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The specific rate constants ki and ko of the consecutive first-order acid-catalysed hydrolysis 
steps of diethylsuccinate in dioxane-water mixtures covering the range 0—95% (w/w) of dioxane 
are determined at 25—55 °C. As the concentration of dioxane increases, the rate of the reaction 
decreases to a minimum at about 90% (w/w) dioxane, after which it increases again. The ratio 
&1/&2 was found to be almost constant at the value 2.0. The activation energies of the reaction 
are independent of solvent composition. Available electrostatic theories regarding the effect of 
the dielectric constant on the rate are presented, from which the reaction is shown to be an ion-
molecular dipole type of interaction. The thermodynamic parameters and the radii of the activated 
complex at different solvent compositions are calculated and discussed. 

Introduction 

Our knowledge about solvent effects on chemical 
reactions is well presented in [1]. Ac id-cata lysed 
consecutive ester hydrolyses h a v e so far only been 
studied either in purely aqueous media or in m i x e d 
solvents of one composition [2—6]. In order t o 
learn about the role of the dielectric constant of the 
solvent in such reactions, we h a v e studied the acid 
catalysed hydrolysis of diethylsuccinate a t var ious 
solvent compositions and temperatures. Water-di-
oxane was chosen as the solvent system. T h e 
kinetic and t h e r m o d y n a m i c d a t a obtained are 
compared t o the solvent composit ion a n d its di-
electric constant in order to get a ful l picture of the 
solvent effect on the reaction under investigation. 

Experimental 

Materials 
Pure diethylsuccinate ( B . D . H . ) w a s distilled be-

fore use; b . p . 216 .5°C at 760 m m pressure, I R (film): 
3000, 1760 ( C = 0 ) , 1580 a n d 1180 c m - i ; H i - N M R 
(CDCI3): (5 = 1.2 (t, 6 H . C H 3 ) , 2.5 (s, 4 H CH 2 ) , 
3 . 9 - 4 . 2 (q, 4 H , CH 2 ) . 

Symmetr ica l 1,4 dioxane w a s purified as described 
in l iterature [7, 8]. The water used in kinetic ex-

* On leave of absence from Alexandria University. Perma-
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periments w a s freshly distilled from alkaline potas-
sium permanganate . 

Kinetic procedure 

T h e rate of the reaction w a s determined using 
0.02 M diethylsuccinate and 0.05 hydrochloric acid 
in a series of water-dioxane mixtures ranging f rom 
0 to 9 5 % (w/w) of dioxane. A titriinetric procedure 
involving analysis of the acid produced during t h e 
course of the reaction Avas folloAved using a screened 
indicator [6]. Completion of the reaction was ensured 
b y heating samples in sealed ampules at 85 °C till 
a constant reading was obtained. The latter AA'as 
a l w a y s concordent Avith t h a t theoretical ly cal-
culated. 

Results and Calculation 

T h e rate constants k\ and k2 corresponding t o the 
t w o steps of the acid-catalysed hydrolysis of the 
diethyl ester were computed using the t ime ratio 
procedure [9], involving a modification of the 
method adopted b y Swain [10]. 

T h e values of k\ and a r e collected in T a b l e 1 
a t the indicated temperatures. A statistical least 
squares t r e a t m e n t [11] of the Arrhenius equation 
Avas used to calculate the act ivat ion energies E\ 
and E2 based on the rate constants k\ a n d k2, 
respect ively . T h e values of act ivat ion energies E 1 
a n d E2 v a r y \Tery little AA*ith the solvent composi-
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Table 1. The rate constant k\ X 106 in min - 1 and the ratios &1/&2 for the acid hydrolysis of diethylsuccinate in dioxane -
water mixtures. 

