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Studies of the Reaction between Chloral and Alcohols

IX. A Study of the Dissociation of Chloral Hemiacetals of
some Aliphatic Primary and Secondary Alcohols

ROALD BOE JENSEN and SOREN BOLS PEDERSEN>

Chemical Laboratory Il (General and Organic Chemistry), University of Copenhagen,
The H. C. Qrsted Institute, DK-2100 Copenhagen, Denmark

The kinetics of the uncatalyzed and the acetic acid catalyzed
dissociation of chloral hemiacetals of methanol, ethanol, and 2-
propanol into chloral and the corresponding alcohols in heptane have
been studied by UV and IR spectroscopy. In conjunction with this
study the formation of 2-propanol chloral hemiacetal has also been
investigated in a more detailed manner than previously.

As was the case with the forward reaction, the catalyzed dis-
sociation is shown to consist of two parallel reactions, one of which is
catalyzed by acetic acid. The uncatalyzed dissociation seems to be in
some way autocatalytic and it is shown that the catalyst is the alcohol
arising from the dissociation. The other component, chloral, does not
show any catalytic effect.

All these observations with respect to the catalyzed as well as to
the uncatalyzed dissociation establish the reaction mechanism and con-
firm the rate expression proposed in previous papers for the forward
reaction.

The variations in the equilibrium constants for the formation of
2-propanol chloral hemiacetal determined at different concentrations
of chloral, 2-propanol, and hemiacetal are discussed on the basis of
association between hemiacetal and alcohol molecules and between
the alcohol molecules themselves. The degree of association is de-
termined by IR spectroscopy. It is also shown that the magnitude of
the equilibrium constants decreases with increasing steric bulk of
the alcohol used.

The equilibrium constants for the formation of chloral hemi-
acetals of methanol, ethanol, and 2-propanol are determined at
various temperatures. From these determinations 4H°, 4G°, and 4S5°,
at 25°C are calculated for the hemiacetal formation.

As part of our study of the reaction between chloral and various primary,
secondary, and tertiary alcohols,X™® we reported and discussed kinetic in-
vestigations of the uncatalyzed and acetic acid catalyzed formation in heptane
solutions of the chloral hemiacetals of these alcohols (1).678

CCL,CHO + ROH = CCL(OH)OR (1)
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The observed catalyzed reaction was found to consist of two parallel reac-
tions, i.e. a catalyzed and an uncatalyzed reaction. The contribution from the
latter to the overall reaction could only be neglected when bulky alcohols were
used.

The reaction orders of the chloral, alcohol, and acetic acid were deter-
mined. The initial rate ,, of the catalyzed reaction was calculated as shown
in eqn. (2).

Yo =Yo,x — Yo,ux (2)
Uoy:  Forward initial rate of the catalyzed reaction;

Vo » » » » » observed catalyzed reaction;

Yok » » » oy » uncatalyzed reaction;

0 refer to initial.
The appropriate reaction orders were expressed by the letters a, b, and ¢
in the catalyzed reaction and by a’ and b’ in the uncatalyzed reaction (3)
and (4). N
'Bo,k=kk [Chl]y* [ROH]® [HA],, (3)

Do, = ke [Chl]p®” [ROH]> (4)
Chl = chloral, HA = acetic acid, s =stoichiometric.

In the catalyzed reaction the reaction order of chloral was found to be about
1.0 and independent of the alcohol. The reaction orders of primary and sec-
ondary straight chain alcohols ? were found to be between 0.2 and 0.6. The
reaction orders were also found to be dependent of the initial concentration
of the alcohol. Using bulky alcohols, especially B-disubstituted ones, the
reaction orders were found to be 1.0. In the case of tertiary alcohols,® the
reaction orders were found to be much lower than 1 in spite of the very high
degree of bulkiness. The reaction order of acetic acid was always found to
be about 0.5. This was explained by the fact that carboxylic acids are almost
completely dimerized in inert solvents (5)8

HA..HA==—2 HA (5)

On the basis of these observations we suggested the following reaction mecha-
nism for the formation of chloral hemiacetals (6).

