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The enolization enthalpies at 0 and 298 K for nine aliphatic carbonyl and nine aliphatic thiocarbonyl
compounds have been determined from ab initio CBS-4 (complete basis set fourth-order) model
calculations. The enolization enthalpies for the aliphatic carbonyl compounds were found to be
9-24 kcal/mol, but they were about 8-11 kcal/mol higher than those for the corresponding
thiocarbonyl compounds. The lower enolization enthalpies for the thiocarbonyl compounds are
attributed to the >CdS being much weaker than the >CdO double bond strength. The enolization
enthalpies for the cycloketones and thiocycloketones were found to be significantly dependent upon
the size of the cyclic ring. The solvent effects on the enolization enthalpy have also been discussed.

Introduction

Enols have been widely suggested as reactive inter-
mediates in a wide variety of organic and biological
reactions.1,2 The enolization of simple aldehydes and
ketones is known to be negligible.1,2 For example, the
enol tautomer concentration for most simple aldehydes
and ketones was found to be less than 1 ppm (parts per
million).2 In contrast, thioaldehydes and thioketones are
generally unstable in solution. They are ready to tau-
tomerize into the corresponding thioenols provided that
they have R-enolizable hydrogen atom(s).3

Although the thermodynamic information for the eno-
lization of many aldehydes and ketones is available,1,2,10,11

the thermodynamic information for the enolization of the
related thioaldehydes and thioketones is scarce in the
literature.4 In the present paper, with the aid of ab initio
CBS-4 (complete basis set fourth-order) model calcula-
tions,5 we wish to report the enolization enthalpies (∆H)
at 0 and 298 K for nine aliphatic carbonyl and nine
aliphatic thiocarbonyl compounds in the gas phase.

Calculations

All of the ab initio CBS-4 theoretical calculations were
carried out using Gaussian 94,6 and the details of the calcula-
tions have been discussed in the previous papers.5 The
thermodynamic quantities such as homolytic bond dissociation
enthalpies (BDEs), proton affinities, electron affinities, and
ionization potentials obtained from the ab initio CBS-4 model
calculations have been shown to agree within (2 kcal/mol
(mean absolute deviation) with the experimental results.5

Recently, we have shown that the BDEs of the C-H bonds
adjacent to various radical centers, as calculated from the
CBS-4 method, also agree within (2 kcal/mol with the related
experimental results.7a The calculated C-H BDEs in various
fluorinated hydrocarbons were also found to agree within (2
kcal/mol with the experimental results.7b

The enolization enthalpies (∆H) for the carbonyl (Scheme
2) and thiocarbonyl (Scheme 3) compounds at 0 and 298 K are
readily obtained from the formation enthalpies of the keto
tautomers (∆Hketo) and the corresponding enol tautomers
(∆Henol) as calculated from the CBS-4 method.5,8 The calcu-
lated total energies, formation enthalpies, and atomization
energies for the keto and enol tautomers are all summarized
in Table 1. The enolization enthalpies for the nine aliphatic
carbonyl compounds and the nine aliphatic thiocarbonyl
compounds were calculated by using the data given in Table
1, and the results, together with the available experimental
results, are summarized in Tables 2 and 3, respectively.
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Results and Discussion

Aldehydes and Ketones. Examination of the calcu-
lated enolization enthalpies9 in Table 2 shows that the
keto tautomer of acetone is 11.4 kcal/mol more stable
than the corresponding enol tautomer in the gas phase
at 298 K, suggesting that there is only about 4 ppb (parts
per billion) concentration of the enol tautomer for acetone
in the gas phase at the temperature of 298 K. Our
calculated results agree very well with the enolization
enthalpy (13.9 ( 2 and 12 ( 2 kcal/mol) of acetone as
estimated from the gas-phase experimental data.10,11

Interestingly, the enolization enthalpy for cyclohexanone
(11.1 and 11.4 kcal/mol at 0 and 298 K) was found to be
similar to those for acetone and 2-butanone (Table 2).

There are two possible enolization products for the
methylene hydrogen (italic) atoms of 2-butanone (CH3-

COCH2CH3) as shown in Scheme 1. The enolization
enthalpy was calculated to be 11.0 kcal/mol when (Z)-2-
hydroxyl-2-butene was formed as the enolization product,
but it was 11.9 kcal/mol when (E)-2-hydroxyl-2-butene
was formed as the enolization product. The slight
different enolization enthalpies could be attributed to the
less steric hindrance in (Z)-2-hydroxyl-2-butene than in
(E)-2-hydroxyl-2-butene because of the relatively larger
size of methyl group than hydroxyl group. The steric
hindrance between the two methyl groups in (Z)-2-butene
was believed to be responsible for the about 1.5 kcal/mol
less stability of (Z)-2-butene than (E)-2-butene.12 There
is only one enolization product for the tertiary hydrogen
(italic) atom of 3-methyl-2-butanone (CH3COCHMe2), and
the calculated enolization enthalpy was found to be 9.6
kcal/mol (Table 2).

