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ABSTRACT

The types of coordination compounds formed by diborane with various Lewis bases
have been explored and the reactions of such coordination compounds have been delin-
eated. The bases studied were: ammonia, methylamine, dimethylamine, trimethylamine,
phosphorus trifluoride, nitrogen trifluoride, carbon monoxide, hydroxylamine, N-methyl-
hydroxylamine, N-N dimethyl hydroxylamine, O-methyl hydroxylamine, O,N-dimethyl hydrox-
ylamine, and trimethyl hydroxylamine.

The hexammine metal (III) borohydrides have been prepared and it has been shown
that the "diammoniate of diborane" has the structure [HZB(NH3)2]+(BH4)-. The decom-

positions of the borane adducts of the methyl hydroxylamines have been studied in
some detail, and mechanistic arguments for the deccompositions have been considered.

The reduction of phosphorus trichloride by lithium aluminum hydride has been
studied.

Results of the diborane reaction are interpreted in terms of symmetrical and non-
symmetrical cleavage of the double-bridge bond in diborane.
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I. INTRODUCTION

Boron compounds, particularly the hydrides, have been recognized as theoret-
ical puzzles for many years. Recent interest in the large-scale synthesis of certain
boron-hydrogen compounds has transformed the theoretical puzzle into a large-scale
practical problem. Methods used in developing chemical processes usually owe their
success to an mpplication of appropriate theoretical guides. For example, a truly
amazing theoretical framework guides the organic chemist in his work. On the other
hand, conventional chemical theories, particularly those developed for carbon chemis-
try, usually fail miserably when applied to boron hydrides. As an example, consider
the simplest of the free boron hydrides, diborane—BoHg. The organic chemist pictures
a covalent chemical bond as arising from the sharing of an electron pair, yet Bole
has more apparent bonds than electron pairs. It is frequently referred to as an
"electron-deficient" molecule. Such electron deficiency has been treated extensively
in theoretical papers but the results offer very little help in correlating the re-
actions of boron hydrides. In general, the reactions of carbon cannot be transferred
to a study of boron hydrides; hence, it is now painfully apparent that the laws and
generalizations correlating the chemistry of boron compounds must be developed in-
dependently. The studies described herein were conducted in the hope that a useful
reaction pattern for certain boron compounds might be evolved.

A number of seemingly separate studies have been conducted during the course of
this work, yet all are related through their contribution to an understanding of the
reaction pattern of boron hydrides. It appears to be convenient to discuss the vari-
ous facets of the work as individual units and then to correlate the pertinent observa-
tions. For this reason the report will take the form of a series of separate papers,
all of which are germane to the announced objective. The credit and responsibility
for each set of data are also indicated more precisely using this pattern.

"WADC TR 56-318 1



II. METATHESIS REACTIONS OF BOROHYDRIDES IN LIQUID AMMONTA
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A. BACKGROUND

Ever since the first description of aluminum borohydride by Schlesinger and his
co-wdrkersl the synthesis, by metathesis reactions in suitable solvents, of new and
potentially interesting borohydrides has seemed worthy of study. It should be noted
that the borohydride ion has much in common with the better known complex fluoroborate
ion although several important differences do exist.

The stability of the alkali metal borohydrides increases as the size of the
cation increases. On the other hand, it is normally assumed that the presence of
protonic or acidic hydrogens in the cation reduces the stability of the borohydride.
For these reasons it seemed to be relevant to study the stability characteristics of
the hexammine metal (ITI) borohydrides. The hexammine metal (III) cation is large,
yet it contains potentially acidic hydrogens attached to the coordinated ammonia.

The remote possibility of putting the borohydride ion in the coordination sphere
of the Co (III) seemed worthy of consideration and the possibility of obtaining in-
teresting metal-nitrogen-boron polymers offered some additional Justification for the
study. '

1. H. I. Schlesinger, R. I. Sanderson, and A, B. Burg, J. Am. Chem. Soc., 61, 536
(1939).
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B. THE PREPARATION AND PROPERTIES OF HEXAMMINE COBALT (III) BOROHYDRIDE, HEXAMMINE
CHROMIUM (III) BOROHYDRIDE, AND AMMONIUM BOROHYDRIDE (R. W. Parry, D. R. Schultz,
and P. R. Girardot)

Abstract

The methods for the preparation of hexammine cobalt (III) borohydride,
hexarmine chromium (IIT) borohydride, and ammonium borohydride are described.
Hexammine chromium (III) borohydride is a stable compound up to 60°C, the
cobalt compound decomposes at 25°C under high vacuum, and ammonium borohy-
dride is unstable above -40°C. The thermal decomposition of these compounds,
as well as their decomposition in aqueous solution, has been studied.

The synthesis of penetration-type metal ammine borohydrides may be achieved by
metathesis reactions in liquid ammonia of the general type

MF,, + xNaBH, 1_1&_“_13;.) x NaF + M(BHg)y -
- 50 ’

This reaction has been effected for those cases in which M is the hexammine chromium
(III) ion, the hexammine cobalt (III) ion, and the ammonium ion. The resulting new
compounds, hexammine chromium (III) borohydride and hexammine cobalt (III) borohydride,
-are described herein. Although ammonium borohydride was mentioned briefly by Armstrong
in a previously classified industrial report, little information on its properties was
available. In a study of the "diammoniate of diborane" the properties of this com-
pound became importent, and a more thorough investigeation was warranted. From the
philosophical standpoint ammonium borohydride is interesting since it represents
borohydridic acid in liquid ammonia.

Ammonium Borohydride.—-If the reaction between ammonium fluoride suspended in
liquid emmonia and sodium borohydride is carried out at -40°C, or below, and this tem-
perature is carefully maintained during all filtration and transfer operations, no
noncondensable gas is evolved. Pure ammonium borohydride may be obtained from the
reaction as a white crystalline solid. Above about -40°C slow decomposition of the
solid begins with liberation of hydrogen. At 25°C one sample of ammonium borohydride
was 50% decomposed in about six hours.

The Ramen spectrum of a liquid ammonia solution of ammonium borohydride compared
favorably in every detail, including the shape of the envelope and intensity of lines,
with the spectrum of a liquid ammonia solution of sodium borohydride. A detailed
consideration of the Raman spectra of a number of borohydrides in liquid ammonia will
be deferred to later publications;2 however, the data now available offer convincing
evidence of the presence of the borohydride group in the compound. The molecular

1. Aerojet Engineering Corp., Biennial Report No. 420, January 26, 19503 RIM=66
May 26, 1950,

2. R, C. Taylor, D. R. Schultz, and A. E. Emery, this Report p. 92.
WADC TR 56-318 L



welght of the compound in liquid ammonia solution was measured by vapor=-pressure de-
pression. Some difficulties were encountered in the experiment due to decomposition
and other factors; however, the data are sufficiently precise to indicate that the
molecule is monomeric and undissociated in l-molar liquid ammonia solution; the ap-
parent molecular weight was about 34 as compared to a theoretical value of 32.89.
Other salts such as sodium borohydride and ammonium bromide likewise exist as un=-
dissociated ion pairs5 in l-molar liquid ammonia solution.

At room temperature ammonium borohydride loses one mole of hydrogen per mole
of salt to give a relatively stable material of empirical composition BNHg. An
earlier report”™ on this substance, which has the same empirical formula as the "di-
ammoniate" of diborane, indicated that it could not be the classical "diammoniate."
It was reported that the new solid did not yield borazene on thermal decomposition
while the classical "diammoniate" gives borazene in yields approaching 50%.

In the present investigation a portion of the BNHg produced from ammonium boro-
hydride was pyrolyzed at 180°C for 2-1/2 hours to give a 15% yield of recovered bora-
zene. The very small scale of the reaction undoubtedly contributed to the low yield
(i.e., .Ok mmole of borazene recovered), The isolation of borazene indicates that
the BNHg could be the same species as the classical "diammoniate of diborane." Molec-
ular-weight measurements in liquid ammonia for the compound BNHg compared favorably
with values for samples of the "diammoniate." Values were not in agreement with re-
sults found for the recently discovered monomer, HSNBH3U5 In evaluating the molecular-
weight data certain anomalous features of the vapor-pressure depression measurements
on systems of this type prevented one from using the evidence as conclusive proof of
the identity of the two materials. Additional evidence was sought in a study of Raman
spectra. The Raman spectrum of (HsNBHg)n obtained by the decomposition of ammonium
borohydride was almost the same“ as the spectrum of the "diammoniate of diborane."
Results are discussed elsewhere (see p. 82).

Hexammine Cobalt (III) Borohydride and Hexammine Chromium (III) Borohydride.-
A metathesis reaction in liquid ammonia between a suspension of the ammonia insoluble
hexammine metal (III) fluoride and ammonia soluble sodium borohydride produced ammonia
insoluble sodium fluoride and ammonia soluble, yellow complexes of composition
[M(NH3)e1(BH4)s. The reaction appeared to go to completion at -63.5°C in sbout two
hours, but longer reaction times were generally used. NaF was identified by fluoride
analysis. Ordinarily an excess of M(NHs )gFs was used in the reaction in order to
remove all of the ammonia soluble sodium borohydride. When reaction was complete,
the insoluble NaF and excess [M(NHs)s]Fs were filtered from the system to leave a
relatively pure solution of [M(NHs)s](BHg)s in liquid emmonia. After evaporation of
the solvent, long yellow needle-like crystals of the pure complexes were obtained.
Analysis of the yellow crystals indicated the formulas

[Co(NHs)s](BHg)s -+ 1.0 NHs and [Cr(NHs)s](BHs4)s - 0.5 NHs

3. See page 82 of this report.
L. Aerojet Engineering Corp. Annual Report No. 367, March 11, 1949.
5. S. G. Shore and R. W, Parry, J. Am. Chem. Soc., 77, 6084 (1955).
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Since attempts to remove excess ammonia always resulted in some darkening and de-
composition of the solid, particularly for the cobalt complex, the excess ammonia was
not removed,

The Thermal Decomposition of the Hexammine Metal (III) Borohydrides of Cobalt
and Chromium.—Dry hexammine cobalt (III) borohydride loses ammonia and undergoes
irreversible decomposition when the ammonia pressure is reduced below 50 mm at 25°C.
In contrast, the dry hexammine chromium (III) borohydride is remerkably stable at
25°C even under high vacuum; the decomposition under these conditions was less than
2% as measured by hydrogen evolution. When the chromium complex was heated in vacuum
to 60°C, its decomposition became comparable to that of the cobalt complex at 25°C.

Data now available indicate that the instability of the cobalt complex is to be
associated with the strong reducing properties of the borohydride group and with the
fact that [Co(NHz)e]*® is reduced more easily than its chromium counterpart. The
latter fact is indicated by the value for the standard electrode potential of the
oxidation reaction in aqueous solution:

"Oal L]

[Co(NHg)e]*® —— [Co(NHs)s]™ + e Eo

The value for the corresponding chromium couple is not available, but qualitative
considerations indicate that it must be more positive than +0.5 since ammoniacal
solutions of Cr(NHs)s*2 liberate hydrogen rapidly from water in the presence of
finely divided platinum.

As would be expected, the reducing properties of the borohydride group cause a
different type of thermal decomposition than is observed with the hexammine complexes
containing a nonreducing anion. The hexammine cobalt (III) fluoroborate, which is
formally analogous to the complex borohydride, decomposes in accordance with the
equation

6[CO<NH3)6](BF4)3—A—-—) 600 Fo + 12 BF3NH3 + 6NH4. BFy + No + 16 NHs

The thermal decomposition of the dry hexammine metal (III) borohydrides differs from
that described above in that the borohydride group is oxidized instead of the ammonia.
Otherwise certain elements of similarity may be noticed. Although the decomposition
is complex, the equation which best describes the main process is

[M(NHz )6 ] (BH4 )3 mreeed Mg By Mo By + 2(BHsNHz), + NHz + Hz .
[ J

solid Black mixture
apparently of MB
and NBHy
b
The hydrogen and ammonia were identified positively as gaseous decomposition products.

6., R. W. Parry and D. A. Berman, to be published.

7. Baly, Von Ginther, and Zinser, Z. anorg. allgem. Chem., 221, 225-48 (1935).
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The compound (HsBNHg)X was extracted from the solid residue with liquid ammonisa

and the empirical formula was established by analysis. During the slow decomposition

of [Cr(NHs)s](BHs)s two relatively large clear crystals of solid formed in the cold

trap through which gases were removed. Although these crystals were not identified

at the time, more recent experience with the new crystalline compound HsNBHs suggests
that the crystals were probably this monomeric species. The bulk of the material of
composition (HgNBHS)X remained in the reaction vessel, however, and was apparently the
diammoniate of diborane. The overall composition of the ammonia insoluble, solid black
residue suggested a mixture of metal boride and polymeric BNHyx, where x ranged from O to
L. Unequivocal identification of separate phases in this solid was never achieved.

The Reaction Between Water and the Hexammine Metal (III) Borohydrides of Chromium
and Cobalt.—The hexammine cobalt (III) borohydride dissolved in water to give a yellow
solution which decomposed rapidly. A black ferromagnetic precipitate was obtained
which gave cobalt (II) ion when acidified. The same black solid was also observed
when sodium borohydride was added to a hexammine cobalt (III) chloride solution.
Hydrogen was always liberated.

The chromium complex borohydride reacted very slowly with water to liberate a
small amount of hydrogen, but no precipitate appeared during this period. In the ab-
sence of air, the blue chromous ion was produced upon acidification. It is con-
sistent with the above observation to note that hexammine chromium (III) chloride and
sodium borohydride gave no apparent reaction in water solution except for the very
slow evolution of hydrogen. Reaction ensued, however, when acid was added. Data for
the overall hydrolysis reactions of both complex borohydrides in acid solution are
consistent with the following equation:

[M(WHs )] (BH4)s + 5H30T + H0 —s MY2 &+ 3B0S + 6NHgT + 11-1/2 Hs .

The role of H' in promoting reduction of the chromic complex is apparent from the
equation.

Experimental . —

a. Materials,

1, Ammonium fluoride was Baker's Analyzed grade. NH4HF> was of course
eliminated when the solid was placed in liquid ammonia.

2, Sodium borohydride was obtained from Metal Hydrides, Inc., and re-
crystallized twice from liquid ammonia before use.

3. Hexammine cobalt (III) fluoride—the pure complex was prepared by the
following reactions:

[Co(NHs)elCls + 3/2 Ags0 + 3/2 Ho0 2°Cs 3agC1, + [Co(IMHs)s](OH)s
[Co(NHs)e](0H)s + 3HF O°Cy 310 + [Co(WHs)elFs

Silver nitrate (0.38 mole) was dissolved in distilled water and treated
with 50% NaOH. The precipitated AgsO was filtered on a Blichner funnel and

WADC TR 56-318 7



washed thoroughly with distilled water., Hexammine cobalt (ITI) chloride (0.1
mole) from laboratory stock was placed in a mortar which had been cooled in ice
water, and wet Ago0 filter cake was added. The mixture was ground for about one
hour. During this time the mortar was placed in an ice-water bath. The cold
mixture was filtered and washed on a Blichner funnel. The filtrate was transferred
to a polyethylene beaker, and reagent grade HF was added until the pH of the fil-
trate was seven, as measured by a Beckman, Model H-2 pH meter. The neutral sclu-
tion was placed in a vacuum desiccator over concentrated sulfuric acid and peri-
odically evacuated. After drying about one week the crystals were filtered on a
sintered glass frit using a drying train to exclude moisture. The solid was
washed with a very small amount of ¢old distilled water, snd finally with absolute
alcohol. The crystals were dried overnight at 105°C.

The solid product was identified as [Co(NHa)s] Fs by measuring the absorption
spectrum of its aqueous solution and by analysis. The spectrum was that of the
Co(NHz)e*™ ion. The analysis of the solid showed Co-26.9%, NHz-46.6%, F-26,4%,
and H'-0.13%; calculated for [Co(NHg)s] Fa: Co-27.02%, NH3-46.84%, and F-26.13%.

Since the neutral salt [Co(NHs)elFsishygroscopic and very soluble in water,
while the acid salt [Co(NHs)es](HF2)s is insoluble in acid solution, pH must be
carefully controlled in preparing the neutral salt to prevent bifluoride con-
tamination. The effect of pH on the composition of the resultant salt is shown
in Table 1I.

TABLE T

EFFECT OF pH OF ORIGINAL SOLUTION ON THE
COMPOSITION OF THE [Co(NHs)s] Fa CRYSTALS

pE % HF in Salt* pH % HF in Salt¥

4.6 12.7 7.5 0.36
5.7 0.52 8.9 0.3%0
7.0 0.39

*Estimated by titration of salt to pH 7.0
using NaOH.

L., Hexammine chromium (IIT) fluoride, which has not been previously re-
ported, cannot be prepared in the same manner as the cobalt complex because
the hydroxide is too unstable. The following procedure does, however, yield
the pure salt:

[Cr(WHs)e1Cls + 3AgF ——y [Cr(NHa)s] Fa + 3AgCl

Hexammine chromium (III) chloride (C.034 moie) was dissolved in water in a
polyethylene beaker, @ Silver fluoride solution was prepared in a separate
polyethylene beaker by adding excess Ags0 to a dilute (6N) solution of HF.
The excess Ago0 was filtered off and the silver fluoride solution was added
carefully to the solution of the chromium compleéx until no excess Agt or CL”
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could be detected. The silver chloride was filtered and the filtrate (pH = 6.3)
was placed in a vacuum desiccator over concentrated sulfuric acid for one week.

The crystals formed were filtered on a sintered glass frit with exclusion of air
and dried in a vacuum desiccator over NaOH. The following analysis was obtained:

Found Theory Found Theory
Cr 2h,1 2k.63 F 27.0 - 26,99
NHs L7.0 48.38 HF 1.0 -

5. Ligquid ammonia-——commercial tank ammonia (Mathesson) was dried over sodium
then distilled into the wvacuum line.

b. Procedure for the Metathesis Reaction.

The metathesis reaction could be carried out at any desired low temperature
by means of the apparatus shown in Fig. 1. Stoichiometric amounts of the appropriate
dry fluorides™ and sodium borohydride were weighed out in a controlled-atmosphere
gloved box and placed in tube T. The remaining portion of the apparatus had pre-
viously been attached to the high-vacuum line at the E 14/55 Joint. Final assembly
of tube T to the rest of the apparatus was made as rapidly as possible to avoid con-
tact with the atmosphere. After evaluation, ammonia was condensed into tube T and
the reaction was carried out at -65° to -45°C. The mixture was agitated by an elec-
tromagnetic plunger-type stirrer which was actuated 60 times per minute. The reaction
was allowed to proceed for 5 to 5 hours, and the mixture was then frozen with liquid
nitrogen. The apparatus was inverted by turning through 180° about the g 14/55 Jjoint.
At this point a metal can with a hole cut in the bottom was placed on the inverted
tube T in place of the solenoid. The hole in the can was Jjust large enough to permit
a snug it around the tube and was placed 1-1/2 inches from its end. Dry Ice and
i-propyl alcohol were placed in this can and in the cup on R. The remainder of the
tube T was wrapped with glass wool. If necessary, additional cooling of the tube
could be effected by pouring a small amount of liguid Ns over this glass wool.

The solid reaction mixture gradually melted, ran down the sides, and was
held on the filter frit in R. As the pressure increased a Dry Ice i-propyl alcohol
bath was placed around section S and the solution filtered through the frit. Effec-
tive washing of the precipitate and the sides of the reactor could be accomplished
by placing an empty Dewar flask around S, opening the stopcock in the by-pass on R,
and adding more Dry Ice to the can on T. Then the stopcock on the by-pass was closed
and when S was cooled, the solution would filter again. Usually five washings were
required to extract all of the product. The solvent ammonia was carefully evaporated,
leaving the complex borohydride in S. The apparatus was finally "filled" with dry
nitrogen and taken off the line. The products were removed and handled in the dry
box. The observed and theoretical compositions for the compounds assumed are summa-

8. The actual apparatus used to prepare NH4BH, differed somewhat from that described
here, but the essential principles of operation are the same. Details of the other
apparatus are available in the doctoral dissertation of D. R. Schultz, Univ. of
Mich., Ann Arbor.
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Fig. 1. Apparatus for the preparation of hexammine metal (III) borohydrides.
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rized in Table II. Standard methods of analysis were used with minor modifications.
Details are available elsewhere.?

TABLE IT

ANALYSIS OF BOROHYDRIDES

% NHa % B Hydridic H % Co % Cr
Compound Obs . | Theor., * | Obs . | Theor . *| Obs .| Theor. * |Obs. | Theor . * |Obs.| Theor.*
NH, BH *¥ 51.6 51.79 31.4 32.91 9,1of 12.20  ~-- - - -
[Co(NHs )s ](BH4)s °
1.0 NHs 5%3.8 53.5 1.2 14.6 5.0 54 26,6 26.4 - -
[Co(NHz )6 1(BH4 )3 -
0.5 NHa 53.3 53.3 15.6 15.7 5.7 5.8 -- - 25,3 25.1

*Theoreticél value for compound in left-hand column.
*¥The identity of this compound was also confirmed by the stoichiometry of its for=-

mation from a known weight of NaBH4 and an excess of NH4F which could be filtered
off. For 2.45 mmoles of NaBH4, 2.48 mmoles of Ho were evolved in the reaction

NHeBHy —3 Ho + (NH3BHs),
For 10.8 mmmoles NaBH4, 10.77 mmoles of Hs were obtained.

%Values for active hydrogen on BoHs ° 2NHs also low by method used.

c. The Thermal Decomposition of Hexsmmine Metal (III) Borohydrides of Cobalt
and Chromium.

Thermal decomposition of a sample was carried out in the vessel which had
been used earlier for synthesis (Fig. 1). The sample, placed in section T, was
frozen with liquid nitrogen and the system was evacuated.

Decomposition was accomplished by increasing the temperature or by pumping
on the solid. Exit gases were passed through a trap cooled with liquid Np to re-
move condensable products. Hydrogen was identified by measuring its molecular weight;
ammonia was characterized by molecular-weight and vapor-pressure measurements. After
essentially complete gas removal, liquid ammonia was condensed into the tube T and
mixed with the solid black residue. The ammonia soluble portion was filtered through
the frit R and the residue was washed with liquid ammonia.

After removal of the ammonia the residues were removed in the dry box for

9. R. W. Parry, D. H. Campbell, D, R. Schultz, S. G. Shore, T. C. Bissot, and R. C.
Taylor, "Chemistry of Boron Hydrides and Related Hydrides," Annual Report for
1953, BEng. Res. Inst., Univ. of Mich., Proj. 1966-1-P (May, 1954).
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analysis. The colorless ammonia soluble residue contained boron and nitrogen in a
ratio of 1 to 1.08. Hs was the only other element present. The solubility of the
residue in liquid smmonia and its B/N ratio suggested the material (BNHg)y. The
ammonia insoluble residue consisted of 4.40 matoms H, 0.879 matoms Cr, 2.42 matoms
N, 3.29 matoms B, Such a mixture would correspond to .18 mmole CoB and 0,22 mmoles
(BNHX)n° For the chromium salt, the ammonia soluble portion was stained with a
trace of undecomposed [Cr(NHs)e](BHs)s. After correcting for this contaminant about
0.35 mmole of BNHs was found. B/N ratio found was 1,02, The ammonia insoluble
fraction contained 0,88 matoms Cr, 2,42 matoms N, and 3.29 matoms B. Such a mixture
would correspond to 0.88 mmoles CrB and 2.41 mmoles (BNHy), where x = O to L.

d. Thermal Decomposition of Ammonium Borohydride.

Ammonium borohydride was prepared in a tube attached to the vacuum system.
‘The white crystalline solid, obtained by evaporation of the solvent ammonium de-
composed slowly just above =40°C and quite rapidly at 0°C; upon loss. of Hp the
crystalline solid became an amorphous mass. The system was filled with‘dry No and
the apparatus was transferred to the dry box for dismantling. A 25.6-mg sample of
the decomposition product was transferred in the dry box to a 20-mm, 8-inch tube
equipped with an inner Standard Taper joint. The tube was opened and stoppered, re-
moved from the dry box,“then guickly fastened to the vacuum system. After evacuation,
the tube was enclosed in an electric furnace made by wrapping four feet of No. 22
nichrome wire over an asbestos coating on the tube. The wire was covered with more
asbestos. Pressure in the reaction vessel was followed by a manometer and tempera-
ture by a thermocouple.

The sample was heated for 2-1/2 hours at 180°C. The pressure developed
rapidly during the first half hour then leveled off. The sample was subsequently
frozen with liquid nitrogen and the noncondensable gas was Toeplerized and measured
(1.5% mmoles). A molecular-weight value of 2.18 by vapor density indicated Ho.

A volatile product was vaporized from the reaction tube and fractionated
in the vacuum line. Its vapor pressure and molecular weight, tabulated below, in-
dicate borazene:

Vepor Pressure

T°C - Observed Borazene

-78.5 0.5 mm 0.5mm  Molecular weight by vapor
-63.5 1.0 mm 1.0 mm density (obs.) = T7
45,2 5.0 m 5.0 mm

-22,9  23.5 mm 23.5mm  Theory for bhorazene = 80.5

e. Molecular-Weight Measurements.
Molecular weight was determined by measuring vapor-pressure depression in

liquid ammonia solutions. Apparatus and general procedure’ are described elsewhere.
Special techniques were required for ammonium borohydride since it decomposes above
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-40°C. The sample was prepared as described earlier, except that the receiver on the
filtration apparatus (Fig. 1) was replaced by the sample bulb used for molecular-
weight determinations. The product was washed carefully into the bulb and the solvent
ammonia was removed slowly at -45°C to prevent spattering. The decomposition at

this point, as measured by Hz evolution, was less than 2%, The vacuum apparatus

was filled with dry nitrogen and the chilled sample vessel was transferred rapidly
to the molecular-weight apparatus. The ammonium borohydride was then frozen with
liquid nitrogen, the system was evacuated, then known amounts of solvent ammonia
were condensed on the sample and the vapor-pressure depressions were measured. Tem-
perature was always maintained below -40°C.

After meking measurements on the ammonium borohydride, the solvent ammonia
was removed and the sample was warmed to room temperature. The hydrogen evolved was
measured. The value (2.11 mm Ho) permitted an estimate of the smount of ammonium
borohydride present. Following Ho evolution known amounts of emmonia were condensed
on thé resulting BNHg residue, and molecular-weight measurements were made.

After completion of the molecular-weight measurements, ammonia was removed
under high vacuum at room temperatures, the apparatus was filled with nitrogen,
transferred to a dry box, and the sample bulb was weighed (76.0 g solid). Hydrolysis
of the sample and subsequent Kjeldahl analysis (29.6 mg N) indicated the amount of
BNHg present. The value (2.11 mm) confirmed the earlier estimate of NH4BH, based on
Ho evolution. The difference in total weight based on analysis and direct weighting
(6.7 mg) was attributed to NaBH4. By use of this value and the previously determined
curve for the molecular weight of NaBHg in liquid ammonia, the results were corrected
for the small NaBH4 contaminstion. Results are summarized in Figs. 2 and 3. In Fig.
5 the curves for NH4BF4 and NH4Br are shown for comparison.

The amazing rise in apparent molecular weight as the solution approaches
infinite dilution leaves some uncertainty as to the real value for the molecular weight
but the most reasonable extrapolations consistent with data on cther compounds indicate
that NH4BHy was undissociated and monomeric. More extensive data and treatment of
molecular-welight measurements are given elsevwhere.
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ITTI. THE STRUCTURE AND CHEMISTRY OF THE DTAMMONIATE OF DIBORANE
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A. BACKGROUND

In many of its reactions the molecule BgoHg cleaves smoothly to give two BHsz groups
which then react independently with Lewis bases to give regular coordination compounds
such as

H
R —> BH
H

Reactions of the foregoing type are considered normal for-the diborane molecule. It
was then somewhat surprising for Stock and Pohlandl to find that the reaction between
the Lewis base ammonia and the Lewis acid, diborane, did not follow this normal pat-
tern but gave instead a compound whose molecular weight in liquid ammonia corresponded
to that of a dimer (HsBNHs)s. In order to rationlize this unexpected dimeric formula,
Stock® assumed that two of the hydrogen atoms of diborane are acidic in character.
Such an assumption leads to the representation of the diammoniate as an ammonium salt,
(NHg )2 BoHg.

Schlesinger and Burg5 questioned the formulation of Stock and proposed instead
the formula NH4 (HsBNHoBH3). This new representation, showing only a single ammonium
ion and requiring no acid hydrogens for diborane, was based on the fact that only one
equivalent of hydrogen was liberated when they allowed sodium to react with BoHg®2NHs
in liquid ammonia at -77°C.

Additional evidence bearing on the question of acid hydrogens in diborane was
presented by Burg,LL It has been shown that when the Bronsted-Lowry acid NH4Cl is
dissolved in liquid ammonia, a rapid interchange of protons between the acid and the
solvent molecule occurs.> Burg conducted experiments with NDs and BoHg®2NHs which
showed that H-D interchange occurs only with the hydrogen of the ammonia and not with
that of the BoHg in the diammoniate. He interpreted his results as proof of the as-
sumption that the hydrogens of diborane have no acidic character. Insofar as exchange
experiments can be accepted as a criterion of acidic character, Burg's evidence is
convincing, although his isotope analysis was based only on differences in vapor pres-
sure between NBs and NHs.

1. A. Stock and E. Pohland, Ber., 58, 657 (1925).

2. A, Stock., Hydrides of Boron and Silicon. Ithaca: Cornell Univ. Press, 19353.

3. H. I. Schlesinger and A. Burg, J. Am. Chem. Soc., 60, 290 (1938).
Y. A. B. Burg, ibid, 69, T47 (1947).

5. C. J. Nyman, Si-Chang Fung, and H. W. Dodger, ibid., 72, 1033 (1950).
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S5till another possibility has been considered in recent times. Wiberg, Bolz,
and Buckheit® and others have suggested that the compound is indeed a monomer,
HsBNHg, and the salt-like character and dimeric nature in liquid ammonia are due to

dipole=dipole attraction and hence to systematic errors in molecular-welght measure-
ment in liquid ammonia.

The enigma presented by the diammoniate of diborane offered a real challenge to
anyone attempting a systematic treatment of boron hydride chemistry. In an effort to
rationalize the chemistry and structure of this substance, a detailed study of its
nature has been conducted. Results are summarized in the following papers.

6. E. Wiberg, A. Bolz, and P. Buckheit, Z. anorg. Chem., 256, 287 and footnote p. 30L
(1948). '

7. L. J. Agronomow, J. Chim. gen., 9 (71), 1389 (1939); Chem. Zbl., 1041 I, 2362;
Gmelin‘s Handbuch der anorganischen Chemie, 8., Auflage. System 13, pp. 100-101
(1954 ). -
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B. CHEMICAL EVIDENCE FOR THE STRUCTURE OF THE DIAMMONIATE OF DIBORANE (I). EVIDENCE
FOR THE BOROHYDRIDE ION AND FOR THE DIHYDRIDO-DIAMMINE-BORON (III) CATION (D. R.
Schultz and R. W. Parry)

Abstract

New chemical evidence is cited to support the following points: (1)
the proposed existence of an ammonium ion in the diammoniate is inconsistent
with its chemical properties; (2) there is strong chemical evidence for the
borohydride ion in the diammoniate of diborane; (3) data available are con-
sistent with the formula [HsoB(NHs)ol(BH,).

The most widely accepted present-day structure for the diammoniate of diborane,
Bolg *2NHs, 1s the ammonium model of Schlesinger and Burg,l NH, (H3BNHsBHg ).  The prin-
cipal evidence for this formulation was the stoichiometry of the reaction between the
diammoniate and sodium in liquid ammonia.

Na + NH,(HsBNHgBHz) ——3 Na(HsBHNoBH5) + 1/2 Ho + NHs (1)

Evolution of only one-half mole of hydrogen per mole of diammoniate was cited as evi-
dence for the presence of a single ammonium ion per molecule.l It is only fair to
note that the foregoing ammonium model was proposed before the discovery of the boro-
hydride ion and represented the structure which was most consistent with facts then
available.

After discovery of the borohydride ion by Schlesinger and his co-workers? a new
structure was equally plausible, [HoB(NHz)2](BHg). This moiety was mentioned briefly
in the literature of 1947 but was rejected without serious examination.

A more careful experimental study of the diammoniate has revealed that the stol-
chiometry of the sodium reaction is very sensitive to the experimental conditions,
hence the ammonium model still leaves many facts unexplained. A more complete report
of this work is contained elsewhere. In this paper additional independent chemical
evidence pertinent to the structure of the diammoniate (prepared under very carefully
controlled conditions) is examined in relation to the two foregoing models——the ammo-
nium structure, NH,(H3BNHoBHsz), and the borohydride structure, [HoB(NHs)z](BHg).

1. H. I. Schlesinger and A. B. Burg, J. Am. Chem. Soc., 60, 290 (1938).
2. H. I. Schlesinger, R. J. Sanderson, and A. B. Burg, ibid., 61, 536 (1939); 62, 3Lkel
(1940); A. B, Burg and H. I. Schlesinger, ibid., 62, 3425 (1940); E. I. Schlesingor
and H. C. ¥rown,.ibid., 62, 3429 (1940).
3. A. B. Burg, ibid., £9, 7T (1947).

4. S. G Shore and R. W. Parry, this Report, p. 5h.
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The Reactions of the Diammoniate of Diborane with Ammonium Bromide and Sodium
Borohydrlde.-mAlthough the st01chlometry of the reaction between sodium and the di-
ammoniate of diborane in liquid ammonia is consistent with the presence of an ammo-
nium ion in liquid ammonia, it is important to note that such a reaction is definitely
not proof of the existence of an ammonium ion in the solid state. Rather it is evi-
dence for the presence of any Bronsted-Lowry acid which can oxidize the active sodium
metal in liquid ammonis solution. For example, the acid behavior of aluminum sulfate
in water solution (e.g., reaction with carbonate to liberate COz) is not evidence for
the existence of hydronium ion, H30+, in solid aluminum sulfate hydrate, but is, in-
stead, evidence for the existence of water molecules whose proton-donor qualities have
been enhanced by coordination of the water molecule to an ion of relatively high field
strength. The proton-donor properties of ammonia can likewise be increased by coordi-
nation.

An independent, though still not conclusive, test for the ammonium ion would be
its reaction with borohydride at room temperature to give hydrogen. The validity of
this test is indicated by the earlier data on the instability of ammonium borOhydride.5
The overall reaction should be

(NH,*) (HgBNHzBH5™) + 2NaBH, — 2(Nat) (HsBNHoBH5™)  + 2H2? . (2)

To test for the ammonium ion, sodium borohydride was added to the diammoniate in two
gseparate experiments, under conditions which resulted in vigorous hydrogen evolution
from mixtures of authentic ammonium salts and NaBH,. Results in Table I show that hy-
drogen evolution did not proceed as demanded by the ammonium formulation. Since the
formula (NH,)(HsBNHoBHs) does not permit easy treatment as an un-ionized  solid
structure, one would assume that the behavior of an ammonium ion, if present, should
be typical of other authentic ammonium salts.

The alternative borohydride structure suggests that the diammoniate should react
with ammonium bromide rather than with sodium borohydride. The results of such an
experimental test are summarized in Table I3 they indicated a stepwise liberation of
hydrogen which, as expected, eventually approached two moles of hydrogen per mole of
diammoniate. In terms of the borohydride model the expected reaction may be written
as

[HoB(NHs)2](BHe) + 2NH,Br ——3 2[HoB(NHs)z]Br + 2H2T , (3)

The Isolation and Properties of [HaB(NHs)z]Br.—-Although several features are
distasteful, one might still rationalize the reaction between ammonium bromide and
the ammonium model of the diammoniate of diborane in terms of the following eguation
which is based on the suggestions of Stock:

(NHy ) (HaBNHoBHs) + 2NH4Br ——Y NH, (HoBrBNHoBBrHs) + 2Ho + emﬁg . (L)

The above process involves the inconsistency of a reaction between the ammonium salt
anion and the ammonium cation in ammonium bromide. More significant, however, is the
composition of the product formed. The product expected from the borohydride structure

5. R. W. Parry, D. R. Schultz, and P. R. Girardot, this Report, p. 4.
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TABLE I

REACTION OF THE DIAMMONIATE OF DIBORANE WITH SODIUM
BOROHYDRIDE OR AMMONIUM BROMIDE AND OF SCDIUM
BOROHYDRIDE WITH AMMONIUM BROMIDE

Run No. 1 Run No. 2 Run No. 3

.é'. Diammoniate Reactions

Ratio NHs/BoHs in prep 1.99 2.00 2.01

Temp. x's NHg removed -L45°¢ -78.5°C -45°C

BoHg :2NHs (mmoles ) 0.97 2.11 1.735

NaBH4,(mmoles) 2.7 4.35 0

NH.Br (mmoles) 0 0 3.47

NHs (ml.liquid) 5 5 5

Reaction temp. 25° L5° 25°

Reaction time 5 hr 3 hr 5 hr

Ho evolved (mmoles) 0.069 0.166 3.41

Mnoles Ho/mm BoHg -2NHg 0.071 0.079 1.965
B. Sodium Borohydride Reactions

NaBH, (mmoles) 3.98

NH3Br (mmoles) 6.95

NHs (ml liquid) 5

Reaction temp. 25°C

Ho evolved (mmoles) 6.70

Ho/NaBH, 1.68
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is [HgB(NH3)2]Br (see Equation 3). The total amount of boron in the product is de=
termined by the amount of BoHg originally used. This value also fixes the amount of
active hydrogen remaining in the product if appropriate correction is made for the
gaseous hydrogen evolved. It will be noticed, however, from Equations 3 and 4 that
the principal point of difference in the stoichiometry of the two overall processes
is the evolution of two moles of ammonia in the reaction of the ammonium salt, but
the evolution of no ammonia in the reaction of the borohydride salt. In consequence,
the molar N/Br ratio expected in the case of the ammonium salt would be 1 to 1=~
NH, (BrHoBNHoBBrHs ).  On the other hand, the N/Br ratio expected in the case of the
borohydride salt would be 2 to 1;~~[HoB(NHg)s]Br. Analysis of the product of the am=-
monium bromide "diammoniate" reaction gave a molar ratio of 2.02 NHz per bromide.
The observed percentage of N wag 22.1 as opposed to theoretical values of 22.09 for
[HoB(NHg )2 ]Br and 12.75 for (NH,)(BHoBrNHoBHzBr). The observed bromide value was
62.% as compared to 63.01 expected for HoB(NHs)oBr and 72.70 for the ammonium salt
formulation. Both hydridic hydrogen and boron were low when the sample was hydro-
lyzed with 20% HzS0, at room temperature. Values are: observed H™ = 0.27%, theore=
tical for [HoB(NHg)21Br = 1.59, theoretical for (NHg)(HoBrBNHoBBrHs) = 1.84; observed
= 6.77%, theoretical for [HsB(NHz)z1Br = 8.54, for ammonium structure = 9.86.

Analysis of the microcrystalline compound, [HoB(NHz)z]Br, by x-ray diffraction
indicated a complicated structure with interplanar spacings as shown in Table II.
The "d" values indicate absence of ammonium bromide, hence the possibility of an
HoBNHo-NH,Br mixture instead of [HoB(NHs)z]Br appears small. This is particularly
true since it is already known that the HoBNHo-NaBH, and HoBNHo-NaBr mixtures show
the x-ray powder patterns for NaBH, and NaBr, respectively, and a mixture of HyBNHz-
NH,C1l, resulting from the decomposition of [HoB(NHz)2]Cl, shows the lines for NH4CL
clearly. In view of the foregoing evidence it appears that a serious alteration of
the NH,Br lattice by polymeric HoBNH- would require totally unexpected and unprece-
dented behavior.

The compound [HoB(NHz)o]Br is a white solid, soluble in ammonia, and is slowly
hydrolyzed by water. It reacts with sodium in liquid ammonia as shown in the next
section. It can be prepared by the reaction between NaBH, and NH,Br (see Table I),.

