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ABSTRACT

The gas-phase ion/molecule of CCl;* with acetophenone studied by FT-ICR techniques reveals three
main reaction channels: (a) formation of PhC*(Cl)Me through the well known halonium metathesis reac-
tion analogous to what is observed for CF3*; (b) elimination of HCI containing a ring hydrogen to yield
CoH7Cl,0" ions; (c) formation of PhCCl,* by elimination of CH,CO and HCI, or CH3COCI. The nature of
the CoH7Cl,0" ions formed in the second reaction was the subject of further experiments and theoretical
studies. IRMPD of the CgH7Cl,0" ions reveals two processes both of which violate the even-electron rule
resulting from loss of a chlorine atom or a methyl group. The combined results of the IRMPD processes
and the fact that ~57% of the CoH7Cl, 0" ions undergo further reaction with neutral acetophenone allow
us to conclude that at least two isomeric species are formed in reaction b. Theoretical calculations and
additional experiments with 3’-fluoroacetophenone are consistent with an isobenzofuran structure for
the most abundant isomer of CoH7Cl,0*. The observed behavior is quite distinct from that observed for
the reactions of CF;* with different acetophenones.

Acetophenones

IRMPD of isomeric ions
Violation of even-electron rule
Isobenzofuran type ions
Electrophilic reactions
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1. Introduction

The reactivity of gas-phase trihalomethyl cations, CX3* (X =F, Cl)
has been the subject of considerable interest for several decades.
These ions are known to react readily with a number of bases by an
electrophilic addition-elimination mechanism [1], to be of poten-
tial use as reagents for chemical ionization [2] and etching of silicon
surfaces [3], and to undergo gas-phase halonium metathesis reac-
tions with simple ketones and aldehydes [4-8] to yield haloalkyl
cations (see Eq. (1)).

.
0 0--CX,
+ 1
CXz + R1)LR2—> R1—Ft~~x —> CX,0 + R1)+\R
2

Similar reactions with aromatic ketones bring up the question as
to whether initial addition of CX3* to the aromatic ring followed
by HX elimination can become competitive with (1). This question
is particularly relevant because of the observation that halomethyl
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cations can promote reactions even with non-activated simple aro-
matic systems [9].

An early study of the reaction of CF3* with acetophenone,
PhCOMe, in an ion beam apparatus lead to the observation of the
adduct ion CF3*(PhCOMe) almost as the exclusive product [10].
Semi-empirical calculations were used to propose that the adduct
resulting from addition at oxygen was substantially more favorable
than addition at a ring position. Experiments carried out by FTICR
techniques [11-13] show CF;*(PhCOMe), PhC*(F)Me and CgH;*
as primary product ions, where CgH*, identified as PhC*=CH,,

2
(1)

originates from HF elimination of PhC*(F)Me produced in the highly
exothermic reaction (1). The fact that the CgHgF* gas-phase ions
observed in these reactions correspond to PhC*(F)Me has been
unequivocally demonstrated by IRMPD vibrational spectroscopy
using a free electron laser [14].

During our studies of the thermal dissociation of the molecular
ions of a number of substituted acetophenones generated by dif-
ferent ionization methods [15] we initially explored the reaction of
halomethyl cations with acetophenones. Interestingly enough, the
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reaction of CCl3* with acetophenone, and some of the substituted
acetophenones, proved to give rise to a much richer chemistry than
the corresponding reactions with CF3* and suggest that in some
cases attack at the ring positions may be competitive with attack
at the carbonyl oxygen. This manuscript describes an FTICR study
of these reactions coupled with some theoretical calculations to
understand the mechanisms of these reactions.

2. Experimental
Experiments were carried out in our FT-ICR spectrometer inter-

faced to an IonSpec Omega Fourier Transform Data System that has
been described in previous reports from these laboratories [15-18].

+
CFy +
m/z 69

CgH5COCH;

This spectrometer operates with a water cooled 9” electromagnet
that is normally set at 1.0T, and contains a ~15.6cm? cubic cell
with center holes drilled on both transmitter plates to allow for
laser light to go through the cell. The vacuum chamber housing the
ICR cell is provided with two opposing ZnSe windows that act as
entry and exit ports for infrared laser radiation.