1
Chl+HA «Chl...HA

2 3
Chl...HA + ROH2Chl...HA.. ROH=Ha + HA (6)

Ha = Hemiacetal

Using a steady state treatment 7 on Chl---HA in eqn. (6) the following
rate-equation including the forward reaction as well as the reverse reaction
was obtained (7)

Acta Chem. Scand. 25 (1971) No. 8
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_s _s _ HAL} (B, [ChlJ[ROH]~ fky, [Ha))

V=V — U= f+ [ROH] (7)
f=tax
2,k
%lk 76 KHA—A(%)‘}
k2k'_k K —é %)*

Excluding terms connected with the reverse reaction we obtained the following
rate equation describing the forward reaction (8)

-k, [HA], HCh[ROH
V=V = 1 [ f—}-o’[sR[gH]][ OH (8)

The factor f was, due to k,,, a measure of the steric influence of the alcohol
on the rate of the hemiacetal formation. Tertiary alcohols («-disubstituted),
such as 2-methyl-2-propanol, and p-disubstituted primary and secondary
alcohols, such as 2,2-dimethyl-1-butanol and 2,4-dimethyl-3-pentanol, yield
large f values compared with unbranched primary and secondary alcohols,
such as l-propanol and 2-propanol (Table 1). When f>[ROH] eqn. (8)
was converted to eqn. (9)

B = (ky,c/f) [HAL,)[ChI)[ROH] (9)
In order to determine %1,1; and f eqn. (8) was transformed to eqn. (10)
ky [HAJ,,! [Ohl], [ROH), _, (10)

Vo
By measuring Uy, at various [ROH],, keeping [Chl], and [HA],, constant,

klk and f were obtained from a plot of [ROH], versus [HA], }][Chl],[ROH],/
o This has been done for 1-propanol, 2-propanol, and 2- -methyl-2- propanol
(Table 2). The table indicates that the reaction mechanism proposed in (6)
for the formation of chloral hemiacetals is applicable to primary and secondary
alcohols, and presumable to tertiary alcohols also.

The initial rate of the uncatalyzed reaction was 10— 30 times slower than
that of the corresponding catalyzed reaction (with 1 mol 9, of catalyst).
This was explained by the fact that acetic acid is a better hydrogen bonder
than the alcohols and, therefore, a better catalyst 7 (see Pimentel and McClellan °).

In the uncatalyzed reaction the reaction orders of chloral and alcohol
were found to be about 1.8 and 2.3, respectively, when straight chain primary
alcohols were used. This showed that more than one molecule of each com-
ponent reacted before or in the rate-determining step. This indicates a mixture
of reaction complexes having the general composition (Chl),..-(ROH),
with n>m. With straight chain secondary alcohols, such as 2-propanol, reac-
tion orders of chloral and alcohols of about 1.2 and 2, respectively, were
found. In the case of tertiary and very bulky primary and secondary alcohols
the reaction orders of chloral and alcohol were both found to be about 1.0
which means that the rate determining step is a reaction between one molecule
of chloral and one molecule of alcohol.

[ROH], =

Acta Chem. Scand. 25 (1971) No. 8
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Table 2. Determination of %l,k and f for 1-propanol, 2-propanol, and 2-methyl-2-propanol,

eqn. (10)
g F=lyyflay
mol~# 14 sec™? x 102 mol 171 x 102
CH,CH,CH,OH ? 4.85 0.40
CH,CHOHCH,’ 4.51 2.40
(CH,),COH ® 1.0 4.0%

~ % In Table 1 f has been calculated using El,k=4.85x 1072 from that of 1-propanol instead of
k1 =1.0x 1072,

The stoichiometric equilibrium constant, K., for the hemiacetal formation
is calculated from the measured chloral concentration, and the concentrations
of alcohol and hemiacetal are deduced from eqn. (1). In the experiments
reported earlier 5,7,8 it was found that K, was not a true constant, especially
for chloral hemiacetals of primary and secondary alcohols, because it varied
with the initial concentrations of chloral and alcohol. Similar observations
were made by Herold et al.1™%% and Cantacuzéne.!* This dependence was ex-
plained by association between the hemiacetal and alcohol molecules. At
higher alcohol concentrations the association between the alcohol molecules
must also be taken into account. That such an association took place was
shown by IR measurements.?,8 A similar association between the hemiacetal
and chloral did not occur.

