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able decomposition and is alcoholyzed slowly at room tempera~
ture in-the presence of ethanol.

Pyrolysis of B;Cl,-Py(CHj)s.—A sample of the complex pre-
pared from 0.37 mmole of diboron tetrachloride was heated in a
sealed tube at 250° for a period of 10 hr. At this temperature
a liquid was present in the tube. Upon cooling to 200° the mass
solidified. The tube was cooled to room temperature and at-
tached to the vacuum apparatus. No material volatile ¢ vacuo
at room temperature had been produced in the pyrolysis. The
solid masgs in the bottom of the pyrolysis tube then was heated to
185° ¢n vacuo, at which temperature all of the solid sublimed and
condenséd as beautiful clear needle:like crystals on a cooler
portion of the vacuum system. This crystalline solid dissolves
readily in dry ethanol and can be recovered unchanged from this
solution By removal of the alcohol 4n vacuo.3? If the solution is
heated tb:its boiling point a complex alcoholysis slowly ‘occurs.
Hydrogen, hydrogen chloride, ethyl borate, ethyl chloride, and
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dimethylphosphonium chloride were positively identified as the
chief products of this alecoholysis.

The infrared absorption spectrum of this crystalline solid is
compared with that of the initial complex in Fig. 2.

Treatment of the Pyrolysis Product with Trimethylamine.—
A sample of B.Cli-Py(CH;), containing 0.20 mmole of B,Cly
and 0.20 mmole of Py(CH;); was heated in a sealed tube
at 250° for several hours. The tube then was cooled and at-
tached to the vacuum apparatus. The melt then was sub-
limed at 185° and deposited as small white needles. Trimethyl-
amine vapor (5.1 mmoles) then was placed in contact with these
white crystals., No change in pressure of trimethylamine was
noted and after 8 hr, the entire amount of amine was recovered
uhchanged.

(32) The ethanol solutions of the pyrolysis product were shown to conduct
electric current in a qualitative experiment in which the conducting species
were not identified.
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A Paramagnetic Boron Subchloride, B,;Cl;,*

The main product of the spontaneous decomposition of diboron tetrachloride has been completely characterized as a frec

radical B12C11] .

boron cage ions like B;,Cls(OH), 2

In aeidic hydrolysis more complete oxidation occurs.
are hydrogen, hydrogen chloride, ethyl borate, ethyl chloride, and ethyl ether.

Structural possibilities compatible with known properties are discussed,. The reactions of By;Cly; with
water, ethanol, trimethylamine, and aluminum trimethyl are described.

With alkaline water ByClyy hydrolyzes to form
The main products of ethanolysis
Treatment of B;Cly; in methyleyclohexane

solution with trimethylamine produces a complex, [B12Cliy- 2N(CHs)s]a, which upon pyrolysis generates a small quantity
of BCl;*N(CHa)s, decomposing to a golden brown solid.  Aluminum trimethyl reacts in a complex fashion with BpClyy
producing, along with a nod-volatile solid, trlmethylborane, and a volatile red crystalline solid which contains aluminum,

boron, chlorine, and methy! groups.

Introduction

The decomposition of diboron tetrachloride already
has been described.* When the decomposition is
carried out at temperatures in excess of 0°; boron tri-
chloride is formed along with a small amount of tetra-
boron tetrachloride,¢ a moderate amount of -a non-
crystalline yellow solid slightly volatile 4% wacuo at
room temperature, a small amount of a purple crystal-
line solid volatile at 45° in wvacuo, a glassy red solid
(BiCly.g),* volatile at 110° 4z wvacwo, and a white
non-volatile refractory solid, (B;Cly.g),. »

Atoji’ recrystallized the glassy red (BiCly.,), from
BCl; solution and obtained a product which was as-
sumed to be the pure form of (B;Clp.p),. On the basis
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of an X-ray examination of this crystalline solid
Jacobson and Lipscomb®® reported the formula
BsCly and suggested a structure with boron atoms
located at the apices of a distorted archimedian anti-
prism. To each boron a chlorine would be attached.
The above model fails to account for the paramagnetism
and intense color of the solid and suggests a formula
which is well outside the experimental analytical
values.

Qualitative experiments convinced us of the fact that
the major constituent of the red subchloride (B;Cly.q),
was an odd electron molecule and we have expended
considerable effort to obtain good quantitative data
which would help us to characterize this free radical.
This effort has consumed the major part of 5 years and
was successful largely as a result of the development in
this Laboratory of new techniques for handling re-
active compounds volatile only at elevated tempera-
tures. Impressive developments in other laboratories,
namely the discovery of the very stable By H;o?

