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Each of a series of CsH¢O, isomeric carboxylic acid and unsaturated lactones (1—7) was protonated
in both concentrated sulfuric acid and trifluoromethanesulfonic acid. The thermally induced
transformations of the protonated species were then studied over a temperature range of —30 to
+160 °C. In the case of o,8-unsaturated lactones, protonation took place on the carbonyl oxygen
and gave the corresponding stable O-protonated species. Conversely, unconjugated lactones and
acetylenic acid 7 were converted even at low temperature into the diprotonated ketoacid 8H,0%2
by the acid-catalyzed addition of water to the C-protonated precursor. Upon being heated at 160
°C, this acid gave protonated 1,3-cyclopentanedione. In the absence of water, decarbonylation
followed by polymerization was observed in lactones 4 and 5. The CIMS spectra of compounds 1—7
were recorded using methane, ammonia, and moist air as reagent gases to determine the correlation
between the fragmentation routes in the gas phase and the transformations observed in solution.
Ammonia and moist air enabled us to determine the different proton affinities of these compounds.
The data obtained in strong acids were used to assign reasonable structures to the gas-phase ions.

Introduction

In previous papers in this series,? we studied the
protonation of carbonyl compounds in strong acid me-
dium, the heat-induced transformations of the ionic
species involved, and the correlation between the ther-
mochemistry in strong acid solution and the chemistry
in the gas phase as determined by recording the chemical
ionization mass spectra (CIMS) of the corresponding
precursors. These correlations have been useful, since
they allow us to assign reasonable structures to the
fragments produced in mass spectrometry based on the
structures of the ions characterized by NMR in the
thermochemistry of the corresponding precursors in
solution under strong acid conditions. Thus, identification
of the ions present in solution also enables us to deter-
mine the main fragmentation pathways observed by
CIMS, which in turns enables us to predict the fate of
the same ions in solution.®

We report here the results obtained by our method for
a group of CsH;0O," ions resulting from the protonation
of unsaturated lactones 1—6 and the open-chain acety-
lenic acid 7 carried out either in 96% sulfuric acid or
trifluoromethane sulfonic acid (TFMSA) in a temperature
range of —30 to +160 °C.

Results and Discussion

Protonation of Carbonyl Derivatives 1-7. The
protonation at room temperature of the conjugated
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lactones* 1, 2, 3, and 6 with sulfuric acid or TFMSA gave
the corresponding stable O-protonated species 1Ho™,
2Ho*, 3Ho', and 6Ho™, respectively, which were char-
acterized by *H and *3C NMR (see Table 1). The observed
deshielding of the carbonyl carbon (ca. 14.5 ppm) agrees
well with the literature data for other O-protonated
carbonyl compounds.'? As expected, in these a,3-unsat-
urated lactones a parallel deshielding of the g-carbon (ca.
17 ppm) associated with the O-protonation process was
observed due to conjugation with the protonated carbonyl
group. Note the deshielding of the terminal methylene
carbon atom (Ce) in ion 2Ho™. The positive charge is
further delocalized due to participation of the ether-type
oxygen lone pair in oxonium-like resonance structures.
This results in the downfield displacement of the signal
of the C—0O carbon atom in the ¥*C NMR spectra of
compounds 1, 2, 3, and 6 due to the electron-withdrawing
effect of the oxygen. The observation of O-protonated
species was not possible even at low temperature (=5 °C
for sulfuric acid and —30 °C for TFMSA) in the case of
unconjugated carbonyl compounds. Therefore, y-lactones

(4) Olah, G. A.; Ku, A. T. J. Org. Chem. 1970, 35, 3916. (b) Olah, G.
A.; White, A. M.; O'Brien, D. H. Chem. Rev. 1970, 70, 561. (c) Deno,
N. C.; Pittman, C. U., Jr.; Wisotsky, M. J. 3. Am. Chem. Soc. 1964,
107, 818.
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Table 1. 13C NMR Data for Selected Protonated Species

