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Abstract: The gas-phase heats of formation of 13 enol positive ions of aliphatic aldehydes, ketones, acids, and esters have been
measured and are compared with those of the corresponding keto ions. The enolic ions are all much more stable thermodynami-
cally, by amounts ranging from 14 to 31 kcal mol~!. This is in marked contrast to the neutral tautomers, in which the keto
forms are generally the more stable. Enol ions have often been postulated as product structures in ionic fragmentations, but
quantitative thermochemical data for such ions have not been available.

Introduction

In recent papers we have reported measurements of the
gas-phase heats of formation of the enol ions of methyl ace-
tate?? and of acetic acid.?® These measurements, made by
impact of energy-selected electrons, showed that the enol forms
of ionized methyl acetate and acetic acid, formed by disso-
ciative ionization of appropriate precursor molecules, are more
stable by 24 and 22 kcal mol ™!, respectively, than the corre-
sponding carbonyl forms of the ions.

This is consistent with an earlier study? which showed that
the molecular ion of vinyl alcohol, produced by dissociative
ionization processes, is more stable than the tautomeric acet-
aldehyde ion by 15 kcal mol~!. For the neutral enol and keto
forms of C,H,40O, the thermodynamic stabilities are in the re-
verse order by 12-13 kcal mol='.3* According to energies
calculated by ab initio MO theory there is an activation energy
barrier of some 85 kcal mol~! for the isomerization vinyl al-
cohol — acetaldehyde. Although it is found experimentally
that enols are thermodynamically less stable than their car-
bonyl forms,’ enol intermediates have been detected by NMR .6
Vinyl alcohol has recently been prepared in the gas phase’ by
thermolysis of ethylene glycol at 1000 °C; it had a half-life in
Pyrex of ca. 30 min. As pointed out by Radom et al.,* this ob-
servation is hard to reconcile with the large energy barrier
calculated for unimolecular isomerization to acetaldehyde, and
so the short half-life may be attributed to intermolecular
and/or heterogeneous reactions. Whatever the explanation,
it is noteworthy that, in spite of their unfavorable thermody-
namic stability, the proposed participation by enol forms in
oxidation-reduction® and in photochemical reactions (the
Norrish type II reaction) is not uncommon.

The condition for participation of enolic molecular ions in
ionic reactions is, as a consequence of their relative stability,
much more favorable than for their neutral counterparts. The
well-known McLafferty rearrangement®!0 which plays an
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important role in the mass spectra of aldehydes, ketones, acids,
and esters has as its motive force this favorable stability. Be-
cause this enhanced stabilization may well be a general phe-
nomenon, we have undertaken an extended study of the ther-
mochemistry of C,H,,0* and C,H,,0,* ions, comparing
the heats of formation of product ions of these formulas with
those of their ionized isomeric carbonyl compounds. The ex-
isting quantitative data for such comparisons are fragmentary,
and in many cases too inaccurate to be useful. We have mea-
sured the appearance energies of C,H;0,*, C;HcO*,
C4HgO*, C3HeO2*, and C,HgO,* ions formed in the frag-
mentation of aldehydes, ketones, esters, and acids (in whose
mass spectra these ions are major or prominent peaks) by
elimination of a neutral olefin via a six-centered activated
complex, e.g.

R +

‘} 1 OH
C—H |
HC 40 —> RCH=CH, + *C

N
HO—C & Or.
R,

In addition, we have measured the ionization energies of a
number of carbonyl compounds for which data are conflicting
or nonexistent.

Experimental Section

Appearance energies (AE) were measured by impact of an en-
ergy-resolved electron beam from an electrostatic electron mono-
chromator,!! together with a quadrupole mass spectrometer and
minicomputer data system.!2 All the compounds were of research
grade, carefully purified where necessary by GLC. In this work, the
purity was of particular importance, since appearance energies for
C,H,0% and C,H;,0,* product ions were in some cases quite close
to the ionization energies of possible isomeric impurities.

