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NBPB compounds is strong in some respects, a signifi- 
cant difference appears in comparing reactions in- 
volving free p-(CH&NB2H5. Burg and Sandhu found 
that adducts of 1.1- (CH&NBzHs dissociate reversibly in 
the gas phase a t  25" according to eq 8 .  For (CH3)3P, 

(8 )  

(CH3)3N, and (CH&PH the dissociation was estimated 
to be 55, 76, and 100%, respectively. The cases of the 
phosphine adducts are especially significant since the 
complexes are isomers of the NBPB compounds. 

This work has produced no evidence for a dissociative 
process like reaction 8.  Attempts to trap free base 
with boron trifluoride and to exchange amine bases were 
unsuccessful. The main cause of the inhibition of a 
dissociative reaction is probably severe steric strain in 
free p-(CH&PBzHs. With dissociation the BPB angle 
must adjust to accommodate formation of a B-H-B 
hydrogen bridge bond. A B-P distance of 1.92 

(base)-BHz-N(CH3)z-BHa + base 4- ML-(CH~)ZNBZHE 

(found in [(CH~)ZPBHZ]$) and a B .  . B  distance of 
1.93 (found in P - ( C H & N B ~ H ~ ~  and longer than the 
1,74-1.86-A range of hydrogen-bridged B ' * ' B  distances 
found in boron hydridess) result in an equilateral tri- 
angular PB2 configuration and an extremely acute 60" 
BPB angle. Earlier attempts to prepare p-(CH3)2- 
PBzHb from [(CH3)2PBH2]29 or from L ~ ( C H ~ ) Z P ( B H & ~  
were also unsuccessful. 
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The stepwise hydrolysis of hydroborate has been studied in cold 88: 12 vol. yo methanol-water solutions in the hydrogen 
ion concentration range 0.1-1.1 M .  At -78", BHa- rapidly hydrolyzes to HzOBHI, which, in turn, hydrolyzes to BHz- 
(HzO)p+ according to the rate equation -d In [HzOBHs] /dt = 0.0015 sec-l 4- 0.0016[H+] sec-l M-1. The rate data for 
the hydrolysis of BHz(HzO)Z+ solutions a t  -36" are consistent with the following rapid equilibrium (K = 6.4): H +  + 
HzOBHzOH + BH2(HZ0)z+. The BHz(HzO)Z+ ion is stable toward hydrolysis, whereas its conjugate base hydrolyzes to 
HzOBH(OH)Z according to the rate equation -d In [HzOBHzOH] /dt = 0.017 sec-l. At -36O, HzOBH(OH)~ hydrolyzes 
to B(OH)3 according to the rate equation -d In [HzOBH(OH)z] /dt = 3.3 X sec-l. The species HzOBH~, BHz(HzO)zC, 
and HzOBH(OH)z are converted to the anions BHIOH-, BHz(OH)Z-, and BH(OH)$-, respectively, by the addition of 
hydroxide. These anions undergo hydrolysis in nonbuffered, strongly alkaline solutions according to the rate equations 
-d In [BH,OH-]/dt = 1.8 X sec-l and -d In [BH(OH)3-]/dt = 
1.1 X sec-l a t  0". The boron-11 nmr spectrum of BH3OH- is a 1 : 3 : 3 : 1  quartet, with JB-H = 87 Hz, centered 

sec-l a t  20'; -d In [BHz(OH)z-]/dt = 2.2 X 

12 ppm upfield from the borate singlet 

Introduction 
The hydroborate ion (otherwise known as borohy- 

dride, tetrahydroborate, and tetrahydridoborate) un- 
dergoes hydrolysis in aqueous solutions to give boric 
acid below pH 9 and borate above pH 9. 

BH4- + H +  + 3Hz0 ----f B(OH)3 f 4Hz 

BH4- + 4Hz0 e B(OH)d- + 4Hz 

A variety of experimental data have shown that  the 
hydrolysis proceeds in four steps, with the intermediate 
formation of trihydro-, dihydro-, and monohydroboron 
species. 

The trihydroboron intermediate has been detected in 
decomposing hydroborate solutions by polarography, 
by nmrJ3 and by trapping with t r imeth~lamine .~  In  
each of these studies, the solution under study was 
alkaline and the intermediate was probably present 
principally as the anion BH30H- 

(1) J A Gaidiner and J W Collat, Inovg Chem , 4, 1208 (1965) 
(2) J A Gardiner and J W Collat, J Amev Chem Soc , 87 ,  1692 (1965) 
(3) J A Gardiner and J W Collat, zbzd , 86 ,  3165 (1964) 
(4) R E Davis, E Bromels, and C L Kibby, z b z d ,  84 ,  885 (1962) 

The dihydroboron intermediate has been prepared 
in essentially quantitative yields by the acid hydrolysis 
of hydroborate in cold ( < - S O o )  aqueous or water- 
alcohol s o l ~ t i o n s . ~ ~ ~  This intermediate is relatively 
stable in cold acidic solutions, where it is believed to 
exist as BH2(H20)2+, but i t  is unstable toward further 
hydrolysis is neutral solutions, where i t  is assumed to 
exist as H2OBHzOH.' 

The monohydroboron intermediate has been pre- 
pared quantitatively by the reaction of diborane with 
water-alcohol solutions5 a t  - 75" and with ice8 a t  - 80 O. 
The assumed formula of the product of these reactions 
is H~OBH(OH)Z.~  Alkaline solutions of the monohy- 
droboron intermediate, presumably containing the ion 
BH(OH),-, have been prepared by the addition of KOH 
to water-alcohol solutions of BH2(HzO)2+ and HzO- 
BH(OH)2.5s6 

(5) W. L. Jolly and T. Schmitt, ibid. ,  8 8 ,  4282 (1966). 
(6) W. L. Jolly and T. Schmitt, Inovg. Chem., 6 ,  344 (1967). 
(7) For water-alcohol solutions, generalized formulas such as BH*(OH),- 

(ROH),-z+ and ( H z O ~ ~ ( l I O H ~ l ~ , B H ~ ~ O H ) , ( O R ) l ~ ~  would be more realistic. 
(8) H. G. Weiss and I. Shapiro, J .  Amev.  Chem. Soc., 7 6 ,  1221 (1953). 
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Figure 1.-The apparatus for the kinetic study in acidic solutions. 

