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a b s t r a c t

The potential energy surfaces (PESs) for the isomerizations and dissociations of the ˛-, o-, m-, and
p-fluorotoluene molecular ions were determined using density functional theory molecular orbital calcu-
lations. Rice–Ramsperger–Kassel–Marcus model calculations were carried out to understand the kinetics
of the isomerizations and dissociations based on the PESs obtained. Kinetic analysis showed that the inter-
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conversion among the four molecular ions was much faster than the dissociations at low energies. The
main product was a mixture of the fluorotropylium and p-fluorobenzylium ions formed by the loss of
H• in the dissociation of all of the molecular ions investigated. At high energies, the ˛-fluorobenzylium
ion was another important product in the dissociation of the ˛-fluorotoluene ion. A fluorine substitution
effect on the C–H bond dissociation energy was observed, which was well explained by the valence bond
RKM calculation
ubstitution effect

theory.

. Introduction

The dissociation of halotoluene molecular ions has been exten-
ively studied using a variety of experimental and theoretical
ethods [1–23]. These studies have been mainly devoted to the

tructural identification of the C7H7
+ products formed by the loss

f a halogen, including the mechanistic dissociation pathways. The
resence of four structural isomers (˛-, o-, m-, and p-) makes the

somerization and dissociation pathways more complicated and,
ence, more interesting than those of the toluene (TOL) molecu-

ar ion. It is well known that the benzylium (Bz+) and tropylium
Tr+) ions are formed from TOL+• through direct C–H bond cleavage
nd ring expansion, respectively [24,25]. Recently, it was suggested
hat a rearrangement to the ionized o-isotoluene (5-methylene-
,3-cycloheptadiene) intermediate can contribute to the formation
f Bz+ [26]. One might easily expect the ˛-halotoluene (benzyl
alide) molecular ions (C6H5CH2X+•, X = Cl, Br, I) to undergo mech-
nistic pathways to form C7H7

+ products similar to TOL+•, as shown
n our recent theoretical studies [15,16]. According to previous
eports, the formation of Bz+ is much more favored than that of
r+. In the dissociations of the o-, m-, and p-isomers, the major
7H7

+ products were assigned the benzylium structure both exper-

mentally and theoretically [15–19,22]. It has been suggested that
he halogenated isotoluene ions are important intermediates in the
athways leading to the formation of Bz+.
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E-mail address: jcchoe@dongguk.edu.
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© 2009 Elsevier B.V. All rights reserved.

Fluorotoluene molecular ions have attracted less attention than
the other halotoluene ions mentioned above. According to previ-
ous experimental results, all four isomeric fluorotoluene ions lose
H• more easily than X•, whereas the opposite is true for the other
halotoluene ions [4,8,27]. This is in line with the order of the C–H
and C–X bond energies: C–F > C–H > C–Cl > C–Br > C–I. Therefore,
the possible main product ions in the dissociations of the fluoro-
toluene ions are the fluorobenzylium (FBz+) and fluorotropylium
(FTr+) ions rather than Bz+ and Tr+, respectively, and, hence, the
mechanistic dissociation pathways would be different from those
of the aforementioned halotoluene ions. In this work, the potential
energy surfaces (PESs) for the dissociations of ˛-, o-, m-, and p-
fluorotoluene molecular ions (1a, 2a, 3a, and 4a, respectively) were
obtained by density functional theory (DFT) calculations. Based
on the PESs obtained, a kinetic analysis was carried out on their
isomerizations and dissociations to reveal the main dissociation
channels. From the similarity of the PESs to those associated with
TOL+•, we will discuss the fluorine substitution effect on the C–H
bond dissociation energy (BDE).