© 1980 American Chemical Society
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Table I. Heats of Formation of C3HgO** lons
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appearance
AHjy, keal neutral energy [C3HqO], AH¢[C3HgO*],
compd mol~! fragment eV kcal mol~!
CH;CO(CH3),CH3; —-61.924 C>H,4 10.08 158
CH3CO(CH,)3CHj3; —66.874 C3Hg 10.04 160
CH;COCH,CH{(CH3), —68.65 C;He 9.98 157
enol ion of acetone (1) av 158
keto (molecular) ion of acetone 172¢
CH3(CH3)3CHO —54.454 CyH, 9.82 160
CH3(CH»),CHO —59.56 C3H, 9.72 160
CH3(CH,)>CH{CH;)CHO -61.56 C3Hg 9.80 160
¢-CsHyOH —-59.974 CyH,4 9.98 158
enol ion of propanal (2) av 159
keto (molecular) ion of propanal 184¢
@ Reference 13. ? Calculated by additivity.'” < Reference 14. 4 Reference 15.
Table II. Heats of Formation of C4HgO*" lons
AHy, keal neutral appearance AH{[C4Hz0%],
compd mol~! fragment energy, eV keal mol~!
(CH;3;CH,),CHCHO -61.5¢ C,Hy4 9.68 149
CH3CH(CH3)CH(C,Hs)YCHO —68.5¢ C3H¢ 9.68 150
enol ion of butanal (3) av 150
keto {molecular) ion of butanal 1776
CH3;CH,C(CH3),CHO -63.2¢ CyHy 9.58 145
enol ion of 2-methylpropanal (4) 145
keto (molecular) ion of 2-methylpropanal 1728
CH;COCH(CH;3)CH,CH; -68.69 C,H, 9.52 138
CH3;COCH(CH;)(CH,),CH3 —73.44 C;3Hs 9.41 139
enol ion (2-en-2-o0l) ion of 2-butanone (5) av 139
keto (molecular) ion of 2-butanone 16206
CH;CH,>COCH,CH,CH3 —-66.51¢ CyH, 9.89 149
CH;3CH»CO(CH3)3CH; =71.44 C3Hg 9.82 150
enol (1-en-2-0l) ion of 2-butanone (6) av 150
@ Calculated by additivity.!” & Reference 14. ¢ Reference 13.
Table II. Heats of Formation of C;H40,%
AHy, keal neutral appearance AHCaH40,1,
compd mol~! fragment energy, eV kcal mol~!
CH;CH,CH,COOH —112.82 CH, 10.60 119
CH3(CH;);COOH —117.26 C3Hg¢ 10.56 121
CH;3(CH2)sCOOH —122.7% 1-C4Hg¢ 10.52 120
CH3(CH,)sCOOH -127.76 1-CsH ¢ 10.54 121
enol ion of acetic acid (7) av 120
acetic acid —103.34 10.704 143
10.63¢ 142
10.661 142
keto (molecular) ion of acetic acid av 142

@ Calculated (see Appendix). ? Reference 13. ¢ The formation of this isomer is assumed. 9 Sweigert, D. A.; Turner, D. W. J. Am. Chem.
Soc. 1972, 94, 5592. ¢ Benoit, F. M.; Harrison, A. G. Ibid. 1977, 99, 3980. / This work.

Results and Discussion

C3H¢O* Tons (m/ z 58). The m/z 58 peak, which after m/z
43 is the most abundant peak in the mass spectra of 2-hexanone
and 4-methyl-2-hexanone, is generated via a rearrangement
in which a neutral propene molecule is eliminated:

}c/H"‘o

Lo — CH, + *C
H.C, 7N\
H._,c/C cH, cH, CH,

1

HC "|+- OH

The appearance energies, given in Table I, for the m/z 58 peak
derived from these compounds and 2-pentanone, lead to

AH{(C3HgO*) = 159 kcal mol~!, with an uncertainty of &2
kcal mol~!. The product ion 1 must have the enol configuration
because its formation takes place at an energy 14 kcal mol~!
below the thermochemical threshold for formation of the ac-
etone molecular ion (see Table I). This stabilization energy is
comparable with that found (15 kcal mol~!) for the analogous
vinyl alcohol-acetaldehyde tautomeric C;H4O* ions.?

