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CI, CID, labelling experiments and DFT calculations are
used for the elucidation of the mechanism for the decom-
position of cyclohexyl benzoates, which proceeds through
1,3-H shift and two equilibrating ion-neutral complexes.

Benzoic acid derivatives have been studied extensively in
solution. These studies form some of the fundamentals of
physical organic chemistry.1 Reactive intermediates (e.g.
cations) in solution chemistry are stabilized by the solvent. The
analogous ‘self stabilization’ of isolated fragmenting ions, in
the gas phase, is achieved by the formation of ion-neutral
complexes.

We studied the decomposition of protonated alkyl benzoates
under chemical ionization conditions. Protonated alkyl benzo-
ates dissociate to afford protonated benzoic acid and the
respective cyclohexyl (or its isomeric) product ions (Scheme 1).
The formation of an alkyl cation from protonated alkyl benzoate
may occur through a simple bond cleavage. However, the
formation of protonated benzoic acid must involve hydrogen
migration from the alkyl moiety that is likely to occur via a
stepwise mechanism. Audier and coworkers studied the frag-
mentation pathways of various alkyl benzoates,2 and proposed
the formation of an ion-neutral complex (INC) during the
fragmentation process. We present here a detailed mechanistic
study of the fragmentation of protonated alkyl benzoates using
chemical ionization (CI),3 collision induced dissociation (CID),
deuterium labeling and theoretical calculations.4

A few possible decomposition pathways of 5 (which serves
as a model for the experimentally studied compounds)5 were
theoretically investigated (Scheme 2). No transition state was
found on the potential energy surface that leads to direct
dissociation of 5 to 2-propyl cation and propenoic acid (DE =

43.3 kcal mol21).6 Two 1,3-H shifts have also been considered.
One is a shift of a terminal hydrogen atom of the i-Pr group to
the alkoxylic oxygen, in tandem with breaking the O–C bond.
This leads to the formation of an ion-neutral complex between
propene and protonated propenoic acid (6), which is 22.5 kcal
mol21 less stable than 5. The barrier for this process (TS1) is
28.6 kcal mol21. Alternatively, a 1,3-proton shift from the
carbonyl oxygen to the alkoxy oxygen was considered.
Surprisingly, the activation energy for this process (TS2) is only
22.5 kcal mol21, and 5A is less stable than 5 by 19.2 kcal mol21

(Scheme 2). It is known that the barrier for 1,3-hydrogen shifts
in molecular radical cations is relatively high, and the process is
not likely to occur.7 This argument has been used in order to
explain the fragmentation behavior of protonated diesters.8
However, it has also been shown that the barrier for 1,3-hydro-
gen transfer can be lower in the case of closed shell MH+ ions.9
The alkoxy-protonated ester 5A can then rearrange to the INC 6
through a transition state (TS3) that is 13.3 kcal mol21 above
5A.

The calculations above (Scheme 2) show that protonated
propenoic acid and propene are more stable than propenoic acid
and isopropyl cation by 8.7 kcal mol21. However, the i-Bu-CI
mass spectra of cis and trans 1 (not shown) indicate a C10H19

+/
C7H7O2

+ ion ratio of roughly 1.10 The proton affinity of 4-t-Bu-
cyclohexene is significantly higher than that of propene11,12 and
we therefore replaced the i-Pr moiety by a cyclohexyl group, as
a better model for the experimental system.12 Scheme 3
illustrates the possible reaction pathways of the INC 7. It may
either dissociate to cyclohexene and protonated propenoic acid
(DE = 17.7 kcal mol21), or rearrange, via a 7.0 kcal mol21

transition state (TS4), to the 5.9 kcal mol21 less stable INC 7A,
that can further decompose to the cyclohexyl cation and
propenoic acid (DE = 19.3 kcal mol21).

