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The gas-phase ion-molecule reactions of CF3" with benzene, toluene, ethylbenzene, styrene, and eth-
ynylbenzene have been studied at near-thermal energy using an ion-beam apparatus. The major product
channels are electrophilic addition followed by HF elimination for benzene (93.4+2.2%), toluene (84.3+2.4%),
and ethynylbenzene (76.9+£0.9%). The dominant product channels for ethylbenzene are electrophilic addition
followed by C2H4 and C2Ha+HF eliminations (78.944.7%), while those for styrene are electrophilic addition
followed by one or two HF eliminations and CoH3F elimination (91.745.4%). Only ethynylbenzene gives an
initial adduct ion with a small branching ratio of 6.24+0.4%. As minor product channels, hydride transfer oc-
curs for benzene (6.64:2.2%) and toluene (7.84+1.5%), and charge transfer takes place for toluene (7.9+2.0%),
styrene (8.3+1.4%), and ethynylbenzene (6.2+£0.4%). The reaction mechanisms are discussed on the basis of
product ion distributions and semi-empirical calculations of potential energies of reaction pathways.

There has been continuing interest in the reactions
of carbocations with unsaturated molecules because
of their importance in organic reactions and polymer
syntheses.) In order to clarify the ion—molecule reac-
tions of carbocations with unsaturated hydrocarbons in
the gas phase, we have recently studied the ion—molecule
reactions of a typical superacid, CF3*, with acetylene,
ethylene, and propylene at near-thermal energy by us-
ing an ion-beam apparatus.? The initial product ion
distributions and reaction rate coefficients were deter-
mined. Only electrophilic addition to a C=C triple bond
was found for the reaction with CoHs.

CF3" + CHy — CoHoCF3™ (100%) 1)

For the reaction with CoHy, the following four product
channels were found.

CFs* 4+ CyHy — CsHsFom +HF (62 +3%) (2a)

— CoH3™ +CFsH (29 +4%) (2b)

(7 +2%) (2¢)

(2+1%)  (2d)

— CHF2+ + C,H3F
— CH2F+ + CoHoFo

Electrophilic addition followed by molecular elimina-
tion [channels (2a), (2¢), and (2d)] and hydride trans-
fer [channel (2b)] were found for CoHy. On the basis
of semi-empirical calculations of potential energies for
the electrophilic CF3*-addition/HF-elimination path-
ways, the lack of the HF elimination channel in the

CF3*/CyH; reaction was attributed to the formation of
a CHFCHCF,% isomer ion (which is more stable than
the C3HF2* +HF products) by F~ transfer from the
initial adduct CHCHCF31 ion. The lack of the initial
adduct ion in the CF3*/CoHy reaction was explained
by the instability of the adduct CsHyF3* ion for HF
elimination. The reaction rate coefficients for the three
simple unsaturated aliphatic hydrocarbons amounted to
>46% of the total collision rate coefficients estimated
from either the Langevin theory or the parameterized
trajectory model.

The ion—molecule reactions of CClz™ with benzene,
toluene, ethylbenzene, and styrene have been studied
in the gas phase by Virin et al.>~> at low operating
pressures of 10~4—10~2 Torr (1 Torr=133.322 Pa) and
by Stone and Moote® at high operating pressures of
1—3 Torr. Only electrophilic addition followed by an
HCI elimination process (3a) has been found for the
CCl3t/CgHg reaction at 10~4—10~2 Torr, while not
only process (3a), but also an initial electrophilic-addi-
tion process (3b) has been found at 1-—3 Torr due to
collisional stabilization of the initial adduct ion.

CCls* + CeHe — C7Hs5Cle* + HCI (3a)
— C7HeCls™* ' (3b)

The CCl3t/PhCH;z and CCl3™/PhCyHjs reactions at
10~*—10~2 Torr provided only the electrophilic CCl3*-
addition/HCl-elimination products.
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CCla+ 4+ CgHsCH3 — CgH7Clz+ +HCl (4)
CCl3™ + CgHsCoHs — CoHyCly T + HCIL (5)

Although the CCl3*/PhCyH; reaction has not been
studied at low pressures, the following three product
channels have been found at 1-—3 Torr.

