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Protonated 4-bromophenol and 4-bromoanisole produced by methane chemical ionization are found to easily
be dehalogenated upon high (8 keV) or low{ZAD eV) energy collisional activation giving essentially phenol

and anisole radical cations, respectively. Under similar conditions, protonated unsubstituted anisole is also
readily demethylated generating the phenol ion but not cyclohexadienone ions. Other nonconventional isomers
of ionized phenol are only detected by MS/MS/MS experiments performed orC®T* ions from
salicylaldehyde. (U)B3LYP/6-3H+G(d,p) and CASPT2/6-31G(d,p) calculations indicate the higher stability

of the phenol radical cation with respect to the other six-membered-ring isomers. The least energy demanding
fragmentation, namely, the decarbonylation, is shown to involve the intermediacy of six-membered ketones,
open-chain ketenes, and five-membered cyclopentadiene isomeric ions. The rate determining step corresponds
to the enot-keto interconversion with an energy barrier of about 276 kJ/mol relative to the phenol ion, which

is markedly smaller than that required for hydrogen atom loss, deprotonation, or CO loss from an open-chain
form. This suggests a crucial role played by the solvent in the readiness of the deprotonation of phenol ions

in nonpolar media. The adiabatic ionization energy of phenol is evaluatde,(@sHsO) = 8.35+ 0.2 eV
(exptl: 8.49 eV), and the proton affinity of the phenoxy radical is evaluated as JMAQ) = 863 4+ 10
kJ/mol (exptl: 860 kJ/mol), PA(phenoty 826 + 10 kJ/mol (exptl: 818 kJ/mol), and PA(anisote)848 +
10 kJ/mol.

1. Introduction

The chemistry of phenols in which a hydroxyl group@H)
is attached to a benzenic ring has generated continuing interest
in the last century.Compounds bearing this functional group
have several applications indispensable in our daily life. For
example, they constitute, among others, an important class of
antioxidants that inhibit the oxidative degradation of organic
materials including a large number of biological aerobic
organisms and commercial produgtiss human blood plasma,
o-tocopherol, well-known as vitamin E, is proved to be the most
efficient phenol derivative to date to trap the damaging peroxy Figure 1. Selected (U)B3LYP/6-31t+G(d) bond distances and
radicals (ROO¥. In fact, phenols owe their activity to their ~ angles of the neutrat4’, upper values) and ionizedX", lower values)
ability to scavenge radicals by hydrogen or electron transfer in Phenol.
much faster processes than radical attacks on an OrganiCSCHEME 1
substrate. Following the transfer of the phenolic hydrogen atom,
phenols are normally converted into phenoxy radiéats. oH |+ o Hog A

ally co o phe | D owl
Because of their relatively low ionization energies (ca. 8.4 .
eV), phenols are also good electron donor solutes. Recent -
I :
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experimental studies of phenols in nonprotic solverRfshowed
that ionized solvent molecules react with phenol to yield not
only phenol radical cations by electron transfer but also phenoxy
radicals by hydrogen transfer. An obvious question is whether

3t

under these conditions the latter radicals are formed from ionized
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properties on the mechanism and kinetics of the deprotonation
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with the dp-polarized 6-31G(d,p) basis set and the unrestricted
formalism (UB3LYP) for open-shell systems. The zero-point
energy corrections (ZPE) to relative energies are also obtained
at this level.

Geometries of the relevant stationary points are then reop-
timized making use of the larger 6-3t%#G(d,p) basis set
including diffuse functions. Recent theoretical stuéfe® on
similar systems demonstrated that the B3LYP method provides
the relative energies comparable to those derived using the
molecular orbital coupled-cluster theory. The absolute deviations
between B3LYP and CCSD(T) values, when using the same
basis set, amount to an average of about 10 kJ/mol. In addition,
use of the the DFT method allows us to avoid the problem of
spin contamination in UHF-reference wave functions by higher
spin configurations which is usually severe in many unconven-
tional open-shell species, such as the case of the present study.
Spin contamination usually leads to many practical difficulties
in the optimization processes and also induces an inherently
slow and deceptive convergence of the perturbation and coupled-
cluster expansions. To further verify the validity of the B3LYP
relative energies, multiconfigurational CASSCF wave functions
are also constructed from seven-electron-in-eight-orbital active
spaces with the 6-31G(d,p) basis set and B3LYP geometries.
The second-order perturbation CASPT2 calculations are equally
performed. The CASCF/CASPT2 energies are obtained with
the aid of the Molcas progra@§.Throughout this section, bond
distances are given in angstrom, bond angles in degrees, and

