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propyl esters, and those for the branched butyl 
esters are generally lower than those for primary 
butyl esters. The variations among the isomeric 
butyl lactates are much greater, however, than are 
the differences between members of the correspond
ing butyl acetates and benzoates. Nevertheless, 
in all cases a pronounced minimum in the PZ factor 
among the butyl esters is encountered with the 
s-butyl compound. Examination of Fisher-Hirsch-
felder models reveals the possibility that more 
mechanical interference with the approach of the 
attacking hydroxyl group to the carbonyl carbon 
may be offered by a s-butyl ester than by other 
butyl esters and that the low PZ factors may be 
subject to interpretation on this basis. 

A comparison of the data for ethyl, re-propyl, 
0-methoxyethyl and /3-chloroethyl lactates demon
strates that substitution of a /3-hydrogen atom of 
the ethyl group of ethyl lactate produces no signifi
cant effect of Ea. The rate increases resulting 
from /3-methoxy and /3-chloro substitution are 
caused by increased PZ factors. 
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An investigation of the kinetics of the acid hy
drolyses of certain alkyl and substituted alkyl 
lactates, initiated several years ago,2 has now 
been completed, and the effects of lengthening, 
of branching and of substituting the alkyl carbon 
chain upon the activation energies and frequency 
factors are reported in this paper. Studies on the 
"neutral" hydoriyses of some w-alkyl lactates are 
also reported. 

Experimental Method 
The sources and methods of purification of the lactic es

ters, the preparation and care of reagents and solutions and 
the precision of thermostatic controls were described in the 
preceding paper.8 To start a hydrolysis a Victor Meyer 
bulb containing a known amount of ester was placed in a 
flask together with the amount of standard hydrochloric 
acid (acid hydrolysis) or water ("neutra l" hydrolysis) neces
sary to give the desired ester concentration. In the case of 
the n-alkyl lactates, each solution was allowed to reach the 
temperature of the thermostat before the bulb was broken, 
but with most of the other lactates the bulb was broken in 
the catalyzing acid before the flask was placed in the ther
mostat. Aliquot portions of solutions of the «-alkyl esters 
were discharged into sufficient standard sodium hydroxide 
solution to neutralize just the catalyzing hydrochloric acid. 
Aliquot portions of solutions of the other lactates were dis
charged onto washed cracked ice. Excess acid (acid hy
drolysis) or total acid ("neut ra l" hydrolysis) was titrated 
with standard sodium hydroxide solution using cresol red 
indicator. Time was measured with an electric stop-watch. 

Second-order rate constants for the acid hydrolyses were 
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evaluated from the slopes of plots of log l / ( a — x) vs. time 
in accordance with the pseudo first-order rate equation 

2.303 
ct 

log- + constant 

in which a represents the initial concentration of ester, * the 
concentration of lactic acid at time /, and c the essentially 
constant total acid concentration. Second-order rate con
stants for the "neu t ra l " hydrolyses were evaluated from the 
slopes of the plots of log (aV« + X1Zt)Z(O,1/' — x'/') vs. time in 
accordance with the rate equation 

2.303 
log 
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in which a is the initial concentration of ester and * the con
centration of acid formed at time t; the value of 6, the ioni
zation constant of lactic acid, was taken from the work_of 
Martin and Tartar . 1 This rate equation is obtained by in
tegrating: Ax/d/ = k(a — *)(&*) 1A. The units of all rate 
constants are l i ters/mole - 1 min . - 1 . 

Results and Discussion 
In Table I, the second-order rate constants (k), 

activation energies (£»), and PZ factors for the 
acid hydrolyses of nine lactic esters are given. 
Table II shows similar data for the "neutral" 
hydrolyses of four w-alkyl lactates. 

TABLE I 

ACID HYDROLYSES 

Lactate 

Methyl 
Ethyl 
re-Propyf 
re-Butyl 
Isobutyl 
j-Butyl 
i-Butyl 
2-Methoxy-

ethyl 
2-Chloroethyl 

10!Aioo 

9.48 
10.01 
9.73 
8.70 

10»fe«° 10'fooo 

20.11 
20.69 
20.35 
18.27 

cal. 

14150 
13700 
13700 
14000 

10.61 23.97 51.13 15300 
5.41 11.95 26.07 15300 
6.75 22.46 81.18 24200 1.77 X 10' 

PZ X 10-8 

(using fc»o) 

1.55 
0.77 
0.72 
1.04 

11.47 
5.66 

"k« 7.8 

8.39 17.69 
5.63 12.15 

X 10"2 . 

14050 
14500 

TABLE II 

" N E U T R A L " HYDROLYSES 

Lactate 

Methyl 
Ethyl 
re-Propyl 
re-Butyl 

10'Aioo 

25.90 
23.77 
22.66 
38.28 

10>ft«o 

118.08 
113.30 
111.50 
186.70 

cal. 

15700 
16200 
16500 
16400 

1.15 
1.61 

pz x io-« 
(using fe«o) 

23.10 
47.49 
73.42 

105.5 

With the exception of the case of 2-butyl lactate, 
the pseudo first-order kinetics and the similarity 
among activation energies and PZ factors for the 
acid hydrolyses of the lactic esters listed in Table I 
are consistent with the mechanism proposed by 
Day and Ingold6 (termed "bimolecular acid hy
drolysis with acyl-oxygen fission" and labeled 
A'2) and by Roberts6 (labeled II). 
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O O 

R'—C—OH, ^ ± R'C—OH + H + 

This series of reversible processes involves first a 
fast attachment of hydrogen ion to the alkyl oxygen 
atom of the ester, forming an oxonium ion. In a 
slow step, the electrophilic carbonyl atom of the 
oxonium ion is then attacked by a water molecule 
and a molecule of alcohol is expelled. The resulting 
oxonium ion rapidly loses a proton to form a car-
boxylic acid. 

