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a b s t r a c t

The potential energy surface (PES) for the losses of H•, SH•, C2H2, and CS from the thiophenol molecular ion
was determined from the G3//B3LYP calculations. Several rearrangement pathways including ring expan-
sion, contraction, and opening were found for the losses of C2H2 and CS. Rice–Ramsperger–Kassel–Marcus
model calculations were carried out based on the PES in order to examine the competition between the
vailable online 12 July 2010
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losses of C2H2 and CS. From the kinetic analysis it was predicted that the loss of C2H2 was more favored at
low energies and the loss of CS was more favored at high energies, which is in agreement with previous
experimental results.

© 2010 Elsevier B.V. All rights reserved.
inetics
eaction pathway

. Introduction

Dissociations of ionized monosubstituted benzenes have been
xtensively studied using various experimental and theoretical
ethods. Recently, dissociation mechanisms of the molecular ions

f C6H5XHn (X = C, Si, N, P, and O) were proposed on the basis of
uantum chemical calculations [1–7]. Interestingly, ring expan-
ion, contraction, and opening all play important roles in the
issociations of such molecular ions. It is well known that the
ormation of the tropylium ion from the toluene molecular ion,
6H5CH3

+•, occurs through isomerization by ring expansion fol-
owed by elimination of H• [1,2]. In contrast, it was proposed that
he seven-membered ring isomer of the phenylsilane molecular
on, C6H5SiH3

+•, would hardly contribute to the loss of H• [3].
imilarly, ring expansion is not important in the dissociations of
he aniline and phenylphosphine molecular ions (C6H5NH2

+• and
6H5PH2

+•) [4–6]. Instead, ring contraction to the five-membered
ing isomers plays an important role in the formation of the
yclopentadiene radical cation (CP+•) by loss of HNC [5] or HCP
6]. For the phenylphosphine ion, the seven-membered ring inter-

ediate isomerizes to the five-membered isomer before the loss of

CP. In its secondary dissociation, the loss of HCP or C2H2 from
6H5PH+ also occurs through consecutive isomerizations to the
even- and five-membered ring isomers. Le et al. reported a the-
retical potential energy surface (PES) for the loss of CO from the

Abbreviations: PES, potential energy surface; CP+• , cyclopentadiene radical
ation; TS, transition state; TP+• , thiophene radical cation.
∗ Corresponding author. Tel.: +82 2 2260 8914; fax: +82 2 2268 8204.

E-mail address: jcchoe@dongguk.edu (J.C. Choe).
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phenol molecular ion, C6H5OH+• [7]. Ring opening and contraction
are involved in the reported lowest energy pathway for the loss of
CO to form CP+•.

Rearrangement of an �-H to the benzene ring triggers ring
expansion or contraction in C6H5XHn

+• ions. The isomers formed
by 1,2- and 1,3-H shifts become the precursors for ring expansion
and contraction, respectively (Scheme 1). The 1,3-H shift can occur
through consecutive 1,2- and ipso-to-ortho-H shifts.

The thiophenol molecular ion (C6H5SH+•, 1) undergoes primary
dissociations to four major fragment ions by losses of H•, SH•,
C2H2, and CS according to studies using electron ionization (EI)
mass spectrometry [8,9]; this is in contrast to the phenol molecu-
lar ion that dissociates mainly to CP+• + CO [7,8]. Deuterium labeling
[9,10], ion cyclotron resonance (ICR) [11,12], and photoionization
(PI) [11] mass spectrometry have been used to study the kinetics
and mechanisms of the dissociation of 1. Faulk et al. [11] proposed a
mechanism for the loss of CS, where a 1,3-H shift and ring contrac-
tion are involved. In this work, a theoretical PES was examined for
the primary dissociations of 1. Various dissociation pathways were
found. The dissociation kinetics is discussed based on the PES.

2. Computational methods

The molecular orbital calculations were performed with the
Gaussian 09 suite of programs [13]. The geometry of the minima

was optimized at the unrestricted B3LYP level of the DFT using
the 6-31G(d) basis set. The transition state (TS) geometries that
connected the stationary points were examined and checked by
calculating the intrinsic reaction coordinates at the same level. For
better accuracy of the energies, Gaussian-3 (G3) theory calculations

dx.doi.org/10.1016/j.ijms.2010.07.005
http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
mailto:jcchoe@dongguk.edu
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Table 1
The total energy at 0 K, Etot, the enthalpy at 298 K, H©

298, the relative energy at 0 K, �Etot, the enthalpy of reaction at 298 K, �rH©
298, and the experimental enthalpy of

reaction at 298 K, �rH©
298,exptl.

