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Abstract—Photosolvolysis of 2-chloropropylbenzene in trifluoroethanol (TFE) produces propylbenzene, indane, 2-trifluoroethoxypropyl-
benzene and other solvolysis products. Propylbenzene clearly comes from 2-propylphenyl radical intermediate while the other products
suggest existence of 2-propylphenyl cation as an intermediate. Density functional theory (DFT) calculations at the B3LYP/6-31Gpp level of
theory were carried out to research reaction paths for the solvolysis products through the cationic intermediate. Three paths investigated in
the present study well explain the products obtained in our experiments. The DFT calculations strongly suggest existence of the phenyl cation
as an intermediate in the photosolvolysis of 2-chloropropylbenzene in TFE.q 2000 Elsevier Science Ltd. All rights reserved.

Introduction

The chemistry of the phenyl cation is little known in
comparison with other common carbocations because of
its thermodynamic instability and high reactivity1 although
there are many theoretical and experimental investigations
which have brought this unstable intermediate into focus.
Theoretical investigations on the electronic structure of
phenyl cation2 indicated that the molecular plane of the
phenyl cation, being in singlet ground state, has a vacant
orbital which is orthogonal to thep system of the aromatic
ring and is incapable of obtaining conjugative stabilization
as shown below.

Many experimental efforts have been made to obtain insight
into the electronic structure and reactivity of phenyl cations
in solution. The cations, which are formed as metastable
intermediates in dediazoniation of benzenediazonium ions,
attracted considerable interest in the 1970s. It is because
benzenediazonium ions are only the aromatic species of a
precursor of the phenyl cation.3 Martinson et al. produced
phenyl cation with a propyl side-chain by dediazoniation of
2-propylbenzenediazonium tetrafluoroborate in aqueous
sulfuric acid. The major products of the reaction were

indane and 2-propylphenol.4 Furthermore, it was reported
that various isomeric olefins, alcohols and indane deriva-
tives were also produced in dediazoniation reaction of 2-
butylbenzenediazonium ion.5 The phenyl cation can be an
intermediate of these reactions.

After triflate and related ‘super’ leaving groups in the SN1
solvolysis reactions were known to generate highly destabi-
lized alkyl and vinyl cations, several unsuccessful attempts
were made to generate phenyl cations as metastable inter-
mediates by using methods other than dediazoniations.6 A
sole example of the solvolysis of phenyl triflates with
trimethylsilyl groups on bothortho-positions in fluorinated
solvents has been reported to generate 2,6-bis(trimethyl-
silyl)phenyl cation which is highly stabilized by hypercon-
jugation with the silyl groups.7 Several investigations have
successfully told us that the radiochemical decay of tritiated
compounds is the unique method for generating phenyl
cations from tritiated benzenes in the gas phase and
solution.8

Photosolvolysis was also attempted in order to generate the
very unstable intermediate. An SN1 Arp mechanism via
phenyl cations has been proposed so as to account for the
behavior of chlorobenzenes in nucleophilic photosubsti-
tution reactions as one of several possible reaction mecha-
nisms.9 Recently, we also performed photosolvolysis of
2-chloropropylbenzene1 in trifluoroethanol (TFE) and
obtained the results which are summarized in Eq. (1).

Propylbenzene2, indane3 and the solvolysis products4–7
were made together with small amounts of olefins8 and9.10

It is not so surprising that2 is formed in this reaction
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because this product indicates a mechanism through a
radical intermediate: the homolytic fission of a carbon–
halogen bond in1 produces 2-propylphenyl and Cl radicals,
and then, the 2-propylphenyl radical abstracts an H radical
from a solvent to form2. However,3 and 4 are similar
products as dediazoniation of 2-propylbenzenediazonium
ion produces. Moreover,5–9 are also solvolysis or
deprotonated products derived from intermediates with
a cation center in the side chain shown in Scheme 1. It
is quite unusual to see these compounds in the products
of photosolvolysis of1.

