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1
INTRODUCTION

Borazole, BSNSHsi nossesses a six-membered ring structure
of élternate boron and nitrogen stoms. Its physiesl constants

H
i

B
H-th N-H
9y
H-B o B-H
\ﬁ/
H
are remarkably similar to those of benzene with which 1t 1is
isosteric and isoelectronic. The older literature abounds in
compariscns of borazole compounds with thelr respective ben-
zene analngs; yet, the dissimilarity of the atoms in the‘mole-
cule and the polarity of the bonds results in a behavior which
is peculiar only to borezoles. The exlstence of a free pair
of electrons on the nitrogen atoms sre responsible for 2 cer-
tain degree of aromatiqity of the ring which 1is clearly ex-
pressed in the reduced bond distances between the boron zng
the nitrogen atoms as compared to the boron nitrogen disteance
in trimethylamine borene. This double bond charscter in turn
places a negative and a positive formal charge on the boron
and the nitrogen atoms, respectively. In contrast to benzene
where all hydrogen atoms are equivalent there are two possible

sites on the borazole ring for chemicel reactions, one on the

boron atoms and one on the nitrogen atoms.



With these structural peculisrities of the borazole ring
in mind, it was intended in the following work to explore
further the chemical reactions of the borezole nucleus. These
studies wefe performed on borazole and its hslogen derivative,

B-trichloroborazole, BzClzNzHz.



REVIEW OF LITERATURE

Borazole, of which there are now known numerous deriva-
tives, was first prepared by Stock end Pohland in 1278 (52).
While examining the reaction between ammonia and various
boron-hydrides, these first investigestors discovered that
diborane or tetraborane and ammonia resct at 200°C to form
a liquid compound of the empiricai composition BNHs. Vapor
density meesurements indicated the molecular formule BzNzHg.
On the basis of its thermal stability, Stock and Pohland be-
lieved that the compound contained alternate boron and nitro-
gen bonds. Thus, they suggested as the most probable struc-
ture g six-membered riug composed of three equivalent boron
and three equivalent nitrogen atoms.

Striking chemical evidence was collected by Stock end
his students to support the symmetrical "tenzene" type
structure. Thus, borazole wes found to add water onr hydro-
gen chloride in 2 1:3 molar ratio (53).

Similarly, z methyl derivative of borszole, B-trimethyl-
N-trimethylborezole was found to yield upon hydrolysis equi-
molur quantities of only methyl boric acid and monomethyl-
amine (62). This could only be explained by the presence of
equivalent boron and nitrogen atoms in the borazole molecule.

Finally, Schlesinger and his co-workers undertook an
exhaustive study of the various possible methyl derivatives

of borazole (45, 46). The number of isomers of methyl



derivatives found could only be Justified by the assumption
nT a six-membered ring structure of borazole.

Structursl investigations further confirmed the six-
membered ring configuration of borazole. It was shown by
electron diffraction that the borszole molecule possesses Dgy
symmetry which corresponds to the D6h symmetry of the benzene
molecule (3, 54). According to these studies, btorazole was
found to have a planar arrangement of atoms with a bond =2ngle
of 120° and a boron nitrogen distence of 1.44 i. This bond
distance lies between those observed for single (1.54 X) end
double (1.36 K) boron nitrogen bonds and suggests a partial
double bond character which was estimated to be 28% (50).

The Raman spectrum of borazole showed 2ll the actlve
vibration frequencies which one would expect by analogy of
its structure to that of benzene (14). The ultraviolet
spectrum of borazole determined in the range of 4600 E to
1700 K revealed two gbsorption bands anslogous to bands found
Tor benzene at higher wavelengths. A third band appearing
in benzene was found to be missing in the borazole spectrum
but believed to be hidden between the other two bands (27,
36). The infrared spectrum of borazole was first investigated
in 1939 (14), and a more detailed assignment of the absorp-
tion bands was made by Price et al. in 1950 (37). Mass
spectrometric studies of borazole and its chloro and methyl

derivatives have been made most recently (32). It was found
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,fhat the borazole ion loses 2 hyvdrogen atom more readlly
fhén the benzene ion. By comperison of the gppeesrsnce poten-
tisls of the BgNsH,' and the CgHg" lon, the zuthors suggested
that probably a B-H bond rather than an N-H bond 1s broken

to give the BzNzHg" lon.

An approximate molecular orbital treatment of borazole
has been attempted from the ultraviolet spectrum using 2
semiempirical approach which hed also been sponlied to the
benzene molecule (38). Considering the difference in elec-
tronegetivity for the boron and the nitrogen stoms in borsznle
as an additional parameter, the trestment gsve a value of
-2.3 e.v. for the bond integral between boron and nitrogen.
This agreed well with the value of -2.6 e.v. determined for
the benzene molecule.

Subsequent to Stock's originsl preparation & number of
attempts heve been made %o improve upon the lstoratory prep-
aration of borazole. Schlesinger and co-workers prepared
torazole in 30-35% yields from ammonium chloride and lithium
borohydride at high temperatures (42). More recently Russian
workers have reported an improved yield of 40% by this method
(33). Similarly, Emeleus and Videls obtained borazole by
heating a mixture of hydrazine hydrochloride and lithium
borchydride (18).

Other preparsastions of borazole reported involved the

reduction of compounds in which the borazole skeleton was



already present. Thus, B-trichloroborszole was reduced by
lithium borohydride or sodium borohydride in verious solvents
(24, 44). These reactions, however, require special experi-
mental techniques to handle the toxic and explosive diborane
wvhich 1s liberated in the reduction. Recently, Hohnstedt
and Leifleld described the reduction of B-trichloroborazole
with triisopropoxy hydroborete in isopropylborate as solvent
which avoids the liberation of dlborane; however, only a max-
imum yield of 20% could be realized by this method (23).
Attempts to repeat these experiments in this laborestory were
unsuccessful.

Inorganic and orgenic derivatives of borazole can be
obtained by two methods. One procedure involves reactions
in whick the borszole nucleus 1g synthesized during the re-
action; the second method utilizes reactions of suiltable re-
agehts with compounds that already possess a borazole nucleus.

B-trichloroborazole and B-tribromoborszole have been
prepared by the intersction of ammonium chloride or hydrazine
hydrochloride and boron trichloride or asmmonium bremide or
hydrazine hydrobromide and boron tribromide (2, 10, 17). An
older method, but less satisfectory for synthetic purposes
involves the thermal decomposition of the 1:3 adduct of
borazole with hydrogen chloride or hydrogen bromide (61).

The partislly halogenated borazoies, B-monochlorcbora-

zole, B-dichloroborazole, and the corregponding bromo com-



pounds have been isolated from the reaction of borazole with
boron trichloride and boron tribromide (4°). Borezole under-
goes addition reesctions with hydrogen chloride, hydrogen
bromide, water and alcohols (60). The products heve been
assumed to be cyclohexane type derivatives, zlthough no con-
firmation of this hes yet been chinined.

The preparation of a B-trifluoroborazole has been unsuc-
cessfully attempted by the reaction of B-trichloroborazole
with hydrogen fluoride (25).

Attempts to prepsre derivetives by direct substitution
of the halogen in B-trichloroborazcle with lnorgenle salts
in suitsble solvents have slso been made. The reactions
between silver cyanide, silver nltrete end trichloroborazole
in acetonitrile were investigated, but the products which
still contained chlorine could not be identified (9).

The preparation of B-hzlogeneted borszoles in which zn
organic group 1s attached to the nitrogen atoms has been
given considerable attention since these compounds serve as
convenlent lntermedistes for the synthesis of other orgsnic
borazoles. B-trichloro-N-trimethylborazole has been prepared
from methylamine hydrochloride and boron trichloride (22, 56).
B-trifluoro-N-trimethylbtorazole was isolzted from the resctions
of monomethylamine with dimethylboron fluoride (84). Jones
and Kinney reported a reaction between aniline and boron tri-

chloride from which they obtailiied B-trichloro-N-triphenyl-



borazole (29).

These halogenated boreszoles have been used for substi-
tution reactions to prepare B-a2lkylested compounds. Thus,
B-trichloro-N-triphenylborazole was allowed To react with
various Grignerd reagents to ottain B-trielkyl-N-triphenyl-
borazoles (20). Similar reamctions were run with B-trichloro—
N-trimethylborazole and Grignard reagents (32). B-trislkoxy-
and B~triphenoxy-borazoles were obtained from the trestment
of B-trichloro-N-trimethylborazole with sodium eglkoxide end
sodium phenoxide (8). A convenient preperation of various
N-substituted borszoles has been accomplished by the reduc-
tion of the corresponding chloro compounds with sodium boro-
hydride in various polyethylene glyccl dimethyl ethers (29).

Other borszoles have als> been used to prepare organic
derivetives. Trichloroborazole was found to react with
diazomethane to form B-tris-(monochloromethyl)borazole,
BS(CH201)3N3H5 (55). B-trichloro-N-phenylborszole upon
treatment with a2lkyl or aryl lithium or suitable Grignerd
reagents formed the corresponding B-substituted borazcles
(49). Trichloroborazole itself was methyleted to B-trimethyl-
borazole by reacting it with a methyl Grignard in ether solu-
tion (47).

Various organo borazoles heve also been synthesized by
procedures similar to the one used to prepare the pafent com-

pound employing ammonia derivstives and suitable boron com-



pounds. B-methylated torazoles were first synthesized by
Schlesinger et 2l. from methyldiborane snd ammonia (45); a
more convenlent preparation from smmonie and boron trimethyl
was reported later by Witerg et 2l. (63). N-methyleted
borazoles have been prepsred by rescting diborsne with methyl-
amine (46, 63) or by hesting methylamine hydrcchloride with
1ithium borohydride (41). Wiberg =nd Hertwig reported the
synthesis of hexamethylbtorazole from trimethyl boron end
monomethylemine (62). B-tributyl, B-triphenyl, end B-tri-
vinylborazole were obtalned from the rezction of ammonie
with the corresponding monosubstituted boron trichloride (7).

In a patent Gould first described the synthesis of
B-aminoborazoles from B-trichloroborazole and excess amine
(12). Recently, Niedenzu and Dawson prepsred a B-amino-
borazole, B-tris(diethylamino) borazole with ethylsmine hydro-
chloride or by allowing emmonia to react with dichloro-
(diethylamine)-borane, BCIBN(CEHS)Z (35). By using mono-
ethylamine in place of ammonia the suthors were slso able to
prepare B-tris(diethylamine)-N-triethylboraszole by the latter
method .

Earlier work on the preparation of orgsno borazoles and
their properties hes been adequately reviewed elsewhere (4,

58, 59, 60).
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EXPERIMENTAL
Apparatus snd Materials

Borazole compounds except for the highly substituted
organic derivatives ere frequently somewhst molsture sensitive
and have to be carefully protected from contact with air.
This was best accomplished bty handling these compounds in 2
high vacuum system. The preparations and purifica=tion of
reagents were also performed undef high vacuum conditions
unless otherwise stated. The constructlion and oéeration of
high vacuum systems need not be discussed here; it has been
adequately reviewed elsewhere (40, 51).

In isotope exchange reactions znd the preparestion of
l1sotopicelly substituted borazoles care was exerclised to ex-
clude contamination from stmospheric water by flaming out the
entire gless system of the high vescuum line 2nd by using
sealed reaction vessels whenever possible.