Dioxane, w t % 
t°c 0.000 10.227 20.198 27.660 40.133 50.023 59.827 69.692 79.450 89.392 94.566 

[H20], mole/1 
55.52 49.89 44.57 40.74 33.83 28.41 22.91 17.31 11.76 6.06 3.10 

25 h 142.20 126.99 112.99 93.53 82.28 69.50 65.43 58.02 51.54 42.19 53.95 
&1/&2 1.989 1.996 1.988 1.984 1.988 1.995 1.976 1.992 1.992 1.976 1.968 

30 ki 226.20 206.73 179.37 149.75 127.31 112.84 111.68 90.77 84.28 68.55 85.95 
h/ko 2.010 1.938 1.985 2.020 1.997 1.980 2.010 1.998 1.993 2.040 1.993 

35 h 372.40 326.90 287.10 240.06 206.06 181.55 161.32 142.39 132.15 113.10 133.56 
ki/k-z 1.960 2.004 1.996 2.004 1.996 2.010 2.000 2.00 0 2.006 1.997 2.000 

45 h 862.04 761.65 669.12 571.34 490.43 468.46 380.68 343.28 313.29 271.36 330.03 
1.993 1.990 1.993 1.996 1.990 1.989 1.997 1.997 1.996 1.996 1.992 

55 h 2003.5 1812.1 1454.0 1300.9 1105.7 970.3 862.8 789.3 678.6 614.7 717.5 
2.030 1.998 2.000 1.993 1.996 1.992 2.006 2.006 1.992 1.998 1.998 

can be t a k e n as representing the selectivity be-
t w e e n the first and second steps, and log kz as the 
react iv i ty . H o w e v e r , t h e application of the R S P 
(react iv i ty-select iv i ty principle) [15, 16] is l imited 
here due to the constant selectivity at different 
reactivit ies. This arises f rom the f a c t t h a t the 
mechanisms of the t w o steps of the reaction are 
t h e same for all solvent compositions s t u d i e d * . 

T h e values of E 1 a n d E2 are almost equal 
(60.0 ± 4.5 k J m o l - 1 ) a n d lie within the range 
characteristic for most ester hydrolyses v ia AAC2 
mechanism. T h e constancy of the E va lues indi-
cates t h a t the changes in solvation of the reactants 
a n d the transit ion states wi th the change in the 
solvat ing power of the m e d i u m outweigh each other 
such t h a t the net change in act ivat ion energy of the 
react ion will be v e r y small. 

* Details on the application of the RSP to consecutive 
dicarboxylic ester hydrolysis in general will be dealt with 
in a subsequent communication. 

Table 2. Thermodynamic parameters of activation at 35 °C. 

Parameter Dioxane, w t % 

0.000 10.227 20.198 27.660 40.133 50.023 59.827 69.692 79.450 89.392 94.566 

AG* kJ mol - 1 106.29 106.62 106.95 107.41 107.79 107.89 107.02 108.75 108.94 109.34 108.92 
AH\ kJ mol"1 56.44 56.96 56.80 56.61 56.82 56.74 58.15 55.95 56.15 57.70 56.45 

- z h S i J mol - 1 K - i 161.78 161.16 162.76 164.85 165.40 166.75 163.18 171.36 171.31 167.60 170.27 

AG% kJ mol - 1 108.01 108.40 108.72 109.19 109.56 109.92 112.04 110.53 110.73 111.15 110.69 
AH 2 kJ mol - 1 58.28 56.95 56.88 56.59 56.50 56.74 54.91 54.98 56.18 57.77 56.38 

-AS 0 J mol - 1 K - 1 161.34 166.98 168.24 170.71 172.19 172.58 179.47 180.27 177.02 173.10 176.24 

tion. T h e correlation coefficient values (r) of the 
linear plot of the Arrhenius equation lie in the 
range of 1.0 ± 0.05. 

T h e entropies of act ivat ion were calculated 
using the expression 

AS* AH* 
W = 10.3187 + — — i ü ä T 

where AH*, zJ$* and k are in J m o l e - 1 , J m o l e - 1 • 
d e g - 1 a n d s e c - 1 respectively. The resulting thermo-
d y n a m i c parameters are collected in Table 2. 

Discussion 

T h e rate constants k\ and k% go through a mini-
m u m corresponding to about 9 0 % dioxane (w/w), 
F i g u r e 1. This minimum corresponds t o the sharp 
increase of the acidity funct ion of the m i x e d solvent 
in this range [13, 14], T h e ratio ki/k^ is on the 
average equal to 2.0, as expected in cases of sym-
metric dicarboxyl ic esters, on the bases of the 
stat ist ical calculations b y Ingold [3, 6]. This ratio 
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Fig. 1. Variation of the reaction rates with dioxane content 
of the mixed solvent at 35 °C. 

