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Abstract—Characteristic features of the gas chromatographic separation of the keto and enol tautomeric
forms of ethyl acetoacetate on a capillary column with a BPX-1 standard nonpolar polydimethylsiloxane sta-
tionary phase are considered. It is confirmed that the chromatograms of a mixture of tautomers have a spe-
cific profile, i.e., a plateau between the peaks of the tautomers, which corresponds to the reversible keto 
enol transformation during separation. It is shown that the enol and keto forms of ethyl acetoacetate have dif-
ferent coefficients of the temperature dependence of the gas chromatographic retention indices (0.19 ± 0.03
and 0.02 ± 0.02, respectively). It is found there is no dependence of the relative peak areas of the tautomers
on the nature of the solvent (polar ethyl alcohol and nonpolar hexane) at different temperatures; i.e., such
ratios predominantly reflect the position of the keto  enol equilibrium in the vapor phase of the injector of
the chromatograph. It is concluded that this results in similar values of the thermodynamic parameters (stan-
dard enthalpy and entropy) of the tautomeric equilibrium determined upon the dosing of samples in different
solvents. Possible distortions of the results due to the effects of discriminating between the compositions of
the samples injected into capillary columns with gas f low splitting are discussed. An impurity in a sample of
ethyl acetoacetate after long-term storage is identified as ethyl 2-hydroxy-3-oxobutanoate, the product of
oxidation by dissolved atmospheric oxygen.

Keywords: ethyl acetoacetate, gas chromatography, separation of keto and enol tautomers, influence of tem-
perature, thermodynamic parameters, identification of an impurity
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INTRODUCTION

Prototropic tautomerism (a 1,3 shift of a hydrogen
atom) is of special interest in chemistry, since it com-
plicates the characterization of the physicochemical
and spectral properties of organic compounds as a
result of their dependence on the conditions of deter-
mination (e.g., temperature, solvent, pH of solutions).
β-dicarbonyl compounds are a typical example of
the structures for which prototropic tautomerism is
typical:

The existence of such a tautomeric equilibrium
determines the challenges and uncertainty of the
results from the chromatographic separation of ana-
lytes capable of tautomerism [1]. In chemical practice,
such representatives of β-diketones as 2,4-pentanedi-
one (acetylacetone (I)) and ethyl-3-oxobutanoate

(ethyl acetoacetate, ethyl ester of acetoacetic acid (II))
are encountered most often:

(I)

(II)
According to the literature data, the concentration

of the enol form in I under standard conditions (STP)
is 80–96% [2]; in II, it is 6.8–8.0 [3] to 9.4–10.5% [4].
The main way of determining the ratio of the keto and
enol forms in solutions under STP is 1H NMR spec-
troscopy, and the estimates of their amounts by differ-
ent signals of the spectra can differ somewhat [4]. The
concentration of less polar enol forms of β-dicarbonyl
compounds in solutions grows upon moving from
polar to nonpolar solvents [5], and in the vapor phase.

All the above patterns have been observed for indi-
vidual liquid substances or their solutions. Gas chro-
matographic separation, however, requires the transi-
tion of the components of samples to the vapor phase
in the injector of a chromatograph, and the shifting of
their zones along the column at elevated temperatures,
which changes the ratio of the tautomers. However, all
of the original works [6–13] used as sources of infor-
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mation in the NIST database [14] indicate the gas
chromatographic retention indices (RIs) of ethyl ace-
toacetate (II) on standard nonpolar and polar phases
without assigning them to any of the tautomers. The
same refers to the electron ionization (EI) mass spec-
trum of ester II [14]. A similar situation is also
observed for acetylacetone (I). At the same time, two
different mass spectra of the keto and enol forms are
presented in the database [14] for methyl ester of 2-
oxopentanoic acid isomeric to (II), but the value of the
RI is assigned only to the first of them. Meanwhile, as
far back as late 1980s, reports on the gas chromato-
graphic separation of the keto and enol forms of 1,3-
diketones [15], and, somewhat later, β-ketoesters [16]
have emerged, and the differences in their EI mass
spectra have been confirmed. The data of [15, 16]
allow us to summarize the patterns of the orders of the
gas chromatographic elution of the tautomers of β-
dicarbonyl compounds, at least on standard nonpolar
phases. If there are no substituents at the carbon atom
located between the carbonyl groups, the enol form
has smaller retention parameters than the keto tau-
tomer. When substituents are present, the order of elu-
tion is reversed.

