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HYDRATION OF 2,2-DICHLORO-l-ARYLETHANONES IN WATER 
AND TETRAHYDROFURAN-WATER MIXTURES. 

RENATO WENDHAUSEN, JR,  EDUARDO ZAMPIRON, JOSE F. VIANNA, CESAR ZUCCO, 

Deparfarnen to de Quirnica, Universidade Federal de S .  Cafarina, Floriunopolis, SC 88049, Brazil 
MARCOS CAROLI REZENDE* AND FARUK NOME.* 

The hydration of 2,2-dichloro-l-arylethanones was studied in water and tetrahydrofuran (THF)-water mixtures and 
the equilibrium constants in water were estimated for four ethanones. The process is  subject to specific acid and to 
general base catalysis. The proton inventory technique was applied to the study of the reaction in L 2 0  and THF-LzO 
solutions (L = H or D). In pure water and water-rich mixtures, a very large number of protons participate in the open 
transition state, this number decreasing gradually with increasing water content in the mixture, until the minimum value 
of 2 is reached, corresponding to a cyclic, closed transition-state structure. 

INTRODUCTION 

Nucleophiles are known to add to the carbonyl group of 
aldehydes and ketones to  form tetrahedral species. 
When the nucleophile is water, hydrates are obtained 
which are stable in solution and in many cases can be 
isolated. 

Although equilibrium constants of hydration for 
various halogenoketones have been determined by 
several methods, detailed mechanistic studies of the 
hydration of this class of compounds are scarce. Among 
gem-polyhalogenoketones, the hydration of tri- 
fluoroethanones has attracted the attention of different 
groups. Studies on the hydration of 2,2,2-trifluoro-l- 
arylethanones have been and the hydration 
of 1, I ,  1-trifluoroacetone has been compared with that 
of acetone. 6 3 7  

Studies on the hydration of chloroketones have been 
restricted to a few propanone derivatives, including 
1 -chloropropanone, * 1, I-dichloropropanone’ and 1,3- 
dichloropropanone. lo -  l 3  The mechanism of hydration 
of the last compound has been investigated in detail in 
a series of now classical papers by Bell and co- 
workers. l o -  n More recently, the influence of surfact- 
ants on the hydration of the same substrate has also 
been investigated. I 4 s L 5  

We have been concerned for some time with the 
chemistry of gem-polychloroarylethanones. The reac- 
tion of 2,2,2-trichloro-l-arylethanones with amines and 
alcohols has been studied in our laboratories from both 
the preparative and mechanistic points of view. 1 6 , ”  The 

* Authors  for correspondence. 

0894-3230/90/020089-06$05 .OO 
0 1990 by John Wiley & Sons, Ltd. 

mechanism of the basic hydrolysis of these ethanones 
was also investigated. In all cases tetrahedral inter- 
mediates were postulated, which are formed by an 
initial nucleophilic attack at the carbonyl group. 

In continuation of our interest in this topic, we 
decided to examine the mechanism of hydration of this 
class of compounds, as this is a reversible process in 
neutral or acidic solutions, uncomplicated by further 
decomposition of the hydrate formed. This paper deals 
with the hydration of 2,2-dichloro-l-arylethanones (1) 
in water and tetrahydrofuran (THF)-water mixtures. 

RESULTS AND DISCUSSION 

The observed rate constants for the hydration of the 
dichloroethanones (1) in water to  form the correspond- 
ing hydrates ( 2 )  at 25 “ C  are given in Table 1. 
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Table 1. Equilibrium and rate constants for the hydration of 
2,2-dichloro-l-arylethanones (1) in water at 25 'C 

10' kob5 lo3  kt, 10' kd 
Ketone W')  ( s - ' )  ( S - ' )  Ktt 

l a  6.64 16.4 5.00 0.33 
l b  6.74 9.8 5.76 0.17 
l c  9.25 36.0 5.65 0.64 
Id 29.34 24.10 5.24 4.60 

The rate constants of hydration (kh)  and dehydration 
(kd)  may be obtained with the aid of the following 
equations: 

kob3 = kh + kd (1) 

Kh = kh/kd (2) 
where KI, is the equilibrium constant between the 
hydrate (2) and the ketone (1).  

