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FOREWORD

The work reported herein was conducted under Contract No. AF 33(616)-3343
with the United States Air Force, the sponsoring agency being the Aercnautical
Research Laboratory of the Wright Air Development Center, Air Research and De-
velopment Command. Direct technical responsibility for the investigation was
vested in the Chemistry Research Branch of the Aercnautical Research Laboratory
under the supervision of Dr. James Bierlein. Dr. William Ruigh served as task
scientist, representing WADC in technical matters.

The work was conducted in the Department of Chemistry of The University
of Michigan through The University of Michigan Research Institute.
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ABSTRACT

Arguments to support the structure [HoB(NHsz)o]BH, for the "diammoniate of
diborane" were presented in WADC Technical Report 56-318. The following addi-
tional information relative to the "diammoniate of diborane" and related struc-
tures has been obtained.

(a) A microcrystalline form of BgHg:2NHg has been obtained and the powder
pattern is tabulated for ready compound identification.

(p) Relatively strong evidence against the structure [HB(NH3)s](BH4)o has
been accumulated. The so-called "diammoniate of diborane II" which was former-
ly assigned this structure has been shown to consist chiefly of the regular
"diammoniate" with the structure [HsB(NHs)o]BH..

(c) Improved methods for the synthesis of pure salts of the form [HsB
(NHg)=21X have been developed.

(d) A complete single-crystal X-ray crystallographic study which estab-
lished the structure of [HzB(NH3)2]Cl has been completed and the data confirm
the above structure assignments in every detail. The structures of the bromide
and iodide salts have also been deduced.

(e) A nuclear magnetic resonance study of [HB(NHs)s]I can best be inter-
preted in terms of the accepted structure of the cation [HgB(NHg)g]f.

(f) The "diammoniate of diborane," [HoB(NHs3)z]BH4, has been prepared by
metathesis, a fact which offers final and complete chemical support for the
above structure.

The mono-; di-, and trimethylamines have all been prepared as stable com-
pounds; and vapor-pressure measurements, dipole-moment measurements, and Raman
spectra have been obtained for the series. The data represent part of a sys-
tematic examination of the amine-boranes. Phosphorus trifluoride-borane has
been examined by means of Raman spectroscopy. Preliminary studies of the reac-
tion between F3PBHz and NHz indicate the existence of the new compound, (NHs)s
PBHs. The Raman spectrum of carbon monoxide—borane is considered.

A strong similarity has been found between the chemistry of diborane and
that of tetrabcrane. The new compounds BsHi0+2NHg and HsNBsH+ have been pre-
pared. On the basis of chemical evidence the structure of BsHj;0°+2NHs is
written as [HoB(NHsz)o][BsHgl. A complete single-crystal X-ray study has estab-
lished the detailed structure of HaNBsH7. All attempts to prepare FzPBsH, have
been unsuccessful.
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The new compound Cl3AlPF3 has been prepared and characterized. The com-
pound HzAl[N(CHgz)o] described by Wiberg has been confirmed independently and
structural studies on the molecule have been initiated.

A detailed Raman spectral study of BoHg has been completed and a detailed
spectroscopic study of several borohydrides is described along with force con-
stant calculations. The dipole moment of tetraborane has been measured as 0.6D.
The bridge hydrogens of decaborane display acidic character on the basis of
deuteron exchange studies.
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I. REACTIONS AND STRUCTURES OF THE AMMONIA ADDITION COMPOUND OF
DIBORANE AND OF ITS DERIVATIVES

A. Background

1. EARLY STRUCTURAL ARGUMENTS

In most of its reactions with electron donor molecules, diborane, BsHg, ap-
pears to cleave symmetrically to give characteristic base-borane adducts of the
type: '

Base: BHj

For example, Burg and Schlesinger(l) found that trimethylamine reacts smoothly
with BgHg to give (CH3)sNBH3, and CO reacts smoothly under pressure to form the
compound carbon monoxide-borane. The foregoing authors used processes of the
above type as support for the postulate that the reactions of diborane proceed
through a BHsz intermediate. Extensive experimental support for the postulate
was provided by the researches of Schlesinger, Burg, their students, and other
workers in the field. 1Indeed a large body of present-day evidence supports the
postulated role of the BHs broup,(2 and McCoy and Bau,lerz,5 have estimated the
energy relationships involved in the postulated borane-diborane equilibrium as
indicated below:

AH
AS

28.5 kcal/mole

1. BoHg =—> 2BH3 34.2 e.u. at 300°

Although most reactions between diborane and electron donor molecules can
be explained easily and logically in terms of the hypothetical borane inter-
mediate, several boron hydride products have posed real interpretive problems.
For example, one might expect that the reaction between diborane and ammonia
would give the simple adduct ammonia-borane, HzNBH3, yet Stock and Pohland(

(1) A. B. Burg and H. I. Schlesinger, J. Am. Chem. Soc. 59, 780-7 (1937).

(2) R. W. Parry and L. J. Edwards, Systematics in the Chemistry of the Boron
Hydrides, Paper No. 5& the Division of Inorganlc Chemistry Meetlng of the
American Chemical Society, San Francisco, April, 1958; J. Am. Chem. Soc.,
in press.

(3) R. E. McCoy and S. H. Bauer, J. Am. Chem. Soc. 78, 2061 (1956).

(4) A. Stock and E. Pohland, Ber. 58, 657 (1925),
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found that the reaction did not follow the expected pattern. Instead, the prod-
uct was a salt-like solid whose molecular weight in liquid ammonia corresponded
to that of a dimer. The dimeric solid has been called "the diammoniate of di-
vorane." In order to rationalize this unexpected dimeric formula, Stock(5) as-
sumed that two of the hydrogen atoms of diborane are acidic in character. Such
an assumption then leads to the representation of the "diammoniate'" as an am-
monium salt, (NHy)o[BoHg].

Since Stock's formulation of the "diammoniate of diborane' was in conflict
with the borane reaction hypothesis of Burg and Schlesinger, these authors re-
investigated the ammonia-diborane addition product. In the resulting study{(6)
it was found that only one equivalent of hydrogen gas was liberated when sodium
was allowed to react with BoHg*2NHs in liquid ammonia at -77°C. It was justly
held that such behavior was inconsistent with the model of Stock, since a mole-
cule containing two ammonium ions would be expected to liberate two equivalents

of hydrogen in the sodium reaction. The equation suggested by Stock's formula
is:

2, (NHy )2[BoHy] + 2Na —> Ho + NasBsoHy

Since only one equivalent of hydrogen or 1/2 mole was obtained, a new formula-
tion, consistent with the sodium stoichiometry and the borane reaction hypothe-
sis, was proposed; the structure was (NH,)(HsBNHsBHs). Additional evidence
bearing on the question of acid hydrogens in the diborane molecule was pre-
sented by Burg. 7) Nyman(S) and his coworkers showed that when the Bronsted-
Lowry acid NH4Cl is dissolved in liquid ammonia, a rapid interchange of pro-
tons occurs between the acid cation and the solvent molecule. Burg conducted
experiments with BoHg=2NHs in liquid NDs which showed that H-D interchange oc-
curs only with the hydrogens attached to the nitrogen and not with those at-
tached to boron in BoHg- 2NHs. He interpreted his results as proof of the as-
sumption that the hydrogens of diborane have no acidic character. If the hy-
drogens of diborane are not acidic in character, the model of Stock for the
diammoniate becomes untenable. On the basis of the foregoing evidence, the
model of Schlesinger and Burg (i.e., NH4[H3BNH2BH3]) was widely accepted for
many years, particularly in the standard textbooks of the English-speaking
countries.(9>

(5) A. Stock, Hydrides of Boron and Silicon, Cornell Univ. Press, Ithaca, 1933.

(6) H. I. Schlesinger and A. B. Burg, J. Am. Chem. Soc. 60, 290 (1938).
(7) A. B. Burg, J. Am. Chem. Soc. 69, T47 (1947).
(8) C. J. Nymen, S. C. Fung, and H. W. Dodger, J. Am. Chem. Soc. 72, 1033 (1950).

(9) a) N. V. Sidgwick, The Chemical Elements and Their Compounds, Oxford Univ.
Press, London, 1950; b) T. Moeller, Inorganic Chemistry, J. Wiley and Sons,
N. Y., 1952; c¢) L. F. Audrieth and J. Kleinberg, Non-Aqueous Solvents, John
Wiley and Sons, N. Y., 1953; d) D. R. Stranks and R. G. Wilkins, Chemical Re-
views, 57, T43 (1957).
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An alternative proposal by Agromonov(lo) received equally wide acceptance
in continental Europe, particularly in Germany in the laboratories of Wiberg
and his students. It was suggested that BoHg+*2NH3 is indeed a monomer, HaNBHs,
but that its salt-like character and dimeric nature in liquid ammonia are due
to dipole-dipole interaction and hence to systematic errors in molecular weight
measurements in liquid ammonia solution. The assumption that HzNBH3 would be
a solid of salt-like appearance because of its dipole moment has indeed been
verified by subsequent isolation of the solid monomer, and the assumption that
dipole-dipole interaction could give rise to apparent dimerization in solvents
of low dielectric constant found support in the observations of Bright and Fer-
nelius(ll) on the molecular weights of boron trifluoride-amine addition compounds
in benzene. It was observed that trimethylamine-boron trifluoride was 81% di-
merized in an .08 molal solution in benzene, and phenyldimethylamine boron tri-
fluoride was likewise 91% dimerized in a benzene solution which was .01l molal
in solute. It has been shown more recently, however, that, because of the high-
er dielectric constant of liquid ammonia, HsNBH3 i1s not dimeric in that solvent,
even at relatively high concentrations (1.0 molal)o(i§7

Since the enigma of the BgoHg+*2NHs structure could only be resolved by addi-
tional investigation, intensive chemical work was carried on in a number of
laboratories in the United States. Attempts to resolve the question by direct
X-ray diffraction studies were unsuccessful because the material of the correct
composition was always obtained in an amorphous condition. Although Stock re-
ported that the "diammoniate" crystallizes out of a liquid ammonia solution in
long thin needles, it was found in several American laboratories that the crys-
talline solid obtained from liquid ammonia appeared to be a solvate since re-
moval of the ammonia to obtain the solid of formula BgHg:2NH3 invariably led to
decrepitation of the crystals and formation of an amorphous powder. It is sig-
nificant, however, that X-ray methods did provide the final indirect evidence
for resolution of the structural question. George Schaeffer and his students(15
at the University of St. Louis examined the X-ray diffraction pattern of the
residue produced by the reaction between BoHg*2NHz and Na in liquid ammonia.

They found that the pattern contained the characteristic lines of NaBH,. Schultz,
Shore, and Parry, working in the Michigan laboratories, were told by Dr. Schaef-
fer of the NaBH, identification and the Michigan group immediately proposed the
structure [HoB(NHs)s][BH4] for BoHg+2NHs. Such a model had been mentioned brief-

(10) =a) L. J. Agromonov, J. Chim. gen. 9 (71), 1389 (1939); Chem. Zbl. 1941 I,
0362; b) E. Wiberg, A. Boltz, and P. Buckheit, Z. anorg. Chem. 256, 287,
footnote p. 307 (1948); c¢) Gmelin's Handbuch der anorganischen Chemie, 8
Auflage, System 13, pp. 100-101 (195k4).

(11) J. R. Bright and W. C. Fernelius, J. Am. Chem. Soc. 65, 735 (1943).
(12) R. W. Parry, G. Kodema, and D. R. Schultz, J. Am. Chem. Soc. 80, 26 (1958).

(13) G. W. Schaeffer, M. D. Adams, and F. J. Koenig, S. J., J. Am. Chem. Soc.
78, 725 (1956).
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lz by Burg(7) in 1947 but had been rejected by him without serious examination.

Schaeffer, Adams, and Koenig(lB) were reluctant to accept the unprecedented
cation (HzB(NH3)2]%, but proposed instead a structure containing both the am-
monium ion and the borohydride group, NHZ(HgBNHz)BH;. Since Schultz'l*/) nad
shown that NH4BH, is unstable, it was suggested by the St. Louis group that
H=BNHo groups stabilized the ammonium borohydride structure by an unspecified
mechanism. :

In summary, five widely recognized structural proposals for the compound
BoHg *2NH3 have been made. The formulas suggested are: (1) (NH4)o(BsHy),
(2) NH,[HoBNHzBHs], (3) HalBHs, (4) [NH,][HzBNH2][BH.], and (5) [HzB(NHs)z]
BH4. Evidence useful in making a choice between the above possibilities will
now be reviewed. Since the detailed arguments have all been presented in
earlier reports to WADC from this laboratory and in a recently published series
of papers, 15 only the major arguments and conclusions will be considered.

2. EXPERIMENTAL STRUCTURAL ARGUMENTS FOR BoHg «2NHs

(a) The Models [NHg]o[BoHs] and HsNBHs

Strong evidence against Stock's original model, [(NH4)|2BoH4, was provided
by Burg's exchange experiments involving ND3 and BoHg:2NHs. The data indicated
no acid hydrogens in diborane and thus were in direct conflict with Stock's
model which assumed two acid hydrogens in the original BoHg molecule. On the
other hand, Burg's conditions were mild and his quantitative methods for de-
termining the extent of exchange could be questioned since they were based on
small differences in the vapor pressures of NDs and NHz. A more rigorous and
unequivocal argument against assuming acid character for the hydrogens of BoHg
was contained in the tracer study of Shore, Girardot, and Parry.(15f) If
Stock's model were correct, the reaction of BsDg and NHs should produce [NHsD]o
[BoD4ls Subsequent reaction of this salt with sodium should then produce some
HD or Do in the evolved gas. Detailed tracer studies showed conclusively that
all hydrogen liberated in the sodium reaction came from the rupture of hydrogen-
nitrogen bonds, not from the breaking of hydrogen-boron bonds. In view of this

(1%) D. R. Schultz, Ph.D. dissertation, Univ. of Mich., 1954.

(15) a) R. W. Parry, D. R. Schultz, and P. R. Girardot, J. Am. Chem. Soc. 80,
1 (1958); ©) D. R. Schultz and R. W. Parry, J. Am. Chem. Soc. 80, L (1958);
¢) 8. G. Shore and R. W. Parry, ibid. 80, 8 (1958); d) S. G. Shore and
R. W. Parry, ibid. 80, 12 (1958); e) R. W. Parry and S. G. Shore, ibid.
80, 15 (1958); f) S. G. Shore, P. R. Girardot, and R. W. Parry, ibid. 80,
20 (1958); g) R. W. Parry, G. Kodama, and D. R. Schultz, ibid. 80, 2k
(1958); h) R. C. Taylor, D. R. Schultz, and A. R. Emery, ibid. 80, 27
(1958).
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evidence and Burg's earlier results, the model (NH,)s-BsHs became untenable. The
ammonia-borane model, HzNBHs, for BpHg:2NH3 was eliminated unequivocally by
Shore and Parry(15¢) who synthesized an authentic sample of monomeric HsNBH5 by
means of the reaction between NH,Cl and BoHg:2NHz in ether slurry. It was clear-
ly established that BgHg-2NH3 and HaNBH3 are different chemical species and that
no labile equilibrium exists between them at the low temperatures found in the
usual liquid ammonia solutions.

(b) Evidence for The Borohydride Ion in BoHg.2NHs

Although the production of NaBH; in the reaction between BoHg+2NHs and Na
originally suggested the existence of the borohydride ion in the diammoniate
of diborane, it did not offer unequivocal proof of the BgHg2NHs structure since
the possibility of a slight rearrangement of the solid product to give NaBH, and
HoNBHo had not been eliminated. If such a rearrangement of solid products were
postulated, 15) the X-ray evidence could be regarded as consistent with any of
the models for BoHg:2NHs3 outlined earlier. Clearly, more definitive evidence
was needed.

Schultz and Parry(15P) found that magnesium thiocysnate in liquid smmonia
reacted with the diammoniate of diborane to give a precipitate of [Mg(NHgz)e ]
(BH4)2. This test for the borohydride group is comparable to procedures normal -
ly used in qualitative analysis for anion identification; for example, S0,~ is
identified by precipitation as BaSO,. Further, it was found that solid NaBH,4
in intimate mixture with authentic ammonium salts such as NH4Cl or NH4Br reacted
to give hydrogen gas and a new microcrystalline solid phase containing boron,
ammonia, hydridic hydrogen, and the halide anion. The equation indicated by the
data is:

MBH, + NH,X —> MX + [HoB(NH3)2]X + 2Hs
solid phase

It was found that Bglg:2NHs reacts with ammonium salts under comparable condi-
tions to give comparable products thus suggesting the presence of the borohy-
dride ion in the solid BpHg:2NHs. Furthermore, Shore and Parry(15¢) showed
that the reactions of ether slurries of BgHg+2NHs with ammonium salts, lithium
halides, and aluminum chloride paralleled completely the reactions under com-
parable conditions of authentic borohydrides such as NaBH, or LiBH4.

Additional chemical evidence supporting the existence of borohydride in the
diammoniate was contained in an early observation of Stock 16) ymo reported that
solid Bglg:2NHg reacted slowly at -60°C with gaseous HCl to give significant
quantities of Bollg. Although BoHg was produced in relatively good yield, Stock

(16) A. Stock, Hydrides of Boron and Silicon (Cornell Univ. Press, Ithaca,

1933), p. 13k.
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considered that it was a product of a secondary reaction. He represented what
he regarded as the main reaction by the equation:

BoHg «2NHs3 + 2HC1 = BoH4Clo«2NHs + 2Hoo

The nature of the secondary reaction which supposedly gave BsHg was not clearly
delineated in Stock's work. Modern information about borohydrides suggests rep-
resentation of the process as

MBH, + HCl——> MC1l + 1/2 BgHg + Ho

where M is any cation. A complicating side reaction which would reduce the
yield of BgoHg would be:

6BzHg + 6HCL—3 6BoHsC1
I——)2BC]_3 + 5BoHe

Finally, physical evidence supporting the existence of the borohydride ion
in the original ammonia solution of BsHg+2WNHsz was provided by Taylor, Schultz,
and Emery. 15¢) The Raman spectrum of BoHg2NHs in liquid ammonia solution at
-78°C revealed unequivocal evidence for the borohydride group.

(c) Evidence Related to the Identity of the Cation in BoHg-2NHs

Three of the five formulas proposed for BgHg-2NHs contained one or more
ammonium ions per mole of diammoniate; a fourth formula was the now discredited
monomeric model [HsBNH3], and the fifth model contained the new and unrecognized
cation [HsB(NH3z)2]?T In view of these facts, the evidence concerning the nature
of the cation, and particularly the evidence supporting the existence of the
widely accepted ammonium ion deserve careful examination.

The original model containing an ammonium ion, (NH4)sBoHs, was written by
Stock to rationalize his observations on the electrolysis of a liquid ammonia
solution of BoHg-2NHs. It was found that a monomeric compound HsNB(CHs)s which
would be analogous to the monomeric HsNBH3, had a conductivity in liquid ammonia
solution which was less than l/lOOth of that of BoHg-2NHs. On the basis of this
evidence an ionic structure was indicated, but any ionic model could be made to
agree with the observations on conductivity. To support his position further,
Stock attempted to identify the electrolysis produects and account for them in
terms of his molecular model, but his interpretations were by no means unique
and unequivocal. The observations have been re-interpreted in a variety of ways.

The principal evidence used by Schlesinger and Burg(6) to Jjustify the use
of an ammonium ion in their model, NH,(H3BNHoBHg) was the reaction between
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BolHg#2NHg and sodium in liquid ammonia. The equation assumed was:

1
Na + NH, [HaBNH-BH ] —3%§§%§—> 1/2 Hp + NHs + Na[HsBNHoBHs ]

Although the sodium reaction is indeed consistent with the presence of an am-
monium ion in the compound, it is important to note that the reaction is difi-
nitely not proof of the existence of an ammonium ion in the solid "diammoniate."
Rather i1t is evidence for the presence of any Brbnsted-Lowry acid which can oxi-
dize the active sodium metal in liquid ammonia solution. For example, (CHz)s
BNH3(17), F3BNH3(18), and monomeric H3BNH3(19) all react slowly with sodium in
liquid ammonia, yet contain no NHZ ions in the solid state. One might also
compare the reactions of acids such as [Al(HgO)ga] in water systems. The acid
character of Als(S04)3°12H0 is not evidence for Hz0' ions in solid aluminum
sulfate hydrate, but is instead evidence for the existence of water molecules
whose proton donor qualities have been enhanced by coordination to an ion of
relatively high field strength. Similar arguments may be applied to ammonia
molecules coordinated to the boron of [HoB(NH3)o]T. The reaction with sodium
may be written:

[HoB(NHap X + Na §§3—> NeX + HoBNHp + 1/2 Ho + NiHg
3

See pages 11 and 52 for further dstails.

No direct evidence for an ammonium ion in the "diammoniate of diborane' has
ever been presented. On the other hand, strong evidence against the presence
of this ion is now available. For example, it is known that NaBH, in intimate
mixture with authentic ammonium salts such as NH4Cl or (NH4)sS0, reacts rapidly
to give off Hg,(l5b) yet Schultz and Parry(l5b) showed that the "diammoniate of
diborane" does not react with excess NaBH, under comparable conditions. On the
other hand, BoHg-:2NHs will react with authentic ammonium salts because of the
borohydride ion in the structure. If one were to assume a model for BpoHg*2NHg
containing NHZ ions, the above observafions could be rationalized only by as-
suming that something in the solid (HoNBH- has been suggested) renders the NHZ
ion in the solid "diammoniate" inactive toward BH; even though NHZ ion, when ad-
ded as NH4C1l, reacts vigorously with the BHz ion of the same structure. The
mechanism of such stabilization without formation of the cation [HZB(NH3)5] re-
mains obscure.

(17) a) C.E. Coates, Organo Metallic Compounds (Methuen and Co. Ltd., London,
1956), p. 59; b) C. A. Krause, J. Chem. Ed. 29, 548 (1952); c¢) J. E.
Smith end C. A. Krause, J. Am. Chem. Soc. T3, 2751 (1951).

(18) W. J. McDowell and C. W. Keenan, J. Am. Chem. Soc. 78, 2065 (1956).

(19) s. G. Shore and R. W. Parry, J. Am. Chem. Soc. 80, 8 (1958).
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In contrast, evidence for the complex cation [HoB(NHs)o'] is provided by
isolation of its chloride and bromide salts. The two compounds are isostruc-
tural and are not a mixture of HoBNHo and the corresponding NH4X salt. The bro-
mide salt reacts with sodium in liquid ammonia to give hydrogen as does the
"diammoniate of diborane," and the salts containing the complex cation should
be electrolytes in liquid ammonia as Stock reported for BoHg:2NHs. Finally,
Taylor, Schultz, and Emery(l5h) found that the Raman spectrum of the salt
[HgB(NHs)g]BT plus the Raman spectrum of NaBH, gives the Raman spectrum of
BoHg *2NHs .

In summary, all evidence cited for the existence of the NHZ ion 1s equally
good for the complex ion [HoB(NHs)3], and several discriminatory physical and
chemical tests argue against the NH+ ion but are consistent with the ion
[HgB(NH3)2ft‘ Schultz and Parry(l5b3 reviewed all earlier arguments cited for
the structure [NHZ][HaBNHoBH5] and found that every observation cited by earlier
workers was consistent with the model [HoB(NHs)a](BH]).

B. Further Studies on "The Diammoniate of Diborane," [HoB(NHs)so][BH4],

and Related Molecules

1. SYNTHESIS OF BgHg®2NHs IN ONE GRAM-LOTS

In the past all attempts to synthesize as much as 1 g of BoHg+2NH5 in a
single batch resulted in decomposition of the product. Schultz, 1h working in
this laboratory, found that attempts to scale up the usual synthetic procedure
resulted in the production of volatile products; BoHsNHp was probably a major
component of the reaction mixture. Temperature control was a major problem. A
successful synthesis of 0.6 g of BgHg-2NHs in one run has been effected using
the procedure described below.

A 10-millimole quantity of diborane was condensed at the bottom of a reac-
tor tube, 30 mm in diameter and about 230 mm long. An excess quantity of ammonia .
was condensed along the walls of the tube by progressively raising a Dewar filled
with liquid nitrogen from a height of about 50 mm above the condensed diborane to
50 mm from the top of the tube. A pentane bath at -145°C was placed around the
tube. The thermostating pentane bath and the reaction tube warmed up gradually
from -145°C to -80°C over a period of about 12 hours. The diborane vaporized and
reacted with the ammonia, The diammoniate was isolated by subliming away the ex-
cess ammonia at -78°C. The total yield of BgHg:2NHg was about 0.6 g. The prod-
uct was identified by its X-ray powder pattern. The first standard X-ray powder
pattern of BoHg:2NHs was obtained as described in the next section.

In another attempt to prepare a relatively large quantity of "diammoniate"
the reaction between diborane and ammonia was carried out in diethyl ether at

-95°, A mixture of the "diammoniate" and ammonia-borane resulted. Identifica-
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tion was by X-ray powder pattern.

2. THE PREPARATION CF MICROCRYSTALLINE BoHg:2NHs3—THE X-RAY POWDER PATTERN
OF "THE DIAMMONIATE OF DIBORANE"

(a) Discussion

As indicated in the literature review of Section A, all attempts to prepare
crystalline BoHg-2NH5 for X-ray structural investigations had been unsuccessful
in this and other laboratories. During the course of the study described in
this report, a product with the empirical formula [HsNBHszl, was obtained which
gave a definite and characteristic X-ray powder pattern. This product was
originally prepared by a procedure which supposedly gave "diammoniate of di-
borane II," [HB(NHS)S](BH4)2.(158) However, repetition of the experiment by a
procedure known to give an authentic sample of the "diammoniate" [HoB(NHs)s)
[BH,] gave a product with an identical x-ray diffraction pattern. These facts
cast serious doubt on the existence of diammoniate (II) [see page 10 for fur-
ther information], but made possible identification of BoHg - 2NH4 by X-ray meth-
ods. Why the crystalline product is easily obtained now, but was unobtainable
earlier, remains in the realm of speculation.

(b) Experimental

(1) Diammoniate of Diborane (II).—Diborane was added to frozen, excess
ammonia in the same manner employed to prepare the "Diammoniate IU(ISe Then
the system was aged for about 20 hours at -45° to cause conversion to "diammoni-
ate (II)." Excess ammonia was then pumped from the system atsbout -65°C. Final
traces of ammonia were pumped away at room temperature. The resulting solid
product had the empirical formula HsNBH3. The following analytical ratios were
obtained: B/N = 1.02; hydridic H/N = 3.02. X-ray powder data for the micro-
crystalline product are presented in Table I.

(2) Diammoniate of Diborane (I).—The solid was prepared according to
standard procedures(l5g7 and solvent ammonia was removed as completely as pos-
sible at -78°C. The product, presumably BsHg *2NH5 (I), was then warmed to room
temperature, transferred rapidly in a dry box to an X-ray capillary tube, and a
powder pattern was taken. The pattern obtained was identical to that in Table
I except for four very weak lines at d = 6.05, 5.18, 4.09, and 3.63.
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TABLE I

INTERPLANAR SPACINGS FOR THE CRYSTALLINE FORM
OF THE "DIAMMONIATE OF DIBORANE"

BoHg - 2NHs

Intensity 2] d Intensity ) d
W 5.78 7.62 MS- 19.40 2.325
W 8.18 5.42 W 21.03 2.1hg
MS 9.53 L.6h MW 21.55 2.09g
S 10.35 L.28 W 22.75 1.979
S 12.65 3.52 MW 2%.20 1.95¢
MS 15.18 2.94 W 25.40 1.79s
MS 15.73 2.84 W 25.98 1.761
MS 16.63 2.69 W 26.35 1.73~
MS- 17.23 2.60 W 26.98 1.701
MW 17.83 2.51g MS- 27.43 1.674
M7 18.65 2.h14

Intensity scale: S>MS>MS-SMWSW>VW CuKd radiation

3. ADDITIONAL CHEMISTRY OF BgHg:2NHs. EVIDENCE FOR AND AGAINST THE EXISTENCE
OF "DIAMMONIATE OF DIBORANE II" WITH THE FORMULA [HB(NHs)s][BH4ls

(a) Decomposition of BoHg -2NHg. in Diethyl Ether Slurry

In an earlier report(go) the preparation of monomeric HgNBHg from [HoB(NHsz)s ]
BH, was described in terms of the following equation. '

Trace NHg
Diethyl
ether

NH.C1 + [HoB(NHs)o][BH,] > Hp + HaNBH3 + [HoB(NH3)2]Cl

The validity of this overall equation was questioned when it was found that the
solid reaction residues, examined by X-ray diffraction, showed only small amounts
of the salt [HoB(NH3)2]CL.

The explanation for this discrepancy between theory and experiment arises
from properties of [HoB(NH3)2]BH4. It is now known that the "diammoniate" un-
dergoes a competing decomposition process in an ether slurry containing ammonia
but no ammonium chloride:

(20) R. W: Parry, R. C. Taylor, T. C. Bissot, D. H. Campbell, A. E. Emery,
P. R. Girardot, G. Kodama, D. R. Schultz, S. G. Shore, J. T. Yoke III,
WADC Tech. Report 56-318 (1956).
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Trace NH 1
[HoB(NH BH, ————3 > {5 + HaNBHs + = (H-BNH
oB(NHz)2] BH, Diethyl 2 aiibig + 7 (Hz 2)n

ether

The reaction is not unexpected in view of the known weak acidic character of

the [HoB(NHs)o"] cation in liquid emmonia and the hydridic character of the
hydrogens in the borohydride group.

Data are summarized in Fig. 1. The two reactions written above proceed-
ing simultaneously, would be consistent with all observed facts.

In a typical run l.73mmoles of [HoB(NHs3)s][BH,] were prepared and isolated
in one arm of a vacuum line filter system of the type described by Schultz(lﬁvlSa)
[see Fig. 3.] About 10 ml of diethyl ether was then distilled into the reaction
tube. About 0.15 mmole of rigorously dried ammonia was also distilled in; then
the evacuated system was closed off and the reactor was warmed up to about 3 or
L degrees below room temperature. A beaker of water Just below room tempera-
ture served as a thermostating medium. This procedure prevented condensation
of ether throughout the system and minimized attack on the stopcock grease by
ether. 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 extrac-
tion were carried out at about -75° to take advantage of the negative tempera-
ture coefficient of solubility of ammonia-borane. Crystalline ammonia-borane
was obtained from the filtrate by distilling away the ether as the receiver tube
was warmed from -70 to -20°C.

(b) The Reaction of "The Diammoniate of Diborane" with Sodium in Liquid
Ammonia

In all earlier work considerable structural and chemical significance has
been attached to the stoichiometry and rate of the reaction between sodium and
BoHg-2NH3 in liquid ammonia. For example, the original "diammoniate'" formuls
of Schlesinger and Burg [NH,][HsBNHoBH5] was based primarily upon the stoichiom-
etry of the sodium reaction, and Parry and Shore 15€) ysed the stoichiometry of
this same reaction as evidence for the suggestion that there exists a second
form of BoHg:2NEsz called the "diammoniate of diborane (II)" with the structure
[HB(NH=)s][BH,]2. It was suggested that if the normal "diammoniate of diborane
(1)," [HzB(NH3)21[RH.], which was prepared and maintained below -78°C, is
warmed to -45°C and stored at this temperature for about 20 hours, diammoniate
(II) is produced. It is assumed that diammoniate (I) in liquid ammonia reacts
with sodium to give one equivalent of Hs per mole of BoHg-2NHs in accordance
with the following equation:

[HoB(NHg)2] BH. + Na =~=3> 1/2 Hs + NaBH, + HoBNHo + NHg
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[HZB(Nng](BH4%+NH4CI

[HZB(NH3E](BH4)

0.2

Small amount of N Hy added

0] 20 40 60 80 100
HOURS

Fig. 1. The evolution of Hy from BoHg*2NH3 in diethyl ether slurry.
The role of NH4C1.
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Diammoniate (II) was assumed to react to give the observed 1.33 equivalents of
Ho per formula weight of BoHg:2NHa. The equation written was:

[BB(NHs)s ] [BH.]o + 2Na —2NaBH, + Ho + HB(NHz)s + NHg

Note: [HB(NHs)s][BH4]s is equal to 1.5 formula weights of BoHg-2NHs.

2 equiv Hp
1.5 formula wts

Thus: 1.33 equiv Hz/BoHg:2NHg

Earlier in Section B it was reported that a sample of BpoHg 2NHsz was pre-
pared and stored under conditions assumed to give diammoniate (II) and a second
sample of BoHg®2NHs was prepared carefully under conditions known to give diam-
moniate (I). Strangely enough, the X-ray powder patterns of both samples were
identical except for four very weak lines in the diammoniate (1) pattern. To
characterize further the presumed diammoniate (II), a portion of the sample from
the batch used in X-ray analysis was dissolved in liquid ammonia and allowed to
react with excess sodium in liquid ammonia at -78°C. In about one hour 1.28
equivalents of Ho per formula weight of BoHg:2NHg were obtained. The value is
consistent with behavior attributed to diammoniate (II), but a molecular weight
determination in liquid ammonia on this same material gave a value of about 55
which corresponds to diammoniate (I) [theoretical value = 61].

A reasonable interpretation of the foregoing facts 1s that diammoniate (1)
and diammoniate (II) are the same material, but that other factors such as
traces of decomposition products or other as yet undefined variables in the
higher-temperature product influence the rate and stoichiometry of hydrogen ev-
olution in the sodium reaction to such an extent that the structural signifi-
cance of the data is definitely limited. Such an interpretation is supported
by data on the HCl reaction described next, and by observations on the reaction
of [HoB(NHs)2]Cl with sodium (p. 52) and of [HoB(NH3)2][BsHg] with sodium
(p. 114). The assumed importance of impurities in catalyzing hydrogen evolu-
tion in boron nitrogen systems has been demonstrated by Campbell, Bissot and
Parryﬁgl) and by Kodama and Parry,(gg) and is amply supported in other sections
of this report [see p. 59].

One other alternate possibility cannot be eliminated on the basis of evi-
dence now available. In view of the extreme sensitivity of the properties of
the so-called "diammoniate I" to the methods used for its preparation, it is
possible that this low-temperature material is in reality a mixture consisting
of [HoB(NHz)2]BH4 and a postulated intermediate(15€) containing a single bridged

(21) D. H. Campbell, T. C. Bissot and R. W. Parry, J. Am. Chem. Soc. 80, 1549
(1958); WADC Tech. Report 56-318 (1956).

(22) @. Kodama and R. W. Parry, WADC Tech. Report 57-11 (January, 1957) p. 21;
J. Am. Chem. Soc. 79, 1007 (1957); see also discussion in this report on
B,H1o-2NHg.

WADC TR 59-207 1%



bond,

\/\/

ot

On the basis of a detailed study of the sodium reaction, Shore, Girardot, and
Parry suggested that the single-bridge structure would react slowly with sodium
in liquid ammonia. Thus any appreciable quantity of the intermediate would re-
duce the rate of hydrogen evolution in the sodium reaction. A corollary to

the above argument is that pure salts of the type [HsB(NHs3)s]X would liberate
one equivalent of hydrogen very rapidly in the sodium reaction and additional
hydrogen more slowly in a secondary process. Studies reported on pagesZ2 and
114 for the salts [HoB(NH3)2]Cl and [HoB(NH3)o)[BsHg] support this argument.
Additional information relative to the posfulated forms I and II of BoHg*2NHs
is found in the next section.

(c) The Reaction of "The Diammoniate of Diborane" with Hydrogen Chloride

In his early studies of the "diasmmoniate of diborane" Stock(5) investigated
the reaction between BgHg'2NHs and HCl. He wrote the equation:

BoHg *2NHg + 2HCL———> BoH,Clo-2NHs + 2Hz

but he reported the formation of BoHg by an unspecified secondary reaction.
Schultz and Parry 15b) reinterpreted Stock's observations and wrote the equa-
tion between the "diammoniate of diborane (I)" and HCl as:

[HoB(NHg) 2] [BH4] + HCl——> [HoB(NH4)2]CL + Ho + 1/2 BoHg

The analogous equation expected for the diammoniate of diborane (II) as suggested
by Parry and shore(15€) yould be:

[HB(NH3)s](BH4 )2 + 2HCl——> [HB(NH3)5]Cls + BoHg + 2Ho

A complicating side reaction between the BoHg formed as a product and HCL pres-
ent in the reacting system would be:

6BoHg + 6HCl——>6BoHsCl + 6Hp
2BCls + 5BoHs

To evaluate Stock's proposal more effectively and to differentiate more ef-
fectively between the two proposed forms of the diammoniate {; e., [HoB(NH3)o]
(BHy) and [HB(NHs3)s][BH4 2;} the reaction between BoHg-2NHs and HC1 has been
studied under rather well-controlled conditions.

From the foregoing equations for the reaction between the diammoniate of
diborane and HCl, it is apparent that the amount of hydrogen produced in the
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process will be complicated by the secondary reaction between BoHg and HC1.
Although the HCl-BgHg reaction can be slowed up by holding the temperature at
-78°C, it is still difficult to attach great structural significance to the
amount of hydrogen obtained in a given period of time. Of greater structural
significance is the identity of the solid product which remains after gas evo-
lution. Three possibilities must be recognized. Stock wrote BsHuCls:2NHs.

Such a product would have a B/N/Cl ratio of 1/1/1. '"Diammoniate of diborane (I)"
as described by Schultz and Parry would produce [HoB(NH3)2]Cl which has a B/N/CL
ratio of 1/2/1, while "Diammoniate of diborane (II)" as postulated by Parry and
Shore(15€) yould produce [HB(NH3)3]Cls which has a B/N/CL ratio of 1/3/2.

When a slurry of "diammoniate of diborane (I)" in dimethyl ether was al-
lowed to react with an excess of HCl at -78°C, the solid product was unequivo-
cally identified as [HoB(NH3)2JCl on the basis of its X-ray powder pattern.

Some NH4Cl contaminated the solid. When a slurry of "the diammoniate of di-
borane (II)" in dimethyl ether was allowed to react with HCl under conditions
comparable to those used above, the solid product was again [HoB(NH3)2]Cl con-
taminated with small amounts of NH4Cl; it was not [HB(NH3)3]Cls as expected.
These data, coupled with the X-ray powder patterns, lead almost unequivocally

to the conclusion that diammoniate of diborane (I) and diammoniate of diborane
(II) have the same major phase. Differences between the two samples in the
sodium reaction or molecular weight values are attributed to small amounts of
impurities in one sample or the other. Two possibilities remain and neither can
be eliminated conclusively on the basis of available evidence. The possibili-
ties are: (a) the -78° product, BsHg-2NH5 (I), is contaminated by products rep-
resenting incomplete reaction between BsHg and NHg, or (b) the -45° product,
formerly BoHe-2NHs (II), is contaminated by small quantities of decomposition
products which give rise to instability of the compound. The problem now re-
solves itself into a question of compound purification.

If [HoB(NHs)2][BH4] could be obtained in high purity, its utilization in
the preparation of high purity [HsB(NH3)2]Cl becomes immediately apparent.
Studies directed toward this objective are described under the synthesis of
[EoB(NH3)21C1 on page 23.

The reactions referred to above were conducted as described below.

Samples of "diammoniate of diborane (I)" and "diammoniate of diborane (II)"
were prepared by previously described procedures.(l5e) Commercial ethers, used
as sclvents, were dried over LiAlH, before use. Commercial anhydrous hydrogen
chloride was purified by freezing it into one arm of the purification system
shown in Fig. 2. By cooling the second arm of the purification system, the gas
could be slowly passed through the P05 to dry it. Six passes through the des-
sicant were made; HCl was then condensed into the reaction vessel for use.