A Perkin Elmer Infracord Spectrophotometer Model 137 was
used to obtain infrared spectra. For infrared spectra of
gaseous materials, a gas cell of 100 cc. volume with sodium
chloride windows was employed. Mass spectras were obtained
with a Consolidated Engineering Mass Spectrometer, Model
21-620. Only mass pesks above m/e = 74 were reocrded to
1dentify and detect isotoplc exchange on borazole. The

samples were run at pressures of 75-1004 using an lonizing
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current of 20 milliamperes.

Since acetonitrile 1s an excellent solvent for some in-
organic salts, it was Trequently used in substituticn reac-
tlons. However, in order to avold decomposition reactions,
it was found necessary to carefully purify the acetonitrile.
The most satisfactory purification method was found to be one
recommended by Wawzoneck and Runner (57). This required the
treatment of acetonltrile with sestursted potassium hydroxide
golution, drying over anhydrous sodium carbonate and phos-
phoric anhydride, and the subsequent distillation from phos-
phoric anhydride in.a good fractionating column.

Diethylene glycol dimethyl ether which was occasionally
used 28 a solvent was freed from moisture by refluxing over
calcium hydride. The dried product was then distilled from
lithium aluminum hydride, and a fraction boiling at 160°-
164°C was collected. The ether was obtained from the Ansul
Chemical Company under the trade name Ansul 141.

Ethylene glycol dimethyl ether, which was 2180 used as
a solvent was obtained from the Ansul Chemical Company and
was freed from moisture by refluxing over sodium.

For the reaction of chloral with borazole, the snhydrous
reagent was prepared by dlstilling chloral hydrate from sali-~
furle acid.

Pyridine which was used in the formation of an adduct

with trichlorobecrazole was stored over cslcium hydride and
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then distilled on a smell Podbielnisk column. The fraction
coming over at 115°C wes collected. Ortho-xylene which was
employed as a solven% in the same reaction wes redistilled
and & fraction bolling at 143-144°C wes retained.

Semples of monophenylsilane and diphenylsilzne which were
avéilable in this lasboratory were used without further purifi-
cstion. Azomethane which served as a source of free radicals
was prepared from dimethylhydrazine hydrochloride (28). The
la2tter was synthesized by 2 procedure described by Hatt (21).
The crude szomethane wes purified by vecuum distilletions
through a -80°C bath and = -112°C bath, end pure szomethsne
was collected in the -112°C bath. Another free radicel ini-
tiator, o, '-azodiisobutyronitrile wes obtained from the
Eastman Kodak Chemical Company.

The tri-n-butylamine used in the reduction of trichloro-
borazole was of practicsl grade obtzined from the Eastmen
Kodsk Chemicel Compeny. It wae freed from impurities of
primary and secondary amines by distillation from scetice
anhydride.

The B-trichloroborazole used for metathetic substitution
reactions was prepared eaplier in this leboratory from boron
trichloride and ammonium chloride (2). The crude product was
further purified by sublimation in a vacuum.

For the reaction with trichloroberazole potassium thio-

cyanate wes dehydrated by heating 1t in air to its melting
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point. Silver cyanide which was commercially available was

dried in vecuum prior to its use. Reagent grade silver ni-

trate, also used in substitution resctiors with B-trichloro-
borazole, was used without further purification.

Borazole was initislly prepared by the reduction of
B-trichloroborazole with scdium borohydride in diethylené
glycol dimethyl ether in an atmosphere of helium. The crude
product wes freed from ether and diborane by repested frac-
tional distillations in 2 high vacuum system. The ether was
trapped in a -45°C bath while the more volatile borazole was
retained in a -95°C bath which permitted the diborane to pass
through. The pure borszole had & vapor pressure of 85 mm
which zgreed with the value reported in the literature (61).
Borazole was later prepsred by a simplified procedure which
will be described in a subsequent section.

The deuterium oxide as well 2s deuterium ges used for
exchange resctions was obtained commercislly from the Iiquid
Carbonic Company, Ssn Cerlos, California, and the Stusrt
Oxygen Company, Sen Frencisco, California, and were claimed
to be of greater than 99.5% purity.

The preparation of resgents for isotopic exchange reac-
tions with borazole was performed as follows. Deuterated
ammonia was prepared from megnesium nitride and deuterium
oxide and purified by high vacuum distillations through a
-95°C bath which retained less volatile impurities. The
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magnesium nitride had been prepared by heating magnesium
turnings in a stream of .dry nitrogen at 800°C in mullite tub-
ing. Analysis of the deuterium content of the ammonia was
achieved by decomposing @ sample on a red hot platinum wire
and measuring the hydrogen-deuterium retio mass spectro-
metrically (30). Ammonia samples of better than 96% ourity
in deuterium were obtesined.

Calcium phosphide used for the synthesis of phosphine was
prepared by 2 thermite resction from calcium orthophosphste
in the presence of a2luminum (°2). Deuterated phosphine was then
generated by the tresatment of the calcium phosphide with
deuterium oxide. It wes purified by distillation through a
~112°C bath, which retained the less volstile impurities.

The purified dsuterated phosphine hzd a vapor pressure of
171 mm at —112°C s compared to the reported value of 170 mm
at -112°C for phosphine (16).

Deuterium chloride was'synthesized by reacting silicon
tetrachloride with deuterium oxide (2). The final product
which had been purified by repeated distilletions through a
-112°C bath had e vepor pressure of 119 mm st -112°C 28 com-
pared to 120 at -112°C reported for hydrogen chloride (16).

Deuterium cyenide wes formed by the hydrolysis of potas-
sium cyanide with deuterium oxide in the presence of phos-
phoric anhydride. The potassium cyanide had been previously

dried by heating in vacuum. The deuterium cyanide wss dis-
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tilled repeatedly through a -65.5°C bath into a -05°C bath.
Only the fraction in the -95°C beth was retained which had a
vepor pressure of 263.5 mm ot 0°C a2z compared to the reported
velue of 265 mm et 0°C for hydrogen cyenide (16).

Deuterium sulfide wes prepesred in veacuum from dried fer-
rous sulfide and deuterium oxide in the presence of phos-
phoric anhydride, and purifled by repested distillations
through a -112°C beth which retsined less volstile impurities.
The vapor pressure of deuterium sulfide was 16.5 mm at -112°¢C
as compared to 16 mm reported for hydrogen sulfide (18).

Deuterated ethenol in which the hydrogen in the hydroxyl-
group was substituted by deuterium was svailsble in the de-
partment from Dr. Shiner's resezrch group, Indisns University.
Upon analysis by the combustion znd density meassurement of
the resulting hydrogen deuterium mixture, the ethanol was
shown by Dr. Shiner's group to be 98% deutéreted in the
hydroxyl-group.

Deuterated acetylene was prepered in vacuum from calcium
carblde 2nd deuterlum oxide. The vapor pressure of the
deuterated acetylene which was purified by rgpeated distille-~
tions through a -112°C beth was found to be 66 mm at -112°¢C |
as compared to the literature value of 67 mm for acetylene at
-112°C (16).

Samples of 91% deuterated diborane were avsilsble in the

laboratory snd had been prepsred several years e2go in Professor
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Schlesinger's research group, University of Chicago. The
deuterium content of the deuterated diborasne was determined
by Mr. Gersld Brennan in this laboratory. A sample of the
diborane was reduced over iron a2t 1000°C and the amount of
deuterium in the resulting hydrogen-deuterium mixture was
determined mass spectromztrically. The vapor pressure of
the purified deuterated diborene was 238 mm at -112°¢.

Deuterated sodium borohydricde was prepared by heating
sodium borohydride in the presence of deuterium (13). Before
exchange the sodlum borohydride was purified by s nrocedure
outlined by H. C. Brown et 2l. (12). An infrered spectrum of
a sample of the deuterated borohydride which was dissolved in
diglyme showed on the besis of the relative intensity of the
B-H and the B-D absorption bends that more than 50% deutere-
tion had taken pl=ace.

Deceborane used to investigate the resction with borazole
wes available in the laboretory and was purified by éublima—
tion in the vacuum system. The study of the rescticn cof
borszole with acetic ecid wes performed with 29.8% pure glacial

acetic acid from the Bgker Chemical Company.
Reactions of B-Trichloroborazole

Reaction of B-trichloroborszole
with petassium thiocyvanate

B-trithiocyanatoborazole was prepsred by sllowing B-tri-

chloroborazole to react with potassium thiocysnate. In a
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typical reaction 4 g. of B-trichloroborazole 2nd 6.5 g. of
potassium thiocyanate, corresponding to & mole retio of 1:3,
were dissolved in separate 75 cc. pqrtions of solvent and
filtered in vecuum from sny undissolved residues. The
B-trichloroborazole solution was slowly =2dded to the ether
solution of potassium thioeyanate, carefully excluding the
presence of alr. Immediste precipitation of potzssium chlor-
ide resulted sccompanied by the evolution of heet. The solu;
tion was then filtered under dry nitrogen, end the solvent was
removed by vecuum distillation. The remalning solid wss re-
crystallized from fresh solvent and finslly washed with dry
hexene.

Acetonitrile wes also tried as a2 solvent but was found to
be unsatisfactory since occasionslly the thiocyanate solution
decomposed leazding to gummy, highly colored resction products.

The purified thlocysnatoboreszole was obtained in about
B80% yield as a white faintly yellow, &%t room temperasture non-
sublimeble powder which melted with decomposition in vecuumr |
st 147-150°C. Like trichloroborazole this compound reacted
repldly with water to form ammonis, boric acid, 2nd thiocysnic
acid. Upon exposure to the atmosphere trithiocyanatoborazole
turned yellow.

For analysis the compound was hydrolyzed in aqueous
solution. The thiocyanate ion content was determined gravi-

metrically as silver thlocyanste, and the boric acid was
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titrated in the presence of mannitol. The ring nitrogen was
obtained by the Kjeldahl method. The follewing analytical
results were obtained for trithlocyanatoborazole: Analysis:
Calculated for Bz(SCN)zNzHz: B, 12.8; SCN™, 69.2; N(ring),
16.7. Found: B, 12.6; SCN™, 68.4; N(ring), 16.6. The
molecular weight was determined by the eryoscopie method in

benzene: Calculated, 253; Found, 251.7.

Reaction of B-trichloroborszole with silver cyanide

B-tricyanoborazoie was prepared by zllowing B-trichloro-
borazole to react with 2 suspenslion ¢f silver cyanide in
scetonitrile. A quantity of 22 g., 0.164 mole, of silver
cyanide was placed in a round bottom flask of 100 cc. volume
with several grams of glass beads. A solution of 7 g., 0.038
mole of B-trlchloroborazole in about 60 cc. of acetonitrile
was then added in the presence of an atmosphere of dry nitro-
gen. The reaction flask was attached to a shaker and agitated
for one week to assure that the substitution was compiete.
During this time the reaction was carefully protected from
light to prevent the photochemical decomposition of the silver
chloride formed. The contents of the flask were then fil-
tered from silver chloride and the excess silver eyanide, and
the precipltate was extracted several times with fresh per-
tlons of acetonitrile. The filtrate and washings were com-

bined, and the solvent was removed in vacuum. The remaining



10

white preciplitate was recrystallized six times frcm aceto-
nitrile.