Combination of equations (1) and (2) yields kd and kl, 

(3) 

(4) 

( 5 )  
where the molar absorptivities and 
a$"". refer to the ketone ( I ) ,  the hydrate (2) and the 
equilibrium mixture, respectively. 

Values for aErone could be obtained by extrapolation 
of the absorbance values of 1 in water to reaction time 
zero. Once the equilibrium had been attained, the absor- 
bance reading at the same wavelength yielded the cor- 
responding a$"".. Unfortunately, the values 
could not be determined with the same precision, 
because species 2 could not be isolated from the aqueous 
solution. This difficulty was overcome by taking 
the molar absorptivities of the corresponding 2,2,2- 
trichloro-1-arylethanols (3) l9 as good approximations 
of the molar absorptivities of the hydrates 2, following 
a procedure employed previously. The values of 

were then 400, 570, 350 and 4930 for the species 
2a, 2b, 2c and 2d, respectively. 

With these approximations, values of Kh, kh and k d  

were estimated for all substrates 1 in water. These values 
are also given in Table 1. 

The equilibrium constant of hydration for l a  (0.33) is 
seen to be approximately ten times smaller than the cor- 
responding value for the 2,2-dichloropropanone (2.9), 
determined by Bell and McDougall. This decrease in 
the ease of hydration when a methyl is substituted by a 
phenyl group may be a result of both the increased steric 
protection of the carbonyl group in l a  and the decreased 
electrophilicity of this group when conjugated with an 
aromatic system. This second effect is particularly im- 

as functions Of kobs and Kh; 

k d  = k"bs/(Kh + 1) 

kh = kobrKh/(Kti + 1) 

The Kh values may be calculated from the equation 
k, = (a;;lonr - a$iiil. )/(ae#il. - a g d r a l e )  

portant, as shown by the comparison of the Kh values 
of hydration of 2,2-dichloropropanone (2.9) and 
of 2,2-dichloro-l-(3-nitrophenyl)ethanone (Id) (4.6). 
Conjugation with the more electron-withdrawing 
3-nitrophenyl substituent increases the electrophilicity 
of the carbonyl group, thus rendering this dichloro- 
arylethanone (Id) even more susceptible to hydration 
than the analogous 2,2-dichloropropanone. 

The values of kh, kdand Kh allow the determination of 
the Hammett p values for the hydration and dehydra- 
tion processes. The corresponding Hammett plots (not 
shown) yield p values of 1.59, - 0.03 and 1.62 for the 
hydration and dehydration steps, and for the equilibrium 
constants, respectively. As expected, the forward hydra- 
tion step is fairly dependent on the nature of the substi- 
tuent, being facilitated by electron-withdrawing groups, 
whereas the reverse dehydration step is almost indepen- 
dent of the nature of the phenyl substituent. Our values 
are very close to those reported by McClelland and 
Coe2' for the hydration of benzaldehydes. They ob- 
tained a p value of 1.7 for the hydration step and a 
p value near zero in the dehydration direction. 

We next turned our attention to  the investigation of 
acid or base catalysis in the hydration process. The in- 
fluence of the pH of the medium on the observed rate 
constant of hydration of l a  was investigated in aqueous 
HCI solutions. The kobs values obtained are given in 
Table 2. As can be seen, the hydration does not depend 
on the hydronium concentration in the pH range 7-1. 
In more acidic solutions, a linear dependence of the 
observed rate constant on the acid concentration was 
observed. This points to the existence of a spontaneous 
hydration constant ko = 0.066s-' ,  and a specific acid- 
catalysed rate contant kH = 0.3961mol-1s-l. 

