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for any othexr Degree. All the work described is the
original work of the author, except that acknowledged

by reference.

The work undertaken by the author consisted of
twe separate investigations, the results of which are
incorporated in parts one and two of this thesis. Part
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SUMMARY ,

PART I: Some studies on boronium salts.

Diphenylbipyridylylboronium salts and also the diphenyl-
o-phenanthrolineboronium salts are relatively resistant to
hydrolysis, and undergo metathetical reactions in aqueous solution.
The colourless, very sparingly soluble hydrated nitrate, as well
as the perchlorate and hydrogen sulphate, are readily precipitated
from aqueous solution. The colours of the iodides and some other
salts of the (thbipyB)+, (PhaphenanB)+, and (n-BuabipyB)+
cations are considered to be due to charge-transfer transitions
between the anion and cation. The yellow colour of bipyridylyl-
phenylenedioxyboronium perchlorate is attributed to intra-ionic
charge-transfer, and the red colour of bisdimethylaminobipyridylyl-
boronium tetraphenylborate may also be due in part to intra-
ionic charge-transfer. The ultra-violet and visible spectra of
several coloured boronium salts have been obtained in solvents
of varying dielectric constant.,

PART 11I: The coordination chemistry of beryllium borohydride.

Beryllium borohydride forms an isobutylamine complex,
(Be(BuiNHz)u) (BHq)zs which can be sublimed at low pressure and
is nearly insoluble in diethyl ether. Reactions of the borohydride
with some ethers are discussed. Several liquid 1:1 adducts of

the type, L'BeBZH8 (where L = Et.O, Mé P, Me,PH, Et_ P, Me,N,

2 3 2 3 3

Me2NH), have been prepared and their formation has been followed

tensimetrically. The adducts are monomeric in benzene solution.
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Triphenyl phosphine forms a 1:1 adduct which is monomeric in
benzene solution and decomposes when heated with the formation
of triphenylphosphine-borane. Reaction with 2 moles of
triphenylphosphine gives only the 1:1 adduct at room temperature,
but between 100-1800, triphenylphosphine~-borane is formed in
high yield together with beryllium hydride, which is contaminated
with some strongly held triphenylphosphine~borane. The main
feature of the infrared spectrum of the best specimen of
beryllium hydride prepared by this method consists of a broad
absorption centred on 1758cm-1.
Trimethylphosphine reacts rapidly at room temperature to
form the liquid adduct, and then slowly reacts with a further
mole of phosphine to give a solid product of overall composition

(MeBP)ZBeBEHs, from which trimethylphosphine-borane can be

sublimed at room temperature.
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Part I.

INTRODU




INTRCDUCTION.

Object of investigation.

The litérature contains many references to boronium
salts, but it ig only recently that these salts have attracted
serious study. In general, the unusual chemical stability shown
by some of these compounds has not been realised, and in this
present work a detailed study has been made of the preparation
and properties of the bipyridylyldiphenylboronium salts.

During the course of this work it was found that
several of these salts were coloured in the solid state, but
in solvents of high dielectric constant the salts dissolved to
give colourless solutions. The u.v. and visible spectra of
these salts have been recorded: in solvents of varying dielectric
constant, and the results interpreted in terms of charge-transfer

between the boronium cation and counter ion.

Cationic and anionic organo-boron compounds.

The outer electronic cénfiguration of the boron atom in
its ground state is 2522p1, with a first ionisation potential
of 8.3e.v. Second and third ionisation potentials are 25.15
and 37.92e.v. respectively. Hence the large energy required
for ionisation to B3+ precludes such cationic species from the
chemistry of boron.

Covalent compounds of the type BX_, are well established

>

and all monomeric compounds are planar with X-B-X bond angles



ofl120°. However, in such compounds there remains a vacant low-
lying orbital which confers pronounced Lewis acid behaviour
allowing boron to achieve a coordination number of four. Anionic
complexes of boron are well known, e.g. BFZ, BHZ, (HB(OR)B)_,

and illustrate the tendency of boron to achieve this coordination
number.

In this introduction a general review will be presented
for cationic and the more important anionic species of boron,
excluding the extensive and complex chemistry ofhborate anions
containing only boron and oxygen. A full discussién of the
borohydrides will be reserved for Part II of this thesis.

Cationic organo-boron compounds: Boronium salts.

Simple cationic species containing B*-are unknown, and
indeed in this state the boron would contain only two electrons
in the valence shell. Boronium salts containing Bt are only
known in compounds containing coordinately saturated boron.

The history of boronium salts extends back to 1906, but
from that date until quite recently the literature contains
comparatively few examples of this type of compound. Probably
the first example was reported by Dilthey and Schumacher1' from

the reaction of BCl, with acetylacetone or benzoylacetone. From

3 —
i = ~~ CWN\e
acetylacetone, salts of the ion ’ /c,N\z 0‘6/3 A \
C
were isolated in combination with
Nme—o’ 0= e

various anions e.g. AuClL and FeClZ.

The ‘diammoniate of diborane! prépared from diborane and



ammonia at low temperaturesz° was believed to be the diammonium
salt (NH4)£B2H4-. Schlesinger ana Burg3' observed liberation
of hydrogen from the ‘diammoniate' by sodium in liquid ammonia,
and suggested the compound would be better represented as the
mono-ammonium salt NHZ (HBBNHZBHB)-' It was further reported
that a stable salt NaBzﬂsN was obtained from the reaction of
1mole sodium with 1mole ‘'diammoniate ' inlliquid ammonia
followed by careful removal of solvent. However, from X-ray
diffraction studiesh', the product NaBéHSN was shown to be a
mixture of sodium borohydride and polymeric amino-borine. The
structure (NH4)+(BH2NH23H#)- was proposed for the ‘'diammoniate’.
After considerable experimental work, Parry and co-

5‘

workers provided strong evidence for a structure involving a
boronium cation, (HaB(NH3)2)+BH;. The more important evidence
supporting this structure may be listed.

1) The Raman spectrum of a solution in liquid ammonia
showed all thpe characteristic frequencies for the borohydride
ion. Reaction of liguid ammonia solutions containing sodium,
potassium, or lithium, gave the corresponding alkali-metal
borohydride. Addition of magnesium ion to a liguid ammonia
solution of the ‘diammoniate' precipitated (Mg(NH3)6)2+(BH4)5.

2) Ammonium chloride 6r bromide reacted with the
'‘diammoniate' to liberate hydrogen, and salts of the proposed

boronium cation have been prepared e.g. (HZB(NH )+Cl-. The

32 _
structure of this salt has been studieds', and the B-N distance



given as 1.58+% 0.023, with the N-B-N angle nearly tetrahedral.

A 'diammoniate' of tetramethyldiborane has been prepared7'
and found to have similar properties to those of the'diammoniate!’
of diborane, and hence may be expected to have a similar
structure. Treatment of the tetramethyl derivative with
trimethylamines' displaced up to 1.5moles ammonia. This
observation would be difficult to interpret if the addition
compound existed as an ammonium salt, i.e. NHZ((CH3)2BHNHZBH(CH3)2)-
or NHZ((CHB)ZﬂNﬂzBHZ(CHB)Z)-’ but is consistent with the boronium
salt structure, ((CH

+ -
3)ZB(NH3)2) (HZB(CH3)2) .

It is of interest to note that the simple adduct HBB.NH3

has been prepareds', and shown to be quite distinct from the

tdiammoniate'.

Et, 0 .
. 2 .
LlBHu + NHACl —— LiCl1 + HBB.NH3 + HZ.

The adduct is soluble in ether, and cryoscopic measurements
agree with a monomeric species. Ethereal solutions are reported
slowly to deposit the 'diammoniate’.

9.

Tetraborane has been shown to form a stable diammoniate

B4H1O.ZNH3, when allowed to react with ammonia in ether solution

at -780. No evidence was found for the existence of the reported
tetra-ammoniate, B4H10.4NH3, which was stated to decompose
above -20° with loss of hydrogen and ammonia. The diammoniate

of tetraborane has been assigned the salt structure

(NH,)_\+
(H,B""32) (B,Hg)-




With sodium in liquid ammonia, hydrogen is evolved, and sodium

octahydrotriborate is formed.
liq.NH

+ -
(HZB(NH3)2) (33H8) + Na H, + 1an338 + (HZBNHZ)X.

With hydrogen chloride in ether, hydrogen is evolved according

to the equation:

Et,0

+ - 2 + 0=
(H,B(NH,) ) (B;Hg)™ + HOlL ——>» (H,B(NH;),)"CL™ + H, + Et,0B;H,
Ammonia will displace ether from the etherate at low temperature,

Et,0
2
NH - —— H_N.B_H Et, 0.
3 + EtZC B3H7 3 3l + P

In contrast to the unsymmetrical cleavage of diborane

by ammonia, phosphine reacts to form the simple complex10' H,P.BH,.

3 3
The heterogenous adsorption of diborane by ethyleneaiamine
in high vacuum apparatus, or reaction of ethylenediamine with
tﬁe tetrahydrofuran complex of diborane, THF.BHB, gave an air
stable, white crystalline solid, (CHZNHZ'BHB)Z’ decomposed by
heat with liberation of two moles hydrogen'per mole of starting
1.

material . Two possible structures were suggested for the

compound, a linear addition complex H_B.NH, CH._,CH NHZ.BH s Or

3 2 22 3

an ionic structutg by analogy to thﬁ_zdiammoniate'of diborane.
Y - T -
\ %ﬁ*l T«%;j%%/,VA \ Eg%ﬂ
[Cra—nR, N | P
An alternative preparation for this compound and also for a
1:1 adduct has been described12'. Ethylenediamine dihydrochloride
with sodium borohydride in tetrahydrofuran at room temperature

gave the 2:1 adduct, and this with ethylenediamine in

tetrahydrofuran gave the 1:1 adduct, en.BHB. By comparison of
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i.r. spectra, en.2BH (Co}en)Cl3, and ngn.Cla. it was concluded

3'
that the compound existed as represented by the ionic formula.

13.

However, the original authors y after confirming the identity

! of the products prepared from the two methods, concluded from

cryoscopic studies in water, solubility data, and the failure

to precipitate thallium(I)borohydride after addition of

thallous acetate, that the compound existed as represented by

the open chain formula. In particular, a B11n.m.r. spectrum

of the complex in dimethoxyethane gave a single boron absorption,

split into a quadruplet of relative intensity 1:3:3:1

indicating the equivalence of both boron atoms bound to three

protons. The coupling constant 88c¢/s. agreed with JoH
14

for other amine-boranes. ° The structure involving a boronium

values

cation should give two boron absorptions, one split into a

triplet, and the second split into a quintuplet.

Several complexes obtained from reaction of diphenyl
boron chloride with primary amines have been reported15', and

the compounds, Ph,BC1.2L ( L = Bu NH,, EtNH,, MeNH,), were
16

isolated from ether solution. In a later paper ° the complexes
were discussed in terms of a salt structure, (PhaB.ZL)+Cl_,

and the compounds ( L = MeNH.,, EtNHZ) were reported to form

2

complex salts with stannic chloride in chloroform solution,

(PhZB.zL);‘(sn016)2'. Dibutyl boron chloride in ether solution
7.
]

reacted with hydrazine to give a salt like compoundll

+ -
(Bu,B(NH,),)"C1™.




-7-

Several boronium cations of the type, (XZB(NﬂaR)2)+,

(Xaﬂ(NHR2)2)+, (XZB(NR3)2)+, X = H, alkyl, chlorine, were
18,19.

mentioned in a series of communications , but no details

were given in these notes. Tris(dimethylamino)-borane with

hydrogen chloride in ether solutionzo' gave a compound of

composition B013.2HNMe2,

((MeaNH)23012)+Cl-. Tris(diethylamino)-borane also reacted to

to which was assigned a salt structure

give a similar product. The compound ((MeaNH)ZBC12)+Cl- was also
prepared from the reaction between boron trichloride and

dimethylamine.2 Evidence for the ionic structure was obtained,
since with ferric chlofide an ionic compound was isolated,
((Me,NH),BC1,)"FeCly. A similar compound, ((Me,NH),B(0Et,),)"FeCl],
was prepared from boron trichloride and ferric chloride in ether.
The reduction of bis(dimethylamino)boron chloride by
lithium hydride in ether solution to the hydrido compound (MeZN)ZBH
has been reported.za' The product with hydrogen chloride in
ether solution at 0° precipitated a compound of composition,
(MeaN)aBH.2H01, which by similarities in the i.r. spectrum with
the salt ((MeZNH)ZBCIE)Cl, and formation of a complex with
ferric chloride, ((MeZNH)ZB(H)Cl)+Fe01Z, was assigned the ionic
structure, ((Me,NH),B(H)C1)*Cc1™.
The preparation of alkyl-bis(dimethylamino)-boranes from
alkylbbron dichlorides and secondary amines, or alternatively
from bis(dialkyiamino)boron chloride and lithium alkyls in
23.

ether solution has been studied. A salt like product,



8~

(@MeaNH)aclBMe)*Cl-, was obtained from the methyl compound
MeB(NMeZ)2 and two moles of hydrogen chloride. Electrical
conductivity studies in methylene chloride supported the ionic
structure. Further, the absence of NH2 bands in the i.r. spectrum
excluded the alternative structure, (MeaNHZ)*(MeZN(Me)Bcla)-.
Complex salts of the type ((MeaNH)ZClBMe);X-, where X~ = PtClg,
FeClh, SbCls, have been isolated from direct reaction in ether

2

from the methyl and ethyl compounds, higher alkyl groups do

solution. In the series RB(NMe )2, R = alkyl group, apart

not form the boronium salt, but give instead products of the

type Me,NH.HC1l and RBCLNMeZ.

2
Methyl-bisdimethylaminoborane in pentane solution reacts
with two mqles of hydrogen bromide to give the analogous bromide
(MeBBr(NHMe2)2)+Br-, and this with ferric chloride in ether
solution gave the complex salt (MeBBr(NHMeZ)Z)*FeCIBBr-.
Only one equivalent of hydrogen iodide will react in toluene
solution, but the product (MeB(NHMeZ)NMe2)+I_ will react with
a: further equivalent of hydrogen chloride to give the normal
salt (MeBCl(NHMe,),)"I .

MeB(NMe, ), + HI—3>— MeB(NMe,),.HI
This compound readily forms a tri-iodide by reaction with
iodine in pentane, and this would suggest the presence of iocdide

ion in the original compound. The authors suggested a structure

involving a resonance stabilised cation,
+
Me,NH -
Me

2~ p—Mel| I



=Oe.

A structure with a higher B-N bond order was inferred from
i.r. evidence, and this band at 15'76cm-1 disappears if the

salt is reacted with one equivalent of hydrogen chloride.
il A+ +
| Me N I N L N
‘,1' —rie + - / -
LMeaN’// LMeZNH e

Tris(dimethylamino)borane reacts with two moles of hydrogen

iodide to give a salt-like product.

3t
Me. N Me..NH

2 >B-—NMe2 s 2HI—| 2 O ==NMe,) IE
Me ;N Me ,NH

Another mole of hydrogen iodide was slowly taken up at high
concentrations of hydrogen iodide to give a compound of

composition, B(NMe +3HI. The i.r. spectrum of the salt

2)3
contained a band at 1558cm"1 suggesting resonance stabilisation
of the cation, (Me NB(Me,NH),A)Z*,
2 2 2
Pyridine phenylborane has been reported to react with

excess pyridine and iodine in chloroform solution to give

24

in addition to pyridinium iodide, a boronium salt.” °
i i v

Ph—B—+—NH_C ;I i 2C_.H. N —> |Ph — B—NH_C I~ + C_H NH'I™
n T2t eVsts I 575 55
H NH_C

575 _J

The white crystalline solid, phenylhydridobis(pyridine)-
boron(III) iodide, was found to turn yellow in air. From the
i.r. spectrum, the BH2 bending mode present in the original
compound at 1158cm-1, was absent in the salt, but a. B=H

stretch was observed at
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2427cm-1. A tri-iodide salt was formed by reaction with iodine.
The‘salt in chloroform slurry undergoes rapid metathesis with
silver perchlorate, and the resulting salt was apparently

air stable. It was subsequently found24a' that iodine reacted
with a selected group of amine-~boranes in the presence of amine
to give iodide salts of bisamine-boronium cations.

RBH,.amine + I, + 2amine'—*‘RBH(amine)£I- + amineH'I”.
The following salts have been prepared:

a) R = 0635' Amine = C5H5N
b) R = cycloCcH, , Amine = C5H5N
c) R= H, Amine = Me3N

d) R= H, Amine = CoH,N.

Metathesis of iodides (a-d) with silver perchlorate gave the
corresponding perchlorates. A plausible two stage reaction
sequence was proposed:

RBH,.amine + I, + amine—>- RBHIamine + amineH I~

RBHIamine + amine—> RBH(amine);I-.

Reference was made to the 2:1 complex25' forned from
pyridine and n-dibutylboron chloride, and it was suggested that
this compound may reasonably be considered as a boronium salt
((ChHg)zpr2)+Cl-' The result of a preliminary investigation
suggested that iodine reacted with pyridine~borane and
pyridine to form a complex salt analagous to phenylhydrido-

bis(pyridine)boron(III) iodide.

Boron tri-iodide will react with pyridine to give a yellow



-11-

solid of composition BIB.Zpy.26' Apart from chloroform and

methylene chloride, the product was insoluble in non-polar
solvents, and decompositioh occurred with protonic solvents. The

general properties of the comp1e¥ suggested a salt structure:

Y- 1 -
P} I
py” NI

Iodine reacted with the salt in chloroform to give a tri-iodide.
4 = -
(PyZBI2) I + I,—> (pyZBIZ) 13

By analogy, the 1:1 complex from pyridine and boron trichloride

may reasonably be formulated as a salt, (py2B012)+BCl;. However,

the B11n.m.r. spectra of py.BCl3 and py.BB‘r3 in acetonitrile
consisted of a single resonance in the region characteristic
27.

of simple BX, addition compounds. Other workers found no

3
evidence for the bimolecular ionisation of this type of adduct
in the molten complex.

A rather more complicated example of a boronium cation
was obtained from the reaction of boron trifluoride etherate
with tetrakis{(dimethylamino)-ethylene in ether at -200.28'
The main product from the reaction was tetrakis(dimethylamino)-
ethylene-difluoroboron-tetrafluoroborate, readily recrystallised

0, " . . L
from methanol,m.p.217 (decomp.), and stable to air and water.

A small amount of octamethyloxamidinium tetrafluoroborate was

also isolated. — Me — o T
2 }e N ;. NMe
) : 2 -+—/ 2
MeaN\KEB\\ . ; ZBF_
(x‘ie?ZN)z,_C:C(NI'Iez)z'——?' k /Blf"z EBF), + =N
B P‘!ez B I\']e21q "_\'_. l‘NMeZ
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The assigned structure of the salt was found consistent with
i.r., Raman, and n.m.r. spectra. Metathetical reactions with
ammonium hexafluorophosphate or sodium tetraphenylborate in
aqueous solution gave immediate precipitation of the boronium

salt. Retention of the BF., structure in these derivatives was

19

2

established from the conservation of the B11 triplet and F
quartet in the n.m.r. spectra. The ease of formation and the
stability of the cation was explained from the formation ﬁf a
sterically favoured five membered ring.

A similar cationic species was isolated from the reaction

between diborane and o-bis(dimethylamino)benzene.
Mey +
(1\' Sau BH
\/ \N/
Meg
Corresponding salts have been prepaéed containing other anions.

The transamination of biguanide with tris(dimethylamino)-

29.

borane gave a spiro compound isolated as a hydrochloride.
- 3 _1+

i =N i

= T

LN ey
\-\P‘\/ \“
| Had— iy M

Elemental analysis and molecular weight measurements in
aqueous solution were consistent with a salt structure. The u.v.
spectrum showed a band at 219mp(ﬁ 33,650) with approximately

double the intensity of the biguanidinium ion (A n 231; 15,200).

axX.

Condensation reactions between biguanide and several

boronic acids resulted in displacement of hydroxyl ion from the



boronic acid.

R = Phenyl, butyl, vinyl.

The existence of a diphenylboronium cation has been
establishedjo' from u.v. absorption spectra, and conductivity
measurements on nitrobenzene solutions of diphenylboron chloride
and aluminiuvm chloride. A nitrobenzene solution of the
perchlorate, (PhZB&+CIOZ, was prepared by addition of silver
perchlorate to a solution of diphenylboron chloride. Conductivity
measurements on this solution gave an equivalent cpnductance
comparable to a nitrobenzene solution of diphenylborogium
tetrachloroaluminate, suggesting the presence of the same cationic

3. described the

species, which may be solvated. A later report
preparation of 2-2'bipyridylyldiphenylboronium perchlorate,
(PhaBbipy.)+010;, by addition of bipyridyl to a solution of
diphenylboronium perchlorate in nitromethane solution. The
analogous salt, BB=2-2'bipyridylyl-9-oxa-10-boronia.anthracene
perchlorate, has been breparedsa"from a similar series of
reactions. Addition of bipyridyl to a nitrobenzene solution of
diphenylboron chloride gave Bipyridylyldiphenylboronium chloride.
A dichlorodiphenylborate was isolated from the reaction of
diphenylboron chloride (1mole) and bipyridyl(0.5mole) in

petroleum benzene solution.

Quite recently a large number of boronium cations have
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been reported.33' and are of the type (HZBD2)+, where D is a
tertiary amine, phosphine, arsine, or dialkyl sulphide. The
synthesis and chemical properties of the cations are dependent
f upon the size and basicity of the donor molecuie. In particular
the bisamine cations display remarkable hydrolytic, oxidative,
and thermal stability, yet undergo facile substitution reactions
at the B-H site to give mono and disubstituted derivatives.
One method of preparation of the cations involves the
high temperature reaction of a base-borane with fonium' salts
of large anions.
D.BH; + p*x~  100-180, (H,BD,)'X™ + H,
The reaction is modified by changes in the anion X~ as well as
changes in basicity and size of the donor molecule. Weak donor
molecules (arsines, sulphides), for which 'onium' salts cannot
be isolated, require the use of equivalent amounts of donor

and hydrogen halide.

A second method involves displacement of a donor D in

the cation, (HZBD9)+ by a stronger donor, or a donor capable
of chelate function.
+
1
2) + 2D.

The order diamines)amines’ phosphines) arsines) sulphides

+
(HZBD2) + 2D'———4?-(H2BD

roughly parallels the G donor properties of these ligands.
Finally, the cationic species may be prepared by

treating diborane with base-borane adducts to give salts of

B 2" and B._H..D . Ot

B12 12 12%11 This method of preparation is
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apparently still under investigation. I.r. and B11n.m.r. spectra
are found consistent with a tetrahedral configuration about
the boron atom in the cation, (HEBDZT#;

The chemical properties of the cation are governed by the
nature of the base. Stability to hydrolysis and oxidation increase
with base strength. Bisaminedihydridoboron(1+) cations are
~particularly resistant to hydrolysis and oxidation, and salts
may be recovered unchanged from concentrated sulphuric acid,
nitric acid, and 10% sodium hydroxide, even after heating near
100° for prolonged periods. Aqua-regia converts the cation to
the mono-chloro derivatives, (HClB(NR3)2)+. Cations containing
tertiary phosphines are quite stable to boiling acids, but
are slowly degraded by hot agqueous bases. The cation (HEB(ASMe3)2)+
is hydrolysed by boiling water, and cations containing dialkyl
sulphides are rapidly destfoyed in cold water.

+

+ 3
H2BD2 + 3H20 —_— 2H2 + H3303 + 2D + H

5 ASRB.

Most of the salts are quite thermally stable. For some of the

D = SR

salts containing amines, decomposition is characterised by
displacement of amine by the anion.
o
+ay = 195
y N .
(H2B(Nlie3)2) Cl1° ——==> H,BC1( Me3) + NMeg
Salts with larger anions are sparingly soluble in water and
and usually crystallise in an anhydrous condition. Salts with

smaller anions are water soluble and generally crystallise

with water of hydration. Crystalline bases of the type
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(H23D2)+0H- are prepared by stirring aqueous solutions of the
chloride with silver oxide. Neutralisation of the strong bases
with acids gives the appropriate salt.

Substitution reactions are observed in which the B-H
hydrogen atoms are replaced by atoms or groups. Chlorine and
bromine yield the monosubstituted derivatives, e.g. (HXB(NR3)2)+.
Monochlorination is also effected with SF5C1, NCl3, and aqua-
regia. Iodination is not observed with 12, and iodine monochloride
gives a dichloro derivative.

+ IC1
(HZB(NMeB)Z)

+
(ClzB(NMe3)2) .
Slow passage of fluorine diluted with nitrogen through agueous
solutions containing the cation at 0° gave the disubstituted

cation, (FaB(NMe3)2)+. A free radical mechanism was suggested

for these substitution reactions.
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Anionic compounds of boron.

Tri-aryl boron anions.

Early published work indicated that boron compounds, Ar_ B,

3
react with alkali-metals to form saltis containing negative tri-
aryl boron ions. Such compounds are readily formed by direct

reaction in a suitable solvent. Two series of salts may be formed,

a 'mono sodium salt', Na(Ar_B°") isoelectronic with Ar_C°,

3 3
and ‘disodium salts' of composition NaZ(ArBB)z-.
Krause35’36' observed the dissolution of sodium wire in

an ethereal solution of triphenylborane to give a yellow solution
from which an orange-yellow, oxygen sensitive salt, Na+(PH3B)-
crystallised. As indicated above, the triphenylborane anion-
radical is iso-=electronic with the triphenylmethyl radical, and
it is found that the colours of the two series are similar.

Triphenylborane~sodium reacts with triphenylmethyl with
the formation of a triphenylmethyl anion.

1>r1313"1~ra+ + PhC"—> Ph,B + PhBC-Na"'.

A brilliant red coloured compound from Ph,C’ and Ph.B may be
. 7

37

3

a radical of comnstitution (PhBB-CPhE)'. A disodium salt,
Nas(PbBB)Z- , may be obtained in tetrahydrofuran , and this salt
is dark green in colour.

Tri-of - naphthylborane can add successively one atom of

sodium to give a brown-yellow salt, (C ) B'-Na+, and then a

1OH7 3
2=+
second to give the deep violet coloured salt, (01&;}‘7)33 Naa.

The chief interest in this series of compounds is in the
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elucidation of their molecular constitution. Absorption spectra,
paramagnetic resonance, and magnetic susceptibility have played
an important role in clarifying the picture. Thé monosodium
salt of triphenylborane should contain one unpaired electron,

37,38.

but several workers reported the compouﬁd to be diamagnetic
in tetrahydrofuran and the absorption spectrum in ether was

quite different from that of the triphenylmethyl radical. This
a>8

anomaly was explaine 139. by association in selutior and
the solid state. With sclvents of low dielectric constant,
positive and negative lons must be completely associated as
ion pairs, and then further association between pairs of anions
takes place with spin~-pairing and destruction of paramagnetism.
Association is also favoured in the absence of steric hindrance-
in the aryl groups. Thus degrees of association fall in the
order, benzene)ether) tetrahydrofuran, and in the order
phenyl)o(-naphthyl)ﬁ-methylnaphthyl’) mesityl. The solid mono-
sodium salts are diamagnetic and associated as far as is known.

The disodium salts have been much less investigated but
as expected they have never been found to show paramagnetisim.
Triphenylborane with excess sodium amalgam (40%) in tetrahydrofuran
gave the disodium salt.37' Tri-arylborane-alkali metal
compounds are very reactive, iodine in ether is immediateiy
decolouriged,

2Ph3B'-Na+ + I,—> 2Ph,B + 2Nal.

Lo,

and with methanol a boron hydride derivative is obtained.
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2Ph3B'-Na+ + MeOH —> Na*(PhBBOMe)‘ + Na+(PhBBH)=.

Sodjum (or lithium) triphenylborohydride may also be prepared
by addition of an ethereal solution of triphenylborane to sodium
or lithium hydride. A better method involves heating the hydride

41' T

and triphenylborane at 180° until the melt solidified. he

salt is hydrolysed by water.

Na+(Ph3BH)_ + H30+—§- Nat + PnB + H, + H,0.

Tri-alkylboranes do not react with alkali-metals to
give saltsL+2e analogous to those discussed previously. SodiumuB'
and calcium“u' salts of a dialkylboron anion, (HB(CH3)2)2',
have been reported. Their method of preparation involves the
reaction of tetramethyl diborane with sodium or calecium in
liquid ammonia at -78°.

(c}13)4132x12 + 2Na + NHB-——‘?' NaaBH(CH3)2 + (CH3)2BH.NH
y2-

375 has a lone pair of electrons, and with

trimethylborane forms a stable addition compound; NaEHB(CHB)Z'BMe3°

3!
The ion, HB(CH

Trimethylborane with ethyl-lithium in benzene reacts
to give a salt,.Li+(BMe3Et)- 45', and trimethylborane with
methyl-lithium in ether solution gives the analogous compound
Li+(BMe4): 46. The latter compound in aqueous solution conducts
electricity, addition of acid liberates trimethylboraﬁe.

It is of interest to record that as long ago as 1862,
alkaline solutions were found to absorb trimethylborane, but no
crystalline product was isolated.47’ Triphenylborane however,

L8,49.

reacts with tetramethylammonium hydroxide in alcocholic solution
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+ - + -
PhBB + Me4N OH —>— Me,N (PhBBOH) .

The product crystallises with water or ethanol, and has been
shown to contain four covalent boron. Fusion of triphenylborane

with sodium hydroxide yields the salt, Na'(Ph,BOH)™, soluble

3

in water but slowly hydrolysed by acetic acid with precipitation
of triphenylborane. The s8low reaction with ammonium chloride
gives the ammine of triphenylborane.

