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ABSTRACT: Isomeric quinolyloxenium cations were generated in the gas phase in an ion trap mass spectrometer to explore their
reactions. The structures of some products were identified via collision-activated dissociation experiments involving model
compounds to demonstrate that they have the expected heavy atom connectivity. The lack of radical reactions suggests that the
cations have closed-shell singlet electronic ground states. Calculations (CASPT2/CASSCF(16,14)/cc-pVTZ//CASSCF(16,14)/cc-
pVTZ) predict that their closed-shell singlet (1A’) ground states are lower in energy by ca. 25 kcal mol−1 than their lowest-lying
excited states. All cations are reactive toward dimethyl disulfide, dimethyl sulfide, and allyl iodide and most toward water and
moderately reactive toward cyclohexane, reflecting their strongly electrophilic nature. They form adducts with nucleophiles in
exothermic reactions (ca. 50 kcal mol−1 for dimethyl sulfide) that can fragment or be stabilized via IR emission. Most water adducts
spontaneously isomerize to lower-energy tautomers. The nucleophiles preferentially add to those carbon atoms in the benzene ring
that have the greatest positive charge (but not the carbonyl carbon). The cations react with cyclohexane via hydride abstraction by
the oxygen atom. This is the only reaction that initially involves the oxygen atom and hence reflects the formally positively charged,
monovalent oxygen atom in these cations.

■ INTRODUCTION
Aryloxenium cations contain a formally positively charged,
monovalent oxygen atom with an incomplete electron shell
(Chart 1). They are key intermediates in the electrochemical

and chemical oxidation of phenols.1−3 They also have been
implicated in astrochemical studies and are thought to persist
in interstellar space.4−7 The first detected aryloxenium cation
was generated in aqueous solution via laser flash photolysis.8,9

The parent phenyloxenium cation (Chart 1), also generated by
laser flash photolysis, was identified via product analysis and
trapping experiments.10−13 The closed-shell singlet ground-
state electronic configuration (calculated ΔES‑T: ca. −15 kcal
mol−1) for oxenium cations results from the strong interactions

of the π system of the benzene ring with the out-of-plane p
orbital of the oxygen atom, which breaks the frontier orbital
degeneracy. With widely separated frontier orbitals, the closed-
shell singlet state becomes the lowest-energy electron
configuration.14,15

Unfortunately, neutral radical impurities have hampered the
examination of the reactivity of phenyloxenium cations in a
previous study.16 Furthermore, these photolysis studies are
limited by the lack of general (photo)precursors for the
oxenium cations as well as their extremely short lifetimes (less
than 1 μs) in solution.14 As a result, most studies have focused
on the mechanisms of generation of oxenium cations rather
than on their chemical properties although a few products
formed upon reactions with the solvent have been
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Chart 1. Phenyloxenium Cation with Several Resonance
Structures
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reported.12,14 Thus, although aryloxenium ions have been
investigated for more than 40 years,17−20 studies concerning
their reactivity lag far behind carbenium ions.
Here, the gas-phase reactivity of several quinolyloxenium

cations (Chart 2) was examined by using linear quadrupole ion

trap mass spectrometry. This study is not hampered by the
formation of neutral radical impurities, as neutral reaction
products are pumped out of the ion trap before examination of
the reactions of the oxenium cations. Further, the reactions of
the oxenium cations can be studied with a variety of reagents
(and not just solvents), and the reaction kinetics can be
explored. The experimental studies were complemented by
high-level quantum chemical calculations.

■ METHODS
A Thermo LTQ linear quadrupole ion trap (LQIT) mass
spectrometer was used to conduct all gas-phase experiments. The
radical cations were generated using atmospheric-pressure chemical
ionization (APCI) with CS2 as the ionization reagent and solvent

21

and then transferred into the ion trap and isolated by ejecting all
unwanted ions from the trap. Collision-activated dissociation (CAD;
MS2 experiments) was used to cleave a methyl or a nitrogen
monoxide radical from the methoxy- or nitroquinoline radical cations,
respectively (collision energy = 40, arbitrary units). The fragment ions
were isolated and allowed to undergo reactions with a reagent in the
ion trap (MS3 experiments) for varying reaction times. Reagents were
introduced into the ion trap via a reagent mixing manifold.22−25 The
data analysis has been discussed previously.25,26

■ RESULTS AND DISCUSSION
Generation of the Oxenium Cations. Initially, CAD

experiments were performed on radical cations of methox-
ypyridines in an attempt to generate aryloxenium cations via
the elimination of a methyl radical; however, only small
amounts of ions possibly corresponding to the desired
oxenium cations were detected. Subsequently, CAD of
quinoline radical cations with a methoxy group on the pyridine
ring was examined, but this approach also failed to generate
large amounts of the desired oxenium cations. However, CAD
of radical cations of quinolines with either a methoxy or nitro
group in the benzene moiety (Chart 3) resulted in the fast
elimination of a methyl or nitric oxide radical, respectively,
thus generating cations with the m/z ratio of the desired
oxenium cations (1−4; for examples, see Scheme 1 and Figure
1). The structures of the ions were probed via their reactivity

toward various reagents and via verification of the structures of
some of their product ions via CAD experiments, as discussed
below.24,25,27,28