CClst+CsHsC2H3—CrHClT +C2HoCly  (63%)  (6a)

— CoHgClz ™" (31%) (6b)

— CoH,Cly™ +HClI (6%) (6c)
A reaction scheme of the dominant process (6a), which
proceeds through electrophilic addition to the sub-
stituent followed by CyH2Cly elimination, has been
proposed.®

In the present study, the ion-molecule reactions of
CF3t with benzene, toluene, ethylbenzene, styrene,
and ethynylbenzene have been investigated using an
ion-beam apparatus. The reaction mechanisms are dis-
cussed based on the initial product ion distributions
and semi-empirical calculations of heats of formation
of product ions. The results obtained are compared
with the previous data for the reactions of CF3* with
unsaturated hydrocarbons® and those of CCls* with
benzene, toluene, ethylbenzene, and styrene.>~% Pre-
liminary results for benzene and toluene have already
been communicated,” although no theoretical approach
to explain the reaction mechanism has been presented.

Experimental

The ion-beam apparatus used in the present study was
similar to that reported previously.>” In brief, ground-state
Art(?P; /2) ions were generated by a microwave discharge of
high-purity Ar gas in a quartz flow tube. CF3™ ions were
produced by the thermal-energy CT reaction of Ar™ with
CF4.%) After being completely thermalized by collisions with
the buffer Ar gas, the reactant CF3 ions were expanded
into a low-pressure chamber through a nozzle. The reagent
gas was injected into the reaction zone from an orifice placed
5 cm downstream from the nozzle. The reactant and prod-
uct ions were sampled through an orifice placed 3 cm further
downstream and analyzed using a quadrupole mass spec-
trometer. Operating pressures were 0.5—1.0 Torr in the
ion-source chamber, (1.5—2.5)x1072 Torr in the reaction
chamber, and (0.8—2.0)x10~° Torr in the mass analyzing
chamber. The partial pressures of the sample gases were
<1x107° Torr in the reaction chamber and <1x10~® Torr
in the mass analyzing chamber.

By using the same method as that reported previously,
the relative velocities of the CF3T— CgHs, CF3T-PhCHs,
CF3"-PhCeHs, CF3T-PhC2H3, and CF3T-PhCyH pairs
under a typical Ar pressure in the flow tube (1.0 Torr) were
evaluated to be 564, 553, 545, 546, and 547 ms™!, respec-
tively corresponding to average center-of mass translational
energies of 60—64 meV. Therefore, the present experiments
were carried out at only slightly hyperthermal energies.

In our previous study on the ion—molecule reactions of

2,7)

CF3* with C2Ha, CoHy, and CsHs,? not only the product
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ion distributions, but also the reaction rate coeflicients were
determined by measuring the dependence of the reactant
ion intensity on the sample flow rate. In the present exper-
iment, the sample gas pressures were too low to determine
the reaction rate coefficients.

The heats of formation are known for the reactant ion,
reagents, and some stable products obtained in this work.?)
However, there are many species whose A H° values are un-
known. These values were calculated by using a semi-empir-
ical MNDO method (MOPAC Ver. 6.0) in order to describe
potential-energy diagrams. The AH® values of C¢Hs™ and
CgHsF were calculated in order to estimate the uncertainties
of the calculated values. The calculated values for C¢Hs™
and CgHsF are 1185 and —106 kJ mol™!, which are in rea-
sonable agreement with reported experimental data of 1142
and —116 kJ mol ™!, respectively.”) It is thus concluded that
the MNDO values are useful to discuss the reaction path-
ways.