(8) R. A, Jacobson and W. N. Lipscomb, J. Am. Chem. Soc., 80, 5571
(1958); J. Chem. Phys., 81, 605 (1959).
(9). W. N. Lipscomb, Adyan. Inorg. Chem. Radiochem., 1, 117 (1959).
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Fig. 1-—Infrared spectrum of B:yCly.
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Fig. 2.—Infrared spectrum of purple subchloride.

and ByHi,~? cage ions®~!% and the chloro derivatives
of these ions'? equipped us to explain results obtained
in chemical reactions of (B;Cl;.y),, such as the alkaline
hydrolysis, which previously had been very puzzling
indeed.

Results and Discussion

In this study we found that the (B;Cl.,), described
in the original reference* consisted of a mixture con-
taining about 959 of a paramagnetic red subchloride,?
and about 5% of a purple paramagnetic subchloride!
which so far has been obtained in quantities too small
to allow a characterization. The relative amount of
the purple subchloride formed is increased if the dis-
proportionation of diboron tetrachloride is carrried out
at temperatures near 70°. As yet, no real evidence for
the BsCl; species reported by Lipscomb and co-workers
has been detected. However, we have found that if a
sample of the pure red subchloride is treated with
boron trichloride a reaction occurs which apparently
proceeds to an equilibrium. At equilibrium there is
present, in addition to the starting materials, a brown
solid insoluble in boron trichloride, a small amount of
a yellow substance slightly volatile iz vacuo at room
temperature, and a small amount of the paramagnetic
purple subchloride previously mentioned. It is pos-
sible that BsCly may be found among the constituents
of this equilibrium mixture which we have not yet
examined.

The red subchloride was characterized by analysis
and molecular weight determination, using the isopiestic
method, as dodecaboron undecachloride, Bi.Cly.
Serious difficulties were encountered in the analysis,
probably because of the formation of very stable boron
cage ions.'~1? Wtile analyses gave boron to cklorine

(10) M. F. Hawthorne and A. R. Pitochelli, J. Am. Chem. Soc., 81, 5519
(1959).

(11) W. N. Lipscomb, A, R. Pitochelli, and M. F. Hawthorne, 7bid., 81,
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(12) W.H. Knoth, H. C. Miller, D. C. England, G. W, Parshall, and E. L.
Muetterties, tbid., 84, 1036 (1962).

(13) G. Urry, E. P. Sehram, and S. I. Weissman, #bid., 84, 2654 (1062),
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ratios very close to that of ByCly;, material balances
were defective by as much as 10-209,. After much
work an analytical method was developed which
gave good material balance and excellent reproduci-
bility. This is described in detail in the Experimental
part.

The new subchloride exhibits a broad intense para-
magnetic resonance absorption centered at a g-value
of 2.011 with a breadth of 25 gauss between points of
extreme slope. Attempts to resolve the hyperfine
structure of this resonance were unsuccessful. We have
yet to perform a complete concentration study to
determine the molar susceptibility but, to a first
approximation, all of the dissolved material appears to
be present as radicals.

The infrared absorption spectrum of BpCly is
simple in the NaCl region as shown in Fig. 1. The
absorption at 1020 cm.™! is found in a similar position
for most boron cage compounds.—12** The 910
cm. ! peak is similar to a strong absorption observed
at 920 cm.~! in the case of diboron tetrachloride and
has been ascribed to a B-Cl stretch.’® There is no
similar absorption in boron trichloride. There are
some interesting differences between the infrared
absorption spectrum of Bj;Cly; and that of the para-
magnetic purple subchloride previously mentioned.
The latter spectrum is shown in Fig. 2. The BpCly
absorption at 910 cm. ™! is not present in this spectrum
and the weak B;;Cly; absorption at 765 cm.™' is con-
siderably stronger here. This latter absorption prob-
ably is due to B-B stretch displaced somewhat from
that observed at 746 cm. ! in the B,Cl, spectrum.