Structural Elucidation of 1−4. The reagents dimethyl
disulfide, allyl iodide, and cyclohexane (Table 1) were chosen
to probe the structures of the ions thought to be 1−4 via ion−
molecule reactions as these reagents are known to react with
carbon-centered organic mono- and biradicals (but not even-
electron cations) via transfer of one or two SCH3 moieties,
iodine atoms, or hydrogen atoms, respectively.24,25,27,28 None
of these radical reactions were detected for the cations
expected to be 1−4, as discussed below.
Upon reactions with dimethyl disulfide (Table 1 and Figure

2), abstraction of a SCH3 moiety was not observed for the
cations believed to correspond to 1−4. Instead, a stable
abundant adduct (m/z 238) was detected for 1, 2, and 3. The
adduct is not likely to be a secondary product generated upon
consecutive abstraction of two SCH3 moieties, which is
common for organic biradicals,27,28 since the abstraction of
the first SCH3 moiety was not detected. Instead, the adduct is
likely a primary product generated upon the addition of the
entire dimethyl disulfide to the cations.
Similarly to dimethyl disulfide, the most common radical

reactions reported for allyl iodide (abstraction of one iodine
atom from an allyl iodide molecule or consecutive abstraction
of two iodine atoms from two allyl iodide molecules25,27,28)
were not observed for the cations believed to be 1−4 (Table
1). Instead, abstraction of an allyl moiety was found to be the
dominant reaction. This reaction has been previously reported
for organic compounds not undergoing radical reactions, such
as ortho-benzynes, and it involves nucleophilic addition of the
carbon−carbon double bond of allyl iodide to the cation
followed by a homolytic C−I bond cleavage.25,27,28
Upon reactions with cyclohexane, no single hydrogen atom

abstraction products were detected for 1−4 (Table 1), in
contrast to what has been reported for many carbon-centered
radicals.24,27,28 Instead, abundant product ions were formed
that formally correspond to the addition of two hydrogen
atoms to the oxenium cations. However, these product ions are
likely formed upon an initial hydride anion abstraction
followed by a proton abstraction (see discussion below), as
previously reported for some aromatic even-electron cati-
ons.24,27,28 Based on the above observations, it can be
concluded that 1−4 do not contain unpaired electrons.
Further structural evidence is provided below, where the

reactivities of 1−4 are discussed in detail. Most importantly,
verification of the structures of some of their ionic reaction
products via CAD in MS4 experiments and comparison to the
CAD behavior of ionized authentic model compounds was
performed to verify the heavy atom connectivity of the
oxenium cations. However, the results of quantum chemical
calculations are discussed first.
Quantum Chemical Calculations for 1−4. The ground

state for each of the oxenium cations 1−4 was calculated at the
multiconfigurational self-consistent field (MCSCF) level of
theory by using the correlation-consistent polarized valence-
triple-ζ (cc-pVTZ29) basis set (the MCSCF calculations were
of the complete active space (CASSCF) variety30). To improve
the molecular orbital calculations for the 1A’, 1A”, 3A’, and 3A”
states of the quinolyloxenium cations 1−4, dynamic electron
correlation was also accounted for by using multireference
second-order perturbation theory31−33 (CASPT2) for multi-
configurational self-consistent field (MCSCF) reference wave

Chart 2. Quinolyloxenium Cations 1−4

Chart 3. Precursor Radical Cations Used to Generate
Oxenium Cations 1−4. One Resonance Structure Shown for
Each
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functions; these calculations were carried out for the
CASSCF(16,14)/cc-pVTZ optimized geometries. All
CASPT2/CASSCF and DFT calculations were carried out
with the MOLCAS 8.0 and Gaussian 16 electronic structure
program suites, respectively.34,35 Each oxenium cation was
calculated to be a closed-shell singlet (1A’) that lies ca. 22−27
kcal mol−1 lower in energy than the first excited state (i.e., 1A”
for 1 and 4 and 3A’ for 2 and 3; calculated at the CASPT2/
CASSCF(16,14)/cc-pVTZ//CASSCF(16,14)/cc-pVTZ level
of theory; Table 2). The vertical electron affinities (EAv) for
the ground states of 1−4 and for the quinoline radical cation
were also calculated (Table 2) to compare their electro-
philicities. While the quinoline radical cation has the greatest
calculated EAv (8.46 eV), those of 1−4 are also high, with 3
having the largest (7.96 eV) and 4 having the smallest (7.73
eV) value. These findings suggest that 3 may be the most
reactive and 4 the least reactive among the isomeric oxenium
cations; however, the reactivity studies discussed below show
that this is only the case for the water reagent (Table 1).
Atomic charges for the ground singlet states of 1−4 were

