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The hydrolysis of sodium borohydride in aqueous buffer solutions a t  26" is catalyzed by general acids. The Bronsted 
constant is nearly 0.9. Salt effects and solvent isotope effects have been measured. A mechanism involving a rate-de- 
termining proton transfer from a general acid onto the borohydride ion is consistent with the data of numerous investigators. 
One reactive intermediate has been trapped by hydrolyzing sodium borohydride in aqueous trimethylamine. Trimethyl- 
amine borane was produced in 1.45 f 0.09% yield while the remainder of the borohydride gave hydrogen gas. Hydrolysis 
of sodium borodeuteride occurs faster than the hydrolysis of sodium borohydride. The primary inverse isotope effect, 
kH/kD, is 0.170 z!= 0.02 at 25".  The isotope effect for the boron-hydrogen bond has been calculated using the method of Bigel- 
eisen and Wolfsberg. Several likely models of the activated complex give values of kR/kD from 0.60 to  0.95. A simplified 
model predicts 0.65 if the amount of primary bond breaking is proportional t o  the amount of secondary bond stiffening. 
The possible role of steric effects on secondary hydrogen isotope effects has been estimated on a static model. The results 
show that  both normal and inverse secondary isotope effects can be explained in this manner. 

Introduction 
Sodium borohydride has found wide usage as 

a powerful reducing agent3 It is quite stable in 
basic solution but liberates hydrogen by reducing 
the hydronium ion as the pH is lowered. The 
rate of hydrolysis has been studied by Jensenj4 
Ki lpa t r i~k ,~  Pecsok,6 J. B. Brown,' Freunds and 
Stockmayer. 

Current interest in proton and hydride transfer 
reactions is quite great. Borohydride represents 
a system in which both types of reactions occur. 
The wide usage of borohydride in aqueous solution 

(1) Preliminary report of these da ta  has heen made in Papers I and  
11: R .  E. Davis and C. G. Swain, J ,  Ana. Chem. Soc. ,  82, 5949 (1960), 
and R.  E. Davis, C. L. Kibby and C. G. Swain, ibid. ,  82, 6950 
(1960). 

(2) (a) National Science Foundation Undergraduate Summer 
Research Participant, 1960. (b) National Science Foundation Co- 
operative Fellow, 1961-1962. 

( 3 )  "Sodium Borohydride and Potassium Borohydride, A Manual 
of Techniques," Metal Hydrides, Inc., Beverly, Mass., 19.58. 

(4) E. H. Jensen, "A Study on Sodium Borohydride with Special 
Reference t o  i ts  Analytical Application in Organic Chemistry," N y t  
Fordisk Forlag, Arnold Busch, Copenhagen, 1954. 

( 5 )  M. Kilpatrick and C .  D. McKinney, Jr., J. A m .  Chem. Soc., 72, 
5474 (1950). 

(6) R .  L. Pecsok, i b i d . ,  76, 2862 (1953). 
(7) J. B. Brown and M.  Svensson. ib id . ,  79, 4241, 6581 (1957); 

(8 )  T. Freund, J. Inoug. and Yuclear Chem., 9, 246 (1959); personal 

(9) W. H. Stockmayer, R .  R .  Miller and R .  J. Zeto, J .  Phys .  Chem.,  

J .  Sci. Labs.  Denison Uniu., 44, 117 (1958). 

communications. 

65, 1076 (1961). 

also dictates the importance of a study of this ion 
in water. 

Experimental 
Materials.-Sodium borohydride (Metal Hydrides, Inc.) 

was recrystallized from diglyme.10 
Likewise, potassium borohydride and lithium borohy- 

dride were obtained from Metal Hydrides, Inc. The puri- 
fied samples3 were stored in sealed bottles in a desiccator 
to prevent further hydrolysis by atmospheric moisture. 

Buffer Solutions .-All aqueous solutions were prepared 
from triply distilled conductivity water using reagent grade 
salts previously dried to constant weight. The buffers 
were prepared using recommended procedures.11-13 The 
ionic strength was adjusted to 0.10 in most solutions with 
pure potassium chloride or sodium chloride (see Table I).  
The PH was measured using a Beckman Model G Meter. 
Sodium ion corrections were made when necessary. 

The pH range was covered by the following materials: 
potassium dihydrogen phosphate-sodium hydroxide (PH 
7.4-8.0), boric acid-sodium hydroxide (7.8-10.0), borax- 
hydrochloric acid (9.0-10.0), ammonium chloride-sodium 
hydroxide (8.2-9.2), borax-sodium carbonate (9.2-11 .O), 
borax-sodium hydroxide (9.2-12.41, disodium hydrogen 
phosphate-sodium hydroxide ( 11-12) and sodium hy- 
droxide (> 12). Only a t  the high PH range with sodium 

(10) H. C. Brown, E. J. Mead and B. C. Subba Rao, J .  A m .  Chem. 
Soc., 77, 6209 (1955). 

(11) R .  G. Bates, "Electrometric p H  Determinations," John \Tiley 
and Sons, Inc., ?-ew York, h-. Y., 1954. 

(12)  H. T. S. Britton, "Hydrogen Ions," Vol. I, 4th Ed., Chapman 
and Hall, Ltd. ,  London, 1955. 

(13) H. H. Willard, L. L. Merritt, Jr., and J. A. Dean, "Instru- 
mental Methods of Analysis," 2nd Ed., D. Van Nostrand Co., Inc. ,  
S e w  York, iX. Y., 1951. 
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hydroxide did the ionic strength rise above p = 0.10 unless 
the effect of ionic strength was being studied. 

Volumetric Analysis for Borohydride Concentration.- 
The iodate analysisI4 as recommended by Lyttle has bren 
used for most of the present study. Iodate reacts with 
borohydride forming iodide and borate 

The excess iodate can then be converted to iodine in acidic 
media and titrated with standard thiosulfate with starch 
indicator. 

Kinetic Experiments .-The initial concentration of 
borohydride ion was varied from 0.001 to 0.050 iM. The 
buffer solution was thermostated (10 .01"  by NBS thermom- 
eters) in a flask and oxygen-free nitrogen bubbled through 
the system. The nitrogen reduced the supersaturation of 
the hydrogen gas. Even so, the flask was shaken before an 
aliquot was taken. Gas bubbles caused more of a problem 
below PH 9 (half-times less than 690 seconds). In  this 
case, the aliquots were withdrawn on a weight basis rather 
than a volume basis. 

Pyrex vessels were used to  study reactions when the p H  
was below 12.0. Above pH 12.0 vented 6 oz. polyethylene 
bottles and Pyrex flasks were used as containers. After 
the polyethylene bottles had been used with basic borohy- 
dride, no difference was detected in reaction rate. 

"PH Stat" Experiments.-The rate of disappearance of 
acid was measured using a "pH Stat." h type SBR2- 
SBU1-TTA2 titration apparatus (Radiometer, Copen- 
hagen, Denmark) was used to automatically add dilute 
hydrochloric (0.01 or 0.10 N) acid or sulfuric acid from a 
micro syringe to maintain a constant p H  a t  a constant 
temperature. 