The relatively higher stabilities of the keto than the
corresponding enol tautomers are clearly associated with
the >CdO being much stronger than the >CdC< double
bond strength (Scheme 2).13 For example, the average
bond dissociation enthalpy (179 kcal/mol) of the >CdO

(9) The calculated enolization enthalpies (Schemes 2 and 3) are
expected to equal the corresponding enolization free energies within
(1 kcal/mol since the enolization entropies of the keto and enol
tautomers are similar. For example, the calculated enolization free
energies of acetone and cyclopropanone are 12.1 and 23. 3 kcal/mol at
298 K, whereas the corresponding enolization enthalpies are 11.4 and
24.1 kcal/mol (Table 2) at 298 K, respectively.
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Table 1. Calculated Total Energies and Formation Enthalpies and Atomization Energies for the Keto and Enol
Tautomers

a Total energy at 0 K, in hartree. 1 hartree; ) 627.5095 kcal/mol. b Formation enthalpy at 0 K, in kcal/mol. c Formation enthalpy at
298 K, in kcal/mol. d Atomization energy at 0 K, in kcal/mol.
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double bond is about 40 kcal/mol higher than that (140
kcal/mol) of the >CdC< double bond.13

More interestingly, the enolization enthalpies of cy-
cloketones were found to increase progressively from 11.4
to 13.7 to 16.0 to 24.1 kcal/mol at 298 K when the cyclic
ring changes from six to five to four to three members.
The progressive increase of the enolization enthalpy can
be attributed to the increasing difficulty to form the
unsaturated cyclic ring due to the shrinkage of the ring
size.14 This explains why the enolization enthalpy incre-
ment (2.3 kcal/mol) from cyclohexanone to cyclopen-
tanone is much smaller than that (8.1 kcal/mol) from
cyclobutanone to cyclopropanone.

It is worth noting that the calculated (gas-phase)
enolization enthalpy of acetone was found to be fortu-
itously close to that observed in the aqueous solution

(Table 2).2,15 Also, the gas-phase enolization enthalpies
for 2-butanone (CH3COCH2CH3) and 3-methyl-2-bu-
tanone (CH3COCHMe2) were found to be close to those
reported from the aqueous solution measurements (Table
2). The similar gas-phase and aqueous enolization en-
thalpies imply that the aqueous solvation effects for the
keto tautomers of these ketones are not significantly
different from those for the corresponding enol tautomers,
and as a result they cancel each other.

On the other hand, the gas-phase enolization enthal-
pies of acetaldehyde, cyclopentanone, and cyclohexanone
were found to be about 2-3 kcal/mol higher than those
reported from the aqueous solution (Table 2).2 The
slightly lower aqueous solution enolization enthalpies for
acetaldehyde and cycloketones are presumably due to the
larger aqueous solvation effects for the corresponding
enol tautomers than for the keto tautomers since the
solvation effects for the enol tautomers were known to
be more sensitive to the steric hindrance.10

Thioaldehydes and Thioketones. The enolization
of the thiocarbonyl compounds is shown in Scheme 3, and
the calculated enolization enthalpies for nine aliphatic
thiocarbonyl compounds are all summarized in Table 3.

Examination of Table 3 shows that the enolization
enthalpies for the acyclic aliphatic thioaldehyde and
thioketones are in the range of -1 to 3 kcal/mol at 298
K, which are about 8 to 11 kcal/mol less than those for
the corresponding carbonyl compounds. Our calculated
results agree very well with the experimental results; the
enolization equilibrium constants for thioketones were
estimated to be at least 106 time larger than those for
the corresponding ketone analogues.3e The equilibrium
constant differences indicate that the thioketones in
energy are at least 8.2 kcal/mol less stable than the

(14) Harnisch, J.; Baumgartel, O.; Szeimies, G.; van Meerssche, M.;
Germain, G.; Declercq, J. J. Am. Chem. Soc. 1979, 101, 3370.

Table 2. Enolization Enthalpies for the Aliphatic
Carbonyl Compounds

a In kcal/mol, enolization enthalpy at 0 K as calculated from
the CBS-4 model. b (E)-2-Hydroxyl-2-butene is formed as the
enolization product. c (Z)-2-Hydroxyl-2-butene is formed as the
enolization product. d In kcal/mol, enolization enthalpy at 298 K
as calculated from the CBS-4 model. eReference 10. fReference 11.
gIn kcal/mol, enolization free energies determined from the aque-
ous solution.2 The related aqueous enolization enthalpies are about
1 kcal/mol higher than the enolization free energies listed in this
column.15 h The enolization product is a mixture of the Z- and
E-isomers.

Scheme 1

Scheme 2

Table 3. Enolization Enthalpies for the Aliphatic
Thiocarbonyl Compounds

a In kcal/mol, enolization enthalpy at 0 K as calculated from
the CBS-4 model. b (E)-2-Mercapto-2-butene is formed as the
enolization product. c (Z)-2-Mercapto-2-butene is formed as the
enolization product. d In kcal/mol, enolization enthalpy at 298 K
as calculated from the CBS-4 model.