I n  the present study me have shown that  the kinetics 
of the four consecutive steps of the acid hydrolysis 
of hydroborate can be separately studied by appropri- 
ate adjustments of the reaction temperatures and the 
hydrogen ion concentrations. We have prepared acidic 
solutions in which the monohydroboron intermediate 
was the only boron-hydrogen species present and solu- 
tions in which either the dihydro- or trihydroboron 
intermediate was the major boron-hydrogen species 
present. Solutions containing the species BH (OH),-, 
BHz(OH)z-, or BH30H- were prepared by the addi- 
tion of excess sodium hydroxide to acidic solutions 
containing the appropriate intermediates. The kinetics 
of the hydrolysis of these anions was studied. 

Experimental Section 
Material.-Metal Hydrides sodium hydroborate (98Yc) was 

used without further purification. The absolute methanol, 
hydrochloric acid, sodium hydroxide, and sodium chloride were 
all reagent grade. 

Procedure.-The apparatus for the kinetic study in acidic 
solutions is shown in Figure 1. Methanol was pipetted into 
the reaction vessel, and sufficient water was added so that, 
counting the water added later as aqueous HCl, the methanol: 
water volume ratio was 7.35. M 
in NaOH, and 15-30 mg of sodium hydroborate was added. 
Sufficient lithium chloride was added so that the final ionic 
strength would be 1.2 44. When the sodium hydroborate was 
completely dissolved, a fragile bulb containing 7.78 M hydro- 
chloric acid was lowered into the reaction vessel. The amount of 
acid corresponded to a t  least 10 times the amount of sodium 
hydroborate. The solution was then cooled to - 78" using a Dry 
Ice-acetone bath. It was noted that no sodium hydroborate 
precipitated. The system was then evacuated, the fragile bulb 
was broken, the timer was turned on, and the pressure of the 
evolved hydrogen was measured as a function of time. The 
increase in the gas volume due to the lowering of the mercury 
level in the manometer never exceeded 3% of the total volume. 

After 1 hr, the hydrogen evolution either had stopped (in runs 
with high [H'] ) or had become very slow (in runs with low [Ht] ). 
The Dry Ice-acetone bath was replaced by another cold acetone 

The solution was made ca. 

To vacuum r- 
& *  

Front view Side v i e w  

Figure 2.-The apparatus for the kinetic study in alkaline solu- 
tions. 

bath, the temperature of which was then quickly adjusted t o  
-36'. A second set of pressure measurements was started. 
During these measurements, the bath was vigorously stirred, 
and the temperature, measured with an  ammonia vapor pres- 
sure t h e r m ~ m e t e r , ~  was maintained a t  -36 + 0.5' by the 
occasional addition of powdered Dry Ice. After 1.5 hr, the cold 
bath was removed and the solution was warmed to  room tempera- 
ture to effect complete decomposition and to allow complete 
evolution of any dissolved hydrogen. Then the volatilized 
methanol and water were condensed back into the reaction 
vessel by cooling the latter to -196', and the "infinite-time" 
hydrogen pressures were measured after replacing the -78 and 
-36" baths. 

The apparatus for the kinetic study of alkaline solutions is 
shown in Figure 2.  The initial solvent was the same as that used 
in the study of acidic solutions. The solution was made ca. 
0.03 M in XaOH, and 15-50 mg of sodium hydroborate was 
added. Sufficient sodium chloride was added to  make the 
final ionic strength 0.35 M. When the sodium hydroborate was 
completely dissolved, a fragile bulb containing 7.78 M hydro- 
chloric acid was lowered into the reaction vessel. The acid was 
slightly in excess of that required to react with the sodium hydro- 
borate and the 0.03 M sodium hydroxide. Another fragile bulb 
containing a known amount of sodium hydroxide, dissolved in 
the same solvent, was also lowered into the reaction vessel. 
(For runs in buffer solutions, sodium hydroxide was replaced by 
other bases such as piperidine.) The solution was then cooled 
to  -78' using a Dry Ice-acetone bath. The system was 
evacuated, and the fragile bulb containing hydrochloric acid was 
broken. 

To prepare BHaOH-, sodium hydroxide (or other bases for 
making buffer solutions) was added 30 sec after the hydrochloric 
acid and sodium hydroborate solutions were mixed a t  -78'. 
To prepare BH2(0H)?-, sodium hydroxide was added 90 min 
after the initial mixing, a t  which time hydrolysis of the HlOBHl 
was complete. The solutions were then warmed (to 0' in the 
case of BH2(0H)a- and to 20" in the case of BHzOH-), and the 
hydrogen evolution was measured as  a function of time. To 
prepare BH(OH)3-, a solution containing mainly the dihydro- 
boron species a t  -78' was warmed to  -37 rrt 3" for 40 min to 
allow all the trihydro- and dihydroboron species to hydrolyze. 
Sodium hydroxide was then added, and the solution was warmed 
to  0' for the hydrogen evolution measurement. In  all runs, 

(9) W. L. Jolly, "The Synthesis  and Characterization of Inorganic 
Compounds," Prentice-Hall, Englewood Cliffs, N. J., 1970, pp 128-131. 
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after about 80% of the total hydrogen had been evolved, the 
solutions were heated to 55 =k 5' for 1 hr to effect complete 
decomposition and to  allow complete evolution of any dissolved 
hydrogen. The volatilized methanol and water were con- 
densed back into the reaction vessel at -196", and the infinite- 
time hydrogen pressures were measured at 0" for BHz(0H)z- 
and BH(OH)3- and a t  20" for BHeOH-. The sodium hy- 
droxide concentrations were determined by titration with 0.10 M 
hydrochloric acid, using Brom Thymol Blue as the indicator. 
The pH values of buffer solutions were measured with a Radiom- 
eter pH meter. 