2. Computational methods

The molecular orbital (MO) calculations were performed using
the Gaussian 03 suite of programs [28]. Geometry optimizations
for the stationary points were carried out at the unrestricted

B3LYP level of DFT using the 6-31G(d) basis set. The transi-
tion state (TS) geometries connecting the stationary points were
searched and checked by calculating the intrinsic reaction coor-
dinates at the same level. Single point energy calculations were
carried out at the B3LYP/6-311+G(3df,2p) level to improve the

http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
mailto:jcchoe@dongguk.edu
dx.doi.org/10.1016/j.ijms.2009.07.007
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ccuracy of the energies. It has been suggested that the B3LYP/6-
11 + G(3df,2p)//B3LYP/6-31G(d) calculations gives reliable total
nd reaction energies at 0 K for organic radical cations within
6 kJ mol−1 [29]. The harmonic frequencies calculated at the
3LYP/6-31G(d) level and scaled by 0.9806 [30] were used for the
ero point vibrational energy (ZPVE) corrections. To enhance the
ccuracy of the energies of the selected species, Gaussian-3 (G3)
heory calculations using the B3LYP density functional method
G3//B3LYP) [31] were performed. In the G3//B3LYP calculations,
he geometries are obtained at the B3LYP/6-31G(d) level, and the
PVEs are obtained at the same level and scaled by 0.96. All of the
ther steps remain the same as those of the G3 method [32] with the
xception of the values of the higher-level correction parameters.

The RRKM expression was used to calculate the rate-energy
ependences as follows [33]:

(E) = �N /= (E − E0)
h�(E)

, (1)
here E is the reactant internal energy, E0 the critical energy of the
eaction, N/= the sum of the TS states, � the density of the reactant
tates, � the reaction path degeneracy, and h is the Planck’s con-
tant. N /= and � were evaluated by the direct count of the states
sing the Beyer–Swinehart algorithm [34].

cheme 1. The isomerization and dissociation pathways of (a) 1a–4a and (b) 1b–4b obtain
in kJ mol−1) are shown in the parentheses. The values next to the arrows are for the TSs.
pectrometry 286 (2009) 104–111 105

3. Results and discussion

1a can produce ˛-FBz+ by the direct cleavage of the C–H bond
of the CH2F group (Scheme 1a). Its endoergicity calculated at the
B3LYP/6-311 + G(3df,2p)//B3LYP/6-31G(d) level was 173 kJ mol−1,
which was much smaller than that (237 kJ mol−1) for the formation
of Bz+ by direct C–F bond cleavage. Alternatively, 1a can produce
FTr+ by the well-known rearrangement to the seven-membered
ring isomer, 1d, (the so-called Hoffman mechanism [35]), followed
by the loss of H•. Even though 1d can lose F• to form Tr+, its energy
barrier (135 kJ mol−1) was higher than that (110 kJ mol−1) for the
loss of H• from 1d. Therefore, the calculations predict that the loss
of H• is more favored than the loss of F• in the dissociation of 1a,
which is in agreement with the previous experimental results [27].
Similarly, each of the ions 2a–4a can undergo either C–H bond
cleavage to generate o-, m-, or p-FBz+, or ring-expansion rearrange-
ment followed by loss of H• to yield FTr+. The former reaction
forms, respectively, and the latter reaction forms FTr+. Alterna-
tively, 2a–4a can form o-, m-, and p-tolylium ions, respectively, by

the direct cleavage of the C–F bond. However, their reaction endoer-
gicities (448, 452, and 472 kJ mol−1, respectively) were much larger
than those (230, 240, and 224 kJ mol−1, respectively) for the forma-
tions of o-, m-, and p-FBz+. This excludes the possibility of tolylium
ions being formed.

ed by B3LYP/6-311 + G(3df,2p)//B3LYP/6-31G(d) calculations. The relative energies
The ZPVE corrections are included.
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Scheme 1

Instead of ring expansion, the four distonic radical cations,
b–4b, can undergo rearrangements to form a variety of isomers
f fluorinated isotoluene ions by the “H-ring walk” mechanism
Scheme 1b). The isomeric fluorinated isotoluene ions can lose H•
o form the FBz+ isomers. The formations of Bz+ from some of these
somers were energetically less favored than those of FBz+.

The isomerization between 1a and 2a can occur through 1d and
d (Scheme 1a). 2d can isomerize to 3d and 4d by consecutive 1,2-

Scheme 2. The simplified reaction pathways of 1a–4a. The reaction path degenera
ntinued ).