Measuring the ratio of the intensities of the signals
of the tautomers of ester II in the 1H NMR spectra at
different temperatures is equivalent to determining the
keto  enol equilibrium constants, on whose basis we
can calculate this process’s thermodynamic parame-
ters of activation (ΔH# and ΔS#) [3–5, 17, 18]. The gas
chromatographic data were not used for these pur-
poses, since it remained unclear to which phase (sys-
tem) to attribute the obtained data. There are reports
of using such data to estimate the enthalpies of evapo-
ration of tautomers [3].

The aims of this work were:

• to determine the characteristic features of the gas
chromatographic separation of two tautomeric forms
of ethyl acetoacetate (II), including the temperature
dependence of the ratios of the peak areas
S(enol)/S(keto) in solvents with different polarities;

• to refine the values of the gas chromatographic
retention indices of both tautomers of ethyl acetoace-
tate, and to characterize their temperature depen-
dence;

• to compare the thermodynamic parameters of
activation of the process of establishing the keto 
enol tautomeric equilibrium for solutions of ethyl ace-
toacetate in different solvents, in order to clarify the
nature of this process under the conditions of gas
chromatographic separation;

• to identify the impurity of an earlier uncharacter-
ized compound found in a sample of ethyl acetoace-
tate after long-term storage.
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EXPERIMENTAL

Chemicals Used in Preparing the Samples

The solvents we used were ethyl acetoacetate
(reagent grade, Reakhim, Moscow), C6–C12
n-alkanes with an even number of carbon atoms
(reagent grade or reagent grade for chromatography,
Reakhim, Moscow), and n-hexane (reagent grade,
Vekton, St. Petersburg) and ethyl alcohol (Gatchinskii
spirtovyi zavod). The samples were prepared by dis-
solving 150 μL of ethyl acetoacetate in 1.35 mL of ethyl
alcohol or n-hexane with the addition of 50 μL each of
n-octane and n-decane (reference hydrocarbons).

Conditions of Gas Separation and Chromatographic–
Mass Spectrometric Analysis

The gas chromatographic analysis of the solutions
of ethyl acetoacetate in ethyl alcohol and hexane was
performed on a Chromatec-Crystal 5000.2 gas chro-
matograph equipped with a f lame ionization detector
and a WCOT 10 m long fused quartz column with an
internal diameter of 0.53 mm with a BPX-1 standard
nonpolar polydimethylsiloxane phase. The film of the
stationary phase was 2.65 μm thick. The temperature
of the column was 70°C, while the temperature of the
injector was varied from 100 to 220°C in increments of
20 K. In the other experiments, isothermal modes
from 60 to 100°C were used in increments of 10 K at a
constant temperature of the injector of 160°C. The
temperature of the detector was 200°C, the carrier gas
was nitrogen, the f low rate was 5.2 mL/min (linear
velocity, 43.9 cm/s), the split ratio was 1 : 3, and the
injection volume was 0.5 μL (MSh-1 microsyringe).
The number of parallel determinations for the same
samples under the same conditions was two to four. To
determine the isothermal retention indices (Kovats),
50 μL each of C8 and C10 n-alkanes were added to the
samples.

