPOSITION BETWEEN METAL HALIDES
AND ALKALI METAL AND ALUMINIUM TETRAHYDROBO-
RATES

Schlesinger!*»2 wag the first to use the method of
double decomposition for obtaining aluminium and beryl-
lium tetrahydroborates from the corresponding chlorides
and alkali metal tetrahydroborates by the reactions:

140°

BeCly 4- 2 LiBH, " Be (BH,); -+ 2 LiCl , (1)
AICIs + 3MBH, 2222 AT (BH,), ++ 3 MCI . (2)

Reactions (1) and (2) take place in the solid phase at 100—
130°C, the yield of the desired product depending on the
ratio of the reagents and the nature of the tetrahydroborate
used. It has been shown!2s'3 that the greatest yield of
aluminium and beryllium tetrahydroborates (90—95%)
occurs when the metal chlorides react with lithium tetra-
hydroborate in ratios close to stoichiometric. When
sodium tetrahydroborate is used the yield is considerably
less (~50%), but the yield of aluminium tetrahydroborate
can be increased by the introduction of a large excess of
the metal chloride into the reaction mass!ts»*2, When
potassium tetrahydroborate is used, the yield of aluminium
and beryllium tetrahydroborates by reactions (1) and (2)
are reduced almost to zero.

However, when potassium tetrahydroborates reacts
with aluminium chloride in the presence of lithium chlo-
ride the yield of aluminium tetrahydroborate is increased
to 40—50%.'* In addition to the main products from
reactions (1) and (2), side-products are formed: dibo-
rane, hydrogen, and chloro-substituted derivatives of
tetrahydroborates of composition MC1(BH,)y; - .75

Reaction (2) can also be effected in the presence of
inert organic substances: petroleum, mineral oil, heavy
mineral oil with graphite flakes, benzene; this facilitates
the charging of the reagents, the mixing of the reaction
mass, and the discharge of the product!®-20,

Lithium tetrahydroborate reacts with zirconium(IV)
chloride in a manner similar to reactions (1) and (2):

ZtCl + 4 LiBH, — Zr (BHy)s 4 4LiCl . 3)

The yield of zirconium tetrahydroborate by reaction (3) is
77%; when sodium or potassium tetrahydroborate replaced
the lithium salt zirconium tetrahydroborate could not be
obtained by this method?.

For uranium tetrahydroborate the “dry” method of
synthesis—heating mixtures of alkali metal tetrahydro-
borates with uranium(IV) fluoride up to 200°C—did not
give results. Uranium and thorium tetrahydroborates
were obtained by the reaction of uranium(IV) and thori-
um(IV) fluorides with aluminium tetrahydroborate?2-24;

MF, +2 Al (BH,)s > 2 AIF;BH, + M (BH,), . (4)

When there is an excess of aluminium tetrahydroborate the
yield of uranium tetrahydroborate reaches 80%.2%® The
method can also be used for the preparation of zirconium
tetrahydroborate:

ZrClg + 2A1 (BH,)s — 2 AICI,BH, -+ Zr (BH), . (5)

However, in this instance there are additional difficulties
associated with the separation of the reaction products,
the volatilities of which are verv gimilar. Zirconium
and hafnium tetrahydroborates can be obtained from
aluminium tetrahydroborate and fluoro-complexeg24,2s;

NaMF; + 2A1 (BH,); — NaF -- 2AIF;BH, -~ M (BHy), , (6)
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Fluoro-complexes are used because zirconium(IV) and
hafnium(IV) fluorides do not react directly with aluminium
tetrahydroborates?s,

2. REACTION OF METAL ALKYLS OR METAL HYDRIDES
WITH DIBORANE

The first covalent tetrahydroborate obtained by the
reaction of a metal alkyl with diborane was that of alumin-
ium?,28;

Al (CHy)s + 2 ByHg — Al (BH,)3 + B (CHy)s (7)

The yield of the reaction was 70—80%. This method is
also applicable for the preparation of beryllium tetra-
hydroborate?®.

Reaction (7) is inconvenient preparatively since it is
slow, with the formation of intermediate products of the
Al(BH,),(CH,), - 5 type, which are difficult to separate.

Beryllium tetrahydroborate can also be obtained by the
action of diborane on beryllium hydride3®. There is a
report of the possibility of obtaining aluminium tetrahydro-
borate in yields of up to 90% by the action of diborane on
crystalline lithium tetrahydroaluminate at 70-—80°C:3

LiAlH, 4 2B,H, — LiBH; -~ Al (BH,); . (8)

3. PREPARATION IN THE PRESENCE OF SOLVATING SOL-
VENTS

Fuchs and Kollonitsch®?»% described the preparation of
aluminium tetrahydroborate from calcium tetrahydrobo-
rate and aluminium chloride in tetrahydrofuran (THF)
solution:

SHO L 3CaCly -+ 241 (BHYs - CH0 .« (9)

When the solution is cooled to —60°C a complex of alumin-
ium tetrahydroborate and tetrahydrofuran crystallises from
it.

Complexes of aluminium tetrahydroborate with diethyl
ether are formed by the reactions!,%:

3Ca(BH,), + 2AlCl; - CHO

4 AlH, - E40 + 3 BCl; 22— AT (BH,); - Et,0 +- 3AICH; - ELO (10)
3LiAlH, + 3 BCl, 20— Al (BH,); - E4O -} LiCl - 2AICL - E40 ,  (11)
2 AlHy - E4O -+ nBoH, 20— 21, Al(BH,),, - ELO . 12)

The reaction of uranium(IV) fluoride with lithium tetra-
hydroborate in diethyl ether gives a complex of uranium
tetrahydroborate with the ligand-solvent?2. It is note-
worthy, however, that the oxonium complexes of the
covalent tetrahydroborates are stable compounds from
which the non-solvated tetrahydroborates cannot be sepa-
rated.

The methods of synthesis considered in sections IL 2
and IL 3 are preparatively inconvenient or associated with
the impossibility of using difficulty available and costly
initial substances. The most promising methods of
preparation of the covalent tetrahydroborates are those
based on double decomposition between metal halides and
alkali metal or aluminium tetrahydroborates.

III. PHYSICOCHEMICAL PROPERTIES AND REACTIVITY

Under normal conditions the covalent tetrahydroborates
M(BH,);; are crystalline, except for aluminium tetrahydro-
borate, which is a colourless, mobile, low-boiling liquid.

Table 1 gives some physicochemical properties of the
tetrahydroborates M(BH,),,.