Isotopic effects on the acid-catalysed hydration of 
2,2-dichloro-l-(4-bromophenylethanone) (Ic)  and 
2,2-dichloro-l-(3-nitrophenyl)ethanone (Id) were 
studied in LCl-L20 solutions (L = H or D), in the acid 
concentration range 0.2-1 .O  M.  The kH/kD ratios for 
substrates l c  and Id were 1.96 and 2.24, respectively. 
These small values are in agreement with the existence 
of specific acid catalysis in the process, indicating that 

Table2. Observed rate constants for the  hydration o f  
2,2-dichloro-l-plienylethanone ( l a )  in aqueous HCI solutions 

at 25'C 
~- 

[HCI] (h l )  10' kub,  ( 5 - l )  [HCI] (\I) lo' kilh ( j  ' )  

.I 6 . 6  0 . 2  9 .7  
6.5 0 .4  20.6 

0.001 6 . 6  0 .6  24.1 
0.01 6 - 7  0.8 34.6 
0.1 6 .8  1.0 42.6 

'pH 7.0,  phosphate buffer. 
"pH 5.0, phthalate buffer. 

h 
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protonation of the carbonyl oxygen occurs before the 
attack by a water molecule. 

The specific base catalysis was not studied because at  
basic pH 2,2-dichloro- I-arylethanones decompose to  
mandelic acid derivatives. 21 

The existence of general acid or base catalysis in the 
pH range 1-7 was next checked using the equation 

( k o b s -  ~ o ) / [ H B I T = ~ H B ( ~  - f ) + f k e  (6)  
where ~ H B  and k~ are the catalytic rate constants for the 
general acid and base [HB]  and [ B ] ,  respectively, 
[ HB] T is the total concentration of the acid-conjugate 
base pair, [ HB ] T  = [ HB] + [ Bj , and f is the fraction 
of conjugate base at a given pH.  A plot of 
( k o b s  - ko)/ [ HB] T vs fallows the determination of ~ H B  
and k~ for a given general acid or base catalyst as the 
intercepts on the ordinate at f = 0 and I ,  respectively. 
This procedure yielded negligible ~ H B  values for all 
acids utilized in this range, an indication that the pro- 
cess exhibits almost no acid catalysis. On the other 
hand, general base catalysis was observed in the hydra- 
tion of la  in the pH range 1-7. The k~ values obtained 
for seven bases are given in Table 3. A B r ~ n s t e d  plot of 
these data yielded a p value of 0.47, which is again very 
close to  the p value of 0 - 4  reported for the hydration of 
benzaldehydes. ” 

In order to  gain more insight into the structure of the 
transition state for the hydration of the 2,2-dichloro- 
1 -arylethanones ( I ) ,  we applied the proton inventory 
technique to  the study of the process in water and in 
THF-water mixtures. 

As discussed above, the rate constants for the 
hydration (kh) and dehydration (kd) steps, and the 
equilibrium constants K h ,  derived from the kobc  values 
with aid of equations (3), (4) and (9, are only 
approximate, since they rely on values which 
cannot be measured directly. 

Although this approximation might seem at first sight 
to invalidate all subsequent data treatment, it was found 
that the exact determination of these constants in all sol- 
vent mixtures was not essential for the rigorous applica- 
tion of the proton inventory technique. 

Table 3. Catalytic rate constants, /re, for the base-catalysed 
hydration of 2,2-dichloro-l-phenylethanone ( l a )  in water in 

the pH range 1-7 

Base 

ClzCHCOY 12.52 0.014 
NCCHCOY 11.55 0.028 
ClCHzCO? 11.15 0.057 
HCOT 10.25 0.155 
CHjCOr 9.24 0.285 
HCO? 7.63 3.090 
HPO%- 6.79 5.880 