We have studied a few chemical reactions of By:Cly.
The hydrolysis reaction has been in many ways the
most difficult to understand. Diboron tetrachloride
yields no hydrogen upon acid hydrolysis and is com-
pletely oxidized during hydrolysis. Acidic hydrolysis
of tetraboron tetrachloride vields 3 moles of H, per
mole of B,Cly, while alkaline hydrolysis yvields 4 moles
of hydrogen. In contrast, the acidic hydrolysis of
B1,Cly; proceeds more rapidly and produces more hy-
drogen than does the alkaline hydrolysis. In no case
is the amount of hydrogen evolved upon hydrolysis
that required by eq. 1 describing the complete oxi-
dation of the boron subchloride.

The most hydrogen evolved in any case was the
amount obtained by acidic hydrolysis for a period of
27 days and was only 809, of that theoretically ob-
tainable. The basic hydrolysis is more easily ex-
plained. The initial evolution of hydrogen is rela-
tively rapid and the stoichiometry is that required by
eq. 2.

2B1Clyy + 140H - = 2By, Cls(OH), 2 +
4BO;~ + 3H; + 6Cl1~ 4+ 2H,0 (2)

(14) E. L. Muetterties, R, E. Merrifield, H. C. Miller, W. H. Knoth,
and J. R. Downing, ¢bid., 84, 2506 (1962).

(15) M. J. Linevsky, E. R, Shull, D, E, Mann, and T. Wartik, ibid.. 75,
3287 (1053),
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Addition of potassium or tetramethylammonium ion
to the hydrolysis solution after the initial hydrogen
evolution has ceased results in the precipitation of a
potassium or tetramethylammonium salt. The in-
frared spectra of these salts are similar to those of the
Biocage ions already reported. =14

It is possible that ions of a similar type also are
formed in the acidic hydrolysis and are responsible for
the incomplete evolution of hydrogen noted above

Upon treatment with trimethylamine at —79° the
red color of a cyclopentane solution of ByCly; is dis-
charged and a light tan solid, [B1Cly2N(CHs)sl,,
slowly precipitates. This complex when heated to
75° decomposes, forming BCl;- N(CHj); and a non-
volatile golden brown solid. Hydrolysis of [BCly-
2N(CH3);], proceeds at a much slower rate than the
hydrolysis of the parent By,Cly. The infrared absorp-
tion spectrum of this complex is shown in Fig. 3.
It is of interest that the characteristic cage absorption
is still present and that the absorption ascribed to
B—Cl stretch in the BCl; group as well as that ascribed
to the B~B bond have shifted to longer wave lengths,
appearing at 850 and 720 cm.™!, respectively. The
intensity of the 720 cm.~! absorption also is increased
over that of the corresponding peak in the spectrum
Of B12C111 itself.

It is possible that in the formation of the amine
complex the free radical is no longer stabilized by de-
localization and dimerization results. This would ac-
count for the discharge of the color as well as the in-
crease in the infrared absorption ascribed to the B-B
bond.

Ethanolysis of B1oCly produces, along with a small
amount of ethyl borate, moderate amounts of hydrogen
chloride, ethyl chloride, and diethyl ether. The major
portion of the boron is retained in a residual golden
brown solid. Treatment of the brown solid with
aqueous potassium hydroxide resulted in a clear
solution with very little evolution of hydrogen.

A similarly complex reaction occurs with aluminum
trimethyl. Among the products of this reaction are
methane, trimethylborane, a red solid volatile at room
temperature, and a slightly yellow non-volatile solid.
The volatile red solid was obtained in too small a quan-
tity to characterize. The material hydrolyzes readily
and a partial analysis thus was effected. The boron,
chlorine, and methane produced upon hydrolysis were
determined. On the basis of this partial analysis a
rather interesting possibility is suggested. The B:Cl:

CH; ratio in this compound is 3:4:8. Since the total -

of the Cl and methyl groups is*12 a suitable formula
would be AlB;CL{(CHj)s. If this material is a pure
substance it thus would be one of the many possible
methyl chloro analogs of aluminum borohydride. This
possibility is being explored. Other interesting volatile
materials are formed in the pyrolysis of the slightly
yellow solid obtained as the principal product of the
reaction of Bp;Clyy with aluminum trimethyl. Some
of the properties of the pyrolysis products are given in
the Experimental portion of this paper. It is clear
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Fig. 3.—Infrared spectrum of [BiyClii:2N(CHj)),..

from even these fragmentary results that a study of the
methylation of the boron cage chlorides such as B;;Cly;
will be very fruitful.

Pure dodecaboron undecachloride apparently does
not react with nitric oxide nor with diboron tetrakisdi-
methylamide.