Species G3//B3LYP calculation �rH©
298,exptl, kJ mol−1a

Etot, hatrees H©
298, hatrees �Etot, kJ mol−1 �rH©

298, kJ mol−1

1 –629.804719 –629.797510 0 0 0
TP+• + C2H2 –629.700499 –629.691179 274 279 286
CP+• + CS –629.684538 –629.675856 316 319 319
C6H5S+ + H• –629.677786 –629.668522 333
C6H5

+ + SH• –629.671359 –629.662090 350

a From the experimental enthalpies of formation at 298 K in Ref. [19] except for that of

u
p
a
g

S
f

Scheme 1.
sing the B3LYP density functional method (G3//B3LYP) [14] were
erformed. In G3//B3LYP calculations, the geometries are obtained
t the B3LYP/6-31G(d) level, and the zero point vibrational ener-
ies are obtained at the same level and scaled by a factor of 0.96.

cheme 2. The pathways for the loss of CS from 1 obtained from G3//B3LYP calculations. T
or the stable species and next to the arrows for the TS’s.
339
356 353

CP+• from Ref. [8].

All the other steps remain the same as the G3 method [15] with the
exception of the values of the higher-level correction parameters.

The RRKM expression was used to calculate the rate-energy
dependence for individual unimolecular reaction steps that were
involved in the selected reaction pathways [16]:

k(E) = �N‡(E − E0)
hp(E)

(1)

In this equation, E is the internal energy of the reactant, E0 is the
critical energy of the reaction, N‡ is the sum of the TS states, � is
the density of the reactant states, � is the reaction path degeneracy,
and h is Planck’s constant. N‡ and � were evaluated through a direct
count of the states using the Beyer–Swinehart algorithm [17].

The entropy of activation (�S‡) at temperature T (K) for a reac-
tion was calculated to characterize the ‘looseness’ of the TS using
the following formula [18]:
�S‡ = kB ln
Q ‡

Q
+ V ‡ − V

T
= kB ln

˘q‡
i

˘qi
+ V ‡ − V

T
(2)

where Q and qi’s are the total partition function and the molecular
vibrational partition functions, respectively, V is the average vibra-

he calculated relative energies presented in kJ mol−1 are shown in the parentheses
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ig. 1. Potential energy diagram for the lowest energy pathway of the dissociatio
J mol−1.

ional energy for the reactant, Q‡, q‡
i
’s, and V‡ are the corresponding

uantities for the TS, and kB is the Boltzmann constant. The vibra-
ional frequencies obtained from the B3LYP/6-31G(d) calculations
ere scaled down by a factor of 0.9614 and used for the calculations

f k and �S‡.

. Results and discussion

1 optimized with the B3LYP/6-31G(d) calculation belongs to
he point group CS (see Fig. S1 and Table S1 in the supplemen-
ary material for the optimized structures of selected species),
nalogous to the phenol molecular ion [7]. The G3//B3LYP energies
nd enthalpies calculated for 1 and the main products are given in
able 1 together with their best literature enthalpy data [8,19]. The
alculated enthalpies of reaction at 298 K agree with the experi-
ental data within ±7 kJ mol−1. The result shows that the loss of

2H2 is thermodynamically the most favorable among the four dis-
ociation channels, the loss of CS is the second most, and the loss
f SH• is the least favorable channel. The direct elimination of H•

nd SH• from 1 to form the phenylthiylium and phenylium ions,
espectively, occur without reverse barriers. This was confirmed
y scanning each PES at the B3LYP/6-31G(d) level.
For comparison purposes, the G3 calculations and single point
nergy calculations with the B3LYP, MP2, QCISD(T) methods were
arried out for the selected species. The result is summarized in
able S2 of the supplementary material. For the present reactions,
he relative G3 energies were similar to the relative G3//B3LYP
, which was derived from G3//B3LYP calculations. The energies are presented in

energies, whereas the results of the single point energy calcula-
tions were largely deviated from the G3//B3LYP results that agreed
with the experimental enthalpy data.

