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The acid-catalysed hydrolysis of d/7m.-butylsuccinate in dioxane-water mixtures proceeds via 
consecutive first-order reactions. The rate constants kx and k\\ corresponding to the two steps 
decrease with increasing dioxane content of the medium. After reaching a minimum at 90% 
(w/w) dioxane, both rate constants increase again with further addition of dioxane. The kinetic 
ratio k\/k\\ is smaller than the statistical value 2.0, and is markedly affected both by solvent 
composition and temperature. The maximum concentration of the intermediate half ester 
decreases with increasing dioxane content. The observed activation energies Ex and £ n of the two 
steps of the reaction are largely dependent on temperature as well as solvent composition 
indicating a mixed type of bond fission represented by the A A 1 1 and A A C 2 mechanisms, whose 
relative contributions in the overall rate constants kx and could be calculated on the basis of 
the number of water molecules incorporated in the corresponding transition states. The effect of 
bulk dielectric constant on the reaction rate was investigated in the light of the available 
electrostatic theories and showed the reaction to be an ion-molecular dipole type of interaction. 
The activation thermodynamic parameters were computed and discussed as criteria of solvent 
effect and mechanism. 

Introduction 

The problem of solvent effects on the hydrolysis 
of dicarboxylic esters involving a consecutive reac-
tion has not yet been clarified completely [1 -5 ] . The 
study is even more complicated by the presence of 
tertiary groups in the ester molecule as they lead to 
the involvement of two concurrent mechanisms. The 
extent of work published on this p roblem is small 
compared to the extensive study done on s imple 
monocarboxylic ester hydrolysis [6]. In order to gain 
more information concerning the role of solvent in 
this type of hydrolysis, the system di/c/V.-butyl-
succinate in acidified dioxane-water mixtures was 
chosen for study. From O18 isotopic tracer s tudies it 
is well known, in general, that acid hydrolysis of 
esters takes place via alkyl-oxygen bond fission 
AAJ 1 when the alkyl radicals have relevant car-
bonium ion stabilities [7 -10] . However, the solvent 
plays an important role in the actual mechan i sm 
followed in these cases [11-13] . Thus, a l though 
/tr/.-butyl esters are almost completely hydrolysed 
via A ^ 1 mechanism in pure water, the acyl-oxygen 
bond fission. AAC2. predominates in slightly aqueous 
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media [12-14], Since, under all condit ions, the 
observed overall rate constant of the reaction results 
from two components representing the two m e c h a -
nistic routes, and this applies to the two ter t iary 
groups of the ester under investigation, one will 
have four rate constants involved in the react ion. It 
is of interest, therefore, to analyse the data ob ta ined 
experimentally into four individual rate constants 
and to investigate the effects of solvent and t emper -
ature on them as well as on the type of bond fission, 
and to present a t he rmodynamic approach to the 
reaction under different condit ions. 

Experimental 

Dite/7.-butylsuccinate was p repared by react ing 
succinyl chloride and /e/Y.-butyl alcohol in presence 
of diethylaniline [15], m . p . 31.5 °C , b .p . 107 at 
7 mm pressure. IR (film): 300, 1750 (C = 0 ) , 1380 
and 1 1 6 0 c m - ' ; ' H - N M R (CDC13) : <5= 1.3 (s, 18H, 
CH3) , 2.3 (s, 4H, C H 2 ) . 

Symmetrical 1.4 d ioxane was pur i f ied as de-
scribed before [16]. Dioxane-water mixtures were 
prepared on a weight basis and consisted of 30.39, 
40.16. 50.37, 69.46, 79.12, 89.56 and 94.45% (w/w) 
dioxane. The kinetic procedure fol lowed involved a 
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volumetric analysis of samples for the acid pro-
duced during the course of the reaction using a 
screened indicator [17], 

Results and Calculation 

The specific first-order rate constants kx and ku 

of the two consecutive steps of the react ion were 
calculated using the t ime ratio m e t h o d adop ted by 
Swain [18, 19]. These values, together with the 
kinetic ratio, k{/ku, in the t empera tu re range be-
tween 20 and 90 °C and in all solvent composi t ions , 
are compiled in Table 1. 