In addition, the following quantities have been deter-
mined for liquid aluminium tetrahydroborate®s~%: (a) coef-
ficient of viscosity 2.0 mP (25°C); (b) free energy of
formation AG; 36.2 kcal mole~*; (c) specific heat capacity
CZ’ = 46.8 cal deg™ mole~!; (d) entropy of vaporisation
ASp = 22.6 e.u.

Table 1. Physicochemical properties of the covalent
tetrahydroborates.
Coefficients A " Densit
o | ° and B in the AH (1 ensity,
Compound | M.p.,°C | B.p.,°C equation @ AaH gcmg
j 1eP =4 - BT ¢
—64.5%8 A B 1.68% (1)
44.5%  17.808  1565% —72.187 1 (0.544 (207)%8
Al (BHp);s 0.567961799.13 7.2 (2) | —26.4%8 | 0.7866—
—74.77 | 0.000793T3¢
Be (BH,), 91.3 11.772 3240% | 14.81 (2)® | —25.87 | 9.604 (20°)7
jsublimationy
temp.
(Ref.29)
decompn.
temp. —_ 13.65 42652 — — —-
U (BHy), >70%2
29.7% 123 10.919 20832 | 4 (1) — 143 207)
7r (BHy)s extra- 9.3'(2)% 104 (307)8
polated
HI (BH ), 2924 11824 1 10.719 29832 | 3 (1) 1.85 {20°)
9.7(2)% 1.60 (307)%
203 — P=0.05 mmHg.
, 24 ith d at 130° — — —
T (BH)y :gmp(:_ P=0.20) mmHg .
sition at 150~

As Table 1 shows, there has not yet been any serious
investigation of the thermodynamic characteristics of
covalent tetrahydroborates except for the melting and
boiling points. For example, several values have been
given for the heats of formation of aluminium tetrahydro-
borate, the reliability of these being equally doubtful.

The difficulties in the determination of the thermodynamic
characteristics of covalent tetrahydroborates are con-
nected with their extremely high reactivity., For alumin-
ium tetrahydroborate, for example, it is almost
impossible to select an oxidant with which this compound
will not react explosively during simple mixing under
normal conditions.

Beryllium, aluminium, zirconium, hafnium, and
uranium tetrahydroborates are less stable thermally than
saltlike tetrahydroborates of univalent cations. Alumin~
ium tetrahydroborate decomposes even at room tempera-
ture, with the formation of hydrogen. The decomposition
is faster in the gas phase than in the liquid. Certain
substances, for example, alloys of aluminium and copper,
catalyse the decomposition®®. Solutions of aluminium
tetrahydroborate in saturated hydrocarbons with up to
50% AL(BH,), decompose at the same rate as the pure sub-
stancet!,

According to Schlesinger!»*2, aluminium tetrahydro-
borate is stabilised during prolonged storage under normal
conditions or when heated for several days at 40°C. It
is suggested that the stabilisation is linked with the for-
mation of decomposition products which are inhibitors of
further decomposition reactions.
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The NMR spectrum of aluminium tetrahydroborate that
has been kept for some time at 80°C differs from the
spectra of “ordinary” aluminium tetrahydroboratets. The
artificial introduction of diborane reduced the difference
in the spectra, which suggested a reversible change by
the following mechanism:

(13)

The probable mechanism: of deuterium exchange between
deuteriated diborane and aluminium tetrahydroborateit
agrees with this assumption. However, the existence of
AlH,(BH,), in the gas phase is not confirmed by investiga-
tions of the infrared spectra®.

Raising the temperature facilitates the more rapid
decomposition of Al(BH,),, with release of hydrogen and
formation of a mixture of a crystalline powder and an
amorphous black substance, which reacts with water with
the release of hydrogen?s,%6,

Beryllium tetrahydroborate is stable at room tempera-
ture and starts to decompose at 123°C.

The rate of decomposition of uranium and zirconium
tetrahydroborates at room temperature is low; these
substances are completely stable at 50—60°C. Further
heating greatly increases the rate of pyrolysis. Urani-
um(IV) tetrahydroborate decomposes at 100°C with the
formation of a red-brown uranium(III) tetrahydroborate?*:

2 Al(BH,)s = Al H, (BHy)q - BoHg «

2U (BHy); ¥ 2 U (BH)s + BiH, = He (14)

The decomposition of U(BH,), at 150°C leads to the forma-
tion of a metallic mirror on the walls of the pyrolyser and
the release of hydrogen. Unlike uranium(IV) tetrahydro-
borate, uranium(III) tetrahydroborate is pyrophoric and
decomposes explosively when heated. The decomposition
of U(BH,), proceeds mainly in the gas phase and is
accelerated in the presence of Hg, Cu, Ni, and “Pyrex”
glass?2,

Zirconium and hafnium tetrahydroborates start to
decompose at an appreciable rate when heated to 60—
70°C.2* Thorium tetrahydroborate decomposes slowly at
150°C and rapidly at 300°C. Its pyrolysis at 300°C
leads to the formation of a metallic mirror of composition
ThB,, together with hydrogen®.

The high reactivity of covalent tetrahydroborates in
relation to oxygen and to compounds which contain posi-
tively polarised hydrogen atoms is due to the low strength
of the MH,;B bridging bonds in the M(BH,),, molecules, the
unsaturated nature of these compounds, and their high
heats of combustion or hydrolysis. Actually, all the
covalent tetrahydroborates react with water even at
~—80°C.%" The products of the reaction are the hydrox-
ides of the corresponding metals, boric acid, and hydro-
gen. The hydrolysis of aluminium tetrahydroborate,
like, probably, that of other tetrahydroborates, proceeds
in stages, with the formation in the first stage of diborane,
which is subsequently hydrolysed to hydrogen and boric
acidy,s:

(15)
(16)

At room temperature aluminium and beryllium tetrahydro-
borates react explosively with water. However, in the
hydrolysis only 70~80% of the theoretically necessary
hydrogen is released and solid yellow—brown polymeric
substances are formed*.

The presence of traces of water (which is a catalyst of
the oxidation) is necessary for the spontaneous ignition of
mixtures of covalent tetrahydroborates and oxygen?4,2,%°,

Al (BH,)s + 3H;0 — Al (OH)s + 3/2B,Hs + 3H; ,
8/, ByH, -+ 9 H;O — B (OH)s + 9H, .
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For example, uranium tetrahydroborate U(BH,), is only
slowly oxidised in dry-air, whereas all the covalent tetra-
hydroborates are spontaneously combustible in air3!,°7s!,

The tetrahydroborates M(BH,), react with hydrogen
chloride at —80°C with the formation of the chlorides of
the corresponding metals, diborane, and hydrogen?4,2,
The main side-reaction here is the formation of halogen-
substituted boron hydrides, for example:

BaHe 4+ HCl — BH,Cl 4+ Hy 1)

IV. STRUCTURE

The most effective method of studying the structure of
the molecules of the volatile covalent tetrahydroborates
M(BH,),, was gas electron diffraction.