CCl3* ions were generated by electron ionization at 15eV of
CCly at nominal pressures ~5 x 10~8 Torr. C35Cls* ions (m/z 117)
were isolated 500 ms after the ionization pulse. lon/molecule reac-
tions were studied at variable partial pressures, ranging from 0.8
to 20 x 108 Torr, of acetophenone, or substituted acetophenones.
Secondary reactions were studied by selective isolation of the pri-
mary reaction products and their reactivity was followed as a
function of trapping time.

Structural features of selected ion/molecule product ions were
investigated by IRMPD experiments using a tunable CO, laser
(LaserTech Group; model LTG250 626G) coupled to a piezoelec-
tric aligner (PZT Aligner/Translator, Burleigh Instruments, model
LPZ1000 PZ-80). The laser was operated at 10.46 m and the output
power maintained at 9W.

Theoretical calculations at the DFT level were carried out with
the GAUSSIANO3 suite of programs [19]. Structures were initially
optimized at the B3LYP/6-31+G(d,p) level of theory and vibra-
tional frequencies calculated at this level of theory to establish
whether structures corresponded to stable species or transition
states. Results quoted for AE include corrections for zero-point
energies (ZPE) calculated without any scaling factors for the vibra-
tional frequencies. In several cases, the final energies were also
calculated at the B3LYP/6-311+G(d,p) level. Differences ranging
from 0.5 to less than 2 kcal mol~! were obtained for the thermo-
chemistry of the reactions calculated with the two basis sets and
were not considered significant for our discussion. Transition states

. 0
c¥cly; @—(
CH,

m/z 117

were further characterized by IRC calculations to establish the con-
nection between different stationary states.

All reagents were obtained commercially and subject to several
freeze-pump-thaw cycles before sample introduction.

3. Results and discussion
3.1. Ion/molecule reactions of CF3* and CCl3* with acetophenone

As discussed in Section 1, CF3* has been shown to react with
acetophenone [11,12,14] in a manner similar to that of aliphatic
ketones. This is illustrated in reaction (2a) where PhC*(F)Me, m/z
123, is formed as the main reaction product under our experimental
conditions.

CeHsCFCH;  +  CF0 (2a)
miz 123 AE (calc) = -82 kcal mol™

L> C6H5C+=CH2 + HF (2b)

m/z 103

—_—

CF} + CgHsCOCH3 — CF}(CgHsCOCH3) AE(calc)
m/z 69 m/z 189

= —85kcal mol ™" 3)

Protonated phenylacetylene, m/z 103, is also observed as a reaction
product (2b) and it can be safely assumed that it originates by loss of
HF from activated PhC*(F)Me formed in the highly exothermic reac-
tion (2a). The relationship between these two ions was confirmed
by IRMPD experiments on isolated PhC*(F)Me ions. The adduct ion
(reaction (3)) amounts to less than 10% of the product ions at short
reaction times.

Both PhC*(F)Me and PhCCH,* undergo fast proton trans-
fer to neutral acetophenone to yield protonated acetophenone,
(PhCOMe)H* m/z 121, which eventually becomes the most abun-
dant ionic species at reaction times longer than 600 ms.

IRMPD experiments on the adduct ion, m/z 189, reveal exclusive
dissociation to the PhC*(F)Me cation. This strongly suggests that
CF3*(PhCOMe) corresponds to the carbonyl adduct ion as shown
in reaction (4) in agreement with the recent characterization of
the vibrational frequency of the C=0-CFj3 stretch of an analog gas-
phase adduct ion of an aromatic ketone [20].

OCF; F
O == O, -
CHj CHj

m/z 189 m/z 123 (4)

IRMPD
CF,0

Unlike CFs*, a much richer reactivity pattern is observed for the
gas-phase CCl3* reaction with acetophenone. Three distinct chan-
nels have been observed in our experiments and these are shown
below along with the relative product distribution measured at
short reaction times.

