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ABSTRACT

This report covers the work on hydrides of boron in which there is re-
ported results on sodium aluminum hydride preparation in tetrahydrofuran, A
yield of 70% of sodium alurinum hydride of 92% purity was obtained, There is
also reported the study on the preparation of borazole and some work on its
stability and preliminary steps in the production of other boron-nitrogen-

hydrogen compound,

This investigation was sponsored by the Bureau of Aeronautics Project
TED No, NRL 3401. |

#* 3 %

Since June 30, 1947, the project has logt the services of its most experi-
enced personnel, i,e., of Dr, A, E, Finholt, Geraldine Barbaras and Glen Barbaras,
The resignation of Dr., Finholt had beén anticipated, and in his place, the part=
time service of Dr, G. W, Schaeffer has been secured, The resignations of Mrs,
Barbaras (July 31) and of Mr, Barbdras (Aug. 31) came sooner than expected,
Furthermore, Mr. Dillard h4s had to go from a full-time to a half-time basis,

To replace the assistants lost, Mr., A, C., Stewart (full time) and ¥r. R, E,
Moore (half time) have been appointed and we have a tkird (full-time) appoint-
ment in prospect, Although the new men come to the project with excellent repu-
tations for experimental skill, they are not thoroughly familjar with the
techniques required for this investigation. Their training will require some
time,

AUTHORIZATION

Progress Report on Contract Number Néori-20 for the period July 1 to
September 30, 1947.%

* The Progress Reports on Contracts Nos, N173s~-9058, N173s5-9820, N1735~10421 and
Néori-~20 are numbered consecutively without regard to change in contract number,

vi



I. Completion of Study of Conditions Undcr Which Alum ~Hydrogoen Compounds
(F, R.gs

Load to Explosive Reactionse=-Provious roports pp 7-8, P. R.l) X%&)I,

1) The abbroviation Fe.R. refors to tho Final Roport for the period July 1, 1946
to Junc 30, 1947; P.Rs to the Progress Report indicated by the Roman mumeral,

have described the conditions under which explosions result when solutions of
aluminum hydride or of soldium or lithium eluminum hydrido in dimethyl cther
(and in dimethyl collosolve) arc ovaporatede It was shown that in the case of
lithium aluminum hydride explosions do not occur with highly purified dimcthy}
ether, but that they arc brought about by the addition of carbon dioxide to such
samplecs, Although this obscrvation, togoether with others described in the
secctions referred to, show that carbon dioxide is the probablo causp,*they did
not completcly exclude othcr pessibilities.,

One of thesc is that carbon monoxide, cither prescnt in dimethyl ether or as
a trace impurity or transitorily formed by rcduction of carbon dioxide, might
play a rolc. This possibility has now bcen excluded by experiments of which the
following is ean cxamplce. Carbon monoxidc was passed continuously through a
solution of 3.8.mmoles of lithium aluminum hydride in 15 cce of dimethyl cther at
-25° C for 15 minutes Evaporation of the solvent and subsequent hcating of the
residuc were accompllshed without cxplosion or obvious decomposition.

Although the abrupt docomposition, which was obscrved when dimecthyl cther
solutions of aluminum hydride werc cvaporated, was usually not of explosive
charactor, detonation occurrcd when aluminum chloride was present in the solu-~
tions (P.R. XXVII, p. 7 and tablc on p. 8)e Similar cxplosions have occurrcd
in the preparation of sodium aluminum hydride from aluminum chloride. It was,
thercfore, important to ascertain whether carbon dioxidc plays & role in this
rcaction also., VWhen aluminum hydride alonc was dissolved in dimothyl ether and
treated with carbon dioxidec under conditions which led to cxplosive rcactions
with l1ithium aluminum hydride, the solvent could be safcly oveporated (irrcspcc-
tive of the age of the aluminum hydride uscd)e But when intimatc contact betwoen
the carbon dioxide and aluminum hydridec was achieved by agitating thc susponsion
of the latter in dimothyl ether, violent explosion resulted after the volatile
material had been distilled away and the residuc had warmed to about 0° C,

The oxplosions obscrved when o mixturce of aluminum hydride and sluminum

chloride in dimethyl ether was cvaporated must also bc ascribed to the prosonce
of carbon dioxidec, as shown by the following oxpcrimonte Aluminum hydride (6.Q9
nmoles) froshly propared from diethyl cthor solution, was mixcd with 15.8 mmolos

of aluminum chloridc, a ratio of the two components which corresponds to
that which, according to the tablc on pe 8 of P.R. XXVII, gave risc to dofinite
cxplosions when impurce dimethyl cther was useds In the proscnt experiment about
18 cce of purc dimothyl cther was condcmsed on the mixturc, which was then warmed
to -25° C. and therc meintained for about onc hour with occasional stirring. The
liquid rcsiduc, obtaincd after rcmoval of the volatilc material, slowly turncd
grcy when kept at room temperature for about onc-half hour. Thercafter the temp-
craturc was raised from 30 to 70° C., during an inforval of 20 minutcs. At 41° Cosp
fomc non-condcnsable material eppearced but the pressurc had not risen above 12
mm, at thc ond of this periods Slight further tcmperaturc risc thon brought about
& sudden inercasc of pressurc to 95 mm,and a sudden tomperaturc riso (to over
110° ¢ ). Thore was, howcvor, no dotonation; maintcnance of the tomperature above
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70° C. caused no furthor gas ovolution. The gas ovolved containcd methanc as
shown by a vapor tension of 12 mm. at -195° C. These obscrvations indicate that
even in the proscncc of aluminum ghloride, truly explosive reactions do mot oceur
unlcss the dimcthyl cther is impure; they also contirm that tho stability of
sluminum hydride is docrcased by aluminum chloride (P.R. XXVI, pp 2~3)s Tho
production of mcthane indicates that the roaction is not merély a sudden decompe
osition of tho hydridec but involvos interaction of the latter with the ether,

In FeRe p. 8 it was suggosted that, in addition to thc impurity in the
dimothyl ether, an impurkty, presumably aluminum hydride, in tho lithium aluminum
hydride, might also be a factor in the explosionss The spccial conditions
roguircd for tho interaction of aluminum hydride with carbon dioxide excludec this
possibility. Repetition of thc experiments which lcd to the tsntative sonolusion
that impurity in tho lithium compound might have & boaring showed that lithium
aluminum hydride does not give risc to explosions with dimethyl ether free from
carbon dioxide. The possibility that aluminum hydride is responsiblec for the
inflammability on friction of somo sampleos of aluminum hydride is, howcver, not

excluded.

Onc questionable point still remeinse. On one occasion thc cvaporation of a
solution of aluminum hydridc in dimothyl cellosolve rcsulted in an unusually
violent explosion. It has since becon ascertaincd that the sample of this solvent
used for that experimont containcd considorablc amounts of poroxides and smaller
quantitios of aldchydoe Sincc then soveral cxperiments on the preparation of
sodium aluminum hydridc in purified dimcthyl cellosolve have boon ‘carried out;
the products obtained werc impurc and unqucestionably were contaminatcd with alum-
inum hydride. No explosions occurrcd. Nevertheless, should this solvent bo used
for aluminum hydride, thc possibility of cxplosions should be taken into account.

Finally, it was shown that sodium aluminum hydride, like the corrosponding
lithium salt, doos not cause explosions whon its dimothyl cther solution is evap-
orated in the abscnec of carbon dioxide, but that oxplosions do occur if carbon
dioxidc was proviously passcd into the solution.

We believe that the experimonts horein rccordod togothcr with thoso proviously
rcported, demonstratec that tho compounds in quostion mey be safoly used in di-
methyl othor solutions if the prescnce of carbon dioxide is excluded. It is, how-
over, also important that tho hydrides do not contain considerable quantitics of
aluninum halides which may give rise to vory suddon prossuro increcases oven though
thoy do not cause definitc detonations. Attention is again called to the fact
that ‘diethyl other solutions of thcse substancoz mey also causc explosions if
carbon dioxide has been introduced, but the likclihood of tho unsuspccted presenco
of tho Jatter in this solvent is vory small.