H shift. 2a can isomerize to 3a through the “CH2-ring walk” of 2b to
3c, which was energetically more favored than the isomerization
through 2d and 3d. The isomerization between 3a and 4a can occur
through the three pathways, 3b � 4c, 3c � 4c, and 3d � 4d. The

highest energy barriers in the three isomerization pathways were
almost the same (about 175 kJ mol−1 higher than 3a).

Considering only the dissociations of each of 1a–4a by direct
C–H bond cleavage and rearrangement by the Hoffman mechanism,

cies used in RRKM calculations are shown in the parentheses next to the k’s.
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ig. 1. Potential energy diagram for the isomerization and dissociation of the fluor
alculations. The italic numbers are the relative energies in kJ mol−1.

he latter is more energetically favored than the former, except
n the case of 1a (Scheme 1a). However, since a rearrangement is
ntropically less favored than a direct bond cleavage in general,
e cannot predict which one is more important in the dissociation

inetics from the potential energy calculations alone. In addition,
he isomerizations among the molecular ions make the kinetics

ore complicated. To examine the competition between the iso-
erizations and dissociations, the pathways were simplified as

hown in Scheme 2. Since the final dissociation steps in the forma-
ion of FTr+ from the four molecular ions are the rate-determining
teps, the corresponding TSs were chosen as the individual TSs
or the simplified one-step dissociations to FTr+ + H•. The simpli-
ed PES is shown in Fig. 1. Several isomerization steps between
pair of two fluorotoluene ions were approximated as a single

tep. TS1d → 2d (denoting TS between 1d and 2d), TS3b → 3c, and
S3b → 4c were chosen for the isomerization barriers between 1a
nd 2a, 2a and 3a, and 3a and 4a, respectively [36]. Their energies
ere highest in the individual minimum energy reaction pathways

etween the respective two molecular ions and, hence, they are the
ate-determining steps. The pathways through the fluorinated iso-
oluene ions are not included in the PES, whose contributions to
he dissociations will be described later.

The rate constants of the individual reaction steps denoted in
cheme 2 were calculated using the RRKM formula (Eq. (1)). The

eaction path degeneracies are denoted in the parentheses next
o the k’s in Scheme 2. The vibrational frequencies of the reac-
ants and TSs calculated at the B3LYP/6-31G(d) level and scaled
y 0.9614 [30] were used. We located a TS (TS1a → ˛-FBz+) for
he formation of ˛-FBz+ by direct C–H bond cleavage from 1a. Its
ne ions simplified and derived from the B3LYP/6-311 + G(3df,2p)//B3LYP/6-31G(d)

reverse critical energy was very small (1 kJ mol−1). However, we
could not locate the TSs for the formation of the other FBz+ iso-
mers from 2a to 4a by direct bond cleavage. So, we assumed that
the character of these TSs was similar to that of TS1a → ˛-FBz+.
The entropy of activation (�S‡) is often used to characterize the
looseness of a TS in RRKM calculations even for a reaction occur-
ring in a microcanonical ensemble [33]. The �S‡ value calculated at
1000 K (�S‡1000 K) was 6.2 J K−1 mol−1 for the dissociation through
TS1a → ˛-FBz+, which indicates that it occurs through a loose TS.
We adjusted the vibrational frequencies of the TSs for the forma-
tion of o-, m-, or p-FBz+ from 2a, 3a, and 4a, respectively, so that
the �S‡1000 K values became 6.2 J K−1 mol−1, and used them in the
RRKM calculations.

Fig. 2 shows the RRKM rate-energy dependences for the indi-
vidual reaction steps shown in Scheme 2. First of all, consider
the reaction starting from 1a (Fig. 2a). At low energies of around
200 kJ mol−1, the rate constant for the isomerization to 2a, k1a2a,
is much higher than those for the other steps, i.e., the backward
isomerization and the dissociations to ˛-FBz+ and FTr+. This means
that most of the 1a ions having low energies undergo the isomeriza-
tion to 2a prior to their dissociation. The subsequent dissociations
will be discussed below. At high energies of around 400 kJ mol−1,
however, the rate constant for the isomerization to 2a is compa-
rable to that for the dissociation to ˛-FBz+, and is still larger than

those for the dissociation to FTr+ and the backward isomerization.
This means that about half of the 1a ions having high energies of
around 400 kJ mol−1 dissociate to ˛-FBz+ and that the formation
of FTr+ by the rearrangement through the Hoffman mechanism
is less favored. Secondly, consider the reaction starting from 2a
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energy dependences (Fig. 3) show that the formations of o- and
m-FBz+ occur much more slowly than the other dissociations. The
three dissociation channels to FTr+ via 2d, 3d, and 4d contributed
almost equally to the formation of FTr+ (not shown in Fig. 3). The
Fig. 2. RRKM rate-energy dependences for the individual reaction channels