Na(PhBBOH) + NH,+01—->' NaCl + 1>h}13.1\m3 + Hao.

Heating with sodium cyanide gave sodium triphenylcyanoborate.

50.

This compound may be obtained directly from triphenylborane
51.

and sodium cyanide.

NaCN + Ph33—>- Na(Ph3

The water soluble salt is more resistant to hydrolysis by acid

BCN).

than the corresponding hydroxy compound.

Tri- ®/-naphthylborane may be accurately titrated in
alcoholic solution with sodium alkoxides using phenolphthalein
52.

as indicator.

+ - + -
(0101{7)33 + Na OR —> Na (RO.B(C,.H )3) .

1077
Ammonia cocordination compounds of the type, RBB.NH3
( R = Me, Bu®) react with alkali-metals in liquid ammonia to
give salts.53’54'

] & -
12313.1\11&3 + M—e-Mw}B.Nﬂz) + %Ha.

The same salts are obtained by reaction with sodamide in

liguid ammonia.

+ -
. aNH_ ——>= R_B.N NH_.
RBB Nr:x3 + N > Na® ( 3 H2) + 3
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Similar compounds are formed in ethylamine solution,

Me_B.NH.Et + Li~—3> Li%(Me

3 > B.NHEt)™ + ZH,.

3

Tetra-alkoxyborates and related compounds.

Tri-ethyl borate was observed to form a 1:1 complex with
sodium ethoxide,55' Na+(B(OEt)4)-,and other tetra-alkoxyborate
compounds of the type, M(B(OR)4) M = Na, K. R = Me, Et, Pri;
M=1Li, Ca. R=Me; M= Tl. R = Et, Prn; have been prepared by

56.

a similar method. The method has been modified by preparing

the metal-alkoxide in situ.57'

M + 2ROH + 2B(OR)3-—=>— M(B(OR)4)2 + HZ'
M = Mg, Ca, Sr, Ba. R = Me, Et.

It is of interest to note that the corresponding beryllium
compound, Be(B(OMe)4)2 c¢ould not be prepared by this or other
methods.

The metal tetra-alkoxyborates are crystalline solids,
soluble in alcohols or tetrahydrofuran, but sparingly soluble
in other common organic solvents. They are generally thermally
stable, but on strong heating decompose to the metal alkoxide
and orthoborate.

58. ..

Novel complexes, L1(C6H5

were prepared from the corresponding orthoborate and phenyl-

B(OBui)3) and Li((06H502B(OBui)2)

lithium.
Tri-alkoxyborates react with sodium hydride under reflux

conditions to give tri-alkoxyborohydrides,59' (HB(OR)B)-
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R = Me, Et, Bu. Sodium trimethoxyborohydride may be obtained

directly from sodium, hydrogen, and trimethylborate.so'

250°/press

2Na + H2 o+ ZB(OMe)3

The technique has been extended with tetrahydrofuran as solvent

61,62.

2Na(HB(OMe)3) .
for sodium and lithium tri-alkoxyborohydrides. They

are stable white solids, and are powerful reducing agents.
Borate ions containing different groups will disproportionate

in certain instances, but this tendency is not usually a seriocus

63!

difficulty in their preparation.
NaBH(OR). reflux/TF,.  3NaB(OR), + NaBH,.
R = Me, Et, but not Prior But.

Sodium trimethoxyborohydride undergoes sevgral interesting

59.

reactions. Hydrogen chloride reacts to give dimethoxyborane,
Na(HB(OMe)B) + HCl~——>- NaCl + MeOH + HB(OMe)Z.
With diborane, trimethylborate and sodium borohydride were
obtained. Dimethoxyborane reacted similarly.
B He + 2Na(HB(OMe)3)——>—-2NaBHl‘_ + 2B(OMe);
3HB(OMe)2 + Na(HB(OMe)B)-—4>~ NaBH4 * BB(OMe)E.
Probably the most impo¥tant reaction of sodium trimethoxy-
borohydride is with boron trifluoride etherate, which was
originally the best preparation for diborane.

6Na(HB(OMe)3) + 8E'E20.BF —-—é-BZHG + 6NaBF4 + 613(0Me)3 + 8Et20.

3
It has been claimed that the ethoxides of Groupll metals

react with diborane in ethereal solution to give the corresponding



mono-ethoxyborohydride,M(EtOBHB)Z. 57+

Tetra-aryl and alkyl borates.

Lithium tetraphenylborate6 was obtained from triphenyl-
horane and phenyl-lithium. An improved method involved the
preparation of triphenylborane in situ, i.e. 1mole BFS.OEt2 and
kmoles PhLi. Similarly, boron trifluoride etherate with excess
phenylmagnesium bromide gave the compound, (MgBr)+(BPh4)-, from
which after removal of magnesium as carbonate, the addition of
sodium chloride gave sodium tetraphemnylborate.

65-

The lithium salt has been found monomeric in ether
solution over a wide range of concentrations. Sodium tetraphenyl-
borate, soluble in water and ether, is a valuable analytical
reagent66' particularly for potassium, rubidium, and caesium,

as the salts of these cations are practically insoluble in

waber. Some indication of the versatility of the tetraphenyl-
borate salts in analytical chemistry is given by the large

volume of published material.67'

Other tetraphenylborates have been prepared from the

lithium compound:

[o]
. H.O 200
LiBPh, + Me,NHGL _2°, (Me,NH)BPh, “— BPh + Me,N + CgH,
LiBPh, + Ph,PI MeOH_ (Ph,P)BPh, 2 weeks Ph,B + PPh,
AgBPh,, AgNO,/ MeOH LiBPh, CubBr,., CuBPh,,

(o]
) MeOH 55°/H,0
LiBPh, + PhN,Cl1 —— (Pth)BPhq_ 22 /72", Ph-Ph + PhN NPh.

The reaction of the sodium salt with mercuric chloride is

rapid and quantitative, and suitable for analytical purposes.
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NaBPh4 + 4HgC12 + 3H20-——4' 4Ph.HgCl + NaCl + 3HCl + B(OH)3

Al though the potassium and ammonium salts are insoluble in
water, cyclohexane, and benzene, they are soluble in chloroform,
and addition of mercury to these solutions gave diphenylmercury
and triphenylborane.ss' This was considered a free-radical
reaction involving the phenyl radical, particularly because
mexrcury reacted neither with triphenylborane nor lithium tetra-
phenylborate in aqueous solution. However, with lithium chloride
present, phenylmercury chloride was obtained in the latter

69.

Thermal decomposition of ammonium and amine tetra-

69-

instance.

phenylborates apparently proceeds by an ionic mechanism,

with elimination of hydrocarbon.

+ - 110°
(NHLP) (BPhu) SR 06H6 + HBN.BPhB.

The hydrolysis of substituted borates has not been fully
studied, and generally only qualitative observations have

70.

appeared in the literature. Certainly the tetraphenylborates

are among the most stable towards hydrolysis. A cold acid

7. but at 80°

solution of (BPhh)- does not easily decompose,
it decomposes thus:
- +
(B(CgHg),)™ + H —— Cely + (CLHg),B.
The cyanotriphenylborate anion is more resistant to hydrolysis
than tetraphenylborate.
Aryl ( o, m, p. CH3.06H4, P (CH3)2NC6H4-) analogues of

the tetraphenylborate ion have been prepared from the appropriate
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aryl-lithium and tri-alkylborane?z'

Lithium tetratolylborate
was insoluble in non-polar solvents such as benzene, but soluble

in acetone, ethanol, and water. The chelated anibn,

’\f
Ih

from 0,0'-dilithiobiphenyl and boron trifluoride etherate, is

slowly hydrolysed to di( o-phenyl-phenyl)boronous acid. Anions
73.

containing heterocyclic rings have been prepared.

7‘+c

Mixed aryl and aralkylborates are well established,
and are prepared for example from triphenylborane and aryl o#f

alkyl-lithium.

o)
Et20/-80

Ph,B + LiC=CPh .

3

This compound, with acids, generated phenyl acetylene, and with

Li(PhGEGBPh3). 75-

agueous iodine gave phenylacetylyl iodide.
Triphenylborane witho{-naphthyl-lithium gave,
10H7BPh ). 76. The ammonium or potassium salts are prepared

by cationic exchange. Mercury causes fission of ammonium compounds

Li( -C

in the manner shown below:

NH, (e -C, ,H BPhB)ﬁ- C,olg + FPh B.NH

1077 > >3
NH;, (CHBO=CyH,) 5) — 2CoHg  + pg,@(-c,lon,?)ﬂa -NH,

p-Dimethylamitophenyl-lithium gave with triphenylborane, a
complex which was converted to the potassium salt, and this on

heating with methyliodide in acetone afforded a "zwitterion".72'

(Me,NCoH,B.Pro)K ML Me3§cen4iph3
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Lithium methyltriphenylborate decomposed on exposure to air,
and fresh aqueous solutions gave no visible evidence of reaction
with potassium or ammonium salts, but after a prolonged period

ammonium tetraphenylborate precipitated from solution.

77

Lithium triphenylborohydride was obtained from

triphenylborane and excess lithium hydride. It may be crystallised

from dioxan, associated with five molecules of solvent. The salts

M(HBPhB) M = Li, Na, K, may be obtained by three methoés.78'

2Ph3B + GHEONa + NaH-——q—-Na(HBPhB) + Na(CH
'phBB + MH-—> M(HBPhB)

2Ph33M + CHEOH——*M(HBPhB) + M(CH3

Triphenylborane with sodium hydroxide or sodium cyanide

3OBPhB)

OBPh3)

gave the sodium salt of hydroxytriphenylborate or cyanotri-
rhenylborate respectively.

Sodium hydride will react with trimethylborane to give
sodium trimethylborohydride,sg' but the lithium salt is less
stable and only known in ether solution. Lithium methyl-
borohydride 79- has been prepared from trimethylborane and
lithium aluminium hydride.

Me;B + LiALH)—> Li(MeBHB) + Me,AlH.
Substituted borohydrides may be obtained by direct replacement
of hydrogen:

NaBH, + 4MeOH —— Na(B(OMe)4) + 4H2.

or by reaction of organomagnesium halides with boron trifluoride8

However, the most widely used method involves assemblage of
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the required radicals by coordination.
NaOMe + B(OMe)B_-—ar NaB(OMe)4

NaH + B(OMe)B—-——a— Na(HB(OMe)B)
4s.

81.

LiEt «+ Bl"le3 — Li(EtBMeB)

2LiPh + BZHG———*' 2Li(PhBH3)

Borohydride anions containing more than one boron atom.

Lipscomb predicted that a number of boron hydride anions,
and some cations, would be stable, and indeed several anions
apart from the borohydride anion,BH4- have been detected
experimentally.

Lithium or sodium borohydride in digiyme solutionga'

readily absorb half a mole of diborane per mole of borohydride.

The product is thought to contain the ion B_H " with a single

2”7

hydrogen bridge in the structure.

H

) i

H—?'H" ?"—H.
B H

No direct proof of this structure is as yet available, and one
can only suspect the B.H.B bond is present since the B11n.m.r.
spectrum shows all hydrogens to be equivalent.Sj'This effect
is undoubtedly the result of fast intramolecular rearrangement.
A single bridging hydrogen is suggested for the adduct formed
from pyridine-borane and diborane.

A white salt obtained from the reaction of sodium with

diboranesu' was assigned the formula NaZBZH6' It was subsequently
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85.

shown from X-ray diffraction studies that the product was

a mixture of sodium borohydride and an unknown compound. In
ether solution, sodium borohydride was separated from an ether

soluble salt of formula, NaBBH8.86°

2Na + 23236———%7 NaBH, + NaBBHS'
On the evidence of n.m.r. spectra, the structure shown below
87.

was suggested for the anion. ) /H ' —

vy/’ \\Qgh\
A

Sodium octahjdrotriborate is described as being thermally stable

to 200°, soluble in ethers, liquid ammonia, methanol, and water,

Dilute hydrochloric acid solutions are incompletely hydrolysed.

88.

More recently y the ion has been prepared in good
Yield from hydroboration of alkali-metal addition compounds of
naphthalene or triphenylborane with diborane in ether solutions.
Alternatively, tﬁe ion may be prepared from reaction of metal

borohydride with diborane in ether at 100°.
ethers
The diborane may be prepared in situ :

4BF, + SMBH, ether

3 2°

The anion may be isolated in high yield by conversion to the

tetramethylammonium salt. It has been suggested9' that the addition
compound of tetraborane with ammonia, B4H10.2NH3, has the

constitution, (HZB(NH3)2)+(B3H8)-.
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The observed B11n.m.r. spectrum of sodium occtahydrotriborate

in heated solution was replaced by absorptions corresponding to

. . s . - 2=
the formation of more complex anionic species, B11H1# s B12H12 0

i 1 t
and the salt, (MeBNH)2B12H12, was isolated from a heated

solution of sodium octahydrotriborate by the addition of trimethyl-

890

ammonium chloride.

In suitable solvents, decaborane has been shown to ionise

as a strong mono-protic acid, 0"

B10H14 + OH—-—-ér-B,mH,]3 + HZO .
The salt, NaB1OH13, has been isolated as a slightly yellow solid

91.

from the reaction of sodium and B1OH14 in ether. Attempts to

isolate a crystalline sodium salt from NaH and B1OH14 in ether
92,93.

ok.

were unsuccessful, but the triphenylmethylene phosphorane

salt has been prepared.

B1OH14 + PhBPCHZ———éb Ph3 1OH13)'

The diethylammonium and tetramethylammonium salts have-recently

95.

PCHB(B

been characterised.

Substituted ions, B, H Z~ where %2 = CN,CNO,CNS,OMe,
A\¥)

12
are prepared in ether solution.
o
- 0=25 -
]3,‘011,”+ + o B10H12Z + HZ'
Lipscomb predicted that the tetradecahydrodecaborate ion
would exist as a stable ion, B1OH1i-’ and indeed the sodium salt

is produced in high yield from decaborane and sodium in liquid

ammonia.
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- .- 2-
Biofliy + & —> B1of14ﬁ-31on1
Bjoyz + 2,

Titration of the disodium salt with acid results in the reversible
uptake of one proton with formation of B10H1;, and 'onium?
salts of this anion have been isolated.

Neutral ligand molecules displace hydrogen from decaborane
to give disubstituted products, B,. H,..+2X, and from such compounds

10712
96-

the decahydrodecaborate salts have been characterised.

The salt (Et3NH)ZB1OH10 is obtained in near quantitative yields
from B10H12.2MeCN and excess Et3N in refluxing benzene.
As indicated above, salts of the icosahedral ion, B12H1§-,

are prepared from hot aqueous solutions containing the octa-
hydrotriborate ion.89° The salt (EtBNH)B12H12 was prepared in
trace quantities from triethylamine and 2-iododecaborane-1h
in refluxing benzene.97’ A further synthesis of the ion has

been reported.98' X-~-Ray studiesgg' on the salt, CuaB,‘oH10 confirm

a polyhedral structure of th symmetry, and indicate covalent

interaction between Cu(I) and the B10H1g_ polyhedron. The

icosahedral structure has been confirmed by X-ray studies on

100.
the salt, KZB12H12.

The stability of salts containing the ions, B

and B12H1§-, to Heat, acids, bases, and oxidising agents has
101.

been investigated, and found to be very high compared to

2-
10H10 i

that of other boron hydrides. No decomposition occurs with hot
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alkaline solution, and B10H1g- reacts only slowly with hot acid.

Stable solutions of the free acids, H2B10H10. HZB12H12, are

obtained from acid ion-exchange resins and may be concentrated

at room temperature to crystalline hydrates. CSB12H12 may be

heated to 810° under vacuum without decomposition, and CSZB1OH1O

is unchanged at 600°. Large unipositive cations give relatively
water insoluble salts, and spectroscopic results for salts
containing polarising cations suggest interaction between the

cation and anion.

Lipscomb has suggested102' that complex ions derived

and B, H

2- 2- I .
from B1O 10 12842 could be formed by linking single

polyhedra by hydrogen bridges. For example, the species Bon1;-

2- . 2= : .
and B20H18 are predicted from B1OH10 , and regarding bridge
hydrogen bonds as replacement of 2B~H bonds, one from each

unit, by a single B.H.B bridge, an infinite chain of doubly

linked B10 polyhedra would approach the composition (B10H8)§-.

Indeed, one such ion, B20H1§- has been reported from the oxidation

of B1OH1S- by an acidified fexrric solution. 03
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EXPERIMENTAL.

Alkyl and arylboron chlorides, R,BCl and RBClZ, are

2
extremely moisture sensitive, and were therefore prepared and
handled under an atmosphere of dry, oxygen-free nitrogen.
Organic solvents, ethers and hydrocarbons, were dried
over sodium wire for several days prior to use. Halogenated
solvents were dried over anhydrous magnesium sulphate, and then

distilled onto magnesium sulphate.

Nitrogen purification.

'"White-spot! nitrogen was passed through a copper
furnace heated to about»350o to remove oxygen, and then through
a column of molecular sieve to remove water.

Periodically, the copper was regenerated by heating in
a slow stream of hydrogen, and water removed from the molecular
sieve by heating in vacuum for several hours.

Glove-box operations.

Occasionally it was necessary to handle air- or moisture-
sensitive compounds within a glove-box. The box used throughout
this work contained an atmosphere of dry, oxygen-free nitrogen.
In addition to the purification systém described above, it was
found advantageous to pass the nitrogen gas from the molecular
sieve through a trap cooled by liquid nitrogen to remove the
last traces of water.

A small circulatory pump was positioned within the glove

box to provide a continuous recycling process for the atmosphere




inside the box through the purification system.

Analysis of compounds.

The determination of carbon in the boronium compounds
described in this work generally resulted in low figures. This
effect has been widely observed, and is attributed to incomplete
combustion with formation of boron carbide. Combustion in the
presence of tungstic oxide gave improved results, but was still
not altogether satisfactory.

Boron analysis.

A method of g;néral applicability was developed, in
which compounds were decomposed by the oxygen flask technique,
and boric acid determined by titration against standard alkali
in the presence of mannitol with bromo-thymol blue as indicator.

The compound ( 20mg.) was weighed into a gelatin capsule,
and placed, with a filter paper fuse, in£o a plaﬁinum gauze
container. The sample was ignited in a 21. closed flask
containing 50c¢c. water in an oxygen atmosphere.

After combustion the contents of the flask were shaken
vigorously until all 'fog' dispersed, the solution washed into
a conical flask and boiled for several minutes to remove carbon
dioxide. The cooled solution was titrated against 0.01N. alkali
to a blue end-point with bromo-thymol blue. Mannitol ( 2g.) was
added, and the solution titrated to a blue end-point.

Determination of bipyridyl and o-phenanthroline.

The unusual hydrolytic stability of the boronium salts
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required the use of hot concentrated sulphuric acid for a
quantitative liberation of either bipyridyl or o-phenanthroline.
Quantitative studies confirmed the stability of both bases under
the conditions required for decomposition of the boronium salts.

The bases were determined colorimetrically after addition
of ferrous sulphate and ammonium citrate, and the instrument
response compared to a calibration graph prepared from solutions
of known strength.

A sample (30-50mg.) of the compound for analysis was
dissolved in 1cc. concentrated sulphuric acid, and the solution
heated to 180° for 20mins. The solution was diluted with water
to 100cc., and a 20cc. aliquot buffered to pH 5 with a 20%
ammonium citrate solution, 1cc.,7%, ferrous sulphate solution
added, and the solution made to 100cc. with water. The absorption
of the coloured solution was measured at 522mrkon an Eel-spectra
spectrophotometer using a 1em. cell.

Analysis for bipyridyl in salts containing either the
bipyridylyl-o-phenylenedioxyboronium, (I), or bipyridylylbis-
dimethylaminoboronium, (II), salts, required modification to the

above procedure.

— ,é +
)
\\ #? X

)\O/\ﬂ

Salts containing the cation, 1, were decomposed by sulphuric

acid and the resulting solution made strongly alkaline with
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sodium hydroxide solution. Free bipyridyl was removed by ether
extraction, and then re~extracted into dilute sulphuric acid.
The final solution was diluted to a known volume, and bipyridyl
determined by the colorimetric method previously described.

Acid decomposition on compounds containing the cation, II,
was found unsatisfactory. In these compounds, decomposition was
effected after refluxing with 3N. sodium hydroxide. Bipyridyl
wag removed by ether extraction, and re-extracted into dilute
sulphuric acid. After dilution to a known volume, bipyridyl
was determined colorimetrically.

Potentiometric titrations.

Nitrogen gas, presaturated with water vapour, was
introduced into the titration vessel contained in a thermostat.
The glass and calomel electrode assemblies were connected to a
Doran direct reading pH meter. Titrant was introduced into
the titration vessel from a micro-burette.

Aqueous alcoholic solutions of 2-2', bipyridylyldiphenyl-
boronium hydroxide, prepared from the chloride and freshly
prepared silver oxide, were titrated against a standard acid
sclution. The resulting titration curve (Fig.1) is that expected
for a strong base.

Aqueous solutions of 2-2',bipyridylyldiphenylboronium
hydrogen sulphate titrated against standard sodium hydroxide
solution (Fig.1) gave a titration curve that was consistent

with the formulation as an acid salt.



‘HOBN Jo IDH Npo'slw |

09 OS OF OE€ 02 04

_ | ' | .
, _ 7 : ! ) ! R b
: ! _ _ i . , _
_ ﬂ | : i i
! [ ) . . !
i H |
| d !
I
1
I




Lo

Preparation of reagents.

2,2'-Bipyridyl.

The crude solid from I.C.I. Dyestuffs Division was
available in the laboratory. Purification was effected by vacuum
sublimation at 70-80o and O.1mm.Hg pressure,m.p. 720.

o-Phenanthroline.

The compound was available commercially as a mono-hydrate.
Anhydrous o-phenanthroline was obtained from the hydrate by
vacuum sublimation at 1500 and O0.1mm.Hg pressure, m.pe. 120°.

Diphenylboron chloride.

Diphenylborinic acid was converted to diphenylboronous
anhydride, and this compound was reacted with boron trichloride
in methylene'chloride at -78° to give diphenylboron chloride.

Diphenylborinic acid. a) Prepared from trimethoxyboroxine

and phenylmagnesium bromide.

Trimethoxyboroxine ( 8.7g., 0.05moles ) in ether (90cc.)
was added over a period of 2hrs. to an ether solution of phenyl-
magnesium bromide (O.48moles), maintaining the temperature
between 24-26°. The mixture was stirred for a further 2hrs. after
the addition of boroxine, and then hydrolysed by the slow addition
of dilute hydrochloric acid (1:3 v.v.). The ether layer was
separated, washed three times with water, and distilled to low
volume.

Any boronic acid was removed by heating the crude product

with water (25¢c.) over a steam bath, and the liquid product,


http://C-.1mm.Hg

-3

diphenylborinic acid, purified by conversion to the monoethanol-
amine ester by the addition of aqueous ethanolamine (9cc. in 4Occ.
water). The ester collected after filtration was washed with
water and finally crystallised from methylated spirits. (Yield

of ester,19g.,56%; m.p. 195°),

b) Prepared from dichlorodiphenylamino-borane and phenylmagnesium

bromide.

Diphenylamine (191g., 1.13moles), purified by vacuum
distillation, was dissolved in benzene (900cc.), and the solution
slowly added over 3hrs. to boron trichloride (140g.,1.19moles)
dissolved in benzene (1800cc.) under an atmosphere of nitrogen,
and the temperature maintained at 6°. The resulting solution was
refluxed under a nitrogen atmosphere for about 1hr., during which
time hydrogen chloride was released.

Finally, the solution was concentrated by distillation to
a volume of about 1500cc., and the strength of the solution
determined by analysis.

Phenylmagnesium bromide (0.5moles) in ether (400cc.) was
added slowly with stirring, to an aliquot of the above dichloro-
diphenylamino-borane solution (325cc.=50g.Ph2NBClZ,) under a
nitrogen atmosphere. The mixture was refluxed for #Zhr., and then
hydrolysed with dilute hydrochloric acid to pH 6.0-7.0, The
organic layer was separated and solvent removed at the pump to
leave crude borinic acid which was heated with water (100cc.)

on a water bath to remove boronic acid.
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The borinic acid was dissolved in éther (100cc.) and
precipitated as the monocethanolamine ester by the addition of
ethanolamine (44cc. in an equal volume of water), and crystallised
free of diphenylamine from methylated spirits.(Yield of ester,
30g.,67%; m.p. 195°).

Hydrolysis of the ester to diphenylborinic acid.

The monoethanolamine ester was dissolved in a mixture
containing equal volumes of acetone and methanol, and hydrolysed
with dilute hydrochloric acid (12%). The borinic acid was ether
extracted and the solution dried with anhydrous magnesium sulphate
before removal of ether at reduced pressure from pure diphenyl-
borinic acid.

Preparation of diphenylboronous anhydride.

The borinic acid, prepared as described above, was pumped
{ 0.01'mm.Hg) at room temperature with frequent agitation for
3~4hrs., The resulting pale yellow solid was transferred under
nitrogen to a Soxhlet extractor, and extracted with hexane. The
coloured solution on cooling deposited white cé?tals of pure
diphenylboronous anhydride (m.p. 142°).

Preparation of diphenylboron chloride.

A solution of diphenylboronous anhydride (50g.,0.276moles)
in methylene chloride (160cc.), was added dropwise, with stirring
and under nitrogen, to a cooled (=78°) solution of boron
trichloride (16.8g.,0.143moles) in methylene chloride (60cc.).

Excess solvent was removed by distillation under nitrogen, and
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the last trace of solvent was removed at the pump. Diphenylboron
chloride was vacuum distilled from a crust of boron oxychloride
and purified by a further vacuum distillation.(b.p.82°/0.05mm.Hg,
Yield, 42g.,76%).

The methylene chloride used as solvent in this preparation
was purified by washing with successive portions of water, 10%
aqueous sodium carbonate, water, dried with anhydrous magnesium
sulphate, and finally distilled.

The transfer of solutions containing methylene chloride or
boron trichloride should be made through an all glass pourer,
and not poly-vinyl chloride tubing. Greased joints should not
be exposed to hot diphenylboron chloride, and are best replaced
by teflon sleeves, perhaps lightly greased with a fluorocarbon
grease.

Preparation of o-phenylenedioxyboron chloride.

A suspension of catechol (8.0g., 0.0?Zmoles), purified
by sublimation, in methylene chloride (50cc.) was added dropwise,
with stirring under nitrogen, to a solution of boron trichloride
(10g., 0.085moles) in methylene chloride at -78°. The mixture
was warmed to room temperature and the liberated hydrogen chloride
and excess boron trichloride were absorhbed by moist sodium
hydroxide pellets. Excess solvent was removed by distillation
under nitrogen, and the last trace of solvent was removed at
the pump.

The crude product was vacuum distilled, and purified by
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a further vacuum distillation.(b.p.6#°/10mm.Hg, Yield,10g.,91%).

Bisdimethylaminoboron chloride.

A sample of this compound was kindly supplied by Dr.M.F.

Lappert, and was used without further purification.

EXPERIMENTAL RESULTS.

The preparation of 2,2 -~bipyridylyldiphenylboronium chloride.

A solution of bipyridyl (6.2g., 0.Okmoles) in benzene (4Occ.)

was added dropwise to a stirred sclution of diphenylboron chloride
(8g., 0.04moles) in benzene (40cc.) under a nitrogen atmosphere.
A viscous yellow liquid separated from the benzene solution, but
after stirring for a few minutes the liquid was replaced by a
fine white powder. The solid product was washed with ether, and
pumped dry to give 2,2'~bipyridylyldiphenylboronium chloride,
(14g.,100%, m.p.333°(decomp.) 1it.329°).

The monohydrate was obtained by crystallising the chloride
from boiling water, and collected as fine needles, (Found: B,3.0;

bipy,41.2; C1,9.4. C BC1N,O requires B,2.9; bipy,41.7;

22%20 2
C1,9.5%).

The reaction between diphenylborinic acid and bipyridyl.

A small amount of an equimolecular mixture of diphenyl-
borinic acid and bipyridyl was heated to 200° for a few minutes.
The resulting melt was cooled and extracted with hot water and
addition of dilute mineral acid (hydrochloric, nitric, and

sulphuric acid) resulted in precipitation of the respective salts
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containing the bipyridylyldiphenylboronium cation. Yields from
this-preparation were extremely low.

The reaction was repeated in nitrobenzene and also in
benzene under reflux conditions, and after removal cf sclvent
by distillation, the concentrated solution was extracted with
hot water. Addition of dilute mineral acids resulted in precipitation
of the boronium salts, but the yield was again extremely low.

The preparation of bipyridylyldiphenylboronium chloride from

diphenylborinic acid, bipyridyl, and hydrochloric acid.

Diphenylborinic acid,(1.8g., 0.01moles), was refluxed
with a solution containing bipyridyl (1.5g., 0.01moles), in 50%
hydrochloric acid (50cé£.), for about 2hrs. During this period,
the upper layer of borinic acid gradually diminished, and after
cooling the colourless solution the hydrated chloride slowly
crystallised (1.5g.,50%).

The monoethanolamine ester of diphenylborinic acid may be
used instead of the free acid, and was found not to affect the
yield of the boronium chloride.

Diphenvlborinic acid, bipyridyl, and hydriedic acid.

The ethanolamine ester of the borinic acid (4.5g, 0.02moles)
was refluxed for about 3hrs. with a solution of bipyridyl
(3.1g., 0.02moles),in 40% hydriodic acid (100cc.). Bipyridylyl-
diphenylboronium iodide separated as the yellow crystalline

hydrate (5.5g.,60%).
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Diphenylborinic acid, bipyridyl, and sulphuric acid.