In 2 typical run a suitable sample of BoHg<2NHs (about 1 to 2 millimoles)
was placed in a 24/LO reaction tube on a vacuum filter apparatus (Fig. 3). For
studies on diammoniate (I) it was desirable to make the BoHg'2NHg5 right in the
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Fig. 3. Vacuum line filtration apparatus.
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reaction tube so that it could be maintained at temperatures below -78°C until
reaction was effected. For studies directed toward the synthesis of pure
[H=B(NH3)2]Cl, larger samples of diammoniate of diborane were prepared; then
smaller aliquots were transferred to the reaction tube for use. Approximately

3 ml of anhydrous dimethyl ether was condensed onto the solid BoHg  2NH5, and
this mixture was stirred with the conventional magnetically operated "hopper
stirrer” until a uniform suspension was obtained. Then the desired quantity of
previously dried HCl, ranging from an equivalent amount to a 5-fold excess, was
dissolved in 1 ml of dimethyl ether and the solution was condensed onto the sus-
pension. Hydrogen was evolved rapidly at first, then very slowly. In earlier
runs where hydrogen evolution was measured, the reaction mixture was frozen

down with liquid nitrogen and Hs was pumped from the reaction vessel for measure-
ment. When hydrogen evolution amounted to less than 0.1 millimole/hour, the re-
action mixture was filtered at -78°C. The washed precipitate was extracted with
ammonia and the solvent NHs was sublimed away leaving a white residue. The
residue was identified as [HpB(NHs)2]Cl which was contaminated by small amounts
of NH4Cl. X-ray powder patterns served as the basis for identification. The
X-ray capillary was loaded in a dry box and sealed at both ends to prevent hy-
drolysis of the sample during a 10- to 12-hour exposure period. Cugy radiation
was used. Representative data are contained in Table II.

TABLE IT

THE REACTION OF BgHg'2NHg WITH HC1 IN DIMETHYL ETHER
EVIDENCE AGAINST THE EXISTENCE OF DIAMMONIATE (II) OR [HB(NH3)s J(BH4)2

Vol Ho Evolved
Sample mmoles mmoles .
) ) (CH3)20  Time mmoles Ho Product
Diammoniate II BolHg HC1 Solvent ———E;Eg————
Prepared 2.16 9.9 3-5ml 2 hr 1.18 HoB(NHs ) 2C1
in situ + NH4CLl as
5 hr 1.33 Impurity

Prepared 4.82 7.9 3-5 ml 1.5 hr 1.08 HoB(NHg ) 2CL
in situ + NH4CL as
B 5 hr 1.23 Impurity

All reactions at -78°C

L. STUDIES ON THE AMMONOLYSIS OF THE RESIDUES RESULTING FROM THE REACTION
OF AN ALKALT METAL WITH "THE DIAMMONIATE OF DIBORANE" IN LIQUID AMMONIA

(a) Background

Reports by Schaeffer, Adams, and Koenig(lE) and independent observations
in this laboratory(go indicated that the solid residues from the alkali metal-
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diammoniate reaction (these are MBH, and HoNBH-) reacted with NHs at room tem-
perature and below to give off Hs. A tracer study(l5f) showed that such hydro-
gen arises from the interaction of a hydridic hydrogen attached to boron and a
protonic hydrogen attached to nitrogen. The equation assigned to the process
in this and other laboratories was:

HoBNHo + NHg ———>HB(NHs)s + Ho
+
NH5

L——-—> B(NHz)s + Ho

Although this equation appeared to be consistent with all earlier data on
the ammonolysis reaction, it appears questionable when critically compared with
analogcus systems. In the first place, the ready reaction between the very
slightly acidic ammonia and the residue (HoNBH2),, seems inconsistent with the
properties expected for (HgNBHg)n, particularly when it is compared with the
formally analogous compound (NsBNHCHs5)s. The latter compound will float on a
slightly acidic water solution at room temperature with only very slow hydroly-
sis. Complete hydrolysis is effected by a relatively long exposure to a boil-
ing 20% hydrochloric acid solution. On the other hand, the equation written
above postulates a reaction between HoNBHo and the weakly acidic NHsg molecule
at temperatures below 25°C. The contrast in properties assumed for (HgNBHg)n
and (CHgHNBHo)s seems remarkable,

Other observations are equally disturbing. Schaeffer, Adams, and Koenig(lB)
reported that the presence of an alkali metal borohydride with [HgNBHg]n could
promote hydrogen evolution. LiBH, was very effective while KBH4 was relatively
ineffective; NaBH, occupied an intermediate position. It was suggested that an
explanation for the differences might be based upon the relative abilities of
LiBH, and KBH, to form stable ammoniates and hold ammonia in the reaction zone
as the temperature of the system was raised. The foregoing uncertainties in
observation and interpretation suggested that a careful experimental reexamina-
tion of the system might be appropriate.

(b) Experimental

A mixture of HoNBHo and KBH4 was prepared in liquid ammonia by allowing
[HoR(NHz)21[BH4 ] to react with a slight excess of potassium in about 2 cc of
liquid ammonia. A sample containing 1.846 millimoles of BoHg:2NHs was pre-
pared; C.922 millimole of Hpo was evolved in 75 minutes; then gas evolution
stopped. After reaction was complete, all excess potassium was removed quanti-
tatively by amalgamating it with about 0.7 cc of liquid mercury at -35°C. The
solution was filtered to separate the alkali metal amalgam; then the solvent
was removed from the filtrate at -78°C. The mixture of KBH, and HoNBHs was
transferred under nitrogen to a dry box where it could be weighed.

In a separate reaction vessel a sample (1.09 millimoles) of commercial
LiBH4 was attached to the vacuum line and dissolved in 1 cc of liquid ammonia.
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Hydrogen, which evolved very slowly, was measured. After 24 hours a sample mix-
ture consisting of .07 millimole of KBH, and .07 millimole of HoNBHo was weighed
in the dry box and introduced into the system under dry nitrogen. The entire
mass was dissolved in liquid ammonia; then the solvent was distilled away and
the system was allowed to warm to room temperature in contact with gaseous am-
monia (1 atm). Data in Fig. 4 show that hydrogen evolution was extremely slow
under these conditions, less than .018 mmole of Ho being evolved from .07 mmole
of HoNBHo in 18 hours at room temperature.

While dry nitrogen was allowed to flow through the system, a glass bulb
containing a slight excess of sodium was broken into the reaction vessel. The
reactor was then evacuated and the system frozen with liquid nitrogen. Ammonia
was distilled into the reactor and the entire reaction mass was completely dis-
solved in liquid ammonia at -78°C. The solvent was then removed at —78°C; then
the solid residue was warmed up to room temperature in the presence of one
atmosphere of ammonia vapor. As shown in Fig. 4, hydrogen evolution was rapid
at room temperature as soon as sodium was added. Even in the presence of sodium,
gas evolution was slow at -78°C. The data indicate unequivocally that sodium
metal rather than MBH, was effective in promoting gas evolution at room tempera-
ture.

(c) Discussion

If, as suggested by Schaeffer, Adams and Koenig, the reaction between
HoBNH2 and ammonia were catalyzed by the presence of a metal borohydride which
served to hold the ammonia in the reacting mass, gas evolution should have been
rapid when HoBNHpo, KBH., NHs and excess LiBH4, were present in the same vessel
at room temperature. The fact that hydrogen evolution was slow under these con-
ditions can be taken as strong evidence against the above explanation. On the
other hand, the role of the alkali metal in hydrogen evolution seems well estab-
lished by the foregoing data, particularly when one notes that in the work of
Schaeffer, Adams, and Koenig excess alkali metal was not removed prior to ammo-
nolysis reaction. With this point in mind, one notes that the earlier data are
consistent with the somewhat more detailed studies described here. When excess
alkali metal was rigorously removed from the system by mercury extraction,
NoBNHo and LiBH4 reacted very slowly with gaseous ammonia at room temperature.
Addition of sodium metal accelerated the reaction in a dramatic fashion.

On the basis of the above experimental evidence, the following speculative
explanation may be advanced. It is postulated that the free alkali metal in
the system reacts with HpoNBH> in accordance with the equation shown below to
give a compound comparable to the "base'" Nas[BH(CHs)s] described by Burg and
Campbell:(EB)

2Na + HoBNHo —— Nas(HoBNHS)

(23) A. B. Burg and G. W. Campbell, Jr., J. Am. Chem. Soc. Th, 37k (1952).
WADC TR 59-207 20
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Burg and Campbell found that the lone hydrogen bound to boron in their compound
was extremely hydridic in character. Some evidence was accumulated which can

be interpreted as indicating ammonolysis of Nas[HB(CH3)s] at temperatures as

low as -50°C., In view of these observations ammonolysis of the related compound
Nas[HoBNHs] at room temperature would not be surprising. The following ammonoly-
sis equations can be written:

Nao(HoBNHs) + NHS-Bizé-Nag[HB(NHQ)z} + Ho

The above process would produce 1 molecule of Hpo per molecule of BHoNHo present
(or EH/BHQNHE); the formula suggests that a change in hydrogen evolution rate
might be observed when this step is completed. Such a change in rate of hydro-
gen evolution is noted where the ratio of Hg/HgBNH2  is equal to 1 (or H/HgBNHg =
2; Fig. 4). The next step in the process would be:

Nap[HB(NHz) 2] + NH3-5425'N32[B(NH2)3] + Ho

On the basis of the above equation a maximum of 2Hs molecules per molecule of
HoBNHz should be obtained or 2—1/2 Ho molecules per original molecule of
BoHg °2NH5. Schultz 14 observed as much as 2.15 Ho molecules per original mole-
cule of BoHg:2NHz, and the data in Fig. L4 indicate that slow Hs evolution is
continuing even after the total ratio of Hp/BoHg-2NHgz exceeds 1.5 [or H/HSBNHo =
5 (Fig. 4)].

If the compound Nag[B(NHg)g] were unstable at room temperature and dis-
sociated in accordance with the equation

Nas[B(NHs)s] —> 2Na + B(NHz)s

a small amount of alkali metal could well be catalytic for hydrogen evolution.
Alternatively, sodium could be consumed in the reaction. More data are needed
on this point.

If one recalls that LiBH4 is very proton-sensitive, NaBH, less so, and
KBH, stable even in water solution, it is not difficult to rationalize Schaeffer's
observation regarding the ammonolysis rates for the residues resulting from the
reaction of Li, Na, or K with BoHg2NHg. The relative proton sensitivity of
Lio(HoBNHo ), Naos(HoBNHs), and Ko(HoBNHo) would decrease quite rapidly from Li
to K; hence the rate of the ammonolysis reaction would be expected to fall sharp-
ly as was reported. 13

The above arguments are definitely speculative; isolation of pure compounds
of the form MsBHs, MoBHoNHs, MoBH(NHz)s, and MoB(NHz)s could provide a more def-
inite test for the process proposed.
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C. Halide Salts of the General Form [HoB(NHs3)olX

1. PREPARATION OF SALTS CONTAINING THE COMPLEX CATION [HgB(NH3)2]+

(a) The Solid Phase Reaction of BoHg+2NHg and NHZ Salts

The first halide salt containing the complex cation [HgB(NH3)2]+ was pre-
pared by Schultz L using the solid phase reaction between ammonium bromide
and the diammoniate of diborane, [HsB(NHz)s]BH,. The equation is

[HoB(NHa)2][BH, ] + 2NH4Br — 2[HoB(NHs )2 ]Br + 2Ho

A mixture of [HoB(NH3)o]BH, and NH4Br was completely dissolved in about 5 cc of
liquid ammonia and held for 2 hours with continuous stirring at low temperatures
ranging from -78.5 to -35 (-63%.5 was used in most runs). Under these conditions
hydrogen evolution was negligible. Solvent ammonia was then sublimed from the
solid mixture and the temperature was raised slowly to that of the room. Hydro-
gen was removed with a Toepler pump; the residue was redissolved in ammonis;
after stirring ammonia was again removed; the system was warmed up and Ho was
measured. This cycle was repeated 3 to 5 times. The product prepared by the
above procedure was pure enough to permit original identification of the salt,
but not as pure as the product obtained by the method of Kodama(gu) described

in the last procedure of this section.

(b) The Reaction of BaHg-2NHs with HX in Ethers

In an earlier section the reaction occurring in dimethyl ether between
Bolg*2NHs and HCl was described in some detail. The product always showed
NH4Cl contamination. A number of other ether solvents have been investigated
in an effort to prepare [HsB(NH5)5]Cl, free of NH4CL.

A suspension of BgHg*2NH5 in diethyl ether reacted too slowly with HC1 at
-78°C to provide a basis for the synthesis of [HsB(NH3)o]Cl.

Use of Ansul 121 polyether (1, 2 dimethoxyethane), dried over LiAlH, at
room temperature, required a slight modification of the previously described
procedure. Because of the higher melting point of the polyether, the reaction
was carried out at -63°C (chloroform slush) until hydrogen evolution ceased
(about 2 hours). Under these conditions diborane produced in the primary reac-
tion was attacked readily by HCL, and BCls:etherate contaminated the product.
The polyether was removed by distillation at -45°C; then diethyl ether was con-
densed into the crude salt mixture and stirred at -63°C. The contaminating
Et20BCls was removed in the filtrate; the precipitate was washed with excess
Et20 to remove last traces of EtsOBCls; then [HoB(NHs)2]Cl was extracted from

(24) G. Kodama, Ph.D. dissertation, Univ. of Mich. (1957).
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the washed precipitate using liquid ammonia in the usual manner. [HoB(NH3)21C1
prepared in Ansul 121 showed no lines for NH4Cl in the X-ray powder pattern.

The same procedure was used with Ansul 141 (diethyleneglycol dimethyl ether)
except that ether had to be distilled from the reaction mixture in the vacuum
system at room temperature instead of at -45°C.

Data are contained in Table IIT.

(c) The Reaction of ByHi0:2NH5 and Acids in Diethyl Ether

By methods to be described in a subsequent section, Kodama(gu) in this lab-
oratory synthesized the compound BgHi10°2NHg. Chemical evidence cited in a later
section led unequivocally to the structure [HoB(NH3 )2 1(BsHg) for this compound.
A reaction at -78°C between an acid HX and the ether soluble compound ByHjo°2NHg
in diethyl ether gives the ether insoluble salt [HoB(NH5)2]X. The equation is:

Et=0

[HoB(NHs) 2] [BaHg] + HX f7§3—> [HzB(NHs)2]X¢ + Ho + Eto0BaHy
Kodama(24) prepared pure [HoB(NH3)2]Cl and [HsB(NHs3)2]Br by this procedure.
Heitsch\2> working on this contract prepared and characterized a relatively
pure iodide salt. Xamauchi(26), working in this laboratory, prepared a salt
which has been tentatively identified as the fluoride [HoB(NH3)z]F, although
its complete characterization has been complicated by difficult analytical prob-
lems. Procedures which have given satisfactory products for each halide salt
are described below.

(1) [H-B(NH3)2]Cl.—In a typical run a 1.84-millimole sample of ByHjio«2NHg
was placed in the reaction tube of a vacuum filtration assembly and dissolved
in about 2 ml of diethyl ether. The solution was frozen with liquid nitrogen
and a 1.78-millimole sample of HCl was condensed into the tube. When the tem-
perature was raised from -196 to -78°C, very rapid evolution of hydrogen gas
and formation of a white precipitate were observed. 1In 15 minutes, 1.74 mil-
limoles of Ho gas was liberated; then gas evolution almost stopped. Even if an
excess of HC1l were used, Hp gas evolution was relatively slow (see Fig. 17).
after 1 mole of Ho had been evolved from 1 mole of BygHi1g-2NHz. The white pre-
cipitate was separated by filtration in the vacuum line filter system (Fig 3).
The filter cake was washed with diethyl ether; then the receiver was changed
and the precipitate was washed through the filter disc with liquid ammonia. Re-
moval of the solvent ammonia at -45°C left 119 mg of the compound [HoB(NHs)2]CL
or a recovered yield of 79%, based on the BgHio*2NH5 used.

(25) C. Heitsch, doctoral dissertation, Univ. of Mich. To be published.

(26) M. Yamauchi, doctoral dissertation, Univ. of Mich. To be published.
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TABLE TIIT

THE PREPARATTON OF [HgB(NHs)g:hl FROM BoHg 2NHs AND HC1 IN VARIOUS ETHERS

Sample mmoles mmoles le.té:d T_HZ EVOlVid = Purity Solid
Bollg - 2NH BoHg-2NHs HC1 envity Hie, IMO-SS “2 g B(NHs)sCl
2fle" 2N 26 =73 of Bther  min. BoHg-2NHgs 2B(Ha)2
1. Prepared 1.97% 10.35  (CHgz)20 30 0.86 Traces of NH,C1l
in situ (5 ml) (X-ray)
60 0.89 (99.5%) analysis
2. Taken from 1.9% 10.41  (CH4)50 o) 1.15 Traces of NH,CL
stock (5 ml) 60 1.20 impurity from
135 1.36 X-ray
3. In situ 1.7 10.0 (CH5) 50 30 1.0 Trace of NH,C1
(5 ml) 60 1.06 X-ray
90 1.12
L. In situ 1.7 L Ansul 121 L5 0.6k No NH4C1l but
60 0.75 other impurities
90 1.10 present (X-ray)
11 hr 1.91
5. In situ 2.06 3.4 (CH3) =0 15 0.87 Trace of NH4C1
(5 ml) 5 0.95
570 1.07
6. Stock** 1.29 2.1 Ansul 121 120 1.78]
(4 ml)
7. Stock** 1.37 2.3 Ansul 141 120 1.83 Pure sample
(4 ml) No NH4C1
8. Stock** 6.81 8.9 Ansul 121 135 1.13

(15 ml)

*Small sample removed for X-ray powder pattern O.1 mmole

¢¥Reaction run at -63°C.
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(2) [HoB(NHg)o]Br.—A 0.64-millimole sample of B,Hio°2NHs was allowed to
react at -78°C with 3.8% millimoles of HBr in about T ml of diethyl ether. The
procedure was identical to that given above. The hydrogen gas amounted to 0.6k
millimole. After filtering the solid and washing it with 2 cc of diethyl ether,
1t was kept under high vacuum for one hour, then washed through the filter disc
with liquid ammonia. Most solvent was removed at -78°C but the last traces were
pulled off under vacuum at room temperature. The solid product was 0.50 milli-
mole of [HzB(NH3)z2]Br or a recovered yield of 79% based on the ByHio*2NHs used.

(3) [HoB(NH3)2]I.—Hydrogen iodide was prepared by the reaction:

Hp + Iz ?66?256?6%> PHT
The procedure used was a modification of that described in Inorganic Synthesis,
Vol. 1, p. 159. The apparatus is shown in Fig. 5. A is a catalytic deoxygena-
tor attached to the pressure reduction valve on the hydrogen tank. B is a Pyrex
tube filled with P20s; D is a Vycore reaction tube. A layer of glass wool near
the inlet of the reaction tube was covered with (a) a layer of iodine crystals
(Mallinkrodt Analytical Reagent), (b) a second layer of glass wool, (c) a lay-
er of platinized asbestos, and (d) a final layer of glass wool. Joints at a,
b, and g were closed with Tygon tubing. Joints d and f were sealed with de
Knhotinsky cement. Joint e and stopcock g were lubricated with Dow-Corning
High Vacuum Silicone grease.

The furnace, E, was raised so that it surrounded the platinized asbestos
but was above the iodine layer. The temperature of the furnace was then raised
to 200°C and the platinized asbestos was dried in a hydrogen stream for one hour.
During this period a stream of cold air was directed against the outside of that
part of the tube which contained the iodine. This reduced sublimation of iodine
during the drying of the asbestos. After the drying operation the furnace was
dropped down around the iodine layer, its temperature was raised to 600°C, and
the exit gas stream was diverted through the cold trap H (-78°) and into a trap
on the vacuum system chilled with liquid No (-196°C). The product from the
-196° trap was sublimed through a trap cooled to -78°C and into a trap cooled
to -196. The sublimation was repeated. The purified material showed no color
due to iodine and had a vapor pressure of 170 mm at -63.5°C [chloroform slush].
Stull 27) reports a value of 165 mm at this temperature. The rroduct was
stored at -190°C until used.

The reaction between HI and ByHi0°2NHs was carried out in the same fashion
as that described for the reactions of ByH10°*2NHs with HC1 and HBr. The stoichiom-
etry of hydrogen evolution was not as clean-cut as that in the two preceding
cases, apparently because of the instability of HI in high-vacuum manipulation.
In a typical run about 1 gram of crude B4Hio*2NHz (see p. 101 for its synthesis)
was leached with dry diethyl ether (about'lO cc) through a medium porosity frit
into a weighed tube on the vacuum line. The solvent ether was then removed and
the tube was filled with dry nitrogen and stoppered. The tube and pure crystals

(27) D. R. Stull, Ind. and Eng. Chem. 39, 517 (1947).
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were carefully weighed. The weight corresponded to 10.1 millimoles of BsHyo*2NHs.
The tube was replaced on the vacuum filtration apparatus and about 10 ecc of dry
diethyl ether was distilled into the system; then a mixture of 11.5 millimoles of
HI and 5 cc of ether was distilled into the system. The mixture was then warmed
from -190° to -78°C. Stirring was started as soon as the reaction mass became suf-
ficiently fluid. Hydrogen evolution proceeded for about 2 hours. Then the rate of
gas discharge dropped rapidly to almost zero. The mixture was filtered; the ether
insoluble [HgB(NHs)gf[was washed with more ether and finally leached into a clean
tube with anhydrous liquid ammonia. A total sample consisting of 1.52 grams of
salt was recovered from the tube representing a yield of 87% based on the ByHio .
2NH3 used. The X-ray powder patterns showed weak lines for NH.I.

(4) [HzB(NH3)2]F or Perhaps [HoB(WHs)p[BF4].—A 2.12-millimole sample of
[HoB(NH3)2](BsHg) was dissolved in 3 ml of diethyl ether in a translucent teflon
tube which could be attached to the copper vacuum line. An excess of HF (about 3
millimoles), dried over commercial anhydrous CoFs, was condensed about an inch
above the solution and this was allowed to warm up slowly to -78°C with constant
stirring. Rapid evolution of Hs (identified by molecular weight measurements) tock
place. The amount of Hp evolved could not be measured in this system. The ether
solvent was removed at -78°C and the white residue was transferred under dry nitro-
gen to the vacuum filter system. The residue was washed with toluene, and diethyl
ether then extracted with dimethyl ether. The solid extracted by MesO has
been difficult to characterize by conventional techniques because of analytical
difficulties. The best evidence to date suggests that it is [HoB(NH3)=]F or
[H=B(NH3)2](BF,4). '

(d) General Observations on the Synthesis of Salts of the Cation [HsB(NHs)s]'

One of the most common contaminants of [HsB(NHs3)slX salts is the correspond-
ing ammonium halide, NH4X. In general it seems that the more soluble the origi-
nal diammoniate of diborane or tetraborane in the suspending solvent the less
the contamination of the resulting product. For example, both bromide and
chloride salts, prepared by the solid phase reaction between BoHg-2NHs and NH4X,
are gontaminated with ammonium salts. BpHg°2NHs has very low solubility in di-
ethyl . ether; the reaction with HCl in this solvent was too slow for practical
use and the product obtained was of low purity. Dimethyl ether is a somewhat
better solvent for BgHg:2NHa,and the resulting chloride salt, [HsB(NH3)21C1,
was fairly good but always contaminated with NH4Cl. Finally, BoHg'2NHs is fair-
ly soluble in Ansul 121 and 141 and the resulting product was always free of am-
monium salts. These generalizations seem to be applicable as well to the reac-
tions using B4Hi10-2NHs as a starting material since ByH10°2NH3 is soluble in
diethyl ether and the products obtained from this reaction system were always of
relatively high purity.

2. CHARACTERIZATION OF THE HALIDE SALTS OF THE [HoB(NHs)o]t CATION

Analytical data and molecular weight values have been obtained for all the
halide salts described in the preceding section. Analytical results are sum-
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marized in Table IV and analytical procedures are described below.

TABLE IV

SUMMARY OF ANALYTICAL DATA FOR THE
CHARACTERIZATION OF THE [HsB(NHg)s]X SALTS

Salt $B % Hydridic H 9N % Halide Mol. Wt. Solvent
. Obs. 6.15 1.09 19.50 - 170 Ammonia
[HeB(NH3)2)I  mpeor. 6.2 1.16 19.59 - 175.8
Obs. 8.46 1.59 22.15 62.5 Br- 120 Ammonia
[H2B(NWa)2Br oy 0 8.53 1.59 22,10 63.0 Br- 127
Obs. 13.2 2.h2 33,9 Lo.7 c1- 95 Ammonia
(B2B(NH3)21C1 1y o 1500 2.k 34,0 43,0 C1- 82,3
Obs. * * * * 90-120 Ao
b nia
[H2B(NHz ) 2 ]F aggge (Me) 20
Theor. 16.4 3.05 Loe,s5 28,9 F- 65.8

*Problems of obtaining reliable analysis for B, N, H in presence of F not yet
resolved. Identity of sample still very uncertain.

(a) Analysis for Hydridic Hydrogen

The sample was sealed with acid (usually 6N HCl) into a tube equipped with
a break-off tip. The tube and contents were then heated in a 150°C oil bath
for a period of about 3 days. The hydrogen gas was measured in the vacuum sys-
tem by use of a Toepler pump and a gas burette.

(b) Analysis for Boron

A modification of the so-called identical pH method proposed by Foote(28)
was used. The method permits the titration of boron in the presence of ammonium
and substituted ammonium salts. The reliability of the procedure was considered
by‘Bissot(29) and the magnitude of errors established. The method consists of
adjusting the pH of the solution to a value of 6.7, then adding an excess of
reagent such as mannitol to complex the boron, and titrating the liberated H*
with .05N NaOH. A Beckman, Model F pH meter with a glass electrode was used to
follow the pH wvalues. ‘

(28) F. J. Foote, Ind. Eng. Chem., Anal. Ed., 4, 39 (1932).

(29) T. H. Bissot, Ph.D. dissertation, Univ. of Mich. (1955).
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(c) Analysis for Nitrogen

Nitrogen was determined using standard micro-Kjeldahl methods.(5o) The
Beckman pH meter described above was used for titrations. Solutions of 0.01 N
HoS0, - and .05 N NaOH were used.

(d) Analysis for Halogens

Bromide and chloride were determined as silver halides by standard gravi-
metric procedures. No satisfactory procedure for the determination of fluoride
in these compounds has yet been obtained.

(e) Molecular Weight Measurements

The procedure used has been described in detail elsewhere.(5l) Occasional
changes in thermostating liquids were demanded for some systems. The apparent

molecular weight is shown as a function of concentration for each of the salts
in Fig. 6,

(f) Comments on the "Fluoride" Salt

Since all results on the assumed fluoride salt are unsatisfactory at the
present time, its characterization must be considered incomplete. The strongest
argument supporting its identity is its use in a metathesis reaction to prepare
[H2B(NH3)2]BH,s, Work on its complete characterization is still in progress.

(g) X-ray Powder Patterns

See next section.

3. THE CRYSTAL STRUCTURE OF [HsB(NHs)s] SALTS

Although a large amount of chemical evidence has been amassed to support
the existence of the cation [HsB(NHs)o]', no independent and unequivocal physi-
cal evidence has yet been presented in support of the identity of this ion.

The following independent structural information, provided by single-crystal
and powder X-ray methods, leaves no room for reasonable doubt regarding the
identity of the [HsB(NHs)a] cation.

(30) J. B. Niederl and V. Niederl, Micromethods of Quentitative Organic Analy-
sis, John Wiley and Sons, N. Y., 1948.

(31) R. W. Parry, et al., Chemistry of the Boron Hydrides and Related Hydrides,
WADC Tech. Report 56-318 (1956), p. 85. See also J. Am. Chem. Soc. 80, 2k
(1958).
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(a) The Crystal Structure of [HoB(NH3)-]Cl as Determined by Single-Crystal
X-ray Studies

Nordman and Peters,(52) working in the University of Michigan laboratories,
succeeded in the difficult task of preparing a single crystal of the chloride
salt and working out an unequivocal structure for it by single-crystal X-ray
methods.

(1) Experimental.—Samples of [HoB(NHz)zICl were prepared according to meth-
ods previously described from BaHio*2NHs. The preparation of a single crystal
suitable for X-ray work proved difficult since the compound is decomposed in
solution by traces of moisture and by solvents containing protonic hydrogen.
Acetone, diethyl ether, and hydrocarbons do not dissolve [HgB(NHéhﬂCl, and
crystallization from liquid ammonia yields a microcrystalline powder which
gives a characteristic powder pattern, but no crystals large enough for single-
crystal examination. A few imperfect single crystals were obtained, however,
by dissolving the compound in Ansul 141 (diethylene glycol dimethyl ether) and
layering the solution with diethyl ether. These crystals were sealed in thin-
walled glass capillaries for X-ray examination. In spite of repeated attempts,
only one crystal suitable for single-crystal work was obtained.

Zero-, first-, and second-level precession or Welssenberg patterns of the
three principal nets were recorded using MoKx or CuKx radiation. This yielded
a total of 186 independent intensities. The X-ray work was discontinued at
this point due to the deterioration of the crystal.

(1.1) Unit Cell and Space Group.—The diffraction patterns showed
nearly tetragonal symmetry and the axes were labeled accordingly. On the nets
perpendicular to the c axis, however, systematic intensity variations were
found which violated the fourfold symmetry, and led to the conclusion that the
crystals were orthorhombic with two axes, a and b, of equal length. It was
further observed that the only systematic absences in the hkO net occurred when
h and k were both odd. Since this is not a space group extinction, 1t was con-
cluded that the crystal was a twin consisting of two fragments turned with re-
spect to each other by 90° about the c axis. The observed absences in EEQ could
then be explained as occurring for odd h in each of the fragments. Since the a
and b axes were equal in length, all hkO reflections with h and k even were
overlaps of, in general, nonequivalent t reflections from the two f“agments. This
was not the case for reflections with k odd, in view of the systematic absences
for odd h. Thus, hkO reflections with h + k odd were "pure" and afforded a means
of determining the relative size, or diffractive power, of the two fragments.
The ratios of the intensity of hkl, divided by the Lorentz and polarization fac-
tors, to that of khl was found to be very nearly constant for all hkO with h + k
odd, as well as for corresponding upper-level reflections. This constituted
strong evidence that the crystal was indeed a twin and yielded a value for the

(32) C. Nordman and C. Peters, J. Am. Chem. Soc., in press; see earlier reports,
this contract. '
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ratio of the sizes of the fragments.

The unlt cell parameters are a = 10.20 * C.02 A b =10.20 £ 0.02 A, c =
8.71L + 0.02 A, where the limits of error are taken as three times the esti-
mated standard deviation. The calculated density is 1.21 g/cm3 assuming eight
formula units per cell.

Systematic absences, referred to the untwinned crystal, were observed in
hkl for h + 1 odd, Ln Okl for k odd and in hol for h odd. The possible space
groups are then Deh-Bbcm and Cl7—Bba2 The first of these has sixteen general
positions and consequently requires at least the chloride and boron atoms to
lie in special positions.

In addition to the reflections leading to the above unit cell assignment,
a set of very weak and somewhat diffuse reflections was observed calling for a
doubllng of the c axis. The true unit cell parameters are then a = 10.20 =
0.02 A b = 10. 20 + 0.02 A, c =17.4k2 £ 0,04 A. 1In view of the relatively small
number of clearly observable reflections in this category, no attempt was made
to determine the space group applicable tc the doubled cell. The reflections
demanding the doubled cell were ignored in the structure analysis.

(1.2) Structure Determination.—Intensity data were obtained from
the diffraction photographs by visual comparison with a series of timed expo-
sures of spots of similar shape. Application of the Lorentz and polarization
factors yielded a set of raw values of the squares of the structure factors.
For every spot observed on two films, the ratios of these raw F2 values were
calculated and averaged to give the ratio of the scale factors to be applied
to the two films. Through appropriate averaging of such ratios the scale fac-
tors themselves were found and the raw F2 values placed on a common scale.

Due to the twinning of the crystal, most of the values obtained were de-
rived from spots which were overlaps of contributions from the two fragments,
whereas the rest of the values arose from one or the other of the two fragments.

From the nature of the twinning and the symmetry of the reciprocal lattice,
it follows that a reflection EEL from one of the fragments (A) will appear as
"khl" when produced by the other fragment (B). If h + k is odd, either the re-
flection hkl or khl produced by A must be absent, since all reflections with
h+1 cdd are absent. For example, if h is even and k odd, a reflection with
even 1 indexed as "khl" must in fact be the hkl reflection from fragment B.
ﬁurthermore9 it must be "pure' inasmuch as 1t cannot contain a contribution
from an overlapping reflection from A. For the same reason the reflection in-
dexed as hkl must be a pure reflection from fragment A.

Twenty-seven independent reflections with h + k odd were observed. The
ratios of the raw FZ values of these reflections hkl to the corresponding values
of the reflections_ﬁkhl” were found to be constant withintheerror of measurement.
The average value of this ratio, l/r, expresses the size ratio, A to B, of the
two crystal fragments. The value of r was found to be O. 26.
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All reflections for which h + k is even are overlaps of contributions from

both fragments. If the raw F2 values of these reflections are denoted I(hkl),
we have

I(hkl)

F2(hkl) + rF2(khl)

and

I(khl) F2(knl) + r#3(hk1)

Consequently, the expression

FZ(hkl) = [Ithkl) - rI(khl)]/(1 - r2)

yields the magnitudes of the individual structure factors expressed on the scale
of the large fragment.

The magnitudes of the structure factors with all .indices even are, on the
average, considerably larger than the rest. This observation led to the con-
clusion that the chlorine atoms, which dominate the scattering, must lie at or
near the points of a simple tetragonal lattice having one half the axial lengths
of the assumed cell. The hkO and hOl electron density projections were there-
fore computed using structure factors with even indices only, with signs based
on the chlorine contributions. The Egl projection showed the nitrogen and boron
atoms to lie in layers perpendicular to the ¢ axls half-way between the assumed
chlorine layers. This arrangement is consistent with Bbem, the more symmetri-
cal of the two possible épace groups, if the boron and nitrogen atoms lie in
mirror planes at z = O and 1/2 and the chlorine atoms on twofold axes parallel
to the c axis at (x ,y) = (0,0), (0,1/2), (1/2,0) and (1/2,1/2). Since any vio-
lation of these conditions was, at most, very slight, the space group was ten-
tatively assumed to be Bbcm.

The eightfold chlorine positions are then (0,0,0; 1/2,0,1/2) + 0,0,z; 0,0,%;
1/2, 1/2,2; 1/2,1/2,7 where the parameter z is approximately 0.25. The nitrogen
and boron atoms are located at eightfold positions of the type (0,0,0; 1/2,0,1/2)
+ X,5,0; X,y,0; z,l/Q-z,l/Q; g,l/2+z,l/2. Approximate x and y coordinates of
the two nitrogen atoms and one boron atom were derived from the hkO electron
density projection. The suggested configuration was an angular N-B-N group with
two approximately equal B-N distances.

The seven atomic coordinates, the scale factor k, and the isotropic tempera-

ture factor B were now refined by least-squares methods. Specifically, the
quantity

Yir(hkl) KFo (nk1) - Fe(nicl)"/2 w(nk1)k?r(nk1)
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was minimized, where the weight w(hkl) of each reflection was taken as
3 Fmin/F (hkl) if F(hkl) > 3F,;, and equal to unity otherwise

The least-squares refinement proceeded to
Ri = L|k[F| - [E]/Zk|E| = o.17
o] c o}

at which point several Fourier sections and (F, - F,) syntheses of the elec-
tron density were computed. The chief reason for this was to check for indica-
tions of lower symmetry than that of Bbem. Since no such indications were found,
i1t must be concluded that the space group is Bbem, at least to the accuracy of
this determination. Anisotropy was observed in the thermal motion of the chlo-
rine atoms, the peaks being somewhat elongated in the z direction. An anistro-
pic temperature factor exp - [a(h2 + k2) + Bl2] was therefore applied to fop-
and by successive difference syntheses the best values & = -0.0030 and B =
+0.0020 were found. To account for the somewhat stronger thermal motion in the
nitrogen atoms than in the boron atom, an additional temperature factor exp
(-0.75 sin29/§2) was applied to £N in calculating the structure factors.

It was not possible to locate the hydrogen atoms independently; however,
their presence was assumed and an approximate hydrogen contribution included
in the calculation of structure factors. Two hydrogen atoms were assumed to
be attached to the boron atom, and six half-hydrogens to each of the nitrogen
atoms. The hydrogen scattering factors were multiplied by an additional tem-
perature factor exp [-1.0 sin29/\2].

With these refinements, including several more cycles of least-squares
adjustment of the seven atomic coordinates, scale and overall temperature fac-
tors were carried out. The final agreement of observed and calculated struc-
ture factors 1s given by

Ri = 0.137
and.

Rz = (kF, - F,)2/ kK%F2 = 0.0%6.

8]

The observed and final calculated structure factors are listed in Table V. An

additional 96 structure factors which were part of the photographed nets were

found to be unobservably small. The final calculated values of these structure

factors showed no significant disagreement with their observed maximum limits.
When h + k is odd, the geometrical structure factor has the form

éﬁhkl) = -16 sin 2nhx-sin 2rky-cos 2nlz

Consequently, the chlorine atoms do not contribute to these structure factors.
As a further check on the nitrogen and boron coordinates, a separate least-
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squares refinement of these parameters was carried out using the 27 observed
structure factors with h + k odd only. This yielded coordinates very nearly
equal to those obtained with the complete set of data, and a value of Ry = 0.092
for the set of 27 structure factors.

The final atomic coordinates (x,y,z) are (0, 0, 0.264) for Cl, (0.236, 0.06k,
0) and (0.060, 0.237, 0) for Ni and Nz, and (0.212, 0.219, 0) for B. Estimated
standard deviations of these values are 0.0015, 0.002 and 0.003, respectively,
for chlorine, nitrogen, and boron coordinates. The reliability of these esti-
mates, which are based on the least-squares residuals, is doubtful since the ef-
fect of a possible error in r 1s unaccounted for.

(2) Discussion.—Electron density projections on (010) and (001) are shown
in Figs. 7 and 8 and a perspective drawing of the structure in Fig. 9. Intera-
tomic distances and angles are given in Fig. 10.

Each NHsz group is surrounded by four chlorine atoms at the corners of a dis-
torted square while each chlorlne is surrounded by eight NH3 groups belonging to
six different [HsB(NHg)z]' at the corners of a strongly distorted cube. The ar-
rangement of the chlorine atoms and the N ... Cl distances indicate that the
compound is ionic, namely, [HoB(NHs)s) 1Tc1-. The four symmetricaily nonequivalent
dlstances may be compared with the N ... Cl distances in ammonlum chloride .
(3.36 A) and particularly methylammonlum.chlorlde(BB) (3.18 A) where the coordi-
nation is more comparable to that found in [Ho(NH3)2B]Cl. The lengthening of
this distance in the present case is to be expected in view of the presumably
smaller charge on each of the NHg groups in the (NHs)sBHS ion.

The lengths of the two N-B bonds in the cation are equal within experimen-
tal error, and also equal to the N-B bond length found in ammonia-triborane,
NHgBsH-. (3%)

The complete X-ray structural analysis of [HoB(NH3)s]Cl leaves no question
regarding the identity of the cation [HoB(NHg)2]t. Essentially unequivoeal
evidence now supports the arguments advanced earlier from the chemistry of
BgHg’ENHg

(b) Powder Patterns and Structures for Other Halide Salts

(1) cCell Geometry.—X-ray powder patterns of [HsB(NHz)2]I and [HoB(NHs)s]Br,
produced by the Debye-Scherrer method, show obvioussimilarities in low-angle re-
flections with the low angle reflections for [HsB(NH5)2]Cl. As noted in the pre-
ceding section, the structure of the chloride salt is known. By assuming that
the three structures are isomorphous, it has been possible to index the thirty-
one observed lines for the bromide salt and the sixty-six lines for the iodide

(33) E. W. Hughes and W. N. Lipscomb, J. Am. Chem. Soc. 68, 1970 (1946).

(34) Nordmen and Reimann, this report, p. 143.
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salt. By calculating the powder pattern for the chloride salt from the single-

crystal data, it has been possible to determine hkl values for each reflection,

and by analogy the hkl values for the corresponding bromide and iodide reflec-

tions.* Knowing hkl values, one can then calculate dimensions of the unit cell.

It should be noted that while the bromide salt is apparently pseudotetragonal

(actually orthorhombic with the a and b axes equal as in the chloride salt), the
1" "

iodide salt is unambiguously orthorhombic with "b" larger than "a" using the
same axis designation as used in the chloride salt.

The patterns themselves do not provide an unequivocal choice between space
groups Bbcm and Bba?; however, because of the striking similarities in the in-
tensities of lines with the same index for all three salts, it is probably
safe to assume that they are indeed isomorphous and all share the same space
group Bbcm, determined by Nordman and Peters from their single-crystal study
of the chloride salt. There are eight formula weights of each compound per
unit cell. Unit-cell data are summarized in Table VI.