Fig. 2b). The rate constants for the forward and backward iso-
erizations between 2a and 3a are almost the same in the whole

nergy range calculated. The rate constant for the isomerization
o 1a is smaller than that for the backward isomerization, indi-
ating that the isomerization 2a → 1a is less important. The rate
onstants for the dissociation steps are much smaller than those
or the isomerization to 3a at low energies. As the energy increases,
heir differences become smaller. This means that about half of
he 2a ions isomerize to 3a prior to their dissociation at low ener-
ies, and the dissociation to FTr+ can increasingly compete with
he isomerization as the energy increases. Thirdly, consider the
eaction starting from 3a. Fig. 2c shows that the rate constants
or the isomerizations 3a → 2a, 3a → 4a, and 2a → 3a are almost
he same and that they are larger than those for the isomerization
a → 3a and for the dissociations. This means that a large portion
f the 3a ions isomerize to 4a prior to their dissociation, especially
t low energies. Similar to the reaction starting from 2a, the dis-
ociation channel to FTr+ becomes increasingly competitive with
he isomerizations as the energy increases. Finally, consider the
eaction starting from 4a (Fig. 2d). The rate constant for the isomer-
zation to 3a is smaller than that for the backward isomerization,
eflecting the better stability of 4a compared to that of 3a. At low
nergies, these isomerizations occur much faster than the dissocia-
ions, whereas at high energies the dissociations can compete with
he isomerizations.
To summarize the individual reaction kinetics described so far,
t low energies 2a, 3a, and 4a are interconvertible prior to disso-
iation and most of the 1a ions isomerize to 2a. At high energies,
he dissociations can compete with the interconversion. To predict
he overall dissociation rates of 2a, 3a, and 4a, we assumed that
1a, (b) 2a, (c) 3a, and (d) 4a. k2a3a ≈ k3a2a ≈ k3a4a in the whole energy range.

their isomerizations were very fast compared to their dissociations,
which is quite valid for the ions having low energies. In this case, we
should consider a pool of reactants consisting of 2a, 3a, and 4a in the
RRKM calculation for the dissociations of the individual molecular
ions. Therefore, the sum of their densities of states, �2a + �3a + �4a,
was used in the rate calculations (Eq. (1)) [33]. The resultant rate-
Fig. 3. RRKM rate-energy dependences for the formations of C7H6F+ isomers from
a pool of 2a–4a. The product C7H6F+ isomers are denoted. It was assumed that the
interconversion among 2a–4a was much faster than the dissociations.
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um of the three contributions to the formation of FTr+ dominates
ear the dissociation threshold and as the energy increases the

ormation of p-FBz+ becomes more competitive. Because the for-
ation of C7H6F+ isomers occurs competitively, the sum of their

ate constants becomes the overall dissociation rate constant of
he molecular ions.

Jackson et al. [4] measured the FTr+/FBz+ branching ratios as a
unction of the energy of the ionizing electrons for the dissociation
f 2a, 3a, and 4a. The electron energy varied from 14 to 25 eV. The
7H6F+ ions formed from o-, m-, and p-fluorotoluene were reacted
ith p-diethylbenzene in an ion cyclotron resonance spectrometer.

hey assumed that FBz+ was reactive, whereas FTr+ was unreactive,
s in the case of the two fractions (Bz+ and Tr+) observed for the
7H7

+ ions. The opposite behavior in the latter case has been well
ccepted. The abundances of FTr+ ions in all of the ortho, meta, and
ara isomers decreased with increasing energy, but their absolute
alues at the same energies were similar for the different isomers.
his tendency agrees with the present kinetic analysis described
bove, but not quantitatively. The experimental fractions of FTr+

re between 40 and 30%, whereas the present theoretical ones are

arger than 50%. This quantitative disagreement can be reduced by
onsidering some factors ignored in the approximations made in
he RRKM calculation. First of all, we ignored the formation of FBz+

hrough the fluorinated isotoluene ions. Actually, the contributions
ould not be as large as that from the direct loss of H• from 4a.
3.

