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∆Gsolv  = ∆Gcav   + ∆Gelec  + ∆Gdisp+∆Grép         (55) 
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Figure 2: Corrélation des valeurs de pKa aqueuses expérimentales  des acides 

carbonés étudiés avec l’énergie libre de déprotonation en phase gazeuse ∆G°gas. 
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Figure 3 : Corrélation des énergies de déprotonation calculées (B3LYP/6-

311++G(d,p)) en phase aqueuses ∆G°aq avec les énergie ∆G°gas en phase gazeuse. 



��������	
�	��������	��	����������	�������	��	 			� ���

 

 

��AAAA��
����
����
����
���HHHH������������ ��������������������� ����#���
����(���������������
�
������� ����

#���
��� ����
����� 	�� �=��� $��
������ 	�� ����������� �#��� ���� #���
��� 	�� ��� 	�#������� ����	��	�

���������	�����%+<'����	
�������������	��������������%,0'������	�������	��������
������!���

�

�=��%�(�'�K�.�!D>>��=��%����'� ��D>:8�� � � � � � � ����������%!'�

%,0K.�-8H&�+<KH�!.'� �����

� �

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

� �

� ���	�#����������C������6<��������	�#����������C�����������
���1<�������������#���
���

�$�(��������������������#���
�������
���������� .�:H����H�8-�
������	���=�&���������#����������

��
������	���#���
���	��1<�%�
�����
��E�>�
������	
��=�'����������	�����
(������������������&�0000&�

8888&�>>>>&�DDDD�����8�8�8�8����������������

���#���
���	���=����
�
����	������������::::����0.0.0.0.����	������#�����
������!�������0��!-�

��� :�.!���������#����������#���
�������
�����	���=�������������
�
���%�����
������
���������

����
������!'������	������	����2222�����������������
�
�
�
�����������

�

- 2 0 - 1 0 0 1 0 2 0 3 0 4 0 5 0 6 0

- 1 0

0

1 0

2 0

3 0

4 0

5 0

- 2 0 - 1 0 0 1 0 2 0 3 0 4 0 5 0 6 0

- 1 0

0

1 0

2 0

3 0

4 0

5 0y = 0 .8 7 5 5 x - 1 .7 5 6 3

   R
2
= 0 .9 3 4

 

 

p
K

a
(e

x
p

)

p K
a
( c a lc )

 
Figure  4 : Corrélation entre les valeurs des constantes d’acidité pKa calculées                  

(B3LYP/6-311++G(d,p)-PCM(sp))  et les valeurs  de  pKa expérimentales 

aqueuses. 
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Abstract

Theoretical calculations are carried out to predict gas- and aqueous-phase acidities of a series of 21 carbon acids with pKa values
varying from ÿ6.20 to 50. Acceptable linear correlations (R2 > 0.93, SD < 4) are obtained between calculated deprotonation Gibbs free
energy changes and experimental pKa values (measured in water). Solvent effects are taken into account by means of the polarizable con-
tinuum model (PCM). Our calculations also show that the high acidity of a-proton carbonyl compounds and electron-withdrawing
substituted methanes can be related to the strong increase in the vicinal charge interactions nc fi p

* in anion species. Calculations are
performed at the B3LYP/6-311++G(d,p) level of theory.
Ó 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The deprotonation energies of organic acids and the
proton affinities of the corresponding conjugate bases are
widely used for the prediction of gas-phase and aqueous-
phase Brönsted acidities [1–8]. Strong acids have small val-
ues of deprotonotion energy (i.e., the release of the proton
is easier) while strong bases have large values of proton
affinity (i.e., the binding to the proton is stronger). Several
works on the prediction of the acidity of organic and inor-
ganic acids can be found in the literature. For instance,
Smith and Radom [9,10] have shown that the G2 and
G2(MP2) methods provide excellent results for both depro-
tonation enthalpies and proton affinities of small mole-
cules. Catalan and Palomar [11] have investigated gas-
phase acidities of a number of species and have shown that
calculations at the B3LYP method with 6-311+G(d) and 6-

311+G(3df,3pd) basis sets correlate well with the experi-
mental data. Good correlations have been obtained
between experimental pKa values of a wide range of
organic Brönsted acids and their calculated gas-phase
deprotonation enthalpies [12]. Correlations between theo-
retical descriptors and gas-phase acid-base equilibrium
constants of organic compounds have been reported for
amines, alcohols and thiols [13–15]. An excellent correla-
tion was obtained between the aqueous-phase acidity cal-
culated with the HF/3-21G(d) method and experimental
pKa values for a series of nitrogen bases [16].

Recently, various theoretical descriptors were used to
investigate their correlation with the carbon acidity of com-
pounds having the CHR1R2R3 structure. A reasonable cor-
relation was obtained between the deprotonation energies
of the compounds calculated at the HF/3-21G and
B3LYP/6-31G(d) levels of theory and their aqueous pKa

values [17,18]. The ability to predict acidity using a coher-
ent, well-defined theoretical approach, without external
approximation or fitting to experimental data, would be
very useful to chemists. Thanks to the rapid development
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of computational chemistry, the acidity of small molecules
in the gas phase can be calculated with equivalent or
greater accuracy than can be obtained experimentally.
However, the current situation is less satisfactory in solu-
tion, mostly due to the difficulty of calculating solvation
energies with adequate accuracy.

The aim of this work is to establish a correlation model
for determining the aqueous pKa values of carbon acids at
298.15 K by working with a series of 21 compounds (Fig. 1)
that exhibit pKa values from ÿ6.2 to 50.0 (see Table 1) [18–
21]. In addition, the second-order charge-transfer energies,
calculated using the natural bond orbital (NBO) method
[22–26], are used to explain the high acidity of the dicar-
bonyl compounds and the electron-withdrawing substi-
tuted methanes included in this study.

2. Computational details

2.1. Gas-phase acidity calculations

Calculations are preformed with the Gaussian 98W soft-
ware package [27]. The geometries of the neutral and
deprotonated species are fully optimized at the B3LYP/6-

311++G(d,p) level of theory. Frequency calculations are
performed at the same level of theory to characterize the
stationary points obtained. The gas-phase Gibbs free-
energy change ðDGo

gasÞ of Scheme 1 is calculated using
Eq. (1). For G

o
gasðH

þÞ the experimental value of
ÿ6.28 kcal/mol is used [28].