Our chromatographic–mass spectrometric analy-
sis was performed on a Shimadzu QP-2010 SE chro-
matograph–mass spectrometer with EI (energy of
ionization, 70 eV), equipped with an Optima 1 column
25 m long with an internal diameter of 0.32 mm. The
film of the stationary phase was 0.35 μm thick. The
analysis was performed with temperature program-
ming from 50 to 250°C at a rate of 5 K/min. The tem-
perature of the injector was 180°C, and that of the
detector was 200°C. The carrier gas was helium, with a
flow rate of 1.82 mL/min (linear velocity of
53.6 cm/s), a split ratio of 1 : 10, and an injection vol-
ume of 0.5 μL. The temperatures of the interface and
ion source were 200°C. The flow of carrier gas from
the chromatographic column to the ion source (sol-
l. 94  No. 6  2020
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Fig. 1. Fragment of the chromatogram of a solution of ethyl acetoacetate in ethyl alcohol under the conditions of temperature
programming. Component Х is the impurity in the sample, С10 is the reference n-alkane С10Н22, and t is the retention time. 
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vent delay) was cut off at 1.6 min. A mixture of refer-
ence C6–C12 n-alkanes with the even number of car-
bon atoms was added to the samples to determine the
linear–logarithmic retention indices.

Processing of the Results

The components of the reaction mixtures were
characterized by their standard retention indices and
mass spectra, with subsequent averaging. For solutions
in n-hexane, the time required for elution of the peak
of the first of the impurities in the solvent, and the
time of elution of the solvent for solutions in ethanol,
were used as estimates of the hold-up time. The tau-
tomers were characterized by the ratios of the peak
areas of the keto and enol forms. With automated
recording of the areas in the region of the plateau
between the peaks of the tautomers, these values were
added to the area of the first peak under the condition
tR < [tR(1) + tR(2)]/2, and to the area of the second
peak if this condition was not met. The retention indi-
ces calculation and statistical data processing was per-
formed using the Excel software (Microsoft Office,
2010), Origin (version 4.2), and QBasic program.

RESULTS AND DISCUSSION

Characteristic Features of the Chromatographic Profiles 
of the Tautomers of Ethyl Acetoacetate

A fragment of the chromatogram of a solution of
ethyl acetoacetate (II) in ethyl alcohol in the mode of
temperature programming is shown in Fig. 1. Based
on the ratio of the intensities of the peaks and in accor-
dance with the literature data on the order of elution of
the tautomers [15], the weaker peak with a shorter
retention time was attributed to the enol form of the
ester. As we expected, the intensity of the signals of the
RUSSIAN JOURNAL O
molecular ions of the enol form is higher, due to the
presence of a conjugation system. The EI mass spectra
of the tautomers are generally similar, but we can
notice certain differences between them, e.g., in the
intensities of the peaks with m/z = 85 and 69.

No. 1 (enol form), m/z ≥ 39 (Irel, %): 130 (17) M,
115 (5), 102 (12), 88 (16) [M − CH2CO], 87 (16), 86
(3), 85 (31) [M − C2H5O], 84 (15), 70 (3), 69 (24), 61
(4), 60 (8), 58 (4), 56 (2), 55 (2), 45 (5), 44 (3), 43
(100) [CH3CO], 42 (12), 41 (3), 39 (3).

No. 2 (keto tautomer), m/z ≥ 39 (Irel, %): 130 (6) M,
115 (2), 102 (6), 88 (20) [M − CH2CO], 87 (4), 85 (13)
[M − C2H5O], 84 (2), 70 (3), 69 (4), 61 (5), 60 (11), 58
(2), 45 (4), 44 (3), 43 (100) [CH3CO], 42 (12), 41 (2).

The only mass spectrum of ethyl acetoacetate pre-
sented in the database [14] corresponds approximately
to the superpositioning of the two presented spectra.
The intensity of the signal with m/z = 69 is 10%.

The specific contour of the chromatographic signal
in the region between the peaks of the tautomers, the
level of which does not reach the baseline and forms a
certain plateau (Fig. 1), is worthy of attention. The
recording of the mass spectra at different points of
such plateaus observed for some other compounds
that reversibly or irreversibly transform into one
another during separation in a chromatographic col-
umn [19, 20] also shows they are superpositions of the
mass spectra of the individual tautomers at different
ratios. This shape of the chromatograms clearly testi-
fies to keto  enol interconversion as the zones of the
analytes move along the column. Similar profiles of
the chromatographic signals were observed for four
ketoesters [15] and diacetyl on an additionally oxi-
dized RTx-1701 polar stationary phase [21].

