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This paper presents a study of the water-catalyzed hydrolysis of two covalent arysulfonylmethyl perchlorates 
(involving rate-determining proton transfer to water) in dioxane-Hz0, t-BuOH-HzO, and CH~CN-HZO. The char- 
acteristic kinetic behavior for each aqueous binary is discussed in terms of the variation of the activation parame- 
ters AG*, AH*, and AS* as a function of the mole fraction of water ( ~ H ~ o ) .  Addition of the weak Bronsted bases 
dioxane and CH&N markedly increases the kinetic basicity of water. It is proposed that the magnitude of the effect 
is correlated with the amount of polarization of the water molecule as a result of hydrogen bonding to the organic 
cosolvent. Thermodynamic data for transfer of a model substrate 3 from H20 to the aqueous mixtures support the 
idea that especially in t-BuOH-HzO effects due to changes in “water structure” should be invoked to explain the 
remarkable extrema observed for AH* and AS* in the region of high water concentration. Possible biochemical im- 
plications are briefly indicated. 

Few systematic studies have been made of the effect of 
solvent composition upon rates and activation parameters of 
hydrolysis reactions involving proton transfer to or from water 
in the rate-determining ~ t e p . l - ~  Recently, we have reported 
that the neutral hydrolysis of covalent arylsulfonylmethyl 
perchlorates, which is subject to efficient general base catalysis 
by waters (Scheme I), may be a useful probe for such s t u d i e ~ . ~ , ~  

Scheme I 

ArSO2CH2OC1O3 + H,O - [,ArSO2CHOC1O31 + H,O’ slow 

The hypothesis was advanced that the peculiar behavior of 
the kinetic parameters as a function of solvent composition 
can be rationalized by assuming that the diffusionally aver- 
aged “water structure”6 is one of the factors determining AH* 
and AS* in mixed aqueous solvents of high water concentra- 
tion.2 It was also argued that the water-catalyzed process 
depicted in Scheme I is by no means a general probe for the 
kinetic basicity of mixed aqueous ~olu t ions .~  

In this paper we report a more detailed analysis of the 
trends in AG*, AH*, and AS* for hydrolysis of 1 and 2 as a 
function of solvent composition in dioxane-Hz0, t-BuOH- 
H20, and CH3CN-HzO using transition-state theory. The 
data provide a deeper insight into the propensity of water 
molecules to deprotonate pseudoacids like 1 and 2 under 
conditions of changing water-water hydrogen bonding in- 
teraction. In addition, the present results may possess rele- 
vance for our understanding of microenvironmental factors 
a t  the active sites of enzymes which catalyze C-H bond fis- 
sion.7~8 

Results 
Hydrolysis of 1, la, and 2 in l,4-Dioxane-H20 Mix- 

t u r e ~ . ~  Pseudo-first-order rate constants (kobsd), second-order 
rate constants ( k 2  = kobsd C H ~ O - ~ ) ,  and activation parameters 
for hydrolysis of 1, la (p-N02C6H4S02CD20C103), and 2 in 
dioxane-HzO mixtures of varying mole fraction of water 
( ~ H ~ o )  are shown in Table I. Plots of log kobsd/k&sdHZ0 and 
log k2/kzHz0 vs. nH20 are given for 1 in Figures 1 and 2, re- 
spectively, and AH* and -TAS* are plotted as a function of 
nHzO in Figure 3. These data all pertain to water-induced 
processes because the substrates are stable in anhydrous di- 
oxane for a long time.5 Since 1 and 2 exhibit closely similar 
trends in their data, the following discussion will be largely 

limited to 1. Two observations are particularly noteworthy: 
firstly, the nearly constant value of kZ/kzHzo between nHzo 
= 0.2-0.8, and secondly, the extrema in AH* and AS* around 
nH20 = 0.7. Upon the first addition of dioxane to water, the 
rate enhancement is governed by a decrease of AH* which is 
only partly compensated by a decrease of AS*. Below nHzo 
= 0.7 almost completely compensatory changes in AH* and 
AS* are observed. Between nHzO = 0.7 and 0.5 these changes 
in AH* and AS* are in opposite direction to those found in 
the region nH20 = 0.7-1.0. Hydrolysis of 1 and 2 in the region 
n ~ ~ 0  = 0.8-1.0 is associated with real isokinetic temperatures 
(1, T ,  = 375 f 10 K; 2, T,  = 369 & 10 K) as indicated by ap- 
plication of Petersen’s criterium.10 

The substantial changes of AH* and AS* with nH20 for 
hydrolysis in dioxane-H20 may be contrasted with the small 
changes of these quantities of activation for ethanolysis of 1 
in dioxane-Et0H (Table 11). In the latter solvent system there 
is no initial increase of kobsd/kobsdEtOH upon the first addition 
of dioxane to ethanol (Figure 1). I t  should also be noted that 
hobsd is only moderately sensitive to changes in the dielectric 
constant of the medium.2b 