DG
o
gas ¼ G

o
gasðA

ÿÞ þ G
o
gasðH

þÞ ÿ G
o
gasðAHÞ ð1Þ

2.2. Aqueous-phase acidity calculations

Solvent effects are taken into account by means of the
polarizable continuum model (PCM) [29–31] through sin-
gle-point energy calculations at the B3LYP/6-
311++G(d,p) level of theory (using the gas-phase opti-
mized geometries). The PCM calculations, using Gaussian
98W, employ the UAHF atomic radii when constructing
the solvent cavity for the calculation of the Gibbs free-
energy of solvation. A common practice to calculate the
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aqueous Gibbs free-energy change of an acid dissociation
ðDGo

aq, see Eq. (2)) is by combining the DG
o
gas of the

deprotonation process with the change in Gibbs free-
energy of solvation ðDDGo

solvÞ, using the thermodynamic
cycle of Scheme 2 and Eq. (3). For G

o
solvðH

þÞ the experi-
mental value of ÿ264.61 kcal/mol is used [28]. The aqueous
pKa is calculated according to Eq. (5). All the calculations
and experimental data reported in this paper are at
298.15 K.

DG
o
aq ¼ G

o
aqð A

ÿÞ þ G
o
aqðH

þÞ ÿ G
o
aqðAHÞ ð2Þ

DG
o
aq ¼ DG

o
gas þ DDG

o
solv ð3Þ

DG
o
aq ¼ G

o
gasðA

ÿÞ þ G
o
gasðH

þÞ ÿ G
o
gasðAHÞ

þ DG
o
solvð A

ÿÞ þ DG
o
solvðH

þÞ

ÿ DG
o
solvðAHÞ ð4Þ

pKa ¼
DG

o
aq

RT ln10
ð5Þ

3. Results and discussion

3.1. Gas-phase acidities

The calculated gas-phase DGo of the acid dissociation
and the experimental aqueous pKa values (relative to
water) at 298.15 K [18–21] are reported in Table 1. The
raw data for these calculations are shown in Table S1 of
the supplementary material. Fig. 2 shows the correlation
of the DG

o
gas values with the experimental aqueous pKa

values. A satisfactory linear correlation is obtained show-
ing that the gas-phase Gibbs free-energy change of depro-
tonation generally increases when the acidity of these
compounds decreases. For four of the 21 compounds stud-
ied (7, 11, 13 and 19) the calculated DG

o
gas seems a bit

higher than expected. The regression equation with the cor-
responding standard deviation (SD) and correlation coeffi-
cient (R2) values are given in Eq. (6).

pKa ¼ 0:4453DGo
gas ÿ 135:99 ðR2 ¼ 0:969; SD

¼ 3:27Þ ð6Þ

If aqueous pKa values are obtained from the calculated
DG

o
gas values using Eq. (6), the mean (MD) and mean

absolute (AD) deviations between the experimental and

Table 1

Calculated gas- and aqueous-phase DGo values (in kcal/mol) of the acid dissociation and aqueous pKa values of the compounds under study, together with

the experimental aqueous pKa values at 298.15 K

Compound number Gas-phase Aqueous-phase

DG
o
gas pKa(calc)

a
DG

o
aq pKa(calc)

b pKa(calc)
c pKa(exp)

1 410.77 46.91 78.78 57.75 48.80 50d

2 409.25 46.24 53.56 39.26 32.62 48d

3 405.33 44.49 69.86 51.21 43.08 46d

4 398.98 41.66 58.28 42.72 35.65 44d

5 398.12 41.28 73.87 54.15 45.65 41e

6 365.67 26.83 36.84 27.01 21.89 32e

7 377.80 32.23 46.66 34.20 28.19 29d

8 368.83 28.24 28.95 21.22 16.82 25d

9 346.06 18.10 16.99 12.45 9.15 15e

10 336.62 13.90 16.38 12.01 8.76 13.30f

11 340.31 15.54 21.85 16.02 12.27 12.50f

12 331.50 11.62 13.06 9.57 6.63 10.70f

13 336.15 13.69 21.17 15.52 11.83 9.00f

14 325.46 8.93 12.14 8.90 6.03 5.25e

15 321.34 7.09 9.87 7.24 4.58 4.83e

16 316.57 4.97 10.12 7.42 4.74 4.01e

17 319.21 6.14 7.88 5.78 3.30 3.76e

18 301.18 ÿ1.88 ÿ2.47 ÿ1.81 ÿ3.34 2.27f

19 304.05 ÿ0.60 ÿ0.45 ÿ0.33 ÿ2.05 1.30f

20 290.84 ÿ6.49 ÿ6.74 ÿ4.94 ÿ6.08 0.06f

21 287.15 ÿ8.13 ÿ15.17 ÿ11.12 ÿ11.49 ÿ6.20f

a Values calculated using the correlation equation between pKa(exp) and DG
o
gas (Eq. (6), see Fig. 2).

b Values calculated using Eq. (5).
c Values calculated using the correlation equation between pKa(exp) and pKa(cal) (Eq. (7), see Fig. 4).
d Ref. [18a].
e Ref. [21].
f Ref. [18b–20].

AH (g)

AH (aq)

∆G°solv(A-) ∆G°solv(H+)∆G°
solv(AH)

∆G°gas

∆G°aq

A-
(g)+ H

+
(g)

A-
(aq)+H+

(aq)

Scheme 2. DG
o
solv(X) represents the Gibbs free-energy of solvation of

species X.
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the calculated pKa values are of ÿ0.009 and 2.71 pKa units,
respectively. The largest AD values (greater than ±5 pKa

units) are detected for compounds 6 and 20. Using the cor-
relation Eq. (6) the predicted aqueous pKa values for com-
pounds 6 and 20 would be 26.83 (instead of 32) and ÿ6.49
(instead of 0.06), respectively. It should be noted that very
accurate aqueous pKa values (relative to water) can only be
obtained for acids weaker than the hydronium ion
(pKa = ÿ1.74) and stronger than water (pKa = 15.74) [1].
The experimental aqueous pKa values of the very strong
and very weak carbon acids listed in Table 1 must be
regarded as approximate.

It is well known that in the gas phase, where solvation
effects are completely or almost completely absent, acidity
orders may be much different than in aqueous solution for
certain families of compounds. Simple alcohols are an
example of this: while tertiary alcohols are more acidic
than secondary and primary alcohols in the gas phase, in
aqueous solution the acidity order is completely reversed
because the much bulkier tertiary anion is poorly solvated.
A similar pattern is found in simple aliphatic carboxylic
acids and when analyzing the basicity order of amines [1].
From the results we have obtained, we can infer that the
aqueous-phase acidity order of the family of carbon acids
studied is very similar to that in the gas phase. Hence, it
might be possible to use gas-phase calculations to predict
the aqueous pKa values of carbon acids. The predicted
aqueous pKa values for the carbon acids under study using
Eq. (6) are listed in Table 1.