Concerning the paramagnetic purple subchloride!?
we have little to report. Most interesting to us is the
paramagnetic resonance spectrum in which the hyper-
fine structure is resolvable. The g-value of 2.034 for
this radical is very high and appears to indicate an
even greater orbital contribution than in the case of
B1:Clys.

On the basis of available evidence it is not possible
to give an unequivocal structure for B;;Cly;; however,
several tentative models can be considered. A model
based on a modification of the known icosahedral B,-
H;;~2 has been rejected on the basis that B;,Cly; would
not be a closed shell structure!'®>!? and that one termi-
nal position would, of necessity, be occupied by an odd
electron or an electron pair. The properties of Bis-
Cly; are not well described by such assumptions.

On the other hand, the results for the alkaline hy-
drolysis of B1.Cly suggest that a structure based upon
the known B cage of ByH;o—2 might be appropriate.
In such a model 10 boron atoms would be arranged in
the form of the known By cage and 8 chlorine atoms
would be attached by o-bonds to the non-apical
positions. One BCl, group would be bonded by a
o-bond to one apical position and one BCl group
double-bonded to the other apical position. The use
of apical positions for the BCl and BCl; groups follows
from symmetry arguments. Such a model would have.
a closed shell structure with one of the bonding orbitals
occupied by the odd electron. Delocalization of elec-
trons in the boron cage would contribute to the sta-
bility of this radical. B

The reaction of By;Cly with trimethylamine to form
[B12Cly; - 2N(CHjy)s], can be rationalized-on the basis
of such a structure since only the borons external to
the By cage could complex with the amine. Further-
more, the discharge of the intense color of BCly
which accompanies the formation of the amine complex
could be accounted for since the addition of a tri-
methylamine to the doubly bonded BCl group would
serve to disrupt the double bond to cage resonance and
would act to localize the odd electron at this boron.
Under these conditions one would expect a radical
dimer to result. We have yet to study the [By,Cly;-
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2N(CHj)z), to determine whether it is paramagnetic
as a test of this dimerization hypothesis. It also is
interesting in this connection to note the changes
which occur in the infrared.absorption spectrum of
B:Cly upon formation of the trimethylamine complex.
The absorption at 910 cm.T! is a characteristic fre-
quency of the BCl; group, and the absorption at 765
cm. ! is a characteristic frequency of a B-B stretch
in diboron tetrachloride.’® In the amine complex these
two absorptions are observed at 850 and 720 cm. ™%, re-
spectively. The relative intensity of the absorption
due to the B-B bond also is greater in the amine com-
plex than in the parent B;;Cl;. The shift of these
absorptions to longer wave lengths is similar to the
changes which occur in the infrared spectrum of boron
trichloride upon complex formation with trimethyl-
amine. !¢

We are continuing our study of the products of the
spontaneous decomposition of diboron tetrachloride,
particularly the characterizations of the purple para-
magnetic subchloride and the low volatile yellow solid.

Experimental

Apparatus and Experimental Methods.—All of the reactions
reported in the present work were carried out in apparatus similar
to that described in the literature.l” Special methods developed
for studying specific reactions will be discussed in detail in a sub-
scquent section.

Analytical Methods.—Boron analyses were carried out volu-
metrically with a Fisher titrimeter, Model 36, fitted with a
modified delivery tip such that the effective response of the
titrimeter was increased, resulting in increment control of 0.01
=+ 0.005 ml, of titrant. A sample containing 2 to 3 mmoles of
boron was mixed with 0.5 g. of sodium carbonate in a platinum
dish and the mixture heated at 450° for 4 hr. The resulting
solid was treated with concentrated hydrochloric acid until a
pH of 1 was obtained. The solution then was washed into a 200-
ml. Berzelius beaker. Carbon dioxide was expelled from the
solution by heating it at 80° for 5 hr. During this time, nitro-
gen was bubbled through the solution to aid the carbon dioxide
expulsion. Next, the pH was adjusted to 3 with sodium hy-
droxide pellets and dilute hydrochloric acid. Carbon dioxide
again was expelled from the solution for 3 hr, The sample was
diluted  to 80 ml. with distilled water, free from CO,, and ad-
justed to a pH of 4.5. Boric acid was determined by a standard
titration.

Chloride analyses were effected on sclutions obtained by a
treatment similar to that just described. In this case the sodium
carbonate fusion mixture was dissolved in acetic acid instead of
hydrochloric acid. Chloride ion was determined by a standard
potentiometric titration.