TABLE VI

COMPARISON OF LATTICE PARAMETERS FOR CHLORIDE, BROMIDE,
AND IODIDE SALTS OF [HoB(NH5)o]'

Density  Apparent Vol.:

2 b < g/cc per Ion Pair; (1)3
[HzB(NHs)2]C1 10.20A 10.204 8.714 1.21 113.1
[HzB(NHs)2]Br 10.48+,02  10.48+.02  9.03+.02  1.70 123,8
[HoB(NH3)2]I  10.75%.02 11.01+.02  9.58+.02 2.0k 141.9

(2) Procedure.—Data were fit by least-squares methods to minimize errors
in cell parameters. Conventional data-reduction procedures were employed.

One may define the following:
&* = 1/4, a* = 1/a, b* = 1/b, ¢* = 1/c
where d 1s the distance between reflecting planes of atoms and a, b, and ¢ are

the distances on the x, y, and z axes which define the unit cell. For orthorhom-
bic cells (1)

d¥ = Na*2n2 + p¥2k2 + cx212

*In actual practice only the low-angle reflections of the chloride, bromide,
and iodide salts were sufficiently similar to provide unequivocal h, k, and
1 identification; however, identification of these lines provided tentative
reciprocal lattice constants from which the complete indexing could be ef-
fected.
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where dé = the 4 value calculated from known h, k, 1 values and h, k, and 1 are
defined as the Miller indices of the scattering plane. From the Bragg equation

(2):

— ——

where dg = the d value observed from measurements on powder photographs.

From the single-crystal data on the chloride salt, the values of a*, b¥,
and c* were known and dé could be calculated for each known hkl plane. The
powder pattern for the chloride calculated by this procedure from the single-
crystal data checked the experimental powder pattern (Table VII), thus pro-
viding an unambiguous indexing for the chloride salt. It was then assumed that
a line in the bromide pattern, corresponding to a given line in the chloride
pattern would have the same h, k, 1 values as the chloride line. It was thus
necessary to adjust values of a¥*, b*, and c¢* for the bromide and iodide salts
until the calculated d% values [Eq. (1)] showed the best agreement with the ex-
perimental bromide and iodide results obtained from the powder patterns [Eq. (2)].

If a¥, b*, and c* are the approximate assumed reciprocal lattice constants
from which the indices of each line are determined and Aa¥*, Ab¥*, and Ac* are
the differences between the actual reciprocal lattice constant and the approxi-
mate a*, b¥, or c* values then the accurate reciprocal cell parameters can be
defined as a* + Aa*, b* + Ab¥*, and c¥* + Ac¥.

It is then desired to find Aa¥*, Ab*, and Ac*, all related to Ad* by the
equation:

Ad* = =2 (h2a*Aa* + hBH¥AL* + 12c*AcK) (3)
3%

and chosen such that the function F is a minimum (based on least-squares pro-
cedures for fitting data).

F = L(|af - aX| - 4a%)2 = min (W)

By substituting relation (3) into (4), differentiating with respect to Aa¥*, Ab*
and Ac¥* and equating to zero, one obtains:

. * *
- 4 22 242
0 = oF = L do-de h2 - Da¥ha¥), At Qb*Ab*Z.h E - 2c*Ac¥), b=
dhax ax a2 de? a2
d‘X’-_ * 2,2 4 2,2 .
F_ 5 90-Ge o | paxpesy BEZ | opuanl KR | poxmperl KA L g
Abb* o a2 2 FLE
X ;
* * 2,2 ;
OF > dg-da k242 Lh4 -
= = =2_C 12 _ Daxpg¥), - 2L¥AL¥L —g= - 2c¥Ack —— = O
Ac* dé dé"E dge d—ég
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TABLE VIT

OBSERVED AND CALCULATED hkl VALUES FOR [ HzB(NHs)z [C1

(Indexing of Powder Pattern)

Lsin®e

hkl A2 a Intensity

Obsetved Calculated
200 0.0388 0.0384 5.08 ms
002 0.0524 0.0524 4,36 weak doublet
220 0.0772 0.0772 3. 60 m
202 0.0912 0.0908 3.31 Vs
131 0.1104 0.1092 3.01 \
222 0.13%0k4 0.1296 2.77 s
113 0.1380 0.1384 2.69 W
321 0.1380 0.1360 2.69 W
400 0.1552 0.1536 2.54 s
420 0.1924 0.1920 2.28 ms
004 0.2104 0.2100 2.18 mw
Loo 0.2452 0.2448 2.02 ms
521 0.2920 0.2920 1.85 4
LLo 0.3%088 0.3072 1.80 W
115 0.3500 0.3484 1.69 W
Lok 0.3%628 0.3548 1.66 m
620 0.3848 0.3848 1.61 W
602 0.Lkook 0.3%988 1.58 m
622 0.4384 0.4376 1.51 W
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These are three simultaneous equations in three unknowns, Aa¥*, Ab*, and Ac*.
In the case of the bromide salt, since a* = b*, the system can be reduced to
two equations in two unknowns. ‘

Approximate values of a*, b¥, and c* were originally obtained in each
case from the relation

a* = a¥2n2 4 p¥k2 4 %212

By selecting three of the observed d* values and their accimpanying h, k, and 1
values, one could obtain three equations in three unknowns, the unknowns being
the approximate a¥*, b*, and c* values for the lattice. These approximate meth-
ods gave very good results since the least-squares treatment indicated correc-
tions of only .OOBA,,OOBA and .006& for a, b, and ¢ of the iodide salt and a
correction of only .0024 for both a and c.

A probable error of +0.028 in each of the cell parameters is suggested on
the basis of the following analysis. The relation between a, b, and c¢c and the
observed d values can be expressed as: d2 = a®h® + b2h2 + 212
Differentiating, we have:

ddd = h2ada + k21®3b + 12cde
The maximum value for the error in a, da, can be found if one assumes 3b and
oc = 0. Then

ddd

%2 = =

Since a 2 d and h® 2 1, we may say that

* ¥

d5-d
da = a/d 8d ~ d |—= c)

a%

The above assumes that 8d/d ~ 8d¥/d*, The maximum error in a can then be com-
puted as:

Thus a = * .0123 for the iodide and * .0l4 for the bromide. The assigned error
[o]
of + ,02A thus appears to be reasonably conservative.

Tables VII, VIII, and IX give the observed and calculated hkl values for
[HoB(NHsz)2]Cl, [HoB(NHs)z2]Br, and [HoB(NHs3)z2]I, respectively.
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TABLE VIII

CBSERVED AND CALCULATED hkl VALUES FOR [ HB(NHs)z Pr

-

LsinZe

hkl 22 L , a Intensity

Observed Calculated B
200 0.0365 0.0%6h 5.22 s
002 0.0486 0.0490 L.51 w,D
220 0.0727 0.0728 3,71 ms
202 0.0856 0.085% 3.42 Vs
131 0.103%6 0.1033 3.10 vw
222 0.1219 0.1219 2.86 s
113 0.1286 0.1286 2.79
400 0.1457 0.1456 2.62 ms
420 0.1822 0.1820 2.34 ms
Lo2 0.1943 0.1947 2.27 ms
Lo 0.2307 0.2311 2.08
143 0.2660 0.2651 1.94 W
440 0.2900. 0.2912 1.85 W
343
503 0.3396 0.3379 1.72 m
620 0.3%639 0. %640 1.66 W
602 0.3769 0.576T~, 1.63 m
Lok 0.3769 0.37827 1.63 m
622 0.4117 0.4131 1.56 W
640 0.4728 0.4733
543 0.4834 0.4835
363 0.5215 0.5199
6lL2 0.5215 0.522%
650 0.5558 0.5552
703 0.5558 0.5563
800 0.5807 0.5824
535 0.6159 0.6160
830 0.665% 0.66k44
563 0.6653 0.6655
840 0.7275 0.7281
383 0.7756 0.7Th7
850 0.8108 0.8100
547 0.7742 0.9741

*¥One line observed for both lines calculated.
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L. THE NUCLEAR MAGNETIC RESONANCE SPECTRUM OF THE COMPLEX CATTON [HZB(NHS)g}f
THE PROTON SPECTRUM

(a) Background

The technique of nuclear magnetic resonance absorption has been exploited
in recent years as a tool for structural studies in both organic and inorganic
chemistry. Although a number of erroneous structural proposals have resulted
from improper interpretation of NMR data by overly enthusiastic workers, NMR da-
ta can, 1if properly interpreted and supported, give useful structural informa-
tion. TIn particular, it should be possible to differentiate between different
types of hydrogens bound in the complex cation [HoB(NHg)s]'. Thus the resonance
of two chemically identical hydrogens bound to the B 1 nucleus will be split
into four bands of equal intensity (I for B = 3/2 .. 2I + 1 = k), while the res-
onance of the six protons bound to chemically identical nitrogen atoms will be
split into three bands of equal intensity (I for N'* =10 2T +1 = 3) if cou-
Pling with only nearest atoms is considered to be significant.

For a proton of given chemical environment, we may define the chemical
shift, o, as

Hc’Hr
Hy

o = x 10°

where Hc is the magnetic field strength necessary for nuclear magnetic reso-
nance of the proton under consideration and H, is the corresponding value for
a reference compound, usually water. If both values are measured at constant
frequency, the frequency dependence of the resonance cancels out and ¢ may be
interpreted as a measure of the diamagnetic shielding of the proton in question.
It is of course obvious, then, that the diamagnetic shielding is an indicator

of the chemical environment of the proton. Using the definitions above, one

finds that more positive values of ¢ should imply greater shielding and a more
hydridic character for the hydrogens while less positive and more negative

values of ¢ imply more protonic character for the hydrogens. As yet, however, (35)
no complete correspondence between ¢ values and chemical acidity can be claimed.a’7

Proton magnetic resonance studies have been very effective in structural
studies on organic compounds; unfortunately, their application to boron-nitro-
gen systems has been much less effective, since the lines for protons bound to
boron are split into smaller bands of reduced intensity by the magnetic moment
of the boron nucleus. Since the major isotope of carbon has no nuclear moment,
the proton magnetic resonance spectrum of an organic compound is usually much
simpler than that of its boron counterpart. The limited solubility of the salts
of [HoB(NHs)A] in various solvents resulted in a weak signal at best and no suit-
able signal could be obtained from the solid salts of the cation. The fourfold

(55) J D Roberts, Nuclear Magnetic Resonance (McGraw-Hill, N. Y., 1959), p. 2kL.
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splitting by the boron nucleus of the weak signal obtained from solutions gave
rise to such weak absorption that identification of peaks was difficult, and
assignments as given below are based on the identification of very weak lines
which appeared reproducibly in the spectrum. The observations and interpreta-
tions can be considered as consistent with the structural data already avail-
able on the cation, but one would need to be a real optimist to interpret the
very weak lines as direct experimental evidence for the structure. In short,
if one knows what pattern is anticipated, it is possible to find all the very
weak absorptions expected; but if one were to look at the spectrum without
initial prejudice, the separation of certain peaks from the background could
well provide a problem. Conditions are still being studied in an attempt to ob-
tain more unequivocal NMR data.

(b) Experimental Results and Discussion

Dihydridodiammion-boron (III) iodide was prepared from the diammoniate of
tetraborane as described earlier (see page 26. The deuterated salt [HsB(NDsz)olI
was prepared in an analogous fashion using B Hi10°2NDs as the starting material.
Diethylene dimethyl ether [CH50-CgH,-0-CsH,-0-CHz) (dried over CaHp) and liquid
NH5 (dried over sodium) served as solvents. [HsB(NH3)2]I dissolved in the poly-
ether (saturated solution) should show a triplet of moderate intensity for the
six protons of the two ammonia molecules. The resonance of the six equivalent
protons would be split into three peaks by the nitrogen nucleus (I for N = 1
and 2I + 1 = 3). Samples were examined using a Varian High Resolution spectrom-
eter. Three such peaks were clearly recognized for [HsB(NH3)s]I in the poly-
ether solvent with values of o, the chemical shift, at 0.048, -0.035, and -0.117.
The average value for the six hydrogens of the coordinated ammonia molecules is
thus -0.04 in the polyether solution with an average separation of peaks equal
to 0,08, Ammonium iodide in the same solvent has a & value of -0.20 and pure
liquid ammonia has a ® value of 0.43 with a separation of peaks equal to O.11.
It is of interest that available chemical data indicate increasing acid charac-
ter for protons in the series NHs < [HoB(NHs)2]' < NHY; the increasing negative
character for the ® values of these similar compounds is consistent with the
postulate made earlier, namely, that the smaller amount of diamagnetic shielding
around the proton would show up as a more negative d value and a more acidic
proton. The identity of the nitrogen-hydrogen peaks was confirmed by running
the spectrum of [HoB(ND3)s]I in polyether. Since the precession frequency of
the deuterium nucleus is 6.5 megacycles per 10,000 gauss and the oscillator used
for the protium nucleus has a frequency of 40O megacycles, deuterium resonance
does not appear with the oscillator used. The fact that the lines attributable
to N-H absorption did not appear when [HZB(ND3)2]+ was used as solute supports
the assignments given. As might be expected, identification of the N-H absorp-
tion was impossible when liquid ammonia was used as a solvent for [HoB(NHz)2]I.

The B-H resonance wasg particularly difficult to detect in solutions using

polyether as the solvent because of: (1) the low solubility of [HzB(NH3)2]I in
the solvent; (2) the fact that only two B-H hydrogens are found per mole as
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compared to six N-H hydrogens, and (3) the fourfold splitting of the already
weak signal by the boron nucleus. Only one of the four weak B-H absorptions
could even be recognized tentatively in the polyether solution. In the liquid
ammonia solution the dihydridodiammino-boron (III) iodide is somewhat more sol-
uble than it is in the ether solvent. In this solvent four weak lines, identi-
fied as due to B-H absorption, were recognized at ¢ values of 0.62, 0,37, [0.12
not visible] and -0.13. The average ¢ value for the B-H proton Of,[HgB(NHa)g]I
is thus 0.24 with a separation of peaks corresponding to 0.25. Sodium borohy-
dride in liquid ammonia showed the expected four peaks at a ¢ value of 0.52 and
a peak separation of 0.20,

The fact that the average absorption of the B-H hydrogens in NaBH, comes
at a more positive value (0.52) than the average absorption of the B-H hydro-
gens in [HoB(NH3)2]I (0.24) implies greater electronic shielding and thus more
hydridic character for the hydrogens of NaBH, than for the B-H hydrogens of
[HgB(NHg)g]I, This fact is in agreement with all available chemical informa-
tion. The foregoing NMR study will be more conclusive if more definitive ab-
sorption can be obtalned in subsequent work.

5. THE REACTIONS OF THE [HoB(NH3)2J]X SALTS WITH SODIUM IN LIQUID AMMONIA
The process expected was:
Na + [HoB(NHs)zlX %§§+> HoBNHo + NHs + 1/2 Hp + NaX

Two samples, identified as [HsB(NH3)2]Cl by their X-ray powder pattern, were
allowed to react with an excess of sodium in liquid ammonia at -78° using con-
ventional techniques. Values of Ho liberated prior to a sharp change in rate
were: 0.9 and 1.4 equivalents of H/per mole of [HoB(NH3)2]CL. It is to be
noted that the two values are in poor agreement even though conditions were for-
mally the same. It is also significant that Ho evolution did not stop at the
points indicated above but merely slowed up. On long standing a value as high
as 2 equiv. H/[HsB(NH3)2]Cl was obtained. Since the solid reactant was identi-
fied as [HoB(NH3)2]Cl in each case by X-ray methods, it appears that the sodium
reaction is not reliable as a means of compound characterization. It appears
that these observations support earlier conclusions regarding the identity of
Bole+2NHz (I) and BoHg-2NH5 (II). As noted on page 13, the question of compound
purity seems to be a major factor in the rate and stoichiometry of the reaction
of Na and the cation [HoB(NHs)2%]. Certainly the diagnostic value assigned to
the sodium reaction in earlier studies is subject to serious question in view
of current evidence.

D. The Synthesis of "The Diammoniate of Diborane" by Metathesis

Heretofore the diammoniate of diborane has been best prepared by the direct
reaction between solid NHs and gaseous BoHg under very carefully controlled con-
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ditions.(15€) Tne identification of both cation and anion in the solid suggested
an alternative metathetical procedure for synthesis. If appropriate separative
procedures were available to purify the products, one could effect synthesis by
means of the general equation.

[HoB(NHg)2]X + M[BH4] —> MX + [HoB(NH3)21[BH4]

The nature of the separation and purification procedure would of course be de-
termined by the identity of M* and X~ and the properties of MX.

1. THE REACTION BETWEEN KBH, AND [HsB(NH5)2]Cl

If M* in the foregoing type of reaction is K' and X~ is C1~, one may take
advantage of the low solubility of KCl in liquid ammonia sclution. The follow-
ing equation then results:

liq NH3
[BzB(Ws)2101 + KBHy ~Zomsc®> [HeB(MWHa)2](BHs) + KCL
The KQ1 may be separated from the liquid ammonia solution by vacuum line filtra-
tion and the "diammoniate of diborane' should be recoverable from the filtrate.

A sample of [HsB(NH3)2]Cl, free from NH4Cl, was dissolved in liquid ammonia
at -78°C along with a stoichiometric amount of pure KBH,. After 14 hours of
stirring at -78°C the solution was filtered (temperature held at -78°C during
filtration); the solid retained on the filter was identified as KC1 from its
X-ray diffraction pattern. The solvent ammonia was removed from the filtrate
by sublimation of the solvent, and the solid residue, presumably [HoB(NHs)zl[BHgl,
was examined by means of X-ray diffraction. In the pattern lines of [HoB(NH3)2]
[BH, ] were found except that a slight displacement of all lines was noted (see
Figs. 1la and b). It was assumed that the displacement resulted from isomor-
phous substitution of C1~ for BH; in the BoHg°2NH3 lattice. The hypothesis was
checked by dissolving a mixture of [HoB(NHs3)2]BHy and a small amount of [HoB(NHs)p]
Cl in liquid ammonia, and then removing the solvent ammonia by sublimation at
-78°C. In the X-ray diffraction pattern of the resulting solid, no lines for
[HoB(NH5 )5 1C1 were found, and the lines for [HoB(NH3)z])[BH4] were somewhat dis-
placed, just as was found in the metathesis product. It 1s thus concluded that
a sample of the "diammoniate of diborane," somewhat contaminated by chloride ion
and Kt had indeed been produced in the metathesis reaction.

2. THE REACTICN BETWEEN LiBH, AND [HoB(NHs)slBaHg IN DIETHYL ETHER

The synthesis, characterization, and structure proof for the compound
[HoB(NHs)o1[BsFEg] are described in a subsequent section. Assuming the above
structure to be correct, the following reaction would be anticipated:

[HoB(NHs) 2] [5aHs] + LiBHg ?$§9e> [HoB(NH3) 2 [BH, ¥ + LiBsHg
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Fig. 11

(a) Powder pattern for HsB(NH3)o, BH,.

(b) Powder pattern for the ammonia soluble fraction in the reaction between
KBH, and HsB(NH5)o Cl.

(¢) Powder pattern for a mixture of HgB(NHg)g Cl and HgB(NHg)g BH,4.
(d) Powder pattern for a mixture of KBH, and HoB(NHs)o BH,.

(e) Powder pattern for KBHy,.
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When diethyl ether solutions of LiBH, and [HoB(NHs3)2]BsHg were stirred at -78°C
for a few minutes, no ether insoluble BoHg:'2NHs3 was formed. However, when this
cold solution was allowed to warm up slowly, white crystals of pure BoHg-2NHs
(identified by X-ray pattern) started to form near -23°C. The white precipitate
redissolved when the system was cooled to -78°C and reappeared when the tempera-
ture was raised slowly. The filtrate obtained by removal of the precipitate
gave a white, gluey material when the solvent was removed. The gluey residue
contained a microcrystalline solid phase. An X-ray powder pattern of this gluey
mass gave evidence for a new crystalline solid phase, presumably LiBsHg. The
supposed impure LiBsHg residue gave off Hs slowly at room temperature. The en-
tire study is as yet incomplete. Details of other metathesis reactions for the
synthesis of BoHg:2NHs will be presented when more certain characterization of
reactants has been effected.

E. A Summary of Developments on the Diammoniate of Diborane

and Its Derivatives

Arguments to support the structure [HoB(NHsz)z]BH4 for the "diammoniate of
diborane" have been presented in earlier publications. 15 The following addi-
tional information relative to the "diammoniate of diborane" and related struc-
tures has been reported in the foregoing pages.

(a) A procedure for preparing BoHg'2NHs in one-gram lots has been developed.

(b) A microerystalline form of BgHg-2NHs has been obtained and the powder
pattern is tabulated for ready compound identification.

(¢) Relatively strong evidence against the structure [HB(NHs)s](BHg)z has
been accumulated. The so-called "diammoniate of diborane II" which was former-
ly assigned this structure(l5) has been shown to consist chiefly of the regular
"diammoniate of diborane" with the structure [HsB(NHz)o]BH4. The stoichiometry
of the sodium reaction (BgHg<2NHz + Na—> NaX + 1/2 Ho) which was formerly a
major line of evidence supporting the structure [HB(NH3)3][BH4]2 appears to be
very sensitive to compound purity and the structural significance of the earlier
data on the sodium reaction is questionable. Molecular weight data which sup-
ported the diammoniate (II) data are also subject to re-evaluation.

(4) Tmproved methods for the synthesis of pure salts of the form [HzB(NHgelX
have been developed.

(e) A complete single-crystal X-ray crystallographic study which estab-
lished the structure [HsB(NHs)2]Cl has been completed and the data confirm the
above structural assignment in every detail. The structures of the bromide
and iodide have also been deduced.
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(f) A nuclear magnetic resonance study of [HsB(NHs)2]I can be best inter-
preted in terms of the accepted structure of the cation [HoB(NH5)o]t.

(g) The "diammoniate of diborane I," (HoB(NH3)o][BH.], has been prepared
by metathesis, a fact which offers final and complete chemical support for the
above structure. It is now possible to make the diammoniate of diborane with-
out going through diborane.
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IT. REACTIONS, STRUCTURES, AND PROPERTIES OF OTHER DIBORANE ADDITION COMPOUNDS
A. Background

The "normal base-borane adducts" have the form Base: BHg. It was a devia-
tion from this expected pattern which made the previously discussed ammonia ad-
dition compounds of diborane anomolous. Trimethylamine-borane, first reported

by Burg and Schlesinger, 56 can be prepared by a variety of reactions. These
include:

(a) HsBCO + (CHz)sN —> (CH3)sNBH5 + CO

(b) BoHg + 2(CHsz)sN——> 2CHSNBH5

(c) Al(BH4)s + (CHgz)gN ——> (CH3)sNBHg + other products
(d) NH4BH, + (CHsz)sN—> (CH3)3NBH5 + Ho + other products

The compound is a white, crystalline solid which melts at 94-94.5°C, has a va-
por pressure of 77.2 mm at 96.9°C and an extrapolated boiling point of 171°C.
It is monomeric in the vapor state and is relatively stable toward thermal de-
composition; it is hydrolyzed slowly by water.

Wiberg, Boltz, and Buckheit(57) reported that dimethylamine reacts with
diborane to give an unstable product, (CHs)sHNBH5, which loses hydrogen at room
temperature to give an amine borane, (CHs)sNBHso. On the other hand, G. Huff
and co-workers at Callery Chemical Company reported that (CHs)oHNBHs (or an
isomeric product) could be prepared as a stable, nonhygroscopic solid which did
not decompose in alkaline or negtral aqueous solution and which could be dis-
tilled without decomposition.(5 ) Huff and co-workers first prepared the sta-
ble product by electrolysis of a solution of borohydride salt dissolved in
liquid dimethylamine. No further direct evidence regarding this apparent in-
consistency in the properties of (CHs)sHNBH5; has been reported in the litera-
ture, although Bissot, Campbell, and Parry,(Bl) working under the sponsorship
of WADC, found that the stability of a closely related molecule HO(CHs)sNBH3
was very much dependent upon the purity of the sample being studied. The pure
compound HON(CHs)sBH5 was stable up to 55°C while the impure product evolved

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

(37) E. Wiberg, A. Bolz, and P. Buckheit, Z. anorg. Chem. 256, 285 (1948).

(38) W. H. Schechter, C. B. Jackson and R. M. Adams, Boron Hydrides and Re-
lated Compounds, Second Edition, Callery Chemical Co., Callery, Pa.,
May 1954.

WADC TR 59-207 57




hydrogen easily at room temperature. Such an observation suggested that the in-
stability of Wiberg's. compound might be related to impurities present in his
sample, while Huff's ‘stable adduct would be a pure form of the same compound.

Monomethylamine-borane was first described by'Wiberg(39) as an unstable
s01id which melted at 5-10°C with evolution of hydrogen. A sample of monomethyl-
amine-borane prepared by Parry, Kodama, and Schultz(l5€) using Wiberg's proce-
dure melted just above 0°C with gas evolution and McCoy and Bauer 3) described
both MesHNBH5; and MeHoNBHs as unstable solids at 0°C. No stable form of this
complex has been reported in current literature.

The properties of ammonia-borane, first reported by Shore and Parry,(Bl’lsc)
stand in sharp contrast to the properties reported by Wiberg for monomethyl and
dimethylamine-boranes. The compound is a white crystalline solid with a nega-
tive temperature coefficient of solubility in diethyl ether from -78° to 25°C.
Clear rigorously anhydrous 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 has the empirical composition (HsNBH3)p. Trace
quantities of hydrogen indicate that small amounts of (HoNBH2 ) may contaminate
the ether insoluble solid. In the: presence of trace gquantities of moisture,
the ether solution becomes very unstable and solid material is precipitated
quite rapidly.

Ammonia-borane is soluble and stable in anhydrous liquid ammonia. On the
basis of X-ray powder pattern intensities, there was no detectable conversion
to the diammoniate when a sample stood for 30 hours at -78°C and an additional
18 hours at -45°C 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: '

HaNBHg + Na———> 1/2 Ho + NaHoNBH3

The sodium amidotrihydridoborate (III) has not been isolated from this process
in pure form; its pregaration by another procedure has been reported by
Schlesinger and Burg( ) but has not yet been verified.

Solid ammonia-borane appears to undergo slow conversion to the "diammoniate
of diborane" at room temperature. A sample which stands at 25°C in a dry atmos-
phere will not redissolve completely in ether. Very slow loss of hydrogen at
room temperature occurs also. Its stability is orders of magnitude higher than
that reported by Wiberg for CHsHoNBHs and (CHs)oHNBHz. Solid ammonis-borane sub-
limes with difficulty under high vacuum. Its density is 0.74 g/cms,

The structure of solid HsBNHs was determined independently from powder data
by Lippert and Lipscomb(uoa) and by Hughes. Lob) The unit cell is tetragonal

(39) E. Wiberg, Naturwissenschaften 35, 182 (1948).
(40) a) E. L. Lippert and W. N. Lipscomb, J. Am. Chem. Soc. 78, 503 (1956);
b) E. W. Hughes, ibid., 78, 502 (1956).
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with the C axis differing only slightly in length from the other two. The struc-
ture of HaNBHg is shown in Fig. 12. The highly ordered boron-nitrogen arrange-
ment implies a high dipole moment for the molecule.

In addition to the nitrogen bases, many other electron-pair donor molecules
can coordinate with the BHs group. Even the weak secondary bases CO and PF3 can
form borane adducts.(56;hl) Adducts of these weak bases have not been easily
Justified by the usual theoretical prejudices used to interpret coordination
phenomena and a more detailed study of the properties of these materials seemed
to be of considerable interest.

B. The Amine-Boranes

1. PREPARATION AND STABILITY OF THE MONO-, DI-, AND TRIMETHYLAMINE-BORANES

(a) Background

As noted in Section IIA, ammonia-borane and trimethylamine-borane have been
described as stable, well-characterized solids while monomethylamine-borane was
described as an unstable material which loses hydrogen below room temperature.
To compound the confusion, stable and unstable forms of dimethylamine-borane
have been described, and the possible existence of isomers has been suggested.

During the systematic studies in this laboratory of the amine-boranes,

moncmethylamine-borane was prepared by the low-temperature interaction of methyl-
amine and diborane in tetrahydrofuran. The resulting product from the reaction:

OMeNHs + BoHg Lferrehydrofuran o oyeny,pi,

was surprisingly stable at room temperature and even melted sharply at 58°C
without observable decomposition. This behavior is reminiscent of an earlier
observation made by Bissot(ug) in this laboratory to the effect that HO(CHa)2 NBH3
is a low-melting unstable solid when impure, but is a stable solid melting sharp-
ly at 55°C when pure. Physical data obtained on the series of amine-boraneg in-
dicated rather clearly that the stable compounds under study are indeed legiti-
mate members of a series and suggest strongly that the unstable samples are simply
impure materials resulting from uncontrolled local conditions during compound
formation.

(1) R. W. Parry and T C. Bissot, J. Am. Chem. Soc. T8, 1524 (1956).
(L2) D. H. Cempbell, T. C. Bissot, and R. W. Parry, J. Am. Chem. Soc. 80, 1549
(1958).
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Fig. 12. The structure of HzNBHs5.
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(b) Experimental Procedure for the Preparation of Stable Methylamine-Borane

Diborane was distilled twice at the temperature of methylcyclohexane slush
to remove higher hydrides. A 50-millimole sample of BgoHg was added slowly at
-78°C to 15 ml of liquid tetrahydrofuran (previously dried over LiAlH,). Com-
mercial anhydrous methylamine (Matheson) was dried over sodium and about a 2-ml
sample of the liquid was distilled into the reaction tube containing the tetra-
hydrofuran solution of BgHg. A slush bath at -112°C was placed around the re-
action tube and the system was allowed to stand. The temperature rose gradually.
The solvent and excess amine were removed when the temperature reached -45°C; the
system was then allowed to warm to room temperature for a few minutes to aid in
solvent removal. Finally the reaction tube was surrounded with ice and the last
traces of amine and solvent were removed by pumping on the system with the high-
vacuum pump for 10 hours. Trimethylamine-borane and dimethylamine-borane should
sublime under these conditions.

A cold finger was then inserted into the reaction tube, the sample was
warmed to room temperature, and MeNHoBHs was sublimed onto the cold finger as
large rectangular crystals. After about half of the product had sublimed, the
residue liquified. The sublimation was then discontinued and the residue dis-
carded.

The pure product melts sharply at 58°C. It is soluble in ethyl ether and
dioxane, and dissolves with difficulty in benzene. Analysis of the sample showed:
hydridic H = 6.64%, B = 23.8%; calculated values for CHsNHzBHz are: hydridic
H = 6.68%, B = 24.10%.

2. VAPOR PRESSURES AND HEATS OF VAPORIZATION FOR THE AMINE-BORANES

As part of the program of study of the chemical and physical properties of
the amine-boranes, it appeared desirable to obtain vapor-pressure data which
could yield values for the heats of sublimation of the compounds. Since the
sublimation pressures of the substances are all quite low, below one millimeter
of mercury at room temperature, the usual manometric techniques are not suitable.
The experimental procedure employed, therefore, was the Knudsen method which in-
volves the measurement of the weight of material effusing through an orifice in
a given time. This method, although fairly simple and straightforward experi-
mentally, is subject to numerous sources of error which must be eliminated, or
for which a correction must be applied. In particular, it is assumed that a
saturated vapor exists in the vaporization chamber, that the vapor molecules ef-
fuse through the orifice into a region of zerc pressure, that the effusion
process is molecular (i.e., the orifice diameter is smaller than the mean-free
path), and that the vapor molecules are single molecular units. A correction
customarily is applied for the back reflection of molecules from the sides of
an orifice of fi?ﬁte thickness. Values of this correction due to Clausing are
given by Dushman, 5) who also discussed thoroughly the above and other sources

(43) S. Dushman, Scientific Foundations of Vacuum Technique, (John Wiley and
Sons, N. Y., 1949), p. 99.
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of error in this experiment. The pressure is calculated from the relationship

P(mm) = 17.4

where W is the weight of the substance in grams effusing in time t seconds
through an orifice of area A cm2. M is the molecular mass, T the absolute tem-
perature and K is the correction factor for orifice thickness. The two orifices
used had diameters of 0.0374 cm and 0.076 cm and ratios of thickness to radius
of 0.163% and 0.31L4, respectively. The corresponding correction factors were

0.93%35 and 0.865.

The compounds studied included mono-, di-, and trimethylamine-borane and
ammonia triborane, NHsBsH7. The preparations of all but the trimethylamine
compound are described elsewhere in this report;(uu) the preparation of tri-
methylamine borane is available in the literature. All compounds were purified
by vacuum sublimation immediately before use and were handled in a dry atmos-
phere. They appeared as white crystalline substances with no amine odor and
sharply defined melting points. To eliminate the possibility of error from de-
composition during the course of a determination, the stability of the com-
pounds was checked under comparable conditions., This test consisted of a hy-
drogen evolution measurement in vacuum over a period of several days and indi-
cated that no significant loss in weight from this cause occurred.

The data obtained are given in Table X for the four compounds. It should
be noted that part of the data listed were determined after the closing date for
the termination of the contract covered by this report. They have been included
here for the sake of completeness. To calculate the heats of sublimation of the
compounds, the data were fitted to the integrated form of the Calusius-Clapeyron
equation using least-squares methods. The values obtained from the slopes to-
gether with the vapor-pressure equations are given below for the various com-
pounds. In the case of the trimethylamine compound, data determined by conven-
tional manometric techniques are available in the literature for temperatures
between room temperature and the melting point. Since these data appeared con-
sistent with those determined in the present investigation, all data were used
in determining the constants of the equation.

Methylamine-borane (CHs)NHo:BHs

) L11kh (1 £ 0.053)
T

range = 0° to 45°C AH = 18.8 + 1.0 kcal/mole

Logio P(mm) = +11.411 (1 + 0.063)

(44) This report, Section IIB. A. B. Burg and H. I. Schlesinger, J. Am. Chem.
Soc. 59, 780 (1937).
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Dimethylamine-borane (CHs)soNH:BHs

I+

_ ho3k (1 + 0.038)

Logio P{mm) + 12.544 (1 + 0.042)

range = 0° to 35°C AH = 18.5 * 0.7 keal/mole

Trimethylamine-borane (CHs)sN:BHs

Logso Plmm) = - 2262 (1 %0.01h) o g0 (1 + 0,01k)

range 0° to 90°C AH = 13.6 + 0.2 keal/mole

Ammonia triborane HsN:BsH-

I+

0.0075)

Logio Plum) = - 2129 (1 +9.200 (1 + 0.0096)

range = 30° to 55°C AH = 17.1 * 0.1 kcal/mole

The uncertainties in the constants of the preceding equations represent standard
deviations calculated from the residuals of the experimental data.

Inspection of the heats of sublimation shows that the values for the mono-
and dimethylamine compounds are approximately the same and are some 5 kcal/mole
higher than the value for the trimethylamine compound. This suggests that a
single hydrogen bond involving a hydrogen attached to nitrogen is important in
the crystal structure of the first two compounds.

3, THE DIPOLE MOMENTS OF THE AMINE-BORANES
(a) The Implications of Dipole Moment Studies

Many writers have made much of the fact that benzene and borazene are iso-
steric; in fact, borazene, BslNgHg, is frequently referred to as "inorganic ben-
zene.'" The analogy is encouraged by a marked similarity in many of the physical
properties of borazene and benzene, but the chemical implications of such an
analogy are clearly eliminated by marked differences in the chemical behavior of
the two reagents.

After ammonia-borane was first prepared, many workers (i.e., E. Wiberg, E.
Hughes, etc.) were quick to note that the molecule was isosteric with ethane
and the trivial name "inorganic ethane" began to appear in discussions of HaNBHs3.
Although borazene and benzene have rather similar physical properties, ammonia-
borane bears no obvious physical or chemical relationship to ethane. The former
is a white crystalline solid which has a barely detectable vapor pressure at
L0°C while the latter is a gas with a boiling point of -92°C. The low volatility
and highly ordered crystal structure of ammonia-borane suggests a high degree of
electrical disymmetry in the molecule, a fact which should show up clearly in the
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size of its dipole moment; indeed the measured and published(u5) value of 5.9D
confirms such expectations.

The method of representing in conventional formulae the charge separations
which give rise to such a dipole value is rather arbitrary. Two possibilities
might be considered. In the first, the fact that the boron atom of the BHg
group accepts part interest in the electron pair of the nitrogen is frequently
used to support the assumption that the boron becomes negative relative to its
original state in the borane group, while the nitrogen of the ammonia becomes
positive relative to its original state in the ammonia molecule. Charges are
then assigned as follows:

B+ o-
HaN ~—> BHg

Alternatively, one can try to represent the fact that boron is more electro-
positive than nitrogen by the structure

o~ B+
HsNBHs3

The latter representation is clearly suggested by the fact that reactions of
compounds containing such boron-nitrogen structures usually occur to give prod-
ucts in which the more electropositive portion of the attacking reagent is bound
to the nitrogen while the more electronegative portion is bound to the boron,
€.g.,

H 9H H\B:fl
By s \\ B,/ H
< <)
H CH H H
HOZ N ,/B<H ai_ K

Ny

HNE i

BgNaH@ ° BHEO BgNgH@ ° BHCJ_

A comparison of the two formulae soon reveals that the difference between the
twoc modes of representation is a result of the reference state chosen in each
case, The first case implies that the boron of ammonia-borane is clearly nega-
tive when compared to the boron of an uncomplexed borane group, but the line of
reasoning from which the formula was developed says nothing which demands that
the boron bear either a relatively positive or negative charge in comparison to
the nitrogen atom with which it is associated. 1In this sense the first repre-
sentation can be misleading, particularly when applied to molecules containing
atoms of distinctly different electronegativity values; it is much less mislead-
ing in carbon chemistry. This situation can be clearly represented by reference
to a molecule such as LiCl. When the coordination compound Ll(NHs) Cl™ is

(,s) J. R. Weaver, S. G. Shore, and R. W. Parry, J. Chem. Phys. 29, 1 (1958).
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formed, the Li* ion is in all probability less positive than it was in LiCl,
but the donation of electronic charge by each nitrogen does not mean that Li is
of necessity negative with reference to either Cl- or the attached nitrogen
atoms. Electronegativity arguments, on the other hand, clearly suggest in
agreement with chemical information, that the boron is the relatively positive
end of the ammonia-borane molecule. On the basis of the above argument, the
representation preferred in thig discussion will be

o- o+
HaNHBg

The usual inductive effect arguments of organic chemistry indicate that
replacement of a hydrogen atom by a methyl radical should result in donation
of relatively more electronic charge to the binding atom. Thus in CHsHoNBHs3
the methyl group should donate relatively more negative charge to the nitrogen
than did the hydrogen of HsNBHs3.

|1 I
H—-*T T'““H H———T T——~H
H H H H
+
o- o+ esultant
_—_— o+ gAl
Simple Dipole Vectors (0+8)- 5+

Simple Dipole Vectors

The naive vector model shown above indicates rather clearly that the effect of

the electronic shift on the dipole is a most sensitive function of the molecu-

lar angles; indeed, with very reasonable assumptions regarding simplified "bond
moments" and angles, one can rationalize the experimental fact that MeHo-NBHz has
about the same moment as HsNBH3. The best available values are ammonia-borane
5,01D and methylamine-borane 5.02D. (See experimental subsection of this section.)

With two methyl groups replacing hydrogen as in dimethylamine, the induc-
tive effect of the two methyl groups can be compensated in large degree by the
angular orientation of the methyl groups. Thus the argument is not inconsistent
with the observed value of 4.95D. Finally, in trimethylamine the fact that the
three methyl groups are symmetrically placed about the nitrogen would demand a
reduction in the dipole wvalue.

C%
P
CHgdt Bty

¥ M

?gﬁ//Resultant of 2 methyl vectors Resultant of 3 methyl vectors
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The observed value of 4.69 is consistent with, but does not prove the simple
model. The value is also consistent with the greater volatility of the compound
MesNBHSg.

The above picture does predict, however, something yet to be verified as
fact. The compound HaNBHoCHs could well have a moment comparable to that of am-
monia borane, but the value for HslNB((Hsk should indeed be larger than that of
ammonia~-borane. The measurement of moments for compounds of this type is of
interest for the testing of both naive and sophisticated electronic models of
the compounds involved. Indeed, dipole moment values for these materials offer
a rather valuable testing ground for many theoretical concepts.

