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Abstract

Fragmentation mechanism of metastable ions generated from methyl trifluoroacetate, CF3COOCH3 (1), and ethyl
trifluoroacetate, CF3COOCH2CH3 (2), upon electron impact was investigated by means of mass analyzed ion kinetic energy
(MIKE) spectra and ab initio molecular orbital (MO) calculations. The metastable [1–H]1 ion decomposes to them/z99 ion
by losing CO. This fragmentation proceeds with CF3 migration via an ion-neutral complex. The metastable [1–F]1 ion
decomposes tom/z81 ion by losing CO, too. In this case, however, the fragmentation proceeds with CH3O migration to CF2
group via a conventional three-membered ring transition state. The kinetic energy release (KER) values for these CO loss
reactions are very different from each other, and are rationalized based on the different fragmentation mechanisms. The
fragmentation pathways of 21z are similar to those of 11z. However, the loss of F2CO from [2–H]1 accompanies a very large
KER value compared with that from [1–H]1. (Int J Mass Spectrom 177 (1998) 23–30) © 1998 Elsevier Science B.V.
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1. Introduction

Fluorine-containing organic compounds are impor-
tant raw materials for industrial products, because of
their characteristic properties. Recently, the physio-
logical activity of some organofluorine compounds
has received considerable attention [1]. Mass spectro-
metric investigations have been performed on the
wide range of organofluorine compounds by many
groups [2–11]. These compounds show fragmentation
pathways distinct from those in fluorine-free analogs.
The migration of a fluorine atom or a fluorine-
containing group, such as a trifluoromethyl group,
CF3, is sometimes observed [2–7,9–11].

Trifluoroacetic acid is one of the most familiar
organofluorine compounds. Mass spectra of aryl es-
ters of trifluoroacetic acid were reported nearly three
decades ago [2]. Hsu et al. [4,5] have reported
fragmentation processes of some alkyl esters of tri-
fluoroacetic acid studied by the collision-induced
dissociation (CID) mass spectra with a particular
regard to the distribution of labeled isotopes. How-
ever, the detailed mechanism of the metastable frag-
mentation was not mentioned in these reports. More-
over, to the authors’ knowledge, fragmentation
processes of more simple esters of trifluoroacetic acid,
e.g., methyl or ethyl ester, have not been studied in
detail. In this report, metastable fragmentation mech-
anism of methyl trifluoroacetate, CF3COOCH3 (1),
and ethyl trifluoroacetate, CF3COOCH2CH3 (2), upon* Corresponding author.
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electron impact was investigated on the basis of mass
analyzed ion kinetic energy (MIKE) spectra and
molecular orbital (MO) calculations.

2. Experimental

The electron impact (EI) mass and the CID spectra
were recorded on a Jeol JMS HX-100 tandem mass
spectrometer and a Hitachi M80-B double focusing
mass spectrometer, respectively. The conditions of the
measurement of CID spectra were as follows: ion
accelerating voltage, 3200 V; the main beam intensity
was reduced to ca. 30% with He collision gas. The
MIKE spectra were obtained with a modified HITA-
CHI RMU-7M double focusing mass spectrometer of
reversed geometry.

The kinetic energy release (KER) value is esti-
mated from the width at half-height of the metastable
peak.

Methyl trifluoroacetate, CF3COOCH3 (M 128, 1)
and ethyl trifluoroacetate, CF3COOC2H5 (M 142, 2)
were obtained from Tokyo Kasei Kogyo Co., Ltd.,
and were used without further purification. Ethyl-d5

trifluoroacetate (M 147, 2-d5) was synthesized by the
esterification of CF3COOH with C2D5OD.

3. Theoretical method

Ab initio MO calculations were performed with the
Gaussian 94 suite of programs [12]. The results
shown in Figs. 3 and 4 are those obtained at MP2/6-
31G(d)//MP2/6-31G(d) level of calculations, while
those in Figs. 5 and 7 are at HF/6-31G(d)//HF/6-
31G(d) level of calculations. Vibrational analysis for
the transition states concerned showed that there is only
one vibration with an imaginary frequency. The energies
mentioned are those without zero point correction.

4. Results and discussion

4.1. Methyl trifluoroacetate (1)

The mass spectra of 1 and 2 are listed in Table 1.
These spectra are not so different from the NIST data

(http://webbook.nist.gov/), except for the peak atm/z
15 in the spectrum of 1. The abundance of the
molecular ion 11z in the ion source is rather low, but
the MIKE spectrum of the molecular ion can be
measured with sufficient intensity.