LUMO orbital relative energies in kJ/mol. Unless otherwise noted, the latter
Figure 2. Shape of the frontier orbitals of neutral phenol computed a_lre derived from (U)B3LYP/6-31+G(d,p) + ZPE calcula-
using HF/6-31G(d,p) wave functions. tions.
A. Electronic Structure of the Phenol Radical Cation.The

One way of addressing the above questions is to approachmolecular structure, vibrational frequencies, and spin densities
the stability of the phenol ion system in the gas phase. By of ionized phenol in its ground and excited electronic states
definition, gas-phase properties have an intrinsic character andhave been investigated in earlier detailed theoretical studies
could be modified by the environment. Although ionized phenol using different MO and DFT method%.1523-25\We supplement
1+ (cf. Scheme 1) and its cyclohexa-2,4-dienone iso1ér here the available information by giving in Figure 1 the selected
have been studied in numerous earlier ionization and mass(U)B3LYP/6-311+G(d,p) geometrical parameters of both
spectrometric studi€’s; 2 thermochemical parameters of these neutral and ionized structures. The lowest energy electronic state
isomers are rather scar€e?® As far as we are aware, of phenol radical catiod** exhibits a planar geometry and a
information on other nonconventional isomers such as the 2A" symmetry arising from removal of an electron from the
distonic ion3* is non existent (Scheme 1). In addition, the system; therefore, its ground state can be qualified?hbstate.
mechanism of the CO loss upon ionization of phenol is not fully Following such an ionization, the quasiequatC bond (1.40
understood. Recent studies on aromatic systems such as bend) framework in the neutral phenyl ring becomes the one having
zonitrile2” benzaldehydé or aniline® have showed that the  alternating longer (1.43 A) and shorter (1.37 A) bonds. The
classical ions and their distonic isomers generated by simplelatter distance is now closer to that of a typica=C double
1,2-H shifts within the ring are detectable gas-phase species.bond (1.35 A). Similarly, the €0 bond is also shortened upon
In view of the lack of quantitative information on the phenol jonization in going from 1.37 (neutral) to 1.31 A (ionized) but
ion isomers, we set out to construct a lower-lying portion of remains however longer than that of a typica+Q double bond
the [GHeO]*" potential energy surface using ab initio quantum (1.22 A). Such distance changes can be understood from the
chemical methods in order to unravel their gaseous phaseshape of the HOMO of neutral phenol as displayed in Figure
unimolecular reactivity. The intrinsic gas-phase properties could 2. For example, the €0 bond is characterized by an anti-
provide, in addition, some insights into their behavior in bonding orbital 2p lobes; therefore, an electron removal is
solvents. The study is further pursued by an experimental expected to relieve the inherent electron repulsion within that
investigation using the most recent tandem mass spectrometricorbital component and thereby to lead to a shortening of the
techniques (MY in an attempt to generate some nonclassical C—O distance. A similar argument could also be applied to the
ion isomers. The computational results will be presented first, changes of the ring €C distances. The HOMO-1 as well as
whereas the MS results will be discussed in a subsequent sectionthe LUMO are mainly phenyl orbitals with the 2p lobes centered
on the ortho and meta carbon atoms.