Since the amine-boranes are not sufficiently volatile as a group to permit
the highly desirable vapor-phase studies, it has been necessary to make measure+
ments in solution and to try to estimate the magnitude of the solvent effect in
each recorded value. Unfortunately, methods for establishing these corrections
are not well defined, and it is necessary to examine the overall question of di-
pole moment measurement for this group of compounds to obtain defensible data
for the series. Many theoretical approaches to the question are found in the
literature; selection of the most appropriate model for the system is still
under examination.

(b) The Experimental Measurement of Dipole Moments for the Amine-Boranes

(1) Materials and the Preparation of Solutions for Measurement.

(1.1) Benzene~Merck Reagent grade benzene, dried by refluxing with
LiAlH,, was used to make up the benzene solutions and to standardize the di-
electric cell. It was used without drying for rinsing the dielectric cell and
as a secondary standard. The dielectric constant of the undried material is
only .003 to .004 higher than that of the dried substance. Moderate exposure
to air does not affect the dielectric constant of benzene. It is a much more
convenient standard than dioxane.

(1.2) Dioxane.—Preliminary purification of best quality commercial
dioxane involved refluxing it with dilute HC1 for 12 hours, preliminary drying
involving storage of the liquid for several days in contact with successive
batches of KOH, and finally distilling the liquid from LiAlH,. Even the prod-
uct obtained from the last step was not completely dry as was shown by a high
value for its dielectric constant (2.255 as compared to an accepted value of
2.209). When the final product was refluxed with LiAlH, for several hours, and
then distilled, the measured value of the dielectric constant was in good agree-
ment with the accepted literature value (2.209 + .00%). Dioxane picks up water
rapidly from the air and great care is required in its handling. Vacuum tech-
niques were employed in general manipulation of this solvent.

(1.3) Ethyl ether.—Commercial "anhydrous diethyl ether" was dried
by refluxing with LiAlH,. Observed values for the dielectric constant were
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L.205, 4.209, 4.225, and 4.207 as compared with an accepted value at 25°C of
4,235, This may indicate the presence of a nonpolar impurity but was not re-
garded as serious, since it should not affect the increment in dielectric ccn-
stant resulting from the addition of solute.

(1.4) Ammonia-borane.—Samples from laboratory stock (see Ref. 15c
for preparation) were placed on a filter in the vacuum line and leached into
the solution tube (Fig. 13a) with the solvent. No weights were taken in the
ammonia-borane determinations so the concentrations were available only from
analysis. Samples for analysis were withdrawn from the sclution at the time
that it was transferred to the dielectric cell, Although H, B, and N values
were obtained, the values for hydridic H were the most consistent with dielec-
tric constant measurements. The boron values were the least reliable of the
three. Typical hydridic H/N ratios were 2.935, 2.97, and 3.00. The final run
on ammonia-borane was made by weighing out samples in the dry box as described
below. The resulting solutions were completely clear, confirming the purity of
the sample and the dryness of the solvents.

(1.5) Monomethylamine-borane.—The product resulting from the pro-
cedure described in Section IIBl was used after sublimation. Solution prepara-
tion is described below.

(1.6) Dimethylamine-borane.—Samples of dimethylamine-borane, pre-
pared by the method of Huff at Callery Chemical Company, were genercusly do-
nated by Callery. The authors wish to thank Dr. Huff and Callery Chemical
Company for these samples. The product was always sublimed before using. In
preparing the solution the product was either sublimed directly into the prepara-
tion tube (Fig. 12a) or the sample was weighed out in the dry box. Analysis of
representative samples confirmed the identity and purity of the product used.

A representative ratio of hydridic hydrogen to nitrogen was 2.96; hydridic hy-
drogen to boron values of 3.15 and 3.08 were obtained.

(1.7) Trimethylamine-borane. —Trimethylamine wag stored above LiAlH4
to remove water and lower amines. It was then used to prepare trimethylamine-
borane by conventional procedures. The compound was sublimed several times be-
fore use.

(2) Techniques of Measurement.— A rigidly standardized procedure was fol-
lowed in preparing solutions.* The solution tube (Fig. 13a) was cleaned with
nitriec and chromic acids, rinsed with tapwater and distilled water until the
water film remained continuous, then dried in the oven at 110°C. The tube was
then evacuated, filled with dry nitrogen under a slight pcsitive pressure, re-
moved from the vacuum system and capped quickly with a rubber syringe stopper
Stopcock grease was removed using a tissue soaked in CCly, static electricity
was removed by wiping the entire assembly with a barely damp chamols, and the
entire assembly was weighed, using as a tare a similarly shaped tube and stopper

*Except the modification for ammonia-borane; see Section IIB3(Db).
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Fig. 13. a) Solution tube for dielectric eonstant. b) Special vacuum flask.
c) Solution density flask.
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assembly which had been treated in a similar fashion.

If the solute was to be sublimed into the tube, the lower part of the ground
glass joint was lightly greased, the stopper removed and the tube quickly evacu-
ated. After subliming in the solute, the tube was again filled with dry nitro-
gen, removed and weighed as before. For certain methylamine-borane and ammonia-
borane runs, the tube was introduced into the drybox, opened, filled, capped, re-
moved, and weighed ag before.

The solvent was distilled from LiAlH, into the special flask shown in Fig.
13b. Dry nitrogen was admitted through the side arm and the flask was removed
from the line and capped using a rubber syringe stopper. Whenever solvent was
to be removed from this vessel by means of a hypodermic syringe, No was admitted
through the side arm to maintain a positive pressure of dry Ns above the liquid.
Using a 50-ml syringe, solvent could be transferred into the weighed solution
tube (Fig. 13a) containing the solute. By reweighing, the quantity of a solvent
added could be determined. Discrepancies in density determinations indicate
that the rubber caps will absorb as much as 40 mg of benzene.

(2.1) Dielectric constant measurements.—-Dielectric constant values
were obtained using a precision heterodyne heat apparatus generously donated to
The University of Michigan by the Chrysler Corporation. Solutions were intro-
duced into and removed from the cell of the instrument by a syringe. After re-
moval of the solution, the cell was filled twice with benzene, a reading being
taken after the second time to check the constancy of the cell and measuring
system. After removal of the benzene, dry nitrogen was passed through for five
minutes, then sclution was again introduced into the cell. The actual measure-
ment required about 5 minutes but no change was detected as a result of longer
standing.

(2,2) Determination of the cell constant for the dielectric measure-
ments. —The cell constant is the ratio between condenser reading and dielectric
constant for a known standard. Benzene was used as the standard, using the
Naticnal Bureau of Standards value of 2.274 for its dielectric constant at 25°.
The value of the constant was confirmed by reproduction of the accepted value
for the dielectric constant of rigorously dried dioxane (2.209 + .003) using
the cell constant obtained from benzene. A new value for the cell constant was
needed whenever the cell was resilvered.

(2.2) Refractive index measurements.-—Solution remaining in the
syringe after filling the dielectric cell was used for the refractive index
measurement, Since the contribution of the refractive index term to the dipole
moment value 1s almost negligible for these highly polar solutes, no attempt
was made to obtain the dispersion; only the refractive index for the sodium D
line, np, was obtained. A Bausch and Lomb precision Abbe refractometer was
used and the sclution was introduced directly between the plates and measure-
ments were made rapidly.
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(2.4) Density measurements.—To obtain density measurements on certain
solutions, the special solution tube in Fig. 13%c was substituted for the tube in
Fig. 13a. The solute was sublimed into the tube and glass caps were placed over
the joints during weighing. After insertion of the weighed quantity of solute,
the solvent was carefully added, by a syringe. The tube capped with a syringe
was equilibrated in a thermostat; then the level of solvent in the tube was care-
fully adjusted to that of a fine scratch on each constriction. The upper parts
of the tube were heated with a heat gun to volatilize any excess liquid in that
region. The tube was then closed with glass caps and weighed. Because of the
extra manipulation and difficulty in mixing, the dielectric constant measure-
ments on these solutions were in general less reproducible than those made on
solutions from the tube shown in Fig. 13%a.

(3) Results.—A large number (more than 60)of runs have been made. The tech-
nique is a difficult one but as procedures were refined, results became both
more precise and more accurate (as based on reproduction of accepted values of
dielectric constants of solvents, etec.). The values meriting the highest confi-
dence are summarized in Table XI. The orientation polarization was obtained
from the Cohen-Henriquez equation:

_ Mo de
Porientation = 3E [‘_ - 2(noo)gy §£gj

dole +2 ax ax
where
Porientation = the molar orientation polarization of the solute
M, = molecular weight of solvent
dg = density of solvent
€q = dielectric constant of pure solvent.
(ne) o = the refractive index‘of benzene extrapolated to infinite

wave length

and x, e, and ny are the mole fraction, dielectric constant, and index of re-
fraction at infinite wave length for the solution.

The molar orientation polarization of the solute is related to the dipole
moment of the solute by the equation:

. - {%kT Pops . -}1/2
)-I-JT NA
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TABLE XI

SUMMARY OF DIPOLE MOMENT DATA

A. DIOXANE AS THE SOLVENT

1. Ammonia-borane

Mole % Dielectrict 3 anD Dipole
HsNBHS Constant = Moment

in Solution of Solution Solute

0 2.209 - - - —
- 392 2.346 35.5 -- -.15+.03 -
.293 2.313 35.2 - - —-
Loz 2.351 35.4+.8 -- - -
8ho 2.504 35.1+.4 -- -- -
1.455 2.713 3h.6+.2 Ob+.005 - -
1.99 2.89 3,2 .03 -~ e
Best value from region of . )
of highest precision (1%) 3555 Okt 005 - 1or.05 h9k D
Value extrapolated to in-
finite solution (Fig. 13) 25:5 — N °-0L D
2. Methylamine-borane
Mole % Dielectric Dipole
CHaH-NBHg Constant éé] [éEQ [ég] Momer:t
in Solution of Solution ox ox | X Solute
0 2.215 -- o - -
.659 2.24L8 35.4+1.0 - -- -
1.750 2.817 3h.3+1.0 -- - -
0 2.212 - - - -
1.122 2.608 35,5+ .4 .02+.005 -.18+.03 e
0 2.208 -- -- - -
.710 2.458 35.3+.6 .- - -
1.654 2.787 35.0t.3 .02+. 005 -.214.02 -
Best value (measured) 35.2+.3 .02+.,005 -.20+.03 L.99 D
Best value (extrapolated) 35.5 .02+ .005 -.20+.03 5.02 D

*Values calculated using cell constant obtained with benzene as standard.
*Rate of change dielectric constant of solution with concentration,
¥%¥Rate of change refractive index (NaD line) of solution with coacentration.
**¥¥Rate of change density of solution with concentration,
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TABLE XI (Continued)

5. Dimethylamine-borane

Mole of Dielectric e np 3 Dipole
(CHg) 2HNBH3 Constant [‘&J l:%’;’] [_XJ Moment
in Solution of Solution Solute

0 2.08 -- - - -

Value below Value below
'igg g'i?g 2i'2§'§ repeated on repeated on ::
) ) =t L solutions: 2 solutions
1.46k4 2.715 3h.6+.2 -.005+.005 -.32+.0k --
0 2.12 -- - - --
.570 2.409 3.5+, 6 - - -

1.097 2.594 34,8+.3 -.005+.005 -- -
Best value (measured) 3h.6+.3 -.005+.005 .32+ .0b 4,96
Best value (extrapolated) 34.3 -.005+.005 .32+ .04 4.93
L. Trimethylamine-borane

Mole % Dielectric o ng 3 Dipole
(CHs )aNBHs Constant [é—] [ég—] [}—] Moment

i ) X X X
in Solution of Solution Solute
0 2.213% - -- -- --
.115 2.249 31+h - - -
.315 2.311 31.1+1.5 -- -- --
650 2.h13 31.0+.6 -.02+.005 -- --
.850 2.479 31.3+1.0 -- -- --
.88- 2.490 3142 -.03+.02 -- --

1.10 -- -- -- - 07 --

2.42 -- -- -- -.43 --
Best value (measured) 31.2+.5 -.02+.005 -.43+.05 L.71
Best value (extrapolated) 31.0 -.02+.005 - 43+.05 4,69
5. Ammonia triborane

0 2.202 - - -- --

262 2.357 59.2+4 - -- --
Skl 2.529 60.4+.2 -- -- --

1.115 2.878 60.6+1 +.09+.02 - --
Best value (measured) 60.6+1 +.09+.02 —— 6.55 D
Best value (extrapolated) 60 +.09+.02 - --
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TABLE XI (Continued)

B. BENZENE AS THE SOLVENT

1. Methylamine-borane

% D;electric [ae] [énD] [éé] Dipole
Solute Constant <= < 3= Moment
) X ox ox
in Solution of Solution Solute
0 2.274 -- - - -
Lok 2.575 25.1 -- -- -
.662 2.426 22.9 -.045 - -
1.479 2.562 19.4 -.039 - -
2. Dimethylamine-borane
0 2.274 (std) -- -- - -
. 359 2.377 28.7 -.07 -- ==
.396 2.385 28.0 -.07 -- -
LTh3 2. b7k 26.9 -- -- -
.788 2.485 26.8 -.07 -3k --
1.066 2.550 25.9 -.07 -= --
1.594 2.668 2k, 7 -.073 -- -
3.356 3.058 23.4 -.066 -- -~
5. Trimethylamine-borane
0 2.274 (sta) - -- - -
.218 2.341 30.6 -.105 -.22 -
.301 2,363 29.6 -.11 - -
L343 2.375 29.5 -.10 -- --
.665 2.470 29.4 -.10 - --
1.275 2.652 29.7 « 098 -— -
1.814 2.819 30.0 -.098 -- --
2.245 2.950 30.1 -.097 -- --
Best value (measured) 29.%+3 -.098+.003 .22+.05 L, 6k
Best value (extrapolated) 29.7 -.098+.00% .22+,05 .62
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TABLE XI (Concluded)

C. DIETHYL ETHER AS THE SOLVENT

1. Ammonia-borane

Mole % Dieleetric n Dipole
e D od
of Solute Constant [}—] [2;—] g{} Moment
in Solution of Soltuion 0X * x Solute
0 L.205 -- -- - -
1.390 4,696 35,2 -1k - -
2. Methylamine-borane
0 L.205 -- -- -- -
.709 L. 507 Lh2.6 +.07 - -
5. Dimethylamine-borane
0 L.205 -- -- -- --
339 L.3h7 41.9 +.08 - -
.730 L.510 41.8 +.08 -- -
1.266 L.730 L1.5 +.08 - --
0 4,225 - -- - -
.990 L. 645 Lo L +.09 - -
2.07 5.075 41,0 +.087 - _—
L. Trimethylamine-borane
0 4.209 - - - -
. 522 h,598 36.2 +.07 -—- -
1.019 k.583 36.7 +.07 - -
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where

T = the absclute temperature = 298°K
k = the Boltzmann constant = 1.38 x 107°°
Np = Avogadro's number = 6.02 x 1023

The most precise dielectric data for each solute-solvent pair are shown in
Fig. 14. The rate of change of dielectric constant with concentration, (de/dx),
is plotted against the mole fraction of solute in the solution. The variation
in the (0e/0x) with mole fraction is a point of some importance and is discussed
in the next subsection.

In Table XI the best value (measured) of (de/dx) for each sclute-solvent
pair ig the measured value in the neighborhood of 1-2 mole percent where the
precision of the data is highest. The entry labeled "best value (extrapolated)”
is obtained by extrapolating the appropriate lines of Fig. 1L to infinite dilu-
tion.

(4) Discussion.—All the amine-boranes show a high dielectric constant,
as was anticipated. As seen in Table XII, the values for ammonia-borane, methyl-
amine-borane, and dimethylamine-borane in dioxane are comparable. The value
for trimethylamine-borane in dioxane is significantly lower than the other three.

TABLE XII

THE DIPOLE MOMENT OF THE AMINE-BORANES
IN DIOXANE AS A SOLVENT

solute Divole Nopert
Ammonia-borane [HaNBHg] 5.01 Debyes
Methylamine-borane [CHzHoNBHs ] 5.02 Debyes
Dimethylamine-borane [(CHz)oHNBHz] L.93 Debyes
Trimethylamine-borane [(CHs)sNBHs] 4.69 Debyes

Several interesting and as yet unresolved points are evident from Fig. 1h.
These are listed below.

The monomethyl and dimethyl compounds show an abnormal variation of dielec-
tric constant with concentration in benzene. The nature of the variation is
what would be expected if the solute exists in both a monomeric and polymeric form.
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The slope of the line would indicate that the association is greatest for the
monomethyl compound. The low value for the single measurement of ammonia-~
borane in ether might possibly be due to the same phenomenon. It may be worth
noting that the monomethylamine-borane in benzene and the ammonia-borane in
ether dissolved with difficulty, while ammonia-borane is insoluble in benzene.

It is interesting and probably significant that the slope of the trimethyl-
amine-borane line appears to be positive in each solvent. A small positive
slope is indeed expected from theory for a normal solute. On the other hand,
ammonia-borane seems to give a negative slope in dioxane, while the monomethyl
and dimethylamine-borane lines are nearly horizontal in the same solvent. Such
deviation from theory (if real) might suggest a small amount of association or
of solute-solute interaction. Such an interaction was suggested in the solid
by the heats of sublimation. The negative slope of dimethylamine in diethyl
ether could also suggest solute-golute interaction.

As expected from theory, (de/dx) is higher in ether with a dielectric con-
stant of 4.2 than in dioxane with a constant of 2.209. In benzene, however, the
value is slightly lower than in dioxane, the reverse of what one would expect
from the dielectric constants. Specific solvent-solute interaction is indicated.

L. THE RAMAN SPECTRA OF THE AMINE-BORANES

(a) Background

Despite the rather active chemical interest in boron hydrides and their
derivatives, the amount of spectroscopic work which has been carried out on
these compounds has been disproportionately small. This disparity is particu-
larly marked if one compares the data available on vibrational frequencies, as-
signments, force constants, molecular parameters, and so on for the derivatives
of simple hydrocarbons with the corresponding data for the various boron-hydride
derivatives. Experimental difficulties caused by the high reactivities of the
boron compounds are responsible to a large degree for this situation; however,
if studies are carried out on condensed phases and at low temperatures, a great
deal of spectroscopic information can be obtained which can yield significant
values for mclecular constants and provide a basis for comparisons of chemical
properties. A systematic study of all the amine-boranes is in progress; the
data on ammonia-borane are most complete.

(b) Vibrational Frequencies and Assignments of Isotopic Varieties of Ammonia-
Borane Having Cay symmetry

(1) Background.—Ammonia-borane is of some interest spectroscopically
since it provides a molecule of relative simplicity and high symmetry contain-
ing the B-N "dative bond." Since the hydrogen atoms on the boron and nitrogen
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atoms are sufficiently dissimilar chemically that exchange does not occur at a
measurable rate in solution, it is possible to prepare a number of deuterated
derivatives in which the symmetry of the parent molecule is preserved. The pos-
sibility of arriving at an unequivocal set of assignments is thus excellent and
the results should be of considerable value in the interpretation of spectral
results for more complicated boron compounds. In addition, the data provide a
basis for the further comparison of the frequencies associated with the BHs
group as they are modified in complexes with different bases.

(2) Experiment.—Ammonia-borane was prepared by standard methods,(l5c)
the appropriate deuterated materials being used where necessary to get isotopic-
ally substituted molecules. Deutero-ammonia was prepared from MgsNo and heavy
water while BoDg was prepared from BFsz and LiAlD, according to standard pro-
cedures. All samples were purified before use by removing all material insoluble
in diethyl ether.

In view of the nature of the compound, Raman spectroscopy was most suitable
for use in the investigation and samples were prepared in liquid ammonia and in
dimethyl ether using essentially the same procedure as for the work on the boro-
hydride ion (see page 165). The concentration range customarily employed was
between 3 to 5 molar and the samples were maintained at temperatures of approxi-
mately -35° during an exposure. Infrared spectra of some of the samples were
obtained as Nujol mulls but the compounds proved too soft to mull readily and
the spectra obtained were not entirely satisfactory. Details of the spectro-
scopic equipment are given in Ref. 15h.

(5) Experimental Results.-—The Raman frequencies observed for five iso-
topic varieties of HgN:BHs dissolved in liquid ammonia or ammonia-ds are listed

in Table XIII. In some cases where solvent interference prevented observation
of a band in the liquid ammonia solution, values obtained from dimethyl ether
solutions or from the infrared spectra of Nujol mulls have been substituted.
Less information was obtained from the dimethyl ether solutions than the ammonia
due to the greater number of solvent bands and consequently greater interference.
With one exception, the positions of the observed bands were not shifted signif-
icantly on going from one solvent to the other. The exception is the frequency
assigned to the B-N stretching vibration which appears at 787 em~® in liquid
ammonia solutions of NzH:BHs. This frequency was found at 755 em-1 in dimethyl
ether solution, indicating an appreciable solvent interaction, probably with

the ammonia. The exact nature of the interaction is not certain but it seems
likely that it involves a weak N-H..N hydrogen bond. Comparison of the solvent
effect on the N-H bands would give most direct support to this hypothesis but
unfortunately interference by solvent bands in the NHs solution was too great

to allow the solute bands to be distinguished. However, in molecules contain-
ing the NDs group, it was possible to distinguish the N-D variations of the com-
plex both in liquid NDs solution as well as in dimethyl ether solution and po-
sitions of the bands in the two solvents agreed within a few cm=1. The failure
of the N-D bands to shift is evidence against the hydrogen bond hypothesis and
the exact nature of the interaction remains uncertain. For consistency in the
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TABLE XIIT

ASSIGNMENT OF FREQUENCIES IN THE SPECTRA OF THE AMMONIA-BORANES

Solutions in Ammonia or Ammonia-dj

Observed Frequencies, cm~t Symmetry
Description®
HaNBHs DaNBHs HaNBDs  DglBD; D, NB*Opg 20d No.
(3185°)¢  o3p3P -- 03230 - a1 v v-NH
2263 (2260P) 1641 1643 1655 ai  vs v-BH
1175 1171 857 840 848 a1 V3 5-BHa
1060% - -- - - a1 va 5-NHz
787 75k 757 708 2 ay  vs v-BN
(3300°)  (2465°) -- (2460P) -- e Vo v-NH
2316 2313 1743 1715 174k e Vs v-BH
16004 - - - - e Vo 5-NHg
- -- - -- -- e vio 8-BHa
-- 1006 o17 o17 936 e Vi1 p-BHa
-- -- oh8 5Tk (570) e Viz 0-NHg
1575% Ay Va+Vsg
1767 1775 E Va+Viy
1835 185M 1871 Ap + B H con%gﬁination
2319 on BD group?
2372 23720 1716 A, 2va
(2380P) 23780 AL + E Svg
2163 2162 (2161) Apparently due
3040 to «L to interaction
3100 pp5p e (22601J with solvent

a  Symbols sued:

o0

WADC TR 59-207

= stretching, & = deformation, p = rocking.
b Value taken from the Raman spectrum of a dimethyl ether solution of the
material.

Bracket indicates a rather large uncertainty in the value, 5 to 10 em~2,
Value taken from the infrared spectrum of a Nujol mull of the material.



discussion of the frequency assignments, values from the liquid ammonia solu-
tions will be used.

(c) Discussion

X-ray studies(uo) have shown that HgN:BHs has an ethane-like structure
with Cay symmetry (see Fig. 12). Such a molecule should possess twelve vibra-
tional frequencies classified into five A;, one Ao and six E frequencies, the
latter being doubly degenerate. The A; and E frequencies are allowed in both
infrared absorption and the Raman effect but the Ao is forbidden in both. The
notation used in describing the frequencies and an approximate description of
the mode of motion is given in Table XIV.

TABLE XIV

DESCRIPTION OF FUNDAMENTAL VIBRATIONS OF HsN:BHs

Frequency Symmetry Description
Vi Aq Symmetrical N-H stretch
Vo Ay Symmetrical B-H stretch
V3 Ay Symmetrical H-N-H deformation
V4 Ay Symmetrical H-B-H deformation
Vs Aq B-N stretch
Vg As Torsional motion around B-N axis
V7 E Asymmetrical N-H stretgch
ve E Asymmetrical B-H stretch
Vg E Asymmetrical H-N-H deformation
Vio E Asymmetrical H-B-H deformation
Vi1 E BHg group rock
Vi iy NH5 group rock

The isotopic substitution of deuterium for hydrogen should result in a
marked lowering of the frequencies involving hydrogen motions, the ratio ap-
proaching 1.41. The effect on the other frequencies, while easily discernible,
should be much less pronounced. Since a number of the fundamentals have not
been observed in the spectra, application of the more rigorous product rule to
the isotopic frequencies to confirm assignments does not appear feasible.

The two N-H stretching modes of the normal compound were readily identified
as the bands at 3185 and 3300 cm~l in spectra of dimethyl ether solutions, the
former being assigned to the symmetric mode on the basis of polarization measure-
ments. These two frequencies shift, respectively, to 2323 and about 2460 cm~1
with deuteration on the nitrogen. Deuteration of the boron had virtually no ef-
fect on the N-H frequencies, indicating little coupling between the two ends of
the molecule. It is of interest to note that both N-H stretching frequencies
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are some 170 cm™* lower than the corresponding frequencies of 3304 and 3394 ob-
cerved for free NHy in a dimethyl ether solution of the same concentration.

sorcn-hydrogen stretching frequencies oceur in the region around 2300 em™
but the identification of the fundamentals in the present case was complicated
scmewhat by the presence cf cvertones of the bending modes enhanced in intensity
by Ferml rescnance with the fundamentale., The two bands at 2263 and 2316 cm-1
ir the spectrum of the normal molecule have been assigned, respectively, to the
symmetrical and unsymmetrical modes largely on the basis of their intensities
and pesiticn, They shift tc approximately 1640 and 1740 cm=! upon deuteration.
As In the case of the N-HI tands, the B-H frequencies are relatively unaffected
by deuteraticn of the other end of the molecule., Both B-H stretching frequen-
cies are relatively low, the position of the symmetrical mode virtually coin-
ciding with the corresponding frequency of the borohydride ion2 while the un-
symmetrical is about 70 cm”™* higher than va of the same ion. Previous work has
shown that the position of the B-H stretching frequencies of the BHs grcup is a
good Index cf the strength of the interacticn with the Lewis base. In the
present mclecule, 1t appears that ammonia is nearly the equal of the hydride ion,
H™, in the extent of its interaction with BHs.

Due to solvent interference in both solvents, it was not possible to iden-
tify either cf the N-H or N-D deformation modes in sclution. Results from an
infrared mull of the ncormal material indicate that both occur at positions vir-
tuslly unchanged from thelr positions in the free ammonia molecule. The sym-
metrical =-H and 5-D deformation fundamentals were identified at about 1175 ard
840 em™= , their expected positions, on the basis of pclarization measurements.
The vrpymmetrical mode was not observed, either because its intensity was too
low ¢r because 1t was accidentally degenerate with the symmetrical frequency.

The remaining symmetrical frequency is vs, the B-N stretching vibratiocn,
and it: pesition is ¢f particular interest, partly because of the informaticn
which it can yleld regarding the dative bond and alsc because there has been
some disagreement about its position in related molecules. The situation is
particularly favorahle for its identification in the present case since the on-
ly ofher fundamertals belonging to the A; symmetry class involve hydrogen moticns
almoe’ exnlusively and consequently can be distinguished with little chance of

confusgion.

The only band which appears as a possible choice for vs occurs at 787 om-2
in the liguid ammonia spectrum of the normal compound. This bard is moderately
strong and well pelarized. Upon deuteration of both ends of the mclecule, the
vand shifte to 708 em™> giving a frequency ratioc of €.90. If the WEx and 3Ha
halves ¢f the molecule are considered as approximate point masses, the ratio of
isctoplice frequencies should be given by the square root of the inverse ratio of
redured masses, \u/u*. This mass is calculated to be 0.91 for the comparison
cf the normal and completely deuterated molecules, the difference of only l%
providing excellent support for the correctness of the assignment. Similar com-
pariscrs using the frequencies of the partially deuterated species gives agree-
ments of the same order of magnitude. The B-N force constant calculated using
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the diatomic approximation is 2.8 millidynes/ﬁngstrom. The value given for

this force constant by Badger's rule using the B-N distance of 1.6 Rngstroms(ho)
is 2.4 ma/R. The agreement is satisfactory considering the empirical nature of
the rule, the large (#0.2 A.U.) uncertainty in the B-N distance, and the other
approximations involved. It is of interest to note that the B-N distance in
this molecule is the same within limits of error as the B-N distance in the BFs
amine complexes 46 and that consequently the B-N frequency in these latter
compounds should be found in the region near 800 cm-1 instead of the region near
1000 cm~! where it has recently been assigned.(u7)

Of the three fundamentals remaining to be discussed, one, vg, is inactive
and no information was obtained as to its position. The other two involve rock-
ing motions of the BHz and NHs groups and may be expected to have low intensi-
ties in the Raman effect. The values assigned to the BHg and BDs rocking fre-
quencies, 1006 and 917 cm~t, respectively, are somewhat higher than the values
assigned to the corresponding motions in the BH3CO molecule and are not to be
considered as final. In particular, the possibility exists that one or the
other may be the asymmetric deformation mode which has not been assigned. The
NHs and NDg rocking motions, on the other hand, appear fairly certainly identi-
fied as the bands at 648 and 574 cm~! since they are the lowest in the spectra
and nitrogen deuteration affects them appreciably while boron deuteration does
not.

The least certain of the above assignments are those for the deformation
and rocking modes of the BHs group. At the present time, the Raman data do not
appear adequate to allow a clear decision to be made. Information from the in-
frared spectra of thin films at low temperatures, if the films can be prepared,
may supply the necessary evidence, and it also appears that a normal coordinate
treatment will be necessary for final confirmation.

5. THE NUCLEAR MAGNETIC RESONANCE SPECTRUM OF MeoHNBHg
The nuclear magnetic resonance spectrum of molten MepoHNBH5 was obtained.

Three peaks attributable to B-H links and one to the N-H resonance were visible.
The study is still incomplete.

C. Phosphorous Trifluoride-Borane

1. BACKGROUND

Phosphorus trifluoride-borane was first prepared in this laboratory under

(L6) J. L. Hoard, S. Geller, and W. M. Cashin, Acta. Cryst. 4, 396 (1951).
(47) a) J. Goubeau and H. Mitschelen, Z. phys. Chem. 1k, 61 (1958).
b) H. Luther, D. Mootz, and R. Radwitz, J. Pract. Chem. 277, 2L2 (1958).
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sponsorship of WADC.(AI) The molecule was of considerable theoretical interest
since earlier arguments of Chatt had suggested that boron and aluminum would be
incapable of ferming ccordination compounds with PF3 because they lacked elec-
trons. ©Since publication of the original paper, it has been suggested by others,
without any experimental or real theoretical support, that the molecule is held
together by "x-bonds" involving delocalization of the B-H electrons. Such specu-
lation seems to do little beyond clutter the literature.

Of the more immediate concern is an experimental study of the structure and
chemistry of this molecule. Parry and Bissct assumed an ethane-like structure
for the molecule. The reaction of the molecule with trimethylamine was that
expected from conventional theory. If stoichiometric quantities of FsPBH3 and
trimethylamine were mixed, the trimethylamine displaced the PFs quantitatively
to form (CHs)sNBHs and free PFs. If an excess of trimethylamine were used, the
liberated PFs reacted in a one-to-one ratio to give gases and a solid which was
never fully characterized.

When FsPBHs reacted with excess ammonia over the temperature range -178°
to -80°, five molecules of ammonia seemed to be picked up by each molecule of
the borane adduct. The reaction with stoichiometric quantities of ammonia was
not carried out and the nature of the ammonia reaction product was never estab-
lished.

2., THE RAMAN SPECTRUM OF PHOSPHORUS TRIFLUORIDE-BORANE AND PHOSPHORUS
TRIFLUORIDE-BORANE-dg

More definitive structural information of FzPBHs and FzPBDs has been ob-
tained from a study of the Raman spectra of these molecules. All observed bands
were assigned and the ethane-like model, assumed in the original work was sup-
ported. The molecule has Czy symmetry.

The samples prepared as described after fractionation on the vacuum line
were condensed into capillary Raman tubes which were then sealed off and main-
tained at liquid nitrogen temperatures until used. Details of the experimental
equipment have been given previously. ' The spectra of the liquid were ob-
tained at -80°C, qualitative polarization measurements being made on the hydro-
gen compound only, using the two method and polarcid cylinders. The data re-
ported in Table XV represent the averages from several spectra, the estimated
probable error being approximately 1 cm~1 except where indicated.

Reference has been made previously(h7) to the chemical similarity between
PF4 and carbon monoxide, and to the similarity in properties between phosphorous
trifluoride-borane and carbon monoxide-borane. In view of the known structure
of H3BCO,(49) it would therefore be expected that the phosphorous complex would

(48) G. L. Vidale and R. C. Taylor, J. Am. Chem. Soc. T8, 294 (1956).
(49) Gordy, Ring, and Bury, Phys. Rev. 78, 512 (1950).
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OBSERVED RAMAN FREQUENCIES AND ASSIGNMENTS
FOR LIQUID PFgBH5 AND PF4BDg AT -80°C

TABLE XV

Frequency Intensity
in cm-1 and. Symmetry Assignment
Polariza-
PFBH 5 PF4BD5 tion
197 169 m, dp e Vio PF5 rock
370 362 VW e Vi1 F-P-F deformation
Lh1 L2l m, D a1 Vs F-P-F deformation
607 572 S, D a1 Va P-B stretch
697+2 -- W e vio BH4 rock
799 VW Diborane?
886+5 - vw, p? Ay 2vs 2xhl1=882
920 - w, D A +As+E VYg~Vio 1117-197=920
olk Ohh+5 m, p? a1 Vs P-F stretch
95T+3 958+2 m, dp e Vo P-F stretch
1040+3 -- W, P Ay V. - Lh1+607=1048
1077 -- W, D a1 v25 H-B-H deformation
1117 807 s, dp e y H-B-H deformation
-- 1756 W A1 +Ao+E vaﬁig 807+958=1765
- 1797 VW E Vot Vg? 842+958=1800
-- 1980 VW Diborane-dg?
2112 - VVW Diborane?
21L0+h 167242 W Ay 2vs 2x1077=2154
e2k+2 1602 W Ay Pvg 2x1117=2234
2328+L -- VW PVg+vs? Calc 2329
2385 1717 VS, P a1 V1 B-H stretch
2455 1845 vs, dp e vy B-H stretch
- 2L3z1 W B-H stretch
(H impurity)
2530 -- VVW Diborane?
2655+5 -- vV A1+Ao+E Vo tVio 197+2455=2652
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have an ethane type configuration with Csy symmetry. The vibrational frequen-
cies of such a structure are twelve in number and can be thought of in terms of
the four vibraticnal frequencies of each of the two halves, considered as free
molecules with Cay symmetry, plus four Ibretdongarising as a consequence of the
bond between the apex atoms of the two pyramids. Since free BHs is not known,
reference can be made to the Raman frequencies of HgBCO which have been deter-
mined recently.(5o) In the B-H stretching region, two strong bands appear in
the spectrum of PFgBHs at 2385 and 2455 cm~* which appear to be aj; and e type
modes, respectively. Corresponding frequencies are found at 2380 and 243k cm-1
in the spectrum of liquid HaBCO. Boron-hydrogen deformation bands are observed
at 1077 and 1117 cm~+ for the a; and e modes which do not differ greatly from
the corresponding bands at 1073 and 1101 cm-1 in the carbon monoxide complex.

The frequencies associated with the PFs group likewise show a close simi-
larity in pattern to those found in the Raman spectrum of liquid PFs, which was
also obtained in the present work. In this case, the a; and e P-F stretching
frequencies at 832 and 874 em~1 shift to 944 and 958 cm~1 respectively, in the
complex while the a1 and e bending frequencies shift from 484 and 351 to Lkl
and 370 cm~1, respectively.

The remaining modes may be described as a P-B stretch, BHs and PFg rocking
motions, and the inactive torsional mode. The first was easily identified as
the strong polarized band at 607 em~! while the low depolarized band at 197 cm-1
is certainly the PFs rock. The BHg rock was assigned to the rather weak band at
697 cm~t, No information as to the torsional frequency was obtained.

Two fundamentals of PF3BHs were not observed directly. The position of
the first, the symmetrical B-D band, is estimated at 842 cm-1 from its first
overtone, and the position of the second, the BDs rock, is estimated to be close
to 600 em~1 from the comparison with the frequencies of D3BCO. The calculated
product rule ratios using these estimated values are 1.98 and 2.5% for the ai
and e classes, respectively, which may be compared with theoretical values of
1.97 and 2.61. The spectra thus can be interpreted satisfactorily in term of
the Cgy or ethane-like model.

A, THE REACTION BETWEEN FsPBHs AND AMMONIA

As noted in an earlier section, the reaction between FsPBHs and trimethyl-
amine can be summarized by the equations:

MesN + FgPBHz——> MesNEHg + PFga

PFs + MESN( )-——€>NGW’Products

excess

(50) R. C. Taylor, J. Chem. Phys. 26, 1131 (1957); this report, p.
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It is tempting to extrapolate the behavior of NMes and to predict that a simi-
lar reaction might take place if NHs were used in place of NMez, but a well-
supported axiom of coordination chemistry indicates that the chemistry of am-
monia cannot be predicted from observations on other amines. The following
studies were undertaken to establish the nature of the F3PBHg - NHz reaction.

Addition of one mole of NHs to FsPBHsz without solvent over a temperature
range of -78°C to -170°C did not result in liberation of PFgz or the isolation
of HaNBH3. Only NH4F was formed and 1/4 of the original FaPBH3 was recovered
from the system. It was also found that PFs reacted with ammonia at -111°C to
produce NH4F as one of the products.

The NHs + F3PBHs reaction was then tried under somewhat milder conditions
using as excess of NHs. Diethyl ether was used as a solvent and a controlled
low temperature, ranging from -111°C to -35°C, was employed. Under these con-
ditions the reaction is best represented as:

Et20
2 V 3NH,F + (HoN)sPBHS

6NHs + FaPBHy —— >
8 T USTEYS T to -35°¢C

The latter compound, triamido-phosphorus-borane, is a.new ether-soluble crystal-
line solid with a characteristic X-ray diffraction pattern. It is stable when
pure but undergoes decomposition when contaminated. Analytical data for charac-

terization show: Hso = 32.0 mmoles/g; N = U5.5 + .5 mmoles/g; B = 12.1
mmoles/g. Theoretical values for (HgN)gPBHS are Ho = 32.3 mmoles/g;N = L45.3
mmoles/g; B = 11.55 mmoles/g.

It has been pointed out by others that the BHs group isisoelectronic with
the oxygen atom and indeed certain early molecular orbital arguments compared
Bolg and the oxygen molecule. While the original arguments were rendered in-
applicable by geometric differences, one might extrapolate the above unestab-
lished argument to note a similarity between FzPO and F3PBHz with ammonia:

GHsN + FsPBH5 —> 3NHLF + (NHo)sPBH3

EHaN + FaPO——> 3NH4F + (NHz)s PO
The sbove formalistic relationsip does not prove the validity of the analogy.
A combination of more conventional reaction processes might well account for
the observation. For example, one might write

NH
NHs + FgPBHg —> HglBHg + PFa—2> NH,F + FoPNHoBH5

Such a process could well account for the observations of the one to one reac-
tion. Alternatively, one might write

NHg + F3PBH3‘%H3NBH3 + PFqy
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PF3 + 6NHz——> 3NH,F + P(NHz)s
HgBNH3 + P(NHz)3 —> (HoN)sPBH3 + NHg
More detailed mechanistic studies are underway, but the formalistic analogy

which serves at least as a reaction guide is still of interest and is worthy
of more explicit testing. The work is continuing.

D. Raman Spectra, Vibrational Assignments, and
Force Constants for H3BCO and D3BCO

Spectroscopic studies of compounds such as HsBCO are of interest since theycan
provide information not only on the BHz group but also on the nature of the acid-
base "interaction between the BHsz and the CO. In the present work, the Raman spec-
trum of HzBCO, has been obtained, a complete assignment of fundamental frequen-
cies has been made, and a set of valence force constants has been determined which
agrees with experimental data for four isotopic combinations.

Only one previous spectroscopic paper on HaBCO has appeared, a paper by
Cowan(5l reporting the infrared spectrum of the vapor. Five fundamentals re-
ported by him agree with the values found in the present work, two he did not
observe, and his assignment of the last appears incorrect. No data for the DsBCO
molecule have been found.

