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F (2) Further rapid fluorine transfer from BFs or-O-B<F 
0 -0 H 

and -O-B<F groups to -O>B-H or -O-B<F 

groups as exemplified by the following 
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In this mechanism boron atoms in BF3 become coordi- 
nated by oxygen atoms in B203 and boron atoms in 
H3B303 become coordinated by fluorine atoms origi- 
nally in BF3. For every B-F or B-0 bond broken a new 
bond is formed. Thermochemical data indicate the 
reaction 

2BF3(g) + H3B303(9) 3HBFdg) + BzOdS) 

is about 1.4 kcal/mole, ex other mi^.^,^^ The slow de- 
composition of H3B303 to B2H6 + implies a mecha- 
nism involving transfer of H atoms from one boron to 
another. However, in the faster BF3-H3B303 reac- 

(13) L. Barton, S. K. Wason, and R. F. Porter, J .  Phys. Chem., 69, 3160 
(1966). 

tion a fluorine atom is apparently transferred more 
rapidly than a hydrogen atom. The absence of H*lBF2 
in the products of the reaction of H310B303 + "BF3 
shows that the mechanism is not a simple exchange of 
the type 
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as was suggested earlier.3 
Infrared spectra in Figures 4 and 5 suggest that the 

mechanism for the reaction of BCl3 or BBr3 with bor- 
oxine is substantially the same as that for the BF3 
reaction. However, the effect of hydrogen-halogen 
exchange and/or disproportionation of HBX2 subse- 
quent to this initial reaction is much more evident in 
the reaction with BC13 or BBr3. The kinetic data in 
Table I show that the reaction rates increase in the 
order BF3 < BC13 < BBr3 and that the catalytic effect 
of B203 is general for all of the reactions. 

Although one is tempted to correlate the reaction 
rate of the H3B303-BX3 reaction with the acidity of the 
boron atom in BX3, it should be noted that in postu- 
lating a donor-acceptor intermediate we should con- 
sider the acceptor strength of boron atoms in both 
of the reacting molecules. The increase in reaction 
rates from the fluoride to the bromide may simply re- 
flect the relative decrease in B-X bond strength. 
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High-yield synthesis of the decahydrodecaborate(2 - ) anion was achieved from the thermolysis of tetraethylammonium tetra- 
hydroborate( 1 - ), (C2H5)4NBHar and tetraethylammonium octahydrotriborate( 1 -), (CzH6)4NB3Ha, at atmospheric pres- 
sure and 186'. The thermolysis of tetramethylammonium tetrahydroborate( 1 - ), ( CH3)4NBH4, under similar conditions 
gives only trimethylamine borane, (CH3)3NBH3, and methane, while a near equimolar mixture of [(  C H ~ ) ~ N ] ~ B I ~ H ~ O  and 
[( CHs)&] 2B12H12 was the major product obtained from pyrolysis of tetramethylammonium octahydrotriborate( 1 - ), ( CH3)4- 
T\-B3Hs. Although BloHlo2- was a major product, complex mixtures of products containing the BH1-, BloHloZ-, BlLHla-, and 
BI~HI?-  anions were obtained from the 185' pyrolysis of potassium and cesium octahydrotriborates( 1 - ), KB3H8 and CsB3H8, 
respectively. h-0 evidence was obtained for BsHs2- or BllH112- when the pyrolysis temperatures were maintained a t  185'. 

Introduction 
The absence of an economical method for synthesis 

of salts of decahydrodecaborate(2 -) from diborane or 
hydroborates has been conspicuous. Preparation of 
these salts can be accomplished using decaborane as a 
starting material2 with nearly quantitative conversion 
of decaborane to BloHlo2--, but formation of BloHloZ- 

(1) E. L. Muetterties and W. H. Knoth, Chenz. Eng. /l'ews, 44 (191, 88 
(1966). 