For the boron-11 nmr study of BH30H-, the sample was pre- 
pared following the same procedure described for BHsOH- 
solutions, except a 0.2 M sodium hydroborate solution was used. 
Concentrations higher than 0.2 M are not recommended be- 
cause the large heat of reaction between hydrochloric acid and 
hydroborate causes excessive heating of the solution and de- 
composition of the HzOBH3. In order to improve the nmr 
spectrum, the concentration of BH30H- was increased by 
pumping off one-third to one-half of the so!vent a t  -25 j: 5'. 
Boron-11 nmr spectra were recorded a t  -20' on a Varian HA- 
100 spectrometer equipped with a 32.1-MHz oscillator. A 5-mm 
sample tube was used. 

Results 
Acid Solutions.-The initial concentrations of HCl 

and NaBH4 in the various runs are given in Table I. 

TABLE I 
INITIAL CONCENTRATIONS OF HCl AND NaBH4 AT -78' 

[HCll, [NaBHd, [HCl], [ N ~ B H P ] ,  
Run M M Run M M 
1 0.110 0 011 5 0.600 0.028 
2 0.220 0.014 6 0.700 0 033 
3 0.330 0.017 7 0.880 0.033 
4 0.440 0.022 8 1.210 0.039 

The hydrogen evolution a t  -778' was initially very 
rapid and gradually dropped to a negligible rate in 
about 1 hr. During this time a total of 2 mol of hydro- 
gen was evolved per mole of hydroborate, corresponding 
to the formation of BHz(HzO)z+.5a6 When the result- 
ing solution was then warmed to -36", further rapid 
hydrogen evolution occurred. In about 15 hr, the 
rate became very low, and the total yield of hydrogen 
almost corresponded to that  expected for complete 
decomposition to boric acid. 

Inasmuch as the initial hydrogen ion concentration 
was always more than 10 times the initial hydroborate 
concentration (see Table I), the changes in hydrogen 
ion concentration during the runs were negligible. 
Therefore the rate data could be interpreted in terms 
of pseudo-first-order reactions. The sequence of re- 
actions 1-4 took place. (Evidence for the formulas of 

(1) 

(2 ) 

(3) 

(4 ) 

the intermediates will be discussed later.) 
The pressure data for runs 1 and 8 (for solutions ini- 

tially 0.110 and 1.210 M in HC1) are given in Tables 
I1 and I11 (the -78' data) and in Tables I V  and V 
(the -36" data). The "infinite-time" pressures, P,, 
correspond to the pressures observed a t  the indicated 
temperatures after allowing the solutions to decompose 
completely. 

- 78' 
BH4- + H +  + HzO + HzOBHa -k Hz 

HzOBHs + H +  + HzO + BHz(Hz0)z' + Hz 

BHz(H2O)z' ----f HzOBH(0H)z + H +  f Hz 

HzOBH(0H)z + B(0H)a 'r Hz 

- 78' 

- 36O 

- 3 6 O  

TABLE I1 

FOR [ H + ]  = 0.110 M A T  -78" 
HYDROGEN PRESSURE AS A FUNCTION OF TIME 

1/2Pm - ' / zP ,  - 

0 0  4 .41  462 3.40 1 .01  
12 2 .28  2.13 530 3.50 0 .91  
38 2.38 2.03 608 3.61 0.80 
67 2.49 1.92 690 3.72 0.69 
93 2.57 1.84 798 3 .82  0.59 

128 2.67 1 .74  948 3.93 0 .48  
165 2.77 1.64 1089 4.04 0 .37  
213 2.89 1 .52  1269 4 .15  0.26 
270 3 .03  1 .38  1950 4.36 0 .05  

Time, p, P,a Time, p, p,a 
sec cm cm sec cm cm 

340 3.19 1.22 4050 4.56 -0.15 
411 3.31 1.10 8808 4 .72  -0.31 
Pm = 8.82 cm. 

TABLE I11 

FOR [H+] = 1210 M A T  -78" 
HYDROGEN PRESSURE AS A FUNCTIOV OF TIME 

Time, P, l/zPm - P,a Time, P, l/rP, - P,a 
sec cm cm sec cm cm 

0 0  6 55 235 5 58 0 97 
30 4 45 2 10 265 5 68 0 87 
50 4 65 1 90 300 5 79 0 76 
72 4 80 1 75 345 5 89 0 66 
99 4 95 1 60 396 5 99 0 56 

116 5 06 1 49 457 6 10 0 45 
133 5 16 1 39 538 6 21 0 34 
153 5 27 1 28 612 6 30 0 25 
179 5 37 1 18 2400 6 55 0 00 
203 5 48 1 07 5100 6 55 0 00 

a P,  = 13.10 cm 

TABLE IV 

(A CONTINUATION OF THE RUN OF TABLE 11) 
Time, P, P, - P, Time, P, P, - P 

HYDROGEN PRESSURE AS A FUNCTION OF TIME AT -36" 

sec cm cm sec cm cm 

0 6 92 2 76 1239 8 19 1 49 
31 7 09 2 59 1470 8 29 1 39 
76 7 25 2 43 1692 8 39 1 29 

116 7 35 2 33 1950 8 49 1 19 
193 7 49 2 19 2220 8 60 1 08 
264 7 59 2 09 2514 8 70 0 98 
348 7 67 2 01 2877 8 82 0 86 
498 7 77 1 9 1  3204 8 90 0 78 
660 7 88 1 80 3609 9 00 0 68 
836 7 98 1 70 m 9 68 0 00 

1050 8 08 1 60 

TABLE V 
HYDROGEN PRESSURE AS A FUNCTION OF TIME AT - 36" 

(A CONTINUATION OF THE RUN OF TABLE 111) 
Time, P, P, - P, Time, P p m  - p, 

sec cm cm sec cm cm 

0 8 68 7 32 1106 12 32 3 68 
35 8 79 7 11 1200 12 48 3 52 
68 9 10 6 90 1291 12 63 3 37 

108 9 30 6 70 1588 13 03 2 97 
129 9 40 6 60 1756 13 24 2 76 
167 9 61 6 39 1975 13 45 2 55 
222 9 85 6 15 2325 13 76 2 24 
257 10 03 5 97 2580 13 96 2 05 
309 10 24 5 76 2982 14 23 1 77 
372 10 48 5 52 3195 14 33 1 67 
465 10 82 5 18 3852 14 69 1 31 
510 10 97 5 03 4107 14 79 1 21 
578 11 18 4 82 4605 15 00 1 00 
691 11 50 4 50 4974 15 10 0 90 
828 11 80 4 20 m 16 00 0 00 
974 12 11 3 89 
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Figure 3.-Log ( l /pP,  - P) v s .  time for the hydrolysis of BHa- 
and HzOBH~ at  [H+] = 0.11 M and -78". 
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Figure 4.-Log ( l / Z m  - P) zrs. time for the hydrolysis of BH4- 
and H20BH3 a t  [H+] = 1.21 il/i and -78". 