Hydrolysis in the Presence of Trimethylamine.-The 
mechanism postulated produces aquated borine as a reactive 
intermediate. An experiment was designed to  trap i t .  
A solution of 100 g. of trimethylamine (1.7 mole) in 
500 ml. of water was prepared. This solution then was 
poured over 37.8 g. (1.0 mole) of sodium borohydride. The 
hydrogen gas was collected (987, of the borohydride). 
The trimethylamine borane in the aqueous solution was de- 
tected and analyzed using a F and M Model 609 gas chro- 
matographic apparatus with a flame ionization detector. 
A 61-cm. silicone rubber column a t  60" with nitrogen gas 
as carrier separated the residual trimethylamine in solu- 
tion from the trimethylamine borane. The retention time 
for the amine was 0.50 i 0.03 minute and 1.50 5 0.05 
minutes for the amine borane. Comparison of the chroma- 
togram with standards of the amine borane in water al- 
lowed an analysis of the original solution. A total of 
1.10 i 0.07 g. of amine borane was present in the original 
solution. This represents a 1.45 5 0.09% yield. Es- 
traction with ether gave a solution from which 0.60 g. of 
trimethylamine borane (0.8yo), m.p. 93-94', was isolated. 
The infrared spectrum was identical with authentic sample. 
The mixed melting point (corrected) mas undepressed. 
Trimethylamine borane was stable in the basic solution. 
111 a control experiment trimethylamine borane was dis- 
solved in 500 ml. of water and extracted with ether in the 
same apparatus. The borane was recovered quickly n 3 h -  
out hydrolysis. 

Correction for the Heat of Reaction 4.-The heat of re- 
action 4 is quite large. At moderate concentrations of 
borohydride and x i th  faster reactions, a marked tempera- 
ture rise was noted. At low pH, smaller amounts of boro- 
hydride were used. Agitation of the solution with nitrogen 
increased the rate of heat transfer and maintained the 
temperature of the solution a t  that  of the thermostat. 

Possible Reduction of Oxygen by Borohydride .-€)re- 
liminary kinetic experiments under air gave a somewhat 
erratic result. Slower and more reproducible rates were 
obtained when pure nitrogen xas bubbled through the 
system. The air effects were examined. Absorption of 
carbon dioxide was found to increase the rates as the PH 
was lowered. The possible reaction of oxygen with boro- 
hydride was considered. The heat of this reaction can be 

NaBH4 + 202 ---f NaB02 4- 2H20 
calculated to  be about -348 kcal./mole. Energetically, 
the reaction is very favorable. Another possible reaction 
would be the reduction of oxygen to form hydrogen peroxide 

3BH4- 4- 4103- --+ 3HzB03- + 3H20 4- 41- (1) 

(2) 

(14) D. A. Lyttle, E. H. Jensen and W. A. Struck, A n d .  Chem.,  24, 
1843 (1952). 

which is stable to further reduction.4J5 However, basic boro- 
2H20 + NaBH4 + 402 --+ NaBO, + 4HzOz (3) 

hydride solutions absorbed no oxygen gas in oue day at 
50" a t  2600 lb. pressure. The borohydride ion concentra- 
tion was unchanged at the end of the experiment. Thus 
reactions 2 and 3 are of no importance in strong base. 

Sodium Borodeuteride .-Sodium tetramethoxyboroii was 
prepared by the method of Brown16 and then treated with 
a slight excess of diborane-d6 in tetrahydrofuran on the 
vacuum line.'* The diborane-d6 was generated on the vac- 
uum line by the reaction of lithium aluminum deuteride 
(Metal Hydrides, Lot LPO 912 113) with purified boron tri- 
fluoride etlierate.'6 The sodium borodeuteride then was 
recrystallized from diglyme in vacuo. Yields of 8 0 4 3 %  
were obtained using millimole quantities. Analysis of the 
material gave Xal  OOBO ssDa.osHo 021. 

Hydrolysis in Heavy Water Buffers.-Buffers in heavy 
xater  (99.6%) were prepared from buffers in light water. 
The light water was removed by sublimation of the frozen 
solution and the inorganic residue dried in vacuo. The resi- 
due then was moistened with a little heavy water and 
taken to dryness. This procedure was repeated three times. 
The residue now was taken up in the appropriate amount 

TABLE I 
HYDROLYSIS OF SODIUM BOROHYDRIDE IN AQKEOUS BUF- 

FERS AT 25", VOLUMETRIC METHOD 
P H a  
7.40 
7.60 
7.80 
8.00 
8.47 
8 .77  
9.00 
9.32 
9.70 
9 .71  
9.96 

10.00 
10.20 
10.46 
10.60 
10.75 
11.00 
11.26 
11.45 
11. 70 
12.01 
12.30 
12.65 
13.00 
13 .2  
13 .4  
13.7 
14.0 
14.4 
14 .7  

Bufferb 

Phosphate 
Phosphate 
Borate 
Phosphate 
Borate 
Borate 
Ammonia 
Borate 
Borate 
Borate 
Bora te--cnrboiia t e 
Borate 
Borate-carbonate 
Borate- carbonate 
Borate-hydroxide 
Borate-carbonate 
Borate-hydroxide 
Borate-hydroxide 
Borate-h ydroxide 
Phosphate-h ydroxide 
Phosphate-h y droxide 
Hydroxide 
Hydroxide 
Hydroxide 
Hydroxide 
IIydroxide 
Hydroxide 
Hydroxide 
Hydroxide 
Hvdroxide 

Ref. k,, sec.-'C 

4 . 0  i 0 . 3  X 
3 . 2  i . 3  x 10-2 

e 6 . 2  f . 2  X 
9 . 2  i . 4  x 10-3 
3 .64  f .03 X 
2 . 0 5 i  .03 X 

u , m  5 .25  + .03 X 
' 1.02 =t .02 x 10-3 

g 1 .96  .04 x 10-4 
Q , ~  1.04 * .02 x 10-4 
* 1.02 i .02 x 

1 .00  f .02 x 10-4 
5 . 8 7 5  .008 x 10-6 

I' 4 .18  =k .04 X 1W6 
3 , 2 0 5  .04 X 1 0 P  

* 2.50 i .03 X 
i . 0 4 i  .02 x 10-5 
6.05i .08 x 10-6 
4 . 4  rt . 1  x 10-6 

i 
i 
k 

k 

k 

k . 1  

k 

k 

k 

k 

k 

2.81 i 
1.42 i 
7 . 1  i 
4 . 2  i 
2.50 f 
2.10 =k 
1.74 Jr 
1.3 Jr 
1 .01  rt 
7 .89  f 
5.45 i 

.05 x 10-6 

.O7 x 10-8 

. 3  x 10-7 

.2 x 10-7 

.07 x 10-7 

.o s  x 10-7 

.04 x 10-7 

.06 x 10-7 

.02 x 10-7 

.10 x 10-8 

.05 x 10-8 
"PI3 i: 0.02 as measured at 25.00 i 0.01'. * Ionic 

strength maintained a t  0.10 with salts except above pH 
12.7. CFirs t  order rate constant, kl, rate = kl(BH4-I. 
Deviations are given in terms of u. At least two identical 
runs were made, In  some cases five runs were made vary- 
ing the initial (BH4-). KH2P04-ll;aOH-KCl. HB- 
B08-NaOH-KC1. 1 iXH4C1-NaOH-KC1. NaB02-HC1- 
NaC1. NaB02-IYa2CO3-SaCl. NaB02-NaOH-KCl. 