Diphenylborinic acid was observed to decompose on refluxing
with 50% sulphuric acid, and consequently no boronium salt was
isolated from this reaction.

Attempted preparation of 2,2'=bipyridylyldiphenylboronium hydroxide.

A freshly prepared suspension of silver oxide in alcohol
was made from silver nitrate (3g.) dissolved in water to which
was added a dilute solution of sodium hydroxide. The resulting
precipitate was repeatedly washed with water to remove excess
alkali, and finally washed with alcohol.

The alcoholic suspension of silver oxide was added to a
solution of bipyridylyldiphenylboronium chloride (1g.) in
alcohol (10cc.), and the mixture shaken for about 10mins. Excess
silver oxide and precipitated silver chloride were removed by
filtration, and the colourless filtrate was found to be
strongly alkaline (pH 12). Removal of solvent by flash distillation
left a yellow residue, which on pumping darkened to a brown tar.

This tar redissolved in alcohol to give a neutral, brown
coloured solution, and addition of excess dilute nitric acid
did not precipitate the nitrate, nor was free bipyridyl detected
in the alcoholic solution.

Preparation of bipyridylyldiphenylboronium salts from the base.

Addition of excess mineral acids to aqueous or alcoholic
solutions of bipyridylyldiphenylboronium hydroxide generally

resulted in the immediate precipitation of the corresponding
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salt. The salts were readily recovered by crystallisation from

water in which they are sparingly to moderately soluble.

Analytical data for several salts prepared by this method,

or by direct metathesis from the chloride in aqueous solution,

are presented in TABLE 1.

TABLE 1.

Z, denotes the 2,2'-bipyridylyldiphenylboronium cation,(PhaBbipy).

[0}

Compound (dezégg.) Found(%) Molecular formula Required (%) .
(z)0104 320 - 3bipy36.5 C,,H,gBC1N,0, -;bipy37.1
(z)Br,H,0 370 B,2.6;bipy37.3 C,,H,,BBrN,0 B,2.6;bipy37.3
‘(Z)I,H20 345 B,2.5;bipy34.0 C,,H,,BIN,0 B,2.3;bipy33.6
*(2)CNS 273 B,3.0;bipyl1.1 Co3H,gBN;S B,2.9;bipyl1.2
‘(Z)N3 217 B,3.0;bipy43.1 022H18BN5 B,3.0;bipy43.0
'(Z)SSPMe2 228 -;bipy35.5 ©C,,H,,BN,PS, -3;bipy35.1
*(2)BPh, 204 B,3.4;bipy25.0 CygHygB N, B,3.4;bipy2h.5

.(Z)NOB,%H20:263 B,2.8;bipy40.2 0223193N303'5

(z)nsoQHzo 275 B,2.7;bipy35.3 C,,H

ho |
oo o

.BN_O_S
i c )

B,2.8;bipy39.9

By2+5;bipy35.9

Salts marked by asterisk are isolated as yellow solids.

Preparation of 2,2'-bipyridylyldibutylboronium iodide.

Impure bipyridylyldibutylboronium chloride was prepared

from dibutylboron chloride and bipyridyl in benzene solution.



The chloride was dissolved in water, and to the solution was
added an aqueous solution of potassium iodide. The yéllow iodide
was precipitated and recrystallised from water. (Found: B,2.7 ;
bipy,37.5. 018H2531N2 requires B,2.7; bipy,38.3%. m.p.226°decomp.)

Preparation of o-phenanthrolinediphenylboronium chloride,

{Ph,Bo-phenan)C1.H,0.

o-Phenanthroline (3.6g., 0.02moles) in benzene (60cc.) was
added dropwise with stirring, under nitrogen, to diphenylboron
chloride (4g., 0.02moles) in benzene {(100cc.).

A viscous yellow liquid separated, but this changed to a
fine white powder after a few minutes stirring. No appreciable
increase in the temperature of the reaction mixture was observed.
The solid was collected by filtration, washed with ether, and
finally pumped dry to give o-phenanthrolinediphenylboronium chloride
(7.7g.,100%}, recrystallised from boiling water ( Found: B,2.7;

phenan,46.0. 024H20301N 0 requires B,2.7; phenan,i45.3%. m.pe275°

2
decomp.).

The corresponding nitrate, (PhZBo-phenan)NOB.%HEO, (Found:
B,2.7; phenan,43.7. C243193N3°z 5 requires B,2.6; .phenan,43.3%,

m.p. 209° decomp.), and iodide, (PhZBo-pbenan)I.H 0, (Found:

2
B,2.3; phenan,37.3 024H2031N20 requires B,2.2; phenan,36.9%,
MePo 330° decomp.), precipitated from aqueous solution after
addition of the appropriate acid to an aqueous solution of the

chloride. Both the colourless nitrate and yellow iodide were

recrystallised from het water.
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Attempted preparation of o=phenanthrolinediphenylboronium

hydroxide.

o-Phenanthrolinediphenylboronium chloride (2g.) was
dissolved in alcohol, and shaken with a freshly prepared slurry
of silver oxide in the same solvent. A purple~red colour developed
almost immediately, and after filtration, the solution was found
to be just alkaline (pH8.0). Addition of excess dilute nitric
or hydriodic acid failed to precipitate the nitrate or iodide.

In a further experiment the chloride (2g.) and silver
oxide were shaken in a water slurry, and no colour developed in
the solution. Excess silver oxide and silver chloride were removed
by filtration, and the filtrate was found to be strongly alkaline
(pH 12). Addition of excess dilute nitric or hydriodic acid
caused immediate precipitation of the boronium salt.

The aqueous solution of base was observed to thicken te
almost a jelly after standing for several hours, and was then
found to be neutral (pH 7). Addition of dilute nitric acid to
this 'jelly' failed to precipitate the boronium salt.

It was noted that addition of o-phenanthrolinediphenyl-
boronium chloride to an alcoholic potassium hydroxide solution
gave an immediate mauve solution, but o-phenanthroline under
the same conditions gave no colour.

The reaction between diphenylboron chloride and ethylenediamine

Ethylenediamine (1.2g., 0.02moles) in benzene(40cc.)

was added dropwise with stirring to diphenylboron:chloride



-52=

(4bg., 0.02moles) in benzene (50cc.) under nitrogen. A white
solid separated immediately; and an increase in the temperature
of the mixture was noted. The solid was collected by filtration,
washed with ether, and pumped dry to give the product (5g.,100%),
(Found: B,4.1; C1,13.6 C14H18301N2 requires B,4.2; C1,13.6%,

MePos 322o decomp.). The product was soluble in water, but’

could not be recovered from solution. Addition of dilute nitric
acid, or potassium iodide, to the solution did not precipitate
an insoluble salt.

The reaction between diphenylboron chloride and N,N,N',N'-tetra-

methylethylenediamine.

The amine (1.2g., 0.01moles) in benzene was added drop-

wise and with stirring to diphenylboron chloride (2g., 0.01moles)

in benzene (15c¢cc.) under nitrogen. The final pale yellow solution
was cloudy, and after refluxing for about 1hr., a small amount

of white so0lid separated from solution. The solid was collected
by filtration, washed with ether, and pumped dry. Prolonged
exposure to air or solution in water resulted in hydrolysis of
the solid.

The reaction between o-phenylenedioxyboron chloride and bipyridyl.

Bipyridyl (8.5g., 0.054moles) in benzene (100cc.) was
added dropwise to a stirred solution of o-phenylenedioxyboron
chloride (8.2g., 0.054moles) in benzene (50cc.) under nitrogen.

Initial addition of the bipyridyl solution gave a red

precipitate which quickly turned yellow; and after addition of




one half of the bipyridyl solution the precipitate was mostly
yellow, but did contain some red material. The product after
addition of the second half of the bipyridyl solution was an
intense orange coloured solid.

The air sensitive product was Soxhlet extracted with
benzene to remove any unreacted reagents, and then with methylene
chloride in an attempt to separate the mixture of products.

Early extractions were apparently richer in the red constituent,
but the final solution gave only the original orange mixture.

In subsequent reactions, considerable attention was paid
to the exclusion of air and moisture, but in all instances, the
final product was an orange solid. In one experiment, o-phenylene-
dioxyboron chloride was added to the bipyridylsolution, and in
this case a yellow solid formed initially, but the final product
was the usual orange mixture.

The mixture in water gave a yellow solution in which chloride
and free bipyridyl were detected. Concentration of such solutions
to low volume did not give a solid product.

Preparation of bipyridylyl-o-phenylenedioxyboronium iodide and

perchlorate.

A sample of the above mixture was dissolved in water to
give a yellow solution, which was filtered from a small amount
of an insoluble red solid. To the solution was added an aqueous
solution of potassium iodide and the mixture set aside for

several hours, during which time orange crystals of bipyridylyl-
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o~phenylenedioxyboronium iodide tetrahydrate separated from
solution (Found: B,2.3; bipy,33.0; I,26.6. °16H2031Na°6 requires
By2.3; bipy,33.0; I,26.8%). The salt is rapid}y hydrolysed by
boiling water; and decomposes when heated.

The corresponding perchlorate was obtained as yellow

needles from agqueous solutions of the iodide and sodium perchlorate
. X - 0
(Found: bipy,41.1. C,gH15BCLN,0, requires bipy,41.8%) .

The reaction between bisdimethylaminoboron chloride and bipyridyl.

Bipyridyl (6.3g., O.Olmoles) in benzene solution was
added dropwise with stirring to a benzene solution of bisdimethyle
aminoboron chloride (5.3g., O.Olmoles) under nitrogen. The
initial yellow solution deposited an orange solid with the continued
addition of the bipyridyl solution.

The mixture was filtered under nitrogen and the orange
solid (7.8g.) washed several times with ether before pumping off
solvent. The yellow filtrate was discarded.

A small sample of the orange solid quickly decomposed on
exposure to air with liberation of free bipyridyl and dimethyl-
amine. The solid was found to be soluble in a variety of polar
and non-polar solvents to give coloured solutions, and in
particular, addition of silver nitrate solution to a yellow
aqueous solution gave an impediate precipitate of silver chloride.
Analysis of the orange solid suggested a mixture of products
(Found: C1,13.8; bipy,58.7. (bipyB%MeaN)Z)Cl requires Cl,12.%;

bipy,53.7%) .
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Preparation of bipyridylylbisdimethylaminoboronium tetraphenyl-

borate. (bipyB(NMe,lz)BPhh;

An isopropanol solution of the impure chloride, preparéd
as described above, was mixed with a solution of scdium tetra-
phenylborate in the same solvent. An orange precipitate was formed
immediately and this was collected by filtration.

Exposure of this solid to air did not cause any apparent
decomposition, and in particular, no free bipyridyl nor dimethyl~
amine was detected. The solid was insoluble in water,alcohol,
and acetone, but very soluble in chloroform to give a red solution.

The s0lid was recrystallised from ether-chloroform®
mixtures as red rhombic crystals contaminated with dimethyl-
ammonium tetraphenylborate (identified from m.p. and comparison
of the i.r. spectrum with that for an authentic sample of dimethyl-
ammonium tetraphenylborate). A pure sample of bipyridylylbis-
dimethylaminoboronium tetraphenylborate was obtained after
several recyystallisations from the chloroform-ether solvent,
(Found: C,78:8; H,7.5; B,3.6; bipy,26.9. 038H4032N4 requires
C,79.4; H,7.0; B,3.8; bipy,27.2%)-

* The chloroform-ether mixture was prepared as follows:-
A strong chloroform solution of the impure salt was prepared,
and to this was added ether just to the point of precipitation.
The solution was set aside in a closed flask until precipitation

occured.
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Ultraviolet and visible.absorption spectra for some boronium salts.

Spectra were recor&ed with an OPTICA CF4 recording grating
spectrophotometer.

In the series of salts (PhaBbipy)+X-, where X = Cl, Br,
NOB, 3804, 0104, the compounds are white solids. However, where
X=1I, CNS, N3, SSPMea, BPh4, the salts are yellow solids,
dissolving in water to give colourless solutions. Solutions of
these salts in solvents of low dielectric constant are strongly
coloured. Similar observations hold for the series, (thBphen)+X-,
and (Bungipy)+I-.
In contrast, the salts, bipyridylyl-o-phenylenedioxy-
boronium iodide and perchlorate, give coloured aqueous solutions.
These colours are considered due to charge-transfer
transitions from the anion to the "[[-electron system of the
bipyridyl or phenanthroline. Such a transition will require the
anion ana cation to be in fairly close proximity. In solutions
of polar solvents the ions will be separated and no transfer of
charge is to be expected.

In the following tables are to be found details of the
u.v. and visible absorption spectra for several boronium salts

in solvents of varying dielectric constant.



TABLE 2.
Molar extinction coefficients for several boronium salts,
(2 = (PhZBbipy); C = (PhZBphenan).), obtained in methanol

solution (10-5mol/1)=

Anf) log E.
21 ZCN8 aN, ZBPh, cl1

199 4.2355 4.4011 4,3532 L.3643 4.3389
209 47040 b,6412 4 ,6081 5.0055 4,6849
219 4,5821 4.3945 4.3740 4 7245 4,784
229 b 4314 k.2720 k,2290 4.5725 k.6672
239 4.3849 4,3389 4,3129 4.5437 4,2355
249 41453 4.1358 L ,1066 b.2644 347993
259 343655 3+3909 3.3747 3.7324 349791
269 3.2480 3.2148 3.1644 3.5705 L. 2904
279 3.4728 3. 4440 3.3909 3.4983 L 4723
289 3.8028 3.7745 3.7404 3.7443  4.0802
299 4,0656 k.0331 4,0103 3.9983 3.8325
309 4.1066 4,0965 4,0592 3.9274 3.6875

319 %.8910 3.9217 3.8579 3.8938 2.9868




Molar extincion coefficients for bipyridylyldiphenylboronium
chloride in chloroform (10-3mol/l), and bipyridylyl-o-phenylene-

dioxyboronium iodide in methanol (10-3mol/1).

(Ph_Bbipy)Cl {C.H, 0, Bbipy)I
M) log E /\(mﬁb) log E
319 - 327 -
329 - 337 2.6588
339 - 2.8245 347 1.8938
349 2.3459 357 1.7818
359 1.9070 377 1.7251
369 1.5866 397 1.7042
379 1.4298 417 1.6128
389 1.3483 437 14654

Ls7 1.3010
477 1,041k
#97 0.6435




TABLE 4.

Molar extinction coefficients for (thBbipy)I in solvents

of varying dielectric constant.(10'3mol/l).

Aafs)

319
329
339
349
359
369
379
389
399
Log
419
L29
439
kg
459
469
479
L89
499

519

cEel,

3.2477
3.2477
3.0671
2.8311
2.6471
2.4911
2.4210
2.3740
2.3600
2.3389
2.3098
2.2797
2.2106
2.1262
2.0216
1.8488
1.6693
1.3483
0.8195

3.1911
3.0195
2.7986
2.6353
2.4849
2.3945
2.3389
2.3098
2.2720
2.2u485
2.2274
2.172k4
2.0867
1.974#1
1.8325
1.6609
1.4298
1.0414

log E
Cl.CH..CH..Cl

3.129%
2.9693
2.7923
2.6294
2.4723
2.3532
2.2720
2.2106
2.1987
2.1812
2.1724
2.1358
2.0867
2.0103
1.8938
1.7634
1.5966
1.4983
1.1206

2.7923
2.5035
2.1934
2.0149
1.9217
1.8325
147251
1.5866
143483
1.1903
1.0414
0.8195
0.3424

C,H 08

3.1294
2.6175
2.2720
1.6609

CH_OH
_3——

2.8580
2.3489
1.8162
1.1206
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TABLE 5.
Molar extinction coefficients for several boronium salts,
(2 = Ph,Bbipy; D = C.H,0,Bbipy; E = (MeaN)aBbipy) in chloroform
-3
‘solution (10 “mol/1).

Az log E.

4CNS EH5 ZSSP(Me)2 DI EBPhh
337 2.,9907 3.0237 3.2610 - 3.3619

347 2.7366 2.7672 3.0923 3.1632  3.2303
357 2.4911 2.5211 2.9190 3.0298  3.1523
367 2.4038 2.3643 2.7759 2.8513  3,1000
377 2.4077  2.3025 2.6648 2.6353 3,051
387 2.4275  2.3025 2.6057 2.4404 33,0216
397 2.4038 2.3318 2.5701 2.2949  2.9907
Lo7 2.3054 2.3459 2.5401 2.2156  2.9474
b7y 2.1987 2.3532 2.5217 2.2073 2.8994
L27 2.0216  2.3432 2.5035 2.2485 2.8513
Lz7 1.7993 2.3129 2.4533 2.2874  2.7859
Lo 1.3655 2.2644 2.3807 2.3025 2.7257

L57 - 2.1953 2.2874 2.3098 2.6660
467 - 2.1165 2.1635 2.3098 2.6033
Lo - 2.0103 1.9983 2.2797 2.5279
L87 - 1.8938 1.8062 2.2400 2.4469
Lg7 - 1.7443 1.5866 2.1635 2.3532
507 - 1.6128 1.2695 2.0965 2.2402
517 - 1. 4440 - 1.9983 2.1066
527 - 1.3010 - 1.8639  1.9538
537 - - 1.0414 - 1.7251  1.7520
547 - 0.6435 - 1.5302  1.3979

557 - - - 1.3010 -
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TABLE 6:- INFRA-RED SPECTRA.

{Ph,Bbipy)Cl.H,0.

3472; 3413s8(sh); 3077m; 2994m; 1626vs; 1600m; 1567w; 1508m;
14758; 1453s; 1431m; 1316s; 1258w; 1205w; 1193s; 1183w; 1152s;
1120m; 1087w; 1078s; 1030vw; 995vw; 909vw; 895vw; 881w; 873w;
814w; 781vs; 775m(sh); 749m; 733s; 725vs; 704vs; 633w; 614m.
(Ph,Bbipy)Br.H,0.

3472s; 3413s(sh); 3077m; 3040m; 2994m; 1618vs; 15928; 1563m;
1504s; 1471vs; 1449s; 1311vs; 1261m; 1250m; 1205m; 1190vs; 1179m;
1149vs; 111785 1087m; 1075s; 1026w; 995w; 907vw; 893vw; 881m;
873m; 834vw; 816m; 803vw; 775vs; 769s(sh); 748s; 732vs; 721vs;
704vs; 630m; 614s.

(Ph,Bbipy)I.H 0.

340;vs; 3049m? 2994m; 1618vs; 1563w; 1499; 1466s; 1449vs; 1429s;
14228; 1309m; 1261w(sh); 1250w; 1208w; 1192s; 1179w; 1149vs;
1114s; 1087w; 1072vs; 1028w; 995w; 898w; 877m; 833vw; 813w; 803w;
772vs; 763m{sh); 752ve; 741m; 732s; 721vs; 709s(sh); 704vs; 647vw;
634w; 626vw; 61k4s.

{Ph,Bbipy)CLO, .

3448m; 3058w; 3012vw; 1623vs; 1567w; 1504m; 1471s; 1453vs; 1433m;
1429m; 1316s; 1253m; 1212w; 1198s; 1183w; 1152s; 1107vs; 1087vs;
1075vs; 1031m; 1000w; 971vw; 930vw; 899w; 881m; 836vw; 814m;
772vs; 752s; 741s; 735s; 7258; 704vs; 635m; 623vs; 614s;
(Ph,Bbipy)CNS.

307;m; 3049m; 2994m; 2062vs; 1618s; 1563m; 1502m; 1471s; 1449s;
1429s; 131283 1250m; 1208w; 1193s; 1179m; 1149s; 1117s; 1089w;
1075s; 1031m; 995w; 897w; 877m; 836vw; 816w; 806vw; 770vs; 763m(sh);
749s; 732s; 721vs; 699vs; 667vw; 647vw; 634w; 626w; 612s.
(PhaBbipy)NB.

3390s; 3058m; 3003m; 2119m; 2033s(sh); 2012vs; 1626vs; 1567w;
1511m; 14745; 1456vs; 1433%; 14298; 1312s5; 1256m; 1209m; 1195s;
1182m; 1149s; 1119m; 1089w; 1075s; 1029w; 995w; 895w; 877m;

873m; 833vw; 81bw; 772vs; 749s; 741s(sh); 732vs; 721vs; 703vs;
647vw; 633w; 626w; 614s.
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{Ph,Bbipy)sSPle,.

3030m; 2959w; 2882w; 1618vs; 1590w; 1563m; 1497s; 1464s; 1453vs;
1433m; 1429s; 1408s; 1397m; 1346w; 1311s; 1277w; 1263s; 1250m;
1209m; 1193s; 1149s; 1111s; 1083m; 1070vs; 1026m; 995m; 936s;
897vs; 889vs; 877s; 870s; 835s; 813m; 773vs; 763s; 7528; 735vs;
723vs; 704vs; 698vs; 633m; 602vs; 501s.

{Ph_Bbipy)BFPh, . |

3030m; 2986w; 1709w; 1626s; 1575m; 1504w; 1473s; 1453s; 1429s;
1316m; 1258w; 1220w; 1198m; 1182w; 1163w; 1149m; 1120m; 1091w;
1075m; 1031m; 1000vw; 880w; 867m; 846w; 810w; 769s; ?742s; 731vs;
7358; 702vs; 633w; 624w; 613s; 60k4s.

(Ph,Bbipy)NO, .2H,0.

3448m; 3077w; 3003w; 1621vs; 1567m; 1506m; 1471s; 1456vs; 1439vs;
1385vs; 1362vs; 1316vs; 1261m; 1209m; 1198s; 1183m; 1153s; 1120m;
1092w; 1076s; 1031w; 1000w; 909m(sh); 901m; 885m; 838w; 828m;
815m; 775vs; 753s; 743s(sh); 735s; 724vs; 709vs; 6U4Bw; 634m;
627w; 614s.

{Ph,Bbipy)HSO, .H,0.

34138; 3333m(sh); 3077w; 1626s; 1570w; 1508m; 1471m; 1456vs;
1429m; 1314s; 1294w; 1255m; 1211vs; 1198vs; 1163s(sh); 1153vs;
1124m; 1090w; 1076m; 1045vs; 893m(sh); 886s; 866s; 858s(sh); 816w;
775s(sh); 772vs; 760m; 746s; 735s; 722vs; 702vs; 633m; 612s;
592m; 578s.

(Ph_Bphenan)Cl.H 0.

33955; 3030m; 29;4m; 1653m; 1626s; 1605m; 1575m; 15208; 1471m;
1439vs; 1403m; 1346vw; 1325w; 1316w; 1266w; 1224m; 1198s; 1147s;
1120w; 1098vw; 1068vw; 1031w; 995vw; 941m; 965m; 885w; 852vs;
840m; 784m; 758s; 732vs; 714vs; 690vs; 639m; 618m.
(Pthphenan)I.H,g.

3448m; 3030w; 3803w; 1653w; 1626s; 1580m; 1527s; 1481vw; 1439vs;
1429m(sh); 1408w; 1370w; 1319w; 1266w; 1220w; 1205s; 1149s; 1117m;
1031vw; 995vw; 947w; 943m; 926w; 885w; 847vw; 800w; 787w; 760s;
738s; 729s; ?09vs; 6L43w; 632vw; 617m.
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(Ph,Bphenan)NO. . 3H,0.

344885 3049m; 3003w; 1653w; 1626s5; 1575w; 1522s8; 1475w; 1431s;
1422m(sh); 1403m; 1372vs; 1342vs; 13168; 1261w; 1227w; 1215m;
1200s; 1149s; 1139m; 1119m; 1089vw; 1065vw; 1029vw, 995vw; 947w;
94Oom; 921w; 885w; 847s(sh); 841vs; 8368(sh); 826m; 757m; 735s;
709vs; 705vs; 641w; 633w; 617m.

(Bu,Bbipy)I.

3040m; 3003m; 2941m; 2899m; 1618vs; 1563m; 1499s; 1471vs; 1449vs;
1439vs; 1418s; 1376m; 1370m; 1316m; 1304m(sh); 1277w; 1266m;
1250m; 1220m; 1205m; 1190w(sh); 1163m; 1151vs; 1133w; 1111s;
1096m; 1072vs; 1053m; 1028m; 1010w; 963m; 923m; 901w; 803m; 781vs;
732vs; 690m; 646m; 590m. )

{CH) 0, Bbipy)I.4H 0.

3497vs; 3425vs; 3096m; 3058m; 3012m; 1626s; 1618s; 1600w; 1570m;
1506s; 1477vs; 14S56vs; 1439m; 1429m; 1361m; 1348w; 1316s; 1261s;
1230vs; 1205m(sh); 1200m; 1176s; 1149vs; 1124vs; 1111s; 1099s;
1078s; 1032vs; 1015s; 1000m; 922w; 865w; 8432m; 817s; 800s; 779m;
763vs; 758s(sh); 746s; 721s.

(C¢H,0,Bbipy)C10, .4t 0.

3448m; 3106m; 3067m; 1639s; 1626s; 1600m; 1575s; 1515s8; 1477vs;
1460vs; 1439s; 1370m; 1353m; 1319s; 1266s; 1235vs; 1198vs; 1149vs;
1093vs; 1026vs; 925s; 865s; 840m; 814s; 800s; 769vs; 763vs;

725s; 618vs;

(bipyB(NMe),)BPh, .

2049; 2976m; 2867; 2825m; 2762m; 1616s; 1575m; 1555w(sh); 1497m;
147183 144985 1418s; 13308; 1307s; 1290m; 1263w; 1255w; 1200m;
1176s; 1163m; 1156m; 1111m; 1089s; 1064s; 1053s5; 1029m; 1010s;
961w; 901w; 862m; 8u4Om; 769s; 748s; 735vs; 728ve; 71ks; 704vs;
666m; 629w; 621w; 608s.

Abbreviations:- vs = very strong; s = strong; m = medium

w = weak; vw = very weak; sh = shoulder.
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DISCUSSION.

The boronium salts described in this work, and those
described by other workers, contain a coordinately saturated boron
ion, and this fact is reflected ir the overall stability exhibited
by many of the reported boronium salts. In particular, the
bipyridylyldiphenylboronium cation displays marked hydrolytic
stability to boiling water, and even hot solutions of strong acids.

It is perhaps of interest to compare the original

preparation1 of bipyridylyldiphenjlboronium chloride from
bipyridyl and diphenylboron chloride in nitrobenzene solution ,
with that for the same reactants in benzene solution. Conductivity
measurements of diphenylboron chloride in nitrobenzene solution
show the existence of a diphenylboronium ion, and this will
certainly be associated with solvent. The addition of bipyridyl

to this solution results in an exothermic reaction, presumably

as the bidentate ligand replaces -the solvate molecules. In benzene
solution however, no ionisation of the boron chloride is to be
expected and the first stage of reaction with bipyridyl must be
initial donation from a single nitrogen atom to the boren. This
stage of the reaction probably corresponds to the observed

viscous liquid product separating from benzene solution. The

onset of salt formation requires displacement of chloride ion
with chelation by the second nitrogen atom of the bipyridyl.

Formation of bipyridylyldiphenylboronium halides from

diphenylborinic acid and bipyridyl in acid solution necessarily
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requires displacement of a hydroxyl group from the borinic acid.
This rather unusual reaction holds some similarities to the
reactions of alkyl and aryl boronic acids or their esters, with

2,3,4.

aromatic diamines. In particular, boronic acids with
o-phenylenediamine in refluxing toluene form dihydrobenzobora-

i diazoles.

HN—7 NE—7 |
PhB(OH), + 2 F‘ “—‘? Ph—-—-B_'/ \ \\ + 2H,0

It appears that the spatial relationship of amino groups in
o-phenylenediamine, and the formation of a five membered ring
in the product are important factors in this reaction. A low
melting 1:1 adduct has been isolated from agueous methanol
sélution, and i.r. examination of this complex displayed the
presence of amine groups as well as the hydroxyl group of the
boronic acid. Subseguent melting of the adduct resulted in
cyclisation.

The attempted preparation of boronium cations containing

ethylenediamine or N,N,N!N',tetramethylethylenediamine must be
regarded as unsuccessful. Reaction of diphenylboron chloride

with ethylenediamine in benzene solution gave an insoluble product
with a composition in agreement to that for the boronium salt.
However, this reaction was found to be exothermic, and the

general properties of the salt-like product suggest an amine-
hydrochloride. The very small amount of salt-like solid obtained

from the reaction with N,N,N!N'-tetramethylethylenediamine was
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found to be readily hydrolysed in aqueous solution. The small
yYield of product and its hydrolytiec instability suggest that
steric overcrowding may prevent the formation of a stable boronium
salt.

Reaction of e-phenylenedioxyboronchloride or bisdimethyl-
aminoboron chloride with bipyridyl in benzene solution give
products from which the boronium salts may be isolated, but there
can be no doubt that the initial product is a mixture containing
at least two constituents. The unexpected complexity of this
reaction, compared to that with diphenylboron chloride is difficult
to explain, but may involve a 1:1 adduct with only one nitrogen
from bipyridyl donating to the boron atom.

The free bases, (PhaBbipy)OH and (PhZBphenan)OH, could not
be isolated, but aqueocus solutions were prepared from the
corresponding chlorides and freshly prepared silver oxide, and

these solutions were found to be strongly alkaline,pH~12,

Alcoholic solutions of the strong base, (PhaBbipy)OH, were
apparently stable at room temperature, but attempts to concentrate
the solution gave only a brown-tar, neutral to litmus paper, and
contained neither the boronium cation, (PhaBbipy)Q} nor free
bipyridyl. Reaction of the salt, (PhaBphenan)CL;with silver oxide
in alcoholic solution yielded a neutral,(pH 8), deep purple-red
solution which contained no boronium ions, (PhaBphenan)+. Aqueous
solutions of the base, (thBphenan)OH, became viscous after

several hours at room temperature, and were no longer alkaline.
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It was noted that addition of o-phenanthrolinediphenylboronium
chloride to an alcoholic potassium hydroxide solution gave an
immediate mauve coloured solution, but o-phenanthroline under
the same conditions produced no colour.