II. Further Studies on the Preparation of Sodium Aluminum Hydridee--Clarification
of the oonditions under which ovaporati3ﬁ of solutions of aluminum hydride or of
the motal aluminum hydrides gives risc to explosions has madec it possible to
invostigate more thoroughly the method of proparation of sodium aluminum hydrido
and of the corrcsponding calcium compound, Such an investigation is dosirable
since, for somc of the contemplated work of this projeot, the sodium salt may be
preforable to the lithium salt, end bocausc the proparative mothod is not yot
satisfactory.
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In order to make clear the objcetives of the cxperiments performed during
the pcriod covercd by this rcport on the problem under discussion, it is desir=-
ablc to roview somec aspcets of the previously developed mcthod for the prepara-
tion of the corresponding lithium salt. As soon as it had bcon shown thot
lithium aluminum hydride rcacts rapidly with aluminum chlorido to form aluminum
hydride and that the lotter may bo rotained in dicthyl cther solutions for
apprceiablc periods of time, it bececame cvidont that lithium aluminum hydride
could not bc proscnt in thc solutions as long as apprcciablc ameunts of aluminum
chloridc arc presonts It may thon be assumcd that the formation of aluminum
hydridc by dircct interactieén éf lithium hydride with aluminum chloridc is the
first stcp of the rcactien and that this step is slowe The aluminum hydride
would then rcact with lithium hydride to form thc doublc hydride; it may, how-
cver, be assumcd further that this rcaction is also rclatively slow as long as
aluminum chloridc is present in the solution. To cxplain the sudden, violent
sotting in of the najor rcaction it may be assumed that after the aluminum
chloridc is all uscd up, interaction between the two hydridds is accelcerated
ond dcvclops so much hoat that tho rcaction becomes almost uncontrellable. If,
howover, proformcd lithium aluminum Hydrido is prescnt in the cther used as sol-
vont, and aluminum chléride is added rclatively slowly, aluminum chloride ean
never be proscent in cxcess nor con eluminum hydride over accumulatce. The postu-
latcd steps in the reaction would thon bes (1) the first of the aluminum chloride
is complctcly and rapidly usod by the proformed lithium aluminum hydridc to pro-
ducc aluminum hydridc, (2) tho latter roacts with lithium hydridec to form the
doublc hydridc, and this rcoetion is also rapid beeausc aluminum chloride is not
proscnt in coxcessi the rcaction coennot become violent becausc of the limited
amount of aluminum hydride, (3) upon furthor cddition of aluminum chleridec theso
stops repecat themsclves; it is to be noted that, according te this scheme of
rcactions, cach addition of aluminum chloridc produccs 4 molcs of lithium aluminum
hydride for cach 3 momentarily uscd up:

3 LiAl§4+ AlClg —=> 3 LiCl + 4 AlHg
4 AlH3 + 4 LiH - 4 L:i..AlH.4

In the casc of the lithium salt, cxperimental verification of the proccding
assumptions did not scom feasible beccausc of the slowncss of the initial rcactien
and bocausc of thc unprecdictable time intcrval after which the ultimate violont
rcaction scts in. In vicw of the crratic bochavior of the cerrcsponding reaction
for the proparation of the sodium salt (Fe Re pp 5-7, PeRe XXVII pp 1-4), it
sccmed dosirable to investigatc moro fully the type of rcaction mechanism
postulated above, ahd to usc thc sodium compounds for this purposc sinecc tho
over-all rcoctions arc slowcr thon is the casc with lithium saltse The preclimi-
nary rcactions disgcudscd in this rcport werce carricd out with small quantities
in vacuo to avoid tho possibility that traces of air or meisturc might acccle-
rato the polymcrizabion of thc aluminum hydride (P.R. XXVII p 3). Tetrahydro=-
furan and, occasionally, dimcthyl ccllosolve were uscd as solvents becauso
with them higher temperaturcs could be cmploycd than with the dimethyl cther
uscd as solvent in the original precparations of sodium aluminum hydridc. Sincc
the tetrahydrofuran is likely to rcact with aluminum chlorido the latter was
first converted to its dimcthyl or dicthyl ctheratc which wns then dissolved in
tho tetrahydrofuran.

(a) The f£irst step in this investigntion was to demonstrotc that aluminum
hydrido roacts with sodium hydridc to form thc doublc hydridc (P.Re XXVII pp 3w4).
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In the previous experiments just roforred to, the aluminum hydrido was prepared
in thc nsual way in diethyl cther solution, end thercfore contained somc of the
latter, Thesc experiments have now boun ropoated with aluminum hydride proparcd in
oither tetrahydrofuran or in dimothyl ccllosolve, The solution of the hydride
thus obtainod was then immcdiately trcated with sodium hydride suspended in tho
same solvent. Thc sodium aluminum hydride thus propared in tetrahydrofuran had

a purity of 93% and that preparod in dimcthyl cellosolvc a purity of 88%., Pro-
ducts of the samc range of purity arc obtaincd whon tho compound is propared
diroctly from sodium hydrido and aluminum bromidec without isolation of the inter-
mcdiato hydridc. Tho products of this rango of purity contain only ncgligible
emounts of halide;: tho H/Al atomic ratio varios from 3.84:1 to 3.95:1 as would
be oxpocted if the impurity wore aluminum hydrido. Two other coxperiments esson-
tially similar to thosc just montioncd werc carriced out in tetrahydrofuran giving
products of 88 and 89% puritys The yiclds woere 77% and 79% rospoctivoly.

In carrying such rcactions out in vacuum systems, it is convonicnt to intro-
ducoc tho solid roagents (ceg. lithium eluminum hydrido and eluminum chloride)
into tho roaction first, and thon to condcnsc tho solvent upon tho solids at low
temperaturo, whoroypon the temporaturc is allowed to risc to that dosired for the
rcaction, Whon aluminum hydridc was prcparcd in this way in tctrahydrofuran,
about 3/@ hour was roquircd for completion of the rcaction; in ¢imothyl cellosolve
the time was about 13 hourse It was later shown that thoso timo intervals arc
ncodoed to dissolve tho aluminum chloride; the observations, thorcefore, are not
contraedictory to the postulato that tho formation of aluminum hydride from the
double hydride is & rolatively rapid rcaction.

(b) As is to be oxpectod, aluminum hydride roacts in diethy} othor with
lithium hydridc to givo tho doublo hydride. The purity of the product obtaincd
was 92%, but tho yicld only 79% which is & low valuo for this compounde Tho
atomic ratio H/Al was 3.95. Tho low yiold may havo boon duc te tho fact that
somc aluminum hydride was lost by procipitation of the polymers

(c¢) It was then shown that aluminum hydridc may bo usod in place of lithium
aluminum hydridec to initiatc and modorato tho rvaction botwcon lithium hydride
dnd aluninum chloride in diothyl octher. The rcaction carricd out in this way
proccoded smoothly and gave & good yiold (B84%) of a satisfactory product (92%).

(d) Tho failurec of sodium aluminum hydride matcrially te affcct the course
of the rcaction botwceq/§§ t18c and aluminum chloride (P4Re XXVI, p 3) as does
lithium aluminum hydride in tho corrcsponding proparation of the 1ithium salt,
could bo accountud for by slowncss of tho reaction betwoon aluminum hydride end
sodium hydrido, ospccially if the latter reaction were further retarded by en
oxcoss of aluminum chloride, Slowness of this roaction could also account for
orratic yloclds and ‘purities of the produot, sinco the slower thc conversion . of
aluminum hydride to tho double hydride the groator tho likelihood of its conver-
sion to its insoluble, probably polymcrizocd forms

Thesc considerations suggostod that the proccdurc might be improved by ndding
to o mixture of an oxcess of sodium hydride ond o "sced" of sodium aliminmunm
hydride on amount of aluminum chlorido slightly loss than pequirod to %transforn
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all of the "sced" to aluminum hydrido; and thon allowing sufficiont time for tho
aluminum hydride to form fresh sodium aluminum hydride boforc furthcer addition
of aluminum chloridc. Such a procedurc would provent the simultancous prescnce
of alumihum chloridc and aluminum hydride in the solutions

Acocordingly, o "so00d" ‘of 0401979 g, {3+686.mmolos) of sodivm alumingh hydride
was dissolved in about 30 cc. of totrahydrofuran in a flask containing 4 g.
(170 m. molcs) of sodium hydridos About 30 cc. of a solution containing 2.53 g
(18.96 m. molos) of aluminum chloridc was thon added from o side arm of the
rcaction vosscl in cver incrcasing portions, allowing 40 minutes botwoen ocach
addition. As alroady oxplainod, 3 molos of sodiunm aluminum hydride reoproduco
4 molcs-of the substanco by tho postulated sorios of rcactions; conscquently, oach
portion of thc chloride added may bo 4/3 grootor than tho provious once Thus,
in this exporiment, the first portion containcd about 0e15 ge (1.1 m. mol) or
about 10% lcss than thc amount of aluminum chloridoc nocossary to convert all of
the original "sced" to frosh lithium aluminum hydrido, and 6 additional portions
wero roquired. Aftcor all of the aluminum chlorido hoad beon addod, the mixture
was stirrod ovornight and filterod in vacuo. Tho product obtained wos of 93%

purity, ondltho yiold applroxifiatoly 70%.

