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bis(trimethylsily1) amiiioiiiuin chloride, is unstable and 
will spontaneously decompose into hexamethyldisila- 
zane, trimethylchlorosilane, and ammonia (eq 5). The 
[(CH3)3Si]&H.HCl-+ 

( 5 )  

ammonia produced in reaction 5 is necessary for the next 
reaction. This step is the amination of the remaining 
boron-chlorine bond to form aminobis(trimethylsily1)- 
aininotrimethylsilylaminoborane (111) and ammonium 
chloride (eq 6). The large amino groups on the boron 

(iCH-)3Si12NBNSi(CH3)3 + 2NH3 --+ 

l/z[(CH3)&3]2NH 4- (CH8)3SiCI f '/ZSH3 

c1 

I 
H 

I1 
"2 

I 
[ ( C H ~ ) J S ~ ] Z N B S H S ~ ( C H ~ ) ~  f KHICl (6) 

probably prevent any condensation to form a diboryl- 
amine. The disappearance of the ammonium chloride4 
in the reaction in which the ratio of the hexamethyl- 
disilazane to trichloroborane was 3 : 1 can best be 

I11 

explained by the final step in the reaction sequence. 
This is the reaction of hexamethyldisilazane with 
ammonium chloride to form trimethylchlorosilane 
and ammonia. This is the reverse of the reaction in 
which hexamethyldisilazane is normally prepared ; how- 
ever, the reaction between a silyl halide and an amine 
has been found to be reversible by Anderson.18 Since 
the ammonia formed can be constantly used in the 
formation of I11 (eq 6 ) ,  the reverse of this last reaction 
in this scheme cannot occur readily (eq 7). The ne- 

(7) 

cessity of having an excess of hexamethyldisilazane for 
the formation of the trisaminoborane (111) was demon- 
strated by a reaction between hexamethyldisilazane and 
boron trichloride in a I : 1 mole ratio in refluxing hex- 
ane. In this experiment there was no evidence for the 
formation of 111. 

1/~[(CH3)&3]~NH + NH4C1 + (CH3)3SiCl + S/&JH3 
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The hydrolysis rates of B-tris(phenylethyny1)borazine derivatives are increased by the addition of acids and bases. The 
reaction was found to be first order with respect to borazine as well as with respect to acid and base concentrations. The 
isotope effect and the solvent isotope effect on the hydrolysis rate were measured to elucidate the mechanism. The hy- 
drolysis proceeds more rapidly in dioxane-HzO than in dioxane-DZO solution by a factor of 2.1 for hydrochloric acid cata- 
lyzed hydrolysis and by a factor of 1.70 for triethylamine-catalyzed hydrolysis. The activation energies AE* for the acid- 
and amine-catalyzed hydrolyses are about 10 kcal/mole for all of the derivatives examined. On the basis of these data, 
a model of the transition state was proposed for the acid- and base-catalyzed hydrolyses, respectively. 

Introduction 
While considerable attention has been paid to the 

solvolysis reactions of boron compounds in recent 
years, the great majority of the work has dealt with 
boron compounds involving an sp3-hybridized boron 
atom, e.g., borohydrides and amine borane~. l -~  Few 
studies of the solvolysis of sp2 boron-nitrogen com- 
pounds have been described, and no mechanistic 
studies of the hydrolyses of borazines have been made 
probably owing to "the complexities involved in con- 
sidering possible hydrolysis mechanisms of these com- 

(1) M. F. Hawthorne and E. S. Lewis, J .  A m .  Chem. Soc., 80, 4296 (1968). 
(2) G. E. Ryschkewitsch, {bid., 81, 3290 (1960). 
(3) H. C .  Kelly, F. R. Marchelli, and &I. B. Giusto, I m i . g .  C h e ~ . ,  3, 431 

(1964). 

 pound^."^ It is the purpose of the present and the 
following papers to elucidate the mechanism of bora- 
zine hydrolysis and to ascertain the factors determining 
hydrolysis stability. 

The borazine derivatives dissolved in inert organic 
solvents react with water quantitatively to produce the 
corresponding amines and boronic acids according to 
the over-all equation 

(BRNR'), + 6Hz0 + 3RB(OH)z f 3R'NHz 

In preliminary experiments to determine the experi- 
mental conditions, i t  was found that the hydrolysis 
rate was greatly increased by the addition of base and 

(4) R. J. Brotherton and A. L. McCloskey, Advances in Chemistry Series, 
No. 42, Ameiican Chemical Society, Washington, D. C., 1964, p 131. 
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acid, and that the rate without catalyst was low and 
the reproducibility of rate determination was poor. 
The fluctuation might originate in proton and hy- 
droxyl ions of impurity, amine, and boronic acid of 
hydrolysis products, etc. The rate determinations 
were made mainly in the presence of excess acid or base 
as compared with the samples to eliminate the effects 
of the impurities and the reaction products. B-Tris- 
(phenylethynyl)borazine, B E ( C = C C ~ H ~ ) ~ N ~ H ~ ,  appears 
to be suitable for the present investigation because it 
hydrolyzes with an appropriate rate in a water-dioxane 
solvent system and the hydrolysis can be followed by 
the change in ultraviolet absorption. 

The reaction was found to be first order with respect 
to borazine as well as with respect to acid and base 
concentration, the results being employed to exclude 
some of the various conceivable mechanisms. The 
remaining mechanisms were discussed on the basis of 
the kinetic parameters and the deuterium isotope effects. 