The C3HgO* ion formed from the appropriate dissociative
ionization of Cs and C¢ aldehydes and cyclopentanol is pro-
duced at an energy 25 kcal mol~! below the threshold for the
formally expected [propanal}* ion. Although the derived heat
of formation, AH{C3HsO*) = 159 kcal mol~!, is almost the
same as that found for 1, this ion can with confidence be as-
signed the structure of the [propanal}* enol 2. This ion is
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Table IV. Heats of Formation of C3HgO,*"
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AHq, keal neutral appearance AH{[C3Hg0,™],
compd mol~! fragment energy, eV kcal mol~?
CH;3;CH,CH(CH;)COOH —-119.84 CaH, 10.27 105
CH;3;CH(CH3)CH(CH3)COOH —126.6¢ C3Hg 10.20 104
enol ion of propanoic acid (8) av 105
propanoic acid —108.45 10.24¢ 128
10.514 134
10.41¢ 132
keto (molecular) ion of propanoic acid av 131
CH3CH,CH,COOCH; —107.8¢ CyH, 10.18 114
CH3(CH;,);COOCH; —112.7¢ C;3Hg 10.06 114
(CH3),CHCH,COOCH; —114.8¢ C3Hg 10.16 115
enol ion of methyl acetate (9) av 114
keto (molecular) ion of methyl acetate 139¢

a Calculated (see Appendix). 2 Reference 13. ¢ Reference 14. 4 Benoit, F. M.; Harrison, A. G. J. Am. Chem. Soc. 1977, 99, 3980. ¢ This

work.

Table V. Heat of Formation of C4HgO,*" lons

AHy, keal neutral appearance AH[C4HgO2 %],
compd mo]~! fragment energy, eV keal mol™!

(CH3CH,),CHCOOH —124.5¢ CyH, 10.14 97
enol ion of butanoic acid (10) 97
butanoic acid —112.8¢ 10.16 121
10.24¢ 123
keto (molecular) ion of butanoic acid av 122
CH;CH,C(CH;3),COOH -126.3¢ C,H, 10.02 92
CH3;CH,CH»C(CH3),COOH =131.3¢ C3Hg 9.96 93
enol ion of 2-methylpropanoic acid (11) av 92
2-methylpropanoic acid -114.7¢ 10.02% 117
10.12¢ 119
keto (molecular) ion of 2-methylpropanoic acid av 118
CH;CH,CH(CH3)COOCH; =114.7¢ C>yH,4 9.81 99
enol ion of methyl propanoate (12) 99
methyl propanoate —103.3¢ 10.15 131
keto (molecular) ion of methyl propanoate 131
CH;3;CH,CH,>COOC,H;5 —-115.8¢4 CyH,4 10.06 104
CH3(CH»)4CO0OC,H5 —125.7¢ 1-C4Hg 9.96 104
enol ion of ethyl acetate (13) av 104
ethyl acetate -106.34 10.20¢ 129
10.24f 130
10.16°¢ 128
keto (molecular) ion of ethyl acetate av 129

@ Calculated (see Appendix). ® Reference 14. < This work. 4 Reference 13. ¢ Goldenfeld, 1. V.; Korostyshevsky, I. Z.; Mischanchuk, B.
G. Int. J. Mass Spectrom. lon Phys. 1974, 13, 297./ Sweigert, D. A.; Turner, D. W. J. Am. Chem. Soc. 1972, 94, 5592.

therefore more stable than its keto isomer by 25 kcal mol~! (see
Table I).

L
CH,CH—C{_
H
2

It is instructive to consider these two isomeric enol ions as
derivatives of the vinyl alcohol molecular ion in which CHj; has
replaced H on the o and 3 carbons on either side of the “dou-
ble” bond. In an earlier paper'® it was proposed that the sta-
bilization effects of CHj substitution provided a measure of
the charge distribution in oxycarbonium ions. The only slightly
greater stabilization brought about by & substitution compared
with 3 substitution leads us to suggest that the charge is almost
equally distributed between the two carbons in [CH,=
CHOH]J*. By comparison, substitution of CHj for the hy-
droxyl H atom to give ionized methyl vinyl ether has a much
smaller stabilizing effect. The 1E of methyl vinyl ether, 8.93
eV,'% together with AH(neutral methyl vinyl ether) = —26.7
kcal mol~! calculated by group equivalents,!” gives
AH{CH3;OCH=CH;)** = 179 kcal mol~"'. This represents

a stabilization of only 2 kcal mol~! relative to the vinyl alcohol
ion (181 kcal mol~1).3 If this criterion is valid!6:!8 it must be
concluded that the amount of charge on the O atom in vinyl
alcohol ion is much less than that on either of the two carbon
atoms,

C4HgO*" Tons (m/ z 72). Four enol ions of formula C4HgO*
can be identified in Table 11 (3-6). lons 3 and 4 are formed by