The calculated t he rmodynamic pa rame te r s of 
activation [20], AH*, AG* and AS* are collected in 
Table 4. 

Discussion 

An increase of the d ioxane content of the m e d i u m 
was found to decrease the specific rate constants kx 

and kn of the individual consecutive steps of the 
reaction to a minimum (Fig. 1) at about 90% dioxane 
(w/w), reminiscent of the m a x i m u m in acidi ty 
function of the mixed solvent in this range [21, 22], 
The values of the respective rate constants are 
smaller than those for diethylsuccinate [23], under 
the same conditions, which can be a t t r ibuted to the 
electron repelling and /o r steric effects, p roduced by 
tert.-butyl groups, mainly responsible for the hin-
drance of the nucleophilic attack of water molecules, 
since tertiary esters exist only in a cisoid con fo rma-
tion rather than a transoid one [24], T h e kinet ic 
ratio of the observed rate constants (kx/k\\) is 
markedly smaller than 2.0, which is the value 
expected statistically for symmetr ic d icarboxyl ic 
esters [17, 23, 25] and decreases regularly with 
increasing dioxane content. It also suffers a slight 
increase with temperature (cf. Tab le 1). T h e de-
crease of the kinetic ratio below 2.0 can be ratio-
nalised as due to the relatively large steric effect of 
the bulky tert.-butyl groups, in the first and second 

Table 1. Rate constants kx, ky and the kinetic factors k\/kn for the consecutive acid-catalysed hydrolysis of difer/.-butyl-
succinate in dioxane-water mixtures. 

t, ° c k • 106 

min-"1 
Dioxane, wt% 
30.390 40.163 50.373 59.788 69.457 79.119 89.557 94.451 

[HiO], mol/1 
38.573 33.144 27.659 22.242 16.870 11.503 5.704 2.985 

20 k\ 
h 
V '̂H 

35.81 
20.70 

1.730 

23.92 
14.28 

1.675 

15.57 
9.61 
1.620 

10.22 
6.53 
1.565 

6.47 
4.28 
1.510 

5.74 
3.94 
1.455 

5.16 
3.63 
1.420 

7.70 
5.30 
1.452 

30 h 
k\\ 
ki/kn 

87.10 
50.20 

1.735 

54.44 
32.39 

1.681 

38.14 
23.44 

1.627 

26.10 
16.59 

1.573 

15.45 
10.18 
1.518 

13.28 
9.09 
1.462 

11.99 
8.35 
1.436 

17.42 
11.82 

1.468 
40 

kn 
ki/k „ 254.0 

146.1 
1.742 

160.0 
94.65 

1.691 

134.0 
81.99 

1.634 

87.50 
55.34 

1.581 

57.54 
37.68 

1.527 

32.36 
22.06 

1.467 

31.99 
22.09 

1.448 

58.21 
39.46 

1.475 
50 h 

ku 
ki/ku 

1166 
669.1 

1.743 

631.0 
373.4 

1.692 

383.6 
234.2 

1.638 

228.6 
114.2 

1.585 

151.3 
98.76 

1.532 

112.2 
76.12 

1.474 

116.2 
79.78 

1.457 

138.1 
93.06 

1.484 
60 h 

ku 
ki/kn 

4276 
2450 

1.745 

1987 
1172 

1.695 

1416 
862.0 

1.643 

897.4 
564.1 

1.591 

619.7 
402.9 

1.538 

415.4 
279.7 

1.485 

478.6 
326.9 

1.464 

602.6 
404.4 

1.490 
70 h 

h 
k\/kn 

14876 
8513 

1.747 

6596 
3887 

1.697 

4256 
2584 

1.647 

3088 
1935 

1.596 

1706 
1104 

1.545 

1136 
760.5 

1.493 

1122 
762.8 

1.471 

1445 
966.2 

1.496 
80 h 

kn 
k\/kn 

40000 
22857 

1.750 

16859 
9917 

1.700 

10641 
6445 

1.651 

6185 
3866 

1.600 

4641 
2996 

1.549 

2541 
1694 

1.500 

3107 
2104 

1.477 

3647 
2430 

1.501 
90 h 

ku 
ki/kn 

161538 
92202 

1.752 

52188 
30644 

1.703 

34604 
20909 

1.655 

20122 
12529 

1.606 

15769 
10128 

1.557 

6761 
4486 

1.507 

9547 
6442 

1.482 

12338 
8192 

1.506 
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Fig. 1. Variation of the overall rate constant kx of the first 
step with dioxane content and temperature. 