Reagents.—Aluminum trimethyl obtained from the Ethyl
Corp., New York, N. Y., was purified by distillation through U-
tube traps maintained at 0, —23, and —196°. The procedure
was repeated until the fraction retained at —23° exhibited a
0° vapor tension of 8.8 mm. Azcbenzene, pure, obtained from
Eastman Organic Chemicals, Rochester, N. Y., was used without
further purification. Boron trichloride was purified by repeated
vacuum distillation through a series of U-tube traps maintained
at —79, —112, and —196° until the portion retained at —112°
exhibited a —79° vapor tension of 4 mm. and a 0° vapor tension
of 477 mm., a good indication of purity. Cyclepentane, ob-

(16) W. Kynaston, B. E. Larcombe, and H. 8. Turner, J. Chem. Soc., 1772
(1960).

(17) R. T. Sanderson, “Vacuum Manipulation of Volatile Compounds,”’
John Wiley and Souns, New York, N. Y., 1949,
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tained from Fhillips Petroleum Company, Bartlesville, Okla.,
was dried over solid calcium hydride for several hours and puri-
fled by vacuum distillation through traps maintained at --63,
—79, and —196°. The fraction retained at —79° was assumed
to be pure since its 0° vapor tension of 107 mm. was in good
agreement with previously reported values, Diboron tetra-
chlcride was prepared by mercury arc reduction of boron tri-
chloride vapor and purified as previously reported.? Ethanol,
ahsolute, was distilled from solid calcium hydride through a
—23° U-tube trap into one maintained at ~45°. The fraction
retained at —43° exhibited a 0° vapor tension of 12.0 mm. and
was assumed to be pure. Methylcyclohexane, obtained from
Phillips Petroleum Company, was dried by storage for several
days over solid calcium hydride and further purified before use
by vacuum distillation through traps maintained at 0, —45,
and —196°. The fraction retained at —45° exhibited the proper
0° vapor tension for pure methyleyclohexane, namely, 12.0
mm. Trimethylamine, obtained from the Matheson Company,
Joliet, I1l., was further purified by repeated vacuum distillation
through a series of U-tube traps held at —95, —112, and —196°.
The material retained at —112° was assumed to be pure tri-
methylamine when it exhibited a —79° vapor tension of 6.6 mm.

Preparation and Purification of B;;Cl;;.—1In a typical prepara-
tion approximately 2 ml. of liquid diboron tetrachloride was
sealed into an evacuated ampoule equipped with a standard
break-off seal. The diboron tetrachloride then was heated at
60° for 24 hr, After this treatment the ampoule was attached to
the vacuum system, opened, and the material volatile at room
temperature 7n vacuo removed. Approximately 2 ml. of liquid
cyclopentane then was distilled onto the solid brown residue in
the ampoule. The resulting cyclopentane solution was filtered
and the solvent removed from the filtrate. All of these pro-
cedures were managed <% vacuo by means of apparatus assembled
from O-ring sealed joints., The residue left by evaporation of
cyclopentane from the filtrate then was heated at 45° in vacuo
for 24 hr. During this treatment a small amount of the para-
magnetic purple subchloride (estimated visually as less than 59
of the total) sublimed away, leaving a red solid which proved to
be pure B;sClyy.

Physical Properties of B1;Cli;.—The red solid B;;Cly; sublimes
in vacuo at 110° with little decomposition. It is soluble in most
alkanes and cycloalkanes, benzene, horon trichloride, and methyl-
ene chloride. Solutions in the last three solvents undergo chemi-
cal changes and so these are not satisfactorily inert toward
B1sCly; for use. The reaction with boron trichloride has been
studied qualitatively and is described later. Dodecaboron
undecachloride melts with slight decomposition at 115 &+ 1°.
A trace of boron trichloride is evolved during melting.

Molecular Weight and Analysis of ByCl;;.—A sample of Bys-
Cly; prepared in the manner described and contained in a bulb of
known weight fitted with a break-off seal was weighed and then
attached to an isopiestic molecular weight apparatus containing
a weighed sample of pure azobenzene. The apparatus then was
evacuated and a measured amount of cyclopentane was distilled
in. The break-off seal confining the weighed sample of B;;Cly;
then was opened and the cyclopentane allowed to equilibrate at
room temperature between the azobenzene and the B1,Cly; for a
period of 2 weeks. The two solutions thus obtained then were
examined and the concentration of each determined by removal
and measurement of the solvent. The solvent cyclopentane
then was returned to each solution and the solutions were allowed
to equilibrate again at room temperature for 3 days. The con-
centrations of the solutions again were detérmined and found to
be identical with the concentrations determined earlier. The
results of several such experiments using different concentra-
tions of By,Cly; are shown in Table 1.