also calculated (M06-2X/6-311++G(d,p)//CASSCF(16,14)/
cc-pVTZ; CHELPG procedure;36 Figure S1 in the SI). Based
on these calculations, the carbon atom bearing the oxygen
atom has the largest positive charge for 1−3, whereas C-2 has
the next largest positive charge. While nucleophilic addition
reactions may not be expected to occur at the carbonyl carbon
for any of these oxenium cations or at C-2 for two of them (1
and 3) (no stable singly charged product would be generated;
this is supported by quantum chemical calculations described

below), addition may occur at a few other sites based on the
most reasonable resonance structures capable of forming a
stable product upon addition (for example, see Chart 4 for 1
and Figure S2 for 2−4).
In order to attempt to identify the most likely sites for

nucleophilic addition, the reaction enthalpies for the addition
of the hydride anion to 1−4 at several different sites were
calculated (at the M06-2X/6-311++G(d,p)//M06-2X/6-311+
+G(d,p) level of theory). The reaction enthalpies calculated for
the addition of the hydride anion in 1 to C-2, C-3, C-4, C-5
(carbonyl carbon), C-6, C-8, and O are −187.8 (a zwitterionic
product is generated), −227.4, −188.9 (zwitterionic product),
−225.3, −250.7, −251.8, and −260.3 kcal mol−1, respectively.
As expected, hydride addition is calculated to be most
exothermic at the oxygen atom; however, the second and
third most favorable addition sites are C-8 and C-6, with C-8
having just a slightly greater exothermicity. Indeed, C-8 is the
second most and C-6 is the third most positively charged
carbon atom (calculated atomic charges of +0.140 and −0.062,
respectively; Figure S1 in the SI) in the benzene ring among
those carbons that can form a stable, nonzwitterionic adduct
(Chart 4 and Figure S1).
Overall, solely based on the exothermicities calculated for 1,

the hydride anion preferentially adds to atoms in the benzene
ring and not the pyridine ring. In the benzene ring, the carbon
atoms (C-8 and C-6) with the largest positive (least negative)
charge that in principle can form a stable adduct are favored
(after the oxygen atom).
The most favored hydride anion addition sites for 2 and 3,

after the oxygen atom, were calculated to be C-5 (−255.2 kcal
mol−1) and C-8 (−259.8 kcal mol−1), respectively. Again, these
addition sites correspond to the carbon atom in the benzene
ring with the largest positive (least negative) charge (−0.039
and −0.118, respectively; with the exception of the carbonyl
carbon). For 4, hydride anion addition to C-5 and C-7 was
calculated to be equally exothermic (−246.8 kcal mol−1).
Again, these two sites were calculated to carry the largest
positive atomic charges in the benzene ring among the atoms
that can, in principle, form a stable adduct (+0.186 and
−0.008, respectively). Unfortunately, hydride anion addition
reactions cannot be experimentally studied using the
approaches employed here, as the product would be a neutral
compound not detectable by mass spectrometry.
In order to further explore the identities of the most likely

sites for nucleophilic addition to 1−4, another reagent that can
be experimentally studied, dimethyl sulfide, was examined.
Dimethyl sulfide reacts to predominantly generate a stable
addition product for 1−4 (Figure S3), with 4 producing the

Scheme 1. Generation of Oxenium Cation 1 from the 5-Nitroquinoline Radical Cation (Top) and Oxenium Cation 2 from 6-
Methoxy-quinoline Radical Cation (Bottom)

Figure 1. CAD mass spectra (MS2 experiments) measured for the 6-
methoxy- (top) and 2-methoxyquinoline radical cations (bottom).
Note that only the radical cation with the methoxy group in the
benzene ring (top) produces a relatively abundant fragment ion via
the loss of a methyl moiety (m/z 144).
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adduct at the lowest efficiency, favoring hydride abstraction to
generate CH3S�CH2

+ (m/z 61). Hydride abstraction was also
detected for 1−3 although it was most abundant for 4 (Figure

Table 1. Reactions, Total Reaction Efficiencies,a and Branching Ratios for Ionic Primary Products for 1−4b upon Reactions
with Dimethyl Disulfide, Allyl Iodide, Cyclohexane, and Water

aA fast reaction with adventitious water competes with the reactions of 1−3 with all the desired reagents, which likely influences their reaction
efficiencies to some extent. bFor the selection of the specific resonance structures shown, see discussion below. cabs = abstraction. d2° indicates a
secondary production of the primary production shown above.

Figure 2. Mass spectra measured after 100 ms reactions of 1−4 (m/z
144) with dimethyl disulfide. Note that the ion of m/z 162 is a water
adduct formed upon reactions of 1−3 with adventitious water in the
ion trap.

