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Abstract

Among carbonyl compounds esters are not usually involved in tautomeric equilibrium with the
exception of B-ketoesters and thioesters. We show that mass spectrometry data are helpful in
demonstrating the occurrence of the enol structure for thioesters, particularly significant for the
dithio analogues. AM1 semiempirical MO calculations are also consistent with the experimental
results.
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Introduction

The carbonyl-enol equilibrium is one of the oldest and most studied topics in physical organic
chemistry and it is important in organic synthesis and to many biological processes'. The
carbonyl-enol equilibrium constants are generally very low for carbonyl compounds which do
not carry strong electron-withdrawing groups or conjugating substituents' . pK Enol values are
much lower for enols with B-electron-withdrawing groups, such as C=0O and the enol form is
frequently observable. Many enols substituted with bulky aryl groups are also stable and
currently happening and they display low pKenol values®.

The tautomerization equilibrium shows an interesting behavioral change for the sulfur
analogues. Due to the lower stability of the thiocarbonyl (C=S) compared with the C=0 group °,
thiocarbonyl derivatives having a-hydrogens have a greater tendency to tautomerize®. In fact,
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enolization vs thioenolization of thioesters and thioxoketones has been studied and the effect of
the heteroatom has been demonstrated™ "'°.

In contrast to thiones and 1,3-dithiodicarbonyl compounds, simple thionoesters and
dithioesters are stable in the thione form. Evidently the thione-enethiol equilibrium does not
seem to occur. Notwithstanding the thione is transformed by a base to the enethiolate anion
(equation 1).
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Thionocarbonic esters and dithiocarbonic esters are easily available

and they are of
special interest because the ester group reacts under very mild conditions and often without
addition of a catalyst, giving condensation reactions or thioacylations.

In a general study of B-ketodithio acids by n.m.r. and i.r. spectroscopy'’, a real keto-enol

equilibrium was found just as in the oxygen series (equation 2).
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Diphenylthioacetic acid esters have been described as enethiols with no tautomeric
equilibrium being detectable, although rearrangement to the thione form occurs in non-polar
solvents '® (equation 3).
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Due to the possibility of existence in both tautomeric forms, that is, as thione or thiol,
mercaptothiophenes and related compounds are of special interest in this connection, too

(equation 4).
D\\ @ZS (4)
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A thorough investigation of their n.m.r. and i.r. spectra has shown that these compounds exist
solely in the thiol form, where the thiolene-2-ones exist exclusively in the ketone form'**% To
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the best of our knowledge, at present there is no indication of thione-enethiol equilibria for
esters. The present work resorts to mass spectrometry technique to examine the occurrence of
tautomerization for selected esters and their sulfur analogues.

On the other hand, systematic and highly reliable theoretical calculations have been reported
on the energy differences of many thiocarbonyl-thioenol systems and they have been compared
them with those of the parent selenium and tellurium analogues®. This same approach is used
here to give theoretical support to the experimental data.

Experimental Section

Synthesis of Thioesters
Non-commercially available compounds were synthesized and purified according to standard
well known procedures®*°.

Gas Chromatography-Mass Spectrometry

These determinations were done by injection of methanol solutions (1 pl) in an HP 5890 Series II
Plus chromatograph coupled to an HP 5972 A mass spectrometric detector under the following
conditions:

Column: HP5-MS, 30 m x 0.25 mm x 5 um.

Carrier gas: Helium.

Injector temperature: 200°C.

Oven temperature: 80°C, 10°C/min, 200°C.

Interface temperature: 300°C.

Ion source temperature: 185°C.

The pressure in the mass spectrometer, 10 torr, precludes ion-molecule reactions.

Electron energy: 70 eV.

Computational Procedure

Theoretical AM1 semiempirical calculations were performed using the standard HYPERCHEM®
package®’. Since we resorted to heat of formation values in order to rationalize experimental
findings and the AM1 technique has been especially parameterized to reproduce this sort of
experimental data, we deem this choice is a sensible one for the molecular set under study.