Na*HPO4-NaOH-SaC1. NaOH. PH above 13.2 cal- 
m LiBH4 also used culated from activity data of Bates." 

a t  this pH.  

(15) Unpublished data from this laboratory. 
(16) H. C. Brawn, E. J. Mead and P. A. Tierney, J .  A m .  C h e m .  Soc.. 

79, 5400 (1957). 
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TABLE I1 
HYDROLYSIS OF SODIUM BOROHYDRIDE AT 25O, pH STAT METHOD 

8.00 0.0005 NaHC03 + 0.09  NaC1 0.10 dl €IC1 1 .02  i= 0.00  X l o - *  
OH0 Initial solution,b M Titrant, M ki, sec . -c  

8 .80  ,0005 NapCOa + .09 NaCl .10 M HC1 2 .23  =t . O i  X 

10.00 .0005 iYapCO3 + . 10 NaCl .10 M H C l  1.03 =k .04 X 
9.50  .0005 NarCOa + .05 NaCl .10 M HC1 4.31 * .09 x 10-4 

a p H  f 0.03 a t  25’. b The initial solution was added to  the cell and 0 10 AT HCI added until the PH read the value a t  
Sodium borohydride was then added and the pH automatically maititained by the addition which the run was to  be made. 

of the titrant from a micro syringe. --(BHA-) = --d(HaO+) = k l  (BH4-).  
dt dt 

of heavy water. N.m.r. spectra showed less than 0.5% of 
hydrogen. The p D  of the solution was measured with a 
Beckman Model G meter. The equation: pD = meter 
reading + 0.40 was used to estimatel7 pD. The pK value 
used for heavy water1* was 14.71 a t  25”. The rate of de- 
composition of borohydride was measured by the iodate 
technique. 

Hydrolysis in Heavy Water Using the “pH-Stat.”- 
A more convenient technique used the “pH-Stat.” So- 
dium chloride was added to maintain an ionic.strength of 
0.10. The titrant was prepared by dissolving sulfur tri- 
oxide (“Sulfan B”)  in heavy water. 

Results 
The reaction of borohydride ion with acid 

BH4- 4- HaO+ + 2H20 + &Boa + 4H2 (4) 
can be followed conveniently by the rate of loss of 
reducing power of the solution. The volumetric 
iodate methodI4 has been employed the most in the 
present study (Table I). The rate of disappearance 
of acid (Table 11) has also been measured and found 
equal to the rate of disappearance of borohydride. 
Reaction 4 has been f ~ u n d ~ - ~  to have the rate 
expression 

where k is the second order rate coefficient. Ex- 
amination of the rate data of Table I, most of 
whose data were presented graphically in Paper I 
of the series,‘ demonstrated that equation 5 is cer- 
tainly the most important from pH 7.4 to 12.5, 
However, above pH 12.5 the rate of reaction be- 
comes much less sensitive to the concentration of 
the hydronium ion. This general behavior has 
been noted in the previous inve~t igat ion.~-~ 

TABLE I11 
SALT EFFECTS AT pH 9.50 f 0 02 AT 25’ 

. . . . . . . . . .  0.000 7.4‘ 
0,0005, borax ,0050 6.0d.’ 
K C1 .0200 5.42‘ 
KC1 .0500 4 . 4 i ”  
0.05, borax . loo 3.80’ 

.05, borax . l 50  3.61f 

.05, borax ,200 3.41/ 
Ionic strength maintained with KCI as needed. 

“ate = kl(BH4-). Extrapolated. Initial rate. e pH 
Stat  method; titrant 0.01 N HCl. f Volumetric method. 

From these data, i t  is concluded that boro- 
hydride is experiencing general acid cataly~is’~ 
rather than specific hydronium ion catalysis. 
Thus the rate expression is more accurately ex- 

Solution, J I  ki X lo4 sec.-lb 

(17) P. Glasoe and F. A. Long, J. Phys. Chcm., 64, 188 (1960). 
(18) W. F. K. Wynne-Jones, Trans. Faradar Soc., 32, 1397 (1938). 
(19) A. A. Frost and R. G. Pearson, “Kinetics and Mechanism,” 

John Wiley and Sons, Inc., New York, N. Y., 1953, pp. 191-223. 

TABLE I V  
SALT EFFECTS O N  THE HYDROLYSIS AT T.ERY HIcrr p H  AT 

NaOH, 
M 

0.0113 
,0113 
.0113 
,0113 
,0113 
.0113 
.0113 
,0113 
.0113 
,0113 
.113 
.113 
.113 
.113 
.113 
.113 

1.09 
1 .09  
1.09 
1.09 
1.09 

kl, 5ec.-lb 

1.21  x 10-6 
1 20 x 10-6 
1.12 x 10 6 

1.09 x 1 0 - 6  
0 ‘31 x 10-6 

1.02  x 10-6 
0 .92  X 
1 .31  X lod 
1.48 X 
1.64 X 
2 . 4  x 10-7 
2 . 0  x 10-7 
1 .2  x 10-7 
1 . 5  x 10-7 
2 . 5  x 10-7 
4 . 3  x 10-7 
9 . 9  x 10-8 
9 .7  X 
9 . 8  x 10-8 
9 4 x 10-8 
9.0 x 10-8 

25.00 f O.0lo 
Added Salt concn.. 
salt hl / i n  

. .  . . .  0.0113 
KC1 0.050 ,061 
K C1 . loo . I11 
KC1 .20 ,211 
K C1 .50 ,511 
NaCl .50 .5ll  
NaCl 1 .00  1 .01  
LiCl 0.10 0.111 
LiCl 0.50 0.511 
LiCl 1 .00  1.01 
. .  . .  0.113 

XaC1 1 .00  1.11 
NaCl 4.00 4 .11  
KC1 1 .00  1 .11  
LiCl 1.00 1 .11  
LiCl 4.00 4.11 

. .  . .  1.09 
KCl 1 .00  2 .09  
h-aC1 0.50 1.59 
SaCl  0.99 2 .08  
KaC1 2 .02  3 .11  

b -d(BH4-) = kl (BH,-) via the io- 
dt a Ionic strength. 

date method. 

rate = ( B H 4 - ) 2 1 k ~ ~ i ( H A i )  (6) 
where HAi is a general acid. The hydronium ion 
term predominates below pH 12.5 and only above 
pH 13 does the water term, (~H~O)(BHI-) (H~O) ,  
enter to a significant amount. 