35C|
0.57
— * + CCLO (5a)
CHj
m/z 139
0.31 +
—— CgH;0%°Cl, + HCI (5b)
m/z 201
0.12 +
> C3Cly + (CH,CO+ HCI)  (5¢)

m/z 159
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Fig. 1. (a) Energy profile for the reaction of CF;* and acetophenone leading to the formation of PhC*(F)Me and CF,0 calculated at the B3LYP/6-31+G(d,p) level. (b) Energy
profile for the reaction of CCl3* and acetophenone leading to the formation of PhC*(Cl)Me and CCl, O calculated at the B3LYP/6-31+G(d,p) level.

PhC*(Cl)Me ions undergo further reaction by facile proton trans-
fer to neutral acetophenone to yield protonated acetophenone,
PhC*(OH)Me (m/z 121), analogous to the behavior observed for
PhC*(F)Me ions.

Some noticeable differences are observed between the reactions
of acetophenone with CF3* and CCl53*:

(i) the reaction of acetophenone with CCl3* proceeds consider-
ably slower than with CF3*;

(ii) while the halonium metathesis leading to PhC*(Cl)Me is still
the main product, reactions (5b) and (5c) suggest that other
mechanisms become important with CCl5*;

(iii) only minor amounts of the adduct ion C3>Cl3*(PhCOMe), m/z
237, and of PhC*=CH,, m/z 103, formed from energy rich
PhC*(Cl)Me ions by HCl elimination, are detected in the reac-
tion with CCl5*.

Additional experiments with partially deuterated acetophe-
nones provide some useful insight on the mechanism of the
reactions and the likely structure of the product ions. For exam-
ple, reaction of CF3* with PhCOCD3 yields CgHsD3F* ions, m/z 126,
as the main product of reaction (2a). However, reaction (2b) and
IRMPD of the m/z 126 ion, occur by elimination of both HF and DF in
agreement with previous findings that showed extensive random-
ization between the methyl and ring hydrogens [12,16]. A similar
behavior is observed in experiments between CF3* and CgD5COMe.

By comparison, experiments with C33Cl;* and PhCOCDj3 reveal
that:

(a) reaction (5b) proceeds exclusively by elimination of HCI to yield
m/z 204 ions, CoH4D3035Cl,*;

(b) reaction (5c) proceeds exclusively by elimination of CD,CO and
DCl (or CD3COCl) to yield C7H53>Cl,* ions (m/z 159).

Similarly, reaction with CgD5COMe yields exclusively
CoH3D,403°Cl,* ions (m/z 205) by loss of DCl and C;D53°Cl,*
ions (m/z 164) by loss of CH,CO and HCI (or CH3COCl). Thus we can
conclude that reaction (5b) proceeds by loss of a ring hydrogen
while reaction (5¢) proceeds by loss of all three methyl hydrogens.
For these reactions, no randomization is observed between methyl
and ring hydrogens.

3.2. The PhC*(X)Me (X =F, Cl) product ions

While reactions (2a) and (5a) are similar to reactions previously
reported for ketones, the calculated energy profiles shown in Fig. 1
reveal some differences. These reactions are highly exothermic for
both CF3* and CCl3* but the transition state for the CCl3* reaction
is estimated to be 8.3 kcal mol~! below the reactants as opposed to
36.5 kcal mol~! below the reactants for CF3*. This difference may
well account for the fact that the reaction of CCl3* is slower and
that other reaction channels become competitive.

3.3. The C9H7Cl,0* product ions

The results obtained with the partially deuterated acetophe-
nones suggest that reaction (5b) proceeds by elimination of HCl
containing a hydrogen atom originally at a ring position and sug-
gests a mechanism involving a ring attack by CCl3*. Yet, additional
experiments provide strong evidence that more than one isomeric
species is formed in reaction (5b).

Dissociation of selected CgH;Cl,O* ions by IRMPD reveals sur-
prisingly two dissociation channels, (6) and (7), both of which violate
the even electron rule [21].