These observations suggest decomposition of the boronium
cation following nucleophilic attack by hydroxyl or alkoxide
ion on the heterocyclic nucleus.

Metathetical reactions.

The yellow iodide, (PhaBbipy)I, is only sparingly soluble
in water, and is precipitated when potassium iodide is added to
an aqueous solution of the boronium chloride. The colourless
bromide is a little more soluble. The thiocyanate, azide, tetra-
phenylborate, qnd dimethyldithiophosphinate, are all formed as
yellow precipitates in aqueoﬁs solution; the dimethylphosphinate
in contrast, is colourless and very soluble in water (it was
prepared from the hydroxide and dimethylphosphinic acid, and not
purified). The colourless perchlorate and nitrate are very
sparingly soluble, and are precipitated at once from aqueous
solutions of the chloride: the solubility of the nitrate in
water at 25°, 3.6)('.10-3 moles 1-1., was calculatéd from the
conductance of its saturated solution. The conducfance of the
chloride, (PhaBbipy)Cl, in water at 25° was appropriate for a
1:1 salt, the molar conductance varied linearly with C% over

N

the range from 2X10 = to 0.01M, whence the conductance at zero

concentration is 100.0 and the mobility of the boronium ion found
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to be 23.7.

A sparingly soluble acid sulphate, (PhaBbipy)Hsou.HZO,
is precipitated when dilute sulphuric acid is added to an agueous
solution of the chloride. This was identified as an acid sulphate
by potentiometric titration, and the water could be removed by
heating at 140°/0.01mm.Hg. for 2hrs. The normal sulphate is
evidently much more soluble, since no precipitate results when
aqueous sodium sulphate is added to a neutral solution of the
chloride, but addition of hydrochloric or sulphuric acid causes
immediate precipitation of the hydrogen sulphate. It is surprising
that not only the acid sulphate, but also the nitrate,chloride,
bromide, and iodide crystallise from water as hydrates. Similarly
2O, crystallised as monohydrates,

1

and all absorb in the infra-red spectrum near 3470cm .

the halides, (PhZBphenan)X.H

If the yellow iodide, (PhZBbipy)I.Hzo, is kept at room
temperature for several hours at a pressure of less than 0.01mm;Hg,
the colour changes to orange, and the absorption at 347Ocm-1
of a Nujol-mull prepared in a dry-box disappears. If a potassium
iodide disc is prepared from this material in the usual way,
the presence of water is then apparent from the spectrum. The
anhydrous orange iodide takes up water when exposed to the air,
reverting to yellow, and the absorption at 3470cm-1 returns.

The yellow iodide, (PhZBphenan)I.Hzo, is observed to undergo the

same colour change during pumping at room temperature, and

exposure of the orange solid to air results in a colour change
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back to the original yellow solid.

The yellow bipyridylyldibutylboronium jodide, (Bungipy)I,
crystallises from water? after addition of potassium iodide to
an aqueous solution of the chloride, in an anhydrous condition
and prolonged evacuation of the crystals at less than 0.01mm.Hg.,
results in no colour change. Of the salts prepared, only the
perchlorate, thiocyanate, azide, dimethyldithiophosphinate, and
tetraphenylborate, crystallise in anhydrous form.

Addition of excess @ilute acid (hydrochloric, hydrobromic,
hydriodic, nitric, sulphufic, perchloric acid) to an aqueous
solution of either (PhZBbipy)OH, or (PhZBpheﬁan)OH, results in
immediate precipitation of the corresponding salt.

Light absorption.

Since the coloured salts give colourless solutions in
water (hot water in many instances), the colours are considered
due to charge-transfer transitions from the anion to the'Tf—electron
system of the bipyridyl or phenanthroline. This behaviour is
similar to that of the methiodides of several heterocyclic bases
(e.g. quinoline methiodide), and has been discussed by Kosower
and Burbach?' who made a detailed study of methylpyridinium
iodide and showed that the absorption at about BOOmILL was greater
in ethanol than in water. These authors were able to explain on
this basis Hantzsch's observations?' that the colour of ethyl-
pyridinium iodide changes from colourless in water, in which the

salt would be ionised and the ions well separated to deep yellow



in chloroform in which the salt would exist mainly in the form

of ion-pairs or more complex aggregates.

| ‘The salts, (Rh(bipy)B)XB and (Rh(2,2!2}4! terpy)a)x3, where
X =2¢1, Br, I, SCN, C10,, have been prepared.7' In these
'compounds,-colours increase with increasing polarisability of the
anion, ranging from colourless for the perchlorate and hydrated
chloride, through various shades of'yellow to a deep orange-red
for the anhydrous iodide. Interionic charge transfer is considered
and the increase in colour on dehydration, indicating a shift of
the absorption to longer wavelength, is a result of the closer
approach of the ions, lowering the energy required for charge

transfer. The authors suggest charge tfansfer may occur by

donation of charge from the anion to either the central metal

atom, or the aromatic ring ;ystem of the ligand.

It is also of interest to note that colourless salts,
(Ga(phenan)3)013, (Ga(phenan)B)BrB, and orange-yellow (Ga(phenan)3)13
are precipitated from ethereal solutions of gallium halides with

phenanthroline. The complexes are apparently stable in aqueous
solution, but unfortunately the reference does not indicate the
colour of the iodide in solution.

The bipyridylyldiphenylboronium salts discussed in this
work were found to have strong absorption (log E, 4.5-5.0) at
about 210mFL. with a shoulder or subsidiary peak at 235-240m*& R
and less intensely (log E 4) at about 300-310m¥1. Phenanthroline-

boronium complexes have quite different spectra in this region
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and the absorptions are no doubt due to'ﬁ(-’“‘ transitions within
the heterocyclic system. The absorptions at longer wavelength,
causing visible colour, are shown in FIG 2., which refers to

‘IO-3 M. solutions of bipyridylyldiphenylboronium iodide in four
solvents.

The absorptions in the polar solvents (curve A methanol,
curve B ethanol) are the long wavelength tail of the 300—310mrb
band already mentioned, but in butanol (dielectric constant 17
at 250, curve C), an inflection due to the charge-transfer is
apparent, and in chloroform (dielectric constant 4.8, curve DY),
the broad charge transfer band extends to about SOOm¥L. Spectra
in methylene dichloride and ethylene dichloride (dielectric
constants 9.1, and 10.4) are similar to curve D. These results
are therefore in agreement with increasing charge=transfer as
the dielectric constand of the solvent decreases. It is perhaps
pertinent to observe that Winsteing' has shown that the dielectric
constant is not a quantitative measure of solvent polarity, and
proposed a series of Y values for solvents which give a kinetic
measure for the ionising power of a solvent. Since charge-transfer
bands are often measured in solvents for which Y values would
be difficult to obtain, Kosower1o‘ proposed a series of Z
values as empirical measures of solvent polarity.

Rather broad absorption bands attributed to charge-transfer
transitions are observed in the spectra of the neutral bipyridyl

complexes, MeabipyBe and EtabipyBel1 The colours of the
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complexes, szipyBe, deepen as the group R becomes less electro-
negative, and the colour is ascribed to a charge-~transfer transition
from a Be-C bond to the bipyridyl group. Most coordination

complexes of dialkyl and diarylzinc with mono~ and bidentate

ligands are colourless, but certain complexes with bipyridyl

and phenanthroline are coloured.11’12'

Dialkyl and diphenylzinc
compounds with bipyridyl or phenanthroline in inert solvents
give coloured solutions from which crystalline 1:1 complexes are
isolated. The colour depends on the nature of the group bound
to the zinc, being red for Pri, pale yellow for Ph., and colour-

less for Br and C6F o« Since the more electronegative groups on

5
zinc increase the energy required for transition, this suggests
that in the excited state of complex, the group Rzzn acts as

donor. For beryllium complexes, the values of >\max. and extinction
coefficient decrease as the electron attraction of the group R
increases. A similar relationship is found with the zinc

complexes except for a reversed trend in absorption intensity,-

and this has been explained by interaction of the filled 3d
electron shell with orbitals on the ligand molecule. The bipyridyl
and phenanthroline complexes of several transition metal ions

10 jon cu’) display long wavelength charge-

(including the d
transfer bands arising from transition of d electrons to vacant
type ligand orbitals,13' but Zn2+ complexes failed to show such

bands.

The tendency of 910 transition metal ions to gﬂ bond
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formation has been correlated with ionisation energy,'I and
in ditertiary arsine complexes of 210 ions, including Zn2+, gﬁ-gﬂ‘
bonding is considered unimportant in view of the high I.P. of

10 shell.15' However, the Zn-C bond is largely

the non-bonding d
covalent and the formal positive charge of the metal and the
ionisation energy of a 34 electron is considerably less for organo-
zinc complexes than for Zn-Br which probably has no charge-
transfer band in the spectrum.

The absence of charge-transfer in bipyridylyldiphenyl-
boronium chloride and bromide must be related to the higher electron
affinities of these anions. To a first approximation,'the energy
required for the transition MY'A™— MA is of the form,

W=E-=1 +4§16' s where E is the electron affinity of the halogen,’
I the ionisation potential of the cation, and A the difference in
energy between formation of a normal crystal and the crystal with

a pair of adjacent atoms substituted for a pair of ions.

The spectrum of bipyridylyldiphenylboronium.dimethyl-
dithiophosphinate closely resembles that of the iodide, but above
360m§;, the extinction is a little greater (2.55 and 2.35 resp.
at 400mrb). That of the azide is similar, but displays a broad
maiimum at about 420m}Linstead of an inflection. That of the
thiocyanate differs markedly in that the charge-transfer band
(maximum at 300-400mhb) is much narrower, and the extinction
coefficient falls rapidly above 410mkb, whereas those of the

other salts just mentioned do not drop significantly until about
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480-500mr1.

If the colours of these salts in the solid stat or in
solvents of relatively low dielectric constant are due to charge-
transfer between anion and cation; then it should be possible
to prepareit coloured bipyridylylboronium salts that retain their
colour even in polar solvents if the charge-transfer takes place
within the cation. This could occur if the boron were bound to
nitrogen or oxygen atoms instead of to carbon ( as in the dibutyl-
and diphenylboronium salts already discussed), since there may
be electron transfer from the 'lone pairs' of the nitrogen or
oxygen into the Tr-electron system of the bipyridyl.

The preparation of coloured salts containing the bipyridylyl-
o-phenylenedioxyboronium cation from the boron chloride and
bipyridyl, indicate that 'lone pairs' of electrons can participate
in such & charge-transfer.

/ \\ t

,/‘\ e \\\A)j:\\

The chloride (X = Cl1) bas not been isolated in a pure state, but
aqueous solutions containing the salt are yellow. The colour

of the anhydrous iocdide (X = I) was similar in water, ethanol,
and chloroform, but charge-transfer could take place both from
oxygen and from the iodide anion. Intra-ionic charge-transfer
occurs in the yellow perchlorate (X = 0104), which should be

compared with the colourless salt, (PhaBbipy)Cloh. Salts

¢ ontaining the bipyridylyl-o-phenylenedioxyboronium cation



are found to be stable to warm water, but are rapidly hydrolysed
when their aqueous solutions are heated. to boiling.

The absorption spectrum of the iodide in methanol is
shown in FIG.2, (curve E). Comparison with the spectrum of
(PhaBbipy)I in the same solvent (curve A) indicates the absorption
due to intra-ionic charge-transfer in the g-bhenylenedioxy-
boronium salt.

Reaction between bipyridyl and bisdimethylaminoboron
chloride gave an orange-yellow product, which was quickly
hydrolysed in air liberating dimethylamine and bipyridyl, and
becoming dark red. However, the tetraphenylborate ,
(bipyB(NMeZ)z)"Ph#B', was obtained in the form of ruby red
rhombic crystals. The deep colour of this is probably mainly
due to intra-ionic charge-transfer, but is not necessarily so,
since the tetraphenylborate ion could act as an electron source,

(PhaBbipy)+Ph4B- being yellow like the iodide.
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Part I1.

INTRODUCTION




INTRODUCTION.

Object of investigation.

The preparation of beryllium borohydride was reported
some 25 years ago, but apart from the one complex, trimethyl-
amineberyllium borohydride, the coordination chemistry of
beryllium borohydride has not been explored. This early work

indicated that the 1:1 adduct, Me N.BeBZHg, reacted with more

3

amine to give trimethylamine-borane and a compound, (BeBH .NMes)x.

5
The object of this investigation is to study the co-
ordination chemistry of beryllium borohydride in rather more
detail. In particular, the pyrolysis at moderate temperatures
of 1:1 adducts of beryllium borohydride and excess ligand has
been studied in an attempt to effect removal of borane units

from the borohydride since this could provide a novel preparation

for beryllium hydride.

Metal borohydrides.

In this review the term 'borohydride' denotes salts
containing the discrete ion, BH;, and covalent compounds
containing boron-hydrogen-metal bonds from BHA units. One electron
bonds will be represented diagramatically by a dot, e.g. B.H.Be,
and normal two electron bonds by a line, e.g. B-H. The I.U.P.A.C.
nomenclature, tetrahydro borate, has found little usage in the
current literature.

General preparative methods for metal borohydrides may

be considered as primary, requiring synthesis of the borohydride
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unit, ér secondary, where metathetical reactions are used for
the preparation. The alkali-metal borohydrides have attracted
interest since they offer good routes to diborane, and find
considerable application as reducing agents.

Preparation of alkali-metal borohydrides.

Three principal methods have been developed for the
preparation of these borohydrides, and may be represented by the
following equations.

3MX + 2BH,—> 3MBH, + BX, (X = H,R,OR,NH,)

3
Ly + BXB-———+' MBHu + 3MX (X = H,F,C1,0R)
MX + M'BH, —> M'X + MBH, (X = C1,0H,0R)
0
In pr%siple the reaction of diborane and alkali-metal hydride

provides the most direct route to the borohydride, and indeed

lithium hydride and diborane react at room temperature in the

presence of ether.1' The reaction does not proceed in the absence

2,3,4. Th

of solvents, even at high temperaturé and pressure. e

method is not general and neither sodium nor potassium hydride

will react with diborane even in the presence of ether. Ethyl-

5.

lithium with diborane gives lithium borochydride.
Good yields of alkali-metal borohydrides result from

diborane with the metal-alkoxide,z' -trimethoxyborate, and

-tetramethylborate.1’2'6,7,8s9-

3NaOMe + 2B,H, room temp.

3NaBH, + B(OMe)3
Sodium trimethoxyborate from sodium hydride and trimethylborate

reacts with diborane at room temperature.
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ZI\TaBH(OMe)3 + B H, — 2NaBH, + 2B(0Me)3
3NaB(OMe)# + 2B2H6——-%>-3NaBH4 + ‘+B(0Me)3
In most cases the reaction proceeds quantitatively with the ester
acting as solvent, and may be considered as displacement of the
- weaker Lewis acid, trimethylborate, by the stronger acid, diborane.
Since the alkali-metal borohydrides are extensively used
as a source of diborane, preparative methods not involving

diborane are of considerable value. In these methods the metal

hydride is used as a source of hydridic hydrogen.1o’11'

[0}
WLiE + BF.OBt, _des LiBH, + 3LiF + Et,0.

Diborane, from the hydride and boron trifluoride etherate, reacts

with more hydride to give the borohydride.6’12’13'

Sodium hydride and boron trifluoride in the absence of
solvent gives only the trifluoroborohydride,6° but in the presence

of sodium ethoxide, the reaction proceeds to give sodium boro-

hydride.14'

Lo}

4NaH + BF, NaoEt,180/400. NaBH, + 3NaF

3

A method involving displacement of methoxide ions from

the methoxyhorates by hydride ion involves a thermal redistribution,

NaH + B(OMe)B——-‘?— Na(HB(OMe)B)
15,

The trimethoxyborate disproportionates at 250?

4Na(HB(OMe ). ) =—= NaBH,, + 3Na(B(OMe) )

3

3NaOMe + 313(OMe)3

Good yields of borohydride were obtained by slow addition of
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ester to an excess of well-stirred powdered hydride at 2500.
The overall reaction may be represented by the equation.
LNaH + B(OMe)Be——é"BNaOMe + NaBH,

The ethyl or n-butyl ester may be used in place of trimethylborate.
Sodium borohydride is extracted from the reaction products by
liguid ammonia or isopropylamine. Lithium borohydride is formed
in reduced yield, and the separation is difficult. In an
industrial process the sodium hydride, prepared from hydrogen
and finely dispersed sodium in mineral oil, is treated with the

16.

ester.

Sodium hydride and boric oxide at 330—350° give a 60%

yield of the borohydride.15°
——
4NaH + 23203 3Na302 + NaBHA
Sodium metaborate may be converted to the borohydride by a

high pressure reaction. "

Metal borohydrides are obtained in good yield from the

hydride and amine-borane.18'
100°
H,B.NR, + MH > MBH, + NR

3 3 3

The amine-boranes may be prepared without using diborane:
200/300° + press.

Et3B + NEt3 + 3H2 HBB.NEt3 +* 302H6

It is claimed that the method is the only technically feasible
one that gives the product unmixed with solid contaminants.

An elementary, but low yield,process involves hydrolysis

19-

of magnesium boride in strongly alkaline solution.

Ar/950 _3M.KOH

2B + Mg —~==—> MgB, KBH, (13% on boron).
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As will be evident in the following sections, lithium
borohydride is extensively used in the preparation of other metal

borohydrides, and is conveniently prepared from sodium borohydride

by metathesis in non-aqueous solution.ao’zq'

i
; . ProNH .
NaBHu + LiCl ______25, NaCl + LlBH4.

Preparation of other metal borohydrides.

Metal borohydrides, other than those of the alkali-metals,
are not required in tonnage quantities, and hence, direct
preparaticns involving diborane are of some importance. Several
borohydrides have been prepared from diborane and thé metal hydride,
alkyl, or alkoxide. Other borohydrides result from reactions
between metal halides and either lithium or aluminium borohydride,
and these exchange reactions may be performed either in the
presence or absence of non-aqueous solvent. Metal borohydrides
of predominantly ionic¢ character may be isolated from metathetical
reactions with sodium or potassium borohydride in aqueous or
alcoholic solution.

Methods involving diborane.

The original preparation of aluminium and beryllium

22,23,

borohydrides involved reaction of diborane with trimethyl-

aluminium or dimethylberyllium. These reactions are complex and
proceed through several intermediates.

BH BH
(Be(Me),) + B,H,——MeBeBH, 2 6 (HBeBH,) ___2 6 BeB,Hg.

Beryllium hydride reacts slowly with diborane to give the

borohydride%u’Bo'
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25.

Trimethylgallium and indiumae' react with divorane at low
temperature in ether solution. At -450 trimethylgallium yields
dimethylgallium borohydride, MeZGaBH#, (m.p.1.5°), which melts
to a clear liquid slowly decomposing at room temperature. In the
absence of ether, and at higher temperature, trimethylgallium
reacts with diborane, but the product Ga(BHh)j’ if formed at all,
rapidly decomposes with deposition of gallium. The reaction is
thought to proceed:
ZMe3Ga + 9B, H, —> 2Ga(BH4)3 + 6Me}32H5
2Ga(BH4)3t=-é—-2Ga + 332H6 ﬁ-3H2
Trimethylindium and diborane react in the proportions 1:10 in
ether/tetrahydrofuran solvent at ~40° to give indium borohydride,
isolated as the ether complex, In(BH4)3=304H80a The etherate
loses one molecule of solvent at -300, and the remainder at -10°
with simultaneous decomposition of the borohydride to the elements.

27,28,

Diethylmagnesium and excess diborane react in
ether solution to give ultimately magnesium borohydride. The
reaction apparently proceeds through formation of ethylmagnesium
borohydride. In the presence of aluminium alkyls, intPoduced by
preparing diethylmagnesium from a magnesium-aluminium alloy,
further disproportionation of diethylmagnesium occurs with the
formation of an ether insoluble compound, MgHZ.BEt3. This
compound is thought to have the structure, MgH.(Et3

Magnesium borohydride has been obtained in good yield from the

29-

BH).

hydride and diborane in glycol ether/benzene mixture at 80°,
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Zinc hydride in ether suspension (and beryllium hydride

contaminated with ether) absorbs diborane to give the borohydride

which was not isolated. 0" Recently, methylzinc borohydride has
been prepared from dimethylzinc and diborane at room temperature?1'
—
2Me2Zn + B2H6 MeZnBH4 + MeBB + ZnH2

The alkaline earth borohydrides are prepared in good yield from
diboran; and the tetramethoxyborates or alkoxides. In the absence
of solvent, yields are less than in the presence of ether, which
in turn gives smaller yields than those obtained using tetrahydro-
furan as soirent. The borohydrides are isolated as solvates,
M(BH,),.2THF. %"

Titanium(IV)alkoxides and diborane in tetrahydrofuran
solution react to give titanium(III)borohydride in good yield,
and is isolated as the monosolvate.33"Similarly, stannous
methoxide in ether at -78° reacts with diborane to give stannous

3’+o

borohydride, decomposing above =65° to tin, diborane, and

hydrogen.
o]
SnBr,, + NaOMe MSn(OMe)Z _EZEG;.Sn(BHu)Z =65 $n,B,H B,

Exchange reactions involving other borohydrides.

Neither tetramethyitin nor the lead compound react with
diborane under various experimental conditions, but are found
to react vigorously with aluminium borohydride.35' The resulting
s0lid products decompose to Sn{(Pb), HZ’ methylated boranes, and
methylaluminium borohydride, and on the basis of the decomposition

producte, the formation of intermediate compounds is suggested:
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2A1(BHh)2 + SnMe,_l_——-—*—?'MeZSn(BHu)2 + MeAl(BH"_)2
Aluminium borohydride has also been used for the preparation of
U,36‘ Th,%r, Hf37' borohydrides.

¥ 100°
U(BH4)3 + %HZ + 3B,H,

ThF, + 2A1(BH4)3-——+»-Th(BH#)4 + 2A1(BH,)F,
Al though aluminium borohydride failed to react with the fluorides,
HfF4, and ZrFq, the reaction with double salts, NaHfF5, and
NaZrFs, was rapid at room temperature. )

NaHfFg + 21\1(13114)3--———‘;-—}11"(13;14)1+ + 2M1F,(BH,) & NaF
These compounds are low melting solids, and are readily purified
by vacuum sublimation. The fluorides of titanium, TiFh,Tin, and
the double salt, NaTiFu, all failed to react with &luminium
borohydride, but with the tetrachloride, a chloroborohydride was
formed:
2TiC1, + 3Al(BH4)j~——é-2TiCl(BH4)2 + 3A1C1,(BH,) + B,H, + H,
The similar volatilities of the chloroborohydrides made isolation

of pure compounds very difficult. Titanium(III)borohydride

wag obtained from the tetrachloride and lithium borchydride,

2T:i.Cll+ + 8LiBH4—-§'2Ti(BH,+) 8LiCl + B2H6 * HZ'

+
3
Isolation of the pure borohydride, Zr(BHh)h, from the chloride
and aluminjum borohydride is difficult, but with lithium
borohydride the compound is obtained pure and in good yield.33'

Zr014 + 4LiBHh———%~=Zr(BH4)# + 4Licl

Both beryllium and aluminium borohydrides are readily



=85-
prepared from the halides and lithium borohydride.°®* An
intimate mixture of the reactants is heated in vacuo, and the
volatile borohydrides are trapped at low temperature.

Exchange reactions in the presence of solvents.

Borohydrides of predominantly ionic character are

conveniently prepared in aqueous solution:

ag.s0ln.
——

NaBHu + KOH KBHA + NaOH

cold water

TlNO3 + KBHh 3
38

Quaternary ammonium borohydrides” “are obtained by direct metathesis

TlBH# + KNO

in aqueous solution,

R#Nx + NaBHAf——*P- R4N3H4 + NaX
(R = Me,Et, Benzyltrimethyl; X = halide, hydroxide, etc.)
as are also the trimethy139'(or phenyl) sulphonium, diphenyliodonium
and tetraphenylphosphonium borohydr:i.des.’+ °

(Ph,P)F + KBH,—> (Ph,P)BH, + KF

Exchange reactions in non-agueous solution are useful
for preparations of borohydrides which are either unstable in
aqueous solution, or unstable at room temperature.

Both calcium and magnesium borohydride are prepared by
metathesis in cold ethanol?1' and the salt, Ca(BHA)Z;ZTHF, has
been prepared from metathesis in pyridine solution followed by
extraction with tetrahydrofuran.42' The reaction of zinc or
cadmium chloride with lithium borohydride in ether solution is
apparently complex and involves the formation of intermediate

salts.
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ZnCl, + aLiBH4———e>-Li(Zn01(BH4)2)

After removal of excess solvent and lithium chloride, an ethereal

43.

solution of zinc borohydride is obtained. The salt,
Li(ZnCl(BHu)a), has been isolated as a white solid, decomposed

at 120°, Similarly, cadmium chloride with lithium borohydride at

0° in ether solution gives the borohydride, Cd(BHQ)Z’ and the
reaction proceeds through formation of a complex salt,
Li(CdCl(BHQ)a). Ethereal solutions of cadmium borohydride decompose
at room temperature.

Many complex borohydrides are mentioned in the literature,
but unfortunately a large number are reported without character-
isation and as '"unpublished observations".#u' By varying proportions
in the systen, BeClz/LiBH#, in ether solution, the following
complexes are obtained, Li(BeCl(BHh)Z), Li(Be(BHu)B), and
Li,(Be(BH,),).

A complex salt, LiZ(Mg(BH4)212), is obtained from magnesium

iodide and lithium borohydride in ether solution, and a complex

salt of composition, Li(EtMgXBHu); from the borohydride and ethyl=-

7 -
7 .

magnesium halides.

Complex borohydrides of general c¢omposition, Li(XBAlBHA), are

claimed to be present in ethereal mixtures of AlCl_ and LiBHA,

3

(X = halide, borohydride), and dichloroalane with lithium boro-
hydride in ether gives the salt, Li(AlCla(H)Bﬂh). The gallium

compound, Li(Cl GaBH4)' reacts rapidly with excess borohydride

> 45.

to give the normal borohydride.
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o

«
GaCl, + 3LiBH, L Ga(BH,); + 3LiCl

3
No stable compound was obtained from indium trichlori&e and
lithium borohydride in ether solution at room temperature, and
immediate reduction to the element was ebserved. Similarly,
thallium(III) chloride was reduced by the borohydride at -100°. .
‘1‘1C13 +.2LiBH4———;' TLC1 + 2LiCl + H2 + BZHG
Lithium diborohydridodihalogenomanganese(II) salts are reported
as products from the chloride or iodide and lithium borohydfide.
2LiBH, + MnCl,——> Li,(Mn(BH,),C1,)
Additional complexes varying in composition between LiB(Mn(Bﬂh)BIZ)
and Li(BH4.4MnIZ) are obtained from the iodide; Complex salts
of nickel, Li(Ni(BHu)E) and Liz(Ni(BHh)h?’ were obtained from the
chloride and lithium borohydri&e in ether solution at -40°.
Since the borohydride group is a powerful reducing agent,

it is not surprising to find that halides of metals in 2 high

oxidation state are reduced during formation of the borohydrides.

Thus, ferric chloride reacts with lithium borohydride in a two-
stage processu6' involving initial reduction of Fe(III), and
then formation of the borohydride, Fe(BH4)2° The product is

a non-volatile_solid, fairly soluble in ether, and decomposes
rapidly at 0° into diborane, hydrogen, and a pyrophoric residue
containing iron and boron. Cobalt(II) chloride is reduced to

the meta147' in ether solution at room temperature.

CoCl, + 2LiBH, —> Co + 2B + 4H, + 2LiCl

Cupric or cuprous chloride react with an ethereal solution of
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s . o . . 48,49.
lithium borohydride at =20 to give cuprous borohydride,
decomposing at 0° into diborane, hydrogen, boron, and copper
hydride.

20°

ZCuC12 + ’-!-LiBH1+ ——P CuBHq_ + 4LiCl1 + H, + BZHﬁ_

2
Cuprous borohydride reacts with pyridine to form a stable complex.
Silver borohydride is precipitated from ether at -80°, and
deposits metallic silver at =30°. Gold(III) and thallium(III)
chloride are reduced by lithium borohydride at low temperatures,
and an intermediate chloroborohydride,’"'TlCl(BHu)a, decomposes
above -95° into thallium(I) chloride, hydrogen, and diborane.

The reaction between lead chloride and lithium borohydride
in ether solution at room temperature results in deposition of
lead. Trimethyl lead chloride and potassium borohydride deposit

potassium chloride from liguid ammonia at -330, presumably

leaving trimethyl lead borohydride~2'” ° in solution.
o 1liq.NH
Me PbCl + KB, 3:T'3 Me,PLBH, + KCl

This compound decomposes in the presence of ammonia with formation

of trimethyl lead hydride, and a substance of empirical formula,

H_B.NH._.
> 2

NH
H,B.NH
MeBPbBH# 3s, MeBPbH + 3B 3

Several chloroborohydrides have been prepared from

metathetical reactions between the rare-earth chlorides and

51.

lithium borohjdride in tetrahydrofuran.