In fact, the position of maximum absorbance, A,,,, 
in HzO-DzO mixtures for the ketones under study was 
found to be constant, within 0.1 nm, over the whole 
composition range. As shown by Bell and Critchlow, 
this observation implies that the molar absorptivities of 
the ketone and of the hydrate are not affected by the 
atom fraction of deuterium in the solvent mixture. Fur- 
ther, when the absorbances of the equilibrium mixture 
in all solvent mixtures listed in Tables 4 and 5 were 
measured, we found that, within a precision of 0.002 
absorbance unit, for a final reading of about 0.700, no 
change was observed on changing the atom fraction 
of deuterium from 0 to 1. Accordingly, since the ab- 
sorptivities in equation ( 5 )  do not depend on the atom 
fraction of deuterium for all HlO-DzO and 
H20-D20-THF mixtures, it follows that the value of 
K b ,  whatever it may be, is constant over the whole 
H20-D20 composition range. We may then simply 

Table4. Observed rate constants for the hydration of 
2,2-dichloro-l-arylethanones (1 ) in H20-Dz0 mixtures at 

25 “c 

10ZkP ( s - l )  

n l a  l b  l c  Id 

0 
0 .1  
0 .2  
0 .3  
0.4 
0.5 
0.6 
0 .7  
0.8 
0.9 
1 .0  

6.65 
5.75 
5.30 
4.93 
4.22 
3.84 
3.42 
2.99 
2.80 
2.51 
2.38 

6.74 
5.88 
5.23 
4.66 
4.10 
3.83 
3.17 
2.81 
2.56 
2.21 
1.74 

9.21 
7.94 
7.49 
7.20 
6.12 
5.78 
5.14 
4.80 
4.56 
4.20 
3.97 

29.4 
26.6 
24.1 
21.9 
20.2 
17.3 
16.2 
13.8 
12.5 
11.2 
10.6 

Table5. Observed rate constants for the hydration of 
2,2-trichloro-l-(3-nitrophenyl)ethanone in THF-120 with 

different deuterium molar fractions n 

0 2.36 5.77 12.4 
0.1 2.16 5.21 11.3 
0 .2  1.97 4.12 10.0 
0 .3  1.80 4.28 9 .2  
0.4 1.60 3.97 8.1 
0 .5  1.40 3.70 7.6 
0.6 1.23 3.28 6.7 
0 .7  1.08 3.02 5.9 
0 .8  0.95 2.78 5.3 
0.9 0.78 2.52 4-9  
1 .0  0.67 2.30 4.5 
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write the equality K,, = K O ,  where the subscripts n and 0 
refer to the equilibrium constant in H20-D20 mixtures, 
with atom fractions of deuterium equal to n and 0 
respectively. 

The proton inventory technique is based on the 
analysis of the variations of rate/equilibrium constants 
in HzO-DzO mixtures, as the atom fraction of 
deuterium n is varied.12 Relationships (7 )  and (8), 
known as the Gross-Butler equations, show the 
dependence of the equilibrium K,, and rate constants k, 
in HzO-D20 mixtures on the value of n: 

where @,(J is the fractionation factor for every proton 
which exchanges with the solvent during the process 
under study and the superscripts R, P, and T refer to 
reagents, products and transition state, respectively. 

For the hydration of ketones ( I ) ,  the denominator of 
equation (7 )  equals unity because our reagent does not 
have any hydrogen atoms which exchange with the sol- 
vent during the hydration process. Since K,, = K O ,  the 
numerator of equation ( 7 )  must also be unity, a conclu- 
sion which implies that the fractionation factor for the 
hydroxyl protons on the product hydrate is unity. This 
value is in complete agreement with tabulated values for 
fractionation factors of C-0-L groups. 22  

We may now simplify equation (8), in our particular 
case, to equations (9) and (lo), which apply to the 
hydration and dehydration rate constants, kj: and k:, 
respectively: 

in H20-DzO mixtures are given for substrates la-Id in 
Table 4. Table 5 lists the observed rate constants for the 
hydration of 2,2-trichloro-l-(3-nitrophenyl)ethanone 
in aqueous THF mixtures with variable L 2 0  molar 
concentrations. 