The investigations reported in this paper consist of determinations of the
initial rates of both the uncatalyzed and catalyzed dissociation of chloral
hemiacetals of 2-propanol, ethanol, and methanol. From these determinations
the reaction orders of hemiacetal, alcohol, chloral, and acetic acid are cal-
culated. These determinations are also made for the formation of the hemi-
acetal of 2-propanol in a more detailed way than given earlier.” The values
of the equilibrium constants of 2-propanol chloral hemiacetal are determined
using different initial concentrations of chloral, alcohol, and hemiacetal. The
difference of these values are discussed on the basis of association between
hemiacetal and alcohol molecules and between the alcohol molecules them-
selves. The equilibrium constants for the hemiacetal formation of methanol,
ethanol, and 2-propanol are determined at various temperatures. They are
used for calculation of 4H®, 4G°, and A4S° for the reaction.

RESULTS AND DISCUSSION

Unless stated otherwise, the reactions were all carried out at 25°C in
heptane with acetic acid as catalyst. The concentration of chloral was de-
termined by UV spectroscopy. The initial rate of the reverse catalyzed reaction

Acta Chem. Scand. 25 (1971) No. 8
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was calculated in a manner similar to that for the forward reaction (eqn. 2) as
shown in eqn. (11).5,7,8

Yo, = Yo,k ~ Yo,ur (11)
Dy.:  Initial rate of the reverse catalyzed reaction
Vox! » » oy »  observed catalyzed reaction
Vouk: PR S » » uncatalyzed reaction

In the rate expressions (12) and (13) the appropriate reaction orders (see
eqns. (3) and (4)) are expressed by the letters d and g in the catalyzed reac-
tion and by d’ in the uncatalyzed reaction.

Do = b [Ha]d [HAJe (12)
50,UK = ‘UK [Ha]d’ (13)

Formation of 2-propanol chloral hemiacetal. The course of the catalyzed and
the uncatalyzed formation of 2-propanol chloral hemiacetal at different initial
concentrations of chloral, 2-propanol, and acetic acid are shown in Fig. la
and b. The initial rates, reaction orders of chloral, 2-propanol, and acetic
acid, together with equilibrium constants are listed in Table 3.

Fig. la and b. a. The course of the un-
catalyzed formation of chloral hemiacetal
of 2-propanol, illustrated by a plot of the
chloral concentrations wversus time ab
various initial concentrations of chloral
and 2-propanol. 4: Conc. of chloral and
alcohol are 10 M. []: Cone. of chloral and
———— e | ! 2-propanol are 1072 and 2 x 1072 M, respec-
tively. +: Cone. of chloral and 2-propanol
are 107* and 5x 10™* M, respectively. O:
Conc. of chloral and 2-propanol are 2 x 1072
and 10 M, respectively. b. The course of
the catalyzed formation of the chloral
hemiacetal of 2-propanol, illustrated by a
plot of the chloral concentration wversus
time at various initial concentrations of
chloral, 2-propanol, and acetic acid. 4:
Conc. of chloral, 2-propanol, and acetic
acid are 1072, 1072, and 107¢ M, respectively.
O: Cone. of chloral, 2-propanol, and acetic
acid are 2x 1072, 1072, and 107* M, respec-
tively. [J: Cone. of chloral, 2-propanol, and
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Conc. of chloral, mol U x102

a b acetic acid are 1072, 2x 1073, and 10¢ M,
! ] respectively. +: Cone. of chloral, 2-
50 100 50 100 propanol, and acetic acid are 107%, 107%, and

min 2 x 107* M, respectively.