Tho procoding is tho first succossful proparation of sodjun aluninum
hydride from sodium hydridc and aluminum chloiidc in a solwent othor than dimothyl

cther,

(c) Although the proccding cxperiment gave the bost rosults yot achieved
in solwvonts other than dimcthyl cthoer, it lcft undeecided whethor the rato of
addition of aluminum chloridc was too rapid to achicve tho- objoctivo intonded,
or whother it was slower thon nocossary. Obviously the maxium possiblc ratc é6f
addition is dosirablc (1) to provont loss of aluminum hydridc by polymorization
and (2) to mako thc rcaction os practical as possiblos

For this rcason it sccmed dosirablc to follow tho ratc of change of tho
concentrations of thc rcactants and of the products approximatoly. Prcelso rato
moasurcnonts in this type of roaction arc very difficult to carry out bocausc of
tho many complicating factors, such as tho difficulty of filtrotion, tho noccossity
of cxclusion of air and moisturc, the possibl. proecipitation of polymorizod alum-
inum hydridc during tho filtration procodurc, and so on. Morcover, procisc
moasuroments would probably not ropay tho offort roquired, since the rotes must
be dopondant on the stete of subdivision of the solid sodium hydrido; this
factor night, indocd, affoct tho rato in a singlc oxporimont sinco the finost
particles of thc hydride would be tho first to bo uscd upe Novortholoss tho
rough cxperiment has givon data which strongly support somo phasos of the postu-
lated recaction mechanism, and have suggostod mcons of furthor improving tho prope-
arativo mothod.

For tho oxperimont, tho assombly of gpparaotus shown in tho upper part of
Figurc 1 was usode The matcrial in tho ronotion vessol is stirrod by rotating
the stirreor in thoe bottom of tho flask by mcons of a fototing moagnot sct undor
the flaske At the dosired timc, stirring is intorrupted, S is vponcd to tho
all glass syringc, tho plungor is withdrown somcwhot, and o sample of tho liquid
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in thc rcaction vesscl is drawn through the fritted glass filtor into the weighod,
nitrogen fillecd flosks. By rocampressing the syringc, cxccess of solution may be
forced back to the rcaction vesscle The somplc flask is quickly cxchanged for an
capty once The sample is weighed and analyzed for hydrogon, aluminum and halogen.
The hydrolysis apparatus, shown in thc lowcr portion of Figuro 1, was designed

to romovce hydrogen halides from the cvolved hydrogon; siphoning back is prevented
by moricntarily opcning thc by<pass.

In thc experiment an oxccss of sodium hydridc was added over a period of
thrcec minutes, via a sidc arm addition flask, to o solution of alumninum bromide
dicthylcthcrate in tetra hydrofuran. Unfortunately the sodium hydride uscd in
this cxperimcnt wos o ncowly obtained sample, more fincly dividcd than thosc
hithcrto uscd, and the temperaturo of the mixturc rosc slightly over room temper-
pturc (28°C). As o rosult, the initiol reaction was morc ropid during the first
fow minutos than if no tomp.raturc risc had occurred (as was intcnded). With-
drawal of the first sample rcquircd only 1 minutc, but as moro preceipitate formod,
filtration bcoamc more difficult becausc of clogging of the filter, until the
withdrawal tinc of the 6th samplc was 20 minutese The final filtrotion had to bo
nade undor nitrogen prossuro. Theso irrcgularitics, of coursc, causc irrcgular-
itios in tho timc mcasurcments, but tho cffesd is rclativoly smalle. Somc onalyti-
cal difficultics worc also cncountcered, possibly duc to loss of hydrogen bromidog
thus in samplcs 2-4 the quantity of aluminum found is morc than cquivalent Yo the
sun of thc hydrogen ond bromine (inmolarunits.) Likcwisc the volumctric detere
minction of aluminum proved unrcliablc in the proscncc of the solvents uscd, ond
will bc replaced by groavimetric proccdurcs in futurc oxporiments. In spitc of
thesc difficultics, inhcront and accidental, this preliminary oxperiment has
brought out scveral significant points.

In sumples 1«4 cven flamc tests fuiloed to roveal the presence of sodium in
solution, i.ce, no sodiun aluninum hydridc formcd until the bromide had all
bcen complotcly removed from the solution, as moy be scen from the data of the
accompanying tablce. This finding corroboratcs the assumption that aluminum hydride
is tho initial product. In thc sccond place, the table shows that beotwecen the
collection of samplcs 4 and 5§, a rapid docrcasc in thc bromide concentration
occurrcd, togethcr with a large incrcasc in the hydrogen concentration. Also it
is striking thot samplecs § to 7 show that the hydrogcn/hluminum ration remoins
closc to 3.1 but is slowly rising, indicating slow transformation of aluminum
hydridc to thc sodium solt (Difficultics in the nluminum: dctorminntion mako .the
rcsults of samplc 5 uncortain with respeet to the H/ALl ratio)e  This preliminary
oxporimont thus corroborates the assumption that the proscncc of aluminum hcalidos
rctards the roaction betweon tho two simplc hydridos.

It would not bc approprictc to attoempt to draw any morc definitc conclusions
from this first oxporiment, It is to bv ropeaded, if time dllows, witl aléminum
chloride and with chungos in tcchnique that should overcome the crrors not
inhorent in the problom (cege not duc to uncveness of porticle size of the sodium
hydridc)e Furthermorc, it has suggostod modifications in the procedurc for pro-
paring sodium aluninum hydride and thesoc are now under investigation.
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11T, Proporation of Magnesium Hydridos,=-In on extonsion of the work roportoed
in PJ.R. f%VI p b, sovcral att.mpts have beon made o proparo nagnosium hydrido

by tho rcoction betwoen lithium aluminum hydride ond mogrosium othyl in ethyl
ethor solution.

It has boon obscrved that sovofal factors influcnco the yicld aand naturc of
the products attained. MWost important arcs

1) Purity of reogents. In particular, vory purc magnosium othyl was roquired
(95-98% purity).

2) Rolative amounts of roactants and ordor of mixing. The bost results woerc
obtaincd whon a small amount of lithium oluminum hydride wes added to
a large excess of othyl mognosium,

3) Tho concontrotions of thoethor solutions of tho rcactantss Thus whon
lithium aluminum hydrido was addod to & concontratod solution of othyl
nognesium (1.9 go in 25 cce of cthor), a procipibato was obtained which
was difficult to filter and from which the last traces of cthor could
not be romovede On tho other ‘hand, o fincly divided prceipitate, which
could bo scparsted from tho mothor liquor by contrifuging the mixturo
in an atmosphore of nitrogen, was obtoined.

This work was intorrupted by scrious illncss in tho fanily of tho assistont
to whom it had boon sssigned. Tt will be tokon up lator, but will bo deferrcd
to permit work on boryllium hydrido in which considorable intorost has beon
exprossed by Governmont projoctss

IV. Ropction of Dimothyl Zinc and Dimothyl Mercury with Lithium Borohydridg.=-
Of the mokhylotod 1ithiwm berohydridos on]y tho monomothyl derivative has thus
for hoen obtoinod (PoR. XXVI, p 8) by intoraction of trimothylboron on lithium
aluminum hydridc. Since this proccdurc did not cayso further mothylation, it
secmed advisable to inveostigatc o ronctloh analogous to the one which tho
dimethyl derivato of lithium aluminum hydrido (iso., LiAl(CHs)kﬁﬁg was obtainod
(PuR. XIX, p 2, sco also Finholt, Bond ond Schlosingor J.A.C8. %9 1199 (1947))
The deosired rooction is roprosonted by tho cquation:

LiBH 4 ZH(CHg), -» LiB(CHz), + ZnH,

A mixturo cqnteining a slight excoss of dimothyl zinc ovor that roquircd by the
equation after standing at room tomporaturc for 24 hours, gave no indication that
o reaction had occurred, sinco practically all of tho dimcthyl zinc could dbe
recovorod unchangod. Tho use of cther did not alter tho rosult, and it theroforo,
appears that the proposed reaction doos not occur under the spocifiod conditionse
It is, on that account, umneocssary to give further details,