For example, the TSs for the formation of p-FBz+ from 4e and 4g
lay higher than that from 4a by 7 and 12 kJ mol−1 [37], respec-
tively, and were tighter. However, these channels can contribute
to the formation of FBz+ to some extent. Secondly, some of the 2a,
3a, and 4a ions can isomerize to 1a prior to their direct dissocia-
tion and undergo dissociation mainly to ˛-FBz+, especially at high
energies. Finally, the assumption made to calculate the rate-energy
dependences in Fig. 3 is not entirely valid at high energies. The iso-
merizations 2a � 3a and 3a → 4a are faster than the dissociations,
but the rates for the isomerization 4a → 3a are comparable with
those for the dissociations at high energies (Fig. 2). This means that
the channels for the formation of FTr+ through 2d and 3d would
contribute less than the above prediction at high energies. All of
these three factors make the fractions of FTr+ become less than the
above prediction.

The ionization energies (IEs) of the fluorotoluene isomers and
appearance energies (AEs) of the C7H6F+ fragments in electron
ionization mass spectrometry were reported [27]. The difference
between appearance and ionization energy, AE − IE, is the mini-
mum energy to form the fragment ion in the ionization source. It

is usually larger than the critical energy for the dissociation due to
the kinetic shift [38]. The reported values of AE − IE for 2a–4a are in
the range 290–330 kJ mol−1. The result shown in Fig. 3 predicts that
the dissociation rate constants of the molecular ions having these
energies are in the range 105 to 106 s−1, which agrees well with a
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Table 1
The calculated G3//B3LYP energies and BDEs of some species in kJ mol−1.

Reaction Relative energya BDEc

Reactant Products (FBz+)b

1a → ˛-FBz+ + H• 42.0 211.6 (−12.9) 169.6
2a → o-FBz+ + H• 0.0 224.5 (0.0) 224.5
3a → m-FBz+ + H• 3.4 238.1 (13.5) 234.7
4a → p-FBz+ + H• −5.3 209.9 (−14.6) 215.2
TOL+• → Bz+ + H• 216d

a Relative to 2a. The calculated total energies of 2a and H• are −370.2144000 and
−0.5010870 hartrees, respectively.

b The values in the parentheses are the energies of the FBz+ isomers relative to
o
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-FBz+.
c BDE(C–H) of the CH2F or CH3 group.
d Ref. [26].

ate corresponding to the maximum ion lifetime in the source of
onventional mass spectrometry.

The main dissociation channel of 1a would be dependent on
ts energy. At low energies most of the 1a ions isomerized to 2a
rior to their dissociation as mentioned above. The dissociation
fter the isomerization would be similar to that starting from 2a, of
hich the main products were FTr+ and p-FBz+. Since at high ener-

ies, however, the dissociation to ˛-FBz+ was competitive with the
somerization to 1a, ˛-FBz+ would be another major dissociation
roduct.

The isomerization pathways of 1a–4a are similar to those of the
hloro-, bromo-, and iodotoluene ions reported recently [15,16].
n their dissociations, however, there is a striking difference, in
hat the fluorotoluene ions mainly lose H•, whereas the other halo-
oluene ions mainly lose X•. This is attributed to the high C–F bond
nergy as mentioned in Section 1. The energetics of the isomeriza-
ion and dissociation of the fluorotoluene ions are similar to those
f TOL+•. In the reported PES of the dissociation of TOL+• [26], the
irect C–H bond cleavage step lies higher than the barriers for the
earrangements, which eventually lead to the formation of Bz+ and
r+, respectively. In the dissociations of the isomeric fluorotoluene
olecular ions, the direct C–H bond cleavage steps lie higher than

he rearrangement steps except for the dissociation of 1a in which
heir energies were similar. On the other hand, in the reported PESs
or the dissociations of the ˛-isomers of the chloro-, bromo-, and
odotoluene ions [15,16], the direct C–X bond cleavage steps lie
ower than the rearrangement steps leading to the formation of Tr+.
ue to this difference in energetics, Tr+ is not one of the major C7H7