hydrolysis steps, whereas the dependence on dioxane 
content is mainly at t r ibuted to the di f ferent contri-
butions of the acyl oxygen bond fission, AAC2, 
relative to that of the alkyl-oxygen A ^ 1, at d i f ferent 
solvent compositions. The logari thm of the kinetic 
ratio can be taken as indication of the selectivity 
between the first and second steps of the reaction. A 
plot of these selectivity values against the reactivity, 
represented by log ku, at d i f ferent dielectric con-
stants gave straight lines with positive slopes, known 
as anti-reactivity selectivity principle [26, 27] rang-
ing from 0.105 at 20 °C to 0.058 at 90 °C. The cor-
relation coefficients of these linear relat ionships are 
almost unity, at all temperatures , indicating uni-
formity of mechanism followed by the two steps of 
the reaction in the whole range of solvent composi-
tion. 

The changes in concentrat ion of the reactant 
dite/v.-butylsuccinate, the in termedia te tert.-butyl-
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hydrogensuccinate and the product succinic acid 
with time were calculated dur ing the course of the 
reaction in 30.39% (w/w) d ioxane-water mixture at 
20 °C, and the result represented graphical ly in 
Figure 2. It is seen that the m a x i m u m concentra t ion 
of the halfester was reached at rmax = 36.27 x 103 min, 
while for diethylsuccinate this pa rame te r is 5.88 
x 103min under the same condit ions [23]. F igure 2 
also shows the variat ion of m a x i m u m halfester 
concentration as well as the /max values at d i f fe ren t 
solvent compositions. The curve for tmax in d ioxane-
water mixtures has the same features as the varia-
tion of kx and kn with solvent composi t ion and 
shows the same m i n i m u m at almost 90% (w/w) 
dioxane. On the other hand , the m a x i m u m concen-
tration of the halfester shows an interesting trend in 
which it decreases with increasing d ioxane content 
of the medium and reaches a m i n i m u m also at 90% 
(w/w) dioxane. This behav iour is refer red mainly to 
the variation of the kx/k\\ rat io values with solvent 
composition [22], which cannot exist unless there is 
an additional factor affect ing the rate of the second 
step as compared to the first one, causing the rate of 
consumption of the halfester to be larger than its 
rate of accumulation and that the rate of the second 
step becomes easier with increase in d ioxane con-
tent. This argument is evidenced by the fact that for 
primary dicarboxylic esters like die thylsuccinate 
[23] and malonate [17] the m a x i m u m concentra t ion 
of the halfester is completely independen t of solvent 
composition. 

The Arrhenius plots show a slight devia t ion near 
50 °C, which cannot be a t t r ibuted solely to solvent 
effects or other external factors [19] but must mainly 
be due to the mixed AM\ and A A c 2 mechanisms. 
Statistical treatment, by the least-squares me thod 
[19, 28], of the Arrhenius equat ion in the two 
temperatures ranges on both sides of 50 °C, namely , 
2 0 - 5 0 and 6 0 - 9 0 °C, at d i f ferent solvent composi -
tions, gave better correlation coeff icient values than 
when these temperatures were examined as one 
range (Table 3). The resulting E, and En values of 
the two overall steps of the reaction varied f rom 
88.5 to 77.6 kJ m o l - 1 as the dioxane content of the 
solvent increases f rom 30 to 95% (w/w) in the lower 
temperature range and f rom 110.4 to 99.9 kJ m o l - 1 

in the higher one, for the same solvent compositions. 
For esters generally hydrolysed by pure AA1 1 

mechanism, the activation energy equals 1 0 0 - 1 4 0 
kJ mol - 1 , while for those hydrolysing by pure A A c 2 
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Fig. 2. Variation of concentration of reactant ester, half ester and product acid with time during the course of the reac-
tion, and of /max with dioxane content of the medium. 

mechanism the values are 5 0 - 8 0 kJ m o l - 1 [8, 12] 
and are independent of t empera tu re and solvent 
composition [23], In the light of these da ta one can 
conclude that the contr ibut ion of A A c 2 mechan i sm 
increases with dioxane content and decreases with 
temperature. The reverse is, of course, t rue for the 
AA] 1 mechanism. 