Table 2. Calculateda Relative Enthalpies (Hrel, kcal mol−1)
for Ground and Excited States of 1−4, Calculatedb Vertical
Electron Affinities (EAv, eV) for Ground States of 1−4, and
Calculatedc Vertical Electron Affinity of the Quinoline
Radical Cation

Hrel (1A’ state) 0.0 0.0 0.0 0.0
Hrel (1A” state) 26.9 28.7 28.5 24.8
Hrel (3A’ state) 32.1 25.9 22.3 34.9
Hrel (3A” state) 27.2 28.0 24.8 26.4
EAv (2A” → 1A’) 8.46
EAv (1A’ →2A”) 7.89 7.88 7.96 7.73

aCalculated at the CASPT2/CASSCF(16,14)/cc-pVTZ//
CASSCF(16,14)/cc-pVTZ level of theory; corrected for zero-point
vibrational energies and 298 K thermal energies by using the
(unscaled) CASSCF(16,14)/cc-pVTZ frequencies. bCalculated at the
CASPT2/CASSCF(17,14)/cc-pVTZ//CASSCF(16,14)/cc-pVTZ
level of theory. cCalculated at the CASPT2/CASSCF(12,11)/cc-
pVTZ//CASSCF(11,11)/cc-pVTZ level of theory.
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S3). Abstraction of both a hydride anion and a proton (via an
unknown mechanism; m/z 146) was additionally detected.
The reaction enthalpies for the formation of an adduct with

dimethyl sulfide at seven carbon atoms (C-2−C-8) in 1−4
were calculated (at the M06-2X/6-311++G(d,p)//M06-2X/6-
311++G(d,p) level of theory; see the SI). Based on the
calculated values, the favored addition sites for 2 (C-5) and 3
(C-8) are in agreement with the favored (carbon-centered)
addition sites discussed above for the hydride anion (values for
2: C-2, −27.0; C-4, −22.4; C-5, −50.3; C-7, −28.1; C-8, −26.3
kcal mol−1 (this rearranged structure contains a cyclo-
propanone ring); values for 3: C-3, −27.1; C-4, −12.7
(rearranged to a cyclopropyl ring); C-5, −23.7 (rearranged
to a cyclopropanone ring); C-6, −30.4; C-8, −59.4 kcal
mol−1). Addition products for 1 were found for addition of
dimethyl sulfide to C-3, C-6, C-7 (rearranged a cyclopropyl
ring) and C-8, with exothermicities of −19.6, −46.8, −35.5,
and −46.6 kcal mol−1, respectively. Therefore, the most and
equally likely addition sites in 1 to produce a stable
unrearranged addition product are C-6 and C-8. This finding
is in agreement with the favored hydride anion addition sites
discussed above. On the other hand, the results obtained for 4
are not in complete agreement with the hydride anion addition
results. The most favored addition site for dimethyl sulfide was
calculated to be C-7 with a reaction enthalpy of −44.9 kcal
mol−1 followed by C-5, C-8 (rearranged structure has an
epoxide ring), C-2, and C-4 (−39.4, −28.5, −23.5, and −13.7
kcal mol−1, respectively), while C-5 and C-7 were calculated to
be equally favorable for hydride anion addition. In conclusion,
the most favorable sites for 1−4 to form an unrearranged
stable adduct appear to be C-6 and C-8, C-5, C-8, and C-7 (or
both C-5 and C-7), respectively, mostly reflecting the most
positively charged (least negatively charged) carbon atom in
the benzene ring (ignoring the carbonyl carbon).

It must be noted that the formation of a stable adduct under
the experimental conditions used here almost certainly requires
emission of IR light by the adduct37 to release some of the
excess energy that it is formed with so that insufficient energy
remains to allow reverse dissociation to separated reactants or
forward dissociation to fragmentation products (collisional
cooling is not fast under the low-pressure conditions employed
here).
Reactivities of 1−4. Based on the above considerations,

the resonance structures shown for 1−4 in Chart 5 are used
below to rationalize their reactivity. All of the oxenium cations
1−4 react with water only by formation of a stable addition
product (Table 1). However, with one exception, these
products undergo spontaneous rearrangement to generate
substantially lower-energy adducts that have a longer lifetime
and therefore are more likely to be stabilized by emission of
light. For 1, stable rearranged products were computationally
found for addition of water at C-4, C-6, and C-8 (water
addition computed for C-2 or C-3 did not produce a bound
product), which have computed reaction enthalpies of −4.0,
−33.2, and −47.9 kcal mol−1, respectively (for some of these
calculations, see Scheme 2). These computed enthalpies
suggest that the thermodynamically most favorable addition
site in 1 for water is C-8 (although addition to C-6 is also very
favorable). However, the C-6 and C-8 sites were calculated to
be equally favorable for the addition of both the hydride anion
and dimethyl sulfide. Therefore, the specific energetically
favorable rearrangement for the water adduct at C-8 makes this
addition site more favorable than the C-6 site for water
(Scheme 2).
For 2, stable rearranged products were calculated for

addition of water at C-5 and C-7 (only), having computed
reaction enthalpies of −39.6 and −25.7 kcal mol−1, respectively
(Figure S2 in the SI). Hence, addition to C-5 is expected to