Solvolysis of 1 in t-BuOH-H20  mixture^.^ The kinetic 
data for solvolysis of 1 in t-BuOH-HzO are listed in Table 111. 
A plot of log kobsd/kobsdH20 vs. nH20 is shown in Figure 1. I t  
should be emphasized that the kobsd values for the t-BudH- 
H2O mixtures represent the sum of the rate constants for 
hydrolysis and alcoholysis, which are, in the respective pure 
solvents, of the same order of magnitude (Table 111). Inter- 
estingly, kobsd increases sharply upon the first addition of 
t-BuOH to H20 until kobsd reaches around nHzO = 0.9 a value 
well above that for solvolysis in either pure water or pure t -  
BuOH. Between ~ H ~ O  = 0.9-0.2 kobsd is nearly constant and 
then, below nH20 = 0.2, falls off rapidly to the value for alco- 
holysis in pure t-BuOH. A rather similar behavior Of  kobsd as 
a function of nH20 has been observed for solvolysis in EtOH- 
HzO and in glycol-Hz0 although in these solvent systems the 
rate increase upon initial addition of the alcohol is appreciably 
smaller.2 

The variation of AH* and AS* as a function of solvent 
composition shows mirror image behavior, as for hydrolysis 
in dioxane-water, but now extrema are located at n H 2 0  = 0.85 
(Figure 4). Clearly the increase in rate between nHzO = 1.0 and 
0.85 is the result of a decrease in AH* which is incompletely 
compensated by a decrease in AS*. Almost perfect &*-AS* 
compensation occurs in the region nHzO = 0.9-0.1. Below ~ H ~ O  
= 0.1 the increase of AG* is caused by an endothermic change 
in AH*. 
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Table I. Rate Constants and Activation Parameters for the Neutral Hydrolysis of 1, la, and 2 in Dioxane-HzOa 
at 25 f 0.04 "C 

k 2  X IO6, AH*, AS*, 
Compd nH20 kcal mol-1 eu kH/kDd M-1 S - l ~  

kobsd x lo4, 
s - l b  

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
la 
l a  
la 
la 
1 
1 
1 
1 
2 
2 
2 
2 
2 
2 
2 
2 
2 

1.00 
0.98 
0.90 
0.80 
0.75 
0.70 
0.65 
0.58 
0.50 
0.30 
0.20 
1.00 
0.80 
0.50 
0.30 
1.00e 
0.80 
0.50 
0.30 
1.00 
0.98 
0.90 
0.80 
0.75 
0.65 
0.50 
0.30 
0.20 

32.5 
44.7 

111 
164 
166 
148 
135 
106 
79.4 
35.2 
19.9 
5.7 

25.4 
12.5 
5.5 

18.4 

54.8 
25.6 

104 

6.10 
7.23 

13.3 
17.0 
15.2 
11.0 
6.92 
2.88 
1.71 

58.6 
88.7 

306 
645 
770 
804 
864 
859 
81 1 
788 
736 

10.3 
98.1 

129 
120 

402 
561 
555 

33.3 

11.0 
14.2 
36.0 
65.6 
69.4 
69.2 
71.3 
62.6 
61.1 

18.4 
17.9 
15.6 
14.0 
13.3 
13.0 
13.0 
13.8 
14.3 
14.0 
12.5 
19.2 
14.6 
15.3 
14.6 
18.6 
13.7 
14.0 
12.2 
19.7 
18.5 
17.0 
14.4 
15.Q 
15.3 
15.7 

14.0 

- 8  
- 9  
-15 
-20 
-22 
-23 
-23 
-22 
-20 
-23 
-29 
- 9  
-22 
-21 
-24 
- 9  
-22 
-22 
-29 
- 7  
-11 
-15 
-23 
-21 
-21 
-21 

-29 

5.6 
6.4 
6.4 
6.2 
1.7f 
1.6f 
1-51 
1.6f 
6.2s 

7.7 

7.3 
7.1 

a Containing M HC1. Pseudo-first-order rate constant. k p  = kobsd C ~ ~ 0 - l .  Primary kinetic deuterium isotope effect. e nD20. 
f Solvent deuterium isotope effect, kHzo/kD20. g kH20/kDzo = 1.7. 

i U I  I 

" H20 

10 0 5  0 0  

Figure 1. Plot of log h&sd/h&sdHZO vs. T I H ~ O  for the neutral hydrolysis 
of 1 in t-BuOH-HzO (A), dioxane-HzO (01, CH3CN-HpO (VI, and 
dioxane-EtOH (0). In the last case log hobsd/hobsdEtoH is plotted as 
a function of TIEtOH. 

Hydrolysis of 1 in CH&N-H20 'Mixtures. Kinetic data 
for hydrolysis of 1 in CHBCN-H~O mixtures are summarized 
in Table IV. The data comprise the region n H 2 0  = 0.3-1.0; 1 
is not solvolyzed in pure CH3CN, as expected. As shown in 

Figure 1, there is a small increase of kobsd upon going from 
pure water to n H 2 0  ca. 0.8, further addition of CH&N then 
results in a smooth decrease. The modest increase of k2 upon 
increasing concentration of CH3CN is displayed in Figure 2. 
A striking difference with the results for solvolysis in diox- 
ane-H2O and t-BuOH-H2O is the absence of extrema in AH* 
and AS* in the region of high water concentration (Figure 5) 
although again AH* and AS* vary as a function of nHzO in a 
compensating fashion. 