�
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Fig. 2. Fragments of the chromatograms of a solution of ethyl acetoacetate in ethyl alcohol under isothermal conditions. The col-
umn temperatures were (a) 60 and (b) 100°С. С8 was the reference n-alkane С8Н18. 
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Gas chromatographic analysis of the solutions of II
under isothermal conditions at different temperatures
of the column (60 to 100°C) and a constant tempera-
ture of the injector allowed us to characterize the tem-
perature dependence of the retention indices of each
of the tautomers and the impurity found in the sample
of II, and to determine the character of the depen-
dence of equilibrium constants K, which are equal to
the ratios of the peak areas of the tautomers K = Srel =
S(enol)/S(keto) on the temperature of the column.

Figure 2 compares fragments of the chromato-
grams of the tautomers of II under isothermal condi-
tions at column temperatures of (a) 60 and (b) 100°C,
which display the notable dependence of the degree of
their separation on temperature. The plateau between
the peaks reaches its minimum value at 60°C, but its
height grows along with temperature. We can draw a
conclusion about the incomplete separation of the
tautomers already at 100°C, for two reasons. First, the
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY A  Vo

Table 1. Values of RI(T0) and β for the enol and keto forms
of ethyl acetoacetate

Component RIprogr RI(T0) β

Enol form of II 889 ± 2 875 ± 2 0.19 ± 0.03

Keto form of II 920 ± 1 919 ± 1 0.02 ± 0.02

Impurity 957 ± 2 964 ± 1 –0.10 ± 0.01
enol and keto forms of ethyl acetoacetate are charac-
terized by different coefficients β of the temperature
dependence of retention indices RI(T):

(1)

where RI(T) is the value of the retention index at tem-
perature T, RI(T0) is the value at a temperature T0 =
0°C (conditionally), and β = dRI/dT is the coefficient
of the temperature dependence of the retention indi-
ces. The values of RI(T0) and β were calculated using
the least squares method. By processing the data in the
60–100°C range of temperatures, we obtained the
results (relative to the value of RIprogr under the condi-
tions of temperature programming) presented in
Table 1.

It follows from β = 0.02 ± 0.02 index units/K that
the value of the RI of the keto form of ethyl acetoace-
tate depends weakly on temperature. At the same time,
the positive value of β = 0.19 ± 0.03 for the enol form
means that the distance between the peaks of the tau-
tomers in the scale of retention indices falls upon an
increase in the temperature of the chromatographic
column. The reason for the higher value of coefficient
β of the enol form of II is the presence of a >C=C–
C=O conjugated system in its molecule. The abnor-
mal negative value of the coefficient β for the impurity
(−0.10 ± 0.01) should therefore be noted. For most
organic compounds, such a value excludes the pres-
ence of conjugation systems in the molecule; it is also
typical of compounds with functional groups that con-

= +0 0RI( ) ( ) )RI –( ,T T b T T
l. 94  No. 6  2020
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Table 2. Dependence of the average values of the ratios of the peak areas of the tautomers of ethyl acetoacetate (a solution
in ethyl alcohol) on the temperature of the chromatographic column at a constant temperature of the injector (160°C)

Values illustrating there were no effects of discriminating between the compositions of the samples depending on the temperature of the
column are in bold type.

T, °C S(enol)/S(keto) S(keto)/S(enol) S(enol)/S(C8) S(keto)/S(C8)

60 — 4.1 0.27 1.08

70 0.25 4.1 0.27 1.11

80 0.26 3.9 0.28 1.10

90 0.24 4.1 0.26 1.10

100 0.23 4.4 0.26 1.08
tain active hydrogen atoms. The rate at which of the
keto  enol equilibrium is established grows along
with temperature, raising the height of the plateau
between the peaks of the tautomers. In theory, a sub-
sequent increase should result in the peaks of the tau-
tomers merging (as with the temperature of coales-
cence in NMR spectroscopy [18]).