3.2. Aqueous-phase acidities

The calculated aqueous-phase DGo of the acid dissocia-
tion and pKa values of the compounds under study (using
Eq. (5)) at 298.15 K are reported in Table 1. The plot of
DG

o
aq versus DG

o
gas is displayed in Fig. 3. A satisfactory

correlation is obtained between these two Gibbs free-
energy changes (R2 = 0.947) that might help explain the
good correlation previously found between DG

o
gas and

the experimental aqueous pKa values. Fig. 4 shows the cor-
relation between the experimental and calculated aqueous
pKa values. The regression equation with the correspond-
ing standard deviation (SD) and correlation coefficient
(R2) values are given in Eq. (7).

pKa ¼ 0:8755 pKaðcalcÞ ÿ 1:7563 ðR2 ¼ 0:934; SD

¼ 4:80Þ ð7Þ

The MD and AD between the experimental and the cal-
culated values are of ÿ0.64 and 4.39 pKa units, respec-
tively. The largest AD values (greater than ±5 pKa units)
are detected in compounds 1, 2, 3, 5, 7 and 13. If Eq. (7)
is used to predict what the aqueous pKa of compounds 6

and 20 should be, values of 21.89 and ÿ6.08 are obtained.
The predicted aqueous pKa values for the carbon acids
under study using Eq. (7) are listed in Table 1. The pre-
dicted values are smaller than those calculated with Eq.
(5) which indicates that the calculated DG

o
aq values might

be slightly overestimated.
The aqueous phase pKa calculation using gas-phase

calculated data (by means of Eq. (6)) seems to be a more
reliable approach for the family of organic acids consid-
ered since the AD obtained using the directly calculated
aqueous pKa is almost twice as large as in the first
approach described. The reasons for this should lie in
the deficiencies of continuum solvation models to accu-
rately calculate solvation energies since explicit solute–
solvent interactions are ignored. The inclusion of contin-
uum solvent effects in the geometry optimizations and
frequency calculations might improve these results
slightly [32].
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The aqueous-phase acidity of the carbon acid series
under investigation can be explained by the relative stabil-
ities of their conjugate bases. The anions are stabilized by a
combination of resonance and inductive effects [33]. Fur-
thermore, it has been showed that delocalization is an
important factor responsible for enhanced acidity [34–36].
However, inductive effects, produced by electron-with-
drawing substitutents, have the same order of magnitude
as delocalization effects. Acidity increases when the delo-
calization of the negative charge (in the carbanion)
increases [34]. The values of intrinsic acidity ðDGo

gasÞ of
the compounds 1–21 decrease with increasing delocaliza-
tion effects. The charge delocalization (depletion of the
negative charge) can be explained by the donor–acceptor
interaction between the non-bonding orbital localized on
the carbon atom of the base with the negative charge (nc)
and the vicinal unoccupied antibonding orbital p* associ-
ated with the C@C, C@O or N@O groups. This molecular
orbital interaction is called nC fi p

* vicinal charge transfer.
The stabilization energy of this interaction can be calcu-
lated by the NBO method using the second order perturba-
tion theory as indicated by Eq. (8) [22–26], where en, ep� are
orbital energies and F n!p

� is the off-diagonal NBO Fock
matrix element.

DE
ð2Þ
nC!p

� ¼ ÿ2ðF n!p
�Þ2=ðen ÿ e

p
�Þ ð8Þ

For instance, the charge transfer energies DE
ð2Þ
nC!p

�
C@C

� �

in the conjugate bases of cyclopentadiene (9),

DE
ð2Þ
nC!p

�
C@O

� �

acetyl acetone (13) and barbituric acid (16)

are 75.72, 120.19, and 161.84 kcal/mol, respectively (see
Table S2 of the supplementary material). Therefore, the
charge-transfer energy in these systems is remarkably
important in explaining their acidity order. In the dicar-

bonyl compounds (10–17) the negative charge of the anions
is conjugated with the two vicinal p bonds. Therefore, these
anions are more stabilized by charge transfer delocaliza-
tion. We note that these stabilizing effects are absent in
compounds 1–6. For nitro and cyano alkanes the following
sequence of DGo

gas values is obtained.

19 ðDGo
gas ¼ 304:05 kcal=mol�Þ > 20 ð290:84 kcal=molÞ

> 21 ð287:15 kcal=molÞ

In these compounds, the contribution of resonance and
inductive effects are important and the synergy of the two
effects originates a remarkably high acidity. The stabiliza-

tion energy of the anionic forms DE
ð2Þ
nC!p

�
N@O

� �

, caused

by the nC ! p
�
N@O interaction, is very significant:

317.35 kcal/mol, for compound 20, and 345.02 kcal/mol
for compound 21. Consequently, the negative charge on
the acidic carbon of the anion is strongly delocalized over
the whole molecule.

4. Conclusions

In the present work, we have shown satisfactory linear
correlations between experimental aqueous pKa values of
a variety of carbon acids and theoretical gas- and aque-
ous-phase deprotonation Gibbs free-energy changes. The
linear correlation using the gas-phase descriptor is slightly
better (R2 = 0.969, SD = 3.27) than using the aqueous-
phase one (R2 = 0.934, SD = 4.80). The correlation equa-
tion between the experimental aqueous pKa values and
the calculated gas-phase deprotonation Gibbs free-energy
changes was used to predict better pKa values for two of
the compounds studied (HCF3 and HC(NO2)3). To assess
the validity of the predictions in Table 1, further experi-
mental work is required.

The difference in acidity of the compounds studied can
be interpreted through inductive and resonance effects.
The strong acidity of some carbon acids has been rational-
ized by calculating the nC fi p

* charge transfer energy
between the non-bonding orbital localized on the carbon
atom of the base with the negative charge (nC) and the vic-
inal unoccupied antibonding orbital p* associated with the
C@C, C@O or N@O groups. These stabilization interac-
tion energies are calculated by the NBO method using
the second-order perturbation theory.

