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Electrophilic Displacement Reactions. VI. Catalysis by Strong Acids in the Reaction 
between Hydrogen Peroxide and Benzeneboronic Acid1,2 
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The kinetics of the reaction between hydrogen peroxide and benzeneboronic acid has been investigated using aqueous 
solutions of sulfuric, perchloric and phosphoric acids as solvents. The rate in each case increases more rapidly than the 
stoichiometric concentration of acid. H0 correlates the data for phosphoric acid; log aux X aiiso correlates the data for 
perchloric acid. No simple correlation of the data for sulfuric acid has been found. 

An earlier investigation of the kinetics of the re­
action between benzeneboronic acid and hydrogen 
peroxide which yields phenol and boric acid as prod­
ucts dealt with the characteristics of the reaction in 
the pB. range 2 to 6.3 Two ionic reactions were 
clearly distinguished in this range: each is first or­
der in peroxide; one is first order and the other is 
second order in boronic acid; both have specific 
rate constants which increase linearly with the first 
power of hydroxide ion concentration. In addition 
the data indicated the appearance of a ^H-inde-
pendent reaction which is detectable between pH 3 
and pK 1.5. This paper is a report on the kinetics 
of the reaction beginning at pH 3 and extending to 
about 9 molar solutions of sulfuric, perchloric and 
phosphoric acids. 

Results and Discussion 
Perchloric Acid.—The data for solutions of per­

chloric acid are assembled in Table I. It is ap­
parent from the first four items in the table that a 
minimum extending over about one-half pH unit 
exists in the observed specific rate constant. 
Therefore the value 7.7 X 1O-4 1. mole -1 sec.-1 is 
taken as the value for an uncatalyzed reaction. The 
specific rate constant ka for the acid-catalyzed reac­
tion is then the difference between &0bs and 7.7 X 
io-4. 

TABLE I 

HClO 4 , 
m o l e s / 

1. 
0.0025 
. 0050 
.0075 
.0100 
.200 
.750 

2. 4GU 
3.73 
4.12 
5.93 
S.15 

KINETIC DATA IN AQUEOUS PERCHLORIC ACID 

log 
Uv ?> or 

2 . 6 2 ° 
2 3 2 a 

2. 15° 
2 . 0 0 " 
0 . 7 0 
0 . 0 2 

- 0 . 8 8 
- 1 44 
- 1 . 6 4 
- 2 . 5 8 
- 4 . 3 1 

10 ' 
Aoba" 

0 .781 
.771 
.773 
.793 

1.56 
3 . 9 4 

1 6 . 0 
3 1 . » 
4 4 . 0 

137 
605 

10* 

0 
3 

15 
31 
43 

130 
604 

- l og 

3 . 1 0 2 
2 . 4 9 9 
1.818 
1.507 
1 .361 
0 . 8 6 0 
0 . 2 1 9 

OHjO X 
aHClOi" 

- 0 . 8 0 8 
- 0 . 2 2 2 
+ 0 .507 

0 . 9 5 8 
1.041 
1.707 
2 . 3 3 3 

- A / 

2 . 3 1 
2 . 2 8 
2 . 3 4 
2 . 4 7 
2 . 4 0 
2 . 5 7 
2 . 5 6 

3 Measured. 6 L. P. Hammett and A. J. Deyrup, 
T H I S JOURNAL, 54, 2721 (1932); L. P. Hammett and 
M. A. Paul, ibid., 56, 827 (1934). • Units 1. mole"1 sec."1. 
d k„hs -0 .00077 = k*. 'J- N. Pearce and A. F . Nelson, 
ibid., 55, 3075 (1933). > A = log k„ - log aHlo X ancio.; 
mean value = —2.42. 

Items in the table beyond the fourth reveal sev­
eral significant facts. First, a forty-fold increase in 

(1) F o r preceding pape r in th i s series see IT. G. Kuiv i l a and R. M . 
Wil l iams, T H I S J O U R N A L , 76 , 2679 (1954). 