Tables I1 and I11 show that, a t  -78", 1 mol of hy- 
drogen per mole of hydroborate was evolved in the 
first few seconds, and a second mole of hydrogen 
was evolved in about 45 min. Plots of log (I/Z P, -P) 
us. time are shown in Figures 3 and 4 for the -78" 
data of runs 1 and 8 (data from Tables I and 11). The 
values of ( l / z P ,  - P )  extrapolated to t = 0 from the 
main portions of the curve are less than the expected 
l/AP_, a greater discrepancy being found in the run with 
the higher hydrogen ion concentration. These dis- 
crepancies can be ascribed to premature decomposition 
of HzOBH~, probably caused by the heat evolved upon 
mixing the methanol and hydrochloric acid. Because 
of the extremely rapid evolution of the first mole of 

FRAKCIS T. WANG AND WILLIAM L. JOLLY 
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0 0.2 0.4 0.6 0.8 1.0 1.2 
[H+l, M 

Figure 5.--TTalues of kz' as a function of [H+] for the hydrolysis of 
HzOBH~ in acidic solution. 

hydrogen, we were unable to determine the rate con- 
stant for reaction 1.lo However, we were able to cal- 
culate the pseudo-first-order rate constant for reaction 
2, kz', by measuring the slope of the main portion of the 
curve. Values of kz' calculated from the data of all 
the runs are plotted vs. hydrogen ion concentration in 
Figure 5 .  Runs with hydrogen ion concentrations 
equal to those of runs 1 and 5 were carried out without 
the addition of LiCl to maintain constant ionic strength; 
the values of k2' changed by less than 10%. This re- 
sult indicates that  the value of k2' is independent of 
ionic strength. 

When the solutions were warmed from - 78 to  - 36", 
the immediate pressure increase was greater than the 
sum of the increase in vapor pressure of the solutionll 
and the pressure increase of the hydrogen due to the 
temperature change. This result indicates that, a t  
the time chosen for the start of the -36" measurements 
("zero time"), reaction 3 had already proceeded to a 
considerable extent. This was especially true a t  lower 
hydrogen ion concentrations. At  "zero time," the 
solutions were therefore mixtures of BHz(H%O)z+, 
H20BH(OH)2, and B(0H)o. The first two species 
were present in a ratio defined as Y = [H~OBH(OH)~]O/  
[BH:!(HzO)z+]o, where the subscript zero stands for the 
zero-time concentration. The presence of boric acid 
does not affect the calculation of the rate constants k3' 

and k4'. The number of molecules of hydrogen formed 
during time t is equal to the number of B-H bonds 
present a t  zero time minus the number of B-H bonds 
present a t  time t .  Using the factor C to convert pres- 
sure of hydrogen into the corresponding solution con- 
centration, we write 

(P, - Po)C = 2[BHz(HzO)zfIo + [H20BH(OH)zIo 
(P - Po)C = ( ~ [ B H ~ ( H ? O ) ? + ] O  + 

[H,OBH(OH),Io] - ( 2  [BHz(HzO)*+I + 
[HzOBH(OH)?I I 

(10) The kinetics of reaction 1 has been thoroughly studied a t  higher pH 
values in the vicinity of room temperature. 

(11) The  vapor pressure was 0.5 =t 0.05 cm a t  - 3 6 O  and essentially zero 
a t  -?go. 

See the summary in ref 2.  
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The integrated rate expression12 can be written as 

[BH2 (H20)2 + ] = [BH* (HzO)Z]O~ -"'' 
[H20BH(OH),] = 

k3' - k 4 '  

By combining the four preceding equations with the 
relation [H*OBH(OH)Z]O = r[BH~(H20)2+]o, we obtain 

The parameters k3', k?', and Y were evaluated from the 
data for each -36" run using a least-squares computer 
program written on FOCAL for a small PDP 8/I com- 
puter. 

Semilogarithmic plots of (P, - P) vs.  time for runs 
1 and 8 a t  -36" are shown in Figures 6 and 7. The 

h 

3 3  
0 5  IO 15 20 25 30 

Time, sec xlO-' 

Figure 6.-Log (P, - P )  vs time for the hydrolysis of the di- 
hydroboron and monohydroboron intermediates for [H+] = 0.105 
M a t  -36". The curve was calculated from eq 5 using the values 
ka' = 0 10 sec-', kd' = 3.3 X sec-l, and r = 3.2. 

smooth curves drawn through the points correspond 
to the computer-calculated values of k3', k4', and r .  
A plot of k,' vs. hydrogen ion concentration is shown in 
Figure 8. The calculated values of k4' were essentially 
constant for all the runs. The value of k4' was 3.3 X 
lov4 sec-l except for run 4 (3.7 X sec-l) and runs 
7 and 8 (3.5 X In a separate set of ex- 
periments a t  O o ,  124' was found to be 4.3, 4.3, 4.6, and 
10.5 X sec-I a t  pH 1.00, 0.70, 0.46, and 5.6, 
respectively. The first three of these pH values were 
maintained with hydrochloric acid ; the last value was 
maintained by a sodium benzoate-benzoic acid buffer. 