Thermodynamic Parameters of Transfer for 3. Un- 
fortunately the perchlorates 1 and 2 are too readily hydrolyzed 
to allow the determination of thermodynamic quantities for 
transfer from water to the aqueous mixtures employed in the 
kinetic studies. Therefore we have chosen the less reactive 
sulfonate 311 as a reasonable model compound for 1 and 2. 

C H 3 + s 0 2 C H 2 0 S O * ~  

3 
Justification for this choice is found in Cox's observation12 
that for such different substrates as ethyl acetate, acetone, 
benzene, and trimethyl phosphate the enthalpies (AHt,") and 
entropies (AStr') for transfer from water to various aqueous 
mixtures show trends which are similar in their gross fea- 
t u r e ~ . ~ ~  The thermodynamic parameters AGtro, a t r ' ,  and 
ASt,' for transfer of 3 were obtained from solubility mea- 
surements and are tabulated in Table V. Figure 6 shows a plot 
of AHt,' and -TAStIo as a function of n H Z O  for the three 
solvent systems. The plots clearly reveal mirror image be- 
havior. Most noteworthy are the pronounced extrema in AHtro 
and ASt,' at ~ H ~ O  = 0.95 for t-BuOH-HzO. 

Discussion 
Solvent Effects on AG*. Since the AG* value for solvolysis 
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Figure 2. Plot of log k2/k2H20 vs. TZH~O for the neutral hydrolysis of 
1 in dioxane-H20 (0) and in CH~CN-HPO (VI. 
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H20 

Figure 3. Plot of AH* and -TAS* vs. TZH~O for the neutral hydrolysis 
of 1 in dioxane-Hz0. 

of 1 and 2 measures the “kinetic basicity” of the reaction 
medium,l4 it is remarkable that the first addition of the weak 
Bronsted bases dioxane and CH&N to water lead to enhanced 
reaction rates as expressed in the k z  values (Figure 2). These 
results serve to indicate that the activation process is strongly 
affected by solvation factors.15 From previous work it seems 
evident that proton transfer in the transition state is far from 
complete since the Bronsted (3 is ca. 0.L5 In addition, the 
rather small negative entropy of activation for hydrolysis in 

Table 11. Rate Constants and Activation Parameters for 
the Neutral Hydrolysis of 1 in Dioxane-EtOHa at 25 f 

0.04 “C 

kobsd x lo4, k2 x lo6, AH*, AS*, 
nEmH S - l b  M-I s-lC kcal mol-’ eu 

1.00 45.1 207 15.8 -16 
0.90 36.1 201 16.3 -15 
0.80 30.3 206 16.3 -15 
0.60 19.1 200 16.1 -17 

a Containing M HC1. Pseudo-first-order rate constant. 
c k  - 2 - KobsdCEtOH-’. 

Table 111. Pseudo-First-Order Rate Constants (kobsd) 
and Activation Parameters for the Neutral Hydrolysis of 

1 in t-BuOH-H20a at 25 f 0.04 “C 

kobsd X lo4, AH*, As*,  
nH9O s-l kcal mol-’ eu kH/kDb  

~~ ~ 

1.00 32.5 18.4 - 8  5.6 
0.95 95.5 16.9 -11 
0.90 214 14.5 -18 
0.85 269 13.2 -22 
0.80 275 14.0 -19 
0.75 288 14.1 -18 
0.70 299 14.0 -19 
0.60 320 13.4 -21 
0.50 331 13.1 -21 
0.30 306 12.8 -23 6.1 
0.15 240 12.6 -24 
0.075 180 12.7 -24 
0.040 138 12.9 -24 
0.0 64.6 14.6 -20 

Containing M HC1. Primary kinetic deuterium isotope 
effect, kobsd (l) /kobsd (la). 

Table 1V. Rate Constants and Activation Parameters for 
the Neutral Hydrolysis of 1 in CH&N-H20a 

at 25 f 0.04 “C 

1.00 32.5 
0.90 51.9 
0.80 54.3d 
0.70 46.2 
0.60 39.0 
0.58 37.2 
0.50 33.1 
0.41 26.9 
0.30 19.8 

58.6 
124 
169 
188 
207 
212 
234 
256 
278 

18.4 
17.1 
16.2 
15.6 
15.5 
15.4 
14.6 
14.4 
14.0 

-8 
-12 
-15 
-17 
-18 
-18 
-21 
-22 
- 24 

Containing M HC1. Pseudo-first-order rate constant. 
k2 = kobsd CH,O-’. kHnO/kDzO = 1.9, kH/kD = 6.4. 