Figure 1 shows the MIKE spectra of the molecular
ion and some fragment ions of 1. The molecular ion of
1 (m/z128) decomposes intom/z127 andm/z59 by
losing Hz and ĊF3, respectively [Fig. 1(a)]. It is seen
from Fig. 1(b) that them/z127 ion ([CF3COOCH2]

1)
decomposes tom/z 99 by losing a neutral with 28
atomic mass unit (u). The only possible neutral with
28 u lost from [CF3COOCH2]

1 (m/z127) is CO. The
loss of CO is a very familiar reaction in the organic
mass spectrometry [3,9,10,13–16]. However, this re-
action is not observed in the fragmentation of the
fluorine-free analog of 1, i.e., methyl acetate [17–19].
Stach et al. also reported that the molecular ion of
phenyl trifluoroacetate metastably loses CO to pro-
duce the molecular ion ofa,a,a-trifluoroanisole [10].
However, they did not discuss the detailed mechanism
of this reaction.

For the loss of CO from [CF3COOCH2]
1 (m/z

Table 1
Mass spectra of CF3COOCH3 and CF3COOC2H5

m/z

Relative intensity

CF3COOCH3 CF3COOC2H5

1 2

15 46.7 2.6
27 25.3
28 13.4
29 10.2 100.0
50 10.7 3.2
51 3.2
59 100.0
69 66.5 48.9
73 3.7
78 2.9
97 3.6 2.9
99 8.5 16.1
109 4.1
113 1.4
127 1.0 6.5
141 1.6
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127), two plausible mechanisms, as shown in Scheme
I, can be considered. In mechanism (1), the loss of CO
occurs with the migration of CF3 from the carbonyl
carbon to the ether oxygen, and the structure of the
resultingm/z 99 ion is [CF3OCH2]

1. In mechanism

(2), the reaction follows double hydrogen transfer
from the methylene group to the carbonyl group, and
the structure of them/z 99 ion in this case is
[CF3CHOH]1. The m/z 99 ion with a structure of
[CF3CHOH]1 is produced from 1,1,1,3,3,3-
hexafluoro-2-propanol, (CF3)2CHOH, upon electron
impact by losingĊF3 [6]. The MIKE spectrum of
[CF3CHOH]1 shows only a composite peak atm/z79
due to the loss of HF [6–8]. Fig. 1(d) shows the
MIKE spectrum of them/z99 ion from 1. A promi-
nent peak appears atm/z33, and a weak peak atm/z
69 is observed, but there is no peak atm/z 79. The
MIKE spectrum of them/z 99 ion from 1 is com-
pletely different from that of them/z 99 ion from
(CF3)2CHOH. Hence, the structure of them/z99 ion
from 1 is not [CF3CHOH]1, and we consider that to
be [CF3OCH2]

1, which is produced through the loss
of CO from [CF3COOCH2]

1 with a CF3 migration
[mechanism (1) in Scheme 1]. A more detailed
mechanism of this reaction will be discussed later.

In the mass spectrum of 1, a peak atm/z109 due to
the loss of Fz from 11z is observed. The MIKE
spectrum of the ion atm/z109 is shown in Fig. 1(c).
A broad peak atm/z81 is observed, which is owing to
the loss of a neutral with 28 u. The only possible
neutral fragment with 28 u in this case is again CO.
The loss of CO from [CF2COOCH3]

1 (m/z 109)
would proceed with the migration of the CH3O group
from the carbonyl carbon to the positively charged
carbon atom of the CF2 group. It is obvious from Figs.
1(b) and 1(c) that the KER accompanying the loss of
CO from [CF2COOCH3]

1 (900 meV) is much larger
than that from [CF3COOCH2]

1 (74 meV). Very
recently, Kralj et al. reported the loss of CO from
[CF2COOCH3]

1 produced under chemical ionization
of CF3COOH with CH3OH [11].

Figure 2 shows the CID spectra of
[CF3COOCH2]

1 (m/z127) and [CF2COOCH3]
1 (m/z

109). The most prominent peak in the former spec-
trum is that due to the loss of CO. In the latter
spectrum, the peak due to CF2 loss (m/z59) is most
prominent, and that due to CO loss atm/z81 is weak.
These results indicate that a considerable amount of
them/z127 ions would not have retained the original
structure of [CF3COOCH2]

1, while them/z109 ions

Fig. 1. MIKE spectra of (a) the molecular ion, (b) [M–H]1, (c)
[M–F]1, and (d) [M–H–CO]1 from methyl trifluoroacetate.