Table 3 shows that the reaction order of chloral and of 2-propanol is about
1.2 and 2, respectively, in the uncatalyzed reaction, which means that one
molecule of chloral and two molecules of 2-propanol react before or in the
rate-determining step. This may indicate the existence of a well-defined reac-
tion complex of the composition Chl---(ROH),. The structure of such a com-

Acta Chem. Scand. 25 (1971) No. 8
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plex may be cyclic, see Fig. 2. On the other hand the reaction order of the
alcohol increases with increasing alcohol concentration indicating that there
might be a special solvent effect caused by the alcohol. Therefore, the explana-
tion of the reaction orders may be that the molecules associate by dipole-
dipole attraction, and in these associates the molecules may forin more or
less well-defined reaction complexes (Chl),.--(ROH), with n and m being
whole numbers.

$~C—0H
h:A N A SN U A S A M B S S e
ROH /+ ]
Cl - -
c.c 1.Cl = +/

R H-0, C R-:0%H--0_ C. = - 3
NN /N e NN ofF 3
0o, a X’ ¢l H R ¢ c  8f 3
N SN N\ /2 2N -
HEO" H 0--HE0" H -
((.:"S /g“s IR N R A N B R

L'm U'm log [CH3CHOHCH3]

Fig. 2. Possible cyclic models of Chl... Fig. 3. A plot of the logarithm of %,

(ROH);, and Chl-:-(ROH), intermediates.
The symbols L, M, and S in the alcohol
part refer to large, medium, and small

versus the logarithm of the initial con-
centration of 2-propanol, illustrating the
variation of the reaction order of aleohol

with respect to steric bulk. with its initial concentration.

In the catalyzed reaction the reaction order of chloral and of acetic acid
are found to be about 1.0 and 0.5, respectively, as found in all cases inves-
tigated previously.?”,® The reaction order of 2-propanol is found to be about
0.6, on an average, varying with the initial concentration of 2-propanol,
which is demonstrated by a; plot of log ¥,, versus log [2-propanol],, Fig. 3.
As indicated earlier,?,8 the reason for this decrease in reaction order with
increasing alcohol concentration may be that the alcohol molecules associate
(dimerize) at higher concentrations. The mol 9, of monomeric 2-propanol at
different stoichiometric concentrations has been determined by means of IR-
spectroscopy as shown in the first part of Table 4 and Figs. 4a, b, ¢; and d.
It can be seen that the mol 9, of monomeric 2-propanol is between 100 9,
and 75 9, in the concentration range from 1 x 1072 to 5 x 1072 M. If it is assumed
that the reaction order is 1.0 for monomeric 2-propanol the initial rate can be
expressed by eqn. (14), (¢f. eqn. (3)). :

’00 k= kk [Chl]o [ROH]monomm [HA]O, 0.8 (14)

If this equation is valid the association would only be able to reduce
the stoichiometric reaction order of 2-propanol to 0.8. This shows that associa-
tion cannot be the only factor determining the reaction order, which also was
shown by previous investigations 7 where reaction orders between 0.2 and 1.0
were found. The reaction mechanism (6) proposed earlier,? gives rise to a rate
expression (8) for the forward reaction using a steady state treatment on

Acta Chem. Scand. 25 (1971) No. 8
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Table 4. The mol % of monomeric 2-propanol and 2-propanol chloral hemiacetal at

different stoichiometric concentrations, different mol to mol mixtures of 2-propanol

chloral hemiacetal and 2-propanol and different mol to mol mixture of 2-propanol chloral

hemiacetal and chloral. The mol 9’s are determined in heptane by IR spectroscopy.
(See Figs. 4a, b, c, and d).