3.1. Reaction pathways

3.1.1. Loss of CS
Several pathways were found for the loss of carbon monosul-

fide, CS, to form CP+• (which appears to be the most stable C5H6
+•

isomer) (Scheme 2). By a 1,2 shift of the �-H to the ipso position,
2a is formed. By a further H shift to the ortho position, the o-
isothiophenol radical cation (3a) is formed, which plays a role in the
ring contraction. The 1,3-H shift can also occur directly. However,
its barrier is higher than that for the consecutive H shifts. The H ring-
walk proceeds to form the m- and p-isothiophenol radical cations,
3b and 3c, respectively. 3a undergoes ring contraction through two
different pathways. After isomerization to 3b, the five-membered
ring isomer (4a) is formed. Alternatively, 4a can be formed from
3a by consecutive ring cleavage and closure via 5. 4a isomerizes
to two different ion–molecule complexes (6a and 6b) before elim-
ination of CS. CS is loosely attached to a H in the CH2 group of
6a, whereas it is attached to the H in the CH group of 6b. These

two pathways for the loss of CS from 4a are almost energetically
equivalent. 4a can isomerize to 4b by the CS or H ring-walk. The
CS ring-walk is energetically favored. 3c can form 4b by ring con-
traction, but the corresponding TS lies much higher than that for
3b → 4a. These pathways for the loss of CS are similar to those for
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he losses of CO [7] and HNC [5] from the phenol and aniline molec-
lar ions, respectively. The lowest energy pathway for the loss of
S is shown in Fig. 1, which is different from those for the loss of
O or HNC where the ring opened intermediates analogous with 5
re included.

The barriers for the 1,2-H shift and subsequent H ring-walks
1a → 2a → 3a → 3b → 3c) are significantly lower than the energies
equired for dissociation, implying that the H scrambling occurs
apidly before dissociation at low energies. The occurrence of H
crambling before loss of H• was suggested in an early deuterium
abeling study [9]. The mass spectrum of deuterated thiophenol,
6H5SD, shows the fragment peaks corresponding to C6H5S+ and
6H4DS+ with relative abundances of 10 and 13, respectively. It is
lso possible that the H scrambling is due to H ring-walks of the
even-membered ring isomers. The thia-cycloheptatriene radical
ations (7a, 7b) are formed after isomerization of 2a to its slightly
eformed isomer 2b (Scheme 3). The planar isomer 7b is more sta-
le than the nonplanar 7a. However, the barriers calculated for their
ring-walks (≥300 kJ mol−1 relative to 1, not presented here) were
uch higher than those for the H ring-walks of the isothiophenol

ons. This indicates that the seven-membered ring isomers would
ardly contribute to the H scrambling.

In another mass spectrometric study with deuterium labeling
10], it was suggested that the loss of CS can occur after isomeriza-
ion to the seven-membered ring isomers. This possibility seems
nlikely because the H ring-walk needed inevitably before the elim-

nation of CS from 7a or 7b requires much higher energy than that
equired for the loss of CS occurring through the isothiophenol ions.

.1.2. Loss of C2H2
The loss of acethylene, C2H2, can occur from 7a or 7b by elimi-
ation of two adjacent carbons, � and �, � and �, or two � carbons.
he elimination of the � and � carbons from 7a was found to be
he lowest energy pathway. As the S and C� of 7a approach each
ther the bicyclic isomer 8a is formed. After cleavage of the C–S
ond of the four-membered ring to form 9a, the C2H2 moiety under-

ig. 2. Simplified potential energy diagram for the losses of CS and C2H2 from 1, which w
G2 includes 9a, 9b, and 9c. See text for details. The energies are presented in kJ mol−1.
ass Spectrometry 295 (2010) 65–71

goes, consecutively, a rotation and a cis–trans isomerization to form
the ion–molecule complex, 10, which eventually dissociates to the
thiophene radical cation (TP+•) and C2H2. This pathway appears to
be the lowest energy pathway for the loss of C2H2, whose energy
profile is shown in Fig. 1. The alternative pathway via 9d, where
the cis–trans isomerization occurs before the rotation of the C2H2
moiety, is energetically less favored.

We found other pathways for the loss of C2H2 from 7b, which
resulted in the elimination of the ��, ��, or �� carbons (see
Scheme 3). The isomerization pathways to 10 are similar to the
lowest energy pathway via 7a. As another pathway for the loss of
C2H2, the 7-thia-norbornadiene radical cation (14) is formed from
2b and isomerizes to 9a (see Scheme 3). However, all these path-
ways are energetically much less favored than the lowest energy
pathway.