1. EXPERIMENTAL

Both HsBCO and DsBCO were prepared by reaction of BsHg or BsDs, respective-
ly, with CO in a sealed tube at several atmospheres pressure. After several days,
the tubes were opened and the contents carefully fractionated at low temperatures
on the vacuum line. After fractionation, the sample was distilled into the
Raman cell which was then sealed off. To reduce thermal decomposition, the vapors
were never allowed to come in contact with surfaces warmer than about -50°C during
all transfer operations. The spectra obtained showed no bands attributable to
diborane or CO which would be produced as decomposition products. The sample of
HzBCO examined was about 1 ml in volume while the DsBCO was about 0.2 ml. During
the exposures, the samples were maintained at approximately -80°C, at which tem-
perature the decomposition occurring in the liquid is negligible. A general
description of the apparatus and spectrograph has been given previously.

Exposure times varied from ten minutes to three hours using Eastman 103%a-J plates.
Measurements were made with a comparator directly on the plates and on enlarged
tracings made with a Leeds and Northrup microphotometer. The estimated probable

(51) R. D. Cowan, J. Chem. Phys. 18, 1101 (1950).
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error for most lines reported is approximately 1 cm~2i.

2. EXPERIMENTAL RESULTS

The experimentally observed frequencies for HsBCO are listed in Table XVI
and those for DaBCO are listed in TableXVII. Tracings of spectra of the two sub-
stances selected to show the fundamentals most clearly are shown in Figs. 15
and 16. The agreement between the frequencies here reported and those found
previously in the infrared of the vapor is very satisfactory, the differences
at most amounting to a few cm-1 and being well within the normal shifts in fre-
quency observed in the transition from vapor to liquid. Several overtones and
combinations were observed on some of the longer exposures on H3BCO which are
not shown in the figure. No bands attributable to diborane or CO were observed
in any of the spectra indicating a fairly high purity for the compounds. How-
ever, a weak band was observed at 2411 cm-1 in the spectrum of the deuterated
compound which indicates a small amount of hydrogen to be present.

3. ASSIGNMENTS

The HgBCO molecule has Cay symmetry which predicts eight fundamentals, all
active in the Raman effect, which are either totally symmetric (Al) or doubly
degenerate (E)° Previous work on boron compounds has shown that B-H stretching
frequencies fall in the range between 2000 and 2600 cm-1, Three frequencies ap-
pear in this range in the HsBCO spectrum. Deuterium substitution affects only
two, however; and, on the basis of their polarization characteristics, the band
at 2380 cm~l is assigned as vy and the band at 2434 cm-1 as vs. In the DaBCO
spectrum, the asymmetric frequency vg occurs at 1825 cm-1 but the position of
vy cannot be determined exactly because of Fermi resonance with the overtone of
the fundamental at 860 cm-i. The two members of the Fermi doublet occur at 1678
and 1749 cm-1. The latter is assigned as the overtone and the former to the
fundamental on the basis of the B1O satellite appearing on the high-frequency
side of 1749 at 1777 cm-1. Comparison of the intensities of the two bands indi-
cates that the coincidence between the overtone and the fundamental is very close
and consequently the unperturbed value of vi probably is not far from 1700 cm-1
on the high-frequency side. vy was not observed in the infrared spectrum of
the hydrogen compound(5l) but its predicted value agrees with that given above.
The third band in the 2000 cm-1 region is immediately identified as the C-0
stretch, both from its nearness to the carbon monoxide frequency at 2143 cm—t
and from the fact that deuterium substitution does not shift its position. The
assignment of the band is further confirmed by its polarization characteristics.

The situation with regard to the B-H bending modes is somewhat more compli-
cated. In the hydrogen compound, a triplet is observed in the 1100 ecm~1 region
with maxima at 1073, 1101, and 1133 cm~1, the first being the most intense and
probably polarized. In the DaBCO spectrum, two bands of approximately equal in-
tensity appear at 808 and 860 cm-!, the latter having a weak satellite on its
high-frequency side at 881 cm-1., Since polarization measurements were not made
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TABLE XVI

OBSERVED RAMAN FREQUENCIES OF LIQUID HgBCO AT -80°C

Band Position

(in em-1) Intensity Assignment
AL m vg-e fundamental
632 vVW 2vg
692 w (pol.) v4-a fundamental
T705+2 VW v4/-B19 isotopic species
816 W vy-e fundamental

1073 s (pol.?) v3-a1 fundamental
1101 m Vg-¢ fundamental
1153 W V7+Vs
1626 VVW 2vy
1761 VVW Va+Vy
1887 VVW Vg +V7
2129 v 2vs
2169 s (pol.) Vo-a1 fundamental
2380 s (pol.) vi-a, fundamental
243k s vs-e fundamental
2703 VVw Vit+vg
TABLE XVII

OBSERVED RAMAN FREQUENCIES OF LIQUID DsBCO AT -80°C

Band Position

Intensity Assignment
(in cm=1)

264 W vg-e fundamental

619 m v4-a1 fundamental

706 i v7-e¢ fundamental

808 m Vg-e fundamental

860 m va-a1 fundamental

881 ' v4-B1° isotopic species
991 W ?

1678 s vi-a; fundamental

1749 S 2vg
1777 " 2v3LBlo isotopic species
1825 5 vs-e fundamental
2169 s vo-a 1 fundamental
2411 ' B-H stretch
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on the deuterated spectrum, the product rule plus the results of the normal co-
ordinate treatment were necessary to arrive at a satisfactory assignment. For-
tunately, the dimensions and moments of inertia of the four possible isotopic
molecules of Cgy symmetry, HsB11CO, D3B1llCO, HaBYCCO, DsB1CCO, have been deter-
mined from microwave results(49) so that the theoretical product ratios can be
calculated with no assumptions. The closest agreement with the theoretical
values is obtained by assigning vs to the 1073 em-1 and vg to the 1101 cm~! band
in the hydrogen compounds and vz to the 860 cm=1 and vg to the 808 cm-1 bands

of the deuterium species., Confirmation for the interchange in the relative po-
sition of the two bands in the deuterium case comes from the normal coordinate
calculation of the B10O shift. TFor the A; frequency of the deuterated molecule,
the calculated shift is 22 cm-1, while for the E frequency it is only 5 cm-1, a
separation that would not be resolved by the equipment used. The presence of s
weak satellite 21 em~! higher than 860 cm=1 is therefore accepted as additional
evidence that the higher band is the A; frequency, the satellite being assigned
as va of the BO isotopic species. In the hydrogen compound, the B9 isotope
shifts are calculated to be +12 and +4 cm~! respectively for vs and vg. Since
the observed spacings between the members of the observed triplet are 28 and

32 cm~l, it appears that neither can easily be assigned to the B1O species.
However, the combination of the two E modes at 816 and 317 cm~1 has a calculated
value of 1133 cm~' and the correct symmetry to resonate with an E fundamental
and borrow sufficient intensity to appear as a weak band. The band at 1101 cm~%
accordingly i1s assigned as vg. Cowan, in his infrared workyoLl assigned vs to a
band at 1392 cm-1, No band at this position was observed in the Raman spectrum,
and 1t appears that the infrared band most likely is va + valwhich, from the
Raman data, is calculated at 1390 cm~t. He assigned vz to a band at 1105 cmX but
comments that this band had some peculiar features which now appear explained.

The remaining fundamentals may all be classed as skeletal modes. The only
polarized, fairly irntense band left occurs at 692 cm=1 in the H3BCO spectrum
and shifts to 619 ecm™* upon deuteration. This is assigned to v4 in agreement
with the infrared results. A satellite was observed at 705 cm~% in thermore in-
tense exposures on the hydrogen compound and, on the basis of a calculated shift
of +16 cm=1 from the force constant treatment, is assigned to v4 of HaB1OCO.

The corresponding shift in the deuterated molecule is calculated to be only
5 em~! and accounts for the failure to observe a satellite to the 619 cm™! band.

The two fundamentals v+ and vg can be considered as bending motions of the
axial chain of atoms. The second, vg, the B-C-0O deformation, is to be expected
at a rather low frequency in view of the masses of the atoms involved. It con-
sequently is assigned to the moderately intense depolarized band at 317 cm-1 in
the H3RCO spectrum. This fundamental was not observed in the infrared work, but
its position was predicted quite accurately. In the deuterated spectrum it ap-
pears at 264 cm-t,

The last fundamental, v, which is most simply described as a BHs rock, is
assigned to 816 cm~l partly by a process of elimination and partly from the
infrared evidence. The corresponding band at 706 cm-1 in the deuterated compound
is rather weak, but the correctness of the assignment is substantiated by the
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product rule calculations (Table XX).

L. NORMAL COORDINATE TREATMENT

Cowan(51) carried out a normal coordinate treatment of the HsBCO molecule
based on the results of his infrared study and obtained a set of force constants
which produced reasonably satisfactory agreement with his assignments. However,
in view of the incorrect assignment for vg and of the fact that data on the
deuterated molecule were not available, it would appear that a better approxima-
tion can now be obtained. Since his equations did not include interaction force
constants, the molecule was reanalyzed using the FG method of Wilson and the fol-
lowing symmetry coordinates:

A4 species:

(3 + 302)7/2

SO =
x[AO1s + DOos + Aogy + a(ABy + ABz + AR3)] =0
S; = AT
S = AR
Ss = 371/2 (Ary + Ars + Ars)
-1/2
Ss = (3 + 3a2) [-a(A0ys + AOpz + AQg1) + ARy + ABa + ABg]
where
a = - ch cos B
a
cos =
E species:
-1/2
Ss = 2 (Ars-Ars)
S = 2-1/2 (AB2-1B3)
S; = 271/2 (pogi-bayz)

In terms of the molecule parameters, T refers to the C-O bond, R to the B-C
bond, ri to the ith B-H bond, ogj to the H-B-H angle between ri{ and Ty By to
the ith H-B-C angle and 8y to the B-C-O angle. The equilibrium values for these
parameters taken from the microwave work(4%9) are as follows: T = 1.131A, R =
1.540A, r = 1.194A, o = 113°52', B = 104°37', & = 180°.

The elements of the inverse kinetic energy (G) matrix were evaluated from
the tables of Decius(52) and the note by Ferigle and Meister.(53) As a check on

(52) J. C. Decius, J. Chem. Phys. 16, 1025 (1948).
(53) S. M. Ferigle and A. G. Meister, J. Chem. Phys. 19, 982 (1951).
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the correctness of the equations, the force constants of Cowan were substituted
into the secular equation and the roots were found to agree with his calculated
values. The present calculationsg were carrlied out in terms of the symmetry
force constants, F; and Fij) where the single index indicates principal force
constants and the double, interaction constants. It was found that the calcu-
lated frequencies were rather insensitive to most of the possible interaction
force constants but were quite sensitive to two. It was not necessary to give
values to any of the insensitive constants to obtain a satisfactory fit, and
the potential energy, therefore, is given adequately by the following expres-
sion containing only ten constants:

2V = F_'LS]_2 + FgSga + F3832 + I'2F4S42 + Z2RFo4528,4 + F5S_52
+ 12FgSe2 + reF7572 + RTFgSa® + 2RZFesSesSs

This reproduces the sixteen frequencies of the HaB11CO and DaBllCO molecules
with a standard deviation from the observed values of 0.3% which undoubtably is
less than the error introduced by the harmonic approximation. Since there are
four product rule relations among the sixteen fundamental frequencies, twelve
independent data exist, and the problem is slightly overdetermined. By inspec-
tion of the potential function, it will be seen that the F matrices are nearly
diagonal, only one off-diagonal element appearing in each symmetry block. The
off-diagonal element in the A; block is Fp, linking the symmetrical bending co-
ordinate and the B-C stretching coordinate, while the off-diagonal element of
the E block, Fgg, links the BH3 rocking coordinate with the B-C-O deformation.
In both cases, the two lowest frequencies in the respective symmetry classes
are involved, and considerable mixing of the two motions is indicated.

The valence force potential constants are related to the symmetry force
constants through the elements of the F matrix and in principle may be obtained
by solving a set of simultaneous equations. Frequently, however, the number of
valence force constants exceeds the number of equations available so that a
number of constants must remain undetermined. In such circumstances, the prac-
tice has been either to tabulate appropriate unresolved combinations of the
valence force constants or to make arbitrary but reasonable assumptions re-
garding the magnitude of certain of the constants which permits the assignment
of numerical values for the rest. The usual assumptions involve setting some
of the interaction constants equal to zero; the particular ones selected being
chosen on the basis of previous experience or other physical arguments. An
alternative and perhaps more obJjective way of introducing enough arbitrary as-
sumptions to allow giving values to all valence force coordinates is to retain
the redundant symmetry coordinate, Sp, in the transformation from the f matrix
to the F matrix and then to equate the elements of the F matrix 1nvolv1ng the
redundant coordinate to zero. 1In the present case, this procedure provides
enough equations so that values for all constants can be given. These are tab-
ulated in Table XVIII. It must be emphasized that this method is Jjust as arbi-
trary as the older procedure; the only justification is that it 1s objective
and can be applied in a consistent manner to molecules of different structures.
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TABLE XVIIT

FORCE CONSTANTS FOR THE HsBCO MOLECULE

Symmetry . Valence
Force Valuf Force Valuf
Constant (mda/A) Constant (md/A)
Fi1 17.9800 kep 17.9800
Fo 2.7900 kR 2.7900
Fa 3.,2920 K. 3.1587
Fu 0.3486 ke, 0.2768
Fou 0.1753 kg 0.2801L
k® 0.274k4
Fs 3.0920 Ky 0.0667
Fe 0.2203 Kooy -0.0703%
Fo 0.243k4 kg -0.0339
Fg 0.27hkL ka5=kda -0.0567
Fas 0.0793 kpoy -0.0633
kpp 0.0790
kBB 0.0647
kpp = kyp = Ky = kpg = kppg = kyg = kg = kpy = 0

The values calculated for the fundamental frequencies of carbon monoxide-
borane by the normal coordinate treatment are compared with those observed in
Table XIX. Since two frequencies attributed to B1lO molecules were observed,
the calculationg were extended to include both boron isotopic species. The cal-
culated values for the B1® molecular frequencies are given in Table XIX in the
form of the shifts in frequency from the calculated values of the corresponding
B1l frequencies. As an additional check on the calculations, the B'!/B'° prod-
uct rule ratios were calculated using a set of B10O frequencies obtained by ad-
ding the calculated isotope shifts to the experimentally observed Bil frequen-
cies. The agreement as shown by the numerical values in Table XX is quite satis-
factory.

Comparisons of force constants from different molecules are not always as
meaningful as one would like because published values inevitably depend on such
factors as the type of potential function used and the number of Interaction con-
stants retained, the closeness of fit secured, the magnitude of the anharmonicity
errors, and so on. Bond stretching force constants are the least affected by
such variations and when derived by the usual valency force field can be used
gualitatively in the same fashion as bond energies and bond lengths to give an
indication of the electron density concentrated in a given bond. In the carbon
monoxide borane molecule one of the interesting observations is the small ef-
fect which the presence of the borane group has on the C-0 bond. The force con-
gtant of the C-O0 bond in carbon monoxide gas calculated from the observed infra-
red frequency of 2143 cm-1 is 18.5 md/ﬁ. This is decreased only to 17.98 md/z
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TABLE XX

COMPARISON OF PRODUCT RULE RATIOS FOR VARIOUS ISOTOPIC
COMBINATIONS OF THE HsBCO MOLECULE

Isotope

Held Isotopes Symmetry Frequency Product Ratio

Constant Compared Class Theoret.? Calcb Dev.
Bl H/D Aj 1.931 1.953 1.1%
B11 H/D E 2.513 2.522 0.4
B1O H/D As 1.929 1.951 1.1
B1O H/D E 2.498 2.507 0.4
H B++/B1° Ay 1.036 1.036 0.0
H Bll/Bi0 E 1.017 1.017 0.0
D Bll/plo Ay 1.037 1.037 0.0
D Bptt/B1° E 1.02k 1.023  -0.1

a Calculated from moments of inertia of reference 3 and the masses involved.

b  The frequencies for the Bll molecules were those observed; the frequencies
for the B1O molecules were obtained by adding the shifts determined in the
force constant treatment to the experimental values of the B1l frequencies.

in HsBCO, whereas in nickel carbonylothe C-0 force constant is 15.9 md/ﬁ,(Su)

and in carbon dioxide it is 15.5 md/A. This small change is consistent with

the small (ca 0.001 A) increase in CO bond length and with the chemical insta-
bility of the molecule. However, the adjacent B-C bond is not as weak a bond

as one might expect from this, its force constant of 2.79 md/& being only slight-
ly less than the value 2.9 md/ﬁ predicted by Badger's rule. Unfortunately, there
appear to be no other data available on B-C bond constants for further compari-
SOnS, Howevér, the calculated value for HsBCO does not seem entirely consistent
with the rather large amount of no-bond character which has been proposed 9

for this bond.

The two molecules, perhaps, with which it would be of most interest to com-
pare B-H stretching force constants are diborane and the borohydride ion. A
value of 3.42 md/ﬁ has been used in a normal coordinate treatment of diborane;(55)
however, this figure was transferred unaltered from an earlier treatment of
borazine, 56) and it is of doubtful significance to do more than note that it is
of the same magnitude as the value found in the present work. A more reliable

(54) B. L. Crawford and P. C. Cross, J. Chem. Phys. 6, 525 (1938).

(55) R. P. Bell and H. C. Longuet-Higgins, Proc. Roy. Soc. (London) A183, 357
(1945).

(56) B. L. Crawford and J. T. Edsall, J. Chem. Phys. 7, 223 (1939).
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value has been calculated recently by Scherer(57) in an investigation of the in-
frared intensities of the vibrational bands of diborane but this datum has not
yet been published.

The value of 3.16 md/i found for the B-H constant in HzBCO appears to be
significantly greater than the wvalue 2.77 md/ﬁ calculated for the borohydride
ion (see page 172). This difference can be interpreted as indicating that the
electronic configuration around the boron atom is somewhere intermediate between
the trigonal sp2 hybridization expected for the hypothetical free BHg molecule
and the tetrahedral sp3 hybridization in the borohydride ion and as indicating
that the lone pair of electrons on the carbon atom have not been utilized fully
in forming the boron-carbon bond. The same conclusion, of course, can be drawn
from the larger than tetrahedral angle (113°) in HsBCO.

Finally, it may be pointed out that the experimental product rule ratios
for the hydrogen-deuterium substitution listed in Table XX are greater than the
theoretical values, even though the differences are not large. Exact agreement,
of course, is not to be expected since the observed rather than harmonic values
have been used in calculating the ratios. However, the normal effect of anhar-
monicity is to cause the experimental ratios calculated in this way to be less
than the theoretical{58) In view of the weight of other evidence and of the
fact that all experimental ratios are greater than the theoretical, it does not
seem probable that there is an error in the assignments. The difference, there-
fore, may also reflect the specific electronic structure of the molecule or the
BH3 group and, if so, should be found in other molecules containing the borane
Eroup,

E. The Structure of the Diammoniate of Borane-Carbonyl

1. BACKGROUND

When borane-carbonyl was first prepared by Burg and Schlesinger,(59) it was
noted that the complex reacted with trimethylamine to give trimethylamine-borane
and free CO, but the compound appears to react in a different fashion with am-
monia. A solid product containing 2 moles of ammonia per mole of borane-carbonyl
was formed. The structure of this so-called "diammoniate of borane-carbonyl' re-
mains a mystery, and the mystery is being examined in this laboratory.

(57) J. Scherer, thesis, Univ. of Minn., April, 1958.
(58) F. Halvorsen, Revs. Modern Phys. 19, 87 (1947).
(59) A. B. Burg and H. I. Schlesinger, J. Am. Chem. Soc. 59, 780 (1937).
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2. THE MODEL

In rationalizing the behavior of borane-carbonyl, a formalistic analogy be-
tween FaPO and F3PBHs was noted. The BHs group seemed to be serving in a formal
sense as a coordinated oxygen. An extrapolation of the above argument would
suggest that HsBCO might be analogous under some circumstances to COz and the

diammoniate of borane-carbonyl might well be considered analogous to ammonium
carbonate.

O —
|
2HaN + COp——> NHY ¢-0
NHo

PHsN + HgBCO —NHY HBB-C\
NH2

The resulting solid HsBCO*2NHs does not easily form a crystalline solid which
will yield either a powder pattern or single-crystal photograph. The problem

is similar to that encountered in the early studies of BpHg+2NHz. As in the
former case, chemical evidence may well provide the first structural information.

Samples of HsBCO-2NHs have been prepared for study. The diammoniate 1s
much more stable than the parent HsBCO molecule.
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ITI. THE REACTIONS AND STRUCTURES OF THE AMMONIA
ADDITION COMPOUNDS DERIVED FROM TETRABORANE

A. Background

Although the reaction between diborane and ammonia has been studied rather
intensively, little work other than the pioneer study of Stock and his col-
leagues(6o) hags been carried out on the tetraborane-ammonia reaction. The solu-
tion of the structural problem associated with BgHg:2NHs increased interest in
the ammonia addition compounds of tetraborane, since the possibility of a system-
atic extension of concepts seemed most challenging. Indeed, as will be shown
in the following sections, the chemistry of tetraborane parallels that of di-
borane rather closely.

B. The Preparation and Structure of the Diammoniate of Tetraborane

1. THE PROBLEM

In their initial study of the reaction between tetraborane and ammonia
Stock, Wiberg, Martini, and Nicklas(6o) froze excess ammonia and tetraborane
together using liquid air; then they held the system at -78°C for one hour.
When excess ammonia was removed, the composition of the residue corresponded
to the formula ByHio+4NHz. The solid decomposed when warmed to room tempera-
ture; gaseous boron compounds, hydrogen, and ammonia gas were liberated, and
the "salt-like solid turned to a liquid." When excess tetraborane was used
in the reaction instead of an excess of ammonia, an unstable solid residue of
composition B4H10°+2.5NHs resulted.

In a careful study of the same system made in this laboratory, neither
the formula ByHio+4NHz nor ByHi10°2.5NHs could be verified despite all efforts
to reproduce the experimental conditions described in the original study. A
modification of the experimental procedures resulted, however, in the isola-
tion of a pure diammoniate of tetraborane ByHio<2NHs3, which is stable at room

(60) A. Stock, E. Wiberg, and H. Martini, Ber. 63, 2927 (1930); A. Stock,
E. Wiberg, H. Martini, and A. Nicklas, ibid., 65B, 1711 (1932).

WADC TR 59-207 100



temperature. A preliminary description of this solid has been given.(61) In
this report a more complete account of the investigation is recorded, and evi-
dence is presented in support of the belief that the original "compounds" de-
scribed by Stock and his co-workers were indeed complex and unstable mixtures.

2. THE PREPARATION AND PROPERTIES OF BsHig-2NHg

When ammonia was added slowly to a cold (-78°C) ether solution of tetra-
borane, the ammonia was absorbed completely. An excess of tetraborane (in re-
lation to ammonia) was always used. If the system was aged at low temperature
(4 days at -78, 12 hours at -45), and then the solution filtered and the sol-
vent removed from the filtrate at -45°C, a white, dry, microcrystalline solid
identified by analysis as ByHio0-2NHs was obtained. The molecular weight of the
product as determined by vapor pressure depression in liquid ammonia was 81
(6lc). In diethyl ether values obtained by vapor pressure depression ranged
from 150 to 250. The theoretical value for BsHi10°2NHs 1s 87. The marked dis-
crepancy between results in liquid ammonia and in ether would suggest that
ByH10°2NHs is an ionic type of solid. Ionic solids such as NaBH,, NH4Br, and
[HoB(NH3 )2 )BH, exist in liquid ammonia as ion pairs, thus %iving a molecular
weight in this solvent equal to the normal formula weight. On the other
hand, certain ionic or semi-ionic solids which dissolve in ether le.g., FeCls,
NagHB(CHs)g](65) give ion clusters and high values for the apparent molecular
weight.

The compound ByH10°:2NHs undergoes no visible decomposition in air at room
temperature. It dissolves in cold water with only very slow hydrogen evolution.
Acid or platinized platinum accelerates hydrogen evolution markedly in water.
The compound is soluble in liquid ammonia and, Jjudging from its X-ray powder
pattern, it is unchanged upon recovery from the liquid ammonia solution. If
perfectly dry, the compound will dissolve in anhydrous diethyl ether to give a
stable solution at room temperature; the compound can be recovered unchanged by
evaporation of the solvent. If, however, the solid has been handled in moist
air prior to its solution in ether, a precipitate slowly forms. The diammoniate
of tetraborane is insoluble in aromatic as well as in aliphatic hydrocarbons.

The crystalline nature of the material is indicated by the X-ray powder
data. The interplanar spacings and relative intensities of the reflections are
given in Table XXI. A single-crystal X-ray study is being conducted in the lab-
oratory of Dr. C. Nordman of this department.

(61) a) G. Kodema and R. W. Parry, J. Am. Chem. Soc. 79, 1007 (1957); b) G. Ko-
dama and R. W. Parry, paper presented before the Inorganic Section of the
Sixteenth International Congress of Pure and Applied Chemistry, (Paris,
1957), p. 483%; c¢) G. Kodama, Ph.D. dissertation, Univ. of Mich., 1957.

(62) R. W. Parry, G. Kodama, and D. R. Schultz, J. Am. Chem. Soc. 80, 24 (1958).

(63) A. B. Burg and G. W. Campbell, Jr., J. Am. Chem. Soc. Tk, 37kl (1952).
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TABLE XXI

INTERPLANAR SPACINGS AND RELATIVE INTENSITY DATA FOR

B4Hio+2NHg

Intensity* a(A) Intensity d(i)
W 6.50 W 2.36
W 6.10 mw 2.29
m L.63 W 2.18
s L.10 W 2.03
m 3.69 W 1.97
W 3,48 vw 1.89
m 3,29 v 1.84
\ 3.06 vw 1.81
ms 2.88 W 1.78
m 2.78 vw 1.74
% 2,62 VW 1.60
m 2.57 vw 1.54
m 2.52 VVW 1.50
W 2.46

*s = strong, m = medium w = weak, v = very.

5. CHEMICAL EVIDENCE FOR THE STRUCTURE OF B4Hio*2NHs

Although no unequivocal physical evidence on the structure of ByHjo-2NHs
is yet available, it is possible to assign a structure with a high degree of
certaintyon the basis of chemical evidence. The arguments listed earlier sup-
porting an ionic or semi-ionic model are reminiscent of those used in the case
of the diammoniate of diborane which has the structure [HoB(NHs)o][BH.]. The
structures of diborane and tetraborane can be represented in planar projection
as:

=
Ve

—& H

B

— N

H ' ' i
H/B@B\{ = E\{:

=
N

- - wm A - .- - -

=t ——— 0 =

It is significant that the end borons of tetraborane are bound to the rest of
the molecule only by double bridge bonds. This feature resembles rather close-
ly, but is not identical to, the double bridge bond structure of diborane. Non-
symmetrical cleavage of the double bridge bond of diborane by ammonia (see
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dotted line on formulas) results in the structure [HoB(NHg)a][BH]. An appli-
cation of the same argument to tetraborane suggests for the diammoniate of tetra-
borane the structure [HzB(NH3)2][BsH5]. Such a model immediately suggests a
number of discriminating chemical reactions which should be of structural sig-
nificance. These are outlined below.

(a) The Reaction of ByHio0-2NHs with Sodium

The reaction between sodium and the diammoniate of diborane was one of the
basic experimental points upon which proposals for the structure of BsHg«2NHsg
were based. The data may be interpreted(6”) in terms of the structure [HsB(NHs)s)
[BH.] by using the following equation:

lig NHs

(HoB(NHg) 2] [BH4] + Na _78°C

1/2 Hz + NaBH, + HoBNHo

Since the reaction is fundamentally that of the complex cation EQB(NH3)2]+ and
sodium, one would expect the following reaction if the proposed structure for
BsH10:2NHs were accepted:

[HeB(NHg) 2] [Baflg] + Na 2918 o 1 /5 H, 4+ NaBgHg + HoBNHa

-78°¢C

The prior isolation and unequivocal characterization of NaBsHg in an excellent
independent study by Hough, Edwards, and McElroy(65) provided an easy and mean-
ingful framework for the study of the above reaction.

A solution of B4H1p°2NHs in liquid ammonia will react with dissolved metal-
lic sodium at -78°C to liberate one half mole of hydrogen per mole of ByHio'2NHs
(see Fig. 17 for related data). This reaction is complete in 20 minutes; fur-
ther hydrogen evolution proceeds more slowly (Fig. 17). If the reaction is
stopped after the initial rapid hydrogen evolution process has been completed,
NaBsHg can be extracted in 60 to 70% yield from the solid residues by leaching
them with diethyl ether. The NaBsHg was identified by comparing its X-ray pow-
der pattern with that of an authentic pattern for NaBsHg which was kindly fur-
nished by Dr. L. J. Edwards of Callery Chemical Company.

(b) The Reactions of ByHio-2NHs with HCl and HBr

Schlesinger and Brown(66) found that under proper conditions metal borohy-
drides will react with HCl as indicated by the following equation:

(6k) D. R. Schultz and R. W. Parry, J. Am. Chem. Soc. 80, 4 (1958).
(65) W. V. Hough, L. J. Edwards, and A. D. McElroy, J. Am. Chem. Soc. 78, 689

(1956).
(66) H. I. Schlesinger and H. C. Brown, J. Am. Chem. Soc. 62, 3429 (19L0).
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MBH, + HCl——>MC1l + Hpo + 1/2 BoHg

In his early studies on the diammoniate of diborane Stock(67) noted that HCl
acts on BgHg:2NHs to give significant quantities of BoHg. The observation was
interpreted by Schultz in this laboratory as evidence for a borohydride ion
in BpoHg*2NHg.

[HoB(NH3) 2] [BH, ] + HK—> [HoB(NH3)2)X + Hz + 1/2 BoHg

An extrapolation of such an argument to the structure proposed for ByHio°2NHs
gives the equation:

[HzB(NHs)]2[BaHg] + HX-——> [HoB(NHg)2]X + Hp + BaHy
(X = C1” or Br™)

The BaH7 group would immediately undergo further reaction unless stabilized by
coordination with a suitable base used as solvent. The interaction of HCl with
a stoichiometric quantity of ByHi0+2NHsz in diethyl ether solution at -78°C gave
rapid liberation of the expected mole of hydrogen and immediate precipitation
of the ether insoluble solid [HoB(NHg)2]X where X = C1™ or Br~ (Fig. 18). The
complex chloride and bromide salts were shown to be purer forms of the salts
first prepared earlier from the diammoniate of g}borane.(6u) Indeed, it is

Hp/ BaHyo- 2NHy
)

>

Fig. 18. Evolution of Hs from the reaction of ByHio:2NHg with excess of HCl.

(67) A. Stock, Hydrides of Boron and Silicon, Cornell Univ. Press, Ithaca, 1933.
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proper to note that the reaction between B Hin°2NHs and HC1 or HBr in diethyl
ether at -73°C is the best method currently available for preparing pure samples
of chloride and bromide salts of the dihydride-diammineboron (III) cation.

Analytical values and molecular weight data based on vapor-pressure depres-
sion of a liquid ammonia solution are contained in the experimental section, and
a single-crystal X-ray study of the chloride salt by Nordman and Peters(68) re-
moves all doubt about the structure of this solid.

(¢c) The Preparation of Ammonia-Triborane from ByHio-2NHs

When diethyl ether was used as the solvent at -78°C, the BsH, fragment,
resulting from the action of HC1 on ByHip:2NHs, was stabilized at -78°C by for-
mation of the etherate, (CoHs)o0BsH7. If such a solution is warmed, the etherate
dissociates and the BgH, group decomposes. If, however, ammonia is added to the
cold (-78°C) ether solution, ammonia, being a stronger base than ether, will dis-
place it to give the stable solid.

s + (Cofls)20BgHy LOC 5 (Colis)20 + HoNBgHy

Eto

The ammonia adduct produced was identical in all respects to the product pre-
pared by other methods and described elsevhere.(69) Yields were about L45%.

In summary, strong evidence has been presented for the cation [HgB(NHg)E]
and the anion EgHg in ByH:10°2NH3. It is suggested that the anion has the gen-
eral form:

’I.'

"@\
b

m—w — tI:‘—‘Ii

resulting from the original B4H.po geometry. Such a structure is suggested by
the known geometries of the parent ByH:ic and the daughter compound H3NB3H7O(7O“7B

H-—I ——ﬁkg/

H3N~B-—Jq
H
(68) . Nordman and C. Peters, J. Am. Chem. Soc., in press; this report, p,34.
(69) G. Kodama and R. W. Parry, J. Am. Chem. Scc., in press; this report, p. 120.
(70) €. Nordman and C. Reimann, J. Am. Chem. Soc., in press.
(71) This report, p. 132.

WADC TR 59-207 106



L. THE SYSTEM AMMONIA-TETRABORANE IN ETHER—EXCESS AMMONIA PRESENT

Using excess ammonia in the direct reaction of ammonia and tetraborane in-
stead of excess tetraborane, Stock(6o) found the unstable compound By Hio:4NHs.
The following study in ether was undertaken in an effort to isolate or obtain
evidence for a stable form of Stock's tetraammoniate of tetraborane.

A given quantity of tetraborane was dissolved in diethyl ether. Ammonia
was then introduced above the liquid at -78°C. The apparent equilibrium pres-
sure (ammonia plus ether) above the solution at -78°C was measured as the am-
monia content of the system was increasgd. Results are summarized in Fig. 19.
Although a choice between the formula ByH;o-2NHs3 and the formula ByHi0-2.5NHs
is arbitrary from the data of Fig. 19, the former composition is preferred in
view of previously described observations. It is particularly significant that
no evidence suggesting the expected composition B4Hi0+4NHs is contained in
Fig. 19. On the other hand, certain, as yet incomplete, observations suggest
the possibility of higher ammoniates. The ether solution remained clear as long
as the ratio NH3/B4H10 did not exceed 2, but a noticeable precipitate formed
when the ratio exceeded 2.5. Data on the preparation of BgHip-2NHs indicate
that compound formation proceeds very slowly at -78°C. A long aging period was
required. Since the entire experiment of Fig. 19 was completed in 5 hours, it
is doubtful that the formation of the final compound, ByHi10:2NHs, was ever com-
pleted. Intermediate ammoniates are a more reasonable possibility,(72) The
formation of the trace of precipitate suggests the possibility of an ether-in-
soluble higher ammoniate, but the amount of solid available up to the present
time has not permitted characterization.

5. THE SYSTEM AMMONIA-TZETRABORANE WITHOUT SOLVENT

The earlier study(6o) on the system ByHio-NHs involved mixing quantities
of ByHio and NHs together and then pumping off the excess ammonia or tetra-
borane after equilibration for 1 hour at -78°C. Similar experiments conducted
in this laboratory indicated that many hours of aging were required for apparent
equilibration. This fact alone indicates that the earlier products were in all
probability mixtures rather than single solid phases.

In a typical experiment, patterned after that of Stock, an excess of am-
monia was frozen with a measured quantity of tetraborane; then the system was
equilibrated at -78°C for 5 hours. After 5 hours the reaction vessel was opened
to a trap cooled with liquid nitrogen and excess ammonia was removed. The over-
all compesition of the BgHio-NH3 adduct was followed as a function of time.

Data are shown in Fig. 20. Comparable date of Stock for a sample without the
preliminary 5-hour aging period are shown for comparison. Under the conditions

(72) This study was carried out before the preparation of ByHi0°2NHs, and the
observations made herein suggested the procedure which led to the isola-
tion of BsH:o-° 2NH3 °
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described above, the composition of the residue at -78°C corresponds to the for-
mula By4Hi0°TNHz. When no change in composition was detected at -78°C, the tem-
perature was raised to -63.5°C. At this higher temperature, ammonia was lost
without significant hydrogen evolution. The composition of the residue appeared
to be approaching By4Hi0°3NHs, although the stoichiometry was rather poor (Fig.
20). At temperatures above -63.5°C additional ammonia was evolved and the ratio
N/B4 slowly approached 2. It is significant that in systems of this type Hs
evolution became quite vigorous above 0°C, and the ratio Hg/B4Hlo became as
large as 0.82 on some samples after several days.

A pressure composition diagram was then constructed for the system BsHio0-

NHz. A sample of ammonia was placed in a tube and a measured excess of ammonia
was added. The apparent equilibrium pressure above the solid adduct was meas-
ured at -78°C, -63°C, -45°C, and -35°C. Part of the ammonia was removed and
the pressure measurements were repeated. Many days were required to reach a
steady pressure at each temperature-composition point. Data are presented in
Fig. 21. At temperatures above -T78°C the highest definite ammoniate appears to
be B4Hlo°6NH3u At -78°C the data do not exclude the composition ByHi0°TNH3
shown in Fig. 20. It is also of interest to note that the data of Fig. 20 are
not in conflict with the existence of ByHi10°6NH5 at -63.5°C, but simply imply
that such a hexammoniate has a measurable dissociation pressure at that tempera-
ture; thus ammonia can be removed to a trap cooled with liquid nitrogen.

Stock's observations on the instability of the above product at tempera-
tures above -23°C were confirmed. The adduct of ByH1o-NH5 prepared without sol-
vent evolved ammonia and hydrogen gas and became liquid when warmed to room tem-
perature. In fact, even "stable ByH1o-2NH3" lost hydrogen and ammonia and turned
to a liquid when added to the viscous liquid residues from the above system.

Thus even if ByH;0-2NHs were formed by the direct reaction of RyHio and ammonia,
the unstable and catalytically active byproducts formed in the same reaction
would complicate the isolation of pure BgHi10°2NHs at room temperature.

Some evidence for [HsB(NHa)s][BsHz] was indeed found in the product result-
ing from the reaction described by Fig. 20 and in related processes. If ByHipo
and ammonia were frozen together with liquid nitrogen and then warmed to -78°C,
aged for 3 days at this temperature, dissolved in liquid ammonia, and treated
with metallic sodium, hydrogen gas was evolved (Fig. 17) and NaBsHg could be ex-
tracted from the solid product in yields up to 60%. Such an observation suggests
that the solid product resulting from the prolonged interaction of tetraborane
and excess ammoniaat -78°C is largely an ammonia addition compound or ammonia
solvate of [HsB(NHg)z][BsHgl; the data would argue against the hypothesis that
any major pocrtion of the BaHg ion has been destroyed through attack of the am-
monia on its double bridge bonds. The problem of higher ammoniates is still
being studied.

The utilization of a solvent such as ether to moderate the direct reaction
between a boron hydride and an electron donor molecule was initiated by Steindler
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and Schlesinger(75) in a study of the reaction between diborane and hydrazine.
They obtained excellent stoichiometry in diethyl ether, while Emeleus and Ston‘7m

failed to isolate well-defined compounds in an earlier investigation involving
direct combination of reagents. Similarly, Campbell, Bissot, and Parry 1) were
able to moderate the reaction of diborane and hydroxylamine by using ether as a
solvent; yet without the solvent the reaction either would not go or resulted

in a violent explosion. All available data thus suggest that Stock's earlier
direct reaction products (i.e., B H10:2.5NHg and ByH10-4NHs) were in all proba-
bility complex and unstable mixtures, which contained some undefined precursors
of the structure [HsB(NHs)Z)BaHS].

6. DISCUSSION

The foregoing observations suggest that the use of a solvent is important
in the isolation of a stable tetraborane-ammonia adduct. It is equally clear
that the choice of the solvent ether is of great importance in determining the
nature of the product formed. If the ether is a relatively strong electron
donor, it will cleave the double bridge bond of the tetraborane molecule sym-
metrically to give one half mole of BgHg and the etherate of BgHy. Addition
of ammonia to this system then results in the displacement of the ether by the
stronger base to give the compound HsNB3H7,(69) On the other hand, if the
ether is a weak electron donor and it does not attack the diborane molecule un-
der the conditions used, it will simply serve as a diluent and heat-transfer
medium to minimize localized overheating. Under such conditions the ammonia
attacks the tetraborane molecule directly in the ether solution and effects non-
symmetrical cleavage of the double bridge bond without further decomposition.
It is clear that BiHi o is not attacked by the diethyl ether at low temperature
gsince it was found in this and other laboratories(76) that BoHg, the normal de-
composition product, is not evolved and ByHio can be separated unchanged by
fractionation.