Concentration (mol 172) chig%(;glr?;l mr(r)xg(ln‘;ﬁ ;)ic‘) .
2-propanol
2-propanol | chloral chloral 2-propa- % | hemi- ® 2-propa- hemi-
hemiacetal nol acetal nol acetal
0.0100 34.8 100
0.040 _ 26.8 77
0.100 23.5 68
1.00 5.72 16.5
0.020 108.2 100
0.040 109.4 100
0.20 69 63
0.020 0.020 24.5 87.9 70.5 81
0.040 0.040 . 25.6 88 73.5 81
0.040 0.040 109 100

4 At 3615 em™t,
b At 3565 cm™t.

0 T T I T T T T T T l T 1 1
a b

20} +
S
% 4o} +
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8
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@ 60 - T
o
f‘: . 3

Yo J S S T T W O S O W I O WO B G |

3500 4000 3500 - 4000 - 3500 4000 3500 4000

Wavenumber {cm-')

Fig. 4a, b, ¢, and d. TR-spectra of heptane solutions of 2-propanol. The concentration of
2-propanol is a: 1072 M, b: 4x 1072 M, c: 107 M, and d: 1 M. The cell path is 1 mm.
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Chl---HA. It can be seen from this rate expression that the reaction order
of alcohol must be between 0 and 1, depending on the relative magnitude of f
and [ROH]. It can also be seen that the reaction order of a certain alcohol has
to vary with its concentration in the above mentioned manner. This mecha-
nism thus agrees well with the experimental data for the forward reaction
and, as will be shown later, also with those for the reverse reaction. The
equilibrium constants listed in Table 3 will be discussed after the treatment
of the dissociation of the chloral hemiacetals of 2-propanol, ethanol, and
methanol.

Dissociation of the chloral hemiacetal of 2-propamol. In Table 5 the initial
rates, reaction orders of the hemiacetal and acetic acid together with equi-
librium constants of the catalyzed and uncatalyzed dissociation (the reverse
reaction) of 2-propanol chloral hemiacetal are listed. The course of the un-
catalyzed and the catalyzed reaction are shown in Fig. 5 and 6, respectively.

o~
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57 - s | e
g g T é 0 i L !
O g et ' y S "o 50 100 150 200

0 500 min 1000 min

Fig. 5. The course of the uncatalyzed dis-

sociation of chloral hemiacetal of 2-

propanol illustrated by a plot of the chloral

concentration versus time at various initial

concentrations of hemiacetal. +: 1072; O:
2x 1072 M.

Fig. 6. The course of the acetic acid cata-
lyzed dissociation of chloral hemiacetal of
2-propanol, illustrated by a plot of the
chloral concentrations wersus time at
various initial concentrations of hemi-
acetal and acetic acid. +: Conec. of hemi-

acetal and of acetic acid are 1072 and 10™¢

M, respectively. []: Conc. of hemiacetal

and acetic acid are 2x 10™® and 107 M,

respectively. A: Conec. of hemiacetal and

acetic acid are 2x10™® and 4x10™¢ M,
respectively.

The table shows, as expected, that the reaction order of hemiacetal is about
1.0. In the catalyzed case the reaction order of hemiacetal and acetic acid are
1.04 and 0.60, respectively, which also agrees with the proposed reaction
mechanism (6). The experiments with added chloral or alcohol were made in
order to determine the influence of these two components on the initial rates
of the catalyzed and uncatalyzed dissociation. However, when the chosen
initial concentrations of chloral and alcohol are high compared with that of
hemiacetal, the rate contribution from the forward reaction is large relative
to that of the reverse reaction. Therefore the measured rate may differ con-
siderably from the initial rate of the reverse reaction. This difference is es-
pecially apparent in the experiments with high chloral concentrations.

Acta Chem. Scand. 25 (1971) No. 8
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In the catalyzed reaction the presence of alcohol seems to cause a small
decrease in the initial rate, while the presence of chloral does not seem to have
any influence at all. These observations confirm reaction mechanism (6) for
the catalyzed reaction and the following rate expression (15), (see eqn. 7).