Because of the possibility that  the hydrolyzing solu- 
tions were supersaturated in hydrogen and that the 
measured rates were limited by the rate of evolution of 

sec-l). 

(12) A. A.  Frost and R.  G. Pearson, "Kinetics and Mechanism," 2nd 
ed, Wiley, New York, N. Y ,  1961, pp 166-167. 

Time, sec x IO-' 

Figure 7.-Log (P ,  - P) V S .  time for the hydrolysis of the di- 
hydroboron and monohydroboron intermediates for [H +] = 
1 16 M a t  -36'. The curve was calculated from eq 5 using the 
values ka' = 0 0023 sec-l, k d '  = 3.5 X sec-', and r = 0 39. 

O I I I I I I I I I I I  
0 0.2 0.4 0.6 0.0 1.0 12 

E'], M 
Figure 8.-Values of k,' as a function of [H+] for the hydrolysis 

of the dihydroboron intermediates (BHz(OHz)z+ and H20BH20H) 
in acidic solution. 

gaseous hydrogen from these solutions, we carried out 
several runs with the stirring rate reduced by more than 
a factor of 10. The calculated values of k2' changed 
by less than lo%, and the values of k3' and k4' were 
essentially unchanged. However, the rate of hydrogen 
evolution during the first parts of the -78" runs was 
markedly decreased by more than a factor of 5. Ob- 
viously the initial rate of formation of hydrogen in the 
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-7s" runs was greater than the rate a t  which it could 
escape from solution. 

Hydrolysis of BHz(H20j2+ in 8 M HCI Solution,- 
The hydrolysis of BHz(HzO)z+ in aqueous 8 M HC1 
solutions in the temperature range -35 to -50" was 
studied. The reactions can be written as 

k3 
BHz(H20)z' + HBOBH(OH)~ + 1%' + Hz 

kr 
H20BH(OH)z + B(OH)3 + H2 

From plots of k 3  and k4 v s  1/T the following activation 
energies were calculated: for k3,  AEa = 10.7 f 0 8 
kcal/mol; for k4,  AE, = 11.6 i 0.9 kcal/mol 

Alkaline Solutions.-A sufficient excess of sodium 
hydroxide was used in the preparation of the solutions 
containing BH30H-, BHZ(OH)~-, and BH(OH),- 
so that the hydroxide concentration mas a t  least 5 
times that of the total boron concentration. For runs 
between pH 10 and 12, only the piperidine-piperidi- 
nium chloride buffer system was found to be suitable. 
(Other buffer systems were unsuitable because of low 
solubility in the water-methanol solution or because 
of high vapor pressure.) 

In  strongly alkaline solutions the following net re- 
actions were assumed 

ks' 
BHaOH- + 3Hz0 + B(OH)4- + 3H2 (6) 

BHz(0H)x- + 2H20 + B(OH)4- + 2H2 (7) 

BH(OH)3- + H20 + B(0H)a- + Hz ( 8 )  

(Evidence for the formulas of the species will be dis- 
cussed later.) The reaction rates were measured using 
the same techniques used for the acidic solutions. 

Data for the hydrolysis of BH,OH- at  20' in a solu- 
tion 0.35 M in sodium hydroxide are given in Table 
VI.  The corresponding plot of log (P, - P) v s .  time, 

ki' 

ks' 

TABLE T T I  
HYDROGEK PRESSURE AS A FUSCTION OF TIME FOR THE 
HYDROLYSIS OF BH80H- AT [OH-] = 0 35 M AND 20" 

Time sec P cm P, - P , c m  
0 10 09 4 67 

69 10 20 4 56 
171 10 30 4 46 
398 10 50 4 26 
558 10 62 4 14 
789 10 81 3 95 
969 10 93 3 83 

1,152 11 03 3 73 
1,281 11 12 3 64 
1,458 11 22 3 54 
1,644 11 33 3 43 
1,824 11 43 3 33 
2,025 11 53 3 23 
2,241 11 64 3 12 
2,472 11 75 3 01 
2 , 6 5 5  11 8 2 91 
2,871 11 96 2 80 
3,114 12 07 2 69 
3,366 12 18 2 58 
3,846 12 38 2 38 
4,392 12 60 2 16 
5,214 12 89 1 87 
5,925 13 13 1 63 
6,585 13 30 1 46 
7,398 13 50 1 26 
8,364 13 69 1 07 
9,900 13 93 0 83 

10,920 14 07 0 69 
a 14 76 0 
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Figure 9.-Log ( P ,  - P) vs.  time for the hydrolysis of BHIOH- 
a t  [OH-] = 0.35 '$1 and 20". 

shown in Figure 9, gives a straight line. This indicates 
that  the rate constants for reactions 6-8 increase in 
the order kg' < k,' < kg'. If BHz(0H)z- and BH(OH)3- 
had been present in the solution at  the time chosen for 
the start of the measurements a t  20", a sudden increase 
ih the hydrogen pressure would have been observed. 
It is concluded that a t  "zero time" BH2(0H)z- and 
BH (OH),- had already decomposed or had reached 
secular equilibrium with BH30H-. Values of the 
pseudo-first-order rate constant kg' were obtained from 
the slopes of the lines such as that in Figure 9. Values 
of kg' are 1.7, 1 9 ,  and 1.8 X sec-l a t  pH 13.5, 
13.0, and 12..5, respectively. The dependence of kg' 
on buffer acid (piperidinium ion) concentration a t  pH 
10 was found to be very slight. The k6' values 6.5, 
8.2. and 7.2 X sec-l were determined for piper- 
idinium concentrations 0.1, 0.2, and 0.35 M ,  respec- 
tively. We shall take kg' = 6.6 X a t  [piperidinium] 
= 0. 

The data for unbuffered strongly alkaline solutions 
(pH -13) in which BH(OH)3- was the only boron- 
hydrogen species yielded the following values of k,' : 
1.30, 1.10, 1.20, and 0.89 X sec-' a t  0". In  a 
buffered solution of pH 10, kg' = 9 X sec-' a t  0".  

