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MAGDI M NAOUM-, MAGED G BOTROS & MOHAMED M ABDEL MOTELEB

Department of Chemistry, Faculty of Science. University of Cairo. Giza. Egypt

Received 18 June 1985; revised and accepted 27 December 1985

The apparent solution moments of ethyl acetoacetate in various solvents have been measured. In certain solvents,
practically linear relationship has been observed between the square of this moment and the corresponding mole percentage of
each tautomer. Probable dipole moments and conformations of the -keto and enol molecules together with their relative
proportions in various media have been inferred from dipole moment measurements of the ester under limiting cases. In other
solvents, solute-solvent interactions through hydrogen bonding or dipole forces have been suggested.

Dielectric polarization measurements were first used
by Le Fevre and Welsh I for the investigation of the
keto-enol equilibrium of ethyl acetoacetate in some
non-polar and polar solvents, for which the usual
Debye2 equation was applied. However, these results
were later considered inconclusive in are-investigation
by Le Fevre et al.3 Hence, in view of such
uncertainties, it seemed worthwhile to investigate in
the present series of work the following aspects:

(i) the effects of some non-polar solvents on the keto
enol equilibria of some f3-diketones and f3-ketoesters,
first in very dilute solutions by determining the
apparent solution moment, Jlobs> using the usual
Debye2 equation, and secondly at various con
centrations throughout the whole range by determin
ing the corresponding moment, /l2' using the modified4
form of the Onsager5 equation;

(ii) the effects of some polar solvents on the above
equilibria by measuring the apparent solution moment
of the ester at infinite dilution, (Jl2)/,_0= /lobs' using
another form6 of the On sager 5 equation;

(iii) whether the above measured dipole moments of
the diketones or R'etoesters at infinite dilution in non

polar and polar solvents, i.e. /lobs' together with the
Onsager5 dipole moment, Sli2Jlo, and the Kirkwood7
dipole moment, gl12/lo, of the pure ester can be related
to the corresponding positions of the tautomeric
equilibria;

(iv) evaluation of specific interactions in a given
solvent from measurement of the apparent solution
moment at infinite dilution in that solvent, compared
with that in an inert, non-polar solvent;

(v) in the absence of such interactions, use of the
curve drawn to express the relation between square of

_the measured moment, in various solvents at infinite
dilution for a given temperature, and the correspond
ing enol mole fraction in the same solvent, as a

calibration curve for the determination of the

equilibrium keto-enol ratios; and
(vi) use of this relation to infer the most probable

conformations of the keto and enol molecules in view

of the deduced values of their dipole moments.
This paper is concerned with the investigation of the

above mentioned aspects in the keto-enol tautomerism
of ethyl acetoacetate.

Materials and Methods

Ethyl acetoacetate (BDH) was dried using CaCI2,
filtered, and then distilled. The middle fraction was

collected. The solvents cyclohexane, dioxan, carbon
tetrachloride, benzene, chloroform, triethylamine, and
acetone were purified by standard procedures8•9.
Solutions were prepared by weight, and left overnight
at room temperature to equilibrate before carrying out
any measurements.

Measurements of density, refractive index, and
dielectric constant, and calculations of the apparent
solution moments at the condition of infinite

dilution, Jlobs, and at various concentrations, P2, were
made as previously described6.10.1l. On the other
hand, the equilibrium ratio of the two tautomer!l in
dilute solutions of the ester in cyclohexane, dioxan,
carbon tetrachloride, and chloroform was determined

at 2YC by the analysis of the ultravioletl2
absorption spectra, whereas the values of this ratio
in the other solvents and in the pure condensed and
vapour phases of the ester were taken from
literaturel.3.13.14.

Results

In Table 1 the following data are listed:

(i) The values we obtained for the apparent solution
moments of ethyl acetoacetate at infinite dilution, Jlobs'

in non-polar and polar solvents at 25 to 50cC.
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Table I-Dipole Moments and Enol Mole Per Cent of Ethyl Acetoacetate in Various Solvents

Solvent

Jlobs.
Mole /~ enolMethodReference

(25°C)25°
30°40°50°C

Cyclohexane

2.502.562.592.6262.4UVpresent work
Dioxane

3.023.043.063.0829.0UVpresent work
CC14

2.912.922.942.9636.8UVpresent work, (3)
NMRBenzene

2.872.882.902.9715.7NMR(3)
Chloroform

3.823.813.727.0UVpresent work
Triethylamine

2.702.802.872.94100.0
Acetone

3.213.22 7.3Bmmine(12)
Gas

2.93(121-58°C) (15)39.0 (13)
Liquid Sl/2110

3.353.363.363.36
7.4

Bmmine(12)
g1/211~

3.393.403.403.40

(ii) The calculated Onsager sl /2Po and Kirkwood
gll2 Po moments of the pure ester at 25 to 50°C.