(2) M. F. Hawthorne and A. R. Pitochelli, J .  A m .  C h i n .  Soc., 81, 6519 
(1959). 

from lower boron hydride derivatives has been ob- 
served only in small quantities while other species 
(Bg, B11, Biz) were major  product^.^ The dodecahydro- 
dodecaborate(2-) ion (B12H122-), on the other hand, is 
easily derived from nonboron-boron-bonded parents. 4,5 

The requirement for decaborane as a starting mate- 
rial has been a limiting factor in consideration of deca- 

(3) F. Klanberg and E. L. Muetterties, Inorg. Chew., 6, 1955 (1966). 
(4) I. A. Ellis, Y. F. Gaines, and K. Schaeffer, J .  A m .  Chem. Soc., 86, 3885 

(1963). 
( 6 )  H. C. Miller, N. E. Miller, and E. L, Muetterties, I i zovg .  Chetn., 3, 1438 

(1964). 
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hydrodecaborate(2 - ) rather than dodecahydrododeca- 
borate(2 -) for any practical applications. Deca- 
borane is difficult to synthesize in the laboratory and the 
economics of decaborane production are presently un- 
attractive. 

Discussion 
The controlled thermolysis of either tetraethyl- 

ammonium octahydrotriborate( 1 -) or tetrahydro- 
borate( 1 - ) gives tetraethylammonium decahydro- 
decaborate(2 -) in excellent yield. Whereas pyrolysis 
of these salts a t  200-250" yielded more complex mix- 
tures of products containing only small amounts of the 
B10Hlo2- salt, this reaction product is predominant a t  
185". The hydrogen loss a t  185" is quite slow in com- 
parison to that a t  the higher temperatures. The data 
obtained are consistent with the reactions in eq 1 and 2. 

185' 
10(CzHs)aNBH4 + [(CzHs)aNlzBioHio + 

8(CzH6)3N + 11Hz + 8CzHs (1) 
185' 

10(CzH~)4NBaHs + ~ [ ( C Z H S ) ~ N I Z B ~ O H I ~  + 
~ ( C ~ H S ) ~ N  + 23Hz f 4CzHs (2) 

Under similar reaction conditions, tetramethyl- 
ammonium octahydrotriborate( 1 -) undergoes ther- 
molysis to yield tetramethylammonium decahydro- 
decaborate(2 -) , tetramethylammonium dodecahydro- 
dodecaborate(2 -), and trimethylamine borane. The 
data are in agreement with the stoichiometry repre- 
sented by eq 3. Tetramethylammonium hydroborate 

185' 
S(CH3)4NB3Hs + [(CH3)4KlzBioHio + 

[(CHs)~NzBizHiz + 5(CH3)aNBH3 + 5CH4 + 15Hz (3) 

gave only small amounts of polyhedral hydroborates 
with trimethylamine borane a major product. 

(CH3)4NBH4 + CHI + (CH3)aNBHz (4) 

The potassium and cesium salts of octahydrotri- 
borate(1 -) also gave relatively simple product mix- 
tures a t  185". In  contrast to the small amounts of 
BloHlo2- reported from higher temperature pyrolysisJ3 
this is a major product of slow pyrolysis. The hydro- 
borates are coproducts, and the only materials evi- 
denced, other than KzBloHlo and CS~BIOHIO, were Cs- 
BllH14, K B ~ I H I ~ ,  and K2B12H12. 

Complete separation of the products from the 185" 
pyrolysis of CsB3Hs was not effected. However, BllH14- 
was precipitated as the water-insoluble tetramethyl- 
ammonium salt6 and only the BloHlo2- and BHI- re- 
mained in solution. Although the decahydrodeca- 
borate(2-) salt was the major product, significant 
quantities of tetradecahydroundecaborate( 1 -) were 
always found. Since essentially all of the cesium was 
present as CsBH4, CszBloHlo, and CsB11H14, the slow 
pyrolysis is best represented by the equations for the 
two competing reactions 

185O 

1 8 5 O  
4CsBaHx + CSzBioHio + 2CsBHa + 7Hz 

5CsB3Hs + CsBiiHia 4- 4CsBH4 + 5Hz 

(5) 

(6) 
185O 

(6) V. 11. Aftandilian, H. C. Miller, G. W. Parshall, and E. L. Muetter- 
ties, Znorg .  Chem. 1, 734 (1962). 

The KB3Hs pyrolysis yielded less decahydrodeca- 
borate(2 -) than the other octahydrotriborate( 1 -) 
salts studied. The amount of KzBlzHlz formed was 
nearly equal to that of K2BloHlo in all of the experi- 
ments. KB11H14 accounted for only a minor amount 
of the potassium and no other materials were present 
in detectable quantities except for KBH4. Thus, the 
two major pyrolysis reactions are represented by 
ey 7 and 8. 