The geometric aspect confers to the phenol ion a certain
All calculations are performed with the Gaussian 98 set of quinone-like distonic character as seerla™ (cf. Scheme 1)
programs®® Geometrical parameters of the structures considered in which the charge and radical centers are located at two
are initially optimized and subsequently characterized by different places. This picture is supported by the charge
harmonic vibrational analyses using the density functional theory distribution according to the Mulliken population analysis which
with the popular hybrid BSLYP functionafé,in conjunction shows that the para carbon of the ring bears the largest part of

2. Quantum Chemical Calculations
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Figure 3. Relative energies of selected isomers of phenol radical cation containing a six-membered ring. Values given in kJ/mol are obtained from
UB3LYP/6-31H+G(d,pHZPE calculations.

the excess electron spin (ca 0.5 e). The positive charge is, asoCHEME 2: B_SLYI_D/6-311++G(d,p)+ZPE E_n_ergies of
the Oxonium Distonic Isomers and the Transition

expected, delocah.ze'd over the entire ring slfeleto.n. Structures Connecting Them Relative to Phenol lon 1
Attempts to optimize the geometry of tRA’ excited state (kJ/mol)

of the phenol ion are not successful because of a convergence

difficulty of the SCF procedure. A single point energy computa- Ho}-H Hog-H H$-H P
tion of the?A’ state at théA'’- geometry leads to an estimate

of 3.30 eV for the verticaPA’ — 2A" transition. In a recent @ 505 @ 487 @ %59 ©
photoinduced Rydberg ionization spectroscopic stddyB state . *

of the cation at 2.62 eV (21 129 ¢ was assigned. It is 241 240 240 0

obvious that the DFT methods employed here do not allow us
to investigate this interesting problem. We also note that the B. Relative Energies of the (GHsO)** Radical Cations.
lowest lying quartet state of phenol ion is a dissociative state Figure 3 displays the isomeric structures and their calculated
giving a triplet phenyl cation plus OH radical that lie about 5.3 relative energies with respect to the phenol radical catton
eV above the ground staté". There are obviously a large number of possible isomers arising
Finally, the deprotonation of the phenol ion giving the from those of the benzene ring. Here we limit ourselves to the
phenoxy radical*™ — CgHsO (2A"") + HT is associated witha  isomers keeping a six-membered ring framework. Starting from
dissociation energy of 857 (at 0 K) and 863 kJ/mol (298 K). 1'*, we displace one hydrogen atom from either O or one C
The latter value compares well with the experimental proton atom to another atom, and this exercise results in a creation of
affinity of 860 kJ/mol previously determined for the phenoxy the various isomeric groups presented in Figure 3: group 1
radical?® Similarly, the PA’s (0 K) of phenol and anisole are includes ions having a GHjroup at the para (L position, group
computed at the same level of theory as PA(phero820 kJ/ 2 has it at meta (§} position, group 3 has it at the ortho )C
mol and PA(anisoley 842 kJ/mol. position, and group 4 has it at the ipsg)Y@nd oxygen positions.
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Figure 4. Relative energies of selected isomers of neutral phenol. Values given in kJ/mol are obtained from B3LYPH&E,p)+ZPE calculations.
The valueT:356 indicates that the corresponding carbene has a triplet ground state which lies 356 kJ/mol above phenol.
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Figure 5. Schematic representation of thesfGO)"* potential energy surface showing the rearrangements of phenol radical cation leading to a CO
loss. Relative energies given in kJ/mol are obtained from B3LYP/6+31G(d,p) + ZPE calculations.

It turns out that the ionized phenaf* represents the most  (Scheme 1) belongs to the high energy group of isomers being,
stable form among the six-membered-ring group of isomers. It relative to1**, 241 kJ/mol higher in energy. This situation is

is worthy to note that keto form&* and 4** are low-lying opposite to the situation met in the ionized aniline system in
isomers which are situated 146 and 133 kJ/mol, respectively, which the ammonium distonic ion was found to be only 80 kJ/
abovel*". This energy ordering within the palrt and2** (or mol above ionized aniliné The other meta and ortho distonic
4°%) is reminiscent to that encountered for simple ketool ions have similar energy content and are separated from each
tautomers’ For example, ionized vinyl alcohol is significantly  other by high energy barriers for 1,2-H shifts (Scheme 2).
more stable (about 60 kJ/mol) than its keto ion counterSart. To figure out the effect of ionization on the relative stabilities

