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The effect of pressure up to 2000 atmosphere on the rate of acid catalysed
hydration of crotonaldehyde has been measured at different temperatures.
The activation parameters, e.g. volume, entropy and energy of activation,
have been calculated in order to establish the mechanism of the reaction.
Both the volume and entropy of activation strongly suggest the presence of
water molecules in the activated complex. The effect of acid concentration
on the rates of hydration and dehydration has also been studied. The rates
are mnearly proportional to the hydrogen ion concentration rather than
Hammett’s acidity function. The data have been treated on the basis of
Bunnett’s modification of the Zucker-Hammett's hypothesis, which also -
suggests a highly solvated activated complex. On the basis of these findings
a probable mechanism for the reaction has been suggested.

INTRODUCTION

The kinetics and equilibrium of the acid catalysed reversible hydration
of crotonaldehyde in dilute aqueous acids, at one atmospheric pressure, was first
studied by Lucas and Winstein (1937). The rate of hydration of croton-
aldehyde was found to be proportional to the hydrogen ion concentration
in contrast to the hydration of olefins (Taft 1952), the rates of which follow
Hammett’s acidity function, No mechanistic conclusion could be derived as
the Zucker-Hammett’s hypothesis (Long and Paul 1957) has been proved to be
invalid in many cases (Koskikallio ef al. 1959). Later, Bell ¢f al. (1962) have
observed a general acid catalysis in the hydration of crotonaldehyde and
suggested that the catalytic tautomerization is the rate controlling step in the
reaction.

In the past few years the volume of activation (Whalley 1964z, b), as
calculated from the pressure coefficient of the rate of the reaction, has been
suggested to be more useful for elucidation of the mechanism of the acid-
base catalysed reactions. The pressure coefficient of the rate supplemented
by other activation parameters can give details, particularly important are
the progress of bond formation and concomitant compression or expansion in
the solvent surrounding the reacting molecules. The present investigation
reports the results of our study of the effect of pressure on the acid catalysed
reversible hydration of crotonaldehyde and the discussion of & probable mechan-
ism based on these observations.
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ExrERIMENTAL PROCEDURE

Materials

Trans-Crotonaldehyde (B.D.H., A.R.) was purified by distillation and
the middle fraction (b.p. 101-8-102:0 °C at 744 mm), having purity over 99
per cent as found by bromine adsorption method, was used for the kinetic
study.

Stock solution of perchloric acid was prepared by diluting 60 per cent
perchloric acid (E. Merck G.R.) and assayed by titration with standard alkali,

All other chemicals used were either E. Merck G.R. grade or B.D.H.

Analar quality.

Analysis

The hydration of crotonaldehyde was followed by estimating the un-
saturation left at any time. The unsaturation was estimated by standard
bromate-bromide (Sigia 1949) method which was found to be quite satis-
factory; the results were reproducible.
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Fia. 1. Sketch of the reactor: (1) top closure, (2) rubber gasket,
(3) reaction tube holder, (4) reaction tube.
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Apparatus and Procedure

The high pressure reactor used for the present investigation was designed
by the authors to work up to a maximum pressure of 3000 atmosphere. The
reactor, made of type-431 stainless steel, was fabricated in the central work-
shop of the Indian Institute of Technology, Kharagpur. The sketch of the
reactor is shown in Fig. 1. A special type of gasket made of nitrile rubber
was used for sealing the head of the pressure vessel. The pressure of the
system was measured with an accuracy of 41 per cent by means of & Bourden
gauge. The reactor was kept fixed in a thermostat, the temperature of which
was controlled within +4:0:01 °C with the help of an electronic control device.

In a typical run, desired proportions of the reactants were transferred to a
glass reaction tube which was immediately placed in the pressure vessel,
maintained at the required temperature. The vessel was quickly assembled
and brought to the required pressure by means of an electrically operated
booster. To avoid undue heating, the compression rate was controlled. The
time was noted when the pressure attained was half of the desired value.