dc (ppm)? Jc-n (H2)P
1Ho* 2Ho* 3Ho* 6Ho* 1Ho* 2Ho* 3Ho"™ 6Ho*

C. 189.3 1856 187.4 179.3
(14.5)° (14.2) (14.5) (15.3)

Cp 1295 131.8 117.8 1153 193.4 182.2
(—0.4)° (~3.4) (—2.7) (-5.8) (11.7) (18.0)
C. 163.6 26,7 173.6 1657 2015 139.8 187.8 171.7
(18.7)° (~1.1) (15.9) (18.0) (7.1) (19.0) (9.5)
Cs 871 809 954 244 1727 1613 1551 1359
(17.1)° (15.1) (16.0) (0.1) (8.3) (6.3) (11.4)
C. 94 1397 155 745 1318 1667 133.0 156.9
(-1.3)F (16.9) (—2.8) (7.5) (51) 47) (7.3)

a |n parentheses: A63C = 613C (in spectrum of ion) — 613C (in
spectrum of uncharged precursor). °In parentheses: AJc—n = Jc—n
(in spectrum of ion) — Jc—n (in spectrum of uncharged precursor).
‘See ref 12.
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4 and 5 and the open-chain acetylenic acid 7 were
converted under these conditions into the diprotonated
ketoacid 8H,0%2. This transformation is easily understood
if we consider the presence of water in 96% sulfuric acid;
the acid-catalyzed addition of water to compounds 4, 5,
and 7 (see Scheme 1) is likely to occur under these
conditions. C-Protonation will readily take place in the
case of lactones 4 and 5, since it results in the formation
of the oxonium ion 4(5)Hcgt due to the presence of the
lactone oxygen bonded to the positively charged carbon.
In contrast, the activation energy for C-protonation of
conjugated lactones 1, 2, 3, and 6 will be much higher,
since the resulting carbocation is destabilized by the
neighboring carbonyl group.> This could explain why
oxygen protonation is observed at room temperature only
in conjugated lactones. We should note that lactones 4
and 5 gave a polymer in trifluoromethanesulfonic acid,
probably due to the tendency of terminal double bonds
to polymerize under acid catalysis and also to the very
low water content in this acid. A suitable pathway for
the polymerization would be the ring opening of the
C-protonated ion 4(5)Hcq™ followed by the loss of acetal-
dehyde to give ion 9HO™ (see Scheme 1).

Thermal Transformations of Protonated Species
CsH;0,". To determine the effect of temperature, O-
protonated ions CsH;O," were heated in 96% sulfuric
acid first at 60 °C and then at 160 °C, and their evolu-
tion was followed by H and '3C NMR. O-Protonated
1Ho",2Ho", and 3Ho" remained unchanged at 60 °C for
several hours. lon 1Hot was stable under these condi-
tions even at 160 °C. Under similar conditions, ion 2Ho™

(5) Amat, A. M.; Asensio, G.; Castello, M. J.; Miranda, M. A.; Simon-
Fuentes, A. Tetrahedron 1987, 43, 905.
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was converted into O-protonated 3-methyl-2(5H)-fura-
none (1Ho") by isomerization of the exocyclic double bond
through the intermediate 1(2)Hcy*t ion (see Scheme 2).
The heating of 3Ho™ at 80 °C gave rise to its slow
conversion into the diprotonated ketoacid 8H,0"2. This
is easily understood by 1,2-hydrogen shift from the
C-protonated species 3Hc.* to the more stable oxonium
ion 4Hc4™, which undergoes water-promoted ring open-
ing. At 160 °C, the protonated ketoacid 8H,0™ was
converted into the protonated cyclic ketoenol 11Ho*. The
enolization of 10a* to 10b™ will proceed most probably
via protonation of the carbonyl oxygen followed by
deprotonation of the methyl group (see Scheme 2).
Protonated carboxylic acids undergo the loss of water at
this temperature to give the corresponding acylium ion.®
For this reason, the route proposed in Scheme 2 is the
most likely to explain the observed acylation of the enolic
terminal carbon. The structure of ions 8H,0™ and 11Ho™
was ascertained upon protonation of the parent ketoacid
and diketone, respectively, under similar conditions.