We were unable to prepare a solution containing 
BH2(OH)z- uncontaminated with BH(OH)3-. A plot 
of log (Pp - P) v s .  time for a mixture of BH2(OH),- 
and BH(OH)3- in a solution 0.35 M in NaOH a t  0" 
is shown in Figure 10. The BH(OHj3- hydrolyzes 
faster than the BHz(OHjz-; therefore the hydrolysis 
of the mixture was treated as t v o  parallel pseudo- 
first-order reactions. After 3000 sec, there was es- 
sentially no BH(OH)a- present (only that in secular 
equilibrium with the BHz(OHj2-) and therefore the 
curve in Figure 10 becomes linear, corresponding to 
the hydrolysis of BHZ(OHj2-. The expression for 
log (P ,  - P) becomes log [BHz(OH)z-]C = log (Po - 
P )  = log [BHz(0H)2-]oC - ( k 7 ' t / 2  303), where C is 
the factor that converts solution concentration into 
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Figure 10.-Log ( P ,  - P )  vs.  time for the hydrolysis of a mixture 
of BHz(0H)n- and BH(OH)3- a t  [OH-] = 0.35 M and 0". 

Time,  sec x IO-' 

Figure 11.-Log ( P ,  - P - 2.06 X 10-8.1X10-6t) vs.  time The 
function 2.06 X 10-0.1x10-61 is proportional to  the concentration 
of BHz(0H)z- a t  time t .  (The parameters of the latter function 
were evaluated from the straight-line portion of Figure 10.) 

hydrogen pressure. The linear portion of the curve 
in Figure 10 corresponds to P, - P = [BH2(0H)2-]C 

ing to BH(OH)3- was calculated by difference, [BH- 
(OH)s-]C = P, - P - 2.06 X 10-g.1x10-61. A semi- 
logarithmic plot of this quantity vs. time i s  shown in 
Figure 11, from this plot we obtained k8'. By such 
treatment of data for solutions a t  pH 13.5, 13.3, and 
12.8, we obtained the following values for k7': 2.1, 
2.1, and 2.2 X sec-l; and the following values 
for kg': 1.3, 1.5, and 1.4 X sec-l, respectively. 

To determine the rate of hydrolysis of a mixture of 
BHz(0H)z- and BH(ON)3- a t  lower pH, a, run a t  pH 
10 was tried. The plot of log (P, - P) vs.  time gave 
one straight line corresponding to a rate constant of 

- - 2.06 X 10-g.lxlO-'' cm. The pressure correspond- 

I I .  1 1 I I I I 

A 

H .  p p m  

Figure 12.-Boron-ll nmr spectrum of a water-methanol solu- 
The singlet is due to borate decomposition tion of BHzOH- 

product, the quartet is due tb  the BHzOH- ian. 

1.4 X sec-l for the hydrolysis of BH(OH)3-. 
This indicates that a t  pH 10 the dihydroboron species 
is rapidly hydrolyzed to BH(OH),-. Apparently 
lowering the pH from 12.8 to 10 makes the rate of hy- 
drolysis of dihydroboron species faster than that of 

The boron-11 nmr spectrum of BHBOH- is shown 
in Figure 12. In  an gttempt to obtain a boron-11 
nmr spectrum of BHZ(0H)z- a t  -20" we observed 
two broad peaks 3.5 ppm apart. The solution was 
warmed to 60" for 10 min, and the spectrum was again 
recorded.at -20". Ohly a singlet, identical with the 
high-field peak of the original spectrum, was observed. 
We identified the singkt as sodium borate by substitu- 
tion. 

Discussion 
Tetrghydrob0rate.-Our studies of the effect of 

stirring speed'on reaction 1 showed that the rate of re- 
action 1 was greater than could be measured by our 
manometric technique. This result was expected on 
the basis of extrapolation of the room-temperature 
data for the acid hydrolysis of hydroborate;13 from 
these data and the measured activation energy one 
calculates a half-life of 7.7 X sec for the hydro- 
borate ion in 0.1 M H f  a t  -78". Indeed, the change 
of solvent from water to 88 vol. % methanol is ex- 
pected to make the half-life even shorter. (At 25" the 
methanolysis is 10 times faster than the hydr01ysis.l~) 

The Trihydroboron Species.-The fact that 1 mol of 
hydrogen is very rapidly evolved per mole of hydro- 
borate in the acid hydrolysis a t  -78" and that further 
hydrogen evolution occurs a t  a lower, measurable 
rate suggests the immediate formation of a trihydro- 

BH (OH) 3 - .  

(13) R. E Mesmer and W L Jolly, Inorg Chem , 1, 608 (1962) 
(14) R E Davis and 7 A Gottbrath, J Anzei Chem Soc,  84, 895 

(1962). 
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boron species. We believe that the trihydroboron 
species which exists in acid solutions is H20BH3 and 
that this species is converted to BHBOH- by treatment 
with base. Various types of evidence support these 
formulations. 

The strongest evidence for formation of the BH30H- 
ion upon adding base to a solution containing H20BH3 
is the boron-11 nmr spectrum shown in Figure 12. The 
1 : 3 : 3 : 1 quartet is centered 12.0 ppm upfield from the 
borate singlet, with a coupling constant JBH = 87 Hz. 
Gardiner and Collat3 have reported a boron-11 nmr 
spectrum for BH,OH-, with the signal centered 13.9 
ppm upfield from the borate singlet and JBH = 82 Hz. 
Although we were able tr, observe the proton nmr signal 
of a solution 0 05 M in BH4- a t  -20", we were unable 
to see the proton nmr signal of a 0.2-0.3 M solution 
of BH30H-. Gardiner and Collat did not observe 
any proton nmr peaks due to BH30H- in a solution 
containing both BH30H- and BH4- and concluded 
that the BH30H- spectrum was masked by that of 
the BH4- ion. From our resplts it seems likely that 
the proton nmr signal of BH30H- is broadened to 
the extent of sinking into the background by the IlB 
quadrupolar relaxation effects. 