The resemblance between the chemistry of diborane and the tetraborane is
indeed striking. Nearly every diborane reaction finds a predictable and veri-
fiable counterpart in tetraborane chemistry. Such analogies are apparent in
this and another section of this reportb(69)

(73) Steindler and H. I. Schlesinger, J, Am. Chem. Soc. 75, 756 (1953).

(74) H. Emeleus and F.G.A. Stone, J. Chem. Soc. 840 (1951).

(75) D. H. Campbell, T. C. Bissot, and R. W. Parry, J. Am. Chem. Soc. §9,
1949 (1958).

(76) H. I. Schlesinger, Univ. of Chicago, Navy Contract No. N173 S-9820, Final
Report (1946-L7).
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7. EXPERIMENTAL

(a) Reagents Used

(1) BuHio.—The majority of the tetraborane used in this investigation was
donated by Professor Thomas Wartik of Pennsylvania State University and by Drs.
George Huff and L. J. Edwards of Callery Chemical Company. Some of the product
was prepared in this laboratory. The high-pressure storage of BoHg in a stain-
less-steel cylinder at room temperature was the best preparative method. This
method was described to R. W. Parry by Dr. Wartik and Dr. Edwards and will be
described in more detail by them. The product was fractionated at -85°C or
-95°C and stored at liquid nitrogen temperature. It was again fractionated at
-100°C before its use. The vapor pressure of the purified compound was 386+
1 mm at 0°C.

(2) Other Reagents.—Commercial NHs, (CzHs)20, LiAlH,, BFs, NeH, Na, etc.,
were used in top quality grade. Customary methods of purification and handling
were used and have been described in earlier reports.(77)

(b) The Preparation of ByHig:2NHs

The slow addition of ammonia to a cold (-78°) ether solution of B4Hip gave
complete ammonia absorption. An excess of ByHio was always used. After ammonia
addition the system was aged for four days at -78° and for twelve hours at -45°,
The solution was filtered on a vacuum line filter at -45° to remove a slight tur-
bidity; then the ether was removed at -45° from the clear filtrate. The white
solid which was left after removal of the ether was washed with cold dry benzene
and transferred to a filter disc. It was then washed through the filter disc
with dry ether. Removal of the solvent left a white, dry microcrystalline solid
which was characterized as follows. Anal. N, 32.3; B, 49.4; Hs 124.3 mmoles/g.
Theory for ByHio:2NHs: N, 32.1; B, 49.5; Hs, 125.8 mmoles/g based on the hydroly-
sis equation

BuH10°2NHs + 8Ho0 + 2H+Y——> LHBO, + 2NHZ + 11Hs
The molecular weight as determined by vapor pressure depression in liquid
ammonia was 8l. Theoretical for ByH10°2NHs is 87. Yields ran as high as 86%

based on the NHs used or 78% based on the ByHio (slight excess used).

In Table XXII a number of reaction conditions and their results are listed.

(77) R. W. Parry, et al., The Chemistry of Boron Hydrides and Related Hydrides
WADC Tech. Report 56-318 (1956).
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TABLE XXIT

THE REACTION OF B4Hj;o AND NH5 IN DIETHYL ETHER

Yield of
ByH10+2NHs
B4H10 NHs Ether NHs Temp. . Based  Based
(mmoles)  (mmoles) (ml) BuHio (°c) Time on on Remarks
NH3 B4Hio
(pet.) (pet.)
k.18 7.56 35 1.8 -7§7go 30 min 0 0 (a)
4,20 1.91 2 odss B 1 oy 12.3 (v)
2.18 3,35 3 1.54 -95 1 hr low low
3.08 5.55 5 1.8 -78 4 hr 40.5 37.4 (a)
2.05 3.84 10 1.88 -78 3 days 5k 51 (c)
-78 4 days
2.37 L.o5 10 1.8 86.5 7.7 (c)
=45 12 hr

a Product became liquid at room temperature.

b Purity of product in doubt because methods of purification were not well de-
veloped at the time of the run.

¢ Solvent ether removed at room temperature.

(¢) The Reaction of ByHi145-2NHg with Sodium in Liquid Ammonia

A sample of ByHio0°2NHg weighing T4.8 mg (0.856 mmole) was placed in a dried
nitrogen-filled tube and an excess of sodium in a bulb was crushed into the tube.
The tube was attached to the vacuum line and 2 ml of liquid ammonia was condensed
onto the sample. The temperature was rapidly raised to -78°C. In 5 minutes
0.358 mmole of Ho was liberated. On standing for an additional 15 min at -75°C,
0.101 mmole of Hp gas was evolved. (Total Hz = 0.459 mmole = 1.07 equiv Hp/By4Hio:
2NHz.) The excess sodium was eliminated by shaking with mercury and filtering
at -35°C. Hp gas evolved during this operation was 0.027 mmole. Most of the
solvent ammonia could be removed at -35°C by distillation. Warming the residue
to room temperature resulted in rapid evolution of Hpo gas. (Total Hs then
equaled 1.35 mmoles.) The solid residue was leached with dry diethyl ether at
room temperature in the vacuum line extraction system. From the filtrate NaBsHg
was obtained by evaporation of the solvent at room temperature. The yield of
NaBsHg was 69% based on the equation:

[HoB(NHg)2][BsHg] + Na— HoNBHs + NH5 + NaBsHg + 0.5 Ho
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(d) The Reactions of ByHio+2NH5 with HCl and HBr. The Formation of
[HoB(NH3) 2101 and [HoB(NHs) o Br.

In a typical run 1.84 mmoles of B4H10°2NHs was placed in a reaction tube
and dissolved in about 2 ml of diethyl ether. The solution was frozen with
liquid nitrogen and 1.78 mmoles of HCl was condensed into the tube. When the
temperature was raised to -78°C, hydrogen gas (1.74 mmoles) was evolved in 15
minutes and a white precipitate formed. The precipitate was separated in the
vacuum line filtration assembly; the solid was washed through the filter disc
with liquid ammonia, and the solvent ammonia was distilled from the filtrate
at -45°C. A sample of HzB(NH3)2]Cl weighing 119 mg remained (yield = 79%).
Analytical data showed B = 13.2%; N = 33.9%; hydridic H = 2.41%; C1- = L2.7%.
Theoretical values for [HpB(NH3)2]Cl: B = 13.1%; N = 34.0%; hydridic H = 2.43%;
Cl”™ = 43.05. The molecular weight was determined by vapor pressure depression
in liquid ammonia using standard methods(62) (see Fig. 6). The value obtained
by extrapolation to infinite dilution was 95. The result is in only fair agree-
ment with the theoretical value of 82.3, but the deviation is in the range of
uncertainty of the method. The X-ray powder pattern was the same as that for
[HoB(NHs)2]C1 made in an earlier study(6%) and is identical to the powder pat-
tern calculated from the single-crystal data of Nordman and Peters. (68)

The compound [HoB(NH3)2]Br could be obtained by a similar procedure if HBr
were substituted for HCl. Analysis of the bormide salt gave: B = 8.L6%; N =
22.15%; Br- = 62.5%; hydridic H = 1.56%. Values calculated for [HoB(NHs)s]Br
are: B = 8.53%; N = 22.10%; Br~ = 63.02%; hydridic H = 1.58%. The molecular
welght in liquid ammonia was about 120 as compared to a theoretical value of
127 (Fig. 6). Detailed powder pattern is given elsewhere.(64)

(e) The Preparation of HgNBsH; from ByHio-2NHs

The filtrate obtained from the reaction between ByH10-2NHs and HC1 (see
previous section) was agitated constantly at -78°C and 1.44 mmoles of ammonia
gas was slowly introduced into the system. It was absorbed completely. The
solvent ether was removed at room temperature and from the viscous liquid left
in the tube HaNBsH7 was sublimed in the vacuum sublimation system at 4O to 50°C.
The yield was 36.5 mg or 45% on the basis of ammonia added.

(f) The System Ammonia-Tetraborane in Ether—Excess Ammonia Present

A sample of tetraborane (1.02 mmoles) was dissolved in 4 ml of diethyl ether
and maintained at -78°C under constant agitation by means of a pulsating magnetic
stirrer. Measured amounts of ammonia were introduced into the system. A con-
stant pressure was reached in less than 5 minutes after each addition of NHs.

The pressure above the system was measured using an oil manometer. The blank
run was made without BsHio in the ether. Data are given in Fig. 19.
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(g) The System Ammonia-Tetraborane Without Solvent

The stoichiometry obtained for the direct reaction of tetraborane and am-
monia without solvent was strongly dependent upon experimental conditions. The
two cases differentiated by Stock were reaction systems containing an excess
of ammonia and those containing an excess of tetraborane.

(1) Excess Ammonia Present.—A measured amount of ByH;o was condensed by
liquid nitrogen at the bottom of a reaction tube and a measured amount of am-
monia condensed in a ring above it. The system was allowed to warm slowly to
the reaction temperature. Data for a typical run are plotted in Fig. 20 and
several runs under different conditions are summarized in Table XXIII. A rapid
examination of runs 1 and 3 indicates that the formula approached by the re-
sulting residue is strongly dependent upon the aging period provided at -78°C
and upon the temperature of the sample during removal of excess ammonia. It
will be noticed that Stock, Wiberg, and Martini used well-specified time and
temperature for their initial reaction and well-specified time and temperature
for the removal of ammonia to obtain the results reported. The marked time de-
Pendence strongly suggests a reaction mixture which had not reached its equilib-
rium condition.

(2) Excess Tetraborane Present.—The reactants were frozen together as in-
dicated previously. Excess ByHio was distilled from the mass. Typical data
are shown in Table XXIV. 1In run 2 a small amount of solid, stable at room tem-
perature, appeared on the wall of the tube above the decomposing residue. The
X-ray powder pattern of the solid was that of ByHip:2NHs.

(h) The System ByHi0-NHz-ByH1o"2NHs

About 30 mg (0.3 mmole) of freshly prepared ByHio'oNHg was placed in a re-
action tube, and 1.25 mmoles of ByHio and T7.30 mmoles of NHs were condensed above
the solid. The system was allowed to warm slowly to -78°C and maintained for
12 hours at this temperature. After the removable ammonia was distilled out at
-78°C, the system was allowed to warm to room temperature. The B4H10-NHy ad-
duct formed by the direct interaction became liquid, evolving gas. The crystal-
line B4H10°2NHg gave off gas as it came into contact with the decomposing liquid.
In 4 hours 1.02 mmoles of Hs was collected and a viscous liquid phase removed in
the reaction tube. At this stage the Ho gas evolution from the system was very
slow. At this point more B4H10-2NH5 (0.16 mmole) was added to the system. Slow
evolution of gas was observed at the solid-liquid interface. In about an hour
close to 0.2 mmole of Ho gas was collected. A small amount of solid phase re-
maining in the viscous mass was ldentified as ByHi10°2NHs by its X-ray powder pat-
tern.
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TABLE XXIIT

SUMMARY OF RUNS ON B4HioNHs

Millimoles Reaction NH; Removal NH./B,H, o
Run : : Ratio Ho/B,Ho,
No. |B4H1o gfs :t ?f?ﬁ' f;mi ngﬁ' Time Approached mmoles
ar i ( (hr) by System
Data from This Study
-196 -78 8.5 - T7.05 nil
Non 2.
Loonok 1258 s % g5 600 5 4o 5.0 nil
2 1.12 8.3h -165 12+ 6 2 0.0
. . to -65 -63.5 -- 3. .053
3 0.3%25 L.66 - 78 1 -78 24 3.2 0.15
-63 6 2.91 0.15
-5 3 2.83 0.15
0% 8 2.34 0.17
0 25 2.16 0.70
25 6 2.16 0.76
Y 0.337 5.17 - 78 2k -23 3.3 3.03 0.016
25 18 2.14 0.72
70-80 5 2.1k 0.81
25 2L 2.1k 0.82
Comparable Data from Stock, Wiberg, and Martini
1S 0.Mh5 k.7 - 75 1 =75 Ab. 38 k.0 N.R.P
25 0.455 4.8 - 75 1 =75 Ab.3 4.0 N.R.
35 0.h442 4.6 - 75 1 -5 Ab.3 4.0 N.R
*About 3.
Not reported.
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TABLE XXIV

THE ADDITION OF EXCESS B4Hj;o TO AMMONIA

Time at
R mmoles mmoles 7 Temp Ratio
YONHs  BuHio enp Listed NHs/BsHio Remarks
(min)
1 1.62 5.53 =196 to -126 20
Unstable at room
-95°¢C 30 2.25 temperature.
-78°C 90 |
2 2.46 8.37 -196 to -95 20 B
Mostly unstable at
-78°C 30 1.8 room temperature but
some ByHi15-2NHs iso-
-35°C 150 | lated.

(i) The Reaction Between Sodium and the Solid Product Resulting from the
Direct Interaction of ByHio and Excess NHs

To the product from run number 1 of Table XXIII 3 ml of liquid ammonia was
added; then a bulb containing an excess of sodium metal (0.1 g) was crushed and
added to the frozen system. The temperature was permitted to rise to -78°C and
then held at this value. Hp evolution as a function of time i1s shown in Fig.
17. Similar data for run number 2 are shown on the same figure. In both cases
one half mole of Hy per mole of ByHio was liberated rapidly, but the rate of
the secondary Ho evolution proecess varied widely depending apparently on sample
purity.

In a second run intended to isolate solid sodium salts before they decom-
posed in the system, the following procedure was followed. About 3 ml of am-
monia was condensed above 1.86 mmoles of ByHio in a reaction tube. The system
was allowed to warm slowly to dry-ice temperature and then was held at -78°C
overnight. An excess of sodium was added to the system as described before;
then the temperature was raised rapidly to -78°C. After one-half hour, am-
moenia and evolved hydrogen were removed, and 1.17 equivalents of Hs per mole
of B4Hio were found. The last traces of ammonia were pumped off at room tem-
perature. The solid residue was leached with dry diethyl ether in the vacuum
line extraction system. A crystalline compound was isolated by evaporating
the ether from the filtrate. The solid was identified as NaBsHg by its powder
pattern.

The foregoing experiment was confirmed by a second experiment involving
only one significant change in experimental detail. Ammonia was removed from
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the system at -78°C but the solid residue was aged for 3 days at -78°C before
addition of solvent ammonia and of sodium. After 15 minutes the ratio of hy-
drogen evolved to ByHio was 0.51/1.75. A total of 0.725 mmole of Hs gas was
collected in all. The ratio H/B4Hic was 1.06. NaBsHg was again leached from
the solid residue and identified by its X-ray powder pattern and by analysis
for hydridic hydrogen, and boron. The ratio H/B was 2.96; the theoretical
value is 3.00.

Although the yield of NaBsHg was not determined in the above run, yields
were good; a third run with a 2-day aging period at -78°C and -50°C gave a 60%
yield of recovered NaBsHg.

(j) The Reactions of Mg(AsFg ) with ByH10-NHs Adducts - A Precipitation
Test for the Borohydride Ion

In an earlier study from this laboratory,(6) it was noted that the addi-
tion of Mg(SCN)s to a liquid ammonia solution of a borohydride resulted in the
precipitation of [Mg(NHs)g][BH4ls. The process served as a qualitative means
of identifying the BHz ion in the liquid ammonia solution. Subsequent study
in this laboratory has indicated that Mg(AsFg)s is a better reagent than the
thiocyanate since it is not as subject to attack by the borohydride ion. The
reagent was prepared as follows. KAsFg was prepared from KHoAsO, using the
method of Dess and Parry.(78) The K(AsFs) was converted to Mg(AsFs)s by
shaking a water solution with successive portions of a magnesium ion exchange
resin. The dried compound dissolved readily in liquid ammonia and was recrys-
tallized once from this solvent before use. The recrystallized solid was stable
in open air and had the formula [Mg(NHs)s][AsFglo. [Mg(NH3)g](AsFg)s serves as
an excellent precipitant for BH; ion in liquid ammonia and as such serves as a
discriminating test for this presence of the borohydride ions in the liquid am-
monia aolution. Mg(NHs)a does not precipitate the BgHg ion from liquid ammonia,
as was shown by the following experiments. About 20 mg of freshly prepared
B4H10*2NH5 were mixed with [Mg(NHs)a] (AsFg)s in a reaction tube, and about 3ml
of liquid ammonia were condensed into the system. A temperature of -78°C was
maintained for over 12 hours. No precipitate was formed in the solution. Sim-
ilarly, a mixture of NaBsHg and Mg(AsFg)s gave no precipitate when a liquid am-
monia solution was formed by condensing NHg on to the solids. In contrast,
BoHg2NHs and NaBH, gave precipitates of [Mg(NHs)e](BH4)o when [Mg(NHsz)s] (AsFg)s
was added to their liquid ammonia solutions.

Although properly prepared BsHip*2NHs gave no evidence for the presence of
the BH; ion, it was found that the product formed by the direct interaction of
B4Hio and excess ammonia without solvent gave some evidence for the BHi ion.

It is assumed that this contaminant resulted from the more vigorous reaction
conditions in the absence of solvent. A large excess of NHg and 0.974 mmole of
BsHio were condensed together in a reaction tube. The tube was then surrounded
by dry ice and allowed to react at -78°C for 12 hours. The system was frozen

(78) H. M. Dess and R. W. Parry, J. Am. Chem. Soc. 79, 1589 (1957).
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and [Mg(NH3)e ][AsFg]o was introduced onto the frozen product under a dry nitro-
gen atmosphere. About 3 ml of solution was prepared by condensing more ammonia
onto the system. The white precipitate formed was filtered in the vacuum line
filtration system. This solid appeared to be reactive in moist air. In its X-
ray powder pattern every line of [Mg(NHs)e][BH.]o was found. No attempt was
made to identify or separate the other components.

C. The Preparation and Properties of Ammonia-Triborane, HgNBsH-

1. EARLTER STUDIES

The initial study of the reaction between tetraborane and trimethylamine
by Burg and Stone(79) indicated that the tetraborane molecule can give 3BHa
groups which appear as 3 molecules of HgBN(CHsz)s. A polymeric residue remained
in the reaction vessel. The careful and definitive study by Edwards, Hough,
and Ford(80) on the system (CHgz)2N-B4Hio indicated that under properly controlled
reaction conditions N(CH3)3 and B4Hi0 will combine to give the new compound
(CH3)3N33H7. The data suggest immediately the possible existence of the compound
HalNBsH7, which would bear the same relationship to (CHsz)aNBsH~» that HsNBH5 bears
to (CHs3)sNBHs.

Indeed, one may note a striking parallel between the reactions of tetrabo-
rane and diborane with N(CHg)s and the reactions of tetraborane and diborane
with NHz. It is known that trimethylamine brings about symmetrical cleavage of
the double bridge bonds in diborane to give (CHs)sNBHa:

H 8y A
\
¥ 8/ + 2N(CHs)s— 2(CHs)sNBHs

M

-

whereas ammonia brings about a nonsymmetrical cleavage of the double bridge bonds

to give the diammoniate of diborane:(8l)
N H o NHS B OH
f \
(B! o+ e — | B B/
v AN 7\ / \
H M u H NHs H H

Similarly, the direct reaction of tetraborane and trimethylamine to produce
(CH3)WB3H7 can be interpreted as a symmetrical cleavage of the double bridge

(79) A. B. Burg and F.G.A. Stone, J. Am. Chem. Soc. 75, 228 (1953).
(80) L. J. Edwards, W. V. Hough, and M. D. Ford, to be published.

(81) D. R. Schultz, S. G. Shore, R. W. Parry, G. Kodama, P. R. Girardot, R. C.
Taylor, and A. R. Emery, J. Am. Chem. Soc. 80, 1-30 (1958).
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(82)

bonds in tetraborane:

H
—jng + 2N(CH3)s —> (CHg)sNBHs  + . (CHs)sNBsHe

/
\ tU
\
:q_m——- -t

and the direct reaction of ammonia with tetraborane can be interpreted as a

nonsymmetrical cleavage of the double bridge bonds to give the diammoniate of
tetraborane(6l) [this report, p. 1.

_}lI =

H“T‘W@\ s
H——B—JQ/E\H
LI—II

Because the direct reaction of ammonia with diborane gives nonsymmetrical
cleavage of the double bridge bonds, the synthesis of ammonia-borane, H3NBHgz,
was delayed for a number of years and was achieved only by indirect methods. (83)
Similarly, the triborane analog of HaNBHz, namely, HsNBglz, cannot be synthe-
sized by direct reaction of NHs and ByHijo but can be prepared by indirect routes.
Fortunately, the analogy with diborane chemistry is close and comparable reac-
tions are applicable; however, such an analogy was not established at the be-
ginning of this research

-

/@—i-@\ A N
\ﬁL—B—Jﬁ/B\ TeReTT .H/B\NH

d

2. METHODS FOR SYNTHESIZING HsNBsH7

Shore and Parry(83) showed that the interaction of LiBH, with an ammonium
halide salt proceeded as indicated below:

LiBH, + NHaCL 55294> Hol + HslBHg + LiCLY

An extension of Shore's reaction to the new compound, NaBsHg, described by Hough,
Edwards, and McElroy(au) gave a process which can be represented by the equation:

(82) 1. J. Edwards, W. V. Hough, and M. D. Ford, XVIth International Congress
of Pure and Applied Chemistry, Section of Inorg. Chem., p. 475, Paris,
July, 1957; L. J. Edwards, et al., to be published.

(8%3) S. G. Shore and R. W. Parry, J. Am. Chem. Soc. 80, 8 (1958).,

(84) W. V. Hough, L. J. Edwards, and D. McElroy, J. Am. Chem. Soc. 78, 689
(1956).
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Et
NaBaHg + NH4C1 gf“g——)‘ He + HaNBsH7 + NaCl‘L

The new compound ammonia-triborane, HzNBsH7, was sublimed in vacuum at 4O to 50°C
from the solid residues which remained after removal of the solvent ether. The
reaction was not as clean-cut as that involving LiBH,. Rather complex side reac-
tions appeared to be taking place. Yields of recovered HzNBgH~» ranged from a

trace to 38% on the basis of the NeBsHg used. Most yields were in the range of
from 20 to 30%.

A second extrapolation of diborane chemistry provided a direct synthesis
of HaNBgH7 from the diammoniate of tetraborane, ByHi10.2NHs; this process
provided important information in establishing the structure of B4Hlo-2NH3(7)
and has been described in Section IIIB of this report.

The most effective method for the synthesis of 10-gram quantities of
HaNBaH7 is somewhat analogous to the procedure recommended by Shore and Parry(85)
for the synthesis of HgNBHs; from the dimethyl etherate of borane:

Bolls + 2(CHs) 20— 2(CHg ) 20BH5

(CH3z)20BHg + NHg ——> H5NBHS

Edwards, Hough, and Ford(82) reported that a number of ethers will react direct-
ly with tetraborane at room temperature to give diborane and the etherates of
the BgH7 group. Yields were reported as quantitative when tetrahydrofuran was
used. The reaction of such etherates with ammonia might then give HzNBsH7. The
overall process can be represented as:

2 o
BsHio + R20 *2—9—9-1/2 BoHg + R20BsHo
R20
Diethyl ether

-78°C

RgOBgH'r + NHg > HaNBsH- + R0

By proper selection of the ether, good yields of HsNBsH+ have been obtained.

Certain characteristics of the ether appear to be of major importance.
First it should be a strong enough base to react smoothly with B4Hio to give a
relatively stable BgH+ etherate at room temperature. Diethyl and dimethyl ,
ethers were not suitable because they are too weak as a base and the BgHy group
decomposes soO rapidly at room temperature that the subsequent low-temperature
ammonia reaction cannot be effected. On the other hand, the triborane-etherate,
R20BsH7, should not be extremely stable or difficulty might be encountered in
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displacing the ether by ammonia at -78°C. It was found that the tetrahydrofuran
adduct of BsH7, C4Hg0BsH7, reacted with ammonia in a solution of diethyl ether
at -78°C, but the yields of recovered HalNBsH, were only about 70% and a fair
amount of unidentified liquid always contaminated the sublimed product.

It was assumed, although not established with certainty, that the high sta-
bility of the tetrahydrofuran adduct contributed to the low yield. According
to McLaughlin, Tamres, and Searles, > tetrahydropyran 1is intermediate in base
strength between diethyl ether and tetrahydrofuran toward BFs as a reference
acid; it should thus be suitable for HsNBsH, synthesis. When tetrahydropyran
was used as the original ether in small-scale runs, yields of HsNBsH, were as
high as 94%% on the basis of the original ByHio used. Yields of 70 to 80% were
obtained in larger-scale (20-gram lots) operation.

The product obtained directly from the ether displacement procedure ap-
Peared to contain small amounts of impurities which rendered the compound some-
what less stable than the HaNBsH, obtained directly from the reaction between
NH4X and NaBsHg. When the ether displacement procedure was utilized in the
preparation of 20-gram lots of HsNBsH,, the product was crystallized from ben-
zene and then from toluene to obtain a solid of high purity.

3. PROPERTIES OF HsNBsH-

Pure ammonia triborane is a white crystalline solid which can be sublimed
very slowly under high vacuum. It melts at 73-75°C with slow evolution of hy-
drogen. It can be handled in air without obvious decomposition. It is sur-
prisingly resistant to complete hydrolysis; periods of several days at 120°C in
6N HC1 were used to hydrolyze the product for analysis. It is extremely soluble
in diethyl ether; in fact, it picks up ether vapor avidly to give an ether solu-
tion. The original compound can be recovered unchanged on vaporization of the
ether. It can be dissolved in and recovered unchanged from liquid ammonia at
-75°C and from benzene. It is soluble in acetone and alcohol, and very slight-
ly soluble in petroleum ether. X—ray‘powder data for identification of the
solid are presented in Table XXV.

Westrum and Levitin(86) have shown that 1t undergoes an apparent first-
order transition involving an enthalpy increment of 1233 cal/mole and an entropy
increment of 4.15 cal/mole x deg at 297.10°K. The crystal structure of the low-
temperature form has been worked out by Nordman and Re imann©T) (see page 132 of
this report). Details of compound characterization are in the experimental sec-
tion.

(85) M. Tamres and D. E. McLaughlin, private communication (1957); D. E.
McLaughlin, M. Tamres, and S. Searles, presented at the 133rd meeting of
the American Chemical Society, April, 1958.

(86) E. F. Westrum, Jr., and N. E. Levitin, J. Am. Chem. Soc., in press.

(87) C. E. Nordman and C. Reimann,J. Am. Chem. Soc., in press; page 132 of this
report.

WADC TR 59-207 123



TABLE XXV

INTERPLANAR SPACINGS AND RELATIVE INTENSITY DATA FOR
HsNB5H7, HIGH-TEMPERATURE FORM ( TETRAGONAL)

Intensity® a(R) hk£P
s L 48 101
s 4,33 110
m 3.29 002
m 3,06 200
m 2.62 112
m 2.52 211
W 2.24 202
. 2.07 103
W 1.95 301

a s = strong, m = medium, w = weak.

b These indices were assigned and verified on
the basis of intensity data from the single-
crystal work by Nordman and Reimann.

At -78°C, H3NBsH» was not attacked by trimethylamine, but at room tempera-
ture it reacted with an equimolar quantity of the base to give trimethylamine-
borane [(CHz)sNBHs], and an unidentified solid which decomposed slowly through
evolution of hydrogen gas. It was not possible to recover any trimethylamine-
triborane, (CHs)sNBsH~-, from the products.

Ammonia-triborane in liquid ammonia solution at -78°C reacted with dis-
solved sodium metal (present in excess) to give one egquivalent of hydrogen per
mole of HaNBasH7 in 20 minutes. Slow hydrogen evolution continued until a total
of 1 mole of Ho per mole of HaNBaH7 was obtained. The residue left by removal
of the solvent contained NaBH, on the basis of the X-ray powder pattern. No
ether soluble component was detectable in the residue, and no other components
were recognized in the mixture. Additional work on the chemistry of HaNBgH7 is
in progress.

As noted on page 73 of this report, HsNBsH7 has a dipole moment of 6.5
Debyes, and its vapor pressure (see pages 63 and 64) is given by the equation

logio P(mm) = 22139 (; t .0075) y 9.p00 (1 + .0096)

over the range of 30 to 55°C.

Mygp = 17.1 * 0.1 keal/mol
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L., EXPERIMENTAL

Conventional vacuum lines were used for handling volatile and/or air-sensi-
tive reactants and products. Moisture-sensitive solids and nonvolatile liquids
were handled in a dry box.

(a) Materials Used

(1) BoHg.—Diborane was prepared from BFs and LiAlH, by conventional tech-
niques.(88

(2) ByHi0.—Most of the tetraborane used in this investigation was donated
by Professor Thomas Wartik of the Pennsylvania State University and by the Re-
search Department of Callery Chemical Co, The authors wish to express their
sincere appreciation. Some additional supplies of ByHi1o were prepared by con-
verting BoHg to BgHii by the method of Burg tnd Stone.(T9) BsHi31 was then con-
verted to BgHio by heating it in the presence of H2(89). Tetraborane was also
prepared by high pressure storage of BsHg at room temperature.(9o)

ByHio used in small-scale runs was fractionated at -85°C or -95°C and was
stored at -196°C until used. It was fractionated at -100°C Just before use.
The vapor pressure of the purified compound was 386 * 1 mm at 0°C. Tetraborane
used in the larger-scale preparations was distilled from a -95°C bath after
initial removal of BsHg at -126°C.

(3) LiAlH4,CaHp, and NaH.—Commercial products from Metal Hydrides, Inc.

(4) BFz.—Commercial diethyl etherate from Baker and Adamson. Solution
was distilled immediately before use.

(5) NHz.—Commercial, dried in vacuum line over sodium before use, or
stored with dissolved sodium in steel tank and distilled directly into vacuum
system.

(6) Ethers,—
(6.1) (CoHs)20.—Reagent grade, stored in vacuum line over LiAlH,

for several days before use. For larger-scale operation anhydrous grade ether
was used directly from a fresh can.

(88) 1I. shapiro, H. G. Weiss, M. Schnick, S. Skolnik, and G.B.L. Smith, J. Am.
Chem. Soc. Tk, 901 (1952).

(89) A. B. Burg and H. I. Schlesinger, J. Am. Chem. Soc., 55, 4009 (1933).

(90) W. H. Schechter, C. B. Jackson, and R. M. Adams, Boron Hydrides and Re-
lated Compounds, (Second Edition, Callery Chemical Co., Callery, Pa.,
1)5k, p. 17.
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(6.2) Tetrahydrofuran.—Product of E. I. duPont de Nemours Co., dis-
tilled once and stored in vacuum line over LiAlH,.

(6.3) Tetrahydropyran.—Product of E. I. duPont de Nemours Co., dis-
tilled once and dried over LiAlH,. For larger-scale operation tetrahydropyran
was refluxed for 2 hours over Cal, and stored above CaHo until used.

(7) Benzene.—Reagent grade benzene was dried and stored over CaHs.
(8) Toluene.—Reagent grade toluene was dried and stored over CaHs.

(9) Methylcyclohexane.—Technical grade methylcyclohexane was refluxed
over CaHp, distilled, and stored over CaHs.

(10) NaBgHg—Sodium triborohydride, first described by Hough, Edwards, and
McElroy, was prepared in this laboratory by a new and easier procedure suggested
from the work of Hough, Edwards, and McElroy.(9l)

(11) All Other Reagents.—~These were always the best available commercial
product and were always dried by appropriate methods prior to use.

(b) The Preparation of HzNBgH, by the Reaction Between NaBgHg and Ammonium
Halides

In a typical run, 1 to 3 millimoles of NaBsHg and an amount of ammonium
chloride or bromide salt about 10% larger than the NaBgHg sample (on an equiva-
lent basis) were loaded in a dry box into a special reactor tube. The tube was
equipped with an electromagnetically activated hopper type stirrer and con-
sisted of a 25-mm pyrex tube, about 200 mm long and fitted on the top end with
a 24/40 inner joint. This joint was sealed into an outer joint with De Knotins-
key Cement. The outer joint was fastened through a U-bend to a stopcock which
was equipped with a standard type of mercury protection plug to eliminate at-
tack of ether on the stopcock grease.(92 The stopcock assembly was then fas-
tened through a second U-bend to the vacuum system by a greased EM/MO Jjoint.

Dry diethyl ether (about 5 ml) was distilled into the reactor. The contents of
the system were frozen with liquid nitrogen and the reactor was removed from
the line at the greased joint. The mercury plug was put into place by invert-
ing the unit. Then the system was warmed to rcom temperature. The ether slur-
ry was magnetically stirred at room temperature for periods ranging from 20 to
LO hours. At intervals the mercury plug was removed from the stopcock by a re-
versal of the above procedure, the system was replaced on the vacuum system,and
hydrogen was pumped into a gas burette with a Toepler pump. The reaction was

(91) w. V. Hough, L. J. Edwards, and A. D. McElroy, to be published.

(92) G. Kodama, Ph.D. dissertation Univ. of Mich., 1957, p. 82; see also for
related structure R. T. Sanderson, Vacuum Manipulation of Volatile Com-
pounds, (J. Wiley and Sons, N. Y., 1948), p. 69, Type II, Fig. 19.
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continued until the ratio between evolved Hp and NaBsHg used approached one.
In general NH4Cl seemed to react more rapidly than NH,.Br.

The white precipitate which formed in the ether was removed by filtration
in the vacuum line filter assembly and was identified by its X-ray powder pat-
tern as a sodium halide and a small amount of unreacted ammonium halide. When
the solvent was distilled under vacuum from the filtrate, either a white solid
or a viscous liquid was left in the tube. The tube was then transferred to a
cold-finger type of vacuum sublimation apparatus. When the outer tube was im-
mersed in a 40 to 50°C water bath, HalNBsH7 was sublimed from the residue to the
cold-finger condenser wall (10°C). H3NBsH7 could be scraped off the cold finger
in open air. Yields ranged from a trace to 38%. The microcrystals of HsNBsH-
were first characterized on the basis of an elemental analysis and by a molecu-
lar weight determination. The observed values were: B =57.2g, N = 2&.&%,

Ho on acid hydrolysis = 141 mmoles/g. Values calculated for HzNBsH, are: B =
57.4%, ¥ = 24.8%, Hy = 141.5 mmoles/g based on the hydrolysis equation:

HalBsH7 + OHo0 + HY —> NHf + 3B(OH)s + SHa

The molecular weight as determined by vapor pressure depression in diethyl
ether at 21°C was 55 in the concentration range of 0.35 to 0.65 molal; the
theoretical value for HsNBsH7 is 56.6. The molecular weight procedure is the
same as that described earlier(95) except for changes necessitated by the change
in solvent. Analytical procedures have been described elsewhere.(9

(c) The Preparation of HzNBsH7 by Displacement of an Ether by Ammonia in An
Etherate of Triborane

(1) Large-Scale Laboratory Synthesis Involving Displacement of Tetrahy-
dropyran. —The process described below 1s that which was used in preparing ap-
proximately 25-gram samples of ammonia-triborane for calorimetric studies (see
Ref. 106 on p. 145) and other investigations. At the present time, it repre-
sents a relatively large-scale synthesis for compounds of this type. It is
proper to note that the rapid evolution of diborane during the formation of the
etherate may be dangerous if uncontrolled, and that localized heating, which
may arise in large-scale operation, 1s a major factor in reducing yields of
HalNBsH7.

The reactor consisted of a 500-ml three-necked flask. One side neck was
fitted with a glass plug and the other neck with a low-temperature reflux con-
denser, the outlet of which was connected to a manometer and then through a
stopcock to the vacuum system. The center neck was equipped with a commercial
"Lew" magnetic stirrer (Sci. Glass Apparatus Co., Bloomfield, N. J.). The

(93) R. W. Parry, G. Kodama, and D. R. Schultz, J. Am. Chem. Soc., 80, 24 (1958),

(94) T. C. Bissot, D. H. Campbell, and R. W. Parry, J. Am. Chem. Soc. 80, 1868
(1958).
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reactor was evacuated to remove moisture; dry nitrogen was then admitted to the
system and the glass plug was removed. A steady stream of dry nitrogen through
the system minimized moisture entry while the plug was out. A 100-ml quantity
of dry tetrahydropyran was added through the opening, the plug was replaced; the
tetrahydropyran was cooled to -196°C and the system was evacuated. A 55-ml sam-
Ple of liquid tetraborane, measured at 0°C, was condensed into the reactor. The
temperature was allowed to rise slowly from -196°C until evolution of gaseous
diborane was noted. At this point it was necessary to immerse the flask again
in liquid Nz until the reaction was moderated. CAUTION. BoHg evolution may be
sudden and vigorous.

As diborane evolution proceeded, BgoHg was removed to the vacuum line where
it was purified and stored. After most of the diborane had been evolved, the
reaction flask was cooled to -78°C and allowed to stand overnight. The remainder
of the diborane, the excess tetrahydropyran, and traces of hydrogen gas were
then removed from the reactor over the temperature range of from -78 to 25°C.

The tetrahydropyran-triborane which remained in the reactor melted Jjust be-
low room temperature and was unstable in contact with air. The reactor flask
was flooded with dry nitrogen under slight pressure, the glass plug was removed
from the side neck, and 200 ml of dry diethyl ether were added. The ethyl ether
solution was cooled to -78°C, and the system was evacuated. A 15-ml quantity
of anhydrous liquid.ammonia (measured at -45°C) was then cooled to -78°C and
opened to the reactor. Ammonia, maintained at a constant pressure near 46 mm
in the reactor, was thus absorbed slowly by the constantly stirred ether solu-
tion. Approximately 12 hours elapsed between the beginning of NHs absorption
and the beginning of the subsequent step. The flask was next warmed to room tem-
perature and the excess ammonia, displaced tetrahydropyran, and ethyl ether sol-
vent were distilled from the system and discarded.

The white solid remaining in the flask was primarily ammonia-triborane.
It was extracted with three 50-ml portions of benzene. Each portion of solution
was removed through a fritted filter stick inserted through the neck of the re-
actor flask. An excess of methylcyclohexane (about 300 ml) was added to the
benzene solution, and ammonia triborane separated as a precipitate. The prod-
uct was filtered out under a stream of dry nitrogen (not in vacuum system) and
was dried under vacuum.

Further purification was effected using the special apparatus shown in Fig.
22. After drying the apparatus shown in Fig. 22 by passing dry nitrogen through
it, a 6- to &-gram aliquot of the crude HgNBsH-, from the process above was dis-
solved in about 60 ml of dry benzene and placed in funnel I. Methylcyclohexane
from funnel IT was introduced into the precipitation vessel and the benzene solu-
tion of HsNBsH, was filtered through the frit in the stem of funnel I and allowed
to drip into the methylcyclohexane in the precipitation vessel. By adjusting
flow rates, methylcyclohexane was maintained in a six to one excess during pre-
cipitate formation. After precipitation and filtration the solid was washed
with a small aliquot of methylcyclohexane and dried with dry nitrogen.
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While the dry nitrogen stream passed through the system, the flask used to
collect the liquids from the filter was replaced by the recrystallization tube.
Funnel I was removed and a 3%5-ml portion of toluene was added to the precipitate
in the precipitation vessel. About 30 minutes were allowed for the toluene to
become saturated with HsNBsH7; then the toluene solution was pulled through the
frit into the recrystallization tube. The tube was removed under an Ny stream
and capped. This clear solution was cooled to -95°C in a toluene slush and the
HsNBaH, which crystallized was filtered at -78°C under a dry No atmosphere. All
retained toluene was removed from the product under vacuum at 25°C.

The toluene solution which was recovered contained a considerable amount
of ammonia-triborane and was used further to extract the precipitate.

The yield of crude ammonisa triborane was 70 to 80% based on the tetraborane
used. Final purification reduced the overall yield to about 50%. The high
purity of the product obtained from the above process was indicated by its sta-
bility and by the analysis. Values found were: N = 24, 9%; B = 57.2%; Hs on
acid hydrolysis = 141 mmoles/g. Theory: N = 24.8%, B = 57.4%, Ho = 141.5
mmoles/g.

(2) Small-Scale Laboratory Synthesis Involving Displacement of Tetrahy-
drofuran.—About 5 ml of tetrahydrofuran and 0.97 mmole of ByHio were condensed
together into a reaction tube; then the temperature was allowed to rise slowly.
No reaction was observed up to -23°C but at room temperature 0.46 mmole of BoHg
was evolved in half an hour. A trace of Ho gas (0.027 mmole) was collected.
Crystalline tetrahydrofuran-triborane remained in the tube when excess tetrahy-
drofuran was removed. The solid was dissolved in excess tetrahydrofuran again
and 0.96 mmole NH5 was frozen above the etherate (-196° bath). The system was
allowed to warm to room temperature and stirred for half an hour. The solvent
was removed at 0°C. From the white solid residue a 42.5-mg sample of HsNBsH7
was sublimed (X-ray identification). The yield of still impure product was 79%.
Diethyl ether was alsc used as a solvent for the displacement reaction but
neither the yield nor product quality was improved (69%).