pure water (-8 eu) reveals that no drastic change in the sol- 
vation pattern is required to reach the transition state for 
proton transfer to water. Since 1 and 2 should be considered 
as “pseudoacids”,l6 it is reasonable to assume that only one 
water molecule will be tightly bound in the transition state and 
that the rate of deprotonation will not be seriously affected 
by the necessity of substrate desolvation. The proposed 
transition state structure also implies that solvation of the 
dispersed negative charge at  the a-sulfonyl carbon atom is 
relatively ~ n i m p o r t a n t . ~  Because proton transfer from 1 and 
2 in dioxane-HzO and CH~CN-HZO occurs only to water 
 molecule^,^^ we suggest that the increase in the kinetic basicity 
of water in these solvents should be ascribed to water-organic 
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Figure 4. Plot of AH* and -TAS* vs. n H f i  for the neutral hydrolysis 
of 1 in t-BuOH-HzO. 

solvent hydrogen bonding interactions in complexes of type 
4 and 5. This type of association apparently results in an en- 

,H---S ss ,H---S 
S + (H,O), 0 d + (HL) )n -~  

‘H---(OHJ,,-~ -’ ‘\H--.S 
4 5 

S = dioxane, CH&N 

hanced electron density at the water oxygen atom as compared 
with that in water-water hydrogen bond complexes. Experi- 
mental evidence for the intrinsic high hydrogen bonding ca- 
pability (high proton affinity) of ether molecules like dioxane 
has been obtained from gas-phase ion equilibria.18 In these 
studies it was shown that the interaction of H30+ with three 
ether molecules is more favorable than with three water 
molecules. Acetonitrile has also a greater proton affinity than 
water. In the light of these data for the gas phase, it  is inter- 
esting to see that the curves of k2 as a function of n1.1~0 for 
hydrolysis of 1 in dioxane-H2O and CH~CN-HZO show a 
strong conformity (Figure 2)) except for the size of the effect, 
which is smaller for CH3CN. The low kinetic basicities of di- 
oxane and CH3CN molecules themselves, either in the pure 
liquid or in their aqueous solutions, find their explanation in 
their aprotic character which strongly discourages proton 
transfer to these molecules because of the associated highly 
unfavorable AS* values. Our results therefore reinforce the 
idealg that the relatively high Bronsted basicity of water in 
aqueous solutions, despite its low gas-phase proton affinity, 
is largely due to the presence of extensive three-dimensional 
hydrogen bond networks and its associated low entropy. As 
a consequence, the loss of entropy associated with proton 
transfer to water will be less than for proton transfer to less 
associated solvent molecules although the latter may form 
hydrogen bonds of comparable enthalpy as water does. In 
addition to this effect, cooperative hydrogen bonding between 
water molecules will also enhance the hydrogen bond basicity 
of water in the enthalpic senseoZ0 Support €or the idea that the 
enhanced rates in the water-rich dioxane-H2O and 
CHBCN-HZO mixtures are due to a predominating transition 

19.t 

15.0 

- 
I 
Y 

- 
n 
u 2 

A H *  

- T A S * + ~  

1 0  0 5  0.0 

Figure 5. Plot of AH* and -TAS* vs. nH20 for the neutral hydrolysis 
of 1 in CH~CN-HZO. 

state effect, is found in the exothermic AGtIo values for these 
solvent systems given in Table V. 

An explanation for the rate-solvent composition profile for 
solvolysis of 1 in t -BuOH-H2021 may be given along similar 
lines but now the situation is still more complex because the 
organic cosolvents also functions as an efficient Bronsted base. 
The rate enhancement in the region nHzO = 1.0-0.8 will be due 
to transition state stabilization as suggested by the AGtIo data 
in Table V. Apparently, transition state solvation is promoted 
by the formation of water-t -BuOH hydrogen bond complexes 
at  the expense of water-water interactions in the bulk solvent. 
Support for this conclusion is found in the strongly reduced 
rates of solvolysis of 1 in 2,2,2-trifluoroethanol (TFE)-H20 

M-l s-l, AH* = 17.6 kcal mol-l, AS* = -14 eu). Now 
the alcohol is only a weak hydrogen bond acceptor and for- 
mation of complexes like 4 and 5 (S = TFE) is much less fa- 
vorable. 

The nearly constant k z  values and activation parameters 
for ethanolysis of 1 in dioxane-EtOH (nEtOH = 0.6-1.0; Table 
11) are understandable in view of the relatively small differ- 
ences in gas-phase proton affinities between EtOH and most 
cyclic ether@ and the absence of large three-dimensional 
hydrogen bond structures in liquid EtOH.21i22 The minor role 
which solvent polarity plays in determining the rates of sol- 
volysis is readily reconciled with a transition state occurring 
early on the reaction coordinate (vide supra). 