The compound was white when pure, and unlike trichloro-
borazole 1t waes thermally stable in vacuum to temperatures
exceedling 200°C. B-tricyesnoborezole wes found to be insolu-
ble in benzene, toluene, carbon tetrschloride and hexene but
was soluble in scetonitrile at room temperature to the extent
of 0.6-0.7 g. in 100 cc. of solvent.

The cyanoborazole was sensitive toward moist alr, 2nd in
water 1t immedlately hydrolyzed to liberste hydrogen cysnide.
Attempted reduction with lithium borohydride snd sodium
borohydride led to the formsticn of tsr-like unidentifiable
products.

In spite of several recrystsllizations the purest resc-
tién product contained nearly 5% silver by weight, possibly
as a silver cysnide complex. For the determination of the
ring nitrogen by the Kjeldahl method, the cysnide present was
preclipitated with 2 slight excess of silver nitrete. The
solution was then filtered into a Kjeldahl flask and digested.
Boron was determined in the usuel manner by titretion in the
presence of mannitol. The cysnide lon content wes determined
by a titration with silver nitrate by the Lieblg method, and
the silver impurlities were titrated with potassium thioeys-
nate. Analysis of B-tricysnoborazole gzve the followiné re-

sults: OCalculated for Bz{CN)zNsH;: B, 20.8; N(ring), 27.0;
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CN™, 50.2; Found: B, 18.4; N(ring), 24.6; CN™, 45.2; Ag,
4.8. If these snalytical results are receslculeted the mole
ratic of boron to ring nitrogen to cyanide to silver is found

to be 1.00:1.03:1.02:0.03.

Reaction of B-trichloroborarole with silver nitrate

Quantities of 3.48 g., 18 mmoles, of trichloroborazole
end 9.6 g., 56 mmoles, of silver nitrate were dissolved in
separate portions of 30 cc. of acetonitrile. Since it was
found in preliminary experiments that the reactlon products
decomposed above 0°C, the solutions were cooled to -18°C. The
silver nitrate solution wes added to the borszole solution in
en a2tmosphere of dry nitrogen, and immediate precipitstion
of silver chloride occurred. After standing overnight in =
deep freeze chember the rezction mixture wes filtered while
the low temperature was mainteined, and the excess solvent
was pumped from the filtrate at -10°C. Crystels began to
form, which melted upon slight werming, and more scetonitrile
could be pumped off. The solvent could not be completely re-
moved 2t these low temperatures. Upon stending at room
temperature for 15 hours, the white syrupy residue had turned
yellow end hed given off lerge quantities of nitrogen dioxide.
The residue ignited with a brilliant green flash in the gas

flzme and decomposed 1nstantanéously on a hot plate to form

nitrogen dioxide and e white refractory meterial.
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The stoichiometry of the reaction of silver nitrate
with B-trichloroborazole was crudely tested by adding 15.5.
mmoles of trichloroborazole to 52.6 mmoles of silver niltrezte
at -10°C. The filtrate from this reaction wes found to con-
tain silver ions but no chloride ions. It appesred that »11
three chloride ions hsd been replsced in the B-trichloro-
boreazole mnlecule.

The reaction product obtained below 0°C wes extracted
with anhydrous diethyl ether, and g solid msteriazl which re-
teined ether 2nd was insoluble in hexsne was recovered from
the extrsct. The s0lid meterisl asppeared to undergo little
decomposition to nitrogen dloxide at room temperature over s
period of a week, and only a slight color change from whitel
to light yellow had occurred. The reasction of weter with
this materisl was explosively violent sccompsnied by ignition.

In another experiment the reaction product obtaingd in
scetonitrile was trested with dry toluene et -5°C. Vhereas it
appeared to be Insoluble st this temperature, zome resction
took place as was indicsted by the formation of bubbles éend
a color change from white to yellow. The toluene could not
be completely removed again by vecuum distillation and a
syrupy pink residue remained. The latter was extracted with
portions of ether. Upon.distillation of the ether at -8°C
a whitish pink solid came out of solution, 2nd before the

distillation was completed, the residue in the flask exploded
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most violently.

Unsuccegsful substitution reactions
of B-trichloroborazole

Other substitution reactions of B-trichloroborazole were
sttempted with potassium cyanate in scetonitrile; with lithium
bromide in scetonitrile and in 1,2 dimethoxyethane; wlth
mercuric ilodide in methyl iodide; with the etherate of mag-
nesium perchloraste in acetonitrile; 2nd with a2luminum bromide
in toluene. 1In no case was g reszction observed.

A reasction, however, took place in acetonitrile with
thallium cyclopentadiene in which thellous chloride precip-
itated out, but the supernatent licuid oulckly decolorized
and a definlte product coﬁld not be isolated. For the gszme
resson, the reaction of B-trichloroboraszole in cyclopentadiene
was unsuccessfully investigeted. |

Resection of B-trichloroborazole
with anhydrous chloral

Amounts of 1.4 g. of B-trichloroborazole and 6.7 g. of
anhydrous chlorel were intrcduced into 2 flask of 25 cec.
volume which was then sealed off. All the trichloroborszole
was in solution at room temperature. Upon heating for 15
minutes on the steam bath, a white precipitate was formed.
The flask was opened, and traces of hydrogen chloride were

observed; however, no chloroform could be isolated which would
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be one expected reaction product had a formylation resction
teken place (6). Upon distillation in vacuum, a syrupy
meterial remained which still contained zn ea2sily hydrolyzed

chlorine compound.

Reaction of B-trichlorcborazole with pyridine

To a solution of 0.376 g., 2.04 mmoles, of trichloro-
borazole dissclived in 3.530 g. of o-xylene were added 1.083
g., 13.68 mmoles of pyridine. Immediazte formation of a white
precipitate occurred, and when the resction wes completed the
solvent 2nd excess pyridine were removed by distillation in
vacuum. Subtrecting the weight of the solvent, 1t wes found
that 0.55 g., 7.07 mmoles, of vyridine were recovered. Thus,
apperently 6.61 mmoles of pyridine had rescted with 2.04
mmoles of trichloroborazole to form a product contasining tri-
chloroborazols and pyridine in a 1:3.24 molar retio. The
solid resction product which melted with decomposition in
vecuum at 145-150°C wes insoluble in orgenic solvents, but
was found to be soluble with resction in water.

Anglysis were performed on the crude product from the
reaction of trichloroborszole with pyridine. Boron was
determined by the titration of boric a2cid in the presence of
mannitol. The chlorine present waes determined volumetrically
by the Mohr method, and the totzl nitrogen content wa2s ob-

tained by the Dumas method through the services of the micro-
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analyst in the Depsrtment of Chemistry, Indiesns University.
Anglysis geve the following results: Calculated for
BsNzHzClg *3pyridine: B, 7.7; N, totel, 20.0; C1, 25.3;

Found: B,8.4; N, totsl, 19.9; Cl1, 28.8.

Reaction of B-monochloroborezole with hvdrogen chloride

Motiochlorotorezole was prepared by rescting boron chlor-
ide with boraszole at room temperature (42). The deslred
product wes 1soleated from the side-products 2nd excess
borazole by fractionsl distillation in the vacuum system.

Into a rezction flask of 50 cc. volume eaulpped with 2
megnetic breaker, were sgaled ¢.076 mmole of monochloro-
borazole, BzClHoNzH,. and 0.550 mmole of hydrogen chloride.
Upon standing for 28 hours at rcom temperature, 2 white,
non-volatile precipitate had formed in the flask, and 0.122
mmole of unreacted hydrogen chloride was recovered. Thus,
0.076 mmole of monochloroborszole had reacted with 0.228
mmole of hydrogen chloride to form g 1:3 adduct.

Thermsl stability of the hyvdrogen chloride adduct of

monochloroborezole A quantity of 0.103 mmole of the

hydrogen chloride adduct of monochloroborazole was heated at
95°C for one hour, end 0.003 mmole of hydrogen wass liberated.
Upon heating for another hour at 127°C, en additional 0.003
mmole of hydrogen was liberated. When heated for two addi-

tional hours st 150°C, 0.002 more mmole of hydrogen was
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evolved, and essentially 21l of the solld in the flask had
disappuared. Volatile materials were collected in a liguid
nitrogen cold bath. Upon warming to room tempersture some of

the volatile material eppeared to reszct to form & solid. The

rest wes lost during a transfer in the vacuum system.

Reduction of B-trichloroboreazole

Reactions of B-trichloroborazole with monophenylsilesne

gnd diphenylsilsne Small quantities of B-trichloroborazole

and diphenylsilesne were introduced into a flask of 50 cec.
volume. Traces of iodine were 2dded, and the reaction mixture
was irradisted with ultresviolet light for 30 minutes. Since
no materiel more volstile then diphenylsilene was found in the
reaction flesk, 2 reduction to borazole had not occurred.
Similarly, no reduction was observed to have taken plsce when
B-trichlorotorezole and diphenylsilane were irradisted with
ultraviolet light in the presence of azomethane.

In another experiment, <i,<\'-azodiisobutyronitrile, also
a free radlcel initiator, was 2dded to soiution of trichloro-
borazole in monophenylsilane. The rezction mixture wss
briefly heated to 80°C. Upon fractionation in the high
vacuum system, only nitrogen, some silane, trichloroboraszole
and monophenylsilane were recovered.

Samples of trichloroborazole were hested with diphenyl-

silane, as well as monophenylsilene 2t 70°C for 1° hours.
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Small emounts of non-condensable gas, presumably hydrogen,
were detected, but no reduction products of trichloroborazole
could be isolated. Upon heating to 180°C for 40 hours, s
definite reaction appesred to have taken place between tri-
chloroboraszole and diphenylsilane. The nature of this re-
actlon was not investlgazted further after it had been estab-
lished by infrared spectra that none of the reaction products
contained boron-nitrogen bonds.

In another reaction monophenylsilane was added at room
temperature to an o-xylene solution of trichloroborszole and
aluminum chloride. Large amounts of silane, which was iden-
tified by its vepor pressurs, were isolated, but the presence
¢f compounds conteining boron-nitrogen bonds was not observed.
This same reaction wss repeated unsuccessfully with <, a'-
azodilso ":Zyronitrile vresent ss a free radicel initiastor.
The reaction mixture was hested briefly to 60°C 2nd then for
95 minutes at 80°C.

Rezgction of B-trichlorobtorszole with sodium hydride in

the presence of sodium borohydride Amounts of 24.3 g. of

trichloroboraszole, 26 g. sodium hydride, and 2 g. sodium
borohydride were introduced into a 500 cc. flask contsining
glass beads and 75 cc. of diglyme. The container was
attached to a shaker and sgitated for three days. Large
amounts of hydrogen had formed,; but no borszole could be

isolated from the volatile meterials in the flask.
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Reaction of B-trichloroborazole and sodium borohydride in

the presence of triethylamine About 5 g. of sodium boro-

hydride were dissolved in 50 cc. of diglyme; to this solution
were added 8 g. of triethylemine. The resction flask which
was equipped with a side arm wes attached to the vacuum
system, and a2 solution of 4.8 ¢g. of trichloroborazole in
diglyme was carefully introduced by means of a seperatory
funnel. The mixture was stirred vigorously for two hours.

A meterial readily voletile in vacuum wss rermoved and freed
from ether by pessing through s -45°C cold bath. An infrared
spectrum taken in a gss cell revesled the presence of
nitrogen-hydrogen bonds and boron-hydrogen bonds in this
material, and a mass spectrum showed the compound %o be bora-
zole, though considerably contamineted with triethylamine.
Due to the similar volatility, a sstisfactory way of separst-
ing borezole from triethylamine in the high vacuum system was
not found.