The Reactions of the Diammoniate of Diborane and of [HoB(NHs )2 1Br with Sodium
in Liguid Ammonia. umCarefully prepared B2H6 2NHs reacts rapldly with sodium in liguid
ammonia to liberate one-half mole of hydrogen per mole of "diammoniste." Such a proc-
ess 1s consistent with either model for the diammonizte:

NHg (HaBNHoBHg) + Na — Na(HsBNHoBHz) + 1/2 Hp (5)
[HoBNHz)2](BH,) + Na —> NaBH, + HoBNHo + NHz + 1/2 Ho (6)

Again, however, the nature of the reaction products provides a means for differentia-
tion. In the ammonium case the solid residue should contain the complex salt

Na (HsBNH5BH3 ), whereas in the borohydride model the solid should contain NaBH,. X-ray
powder data of Schaeffer, Adams, and-Kbenig6 indicate that NaBH, is indeed present as
a major component of the solid phase.

6. G. W.‘Séhaeffer, M. D. Adams, and F. J. Koenig, J. Am. Chem. Soc., 78, 725 (1956).

WADC TR 56-318 22



TABLE IT

X-RAY POWDER PATTERNS FOR HoB(NHs)oBr AND NH,Br

d Value Relative d Value Relative
(Angstroms ) Intensity (Angstroms ) Intensity

A. Interplanar Spacings (4 Values) for [HpB(NHs)o]Br from Debye-Scherrer
Powder Patterns

5.27 Vs 1.80 W
4 .60 w 1.71 m
4,00 W 1.65 m
3.70 m 1.62 m
3.42 Vs 1.55 W
2.88 Vs 1.45 vw
2.61 s 1.43 VW
2.32 s 1.38 m
2.26 S 1.33 Nl
2.07 S 1.3L vw
1.9% W 1.26 W
1.85 W 1.21 W
B. Principal Lines for NH,4Br (compare above)
2.8%2 va 1.639 m
2.303 W 1.41% W
1.991 W 1.327 W
1.785 m 1.241 W

The reaction of the complex dihydrido-diammine boron (III) cation [HoB(NHg)ol™
with sodium in liquid ammonia should be independent of the anion of the salt, hence
by analogy to Equation 6 one might expect the following reaction for the bromide salt:

[HoB(NHg)»]1(Br) + Na— NaBr + HoBNH, + NHs + 1/2 Ho . (7)

As shown in Table III, the reaction for the dihydrido-diammine boron (III) cation
proceeded as expected and NaBr was identified in the solid product by x-ray powder
methods.

Finally, brief mention should be made of an earlier argument5 to the effect that
in [HgB(NHS)g] "the strong proton-donor character of the quaternary nitrogen atoms
should render the proton-sensitive BH, incapable of existence." Coordination theory
indicates that the proton-donor characteristic of the nitrogen in [HoB(NHs)3] should
be less marked than those in NHL. Furthermore, the existence of quaternary nitrogens
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TABLE ITI

THE REACTION IN LIQUID AMMONIA BETWEEN Na AND THE

PRODUCT OBTAINED FROM THE ACTION OF NH4Br on BgHg "2NHj
(A Comparison of Observed Stoichiometry with
That Expected from Two Models of the Diammoniate)

Theory for Theory for
Observed
[HoB(NHg )2 1Br NH, (HoBrBNHoBBrHs )

Mmoles salt on weight

basis -- 1.0k 0.60
Matoms Na - 1.0k 1.04
Hs evolved in primary

reaction (mm) 0.55 0.52 0.30

Ho evolved in secon-

dary reaction with
anmonia (1) 1.06 1.0k 0.52
(based on Na present)

(1) HoBNHp + NHy — HB(NHz)s + Ho or
2(NH4) (BI‘BHgNHg) + 2Na —— 2Na(BrBH2NH2) + NHS + Ho

in the stable compound [Cr(NHs)s](BH4)35 offers experimental contradiction to the
above argument. Finally, sodium borohydride was crystallized from liquid NHs with
[HoB(NHg )2 ]Br and no hydrogen was evolved. Comparable experiments with NH4Br re-
sulted in rapid Hs evolution.

The Precipitation of Hexammine Magnesium (II) Borohydride from a Liquid Ammonia
Solution of the Diammoniate of Diborane.-—One of the simplest tests for the presence
of a borohydride ion in the liquid ammonia solution of the diammoniate of diborane
would be the precipitation of ammonia insoluble hexammine magnesium (II) borohydride.
When the diammoniate of diborane was mixed with a liquid ammonia solution of magne-
sium thiocyanate, hexammine magnesium (II) borohydride, [Mg(NHs)g ] (BHy)o, precipitated.
A comparable reaction between NaBH, and Mg(SCN)- gave a product whose x-ray powder
pattern was identical to that obtained from the diammoniate of diborane. The equa-

tion for the precipitation is

[Mg(NHz)s](SCN)z + [HoB(NHg)o](BHg) —§§g9 [Mg(NHg)e ] (BHs)2 + H2B(NHg)2(SCN) . (8)
3

The process appeared to be complicated by a secondary reaction involving the thiocyan=-
ate and the borohydride in solution, since the solution darkened a great deal during
the course of the experiment.
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Explanation of the foregoing results in terms of an ammonium model would require
relatively rapid equilibrium shifts.

The Hydrolysis of the Diammoniate of Diborane.--One of the observations made re-
peatedly in this laboratory and confirmed elsewhere( was that hydrolysis of the diam-
moniate of diborane by 20% sulfuric acid at room temperature liberates approximately
2/5 of the hydridic hydrogen required by the formula BoHg '2NHs. Actual values for
five separate experiments with temperatures up to 60°C show a hydridic hydrogen of
66.1 + 6%. High-temperature, sealed-tube reaction is required for complete hydroly-
sis and quantitative liberation of the boron and hydridic hydrogen. -Such observa-
tions are consistent with a borohydride model inasmuch as 2/5 of the hydrogen (e.g.,
that present in borohydride) should be liberated easily while the remaining 1/3 (pres-
ent in the complex cation) should hydrolyze with more difficulty. Difficult hydroly-
sis of the cation [HoB(NHs)%] was confirmed by studies onthebromide salt [HoB(NHs ) ]Br.

Discussion, -~The foregoing arguments offer support for a borohydride formulation
of the diammoniate [HoB(NHs)o](BHs) as opposed to the currently accepted ammonium mo-
del, (NHy ) (HsBNHoBH3 ). An objective examination of the question demands, however, that
data of previous investigators, particularly the earlier evidence for the ammonium
model, be examined carefully in light of currently available information.

Five arguments were 'originally cited in support of the ammonium model.l Each
of these (underlined below) can now be shown to be consistent with the borohydride

representation.

1. The product (diammoniate of diborane) reacts with sodium in liguid
ammonia at -77° to produce one equivalent of hydrogen per mole of diborane
involved;,ii thus seems Eg contain one ammonium ion per pair 9£ boron atoms.

It has been shown that oxidation of sodium ion in liquid ammonia solution with
liberation of hydrogen is not a specific test for the ammonium ion. Tests on the com-
pound [HoB(NHs)2]Br show that the dihydrido-diammine boron (III) cation is likewise
capable of reaction with sodium in an exactly analogous fashion. It is probable that
the compound HoB(NHs)(NHg) formed in the reaction loses ammonia to give polymeric
(HoBNHs ). This explains the analytical results of Schlesinger and Burg on their prod-

uct.

2. A slow secondary reaction of the product with ammonia and sodium,
yielding barely 40% more hydrogen, is easily explained by assuming that am-
monia removes a BHs group from the above structure (ammonlum model ) by a
reversible reactlon, producing (NH,)(BHsNHo). This explanation is suppor-
ted by the fact that trimethylamine reacts with the diammoniate of diborane
to give borine trimethylamine. Neither reaction is easily explalned by
other structures (i.e., structures other than the ammonium model ).

7. W. H. Schechter, R. M. Adams, and C. B. Jackson, "Boron Hydrides and Related Com-
pounds," Callery Chemical Co., Contract NO a(s) 10992 (1951), Callery, Pa.

WADC TR 56-318 25



The question of excess hydrogen evolution is considered elsewhere ’ and is ex-

plained easily and quantitatively on the basis of the borohydride model. On the
other hand, recent isolation of the compound HSBNH3,8 which presumably gives (NH,)
(BHgNHz) in liquid ammonia, shows definitely that it does not exist in labile equi~
librium with the diammoniate; the postulated equilibrium is untenable.

The fact that trimethylamine reacts with the diammoniate of diborane to give
low yields of H3BNRz does not support the ammonium model, particularly when one re-
alizes the supposed salt Na(HsBNHoBHz) gives no reaction with trimethylamine. It is
known that NaBH, and HoBNH,, the actual components of this mixture, do- not react
with N(CHz)s. On the other hand, the BH,~ ion in the field of the aéidic, polarizing
cation HoB(NHz)3 should react slowly with N(CHg)s to give low yields of HaBNRs. Such
an argument is eminently reasonable when one considers the effect of cation field
strength on the reactions of borohydrides. Both beryllium and aluminum borohydrides
react with trimethylamine. The borohydride of the complex cation [HoB(NHg)3] would
probably fall in between the beryllium and alkali metal borohydrides in terms of
borohydride polarization.

3. The reaction of the new compound (CHs)pO0BHz with ammonia and sodium
produces the salt NaBHsNHg. ‘The* negative ion 9£ this salt is considered to
be an intermediate.step in the formation:of the abovestructure (ammbnium
structure). o —— __

This compound has no bearing on the structure since 1t is a substituted borohy-
dride comparable to NaBHg(OCHs). It appears to result from NHsBHs and sodium in li-
quid ammoniaj it has been shown that NH3BHz is not in labile equilibrium with the di-
ammoniate in anhydrous liquid ammonia,® hence this salt has little relationship to
the structure of BgoH-2NHs.

&. The salt NaBHsNHo strongly absorbs diborane. This fact Jjustifies
the assumption that the negative ion of the above structure is easily formed
by the addition of BHg to the BHgNHo~ lon and is capable of existence.

The reaction involved in this argument is not one of formation of (HsBNHoBHs™),
but rather it appears to be similar to the acid-base reaction between diborane and
NaBH;0CHg :”

NaBH5(OCH3) + 1/2 BoHg —» NaBH, + BH(OCHz) (9)
NeBHgNHz + 1/2 BoHg —y NaBHy + 1/n(BHoNHz)p - (10)

It has been shown6 that the supposed salt Na(BHzNHoBH3) is in reality a mixture of
NaBH; and BHoNHy. There is absolutely no evidence at the present time for the ion
(HsBNHoBHg™) .

8. S. G. Shore and R. W. Parry, this Report, p. 31.

9. H. I. Schlesinger and H. C. Brown, et al., J. Am. Chem. Soc., 75, 186 (1953).
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5. The new compound BoHN, having a structural skeleton B-NB, is easily
prepared from the diammoniate of diborane.

The linear structure, originally attributed to BgH,N, is now known to be incor'-
rect. There is strong evidencel© for a bridge structure,

H B/(Nﬂz)\BH
Z\H/ 2 >

which could easily result from the interaction of the complex cation [HoB(NHs):] with
BHz groups on BoHg molecules at the known high temperature (60°C) of the reaction.
Alternatively, NHs might be displaced at high temperatures to react directly with
BoHg. The original argument is equally good for the borohydride formulation and in
no sense supports the ammonium model.

The new borohydride model also permits easy rationalization of earlier disturb-
ing observations of Stock.ll He found that gaseous HCLl reacted with the diammoniate
of diborane to yield hydrogen and diborane. Although these products were isolated
in relatively large yield, they were considered as products of a side reaction since
they were inconsistent with models for the diammoniate then available. The products
are those expected from the borohydride model and have a formal resemblance to the
reaction with the acid NH, Br in liquid ammoniaj the reaction is directly analogous
to the reaction of alkali metal borohydrides with gaseous HCI1:

2[HoB(NHg)o](BH,) + 2HCL —> BoHg| + 2Ho + 2[HoB(NHg)»]CL
oM (BH,) + 2HCL — BoHs|] + 2H + 2MCl

All of the foregoing properties of the diammoniate offer strong support for a
structure containing a borohydride ion. The known instability of ammonium borohydride
as well as other chemical properties of the diammoniate argue strongly ggainst inclu-
sion of ammonium and borohydride ions in the same molecule. A proposed~ stabilizing
effect due to HoBNHpy has little experimental support. On the other hand, the new ca-
tion [HoB(NHs)2], which can be considered as an ammonia complex of boron (III), ex-
plains all properties formerly attributed to the ammonium ion and is itself consistent
in every detail with the chemistry of the diammoniate.

Experimental .,

a. Reagents.

1. Ammonia-—The Matheson Co., Inc.-—stored over and distilled from. sodium
before use.

10. K. Hedberg and A. J. Stosick, J. Am. Chem. Soc., Tk, 954 (1952).

11. A. Stock. Hydrides of Boron and Silicon. Ithaca: Cornell Univ. Press, 1933.
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2. Ammonium bromide-—Baker and Adamson, reagent grade.

3. Sodium borohydride-—Metal Hydrides, Inc.-—recrystallized from liquid
ammonia..

4. Diborane—prepared by reaction between boron trifluoride etherate and
lithium aluminum hydride .12

5. Boron trifluoride etherate-—Baker and Adamson, technical grade BFg—
etherate was distilled Jjust before use and the middle fraction used.

6. Lithium aluminum hydride-Metal Hydrides, Inc.
7. Magnesium (II) thiocyanate.
The following reactions were employed in synthesis:15
(a) MgCOz + 2HI ——3MgIp + Hz0 + COp
(b) AgNOs + NH,SCN —-3 Ag(SCN)) + NH,NOs
(c) 2AgSCN + Mgl — Mg(SCN)p + 28gTd

An excess of AgSCN in step (c) produced the soluble complex Mg[Ag(SCN)s]ls.
The complex was broken and the silver removed from solution by saturating the
system with HoS. AgoS was filtered off and excess HoS removed by boiling. Thio=-
cyanic acid remaining in the solution was neutralized with MgCOsz. The pertinent
equations are:

(d) MglAg(sCN)zlz + HgS—_-)AgZSJr + Mg(SCN)s + 2HSCN
(e) 2HSCN + MgCOs — Mg(SCN)> + Ho0 + COs

The Mg(SCN)s was crystallized from neutral solution by evaporating the water at
35°C in a current of air. The product was recrystallized from distilled water
and dried at about 50°C in the air. The air-dry product was very soluble in 1i-
quid ammonia; coordinated water around the Mg (II) cation was replaced by ammonia
in the solution. The water in the system resulted in some Hs evolution when the
Mg (SCN)s solution was added to an ammonia solution of borohydride, but this side
reaction did not interfere with the precipitation of Mg(NHs)g(BHg)s. Mg analysis:
theory for Mg(SCN)s:5Hz0 = 10.45%; observed = 10.45-11.05% Mg.

8. The diammoniate of diborane-The procedure of Schlesinger and Burgl was
used, except that known variations in the product could be introduced by removing
excess ammonia at temperatures other than -78.5°C. Such details are included in
experimental tables.,

12. J. Shapiro, H. G. Weiss, M. Schmick, S. Skolnik, and G. B. L. Smith, J. Am. Chem.
Soc., Th, 901 (1952).

13. D. R. Schultz, Ph.D. dissertation, Univ. of Mich., Ann Arbor, 195k,
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b. Reaction of the Diammoniate of Diborane with Sodium Borohydride or Ammonium
Bromide,

A mixture of the diammoniate of diborane and NaBH4 or NH4Br was dissolved
in liquid ammonia and held, with continuous stirring, at low temperatures rang-
ing from -78.5° to =33. Hydrogen evolution was negligible. Solvent ammonia
was then sublimed off and the solid mixture was allowed to warm to room temper-
ature. In one case the mixture was warmed to 45°C. Hydrogen was removed with a
Toepler pump; the residue was redissolved in ammoniaj; after stirring, ammonia
was again removed, the system warmed up, and Ho measured. This cycle was re-
peated 3 to 5 times.

c. Reaction of the Diammoniate of Diborane with Sodium in Liquid Ammonia.

The reaction vessel was a 25-mm Pyrex tube with a lh/55 g joint sealed at
right angles near the top of the tube. A side arm making about a 60° angle with
the lower side of the tube had a 24/40 § inner-outer joint combination so ma-
terials could be placed in the side arm. A glass bulb (about 15 mm in diameter)
containing about 230 mg Na was placed in the side arm together with a magnet in
a heavy glass case. After evacuation and drying of the system, the diammoniate
was prepared in the conventional fashion; ammonia was removed to check the stoi-
chiometry; ammonia was returned to the system and frozen; then the reaction tube
was tipped around the 14/35 g joint until the sodium bulb fell into the reaction
vessel. The magnetic hammer, magnetically controlled from the outside, was held
back, then was used to break the sodium bulb; the ammonia was allowed to melt
and the reaction conducted at -78.5°C.

The reaction between sodium and [HoB(NH3)o]Br was carried out in the same
apparatus, using the same general technique.

d. The Reaction Between BoHg-2NHs or NaBH4 and Magnesium Thiocyanate in Liquid
Ammonia.

Attempts to scale-up the preparation of the "diammoniate" by increasing the
amounts of reagents were generally unsuccessful. Accordingly, four batches of
the compound were prepared (-78.5°C) and stored under dry nitrogen at -T78.5°C
for from 4 to 48 hours. The combined sample (0,768 mmoles) was loaded in a dry
box into one arm of an inverted Y-tube reactor; magnesium thiocyanate (2.5
mmoles) was placed in the other leg and the reactor was attached to a special
vacuum-line filter assembly. Dry ammonia was then condensed in each leg and
stirred; the solutions were mixed; then the precipitate was filtered off and
washed eight times in the vacuum system with liquid ammonia. About .2 g of pre-
cipitate was obtained from the diammoniate. Analysis of the precipitate showed:

Mg1.19 (NHs)s.24 (BH4.07)2

The slightly high value for Mg indicated that some of the Mg(SCN)> or some basic
Mg (II) salt was contaminating the product, but the x-ray data left no doubt
that the product was identical to the material obtained from NaBH4 and Mg(SCN)2
which gave an analysis indicating: Mg(NHs)s.7 Bi.o1 Hs.o. The pattern also
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checked with a sample of Mg(NHs)s(BHy)2 generously supplied by Callery Chemical
Co.,

e. Analytical Methods.

1. Magnesium was precipitated from ammoniacal solution using 8-hydroxyquin-
oline,lk

2. Boron was converted to borie acid and titrated with NaOH in the pres~
ence of mannitol, using a Beckman pH meter. 1k

3. Nitrogen was determined, using a standard micro-Kjeldaghl procedure.
4, Evolved hydrogen was always identified by gas density.
f. X-ray Methods.

A GE model XRD=-1l instrument was used with a camera of 57-mm diameter. Cu-KX
radiation was employed. Exposure times were one-half to one hour.

1h.

W. F. Hillebrand, G. E. F. Lundell, W. A. Bright, and J. J. Hoffman. Applied
Inorganic Analysis. New York: John Wiley and Sons, Inc., 1953. '

WADC TR 56-318 30



C. CHEMICAL EVIDENCE FOR THE STRUCTURE OF THE DIAMMONIATE OF DIBORANE (II). THE
PREPARATION OF AMMONIA BORANE. (S, G. Shore and R. W. Parry)

The momomeric compound HsNBHz has been prepared from the "diammoniate
of diborane" and from lithium and sodium borohydrides. The reaction pro-
vides additional support for a borohydride formulation of the diammoniate,
‘[HZB(NH8)2IQBH4)3 and provides unequivocal evidence against all attempts
to formulate the dismmoniate as HsNBHs. The "diammoniate" and HaNBHs do
not exist in labile equilibrium.

In a previous paper an alternative borohydride structure for the '"diammoniate of
diborane, " [HgB(NH3)2]+(BH47} was supported by chemical evidence. By making use of
the fact that ammonium borohydride which has been prepared in liquid smmonia de-
composes with evolution of hydrogen, Schultz and Parryl were able to prepare a bromide
salt of the "diammoniate" cation. A chloride salt has been prepared in the same
fashion. The reactions are:

+ -
(C1)™ + NH4BHy (1)

NH,C1 + [HoB(NHs)o] (BHs)” —— [H2B(NHs)2]
Solvent ammonia sublimed away.

+ e
NHsBHs + WH4CL fngg [HoB(NHs)=]t (C1)- + 2Hs .

Solvent added then removed again.

By repeating these two steps alternately, the following overall reaction was observed:
+ -
ONH4CL + [HoB(NHs)2]"(BHs)™ ——) 2[HzB(NHs)2]7(C1)™ + 2Ho .

The successive treatments with solvent ammonia were essential in order to bring
ammonium and borohydride ions into reaction range so that the interaction between
a protonic hydrogen of the ammonium ion and a hydridic hydrogen of the borohydride
ion could occur. The resulting chloride salt proved to be a definite crystalline
substance.

As an alternative synthetic route to the chloride salt, the heterogeneous, room-
temperature reaction between ammonium chloride and the "diammoniate of diborane" in
a diethyl ether suspension seemed to offer interesting possibilities, especially since
such a reaction would be less tedious to undertake than the ones cited above. The
results were entirely unexpected, for the reaction in ether suspension led to the
synthesis of the long-sought monomeric compound ammonia-borane, HzNBHgz.

The Reaction Between the "Diammoniate of Diborane" and Ammonium Chloride in an
Ether Slurry.--Under strictly anhydrous conditions and in the absence of all-eéXtiraneous
proton sources the reaction in an ether‘slurry at about room temperature between
ammonium chloride and the "diammoniate of diborane' was negligible. It was found,
however, that by altering the ether environment through the addition of & small quantity

1. D. R. Schultz and R. W. Parry, this Report, p-19 .
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of anhydrous ammonia, the rate of reaction increased markedly. The rate was fol-
lowed by measuring hydrogen evolution as a function of time. Results for ‘one run
are indicated in Fig. 1. The dramatic break in the curve resulting after the ad=~
dition of ammonia is proof of the efficacy of the catalyst. Data for several runs
are summarized in Table I. It is significant that even a twofold excess of ammonium
chloride in ether did not produce more than one mole of hydrogen per mole of the
"diammoniate."

After an appropriate amount of hydrogen had been produced, solutions were
filtered and ether was distilled from the filtrate. The crystalline ether soluble
material isolated was analyzed and a correction was applied for the small amount
of ammonia used to accelerate the reaction. The corrected analytical ratios were:
hydridic hydrogen/boron = 5,03 nitrogen/boron = 13 Cl‘/boron = 0.0. Yields
of HaBNHs ranged up to 80% of theory.

An x-ray powder examination of the ether insoluble residues from typical ether
runs indicated only a trace of the compound [HsB(NHs)2]1t(Cl)™ which was expected
from the equation

[HoB(NHs)2]T(BHL)™ + NHACL ——3 [HoB(NHs)2]7(C1)” + HoNBHs + Ho .

The principal crystalline material remaining in the ether inscluble residue was
ammonium chloride. Since the reactants in the several experiments studied were
in one-to-one stoichiometric quantity, the absence of sigunificant amounts of
chloride salt plus the presence of ammonium chloride in the reaction residues
suggest that ammonium chloride was consumed and then regenerated, perhaps through
the decomposition of the chloride salt.

[HoB(NHs)2] T(C1)— MNH4C1 + 1/n (HzBNHz)q

The apparent instability of the chloride salt in the ether slurry is consistent
with an earlier observation that the sample of chloride salt prepared by Schultz’sl
procedure displayed some evidence of decomposition also (presence of some ammonium
chloride). The bromide salt prepared by Schultz, on the other hand, appeared to be
more stable since no ammonium bromide was detected in the sample. Such observations
are consistent with general acid~vase theory (ioeo, HC1l, the wesker acid, forms a
less stable salt than HBr). The increasing stability of the phosphonium halides
illustrates this relationships

PH4Cl < PHyeBr < PHeI .

The Reaction Between Lithium Borohydride and Ammonium Salts in an Ether S1lurry o m—
The foregoing process for the synthesis of HsNBHz from the "diammoniate of diborane"
was interpreted in terms of the reaction of a borohydride ion. Such an interpreta-
tion suggests that other borohydrides should react similarly with NH4Cl in ether
slurry.

MBHy + NHX —3 MX + HsNBHs + Ho

As a preliminary experiment, the reaction between sodium borohydride and ammonium
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Fig. 1. The reaction between ammonium chloride and
the "diammoniate of diborane" in an ether slurry.
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chloride was studied in diethyl ether. Even when small amounts of ammonia were used
to accelerate the gas evolution, the production of hydrogen was negligible. On the
other hand E. A. Alton, Jr., of this laboratory was able to prepare HzNBH3 in small
yields through the reaction between NH4Br and NaBH4 in Ansul 141 polyether. The
polyether is a solvent for NaBHs. It was also found that LiBH4, which dissolves in
diethyl ether, will react relatively rapidly with a diethyl ether slurry of ammonium
chloride or sulfate at about room temperature to produce HzNBHs. The purest product
is obtained from ammonium sulfate and LiBH4. Schaeffer and Anderson™ have used a
similar type of reaction to prepare (CHs)aNBHs. Results of several experiments are
sumarized in Table II. Although the theoretical yield of hydrogen was readily pro-
duced in each experiment with LiBH4, the yield of ether soluble ammonia~borane did
not ever exceed 50% of theory. The "diammoniate of diborane" is empirically HsNBHs,
but ether insoluble, hence it is a possible alternative product. Its reaction with
NH4Cl is very slow in the ether containing no NHs.

TABLE II

THE REACTION BETWEEN LITHIUM BOROHYDRIDE
AND AN AMMONTUM SALT SLURRTED IN ETHER

- f@oles Meq. NE! Salt M1 Time, Ho/LiBES % Yield Ether
iBHy Ether hr Soluble HsNBH3
1 2,08 2,10 NH4C1 15 2.5 0.99 339,
2 1.2 16.8 (NH4)2SO4(a) 50 6 (v) 40%
3 19.1 22,k (2) 50 h.5 0.98 A
I 23.0 26.0 (a) 50 T (b) 47%

() Ammonium sulfate was used in preference to ammonium chloride in later
experiments because the product lithium sulfate is even less ether solu-
ble than lithium chloride.

(b) The extent of reaction was followed, qualitatively, by observing the rate
of hydrogen evolution through a mercury bubbler.

Analytical ratios for ether soluble product from Runs 1 and 2.
N/B, 0.98, 0.98; H(hydridic)/B, 2.93, 2.98.

Analysis of ether soluble product from Run- 3.
Calculated for HsNBHz: H(hydridic), 9.79; B, 35.0; N, 45.k,
Found: H(hydridic), 9.73; B, 35.1; N, 45.6.

The Properties of Ammonia-Borane.—Even though ammonia-borane and the "diammoniate
of diborane" are both of empirical formula HsNBH3, their properties show striking con-

2. G. W. Schaeffer and E. R. Anderson, J. Am., Chem..Soc., 7L, 2143 (1949) .

WADC TR 56-318 35



trasts.
tions reported elsewhere5

Illustrative data are summarized in Table III.
indicated a monomeric formula for the compound.

Molecular-weight determina-
This has

since been confirmed for the solid state also by two independent evaluations of x-

ray powder patterns.

TABLE III

COMPARISON OF THE PROPERTIES OF AMMONIA-BORANE
WITH THOSE OF THE "DIAMMONIATE OF DIBORANE"

HNBHs

[HaNBH=NHs 17 (BHg )"

1. Crystalline material which gives a
definite x-ray powder pattern.

2. Soluble in ether.

5. Moleculer weight in ether and
dioxane corresponds to above
formula.

b, Not readily hydrolyzed by distilled
water.

5., Slowly splits out hydrogen at room
temperature.

6. Reacts with sodium in ammonia to

produce
1/2 Ho

HazNBHs

Apparently amorphous material which
gives no x-ray powder pattern.

Insoluble in ether.

Molecular weight in ammonia
corresponds to above formula.
Readily hydrolyzed by distilled
water.

Stable to 80°. Splits out hydrogen
very very slowly at room temperature.

Reacts with sodium in ammonis to

produce
1/2 Ho
[HaNBH-NHs 17 (BHs )™

Ammonia-borane has a negative temperature coefficient of solubility in diethyl

ether from about -78° to 25°C.

Clear, rigorously anhydrcus ether solutions are stable

at room temperature to the extent that only a small amount of precipitate appears

after standing for several days.

The precipitate is probably the "diammoniate of

diborane" and some polymeric (HoNBH2)p, since trace quentities of hydrogen were

liberated.

In the presence of trace quantities of moisture, the ether solution be-

comes very unstable and solid meterial is precipitated quite rapidly.

Ammonia-borane is soluble in and stable in anhydrous liquid ammonisa.

On the

basis of x=-ray powder pattern intensities there was no detectable conversion to the

3. S. G. Shore and R. W. Parry, J. Am. Chem. Soc., 77, 6084 (1955).

L. E. L. Lippert and W, N. Lipscomb, ibid., 78, 503 (1956); E. W. Hughes, ibid., p. 30
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"diammoniate" when a sample stood for 30 hours at -78° and an additional 18 hours

at -45° in liquid ammonia. Reaction of ammonia-borane with sodium in liquid ammonia
liberated one equivalent of hydrogen per mole of ammonia-borane. The stoichiometry
of the process suggests the reaction

HaNBHz + Na —3 NeHoNBHs + 1/2 Ho .
The sodium amidotrihydrido borate (III) has not been isolated in pure form.

Solid ammonia-borane appears to undergo slow conversion to the "diammoniate
of diborane" at room temperature. Very slow loss of hydrogen at room temperature
occurs also. A sample which stands at 25°C in a dry atmosphere for a period of
even five minutes will not redissolve completely in ether; the diammoniate and
(HgNBHg)n are the most probable components of the precipitate. Solid ammonia-
borane sublimes with difficulty under high vacuum at room temperature; the purity
of the sublimate was not determined. The density of the solid, determined from
X-ray powder data,u is 0.7h g/cm3.

Discussion.—Data summarized in this and other papersl support the borohydride
formulation for the product produced in the reaction between ammonia and diborane,
[HoB(NH3 )21t (BH.)™. This reaction of diborsne with ammonia differs from reactions
with mono-, di-, and trimethyl amines in that the former process appears to involve
nonsymmetrical cleavage of the hydrogen bridges in diborane,

| + -
Jf Np +  ONHs —s H\B/NH H\B/H

3 e e )
TH/ P sl | # n

whereas the latter reactions involve symmetrical cleavage of the bridge to give
monomeric products,5

+ ENHZR(etC.) ———) Q[HsBNHQR] .

The conversion of the classical "diammoniate" to H3BNHs through its reaction with
NH4Cl mekes untenable all earlier arguments6 which supported the hypothesis that

the "diammoniate" has the structure HsNBH3, but shows abnormally high molecular
weights in liquid ammonia as a result of dipole association. Comparative properties
of HsNBHs and the "diammoniate'" demonstrate unequivocally that two separate com~-
pounds are being considered. The formation of HsNBHs3 from LiBH4 and from the
"diammoniate" by comparable reactions adds strong support for a structure containing

5. R. W. Parry, G. Kodama, and D. R. Schultz, this Report, p. 82.

6. E. Wiberg, A. Bolz, P. Buchkeit, Z. anorg. Chem.,vgéé, footnote 5, p. 287,
and footnote 41, p. 301 (1948); Gmelin's Handbuch der anorgenischen Chemie, 8.
Auflage. System 13, 1954, pp. 100, 235.
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the borohydride ion in the solid state. Ammonia-borane, .on the other hand, shows
properties which are consistent with those of the methyl substituted emine-boranes.

It now becomes of interest to examine the experimental procedures of this in-
vestigation and compare them with earlier procedures which have invariably led to
the "diammoniate of diborane."

Work of Schultz and Parryl and of Taylor, Schultz, and Emery7 indicated that
the product obtained by the solid-phase decomposition of ammonium borohydride was
the "diammoniate of diborane," rather than ammonia-borane, (HsNBHs3). In an earlier
study Schlesinger and Burg8 added ammonia to solid (CHz)s OBHs in an attempt to form
HsNBHz, but the "dismmoniate" was produced instead. In the normal procedure for
preparing the "diammoniate," solid ammonia picks up diborane. All the foregoing
processes which produce the "diammoniate" have the reaction of a solid phase in the
absence of solvent as a common factor. The principal feature which differentistes
the process for preparing ammonia-borane is the presence of ether during the reaction
between an ammonium salt and a borohydride salt. The role of a solvent in moderating
or altering the course of the reaction is not unusual. The reaction of_hydraziﬁe and
diborane? and the reaction PCls and LiAlH4lO are both strongly dependent on the pres-
ence of ether as a solvent. Although reaction takes place in the absence of solvent,
products differ from those obtained in ether.

The role of ether in the present process is reasonably certain, but its mode of
action is still unknown. The facts can be interpreted in terms of the following
hypothesis. If the decomposition of ammonium borochydride to the "diammoniate of

diborane' can be considered to take place through either of the following reaction
schemes,

2 NH4BHy —— 2 HaNBHs + 2 Hp
2 HalBHs —3 [BHz(NHs)21"(BH.)”
or
NH4BHy —> HgNBHz + Ho
HolNBHs + WNHgBH; —3 [BHo(WHs)zl (BE.)™ + Ho
then the role of ether in an ethér slurry of an ammonium salt and a borohydride salt

might be twofold. The ether might serve as a heat transfer medium preventing local-
ized heating at reaction sites by dissipating the heat of the initial exothermic re~

7. R. C. Taylor, D. R. Schultz, and A. R. Emery, this Report, p. 92.
8. H. I. Schlesinger and A. B. Burg, J. Am. Chem. Soc., 60, 290 (1938).
9. H. I. Schlesinger and M. J. Steindler, ibid., 75, 756 (1953).

10. J. T. Yoke III, G. Kodema, and R. W. Parry, this Report, p. 162.
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action between protonic and hydridic hydrogen. Therefore, the possibility of ammonia-
borane possessing the energy of activation required for conversion to the "diammoniate
of diborane" is diminished. Secondly, ether is a solvent for ammonia-borane. There-
fore, ammonia-borane is removed from the reaction sites as soon as it is formed and
the possibility of participating in conversion to the "diammoniate" is dimished due

to dilution. These reasons are consistent with the observation that the reaction of
ammonium and borohydride salts in an ether slurry produces ammonia-borane, while the
decomposition of solid ammonium borohydride produces the "diammoniate of diborane"
exclusively.

Experimental . w=

a. Materials.

1. Ammonia-—commercial tank NHs was dried and stored over sodium metal
in the vacuum system.

2. Ammonium chloride and ammonium sulfate~~reagent grade NHyCl and (NHg)z
S04 were dried at 80° for two hours prior to their introduction into the vacuum
system.

3. Diethyl ether—reagent grade (CoHs)20 was dried and stored over lith-
ium aluminum hydride in the vacuum system.

4. Lithium borohydride and sodium borohydride--LiBH4 and NaBH4 (supplied
by Metal Hydrides, Inc.) were purified by extraction with liquid ammonia at «65°
to =75°. The extractor was similar to the vacuum~line filter of Schultz and
Parryl and was operated in the same manner. The bulk of the solvent ammonia
was removed by sublimation as the system was slowly warmed from -T8° to -40°.
Remaining traces of ammonia were pumped away at room temperature.

b. The Reaction Between the Diammoniate of Diborane and Ammonium Chloride in
an Ether Slurry.

The apparatus in which this work was carried out is depicted in Fig. 2.
It was similar in appearance and operation to that described earlier,’--L except
that the vacuum~-line filtering device contained a drip-tip and the magnetically
actuated stirrer was of spiral construction in order to insure efficient stir-
ring. All the stopcocks and joints in the system which had to be rotated were
greased with Dow-Corning High Vacuum Grease. All the joints which did not have
to be rotated were sealed with DeKhotinsky cement.

In a typical run,ll "diammoniate of diborane"l? was prepared and isolated
in the reaction tube of the apparatus. The system was then filled with dry
nitrogen and the tube was removed from the line; it was charged with a known

11. See Table I for the actual amounts of materials used in the individual runs.

12. S. G. Shore and R. W. Parry, this Report, p. S5k.
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Fig. 2. Apparatus for the reaction between ammonium chloride
and the "diammoniate of diborane" in an ether slurry.
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amount of ammonium chloride and returned to its original position as rapidly as
possible. The vacuum system was evacuated and ether was distilled into the re-
action tube. A small quantity of anhydrous ammonia was distilled in also.  Hy-
drogen evolution was initiated by maintaining the reaction tube at about room
temperature and stirring its contents vigorously. 1In order to prevent the con=-
densation of ether in other parts of the system, the temperature of the reactor
tube was actually maintained at Jjust below room temperature by immersing it in
a beaker of water.iD The extent of reaction was determined at various intervals
by quenching the reaction tube in liquid nitrogen and measuring volumetrically
the quantity of hydrogen produced. Upon completion of the reaction the contents
of the reactor tube were filtered and extracted with ether. The filtration and
extraction were carried out at about -75° in order to take advantage of the neg-
ative temperature coefficient of solubility of ammonia-borane. Crystalline am-
monia-borane was obtained from the filtrate by distilling away the ether as the
receiver tube was warmed from -70° to -20°.

c. The Reaction Between Lithium Borohydride and Ammonium Salts in an Ether
Slurry.

The reaction with ammonium chloride was carried out in the apparatus men-
tioned above. The reaction with ammonium sulfate was carried out on a tenfold
larger scale and it was therefore necessary to modify the apparatus slightly.

In this case the reactor consisted of a 100-ml, round-bottom flask which was
fitted with a standard taper 24/40 drip-tip. This reactor flask was charged
with a magnetic stirring bar and weighed quantities of lithium borohydride and
ammonium.sulfatelu in the protective atmosphere of the "dry box." The flask
was then transferred to the vacuum system as rapidly as possible. After thor-
oughly evacuating the system, anhydrous ether was distilled into the flask.
Hydrogen evolution was initiated by maintaining the flask at about room temper-
ature and stirring its contents vigorously. The extent of reaction was followed
either by measuring, at various intervals, the quantity of hydrogen produced or
by qualitatively observing the rate of hydrogen evolution through a mercury bub-
ler. After the theoretical amount of hydrogen had been produced, or after the
rate of hydrogen evolution had decreased appreciably, the contents of the flask
were filtered and extracted with ether at -75°. Crystalline ammonia-borane was
isolated by distilling the bulk of the ether from the filtrate as it was slowly
warmed from -70° to -40°. The remaining traces of ether were pumped from the
solid as it was slowly warmed from -40° to -20°. For further purification, sam-
ples of solid ammonia-borane were placed on the frit of the vacuum-line filter
and re-extracted with ether at -75°.

d. The Reaction Between Ammonia-Borane and Sodium in Iiquid Ammonia.

Through the use of standard techniq_ues,12 a 0.96-mmole sample of ammonia-
borane was allowed to react with a large excess of sodium in about 5 ml of 1li=-

13. All the reactions in this investigation which are described as carried out at
room temperature were actually carried out at slightly below room temperature
through this technique.

14. See Table IT for the actual amounts of materials used in the individual runs.
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quid ammonia at -78°. The reaction produced 0.96 H/HsNBHs in 16 hours. Just a
trace quantity of hydrogen was produced within the next 10 hours-at -78°.

e. Anslytical.

1. ZX-ray powder analyses=-Crystalline products were identified by means
of x-ray powder techniques which used nickel filtered copper Kx radiation.
Specimens were sealed into thin-walled glass capillaries of 0.3-mm diameter
(supplied by the Cain Specialties Co. of Chicago). A 5.7-cm Debye-Scherer cam-
era was used for routine analyses. Exposures were of the order of 1-2 hours at
30 kv and 15 ma. For the characterization of ammonia-borane and the examination
of complex patterns produced by reaction mixtures, a high-resolution, 11.h-cm
Debye-Scherer camera was used. Exposures with this camera were of the order of
5=T7 hours at 30 kv and 15 ma.

2. Chemical analyées:#Boron was determined by titrating boric acid with
sodium hydroxidé in the presence of mannitol. Hydridic hydrogen was determined
through the sealed-tube hydrolysis of the sample at 100° followed by the volu-
metric determination of the hydrogen produced. Nitrogen was determined by the
Kjeldahl method. The procedures for these analytical methods are discussed by
Bissot.1D

3. Molecular-weight determinations--The determination of the molecular
weight of ammonia-borane in dioxane, by freezing-point depression, was carried
out in a Beckmann-type freezing-point apparatus. The molecular-weight deter-
mination of ammonia~borane in ether, by vapor-pressure depression, was carried
out in equipment similar to that described by Parry, Kodsma, and Schultz,? ex~ =
cept that a mecury-filled differential manometer was used. The molecular-weight
cells were thermostated at 26° and the temperature wag held constant within X

0.05°.