Now, it is instructive at this stage to analyse the 
observed kinetic data in order to calculate the 
contribution of these two mechanisms. T h e me thod 
adopted depends on the n u m b e r of water molecules 
incorporated in the transit ion states of the two steps. 
Generally, the observed overall specific rate con-
stant is a linear combinat ion of the specif ic rate 
constants characteristic for di f ferent componen t s of 
the reaction 

£(obs) = Z ki ( 1 ) 
i 

or in our case, where only uni- and b imolecu la r 
reactions are present, 

^I(0bs) = ^ I l + fri2> ( 2 ) 

where A'n and kn are the rate constants cor respond-

ing to the unimolecular and b imolecular mecha -
nisms of the First step, respectively. Assuming tha t 
the rate of the A M 1 and AAC2 mechan i sms are 
proportional to the «th and mth power of water con-
centration, respectively, (n > m) one has 

V b s ) = * h [ H 2 O r + A : i 2 [ H 2 O r , (3) 

where k'u and k\2 are the specific react ion rate 
constants for the unimolecular and b imolecu la r 
mechanisms, respectively, hence 

£i(obs)/[H2Or = ki, [ H 2 O r ™ + k'n. (4) 

The plot of the left hand side of this equa t ion 
against \ \ \ 2 0] n ~ m should yield a straight line of 
slope k'u and intercept k\2. A n u m b e r of trial plots 
of £i(obs/[H20]m (m = 1 - 4) against [ H 2 0 ] raised to 
varied powers ranging also f rom 1 to 4, have been 
statistically treated using the least squares m e t h o d . 
Best correlation coefficients were obta ined with 
m= 1 and n = 4, and ku and kn could accordingly 
be calculated at all tempera tures and solvent com-
positions. Following the same procedure with kn it 
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became possible to calculate A.'IN and kU2 corre-
sponding to the second step of the reaction, and 
hence to calculate the percentage contr ibut ions of 
each bond fission in each step (Table 2) . The values 
m = 1 and n = 4 imply the incorporat ion of one and 
four water molecules in the transit ion states of 
bimolecular A A C 2 and unimolecular A a ) 1 mecha-
nisms, respectively. The former is in accordance 
with that normally reported for mono- and dicarb-
oxylic esters hydrolysing via A A C 2 mechanism [17, 
23, 29], whereas the incorporat ion of four water 
molecules in the unimolecular reaction, A A 1 1, is 
greater than that reported earlier for monocarboxylic 

esters by one water molecule [9]. This may be due to 
the expansion of the cyclic transit ion state [30, 31] 
by an extra water molecule due to the presence of 
the two carbonyl groups of the diester. This view is 
supported by calculation of the radius of the acti-
vated complex [31] which was found to be 4.9 and 
4.8 A for the first and second steps, respectively, 
compared to 4.5 and 4.4 A for diethylsuccinate [23] 
and 4.0 A for /e/Y.-butylacetate [9] in which only 3 
water molecules are involved in the solvation sheath 
of the transition complex. 

Examination of the data in Table 2 shows that the 
sum of the individual rate constants (A:N + kn) and 

Table 2. Kinetic and mechanistic data for the overall, unimolecular and bimolecular reactions. 

t,°C k • 106 min - 1 Dioxane, wt% 

3 0 . 3 9 0 4 0 . 1 6 3 5 0 . 3 7 3 5 9 . 7 8 8 6 9 . 4 5 7 7 9 . 1 1 9 8 9 . 5 5 7 9 4 . 4 5 1 