Appendix A. Supplementary data

Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/j.theochem.
2007.04.037.
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�� ��� ������ ��� ��� 	�  ������� ������ �%�������� 	�� H8F� 	�� �%���	�� ��� ��� PF8F� 	�� ��� !����

� acid
 LUMO� ? base

 HOMO� ���� acid
 LUMO� � base

 HOMO� �� ��������$�������� ��� �&��������� 	�� ��� �&����� J;F� �
��
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6���� ��� ���� �Z� ��� ��	3��� *78� ���� 
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�*78�������� ���� 	��������
��� �"���� ���� ������������� ���� ��
�� ���$���� �,(� [� 9�>9�� �$��� ���� ����

�#���������
#� �����/� base
 HOMO� �9�>9��� TC��� �9�>4��� acid

 HQ �9�K���� TY� �9�>>��� acid
 LUMO� ? base

 HOMO� �9�>G���

T07��9�K5�����∆@�����9�GE������	��������
��������	���������������������������
�����$����	��������

����
��� *78����� ����/� TC��� �9�5A��� TY� �9�>E��� acid
 HQ �9�K��� acid

 LUMO� ? base
 HOMO� �9�>G��� T07� �9�K4�� ���

∆@����9�G>�����A���������$3����
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 HOMO� �9�KK��� acid

 HQ �9�>4���TY��9�K4��� acid
 LUMO� ? base

 HOMO� �9�EG���

T1��9�K4���T07��9�EE�����∆@����9�G5���
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� ����N������������
�����$�����

� ����	�$������������	��	��16�������
�� ��!����

.�� �&���� ��
�
���� �$��� ���� ����
��� ;4<*=>�4��??@� �	����*78������� ��� ������
���

������������ 2� (� $����!���� ����
�� ���� 	��������
��� T07� ��� ∆@��� �$��� ��� ��
�� ����	�� $���
�� 	��������

N������(R2 
=0.982, SD=2.5, F=499.5, équation 10)�������������
����	3���2�4�$����!�������������

����	��������
���T@�����S����T07�(R2 
= 0.99, SD=2.0, F= 563.6, équation 11)��7��	���������	3���

01*,��������������������
��������3��������������
���	����������
	��8,��

.�� �&���� ��
�
���� �$��� ���� ����
��� ;4<*=>�4��??@� �	����*78����� .��� A��� ����

	��������
���∆@������T07� �  ��������������
������!��������2�(�$����!���� (R2 
=0.980, SD=2.7,   

F= 450.5, équation 16)�� � ����
�� 	�
�� ������3��� 	��������
�� ��S�� ��������� ���3������� ���

	�$�����������	��	�(R2 
= 0.987, SD=2.2, F=445.0, équation 17)���

B3LYP/6-311++G(d,p)-PCM(opt) R
2
 SD F-test 

(10) pKa = 1.0+ 0.525 �Gaq - 17.4 �QC   

(11) pKa = -0.722 + 0.480 �Gaq + 0.985 �S  – 16.5 �QC 

0.982 

0.990 

2.5 

2.0 

499.5 

563.6 

 

B3LYP/6-311++G(d,p)-PCM(sp) (eq 3a) 

   

(12) pKa = 1.18 + 0.513 �Gaq – 18.1 �QC 0.980 2.7 438.8 

(13) pKa = 0.126+ 0.464 �Gaq + 0.809 �S  – 18.0 �QC 0.987 2.2 443.4 

 

B3LYP/6-311++G(d,p)-PCM(sp) (eq 3b, HF/6-31G(d)) 

   

(14) pKa = 1.74 + 0.519 �Gaq – 21.8  �QC 0.982 2.6 493.0 

(15)  pKa = 0.83 + 0.473 �Gaq –  0.701 �S - 21.7 �QC 

 

0.988 2.2 449.3 

B3LYP/6-311++G(d,p)-PCM(sp) (eq 4)    

(16) pKa = 0.79 + 0.521 �Gaq - 17.5 �QC 0.980 2.7 450.5 

(17) pka = -0.186 +0.472 �Gaq + 0.785 �S – 17.5 �QC  

 

0.987 

 

2.2 445.0 

B3LYP/6-311++G(d,p)     

(18) pKa = -120 + 0.396 �Ggas  - 13.5  �QC 0.970 3.5 261.4 

(19) pKa = - 157 + 0.495  �Ggas – 68.5 acid
 LUMO�  - 8.91 �QC 0.980 2.9 250.9 
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18) ������������
���������������2�4�$����!�����������������	��������
���@���� acid
 LUMO� ���T07��(R2 
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Level of theory 

Carbon Acid  

 pKa (exp) [37,38] 

22 

33
 

23 

6.4 

 24 

 5 

25 

3.57 

 

AD
a  

(MD)
b 

B3LYP/6-311++G(d,p)- �Gaq, , �QC   34.43 10.0 4.60 4.62 1.61 (1.42) 

PCM(opt) �Gaq, , �S, �QC  
 

33.76  8.61 4.00 5.69 1.52 (1.02) 

 

B3LYP/6-311++G(d,p)- �Gaq, �QC 34.43 10.41 4.61 3.19 1.55 (1.17) 

PCM(sp) (eq 3a) 

 

�Gaq, , �S, �QC  
 

33.70 9.00 4.15 4.40 1.24 (0.82) 

B3LYP/6-311++G(d,p)- �Gaq , �QC 36.12 10.08 4.03 4.06 2.06 (1.58) 

PCM(sp) 

(eq 3b, HF/6-31G(d))  

�Gaq,  �S, �QC 35.35 

 

 

 8.88 

 

 

3.70 

 

 

5.03 

 

 

1.89 (1.24) 

 

 

B3LYP/6-311++G(d,p)- �Gaq, �QC  34.88 9.99 4.45 3.59 1.50 (1.24) 

PCM(sp) (eq 4) �Gaq, �S, �QC   34.13 8.68 4.03 4.73  1.37 (0.90) 

B3LYP/6-311++G(d,p) �Ggas, �QC 30.66 10.53 7.15 1.42 2.70 (0.43) 

 �Ggas, 
acid

 LUMO� , �QC 

 

29.67 10.48 7.48 3.87 2.50 (0.88) 

a
 AD: Mean absolute deviation 

b
 MD: Mean deviation 
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Cependant, toutes les prédictions considérées indiquent une valeur excessive du pKa aqueux du 

composé 23. A partir de ces résultats on suggère que cette valeur expérimentale soit remesurée.  
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ANNEXE N°2 
 

Table S1: 

Raw data (in atomic units. unless otherwise indicated) for the aqueous pKa calculations (at 298.15 K) 
of the carbon acids under study at the B3LYP/6-311++G(d.p)-PCM//B3LYP/6-311++G(d.p) level of 
theory. The data provided corresponds to the neutral (Acid) and charged species (Base) according to 
the labels used in Table 1 and Figure S1.  
 