(2) S u b s t a n t i a l s u p p o r t of th i s work by the Office of N a v a l Resea rch 
is grateful ly acknowledged . 

(3) H. G. Kuiv i la , T H I S J O U R N A L , 76 , 870 (1954). 

acid concentration leads to a seven hundred fifty-
fold increase in rate constant. Thus the latter is not 
a simple function of acid concentration. Further­
more it is not a simple function of H^ which varies 
over five units while log k& varies over less than 
three units. This is also shown in Fig. 1 which rep­
resents a summary of all of the data on acid depend­
ence of the reaction over a range of more than ten 
powers of ten in acidity. 

The last two columns of Table I demonstrate 
that &a can be correlated with the product of the 
activities of perchloric acid and water, eq. 1 

log feu = const. + log on,o X OHCIO1 (1) 

A log-log plot (Fig. 2) gives a line with a slope 0.95. 
This type of correlation in strongly acid media 
appears to be unique and resembles the termolecular 
mechanism for general acid and base catalysis orig­
inally suggested by Lowry5 and more recently fav­
ored by Swain.6 In the present case the transition 
state complex must be built up from one molecule 
each of boronic acid, perchloric acid, hydrogen per­
oxide and water. As one possible example reactions 
2 and 3 could lead to structure I from which assembly 
II could be formed via the transition state complex 
(reaction 4). Two molecules of water are needed 
in I: that demanded by equation (1) and that 
formed in reaction (2). This can be seen by adding 
reactions (2) and (3). 

C6H5B(OH)2 + HOOH 

/ O O H 
C8H5B< 

x O H 

fast /OOH 
C6H5B< + HOH 

x O H 
(2) 

fast 
+ HClO1 + 2HOH 

slow 
H>- I I 

I (3) 

(4) 

C6H5-

IV 

H 
I 

h / O , 
O x '-HOClO., 

I 
- B - O H 

i 

X H . 
q v O — H 

I 
H r 

< II C 

C 6 H 5 - O 
I 

B—OH II 
/ 

HO H3O + 

A proton transfer from the perchloric acid molecule 
to a peroxidic oxygen facilitates ionic cleavage at 

(4) L . P . H a m m e t t and A. J . D e y r u p , ibid., 54 , 2721 (1932) ; L. P . 
H a m m e t t , " P h y s i c a l Organic C h e m i s t r y , " M c G r a w - H i l l Book Co. , 
N e w York , N . Y., 1940, p. 2678 . 

(5) T . M . Lowry and I . J . F a u l k n e i , J. Client. Soc, 127, 2883 
(1925). 

(6) (a) C. G. Swain and J . F . B r o w n . T H I S J O U R N A L , 74 , 2534 
(1952), and preceding papers in t h a t series; (b) ibid., 71 , 2538 (1952). 
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iog(o„20) l / ! !.(oH2so,)s/2 

Fig. 1.—Dependence of velocity constants on acidity in 
water and strong acids. The points on the broken line are 
values of koh, = ku + ki\ all others are corrected for kn. 

b l e a v i n g a n e l ec t ron def ic ient o x y g e n t o w h i c h t h e 
p h e n y l g r o u p m i g r a t e s . W a t e r m o l e c u l e q is i n a 
pos i t ion t o e x p e d i t e t h e m i g r a t i o n b y s u p p l y i n g a 
p a i r of e l ec t rons t o fill t h e s p 2 o r b i t a l v a c a t e d b y t h e 
d e p a r t i n g p h e n i d e g r o u p . W a t e r mo lecu l e r is in a 
pos i t ion t o s o l v a t e t h e p r o t o n t h u s re leased . D e ­
ta i l s s u c h a s t h e e x t e n t of c o v a l e n t b o n d i n g b e t w e e n 
q a n d b o r o n o r t h e deg ree of p a r t i c i p a t i o n b y p h e n ­
ide in p r o m o t i n g t h e c l e a v a g e of t h e pe rox i d e l i nk 
m u s t b e unspeci f ied a t t h i s p o i n t . 

