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The gas-phase ion-molecule reactions of CF31 with nitrogen-containing benzene derivatives (C¢HsY : Y=
NH,, NO3, and CN), pyridine, pyrrole, and acetonitrile have been studied at near-thermal energy using an ion-
beam apparatus. The major product channels are charge transfer for aniline (71.740.5%), O~ abstraction for
nitrobenzene (91.7+0.5%), electrophilic addition leading to initial adduct ions for benzonitrile (97.5+0.8%),
acetonitrile (100%), and pyridine (94.8+£0.4%), and electrophilic addition followed by HF elimination for pyr-
role (80.0£1.4%). The reaction mechanism is discussed based on product ion distributions and theoretical

calculations of the energies of reaction pathways.

We have recently developed a new type of ion-beam
apparatus for studying gas-phase ion-molecule reac-
tions at near-thermal energy."? A flowing-afterglow ion
source was coupled with a low-pressure reaction cham-
ber. One advantage of our beam apparatus is that sec-
ondary ion-molecule reactions and collisional stabiliza-
tion of long-lived intermediates can be greatly reduced
because of low operating pressures (ca. 1073 Torr, 1
Torr=133.322 Pa) and the short distance between a
reagent gas inlet and a sampling orifice (3 cm). The
other advantage is that the reactant ion is completely
thermalized before it enters the low-pressure reaction
chamber. These advantages enabled us to obtain in-
formation about the primary ion-molecule reactions at
near-thermal energy, which is often difficult to obtain
using conventional flow-tube experiments operated at
high pressures (0.1 —1.0 Torr). Our beam apparatus
has been successfully applied to the ion-molecule reac-
tions of Art, CO2*, and ArN,T with simple aliphatic
hydrocarbons and halogenated methanes.!—*

Our mass-spectrometric study has recently been ex-
tended to a study on ion-molecule reactions of a typ-
ical superacid, CF3*, with aromatic molecules in or-
der to clarify the reactivities of carbocations for aro-
matic molecules in the gas phase completely free from
a solvent. In preceding papers,>® the product ion
distributions have been reported for benzene, toluene,
and anisole. The major product channels for ben-
zene and toluene without highly reactive substituents
were electrophilic addition followed by HF elimination
(Schemes 1 and 2). The branching ratios of 3 and 6 were
found to be 93.44+2.2 and 84.3+2.4%, respectively. As
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a minor product channel, hydride transfer (HT) occurs
for benzene with a branching ratio of 6.6+2.2%, while
both HT and charge transfer (CT) take place for toluene
with branching ratios of 7.9£2.0 and 7.8+1.5%, respec-
tively. By substituting a methoxy group with highly
reactive lone-pair electrons to the benzene ring, more
product channels were found to be open. The major
product channels for anisole were electrophilic addition
to lone-pair electrons of the oxygen atom, leading to 8,
9, and 10 with branching ratios of 15.44+2.4, 16.7+3.0,
and 17.84:2.7%, respectively, and the electrophilic addi-
tion to the benzene ring followed by loss of HF leading
to 12 with a branching ratio of 35.7+4.3% (Scheme 3).

In the present work, ion-molecule reactions of CF3*
with CGH5Y (Y=NH2, NO2, and CN), CchN, C5H5N,
and C4H4NH were studied in order to examine the
effects of nitrogen-containing substituents in benzene
derivatives and a nitrogen atom in heterocyclic aromatic
molecules. All of these reagents have highly reactive
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lone-pair electrons on the nitrogen atom, or a negative
charge on the oxygen atom. The results obtained are
compared with recent studies concerning the reactions
of CF3* with C¢HsNO, by chemical ionization mass
spectrometry (CI/MS)™ and with NH3, (CH3),NH3_,
(n=1—3) and C,,H2,,NH (n=2-—5) by an ion-cyclotron-
resonance method.®

