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Abstract

The mass-selected halocarbonyl cations FCOICO™, and BrCO" were reacted with benzene, thiophene, pyrrole, and
furan and a few of their alkyl derivatives to evaluate the ability of XCions to promote C—H bond activation of aromatic
compounds (M-H) via gas-phase ionic carbonylation. This novel reaction occurs via electrophilic addition followed by promp
HX elimination, forms the respective acylium ions (M—€Dand competes with electron abstraction andt¥ansfer. The
intrinsic gas-phase reactivity order observed for ionic carbonylation was:"FEQICO" > BrCO". The ability of the
fluorosulfinyl cation (FSO) to promote analogous ionic sulfonylation of aromatic compounds was also tested, but owing to
its high recombination energy, FSQacts as a potent oxidizing agent and electron abstraction dominates. A novel, highly
efficient and nearly exclusive O-abstraction reaction of E@d SF with N,O was used to the straightforward preparation
of gaseous FCO® and SFG'. B3LYP/6-311G++(d,p) potential energy surface diagrams were elaborate to help rationalize
the observed reactivity trends.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction screening for potential model reactiofis]. In the
gas-phase solvent-free diluted mass spectrometric en-
Unreactive molecules can be chemically activated vironment[2], many efficient ion—-molecule reactions
and then converted into useful products by selective able to functionalize a variety of inert bonds have been
functionalization of their inert bonds using a variety described. In particular, Schwarz and his coworkers
of reactions, such as halogenation, oxidation, and [3] have studied the gas-phase activation of a vari-
carbonylation. The gas phase provides a suitable en-ety of intrinsically inert bonds by an extensive series
vironment in which to study the intrinsic reactivity —of metal cations and derivatives. To mention a few
of ions with neutral molecules, and to perform fast examples, they have recently reported the hydrolytic
activation of C—F bonds by intrinsically unreactive
_ chromium cationg3a], the regio- and diastereoselec-
- Corresponding author. Tek55-19-3788-3073; tive C—H bond activation of valeramide and 3-methyl
fax: +55-19-3788-3073.
E-mail address: eberlin@igm.unicamp.br (M.N. Eberlin). valeramide by bare Feions [3b], the P-H bond
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activation of phosphan@c] by Fe", Co", Nit, Ru™, negative glow dischargg8], but in solution it ap-

Rh*, PdF, Os", Irt, and Pt, and C-H bond acti- pears that FCO cannot be properly stabilized with
vation in methane by FeSresulting in methane to  presently known Lewis acidf®]. For CICO", how-
methanethiol conversiof3d]. ever, a stable CICOSB;F16~ salt has been recently
Carbonylation of benzene, the selective functional- synthesized9]. Furthermore, CIC®, BrCO", and
ization and activation of its inert C—H bond by CO, ICO™ have been observed in SOIF solutions by
has been extensively investigated for both experimen- 13C NMR spectroscopy, but attempts to observe the
tal and fundamental reasons. Many strategies havelightest FCO™ failed [10]. It appears therefore that
been developed to perform benzene carbonylation ionic carbonylation in the condensed phase would be
which includes the Gatterman—Koch formylation, more feasible using the heavier halogen analogues
and techniques based on transitional metal catalysts,(for instance in Lewis acid salt forms), in particular
organometallic reagents, and photochemical and radi- the stable and well-characterizgdl] chlorocarbonyl
cal processept]. Acylium ions (R—C"=0) constitute cation CICCO'.
a class of stable, long-lived, versatile, and reactive In this work, we have performed gas-phase re-
cations, and a variety of new reactions of gaseous actions of the three gaseous halocarbonyl cations,
acylium ions of synthetic and analytical importance FCO', CICO", and BrCO", with benzene, furan,
have been describd8]. We were the first to report  thiophene, and pyrrole (and a few of their alkyl deriva-
[6] an ionic carbonylation reaction of benzene and tives) to compare the intrinsic abilities of XCOto
derivatives with halocarbonyl cations, namely, the promote ionic carbonylation of inert C—H aromatic
gaseous chlorocarbonyl cation CI€Ca haloacylium bonds. By analogy with FCO, we also formed and
ion. This novel ion—-molecule reaction results in the tested the ability of the fluorosulfinyl cation FSO
selective CO functionalization of an inert C—H bond an ion expected to be highly electrophilic, to per-
of benzene and some of its derivatives with the for- form unprecedented ionic sulfonylation of inert C—H
mation of benzoyl cationsScheme 1X = CI). Note aromatic bonds.
that this reaction can also be classified as an ionic
transcarbonylation reaction because a haloacylium 1.1. Experimental section
ion is converted into an aryl acylium ion (XCO—