Bauer and Beach’? made the first studies in this field.
They found the AI(BH,), molecule to have the configuration
of a trigonal prism with an equilateral triangle of B atoms
in the equatorial plane. The Al atom is situated at the
centre of the triangle and the H atoms of the A1H,B bridg-
ing bonds at the vertices of the trigonal prism.

In principle, the electron diffraction results also do not
contradict the other possible model (octahedral)®®%, which
differs from that considered above in the angle of slope of
the plane of the AlH,B bonds to the plane of the AlB,
triangle: in the prismatic model this angle is 90°, in the
octahedral 45°. The symmetry element oy, is absent
from the octahedral model. The choice between the two
possible configurations was made on the basis of a detailed
investigation of the infrared and Raman spectra of gas-
eous®,% and liquid® Al(BH,); and its isotope-substituted
analogues Al(!!BD,);, Al(!°BH,);, and Al(*°BD,);. As
Table 2 shows, for the Dg; prismatic model of the Al(BH,),
molecule there should be 13 absorption bands in the infra-
red spectrum and 5 polarised and 14 non-polarised bands
in the Raman spectrum. For the D, octahedral model
there should be 21 absorption bands in the infrared spec-
trum and 7 polarised and 14 non-polarised bands in the
Raman spectrum. The experimental results agree
better with the prismatic model (see Table 2).

Almeningen and coworkers® further refined the inter-
atomic distances and valence angles in the prismatic model
of Al{BH,);. The model of the Al(BH,), molecule according
to Almeningen is given in Fig.1.

The NMR spectra of aluminium tetrahydroborate were
investigated in 1955 %3 and in 1967. %9,

In the 1967 analysis of the NMR spectra of various
specimens of Al(BH,), *° the possibility of the molecular
polymorphism of Al{BH,), was suggested, linked with the
reversible conversion of the prismatic molecule into the
octahedral, which hypothetically exists in the liquid phase
or in benzene solution. This hypothesis is based on the
fact that the structure of the NMR spectra characteristic
for a BH, group with four equivalent protons appears for
specimens of Al{BH,), which have undergone different
preliminary treatments and are in different states of
aggregation at different temperatures. However, our
results®® do not agree with hypothesis of the molecular
polymorphism of aluminium tetrahydroborate.

We showed that the infrared spectra of crystalline
Al(BH,), are almost constant in the temperature range from
~175° to —90°C and identical with the infrared spectrum of
the gas phase at room temperature. The frequencies of
the vibrations of the terminal BH, group in the spectrum of
ANBH,), are close to those of the corresponding vibratio
in the infrared spectrum of diborane®!. There is an
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intense absorption band at 602 cm™! belonging to the
stretching vibrations of the Al—B bond. The intense
absorption band corresponding to the B—B vibration is at
794 cm™! in the diborane spectrum®. To understand the
nature of the chemical bond in the Al1(BH,); molecule, just
as in other covalent tetrahydroborates, the ideas developed
earlier by Lipscomb and coworkers®? for boron hydrides
can be applied. The molecular structure of aluminium
tetrahydroborate can be interpreted as follows. Two
types of bond (BHigrmina' and A1—B) are “normal” two-
centre bonds, for the formation of which the boron and
aluminium atoms use three sp? hybrid atomic orbitals.

Table 2. Activity of the normal vibrations in the infrared
and Raman spectra for prismatic and octahedral models.
No. of No. of
Activity normat Symmetry type normal Activity
vibrations vibrations

Raman i
5 A,‘, >N 7 Raman
—_ 2 L
- ’ A2 4, 7 IR
IR 4 4,
Raman, IR 9 E' 5
Raman 5 g 2E 14 Raman, IR

The fourth atomic orbital of the boron, supposedly p,,
perpendicular to the plane in which lie the B—H and B—Al
o bonds, interacts with two s atomic orbitals of hydrogen
atoms and one of the three pd? hybrid atomic orbitals of the
aluminium atom to form four-centre molecular orbitals
occupied by two electrons.

Figure 1.
cule.

Model of the aluminium tetrahydroborate mole-

Actually, the Al—B distance in the molecule is close to
the sum of the so-called covalent radii and the BHbridge
and Al"Hbridge digstances are close to the corresponding
distances in the B and Al hydrodes, in which these bonds
are multicentre.

The crystal structure of aluminium tetrahydroborate
was studied®® in 1970. It forms two crystalline modifica-
tions (see Table 3) with enantiotropic transformation tem-
perature of =76°C.

* tations of their experimental results.

In the Al(BH,); crystal lattice all the intermolecular
contacts are H---H contacts. The absence of any signifi-
cant interaction between the molecules in the condensed
phase explains the low melting point (—=64.5°C) and boiling
point (+44.5°C) of aluminium tetrahydroborate.

Table 3. Crystal-chemical results for the covalent tetra-
hydroborates.
Symmetry and unit-ceil parametars
]
Compound a A oA ¢ A space group l z
] . !
a-Al (BH,), 7.52 — 09.05 | —
B-Al (BH,), 700 | 2an | osar 22 —
Be (BH,), 13.59 — | 992 | 16
Zr (BHy), 5.806 : —  Bm | 1

(3\ ~ //O\\
Ce° Noy—O"
o T % ;
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Molecular models of beryllium tetrahydrobo-

Figure 2.
rate.

Silbiger and Bauer®,% were the first to investigate the
molecular structure of beryllium tetrahydroborate Be(BH,),
in the gas phase and they advanced two different interpre-
Both were based on
the hypothesis of a linear configuration for the B—Be—B
grouping. Fig. 2 (I) shows a model of the Be(BH,), mole-
cule after Bauer., Evidently, this model agrees well
with classical views about the coordination four-covalency
of beryllium.



In 1968 Almenningen and coworkers!,®*, in repeating the
electron diffraction investigation of gaseous Be(BH,), by an
improved experimental technique, came to an unexpected
conclusion concerning the non-correspondence of Bauer's
linear model with the experimental results. According
to Almenningen, the three atoms (Be and B) are situated at
the vertices of an almost regular triangle. The “triangu-
lar” configuration of the molecule agrees well with dipole
moment (2.1 £ 0.5 D), measured® in 1969. Three polar
molecular structures (Fig.2, II, III, and IV) which
exhibit the same symmetry Co, can, in principle, be con-
structed on the base of the triangle of boron and beryllium
atoms. Structures (II), (III), and (IV) are those of
Almenningen, structure (V) was proposed by Cook? on the
basis of a new interpretation (different from that of
Almenningen and coworkers') of the electron diffraction
results.

