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Evidence for BH2+ in Cold Acidic Solutions

William L. Jolly and Theresa Schmitt

Abstract

Potassium hydroborate reacts with S'M HC1 at ;70°_t6 form 2 moles
of hydrogen/mole'of.hydroborate and a solutién which.&ields another 2
moles of hydrogen when_warméd above -é0°. Diborane'reacts.slowly'with
8'3 HC1 at -75° to form 2 moles of hydrSgen/mole of diborane; U4 more
. | . moles of hydrogen are evolvéd upon warming the'solution above -20°.
These gnd other data suggest that, in both reactions, thé aquated BHg+

Il .
! - ion is being formed at the low temperature.
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Introduction h iy

It has generally been assumed that hydridic reagents sueh as hydro-
borates and diborane woulq be completely hydrolyzed in a strongly acidic
solution such as 8 M HC1l, no matter how cold the solution. Thus it was .
entirely acc1dentally that we found that a klnetlcally stable 1nter- |
mediate can be prepared quantltatlvely by these reactlons 1 A vrief
outline of the events 1eading to thiS'discovery follows.

‘When stannane is prepared (in low yield) by slowly dropplng an
alkallne solution of stannite and hydroborate into ice-cold hydrochlorlc .
acid,2 each drop causes the formation of a bright yellow precipitate
- which rapidly turns grey. We found that it is possible to staﬁilize
the yellqw material by addihgnthe stannite-hydrobora#e $Oluﬁion to 8 M
HC1 cooled to -7O°.3 Whenntﬁe yellow suspension-was warmed to’room
temperature,'it darkened, ahd hydrogen was:evolved. But, to our amaze-
ment, the amoﬁnt:of evolved hydrogen was too great to be explicable in
terms of any reasonable tin compound. We soon learned that the stannite _
had nothiné ﬁo do.with the.hydrogen evolution. When stannite_was
omitted ffom fhe added solution, no yellow precipitate formed;_but theu
fesultiﬁg solution could be titrated with iodine, and it liberated
hydrogen when warﬁed to temperatures above -20°. It then seems likely
to us that some sort of strongly reducing boron compound was being

formed. We found that when diborane reacts with 8 M HC1 at -7O he

resulting solution has the same propertles as those solutions IOrhed oy

[ S R

the reaction of hydroborate.
In this paper we describe various experiments which have e-bearing

on the nature of these cold reducing solutions.
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Experimental Section

General. - Potassium hydroborate was obtained from Metal Hydrides,

Inc., Beverly, Massachusetts. Diborane was prepared by adding potassium'*v'

‘hydroborate to phosphoric acid.u When required, standard vacuum-line

5

manipulation was used.

Large Scale Reaction of KBH4 with HCl.3 - A 1-liter, l-necked

flask was equipped with a nitiOgen inlet tube, a stirrer, a thermometer,

" and an addition tube containing 16 g. of potassium hydroborate. Two

~hundred ml. of 7.8 M HCl was added to the flask and codled’to'gg -70°

with a dry jce-acetone bath. The potassium hydroborate was slowly

added to the acid, keeping the temperature of the solution below -60°

" at all times. Cold nitrogen was blown over the solution during the

hydroborate addition. When all the hydroborate had been added, the

" stirring and cold nitrogén flow were continued until about half the

solution was frozen. The mixture was then filtered through a sintered -
glass filter in a -70° bath. The filtrate conﬁained the reducing species
in concentrations of 1.3 to 2.0 H; as determined either by titration

with a cold iodine solution or by measurement of the hydrogen evolved .

upon warming to room temperature.