Experimental

The ion-beam apparatus used in the present study was
similar to that reported previously.l*? In brief, the ground-
state Ar*(*P3/5) ions were generated by a microwave dis-
charge of high-purity Ar gas in a quartz flow tube. The
CF3™ ions were produced by the thermal-energy CT reaction
of Ar" with CFy4 with a rate coefficient of (6.7+£2.6)x10™°
cm®s™1.Y) After being completely thermalized by collisions
with the buffer Ar gas, the reactant CF37 ions were ex-
panded into a low-pressure chamber through a nozzle cen-
tered on the flow tube. The reagent gas was injected into
the reaction zone from an orifice placed 5 cm downstream
from the nozzle. The reactant and product ions were sam-
pled through an orifice placed 3 c¢cm further downstream,
and were analyzed using an ULVAC MSQ400 quadrupole
mass spectrometer. The operating pressures were 0.5—1.0
Torr in the ion-source chamber, (1.5—2.5) x10~2 Torr in the
reaction chamber, and (0.8—2.0) x 10~ Torr in the mass an-
alyzing chamber. The partial pressures of sample gases were
<1x107° Torr in the reaction chamber and <1x10~% Torr
in the mass-analyzing chamber.

Under a typical Ar pressure in the flow tube (1.0 Torr),
the Ar expansion was estimated to have a Mach num-
ber of 3.2 and a final velocity of 487 ms™! from known
relations.’® Since the difference in mass between Ar and
CF3" is small, the Ar/CF3" velocity slip was negligibly
small and the final CF3* translational velocity was expected
to be nearly the same as that of the Ar carrier. Assuming
a Boltzmann distribution of 300 K for reagent molecules
and a perpendicular direction between the ion-beam and
the reagent, the relative velocities of the CF3T— C¢HsNH,
CF3t-CeH5NO2, CF37—CH3CN, CF3t-CgH5CN, CF3t—
CsHsN, and CF3t-C4H4NH pairs were evaluated to be 553,
537, 394, 547, 554, and 576 ms™!, corresponding to aver-
age center-of-mass translational energies of 63, 66, 52, 64,
62, and 58 meV, respectively. Therefore, the present ex-
periments were carried out at only slightly hyperthermal
energies. The reaction time between CF3" and the reagents
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was estimated to be <5x107° s by using the velocity of the
CF3% beam and the distance between the reagent gas inlet
and the sampling orifice.

In our previous study on the ion-molecule reactions of
CFst with CoH,, CoH,, and C3H6,9) not only the product
ion distribution, but also the reaction rate coefficients were
determined by measuring the dependence of the reactant ion
intensity on the sample flow rate. In the present experiment,
the sample gas pressures were too low to control by using a
mass flowmeter. Therefore, it was difficult to determine the
reaction rate coefficients.

Results and Discussion

Aniline and Nitrobenzene: For the CF3t +
CsHsNH;, reaction, the following four product channels
are observed:

CF3%1 + C¢HsNH,—C7HgNF, ™ + HF, (1a)
'—")CGH5NH2+ + CF3, (].b)
—CeHs " + CF3NH,, (1c)

—CFyNH, " + CeHsF.  (1d)