�1�

The use of TFE provides a key to obtaining these solvolysis
products. In a solvent with poor nucleophilicity, electron
transfer occurs from 2-propylphenyl to the Cl radical and
forms an intermediate 2-propylphenyl cation10. If this is
correct, we can draw Scheme 1 which represents feasible
routes producing solvolysis products observed in our
experiments.

It is not difficult to expect the formation of solvolysis
product 4 by reaction of10 with a solvent. The cationic
carbon in the benzene ring of10 accepts a hydride at the
g-carbon of the propyl side-chain to generate intermediate

11, followed by intramolecular cyclization to form a spiro
intermediate12 (Path 1). Nucleophilic attack of solvent
causes11or 12 to yield7. Deprotonation from theb-carbon
of 11 produces8. Isomerization of12 is promoted due
to relief of strain energy in the four-membered ring,
leading to formation of15, the precursor of3 (Path
4). It is also possible to consider a route (Path 5)
where12 isomerizes to13 and vice versa due to migration
of a hydride between theb- and theg-carbons of the side
chain.

A phenonium intermediate13 is involved in Path 2 where a
hydride of theb-carbon in the propyl side chain shifts to the
cationic carbon of the benzene fragment in10. The loss of
H1 from this intermediate produces9 with an olefin frag-
ment in the side chain although its product ratio is almost
negligible. A hydride transfer from thea- to theb-position
in the side chain of13 gives the benzyl cation14 (Path 6)
which is considered to be relatively stable among inter-
mediates in Scheme 1. The same intermediate is also gener-
ated directly from10 (Path 3). These intermediates,13 and
14, react with solvents to produce solvolysis products6 and
5, respectively.

Many factors determine the course of the photochemical
aromatic substitution reactions even though the detailed
analysis of products suggests the reaction mechanisms
through the phenyl cation10 shown in Scheme 1. No direct
spectroscopic observations of metastable phenyl cations in
solution have been made in the present reaction. It is very
difficult to prove the scheme experimentally because all the
intermediates are unstable. Theoretical calculations are
powerful tools for investigating such mechanisms in
which reactants and intermediates are too unstable. In the
present study, density functional theory (DFT) calculations
at the B3LYP/6-31Gpp level of theory were applied to
examine Scheme 1 of the photosolvolysis from 2-chloro-
propylbenzene in TFE.

Scheme 1.
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Method of Calculation

The DFT calculations were carried out by thegaussian94
program on both the NEC HSP computer at the Institute for
Molecular Science and workstations of our laboratory.11 We
used B3LYP/6-31Gpp level of theory12 for geometry optimi-
zations. The energy gradient method was used to optimize
molecular geometries including transition states (TSs). All

the optimized geometries were checked by looking through
vibrational frequency calculations.

Fig. 1 displays the energy relation among intermediates and
TSs whose optimized geometries are summarized in Fig. 2.
Table 1 lists both energy differences relative to that of10or
131MeOH and activation energies for the corresponding
routes of the reactions. Performing the intrinsic reaction

Figure 1.Energy-level diagram relative to the phenyl cation10as the feasible intermediate in kcal mol21 unit. Values in parentheses are activation energies for
each path.

Figure 2. Optimized structures of reactants, intermediates and TSs for giving solvolysis products.
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coordinates (IRC)13 calculations, we checked that all the
obtained TSs connected reactants and products at the
RHF/6-31G level of theory (ab initio molecular orbital
calculations). Moreover, IRC calculations at the B3LYP/
6-31Gpp level of theory were carried out to refine reaction
and energy profiles for Paths 2 and 4 which are the key
routes to determine the product distribution observed.

Results and Discussion

Reaction mechanism of indane formation (Paths 1 and 4)

A hydride first migrates from theg-carbon C(9) in the
propyl side chain to the cationic carbon C(1) in10.
Although this migration may yield the cation intermediate
11 in Path 1, no geometry of the primary cation was opti-
mized. Then, we tried to obtainTS114 which connects10
and15. The obtained TS (TS4) has the C(6)–C(9) and the
C(1)–C(9) which are 1.967 and 2.225 A˚ in length.