Experimental Section 
( 1) Compounds.-Dioxane and triethylamine, initially guar- 

anteed reagents, were refluxed over sodium metal for 15 hr fol- 
lowed by distillation. The hydrochloric acid was a guaranteed 
reagent grade from Wako Chemical Industries, Ltd. Lithium 
chloride and lithium hydroxide were also guaranteed reagents 
from Kanto Chemical Co., Inc., and from E. Merck, respec- 
tively. Commercial triethylamine hydrochloride was recrystal- 
lized three times from an alcohol-ether mixed solvent. Deute- 
rium oxide was obtained from Showa Denko Co., Ltd. and was 
99.75 mole % pure. B-Tris(phenylethyny1)borazines were pre- 
pared according to a previously described procedure .5 B-Tris- 
(phenylethyny1)-N-trideuterioborazine was prepared in the same 
way from B-trichloro-X-trideuterioborazine,6 the deuterium 
content being estimated at about 98yo from the infrared intensity 
measurement. The samples investigated are summarized in 
Table I. 

TABLE I 
COMPOUNDS AND WAVELENGTHS USED 

FOR KINETIC MEASUREMENTS 
(C%HS)~N- 
catalyzed 

hydrolysis, 
mp 

273 
287 
280 
280 
280 

( 2 )  Solvent.-Hydrolyses of borazines were carried out in 
aqueous dioxane to ensure complete solubility of the substrates. 
Solvents were prepared by adding an appropriate volume of water 
to dioxane so as to give the desired composition. Solvents in- 
volving catalysts were prepared by adding an aqueous solution 
of the appropriate substance instead of water. In this case, the 
volume due to compression by mixing was corrected for the cal- 
culation of the catalyst molar concentration. In the catalytic 
hydrolysis experiments, a large excess of catalyst was employed 
so that the change in catalyst concentration during solvolysis 
would be negligible as compared to the change in borazine con- 
centration. The solvent composition, e.g., 80 vol yo dioxane-20 
vol yo water, will be abbreviated as 80% aqueous dioxane. 

(3)  Kinetic Measurements .-The hydrolysis experiments 
were carried out in a glass-stoppered 1-cm quartz cuvette, and 
the progress of the hydrolysis was followed by reading the de- 
crease in optical density ( E  = -log l") of the solution on a photo- 
electric spectrophotometer, Model EPU-2A, from Hitachi Co ., 
Ltd. In order to determine a suitable wavelength for the kinet- 
ics, the ultraviolet spectra of the reactant and the product of 
each reaction were measured in dioxane as well as in aqueous 
dioxane. The wavelengths of Table I were chosen for the 
kinetic studies, since the difference in molar absorptivity between 
the reactant and the product causes a large change during the 
kinetic run. The quartz cuvettes were held in the modified cell 
compartment as shown in Figure 1, so that the desired tem- 
perature could be maintained within &0.02°. 

Q 

Figure 1.-Modified cell compartment: (1) glass-stoppered 1- 
cm quartz cuvette; ( 2 )  quartz window; (3) thermistor thermom- 
eter; (4) slider; (5)  to and from thermostat; (6) insulator; (7) 
monochromater; (8) detector; (9) water jacket. 

In a typical run, 3.3 ml of 90% aqueous dioxane involving 
hydrochloric acid was placed in each absorption cell. The tem- 
perature of the solvent was measured in one of the four cells with a 
thermistor thermometer, "Thermo-Finer," from Jintan Terumo 
Co., Ltd., Tokyo. B-Tris(phenylethyny1)borazine was dissolved 
in neutral 90% aqueous dioxane at  a concentration of about 10-2 
M ,  the concentration being chosen so as to give the highest ac- 
curacy on the spectrometer. When thermal equilibrium had 
been attained, 10 p1 of the borazine solution a t  thermostat tem- 
perature was added by a microsyringe and the sample solution was 
immediately stirred for a few seconds with a small glass rod kept 
a t  the same temperature. After capping the cells quickly, the 
readings of absorbance were commenced and recorded on a tape 
recorder usually a t  3-sec intervals. With two men working to- 
gether, it was possible to prepare the reaction solution and to 
set up the reading within 15 sec. An infinity reading, E ,  = 
-log T,, was made after about 10 half-lives. In all cases, plots 
of log E - E ,  vs .  time were linear; thus first-order kinetics were 
obeyed. The slope of the line was determined by the method of 
least squares to afford the total first-order rate constant, k o b s d ,  for 
decreasing absorption. The important constant, kobsd ,  was de- 
fined as 

(5) H. Watanabe, T. Totani, and T. Yoshizaki, Inovg. Chem., 4, 657 
(1965). 
(6) H. Watanabe, T. Totani, T. Nakagawa, and M. Kubo, Sfieclrochim. 

Acta, 16, 1076 (1960). 

In  the above-mentioned procedure, it is unnecessary to know the 
initial concentration exactly and any convenient time is suitable 
as the starting time to. 
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(4) Effects of Added Substances on Rates in Aqueous Di- 
oxane .-The rate of hydrolysis was increased by the addition of 
acids, amines, and lithium hydroxide. The effects of various 
substances on the hydrolysis of B-tris(phenylethyny1)borazine 
are shown in Table 11. These data demonstrate linear rela- 
tionships between the observed rate constants, k o b s d ,  and the 
concentrations of the catalysts; i.e., the reaction is first 
order with respect to the catalyst Concentration. Lithium 
hydroxide markedly affects koj ,dr  and its concentration cannot 
accurately be determined oiving to  its low concentration in the 
reaction having a rate observable with the present equipment. 