N.M.R. Studies.3 - Attempts to obtain proton magnetic résonance

-spectra of the cold solutions prepared as déséribed above were made usingv} :

a Varian A-60 spectrometer equipped with a sample cavity cooled to -50 L

to 760‘. No éignal other than that of the solvent was ever‘observed; 
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Even when solutions prepared in methanol-aqueous HC1l mixtures (to reduce

viscosity) and in D20-DC1 solutions (to reduce the solvent signal) were . -

examined, no novel signals were ever observed. Similarly, while any of .

the above solutions were being warmed to room temperature.(with-decompo-
sition), no novel signals were observed. Boron-ll nmr spectra of the
solutions prepared as described aboye were obtained using a Varian
variable frequency (VF-16) instrument equipped with a sample cavity
cooled to -45°. Although there was some effervescence of the sample,
operation at this temperature was tolerable»because the signal intensity
did not diminish rapidly with time, and the peak inteﬁsity was'found to -
inéréase with increasing temperature (probably a viscosity effect). The
solutions showed a very broad peak centered 28.8 * 2 ppm upfieid from

" the Signal of BClz. After allowing.such a solution to decompose af'
room temperature, the spectrum was run again at -45° and showed a broad
peak at 22.5 * 2 ppm upfield of BCls. In a separate experimeﬁt, a
solution of bofic acid in the same solvent wés shown to yield a peak _

_at 21.6 * 2 ppm upfield of BCls.

Attempt to Prepare [(CH3)3N]EBH2+.3 - An acidic reducing solution
‘was prepared as described above, except that 7.8 M HC1l which had been
preparéd from 12 M HC1 énd methanol was used as the solvent. The

solution was slowly titrated with 8 M methanolic KOH, while maintaihing

the temperature of the main solution below -50°. Gaseous trimethylamine ‘

was passed into the neutralized solution for 10 minutes; the solution
~was warmed to room temperature and filtered from the voluminous

precipitate (principally KCl) which formed. One portion of the filtrate

T g
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was evaporated to one-half its volume, filtered, and extracted ﬁith,
methylene chloride. Evaporation of the extract yielded a solid whose
infrared spectrum was quite unlike that of a sample of [(CH3)3N]2BH2+I-.
Specifically, a band characteristic of the B-H stretching vibration.was
absent from the unknown spectrum. Another portion of the filtrate was
evaporated to dryness and then extracted wiéh methylene chloride. The

residue obtained after drying the solvent and evaporation to dryness

had an infrared specfrum with no B-H band.

Attempted Extraction with Ether.3 ~ A freshly prepared reducing

solution (prepared as described above) was shaken with cold diethyl

ether. When a few drops of an iodineeether solution was added to the

separated ether layer, the iodine color did not disappear, indicating

the absence of reducing agent in the ether.

-

Quantitative Studies with KBH4. - In three separate experiments,
0.01;0.02 g. of KBH4 was added to about 9 ml. of 8 M HCl at -78° in an
evacuated reaction vessel. The mixture was magnetically stirred for
about.i.5 hr., after which time a clear soluﬁion remained. The evolved
hydrogen was determined. The solution was then warmed to room
tempereture, and when effervescence of the solution ceased, the evolved

hydrogen was determined. For the three experiments, the ratios of

‘initial hydrogen/total hydrogen were 0.490, 0.505, and 0.510.

In another experiment, 0.5 g. of KBH4 was added during a period

of 1.5 hf. to 10 ml. of magnetically stirred 8 M HC1 at -78° while

pumping the évolved‘geses through a -78° trap and two -196° traps.
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The -196° traps collected 0.10 mmole of BoHg (identified by its infrared

spectrum), corresponding to a 2% yield.

Quantitative Studies with BoHg. - In three separate experiments,

0.3 - 0.6 mmole of diborane was %ntroduced to a vertical cylindrical
reaction vessel}(38 x 300 nm) containing about 10 ml. of magnetically
stirred 8 M HC1 in the bottom of the vessel, cooled to -78°. About
8 sq. cm. of the HCl solutién was exposed to the gas. In each case,
after a period of 2-3 hrs., only about one-half of the diborane was
consumed. The evolved hydrogen and unconsumed diborane were pumped'

out; and the hydrogen was measured. The'reaction vessel was then

warmed to about 20°, at which temperature hydrogen was evolved vigorously.

