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Abstract

Dichlorocarbene radical cation reacts with benzaldehyde in the gas phase by oxygen radical anion abstraction, generating a new carbene re
cation population. The ion population consists of two isomeric carbene radical cations. Molecular orbital calculations, diagnostic ion-molect
reactions, and examination of ion-molecule reactions’ kinetics and thermochemistry were utilized to elucidate the structures (phenylicaibene rac
cation and dehydrotropylium cation), provide the relative abundances (20% and 80%, respectively) and propose a likely mechanism for the forma
of the two isomeric carbene radical cations. A single potential energy surface was found to explain the formation of both carbene radical catic
Oxygen radical anion abstraction followed by prompt dissociation of the collision complex leads to the formation of the phenylcarbene radic
cation. However, in alonger-lived collision complex, the phenylcarbene radical cation can rearrange to a more stable isomer, the dehydrotropyl
cation.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction been reported on the cationic form of this species, the phenyl-
carbene radical cation. In fact, in the few studies whefEl{C
The isomerization of arylcarbenes has fascinated chemistadical cations have been generated, the actual structure and iso-
for many years. One of the most studied isomerization reactionseric purity of the ions have remained elusji8,14]
is that of the prototypical arylcarbene, phenylcarbfhel 1], A simple method has been previously introduced for the gen-
Empirical evidence for the rapid isomerization of phenylcarbeneration of carbene radical cations vig Oabstraction from
to a ring-expanded form was first reported over three decadesarbonyl compounds by the easily generated dichlorocarbene
ago[6]. Much later, high-level ab initio molecular orbital cal- radical cation in a Fourier-transform ion cyclotron resonance
culations were used to help identify this intermediate as cyclo{FT-ICR) mass spectromet¢t4]. In addition, it was shown
heptatetraene and to provide insights into the mechanism of thteat @~ abstraction from benzaldehyde generatesl&rad-
rearrangemen,9,10] More recently, the negative ion analog ical cations which possess reactivity characteristic of carbene
of the neutral phenylcarbene, phenylcarbene radical anion, waadical cations. However, the structure of these radical cations
experimentally and theoretically examinfi®]. Experimental remained unclegil4,15] Mechanistically, phenylcarbene rad-
studies on the phenylcarbene radical anion have shown it to eal cation is the most likely isomer to be generated upén O
stable toward rearrangement to cycloheptatetraene anion, anddbstraction by dichlorocarbene radical cation. Yet, the possi-
be isolatable in isomerically pure forfi2]. In contrast to the bility of rearrangement into other#€lg™® isomers cannot be
detailed reports involving the synthesis and structural characteignored. The present study explores the structure of the radi-
ization of the neutral and anionic phenylcarbenes, very little hasal cations formed upon‘O abstraction from benzaldehyde by
dichlorocarbene radical cation.

* Corresponding author. Tel.: +1 765 494 0882; fax: +1 765 494 0359.
E-mail address: hilkka@purdue.edu (H.l. Kerittmaa).
1 Present address: Merck and Company, West Point, PA 19486, United States. . .
2 present address: Department of Chemistry, Texas A&M University, College Al €xperiments were performed using a 3T Extrel model
Station, TX 77842-3012, United States. FTMS 2001 dual cell FT-ICR mass spectrometer equipped with
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a Finnigan Odyssey data station and inlets for introduction oD for minima, 1 for transition states. All theoretical energies
solid, liquid and gaseous reagents. One of the main features abrrespond to 0 K and include zero-point vibrational energy cor-
this instrument is that it contains a differentially pumped dualrections.
cell [16]. The dual cell feature allows for one cell region to be
used for ion generation while the other is used for ion—molecul&. Results and discussion
reactions and detection. The two cells share a common central
trap plate that can be temporarily held at 0V, allowing ions to be3. 1. Determination of the presence of multiple isomers
transferred from one cell into the other through a 2 mm hole in
the center of this plate. Prior to transfer, quadrupolar axialization The GHg radical cation population was formed by* O
(QA) was used for radial ion cloud compression to increase thabstraction from benzaldehyde by dichlorocarbene radical
efficiency of the ion transfer evefit7]. cation Scheme lin a FT-ICR mass spectrometer. Under the
The carbene radical cation was generated as described in thenditions employed (a small number of analyte ions relative to
literature[14]. The ion population was isolated from unwanted that of the neutral reagent molecules), the reactions of an iso-
ions via a series of stored-waveform inverse Fourier transfornmerically pure ion population should follow pseudo-first-order
[18] (SWIFT) excitation pulses. The desired ions were trans+eaction kinetics. However, the kinetics data obtained for the
ferred into the other cell where they were cooled by multiplereaction of GHg*® with some reagents (cyclohexane: 100%
collisions with argon pulsed into the cettb x 10~/ Torrnom-  hydrogen atom abstraction; toluene: 100% addition accompa-
inal peak pressure) and IR photon emission (1§]. The niedbylossofthe methylradical; benzylchloride: 100% addition
structure and the reactivity of the ions was probed by subsequeatcompanied by loss of a chlorine atom) do not fit a sim-
ion-molecule reactions with selected neutral reagents presepte pseudo-first-order kinetics model. For example, although
at a static pressure of aboutx6l0~8 Torr (nominal pressure the carbene ion population reacts completely away with cyclo-
measured by an ion gauge). All spectra were subjected to backexane by hydrogen atom abstraction, one portion of the ion
ground subtraction. The background spectra were generated pgppulation reacts faster than the other. This finding provides evi-
SWIFT ejection of the ion population of interest prior to the dence for the presence of at least two distinct ionic species that
reaction. react to form GH7*. When the kinetics data were fit to a model
lon—molecule reaction efficiencies (the fraction of colli- consisting of multiple concurrent parallel reactions, the carbene
sions leading to reaction; a reaction with an efficiency ofion population was found to consist of two carbene radical cation
0.5 occurs at every second collision) are obtained by dividisomers. Therefore, the kinetics data for these reactions takes the
ing the second-order rate constant of a reactiggudion by  form of two concurrent pseudo-first order reactions (#9).
the theoretical collision rate constaitdjision), and are given [Ad], + [A2], ~ [Ado