ISSN 1551-7012 Page 136 ©ARKAT USA, Inc



General Papers ARKIVOC 2003 (xv) 134-142

Results and Discussion

Gas Chromatography-Mass Spectrometry
Table 1 shows the most relevant mass spectral data for selected thioesters. For a better
correlation the reported data are calculated according to the following ratio:

10° Ton Abundance /  Total Ion Abundance
To weigh the occurrence of both tautomers in equilibrium (equation 5), suitable

fragmentations have been assigned to the keto and enol forms. The loss of XH from the
molecular ion could be assigned to the enol form and the CH,R! radical loss to the keto form.

X /XH
R —CH2—C</ — -  R'—CH=—C (5)
X'R2 \X 'R2

X'X=8 0, Se

Despite the fact that the analyses have been carried out by GC-MS, no chromatographic
separation has been observed so that the mass spectra are the result of the mix of both tautomers.
By way of contrast, previous work reported chromatographic separation of the tautomeric forms
for B-ketoesters 2*.

For compounds 1 and 2 the (M-XH)"/(M-CH,R")" ratio does not apply since the methyl loss
can also be explained from the enol tautomer by ionization of the sp> heteroatom. Analogously,
for compounds 11 and 12, the ethyl loss can be explained from both tautomers (equation 6 shows
this fragmentation from the enol structure). This means that the ratio value should be higher in
absence of this interference.

XH
| AN (6)
CH3-CH=C-O-CHp-CHoCHz —» (M-29)*

Additionally, for compounds 3-8, the radical loss (M-CH,R")" could be justified from the
enol structure by the following mechanism:
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Table 1. Relevant mass spectral data for selected esters
Compound M*  (M-XH)" (M-CH,RY*  (M-XH)'/(M-CH,RY*
1. Ethylacetate 16.7 - 17.6 0
2. Ethyldithioacetate 109 1.1 0.98 1.1
3. Allylacetate 049 - 0.98 0
4. Allyldithioacetate 56.8 17.0 118 0.14
5. Allylpropanoate 1.1 - 3.2 0
6. Allyldithiopropanoate 584 9.8 - -
7. 1-Methylallyldithiopropanoate 98.4 14.6 73.0 0.2
8. 3-Methylallyldithiopropanoate 927 12.0 60.0 0.2
9. Ethylphenylacetate 192 - 162 0
10. O-Ethylphenylthioacetate 229 1.8 1.3 1.4
11. Propylpropanoate - - 45.9 0
12. O-Propylthiopropanoate - 1.6 3.0 0.4
13. Methylbutanoate 6.9 - 43.1 0
14. Methyldithiobutanoate 113 1.1 0.4 2.75
15. Methylpentanoate 0.8 - 56.9 0
16. O-Methylthiopentanoate 48.6 543 42.9 1.3
17. Ethylbutanoate 546 - 33.8 0
18. O-Ethylselenobutanoate 85.5 13.2 - >>
19. Ethyl-4-methylpentanoate 0.3 - 17.9 0
20. O-Ethyl-4- 83 145 ] -
methylselenopentanoate
21. Ethylhexanoate 2.8 - 31.2 0
22. O-Ethylselenohexanoate 214 178 - >>
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Allyl esters should be considered separately since (M-CH,R')" ion abundances are
specifically affected by the stability of the allyl cation, which they form by further
decomposition:

) F )
+/S"“c;—ﬁc““*‘CH/R:3 —— SR, ch?~ R (8)