Analyses of samples weighing 0.0511 and 0.1440 g., respec-
tively, gave these results. Found for the 0.0511-g. sample:
B, 24.3; Cl, 73.9; Cl/B, 0.922. Found for the 0.1440-g.
sample: B, 24.7; Cl, 74.4; C1/B, 0.918. Caled for CuCli:
B, 24.9; C1,75.1; ClI/B,0.916.

Paramagnetism of B;;Cly;.—A cyclopentane solution of B;sCly
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. TaABLE I
APPARENT MOLECULAR WEIGHT OF B;;Cly IN CYCLOPENTANE
SoLUTION
Mole %
B1:Cly at App.
equil. - mol. wt.%
0.71 536
1.04 511
1.07 516
1.24 517

e'Calculated for B;,Cly: 520.1,

was prepared in an ampoule arranged for volumetric distillation
for obtaining different concentrations and fitted with a suitable
tube: for placement in the spectrometer probe. The instrument
used was a 10,000 Mc. spectrometer designed and built by Dr.
Jonathan Townsend of Washington University, St. Louis, Mo.
The resonance spectrum was observed at various concentrations
down to temperatures as low as — 100° using several combinations
of field modulation and sweep in an unsuccessful effort to resolve
the hyperfine structures. At all concentrations these solutions
exhibited a paramagnetic resonance absorption with a g-value of
2.011 and a breadth of approximately 25 gauss between points
of extreme slope. )

Infrared Absorption Spectrum of B;.Cl;;.—The absorption
spectrum of a cyclopentane solution of B;,Cl;; was obtained using
matched 0.1-mm. cells in a Perkin—-Elmer Model 221 spectrom-
eter with NaCl optics. This spectrum is shown in Fig. 1.

Visible and Ultraviolet Absorption Spectrum of Bi.Cly.—
The spectrum of a cyclopentane solution of B12Cly; in the region
from 290 to 700 mu was obtained using a Bausch and Lomb
Spectronic 505 spectrometer. The spectrum consisted of a
strong band at 420 mg and a shoulder at 310 mu.  BCly
apparently absorbs very strongly below 290 mu.

Nuclear Magnetic Resonance Spectrum of Bj;,Cl;;.—An at-
tempt was made to obtain the B! spectrum of a saturated solu-
tion of BiClyy in cyclopentane. The B! resonance was ob-
served at a very low signal-to-noise ratio and valid conclusions
concerning structure could not be reached on the basis of these
spectra.

Reaction of B;:Cl;; with Boron Trichloride.—A sample of pure
B2Cly; weighing 0.2000 g. (0.384 mmole) was dissolved in 16.69
mtoles of pure boron trichloride. The resulting solution was
allowed to stand at 0° for a period of @ days. At the end of this
period it was noted that a brown solid had precipitated from
the previously clear solution and a yellow solid coated all parts
of the reaction system. The material readily volatile i# vacuo
at room temperature then was removed and found to be 16.58
mmoles of pure boron trichloride. The yellow material pre-
viously mentioned was found to be very slightly volatile at room
temperature but the construction of the reaction system did not
allow us to do anything further to characterize this material.
The residue from the solution was heated to 45° and a small
amount of a purple crystalline solid, presumably the paramagnetic
substance already described, sublimed to the cooler portions of the
apparatus. The residue at this point was heated to 110° and
some B1sClyy sublimed away, leaving a brown solid in the re-
action tube.

Acidic Hydrolysis of B;;Cl;;.—Dodecaboron undecachloride
weighing 0.1440 g. (0.277 mmole) was treated with approxi-
mately 2 ml. of degassed water. Because of immediate partial
hydrolysis of the exposed B—Cl bonds the solution was acidic.
Hydrogen evolved slowly during a long period of time was col-
lected periodically.’® The results of this hydrolysis are sum-
marized in Table IT.