Results and Discussion

Benzene and Toluene: The observed product
channels and their branching ratios are summarized in
Table 1. For the reaction with benzene, electrophilic
addition followed by HF elimination (7a) and hydride
transfer (7b) were found. The reaction mechanism of
processes (7a) and (7b) is shown in Scheme 1. Although
we have reported that a positive charge in 3 is localized
on a carbon atom of the benzene ring, it was found to
be dominantly localized in the carbon atom of the CFq
substituent on the basis of an MNDO calculation of the
charge density. Therefore, the latter dominant struc-
ture is shown in Scheme 1. We have predicted that the
lack of initial adduct ion 2 is due to its instability for
HF elimination by analogy with the theoretical calcu-
lation of the electrophilic CF3*-addition/HF-elimina-
tion pathways in the CF3*/CyH, reaction.? In order
to examine the validity of this prediction, the potential
energy of the CF3*-addition/HF-elimination pathway
was evaluated from the reported thermochemical data®
of CF3T, CgHg, and HF and calculated AH® values of
C;HgF3T and C;HsFs™ (Fig. 1). The AH® value of
initial adduct ion 2 is higher than that of 3+HF by ca.
0.9 eV. Therefore, the elimination of HF from 2 oc-
curs completely, which is consistent with our previous
prediction.

The potential energy diagram for the minor HT proc-
ess (7b) is also shown in Fig. 1. By using reported ther-
mochemical data,” the HT process is exoergic only by

H_ CFs @CF,

(o) = HF

bt
2 3

@ -
— CFgH ®
1 L
4
Scheme 1.
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Table 1.

Hydrocarbon at Near-Thermal Energy
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Product Ion Distributions in Ion-Moleucle Reactions of CF3* and CClst with Aromatic and Aliphatic

Reactant ion

CF3* (Our work)®

CClz* (Refs. 3—6)

Reagent Product Branching ratio/% Product Branching ratio/%

CeHs CrHsFo T +HF 93.4+2.2 (Ta)  CrHsCla*+HCI 100 (3a)
CeHsT+CF3sH 6.6£2.2 (7b)

Ce¢HsCHz  CgH;F;t+HF 84.3+2.4 (8a) CgH,Cly*+HCI 100 (4)
CGH50H3++CF3 7.94+2.0 (8b)

C;H,*+CF3H 7.8+1.5 (8c)

CeHsC2Hs C7H6F3++02H4 29.5+2.3 (93.) CgHgClz++HCl 100 (5)
CrHsF2t+C2Hy+HF 49.442.4 (9b)

CoHs 1T +CeHsCF3 21.1+1.4 (9¢c)

CeH5C2Hs CoH,F"+HF 33.7£2.3 (10a) CoHsCl3™ 31 (6b)
CoHgF*+2HF 18.242.1 (10b)  CoH;Clyt+HCI 6 (6¢)
C7H6F++02H2F2 39.8+1.0 (10C) C7HGCI++02H2012 63 (63,)
CeHsCoH3 T +CF;3 8.3+1.4 (10d)

CeHsCoH  CoHgFs™ 16.940.7 (11a)

CoHsFyt +HF 76.9+0.9 (11b)
CeH5CoH' +CF;3 6.24+0.4 (11c)

CH4 No reaction

C2oHs 02H5++CF3H 100 (16)

CoHy CsHsF, ™ +HF 6243 (2a)

CHF2++CQH3F T£2 (20)
CH2F++CzH2F2 2+1 (2d)
CzH3++CF3H 29+4 (2b)
C2H; CsHoF3 ™t 100 )
a) Data for CoHy (n=2,4,6) are obtained from Ref. 2 and that for CH4 is obtained from Ref. 11.
0.45 eV. CF3t + CgHg — C¢HF + CF3H+0.45 eV (7b)
. This implies that HT process (7b) proceeds through a
+ .

CF4 + CeHg C7HeFy C/HsF," + HF much higher energy surface than that of the major elec-

CgHs* + CFgH trophilic CF3*-addition/HF-elimination pathway (7a).

s | oo For the reaction with to.lu?ne,.besides electroph%lic

[N addition followed by HF elimination (8a) and hydride

i S~ transfer (8¢c), as found for the CF3*/CgHg reaction,

T4 SseV) CT process (8b) was observed with the branching ratios

given in Table 1. The possible reaction mechanism of

process (8a) is shown in Scheme 2. Ortho-, meta-, and

E n para-CgH;Fa™ isomers (7a—7c) can be formed through

5 electrophilic CF3*-addition/HF-elimination. We have

& § predicted that more stable ortho- and para-isomers (7a,

2 2 @ : . X

fri 7c) will be the dominant product CgH7F2* ion due to

A\ electron-donating inductive effects of the CHz group.?