5 _ fhay [HA],} [Ha)
k f+[ROH]

In order to minimize the contribution from the forward reaction mentioned
above the initial concentration of hemiacetal was increased by a factor 10.
These investigation were mainly carried out with the hemiacetal of methanol
and ethanol. The results are listed in Table 6. The table shows initial rates
and reaction orders of the catalyzed and uncatalyzed dissociation of methanol,
ethanol, and 2-propanol chloral hemiacetals with and without the presence
of chloral and the corresponding alcohol.

(15)

Table 7. k,, values determined from the catalyzed dissociation of chloral hemiacetals
of methanol, ethanol, and 2-propanol, together with f values determined from initial
rates of catalyzed dissociation of ethanol chloral hemiacetal in the presence of ethanol.
The f value thus found is compared with that calculated from the forward reaction.

Tc,,k f (mol17) of the
mol~1 1} sec™? reverse reaction 4 forward reaction ?
CH,0H 2.5x 1073
CH,,CH,0H 2.2x 107 0.42x 1072 0.54x 1072
CH,CHOHCH, 2.3x 1073

% This value is the intercept of the line in Fig. 9, which is a plot of [ROH], versus 1/vyy, see
eqn. (15).
b This value is taken from Table 4, paper 7.

It can be seen from Table 6 that the initial rates of both the catalyzed
and the uncatalyzed reaction are of nearly the same magnitude for methanol-,
ethanol-, and 2-propanol chloral hemiacetal. In Table 7 the 702,,‘ values are
listed. These values are found according to eqn. (16)

Do = Kooy [Haly [HAJ,} (16)

for the case where [ROH],=[Chl],=0.

In the uncatalyzed reactions the reaction orders of the hemiacetals are
found to be about 1.0. The presence of chloral does not have any influence
on the initial rate in contrast to the presence of alcohol which causes an
increase in the initial rate. This catalytic effect from the alcohols in the un-
catalyzed dissociation of chloral hemiacetals is in agreement with what has
already been observed for the forward reactions.” The reaction orders of the
alcohols are determined in Fig. 7 and are found to be about 1.0.
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Fig. 7. A plot of log (¥,gyg — Vo,ux) for the

methanol and ethanol catalyzed dissocia-

tion of the corresponding chloral hemi-

acetals versus the logarithm of the initial

concentrations of methanol (O) and
ethanol (A) respectively.
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Fig. 8. The course of the acetic acid
catalyzed dissociation of the chloral hemi-
acetal of ethanol, illustrated by a plot of
the chloral concentrations versus time at
various initial concentrations of ethanol.
A: Conc. of hemiacetal, acetic acid, and
ethanol are 10x 1072, 1074, and 1.00x 1072
M, respectively. []: Cone. of hemiacetal,
acetic acid, and ethanol are 10 x 1072, 104
and 0.50 x 107* M, respectively. +: Conec.
of hemiacetal, acetic acid, and ethanol are
10x 1072, 1074, and 0.25x 1072 M, respec-
tively.

In the catalyzed reaction, the presence of alcohol seems to cause a small
decrease in the calculated initial rate which further confirms the rate ex-
pression (15) and the general reaction mechanism (6). In Table 8 the initial
rates of the catalyzed dissociation of ethanol chloral hemiacetal in the presence
of ethanol are listed and the courses of these reactions are shown in Fig. 8.
From the rate expression (15) f can be determined in a similar way, as shown

Table 8. Initial rates of measured uncatalyzed, measured catalyzed, and calculated
catalyzed dissociation of ethanol chloral hemiacetal at different initial concentrations

of ethanol.
Initial concentrations Initial ragle of dissciciation of
mol 11 x 102 orniacena’s
mol 171 sec™? x 108

ROH Ha HA o,x” Yo,ux Bo,ux Box Po,ur — Vouk
1.00 10.0 0.0100 2.64 1.78 0.62 0.86 1.16 ¢
0.50 10.0 0.0100 2.49 1.20 0.62 1.29 0.58
0.25 10.0 0.0100 2.62 0.90° 0.62 1.72 0.28

