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The hydrolysis kinetics of nine m- and ^-substi tuted formanil ides have been studied in diluted 
sulphuric acid medium at 20°C. Dissociation constants of the protonated formanil ides have 
been measured in the case of four derivatives. The dissociation and rate constants measured 
have been correlated according to the Hammet t equat ion. At low acidity funct ion values the cor-
relation of the rate constants is non-linear. This finding has been explained by a gradual change 
in the rate-limiting step f rom decomposit ion of the pro tonated carbinolamine to addit ion of water 
to pro tonated formanil ide. 

At the present t ime hydrolysis of amides in solutions of diluted acids is explained by a reaction 
mechanism involving pro tonat ion of the amide molecule and subsequent rate-limiting at tack 
by water 1 (Scheme 1). The reaction rate increases with increasing acid concentrat ion up to a cer-
tain value, and then it again decreases. This course is due to that increasing acidity causes a de-
crease in the water activity and thus also in the rate of the second reaction step (attack of the 
protonated amide molecule by water). When this influence is greater than that of the increasing 
acidity on concentrat ion of the pro tonated amide, the hydrolysis rate decreases. These cases 
of antagonistic effects of increasing acidity and decreasing water activity can be solved with the 
use of Eq. (1) ( r e f . 2 - 5 ) or more complex and more general Eq. (2) (ref.6) proposed by Bunett; 
here a s tands for molar f ract ion of the protonated substrate, k \ is the second order rate constant 
in an infinitely diluted solution, co is the number of water molecules in the activated complex 
(or more precisely its difference as compared with the pro tonated amide molecule), and the value 
of 0 depends also on the difference in hydratat ion of the complex and that of the pro tonated 
substrate. The dependences described by Eqs (1) and (2) are non-linear in many cases of amide 

l o § kexp — log a = CO log a H 2 o + log k \ , ( / ) 

l o g keKp + H 0 = <*>(H0 + l o g [ H + ] ) + l o g k°2 (2) 

hydrolyses, which was explained in two ways: a) the number of water molecules in the activated 
complex is reduced at higher acidities7 , resp. the activity coefficients rat io / H + / / + does not 
remain cons tan t 8 , or b) the reaction can take two simultaneous courses. Besides the hydrolysis 
going through the activated complex protonated at oxygen (Scheme 1) a second reaction path 
was suggested (Scheme 2) having the activated complex A pro tona ted at n i t rogen 7 . For this case 
the dependence of ke on the acidity of medium was defined by Eq. (3), where k N an kQ are the 
rate constants of hydrolyses going simultaneously through the activated complexes protonated 
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at nitrogen and oxygen, respectively (Schemes 1 and 2) 

fcexp = fcN(l - a ) [H+] an2o + k0cca h2O • (3) 

A l m o s t a l l t h e i n t e r p r e t a t i o n s i n c l u s i v e o f t h e s u g g e s t e d r e a c t i o n m e c h a n i s m s 

o f a m i d e h y d r o l y s e s w e r e b a s e d o n t h e f o u n d d e p e n d e n c e s /c e x p vs a c i d i t y o f m e d i u m , 

a n d , t h e r e f o r e , t h e y d e p e n d o n t h e p r e s u m p t i o n s m a d e w i t h r e s p e c t t o t h e r a t i o 

o f t h e a c t i v i t y c o e f f i c i e n t s o f t h e r e a c t i n g spec ie s . O f t e n it is p o s s i b l e t o o b t a i n m o r e 

i n f o r m a t i o n o f b e t t e r r e l i a b i l i t y f o r d e t e r m i n a t i o n o f r e a c t i o n m e c h a n i s m f r o m 

s t u d i e s o f s u b s t i t u e n t s i n f l u e n c e o n t h e r a t e c o n s t a n t s . T h e r e f o r e , i n t h e p r e s e n t p a p e r 

w e h a v e f o l l o w e d t h e h y d r o l y s i s k i n e t i c s o f m - a n d p - s u b s t i t u t e d f o r m a n i l i d e s i n d i l u t -

ed s u l p h u r i c a c i d . I n c o n t r a s t t o a c e t a n i l i d e s , f o r m a n i l i d e s r e a c t r e l a t i v e l y f a s t 

even a t t h e r o o m t e m p e r a t u r e . 