Species Ggas �Gsolv
a (kcal/mol) �Gsolv

b
 (kcal/mol) Eaq TCGgas 

Acid1 -541.85599 -10.75 -12.63 -541,89658 0,01511 
Base1 -541.38838 -45.93 -46.97 -541,47178 0,00408 
Acid2 -654.13792 -8.87 -10.5 -654,18001 0,01899 
Base2 -653.66443 -43.53 -44.34 -653,74734 0,00549 
Acid3 -618.34024 -12.83 -13.86 -618,41157 0,04277 
Base3 -617.84569 -50.78 -52.16 -617,96439 0,03133 
Acid4 -581.17339 -12.22 -13.71 -581,24378 0,04228 
Base4 -580.68342 -48.69 -49.26 -580,79773 0,02995 
Acid5 -380.56740 -13.55 -14.15 -380,63841 0,04743 
Base5 -380.04868 -57.73 -59.38 -380,17920 0,03628 
Acid6 -490.15861 -16.25 -17.14 -490,24397 0,05652 
Base6 -489.64412 -56.63 -58.34 -489,78300 0,04567 
Acid7 -534.42807 -10.87 -11.74 -534,55343 0,10415 
Base7 -533.90597 -54.79 -56.53 -534,08908 0,09176 
Acid8 -462.51479 -7.66 -7.84 -462,68338 0,15119 
Base8 -461.98614 -53.69 -56.19 -462,21560 0,13902 
Acid9 -345.81526 -5.52 -5.69 -345,91621 0,08740 
Base9 -345.26958 -56.35 -59.19 -345,43918 0,07656 
Acid10 -460.35714 -7.4 -7.92 -460,49234 0,118225 
Base10 -459.81773 -54.29 -56.43 -460,01339 0,104976 
Acid11 -377.97915 -16.37 -16.66 -378,07675 0,06920 
Base11 -377.42683 -64.23 -66.68 -377,58921 0,05785 
Acid12 -574.92268 -6.28 -6.44 -575,08623 0,14740 
Base12 -574.37622 -54.77 -56.54 -574,60127 0,13335 
Acid13 -194.09079 -3.31 -2.77 -194,16218 0,06551 
Base13 -193.52930 -54.97 -57.37 -193,66992 0,05153 
Acid14 -77.34855 0.2 0.08 -77,360604 0,00810 
Base14 -76.75078 -72.4 -78.54 -76,863645 -0,00490 
Acid15 -116.62259 -1.25 -1.1 -116,65793 0,03176 
Base15 -116.01051 -64.28 -66.57 -116,13242 0,01763 
Acid16 -338.35039 -1.37 -1.4 -338,35328 -0,00118 
Base16 -337.75765 -62.72 -65.97 -337,84238 -0,01745 
Acid17 -271.54063 -1.06 -1.16 -271,64293 0,09823 
Base17 -270.936151 -48.47 -50.53 -271,098263 0,081802 
Acid18 -78.58563 1.39 1.45 -78,616738 0,02991 
Base18 -77.93996 -66.6 -69.61 -78,061211 0,01343 
Acid19 -117.87437 0.97 1.06 -117,93197 0,05656 
Base19 -117.21842 -68.89 -72.07 -117,36863 0,04000 
Acid20 -40.50909 1.07 1.12 -40,534294 0,02487 
Base20 -39.84690 -74.58 -85.63 -39,977400 0,00931 
Acid21 -79.80473 1.91 1.95 -79,856794 0,05184 
Base21 -79.14012 -71.1 -76.95 -79,289973 0,03421 

a B3LYP/6-311++G(d.p)-PCM; b HF/6-31G(d)-PCM.  
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The solvent effects on the keto-enol tautomeric equilibriums of ethyl acetoacetate (EAA)
and tetronic acid (TA) are theoretically investigated. The present study shows that the
most stable keto tautomer of EAA corresponds to the trans diketo, E, Z form; while

the most stable enol tautomer corresponds to the structure in which the enolization
takes place at the carbonyl group. Our calculations also put in evidence that the keto
tautomer of TA prefers the trans diketo, E, E form, while the most stable enol tautomer

corresponds to the structure in which the enolization takes place at the carbonyl group.
The calculated free energies indicate that, in polar solvents, the keto-enol equilibrium
of EAA is shifted towards the keto tautomer, whereas the keto-enol equilibrium of TA

is shifted toward the enol tautomer. The trends of the change of equilibrium constants
with respect to the change of solvent polarity are well reproduced by both B3LYP and
MP2 calculations. The present study shows that the enthalpic term is predominant in
the determination of the calculated equilibrium constants and the entropic effect on the
calculated Gibbs free energies is found to be very small and has little influence on the
studied keto-enol tautomeric equilibriums.

Keywords: Ethyl acetoacetate; tetronic acid; solvent effects; keto-enol equilibrium; the-
oretical calculations.

1. Introduction

Tautomerism is a particular case of isomerism which plays an important role in

modern organic chemistry, biochemistry, medicinal chemistry, and pharmacology.1,2

∗Corresponding author.

1021
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Understanding the mechanism of organic reactions and biochemical processes, in

which a substrate or an active intermediate requires an advanced understanding

of tautomerization phenomena. Tautomerism occurs also in natural products as in

the case of amino acids and pyrimidine bases.3,4 For this reason, an explanation

of the chemical reactivity and the biological activity remains rather difficult when

tautomerism occurs.2–5 Indeed, it is not always clear which tautomeric form is

responsible for chemical reactivity/biological activity when the choice is between the

thermodynamically most stable tautomer and a less stable tautomer with particular

acid-base, electrophilic-nucleophilic, redox, or even just geometric properties.

Keto-enol tautomerism is one of the most commonly studied forms of prototropy

phenomena.1,6,7 This interconversion occurs in different tautomeric systems con-

taining one or more carbonyl groups linked to sp3 carbons bearing one or more

hydrogen atoms. There are also polyfunctional tautomeric derivatives in which the

carbonyl groups are separated by a conjugated system. The ratio of the keto/enol

tautomers depends on various factors such as temperature, nature of substitutents,

and solvents.8,9

The keto-enol tautomerism of open chain 1,3-dicarbonyl compounds of the type

R1C(O)-CH2-C(O)R2 has attracted great interest in the last decades.9–27 The pref-

erence of the enol or the keto tautomer depends strongly on the nature of substitu-

tents R1 and R2.
11–13 We note that two enol forms can occur, with the OH group

close to R1 or close to R2 as in the case of ethyl acetoacetate (see Scheme 1).