as kreactiodkeollision- The second-order reaction rate constants = exp(—kit)
(kreaction) Were extracted from the plot of the relative abundancelA1lo T [A2lo  [A1lo+[Azlo
of the reactant ion over time. The theoretical collision rate con- [Az]o
. . : . — == exp(—kaf) (D)
stants kcoliision) Were calculated using a parameterized trajectory [A1]lo +[A2]0

theory[20]. lon gauges were used to measure the reagent pres-

sures needed for the derivation of the second-order reaction rate The relative abundances of the ionic isomers, represented

constants Keaction. The pressure readings were corrected forby [A1] and [A2], and the corresponding second-order reaction

the sensitivity of the ion gauge toward each neutral reaf@dift  rate constants; andky, were extracted by fitting the data with

and its distance from the center of the ICR ¢28]. Eq. (1). This analysis revealed that the more reactive ion (effi-
All computational results reported in this work were calcu-ciency =5.2%) makes up 80% of the ion population while the

lated with the Gaussian 98 suite of prograf@8]. Geometry less reactive ion (efficiency =0.3%) makes up 20% of the ion

optimizations and vibrational frequency calculations involvingpopulation Fig. 1).

diiodocarbene radical cation were performed at the B3LYP/

LANL2DZdp level of theory. Calculations of all other systems 3.2. Computational evaluation of possible ion structures

were performed at the B3LYP/AUG-cc-pVDZ level of theory.

All stationary points were verified by vibrational frequency anal-  Although kinetics analysis shows the presence of two dis-

ysis to possess the correct number of imaginary frequenciesinct ionic species and provides the relative abundance of each,

OsH
Cl 0
C <|: C —-EI G —_— g CHs ™
[—C—2cl + 7Ms
| -Cl o’ o a” e
cl m/z 82 m/z 90

Scheme 1.
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Fig. 1. Kinetics data for reaction of€lg** with cyclohexane fit with Eq(1).

3

were found to be significantly lower in energy than the other
six; 2-dehydrobenzyl cation, phenylcarbene radical cation and
dehydrotropylium cation. Phenylcarbene radical cation and 2-
dehydrobenzyl cation were found to be nearly isoenergetic (the
phenylcarbene radical cation is 0.5 kcal/mol more stable) and
about 12 kcal/mol above the dehydrotropylium cation.