Chart 4. Most Relevant Resonance Structures for 1. They Are, in Principle, Able to Generate a Stable Singly Charged Addition
Product with a Neutral Nucleophile without Rearrangement. The Magnitudes of the Calculated Atomic Charges at the
Different Sites Are C-8 > C-6 > C-3 > O (Figure S1)

Chart 5. Most Relevant Resonance Structures for 1−4

Scheme 2. Enthalpy Changes Calculated at the M06-2X/6-311G++G(d,p)//M06-2X/6-311G++(d,p) Level of Theory for
Water Addition to 1 at Two Different Sites
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preferentially occur, and it yields the same structure as shown
for 1 in Scheme 2 (right). This site was also calculated to be
the most favorable addition site for the hydride anion and
dimethyl sulfide molecule. For 3, stable rearranged products
were found for addition of water at C-6 and C-8 (only), having
computed reaction enthalpies of −30.3 and −61.4 kcal mol−1,
respectively (Figure S2). Therefore, the reaction with water
would be expected to occur preferentially at C-8, generating
the rearranged structure shown in Chart 6. Again, this site is

the favored addition site for the hydride anion and dimethyl
sulfide molecule. For 4, stable addition products were found
computationally for the addition of water at C-7 and C-5
(only), which have computed reaction enthalpies of −31.9 and
−6.1 kcal mol−1, respectively (Figure S2). These addition sites
are in agreement with those calculated for hydride and
dimethyl sulfide addition (C-7 or both C-5 and C-7).
The lowest reactivity of 4 (reaction efficiency, 1%; Table 1)

among 1−4 (reaction efficiencies for 1−3: 78, 22, and 100%,
respectively) is likely explained by its lowest addition/
rearrangement reaction enthalpy (−31.9 kcal mol−1; those of
1−3 are −47.9, −39.6, and −61.4 kcal mol−1, respectively;
Figure S2). It is interesting to note that only for 4, a stable,
unrearranged water adduct (at C-5) was calculated (Scheme
3). As the water adduct formed at C-5 is not adjacent to other
substituents, it cannot readily rearrange.

In summary, the favored reaction sites for water in 2, 3, and
4 are concluded to be C-5, C-8, and C-7, respectively, while
that for 1 (as discussed above) is C-8, closely followed by C-6.
These sites are in agreement with the most important
resonance structures shown in Chart 5. Upon addition of
water, a highly exothermic rearrangement takes place for all of

the water adducts, with the exception of that formed for 4 at C-
5.
Collision-activated dissociation (CAD) experiments were

performed to obtain information on the structures of the
(isolated) rearranged water adducts of 1−3. While the water
adducts of 1 and 2 fragment via exclusive elimination of a
water molecule, which is not structurally informative, that of 3
also eliminates carbon monoxide (Figure S5). This can be
rationalized by the favored reaction site for 3 (C-8) being in
close proximity to the basic nitrogen atom (which is not the
case for 1 and 2); hence, the adduct of 3 can rearrange while
the carbonyl group remains intact (Scheme 4). Indeed, this
specific rearrangement is calculated to be the most exothermic
rearrangement for this water adduct of 3 (Figure S2 in the SI)
and is calculated to be highly exothermic (−61.4 kcal mol−1),
which likely facilitates the elimination of carbon monoxide.
The only other adduct that (based on calculations) contains an
intact carbonyl group and hence could eliminate carbon
monoxide is that of 1 after addition to C-8, but its
rearrangement is substantially less exothermic than that for 3
(−47.9 kcal mol−1). The difference of 13.5 kcal mol−1 in the
reaction enthalpies for these two rearrangement reactions may
explain why only the adduct of 3 eliminates carbon monoxide
upon CAD.
Upon reactions of 1−4 with dimethyl disulfide, abundant

stable unrearranged adduct ions (m/z 238) were detected for
1−3 but not for 4, which is similar to the reactions of 1−4 with
water (Table 1 and Figure 2). The reaction enthalpies for the
addition of dimethyl disulfide at four different sites, O, C-2, C-
7, and C-5, in 2 were calculated (M06-2X/6-311++G(d,p)//
M06-2X/6-311++G(d,p)) to be −37.0, −27.6, −27.4, and
−45.4 kcal mol−1, respectively. Therefore, the favored addition
site for 2 (C-5) is the same as that calculated for the hydride
anion, dimethyl sulfide, and water additions (see above). The
same is assumed to be the case for 1, 3, and 4.
Calculated (M06-2X/6-311++G(d,p)//M06-2X/6-311+