Analysis of the solutions of II at different tempera-
ture of the gas chromatographic column confirms
there was a temperature dependence for the relative
areas of the peaks. For example, the values of Srel =
S(enol)/S(keto) < 1 fall as the temperature rises, as is
illustrated by the data of Table 2. However, it is impos-
sible to linearize the dependence of Srel on the tem-
perature of the chromatographic column according to
the Antoine equation

(2)
where coefficients a and b are calculated using the
least squares method.

The reason for this is the different residence times
of the analytes in the heated chromatographic column.
Their dependence on temperature is characterized by
the equation [22]

(3)
As a result, linearization of dependence Srel = f(T) is
only possible by combining correlations (2) and (3)
into one that contains the exotic function of double
logarithm ln ln Srel [21, 23], which is beyond the scope
of this work. Instead, it is better to consider the simpler
dependence of Srel on the temperature of the injector at
a constant temperature of the chromatographic col-
umn.

Dependence of the Relative Peak Areas of the Tautomers 
of Ethyl Acetoacetate on the Injector Temperature
Table 3 presents the average values of relative areas

Srel = S(enol)/S(keto) and quantities reciprocal to
them at different temperatures of the injector (100 to
220°C) for the solutions of ethyl acetoacetate in ethyl
alcohol, while Table 4 presents similar data for the
solutions in hexane. The temperature of the column

�

= +ln enol / k[ ( ) ( )]еtо / ,S S a T b

= +ln / .Rt a T b
RUSSIAN JOURNAL O
was held constant at 70°C. Tables 3 and 4 also include
the ratios of the peak areas of the enol and keto forms
of ethyl acetoacetate to the peak area of the inert com-
ponent of the mixture, n-alkane C8H18 (see below).
According to the literature data, the concentration of
the enol form in a nonpolar solvent (hexane) is higher
than that of the polar solvent (ethanol) (39 and 7.2%,
respectively [5]). However, the values of Srel of the tau-
tomers differ slightly for both solvents at all tempera-
tures of the injector. For example, the values of Srel =
S(keto)/S(enol) grow by 1.9 times upon raising the
temperature from 100 to 200°C for solutions of II in
ethanol. For solutions in hexane, they grow by 2.2
times. We may therefore state that the temperature
variations of the position of the keto  enol tautom-
eric equilibrium established from the data of gas chro-
matography are mostly associated with the vapor
phase, where the effect the nature of the solvent has on
the ratio of the tautomers is minimal, rather than the
condensed phase. In addition, the observed differ-
ences could be due not to the effect the nature of the
solvents has on the position of the tautomeric equilib-
rium but to those of discriminating between the com-
positions of the analyzed samples (see below).

Calculating the parameters of linear regression of
ln Srel on the reciprocal temperature (as 1000/T with
subsequent recalculation) using the least squares
approach and the equation

(4)
allows us to estimate the values of ΔH# and ΔS# for the
tautomeric equilibrium.

Figures 3 and 4 present dependences (4) for the solu-
tions of ethyl acetoacetate in ethyl alcohol and hexane.
The parameters of the linear regression equations are
specified in the corresponding figure captions. The val-
ues of ΔH# and ΔS# calculated with these data are −9.3 ±
0.3 kJ/mol and −32.3 ± 0.7 J K−1 mol−1 for ethanol and
−10.9 ± 0.3 kJ/mol and ‒35.8 ± 0.8 J K−1 mol−1 for
hexane. The negative signs of the values of ΔH# and
ΔS# and the order of their absolute values generally
agree with those determined in [21], where they were
attributed to the interaction between the tautomers

�

= Δ + Δ# #ln еnol / kеtо[ ( ) – / /( )]S S H RT S R
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Table 3. Dependence of the average values of the ratios of the peak areas of the tautomers of ethyl acetoacetate (a solution
in ethyl alcohol) on the temperature of the injector at a constant temperature of the chromatographic column (70°C)

Values illustrating the effects of discriminating between the compositions of the samples depending on the temperature of the injector
are in bold type.