ArcoM). The gaseous ions were produced, reacted, and
More recently, Grandinetti et. a[7] have used their products analyzed via double stage @y/&nd
gaseous Nf" to form FCO" via ionic fluorina- triple stage (MS) mass spectrometric experiments

tion of CO, and found that the fluorocarbonyl cation performed with an Extrel (Pittsburgh, PA, USA)
FCO" also promotes ionic carbonylation of the C-H pentaquadrupole (@>Qz04Qs) mass spectrometer
bond in benzene and toluen8cheme 1X = F). [12]. The gaseous FCOwas obtained via a novel
FCO" is readily available in the gas phase, and has gas-phase O-abstraction reactip@] of mass-selected
also been characterized in a liquid nitrogen cooled FC* with N,O, whereas gaseous CIC@Gind BrCO
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ions were obtained by 70eV electron ionization of
CH3COCI and CHCOBYI, respectively. SFO was
also prepared via O-abstraction of SFrom N,O
[14]. In the MS experiments via which ion—molecule
reactions were performed,@as used to mass select
the ion of interest, the neutral reagent was added to
02, and ion—molecule reactions occur at translational
energy near 1eV. Product ion mass spectra were ac-
quired by scanning § while operating @ in the
broad band rf-only mode. The target gas pressure
in g2 caused typical beam attenuation of 50-80%,
that is, multiple low-energy collision conditions were
used in @ to increase reaction yields and to promote
collisional quenching of both the reactant and prod-
uct ions, although lower yields but essentially the
same set of products with small variations on relative
abundances were always observed at single collision
conditions.

For the MS experiments, @ was used to mass
select a g product ion of interest either for further
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Fig. 1. Product ion mass spectrum for the reaction of mass-selected
FC* of myz 31 with N,O. A novel, highly efficient, and nearly
exclusive O-abstraction reaction yields (unequivocally) gaseous
FCO' of m/z 47.

[7], we have used a novel gas-phase ion—molecule
reaction to prepare FCO Using a pentaquadrupole
(Q102Q304Q5) mass spectrometgi 8], FCT of m/z

10eV caollision dissociation with argon or reactions 31 was formed upon 70eV El of GFand then
with a second neutral molecule at near 1 eV collisions mass-selected by the first mass-analyzing quadrupole:
in q4, while scanning @ for spectral acquisition. Q1. Reactions in g with NoO under low, near 1eV
The 10eV CID energies were taken as the voltage energy, and multiple collision conditions afforded
difference between the ion source and the collision nearly exclusively FCO of m/z 47 via a highly
quadrupole. The indicated pressure in each differ- efficient O-abstraction reactiofrig. 1).

entially pumped region was typically 2 10 (ion

source), 8x 1076 (gp), and 8x 107> (q4) Torr, re-
spectively (1 Torr = 1333 Pa). Total energies of
optimized geometries with no symmetry constraints
were calculated at the B3LYP/6-3133-(d,p) level

of theory [15] run on Gaussian 9816]. Energies,

2.2. Reactions of the three halocarbonyl cations
with benzene

The isotopomeric3®3’CICO* and "9/8BrCcOt
halocarbonyl cations were prepared via 70eV EIl of

vibrational frequencies, and details of the optimized acetyl chloride and acetyl bromide, respectively, two
structures are available from the authors upon request.of their suitable and readily available neutral precur-
sors.Fig. 2 displays the product ion mass spectra for
reaction of the three mass-selected FGEPCICO™,
and "°BrCO" ions with benzene. Actually, a MS
experiment was performed for FCGsince this ion
was prepared “on-line” in g via reactions of @
mass-selected FCions (Fig. 1), mass-selected by
Qs, and further reacted with benzene in, gvhile
scanning @ to acquire the sequential product ion
mass spectrumF{g. 23. For the three XCO ions,
three competitive reaction§&¢heme Pare observed:

2. Results and discussion

2.1. Sraightforward preparation of gaseous
FCOt: O-abstraction of FCt from NoO

Although FCO' is formed readily upon 70eV ElI
of several suitable (but not readily available) neutrals
[17], as well by ionic fluorination of CO by NF
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Fig. 2. (a) Sequential product ion mass spectrum for the reaction of mass-selecteddf @ 47 (formed via reactions of FCof m/z
31 with N;O, seeFig. 1) with benzene. Product ion mass spectra for the reaction with benzene of mass-selected (b)o€iG@ 63
and (c) BrCO of vz 107.