The difference in energy observed here between ionized phenolof phenol isomers, we consider a selected set of neutral species
and its keto tautomers is however more pronounced, this pointwhose relative energies are displayed in Figure 4. In the neutral
will be clarified below after examination of the neutral state, only three six-membered-ring structures arev@ kJ/
counterparts. For its part, the distonic oxonium spedegs mol energy range, namel§,and both keto form& and4. The
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Figure 6. Selected B3LYP/6-31t+G(d,p) geometric parameters of thesKO) ™ equilibrium structures considered. Bond distances are given in
angstroms and bond angles in degrees.

carbene, allene, or biradical isomeric forms are strongly the structures involved are listed in the Supporting Information.
destabilized and lie more than 200 kJ/mol abavén contrast, Selected geometrical parameters of some interesting structures
the five-membered ring containing a ketene or a ketone moiety are given in Figures 6 (equilibrium structures) and 7 (transition
is only 90-140 kJ/mol above phenol. As expected, the phenol structures). As for a conventioX**/Y*" denotes a transition
1 is more stable than its tautome2sand 4, and this is partly structure (TS) linking two equilibrium structure€™ andY .
the origin of the large difference in stability of the corresponding To increase the readability of the results shown in Figure 5,
ionized species. In fact, in the phenol series, the aromaticity Scheme 3 structurally illustrates the various reaction pathways
renders the enol tautomer more stable creating an oppositestarting from1°*.
situation to that observed in the aliphatic series. For example, Overall, the numerous reaction pathways found on the lower-
neutral acetaldehyde is ca. 40 kJ/mol below its enol form, lying portion of the potential energy surface (Figure 5 and
namely, vinyl alcohol. After removal of one electron, the enol Scheme 3) invariably lead to an elimination of CO giving
structure becomes more stable than the keto form by 60 kJ/mol(CsHg)*™ ion fragments 1fyz 66). The energy surface can be
as recalled above. This stability reversal is due to the large divided into two distinct parts: although the first part involves
difference in ionization energy between the two structures: 9.14 the three cyclohexanone ion isom@rs, 5+, and4'+, the second
eV for vinyl alcohol and 10.23 eV for the acetaldehyde in consists of the conversion of the cyclic keto ions into either the
keeping with the fact that it consists ofig—c ionization in the various open-chain distonic fornid** (or its conformers 2™
former case and an ionization of an oxygen lone pair in the and13%), 14"+, and16™" or the five-membered cyclic deriva-
latter. A comparable situation arises for the phenol 1B.5 tives 67, 7°*, and 18". There are also some weak hydrogen
eV) and its keto tautomer2 and 4 (IE ~10.8 eV). This bond complexes between CO and the CH bond of ionized
difference, added to the difference in energy between the cyclopentadienes such 85" and19*.
neutrals, in favor of the phenol isomer, explains the large energy  The first step thus corresponds to a 1,3-hydrogen shift via
gaps of2** and4** with respect tal**. the transition structure (TQ)*/2°* whose selected geometrical

C. (CgHgO)t Potential Energy Surface Related to the parameters are given in Figure 7. For the purpose of comparison,
Rearrangements of the Phenol Radical Cationln an attempt geometrical parameters of the TI$2 for the corresponding
to identify the most likely transformation routes of the phenol neutral process are also included. The 1,3-H shift is associated
cation, the essential features of the portion of theHgD) " with a rather high energy barrier of 276 kJ/mol relative to the
potential energy surface starting froln™ are constructed and  phenol radical catiori*t. The corresponding neutral energy
schematically illustrated in Figure 5. Optimized geometries of barrier amounts to 278 kJ/mol (cf. optimized geometry recorded



lonized Phenol and Its Isomers

106.8 1.457

TS 13'/16°

in Figure 7). Thus, there is practically no reduction in the barrier
height following ionization. It appears that, once formed, the
keto ion2** easily undergoes a ring opening via 2S/11°+,
yielding the open-chain distonic ketene radical cafigr. The

TS 18°19"