15. D. H. Campbell, T. C. Bissot, and R. W. Parry, this Report, p. 1h45.
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D. CHEMICAIL EVIDENCE FOR THE STRUCTURE OF THE DIAMMONIATE OF DIBORANE (III).
THE REACTIONS OF BOROHYDRIDE SALTS WITH LITHIUM HALIDES AND ALUMINUM CHLORIDE
(S. G. Shore and R. W. Parry)

Abstract

It is shown that LiBr, LiCl, and LiBH, bring about slow evolution of Hp
from a diethylether suspension of BoHg:2NH5. Results are interpreted in
terms of polarization of the borohydride by the ILi (I). A diethyl ether so-
lution of AlCls will react with an ether suspension of BoHg *2NHz to give hy=-
dride~halide interchange. BoHg :2NHg will dissolve slowly in an ether solu-
tion of AlCls.,

One of the important pieces of evidence pertinent to the structure of the "diam-
moniate of diborane," BoHg:2NHs, is the instability of ammonium borohydride. Such
instability Jjustifies the reaction between the "diammoniate" and ammonium salts if a
borohydride ion is assumed in the formula. By the same token, the previously reported
lack of reaction between the "diammoniate'" and sodium borohydride argues against the
presence of an ammonium ion in the "diammoniate. "l Tn connection with reactions of the
latter type, an observation of Schaeffer® to the effect that LiBH, in ether reacted
slowly with an ether slurry of "diammoniate" to give off hydrogen seemed to merit ad-
ditional study.

The Decomposition of the Diammoniate of Diborane in the Presence of Lithium
Salts.—=One of the 1nterest1ng features of the "diammonlate of diborane" is the fact
that it is relatively stable to 80°, even though its most likely structure is [HoB
(NHz)2]*(BHs)=. In the past, before Schultz and co-workers demonstrated that the
"diammoniate" contains a borohydride ion,> it was argued that "such a structure is
unreasonable on the grounds that the strong proton-donor character of the quaternary
nitrogen atoms should render the proton-sensitive BH,~ incapable of existence.'
Actually, in view of newly available evidence, the stability of such a structure can
be justified, for hexamminechromium (III) borohydride, [Cr(NHs)s](BHs)s, is stable
up to 60°.1 Since such a compound is stable, the existence of [HoB(NHs)olT(BH.)™
cannot be denied on the grounds cited above. Both the chromium salt and the "diam-
moniate" are stable because the cations Cr(NHs)3*t and HoB(NH5 )% are relatively large.
They therefore have low charge densities and are of low-polarizing character.

It is well known that the proton sensitivity of the borohydride ion increases

1. D. R. Schultz and R. W. Parry, this Report, p. 19.
2. G. W. Schaeffer, private communication.

3. D. R. Schultz and R. W. Parry, this Report, p. 19; R. C. Taylor, D. R. Schultz,
and A. R. Emery, ibid., p. 92.

4. A. B. Burg, J. Am. Chem. Soc., 69, T47 (194T).
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with the polarizing character of its associated cation. - Thus, for example, potassium
borohydride can be crystallized from the protonic solvent water; but lithium borohy-
dride reacts vigorously with the protons of water; and aluminum borohydride reacts
explosively with water.

From arguments of this type one might rationalize hydrogen evolution from the
ether slurry of the "diammoniate" and lithium borohydride on the basis of a reaction
between the proton-sensitive borohydride ion in lithium borohydride and the weakly
protonic hydrogens attached to the nitrogens in the dihydrido~diammine boron (III)
cation. In other words, the lithium (I) influenced the borohydride to such an ex-
tent that its hydridic hydrogens reacted with the .protons of the cation, e.g.,

Diethyl Ether ,
1/n[HoB(NHs )2 15 (X)®™ + LiBH, — 1/n(liX) + Ho + 1/n(HoNBHs )y + HslBHg
Room Temperature

"= = any anion.

If the foregoing arguments are valid, the "diammoniate of diborane' should evolve
hydrogen in the presence of any lithium salt, since the presence of the Li (I) would
increase the proton sensitivity of the "diammoniate's' borohydride ion.

, Dilethyl Ether _
[HEB(NH3)2]+(BH4)‘ + LiX ——p l/n(HgNBHg)n + Hs + HaNBHs; + LiX
Room Temperature

An experimental study proved to be in accord with this supposition. It was found that
the addition of a lithium halide to an ether slurry of the "diammoniate of diborane"
caused the decomposition of the "diammoniate." Of the several experiments carried
out, the most significant were those in which it was first established that a parti-
cular sample of the "diammoniate" is only slightly decomposed upon slurrying in ether
at room temperature, but that upon addition of a lithium halide to the slurry, the
rate of decomposition, evidenced by hydrogen evolution, is increased very markedly.
The results of such experiments are summarized in Fig. 1.

To avoid complications in the preceding study, it was important to exclude,
rigorously, protonic substances such as water or ammonia. Extreme precautions were
taken in the drying and handling of the lithium salts. That such precautions were
succegsful in avoiding contamination is supported by the following facts:

1. Hydrogen evolution was slow compared to normal protolysis due to traces
of water or ammonis.

2., Ammonia-borane and hydrogen were produced in almost a one-to-one ratio as
demanded by the equation above. If traces of water had been present, the
ether soluble armonia-borane would have formed an ether insoluble precipi-
tate, thereby giving a much smaller yield of ammonia~borane .2

5. 5. G. Shore and R. W. Parry, this Report, p. 31.
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Since the +diammoniate+ is quite insoluble in ether, and since the lithium salts
used are only slightly soluble in ether, the rate of decomposition of the "diammoniate
is probably dependent in part on the surface areas of the salts used. It seems prob-
ablé, however, that the somewhat greater catalytic activity of lithium bromide as com-
pared to lithium chloride is related to the greater solubility in ether of the former
compound . '

1"

The Reactions of Borohydrides with Anhydrous Aluminum Chloride in Diethyl Ether.-
On the basis of the foregoing arguments and results it was thought that the strongly
polarizing aluminum (III) ion of aluminum chloride would be more effective than the
lithium (I) of a lithium halide in accelerating hydrogen evolution from [HpB(NHz)z]
(BHy). However, contrary to the original expectation, the production of hydrogen was
negligible when traces of water were scrupulously avoided. Results of two representa-
tive runs are sumarized in Table T. '

TABLE I

THE REACTION BETWEEN THE "DIAMMONIATE OF DIBORANE"
AND ATUMINUM CHLORIDE IN ETHER

R Mmoles M1 Mmoles Time, Ho
e [HoB(NHs )2 1" (BH, )~ Ether AlClg hr [HoB(NHs )2 17 (BHy )"
1 1.93 10 ca. 6 0.3 0.09
12 - 0.11
2 2,88 5 ca. 10 0.3 0.01
56 0.05

Tn each run reaction took place ag goon as the aluminum chloride was added to the
ether slurry and within 20 minutes all the ether insoluble "diammoniate"” had been
converted into ether soluble compounds. The resulting clear solution proved to be
unstable, for within eight hours the presence of a fine gelatinous precipitate be-
came noticeable. The precipitate which was isolated by filtration proved to be amor-
phous (determined by x-ray powder techniques); it was polymerized aluminum hydride
etherate. An x=-ray powder examination of the solid obtained by removal of ether from
the filtrate revealed the absence of familiar materials such as ammonium chloride,
dihydrido-diammine boron (III) chloride [HoB(NHs)21%(C1)~, and ammonia-borane. Tt
was possible, however, to sublime with difficulty from the residue a small amount of
solid boron trichloride etherate. '

The experimental facts strongly suggest that the borohydride ion of the "diammo-
niate of diborane' was destroyed through hydride=-chloride interchange. If this were
the case, a simpler borohydride such as sodium borohydride might act similarly under

comparable conditions.
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Diethyl Ether
3NaBH, + LALCLs® —) 3NaCl + LAIHs + 3BCls
Room Temperature

Schlesinger and co-workers7 have already established that the high-temperature
reaction between solid sodium borohydride and dry aluminum chloride produces aluminum
borohydride, but the experimental conditions of the present study were completely
different. The more significant differences were (1) the use of an ether slurry, (2)
reaction was carried out at room temperature, and (3) the rigorous exclusion of all
traces of moisture from the starting materials and the reaction system.

In a typical experimental test a five-to-one molar excess of aluminum chloride
was added to an ether slurry of sodium borohydride at room temperature. The reac-
tion mixture was stirred for about 38 hours to insure complete reaction; only a trace
of hydrogen was evolved during this period. The precipitate from the reaction mix-
ture contained sodium chloride and polymerized°aluminum hydride etherate. The resi-
due obtained by evaporating ether from the filtrate contained boron trichloride eth-
erate, which was removed for identification by vacuum sublimation at room temperature.
The results strongly favor the equation shown above.

Discussion.—Although the l1ithium halides followed the reaction pattern which was
expected from theoretical arguments, the reaction of aluminum chloride was anomalous
in the sense that little hydrogen was produced; hydride-chloride exchange took place
instead. The strong solvation of aluminum chloride probably plays an important role
in determining the ultimate course of the reaction:

Ether
3MBH, + U4A1Cls — 3MC1 + 3BCls + L4AlHg
Room Temperature

which simply parallels the well-known reaction between lithium gluminum hydride and
aluminum chloride: '

Ether
3LiAlH, + AlClg ——3 3LiCl + LATHs
Room Temperature

Thus for the reactiom involving the "diammoniate of diborane! one would expect
Ether

3[HoB(NHg )2 11 (BH, )™ + LAICly; —— 5[H2B(NH3)2]+(C1)- + 3BCLs + L4AlHs
Room Temperature

6. AlHz, AlCls; and BClz are actually etherates, but for the sake of simplicity the
ether 1s omitted from the formulas.

7. H. I. Schlesinger, H. C. Brown, and E. K. Hyde, J. Am. Chem. Soc., 75, 209 (1953).

8. A. E. Finholt, A. C. Bond, Jr., and H. I. Schlesinger, ibid., 69, 1199 (1947).
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However, there was no evidence for dihydrido-diammine boron (III) chloride or its
decomposition product ammonium chloride. Apparently the[HzB(Nﬁs)I*cétion underwent
exchange also. One might expect such exchange to produce HgNBCls, which is unstable
and undergoes decomposition to form boron amide, B(NHz)s,” and ammonium chloride.
But the absence of ammonium chloride from the reaction mixtures negates this -possi-
bility. Therefore, the exchange reaction involving the cation of the "diammoniate"
most likely involves the formation of boron trichloride etherate, as in the case of
the borohydride ion.

Finholt and co-workers8 have shown that

Ether
LA1Hg + 3BCls —» A1(BHy)s + 3AlCls .
Room Temperature

What apparently happened in this investigation was a reversal of this reaction due

to the use of excess aluminum chloride. The destruction of both the cation and
anion of the "diammoniate of diborane" by hydride-chloride exchange to produce prod-
ucts which contained hydrogens of a less active nature accounts for the small amounts
of hydrogen gas produced.

Experimental ., —

a. Materials.

1. Diethyl ether and sodium borohydride—the purification of these sub-
stances is described in the preceding paper.5

2., Aluminum chloride~-AlCls is extremely hygroscopic and readily hydro-
lyzed. It was therefore purified and prepared for reaction in the following
manner. Reagent-grade aluminum chloride was placed in the apparatus depicted
in Fig. 2, which was then sealed off and evacuated. By pumping on the system
continuously and applying a soft flame to the apparatus, purefaluminum chloride
was sublimed past the thin glass-wool plugs and through the constriction into
the u-trap, which was immersed in ice water. Then about 8 ml of anhydrous ether
wag vacuum distilled into the u-trap, which was now cooled to about ~78°. The
stopcock was closed and the apparatus was removed from the vacuum system. The
u~trap was slowly warmed to room temperature and through appropriate tipping of
the apparatus the ether was allowed to dissolve = small portions of aluminum
chloride at a time. Care was taken to prevent the vigorous solution of alumi-
num chloride since this can result in ether cleavage. After the aluminum chlo-
ride was completely dissolved, the apparatus was tilted so that a portion of
the solution was poured into one of the bulbs. The solution in the bulb and
the solution remaining in the u-trap were then frozen and the bulb was sealed
off . In the same manner the remaining bulbs were filled and sealed off, one at
a time. The amount of aluminum chloride in each of the bulbs was determined,
approximately, by analyzing the contents of one of the bulbs.

9. A. Joannis, Compt. rend., 135, 1106 (1902).
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3. Lithium chloride and lithium bromide—I1iCl and LiBr are-very hygroscopic
materials. They were therefore treated in the manner described in Fig. 1 in or-
der to insure the complete removal of all traces of water.

b. The Decomposition of the Diammoniate of Diborane in the Presence of a Lithium
Halide.

The apparatus in which these experiments were carried out ig depicted in
Fig. 3. All the stopcocks and Joints which had to be rotated were greaged with
Dow-Corning High Vacuum Grease. All the joints which did not have to be rotated
were sealed with DeKhotinsky Cement. Initially, the side arm containing the
lithium halidelo was placedﬁin an oven and a standard taper cap was put in its
place on the apparatus. The system was thoroughly evacuated and the "diammoniate
of diborane" was prepared and isolated in the reactor tube, according to the
standard procedure.ll Since the purpose of these experiments was to cause in-
teraction between the protonie and hydridic hydrogens of the "diammoniate," great
care was taken to remove all traces of excess ammonia from the system. After the
apparent removal of all of the ammonia, the solid "diammoniate" was pumped on for
an additional”iafhours at room temperature. Then dry nitrogen gas was flushed
through the system at atmospheric pressure and the tube containing the lithium
halide was transferred, while it was still warm, from the oven to its position
on the apparatus. The system was then re-evacuated and the halide was dried at
100° under vacuum for 12 hourgi anhydrous ether was then vacuum distilled into
the reactor tube. Through appropriate manipulation of the apparatus, the lith-
ium halide was dropped upon the "dilammoniate”-ether slurry. The decomposition
was carried out under vigorous stirring at about room.temperature.12 The rate
of decomposition was followed by measuring the amount of hydrogen given off.
After appreciable decomposition had taken place, the solution was filtered at
~75°. Ether soluble ammonia-borane was isolated by vacuum distilling ether from
the filtrate. :

¢. The Reactions of Borohydrides with Aluminum Chloride in Diethyl Ether.

The appraratus in which these experiments were carried out is depicted in
Fig. L. "Diammoniate" of diborane was prepared and isolated in the reactor
tube.l] After the apparent removal of all the ammonia, the "solid diammoniate"
was pumped on for an additional 12 hours at room temperature. Then anhydrous
ether was vacuum distilled into the reactor. Sublimed aluminum chloride in
ether solution was contained in the bulb suspended above the ether slurry. By
rotating the arm of the bulb crusher, the bulb was crushed and its contents
dripped into the ether slurry which was maintained at about room temperature.
Immedidte reaction ensued and with vigorous stirring all the solid "diammoniate'
disappeared within 20 minutes. Within eight hours of continuous stirring at

10. See Table I for the actual amounts of material used in the individual rums.
11. S. G. Shore and R. W. Parry, this Report, p. 5k.
12. See the preceding paper for experimental conditions.

13. See Table I for the actual amounts of material used in the individual rums.
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Fig. 3. Reactor tube for the decomposition of the "diammoniate
of diborane" in the presence of a lithium halide.
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Fig. 4. Apparatus for the reaction between the "diammoniate
of diborane" and aluminum chloride in ether.
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room temperature, a fine gelatinous precipitate, polymerized aluminum hydride
etherate, appeared. The reactor tube was cooled to about -70° and the bulk of
the ether was distilled away as the reactor was slowly warmed from -70° to -40°.
The remaining traces of ether were pumped away as the system was warmed to room
temperature. It was possible to sublime, with difficulty, small quantities of
boron trichloride etherate in vacuo at room temperature into a receiver tube for
identification. The system was then flushed with dry nitrogen, and the reactor
tube containing the remaining residue after distillation and sublimation was
transferred as rapidly as possible to a vacuum filter such as the one depicted
in Fig. 2. The system was re-evacuated and 5 ml of anhydrous ether was vacuum
distilled in upon the residue, most of which dissolved at room temperature. The
slurry was filtered and the precipitate of polymerized aluminum hydride etherate
was extracted withether at room temperature and removed from the system for
identification.

The same procedure was employed for the reaction between sodium borohydride
and aluminum chloride in ether, except that the sodium borohydride was added to
the reactor tube in the protective atmosphere of the "dry box." . The tube was
then transferred to the vacuum system as rapidly as possible.

d. Analytical.

l. X-ray powder analyses-—Reaction products were examined for the presence
or absence of known crystalline materials such as ammonia-borane, ammonium chlo-
ride, dihydrido-diammine boron (III) chloride, and sodium chloride. The equip-
ment and techniques are described elsewhere (p. 42).

2. Chemical analyses—~—The products aluminum hydride etherate and boron tri-
chloride etherate which were produced in the reactions involving aluminum chlo-
ride did not lend themselves to physical analysis and, because only small quan-
tities of material could be isolated from the complex reaction mixtures, could
not be identified by direct quantitative chemical analysis. It was necessary
to rely on observations of the characteristic properties of these compounds.

In this investigation it was shown that the fine gelatinous material which
precipitated slowly from ether solution was amorphous. Qualitative analysis
showed that it contained only aluminum and hydridic hydrogen. It is known that
aluminum hydride etherate in ether solution slowly precipitates, forming a ma-
terial of indefinite composition.

The product which was sublimed in vacuo from the aluminum chloride reaction
mixtures slowly split out ethyl chloride and melted at about 55°. Qualitative
analysis showed that it contained boron and chlorine. It is known that boron
trichloride etherate can be sublimed in vacuo at room temperature and that it
slowly splits out ethyl chloride. It—ﬁés a melting point of 56".1LL

14. E. Wiberg and W. Sutterlin, Z. anorg. Chem., 202, 22 (1931).
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E. CHEMICAL EVIDENCE FOR THE STRUCTURE OF THE DIAMMONIATE OF DIBORANE (IV). THE RE-
ACTION OF SODIUM WITH LEWIS ACIDS IN LIQUID AMMONIA (R. W. Parry and S. G. Shore)

Abstract

- The reactions between sodium and four Lewis acids in liquid ammonia have
been studied. HCN, HsBOs, COs, and BoHg have been considered. The complexity
of the system increases in the order given. The sensitivity of the BsHg-NHg
system to experimental details is interpreted by an extension of Werner's co-
ordination theory. The ion [HB(NHs)g]*++ is postulated to explain observed
facts.

Introduction.-—Past investigations have demonstrated that the stoichiometry of
the reaction of the "diammoniate of diborane" with sodium in liquid ammonia is very
sensitive to the conditions imposed. Only "diammoniate" which has: been carefully
prepared under a specific set of conditions will react with sodium in liquid ammonia
to produce one equivalent of hydrogen per mole of diborane in a short period of time.
A slow secondary process yields small quantities of additional hydrogen as a function
of time.l However, if the "diammoniate" has been mistreated, either through the ra-
pid addition of diborane to ammonia or by maintaining carefully prepared "diammoniate"
at the relatively high temperature of -40°, then the resulting material has been shown
to react with sodium to produce up to 1.3-1.4t equivalents of hydrogen per mole of di-
borane in short period of time.t>2 In contrast to such observations, an early inves-
tigation in this laboratory,5 which seemingly followed the same careful procedure of
Schlesinger and Burg,l could not obtain much more than one-half an equivalent of hy-
drogen per mole of diborane. Furthermore, it was observed that sodium was used up
without further hydrogen evolution taking place.

From these observations it is obvious that the ammonia-diborane-sodium system is
very complex. In order to obtain a better understanding of the system, it was thought
that a study of the generalized reaction between sodium and Lewis acids in liquid am-~
monia was in order, starting with a simple reaction and working up to the complicated
case involving diborane. The acids chosen in addition to diborane were hydrogen cy-
anide, boric acid, and carbon dioxide.

Hydrogen Cyanide in Liquid Ammonia.--Hydrogen cyanide reacts with ammonia to form
ammonium cyanide. A previous investigation™ has shown that ammonium cyanide reacts
with an active metal in liguid ammonia to produce one equivalent of hydrogen per mole
of cyanide. This simple reaction was confirmed. It was found that ammonium cyanide

1. H. I. Schlesinger and A. B. Burg, J. Am. Chem. Soc., 60, 290 (1938).

2. W. L. Jolly, Univ. of Calif. Radiation Laboratory, Livermore Site, Livermore,
Calif., Contract No. W-T405-eng-48, UCRL-450k4.

5. R. W. Parry, P. R. Girardot, et al., Final Report, Chemistry of Boron Hydrides
and Related Hydrides, Univ. of Mich., Eng. Res. Inst., Project M966, U. S. Air
Force, Contract AF 33(616)-8, E.0.R.-46L Br-1, 1952.

. H. H. Frank and C. Freitag, Z. angew. Chem., 39, 1430 (1926).
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and sodium in ammonia at ~78° produce hydrogen gas according to the equation
NH,CN + Na ——31/2 H> + NaCN

Boric Acid in Liquid Ammonia.=-It was shown that the reaction between boric acid
and liquid ammonia forms a tetraborate and in terms of acid hydrogens can be repre=
sented as

TNHs  + l-l—HsBOS -—-—9 (NH;}_, )2B4 Or + 51\]1‘140:[‘1 «

In the light of the simple ammonium cyanide case and other well~known reactions of
ammonium salts,5 it was expected that the ammonium tetraborate and ammonium hydroxide
would react with sodium in liquid ammonia according to the following equations:

2Na  + (NH4)2B407-——)N&23407 + Hs
5Ne. + NH,OH ——3 5NaOH + 5/2 Hs .

Thus the total hydrogen evolved was expected to be in the ratio of 1.75 equivalents
of hydrogen per mole of boric acid used (7H/MH3B03)0 The actual results, which are
given below, were in good agreement with this value and offer strong support for the
reaction scheme,

Ammonia (ca, 5 ml) was condensed upon a sample of boric acid (1.61 mmoles) and
the system was maintained at =52° for two hours. Reaction with a large excess of so-
dium at -52° produced 1,81 equivalents of hydrogen per mole of boric acid in 10 hours,
A negligible quantity of hydrogen gas was produced within the next 10 hours at -52°,
In order to avoid the possibility of secondary reactions, another experiment was car-
ried out at a lower temperature., Ammonia (Egs 5 ml) was condensed upon boric acid
(1,87 mmoles) and the system was maintained at =64° for half an hour. Reaction with
a large excess of sodium at -6L4° produced 1,74 equivalents of hydrogen per mole of
boric acid in 18 hours. Further hydrogen evolution was negligible,

Carbon Dioxide in Liquid Ammonia,-=-Carbon dioxide reacts with ammonia to form
ammonium carbamate, which has been shown to react with sodium ip liquid ammonia to
give off one equivalent of hydrogen per mole of carbon dioxide.

0 o;

NHyOCNHz + Na ——)1/2 B + NaOCNI

It was possible to reproduce this observation, but the system appears to be more com-
plicated than was previously indicated. Therefore, the results are tabulated in Ta=-
ble I and are discussed further.

In Run 1 ammonia in excess was added to solid carbon dioxide and allowed to melt.
Then the excess ammonia was sublimed away at -78°, leaving behind solid ammonium car-

5. G. W. Watt, Chem, Revs., 46, 317 (1950).

6. E. Rengade, Bull, Soc, Chim,, Paris, 31, 565 (190k).
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TABLE T

THE REACTION OF AMMONIUM CARBAMATE WITH SODIUM IN LIQUID AMMONIA

Reaction Reaction Time H Evolved
(a) Cop e , i BvoLve
Run Comments = Temp . (cumulative) (cumulative)
: mmoles  COg o
C hr , CO2
1 Excess NHg was 2.57 10-15 -78 3 1.06
sublimed away to -6l 6 1.06
isolate NH4COoNHo.
Then the NHg was
returned. .
2 Excess NHg was 1.03 10-15 -78 1 0.19
never removed. -78 3 0.48
-8 7 0.53
-78 17 0.58
-78 39 0.71
~78 51 0.86
-78 5 0.91
3 Excess NHg was 2.2 1.01 =78 24 0.35.
never removed. -78 48 0.60
-8 T2 0.78
-T8 96 0.88
-78 120 0.89
-6l 126 0.92
64 1% 0.95
-6l 14k 1.00

(a) All reactions were carried out in about 5 ml of solution.

bemate. Upon returning the ammonia to the solid and introducing sodium metal, the
reaction at -78° was in accordance with the equation above. One equivalent of hy-
drogen per mole of carbon dioxide was evolved In less than three hours. Little
evidence for further reaction was noted.

In Run 2 ammonia in excess was added to frozen carbon dioxide and in Run 3
carbon dioxide was added to frozen ammonia in excess. In both cases the excess am-
monia was never removed, so the solid carbamate was never really isolated and iden~-
tified. In both cases abnormally long reaction times were required to produce one
equivalent of hydrogen per mole of carbon dioxide.

Although ammonia and carbon dioxide are known to react readily with each
other to form ammonium carbamate, Hughes and Soddy! found that if the two substances

T. R. E. Hughes and F. Soddy, Chem. News, 69, 138 (1894).
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are thoroughly dried, not the faintest sign of interaction occurs, even after the
gases have been in contact with each other for 24 hours at room temperature. Since
the experiments were carried out under strictly anhydrous conditions, the very slow
hydrogen evolution of Runs 2 and 3 suggests that little ammonium carbamate was pres-
ent at the time that sodium was added to the ammonia solutions. Rengade,” who first
studied this system, also noted the very slow evolution of hydrogen from a sodium am-
monia sclution into which he introduced carbon dioxide under anhydrous conditions.
He assumed that ammonium carbeamate had formed but did not react since it is only
slightly soluble in ammonia. However, his explanation seems to be unlikely since
once the carbamate is isolated as the solid (Run 1), it reacts relatively rapidly
with sodium in ammonia.

Although the nature of carbon dioxide in ammonia is unknown, it probably is
analogous to carbon dioxide in water. It has been reported that for the most part
carbon dioxide is simply dissolved in water. According to Mills and Urey,~ only about
1% is hydrated. Furthermore, it is well known that the reaction between water and
carbon dioxide is not instantaneous. The rate of hydration is degendent on catalysts
which affect the pH of the solution. From available information,“ one may represent
the formation of carbonic acid as

Id + 8 -
2Ho0 + 0=C=0 z=—= Hz0-CO0 + Hz0 —> (Hs0)™ (OCOH) s

in which the slow step is considered to be hydration. Similarly then, in the absence
of catalysts, carbon dioxide may be simply dissolved in liquid ammonia, with conver-
sion to ammonium carbamate taking place very slowly.

Q
i1 | -
oNHs + 0=C=0 —— HsN:CO + NHg — (NHL )T (odNHZ)

The experimental observation that removal of excess ammonia from the carbon
dioxide-—ammonia system seems to facilitate ammonium carbamate formation (Run l)
might be attributed to the concentration of trace quantities of catalytic material
such as water. Rengade® also found it necessary to remove excess ammonia to be cer-
tain that the reaction with sodium would take place.

Diborasne in Ammonia.--In Table IT typical experimental results of Schlesinger
and Burgl are compared with results from this laboratory5 for the study of the reac-
tion between sodium and carefully prepared diammoniate of diborane in liquid ammonia.
Careful examination of the experimental procedures revealed a subtle difference simi-
lar to that described for carbon dioxide in ammonia. This difference is believed to
account for the difference in observations.

Schlesinger and Burgl prepared and isolated the diammoniate through the slow
low-temperature addition of diborane to ammonia, followed by the removal of excess
ammonia by sublimation. The remaining solid was the diammoniate; it was shown to
contain ammonia and diborane in a two-to-one mole ratio. Then the diammoniate was

8. G. A, Mills and H. C. Urey, J. Am. Chem. Soc., 62, 1019 (1940).
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TABLE IT

A COMPARISON OF THE RESULTS OF SCHIESINGER AND BURG
WITH THOSE FROM THIS LABORATORY

Reaction Reaction

R e e
1 (8+B) 0.930 1.07 =77 0.5 0.98
2 (3+B) 0.872 1.05 =77 0.5 0.99
1 2.3 1.0 -81 1.8 0.57
2 0.511 1.02 -80 to =50 2.7 0.64

redissolved and its reaction with sodium in ammonia produced one equivalent of hydro-
gen per mole of diborane.

In the other investigation5 diborane was added to ammonia under the conditions
prescribed by Schlesinger and Burg. However, since the diborane was readily taken
up by the ammonia, it was assumed that the diammoniate had been formed; therefore,
the excess ammonia was not removed to confirm the formation of the dismmoniate, but
sodium was simply added to the solution. In this case only about one-half an equi-
valent of hydrogen per mole of diborane was produced, but nevertheless one equiva-
lent of sodium was used up. The blue color of sodium in ammonia was discharged with-
out further evolution of hydrogen.

A detailed study confirmed that the difference in procedure is responsible for
the difference in results.

Dependence of Results on Experimental Procedure,7~Whereas the ultimate product
of the carbon dioxide—ammonia interaction is ammonium carbamate, the diborane-ammonia
reaction seems to be more complicated. Many details of preparation must be closely
observed. Therefore, before the results of this section can be considered, it is
first necessary to describe the simple, but rather specific, procedure for preparing
pure diammoniate of diborane.

A thin film of ammonia is. condensed along the walls and bottom of a cylindrical
reactor tube. A band of diborane is then condensed from one to several inches above
the ammonia and the entire reactor is slowly warmed from -140° to about -80° in a

‘period of about eight hours. During this time ‘the diborane melts (=165.5°) and adds,
usually in the gas phase at a temperature near -120°, to the surface of the solid am-
monia. Addition is evidenced by a marked decrease in the pressure of the system.
Since the addition depends on the surface available, the ammonis is in excess by at
least a four-to-one mole ratio. When excess ammonis 1s removed by sublimation at
-78°, the solid, nonvolatile diammoniate remains.
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As a preliminary experiment, diammoniate, prepared and isolated in the foregoing
Tashion, was redissolved in liquid ammonia (EE' 5 ml) and allowed to react with sodium
(Na/Bgﬂe = 2) at -78°. 1In less than one hour one equivalent of hydrogen pér mole of
diborane had been produced. In a second study diborane was added to ammonia, but the
excess ammonia was never removed to isolate the diammoniate. At the end of one hour
upon reaction of the ammonia solution (ca. 5 ml) with sodium (Na/BoHg = 1.7), only
0.58 of an equivalent of hydrogen per mole of diborane had been produced. The total
amount of hydrogen which had been given off by the end of the second hour was 0.72 of
an equivalent per mole of diborane, Thus both sets of observations reported in Table
ITwere repeated. .

In order to follow the evolution of hydrogen more carefully, the reactions were
slowed down by using a 10-15—fold excess of sodium.g’lo The new results are pre-
sented in Tables IIT and IV. Table ITT presents results equivalent to those of Schle-
singer and Burg.l Diammoniate was prepared and isolated; then it was redissolved in
ammonia and allowed to react with a large excess of sodium at -78°. One equivalent
of hydrogen per mole of diborane was given off in about three hours. Table IV repre-
sents successful attempts to reproduce the earlier work in this laboratory.5 Diborane
was added to ammonia in the above fashion, but the excess ammonia was never removed
from the system. The reaction of such a system with sodium at -78° produced less.
than one equivalent of hydrogen per mole of diborane in the normal reaction time of
about three hours. A much longer period of time was required to produce one equiva-
lent of hydrogen per mole of diborane. Professor G. W. Schaeffer of St. Louis Uni-
versity was informed of these observations and was able to repeat them by using the
Same procedure,ll

In addition to the fact that ammonia was never removed from the systems of Ta-
ble IV, it was necessary to condense the diborane ring at least three inches above
the ammonia in the preparative procedure and to age the system at -78° for several
hours after the diborane had been taken up by the ammonia. If all three conditions
were not carefully imposed, the results were inconsistent, giving the stoichiometry
of Schlesinger and Burg in some cases,‘and the. slow evolution of this laboratory in
others.

All the above conditions which appear to be conducive to consistent results
are designed to avoid localized heating effects. The effect of sudden warming was
demonstrated in one particular experiment in which diborane had been apparently ta-
ken up by ammonia, but the temperature of the system had not been above -100°; upon
suddenly therwostating this system at -78°, a vigorous reaction occurred during

9. The stability of a sodium~ammonia solution increases with increasing concentra-
tion of alkali metal,lo which indicates a decrease in the reducing rate of the
dissolved metal. The slowing of the reaction by using a large excess of sodium
is probably due to the properties of the concentrated solution and to a slightly
different experimental procedure which the concentrated solution makes possible.

10. C. A. Kraus, J. Am. Chem. Soc., 43, 749 (1921); W. C. Johnson and A. W Meyer,
ibid., 5k, 362k (1932).

11. Private communication.
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TABLE IIT

THE REACTION OF THE DIAMMONTATE OF DIBORANE WITH SODIUM IN LIQUID AMMONIA

Reaction Time H Evolved
Run(a) Comments Bollg (cumulative) (cumulative)
mmoles nr » Bolls
1 In all cases NHg was 1.69 1 0.73
removed to identify 2 0.89
[HoB(NHg )2 11 (BH,) ™. 3 0.99
The NHg was then re- 16 1.00
turned.
) 1.90 3 0.97

(a) In all cases Na and BoHg were used in a 10-15 mole ratio in about 5 ml of
solution at -78°.
TABLE IV

THE REACTION OF SODIUM WITH DIBORANE-AMMONTA
SYSTEMS FROM WHICH AMMONIA WAS NEVER REMOVED

Time System Was

5) Height of BoHg Aged at -78° BoHs Reactlon.Tlme H Evolvgd
Run( ) Above NHg in. After BoHg Had Been  mmoles (cumlative) (cumilative)
Taken Up by NHs hr Balle
1 3 8 2.02 1 0.43
2 0.51
12 0.63
2l O0.71
53 0.72
2 3 8 2.02 1 0.66
3 0.76
7 0.82
17 0.90
41 0.96
65 1.00
3 6 6 1.21 1 0.71
3 c.82
7 0.87
20 0.93
bly 0.99
68 1.00
I 5 8 1.40 1 0.72
3 0.80
7 0.87
16 0.92

(2) In all cases Na and BoHg were used in a 10-15 mole ratio in about 5 ml of solution
at -78°.
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which solid products were scattered throughout the reactor. This observation plus
the slow evolution of hydrogen in the reaction with sodium suggests that the mere
taking up of diborane by ammonia, if heating effects are carefully avoided, does not
necessarily result in the formstion of the diammoniate of diborane.

The condition that diborane be condensed several inches above the ammonia fa-
cilitates gas~-phase addition of diborane and avoids or lessens the possibility of
liquid diborane coming in contact with ammonia to cause localized heating. The ag-
ing process at -78°, once the diborane has been added to ammonia, maintains the Sys=
tem at just below its freezing point (=77.7°), where ammonia has a vapor pressure of
about 45 mm. Under such circumstances the slow solvation or solution of adsorbed
diborane can take place with the heat evolved being properly dissipated so that the
possibility of bond rupture to form the diammoniate is diminished. Once the system
is properly aged in this manner, it can apparently become liquid without conversion
to the diammoniate taking place. However, if the system is not aged, inconsistent
results in the reaction with sodium are obtained.

Discussion.——It is evident that the addition of diborane to ammonia through var-
ious procedures does not result in the formation of a unique substance. By consider=-
ing the possible substances formed as coordination compounds in which ammonia is co=
ordinated to boron (III), all available information can be correlated and interpreted
in a reasonable fashion.

In those studiee which repeated Girardot's original observations, it is believed
that the slow, low-temperature addition of diborane to ammonia resulted in the ad-
gorption of diborane on the surface of the solid ammonia without cleavage of the hy-
drogen~bridged bonds. Evidence for this is offered in the observations of Schaeffer
and cowworkers,12 who report that upon the addition of diborane to ammonia, if the
system is warmed from -140° to -80° in four hours instead of eight hours as in this
investigation, it is then necessary to age the system at -78° for at least an addi-
tional two hours. Otherwise it is possible to distill small gquantities of diborane
from the system. Further evidence is offered in the previously described experiment,
from this investigation, in which after the initial low-temperature addition of di-
borane to ammonia the sudden raising of the temperature to -78° caused a violent reac-
tion to take place.

After the diborane was taken up by the ammonia, it is believed that the aging
process at -78° permitted slow solvation or solution to oceur without the rupture of
both of the hydrogen=bridged bonds. The nature of diborane in smmonia is unknown
(henceforth it will be referred to as a solution of diborane in ammonia), but it may
be simply dissolved in the ammonia, or one hydrogen-bridged bond may be ruptured and
it may exist as

Hg?nH'BHQ . The latter species may be stable
NHs at low temperatures.

The following reaction probably took place upon the addition of sodium to the
solution of diborane in ammonia:

Bolls + 2Na + NHg —3 NapBHs + 1/x (HalBis),

12. G. W. Schaeffer, M. D. Adams, and F. J. Koenig, J. Am. Chem. Soc., 78, 725 (1956).
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H
\
B(i + ©2Na — HgBNHs + NasBHs
WHs

/
Hs%

The latter equation would suggest a one-to-one molar ratio for the products. The ac-
tual separation and identification of these products was not attempted because of the
complexity of the reaction mixtures due to secondary reactions. However, this pro-~
posed reaction is analogous to the observation of Burg and Campbelll3 that tetramethyl
diborane, BsHo(CHz)y, is split symmetrically upon contact with sodium in liquid ammo-
nia.

BoHo(CHz)g + 2Na + NH3 ——> NaoBH(CHz)z + HaNBH2(CHa)z

This system is less prone to secondary reactions; it was possible for them to identify
the products unequivocally. When the theoretical amount of sodium was used, its char-
acteristic blue color was completely discharged. The formation of disodium~borane,
NagBHs, accounts for a similar observation in this laboratory.5 In analogy to B-
dimethyl ammonis-borane, HaNBH(CHsz)z, the material which is designated (HgNBHs)n
should be monomeric HaNBHz, ammonia-borane. Although such a compound exists,~* the
possibility of the formation of some diammoniate, empirically (HsNBHz)s, must be con-
sidered also. The presence of either material accounts for the slow evolution of

one equivalent of hydrogen per mole of diborane, which was noted in this investiga-
tion. If the diammoniate were formed according to the equation above, then its re-
action with additional hydrogen would produce only one-half an equivalent of hydro-
gen per mole of diborane. An additional hydrogen would come from slow secondary
processes. If ammonia-borane were formed according to the equation above, its reac-
tion with sodium would produce one equivalent of hydrogen per mole of diborane; this
reaction has been shown to be slower than the reaction between the diammoniate and

‘sodil,un‘.llL

When excess ammonia is removed from a solution of diborane in ammonia, it can
be said, very definitely, that the remaining solid will be the diammoniate of dibor-
ane. It appears as though removal of ammonia actually causes the conversion to the
diammoniate. Of course, in preparing a solution of diborane in ammonia it is vir-
tually impossible to avoid the formation of some diammoniate also, but upon removal
of ammonia the diammoniate is present in quantitative or near quantitative yield rel-
ative to the amount of diborane used. This was determined throughout the course of
this investigation, in which the diammoniate was prepared many times by the slow,
low-temperature addition of diborane to ammonia, followed by the removal of excess
ammonia. One might postulate that a solution of diborane in ammonia is actually

HyB-H-Ep
NHg

in ammonia and that the removal of ammonia could cause conversion to the diammoniate.

13. A. B. Burg and G. W. Campbell, Jr., J. Am. Chem. Soc., Th, 37hk (1952).

14. S. G. Shore and R. W. Parry, this Report p. 31.
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The existence of such a species would be consistent with the fact that Burg and Camp-
bellld were able to obtain disodium-borane and B~dimethyl ammonia-borane in equimolar
guantities from tetramethyl diborane.