The branching ratios of each process are given in Ta-
ble 1. Although the initial adduct ion was observed for
the reaction with C¢HsOCHj (15.4+2.4%),9 it was ab-
sent for the reactions with C¢Hg and C¢H5;CH;.») The
lack of an initial adduct ion for C¢HsNH, agrees with
the results for the latter aromatic hydrocarbons and for
nitrogen-bases, such as NHj3, (CH3),NH;3_,, (n=1—3),
and C,H2,NH (n=2—5). For the reactions with
CGHG, C6H5CH3, NH3, (CHg)nNH;;_n (n=1—3), and
C,H2,NH (n=2—25), the electrophilic addition followed
by HF elimination was a dominant product channel
in most cases.>® The electrophilic CF3*-addition/HF-
elimination process leading to C;HgNF, 7 is also found
for C¢HsNH> with a branching ratio of 21.44-0.5%. The
formation of C;HgNF2* proceeds through the addition
of the reactant CF3™ ion to lone-pair electrons of the
nitrogen atom, or to 7 electrons of the benzene ring
followed by loss of HF (Scheme 4). It is known that
the electrophilic addition of CHs*, CoHs+, CH,CIlt,
and CHCl,™" to aniline occurs dominantly on the sub-
stituent, whereas that of Ht takes place on the benzene
ring from the measurements of mass-analyzed ion ki-
netic energy spectra.!*'? Since the reactivity of CF3™
is expected to be similar to that of chlorinated meth-
ane ions, isomer 15 may also be a major adduct in the
CF3* reaction. In order to examine this prediction, the
potential energies of the CF3-addition/HF-elimination
pathways were evaluated from reported thermochemical
data'® and calculated AH" values of four C;H,NF3+
and C;HgNF51 ions. Theoretical values were obtained
by using a semiempirical MNDO method (MOPAC Ver.
6.0). The results obtained are shown in Fig. 1. The
AH® values of the C7H;NF3* adduct ions are higher
than those of the C;HgNFo 1 +HF products for all cases.
Therefore, the adduct ions will completely decompose
to C7HgNFoT+HF, which is consistent with the experi-
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mental observation. Since adduct ions 16a and 16c¢ are
more stable than 16b, the formation of 17a and 17¢
may be more favorable than that of 17b. Although the
potential energies of electrophilic addition/HF elimina-

Table 1.
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Product Ion Distributions in Ion-Molecule reactions of CF3™

with Benzene Derivatives, Pyridine, Pyrrole, and Acetonitrile at

Near-Thermal Energy

Branching ratio/%

Reagent Product ion Reaction This work ~ CI/MS®
mechanism

CeHsNH; C;HgNF,* EA Y 21.440.5
CeHsNH,* cT© 71.740.5
CeHs™ EA 3.9+0.1
CF;NH,t EA 3.040.1

CeHsNO; CeHsNO,™* CT 0 3
CeHsNO™ O~ abstraction 91.74+0.5 69
CeHs™ NO2™ abstraction 8.3£0.5 28

CsHsCN CgHsNF3* EA 97.5+0.8
CgH4NF,* EA 2.5+0.8

CsHsN CsHsNF3t EA 94.8+0.4
CeH4NF, EA 5.2+0.4

C4H,NH  CsHyNF,* EA 80.0+1.4
C4H4NHT CT 20.041.4

CH3;CN CH3CNCF3* EA 100.0

a) Chemical ionization mass spectrometry (Ref. 7) b) Electrophilic addi-

tion. c¢) Charge transfer.
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tion pathways through 16a and 16c are lower than that

through 14, there are no significant difference in the en-
ergies among the three adduct ions. Therefore, not only
ring adducts (17a, 17c), but also substituent adduct
15, may be formed, though their branching fractions

MNDO potential- energy diagram for the

CF3t +CgHsNH; system. The energy of the reac-
tant system is obtained from thermochemical data in
Ref. 13.

could not be determined in the present study.

The electron-donating resonance effects of the NH,
group will enhance the formation of Wheland-type
adducts (16a, 16c), while a high reactivity of the
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lone-pair electrons on the nitrogen atom will yield N-
adduct 14 preferentially. However, the branching ra-
tio of the electrophilic CF3*-addition/HF elimination
process, 21.44+0.5%, is found to be lower than those
of the CF;T-addition and CF3*-addition/molecular
elimination processes for C¢Hg (93.44:2.2%), CsH5CH;
(84.3£2.4%), and CgHsOCHj3 (85.6+12.4%).>% It
should be noted that the branching ratio of the parent
CeHsNH,™ ion resulting from a simple CT, 71.7+0.5%,
is much larger than those of C¢Hg (0%), CgHsCH;
(7.8+1.5%), and C¢H5OCH;3 (14.4%1.8%). The lack of
the CT channel for CgHg is explained by a higher ioniza-
tion potential of C¢Hg (9.25 €V)'® than the recombina-
tion energy of CF3* (<8.90 eV).!® The large branching
ratio of the CT channel for C¢HsNH, can be attributed
to a lower ionization potential of C¢gHsNHs (7.72 eV)
than those of C¢HsCHj (8.82 eV) and CgHsOCH;
(8.21 eV),'® which provides a greater chance to pro-
duce various rovibrational levels of the ground state
of C¢HsNH,* (X2B,) after CT. The preferential oc-
currence of the CT channel for C¢HsNH, results in a
great reduction of the probability of the competitive
electrophilic addition channel.