Since the above discussion of the trends in the rates as a 
function of solvent composition is perforce qualitative, we 
cannot decide, at  the moment, whether or not a secondary 
effect is imposed on AGf by changes in the diffusionally av- 
eraged “water structure” induced by the organic cosolvent in 
the region of high water con~entration.~3 In the following 
section it will be argued that the AH*-AS* compensation 
phenomena observed in t-BuOH-HzO and possibly in diox- 
ane-HpO, respond to “water structure” perturbation but the 
possibility remains that AG* is (almost) insensitive to changes 
in solvent structural integrity. In this context it is significant 
to note that in t-BuOH-HzO the maximum rate is reached at  
a higher ~ H ~ O  than in EtOH-Hz0.2 This correlates with the 

mixtures ( n ~ ~ o  = 0.827, kobsd = 69.3 X s-l, k z  = 26.9 X 
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Table V. Thermodynamic Quantities of Transfer for 3 
from Water to Aqueous Solvent Mixtures (25 “C) 

~~ ~ 

Solvent mtr’ t  AStr’, AGtr’t 
mixture nH.,o kcal mol-’ eu kcal mol-‘ 

Dioxane-HzO 
Dioxane-HzO 
Dioxane-HZO 
t-BuOH-HzO 
t-BuOH-HzO 
t-BuOH-HzO 
CHsCN-HzO 
CHBCN-HZO 
CHSCN-HBO 

0.95 -0.2 
0.90 +0.2 
0.875 -0.5 
0.95 +6.5 
0.90 +4.4 
0.80 -1.2 
0.95 +0.6 
0.925 +1.3 
0.875 -1.4 

+5 
+11 
+10 
+27 
+23 

+8 
+6 

+11 
+8 

-1.75 
-2.90 
-3.40 
-1.43 
-2.36 
-3.48 
-1.23 
-1.87 
-3.68 

higher n1-1~0 for the maximum in “water structure” in t -  
BuOH-Hg0 in comparison with that in EtOH-Hg0. 

Solvent Effect on Am and AS*. The data shown for the 
three solvent systems in Tables I, 111, and IV reveal that the 
first addition of organic cosolvent to water leads to smaller 
AH* values. In the previous section it was proposed that these 
lower AH* values manifest an enhanced kinetic basicity of 
water as a result of cosolvent-induced, stronger C-H-OHg 
interaction in the transition state. Invariably, this exothermic 
shift of AH* is largely compensated by an endothermic shift 
of AS*. This is expected for stronger binding of water in the 
transition state resulting in more extensive solvent reorien- 
tation. Compensatory behavior of AH* and AS* is charac- 
teristic for many chemical processes in aqueous  solution^.^^,^^ 
On the basis of this concept, one would expect that AH* 
changes smoothly upon lowering nHzo. The change in AG* is 
then dependent on whether the reaction is enthalpy or entropy 
controlled. This situation is encountered for hydrolysis of 1 
in CHBCN-H~O (Figure 5). For this solvent system it is known 
that there is no initial “structure-making’’ effect by small 
amounts of CH3CN.26s27 In sharp contrast, the AH*-AS* 
pattern for solvolysis in dioxane-H2O and t-BuOH-HgO 
shows marked extrema at  ~ H ~ O  = 0.7 and 0.85, respectively 
(Figures 3 and 4). We suggest that these minima may find a 
reasonable explanation by consideration of effects due to 
changes in the diffusionally averaged “water structure” in- 
duced by the organic addendum.28 Before proceeding to a 
qualitative interpretation of the trends in AH* and AS*, we 
will first consider the thermodynamic quantities of transfer 
for the model substrate 3 (Table V). I t  appears that for t -  
BuOH-Hg0 pronounced extrema occur in AHtr’ and A&,” ’ 

at  ~ H ~ O  = 0.95 which nearly coincides with the nHzO of 0.92 for 
maximal “water structure’’ as indicated by studies employing 
such techniques as low angle x-ray ~ c a t t e r i n g , ~ ~  ultrasound 
absorption,30 and measurements of molar excess functions.21 
Since water-water hydrogen bonding will be stronger than 
solute-water hydrogen bonding,3l the large and positive AHtr’ 
for ~ H ~ O  = 0.95 will reflect the increase in enthalpy necessary 
under conditions of enhanced “water structure” for forming 
a cavity in the solvent to accommodate the solute. Despite this 
large AHtr’, the transfer of 3 is exothermic (AGtro = -1.43 
kcal molw1 at ~ H ~ O  = 0.95) because of a dominant and positive 
AS,,’. We contend that this is the result of a release of strongly 
hydrogen bonded water molecules consistent with the oc- 
currence of hydrophobic contacts between 3 and t-BuOH. As 
expected,23 this entropy effect will reach an extremum at the 
n1-1~0 of maximum structural integrity of the solvent. Since 
highly “structured water” is present around the active sites 
of several enzymes (as revealed by x-ray diffrac- 
tion s t ~ d i e s ~ y ~ ~ , ~ ~ ) ,  one wonders how far a similar entropy ef- 
fect also operates on the binding process of the substrate to 
the active site. For example, it is known that the strongly or- 
dered water molecules present in the groovelike active site of 

5.0 LA 
I t  U 

I /  
I /  \ 

1.00 0.90 0.80 

” H20 

A . H 2 0 - t - B u O H  ; V,H20-CH3CN 

0 ,  H20 - Dioxane  

Figure 6. Plot of AHtro and -TASt,O vs. ~ Z H ~ O  for transfer of 3 at 
25 “C. 

papains4 are displaced by the substrate upon formation of the 
Michaelis complex. Notwithstanding the limitations of the 
above theory for aqueous we like to suggest that 
a loss of the amount of solvent “structure” may help to over- 
come the unfavorable entropy inherent in bringing the sub- 
strate to the binding site. 