In order to confirm that the TS connects10 and15, the IRC
calculations were performed at the B3LYP/6-31Gpp level of

theory. Fig. 3 displays the energy profile and the geometry
transformation along the IRC.15

When the reaction proceeds forward froms�0.0 (TS) to
s�5.99 amu1/2 Bohr, the C(9) moves towards the C(1).
The geometry change accompanies decrease of the dihedral
anglet [C(1)–C(6)–C(7)–C(8)]: 61.68, 41.98 and 32.68 at
TS, s�2.99 and 5.99 amu1/2 Bohr, respectively. The C(1)–
C(9) bond appears ats�5.99 amu1/2 Bohr because of being
1.617 Å in length. Formation of15 is almost complete at
this point on the IRC. When the reaction proceeds in reverse
from s�0.00 to s�24.98 amu1/2 Bohr, the obtained TS
changes its geometry not to11 with an open chain but to
a phenonium ion12 with a four-membered ring. Therefore,
the obtained geometry is theTS4which connects15and12
(Path 4). The primary cation such as11 is too unstable to
exist in the gas phase. Path 1 is the route which produces not
11 but 12 probably with a negligible barrier although no TS
structure was obtained.

In the optimized structure of12 (Fig. 2) at the B3LYP/
6-31Gpp level, the C(6)–C(7) (1.634 A˚ ) is equal to the
C(6)–C(9) in length and the four-membered ring is perpen-
dicular to the benzene ring, that is, the dihedral angle
between the two rings was calculated to be 90.58. 12 turned
out to be more stable by 29.4 kcal mol21 than 10 and the
activation energy through theTS4 was evaluated to be only
3.8 kcal mol21. It was gathered that immediately after the
formation of10, a hydride of theg-position migrates to form
a new C(1)–H bond, followed by formation of12 with a
spiro-type fragment (Path 1).12, in turn, easily isomerizes
to an intermediate with a five-membered ring15 and then3
is formed (Path 4).

Formation of intermediate 13 (Paths 2 and 5)

There are two routes which produce the cation intermediate
13 as shown in Fig. 1. One includes a hydride transfer from
C(8) to C(9) in12 (Path 5) viaTS5. The B3LYP/6-31Gpp

level of theory estimated the activation energy to be
14.9 kcal mol21. This barrier is higher by 11.1 kcal mol21

than the corresponding value for Path 4 as discussed above.
Therefore, all of12 formed leads to the intermediate15and
Path 5 is ruled out.

Table 1. Total energies, energy differences relative to that of10 or
131MeOH and activation energies for the corresponding routes

Molecule DE (kcal mol21)a Total energy (Hartree)

10 0.0 2349.23938
12 229.4 2349.28627
13 246.8 2349.31394
14 255.8 2349.32825
15 251.7 2349.32171
TS2 1.2 (1.2) 2349.23741
TS3 19.3 (19.3) 2349.20865
TS4 225.6 (3.8) 2349.28019
TS5 214.5 (14.9) 2349.26255
TS6 231.0 (15.8) 2349.28884

131MeOH 0.0 2465.03790
16 211.7 2465.05658
17 210.9 2465.05524
18 221.3 2465.07190
TS7 210.4 (1.3)b 2465.05444

a Values in parentheses are activation energies.
b Energy relative to that of16.

Figure 3. Potential energy profile and geometry transformation along the IRC from12 to 15 (Path 4).
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The other route is Path 2 which forms13directly from10. In
this route, C(1) in10 accepts a hydride from theb-carbon
C(8) in the propyl side chain throughTS2. Fig. 4 displays a
potential energy profile and a geometry transformation
along the IRC of Path 2 at the B3LYP/6-31Gpp level. The
potential energy gradually increases froms�25.48 amu1/2

Bohr to the TS, and then drops sharply afters�2.00 amu1/2

Bohr. The activation energy was estimated to be only
1.2 kcal mol21 and thus,13 is mainly formed through this
route. This intermediate is the precursor of the products6
and9.