Scheme 1.
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would have retained the original structure
([CF2COOCH3]

1) [20].
The mechanism of the CO loss from

[CF2COOCH3]
1 (m/z 109) ion was investigated on

the basis of ab initio molecular orbital calculations of
MP2/6-31G(d)//MP2/6-31G(d) level, and the result is
summarized in an energy diagram shown in Fig. 3.
First, the CH3O group approaches the positively
charged carbon atom of CF2 to form a three-mem-
bered ring transition state TS1, which gives rise to an
intermediate IM1. Optimized structures of TS1 and
IM1 are shown in Scheme 2. The intermediate IM1
expels CO without discernible energy barrier. The
reverse activation energy for this reaction is 149.5
kJ/mol. As mentioned above, the KER value of this

reaction is ca. 900 meV, i.e. about 60% of the reverse
activation energy is released as kinetic energy [21].
The mechanism of CO loss proposed is akin to those
in some carboxylic acid derivatives proposed by
Grützmacher et al. [14–16].

In the case of the loss of CO from [CF3COOCH2]
1

(m/z127), on putting the CF3 group close to the ether
oxygen, the energy of the system becomes very high,
and the attempt to locate a transition state similar to
TS1 proved abortive. We consider the mechanism of
this reaction to be one in which ion-neutral complexes
[22–24] play an important role. An energy diagram
for the proposed mechanism obtained with MP2/6-
31G(d)//MP2/6-31G(d) level of calculations is shown
in Fig. 4.

The MO calculation shows that, in
[CF3COOCH2]

1 (m/z 127), the C–O bond linking
CF3CO moiety and OCH2 moiety is rather weak, and
is easily elongated. Indeed, the optimized structure of
[CF3COOCH2]

1 has a C–O bond length of 1.72 Å,
which is distinctly longer than the ordinary value.
(The C–O bond length in CF3COOCH3, estimated
computationally of the same level of theory, is 1.34
Å.) Hence, an ion-neutral complex composed of
[CF3CO]1 and OCH2 would be formed easily. The
moieties composing the ion-neutral complex can ro-
tate with respect to each other before fragmentation
[22–24]. Thus, it would be possible that the CF3CO
moiety rotates and the CF3 group faces the oxygen
atom in the OCH2 moiety. For such an orientation of

Fig. 2. CID spectra of (a) [M–H]1 and (b) [M–F]1 from methyl
trifluoroacetate.

Fig. 3. Calculated [MP2/6-31G(d)] energy diagram for the loss of
CO from [CF2COOCH3]

1.
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[OCCF3]
1 and OCH2, an ion-neutral complex (INC1)

as shown in Scheme II locates a minimum on the MP2
potential energy surface. In INC1, C(2)–C(3) distance
is 1.67 Å, whereas C(3)–O(4) distance is 2.74 Å

(Scheme 2). This complex is expressed as [H2CO/
CF3CO]1. By making the C(3)–O(4) distance shorter,
the system reaches a transition state TS2, that com-
bines INC1 and INC2 (Scheme 2). In INC2, C(2)–

Scheme 2.

Fig. 4. Calculated [MP2/6-31G(d)] energy diagram for the loss of CO from [CF3COOCH2]
1.
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C(3) distance is 3.22 Å, whereas C(3)–O(4) distance
is 1.56 Å, and this complex is expressed as
[H2COCF3/CO]1. The energy needed to expel CO
from INC2 is quite small (21.2 kJ/mol). The reverse
activation energy of this reaction is 77.8 kJ/mol, and
the KER value is 74 meV (vide ante), which is about
10% of the reverse activation energy. This fairly small
KER value is in agreement with the proposed mech-
anism of CO loss in which ion-neutral complexes play
an important role [22].

As mentioned above, them/z 99 ion from 1,
[CF3OCH2]

1, decomposes metastably tom/z69 (30 u
loss) andm/z33 (66 u loss) ions, with the latter being
far more probable than the former. Them/z69 ion is
[CF3]

1, and is produced through H2CO loss by the
simple bond cleavage. On the other hand, them/z33
ion is [CH2F]1, and is produced through F2CO loss
with the migration of an F atom from the trifluorom-
ethyl group to the methylene group. Fig. 5 shows a
calculated (HF/6-31G(d)//HF/6-31G(d)) energy dia-
gram for the decomposition of [CF3OCH2]

1 (m/z99).
When the bond linking the CF3 group and the OCH2
moiety is elongated, the energy increases monoto-
nously until a complete cleavage of the bond is
achieved, i.e., the formation of [CF3]

1 and H2CO. In
the case of the formation of [CH2F]1 (m/z 33), a
four-membered ring transition state (TS3) for the
migration of an F atom is formed, then the F2CO is
expelled via an intermediate IM2 (Scheme II). The
threshold energy to form [CF3]

1 and H2CO is 218.3
kJ/mol, whereas that to form [CH2F]1 and F2CO is
167.5 kJ/mol. The formation of the [CH2F]1 (m/z33)

and F2CO is energetically much more favorable, and
hence the peak atm/z33 is much more intense than
that atm/z69, as shown in Fig. 1(d).