E X P E R I M E N T A L 

Substituted formanilides. 4-Methyl- ( /) , unsubsti tuted (II), 3-methoxy- (III), 4-bromo- (IV), 
3-chloro (V), 3-nitro- (VI), 4-acetyl- (VII), 4-cyano- (VIII) and 4-nitro (IX) derivatives were 
described in the previous repor t 9 . 

For measurement of rate andprotonation constants were prepared 2 . 1 0 ~ 2m and 5 .10 ~ 2m solut-
ions of the formanil ides in 50% (by vol.) aqueous e thanol containing N a 2 H P 0 4 and K H 2 P 0 4 of 
5 . 10~ 3 m concentrat ion. Determinat ion of P ^ B H + : 35 jjI 5 . 10~ 2 m formani l ide solution was 
injected into 10 ml diluted sulphuric acid at 25°C with stirring. A part of the solution was placed 
in a 1 cm quar tz cell located in the thermosta t ted cell compar tment of a VSU-2P spectrophoto-
meter (Zeiss, Jena), and the absorbances were measured at 280 nm (compound I and II), 275 nm 
(compd. V) and 240 nm (compd. VI). As the hydrolysis takes place during the measurements, 
the absorbances were measured at short t ime intervals, and extrapolation of the values measured 
to zero time gave the absorbance at the moment of mixing. 

Kinetic measurements. 25 j.il 2 . 1 0 _ 2 m formani l ide solution was injected with stirring 
into 10 ml diluted sulphuric acid; fur ther the procedure was analogous to that of pATBH+ de-
termination. The absorbance change was followed within 3 to 4 half-lives, and the value A x 

was determined after 7 to 8 half-lives. The absorbances were measured at 250, 290, 270 and 322 
nm (for compounds I— VI, VII, VIII and IX, respectively), and the rate constants were calculated 
f r o m the relation k.t — —2-303 log (At — A^) ^r const. 

R E S U L T S AND D I S C U S S I O N 

T h e c o n c e n t r a t i o n r a t i o I o f t h e p r o t o n a t e d a n d n o n - p r o t o n a t e d a m i d e I , I I , V a n d 

VI w a s c a l c u l a t e d f r o m E q . (4) , 

w h e r e A, AB a n d ABH+ s t a n d f o r a b s o r b a n c e o f t h e m e a s u r e d s o l u t i o n , n o n - p r o t o -

a t e d a n d p r o t o n a t e d f o r m a n i l i d e , r e s p e c t i v e l y . T h e o b t a i n e d I v a l u e s a r e s u b j e c t 

t o c o n s i d e r a b l e e r r o r . T h e d i f f e r e n c e o f a b s o r b a n c e s o f t h e p r o t o n a t e d a n d n o n -

I = [ B H + ] / [ B ] = (A - Ae)i(Am. - A), M 
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TABLE I 

Values of Protonisation Constants and Rate Constants (in s - 1 ) of Hydrolysis of Formani-
lides I—IX in Diluted Sulphuric Acid Solutions at 25°C 

Compound - p ^ B H + kexp. 104'a k2
a k2 . 104'b 

/ 2-63 ± 0-02 • 2-08 0-085 0-316 
II 2-71 ± 0-02 2-95 0150 0-742 
III (2-76)c 4-08 0-235 1-48 
IV (2-82)c 4-68 0-309 1-95 
V 2-87 ± 0-03 5-38 0-400 . 2-95 
VI 3 03 ± 0 06 6-46 0-692 14-5 
VII (2-96)c 13-2 1-20 83-0 
VIII (3-03)c 13-5 1-45 43-7 
IX (3-08)c 16-6 2-00 110-0 

0 For H a 0; b for HA — 3-2; c calculated from the Hammett equation. 

-protonated forms was maximum 20%. The value increased with increasing 
concentration of sulphuric acid (influence of medium), and hydrolysis took place 
during the measurements, so that the absorbance values measured had to be extra-
polated to zero time. The latter reason made it impossible to measure the I values 
of the amides VII—IX, as they were hydrolyzed very quickly during the measure-
ment. The pX B H + values (Table I) were determined graphically by plotting log I 
against the acidity func t ion 1 0 H A . The dependences were linear with the slopes 
within 0-92 —0-95. Correlation of — p K B H + vs the Hammet t a constants gave the reac-
tion constant q 0-48 + OTO. Magnitude of this constant indicates that the protona-

Fig. 1 
Dependence of Logarithms of Rate Con-
stants kexp ( s - 1 ) of Hydrolysis of Formanili-
des I—IX in Sulphuric Acid Solution at 
25°C on H a Function 