In Figure 1 the data in Table 4 for substrate la are 
plotted and compared with theoretical curves for the 
Gross-Butler equation (12), calculated for various 
values of n. It is readily seen that our data fit best a 
theoretical curve which predicts a very large (‘infinite’) 
number of protons participating in the transition state 
of hydration. If all the protons contribute to a small and 
approximately equal extent to the overall isotopic 
effect, equation (12) may be written in the form22 

In kzh5 = In k ib \  ~ n [ m ( ~  - 6.’ 11 (13) 
Accordingly, In k t b 5  is expected to show a linear 
dependence on the molar fraction n, as the number of 
protons, m, involved is very large. Linearity tests for the 
data in Table 4, according to equation (13), yielded 
in all cases straight lines with correlation coefficients 
greater than 0.99. 

Different results were obtained when the data in 
Table 5 were treated according to equation (12). As seen 
in Figure 2, the degrees of curvature obtained when kgh’ 
values are plotted against n are different in the three 
aqueous T H F  solutions. Indeed, the data for solutions 
with 10, 20 and 30 M L 2 0  concentrations are consistent 
with 2, 8 and an infinite number of protons, respective- 
ly, participating in the transition state of the hydration 
reaction. A linearity test is provided by equation (14) for 
the case of two protons being involved in the transition 
state.22 

Since the transition state for both processes, accord- 
ing to the principle of microscopic reversibility, is the 
same, we may combine the t w o  equations to obtain 

k ! :+k : , ‘= (k l t+k : )  n ( 1  - n + n f $ , ’ )  ( 1 1 )  

which may be written as equation (12), the observed rate 
constant kib’ being equal to k!; t k,d: 

kzb’=kKh* n ( I - n + n f $ , ‘ )  (12) 
I 

I t  is now clear that we do not need to determine kl, 
and k d  values in various H20-D20 mixtures in order to 
obtain direct information regarding the number of pro- 
tons involved in the transition state. It suffices to 
analyse the variation of kib’  in such mixtures with the 
molar fraction of deuterium oxide, n .  

Values of these observed rate constants as n is varied 

’I 
0.0 0.5 UJ 

n 

Figure 1. Hydration of 2,2-dichloro-i-phcnylethanone ( l a )  in 
HzO-DzO mixtures. Variation of the observed rate constant 
with the deuterium molar fraction, n .  Theoretical curves drawn 
according to equation (12) for one, two and an infinite number 

of protons ( v )  involved in the transition state 
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I 
0.0 0.5 1D 

n 

Figure 2. Hydration of 2,2-dichloro-l-(3-nitrophenyl)ethanone 
( Id )  in THF-L20 mixtures. Variations of the observed rate 
constants with the deuterium molar fraction, n, for LzO = 10, 
20 and 30 M .  Theoretical Gross-Butler curves correspond to 
( A ) two, ( m  ) eight and (*) an infinite number of protons ( u )  

intervening in the transition state 

Here again a straight line is obtained when 
(kfbs/k6'bs)1'2 is plotted against n (figure not shown). 
The data for the 3 0 ~  aqueous solution were tested 
according to equation (13) and the straight line 
obtained, with a correlation coefficient greater than 
0.99, confirmed the assignment of an infinite number of 
protons in this case. 

The analysis of the data in THF-water solutions 
clearly indicates that the number of protons par- 
ticipating in the transition state for the hydration reac- 
tion of compounds 1 depends on the composition of the 
solvent. 

We might then expect the same conclusion from the 
determination of the order of reaction in water as the 
solvent composition is changed. Unfortunately, in our 
case, this method is not as rigorous and reliable as the 
proton inventory technique, because the individual rate 
constants kh and k d  cannot be determined precisely for 
each solvent mixture. Nevertheless, the plot shown in 
Figure 3 ,  of log kobs vs log [HzO] in THF-water 
mixtures, shows a strong curvature, a result which 
points in the same direction as the proton inventory 
experiments. 