The simplest mechanism that can be proposed for the
O*~ abstraction from benzaldehyde by dichlorocarbene radi-
cal cation leads to the generation of the phenylcarbene radical
cation and phosgene&s¢heme 2 Therefore, it is likely that
the mechanism for the formation of the other ionic isomer
involves a phenylcarbene radical cation intermediate. The for-
mation of 2-dehydrobenzyl cation from phenylcarbene radical
cation requires a 1,3-hydrogen atom shift which is associated
with a very high barrier of 41.9 kcal/mol (calculated at the
B3LYP/AUG-cc-pVDZ level of theoryFig. 3). The maximum
amount of energy available to drive unimolecular rearrange-

Circles represent the carbene radical cation mixture, and the triangles represqﬂtent of the phenylcarbene radical cation to 2-dehydrobenzyl

the hydrogen atom abstraction product (tropylium and benzyl cation).

cation is equal to the exothermicity of the phenylcarbene rad-
ical cation synthesis. Since the exothermicity of this synthe-

the structures of the two isomeric ions remain unknown. Molecsis was calculated to be 36.5 kcal/mol (B3LYP/AUG-cc-pVDZ

ular orbital calculations were performed at the B3LYP/AUG-

level of theory;Scheme B formation of the 2-dehydrobenzyl

cc-pVDZ level of theory to evaluate the relative energies ofcation from isolated phenylcarbene radical cation is unlikely.

nine GHg radical cation structured={g. 2). Three structures

The observation that an even lower-energy synthesis method
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Fig. 2. Relative energies of possiblelds radical cation isomers calculated at the B3LYP/AUG-cc-pVDZ level of theory.
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Fig. 4. The two likely structures of the;Elg carbene radical cation.
A &
(exothermicity 12.6 kcal/mol; these results are discussed in the
n (‘\(’ next section) results in isomerization rules out this structure.
i Y (,;\J The two remaining structures, phenylcarbene radical cation and
T 1 dehydrotropylium cationHig. 4), were considered further.
0 keal/mol 0.45 kcal/mol

3.3. Elucidation of the likely mechanism of carbene radical
Fig. 3. Potential energy surface calculated atthe B3LYP/AUG-cc-pVDZ level of .1/ on formation
theory for the rearrangement of phenylcarbene radical cation to 2-dehydrobenzyl

tion.
cation The simplest pathways for the formation of the dehy-

drotropylium cation involve unimolecular rearrangement of the
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K R AL+
X" X
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If X = Cl, reaction exothermicity = 36.5 kcal/mol

If X = |, reaction exothermicity = 12.6 kcal/mol
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the collision complex (path B iBcheme % and rearrangement
within the collision complex (path C i8cheme % The viabil-
ity of the unimolecular rearrangement mechanism (path B in s 9
Scheme Jwas probed computationally by calculating the poten- 18.7 keal/mol
tial energy surface (PES) for this rearrangement pro¢egss).
Based on these calculations, the phenylcarbene radical cation
requires at least 19.2 kcal/mol to rearrange to dehydrotropylium 4
cation. The calculated exothermicity off O abstraction from X f,l
f&,f,

phenylcarbene radical cation after its formation and release from :(j

19.2 kcal/mol

18.1 keal/mol

benzaldehyde by dichlorocarbene radical cati®oheme Bis
36.5kcal/mol, as mentioned above. Therefore, the newly gener- 3
ated phenylcarbene radical cation is expected to have more than g keatmol
enough energy to undergo rearrangement into dehydrotropylium

cation (pathway B irscheme % The existence of this pathway

can be probed experimentally by adjusting the thermochemistry

ofthe O~ abstraction reaction such that the phenylcarbene radi-

cal cation does not have enough energy to undergo unimolecular _
rearrangement outside the collsion complex. ComputationSE, % "oeii) ero suace acusen e B2 1P AU 02 e
at the B_3LYP/LANL2Dde level of _t_heory predict th_at'O  lium cation (via pathway B shown i8cheme R

abstraction from benzaldehyde by diiodocarbene radical cation

(accessible by El of carbon tetraiodide) is only 12.6 kcal/mol

exothermic Scheme B Therefore, this method of Elg*® syn- The mechanism for the formation of the dehydrotropylium
thesis does not provide enough energy to phenylcarbene radiagdtion by rearrangement of the phenylcarbene radical cation in
cation to surmount the barrier to rearrangement, as depicted the collision complex with phosgene after th& Cabstraction

Fig. 5 (this eliminates pathway B iBcheme % Nevertheless, from benzaldehyde by dichlorocarbene radical cation (pathway
C7He*® generated via this synthetic procedure was found taC, Scheme ¥was examined computationally by constructing
display similar reaction kinetics as78s** generated from a PES for the reaction (B3LYP/AUG-cc-pVDZ level of theory;
dichlorocarbene radical cation (deviation from the simpleFig. 6). This computational investigation revealed that the mech-
pseudo-first-order kinetics model), thus providing evidenceanism for the rearrangement of the phenylcarbene radical cation
for the presence of two carbene ion isomers. Hence, pathweiy the collision complex is identical to the unimolecular rear-
B (and the 2-dehydrobenzyl cation structure) can be ruledangement mechanisnif. 5. However, if the isomerization
out. takes place in the complex of the carbene radical cation and
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XX v
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@
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>