Cook and Morgan? think that model (V) agrees better
with the results of the investigation of the spectrum of
beryllium tetrahydroborate, since it contains the
>BH2 grouping, which corresponds to the characteristic
vibrations at 2630, 2531, and 974 cm™! in the infrared
spectrumt. .

The presence of a band at 974 cm™ is of special signifi-
cance, since it has never before been observed in the
infrared spectra of compounds with one terminal B—H
bond®¢,

In a further study of the infrared spectra of unsaturated
vapour of Be(BH,), and its isotope-substituted analogues
with !B and D, Cook and Morgan®” were able to resolve
P, Q, and R—the branches of the rotational structure in
the spectrum. They showed the existence of terminal BH,
groups and the absence of terminal BH groups in the
Be(BH,), molecule.

An analysis of the vibrational-rotational contour of the
abgorption band with v = 2521 cm~! allowed the investiga-
tors to suggest the model of the Be(BH,), molecule shown
in Fig. 2 (VI).

This model has Cy, symmetry. Inthe 0,(, ) planes
there are the boron atoms, the beryllium atom, and four
terminal hydrogen atoms. The beryllium atom is linked
with the boron atoms by twin hydrogen bridges. The
planes of the bridging bonds are perpendicular to the
%u(x, 2) plane.

The form of the infrared spectrum of saturated Be(BH,),
vapour allowed the presence of polymeric beryllium tetra-
hydroborate molecules in this state to be proposed®. In
1952 Stosik® was the first to investigate the crystal struc-
ture of Be(BH,), (see Table 3), in 1952.

Marynick and Lipscomb®® subsequently determined the
dimensions and symmetry of the tetragonal unit cell more
accurately (@ = 13.62 £ 0.01 A, ¢ = 9.10 + 0.01 A, space
group /4 Cd) and interpreted the structure of beryllium
tetrahydroborate in the crystalline phase.

In this structure the existence of polymeric spiral
chains, not bonded to one another was observed. Poly-
merisation occurs owing to some of the BH, groups bonding
beryllium atoms between them. The other BH, groups do
not participate in the polymerisation and contain terminal
BH, hydrogen bonds.

The structure of the zirconium tetrahydroborate
Zr(BH,), molecule was investigated in both the crystalline
and the gas phases by X-ray structural analysis and
electron diffraction’®-72,

t The corresponding vibrations in the infrared spectrum
of B,H, are at 2612, 2525, 1035, and 979 cm™.
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In every instance essentially the same result was
obtained. The model-of the Zr(BH,), molecule according
to Plato and Heldberg's results’® is shown in Fig. 3.
Interestingly, in the Zr(BH,), molecule, unlike the AI(BH,);
and Be(BH,), molecules, the [BH,] groups have Cg,, sym-
metry and are connected with the zirconium atom by three
hydrogen bridges. This symmetry of the BH, group and
consequently of the molecular model with the metal atoms
twelve-coordinated by hydrogen does not contradict the
form of the infrared spectra of the zirconium and hafnium
tetrahydroborates in the gas phase’® and in solutions in
non-polar solvents’®. The intense absorption bands at
510 cm~! and 602 cm™* are assigned to the vibrations of
the M—B bonds in zirconium and aluminium tetrahydro-
borates respectively. However, it is noteworthy that the
spectrochemical investigations of these compounds are
qualitative.

Figure 3.
cule.

Model of the zirconium tetrahydroborate mole-

The NMR spectrum of Zr(BH,), vapour’® shows the
equivalancy of all four protons in the BH, group. An
analysis of the infrared spectrum of biscyclopentadienyl-
zirconium bistetrahydroborate’®, that is, zirconium tetra-
hydroborate in which two BH, groups have been replaced
by C,H; groups, and an analysis of the infrared spectrum
of (C,H;),TiBH, " showed the absence of absorption bands
characteristic of BH; ions in these compounds. The
investigators suggested twin hydrogen bridging bonds
between the boron atoms and the titanium and zirconium
atoms. Consequently, unlike Zr(BH,),, the local sym-
metry of the BH, group is Cy,. A comparison of the
infrared spectra of these three compounds confirms the
similarity of the infrared spectra of (C;H,),Zr(BH,), " and
TiBH,(C,H;), and simultaneously the absence of the latter
from the Zr(BH,), infrared spectra’™,™ in the range of the
vibrations of the bridge and terminal B—H bonds, which
shows that there are structural changes in the MBH, frag-
ment in (C,H,),Zr(BH,), and TiBH,(C,H,), in comparison
with Zr(BH,),. The infrared spectra of the compounds
(Ph,P,)CuBH,," NiABH,C10,, and NiA(BH,), " (where A is
5,7,7,12,14,14~hexamethyl-1, 4, 8,11 -tetra~azacyclotetra-
decane) were interpreted on the basis of models with
M~H-—B and terminal BH, bonds.
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In view of the fact that the structure of the Be(BH,),
molecule in the vapour is still the subject of discussion
some spectroscopic investigations have been made?0,®,
which seemed desirable for an attempt at interpreting the
infrared spectra of the unsaturated vapour of Be(BH,),
itself.

A spectroscopic study of MeBeBH, vapour showed® that
its gas phase is a mixture of monomeric and dimeric
molecules. An analysis of the lines of the infrared spec-
trum allowed Cook and Morgan®' to conclude that for both
the monomeric and the dimeric molecules the skeleton was
linear. The absorption bands in the MeBeBH, spectrum
were assigned on the basis of the infrared spectrum of the
Me,Be vapour®® and of the results obtained in the replace-
ment of the boron and hydrogen atoms in the MeBeBH,
molecule by the isotopes !B and D.

These results seemed useful in the assignment of the
absorption bands in the spectrum of the Be(BH,), molecule
in the vapour®”. According to this assignment the
absorption band with wavenumber 1014 cm™ corresponds
to the vibration of the Be—B bond and the absorption bands
with wavenumbers 2172, 2069, and 1545 cm™' to the vibra-
tions of the BeH,B fragment of the Be(BH,), molecule.

Since the experimental results on which the structural
chemistry of the covalent tetrahydroborates is based are
few and not systematic, it i. at present impossible to draw
a reliable picture of the nature of the chemical bond in the
M(BH,),, molecules.