On the other hand, the role of solvent removal in the formation of ammonium car-
bamate from ammonia and carbon dioxide has already been noted and tentatively attri-
buted to the concentration of trace quantities of a catalyst; water or hydrolysis
products are possibilities. A similar explanation might be invoked in the present
situation, especially since traces of water, or hydrolysis products, cause ammonia-
borane to precipitate from ether solution as (HSNBﬂg)n.l5 Tt should be emphasized,
however, that if such substances are truly responsible for the conversion, then only
a very minute quantity is sufficient for catalysis, because the experiments with car-
bon dioxide and diborane were carried out under anhydrous conditions.

For reasons previously cited,15 the diammoniate of diborane is considered to be
the coordination compound [HoB(NHs)s]*(BH4)=. This formulation applies only to ma-
terial which has been prepared through the slow, low-temperature addition of diborane
to ammonia, followed by the removal of excess ammonia. Its primary reaction with so=-
dium in ammonia is represented as

[HoB(NHs)2]t(BH4)™ + Na —> 1/2 Ho + HoBNH, + NaBH, .

The slow secondary reactionl in which additional hydrogen is given off was confirmed
as a matter of course in this investigation. The source of the secondary hydrogen
is the material of empirical composition HpoNBH-o. It probably consists of various
substances, any one of which would react slowly with sodium.

It is apparent that the handling of diammoniate under relatively severe condi-
tions causes its conversion to another substance. Schlesinger and Burgl found that
by maintaining the diammoniate at =4O° for 20 hours the final product had about the
same empirical composition as the diammoniate, but that its properties were differ=
ent. It retained ammonia more strongly than ordinary diammoniate; the solid split
out hydrogen more readily than the diammoniate; and its reaction with sodium in li-
quid ammonia at -T78° produced around 1.3 equivalents of hydrogen per mole of dibor=-
ane in a short period of time. Jolly2 noted similar results from a material he ob-
tained by allowing liquid diborane to react with ammonia at -78°.

An explanation of these observations can be given by assuming that under such
relatively severe treatment ammonia replaces a third hydridic hydrogen to form the
coordination compound [HB(NHz)s]t2(BHy)o~ in which three ammonia molecules are co-
ordinated to boron (ITII). Such a compound should retain ammonia more strongly than
the diammoniate because the hydrogens of its ammonias are more acidic than those of
the diammoniate. TFor the same reason it should split out hydrogen more readily than
the diammoniate. The reaction of such a compound with sodium in ammonia can be rep-
resented as

[HB(NH3)a]t2(BH4 )2~ + 2Na —> Hs + 2HB(NHo)o + 2NHs + 2NaBHg

15. See the preceding papers in this report.
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The hydrogen produced is equal to 1.33% equivalents per mole of diborane. Thus the
expected properties are consistent with the experimental observations,

Experimental . —

a. Materials.

1. Ammonia-—commercial tank NHs was dried and stored over sodium metal in
the vacuum system.

2. DBoric acid--reagent-grade HzBOs was dried by pumping on it for several
hours in vacuo at room temperature.

3. Carbon dioxide—CO- gas was obtained from Dry Ice. It was dried by pass-
ingit several times through a trap which was immersed ina CSs, slush bath (-111.9°).

4, Diborane--BoHg was prepared by the reaction between LiAlH, and excess
BF5 etherate in ether'solution.16 It was purified at low-temperature trap-to-
trap distillation at -145° until its vapor pressure was 225 mm at -111.6°.

5. Sodium-~sealed, evacuated, thin-walled glass bulbs 1.5-2 cm in diame-
ter and containing 0.5-0.75 g of sodium metal were prepared by standard tech-
niques.17

b. Procedures.

All the ‘reactions were carried out in a bulb crusher such as the one de=
picted in Fig. 1. 1In a typical study a thin-walled, evacuated, glass bulb con-
taining sodium metal was placed in the crusher, which was then put in place on
the vacuum line and evacuated. The materialsto be studied were then prepared
in the reaction tube of the bulb crusher as follows:

1. Carbon dioxide in ammonia-—A known amount of carbon dioxide was con-
densed an inch or so above an excess of frozen ammonia which was at the bottom
of the tube, and the system was warmed From sbout -140° to -80° in a period of
about eight hours. In other experiments the positions of the ammonia and car-
bon dioxide were reversed. The excess ammonia was sublimed away at .-78° when
the formation of ammonium carbamate was desired. See Table I for the actual
amounts of reactants which were used in the individual runs.

2. Boric acid in ammonia-~A known amount of finely divided boric acid was
placed in a glass bucket which was lowered on a thread into the bulb crusher.
When the bucket was on the bottom of the reactor tube of the bulb crusher, it
was tipped by pulling a second string which was fastened to its bottom. The
boric acid was spilled onto the bottom of the reactor tube and the bucket was

16. I. Shapiro, H. G. Weiss, M. Schmick, S. Skolnik, and G. &. L. Smith, J. Am,
Chem Soc., Th, 901 (1952).

17. R. S. Sanderson. Vacuum Manipulation of Volatile Compounds. New York: John
Wiley and Sons, Inc., 1948, p. 72.
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withdrawn. Then the bulb crusher was loaded with a sodium=-containing bulb and
was transferred to the vacuum system.and evacuated. Ammonia was then condensed
upon the boric acid. BSee page 55 for the conditions of the individual runms.

It was shown that the action of ammonia on boric acid produces a tetrabor-
ate. Liquid ammonia was condensed upon a small quantity of finely divided boric
acid. Then the excess ammonia was sublimed away at -78°. Final traces of vola-
tile material were removed by pumping on the remaining solid for about an hour
at room temperature. The nonvolatile solid was analyzed and the percentage com-
position of nitrogen and boron indicated that the final residue was NH4HB4O7-5/2 Hal

Anal. Calcd. for NH4HB,O; ¢ 5/2 Hz0: N, 6.39; B, 19.73.
Found: N, 6.40; B, 19.6.

In terms of acid hydrogens, the reaction between boric acid and ammonia can be
represented as

TNHz ¢ M4H3BOg —— (NH.)2B 07 + 5SNHLOH

3. Diborane in ammonia-A thin film of ammonis, about two inches high, was
condensed along the walls and bottom of the reactor tube of the bulb crusher.
Diborane was then condensed in a solid ring at least two inches above the ammo-
nia, which was in excess by more than a four-to-one mole ratio. The reactor was
then immersed in a Dewar flask containing Phillips commercial methyl pentanes
which had been previously cooled to =140°. The bath was allowed to warm at the
rate of about 5° per hour. During this period of warming, the vapor pressure
of the diborane in the system rose and then fell off sharply at some point in
the tempersture range from -125° to -115°, indicating that the diborane had been
taken up by the ammonia. When the temperature of the system had reached -80°,
the ammonia was allowed to melt and run down the walls to the bottom of the re-
actor tube. The reactor tube was then thermostated in a Dry Ice--isopropanol
slush at =78° and all the excess ammonia was sublimed away, leaving behind solid
diammoniate of diborane. In most cases the exact amount of ammonia which was
put in and removed from the reactor tube was known. In each such case it was
found that ammonis and diborane had reacted in a two-to-one mole ratio. The am-
monia was then returned to the system by condensing ammonia, in rings, along the
wall of the reactor tube and then allowing it to melt, thus washing any solid
diammoniste on the walls down to the bottom of the tube.

The preparation of a solution of diborane in ammonia was carried out in
esseritially the same manner, except that the diborane was condensed at least
three inches above the ammonia, and after the addition of diborane to ammonia
the system was aged at ~78° for an additional 5=8 hours. The excess ammonia
was never removed from the system. ©OSee Tables IIT and IV for the actual amounts
of reactants which were used in the individual runs.

After the material to be studied was prepared in the reactor tube and a
sufficient quantity of ammonis was present, the ammonia solution was frozen and

WADC TR 56-318 66



the sodium-containing bulb was crushed by rotating the arm of the bulb crusher.
The crushed bulb was dropped onto the frozen solution by rotating the crusher
around its axis. Sufficient ammonia was then condensed upon the crushed bulb
so that the total volume of solution when the ammonia melted would be about 5

ml.

When a large excess of sodium was used, the reaction was initiated by warm-
ing the system to a point where a portion of the ammonia melted and dissolved
the sodium. The system was then thermostated in a Dry Ice~——isopropanol slush
at_-78°.18 The sodium-ammonia solution melted the remaining frozen ammonia and
thus it was possible to bring about solution without raising the temperature of
the system significantly above ~78° fdr‘any appreciable period: of time. When a
small amount of sodium (stoichiometric quantity or small excess) was used, it
was generally necessary to obtain complete solution before thermostating the
system at -78°; otherwise the remaining frozen ammonia would not melt because
the quantity of sodium in the system was insufficient to cause an appreciable
freezing point depression for the ammonia. This difference in procedure may
account in part for the observation that when a large excess of sodium is used
(p. 59) the reaction time is greater than when an equivalent amount .of sodium
is used, since in the latter case the system has been subjected to somewhat
higher temperatures and localized heating effects. At any rate, a consistent
set of results is obtained from either procedure.

18. This does not apply to the reactions with boric acid in ammonia which were car-
ried out at a higler temperature (p. 55).
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F. A TRACER STUDY OF THE REACTION BETWEEN SODIUM AND THE DIAMMONIATE OF DIBORANE
(5. G. Shore, P. R. Girardot, and R. W. Parry)

Abstract

A tracer study of the reaction between sodium and the "diammoniate of
diborane” in liquid ammonia, using deuterium as the labeling element showed
that in the low-temperature resetions with sodium only nitrogen-hydrogen
bonds were broken; no boron-hydrogen bonds were ruptured. In the high-tem-
perature ammolysis reaction involving the residues of the sodium reaction, a
boron-hydrogen and a nitrogen-hydrogen bond were broken. A rather high Separa-
tion factor for the isotopes of hydrogen is suggested by the data.

Introduction.—It appears that the so-called "diammoniate of diborane,”
[HoB(NHg )27 (BH, )™ is one of several possible coordination compounds of boron (III)
in which the hydride ion and the ammonia molecule act as coordinated ligands., The
existence of ammonia-borane, HaNBH5, is well established.t Furthermore, evidence
has been presented2 that the addition of diborane of ammonia through various pro-
cedures does not result in the formation of a unique substance. It has been pointed
out? that the formation of the "diammoniate" is guaranteed only by a very specific
preparative method. Under slightly different conditions it appears to be possible
to prepare a solution of diborane in ammonia. . Under more vigorous conditions there
is evidence for the formation of [HB(NHs)s]2(BH4) 2.

In an exchange study of the "diammoniate" in ammonia, using deuterium as a tracer,
Burg5 demonstrated that H-D exchange between the solute and solvent occurs only be-
tween those hydrogens which were originally bound to nitrogen. His results indicate
that the hydrogens which are bound to boron in the "diammoniate" are not sufficiently
acidic to form an ammonium salt, since it is knownu that rapid proton exchange takes
place between an ammonium ion and ammonia, even at -60°. Burg's work refutes the
early diammonium formulation, (NH,)sBsH,, of Stock.”

Insofar as exchange experiments can be accepted as a criterion for acidic char-
acter, Burg's evidence is convincing; however, his reaction conditions were mild. A
more severe test for acidic' character would be to determine whether boron-hydrogen
bonds, nitrogen-hydrogen bonds, or bonds of both types are ruptured in the reaction

1. S. G. Shore and R. W. Parry, this Report, p. 31; E. W. Hughes, J. Am. Chem. Soc.,
78, 502 (1956); E. L. Lippert and W. N. Lipscomb, ibid., 503 (1956).

2. R. W. Parry and S. G. Shore, this Report, p. 5.
3. A. B. Burg, J. Am. Chem. Soc., 69, T47 (1947).
b. C. J. Nyman, Si-Chang Fung, and H. W. Dodgen, ibid., 78, 725 (1956).

5. A. Stock. Hydrides of Boron and Silicon.. Ithaca: Cornell Univ. Press, 1933.
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of the "diammoniate" with sodium in liquid ammonia. Since a knowledge of the acidic
character of the hydrogens in the "diammoniate of diborane' and its related sub-
stances is of importance in testing proposed models of their structures, tracer
studies of their reactions with sodium in liquid ammonia were undertaken.

A Tracer Study of the Reaction of the "Diammoniate of Diborane" with Sodium in
quuld Ammonia . —Since Burg? has demonstrated that hydrogen which is bound to boron
does not exchange with hydrogen which is attached to nitrogen, the following species
of the "diammoniate' may be regarded as being stable in liquid ammonia-hg or liquid
ammonia-—d3: BoDg  2NHS ) BoDg e 2N.D3 s and BoHg ‘2N.D3 .

When the classical "diammoniate of diborane" has been prepared under carefully
prescribed conditions, and when it has been always maintained below -70°, it will
react with sodium in liquid ammonia to produce one equivalent of hydrogen per mole
of "diammoniate."® The species which are listed above were allowed to react with
sodium in liquid ammoniaj; the results are summarized in Table I.

The complete absence of deuterium! in the gas evolved from the reaction between
sodium and BoDg:2NHs in ammonia-hs (Run 2) confirms Burg's contention that the
hydrogens which are bound to boron in the "diammoniate" have no acidic character.
Even under the comparatively vigorous conditions of this reaction, no boron-hydrogen
bonds were broken. However, the reaction between BsHg‘2NDg and sodium in ammonia-
ds (Run 3) produced gas which was only T77% deuterated. This result could not have
arisen from contamination of the system because of the elaborate experimental proce-
dures which were employed.8 Therefore, the possibility of B-H bond rupture in this
particular reaction was considered. If the protium which was given off din this
reaction did come about through the rupture of B-H bonds, then one would expect BoDg:®
2ND5s to give off gas which is much richer in deuterium. However, the gas which was
produced in the reaction between BoDg-2NDg and sodium in ammonia-ds was about 78%
deuterated (average of Runs 4 and 5). Since the diborane-dg which was used in this
latter case was about 96% deuterated, and since the hydrogen which is bound to boron
does not exchange with hydrogen which is bound to nitrogen,5 there was insufficient
protium in the form of B-H bonds to account for the composition of the gas. There-

6. For the sake of simplicity, isotopically substituted "diammoniate" will be rep-
resented by its empirical formula.

7. In discussing the tracer studies, the term hydrogen will refer to the elements
of atomic number one. Protium and deuterium will refer to its isotopes of mass
one and two, respectively.

8. In order to be certain that any protium enrichment in the evolved gas did not
arise from the contamination of the system, control experiments were carried out
concurrently with the regular tracer studies under identical conditions of hand-
ling and analysis. The control experiments consisted of a tracer study of the
reaction of sodium with ammonia-ds in the presence of a catalyst.

Fep03-Pt0s

Na + NDs —-——ZET———e 1/2 Do + NalDs

There was little, if any isotopic fractionation. The vapor pressure of the am-
monia~-dg indicated that itwas about 97% deuterated, and the samples of gas which
were obtained from two separate control experiments were 95.9 ami95.l% deuterated.
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TABLE I

A TRACER STUDY OF THE REACTION OF THE
"DIAMMONIATE OF DIBORANE" WITH SODIUM. IN LIQUID. AMMONIA

Reaction Time, Hydrogen Equivalents Isotopic

Run Solvent Solute Diboiane, (cumulative) Evolved (cumulative) Analysis,
fmoLes hr diammoniate, mmoles Total % D
1 NHs BoHg ¢ 2NHs 1.69 1 0.7% 0.0
2 0.89 0.0
3 0.99 0.0
2 NHs BoDg * 2NHa 1.87 1 0.70 0.0
2 0.77 0.0
6 1.00 0.0
3 NDs BoHs © 2NDs 1.92 2 0.77 4.3
L 0.91 7.1
8 1.00
14 1.02
L NDs BzoDe * 2NDs 1.95 1 0.51 72.5
2 0.56 73.4
4 0.62 5.7
20 0.86 80.3
Ly 0.98 81
5 NDs BoDg © 2NDg 2.07 2 0.51 69.6
> 0.57 2.3
27 0.79 T%.9
33 0.83 75.1
56 0.92 5.7
6 NDs B=2Ds * 2NDs 1.91 1 0.62
2 0.71
L 0.75
16 0.88
36 1.00
Notes’:

(a) In all cases sodium and diborane were used in a 10-15 mole ratio in about 5 ml
of solution at -T78°. The concentration of the "diammoniate" was about 0.01 M,

(b) In an attempt to decrease the reaction time, solid BsDg:2NDz was aged for 22
hr at -78°.

(c) The diborane-dg was sbout 98% deuterated and the ammonia-ds was about 96%
deuterated.
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fore, the most reasonable interpretation of these observations is that the "diammo-
niate of borane" reacts with sodium through the rupture of nitrogen-hydfogen bonds
only. Since the ammonia-ds was about 96% deuterated, it contained N-H as well as
N-D bonds. The fact that the evolved gas from BoHg:2NDs and BoDg-2NDs was greatly
enriched in protium is attributed to an isotope effect in which the N-H bond was
preferentially ruptured.

In view of the foregoing discussion one might expect "diammoniate" which con-
tains ammonia-ds to react more slowly with sodium than "diammoniate" which contains
ammonia~hg. The results are roughly consistent with this expectation. In fact, the
reactions of BzDg:2NDsz with sodium were much slower than any of the other reactions,
even when a deliberate attempt was made to increase the rate of hydrogen evolution
(Footnote b, Table I). The reason for the much slower rate is not immediately ob-
vious since differences are greater than expected from theory, but the observations
appear to be real.

A Tracer Study of the Reaction of Sodium with Solutions of Diborane in Ammonia.-—
It has been pointed out? that under certain conditions it appears to be possible to
prepare a solution of diborane in ammonia, which may be diborane simply”ﬂissolved in
ammonia, or may be

HsB-H-BH>
NHs .

This solution produces hydrogen upon reaction with sodium, but much more slowly than
the "diammoniate." Tracer studies of the reaction with sodium were carried out and
the results are presented in Table II.

It was found that the reaction between sodium and a solution of diborane-des in
ammonia-hg produced essentially pure protium (Run 3), but the reaction between sodium
and diborane-hg in ammonia-hs produced hydfogen gas which was about‘Yh% deuterated
(average of Runs 4, 5, and 6). These observations, with respect to the isotopic
composition of the gas evolved, are in complete accord with the tracer studies of
comparably deuterated "diammoniate of diborane," and indicate that the rupture of
nitrogen~hydrogen bonds is the only source of hydrogen in the reaction. These re=
sults then are consistent with the previously stated belief2 that the source of hy-
drogen in the reaction is either the "diammoniste" or ammonia-borane, both of which
are similar in that they contain coordinated ammonia.

A Tracer Study of the Reaction of "Mistreated Diammoniate of Diborane" with Sodium
in Liquid Ammonia.—"Mistreated diammoniate of diborane" is a substance which has the
same empirical composition as the "diammoniate of diborane" but is prepared either
through the rapid addition of diborane to ammonia or by maintaining carefuliy pre-
pared "dismmeniate of diborane" at temperatures above =-70° for several hours or wmore.
The resulting‘product is believed to be [HB(NHz)3]t2(BH4)> , since it reacts with
sodium in liquid ammonia to produce around 1.3 equivalents of hydrogen per mole of
diborane used in its preparation. This model suggests that only nitrogen-hydrogen
bonds should be broken in the reaction with sodium, and the hydrogen which is given
off in excess of one equivalent per mole of diborane should not come from the inter-
action of protonic and hydridic hydrogen, but rather from the direct sodium-cation
interaction. ’
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The results of this investigation plus the more recent observations of Jblly9
are summarized in Table IITI. In agreement with the model which is préposed for the
"mistreated diammoniate," the results show that all the hydrogen which is given off
in the reaction with sodium, even that which is in excess of one equivalent per mole
of diborane, arises from the rupture of nitrogen-hydrogen bonds.

Ammonolysis Reactions.-—Schaeffer, Adams, and Kbeniglo report that the non-
volatile products from the reaction of the "diammoniate of diborane'" with sodium in
liquid ammonia are sodium borohydride and polymeric aminoborine, (HoNBHs)n. They
observed that this residue reacts with ammonia at temperature above -78°; hydrogen
gas is produced. This reaction was noted also in this laboratory. After the re-
action with sodium had taken place, all the solvent ammonia was sublimed away at
~-78° and the reactor was warmed to room temperature. Only small quantities of hy-
drogen were split out from the solid residue; however, when gaseous ammonia was in=~
troduced above this solid, hydrogen evolution at room temperature was rapid. The
maximum amount of hydrogen which was obtained from the reaction with ammonia was
3.10 equivalents per mole of diborane, or a total of 4.10 equivalents including the
quantity of gas which was given off in the reaction with sodium.

A tracer study of the reaction between ammonia and the residue from the "di-
ammoniate"-sodium reaction demonstrated, unequivocally, that hydrogen is produced
through the interaction of acidic hydrogen which is bound to nitrogen and hydridic
hydrogen which is bound to boron. The results are summarized in Table IV.' It
should be noted in Run 1 that D from N-D bonds reacted with H from B-H bonds to
form HD which was identified through the use of a mass spectrometer. Furthermore,
it is of interest to point out that the residue from the "mistreated diammoniate"-
sodium reaction undergoes ammonolysis also. The hydrogen which was given off in
Run 3 was 50% deuterated,'l presumebly HD.

Discussion.~The results of this investigation are in accord with the models
which have been proposed for the "diammoniate of diborane" and "mistreated diammoni-
ate of diborane." The reactions with sodium in liquid ammonia take place through
the rupture of nitrogen-hydrogen bonds only, and may be represented as?

[HoB(NHg)o]F(BH4)™ + Na — 1/2 Ho + NaBH, + HoNBH. + NHg
[HB(NHg)s] "2 (BHy)o™ + 2Na —— Ho + 2NaBH, + (HoN)oBH + 2NHsz .
The production of hydrogen in the reaction of sodium with a solution of diborane in

ammonia comes from the rupture of nitrogen-hydrogen bonds, the sources of which are
believed to be the diammoniate and/or ammonia-borane.

9. W. L. Jolly, Univ, of Calif. Radiation Laboratory, Livermore Site, Livermore,
Calif., Contract No. W-T4h05-eng-43, UCRL-450L.

10. G. W. Schaeffer, M. D. Adams, and F. J. Koenig, J. Am. Chem. Soc., 78, 725 (1956)

11. This sample was analyzed by a thermal conductivity technique which gives the total

% D.
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TABLE IV

AMMONOLYSIS REACTIONS

Isotopic Composition of

Run Residue From: Ammonia Gas Produced, total % D
1 BoHs * 2NDs NDs 4ok  88.2% HD
2 BoDg ° 2ND3 NDs 97
3 Mistreated NHs L7
BoDg - 2NHg

The isotope effect which occurred when ammonia-ds was the coordinated ligand
(e.g., BoDg+2NDs ) arose from the fact that since the ammonia-ds was not completely
deuterated, it contained N-H bonds which were ruptured preferentially over the N~D
bonds. Since all the nitrogen deuterium bonds in the system, including solvent
ammonia~-ds, were not ruptured in the reaction with sodium, the evolved gas was en-
riched in protium. The calculation of an instantaneous separation factor',l2 Qg
seemed to be attractive, but the complexity of the system and the large errors in
ab which are introduced by the comparatively small errors in hydrogen analysis have
made its value very uncertain. The best estimate places it in the range of T to 15.
Details concerning its estimation and the complexity of the system are summarized
elsewhere.l

The presence of the isotope effect implies that the rate~determining step in
the process is the rupture of the nitrogen-hydrogen bond. In contrast to the regular
tracer studies, the control reaction (Footnote 8) in which sodium reacted with ammonia
in the presence of a catalyst showed little evidence of an isotope effect, which im-
plies that the slow step of the reaction is not the rupture of the nitrogen-hydrogen
bond.

Schaeffer, Adams, and KoeniglO report that ammonia attacks polymeric aminoborine
in the ammonolysis reaction of the nonvolatile residue from the sodium-diammoniate
reaction. They represent the reaction, empirically, as

HoNBH2 + XNHz —p BH(NHz) 4y + XHo .

This representation is in accord with the tracer study. Although they make no mention
of it, their results indicate that the ammonia which reacts with the aminoborine is
coordinated to metal cation of the metal borohydride which is also formed in the
metal-diammoniate reaction. The effect of coordination is to increase the acidic
character of hydrogen which is bound to nitrogen in the ammonia, thereby facilitating
the attack on hydridic hydrogen by acidic hydrogen.

12, H/D hydrogen evolved

o - H/D ammonia-ds

at zero extent of reaction.

13. S. G. Shore, doctoral dissertation, Univ. of Mich., Ann Arbor, 1956.
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Experimental.—

a. Materials,

1. Ammonia—Commercial tank NH; was dried and stored over sodium metal in
the vacuum system. The ND3 which was used in the tracer studies was prepared
through the hydrolysis of MggNso by DsO.

MgsNs was prepared by passing pure, dried nitrogen gas for 12 hours over
20 g of highest purity Dow magnesium metal which was heated to 650° in a stain-
less steel tubular furnace. The MggNs was then transferred as rapidly as pos-
sible to a 125-ml round-bottom flask which was connected to the vacuum system.
About a milliliter of D201“ (ca, 99% deuterated) was distilled onto the MgsNa
which was maintained at -78°. Vigorous reaction occurred upon warming the
flask to room temperature, but the volume of the system was large enough to
accommodate all the NDg which was produced without having the final pressure
exceed one atmosphere. The NDg was sublimed from the system at -78°. The proc-
ess of adding milliliter quantities of Do0 was repeated until all the MggNo> was
used up. The NDs was purified by further sublimation at -78° and by drying it
over distilled sodium metal. Its vapor pressure indicates that it was about
97% deuterated.

Observed vapor pressure (corrected): 110.2 mm at -63.5°; 354.2 mm at -45.2°.

Reportedl? vapor pressure (corrected)
for NDs, 98% deuterated; 109.7 mm at -63.5°; 353.8 mm at -45.2°.

The hydrogen which was obtained from the control reactions

F62 O - P'tOg
Na + NDs > 1/2 Dz + NallDp

was between 96 and 95% deuterated. The latter value probably represents a lower
limit on the purity of the NDj.

2. Diborane—Bolg was prepared through the well~knownl6 procedure of adding
(CoHs )oOBFg, in excess, to an ether slurry of LiAlH,, B.Dg was prepared in a dif-
Terent manner.

About 4 g of AlCls (obtained from a freshly opened bottle) was dissolved in
30 ml of anhydrous ether in a dropping funnel. The dropping funnel was connected
to a standard diborane generating apparatus,17 and the solution was allowed to

14, Supplied on allocation by permission of the Atomic Energy Commission.
15. I. Kirschenbaum and H. C. Urey, J. Chem. Phys., 10, 706 (1942).

16. TI. Shapiro, H. G. Weiss, M. Schmick, S. Skolnik, and G. B. L. Smith, J.
Am. Chem. Soc., Tk, 901 (1952).

17.. P. R. Girardot, doctoral dissertaion, Univ. of Mich., Ann Arbor, 1952.
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drip slowly into a continuously stirred slurry containing 50 ml of anhydrous
ether, 1 g of 200-mesh LiD, and a trace quantity of LiA1D4,l which served as

a catalyst. The system was flushed continuously with dry nitrogen. After one
and one-half hours of continuous stirring, 10 ml of distilled (02H5)20BF3 [ pre-
pared by passing BFg into anhydrous (02H5)2O] was added slowly, by means of the
dropping funnel, to the ether slurry. The slurry was stirred for an additional
three hours. The BoDg which was produced was purified in the vacuum system by
trap-to-trap distillation at -145° until it displayed a constant vapor pressure.
The yield was about 80% of theory. Its vapor pressure was in excellent agree-
ment with the only reported value for BsDg.

Observed vapor pressure (corrected): 238.3 mm at -111.9°.

Reported vapor pressure (corrected)
for BoDg, 98 deuterated: 238.3% mm at -111.9°.

Further evidence for the purity of the BsDg was given through its quantitative
hydrolysis.

BoDs + 6HoO —> 6HD + 3HzB0s
The gas obtained was 48.5% D.

3. Sodium—All the sodium which was used in the tracer studies was dis-
tilled. The still i1s depicted in Fig. 1. -Metallic sodium was scraped free of
its oxide coating and was placed in the side arm of the still. The system was
evacuated by gently heating the side arm; the sodium melted and ran into the
still pot. The constriction in the side arm was sealed off and after placing
-a tubular furnace around the pot, the sodium was refluxed in vacuo, with con-
tinuous pumping on the system, at 300° for several hours. Then the column of
the still was heated and the metal was vacuum distilled at about 480°. Sodium
collected above the constrictions leading to the small glass bulbs (1.5-2 cm
in diameter). With gentle heating and tapping, the metal melted and ran through
the constrictions into the bulbs. The bulbs were then sealed off in vacuo.

L. Catalytic mixed oxides for the control reaction between sodium and
ammonia-ds —Reagent-grade Fe(NOs )s°9Hz0 was decomposed, thermally, at 300°.
The resultant Fez0s was heated at T00° for two days in order to remove traces
of water. The mass was then pulverized. About 10% by weight of PtOs was thor-
oughly mixed with the Feo0Os and the mixture was heated for another day at T700°.
About 0.2 g of the hot catalyst was transferred to the bulb crusher —reactor?

18. Both the LiD and LiAlD, were obtained from Metal Hydrides, Inc., Beverly, Mass.
19. A. B. Burg, J. Am. Chem. Soc., Th, 1340 (1952).
20. The mode of transfer of catalyst and the bulb crusher-—reactor used were

identical with those of boric acid, described elsewhere in this report

(p. 64).
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on the vacuum system. The catalyst was heated in vacuo at 300°-400° (at least
24 hours) until it was used.

b. Procedures.

A schematic diagram of the system in which the tracer studies were carried
out is given in Fig. 2. All the stopcocks and Jjoints which had to be rotated
were greased with Apiezon N; all the stationary Joints were sealed with Apilezon
W. The system was provided with space for two bulb-crusher reactors so that a
tracer study and a control experiment could be carried out simultaneously.

The procedures which were used in the tracer studies were essentially the
same as those which have been used previously,gl except that great care was
taken to prevent contamination of ammonia-ds by H-D interchange which can arise
from the presence of impurities containing active protons. In order to minimize
errors due to this source, the system was conditioned as described below.

The vacuum system, with the bulb crushers in place, was out-gassed for one
day'under high vacuum; then a small amount of Ds0, in the vapor phase, was ad-
mitted to the system and allowed to equilibrate, for one day, with the active
hydrogen of the residual impurities. Following equilibration the system was
again out-gassed under high vacuum for a minimum of three days. This procedure
guaranteed that any traces of impurities would be rich in deuterium and thus
would not seriously contaminate the highly deuterated ammonia. Once the system
was conditioned it was never opened until a given run was completed.

In a typical tracer run a control experiment was set up in one bulb-crusher
reactor. This amounted to maintaining a sodium—ammonia-ds solution in the
presence of the mixed-oxides catalyst at -45°. The regular tracer experiment
was set up in the second reactor. After the control had produced a significant
quantity of hydrogen, it was quenched by immersing the reactor in liquid nitrogen.
The hydrogen was freed of traces of ammonia-ds by passingit through the u-trapwhich
(Fig. 2) was packed with glass helices and immersed in liquid nitrogen. Then the
gas was passed into one of the sample bulbs and into the previously calibrated
thermal conductivity cell for H-D analysis. After the gas was analyzed, the
stopcock on the sample bulb was closed and the system was evacuated. The sample
bulb was then sealed off at the constriction. The gas in the sample bulb was
submitted to mass-spectrometer,analysis in order to cross-check the thermal con-
ductivity method.

The same procedure was followed in the regular tracer experiment. At var-
ious intervals the reaction was quenched, the hydrogen was freed of traces of
ammonia, and the gas was passed into a sample bulb and the thermal conduétivity
cell for H-D analysis. Since the volume of the system was known, the amount of
hydrogen gas which was produced in the reaction could be determined from PVT
measurements.

21. The use of the bulb crusher, the preparation of the "diammoniate” and solu-
tions of diborane in ammonia, and the carrying out of reactions with sodium
in liquid ammonia are all described in the experimental section of the pre-
ceding paper (p. 54).

WADC TR 56-318 79



\

TO MANIFOLD

BULB CRUSHER-REACTORS

Ho STORAGE

MERCURY BUBBLER
THERMAL CONDUCTIVITY CELL

GAS -COLLECTING SAMPLE BULBS

CAPILLARY BREAK-OFF

TT—TO MANIFOLD

3-mm BORE CAPILLARY MANOMETER

TOEPLER PUMP
TO WHEATSTONE BRIDGE

U-TRAP PACKED WITH GLASS HELICES

Fig. 2. Schematic diagram of system for tracer studies.
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¢c. Analytical.

The magnitude of the isotope effect observed made it possible to use a
relatively simple thermal conductivity technique for analyzing the H-D gas
mixtures. The particular procedure which was used was patterned after that
of Peri and Daniels,22 with a few modifications.®? Several of the analyses
were cross-checked by mass spectrometer analyses; the agreement was very good.
The precision of individual measurements, for the most part, was within 1% D.
Considering the good agreement between analyses which were:- obtained by both
mass analysis and thermal conductivity techniques, and considering the general
consistency of the results, it is believed that the accuracy of the thermal
conductivity technique was well Within 3% D in the range 50-100% D.

22.

23,

J. B. Peri and F. Daniels, J. Am. Chem. Soc., 72, kohk (1950).

A detailed description of the thermal conductivity method is given in the doc-
toral dissertation of S. G. Shore, Univ. of Mich., Ann Arbor, 1956.
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G. MOLECULAR-WEIGHT MEASUREMENTS IN LIQUID AMMONIA. THE MOLECULAR WEIGHTS OF THE
METHYLAMINE® BORANES, THE DIAMMONIATE OF DIBORANE, AND AMMONIA BORON TRIFLUO-
RIDE (R. W. Parry, G. Kodama, and D. R. Schultz)

Abstract

Molecular-weight measurements in liquid ammonia by vapor-pressure de=-
pression show that HzNBF3, MeHoNBH5, MegHNBHg, and MesNBHsz are all monomeric
in liquid ammonia under conditions comparable to those used for studying the
"diammoniate of diborane." The conventional dimeric formula is confirmed
for the diammoniate prepared at -78.5°C but a higher value above 80 is in-
dicated for the diammoniate prepared at -45°C. The conversion of HaNBFg to
NH4BF4 in water solution is noted.

The original problem associated with the formulation of the ammonia-diborane ad-
dition compound arose from the early observation of Stock and Pohlandl showing that
the product corresponded to the formula Bolg :2NHg in liquid ammonia. Rathjens and
Pitzere reported that freezing-point depression measurements confirmed the observa-
tions of Stock and Pohland,l'but their points showed wide scatter and the same dis-
turbing rise in molecular weight with dilution was noted which had been found in the
egrlier study. Even more disturbing at the present time is the fact that it is now
known that the technigue which Rathjens and Pitzer used does not produce the so-called
classical diasmmoniate in liguid ammonia.

Although the "diammoniate of diborane” has long been considered to be unique
among the boron hydride addition compounds, no molecular-weight measurements on
HoMeNBH3, HMeoNBHg, MesNBHz, or HeNBFs have been carried out under conditions com-
parable to those used in the study of the diammoniste, hence the generality of the
"diammoniate" structure under low-temperature conditions remains undetermined.

A study of molecular weights in liguid ammonia was undertaken:

1. to check the validity of Stock's observations as to the molecular weight of
an guthentic sample of the "diammoniate™;

2. to check the molecular weights of other better-known ionic solids in liquid
ammonis in order to provide a frame of reference for interpretation; and

5. to check the molecular weights in liguld ammonia of methylamine borane, di=~
methylamine borane, trimethylamine borane, and ammonia-boron trifluoride.

1. A. Stock and E. Pohland, Ber., 58, 657 (1925).
2, G. W. Rathjens, Jr., and K. S. Pitzer, J. Am. Chem. Soc., 71, 2783 (1949).

3. 5. G. Shore and R. W. Parry, this Report, p. 5k.

WADC TR 56-318 82



These compounds had not been measured under conditions comparable to those used in
studying the "diammoniate," hence a real question existed as to their nature in re-
lation to the "diammoniate."

Experimental . —~

a. Reagents.

The "diammoniate of diborane," methylamine borane, dimethylamine borane,
and trimethylamine borane were prepared from carefully purified reagents using
standard procedures.

Commercial amines (Eastman Kodak Co.) were distilled through a low-temper-
ature fractionating column at 4OO-mm pressure and dried over sodium metal before
use.

Commercial NaBH, (Metal Hydrides) was placed on the sintered glass frit of
a vacuum~line extraction apparatus and extracted directly into the molecular-
weight apparatus with liquid ammonia.

NH4Br, reagent grade, was dried at 80°C for three hours then stored over
Mg(Cl0O, )2 before use.

Ammonia~boron trifluoride was prepared by the interaction of dry NHs and
commercial tank BFs which had been passed through a Bs0z-HoS04 mixture. A one-
liter, three-necked flask cooled in ice water served as the reaction vessel.

The solid product was placed on a sintered glass frit and leached into the mo-
lecular-weight vessel with liquid ammonia. Ammonia analysis on the product gave
20.01% as compared to 20.05% theoretical for HsNBFs. An x-ray powder pattern

of the solid checked the pattern reported by Kbenig5 and by Keenan? but not the
pattern reported by Laubengayer and Condike. It was also found, contrary to
earlier reports, that HzlNBFg was converted almost quantitatively to NH,BF, under
conditions of this experiment by slow crystallization from water at room temper-
ature. Isclation of crystalline NH,BF, from the solution and precipitation of
As@,BF, from the water solution indicated the change.

An x-ray powder pattern of the sample taken before and after the molecular-
weight measurement in liquid ammonia showed that the sample had not changed on

standing in liquid ammonia at -40°C. No lines for NH4BF, were found in the prod-
uct.

b. Apparatus and Experimental Procedure.

Details of apparatus design were extremely important since very small tem-

4. The authors wish to thank Dr. Thomas C. Bissot who prepared the RsNBHs.

5. Rev. F. J. Koenig, S. J., Summary Report XVI, Mathieson Chemical Corp. Project,
Subcontract M=3181-14, Dept. of Chem., St. Louis Univ., St. Louis, Mo.

6. A. W. Laubengayer and G. F. Condike, J. Am. Chem. Soc., 70, 2275 (1948).
WADC TR 56-318 83



perature differences throughout the system caused serious vapor-pressure differ-
ences. The apparatus is shown in Fig. 1. The system could be effectively tested
for temperature differences by putting solvent in both tubes. No pressure dif-
ferential could be detected on the manometer when the system was operating prop-
erly. The stirrer could be removed from one of the dried tubes, then the tube
capped and weighed. It could then be attached directly to a vacuum=-line extrac-
tor,and moisture or air-sensitive solutes could be extracted directly into the
tube with liquid ammonia. After ammonia was removed, the tube was filled with
dry nitrogen, capped, and reweighed. The dry stirrer was then inserted and the
tube was sealed to the molecular-weight apparatus, using Apiezon W wax on the
lh/55 & joint. Ammonia was added from a flask containing a solution of lithium
nitrate in ammonia. By weighing the lithium flask before and after addition of
ammonia, the weight of solvent added to the system could be accurately determined.
Pressure differences were read using a precision cathetometer. Stopcocks were
lubricated with silicon grease.

c. Calibration of Apparatus.
To check the reliability of the procedure on a well-behaved solute, the

molecular weight of urea was determined. Values obtained by three different ob-
servers using various modifications of the apparatus are tabulated below in Ta-

ble I.
TABLE T
MOLECULAR WEIGHTS OF UREA
Observer Molal Conc. of Soln. Observed Mol Wt

A 0.267 60.8 £ 0.3

B 0.202 60.0 £ 0.3
0.382 60.2 £ 0.3

¢ 0.20 60 £ 1
0.30 60 £ 1
0.60 60 £ 1
1.2 6o £ 1
1.6 6h £ 1

Results and Discussion. =

a. The Molecular Weights of Well-Known Ionic Solids in Liquid Ammonia.