Fig. 6. Potential energy surface calculated at the B3LYP/AUG-cc-pVDZ level of theory for the isomerization of the phenylcarbene radical catvigpathway
A; Scheme Jto the dehydrotropylium cation within the complex with phosgene (via pathw&ctieme % For comparison, the left side of the surface shows the
isolated carbene radical cation and phosgene whose formation is exothermic by 36.5 kcal/mol (in reality, the molecules don't exit the commarbafment).
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phosgene, then solvation energy is available to overcome barriers Further support for this assignment was obtained by convert-
to rearrangement, in addition to the exothermicity of the reacing the carbene radical cations into more stable even-electron
tion that formed the carbene radical cation, Hence, this reactiocations. This can be accomplished by allowing the aromatic
pathway is thermochemically feasiblBig. 6). This pathway carbene radical cations (generated from dichlorocarbene radi-
provides an explanation for the presence of two distint¢i&* cal cation) to abstract a hydrogen atom from cyclohexane, thus
isomers (phenyl carbene radical cations that exited the collieconverting the phenylcarbene radical cation and dehydrotropy-
sion complex before rearrangement, and those that rearrangédm cation into benzyl and tropylium cations, respectively
to the dehydrotropylium cation) even when generated via a low¢Scheme 31 Two methods have been demonstrated to be success-
energy synthetic method ¢O abstraction from benzaldehyde ful in the differentiation between benzyl cation and tropylium

by diiodocarbene radical cation). cation[24,25] One of these methods involves the reaction with
benzylchloride. Benzylchloride transfers chloride anion only
3.4. Structure elucidation of the carbene radical cations to the benzyl cation§cheme Sperdeuterated benzylchloride

was used to verify that the reaction indeed is hydride transfer

The above evidence suggest that diiodocarbene and dichlorfrom benzyl chloride to the carbene radical cation rather than
carbene radical cations react with benzaldehyde to form thehloride anion transfer from benzyl chloride to the carbene rad-
phenylcarbene radical cation which sometimes undergoes is@sal cation). No chloride transfer was observed here, indicating
merization to dehydrotropylium cation. Interestingly, the twothe presence of only tropylium cation (suggesting that dehy-
Cy7Hg radical cations (referred to 43 andA, below) generated drotropylium cation was present prior to the hydrogen atom
from diiodocarbene radical cation are formed in different rela-abstraction from cyclohexane). Yet, this result conflicts with
tive abundances than when the dichlorocarbene radical cationfibe observation of two distinct carbene ion populations upon
used. For example, analysis of the kinetics of the reaction of berkinetics analysis. However, the undertaking of this experiment
zylchloride with GHg*® (100% addition accompanied by the proved difficult due to the extensive ion processing involved
loss of a chlorine atom; this reaction pathway was verified by thén the many reaction and isolation events leading up to the
use of polydeuterated benzylchloride) generated from diiodocahalide transfer reaction. This resulted in a low signal-to-noise
bene radical cation reveals that;] =52% and ;] =48%, as  ratio, thus making interpretation of the experimental results dif-
apposed to 19% and 81%, respectively, foHg"® generated ficult. However, this experiment does indicate that the most
from dichlorocarbene radical cation. Since the exothermicityabundant carbene radical cation isomer (#n dichlorocar-
of C7Hg** synthesis using the diiodocarbene radical cation idene radical cation precursor) is the dehydrotropylium cation
lower than when using the dichlorocarbene radical cation, lesghile the lower abundance isomer (ieh), the phenylcar-
rearrangement may be expected for the initially formed phenylbene radical cation, is believed to have been lost during the
carbene radical cation. This should result in an increase in thextensive ion processing. Therefore, the lack of halide trans-
relative abundance of the phenylcarbene radical cation relativier for the GH> ion population, along with the increase in the
to that of the dehydrotropylium cation. These considerationsibundance of iod; when diiodocarbene instead of dichloro-
suggest that iod 1 represents the phenylcarbene radical catiorcarbene radical cation was used to generatdeC®, strongly
and ionA, represents the dehydrotropylium cation. suggest that the more reactive idn, is phenylcarbene radical
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cation and that the less reactive iofp, is dehydrotropylium  References

cation.
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