' The lack of adduct ions 6a—6c¢c was predicted to be

3 _ due to a lower stability of the initial adduct ions for the

HF elimination.? In order to examine the validity of

2 esie the above prediction, a potential-energy diagram was

T obtained by using reported and calculated AH® val-

o ues (Fig. 2). The energies of 7Ta—7c+HF are lower

Fig. 1. A potential-energy diagram for the elec- than those of 6a—6¢ by 0.66—0.90 eV. Therefore, the

trophilic CF3*-addition/HF- elimination and hy-
dride-transfer pathways in the CF3" 4 CgHg system.

lack of 6a—6c¢ is attributed to their instability for HF
elimination, which agrees with our previous prediction.
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Fig. 2. A potential-energy diagram for the elec-

trophilic CF3"- addition/HF- elimination and hy-
dride-transfer pathways in the CF3++CgHsCHz sys-
tem.

There are no significant differences in the AH° values
among 6a—6c¢ and Ta—7c, indicating no significant
ortho- and para-selectivity probably due to weak in-
ductive effects of the CH3z group. This lack of ortho-
and para-selectivity is inconsistent with our prediction.

H™ abstraction is possible both from the benzene
ring and from the side CHj chain in process (8c), as
shown in Scheme 3. Cipollini et al.'?) have reported that
CF3* may abstract a side-chain hydride ion from tol-
uene based on the gas-chromatographic analysis of the
final products. Although the electron-donating proper-
ties of the CH3 group suppress hydride abstraction from
the benzene ring, its branching ratio is nearly the same
as that for benzene. Therefore, we assumed that H™
abstraction from toluene occurs predominantly at the
side CH3 chain.? Figure 2 shows an MNDO potential-
energy diagram for the H™ abstraction pathway. Ac-
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Scheme 3.

cording to theoretical calculations, the potential ener-
gies of 8b—8d+ CF3H formed through H™ abstraction
from the benzene ring are comparable with that of the
reactant system, while the energy of 8a+CF3H is much
lower than that of the reactant system. It is therefore
reasonable to assume that the hydride abstraction pre-
dominantly occurs at the substituent. This conclusion
supports our previous prediction.

The most significant difference in the product chan-
nels between PhCH3 and PhH is the occurrence of CT
for PhCHj3. The occurrence of CT for PhCHj3 and the
lack of CT for PhH are consistent with the facts that
the recombination energy (RE) of CF3* (<8.90 V)%
is lower that the ionization potential (IP) of PhH (9.25
eV),” while it is higher than the IP value of PhCHjg
(8.82 eV).¥

Ethylbenzene: Three product channels (9a—9c)
were observed in the CF3*/PhCyH;s reaction with the
branching ratios given in Table 1. All pathways pro-
ceed through electrophilic addition followed by molecu-
lar elimination, where Ph—CoHs bond scission occurs in
all cases (Scheme 4). On the basis of our recent study on
the reactions of CF3* with aliphatic hydrocarbons,?!V
the elimination of saturated Cs hydrocarbons such as
CoHg and CoHsF has never been observed, while that
of unsaturated hydrocarbons such as CoHy and CoH3F
is quite common. Therefore, it is highly likely that the
by-product of C;HsF2* is not CoHsF but CoHy+HF
in process (9b).