Molecular-weight determinations on NH,Br, NH,BF,, and NaBH, were made.
Results are presented in Table ITI. In the concentration range studied NH,Br
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TABLE IT

MOLECULAR WEIGHTS OF NH,Br, NH,BF,, AND NaBH, IN LIQUID AMMONIA

Salt Molal Conc. of Soln. .Observed Mol Wt

NaBH, 1.90 28.6

Theor. Mol Wt 1.0k4 33.9

= 37.8 0.71 35.2
0.56 35.4
0.45 33,0
0.41 3.7

NH,Br 1.52 97.5

Theor. Mol Wt 0.75 98.0

= 97.9 0.50 98.0
0.30 98.5

NH,BF, .1.58 92.0

Theor. Mol Wt 0.80 96.0

= 104.8 0.52 93.0]) ..
0.30 8.0 pdisso-
0.20 75.0 ciation

and NaBH, exist in ammonia solution as nondissociated ion pairs. The data in-
dicate that NH,BF, was undergoing some dissociation in the more dilute solutions.
Data on potassium iodide were somewhat erratic and showed an increase in molec-
ular weight with dilution. The results of a number of measurements could be
extrapolated to give a value of about 166 at zero concentration, but the preci-
sion of measurements in the potassium iodide study was in general low. Further
study is needed for this solute.

b. The Molecular Weight of Ammonis Boron Trifluoride in Liquid Ammonia.

The only previous molecular-weight measurements on NH5BF5 were made in wa-
ter solution. Since at least under some conditions HsNBFg may undergo conver-
sion to NH4BF, in water solution, additional molecular-weight data seemed desir-
able. The possible existence of a species in liquid ammonia, [FoB(NHs)z](BF.),
analogous to Bolg:2NHgz, seemed to be worthy of investigation at low temperatures.
Data for liquid ammonia solutions are summarized in Fig. 2. It was found that
solutions with a molal concentration above 0.65 reached equilibrium in less than
half an hour and held constant within X 2 molecular-weight units for at least
four hours; longer observations were not made. A linear extrapolation of these
points to zero concentration gives a molecular weight of 93 as opposed to a the-
oretical value of 85 expected for the monomer. These data indicate that HSNBFS
is indeed monomeric in liquid ammonia solution and a structure comparable to
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BoHg -2NHg is eliminated. An unexplained characteristic of the measurement is
clearly revealed, however, by the available data. For solutions in the concen-
tration range 0.30 to 0.56, values were well above the extrapolated curve; the
system was slow (two to nine hours) in reaching equilibrium and an uncertainty
of about * five molecular-weight units was observed. The uncertainty and time
required to reach a steady state both increased with dilution. In solutions
more dilute than 0.3 molal, results were completely erratic; in the most dilute
solutions no equilibrium value was apparent after more than nine hours. The re-
sults were similar to those observed with KI in dilute solution. Although the
exact cause of this behavior is unknown, it is apparently associated with the
golute and not with the spparatus proper. Teble I shows that a well-behaved
solute such as urea gives consistent -and reproducible values:in‘the concentra-
tion range .2 to Wb molal;'hence§~syétemétic“errors duéuto,pressure measurement,
etc., are not the primary cause of such behavior.

¢, The Molecular Weights of the Methylamine Boranes in Liquid Ammonia.

The variation of apparent molecular weight with concentration for the three
methylamine boranes is shown in Fig. 3. Again, if uncertainties of dilute solu-
tions are neglected, an extrapolation of the data to zero concentration gives
51 for CHsNH-BHs as opposed to a value of 45 expected for the monomer, a value
of about 61 for (CHs)o-NHBHs as opposed to a value of 59 expected for the monomer,
and a value of 79 for (CHs)sNBHs as opposed to a value of T3 expected for the
monomer . The data offer convincing proof that the methylamine adducts of dibor-
ane, prepared and measured under conditions comparable to those used in studying
the "diammoniate of diborane,'" are not dimerized but are instead normal addition
compounds of the borane group.

Such observations have a precedent in the study of the metal coordination
compounds. Cobalt (II) chloride will pick up ammonia to give the very stable
compounds CoCls:2NHs, CoCls 4lNHs, and CoCls-6NHs, yet Yoke and Parry8 found that
only one trimethylamine or triethylamine will coordinate with CoCly. It would
appear that the extra energy needed to expand the lattice of CoCly in order to
get more than one molecule of tertiary amine coordinated to the cobalt (II) is
greater than the energy released in the coordination to the cation of the sec-
ond molecule of the amine. In a similar manner it appears that the steric strains
associated with the coordination of two methylamine molecules to the small boron
(ITII) cation are greater than or comparable to the energy released in the coordi-
nation process for the second amine molecule. At the present time the data seem
to be explained most easily by the concept of F-strain:

R
H\ Mg H /WR+ R = H or alkyl
B \B R group
N /\AR
3/ stable H MR [unstable, probably due to

R steric hindrance

7. These data do not preclude the possibility of forming a dimeric species (RgNBHz)o
by other techniques.

8. J. T. Yoke IIT and R. W. Parry, to be published.
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Fig. 3. Molecular weights of the methylamine boranes in liquid ammonia.
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d. The Molecular Weights of the "Diammoniate of Diborane" in Liquid Ammonia.

The extreme sensitivity to experimental conditions of the ammonia-diborane
reaction has already been noted.3 In Fig. 4 data are presented for molecular
weights of two samples of the diammoniate. In one case ammonia was removed at
~78.5°C to give the so-called classical diammoniate of Schlesinger and Burg.9
Although the values show uncertainty characteristic of this solute, they check
fairly well with the earlier measurements of Stock and Pohlandl and justify the
simple dimeric formulation and are consistent with the structure

; B (BH,~) for this species.
5/ NHs

When the ammonia is removed at the higher temperature of -45°C, the sodium re-
action indicates that a new species is formed. The formula

+
NS i
D4 (30,")a
HaN  NHg

has been tentatively assigned to this compound to account for the stoichiometry
of hydrogen liberation. Molecular-weight measurements on a sample from which
ammonia was removed at -45° showed a higher value than the -78.5° product. An
extrapolation of data for the -45° case shows a molecular weightiof about 82 as
compared to a value of 92 expected for the formula written above. Within the
limits of accuracy of the evidence, the molecular-weight data support the postu-
lates made to explain the data on the stoichiometry of the sodium reaction. It
is recognized that somewhat more precise measurements would be desirable. An
effort is currently being made to obtain such additional data on the BoHg-NHs
system.

9. H. I. Schlesinger and A. B. Burg, J. Am. Chem. Soc., 60, 290 (1938).
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H. THE RAMAN SPECTRUM OF THE BCROHYDRIDE ION AND EVIDENCE FOR THE CONSTITUTTION OF
THE DIAMMONIATE OF DIBORANE (R. C. Taylor, D. R. Shultz, and A. R. Emery)

Abstract

The spectroscopic work presented on the borohydride ion appears adequate
to establish satisfactorily the fundamental frequencies of this ion in liquid
ammonia solution although precise values of two of the fundamentals have not
been determiﬁedg Additional work using isotopically pure boron and perhaps
NDs as a solvent appears desirable in this connection.

The results-on the diammoniate of diborane give strong evidence for the
presence of a borohydride ion in solutions of this substance in liquid ammo-
nia and agree with the formulation which has been proposed in this laboratory
for the cation, although they are not conclusive. The evidence from the B-H
stretching region however is not in agreement with what one would expect from
the presently accepted formulation of Schlesinger and Burg.

Data on the decomposition product of ammonium borohydride and the prod-
uct of the reaction of the diammoniate with ammonium bromide confirm the con-
clusions based on the chemical work .

The usefulness and advantages of liquid ammonia as a solvent and reaction medium
have been amply demonstrated by many workers ever since the early work of Franklin
and- Kraus before the turn of the century. Experimental difficulties encbuntered in
obtaining vibrational spectra of substances dissolved in this solvent, however, have
handicapped workers in their attempts to study the nature of the solute species pres-
ent. Solvent absorption presents an almost insurmountable barrier to the use of 1li-
quid NHz in the case of infrared, but the situation is quite favorable for Raman spec~
troscopy, the chief difficulties being experimental in nature and involving the de-
velopment of satisfactory methods for preparing, clarifying, and transferring solu-
tions below the boiling point of the solvent (=3%°C). Very few papers have appeared
on the Raman spectra of liquid ammonia solutions, and those which have ‘appeared have
dealt exclusively with substances forming solutions having less than an atmosphere
vapor pressure at room temperature..

The present paper deals with the vibrational spectra of the borohydride and boro-
deuteride ions and, in addition, presents the results of a spectroscopic study of the
diammoniate of diborane, the decomposition product of ammonium-borohydride, and the
product of the reaction between the diammoniate of diborane and ammonium bromide. All
spectra were obtained in-liquid ammonia solution at temperatures below 455°, The Ra-
man spectra of none of these substances have been published previously; although the
infrared spectrum of the borohydride ion in the solid state has'appéared;- The nature
of the diammoniate of diborane has long been the subject of discussion and the pres-
ent results supply, as far as it is known, the first piece of purely physical evidence
as to its structure.
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Experimental ., —

a. Materials.

Sodium and lithium borohydrides were obtained from Metal Hydrides, Inc.,
and purified by removing all ammonia insoluble material before use. As a check
on the purity, all borohydrides were analyzed after purification. Potassium
borohydride was prepared by the methed published recentlyl and purified as above,
while the ammonium borohydride was prepared in solution as described elsewhere
(this Report, p. 4). Lithium borodeuteride was prepared by the reaction of LiD
and BpDg, while the potassium salt was obtained by the reaction of KB(OCHs). and
BoDg. Both salts were purified and analyzed before use. The method of prepara-
tion of the diammoniate of diborane and the other compounds studied has been de-
seribed elsewhere.® The ammonie used was the standard Matheson product, which
was dried before use by storing over metallic sodium in a small steel cylinder.

b. Preparation of Samples.

The volumes of the samples examined varied from about 3 to 12 ml and the
concentrations from about 1 to 5 molar, according to the amount of substance
available. No significant effects of concentration on band shapes or positions
were noted. The solution to be examined usually was prepared by condensing am-
monia on the dry solid in a small graduated tube and having a medium-porosity
glass frit in the bottom. Ammonia gas, admitted up through the frit, served both
to keep the solution in the bulb and to stir it; if solution took place slowly
dry nitrogen could be substituted for the ammonia to prevent excessive dilution.
When solution was complete and the volume adjusted to the desired value, the
sample was filtered tThrough the frit by nitrogen pressure on the upper surface
and transferred to a second bulb having a 30-mm ultrafine, bacteriological-type,
sintered glass disc in the bottom. Any fine suspended particles remaining were
removed here as the solution dripped through by gravity. The sample finally was
transferred to the Raman tube by nitrogen pressure. Those samples suspected of
being contaminated by traces of stopcock grease, which fluoresced badly, were al-
lowed to flow through about a two-cm column of Norite prior to the ultrafine fil-
ter. The Raman tubes were approximately 15 cm long with a diameter appropriate
to the volume of solution. The system was completely closed to the air during
the preparation of the sample and was opened only for a second at the end when
the Raman tube was removed and capped. The design was such that the filtering
apparatus could be completely immersed in a 100 x 400-mm clear Dewar flask filled
with isopropyl alcohol at -%5° or below during all operations. A diagram of the
apparatus is seen in Fig. 1. Transfer of the Raman tube from the filling system
to the light source could be accomplished sufficiently rapidly so that negligible
warming of the sample occurred. Suitable precautions were taken to eliminate the
frosting of the sample tube during transfer.

1. M. D. Banus, R. W. Bragdon, and A. A. Hinckley, J. Am. Chem. Soc., 76, 3848 (195k4).

2. R. W. Parry and S. G. Shore, this Report, p. 5k.
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¢c. Spectroscopic Equipment.

The Raman spectra were recorded photographically, using the spectrograph
and light source described previously.5 In general, exposure times ranged from
15 minutes to 5 hours and several exposures were made on more than one sample of
each substance. Measurements were made directly on the plates with a Mann com-
parator and also on enlarged tracings made with a Leeds and Northrup microphotome-
ter. The numerical values reported represent the average of all measurements.
Many of the lines were weak and rather broad and, consequently, their maxima
could not be measured as precisely as desired because of the general noise level
of the tracings. Figures are given for the estimated probable errors with the

data.

Results and Discussion.=—

a. The Borohydride Ion.

The Raman frequencies observed for lithium, sodium, potassium, and ammonium
borohydrides dissolved in liquid ammonia are listed in Table I, as are also the
frequencies of lithium and potassium borodeuterides in the same solvent.  There
appears to be a small but real shift in the maxima of the.bands in the different
salts, which may be related to the polarizing ability of the cation. The solvent
also affects the position of the bands since in two experiments on aqueous solu=
tions of KBH,, the B-H band maximum was measured at about 2290 ecm~! as compared’
to 2269 cm™t in ammonia, and the shape of the band was altered. No other obser-
vations in aqueous media were tried due to the‘ihstability of the solutions.
Since the hydrogens in BH,~ are hydridic in nature, isotopic exchange with the
hydrogens of ammonia does not occur at any detectable rate and it was possible
to obtain the spectrum of the borodeuteride ion also in NH3. In the following
discussion, the data for the potassium salt are used; the shifts of frequencies
with cation are sufficiently small so that no ambiguity results.

Assignments are based on a tetrahedral ion belonging to the point group T3.
This model predicts four fundamental frequencies, one totally symmetric stretch-
ing mode (A;), one doubly degenerate mode (E), and two triply degenerate modes,
one stretching and one bending (Fz). All fundamentals are allowed in the Raman
effect, but only the Fso fundamentals are allowed in the infrared.

On the basis of its intensity and polarization properties, the A; mode (vi)
can immediately be assigned to the most intense band in the Raman.spectrum, which,
for the potassium salt, occurs at 2269 cm™! in the hydrogen case and 1568 cm™ in
the deuterium. The frequency ratio observed is 1.45 instead of the harmonic value
of 1.41, which may indicate either that the anharmonicity effect is not the nor-
mal one or that one of the fundamentals is involved in a Fermi resonance. Although
as can be seen from Fig. 2, the B=~H stretching region contains one or two bands
which might be involved in this way, the relative intensities show that any such
interaction must be weak and could not account for the size of the shift necessary

3. G. L. Vidale and R. C. Taylor, J. Am. Chem. Soc., 78, 294 (1956).
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to produce agreement with the harmonic value.

In order to assign the band at 1214 cm™! as the E mode, v, it is necessary
to review the infrared data, since there are two H-B-H bending frequencies to
be expected in this general region. Price” has reported a band at 1080 cm™t in
a mull of NaBH,, while Hornig? reports the same band at 1121 cm™' for a solid
film of the same salt at liquid nitrogen temperatures. In this laboratory, a
value of 1122 cm™ was obtained for KBH, by the KBr pellet technique. These
data on the solid indicate that the infrared active band v, lies somewhere in
the neighborhood of 1100 em~! and that the 1205 cm™t band consequently is most
likely vp. Unfortunately, when liquid ammonia is used as a solvent, the region
around 1100 cm™t is completely obscured by the very strong vo band of the NHg
molecule so that the position of v, in solution could not be established directly
in the present work. However, the band appearing at about 2155 em™! can hardly
be explained except as the overtone of vy, and its position indicates that the
fundamental is probably not far from 1080 cm™l. In the spectrum of the deuter-
ated ion, two bands were observed in the low-frequency region, one at 862 cm™t
and one at 827 ecm™. The former was quite weak but agrees with the shift ex-
pected for vo and is so assigned. The latter was somewhat more intense and is

assigned to v4.

The assignment of the remaining Fp fundamental, vs, is perhaps the least
certain of the four because of the unexpected complexity of the B-H stretching
region. Since this fundamental is infrared active, one might expect some help
from infrared results. Price,” in his spectrum of solid NaBH,, shows at least
three poorly reseolved bands in this region with a main maximum about 2270 em™t,
The spectrum of KBH4 in a KBr pellet shows a moderately intense band at about
2278 cm~t, a less intense but well=-resolved band at 2210 cm™', and a shoulder at
about 2340 cm~*. These bands can be assigned with a high degree of confidence
to vs, 2v4, and vo + vy, respectively. Hornig5 gives a value of 2298 em™ with
no mention of other bands. Although the shift between solid and solution is un-
known, it appears that vg probably lies in the neighborhood of vy. In.the Raman
spectrum of the B-H stretching region (Fig. 1), at least four bands are present,
including the A; fundamental. The band at 2155 cm™' has already been assigned,
while the band at 2404 em~™ appears to be 2vo. The remaining band, which is
present as a shoulder on the 2269 cm~% peak, is most easily explained as the vs
fundamental. In a spectrum of NaBH, taken with polarized light, the intensity
of v; was greatly reduced and the band in question, as near as could be deter-
mined, was depolarized with its maximum at about 2240 em™ . Perhaps the chief
objection to this assignment is the fact that in most other tetrahedral molecules,
vz occurs at a higher frequency than vy . - However, the alternative assignment
(Assignment 2, Table I) implies a rather large shift between the solvent and so-
lution for vs and requires a rather large anharmonicity correction in the expla-~

nation of the 2240 cm~! band as vp + V4.

L. W. C. Price, J. Chem. Phys., 17, 104k (19L49).

5. D. F. Hornig, Disc. Far. Soc., No. 9, p. 120 (1950).

WADC TR 56-318 97



In the borodeuteride spectrum, vy is well isolated and vy is assigned to
the maximum of the strong band at 1665 cm~}, The Teller-Redlich product-rule
ratio for the Fs class calculated from the masses of the atoms involved is 1.77.
Using the figures from Assignment 1, Table I, the approximate frequency product
ratio is 1.76, while the ratio from Assignment 2 is 1.89. This provides strong
support as to the correctness of the first assignment.

b. The Diammoniate of Diborane.

Previous work from this laboratory has supported the structure [HoB(NHz)s']
(BH.™) for the classical "diammoniate of diborane"® rather than the currently
accepted ammonium ion formulation of Schlesinger and Burg, (NH4+)(H3BNH2BH3').7
Since most of the evidence presented is chemical in nature, a Raman study was
carried out to supply additional information. The frequencies observed exclu-
sive of solvent bands are tabulated in Table II and a tracing of the B-H stretch-
ing region is shown in Fig. 2.

TABLE IT

RAMAN FREQUENCIES (IN CM™*) OF THE DIAMMONIATE
OF DIBORANE DISSOLVED IN LIQUID AMMONTA

Diammoniate ‘ NH,BH4 Product from
of Decomposition NH,Br-Diammoniate
Diborane Product Reaction
gmfa 7355 + 3 175+ 3
29 =5 -=
882 * 5 s ts J 852 * 10
1209 £ 4 121k ) 1208 £ L
2140
2265 £ 2 s 2063 £ 2 g
2321 £ 3 p322 £ 3 2320 £ 3%
203 £ 3 2405 £ 3 2407 + 3
W37 £ 3 ol £ 3 237 £ 3

Comparison of the data in Table II with those in Table I shows that the
quencies of four characteristic bands of the borohydride ion agree with frequ
cies in the diammoniate spectrum within the experimental error in determining
maxima and the change in position observed with the cation. A more striking com-
parison is made if one mentally subtracts the bands at 2321 and 2437 em™ from the
diammoniate spectrum in Fig. 2 and compares the remainder with the borohydride

6. All earlier papers in this report.

7. H. I. Schlesinger and A. B. Burg, J. Am. Chem. Soc., 60, 290 (1938).
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Fig. 2. The B-H stretching region in the Raman spectra of some
borohydrides dissolved in liquid ammonia. Tracing 1, LiBHg;
2, NaBHy; 3, the diammoniate of diborane. (Frequency in cm~1)
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gpectrum. The very close similarity furnishes strong evidence for the presence
of a borohydride ion in the liquid ammonia solution of the diammoniate of di-
borane.

Conclusions which can be drawn solely from the spectroscopic evidence about
the nature of the accompanying cation are more limited. The structure given
above for this cation, [HoB(NHs)ot], is iscelectronic with propane. In agree-
ment with this formulation, only two B-H stretching frequencies,not found in
the borohydride ion spectrum, are observed. Two frequencies are most consistent
with the presence of a BHs group since a BHg group would contribute three unless
it happened to be present in an ion having Csy symmetry. The latter seems un-
likely from chemical generalizations. No information could be obtained about
the N-H modes due to the interference of solvent bands.

In the lower frequency region, three bands were observed at T72, 839, and
882 cm™!. The first was relatively sharp and agrees with what one might expect
for a symmetrical stretching mode of the N-B-N skeleton. The latter two were
weaker and much more diffuse members of a doublet. No lower frequency which
might be assigned to a skeletal bending mode was observed, although this fail-
ure may have been caused by experimental difficulties. In propane, the symmet-
rical and uns§mmetrical skeletal stretching modes occur at 867 and 922 cm'l,

respectively.

The recorded spectrum thus is reasonably consistent with the new formula-
tion6 but, of course, does not exclude other possibilities for the cation. On
the other hand, the structure proposed by Schlesinger and Burg7 for the diammo-
niate contains six B-H bonds which, judging from the spectra of analogous mole-
cules such as propane and dimethyl ether, would be expected to give a very com-
plicated spectrum in the B-H stretching region. That such a pattern fortuitously
would match that obtained by superimposing two additional fredquencies on the boro-
hydride spectrum seems extremely unlikely, and to this extent, the spectral evi-
dence does not agree with their proposed structure.

c. Decomposition Product of Ammonium Borohydride.

Chemical evidence has been given elsewhered to the effect that if liquid
ammonia solutions of NH.BH, are evaporated to dryness and the solid allowed to
warm to room temperature, the solid evolves hydrogen and leaves a product which
has the properties of the diasmmoniate of diborane. The spectrum of this decom-
position product prepared as described was obtained in the present work largely
to supply confirmatory evidence. Due to experimental difficulties, the solutions
obtained were more dilute than those of the diammoniate and were not as "clean"
optically. However, the frequency values in Table IT match those of the diammo-
niate within experimental error and the band outline in the B-H stretching region

8. G. Herzberg. Infrared and Raman Spectra of Polyatomic Molecules. New York: D. van
 Nostrand and To:, 1945, p.361.

9. R. W. Parry, D. R. Schultz, and P. R. Girardot, this Report, p. b,
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also agreed very closely. The identity of the decomposition product with the
diammoniate thus appears confirmed.

d. Product of the Diammoniate—Ammonium Bromide Reaction.

As a consequence of the instability of solid ammonium borohydride at room
temperature, treatment of the diammoniate with ammonium bromide under the proper
conditions can result in the destruction of the borohydride ion present and its
replacement by the bromide ion. In terms of the structure proposed previously,6
the reaction can be written

[HoB(NHg)31(BH,™) + 2NHgBr — 2[HoB(NHz)3 (Br~) + 2Hy .

Details of this reaction have been given elsewherelO and the properties of the
product described. The Raman frequencies observed for this reaction product
dissolved in liquid ammonia are given in Table IT. Inspection shows that all
values listed also appear in the diammoniate spectrum and, further, that the
frequencies of the borohydride ion plus those of the NH,Br reaction product to-
gether account for all bands observed in the diammoniate spectrum. The spectral
evidence thus is strong that the reaction written above 1s correct and that in
the reaction product one has the bromide salt of the cation which is present in
the diammoniate. Two bands appear to be common to the spectrum of the cation

and of the borohydride ion, namely, the bands at about 1210 cm=' and their over-
tones at about 2405 em**. Apparently the bending frequency of the BHo group in
the cation occurs at almost the identically same position as v of the borohydride
ion. Due to the small, and in this case unknown, effect of the cation on the boro-
hydride frequencies plus the inherent experimental uncertainty in measuring the
positions of weak and rather broad bands, the two cannot clearly be distinguished.

10. D. R. Schulz and R. W. Parry, this Report, p. 19.
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IV. TUNUSUAL COMPOUNDS RESULTING FROM THE BORANE GROUP
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A. BACKGROUND

Previous investigators have noted a formal resemblance between a B-N system and
a C-C system. Since boron has one less electron than carbon and nitrogen has one
more electron, the combination is isoelectronic with the C-C unit. From this analogy

the cyclic compound borazene .

NS
m -
g
\Ng?

H

NH

is frequently referred to as "inorganic benzene." The physical properties show a
striking resemblance to those of benzene, but the chemical properties differ. For
example, all attempts to hydrogenate borazene to obtain an "inorganic cyclohexane"
have failed. In the work described herein, an N, N', N"-trimethyl "inorganic cyclo-
hexane" has been produced.

The second compound, FsPBHs, was of interest because of theoretical arguments

against a bond between FsP and boron. Such a bond can exist, but it is of limited
stability.
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B. PREPARATION AND PROPERTIES OF TRIMERIC N-METHYL-AMINOBORANE (T. C. Bissot and
R. W Parry)

Abstract

The compound N, N', N"-trimethyl "inorganic cyclohexane" or, more
prqperly, trimeric N-methylaminoborane has been prepared and its proper=-
ties are described.

Among the more interesting of the boron-nitrogen compounds are the borazenes.
The structure and properties of these compounds have been well characterized and
have been compared with those of benzene and its alkyl derivatives.

Hitherto there has been no report of a "saturated borazene" of the formula
(R=NBR2)s. in which R is either hydrogen or a methyl radical, which would be struc=-
turally similar to cyclohexane or its methyl derivatives. The compound (CH3)2NBH2
is known to exist as a dimer at room temperature and as a monomer at higher tempera=-
tures, while HoNBHo is reported as a highApolymer.l However, recent observations in
this laboratory indicate that HCHz-NBHs is trimeric and is in all probability a six-
membered ring compoéed of alterrating boron and nitrogen atoms.

The new Compound, trimeric N-methylaminoborane, was first isolated in low yield
from the decomposition products obtained in the pyrolysis of 0,N-dimethylhydroxylamine-
borane.2 It can be prepared more conviently and in yields of 80 to 90% by heating
methylamine~-borane at 100°.

100° ‘
%CHsNHoBHs ——> 3E- + (CHsNHBHo)s (1)

The identity of the compound was proved by chemical analysis, molecular-weight
determinations, and its decomposition at 200° into hydrogen and 1,3,5-trimethylbora-
zene.

Although this compound does not display the extreme stability toward heat and
hydrolysis which has been reported by Burg and his co-workers? for the trimeric P
dimethylphosphinoborane and the trimeric As-dimethylarsinoborane, it is very stable
for a boron-nitrogen compound containing two active hydrogens per boron. It is un=~
affected after weeks in contact with moist air and is hydrolyzed only very slowly by
cold water.

1. A. B. Burg and C. L. Reandolph, Jr., J. Am. Chem. Soc., 73, 953 (1951); E. Wiberg,
A. Bolz, and P, Buckheit, Z. anorg. Chem., 256, 285 (1948); H. I. Schlesinger, et

al., Univ. of Chicago, Signal Corps Contract W3L34-SC-1Th Final Report (1948-1949).

2. A study of the reaction of hydroxylamine and the five possible methyl-substituted
hydroxylamines with diborane is being conducted in this laboratory and will be
published in the near future.

3. A. B. Burg and R. I. Wagner, J. Am. Chem. Soc., 75, 3872 (1953); F. G. A. Stone
and A. B. Burg, ibid., 76, 386 (1954).
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The pyrolysis of methylamine-borane has been studied by a number of previous in-
vestigators,™ but this initial pyrolysis product never has been characterized.

Experimental .~

a. Preparation of Trimeric N-Methylaminoborane.

In a typical preparation, 3 mmoles of diborane was condensed with liquid
nitrogen, together with a small excess of anhydrous methylamine (7 mmoles). The
mixture was then allowed to warm up to room temperature over a period of about
three hours. A small amount of hydrogen was produced in this preparation of
methyleamine borine. Air was then admitted to the system and the tube was re=-
moved from the vacuum line, stoppered with a calcium sulfate drying tube, and
heated on a steam=-bath for two hours. The liquid in the tube changed into a .
crystalline mass after the first hour of heating. This white solid was then
placed in a clean tube, which was replaced on the vacuum line. A beaker of
boiling water was placed around the bottom of the tube and the trimeric N-methyl-
aminoborane sublimed under high vacuum. The product collected as a ring of fine
needles on the walls of the tube just above the surface of the bath. The tube
was removed from the line and broken on each side of the ring. The long white
needles were then scraped from the walls; yield about 0.22-g or 85%.

The analysis of the product is summarized in Table I.
TABLE I

ANATYSTS FOR (CHsNHBH:)s, %

Obsd. Calcd.

Carbon 28,00 28,00

Hydrogen 14.02 14.10
"Active" hydrogen k.35 4.70
Boron . 25.0 25.23
Nitrogen 32.78 32.66

b. Molecular-Weight Determinations.

The molecular weight of the solid was estimated from the freezing-point
depressions of benzene and nitrobenzene solutions, using a standard ‘Beckmann
apparatus. The results indicated molecular weights of 121 and 141 for two
trials in benzene and 134 for nitrobenzene.

The molecular weight was also determined by the vapor-pressure lowering of

4, H. I. Schlesinger, D. M. Ritter, and A. B. Burg, J. Am. Chem. Soc., 60, 1926
(1938); E. Wiberg, K. Hertwig, and A. Bolz, Z. anorg. Chem., 256, 177 (1948);
G. W. Scheeffer and E. R. Anderson, J. Am. Chem. Soc., 71, 2143 (1949); A. B.
Burg and L. C. Randolph, ibid., 3451 (1949), ’
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liquid ammonia solutions. The apparatus designed by D. R. Schultz? was modified
by using a large slush bath of ethylene chloride as the constant-temperature me-
dium. A molecular weight of 127 was obtained.

A trimer of CH3NHBH, has a calculated molecular weight of 128.7.
c. Decomposition into 1,3,5=Trimethylborazene.

A quantity, 0.2364 g of (CHsNHBH:)s was placed in an evacuated sealed tube
and heated at 200° for four hours. Upon opening the tube, 5.96 mmoles of hy-
drogen, identified by a molecular weight of 2.1, was found. This gives a ratio
of hydrogen per mole of starting material of 3.24. The 1,3,5-trimethylborazene
was purified by vacuum condensation, the portion collecting in a trap at -45°
being retained. A T4% yield was obtained based on the equation

200°
(CHsNHBH: )3 ———s 3Ho + (CHs3NBH)s - (2)

The 1,3,5-trimethylborazene produced was characterized by vapor-pressure
measurements over the temperature range 50° to 75° and by vapor-phase molecular-
welght measurements based on vapor density (obsd. = 126; thear. = 122.5). The
melting point of the solid was O to =-1° as compared to ~9° reported by Wiberg,
Bolz, and Buckheit! and -7° to =8° reported by Schaeffer and Anderson.t Tt is
believed that the higher value of O to =1° indicates greater purity of the sample
studied and does not negate the characterization of the borazene.

d. Properties of Trimeric N-Methylaminoborane.

The compound may be recrystallized from methyl or ethyl alcohol as long
white fibrous needles. An analysis for boron and "active" hydrogen on this re=-
crystallized material demonstrated that the composition was unchanged. In ad-
dition to the above solvents, the compound is very soluble in acetone and liquid
ammonia. It is moderately soluble in benzene, ether, and chloroform and is in=-
soluble in carbon tetrachloride, petroleum ether, and water. The insolubility
in water may be primarily a wetting problem.

The density of the compound is 0.90 g/ml as determined by centrifuging a
few crystals in a series of mixtures of carbon tetrachloride and kerosene. The
crystals would remain suspended in the mixture with a density of 0.90 g/ml.

A sample of the solid was allowed to stand exposed to the moist air of the
laboratory for three weeks, during which time no noticeable hydrolysis occurred.
A portion placed in cold water will float for hours but will disappear after
about a day. A 20% solution of hydrochloric acid must be heated to boiling to
bring about rapid hydrolysis.

e. X-Ray Powder Diffraction Data for Trimeric N=Methylaminoborane.

In Table II are listed the interplenar spacings (d values) and the relative

5. D. R. Schultz, doctoral dissertation, Univ. of Mich., Ann Arbor, 1954.
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line intensities found to be characteristic of the compound. The powder patterns
were taken with copper Ko radiation in a cylindrical camera of 57.%-mm diameter.
The low-absorbing glass capillaries used to hold the sample had a diameter of
0.2.mm and a wall thickness of 0,0l mm.

TABLE IT

INTERPLANAR SPACINGS (é VALUES) AND REIATIVE LINE
INTENSITIES OF TRIMERIC N-METHYLAMINOBORANE

a I a I a I
7.1 VS 2.68 VW 1.20 VW
4,26 VS 2.29 W 1.88 vw
4,00 MS 2.27T W 1.77 VW
3.45 M 2,19 W 1.70 VW
3,06 VW
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C. THE PREPARATION AND PROPERTIES OF PHOSPHORUS TRIFLUORIDE—BORANE AND PHOSPHORUS
TRIFLUORIDE—BORANE-ds (R. W. Parry and T. C. Bissot)

Abstract

Phosphorus trifluoride and diborane react under pressure in sealed
tubes at room temperature to give the new compound FsPBHs3. Some physical
and chemical properties of the néw compound are described. Its proper-
ties show a striking resemblance to those of carbon monoxide-~borane.

NF3 does not add to the BHs group, but under appropriate conditions
BzHe is oxidized explosively by NFz.

The compound Pt(PFs)2Cls prepared by Chatt. and Williamsl bears a striking
resemblance to Pt(C0)2Clz, and the complex Ni(PFs)y prepared by Irvine and Wilkinson®
is very similar in properties to Ni(CO)4. This experimental resemblance between the
coordinating propérties of CO and PFs suggested the existence .of the compound F3PBHs,
which would be analogous to the OCBHz of Burg and Schlesin_ger.5 On the other hand,
Chattl pointed out that PFs did not add to AlCls, AlBrs, or BFs, and he invoked
theoretical arguments as the basis for the prediction that a stable bond was unlikely
between the boron in boron acids of the Lewis type and the phosphorus of phosphorus
‘trifluoride. If, as suggested by Chatt, the acid-base type of reaction did not occur,
the possibility of an oxidation-reduction reaction between BoHeg and PFs still merited
consideration. In view of these interesting possibilities, an experimental study
was conducted on the system BgoHg-PFs. The formally analogous system BoHg-NFs has also
been examined.

The Preparation and Physical Properties of Phosphorus Trifluoride—Borane,
FaPBHg ,==The high-pressure reaction between diborane and excess phosphorus tri-
fluoride (8 atmospheres) proceeds slowly over the period of several days to yield
the compound ‘FzPBHg as the primary product. On prolonged standing, secondary reac-
tions involving FgPBHg“ensue‘which give as yet undefined liquid products along with
appreciable amounts of hydrogen. The primary phosphorus trifluoride-~borane adduct
may also be obtained by displacing CO from carbon monoxide~-borane using a smaller
excess of PFz (5 atmospheres). '

Phosphorus trifiluoride--borane is a colorless gas which is spontaneously in=
flammable in air. The melting point is -116.1° X 0.2€,  The vapor pressure of
FaPBHg over the liquid range can be given by the equation

1. J. Chatt and A. A. Williams, J. Chem.. Soc., 3061, (1951); J. Chatt, ibid., 3340,
(1949). | |

2. J. W. Irvine, Jr., and G. Wilkinson, Science, 113, T42 (1951); G. Wilkinson, J. Am.
Chem. Soc., 73, 5501 (1951).

3. A. B. Burg and H. I. Schlesinger, ibid. 59, 780 (1937).
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Logip P = =-1038.9/T + 7.8061 .

Since the pure material resembles carbon monoxide—borane in that it will dissociate
into BpoHg and PFs, it was necessary to purify the compound before each reading and
to achieve temperature equilibrium rapidly. The vapor-pressure data extrapolate to
give a boiling point of ~61.8°C, a heat of vaporization of 4760 calories per mole

at the boiling point, and a Trouton constant of 22.5.

The molecular weight by vapor density at 25°C was 102.7 as compared to a theo-
retical value of 101.82.

The Dissociation Constant of Gaseous FgPBHz at 25°C.=The equilibrium constant
for the reaction

2 FsPBHs (g) — 2 PFs (g) + Bls (g)

was estimated by analyzing equilibrium mixtures according to the procedures described
in the experimental sections. A value for K(atm) of 1.0 x 0.3 was obtained at 25°C.
The uncertainty in the value can be attributed to three factors. First, a number of
experimental difficulties were associated with the separation of the large excess of
PF3 from the product and the unreacted diborane. Second, since no effort was made
to thermostat the reaction vessel, normal deviation of room temperature from 25°C
would have some effect. Finally, secondary reactions involving the splitting out of
Ho and the formation of less volatile products complicated the stoichiometry after

longer periods of time.

Rate of Decomposition of FaPBH3.-—In order to compare phosphorus trifluoride=—
borane with carbon monoxide~-borane, their rates of decomposition at room tempera-
ture were compared. The decomposition reaction,

2 FaPBHls —— BoHs + 2 PFa ,

produces an increase in pressure, and the rate of pressure change with time can be
used as a measure of reaction velocity. Rate data are shown in Fig. 1 along with
comparable data of Burg and Schlesinger3 for the OCBHz. The similarity of the rates
is striking, particularly in the early phases where side reactions have not compli-
cated the interpretation of pressure measurements.

The mechanism for the decomposition of carbon monodixe-—-borane has been the
subject of some recent controversy.5 Unfortunately, the current data do not aid in
resolving the question; however, they do suggest that the mechanism which explains

L. The problem is simplified in the case of carbon monoxide~borane since the CO is
not condensable with liquid nitrogen, whereas the other components are. Since
PFg boils at =95°C and BoHg at -92°C, chemical procedures had to be employed for
analysis.

5. A. B. Burg, J. Am. Chem. Soc., Tk, 3482 (1952); S. H. Bauer, paper presented be-
for the 12T7th Meeting, American Chemical Society, Cincinnati, Ohio, April, 1955.
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OCBHs will also explain FaPBHs. It is perhaps significant that both CO and PFs
might be classed as "secondary bases" as mentioned by Bauer.”

Reaction of FaPBH3 with Trimethylamine and with Ammonia.—When stoichiometric
quantities of FgPBHs and trimethylamine are mixed, the trimethylamine displaces the
PFs quantitatively to form (CHs)sNBHs and free PFs. If an excess of trimethylamine
is used, the PFgz which is liberated reacts with the excess trimethylamine in a one-
to-one ratio to give gases and a solid which have not been fully characterized.

When F3PBHs reacts with excess ammonia over the temperature range of -128° to
-80°C, five molecules of ammonia will be picked up by each molecule of the borane
adduct. The reaction product is a white solid which begins to decompose at room
temperature with evolution of hydrogen and development of a yellow color. When the
solid was heated to about 55°C, 1.62 moles of ammonia were evolved per mole FsPBHs.
It is probable that the original solid product is a mixture. The reaction, which
appears to be rather complex, is being studied further. Data suggest rupture of
the phosphorus-fluorine bond by the ammonia.

The Properties of Phosphorus Trifluoride-—Borane-ds.-—The compound FzPBDs was
needed for Raman spectral studies. The deuterated compound had a melting point of
-115,1° * .1°C. The vapor pressure of the liquid can be given by the equation

Logig P = -1010.8/T + T.6171 .

Extrapolating this vapor-pressure data yields a boiling point of -59.8°C, a heat of
vaporization of 4630 calories per mole, and a Trouton constant of 22.

The Reaction Between NFs and Diborane.—NFs, which is formally anaslogous to
PF3, is known to have essentially no basic properties. It was nonetheless interesting
to compare the behavior of NFs and PFs in their reaction with diborane. Results can
be summarized as follows: (l) under conditions similar to those used.in making FsPBHs
and OCBHs no compound formation between NFsz and BoHg was observed; (2) in these ex-
periments, mixtures of NFs and BsoHg were stable in the gas phase even under high pres-
sures; (5) mixtures of NFs and BoHs can be violently explosive at temperatures which
are low enough to give condensed phases in the system. The conditions necessary to
initiate explosive reaction between the two liquids .were not clearly defined, but
spontaneous explosive reaction was observed only when the contents of the reaction
tube were liquefied after the gases had been standing for several days under pres-
sure. This explosion was undoubtedly an oxidation-reduction process with Nz, HF, and
BF3 as probable products. The possibility that the reaction was triggered by very
small amounts of impurities in the NFs, such as N0, NO, or NO3F, or by decomposition
products of BoHg, remains reasonable.