Mcl3 + 2LiBH4———%~ MCl(BHq)a + 2LiCl

Several examples have been cited of reduction of metals
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in a high oxidation state by the borohydride group. In liquid
ammonia however, several borohydrides are isolated as ammines
and in which the cation retains its original oxidation state.
For example, Cr(III) and Co(III) borohydridessz' are isolated
as ammines from metathesis in liquid ammonia with sodium
borohydride.

(Cr(NH3)6)F3 + BNaBHA———%F‘3NaF + (Cr(NH3)5)(BH4)3

It is of interest to note that ammonium borohydride has been

isolated by this method.
ligq.NH,

(o]
20",
NHLFBHL* + NaF ———>—H2 4 (BNH6)x

Both hexammine cobalt(II) borohydride, and hexammine nickel (II)

53.

borohydride have been prepared by metathesis in liquid ammonia,

but silver salts are unstable and deposit metallic silver.
Compounds of the type, NiABH,C10,, NiA(BHh)a, where A is

a cyclic tetramine or non-cyclic tetradentate Schiffs base, are

prepared from soluble salts, (NiA)XZ, and sodium borohydride in
54,

aqueous solution. The salts are stable indefinitely in closed

containers, and thermally stable to about 120°.

Dicyclopentadienyltitanium borohydridess'

56.

and dicyclo-

pentadienylzirconium diborohydride are prepared from the

appropriate chloride and lithium borohydride in ether.

(W -05H5)2T1012 + 2LiBH,—> 2LiCl + (3 -c:5H5)2TiBHL+ + 3H,

+ %3236

(1 -csns)azrm + WLiBH ~— ('Tf-CsH5)2Zr(BH4)

2 2
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A chloroborohydride, (T -C_.H_),ZrClBH,, is obtained using only <
oo 55’2 4
~fdd molal excess
two eguivalente of lithium borohydride. Both zirconium compounds
are readily purified by vacuum sublimation. Dicyclopentadienyl-

niobium chloroborohydride has been preparéd.ssb'

Structure and reactions of the metal borohydrides.

The borohydrides range in character between the typically
ionic compounds exemplified by the alkali-metal borohydrides,
to those of aluminium and beryllium which are predominantly
covalent in character.

The alkali-metal borohydrides are stable, involatile,
crystalline solids with ionic stiructures, and those of the
heavier alkali-metals form face-centred cubic 1attices,57’58'
with the ionic¢ radius of the borohydride ion given as 2.04%.

59’60’ Raman,61 ’62,63.

Infra-red, and n.m.r. studies,éh' are in

agreenment with a boron atom tetrahedrally surrounded by four
hydrogen atoms., Raman examination of potassidﬁ borohydride in
liquid ammonia shows a single polarised shift, v = 227O+-30m-1,
attributed to a totally symmetric vibration Y4 of the regular
tetrahedral BH; ion. The borohydride ion has two i.r. active

n -
fudamentals, v, observed in the region 2300cm 1, and v, at about
b 8 4

3

1100cm-1. A slight lowering in these values observed in the

spectrum of T1BH,, (v 100cm-1, vy 60cm-1) is suggested as

3
indicating the onset of multicentre bonding, or perhaps, a small
covalent contribution to the bonding in the crystal lattice.

The alkali-metal borohydrides are stable in cold alkaline
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aqueous solution, and indeed sodium borohydride may be recovered

as a dihydrate. Lithium borohydride, unlike other members of its
group, is soluble in ekther and in tetrahydrofuran. Most boro-
hydrides are soluble in ligquid ammonia and amines. No decomposition
is observed after prolonged exposure to dry air, and thermai
decomposition to hydrogen, metal and borom or boride, occurs

only at temperatures above 3000. The borohydrides are strong
reducing agents as indicated by the redox potential of -1.24v.65’66'

In contrast to the ionic compounds, the borohydrides of
beryllium and aluminium are covalent in character. The mobile
liquid, Al(BHk)3’ is volatile, m.p.-64.5; v.p. given by the
equation, log p = 7.808 - 1565/T, H = 7160cals./mole, and
Trouton constant 22.5, b.p.(extrapolated) 44°, and the vapour
detonates in contact'with moist air. Beryllium borohydride is
a volatile solid, v.p. given by the equation, logp, = 11.772=-3240/T,
Hv = 14810¢cals./mole, m.p.1236(decomp.), spontaneously
igniting on contact with air, and violently decomposed by water.

The borohydrides of these elements are the most volatile
compounds formed by the metals.

The result of an electron diffraction study of the aluminium
compound67' was interpreted as indicating the following
configuration, in which the Al atom is bonded to three BH4 groups
at angles of 120° making the molecule planar except for the H
atoms. The boron atoms are located near the centre of trigonal

bipyramids formed by the four H atoms of each BH4 group and the
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central Al, Al-B 2.14%0.028, B-H 1.27%Z0.0ui.
H H
H, B
Y
e H 68
A similar study of beryllium borohydride -~ ' indicated that the
configuration H"-B-Be~-B~H" was linear, with three hydrogen atoms

(H') uniformly spaced in the girdle of each boron atom, B-Be,

1.66%0.04%; B-H",1.15%0.058; B-H',1.19%0.058; BeBH', 85%5°,
.H Hl i .
\
"E—B—Be— B—H!

Although symmetrical hydrogen bridges were eliminated from the
structure, it was later shown that highly unsymmetrical bridges,
in which the H' atoms are considerably closer to the boron than
to the metal atom M, were in good agreement with the experimental

results.69'

~ 7y

Infra-red and Raman spectra of both aluminium and beryllium

borohydrides7o”1'

indicate structures involving bridging
hydrogen. For example, the i.r. spectrum of the aluminium compound
contains two bands at 2559 and 2£+93cm-1 corresponding to terminal
BH, groupings (2614,2522cm-1) in diborane. Bands at 2031 and
1500cm'1 are analogous to BHZB bridge vibrations in diborane,
(1860 and 160%cm™'). The shift of one to shorter, and the other

to longer wavelength is related to the fact that as bonding of

boron to metal becomes more ionic, the higher frequency vibration

becomes a stretching vibration of the BHE group, and the lower



one becomes a deformation vibration of the same group. Bands at
1114 and 978cm-1 are'by analogy, associated with in-plane and
out-of-plane vibrations of a terminal BH2 group. The vibrational
analysis was in good agreement with a molecular symmetry D3h
(prismatic), in which the bridge hydrogens are located at corners
of an equilateral triangular prism, with Al, 3B, and six terminal
hydrogens located in a plane lying midway between the two end
"faces of the prism.

In the spectrum of beryllium borochydride, bands at 2465
and 2440cm™ ! are clear evidence of terminal BH,, and those at
2180 and 'l’-l-SOcm-1 are vibrational bands of BHaBe which is
probably slightly ionic. A band at 1196cm-1 corresponds to a BH

2
deformation.
‘\ ,I“L b = LH\ H
A:l’ B _Bel }<h
g 1-/ ¥ CH- ~H
h__
\H 72.

The p.m.r. spectrum of aluminium borohydride gave the

unexpected result of all protons having an equivalent electronic
arrangement, with no differentiation between bridge and terminal
hydrogens. A fast proton 'tunnelling' mechanism was suggested,
giving time-average identity of enviroment. During this
investigation it was found that the borohydride was in
equilibrium with a second compound.
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At 20° the equilibrium was well to the left, but at 80° the
new compound was the dominant species. Such behaviour is
reminiscent of the thermal equilibria found amongst the boron
hydrides.

Other metal borohydrides are intermediate in character
between the extreme cases of‘ionic and covalent compounds just
described. In certain cases (Zr,Hf,U(IV) ) the borohydrides are
the most volatile compounds known for the metals.

Very little information is available on the structure
of metal borohydrides in general, but several compounds show in
their i.r. spectra, absorptions associated with a bridging hydrogen
structure. The i.r. spectrum for (TT-CBHS)ZZr(BH4)256' shows
terminal and bridging hydrogen vibrations, but that for the
compound , (TT-C5H5)2T1BH4,55' suggests the compound contains a
metal-hydrogen hond and a coordinated BH3 group. The recently
described nickel salts,sh' NiABHAClO4 and NiA.(BHl*)2 (A = eyelic
tetramine or non-cyclic tetradentate Schiffs base), show
terminal B-H vibrations (2200—2400cm-1), and bridging hydrogen
vibrations (2000-22000m~1). The perchlorate salts are thought

to contain two sets of three centre Ni.H.B orbitals involving

two octahedral hybrid orbitals of the nickel ion.




One isomer of a diborohydride, NiA(BHh)Z, is thought to contain
a trans configuration for the borohydride groups, each interacting

with the nickel ion through single three-centre bonds.

The physical properties of LiBH, , Be(BHq)Z, Al(BH4)3' and
BZH6’ show a gradual transition from a relatively high melting,
non-volatile, ionic compound, to a very low melting, very volatile

and non-polar compound.

Mol .Wt. mep. b.p. V.p.(mm) Ref.

obs. calc.
LiBH, 275°(a) 0 23

BeB,Hg 38.5 38.7 123°(a) 91.3 5.2(20°) 5

MB.H,, 71.4 71.5 =65.4° 44,5  119,.5(0) 22

B,H, 27.7 27.69 -465° -92.5 225(-112°) 73.

A similar transition is observed in the chemical properties of

4.

this series. For example, diborane reacts rapidly with

trimethylamine at -110° to give trimethylamine-borane, MezN.BH )

aluminium borohydride above Oo, and beryllium borohydride about

o

1007 . Lithium borohydride and trimethylamine do not give the

adduct, Me N'BH3’ at 1000.5’?5' Conversely, as ease of formation

3

of borane derivatives decreases, the ease of formation of the

ion, BH;, increases. Thus diborane reacts rapidly with trimethyl-
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amine, but reacts slowly with ethyl-lithium to give lithium

borohydride. Aluminium borohydride reacts rapidly with ethyl-
5-

lithium in benzene solution.

6EtLi + 2A1B_H,.— 6LiBH, + Al.Et
3712 . 4 276

The increasing covalent character from lithium to

aluminium borohydride may be explained by the increasing charge

76. has calculated the

density of the metal ion. Schrauzer
'percentage ionic character' of a number of actual and hypothetical
metal borohydrides by means of Sanderson's ‘'stability ratio!

77 .

method. The ionic character for isolated gas molecules is

given by the equation:

2
107 (A SRy (g, ) _ - DVK\ SRyt _ y )

2, n g .
10" (ASRyy, _m(em,) /D 5Ren, - B

I.C.

where ASSFM(BHA)n -y 8&ives the change in electronegat%ylty

from the metal atom to the molecular stability ratio of the metal

borohydride.

Main groups.

Li 37 Be 27 B 4.3* Co N neg.
Na Mg 36.5 A 17 Si 3.6 P 1.2
K [?45 Ca 45 Ga 2 Ge O.4 As neg.
Rb Sr 52 In &4 Sn 1.8 Sb 1.8
Cs Ba 55 T 0 Pb 0.2 Bi O
Sub-groups.

Cu 31 Zn 11 S¢ 23 } Mn 6
Ag 34 Cd 15 Ti 17 Zr 12 Ni 3
Au 3 Hg 2 Y 24 HE 12 Fe 5

* calculated for diborane.



There is a fair correlation between these values and certain
properties of the borohydrides. The melting points increase
approximately linearly with the percentage ionic character.
Borohydrides with less ionic¢c character than diborane itself are,
on Schrauzer's view, expected to be unknown or highly unstable.
The observed instability of borohydrides of Ga,In,Tl1,S5n,Pb,Hg,
Au, etc. is in good agreement with theory. Borohydrides with
more than about 40% ionic character are insoluble in ether. As
previously indicated, reaction between trimethylamine and metal
borohydride to give trimethylamine-borane, is confined to the
covalent compounds of beryllium and aluminium. The borohydrides
of 1ithium5'75'and magnesium78'form addition compounds with the
amine, which may be recovered by heating to about 100°. Schréuzer
pointed out that the tendency to form addition compounds between
borohydrides and ethers.or amines, decreases with increasing
ionic character. ) -

Cold aqueous solutions of the alkali-metal borohydrides
are reasonably stable in the presence of alkali, but-are
immédiately decomposed by acid.

- +
BH,+ + H + 3H20 —>H + ’+H2.

BO
3773
The slight decomposition in neutral solution is reported to

involve formation of a hydroxyborohydride ion, and indeed the

sodium salt.79° Na(BH,OH), has been isolated and characterised

3

from its i.r. spectrum.

The alkali-metal borohydrides are thermally decomposed
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about 300o into hydrogen, metal, boron or metal boride.go'

38,39,40.

'6nium' borohydrides decompose at lower temperatures

with elimination of hydrogen or hydrocarbon, and formation of

diborane or a borane coordination compound.

150°
(MeuN)BH4 _—— e MeBN.BH3 + CH4

o

90
(MeBS)BHA___——r MeZS.BH3 + CH),

2(PhZI)BH4-—-—+- 32H6 + 2PhI + 206H6.
The pyrolysis of 'onium' borohydrides is thought to involve
nucieophilic attack by the anion on the 'onium' cation.

4 .
BHq- + Me.aoS(Me)z—'-é— BH + CH’+ + SMe2

3

BH3 + SMea——'>- MeZS.BH3

Ammonium borohydride probably decomposes in this way, but the

resulting ammonia-borane is unstable and decomposes further into

borazole.8 The covalent compound, Al(BH4)3’ is much less

thermally stable, and indeed some decomposition is reported at
20, '

room temperature with formation of diborane.

Reactions of the alkali-metal borohydrides.

Reactions with sulphur and halogens.

Boron halides are obtained from reduction of the halogens
by the alkali-metal borohydrides, and in particular, boron tri-

iodide is obtained in good yield from lithium borohydride and

82.

iodine in cyclohexane,

LiBH4 + #12=—=¢= LiI + BI3 + BHI.

The reaction with sulphur in ether or tetrahydrofuran

830

apparently proceeds by a step-wise reduction.



8LiBH4 + 8g —a—.SLi(HBB.SH)

> —_— T
Ll(H3B.SH) Ll(BSHE) + H2

2Li(BSH,)—>— Li,§ + s(mP_)2
The diborane sulvhide is not isolated as such, but as a complex
salt, Li(BBSZH6)' At higher temperatures the metal metathioborate

is obtained.

(o]
MBH, + 28 250/350_  ups. + 2m

2 2

Reactions with alkyl and hydrogen compounds.

The partial charge carried by hydrogen in binary compounds,
AHn, depends upon the electronegativity of the element A. Since
the hydrogen in a borohydride group carries a partial negative
charge, reaction with the binary compound will eliminate hydrogen
if the element A is sufficiently electronegative.

Hydrogen halides.

Hydrogen chloride and bromide react at -80° with alkali-

&;%éi_borohyariées; .
MBH, + HX—> MX + H, + -}BZHs
Further reaction between diborane and hydrogen chloride is very
slow in the absence of ethers or amines. If the anion X is
sufficiently basic, substitution in the borohydride ion occurs.
Lithium cyanoborohydride is obtained with hydrogen cyanide

in ether solution.8

2

At low temperatures, hydrazoic acid will replace one hydrogen

LiBH, + HCON-——s- Li(HBBCN) + H

of the borohydride group, but all the hydrogen is replaced at
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85.

room temperature.

(o]
LiBH, « 4N, E 0/20

Alkyl and hydrogen compounds of Group VI.

Li(B(N3)4) + 4H2

As previously mentioned, very little hydrolysis of lithium
borohydride in aqueous solution is observed at'Oo, but with
increasing temperature, hydrogen is released correspoﬁding to
step-wise hydrolysis through hydroxyborates.8 *

LiBH,—> Li(HBBOH)->-Li(HEB(OH)2>—*-Li(HB(OH)S)—#—Li(B(OH)4).
Tetra-alkoxyborates are formed with alcohols,

LiBH, + 4ROH—> Li(B(OR),) + 4H,
and in the presence of acetic acid, the reaction has been found
suitable for the preparation of boric esters.87'

MBH, + 3ROH + HAc —w MAc+ B(OR)5 + 4H,

88.

Substitution reactions are reported with thio-alcohols.

Alkyl and hydrogen compounds of Group V.

Alkali- metal be}ohydrides_are soluble in liquid ammonia,
and lithium borohydride has been found to form definite solvates,

LiBH, .nNH, (n = 1-4)37" Substitution in the borohydride group

3

by ammonia occurs only at high temperature.

LiBHu + NH -——e»—Li(HZBNHZ) i-HZ

3

In contrast, amponia reacts rapidly with lithium tetrahydroaluminate

90

' Lithium borohydride forms complexes

75.

at room temperature.

91.

with methylamine and trimethylamine, which are precipitated

from ether solution.
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Alkyl and hydrogen compounds of Group IIT.

As previously indicated, hydrides are not expected to
undergo substitution reactions with alkali-metal borohydrides.
However, the hydrides of Group III are strong Lewis acids, and
reaction with the nucleophilic borochydride group occurs through
bridging-hydrogen. |

Lithium borohydride does not react with diborane in ether
solution as shown by measurement of electrical conductivity,
but similar measurements in tetrahydrofuren indicate formation

of a complex.gz'

. THF :
LiBH, + B,H ———> Ll(BHh.BHB)

The complex is decomposed by removal of solvent. The sodium salt,
Na(BHu.BH3), is formed in diglycoldimethylether?B' and the anion

is thought to contain a single bridging hydrogen.

W -
op - H-g

The existence of this and other compounds containing a single

\BH, Bt

5H5N’Bg3 39 3N.BH3.BH3.93' suggests a

possible reaction mechanism for diborane with neutral and anioniec

hydrogen bridge,C

donors.
X:
X: + 32H6-——é~ XBHB.BHB———-+-2XBH3

rather than,

32H6-+'2BH3 ZBH3 + 2X:-+-2XBH3.

The activation energy for the first mechanism is considerably

less than the dissociation energy of diborane.gh'

A complex anion is formed from lithium borohydride and

. ,"{}:l—.' " f':'_“' -.[),kb
U HI QAR
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alane.

LiBH, + AlH,——> Li(BH,.AlH,)

3
Lithium borohydrido-alanate is not stable in ether solution, but
crystals of a solvate, Li(BH4.A1H3).2THF, are isolated from
tetrahydrofuran. The compound is obtained from diborane and a
tetrahydroaluminate,

2MALH, + B H, —> 2M(BHA_.A1H3).

A complex salt, Li(Me Al.BHu), is obtained from lithium borohydride

3
and trimethylaluminium in ether solution.
In contrast to the easy addition of borane and alane to

alkali-metal borohydrides, tetraborane and decaborane react to

give substitution products.gs'
Lithium or sodium borohydride react with decaborane in ether
9.

solution to give a salt of decaborane.

MBH,, + By o, —> M,

Reaction with non-metallic halides.

+H +%BH6

The preparation éf borohydrides from metal halides and
an alkali-metal borohydride has been discussed and may be related
to Schrauzer's predictions. Elements with an electronegativity
greater than two do not form borohydrides, but generally react
to give the hydride and diborane.

M(BHu)n—-b'MHﬂ + nBH,.

If the hydride, MHn' is itself a Lewis base, reaction may proceed

with the formation of a borane addtct.
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Phosphine, alkyl, and aryl phosphines are obtained from

the corresponding halide and alkali-metal borohydrides.97’98’99'

IPCl3 + 3LiBH,+ —_ PH3

Borane adducts of the type, PR

+ 3/2 BZHG + 3LicCl.

3_anBH3

reaction, may be converted directly into the alkylphosphino-borane
29. '

y formed in this type of

by working in a high boiling solvent.

60/180°
SRyPH.BH, ———— (RZP.BH2)3 + 3H,.

Reduction of the pentachloride to phosphine is effected by lithium

. o . . 100.
borohydride at -80 in ether solution.

Borane adducts are obtained from alkoxyphosphorus

101.

chloride (RO);_ PC1 (a = 1,2), or dialkylaminophosphéorus

chlorides, 02 (R,N)5_ PCL (n = 1,2).

(ROJPCL, + 2LiBH, —> (RO)PH,.BH, + %3236 + 2LiC1

2 3

. .
(RaN)ZPCl + LiBH, — (RZN)ZPH.BH3 + LicCl

The trichlorides of arsenic and antimony give the hydrides

103. 103.

reduced to the metal.
04.

Similarly, alkyl and aryl arsenic

or antimony1 halides are redpked to the correSponding-;fsine

and stibine derivatives, and in part to borane adducts.

. .
Mxn + nLlBHA-——4>'R3_nMHn + nLiX + n/2 BZHG
Polyphenyl bismuth is precipitated from ether by reaction of

103.

R}-n

phenylbismuth dibromide and lithium borohydride.

PhBiBr, + 2LiBH; —>~ 2LiBr + 1/x (PhBi)x + BZH6

2
Halides of As(V) and Sb(V) are reduced at low temperature.

. Et, 0 .
Sb015 + 5LlBH4 —_—l Sb_H3 + H2 + 5/2 BZH6 + SLiCl.

105.
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R5_nMXn + nLlBHu-——4>-R5_nMHn + H2 + nLiX + n/2 BZHG
The reaction with silicon tetrachloride is complex,106'
and several reaction products are formed depending upon
temperature and molecular ratios of the reactants. Silane is
obtained from the reaction,
SiCl, + 4L1BHu-——é>-51H4 + 2B2H6 + 4LicCl.
Hydrogen is produced by a side reaction:
2LiBH, + SiC1,~> |Li_ (C1,Si(BH,) i].iégi LiCl + H, + 4B,H
b b4 2 77k L72 2 276
Li(H_ B.SiCl
+ Li( 3Be51 =3)
The complex salt, Li(HBB.Si013), isolated as the trisether complex,
decomposes at 200, and reacts with trimethylamine.

Li(HBBSiCl .Cl) + Me,N—> LiCl + H B.SiClZ.NMe

2 3 3 3
Alkoxysilanes are obtained from reaction of the chloro compounds
with 1ithium bofohydride.

The reacﬁion between alkali-metal borohydrides and boron
halides is of importance for the preparation of diborane and
higher boron hydrides.

3LiBH, + BF, E%0, 31iF 4 2B,Hy »

The reaction is only quantitative in the presence of ether, and

may be considered as displacement of the weaker Lewis acid, BH

3’

from the borohydride ion, by the stronger Lewis acid, BF3'

BF, + BH), > BH, + (HBFB)-

3
BH , are prepared from reduction of

2=n . n

the corresponding halides.

Derivatives of borane, X

:3-01 + MH,.BH

>

—> B-H + MC1 + BH,
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. . Ligg .
2thBCl + 2LlBH4———§'2LlCl + (PhZBH)Z + B2H6

2PhB012 + l+LiBH,+-——->- bLiCl + (PhBHZ) + 2B H6

Excellent yields of borazole are obtained from the B-halogen

borazole and lithium borohydride in n-butyl ether.1o7'

(-ClB=NH-)3 + 3LiBH4--——-=?-(-HB=NH-)3 + 3LiCl + 3/2 32H6
Several boron heterocyeclic compounds have been prepared in
this way. 08

In general then, non-metallic halides react with alkali-

metal borohydrides to give diboranse and hydrogen compounds. The
borohydride group is considered as a nucleophile, and this is
supported by the isolation of complex salts, Lia(Clusi(BH4)2),
Li, (c1 (H)Sl(BHh) ). Nucleophilic attack probably involves a

transition state with a bridging hydrogen.

H_B=H + M-X-—> |[H_B,.H. . M-X|—>H_B + H-M + X
33H+)g IEB %] 5B + }E+

The exten51ve appllcatlons of borohydrldes as selective
e _+..109,110.

reducing agents in organic chemistry are not considered
here. The reducing properties of the borohydrlde group are
modified by the solvent employed in the reduction, and by the
cation associated with the borohydride group.

Rate of reaction is influenced by the solvent medium,
and suggests solvent participation in transfer of hydride., The
reducing ability of solutions containing sodium borohydride is
markedly affected by the addition of various metal halides, and
for example, the reducing sfrength of several borohydrides

increase in the order: K{Na<{li<CadAl .l” * In particular, the
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reducing solution formed by the addition of aluminium chloride

to sodium borohydride in diglyme reduces esters, lactones, and
carboxylic acids to alcohols, and nitriles to primary amines.111'
Replacement of hydrogen by alkoxy substituents has a profound
effect upon the reducing properties of the borohydride group.112'
The greater reactivity of a trialkoxyborohydride is attributed to
the more facile removal of a hydride ion from the weaker Lewis

acid of an alkylborate.

A mechanism has been postulated for the reduction of the

carbonyl group by the borohydride ion,112’113'
4RZC=O + NaBHu-——*~ NaB(OCHRZ)u E29£§392>.Na3B03 + 4R20HOH.

It is suggested that the adduct ié formed in four sucéessive
stages, the initial stage being the rate determining step, and
subsequent adducts are formed faster in accordance with the
weakening Lewis acid function of the boron.

Rad=o + BH, _E,d__i, _(Racncgn_})" __;i_éaio_;.___(_}f;B(OHCRz)z); ete.

An alternative mechanism, applicable to aqueous solution,

does not involve four molecules participating in the reaction
intermediate complex, and does not require the borohydride adducts
to react faster with carbonyl than the borohydride group itself.
The formation of the 1:1 complex is the rate-determining step,

and then the complex is hydrolysed to alcohol and a mono-
substituted hydroxyborohydride which undergoés rapid reaction

with another ketone molecule.114'
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R,C=0 + NaBH, —>Na(R,CHO)BH _EELRZCHOH + NaBH,OH

2 3
R,CO
R,CO 0 2
etc. 2 R,CHOH + NaBH,(OH), .2 Na(R,CHOBH,OH)
Hydroboration of olefins by diborane115'116' assumed

importance as a synthetic¢ route to trialkylboron compounds when

it was found that ethers, used as solvents, catalysed the addition

117.

of boron-hydrogen groups across multiple bonds. The

reaction is conveniently carried out in diglyme (diethyleneglycol-
dimethyl ether), and the diborane produced in situ.

- e
12RCH-CH2 + 3NaBH4 + 4BF3.OEt2 4(RCHZCH2)BB + 3NaBF4 + 4Et20.

Diglyme is a convenient solvent since both diborane and sodium

borohydride are readily soluble in it, and because it is miscible

with water, allowing easy separation of the products.
Alternatively the diborane may be bubbled in a stream

of nitrogen through a solution of the olefin dissolved in an

appropriate ether. Tri=n=hexylborane, for example, may be

obtained in a 90% yield by bubbling diborane through a solution

of 1-hexene in tetrahydrofuran.118'

n.. . . .
6Bu CH=CH, + B H,—» 2(C6H13)35.

Although these two methods are of general applicability,
variations on them are possible. The essential ingredients are
a hydride, which need not contain boron (e.g. LiBH,,LiAlH,, LiH,

NaH, C_H_N.BH, or Me N'BH3)’ an acid, which must contain boron

575 3 3

if the hydride does not,{e.g.BF,, BCl,, AlCl,, AlLCl, + B(OMe)B,

3 3! 3° 3

HCl1l or Haso#), and a suitable weak base as solvent, most often
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an ether, having a boiling point which allows easy separation

of the products. Amine=boranes, R N'BH3' are ‘less convenient

3

as sources of boron hydride than metal hydrides for the
hydroboration of olefins because they require higher temperatures,
(100-200°).

The alkali-metal borohydri&es have proved useful in the

preparation of hydrides. Stannane was obtained in 84% yield

from stannous chloride and sodium borohydride.119'

103. stibine,120' and germane,121’122‘

Similarly,
arsine, are obtained in
good yield from the appropriate chloride and an alkali-metal

borohydride. Dropwise addition of an alkaline solution containing

arsenite, antimonite, germanate, or stannite, and a borohydride

to agqueous solutions of acid gave good yields of ASH3' Sij,
GeHu, SnH#, and small amounts of Asaﬂu, GeZH6, Sn2H6 were also
isolated. 27*

The preparations of several dic&clopeﬁtadienylmetal boro-
hydrides have already hbeen considered, but it is of interest
to note that other dicyclopentadienylmetal borochydrides are
apparently unstable at room temperature. Dicyclopentadienyl-
titanium dichloride is reduced by lithium borohydride to

55.

dicyclopentadienyl titanium(III) borohydride. The reduction

of dicyclopentadienylcobalt and thodium halides by sodium
borohydride (or LiAlHu)124' forms a neutral compound in which

one cyclopentadienyl ring has been converted into a cyclopenta-

diene group,ﬂT-C5H5(05H6)M. Infra-red and high resolution
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nuclear magnetic resonance spectra indicate one"ﬂ-cyclopenta-
dienyl ring bound to the metal, and that the rhodium compound

was not a dicyclopentadienylrhodium hydride as previously

5.

suggested.12 Reduction of the dicyclopentadienyl halides of

molybdenum and tungsten by sodium borohydride126' gives the

corresponding dihydrides, (Tr-csﬂs)amiz, readily sublimed at

120° in vacuum. A similar reduction of cyclopentadienyliron -

dicarbonyl chloride yields the hydride, “{{-C Fe(CO)EH,

H
55
decomposing at room temperature to the compound, (TT-CsﬂsFe(CO)Z)Z.

The transition metal carbonyls of Group VI, are reduced

by sodium borohydride in liquid ammonia to decacarbonyl

metallates.127'

zr«x(co)6 + 2NaBH, + 2NH3—-a-Na2(M2'(co)1o) + 2C0 + 2H33N33 + B,

Crystalline complexes containing the borane group, BHB’

as an electron-accepiing ligand have been obtained by reaction

of borane etherates with Group VII metal carbonyl anions.12

Salts of (Re(co)5)', (Mn(CO)s)-, and-(PhBPMn(CO)h)_, give mono-
_ borane-complexes in which the group, BH3' is coordinated to

the metal, and a bisborane complex , (Re(BHB)Z(CO)s)-' has been
isolated.