(i) ionic carbonylation that yields the benzoyl cation [19] (m/z 97) is minor. The yield of ionic carbonyla-

(PhCO") of myz 105, (ii) electron abstraction that tion relative to that of electron abstractiom/¢ 105:

yields ionized benzene ofiz 78, and (iii) X* transfer m/z 78) decreases from FCO(Fig. 29 to CICO"

that yields the corresponding protonated fluorbenzene (Fig. 2b) and then to BrCO (Fig. 29, whereas X

of m/z 97, protonated chlorobenzenerfz 113, and transfer occurs to limited extent in all cases. Hence,

protonated bromobenzene wfz 157. the ability of XCO" ions to promote ionic carbony-
For FCO" (Fig. 29, ionic carbonylation occurstoa lation of benzene, as measured relative to the com-

great extent, and PhC'Qof m/z 105 is the major ionic  petitive electron abstraction reaction, decreases in the

reaction product. Electron abstractian/¢ 78) is the order: FCO" > CICO"™ > BrCO". To rationalize

second most favored reaction, whereas tFansfer such a trend in reactivity and the ion’s tendency to
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undergo the competitive electron abstraction reaction,
the recombination energies of the three halocarbonyl
cations should be compared. The recombination en-
ergy of FCO™ has been experimentally measured:
9.3+ 0.1eV [20], which makes electron abstraction
from benzene (IE= 9.25 eV) slightly exothermic, but
we have been unable to find reliable experimental re-
combination energies for CICOand BrCO™. Owing,
however, to decreasing electronegativity of the halo-
gen atom, recombination energy is likely to decrease
from FCO" to CICO" and then to BrCO, thus dis-
favoring electron abstraction and favoring indirectly
ionic carbonylation in a reactivity order reverse to
that observed experimentally. A theoretical estimation
using B3LYP/6-311G-+(d,p) calculations gave the
following adiabatic recombination energies: FEO
(8.47eV), CICO (7.62eV), and BrCO (7.57eV),
and an IE for benzene of 8.08eV. As electron ab-
straction from benzene still occurs for ClCCand
BrCO™, conversion of translational to internal energy
is likely to occur and to drive these endothermic reac-
tions during the low-energy collisions of the ions with
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benzene. At the same time, however, the decreasing
electronegativity of the halogen atom makes the ions
less electrophilic from FC® to CICO" and then to
BrCO™; hence, electrophilic addition that leads to
ionic carbonylation of benzene is disfavored.

2.3. Theoretical calculations

To help rationalize the reactivity trends observed
in reactions of the three halocarbonyl cations with
benzene, theoretical calculations at the B3LYP/6-
311G++(d,p) level were performedrFig. 3 shows
a potential energy surface diagram for the reac-
tions of the three halocarbonyl cations with benzene.
For FCO', electrophilic addition to benzene is pre-
dicted to be highly exothermic—65.1 kcal/mol),
whereas further HF loss occurs via a favorable tran-
sition state which lies—31.6kcal/mol in energy
below the reactants and yields the final ionic car-
bonylation products, PhCOand HF, in an overall
—82.7 kcal/mol exothermic process. For CI€@nd
BrCO™, however, electrophilic addition to benzene is
much less exothermie;33.9 kcal/mol for CICG and
—26.9 kcal/mol for BrCO', whereas further HX loss
occurs via TS’s which lie in energgbove the reac-
tants (4+10.3 kcal/mol for CICG and +7.5 kcal/mol
for BrCO"), although the final ionic carbonylation
products are formed in overall exothermic reactions,
—54.4 kcal/mol for CICG and —46.5 kcal/mol for
BrCO™. The (slightly) endothermic access to TS’s is
in line therefore with the reduced ionic carbonylation
reactivity of CICO™ and BrCO", with the dominance
of the competitive electron abstraction, even though
their recombination energies are lower than PCO

2.4. Reactions of FCO™ with thiophene, pyrrole,
and furan

In electrophilic substitution reactions, which take
place predominantly at the 2-position, five-membered
heterocycles are much more reactive than benzene, and
resemble the most reactive benzene derivativies.4
displays the product ion mass spectra for reactions
of FCO" (the most electrophilic halocarbonyl cation)
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Fig. 3. B3LYP/6-311G-+(d,p) potential energy surface diagram for the reactions of the halocarbonyl cations Xift©Obenzene. Energies
are given in kcal/mol. Transition states were characterized by a negative vibrational frequency: TS for(FC@2 cntl), CICO™
(—1254cntl), BrcO* (-1195cnt?).