Further insight into the mode of hydrolysis is 
given by the effect of inert salts upon the rate. 
In the low pH region, the rate can be expressed in 
terms of the Bronsted-Christiansen-Scatchard 
equation. A plot of log k1 versus the square root of 
the ionic strength, ~ ‘ [ a ,  gives a nearly linear plot 
(data of Table 111). The slope of this line ap- 
proaches -1 at  low ionic strength. Thus the 
charges on the ions reacting to form the activated 
complex are +1 and - 1, the product, ZAZB = (- 1) 
(fl), being the slope. The rate expression 6 
would predict that a t  very low hydronium ion con- 
centration the rate should be independent of the 
PH. This was not observed (Table I). This is 
interpreted as due to a small negative salt effect 
upon the term 

This is shown by the data on the salt effects at high 
rate = K E ~ O  (BHa-)(H20) (7) 
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pH values (Table IV). Sodium, potassium and 
lithium chloride were used as inert salts. The rate 
a t  a constant hydroxide ion concentration is de- 
pressed as either potassium or sodium chloride is 
added. I t  should be noted that the addition of 
lithium chloride in large amounts actually increases 
the rate of hydrolysis. At lower pH values lithium 
ion in low concentration has no effect upon the 
rate (Table I). No doubt in solutions of very high 
ionic strength, ion aggregates are present. Lithium 
borohydride is ether soluble and a more powerful 
reducing agent in organic systems because of the 
small size of the lithium ion and its close approach 
to the tetrahedral borohydride ion.zo-2z 

TABLE V 
VARIATION OF BUFFER COXCENTRATIOX AT CONSTANT 

IOXIC STRENGTH. p = 0.50 AT 25' 
9N Buffer HA, hlz kika c 

9.32 Bornx--KCl O . O O b  1.00  f 0.02 = ko 
,050 1 .02  3t .03 
,100 1.03 i .04 
,150 1.03 f .03 
,250 1.08 i .04 

Concentration of HaBO,{. * Extrapolated. Ratio of 
first order rate constants. = 1 f 5 X i1f-I 
set.-' 

TABLE VI 
VARIATION OF BUFFER AT p = 0.20 

9 .32  Borax-KaC1 O . O O b  1.00 j= 0.02 = ko 

Deviations are in terms of U .  

$H Buffer HA, &fa k/ko 

,050 1.02 f .03 
,080 1.04  i .03 
,105 1.08 i .02 
,175 1 .17  f .03 

a Concentration of boric acid. Extrapolated. Ratio 
of first order rate constants. K H ~ B O ~  = 8 zk 4 X 
JI-*sec.-'. Deviationsarein termsof u .  

TABLE \'I1 
GENERAL AkCID RATE CONSTAXTS AT 25" 

Bcid kz, 24-1 see.-' 

Haof 1 .00  i 0.04 X 10+6 p = 0.10 
H30 + 2 .30  =t 0.07 x 10+5 p = .00" 
Hz0 2 f 1 x 10-9 p = . lo" 
H?O 2 + 1 x 10-9 p = .50 
H3BQ 1 i 5 x 10-4 p = .50 
%Bo3 8 f 4 X p = .20 

a Extrapolated. SeeTable 111. 

A determined search has been made for the other 
The problem of detecting 

A t  an 
= 1.00 =t 0.04 X I O 6  

The value of kHzO has been esti- 

terms of expression 4. 
these terms can be quickly appreciated. 
ionic strength of 0.10, 

~ e c . - l . ~ ~  
(20) R. F. Nystrom, S W. Chaikin and W. G. Brown, J. Am. Chem. 

Soc. ,  71, 3245 (1949). 
(21) J. Kollonitsch, P. Fuchs and V. Gabor, Xaluue, 173, 125 (1954); 

176, 346 (1955). 
(22) H .  C. Brown, E. J. Mead and B. C. Subba Rao, J .  A m .  Chem. 

Soc., 77, 6205 (1955). 
(23) This value of the rate constant is nearly five times larger than 

tha t  reported by Pecsok.6 A value of 1.0 X 10 +E M -1 sec. -1 was cal- 
culated irom the activation parameters given by Freund.9 W. H. 
Stockmayer24 has privately communicated results on the hydrolysis of 
potassium borohydride in buffer solutions near p H  9. Their value a t  
2 5 O  is 0 8 i 0.1 X 108 M-1 sec.-1 a t  = 0.15 which is in agreement 
with the present value. 

The disagreement between the rate constant of Kilpatricks with 
those of the other workers has been explained previously.* It is a 

mated to be in the neighborhood of 2 X 10-9 M-1 

sec.-l. Thus the Bronsted a is near unity. Thus, 
the buffer terms would only be expected to be of the 
order of a few per cent. of the over-all rate. This is 
the case as the data of' Tables V and VI demon- 
strate. The effects are small. 

S t ~ c k m a y e r ~ . * ~  obtained a value of the boric acid 
term ~ H ~ B O ~  of 2.0 f 0.3 X M-I sec.-', a t  25' 
and p = 0.16 with potassium borohydride. This 
value is much larger than the general acid catalyst 
term reported earlier.' However, variation of the 
boric acid concentration a t  p = 0.20 gives a value 
of K H ~ B O ,  = 8 f 4 X & - I  sec.-l (Table VII).  
The apparent effect of the ionic strength upon the 
boric acid term appears to be abnormally large, if 
real. The total effect in per cent. reaction with 
hydronium ion compared to the undissociated 
boric acid is still very small (Tables V and VI). 
The specific salt effects are large and thus com- 
plicate the accurate determination of catalysis 
constants. 

Isotope Eff ects.-Synthesis of the pure sodium 
borodeuteride allowed a measurement of the 
primary isotope effect with the effect of three C Y -  

deuterium atoms superimposed. The data are 
presented in Table VIII. The kH,/kD is less than 
one, being 0 . iO  0.02 a t  p = 0.10. The inverse 
isotope effect is not a function of the pH (Table 
VIII) nor is it due to trace metal catalysis.25 

TABLE VI11 
HYDROLYSIS IN AQUEOUS BORATE BUFFERS AT 25.00 i 

0.01", ISOTOPE EFFECTS 
NaBHh NaBD4 

pH i 0.02 I.' IOCkI, sec-1 104kl, sec. -1 k n / k o  

9.70 0.10 1 .74  & 0.02 2.62 i 0.02 0 .67  
9.96 .05 1.02 i .02 1 .33  =!c .03 . ? 7  

10.20 , l O  0.587 i ,008 0.835 i ,007 ,70 
10.20" .10 0.59 =k . O 1  0.84 + .01 .70 
a Infinity solutions crossed. 