.
N CoH7°CIO 4 35¢ (6)
. C miz 166
CgH735CI,0
m/z 201 A, +
4""0 CgHs*°ClLO" +  "CHj4 (7)
m/z 186
L IRMPD __ ,H,%cI0" + (co%cl) (8)

m/z 123

The CgH4Cl,0** ions formed in (7) undergo a secondary IRMPD
process by loss of *COCI, or CO and CI°*, as shown in (8).
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Fig. 2. Kinetics, at two different pressures of acetophenone, of the subsequent reac-
tion of CgH3>Cl,0* (m/z 201) ions that leads to CoHg3>CIO* (m/z 165) and HCI. The
fact that less than 60% of the ion population undergoes this reaction is noticeable at
long reaction times.

Similar IRMPD experiments with the product ions
CoH4D303°Cl,* (m/z 204), from reaction (5b) with PhCOCD3, yield
loss of *CDj5 in reaction (7), while the product ions CoH3D4035Cl,*
ions (m/z 205) from reaction (5b) with CgD5COMe undergo loss
of *CH3 through reaction (7). Thus, no scrambling occurs in the
activation process responsible for the dissociation channel shown
in (7).

A second interesting observation is the fact that (57 £4)% of the
CgH7Cl,0" ions, formed in reaction (5b), slowly undergo further
loss of HCl in the presence of acetophenone, as shown in (9).

CoH35¢1, 0+ "M 135 Clot + HCl
m/z 201 m/z 1656

(9)

This feature is illustrated in Fig. 2 for two different pressures of ace-
tophenone. Fig. 2 clearly suggests that this second HCl elimination
is pressure dependent but the percentage of reactive CoH;Cl,0*
ions remains constant within our experimental error. The fact that
CoH4D303°Cl,* ions, formed from the reaction with PhCOCD5 elim-
inate DCI exclusively, while CgH3D403>Cl," ions, formed from the
reaction CgD5COMe, eliminate HCI exclusively in the analogous

+
Cl

| ©
cl CHs

1a
AE = -60.9 kcal mol!

Cl,C
0
CHs

1d
AE = -43.4 kcal mol™!

Cl

1b

AE = -59.8 kcal mol™!

351

reactions (9) is consistent with loss of a hydrogen atom originally
attached to the methyl group. Reaction (9) is unaffected by addition
of krypton, nitrogen or benzene to the reaction cell but is acceler-
ated by addition of substrates such as acetone and ethyl acetate
without changing the percentage of reactive CoH;Cl,0" ions. The
fact that reaction (9) is not promoted by IRMPD but catalyzed by
substrates in a certain range of proton affinities suggests a mech-
anism involving a proton shuttle between the ion and the neutral.
A more elaborate description of the mechanism of this reaction is
presently under investigation.

Further IRMPD experiments performed on the unreactive
CoH35Cl,0" ions, isolated after completion of reaction (9), result
in the exclusive formation of CgH43>Cl,0* (m/z 186) by loss of a
methyl group (reaction (7)), followed by sequential loss of CO and
351, or CO35(l, to yield C;H435ClO*, m/z 123 (reaction (8)).

The combined set of observations is strongly indicative that
reaction (5b) yields an isomeric mixture of CgH;Cl,0" ions. Sev-
eral potential structures can be proposed for the CgH,Cl,0*
ions and compared with the experimental evidence. These are
displayed in Fig. 3 along with the calculated exothermicities
for reaction (5b) leading to each one of the putative iso-
mers.

The ortho isomer, analogous to 1c and 1d, has not been included
in Fig. 3 because optimization of this structure leads to isomer 1b.
Isomers 1a and 1b appear attractive from the IRMPD evidence and
our calculations show that they can interconvert through a rea-
sonably high barrier as illustrated in Scheme 1. Yet, this barrier is
located below the energy of the reactants and above the energy
of the products of reaction (5b) leading to 1a and 1b. Thus, it is
presumably possible that both isomers could be formed through a
common mechanism.

Structure 1eis unlikely to be formed in these reactions because it
would result from elimination of HCl containing a methyl hydrogen
in disagreement with the data obtained for the partially deuterated
acetophenones.