After a definite interval of time the pressure of the system was released
and an aliquot portion of its content was taken and analysed for unsaturation.
The process was repeated for about six time intervals for each run to calculate
the rate constant. The equilibrium reading was determined after keeping the
reaction mixture for a sufficiently long time, at least for nine half lives.

Uncatalysed spontaneous hydration of crotonaldehyde was found to be
negligible under experimental conditions.

The acid catalysed hydration of crotonaldehyde and its reverse reaction
have been studied over the pressure range of 1-2000 atmosphere at 30 °C,
35°C, 40 °C and 45 °C. The results are summarized in Table I. The plot of

Tapre I

Effect of pressure on the rate and equilibrium constants for the acid catalysed
hydration of crotonaldehyde and its reverse reaction

. ' 5 / 5
Temp. Pressure ey < 108 k-4%x108 K ]kl X 10_1 ko 1(3
°C atm. gec—1 see—1 - mole 1. mole—1
sec—1 sec—1
30-0 1 1-464 1-543 0-940 0-813 0-8567
703 2:670 1-857 1-43 1:484 1-031
1406 4-316 2-017 2-14 2-397 1-119
2060 6-753 2-203 3-06 3-752 1-227
35-0 1 2-404 2-785 0-86 1-336 1-547
350 3008 3-080 0-97 1-694 1-711
703 3-950 3-343 1-18 2-195 1-876
1406 6-170 3-840 1-60 3:428 2:133
2040 9-855 4-131 2-38 5-474 2-296

\Conc. of crotonaldehyde = 0-05 M, cone. of perchloric acid = 1-80 M.
38 )
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T—
equilibrium and at any time ¢ respectively) was found to be linear (Figs. 2 and
3) showing that the hydration is first order with respect to the unsaturated
compound and the dehydration is first order with respect to the hydrated

log against ¢ (where x. and 2 denote the amount of unsaturation at
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Fra. 2. Effect of acid concentration on the hydration of crotonaldehyde
at 35 °C and at pressure 1392 atm.

compound. The first order rate constants for the forward (k,) and reverse
Te

(k_;) reactions were calculated from the slopes of the above plots of log prap
—

against time # and the equilibrium constant K

ki+k_, ky

_ 9303 & Sk

Here it is to be emphasized that, since k; is less sensitive to the changes in z,,
the values of rate constant for hydration (k;) are more accurate than the
values for dehydration (k_;).

In order to study the effect of acid concentration on the rate, the reaction
was carried out at different acid concentrations up to 2-256 M HCIO, at
35 °C and at 1392 atmosphere. The data are presented in Table II. The
second order rate constants (£’) obtained by dividing first order rate constants
by hydrogen ion concentration (k/Cgz+) were found to be almost constant
which indicates first order dependence of both hydration and dehydration

slope =
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reaction upon the hydrogen ion concentration. Therefore, the overall reaction
may be written as

+
H;C—CH=CH—-CHO+4-H,0 & HaC—CH(OH)-CHg-—CHO—I—ﬁ.

2

)

[ Xe
Xe-X,

06 (5

TIME,HRS.

Fra. 3. Effect of pressure (atm.) on the hydration of
crotonaldehyde at 30 °C.
TasLe 11

Effect of perchloric acid concentration on the rate and equilibrium constants of
the acid catalysed hydration of crotonaldehyde and its reverse reaction

Pe.rchlonc oy X 106 by 3 105 ' by x 108 k_qx 108
, acid cone. _ -
lar gec—1 sec—1 - K 1. mole—1 1. mole-1
{molarity) goc-1 soa-1
075 2:650 1-726 1-5639 3-533 2-295
1-056 3-736 2-376 1-572 3-558 2-262
1-50 4-793 3-222 1-487 3:196 2-148
2-25 7-170 4-656 1-487 3-187 2-143

Temperature = 30 °C, pressure = 1392 atmosphere, cone. of crotonaldehyde
= 0-048 M.