+G(d,p)) reaction enthalpies for addition of dimethyl disulfide
to C-8 in 1, C-5 in 2, and C-8 in 3 are −43.4, −45.4, and
−54.4 kcal mol−1, respectively. These addition reactions are
highly exothermic, which explains why some of the adducts
spontaneously fragment after formation. For example,
elimination of HSCH3 from the adduct of 3 (yielding the
ion of m/z 190; Figure 2) has a transition state that lies 65.1
kcal mol−1 above the adduct of 3 (Figure 3; the structures were
optimized at the density functional (DFT) level of theory by
using the M06-2X functional38 and the 6-311++G(d,p) basis
set39). As the addition reaction is exothermic by 54.4 kcal
mol−1, only an additional 10.7 kcal mol−1 is needed to cause
the fragmentation of the adduct.
The structures and the fragmentation behavior of the stable

adduct ions detected for 1−3 were examined by isolating them
and subjecting them to CAD. No fragment ions corresponding
to the loss of a SCH3 moiety (m/z 191) were detected in the
CAD mass spectra measured for the adduct ions of m/z 238
formed from 1−3 (Figure 4), unlike for the dimethyl disulfide
adducts of biradical cations that have been proposed42 to be
formed by consecutive addition of a thiomethyl moiety at each
radical site. This finding, in particular, provides further support
for the conclusion made above that the addition reaction with
dimethyl disulfide is not a two-step radical reaction but instead
a nucleophilic addition of the entire dimethyl disulfide
molecule to the oxenium cations. Furthermore, the formation
of an abundant dimethyl disulfide radical cation was observed

Chart 6. Most Stable (Rearranged) Water Addition Product
of 3

Scheme 3. Addition of Water to 4 to the Two Most Likely
Addition Sites C-5 (−6.1 kcal mol−1) and C-7 (−31.3 kcal
mol−1) Having the Most Positive (Least Negative)
Calculated Atomic Charge (Carbonyl Carbon Not
Considered) in the Benzene Ringa

aThe rearrangement reaction calculated to be the most exothermic
(Figure S2) is shown.
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upon CAD of all three adduct ions studied (Figure 4), which
supports the assumption that the S−S bond of dimethyl
disulfide remained intact upon adduct formation.
Further, CAD caused the elimination of CH3SH via a

rearrangement reaction from the adduct ions (formally
corresponding to CH2�S abstraction from dimethyl disul-
fide). Based on quantum chemical calculations, this reaction
may occur, as shown in Figure 3 for 3, to yield ions of m/z 190.
Finally, elimination of CH2�S (formally corresponding to
CH3SH abstraction from dimethyl disulfide) to generate
fragment ions of m/z 192 also occurred upon CAD of the
adducts (for quantum chemical calculations on the mechanism
of this reaction for 2 and 3, see Figure S6 in the SI). All of

these findings suggest that the oxenium cations react with
dimethyl disulfide via exothermic nucleophilic addition to
generate unrearranged adducts, which occasionally undergo
fragmentation involving rearrangement reactions.
Drastically different behavior was observed for 4. No stable

adduct was detected for this cation (Table 1). This observation
is in agreement with the calculated reaction enthalpies for
addition of dimethyl disulfide to 1−4 that is the lowest (only
−38.5 kcal mol−1) for 4 (at C-7; the values for the most
favorable sites in 1−3 are −44.8, −45.4, and −54.4 kcal mol−1,
respectively). However, 4 can form a more stable adduct via a
different mechanism, but this adduct is not kinetically stable, as
discussed below.
An ion−molecule reaction product ion of m/z 158 formally

corresponding to CH2 abstraction from dimethyl disulfide was
abundant only for 4 (Table 1). The potential energy surface
calculated for this reaction (Figure 5) indicates that the
reaction is initiated by an exothermic hydride transfer from
dimethyl disulfide to the oxygen atom in 4, which is in
agreement with the results discussed above for the preference
of the hydride anion to add to the oxygen atom in these
oxenium cations. This initial reaction step is supported by the
observation of the hydride abstraction product (although
minor) for 4 but not for the other oxenium cations (ion of m/z
93, Table 1). The hydride abstraction transition state is the
highest energy point in the potential energy surface (−20.9
kcal mol−1; Figure 5), which explains why the abundance of
the hydride abstraction product was very low: it undergoes fast
exothermic reactions after formation to eventually generate the
CH2 abstraction product via the assistance of the pyridine
nitrogen atom (Figure 5). The entire reaction sequence is
calculated to be highly exothermic (by −56.5 kcal mol−1;
Figure 5) and involves the generation of a resonance-stabilized
cyclized product.
In order to test the mechanism shown in Figure 5, reactions

of 1−4 with dimethyl sulfide were also examined. Again, the
analogous product formed via CH2 abstraction was abundant
only for 4 (Figure S3), which provides support to the
mechanism proposed for dimethyl disulfide (Figure 5).
As mentioned above, the most common radical reaction

reported for allyl iodide (I atom abstraction) was not observed
for 1−4 (Figure S6 and Table 1).27 Instead, abstraction of an
allyl moiety via addition to the oxenium cations followed by
the elimination of an iodine atom was the dominant reaction
for 1−4 (with minor formation of a stable adduct; Table 1)
and may occur as shown in Scheme 5 for 1. This is not entirely
surprising as this reaction has also been detected for ortho-
benzyne analogs that have large singlet−triplet splittings and
that do not undergo radical reactions.28