T, °C S(enol)/S(keto) S(keto)/S(enol) S(enol)/S(C8) S(keto)/S(C8) [S(enol) + S(keto)]/S(C8)

100 0.42 2.36 0.20 0.46 0.66

120 0.36 2.83 0.19 0.54 0.73

140 0.30 3.36 0.17 0.58 0.75

160 0.27 3.76 0.17 0.64 0.81

180 0.25 4.05 0.15 0.65 0.80

200 0.22 4.54 0.14 0.67 0.81

220 0.20 5.09 0.14 0.70 0.84
and the polar stationary phase of the chromatographic
column, rather than to the equilibrium in the vapor
phase.

The negligible value of |ΔH#| ∼ 10 ± 1 kJ/mol
explains the readiness of the mutual transformations
of the tautomers at relatively low temperatures of gas
chromatographic separation to manifest in the specific
profiles of the chromatograms.

Effects of Discriminating between the Compositions
of the Samples

Any gas chromatographic determinations requiring
the dosing the samples into capillary columns with the
splitting of the f low at different temperatures of injec-
tor or in different solvents must consider the possible
distortion of the results due to so-called effects of dis-
criminating between the composition of the samples
[23–26]. One of their most typical manifestations is
variation in the absolute and relative peak areas,
depending on the temperature of the chromatograph’s
injector and the nature of the solvent. In the case con-
sidered in this work, the characterization of depen-
RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY A  Vo

Table 4. Dependence of the average values of the ratios of
the peak areas of the tautomers of ethyl acetoacetate (a solu-
tion in hexane) on the temperature of the injector at a con-
stant temperature of the chromatographic column (70°C)

T, °C S(enol)/S(keto) S(keto)/S(enol)

100 0.45 2.21

120 0.36 2.72

140 0.32 3.14

160 0.28 3.57

180 0.24 4.21

200 0.21 4.77
dence Srel = f(T) for tautomers assumes variations in
the temperature of the injector; our comparison of the
parameters of this dependence for polar ethanol and
nonpolar hexane, the influence of the second factor.

To discuss the effects of discriminating between the
compositions of the samples when injecting them into
capillary columns with f low splitting, we must go back
to considering the data in Table 2. In addition to the
relative peak areas of the tautomers of II (a solution in
ethyl alcohol) at different temperatures of the chro-
matographic column, it also gives the ratios of the
peak areas of each of the tautomers to those of the inert
components, hydrocarbon n-C8H18, S(enol)/S(C8)
and S(keto)/S(C8): 0.27 ± 0.01 and 1.10 ± 0.01,
respectively. This confirms there is no dependence of
the specified ratios on the temperature of the column
(no effects of discrimination), so the variations in
S(enol)/S(keto) and S(keto)/S(enol) are due exclu-
sively by dependence Srel = f(T) for the tautomers.

In addition to the values of S(enol)/S(C8) and
S(keto)/S(C8), Table 3 presents similar S(enol)/S(C8)
and S(keto)/S(C8) ratios that show pronounced tem-
perature dependences (descending for the first ratio
and ascending for the second ratio). These depen-
dences are illustrated graphically in Fig. 5. The tem-
perature dependence of the sum of these ratios is of
special interest, rather than their temperature depen-
dences individually. Table 3 additionally presents the
values of [S(enol) + S(keto)]/S(C8), while the curve
corresponding to the polynomial approximation of the
temperature dependence of the half-sum
([S(enol)/S(C8) + S(keto)/S(C8)]/2) is presented in
the graph for illustrative purposes. The keto and enol
forms of ethyl acetoacetate are isomeric, which prede-
termines the f lame ionization detector’s similar sensi-
tivity to them, but the data of Table 3 and Fig. 5 reveal
a notable increase in the ratios [S(enol) +
S(keto)]/S(C8) when the temperature was from 100 to
220°C (1.27 times). This is explained by the effects of
discrimination [23–26], since the relative peak areas
l. 94  No. 6  2020
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Fig. 3. (Color online) Dependence of lnSrel on the tempera-
ture of the injector (1/Т) for a solution of ethyl acetoacetate
in ethyl alcohol. Parameters of linear regression are a =
1.12 ± 0.03, b = −3.89 ± 0.08, R = 0.998, and S0 = 0.02. 
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dependences of the relative peak areas: (1) S(enol)/S(С8),
(2) S(keto)/S(С8), and (3) S(С10)/S(С8) (for comparison)
on the temperature of the injector. The solid line is the
result of the polynomial approximation of the ascending
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of the higher-boiling components increase with the
increase in the temperature of the injector (Tb =
180.8°C for ethyl acetoacetate and 125.7°C for
n-octane).