The minor C¢Hs™ and CF;NH,t ions must be
formed through an attack of CF3% on the lone-pair
electrons of the nitrogen atom, followed by a loss of
CF3NH; or C¢HsF (Scheme 5). Corresponding proc-
esses leading to CgHst and CF,OCH3™ have been
found for C¢H;OCH3.%) This suggests that substitution
of the NHs and OCHg groups with lone-pair electrons
to benzene induces similar product channels.

Although HT was observed as a minor product chan-
nel for CGHG (66i22%) and C(,‘H5CH3 (79:|:20%),5)
it cannot be detected for C¢HsNH,. Taking account of
the resonance form of aniline, a negative charge is devel-
oped in the benzene ring due to the electron-donating
resonance effects of the amino group. This makes it dif-
ficult to abstract H™ from the benzene ring of aniline.

For the CF3T+CgH5NO, reaction, the following two
product channels have been observed:

@®,CF3
NH2 HN @
- CF3NH2
CFs' + — —
13 14 9
F2
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Reactions of CF3* with N-Containing Molecules
CF3+ + CeHsNO; — 06H5NO+ + CF3O7 (23,)

— CeHs' +CF3NO2.  (2b)

The branching ratios of the two processes are given
in Table 1 along with previous CI/MS data. Since
the formation of CF3+NO; as a by-product of C¢Hs™
is energetically inaccessible in Eq. 2b, CF3NOs must
be produced. The major process was found to be
the O~ abstraction leading to a nitrosobenzene cation.
This finding agrees with the CI/MS data reported by
Vairamani and Saraswathi,” though its branching ra-
tio obtained here is higher than their value. Although
a small amount of the parent CgHs;NO,T ion was ob-
served in their study, it was absent in the present study.
The CT process leading to the parent C¢H;NO,t ion
is endoergic, at least by 0.96 eV, using a recombination
energy of CF3t (<8.90 eV).!® Therefore, direct elec-
tron-impact ionization and/or a high-energy ion must
take part in the formation of the parent ion in their
CI/MS experiment. The branching ratio of the CgHs™
ion in the present study is smaller than their value by
a factor of about 3. Since electron-impact ionization of
CgHsNO;, yields a large amount of C¢Hs™T, as reported
by Vairamani and Saraswathi,” its large branching ra-
tio in their study is probably due to such an unexpected
reaction. Summing up the above facts, the branching
ratios obtained here are more reliable than the previous
CI/MS data, because only thermalized CF3* ions can
participate in the formation of the product ions in our
measurements.

The most outstanding feature in the reaction path-
ways is that the reaction of CF3% occurs only on the
NO; substituent. The lack of electrophilic addition and
the addition/HF-elimination channels can be attributed
to the fact that the availability of a negative charge
on the substituent along with the electron-withdraw-
ing inductive and resonance effects of the NOy group
promotes the substituent as the only reactive site. A
positive charge is developed in the benzene ring as a res-
onance form of C¢HsNO; due to strong electron-with-
drawing effects of NO;. Although the HT process will
be a favorite product channel for CgH5NO, on the basis
of this fact, no HT channel was detected. This suggests
that the reactivity of the NOy substituent with a highly
localized negative charge on the oxygen atom is much
higher than that of the neutral hydrogen atoms of the
benzene ring.