The methyl substitution at the o-carbon does not
enable the isomerization of ion 1(2)Hc," to the corre-
sponding oxonium ion 1(2)Hc4", and for this reason
compounds 1 and 2 do not undergo the acid-promoted
thermal ring opening reaction found in y-lactones 4 and
5. Unsubstituted 2(5H)-furanone (12) was stable under
our standard conditions and gave polymeric materials by
heating at 160 °C for a long period of time. This behavior
is consistent with the transformations described above
due to the lack of y-methyl substitution in the five-
membered ring of 12.

o-Lactone 6 was stable in 96% sulfuric acid at 60 °C,
but gave 11Ho" at 160 °C, probably through a bicyclic
oxonium intermediate 13Hc™ formed by trapping of the
secondary cation resulting from a 1,2-hydrogen shift after
C-protonation of 6 at the a-carbon, by the lactone oxygen
lone pair, as depicted in Scheme 3.

Transformations of the lons 1Ho"-7Ho" in the
Gas Phase versus Thermally Induced Transforma-
tions in Acid Solution. The neutral species 1—7 were
subjected to comparative experiments with chemical
ionization mass spectrometry (CIMS)” using methane,
ammonia, or moist air (containing 6.7 g/m?® water) as the
reagent gas. According to proton affinity—activation
energy correlations, the carbonyl oxygen is the thermo-
dynamically favored protonation site.®

(6) Amat, A. M.; Asensio, G.; Miranda, M. A.; Sabater, M. J.; Simon-
Fuentes, A. J. Org. Chem. 1988, 53, 5480—5484.
(7) Benoit, F. M.; Harrison, A. G. 3. Am. Chem. Soc. 1977, 99, 3980.
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Chemical lonization with Methane. All of the
compounds with the exception of 7 gave [MH*] as base
peak. Since this ion was very stable in all cases, weak
fragmentation was observed. The main fragmentation
pathway for [MH™*] was the loss of water to give the ion
[MH* — H,0] (m/z = 81). Different dehydration patterns
can be envisaged depending on the conjugated or uncon-
jugated nature of the double bond relative to the carbonyl
group. In the case of conjugated lactones 1, 2, 3, and 6,
dehydration would be preceded by ring opening and
would eventually lead to the formation of an acylium ion
16". As an example, the reaction sequence for compound
3 is shown in Scheme 4.

Accordingly, the loss of water requires proton abstrac-
tion from a primary carbon or a secondary carbon atom
for compounds 1 and 3 or 2 and 6, respectively. Com-
parison of the relative intensities of the peaks corre-
sponding to the [MH" — H,O] ions (see Table 2) shows
the greater tendency for the abstraction of the proton
from the more substituted carbon. The unconjugated
lactones 4 and 5 do not show an apparently feasible
pathway for dehydration to give an acylium ion, since a
vinylic carbenium ion should be involved. However, in
this case, a cyclic oxonium ion 17t [MH* — H,QO] can be
generated via an energetically less-favorable pathway
(see Scheme 5). Saturated lactones! also show the dehy-
dration pattern described above for their unsaturated
counterparts, most probably yielding the corresponding
acylium ion, as in the case of conjugated lactones 1, 2, 3,
and 6. Note that carboxylic acid esters, the open-chain
analogues of the lactone functionality, do not show a loss
of water in the CIMS spectrum.®

Another important fragmentation gives rise to the
ion set 19" (m/z = 71). This fragmentation is most
important for compounds 4 and 5, which bear the lac-
tone ring oxygen bonded to a vinylic carbon, and corre-
sponds to the loss of CO (as determined by HRMS) from
18Hc™ through the formation of the intermediate ion
4(5)Hcq*. This ion was an intermediate in the ring
opening of the parent lactones in solution, but under-
goes decarbonylation in the gas phase in the absence of
water. The suggested fragmentation pattern is shown in
Scheme 6.

In the case of lactones 1, 2, 3, and 6, there is no trivial
pathway for the decarbonylation process, but the loss of

+

(8) Harrison, A. G. In Chemical lonization Mass Spectrometry, 2nd
ed.; CRC Press: Boca Raton, 1992.
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ethylene, ascertained by HRMS, is readily explained
through the formation of the corresponding protonated
dienoic carboxylic acids 15Ho" and 20Ho™ ions, as shown
in Scheme 7. lon 15Ho0™ is a common precursor that was
previously postulated in the formation of [MH* — H,0]
ions 16" (see Scheme 4).