Similar failure attended tho attompt to proparc tho dosirod compound by the
interaction of dimethyl morcurcy in placc of dimcthyl zinc. Of 7.2. m. moles
of tho morcury compound, 7,05 m, molos woru rocovercd after throo doys stirring
of the mixturc at room tomporaturc.
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V. Roactions of Lithium Aluminum Hydride with Alkyl Compounds of tho Eleomonts.--
The Work prcsented undor this hooading represonts the first part of a systonatic
study of thc roactions of lithium aluminum hydride with the alkyl compounds of
the elements in the sovoral groups of tho periodic systome As is to bo antici-
pated, tho alkyl dorivatcs of tho olemcnts to tho right of Group IV A behave
diffcrontly from thoso eolcmonts at tho left.  Thosc at tho right do not react
at all or react! by subgbitedionof hydrogen for the oloment in quostion, whorcas
thosc ot tho left give hydridos or mixed alkyl hydrides ‘of tho clomonts. Thus
the mothyl derivative of chlorinc, ie.c. mecthyl chloride, yioclds methonc, whoreas
the alkyl dorivative of magnosium produces magnosium hydride (incomploted work
not £innlly demonstrated). In tho sixth group, noithor ethers (i.c. alkyl oxides)
nor diethyl sulfide react with lithium aluminum hydrido, and trimecthyl amine,
if it rcacts at all, scems to give only an arminate; the rcaction roquires further
study before a final conclusion is roachods Tho situction in tho third group is °
nore complox as illustrated by tho following equationg, in which the formuloe in
brackots reopresent hypothetical intormedintes

(CHz)3B + LiAlH, <> ILiAl(CHg),E, + BHzcggg -5 LiBH,CHy -+ A1(CHg),H'
(CHg) Al 4 LiAlH, <> LiAlEHHg , + AL(CHg),H

'— - )
(CH,),Ga + LiAlH, -» iTiA1(CH,),H, + GaHz(CHéZl > LiGaCH.H,  + AL(CH,),H

That the hypothetical, intcrmediatc substitutod lithium aluminum hydride is not
the ond product in the roaction involving trimethyl boron is not surprising in

view of tho fact (P.R. XIII p 1) that diborano complotely rcplaces tho aluminum
of lithium aluminum hydride by boron:

LiAlH, + 2B,Hg -» LiBH, + AL(BH,)s

Alkyl diborancs, i.0. (BHéCHS)z, should behave in similar fashion. That gallium
dorivotives should behavo in analogous fashion is o mottor of considorable theorot-
ical intercste The invostigation is being oxtonded to the alkyvl dorivetives

of thc first group of mctnls,

Exporimental details erc given for tho roactions of Tithium alumipum hydride
with (ag mothyl chloride (b) diethyl sulfido, and (c) trimothyl gallium

(a) Mothyl Chloride and Lithium Aluminum Hydrido

Methyl ohloride obtained from o storage tank was fractionatod on the
vacuun line to a vapor tonsion of 804 mm. ot =22,99¢(litorature wvalue 801
mme }e A volume of methyl chlorido corrosponding to 4.03 molos was distilled
into a roaction flask containing 6.33 mmdlos 6f lithium aluminum hydrideoidin
ethor solutions The mixturc wos allowed to warm to room tomperature with
stirring, at which point ovolution of bubbles and formation of a white
procipitate was noticeds Non-condensable gascs, which exhibitoed a vapor
tension of approximately 10 mm. at liquid nitrogon temperatures (mothono)
were romoved by thce Tooplor pump, and the romaining volatilo matter was
reoondensed in the reaction flosk.e Tho above proccss was rcpeatoed five
times in order to moko certain that all of the mothyl chloridc was brought
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into the reaction mixtures At the ond of this troatment no more non-con-
densable gascd worc obscrved., Total rooction time (time during which the
reaction mixturo was ot room temporcturc) was approximately one hour.

The omount of mothano liberated corrosponded to a yiocld of 103% of the
hydrocarbon (4,17 molcs).

{b) Dicthyl Su}fide and Lithium Aluminum Hydride

To 7.75 moles lithium aluminum hydride in other solution was added

2.63 molos of dicthyl sulfido (VeTe==46.7 mm at 20° C; lite --48 &me)s When

the rcaction had boon carricd out as in the case of 'mpthyl chlaride, 0478
nmoles (1.07 cce) of non-condomsablc gases wos found to have beoon liboratod,

This may be considorced ncgligibles Fractionation of the wolatile matter

in the roection mixturc through o ~80 bath yiocldéed, after the proccss had

beon ropeated five times, cthor (vets -184 mm. at 0° C) ond dicthyl swlfido

(vets = 53 mm. ot 20° ), No othano was obsorved.

(c) Trimothyl Gaollium and Lithium Aluminum Hydrido

Tho gallium methyl used in this experimont was preparod from dimethyl
zinc and gallium trichloride by a modificotion of the meothod described by
Kraus and Toonder, Proc. Nat, Acad, 19, 292, 1933, As with the othor third
group clements, othor was not used as a solvent, since the products of tho
rcaction arc likely to form stable ethoratcs which would complicate thoir
isolation. Tho proccdures usod woro identicol with those described carlior
in ¢omnoction with tho rcaction botw.en trimcthyl boron ond lithium alumi-
nun hydride (P.Re XXVI, p -6). Dry lithium alupinum hydrido (2.99 .rmolos)
was allowed to stond in contact with 1.35 yﬂmgﬁé§ous trimothyl gollium (vete
at 0° ¢ - 65.9: 1it.-66). Froctionation of the volatilo contonts of tho
roaction bulb yiclded «05 cce of a volatile impurity and a viscous, spar-
ingly volatile liquid which was shown by the vapor tension mensurcmonts
below to bo aluminum dimcthyl hydrido.

T Vapor Prossuro Vapor Pressuro
AlMo, H* Obsorved

35.8° ¢ 3.6 37

54.6 11,7 12,0

67.2 22.9 2345

* (PR, XXVI, p 10)

The material which remaincd bchind in the rodction bulb (probably =
mixture of LiGaMoH, and LiAlH,) turncd groyish on standing and libeorated
non~condensable gasos slowlys. This might be expected in view of the fact
that 1lithium gallium hydride itself is much loss stabloc than lithium
borohydride.
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Boron-Nitrogen Compounds

As expleined in our last conference with
the representatives»of the.Navy, wo have decfdod
to inelude the study of boron-nitrogen-hydrogen
compounds in the investigations. The, present
report represents the initial steps in this
phase of the work.

VI, Borazole end its derivatives,--Borazole (BsNzHg) is probasbly the most inter-
esting compound in the nitrogen containing group. It is closely related to ben-
zene in its structure and physical properties.™ Hitherto, the most satisfactory

1. Wiberg and Bolz, Ber. 73 209 (1940)

preparation of borazole has consisted of heating diborane end ammonia at about
800° C for a short periols Yields are low (about 35 to 40%), the procedure is
time consuming, and the method cannot be readily adapted to large scale prepara=-
tions. We are investigating what scem more promising methods of preperation.

(1) Preparation of Borazole
It has been postulateszthat the reaction between diborane'and ammonia

1. Wiberg et al,»loc. cit,.
2. Schlesinger, Horvitz, and Burg, J.A.C.S, 58 409 (1936)

proceeds according to the following shcemet

L s

(1) $BoHg + NHz = H,N:BH,

(2) H,N3BH, - H,NBH, f Hy

(3) H,NBH, ~> HNBH + H,

(4) 3HNBE  ~» 1/3-BgNzHg

(Borazole)

If this postulated mechanism is correct, any reaction whieh would give
compounds 1 or 2 should ultimately produce borazole, and might possibly
avoid ¢tomplicating side reactions and improve the yield, The following
reactions are being considered (X = F, Cl Br):

(5) HzN:BXs + LiBH, or LiAlH,

(6) H,NEX, + LiBH, or LiAlH,

(7) ¥E,X  + LiBH,
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The reduction of HZNBCI (66% purity, see below) with LiAlH (Reaction
6) has been attempted in Jiethyl ether getrahydrofurane end dloxane. In
all cases, & vigorous reaction occurs arge amounts of hydrogen and some
volatile products, inscparable from the soclvent, are produced. An effort
is being made to find a more suitable solvents

The reaction between emmonium chloride and lithium borohydride has
been studied in diethyl ether® and dioxanes In diethyl ethcr, one mole of