OH CH OH
: pgd Nsy N
CH,CH,CH—C, C—C
H CH/S Sy
3 4
enol ion of butanal enol ion of 2-methyl-
propanal
’ + OH ’ OH
CH;,CH——-C< CHZ-—6<
CH, CH,CH,

5 (2-buten-2-ol)
enol ions of 2-butanone

6 (1-buten-2-ol)

C,Hy loss from the 2-ethyl- and 2,2-dimethylbutanols and are
both 27-28 kcal mol™! more stable than the corresponding keto
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Figure 1, Schematic illustration of the relationships in ionic heats of formation resulting from CHj substitution for H in enol and keto ions of formula
C,H2,0% Enol and keto isomers are in corresponding boxes (AH¢(ion) in kcal mol~")

forms. As expected the branched enol ion 4 is the more stable,
being doubly substituted by CH; on the 3 carbon.

The molecular ion of 2-butanone possesses two enolic forms,
ions 8 and 6, which are formed well below the thermochemical
threshold for the keto ion, as shown in Table 11: 23 kcal mol !
in the case of 5 and 12 kcal mol~! in the case of 6. The most
stable of these four isomeric enol ions is 5, which is substituted
on both the & and 8 C atoms of vinyl alcohol. The greater
stability of § over 4 is consistent with the conclusion reached
above, namely, that the charge density on the « carbon in vinyl
alcohol is slightly greater than on the 5 carbon. However, enol
ions 3 and 6, formed by ethyl substitution on the « and 3 car-
bons of vinyl alcohol ion, do not reinforce this conclusion, being
the same within the experimental accuracy.

C,H40,* Tons (m/ z 60). In the mass spectra of C4-C7 n-
alkanoic acids, the largest peak by far is #1/z 60. This also arises
from a McLafferty rearrangement,!® generating the enol ion.

+-
R\ '|
CJ—H /OH
,C S —> RCH==CH, + CHZ-—C
pes // ~
zc—c\ OH
OH 7

The latter produces characteristic metastable peaks>-20-2! for
its loss of OH' and H,0. As reported earlier?® (and presented
again in Table I1I) the appearance energies for m/z 60 from
the four alkanoic acids show that the enol ion 7 is produced at
an energy 22 kcal mol~! below the thermochemical threshold
for acetic acid molecular ion. The energy releases for these
rearrangement processes, measured from the half-height
widths of the metastable peaks for olefin loss, are only a few
millielectronvolts, giving no evidence for a reverse activation
energy.2® We conclude therefore that the heat of formation of
the enol ion of acetic acid 7 is close to 120 kcal mol~!. The
consequences of this large stabilization of the enol ion for the
ionic dissociations of alkanoic acids have been discussed?® and
will not be repeated here.

C3He¢O,* Tons (m/ z 74). AH values for two enol product
ions of this formula, 8 and 9, produced by dissociation reactions

OH _ +_OH
CHJCH—C< cH,—C
OH OCH,
8 9

analogous to the foregoing, are presented in Table IV. The
branched butanoic acids give as an abundant ion the enol ion
of propanoic acid (8), and the methyl esters of C4 and Cs al-
kanoic acids give the enol ion of methyl acetate (9).

Both of these product ions appear 25-26 kcal mol~! below
the thermochemical thresholds for the corresponding ketonic
species, propanoic acid and methyl acetate molecular ions. The
results in Table I'V show that 8, which may be regarded as an
enol ion of acetic acid, 7, substituted on the 3 carbon, is 9 kcal
mol~! more stabilized than 9, which is ion 7 substituted by CH3
on the O atom.

C4HgO,* Tons (m/ z 88). Four enol ions of this formula can
be identified in Table V; their derived heats of formation are
given, together with the heats of formation of the corresponding
keto ions. Similarly to the enol ions discussed above, their
stabilization energies relative to the keto ions are in the range
25-32 keal mol~!. As expected, the enol ion of isobutanoic acid
is the most stable, being doubly substituted on the 3 carbon.