The most outstanding feature is the lack of the
electrophilic CF3T-addition/HF-elimination pathway,
which is a major product channel for benzene and tol-
uene. In order to obtain information about the CF5T-
addition/molecular-elimination pathways, a potential-
energy diagram was evaluated from reported and calcu-
lated A H° values of the reactants and products (Fig. 3).
Since the energies of the HF elimination pathways are
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Fig. 3. A potential-energy diagram for the elec-

trophilic CF3*-addition/molecular-elimination path-
ways in the CF3 T +CegHsC2Hs system.

lower than those of the CoHy and CoHy4+HF elimi-
nation pathways, 11la—11c will be produced prefer-
entially as in the cases of benzene and toluene. This
is inconsistent with the experimental observation. If
the elimination of HF occurs at the first step, stable
ions 11a—11c will be formed from 10a—10c. Al-
though 11a—11c+HF are not produced, the formation
of 34+CyH,4+HF is observed. The lack of 11a—11c and
the detection of 3 may be explained by the fact that
the eliminations of CoH4 and PhCF3 from 10a—10c¢
take precedence over that of HF, even though the po-
tential energies of 2+CyH4 and 124+ PhCF3 are higher
than those of 11a—11c+HF. An alternative explana-
tion is the selective formation of ipso isomer 10d which
decomposes completely into 2+CyHy, 3+ CoHy+HF,

Bull. Chem. Soc. Jpn., 68, No. 12 (1995) 3501

and 12+PhCF3;. The potential energy of 10d is only
slightly higher than those of 10a—10c and the elec-
tron density of the 1-position carbon is slightly higher
than those of the 2- and 3-position carbons in reagent
9 on the basis of MNDO calculations. It is therefore
reasonable to assume that 10d is formed preferentially.
In order to determine the relative importance of the
above two pathways, further detailed experimental and
theoretical studies will be necessary.

It should be noted that the CT channel is closed for
PhC,Hj5, though it is energetically open because the
IP value of PhCyHs (8.77 €V)? is lower than the RE
of CF3% (<8.90 eV). Although HT was observed as a
minor product channel for PhH (6.6+2.2%) and PhCH3
(7.9+2.0%), it could not be detected for PhCoHs. Since
electron-donating inductive effects of the ethyl group
enhance electrophilic addition to the ring, the compet-
itive CT and HT channels will be suppressed.

Styrene: Four product channels (10a—10d)
were observed in the CF31/PhCsH3 reaction with the
branching ratios given in Table 1. Since unsaturated
bonds exist both in the ring and the substituent for
styrene, electrophilic addition can occur at both reac-
tive sites, as shown in Scheme 5. The potential-energy
diagrams of processes (10a—10c) are shown in Figs. 4
and 5. Since the formation of 21 is endoergic, it can
be excluded from the possible product ions. The ab-
sence of the initial adduct CgHgF3™ ions is consistent
with their instability for HF elimination for all cases
(14a—14c—15a—15c, 16—17, and 23—24). The
most important CoH7F,* ion will be 17 because its
stability is highest. Although adduct ions 19 and 25
can be produced by F~ transfer from 16 and 23, re-
spectively, the potential energies of the former adducts
are higher than those of the latter ones. Therefore, re-
action pathways from adduct ions 19 and 25 to 20, 22,
24, and 26 will be insignificant. It should be noted that
the potential energy of 18 +HF is higher than that of
precursor ion 17 by 1.1 eV. Therefore, precursor ion 17
must have at least 1.1 eV excess internal energy to elim-

CF4 + CgHsCyHy —> CgHgFa* —> CoH,F# + HF

¥,
3 3
5 {hom e
'n':' I~ \..."". \\\
z \1e_praev) ‘\\
\_\____w___is- 150 B3seV)
\, 15c_p14ev)