-r g

s Schaeffer and Arderson, Unpublished work

"y P

hydrogen for each mole of borohydride, & non-volatile, ether~insoluble
substence with the empirical formula BNH6 and lithium chloride are
formed. If the non-volatile products are heated teo 300° C, some borazole
is formed, a property characteristic of the diammoniate of diborane4,

+ Schlesinger and Burg, J.A.C.S. 60 290 (1938)

The probable reaction can be expressed by the equations
LiBH, + NH,C1 = LiCl + 3ByHge 2NHy + Hp
In dioxane, & preliminary experiment indicates a similar reaction,

(2) The polymerizetion of Borszole

While borazole is rather stable, it has been noted that there is a
slow decomposition to give a white glassy solld and gpe mole of Hy per mole
of borazole used, In one experiment, e tube which originally contained 121
co of horazole and had been allowed to stand at room temperature for three
years was opened and found to contain 125 cc of Hz or 1,03 moles per mole
of borazole used. Hydrolysis of the solid Polymer by heating it with 20%
HC1 at 120° C for sevcral hours suggests that there are still two boron to
hydrogen bonds in the polymer, although entirely satisfactory data have
as yet not been obtained. From theso data it scems probeble thet the poly-
merization occurs through the formation of & boron to nitrogen bond between
the borazole nuclei. Because the rate of polymerization increases as the
ratio of the volume of vapor to the volume of the liquid in the reaction
tube decreases, it is probable that the reaction occurs in the liquid phase,
There is some indication that the rate is increased by ultraviolet radiation.
Investigation pf the rate of formetion of the polymer and the condition
under which polymerization ocecurs is in progress.
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VII. Methyl derivatives of aminoborine.--Because the parent compound,.EZNxBﬂé
does not seem to be stable we are attempting to prepare as many as possible of
its stable derivatives. Study of the whole series should give us considerable
information about the character of the boron to nitrégen bond.

(a) N-dimethyleminoborine {E,BN(CHgz ),

N-dimethylaminoborine can be prepared by the reastion of equimolar quan=
tities of lithium borohydride and dimethyl ammonium chloride in diethyl ether
at room temperature. The reaction is best carried out by the addition of a con-
centrated ether solutien of lithium borohydride to the dimethyl emmonium chloride.
During the first part of the reaction, it is necessary to cool the reaction
flaske. After the addition of the borohydride is complete, the reaction mix-
ture is refluxed for 30 minutes. The ether solution containing the product is
separated from the precipitated lithium chloride by filtration, and the ether
is then removed from thesiiphtly volatile product (vapor pressure at 25°, - 8
om; m.p. 74° C) by distillation. The ylelds are about 50% in small scale runs,
in which the greatest losses appear to be mechanical; they are close to 100%
on runs carried out in the vacuum apparatus

Because the procedure maekes N-dimethyleminoborine available in quan-
ity, we are attempting to prepare (CHs)zBN(Cﬁs)2 and (CHz)HBN(CH‘.S)a by direct
methylation of H BN(CHS)2 with trimethylboron., Preliminary experiménts show
that a reaction takes place to form a clear liquid which slowly evolves hydrogen
at room temperature. Identification of other products is at yet incomplete.

(b) B-dimethylaminoborine, (CHS}CBNHZ

B—dimethylaginoborine has been prepared by the reaction of tetramethyl-
diborane and emmonia“and by the thermal decoémposition of ammonia-trimethylboron.

5. Schlesinger, Ritter and Burg, J.A.C.S« 60 1296 (1938)

The latter method is more convenient because the preparation of the unstablae
tetramethyldiborane is avoided.

In a typical preparation 9,85 coe of ammonia-trimethylboron, HyN:B(CHy )5

was heated in a sealed tube (vol. 24.3 cc.) for 2% hours at 400° C, The tube
was opened, methane (v.ps ® 12 m. at -196%) removed, and the cohdensable materiel
transferred tg the fractionation system of the vacuum epparatus. Fractionation
through a ~80 end a -112° bath gave 0,91 cc of a substance of low volatility,
probably B-trimethylborazole and 6.95 ¢c of nearly pure B-dimethylaminoborine
(Mol. wt. obs. 55.2, calc. 56+8). Yield: 70.5%.

B-dimethyleminobdrine adds one mole of hydrogen chloride. This reac-
tion and the physical properties of the compound are being studied. It is
noteworthy that trimethylboron, which 18 e wesket soid than hydrogen chloride,f
does not add to B-dimethylaminoborine. This fact guggests that the borone
nitrogen bond has considerable double bond characters
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VIII. Miscellaneous boron-nitrogen compounds,--The impure BClzNHz used in the
experiments reported above was precpared by the thermal decomposition of BCl zNHz ¢
BCISNH heated to temperatures between 200 and 300 degrees gives off hydrogen
chloride, and forms a white solid which -may  contain BCl,NH,. The solid is
not volatile enough to be readily handled in & vacuum. Conscquently, pure
BC1,NH, has not been isolated from the reaction products, but the impure materiael
has been used in the experiments mentioned in the preceding paragraph. Investi=
gation of the reaction to determine optimum conditions is summarized in the
following table., Yields are calculated on the basis of hydrogen chlorido
released and on the assumption that the residue is a mixture of BClzNHz and
BC1,NH,e This essumption needs further verification.

M moles BCly Temp  Hours meqes HC1 Yield
0.455 100 15 0.098 21%
04377 250 2 0.225 60%
0.376 250 15 040239 64%
0.966 250 4 0.637 66%
0.361 250 6 0.160 4%
0.388 330 & 0.207 66%

IX, Work in progress or plamned for the near future.--Since this is the first

report of the present fiscal year, a brief outline of the work planned for ‘the
coming months is presented with the understanding that it is subject to altera-
tion depending on the promise of success in each specific topic as it developss

A. Continuation of experiments directed toward the preparation of hydrides
of boryllium end of magnesium hydrides.

Bs Reactions of lithium aluminum hydride with ethercal solutions of halides
of other metals, e.g. cobaltous chlorides

C, Continuation of the investigation of 'the reaction of lithium aluminum
hydrides with metal alkyls, to ascertain whether new types of compounds
of special interest to the project can .be obtained.

D. Improvement in the method for preparing sodium aluminum hydride.

E. Preparation of aluminum borohydride from sodium aluminum hydride. Thus
far, the prospects do not look favorable, 'but success is not yet
excluded.

F. Experimcnts directed toward the preparation of ByCly with the objective
of escertaining whether this compound can be hydrogenated and then
converted to ByH,, oF BgHge The ultimate objective is to gain further
insight into the mechanism of the formation of the latter. This work
will not be underteken until the most experieinced members of the staff
have comploted present assignments, since it will probably prove diffi-
cults Woe roalize that tho chances of success are limited, but never-
theless shall dovote some time to the experiments since success, if
attained, might prove very valuable in the 35H problems

Ge Further work on boran-nitrogen compounds along the lines already out-
lined in this report,
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Lithium Aluminum Hydride, Aluminum Hydride and Lithium Gallium Hydride,
and Some of their Applications in Organic and Inorganic Chemistry?

By A. E. FinsoLT, A. C. BoND, Jr.,2 AND H. I. SCHLESINGER

When lithium hydride 1s treated with an ether
solution of aluminum chloride under the comn-
ditions described in the experimental part of this
paper, the new ether soluble compound, lithium
aluminum hydride, LiA1H,, is formed according to
the equation

ether
41:H + AICl, —> LiAlH, 4 3L1Cl

Addition of further quantities of aluminum chlo-
ride yields an ethereal solution of aluminum
hydride

ether )

The latter solution is not stable, it soon deposits
a white solid in which the atomic ratio of alumi-
num to hydrogen still is 3:1, but from which the
ether cannot be completely removed without loss
of hydrogen.®? Lithium aluminum hydride, on the
other hand, may be freed from the solvent com-
pletely by evaporation of the latter under suitable
.conditions. Lithium gallium hydride, LiGaH,,
has been prepared by the method used for the
corresponding aluminum ¢ompound, but has not
yet been studied in detail. ‘

Although we have obtained indirect evidence of
the existence of sodium and of calcium aluminum
hydrides, lithium aluminum hydride and lithium

(1) Presented in abbreviated form before the Symposium on
Hydndes and Related Compounds at the Chicago meeting of the
American Chemical Society, September 10, 1946