P h o s p h o r i c A c i d . — K i n e t i c r u n s were m a d e in 
p h o s p h o r i c ac id s o l u t i o n s r a n g i n g in c o n c e n t r a t i o n 
f rom 7 t o 0 5 % . T h e d a t a a r e p r e s e n t e d in T a b l e 
I I . 

TABLE II 

K I N E T I C DATA IN AQUEOUS PHOSPHORIC ACID 
log 

HiPO1, 
moles/ 

0.725 
2.267 
5.19 
6.87 
9.67 

Ho" 

0.99 
0.28 

- 0 . 6 1 
- 1 . 2 9 
- 1 . 9 8 

102 
Aob..* 
0.332 
1.40 

12.1 
49.8 

214 

10 ' 

0.25 
1.32 

12.0 
49.7 

214 

- l o g 0 

2.593 
1.879 
0.921 
0.304 

-0.330 

" E . Heilbronner and S. Weber, HeIv 
1513 (1949). » Units, 1. mole"1 sec."1. 

OHiPOi 

A* 
1.60 
1.60 
1.53 
1.59 
1.65 

A« 
2.39 
2.38 
2.35 
2.41 
2.48 

CMm. Acta, 32, 
K. L. Elmore, C. 

OH]O 
- 0 . 2 0 
+ 0.50 

1.43 
2.11 
2.81 

M. Mason and J. H. Christensen, T H I S JOURNAL, 68, 2528 
(1946). d - A = Ho + log K; mean A = 1.59. • A = 
log aH,P04/0H!0 —log kg.; mean A = 2.40. 

H e r e a g a i n i t is c lea r t h a t t h e r a t e does n o t v a r y 
in a s i m p l e m a n n e r w i t h t h e c o n c e n t r a t i o n of p h o s ­
p h o r i c ac id s ince a t h i r t een - fo ld i nc rea se in i t s con­
c e n t r a t i o n p r o d u c e s a n e igh t h u n d r e d for ty- fo ld 
i nc rea se in specific r a t e c o n s t a n t . H o w e v e r , t h e 
r a t e c o n s t a n t is n o w c o r r e l a t e d a c c u r a t e l y b y H0 

( co lumns 2, 5 a n d 6 ) . T h i s a p p e a r s t o b e t h e first 
r e c o r d e d e x a m p l e of a r e a c t i o n w h o s e r a t e c o n s t a n t 
is c o r r e l a t e d b y o n e func t ion in s o l u t i o n s of o n e a c i d 
a n d b y a d i s t i n c t l y different f u n c t i o n in s o l u t i o n s of 
a n o t h e r ac id . 

D e p e n d e n c e o n H0 d e m a n d s a t r a n s i t i o n s t a t e 
c o m p o s e d of a mo lecu l e of b o r o n i c ac id , o n e of per ­
ox ide a n d a p r o t o n . T h i s m i g h t b e s i m i l a r t o t h a t 
f o r m e d f rom I w i t h w a t e r mo lecu l e r o m i t t e d a n d 
t h e pe rch lo r i c ac id molecu le r e p l a c e d b y a p r o t o n . 
I I I . T h u s t h e c o m b i n a t i o n , H X + H 2 O in a q u e -

0 

-I 

og k, 

-2 

-3 

-2 
i 

• 

• 

-

-I 
I 

i 

h"*™* I 
i i 

m-I.OO/ / 

/ " / m ' 0 . 9 5 

I I 

/ -

• 

-

• 

-

-

log ( v » a H C I 0 4 ) , 

Fig. 2.—Correlation of rate constants in perchloric and 
sulfuric acids. 

ous pe rch lo r i c ac id p l a y s t h e s a m e role a s H + in 
a q u e o u s p h o s p h o r i c ac id . I n t h e l a t t e r case we 
m a y w r i t e t h e fol lowing e q u a t i o n s w h e r e B A is bo r ­
onic ac id , P is pe rox ide a n d I I I is t h e i n t e r m e d i a t e 