Discussion.—The striking similarity between the physical properties of phosphorus
trifluoride—borane and carbon monoxide-—-borane is i1llustrated by the data in Table I.
Even the differences between the deuterated and nondeuterated compounds are comparable.
The stability of FgPBH3 is somewhat greater than the comparasie OCBHg (see K values in
Table I). TIts rate of dissociation at room temperature also is somewhat lower than
the carbonyl adduct. These facts correlate well with the observations of Chatt and
Williamsl to the effect that PFs adducts of the platinum (II) halides are more stable
than the corresponding carbonyl compounds.
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TABLE T

COMPARISON OF THE PROPERTIES OF CARBON MONOXIDE—BORANE
AND PHOSPHORUS TRIFLUORIDE-~BORANE

OCBHs OCBD5° F5PBHs F5PBDa
Melting Point -137.0 -134 .4 -116.1 -115.1
Boiling Point -6k -62.2 -61.8 -59.8
H Vaporization k750 4760 4760 4630
Trouton Constant 2% 23 22 22
Dissociation Constant
Kotm at 25°C 0,57 - 1.0 .,% --
Percent Decomposed
After 1 hr at 25°C 17% - 14% --

The initial reaction of FsPBHz with trimethylamine parallels closely the corre-
sponding reaction involving carbon monoxide--borane. Differences are noticed, how-
ever, in secondary reactions because the liberated PFs reacts directly with trimethyl-
amine whereas CO does not. The reactions of both OCBHz and F3PBHs with ammonia are
more complex and require further study.

The spontaneous inflammability of FgPBH3 in air correlates well with the general
observation that the reactivity toward oxidizing agents and moisture of the simple
borane adducts is inversely related to the strength of the base to which it is bound.
The weak base strength of PFs produces a highly inflammable adduct.

- The most reasonable model for the molecule would be an ethane-like structure
with a sigma bond between the boron and the phosphorus. Double bonding of the type
postulated by Chattl for the metal adducts of PFs is ruled out’ by the absence of d
electrons on the boron. Other systems involving addition of PFs to Lewis acids are
under investigation. Further speculation on bonding can best await more complete
experimental information.

Experimental.—

a. Preparation of Phosphorus Trifluoride.

The phosphorus trifluoride was prepared by the reaction between phosphorus
trichloride and zinc fluoride, using a minor modification of the procedure of
Chatt and Willisms.l The crude products were passed through a reflux column at
-80°C in order to recover unreacted PCls, then the impure PFs was trapped in a
liquid nitrogen trap and purified by fractionation in the vacuum line.

b. Diborane

Diborane was prepared by the reaction between lithium aluminum hydride and

6. A. B. Burg, J. Am. Chem. Soc., Tk, 1340 (1952).
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boron trifluoride etherate in ether solution.,7 After purification. by low-tem-
perature fractionation, the vapor pressure at =111.8°C was 225 mm. Diborane-dg
was prepared using lithium aluminum deuteride. The LiAlD, was prepared in situ
from lithium deuteride and aluminum chloride,

c. The Preparation of FzPBHs.

A measured amount of diborane, together with a large excess of FFz, was
condensed in a heavy=walled Pyrex bomb tube of 60-ml capacity. The techniques
resemble closely the procedures used by Burg and Schlesinger for the prepara-
tion of OCBHS.3 The bomb tube was allowed to stand several days at room tem-
perature, Maximum yields were usually obtained after four days; longer periods
of time frequently resulted in the formation of secondary products, although
the factors responsible for the secondary reaction were never completely delin-
eated, After standing, the bomb tube was frozen with liquid nitrogen and the
tube opened to the line by means of the vacuum-tube opener. Noncondensable
gases were removed with a Toepler pump, measured, and identified by molecular-
weight measurements. The condensable portions were distilled through a trap at
=155°C, at which temperature the FsPBHz is quantitatively retained., The excess
Bols and PF3 was measured and analyzed by a sealed-tube hydrolysis, using the
amount of hydrogen generated to determine the portion of BoHg in the mixture.
The F3PBH; was freed from less volatile impurities by distilling it through a
trap at -128°C, The pure F4PBH; showed a vapor pressure of 23,0 mm at -111,8°C,

The less volatile materials formed from secondary reactions were easily
separated from the more volatile components by fractional distillation in the
vacuum line, Upon hydrolysis of these materials, only small amounts of hydrogen
were liberated. In one case the less volatile materials were separated by
fractional condensation and a liquid with a vapor pressure of 5 mm at -80°C was
isolated, A measurement of molecular weight by vapor density gave a value of
120, It appeared stable in the vapor phase but polymerized in the liquid phase
to give a nonvolatile oil, No hydrogen was liberated on addition of water, in=
dicating that it contained no active hydrogens. However, the compound was de=
stroyed by water. These observations, plus the fact that the secondary reaction
results in the liberation of gaseous hydrogen, suggest the tentative formula
FoPBFs for the monomeric liquid., The characterization is still incomplete since
only very small amounts of material were available and the conditions which
favor its formation have not been completely determined,., Data for representa=
tive runs are summarized in Table IT,

d. Analysis and Characterization of the FgPBHs.

Hydridic hydrogen in the compound was determined by condensing a weighed
sample of gas in the tube and then distilling in an excess of water, The sealed
tube was allowed to stand at room temperature for one day, and then the tube was
opened to the vacuum line and hydrogen was measured; observed hydridic hydrogen is
2.89%; theoretical for FgPBHs is 2.97%.

7. I.Shapiro, H, G. Weiss, M. Schmich, S, Skolnik, and G. B. L. Smith, J. Am.
Chem., Soc., Th, 901 (1952).
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The PFs is partially hydrolyzed by the above procedure, and the resulting
HF attacks the Pyrex glass enough to make a boron analysis meaningless. ©Small
amounts of PFz were always obtained after water hydrolysis; a contaminant which
appeared to be SiF4 was always. present, as would be expected.

The addition compound was hydrolyzed by 40% NaOH as the first step in ob-
taining a phosphorus analysis; the P-F bond is cleaved rapidly in alkaline
solution. The resulting solution was acidified and the phosphorous acid was
oxidized to phosphoric by evaporating the solution almost to dryness with aqua
regia. The precipitation of the smmonium phosphomolybdate was carried out in
the usual manner. Considering the precision of the methods for determining
phosphorus in compounds of this type, the result, 29.87T% P, is in good agreememt
with the formulation FaPBH3 (3%0.43% P).

TABLE IT

DATA ON REACTIONS BETWEEN PHOSPHORUS TRIFLUCRIDE AND DIBORANE

Run Number

3 L 5 6 8

Conditions

Volume of bomb, ml 62.5 62.9 6%.5 61.7 61.7

Initial mmoles Bzils 3,28 3,20 3,16 3,22 5,42

Initial mmoles PFa 19.21 18.18 19.10 17.92 12,71

Tnitial pressure, atm 8.72 8,30 8.57 8.36 6.40

Time at 25°, days 2 L 7 22 25
Products

Mmoles BoHg 1.2k 0.69 0.27 0.4k 2.12

Mmoles PFa 14,65 13.17 11.37 12.31 4,87

Mmoles PFsEEg L, o6 5.0L b, 3l h.73 k.50

Mmoles of less volatile

by-products 0.01 .08 1.40 0.38 0.84

Mmoles Hp 5,83 0.55 - 1.29 2.10
Yield PF3Bfs based on BoHg 65% 78.3% 68.7% 73.5% 41.5%
Apparent equilibrium

constant Kjip 5.73 1.86 0.71 1.18 0.98

e. Measurement of Physical Properties of HaBPFa.

Conventional techniques were used for vapor-density and vapor=-pressure
measurements (Tables IIT and IV). Temperatures were measured with ethylene and
carbon dioxide vapor-pressure thermometers. The melting point was obtained in
the vacuum line; using the method of Stock.

8. H. S. Booth and A. R, Bozarth, J. Am. Chem. Soc., 61, 2927 (1939).
9. A. Stock, Ber., 50, 156 (1917).
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TABLE IIT

VAPOR PRESSURES OF PHOSPHORUS TRIFLUCRIDE-——BORANE

Temp. °C Observed Calculated AP
D Pressure mm Pressure mm (Cal. - Obs.)

-127.7 h.1 (s)

-119.7 11.4 (s)

-111.8 23.0 23,k +0.4
=101.5 56.6 57.0 +0.4
-98.1 6.4 Th .6 -1.8
-95.7 90.6 89.7 -0.9
-87.6 162.1 161.6 -0.5
-79.9 267 270 +3.0

TABLE IV

VAPOR PRESSURES OF PHOSPHORUS TRIFLUORIDE~BORANE-dsz

] Observed Calculated AP
Temp. °C Pressure mm Pressure mm (Cal. - Obs.)

-119.% 8.0 (s)

-112.0 20.9 22,2 +1.3

-101.5 54,2 53%.7 -0.5
-95.6 85.2 8h,2 -1.0
84,1 186 187 +1.0
-79.0 260 259 ~-1.0

f. Reaction of FgPBHs3 with Trimethylemine.

One and ninety three hundredths mmoles of FsPBHg were condensed in a 250-
ml bulb with 2.31 mmoles of trimethylamine.
room temperature, there was an immediate reaction in which a white solid was
produced. The bulb was cooled to -80°C; the more volatile products were dis-
tilled out; the bulb was weighed; the trimethylamine-borane was sublimed out;

and the bulb was reweighed.

When the mixture was warmed to

A 97% yield (0.1%62 g) of (CHs)sNBHs was obtained.

Vacuum-line distillation of the volatile gases yielded 79.3% of the theoretical
PF3. This was characterized by vapor-pressure and molecular-weight measure-
ments (obs. 87.63 theor. 87.98). The unrecovered PFz (0.4 mmole) corresponded
exactly to the excess of trimethylamine (0,38 mmole), a fact which suggests
that a reaction between PFs and N(CHs)s had taken place to yield the unidenti-

fied solid and gaseous products.

This postulate was checked by allowing a small

amount of trimethylamine to react with an excess of PFs. An approximately one-
to-one reaction occurred to produce a nonvolatile white solid and a mixture of
gaseous products which were qualitatively the same as those observed previously.
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g. Reaction of F3PBHs with Ammonia.

A quantity of dry ammonia, 14.70 mmoles, was condensed on the walls of the
reaction tube. Then, 2.20 mmoles of FgPBHg were added and the temperature was
roised from =128° to -80°C over the period of 2-1/2 hours. The excess ammonia
was then sublimed from the reaction tube at -80°C. The amount of ammonia re-
covered was 3.69 mmoles, meaning that 5.0 moles of ammonia react with one mole
of FsPBH3.

The reaction product was a white solid which began to decompose at room
temperature by turning yellow and giving off small amounts of hydrogen. Upon
heating the so0lid to about 55°C, an amount of ammonis equivalent to 1.62 moles
of the original 5.0 was recovered. During the decomposition a small amount of
a white solid of very low vapor pressure was collected in a Dry-Ice trap. This
white solid burst into flame when the trap was cleaned with concentrated nitric
acid.

h. Preparation of Nitrogen Trifluoride.
Nitrogen trifluoride was prepared by a modification of the method of Ruff.lo
A closed electrolysis cell was substituted for Ruff's open cell.

The impure NFs was bubbled slowly through a warm KI solution. Final puri-
fication was achieved by low=temperature fractionation in the vacuum line. The
gas was passed slowly through a trap cooled to -183°C with liquid oxygen. The
impurities, principally small amounts of N0, condensed, while the NFz passed
through into a third trap cooled to ~208°C with low=-pressure liquid nitrogen
(maintained at 100-mm pressure by pumping through a manostat). Small amounts
of dissolved oxygen and nitrogen were pumped from the NFz in the third trap to
give a product of high purity. The molecular weight of the gas, as determined
by vapor density, was Tl.2., The theoretical value for NFgz is T1.01.

i. The Reaction of Nitrogen Trifluoride with Diboranes.

The sealed-tube, high=-pressure techniques described for the preparation
of FsPBHs were employed. In a typical run 2.61 mmoles BsHs and 18.84 mmoles
NFa were sealed into a bomb tube and allowed to stand for eight days at room
temperature. When the tube was opened to the line, the amount of noncondensable
gas was negligible. A mixed pentane bath at =155°C was placed around the tube
and the entire contents distilled into the vacuum system. On further fractiona~
tion in the vacuum line, no fraction could be retained in the -155°C trap.
Finally, during a transfer distillation a violent explosion occurred. The tem-
perature of the vessel at the time of the explosion was estimated to be about
-170°C, since a liquid nitrogen Dewar had just been removed and another low-
temperature bath was to be substituted. The explosion occurred before the
second bath was put in place. In a second trial under similar circumstances
an explosion occurred while the contents of the reaction tube were being dis-
tilled into the vacuum line.

10, 0. Ruff, J. Fischer, and F. Luft, Z. anorg. Chem., 172, 417-25 (1928).

WADC TR 56-318 116



V. THE REACTIONS OF DIBORANE WITH HYDROXYLAMINE
AND ITS METHYL DERIVATIVES
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A, THE PHYSICAL AND CHEMICAL PROPERTIES OF THE HYDROXYLAMINES (T. C. Bissot, R. W,
Parry, and D. H. Campbell)

Abstract

Free hydroxylamine and all its O~ and N- methyl derivatives have been
prepared in pure form. Melting points, vapor pressures, and heats of va=
porization have been determined for the entire series. Values are those
expected from considerations of hydrogen bonding.

The basic constants for the series have been determined. Variations
in the series are compared to variations found in the series ammonia,
methyl amines,

Although all the methyl derivatives of hydroxylamine have been mentioned in the
early literature, the physical and chemical properties of these materials are for the
most part either inaccurately described or unknown. Since these properties were im=
portant in delineating the conditions for the reaction of the hydroxylamines with
diborane, and since the properties of the bases are of interest in their own right,

a study of the pure-methyl-substituted hydroxylamines has been conducted. Results
are reported herein.

Experimental , =

a. The Freparation of Bydroxylamine and Its Methyl Derivatives.

1. Hydroxylamine——The free base was liberated from a suspension of hydrox-
ylammonium chloride in butanol, using sodium butoxide as the base.+ The salt
was thoroughly dried at 11C°C before use. Since the free base undergoes rapid
decomposition at temperatures above 15°C and is very hydroscopic, it was stored
under anhydrous butanol at -10°C until used. C(old samples were filtered rapidly,
washed with cold anhydrous ether, and weighed in a special vacuum~jacketed weigh-
ing tottle,

2, Oemethylhydroxylamine—Methoxyamine hydrochloride (Fastman Organic Chem-
icals) was treated with an excess of 50% KOH in a small one-piece distillation
apparatus. The fraction boiling at 45°-50¢ was distilled onto KOH pellets contained
in a receiver which was immersed in an ice-water bath. The free base was then
decanted into a tube containing 2a0 and equipped with a g Joint. The tube was
attached to the line and the O-methylhydroxylamine was allowed to stand in con-
tact with the BaO for several days. The CHsONHz prepared in this manner was
contaminated with small amounts of other amines, chiefly ammonia. These were
removed by fractional condensation, effected by holding the first trap at m65°,
the second at -79°, and the third at -196°, The desired component was retained
in the second trap.

1. C. D. Hurd, in Inorganic Synthesis. Vol. I. New York: McGraw-Hill Book Co., Inc.,

1939, p. 87.
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3. 0,N-dimethylhydroxylamine—This methyl-substituted hydroxylamine was
prepared by the following reactions:

Co2H50C(0)CL + HONHp-HCL —2003 y ¢oH,0C(0)NHOH

CoHsOC(O)NHOH + (CHg0)2S0p 3 CHg0C(0)N(CHg )OCHs
alc. KOH

CoHs0C (0)N(CHg )oCHs —228= KO8y ¢ m_0c(0)0K + CHaONHCHS

CHgONHCHg + HCl ————) CHzONHCHz+HCL

The literature direbtionsg’5 were followed without modification. The hy-
drochloride salt was recrystallized from absolute alcohol by the addition of
dry ether. The melting point was 115°-116° (literature 115°-116°). The free
base was prepared in the foliowing manner. A few milliliters of 50% KOH was
frozen in the bottom of a tube which was equipped with a B joint. "The amine
hydrochloride was placed on top of the frozen solution and the tube attached
to the vacuum line. After evacuating the tube, it was allowed to warm up to
room temperature. The contents were mixed by agitating a small iron-cored stir-
ring bar with a magnet. The free O;N-dimethylhydroxylamine was then distilled
into another tube containing BaO and was dried for several days before using.

No further purification was required since all fractions had identical vapor
pressures. As an extra check.on the identity and purity of the material, the
molecular weight was checked by vapor density. The value observed, 61.7 (theory
61.10), was within the experimental error of the measurement.

4. O,N,N-trimethylhydroxylamine-~The trimethyl derivative was prepared as
described by Jones and Major,™ using the reaction of methyl iodide with the O,N-

dimethylhydroxylamine.
ether :
CHsI + 2CH3ONHCHg ————) CH3ONHCHgz‘HI + CHsON(CHz)»

The ether solution was filtered and phenyl isocyanate was added to remove
any unreacted CHaONHCH5 as the N-phenyl-N'-methyl-N'-methoxy urea derivative.
The ether and the free O,N,N-trimethylhydroxylamine were distilled out and dry
HC1 passed into the ether solution. The recrystallized hydrochloride salt had
a melting point of 122.5°-123.5°. The literature value is 123°. The free base
was prepared and dried using the method described for the previous amine. No
further purification was required. The molecular weight was measured by vapor
density as 76.2 (theory 75.11).

5. N-methylhydroxylamine-——The N-methylhydroxylamine was prepared by the
following series of reactions, using literature directions:

2. L. W. Jones, Am. Chem. J., 20, 38 (1898).
3. R. T. Major and E. E. Fleck, J. Am. Chem. Soc., 50, 1479 (1928).

k. L. W. Jones and R. T. Major, ibid., 2742 (1928).
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. _ NaOH
(¢)2C0 + HONHo-HCL NaOhy (§)=CNOH + 2H.0 + NaCl”

NaOH

(@)oCNOE + (CHg0)280> 2> (¢)o0N(0)CHs + (§)2CNOCHs®

(§)=CN(Q)CHs + Hx0 + HCL Eﬁa HONHCHs*HC1 + (@)=C07

HONHCHz *HC1 + CH30Na ——> CH30H + NaCl + HONHCH3°8

The N-methylhydroxylamine is a solid of rather low volatility at room tem-
perature. The material required a large number of fractional condensations be-
fore a portion was obtained whose vapor pressure did not change upon further
fractionation. Because of the low vapor pressure, the purity was checked by a
nitrogen analysis rather than by molecular weight (observed 29.69% N; theory

29.77% N).

6. N;N-dimethylhydroxylamine—This hydroxylamine was prepared by the action
of a methyl Grignard reagent upon ethyl nitrate in ether solution.”? After hy-
drolysis, the amine was removed by steam distillation and collected in dilute HC1.
The resulting solution was evaporated to dryness and the crude hydrochloride was
purified by two to four crystallizations from an ether-alcohol mixture. The salt
was thoroughly dried under high vacuum on the vacuum line. The melting point ob-
served was 103°-106°, Hepworth9 listed an mp of 102°, while Cope and co-workers1O
reported 106.5°-109°.

The free anhydrous HON(CHs )2 could not be prepared using the method described
by Hepworth. His procedure involved distilling the amine, together with some wa-
ter from a flask containing the crude hydrochloride and concentrated KOH. The
distillate was extracted with ether and the ethereal solution dried with BaO.
After several distillations he obtained a fraction boiling at 94.5° to 95.5°%,
which he thought was the anhydrous free base, and for which he reported nitrogen
analysis of 22.78 and 22.82% (theory 22.94%). In the current investigation this
procedure was modified somewhat by utilizing vacuum techniques for the initial
separation of the amine after adding an excess of KOH to the recrystallized hy-
drochloride salt. When a large amournt of BaO was used to dehydrate the mixture

5. A, I. Vogel, Practical Organic “hemistry. London: Longmens, Green and Co., Inc.,

1948, p. 7O,

6. The structural isomers
0] /OCHS

i) !
¢-C-¢ L

are readily separated by the difference of their solubilities in petroleum ether

(30°—50°), The N-methyl compound is slightly soluble, whereas the other is insoluble.

L. Semper and L. Lichtenstadt, Ber., 51, 933 (1918).
8. C. Kjellin, ibid., 26, 2377 (1893).
9. H. Hepworth, J. Chem. Soc., 119, 255 (1921).

10. A. C. Cope, T. T. Foster, and P. H. Towle, J. Am. Chem. Soc., 71, 3929 (1949).
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of water and amine obtained in the distillation, it was found that all the ma-
terial was absorbed. When a somewhat smaller amount of BaO was used, some of

the liquid could be recovered. The melting point was about 0° and the vapor
pressures, measured over the range of 0° to 88°, extrapolated to a boiling point
of 93.5°. However, a molecular-weight determination and a titration of a weighed
amount indicated that a significant amount of water was still present in thée amine.

The weak base strength of the N,N-dimethylhydroxylamine suggested that it
might be displaced from its hydrochloride salt by ammonia. This procedure was
found to work very satisfactorily. A quantity of the recrystallized HON(CHgz)o*
HCl was dried at room temperature for several hours under high vacuum. An ex-
cess of anhydrous ammonia, dried over sodium, was distilled into the tube and
stirred until the solution was clear. The mixture of ammonia and the hydroxyl-
amine was then distilled away from the ammonium chloride and'separated by frac-
tional condensation. The HON(CHz)s was retained in a trap maintained at -80°
with a Dry Ice—isopropyl alcohol bath. The displacement was quantitative since
the remaining hydrochloride salt would not reduce silver nitrate.

The melting point and boiling point of the anhydrous material were raised
considerably, mp 17.7°, bp 100.7°. Nitrogen analyses, 22.56 and 22.70% N, are
in agreement with the theoretical value of 22.94%. The molecular-weight values
of this amine, determined over a range of temperature, show that there is con-
siderable association in the vapor phase.

Temperature Apparent
°C Molecular Weight
59.0 73.0
64.8 70.5
69.4 69.2
98.3 6.6

The values approach the theoretical molecular weight of 61.09 at the higher
temperatures. This anhydrous base was found to be quantitatively absorbed by
alkaline drying agents such as BaO and KOH pellets. The hydroxyl group on this
amine is responsible for the similarity of its physical and chemical properties
with those of water. ©Since the amine and water also apparently form a low boil-
ing azeotrope, they cannot be completely separated by ordinary means.

b. Physical Properties.

1. Melting points—The melting points of these hydroxylamines divide the
group into two categories. The ones with a methyl group on the oxygen are very
low melting materials, whereas those with a hydrogen on the oxygen have melting
points near room temperature. The data for the O,N-dimethyl- and the O,N,N-tri-
methylhydroxylamines were determined using the magnetic-plunger method first
described by Stock.l1:12 A sample of the amine was condensed with liquid nitro-

11. A. Stock, Ber., 50, 156 (1917).

12. R. S. Sanderson. Vacuum Manipulations of Volatile Compounds. New York: John
Wiley and Sons, Inc., 1948,
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gen in a ring which supported the glass plunger. A cooling bath of mixed methyl
pentanes was cooled well below the melting point of the amine and placed around
the melting-point apparatus. A carbon dioxide-—vapor-pressure thermometer was
used to measure the temperature of the bath. The cooling bath was then allowed
to warm up slowly, with constant stirring to keep the temperature uniform. When
the pointer dropped, the vapor pressure of the carbon dioxide gave the tempera-
ture at which the material melted. For the above two amines the melting points
on three separately purified samples were reproducible to within less than a
tenth of a degree.

The melting points of the N-methyl- and the N,N-dimethylhydroxylamine were
determined visually in the same apparatus that was used to determine vapor pres-
sures. A National Bureau of Standards calibrated mercury thermometer was used
to measure the temperature. The results of this investigation and the values
recorded by previous workers are collected in Table I.

TABLE I

MELTING POINTS OF HYDROXYLAMINE AND ITS
METHYL-SUBSTITUTED DERIVATIVES

Melting Point

Compound oG Investigator
HONHo 3%.05 Lobry de Bruyn15
30-33 Brijh11
HONHCHg b2 Kjellin815
38.2, 38.7 This investigation
HON (CHs )2 17.5 -17.8 This investigation
CH5ONHo -86.4 This investigation
CHgONHCHs =97.0 This investigation
CH3ON(CHa )2 -97.2 This investigation

13.

1h.

15.

C. A. Lobry de Bruyn, Rec. trav. chim., 10, 100 (1891).
J. W. Briinl, Ber., 26, 2508 (1893).

The early observations of Kjellin were apparently rather crude. The boiling
point which he reported for HONHCH; was in error by a large factor (Teble VI).
Extensive purification in this investigation failed to railse the melting point
above the reported value.
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2. Vapor pressures and related constants of hydroxylamine and its methyl-
substituted derivatives—When handling volatile compounds in a high-vacuum ap-
paratus, a knowledge of their vapor pressures at various temperatures is essen-
tial. Not only are the values necessary in order to design a separation proce-
dure, but they provide a rapid check on the identity and purity of the separated
material. No vapor-pressure data were available in the published literature for
the methyl-substituted hydroxylamines. In view of these facts, a portion of this
investigation was directed toward obtaining these data.

The details of the measurement varied with the temperature range which was
involved.

(a) =-80° to 0°. Four different two-phase systems were used as constant-tem-
perature baths in this region. These were slush baths of chloroform (-63.%°),
chlorobenzene (-45.3°), carbon tetrachloride (-22.8°), and ice-water (0°). A
Dry Ice—isopropyl alcohol bath was used at -78°. For intermediate temperatures
a large bath of isopropyl alcohol was cooled to the desired temperature. This
bath was well stirred and the temperature measured with an alcohol thermometer.
Since alcohol thermometers are often unreliable, the one used in these measure-
ments was calibrated each time it was used against two~phase slush baths of CCl,,
CeHsCL, and HoO.

A mercury manometer was used to measure the pressures, which were read to
the nearest 0.1 mm with a cathetometer.

(b) 0° to room temperature. The desired temperature was achieved by using a
large, well-stirred water bath cooled to the desired temperature. A mercury
thermometer with 0.01° graduations, which had been calibrated and certified by
the National Bureau of Standards, was used to measure the temperature of the
bath.

(c) Above room temperature. An immersible tensimeter designed after the one
described by Burg and Schlesingerl6 was used to determine vapor pressures above
room temperature. The tensimeter was immersed in a constant-temperature bath
controlled to £ 0.05°. Two National Bureau of Standards calibrated thermometers,
-5° to 50° and 50° to 110°, were used with stem corrections applied where they
were significant.

The vapor-pressure data were fitted to an equation of the form
LogipP = =A/T + B - ClogT
Data are summarized in Tables II to V. The heats and entropies of vaporization
at the boiling point were estimated from the vapor-pressure data. Comparative

physical data for all the methyl derivatives of hydroxylamine are summarized in
Table VI.

16. A. B. Burg and H. I. Schlesinger, J. Am. Chem. Soc., 59, 780 (1937).
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TABLE IT

THE VAPOR PRESSURE: OF O~METHYLHYDROXYLAMINE

Empirical Equation Log,, P = -2433.,7/7 + 23,928k - 5.3746 Log T
Observed Calculated
Temperature Pressure Pressure AP
°C . o Cal.-Obs.
-6%.5 .75 .69 -0.06
-45.3 3.55 3.76 +0.21
-22.8 20.5 20.7 +0.2
-20.4 ol.2 2.k +0.2
-17.6 - 29.0 29.2 +0.2
-13.3 38.2 38.5 +0.3
-10.4 45.6 46,1 +0.5
-6.8 56 .4 57.0 +0.6
0.0 83.9 83.8 -0.1
9.k 138.8 138.5 -0.3
10.1 143.5 143.6 +0.1
12.6 162.9 162.5 -0.k
1k} 177.3 177.4 +0.1
16.0 192.1 192.6 +0.5
17.7 208.4 208.6 +0.2
19.1 002.8 002.6 -0.2
20.1 033,6 232 .7 -0.9
21.1 243.9 2454 +1.5
o4 .8 291.1 290.5 -0.6
29.8 362.9 363.7 +0.8
34 .9 hs1 450 -1
40.3 561 561 0
4.8 670 668 -2
48.2 761 765 +4
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TABLE IIT

THE VAPOR PRESSURE OF O,N-DIMETHYLHYDROXYLAMINE

Empirical Equation Logjg P = -2282.9/T + 22.1065 - L.7976 Log T
Observed Calculated
Temperature AP
o Pressure Pressure
C m m Cal.-Obs.

~L5.2 6.1 6.0 -0.1

-42.0 8.0 8.0 0
-36.5 11.8 11.7 -0.1
-31.L 16.8 17.0 +0.2
-27.0 23,1 23.0 -0.1
-22.6 30.6 30.8 +0.2
-18.0 40.8 h1.2 +0.h
-1%3.3 54.9 5Lh.5 -0.h
~T.3 T7.8 7.2 -0.6
=42 91.5 92.0 +0.5
0.0 1144 115.3 +0.9
L.,0 141.1 141.3 4+0.2
8.0 173.2 173.5 +0.3
12.0 210.9 210.7 -0.2
16.0 25%.8 253.7 -0.1
19.7 301.h4 301.0 -0k
23.9 361.5 361.7 +0.2
28.0 430.4 431.0 +0.6
32.9 526.6 527.1 +0.5
37.5 630.2 63L.1 +0.9
ho b 765 762 .6 2.4
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TABLE IV

A. THE VAPOR PRESSURE OF 0,N,N-TRIMETHYLHYDROXYLAMINE
Empirical Equation Logjg P = -2296.9/T + 27.3690 - 6.8151 Log T

Observed Calculated

Tempfrature Pressure Pressure A
o Cal.-CObs.

mm mm —

-78.5 0.9 0.9 0
-63.5 3.6 3.9 +0.3
5.2 17.3 16.8 -0.5
-39.0 26.5 25.8 o1
~35.0 35.5 335.7 -1.8
-29.8 47.5 168 o
-25.2 61.7 61.5 -0.2
oo 81.5 82.9 +1.4
-1h.1 113.6 113.4 -0.2
9.3 14k .4 145.8 +1.4
-1.8 186.0 181.3 b7
0.0 226.9 227.7 +0.8
3.9 270.7 271.0 +0.k4
8.3 328.0 328.7 +0.7
11.8 379.1 579.8 0T
15.9 L48.0 Lh8.1 +0.1
20.0 525 .4 52k.9 "0+
23,3 597.5 295.3 -2.2

B. THE VAPOR PRESSURE OF N-METHYLHYDROXYLAMINE
Solid Phase—Empirical Equation Logy P = 13.7/T - 4.261 + 5.63 x 1075T2

0.0 0.9 1.0 +0.1

5.0 1.5 1.4 =0.1
10.0 2.0 2.0 0
15.0 2.9 2.9 0
20.0 4.2 L.2 0
25.0 6.1 6.1 0
30.0 9.0 9.0 0
35.0 13.5 13.4 =0.1

Liquid Phase—Empirical Equation Logiy P = ~2597/T + 9.570

o 5.2 5.2 0
25,oi 7.3 7.3 0
30.07 10.0 10.1 +0.1
200 FES 1900 01
45.0 25.8 25.4 0.4
50.2 34.6 34,7 +0.1
55.0 45,4 45,4 0
60.0 59.8 59.7 0.1
65.0 76.8 77.8 +1.0

*gupercooled liquid.
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Empirical Edquation LoglO P =

TABLE V

THE VAPOR PRESSURE OF N,N-DIMETHYIHYDROXYLAMINE

-3780.1/T + 39.4125 - 10.2693 Log T

Observed VCalculated
Tempfrature Pressure Pressure AP
C o . Cal.=Obs.
17.6 13.0 13.0 0.0
19.1 4.5 1h.h -0.1
25.2 21 .4 21.h 0.0
29.8 28.5 28.6 0.1
3h.7 38.0 38.1 0.1
40.3 - 52.4 52.5 0.1
k.9 67.3 67.% 0.0
50.% 90.1 89.8 -0.3
55.1 11k.6 11h.2 -0.k4
60.2 146.0 146.8 0.8
65.1 183.3 183.8 0.5
70.2 229.7 2%1.2 1.5
75.1 284 .1 285.2 0.8
80.2 351.7 35L.2 -0.5
85.0 L27.0 h26.3 -0.7
90.0 521 518 -3
TABLE VI
MELTING POINTS, BOILING POINTS, HEATS OF VAPORIZATION, AND
TROUTON CONSTANTS OF METHYL~SUBSTITUTED HYDROXYLAMINES
Melting Boiling /
Compound Point Point AH Vap. AR/T
o0 °C  760mm cal/mol e.u.
HONHCH5 38.5 115.0 11,880 30.6
HON(CHs )2 17.6 100.6 9,670 £5.9
CH5ONHo -86.4 8.1 7,710 2k .0
CH5ONH(CHg ) -97.0 42.3 7,440 2%.6
CH5ON(CHg )2 -97.2 30.0 6,410 21.1
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c. Chemical Properties.

1. The base strength of hydroxylamine and its methyl-substituted 'deriva-
tives—The base strength of this series of compounds in water solution was de-
termined potentiometrically. A dilute solution of the hydrochloride salts was
titrated with 0.05 N NaOH and a typical titration curve was obtained.

The hydrochloride salts of these amines were carefully purified and dried.
A quantity was weighed out and diluted to obtain a solution which was approxi-
mately 0.0025 molar. A 100-ml aliquot was transferred to a four=-necked flask.
The central neck contained a stirrer; two necks were used for the electrodes,
while the fourth was used for the burette. A Beckmann model G pH meter with a
combination glass-calomel electrode system was carefully standardized against a
potassium acid phthalate buffer. Both the four-necked titration flask and the
buffer solution were thermostated at 25 X 0.1°.

The dilute solution of the amine hydrochloride was then titrated with 0.05
N NaOH from a 5-ml microburette. The pH of the solution was recorded after the
addition of each 0.2 ml of base; near the endpoint much smaller increments were
taken.

The pKa of the amine was then calculated over the middle third of the ti-
tration curve by the formula '

total ml NaQH - ml NaOH
ml NaOH

.

pKa = PH + Log

The values calculated over the central portion of the curve rarely deviated
by more than 0;005 PK unit from their average . The titrations were repeated us-
ing 100-ml aliquots of the same hydrochloride‘solution and adding weighed amounts
of KCl to vary the ionic strength of the solution. The averages from these ti-
trations were then plotted as a function of the square root of the ionic strength
and the extrapolated value of pKa at infinite dilution was obtained.

The glass electrode was used in this study because, of its simplicity and
because of errors arising from the reducing action of hydroxylamine on the noble
metal salts of the. usual reference electrode .17 In~order’tq estimate the mag-
nitude of the errors in the procedure, the constant for NH,OH was determined
using the identical procedure. The value obtained, pKb 4.73, is in reasonably
good agreement with the precision value of Bates and Pinching,l 'th reported- a
value of L4.751. 1In view of the inherent errors in the glass electrode, such as
the asymmetry potential, and the uncertainties in standardizing the pH meter,
the error which has been assigned to the pKb values of ‘these hydroxylamines is
+ 0.0% pK unit. Data are summarized in Table VII.

17. D. M. Yost and H. Russell, Jr. Systematic Inorganic Chemistry. New York: Pren-
tice-Hall, Inc., 1944, p. 97.

18. R. G. Bates and G. D. Pinching, Res. Paper 1982, J. Res. Natl. Bur. Std., 42, 419
(1949).
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TABLE VIT

pKa VALUES FOR AMMONIA, HYDROXYLAMINE, AND
METHYL-SUBSTITUTED HYDROXYLAMINES

Compound Tonic «/E Average Zil;relf fl i EEtﬂe(b
St +
rength Apparent pKa Dilution

NHg 0.058 0.241 9.310

0.0213% 0.146 9.298

0.0025 0.050 9.277

0.00 0.00 9.27 L.73 £ 0.02
HONHz 0.0226 0.150 6.012

0.0075 0.087 5.997

0.0023 0.048 5.985

0.00 0.00 5.97 8.03 £ 0.02
HONHCH5 0.0226 0.150 6.002

0.0100 0.100 5.968

0.0034 0.058 5.969

0.0026 0.051 5.983

0.00 0.00 5.96 8.0k £ 0.02
HON(CHs )2 0.0626 0.252 5.276

0.0212 0.145 5.246

0.0026 0.051 5.218

0.00 0.00 5.20 8.80 £ 0.02
CHzONHz 0.100 0.316 L.674

0.0k 0.210 h.652

0.022 0.148 4.639

0.0091 0.095 4 601

0.00216 0.047 4,611

0.00 0.00 4.60 9.40 £ 0.02
CH5ONHCHg 0.0615 0.248 L. 780

0.205 0.143 4. 768

0400223 0.048 4.752

0.0 0.00 4.75 9.25 X 0.02
CH5ON(CHg )o 0.0672 ©0.259 3.746

0.0206 0.1k 3,70k

0.00223 0.0L4T 3.671

0.00 0.00 3.65 10.35 % 0.02
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The base strengths of hydroxylamine and methoxyamine have “been reported
previously in the literature. The basic ionization constant usually reported
for hydroxylaminel9’20 is the early value of Winkelbleck,21 6.6 x 107°, corres-
ponding to a pKb of 8.18. The pKb value, T.40, given by Ishikawa and AokiZ?
appears to be erroneous. The value clgsest to that found in this investigation
(8,05) is that of Kolthoff and Stenger25 who listed the pKb of hydroxylamine as
7.97. The ionization constant for methoxyamine of 2.4 x 107> reported by Vo-
drazka2 corresponds to a pKa of 4.62. This is within the assigned error of
the value obtained, pKa 4.60.

Discussion.—Brown and co-workers® have found that the series of methylamines
display the same order of base strengths when trimethylborane is used as the refer-
ence acid, as they do when one uses the proton. If the inductive effect of the
methyl group were the only factor in determining the strength of the base, the order
expected would be NHs <NHoCHs <NH(CHs)o<N(CHz)s. The order actually observed with a
proton and with trimethylborane as reference acids isNHz <-N(CHg)s < NHeCHs < NH(CHz)z.
A number of theories have been proposed to explain this order of base strengths of alkyl
amines.26’28 The opinion is divided as to whether the inductive effect of the alkyl
group 1s opposed to a steric factor or by solvent interaction. .Brown25 has argued that
the decrease in the basicity of (CHsz)sN is due to a steric strain, operating at the
back of the molecule, by the three bulky methyl groups on the small central atom (B-
strain). Trotman-Dickenson2 has noted that the replacement of hydrogens on the amine
by alkyl groups reduces the hydration energy for the ammonium ion form, since the
bonding between the amine d1on and solvent is through the hydrogens of the former.

19. D. M. Yost and H. Russell, Jr. Systematic Inorganic Chemistry. New York: Pren-
tice-Hall, Inc., 1944, p. 98.

20. W. Latimer. Oxidation Potentials. New York: Prentice-Hall, Inc., 1938, p. 89.

21. K. Winkelbleck, Z. Phys. Chem., 36, 574 (1901).
22, F. Ishikawa and I. Aoki, Bull. Inst. Phys. and Chem. Research, 19, 136 (1940).

25, I. M. Kolthoff and V. A. Stenger. Volumetric Analysis. Vol. I. 2nd ed. New
York: Interscience Publishers, 1942, Table II, p. 28k4.

2k, 7. Vodrazka, Chem. Listy., 46, 208 (1952).
25. H. C. Brown, H. Bartholomay, and M. D. Taylor, J. Am. Chem. Soc., 66, 435 (194k).

26. A. F. Trotman-Dickenson, J. Chem. Soc., 1293 (1949); R. B. Bell and A. F. Trotman-
Dickenson, ibid., 1288 (1949).

27. R. G. Pearson, J. Am. Chem. Soc., 70, 204 (1948); R. G. Pearson and F. V. Williams,
ibid., 76, 258 (1954).

28. K. S. Pitzer and R. Spitzer, ibid., 70, 1261 (1948).
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The base strengths of hydroxylamine and its methyl derivatives, which have been
measured in ‘this investigation, display the same order as ammonia and its methyl de-
rivatives., In Fig. 1 the pKa values of the methylamine series and the experimental
values for the hydroxylamines are plotted as a function of the number of substituents
replacing hydrogen on the nitrogen atom. The oxygen atom is somewhat smaller than a
methyl group, but it is much larger than the hydrogen atom. Therefore, hydroxylamine
is placed in the vertical row with methylamine rather than with ammonia, since the
steric relationships would be more nearly comparable.