Reaction of B-trichloroborsgzole with sodium borohydride

in_the_presence of tri-n-butylamine Several preliminery

investigations of the reduction of trichloroboreszole with
sodium borohydride in the presence of tri-n-butylsmine were
made to assure that the reduction proceeded smoothly without
liberation of the highly toxic end explosive diborsne. A
typical reduction on a larger scale was performed in a

2-1iter, three-necked flesk equipped with a mechanical
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stirrer; the flask was charged with 77 g. of sodium boro-
hydride dissolved in 600 cc. of diglyme. With vigorous
stirring 380 g., a 25% excess, of tri-n-butylamine were added
to the flask which had been chilled to 0°C. The resction
flask was flushed with 2 slow stream of nitrogen, end a solu-
tion of 100 g. of trichloroborazole in 230 cc. of diglyme was
added to the flask dropwise over a period of one hour. The
stirring wes continued for 30 minutes after the addition was
completa.

The reaction flask was attached to & spirsl reflux con-
denser, cooled with a sslt-ice bath, and the reaction mixture
distilled in high vacuum, first et room temperature end later
with gentle heating to 40-50°C. Borezole and some ether col-
lected in a2 dry ice cooled trap. The crude borazole was
trensferred to a Podbielnisk distillation column which hed
been previously flushed with dry nitrogen. The "ecold finger"
in the distilling head was cooled with circulating brine snd
the mixture was distilled ot atmospheric pressure. The receiv-
ing flask was cooled with en ice bath 2nd a fraction of 20 g.
(corresponding o zn spproximate 46% yield) boiling at 54.506.
were collected. The vapor pressure of this fraction was 86
mm at 0°C compared to 85.3 mm Tor pure borazole. A gas
chromatogram showed one additional component to be present to
the extent of less than one per cent. Mass spectrometric

investigation of the impurity which was separated by conven-
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ticnal vacuum techniques failed to identify the component but
showed it to be boron free. Infrared examination showed the
substance to contain carbon-hydrogen bonds. The material

apparently arose from ether cleavage.
Reactions of Borazole

Isotope exchange reactions of borazole

Resction of borazole with deuterated zmmonia and

N-deuterated diethylamine In & flask of 3 cc. volume, 0.73

mmole of deuterated ammoniez was mixed with 0.2Z35 mmole of
borazole, and the mixture wes allowed to remszin at -50°C ror
about five minutes. Upon fractionation through e -95°C bath
which retained borazole it was found thet 0.56 mmole of
ammcnia and 0.12 mmole of boraszole could be recovered. The
highest peak in the mass spectrum of the recovered borazole
had s value of m/e = 84 as compsred to m/e = 81 for borazole
of ordinary isotopic composition indicating that exchange had
tazken place with only three hydrogen atoms in the borazole
molecule. Infrared spectra showed that psrtisl exchange had
taken place on the nitrogen =2toms. The characteristic N-H
bands at 2.84 and 13.9x for borazole had decreased in in-
tensity and a N-D band ot S.Q/L, pertielly superimposed on
the B-H band, appeared.

To investigate 2 possible resction in the gos phase be-

tween borszole and deuterated ammonia, 0.13 mmole of borazole
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was mixed with 0.48 mmole of deutersted smmonis at room
temperature. This wss done in a reazction vessel which con-
sisted of two bulbs of 50 cc. volume esch and which was suf-
ficlently large to accommodate the reactants in the gas phase.
The two glass vessels were connected by a 4 mm high vacuum
stopcock. The reactants were condensed into the bulbs, and
after warming to room temperasture the ammoniz wes expanded
into the bulb containing the borszoie by opening the stopcock.
After standing for 25 minutes, the devosition of smsll amounts
of a white precipitate was observed. A mass spectrum on the
recoveredbborazole showed that no exchange had tsken place.

The exchange reaction at low temperatures with N-
deuterated diethylamine was performed by 2 method similar to
that descrited for ammonia. An emount of 0.12 mmole of
borazole was allowed to react with 0.41 mmole of N-deuterated
diethylamine for three minutes at -30°C. Since the sepera-
tion of the reagents proved difficult, a mess spectrum of the
recovered mixture was tsken. It revealed that three hydrogens
in the borazole molecule had undergone exchange.

Rezetion of borazole with deuterated vhosphine Ex-

change reactions were sttempted under various experimental

conditions. In a reaction vessel of 5 cc. volume 0.14 mmole
of borazole was allowed to remain =t -49°C with 0.65 mmole of
deuterated phosphine for five minutes. Similerly, 0.11 mmole

of borazole and 0.62 mmole of deutersted phosphine were
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allowed to remain at room temperature for 26 hours. A quan-
tity of 0.15 mmole of borazole was heated with 0.72 mmole of
deuterated phosphine in the gas phase at 135°C for one hour.
Finally, 0.13 mmole of borazole and 0.60 mmole of deuterated
phosphine were allowed to remain st -80°C for two hours. A
liquid phase of phosphine was evident =2t this temperature.

In all cases it was impossible to induce an exchange or 3
¢chemical reaction between borazole a2nd deuterated phosphine,
end a practically cquantitative recovery of the resctants could
be achieved.

Reaction of borazole with deuterium chloride Amounts

of 0.14 mmole of borazole and 0.63 mmole of deuterium chloride
were condensed into 2 & ec. reaction flask snd allowed to
warm to room temperature. Formation of a solid occurred 2znd
upon standing for 15 minutes the remelning resctants were
separated by fractional disvillation through a -95°C bath
which retained only borszole. The mass spectrum of the re-
covered borazole showed peaks only up to m/e = 84 indicating
that only three hydrogen atoms of the borszole molecule had
undergone exchange. An infrared spectrum of the recovered
borazole indicated by disappesrance of the N-H band that just
as in the reaction with ammonia the hydrogen on the nitrogen
atoms was involved in the exchange.

In another experiment 0.64 mmole of deuterium chloride

and 0.17 mmole of borazole were mixed in the gaseous phase at
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room temperature in a reaction flask described esrlier for
the gas phase reaction between deuterated ammonia and bore-
zole. The resction mixture was silowed to stand for 10 min-
utes. During this time a non-volstile white precipitate
formed on the walls of the reection vessel. Upon fractlon-
ation of the volstile contents, (.25 mmole of deuterium
chloride snd 0.03 mmole of borazole were recovered. There-
fore, 0.32 mmole of deuterium chloride had rescted with 0.14
mmole of borazole. This result is in fair agreement with
earlier observations that the reaction between borazole snd
hydrogeh’chloride lead to the formation of 2 1:3 adduct (53).
Again it could be shown by a2 mass spectrum of the recovered
borazole that exchange between borazole end deuterium chloride
hgd taken plece.

Reactions of the dsuterium chloride sdduct of

borazole About 0.02 mmole of borazole was zllowed to stand
in the gas phase a2t room temperature over 0.19 mmole of the
deuterium chloride a2dduct of borazole which was deposited on
the walls of a reaction flask of 50 cc. volume. After three
hours 2ll of the borazole was recovered, and a mass spectrum
showed that no measurable hydrogen-deuterium exchange had
taken place between the solid adduct and the gaseous borazole.
In a flask of 100 cc. volume 0.18 mmole of the deuterium
chloride adduct of borazole was heated with 1.49 mmoles of

triethylamine a2t 85°C for seven hours. The reaction mixture
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which contained 0.04 mmole of a non-condenssble ges, presum-
ably hydrogen, was distilled through a -95°C bath which re-
tained 0.05 mmole of borazole that had undergone isotopic ex-
change. Mass peaks up to m/e = 84 were observed in the mass
spectrum of the recovered borszole; however, the site of 1so-
topic substitution was not established since 2 sufficient
amount of sample was not avallable.

Thermal stzbility of the hydropen chloride sdduct of

torazole A quantity of 0.102 mmole Bf the hydrogen chlor-
ide adduct of berazole wae herted at 100°C for one hour, 2=nd
0.007 mmole of hydrogen was formed which was pumped off. Upon
heating to 110°C for one hour, 0.010 mmole of hydrogen had

been liberated. When heated for two more hours at 13000,

[\

total of 0.015 mmole of hydrogen had been formed. By in-
creasing the tempersture to 138°C and hesting for two hours
the totel yield of hydrogen was increased to 0.032 mmole.
Finslly, after additionel heating at 155°C for two and one
half hours an overall amount of 0.05 mmole of hydrogen had
been liberated. Small amounts of condensable gas, presumably
hydrogen chloride, had also been formed,.snd some non-volatile
solids remained in the reaction flask.

Resction of boraszole with deuterium cyanide snd hydrogen

cyanide BAmounts of 0.51 mmole of borazole and 2.07 mmole
of deuterium cyanide were mixed in the gas phase at room

temperature for one hour. During this time no visible resc-
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tion had occurred, end no isotope exchange had ta2ken place

as shown by a mass spectrum on the ges mixture. However, when
the resction flask wes briefly chilled to obtelin 2 llquid
phase, a white precipitate formed immediately. Some unreacted
borazole was s8tlll present after the flask had warmed to room
temperature agailn. Its mess spectrum revealed that 2 partizl
exchange of hydrogen by deuterium had taken place.

To examine the stoichiometgy of the resction between
borazole and hydrogen cjanide, é resction between 3.85 mmoles
of hydrogen cyanide and 0.52 mmcle of borazole was allowed to
go to completion by repeated cooling until no more white pre-
clpitate wes formed. An amount of 2.20 mmoles of hydrogen
cyanide was recovered; thus, the overall reaction, as in the
case of the hydrogen chloride adduct of borazole, corresponded

to a 1:3 adduct represented by the formula, BSNSHG’SHCN.

Properties of the hydrogen cvasnlide adduct of

borazole The hydrogen cysnide adduct was soluble in di-
glyme, insoluble in certon tetrachloride and chloroform, and
1t appesred stable upon heating to 115°C for several hours
since 1t nelther formed volstile materiels nor chenged its
physical sppesrance.

In one experiment s sample of 0.54 mmole of the hydrogen
cyenide adduct of borazole which weighed 87.5 mg. was heated
to 1620C in 8 flask which was attached to 2 mercury mesnometer.

The pressure increased in the resction vessel until after two
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hours the evolution of gaseous materlal ceased. It was found
that 0.14 mmole of non-condensable gas hsd been formed. Upon
separation of the hydrogen the rest of the volatile materlal
was shown by an infrared spectrum in a2 gas cell to be a mix-
ture of hydrogen cyenide and borazole which upon liquification
recombined to form the white adduct discussed previously. The
total emount of borszole and hydrogen cyanide could not be
determined since some of it reacted to form the adduct when
the hydrocgen was fractionated from the mixture st low tempere-
tures.