According to gas phase spectroscopic and theoretical studies, the enol tautomer

is predominant when both R1 and R2 are H,14–16 CH3,
17,18 C(CH3)3

19 or CF3.
20,21

It is of great importance to note that this enol tautomer exists exclusively in the

cis-enolic form which corresponds to a cyclic form stabilized by intramolecular

hydrogen bonding (see Scheme 1(b)).22,23 On the other hand, the compounds with

R1 = R2= F,24 Cl,25 OCH26
3 or NH27

2 exist preferably in the diketo form. In this

form, different conformations are feasible, depending on the relative orientations

of the carbonyl groups (Scheme 2). In the absence of steric interactions, the cis-

diketo,Z,Z form (U-shape) has the greatest coulombic repulsions, followed by the

trans-diketo,E,Z form (sickle-shape). The trans-diketo,E,E form (W shape) should

be the most stabilized structure.28,29

The solvent effects on the chemical equilibrium was discovered in 1896,

simultaneously with the discovery of keto-enol tautomerism in 1,3-dicarbonyl

O O

CH3

H

CH3CH2O

O O

CH3CH2O CH3

H
.
.

.

.
.

(a) Open cis-enol,Z,Z (b) Closed cis-enol,Z,Z

Scheme 1. Enolic forms of ethyl acetoacetate.
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CH3CH2O

O O

CH3 O

CH3O

CH3CH2O

CH3CH2O

OO

CH3

Trans diketo,E,Z Cis-diketo, Z,Z

    (U-shape)    (Sickle-shape)

Trans diketo,E,E

(W shape)

Scheme 2. Ketonic forms of ethyl acetoacetate.

compounds.8,9 The study of this equilibrium in a variety of solvents using proton

nuclear magnetic resonance (NMR) has been widely used as a physical chem-

istry technique for a long time.30–35 For open chain β-dicarbonyl compounds,

both keto and enol tautomers are frequently present in solution in measurable

proportions.36,37 The percentage of enolization of β-dicarbonyls is very sensitive

to the nature of the solvent. For instance, Allen et al.38 have shown that the enol

percentage of 2,4-pentanedione (acetylacetone) is only 60% in dimethyl sulfoxide

(DMSO) in comparison to 75% in acetone, 94% in CCl4 and 95% in cyclohexane.

Moreover, it is well established that the enol proportions increase in aprotic non

polar solvents, i.e. when intermolecular hydrogen bonding with the solvent does not

compete. By contrast, in polar protic solvents, the intermolecular hydrogen bond

with the solvent stabilizes the keto form. This means that the keto-enol equilibrium

is sensible to the nature of the solvent.

Numerous investigations on experimental and theoretical studies of the keto-

enol tautomerism of cyclic chain 1,3-dicarbonyl compounds can be found in the

literature.39 The percentage of the enol forms of this cyclic β-diketone is strongly

influenced by the solvent, both in terms of polarity and hydrogen bond accep-

tor/donor properties.9 We note that, in water, the open chain β-diketones exist

predominantly as diketo tautomers; while the closed β-diketones show an opposite

behavior and exist predominantly as enol tautomers.39,40

Tetronic acids which are a particular case of cyclic β-ketoesters compounds,

have traditionally been represented as derivatives of the enol form as opposed to

the corresponding keto form.41–43 Indeed, the ultraviolet spectrum of tetronic acid,

in aqueous ethanol, shows two important absorptions at λmax = 223 (C=O) and

λmax = 248nm (C=C) due to the presence of the enol tautomer.44

According to experimental observations,41–44 tetronic acid exists only in the

trans enolic form in which the enolization takes place at the carbonyl group

(Scheme 3). Contrary to open chain 1,3-dicarbonyl compounds, the diketo form

of tetronic acid and other cyclic β-dicarbonyl compounds exist only in a trans

diketo, E, E conformation.

Our aim in this work is to present a theoretical study of the molecular structure

of tetronic cyclic acid (TA) and its analog acyclic acid, namely, ethyl acetoacetate
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O

O
O

H

R
O

O
O

R

(a) Trans enol form (b) Trans diketo form

Scheme 3. Tautomeric forms of the tetronic acid.

(EAA). The solvent effects on the keto-enol equilibrium of these β-ketoesters

compounds are elucidated by free energy calculations performed at two corre-

lated levels (B3LYP and MP2) of theory using the polarizable continuum solvation

model (PCM).

2. Computational Details

All calculations were carried out by means of the G03W computational package.45

Second-order Møller-Plesset (MP2)46 and the Becke-3-parameter-Lee-Yang-Parr

(B3LYP)47 methods were employed to perform the quantum chemistry calculations.

Solvent effects were studied by performing self-consistent reaction field (SCRF)

calculations using the well-known polarizable continuum model (PCM) on the

gas phase optimized geometry of each species, initially devised by Tomasi and

co-workers48–50 and progressively implemented by Barone et al.51,52 In this model,

the solute molecule is placed into a cavity formed by the envelope of spheres cen-

tered on the atomic groups,53,54 in which the dielectric constant is the same as in

the vacuum whereas outside it is that of the desired solvent. All the calculations

using the PCM solvent model employ the UAHF (United Atom for Hartree–Fock)

atomic radii when constructing the solvent cavity, as recommended in the Gaussian

03 user’s reference when the “scfvac” keyword is used to obtain the free-energy of

salvation ∆G
◦

solv, as is the case in this study.45b,51,52

The thermodynamic cycle used to calculate the tautomeric constant pKT is

described in Scheme 4.

∆G
◦

T(sol) = G
◦

sol(enol)−G
◦

sol(keto) (1)

where

G
◦

sol(X) = G
◦

gas(X) + ∆G◦solv(X) (2)

KT = exp(−∆G
◦

T/RT) (3)

with

R = 1.98709369 cal.mol−1
·K−1 and T = 298.15 K

In Eq. (1), ∆G◦T(sol), which represents the Gibbs free energy change in solution

of the considered tautomeric equilibrium, is calculated from the solution Gibbs free
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keto tautomer (gas)

∆G˚solv

∆G˚T (sol)

enol tautomer (gas)

∆G˚solv

keto tautomer (sol) enol tautomer (sol)

∆G˚T (gas)

Scheme 4. Thermodynamic cycle used in the calculation of ∆G◦
T

.

energy of the involved species. In Eq. (2), G◦sol (X) is directly calculated from the

gas-phase Gibbs free energies (G◦gas) and Gibbs free energies of solvation (∆G◦solv).