185' 
4KB3Hs + KzBioHio 4- 2KBH4 + 7Hz ( 7 )  

5KB3Hx ----f KzBizHiz + 3KBH4 f 8Hz ( 8 )  

It is obvious that the tetraethylammonium octa- 
hydrotriborate(1 -) is unique in these 185" thermolysis 
studies, since decahydrodecaborate(2 -) is formed al- 
most exclusively. Since the metal tetrahydroborates 
undergo no decomposition a t  these temperatures and are 
end products of the pyrolyses, i t  is reasonable to con- 
clude that formation of polyhedral hydroborates from 
the quaternary salts depends upon the initial cleavage 
of an alkyl and hydrogen with formation of the alkane. 
But further reaction of the trialkylamine borane alone 
would result in formation of trialkylammonium salts. 
For example, the thermolysis of trialkylamine borane in 
the presence of diborane under pressure yields trialkyl- 
ammonium dodecahydrode~aborates.~ Thus, i t  is 
probable that the formation of the decahydrodeca- 
borate(2-) is due to the interaction of the amine bor- 
ane with the quaternary salt, e.g. 

185' 

(CzHs)4NBH4 + 2(CzH6)3NBHa + 
(CzJ&)aNB3Hs + ~ ( C Z H S ~ N  + Hz (9) 

The fact that  the methyl system proceeds by a dif- 
ferent course can be explained on the basis that  the tri- 
methylamine is more volatile than the ethyl derivative 
and does not remain in the reaction medium. On the 
other hand, the formation of methane and trimethyl- 
amine borane from tetramethylammonium hydrobor- 
ate(1-) is very rapid a t  185". A slower cleavage of 
the ethyl group and hydrogen may permit the inter- 
action suggested in eq 9. 

Experimental Section 
Materials .-Alkylammonium octahydrotriborates and CsBsHs 

were synthetized by conventional methodsa*' and purified by re- 
crystallization; (C2Hs)LVBaHs and (CHa)aNBzHs were recrystal- 
lized from hot methanol and CSBBHS was recrystallized from a 
warm water solution. KBaHs was prepared by dissolving an 
equimolar amount each of analytical grade KI (Fisher) and 
(CH3)dNBaHx in warm acetonitrile. Formation of insoluble 
(CHs)aNI was immediately observed. After the mixture was 
stirred for several hours, the solution was filtered and the filtrate 
was evaporated. The crude KB3Hs was twice recrystallized 
from a CHaCN-CHzClz solvent pair. (CzH6)aNBHa and (CHa)a- 
NBH4 were used as received from Ventron Corp. 

Authentic samples of [(CzH&N] 2B10Hlo, ( C * H ~ ) ~ N B I ~ H I ~ ,  and 
[ (CzH&N] 2B12Hlz were prepared from [NHd zBloHlo,s NaB11Hia. 
2.5CaH~Oz,~ and N ~ ~ B I ~ H I ~ C ~ H M O ~ , ~ ,  respectively, by metathe- 
sis in water. 

Analytical.-Infrared spectra were obtained on a Perkin-Elmer 

(7) D. F. Gaines, R. Schaeffer, and F. Tebbe, ibid., 2, 526 (1963). 
(8) E. L. Muetterties, J. H. Balthis, Y .  '?. Chia, W. H. Knoth, and H. C .  

Miller, i b i d . ,  1, 734 (1962). 
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Model 21 spectrophotometer. Mass Spectra were obtained on a 
Consolidated Engineering Co. Type 21-103B mass spectrometer, 
X-Ray diffraction patterns were obtained on a Korelco X-ray 
diffraction instrument. Elemental analyses of boron, carbon- 
hydrogen, and nitrogen were obtained by the micro-Schoniger, 
micro-Pregl, and micro-Dumas combustion methods, respec- 
tively. 

Thermolysis Results. Tetrahydroborates.-(a) Tetraethyl- 
ammonium tetrahydroborate(1- ), 5.96 g (41 mrnoles), was 
placed in a nitrogen-filled 100-cc steel cylinder provided with a 
needle valve. The cylinder was appropriately attached to a 
vacuum line and evacuated. The reactor was heated by an air 
oven and the air blanket was held at 185" for 16 hr. Volatile 
products were passed through a - 80 O trap to a Toepler pump and 
into a calibrated volume. The total amount of noncondensable 
material was SO mmoles (theoretical for eq 1 is 78 mmoles). 
The composition of the gas was determined by mass spectral 
analysis as 56% H Z  and 437, C Z H ~ ;  theory for eq 1 is 58 and 427,, 
respectively. The - 80" trap contained only triethylamine 
identified by its vapor tension (65 mm pressure at 25') and infra- 
red analysis. The residual solid was added to 20 ml of warm 
CHaCN, cooled to near O", and immediately filtered to remove 
the trace of Bi2HlZ2-; 0.08 g of the white crystalline product was 
isolated while the B1oHloZ- soluble fraction recovered by volatiliza- 
tion of the acetonitrile weighed 1.36 g. 