3.2. Dissociation kinetics

Faulk et al. studied the dissociation kinetics of 1 using
the time-resolved PI mass spectrometry (TPIMS), time-resolved
photodissociation (TRPD)-ICR, and tandem mass spectrometry
(MS/MS) [11]. Their results are summarized as follows. The RRKM
model calculation was carried out assuming one-step dissocia-
tion for each of the losses of CS and C2H2. They could fit their
TRPD and TPI data with the RRKM modeling using a very loose TS
(�S‡1000 K = 14 eu (= 59 J mol−1 K−1)) and a critical energy of 3.2 eV
for the loss of CS, and a tighter TS (�S‡1000 K = 2.74 eu) and a critical
energy of 2.9 eV for the loss of C2H2. The two RRKM rate-energy
curves crossed at k ≈ 4 × 105 s−1 and E1a ≈ 4.4 eV. The loss of C2H2
was favored below 4.4 eV and the loss of CS above. They observed
three metastable transitions in the MS/MS experiment: losses of H•,

C2H2, and CS. On the other hand, the loss of SH• is one of the major
dissociation channels in the EI spectrum. The relative abundances
of the M+•, [M−H]+, [M−SH]+, [M−C2H2]+•, and [M−CS]+• peaks in
the reported 70-eV EI mass spectrum of thiophenol are 100, 24, 12,
14, and 31, respectively [8]. This suggests that the critical energy

as used for RRKM model calculations. IG1 includes 1, 2a, 2b, 3a, 3b, 7a, and 8 and
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cheme 3. The pathways for the loss of C2H2 from 1 obtained from G3//B3LYP calcula
or the stable species and next to the arrows for the TS’s.

or the loss of SH• is higher than the other three channels observed
n the metastable ion decomposition because a 70-eV EI spectrum
ncludes dissociations of the molecular ions having internal ener-
ies higher than the metastable ions. These experimental results
ndicate that the loss of C2H2 is the only dissociation channel near
he reaction threshold, and as the energy increases the other chan-
els are opened in the following order: losses of CS, H•, and SH•. The
rder of appearance of the dissociation products determined exper-
mentally agrees with the order of their thermodynamic stabilities
alculated here (Table 1).

A kinetic analysis was carried out with RRKM model calculations
o examine the competitive losses of C2H2 and CS on the basis of
he obtained PES. Since dozens of intermediates are involved in
he losses of C2H2 and CS, it is better for gaining an insight into
he kinetics to use an approximate reaction scheme rather than
o consider the complicated pathways thoroughly. We considered
he lowest energy pathway only to simplify the PES. Since the iso-

erization barriers from 1 to 3b and to 8 lay lower than either
S3b 4a or TS8 9a (see Fig. 1), it was assumed that the intercon-
ersion among 1 and six intermediates, 2a, 3a, 3b, 2b, 7a, and 8
ccurred rapidly before the next isomerization to either 4a or 9a,
nd hence this seven-well potential was approximated as a one-
ell potential. This was confirmed by calculating the RRKM rate

onstants for the individual isomerization steps. We will denote
hese interconvertible intermediates including 1 as Ion Group 1
IG1). Because the ion–molecule complex 6a was very unstable,
ts presence could be ignored kinetically in the pathway from 4a

+•
o CP + CS. Similarly, the three-well potential consisting of inter-
ediates 9a, 9b, and 9c (denoted as IG2) was treated as another

ne-well potential. The final intermediate to eliminate C2H2, 10,
as ignored because the dissociation step occurred very rapidly

ompared to the reverse isomerization to 9c. Then, the two compet-
. The calculated relative energies presented in kJ mol−1 are shown in the parentheses

itive dissociation channels occurring along with the lowest energy
pathway are simplified as following equations and the PES shown
in Fig. 2.