Figure 5 also presents a set of points corresponding
to the relative peak areas of compounds with the same
chemical nature, reference hydrocarbons n-C10H22
and n-C8H18, indicating there is no expressed tem-
perature dependence for this pair of components. A
similar temperature dependence of the [S(enol) +
S(keto)]/S(C8) ratios is also observed for the solutions
of ester II in hexane, but the corresponding data were
not included in Table 4 to reduce the volume of this
section.

The effects of discrimination do affect the charac-
teristics of the temperature dependence of the relative
peak areas of the tautomers, and thus the reliability of
determining the thermodynamic parameters of the
keto  enol tautomeric equilibrium. Note that the
S(keto)/S(C8) ratios for the solutions of II in ethanol
(Table 3) grow by 2.2 times upon an increase in tem-
perature, while the estimate allowing for the effects of
discrimination corresponds to an increase of approxi-
mately 1.3 times. More precise consideration of their
effect requires special consideration and improved
ways of processing the experimental data.

Identifying the Unknown Impurity
in a Sample of Ethyl Acetoacetate

In addition to two tautomers with RI = 880 and 909
(the values for the mode of temperature program-
ming), an impurity with RI = 957 with the following
EI mass spectrum was detected in a sample of ethyl
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acetoacetate after long-term storage: m/z ≥ 39 (Irel ≥
2%): 146 (1), 119 (1), 75 (17), 74 (74), 73 (24), 59 (8),
57 (17), 56 (17), 47 (8), 46 (7), 45 (100), 44 (18),
43 (40), 42 (6), 41 (11).

A characteristic feature of this mass spectrum is
two intense signals with m/z = 45 and 74 that belong to
homologous groups y = 3 and 4. Such combinations of
mass numbers are rarely encountered in the mass
spectra of organic compounds; a library search for
these two peaks using the NIST database [14] resulted
in only ten alternative responses with coincidence fac-
tors of less than 0.5, so none of them can be accepted
for further consideration. Identification according to
F PHYSICAL CHEMISTRY A  Vol. 94  No. 6  2020
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the numbers of the homologous groups of the main
signals and the mass spectra of ion series [27] also
yielded no positive results. Attempts to determine the
nature of this component from the scheme of ethyl
acetoacetate synthesis and a hypothesis about the pos-
sible formation of the ethyl ether in enol form were
fruitless [28]. It should be noted that any derivatives of
enol form II must be excluded from consideration,
based on the negative value of the coefficient of the
retention indices’ temperature dependence (β =
‒0.10 ± 0.01). The peak with RI = 957 thus belongs to
unidentified component X.

We can still, however, determine its structure
through joint interpretation of the EI mass spectrum
and retention index on a standard nonpolar stationary
phase. The weak signal in the mass spectrum with a
maximum value of m/z = 146 most likely belongs to
molecular ions. This is confirmed by the presence of
one more weak signal with m/z = 119 in the mass spec-
trum, which corresponds to the [M − C2H3]+ frag-
ment ions typical of ethyl esters of carboxylic acids
(bond cleavage with double hydrogen rearrangement
[29]). The formation of a compound with M = 146
from ethyl acetoacetate C6H10O3 with M = 130 thus
results from its oxidation, which agrees with the long-
term storage of the sample in contact with air. Oxida-
tion proceeds with air dissolved in ester II via a free-
radical mechanism.