The infrared and X-ray diffraction patterns of the insoluble 
salt were identical with thosc of the authentic [ ( C Z H ~ ) ~ N ] ~ -  
B12H12 sample, while those of the soluble fraction were identical 
with those of [(C2Hj)4N] 2BloHlo. 

Anal. Calcd for [(CzHa)aNlZB1?H12: B, 32.24; C, 47.76; H ,  
13.03; N, 6.96. Found: B, 31.9; C, 47.7; H ,  13.3; N, 7.0. 
Calcd for [ ( C ~ H ~ ) ~ N ] ~ B ~ O H ~ O :  B, 28.54; C, 50.75; H, 13.32; 
N,7.39. Found: B,28.5; C,51.1; H, 13.3; X, 7.4. 

The yield of BloHlo2- based on boron charged was 944-7,. 
(b)  Tetramethylammonium tetrahydroborate(1- ), 3.35 g 

(28.2 mmoles), was similarly heated at 185". Although the gas 
evolution was essentially complete in less than 1 hr, the reactor 
was heated for 16 hr to assure complete reaction. The evolved 
reaction gas, 97 mole 7, CH4 by mass spectral analysis, was 
measured at 36.3 mmoles. The material collected in the -80" 
trap was recovered, 2.44 g, and subsequently identified, by 
infrared, as (CH3)3SBH3. The residual solids recovered from 
the reactor, 0.23 g, mere a mixture of higher polyhedral boranes, 
BloHlo2-, BllH14-, and B12H1Z2-. T o  a water solution of this 
residue 0.5 g of (C2Hj)3NHCI was added. A white crystalline 
precipitate was formed, and this was filtered and dried. The 
material was identified by its X-ray and infrared patterns as 
[ ( CzHs )3"1 zBizHiz. 

0ctahydrotriborates.-(a) Crystalline ( C Z H & ) ~ N B ~ H ~ ,  1.24 g 
( 7.27 mmoles), was heated a t  185' for 16 hr. The apparatus and 
techniques were the same as those used for the hydroborates. 
The evolved gases were passed through a -80' trap and two 
-196' traps connectcd in series. The total amount of -196' 
noncondensable gas was 16.8 mmoles (theoretical for eq 2 is 16.7 
mmoles). The material collected in the -196" trap was iden- 
tified by mass spectral analysis as pure ethane and measured to be 
2.88 mmoles (theoretical for eq 2 is 2.91 mmoles). The -80' 
trap contained (C2Ha)& exclusively, identified by vapor ten- 
sion measurement and mass spectrographs. 

The residual solid, 0.823 g (theoretical 0.825 g if all BloHloZ-), 
was added to 20 ml of methanol and heated to reflux. The 
crystalline insoluble fraction obtained on cooling was filtered out 
and dried, 0.09 g (10.9y0). The X-ray and infrared patterns 
were identical with those of the authentic sample of [(CzHa)~Nlz- 
B12H12. The soluble fraction was recovered by volatilization of 
the methanol. This was then added to  10 nil of water a t  50" and 
cooled, and a second crystalline insoluble material was recovered. 
The X-ray and infrared patterns of the water-insoluble fraction, 
0.031 g (3.7 at so), were identical with those of (C2H5)4IT- 

BI1H14. The water-soluble fraction, 0.65 g (797, recovery based 
on eq 2), was pure [(CZH;)~S]PBIOHIO identified by X-ray, infrared, 
and elemental afiaiyses. 

Anal. Calcd for [ ( C ~ H ~ ) ~ N ] ~ B ~ Z H I ~ :  B, 32.34; C, 47.76; 
H ,  13.01; N, 6.96. Found: B, 32.4; C, 46.2; H, 13.4; K, 
6.S5. Calcd for ( C Z H L ) ~ N B I I H ~ ~ :  B, 45.16; C, 36.5; H, 13.02; 
N, 5.32. Found: B, 44.5; C, 35.7; H ,  13.2; N, 5.7. Calcd 
for [ (C~H~)~Y]ZBIOHIO:  B, 28.54; C, 50.75; H ,  13.32; N, 7.39. 
Found: B, 28.6; C, 49.5; H, 13.3; N, 7.6. 