75 H C1 

60 H Cl 

90 LiOH 

TABLE I1 
EFFECTS OF CATALYSTS o s  THE RATE COXSTANT 

kobsri IS AQEEOUS DIOXAKE 
Solvent, Concn of 
vol % catalyst X 108, kobed X 10%. Temp, 

90 H C1 0 . 0  0 . 4  24.2 
of dioxane Catalyst M sec-' OC 

5 . 0  22.5 
20.0 88.3 
39.9 169 
59.9 244 

90 N ( CaHeh 0 . 0  0 . 4  16.0 
7 . 3  20.2 

20.4 54.8 
35.6 92.6 

0 . 0  1 . 0  29.9 
7 . 1  109 

13.5 189 
18.9 255 
27.0 352 
0 . 0  1 . 4  20.0 
2 . 6  61.5 
7 . 1  156 
0 . 0  0 . 4  24 
0.358 35.2 
0,402 93.3 
0.442 142 

( 5 )  Salt and Common-Ion Effect on Acid- and Base-Catalyzed 
Hydrolysis Rate.-IYo significant salt effect was observed for the 
hydrolysis in neutral aqueous dioxane up to  0.05 ilf LiCl and 
(C2Hj)8X.HCl. However, the addition of lithium chloride re- 
tarded the hydrolysis rate in hydrochloric acid catalyzed hydroly- 
sis to a slight extent whereas triethylamine hydrochloride had no 
effect on triethylamine-catalyzed hydrolysis, as summarized in 
Table 111. 

TABLE I11 

H3hT3B3(C=CCsH& IN AQUEOUS DIOXASE" 
SALT AND COMMON-ION EFFECTS O S  kobsd FOR HYDROLYSIS O F  

Solvent 
CaHs02- 

kobsd X Ha0 
Catalyst Added subst 106, vol Temp, 

concn X 106, M concn X 106, IM sec-1 70 Q C  

HC1 4990 0 209 90-10 24.2 
HC1 4990 LiCl 5080 168 90-10 24.2 
HCl 3860 0 259 80-20 24.9 
HC1 3860 LiCl 3860 235 80-20 24.9 
HCl 550 0 183 60-40 25.5 
HCl 550 LiCl 560 176 60-40 25.5 
TE.4 506 0 235 60-40 29.9 
TEA 506 TEAH 515 232 60-40 29.9 
TEA 506 TEAH 1030 225 60-40 29.9 

Q TEA and TEAH mean triethylamine and triethylamine 
Iiytlrochloride, respectively. 

( 6 )  The Effect of Solvent Composition.-An increase in the 
water content of the solvent causes an increase in the rate of acid- 
as wcll as amine-catalyzed hydrolysis. The value of kobsd varied 

with the composition over A widc range and could not be detcr- 
mined a t  one catalyst coiicentratioii with the present technique. 
In order to overcome this difficulty, the rate constants kobsd werc 
measured a t  various concentrations of catalyst suitable for the 
measurements and divided by the catalyst concentration in order 
to compare them on the same scale. Here a linear correlation is 
assumed between the analytical concentration of catalyst and 
k&sd in the range examined on the basis of the results in Figure 2. 
The results are shown in Table IT'. 

400-1 

t 
0 - 
X 

P 

" I  I I 4 I 

0 I O  2 0  3 0  4 0  S O  6 0  
concentrafion of catalyst x I o3 (WL) 

Figure 2.-T'ariation of the hydrolysis rate of H3B3S3( C= 
C C ~ H S ) ~  with catalyst concentration: +, in 90% aqueous dioxane 
catalyzed by HCl a t  24.2'; A ,  90% (C2He)3N, 16.0"; 0, 757, 
HCl, 29.9"; 0, 60% HCl, 20.0". 

TABLE IV 
SOLVENT COMPOSITION DEPENDENCE OF kobsd  FOR HYDROLYSIS OF 

H ~ S ~ B ~ ( C = C C ~ H S ) ~  I N  ~ ~ C I D I C  L ~ Q U E O U S  DIOXAKE~~ 
Solvent kobsd/ 

dioxane-Ha0 Temp, [HC~I,,,I,~ IOS[HC11.,,,~,'' 
vo1 70 "C sec-2 -44-1 ,M 

60-40 30.3 4.35 690 
75.0-25.0 29.9 1.54 710 
80.0-20.0 30.4 0.99 1,960 
90.0-10.0 29.0 0.52 12,000 

Q Brackets with suffix "anal" represent analytical concentra- 
tion of the compound therein. 

(7) The Comparison of the Rate of Uv AbsorptionDisappear- 
ance with That of Amine Appearance.-The rate of appearance 
of the amine produced by the hydrolysis of borazine was deter- 
mined and compared with that of the disappearance in the ultra- 
violet absorption. The reaction solution was prepared in a thcr- 
mostated volumetric flask by mixing an appropriate volume of 
a thermostated standard solution of hydrochloric acid with that 
of the borazine in 607, aqueous dioxane. The resulting initial 
concentrations were 400 X 10-j M hydrochloric acid and 20 X 
10-5 M B-tris( phenylethyny1)-X-triphenylborazine. The ab- 
sorption and the amine contents in the reacting solution werc 
determined a t  appropriate intervals. The produced amine was 
determined as follows. One part of the sample was diluted with 
five parts of water to deposit the unreacted starting material. 
After filtration, 1 ml of filtrate was mixed with 5 mi of p-dimethyl- 
aminobenzaldehyde solution in alcohol (3 g of crystals in 100 ml), 
and the optical density of the resulting solution was measured at 
441 mp to determine the amine produced. A good agreement 
was obtained between the rate of decrease of the absorption and 
that of the borazine concentration calculated from the amine ap- 
pearance. 