2 0 ku 2 2 . 8 0 1 2 . 4 3 6 . 0 3 2 . 5 2 0 . 8 3 0 . 1 8 ( 0 . 0 1 ) ( 0 . 0 2 ) 

kn 1 3 . 1 8 1 1 . 3 2 9 . 4 5 7 . 6 0 5 . 7 6 3 . 9 3 ( 1 . 9 5 ) ( 1 . 0 2 ) 

{k\ \ + ^ I 2 ) c a l c 3 5 . 9 8 2 3 . 7 5 1 5 . 4 8 1 0 . 1 2 6 . 5 9 4 . 1 1 ( 1 . 9 6 ) ( 1 0 . 4 ) 

k\ (obs) 3 5 . 8 1 2 3 . 9 2 1 5 . 5 7 1 0 . 2 2 6 . 4 7 5 . 7 4 5 . 1 6 7 . 7 0 

%(AAI1)I 6 3 . 3 7 5 2 . 3 3 3 8 . 9 5 2 4 . 9 1 1 2 . 6 4 4 . 3 8 ( 1 . 3 1 ) ( 0 . 0 8 ) 

^'II i 1 2 . 4 2 6 . 7 7 3 . 2 8 1 . 3 7 0 . 4 5 0 . 1 0 ( 0 . 0 1 ) ( 0 . 0 1 ) 

k\n 8 . 2 2 7 . 0 6 5 . 8 9 4 . 7 4 3 . 5 9 2 . 4 5 ( 1 . 2 6 ) ( 0 . 6 4 ) 

(ÄT|11 + ^H2)ca l c . 2 0 . 6 4 1 3 . 8 3 9 . 1 7 6 . 1 1 4 . 0 4 2 . 4 5 ( 1 . 2 7 ) ( 0 . 6 5 ) 

^11 (obs) 2 0 . 7 0 1 4 . 2 8 9 . 6 1 6 . 5 3 4 . 2 8 3 . 9 4 3 . 6 3 5 . 3 0 

%(AAI L)N 6 0 . 1 8 4 8 . 9 3 3 5 . 8 9 2 2 . 4 6 1 1 . 2 1 3 . 8 4 ( 0 . 0 4 ) ( 0 . 0 1 ) 

4 0 ku 1 7 2 . 3 3 1 0 4 . 5 3 6 6 . 0 9 2 7 . 4 7 1 0 . 4 4 1 . 4 6 ( 0 . 1 6 ) ( 0 . 0 1 ) 

kn 7 2 . 9 1 6 3 . 8 3 6 2 . 5 5 5 8 . 3 4 4 5 . 6 7 3 2 . 3 6 1 5 . 0 7 7 . 8 3 

{k\ \ + k\2)Cd\c. 2 4 5 . 2 4 1 6 8 . 3 6 1 2 8 . 6 4 8 5 . 8 1 5 6 . 1 1 3 3 . 8 2 ( 1 5 . 2 3 ) ( 7 . 8 4 ) 

kllobs) 2 5 4 . 0 1 6 0 . 0 1 3 4 . 0 8 7 . 5 0 5 7 . 5 4 3 2 . 3 6 3 1 . 9 1 5 8 . 2 1 

%(AAJ1)I 7 0 . 2 7 6 2 . 0 9 5 1 . 3 8 3 2 . 0 1 1 8 . 6 1 4 . 3 2 ( 1 . 0 5 ) ( 0 . 1 1 ) 

^ I I l 9 5 . 4 4 4 3 . 9 0 3 0 . 1 9 1 3 . 4 6 4 . 7 3 0 . 6 7 ( 0 . 0 2 ) ( 0 . 0 1 ) 

k\\2 4 6 . 5 7 5 9 . 7 6 4 8 . 3 6 3 7 . 6 1 3 1 . 0 5 2 1 . 4 5 ( 1 1 . 3 5 ) ( 5 . 9 6 ) 

(A.'|I | + /FN2)calc. 1 4 2 . 0 1 1 0 3 . 6 6 7 8 . 5 5 5 1 . 0 7 3 5 . 7 8 2 2 . 1 2 ( 1 1 . 3 7 ) ( 5 . 9 7 ) 

^11 (obs) 1 4 6 . 1 9 4 . 6 5 8 1 . 9 9 5 5 . 3 4 3 7 . 6 8 2 2 . 0 6 2 2 . 0 9 3 9 . 4 6 