9 /; O II, VIII; © III; 3 IV; C V; O VI; 
• VII ; O IX, 
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tion takes place at oxygen and not at nitrogen, as in the latter case the g constant 
should have been greater than unity. (Dissociation of formanilides involving the 
N—H bond splitting9 has g 1-53). From the Hammett equation the pXBH+ values 
of the remaining amides (III, IV, VII—IX) were computed, too (Table I). When 
calculating pK B H + of the derivatives VII—IX we used also a and not c~ values. 
(The use of o values is justified as it follows from this finding: the — HA values 
at maximum kexp given in Fig. 1 correlate with a constants for all the derivatives, 
and the g value is again about 0 5 — the maximum kexp values depend on the degree 
of protonation.) The pKB H + value thus calculated for the nitro derivative IX (where 
the type of the substituent constant used has the greatest influence) is by 0-08 smaller 
than that calculated from the dependence of /cexp on the concentration of sulphuric 
acid11 at 25°C. 

The dependences kQxpvs HA (Fig. l) have the form characteristical for hydrolysis 
of amides in acid medium. At the lowest sulphuric acid concentrations the predomi-
nant part of the amide is present in the non-protonated form, and the experimental 
rate constant is defined by Eq. (5), where /ja is negative antilogarithm of HA. 

fcexp = MA/-Kbi-I+ • (5) 

At the highest sulphuric acid concentrations the greatest part of the substrate 
is protonated and the experimental rate constant value approaches the k2 value. 
At H a —3-2 the k2 values were computed from /cexp and pKBH + (the maximum dif-
ference was encountered with the derivative IX, where k2 is 1-75 times greater than 
kexp). The logarithms of k2 correlate with a~ constants 12 according to Eq. (6) (Fig.2, 
the straight line 1). 

log k2 = (1-75 ± 0-04) o~ + (4-13 ± 0-02) . (6) 

This correlation does not involve the acetyl derivative VII the anomalous behaviour 
of which is explained below. 

In the region of low sulphuric acid concentrations (Fig. 1) the studied formanilides 
I—IX split into two groups. The derivatives VII—IX containing substituents of — M 
type at the para position react faster than the derivatives I — VI. This difference is due 
to that the protonation of amides is controlled predominantly by the inductive 
effect of a substituent (correlation with a constants), whereas in the subsequent step 
both the mesomeric and inductive effects are significant (correlation with cr~ con-
stants), which results in acceleration of the hydrolysis13. Thus cortherelation of kexp 

vs o constants can be used only with the derivatives I—VI. At HA equal zero is 
hA = 1, and Eq. (7) is obtained for log kexp of the derivatives I — VI. The dependence 

log KxP = l o § k2 ~ K b h + = - Q k b h + ° + 0k2 ° + const. = 

= ( ^Kbh + + <?k2) o- + const. = gexpcr + const . (7) 
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log kexp vs a (Fig. 2, curve 3) is non-linear. The slope is about unity with the least 
reactive formanilides (I and II) and about 0-25 with the most reactive ones. Such 
a non-linear concave dependence is typical for reactions exhibiting a change in the 
rate-limiting step14. If we add a value 0-48 (g constant for piCBH+) to the slopes 
of dependences given in Fig. 2 (curve 3), we obtain a slope corresponding to the 
dependence log k2 vs a constants (Eq. (7)) with the values about 1-5 and 0 75 
(Fig. 2, curve 2). 

The Fig. 2, curve 2 gives also the dependence of log k2 (calculated from Eq. (5) for amides 
VII— IX at H a equal zero) vs o~ constants. These k0 values lie along the straight line with the 
slope 0-8 (scattering of the value is somewhat greater in this case than with the previous corre-
lations due to errors in determination resp. calculation of pATBH+ values). 

The value 1-5 of angular coefficient of the dependence on a (resp. cr~) constants 
of amides I and II at HA 0 (Fig. 2, curve 2) is practically the same as the q value of cor-
relation log k2 vs o~ in the more concentrated sulphuric acid media (Fig. 2, straight 
line 1). Therefrom it can be deduced that the rate-limiting step of hydrolysis of the 
formanilides I and II in diluted acids (FIA 0) is the same as that of all the formanilides 
I—IX in more concentrated acid solutions. The reaction mechanism given in Scheme 3 
can be suggested for the reaction of the protonated formanilides with water. 