(iii) The enol mole percentages determined by
various authors13.13.14 and in the present work.

(iv) The vapour moments of the esterl5 over the
temperature range 121-158°C.

Figure 1 shows the relation between the measured p2
of the ester in various solvents at infinite dilution as

well as in vapour and condensed phases, and the
corresponding enol mole fraction Nenol' Detailed data
required for the determination of the apparent
solution moments of the ester in non-polar and polar
solvents, flobs' are shown in Tables 2 and 3,
respectively.

Finally as a representative example, Fig. 2 shows the
variation of the square of the dipole moment of the
ester, p~, with the mole fraction, .f~, in cyclohexane.

Discussion

In the absence of specific interactions in very dilute
solutions of ethyl acetoacetate in various solvents, a

plot of the square of the apparent solution moment at
infinite dilution, tt~bs' against the enol mole fraction,
N enob under the same condition, is expected to be linear
on the basis of the simple mixture formula. In Fig. I,
points representing measurements at 25°C in
cyclohexane, dioxan, carbon tetrachloride, and in pure
condensed and vapour phases and in acetone, suggest
that a straight-line relation is not incorrect. However,
the remaining three points corresponding to
measurements in chloroform, triethylamine, and
benzene obviously deviate from the straight-line
relation. Hence, the former six points have been
utilized to draw the best linear relationship between 112

and Nenol at 2,.50C. The equation thus obtained for this
line is,

p2=11.49-7.92 Nenol ... (1)
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Fig. I-Relation between the square of the measured dipole
moment of ethyl acetoacetate in various solvents at infinite dilution

at 2ye and the corrc:sponding enol mole fraction.

where fl is expressed in Debye units. Accordingly, Pketo

= 3.39 D, and Ilenol = 1.89 D.
It is interesting to compare the difference P~eto - P;nol

= 7.92 02 with that obtained by other authors I 6 from
other lines of evidence. Based on the Onsager
Kirkwood 5. 7 model, Pow ling and Bernstein 16
developed the following equation:
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-------.--Table 3-Apparent Solution Moments of Ethyl Acetoacetate in Polar Solvents
W2 x 102

tCe)£12dl2C2

Acetone 20

21.31050.79090

0

2520.79730.78660

30

20.27060.78140

20

21.24260.79530.1277

2.0893

2520.79730.78950.1267

30

20.23470.78490.1260

20

21.17730.79850.2501

~.0762

2520.67620.79340.2485

30

20.18280.78890.2471

20

21.11260.80330.3730

6.0432

2520.60060.79750.3703

30

20.10020.79270.3681

20

21.02990.80680.4959

7.9991

2520.54740.80170.4927

30

20.04250.79640.48'15-----tCe)
nLoIII x 1018C 0(d£12/dC2)C,~o(F)c,~o112 x 1018I

20
1.84232.8513.6250-0.55860.95333.18

25

1.83602.8513.5513-0.51450.94193.21

30

1.82902.8513.4620-0.48330.95103.22

W2 x 103

ICe)£12dl2C2 X 102

Chloroform 30

4.63221.47060
0

404.46461.45080

50
4.30311.43200

30
4.65751.46823.3318

2.9534
404.47811.44893.2881

50

4.32941.43043.3246

30

4.72011.46606.9675

6.1856

404.54241.44706.8776

50
4.38011.42866.7898

30

4.77971.463910.2749

9.1345

404.59991.445310.1442

50

4.43611.426910.0153

30

4.90301.459817.0953

15.2414

404.71381.441716.8841

50

4.56041.423516.6712

tCe)

n~-DIII x 1018 (d£12/dC2)C,~O(F)c,~o112 X 1018

30

2.06991.151.78390.83233.82

40

2.05261.151.69830.83083.81

50

2.03351.151.54100.82953.72

W2 x 103

ICe)£12dl2C2 X 102

Triethylamine 25

2.42000.72340
0

302.39330.71700

40
2.35210.70680

50
2.31700.69670

25

2.43800.72442.5321

4.5490

30
2.41640.71872.5]22

40

2.36840.70842.4762
50

2.3]580.69842.44] ]

25
2.44590.72483.2825

30

2.42420.71923.2576

-Contd.