°/o(Am\)u 6 7 . 2 1 4 2 . 3 5 3 8 . 4 3 2 6 . 3 5 1 3 . 2 1 3 . 0 1 ( 0 . 2 1 ) ( 0 . 0 1 ) 

6 0 Ku 2 9 9 8 . 0 7 1 6 3 4 . 2 9 7 9 2 . 6 1 3 3 1 . 4 3 1 0 9 . 6 8 2 3 . 7 1 ( 1 . 4 3 ) ( 0 . 1 1 ) 

kn 9 4 0 . 7 7 8 0 8 . 3 6 9 7 4 . 5 8 5 4 2 . 4 7 4 1 1 . 4 5 2 8 0 . 5 5 ( 1 3 9 . 1 2 ) ( 7 2 . 8 0 ) 

(A'N + ALCAIC. 3 9 3 8 . 8 4 2 4 4 2 . 6 5 1 7 6 7 . 1 9 8 7 3 . 9 0 5 2 1 . 1 3 3 0 4 . 2 6 ( 1 4 0 . 5 5 ) ( 7 2 . 9 1 ) 

^ l (obs ) 4 2 7 6 1 9 8 7 1 4 1 6 8 9 7 . 4 6 1 9 . 7 4 1 5 . 4 4 7 8 . 6 6 0 2 . 6 

•MAAJOI 7 6 . 1 6 6 6 . 9 1 5 4 . 0 2 3 7 . 9 2 2 1 . 0 5 7 . 7 5 ( 1 . 0 2 ) ( 0 . 1 5 ) 

k\u 1 6 0 2 . 9 7 8 7 3 . 8 0 4 2 3 . 7 8 1 7 7 . 2 1 1 5 8 . 6 4 1 2 . 6 8 ( 0 . 7 7 ) ( 0 . 0 6 ) 

k\n 6 5 2 . 6 5 5 6 0 . 7 9 4 6 7 . 9 8 3 7 6 . 3 3 2 8 5 . 4 4 1 9 4 . 6 3 ( 9 6 . 6 1 ) ( 5 0 . 5 1 ) 

(k\\ 1 + A[]2)calc. 2 2 5 5 . 6 2 1 4 3 4 . 5 9 8 9 1 . 7 6 5 5 3 . 5 4 3 4 4 . 0 8 2 0 7 . 3 1 ( 9 7 . 3 8 ) ( 5 0 . 5 7 ) 

^11 (obs) 2 4 5 0 1 1 7 2 8 6 2 5 6 4 . 1 4 0 2 . 9 2 7 9 . 7 3 2 6 . 9 4 0 4 . 4 

% ( A A ] L)N 7 1 . 0 6 6 0 . 9 1 4 7 . 5 2 3 2 . 0 1 1 7 . 0 4 6 . 1 ( 0 . 7 8 ) ( 0 . 1 2 ) 

8 0 ku 3 1 6 3 9 . 1 3 1 7 2 4 6 . 9 7 8 3 6 4 . 5 2 3 4 9 7 . 6 7 1 1 5 7 . 5 0 2 5 0 . 2 5 ( 1 5 . 1 5 ) ( 1 . 1 3 ) 

kn 4 7 4 2 . 0 6 4 0 7 4 . 6 4 3 4 0 0 . 3 2 2 7 3 4 . 3 7 2 0 7 3 . 9 5 1 4 1 4 . 1 5 ( 7 0 1 . 2 3 ) ( 3 6 6 . 9 7 ) 

(A'N + A [ |2)calc . 3 6 3 8 1 . 1 9 2 1 3 2 1 . 6 1 1 1 7 6 4 . 8 4 6 2 3 2 . 0 4 3 2 3 1 . 4 5 1 6 6 4 . 4 0 ( 7 1 6 . 3 8 ) ( 3 6 8 . 1 0 ) 

^ I fobs) 4 0 0 0 0 1 6 8 5 9 1 0 6 4 1 6 1 8 5 4 6 4 1 2 5 4 1 3 1 0 7 3 6 4 7 

%(AAIDI 8 6 . 9 6 8 0 . 8 9 7 1 . 1 0 5 6 . 1 2 3 5 . 8 2 1 5 . 0 3 ( 2 . 1 1 ) ( 0 . 3 1 ) 