However, undoubtedly the classical ideas of the valence
and stereochemical possibilities of the atoms of the light
metals Be and Al seem inapplicable for describing the
structure and chemical properties of these compounds.

V. CHEMICAL REACTIONS

1. REACTION OF THE TETRAHYDROBORATES M(BH,),, WITH
ALKENES

Reactions of this type have been studied only for alumin-
ium tetrahydroborate. Gaseous aluminium tetrahydro-
borate reacts readily at room temperature with ethylene,
propene, and but-1-ene®2. As a result of the reaction
boron alkyls are formed, presumably with alkyl-substi-
tuted aluminium tetrahydroborates. Since the reaction
rate is independent of the alkene concentration, the follow-
ing possible mechanism is proposed for it:

Al (BHy)s 2 Al (BH,).H + BH; , (]_ 8)
Al (BH),H + CH, = CHR — Al (BH,),CH;CH.R , (19)
BH; + 3 CH,=CHR — B (CH;CH:R), . (20)

The conversion rate is increased in the presence of
traces of oxygen. The final products (boron alkyls) are
inhibitors®?,®3, The reaction of aluminium tetrahydrobo-
rate with butadiene is more complex and evidently is not
described by such a simple scheme®3.

2. REACTION WITH COMPOUNDS CONTAINING AN M—R
BOND

Uranium tetrahydroborate reacts with trimethylboron
at 50—60°C with the formation of methyldiborane and a
green viscous liquid. Its fractionation allows us to obtain
compounds of composition U(BH,);(CHsBH,) and U(BH,CH,),,
which react with water, hydrogen chloride, and diborane,
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with the formation of methylboric acid or methyldichloro-
borane, uranium tetrahydroborate, and alkyl-substituted
boranes?2:

U (BHyCHy)s - 12 HCL > UG, - 12H, + 4CH;BClj 5 (21)

U (BHsCHy) (BH,)s + 12 H0 — U(OH), - 15 H, -~ CH,B (OH), + 3HBO, , (22)
U (BH3CHg) (BHy)s + BHs — U (BH,)4 -+ CH3BH,BH, , (23)

U (BH:,CH,). -+ Bsz -U (BHA)A + (CH3)432H2 . (24)

Reactions analogous to those described above, namely
those leading to complication of the BH, group without
change in the AlH,B-bridging bonds are also known for
aluminium tetrahydroborate, since its reaction with tetra-
borane and decaborane in ether lead to the formation of a
series of compounds Al(BH,), - ,(B,H,),, where x =1, 2, or
3, and Al(BH,), - x(B, H,,)y, where x =1 and 2, respec-
tively®.

Aluminium tetrahydroborate®s reacts vigorously with
tetramethyltin and tetramethyl-lead with the formation of
intermediate unidentified solid products, which decompose
into Sn or Pb, H,, methylated boranes, and CH,Al(BH,),.

It is assumed that the intermediate unstable products have
the composition (CH,),Sn(BH,), and (CH,),Pb(BH,). Alu-
minium tetrahydroborate reacts with trimethylchlorosilane
according to the equation:

(25)

However, in silicon tetrachloride hydrogenation of the
Si—Cl bonds by aluminium tetrahydroborate does not take
place®s.

2 Al (BH,); -+ 6 (CHy)3SIiCl —= 2AICI; + 3ByHs - 6 (CHs)sSiH «

3. REACTION WITH OTHER ORGANIC COMPOUNDS

With organic and organosilicon compounds which are
capable of being reduced the covalent tetrahydroborates
react as very strong reductants. An example is the reac-
tion of uranium tetrahydroborate with methyl borate?:

6 U (BH,), + 2 B (OCHs)s — 6 U (BHy); (BH,OCH,) -+ BgH, , (26)
or that of aluminium tetrahydroborate with ethyl ortho-
silicate®s:

2 Al (BH,)g + Si (OC,Hs), ~» 2 BiH, - SiHy + 2A1 (BH,) - (OGHy), - (27)

4. REACTION WITH NUCLEOPHI LI C AGENTS-—WITH
NEUTRAL MOLECULES (L) OR IONS (X-)

Reactions of this type are of the greatest interest.
They are specific for the covalent tetrahydroborates and
allow compounds of a new type to be obtained, containing
Al and Be atoms in unusual valence states.

a. Formation of Compounds Containing the Anionic
Complexes [M(BH,),X]"

The first mention of the formation of the complexes
M'X.M"H,,.mBH,;, where M’ is an alkali metal and M” = Al
or Be, was made in Wiberg's patents®?»8 in which the
possibility of obtaining such compounds by the action of
the corresponding covalent tetrahydroborate or of its
ethereal solutions on the salts of alkali metals, or by the
reaction of lithium tetrahydroaluminate with diborane in
ethereal solutions was mentioned. In the latter instances,
complexes containing the ether were formed.



Noth®, in referring to unpublished results®®, suggested
the formation of such compounds in the reaction mixture
in the production of aluminium tetrahydroborate by reac-
tion (2).

Ashby and Foster®® subsequently queried the existence
of complexes in ethereal solutions. Later investigations
of Noth and coworkers? showed the possibility of the
existence of equilibria in the MX—Al(BH,),~Et,0 systems:

Et,0

Al(BHy)s - LiX 229 L [AI (BH,)sX] == LiBH, + Al (BH),X . (28)

Complexes stable at room temperature were also obtained
containing large organic or inorganic cations [N(C,H,),]
[AL(BH,)],, °* [(C¢H,,);NCsH, ] [AL(BH,),], [(CaHu)sNdsH':]
[BE(BH4)3]’ [(CeH,,);NC,H, ], [Be(BH,),],* [(C,H

4 94N

Al(BH,),],** K[Al(BH,),Cl1], and K[Al(BH,),].°*

The stability of complexes with complex anions is known
to depend on the charge: radius ratio of the outer-sphere
cation z2/7. For example, in the series LiAlH,—KAIH, or
LiBH,—KBH, the thermal stability of the compounds
increases rapidly. There is a similar regularity in the
present instance. Actually, when the vapour pressure of
aluminium tetrahydroborate above the complex
Li[Al(BH,),] ® is 2 mmHg the complexes with large organic
cations, for example, [N(C,H,),] [Al{BH,),] do not dissoci-
ate into the initial products even at 140°C.°2°¢ The com-
pounds K[A1(BH,),C1] and K[Al(BH,),] probably have a
somewhat lower stability and disproportionate at 130°C
with an appreciable endothermic effect. It is noteworthy
that the decomposition of the complexes at this tempera-
ture differ; whereas the complex K[Al(BH,),] dissociates
mainly into the initial KBH, and Al(BH,),, the compound
K[A1(BH,),C1} decomposes according to the following
probable mechanism:

K [Al (BH,),Cl] — Al (BH)CI - KBH, , (29)
—— 5 Al (BHy)g -+ AlC,
Al (BHg)Cl ——|
L ABHC +BH, +H,. (30)

The NMR spectrum of solutions of the complexes
[(C,H,,);NC,H, ] [M(BH,),,] suggests the equivalence of al}
the BH, groups in the [M(BH,), "~ anion®.

b. Reaction with the Formation of Molecular Compounds
of the M(BH,),.mL Type

Oxonium and sulphonium complexes.
Beryllium and aluminium tetrahydroborates dissolve in
ethers with considerable evolution of heat and with the
formation of complexes, the composition and properties of
which are given in Table 4.