3 =

=

o L

Fig. 4. A potential-energy diagram for the ring-

addition/HF-elimination pathways in the CFs*+
CsH5C2H3 system.
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CF5 + CoHyCatly— CeHaFy* _»(CQH-,F% FHE "+ 2HF §istent with the fact that the IP of styrene (8.43 eV)*
CHgF* + CoHoF, is lower than the RE of CF3" (<8.90 V).
A-ta Ethynylbenzene: Three product channels (11a—
8r 11c) were observed in the CF3t/CgH5C2H reaction
T i3 seren 20 (mm_,.f" with the branching ratios listed in Table 1. The most
! TN outstanding feature of the CF3*/PhCoH reaction is
3 3 4 : the detection of a small amount of the initial adduct
% 5[ Y ,/" 4 CoHgF3™ ion, which was absent for the other four aro-
g "\\ 4 matic hydrocarbons studied here. The formation of
u 19 wasenilys 4 the three ring adducts 28a—28c and two substituent
= 1\ R, fo—anel adducts 30 and 34 are possible (Scheme 6). Although
2 Esev-—> N\ 2BV . . . .
- wonster i\ 2¢_@e0ev) the formation of these adduct ions is energetically acces-
_ sible, as shown in a potential-energy diagram (Fig. 6),
sk e puen. 17 omen substituent adduct 30 is the most stable. Since F~
0% transfer from 30 gives the more stable adduct ion 32,
Fig. 5. A potential energy diagram for the sub- a fast F~ transfer from 30 to 32 will take place pref-

stituent-addition/molecular-elimination pathways in
the CF3+ +CeH5C2H3 system.

inate the second HF molecule. The occurrence of the
CT channel leading to the parent PhCoHs™ ion is con-

erentially. It should be noted that the potential energy
of substituent adduct 32 is lower than those of 31+HF
and 33+HF, while ring adducts 28a—28c are unstable
for HF elimination, as found for the other aromatic hy-
drocarbons. It was therefore concluded that the initial
adduct CoHgF3™ ion is substituent adduct 32 and the
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Fig. 6. A potential-energy diagram for the elec-

trophilic CF3*-addition/HF-elimination pathways in
the CF3++CGH502H system.

CoHsF,T ion is ring adducts 29a—29c¢ with small en-
ergy differences. The occurrence of the CT channel is
consistent with the fact that the IP of ethynylbenzene
(8.81 €V)? is lower than the RE of CF3t (<8.90 eV).

Comparison with the Related Data: If CF3™
attacks substituents of aromatic hydrocarbons, similar
reaction pathways will appear between aromatic hydro-
carbons and simple aliphatic hydrocarbons. T'wo reac-
tion systems are compared in Table 1. Since no reaction
occurs for CHy and only HT takes place for CoHg, the
reactivity of CF3T for CH4 and CoHg is different from
that for PhCH;3 and PhC,yHs. The lack of HT and CT
channels for CH4; and a CT channel for CoHg can be
attributed to energy constraints.

CF3" 4+ CHy — CH3 " + CF3H - 0.77 eV (12a)

CFs* +CHy — CH, T+ CF; (AH® >3.61eV) (12b)

CF3T+CoHe—C2HgT+CF3 (AH°>2.62¢eV)  (13)
The large difference between saturated aliphatic hy-
drocarbons (CH4, C2Hg) and aromatic hydrocarbons
(PhCHgs, PhCyHj) arises from the existence of a highly
reactive site in the ring for the aromatic hydrocarbons.

Since electrophilic addition to the substituent occurs
as a major product channel for aromatic hydrocarbons
with a multiple bond in the substituent, the reactiv-
ity for PhCoH3 and PhCoH becomes similar to that for
CoHy4 and CoHs. However, there are great differences
in the subsequent molecular-elimination processes. Not
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Table 2. Reaction Mechanism of CF3% with Aromatic Hydrocarbons at Near-Thermal Energy

Branching ratio of each reaction/%

Reagent IP/eV 2) Electrophilic addition Hydride transfer Charge transfer
CeHs 9.25 Ref.2 93.4+2.2(R) 6.6+£2.2
Ce¢H5CHs 8.82 Ref.2 84.3+2.4(R) 7.8+£1.5 7.9+2.0
CsH5CzH5 8.77 This work 100(R)
CeH5C2H;3 8.43 This work 0—33.7£2.3(R), 58.043.1—91.745.4(S) © 8.3+14
Ce¢HsC2H 8.81 This work 0—76.9+£0.9(R), 16.94+0.7—93.8+1.6(.5) 6.2+0.4

a) Ionization potential (Ref. 9).