•̂"III 1 7 2 8 9 . 4 3 9 2 2 4 . 7 3 4 5 7 0 . 8 5 1 9 1 1 . 3 3 6 3 2 . 5 2 1 3 6 . 7 5 ( 8 . 2 8 ) ( 0 . 6 2 ) 

A | i 2 3 5 0 9 . 7 6 3 0 1 5 . 7 7 2 5 1 6 . 6 9 2 0 2 3 . 8 0 1 5 3 5 . 0 0 1 0 4 6 . 6 6 ( 5 1 9 . 0 1 ) ( 2 1 7 . 6 0 ) 

( A ' m + A'ii2)calc. 2 0 7 9 9 . 1 9 1 2 2 4 0 . 5 0 7 0 8 7 . 5 4 3 9 3 5 . 1 3 2 1 6 7 . 5 2 1 1 8 3 . 4 1 ( 5 2 7 . 2 9 ) ( 2 1 8 . 2 2 ) 

(obs) 2 2 8 5 7 9 9 1 7 6 4 4 5 3 8 6 6 2 9 9 6 1 6 9 4 2 1 0 4 2 4 3 0 

% ( A A 1 1 ) „ 8 3 1 2 7 5 . 3 6 6 4 . 4 9 4 8 . 5 7 2 9 . 1 8 1 1 . 5 5 ( 1 . 5 7 ) ( 0 . 2 3 ) 
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Table 3. Activation energies of the overall, unimolecular and bimolecular reactions in the two steps. 

89 

E, kJ mol 1 Dioxane. wt% 

30.390 40.163 50.373 59.788 69.457 79.119 89.557 94.451 

£ Iobs 20-50 °C 

60-90 °C 

£ I Iobs 20-50 °C 

60-90 °C 

Eu 20-50 °C 

En 

E \ \ \ 

88.5 85.4 
±0.04 ±0 .6 
110.4 100.1 
±2.1 ± 1.1 

88.2 85.1 
±0 .3 ±0 .5 
110.3 100.0 
± 1.2 ± 1.2 

117.33 116.95 
±0 .7 ±0 .4 

97.39 97.33 
±0 .3 ±0 .5 
117.17 117.52 
±0.6 ± 1.7 
100.18 98.75 
±2.1 ±0 .8 

85.4 82.8 
±0 .6 ±2.1 
97.7 100.6 

± 0 . 6 ± 0.4 

85.1 81.4 
± 0 . 6 ± 1.0 

97.4 100.3 
± 0 . 7 ±0 .5 

115.99 116.02 
±0 .2 ±0 .9 

99.43 96.21 
± 1.2 ± 0.4 
116.55 116.34 
±0 .6 ±0 .5 

98.87 98.66 
± 0 . 6 ± 1.9 

84.6 76.9 
± 1.4 ± 0.8 
107.7 92.0 
±0 .6 ± 1.3 

84.3 76.6 
± 1.2 ±0 .9 
106.8 91.5 
± 0.6 ± 1.1 
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Fig. 3. Dependence of the overall rate constants of the two 
steps of the reaction on the dielectric constant of the 
medium. 

(^111+^112) calculated f rom (4) agrees qu i t e satis-
factorily with the observed overall specif ic rate 
constants k\ and Arn only in med ia conta in ing less 
than 80% dioxane. The deviat ion observed at h igher 
dioxane constants is probably due to the m a x i m u m 
in acidity function in this range [21. 22], i.e.. a non-
kinetic factor. The contr ibut ion of the A M 1 mecha -
nism is higher for the first step than for the second 
one, which is quite unders tandable , as the steric 
effect in the former case is larger than that in the 
latter. 

It is noteworthy that the least squares t r ea tment 
of the linear Arrhenius equat ion [28] for the four 
calculated rate constants gave a correlat ion coeff i -
cient equal to unity and the respective values for the 
activation energies of the two mechanisms for each 
step of the reaction were found equal to those 
normally characteristic for them [8] (Table 3). 