IG1
ka�

k−a

4a
kb−→CP+• + CS (3)

IG1
kc�

k−c

IG2
kd−→TP+• + C2H2 (4)

In order to obtain the rate constants of reactions (3) and (4) (k−CS
and k−C2H2 ), those of the individual steps were calculated using the
RRKM formalism in Eq. (1). The critical energies obtained from the
G3//B3LYP calculations were used for the RRKM calculations (see
Fig. 2). Because the six intermediates in IG1 were much less sta-
ble than 1, their contributions to the density of the reactant states
(the denominator in Eq. (1)) were ignorable, and hence only the
parameters of 1 were used in the calculations of ka and kc together
with the parameters of TS3b 4a and TS8 9a, respectively. On the
other hand, all the contributions of the three intermediates in IG2
were included in the calculations of k−c and kd because their sta-
bilities were similar. TS8 9a and TS9c 10 were taken as the TSs in
their respective calculations. The path degeneracy (� in Eq. (1)) of 2
was used in the calculation of ka because of the doubly degenerate
pathway from 3b to 4a. Also � = 2 was used for kb because the two
pathways for loss of CS from 4a via either 6a or 6b were almost
energetically identical (see Scheme 2). � = 1 was used for the other
rate constants. One uncertainty in the calculation of kb was the set

of parameters of the TS for the dissociation step in reaction (3), 4a →
CP+• + CS, which occurred without a reverse barrier. The RRKM rate
constants generally do not depend on the individual vibrational
frequencies but on the �S‡. Therefore, the frequencies for this TS
were adjusted so that the calculated k−CS curve, described below,
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ig. 3. Theoretical rate-energy dependence for the individual reaction steps in reac-
ion (3) and for k−CS. The rate constants for the individual reaction steps were
alculated using the RRKM formalism.

t the TRPD experimental data. The �S‡1000 K calculated from the
requencies was 7.7 eu, which was a reasonable value for a loose
S (see Table S3 in the supplementary material for the frequen-
ies used in the RRKM calculations). The �S‡1000 K values for the
ther steps were calculated for comparison purposes. They were
2.5, −5.7, −1.4, −4.6, and 3.8 eu for the steps corresponding to

a, k−a, kc, k−c, and kd, respectively. This indicates that the final
issociation steps in the two competitive reactions occur via loose
Ss, while the other isomerization steps via tighter TSs. The RRKM
ate-energy curves calculated for the individual steps are shown in
igs. 3 and 4.

The rate equations for reactions (3) and (4) could not be analyt-
cally solved. The coupled differential equations were numerically
olved using the MATLAB program in order to obtain k−CS and
−C2H2 , of which method is described in details elsewhere [6,20].
heir energy dependences thus obtained are shown in Figs. 3 and 4

nd agree well with the TRPD experimental data as compared in
ig. 5. In Fig. 3, kb increases more steeply than ka or k−a as the
nergy increases. This is because the former is determined by a
oose TS while the latter two by tighter TSs as expected by their

ig. 4. Theoretical rate-energy dependence for the individual reaction steps in reac-
ion (4) and for k−CS. The rate constants for the individual reaction steps were
alculated using the RRKM formalism.
Fig. 5. Rate-energy dependence for k−CS and k−C2H2 . Solid and dot curves are the
result of RRKM model calculations for k−CS and k−C2H2 , respectively. Rectangular
and circular points are the TRPD-ICR result [11] for k−CS and k−C2H2 , respectively.

calculated �S‡1000 K’s. k−CS also increases more steeply than ka in
the low energy region, but behaves similarly to ka in the high energy
region. This means that the dissociation step characterizes the k−CS
curve pattern at low energies up to the crossing point between the
kb and k−a curves, while the isomerization step does at high ener-
gies. On the other hand, the increasing pattern of k−C2H2 is similar
to kc and their differences at the same energies are small as shown
in Fig. 4. This means that the reverse isomerization and dissociation
step, occurring very rapidly, can be almost neglected kinetically.

Both the losses of H• and SH• are energetically less favored than
the loss of CS or C2H2. However, the former two become important
as the energy increases because the direct loss of H• or SH• from 1
occurs via a loose TS. It is expected that the direct loss of H• is more
favored than the loss of SH• when assuming similar looseness for
the corresponding TSs because the critical energy for the former is
smaller than that for the latter. In addition, the loss of H• can occur
from isomers other than 1, such as 2a, 2b, and 3a, which contributes
to its high abundance observed in the EI spectrum.