Gardiner and Collat2 have reported the rate law for 
the hydrolysis of BH30H- as 

where [HA] is the concentration of the acid component 
of the buffer solution and where kH+ = (7 f 3) X lo6 
M - 1  sec-1 and kH,O = 3 9 x sec-1 a t  20". In  
nonbuff ered, strongly alkaline solutions (pH 12.5- 
13.5) the right side of eq 9 can be approximated as 
kHnO In this pH range, we found the pH-independent 
rate constant ks' = 1.8 X sec-'. The latter value 
is in fairly good agreement with Gardiner and Collat's 
k~*,- , ,  particularly in view of the fact that the solvents 
and ionic strengths were quite different. If we apply 
eq 9 to our kinetic study of the hydrolysis of BH30H- 
a t  pH 10, we obtain, using our value of ks' a t  [piper- 
idinium ion] = 0, k ~ + [ H + l  + k H 2 0  = 6.6 X 
sec-I. Substituting [H+] = Mand kHnO = 1.8 X 
loF4 sec-l, we obtain k H +  = 6.4 X lo7 M-l sec-I. The 
latter value is in fair agreement with the kH+ value 
of Gardiner and Collat. 

It is clear that  the trihydroboron species in acidic 
solutions is different from that in alkaline solutions, be- 
cause the stability toward hydrolysis is markedly in- 
creased upon going from acidic to alkaline solution. 
From Figure 5 we see that k2' is a linear function of 
hydrogen ion concentration, with a finite value a t  [H+] 
= 0. The straight line corresponds to the rate law 

where kza = 1.5 X sec-l and k2b = 1.6 X 
M - 1  sec-1 a t  -78". The pH-independent rate con- 
stant, kZa,  is about 10 times greater (even a t  -78") 
than the pH-independent rate constant for the hydroly- 
sis of BH30H-, k ~ ~ 0 ,  a t  20'. 

It seems most logical to assume that the change in 
reactivity upon going from alkaline solution to acidic 
solution is due to protonation of the oxygen atom of 
the BH30H- ion to form the neutral H20BH3 species. 
Indeed the fact that we found kz' to be independent of 

-d [HnOBH,]/'dt = kza[H20BH3] + k2b [H+] [H.LOBH~], 

ionic strength is supporting evidence for a neutral tri- 
hydroboron species in acidic solution. 

If we make the plausible assumption that H20BH3 
and BHaOH- are always in rapid equilibrium 

Kia 
HiOBHs + H +  + BH30H- (10) 

then we can calculate Klo from the relation Klo = 
kZa/kH+ if the rate constapts kH+ and kz3 are known at  
the same temperature By using Gardiner and Collat's 
approximately evaluated activation energy2 for kHT 

(12 f 8 kcalimol), we calculate, for -78", a lower 
limit of 4 M-l sec-' and an upper limit of 6 X lo6 
3 f - I  sec-' for k H - .  Thus we calculate that Klo lies 
between the limits of 2 X 

The Dihydroboron Species.--At - 78", hydrogen 
evolution stops, or almost stops, a t  2 mol of hydrogen 
per mole of hydroborate when [H+] 0 5 Mj cor- 
responding to the formation of BH2(H20)2f. However 
hydrogen evolution continues past 2 mol per mole of 
hydroborate when [H"] < 0.5 M This result sug- 
gests that there is a species other than BH2(H20)2+ 
in existence in acidic solutions a t  lower hydrogen ion 
concentrations which is relatively unstable toward 
hydrolysis. \Ye believe this species is HzOBHzOH, 
the instability of which has been reported previously.6 
\\7e write the following mechanism, in which we assume 
that BHz(Hz0)2+ and HaOBHzOH are in rapid equilib- 
rium and that only HnOBHaOH undergoes hydrolysis 

and 4 X a t  -78". 

K 
H "  + HzOBHzOH + BHt(Ha0)z' 

k3 
HeOBHzOH + HzOBH(0H)g + Hz 

If we define [BH2] as the sum of [H20BH20H] and 
[BH,(HO&C], then me may write 

-__ d[BH21 = kg'[BH2] = k3[H20BH20H] = 
at 

By a least-squares fit of the data plotted in Figure 8 
to eq 11, we determined k3 = 1.7 X sec-I and K = 
6.4 a t  -36". The curve drawn through the points 
in Figure 8 was constructed using these values for k3 
and K. 

We found that the dihydroboron species in solutions 
of pH 12.5-13.5 undergoes hydrolysis with a pH-inde- 
pendent rate constant k7' = 2.2 X 10-E sec-I a t  0". 
This rate constant is much lower than k3 a t  -36"; 
clearly a dihydroboron species of much greater stability 
than HzOBHzOH forms upon going to alkaline solu- 
tions. We propose that this species is BH2(0H12-, 
the logical deprotonation production of H20BH20H. 

Mochalov, et al.,l; have reported the following rate 
law for the hydrolysis of BH2(0H)2- in the pH interval 

They found k = 5 X lo5 M-l sec-1 a t  0" and ionic 
strength 0.40 M .  These data are a t  variance with 
our attempt to measure the hydrolysis of BHZ(0H)Z- 
at  pH 10, in which we found -d In [BH2(OH)z-]/dt 
to be greater than 10-2 sec-1 a t  0". By substituting 
[H+] = 10-1O into the rate law of Mochalov, et al., 
we calculate -d In [BH2(OH)2-]/dt = 5 X 10-5 sec-l. 

9.7-10.7: -d[BHz(OH)z-]/dt = k [H+] [BH2(0H)2-]. 

(15) K. N. Mochalov, V. S. Khain, and G. G. Gil'manshin, K i n d  C ~ l a l .  
( U S S R ) ,  6 ,  469 (1965), Kixet. Kalnl., 6, 541 (1965). 
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We have no explanation for the discrepancy, and 
Mochalov, et al., gave no experimental details to aid 
in seeking an explanation. 