(2) Present address University of Michigan, Ann Arbor, Michi-
gan

(3) O Stecher and E Wiberg, Ber, 75, 2003 (1942), have de-
scribed the preparation of solid aluminum hydride by a method which
does not 1nvolve the use of ether, but which is far more cumbersome
than the procedure heremn described Their product was also not
entirely pure
_ (4) The terminology, ithium aluminum hydride and lithtum gal-
Jium hydride, is not entirely conststent with the name ‘’borohydride”
used by Schlesinger and his collaborators for the corresponding boron
compounds Since the latter term is also not eatirely satisfactory,
and the terminology would not be very euphonious for the aluminum
and gallium compounds, we have tentatively decided on the nomen-
clature herein employed.

gallium hydride are the only compounds contain-
ing the AlH, and GaH, groups as yet isolated.t?
Nevertheless, the existence of these two com-
pounds, as well as of aluminum hydride and of
digallane,® demonstrates that the questions raised
and widely discussed in connection with the nature
of the chemical bonds in the hydrides of boron and
in the borohydrides, are not problems unique to
boron chemistry. These new developments have,
therefore, emphasized the importance of these
questions and will, we hope, aid in their solution.
But the new compounds, especially lithium alumi-
num hydride, possess not only theoretical interest;
their discovery has already led to significant appli-
cations in both inorganic and organic chenustry.
Through the use of lithium aluminum hydride,
new methods, far simpler than any hitherto avail-
able, have been developed for the preparation of
hydrnides such as silane and stannane and of their
partially alkylated derivatives. Inaddition, itsuse
has led to the preparation of previously unknown
hydrides such as those of zinc and of beryllium
The types of reaction by which these results have
been achieved are 1illustrated by the equations

) ether
LiAlH, 4 S1Cly ——> L1Cl + AlCI; + SiH,
ether
L1A1H4 + 2(CH3)3SnCl; —
LiCl 4 AICI; -+ 2(CH,)sSnH,

ether
LiA1H4 + (CHa)aZn e o LiA](CHa)sz + ZnH,

Reactions such as these usually proceed
smoothly at room temperature, and in general
give excellent yields of products of lugh purity ¢

{5a) Since this paper was submitted, sodium and caleium alumi-
num hydrides have been prepared by us

(6) E Wiberg and Th Johannsen, Dse Chemie, 56, 38 (1924)

(6) In some, though by no means in all such reactions, lithium
hydride may be used 1n place of lithium aluminum hydride Even
in those cases in which lithium hydride gives the desired product, the
reactions are slower and the yields less satisfactory For some pur-
poses aluminum hydride may be advantageously employed 1n place
of the lithium salt (see page 1202).



1200

Detatled description of the reactions 1llustrated
by the preceding equations, as well as of others
dealing with the preparation of hydrogen com-
pounds of elements of the second, fourth and fifth
groups of the periodic system, 1s reserved for forth-
coming papers In the experimental part of this
paper, examples of the manner in which the re-
actions are carried out are chosen from cases in-
volving elements of the third group.

In the field of organic chemistry, lithium alumi-
num hydride has already proved extraordinarily
useful as a reducing agent One mole of carbon
dioxide is quantitatively absorbed at room tem-
perature by an ethereal solution contaming two
moles of the new compound; among the products
of the reaction are lithium and aluminum salts
which yield formaldehyde when they are treated
with acids, but the course of the reaction has not
yet been completely elucidated. ' Aldehydes, ke-
tones, acid chlorides and esters are reduced to
alcohols, nitriles to amines, aromatic nitro com-
pounds to azo compounds In many cases in
which the customary reducing agents require high
temperatures or pressures and give poor yields,
the new reagent reacts at room temperature and at
an easily regulated, convenient rate, and gives
almost quantitative yields Its action 1s often
highly specific. In the reduction of the nitriles
so far studied by us, only primary amines were
produced Its usefulness is enhanced by the fact
that olefinic double bonds are not attacked, except
i special cases, and 1t 1s thus possible to accom-
plish the selective reduction of various functional
groups 1n unsaturated compounds These re-
actions have been studied by us only in pre-
liminary fashion on a small scale. They are being
investigated by R. Nystrom and W. G. Brown to
whose paper we refer the reader for details”

It 1s of interest to compare the properties of
hthium aluminum hydride with those of lithium
borohydride Both compounds are white solids,
stable 1n air at room temperature. Thermal de-
composition of lithium borohgrdride becomes ap-
preciable at from 250 to 275°, and seems to in-
volve an intermediate reversible step in which a
compound LiBH; is formed ¢ The decomposition
of the aluminum compound becomes noticeable at
a considerably lower temperature (125 to 150°),
and leads directly to the formation of aluminum,
hydrogen and lithium hydride Both compounds
are soluble in diethyl ether, but the solubility of
the aluminum compound is from seven to eight
times as great as that of the borohydride. The
former reacts completely and extremely rapidly
when dropped into water; the reaction of the
latter 1s slower and less nearly complete.® Similar
differences are observed 1n the reactions of the two

(7) R Nystromand W G Brown, THIS JOURNAL, 89, 1197 (1947)

(8) H I Schlesinger and H C Brown, THIS JoURNAL, 82, 3434

(1940)

(9) It is to be noted, however, that hithium alumimum hydride
may be safely handled, even in very humd air, probably because of
the formation of a protective coating of aluminum bhydroxide

A E. Finmort, A C BoNp, JrR, AND H 1. SCHLESINGER
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compounds toward alcohols. Finally, lithium
borohydride ‘1s inert toward liquud ammoma and
toward amines, whereas the aluminum compound
reacts with both as described 1n the experimental
part. Insofar as conclusions about relative po-
larity may be drawn from chemical behavior,
hithium aluminum hydride thus seems to be some-
what less polar than lithum borohydride, but
much more polar than the borohydrides of alumi-
num or of beryllium 8

The chemical properties of aluminum hydride
are similar to those of lithium aluminum hydride,
although the instability of the ether solution of
the former limuts its usefulness. Attention is
here called to the possibility that the unstable
ether solution of the compound may afford a
means of following by molecular weight deter-
mmations the course of the polymerization
assumed to be responsible for the stable, insoluble
solid form of the substance.?0

Experimental Part

The Preparation of Lithium Aluminum Hydride A.
Reagents —Unless the lithium hydride 1s finer than 100
mesh, 1ts reaction with alummum chloride occurs very
slowly  After weeks of refluxing 20 to 60 mesh hydride
with a diethyl ether solution of aluminum chloride, only a
slight surface reaction had occurred The relatively
coarse ‘‘crystalline lump’® hydride, which seems to be the
only form now commercially available,!! must be ground
before use The grnnding and sifting of the matenal
should be carried out in an atmosphere of dry nitrogen.
We have used samples of punty varying from 87 to
049, without significant differences mn the results  The
quantitres of hthium hydride are stated in the descriplion gf
the preparatwe procedures in terms of pure compoun
The aluminum chloride was anhydrous and of reagent
quality Anhydrous diethyl ether of the usual commer-
cial grade proved satisfactory

B. Apparatus.—Most 'of the reactions were carried out
in three-necked flasks fitted with a mercury-sealed stirrer,
a reflux condenser, and a dropping funnel, such as are used
for Grignard reactions. Usually an atmosphere of dry, car-
bon dioxide-free nitrogen was employed both during the
reaction and in the filtrations, but these precautions were
found not to be absolutely essential. When the reactions
were carried out in an evacuated system, the type of ap-
paratus first described by Stock!? was employed

C Procedure —In a typical preparation, an excess of
Iithium hydride (23 5g or 2 96 moles) was added to a solu-
tion of 3.05 g (0 08 mole) of lithium alummmum hydride
1n 30 cc. of diethyl ether, and the mixture was stirred for a
short time. After the addition of a further quantity of
ether (200 cc ), a solution of 71.2 g. (0 534 mole) of alumi-
num chloride 1n 300 cc. of ether was introduced at such a
rate that boiling of the liquid in the reaction vessel was con-
tinuous The mixture was stirred during this step, and
for a short time after the reaction had apparently ceased
The precipitated lithium chloride and the excess of hith-
jum hydride were separated from the solution by passing
the latter through a coarse sintered glass disk under mtro-
gen pressure.