NaRe(CO) + R,OBH —+(Re333(co)5)' + R,0

3 2

RZOBH3

(Re(BHB)a(CO)s)- + R,0.

Two structures, (a) and (b), were considered for the monoborane

complex. The structure (a), involving BH3 coordinated to the
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oxygen of a carbonyl group, would be expected to show a
substantial shift in the C=0 stretching frequency. On the other

hand, a structure such as (b) in which the BH, group is

3
coordinated to the metal should show only a slight increase in
the C=0 stretching frequency as compared to the ion, (Re(CO)s)-.
The great similarity in the spectra of (Re(CO)5BH3)_, and

(Re(CO)s)-, strongly supports the structure (b).

o 0.
oG 0G co
Re__XCZ0O->BH, od__Re
0
0 (a) BH (b)

3.

Reactions of the covalent metal borohydrides.

The borohydrides of beryllium and aluminium, prepared

from the metal alkyl and diborane5'22°

are the final products
of a complex series of reactions. The initial reaction between
dimethylberyllium and diborane at 95° gives a non-volatile liquid
which on subsequent reaction with diborane gives a product with
the empirical formula, MeBeBH#. This volatile product reacts
rapidly with additional diborane to give the borohydride and
small amounts of a non-volatile white solid, thought to be
(BeBH5)x' Intermediates formed during jhe preparation of the
aluminium compound have not been isolated. A non-volatile zinc
compound , <ZnBH5>x’ is reported74' from the reaction between
dimethylzinc and diborane, and more recently the volatile solid
MeZnBH), (vep.1.1mm.at 25°,ﬁ.p.55-5é°), has been shown to be

31

a product in this reaction.
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Coordination chemistry of the borohydrides.

Both beryllium and aluminium borohydrides form 1:1 addition

3N . BeBZHs

(v.p. log,, p = 8.353 - 2909/T, b.p. 260°), is sufficiently

compounds with trimethylamine. The compound, Me

stable to permit determination of molecular weight from vapour

density measurements, and the analogous compound, Me N.Al(BHu)

3

mep. 790, may be sublimed in vacuum, but at 1000, decomposes

3

into trimethylamine-borane and an oily liquid, 'A1B2H9', which
was not obtained pure. Aluminium borchydride also reacts with
other Lewis bases to form 1:1 adducts, L.Al(BH4)3 (L = NHB' Meao,
EtBN, Me3 3 >

slowly at room temperature and rapidly above 500.

P, Me,As, Et_ O, MeZS), which are reported to decompose

22,129,

The etherate, Meao'Al(BH4)3' decomposes at 60° with evolution
of methane, and the compound, EtZO.Be(BH#)a, monomeric in
benzene, is decomposed at 100° according to the equation:

‘Bel ' '
BgB2H8.OEt2-——4»-CZH6 + 2H2 + BeBZHB.OEt

The reaction of aluminium borohydride with ammonia has been

131.

studied in some detail, and at low temperatures a hexammine

is formed, which loses ammonia at room temperature to give a
compound of composition, A1B3H12.(NH3)5.3_5.7.

soluble in water with only slight decomposition, and is insoluble

This product is

in hydrocarbons, ethers, and ketones.
All adducts of the type, L.Al(BHh)E, have i.r. spectra

very similar to aluminium borohydride over the region

11

#000—1100cm-1, and the B n.m.r. spectra show all boron atoms
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. 129.
to be equivalent, and surrounded by four hydrogen atoms.
This evidence suggests that in these adducts the ligand is bound
directly to the aluminium.

3
trimethylamine at slightly elevated temperatures resulted in the

Further reaction of the adduct; Me N.Al(BH,_'_)3i with

formation of almost exactly one mole of trimethylamine-borane
per mole of borohydride, and left a product of empirical composition

Me.N.A1B,H,. Removal of trimethylamine-borane from the analogous

3 279

beryllium compound, Me N.BeBZHS, occurs at higher temperatures,

3

and the residual material, Me N.BeBH5. reversibly loses some

3

trimethylamine.

3I‘T —_— l"le3N.BH3 + l"leBI\T.BeBH5

N.BeBHs, will react with diborane to give beryllium

MeBN'BeBEHS + Me

The product, Me3

borohydride, but the adduct, Me N.Be(BH4)2, with diborane at

3

70° failed to give the amine-borane.

.B
3N eBH5 ,rle3NAlB H9,

are single compounds. Attempts to remove all of the boron from

It is not certain that the re51dues s Me

these products, and so form addition compounds of alane or
beryllium hydride have not been successful. HoWever, treatment
of the monoammine, H3N AlBBH12, with trimethylamine resulted

in removal of 93% of the total boron, but the reaction was
accompanied by loss of hydrogen and formation of a non-volatilg
so0lid of composition, (AlHZN)x' Tensimetric titration of

129-

aluminium borohydride with nitrogen or phosphorus ligands

showed that four equivalents of ligand reacted with the borohydride.
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3———%>-BR3M.BH3 + REM.AlH3 (M = N,P; R = alkyl)

Only trimethylamine reacted rapidly at 25° to cleave all the

41.3.(13114)3 + L4LMR

bridging structure in the borohydride, triethylamine reacted
over a period of hours, and trimethylphosphine over several days.
Trimethylarsine, and oxygen or sulphur ligands, all reacted
rapidly to form the corresponding 1:1 adduct, but did not react
beyond this point.

Hydrido-aluminium borohydride complexes with amipies have
been obtained from metathetical reactions between the corresponding

132.

chloro compounds and lithium borohydride. Trimethylamine

chlorocalanes reacted smoothly with a benzene suspension of
lithium borohydride.

HZAlCl.NMe3 + LiBHLI_-——-‘:>-H2AlBHl+.NMe3 + LiCl

HA:L(:lZ.NMe3 + 2LiBH4-é HM(BH4)2.NMe3 + 2LicCl

a + i —— ( ) i <
AlClB.NMv} } 3L13H4 Al‘BH4'3'NM9 + 3LiCl.

Dimethylaminoéhioroélanes reacted éimilafly:

3

HAlCl.NMe2 + LiBH#-——%B'HAlBﬂh.NMeZ + LiCl

CL,AlNMe, + 2LiBH,—>= (BH,),AlNMe, + 2LiCl
These compounds react violently with water, less violently with
oxygen. They are stable at room temperature, and most are
sufficiently volatile for purification by sublimation or vacuum
distillation. However, trimethylamineborohydrido-alane is

decomposed at 90° according to the equation:

HzﬂlBﬂdNMe3—+Mé3NBF13+ Al + 3/2H2

The i.r. spectra of the complex borohydrides in the region
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2500-1650cm™ ! closely resemble that of aluminium borohydride.
Doublets at 2560 and 24400mf1, and broad bands at 2170 and
2130cm-1 are assigned to terminal B=H stretching and asymmetric

bridge stretching respectively. A band at ‘1890-'1820cm-1 has been

assigned as Al-H stretch.133' The B11 n.m.r. spectra of the hydrido-

aluminium borohydride complexes indicate four equivalent hydrogen
atoms bound to the boron, and in complexes containing two or
more borohydride groups, all horon atoms are equivalent. The
presence of four eguivalent hydrogens bound to the boron,
eliminates configurations involving B-N and Al-B'bonds.
Dimethylaﬁinohydrido-aluminium borohydride and the diborohydride
have been shown, from tensimetric titrations, to react rapidly
with trimethylamine.

HAlBHu.NMe2 + NMe_, —= H_A1NMe, + Me_NBH

3 2 2 330

3———>-H2A1NMe2 + 2Me3N.BH3

The 3T1n?m.r.-épectrum of the“cruae pfoduct_gafé_é qﬁédfﬁbiét,

(BH4)2A1NMe2 + 2NMe

consistent with destruction of the borohydride group, and

trimethylamine-borane was isolated from the reaction products.
Reactions of trimethylamine with trimethylamine complexes

of dihydridoaluminium borohydride and hydridoaluminium diboro=-

134,

hydrides have been reported. The tensimetric titration of

the compound, HaAlBHu.NMe with trimethylamine showed rapid

3
addition of one mole of amine, and a much slower reaction with
a second mole of amine. The product corresponding to the

composition, H,A1BH,.2NMe,, solid at 0°, was observed to liquify
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at 25° and the B 'n.m.r. spectrum showed a Quadruplet,csh = 26.0

JBH = 100¢/s, and a quintuplet,<§ 5 = 56.6 IgH = 86c/s, indicating

cleavage of the borohydride to the amine-~borane, Me_N.BH_,. The

3 3

initial reaction with amine did not cause cleavage of the hydride

bridge, since the liberated alane adduct, Me N.A1H3, would have

3

reacted rapidly with more amine to give the bisamine complex,

H3Al.2NMe3.135' Further, the B11n.m.r. spectrum of a 1:1 mixture

of the reactants showed only the quintuplet indicating that the
second amine molecule was coordinated to the aluminium. The
decomposition of the 2:1 adduct is thought to proceed:

\ ——

and at appreciable concentrations of trimethylamine-alane, a
second reaction is likely,

. . ——_»- . .
H2AlBH4 2NM33 + H3A1 NMe3 H3Al ZNMe3 + HZAlBH4 NMe3

Apparently the first reaction is reversible since the B11n.m.r=

3Al.NMe3 and MeBN'BH3’ originally

& quadruplet, eventually contained a quintuplet. However, addition

spectrum of mixtures containing H

of two moles of amine to one mole of borohydride resulted"iﬁ
direct conversion to the borane, and no evidence was found for
the original equilibrium.

° "'—_>- .2NM M NoB .
HZAlBH4 NMe3 + 2Me3N H3Al e3 + e3 H3

The reaction between the compound, HAl(BH4)2.NMe3 and

trimethylamine approached the equation:

3 + 3Me3N'——%*'H3Al.2NMe3 + 2Me3N.BH3

although some hydrogen gas was evolved. Complete conversion of

HAl(BHu)z.NMe


http://H-.Al.NMe
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borohydride to the borane adduct was confirmed by B11n.m.r.
spectrum. Tensimetric titration at 0° showed a break at a 1:1
ratio, corresponding to the formation of the compound,
HAl(BHA)aaZNMeB, but this is much less stable than the dihydrido~
aluminium borohydride.

Preparation and reactions of tetrahydroaluminate, gallate, indate,

and thallate.

The hydride ion can also act as an electron donor to the
remaining elements of Group III.

H- + Pm}‘_‘#—MHh

The complex hydrides are prepared from the corresponding metal
halide and lithium hydride in the presence of ether, or in the

case of aluminium, from sodium hydride, hydrogen, and activated
136,137,

aluminium powder. B

Both lithium tetrahydroaluminate and the corresponding
gallium compand are prepared at room tempergture, although the
second compound is reported to decompose slowly at room

138.

temperature, and ethereal solufions of the compounds, LiIan,
LiTlHq, are only stable at low temperatures.26' As anticipated,
the stability of the complex hydrides, MH;. decreases from boron
to thallium, and for the ion, AlHZ, the most stable salts are
those containing a cation of low deforming power. The tetrahydro-
aluminates of the metals, Ca,Mg, and Be are known, and the salt,
Tl(GaH4)3’ is reported to decompose above -90o into thallium,

139.

hydrogen and gallane. It has been suggested that the compound
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Be(AlHu)Z, contains bridging hydrogen.140'

Ethereal solutions of the complex hydrides, LiMHu. react

with the metal chloride, MCl3, to give the metal hydride.26’138'

SLiMH, + NCl, B0 snicy + v,
i -
The complex hydrides of boron, aluminium, and gallium, have

been used for the preparation of amine derivatives of borane,141'

142,

alane, and gallane,1u3' by reaction with alkylammonium halides.

LiMHA + R3NH01——-4>-H + LiCl + R3N.MH3

2
Reactions of lithium tetrahydrcaluminate.

The compound is less thermally stable than the corresponding

38.

borohydride,1 and unlike the borohydride, reacts rapidly with

primary and secondary amines.

LiAlHl+ + 4URNH, —a LiAl(RNH),_‘_ + UH

2 2
A trimethylamine addition compound, LiAlHu.NMe
144,

39 is obtained in

ether solution.
The hjdrides of zinc, cadmium, bé}jilium, and magﬁégiﬁﬁ; .
have been prepaied from the metal alkyls an&-the hydfiée;LiAiHu,
in ether solution.145' Those of zinc and cadmium were obtained
pure, but those of beryllium and magnesium could not be obtained
free of solvent. Attempts to prepare a hydride of mercury,
even at -80°, gave only the metal and hydrogen.
Dialkylaluminium hydride is formed from lithium aluminium
hydride and the trialkyls of boron, aluminium,and gallium.1#6'
LiA1H4 + R3M.___9-LiMH3R + RZAlH.

The reaction is thought to proceed in two steps:
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LiAth + RBB-—ar LiH + RxBHB-x + RyAIHB-y
(where x + ¥ = 3, but neither x nor y are zero.)

RZBH + RAle.;_-—_E: RBH2 + R2A1H
It is then proposed that the mono-alkylboron compound reacts
preferentially with lithium hydride.

No reaction between lithium tetrahydroaluminate and the
alkyls of Group IV,V,VI, was observed. It would appear that the
more electropositive the element with which the alkyl group is
associated, the more readily are they replaced by hydrogen.

Halides of Group III,IV,V, react with lithium tetrahydro-
aluminate in ether solution to give the corresponding hydride.

LiAlHu + SiClu———a- LiCl + AlCl3 + SiHh

LiAlHL'_ + 2Me25n012———>' LiCl + AII.Cl3 + 2Me25nH2.
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EXPERIMENTAL .

Many of the compounds described in this work are extremely
air and moisture sensitive. Beryllium borohydride spontaneously
ignites on contact with air, and although many of the adducts
are rather more stable towards dry air, they are explosively
decomposed on contact with water.

The purification of commercial nitrogen and the mainten-
ance of a glove-box have been described in the first part of
this thesis.

Vacuum line.

A general purpose vacuum line was constructed (PHOTO.1),
and consisted of three main sections.

Storage section.

Volatile liquids and solids were stored in small tubes,
and gaseous reactants were stored in large (31.) bulbs fitted
with manometer and cold-finger. The storage tubes were connected

through mercury float-valves to the main line.

Gas analysis section.

A T8pler pump was used for the measurement of gases not
condensed by liquid nitrogen. The calibration marks on the
pump correspond to volumes of 11.52cc. and 151.8¢cc.

Condensable gases were measured in calibrated bulbs
connected to a manometer. The volume of each bulb was found by
condensing known quantities of carbon dioxide into the

apparatus.
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Vol. small bulb, 505.6cc.; Vol. large bulb, 4613cc.
Internal radius of manometer tube, O.5cm.
Internal radius of mercury réservoir, 2.9cn.
For a 1cm. drop in the manometer level, the reservoir level
increases by 0.0298cm.

Fractionation section.

Three small U-traps were interconnected by mercury float-
valves, and each trap could be connected directly to the main
line through a separate float valve.

Tensimetric titration apparatus.

A small volume ( 60cc.) constricted reaction tube, and
single limb manometer were connected through a mercury float-
valve to the main vacuum line. Volatile reactants were measured
on the vacuum line and condensed onto a known weight of beryllium
borohydride contained in the reaction tube. The float valve was
closed and the reactants allowed to equilibrate at room -

temperature before measuring the pressure in the apparatus.

Molecular weight measurements.

Molecular weights were measured cryoscopically in benzene
solution. The cryoscopic constant of sédium dried benzene was
determined using freshly sublimed diphenyl. A benzene solution
of the compound, prepared under nitrogen, was introduced into
the Beckmann apparatus against a counter flow of nitrogen. A
slow flow of nitrogen was passed continuously throughout the

determination to prevent back diffusion of air.
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Infra-red spectra.

These were kindly recorded by Mr.G.Collier of this
department ol either a Grubb-Parsons G.S5.2A or a Grubb-Parsons
prism-grating Spectromaster. Air sensitive materials were handled
in a glove-box and submitted as nujol-mulls, or in the case of
liquids as a contact film between potassium bromide discs.

1

Spectra were recorded over the range, 4000-400cm™ .

11 .
B magnetic resonance spectra.

These were kindly recorded by Mr.J.W.Akitt of the
University of Newcastle on a AE.I. RS2 spectrometér operating
at 20Mc/s.

Liﬁuid samples were used undiluted, and sealed in 9mm.
bore soda-glass tubing under a slightly reduced pressure of
nitrogen. Solid and viscous liquid samples were disgglved in the

minimum volume of benzene. Chemical shifts were measured against

trimethylborate as an external reference.

Preparation of starting materials.

E£hy1 e;her'and tet;éhéérofuran were sodium driea fbr
several days and then distilled from lithium tetrahydroaluminate.
1,2-Dimethoxyethane (monoglyme) was dried by refluxing with
potassium for several hours and was then distilled. Final
purification was carried cut just before use by refluxing with,
and distillation from, lithium tetrahydroaluminate.

Hydrocarbon solvents were dried over sodium wire, and

after distillation, were stored over sodium wire.
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Samples of trimethylamine, dimethylamine, isopropylamine,
iscbutylamine, trimethylphosphine, triethylphosphine, and dimethyl-
phosphine were available in the laboratory and were dried by
distillation from sodium hydroxide pellets.

Commerciél triphenylphosphine was purified by recrystall-
isation from benzene-hexane solution followed by vacuunm
sublimation. The purified material was stored under an atmosphere
of nitrogen.

Beryllium chloride.

Anhydrous beryllium chloride was prepared in good yield
(90-95%) by heating beryllium powder in a stream of chlorine.
The rate of reaction was controlled by dilution of the chlorine
with nitrogen. The product was sublimed into a suitable flask
which was evacuated to remove excess'chlorine, and the compound

stored under nitrogen.

Lithjum borohydride.

Commercial samples of lithium boroﬂ&dride were extrécted
-wifh ether in a Soxhlet-ayparatus. The ether solution was
concentrated by distillation, and the solid mono-etherate
decomposed by heating in vacuo for several hours at 120°. The
purified compound was stored under nitrogen.

The compound has been prepared from anhydrous lithium
chloride and scdium borchydride in iggpropylamine.‘It was found
convenient to Soxhlet extract the sodium borohydride into an

isopropylamine solution of the lithium chloride, since this
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gave a coarse and easily filtered precipitate of sodium chloride.
After filtration and removal of solvent, the lithium borohydride
was purified by the method just described.

Beryllium borohydride.

An intimate mixture of beryllium chloride and lithium
borohydride was heated in vacuo(0.001mm.Hg.) to 140° over a period
of 8hrs. in the apparatus shown in FIG.3. The volatile product
was collected in traps cooled by liquid nitrogen.

Method.

A mixture of berylliﬁm chloride, (49g.,0.613m0les), and
lithium borohydride,(6.3g.,0.29moles), was introduced into the
reaction flask against a counter flow of nitrogen. The flask was
stoppered and shaken for about 10mins. to ensure intimate mixing
of the reactants. During this period there_yas a perceptible

temperature increase, suggesting that the reactiorn was

spontaneous at room temperature. The flask was attached to the

apparatus and evacuated through taps t1,t2,t3,t#, and t Traps

5

were cocled by liquid nitrogen, and the reaction flask

T1 and ‘1‘2

heated to a maximum temperature of 140° over a period of 8hrs.

The reaction flask was cooled to room temperature, and taps t1

and t4 were closed.

Trap T, was warmed to room temperature, and all volatile

2
material was collected in trap T1 which was then warmed to -78°
(acetone/COz) and with tap t4 open, was pumped at this temperature

to remove any diborane produced from thermal decomposition of



AAIHIAAHOY0OG  WNWNINAY38E
4O NOILVHVdIdd 3FHL dOd4 SNIvHVddV

o




-132~

beryllium borohydride. The cooling bath was removed from T1,

and with tap th closed, the product was sublimed into trap T2’

which was cooled by liquid nitrogen. A small amount of a white
involatile residue remained in trap T1.
With taps t,, t, t,, and t; closed, the trap T,

removed from the apparatus and weighed before connecting to the

was

vacuum line and storing the product, (4.3g.,75% on LiBHu), in
a suitable storage tube.

Beryllium borodeuteride.

The compound was prepared from excess beryllium chloride
and lithium borodeuteride, (obtained as 98.99% LiBDh,D-purity
98.69%,from the Czechoslovak Academy of Science. Prague, and used
without further purification), by the method described above.

Storage of beryllium borohydride,

Freshly prepared samples of aluminium borohydride are
reported to decompose spontaneously af room temperature with
formation of diborane and unknown compounds. The stabiiity of
beryllium borohydride at room temperature was investigated by—
storing a freshly prepared sample in a tube attached to a bulb

and manometer.

After several hours, a pressure of about 2cm. developed
within the system, (v.p. BeB,Hg at 20° Smm.) and the gas was
condensed by liquid nitrogen suggestiﬁg the formation of diborane.
The borohydride was cooled by acetone/COZ, and the system

evacuated, No further excess pressureideveloped in the apparatus,
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even after standing for several months, and it was concluded

that beryllium borohydride is only slowly decomposed at room
temperature. It should be noted however, that after about 6-7months
a little white involatile residue remained in the storage tube
after removal of beryllium borohydride.

Measurement of beryllium borohydride.

Samples of the borohydride were weighed in a tube fitted
with a side~arm containing a small amount of mercury. After
condensing the borohydride into the tube from the vacuum line,
the grease on the glass tap was protected by mercury by inverting

the apparatus.

Analytigal methods.
Hydrolysis.

Many of the compounds to be_dchriﬁed are conveniently
decomposed by low temperature hydrolysis with 2-methoxy ethanol
and finally with dilute sulphuric acid ét room temperature.

However, the amount of hydrogen released in the hydrolysis
is gene}ail& less than that required bf the equation:

L.BeB,Hg + 8H,0 ——Be(0H), + 213(«:)‘51)3 + 8H, + L
In such cases, depending on the nature of the base L, borane
adducts of the type, L'BHB' are present in the final solution.

In the extreme case, (L = Ph3P), exactly 5/8 the total
hydrolysable hydrogen is released in accordance with the equation:

Ph3P.BeBZH8 + SHZO-—-——-’-Be(OH)2 + B(OH)3 +-5H2 + Ph_P.BH

3 3
The amount of hydrogen released by other compounds,(L = Me3P'Et3P)
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is found to be intermediate between that required from either of
these equations. This suggests either partial hydrolysis of the
borane adduct, or only partial formation of the borane adduct. In
either case, analysis for hydrolysable hydrogen or boric acid

in the hydrolysate is of little practical significance.

Analysis for beryllium and boron.

A method was developed for the simul taneous determination
of beryllium and voron following decomposition by hydrolysis.
If necessary, the final solutioh was benzene-extracted to remove
borane adducts, and then diluted to a known volume.
Berzilium was determined by titrating the alkalline solution formed
on addition of excess potassium fluoride to beryllium hydroxide.
Be(OH), + 4F ——» BeF| + 20K
The method requires standardisation under fairly closely controlled
conditions, and the calibration procedure about to be described
..sﬁéuld be éirié;ly adheréé_to. _
Aliquots of a standard beryllium solution, (0.01M Besohi,

2+. To each was added 5cc.

were taken to cover the range O-6mg. Be
of a 0.5M potassium sodium tartrate solution, 2drops of a 0.1%
alcoholic solution of bromo thymol blue, and the solution

titrated with dilute sodium hydroxide to a green end point. Then
was added 5cc¢. of a 1M potassium fluoride solution, and the
resulting blue solution set aside for about 2mins. before titrating

with 0.1N sulphuric acid to a green end point. A linear

calibration graph of beryllium concentration against volume of
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acid titrant was plotted.

Boron was then determined by titrating the solution to a blue
end point with O.1N sodium hydroxide, and after the addition of
excess mannitol, the acid solution was titrated with 0.1N sodium
hydroxide to a blue end point.

Experimental results.

Ether complexes of beryllium borohydride.

Diethyl ether was evaporated under reduced pressure,
(finally 0.01mm.Hg.) from a solution obtained by dissolving the
borohydride ( O.1g) in the ether (10cc.). The product was a
colourless, slightly viscous liquid involatile at room temperature.

(Found: hydrolysis of 0.0136g. gave 20.8cc.H,, Calc. for the 1:1

2
adduct 04H18323e0, 21.6cc.H2).

Tetrahydrofuran vapour was allowed to equilibrate at room

temperature with beryllium borohydride ( 0.71g.) and then excess
te¥;ahydrofuran was removed at reduced pressure giving
crystalline tetrakistetrahydrofuranberyllium borohydride.

(Found: hydrolysis of 0.0586g. gave 29.9cc. Hp, Calc. for
C16H#OB2Be04, 32.Occ.H2). The solid does not melt sharply,(sealed

tube under nitrogen), but slowly melts,evolving gas at about 900.

1,2=-Dimethoxyethane was added in excess to the borohydride

( 0.1g.), and the sparingly soluble product was recrystallised
from the solvent before removing the excess ether under reduced
pressure. (Found: hydrolysis of 0.0367g. gave 40.3cc.H2, Calc.

for the complex, (C Hq_(OMe) ) (Be(BHu) ) , 37.9cc.H2.). The
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compound does not melt sharply, (sealed tube under nitrogen),
but slowly liquified about 120°.

Preparation of beryllium borohydride etherate from beryllium

chloride and lithium borohydride in ether solution.

Lithium borohydride,(2.1g.,0.097mole) in ether (150cc.),
was added dropwise to a stirred solution of beryllium chloride,
(3.5g.,0.044mole), in ether (150cc.) under a nitrogen atmosphere.
The solution was separated from lithium chloride by filtration
under nitrogen, and solvent removed by distillation under
reduced pressure. The liquid product was dissolved in benzene
(20cc.) and the solution filtered froﬁ insoluble material.
Solvent was removed at the pump to leave the product,Etao.BeBEHS
(4.4g.,90%) as a colourless liquid.

Solubility of beryllium borohydride in benzene.

A saturated solution of the borohydride in benzene at
_room temperaturé Qas prepared in one limb of a double Scﬁieﬁk-
wé#be. The solution was filtered into the second 1imﬂ of the
Schlenk, and a knoﬁﬂ volume was removed for hydrolysis. From the
volume of hydrogen released on hydrolysis, the solubility of
beryllium borohydride in benzene at room temperature was found

to be 0.8g./1.

Tetrakisisobutylamineberyllium borohydride.

Addition of the amine in excess to a solution of beryllium
borohydride in ether solution resulted in immediate precipitation

of the colourless complex, which was washed several times with
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ether and dried under reduced pressure. (Found: hydrolysable

H,2.38; isobutylamine,88.8, CleH BeN, requires hydrolysable

528>
H,2.43; isobutylamine,88.3%). The product melted with decomposition
at 187°, and was found to sublime at 145° in a good vacuum.

Triphenylphosphineberyllium borohydride.

Beryllium borohydride, (0.2659g.,0.00687mole), was
condensed onto a frozen (-1960) solution of triphenylphosphine,
(1.75g.,0.,0067mole) in benzene (20cc.). When the mixture had
warmed to room temperature, the borohydride slowly dissolved in
the phosphine solution. Solvent and any excess of the borohydride
was then removed at reduced pressure leaving the colourless
crystalline complex,(1.9g.,100%).(Found: Be,2.9%, and hydrolysis

of 0.1105g. gave H,,40.8¢cc.; H;B0,,0.0234; Ph,P.BH,,0.1000g. ;"

3’ 3
M, cryoscopically in 0.79,1.58 wt.% benzene solution,310,323.

C18H23323eP requires Be,3.0% and hydrolysis according to the
equation:

Ph P'BeBZHS + 5H20-——47-Be(0H) + B(OH)3 + Ph,P.BH_, + S5H

3 3 2
P.BH_,0.1013g.; M,301.).

3 2

requires H2,41.1cc.; H3393.0.0228g.; Ph3

The compound, PhBP.BH was separated from the hydrolysate

3
by extraction with benzene, m.p.189°, (Found: C,?78.8; H,6.59.

C18H18BP requires C,78.3; H,6.53%).

The complex, Ph P.BeBzHS, did not melt sharply (sealed

3

tube under nitrogen), but was mostly liquid at 1220, resolidified

above this temperature and again melted at 1630.
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Attempted preparation of bistriphenylphosphineberyllium

borohydride.

Beryllium borohydride,(0.4848g.,0.0125mole) was condensed
onto a frozen (-196°) solution of triphenylphosphine,(6.57g.,
0.0251mole) in benzene (40cc.). After warming the mixture to
room temperature, benzene was removed at reduced pressure to
leave a crystalline solid. (Found: Be,1.6% and hydrolysis of
0.4338g., gave H,, 77.6cc.; M, cryoscopically in 2.9 wt.%

benzene solution,277. Calc. for a 1:1 mixture(Ph_P + Ph_P.BeB Hgg

3 3 2
Be,1.7%, hydrolysable H2,86.2cc.; M(apparent),281).

It was concluded that beryllium borohydride does not form
a bistriphenylphosphine complex at room temperature.

Triethylphosphineberyllium borohydride.

~ Beryllium borohydride,(1.10g.,Q.0284m01e) was condensed
onto a frozen(-196°) solution of triethylphosphine,(3.4g.,0.0288
ﬁgle),_iﬁ benzene (Zoac;). fhe miiture was warmed to room
temperature, and benzene removed from the clear solution under
reduced pressure. The colourless, slightly viscous liquid was
purified by vacuum distillation, b.p.68°/ 0.01mm.Hg. (Found:
Be,5.3% and hydrolysis of 0.0682g., gave H2,53.2cc.; M,

cryoscopically in 1.12,0.56 wt.% benzene solution, 169,162.7.