The tautomeric constants KT and pKT are defined in Eq. (3).

3. Results and Discussion

3.1. Solvent effects on the tautomeric equilibrium of ethyl

acetoacetate (EAA) compound

EAA compound contains two different groups R1=CH3 and R2=OCH2CH3.

This makes the tautomeric properties of this compound highly interesting.

According to B3LYP/6-311++G(d,p) and MP2/6-31+G(d,p) calculations, the

cis-enol form in which the enolization takes place at the carbonyl group

CH3C(OH)=CHC(O)OCH2CH3 is more stable by about 10 kcal/mol than the cis-

enol form in which the enolization takes place at the ester group. For this reason,

only the most stable enolic tautomer form, represented in Fig. 1(a), will be the

subject of the present theoretical study.

To find all possible diketo conformers, the potential energy surface was scanned

at the B3LYP/6-311++G(d,p) level of theory. The torsional angles θ(O1C1C2C3)

and θ(O3C3C2C1) were changed in steps of 20◦ with full optimization of all

other parameters (see Fig. 1(b) for atom numbering). Only one deep minimum

on the potential energy surface was obtained with θ(O1C1C2C3) = 86◦ and

θ(O3C3C2C1) = 99.5◦. The optimized geometry of EAA compound, given in

Fig. 1(b), show that this β-ketoesters is more stabilized in a sickle-shape. The

same behavior of the potential energy surface was found at the MP2/6-31+G(d,p)

computational level.

Experimental results show that, in the presence of polar solvents, EAA exists

as a mixture of diketo/enol tautomers.55 The measured equilibrium constant

KT = [enol]/[keto] = 0.11 (in ethanol) implies a strong preference for the diketo

form. However, in non polar solvents and in the gas phase, the enol tautomeric

form is predominant (64% in n-hexane).56–58 It turns out from experimental results

given in Table 1, that the keto/enol forms of EAA are both present in solution in

measurable proportions. We note that the percentage of the enol form is increased

in gas phase; while the keto form is predominant in ethanol and acetonitrile polar

solvents.
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(a) Cis-enol tautomer

(b) Diketo tautomer (sickle-shape)

Fig. 1. B3LYP/6-311++G(d,p) optimized geometries of the two most stable tautomers of ethyl
acetoacetate. Color online.

Table 1. Experimental keto-enol equilibrium constants KT of ethyl acetoacetate in gas
phase and in various solvents.56

Gas Phase Benzene Ethanol Acetonitrile
(∈ =1) (∈ = 2.25) (∈ = 24.55) (∈ = 36.64)

Enol(%)/diketo(%) 42.5/57.5 16.0/84.0 9.9/90.1 4.8/95.2

KT = [enol]/[keto] 0.74 0.19 0.11 0.05

In order to put in evidence the solvent effects on the keto-enol tautomeric equi-

librium, we have considered various mediums with dielectric constants varying from

1 (gas phase) to 78.39 (water). The polarized continuum model (PCM) was applied

at the B3LYP/6-311++G(d,p) and MP2/6-31+G(d,p) levels of theory. B3LYP

Gibbs free energies increase from −9.49 in the gas phase (∈ =1) to −5.08kcal/mol

in water (∈ = 78.39) (see Table 2). The same trends are obtained for MP2 free

energy calculations. Indeed, MP2 free energies increase from −6.66 in the gas phase



Solvent Effects on the Keto-Enol Tautomeric Equilibrium of Tetronic 1027

Table 2. B3LYP/6-311+G(d,p) and MP2/6-31+G(d,p) (in parentheses) calculated values of ∆ST

(cal.mol−1.K−1), ∆H◦
T

(kcal.mol−1), ∆G◦
T

(kcal.mol−1), and KT for keto-enol equilibriums of
EAA and TA compounds. The data are given for gas phase and for various solvents.

Gas Phase (∈ = 1) Chloroform (∈ = 4.90) DMSO (∈ = 46.70) Water (∈ = 78.39)

Ethyl acetoacetate
∆S◦

T
−4.16 (−2.11) −4.37 (−1.73) −4.46 (−1.58) −5.42 (−1.56)

∆H◦
T

−10.73 (−7.28) −8.64 (−5.36) −7.72 (−4.53) −5.18 (−2.22)
∆G◦

Ta −9.49 (−6.66) −7.34 (−4.84) −6.40 (−4.06) −3.60 (−1.75)
∆G◦

Tb
−9.49 (−6.66) −8.21 (−4.65) −7.57 (−3.74) −5.08 (−0.63)

KT 9.05× 106 1.04× 106 0.35× 106 0.53× 104

(7.62 × 104) (0.26 × 104) (5.0 × 102) (2.90)

Tetronic acid
∆S◦

T
−2.42 (−2.98) −2.40 (−2.99) −2.37 (−3.00) 1.94 (2.49)

∆H◦
T

4.30 (5.90) 3.06 (4.54) 2.45 (3.88) 2.80 (3.86)
∆G◦

Ta 5.03 (6.79) 3.77 (5.43) 3.15 (4.77) 3.39 (4.60)
∆G◦

Tb
5.03 (6.79) 3.68 (5.71) 2.92 (5.06) 2.34 (4.91)

KT 2.05× 10−4 2.01× 10−3 7.24× 10−3 1.92× 10−2

(1.07 × 10−5) (6.52 × 10−5) (1.95× 10−4) (2.51 × 10−4)

aCalculated using the formula ∆G◦
T

= ∆H◦
T
− T∆S◦

T
.

bCalculated from thermodynamic cycle (Eq. (2)).

to −0.63kcal/mol in water. The calculated tautomeric constants KT (Table 2)

decrease going from the gas phase to polar aqueous solution, indicating that, the

increase of the polarity of the solvent is accompanied by an enhancement of the

percentage of the keto tautomeric form. In conclusion, the calculated free energies

carried out at the two correlated computational levels (B3LYP and MP2) are in

good agreement with experimental findings which stipulate that the keto form is

more favored in polar solvents while the enol form is more favored in non polar

mediums.