Figure 7. Selected geometric parameters of some important transition structures shown on the potential energy surface. For the TS for 1,3-H shift
1-t/2*, values given in parentheses correspond to the process of neutral phenol. Bond distances are given in angstroms and bond angles in degrees.
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TS 6°/9°

rearrange to the open-chain acetyl catids™ and 16 or
undergo a cyclization forming back the five-membered digy
which is significantly more stable thd** and16* (137, 240,
and 306 kJ/mol abové**, respectively). Figure 5 points out

successive 1,2-H shifts within the ring are also possible to give that the CO loss via8™ is beyond any doubt the lowest energy

5+ and finally the most stable keto ford1™. From here, the
six-membered cyclic framework could be converted into the
five-membered ring*™ lying 189 kJ/mol abovel** by direct
one-step rearrangements via the BSg6'" and5*/6°". From

route.

Figure 8 illustrates the lowest energy rearrangement path for
the CO-loss process of ionized phenol. As the B3LYP density
functional method is essentially a single-reference approach, it

6'", an almost spontaneous CO loss with an energy barrier of is not appropriate for treating structures having more than one

only 18 kd/mol could thus occur, giving the compEx, which
dissociates to the fragment products €@yclopentadiene ion
10", 116 kJ/mol less stable than phenol itr.

Although the ketene ring** is found to be only 53 kJ/mol
abovel*" and by far more stable than acetyl i6n', it turns
out that the CO loss from an indirect process giving finally the
five-membered ion8**, namely,6t—7""—(CO + 87%) is a
substantially more difficult route to follow. The cyclic isomer
6'" is a possible intermediate in the CO-eliminative process of
phenol cationl** (Figure 5). Nevertheless, the high energy
content of both TSg**/6°" and 5**/6°*, which are lying 293
and 300 kJ/mol, respectively, abote but actually 20 kJ/mol
above the TS1*7/2°* for the initial 1,3-H shift, makes the
rearrangement througt* less competitive than other routes,

dominant electronic configuration. To verify this important
feature, we carry out the single-point multiconfigurational
CASSCF computations using the seven-electreight-orbital
active spaces and the 6-31G(d,p) basis“satong with the
B3LYP optimized geometries. The obtained CASSCF(7,8) wave
functions clearly demonstrate that the ground electronic states
of all stationary points considered in Figure 8 are dominated
by the Hartree-Fock references. In all structures examined, the
weights of the HF configurations are equal to, or larger than,
0.90 (the corresponding coefficien® > 0.95).

Because the CASSCF method provides only nondynamical
correlation energy and their relative energies are not size-
consistent, it is usually not better than the B3LYP method in
determining the relative energies of single-reference species.