Reaction of borezole with deuterium sulfide Attempts

to exchange or react deuterium sulfide with borazole were
made under various experimental conditions. In 2 =sezled re-
action flask of 50 cc. volume 0.17 mmole of borezole end 0.61
mmole of deuterium sulfide were sllowed to remain et -30°C for
five minutes with borszole in the liquid phase. In s bulb of
50 cc. volume 0.62 mmole of borazole was sllowed to remein at
room temperature for 1° hours with 1.25 mmole of deuterium
suifide. Finelly, 0.17 mmole of borazole znd 0.68 mmole of
deuterium sulfide were heated at 103°C forb55 minutes in 2
bulb of 50 ©c. volume. In 81l cases both resctants were
quantitatively recovered by distilling the reaction mixture
through 2 -95°C bath which retasined only the borazole. The
mass spectrum of the recovered borazole was identlcsl with

that of borazole of natural lsotopic composition; therefore,
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no exchange had taken place.

Reaction of borszole with deuterium oxide Into =

flask of 5 cc. volume were condensed 0.12 mmole of borezole
and 11.1 mmoles of deuterium oxide. The mixture wes warmed
to 0°C and ellowed to remain at this temperature for 15-20
minutes. ©One third of the borszole wss recovered when the
remaining reaction mixture was distilled through a -45°C bath
which trapped out water but permitted borazole to vess
through. The mass spectrum of the recovered borszole wes
found to be identicel with thet of borszole of normal iso-
topic composition, and no pezk 2bove m/e = 81 was observed.

To test the possibility that an acid solution might
catalyze the exchange, a new run wss made in the presence of
phosphoric anhydride for two to three minutes ot temperatures
slightly sbove 0°C. Quantities of 0.18 mmole of borazole and
15.9 mmoles of deuterium oxide were used in this resction.
Again the mass spectrum of the recovered borzzole wes clearly
that of unsubstituted borszole; hence, no exchange had tsken
place.

Similarly, the possibility of s base cetalyzed exchange
was investigsted. Borszole, 0.75 mmole, and 10 mmoles of
deuterium oxide were 2llowed to resct at 0°C for two minutes
in the’preéence of G.10 mmole of trimethylamine. The hydrol-
ysis of borazole by deuterium oxide had proceeded so exten-

sively under these conditions that no borazole could be re-
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covered. The reaction was repeated with the same negative
regult.

Reaction of borazole with deutersted ethanol Amounts

of 0.22 mmole of borezole and 2.4 mmoles of deuterated ethanol
were zllowed to remsin for five minutes at -45°C. Unrescted
borazole was recovered by distillstion through a -45°C bath
which retained only ethsnol. The mzss spectrum on 2 sample

of the recovered borezole showed only mass vpesks up to m/e =
81 indiceting that no detecteble exchange had occurred under
the experimental conditions employed.

Resetion of borszole with deutersted acetylene In g

flask of 10 cc. volume 0.08 mmole of borszole and 0.28 mmole
of deuterasted acetylene were allowed to remein at room temper-
eture for five minutes. Both compounds were guantitstively
recovered from the resction mixture by dlstilletion through\a
-112°C teth which permitted only the acetylene to pass. The
mass spectrum of the recovered boraszole showed that no ex-
change had teken place.

In a similer experiment 0.23 mmcle of deuterated scet-
ylene and 0.09 mmole of borazole were heated in the gss vnhese
to 80°C for 30 minutes. No ettempt was made to seperate the
mlxture; however, the mass spectrum showed only the pesks of
borazole of natursl lsotopic composition. Finally, 2 0.19

mmole seample of borazole was reacted in & flask of 2 ce.

volume with 2.25 mmoles of deutersted acetylene in the liquid
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phase at -50°C =t which temperature the ecuilllibrium vepor
pressure of the acetylene 1s 5 atm. After the mixture stood
for 10 minutes, the resctents could be quantitatively recov-
ered. Again the msss spectrum indicated thet no exchange had
teken place.

Reaction between borszole and deuterium A sample of

0.05 mmole of borszole wss heated with 1.41 mmoles of deuter-
fum in 2 bulb of 250 cc. volume for one hour at 200°C. A
mass spectrum of the recovered borszole showed mass peaks up
to m/e = 84; therefore, only three hydrogen atoms on the
borszole ring had undergone exchange. An infrered investi-
gation on the geseous sample of recovered borazole clesarly
indicated the disappearance of the B-H band at 3.2 4« and the
appearance of e B-D bend 2t 5.3u .

Nﬁmerous similar experiments were cerried out in an
attempt to observe the rate of deuterastion of borazzole. A
reaction vessel was prepared by ettaching 2 4 mm high-vecuum
stopcock to a flask of 125 cc. volume. The exect volume of
the flesk was then determined by sllowing 2 welghed amount of
cerbon dioxide to expend into the flask on the high-vacuum
system. From the volume of the system snd the pressure of
the carbon dloxide, the volume of the flssk could be readily
calculated. A known smount of borazole, usuzlly 0.05 mmole,
and 10 mmoles of deuterium were introduced into the flask

which was heated in & constant temperature bath et 127.5°C for



39

time periods ranging from 10 minutes to 30 minutes. The flask
was then quickly chilled 2nd the deuterium was pumped off 2t
liquid nitrogen temperature. The progress of deuterstion was
followed by introducing samples of the recovered borezole

into the mess spectrometer at identicsl pressures and observ-
ing the change in relative intensity in peaks of highest mess,

'ria-

m/e = 82 and m/e = 83. Great cere wze teken tc keep v

s

tions in experimentesl procedure to s minimum, yet it wes not
possible to obtain reproducible results.

In 2 second series of experiments the influenze of sur-
face area on the rete of reaction was investigeted. Identical
samples of borazole and deuterium were hested ot 127.5°C in
two flasks of equal volume, one filled with Pyrex glass wool
and one empty. Although reproducible results were not ob-
téined, it sppesred thet in 2ll runs the resction progressed
nmore slowly in the resction vessel filled with gless wool.

An experiment to initiste the isotope exchange between
borazole and deuterium 2t room témperature with szomethane
present as a source of free radicals was not successful.

Reaction between borazole 2nd deutersted diborane In

a sealed glass vessel 0.11 mmole of borazole and 0.22 mmole of
deuterated diborane were allowed to stand 2t room temperszture
in the gas phase for 30 minutes. The resctsnts were aquenti-
tatively redovered by fractlonsl distilletion through 2 -95°¢

bath which retained only borazole. A mass spectrum of the
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recovered borazole showed pesks up to m/e = 84 indicating that
exchange of three of the six hydrogens in the borazole mole-
cule had taken place. Infrzred spectra indicated the appear-
ance of B-D bands at 5.3 « and the disappearance of B-H bands
at 3.9 «.

Reaction of borazole with sodium borohydride A flask

of 5 cc. volume was charged with 2 mmoles of partislly deuter-
ated sodium borohydride through a sidearm which wes then seal-
ed off in a stream of dry nitrogen. Then, 0.31 mmole of bora-
z0le was introduced, and the reaction flask was allowed to
stand for five hours at room temperature. A liquid phase of
borazole was present under these conditions. A mass spectrum
of the recovered borazole showed only mass peaks up to m/e =
81. Therefore, no exchange had taken plsace.

To test the possibility that the insolubility of sodium
borohydride in borazole might be responsible for the failure
to exchange,.o.Sl mmole of borazole was allowed to interact
at room temperature with 2.0 mmoles of partially deuterated
sodium borohydride dissolved in 1 cc. of diglyme. About one
sixth of the borazole was recovered by fractional distilla-
tion of the reaction mixture through a -45°C bath which re-
teined the ether but permitted the borazole to pass. A mass
spectrum showed that borazole had not undergone isotopic ex-
change.

In snother experiment the possibility of the intersction
of gaseous borazole wlth sodlum borohydride at higher temper-

atures was checked. A sample cf 0.18 mmole of borazole was
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heated with 2.0 mmoles of partislly deuterated sodium boro-
hydride for three hours at 150-160°C. The mase spectrum of
the borazole recovered from this reaction in whieh no non-
eondensable gas was found showed mass peaks up to n/e = 84,
The appearance of a B-D band at 5.3« in the infrared spectrum
indicated that the hydrogen on the boron atoms in the borazole

molecule were involved in the exchange.

Preparation of deutersted borazoles

Preparation of B-deutersted borazole In & flask of

250 cc. volume 0.85 mmole of borezonle and 5.1 mmoles of
deuterium were heated at 200°C. After one hour the hydrogen-~
deuterium mixture was pumped off and 5.1 mmoles of fresh
deuterium were introduced. The procedure was repested a total
of four times until the intensities of the mess peaks m/e = 84
and m/e = 83 did not change. From this was concluded that the
exchange of hydrogen for deuterium on the boron atoms was com-
plete. The borazole was then freed from possible decomposi-
tion products by distillation through a -63.5°C bath into a
-95°C cold bath. This process was repested until the fraction
in the -95°C bath (borazole) hed a conctant vapor pressure of
85.7 mm at 0°C. An infrared spectrum was recorded in a sodium
chloride gas cell at 10 mm pressure (for spectrum see Figure 1
in the Discussion section).

For the purpose of comparing the mass spectrometric frag-
mentatlion pattern of B-deuterated beorazole with borazole of

natural isotoplic composition mass spectra of these were
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recorded under identlcsl ccnditions. Mass spectrometric data
for the group of peaks of highest mass are presented ir Table 1
for borazole and 1n Table 2 for B-deuterated borazole.

Preparation of perdeuterated borazole Perdeuterated

borazole was prepared from deutsrzisd Givorane and deuterated

<

ammonia by the method that was originally developed by Stock
and Pohland for the prepsration of borazole (52). The source
and purity of these reagents has been previously discussed.

Amounts of 1.98 mmoles of deuterated borazole and 3.95
mmoles of deuterated ammonia were frozen on the walls of a2
flesk of 500 cc. volume, which wes then permitted to warm
slowly to room temperature over a period of 12 hours.

Unreacted reagents were pumped off from the non-volatile

Table 1. Mass spectrometric data for borazole

Relative intensities Mass

Scale divisions in percent (m/e)
1050 34.3 81
3060 100.0 _ 80
1926 65.1 79

658 21.5 78

328 10.7 77

265 8.7 76

125 4.1 75

32 1.0 74

Sensitivity for base pesgk in scale divisilens
per mieron pressure 80 49.8

for butane 43 5.2
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Table 2. Mass spectrometric data for B-deuterated borazole

Relative intensities Mass
Scale divisions in percent (m/e)
972 41.2 84
822 34.8 83
2364 100.0 82
1650 62.8 81
480 20.% 80
197 8.3 79
174 7.4 78
143 8.1 77
1186 4.2 ' 76
56 _ 2.4 75
17 0.7 74
Sensitivity for base pesk in scale divisions
per mieron pressure 82 38.5
for butane 43 956.2

addition product, and the sealed flassk was now rapildly hested
to 185°C for 2 hours. The borazole was recovered from the
reaction mixture by the fractional distillation and condensa-
tion procedure described in the previous section. The purl-
fied product had a vepor pressure of 87.5 mm at OOC.

Preparation of N-deuterated borazole N-deuterated

borazole was best prepared by the "back exchange" of per-

deuterated borazole with hydrogen. A sample of 0.40 mmole
of perdeuterated borazole was heated to 200°C with 5 mmoles
of hydrogen for one hour. This pfocedure was repeated with

fresh portions of hydrogen until the masgs spectrum of the
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borszole showed no further decreasse in the relative inten-
sities of the twec highest mass peaks.. Infrared spectra of
N-deutersted borszole 2nd perdeuterated borazole were re-
corded st 10 mm pressure and ere found in the Discussion sec-
tion, Figure 2 and Figure 3, respectively.