4 Definition of g, Po,uKs Yo,uksto,x 8N4 Vo,yr — Vo,ux, 560 Table 6.
b Compare these values with corresponding values in Table 6. These values arise from another

series of experiments.
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earlier,” from a plot of [ROH], versus 1/v,, according to eqn. (17) derived
from eqn. (15)

£ ko [Haly [HAL,}

Vo,x

[ROH], = —f (17)

f is found to be about 0.4 x 1072 (mol/1), see Fig. 9. For comparison f was found
to be 0.5x 1072 (mol/l) for the forward reaction. A better agreement is not
expected because the line in Fig. 9 is only based on three points.

-
(=}
T
Y
|

Conc. of ethanol, mol  ['x 102

0S5 A+ -
/ Fig. 9. A plot of the initial concentration
* of ethanol versus 1/v,, of the acetic acid
0 Ll catalyzed dissociation of the ethanol
n 3 ) 10 12 chloral hemiacetal in the presence of
1Yok L mol™! minx105 ethanol, in order to determine f.

The equilibrium constants at 25°C (Tables 3 and 5) show a considerable
decrease in magnitude with increasing bulkiness of the alcohols (20)

CH,OH CH,CH,0H CH,CHOHCH, (CH,),CHCHOHCH(CH,),
K, 16x 108 13x 10° 4.6x 108 0.31 x 108 (18)

Increased steric bulk in the alcohols also leads to increased crowding in the
corresponding chloral hemiacetals.

It can be seen from Table 3 that the K, values vary with the initial con-
centrations of the reacting components. The reason for this variation is as-
sumed to be association of the different species in the solutions. The existence
of an alcohol hemiacetal associate, ROH...Ha, is demonstrated by IR meas-
urements shown in Figs. 10 and 11 and listed in the last part of Table 4. From
the table and figures it is seen that the mol 9, of monomeric 2-propanol is
about 70 9, and the mol 9, of monomeric hemiacetal is about 81 9, in a
mixture of these two components each having a stoichiometric concentration
of 2x 1072 M. In the concentration range from 2x 1072 to 10 M the hemi-
acetal exists almost entirely as a monomer.

In the same concentration range chloral exists entirely as a monomer
and the same is true for both chloral and hemiacetal in a mixture of the two.
The only important associations in the experiments therefore seem to be
ROH...ROH and ROH...Ha. Therefore, when K, is determined from the
stoichiometry, the deduced concentrations for alcohol and hemiacetal are too
high since the true equilibrium constant refers to monomeric species. For
example the constant is found to be 650 (mol I') with [ROH],=[Chl],=1072
M but 380 (mol 1) with [ROH],=[Chl],=4 x 1072 M. In the first case associa-
tion cannot be important because of the low oncentrations, but in the second

Acta Chem. Scand. 25 (1971) No, 8
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Fig. 11a, b, and c. IR spectra of heptane
solutions of 2-propanol chloral hemiacetal
together with 2-propanol and chloral, re-
spectively. The concentrations are, a:
Cone. of hemiacetal and 2-propanol are
both 2 x 1072 M. b: Cone. of hemiacetal and
2-propanol are both 4 x 1072 M. ¢: Conc. of
hemiacetal and chloral are both 4 x 1072 M.

case [Chl],~[ROH].~0.9x 1072 M and [Ha],~3.1x 1072 M, (where e denotes
equilibrium) and therefore it is likely that some of the alcohol molecules
associate with the hemiacetal in a 1:1 complex. Because [ROH], is much
smaller than [Ha], it is seen that the true constant must be considerably
larger than 380 (mol I). To confirm this explanation it is necessary to carry
out more experiments on this different kind of association by precise IR

measurements.