Alkaline Hydrolysis of B;.Cly.—A sample of the red sub-

(18) In all experiments where evolved hydrogen was collected over
extended periods of time the gas collected was converted to water by cir-
culation over copper oxide at 300° in order to be sure that all of the non-
condensable material was hydrogen. This procedure would detect any non-
condensable material which resulted from leakage in the vacuum system.
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TaBLE 11
Acip HyproLysis oF B,Cly;
Hydrolysis Total period Total Hs

temp., of hydrolysis, collected, moles Hz/
°C. days mmoles mole Bt2Cly
25 6 2.06 7.45
25 9 2.21 7.95
25 12 2.31 8.34
25 14 2.36 8.50
25 21 2.45 8.84
80 27 2.50 9.02
80 29 2.61 9.42
80 32 2.66 9.61
80 44 2.70 9.74

chloride weighing 0.1408 g. (0.271 mmole) was treated with a
large excess of degassed aqueous potassium hydroxide solution,
The hydrogen evolved at room temperature was collected
periodically for 10 days, at which time the rate of evolution was
very slow. The temperature of the hydrolysis system then was
raised to 80°. For the next 18 days the rate of hydrogen evolu-
tion gradually decreased. The results of the hydrolysis are sum-
marized in Table III,

TaBLE III
ALKALINE HYDROLYSIS OF B;,Cly;
Hydrolysis Total period Total He

temp., of hydrolysis, collected, moles Hs/
°C. days mmoles mole B12Cliy
25 0.3 0.137 0.508
25 1.0 147 544
25 2.0 .231 .855
25 4.0 270 .997
25 10.0 .328 1.213
80 13.0 .392 1.450
80 16.0 .418 1.548
80 28.0 597 2.210

In another such hydrolysis carried out only at room tempera-
ture there also appeared to be two definite changes in rate of
hydrogen evolution.  One occurred when approximately 0.5
mole of hydrogen per mole of initial B1,Cl;; had been evolved and
the other when approximately 1.5 moles of hydrogen had been
evolved.

During the hydrolysis effected with potassium hydroxide a
crystalline solid slowly precipitates. When sodium hydroxide
was used no such precipitate was noted but addition of con-
centrated potassium chloride or tetramethylammonium chloride
to the sodium hydroxide solutions resulted in the formation
of the same kind of crystalline precipitates. The infrared ab-
sorption spectrum in Nujol and fluorolube mulls of these potas-
sium and tetramethylammonium salts display the characteristic
boron cage absorption at 1030 e¢m. L,

Reaction of B;;Cl;; with Trimethylamine.—A solution contain-
ing 20.42 mmoles of methylcyclohexane and 0.2801 g. (0.539
mmole) of BpCly; was cooled to —79° and treated with 3.88
mmoles of trimethylamine vapor.

Over a period of several hours at this temperature the red color
of the solution was discharged and a light tan solid precipitated.
‘When there was no further evidence of reaction the solution
was allowed to warm to room temperature. The material volatile
at room temperature was removed at this point and found to be
a mixture of 20.40 mmoles of methyleyclohexane and 2.67 mmoles
of trimethylamine. Thus the ratio of moles of trimethylamine
consumed in the reaction to moles of initial BjsCly; is 2.24 to 1.
This ratio probably is high due to entrapment of some trimethyl-
amine in the tan solid. This particular sample of the amine
adduct was treated with degassed water and allowed to hydrolyze
for 41 days at room temperature followed by an additional
11 days at 80°, The rate of hydrogen evolution is summarized
in Table IV.
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TaBLE IV
HyproLYSIS OF [ByCli-2N{CHy)l,
Total moles Hz/
Hydrolysis period of Total Ha mole of initial
temp., hydrolysis, collected, [B12Clus-
°C, days mmoles 2N(CHs)sl,
25 13 2.095 3.76
25 20 2.548 4.72
25 36 2.860 5.31
25 41 3.133 5.72
80 H2 4.589 8.25

At the end of the hydrolysis period a small amount of a white
precipitate was present. The amount of white solid was too
small to allow us to exaniine the infrared absorption spectrum.
However, if we assume that the complete hydrolysis proceeds
according to eq. 3

2[B12C111'2N(CH3)3] + TZHQO =
2N(CHs)s- HCl + 20HC! 4 24H;BO;s + 25H.  (3)

and that an incomplete hydrolysis also proceeds according to
eq.4

2{B1Cly; - 2N(CHs)s] + 16H0 =
2(N(CH;);H):B1oCls(OH), + 4H;BO; + 6HCI + 3H, (4)