(3) Attempted Small-Scale Laboratory Synthesis Using Diethyl Ether.—A sam-
ple of BsHic (l,HO mmole) was dissolved in about 3 ml of diethyl ether and the
solution was allowed to warm to ice temperature. A very slow and small vapor
pressure rise due to BoHg evolution was observed. The system was maintained at
ice temperature for L4 hours. Then to permit continuous BgHg removal, the stop-
cock was opened very slightly to the fractionation train while the reaction mix-
ture was maintained at room temperature. BgHg which entered the train was care-
fully fractionated by vacuum distillation (-78 and -126°C traps) until 0.632
mmole of BoHg was obtained. BHS/B4H10 ratio = 0.975. During the foregoing
process less than 0.04 mmole Hpy was liberated.

Then 1.25 mmoles of NHs was introduced slowly to the stirred solution at
-78°C. A small amount of solid ByH;o°2NHsz remained in the tube (identified by
its X-ray powder pattern) along with a viscous liquid. Only a trace of HzNBgH7
could be sublimed from the reaction mixture.
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(4) Small-Scale Laboratory Synthesis Using Tetrahydropyran.—A sample of
tetraborane (1.69 mmoles) was condensed into 2 ml of tetrahydropyran and the
system was warmed to room temperature. At room temperature the reaction was
much slower than that with tetrahydrofuran. To minimize attack of the tetra-
hydropyran on the stopcock grease in the system, the temperature of the reactor
was reduced to 0°C and maintained for 15 hours. The BsHg evolved (0.817 mmole)
was separated by fractionation. The excess tetrahydropyran was removed at 0°C;
3 ml of diethyl ether was condensed into the system; then a sample of ammonis
(3.4 mmoles) was added to the reactor and a temperature of -78°C was maintained
for 10 hours. On removal of the ethers a dry solid was left in the system.
H3NBgH7 was sublimed at 52°C to give an 81% yield (77.8 mg).

In a second run using 4.75 mmoles of ByHjio and 1.5 ml of tetrahydropyran
conditions were the same as above except the system was allowed to stand for
2Lk hours at -78°C after addition of 9.80 mmoles (twofold excess) of ammonia. A
4% yield (.25% g) of HslNBgH7 could be sublimed from the solid residue.

(d) The Reactions of HaNBsHo

(1) The Reaction of HaNBsHy with Sodium Dissolved in Liquid Ammonia.—A
sample of HsNBgH, (.189 mmole) was dissolved in about 1.5 ml of liquid ammonia;
sodium metal (0.1 g) in a small glass tube was added in two portions by break-
ing the tube immediately before addition. After introducing the first portion
the solution was warmed to -78°C. The blue color of Na faded rapidly and 0.10
mnole of Hp was evolved. No more Hs was evolved at -78°C over 12 hours. The
second portion of Na was then added as above. In 20 minutes 0.012 mmole of Hs
was given off. After 5 hours an additional 0.057 mmole appeared. Total Ho =
0.169 mmole Ho/HalNBsH, = 0.895. Further gas evolution was very slow and the
solution remained blue. The excess of Na was removed from solution by amalgama-
tion at -35°C., Additional Hy (.007 mmole) was given off during the amalgamation.
The sodium-free clear solution was filtered from the amalgam, and the solvent
ammonia was distilled from the filtrate. In the white solid residue NaBH, was
detected by its X-ray powder pattern, but no component soluble in diethyl ether
could be extracted from the residue.

(2) The Reaction of HglBgHy with Trimethylamine.—A sample of HsNBsH-

(.55 mmole) was placed in a tube and trimethylamine (0.565 mmole) was condensed
above it. The system was allowed to warm slowly. At -78°C no visible reaction
was observed, but as the temperature rose and solid HgNBaH~» began to dissolve
in liquid trimethylamine, fairly rapid reaction was noted. Without waiting for
the completion of the reaction, the noncondensable gas and the volatile compo-
nents were removed from the system. They were: Hs = .102 mmole, (CH3)sN = .24
mmole, and (CHg)sNBHs about 0.35 mmole., From the solid polymeric residue 0.20
mmole of HsNBsH» was sublimed on warming to 40 to 50°C. No (CHz)sNBsH, could
be detected as a product.
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D. The Structure of HaNBsH7, from a Single-Crystal X-ray Study

1. EARLTER STRUCTURAL INFORMATION

The cleavage hypothesis used as a basis for correlating the chemistry of
diborane and tetraborane [see earlier sections] suggests that the BsH; group
arises from symmetrical cleavage of the double bridge bond of tetraborane.

A Y
\
\
I

T
H\Blgy-?-qg\3<ﬂ
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HaB Bsl-

Since the structure of ByHio is accurately known,(95) an accurate determination
of the structure of HsNBsH7, including the possible identification of Bgsly as a
fragment of ByHi0, would be a significant contribution to our understanding of
the chemistry of these compounds.

2. HIGH-TEMPERATURE FORM

(a) Experimental

Samples of pure NHzBsH, were kindly furnished by Dr. Kodama. The compound
is a crystalline solid at room temperature, stable enough to allow recrystalliza-
tion from a number of common solvents such as acetone, alcohol, and ether.

Powder and single-crystal diffraction patterns showed the crystals to be
tetragonal with a = 6,118 and c = 6.57h, giving a calculated density of 0.765 g
cm~3, assuming two formula units per cell. Systematic absences observed for htk+{
odd call for a body-centered lattice. These facts require each molecule in the
crystal to have fourfold symmetry. This is unreasonable in view of the chemi-
cal composition of the molecule. We were therefore led to conclude that the
structure is a disordered one with the molecules either axially rotating or
having random orientation so as to conform to the fourfold symmetry in a statis-
tical sense.

Diffracted intensities were recorded and visually estimated using powder,
Weissenberg and precession techniques. Due to the rapid falloff of the intensi-
ties with increasing angle of diffraction, no more than 25 different intensities

(95) M. E. Jones, K. Hedberg, and V. Schomaker, J. Am. Chem. Soc. 75, 4116
(1953); C. E. Nordman and W. N. Lipscomb, ibid., 75, 4116 (1953); J. Chem.
Phys. 21, 1856 (1953); E. B. More, R. E. Dickerson and W. N. Lipscomb,
J. Chem. Phys. 27, 209 (1957).
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(hkf) could be measured.

The presence of disorder led us to investigate the possible existence of a
phase transition at lower temperature. A transition was indeed found, but the
equilibrium temperature of the transition could not be accurately determined due
to considerable supercooling. It was, however, established that the transition
point is no lower than -16°C. Single crystals cooled through the phase transi-
tion shattered completely.

(b) Structure Determination

Since disorder about the c¢ axis direction was known to exist, the space
groups having a complete set of mirror planes parallel to that direction ap-
peared to be the most likely choices. These are C%y - Ikmm and Diﬁ - Ik /mmm.
The latter of the two requires an additional disorder with the molecules point-
ing up or down the c axis at random, barring the chemically very unlikely pos-
sibility that the molecules possess a mirror plane perpendicular to their axis
of disorder. The high dipole moment of 6:5 Debye units found for ammonia-tri-
borane (see page 73 ) speaks in favor of the polar space group Ikmm , which per-
mits an energetically favorable arrangement of dipoles pointing in the direc-
tion of the ¢ axis. This kind of arrangement has previously been found in struc-
tures composed of sterically simple or axially disordered molecules with high
dipole moments such as hydrogen cyanide 96) and ammonia-borane.(97)

The structure was determined by trial and error. Since only 25 independent
intensities have been observed it was essential to keep the number of parameters
describing the assumed models as low as possible., The axially disordered mole-
cules were therefore assumed to have cylindrical symmetry about the c axis. The
structure factors are then given by:

N/2 4
F(nkt) = 2'21 fj Jo<%nr h? + k@) (cos 21 fz + i sin 2n Lz )
Flhkl o1 = VA X ) cos £z +18ln rz

d d d

where J ranges over the atoms in one molecule, Ej is the radius, and z, is the
z coordinate of the "doughnut" formed by the jthTatom. =

The model shown in Fig. 23(a) was first tried. This model has two adjust-
able parameters, zy and rp; the origin is taken as the center of the boron ring.
These two parameters, the temperature factor parameter B, and the scale factor
were refined by several least-squares cycles, ylelding a final value of R =
2 |Fo| - |Fe !/Zlgol of 0.16. A p(x0z) Fourier section computed at this stage
revealed an—appreciable electron density in the region between the boron ring
and the nitrogen atom. This fact and the abnormally long B-N distance in the

(96) W. J, Dulmage and W. N. Lipscomb, Act Cryst. 4, 330 (1951).
(97) E. W. Hughes, J. Am. Chem. Soc. 78, 502 (1956); E. L. Lippert and W. N.
Lipscomb, ibid., 73, 503 (1956).
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least-squares result led us to try the three-parameter model in Fig. 23(Dp).
Several cycles of least-squares refinement now produced an R value of 0.18. A
Q(EOE) electron-density section and the corresponding difference synthesis now
showed the distribution of the central boron atom B' to be distinctly disk-
shaped, requiring a nonzero Irpee To a lesser degree the same was found to be
true of the nitrogen atom. The two additlional parameters rp: and ry were there-
fore introduced [Fig. 23(c)] and a series of least-squares refinements of all
seven parameters (including B and the scale factor K) was carried out. The
agreement now improved considerably, giving an R value of 0.096. An approxi-
mate hydrogen contribution with a strong additional temperature factor was now
calculated assuming a reasonable distribution of the hydrogen atoms about the
nitrogen and boron atoms. Following a final, slight refinement of the seven
aforementioned parameters the final R factor was 0.07Tk,

The p(x0z) electron-density section calculated at this point is shown in
Fig. 24. The corresponding (Fo-Fo) synthesis showed no significant region of
disagreement. The observed and final calculated structure factor magnitudes
are listed in Table XXVI.

To examine the validity of the assumption that the disordered molecules
have cylindrical symmetry, the p(xyO) and p(xyzp:) sections were computed.
Neither one revealed any noticeable departure from cylindrically distributed
molecules. This may be due to strong angular motion of the molecules or to
poor resolution afforded by the available data, or both. The X-ray data do
not warrant any detailed conclusion regarding the angular distribution or the
amount of rotational freedom of the disordered molecules.

The final least-squares parameters are rg = 0.151, rp' = 0,159, zp' =
0.190, ry = 0.040 and =z = 0.408. The parameter B in the temperature factor
exp(-B sin20/A2) is 8.LA2. The configuration of the molecule, shown in Fig.
23(c), can be described as a triangle of boron atoms with an out of plane NHg
group attached to one corner. No bond distances can be deduced unambiguously,
but certain limits can be placed on them. The diameter EEB or the two atom
boron ring is 1.85 K; thils is t%e maximum value of the B-B distance. The B-B'
distances are approximately 1.8A, assuming that they are equal and that B-B
equals 2rg. The B'-N distance must be in the range 1.7 % OOZﬁo These bond
lengths agree satisfactorily with values previously found in molecules con-
taining comparable bonds.

3. LOW-TEMPERATURE FORM

(a) Experimental
To prepare crystals of the low-temperature form, a diethyl ether solution

of the compound was evaporated while maintained under a slow stream of dry nitro-
gen in a vial immersed in a chlorobenzene slush bath at -45°C, In this way
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TABLE XXVI

OBSERVED AND CALCULATED STRUCTURE AMPLITUDES (HIGH-TEMPERATURE FORM)

hkt |Fo|  |F| bkt [Fo|  |Fc bkt Fo|  |Fc]
000 - 6k.0 211 6.3 5.6 323 1.4 1.5
002 14.9 15.9 2153 3.1 3.1 330 <0.8 0.0
00k L.l L.k 215 1.3 1.2 33 2 <1.9 1.3
101 13.1 14.2 220 3.1 3.1 Loo <0.9 0.1
103 6.2 5.7 222 3.2 3.3 L o2 <1.8 1.5
105 3.7 3.5 2245 <1.3 1.3 hi11 2.2 2.4
110 25.5 25,6 301 L,5 4.2 L13 <1.6 1.0
112 9.4 8.k 303 1.9 2.0 4L 20 <1.2 0.0
114 2.7 2.6 310 1.3 1.7 L 22 <1.9 1.0
200 12.6  11.5 312 2.0 2.7 h 31 <1.2 1.1
202 6.1 5.6 31 L4 1.3 1.3 501 1.5 1.1
204 2.0 1.7 321 2.7 3.3 510 <l.3 0.2

satisfactory crystals could be obtained in a few hours. The crystals were mounted
and sealed in thin-walled glass capillaries on a simple microscope cold stage.
While on the X-ray camera the specimen was maintained at -80 * 10°C by means of

a stream of cold nitrogen gas,

The crystals are monoclinic and belong to the space group PEl/n. The lat-
tice parameters and their estimated standard deviations are

10.40 * 0.0158

a =
b = L.824 £ 0.006
¢ = 9.997 £ 0.012
B8 =115.2 £ 0,15°

These values were derived from measurements of high-angle reflections on a num-
ber of precession patterns of zero-level principal and diagonal nets. With
four mclecules of HaNBgH+ per unit cell the calculated density is 0.827 g cm~3,
an increase of 8% over the density of the high-temperature form. No molecular
symmetry is demanded.

Data were collected as zero- and upper-level patterns on the Buerger pre-
cession camera using MoKx radiation. Reciprocal space was covered systematical-
ly to sin @/k = 0.572, corresponding to a zero-level precession angle of 24°,
Within this range 69% of the diffraction maxima was of measureable
magnitude, 25% was unobservably weak and 6% was not evaluated. Including 29
spots observed outside the range, a total of 502 reflections were observed.
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Intensities were measured visually by comparison with a scale of timed exposures,
and reduced to structure amplitudes in the usual way. The calculation of the
Lorentz-polarization factor 98) and all subsequent least-squares refinements

and Fourier syntheses were performed on an IBM 650 computer.

(b) Structure Determination

With the knowledge of the structure of the boron-nitrogen skeleton gained
from the high-temperature form, approximate boron and nitrogen coordinates were
easily found. The hOl Patterson projection was readily interpreted; X and z co-
ordinates for the boron and nitrogen atoms were obtained from the correspondlng
Fourier projection. Approximate y coordinates were found by trial and error.

A three-dimensional least-squares refinement of these coordinates and the

scale and temperature factors, K and B, was then carried out. The gquantity R' =

L w(KFo - Fo)2/L w K3Fo? was minimized, taking w(hkt) as 3|Fpin|/|Folhke)]| or
unity, whichever was smaller. MCWeeny(99) atomic scattering factors were employed;
in the case of boron the "average" scattering factor f was used. Toward the end
of the refinement a contribution was included for six half-hydrogens forming a
ring about the nitrogen atom. This was done to account in an approximate way for
the three ammonia hydrogen atoms, whose approximate locations could be inferred.
No other assumptions were made regarding hydrogen atoms. An R factor of 0.19
was reached.,

The seven hydrogen atoms on the boron skeleton were now located by means of
three-dimensional (§EO - EN,B) difference Fourier syntheses. This was done in
two steps; only the strongest of the presumptive hydrogen peaks in the first
difference synthesis were included in an intermediate model, which was then sub-
jected to further refinement of N and B coordinates. A second (EEO - EN,B) syn-
thesis yielded the rest of the hydrogens. This procedure was probably unneces-
sarily conservative, since in essence all peaks found in the first difference
Fourier were ultimately confirmed as hydrogen atoms.

Anisotropy was observed in the thermal motion of the nitrogen and, to a
small extent,; boron atoms. This was accounted for in an approximate way by ap-
plying two anisotropic temperature corrections, one to fy and another to fy,
common to all boron atoms. With the hydrogen atoms and the partial anisotropy
correction included least-squares refinement of K, overall B, and nitrogen and
borcen coordinates improved the agreement to R = 0.117.

A set of sections of the three-dimensional (KFo - Fy,B) synthesis computed
at this stage are shown in Fig., 25. All spurious peaks are less than one half
the height of the lowest hydrogen peak. This does not include the region of
moderately high electron density found in the neighborhood of the nitrogen atom
and presumably due to the three unresolved ammonia hydrogens.

(98) J. Waser, Rev. Sci. Instr. 22, 563 (1951); R. D. Burbank, ibid,23, 321 (1952).
(99) R. McWeeny, Acta Cryst. 4, 513 (1951).
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The method employed in refining the assumed model structure was now re-
vised to allow all atoms to assume individual, but isotropic, thermal param-
eters, and several cycles of least-squares refinement of all coordinates and
thermal parameters were carried cut. The shifts in coordinates were slight
and led to final values of R = 0.107 and R' = 0.019.

An attempt was now made to find the locations of the three ammonia hydro-
gens, which had not been found as resolved peaks in any of the difference syn-
theses. Vaguely suggested maxima in the neighborhood of the nitrogen atom were
taken as a starting point for a series of least-squares refinements of all
parameters except those relating to the seven hydrogens already found. This re-
finement failed to improve the agreement previously obtained; in seven cycles
the values R = 0.113 and R* = 0.021 were reached. Perhaps more significantly,
the thermal parameters of the three ammonia hydrogens refined to very high val-
ues, 5.3, 11.1 and 11.8, suggesting a high degree of rotational freedom. Since,
in addition, the H-N and H-H distances in the NHg group refined to unconvincing
values, we conclude that the three hydrogens cannot be located unambiguously,
presumably duvue to strong angular motion about the B-N bond.

The observed and final calculated structure factors are given in Table
XXVITI. The values and standard deviations of the atomic coordinates and the
thermal parameters are listed in Table XXVIII.

The standard deviations were deduced in the following way: The observed
structure factors were divided into six equal sets with the same distribution
in sin /N, but otherwise selected at random. Starting with the parameters
given in Table XXVITI, each set was separately subjected to least-squares re-
Tinement. Usually the refinement was virtually completed in four or five cycles.
The resulting six sets of coordinates and thermal parameters constitute, in ef-
fect, six independent structure determinations. The standard deviations of the
Tinal parameters can be taken as the standard deviations of the means of these
quantities as given by

(2. r2)*/2/[n(n-1)1%/2
i1 -
where ri's are the deviations from the means of the individual values, and n =
6 in this case. The difference between the mean of a parameter as obtained
from the six sets and the final (Table XXVIII) value was in all cases less than
the standard deviation.

L, DISCUSSION

Interatomic distances and bond angles in the ammonia-triborane structure
are given in Table XXIX. The standard deviations were obtained from an analy-
sis of the interatomic distances calculated from the six separate sets of co-
ordinates. They include contributions from the standard deviations in the cell
parameters, which in the case of the B-N and B-B distances are comparable to
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OBSERVED AND CALCULATED STRUCTURE FACTORS (LOW-TEMPERATURE FORM)
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TABLE XXIX

INTERATOMIC DISTANCES AND BOND ANGLES

A. Bond lengths B. Nonbonded intramolecular
. distances

N -Bs 1.581 + 0.003A

N ...B 2.806 + 0.007A
Bi1-B2 1.74k + 0.005

N ... By 2.861 + 0.005
B1-Bs 1.820 + C.006

N ... Hg 2.18 + 0.04
Bo-Bg 1.803 + 0.006

N ... H; 2.28 + 0.07
Bi-Hy 1.09 + 0.03

By... Hy 2.28 + 0.04
B,-H5 1.18 + 0.0k
Bi-Hg 1.25 + 0.03 C. Bond angles
Bo-Hg 1.39 + 0.05 NBgB, 111.0 + 0.5°
Bo-H, 1.12 + 0.05 NBSB, 115.3 + 0.5°
Bo-Hg 1.11 + 0.0k NB5(B plane): 117.2 + 0.5°
B,-Hg 1.75 + 0.03
By-Hg 1.12 + 0.03
B.-i, 1.14 + 0.07

D. Short intermolecular distances

Atom of Atom of
£ { ol Molecules Dist

re Verenc: nelgnoor related by lstance

molecule melecule
H, H, Center at (0,1/2,1/2) 2.654
H, H, Center at (0,1,1/2) 2.57
He He 2, exis at x=z=1/h 2.43
H, H, Center at (0,1,0) 2.72

aAtomic coordinates of the reference molecule are given in
Table XXVIIT.
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those resulting from the standard deviations in the coordinates. It is clear
that standard deviations estimated in this manner fail to reflect any systematic
errors in the bond lengths conceivably introduced by incorrectly assumed scat-
tering factor curves.(loo)

Topologically, the BgH, group is readily identified with the fragment of
tetraborane produced by symmetrical cleavage of the double bridge inferred on
chemical grounds (see sections III B and C). A comparison of the detailed geom-
etry with that of tetraborane(lol) nevertheless reveals several significant dif-
ferences. The nonbridged boron-boron distance Bi-Bs is considerably longer
than the value l,YlEK found for its presumptive counterpart in tetraborane.

This may be related to the change of the neighboring Bi-Hs from a bridge to a
regular boron-hydrogen bond. On the other hand, the bridged B1-Bo distance is
much shorter than any of the four bridge B-B distances in tetraborane, all of
which lie in the range 1.842 * 0.007A. Perhaps the most striking difference is
the strong asymmetry of the Bo-Hg~-Bs hydrogen bridge. While the Bs-Hg distance
is indisginguishable from a single B-H bond, the Bos-Hg distance of 1.751 is al-
most O.4A longer than the corresponding B-H bridge distances in ByHio or any
other boron hydride. Boron-hydrogen distances approximating this value are
found in B5Hll(101) but they are not partcﬁ‘B%EB bridges of the usual kind.

The overall effect of these distortions from the B H;o geometry may be in-
terpreted as a tendency toward the structure of a br dge substituted diborane,
(HgNBHE)B2H5. The nearly planar configuration of HjHoBiBoH4Hs and the close-
ness of the B1-Bp distance to the value 1.770 * 0.013R found in diborane(102)
would seem to support this interpretation, which presumably would require the
free molecule to have a plane of symmetry perpendicular to B;-Bs. Since Bo-Hg
Bi...H7y are clearly different, as are N...B; and N...Bo, a molecular symmetry
plane certainly is not present in the crystal. The HsNBHs group, however, has
a plane of symmetry, within experimental error, as shown by its B-H and N...H
distances. The violations of the molecular symmetry plane can then largely be
accounted for in terms of a tilt of the H3NBH- group with respect to BsHs, such
as to "crowd" Hg into Bs. Support for the hypothesis that this might be due to
intermoclecular repulsions could be sought in the geometry of the close inter-
molecular contacts involving Hg and He (Table XXIX). This approach is incon-
clusive, however, since the HaNBHs group is about equally closely surrounded by
neighbors on both sides.

In spite of the above considerations, we feel that the asymmetry of the
molecule, which also includes the presumaeble significant asymmetry of the
Bi-Ha-Bobridge, is probably too large to be accounted for by mere intermolecular

(100) F. L. Hirshfeld, K. Eriks, R. E. Dickerson, E. L. Lippert and W. N. Lips-
comb, J. Chem. Phys. 28, 56 (1958).

(101) E. B. Moore, R. E. Dickerson and W. N. Lipscomb, J. Chem. Phys. 27, 209
(1957).

(102) X. Hedberg and V. Schomeker, J. Am. Chem. Soc. 73, 1482 (1951).
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packing forces. Using the formulation of Eberhardt, Crawford, and Lipscomb(lOB)
our results suggest that the boron triangle in NHaBsH7 is held together by two
B-H-B bridge bonds and one (Bi~Bs) electron pair bond, but the alternative descrip-
tion in terms of one hydrogen bridge Bi1-Hs-Bo and a central three center bond
(B1-Bo-Bs) cannot be entirely ruled Gut.

The N-Bz distance is in satisfactory agreement with other, less accurately
determined N-B distances in boron hydride derivatives(104); it shows particular-
1y close agreement with the more accurately determined boron-nitrogen distances
in the addition compounds of boron trifluoride with ammonia and methyl amines.d05)

The packing of molecules in the low-temperature structure viewed down the
b axis 1s shown in the hOl Fourier projection of Fig. 26. As in the high-tem-
perature modification, the end-to-end arrangement is apparent, in this case in
the direction of the diagonal glide translation. Molecules in neighboring
"chains" lie next to each other rather than staggered as in the high-temperature
form; this arrangement amounts to a favorable stacking of dipoles pointing in
two opposite directions.

A low-temperature heat-capacity study by Westrum and Levitin,(106) carried
out after the completion of the experimental part of the X-ray study, has estab-
lished the transition temperature as 297.10°K. As pointed out by these authors,
the entropy of transition, 4.15 cal. deg.”! mole™, is approximately equal to
RIn8. It is interesting to note that the number of equivalent general positions
in the space group Ikmm is 8, that is, if the only effect of the phase transition
were a randomization over these positions of the angular orientation of each
molecule, independent of its neighbors, the entropy change would very nearly
equal the experimental value.

E. Other Triborane Addition Compounds

1. TRIMETHYLAMINE-TRIBORANE

(CHs)3WBsH+ was first prepared by Edwards and his collaborators at Callery
Chemical Company(l07) using the reaction between ByHio and N(CHz)s. It was

(103) W. H. Eberhardt, B. Crawford and W. N. Lipscomb, J. Chem. Phys. 22, 989
(195L4); R. E. Dickerson and W. N. Lipscomb, ibid., 27, 212 (1957).

(104) E. W. Hughes, J. Am. Chem. Soc. 78, 502 (1956); E. L. Lippert and W. N.
Lipscomb, ibid., 78, 503 (1956); C. E. Nordmsn and C. R. Peters, ibid.,
in press. T

(105) J. L. Hoard, S. Geller, and T. B. Owen, Acta Cryst. L4, 405 (1951).

(106) E. F. Westrum, Jr. end N. E. Levintin, J. Am. Chem. Soc., in press.

(107) L. J. Edwards, W. V. Hough, and M. D. Ford, to be published.
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later found that a process involving an initial preparation of a BgH+ etherate
followed by replacement of the ether by‘N(CHs)g was superior for preparative
purposes. Kodama had found that tetrahydropyran is a particularly suitable
ether for such a purpose (see page of this report). The following process,
modeled after that used by Kodama for the preparation of HsNBsH,, was developed
in this laboratory by J. C. Carter and G. Kodama under the joint sponsorship

of WADC (Kodama) and Callery Chemical Company (Carter). The sample thus pre-
pared was used by Westrum and his collaborators to run the low-temperature heat
capacity of (CHs)sNBgH7.

The reactions involved are:
(1) 2B4Hi0 + 2CHo(CHs),40 — 2(CHo)(CHo) 4OBsH+ + BoHg
(2) CHZ(CH2)4OB3H7 + (CH3)3N > (CH3)3NB3H7 + CH2(0H2)4O

The reaction vessel, a 500-cc three-necked flask, was fitted with an ef-
ficient magnetically driven paddle stirrer and a low-temperature reflux conden-
ser attached at the top to a vacuum line and manometer. The third neck of the
flask was fitted with a standard taper stopper and used to introduce solvents.
One hundred milliliters of tetrahydropyran and one hundred milliliters of toluene
were placed in the flask, cooled to -196°C, and the reactor evacuated. The
toluene was used to dilute the tetrahydropyren. Fifty milliliters of tetra-
borane (liquid measured at 0°C) were then distilled into the reactor and the
temperature raised slowly, when the first evidence of a reaction occurred, as
noted by evolution of diborane, the reactor was immersed in liquid nitrogen.
After the reaction had subsided and the pressure had dropped to zero, the reac-
tor was again warmed slowly and the diborane removed. The initial reaction was
quite exothermic and very difficult to control, the diborane pressure building
up extremely rapidly. After cooling and rewarming, the reaction was generally
quite moderate and the diborane could be removed without difficulty. When a
100-cc sample of liquid tetraborane was used, heat-transfer problems and local-
ized heating in the solution resulted in the reaction going out of control for
a short period of time.

Unless more efficient methods of heat transfer and temperature control are
available, the reaction cannot be recommended for greater than 50 cc of tetra-
borane and even then only if all precautions of safety are observed.

After the major portion of diborane had been removed, the reaction was
cooled to -78°C and allowed to stand overnight. The remainder of the diborane
was them removed and the excess tetrahydropyran and toeluene were condensed into
a tube for removal from the system. The tetrahydropyren-triborane remaining in
the reactor melts just below room temperature; it ignites spontaneously when ex-
posed to alr in contact with filter paper.

The system was opened under a stream of dry nitrogen and a 200-ml sample
of anhydrous ethyl ether was introduced. The reactor was cooled to -78°C and
evacuated. It was then necessary to warm the solution again to ice temperature
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until the tetrahydropyran triborane had completely dissolved. The solution was
cooled to -78°C,and 37 ml of liquid trimethylamine (measured at 0°C) was allowed
to distill very slowly'ﬁnto the system. A period of 24 hours was required for
the amine to be completely absorbed.

It was necessary to use a stoichiometric amount of trimethylamine because
of the possibility of side reactions involving the desired product and excess
amine. At this time the reactor was allowed to warm to room temperature and the
ethyl ether and liberated tetrahydropyran were distilled from the system and
discarded.

The method of recovery and purification of the trimethylamine triborane
differed from that used with the ammonia compound. The trimethylamine-tri-
borane could not be precipitated from a benzene solution upon addition of
methylcyclohexane. It was recovered and purified by recrystallizing twice
from anhydrous toluene at -95°C and filtering through a glass frit cooled to
-78°C under a stream of dry nitrogen. The yield of pure product was 65-T70%.

The sample was hydrolyzed by heating 100 hours at 150°C with 10% HCl in a
sealed tube. Active hydrogen evolved was measured with a Toepler pump and cali-
brated gas burette. Boron was titrated as boric acid in the presence of manni-
tol. Trimethylamine was determined by the Kjeldahl procedure. It was necessary
to bubble the liberated amine very slowly through a considerable depth of stand-
ard acid to obtain efficient absorption. Results of analysis were:

Found Calculated % of
mmolei mmoles Calculated
Active Hydrogen 7.28 T.31 99.6
Boron 0.546 0.548 99.6
Trimethylamine 0.181 0.1827 99.0
Ratio: (CH3)3N B H
0.994 3.000 7.000

Reagents were the same as those described for HgNBaHs or were the best com-
mercial product.

2, ATTEMPTS TO PREPARE F5PBoH-

The isolation in this laboratory of the compound FsPBHs, formally analogous
to the compounds (NHs)sNBHs and HsNBHg, and the isolation of the compounds
HaNBsH7 and (CHs3)sNBsH, all suggested that it should be possible to prepare the
compound FsPBsH+ through the reaction of FgP and tetraborane or one of its de-
rivatives. A number of preparative procedures have been explored but it has not
been possible to resolve the resulting reaction mixtures into a fraction identi-
fiable as the desired FsPBsH7z. Apparently FsP is such a weak base thatit is unable
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to stabilize the BgH; fragment long enough to permit compound identification.

Systematic chemical arguments given earlier suggest the following equation
to represent the interaction of ByHio and PFg

BaHi0 + PFa(eXCe,SS)——) FgPBHg + FsPB3H7\

The system was studied by sealing BsHio and PFs in glass tubes equipped with
break-off tips. Procedures were analogous to those used for the synthesis of
HSBPFS.(log) When the PF5 pressure was 2 atmospheres or less and the reaction
time at room temperature was half a day or less, the original PFs and ByHio
could be recovered unchanged. If the pressure was above 5 atmospheres and the
reaction time at room temperature was 3 days, BoHg, FSPBHS,‘and a yellow viscous
residue along with very small amounts of fairly volatile, unidentified components
were isolated from the reaction mass. Some of the unidentified components had a
volatility about the same as or a little less than that of ByHio; this material
decomposed rapidly to PFsz, Bolg, and other residues when warmed to room tempera-
ture. The very small amount of substance available permitted only crude quali-
tative identification of products.

The apparent low stability of any FsPBaHy compound at room temperature sug-
gested a low-temperature synthesis in liquid PFs which can be represented by the
following equation:

liquid
PFg
solvent at

-78°C

NeBsH, +,HCL + PFa NaCly + FgPBsH, + Ho

Because of the very low solubility of NaBsHg, the evolution of Ho was very slow;
several days were required to give off one mole of Ho. With a large excess of
HCl the reaction proceeded somewhat faster. The resulting reaction mixture was
complex and difficult to separate. The material left after the removal of ex-
cess PFg and HCl decomposed easily when warmed to room temperature. PFz, BoHg,
B4Hic and a solid yellow residue were recognized as products.

Current data suggest that if F3PBsH7 is to be identified, low-temperature
techniques will be required for the complete characterization. Further work is
in progress.

(108) R. W. Parry and T. C. Bissot, J. Am. Chem. Soc. 78, 152k (1956).
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IV. SOME ADDITION COMPOUNDS RELATED TO THE BORANE ADDUCTS

A. Background

Data outlined in earlier sections on the reactions of BoHg and BsHip have
been interpreted in terms of a symmetrical and nonsymmetrical cleavage of the
double bridge bonds of these two molecules.

H /5\ A H\\yﬂ& /H
B B
/ xd/ \ / \
H, H H ,hﬁ/ H
7~ 7/
| H \\ H
H\ ,@*-B—xﬂ,\ JH H );H—]Ig—H\ i
B B
/ "\ /7N
}I)ﬁLB—@/ H H ,H—B—H
/R
Symmetrical Cleavage Nonsymmetrical Cleavage
of the Double Bridge Bonds of the Double Bridge Bonds

It has been found that certain reagents such as ammonia promote nonsymmetrical
cleavage while others such as trimethylamine and various ethers promote symmet-
rical cleavage.

Since the double bridge bond is found in many structures other than the
boron hydrides, it is of interest to explore the cleavage reactions as they
may apply to compounds such as AloCls, Als(CHsz)s, and even [Ale]n

Both symmetrical and nonsymmetrical cleavages were reported by Gibson and
later by Chatt fO{ certain coordination compounds such as CH3C1PtC1oPtClCH5 and
EtoAuBroAukts . "‘09

(109) a) J. Chatt, J. Chem. Soc., 655 (1951). b) Foss and Gibson, J. Chem.
Soc., 3093 (1949); ibid., 628 (1951).
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N\

CH3\ )‘Cl\ /Cl ' CHs\ Cl\ CHag
/Pt'\ /Pt\ + dipyridyl —— /Pt /Pt\
Cl + C1 CHg Cl Dipyridyl] LC1 Cl

/

Nonsymmetrical Cleavage of Pt Complex

CHz\ ,C1_ A1 , CHs_ ,Cl1
/,Pt\\ Py + N(CszH7)g —> Pte
Cc1 cl  CHs c1 N(CaH7)s

Tri-n-propyl
amine

Symmetrical Cleavage of Pt Complex

The current sequence of experiments was undertaken in an effort to gain
information on the reactions of the bridge compounds of aluminum. Intelligent
correlations between the reactions of such coordination compounds and the elec-
tronic configuration of the central metal atom demand more extensive data on
the nature of the reaction between bridge molecules and various reagents. Many
of the explanations and hypotheses based on n bonding have little basis in ex-
perimental fact and the current studies were initiated to establish a more re-
liable experimental basis for current speculation.

B. The Compound FzPAlClsg

1. EARLIER STUDIES

The ability of PFg and PCls to form adducts with PtCls was first described
by Schultzenbergeﬂll@ and by Moisso 1V but it remained for Chatéil@ to recog-
nize that the resulting compounds were coordination compounds similar to
P£(C0)2Cl2 and [Pt(CO)Clalz described extensively in earlier literature on
complex compounds. Chatt pointed out that FsBPF3 does not form and he con-
trasted this with the fact that [PtCla(PFg)lz can be formed with ease. He at-
tempted to rationalize the experimental difference in terms of the electronic
structure of the boron and platinum atoms. He noted that platinum with the
electronic configuration 1s2, 252, 2p°, 352, 3p®, 3d%°, Ls®, Lp®, 44°, Lri#,
552, 5p6, 5d8, 6s® has 5d electrons which might be donated to the d orbitals
of the phosphorus atom and pointed out that the attachment of F to P would
lower the d levels of P to a bonding region; thus a "% or dative double bond"

(110) P. Schultzenberger, Bull. Soc. Chim. 17, 482 (1872).
(111) H. Moisson, Bull. Soc. Chim. 5, 454 (1891).
(112) J. Chatt, Nature 165, 637 (1950).
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was assumed to be important in the linking of PFz to PtClz. In such a bond,
electrons from the metal are donated to the phosphorus atom. Aluminum, with
the electronic configuration 1s2, 252, 2p®, 3s2, 3p®, has no such d electrons
and would be unable to form a complex with PFs by such a mechanism. In sup-
port of such an argument, Chatt and William§115)noted that no addition com-
pound resulted when PFs was passed over sublimed AloClg or AloBrg at 250°C.
More recently Holmes and Brown lu)reported that AlCls would not combine with
PCls in a low temperature study.

Earlier work in this laboratory’l® indicated that the bridged compound

Ballg reacts with PFz by symmetrical bridge cleavage to give HgBPFs, a molecule
which in the earlier arguments of Chatt, cannot be stabilized by n bonding of
the type used for platinum complexes. It has since been suggested by Graham
and Stonéll6 and others that such a complex owes its stability to a delocali-
zation of the B-H electrons to give a "n bond" in a manner comparable to that
invoked in the hyperconjugation arguments of organic chemistry. The prime ar-
gument for such n bonding was the difference in stability between complexes of
borine and BFsz with bases such as PFs and NHs.

In this laboratory it was suggested that those Lewis acids which are di-
meric in the free state would combine with very weak bases such as PFs whereas
those which are monomeric would not. Thus BgHg, AloCls, and Alg(CHs)s should
combine with PFg while BFj, B(CH3)3, BBrs, etc., should not. In an effort to
test this prediction, the system AlnoClg-PFs has been restudied using the meth-
ods employed in the earlier BoHg-PF3 study.

The empirical generalization suggested above can be rationalized by an ap-
propriate combination of steric and electronic arguments which will be pre-
sented with a more detailed account of the experimental data in a subsequent
publication. The existence of F3PA1Cls and the nonexistence of FaPBCls are
rationalized with more difficulty by "% bonders."

2. THE PREPARATION OF Fs3PAlCls

Very pure resublimed AlsCls (99.9+ % A15Clg) reacts with PFs in a bomb
tube under 8 atmospheres pressure in accordance with the following equation:

Al1oClg + 2PFg —> 2C13A1PF5
About 4 hours at room temperature were required for reaction. ©Shorter periods

of time or lower pressures gave no reaction. Longer periods of time permitted
group exchange on the complex

(113) J. Chatt and A. A, Williams, J. Chem. Soc., 3061 (1951).

(114) R. R. Holmes and H. C. Brown, Paper No. 70, Div. of Phys. and Inorg.
Chemistry, Dallas Meeting of Amer. Chem. Soc., April 12, 1956.

(115) R. W. Parry and T. C. Bissot, J. Am. Chem. Soc. 78, 1524 (1956).

(116) W.A.G. Graham and F.G.A. Stone, J. Inorg. and Nuclear Chem. 3, 175 (1956).
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nClgAlPF3 —> nPCls + [AlF3],
PCls and AlF3 were recovered as products.

The identity of the complex ClzAlPFs was established by determining the
amount of PFaz combining with a given amount of Al2Clg. The molecular weight of
the solid product was determined by vapor pressure depression in liquid PFs.

An experimental value of 202 as compared to a theoretical value of 221.7 for
A1C13PFs supports the proposed monomeric formula. The deviation of almost 10%
between the experimental and theoretical values is understandable in terms of
experimental difficulties of the method and the slow conversion of ClzAlPF3 to
AlF3 and PClsz in liquid PF3 even at -112°C. It is also appropriate to note that
FaPA1Cls is soluble in liquid PF3 whereas AloCle and PCls are not. Further evi-
dence to support the proposed formula is found in a base displacement reaction.
When diethyl ether was added to the solid complex at -112°C, the solid dissolved
but no PF3 was liberated; addition of an equimolar quantity of NMes to the cold
solution (-78°C) resulted in liberation of an amount of PFs equal to the amount
of NMesz used. MegNA1Cls was obtained as a product of the reaction. The proc-
ess may be summarized by the equation:

F3PA.]_C:|.3 + MesN > MesNAlCl:-; + PF3

The shift of halide groups in the complex is an interesting process. It
goes slowly in liquid PFs at temperatures as low as -112°C and is rather rapid
for the pure solid at temperatures above 0°C. Earlier studies in this labora-
tory indicated that CH3ONHCH3BH3 undergoes a shift of groups to give B(OCHz)s
and NHoR as initial products but it was noticed that such a process was always
preceded by a loss of Hz. Bissot, Campbell, and Parry 17 interpreted this fact
as evidence for the loss of Hz from N and B, thus opening up a coordination site
for group transfer. Since both Al and P can have coordination numbers above L
rather commonly, it would be expected that the shift of groups would occur even
at low temperatures and without initial loss of any coordinated groups. Indeed,
such was observed.