The extrema in AH* and AS* for solvolysis of 1 in t -  
BuOH-Hg0 occur a t  a somewhat lower water concentration 
( ~ H ~ o  = 0.85) than that of maximum water-water hydrogen 
bonding. Most likely, however, these extrema also reflect 
solvation effects originating from changes in “water struc- 
t ~ r e ” . ~ ~  We infer that the extrema arise because these “water 
structure” effects differ for the initial state and the transition 
state. This will be mainly due to the fact that for the transition 
state the loss of enthalpy as a result of cavity formation will 
be partly offset by strong CH.-OHg interaction and which will 
increase with enhanced “water structure”.2o In view of the 
complex factors which affect the hydrolysis of 1 in t -BuOH- 
HgO one would not expect, a priori, that the extrema in AH* 
and AS* and the maximum in “structuredness” of the solvent 
occur a t  exactly the same ~ H ~ o .  In the hydrolysis of 1 and 2 
“water structure” effects only modulate primary solvation 
changes induced by addition of the organic cosolvent and 
these effects should only be invoked to explain the extrema 
of AH* and AS* in the water-rich region. 

The sharp increase of AH* and AS* in t-BuOH-HzO below 
n1-1~0 = 0.1 is remarkable. A similar behavior has been ob- 
served in a few other studies. According to Caldin and Ben- 
nett~?’ and in agreement with Franks and Ives,21 the addition 
of small quantities of water to alcohols leads to a stronger 
hydrogen bonded structure, build around water molecules, 
as compared with that in the unperturbed alcohol. I t  seems 
likely that the dramatic changes in AH* and AS* reflect this 
solvent structuring effect. 
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In the dioxane-H20 system the compensatory changes in 
AH* and AS* between nH20 = 0.2 and 1.0 are qualitatively 
similar to those in t-BuOH-H2O but now extrema are reached 
at  nH2O = 0.7. Despite some controversy in the literatureFS 
many authors agree that the presence of small amounts of 
dioxane enhances water-water interactions or, a t  least, does 
not break "water ~ t r u c t u r e " . ~ ~ ~ ~ ~  This is indicated by, for in- 
stance, dielectric relaxation  time^,^^!^^ enthalpies of mixing,43 
ultrasound abs0rption,4~ and self-diffusion coefficients.42 
Consequently, the extrema in AH* and AS* may find their 
explanation in similar effects as proposed for t-B~oH-H20.~5 
The AH* and AS* values for ethanolysis of 1 in dioxane- 
EtOH exhibit only small and smooth changes for nEtOH = 
0.6-1.0 and serve to indicate the much more pronounced role 
of solvation effects in dioxane-H20. However, there remains 
some ambiguity in the explanation of the kinetic data in di- 
oxane-HzO because of the less well characterized structural 
properties of this solvent and the possibility that the apolar 
dioxane molecules preferentially solvate 1 and/or the transi- 
tion state to an unknown extent.46 

Experimental Section 
Mater ia ls .  Compounds 1-3 were prepared by methods described 

p r e v i ~ u s l y . ~ J l  T h e  water used in a l l  experiments was demineralized 
and dist i l led twice in an all-quartz dist i l lat ion unit. Deuter ium oxide 
(99.75% DzO) was purchased f r o m  M e r c k  AG (Uvasol qual i ty) and 
was used as such. T h e  organic solvents were o f  the  highest grade 
available, usually obtained f rom Merck  AG. 1,4-Dioxane was f i l tered 
through active, neutra l  alumina in a nitrogen atmosphere and was 
stored under nitrogen a t  0 "C. T h e  solvent mixtures were a l l  made up 
by weight. 

K i n e t i c  Measurements.  Pseudo-first-order ra te constants (re- 
producible t o  w i th in  2%) were obtained using the  u v  technique de- 
scribed previously.2 Solvolysis was accurately f irst order for more than 
3 half-lives. A l l  hydrolyses were carried ou t  in the  presence o f  small  
amounts o f  H C l  (Tables I-IV) in order t o  suppress catalysis by OH-. 
T h e  thermodynamic quanti t ies o f  act ivat ion were calculated f rom 
kobsd values a t  three t o  f ive temperatures between 25 and 45 O C .  In 
a l l  cases excellent Arrhenius plots were found. T h e  accuracy o f  AH* 
is usually f0.3 kcal mol - I  and of  AS* fl eu. Since only trends in AH* 
and AS* are discussed in th is  paper, the problem o f  the choice o f  the 
standard state in the calculation o f  AS* is n o t  relevant. 