06H23B2Bep requires Be,5.7%; and hydrogen assuming formation of
one mole Et3P'BH3' 48.8cc.; M,156.9).
The compound, Et_ P.BH, was separated from the hydrolysate

3 3
by extraction with benzene,m.p.49° (Found: C,54,9; H,14.0.
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C6H1BBP requires C,54.5; H,13.9%0.

Triethylphosphineberyllium borohydride from beryllium borohydride

etherate and triethylphosphine.

Triethylphosphine, (1.48g.,0.0125m0le) was syringed onto
a cooled (-196°) sample of beryllium borohydride etherate,(1.415g.,
0.0125mole). The mixture was allowed to warm to room teﬁperature
and volatile material removed at the pump. The product was
purified by vacuum distillation and shown by its i.r.spectrum to
be identical to the compound prepared above.

Trimethylphosphineberyllium borohydride.

Trimethylphosphine, (254¢cc.,0.0113mole), was condensed onto
a cooled (-196°) sample of beryllium borohydride, (0.4048g.,
0.0105mole) contained in a reaction tube attached to the wacuum
line. On warming to room temperature, there was a rapid reaction

with the formation of a liquid product which was involatile at

room temperature.(Found: Be,?.9%; M,cryoscopically in 0.66 and

0.33 wt.% benzene solution 120,118.1. BeP requires Be,7.9%;

0331732_
M,114.8).

Hydrolysis of 0.0538g., gave HE’ 58.1¢¢c.; Me,P,2.1¢cc.,

3

and the compound, Me,P.BH, m.p.99°, was isolated from the
hydrolysate. The latter compound was identified by melting point
and comparison of ‘the i.r. spectrum with that for an authentic
sample of trimethylphosphine-borane,m.p.102°, prepared from

trimethylphosphine and diborane. Assuming the trimethylphosphine

to be formed from partial hydrolysis of the phosphine-borane,
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the observed hydrogen figure,(58.1cc.), may be corrected as
follows:

1 mole Me3P = %5 moles H2,

Then 2-1CC-M63P = 60300.H2-

Thus corrected hydrogen figure = (58.1-6.3) = 51.8cc.
Hydrolysis of 0.0538g., assuming formation of 1mole Me3PBH3'

requires H2,52.5cc.

Dimethylphosphineberyllium borohydride and dimethylamineberyllium

borohydride.

The liquid adducts were prepared quantitatively by a
similar method to that described for the preparation of
trimethylphosphineberyllium borohydride.

Dimethylphosphineberyllium borohydride. (Found: Be,8.9%; M,

cryoscopically in 0.445,0.223 wt.% benzene solution 101.3,101.

' §
C2u15B2

Dlmethylamlneberylllum borohydrlde. (Found: Be,10.6%; M,

BeP requires Be,8.9%; M,100.8).

cryoscoplcally in 0.55 and O 27 wt.% benzene solution 89.5,86.6.

CZH15 ,BeN requires Be,10.7%; M,83. 7).

Displacement of ether in beryllium borohydride etherate by

other donor molecules.

The preparation of triethylphosphineberyllium borohydride
from triethylphosphine and beryllium borohydride etherate showed
that the coordinated ether molecule could be replaced by other
donor molecules.

Displacement by triphenylphosphine. Beryllium borohydride etherate
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(0.467g.,0.00417mole) and triphenylphosphine,(1.09g.,0.00416mole),
were heated in vacuo to 800, and volatile material was trapped

at -196°. Diethyl ether (45cc., required 93cc.) was identified
by comparing the i.r. spectrum with that for diethylether.

Displacement by trimethylphosphine. Trimethylphosphine (28cc.)

was condenséd onto a frozen (-196°) sample of the etherate, and
the mixture was allowed to equilibrate at room temperature for
bhrs. before removing volatile material (27c¢c.) which was
identified as diethylether from its i.r.spectrum.

Displacement of trimethylphosphine by trimethylamine. Trimethyl~

amine (16.2cc) was condensed onto a frozen (-196°) sample of
trimethylphosphineberyllium borohydride, and the mixture
equilibrated at room temperature for about 1hr. before removing
volatile material (6.0cc.) identified as trimethylphosphine

from ite i.r. spectrum.

The preparation of beryllium hydride from pﬁééphine adducts

of beryllium borohydride.

The atéempted preparation of a bistriphenylphosphine-
beryllium borohydride complex at room temperature, gave only a
. mixture of triphenylphosphineberyllium borohydride and triphenyl-
phosphine. Similarly, triethylphosphine could be recovered from
& 1:1 mixture of the phosphine and triethylphosphineberyllium
borohydride by pumping at room temperature.

However, it was found that on heating these mixtures at

about 1000, a reaction occured with the formation of beryllium
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hydride.

Pyrolysis of a 2:1 mixture of triphenylphosphine and beryllium

borohydride.

The borohydride,(0.8465g.,0.022mole), was condensed onto
a frozen (-196°) solution of triphenylphosphine (11.48g.,
0.044mole) in xylene (mixed isomers,100cc.) contained in one
1imb of a double Schlenk-tube fitted with a reflux condenser.
After the mixture had warmed to room temperature and the boro-
hydride had dissolved, it was heated to 150°(oil-bath temperature)
for 6hrs. under a nitrogen atmosphere, during which time a white
precipitate formed. The reaction mixture was filtered while still
hot into the second limb of the Schlenk-tube, and the residue
was boiled with two 40cc. portions of dry benzene, the filtrate
each time being added to the xylene solution from which the
3P;BH3 (11.6g.,97%), was recovered (identified by m.p,

and i.r. spectrum).

adduct, Ph

The insoluble éesidue (0.25g.) consisted mainly of beryllium
hydride (Found: Be,63.2%; hydrolysis of 0.0193g., gave 63.3cc.H2.
Calc. for BeH,, Be ,81.9%; H2,78.4cc. Sample corresponds to 80.7
Wwt.% BeHZ). From the hydrolysate was extracted Ph3P.BH3(O.0032g.,
required,0.0037g.) identified by its i.r. spectrum. Hence, the
molar purity of the beryllium hydride was found to be 99.1mole%.

The main feature of the i.r.'spectrum of the best specimen
of beryllium hydride prepared by this method consists of a

broad absorption centred on 1758cm-1.
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Pyrolysis of a 2:1 mixture of triethylphosphine and beryllium

borohydride in the absence of solvent.

Triethylphosphine (1.2g.,0.010mole), was added to triethyl-
phosphineberyllium borohydride (1.5g.,0.0096mole), contained in
one limb of a double Schlenk-tube fitted with a reflux condenser.
The mixture was heated under nitrogen without apparent reaction
until at 1200, a small amount of white solid appeared in the
solution which quickly set to a glassy-solid, and the product
was heated at 145° for about 4hrs. The preduct was refluxed with
benzene, and after filtration the adduct, EtBP.BH3 m.p.#9°(1.#g.)
was recovered from the benzene solution. Impure beryllium hydride
was removed from the Schlenk and heated in vacuum to remove the
last traces of the borane~-adduct. (Found: Be,29.8%, and

hydrolysis of 0.0235g., gave H2,33.6cc. BeH, requires Be,81.9%,

2

H2,95e6cc. Sample corresponds to 35.1 wt.% BeHZ, and boron was

not detected as H,BO, in the hydrolysate.)

Pyrolysis of a 2:1 mixture of triethylphosphine and beryllium

bofbhydride in xylene solution.

Triethylphosphine (1.3g.,0.011mole) and triethylphosphine-
beryllium borohydride (1.2g.,0.0076mole) were dissolved under
nitrogen in xylene (mixed isomers,30cc.), contained in one limb
of a double Schlenk-~tube fitted with a reflux condenser. The
mixture was heated by oil-bath, and at about 140-150° a slight
precipitate of beryllium hydride separated from the solution.

The oil-bath temperature was increased to 170° over 3hrs. after
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which time the hot solution was filtered and the beryllium hydride
washed with hot benzene before heating in vacuo to remove the
last trace of the borane-adduct, Et3P'BH3' The impure beryllium
hydride, (0.077g.) was recovered from the Schlenk.(Found: Be,55%;
and hydrolysis of 0.008g. gave H2,19.1cc. BeHa_requires Be,81.9%,
H2,32.60c. Sample corresponds to 58.6 wt.% BeH,, and boron was

not detected as HBBOB in the hydrolysate). After distillation of
the hydrocarbon solvent, the triethylphosphine-borane,

(identified from m.p. and i.r. spectrum) was isolated with a

small amount of involatile solid, which was found to contain 1.7%

of the original beryllium content.

Pyrolysis of a 2:1 mixture of trimethylphosphine and beryllium

borohydride in benzene solution.

Beryllium borohydride (0.2857g.,0.0074mole) and trimethyl-

phosphine (337cc.,0.015mole), were condensed onto benzene (10cc.)

in a cooled (-196°) reaction tube. The tube was sealed under

vacuum, and heatedhét 606 for 65ﬁrs. during which time a
prepipitate of beryllium hydfide separatad-from the solution.
Heating was continued for a total of 9days to allow complete
reaction.

The tube was opened on the vacuum line and benzene removed
at =10°. Trimethylphosphine-borane (0.737g., reqde.l.33g.,56%)
was removed by pumping at room temperature. A small volume of
liquid was removed from the beryllium hydride by 'flaming' the

reaction tube while pumping at 0.001mm.Hg. Sufficient liquid was
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recovered to record the i.r. spectrum, which closely resembled
that for trimethylphosphineberyllium borohydride. The reaction
tube was transferred to a glove-box and the beryllium hydride
recovered, (0.051g.,required,0.081g.,63%). (Found: Be,58.6%, and
hydrolysis of 0.0157g. gave H2,4?.7cc. BgH2 requires Be,81.9%;
H2,63.9cc. Sample corresponds to 74.8 wt.% BeH,, and boron was
not detected as H3B03 in the hydrolysate).

Tensimetric titration of beryllium borohydride with donof molecules.

To investigate the possible formation of adducts other
than the 1:1 compounds described above, samples of beryllium
borohydride were titrated tensimetrically at room temperature
with volatile donor molecules in the apparatus previously described.
The equilibrium pressure (pmm) at room temperature was plotted

against the mole ratio of donor to beryllium borohydride.

Titration of beryllium borohydride with diethyl ether.
"Weight of berylliumborohydride = 0.1065g.(61.6cc.) -

Vol .Et,0(cc.) Total vol.Et.O P Et.0/BeB, Hg
0.0 0.0 8.2 -
10.7 10.7 8.0 0.174
12.7 - 23.h 7ol 0.380
3.6 33.0 9.3 0.536
11.9 4l .9 8.2 0.728
16.4 61.3 20.1 0.996
14.9 76 .2 107.2 1.238
12.8 89.0 167.0 1.446
14.0 103.0 218.4 1.672
14.8 117.8 263.0 1.910
14.9 132.7 296.8 2.150

12.3 145.0 314.7 . 2.350
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On completion of the titration excess ether was recovered from
the apparatus,(86.2cc.). Thus, combined ether = 145-86.2 = 58.8cc.
corresponding to a mole ratio of 0.96/1.0.(v.p. of product,
0.05mm. Hg. at 22°). FIG.4, curve A.

Titration of beryllium borohydride with trimethylamine.

Weight of beryllium borohydride = 0.0525g.(30.4cc.)

Vol.MeBN(cc.) Total vol.Me,N P, gg3§Z§g§2§8
0.0 0.0 12.5 -

6.6 | 6.6 5.4 0.217

7.6 14.2 6.5 0.467

10.4 24.6 3.6 0.810

9.9 34.5 27.5 1.135

4.9 Lo .4 149.6 1.626

9.0 58.4 237.6 1.923

9.8 68.2 327.7 2.245

Consistent pressure readings for ratios Me3N/BeB2H83>1.O
were obtained after about 17hrs. On completion of the titration
excess trimethylamine was recovered from the apparatus,(31.1cc.).
Thus combined amine = 37.1cc., corresponding to a mole ratio
of 1.22/1.0.(v.p. of product,1.07mm. at 21°). A small amount

of volatile solid was recovered from the apparatus, but

was not identified. FIG.4, curve B.
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Titration of beryllium borohydride with dimethylamine.

Weight of beryllium borohydride = 0.0731g.(42.3cc.)

FIG.4, curve E.

Vol.Me,NH(cc.) Total vol.Me NH P, Me,NH/BeB, Hg
0.0 0.0 5.7 -
9.2 9.2 2.9 0.218
8.3 17.5 3.6 0.414
10.1 27.6 0.7 0.653
10.2 37.8 1.2 0.942
8.9 46.7 10.6 1.110
10.2 56 .9 16.3 1.35
13.2 70.1 23.1 1.66
13.6 83.7 30.3 1.98
18.6 102.3 k1.5 2.42
13.7 _ 116.0 54.2 2.75
16.9 ' | 13249 128.0 3.4
10.9 143.8 266.0 3.40

Consistent pressure readings for the ratios Me2HH/BeB2Hé>1.O
were obtained after about 17hrs. During the titration, a small
volume of hydrogen (~ 3cc.) was liberated. The product
corresponding to a ratio Me2NH/BeB2H8 = 3.0/1.0, was completely
solid, and a sample (0.1137g.) melted about 94° with evolution
of dimethylamine,(19.7cc.), and hydrogen,(18.2cc.). On
completion of the titration, excess amine was recovered from the

apparatus (19.5cc.).Combined amine = 124.3cc., corresponding
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to a ratio of 2.94/1.0.(v.p. of product, O.4mm. at 22°).

Titration of beryllium borohydride with dimethylphosphine.

Weight of beryllium borohydride = 0.0544g.(31.5¢cc.)

FIG.4, C.
Vol.Me PH(cc.) Total vol.Me,PH p - Me,PH/BeB,Hg
0.0 0.0 7.3 -
4.3 b3 2.1 0.137
7.9 12.2 7.8 0.388
10.7 22.9 b1 0.726
11.3 34,2 32.0 1.085
13.9 48,1 80.8 1.530
9.7 57.8 152.6 1.83
12.3 70.1 211.9 . 2.23

Consistent pressure readings for ratios MeaPH/BeB2H8>.1.0
were obtained after about 17hrs. During the titration, a total
of 2.}cc.H2_was liberated, and the final precduct was a clear
mobile liquid. The i.r. spectrum of this liqﬁid contained
absorptions due to terminal and bridging B-H, and in particular,
a strong absorption centred on ‘l'?5&cm-1 indicating Be.H.Be
bridging. On completion of the titration, excess phosphine was
recovered from the apparatus (26.4cc.) together with a small
amount of a slightly volatile liquid (v.p. 2mm.Hg. at 25°)
identified by i.r. spectrum and analysis as dimethylphosphine-~

borane.(Found: C,31.1; H,13.4. C BP requires C,31.7; H,14.2%).

2f10
Thus, dimethylphosphine (43.7cc.) reacted with beryllium
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borohydride (31.5¢é¢.), corresponding to a ratio, MeZPH/BeBZHS
of 1.39/1.0. (v.p.of liquid product O.4mm.Hg. at 26°).

Titration of beryllium borohydride with trimethylphosphine.

Weight of behyllium borohydride = 0.0664g.(38.4cc.)

FIG.4, D.

Vol.MejP(cc.) Total vol.Me,P Pom. §33££§ggzg8
0.0 0.0 10.2 -

7.2 7.2 5.5 0.187

9.5 16.7 5.2 0.435

9.3 26.0 3.6 0.676

10.6 36.6 0.8 0.954

14 .6 51.2 13.3 1.334

12.5 63.7 24 .8 1.663

9.2 72.9 30.2 1.900

12.8 85.7 159.0 2.230

11.1 96.8 279.0° 2.520

2.7 104.5 326.0 2.720 ]

Consistent pressure readings for ratios,MeBP/Be32H8>4.o
were obtained after about 17hrs. A solid product separated after
bhrs. at the point MeBP/BeBal‘{8 = 1.7, and the final product was
completely solid. On completion of the titration, excess phosphine
was recovered from the apparatus,(28.8cc.). Thus, trimethylphos-
phine, (75.7cc.) reacted with beryllium borohydride, (38.k4cc.),
corresponding to a ratio, MeBP/BeBZHS of 1.97/1.0.(v.p. of solid

product, 2mm..at 21°). The i.r. spectrum of this solid
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corresponded very closely to that of the liquid adduct,
MeSP'BeBEHS'

The results of this and the other tensimetric titrations

are illustrated in FIG.&.

Attempted preparation of bistrimethylphosphineberyllium borohydride.

The result from the tensimetric titration of beryllium
borohydride with trimethylphosphine indicates rapid formation
of the 1:1 adduct, MeBP.BeBaHS, followed by slow reaction with

a seccnd mele of phosphine to give a s0lid product of overall

composition, 2Me,P + BeBZHg. The nature of this product will now

3
be examined in detail.

Trimethylphosphine, (168.8¢cc.,0.00755mo0le), was condensed
onto beryllium borohydride, (0.1406g.,0.00364mole), contained in
a reaction tube attached to the vacuum line through a mercury
float-valve. The valve was closed and the mixture allowed to
react at room temperature. White crystals suddenly appeared in
the liqui& adduct after about 34hrs.,and the contents of the
tube solidified after a further Zhr. The 'damp' appearance of
the solid disappeared after about 45hrs.,and with the reaction
tube cooled to -200,_excess phosphine (7.5cc.),was recovered
from the apparatus. Hence, trimethylphosphine,161.3cc., reacted
with beryllium borohydride,81.4cc., corresponding to a mole ratio
of 1.99/1.0. (v.p. of solid product, 2.3mm.Hg. at 21°).

On pumping the product at room temperature, a volatile

solid and condensable gas were collected in a cooled (-196°)
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trap, and the solid product slowly assumed a 'damp' appearance
and eventually gave a viscous liquid preoduct. The reaction tube
was warmed to 40° to ensure complete removal of volatile
material, sealed at a constriction, and transferred to a glove-
box.

Examination of volatile material collected at -196°.

The contents of the trap were separated by fractionation
at -20° and the gas, trimethylphosphine,(24.5cc.), and the solig,
trimethylphosphine-borane,(0.2g.), were identified from their
i.r. spectra. This weight of trimethylphosphine-borane corresponds
to removal of 30.6% of the boron content of the borohydride.

Examination of the ligquid product remaining in the reaction tube.

The i.r. spectrum of this product compared closely to

that of the 1:1 adduct, Me P.BeBZHg, except for a broad band

3

centred on 175%cm-1 indicating the presence of Be.H.Be units.

Hydrolysis of 0.0481g., gave H2,49.80c.; Me P,}.Bcc.;-and Be,9.8%.

3
It was concluded from these results, that if a 2:1 adduct

is formed, it is readily decomposed at room temperatﬁre into

trimethylphosphine, trimethylphosphine-borane, and an unknown

liquid closely resembling the 1:1 adduct, MeBP'BeBZHS’ but

containing Be .HiBe units.

In a further experiment, trimethylphosphine,(262cc.,0.0117
mole), and beryllium borohydride,(0.2065g.,0.00534mole), were

allowed to react at room temperature, and after removal of excess
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phosphine,(27cec.), it was found that trimethylphosphine-borane
could be sublimed from the solid product simply by cooling the
upper part of the reaction tube with solid 002.

After pumping the solid product at room temperature,
trimethylohosphine,(32.3cc.), and phosphine=-borane,(0.521g.),
were isolated, and the residual product was a glassy-solid. The
recovered phosphine was condensed back onto the glassy-solid,
and over a period of 80hrs. the pressure within the apparatus
decreased and a further sample of the phosphine-borane,(0.0176g.),
and phosphine,(10.7cc.), was recovered. The total trimethyl-
phosphine-borane,(0.539g.) recovered, corresponded to removal of
56.5% of the total boron content in the borohydride.

The material remaining in the reaction tube, was a
cloudy, viscous paste, and the i.r., spectrum showed in addition
to absorptions found in the 1:1 adduct, a broad absorption
centred o; 175gcm_1.

The removal of trimethylphosphine-borane from the
borohydride hés been studied at elevated temperatures.

The solid product from beryllium borohydride,(0.1373g.,
0.00355mole), and trimethylphosphine, (159.3c¢c.,0.0071mole), was
heated at 65° for a few minutes and then cooled to room
temperature, when it was found that an appreciable pressure,
(>>9cm.Hg.), of trimethylphosphine was_present above the solid.
The tube was heated at 70° for S5hrs., and towards the end of this

period a white precipitate separated from the liquid.
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Trimethylphosphine-borane, (0.5175g.), and unreacted trimethyl-
phosphine, (13.1cc.), were separated from the solid which was
contaminated with a small amount of liquid which could not be
removed by pumping at 120°.

On the basis of the equation:
3 > * 2Me3P.BH3

the recovered phosphine-borane, (0.5175g.), corresponds to removal

BeBZHS + 2Me_,P ——> BeH

of 81.5% of the boron content in the borohydride. Further,since

89.92g.Me P.BH5 = 22400cc.Me,P, the phosphine accounted for,(142.1cc)

3 3
corresponds to 89% of the phosphine originally used.

Attempted alkyl-hydrogen exchange reaction between trimethylborane

and beryllium borohydride.

By analogy with the exchange reaction exemplified by
trimethylborane and diborane, and more specifically to the reported
exchange between trimethylborane a;d uranium borohydride, it was
‘tﬁought poséible for exchange to occur between trimethylborane
and-berylliu& borohydride.

Ho evidence was obtained for such a reaction after trinethyl-
borane was equilibrated with beryllium borohydride at room
temperature for 90hrs., nor after equilibration for 45hrs, at
75°. The unchanged borane was recovered from the borohydride at

Q

-20", and the i.r. spectra of both compounds compared exactly

to those for the original reactants.
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Attempted preparation of chloroberyllium borohydride etherate.

Lithium  borohydride, (0.298g.,0.0137mole), in ether (150cc.)
was added dropwise to a stirred solution of beryllium chloride,
(1.1g.,0.0138mo0le), in ether (100cc.) under a nitrogen
atmosphere. The precipitated lithium chloride was separated by
filtration and solvent removed at reduced pressure. Benzene,(20cc.)
was added to the liquid product and the solution filtered from
a slight precipitate of lithium chloride, and solvent removed
at reduced pressure to leave a slightly viscous liquid from
which some solid separated on standing. The liquid product was
filtered from the solid.(Found: Be,6.6; B,6.6; H,2.0; C1,26.8.
ClBeBHl*.OEt2 requires Be,6.8; B,8.1; H,3.0; C1,26.7%).

The compound was distilled in vacuum, (oil-bath, 80-90°
at 0.01mm.Hg.), to give a clear distillate,(Found: Be,6.85; B,10.1;
C1,16.8%). A thick viscous ligquid remained in the distillation
flaék and slowly solidified at room temperature. Repeated-
distillation left more solid in the flask, and was shown to
contain beryllium and chloride.

It was concludsd that the product disproportionated on
heating according to the equat?on:

ZClBeBH4.OEt2———4>-Be01 .OEt, + Et

> 2 2O.BeB2H8
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TABLES OF INFRA-RED SPECTRA. (cm™ )

§g§2§8: 2475s.8h; 2427s; 2283s; 2222w; 2169s; 2101s; 2079ssh;
2000w; 1515m; 1299s; 1190s; 1124s; 1010w; 714sb.

222228: 185283 1779s; 1733s; 1647w; 1587s; 1563msh; 1527m; 1458s;
1376s5; 1342wsh; 1299w; 1261w; 1149mek; 1072s; 1015m; 680sb; 617sb.
22294222228: 24k515; 2410s; 2347w; 2257msh; 2212msh; 2174ssh;
2137s; 2028m; 1515m; 1479s; 1447s; 1451s; 1397s; 1335m; 1294m;
1198m; 1155m; 1134s; 1095m; 1010sb; 901s; 855s; 787s; 714sb.
Et20 BeB D8 2457m; 2151m; 1869s; 1786s; 1701m; 1639s; 1575s;
15158; 1475m; 1468s; 1445s; 1389s; 1359m; 1330m; 1285m; 1193s;
1149s; 1081s; 1000s; 890s; 841s; 828msli; 784s; 690sb; 538wb;
492msh; 472mb.

2£3£4§£§2§8: 2500m; 2481m; 2427s; 2375s; 2347msh; 2252w; 2155m;
211ks; 1484msh; 146hs; 1437s; 137985 1333w; 1312w; 1185w; 1160w;
1131m; 1103w; 1064msh; 1058m; 1029m; 1022wsh; 1000m; 753ssh;

746s; 735s; 704m; 694s; 623m; 604m; 510ssh; 500s.

Et3P BeB2 8* 2469s; 2u421s; 2381msh; 2347wsh; 2252m; 2155s; 211bs;
2000w; 1515m; 1460s; 141bs; 1387s; 1299mb; 1176w; 1131s; 1075m;
1042ssh; 1036s; 1012s; 855w; 778s; 763s; 709sb; 671s; 606sb.
Me,P.BeB,Ho: 247583 2421s; 2353meh; 2257m; 2160msh; 2114s;
1502ssh 1460s; 1437s; 1#255, 1319m; 1299s; 1133s; 1013m, 9805,
952s; 893w; 852w; 781msh; 750s; 714sb; 633sb.

ngPH.BeBZEBw 2b69s; 2421s; 2247m; 2141ssh; 2114s; 1531m; 1471s;
1427s; 1311m; 1295m; 1135s; 1011m; 993s; 966m; 769msh; 761m;
714sb; 630sb. :

MejN BeB,Hg: 2475s; 2421s; 2398msh; 2262w; 2222wsh; 2174ssh;
2141s; 2028w; 1515msh; 1486s; 1466s; 1418msh; 1274m; 1250m;

1242m; 1176m; 1136s; 1111m; 1031w; 988s; 9L4bw; 855wsh; 833s;
71480,

MgZNH.BeBzgsz 2994m; 2941m; 2817w; 2475s; 2421s; 2283s; 2222s;
2174ssh; 2137s; 2024m; 1515s; 1471s; 1408s; 1282s; 1230m; 1136s;

1124s; 1064s; 10208; 900s; 833w; 749sb; 71hsb; L71wb.
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EEBBLEEB: 2381s; 2342ssh; 2247w; 148bs; 1433s; 1389w; 1311w;
1183w; 1134m; 1103s; 1066msh; 1055s; 1026m; 997m; 763w; 743s;
733s; 701s; 690s; 623m; 602m; 500ssh; 491s; 472m.

2332;253: 2370s; 2342ssh; 2257w; 1460m; 1416in; 1385m; 1274m;
1263m; 1250w; 1136m; 1087m; 1047ssh; 1041s; 1002m; 781sb; 726m;
680w; 667m; 546m; 539wb.

3£*§E3: 2370s; 2342ssh; 2257w; 1429s; 1316w; 1295s; 1139m;
1085m; 1073s; 976s; 949s; 889m; 759s; 709s; 581m; 570m;
Me,PhP.BH,: 2370s; 2342ssh; 2257m; 1488m; 1433s; 1418s; 1337w;
1312m; 1302m; 1290s; 1189w; 1134s; 1115s; 1064s; 1000w; 946s;
918s; 857s; 752ssh; 738s; 691s; 578sb; 474mb. _
EEZBE;EE3= 2381s; 2347msh; 2257w; 1418m; 1312w; 1295m; 1136m;
1070s; 1010msh; 998s; 952s; 885m; 765m; 721m; 633w; 56kLw.

Solid corresponding to '(MGEP)ZEEEZES' - nujol mull.

2545w; 2469ssh; 240bs; 2347msh; 2299msh; 2252s; 2174s; 2119s;
2049w; 2008w; 146Us; 1429s; 1383s; 1316m; 1295s; 1136m; 1085ssh;
1072s; 1020msh; 971ssh; 947s; 889m; 758m; 722wsh; 708s; 633w;
578w; 568m.

(Be(Bu'NH,),) (BH ot 31758; 3096s; 2410wsh; 2381wsh; 2299ssh;
22U7s; 2174msh; 1590m; 1466s; 1393m; 1374; 1348w; 1319w; 1261ssh;
12428; 1220ssh; 117km; 1117ssh; 1093s; 1020s; 943m; 907m; 826m;
793m.

Me

)

A
b

Abbreviations: s = strong; m = medium; w = weak; b = broad;

sh = shoulder.
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DISCUSSION.

Ether complexes and the isobutylamine complex of beryllium

borohydride.

Beryllium borohydride has been reported1' to be soluble
in anisole, diethyl ether, diphenyl ether, but insoluble in
tetrahydrofuran, 1,2-dimethoxyethane, and some other ethers. The
present work finds that beryllium borohydride reacts exothermically
with diethyl ether, tetrahydrofuran, and 1,2-dimethoxyethane.
Diethyl ether can be evaporated from an ethereal solution of the
borohydride at low pressure, a;d the ether-to-beryllium ratio
was only a little more than one, leaving a slightly viscous
liquid product. The result was confirmed by a tensimetric
titration which clearly indicated the formation of a 1:1 adduct.
The compound is reporteda' to be monomeric in benzene solution,
and a B11n.m.r. spectrum shows a quintuplet of relative intensity
1:436:4:1. A convenient preparation of the etherate is by &
metathetical reaction between beryllium chloride and lithium
borohydride in ether solution.

Tetrahydrofuran vapour is absorbed by ber&llium borohydride
to give a crystalline complex of approximate composition,
Be(BH4)2.4THF, vhich may be reasonably be formulated as a salt,
(BQ(THF)u) (BH4)2. The compound has negligible vapour pressure
at room temperature and is quite soluble in tetrahydrofuran,
but evaporation of solvent under reduced pressure yields only

glassy material.
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1,2-Dimethoxyethane did not give the analogous chelate,
(Be(MeOCaﬂque)z) (BHA)Z, but unexpectedly gave a crystalline
complex, moderately soluble in the ether, in which the 0/Be
ratio was about 3:1. This compound has not been further invest-
igéted, and the structure remains quite unclear.