A stable adduct was also generated for 1−3 but not for 4
(Table 1). When this adduct was subjected to CAD, an iodine
atom was eliminated to generate a product corresponding to
the allyl moiety abstraction product (for 1, see Figure S8). This

Scheme 4. Addition of Water to C-8 of 3 Followed by a Highly Exothermic Rearrangementa

aΔH (calc.): −61.4 kcal mol−1. The excess energy gained in this rearrangement may facilitate more extensive dissociation than elimination of water,
such as the loss of carbon monoxide, only detected for 3.

Figure 3. Calculated (M06-2X/6-311++G(d,p)//M06-2X/6-311+
+G(d,p)) relative enthalpies (kcal mol−1) for the fragmentation of the
dimethyl disulfide adduct of 3 via the elimination of CH3SH (yielding
a product ion of m/z 190).

Figure 4. CAD mass spectra of the dimethyl disulfide adduct ions (m/
z 238) of 1−3 (from top to bottom) (collision energy 15, arbitrary
unit). The ions of m/z 158 likely involve the elimination of methyl
disulfide (see discussion below), while those of m/z 159 likely involve
the elimination of a methyl disulfide radical. The ion at m/z 162 in
the top mass spectrum is a water adduct of the oxenium cation
fragment (m/z 144). The ions of m/z 94 correspond to dimethyl
disulfide radical cations.
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finding indicates that the allyl abstraction products formed in
the ion−molecule reactions are likely generated upon
spontaneous fragmentation of the adducts of 1−4 due to the
exothermicity of the addition reactions. Stabilization of some
of the initially formed adducts may occur via the formation of a
five-membered ring, as shown in Scheme 5 for 1.
Finally, upon reactions of 1−4 with cyclohexane, no single

hydrogen atom abstraction (ion of m/z 145) was observed
(Figure 6 and Table 1). Instead, a reaction almost certainly
involving a hydride abstraction followed by a proton

abstraction occurred (to generate ions of m/z 146; for 1, see
Scheme 6, top), in agreement with a report for some aromatic
even-electron cations.28 This proposal is supported by the
detection of a (minor) hydride abstraction product for 1−4
(Table 1). In order to further explore the site of hydride
abstraction in the oxenium cations (i.e., beyond the
calculations discussed above regarding the addition of the
hydride anion), the sites of endothermic hydride abstraction
from methane were calculated for 1−4 (Figures S8−S11). As
expected, the lowest-energy hydride abstraction reaction
involved the oxygen atom, and this reaction was at least 9
kcal mol−1 less endothermic than abstraction by the carbon
atoms in the benzene ring. Based on these calculations, the
same is assumed to be true for hydride abstraction from
cyclohexane (although these hydride abstraction reactions are
expected to be exothermic as they were detected; Table 1). It
should be noted that hydride abstraction is the only reaction
detected here that initially involves the oxygen atom and hence
reflects the formally positively charged, monovalent oxygen
atom in these cations.
CAD was used to determine the structures of the hydride/

proton abstraction product ions of m/z 146 generated from 2
and 4. Both have the expected protonated hydroxyquinoline
structure (6-hydroxy- and 8-hydroxyquinoline, respectively; see
Scheme 6 for 2) based on a comparison of their CAD
fragmentation patterns to those of protonated authentic 6- and
8-hydroxyquinoline isomers (note that these two isomers
fragment differently and can be differentiated from each other;
Figures S13 and S14 in the SI). These findings confirm that the

Figure 5. Calculated (M06-2X/6-311++G(d,p)//M06-2X/6-311++G(d,p)) relative enthalpies (kcal mol−1) for CH2 abstraction (product ion of
m/z 158) from dimethyl disulfide by the 8-oxenium cation 4 (m/z 144) via formation of CH3−S−S+�CH2 (m/z 93 in Figure 2) to yield a product
ion of m/z 158. Note that the direct addition of dimethyl disulfide to C-5 in 4 is only exothermic by −35.4 kcal mol−1; hence, the adduct shown
above at −45.3 kcal mol−1 is lower in enthalpy, but it is unstable toward fragmentation.