The C(1)–H(16) length is 2.763 A˚ ats�25.48 amu1/2 Bohr.
The dihedral anglet [H(16)–C(1)–C(2)–C(3)] at the TS
turned out to be 179.78. The H(16) locates on the same
plane of the benzene ring to facilitate interaction between
its s-orbital and the empty p-orbital of C(1). A five-
membered ring is formed ats�2.37 amu1/2 Bohr with the
C(8)–H(16) and the C(1)–H(16) which are 1.388 and
1.406 Å in length. The C(8)–H(16) bond breaks and a
new C(1)–H(16) bond formation is almost complete at
s�4.16 amu1/2 Bohr since these lengths are 2.004 and
1.105 Å at this point. As the/H(17)–C(8)–C(9) and
/C(7)–C(8)–C(9) angles ats�5.96 amu1/2 Bohr are 118.38
and 124.98, respectively, C(8) takes almost sp2 hybridization
with an empty p-orbital. The orbital can interact with
occupiedp-orbitals in the benzene ring. This interaction
leads to forming a three-membered ring in13 although the
C(6)–C(8) length is as long as 1.765 A˚ . This is a reason why
13 is much more stable by 46.8 kcal mol21 than10. Loss of
a proton of theg-carbon in13 results in forming8, which
does not come from11 since the primary cation is ruled out
as discussed above.

Formation of benzyl cation 14 (Paths 3 and 6)

The cation14 turned out to be more stable than10 by
55.8 kcal mol21 because it is a benzyl cation with conju-
gation between an empty p-orbital of thea-carbon and
p-orbitals in the benzene ring. There are two feasible

paths which lead to forming the benzyl intermediate. One
is Path 3 where the C(1) in10 directly abstracts a hydride
from thea-carbon to form14. The activation energy of this
path was estimated to be 19.3 kcal mol21. Such a high acti-
vation energy is ascribed to the geometry of theTS3 with
the strained four-membered ring, which is required in trans-
ferring a hydride from thea-carbon C(7) to C(1) as shown
in Fig. 2. This barrier is much higher than those for Paths 1
and 2. Therefore, all the phenyl cations go to form12or 13.

The other is Path 6 where a hydride H(15) of the C(7) in13
moves to the C(8) viaTS6. However, this reaction has to
overcome a barrier as high as 15.8 kcal mol21. This barrier
should be higher than that when the reaction forms the
solvolysis product6 from the intermediate13. Therefore,
neither Path 3 nor Path 6 explains formation of14.

The product analysis indicated that the major product of the
photosolvolysis of1 is 5 (27%). The precursor of5 is the
benzyl cation14 although the present calculations ruled out
the two feasible routes in Scheme 1. We have to consider an
alternative route in order to explain the observed product
distribution.

Solvent assisted mechanism (Path 7)

There are several examples of solvent molecules assisting
the migration of proton and reducing activation barriers of
reactions.16 It is also possible to draw the mechanism in
which a solvent assists conversion of13 to 14, i.e. a
multi-step mechanism (Path 7) represented in Eqs. (2) and
(3).

131 CF3CH2OH! 9 1 CF3CH2OH1
2 �2�

9 1 CF3CH2OH1
2 ! 141 CF3CH2OH �3�

Once 13 is formed, the reaction producing the solvolysis
product6 competes with Path 7 as shown in Scheme 2. In
the present reaction, a trace of9 in the products is a key to
understanding formation of5. In order to analyze this

Figure 4. Potential energy profile connecting10 with 13 (Path 2) together with geometry transformation along the IRC.
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mechanism, CH3OH was adopted as a model of TFE for the
purpose of simplifying calculations. Fig. 5 displays the energy
profile of the mechanism together with optimized structures.