just one, but two HF eliminations occur for PhCoHsg,
while only one HF elimination takes place for CoHy
probably due to an insufficient excess internal energy
to eliminate the second HF molecule. Although the ini-
tial adduct ion is formed from PhC,H, its branching
fraction is much smaller than that for CoHs. The ma-
jor process for PhCoH was the electrophilic CF3+-ad-
dition/HF-elimination process, which was not observed
for CoH,. This difference probably arises from the ex-
istence of a highly reactive site in the ring, which is re-
sponsible for the CF3*-addition/HF-elimination proc-
ess.

The reactions of CF3t with PhH, PhCH3, PhC,Hs,
and PhCyH3 are compared with those of the CCls™
reactions in Table 1. The dominant reaction pathway
for PhH and PhCHj3 is similar between the two reac-
tions. In both reactions, the major product channel is
the electrophilic CX3*-addition/HX-elimination (X=F,
Cl) pathway. The HT and CT channels are energeti-
cally closed in the CClzt reactions due to the low RE of
CCl3t (7.80 €V)? and a high AH® value of HCI (—0.96
eV)? in comparison with that of HF (—2.82 eV).9

CCls" + CgHs — CeHg™ + CCl3 — 1.81 eV (14a)
CCls™ + CeHg — CeHs ' + CHCl3 — 3.11 eV (14b)
CCl3* +CsHsCH3—CsHsCH3 T +CCl3—3.00 eV (15a)

CCl3t+CsHs CH3 —CsHs CHa T +CHCl3—1.10 eV (15b)

There is a significant difference between the two re-
actions for PhCyHs. Only the electrophilic CCls*-ad-
dition/HCl-elimination pathway is open in the CClz™
reaction, whereas the corresponding pathway is closed
in the CF3T reaction. The main product channels are
electrophilic addition followed by CoH4 and CoHy+HF
eliminations. The higher available energy of CF3™
will induce the CoHy-elimination pathway, which takes
precedence over the single HF-elimination pathway.

The major product channel for PhCyoHg is similar
between the two reactions, in which the electrophilic
CX3t-addition/CoHyXg-elimination occurs with the
highest probability. The available energy of CF3* is
higher than that of CClz™. Therefore, not only elec-
trophilic addition followed by one HF elimination, but
also that followed by two HF eliminations is detected in

b) Addition to benzene ring.

¢) Addition to substituent.

the CF3T/PhCyH3 reaction. The higher RE of CF3™
induces the CT channel, though its branching ratio is
small. Although the initial adduct CgHgCls™ ion was
found in the CCl3* /PhC,yHj3 reaction, its measurement
was carried out at high pressures of 1—3 Torr.®) There-
fore, low-pressure experiments, where the effects of col-
lisional stabilization are insignificant, will be required
for further detailed comparison.

Conclusion

The gas-phase ion-molecule reactions of CF3* with
five fundamental aromatic hydrocarbons have been
studied at near-thermal energy. The branching ratios of
electrophilic addition to the ring and substituent, HT,
and CT are summarized in Table 2. The gas-phase re-
actions of CF31 with benzene derivatives generate two
product channels: (1) mostly electrophilic attack on the
benzene ring for reagents without a highly reactive sub-
stituent (e.g. benzene, toluene, and ethylbenzene) and
(2) electrophilic attack on the substituent for reagents
with a multiple bond (e.g. styrene and ethynylbenzene).
There are large uncertainties in the branching ratios be-
tween the ring adducts and the substituent adducts. In
order to reduce such uncertainties, further experimental
studies, such as isotopic experiments, will be required.
Although the HT process was found for benzene and
toluene, it was absent for the other four aromatic hy-
drocarbons studied here. This was attributed to the
higher reactivity of CF3t for multiple bonds in the ring
and/or substituents. For all molecules with lower ion-
ization potentials than the RE of CF3™ (<8.90 eV) ex-
cept for ethylbenzene, the CT process was found as a
minor channel.
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