Mass spectrometric dsts for the group of peaks of highest

mass are shown in Table 3 for N-deuterated boreszole, znd in

Table 3. Mass spectrometric data for N-deuterated btorezole

Relative intensities Mass

Scale divisions in percent (m/e)
3900 28.¢ 84
11850 87.8 83
13500 100.0 22
7950 58.¢ 81
2595 12.2 80
1095 8.1 7
1010 7.5 78
268 6.4 al4
760 5.8 76
505 3.7 75
218 1.6 74

Sensitivity for base peak in scsle divisions
per micron pressure 82 26

for butane 43 109
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Teble 4 for perdeuterated boreszole. Both compcunds were im-
pure with respect to hydrogen since pure semples of deuter-
ated ammonia and deuterated diborane from which these com-

pounds were formed were not svailsble.

Table 4. Yeasg spectrometric dete for verdeutersted ktoreszcle

Relative intensities Mass

Scale divisions in percent (m/e)
1845 32.%2 87
1880 35.8 86
4700 ‘ 100.0 35
3600 . 76.5 o4

11585 24.6 83
201 | 4.3 a2
2565 5.4 81
128 4.2 80
231 4.9 79
150 3.2 78
156 3.3 77
26 2.0 76
33 0.5 | 75
B 0.1 74

Sensitivity for bese pecks in scale divisions
per micron pressure 85 38

for butane 43 109
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Miscellaneous resctions of horazole

Reaction of borazole wlth anhvdrous chloral Samples

of 0.38 mmole of borazole =snd 33 g. of enhydrous chloral, the
preparation of which wes described earlier, were sealed 1lnto
a flask of 100 cc. volume end herted over a steam teth for 30
minutes. By this time the contents of the reaction flask
appeared geletinous, and some g2s non-condensable in a liguid
nitrogen bath wes in evidence. About 25% of the borszole wsas
recovered; however, chloroform_ﬁhich should have been present
had s formylation reaction (6),occurred was not-fdund;:'Thev
abseﬁpe of chlofoform was ascerteined by zn ihfrared>spe¢trum
taken of the volztile contents of-the'feacfionlflask. .The‘ |
reaction between bdraiolé-and'anhydrous chlorsl wéé’conSe-
guently not further pursued.

Reaction of borazole with deczborane A semple of

3.24 mmoles of borazole was frozen in the vacuum system on
1.03 mmoles of decatorane. The resction flask w=s warmed and
kept at room temperature for 10 minutes. A liquid phase of
borazole was present in which the decsborene did not eppear
to dissolve. Practicaslly all the borszole, 3.20 mmoles, wes
~recovered and had a vapor pressure of 87 mm 2t 0°C as com-
pared to 85.5 mm at 0°C for pure borazole. The remeining
material in the flask had increased in weight by 3.1 mg.

Resction of borzzole with glacisl acetic acid The

reaction between borazole 2nd acetic acid was highly exo-
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thermic, and when an excess of ecetic acid wss used =2 viscous
reaction product usually resulted in which the spparent molar
ratio of borszole to acetic =2c¢id wveried from 1:4 to 1:5.7.
Upon heeting the reaction product to 150°C for 30 minutes,
acetic acid was given off ond erystals formed in the cold
parts of the flask. These crystals were delicquescent in aiv,
insoluble in ether, but soluble in chloroform and hed 2
melting point of 82°C. The odor and infrared spectrum were
identical to that of acetamide for which a2 melting point of
81°C hss been reported.

When an excess of borazole was used, the molar ratio of
borazole to acetic aclid decreased to 1:1.2, esnd 2 white
product remained in the reaction flask. Upon hesting to 20°¢C
for 90 minutes, this meteriel liberated borazole and smmonia
which were identified mass spectrometricelly end by infrared
spectrsa.

It was found thet the reaction between borazole 2nd
acetic ecid could be moderated by dissolving the ecid in
enhydrous diethyl ether and then 2dding borezole to the solu-
tion. A guantity of 12.52 mmoles of 2cetic scid was dissolved
in 50 ec. of ether conteined in s resction flask equipped
with a megnetiz stirrer and a side erm. While the contents
of the flask were kept under dry nitrogen, 5.84 mmoles, 0,4733
g., of borazole which was weighed by difference were slowly

introduced through the sidearm by means of 2 syringe. After
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one half of the reagent had been =2dded, 2 white precipitafe
formed. The stirring wes continued for 30 minutes after the
reaction was complete. After 8 hours, the reaction mixture
was filtered 2nd weshed with ether in a cezrefully prepsred
dry box. The filtrate snd ether weshings were treated with
45 cc. of water, and the ether was distilled from a flask to
which wes attasched & reflux condenser. The aqueous solution
was then titreted with 0.1N sodium hydroxide using vhenol-
phthalein as the indicetor. The end polnt, however, wes not
sharp and 1.25-2,1 equivalents of bese were used to neutralize
the excess acetic sacid.

No sultable solvent was found for the recrystallization
of the acetic acid adduct of borazole. Thé compound reduced
silver nitrate in aqueous solution, and though readily
attacked by water, hydrolyzed completely only in strong zcid
solution.

A boron snd 2 niltrogen snalysis were performed on the
impure product. Analysis calculated for BzHzNzHsz-3CHzCONH:
B, 12.5; N, 16.2; Found: B, 10.5; and N, 12.5. A molecular
welght determined cryoscopiceally in glacial acetic acid gave
a2 velue of 236 as compared to 260.7 for the acetic acid sdduct

of borazole, BzHzNzHz:3CHzCOOH.
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DISCUSSION
Reactiocns of B-Trichloroborazole

Studies of substitution reactions on B-trichloroboreazole
appear to indicate that 2 replacement of the halogen by other
.inorgenic anions is possible. In contrest to this, trichloro-
benzene, which 1s isosteric and isoelectronic to trichlore-
borazole, is not known to undergo such substitution under
these conditions.

A substitution on B-trichloroborazole is best achieved
by using an inorgenic sealt wﬁich is re=dily soluble in the
organic solvent chosen to dissolve the trichlorcborezole;
however, the resulting inorgeniec helide should be highly
insoluble. In the reactions of silver nitrate 2nd potasssium
thiocyanate with trichlorchkorezole these conditions were met.
The reaction of silver cysnide with trichlorcborazole pro-
ceeded less readlily because of the insolubility of the cyanide
saelt in acetonitrile. The siiver chloride formed, however,
appeared to be even less soluble, and the reaction could be
completed by sgiteting the rezction mixture with glass beads
which renewed the surface of any silver cyanide cozted with
precipitated silver chloride. Fotassium cyanate was slso
found to be rather insoluble in ecetonitrile, =nd presumsbly
‘the concentration of avsilable cyanste ions was not suffi-

cient to exceed the solubility product for potassium chloride
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in acetonitrile.

Magnesium bromide, mercuric iodide 2nd aluminum bromide
failed to react with trichloroborazole in 1,2-dimethoxyethsane,
methyliodide and toluene, respectively, even though these re-
agents, as well as trichloroborezole, were readily soluble in
each particular solvent. It may be ergued that In these
solvents s dissociation of the inorganic salt into ions is
not fevored so that s resction was not likely to occur. It is
somewhat surprising to note that megnesium perchloretef as
well as lithium bromide, which are both resdily soluble in
acetonitrile, also feiled to react with trichloroborezole in
this solvent, especielly since lithium chloride is reported
to be only slightly soluble in acetonitrile (1).

The nitretion reesction of trichloroborazole with silver
nitrate apparently lead to the expected, though highly un-
steble, trinitratoborazole. The ea2se of eliminstion of
nitrogen dioxide above 0°C suggests that the nitrate group
is attached to the boron 2toms by means of one of its oxygen
atoms. The explosion of 2n ether extract of =2 toluene tri-
nitratoborazole mixture cannot be adequately explained. A
smell of nitrobenzene was evident after the explosion which
suggests that 2 nitration of toluene might have occurred under
the experimental conditions. A nitration of the benzene ring
in this fashion would be interesting since its direct nitra-

tion by known methods requires somewhat more drastic experi-
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mental conditions, such as warming with fuming nitric acid.

A repetition of the reaction of trichloroborzzole with silver
nitrate in the presence of sufficient benzene or toluene to
prevent possible formstion of ftrinitro compounds should reveel
whether the ether adduct of trinitratoborazole can act =28 »
nitrating agent.

The possibility of 2 reaction of the ring nitrogen in
trichloroboraszole with anhydrous chlorsl wes contemplated in
view of the success of the formyletion of verious amines such
as butylamine, ethylenediemine, piperidine, benzyirmine end
others (8). Furthermore, the desired rruiueh anv’d serve a8
an intermedieste in the convenient formatisosn ¢¥ MN-trimethyl-
borazole which would be obtained by che reiucticon of the
formyl derivetive with lithium aluminum hydride.

The desired formylation reaction, however, did not occur
which may be explained by the following srgument. The reac-
tion of chlorasl with amines proceeds by an electrophilic
attack of the positive carbon of the carbonyl group on the
free palr of electrons on the nitfogen gstom of the smine. One
would expect this reaction to proceed most resdily for smines
of greatest basicity. The amines mentioned sbove 2re indeed
strong ones with pK velues ranging from 2.8 for piperidine to
4.7 for benyzlamine. It sppears then probable that the
nitrogen atoms in the borazole skeleton are not of sufficient

basicity to permit s similar rezction with chloral.
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The chemical analysis on the product obtained from the
reaction tetween pyridine and trichloroborezole seems to
indicate the formetlion of a 1:3 sdduct in which the pyridine
molecules mey be associated with the electron deflcient borcn
atoms of the borzzole nucleus. Alternately, 1t m2y be sug-
gested that the pyridine forms s hydrochloride leaving the
B-N skeleton, (BN),, of borazole. Infrared studies in Nujol
and potassium tromide pellets were unsuccessful in geining
information on the nszture of the product. However, since
pyridine hydrochloride 1is reported to melt 2t 8200, the rele-
tively high melting volnt renge of 145-150°C for the product
seems to exclude the presence of pyridine hydrochloride.

It is interesting to note thst oyridine =nd its methyl
derivatives, which are rather weak bases, pKp approximately
e, reect so readlly with trichloroborazole while triethylamine
and tri-n-butylamine which are very strong beses, pKg = 3.7
end pKp = 3.3, respectively, were not observed to react sppre-
ciably. Triethylamine, for example, rescted only very slowly
over a period of four hours with 2 benzene solution of tri-
chloroborazole. Similerly, tri-n-butyleamine which was used
in the reduction cf trichloroborzzole with sodium borohvdride
to ebsorb the diborane fofmed did not lower the yield of
borazole ordinerily obtained in the 2bsence of the amine.

Since the bzse strength eppears not to be 2 determining

factor in the compound formstion, explanation for the differ-
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ence in behevior may lie in the steric requirements necesssary
to permit approach of the base to the boron stoms. These are
more favorable for pyridine then for triethylamine or espe-
cially tri-n-butylemine. A test for this assumption would be
provided by the use of 2 hindered bese such as 2,6-dimethyl-
N,N-dimethyl aniline, the structure of which is =g found

below:

C
647 \\C
| I
Hsc/q*§c//C‘CH5
N
HzC” “CHg
This bese readily accepts a proton but for steric ressons will
not coordinete with boron (11). In some preliminary experl-
ments 2,6-dimethyl-~N,N-dimethyl 2niline was 2dded to solutions
of trichloroborazole in toluene and nelther werming nor the
formaticn of 2 vrecipitete wes observed. The failure of this
bese to resct with trichloroborazole would seem to support the
reesoning presented ebove.