The Monohydroboron Species.-In both nonbuffered 
strongly acidic solutions and strongly alkaline solutions 
we observed pH-independent rates of hydrolysis of the 
monohydroboron species. At O o ,  the pseudo-first-order 
rate constant is 4.4 X sec-l in acidic solutions and 
is 1.0 X sec-l in alkaline solutions. Although 
the rate constants are of similar magnitude, they prob- 
ably correspond to the hydrolyses of different species. 
We believe that the species in acidic solutions is H20BH- 

(0H)z and that the species in alkaline solutions is BH- 
(OH)3-. In buffer solutions of pH 5.6 and 10.0, the 
rate of hydrolysis of the monohydroboron species was 
found to be about twice that in acidic solutions. Per- 
haps this rate increase was due to reaction of BH (OH)a- 
with the acid component of the buffer solution. 
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The dihydrate and diethanolate of diborane have been prepared a t  -130" and their compositions have been established 
by stoichiometric measurements. The dihydrate is assigned the structure BHz(HzO)~+BH~- on the basis of low-temperature 
infrared spectra of the deuterated and nondeuterated species. A study of the evolution of hydrogen from the reaction of 
diborane with a solution of HC1 in a water-methanol mixture a t  -78" has provided further evidence for the asymmetric 
cleavage of diborane by water and alcohol. 

Introduction 
The cleavage of the bridging hydrogen bonds in di- 

borane by a Lewis base, X, can be either symmetric, to 
give BH3X, or asymmetric, to give BHzXz+ and 
BH4-.ln2 In the reaction of ammonia with diborane, 
both types of cleavage have been observed.3r4 With 
increasing methyl substitution in the methylamine 
series, there is an increasing tendency for symmetric 
cleavage.j-' Various ethers cleave diborane sym- 
metrically,8 whereas dimethyl sulfoxide cleaves di- 
borane a~ymmetrically.~ Young and Shorelo have dis- 
cussed some of the factors which may affect the course 
of these cleavage reactions; it appears that it is not yet 
possible to predict the course of such reactions with 
certainty . 

In studies of the reaction of diborane with water" 
and alcohols12 a t  room temperature, no intermediate 
cleavage products have been isolated because complete 
hydrolysis occurs rapidly. Davis and Gottbrath13 
were able to isolate sodium hydroborate from the reac- 

(1) R. W. Parry and L. J. Edwards, J .  Amer. Chem. SOL., 81, 3554 (1959). 
(2) R. W. Parry, Advan. Chem. Ser., No. 62, 628 (1966). 
(3) D. R. Schultz and R. W. Parry, J. Amer. Chem. Soc., 80, 4 (1958). 
(4)  S. G. Shore and R .  W. Parry, ibid., 80, 8 (1958). 
(5) S. G. Shore, D. W. Hickam, Jr., and D. Cowles, ibid., 87, 2758 (1965). 
(6) 0. T. Beachley, Jr., I%G?E. Chem., 4 ,  1823 (1965). 
(7) M. Inone and G. Kodama, i b i d . ,  7, 430 (1968). 
(8) B. Rice and H. S. Uchida, J .  Phys.  Chem., 59, 650 (1955). 
(9) G. E. McAchran and S. G. Shore, Inorg. Chem., 4, 125 (1965). 
(10) D. E. Young and S. G. Shore, J .  Amer. Chem. Soc., 91, 3497 (1969). 
(11) H. G. Weiss and I. Shapiro, ib id . ,  75, 1221 (1953). 
(12) A. Burg and H. Schlesinger, i b i d . ,  55, 4020 (1933); I. Shapiro and 

H. G. Weiss, J .  Phys. Chem., 63, 1319 (1959). 
(13) R. E. Davis and J. A. Gottbrath, Chem. Ind .  (London), 1961 (1961): 

R. E. Davis and J. A. Gottbrath, Inovg. Chem., 4 ,  1512 (1965); unpub- 
lished data of Winternitz on this reaction have been mentioned in ref 2 
( p  632) and in footnote 17 of ref 14. 

tion of diborane with aqueous sodium hydroxide a t  O o ,  
and Jolly and Schmitt14 prepared potassium hydro- 
borate by the reaction of diborane with powdered po- 
tassium hydroxide a t  -30". These results are con- 
sistent with asymmetric cleavage of diborane and 
prompted a further study of this type of reaction. 
This paper describes the preparation and characteriza- 
tion of the initial diborane-water reaction product. 

Experimental Section 
General Information.-Diborane was prepared by the addition 

of KBHa to H3P04,'5 and deuteriodiborane was prepared by the 
addition of BF3 etherate to LiAlDa in diethyl ether.'@ The purity 
of both compounds was verified by vapor pressure measurements" 
and infrared spectroscopy.'* The LiAlD4 (deuterium content 
99'%) was obtained from Bio-Rad Laboratories, Richmond, 
Calif., and deuterium oxide (deuterium content 98.8%) from 
International Chemical and Nuclear Corp., Chemical and Radio- 
isotope Division, Irvine, Calif. All other chemicals were of re- 
agent grade. Ideal gas behavior was assumed for vapors and 
gases when making calculations from P V T  data. Low pressures 
of water, ethanol, and methanol were used to ensure the ideality 
of their vapors. 

Stoichiometric Studies.-The glass reaction vessel was 20 cm 
long, with three connections (one for evacuation) located a t  the 
top. Two '/*-in. metal tubes, joined to the glass vessel with 
Swagelock fittings, were suspended next to each other within the 
vessel with their lower ends 1 cm from the base of the vessel. 
Nupro gas-metering valves were attached to the upper, outer ends 
of the tubes. 

A 100-fold excess of diborane and either water, ethanol, or 

(14) W. L. Jolly and T. Schmitt, ' J .  Ameu. Chem. Soc., 88, 4282 (1966). 
(15) A. D. Norman and W. L. Jolly, Inovg. Syn., 11, 15 (1968). 
(16) I. Shapiro, H. G. Weiss, M. Schmich, S. Skolnik, and G. B. L. 

(17) J. F. Ditter, J. C. Perrine, and I. Shapiro, J .  Chem. Eng.  Dala, 6, 

(18) R. C. Lord and E. Nielson, J .  Chem. Phys. ,  19, 1 (1951). 

Smith, J .  Amer.  Chem. Soc., 74, 901 (1962). 

271 (1961). 