An aliquot (6 049 g.) of the 462.5 g of combined
filtrate and washings was evaporated at atmospheric
pressure until a thick sirup had formed The last of the
ether was then removed 4% vacuo at 70°. The resulting
solid weighed 0 280 g. and consisted of lithium aluminum
hydride of 95 4%, purity according to an analys:s carried out

(10) H C Longuet-Higgins, J, Chem Soc , 139 (1946)

(11) Maywood Chemical Works, Maywood, N J

(12) “Hydrides of Boron and of Silicon,” Coernell University Presa,
Ithaca, N, ¥,, 1933,
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as described later. The quantity of the compound con-
tained in the original solution was, therefore, 20 42 g , of
which 3 05 g had been contained 1n the original reaction
mixture The net yield thus was 17 37 g (0 458 mole) or
85 79, of the theoretical It has been found that allowing
the reaction to stand for a longer time before filtration
improves the yield and increases the purity of the product
(1t may become as high as 999, without recrystallization).
The bulk of the reaction product was usually not taken to
dryness, since most of the reactions to be investigated
were carried out 1n ethereal solutions For determination
of the concentrations of the solutions, measurement of the
amount of hydrogen evolved by hydrolysis of an aliquot
1s adequate
The addition of the small amount of previously prepared
Ithium aluminum hydride to the reaction mixture pre-
vents a phenomenon which otherwise may be very trouble-
some Without this addition, an 1nitial reaction usually
manifests 1tself by a shight rise n temperature, but soon
esther ceases entirely or becomes too slow to be appreciable
After an mnduction period, which may last for only a few
minutes or may persist for hours, the reaction again sets
1n, this time with such vigor that 1t can usually not be con-
trolled by cooling of the mixture In the presence of a
small mtial quantity of lithium alumimnum hydnde, the
reaction sets 1n at once at a rate controlled by the rate of
addition of aluminum chloride  To obtain hithium alumi-
num hydnde for this purpose when none 1s available from
previous preparations, two procedures are illustrated by
the following examples
1. A small quantity of aluminum chloride (2 7 g ) was
mixed with a 8-fold excess of lithium hydride (4 g ) under
dry nitrogen 1n a small round bottom flask, which was then
attached through a standard ground glass joint to a vac-
uum system, and evacuated About 15 cc of ether was
condensed on the reaction mixture at liguid nitrogen tem-
perature ‘The reaction, which began as the flask was
warmed slowly, was allowed to proceed vigorously, but
.was kept under control by cooling the flask with hquid
nitrogen from time to time The reaction was usually
completed in about five minutes  Filtration of the result-
ing mixture and removal of the solvent from the filtrate
as previously described yielded a sample of Lithium
alummum hydride adequate for imtiation of the reaction
of larger batches
2 Solid lithitm hydride (7 0 g } was mixed with solid
anhydrous aluminum chloride (1596 g.) m a 500 cc.
flask previously flushed with dry mtrogen. Subsequent
addition of 150 cc. of dioxane caused the temperature to
rise to 50°. The muxture was refluxed for one-half hour,
after which 1t was cooled, diluted with 135 cc. of diethyl
ether, and refluxed again for another three hours ' The re-
sulting mixture was filtered  The solid obtained from the
filtrate by the procedure used mn the preceding examples
seemed to contain only about 309, of hithium alurmnum
hydride, but nevertheless served to initiate the desired re-
action
Analysis of Lithium Aluminum H{dride —Analysis of
the compound was achieved by 1its hydrolysis according
to the equation !

LiAIH, + 4H;0 —> LiOH + AlI(OH); + 4H;

If ithium aluminum hydride 1s treated with any but very
large amounts of water, the resulting reaction 1s so vigor-
ous that the solid may become heated to incandescence
with a resultant loss of hydrogen by thermal decomposi-
tion This difficulty was avoided by mixing the sample
with anhydrous dioxane, and then adding the water drop
by drop  In the resulting solution, aluminum was deter-
mined as the oxide, and lithium as the sulfate. Results
of a typical analysis are as follows sample, 03824 ¢ ;
found- L1, 00691 g, Al, 02689 g, H,, 8840 cc 3,
caled. for L1AlH,* L1, 0 0699 g , Al, 0.2719 g , Hs, 903 7
cc  The atomic ratios thus are represented by the formula
L1 wAl; H; g6, and the total weights found correspond to

(13) Volumes of substances measured 1n the gaseous state are re-
ferred to standard conditions
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98 7%, of the weight of the sample
ably was restdual ether

For confirmation of the analysis, pyrolysis was em-
ployed The compound decomposes according to the equa-
tion

The 1mpurity prob-

LiAIH, —> LiH + Al + 1 5H,

The restdue gives additional hydrogen on treatment with
water

LiH + Al 4+ 4H,0 —> L1OH -+ Al(OH); + 2 5H,

Although the compound decomposes fairly rapidly at 150°
the temperature of the sample was gradually raised to
220° to assure complete decomposition The following
data were obtamned sample, 0 2462 g , hydrogen from
pyrolysis 218 cc , caled , 218 cc , hydrogen from hydroly-
s1s of residue 364 cc , caled , 363 cc

Solubility of Lithium Aluminum Hydride Its Reactions
with Ammes and Ammonia —The solubilities of Iithium
aluminum hydride 1 grams per 100 g of various ethers
at 25° are as follows diethyl ether, 25-30, tetrahydro-
furan 13, dibutyl ether 2, dioxane 01 Because of the
difficulty of handling the extremely viscous solutions ob-
tamned m the first two of these solvents, the data are of
only approximate character.

Ammonia and primary and secondary amines, some of
which are excellent solvents for borohydrides, react with
hthium aluminum hydride to give a quantity of hydrogen
which 1s from 93 to 99%, of that calculated according to
equations

2L1AIH, 4+ 5NH; —> [LiAlH(NH;),].NH + 6H,
LiAlH, + 4RNH; —»> L1AI{(RNH), + 4H,
L1A1H4 + 4R2NH —_— LlAI(RzN)4 + 4H,

Since the postulated equations need further verfication
by analysis of the solid products, details concerning the
reactions are ndt recorded heremn, it 1s evident, however,
that they result in the formation of hitherto unknown
types of compounds

Reaction of Lathium Aluminum Hydride with Diborane
—An excess of diborane was continuously circulated over
0955 g (25 2 mmoles ) of lithium aluminum hydride 1 a
vacuum system which contained a U-tube maintained at
—80° to remove the alummum borohydride formed by
the reaction The reaction vessel was heated at 70° for
three and a quarter hours and then at 90° for three and
three-quarter hours The amount of diborane absorbed
(1030 cc, or 46.0 mmoles.) and the quantity of gaseous
aluminum borohydride collected (505 cc , or 22 5 mmoles )
;:lorrespond to the values calculated according to the equa-

on

LIAII'L + 2BzHQ —_— LiBH4 + Al(BHg)a

if it 1s assumed that the reaction had gone about 909 to
completion This assumption was corroborated by the
fact that the solid product weighed 0 585 g , whereas the
Haégg calculated on the basis of the same assumption 1s
g

The Reaction of Lithium Aluminum Hydride with
Boron Chloride —As an example of the preparation of
1norganic hydrides through the use of lithium aluminum
hydride, we have chosen its reaction with boron chloride
to produce diborane according to the equation

3L1AlH + 4BCl; ~—> 3L1Cl + 3AICI; 4 2B;H,

A solution of 0 277 g (7 3 mmoles ) of ithium aluminum
hydride 1n 5 cc. of anhydrous diethyl ether, contained 1 a
vessel attached to a vacuum line, was frozen at hquud
nitrogen temperature. An excess of tensimetrically pure
boron chlonide (1.279 g. or 10 91 mmoles ) was then dis-
tilled into the evacuated vessel. A wvigorous reaction,
probably the formation of boron chloride etherate, accurred
as soon as the material had melted; after the completion
of this reaction, the mixture gradually was warmed to room
temperature and thoroughly stirred  The material vola-
tile at room temperature was passed through a —112°
bath, the uncondensed portion consisted of 4 83 mmoles
of pure diborane, a yield of 99 49, The correctness of
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the equation was further confirmed by the addition of
aluminum chloride to the residue to liberate the excess
of boron trichloride from the ether The amount of boron
trichloride thus recovered showed that 9 7 mmoles , or
099, of the theoretical, had reacted .