Scheme 3
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corresponding ketones at 298 K. The smaller enolization
enthalpies for the thiocarbonyl compounds are clearly
associated with the much weakness of the >CdS com-
pared to the >CdO double bond strength.4,8,16 For
example, the bond dissociation enthalpy of the >CdS
double bond in H2CdS was found to be 125 kcal/mol,
whereas the bond dissociation enthalpy of the >CdO
double bond in H2CdO was found to be 179 kcal/mol.8

The enolization enthalpy for the methylene hydrogen
(italic) atoms of 2-butanethione (CH3CSCH2CH3) is 2.4
kcal/mol when (E)-2-mercapto-2-butene was formed as
the enolization product, but it is 1.2 kcal/mol when (Z)-
2-mercapto-2-butene was formed as the enolization prod-
uct. The enolization enthalpy difference is similar, but
slightly larger than that for the methylene hydrogen
atoms of 2-butanone as shown in Scheme 1. More
significantly, the enolization enthalpy for the tertiary
hydrogen (italic) atom of 3-methyl-2-butanethione (CH3-
CSCHMe2) was found to be -1.42 and -0.93 kcal/mol at
0 and 298 K, respectively. The negative enolization
enthalpy indicates that the thioketo tautomer of 3-meth-
yl-2-butanethione is thermodynamically less stable than
the corresponding thioenol tautomer. The enolization
enthalpy is expected to decrease for the introduction of
the R-methyl group(s) due to the stabilization on the
conjugated carbon-carbon double bond of the thioenol
tautomer, but the related stabilization of the R-methyl
group(s) on the carbonyl double bond of keto tautomer
or the thiocarbonyl double bond of thioketo tautomer
should be negligible because of the separation of the
methylene group. Apparently, the enolization enthalpies
for the thiocarbonyl compounds with R-phenyl group(s)
would be even more negative than that of 3-methyl-2-
butanethione because of the much larger resonance
stabilizing nature of the conjugated aromatic system.
Indeed, a survey of the related literature shows that this
is essentially what happens. For example, the thioenols
with R-phenyl group(s) were found to be the sole tau-
tomers observed.3e,17

Examination of Table 3 shows that the enolization
enthalpies of thiocyclohexanone and thiocyclopentanone
are close to those of thioaldehyde and thioacetone. They
are also similar to the enolization enthalpy of 2-butane-
thione when (E)-2-mercapto-2-butene was formed as the
enolization product. Comparison of the enolization en-
thalpies of the cycloketones (Table 2) and thiocycloke-
tones (Table 3) indicates that the enolization enthalpies
for the cycloketones are also about 8-11 kcal/mol higher
than those of the corresponding thiocycloketones even
though the enolization enthalpies for the cycloketones

and thiocycloketones are significantly dependent upon
the size of the cyclic ring, and are also much higher than
those of the corresponding acyclic analogues. This
provides the additional evidence to show that the sig-
nificant enolization enthalpy increase for the cycloketones
and thiocycloketones with the shrinkage of the ring size
is caused by the difficulty for the formation of a carbon-
carbon double bond in a smaller cyclic ring.

The much lower enolization enthalpies for the thio-
carbonyl compounds imply that there would be much
higher thioenol tautomer concentrations compared to the
corresponding carbonyl compounds, but the direct mea-
surements of the enolization equilibrium constants for
the thiocarbonyl compounds will still be very difficult
because the thioenol structures were known to be un-
stable, and they easily dimerize or trimerize.3,17 For
example, the most stable form of thioacetone is trithiane,
which is believed to be formed from the trimerization of
the corresponding thioenol tautomer of thioacetone.18

The enolization enthalpy of thionorbornanone (bicyclo-
[2.2.1]heptane-2-thione) was found to be 7.1 and 7.3 kcal/
mol at 0 and 298 K, respectively (Table 3), which is about
4-5 kcal/mol higher than those of thiocyclopentanone
and thiocyclohexanone. The higher enolization enthalpy
for thionorbornanone is no doubt due to the much larger
ring strain to form the thioenol >CdC< double bond in
the related bicyclic system,19 which makes the thioenol
tautomer less stable. Our calculated results agree very
well with the experimental observation, which showed
that only less than 1% of the thioenol tautomer to be
present for thionorbornanone.3d

In an earlier section, we mentioned that the gas-phase
enolization enthalpies for acyclic ketones are close to
those reported from the aqueous solution, but the gas-
phase enolization enthalpies for acetaldehyde and cy-
cloketones are a few kcal/mol lower than those reported
from the aqueous solution measurements since the enol
tautomers are more sensitive to the aqueous solvation
than their keto tautomers.10,11 Therefore, it is conceivable
that the aqueous solution enolization enthalpies for the
thioacetaldehyde and thiocycloketones would also be a
few kcal/mol lower than the related gas-phase enolization
enthalpies. In other words, the aqueous solution eno-
lization enthalpies for thioacetaldehyde and thiocycloke-
tones would be even a few kilocalories/mole lower than
the calculated gas-phase enolization enthalpies as sum-
marized in Table 3.
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