I I ,~,II ~ 1111 Jill I~Ui' 1H'11'i1i'~111
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Table 3-Apparent Solution Moments of Ethyl Acetoacetate in Polar Solvents-{Contd.)
Wzx 103

We)812dlzCz X IOZ

Triethylamine-Contd
5.8945 40

2.38530.70893.2108
50

2.34580.69893.1645
25

2.45680.72564.5005

8.0721

30
2.43480.72114.4723

40
2.39400.71114.4106

SO

2.35370.70094.3473
25

2.47050.72636.2320

11.3250

30
2.45080.72196.2815

40
2.40860.71196.1944

50
2.37130.70166.1049

25
2.49250.72698.7916

15.7405

30
2.46980.72288.7422

40
2.42620.71228.8133

50
2.38460.70228.4932

tCC) oLDIII x 1018Clo(d8ddCz)c,~o(F)c,~oIlz x 1018
25

1.95330.667.14910.83320.82812.70
30

1.94380.667.08610.87870.82862.80
40

i.92960.666.98530.88410.82962.87
50

1.91520.666.88560.89350.83102.94

.'

(B-1 d)I1Hsolulion = I1Hgas - 2B + IM solvent

x (/1;nol -11~eto) X constant ... (2)

where I1Hsolution and I1Hgas are the heats of enolization
of the ester at inifinite dilution in the non-polar or
slightly polar solvents and in the gas phase,

. I d (1;-1 d) . Irespective y, an 2" + 1 M IS a so vent property.

Thus, equating the constant to 4nN2/3, where N is
Avogadro's number, and assuming that I1H is
expressed in cal/mol, the slope of the line obtained by
Powling and Bernstein on plotting I1Hsolution against
the solvent property is given by:

1.52 x 1048 (molecule/mol)2 x (P~eto - P;noJ

(dyne1/2 cm2/molecule)2/4.18 X 107 (erg/cal)

An estimated value of 8.1402 for the difference J1~eto

-/1;nol is evidently in satisfactory agreement with the
value 7.92 02 obtained from dipole moment
measurements.

On the other hand, the fact that Onsager and
Kirkwood dipole moments calculated for pure liquid
ester are practically identical (see Table 1)may lead one
to suggest that neither self·association nor short-range
forces, such as intermolecular hydrogen bonding, play
an important role in the condensed phase of the ester,
the magnitude of Sand g factors being most likely in
the close proximity of unity.

Furthermore, the most probable conformations of
the keto and enol molecules can be inferred on the

basis of the deduced values of their dipole moments.
Thus, shown below are the various conformations,

together with the corresponding dipole moments
calculated using the usual vector summation method
of bond moments 1 7.

Obviously, the most probable conformations of the
keto and enol molecules are (b) and (e), respectively.

The pronounced normality of the solvents
cyc1ohexane, carbon tetrachloride, and dioxan, as
exhibited by the linear relation between J1~bs and Nenol

also signifies that interactions of the types keto·keto,
enol-enol, and keto-enol are insignificant in the ester,
and that the shift in the keto-enol equilibrium on
dilution with these solvents, is caused by change in
dielectric constant. If one assumes that this normality
still holds in concentrated solutions, then it follows

tha t Eq. (l) would be roughly suited to the
determination of the keto.enol proportions over the
whole range of concentrations from measured dipole
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7.5
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.40'C
A 50'C

0.2 0.4 0.6 08 10
mol fraction of ester, f2

Fig. 2-Variation of the square of the dipole moment of the ester in
cyclohexane with its mole fraction in cyclohexane

moments. As a representative example cyclohexane
has been chosen as the solvent. Thus, the measured

dipole moment of ester at various concentrations
(Fig.2) was used to calculate from Eq. (1) the
corresponding mole percentages of enol, as shown in
Fig. 3 over the temperature range 30 to SOGe. Then
from a plot of In Ke against l/T at each concentration,
b.H and !1S of enolization were determined. The results

obtained, together with those of !1Go assuming
normality, are represented in Figs 4 and S, respectively.
It will be evident from Fig.4 that the enthalpy
difference (Henol- Hketo) of - 2.16 kcal/mol between

the two forms of ethyl acetoacetate at infinite dilution
in cyclohexane is quite high compared with the value
--1.48 obtained in the pure liquid. Perhaps the
solvation of the enol isomer by cyclohexane lowers its

energy by approximately one kcal/mol. It may be
pointed out that our value of !1H in cyclohexane is in
fair agreement with that obtained ( - 1.8 kcal/mol) in
hexane by Powling and Bernstein 16, the enol mole

percentages in these two solvents being practically the
same (about 63i;} On the other hand, the appreciable
value of !1S (Senol- Sketo) which is - 10.3 cal/mol/deg

ree in the pure liquid conforms well to the ring

structure of th~ enol form. That is, the greater the
degree of order involved in the ring structure of this
tautomer, more negative is the !1S. However, the
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70

40

;!.
<530
E
-0

~ 20

101- o )"c
• 40"C~ 50 "C

01
.0 0.20.4Q6Q6to

mol fnlction cI ester, f 2

Fig. 3-Dependence of the enol mole per cent on the mole fraction
of the ester in cyclohexane

increase in the value of ,~Sfrom -10.3 (in pure liquid)
to - 6.04 cal mol -1 degree -1 at infinite dilution in
cyclohexane may be associated with the entropy
change of mixing. assuming, of course, that there are
no molecular interactions.