After about 20 minutes, the hydroggn was determined.‘ (In a separate
experiment, it was determiﬁéd-that all the hydrogen was evol#ed in a
period of.two minutes or less.) For the three experiments, the ratios
0frinitial hydrogen/totai hydrogen were 0.34, 0.34 and 0.35.

In.two separate experiments, similar in procedure and appératus to
those described immediately above, diborane was allowed to react with
5.4 M HC104 ét.approximately -55°. Again theldiborane reacted
imcompletely, and again the solutions effervesced when Qarmed to roonm
temperature. For the two experiments, the ratios of initial hydrogen/ .
total h&drogenvwere 0.45 and 0.36.

In anothef set of experiments,’similar to those described above,
diborane was allowed to react with dilute solutions of HCl in water-
~ethanol ‘solutions (approximdtely 12% 120, 88% EtOM) at -78°. In thése

experiments the diborane appeared to be completely consuned
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(as evidenceﬁ byrthe cessation of bubbling) in about 30 miﬁutes;
however the reaction mixtures were allowed to stand for oﬁe or- two
hours to ensure complete reaction. When the reaction vessel was warmed
to 20°, hydrogen was evolved relatively slowly; a half-time of about

2 minutes was observed in one experiment with 0.2L MHCL. It was
therefore necessary to hold the solutions for about an hour at room
temperature before measuring the total evolved hydrogen. In five

experiments with 0.24 M HC1, the ratios of initial hydrogen/total

.hydrogen were 0.35, 0.35, 0.353, 0.36, and 0.36. In an experiment with

1.2 M HC1, the ratio was 0.3k.

In two experiments at ~78° with 0.24 M HC1l in 12% Ho0-88% EtOH,

'an excess of coarsely ground particles of KOH was slowly added to the
) solutlon after measurement of the hydrogen evolved in the 1n1t1al
'reactlon of the dlborane In one experiment, 0.30 g. KOH was added;

after stirring for k4.5 hours, the evolved hydrogen was determined and

found to equal 98.5% of the amount evolved in the initial reaction of

the diborane. After stirring for another hour, only a trace of hydroger !
‘was evolved In the other. experlment O 35 g. of KOH was added; after

stirring for 4 hours, the evolved Jydrogen was determlned to be 85p or

that evolved.ln the initial reaction of the diborane. No detecuable

f.hydrbgen was -evolved upon stirring for a further three hours. (In this
' latter experlment the initial hydrogen evolved was probaoly too- hlgh
lbecause of inadequate cooling by the dry-ice bath. The sum of the

3_,initial and secondary amounts of hydrogen amounte& to 3.95 moles of

Hg/molerof BoHg consumed.) In both experiments, the fesulting basic

1

solutions had the characteristics of solutions containinngH(OH)g- ions.

1,



8. - UCRL-17280
Discussion

We_here enumerate the conclusions which we have dravm regafding
the nature of the species formed in the reactions of hydroborate and |
diborane with cold aqueous acid;

(1) The reducing species probably contains boron because the
réducing solution gave a boron-1l nmr signal which disappeared as the
species decomposed and which was replaced by a signal due to boric acid.

. (2) We believe that only one reducing species is formed in the
reaction of hydroborate with cold 8 M HC1, andvthat only one reducing
species is formed in»the reaction of diborane with cold 8 M HCl. We
dra# these cdncluéions because, in all our quantitative studies of
these reactions, close to an integral number of moles of hydrogen was
evolved per mole of reactant. Only fortuitously could two or mdfe
concurrent reactions cénsistently have yielded these unique results.

(3)  It seems likely that the same reducing species is formed in
‘both the hydroborate and dlborane-reactlons, because both reactions
yield solutlons contalnlng four equlvalents of reduc1ng power per boron
'atom. .