with thiophene (and 2,5-dimethylthiophene), pyrrole, ran, F" transfer is in all cases a minor reaction that
and furan. The three competitive reactions observed yields likely protonated 2-fluorothiophene wfz 103,

for benzene are also observed for the three simplest2-fluoropyrrole ofm/z 86, and 3-fluorofuran ofr/z
five-membered heterocycles, but despite the expected87. Therefore, for ionic carbonylation with FCOthe
higher reactivity in electrophilic ionic carbonylation, reactivity order of the aromatic compounds tested is:
electron abstraction is the main reaction in all cases. benzene- thiophene> pyrrole > furan. FCO"™ also
Electron abstraction yields the respective ionized hete- transfer P to furan Fig. 4d rather efficiently since
rocycles: ionized thiophene ofz84 (Fig. 49, ionized for the relative reaction yield, one should count not
pyrrole ofm/z67 (Fig. 49, and ionized furan afrvz 68 only the intact F transfer product ofivz 87 but also
(Fig. 40). For thiophene and pyrrole, ionic carbonyla- its ionic fragment ofm/z 59 formed by CO los§19].
tion also occurs to a considerable extent forming the

respective M—CO acylium ions ofmvz 111 andm/z 2.5. Alkyl substitution

94. For furan, ionic carbonylation that yields M—¢O

of m/z 95 occurs to a rather limited extent. Similar to Two opposing effects are expected on alkyl sub-
the reactions with benzenEi@. 19 and except for fu-  stitution on aromatic rings. Alkyl substitution results
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Fig. 4. Sequential product ion mass spectra for the reaction of mass-selected ¢fGz 47 (formed via reactions of FCof m/z 31

with N,O, seeFig. 1) with (a) thiophene, (b) 2,5-dimethylthiophene, (c) pyrrole, and (d) furan.
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Fig. 5. B3LYP/6-3111G-+(d,p) potential energy surface diagram for the reactions of F@&@h benzene, furan, 2-methylthiophene, and
N-methylpyrrole. Energies are given in kcal/mol. Transition states are characterized by one negative vibrational frequency. TS for benzene
(—1462cnt?), furan (1616 cntl), 2-methylthiophene£1617 cnt), and N-methylpyrrole (1636 cnT?).

both in a higher electron density of the riagelec-

carbonylation to a considerable exterfig. 39,
tron cloud, which should favor electrophilic ionic
carbonylation, and lower IEs, which should favor

it forms only a minor ionic carbonylation product
with 2-methylthiophene (8.61eV) reacting mainly
the competitive electron abstraction. Overall, alkyl

by electron abstraction (spectrum not shown). Fur-
substitution for the five-membered heterocycles fa- thermore, FCO reacts with 2,5-dimethylthiophene
vors electron abstraction: for instance, whereas exclusively by electron abstractionFig. 4b).
FCO" reacts with thiophene (8.87eV) by ionic N-Methylpyrrole is also somewhat less reactivity than

0
\ I
H $=0
+
F—S=0

Scheme 3.
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pyrrole toward ionic carbonylation (spectrum not
shown).

2.6. Theoretical calculations

The diagram ofFig. 5 compares the theoretical
predictions for the reaction of FCOwith benzene,
furan, 2-methylthiophene, adtmethylpyrrole. Elec-
trophilic addition of FCGO to furan, 2-methylthio-
phene, andN-methylpyrrole are even more exothermic
(—77.8,—90.0, and 101.1 kcal/mol, respectively) than
that to benzene (65.1), whereas further HF loss
occurs in overal-74.8,—88.7, and—92.1 kcal/mol
highly exothermic processes via favorable TS’s lying

in energy very close or below that of benzene. There-
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fore, when compared with benzene and when consid-
ered separately, ionic carbonylation with FEGor
furan, thiophene, and pyrrole are, in theory, equally
or even more favorable. But the five-membered ring
aromatic compounds, despite these predicitions and
their high reactivity in electrophilic substitutions, fail
to react efficiently by ionic carbonylation with FGO
Such limited reactivity is likely a result of the highly
favorable competitive electron abstraction reaction
owing to the relatively low IEs of the neutral reac-
tants: benzene (9.25eV) > furan (8.21eV), thiophene
(8.87eV) > pyrrole (8.21eV). Furan (8.88eV) has
the highest IE among the five-membered heterocycles
tested here, very close to that of thiophene; hence
its very low reactivity toward ionic carbonylation is