+

roducts in the dissociation of these halotoluene ions, whereas Tr+

r FTr+ is included in the major products in the dissociations of
OL+• or fluorotoluene ions, respectively. The labile C–X (X = Cl, Br,
) bond is responsible for the predominant formation of Bz+ from
hloro-, bromo-, and iodotoluene ions.

The endoergicities for the formation of FBz+ from 1a–4a by
irect C–H bond cleavages, i.e., the BDEs, were different, indicat-

ng that the position of F affects the BDE(C–H). To compare them
ore accurately, G3//B3LYP calculations were carried out for 1a–4a

nd the four isomers of FBz+. Their relative energies and BDEs are
isted in Table 1 together with the data for the formation of Bz+ from
OL+•. The relative G3//B3LYP energies agreed with the B3LYP/6-
11 + G(3df,2p)//B3LYP/6-31G(d) values within ±4 kJ mol−1. The
alculated BDE(C–H) of 1a was much smaller than that of TOL+•,
hile that of 4a was similar to that of TOL+• and those of 2a and

a were larger. The stability of both the reactant and product ions
hould be considered when discussing the trend of the BDE. The

nergies of 2a, 3a, and 4a were similar, but 1a was much less stable
han the other isomers. The substitution position selectivity of the
tability can be easily understood by using familiar valence bond
VB) concepts. The resonance stability is enhanced to a great extent
y a fluorine substitution at the aromatic ring of TOL+• than at the

[
[
[
[

pectrometry 286 (2009) 104–111

CH3 group. The lone pair electrons of F at the CH2F group cannot
contribute to the resonance stability. This makes 1a less stable than
the other isomers. Upon the loss of H•, the relative stability changes
remarkably. The alpha and para FBz+ isomers are more stable than
the ortho isomer, and the meta isomer is the least stable. The possi-
ble reasonable resonance structures for the FBz+ isomers are drawn
in Scheme 3. The stabilization by the former four forms (x1–x4,
x = ˛, o, m, or p) is similar for the four FBz+ isomers except for the
para isomer. Since p3 and p4 are equivalent contributors, the para
isomer is stabilized more than the other isomers when considering
only these four resonance forms. The alpha, ortho, and para iso-
mers have additional resonance forms (˛5, o5, and p5) in which
the positive charge is stabilized by the donation of an electron pair
from F. The meta isomer has no such additional stabilization. This
accounts for its having the least stability. Since the aromaticity is
preserved in ˛5, the alpha isomer should be more stable than the
ortho isomer. Compared to the ortho isomer, the para isomer has
additional stabilization originating from the equivalency of p3 and
p4 as described above.

4. Conclusion

The DFT calculations showed that the isomerization barriers
among 1a4a lay below the dissociation barriers. The RRKM model
calculation predicts that at low energies 2a, 3a, and 4a are inter-
convertible prior to their dissociation, which is different from
the dissociation behavior of the other halotoluene molecular ions
reported previously. At high energies, the dissociation channels can
compete with the interconversion. The main C7H6F+ products in the
dissociations of 2a, 3a, and 4a were FTr+ and p-FBz+. It is predicted
that at low energies most of the 1a ions isomerize to 2a and the
subsequent reactions are the same as those of 2a. As the energy
increases, the dissociation to ˛-FBz+ would become more impor-
tant, because it can begin to compete with the isomerization to 2a.
The comparison with the experiments carried by the method based
on electron ionization has the limit of definition of internal energy.
Further experimental studies on the molecular ions having well-
defined internal energies will be helpful in deeper understanding
of their dissociation mechanisms and kinetics.

From the MO calculations we could observe that the position of
F affects the BDE(C–H) of the methyl group. This is attributed to
the differences in the stability of 1a–4a and the four FBz+ isomers
which could be well understood by the VB theory.
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