(L) ,Hydrochlbric acid (or chloride ion) does not have a specific
/influence on the course of the diborane reaction,.as»shown by the fact
that cold perchloric acid gives similar results. In\the experimepts
with perchloric acid, somewhat more hydrogen was evolved than in the

experiments with hydrochloric acid (2.70 and 2.16 moles of Hz/mole of

B2Hg in 5.4 M HC10s, as opposed to 2.0k, 2.04 and 2.10 moles of Hz/mole of

Bz2Hg in 8 M HC1). . We believe that the principal reaction was the same

=
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in both sets of experiments, but that some extra hydrolysis occurred
in the HC1lO04 experimenﬁs because these experiments were carried out at

a temperature about 20° higher. (The eutectié temperature of aqueous

‘HC104 is higher than that of agueous HCl.)

- (9) Various strucﬁures are consistent with the above conclusions.
These include the four possible diborane-like sfructures (such as
HeB(OH) 2BHz), aquated hydroxyborane, HzOBH2OH, and aquated boranium ion,
(HgO)gBH2+. The diborane-like structures seem unlikely to ds'because
many other studies have shown that diborane always‘reacts with polar
solvents such as water to form monoboron fragments. Of the two ﬁonoboron
species which we have considered, we prefer the ionic specxes, (HoO)gBHn '

because other studles indicate that the neutral species, H =203H20H, is

. hydrolytically unstable with respect‘to HgOBH(OH)g even

at low temperatures.7 We belleve that, in acidic solutlons, aquated
hydroxyborane is protonated to glve (H20) 2BHs" , and that this protonated
species is relatively inert toward hydrolys1s.9 Many boranium ions of
the general formula (base)gBHg are known, and in the cases where the
base is an amlne, the ions are remarkably stable toward hydrolysis.

Re51stance toward hydrolysis decreases with decreas1ng basicity of the
10

coordlnated base," and the susceptlblllty toward nydrolys*s which we

observe for our reducing species is that expected for a (HmO 2+

species. The ionic formulation for the reducing species is_consiétentv
with our'inabiiity to extract it into ether.

According to the above.p0stulates, a cold:acidic soiutibn ef
(HgO)gBH2+, when neutralized with sase, should evolve one mole'ofv
hydrogen per mole of (HgO)zBHg » corresponding to hydrolysis to H20~H(O Do

This was proven to be the case in two experiments.
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Unsolved Problems. - The extremely broad, featureless boron-11 nmr

spectrum of the reducing species was very disappointing. McAchran and
Shore™t were unable to observe a well-defined spectrum of the (MeoS0)pBH
ion, and Schaeffer, Tebbe and Phillips12 only observed a very brozd
(dioxane)gBHg+ signal. Apparently Bll quadrupole relaxation can be
significant in ions of this type.l2 Boron-11 quadrupole relaxation .
also was probably responsibie for our inability to see a protoﬁ nmr
signal. Possibly Bll double resonance experiments would be fruitful.
In our attempt to convert (Ha0)zBHs® to [(CH3)3N]zBH:Y, we

necessarily neutralized the solution. According to our ideas regarding

the relative stabilities of (Hz0)2BHz' and HzOBH2OH (expressed above),

this neutralizatiqn caused deprotonation and hydrolysis of the reducing‘

species. It might be more feasible to attempt conversion of (ﬁgO)gBH;+
to an ‘ether adduct, (ether)éBH2+. It may be possible to precipitate
‘insoluble salts of the (Hz0)BHa' cation. |

We were surprlsed to find that dlborane reacts very slowly with
cold agueous acid. Under condltlons such that diborane would react
~ completely with én ethanol-water solution in about 20 minutes, diborane
was only half-reacted with 8 M HC1 in three hours. We cén oﬁly surmise
that the rate- determlnlng step for the hydrolysis 1nvolves the atuacx
of water, and that the act1v1ty of water was so low in the acidic

solutions as to significantly reduce the rate.

Acknowledgments. - We wish to thank Drs. Malcolm Judkins and

Robert Marianelli for obtaining the Bll nmr spectra. This resea arch was

supported by the United States Atomic Energy Commission.
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