OH CH, OH
cHene Ne— ¢
“oH o o
10 11
OH
CHSCH—-C< tn—0
OCH, \OC.,H5
12 13

The effect of CHj substitution on the 3 carbon is further il-
lustrated by reference to the heats of formation of the pairs of
enol ions 7 and 8 and 9 and 12. Ion 8 is derived from ion 7 by
substitution on the 8 carbon, resulting in a 15 kcal mol~! de-
crease in AHy. Similarly, ion 12 is derived from ion 9 by the
same substitution giving an identical decrease in AHy. By
contrast, substituting CH3 on the methoxy group in 9 to give
13 brings about an appreciably smaller decrease, 10 kcal
mol~!, while substitution on the v carbon in 8, giving ion 10,
brings about a decrease of 8 kcal mol~!. Evidently the amount
of charge on carbon atoms remote from the double bond de-
creases rapidly with distance.

CsH1902* Tons (m/ z 102). Only one enol product ion of this
formula was investigated. The parent ion of the ethyl ester of
2-methylbutanoic acid loses neutral C;Hy, giving the abundant
ion C5H1002+‘

C-‘-H + _ + OH

0 — CH, + CHCH—C
( // ~
HC— OCH;
| \ocsz 14

H;

zC

This species is the enol ion of ethyl propionate. The appearance
energy for this process is 9.68 eV, giving AH(14) = 88 kcal
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Figure 2, Schematic illustration of the relationships in ionic heats of formation resulting from CHj; substitution for H in enol and keto ions of formula
C,H3,0,*". Enol and keto isomers are in corresponding boxes (AH (ion) in kcal mol~1).

mol~!. For comparison, the heat of formation of the keto ion
of ethyl propionate is 119 kcal mol~!, based on the ionization
energy 10.00 eV, measured in this work, and the calculated
AH(neutral) = —111.3 kcal mol~!. The substitution of CHj3
on the methoxy-group carbon atom in ion 12 resulted in a de-
crease in AH;of 11 kcal mol™!, similar to a 10-kcal decrease
for the same substitution in ion 9.

Conclusions

The present results show that enol positive ions as a class are
much more thermodynamically stable than the corresponding
keto forms. The stabilization ranges from 14 to 31 kcal mol™
depending on the species. This is in marked contrast to the
neutral tautomeric pairs, in which the keto forms are generally
the more stable. The thermochemical relationships in the enol
and keto series of ions are shown in schematic form in Figures
1 and 2. It was proposed earlier'¢ that the changes in ionic
heats of formation resulting from CHj substitution on C and
O atoms are a measure of the charge distribution on these
atoms. This effect is clearly illustrated in the figures.

The present results deal only with threshold energetics, and
throw no light on the ratio of the two forms generated at
energies above the threshold for keto ion formation. From
earlier work it appears that the two forms may interconvert
freely at internal energies below the dissociation threshold, for
example, in methyl acetate ion and its enol ion,? For others,
such as acetic acid,?® some interconversion can take place but
it is slow compared to fragmentation. In the case of the ionized
vinyl alcohol and acetaldehyde, these species were unable to
interconvert up to at least the energy corresponding to their
fragmentation by H-atom loss.?? Further experiments on these
and related matters are in progress and will be reported in
future publications.

Appendix. Heats of Formation of Neutral Molecules

For many of the compounds listed in the tables reliable
AH(neutral molecule) values were obtainable from standard
reference works.!?~15 However, for acids and esters such data
were far from satisfactory and so for consistent values the
following methods were used.

Acids. Reference 13 contained “selected values” only for
acetic acid (—103.3 kcal mol~1), pentanoic acid (—117.2 kcal
mol~!), hexanoic acid (—122.7 kcal mol~!), heptanoic acid

(—127.7 kcal mol~1), and octanoic acid (—132.7 kcal mol™!),
All these values could be reproduced to within 0.2 kcal mol~!
by the use of additivity rules'” plus a correction term of +1 kcal
mol~!. All AH(acid) values used in this work were calculated
by this method (AH (acid)casca).

Esters. Reference 13 contained only one “selected value™
for a methyl ester, methyl pentanoate (—112.7 kcal mol~1),
Other data from ref 13 indicate that AH{(Me ester) =
AH(acid)earea + (5.0 £ 0.8) kcal mol™!. Accordingly,
AHi(Me esters) were obtained from the corresponding
AH (acid)caica by adding 5 keal to the value derived from ad-
ditivity rules. Similarly, the few values for AH{Et esters) were
satisfactorily reproduced by use of the formula AH(Et ester)
= AH(acid)caica — 3 keal mol™!
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