Isomers 1c and 1d can be generated by CCl3* attack at the corre-
sponding ring position. Table 1 lists the calculated relative energies
for initial adduct formation and the transition state for HCI elim-
ination. From our calculations we can conclude that attack at the
meta and para position would be preferred although the subsequent
transition states leading to the final products are estimated to be
slightly above the energy of the reactants. It is possible that isomer
1b could be formed from attack of CCl3* at the ortho position but
we have been unsuccessful in characterizing this pathway in our
calculations.

+
Cl

+

O

0
cw@—(
CHs

1c
AE = -42.4 kcal mol™!

CHs

0
AN
O~
CH,
le
AE = -40.3 kcal mol!

Fig. 3. Possible isomeric species for the product ion of reaction (5b) between CCl3* and acetophenone and exothermicities calculated at the B3LYP/6-31+G(d,p) level for

reaction leading to each isomer.



352 T. Giroldo et al. / International Journal of Mass Spectrometry 308 (2011) 348-356

+
Cl

| O e —— -CI..
cl CHs : °
1a TS

E = 0 kcal mol™

AE = 43.6 kcal mol™

+
ClL, CI

- > (0]

CH3
CHjz

1b
AE = 1.1 kcal mol™

Scheme 1. Mechanism and energetics calculated at the B3LYP/6-31+G(d,p) for the interconversion of isomers 1a and 1b.

. o) OCCls
w o O, — O —
CH3 CH3

m/z 237
AE = -36.6 kcal mol™!

0-CCly

CHs

TS
AE = -8.3 kcal mol™!

cl * cl ¥ cl *
Cl Cl Cl
: X Y
(o] 4— O S O
cl CHs cl CHs cl CHs
AE = -22.4 kcal mol TS AE = -26.9 kcal mol

AE = -11.5 kcal mol!

_-cl + _cl +
H/// Cl H cl cl
O — | —_ | O + HCI
cl CHs cl CHs cl CHs
TS AE = -63.4 kcal mol™! AE = -60.9 kcal mol™

AE = -8.3 kcal mol

Scheme 2. A mechanistic pathway for the formation of ion 1a with relative energies calculated at the B3LYP/6-31+G(d,p) level.

Table 1

Calculated energetics at the B3LYP/6-31+G(d,p) level for the reaction of CCl;* and
acetophenone leading to addition of CCl,* at different ring positions. Energies are
calculated relative to the energy of the reactants.

[¢
H ccl, S
H ccl,
Adduct Transition state Products
para —16.2 33 —42.3
meta —16.4 2.1 —43.2
ortho —-13.2 8.5 a

2 The product ion with CCl; in the ortho position to the COMe group could not be
found because this structure rearranges to structure 1b. However, the connection
between the transition state and 1b was not characterized by IRC calculations.

Interestingly enough, a mechanistic route for the formation of 1a
was found from the initial CCl;*/acetophenone carbonyl adduct as
shown in Scheme 2. This mechanism is compatible with the exper-
imental data provided that the scrambling of hydrogens between
the methyl group and the aromatic ring occurs only after activation
of the PhC*(CI)Me ion as suggested by the data on the unimolecular
decomposition of PhC*(F)Me ions [12].

Table 2 lists the calculated energetics for loss of a chlorine atom
or a methyl group in the IRMPD experiments for the different iso-
meric species, 1a-1d. The estimated dissociation energies lead us
to some important conclusions:

(i) Loss of a chlorine atom for either isomer 1a or 1b is substan-
tially lower in energy than the corresponding loss of a methyl
group. These results would make it unlikely that methyl loss
could be competitive against chlorine atom loss in an IRMPD
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Table 2

Calculated dissociation energies for different isomeric CoH7Cl,0* ions at the B3LYP/6-31+G(d,p) level for possible IRMPD processes.

+
.