Equilibrium between 7 and 7A may occur if the time scale of
the experimental conditions allow it. Thus, exchange between
the external proton and the cyclohexyl hydrogen atoms can take
place. Furthermore, those rearrangements could result in the
formation of a more stable cyclohexyl cation in substituted
cyclohexyl residues (e.g. 1–4).

The CD3CN-CI spectrum of 1 (not shown) reveals the
formation of an ion at m/z 139 (relative abundance 14.0),

Scheme 1 Principle products of protonated cyclohexyl benzoates under CI
conditions. 1; R-4-t-Bu. 2: R = 2-Me. 3: R = 3-Me. 4: R = 4-Me.

Scheme 2 Schematic representation of the theoretically calculated decom-
position pathway of 5. Numbers are energies (kcal mol21) relative to 5.

Scheme 3 Schematic representation of the theoretically calculated decom-
position pathway of 7. Numbers are energies (kcal mol21) relative to 7.
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corresponding to 4-t-Bu-cyclohexyl cation, followed by an ion
at m/z 140 (relative abundance 9.5). This points to the insertion
of an external deuteron into the cyclohexyl moiety during the
formation of this product ion. Evidently, the formation of a
cyclohexyl cation from protonated 1 involves H/D exchange.
This is in accordance with the proposed mechanism (Scheme 3)
that involves the interconversion between two INC inter-
mediates with the involvement of the hydrogen atoms at the
cyclohexyl ring.

CID spectra of CD3CN-CI produced MD+ ions of 1 were
recorded at different collision energies. The results (Table 1)
show that the extent of H/D exchange depends on the energetic
conditions, suggesting that as the lifetimes of the INCs become
shorter the less deuterium incorporation is found.

CID spectra were also recorded for CH3CN-CI produced
MH+ ions of the deuterium labeled 2,2,6,6-d4-4-t-Bu-cyclo-
hexyl benzoate at different energies. These spectra also show
the dependence of the H/D exchange on the collision energy.
The extent of hydrogen incorporation, however, is low,
probably due to a kinetic isotope effect. The CID spectrum of
CD3CN-CI produced MD+ ions of 2,2,6,6-d4-4-t-Bu-cyclo-
hexyl benzoate exhibits the formation of an ion at m/z 144,
corresponding to C10H14D5

+ t-Bu-cyclohexyl cation ([m/z
143]/[m/z 144] ion ratio = 2.9). This shows the involvement of
other hydrogen atoms other than those at positions 2 and 6 of the
cyclohexyl ring in the H/D exchange process.

In substituted cyclohexyl benzoates, an equilibrium analo-
gous to 7 Ù 7Amay enable the formation of a more stable cation,
and the closer the substituent is to the cyclohexyl–O bond, the
faster a tertiary cation is obtained. A support for the existance of
this process is obtained from the comparison between the
product ions of 2-, 3- and 4-methylcyclohexyl benzoates.
Hence, the ratio between C7H13

+ and protonated benzoic acid is
0.61, 0.055 and 0.018 for 2, 3 and 4, respectively, under the
same conditions. Deuterium incorporation into the cyclohexyl
moiety is also dependent on the substituent position. Thus, the
C7H12D+/C7H13

+ ion ratios in the CID spectra of MD+ ions of 2,
3 and 4 are 0.84, 0.56 and 0.35 respectively.

In conclusion, it is suggested the gas phase decomposition of
protonated cyclohexyl benzoates proceeds via 1,3-shifts of
hydrogen or proton to yield an INC, which is in equilibrium
with an isomeric INC. Each of these complexes decomposes to
different product ions. The experimental results are in agree-
ment with the theoretically derived suggested mechanism.
Finally, we also found that protonated para-substituted 4-t-
butyl-cyclohexyl benzoates give rise to both [MH-CnH2n21]+

and [MH-ArCO2H]+ product ions and that the ion ratio depends
on the substituent. The effect of electron withdrawing and
donating substituent on this process is presently under in-
vestigation.
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20 0.20
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a Ar was used as collision gas. b Without collision gas.
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