It has 2lready been mentioned thet borazole 2dds three
moles of HX (HC1l, HBr, HOR, 2nd HOH) to form addition products
which 2re reported to e;iminate hydrogen upon heating (61).
Furthermore, 1f the heating of, for example, the hydrogen
bromide adduct of borazole is performed in the presence of

water, the formatlon of the compound B-tribromotrihydroxy-
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boreszole, BzBrz(OH)zNzHs, is claimed (61). 1In principle then
it appears possible to synthesize cyclohexene type derivatives
of boraszole in which two lnorgsnic groups sre sttached to the
boron gtoms. In this investigestion such a2 synthesls was
achieved by reacting one mole of monochloroborezole with
three moles of hydrogen chloride. In the resulting adduct,
two chlorine stoms were presumably attached to one boron etom
in the borazole nucleus:
Ci{ C1
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H\N// N\ ¢l
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H H
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It may well be that the preparation of compounds in which 211
‘the boron ztoms have two inorganic groups attached is con-
siderably more difficult by this method.

By thermal elimination of two moles of hydrogen from the
hydrogen chloride adduct of monochloroborazole, a partially
unsatureted borazole should result:
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or aslternately by elimination of one mole of hydrogen chloride

and two moles of hydrogen trichloroboreszole would be obtained.
However, the thermal decomposition of the hydrogen chloride
adduct of monochloroborazole yielded only 47 of the totsl
expec ted hydrogen before vractieeslly 211 of the solid hed
dissppeered from the hesated flask. In the cold trep voletile
products were observed which were not further identified.

It is interesting to compere this behsavior of the hydro-
gen chloride adduct of monochloroborzszole 2t higher tempera-
tures with that of an identical quantity of the hydrogen
chloride =dduct of borezole. It 1s seen from the described
experimental results that sbout 18% of the total hydrogen
expected from the dissocistion of one mole of =zdduct into
three moles of hydrogen was released. The presence of a non-
volatile solid left in the flask eppears to further indicste
that the thermel decomposition of the two adducts vroceeds
along different paths.

The investigations of the reduction of trichlorobroszole
were undertaken with the hope to find 2 convenient way to
prepare borazole which would require only conventionsl eaquip-
ment used in organic synthetic work. In view of the success-
ful reduction of boron trichloride by monosilane in the
presence of azomethene (43) it was hoped that similarly tri-
chloroborazole could be reduced to borazole by silsne com-

pounds. Phenylsilanes were used for this becszuse they are
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stable in air and asre at the same time good solvents for tri-
chlorotorezole. All these reactions fesiled in the absence 2s
well as in the pressnce of free radicel initiators presumably
because of the lack of hydridic charscter of the silicon
hydrogen bonds which may be necessary to facilitate the attack
on the boron stoms.

Sodium hydride has not been obsefved to reduce trichloro-
borazole in diglyme solution; however, should diborasne rezct
with sodium hydride in diglyme to form sodium borohydride,
the reduction of trichloroborazole could be verformed by
sodium hydride in the presence of cstalytic cuentities of
sodium borohydride. This would possitly 2lso mzke eny pre-
cautions to handle the litersted diborane unnecessary.

The fact that only traces of borszcle were isolrted from
these reactions appesars to indicste thet the possible regeners-
tion of sodlum borohydride from diborane #nd sodium hydride
does not occur. It was decided to ettempt to use en amine
to complex the diborsne formed in the reduction step. The
gsultable emine should neither react with the resctents nor
products involved in the reduction. It should completely
complex the diboirene formed, and should not interfere with
the isolation of the borszole. Tri-n-butylamine does not
appear to undergc reaction other than compleXing of diborane;
furthermore, its high boiling'point of.?l4°C permits its

fecile separation from borazole. The amine was entirely
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tion mixture, a2nd no orecasutions other then avoiding hydroly-
sis of borazole had to be teken. For large scesle preperation
the recovery of the 2mine borane znd reconversion to free
amine 2nd sodium borchydride by treztment with sodium hydride
might be considered (31). The net reesction in that csse

would correspond to reduction of trichloroborazole with sodium

hydride.
Reactions of Borszole

The possibly weskly besic properties of the nitrogen in
the borazole nucleus which hsve been slreasdy discussed for
the resction of B-trichlorotorszole with chloral sre probebly
also responsible fcr the fzilure of the reaction of chlorel
with borazole.

It wes thought possible that deceborane which possesses
two 2¢idic hydrogens in the 6,2 position might react with
borazole aznalogous to the addition of compounds of the type
HX to borazole previously described. This reaction should be
repeated in the presence of 2 suiltsble soivent.

The reaction of scetic scid with borazols lesd to s
reaction product that could not be readily purified. Since
only small amounts were avallable, recrystallization from
ecetic secid, in which 1t is very soluble, was not attempted.

The stoichiometry, analysis and moleculer weilght determine-
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tions on the crude product sppesr to agree with the formetion
of an sdduct contalning three moles of zcetic acid per mole
of borazole in anzlogy to numerous other similar adducts
reported in this work and in the literature (60, 61).

In the discussion of lsotopic exchange reactions of
borazole exchange involving hydrogen on the nitrogen atoms
mey be consldered first. At low temperatures in the licuid
phese, repld reactlon snd exchange were observed with ammonie;
while in the gas phase 2t room temperature, slow reesction snd
no exchange occurred. This sppears to support 2n ionic
mechanism of exchange for which a2t lesst two possible vaths
can be postulated. .Protons might be reversibly ionized from
the nitrogen stoms in the borazole molecule to form a2mmonium
lons with the zmmonie present, and with & nearly stetisticel
probability either 2 proton or 2 deuteron will he recovered
by the boreszole lon. Alternstely, one may consider the
ammonium ion formed in the sutolonlzetion of ammonla 28 under-
going exchange with the borezole present. Presumeblyithese
exchange reactions 2re extremely fast and teke place before
an adduct between borzzole and ammonis can be formed (61).

Deuterium chloride wes found to react snd exchesnge with
borszole in the liquid es well as in the gas phase. A reason-
2ble mechanism for the exchange cen be postuleted 1f one 2sso=-
ciates it with the mechanism of 2dduct formation. The a2ddi-

tion of the first molecule of deuterium chloride may vproceed
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by en attack of the deuterium on the nitrogen to form 2n inter-
mediate from which the adduct can be formed by an intramolecu-
ler nucleophilic ztteck of the chlorine on the boron s2tom. It
ls concelvatle that elther or both the intermediate end the
adduct may revert to the starting msterial. Since borazole

was not found to exchange witii the deuterium chloride adduct
itself, 1t may be concluded that at lesst the edditicn df 8
third molecule of deuterium chloride is not reversible.

Deuterium cyenide wes found to resct end exchence with
borazole only in the liquid phase‘suggesting that 2n lonic
mechanism is involved which 1s facilitated by the high dielec-
tric éonstant of deuterium cysnide.

Isotopic exchange of deuterium oxide and deuterated
ethanol with borazole was not observed to tske plece even
though it is krown that both water and ethanol will react with
borazole to form addition compounds (61). Appsrently no re-
versible steps are 1involved in the 2ddition reaction that
could facilitate isotopic exchange. The presence of phos-
phoric acid d4id not appesr to cstalyze exchange between
deuterium oxide end borazole. With trimethylemine present
the hydrolysis of boreszcle proceeded so rapidly =t 0°C thsat
no boreszole could be recovered.

The fallure of deuterated acetylene snd deuterium sulfide
to react or exchange with borazole in the ges phase 2s well as

the liquid phase may be attributed to the lsck of =zcid char-
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acter of the deuterium stoms in these compounds and thelr
exceedingly low autolonization in the ligquid phzase.

The hydrogens on the boron atome in btorazole were found
to undergo exchange with deuterium at eleveted temperstures.
Considerable effort was made to study the kinetlcs of this
reactisn by observing mess spectrometricelly the progress of
the deuteration. Results were inconsistent end did not lead
to a ready eXplanetiqn of the mechanism. It appesrs, however,
that san incresse in surface srez in the resction vessel re-
duced the extent of deuteration. This behavior is character-
istic of some free redical resctions; however, a deuterstion
of borezole 2t room temperszture in the presence of azomethene
gs 2 source of methyl redicals did not tske place.

The exchenge of diborane with borazole which teskes place
at room temperature cen te reesdily exvlained by the formetion
of en intermediete involving 2 hydrogen tridge between
borazole and diborsne. In 2 subsecuent step the clesvage
will occur which either leaves 2 hydrogen or 2 deuterium ztom
on the boreszole.

‘Deuterated sodium borohydride wes found only to exchange
et 150-160°C. Apparently, the intermediste fzcilitating the
exchange 1s feavored =t high temperatures. It is unlikely that
trsce amounts cf hydrogen thet escaped detection catezlyzed the
exchange since both borazole as well ss sodium torohydride

are thermally stable at 150°C.
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The preparation of vearious deuterium substituted bore-
zoles need not be commented on. It should be noted, however,
that an alternate route of synthesis of nitrogen o: boron
deutereted borazoles by rezscting deuterated ammonia with
ditorane or ammc ‘la with deutereted diborsne using Stock's
method of synthesis (52) is not fessible since the hydrogen
formed cen obviously exchange with borszole ot the reaction
tempersture. Partislly deuterested borezole with substitution
on the boron as well s on the nitrogen atoms will conse-
guently result.

The infrared spectrz of deuterasted borezoles 2nd borzzole
are recorded in Figures 1, 2, 3 and 4. The shift of the N-H
and the B~H stretching frequencies at 2.84 end 3.24, re-
spectively, cen readily be seen. The bands ot 13.2 4 2nd
10.9u4 which were assigned by Price and co-workers to N-H,
B-H in plane tending frequencies (37) are similerly shifted
to higher wavelengths. Thus, in borazole the bands at 13.9u«
appear to be associated with N-H bending while the bsnds 2t
10.9u sappeer to represent B-H bending frequencies. The
absorption band at 74 which is associsted with B-N deforme-
tion in the ring is slightly displeced to 7.1lu& for per-
deuterated borazole. Even though the shift increases sas
expected from borazole to perdeuterated borazole, 1t may be
possible that 1t reflects only the inconsistency of the

instrument used to record the spectrum.



Figure 1. Infrared spectrum of B-deuterated borazole
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Figure 2. Infrared spectrum of N-deuterated borazole
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Figure 3. Infrared spectrum of perdeutersated borazole
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Flgure 4. Infrared spectrum of natural borazole
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The comparison of the group of pezks of hiphest mass
observed for the mass spectra of borezole and B-deuterated.
borazole is quite interesting. For B-deuterated borazole
the peak of highest relative intensity 1s two mass units below
the perent pesk; for borazole the most intense pesk imme-
diately follows the perent pesk. It zppears thst in the first
ionization step of the borazole molecule in the mass spectro-
meter the hydrogen attached to the boron 1s abstracted first.
A calculation will serve to explein this in detail.