The dependence of the rate constant on the water 
concentration of the mixed solvent is i l lustrated 
in Fig. 2, wrhere it is seen that a linear relationship 
between the logarithm of the rate constant and 
log[H20] is obtained at high water concentrations. 
T h e plots at all temperatures investigated are 
parallel and the slope of the linear part is unity , 
confirming the first-order nature of the reaction 
in which the A A c 2 mechanism, incorporating one 
water molecule in the transition state, is followed. 
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Fig. 2. Plots of log k against log [H2O] for the two steps 
of the reaction. 

T h e deviation from linearity of the plots in Fig. 2 
towards higher rates is again to be attr ibuted to the 
increase in the acidity of the medium. 

T h e variation of the concentrations of the reac-
t a n t diethylsuccinate, the intermediate ethyl-
hydrogensuccinate and the product succinic acid 
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Fig. 3. Variation of the concentrations of reactant ester, intermediate half-ester and product acid with time; and the 
variation of / m a x for the reaction with dioxane content of the medium. 
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during the course of the reaction in a purely aqueous 
medium are calculated at 35 °C and represented in 
Figure 3. The maximum concentration of the half-
ester is reached at tmax = 3690 min. The latter was 
similarly computed throughout the whole range of 
the solvent compositions, and the results are plotted 
in Fig. 3 vs. the dioxane content of the medium. 
A minimum in £max near the 9 0 % dioxane-water 
mixture is observed, which is consistent with the 
minima of k\ and k2 at this composition. 

The dielectric constant values of the solvent mix-
tures were obtained by interpolation from the data 
of Äkerlof [17]. The reaction rate shows a remark-
able decrease as the dielectric constant D of the 
medium is lowered. According to the electrostatic 
theories of Laidler and Landskroener [19], if the 
reaction is to be considered as a dipole-dipole 
interaction, a linear relationship between log k and 
( D — 1 ) / ( 2 D + 1 ) should be obtained. However, 
treatment of the reaction as an ion-dipole interac-
tion should give a linear plot of log k against l/D. 
Other linear relationships between log k and D or 
log D [21—23] are described. Such plots are repre-
sented in Fig. 4 for the two rate constants k\ and k2. 

Deviation from linearity at low dielectric constants 
is observed and is attributed to solvent sorting or 
specific solvation effects [24], From the slopes of the 
linear portions of log k\ and log k2 vs. l/D the radii 
of the activated complexes were calculated to be 
4.5 and 4.4 Ä, respectively, which is in good agree-
ment with the values previously calculated for 
m a n y carboxylic esters undergoing acid hydrolysis 
in various solvents [25]. 

The values of the thermodynamic parameters of 
activation, i.e., the free energies AG*, the enthalpies 
AH* and the entropies AS* for the two consecutive 
steps are calculated and given in Table 2. The 
values of AG\ and AG% show only a very slight 
change as the dioxane content of the solvent mix-
ture is increased. As also AH* and AS* do not 
change much, the compensation effect between 
AH* and TAS*, which plays an important role 
in keeping AG* more or less constant in other cases 
[26, 27], is of no relevancy here. The values of AS* 
show only a slight lowering as the organic compo-
nent of the medium is increased, confirming the 
uniformity of the mechanism in the whole range of 
solvent compositions [28]. Moreover the values of 
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Fig. 4. Dependence of the reaction rates on the dielectric constant of the medium. 
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t h e e n t r o p y o f a c t i v a t i o n o f t h e s e c o n d s t e p , , 

a r e l o w e r t h a n t h o s e f o r t h e f i rs t s t e p , Z l & f , in-

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

d u r i n g t h e h y d r o l y s i s o f t h e h a l f e s t e r is m o r e 

s o l v a t e d t h a n t h a t f o r m e d d u r i n g t h e e s t e r h y d r o -

l y s i s . T h e f o r m e r c o m p l e x , w i t h i t s f r e e c a r b o x y l i c 

g r o u p , is d e f i n i t e l y m o r e p o l a r t h a n t h e l a t t e r o n e 

a n d c o n s e q u e n t l y wi l l b e m o r e f a v o u r a b l e f o r s o l v a -

t i o n t h r o u g h h y d r o g e n b o n d i n g w i t h w a t e r . T h a t 

is w h y t h e d i f f e r e n c e AAS* i s d e p e n d e n t o n t h e 

s o l v e n t c o m p o s i t o n a n d is l a r g e s t i n t h e d i o x a n e -

r i c h m e d i a , w h e r e t h e w a t e r a v a i l a b l e f o r s o l v a t i o n 

is l i m i t e d a n d w i l l p r e f e r a b l y s o l v a t e t h e m o r e 

p o l a r a c t i v a t e d c o m p l e x , c a u s i n g a l a r g e d r o p i n 