3.3. Comparison with the phenol and phenylphosphine molecular
ions

The gas phase chemistry of thiophenol has often been compared
to phenol. For instance, their photodissociation dynamics [21] and
metal ion mediated dissociations [22] were investigated. The loss of
CO is the only primary dissociation channel for the phenol molecu-
lar ion as mentioned above. The PES for the loss of CO to form CP+•

obtained by the B3LYP/6-311++G(d,p) calculations was reported
by Le et al. [7]. We obtained the G3//B3LYP energies for selected
species based on the PES for comparison purposes (Table 2). The
1,3-H shift is the rate-limiting step in the loss of CO and the cor-
responding TS lies much higher than CP+• + CO. The other possible
channels such as losses of H•, OH•, and C2H2 from the phenol ion
are energetically less favored than the loss of CO. Their endoer-
gicities calculated via the G3//B3LYP method are 366, 433, and
315 kJ mol−1, respectively, when their counter ions are the phe-
noxylium, phenylium, and furan cation. These are higher than the
barrier (288 kJ mol−1) for the1,3-H shift that limits the rate of loss of

CO. Similarly, the 1,3-H shift through two consecutive 1,2-H shifts
in the loss of CS from 1 occurs much lower than the other products.
However, the loss of CS competes with the other channels because
the final dissociation step, which lies much higher than the rear-
rangement steps, is the rate-limiting step. Faulk et al. demonstrated
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Table 2
The calculated energies and relative abundances (RAs) in the EI mass spectrum (EIMS) for selected reactions of some C6H5XHn

+• ions.

M+• G3//B3LYP energy relative to M+• , kJ mol−1a RA in EIMS, %b

[M−H]+c + H• CP+• + CXHn−1
d TS for 1,2-H shifte TS for ipso-to- ortho-H shifte TS for 1,3-H shifte Highest barrier in the

lowest energy pathway to
form CP+•

[M−H]+ CP+•

C6H5OH+• 366 116 (CO) 308 270 288 288 0 39
C6H5SH+• 333 316 (CS) 192 177 222 278 23 28
C6H5PH2

+• 236 232 (HCP) 115 120 211 237 22 6

a Ref. [6] for C6H5PH2
+• . The values for the others were calculated in this work.
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b Ref. [8].
c Six-membered ring ion, C6H5XHn−1

+.
d The neutral product is denoted in the parentheses.
e See Scheme 1 for definition.

hat the significant difference between the formation of CP+• from
he phenol ion and 1 was due to the special stability of CO [11].

In the primary dissociation of the phenylphosphine molecular
on, which is isoelectronic with 1, the formation of CP+• by loss of
CP is not among the major dissociation channels. The [M−H2]+•

eak is the base peak in the EI spectrum. The calculated G3//B3LYP
ritical energy (168 kJ mol−1) for the loss of H2 is much lower than
hose for the losses of HCP and H• (see Table 2). Even though the
arriers for the consecutive 1,2-H shifts, the early steps in the path-
ay to form CP+•, lie much lower than the other critical steps in the

ther channels (similar to the case of the phenol ion or 1), the rate
s determined at a late step characterized by a tight TS lying higher
han the others. This makes the formation of CP+• less important
n the dissociation of the phenylphosphine ion, which is differently
rom the other two C6H5XH+• ions.

. Conclusions

To our knowledge, the PES of 1 was obtained by quantum chem-
cal calculations for the first time. Several rearrangement pathways

ere determined for the losses of CS and C2H2 from 1. Various types
f intermediates including the seven- and five-membered ring iso-
ers, bicyclic isomers, and ion–molecule complexes were involved

n the dissociation. Similar to the other C6H5XHn
+• ions, the 1,2 shift

f the �-H and subsequent 1,2-H shift played important roles in the
ing expansion and contraction, resulting in the competitive losses
f CS and C2H2. The kinetic analysis predicted a crossover between
he rate-energy curves for the two competitive channels, which
greed with previous experimental results. The rate of the loss of
S was mainly characterized by the final dissociation step occur-
ing through a loose TS at low energies, while a tighter TS to form
he five-membered ring intermediate 4a limited the rate at high
nergies. On the other hand, the rate of the loss of C2H2 was mainly
haracterized by a tight TS to cleave the C–S bond of the bicyclic
ntermediate 8 at the whole energy range of our interest. The sub-
equent fast isomerization and dissociation steps hardly affected
he rate. The proposed rearrangement mechanisms will be useful
n the future mechanistic studies on ring expansion, contraction or
pening of other aromatic molecular systems.
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