Acetonitrile and Benzonitrile: Meerwein et
al.'¥ have obtained N-alkyliminium salts from ni-
trile~Leweis acid complexes and alkyl halides in solu-
tion:

R-C=N 4+ SbCls + R'Cl
+ ! + !
— { R-C=N-R’ —— R-C=N-R’ } SbCls . 3)

(R=CHs, CsHs; R'=C2Hs, (CHs)2CH, (CHs)3C, CsHsCHa)
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For the gas-phase CF3*/CH3CN reaction, only the
electrophilic addition has been found at low CH3CN
pressures below 1x10~5 Torr:

+ + -
CF3* + CH3C=N — {CH3CEN—CF3 — CH30=N—CF3} )

(4)
The selective addition of CF3* to the C=N triple bond
of CH3CN agrees with the selective formation of the
adduct ions in solution. At high sample gas pressures,
besides the CH3CNCF3+ adduct ion, the CH,CN*
ion resulting from the following secondary reaction ap-
peared:

CH3CNCF3* + CHsCN — CH,CN* + CH,CNCF3. (5)

For the CF3* +CgH5CN reaction, the following two
product channels are found:

CF3% 4+ C¢HsCN—CsHsNF;3 ™, (6a)
—CgH4NF, ™ + HF. (6b)

The branching ratios are given in Table 1. The pref-
erential formation of the initial adduct ion, as in the
case of CH3CN, implies that the electrophilic addition
is also a dominant process for benzene derivative with
a cyano group. This finding is consistent with the re-
actions between nitrile-Lewis acid complexes and alkyl
halides in solution. Although a similar adduct ion has
been found for anisole (15.4+2.4%),% the corresponding
adduct ions are absent for benzene, toluene, aniline, and
nitrobenzene. The CF3% ion can attack both the C=N
substituent and the benzene ring to yield adducts 20
and 21a—21c, respectively (Scheme 6). Isomer 20 will
be a major adduct, because strong electron-withdraw-
ing effects of the CN group prevent the reagent from

® ® ..
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Fig. 2. MNDO potential-energy diagram for the

CF37 4+ CsHsCN system. The energy of the reac-
tant system is obtained from thermochemical data in
Ref. 13.

forming Wheland-type isomers 21a—21c. This predic-
tion is consistent with the theoretical calculations of the
energies of the electrophilic addition pathways (Fig. 2),
where the energy of the substituent-addition pathway
is much lower than those of the ring-addition ones.
The theoretical calculations suggest that Wheland-type
adduct ions 21a—21c¢ are too unstable to be detected,
so that the addition reactions are always accompanied
by HF elimination, as found for C¢Hg and C¢HsCHj3.»
Therefore, adduct ions 21a—21c can be excluded from
the possible CgHsNF3T ion. On the basis of the above
results, it is concluded that all of the adduct CsH;NF3+
ion is 20.

It should be noted that a small amount of CgH4NF,T
is formed. This ion must arise from the loss of HF from
Wheland-type intermediates 21a—21c, indicating that
the electrophilic addition occurs not only to the CN
substituent but also to the ring. The small branch-
ing ratio of CgH4NFsT can be attributed to a higher
reactivity of CFs* for the CN group and a great re-
duction of the probability of the electrophilic addition
to the ring due to the electron-withdrawing effects of
the CN group. Burinsky and Campana'® have found
that the electrophilic addition of CH3™ to benzonitrile
occurs both to the substituent and the ring with a high
propensity for the former by using the mass-analyzed
ion kinetic energy spectrometry. The present findings
for the CF3T+CgHsCN reaction agree with their results
for the CH3T+CgH5CN reaction.

The CT channel cannot be detected for acetonitrile
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and benzonitrile. It is explained by higher ionization
potentials of CH3CN (12.19 eV)'*) and C¢HsCN (9.62
eV)'® than the recombination energy of CF3* (<8.90
eV). Taking account of the resonance form of benzo-
nitrile, a positive charge is developed in the benzene
ring. Although the HT channel for benzonitrile will be
enhanced compared with that for benzene on the basis
of this fact, the HT channel was found to be closed.
This can be explained by the fast electrophilic addition
to the substituent and the ring, which will reduce the
probability of the competitive HT channel.