Complex Formations between the Sample and Catalyst. 
(a )  Hydrochloric Acid.-1 f :t complex i:, foriiied betweeii Iiydro- 
chloric acid and borazine, the electric conductivity may be ex- 
pected to  be reduced. Measurements were made of the electric 
conductivities of the 66% aqueous dioxane solutions containing 

( 8 )  
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TABLE V 
ACTIVATION PARAMETERS FOR CATALYZED HYDROLYSIS OF BORAZINE DERIVATIVES R13N3B8R3 IN AQUEOUS DIOXANE 

Solvent 

vol % 
80-20 
80-20 
80-20 
80-20 
80-20 
80-20 
60-40 
60-40 

&Ha-Ha0 
HC1 catalyzed---- 

HCI concn X AE* , AS*, 
106, M kcal/mole eu 

28,000 10.1 -34.8 
116 9 . 4  -22.8 

8,410 10.4 -30.4 
47,500 10.6 -32.2 
3,360 12.0 -19.1 
1,960 12.0 -19.1 

260 10.7 -20.3 
690 10.8 -19.9 

---Amine catalyzed----- 
Amine concn AE* , A S * ,  

X 106, M kcal/mole eu 

907a 12.6" -19.3a 
(kobsd 0) 

4700 8 . 7  -34.5 

1950 10.3 -24.1 
368 9 .0  -26.3 
587 9.0 -26.3 

a Lithium hydroxide catalyzed hydrolysis. 

TABLE VI 
COMPARISON O F  HYDROLYSIS RATES O F  BORAZINE DERIVATIVES I N  80 VOL % DIOXANE-20 VOL 7 0  WATER 

-Substituent---- 105[HCllanai, Temp, 
R l  R M O C  

CsH6 CH3 28,000 9.3 
C6H5 H 116 9 .4  
Cs& CkZCCHp 47,500 7.9 
CeHS CkZCC6H6 8,410 8 .9  
H CZCCeH6 3,360 8.1 

8.0- - 6.0- - 
t 

0)  - 
o 4.0- 
E - 

1 .  
0 

J 2.0- 

( I / T ) X  l o 3  

Figure 3.-Variation of hydrolysis rate of H ~ N ~ B ~ ( C = C C ~ H K ) ~  
with temperature: in 60% aqueous dioxane: -W-W-, [HClIanal 
= 690 X M; -0-0-, [HCl].,,l = 260 X M; in 80% 
aqueous dioxane: -GO-, [HC1lan,l = 3360 X M; -A-A-, 
[HCl]...i = 1960 X M. 

kobsd/ [ H C ~ I S ~ I ,  106[(C2H~)sNlitllair Temp, kobsd/ [(CzHdaN land ,  
sec-1 M-1 M OC sec-1 M-1 

2.24 x 10-3 u p  to 1 M 8 . 7  N O  
3.34 u p  to 1 M 8 . 7  N O  
3.18 x 10,200 8 . 6  2.64 x 10-3 
1.29 X 4,700 9.7 3.24 X 
1.98 x 10-1 4,000 8 . 7  3.80 X lo-' 

2.6 moles/. of hydrochloric acid with and without adding 
2.6 moles/l. of B-tris(phenylethyny1)-N-triphenylborazine and 
were then compared with each other. The resdts were 64.0 
pmhos for both cases suggesting an inappreciable formation of 
the complex. 

Triethylamine .-Provided a complex is formed between 
the borazine and triethylamine, the ultraviolet spectrum of the 
sample solution should undergo a change by the addition of tri- 
ethylamine. B-Tris(phenylethyny1)borazine afforded the same 
ultraviolet spectrum in the mixed solvent of 9870 dioxane, 1% 
water, and 1% triethylamine as in pure dioxane. 

The Variation of k&sd with Temperature and Activation 
Parameters.-The influence of temperature was investigated 
for the hydrolyses of several borazine derivatives. Some typical 
Arrhenius plots concerning the second-order rate constant, kobsd/ 

[HCl]...l, are shown in Figure 3. The least-squares treatment 
of these data led to the activation energies AE* and the activa- 
tion entropies A S *  given in Table V, the transmission coefficient 
being set equal to unity. 

(b) 

(9) 

(10) Structural Effects.-In order to examine the influence 
of substituents on the reaction rate, the values of kobed/[HC1]anal 
and k&~d/[ (C&)3N]~~~l  which have been obtained in the ex- 
periments of the above-mentioned temperature dependence are 
tabulated in Table VI for ease of comparison. Although the 
values depend on the catalyst concentrations to some extent, 
comparisons of the second-order rate constant are warranted. 

Hydrogen Exchange between Borazine and Water.-In 
order to examine the exchange reaction of the hydrogen attached 
to the ring nitrogen, B-tris(phenylethyny1)borazine-d3 was dis- 
solved in 60% aqueous dioxane without a catalyst and allowed 
to stand for about 10 min. After removing the solvent a t  room 
temperature under reduced pressure, the residue was recrystal- 
lized to purify the starting material. The absence of the NH 
stretching band a t  3453 cm-l indicated that the rate of exchange 
in the NH hydrogen is zero or negligible relative to the rate of 
solvolysis. 