+
F—S =0
67
(a) N0
FS”
51
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Illllllllllllll'lIllllllllllllrfllellVll
78©+.
(51
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Fig. 6. (a) Product ion mass spectrum for the reaction of mass-selecteavi#&N,O. A novel, highly efficient, and practically exclusive
O-abstraction reaction forms FSQf mVz 67. (b) Sequential product ion mass spectrum for reactions oftF8ith benzene; the ion acts
as a potent oxidizing agent and electron abstraction occurs exclusively yielding ionized benrener 8f
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Fig. 7. B3LYP/6-3111G-+(d,p) potential energy surface diagram for the reactions of F@@d FSO with benzene. Energies are given
in kcal/mol. The TS for HF loss from the FSCaddition product to benzene could not be located, and its energy is roughly estimated by
analogy with that for FCO. The transition state for FCOwas characterized by a negative vibrational frequency-b462 cnt?.

surprising, although its relatively high tendency to by electron abstraction to form ionized benzenentf
react by F transfer Fig. 40 may be further sup-  78. Electron abstraction is also the dominant reaction
pressing ionic carbonylation. of FSO" with furan, pyrrole, and thiophene (spectra
not shown).
2.7. FOt
2.8. Theoretical calculations. FCO™ vs. FSO™
In analogy with FC@, the highly electrophilic flu-
orosulfinyl cation FSO could react in principle by The diagram ofFig. 7 compares the theoreti-
electrophilic addition followed by HF loss so as to cal predictions for reaction of FCO and FSO
result in unprecedented ionic sulfonylation of inert with benzene. When ionic sulfonylation is consid-
C—H bonds of aromatic compoundSocheme 3 To ered separately, FSOis predicted to be a highly
test therefore this possibility, the fluorosulfonyl cation efficient electrophile (more so than FCPand a
FSO" was prepared also via a novel O-abstraction re- potentially effective ionic sulfonylating agent since
action[13], of FS" from N,O (Fig. 6). its electrophilic addition to benzene is consider-
The sequential product ion mass spectrurRigf 6b ably more exothermic {102.8 kcal/mol) than that
shows, however, that FSQeacts with benzene solely of FCO" (—65.1kcal/mol), whereas further HF
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loss is overall highly exothermic by as much as fore, in reactions of FSO®with aromatic compounds,

—114.0kcal/mol {82.7 kcal/mol for FCO). Al-
though at the B3LYP/6-3116&+(d,p) level we have
been unable to locate the TS for HF loss for FSO
sulfonylation, we expect by analogy with FEQhat
such TS lies in energy considerably below the re-
actants Fig. 7). lonic sulfonylation of FSG with
benzene is therefore, by itself, both kinetically and
thermodynamically favorable. lonic sulfonylation is
likely suppressed, however, by unfavorable competi-
tion with electron abstraction owing to the relatively
high recombination energy of FSO Our calcula-
tions at the B3LYP/6-3116+(d,p) level indicate the
following adiabatic recombination energies: 8.47 eV
for FCO" and 9.49 eV for FSO. The recombination
energy of FSO is therefore considerably higher than
that of benzene (9.25eV), furan (8.88 eV), thiophene
(8.87eV), and pyrrole (8.21eV); hence FS0s a
potent oxidizing agent and it is not surprising that
electron abstraction dominates.

3. Conclusion

As for the ability to promote C-H bond acti-
vation of aromatic compounds (M—-H) via ionic
(trans)carbonylation, the intrinsic reactivity order
of the three gaseous halocarbonyl cations tested is:
FCO" > CICO" > BrCO". In solution, since the
quite reactive CICO chlorocarbonyl cation is readily
available[9,11], such reaction could be tested to per-
form similar condensed-phase ionic carbonylation of
aromatic compounds. In the gas phase, O-abstraction
of FCt from NoO has been demonstrated to be a
straightforward reaction for the preparation of the
highly electrophilic fluorocarbonyl! cation FCQand
for its on-line use in the activation of inert C-H
bonds of aromatic compounds via gas-phase ionic
carbonylation. Although by analogy with FCQthe
FSO" fluorosulfinyl cation is predicted to function as
an effective ionic sulfonylation agent, as also pointed
out by B3LYP/6-311G-+-(d,p) calculations, FSO
is found to act as a potent oxidizing agent owing
to its relatively high recombination energy. There-

electron abstraction dominates.
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