First of all, a weak interaction between the oxygen O(21) in
CH3OH and the H(15) of thea-carbon of13 make it possi-
ble to form a complex16. The H(15)–O(21) distance was
calculated to be 2.262 A˚ . This hydrogen bond stabilizes16
by 11.7 kcal mol21. Then, methanol abstracts H(15) in
proton to form the second complex17 which consists of9
and CH3OH2

1 ion.17 The H(15)–O(21) bond length in the
oxonium ion moiety is 1.069 A˚ . The H(15) interacts with the
p-orbital of the C(7)–C(8) bond because the H(15)–C(7)
and H(15)–C(8) distances are 1.887 and 1.840 A˚ , respec-
tively. This complex is less stable by 0.8 kcal mol21 than
16.

In the third step, migration of a proton from the CH3OH2
1 to

the styrene fragment produces18 and the reaction proceeds
through TS7. The C(8)–H(15) and the H(15)–O(21)
distances of the TS are 1.520 and 1.185 A˚ , respectively.
As the dihedral anglet [C(6)–C(7)–C(8)–H(15)] is 57.88,
the H(15) interacts withp-orbital of the C(7)–C(8) bond. In
the complex18, 14 interacts weakly with a methanol since
the H(16)–O(21) distance is 2.141 A˚ . The activation energy

of the path through theTS7 was calculated to be only
0.5 kcal mol21. Thus, the total activation barrier of the
isomerization from16 to 18 is as low as 1.3 kcal mol21.
All the molecules related to Path 7 are more stable than
isolated131MeOH. Because of the stability of the related
molecules in this route,13 is predominantly converted to14
via the solvent assisted mechanism. It is necessary to note
that TFE instead of methanol was used in our experiments.
The barrier height calculated for Path 7 is considered to be
higher than that of the present calculations since the basicity
of TFE is less than that of methanol.

McClelland and coworkers reported that a laser flash photo-
lysis of p-methoxystyrene in TFE produced trifluoroethanol
adducts, which are similar to that obtained in our experi-
ment. Enhanced basicity of the photoexcited styrene
derivative makes it possible to extract a proton of TFE to
form p-methoxyphenylethyl cation.18 Therefore, it is possi-
ble to consider an alternative path where9, obtained through
the reaction of Eq. (2), is photoexcited and extracts a proton
to form14 in TFE. It is not necessary to considerTS7 in this
mechanism.

The existence of9 is the key for the observation that the
product ratio of5 (27%) is larger than that of6 (12%).

Figure 5. Energy-level profile for the solvent assisted mechanism of proton transfer (Path 7) with the optimized structures of the related molecules. Values in
parentheses are energies relative to that of16.

Scheme 2.
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Concluding Remarks

The key of Scheme 1 is formation of the phenyl cation
intermediate10. Our DFT calculations show the possibility
that three routes consume the formed intermediates which
are summarized in Scheme 3. The first is the route where the
intermediate reacts with a solvent to form4 (12%). The
second is the route where the positive charge on the C(1)
moves to theg-position of the side chain, followed by
formation of the intermediate12. This unstable intermediate
quickly changes its form to7 (trace) or3 (8%) via 15.

The last is the path which produces the intermediate13with
a three-membered ring and forms the products,5 (27%),6
(12%),8(5%) and9 (trace). Therefore, the last route is the
major path of the photosolvolysis of1. While the C(1) of10
in the second route has to abstract the hydride of the
g-carbon, that of the third one abstracts a hydride of the
b-carbon. The hydride of theg-carbon occupies a position
far from the cation center C(1). This is the reason why the
third is the main route of the present photosolvolysis.

We assume the phenyl cation as an intermediate of photo-
solvolysis of 2-chloropropylbenzene and draw the scheme
with reaction paths which explain all the products obtained.
A solvent played an important role in producing the main
solvolysis product5. Therefore, the present DFT calcu-
lations strongly suggest the existence of the phenyl cation
for the photosolvolysis of1 in TFE although the inter-
mediate is too unstable to detect experimentally.
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