The last significant fragmentation occurs with the loss
of CH,0 to give the [MH" — CH,0] (21H") m/z = 69 and
[M* — CH,0] (22" ) m/z = 68 ions. The former ion comes
from the corresponding protonated species and the latter
comes from a [M*] ion resulting from a charge-transfer
process. The [MH* — CH,0] ion is very intense for
compound 1. Since the substitution patterns of com-
pounds 1 and 2 are the same, it is noteworthy that
lactone 2 does not show this type of fragmentation.
However, if we assume that the CH,O fragment is lost
by a O-protonated precursor, the different behavior of
these two lactones can be easily understood in terms of
the fragmentation pattern shown for 1Ho" in Scheme 8.
Obviously, ion 2Ho* cannot follow a similar path.

The ion set 22" and 23" [M* — CH,0] is observed in
the case of lactones 2 and 6. In both cases, the allylic
nature of the radical involved will favor the proposed
fragmentation. On the other hand, a similar rearrange-
ment for 10" or 30" should produce vinyl radicals and
is therefore energetically less favorable. In contrast,
compounds 4 and 5, due to the position of the C=C double
bond will give rise to stable [M*] ions, and this fragmen-
tation is not observed. In fact, radical ions 4™ and 5%
m/z = 98 are important peaks in the CIMS spectra of
these unconjugated lactones.

With methane as a reagent gas, protonated carboxylic
acid 7 gives rise to several fragments of noticeable
intensity. A suitable fragmentation pattern is depicted
in Scheme 9. The base peak [MH* — C,H,4] (26Ho*) m/z
= 71 is formed directly from the [MH™* ] ion by loss of
ethylene via an intramolecular cycloaddition/cyclorever-
sion reaction as ascertained by B%E linked scans (see
Experimental Section). The fate of 7Ho™ in solution and
in the gas-phase cannot be compared, since water is not
excluded in the acid solution, and this results in hydra-
tion of the triple bond, a process which does not have a
parallel in the gas phase (Scheme 9).

Chemical lonization with Ammonia and Moist
Air. These reagent gases were used to achieve mass
spectrometer conditions resembling those of thermo-
chemistry in acid solution. In all cases, the CI spectra
with ammonia showed the [MNH,*] ion m/z = 116 as the
base peak and only selective fragmentation. The losses
of water, carbon monoxide, and ethylene are practically
suppressed under these less energetic conditions. Proto-
nated ammonia efficiently transfers the proton to unsat-
urated lactones and, consequently, gives a significant
[MH*] (m/z = 99) ion in all cases (see Table 2), which
shows the high proton affinity of these compounds.® It is
noteworthy that the molecular ion [M*] m/z = 98 shows
greater intensity than the protonated molecule [MH™] for
compounds 4 and 5. This indicates that the charge
exchange reaction with ammonia has lower exothermicity
than that with methane, which gives a molecular ion that
is less prone to undergo fragmentation. Interestingly, the
most significant fragmentation in the spectra with am-
monia is the loss of CH,O. In the case of compound 1,
this gives rise to the fragment ion [MH* — CH,0] (21H")

(9) Wiberg, K. B.; Waldron, R. F. J. Am. Chem. Soc. 1991, 113, 7705.
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Table 2. Relative Intensities (%) of the Most Significant Peaks in the Cl Mass Spectra of Compounds CsHgO2 (1—7) with
Methane and Ammonia as Reagent Gas

peak intensity (%)2 and [M™]/[MH™] ratio®

for compound

m/z ion 1 2 3 4 5 6 7
116 [MNH4*] [100] [100] [100] [100] [100] [100] [100]
99 [MH™] 100 100 100 100 100 100 39
[51] [24] [16] [7] [60] [86] [17]
98 [M*] 5 4 4 29 21 3 [56]
[5] [2] [17] [62] [1]
(0.5) (0.4) (0.8) (2.6) (2.5) (0.3)
97 [MH* — HJ] 1 32
81 [MH* — H,0] 2 12 4 4 3 6 60
71 [MH* — CO] or 3 2 6 15 13 7 100
[MH* — C2H4]
69 [MH* — CH,0] 8 1 1 1 12
[43] [1] [1] [1] [3] [18]
68 [M* — CH20] 9 14
[13] [48] [3]
55 [MH* — CO3] 1 1 4 8 2 1 42
[10] [36] [] [35]