The fact that the dissolution of the ester in the non

polar solvent benzene does not conform to the above
normality (see Fig. 1) is indicative of molecular
interactions. Interactions between the 1[-electrons of

the two carbonyl groups in the keto form and the 1[
electron cloud in benzene, i.e. TC-TC interactions may

be responsible for the deviation. Reference may be
made here to the molar Kerr constant of the ester in

benzene3, the negativity of which was accounted for
by assuming that the keto form can loosely associate
with benzene to produce complexes having increased
polarizabilities in directions perpendicular to the
resultant dipole moment.

Polar solvents are generally known to cause
preferential solvation of the keto form owing to the
highly localized polarities in their molecules as a
consequence of which, they could confer to this
tautomer by association 1 via antiparallel alignment of
the dipole moments. This. however, is not the only
factor affecting the equilibrium position between the
two tau tomeI's. since in addition, interactions might
take place between the polar solvents and any of the
two tautomers depending on the solvent.

A comparison between the dipole moment value of
3.82 D in chloroform with the value 3.29 D calculated

from Eq. (1) considering enol mole percentage 7';:,13

might, therefore, suggest a preferential solvation of the
keto molecules by chloroform followed by an

I j! Ii 1111 I ,( 'Ii ~l I,; If
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tOI ••••••••• 1.4
o D.1 0.2 0.3 0.4 O.S 0.6 0.7 0.8 D.9 to

mol fraction of ester, '2

Fig.4-Enthalpy change (liB), and entropy change (liS) of enolization as a function of the mole fraction of ester in cyclohexane

Table 4-Apparent Solution Moment of Acetone in Chloroform

W2 X)03 tCC)el2d'2C2

30

4.63221.47060

0

404.46461.45080

50
4.30311.43200

30
4.71271.46810.0524

2.0716
404.53991.44850.0517

50
4.37231.42950.0510

30

4.75351.46680.0789

3.1227

404.57801.44730.0778
50

4.40721.42830.0768
30

4.85521.46370.1450

5.7532

404.67311.44430.1431

50

4.49461.42510.1412

30
5.01921.45860.2516

10.0186
404.82651.43950.2483

50
4.63531.42000.2449

30

5.23751.45170.3935

15.7452

405.03081.43310.3885

50

4.82261.41310.3830

tCC) nLD1/, x )0'8C,O(den/dC2)c,_o(F)c,_o1/2 x )0'8

30

2.06991.1512.3191.53850.83233.57

40

2.05261.1512.1531.45750.83083.55

50

2.03351.1511.9961.35630.82953.51

association of a co-operative type represented by Cr;C
-H .. O~C(CH3)CH2COOC2H5' in which induced
moments acting in the same direction are also
involved. A rough estimate of such an interaction can
be made by taking it as the difference between these
two values, i.e. 0.52 D. A justification has been

suggested by determining the dipole moment of
acetone in chloroform at infinite dilution, the results

obtained being shown in Table 4. The value 3.56 0
signifies when compared with the gas value 18 (2.97 D)
that there are molecular interactions between acetone

and chloroform, associated with a dipole moment of

0.59 0; a value which is in fair agreement with that
deduced for ester-chloroform interaction.

Expectedly, the dissolution of ethyl acetoacetate in
triethylamine would first result in enolization, arising
from the lower dielectric constant (1;25 = 2.42) of the
solvent than that of the solute (/:25 = 15.7). This
enolization is then foIlowed by a specific interaction of
the nitrogen lone pair with the enolic proton leading to
an intermolecular hydrogen bond: (C 2H 5h N ... H

-OC(CH3)=CHCOOC2H5. Hence, ifwe accept that
at infinite dilution when complex formation is
maximum, the ester is wholly in the enol form, then the
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Fig. 5-Free energy change (i1GO) of enolization as a function

of the mole fraction of the ester in cyclohexane

difference between the measured dipole moment of the
ester in triethylamine (2.80 D) and that inferred for the
enol (1.89 D) (see Fig. 1) may be attributed to such an
interaction.

Despite its high polarity, acetone differs from other
polar solvents (chloroform and triethylamine) in
exhibiting no specific interactions with ethyl
acetoacetate, thus resembling in this respect the inert,
non-polar solvents. At the same time, acetone deviates
from non-polar solvents in leaving the position of
equilibrium m the condensed phase of ethyl

646

acetoacetate, namely 7.4/" of enol!3, practically
unaltered. This, however, is to be expected in view of
its dielectric constant value (1:25 = 20.797) compared
with that of ethyl acetoacetate (£25 = 15.7) so that there
would be no appreciab]le change in dielectric constant
resulting from dilution with acetone.
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