(12)  Hydrogen Isotope Effects.-The kinetic effect of chaug- 
ing the protons attached to nitrogen to deuterium was studied 
for the hydrolysis of B-tris(phenylethyny1)borazine. No sig- 
nificant isotope effect was observed for the acid- and base- 
catalyzed hydrolysis in 60% aqueous dioxane, as shown in Table 
VII. This is presumably not due to the rapid exchange reac- 
tion between the N-trideuterioborazine and water as mentioned 
above. 

(11) 

TABLE VI1 
HYDROLYSIS RATES (Robs& X lo4,  SEC-') O F  H ~ N ~ B ~ ( C E C C ~ H E ) ~  

AND DaN3Ba(bCCsH5)3 I N  60 VOL % 
DIOXANE-40 VOL '% WATER AT 24.0" 

HC1 catalyzed (CaHdaN catalyzed 
Substrate 170 X 10-6 M 109 X 1 0 - 6  M 

H ~ N ~ B ~ ( ~ C C ~ , H ~ ) S  50.4 34.6 
DaNaB3(@CC6H5)3 50.0 32.7 

Ratio 1.01 1.06 

(13) Solvent Isotope Effect.-Solvolysis rates in dioxane- 
DzO were compared with those in dioxane-HSO to show distinct 
solvent isotope effects. Results are presented in Table VIII. 

Discussion 
In all of the experiments, the disappearance of the 

absorption E - E ,  of borazine solution as a function 
of time closely fits a rate law where the reaction is first 
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TABLE \:I11 
SOLVENT DEUTERIUM EFFECTS O N  HYDROLYSIS RATE 

(kobsd x 104, SEC-1) OF H ~ N ~ B ~ ( c = c c ~ H ~ ) ~  IPIT GO VOL 5% 
DIOXANE-40 \;OL 70 WATER AT 24. O o e  

Solvent HC1, IlC1 catalyzed ( C ~ H I ) ~  catalyzed 

Dioxane-H20 50.4 34.6 
Dioxane-D?O 23.9 20.3 

Ratio 2 . 1 1  1 . i O  
Q The concentration of HC1 or DC1 was l i 0  X 10-j M ,  and 

that of triethylamine was 109 X 10-5 M .  

order with respect to E - E,, a t  least over several 
half-lives. On the other hand, since the six boron- 
nitrogen bonds must be cleaved before completing 
its decomposition, the hydrolysis of borazine can be 
expected to involve several steps and hence inter- 
mediates which may not give rise to a first-order reac- 
tion. An apparent straight-line fit to a first-order 
plot may be obtained if the rate constants of the several 
steps are in a proper ratio. However, i t  is not probable 
that a fortuitous ratio of rate constants gives data 
which fit a first-order plot over the range of solvent 
composition, temperature, and wavelength studied, 
though there is some latitude in the determination of 
the absorption. Another condition giving the apparent 
straight line is that the reaction involves only one rate- 
determining step and the concentrations of all inter- 
mediates are quite 1 0 ~ ~ .  The coincidence of the rate 
of absorption disappearance with that of the hydrolysis 
product formation also strongly supports the mech- 
anism of one rate-determining step followed by some 
rapid steps in both acid- and amine-catalyzed hy- 
drolysis. 

Thus, among the possible mechanisms consistent 
with the experiments, types A-1, A-2, and B seem most 
likely, and other ones are unnecessary to consider. 
The symbols used in this paper have the following 
meanings: SO = sample borazine; S1, Sz = unspecified 
kinetic intermediate; X, Y = appropriate reactants, 
e.g., H30+, C1-, H20, etc. ; Ko = equilibrium constant 
of the rapid preequilibrium; k = specific rate constant 
of the rate-determining step; f x J  fy = activity coef- 
ficients of X and Y; brackets signify the concentra- 
tions of the materials in them. 

Mechanism A-1 is 
KO 

SO +- X e SI rapid preequilibriuiii 
k 

SI -+- SZ rate-determining step 

S2 + nH2O product fast step 

I t  will be convenient to express kohsd in an explicit form 
in order to clarify the meaning of kobsd  in each mech- 
anism. Mechanism A-1 leads to the well-known equa- 
tion with neither a steady-state nor an equilibrium 
approximation 

where 

If SI is much less than SO, i .e. ,  if KojX[X] 
<< 1 

[S~l/[Sol 

kabsd = IIOS,;XlK ( 3  1 
This condition may be satisfied by the experiments 
descirbed in the section dealing with complex forma- 
tions between the sample and catalyst. 

Mechanism A-2 is 
KO 

So + X e SI 
SI f Y + SZ 
Sz + nHzO --+ product 

rapid preequilibriuiii 

rate-determining step 
12 

rapid reaction 

which leads to 

where 

k 
SO + Y + SI 
SI + nHzO --+ product 

rate-deterinining step 

rapid reaction 

which leads to 

kobsd k.fy[YI (6) 

(1) Acid-Catalyzed Hydrolyses.-Molecule and ion 
species conceivable for X and Y are H30f, C1-, H30"- 
C1-, HzO, and H30+ + H30 +Cl-, the last one signify- 
ing that H30+ behaves in the same manner as the ion 
pair in affording catalytic effect. There are 25 sets of 
X and Y for mechanism A-2, 5 species of X for the P -1, 
and 5 species of Y for mechanism B. Most of these 
sets can be excluded by the following simple considera- 
tions. 