The PZ factor for the acid hydrolysis of /-butyl 
lactate is about 107 times larger than those for the 
other lactates, and the energy of activation is 
about 9 kcal./mole greater than the values for the 
remaining esters. Palomaa, et al.,1 and Drushel 
and Dean8 have measured rate constants for the 
acid hydrolyses of some alkyl acetates. Activation 
energies and PZ factors calculated from their data 
disclose that these values for the reaction involving 
/-butyl acetate exceed the values for the other acetic 
esters by about the same margin as that observed 
in our work on the lactic esters. It is therefore 
reasonable to assume that the mechanism for the 
acid hydrolysis of /-butyl esters is different from 
that which characterizes the acid hydrolysis of 
primary and secondary alkyl esters. Cohen and 
Schneider9 have shown that /-butyl 2,4,6-trimethyl-
benzoate undergoes acid-catalyzed methanolysis 
by alkyl-oxygen fission and have reported evidence 
suggesting /-butyl esters suffer alkyl-oxygen fission 
on acid hydrolysis. Their mechanism for the 
alcoholysis is readily adapted to the hydrolysis of 
/-butyl esters. 

O r OH "I + 

Ii Jn w 
R-C-OC(CH 3 ) , + H + : z ± : L R - C - O C ( C H 1 ) J 

+ 0H O 
Il *"̂  Il + 

R - C - O - C ( C H 8 ) , —>• R— C—OH + C(CH1), (2) 
C(CH8), + HOH — > (CHj)8COH + H + (3a) 

—>- (CH8)2C=CHS + H8O+ (3b) 
This process involves the rapid reversible addition 
of a proton to the acyl oxygen atom of the ester, 
forming an oxonium ion which yields the carboxylic 
acid by the slow irreversible loss of the Z-butyl-
carbonium ion. The latter may then be converted 
by water to /-butyl alcohol or through the loss of a 
proton to isobutylene; recent evidence10 suggests 
that alcohol formation 3a should predominate 
over olefin formation 3b under the chosen condi
tions. I t seems probable that steps 2 and 3 are not 
actually separate and distinct but are the compo
nents of a concerted process. 

Comparison of the data for the acid hydrolyses of 
the w-alkyl lactates (Table I) and the data reported 
by Palomaa7'11 and by Salmi12 for the corresponding 
acetates demonstrates that increasing the length of 
the primary alkyl chain has little effect on the 
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activation energy or the PZ factor for this reaction. 
However, sensible effects of chain branching may be 
observed. Branching by methyl at the /3-position 
(isobutyl lactate) brings about an approximately 
tenfold increase in PZ, which is sufficient to cause 
a slight increase in the rate constants despite a 
simultaneous increase in Ea. Branching by methyl 
at the a-position (s-butyl lactate) likewise effects 
increases in both Ea and PZ; but in this case the 
former predominates, and the rate constants de
crease. Substitution of a |8-hydrogen atom in the 
ethyl group of ethyl lactate by a methyl, an ethyl, 
or a methoxy group brings about only very small 
progressive decreases in the velocity constants. 
Substitution by a /3-chlorine atom brings about a 
somewhat larger decrease in rate, the result of an 
increased E&. 

The kinetic behavior of the four w-alkyl lactates 
on "neutral" hydrolysis (Table II) is in harmony 
with the assumption that the major reaction is 
really an acid hydrolysis in which the catalyzing 
acid is hydronium ion produced by the dissociation 
of the lactic acid formed during the reaction. How
ever, the failure of the individual rate constants, £ft, 
and PZ values to agree with the values determined 
for the same compounds on acid hydrolysis sug
gests that the "neutral" hydrolysis is in fact a 
composite reaction of which the major component 
is acid hydrolysis but of which a hydrolysis reaction 
or reactions of some other type, possibly an internal 
displacement, also form a part. The anomalous 
behavior of w-butyl lactate in this series also sug
gests the operation of a competing hydrolysis re
action different from either acid or alkaline hy
drolysis. Table II shows little change in velocity 
constants from methyl through w-propyl lactates 
on "neutral" hydrolysis. There is a progressive 
increase in both £ a and PZ through this series of 
compounds. However, the rate constants increase 
substantially in passing to w-butyl lactate, an effect 
caused largely by an increased PZ factor, as £ a 
is held constant. No such rate maximum for M-
butyl lactate is found in either the acid or the 
alkaline hydrolysis. 
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A number of investigations have been reported2,3 

on the kinetics of the hydrolysis of diesters in which 
the ester linkages are equivalent, but few studies 
have been made on diesters in which the linkages 
are not structurally equivalent. For this reason 
an investigation of the kinetics of the alkaline, acid 
and "neutral" hydrolyses of the diester, ethyl O-

(1) Abstracted from theses by A. A. Colon and K. H. Vogel pre
sented to the Committee on Graduate Degrees, Carnegie Institute of 
Technology, in partial fulfillment of the requirements for the D.Sc. 
degree. 

(2) C. K. Ingold, / . Chem. Soc, ISS, 1375 (1930). 
(3) J. Meyer, Z. physik. Chem., 67, 257 (1909). 