Plot of log %, against log Cyh+ was approximately linear with a slope
0-90 but a curve was obtained when it was plotted against the Hammett’s
acidity function. However, we did not put much importance on these results
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as Zucker-Hammett’s theory has been much criticized in recent years for its
wrong diagnosis of reaction mechanism. The data obtained from the acidity
dependence of the reaction have been analysed in the light of Bunnett’s
modifications of Zucker-Hammett’s hypothesis. For both hydration and the
reverse reaction the value of w was found to be very high ~ 10-0 and that of
w* was about 1-19. The values of Bunnett’s parameters not only suggest a
highly solvated transition state but also indicate that water acts as a proton
transfer agent in the rate controlling step for both hydration and the reverse
reaction.

The effect of temperature and pressure on the rate has been studied to
determine the activation parameters of the reaction. The reaction was
carried out at temperatures 30 °C, 35 °C, 40 °C and 45 °C at different constant
pressures which ranged from 1 to 2000 atmosphere. The influence of
temperature on the rate seems to be little complicated. At lower temperatures

30 °C and 35 °C the plots of log

— versus time showed excellent linearity
—

at all the pressures. At 40 °C and 45 °C the deviation from linearity was
quite evident and the drift was found to be suppressed with the increase in
pressure. The plots were fairly linear at 40 °C and 45 °C at 2000 atmosphere.

The drift may be due to several reasons: (i) the partial dissociation of the
acetaldol produced, (ii) the partial removal of acetaldol by further conden-
sation, (iii) the slow polymerization of crotonaldehyde and (iv) the variation of
the trans-cis-equilibrium of crotonaldehyde with temperature and pressure. A
similar deviation from a simple first order plot was also observed by Brown
and Fletcher (1949) for the hydrolysis of diethyl-f-butyl carbinyl chloride.
Lucas and Winstein (1937) also observed a similar drift when they studied the
hydration of crotonaldehyde at normal pressure.

For this reason, the data at 30 °C and 35 °C were utilized in calculating
the energy of activation from the Arrhenius equation. The values of energy of
activation for the forward and the reverse reaction were found to be 18-39
and 22-23 k cal/mole respectively, which are in agreement with the reported
values of Lucas and Winstein (1937).

The entropy of activation for both forward and reverse reaction was
caleculated using the equation

k=ee. k—}f- eAS*R | g~EIRT

(the different symbols have their usual significance and e has been assumed to
be unity) and found to be —23-4 cal deg™* mole~ and — 11-44 cal deg™* mole™1
respectively. - This appreciable loss of entropy of activation may be ascribed
to the loss of translational and rotational degrees of freedom resulting from
the association of at least one molecule of water in the activated complex.
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With a view to having a better idea about the nature of the transition
state the effect of pressure on the rate of the reaction was studied. The volume
of activation was obtained from the slopes of the plots of log %' against pres-
sure (Fig. 4). The data have been presented in Table III, The equilibrium
constant was also increased quite appreciably with the increase in pressure.

log k'/l.mole™ sec'+6

1 1

05 0 s 70 25
Pressure, atm,x10"3

Fig. 4. Effect of pressure on reaction rates at 30 °C and 35 °C open-circle
hydration of crotonaldehyde. Star—dehydration of 8-hydroxy butylaldehyde.

TasLe III

Activation parameters for the acid catalysed hydration of crotonaldehyde and its
reverse reaction

Energy of ac-  Entropy of ac- Frequency Volume of ac-
T‘i{”‘ Pre:sure tivation k cal tivation cal factor tivation cm3
atm. mole-1 deg-1 mole-1 1. mole—1 sec—1 . mole-1
* o * - =4 N *
El E—]_ ASl AS‘-I lOg Al lOg A‘l A Vl A V—l
300 1 18-39  22-23 —23-27 —11-44 817 - —19-8 —58

703 1452 22.24 —3475 —10-20
1406 1445 2388 —33-79 —855
2060 1402 2330 3437 —608
35:0 1 - - - - - - —198 —5T

The large negative value of A V* (—19-6 cm3 mole~? for forward reaction
and —7-3 cm3 mole™1 for the reverse reaction) shows that the transition state
contains at least one molecule of water and may be represented as (substrate
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H*.H.0)*. It eliminates the mechanism involving the unimolecular slow
isomerization of the #-protonated substrate as suggested by Taft (1952) for the
hydration of olefins.