3.2. Solvent effects on the tautomeric equilibrium

of tetronic acid (TA)

The high degree of enolization of EAA can be attributed to stabilization of the enol

form by internal hydrogen bonding. By contrast, such interactions are geometrically

not feasible in the case of TA. Consequently, in aqueous solution, the enol form

of TA will be better stabilized by intermolecular hydrogen bonding, causing the

equilibrium shift to the enol form. Proton NMR results show that TA and its

simple derivatives exist only in one trans-enolic form in which the enolization takes

place at the carbonyl group with an interest yield superior to 70%.42,43 B3LYP and

MP2 theoretical calculations reveal that the trans-enolic form is favored by about

6 kcal/mol in comparison with the other enolic form in which the enolization takes

place at the ester group (see Fig. 2(a)). For this reason, only the most stable enolic

tautomer of TA (with R=H) will be considered in the present theoretical study.

In opposite to open chain β-ketoesters compounds, TA exists only in a trans

diketo, E, E conformation. Effectively, B3LYP optimized geometry of TA (with
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(a) Trans-enol form

(b) Trans-diketo form

Fig. 2. B3LYP/6-311++G(d,p) optimized geometries of the two most stable tautomeric forms of
the tetronic acid. Color online.

R=H), given in Fig. 2(b), shows that this cyclic β-ketoesters compound is more

stabilized in the trans-diketo form with the torsional angles θ(O1C1C2C3) = 179.94◦

and θ(O3C3C2C1) = 179.98◦ (see Fig. 2(b) for atom numbering).

Experiment41–43,59–62 also indicates that the tautomeric interconversion of TA

is accelerated by polar solvents. This process might become more favorable in con-

densed media, particularly in strong polar solvents. B3LYP calculations show that

the free energy change, ∆G◦T, of keto-enol equilibrium is 5.03 kcal/mol in the gas
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phase and 2.34 kcal/mol in water. Consequently, polar solvents reduce ∆G
◦

T, indi-

cating that the polarity of solvent favors the enolization of TA. The calculated

tautomeric constant KT also indicate that the enol form is more favored in polar

solvents as expected experimentally. We note that the trends of the change of equi-

librium constants with respect to the change of the solvent polarity are well repro-

duced by both B3LYP and MP2 methods, although the free energies changes are

overestimated. Exact estimation of the keto-enol equilibrium composition appar-

ently requires methods more sophisticated than B3LYP or MP2.13

Entropy effects are sometimes neglected in quantum mechanical calculations.

However, as we can see from Table 2, the B3LYP calculated entropy values are

generally small (ca. 5 cal. mol−1.K−1 and 2 cal.mol−1.K−1 for EAA and TA respec-

tively). These results indicate that the entropy effect on the Gibbs free energy is

very small and the entropy term, that is, the T∆S◦ value can be neglected for the

tautomeric equilibrium of EAA and TA. Thus, the enthalpic term is predominant

in the determination of the equilibrium constants.

4. Concluding Remarks

The most important findings of our computational study are as follows:

(1) Theoretical calculations show that the keto tautomer of EAA is stabilized in

a trans diketo, E, Z form (sickle-shape); while the most stable enol tautomer,

for these beta-ketoesters, corresponds to the structure in which the enolization

takes place at the carbonyl group.

(2) Theoretical calculations show that the keto tautomer of TA is stabilized in the

trans diketo, E, E form; while the most stable enol tautomer corresponds to

the structure in which the enolization takes place at the carbonyl group.

(3) Free energy calculations show that EAA keto-enol equilibrium is shifted toward

the keto tautomer in polar solvents; while the keto-enol equilibrium of TA is

shifted toward the enol tautomer in polar solvents. These trends are in good

agreement with experimental findings.

(4) Our calculations show that the entropic term on the Gibbs free energy of EAA

and TA is small and the enthalpic term is predominant in the determination of

the equilibrium constant.
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Résumé 

Le travail présenté dans cette thèse a pour objectifs : 

1- Elaboration des corrélations  quantitatives entre les constantes d’acidité aqueuse et les énergies libres de 

déprotonation des  acides carbonés étudiées. 

2- Prédiction des constantes d’acidité aqueuse (pKa) des acides carbonés en développant des modèles de 

corrélation quantitatives structure-acidité (QSPR: Quantitative Structure-property relationships) en utilisant les 

méthodes de régression linéaires. 

- Etude théorique des effets de solvant sur l'équilibre tautomère céto-énolique des composés �-dicarbonylés 

cycliques et de leurs analogues à chaînes ouvertes. 

      1er     cas : Acide tétronique / Acétylacétate d’éthyle  

      2ème   cas : Dimédone /Acétylacétone 

4- Etude théorique des effets stéréoélectroniques sur l’acidité carbonée  des acides �-dicarbonylés cycliques et de 

leurs analogues à chaînes ouvertes à l’aide de la méthode NBO (Natural Bond Orbital).   

 
Le travail a été mené à l’aide des approches  statistiques, en l’occurrence la régression  linéaire simple et 

multiple et des approches quantiques. Les calculs ont été effectués avec le programme Gaussian en utilisant les 

méthodes DFT/B3LYP/6-311++G** et MP2/6-31+G**.  

 

Mots-Clés :� Acidité carbonée ; pKa aqueux ; Descripteurs théoriques ; QSPR ; Composés �-dicarbonylés 

cycliques et acycliques ; Equilibre céto-énolique ; Effet de solvant ; Modèle PCM ;   Analyse  NBO, effets 

stéréoélectroniques. 

 

Abstract 

The goal of the work presented in this thesis is: 
1- Elaboration of quantitative correlations between the aqueous acidity constants and deprotonation free energies 

of carbon acids under study. 
2 - Prediction of aqueous acidity constants (pKa) of carbon acids by developing QSPR (Quantitative Structure-

property relationships) models using linear regression methods. 

3- Theoretical study of the solvent effects on the tautomeric keto-enol equilibrium of cyclic �-dicarbonyl 

compounds and their analogues with open chains. 

      1st case: Tetronic acid/ethyl Acetoacetate  

      2nd case: Dimédone /Acetylacetone 

4- Theoretical study of the stereoeletronic effects on carbon acidity of the cyclic �-dicarbonyl compounds and 

their analogues with open chains using NBO (Natural Bond Orbital) method.  

 
This theoretical study was performed using statistic approaches, namely, simple and multiple linear 

regression and quantum chemistry approaches. The calculations were carried out with Gaussian program using 

the DFT/B3LYP/6-311++G ** and MP2/6-31+G ** methods. 

 
Keywords:�Carbon acidity ; aqueous pKa ; Theoretical descriptors ; QSPR ;  cyclic and acyclic �-dicarbonyl 

compounds ;  Keto-Enol tautomeric equilibrium ; Solvent effects ; PCM model ; NBO analysis ; stereoelectronic 

effects. 