+ / H 
O—0< 

BA + P + H 3 O + — 
fast 

t C 6 H 5 - B - -
I 

OH 

-OH2 + H2O (5) 

I I I 
slow 

-*• products I I I (6) 

w h i c h is c o n v e r t e d t o p r o d u c t s t h r o u g h a t r a n s i t i o n 
s t a t e X + . N o w , t h e r a t e express ion is 

dx 
Al 

[BA] [P] CH,o+ 
Q H J O 

X / B A / P 

or 

kn = kKni « E * / B J / P 

/x + 

(7) 

(8) 

B y def in i t ion , 4 h = H H + Z B Z Z B H + w h e r e Z B a n d Z B H + 

a r e t h e a c t i v i t y coefficients of a b a s e a n d i t s con­
j u g a t e ac id . T h e p r o p o r t i o n a l i t y b e t w e e n fea a n d h0 

imp l i e s thatZi3AZp/Zx+ is affected b y t h e m e d i u m in 
t h e s a m e w a y as /B/ZBH+, a r e a s o n a b l e i m p l i c a t i o n 
for a t r a n s i t i o n s t a t e cons i s t i ng of a n a c t i v a t e d c o m ­
plex of B A , P a n d a p r o t o n . 

F r o m c o l u m n s 7 a n d 8 of T a b l e I I i t is e v i d e n t 
t h a t t h e r a t e c o n s t a n t s a r e a l so p r o p o r t i o n a l t o t h e 
r a t i o of t h e a c t i v i t y of p h o s p h o r i c ac id t o t h e a c t i v ­
i t y of w a t e r . 7 A n i n t e r m e d i a t e l i ke I V c a n a c c o m ­
m o d a t e t h i s fac t . T h e difference in m e c h a n i s m b e ­
t w e e n p h o s p h o r i c a n d pe rch lo r i c a c id s c a n b e a t -

(7) Ho must therefote be a linear function of the log of this ratio. 
This obtains also for hydrochloric and perchloric acids but not for 
sulfuric acid: H. G. Kuivila, J. Phys. Chem., in press. 
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tributed to the fact that much un-ionized acid is 
present in the solutions of the former but not in 
solutions of the latter. The passage of IV through 
the transition state to V is an example of bifunc-

H 
OH, 

/°\ 
CK ^Hx C 6 H 5 - O O 
: x o t 
j 13— O- -P--O H 

C 8 H 5 - B - O < P - O H 
! OH OH 

OH OH 
IV V 

tional catalysis.6b In the proton transfer to a per­
oxide oxygen the phosphoric acid is playing the role 
of electrophilic reagent while in the formation of the 
covalent boron-oxygen bond it is a nucleophilic 
reagent. Its ability to function in this dual role 
accounts for its exceptional catalytic ability. 

Thus we have two mechanisms which differ signi­
ficantly but obey the same kinetic law. Of these, the 
second is more attractive for at least three reasons. 
First, there seems to be no reason why one acid 
should catalyze via assembly I and a second via 
assembly III. Secondly, the extreme effectiveness 
of phosphoric acid is easily understood in terms of 
IV. Finally, the fact that the two acids show dif­
ferent kinds of correlation with acidity becomes rea­
sonable : it is based on a fundamental difference in 
the nature of solutions of these acids. 

Sulfuric Acid.—Table III contains the data ob­
tained in solutions ranging from 2 to 60% sulfuric 
acid. 

It is clear that in the range of acidity covered H0 
does not correlate the data as it does with phos­
phoric acid. Nor is the product of activities of wa­
ter and sulfuric acid a linear function of the rate 
constant as in the case of perchloric acid. Ex­
amination of combinations of various exponents 
(up to two) in the activities of water and acid 
showed that only the product (aH!o)l/!(oH2so))

S//2 

as indicated in the table correlates the data over 

A recent intensive investigation of the acyloin 
condensation of certain aralkyl esters has furnished 
further support for the formulation of the acyloin 
condensation as a free radical reaction.1 The pur­
pose of the present study was to determine whether 
similar evidence could be obtained using a purely 
aliphatic ester. 