In the spectrum for B-deutersted borazole the pesk of
mass 83 ond 34.8% relative intensity, neglecting nitrogen
isotopes beczuse of thelr small abundence, is ceontributed by
two species: B511D3N3H2+ and BlloB211D3N3H5+. If one sets
the probeﬁility of the occurence of Bl0 . x end gll _ 1-X,
one obtains the following probability expressions for the
various combinations of boron atoms in the borszole molecule:

B;10 = X5

B210B111 - 3X2(1-X)2
8,198,11 - 5x(1-x)%
B, = (1-x)3

Although the natural sbundesnce of B10 ana Bl is reported as
18.8% and 81.2%, respectively (26), the rstio of 20% to 80% is
preferred for mass spectrometric work with compounds contain-
ing horon hydrogen bonds since such a ratio results 1h g min~

imum residue in calculating monoisotopic spectra (15, 58).
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Substituting these values into the probability expressions
N 10 _ 10p_11 _ 10p 11 _
one obtains: Bz~ = 0.008, B,""By~~ = 0.096, By BQ =
0.384, lel = (l—X)3 = 0.512; and, therefore,
10, 11
By Bo™
11
3

= 0.760.
B .

One cen now ezsily calculste the contribution of the
B,10B, 11D NLH* species to the 83 pesk in B-deutersted
borazole. The height of the 84 pezk representing only the
species By, D3NzHzt 1s 972 units so that 972 x 0.75 = 799 of
the 822 units of the 83 peak are due to the B110B911D3N3H3+
species. This means that 82% of the 83 pesk must be attribut-
ed to the parent species, By10BollDzNzHs*, and only 11% to

the B311D3N3H3+ species. One is now able to celculate the
contribution of the different species tc the vesk heights

for the next lower m/e velues by comparing the spectrum of
borazole with that of B~deutersted borazole both of which
were obtained under comperable conditions. The velues of
relative intensities of the species contributing to the 79,
80, and 81 pesks for borazole and the 82, 83, and 84 pesks

for B-deutersted borazole are shown in Tables 5 and 6, re-
spectively. . The relative intensities are referred to the most
sbundant species, 8511D2N3H3+ and B311H2N5H5+. As wae shown,
the contribution of B511D5N5H2+ to the 83 pesk of B-deutersted

borazole could be easily determined. The ratio of
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Table 5. Mass spectrum of borszole, BzHzNzH; (mass 792-81)

Scele Scele
divisions divisions Reletive
Mass Specie per species per pesk intensity
1y o +
81 Bz~ Ny 1050 1050 48.5
B,11B, 108N H* 788 38.3
g0 Bzl IHoN; Hat 179 3060 100.0
Bl lH Nz H " 101 4.7
Og.11 +
Bo10B, M N 5Hs 197 9.1
B,1 1B, 10H, N H,* "6 3.5
79 211 110 53 ?+ 1995
B,11B,10H, N Hy 1630 . 75.0
Bzl lH N zHo* 23 1.1

B3 tlDaNsHot /Bg L HaNHoT = ©3/972 = 0.096 then permitted the
estimation of the contribution of the 5311H3N3H2+ species to
the 80 pesk of borazole, BzHzNzHz, which amounts to 101 sc=le
divisions. It is thus seen thet only 4.4% of the totsal
B311N2H5+ specles in the mass spectrometer 2re contributed by
the species which has lost 2 hydrogen a2tom from the nitrogen,
BgllHzNzHot; while 95.6% is contributed by BgllHNgH s+,
Similarly, the ratio Bzl lHoNasHz*/BsllH NH.* = 2179/1050 =
2.069 allowed to caleulate the contribution of BzliDoNzHz* to
“the 82 pesk of B-deuterated borazole.

- It should bs noted that in these caleulations the effect
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Table 6. Mass spectrum of B-deuterated borazole, BzDzKiHz
(mess 82-84)

Scale Scale
divisions divisions Relstive
Mass per species per pezk intensity
84 Byl 1D N HL* on9 970 48.3
= 11 \ +
1ln_ 10 + o
B2 B1 D3N3H3 7oC 38.1
B?-'-OBll 1D3N_3H5+ 183 0.1
Bo11B, 10D, N 4 * 70 3.5
82 ?11 1 f 52 0364
B3 D3N3H - 100 5.0
11 I+
By 11D, N Hy 2011 100.0

of deuterium present in the molecule upon the fregmentaetion
pattern of borazole was disregarded. Since the contribution
of the B3H5N3H2+ species in borszole was calculasted from the
experimentally determined fregmentation vattern of B-deuter-
ated borszole, BzDzNzHz, 1t may be 2sked whether the presence
of a deuterium instead of 2 hydrogen on the boron atom will
not influence the lonization of 2 hydrogen from the neighbor-
ing nitrogen atom. While 2 considersble isotope effect mey
be expected to influence the probsbility of breasking a2 B-H
versus breaking e B-D bond or sn N-H versus a N-D bond it is

unlikely thet the presence of o B-D instead of 2 B-H bond will
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significently influence the lonization of a hydrogen from the
nitrogen atom.

Further examination of the relative tendency to ionize
off the first hydrogen from the nitrogen or boron atoms cean
be cerried out by comparing the 83 pesk in the mass spectrum
.of N-deuterated borazole with the 83 peak in the spectrum of
B-deuterated Borazole‘ Unfortunstely, a sample of mass
spectrometrically pure N-deuterated borazole could not be
prepared.

Problems in the investigation of chemical resctions of
borazole and its halogen derivatives 2re plentiful. XNore in-
organic substitution reasctions, similar to those presented
previously, may be cerried out. However, the scope of such
reactions would seem rather limlted becsuse of the low solu-
bility of inorganic salts in orgsnic solvents. The resctions
of metsl organic compounds with trichloroborazole would offer
more opportunities. For example, sodium acetylide may be
expected to form an scetylene compound and sodium chloride.
Using monochloroborazole and disodium scetylide one may ob-
tain a compound composed of two borazole rings linked by one
acetylene group. Further investigstion of cyclopentadiene
reectioné with B-trichloroborazole or borazole itself may
not, as some preliminary experiments seem to indicate, lead
to the isolatlon of borazole derivatives themselves but per-

haps to borazole ring fragments containing cyclopentadiene



75

rings. The possibility of a reaction of trichloroborazole
with decaborane may also be explored. The monosodium salt of
decaborane, B10H15Na’ could be expected to react with tri-
chloroborazole to form sodium chloride 2nd a borazole derive-
tive of decaborane. Should this sodium selt reduce trichloro-
borazole rather than undergo a substitution, it would be inter-
esting to determine the remaining decaborane fregments.
Alternstely by choosing a2 suitsble solvent, trichloroborszole
mey react directly with decaborane which has =t least two
acidic hydrogerns. Liberation of hydrogen chloride and the
formation of a decaborsne derivative of borazole may possibly
result.

One interesting problem in line with the current interest
in thermally stable inorganic polymers would be the synthesis
of two dimensionsl or three dimensionel systems of borszole
nuclel attached to each other.

In connection with this investigetion of the decomposi-
tion of borazole at room témpersture which leads to clear
syrupy as well as solld colorless products upon stending for
‘several months should be interesting. It may well be possibie
that compounds composed of condensed borazole rings may be
1solated. The naphthalene snalog of borezole has alreszdy
been observed in a pyrolysis study of borszole (34).

The éhemistry of borazole itself shoﬁi&Abéﬂfurther eX-

plored. The kinetics of the hydrogen isotope exchange with
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deuterated diborzane can be studied by infrared techniques.
Also the kinetics of the B-methylation of borazole by boron
trimethyl are not known. A novel methylation of borazole mey
be attempted with diszomethene in analogy to the resction of
trichloroborazole with diazomethane st low temperatures which
lead to a chloromethyl derivative (55). Another reaction
based upon the hydridic charscter of the boron hydrogen bond
may occur between borazcle and dimethylamine leading to a
B-tri(N,N-dimethyl) borazole.

Further investigation of the cyclohexane type zdducts
of borazole seems warrented especially since borszole is now
readily available. Infrared studies should yield more informa-
tion on the natufe o' these sdducts snd new compounds may pos-
sibly be synthesized from these adducts. The failure of
direct hydrogenation of borszole to a cyclohexane anszlog has
been tentatively explained by the instability of the result-
ing molecule (61). A reduction of the hydrogen chloride
adduct of borazole with a suitable reducing agent such as
sodium borohydride may yet le=d to B5N3H12 which is similar
to the compound BzHgNzHzMez prepsred recently from diborane
and methylamine (5).

Problems most challenging in the chemistry of the
borazole ring are the replacement reactions which only involve
the ring nitrogen. Such previous attempts to observe reactions

only on the nitrogen in the borszole ring have failed.
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SUMMARY

The study of substitution reactions of B-trichloroborazole
with inorganic salts in suitable organic solvents has resulféd
in the synthesis of B-trithiocyanatoborazole and B-tricyano-
borazole. A compound presumed to be B-trinltratoborazole was
found to decompose above 0°C to form nitrogen dioxide and un-
identified so0lid products. Other substitution resctions with
lithium bromide, mercuric iodide, sluminum bromide, potassium
cyanate, magnesium bromide, magnesium perchlorate and sodium
or thallium salts of cyclopentadlene falled to produce new
compounds elther because no reaction took place or decomposi-
tion of the products occurred. Attempts to prepare a N-
formylborazole by reacting borazole or B-trichloroborazole
with anhydrous chlorsl failed. The reaction of pyridine with
B-trichloroborszole lesd to & 1:3 adduct, BzClzNzHz-3pyridine,
in which the pyridine is presumably attached to the boron
atoms. The hydrogen chloride adduct of monochloroborazole
was prepared, and 1ts thermal stabllity weas compared to that
of the hydrogen chlcride adduct of borazole itself.

Numerous experiments were carried out in an attempt to
find a procedure which avoids the liberation of the highly
toxic and explosive diborane in the reductlon of B-trichloro-
borazole to borazole. Reductions with scdium hrdride in the
presence of catalytic quantities of sodium borohydride failed.
Similarly, the reduction of B-trichloroborazole with organc
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silanes in the presence as well as in the absence of free
radicals was unsuccessful. The reduction of B-trichloro-
borazole occurred readily in diglyme with sodium borohydride
in the presence of tri-n-butylamine which entirely complexed
the diborane formed. Yields of 46% were achieved by this
method. Borazole was found to add three moles of acetlc acid
per mole of borszole to give a solid adduct, presumably sim-
1lar to other borazole adducts reported earlier in the litera-
ture. A reaction between decsborane and borazole in the ab-
sence of a solvent was not observed.A

The isotoplic exchange of borazole with various compounds
contalning deuterium was studlied. Deuterated ammonia, deuter-
ium chloride, and deuterium cyanlde were found to exchange
with hydrogen cn the nitrogen atoms in borazole. No exchange
was observed between borazole and deuterated ethanol and
deuterium oxide. No exchange and no chemical reactions were
detected with deuterium sulfide, deuterated acetylene, and
deuterated phosphine. Deuterium, deuterated diborane and
deuterated sodium borohydride were found to exchange with the
hydrogen on the boron atoms in borazole. Possible mechaniems
for the exchange reactlons are discussed. Various deuterated
borazoles ware synthesizedngnd their infrared spectrs obtalned
aﬁd interprated. Mass spectrometric investigation of borazole

and B-deuterated borazole leasd to the conclusion that &
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hydrogen atom is abstracted preferentially from boron atoms

in the mass spectrometer to give the BSN3H5+ fragment.
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