(b) Pure (CH3)4NBaH8, 5.36 g (46.7 mmoles), was similarly 
heated a t  185' for 16 hr. The gas evolving from the reaction 
did not contain any (CH3)sN but was composed only of HZ and 
CH4, 68 and 32 mole 70, respectively, as established by mass 
spectral analysis of a gas sample. The white solid which sub- 
limed into a -80" cold trap was identified as pure (CH3)aNBH.j 
weighing 1.72 g (theoretical for eq 3 is 1.89 g).  The residual 
solid was extracted with 20 ml of water to separate the insoluble 
Bi2H1z2- fraction; 1.41 g of [ (CHa)aS] 2B12H12 was recovered and 
evaporation of water gave a soluble fraction weighing 1.35 g .  
The X-ray and infrared patterns of the insoluble and soluble 
fractions were identical with those of authentic samples of 
[ (CH3)&] 2B12H12 and [ (CH3)&] 2B10H10, respectively. 

Anal. Calcd for [(CH3)4N]2B12H12: B, 44.8; C, 33.1; H ,  
12.5; 5, 9.6. Found: B, 44.1; C, 32.7; H ,  12.6; K, 9.7. 
Calcd for [ ( C H ~ ) ~ N ] Z B ~ O H ~ O :  B, 40.6; C, 36.0; H, 12.8; N, 10.6. 
Found: B, 39.2; C, 35.9; H, 12.6; N, 10.8. 

As an additional check on the completeness of separation of 
B12H122- from the BloHd- salt, the addition of (C2Hs)3NHC1 was 
made to a water solution of the [ ( C H S ) ~ H ]  zBloHlo soluble fraction 
separated above. S o  trace of the insoluble [ ( C ~ H ~ ) ~ N H ] ~ B I ~ H I Z  
was observed. 

(c) After heating a sample of pure CSBBH~ (5.02 g, 29 mmoles) 
for 16 hr, 4.95 g of residual solid was recovered from the reactor. 
The presence of principally BHh- and BloHlo2- was clearly indi- 
cated by comparing the X-ray diffraction pattern and infrared 
spectrum to those of authentic CsBHd and CszBloHio samples. 
Weak additional lines in the X-ray indicated the presence of 
another substance. By addition of (CH3)4SCI to a water solu- 
tion of the pyrolysis residue, a crystalline precipitate was ob- 
tained. After filtering and drying, 1.046 g of product was re- 
covered having an infrared spectrum and X-ray pattern char- 
acteristic of (CH3)4NBdI14. Separation of the two remaining 
components, CsBH4 and Cs2B10H10, by extraction with water 
was not successful. Evaporation of the filtrate gave a white 
solid which exhibited no X-ray or infrared evidence of poly- 
hedral borates other than BIOHIO~-. 

(d) Pyrolysis of a pure sample of KBaH8,8.9 g (112.0 mnioles), 
a t  185' produced 182 mmoles (theoretical for eq 7 is 196 mmoles, 
theoretical for eq 8 is 179 mmoles) of molecular hydrogen. The 
pyrolysis residue was dissolved in 50 ml of water, and 15.4 g (112 
mmoles) of (C2Hs)&HCl was added. The reaction mixture was 
cooled to O D ,  and the mixture was stirred for 30 min. The in- 
soluble crystalline product was recovered by filtration and dried. 
Characterization of this material by infrared and X-ray showed 
a mixture consisting mainly of [ (C2H5)aNHI 2BlzH12 contaminated 
with (C2H6)&HBllH14. Separation of these was achieved by 
extraction with 50 ml of methanol giving 2.9 g (8.35 mmoles) 
of the B12Hl22- derivative while recovery of the methanol-soluble 
fraction gave 0.47 g (2.0 mmoles) of ( C Z H ~ ) ~ X H B I ~ H ~ ~ .  

Addition of a 40% (CzHs)&OH-water solution to the water- 
soluble fraction obtained above did not yield an immediate pre- 
cipitate. The solution was concentrated slightly and cooled to 
0". Upon standing overnight, 2.95 g (7.8 mmoles) of crystal- 
line [ (CI?HB)IN]PBIOH~O was recovered. 
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