Addition of excess isobutylamine to an ethereal solution
of beryllium borohydride resulted in immediate precipitation of
tetrakisisobutylamineberyllium borohydride which is formulated
as a salt, (Be(BuiNﬁa)q)_(BH4)2. The complexes fermulated as

salts have i.r. spectra which in the region 2200-2300cm-1 are

typical of those compounds containing the borohydride ion.3'

The i.r. spectrum of the diethyl ether adduct is more
complex in the 2500-2OOOcm-1 region, and very similar to that
of beryllium borohydride, suggesting the presence of both
terminal B-H (2451, 2#1Ocm-1) and a bridged hydrogen group, BH_Be

(2257,2212,2974,2138cm™ ). Since the B''n.m.r. spectrum shows
only a quintﬁplet, then both boron atoms are equivalent, and
each is coupled with four equivalent hydrogen atoms. These
observations are consistent with the ether molecule coordinated
to the beryllium atom, and this result would be anticipated
from the unequal charge distribution of the Be.H.B bond, which

would favour nucleophilic attack at the beryllium atom.

Substituted amine and phosphine adducts of beryllium borohydride.

That the complex, Etao.Beﬁaﬂs, contains strongly

coordinated ether is illustrated by the reporteda' decomposition
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at about 80° with evolution of ethane.

Et20.BeB2H8-_—a>-02H6 + 2H2 + 'BeBZHB.OEt'

It is of interest however to observe that the ether can
be displaced by other donor molecules. For example, isobutylamine
immediately displaces ether with formation of the tetrakis
complex described above. Trimethylphosphine and triethylphosphine
quantitatively displace ether with formation of the corresponding
1:1 phosphine adducts. The reaction between triethylphosphine
and the ether complex at room temperature was exothermic, and
crystalline triethylphosphine-borane was recovered from the.
reaction product. Triphenylphosphine displaced some ether from
the ether complex at room temperature, and more at 400, but did
not quantitatively displace the ether, presumably due to the
reaction mixture solidifying. In no reaction was there obtained
evidence for the formation of a mixed complex of the type,
Et20(L)BeB2H8, where L is a donor molecule other than ether.

Trimethylamine displaced the phosphine from trimé;ﬁyl-
phosphineberyllium borohydride, and so the donor strength of the
ligands investigated would appear to be in the order:
Me3Nj>Me3P(Et3P,Ph3P)j>Et20.

Trimethylamineberyllium borohydride was describedh'
as a glassy product decomposing about 1400, but was sufficiently
volatile to allow vapour pressure measurements to be made,(v;p. =
1°g10pmm = 8.353 - 2909/T, b.p.260°). The compound reacted

with trimethylamine at 950 for 30hrs. with formation of
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trimethylamine~-borane.

Me N.BeBaHB + Me,N—»— Me_N.BH, + Me_N.BeBH

3 3 3 3 3 5

The second product, MeBN.BeBH5,

pure beryllium borohydride, but no such reaction was observed

reacted with diborane to give

with the original adduct. Some trimethylamine could be removed

from the compound, Me N.BeBHs, at 100°, which was found to react

3

reversibly with the product.,

The 1:1 complexes, L.BeB2H8 (where L = Ph_P, Et_P, Me

P,
3 3 3
MeZPH, Me2NH) described in this work were found to be monomeric

in benzene solution, and with the exception of the triphenylphosphine
complex, were all slightly viscous liquids at room temperature.

The i.r.spéctra of the adducts are very similar in the region
2500-2000cm-1, and contain two main groups of absorption bands,

one about 2450cm-1 due to terminal B-H stretching vibrations and

o

the second about 2150cm-1 attributed to bridging hydrogens.

These conclusions are based on similarities to the spectrum of

beryllium borohydride examined as a nujol-mull, which contains
two intense absorptions at 2463 and 2#15cm"1, and one even more
intense absorption at 217#cm-1 with shoulders at 2141,2096,

and 2O5ch-1. The spectrum of gaseous beryllium borohydride

previously examined” " showed absorptions at 2440 and 24650m-1

attributed to terminal BH2 groups, and those at 2180 and 1’+5Ocm'1

to BHEBe bridges. The absorptions in the region .2500—2000cm-1

are absent in the i.r. spectrum of beryllium borodeuteride
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examined as a nujol=-mull, and reappear in the region 1852-1520cm°1.

The B11n.m.r. spectra of the adducts, MeBP’BeBZH8

(8 = 995¢/s, Jp_g = 84c/s) and Me N.BeB,Hg o = 892¢/s,

3

JB—H = 86¢/s), show a well defined quintuplet of relative
intensity, 1:4:6:4:1, which suggests, as for the ether complex,
that both borons are equivalent and each coupled with four
equivalent hydrogen atoms. The B11n.m.r. spectra of the triphenyl-
phosphine complex, (ca. 30wt.% solution in benzen;), and tri-
ethylphosphine complex were very much iess well defined, and that
of PhBP'BeBZHS consisted of a poorly defined broad band at
916¢/s to the high field of trimethoxyborane used as external
reference. For these compounds it is less certain that the ligand
is attached directly to the beryllium, but this may be inferred
since only one boron signal was observed in the spectrum.

rom this evidence, the structure of the 1:1 adducts of

beryllium borohydride described above, may be represented:

H

3% | JH, M
‘Be B
L—" "H' “H
Since these adducts are iso-electronic with the octahydrotriborate
ion, BBHE’ which on the evidence of its n.m.r. spectrum has been

5.

assigned the structure:
./
O\B °

H' 'H

H— B— B X
o Ny

— —
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an alternative structure for the beryllium borohydride adducts

may be written.

'3 L4 H
H>].3 B<H
H H
;Pe:
I H

No final selection between these structures has been méde,
but since no compound containing a terminal beryllium-hydrogen
bond is known, the first structure would appear to be the more
likely of the two. Indeed, in a later part of this discussion it
is proé%ed that formation of a polymeric material containing
Be.,H.Be units is sufficient to displace ligand coordinated to
beryllium from an intermediate structure containing iBe:::E
units.

Single bridged hydrogen structures of the type B.H.B
are fairly well known, and are thought to occur for example in
the heptahydirodiborate ion, BZH;’ and the complex formed between
pyridine-borane and diborane. -

Two experimental observations are difficult to reconcile
with the ligand being bound to beryllium. The triphenylphosphine-
beryllium borohydride complex, PhBP'BeBZHS' heated under nitrogen
became semi-liquid at about 122°, solidified above this
temperature and finally melted with apparent decomposition at
1630. After benzene extraction, triphenylphosphine-borane was

identified as one of the decomposition products. It should be

noted that the adducts, triethylphosphine-, trimethylphosphine-,



=163=

and diethyletherberyllium borohydride, have been found to distil
unchanged in vacuo. Secondly, the quantitative recovery (98.5%)
of triphenylyhosphine-borane following hydrolysis of the 1:1
adduct, PhBP'BeBEH8’ would suggest that the phosphine ;s

coordinated to boron rather than beryllium.
H H
- H

l A A
Pth—~§ e H -ﬁe H'B\\H

Hydrolysis of this compound would liberate 5/8 of the total

hydrolysable hydrogen according to the equation.

PhBP.BeBaﬁg + 5H20 -_:—Ph31=.13}13 + Be(OH)2 + I?(OH)3 + SH

Hydrolysis of the triethylphosphine and t¥imethylphosphine

2

complexes release rather more than 5/8 of the hydrolysable hydrogen
but considerably less than the total. The corresponding phosphine-
borane has been identified as a hydrolysis product in both cases.
If it is accepted that the phosphine is coordinated to beryllium,
the mechanism of the reaction leading to the formation of
vhosphine-borane remains unknown.

Aluminium borohydride with trimethylamine or dimethyl

7+ ana the amine adduct,(m.p.79°),

ether gives 1:1 adducts,
decomposes at 100° to give trimethylamine-borane as 6ne product,
and an oily liquid corresponding to 'AlBZH9' which was not isolated
as a pure compound. With excess amine, 3moles of amine react

per mole of borohydride and on warming from -80° to room

temperature the product separates into a crystalline solid and

liguid. Trimethylamine-borane and trimethylamine were removed
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in vacuo, and the residue corresponding to 'AlBZH «NMe_' reacted

9 3

with diborane according to the equation:

'A1B2H9.NMe3' +-BZH6———*7'A133H12 + MeBN.BH3

With trimethylamine at room temperature, aluminium borohydride
reacts with four moles of amine to give a product consisting
of a s0lid and liquid. Trimethylamine quantitatively displaces

ether from the complex, Me20.A1B3H12. Finally, the reaction

between trimethylamine and the ammine complex, H_N.ALR H12, removed

3 3

93% of the total boron content as trimethylamine-borane together
with a small amount of hydrogen. The remaining non-volatile solid
corresponded to a composition, (A1H2N)x'

Several 1:1 adducts of aluminium borohydride, L.AJ.BBH_12

where L = Me,N,Et O,Et20,MeZS, have recently

3 3 3 3 2

been reported,s' and on the basis of i.r. and B11n.m.r. spectra

N,Me_P,Me_As, Me
it is suggested that coordination of ligand occurs te the aluminium
atom. A ligand-acceptor bond strength order was proposed using
the measured proton shift as an indication of relative strength
of donor-acceptor bonds:

Me3P~ Me3A5> MezN, Et20> Me20'> MeZS .

Tensimetric titrations between aluminium borohydride and
amine or phosphine compounds showed a break after addition of
four equivalents of ligand, and the B11n.m.r. spectrum of the

product, 1:3:3:1 quartet, confirmed complete destruction of the

borohydride.

N,P; R = alkyl).

1\1(13}14)3 + L»RBM—-—»_ 3}23»4.13113 + R}M.MH3 (M
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Only trimethylamine reacted rapidly at room temperature to cleave
211 the bridged hydrogen structure in the borohydride, trimethyl-
phosphine reacted over several days, and the remaining ligands
did not react beyond the formation of a 1:1 adduct.
Dimethylaminohydrido-aluminium borohydride and dimethyl-

amino-aluminium diborohydride react rapidly with trimethylamine

9-

to give one and two equivalents respectively of amine-borane.

HAlBHu.NMe2 + Me N-——J’*HZAI.NMe + Me_N.BH

3 2 3 3

(131+14)2.1L1.1\n'1e2 + 2Me3N——§— H,A1NMe, + 2Me3N.BH3

Trimethylaminedihydrido-aluminium borohydride reacted rapidly
with one mole of trimethylamine followed by a much slower reaction
with a secohd mole of amine. The product corresponding to

H,A1BH, .2Me,N, solid at 0°, melted at 25° and the B n.m.r.

3

spectrum showed a quadruplet,élF= 26.0, J = 100¢/s, and a

B-H
quintuplet..é5 = 56.6, Jo g™ 86¢c/s, indicating cleavage of

borohydride to amine-borane. The initial rapid reaction with

amine did not cleave the borohydride to produce trimethylamine-

alane, since if this had been formed it would have reacted with

. 10. . .
excess amine to give bistrimethylamine-alane. ° The tensimetric

titration between trimethylamine and trimethylaminehydrido-
aluminium diborohydride indicated formation of a compound

corresponding to HAl(BHu)a.ZNMe but in this case further reaction

3’

with amine was rapid and proceeded according to the equation:

HAl(BHq_)a.NMe + 3Me,N —>~ H_Al1.2NMe., + 2Me,N.BH

3 3 3 3 3 3
Attempts to prepare triphenylphosphine or triethylphosphine


http://2Me.jN.BHj
http://H-.Al.2NMe
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adducts of beryllium borohydride with P/Be ratios greater than

one were unsuccessful. Triphenylphosphine and beryllium borohydride
in benzene solution at room temperature gave an eguimolar

mixture of the 1:1 adduct and unreacted phosphine. The freezing
points of dilute benzene solutions prepared from one mole of
borohydride and two moles of phosphine, were those expected for

the equimolar mixture of a 1:1 adduct and the phosphine.

Diethyl ether does not react with beryllium borohydride
beyond the formation of a 1:1 adduct as shown by the tensimetric
titration of the reactants, and after removal of excess ether,
thé ratio of ether combined per mole of borohydride was 0.96/1.0.
Similarly, tensimetric titrations of the borohydride with various
amine and phosphine compounds all indicated rapid formation of
the corresponding 1:1 adduct. However, although the titration
curve for tr;ﬁeghylamine indicates formation of only a 1:1
adduct, the ratio of amine reacting per mole of borohydride was
1.22/1.0, and for dimethylphosphine the ratio was 1.39/1.0. In
both cases, constant pressure readings were only obtained after
about 17hrs. beyond the formation of the 1:1 adduct. With
dimethylphosphine, dimethylphosphine~borane was identified as a
reaction product, and this suggests that the 1:1 adduct slowly
reacts with excess phosphine to give the borane adduct. If the
reaction involves formation of a 2:1 adduct, (MeZPH)zBeB2H8'
it must be concluded that the product is decomposed at room

temperature.
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MeEPH'BeBZHB + MeaPH—-’" [(MezPH)ZBeB2H8+ MeZPH.BH3

The i.r. spectrum of the liquid product after removal of

+ Me2PH.BeBH5
dimethylphosphine-borane was found to be similar to that of the
1:1 adduct, MeZPH.BeBaHS, except for the presence of a strong
broad: band centred on 1758cm-1.

The titration curve obtained with trimethylphosphine
indicates a break at a mole ratio of 2.0/1.0, and the ratio of
reacted trimethylphosphine to borohydride was found to be 1.97/1.0.
Addition of the phosphine to the borohydride was rapid up to the
formation of the liquid 1:1 adduct, and this reacted slowly with
excess phosphine to give ultimately a solid product corresponding
to the composition, (MeBP)ZBeBZHS' However, it was established
that trimethylphosphine-borane could be sublimed from the solid
product at room temperature, and this suggested that the product
was a mixture of trimethylphosphine-borane and 'MeBP.BeBH5'.

The i.r. spectrum of the solid product, obtained as a nujol-mull,

was similar to that of the 1:1 adduct, Me P'BeBZHS’ but after

3
removal of trimethylphosphine-borane, by vacuum sublimation at
roon temperature, the residue contained a strong broad band
centred on 1758cm-1. For reasons that will become apparent in a
later part of this discussion, the broad absorption centred on
1758cm-1 is associated with a stretching mode of the (Be.H.Be)n
group.

Dimethylamine reacts rapidly with beryllium borohydride

up to the formation of a 1:1 adduct, but beyond this point
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constant pressure readings were obtained only after about 17hrs.,
and the original liquid product gradually solidified to give a
product corresponding to a mole ratio of amine to borohydride

of 2.94/1.0. This product has not been examined in any great
detail, but the i.r. spectrum does not contain an absorption
band at 17580m_1. The product melts with evolution of hydrogen
and dimethylamine at 940, and after standing for several hours,
the liquid product deposits so0lid of unknown composition and
which was not further studied.

The reaction between trimethylphosphine and beryllium
borohydride in a mole ratio of phosphine to ﬁorohydride of 2.0/1.0
has been investigated in rather more detail. At room temperature,
the liquid product becomes completely solid after about 48hrs.,
and both trimethylphosphine-borane and trimethylphosphine were
recovered by vacuum sublimation at room temperature. In one
such experiment, 30.6%, of the total boron content of the boro-
hydride was recovered as the phosphine-borane, together with
trimethylphosphine corresponding to 15.2% of that originally
added. It was established, in a separate experiment, that the
recovered phosphine reacted slowly with the glassy-residue to
give a product from which more phosphine-borane could be
recovered together with a small amount of trimethylphosphine. A
total of 56.5% of the boron content of the borohydride was removed
as the phosphine~borane. The i.r. spectrum of the residual cloudy

viscous paste was very similar to that of the 1:1 adduct,
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MeBP.BeBzHg, except for a strong absorption centred on 1'758cm':'I
On warming (68) the solid material corresponding in
composition to (MeBP)BBeBZHS’ considerable dissociation occurred

with liberation of trimethylphosphine. After heating to 100°
for several hours, trimethylphosphine and trimethylphosphine-
borane were recovered corresponding to removal of 81.5% of the
total boron content of the bhorohydride.

It is of interest at this stage to observe that although
trimethylamine will displace trimethylphosphine from the complex,
Me3P‘Bean8’ in which the phosphine is bonded to the beryllium
atom, trimethylphosphine is more efficient than trirne1'.!13;’1a.m:'.1f1e’+
in removing boron from the borohydride as the borane adduct.

This is in agreement with the greater donor strength of trimethyl-
phosphine to boron in the adduct, Me3P°BH3’ compared to that of
11.

the amine adduct, Me,N.BH.. For example, it has been found

3 3

that trimethylamine is displaced from the adduct, Me N.BH3, by

3
trimethylphosphine. Considering the stability of the adduct,
L-BHB, purely from the strength of the G bond between the donor
and acceptor molecules, it would appear that this order is just
the reverse of what would be expected since in general, the donor
strength to a given acceptor molecule decreases in the order,
N>P) As> Sb. However, it is postuiated that in adducts of the

type, L-BH the ¢ bond is reinforced by back coordination from

3!
BH, in a'ﬁ'type interaction with a vacant gﬂ orbital on the

3

donor atom. This interaction is of course absent when N is the
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donor atom, but is presumably quite important with P as the donor
atom. The stability of borane adducts with ligands of Group VI
atons is considerably less than that of the analogous ligands
of Group V. For example, neither diethyl ether nor dimethyl ether
form a stable adduct of the type RZO'BHB’ and this would account
for the fact that diethyl ether does not react with beryllium
borohydride beyond the formation of a 1:1 adduct, Et20°BeBZH8'
There would appear to be little evidence for the formation
of a stable phosphine complex, 'MeBP.BeBHs', corresponding to
the reporte§4° amine compound, MeBN.BeBHS. The sublimation of
trimethylphosphine-borane from the mixture corresponding to the
composition, (MeBP)ZBeBZHS’ resulted in removal of trimethyl=-
phosphine which slowly reacted with the involatile residue to
form more phosphine-borane. The i.r. spectrum of the final
involatile material coﬁtainéé_a strong absorption at 1755cm-1
which is consistent with the formation of polymeric material
containing (Be.H.Be) units. A 2:1 mixture of trimethylphosphine
and beryllium borohydride in benzene solution after heating for
several hours at 65° slowly precipitated beryllium hydride, and
after heating for 9days, the hydride was recovered in about 63%
vield after removal of trimethylphosphine-borane (corresponding
to 56% of the total boron content) and a small volume of an
unknown liquid. The beryllium hydride so prepared contained 74.8

wte% BeHZ, and the impurities could not be removed by solvent

extraction or vacuum sublimation. The overall reaction may be
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written:
— .

BeBZHB + 2Me3P 2Me3P BH3 + BeH2
and it is perhaps significant that even in the presence of excess
ligand, no evidence was obtained for the formation of beryllium
hydride adducts, LZBeHZ’ This is in complete contrast to similar
reactions with aluminium borohydride:
M ——>- 3R_M.BH H_Al .MR
3 SRgM-BHy + HyAL MR,

Before describing further preparations of beryllium hydride

by the above type of reaction, and indicating a possible reaction
path, a brief outline of alternative methods fér the preparation
of beryllium hydride will be presented. In particular, i.r.
assignments for compounds containing beryllium-hydrogen bonds

will be indicated.

Beryllium hydride.

Beryllium hydride has been prepared in varying degrées of
purity by several methods.

The white, insoluble, and involatile hydride obtained
from lithium tetrahydroaluminate and dimethylberyllium in ether
solution12' decomposed on heating at 125° and reacted vigorously
with water. It was subsequently reported13' that the hydride so
prepared was inseperably contaminated with aluminium and lithium.
Dimethylberyllium was found to react with dimethylaluminium
hydride in the absence of solvent,12'

,Be -—'—>‘2Me3Al + Bel,

but even in isopentane solution, a product free from methyl

2Me2A1H + Me
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groups could not be obtained.

Pyrolysis of ethereal ditert-butylberyllium at 150° gave
a product corresponding to 89mole % BeHz, and that from pyrolysis
at 210° to 96.3mole % BeHa, the rest being But groups.14' This
product decomposed at 3000, and was incompletely hydrolysed by
water at room tempe?ature. Ether free ditert-butylberyllium15°
at 200° gave 97mole % BeHZ, density 0.51g./cc., and an X-ray
powder photograph contained no lines attributable to a crystalline
hydride.

Direct synthesis from the metal and both molecular or
atomic hydrogen at high temperatures and pressures have'been
unsuccessfu1.16'17' A surface reaction between lithium hydride
and beryllium chloride has been reported,18' but no product was
isolated.

Berylli;# hydri&e was reported14' to react with two moles
of dimethylamine at 160° liberating hydrogen and forming bis-
dimethylaminoberyllium, and with diborane at 950 to give
beryllium borohydride. The compound did not react with trimethyl-
amine even'at 2ﬂ0°. Apparently the heat of polymerisation of the
hydride is too great to allow depolymerisation which must
precede coordination to trimethylamine.

Sodium hydridodiethylberyllate19'

methylberyllatezo' react with beryllium chloride to give a

and sodium hydridodi-

complex alkylberyllium hydride:

2NaBeEt H + BeCl

1
> 2-——%— 2NaCl + Etl{_Be

30,
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Pyrolysis of this material at 110-120° in vacuo gave a residue
containing 17.8% hydride hydrogen suggesting the reaction,

'EtuBe ! 2Et23e + BeH

3t 2
since the hydrogen content of beryllium hydride is 18.3%.

However, this result was misleading since a small amount of the

salt, NaBeEt H, contaminated the alkylberyllium hydride. This was

2

removed by the addition of the calculated amount of beryllium
chloride. Pyrolysis of the product at 180°gave an amorphous
product corresponding to the composition NaaBesz +-65BeH2 ( or
NaZBeHu + 66BeH2) or 91 wt.% BeH,. The i.r. spectrum showed a

2
. —1 210
strong absorption centred on 1754cm .

The trimethylamine complex of methylberyllium hydridezz'

is dimeric in benzene solution.

Me N, E, e
7 pe °Be'
!‘.'f'a'/ H \ M
e 1‘1'163

The compound is thought to contain a hydride bridge since the

complex is not decomposed by excess amine, whereas methyl bridges .

in dimethylberyllium are cleaved by trimethylamine,ea' StudiesZB'

of reactions between dialkylaluminium hydrides and donor

molecules have shown that hydride bridges in these compounds are

less readily cleaved than are methyl bridges in trimethylaluminium.
Attempts to prepare monomeric complexes, LZBeMeH, by

donor molecules which readily form chelate complexes were not

successful.ao'
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In}ra-red Spectra.2

Since the 0-1 vibrational transition of the ground state
of the BeH molecule is at 2058.60m-1,24' a terminal Be=H group
would be.expected to cause absorption near 2‘100cm'."I The vibrational
modes of mainly stretching character of the bridging hydrogen
atoms in a BeHaBe group should cause absorption at frequencies
well below 2100cm-1, by analogy with the vibrational modes of the
BH2B groups in diborane and the various methyl- and ethyl-
diboranes. Whereas terminal B-H bonds usually cause absorpticn in
the 2200-2500cm-1 region, the two modes due to the BH2B bridge
in diborane are at 1915 (v13, symmetrical out-of-phase) and
1606cm-1(v17, asymmetric in-phase).

The i.r. spectrum of the compound, (MeHBe,NMeB)Z, contains
a strong absorption at 1344cm-1 which is due to one of the BeHaBe
stretching ﬁodes since in the spectrum of the déﬁéero-analogue,
(MeDBe.NMe),, it moves to about 1020cm | Absorption due to
v(BeHEBe) occurs at 1333cm-1 in the spectrum of the ethyl derivative
(EtHBe.NMe3)2.'Absorptions at 1328cm*1 and 1165¢m” | observed in

the spectrum of NaZ(MeHBeZHZ) are due to BeH_Be bridge vibrations.

2
The spectrum of (MeHBe.NMe3)2 as saturated vapour showed

v(BeHaBe) at 1342cm-1, and at 80° a sharp absorption at 2141em™

appeared. It is thought that this absorption is due to terminal

v(Be-H) in the monomer, (MeHBe.NMe.).

3
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Proposed mechanism for the formation of beryllium hydride

from beryllium borohydride and trimethylphosphine.

There can be little doubt that the initiai reaction
involves formation of the liquid 1:1 adduct, Me,P.BeB,Hg, which
is followed by a slower reaction with a second mole of phosphine
to remove borane units from the borohydride as trimethylphosphine-
borane. This must necessarily involve cleavage of a hydride

bridge and coordination of the ligand to a boron atom with

formation of a terminal beryllium-hydrogen bond.
HoBe, . H ™ ]
3 \H , o i / v I;I ‘:_B" l\‘ie P ) -
;B-e. gy PSRy 3 I;;e/i PMe|——> ° “Be(BH,) + Me PBH
Me 5P ' Me S ' 573

2

During removal of the borane adduct by vacuum sublimation at room
temperature from the.solid material of overall composition,
(MeBP)ZBeBZHS’ or by gently heating thi§ solid material, trimethyl-
phosPhiné.was liberated. Now since this is unlikely to be formed.
by dissociation of the borane adduct, it must be liberated from

the intermediate, Me P.Be(H)BH4, presumably with ‘formation of a

3
Be.H.Be bond. This suggestion would appear to be consistent with
the appearance of an absorption band at 17580m-1 in the i.r.
spectrum of the solid after removal of trimethylphosphine-borane
and trimethylphosphine. It would appear then that the heat of
formation of a single hydride bridge, Be.H.Be, is sufficient to

compensate for the removal of phosphine coordinated to beryllium.

This does not appear unreasonable since the hydride bridge in the
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dimeric compound, (MeHBe.NMe3)2, is not cleaved by trimethylamine,
which itself is a considerably stronger donor to beryllium than
trimethylphosphine, and neither is the hydride bridge in beryllium
hydride depolymerised by trimethylamine. On the basis of this
argument, it is apparent that the earlier proposed structures for
the 1:1 adducts of beryllium borohydride containing a terminal
beryllium-hydrogen bond are unacceptable,

Removal of trimethylphosphine from the intermediate material
'Me_P.BeBH,_ ' may be represented by the equatien.

3 JJJ.L5
n(Me;P.BeBHg )——> xMe,P + (PLeBP)n_x.(BgBHs n
It has been established that the recovered phosphine will react
with the material (MeBP)n_x.(BeBH5)n to give more trimethyl-
phosphine-borane as indicated in the equation:

xMe.P + (ﬂeBP)n_x.(Beﬁﬂs)de-xMe P.BH, + (Me P) B

3 3 3 3 ‘n- xBenBnox 5n-3x
The continued displacement of trimethylphosphlne and abstraction
by this of borane units, would give ultimately a poiymeric
beryllium hydride. -

A possible intermediate structure, shown below, does not
;how random cross-linking by Be;H.Be bonds between adjacent chains.
However, and especially with the possibility of cross~linking,
it is apparent that in material approaching the composition of
beryllium hydride it will bécome increasingly difficult for the
phosphine to react with available borane units. Further, it will

become more difficult to remove the borane adduct formed

within the beryllium hydride structure. This may account for the
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observation that the impurities in beryllium hydride prepared
by this method could not be removed by either solvent extraction

or vacuum sublimation.

L W W
"% W,
A T
BL’.; ) .Be . . Beo
Mes?z ‘\‘.Bz:“ H°.B€:“ “ -
L R
) 3

Preparation of beryllium hydride from beryllium borohydride and

triphenylphosphine.

Pyrolysis of a mixture of beryllium borohydride with two
moles of triphenylphosphine at 180° in a sealed tube under nitrogen
results in the formation of a mixture of liquid and solid
products. In one experiment, extraction of the cooled solid
mixture with’benzene gave triphenylphosphine-borane in 98.5%
yield, and left a white insoluble residue consisting mainly of
beryllium hydride,(78 wt.% or 98.6mole%). The hydride so prepared
is only slowly hydrolysed by water, but dissolves readily in dilute
acid solutions to give a slightly cloudy solution from which
enough solid material could be separated to allow its
identification by i.r. spectrum as the phosphine-borane,PhBP.BHB.
The hydride obtained from pyrolysis at 100° was much less pure,
and indeed, was found to fire on exposure to air.

If reaction is carried out in solution, the beryllium

hydride content of the insoluble product is a little higher.
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Solutions of the 1:1 adduct in benzene containing an additional
mole of triphenylphosphine slowly became turbid at 1000, and
it was better to use xylene as solvent since reaction then was
apparently complete after 6hrs. at 1500. At this temperature
the density of the hydride appeared very close to that of the
solution. After extraction of thé borane adduct from the insoluble
product with benzene, the residue contained 83wt.% BeHZ, or
99mole % on the assumption that the rest is triphenylphosphine-
borane. Attempts to separate the impurity by prolonged benzene
extraction, or high temperature (2000) sublimation in a good
vacuum were quite unsuccessful. The i.r. spectrum of the hydride
as a nujol-mull, showed only one major feature which was a broad
band, (width 313cm‘1 at half-height), centréd on 1758cm-1.
Beryllium borohydride and two moles of triethylphosphine
deposited beryllium hydride at 1200, and the liquid reactants
~ immediately set to a glassy=-solid. After heating at 145° for
several hours, the triethylphosphine-borane was removed by
benzene extraction to leave impure beryllium hydride,(35.1wt.%).
Impurities could not be removed by either solvent extraction or
vacuum sublimation. A slightly purer product,(58.6wt.%), was
prepared from working.in xylene solution, but again attempts to

purify the product were unsuccessful.
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