This point is confirmed by the last entry in Table 
VIII. Sodium borohydride was decomposed in a 
borate buffer a t  pH 10.20 and the rate constant 
k H  was measured. After the hydride had com- 
pletely disappeared (> I O t l i , ) ,  sodium borodeu- 
teride was added and another rate constant k D  
was measured. The reverse experiment was also 
tried in which sodium borohydride was decomposed 
in the infinity solution of a borodeuteride run. 
The rate constants were not altered and the kinetic 
data gave straight lines to 90y0 reaction. The 
k H / j k D  ratio was the same as in separate experi- 
ments. As the rate constant does not drift during 
a reaction, we conclude that the borodeuteride ion 
is not exchanging (i.e., more than 5%) with the 
protons of the solvent (vide infra). 

The solvent isotope effect, k H z o / k D z o ,  was meas- 
ured using the iodometric procedure ( ~ H ~ O , / ~ D ~ O  

significant point to  make tha t  the difference is f O 5  fold and is caused 
solely by supersaturation of the solution by the hydrogen gas. 

(24) W. H. Stockmayer, R. R. Miller and R. J. Zeto, personal com- 
munication. 

(25) H. I. Schlesinger, H. C. Brown, A. E. Finholt, J. R .  Gilbreath, 
H. R .  Hoekstra and E. K. Hyde, J. A m .  Chem. SOC., 76, 215 (1553). 
These investigators reported tha t  the hydrolysis of sodium borohydride 
is accelerated by salts of manganese(II), i ron(II) ,  cobalt(II), nickel- 
(11) and copper(I1). 
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TABLE IX 
HYDROLYSIS OF SODIUM BOROHYDRIDE IN HEAVY WATER 

Range P Average ka, M-1 sec. -1 

PH 9.00-10.00 0.10 1.00 zt 0.02 X loe" 

pD 9.00- 9.40 . I O  0.33 i .09 X 106b*c 
pD 9.00-10.00 .IO 0.209 i~ ,005 X 106* 

a Measured by the iodate method in borate buffers. 
* Rate = kz(BHd-)(D30+). "pH-Stat." 

= 4.9) and the "$H-Stat" (3.0). 
been presented in Table IX.  

The data have 

Discussion 
Part 1.-Any mechanism postulated for the 

hydrolysis of borohydride must account for the 
following facts. The reaction order is unity in 
borohydride concentration and unity in the con- 
centration of general acid. The salt effects indi- 
cate that the activated complex is formed from 
borohydride ion and hydronium ion. Substitution 
of deuterium for hydrogen in each ion produces 
sizable kinetic isotope effects. One intermediate, 
borine, has been trapped as the trimethylamine 
borane adduct. 

A Mechanism.-A mechanism consistent with 
these data and the data of other  worker^^-^ can 
now be postu1ated.l 

The Nature of the Activated Complex.-It has 
been observed that the reaction of borohydride 
with deuterium oxide gives over 90% of HD.8 
Thus the hydride hydrogens on the borohydride ion 
do not exchange significantly with the protons of 
the acidic solvent. This is also suggested by the 
demonstration of general acid catalysis. The fact 
that the rate constant for the disappearance of 
sodium borodeuteride in light water remains con- 
stant to better than 90y0 reaction can also be cited 
as evidence. Thus an electronically unlikely 
molecule, DBH4, of high symmetry (as a trigonal 
bipyramidal structure) is ruled out. Such a mole- 
cule would be expected to decompose by a statis- 
tical process (as modified by an isotope effect) to 
give both Hz and HD.26 

Two activated complexes appear reasonable, 
One would have a linear boron-hydrogen-hydrogen 
arrangement (I) while the other would have a tri- 
angular arrangement (11). The geometry of the 
transition state cannot be uniquely described at  
present by these data. 9 linear activated complex 

(26) It should be pointed out t ha t  lithium borohydride exchanges 
with hydrogen gas containing tritium a t  200' in the absence of solvent.27 
Various derivatives of diborane will also exchange with hydrogen gas 
and in some cases the exchange is moderately rapid a t  low temperatures. 

(27) N. H. Smith, K.  E. Wilzbach and W. G. Brown, J .  Am. C h e m .  
SOL., 7 7 ,  1033 (1955); W. G. Brown, L. Kaplan and K. E. Wilzbach, 
ibid.. 74, 1342 (1952). 

would give only HD but a triangular complex (11) 
would only give HD if one postulates that the deu- 
terium remains partially positive and never equiva- 
lent with the hydride until molecular hydrogen is 
formed. L e ~ i s ~ ~ . ~ ~  favors hydride transfers as 
having triangular activated complexes. The small 
isotope effects generally found in hydride transfer 
reactions only mean that a hydride is firmly bound 
in the activated complex. In  terms of a three cen- 
ter linear or triangular system this means that the 
degenerate v2 mode and the V I  mode are both of 
high frequency. It is the v 3  mode that leads to 
products in each case. Support for triangular 
configuration can be given by considering the rather 
stable3D H3+ ion and other three center two electron 
systems as olefin-silver ion c ~ m p l e x e s . ~ ~  

A four center activated complex also should be 
considered. The analogy can be drawn from the 
postulated four center complex in the hydrobora- 
tion of olefins. Such a configuration has been 
postulated by Dessy for the reaction of borohydride 
with However, i t  has been found that the 
four center complex is not consistent with the data 
in aqueous solution if the general acid is trimethyl- 
ammonium.33 

No quantum mechanical calculations have been 
reported for the systems I, I1 or the four center 
model. All of these configurations would be repre- 
sented on the phase space of the transition state 
potential energies surfaces and are therefore acti- 
vated complexes. Unfortunately, only specula- 
tion can be given a t  the present time on which is of 
lowest energy and therefore the most probable as 
the systems react on the energy surfaces. 

An Intermediate.-Aquated borine is postulated 
as a reactive intermediate. The reaction of 
trimethylamine with lithium borohydride in an- 
hydrous ether produces trimethylamine borane in 
good yield.34 Weiss and Shapiro35 have prepared 
diborane in high yield from alkali borohydrides in 
concentrated sulfuric acid or methanesulfonic acid. 
The yield decreases as the water content increases. 

Therefore an experiment was designed to trap 
the borine in aqueous solution. The hydrolysis of 
sodium borohydride in 3.4 molar aqueous tri- 
methylamine gave only a 1.45 zt 0.09% yield of 
trimethylamine borane. In aqueous solution water 
and trimethylamine compete for the ephemeral 
aquated borine. I t  is well established that di- 
borane is extremely sensitive to rnoi~ture.36~37 

Diborane has been found to be instantaneously 
hydrolyzed in the presence of water or water vapor. 
If diborane is absorbed in an aqueous potassium 

(28) E. S. Lewis and h1. C. R. Symons, Quart. Rev., 12, 230-249 
(1958); (b) p. 246. 

(29) 31. F. Hawthorne and E. S. Lewis, J .  A m .  Chem. Soc., 80, 4296 
(1958). 