ClC ClC

(0] Cl /O
CHjz CHjs

_ -+ + o
al cl
(jl/\k - . @o + ¢ AE =+44.3 kcal mol"!
cl CHs CHa
— -+ t e
cl Cl
@ - @o ++CH, AE =+64.4 kcal mol”
cl CHs c
- a4+ +o
cL Cl cl
|' 0 —_— O/\io + Cle AE=+43.2 kcal mol™
CHs CHs

- +
(0]
cw—@—( — C|2C_©_=O ++CH; AE = +53.0 kcal mol™
CHj;

AE = +62.8 kcal mol™

+ Cl. AE =+81.2 kcal mol!

process of a relatively simple ion such as the system in con-
sideration. In either case, the dissociation process leads to the
formation of the molecular ion of a substituted isobenzofuran.
This may account for the violation of the even electron rule in
the IRMPD process. There is some evidence that isobenzofurans
are characterized by low ionization energies [22] and isoben-
zofurans typically exhibit the molecular ion as the base peaks
in their mass spectra [23,24].

ClL, Cl
O

CH3

(ii) By comparison, loss of a methyl group is energetically much
more favorable than loss of a chlorine atom for isomers 1c
and 1d. For these isomers, loss of a chlorine atom would not
be expected to be competitive with methyl loss in the IRMPD
process for these isomers.

Based on the experimental observations and our theoretical
calculations it is possible to propose that the most abundant

_— (@)

CgH7Cl,0" isomer formed in reaction (5b) is either 1a or 1b. This
is consistent with the IRMPD process resulting in loss of a chlorine
atom and the subsequent reaction that leads to the second elimi-
nation of HCIL. As shown below, 1b can be viewed as a protonated
1-methylene-3,3-dichloroisobenzofuran, or substituted phthalan,
that could undergo HCl elimination through a proton shuttle mech-
anism. Our calculations at the B3LYP/6-311+G(d,p) level predict the
proton affinity of the phthalan to be 213.2kcalmol-! for proto-
nation at the methylene group at 298 K and 209.5 kcal mol~! for
protonation at chlorine leading to HCI elimination.

+ +

Cl

+ HCl AE(calc) = +3.2 kcal mol™

CH,

A tentative identification of the second isomer as either 1c or 1d is
consistent with the IRMPD process for loss of a methyl radical even
though the mechanistic pathway for formation of either 1c or 1d is
estimated to be slightly unfavorable under our experimental condi-
tions. Theoretical calculations for possible routes for the sequential
IRMPD process of the unreactive CoH;Cl,0" isomer (reaction (9))
also show that loss of CO and Cl from 1d is estimated to be some-
what lower in energy than loss of COCI from 1b in reaction (8).
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These findings support the idea that 1c or 1d are likely candidates
for the unreactive CoH;Cl,O* isomer.

ChLC ve Clhq+
IRMPD
=0 _— + CO + Cle
.
cl .
IRMPD
— -

3.4. The PhCCl,* product ion of reaction (5c)

The mechanism of reaction (5¢) was not thoroughly investigated
and preliminary studies show that this reaction can become impor-
tant in some substituted acetophenones. One possibility is that this
reaction proceeds by an ipso attack of CCl;* on acetophenone. Initial
calculations reveal that attack of CCls* at the ipso position results
in a very stable complex that is best described as the association of
an acetyl cation with thrichlorotoluene, i.e., MeCO*(PhCCl3). How-
ever, we have yet to explore all possible pathways for this minor
reaction for acetophenone.

3.5. Ion/molecule reactions of CCl3* with substituted
acetophenones

The reactions of CCl3* with a number of substituted acetophe-
nones were also studied with the intent of collecting additional
information regarding the nature of the products of reactions
similar to (5b). 2’,6’-Difluoroacetophenone (2), 4’-tert-butyl, 2/,

+

F Cl
| O -
cl CHs
.
Cl
| O E—
F
cl CHs

6’-dimethylacetophenone (3), and o,a,a-trifluoroacetophenone
(4) displayed no reactions similar to (5b).

F CH3
0 O O
O
CHs CH3 CF3
F CHs

2 3 4
By comparison, 3'-fluoroacetophenone was observed to react pref-

erentially through reaction (10) over the corresponding halonium
metathesis reaction.

\
+ O 35 +
cdcl;  + —> FCyHgO%Cl, + HCI
CHs

m/z 219 (10)

AE(calc) = 68.1 kcal mol™!