Hydrochloric acid is almost completely ionized7 
to H30+ and C1- a t  the concentration of 550 X lop5 
M in 60y0 aqueous dioxane indicated in Table 111. 
Therefore, the concentration of HaOf mould not be 
significantly affected by the small variation of C1- 
concentration, whereas the ion pair H30 +Cl- of low 
concentration would increase in proportion to the in- 
crease of C1- ion concentration, as can easily be derived 
from the dissociation equilibrium equation. It fol- 
lows that on adding lithium chloride or C1- ion, kobsd 

should increase according to eq 3 and 5 if X or Y is 
C1- or H30+C1-. The results in Table I11 indicate 
that kobsd  is independent of lithium chloride concentra- 
tion and exclude sets involving C1- or H30+C1- as 
X or Y in mechanisms A-1, A-2, and B. 

Some other sets may be ruled out by considering the 
relations between kobsd  and analytical hydrochloric acid 
concentration, [HC1],,,1. Since hydrochloric acid is 
almost completely dissociated in 6070 aqueous dioxane, 
H30+ concentration can be equated to [HC1],,,1. 
Then, with the set X = H30+ + H30+C1- and Y = 

(7 )  H. P. RIarshall and E. Grunwald, J .  Chein. Phys., 21, 2143 (1953). 
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H30+  in mechanism A-2, for example, we can rewrite 
eq 5 as 

where f is the activity coefficient for H30+. That is, 
the hydrolysis should be second order with respect 
to [HC1],,,1, and this consequence is opposed to the 
results of the curves in Figure 2 .  Similar discussions 
apply to the following cases to exclude them: X = Y 

H30+Cl-; and X = Y = H30+. 
In 90% aqueous dioxane, hydrochloric acid’ is present 

mostly in the form of the ion pair H30+C1- in contrast 
to the 60y0 aqueous dioxane, and [H30+Cl-] may be 
set equal to [HCI],,,I. 

kobsd = Ko(f[H3Oi] + [HaO’CI-] ] kf[HaO+] K0kf~[HClIan.1~ 

= H30+ -/- H,O+C1-; x = H30+, Y = H30+ + 

By taking [H30+] = [CI-] 
~~ 

f’[HzO+] = d \ / K [ H m  0 dK[HCl].,,,, 

where f’ is the average activity coefficient for H30+ 
and C1-. Then, it can readily be shown that for the 
set X = H30+ and Y = H20 in mechanism A-2, kobsd 

is related to [HC1],,,1 through the formula 

kobsd Kof’[HaO ‘1 k [HzO] Kok [HzO] d K  [HCI].,,I 

This relation implies that the kinetic order is l/z in 
[HCl],,,1 and is in discord with the results in Figure 2. 
Similar discussions can exclude the other three sets- 
X = HzO and Y = H30+ in mechanism A-2, X = 
H30+ in mechanism A-1, and Y = H30+ in mechanism 
B. 

One of the sets consistent with the above-mentioned 
experimental results is X = HzO and Y = H30+ + 
H30+C1- of mechanism A-2. The complex forma- 
tion between water and borazine could not be detected 
spectroscopically suggesting that the coordinated bond 
is extremely weak if present or the concentration of the 
complex is extremely low. This fact implies that the 
complex can be regarded as a kind of transient struc- 
ture on the way from the initial to the transition state 
on the reaction coordinate. There is little point in 
setting up a distinction between mechanism A-2 in- 
volving a small amount of (or weak) complex forma- 
tion and that with preequilihrium missing, Le.,  mech- 
anism B, in which Y = H30+ + H30+C1-. The latter 
mechanism will be referred to later. 

The following three sets fit the above-mentioned 
experimental results: X = H30+ + &O+C1- and 
Y = HzO of mechanism A-2; X = H30+ + H30+C1- 
of mechanism A-1; and Y = H30+ + H30+C1- of 
mechanism B. These mechanisms will be examined by 
testing the deuterium isotope effect to deduce the most 
probable mechanism. 

Deuterium Isotope Effect.-Let upper suffixes H and 
D represent the quantities in the normal aqueous dioxane 
solution and those in deuterium oxide-dioxane mixed 
solvent, respectively. Then the ratio kHobsd/kDobsd 

in the solvent of the same composition becomes 

for mechanisms A-1 and A-2 or 
kHobsd/kD)obsd = (KHo/RDo )(kH/kD) 

kHobsd/kDobsa = kH l k D  

for mechanism B. 

First, in order to estimate the solvent deuterium 
isotope effect on the preequilibrium constant KO in 
mechanisms A-1 and A-2, the following models were 
assumed for the initial and final states 

R 
l-, ’ D I  

H’ H ‘H . . .  . . .  
R 

I 
R’ 