The similarity between the two series of hydroxylamines and the methylamine se-
ries is immediately apparent. The inductive effect of the methyl group in going from
one to two substituents is small and is zero in the hydroxylamines containing the OH
group. In going from two to three substituents there is a large decrease in the base
strength for all three series.

The electron-withdrawing power of the hydroxyl group is seen to reduce the elec-
tron-donating power of the nitrogen by a large amount. The difference between the
hydroxyl and the methoxy series is much smaller. On the basis of an inductive effect
alone it would be expected that O-methylhydroxylamine would be slightly stronger than
hydroxylamine, but the converse is seen to be true. This anomalous effect of the
methoxy group is known in other instances. An example is methoxyacetic acid, CHsOCH=-COOH
(pKa. 3.48), which is a stronger acid than glycolic acid, HOCH-COOH (pKae 3.82).

The values obtained for these hydroxylamines can be correlated best in terms of
the steric-strain model proposed by Brown. If solvation were the important factor,
one would expect a different order with the amines containing an OH group, since this
hydrogen would contribute to the bonding with the solvent. This does not appear to
be the case.

Data summarized in Table VI show that the replacement of hydrogen by a methyl
group on the oxygen lowers the boiling points and the melting points of the compounds.
The removal of the relatively strongly protonic hydrogen on the oxygen eliminates hy-
drogen bonding through the hydroxyl group. The same effect, though to a much smaller
degree, is expected upon replacement of one of the hydrogens on the nitrogen by a
methyl group. For comparable compounds the Trouton constant and the boiling point
are reduced by substitution of methyl for hydrogen on nitrogen.

Although it is frequently assumed that the entropy of vaporization for a liquid
under a constant pressure of one atmosphere (Trouton constant) is related to the de-
gree of association in the liquid phase, Hildebrand®? showed that the entropy of va-
porization at a constant vapor-phase concentration is of more fundamental significance.
The so=-called Hildebrand-Trouton constant is the entropy of vaporization at a constant
vapor-phase concentration fo;QO507 mole/liter. The Hildebrand-Trouton constant for
a group of amines is compared with the value of AHVap./T at 200-mm pressure for the
same series in Table VIII. It will be noticed that according to the Trouton-Hildebrand
constant all the amines except the trimethyl derivatives show a roughly comparable de-
gree of association in the liquid phase prior to vaporization, a fact which may be as-
cribed to hydrogen bonding.

29. J. H. Hildebrand, J. Am. Chem. Soc., 37, 970 (1915).
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Fig. 1. The pKa values for CHs, OH, and OCH5 substituted amines.

WADC TR 56-318 132



TABLE VIII

A COMPARISON OF THE "TROUTON CONSTANT" AT A PRESSURE OF 200 MM
WITH THE HILDEBRAND~TROUTON CONSTANT AT A UNIFORM VAPCR
CONCENTRATION OF 0.00507 MOLE/LITER FOR A SERIES OF AMINES

Temp. for AHygp,

Compound AByap . m  AMygp. vVap. Conc. P for at AH

200 mm A T of .00507 Vep. Conc.  qpig Temp, T  Ref.

cal /male mole/liter — cal/mole
NHg 5,860 216 27.1 200 63 6,041 30.2 (a)
CHsNHo 6,770 240  28.2 22l T2 6,860 30.5 (b)
(CHg ) 2NH 7,100 252 28.2 236 76 7,330 31.1  (e)
(CHg )N 6,090 2h5 2k .8 227 72 6,150 27.0 (c)
NoHy 10,230 351 29.1 337 107 10,280 30.5 (d)
NHoOH 16,600 361 46.0 350 106 17,266 49.0 (a)
NH50CHg 8,400 290 29.0 273 8l 8,483 31.0 (e)
Hs0 10,070 340 29.6 325 105 10,202 31.3 (a)
CClg(Ref.) 7,680 311 k.7 204 48 7,938 27.0  (a)

) D. R. Stull, Ind. Eng. Chem., 39, 540 (1947).
) Aston et al., J. Am. Chem. Soc., 59, 1Th3 (1937).

¢c) T. E. Jordan. Vapor Pressures_g£ Original Compounds. New York: Interscience
Publishers, 1954, pp. 176 and 178.

(d) L. F. Audrieth and B. A. Ogg. Hydrazine. New York: John Wiley and Sons.,
Inc., 1951, p. Th.

(e) This investigation.

o o

(
(
(

The value of 49.0 e.u. calculated from the literature data for the vapor pres-
sure of hydroxylamine deserves further consideration. In comparison to the corres-
ponding constants for the closely related water, hydrazine, ammonia, and O-methyl-
hydroxylamine (Table VIII), this value is unusually high. In view of the instability
of free hydroxylamine gbove 10°C, it is almost certain that the high value of AS in-
dicates some decomposition of the sample during the vapor-pressure measurement. Such
an error in vapor pressure would result in a low value for the boiling point. The
data for the more stable methyl derivatives of hydroxylamine suggest that the true
boiling point of hydroxylamine is indeed above the recorded value of 111°C. For N-
methylhydroxylamine the value is 115°C and for the N,N'-dimethylhydroxylamine the
value is 100.6°C. These values suggest 125°C as a more reasonable boiling point for
the pure HoNOH.

WADC TR 56-318 133



B. THE REACTION OF HYDROXYLAMINE AND ITS N-METHYL DERIVATIVES WITH DIBORANE (D. H.
Campbell, T. C. Bissot, and R. W. Parry)

Abstract

Hydroxylamine-borane and N-methylhydroxylamine-borane have been pre-
pared in impure form as solids at -112°C. These lose Hs on warming to
room temperature. Pure N,N-dimethylhydroxylamine-borane has been pre-
pared as a volatile liquid, which is relatively stable at room tempera-
ture. The decomposition of the borane complex is catalyzed by BoHg and by
the decomposition residues. The role of BoHg in the decomposition,is in-
terpreted in terms of a proposed reaction scheme.

Many of the reactions of the boron hydrides are assumed to occur through the ad-
dition of a Lewis base to the borane group followed by internal decomposition of the
adduct. One of the mechanisms suggested for the hydrolysis of diboranet illustrates
the transitory existence of the unstable addition complex:

BoHg &—= 2BHg

\HH|
Lo.d

HsB + Ho0 &= HBOH
H

\—————ﬁ HBOH + Hp, etc.

H

The internal decomposition of such borane adducts is a question of some interest,

yet many of these addition complexes, suggested as intermediates, are too unstable

to make their direct study practical. In contrast, the N-methylhydroxylamineboranes
seemed particularly suitable for such a study since the boron-nitrogen bonds should
be of moderate stability and secondary reactions such as oxidation of the boron by
the hydroxylamine and loss of hydrogen through interaction of protonic and hydridic
hydrogens in the molecule should proceed with some ease. In addition, a study of the
hydroxylamine addition compounds was of some practical interest because of the possi-
bility of B-N-O polymer formation. The formation and decomposition of the borane ad-
ducts of hydroxylamine and of its N-methyl derivatives have been studied and the re-
sults are interpreted here in terms of a reaction mechanism for complex decomposition.

The Reaction of Diborane and Hydroxylamine,—Diborane and solid anhydrous hydroxyl-
amine gave no evidence for reaction over the temperature range -186° to -96°C; however,
after the solid and gas had been standing in contact for several hours at -96°C, the
system was warmed up slightly and explosive interaction occurred.

1. H. G. Weiss and I. Shapiro, J. Am. Chem. Soc., 75, 1221 (1953).
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In-order to moderate the reaction, diethyl ether was used as a reaction medium. @

Diborane reacted very slowly with a stirred ether suspension of anhydrous hydroxyl-
amine at -112°C without the liberation of significant amounts of hydrogen. Under
these conditions the approximate stoichiometry of the process was given by the equa=-
tion

n BoHg + 2n NHoOH ——> 2(HsBNHoOHz) n .

In every Pun the ratio NHgOH/BgEG deviated somewhat from the theoretical value of 2
and the deviation was always larger than the experimental error of measurement. This
was a general observation applicable to hydroxylamine and both of its N-methyl de-
rivatives but not to the O-methyl hydroxylamines.3 See Table I. This fact is con-
sidered later.

TABLE I

SUMMARY OF THE PROPERTIES OF THE BORANE ADDITION
COMPOUNDS OF HYDROXYLAMINE AND ITS N-METHYL DERIVATIVES

Melting Ratio Approx. Temp. &t
Compound ) Volatility Amine /BoHe which 50% Decomp.
Point . e . o
in Prep.¥% in 24 hr, °C
HONH-BHs: Solid
at ~-78° None (Decomp.) 1.80 -75 (impure)
HONHCH5BHs Liquid*
at ~78° None 1.92 15 (impure)
HON (CHs ) 2BHs 2° . }4° 6 mm at 25° 1.92 25 (impure)
55 (pure)

* Sample impure; low melting point may be due to impurities.
¥¥ Fach value is a result of several runs. The theoretical value is 2.

If the temperature of the ether insoluble hydroxylamine adduct of diborane was
to rise slowly above -112°C, hydrogen was liberated, probably through the interaction

2. The advantages of diethyl ether as a solvent in some boron hydride reactions have
been demonstrated previously. Emeleus and Stone [J. Chem. Soc., 840-1 (1951)]
failed to obtain exact stoichiometry for the reaction between diborane and non-
solvated hydrazine, but Steindler and Schlesinger [J. Am. Chem. Soc., 75, 756
(1953)] obtained the compound HsBNH-NHsBHs with excellent stoichiometry in the
presence of diethyl ether.

3. T. C. Bissot, D. H. Campbell, and R. W. Parry, this Report, p. 147.
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of the hydroxyl hydrogen of hydroxylamine and the hydridic hydrogen of a borane
group. The total amount of hydrogen liberated at various temperatures is shown

in Fig. 1. The moles of hydrogen lost per mole of hydroxylamine used approached

1 at about 25°C and 2 at about 125°C. The product remaining after the loss of one
mole of hydrogen was a white solid which dissolved in water, methanol,. and ethanol
with the evolution of small amounts of hydrogen. The material was inscluble in
liquid ammonia, ether, benzene, toluene, and 1,4-dioxane. The product remaining
after the loss of two moles of hydrogen dissolved only with difficulty in water,
but readily in dilute acid or base.

The above facts suggest the formula

HH HH
~-BNOBNO
HH HH

for the 25°C decomposition product; however, it is difficult to harmonize the above
formulation with the data for hydrogen evolution at different temperatures shown in
Fig. 1. One would expect that the temperature—hydrogen-evolution curve should show
a break after the loss of one mole of hydrgogen per hydroxylamine-borane  The curve
shows a break after loss of only 2/5 of a mole of Ho per HONHoBHz. This anomaly is
attributed to the fact that increasing rigidity of the polymer prevented free in-
teraction of the acidic and hydridic hydrogen in the addition complex. This postu-
late receives support from the observation that in a similar type of decomposition
process the presence of a polyglycol ether solvent eliminated the change in rate
after loss of 2/3 of a mole of hydrogen.3 As the temperature was raised, the
stoichiometry was complicated by the interaction of the protonic hydrogens attached
to the nitrogen and the hydridic hydrogens of the borane group. Finally, direct
pyrolysis of the borane group added further complication at temperatures above about
70°C.

n

The Reaction of Diborane and N-methylhydroxylamine.--This reaction, conducted
only in ether, resembled the reaction of diborane and hydroxylamine except for minor
points. The addition product of the N-methylhydroxylamine was a clear ether soluble
liquid at -78°C. Above -78° hydrogen was lost, and the liquid increased in viscosity
until the mass solidified near room temperature. No volatile products other than
hydrogen were observed until the temperature was raised to 100°C and above. At this
temperature methylamine contaminated with traces of ammonia was obtained. About
19% of the total nitrogen in the complex was recovered as methylamine. The poly=-
merization upon loss of hydrogen parallels closély the process described previously
for the hydroxylamine-borane.

The residue remaining in the tube after pyrolysis at 220°C was a yellow solid.
Upon hydrolysis with dilute HC1l enough additional hydrogen was obtained from the
residue to bring the total "hydridic" hydrogen per molecule of complex up to two
instead of the expected three. The recovery of methylamine at high temperatures
and the loss of a hydridic hydrogen from the boron indicate a shift of the oxygen
group to the boron and of a hydrogen to the nitrogen. This shift' is considered
elsewhere.?
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The Reaction of N,N-Dimethylhydroxylamine and Diborane.-——This addition reaction
was conducted with and without ether as a solvent. In contrast to the observations
with hydroxylamine, the reaction without a solvent was not explosive and gave stoi-
chiometry comparable to that observed in the presence of ether. As in the two pre-
ceding cases, the ratio of NOH(CHs )2 to BoHg deviated from the expected valuye of
two; fortunately, however, the isolation of the pure N,N-dimethylhydroxylamine-borane
and a study of its properties gave a reasonable explanation for the observed devia-
tions in the entire series.

In the decomposition of the two previous compounds no volatile product other
than hydrogen separated at temperatures below 100°C. In contrast, the pure N,N-di-
methylhydroxylamine~borane could be distilled from the reaction mixture at 25°C as
a liquid. The liquid had a vapor pressure of 6 mm at 25°C, a melting point of 2 to
L°C, and a molecular weight by vapor density at room temperature of 70 * 6. (Theo-
retical for HON(CHs)2BHz is T4.9.) The small weight of the sample, resulting from
its low vapor pressure at 25°, accounted for the large experimental uncertainty.
This uncertainty plus the known association of W,N-dimethylhydroxylamine in the
vapor phase prevented the use of the pressure measurements for evaluating the de-
gree of dissociation of the complex. The following analytical results were obtained

for the pure N,N-dimethylhydroxylamine~borane:

Observed Theoretical
Hydridic Hydrcgen 3.92 b, ol
toron Th b ik kb
Nitrogen 18.6 18.69

When the pure complex was distilled from the rapidly decomposing system at room
temperature, it turned out to be surprisingly stable. A pure sample standing‘at
25°C for five days was less than 5% decomposed. Ify however, the pure liquid was
returned to the tube containing the initial decomposition products, rapid evolution
of hydrogen began immediately at room temperature. The yield of pure HON(CHs)-BHs
obtained from the early preparations, in which excess diborane was used, was found
to correlate with the amount of undecomposed compound calculated from the observed
hydrogen evolution. The results are shown in Table IT1.

When extra diborane was added to the pure compound, vigorous hydrogen evolution
began. Data are summarized ir Table III. Although small amounts of diborane were
used up in the reaction, most of it was recovered and at least 12 moles of hydrogen
were liberated for every mole of diborane consumed. . The high ratio indicates that
the effect of the diborane was definitely catalytic and no primary stoichiometric
process including diborane was involved. On the other, hand, the fact that small
amounts of diborane were used up in a secondary process justifies the poor stoi-
chiometry in all the reactions of diborane and the hydroxylamines.

The observation that excess BpoHs catalyzes the decomposition suggested that
better results would be obtained if an excess of amine were used rather than an ex-

cess of diborane. The prediction was verified by experiment. When the amine was
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TABLE IT

REACTION BEIWEEN N,N-DIMETHYLHYDROXYLAMINE AND EXCESS DIBORANE

Run Number

Solvent 1 > 3
Ether None Ether
Ratio HON(CHs)2/BoHs 1.94 1.91 1.91
Ho /HON(CHs ) 0.43 0.72 0.32
% Complex Not Decomposed¥ 57 28 68
% Pure Complex Recovered 50 30 65
*¥Based on hydrogen evolution.
TABLE III
CATALYTIC DECOMPOSITION OF PURE N,N-
DIMETHYLHYDROXYLAMINE~BORANE BY DIBORANE
AT 25°C
Trial 1 Trial 2
Mmoles BgHg added per mmole
of pure HON(CHz)oBHs .78 L1k
Moles Hz liberated per wole
of pure HON(CHsz)sBHs 0.82 (0.5 nr) 1.07 (28 nr)
% added BoHs which was re-
covered unchanged 91 35
Mmoles BoHg consumed for
each mmole of pure HON(CHz)s .07 .09
BH3 decomposed
Mmoles Heo released for each
mmole BoHg consumed 16 12

in excess, hydrogen evolution,

prior to separation of the pure complex, corre-

sponded to only 2.3% decomposition; when diborane was in excess, hydrogen evolution
under comparable conditions corresponded to from 50 to T0% decomposition; Unfor-
tunately, the N,N-dimethylhydroxylamine and its borane adduct have vapor pressures

which are too close together to permit easy vacuum-line fractionation.

Due to me-

chanical purification losses, only a T70% yield of the pure N,N-dimethylhydroxylamine-
borane was recovered, although better separation procedures would undoubtedly have

given higher yields.
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N-methylhydroxylamine-borane might be prepared as stable compounds if a way could
be found to minimize contact between the complex and the excess diborane, Unfor=-
tunately, the fact that these two amines are solids in ether at the reaction tem-
perature means that diborane must be present in excess since separation of the un-
reacted amine from the adduct is difficult at low temperatures.

The thermal decomposition of the N,N-dimethylhydroxylamine-borane was studied
by holding a sample in a sealed tube at 55°C. The liquid changed directly into a
white solid without going through various stages of increasing viscosity. Upon
opening the tube exactly one mole of hydrogen per mole of complex was found. The
formula indicated for the white solid which remained is

CHa H
-0-N - B-
CHs H

X

Since no suitable solvent was found, the value of x was not determined. The [ON(CHs)o
BH2.] polymer underwent further decomposition upon heating to high temperatures. A
sample of HON(CHgz)sBHs upon prolonged pyrolysis at 100° yielded hydrogen equivalent

to 1.25 moles Hy per mole HON (CHz)oBHs plus small amounts of a high-boiling liguid.
The type of thermal decomposition which might be expected is explained by the equa-
tion

5[ -ON(CHgz )2BHz-] — 3 B[N(CHs)2]s + 3Hz + BgOs .

The cogpound B[N(CH;)2]s is reported as a liquid with low volatility at room temper-
ature.

In contrast to the behavior of the N-methylhydroxylamine-borane there was no
evidence for a shift of oxygen group from nitrogen to boron and of a hydridic hy-
drogen from boron to nitrogen in the thermal decomposition of the N,N-dimethylhydroxyl-
amine~borane.

A sample of the N,N-dimethylhydroxylamine-borane was allowed to react with a
small excess of trimethylamine. An 80% yield of (CHs)sNBH3 was obtained, and the
amine displaced was identified as N,N-dimethylhydroxylamine.

Discussion.-~The thermal decomposition of the N,N-dimethylhydroxylamine-borane
was different in several respects from that of HONHoBHs and HONCH3HBHz;. In the de-
composition of the latter two compounds there was a range of about 100°C between the
temperature at which a significant amount of hydrogen was first produced and the
temperature at which one mole was collected. Furthermore, a change in rate of Hp
evolution was noticed after loss of 2/3 of a mole of hydrogen but not after loss of
one mole. On the other hand, pure HON(CHs)oBHs was relatively stable at 25°C but
decomposed rapidly when the temperature was raised just 30°. In addition, the rate

4. E. Wiberg and K. Schuster, Z. anorg. Chem., 213, 77 (1933).
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of hydrogen evolution decreased almost to zero at 55°C after the expected one mole
of hydrogen had been liberated. This difference can be attributed to” the volatlllty
of the Ny;N-dimethylhydroxylamine~borane and to*the fact that the pure liquid product
and the decomposition product do not appear to be mutually soluble. ©Since they
separated as distinct phases, the polymerization which accompained the loss of hy-
drogen did not impede the decomposition of the unreacted material. Furthermore, the
decomposition of the dimethyl compound was not complicated by the loss of the hydro=-
gen attached directly to nitrogen, as was the case with the other two complexes.

When carefully purified, HON(CHs )oBHs was amazingly stable for a compound con-
taining a protonic and hydridic hydrogen in the same molecule. The role of BoHeg in
promoting Hyo evolution suggests a reasonable explanation for the stability of this
pure material. In general, the coordination of the BHsz group to a base reduces the
hydridic character of the attached hydrogens, the degree of reduction being almost
proportional to the strength of the coordinate link which is formed. For example,

a weakly complexed additien compound such as FsPBH3 or OCBH3 is almost as reactive

as diborane itself and inflames spontaneously in moist air. In contrast, the strongly
complexed trimethylamine-borane is stable indefinitely in dry air and is only slowly
hydrolyzed by liquid water. In HON(CHs )oBHs it is logical to assume that the hydridic
hydrogens of the borane group are sufficiently deactivated through coordination to
prevent their interaction with the weakly acidic hydrogen of the ~CH group. However,
the unstabilized hydrogens on the diborane are basic enough to react readily with

this protonic hydrogen. After formation of the B-O-N bond, the BHs which was origi-
nally attached to the amine could be released to attack another molecule or to re-
form BoHe:

H CHs H CHs
BE + HON BHz —> Hs + B-0-N-BHs
H CHa H CHs
H CHs
————» B-0-N- + BHs
H CHs

It would be logical to assume that the first step in the above process is the
coordination of the BHz to the OH group of the amine, though this is not proved.
An explanation for the fact that a slight excess of diborane was always consumed in
the reactions of the hydroxylamines with diborane can be based on the above mechanism.
It is probable that this process occurs to some extent during complex formation and
the second step of the interaction, involving release of the BHaz group, is not always
quantitative. Excellent stoichiometry was obtained in the reaction of diborane and
the O-methylhydroxylamines where the above process would be blocked.” It was also
noticed that loss of hydrogen from the pure methoxyamine boranes was not catalyzed
by diborane, an observation which is consistent with the above mechanism.

The hydroxylemine boranes do not have to shift any groups to form a boron-oxygen
bond. As indicated above, the B- 0 bond arises directly from the interaction of the
protonic hydrogen of the hydroxyl group and the hydridic hydrogen of the borane. This
reaction appears to take place smoothly as the temperature is raised and no true ex-
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plosions were ever encountered in heating a hydroxylamine-borane after the addition
compound was once formed. A sample of the N,N-dimethyl derivative was heated
directly up to 100°C.

The explosion of the diborane-hydroxylamine mixture at low temperatures can be
attributed to sudden vigorous interaction of previously unreacted condensed phases
or perhaps to impurities. Hydroxylamine itself will detonate if subJjected to sudden
intense heating, but the free base is much less subject to detonation if coordinated.)

In Table I are summarized the approximate temperatures at which 50% of the hy-
droxylamine -borane adducts are decomposed through loss of hydrogen from the original
reaction mixtures. The data suggest that the OH hydrogen in hydroxylamine is the
most acidic, that in the N-methyl is next, and that in the N,N-dimethyl derivative
is least acidic. This interpretation would be consistent with the assumed inductive
effect of the methyl groups.

The displacement of N,N-dimethylhydroxylamine by trimethylamine is consistent
with the fact that the latter is the stronger base.”

Experimental . —

a. Materials.

1. Hydroxylamine, preparation and handling—Free hydroxylamine was pre-
pared by the reaction of sodium butoxide with hydroxylammonium chloride sus-
pended in butanol. The free base decomposes rapidly above 15°C and it picks
up water and carbon dioxide avidly. These properties necessitated the use of
the special cooled weighing bottle shown in Fig. 2. In such a device the amine
was kept cool, yet weighable.

The plate-like hydroxylamine crystals were stored in anhydrous butanol at
-10°C until needed; they were then filtered off, washed rapidly with cold ether,
sucked dry, and transferred to the cooled weighing bottle (Fig. 2). After
weighing, the crystals were dumped into the reaction tube, which was immediately
cooled with ice-water; the tube was rapidly attached to the vacuum line and
evacuated. The special weighing bottle was tared. In order to determine the
accuracy which can be obtained by handling the hydroxylamine in this manner,
weighed samples of the free base were titrated with standard acid. Results on
several samples indicated that the weight of the sample was reproducibly about
8% above the theoretical weight obtained from the titration. The discrepancy
is undoubtedly due to ether adhering to the crystals. An 8% correction was
applied to the weights of all samples handled in the above manner.

2. N-methyl and N,N-dimethylhydroxylamines—The preparation and properties
of these free bases are described elsewhere.>

5. T. C. Bissot and R. W. Parry, this Report, p. 118.

6. C. D. Hurd in Inorgesnic Synthesis. Vol. I. New York: McGraw-Hill Book Co.,
Inc., 1939, p. 87.
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5. Diborane--Diborane was prepared from LiAlH4 and boron trifluoride
etherate as described elsewhere.!

b. General Procedure for Compound Formetion.

The generalized procedure for conducting reactions is described below.
Some minor deviations from this procedure were used in specific cases; such
details are availsble in dissertation form:Ss9

1. Diborane in excess-——The reaction vessel was a 20-mm Pyrex tube, about
8 inches long, attached to the conventional high-vacuum system by means of a
24/40‘§ Joint. The tube was equipped with an automatic, electromagnetically
operaﬁed, plunger-type stirrer. In a typical run an approximately 2-to=6-—
muole sample of the amine was weighed out in an evacuated micro weighing tube
or in the previously described chilled weighing bottle. HON(CH3)> and HON(CHs)H
were vacuum distilled directly into the reaction vessel from the weighing tubej
hydroxylamine was transferred as described earlier. A l-to=-6—~ml aliquot of
anhydrous diethyl ether, which had been dried for several days over Calz, was
distilled into the reaction tube and the system was stirred until a solution
of uniform suspension was obtained. (When no solvent was used, this step was
omitted. )

The system was then frozen with liquid nitrogen and a carefully measured
amount of diborane, about 10 to 20% in excess of the stoichiometric emount, was
distilled into the tube. The system was then warmed to -112°C by means of a
CSz slush bath and stirring was continued for the required period. The free
hy8roxylamine, which was insoluble in ether, reacted very slowly and required
up to 20 hours for nearly complete reaction. The more ether soluble methyl and
dimethyl derivatives gave complete reaction in two hours or less at -112°C.

The system was frozen with liquid nitrogen; noncondensable gases were
pumped off with a Toepler pump and passed through a packed trap cooled with
liquid nitrogen. The total amount of gas was measured and was identified by
a molecular-weight determination. The temperature of the original reaction
vessel was raised to -78°C; Hs was collected until its rate of evolution ap-
proached zero, then it was pumped off and measured; the excess diborane and
the ether solvent were distilled out and very carefully fractionated in the
vacuum line. The recovered diborane was measured and the amount used in the
reaction was calculated.

Because of the extremely slow reaction between diborane and hydroxylamine,
some question as to the stoichiometry arose. For this reason the rate of ab-
sorption of BoHe by an ether suspension of hydroxyleamine was studied at ~112°C.

7. I. Shapiro, H. G. Weiss, M. Schmick, S. Skolnik, and G. B. L. Smith, J. Am. Chem.
Soc., T4, 901 (1952).

8, T. C, Bissot, doctoral dissertation, Univ. of Mich., Ann Arbor, 1955.
9. D. H. Campbell, doctoral dissertation, Univ. of Mich., Ann Arbor, 1953.
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At definite time intervals unreacted BolHg was distilled from the system, purified,
measured, and returned to the reactor. Quantitative removal of BgHeg from an
ether solution at -112°C was a slow and difficult operation; hence, a standard
separation procedure was used which gave almost complete recovery and when
applied to an ether solution of diborane would give an apparent rate of BplHg
absorption somewhat greater than the actual rate, but the ultimate stoichiometry
would be unaffected. Data plotted in Fig. 3 show that the rate of complex for-
mation is slow, but the ratio of BoHg to NHoOH approaches the theoretical value
of 0.5 as a limit.

2, N,N-dimethylhydroxylamine in excess~~In a typical run a 5-mmole sample
of HON(CHS)g was weighed out and dissolved in 3 ml of diethyl ether. After ad-
ding 2.39 mmoles of BgHg, the system was warmed to =112°C and stirred for 45
minutes. The mixture was separated by distillation through a trap at -63°C which
retained the compound and the excess amine. In this preparation only O0.11 of a
mole of Ho was obtained. The excess amine and the borane complex were separated
by fractionation in the vacuum system.

¢. Thermal Decomposition of the Borane Adducts.

After the excess BoHs and solvent separated at'-78°C, the temperature of
the complex was raised to -64°C; after the rate of hydrogen evolution dropped
almost to zero, the gas was removed, purified, and measured. This procedure
was repeated at regular temperature intervals up to 220°C. At some of the
higher temperatures volatile products such as methylamine or pure N,N-dimethyl-
hydroxylamine-borane separated. These were trapped and purified in the vacuum
system and identified by physical and chemical properties.

d. Analytical Methods.

1. Hydridic hydrogen—Determined by heating the sample for several hours
in a sealed tube with 6 N HCl. The hydrogen gas evolved was measured and iden-
tified in the vacuum system.

2. Boron—A modificationlO of the identical pH method of Footell was
applied to the microdetermination of boron in the presence of nitrogen com-
pounds. The acid solution from hydrolysis was adjusted to a pH value very
close to T3 the solution was then saturated with mannitol and the boric acid
complex was titrated by bringing the system back to the same pH of 7. Excellent
results were obtained when the method was applied to known standards.

3. Nitrogen—Nitrogen was usually determined by the micro Kjeldahl method.
The hydroxylamines were reduced to ammonia by digestion with glucose in the
presence of a KoS04~CuSO4 catalyst.

10. R. W. Parry, D. H. Campbell, D. R. Schultz, S. G. Shore, T. C. Bissot, and R. C.
Taylor. The Chemistry of Boron Hydrides. Eng. Res. Inst., Univ. of Mich.,
Armual Report Project 1966-1-P (1954).

11. F. J. Foote, Ind. Eng, Chem., Anal. Ed., 4, 39 (1932).
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C. THE REACTION OF O~METHYLHYDROXYLAMINE AND ITS N-METHYL DERIVATIVES WITH DIBORANEl
(T. C. Bissot, D. H. Campbell, and R. W. Parry)

Abstract

The borane adducts of O-methyl, O,N-dimethyl, and O,N,N-trimethyl hydroxyl-
amine have been prepared. Their thermal decomposition and hydrolysis have been
studied. A mechanism for the shift of a methoxy group from nitrogen to boron
and of a hydrogen from boron to nitrogen is suggested.

In another pu.blication2 the reaction of diborane with hydroxylamine and its N-
methyl derivatives was considered. Structural and mechanistic arguments suggested
that the chemistry of O-methylhydroxylamine-borane, and its N-methyl derivatives,
(CHsONR2BHs, R = H or CHs), should differ appreciably from that of hydroxylamine-
borane and its N-methyl derivatives, (HONRoBHgz). The preparation, properties, and
chemistry of the O-methyl-hydroxylamine boranes are considered herein.

HH
O~Methylhydroxylamine~Borane, CHzONBH.-—
- HH

a. Preparation and Characterization.

In the presence of diethyl ether pure O-methylhydroxylamine and pure dibor-
ane react to produce O-methylhydroxylamine-borane. The observed stoichiometric
ratios of CHgONHs to BoHg for five sepsrate runs were in the range 1.98-201.

In the absence of ether the stoichiometry was poor in some cases and hydrogen
gas was evolved at low temperatures. The pure white solid addition compound
melts sharply at 55°C, with rapid evolution of hydrogen gas. Its solubility in
ether is appreciable at room temperature but falls off as the temperature 1is
lowered. Some of the solid could be sublimed slowly and with difficulty at 40O°C
in high vacuum. Decomposition was a competing process.

After hydrolysis of CHsONHzBHs with dilute hydrochloriec acid, the following
analytical data were obtained: hydridic hydrogen: obs. L4.63%, theor. 4.96%;
boron: obs. 17.8%, theor. 17.77%. The amount of O-methylhydroxylamine hydro-
chloride in the hydrolysis product was estimated roughly from a titration curve
on an aliquot. At least 93% of the nitrogen was still present as CHzONHs.

When an ethereal solution of CHsONHoBH3 was treated with a slight excess
of BFg,. no BoHg was released. In view of earlier mechanistic arguments,2 it
is significant to note that BgoHs, which catalyzed hydrogen loss from pure N-
methylhydroxylamine~borane, did not catalyze the decomposition of pure O-methyl-
hydroxylamine-borane. Attempts to displace CH3ONHz from the complex by the
stronger base? N(CHs)s gave only a 22% yield of (CHg)sNBHs. A competing reac-
tion was loss of hydrogen from the complex, a process which appeared to be cata-
lyzed by the presence of trimethylamine. Thirty-three percent of the original

1. Abstracted from doctoral dissertations submitted to the Horace H. Rackham School of
Graduate Studies of The University of Michigan by T. C. Bissot and D. H. Campbell.

2. D. H. Campbell, T. C. Bissot, and R. W. Parry, this Report, p. 13k.

3. T. C. Bissot and R. W. Parry, this Report, p. 118.
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complex decomposed through hydrogen loss. The foregoing observation was of im-
portance in interpreting data obtained in early attempts to synthesize CHzONHo-BHs.

In early synthetic trials the adduct lost hydrogen at low temperatures and
a viscous liquid remained after the ether was removed. It was found that a small
amount of ammonia, contaminating the O-methylhydroxylamine, was responsible for
the low-temperature hydrogen lossj very pure O-methylhydroxylamine gave a rela-
tively stable borane adduct.’ The ammonia was surprisingly effective; a mixture
contalning nine mole percent NHg with ninety-one mole percent CHsONH» reacted
with diborane in ether to give off hydrogen such that the ratio Hg/CHSONHEBHS
(theor.) was 0.48 after one hour. After low-temperature hydrogen loss, varying
amounts of a weakly complexed, approximately one-to-one mixture of diethyl ether
and p-monoamino-diborane, HoNBoHg, were isolated from the system. The produc-
tion of HoNBoHs by such a low-temperature reaction is unexpedted. The foregoing
data suggest that O-methylhydroxylamine is effective in catalyzing low=-temperature
hydrogen loss from the ammonia-borane addition compounds in the presence of ex-
cess BoHg. HolNBoHg is a'produ.ct.h On the other hand, both ammonia énd’trimethyl~
amine were effective in catalyzing hydrogeh loss from CHzONH=BH5. This was the
only O~ or N-methylhydroxylamine-borane which was shown to be unstable in the
presence of these bases. The mode of base action is not clear.

b. Pyrolysis of O-Methylhydroxylamine-Borane.

The thermal decomposition of CHzONHpBH3 occurred in two ways. If it was
heated rapidly to approximately 90°C, a violent detonation resulted. If it was
heated slowly, hydrogen was evolved at a slow rate until the solid melted at 55°C.
The rate of Ho evolution increased markedly when the liquid phase appeared; within
ten minutes or less at 55°C the amount of hydrogen evolved was such that the ra-
tio Ho/CHszONHpBH5 amounted to 0.66. At this point the liquid became increasingly
viscous and the rate of hydrogen .evolution dropped sharply. After four days at
55°C the last one-third of a mole of HZ:Wéé obtained.

During heating at 55°C a complex solid mixture of NHz, B(OCHsz)s, and in
some cases CHgOH sublimed from the reaction vessel. The chief component of the
mixture was the weakly associated solid HsNB(OCHg)s. In the vapor phase the com=
plex dissociated completely to HsN and B(OCH)s. The volatile solid always con-
tained a slight excess of boron over nitrogen.

Hydrogen evolution from the original viscous mass did not stop at one mole
but continued at a slow rate. After the loss of one mole.of hydrogen and the
evolution of considerable trimethylborate from the system, the residue could be
heated safely above 90°C. The viscous mass changed slowly into a white solid
as the temperature was raised. After heating to 300°C, the residue was analyzed.
The empirical formula for the solid was BN;.12(0CHs)o.1Hi.s. It is important to

L. All variables important in obtaining good yields of HpNBgHs from mixtures of NHs,
BoHg, and CHgONBHo were not studied systematically. Yields of HoNBoHg were ra-
ther erratic, varying from good to poor. Catalysis of hydrogen loss was defin-
ite.
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note that more than 90% of the original methoxy content of the compound was sub-
limed from the system, largely as trimethylborate.

The sharp break in the rate of hydrogen evolution after loss of only two-
thirds of one mole of hydrogen was difficult to correlate with structural or
mechanistic arguments for the process. Accordingly, pure O-methylhydroxylamine-
borane was prepared, and its rate of decomposition at 55°C was studied in solu-
tion as a function of dilution. Diethyleneglycol dimethylether was chosen as a
suitable solvent. Figure 1 shows decomposition rate data for (1) the pure com-
pound, (2) a 50% solution of the complex in the polyglycol ether, and (3) a lO%
solution. The previously unexplained sharp break in rate after loss of only two-
thirds of a mole of hydrogen disappeared when the solvent was introduced. Such
an observation suggests that the break is associated with the rapidly increasing
viscosity of the decomposing mass. Reduced mobility of interacting groups re-
duces the rate of gas evolution. More detailed treatment of the data given be-
low lend further support to such an argument.

The rate data of Fig. 1 can be used to differentiate between intramolecular
and intermolecular loss of hydrogen from the complex. If the liberated hydrogen
were produced by an intramolecular reaction, the process would be first order and
one mole of hydrogen would be evolved per mole of borane adduct:

HH CHsO_ _H
CH5ONBH Ho N-B
3?"‘1-—-+ 2 + AR

HHp-m-mm- - il H

The resulting unsaturated product would be expected to polymerize. If the hy-
drogen were produced by an intermolecular process, the kinetics should be higher
than first order, but the stoichiometry would be the same as for the first-order

process:
CHs CHs  CHg
EE  OH O H OH
CHsONBIH + H-NBH —> Hp + H—N—B—NBH
HE | HH i H H HE

Further reaction between the monomer and the dimer or polymer should give long
chains. Both intra-~ and intermolecular processes would be complicated by the
partial loss of a second mole of hydrogen, since hydrogens are still available
on boron and nitrogen. Crosslinking of chains would thus be expected.

In Fig. 1 the fraction of complex decomposed, x/a is plotted as a function
of time where x is the number of moles of hydrogen at time t and a is the ini-
tial number of moles of CHgONHoBHs3. The first-order rate equation can be con-
verted to the form

d(x/a) _  k(a-x)
dat a

From this form it is apparent that the fraction decomposed at any time would be
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independent of the volume of the solution if the reaction were first order. The
data in Fig.i} thus provide strong evidence against intramolecular loss of hydro-
gen under the conditions used. A simplified treatment of the solution curves in
Fig. 1 gives an apparent order of about 2 for the process. '

The intermolecular decomposition indicated by the rate data produces poly-
merization, a result which is consistent with the increasing viscosity of the
residue as hydrogen is lost. Increasing viscosity of the system would be ex-
pected to retard an intermolecular process but not an intramolecular process.

¢. Hydrolysis of O=Methylhydroxylamine=-borane.

Aeid hydrolysis of CHsONHzBHz gave the expected hydrochloride salt of the
base along with boric acid; in contrast, basic hydrolysis of the complex gave
reduction of the O-methylhydroxylamine to ammonia and only two of the expected
three hydridic hydrogens of the borane group. A shift of hydrogen from boron
to nitrogen and of a methoxy group from nitrogen to boron took place in basie
solution. The shift is comparable to that observed in the thermal decomposition

process.
CHs H
0,N-Dimethylhydroxylamine-Borane, CHzONBH.-—
HH

8. Preparation and Characterization.

0,N~dimethylhydroxylamine will react with diborane to produce

HH
CHsON BH
CHsH

Ether was acceptable but not necessary as a solvent. In contrast to the case
of QO-methylhydroxylamine, excellent stoichiometry and a pure product resulted
from the interaction of diborane and the free, nonsolvated base. See Table I.

The liquid
H
CHsON BHs
CHs

froze at about -22°C. Vapor pressure at room temperature could not be measured
with the mercury manometer on the system, but the liquid could be distilled at
room temperature under high vacuum without decomposition. Analysis gave a B/N/
hydridic H ratio of 1/0.97/2.92. Upon hydrolysis with hydrochloric acid the or-
iginal_amine was recovered and identified as the hydrochloride salt.