The reactivity of the oxonium complexes and of their
solutions is less than that of the initial tetrahydroborates—
in air, they are oxidised and hydrolysed slowly, without
spontaneous combustion; it reacts violently with water,
but without explosion. At room temperature in a dry
atmosphere the oxonium complexes are relatively stable
and decompose at an appreciable rate only at 40—50°C.

Desolvation of the oxonium complexes is accompanied
by decomposition of the molecules of the tetrahydroborate
and ligand®4.

It is known that the equilibrium in the system:

Al (BH,)sMe;S + Me;0 2 Al (BH,);Me,0 + MeyS (31)

is shifted almost entirely to the side of the formation of
Al(BH,,),Mezo, which shows that the strength of the oxonium
Al+-O bond is greater than that of the sulphonium Al-S
bond.
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In several instances the interaction of tetrahydroborates
with liquid and solid ligands is identical. For example,
beryllium tetrahydroborate reacts with THF vapour at
room temperature to form the saltlike complex
Be(C,H,0),(BH,),, 7 in the infrared spectrum of which
absorption bands characteristic for the isolated BH group
are present. In the reaction of the same compounds in the
liquid phase a vitreous substance of indefinite composition
is formed#. This is probably brought about by irrevers-
ible interaction of the complex formed initially with the
excess of ligand. The corresponding complex of alumin-
ium tetrahydroborate reacts with the excess of THF with
loss of a BH, group®, evidently in the form BH,.C H,O.

Table 4. Some physicochemical properties of oxonium
complexes of beryllium, aluminium, and zirconium tetra-
hydroborates.

Compound M.p.,°C psa[,mmHg
Be (BH,).-Et,O liquid at 20°C —
Be (BHy),- 4C4HO solid at 20°C —
Al (BH,);-Me,O0 0—1 0.5 at 20°C
Al (BHy)s-Et:0 0.5--1.5 7.8 at 85°C
Al (BHy);-C;HgO 24—26 —
2 [Be (BH,).]-3 solid at 20°C _
[CaHy (OMe),]
Zr (BH,);-C;HO 2

Oxonium complexes can also be obtained by other
methods, for example, by reaction (12), which allows
compounds of different composition described by the for-
mula Hy,AlBH,), - ,,.xEt,0, where x =1 or 2, to be
obtained from the same initial substances taken in equal
ratios. The second molecule of the ether in such com-
plexes is weakly bound with the H,Al(BH,), - ,Et,0 molecule
and is readily removed in a vacuum. At elevated temper-
atures the decomposition of the complex proceeds
further®, The diethyl ether in the compounds
HyAl(BH,); - ,,.xEt,0 is readily replaced by an equimolecu-
lar amount of THF:

H,Al (BHy), _, - B0 + ¥CcH,O — H Al (BHY),_, - 1CHO + x40 (32)

The thermal decomposition of the compound
HAI(BH,),.2C,H,O was studied and takes place with the
formation of butoxyaluminium bistetrahydroborate:

o

2HAI (BH,); - 2CHy0 — 2C,H{O -+ (BH,),,A1< 0>A1 (BHy) .
o
(‘:4H9

In addition to complexes with ethers, aluminium tetra-
hydroborate forms stable compounds of the Al(BH4)3n
.Al{OR), type on reacting with the corresponding alkoxides.
The complexes obtained are liquids or solids, which
vaporise without decomposition in a high vacuum?.

Systems which contain ethers and heavy metal tetrahy-
droborates have been studied insufficiently. It is only
known that when Zr tetrahydroborate reacts with THF the
compound Zr(BH,),.C,H,0 is formeds,

The existence of this compound was found on the basis
of a study of the equilibrium diagram in the Zr(BH,),~
C,H,0 system. Interestingly, on the equilibrium diagrams

(33)
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of the Zr(BH,),—dioxan®®, Zr(BH,),—n-C,H,, Zr(BH,),—
cyclo-CH,,, Zr(BH,),~C.H,, and Zr(BH,),—C,H;Zr(BH,),—
C,H,CH, °° systems there are only simple eutectics. It
is noteworthy that neither structural nor physicochemical
investigations of the oxonium complexes of the
tetrahviroborates of aluminium, beryllium, and the
Group : metals have yet been made.

Compounds with Ammonia. The reaction of
covalent tetrahydroborates with ammonia has been studied
only for aluminium tetrahydroborate. In various investi-
gations®»5,28,100,101 the existence of several compounds has
been found: Al(BH,),.nNH;, where n =1, 2, 4, and 6.

The aluminium tetrahydroborate ammines are solid sub-
stances stable at room temperature. The first to be
obtained was aluminium tetrahydroborate monoammine, by
the reaction of A1(BH,), with ammonia, taken in equimolec-
ular proportions, initially at =80°C and then at room
temperature. An attempt by Bird and Wallbridge® to
prepare the monoammine in toluene solution at 1:1 molar
ratio of the reagents and =78°C led to the production of
aluminium tetrahydroborate diammine. A solution of the
hexa-ammine complex is formed in the reaction of alumin-
jum tetrahydroborate with an excess of liquid ammonia.