a Regular values are measured by using methane as reagent gas; values in brackets denote ammonia as reagent gas. "Values in
parentheses obtained by using moist air (33% relative humidity at 25 °C) as reagent gas.
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m/z = 69 with strong intensity (see Table 2). This agrees
well with the fact that two quite stable species are formed
in this fragmentation, i.e., formaldehyde and the aro-
matic ion 21H" (see Scheme 8), and is related to the low
internal energy of ions formed with ammonia as a
reagent gas. This low energy does not allow fragmenta-
tions involving high critical energies.'® The intensities

(10) See ref 8, pp 79—80.
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of the ions [M* — CH,0] 22" and 23" m/z = 68 in
compounds 2 and 6 are greatly enhanced in the CIMS
spectrum with ammonia. Reasons similar to those in the
case of compound 1 can be used to explain this observa-
tion (see Scheme 8).

The last important fragmentation observed with this
reagent gas is the loss of acetaldehyde by y-substituted
lactones 3—5 to give the vinylcarbonyl cation [MH" —
CH3CHO] (9Ho™) m/z = 55 (see Experimental Section).
This ion can be readily explained by C-protonation in the
gas phase to give 4(5)Hcq™ from which acetaldehyde is
lost as ascertained by HRMS (see Scheme 10). This be-
havior in the gas-phase correlates well with the observed
polymerization in solution as reported in Scheme 1.
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Scheme 10
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A comparison of the course of the protonation in
solution and the mass spectra shows that compounds 1,
2, 3, and 6, which give rise in solution to stable O-
protonated species, give intense [MH*] ions in the CIMS
spectrum. Conversely, compounds 4 and 5, which in
solution give the ketoacid 8H,0"2 by ring opening through
a C-protonated intermediate, in the gas phase give rise
to [MH™] ions as well as [M*] ions generated by charge
exchange, which reflects the enhanced stability of the
corresponding allylic radical-cations (see Table 2, values
in parentheses).

Conclusions

The protonation of o,5-unsaturated lactones takes
place on the carbonyl oxygen atom to give rise to the
corresponding stable O-protonated species. Conversely,
under strong acid conditions, unconjugated lactones yield
through the less stable C-protonated species either ring
opening by reacting with water present in the reaction
medium or decarbonylation in anhydrous conditions. This
behavior is consistent with that observed in the gas phase
under CIMS conditions. In this case, the different proton
affinity of these isomeric lactones results in the formation
of different types of ions by mass spectrometry. The very
energetic ionization with methane does not allow a
precise differentiation between these lactones. A char-
acteristic is the more extensive fragmentation of uncon-
jugated members. However, the ionization with ammonia
and moist air reflects the different proton affinities of
these compounds. Then, conjugated lactones give O-
protonated molecules with noticeable intensity, while
charge transfer is the most important process with
unconjugated lactones, and the intensity of the molecular
ion is greatly enhanced at the expense of the protonated
molecules.

Experimental Section

IH NMR and 3C NMR spectra were recorded using dioxane
as an external standard (capillary tube). Chemical shifts are
reported in ppm relative to TMS. Low- and high-resolution
CIMS spectra and linked scanning experiments were recorded
with a VG Autospec spectrometer with a high-pressure CI
source at 150 °C and 70 eV of ionizing electron energy with
the repeller at cage potential and a gas cell for metastable
studies. The liquid samples were introduced into the mass
spectrometer by GC (helium as a carrier gas) using a BPX5
capillary column (25 m, 0.25 my, 0.22 mm i.d.). Reagent gas
(methane, ammonia, or moist air containing 6.7 g/m? water)
pressure was estimated to be 0.2 to 0.3 Torr. The ion ac-
celerating potential was 8 kV. Chemical ionizing gases were
of the highest purity available. For linked scanning experi-
ments helium was used as collision gas in the first field free
region gas cell; the helium was admitted to the collision cell

Asensio et al.

to reduce the main beam intensity to ca. 40%. B?E linked
scans were used to observe the precursor ions leading to ion
m/z = 71, when 7 is protonated into the ion source by CHs"
by scanning simultaneously the magnet and the electric fields
such that B%E is maintained constant throughout.