When an:ether solution of CH3ONHCH3BHs3 was stirred overnight with an excess
of N(CHs)s at 0°C, an 86% yield of (CHs)sNBHz was recovered. There was no hydro-
geh evolution in this displacement reaction, as there was in the similar exper=-
iment with CHgONHoBHs. |
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TABLE T

SUMMARY OF THE PROPERTIES OF THE BORANE ADDITION COMPOUNDS
OF HYDROXYLAMINE AND ITS METHYL-SUBSTITUTED DERIVATIVES

Ratio Approx., Temp.
Compound Melting Volatility  Amine/BoHg at Which
Point in Preparation 50% Decomp.
in 2)4- ) hl" 5 OC
HONHsBH5 Solid decomp. Nonvolatile 1.80 ~T5
HONHCHzBHs Liquid Nonvolatile 1.92 15
HON(CHs )2BHs oo_)° 6 mm 25° 1.92 25 as
prep.
55 pure
CH3ONHoBHs 55° Slightly 2.00 55
volatile 40°
CHaONHCHgBHg -23°to =21°  Slightly 1.97 65
volatile 25°
CHsON(CHg ) 2BHs -16.5° 3.8 mm 26° 1.99 90

b. Pyrolysis of 0,N-Dimethylhydroxylamine-Borane.

CHaONHCHsBHs is more stable than the O-monomethylhydroxylamine adduct.
Only traces of Hp were liberated in its preparation and storage at room temper-
ature. As in the previous caée, both explosive and nonexplosive decomposition
were observed. Explosive decomposition, brought about by heating the compound
rapidly to 100°C, is obviously a very complex process. The stoichiometry for
one sample was obtained from an overall analysis of explosion products. The
process is approximated by the following empirical equatioﬁ:

CHyONHCHzBHg ——> 2.3 Ho + 1.1 CHy + 0.03 Cols + 0.08 No +
0.21 HCN + solid of approx. composition
Y
BN0;650H0,5 + O.6C

The quantitative features of the above equation probably vary from one explosion
to another, but the qualitative features are of interest. Hydrogen is to be ex-
pected in view of the ease with which hydrogen evolution occurs from compounds
of this type; nitrogen is a normal explosion product of nitrogen compounds. The
appearance of methane and ethane suggests methyl radicals as an intermediate;
their reduction gives methane, their combination gives ethane.. The appearance
of HCN was rather unexpected, but can be rationalized in terms of the original
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HCN linkage in the molecule.

The nonexplosive decomposition which results from storage of the compound
at 65°C for several hours differs markedly from the explosive decomposition.
The overall stoichiometry is approximated by the following equation:

CHg PCHg
B ocHg
OCHs CH; H
| ® 65°C and + |—N — B~ .

3 H—N—BH —> Ysmall amount

Cﬁs g Several H H /3
Hours H  OCHs

CHa=N B, + (CHgNBH )y

B ocHs

The compound (CHsNHBH»z)az, first prepared as a definite compound by the above proc-
ess, has been described elsewhere.? It is significant that the amine bound to
trimethylborate was largely dimethylamine. Much smaller amounts of methylamine
were found. A shift of methyl groups from one nitrogen to another in a controlled
disproportionation reaction is implied.

c. Hydrolysis of O,N-Dimethylhydroxylamine-Borane.

Hydrolysis reactions followed closely the pattern set in the hydrolysis of
O-methylhydroxylamine-borane. Acid hydrolysis produced boric acid and the salt
of 0,N-dimethylhydroxylamine. Hydrolysis with 50% KOH in a sealed tube at 100°C
produced a shift of methoxy and hydrogen to give methylamine as the principal
basic product (27% yield) in a complex mixture of amines. Pure CH3ONHCHgz was
not decomposed when heated under similar conditions with 50% KOH. Only two of
the three hydridic hydrogens on the borane group were ever released as Ho.

0,N,N-Trimethylhydroxylamine-Borane . —

a. Preparation and Characterization.
CH50N(CHg )z reacted with diborane without a solvent to give CHzON(CHg)oBHs.
Stoichiometry of the process was excellent. The pure addition compourid melts

at -16.5° to -16.0°C and has a vapor pressure of 3.8 mm at 25°C. An equimolar
mixture of CHsON(CHs)oBH3 and trimethylamine, N(CHs)s, reacted as indicated:

CHsON(CHs)gBHg + N(CHs)S—"—é(CH:g)gNBHg + CHSON(CHS)Z .
Ninety-eight percent of the original CH3ON(CHs)o was recovered. No Hp was evolved.
b. Pyrolysis of O,N,N-Trimethylhydroxylamine-Borane.

In contrast to the behavior of O-methyl and O,M-dimethylhydroxylamine boranes,

5. T. C. Bissot and R. W. Parry, J. Am. Chem. Soc., 77, 3481 (1955).
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0,N,N-trimethylhydroxylamine-borane did not undergo an explosive decomposition
when heated rapidly to 100°C in a sealed tube. At this temperature slow decom-
position took place. All products were volatile. The molar ratio of hydrogen
produced to O;N,N-trimethylhydroxylamine-borane used was 0.64. Trimethylborate,
B(OCHs)s, was isclated as one of the products. The remainder of the volatile
components were fractionated extensively, but no pure compounds could be sepa-
rated.

c. Hydrolysis of O,N,N-Trimethylhydroxylamine-Borane.

Hydrolysis of CHzON(CHs)sBHs with 50% KOH for two hours at 100° in a sealed
tube gave no.evidence for g shift:of methoxy -or hydrogehwasﬁhad'béenxobserved?in
the two preceding cases. About 92% of the original base and 90% of the hydridic
hydrogen in the compound were recovered after hydrolysis.

Discussion.,—

a. Loss of Hydrogen from the Borane Adducts of the Methylhydroxylamine Deriva-
tives.

The role played by both the complexed amine and the free diborane in the
loss of hydrogen from the amine-borane complex is of interest in connection with
mechanistic arguments suggested earlier.© If one assumes that hydrogen evolu-
tion from the impure complex results from the interaction of a protonic hydrogen
on the amine and a hydridic hydrogen on the attacking borane group, then the
temperature for loss of hydrogen from the complex should correlate with the rel-
ative acidity of the hydrogen atoms on the amine.

In Table I selected chemical properties of all hydroxylamine-borane addi-
tion compounds are summarized. The temperatures at which 50% decomposition of
the impure complex occurred in 24 hours are listed. As expected, the O=-methyl-
hydroxylamine-borane adducts are more stable than the compounds containing a
free hydroxyl group. Furthermore, if one assumes the usual electron-donating
power attributed to alkyl radicals, the inductive effect of the methyl groups
would reduce the acidic character of the remaining hydrogen atoms on the amine
whenever a hydrogen is replaced by an alkyl radical. In general, the decompo-
sition temperature of the amine=-borane adducts increases where a methyl group
replaces a hydrogen attached to the nitrogen. Other factors such as entropy of
activation also contribute to this result.

The poor stoichiometry observed in the reaction between diborane and those
hydroxylamines which contain a free -OH group has been attributed to 1nteract10n
of the -OH and borane groups. 2 This argument finds support in the current study
since stoichiometry was always excellent in the reaction between diborane and
pure O-methylhydroxylamines where no free -OH group was present.

6. The relative acidic character of the secondary hydrogens on the amines is not ne-
cessarlly the reverse of the primary basic strength of the amines as megsured in

water.5
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b. The Hydride~Methoxy Shift in Pyrolysis.

The pyrolysis of

RH RH
CHoONBH and HONBH
RH RH

(R = methyl or H) produced striking contrasts in behavior. Rapid heating of
the O-methyl and 0,N-dimethylhydroxylamine boranes invariably led to violent
explosion. Rapid heating of hydroxyl and N-methylhydroxylamine boranes led to
rapid Hz evolution, but no violent explosion was ever observed.7 The explosions
in the former case appeared to be triggered by the sudden exothermic shift of
methoxy groups from nitrogen to boron. Such shifts were never necessary in the
latter case. Slower, more gentle heating of the 0,N-dimethylhydroxylamine-
borane adducts led to a controlled shift of methoxy groups from nitrogen to
boron and of hydrogen from boron to nitrogen. Loss of hydrogen from the com-
pound always preceded the low-temperature shift, Prior to the loss of hydrogen
from the borane adduct, acid hydrolysis always yielded the original O-methyl-
hydroxylamine and three molecules of hydrogen per borane group. After loss of
hydrogen, B(OCHs)s, ammonia, methyl and dimethyl amines were obtained. Clearly,
group transfer had occurred after or concurrent with hydrogen loss. The diffi-
cult pyrolysis of CHsON(CHs)sBHs below 100°C also suggested that hydrogen loss
was an important initial step in the shifting of groups.

These facts imply that in those cases where a hydrogen is still attached to
the nitrogen of a methoxyamine the pyrolysis proceeds by an initial splitting
out of hydrogen from boron and nitrogen followed by rapid CH30 group transfer to
the newly opened site on the boron. In explosive decomposition rapid heating
produces more violent fragmentation, probably involving breaking of B-H and
0-CHz bonds to give free radicals and atoms. This mode of decomposition un-
doubtedly involves a higher energy of activation, hence higher localized tem-
peratures. Temperatures may build up rather rapidly in small volumes of the
solid as a result of the exothermic low-temperature process, hence the low-
temperature shift in the O-methyl and O,N-dimethylhydroxylamine boranes could
be easily converted to the explosive decomposition process if heating were rapid
and heat were not dissipated.

Although it was found that explosive decomposition of pure methoxyamine
could be initiated by both spark and heat, it was shown that attachment of a
nonoxidizable ILewis acid such as BF3 to the base decreased its sensitivity to
explosion. The compound CH3ONHoBFs was prepared in benzene as a white solid
melting at 86°-88°C. The compound was heated in a sealed tube to 300°C. There
was no explosion, but at the higher temperature the solid turned dark. This
evidence indicates that the explosive decomposition is associated with the re-
ducing character of the BHs group and not alone with the properties of the co-
ordinated amine.

The following equation was written for the low-temperature decomposition of

7.

D. H. Campbell, T. C. Bissot, and R. W. Parry, this Report, p. 13k.
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0,N-dimethylhydroxylamine ~borane:

3 H(CHa0)CHsNBHg g—éz——? (CHs )oHNB(OCHg )3 + l/x(HNBH)X + (HCH3NBH:)s + 3Hs .
eversa

Hours

Data for the pyrolysis of O-monomethylhydroxylamine=-borane suggest a similar
process, but the trimeric compound (HoNBHo)s, the inorganic analog of cyclohex-
ane, was not isolated despite several experimental attempts. A polymerization
beyond the trimer stage was probably responsible for the difference. The ex-
pected equation would be

3(CHz0)HoNBHz 5‘55‘—? HSNB(OCHs)g + 2/n(Hl.s-xNBHi,s-x)n + (3+x) Hz
evera

Hours

The O,N,N-trimethylhydroxylamine=-borane also underwent the methoxyl-hydride
shift to give products which were rather similar in a formal sense to those out-
lined above:

?

3(CHs0) (CHg)2NBHs — (CHs)oHNB(OCHz)s + 2[(CHz)oNBHo] + 2Hs

Although all the products of the reaction were volatile, only trimethoxyborane
could be isolated and characterized as a pure compound. Despite extensive frac-
tionation, the expected compound [ (CHz)sNBHs] could not be separated. The ex-
planation is found in a report by Burg and Randolph8 to the effect that N,N-
dimethylamine~-borane, in addition to participating in a monomer-dimer equilib-
rium, can enter into the reaction:

3/2[ (CHg )2NBH2 1o — [ (CH3)2N1oBH + (CHs)oNBoHs

They reported that the mixture could not be separated into its components by
conventional trap-to-trap distillation. The vapor pressure of the decomposition
product in this investigation was in the same range as that expected for the
mixture of the above compounds.

Despite the formal similarity, the actual decomposition process, the py-
rolysis of O,N,N-trimethylhydrdxylamine—borane must differ significantly from
that suggested for the O-methyl and O,N-dimethyl derivatives. The absence of
hydrogen attached to nitrogen renders impossible a low-temperature hydrogen loss
followed by a shift of a methoxy group. Any mechanism which would impose a co-
ordination number of five on boron or nitrogen is equally distasteful. Since
the decomposition occurred at high temperatures where there would be partial
dissociation of the complex to give free BH3 groups, it is suggested that the
mechanism involved BHs groups. A temporary coordination of BHs with the oxygen
on the amine would give an unstable intermediate which could shift a hydrogen
over to the nitrogen while the boron retained the methoxyl group. A dispropor-
tionation of methoxyborane to trimethoxyborane and diborane would give the ob-

8. A. B. Burg and C. L. Randolph, J. Am. Chem. Soc., T3, 95% (1951).
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served products. The rate for such a process, involving a high-energy inter-
mediate, would be slow compared to the shift over the unsaturated intermediate,
and would not be expected to achieve explosive proportions even at 100°C. Such
was the case.

¢. The Methoxyl-Hydride Shift During Hydrolysis with a Strong Base.

Hydrolysis of CHsONHoBHz and CHsONHCH3BH5 by 50% KOH invariably resulted
in transfer of the methoxyl group to the boron and of the hydrogen to the nitro-
gen. In contrast, hydrolysis of CHON(CHg )2BHs simply liberated the base un-
changed and produced hydrogen and borates from the BHz group. No shift of the
methoxyl group was ever detected in the latter case. Clearly, the hydrogen at-
tached to the nitrogen played a dominant role in group transfer. The following
mechanism is suggested.

In a strongly alkaline solution the equilibrium shown below would be dis-
placed to the right:

Bils BHg~
CHgO-N-H == H' + [CHgON
R

The resulting anion could then rearrange by shift of a hydrogen to the nitrogen
and of a methoxyl group to the boron. Since the hydrolysis of such B-H bonds

in alkaline solution is a rather slow reaction, the reduction of the amine would
occur before the original compound was decomposed.

For the compound

BHs
CHg0—Y—CHs
CHg

acid ionization is impossible and no shift would be expected, Experimental
faets support the expectation.

d. Physical Properties of the Methyl-Substituted Hydroxylamine Boranes.

Although the boiling points, melting points, and heats of vaporization for
the methyl-substituted hydroxylamines are those expected from considerations of
the hydrogen bond, the physical properties of the hydroxylamine boranes cannot
be treated so easily. Data are summarized in Table I. The melting points, for
example, do not show any definite trends. Although hydrogen bonding directly to
the nitrogen is blocked by coordination of the borane group, bridging to the
oxygen atom is still possible. The relatively low vapor pressures of the methyl-
substituted hydroxylamine boranes and the slight increase in volatility with al-
kyl substitution on the nitrogen suggest that hydrogen-bond formation is still
of some small importance for these compounds. On the other hand, the fact that
HON(CHg )oBHs is more volatile than CHaON(CHg )2BHs is'contrary to results expected
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from hydrogen-bonding considerations. A relatively large dipole moment for these
compounds is indicated.

Experimental , -=

a. Reagents.

1. The O-methylhydroxylamines were prepared and purified as described ear-
lier.

2. Diborane was prepared and purified as described earlier.t0

3. Ether——Reagent-grade diethyl ether was stored over CaHo for several
days and distilled under low pressure before use. Commercial diethyleneglycol
dimethylether was handled in a similar fashion.

b. Preparation and Reactions of Compounds.

The general procedure for conducting reactions of this type has been des-
cribed earlier.l0 Ether as a solvent was necessary for the preparation of the
0-methylhydroxylamine-borane, but not for the 0,N-dimethyl or O,N,N-trimethyl
derivatives.

It has been noted elsewhere that ammonia or trimethylamine as a contaminant
in the O-methylhydroxylamine makes the resulting borane adduct lose hydrogen.
When 9% ammonia was added to carefully purified O-methylhydroxylamine and the
reaction with diborane was effected as described above, the resulting mixture
of CHgONHoBH, and Bolg <2NHg changed into a liquid at room temperature and evolved
hydrogen. After only one hour, the ratio Hy/CHzONHzBHs was 0.48. A weakly com-
plexed 1:1 liquid mixture of HoNBoHs and (CsHs )20 was distilled from the system.
Although the complexing of HolNBoHs with (CoHg)20 has not been reported previously,
it is not unexpected since ammonis and trimethylamine adducts of HoNBoHg are known.
If the 1:1 mixture is completely dissociated in the vapor state, it would have a
molecular weight of 58.4. The observed values determined by vapor density, were

61.5 and 63.7.

Essentially pure HoNBoHg was recovered from the mixture by complexing the
ether with either AlCls or BF5. Both worked satisfactorily. A 7.7-mg sample of
aminodiborane purified by this technique was characterized on the basis of the
evidence listed in Table II.

Conventional high-vacuum techniques were used for effecting reaction between
the methoxylamine-borane adducts and reagents such as BF3 or NRg. Details are
available elsewhere.ll

9. T. C. Bissot, R. W. Parry, and D. H. Campbell, this Report, p. 118.
10. D. H. Campbell, T. C. Bissot, and R. W. Parry, this Report, p. 134.

11. T. C. Bissot, Ph.D. dissertation, Univ. of Mich., Ann Arbor, 1955.
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TABLE IT

CHARACTERIZATION OF n-MONOAMINODIBORANE

Observed Literature (&)
Molecular Weight 46.6 o7
Vapor Pressure
-2% 7.8 mn 7.6 mm
0 %24 mm 32.3 mm
18.9 85.4 mm 86.8 mm
Melting Point Above -78° -66.4°
B/N/Hydridic H Ratio 1/1.99/4.86 1/2/5

(a) H. I. Schlesinger, D. M. Ritter, and A. B. Burg, J. Am.
Chem. Soc., 60, 2297 (1938).

c. Low-Temperature Decomposition of Compounds.

Samples were maintained in the preparation vessel at the desired temperature
and products were isoiated and characterized. The most difficult phase of the
operation was the resolation of the complex solid mixture of WHg, B(OCHsz)s, and,
on occasion, CHzO0H which resulted.

Ammonia was identified bty a potentiometric titration curve. Upon hydroly=-
sis of the mixture, no hydridic hydrogen was found. Boron analysis indicated
9.22% B; nivrogen Tound was 7.52%. This is equivalent to 88.4% B(OCH5)s and
9,15% NHg, & mixture whicn sbould have a molecular weight of T70.0 when completely
dissociated. The observed molecular weight by vapor density was 70.3.

Synthetic "mixtures" of HgN, B(0CHz)s, and CHgOH were identical to the so-
1lid mixtures in terms of physical appearance, vapor pressure, and dissociation
pressures in the vapor phase.

In the mixture resulting from the decomposition of CHs0NCHgHBHg, the mix-
ture of RpHN, RB{0CHsz)s, and CHaOH was separated by tying up the amines and alco-
hol with excess diborane, then separating the B(OCHg)s and BoHg by vacuum-line
distillation. The purified B(OCHé)S was characterized by vapor pressure at four
temperatures, by melting point (-29.0° obs. and -29.3° literature), by molecular
weight (114.6 vs 103.9 literature), by absence of active hydridic H, and by boron
analysis (10.05% vs 10.41% theory).

d. Explosive Decomposition,

Explosive decomposition was conducted by heating a well-annealed bonb tube
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containing the sample to 100°. The tube was opened to the vacuum line by means
of the vacuum-tube opener. Noncondensable gases such as Hp, Npj; and CHy were
pumped off and separated by conventional techniques. CgHg and HCN in the con-
densable products were separated by fraction distillation in the vacuum line.
The HCN was characterized by molecular weight, melting point, vapor pressures,
and reaction with silver nitrate.

e, Analytical Methods.

These have been described elsewhere (this report, p. 145).
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VI. THE REDUCTION OF CHLOROPHOSPHINES WITH LITHIUM ALUMINUM HYDRIDE
AND WITH LITHIUM HYDRIDE (J. T. Yoke, G. Kodama, and R. W. Parry)
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Abstract

Alkyl phosphines have been prepared by the reduction of alkylchlo-
rophosphines with lithium aluminum hydride. Coordination compounds of
the general form LiAl(PHR)s, LiA1(PR2)s, and [LiAl(PR)2], result from
the interaction of alkyl phosphines with LiAlH4. Because of complex
formation, direct distillation of alkyl phosphines from the reaction mix-
ture is retarded. ©Simple PHs can be distilled directly from the mixture
of PCls and LiAlH, since it escapes at low temperatures before complexing.

Lithium hydride reacted with PCls to give large amounts of elemental
phosphorus and less than 10% PHs.

The reduction of boron or silicon halides with LiAlH4 represents an effective
method for the synthesis of hydrides of boron or silicon.l The corresponding re-
duction of phosphorus trichloride to give phosphine was studied briefly by Paddock2
and the preparation of CgHsPHs from CgHsPCls was repoerd by Horvat and Furst
while this investigation was in progress. The reduction of alkyl chlorides of
phosphorus to give alkyl phosphines and their lithium aluminum complexes has been
studied in this investigation.

The Reduction of Phosphorus Trichloride.—In the presence of diethyl ether or
tetrahydrofuran, PCls was reduced rapidly at -60°C to give recovered yields of PHs
ranging from 60 to 80%. An earlier observation of Paddock? to the effect that the
reaction would not go properly at room temperature in the absence of a suitable
solvent was confirmed.

In the preparation of BzHg, LiH can be substituted for LiAlH4 to reduce BFs.
The corresponding substitution of LiH for LiAlH, in the reduction of PClz produced
only about a 6% yield of PHs., The major reaction was

3LiH + PCls —> P + 3/2 Hso + 3LiCl .

More than 70% of the theoretical phosphorus was consistently recovered. Variation
of the temperature of the reaction from -60° to 25°C and the presence or absence
of LiAlH, produced no major change in products.

The Reduction of Monoalkyl Phosphorus Dichlorideg.-The reduction of EtPCls
with LiAlH4, using the procedure outlined above for the reduction of PCls, gave
very low yields of directly recoverable product. With LiAlH, the alkyl phosphine

1. A. E. Finholt, A. C. Bond, and H. I. Schlesinger. J. Am. Chem. Soc., 69,
1199 (1947).

2. N. L. Paddock, Nature, 167, 1070 (1951).
3. R. J. Horvat and A. Furst, ibid., T4, 562 (1952).
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underwent a secondary reaction to give hydrogen and a mixture of lithium tetrakis
ethyl monohydrogen phosphido aluminate (III) and lithium bis ethyl phosphide alu-
minate (III). The ratio was dependent upon conditions, all of which have not yet
been completely delineated.

LiAlH; + M4HoPCoHs —— LiA1(PHCoHs)a + 4Ho
LiAlHy + 2HoPCoHs —> LiAl(PEt)s + L4Hs

The alkyl phosphine could be relesdsed from either of the solid products by hydrol-
ysis. Heating the monohydrogen coordination compound brought about release of a
portion of the coordinated phosphine through a disproportionation type of reaction:

A
LiAl(HPEt )y —> LiAL(PCoHs)2 + 2HoPCoHs .

The reaction between ethyl phosphine and LiAlH4 was very similar to that ob-
served with a primary amine and LiAlH, (Ref. 1, p. 162, and Table II, p. 169 ) ex-
cept that the amine reaction was much faster than the phosphine process under com-
parable conditions. This appears to be somewhat strange since the phosphine is
usually considered to be a somewhat stronger acid than the amine.

In the reduction of PCls with LiAlH4 appreciable amounts (60-80% yields) of

PHs could be distilled directly from the reaction mixture and no evidence of com-
plex formation was noted. In the reduction of chlorophosphines only sm&ll amounts
(0-25%) of alkyl phosphine could be distilled and complex formation was indicated
by hydrogen evolution. This difference is attributed to the fact that PHs is vol-
atile at the low temperature of the reduction (-65°), hence further reaction with
LiAlH4 is difficult. On the other‘handﬂ the EtPH- produced from EtPCly is not
volatile at -63°C and is retained in the ether solution where loss of hydrogén
ocecurs.

The Reaction of Methyl Phosphines with LiAlH4.-—Although attempts to syn-
thesize methyl phosphine by reduction of a product believed to be MePCls were in-
conclusive due to experimental difficulties, the direct reaction between methyl
phosphine and LiAlHs was studied in some detail. Results summarized in Table IIT,
p. 169, support representation of the process by the equation

HoPMe —— LiAlHy —) LiAl(HPMe), + Uiz .
The presence of some of the bis product, LiAl(PM3)2, is also suggested by the data.

A comparable reaction involving diethyl monohydrogen phosphine gave evidence
for the formation of LiAl(PMeo)s, Table II, p. 169. The complex was destroyed
by water to liberate the original phosphine.

The Synthesis of Mixed Alkyl Chlorides of Phosphorus.-—The use of the fore-
going reduction process for the preparation of phosphines is limited in practical
application by the comparative unavailability of the alkyl chlorophosphines. Ethyl
dichlorophosphine, EtPCls, can be prepared by the alkylation of PClsz with tetra-
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ethyl leadhlL Normal propyl dichlorophosphine was also prepared by an extension

of the tetraethyl lead alkylation procedure. In an attempt to prepare methyl di-
chlorophosphine from Pb(Me)s and PCls, & precipitate of PbClp was obtained in the
original step, as expected, but difficulties encountered during the reduction step
prevented isolation and characterization of MePHs which was needed for positive
identification of methyl phosphorus (III) chloride.

Fox5 suggested the use of dialkyl cadmium as an alkylating agent for the
preparation of alkyl dichlorophosphines. The procedure worked well. On the other
hand, the Grignard reagent as conventionally handled in diethyl ether gave no EtPCls
when equal molar quantities of MgRX and PCls were allowed to react.

The Vapor Pressures of Mono- and Diethyl Phosphines.--Since vapor-pressure data
for mono- and diethyl phosphines have not been recorded in the literature, data for
carefully purified samples were obtained. For ethyl phosphine the vapor pressure
is given by the equation

log, P = =~ 1766.2 - 3.5850 T + 17.7567 .
T

The molar heat of vaporization at the normal boiling point of 20°C is 6000 cal.
For diethyl phosphine the equation is

log, P = 2%59.6 = L4.5931 log T + 21.1877 .
T

The molar heat of vaporization at the normal boiling point of 86°C is 7520 cal.
Trouton's constants of 20.5 cal/mole x deg for monoethyl and 21.0 cal/mole x deg
for diethyl phosphine are normal for nonassociated liquids. Data are given in
Table I.

The Reaction Between Ethyl Phosphine and an Ether Solution of Aluminum
Hydride.-~Although ethyl phosphine reacted rapidly with hydridic hydrogens of
LiAlHs to liberate gaseous hydrogen, it was found that EtPH> would not react
with a solution of aluminum hydride in ether at room temperature. It is well
known that coordination to a strong uncharged base such as N(CHs)g-of a specles
containing hydridic hydrogen such as BHs reduces the hydridic character of the
hydrogen. For example, trimethylamine-borane shows very little hydridic charac-
ter, even less than LiBHy. An extrapolation of this argument suggests that the
strong coordination of solvent ether to the aluminum hydride reduces the hydridic
character of the hydrogens to such an extent that reaction with the protonic hy-
drogens of phosphine is not observed at room temperature. On the other hand, the
corresponding reaction with the more hydridic LiAlHs proceeds easily at -65°C,

4. M. S. Kharasch, E. V. Jensen, and S. Weinhouse, J. Org. Chem., 14, 429 (1949).
5. R. B. Fox, J. Am. Chem. Soc., 72, 4147 (1950).
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TABLE I

VAPOR PRESSURES OF MONO- AND DIETHYL PHOSPHINES

A. Monoethyl Phosphine PEtHo B. Diethyl Phosphine PEtH
Temp. Pressure Pressure Temp. Pressure Pressure
°C mm Hg mm Hg A °C mm Hg mm Hg A
(obs. ) (calc.) (obs. ) (calc.)
-83.6 1.9 1.9 0 -35.% 2.1 2.26 - .1
-63.5 10.1 10.3 + .2 -22.6 5.8 5.67 - .1
-45,2 36.4 36.1 - .5 0.0 23.9 22,9 -1.0
-35.3 b 65.1 + .4 5.5 31.2 31.0 - .2
-22.6 128.2 128.4 + .2 31.5 108.3 108.4 + .1
0.0 363.5 360.6 -3.5 Lok 170.7 170.8 + .1
5.2 L6, 7 5.1 -1.6 51.6 2hl .6 243,77 - .9
16.9 690.2 692.2 +2,0 52.9 255.3 255.8 + .5
61.4 3437 347.0 +3.3
1.4 48L.0 485.4 +1.4
75.1 549,1 546.6 -2.5
80.6 653.8 648.2 -5.6
log P = -1766.2/T - 3.5850 log T + 17.7567 log P = -2359.6/T - 4.5931 log T +
Boiling Point = 20°C from equation 21.1877
Mygp at 760 mm = 6000 cal at 293°K Boiling Point = 86°C from equation
BSygp &t T60 mm = 20.5 cal/mole x deg. Mygp at 760 mm = 7520 cal at 293°K

at 760 mm 21.0 cal/mole x deg

Asvap

WADC TR 56-318 165



Experimental.—
a. Reagents.

Analytical reagent grade Mg, C2HsBr, PCls, and AlClz were used without
further purificéation. ILiAlHs and LiH were commercial products obtained from
Metal Hydrides; Inc.

Tetrahydrofuran (Eastman Kodak) was distilled from mineral oil through
a Snyder. column, dried over sodium, and refractionated. Boiling point =
6%.0-63.3°C uncorrected.

b. The Reduction of Phosphorus Trichloride with Lithium Aluminum Hydride.

The reaction vessel was a 500-cc three-neck § flask. One neck was con-
nected through a vacuum stopcock to a conventional high-vacuum fractionating
system. The center neck was equipped with a cold finger, the top of which
led to a column packed with glass helices and surrounded by a Jjacket for a
cooling bath. This column led to a train consisting of a similarly packed
U-trap, a mercury bubbler, a stopcock, and a second U«trap which could be
opened on the end to a Toepler pump or the vacuum fractionation system. See
Fig. 1. A stream of nitrogen was passed through the apparatus. Slush baths
at -75°C were placed around the flask, the packed column, and the packed U=
trap. The final U-trap was immersed in liquid nitrogen. In a typical run
about .012 mole of PCls (1 cc liquid) in 25 cc of diethyl ether was added
dropwise with magnetic stirring to about 1 g (.026 mole) LiAlHg in 75 cc of
diethyl ether (temp. -75° to =65°C). After addition was complete, the cooling
bath was removed from the reaction flask. The highly volatile PHs product
passed through the train to the final trap. After purification in the high-
vacuum line, the PHs was characterized by vapor pressure and molecular weight.
Yields of recovered PHs ranged from 55 to T0% of theory, based on the equation

3LiAlHs + UPCls ——> U4PHs + 3LiCl1 + 3AlCls .
¢. The Reduction of Phosphorus Trichloride with Lithium Hydride.

The apparatus and technique were roughly the same as described above.
About .01% mole PClsg in 20 cc of tetrahydrofuran was added dropwise to .0315 g
of 200-mesh LiH suspended in 75 cc of tetrahydrofuran under No. Vigorous
stirring was achieved by a magnetic stirrer. The PHs formed was about 6% of
the theoretical based on the equation

3LiH + PCls ——> PHs + 3LiCl .

Red phosphorus formed in the flask was filtered on a ground-glass crucible,
dried, and weighed. Yield was 72%, based on the equation

3[iH + PCls —>» P + 3/2 Hy + 3LiCl .
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Fig. 1. Apparatus for production of phosphines by
reduction of chlorophosphines with LiAlH,.
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d. The Reduction of Ethyl Dichlorophosphine with LiAlHy.

About 5 g (.Ok mole) of ethyl dichlorophosphine was distilled under
vacuun into the reaction flask along with 25 cc of tetrahydrofuran which had
been distilled directly from LiAlH4. A chloroform slush bath (-65°C) was
placed in the cold finger and the packed column was surrounded with powdered
Dry Ice. The reaction flask was kept at a low temperature by refluxing of
the solvent from the cold finger in the evacuated system.

A large excess of lithium aluminum hydride (7.0 g) was stirred with 75
cc of dry tetrahydrofuran. Since all the hydride does not dissolve (impure),
the mixture was centrifuged and the supernatant liquid transferred with a
dry hypodermic syringe to the dropping funnel (under Ns). The solution was
then added dropwise with magnetic stirring to the reaction flask. Condensible
and noncondensible gases were separated, identified, and measured.

Usually very little phosphine was distilled from the system at the end
of the run, but the alkyl phosphine was easily obtained from the solid residues
by hydrolysis, using a 20% solution of water in tetraethyleneglycol diethyl
ether,

e. The Direct Reaction Between Methyl Phosphines and LiAlHg and Methyl Amine
and LiAlH4.

Commercial Ansul polyether No. 141 was dried by warming with sodium wire
overnight. It was distilied under reduced pressure. LiAlHy was stirred in
the ether and the mixture centrifuged to get a clear solution. Concentration
of the LiAlH4 solution was estimated by hydrolyzing 1 cc of the solution and
measuring evolved hydrogeri.

The reaction vessel for the process was essentially the same as that de-
scribed earlier. The LiAlH4 solution (about 1.5 cc of about 1 molar solution)
was placed in the flask. After cooling the solution to ~78°C and evacuating,
stopcocks were closed and the system held at room temperature for 1/2 hour.
Traces of evolved hydrogen were removed, then a measured amount (in vacuum line)
of PHo(CHs), PH(CHs)z, or NEoCHs was condensed into the vessel from the vacuum
system. Ice water was placed in the cold finger and the reaction vessel was
allowed to warm to 0°C. WNear 0°C hydrogen evolution was gquite-rapid. At in-
tervals hydrogen was pumped from the frozen system and measured. Any amine or
phosphine distilling from the system was returned.

When gas evolution was complete about 3 or 4 cc of water was condensed into
the flask and the system warmed. The liberated Ho and P(CHs)2H or amine were
purified in the vacuum system and measured. Detailed data are summarized in
Table II.

f. The Preparation of Alkyl Dichlorophosphines.

Fifty grams of tetraethyl lead (0.15 mole) and 68.7 g (0.5 mole) of PCls
were refluxed for 30 hours in a nitrogen atmosphere. Distillation of the re=-
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action mixture through a Widmer column gave a 46% yield (26.8¢g) of EtPCls;
bp 111-112°C, uncorrected, and density 1.19 g/cc.

In an unsuccessful attempt at Grignard synthesis, 0.5 mole of EtMgBr
in 100 cc of diethyl ether was added dropwise with stirring under an Nz at-
mosphere to 68.7 g PCls in 100 cc ether at 0°C. No CoHsP(OH)s or CoHsPO(OH)o
could be isolated by ether extraction of the hydrolyzed reaction mixture,
hence no EtPCls was formed.

n-Propyl dichlorophosphine was prepared when 9.5 g (0.025 mole) (n-CsH7)4Pb
and 6.55 cc (0.075 mole) PCls were refluxed for 36 hours in a nitrogen atmos-
phere. The volatile material was fractionated in the vacuum system. A 60.9%
yield of n-=CsH7PCls was obtained.

g. Reaction of Aluminum Hydride with Ethylphosphine.

A solution of AlHsz in ether was prepared in the reaction vessel of the
earlier system by following the method of Wiberg, Graf, and'Uson6 in which
stoichiometric amounts of standard solutions of AlCls and LiAlH4 were mixed.
An excess of CoHsPHp was distilled into the flask by chilling it and its: con-
tents with liquid nitrogen. The temperature of the system was allowed to
rise gradually to room temperature. No Ho was evolved and all the added
ColHsPHo could be recovered. No protonic-hydric hydrogen interaction or
complex formation occurred under the conditions of this experiment.
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APPENDTX

THE ISOTOPE EFFECT IN THE TRACER STUDIES OF THE
"DIAMMONIATE OF DIBORANE"

The original intent of the tracer studies was to re-examine Girardot's work con-
cerning nitrogen-hydrogen, boron-hydrogen bond rupture. This has been accomplished.
Because of the now apparent complexities of the systems which employed ammonia-dg,
the data obtained do not necessarily lend themselves to a quantitative treatment of
the isotope effect involved. However, the available information does make it possible
to present a reasonable description of the events occurring in these systems.

Consider the distribution of protium when B2D6~2ND31 was prepared from and dis-
solved in ammonia-ds. Since the solvent was about 96% deuterated, the principal spe-
cies in solution were NDsg, NDoH,

+ -
D D D
'\B/NDs \B/
N 7\ ’

and

\ /
X e
D" ‘mpoE| D D

H-D exchange occurred through only those hydrogens which were bound to nitrogen; equili-
bration was rapid.2

+ - . + -
_ D\B/ND3 DD . D\E/NDZH D_ D
oH + /N ,/B\ - s 7 /N /B\
U NDs| |0 D U 1D ¥ D

Furthermore, Burg's work® indicates that the isotopic separation factor <, which
is a distribution coefficient’ for the exchange reaction, should be about unity. There-
fore, prior to the addition of sodium, this system had reached or approached equilib-
rium and the nitrogen-hydrogen bonds of the "diammoniate" probably contained protium
and deuterium in the ratio of about 4H to 96D.

1. BoDg:2NDg was used for the purpose of illustration. Since the boron-hydrogen bonds
are apparently inert, with respect to hydrogen exchange, the above illustration ap=~
plies to BoHg*2NDsg.

2. A. B. Burg, J. Am. Chem. Soc., 69, Th7 (1947).

5. a = B/D(BDe-21Dg)
H/D (1)
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Nitrogen-hydrogen bonds were ruptured when sodium was allowed to react with the
solution at -78°. The principal isotope effect probably occurred at this point. It
is believed that the rate-determining step of the reaction involved the rupture of
the nitrogen-hydrogen bonds and that the N-H bond took preference over the N-D ‘bond.LL
Since only a small fraction of the total number of nitrogen-hydrogen bonds in the
system were ruptured, the evolved gas was considerably enriched in protium; it con-
tained more than 4H to 96D. Because of this, the unreacted "diammoniate" should
have been enriched in deuterium as the reaction progressed; however, since the sol-
vent ammonia-ds was in large excess (solution Eé' 0.01 M), and since the system es-
tablishes equilibrium readily, there was a tendency for the unreacted "diammoniate"
to contain a constant, or nearly constant, protium«deuterium distribution in the ni-
trogen-hydrogen bonds. The reaction with sodium may be represented as

+ - + -
| D\ /NDs D\ D D\ /NDZH D\ /D
NDoH  + B B = NDs + B B
/N /N 7\ 7/ N\
D NDg D D D NDg D D

+
Na

ﬁz &

H + some D

D2) HD; HZ

Because the gas which is evolved is so greatly enriched in protium, an estimation
of the instantaneous separation factor Oy~ seemed to be attractive. However, there
were several points to consider. First of all, although the deuterium content of the
hydrogen evolved in the tracer reactions and the deuterium content of the ammonia-ds
were known to a degree of accuracy which was certainly sufficient for the principal
purpose of the tracer investigation, the isotopic ratios of protium to deuterium were
not known to a comparable degree of accuracy. Thus, for example, the ammonia-ds was
considered to be about 96% deuterated, and most likely was 96-9T% deuterated. It can
be seen that the H/D ratio for 96% deuterated ammonia-ds is 35% greater than that for
97% deuterated ammonia-dsg.

4/96

— 1.
3/97 35

Also, although the instantaneous separation factor is most accurately determined from

data which are obtained after a small extent of reaction, in this investigation tracer
data were obtained after an appreciable extent of reaction. In spite of these diffi-

culties it seemed that an estimate of the order of magnitude of Oy would still be

worthwhile.

L. QWing to the mass difference between H and D, the zero-point energy of the N-D bond
is lower than that of the N-H bond. From a simple, qualitative consideration of the
vibrational stretching frequencies of these bonds it is seen that the N-H bond is
more readily broken than the N-D bond. Also, from a similar type of consideration it
is not unreasonable to expect than an:N-H bond wouldwbe more reactive than an N-D bond,

5. Qy = H/D(gas) at zero extent of reaction.
H/D(BaDg - 21D )

WADC TR 56-318 172




The instantaneous separation factor for the reaction of BoDg'2NDg with sodium in
liquid ammonia-ds was approximated from the data of the tracer reactions (see p. 70
of this report). Assuming that the protium-to-deuterium distribution in the nitrogen-
hydrogen bonds of the "diammoniate" was 4H/96D, an apparent separation factor was cal-
culated and plotted for a given fraction reacted. This process was repeated, assuming
a ratio of 3H/97D. Then the apparent separation factors were extrapolated to zero ex-
tent of reaction (Fig. 1). The solid-line extrapolations are drawn through the points
of two individual experiments and are intended to give the maximum and minimum values
possible for ¢y. In carrying out these extrapolations greater significance was given
to those points representing smaller fraction reacted. The dotted-line extrapolation
is drawn through the data from both experiments and represents the best estimate of Co,

which appears to be 17 X L.
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