even though this is more favored than an H-atom elimination We also perform the subsequent CASPT2 computations based
characterized by a dissociation energy of 374 kJ/mol for a direct on CASSCF(7,8) wave functions; they are however also
O—H bond cleavage (Figure 5). Selected geometrical parameterstroublesome concerning the evaluation of the fragments energies.
of the TSs mentioned are displayed in Figure 7. The calculated total and relative CASSCF and CASPT2 energies
The alternative route comprises the open-chain ketene ionalong with the weights of HF references are listed in the table
11°* and its conformerd2** and13* formed by ring opening and included in the Supporting Information. The CASPT2/6-
of the ketone ior2**. From here, the supersystem could either 31G(d,p)+ ZPE values for the minima and TSs are also given
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in Figure 8. Overall, the B3LYP relative energies are rather the data, and after considering the kinetic shift, an energy
close to the CASPT2 counterparts despite a difference in thethreshold of 11.4+ 0.1 eV at 298 K is deduced. Taking an
quality of the basis sets used. The differences amount to, atadiabatic ionization energy of 8.490.02 e\*3and a correction
most, 20 kJ/mol, but the shape of the energy surface remainsfor the 298 K enthalpy of0.1 eV for phenol into account, the
unchanged. Because of the clear-cut single-reference characteenergy barrier separatirigt from its fragments is thus ca. 3.0
of all important stationary points considered in the present case+ 0.15 eV, i.e., 290+ 15 kJ/mol. This value is in excellent
(Figure 8) and the rather limited size of the active spaces in the agreement with the calculated K energy barried**—2** of
CASSCF wave functions, we would prefer to use the B3LYP 276—-290 kJ/mol (Figure 8).
relative energies for the discussion of the reaction paths and It may finally be noted that the energy amount involved in
mechanism. the CO loss process is by far smaller than that needed for a
Results summarized in Figure 8 and structurally illustrated deprotonation of phenol cation as mentioned above, namely,
in Scheme 3 show that the reaction path involves, in a first 857 kJ/mol. This suggests that the ease with which a deproto-
step, the enetketo conversiorl*t—2**. Starting from2**, a nation of phenol radical cations occurs in different solutidh$*
ring opening leads to structurkl*™ which, in turn, by ring is likely to arise from either a specific participation of the solvent
closure produces iob8'. A direct and concerted isomerization Molecules in the supermolecule or a strong continuum effect.
2t—18" has also been explored, but all our attempts are
unsuccessful and invariably lead to the open fdrirt. This is
at odds with the finding of Caballol et &.who were able to Having established the dominant existence of the phenol ion
locate a transition structure using the MINDO/3 method. The isomer by theoretical computations, we now wish to verify this
CO loss from18* involve the slightly stabilized ion/neutral  again by means of state-of-the-art mass spectrometric experi-
intermediate19*. The rate determining step of the overall ments. These experiments are also attempted in search of the
processlt—2t—11+t-18"—-19"—(CO + CsHe'") is the possible production of 0" isomers such as dehydrophen-
1,3-H shift1**/2**. These results are in good agreement with yloxonium ions or cyclohexadienone ions.
experimental mass spectrometric stutfiésat demonstrated that These experiments are performed on a large scale (Micromass
the CO losstfyz 66) corresponds to the least energy demanding AutoSpec 6F, Manchester) tandem mass spectrometgBeEE
fragmentation. Furthermore, it has been found earlier that the qcEB,CE, geometry (E stands for electric sector, B for magnetic
kinetic energy released during the CO loss from the keto ion sector, q for a radio frequency-only quadrupole collision cell,
2t is less than that involved during the dissociation of the phenol and c for the “conventional” collision cells used in the present
ion 1" itself1® This is clearly in keeping with the potential  work).4%41 Typical conditions are 8 kV accelerating voltage, 1
energy profile presented in Figure 8. The appearance energy ofmA emission current (in the chemical ionization mode), 200
the [M—CQOJ'* ions has been determined by time-resolved uA (in the electron ionization mode), and 70 eV ionizing
electron impacéf and photoionizatiot? experiments and by  electron energy®4! Three different MS experiments are thus
photoelectron photoion coincidengeFrom a comparison of  performed.

3. Mass Spectrometric Experiments
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Figure 8. Schematic representation of the;tGO)"* potential energy surface showing the lowest energy path for CO loss of phenol radical cation.
Relative energies given in kJ/mol are obtained from B3LYP/6-31G(d,pH-ZPE calculations. In parentheses are the relative energies obtained
from CASPT2(7,8)/6-31G(d,p} ZPE computations.

First, 4-bromophenol and 4-bromoanisole molecules are
protonated in the chemical ionization ion source by using
methane as the reagent gas, at an estimated pressure—of 0.5
1.0 Torr. It is expected that collisional debromination of
protonated 4-bromophenol could be an interesting source of a
distonic isomer of ionized phenol if protonation takes place on
oxygen. Alternatively, phenol ions should be produced in the
case of ring protonation. The same behavior is expected for
protonated 4-bromoanisole.