Lactones!! 1,12 2, 4, 5, and 6 and acid 7 were obtained
commercially. lons were prepared by slowly adding the cooled
acid or lactone to a quantity of concentrated sulfuric acid or
neat trifluoromethanesulfonic acid sufficient to give aca. 1 M
solution with efficient stirring.

The cationic solutions were heated in tightly closed NMR
tubes in a thermostated bath at the temperature indicated in
the text.

3-Methyl-2(5H)-furanone (1): *H NMR (CDCI; 80 MHz):
6 1.9 (m, 3H), 4.8 (m, 2H), 7.2 (m, 1H); 3C NMR (neat, 20
MHz): 6 10.7 (q), 70.0 (t), 129.9 (s), 144.9 (d), 174.8 (s).

3-Methylen-2(4,5H)-furanone (2): *H NMR (CDCl; 80
MHz): 6 3.0 (m, 2H), 4.4 (t, 2H), 5.7 (d, 1H), 6.2 (d, 1H); **C
NMR (neat, 20 MHz): § 27.8 (t), 65.8 (t), 122.8 (t), 135.2 (s),
171.4 (s).

5-Methyl-2(5H)-furanone (3). This compound was pre-
pared by extending a method described in the literature,® by
mixing a-bromo-y-valerolactone with DBU at room tempera-
ture in CH,CI, solution. *H NMR (CDCls, 250 MHz): 6 1.4 (d,
3H), 5.1 (m, 1H), 6.0 (d, 1H), 7.5 (d, 1H); ¥*C NMR (CDCls,
62.5 MHz): ¢ 18.3 (), 79.4 (d), 120.5 (d), 157.7 (d), 172.9 (s).

2-(5,6H)-Pyranone (6): '*H NMR (CDCl; 80 MHz): § 2.4
(m, 2H), 3.1 (m, 2H), 3.7 (m, 1H), 4.1 (d, 1H); **C NMR (neat,
20 MHz): ¢ 24.3 (t), 67.0 (t), 121.1 (d), 147.7 (d), 164.0 (s).

Additional 'H and *C NMR Data (¢ values) for the
Described lons. 1Ho™ *H NMR 2.3 (s, 3H), 5.8 (s, 2H), 8.2
(s, 1H); 2Ho™: *H NMR 3.2 (t, 2H), 5.1 (t, 2H), 6.5 (s, 1H), 6.9
(s, 1H); 3Ho™: 'H NMR 1.6 (d, 3H), 6.0 (m, 1H), 6.6 (d, 1H),
8.3 (d, 1H); 4(5)Hcgt: *H NMR 2.6 (s, 3H), 3.1 (t, 2H), 3.3 (t,
2H); 3C NMR 27.8 (t), 28.9 (q), 37.5 (t), 189.6 (s), 234.3 (s);
6Ho™: H NMR 2.9 (dt, 2H), 4.9 (t,2H), 6.4 (d, 1H), 7.8 (dt,
1H); 8H,0™: 'H NMR 2.9 (s, 4H), 5.8 (s, 1H); **C NMR 24.1
(t), 116.3 (d), 196.0 (q), 242.3 (9); 11Ho*: *H NMR 3.1(s, 4H),
6.1 (s, 1H); 3C NMR 24.2 (t), 67.3 (t), 242.4 (s); 12Ho™: 'H
NMR 5.5 (s, 2H), 6.6 (d, 1H), 8.3 (d, 1H); *C NMR 84.9 (t),
118.9 (d), 170.7 (d), 189.4 (s).

High-Resolution GC—CI Mass Spectrometry Measure-
ments. lon set m/z = 71: 4H* Calcd mass for ion [C,H;O]*"
[MH* — CO] 71.0497. Experimental: 71.0500. 5H* Experi-
mental: 71.0501. 1H* Calcd mass for ion [C3H30,]" [MHT —
C,H4] 71.0133. Experimental: 71.0130. 2H" Experimental:
71.0130. 6H* Experimental: 71.0131. lon set m/z = 55: 4H*
Calcd mass for ion [C3H3O]" [MH" — CH3CHO] 55.0184.
Experimental: 55.0184. 5H* Experimental: 55.0182.
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