Another method for making an ammoniacal solution of
the hexammine complex is the electrolysis of alkaline
tetrahydroborates in liquid ammonia:

3 NaBH, - Al - 6NH; — Al (BHq)s - 6 NH; + 3Na . (34)

A dissolving anode served as a source of aluminium!°2,
When ammonia was removed from the solution, aluminium
tetrahydroborate hexammine, stable at room temperature,
was precipitated; it evidently contained clathrate
ammoniad. X-Ray diffraction analysis showed the crys-
tal structure of only a clathrate of composition A1(BH,),.
.6.TNH,, 3,598,101 The infrared and NMR spectra show
the presence of BH; ions in the hexammineS. The
ammoniacal solutions of aluminium tetrahydroborate
hexammine evidently contain these ions, which react with
aluminium chloride to form aluminium chloride hexammine
and hydrogen:

NHs.
Al (BH,); (NHy)g - 6 NH,Cl — AICI, (NHy)g + 3 N /BH,] Cl+6Hy . (35)
'3

The reaction of aluminium tetrahydroborate hexammine
with lithium in ammonia at —40°C proceeds according to
the equation:

Al (NHy)g (BP ¥, -+ 2Li — Li (Al (NHy)s (BHy)s] -+ Ha -+ LiBH, + 4NHs . (36)

The composition of the compound Li[Al(NH,),(BH,),] was
found by chemical analysis. Bird and Wallbr1dge5
postulated the possibility of the A1(H ,N); grouping in the
anion of this complex being isoelectronic with allene
CH,=C=CH, and examined the possibility of its stabilisa-
tion accordmg to the scheme [H,N=Al=NH,] .

Unlike aluminium tetrahydroborate its hexammine is
slc wly hydrolysed by cold water and is stable when heated
to 50°C. When it is kept for a long period (11 days) at
50°C in a vacuum (1075 mmHg) it yields a solid residue
stable up to 400°C and the release of ammonia and volatile
boron-containing compounds. Heating for 8 h at 105°C
leads to the formation of analogous products'®°,

Evidently, saltlike aluminium tetrahydroborate hexam-
mine is the final product of the reaction between Al1(BH,),
and ammonia. Heterolytic breaking of the AIH,B bridging
bonds, which occurs in the Al(BH,); molecule under the
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action of NH,, is analogous to the formation of the so-
called “diborane ammine”:

AI/H\BH + NH, [\Al :NH T [BH " (37
/ \H 2 '3 / . '3 4.
\B/H\BH + NH, [\B' NH. ]+ BH,J- (38
A 2 3 P 3| [BH, )

It seems that the initial stage of this process is the forma-
tion of unstable non-saltlike addition products of the
Al(BH,),.nNH; type; these may include the monoammine
and diammine described earlier4,2,

Compounds with primary and secondary
amines, phosphines, and hydrazine. Nothing
has been published on the reaction of aluminium tetrahy-
droborate with primary and secondary amines, phosphines,
and hydrazine. Beryllium tetrahydroborate forms the
following complexes with these ligands: Be(BH,),.NH(CHy),;
Be(BH,),.3NH(CH,),; Be(BH,),.PH(CH,),; Be(BH,),.4NH,.
.(C H,); 1027108 Be(BH,),.3N,H,. 1%

The monodimethylamine and phosphine derivatives are
liquids; the others are crystalline!®-%_ It is suggested
that like Be(BH,),.4C ,H;O the complex of monobutylamine
with beryllium tetrahydroborate has a saltlike structure
with a BH] anion'®,

The melting point has been measured only for tris(di-
methylamine)beryllium tetrahydroborate (94°C), which
decomposes at that temperature with release of hydrogen
and the amine.

Compounds with tertiary amines, phos-
phines, and trimethylarsine. 1:1 complexes
of beryllium and aluminium tetrahydroborates with
tertiary amines or phosphines are obtained at low temper-
atures in the absence of an excess of the ligand. It is
convenient to carry out the reaction in the presence of an
inert solvent!®,106,

Table 5. Physicochemical properties of complexes of
composition M(NH,), L.
Compound M.p.°C Tdeoccomp‘ Other properties
Be (BH,)o-N (CHy)y 35 ~140 | ePymug =
8.353 -2909/T
monomer in vapour
Al (BHy)s-N (CHy)y 79 in rapid heating 50 monomer in CgHg
Al (BHy)s-N (CHs), solid at 25°C 50 monomer in CgHg
Be (BH,), P (CHy)s liquid at 20°C - volatile in a vacuum
Be (BH,);- P (C:Hy)s liquid at 20°C — | Pmmhg =001 at 68°C
Be (BH,);- PPhs 163 (decomp.) 122 | monomer in CgHg
Al (BHy)s- P (CHy)s 78 — monomer in CgHg
Al (BHy);3-PPhy 186 (decomp.) >>70 | monomer in CgHg
Al (BH,)g- As (CHy), 57 — —

Compounds of composition M(BH,),,.L have been
studied in relative detail. The physicochemical proper-
ties of such complexes are in Table 5.

As Table 5 shows, the 1:1 compounds are stable under
ordinary conditions. The decomposition temperatures of
most of the compounds have been determined but their
pyrolysis has been insufficiently studied. An analysis of
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published papers suggests that during the pyrolysis tri-
alkylaminoboranes or trialkylphosphineboranes are
formed, which are evidently thermodynamically the most
stable compounds in the “ternary systems” MH;—
B,H,—NR, or MH,~B,H,—PR,. 4,2

The amine and phosphine complexes of aluminium tetra-
hydroborate react with an excess of the ligand according
to the following probable equation:

<L
Al (BH)sL = Cal (BHy); - 2L -2’At (BHy)eHL -+ BH,L = o ~aml,-Li (39)

Unlike the complexes of aluminium tetrahydroborate
with tertiary amines and phosphines, the arsonium com-
plex of composition Al(BH,);.As(CH,), does not react with
an excess of the ligand. The complex readily participates
in an exchange reaction with trimethyl phosphine with the
formation of Al(BH,),.P(CH,),, which is probably due to
the greater strength of the Al--P bond compared with that
of Al+As.

As already noted, beryllium tetrahydroborate does not
form 1:2 complexes with trimethylamine and trimethyl-
phosphine. When the trimethylamine complex of beryl-
lium tetrahydroborate is heated it reacts with an excess of
trimethylamine thus®:

Be (BHa)z « N (CHg)s == N (CHg)y % {HBe (BH,) N (CHy)s}, -+ BHoN (CHy)s  (42)

The reaction of the phosphine complex of beryllium tetra-
hydroborate with an excess of the ligand evidently leads to
the formation of beryllium hydride, which contains a
certain amount of trialkylphosphine!©2,!03:

70-180°

Be (BH,), - PRy - PRy ~———— {BeH,}, + 2PRyBH; (43)

The infrared spectra of compounds of aluminium tetra-
hydroborate and tetradeuterioborate with N(CH,),, P(CH,),,
As(CH,),, Et,0, Me,0, and Me,S have been recordedss!'0
in the range 400 —4009 cm™. Quantitative analysis and
comparison of these spectra allows the following conclu-
sions to be drawn:

1. Usually the frequencies of the vibrations in the
coordinated A1(BH,), molecule are hardly displaced at all
in comparison with the frequencies of the vibrations in
free compounds.