where the dotted lines indicate hydrogen bonds donated 
to and accepted from other solvent molecules. The 
isotope effects were calculated using the method pro- 
posed by Bunton and Shiner,s in which the 0-H 
and N-H bending frequenciesg were reasonably as- 
sumed to be about 1600 cm-’ both in the initial and 
final state, thus leaving only the stretching vibrations 
to be taken into account. The 0-H stretching fre- 
quencies1° in HzO and H30+  are taken as 3400 and 
2900 cm-l, respectively, and the frequency of the 
hydrogen bonded to the ring nitrogen as 3263 cm-’ 
which is the average value of NH stretching frequencies 
of 1,3,5-trimethylcycloborazane, 3278 and 3247 cm-’. 
The isotope effect on the preequilibrium is then calcu- 
lated as KHo/KDo = antilog [ ( V H  - v ~ > ) / 1 2 . 5 3 T l  = 
0.43. Second, in the rate-determining step, the reac- 
tion is assumed in mechanism A-2 to proceed through 
a transition state where a water molecule attacks the 
boron atom next to the ammonium ion formed in the 
preequilibrium step. The change in OH stretching 
frequency for this process is then nearly zero, leading 
to no isotope effect on k .  Thus, the total isotope effect 
is calculated as 0.43. In  the case of mechanism A-1, 
the N-H stretching frequency of the intermediate com- 
plex can reasonably be assumed to be maintained al- 
most unchanged during its monomolecular decomposi- 
tion process, and the same value of the isotope effect 0.43 
is again obtained. Varying the N-H stretching 
frequencies over conceivable ranges, we made similar 
calculations to find a trend opposite to the observed 
value, 2.11, and ruled out the last mechanisms A-1 and 

The exclusion can receive further support from the 
following consideration on the acidity function, 12 ,  l 3  

a measure of proton-donating power of the solvent. 
The present mechanism, therefore, requests that the 
intermediate complex is formed in proportion to the 

A-2. 

(8) C. A. Bunton and V. J. Shiner, Jr., J .  Am. Chem. Soc., 85, 42 (1961). 
(9) R. M. Silberstein and G. C. Bassler, “Spectrometric Identification of 

Organic Compounds,” John Wiley and Sons, Inc., New York, N. Y., 1963. 
(10) M. Falk and P. A. Gigu$re, Can. J. Chem., 86, 1195 (1957). 
(11) D. F. Gaines and R. SchBeffer, J. Am. Chem. Soc., 86, 395 (1963). 
(12) L. P. Hammett, “Physical Organic Chemistry,” McGraw-Hill Book 

(13) L. P. Hammett and A. J. Deyrup, J. Am. Chem. Soc., 54,2721 (1932) 
Co., Inc., New York, N. Y., 1940, Chapter IX. 
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proton-donating power, ;.e., that -log kobsd varies in 
proportion to the Hammett acidity function Ho. 
According to Braude, l4 the Hammett acidity function 
a t  a constant hydrochloric acid concentration varies 
through a minimum value at about 45 mole yo, ;.e., 
about 80 vol % of dioxane, with increasing water con- 
tent in the dioxane-water mixed solvent. Thus the 
rate constant kobfid may be expected to vary with the 
solvent composition a t  a constant hydrochloric acid 
concentration through the minimum value a t  about 
80 vol %. This expectation is again opposed to the 
results in Table IV, where kobsd increases monotonically 
with the water content in the solvent. An example to 
show the minimum kohfid value a t  about 80 vol % will 
be presented in a subsequent paper15 dealing with the 
hydrolysis of tris(dialkylbory1-2-pyridy1amino)borane. 
Thus none of the sets of X and Y for mechanisms 
-4-2 and A-1 can explain all of the experimental results 
as mentioned above, leading to the conclusion that the 
hydrolysis mechanism does not include any preequilib- 
rium step. 

The mechanism consistent with all of the experimental 
results is Y = H30+ + H30+C1- of mechanism B. 
The sum of [H30+Cl-] and [H,O+] is nearly equal to 
[HC1Iana1 and independent of the solvent composition 
as well as of the concentration of C1- ion added to the 
solution. Thus, assuming that H30+ and H30+C1- 
may donate a proton with the same ease, one can ex- 
plain the experimental results by the mechanism 
involving the concerted hydronium ion transfer 

R 
I uoH=2Qo0 cm-1 

R '++R ' 
HsO'or ---f II I 

I 
R' H 

R,B\NyB,R + H 3 0  'CY 

R, 
transition state 

R' 

The stretching frequency of the proton moving from 
water to borazine may be set equal to zero at the stage of 
this transition state, as usual.8 The frequency dif- 
ference between the initial and the transition state 
gives the isotope effect,16 kHoh8d/kDobsd, of 3.2 in good 
agreement with the experimental value 2.11 in Table 

(14) E. A. Braude, J .  C h e m  Soc. ,  1971, 1976 (1948). 
(15) T. Yoshizaki, H. Watauabe, and T. Nakagawa, the second paper nf 

(16) C. A. Bunton and V. J. Shiner, Jr., J .  A m .  Chein. Soc., 83,  3207, 3214 
this series, submitted f o r  publication. 

(1961). 

VIII, which supports mechanism B where Y = H30+ 

(2) Amine-Catalyzed Hydrolyses.-The conceiv- 
able molecule or ion species for X and Y in mechanisms 
A-1, A-2, and B are HzO, N(C2H5j3> OH-, N(C2H5)3Hf, 
N(C2H5)3H".0HS-, and S(C2Hs)3H"+OH6- + OH-, 
the last one signifying that the effect of the two species 
is similar. Most of these combinations can be ex- 
cluded by a simple consideration of the facts that the 
reaction is first order with respect to borazine as well 
as [X(C2H&j]ana1. Addition of lithium chloride does 
not increase the hydrolysis rate, whereas lithium hy- 
droxide increases, as shown in Table 11, the slope dkohsd/ 
d [LiOH],,,1 being much larger than that of dkohsd/ 
d[N(C2Hj)31anal. This fact means that OH- ion is 
much more effective in accelerating the hydrolysis of 
borazine and cannot be taken to afford an effect equiva- 
lent to N(C2H5)3HSf.0H-; ;.e., (C2H5)3NH6+.0HS- -+ 
OH- must be excluded. 