We can estimate from the total hydrogen evolved after 52 days
that 649, of the amine adduct reacts according to eq. 3 and 36%;
reacts according to eq. 4. If such assumptions are correct we
would expect to obtain in the hydrolysis of the 0.539-mmole
sample of the amine adduct a total of 4.38 mmoles of free Cl1-,
3.80 mmoles coming from the complete hydrolysis of 649, of the
sample and 0.58 mmole coming from the 369 which reacted
according to eq. 4. A total of 4.65 &= 0.10 mmoles of free C1~
was found in the hydrolysis solution. This can be seen to be in
good agreement with the predictions of the above hypothesis con-
sidering the fact that the total evolved Hoy, used in the estimation
of the relative importance of reactions 3 and 4, was the sum of
five volume measurements involving five separate combustions.*

Another sample of [BjCl;1-2N(CHj;);] prepared as before
from 0.2928 g. (0.563 mmole) of BpCly; was gradually heated to
approximately 200°, Below 50° some trimethylamine was
evolved with no apparent change in the tan solid, indicating the
presence of a small amount of adsorbed amine. Between 50
and 75° the tan solid began to darken slowly and white crystals
sublimed to cooler portions of the apparatus. The rate of forma-
tion of the volatile crystals increased as the temperature was
raised and no further crystals sublimed when the temperature
reached 200°. There remained in addition to the white crystals
a dark golden brown solid. The white crystals were identified

Inorganic Chemastry

as (CH;3)3NBCly by melting point and chloride analysis. A total
of 0.0290 g. (0.165 mmole) of (CH;)sNBCI; was formed in this
pyrolysis. These pyrolysis results do not lend themselves to
any simple stoichiometric rationalization.

Ethanolysis of B;;Cl;;.—Ethanol (4.74 mmoles) was distilled
onto a 0.0533-g. (0.102-mmole) sample of B;;Cly; maintained at
—79°. The resulting mixture then was allowed to warm slowly.
At an undetermined temperature well below 0° an exothermic
reaction ensued as indicated by a vigorous refluxing of the solu-~
tion. After this reaction apparently had ceased the material
volatile at room temperature was removed. The products were
separated using standard vacuum techniques where possible and
vapor phase chromatography for the remainder. The various
fractions were identified by vapor presstire measurements and
the infrared absorption spectra. The identified products and
the amounts were: H,, 0.51 mmole; HCI, 0.45 mmole; B-
(OC:H;3);, 0.06 mmole; C.H;Cl, 0.2 mmole; (C.H;)0, 0.35
mmole.

A golden brown solid residue remained in the reaction vesse].
Treatment of this residue with aqueous potassium hydroxide for
a period of 8 hr. at room temperature yielded an additional (.04
mmole of hydrogen. The hydrolysis solution was found to
contain only 0.22 mmole of free C1~ ion.

Treatment of Bj,Cl;; with Aluminum Trimethyl.—A cyclo-
pentane solution of 0.4196 g. (0.807 mmole) of B;:Cli1 was cooled
to —79° and treated with approximately 1 g. of aluminum tri-
methyl, The mixture thus obtained was allowed to warm slowly.
During the warming period a moderate reaction occurred ac-
companied by the formation of a yellow-white precipitate and a
gentle refluxing of the cyclopentane. The reaction had ceased
by the time the vessel had warmed to room temperature, The
material volatile at room temperature was removed and sepa-
rated into its constituents. In addition to the solvent cyclo-
pentane 1.09 mmoles of trimethylborane was found along with a
small quantity of a volatile red crystalline solid. Treatment of
this red solid with water resulted in the evolution of 0.0896
mmole of methane. The remaining solution contained 0.038
mmiole of boron and 0.048 mmole of Cl~ion.

A yellow-white solid residue was left in the reaction vessel.
When this material was pyrolyzed at about 75° a small amount
of white solid tentatively identified as one of the methylaluminum
chlorides sublimed along with a red crystalline solid. This red
solid is volatile #n vacuo at 35° and undergoes a reversible color
change to a yellow microcrystalline solid at 80°. It is soluble
in cyclopentane, giving a bright red solution from which it can
be recovered unchanged. Treatment of this red solid with water
resulted in the evolution of 0.017 mmole of hydrogen, The
resulting hydrolysis solution reduced silver ion and was found to
contain 0.036 mmole of boron and 0.046 mmole of C1~ {on.