2. Judging by the positions of the absorption bands
characteristic for terminal BH, bonds, the structure of
the tetrahydroborate group in the A1(BH,),.L molecules
remains approximately the same as in the initial alumin-
ium tetrahydroborate.

3. The equivalency of the three BH, groups in the
Al(BH,),.L molecules can be postulated, since the signifi-
cant splitting of the absorption bands belonging to the
Al—H and B—H bridging vibrations was not observed.

4. The absorption bands due to the A1—B vibrations
are shifted in the infrared spectra of the complexes into
the longwave range, which can be interpreted as an
increase in the Al—-B interatomic distance, due ‘s an
expansion of the coordipation sphere of the Al atom and an
increase in its coordinftion number.

R -

1 The compounds AlH,(BH,), - ,L, which are interme-
diates in reaction (39), were obtained independently by the
reaction:

AICL,__HN (CHy); + LiBH, 22~ AIH, (BHy),_, - N(CHg)s +LiCl  (40)
Trialkylsiloxane derivatives of aluminium tetrahydrobo-
rate can be obtained in a similar manner:

ReSIOAICI; + 2 LiBH, 222 R,SiOAI (BH, ) + LiCl (41)

(R = CHy or GHy)??
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However, these conclusions do not agree completely
with the results of a direct X~ray diffraction investigation
of the molecular structure of the complex Al(BH,),.

.N(CH,),.'**»2 Bird and Wallbridge observed two
different molecular configurations of the' complex AI(BH4)3
.N(CH,);. —“high~-temperature” and “low temperature”.

Figure 4. Model of a molecule of the compound
Al(BH,);.N(CH,),.

In the “high-temperature” modification the B and N
atoms are situated at the vertices of an almost regular
tetrahedron, at the centre of which is the Al atom. The
coordinates of the H atoms were not determined in this
study, therefore the form and symmetry of the [ALXy)
polyhedron, where X = N, B, or H cannot be determined.

Evidently, the investigations®,*! of the infrared spectra
relate to this configuration of the Al(BH,),.N(CH,), mole-
cule. An investigation of the low-temperature configura-
tion at —160°C was more complete. The model of the
Al(BH,);.N(CH,), molecule is given in Fig.4; Table 6 gives
the valence angles and interatomic distances.

The boron atoms in the AI(BH,);.N(CH,), molecule are
clearly non-equivalent, the Al—Hpridge dlstances differing
markedly from one another: from 1. '75 —1.83 A for the
Al—Bg group to 1.95—2.00 A for the AlBg group.

The coordination polyhedron around the aluminium atom
is a distorted pentagonal bipyramid. Interestingly,
whereas the Al—N interatomic distance is almost equal to
the sum of the covalent radii of Al and N and does not
differ from the Al—N interatomic distances in the mole-
cules of the trialkylaminealanes AlH,.#NR,,!'!* the Al—B
interatomic distance is cons1derably greater than that in
the Al(BH,), molecule, 2.257 A compared with 2.14 A,

An analysis of the structure suggests that it is produced
by the displacement of one of the BH, groups, namely the
group situated in the “trans position” to the N(CH,); mole-
cule.

Actually, under the action of an excess of the ligand
such a displacement takes place very readily, as already
noted above . Evidently, in the Al(BH,),.N(CH,),
molecule and in the molecules (monotypical with it) of the
complexes with trimethylphosphine, trimethylarsine,
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triethylamine, etc., the atom for the formation of four two-
centre bonds (three Al—B and one Al—L) uses a set of four
sp® hybrid atomic orbitals.

Table 6. Valence angles and interatomic distances for

the low-temperature configuration of Al1(BH,),.N(CH,),.
ral—n =1.989:£0.008 A T — g, = 1-48:£0.10A
rM_BS=2.257tO.012 A BgH, g —Hgy = 1.16£0.011A
rM_BG=2.227i0.0HA TBg — Hgy = 1.154+0.08
"al_tg, = 2-0020.104 Thgy — Hgp = 22020 154
"Al-Hg, = 1.95£0.114 "B — Hgy = 1-1820.074
Aty = 1-830.07A BGH, [ "B — Hgy = 100,074
TAl-Hg, = 1.75+0.084 TBg — Hgy = 1-22£0-11A
< (N—AlHg,) = 152.83 .3° Mgy — Hag = 2.064+0.104

The three four-centre AlH,B bonds are formed from the
d atomic orbital of the aluminium without participation of
the p atomic orbital as in the A1(BH,), molecule. Because
of this the strength of the bridging bonds in the Al(BH,),.L
molecule should evidently be less than in the aluminium
tetrahydroborate molecule. It is noteworthy that the
existence of complexes of composition Al(BH,),.2L (see
p. 10 ) does not contradict the above views.

(1) (1)
Figure 5. Probable structures of the Be(BH,),. P(CHy),

molecule.

The molecular structures of such compounds is of con-
siderable interest. It can be postulated that the coordina-
tion polyhedron of the aluminium atom formed by the B
and L atoms will be like that in the molecule of bistri-
methylaminealane AlH;.2N(CH,), with location of the boron
atoms in the equatorial plane of the trigonal bipyramid.

X-Ray diffraction investigations of the complex deriva-
tives of beryllium, zirconium, hafnium, thorium, and
uranium tetrahydroborates have not yet been made.

A qualitative analysis of the infrared and NMR
spectra of the compound Be(BH,),. P(CH,), 19%,1% allowed
it to be ascribed the probable structure shown in Fig. 5 (I).

Hdowever, taking into account the most recent results
on the structure of beryllium tetrahydroborate in the gas
phase®® another model of the structure of the Be(BH,),.
.PMe,, Fig.5 (II), seems more probable.

It must be noted that the addition of a second molecule
of the ligand to a beryllium tetrahydroborate molecule is
always accompanied by the breaking of the Be—H—B

1

bridging bonds. For example, the complexes Be(BH,),.
.4C,H,0 and Be(BH,),.4C,H,NH, are constructed from
[Be.4LJ?" cations and [BH,]™ anions!2,

This experimentally established fact can be explained
as the consequence of the beryllium atom in the Be(BH,),L
molecule using the entire set of four atomic orbitals and
becoming “coordination saturated” as a result. It is to
be hoped that further investigation of the structure and
reactivity of the complexes of the tetrahydroborates of the
light metals will yield results convenient for developing
new ideas about the stereochemistry and nature of the
chemical bond in the inorganic compounds of the light
elements.
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