(>CI + cocl’ AE(calc) = 74.1 kcal mol™

The product ion of reaction (10), FCgHgOCl,", also undergoes slow
loss of a second molecule of HCI in the presence of its neutral
precursor similar to reaction (9). However, unlike the case of ace-
tophenone, there is no indication of an unreactive population of
FCgHgOCl,* ions toward reaction (10). The FCgHgOCl,* ions exhibit
a single IRMPD channel as shown in (11).

FCoH35CL 0 ™EPECoH35Clo™ + 35CIH 11
6 6

m/z 219 m/z 184

Fig. 4 lists some of the possible structures for the FCgHgOCI,* ions,
analogous to those considered in Fig. 3, along with the calculated
exothermicities for reaction (10) for formation of the different iso-
mers. Several different possibilities can be considered for these ions
and it is interesting to notice that isomer 5g with the CCl, sub-
stituent ortho to the -COMe moiety is now calculated to be stable
in the open form.

The IRMPD process (11) is again consistent with an ion dis-
playing an isobenzofuran structure. As in the previous case, loss
of a methyl group is calculated to be a considerably higher energy
process and is not observed in the IRMPD of FCqHgOCl,*.

+.

F Cl
0 + ¢ AE(caic) = +44.6 kcal mol-"!
CHs
CI + .
0 | +c  AEgac = +46.3 kcal mol™
F
CHs
Table 3

Relative energies of the transition states of the reaction between CCl3* and 3'-
fluoroacetophenone leading to addition of CCl,* at different ring positions. Relative
energies calculated at the B3LYP/6-311+G(d,p) level with respect to the energy of
the reactants.

TSat2 TS at 4 TSat5 TS at 6

16.2 9.8 9.0 109
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+
F Cli

| 0
cl CHs

Sa

AE = -54.3 kcal mol™!

+
Cl

| O
cl CHs

Sc¢
AE = -57 .4kcal mol™!
+
o Cl,C
Cl,C
CHs

Se
AE = -35.9 kcal mol™!

AE = -36.7 kcal mol™!

+
FCL Cl
0
CHj
5b
AE = -52.2 kcal mol!
+
CL Cl
o}
F
CHs
5d
AE = -53.7 kecal mol™!
+ +
CCly
0 0
CHs CHs
F
Sg

AE = - 34.3 kcal mol™!

Fig. 4. Possible isomeric species for the product ion of reaction (11) between CCl3* and 3'-fluoroacetophenone and exothermicities calculated at the B3LYP/6-31+G(d,p) level

for reaction leading to each isomer.

The behavior of the FCgHgOCl,* ions generated in reaction (11) is
consistent with the formation of one isomer, or of isomers display-
ing the isobenzofuran skeleton. The reaction products originating
from attack of CCl3* at a ring position leading to isomers 5e-5g
are predicted to be less favorable than in the case for acetophe-
none and Table 3 lists the calculated energies for the transition
states of these reactions. These higher transition states can explain
the fact that these isomers are not formed under our experimental
conditions.

4. Conclusions

The reaction of CCls* with acetophenone reveals some very dis-
tinct and interesting features when compared with the reaction of
CF3* with the same substrate. The most dramatic difference is the
ability of CCl3* to promote a reaction that proceeds by elimina-
tion of HCl with the hydrogen coming from the aromatic ring and
resulting in the formation of a mixture of isomeric CqH;Cl,0* ions.
The appearance of additional channels in the reaction with CCl3*
is attributed to the fact that the energy profile for the main reac-
tion leading to halonium metathesis and formation of PhC*(X)Me
is much less favorable for CCl;* than for CF3*.

The combination of IRMPD processes that proceed through
violation of the even-electron rule, the secondary reactivity of a
fraction of the population of CgH;Cl,0" ions and theoretical cal-
culations allow us to conclude that at least the most abundant
isomer has an isobenzofuran skeleton. Similar arguments suggest
that the second isomer corresponds to an ion with the CCl, group
attached to a ring position. It is hoped that additional experiments
involving the characterization of these unique isomers by infrared
spectroscopy can elucidate unequivocally the structure of these
ions.
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