(30) J. L. Hirschfelder, J .  C h e m .  P h y s . ,  6, 795 (1938). 
(31) For a brief discussion of multicenter bonds, see K. S. Pitzer, 

"Quantum Chemistry," Prentice-Hall, Inc., New York, N. Y., 1953, 
pp. 191-194. 

(32) R. E. Dessy and E. Grannen, Jr., J .  Am. C h e m .  Soc., 83, 
3953 (1961). 

(33) Paper IV, R. E. Davis, ibid., 84, 892 (1902). 
(34) G. W. Schaeffer and E. R .  Anderson, i b i d . ,  71, 2143 (1949). 
(35) H. G. Weiss and I. Shapiro, i b i d . ,  81, 6167 (1959). 
(36) H.  I. Schlesinger and H. C. Brown and collaborators, ibid. ,  76, 

(37) A. Stock, "Hydrides of Boron and Silicon," Cornell Univer- 
186-224 (1953). 

sity Press, Ithaca, New York, 1933. 
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hydroxide solution, large amounts of hydrogen, 
potassium borate and moderately small amounts 
of the “potassium hypoborate” are formed. The 
‘‘hypoborate” is stable in base, liberates hydrogen 
upon acidification and has strong reducing proper- 
ties. The same material can be formed in larger 
amounts when tetraborane is decomposed in potas- 
sium h y d r o ~ i d e . ~ ~ ~ ~ ~  Several structures have been 
proposed and various boron hydrates have been 
postulated by Freunds to be intermediates during 
the hydrolysis of borohydride. Little is known 
concerning the hydroxy derivatives of diborane. 

The Inverse Isotope Eff ect.-The hydrolysis of 
sodium borodeuteride occurs faster than the hy- 
drolysis of the borohydride. Jolly4O has confirmed 
the isotope effect in hydrolysis in aqueous media. 
Brown41 has observed an inverse isotope for the 
reduction of ketones in alcoholic solution. Dessy 
has communicated results indicating that the 
methanolysis of lithium borohydride in diglyme 
also shows an inverse isotope effect.32 

I t  is highly unusual for a compound that is break- 
ing a hydrogen bond to show an inverse isotope 
effect rather than a normal effecte4* We have as- 
cribed‘ this effect to a secondary isotope effect of 
the other three hydrogens or deuteriums that are 
not undergoing the protonolysis reaction in the 
rate-determining step. The boron-hydrogen bond 
that is breaking is contributing a small normal pri- 
mary isotope but a larger inverse secondary iso- 
tope makes the ratio, k H / k D ,  less than one. There 
is a greater reluctance of the BH- bonds to change 
to BH (uncharged) in aquated borane than that of 
BD- to change to BD. The effect is analogous to 
the greater basicity and nucleophilicity of DO- 
compared to HO-. Infrared data suggest that 
DO- and HO- do not exert a solvent isotope effect 
by changing the structure of liquid water since the 
librational band is undisturbed. The differences 
between DO- and HO- are due to differences in 
the vibrational and rotational states of these ions. 

Thus the non-reacting hydrogen or deuterium 
atoms have more zero-point vibrational energy in 
the activated complex than in the ground state. 
As the borohydride ion (symmetry Td) forms an 
activated complex which resembles one-half of the 
diborane molecule, the vibrational fundamentals 
shift to higher f r e q ~ e n c i e s . ~ ~ - ~ ~  The A1 (VI) 
boron-hydrogen stretching vibration occurs a t  
2264 cm.-l in borohydride (Table XI). The 
non-bridge hydrogens in diborane have a stretch- 
ing frequency of 2524 ern.-' [A,(vl) mode]. Since 
borohydride ion is a simple molecular system with 
only four normal modes and diborane is a sys- 
tem having D2h symmetry with eighteen fundamen- 

(38) A. Stock and C. Massenez, Ber. ,  45, 3529 (1912). 
(39) L. Klemm and W. Klemm. 2. onorg. Chem.,  226, 238  (1935). 
(40) W. Jolly, private communication. 
(41) Unpublished data  from these Laboratories. 
(42) K.  E.  Wiberg, Chem. Revs., 55, 713 (1955). 
(43) W. C. Price, J. Chem. Phys., 17, 1044 (1949). 
(11) R. C. Taylor, D. R. Schultz and A. R. Emery, J .  A m .  Chem. 

( 4 3  A. R. Emery and R. C. Taylor, J .  Chem. Phys., 28, 1029 

(46) R. C. Taylor and A. R. Emery, Spcclrochim. Acta ,  10, 419 

(47) R. C. Lord and E. Nielsen, i b i d . ,  19 (1951). 

.SOL.., 80, 27 (1958). 

(1968). 

(1958). 

tal frequences belonging to eight species, it is pos- 
sible to estimate the isotope effect from theory. 

Part 11. Calculation of the Isotope Effect.- 
The theory of the kinetic isotope effect has been 
developed successfully from transition state theory 
by Bigelei~en.~~ The approximate equation 

m2i-’)(Qii - ~ i i * )  (IO) 1 
can be obtained from theory where k is the specific 
rate constant; the S’s are symmetry numbers; 
the subscript 1 refers to the lighter isotope and 2 to 
the heavier species; VI refers to the vibrational fre- 
quency of the activated complex (+) along the re- 
action coordinate; m i ’ s  represent the masses of the 
atoms; and the a i i ’ s  refer to the diagonal force con- 
stants for Cartesian displacements. W ~ l f s b e r g ~ ~  
has applied equation 10 to secondary hydrogen iso- 
tope effects in certain simple model reactions. As 
borohydride, BHd-, represents a simple chemical 
species, application of equation 10 can be made 
with not too many severe approximations. 

First consider the maximum isotope effect t o  be 
expected in a given situation. For the types of 
bonds of interest in the present investigation, the 
method yields the data of Table X. As the X-H 

TABLE X 

k H / k D ,  AT 23’ 
M A X I M U M  VALUES OF THE DEUTERIUM ISOTOPE EFFECT, 

Primary Secondary 
Bond I O  I1 b Kormal Inverse 

0-H 10.GC 28 2 . 0 P  0.37d 
hT-H 8.5“ 23 1.87 .41 

B-H 5 .3  14 1.54 .51 

a Calculated using a diatomic model which represents the 
complete loss of the vibrational stretching frequency. In  

kn&h* each case an average X-H bond is used. * Value of ___ 
k D S a S D  * 

based on a polyatomic model using equation 10 and assuming 
complete loss of all vibrational activity of the X-H bond. 
c Reported by W i l ~ e r g . ~ ~  Values reported by Bigeleisen 
and W~lfsberg.~* The remaining values have been cal- 
culated during the present investigation. 

stretching frequency moves to  lower frequency, the 
effects approach unity from above with normal 
effects and from below with the inverse effect. 
Following Bigeleisen’s suggestion, the secondary 
effects have been rather arbitrarily calculated on 
the basis of decreasing the force constants in half 
for the normal effect and doubling the force con- 
stants for the inverse effect. Thus, in loose ter- 
minology, the nonreacting X-H bonds loosen in 
the activated complex for the normal effect and 
stiffen for an inverse effect. The maximum for the 
primary isotope effect in column I of Table X has 
been calculated using a two atom iodel and there- 
fore represents only the complete loss of the 

C-H 6,9”  l g d  1 .74d .46d 

(48) J. Bigeleisen and M. Wolfsberg, “Theoretical and Experimen- 
tal Aspects of Isotope Effects in Chemical Kinetics.” “Advances in 
Chemical Physics,” Vol. I ,  I. Prigogine, ed., Interscience Puhlishers, 
Inc., New York. N. Y., 1958, pp. 15-76. 