Pyridine and Pyrrole: The following two product
channels are observed in the CF3t+CsH;N reaction:

CFst + CsHsN—CgHsNF3 T, (7a)
—CeH4NF, " + HF. (7b)

The branching ratios are given in Table 1. The most
outstanding feature is the preferential formation of the
initial adduct C¢HsNF31 ion. Although similar initial
adduct ions have been found for CH3CN and C¢H5;CN,
they could not be detected for CgHsNHo and CsH5;NOo,
and such amines as NH3, (CH3),NH;_, (n=1—3), and
C,Hy,NH (n=2—5).8) The electrophilic addition can
occur both on lone-pair electrons of the nitrogen atom
and on 7t electrons of the aromatic ring to yield adducts
24 and 25a—25c, respectively (Scheme 7). Figure 3
shows a potential energy-diagram of the electrophilic
addition/HF elimination processes obtained from the
MNDO calculations. It is clear that the formation of
ring and substituent adducts is energetically possible.
However, the potential energy of N-adduct ion 24 is
much lower than those of Wheland-type adduct ions
25a—25¢, because electron-withdrawing inductive ef-
fects of nitrogen greatly suppress the formation of the
latter adducts. The potential energies of ring adducts
25a—25c are higher than those of C¢H4NF,T +HF
products 26a—26¢. Thus, adduct ions 25a—25c are
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Reactions of CFgt with N-Containing Molecules
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CF3t +CsHsN system. The energy of the reac-
tant system is obtained from thermochemical data
in Ref. 13.

expected to decompose completely into 26a—26c¢, as
found for benzene and aniline. On the basis of the
above facts, the CgHsNF3+ and C¢H4NF2T ions ob-
served here are attributed to 24 and 26a—26c, respec-
tively. This shows that almost all electrophilic addi-
tion (94.8+0.4%) occurs on the N atom, while a small
amount of the addition (5.2+0.4%) occurs on the C
atom. The small branching ratio of the latter addi-
tion can be attributed to a higher reactivity of CF3*
for the lone-pair electrons of the nitrogen atom and a
great reduction of the probability of electrophilic addi-
tion to the ring due to the electron-withdrawing induc-
tive effects of the nitrogen atom. Among three minor
isomers 26a—26¢, most stable 26b will be a major
CsH4NCF,™ ion, though the possibility of the forma-
tion of 26a and 26¢ cannot be excluded because of small
energy differences among 26a, 26b, and 26c¢.

The lack of CT channel leading to the parent CsHsN*
ion is explained by a higher ionization potential of pyr-
idine (9.25 eV)'® than the recombination energy of
CF371 (£8.90 eV). Taking account of the resonance form
of pyridine, a positive charge is developed in the pyri-
dine ring due to the electron-withdrawing properties of
the nitrogen atom. Although the HT channel for pyri-
dine will be enhanced compared with that for benzene
on the basis of this fact, the HT channel was found to be
closed. It can be explained by the fast electrophilic ad-
dition of CF3% to the lone-pair electrons of the nitrogen
atom and to the ring 7t electrons.

The following two product channels are observed in
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the CF3++C,H4NH reaction:

CF3;* + C4H4NH—CsH,NF, " + HF,
—CsH4NH" + CF;.

(8a)
(8b)

The branching ratios are given in Table 1. Although the
initial adduct ion has been detected for pyridine, it was
not detected for pyrrole. The major product channel is
the electrophilic CF3*-addition/HF-elimination, as in
the case of aniline. The electrophilic addition can occur
both on lone-pair electrons of the nitrogen atom and on
a C=C double bond of the ring to yield adducts 28, and
(80a, 30b), respectively (Scheme 8). Figure 4 shows
a potential-energy diagram of the electrophilic addi-
tion/HF elimination processes obtained from semiem-
pirical calculations. It should be noted that intermedi-
ates 30a and 30b are much more stable than 28. There-
fore, it is highly likely that the observed CsH4NF,™
ion is 31a and/or 31b. We have concluded that the
electrophilic addition occurs dominantly on the carbon
atom for pyrrole and on the nitrogen atom for pyridine
on the basis of the product ion distributions and the
theoretical calculations. This conclusion is consistent
with electrophilic reactions for these two typical het-
eroaromatic molecules in solution.!®

7\
H Cf ®br

oFe + O — [\ ors =HE . @@
H H CF2
27
CF3
@H —HF @
N

30b 31b
Scheme 8.