The hydroperoxides and polymer peroxides formed
in this case are unstable when heated, and thus cannot
be used in gas chromatographic analysis. Observed
component X in this case likely has the structure of
ethyl-2-hydroxy-3-oxobutanoate C6H10O4:

This compound is mentioned in literature sources,
as can be seen from its CAS no. 15863-59-9. However,
we could not find any of its physicochemical charac-
teristics or spectral data for it. We can only assume that
the intense signal in the mass spectrum with m/z = 74
corresponds to ions that form as a result of C–C bonds
cleavage with the migration of hydrogen atoms; e.g.,
M+ (m/z = 146) → [M − CH3COCHO]+ ([M − 72] =
74). In determining the structure of this compound,
the main source of information should therefore be the
coincidence between the experimental value of its gas
chromatographic retention index (957 in the mode of
temperature programming) and the value calculated
theoretically, based on its structure.

Of all known ways of predicting gas chromato-
graphic retention indices, an algorithm based on the
hypothetical assembly of the required molecular
structure from those of simpler analogs, followed by
arithmetic operations (adding and subtraction) using
known values of the RIs of such analogs, would appear
to be the one most informative [30–32]. This is in fact
a version of an additive scheme. The solution to the
problem is in this case complicated by the presence of
an intramolecular hydrogen bond. As a result, its con-
tribution to the additive estimate of the RI must be
determined. We therefore compare, e.g., the estimate
of the RI of 2-hydroxy-3-pentanone with a similar
hydrogen bond to the experimental value of the RI of
this compound. Data from database [14] are used as
the RI reference values:

The increment of the intramolecular hydrogen bond not considered in this additive scheme is 862 − (787 ± 10) =
75 ± 10 index units. In a similar manner, we then assemble the structure of target ethyl-2-hydroxy-3-oxobuta-
noate while allowing for the obtained increment:

We eventually obtain 1027 − 75 = 952.
The estimate of the standard deviation of the

obtained result is a square root of the sum of the

squares of the standard deviations of all the data used
in the calculations, i.e., (42 + 52 + 102 + 22 + 22)1/2 ≈
12. The calculated value of RI = 952 ± 12 thus coin-

O O
H

H3C CO2C2H5

O O
H

H3C C2H5
H3C C2H5

O

H3C C2H5

HO
+ −

675 ± 4 675 ± 4 500+ − = 862
(the experimental 
value is 787 ± 10)

O O
H

H3C CO2C2H5
CO2C2H5H3C

O

CO2C2H5H3C

OH
CO2C2H5+ −

919 ± 2 910 802 ± 2+ − = 1027
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cides with the experimental value (957), which can in
this case be considered conclusive evidence of the cor-
rectness of our proposed structure of component X:
ethyl-2-hydroxy-3-oxobutanoate.

CONCLUSIONS
Characteristic features of the gas chromatographic

separation of the tautomers of ethyl acetoacetate II
were considered in this work.

• The absence of a dependence of the relative peak
areas of the tautomers on the nature of the solvent at
different temperatures shows that the results from gas
chromatographic analysis predominantly reflect the
position of the keto  enol equilibrium in the vapor
phase of the injector of the chromatograph.

• This results in the similar values of the thermo-
dynamic parameters (standard enthalpy and entropy
of activation) of the tautomeric equilibrium deter-
mined using solutions of ethyl acetoacetate in different
solvents.

• The temperature variations of the relative peak
areas of the tautomers notably exceed their tempera-
ture variations due to the effects of discriminating
between the compositions of the samples dosed into
capillary columns with splitting of the f low. We may
nevertheless assume that discrimination effects partic-
ularly introduce certain errors into the results from
determination.

• The low absolute values of ΔH# result in the ease
of the interconversions of the tautomers during gas
chromatographic separation. Their separation is
apparently impossible at column temperatures of
100°C and above.

• It was found that the keto and enol tautomers of
ethyl acetoacetate are characterized by substantial dif-
ferences in the temperature coefficients of the gas
chromatographic retention indices on standard non-
polar phases.

• Using a modified version of the additive schemes
for estimating gas chromatographic retention indices
allowed us to identify an impurity in a sample of ethyl
acetoacetate as the product of its oxidation by dis-
solved atmospheric oxygen: ethyl-2-hydroxy-3-
oxobutanoate.
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