The addition of triethylamine hydrochloride did not 
cause any significant effect on the rate of hydrolysis in 
water or any common-ion effect on the hydrolyses 
catalyzed by triethylamine. The ionization constant 
K of triethylamine is of the order of in aqueous 
solution and is expected to be greatly decreased in 
aqueous dioxane solutions used in the present experi- 
ments. The concentration of OH- ion is much lower 
than that of triethylamine hydrate, and OH- catalyzes 
to an inappreciable extent in the amine-catalyzed 
hydrolysis experiments. Therefore, the increase of 
triethylamine hydrochloride concentration must de- 
crease the hydrolysis rate in proportion to [N(C2H5)3. 
HCl]anal-l'z, if OH- plays an important role in the 
mechanisms, except A-2 with X = Y = OH- where 
the reaction rate requires a proportional change with 
1/ [N(CzHJ3.HC1Iana1. These consequences are all 
inconsistent with the experimental results and therefore 
the OH- ion species is excluded. 

The absence of the isotope effect in Table VI1 ex- 
cludes the mechanisms involving addition onto the ring 
nitrogen in the preequilibrium step. 

The mechanisms compatible with the above-men- 
tioned results and discussions are: (a) X = H 2 0  and 
Y = N(C2H5)3 or its hydrate for A-2; (b) X = N- 
( C ~ H E ) ~  or its hydrate and Y = HzO for A-2; (c) 
X = N(C2H5)3 hydrate for 11-1; (d) Y = N(CaH5)3 
hydrate for B. Although conclusive evidence cannot 
be found to exclude some of them, it is not plausible 
to form complex or adduct in the preliminary equilib- 
rium step. No change could be observed in the ultra- 
violet spectra on adding triethylamine to borazine 
solution as mentioned in experiment 8. Therefore, 
the most probable mechanism is (d); ;.e., triethyl- 
amine hydrate attacks borazine in one step. This 
mechanism may explain the solvent (deuterium) 
isotope effect by assuming a proper transition state and 
proper hydrogen stretching frequencies. Two probable 
models may be expressed as follows: the first (a) 
attacking through the amine nitrogen and the second 
(b) through the mater molecule associated with triethyl- 

f H30+C1-. 
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amine. The estimated stretching frequencies are 
indicated in parentheses 

(3400 em-') 
.HzO 

transition state 

In the course of formation of the activated complex 
(a), the 0-H. . . N  stretching frequency may be as- 
sumed to increase from 3400 cm-' for the initial state 
up to 3600 cm-1. ~ a ~ c u l a t i o n s  of kHobsd/kDobsd similar 
to that of Bunton and ShinerI6 give values less than 
unity contrary to the experimental value of 1.7. On 
the other hand, the activated complex of model (b) 
gives the isotope effect ranging from 1.0 to 10 de- 
pending on the OH stretching frequency assumed. 

Thus, the amine-catalyzed hydrolysis is concluded 
to proceed through a route where the hydrated amine 
attacks the borazine molecule in one step through a 
transition state of model (b). 

Isotope Effects.-The relatively small solvent iso- 
tope effects (2.11 and 1.70) in acid- and amine-catalyzed 
hydrolyses suggest that  the 0-H stretching vibration 
is not greatly altered in the transition state and also 
that hydride-transfer mechanisms are involved in the 
rate-determining steps. l7 This suggestion is consistent 
with the mechanisms proposed above. 

(17) F. Hawthorne and E. S. Lewis, J .  A m .  Chem. SOL., 80, 4296 (1958). 

The small effects of isotopic substitution on nitrogen 
(kNH0bsd/kNDobsd = 1.01 in acid-catalyzed hydrolysis 
and 1.07 in amine-catalyzed hydrolysis) suggest that  
these may be secondary isotope effects and arise from 
the differences between hydrogen vibrational fre- 
quencies in the initial and the transition state. 

Activation Parameters.-Relatively small activation 
energies of about 10 kcal/mole were obtained for various 
borazine derivatives as shown in Table V, scattering 
over a small range of values. The magnitude is con- 
siderably different from those reported for amine 
boranes,2s3 25.7 kcal/mole. The influence of sub- 
stituents on the Arrhenius activation eneigies is con- 
siderably small as can be seen in Table V, whereas that 
on the rate constant is larger, leading to larger dif- 
ferences in the preexponential factor A .  In  acid- 
catalyzed hydrolysis, the ratio of kobsd/ [HC1],,,1 for 
N-triphenylborazine to that for N-triphenyl-B-tri- 
methylborazine is about 1500, only l /600  of which can be 
ascribed to the difference in activation energy. The 
remaining 500 must arise from the frequency factor. 
The difference in the frequency factor may be ascribed 
to the difference in the steric shielding of the sub- 
stituents. 

The results in Table IV indicate that kobsd increases 
with an increase in the water content in the reaction 
solvent. The proposed mechanisms request that  kobsd 

is independent of the water concentration in the solvent 
and appear to be inconsistent with the change in kobsd. 

This apparent inconsistency can be explained by the 
solvent effect on the activation energy. For instance, 
calculations show that the acid-catalyzed hydrolysis 
of B-trisphenylethynylborazine proceeds in 60% aque- 
ous dioxane 8 times as rapidly as in 80% aqueous 
dioxane, and that of the amine-catalyzed hydrolysis is 
15 times as rapid. The observed increments are within 
these factors. 