Table 2.
at Near-Thermal Energy
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The CT process was found as a minor product chan-
nel. The occurrence of CT channel is consistent with a
lower ionization potential of pyrrole (8.21 eV)!® than
the recombination energy of CF3+ (<8.90 V). The HT
process was not detected for pyrrole. Since a negative
charge is developed in the resonance form of pyrrole,
the HT channel will be suppressed greatly.

Conclusion

The gas- phase ion- molecule reactions of CF3*
with five fundamental nitrogen-containing aromatic
molecules and acetonitrile have been studied at near-

CF3* + CqHsNH ——> CzHsNF3* —> CgH4NF2* + HF
6 |—
27 (526 o'
——F—_‘!LY\-
| N
\E N2 @nien
Y
\
3 } \
> 4 % \
= % \
2 § \
% \ \ 290 (358eV)
&
— \ 30b_(2.91eV)
\30a_2.78 V)",
. 318 @seey)
~.31b_(2.39 eV)
2 -
~~z
ol
Fig. 4. MNDO potential- energy diagram for the

CFs* +C4H4NH system. The energy of the reac-
tant system is obtained from thermochemical data in
Ref. 13.

Reaction Mechanism of CFs+ with Benzene Derivatives, Pyridine, Pyrrole, and Acetonitrile

Branching ratio of each reaction/%

Reagent 1P/ ev®) Electrophilic Hydride Charge  The
addition transfer transfer others

CeHs 9.25 Ref5 93.4+2.2 (R)® 6.6+2.2
Ce¢HsCHs3 8.82 Ref5 84.3+2.4 (R) 7.9+2.0 7.8x1.5
CeHsOCHs  8.21 Ref6 35.7+4.3 (R), 49.948.1 (S)° 14.4+1.8
Ce¢HsNH, 7.72  This work 0—21.4+0.5 (R), 6.940.2~28.3+0.7 (S) 71.740.5
CeHsNO2 9.86  This work 100
Ce¢HsCN 9.62 This work 2.540.8 (R), 97.5+0.8 (S)
CsHsN 9.25 This work 94.840.4 (N),¥ 5.240.4 (C=C)®
C4H,NH 8.21  This work 80.0+1.4 (N and/or C=C) 20.0+1.4
CH3CN 12.19  This work 100 (N)

a) Ionization potential (Ref. 13).
to nitrogen lone-pair.

b) Addition to benzene ring.

e) Addition to C=C bond.

c) Addition to substituent.

d) Addition
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thermal energy. The reaction pathways observed are
summarized in Table 2 along with our previous results
on benzene, toluene, and anisole. The gas-phase reac-
tions of CF3* with benzene derivatives generate prod-
uct channels as follows: (1) mostly an electrophilic at-
tack on a ring without highly reactive substituents (e.g.
benzene and toluene), (2) an electrophilic attack on a
substituent with lone-pair electrons and multiple bonds
(e.g. anisole and benzonitrile), and (3) an attack on a
negative charge (nitrobenzene). The dominant reac-
tions of CF3+ with pyridine and pyrrole were an elec-
trophilic attack to the heteroatom and to the carbon
atom, respectively. On the basis of the present re-
sults, preferential o-bond formation by trifluorometh-
ylation occurs at polarizable centers of negative charge
(i.e. lone-pair electrons and multiple bonds) in the gas-
phase where polar heteroatoms are not solvated. For all
molecules with lower ionization potentials than the re-
combination energy of CF3* (<8.90 eV), the CT proc-
ess was found to compete with the above main reac-
tions. The branching ratio of the CT channel increases
with decreasing the ionization potential of the reagents.
For aniline with the lowest ionization potential, the
CT process becomes a dominant product channel. Al-
though the HT process was found for such aromatic
hydrocarbons as benzene and toluene, it was absent for
the nitrogen-containing molecules studied here. This
was attributed to the higher reactivity of CF3T to high
polarizable centers of negative charge.
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