T h e r m o d y n a m i c  Quant i t ies  of T r a n s f e r .  Heats o f  transfer 
(AHH, ") for 3 (Table V) were obtained f rom solubi l i ty measurements 
between 15 and 30 O C  fol lowing the procedure o f  Jolicoeur and L a -  
c r o i ~ ~ ~  w i t h  small  modifications. (1) Saturated solutions were pre- 
pared by st i r r ing the solut ion containing excess o f  3 for 8-12 h. No 
solvolysis o f  3 was observed dur ing  th is  period. (2) F o r  the measure- 
ments o f  the absorbance, the  samples were d i lu ted w i t h  96% ethanol 
(A,,, 223.5 nm, 20-mm quartz cells). 

Since the transfer parameters for  3 are being discussed in connec- 
t ion w i th  activation parameters for hydrolysis o f  1 and 2, we note that  
the corresponding thermodynamic quantities for transfer o f  one water 
molecule w i l l  be very small  in comparison w i t h  the values l isted in 
Table V. 

Acknowledgment. The investigations were supported by 
the Netherlands Foundation for Chemical Research (SON) 
with financial aid from the Netherlands Organization for the 
Advancement of Pure Research (ZWO). 

R e g i s t r y  No.-1, 26452-84-6; la, 59711-29-4; 2, 14894-56-5; 3, 
31081-09-1. 

References and Notes 
(1) F. Hibbertand F. A. Long, J. Am. Chem. SOC., 94, 7637 (1972). 
(2) (a) L. Menninga and J. B. F. N. Engberts, Tetrahedron Lett., 617 (1972); (b) 

J. Phys. Chem., 77, 1271 (1973.) 
(3) (a) J. F. J. Engbersen and J. B. F. N. Engberts, J. Am. Chem. Soc., 96, 1231 

(1974); (b) ibid., 97, 1563 (1975). 
(4) L. Menninga, W. D. E. Steenge, and J. B. F. N. Engberts, J. Org. Chem., 40, 

3292 (1975). 
(5) A. Bruggink, B. Zwanenburg, and J. B. F. N. Engberts, Tetrahedron, 25,5655 

(1969). 
(6) We recognize that the concept of "water structure" is hard to define, but 

recently workable and quantitative definitions have been advanced: (a) A. 
Ben-Naim, Biopolymers, 14, 1337 (1975); (b) A. Ben-Naim, "Water and 

Aqeous Solutions. Introduction to a Molecular Thmy", Plenum Press, New 
York, N.Y., 1974. 

(7) For a review, see I. A. Rose in "The Enzymes", Vol. II, P. D. Boyer, Ed., 
Academic Press, New York, N.Y., 1970, p 281. 

(8) S. Lewin, "Displacement of Water and Its Control of Blochemical Reac- 
tions", Academic Press, New York, N.Y., 1974. 

(9) Preliminary results are given in ref 2. 
(10) R. C. Petersen, J. Org. Chem., 29, 3133 (1964). Compare also ref 3b. 
(1 1) A. Bruggink, B. Zwanenburg, and J. B. F. N. Engberts, Tetrahedron, 26,4995 

(12) B. G. Cox, J. Chem. SOC., Perkln Trans. 2, 607 (1973). 
(13) Compare E. M. Arnett, M. Ho, and L. L. Schaleger, J. Am. Chem. Soc., 92, 

7039 (1970). 
(14) For a recent discussion of reactions in aqueous binaries, see M. J. 

Blandamer and J. Burgess, Chem. SOC. Rev., 4, 55 (1975). 
(15) No smooth correlations are obtained between rate constants and either 

dielectric constants or solvatochromism scales like Z- or ET parame- 
ters. 

(16) E. F. Caldin and V. Gold, Ed., "Proton Transfer Reactions", Chapman and 
Hall, London, 1975. 

(17) This is also indicated by the magnitude of the solvent deuterium isotope 
effect, ~ H ~ o / ~ o ~ o ,  which hardly depends on 1-11-1~0. 

(18) (a) E. P. Grimsrud and P. Kebarle, J. Am. Chem. SOC., 95, 7939 (1973); (b) 
K. Hiraoka, E. P. Grimsrud, and P. Kebarle, ibid., 96, 3359 (1974). 

(19) For a thorough discussion of the concept of "basicity", see E. M. Arnett, 
E. J. Mitchell, and T. S. S. R. Murthy, J. Am. Chem. SOC., 96, 3875 
(1974). 

(20) J. E. Gordon, J. Am. Chem. SOC., 94, 650 (1972), and references cited 
therein. 

(21) For an excellent review of the peculiar properties of alcohol-water mix- 
tures, see F. Franks and D. J. G. Ives, Q. Rev., Chem. Soc., 20, 1 
(1 966). 

(22) As expected, addition of TFE to EtOH leads to slower solvolysis. At n ~ ~ o ~  
= 0.80 in TFE-EtOH kobsd = 209 X I. mol-' 
s-', A/@ = 16.8 kcal mol-', and A 6  = -14 eu. 