(49) A t .  Wolfsberg, J .  Chem. Phys. ,  SS, 2 (1960). 
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stretching mode. In column I1 the value of 
kHS&%!- is given which should represent the 
k i l S H S D *  
upper limit to  be expected in a normal reaction. 

Assuming typical models of the activated com- 
plex and only considering the frequency changes 
within the borohydride, equation 10 can be used to 
calculate the isotope effect. The infrared and 
Raman data (Table XI) can be used to estimate the 
force c0nstants.5~ Allowing that in the activated 
complex the three hydrogen atoms bonded to the 
boron resemble those of diborane and that the 
amount of primary boron-hydrogen bond breaking 
is proportional to the amount of secondary bond 
stiffening, the value of k H / k D  is 0.65. Experi- 
mentally the value is 0.70. In spite of the severe 
limitations of the calculation, it is implied that the 
vibrational modes of the activated complex are still 
harmonic and perhaps that the boron-hydrogen 
bond has not been appreciably broken. Several 
other reasonable models of the activated complex 
give reasonable values of 0.95 to 0.60. If one does 
not allow for the secondary effect, the calculated 
value is greater than unity. 

TABLE XI 
YIBRATIOXAL FREQUENCIES AND FORCE COXSTANTS OF 

 BOROHYDRIDE^ 

A1 VI 2264 (1570)* 1604" 
E vz 1210 855 
F2 V Q  2244 1696 

V P  1080 823 

FI 3.0511 
Fz 0.2897 
F3 2.673T 
F4 0.2905 
F34 0.0150 

Fundamentals '1BHd- 11BD'- 

Symmetry constants 101 dynes/cm. 

Valence force constantsa I O 3  dynes/cm. 

k r  2.768 
krr 0.094 

k a  kaa .290 
k a  kaa' ,291 
k r a  k y a '  ,011 

a See ref. 46 for notation and definition. * Shifted by 
Fermi resonance. Calculated. 

It should be stressed that the calculated value, 
k H / k D ,  is not very sensitive to  the assumed geom- 
etry. As stated earlier, isotope effects51 cannot 
uniquely distinguish between a linear and a tri- 
angular complex even in a three atom system like 

Part 111. Steric Effects and Secondary Isotope 
Effects.-A growing list of reactions now shows 
secondary inverse isotope effects. The causes of 
such inverse effects and normal secondary isotope 
effects are a t  present vigorously debated. The 
fact that the effects are small tends to  obscure 
quantitative estimate of their magnitude. Vibra- 
tional e f f e c t ~ , 5 ~ - ~ ~  rotational effe~ts,5~-~6 clifferen- 
tial inductive effects,57 anharmonicity effects and 

H-H-CI. 

(.50) E. B. Wilson, Jr., J. C. Decius and P. C. Cross. "blolecular 
I'ibrations," McGraw-Hill Book C o . ,  Inc., New York, N. Y., 1955, 
pp.  145 ff . ,  265 ff .  

(51) J. Bigeleisen, F. S. Klein, R .  E. Weston. Jr . ,  and hZ. Wolfs- 
berg, J .  Chcm. Phys., SO, 1310 (1939). 

steric effects68 have been proposed. It should be 
emphasized that all these c>fects a n d  others can be 
inchided in the $artition func t ions  in the Bigeleisen 
formulat ion.  Ba1tell59,~O has signalled attention to 
the mass-sensitive amplitudes of vibration or the 
steric effect. We have used a sinipler static model 
of non-bonded repulsions to  independently predict 
that the steric effect of replacing a hydrogen by a 
deuterium can give rise to normal secondary iso- 
tope effects and also inverse secondary isotope 
effects. The range of A A F *  was from about 
- 200 to + 200 ~ a l . / m o l e . ~ ' - ~ ~  

Comparison of Rate Constants and Activa- 
tion Parameters.-The rate constant kHiO+ was 
first reported to  be 0.77 A[-' set.-' as measured by 
a gas evolution technique in 1-3 N sulfuric acid.j 
The values obtained by subsequent workers have 
been at least l o 5  times larger. Pecsok6 reported 
kHaO+ = 2.5 X lo5 M-' sec.-' as obtained by a 
polarographic technique in the p H  region of 7 to 10. 
Jensen's v a l ~ e ~ , ~  is also in the same order of mag- 
nitude. Freunds reports data from which the 
calculated constants are in agreement to within 
1070 of the value in Table VII. Stockmayer's 
v a l ~ e ~ , ~ ~  is also in good agreement with our value 
of 1.00 i 0.04 x lo6 41-l set.-' at p = 0.10. The 
lo5 fold difference in rate between the gas evolution 
technique and the other methods was explained' in 
terms of the Setchenow equation64@ relating the 

( 5 2 )  A. Streitwieser, Jr., R .  H. Jagow, R. C. Fahey and S. Suzuki. 

(53) R. E. Weston, Jr., Tetrahedron, 8, 31 (19.59). 
(54) K. T. Leffek, J. A.  Llewellyn and R.  E.  Rohertson, J .  Am. 

Chem. Soc., 82, 6315 (1960). 
( 5 5 )  A.  Llewellyn, R .  E .  Robertson and J. 11. IT. Scott, Chemislry & 

I n d n s l ~ y  (London),  723 (19.59). 
( 3 6 )  K. T. Leffek, J. A .  Llewellyn and R.  E. Robertson, Con .  J .  