C
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For allyldithiopropanoate, the lack of (M-CH,R')" is a consequence of the allyl cation
stability so that it should not be interpreted as the complete conversion to the enol form. Esters
are peculiar molecules among the carbonyl compounds with regard to the possibility of
tautomerization of the molecular ion (eqs. 9 and 10). This means that (M-CH,R")" might have
contribution from both tautomers whenever the structure allows the rearrangement and the ion
abundances ratio in Table 1 does not reflect the real enol content which should be higher. So
that, the ratio value for all compounds would indicate the minimum enol content in the
tautomeric equilibrium.
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Evidently, among organic compounds families, esters are rather unique in regard to their
mass spectra and the use of mass spectrometry data to study their tautomeric equilibria (equation
5), methodology that has been very useful to predict tautomerism occurrence for other
compounds families **7°. For esters, the spectral interferences have to be considered carefully for
the comparison among family members. Notwithstanding, by analyzing Table 1 the enol
occurrence is null for oxygenated esters and quite significant for the selected thioesters,
particularly with the second exchange in heteroatom (dithio compounds).

When the heteroatom is selenium a strong equilibrium shift towards the enol tautomer is
observed, very likely due to its higher tendency to form double bonds **.

The effect of the size of R' on the ratio value correlates qualitatively well with the tendency to
shift towards the enol form when R' increases. From Table 1 this is evident for dithio
compounds: 4 vs 7-8 (R": H vs CHs) and 2 vs 14 (R': H vs C,Hs). For thio compounds the
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comparisons are: 12 vs 16 (Rl: CHs; vs CsHy) and 12 vs 10 (Rl: CHs; vs CgHs), which ratio values
increase consistently.

Theoretical Calculations

Table 2 shows the differences between the heats of formation of the keto and enol forms for the
neutral molecules and radical cations. A reasonable tendency correlation with the mass spectral
data is obtained when considering the calculations for the neutral molecules. The lower energy
requirement for the enol formation for the thio compounds, which decreases even more for dithio
compounds, is also supported by the theoretical calculations.

No tendency is observed between the molecular orbital calculations for the radical cations
and the corresponding mass spectral data. The calculations for the oxygenated esters have been
omitted with the exception of ethylacetate and ethyl butanoate which, as all their analogues in
Table 1, render a high energy value due to their very low relative tendency to enolizate.

The ease of enol formation increases in the order thiocarbonylesters < dithioesters <
selenocarbonylesters and it is consistent with the size of R'. These results constitute an additional
evidence of tautomerism occurrence for the neutral species disregarding the potential
tautomerism that might take place in radical ionic species, which are responsible of the
experimental data.

Table 2. Heats of formation difference (kcal mol™) between the tautomeric forms of esters by
AMI calculations

Compound Neutral Molecule Radical Cation
Z isomer E isomer Z isomer E isomer
Ethylacetate 27.1 -22.5
Ethyldithioacetate 2.5 0.64
Allyldithioacetate 12.5 -3.9
Allyldithiopropanoate 8.8 8.2 -26.3 -25.0
O-Ethylphenylthioacetate 0.5 0.3 14.8 15.1
O-Propylthiopropanoate 2.1 23 -0.84 -13.6
Methyldithiobutanoate -1.6 -1.5 1.6 1.4
O-Methylthiopentanoate -1.05 0.9 -37.2 -38.5
Ethylbutanoate 14.6 12.7 -53.5 -55.6
O-Ethylselenobutanoate -5.73 -3.84 1.91 3.26
O-Ethyl-4- 75 5.7 9.5 13.6
methylselenopentanoate
O-Ethylselenohexanoate -14.4 -14.1 -7.4 -0.5
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Conclusions

There is a remarkable tendency towards enolic structures formation when sulfur replaces oxygen
in the esters here reported. This behavior is evidenced not only by mass spectra but also by
theoretical calculations and the mutual correlation. These results constitute an evidence of the
feasibility of tautomerism evaluation by mass spectrometry since it seems that it reflects
adequately tautomeric equilibria between neutral species with negligible influence of tautomeric
equilibria between ionic species in the gas phase. It is important to take into consideration that
reactivity of radical-ionic species can differ sensibly from the neutral analogues.

The results coming from the application of molecular orbital theory support the spectrometric
data and the fact that they correspond to tautomeric equilibria between neutral species, so that,
subsequent ionization in the ion source does not affect the position of those equilibria although
some influence has been observed for this family of compounds.
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