The variation of the transition state structure for the 
hydration of 1 with the solvent composition may be 
interpreted as reflecting changes in the structure of the 
solvent mixture. While the activity of water remains 
approximately constant for THF solutions with 10, 20 
and 30 M ~ a t e r , ~ ' " ~  the excess thermodynamic prop- 
erties of the system change dramatically in the same 
range.25i26 A plot of  the excess enthalpy of the system 
vs the molar fraction of water in the mixture exhibits an 
S-shaped curve with a negative minimum value at a 
molar fraction of water of 0.8 and a maximum at a 
molar fraction of 0.1 . 25326  Between these two points the 

I 

Figure3 Plot of log /cobr vs log[HzO] for the hydration of 
( * )  2,2-dichloro-l-(3-nitrophenyl)ethanone (Id)  and ( rn ) 
2,2-dichloro-1-(4-bromophenyl)ethanone ( l c )  in HzO-THF 

mixtures 

excess enthalpy increases almost linearly with the 
increase in the molar fraction of T H F  in the mixture. 
This linear increase has been explained by Clew and co- 
workers in terms of the gradual replacement of 
H20-HzO by H20-THF hydrogen bonds,26 an 
explanation that has been supported by NMR 
experiments. 26 -'* 

Clew and co-workers' rationalization, applied to the 
same range of water concentration in which we carried 
out our experiments, is entirely consistent with our find- 
ings. In pure water, or in water-rich solvent mixtures, 
water-to-water hydrogen bonds predominate and a very 
large number of protons participate in the transition 
state of hydration, represented by the open structure I. 
As this homogeneous, infinite structure is disrupted by 
the addition of the organic co-solvent, the number of 
protons participating in the transition state gradually 
decreases, until it reaches the minimum value of 2, 
which corresponds to  the cyclic structure 11. 

r 1 

I 1 1  

Hence our results show that hydration reactions in 
mixed solvents have a variable transition-state rtructure, 
in which the number of intervening protons is a function 
of the structure of the solvent system. 

This statement probably applies to other gem- 
polyhalogenoketones, such as 2,2,2-trichloro-l- 
arylethanones, the hydration of which is currently being 
investigated. 
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EXPERIMENTAL 

Melting points were obtained with a Koffler hot-stage 
apparatus and were not corrected. Chromatographic 
analyses were carried out with a CG-370 instrument. 

The following compounds were prepared by methods 
described previously: 2,2-dichloro-l-phenylethanone 
( l a ) ,  b.p. 134-136OC (10 mmHg), lit.29 b.p. 
138-140 "C (13 mmHg); 2,2-dichl~ro-1-(4-methyl- 
pheny1)ethanone ( lb ) ,  m.p. 54-55 C, lit.3" m.p. 
54.5-55.3 'C; 2,2-djchloro- 1-(4-bromophenyI)ethanone 
( lc ) ,  m.p. 61-62 C, lit.30 m.p. 61.6-62°C; 2,2- 
dichloro-l-(3-nitrophenyl)ethanone (Id),  m.p. 56-57 "C 
lit3' m.p. 57-58 "C. 

Aqueous solutions were prepared from deionized, 
doubly distilled water. Deuterium oxide with a 
minimum isotopic purity of 99.96 atom-% of 
deuterium was purchased from Aldrich. The concentra- 
tion of HCI and DCI solutions were determined by titra- 
tion. Molar fractions of deuterium were determined by 
neutron activation analysis. 

The observed reaction rates were determined spec- 
troscopically with a Shimadzu UV-210A spectro- 
photometer equipped with thermostated (?  0.1 "C) 
water-jacketed cell compartments. In a typical run, 
15 pl of a M stock solution of the substrate in dry 
T H F  were added to 3 ml of water or the aqueous solvent 
mixture in the cell, and the absorbance ( A )  decay was 
recorded simultaneously at 254,264,267 and 247 nm for 
l a ,  lb ,  l c  and Id, respectively. The linear plots 
( r  > 0.99) of In(A, - A,) vs time yielded pseudo-first- 
order rate constants with errors smaller than 3%. 

The reversibility of all reactions was established by 
chromatographic analysis of the products. After the 
equilibrium between the ketone and its hydrate had been 
attained, the samples were injected into the gas 
chromatograph. In every case only one peak was 
detected, corresponding to the original 2,2-dichloro-l- 
arylethanone (1) .  
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