(23) (a) The leading reference on water and aqueous solutions is "Water, a 
Comprehensive Treatise", Vol. 1-5, F. Franks, Ed., Plenum Press, New 
York, N.Y., 1973-1975; (b) see also ref 6b and D. Eisenberg and W. 
Kauzmann, "The Structure and Properties of Water", Oxford University 
Press, London, 1969. 

(24) R. Lumry and S. Rajender, Biopolymers, 9, 1125 (1970). 
(25) W. P. Jencks, "Catalysis in Chemisby and Enzymology", McGsaw-Hill, New 

York, N.Y., 1969. 
(26) (a) D. A. Armitage, M. J. Blandamer, M. J. Foster, N. J. Hidden, K. W. Mar- 

com, M. c. R. Symons, and M. J. Wootten, Trans. Faraday SOC., 64, l 193 
(1968); (b) B. G. Wada and S. Umeda, Bull. Chem. SOC. Jpn., 35, 1797 
(1962). 

(27) It has been suggested that "water structure" is relatively unaltered in the 
region n ~ s  = 1.0-0.84, gradual disruption taking place below rhp = 0.84; 
see M. F. Stennikova, G. M. Poltoratskii, and M. P. Mitschenko, J. Strukt. 
Chem., 13, 127 (1972). The shallow maximum in the A h r o - n ~  0 plot 
(Figure 6) may be rationalized by assuming that the first amounts of bH3CN 
are placed into the voids in the "water structure". This is not possible for 
a molecule of much greater size like 3. 

(28) Classic papers on this subject are (a) H. S. Frank and M. W. Evans, J. Chem. 
fhys., 13, 507 (1945); (b) G. Nemethy and H. A. Scheraga, ibid., 36,3382, 
3401 (1962). 

(29) H. D. Bale, R. E. Schepler, and D. K. Sorgen, fhys. Chem. Liq., 1, 181 
(1968). 

(30) M. J. Blandamer, ref 23a, Vol. 2, Chapter 9. 
(31) The functional groups present in 1-3 are all very weak hydrogen bond 

acceptors; see J. W. Dallinga and J. B. F. N. Engberts, Spctrochlm. Acta, 
Part A, 30, 1923 (1974). 

(32) For a review of protein-water interactions, see H. J. C. Berendsen, "FEBS, 
Enzymes: Structure and Function", Vol. 29, J. Drenth, R. A. Oosterbaan, 
and C. Veeger, Ed., Elsevier, Amsterdam, 1972, p 19. 

(33) R. L. Reeves, M. S. Maggio, and L. F. Costa, J. Am. Chem. SOC., 96, 5917 
(1974). 

(34) (a) J. Drenth, J. N. Jansonius, R. Koekoek, H. M. Swen, and B. G. Wolthers, 
Nature (London), 218,929 (1968); (b) J. Drenth, K. H. Kalk, and H. M. Swen, 
submitted for publication. 

(35) Protein solvation in EtOH-HPO is discussed in J. F. Brandts and L. Hunt, J. 
Am. Chem. Soc., 89,4826 (1967). 

(36) Nucleophilic displacement reactions of the SN1 and sN2 type also respond 
to "water structure" effects: (a) S. Winstein and A. H. Fainberg, J. Am. 
Chem. Soc., 79,5937 (1957); (b) R .  E. Robertson, Prog. Phys. Org. Chem., 
5 ,  213 (1967); (c) E. M. Arnett. W. G. Bentrude, J. J. Burke, and P. 
McDuggleby, J. Am. Chem. SOC., 87, 1541 (1965). 

(37) E. F. Caldin and H. P. Bennetto, J. Solution Chem., 2, 217 (1973). 
(38) See, for example, (a) A. Ben-Naim and M. Yaacobi, J. fhys. Chem., 79, 

1263 (1975); (b) F. Cennamo and E. Tartaglione, Nuovo Cirnento, 11, 401 
(1959). 

(39) P. F. Waters and S. Jaffer, J. Chem. Soc., Chem. Commun., 529 
(1975). 

(40) Raman spectroscopic evidence suggests "structure breaking" below 
171-1~0 = 0.67; see Y. I. Naberukhin and S. I. Shuiskii, J. Strukt. Chem., 6, 
544 (1967). 

(41) G. H. Haggis, J. B. Hasted, and T. J. Buchanan, J. Chem. fhys., 20, 1452 
(1952). 

(42) C. J. Clemett, J. Chem. SOC. A, 455, 761 (1969). 
(43) J. R. Goates and R. J. Sullivan, J. Phys. Chem., 62, 188 (1958). 
(44) G. G. Hammes and W. Knoche, J. Chem. Phys., 45,4041 (1966). 
(45) Compare ref 33. 
(46) CH3S02CH&OZCH3 is solvated preferentially by dioxane in dioxane-HZO: 

(47) C. Jolicoeur and G. Lacroix, Can. J. Chem., 51, 3051 (1973). 

(1970). 

s-l, k2 = 148 X 

W. Karzijn and J. B. F. N. Engberts, to be published. 