MEecHANISM

1t is well established that neither the entropy of activation nor the Zucker-
Hammett’s hypothesis is a decisive method for distinguishing the mechanism
of the acid catalysed reactions. It is only in recent years that the volume
of activation, which depends mainly upon the nuclear positions alone, has
been successfully utilized for diagnozing the reaction mechanism. From the
consideration of volume of activation alone, Whalley (1964a, b) has suggested
A-2 mechanism for the hydration of olefins rejecting the long held unimole-
cular mechanism suggested by Taft. Bell et al. (1962) have observed a general
acid catalysis in the hydration of crotonaldehyde. They have not provided
any evidence over their conclusion that the catalytic enol-keto transformation
is the rate controlling step in the reaction. From our observations of activa-
tion parameters in conjunction with Bunnett’s parameters we have made an
attempt to suggest a probable mechanism for the above reaction.

It is generally considered that the transfer of a proton to or from an
oxygen atom takes place instantaneously, due to the high basic character of
the oxygen atom (Bell et al. 1956). This can be expected to be more pro-
nounced in the case of crotonaldehyde. The resonating form of the proto-
nated substrate undergoes & nucleophilic attack with the water molecule,
followed by simultaneous rapid proton transfer and enol-keto transformation.
This mechanism can explain the observed contraction of volume and entropy.
But the high value of Bunnett’s parameter w suggests that water acts as a
proton transfer agent in the rate. determining step. So we have assumed that a
simultaneous nucleophilic attack and proton transfer by the water molecule
(as in the case of hydrolysis of NN'-diphenyl formamidine, DeWolfe 1960)
oceurs in the slow step and the aspect of higher w and w* determine the
overall w and w* values. The mechanism follows as

0] +0H
: | + ki ]
H;0—CH=CH—CH+H30 = HyC—CH=CH—CH-+H,0
C ks A oH
y + + |
H30—0H=QH-CIH<_->H3C-CH—0H=CH T
OH
OH :
+ [ ks +
H,0—-CH—-CH=C—H-+H0+H;0 = H?,C—("JH—CH=(I)—OH+H30 .. {2)
2 i
/

H
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Hﬁ-?H—CH=c—OH;ﬂLd—?H—mﬁ—C=o R
H
0 ﬁ OH
/
H
The rate equation of the reaction may be expressed as

0 k Ay
— _—g;] = ~——_11 ky. (c). (Hso\), when &y <k_;
So

AV = AVI+AT,.

Since the pre-equilibrium proton' transfer step (1) neither involves a
change in the number of molecules nor a major change in the electronic charge;
the value of A VY lies near about zero (Whalley 1964a). The step (2) being
slow, the possible structure of the transition state may be represented as
- H a9 %

(1—-9)*
HyC—CH—-CH=0—0H

v

H

0
\H_

5+ /
-0

H

N

H

The high negative values of AV* and AS* seem to be reasonable as two
molecules of water are involved in the transition state. The contribution
towards AV* due to the charge dispersion is negligible compared to the
large loss of volume due to the structural contribution.

According to the principle of microscopic reversibility (Frost and Pearson
1956) the dehydration will follow the reverse steps of the mechanism for
hydration and the rate determining step should also be the same for both the
reactions. The mechanism for the reverse reaction also explains the observed
negative value of AV*, AS* and Bunnett’s parameters.

Recently, a similar mechanism for the acid catalysed hydration of crotonic
acid and acrylic acid has been reported by Bhattacharyya and co-workers
(1969a, b).

SuMMARY

On the basis of activation parameters and Bunnett’s parameters we have
made an attempt to suggest a mechanism for the acid catalysed hydration of
crotonaldehyde. However, our studies do not eliminate the possibility of a
mechanism as suggested by Bell ef al. (1962) as it can also explain the observed
AV* and AS* for the reaction.
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