In diluted acid solutions the decomposition of carbinolamine (J3) into products 
is probably rate-limiting in the case of the amides I and II, whereas the attack of water 
on the protonated amide is rate-limiting for derivatives with greater positive value 
of o constant. Increasing concentration of acid results in decrease of water activity, 
whereby the decomposition of carbinolamine becomes slower15, and becomes gradual-
ly rate-limiting for the other formanilides, too. Such a change in the rate-limiting 
step brought about by increasing acidity of medium was found with acid-catalyzed 
hydrolysis of benzylideneanilines16 which has a similar reaction mechanism as the 
hydrolysis of anilides. 

Dependence of Rate Constants ( s _ 1 ) of 
Hydrolysis of Formanilides I—IX in Diluted 
Sulphuric Acid at 25°C on a resp. o~~ Con-
stants 

1 log k2 at H a —3-2; 2 log k2 at H A 0; 
3 log Arexp at H a 0. 

FIG. 2 

0 0-5 -2 
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No oxygen isotopic exchange between carbonyl group of amide and water was found 
with hydrolysis of benzamide in 0 - 1 M - H C 1 (ref.17) and 0 - 5 M - H C 1 (ref.18), which 
indicated that the attack of water on the protonated amine was rate-limiting. This 
mechanism was generalized to the acid-catalyzed hydrolyses of all types of amides 
inclusive of anilides. All the same the hydrolysis of acetanilide and N-acetylsul-
phanilic acid in diluted sulphuric acid medium was found 1 9 to have relatively high 
values (0-60 and 0-70, respectively) of the Bunnett parameter $ indicating that water 
acts here as a proton-transfer-agent and not nucleophile. Even the less reliable values 
of the Bunnett parameter co (3-95 and 2-85, respectively) stand near the border 
of the mechanisms discussed (a value about 3). 
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In all the correlations 3-methoxy derivative III was found to react faster than it should react 
according to a constant. The same acceleration was observed with kinetic experiments carried 
out simultaneously in diluted solutions of hydrochloric and perchloric acids. The a value of me-
thoxy group (as that of hydroxy group) depends on medium2 0 . In diluted mineral acids hydrogen 
bonding is increasingly formed to methoxy group, its electron-attracting effect being thereby 
increased, which in turn accelerates the hydrolysis. 

p- Acetyl der ivat ive VII shows a s lower decrease of the r a t e c o n s t a n t wi th increas ing 
su lphur i c acid c o n c e n t r a t i o n t h a n the o the r fo rman i l i de s d o (Fig. 1). T h e ac t iva ted 
c o m p l e x of the ra te- l imi t ing step of this r eac t ion involves spl i t t ing off of j7 -amino-
a c e t o p h e n o n e (Scheme 3). 

Protonation at nitrogen cannot take place in the activated complex. However, a protonation 
(at least partial) can take place at carbonyl oxygen of acetyl group the basicity of which increases 
due to formation of free amino group. Relative amount of the protonated acetyl group in the 
activated complex increases with increasing sulphuric acid concentration. As the protonated 
acetyl group must have a far greater value of cr~, this proton-catalyzed hydrolysis is faster, and 
the overall decrease of k e x p is milder. 

Basicity of acetyl g r o u p of 4 - a m i n o a c e t o p h e n o n e can be rough ly e s t ima ted f r o m 
the fo l lowing d a t a . T h e pKBH + value of a c e t o p h e n o n e is —6-72, a n d log X B H + of ace to-
p h e n o n e s cor re la te wi th o + values, t he q va lue be ing 2-17 ( r e f . 2 1 ) ; a + va lue of ^ - a m i n o 
g r o u p is —1-73 ( re f . 2 2 ) . T h e ca lcu la ted p K B H + of the 4 - a m i n o a c e t o p h e n o n e p r o t o n a t -
ed at t he acetyl g r o u p is —3-9 ( the given pKBH + va lues h o l d f o r the acidi ty f u n c t i o n 
H 0 ) resp. —2-8 (relat ive t o t he acidi ty f u n c t i o n H A ) . T h e a n o m a l o u s hydrolys is ra te 
of t he acetyl der iva t ive VII (Fig. 1) b e c o m e s m a r k e d a t the acid c o n c e n t r a t i o n 
c o r r e s p o n d i n g to the m e n t i o n e d H A value. 
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