A S * . I n w a t e r r i c h m e d i a , h o w e v e r , t h e d i f f e r e n c e 

A S * is s m a l l e r , s ince t h e r e is e n o u g h w a t e r t o 

s o l v a t e b o t h t h e a c t i v a t e d c o m p l e x e s t o t h e s a m e 

e x t e n t . 

[1] E.S.Amis and J.F.Hinton, ' 'Solvent Effects on Chem-
ical Phenomena", Academic Press, New York and 
London 1973. 

[2] J. Meyer, Z. Phys. Chem. 66, 96 (1909). 
[3] C. K . Ingold, J. Chem. Soc. 1375 (1930). 
[4] M. Ritchie, J. Chem. Soc. 3112 (1931). 
[5] J. D. H. Homan, Ree. Trav. Chim. 63, 181 (1944); 

63, 189 (1944) 
[6] R. S. Radhakrishnamurti and R. C. Parto, J. Indian 

Chem. Soc. 46, 903 (1969); 48, 811 (1971). 
[7] K. Hess and H. Frahm, Ber. 17, 2633 (1938). 
[8] Collective authors "Organikum" V F B Deutscher Ver-

lag der Wissenschaften, Berlin 1977, 15th edition. 
[9] A. A. Frost and R. G. Pearson, "Kinetics and Mech-

anism", John Wiley and Sons, New York 1960; 
H. Mauser, "Formal Kinetik", Bertelsmann Uni-
versitätsverlag 1974. 

[10] C. G. Swain, J. Amer. Chem. Soc. 66, 1696 (1944). 
[11] E. S. Swinbourne, "Analysis of Kinetic data", Tho-

mas Nelson and Sons Ltd, London 1971. 
[12] S. Glasstone, K. J. Laidler, and H. Eyring, "The 

Theory of Rate Processes", New York 1941. 
[13] H. S. Harned and A. M. Ross, J. Amer. Chem. Soc. 

63, 1923 (1941). 
[14] E. A. Braude and E. S. Stern, J. Chem. Soc. 1976 

(1948). 

[15] B. Giese. Angew. Chem. 89, 162 (1977); Int. Ed. 16. 
125 (1977). 

[16] C. D. Johnson, Tetrahedron 36, 3461 (1980). 
[17] K. R. Adam, I. Lauder, and V. R. Stimson, Austral. 

J. Chem. 15, 467 (1962). 
[18] G. Akerlof, J. Amer. Chem. Soc. 54, 4125 (1932). 
[19] K. J. Laidler and C. A. Landskroener, Trans. Faraday 

Soc. 52, 200 (1956). 
[20] E. Tommila, E. Paakkala, U. K . Virtanen, A. Erva, 

and S. Varila, Ann. Acad. Sei. Fennicae Ser. A II , 91 
(1959). 

[21] H. Böhme and W. Schürhoff, Ber. 84, 28 (1951). 
[22] H. Böhme and H. J. Henning, Z. Naturforsch. 1, 850 

(1946). 
[23] A. H. Fainberg and S. Winstein, J. Amer. Chem. Soc. 

28, 2770 (1956). 
[24] K . J . Laidler and H. Eyring, Ann. N .Y . Acad. Sei. 

39, 303 (1940). 
[25] Ref. No. 1, P. 256; E. Tommila and M.-L. Murto, Acta 

Chem. Scand. 17, 1957 (1963). 
[26] C. D. Richie and W. F. Sager, Prog. Phys. Org. Chem. 

2, 323 (1964). 
[27] E. Buncel and J. P. Millington, Canad. J. Chem. 43, 

556 (1965). 
[28] L. L. Schaleger and F. A. Long, "Advances in Phys-

ical Organic Chemistry", Edited by V. Gold, vol. 1, 
Academic Press, London 1963. 