This procedure 1illustrates the speed and high yields ob-
tainable 1n reactions of this type For the preparation of
larger quantities, 1t 1s often desirable to moderate the
initial reaction by dissolving the inorganic chloride in
ether before adding 1t to the lithium alummum hydride
solution

Preparation of Alummnum Hydride —Aluminum hydnide
was prepared both by the reaction

ether
3L1AlH, + AICL, ——> 4AIH; + 3LiC1 (1)
and by the reaction

ether
SLiH + AICl; ——> AlH; 4- 3L1Cl @)

Although the latter seems simpler, the former 1s preferred,
especially when lithim alummum hydride 1s available,
since 1t 1s more rapid and proceeds more smoothly

Reaction (1) —A solution containing 0 546 g (14 4
mmoles ) of Iithium alummum hydride in 9 1 g of diethyl
ether was diluted with 15 g of additional solvent, and
treated with 0 629 g (4 72 mmoles ) of anhydrous alumi-
num chloride 1n a flask previously flushed with mitrogen 1
The hithium chloride precipitated during the course of the
vigorous, but rapidly subsiding, reaction was removed by
filtration, and the ether was evaporated from the filtrate
through a vacuum line The resulting white solid was
slowly heated to about 96°, at which temperature heating
was discontinued because shght evolution of hydrogen and
discoloration of the solid were observed The ether con-
tent of the solid products 1s discussed in the next section

Analysis of the product was carried out essentially as for
hthium alummum hydride, except that aluminum was de-
termined as the 8-hydroxyquinolate ¥ The product
yielded 1165 cc (52 0 mmoles ) of hydrogen and con-
tained 0 4693 g (17.4 mmoles ) of aluminum, correspond-
g to an atomic ratio of Al ooHz ee, and a yield of 92%
based on the aluminum chloride used

Reaction (2) —The apparatus and procedures were es-
sentially those used for the preparation of ithium alumi-
num hydride The ratio of hithium hydride (590 g or
0 743 mole) to aluminum chloride (33 0 g or 0 248 mole)
was as neatly as possible that demanded by the equation,
and a large total amount of ether (440 cc ) was used to
avoid precipitation of aluminum hydride before the
lithium chloride bhad been removed A small amount
(0 8 g ) of ithium alummmum hydride was added to initiate
the reaction The mixture was stirred for one hour after
the c:;.cldltlon of the aluminum chlotide, and was then fil-
tered.

Analysis was carried out as in (1). The results showed
the solution to have contained 0 621 mole of active hydro-
gen and 0 212 mole of alummnum, a ratio of 293 1 and a
yield of 85%

Composition and Solubility of ‘“Solid Aluminum
hydride *’—The composition of the solid obtained from
diethyl ether solutions of aluminum hydride, either by
spontaneous prectpitation or by evaporation of the solvent,
1s variable. The ratio of hydrogen to aluminum 1s always
3 1 within experimental error, but the weight of these
constituents is always less than the total weight of the
sample. The difference in these weights was assumed to
represent the ether content of the material analyzed. The
longer the product i1s kept 1n a continuously evacuated
vessel, and the higher the temperature at which the ether
1s removed, the lower 1s the content of the latter in the

(14) To avoid contamination of the desired product with the lith-
jum salt, the excess of the latter was kept at a minmmum It is
essentia], on the other hand, to avoid an excess of aluminum chlo-
ride, since 1t causes hthium chloride to dissolve in ether

(15) Lundell and Knowles, Bur Standards J Research 8, 92
(1929)
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residue Thus a sample, obtamed by spontaneous pre-
cipitation and subsequent removal of the mother liguor
by several washings with ether, was evacuated at room
temperature for one hour, 1t then had a composition corre-
sponding to 2 26 moles of the hydride to one of ether
Another sample was evacuated at the same temperatuire
for twenty hours, and then had an aluminum hydride-
ether ratio of 3 1  When the evacuation was carried out
at 80°, the ratio became 4 85 1 At still higher tempera-
tures additional ether was removed, but decomposition
of the hydnde also set 1n  Although the data obtained
by complete pyrolysis were not conclusive, and are, there-
fore, not included, they indicated that ether is the only
1mpurity 1 the aluminum hydride, as was assumed 1n ob-
taming the preceding ratios

In spite of the fact that spontaneous precipitation occurs
even 1n dilute solutions, the sohids obtained by evaporation
of an ether solution may again be at least partially redis-
solved In one case the ether was removed from a freshly
prepared solution, and the resulting solid was gradually
warmed to 80°, at which temperature it was maintained
for one-half hour After stirring a 0 2-g sample of this
product with ether at room temperature, 0 1 g was found
to have dissolved 1n 4050 ce of the solvent  Evaporation
of this solution produced a material of which only a part
could agamn be dissolved The transformation of the
soluble to the insoluble form 1s thus a progressive change,
the magnitude of the soluble fraction will depend on the
temperature and other conditions according to which the
solid 1s prepared

Reaction of Aluminum Hydride with Boron Chloride —
Aluminum hydride, like lithium aluminum hydride, reacts
with boron chloride to form diborane. Since the latter
reacts further with aluminum hydride to give aluminum
borohydride,? appropriate choice of the proportions of the
reagents leads, as shown by the following experiment, to
the reaction

ether

At the melting point of a mixture contamming 1 350 g
(11 62 mmoles ) of boron trichloride, 0459 g (153
mmoles ) of aluminum hydride and 33 cc of diethyl ether,
a vigorous reaction occurred Two liquid layers were
first formed, but at about 0° the mixture became homo-
geneous

The uncombined ether, together with traces of diborane,
was removed from the reaction product, which was then
treated with 1 20 g (9 0 mmoles ) of aluminum chloride
to free the aluminum borohydride from 1its etherate
After the mixture had been stirred for twenty minutes,
the volatile material was removed by gradual heating of
the reaction vessel to 70°, and was then fractionated in
the vacuum system  This treatment resulted 1n the 1sola-
tion of 9 18 cc (0 41 mmoles ) of diborane, and 75 9 cc
(3.39 mmoles ) of pure gaseous aluminum borohydride
The yield of the latter was thus 88 3%, of that demanded
by the equation, and the total recovery of boron and of
hydrogen was 969, of that used Diborane was probably
formed in a reaction between aluminum borohydride
and traces of hydrogen chloride contained as an impurity
1n the aluminum chloride

Preparation and Analysis of Lithium Gallium Hydride,
LiGaH, —Anhydrous gallium chloride, 0569 g (3 35
mmoles ), was sublimed tn vacuo into a reaction vessel
which was attached to a vacuum line, and was fitted
tbrough a ground glass joint to a bent side tube contamng
Iithium hydride About 5 cc of anhydrous diethyl ether
was condensed by means of hquid mitrogen into the
reaction vessel, which was then slowly warmed until the
chloride had dissolved. The solution was cooled to —80°,
and hthium hydride was added in about 4-fold excess
(0 47 g or 59 mmoles ) by slowly tilting the side tube
After the 1mitial, moderately vigorous reaction had sub-
sided, the mixture was gradually warmed to room tem-
perature, and was then filtered through a sintered glass
disk The ether was removed from the filtrate by evacua-
tton for twenty hours at room temperature
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After hydrolysis of the resulting white solid, and
measurement of the hydrogen evolved, gallium was precipi-
tated from the solution as the 8-hydroxyquinolate The
0 2250 g of product yielded 233 4 cc (10 42 mmoles )
of hydrogen and contained 0 178 g (2.56 mmoles ) of
galllum These data correspond to an atomic ratio of
4 07 100, a punty of 93% and a yreld of 769, The low
yield was probably due 1n large part to incomplete washing
of the lithium chloride, and the low purty to inadequate
removal of ether from the product The fact that the
compound turns gray, ¢ e, begins to decompose mn a
comparatively short time even at room temperature, neces-
sitated the defects in procedure Complete pyroiysm of
the compound leads to the formation of metallic gallium
and, presumably, lithium hydride and hydrogen
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Summary
1. The preparation and some of the properties
of the new compounds, hthium aluminum hydride,
L1AlH,, and of hithium galllum hydride, LiGaH,,
have been described Included is a new, simple
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procedure for preparing an ether solution of alumi-
num hydride, (AlH,)., as well as an insoluble,
probably polymerized, ether-contamning solid form
of the latter

2 The interaction of hithium aluminum hy-
dride with halides or alkyls of elements of the sec-
ond, third, fourth and fifth groups of the pertodic
system constitutes a convenient procedure for
preparing hydrogen compounds of these elements
i pure form and in good yield As a specific
example, a new method for preparing diborane has
been described in detail

3 Aluminum hydride behaves in many re-
spects like lithium aluminum hydrnde, except for
the greater solubility of the latter in ether and the
consequent greater convenience of its reactions
As an example of the usefulness of aluminum hy-
dride, the development of a new method for pre-
paring alumimum borohydride 1s described.

4 Attention 1s called to the usefulness of
Ithium aluminum hydride in the reduction of
organic compounds The smoothness of such re-
actions, as well as their specificity in certain cases,
has been emphasized

CHricaco, ILLINOIS RECEIVED DECEMBER 19, 1946