Fig. 12. A plot of the logarithm of the

equilibrium constant for the formation of

chloral hemiacetals versus 1/T in order to

determine 4H®, 4S°, and 4G°. A: Methanol,
O: ethanol, and +: 2-propanol.
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Table 9. Determination of equilibrium constants of the formation of chloral hemiacetals
of methanol, ethanol, and 2-propanol at different temperatures. The initial concentra-
tions were always: [Chl]y=[ROH],=1.00x 10 mol/l and [HA],=1.00x 10~ mol/l.

Concentrations at Equilibrium
&%‘;1111?;“%: constant Temtf()?g)a,ture

Chl | ROH | Ha 1/mol

Methanol 0.17 0.17 0.83 2870 15.0
0.18 0.18 0.82 2550 18.0
0.22 0.22 0.78 1610 25.0
0.28 0.28 0.72 920 32.2
0.32 0.32 0.68 | 665 37.2
0.32 0.32 0.68 615 40.6
0.36 0.36 0.64 495 44.2

Ethanol 0.18 0.18 0.82 2550 15.0
0.19 0.19 0.81 2240 18.0
0.24 0.24 0.76 1320 25.2
0.30 0.30 0.70 780 32.2
0.34 0.34 0.66 570 37.2
0.35 0.35 0.65 530 40.6
0.38 0.38 0.62 430 44.2

2-Propanol 0.30 0.30 0.70 780 15.0
0.31 0.31 0.69 720 18.0
0.37 0.37 0.63 460 25.2
0.43 0.43 0.57 310 32.2
0.48 0.48 0.52 226 37.2
0.49 0.49 0.51 213 40.6
0.52 0.52 0.48 178 44.2

The temperature dependence of the equilibrium constants for the forma-
tion of hemiacetals of methanol, ethanol, and 2-propanol are listed in Table 9.
From these values 4H° and 4S° were determined by a plot of log K versus 1/T
as shown in Fig. 12. From 4H° and 48°, 4G° is determined at 25°C. The results
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are listed in Table 10. The table shows that the hemiacetal formation is fol-
lowed by a substantial loss of entropy. The corresponding values of AH°
(kcal mol™), 48° (cal K™ mol™?), and 4G@° (kcal mol™) for the hydration of
chloral in aqueous solution at 25°C are —12.7, —30.2, and — 3.68, respec-
tively, and are of the same order of magnitude as the values given in Table 10,
even though a quite different solvent has been used (see the review of Schal-
linger and Long 15). That the effect of the solvent change on the equilibrium
involving non-ionic species is small agrees with the sinall variation in thermo-
dynamic quantities at 25°C determined for the formation of acetone cyano-
hydrin, Table 11.15

EXPERIMENTAL

The UV-measurements were made on a Pye-Unicam-Philips spectrophotometer SP
800 and the TR-measurements were made on a Perkin-Elmer grating infrared spectro-
photometer 337.

Acknowledgement. The authors wish to express their gratitude to Statens Natur-
videnskabelige Forskningsrdd for the donation of the above mentioned Pye-Unicam-
Philips instrument. Thanks are also due to Professor K. A. Jensen and our colleagues
for interest and valuable discussions and to K. Tomer, Ph.D. for correcting the English
of the manuscript.

Table 10. 4H®, AG°, and 4S° for the formation of chloral hemiacetals of methanol,
ethanol, and 2-propanol at 25.0°C.

AH° 48° AG°
keal mol™! cal K1 mol™! keal mol™
Methanol —11.5 —23.8 —4.35
Ethanol —11.3 —23.6 —4.27
2-Propanol -9.95 —21.4 —3.56

Table 11. Thermodynamic quantities at 25°C for the reaction (CH,),C=0+HCN=
(CH,),C(OH)CN taken from Schallenger and Lang.1®

Solvent = 4G — 4H° 45"
keal mol™ keal mol™? cal K™ mol™
‘Water 23.8 26.7 —-9.6
Ethanol 24.6 28.1 -10.4
Benzene 21.4 24.2 -84
Chloroform 25.1 28.1 -9.1

Acta Chem. Scand. 25 (1971) No. 8
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