C h r n . .  38, 2171 (1960). 
( 5 7 )  E. A.  Halevi, Telrahedron, 1, 174 (1957). 
(58) V. J .  Shiner, Jr., ib id . ,  6 ,  213 (1958). 
(59) L ,  S .  Bartell, Tetrahedron L e f l r r s ,  No. 6,  13 (1960). 
( f iO)  L. S. Bartell, private communication, and papers in press t o  

J .  A m .  Chein. SOL.  
(61) The interaction, +ij, between two non-bonded atoms i and j 

is expressed in Mie's formulation. The various parameters are esti- 
mated from scattering potentials or Lennard-Jones and Morse curves. 
hlost force constants are considered in the harmonic approximation 
and all off-diagonal elements are set nearly equal to  zero. The over- 
all energy, EH of an assembly of atoms is then calculated. Then one 
distance is shortened 0.001 to  0.010 A.  t o  account for the anharmonicity 
upon substitution of deuterium for hydrogen. A new energy value E D  
is now calculated. The difference E H  - ED is then the estimate of 
the steric effect. The model ignores some kinetic energy terms. 
The imporlanl conclusion i s  t h a t  the sleric effect m a y  be of ik same order 
of magtiilzrde as predicled on the bas is  of hyperconjugaliz'e or induclioe 
effects 

(62) hlislow has claimed tha t  a steric explanation based on the 
size of deuterium compared to  hydrogen is not compatible with data  
on reduction of ketones. This reaction is of v?ry low s t e r i c  require- 
ments as seen comparing the AF observed (170 cal./mole.) upon sub- 
stitution of a methyl group for a hydrogen. Using amineboron com- 
plexes as  a reference and then estimating the parameters of methyl- 
hydrogen-interaction in Mislow's reduction, a crude estimate of t he  
potential function for ketone reduction can be made. On such a basis, 
the maximum steric isotope effect k a l k D  is estimated to  be only 
1.C006 which is to  be compared with the observed value of 1.0000 i. 
0 0002. I t  is concluded that  Mislow's system is too insensitive to  the 
steric effects and does not constitute a crucial experimental case to  
rule upon the nonexistence of such effects. 

(63) A more detailed discussion of the theory was made before the 
Indiana Academy of Science, Oct., 1961: R .  E. Davis, Proc. I n d .  Acad.  
Sci. ,  in press. 

J .  Am. Chem. SOL. ,  80, 2326 (1958). 

(61) M. Setchenow, Ann. chim. phys . ,  6, 25, 226 (1892). 
(65 )  H. S.  Harned and B. B. Owen, "The Physical Chemistry of 

Electrolytic Solutions," 3rd Ed., Reinhold Publishing Corp., New 
E'ork, N. Y., 1958, p. 531. 
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solubility of a gas to the concentration of elec- 
trolytes in solution. It is to  be expected that the 
rate of attainment of equilibrium between the gas 
phase and solution will also obey an expression of 
this form. This is completely analogous to  the 
quasi-thermodynamics used in the theory of abso- 
lute rates. Expanding the Setchenow eyuation 
into a power series gives an expression which will 
predict an apparent first-order dependence of the 
rate of evolution on the electrolyte concentration 
over a narrow range. 

JollyG6 has recently investigated the hydrolysis 
of borohydride in the pH region of 7 to  3.5 using a 
flow apparatus. The rate constant is in agreement 
with that reported in this paper. Alt one molar 
acid, the lower liniit of 104 J1-l sec.-l mas placed 
upon the rate constant. 

The present study has been performed at  25'. 
However, Pecsok6 reports Ea = 9.1; Freund8 re- 
ports Ea = 7.2; Stockmayer24 reports 9 + 1 and 
Jolly66 reports 7.7 kcal., mole for the ~ H ~ o +  term. 
A best average value would be 8.4 rf 0.9 kcal., 
mole. From this datum the value of AH* = 7.8 

(66) R Xesmer and W Jolly, Annual .\ E C Report, pr i \a te  com- 
munication, March, 1961 

=t 0.9 kcal./mole and AS* = -6 =k 3 cal./mole 
deg. can be calculated. The entropy of activation 
is abnormally lower than that expected for the uni- 
opposite charge type as represented in reaction 8. 

The thermodynamic functions for reaction 4 
have been measured. The heat of reactionj67 A H ,  
is -63.87 kcal. The A H o  a t  298OK. is -63.73 
kcal.; A S o  is 103.0 e.u.; and AFo is -994.45 kcal.'jj 
The half-cell potential, Eo,  has been estimated to  be 
4-1.24 voltsfiS and +1.23 vo1ts.j The standard 
entropy So of aqueous borohydride ion is 25.5 =t 1 
e.u.6s 
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Boron Hydrides. IV. Concerning the Geometry of the Activated Complex in the 
Hydrolysis of Borohydride Ion by Trimethylammonium Ion 

BY ROBERT EARL DAVIS 
RECEIVED JULY 14, 1961 

The rate of hydrolysis of sodium borohydride in aqueous solution at constant pH and constant ionic strength is increased 
The amount of trimethylamine borane produced is much less than the theoretical amount pre- 

Brief discussion has been 
The mean life time of a caged molecular system of borine, hydrogen and trimethyl- 

by trimethylammonium ion. 
dicted on a four center activated complex. 
made concerning a three center complex. 
amine is estimated. 

On this basis the four center complex is rejected. 

The hydrolysis of sodium borohydride in aqueous 
solution has been discussed in the preceding 
paper. Three simple geometric relationships sug- 
gest themselves (1-111). The theoretically cal- 

\ 
\ 4 - - H  
-B-H / i  1 
/ i  . .  . .  . .  . .  . .  . .  . .  \ -B-H . . . . . . .H--A,  

/ H\Ai dj-H 
I I1 I11 

culated values' of the kinetic isotope effects have 
been found to be rather insensitive to the assumed 
geometry. The boron-hydrogen isotope effect, 
k H l k D ,  is in the range of 0.95 to 0.60 for various 
models. Experimentally the value',? is 0. i o .  

A simple experimental test can be made between 
a three center complex (I or 11) and a four center 
complex (111) if the product, HSB-Aj, is stable 
under the conditions of the hydrolysis and if i t  can 
be quantitatively determined. In  the present re- 

(1) R. E. Davis, E. Bromels and C. L. Kibby, J .  A m .  Cheni S o c  , 84, 

(2) R. E. Davis, C .  L. Kibby and C. G. Swain, i b i d . ,  82, 5930 
885 (1962), Paper 111. 

(1900). Paper 11. 

port we wish to demonstrate that the four center 
complex (111) is incorrect when A j  is trimethyl- 
amine. 

Predictions from the Geornetrics of 1-111.- 
The most interesting system would be when -4, is 
a water molecule. However, aquated borine, 
H3BOH2, is not stable in water3 nor could one de- 
termine that it formed from the hydronium ion or 
from the water in the solvation sphere of the boro- 
hydride ion. When Aj is trimethylamine, the 
adduct is very stable in aqueous solution and hy- 
drolyzes only slowly in acidic  solution^.^ Tri- 
methylamine borane has a high fugacity and can be 
determined in aqueous solution by gas chromatog- 
raphy using a sensitive flame ionization detector. 

Nodels I and I1 predict that a molecule of hy- 
drogen will be formed between the borine and the 
newly formed trimethylamine molec~le .~  The 

(3) H. I. Schlesinger, H.  C. Brown, et ai., i b i d . ,  76, 186 (1953). 
(4) G. E. Ryschkewitsch, ibid., 82, 3290 (1960). 
( 5 )  An analogy can be made with the  solvent separated ion-pair6 

and decomposition of azo compounds in which a stable nitrogen' 
molecule is formed between the two radical fragments in the  solvent 
cage.8 

(6) S. Winstein and G. C. Robinson, J .  Am. Chem. SOC., 80, 169 
(1958), and earlier papers. 