Aliphatic esters in the acyloin condensation gen­
erally give good yields of the expected acyloins. 

(1) E. Van Heyniugen, THIS JOUHNAI, 74, 4861 (1952). 

TABLE III 

KINETIC DATA IN AQUEOUS SULFURIC ACID 

H 2 S O I , 
m o l e / 

1. 

0 . 1 9 3 
0 . 3 8 6 
1.13 
2 .2« 
3 , 64 
i;. 38 
8 99 

-fha 

- 0.53 
- 0 . 3 ( 1 
+ 0 . 2 0 

0 . 8 8 
1 . 53 
2 . 85 
4 . 3 0 

102 

0 .184 
0 . 2 8 0 
0 .989 
3 . 1 7 
9. 19 

59 , 1 
300 

10= 

0. 107 
0 . 2 0 9 
0 .912 
3 . 0 9 
9 .11 

59 .0 
300 

- l o g 
*a 

2 .971 
2 . f.80 
2 , 0 4 0 
1 .510 
1 .040 
0 . 2 2 9 

- 0 . 57 

log 
(AA2O) 'A 

( n u i S O i ) ' / ' 

- 2 . 0 8 
- 1 . 7 9 
- 1 .23 
- O . f i S 
- 0 . 23 
+ 0 .07 
- 1 . 4 1 

J . - A ' 

0 . 8 9 
.89 
.81 
. 88 
.81 
.90 
84 

"See footnote b in Table I. ' ' S . Shankmun and A. R. 
Gordon, T H I S JOURNAL, 61, 2370 (1939). 1A = log 
ke. — log[(OH2O)1A-(OH2SOIY''']', mean A = —0.86. '' Units, 
1. mole^1 sec . - 1 

the entire range. The correlation is remarkably 
precise as shown by the fact that a log-log plot of 
rate constant and activity product has a slope, 1.00 
(Fig. 2). However, the actual mechanistic signifi­
cance of the fractional exponents is not apparent. 
In view of the effectiveness of phosphoric acid as a 
catalyst it seems probable that the stronger acid 
bisulfate plays a significant role in the sulfuric acid 
solutions. Since it is largely undissociated and is 
structurally analogous to phosphoric acid it could 
possibly replace the latter in structure IV. 

More information concerning sulfuric acid solu­
tions than is now available would be necessary 
before the kinetic data could be analyzed reliably. 

Experimental 
Reagents.—Reagent grade acids were used without fur­

ther treatment. 
Rate Measurements.—The procedure was the same as 

that previously described3 with two exceptions. When the 
stronger acid solutions were used ice was added to the iodide 
quenching solution to prevent undue heating when the 
sample was added. The titrations also had to be done more 
slowly to avoid overtitration. Phosphoric acid diminished 
the effectiveness of molybdate as a catalyst for the iodide-
peroxide reaction to such an extent that when the more con­
centrated solutions were used the peroxide was determined 
colorimetrically.3 

DURHAM, N. H. 

This is no doubt due to the high reactivity (insta­
bility as free radicals) -of the initial sodium ketyls 
which immediately couple with each other. An 
aliphatic ester, which in the course of the acyloin 
condensation could give a resonance stabilized free 
radical, might form products that would be more 
indicative of the free radical nature of the reaction. 
Such an ester is ethyl 2,2,3,4-tetramethyl-3-penten-
oate (V). In view of the earlier work with aralkyl 
esters, it would be expected to form the free radical 
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The Acyloin Condensation. II. Free Radical Formation Accompanying the 
Decarbonylation of An Aliphatic Ester by Sodium 
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A completely aliphatic ester underwent the acyloin condensation to give products expected from the decomposition or 
coupling of free radicals. 