3. EXPERIMENTAL

(a) Compound Preparation

Metallic aluminum was burned in a dry chlorine stream in an all-glass sys-
tem using conventional good techniques (see Fig. 27). The resulting AlsCle was
sublimed into a small bulb which was then sealed off. Approximately 1 mM of
AloCle was trapped in each bulb by means of the glass wool filter A in Fig. 27.
The unit B could be weighed before and after subliming in the AloCle and sealing;

(117) T. C. Bissot, D. H. Campbell, and R. W. Parry, J. Am. Chem. Soc. 80, 1870
(1958).
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thus the weight of AlaClg could be accurately determined. The bulb was placed
in a heavy-walled glass bomb tube along with a magnet sealed in a glass case

(a magnetic hammer). The tube was evacuated and opened to the diffusion pump
for several hours prior to use. The tube was also warmed with a flame to aid
in drying. The bulb containing the AloClg was then crushed with the magnetic
hammer and the dry nitrogen it contained was pumped out (i.e., the magnet inside
was picked up by means of an external magnet and dropped on the glass bulb).

A measured quantity of PFs was condensed into the tube (enough to give a de-
sired pressure of about 8 atmospheres); then the tube was sealed off and trans-
ferred to the room-temperature storage area. After standing for the desired
length of time, the contents of the tube were frozen with liquid nitrogen, the
tube was opened to the vacuum line, and excess PFs was removed at -112°C. The
amount of PFs recovered was measured and the stoichiometry of the reaction be-
tween PF3 and AloClg was determined. Typical data for a number of runs are
summarized in Table XXX. The course of the run after product formation was de-
termined by product treatment. A number of separate observations are summarized
below.

(b) Decomposition of FaPA1Cls upon Standing

If in the preparation of FgPAlCls an unusually long time was allowed for
the interaction of FaP and AlsCls, no evidence for complex formation could be
detected, but PClz and AlFz could be recovered in stoichiometric quantities.
(See runs 1,2,3.) The PCls was identified by its molecular weight which was
measured by vapor density. An observed value of 132 compared favorably with
the theoretical value of 13%7. An analysis of the PClg for chloride gave 80.0%
Cl™ as compared to a theoretical value of 80.5% C1~ for PCls. The AlFs in run
3 was ldentified after removal of PClsz, by analyzing for Al by precipitation as
8—hydroxyquinoline. The fluoride was determined on the same sample by precipi-
tation as PbC1F. The observed ratio of F~ to A1™® was 2.8 to 1.

In a number of other cases the complex formed and no evidence for PCls
was obtalnable, but as the solid was allowed to warm up over a relatively long
period, PCla appeared (run 6).

(¢) The Reaction of the Complex with Trimethylamine, with Dimethyl Ether, and
with Diethyl Ether

Trimethylamine (about 0.5 mmole in run 2) was frozen onto the solid com-
plex FgPAICls (about 3.20 mmoles) and the system was warmed slowly to -78°C,
at which temperature it was allowed to stand for about 1/2 hour. No PFz was
liberated from this system. As the temperature was allowed to rise, PClg could
be separated.

When dimethyl ether was condensed onto the complex (run 14) PFgz was liber-
ated, but the weaker base, diethyl ether, gave no reaction (runs 10 and 11).
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Addition of trimethylamine to the ether solution of the complex resulted in
displacement of the PFz at -78°C. The most convincing data were obtained in
run 11. About 2 ml of diethyl ether was frozen onto the solid complex (about
1.9 millimoles) with liquid nitrogen; then a sample of trimethylamine amounting
to 0.603 millimole was frozen on the ether. The system was allowed to warm up
to -78°C and 0.606 millimole of PFs was liberated. The PF3 was identified by
its molecular weight. The value obtained by vapor density was 87. The theo-
retical value for PFs is 88.

(d) The Determination of the Molecular Weight of FaPA1Cls

Molecular weight studies on this solid posed very difficult experimental
problems. Conventional solvents such as benzene froze at such a high tempera-
ture that halide interchange occurred. Diethyl ether dissolved the solid com-
plex, but because the solvent has two solid phases it is not particularly suit-
able for freezing point studies and its vapor pressure at sultable temperatures
was too low for vapor-pressure depression studies. Dimethyl ether was not suit-
able as a solvent because it displaced PF3. Finally, liquid PF3 was used as a
solvent at -112°C. A carbon disulfide slush was used as a thermostat at -112°C.
The sample bulbs were immersed directly in the slush; otherwise the procedure
was the same as that previously describedﬁl5g) In a typical run the sample
weighing some .454 gm was prepared directly in the molecular weight tube. The
empty tube was weighéd first and the tube was weighed again after the comple-
tion of the molecular weight measurement since exposure of the sample to room
temperatures during weighing would result in halogen shift. About 2%.0 milli-
moles of PF3 was used as a solvent. Typical data at about -112°C showed:

Pmm APmm AP /P Mol. Wt.
LL6 h3.5 0.0975 202
540 52.8 0.0977 201
Theory for FaPA1Cls = 221.4

When more PF3 was added to get another point, a precipitate formed and AP
dropped to zero. It is significant that the decomposition of F4PA1Clg in 1i-
quid PFs at -112°C was confirmed in subsequent studies. It is also noteworthy
that AlFg, PCls, and AlsClg are all insoluble in liquid PFs.

A duplicate run on a second sample (0.3%81 g) also gave a value of 202 for
the molecular weight.

The entire area of aluminum complexes is still under active investigation.
More will be given in subsequent reports.
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C. The Compound HszAl[N(CHsz)slo

One of the procedures used to dry trimethylamine in this laboratory in-
volved the storage of the liquid above lithium aluminum hydride. After the
trimethylamine was removed from above the lithium aluminum hydride, a white
volatile solid with a sharp melting point of 94°C could be sublimed from the
reaction residues. The solid decomposed slowly at room temperature, evolving
trimethylamine and other residues. When heated in glass, the solid left an
aluminum mirror. Analysis of the solid showed the following: Al = 18.1%,

N =18.9%, H = 2.07%. These values support the formula HzAl[N(CHs)sl]z for
which analytical values are: Al = 18.1%, N = 18.8%, H~ = 2.03%.

The formula immediately suggested that yields could be improved if AlHs
were made first and treated with trimethylamine.

Two new preparative processes were then tried. They are described by the
equations listed below:

Process 1
ether
A1Cls + 3LiAlH4y ———— LHgAl-etherate + 3LiCl
HaAl-etherate + 2N(CHgz)s — HgAl1-2N(CHsz)s + ether
Process 2
ether
LiAlH4 + HC1 ——— HsAl-etherate + Ho + LiCl

HsAl-etherate + 2N(CHz)s —) HzA1-2N(CH3)s + ether

The second process gave recoverable yields of more than 65% based on the LiAlH4
used. It also offered an explanation for the original preparative process in
which HOH replaced the HCl. Yields were poor when the water content of the
amine was low. The molecular weight of the solid was measured by vapor-pressure
depression in dimethyl ether solution over a temperature range from -38 to -28°C.
The result of 143 * 8 clearly indicates a monomer.

Shortly after complete characterization of the solid it was found that Wi-
berg and his collaboratoréll@ had prepared and characterized the same compound.
His melting point of 95°C and monomeric nature of the complex in ether were thus
verified independently.

The coordination number of 5 for A1%™3 in this complex suggested interesting
coordination problems which are now being explored Wy detailed structural investigatims.

(118) E. Wiberg et al., Z. Naturforsch., Tb, 578 (192); Z. anorg. u. allgem.
Chem., 272, 221 (1953).
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V. PHYSICAL AND CHEMICAL STUDIES ON PURE BORON HYDRIDES AND BOROHYDRIDES

A. The Raman Spectra of Four Isotopic Varieties of Diborane

in the Gas Phase(llg)

The compounds *'BoHg, *BzsDg, *°BgHg and 1©BsDg were prepared during the
course of a spectroscopic investigation of the borohydride ion and aluminum boro-
hydride. Since the Raman spectra of only the first and last of the above isotopic
varieties have been reported in detail, and those only for the liquid state, it
was deemed of interest to obtain the gaseous Raman spectra for the complete series.

1. EXPERIMENTAL

The starting material in the preparation of the compounds was the diethyl
ether complex of BF3. This was converted to the appropriate diborane by means
of lithium aluminum hydride or deuteride essentially according to standard
methods. The boron-11 compounds contained approximately 81% of the 1B isotope,
the normal isotopic abundance, while the boron-10 compounds* contained 96% of
the desired isotope. The hydrogen content of the deuterated compounds was esti-
mated at less than 2% from the spectral evidence. Purification was accomplished
by repeated fractionation on the vacuum line until a constant and reproducible
vapor pressure was reached. The values observed for ordinary diborane agreed
with those in the literature. The use of BF3 etherate as a starting material
eliminates possible contamination with SiF,, which is difficult to remove by
fractionation.

The spectra were recorded photographically, using the spectrograph and light
source described previously.(l2o) The Raman tubes had an outside diameter of 25mm
with an illuminated length of 150 mm and contained the gases at approximately k4
atmospheres pressure. Collimating baffles largely eliminated light scattered
from the walls and window. Saturated sodium nitrite solution served as a filter
for all exposures; an isopropyl alcohol solution of rhodamine 5 GDN Extra and
paranitrotoluene was utilized as an additional filter for a few of the spectra.
Exposure times varied from 12 to 72 hr with Eastman 103%3a-J plates. The resolu-
tion of the spectrograph was quite adequate to resolve clearly the isotopic
triplet of ordinary diborane at about 800 cm~*. Wavelength measurements were

*Boron-10 was obtained as the CaFs*BFs complex from Union Carbide and Car-
bon, Oak Ridge National Laboratory.

(119) R. C. Taylor and A. R. Emery, Spectrochemica Acta 10, 419 (1958).

(120) G. L. Vidale and R. C. Taylor, J. Am. Chem. Soc. 78, 294 (1956).
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made both on the plates and on enlarged tracings made by a Leeds and Northrup
microphotometer. Estimated probable errors accompany the averaged values listed
for the frequencies.

2. RESULTS

Observed frequencies, estimated intensities, and assignments for the hydro-
gen and deuterium compounds, respectively, are shown in Tables XXXT and XXXII.
Tracings of typical spectra of the deuterated compounds are shown in Fig. 28.
No difficulty was met in identifying the Ag fundamentals, since the characteris-
tic sharp appearance of totally symmetric bands in the Raman spectrum of gaseous
compounds is at least as conclusive as depolarization measurements. The other
Raman-active fundamentals were typically broad and diffuse and lower in inten-
sity so that frequently they could not be distinguished from the background. In
some cases, they were obscured by Ag fundementals or overtones. This appears
to be the reason for the great breadth of the band near 700 cm-1 in the deute-
rated compounds.

Assignment of the overtones and combination bands was made with the help
of the infrared active fundamentals of the gas listed by Lord and Nielsen;(121)
where Raman-active fundamentals could not be identified from the present work,
liquid values from the same paper were used. Frequently alternate possibilities
existed for the assignment of weak bands. In such cases, the assignment with
Ag symmetry if one existed, was preferred on the grounds that bands of this class
would likely be more intense in the Raman effect. Several cases in which the
intensity of the overtone or combination was enhanced by Fermi resonance were
noted, the most pronounced case occurring in the deuterated compounds and in-
volving 2vs and vi. The doublet appearing at the position of 2v5 in the spec-
trum of 11BpDg is attributed to the presence of roughly 30% of 11B-10B mole-
cules. The unexpectedly high intensity of the isotopic satellite at 1824 em-1
above that expected from the ratio of isotopic molecules arises from a closer
resonance with the v; fundamental in the lighter molecules.

The fundamentals derived from the present work are collected in Table XXXIIT.
Since they agree quite well with those given by Lord and Nielsen(lgl), who have
considered all previous work, they will not be discussed in detail. It may Dbe
pointed out that the general agreement found here supports the essential correct-
ness of the assignments made by these authors.

The application of the Teller-Redlich product rule and also one of the iso-
topic sum rules to the frequencies of the Ag class 1s shown in Table XXXIV. The
data are satisfactory considering the lack of knowledge of the anharmonicities
and the number of fundamentals involved in Fermi resonances.

(121) R. C. Lord and E. Nielsen, J. Chem. Phys. 19, 1 (1951).
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TABLE XXXIIT

RAMAN ACTIVE FUNDAMENTALS OF GASEOUS DIBORANE

11B,Hg 10BoHg 11B5Dg 10B5Dg
Ay Vi 2532 2537 (1860) (1870)
Vo 2109 2110 (1512) (1514)
Vs 1184 1186 (912) (928)
Vg 788 816 T12 T21
Big Vs 1755 1768 1287 1285
V7 - - - -
Bog Vi1 2600 2640 1968 1990
Via -- -- -- --
Bag Vis -- -- -- --

Frequencies enclosed in parentheses are involved in
Fermi resonances and have been corrected by an esti-
mated shift.

TABLE XXXIV

PRODUCT AND SUM RULES FOR THE A.g CLASS FREQUENCIES
OF GASEOUS DIBORANES

Product Ratio Calculated Theoretical
(11BoHg /1 1BoDs ) 2.73 2.825
(19BoHg /19BaoDg ) 2.7k 2.825
(19BoHg /11BoHs ) 1.04 1.049
(19BaDg /1 1BoDg ) 1.0k 1.049
Sum difference 2, [v42(*°BoHg)-v22(11BoHg)] = 7.9 x 104

Z [Viz(lOBgDS)-Vga( llBng)] = 8 6 x 104
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Fig. 28. Raman spectra of 10B and 11B deuteroboranes
in the gas phase.

B. Raman Spectroscopy in Liquid Ammonia Solutions. Vibrational Frequencies

and Force Constants for Isotopic Species of the Borohydride Ion Having

Tetrahedral Symmetry

1. INTRODUCTION

In a previous article(lgg) the Raman spectra and assignments of the 11BHZ
and 11BD; ions dissolved in liquid ammonia were reported. However,solvent in-
terference prevented the observation of one fundamental of the borohydride ion
and confused the interpretation of the B-D stretching region of the borodeute-
ride spectrum. Since this ion is one of the simplest boron hydride structures,
it is desirable to have a complete and unequivocal assignment of fundamentals,
and consequently the work has been extended making further use of isotopic sub-
stitution for both hydrogen and boron. In particular, employment of the iso-
topic solvent, ND3, has successfully eliminated interference by solvent bands
and has made possible the observation of all the fundamentals of the various
isotopically substituted ions. The use of ammonia as a solvent was dictated by
solubility considerations, the fact that hydrolysis occurs in aqueous solution
and the desirability of a simple solvent spectrum. Since chemical exchange of

(122) Taylor, Schultz, and Emery, J. Am. Chem. Soc. 80, 27 (1958); WADC Techni-
cal Report 56-318 (Univ. of Mich. Project No. 1966, Final Rept. June 1956).
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hydrogen between the borohydride ion and ammonia occurs extremely slowly, if at
all, the two isotopic solvents could be used interchangeably depending cn the
spectral region of interest.

The final assignment which has been made agrees with all available data and
confirms the tetrahedral structure of the ion. The values of the fundamentals
have been used to evaluate the force constants of a complete valence force po-
tential function.

2. EXPERIMENTAL

Sodium and lithium borohydrides containing boron-11 in its natural abun-
dance of 81% were obtained from Metal Hydrides, Inc., and purified before use
by removing all ammonia insoluble material. Potassium borohydride was pre-
pared by metathesis between NaBH, and KOH according to a recently described
procedureo(lEB) Borodeuterides and all compounds containing boron-10 were pre-
pared by one of two procedures depending on the alkali metal. Lithium compounds
were obtained by reacting an ether slurry of lithium hydride or deuteride with
the appropriate diborane in a sealed reaction tube. Sodium and potassium salts
were prepared by the reaction of the appropriate diborane with sodium or potas-
sium tetramethoxyborate. The reactions involved have been reported by Schlesin-
ger et glo(lg All compounds were purified to remove ammonia insoluble ma-
terial before use. Boron-10 was obtained in 96% enrichment as the calcium fluo-
ride-boron trifluoride complex from Union Carbide and Carbon Corporation, Oak
Ridge, Tennessee. The BFg was converted to diborane by reaction of its etherate
with lithium aluminum hydride or deuteride. Although a small amount of hydrogen
was introduced in the synthesis of the deuterated compounds, its amount was esti-
mated at not more than 2-3% of the total deuterium present and no difficulty was
met in the interpretation of the spectra because of the presence of a small per-
centage of isotopically mixed ions. Deuterated ammonia was prepared in a small
steel cylinder by the reaction of D20 with freshly prepared MgsNs. Its spectrum
showed insignificant amounts of hydrogen to be present.

The preparation of the samples has been described previouslyo(lzg) In most
cases they consisted of 1-2 ml of solution whose concentration lay in the range
between 2-4 meclar. No significant changes of the spectra with concentration were
noted, Reference to the spectroscopic equipment has been given in the earlier
paper. (122)

3. EXPERIMENTAL RESULTS AND DISCUSSION

The observed frequencies, assignments, and polarization characteristics of
the bands of the alkali metal borohydrides in ammonia soluticn are listed in
Table XXXV, while the corresponding data for the alkali metal borodeuterides are
given in Table XXXVI. The values tabulated are averages obtained from several

(123) Banus, Bragdon, and Hinckley, J. Am. Chem. Soc. 76, 3848 (1954).
(124) Schlesinger et al., J. Am. Chem. Soc. 75, 186-22k (1953).
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TABLE XXXV

VIBRATTIONAL FREQUENCIES AND ASSIGNMENTS FOR THE BOROHYDRIDE ION

IN LIQUID AMMONIA SOLUTION

(in cm-1)

LillBHsy  NallBH4y  K11BH,  LilOBH,  NalOBH,  Assignments
1082+2%  1080+2 108k+2 1085+2 1093+2 Va
1202+ 3 1210+3 121343 120645 1208+3 Vo
2146+5 21L6+3 2154+3  2150+3 2161+3 2vy

22kh+ s 2250+15 Va
2265+2 226h+2 2266+3  2268+2 2270+2 V1
2Lo2+3 2398+3 2Loh+3  2LO%5 2ho5+5 2va

%mstimated standard deviations.

TABLE XXXVI

VIBRAT IONAL FREQUENCIES AND ASSIGNMENTS FOR THE BORODEUTERIDE ION
IN LIQUID AMMONIA AND DEUTEROAMMONIA SOLUTIONS

(in em~1)

Lil1BDy NallBD, K11BD, Lil0BD, NalOBD, Assignments
822+2% 823+2 827+2 83%+3 83L+2 Va
854+2 855+2 86L+3 858+L Va2

1569+3 1570+3 157243 1570+2 1571+2 va

1636+h 1636+h 1636+h 1645+3 1650+5 2v4(E or Fso)
1668+3 1668+3 1670+5  1683+3 1680+2 2va(Ay)
1698+3 1696+5 1694+3  170L4+3 1706+4 V3
2240+3 2238+1 2238+5 22L3+3 2245+2 BDsH™ ion

%Estimated standard deviations.
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Plates, no distinction having been made between NHs and ND3 solutions.* A small
but real shift in band position with cation was apparent and data accordingly
have been given for each salt. Data obtained from the sodium salt have been
used for purposes of the discussion and in the force comstant calculations, since
they form the most complete set and are roughly intermediate between the values
for the other two alkali metals. Some of the previously published frequencies

of the boron-11 compounds(lgg) have been revised on the basis of a larger number
of better quality spectra; these changes are largely within the experimental un-
certainty of the previous values.

Satisfactory assignments have been made assuming a tetrahedral configura-
tion for the ion belonging to the Tq point group. This model predicts one Aj,
one E, and two Fp fundamentals, all Raman active. Isotopic substitution of deu-
terium for hydrogen should result in a marked shift in all frequencies while
isotopic substitution of the central boron atom should not affect the A; and E
frequencies but shift the Fp fundamentals by a small amount.

The A; stretching frequency is easily identified as the 2264 cm~1 band in
the hydrogen compounds and the 1570 cm-1 band in the deuterium from intensity
and polarization characteristics. A shift in the apparent position of this fun-
damental in the borohydride ion on substitution of 1COB for 11B probably is due
to the fact that v; is superimposed on vs making the observed band maximum sensi-
tive to shifts in the latter. 1In the borodeuteride ion, a Fermi resonance oc-
curs between vy and the overtone of the band at 823 cm-1 which shifts the funda-
mental some 30 cm~! from its unperturbed value.

The assignment of vs, the doubly degenerate bending vibration, to the band
at 1210 cm™* in the hydrogen ion and 855 cm-1 in the deuterium is confirmed in
the present work by the absence of a 19B isotope shift. The other bending fun-
damental, the triply degenerate v,, was not observed previously because of in-
terference by a solvent band; its position was inferred to be near 1080 cm-1
from the assignment of a band near 2150 em-1 as its first overtone. When NDsg
is used in place of NHs, no solvent bands occur from about 900 to 1175 cm~1,
The spectrum of BHZ in this solvent showed the expected fundamental as a band
of moderately low intensity with a maximum at 1080 cm-1. The corresponding band
of BD; appeared at &3 cm-1. Confirmation of the assignment was obtained from
the 10B isotope shifts of 13 and 11 em-1, respectively.

*Evidence suggesting small systematic differences in band position between the

two @zolvents was obtalned in the case of one or two of the fundamentals. The
specific rature of soluwte-solvent interaction which this suggests i1s supported

by the observation that the maximum of the symmetrical stretching frequency of
BHZ differs by about 25 cm*1 between NHs and Ho0 as solventé, and by the fact
that the alkali metal borohydrides form stable ammoniates. For most of the bands,
however, the differences, if real, between NHg and NDs solutions were less than
the associated probable error in the band positions and have not been considered
significant.

WADC TR 59-207 167



The remaining triply degenerate fundamental, vs, was the most difficult of
the four to identify because of near superposition by vi or overtones in both
the hydrogen and deuterium cases. In Fig. 29, vs,appears as a shoulder on the
low-frequency side of the 2264 cm-1 band of the BHz ion. Confirmation of its
presence and a better measurement of its position was obtained by polarizing the
incident light so that the intensity of v; was greatly reduced. In theory, the
Ay mode of a tetrahedral XY, molecule is completely polarized in the Raman ef-
fect but because of convergence error in the incident light, this is difficult
to demonstrate. In Fig. 30 a spectrum taken with the electric vector of the in-
cident light polarized parallel to the observation direction shows Vs as a weak
but distinct maximum. Solvent interference necessitated the use of NDs for the
BDz ion, and again a satisfactory assignment of the four bands observed in the
B-D stretching region could not be attained without the help of polarized spec-
tra. The two polarized bands shown in Fig. 31 at 1570 and 1668 cm-1 are as-
signed to the vi and the A; component of 2v,, respectively. They both have been
shifted from their expected positions by Fermi resonance. Of the other two
bands at 1636 and 1696 cm-1, the latter is assigned to vs since it gives better
agreement with the product rule and is more intense. It shifts 10 cm-1 on 1©B-
substitution. The apparent position and breadth of this band may have been in-
fluenced by some contribution from 2vs which falls at approximately this posi-
tion but does not have the correct symmetry to resonate. The remaining band at
1636 cm~1 is assigned to the E and/or Fo components of 2v,, the Fo component per-
haps being enhanced in intensity by resonance with vs. It is also possible that
this band may involve a B-D stretching motion of the BDsH- species which was
present in small amounts.

Comparison of the observed frequency product ratios of the four isotopic
ions with those predicted by the product rule is shown in Table XXXVII. The
agreement in general 1s satisfactory with the exception of the A; class where
some of the fundamentals are shifted by resonance. The normal effect of anhar-
monicity is to cause the observed product ratios as written to be somewhat less
than the theoretical. Also included in Table XXXVII are data for the isotopic
sum rule applied to the Fo class frequencies.

L,  NORMAI, COORDINATE TREATMENT

The vibrational analysis was carried out by means of symmetry factored F
and G matrices as described by Wilson£125) Specific details of the application
of this method to a five atom tetrahedral molecule have been given(125y126) pre-
vicusly and will not be repeated here. The B-H bond length in the borohydride
ion is not known with a high degree of certainty but it is certainly longer than

(125) Wilson, Decius, and Cross, Molecular Vibrations, McGraw~Hill Book Company,
Inc., New York, 1955.

(126) A. G. Meister and F. F. Cleveland, Am. J. Phys. 1k, (1946).
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cm-!

Fig. 29. Raman spectrum of NalCBH, dissolved in
liquid NDs (1) or liquid NH5 (2). Solvent bands

indicated by (x).

1 3 1 1
2000 2200 2400 cm™'

Fig. 30. The B-H stretching region in
the Raman spectrum of *'BH3. 1, per-
pendicularly polarized incident light;
2, parallel polarized incident light.
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Fig. 31. The B-D stretching region in
the Raman spectrum of 11BDz dissolved
in liquid ND5s. 1, perpendicularly po-
larized incident light; 2, parallel po-
larized incident light.



TABLE XXXVII

APPLICATICN OF THE TELLER-REDLICH PRCDUCT RULE TO THE BOROHYDRIDE ION

Ratio a Frequency Product Ratio Do st
* wLass Theoretical Observed eviatilon
11RDZ Ay 1.414 1.443 +2.1%
1IBHZ E 1.414 1.h14 0
Fo 1.776 1.736 -2.3%
1°BDZ A, 1,410 1.Lh5 +2.2
108H; E 1414 1.408 -0.4
Fso 1.761 1.727 -1.9
Sum difference:  L[v42(10BH;) - v;2(11RHz)] = 5.52 x 104
(Fo class) Zivi2(10BD7) - vi2(218D7)] = 5.23 x 104

the 1.19 A value fouﬁd<127) in BHaCO since the bond in the latter molecule re-
tains an appreciable amount of sp2 character. Price(lgg) has suggested 1.26 A
for NaBH, from empirical relationships between vibrational frequency and inter-
nuclear distance; while Ford and Ri@hards(lQQ) have calculated a distance of
1.255 A from measurements involving line breadths in nuclear magnetic resonance
spectra of the same compound. The value of 1.25 A used in the calculations

thus probably is not sericusly in errof, and in any case the force constants are
rnot particularly sensitive functions of this parameter.

The potential function in terms of the symmetry coordinates employed(lgé)
can be written as

2V = F15:2 + r2Fs522 + FaSa2 + rFagsSaSy + raF 5,2
where Si 1s the nonredundant symmetry coordinate belonging to the A; class, Ss
the symmetry cocordinate of the E class, and Sz and S, the stretching and bending
ccordinates, respectively, of the Fz class. Principal force constants are indi-
cated by a single subscript and interaction by a double; r represents the as-
sumed equilibrium value of the internuclear distance. Comparison of the calcu-
lated with experimental values of the fundamentals of the four isctopic mole-
cules is made in Table XXXVIII. The standard deviation between the two sets
excluding the two A: frequencies involved in Fermi resonances) is 0.5% with no
deviaticn exceeding 0.9%. Since this agreement probably is better than the un-
certainty in the data caused by experimental error and the neglect ofanharmonicity

(127) Gordy, Ring, and Burg, Phys. Rev. 78, 512 (1950).
(123) W. C. Price, J. Chem. Phys, 17, 104k (19k9).
(129) P. T. Ford and R. E. Richards, Discussions Faraday Soc. 19, 230 (1955).
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other approaches using more refined potential functions such as the orbital va-
lency type were considered unnecessary. The symmetry force constants yielding
the best fit are given in Table XXXIX. By employing the defining equations for
the symmetry coordinates, these data may be used to calculate values for the
more common valence force constants. However, since seven valence force con-
stants can be defined in the complete quadratic potential function whereas only
five symmetry force constants are available, it isinot possible to give a unique
set of values for all of the valence force constants. One can, of course, in-
troduce two arbitrary but reasonable assumptions and so obtain numbers for all
the constants, but rather than introduce this artificiality, the unresolved com-
binations of wvalence force constants have been listed as such in Table XXXIX.
The notation employed is largely self-explanatory, the primed constants being
used for interactions between coordinates having only one atom in common.

TABLE XXXIX

FORCE CONSTANTS FOR THE BOROHYDRIDE ION

Symmetry Force Value Valence Force Value
Constant (105 dynes/cm) Constant (105 dynes/cm)

Fi 3.0511 Ky 2.768

Fo 0.2897 Ky 0.094

Fg 2.6737 ko-kooy 0.290

Fu 0.2905 ko-kogy! 0.201

Fagy 0.0150 kro~kror! 0.011

C. The Dipole Moment of Tetraborane

1. THE PROBLEM

By a molecular orbital treatment of boron hydride structures using a three-
center bond apprcximation, Eberhardt, Crawford, and Lipscomb(IBO) were able to
rationa%ize the known dipole moment values of 2.13D for BsHg(131) and 3.52D for
BioHi4. 132 Their treatment also predicted a zero dipole moment for ByHjo if
the boron skeleton, without moments due to attached hydrogens, were considered.
We have measured the dipole moment of tetraborane in benzene solution using a
heterodyne beat method and have obtained the relatively small value of 0.56 *
.10 Debye units. The small value could easily imply slight protonic character

(130) W. Eberhardt, B. Crawford, and W. N. Lipscomb, J. Chem. Phys. 22, 989
(1954). |

(131) H. J. Hrostowski, R. J. Myers, and G. C. Pimentel, J. Chem. Phys. 20,
518 (1952).

(132) A. W. Laubengayer and R. Bottei, J. Am. Chem. Soc. Tk, 1618 (1952).
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in the bridge hydrogens and slight negative character in the hydrogens attached
to the single bonded borons; these low moments were neglected in the earlier
theoretical treatment, and hence the theoretical arguments are not in serious
disagreement with the dipole information.

2. EXPERIMENTAL

Tetraborane from labcratory stock was purified by low-temperature fractiona-
tion on the vacuum line. The purified product had a vapor pressure of 388 + 1 mm
at 0°C., When the sample was allowed to stand at 0°C for more than a few minutes,
decomposition was indicated by a slow buildup in pressure.

Reagent-grade benzene was dried by refluxing with calcium hydride and dis-
tilling on the vacuum line.

Solutions were prepared by condensing benzene and a measured volume of tetra-
berane vapor into a special weighing cell. Transfer to the dielectric cell was
made under an atmosphere of dry nitrogen, since it was considered undesirable to
evacuate the cell because of damage to the silvered surfaces. The cell was of a
conventional design(155> with a capacitance of about 30 micromicrofarads. The
measuring circuit has been previously described. 15 It was necessary to make
the capacitance measurements rapidly because decomposition of the solute in the
dielectric cell produced a slow rise in the apparent dielectric constant value.

Measurements of the refractive index of the solutions were made with a
Bausch and Lomb precision Abbe Refractometer. No difficulty was encountered in
obtaining reproducible readings before appreciable decomposition took place.
The refractive index of each solution was measured using light of three wave-
lengths (43584, 54168, 589%4). A plot of the refractive index for each solu-
tion against 1/A2 permitted evaluation of the index of refraction for light of

infinite wavelength. A plot of ng

£ (dnk/ox) .

against mole fraction permitted evaluation

3. RESULTS AND DISCUSSION

Results of the dielectric constant and index of refraction measurements
are shown inTables XL and XLI, respectively. The value of the dielectric con-
start of pure benzene was obtained from a Bureau of Standards publlcatlon(155)

and was used to calibrate the dielectric cell.

(133) LeFevre, Dipole Moments (Methuen and Co., Ltd., London), p. 36.

(124) J. R. Weaver, S. G. Shore, and R. W. Parry, J. Chem, Phys. 29, 1 (1958).

(135) A. A. Maryott and E. R. Smith, Table of Dielectric Constants of Pure
Liquids, Natioral Bureau of Standards Clrcular 514, 1951.
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TABLE XL

THE DIELECTRIC PROPERTIES OF TETRABORANE

Mole Fraction Dielectric Constant at 25°C n2g (5893)
0.000 2.274 (135) 1.4971
C.02k4 2.277 1.4943
0.0k4kL 2.278 1.4918
0.088 2.286 --

de/dx = .136 + .01

TABLE XLI

THE INDEX OF REFRACTION OF TETRABORANE

Refractive Index

Mole Fraction 58058 5L61A 43584 Ao
0.000 1.4975 1.5015 1.5191 1.4716
0,036 1.49%3 1.4973 1.5146 1.4678
0.057 1.4907 1.4949 1.5118 1.4653

T = 25°C

M, = 78.1
° O _ _ .107 + .01

do = -879 X

eq = 2,27k Py = 6.5 + .7 cm3

ng = l.L72
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It is of interest to note that the addition of tetraborane to benzene pro-
duces very little change in the dielectric constant, but a considerable decrease
in the refractive index, indicating that the contributicn of the electronic po-
larization of tetraborane to the total polarization of the solution is somewhat
less than that of the benzene that it displaces, but that the orientation polari-
zation effectively makes up this difference.

Because of the instability of the solutions, no attempt was made to obtain
the time-consuming volume measurements necessary for determining the density of
the solution. To calculate the apparent dipole moment, use was made of the ex-
trapolation method of Cohen-Henriquez as given by Bottcher.(136) TIn this method
the "orientation polarization" is obtained directly from the dielectric constant
and index of refraction measurements without use of the density. The equation
used for the calculation was:

0 Mo lde .« _a_n_gg)
[Polg = d (e +2)2 ox 2)g Xx/o

where [Po]g is the molar orientation polarization of the solute, Mgy, dp, and eq
are the molecular weight, density, and dielectric constant of benzene, ng is the
refractive index of benzene extrapolated to infinite wavelength, x, e, and n

are the mole fraction, dielectric constant, and index of refraction of the solu-
tion. This equation differs somewhat from the one given by Bottcher, having
been obtained, not by neglecting the effect of the atomic polarization of the
solvent, but by using Guggenheim's approximation(l37) that the atomic poclariza-
tion of the solute and solvent are proportional to their partial molar volumes.,
Since there is no reliable way of estimating the atomic polarization of the
solute, this is probably as good an approximation as any.

D. Exchange Studies on Decaborane-1kh

1. BACKGROUND

Chemical experiments at Callery Chemieal Co.(138) nave demonstrated that
four of the hydrogen atoms in decaborane, BioHi4, are much more acidic in charac-
ter than the rest. Inasmuch as structure studies have shown the presence of
four three-center or bridge-type bonds in the molecule, identification of the
acidic hydrogens with the bridge locations appears logical. To obtain evidence
on the validity of such a hypothesis, advantage may be taken of the fact that

(136) C.J.F. Bottcher, Theory of Electric Polarization (Elsevier Publishing
Company, Amsterdam, 1952), p. 303.

(137) Ibid., p. 305.

(138) L. J. Edwards, private communication, January, 1957.
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boron-hydrogen vibrational stretching frequencies fall into two well-defined and
well-separated regions of the spectrum according to the nature of the bond. 1In
general, bands occurring in the region from about 2300 to 2600 cm-1 are associated
with the presence of termiral hydrogen atoms while bridge hydrogens are indi-
cated by bands in the region of 1400 to 2000 cm-l. Chemical exchange of the
active hydrogens with deuterium from heavy water followed by spectroscopic exami-
nation should indicate the location of the substituted atoms from the shift of

the appropriate bands.

2. EXPERIMENTAL

The exchange of BioHi4 with D20 was carried out in the presence of small
amounts of CH3COOD and ethyl acetate since the pure decarborane did not ex-
change readily. To insure that the compound had not been'altered by its treat-
ment, the deuterated sample was re-exchanged with ordinary water after its spec-
trum had been obtained and the spectrum of the resultant material compared to
that of the starting material. The identity of the two spectra showed that the
procedure was suitable,

The infrared spectra of the compounds were obtained as nearly saturated
solutions in CCly using a Perkin-Elmer Model 21 spectrometer equipped with a
rock salt prism. The concentration of these solutions is estimated to be in
the neighborhood of 0.3 molar.

3. RESULTS

The bands observed in the spectrum of the original BioHi4 agreed quite well
with those in the infrared spectrum of a CSz solution reported by Keller and
Johnstono(l59> Those differences which were noted were minor and were confined
to a few very weak bands in the skeletal region. In the hydrogen stretching re-
gion, three bands were observed, each undoubtably containing several unresolved
or partially resolved molecular frequencies. The most intense band showed no
structure and extended from about 2500 to 2640 em=1; to it are assigned the
several terminal hydrogen stretching frequencies., The next most intense band
exhibited a principal maximum at 1515 cm-1 with secondary maxima of mcderate in-
tensity at 1475 and 1580 cm-1. The third band consisted chiefly of two rather
weak maxima at 1890 and 1942 cm-1 together with two or three very weak frequen-
cies on either side. The latter two bands are assigned to motions of the bridge
hydrogen atoms.

The shape and position of band I in the 2500 cm~1l region was not altered
significantly after exchange with deuterium. Both band II and band III, how-
ever, were shifted to lower frequencies but without change of shape or relative
intensity. The principal maximum of band II was found at 1169 cm-1 and the sec-
ondary maxima at 1140 and 1185 cm-1. The two principal peaks in band III appeared

(139) W. E. Keller and H. L. Johnston, J. Chem. Phys. 20, 1749 (1952).
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at 1398 and 1423 cm=l. The ratios of the hydrogen frequencies to those of the
deuterium compound thus fall between 1.30 and 1.35 and are quite comparable to
the ratios cbserved for the analogous bands in, for example, diborane and deu-
terodiborane.

In addition to these frequencies, a fourth band was present in the spectrum
of the deuterated sample. This fourth band showed a remarkable similarity in
appearance to band II but had only about half the intensity or less. It princi-
pal maximum was at 1724 cm~' with the secondary maxime at 1710 and 1742 cm-1,
The origin of this band is not clear. Since it appears some 200 cm~* higher
than band IT in the original (undeuterated) sample, it cannot be attributed to
incompletely exchanged material, and similarly it does not seem likely that it
arises from "nonexchangeable" bridge hydrogens. It also does not appear to be
due to the replacement of terminal hydrogens by deuterium since the ratio of any
of the terminal hydrogen frequencies to any of those in band IV is larger than
the limiting square root of two. It is possible that it represents a combina-
tion of the frequencies in band II with a frequency in the region of 550 cm-1
which was beyond the range of the spectrometer in the present investigation.
This suggestion is not entirely satisfactory but appears to be the only reason-
able one.

Despite the uncertainty in the assignment of this last band, the spectro-
scopic evidence seems to indicate quite conclusively that it is the bridge hy-
drogen atoms which can be replaced by deuterium exchange in heavy water and not
the terminal, and that these, therefore, are acidic in nature.

Several subsequent studies(luo) which have been published since the termina-
tion of this work confirm that the bridge hydrogens exchange most rapidly but
indicate alsc that the terminal hydrogens will exchange slowly in a secondary
step. The foregoing preliminary study was completed prior to the other more de-
tailed investigations.(IX1)

(140) R. W. Parry and L. J. Edwards, J. Am. Chem. Soc., in press (April, 1959).
(141) M. F. Hawthorne and J. J. Miller, J. Am. Chem. Soc. 80, 754 (1958); I.
Shapiro, M. Lustig, and R. E. Williams, ibid., 81, 838 (1959).
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VI. CHEMICAL CORRELATIONS

The foregoing data together with data available in the Research Division
of Callery Chemical Company and in the literature of boron suggest a number of
systematic generalizations covering the reactions of the boron hydrides. Such
generalizations were made by one of the senior authors (RWP) in collaboration
with Dr. L. J. Edwards of Callery Chemical Company. The results are summarized
in a paper entitled "Systematics of the Boron Hydrides,"(lho) While the prepa-
ration of this paper was not done directly under this project, part of the data
used was a result of these investigations and the assistance of the Wright Air
Development Center in providing data for the summary paper is hereby gratefully
acknowledged.
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