The m/z 81 ([CH3OCF2]
1) ion produced through

the loss of CO from [CF2COOCH3]
1 (m/z 109)

decomposes metastably tom/z 80 and m/z 79 by
losing H and H2, respectively. In this case, the loss of
F2CO or H2CO was not observed.

Scheme 3 summarizes the metastable decomposi-
tion pathways of [CF3COOCH3]

1 concerned here. In
this scheme, solid arrows represent the decomposition
pathways observed in the MIKE spectra, whereas
dashed arrows represent those not observed in the
MIKE spectra, but which are observed in the normal
mass spectrum.

4.2. Ethyl trifluoroacetate (2)

The MIKE spectrum of 2 is listed in Table 1. The
abundance of the molecular ion in the ion source is
very low, and a reliable MIKE spectrum of the
molecular ion cannot be obtained.

Fig. 6 shows the MIKE spectra of some fragment
ions of ethyl trifluoroacetate 2. In the MIKE spectrum
of m/z141 ion ([2–H]1), the peaks atm/z113 (28 u
loss) are observed. The hydrogen atom lost from 21z

to produce them/z 141 ion would be mostly a
methylene hydrogen, because the relative energy of
[CF3COOCHCH3]

1 estimated from an MO calcula-

Fig. 5. Calculated [HF/6-31G(d)] energy diagram for the decom-
position of [CF3OCH2]

1.

Scheme 3.
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tion at HF/6-31G(d,p) level is lower than that of
[CF3COOCH2CH2]

1 by 121 kJ/mol. In order to
identify the neutral species with 28 u lost from
[CF3COOCHCH3]

1 in the formation of them/z 113
ion, we measured the MIKE spectrum of the deuter-
ated species. In the MIKE spectrum ofm/z 145 ion
([CF3COOCDCD3]

1), the peak atm/z117 (28 u loss)
is still observed. Hence, the neutral species lost from
[CF3COOCHCH3]

1 is CO.
For the m/z 141 ion ([CF3COOCHCH3]

1), MO
calculations of HF/6-31G(d) level show that the C–O
bond linking CF3CO and OCHCH3 moieties is easy to
cleave. The CID spectrum of them/z141 ion shows
prominent peaks atm/z 113 (CO loss) andm/z 69
([CF3]

1). These situations are very similar to the case
of [CF3COOCH2]

1 in 1. Thus, the mechanism of the
loss of CO from them/z141 ion will be the same, in
principle, as that from [CF3COOCH2]

1 (m/z127) in
1, i.e. one in which an intermediate ion-neutral com-
plex plays an important role. The resultingm/z 113
ion would be [CF3OCHCH3]

1.

In the MIKE spectrum of them/z 113 ion
([CF3OCHCH3]

1), a single dish-topped peak atm/z
47 (66 u loss) is observed [Fig. 6(c)]. The KER value
estimated is;550 meV. On deuteration, this peak
shifts to a single dish-topped peak atm/z 51 (66 u
loss) in the MIKE spectrum of them/z 117 ion
([CF3OCDCD3]

1). This means that the neutral frag-
ment lost contains no hydrogen atoms. Hence, this
fragmentation is the loss of F2CO accompanying an F
atom migration. The mechanism of this reaction
would be akin to that from [CF3OCH2]

1 (m/z99) in
the methyl ester, although the KER value in the ethyl
ester is much larger than that in the methyl ester. The
energy diagram for this fragmentation calculated at
HF/6-31G(d)//HF/6-31G(d) level is shown in Fig. 7.
Comparing Figs. 5 and 7, it is obvious that the reverse
activation energy for the F2CO loss from
[CF3OCHCH3]

1 (78.9 kJ/mol) is larger than that
from [CF3OCH2]

1 (37.0 kJ/mol). This would be one
of the reasons why the KER value for the former is
much larger than that for the latter.

In the mass spectrum of 2, ions atm/z127 andm/z
99 are observed. The former would be produced from
the molecular ion of 2 by losinġCH3, and the latter by
losingĊH3 and CO from 21z. Thus, them/z127 ion is
[CF3COOCH2]

1 and them/z99 ion is [CF3OCH2]
1,

both of which are also observed in the case of methyl
ester. The MIKE spectrum of them/z127 ion and the
m/z99 ion in the ethyl ester, Figs. 6(b) and 6(d), are

Fig. 6. MIKE spectra of (a) [M–H]1, (b) [M–CH3]
1, (c) [M–H–

CO]1, and (d) [M–CH3–CO]1 from ethyl trifluoroacetate.

Fig. 7. Calculated (HF/6-31G(d)) energy diagram for the decom-
position of [CF3OCHCH3]

1.
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identical to those in the methyl ester. Hence, the assign-
ment mentioned above is reasonable. The metastable
decomposition pathways of [CF3COOCH2CH3]

1z in-
volved are summarized in Scheme 4.
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