Scheme 5. Mechanism Proposed for the Reaction of 1 with Allyl Iodidea

aInvolving nucleophilic addition to one of the most favorable sites and stabilization of the adduct via the pyridine nitrogen atom to generate a
resonance-stabilized adduct (m/z 312). In most instances, the adduct fragments by iodine atom elimination to generate the ion of m/z 185
corresponding to abstraction of an allyl moiety from allyl iodide.

Figure 6. Mass spectra measured after 1000 ms reactions of 1−4 (m/
z 144) with cyclohexane. The ion of m/z 162 is an adduct formed
upon reactions of 1−4 with adventitious water in the ion trap. The
ion of m/z 172 in the bottom mass spectrum is likely generated from
the adduct (m/z 228) via the elimination of two ethylene molecules.
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oxenium cations 2 and 4 did not rearrange after formation and
that they had the indicated heavy atom connectivity.
Finally, the relative reactivities of 1−4 toward the different

reagents are considered. Formation of a stable adduct under
the experimental conditions employed here is likely to be
ultimately controlled by the rate of emission of IR light by the
adduct37 and hence does not reflect chemical reactivity.
However, 4 does not rapidly form a stable adduct with most of
the reagents discussed above; therefore, stabilization of the
adduct via the emission of light does not need to be considered
when comparing its reactivity toward those reagents. Thus, the
relative reactivities of 4 toward the different reagents (with the
exception of water) are expected to be fairly accurately
represented by the reaction efficiencies in Table 1 (but those
reported for 1−3 may not be). Based on this consideration, 4
is the most reactive toward allyl iodide (reaction efficiency,
100%), almost as reactive toward dimethyl disulfide (81%) and
substantially less reactive toward cyclohexane (that is not a
nucleophile; 13%). These relative reaction efficiencies are as
expected for a strong electrophile (allyl iodide and dimethyl
disulfide can be expected to be nearly equally nucleophilic
based on their proton affinities; calculated40 to be 193.4 kcal
mol−1 and measured41 to be 194.9 kcal mol−1, respectively).

■ CONCLUSIONS
The quinolyloxenium cations generated in gas-phase experi-
ments in a linear quadrupole ion trap mass spectrometer were
demonstrated to have the expected heavy atom connectivity
via the identification of some of their products generated upon
abstraction of a hydride and a proton from cyclohexane via
collision-activated dissociation (CAD) experiments and model
compound studies. No diagnostic radical reactions (e.g.,
abstraction of a SCH3 moiety from dimethyl disulfide,
abstraction of an iodine atom from allyl iodide, or abstraction
of a hydrogen atom from cyclohexane) were detected, in
agreement with quantum chemical calculations that predict the
closed-shell singlet ground states to be 22−29 kcal mol−1 lower
in energy than their lowest-lying excited states. Instead, highly
exothermic nonradical addition reactions (by 44.9−50.3 kcal
mol−1 for dimethyl sulfide) were found to dominate,
occasionally followed by fragmentation. Some of the adducts
are likely stabilized by the emission of IR light because, under
the experimental conditions employed here, collisional
stabilization is not efficient.

Examination of CAD of several of the isolated adducts
suggested that most of the adducts contain all of the atoms of
the neutral reagent. However, some of the CAD behavior of
the water adducts and calculations on the exothermicity of
addition/rearrangement reactions for the water adducts
support the hypothesis that most of these adducts sponta-
neously undergo highly exothermic isomerization reactions
that provide them with a longer lifetime, which facilitates the
stabilization of the adducts via emission of IR light.
Furthermore, CAD experiments suggest that most products
formed in the studied ion−molecule reactions arise from
fragmentation of the adducts due to the exothermicity of the
adduct formation.
For cyclohexane, hydride abstraction by the oxenium cations

1−4 was found to initiate the reactions. Based on calculations
performed for reactions with the hydride anion and with
methane, the oxygen atom of the cations is the most favorable
site for hydride abstraction. This is the only reaction that
initially involves the oxygen atom and hence reflects the
formally positively charged, monovalent oxygen atom in these
cations. All other reactions involve the carbon atoms of the
oxenium cations.
Addition of reagents to each of the oxenium cations could

potentially occur at several different sites. However, based on
several pieces of evidence, it is concluded that addition
predominantly occurs at the most positively (least negatively)
charged carbon atom (based on calculated atomic charges) in
the benzene ring (ignoring the carbonyl carbon) instead of the
pyridine ring.
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Scheme 6. Likely Mechanisms (Pathway a) for the Formation of the Ion of m/z 146 (Top Right) from 2 via Hydride
Abstraction Followed by Proton Abstraction from Cyclohexane and (Pathway b) for the Formation of the Stable Adduct of m/
z 228 upon Reactions of 2 with Cyclohexanea

aNote that the cyclohexyl cation may rearrange to the 1-methylcyclopentyl cation during the reaction. The structure of the ion of m/z 146 (top
right) was verified by CAD and comparison to an authentic compound (Figure S13).
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