The dependence of the specific rate constants of 
both steps on the solvent composi t ion of the reac-
tion mixture can be better visualised by appl ica t ion 
of the well known electrostatic theories [1, 32, 33] 
based on the effect of bulk dielectric constant of the 
medium. The latter values were taken or inter-
polated from the data available [34] for d i f fe ren t 
dioxane-water mixtures. F igure 3 represents the 
linear plot of log k\ and log ku against 1 I D , which is 
indicative of an ion-molecular dipole [31, 35] inter-
action rather than a molecular d ipo le -molecu la r 
dipole one [36]. However, the deviat ions of the plots 
of Fig. 3 from linearity, at low dielectric constants, 
are to be attributed to preferential solvation effects 
[37, 38], 

Table 4 contains the values of the free energies 
AG*, enthalpies AH* and entropies zJS* of activa-
tion for the overall, unimolecular and b imolecu la r 
reactions at 20 °C. It is noticed that AG* increases 
regularly with increasing dioxane content of the 
medium for the uni- and bimolecular react ions of 
both steps. The AN* values for the overall react ion 
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Table 4. Thermodynamic parameters of activation for the reaction at 20 °C. 

Parameter Dioxane, wt% 

30.390 40.163 50.373 59.788 69.457 79.119 89.557 94.451 

First step (I) 
AGt kJ moL1 106.70 107.68 108.73 109.76 110.87 111.16 111.42 110.45 
AH? kJ moL1 104.60 101.48 96.32 95.00 94.23 93.53 94.96 91.72 
AS,* J mol-1 deg-' - 7 . 1 6 -21 .16 - 4 2 . 3 3 - 50.33 - 56.76 - 60.15 - 56.15 -63 .88 
AGj*j 107.82 109.28 111.04 113.29 115.88 119.60 - -

AH?, 114.89 114.51 113.55 113.58 113.16 114.67 - -

A S f , 24.19 17.85 8.56 1.40 - 9.26 - 16.82 - -

AG,*2 109.14 109.51 109.95 110.48 111.16 112.09 - -

AH,* 94.95 94.89 96.99 93.77 93.67 93.52 - -

AS,*2 -48 .39 -49 .86 - 52.20 - 56.99 - 59.64 - 63.33 - -

Second step (II) 
AG,jf kJ moL1 108.04 108.94 109.91 110.85 111.88 112.08 112.28 111.36 
AH?, kJ moL1 104.46 97.12 96.27 95.03 93.84 92.53 94.36 91.28 
AS?, kJ moL1 deg -1 - 12.20 - 40.32 -46 .51 - 53.96 - 61.53 - 66.69 - 61.16 - 68.48 
AG?,, 109.28 110.76 112.52 114.66 117.37 121.04 - -

AH?,, 114.73 115.08 114.11 113.90 115.05 114.88 - -

AS?,, 18.59 14.74 5.40 - 2.57 - 7.91 - 20.99 - -

AG?, 2 100.29 109.02 110.02 111.02 112.02 113.24 - -

AH?,2 97.74 96.31 96.43 96.22 96.25 96.39 - -

AS,if. - 42.80 -43.35 -46 .36 - 50.45 - 53.79 - 57.47 - -

decrease with increasing dioxane content due to the 
change in mechanism. This is evidenced by the fact 
that the AH* for the separated uni- and bimolec-
ular reactions are more or less constant and lie 
within regions characteristic for these types of 
mechanism. 

The overall entropy of activation decreases regu-
larly from - 7 . 1 6 to - 63.38 and f rom - 1 2 . 2 to 
— 68.48 J mole - 1 d e g - 1 for the first and second steps, 
respectively, as the dioxane content increases. This 

is a direct consequence of the decrease in the 
contribution of the A ^ 1 mechanism. These conclu-
sions can be clearly noticed f rom and ^ S m 
values, which are more positive in the fo rmer than 
in the latter steps, as the contr ibut ion of the AA! 1 
mechanism runs parallel to this change. The values 
of AS* for A^ 1 mechanism are usually positive or 
slightly negative compared to those of A A c 2 mecha-
nism [8], 
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