The high energy CA spectra of thelO*" ions (1/z 94) or
C;HgO* ions (n/z 108) are obtained in the following way:
mass-selected (with;B;1E,) ions are decelerated from the initial
8 keV to ca. 26-30 eV and focalized into the rf-only quadrupole
collision cell pressurized with argon (19 Torr estimated
pressure). The collision induced dissociation products are
thereafter reaccelerated at 8 keV and mass separated by scanning
of the field of the second magnet.Brinally, the CA spectra
of the [MH—Br]** ions are obtained by colliding the mass-
selected ions with nitrogen in the cell precedingald scanning
the field of E. The resulting spectra depicted in Figure 9 are

78
65

93

C]j7

51
39 50, 63

28

found to be identical to the corresponding spectra of ionized

phenol or anisole, respectively.
This observation is in line with the known preferential

(b)
m/z

Figure 9. CA spectra of (a) [MH-Br]** radical cations (nitrogen
collision gas) generated by low energy collisional activation (argon

protonation at the ring, not at the oxygen atom, of the phenol coliision gas) of mass-selected protonated 4-bromoptdoland (b)

and anisole moleculeéd.Distonic dehydrooxonium ions are

protonated 4-bromoanisoBH*. CS refers to a charge stripping.

therefore not generated in these chemical ionization experiments,

in line with the fact that they are more than 200 kJ/mol less
stable than ion® (Scheme 4). A major fragmentation of ions
¢ should be a loss of HOH or ROH with the production of
benzyne ionsrVz 76), but the relative intensity of this peak is
not increased, confirming that iorssare not produced to a

significant extent in the protonatierdebromination sequence.
This behavior contrasts thus with the case of 4-iodoaniline,
where protonation in a chemical ionization source occurred not
only on the ring but also on the nitrogen atéfmNitrogen
protonation is indicated by ieamolecule reactions with di-
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Figure 10. (a) MIKE spectrum of protonated anisatgz 109, and (b)
CA (nitrogen) spectrum of thevz 94 ions.

methyl disulfide consecutive to collisional dehalogenation (FT-
ICR experiments} or by an increase of intensity of the peak
at mvz 76 following high energy collisional activatici.
Interestingly, the regiospecificity of nitrogen protonation of
aniline is found to be significantly increased in liquid secondary
ion mass spectrometry (LSIMS) conditiofisSome preliminary
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ionized phenoll** is formed rather than ionized cyclohexadi-
enone 2 (cf. Scheme 5). Results obtained from density
functional theory computations using the (U)B3LYP/6-3HG-
(d,p)+ ZPE level on the interconversion of protonated anisoles
and summarized in Figure 11 point out that a demethylation of
the latter invariably involves formation of its O-protonated form
and ends up with the production of ionized phetdl. The O
protonation is about 57 kJ/mol less favored than the ring para
C protonatiort* The entire process is associated with an energy
barrier of 232 kJ/mol relative to the most stable protonated form,
a value comparable to that required for a direct@ bond
cleavage of O-protonated anisole.

In the last experiment, 2-hydroxybenzaldehyde (salicylalde-
hyde) is submitted to electron ionization. Because of an ortho
effect, carbon monoxide is, inter alia, expelled from the
metastable molecular ions (MIKE spectrum, the concerned field-
free region being the quadrupole cell, Figure 12a). The CA
spectrum of these so-producek 94 ions is depicted in Figure
12c. This spectrum indicates that these ions are actualty
phenol radical cations. Moreover, when théz 94 ions are
collisionally generated in the quadrupole, the CA spectrum is
very significantly modified (Figure 12d) with the appearance
of an intense signal atvz 76 corresponding to a loss of water.

Itis tentatively proposed in Scheme 6 that, under high energy
conditions, the decarbonylation is initiated by a hydrogen
migration from the carbonyl to the hydroxyl moiety; a loss of
CO thus affords the ortho-oxonium distonic isomer of phenol.
As discussed previously, an ortho-distonic ion isomer should
survive within a short time before rearranging into ionized
phenol (cf. Scheme 2). For lower energy ions, the initial
rearrangement should be different, but given the fact that tell-

experiments performed in LSIMS or electrospray (ES) ionization tale peaks arenot detected in the CA spectrum, the actual
conditions on phenol or anisole are however found unsuccessfulidentity of these meta-stable ions generated under such circum-

for the generation of protonated species.
Given the fact that a ring protonation is shown in the
preceding experiment, unsubstituted ani$dkealso protonated

under methane chemical ionization conditions with an expecta-

tion that if the methyl group could thereafter be collisionally

expelled within the quadrupole collision cell a cyclohexadienone

structure (ortho2'* and/or para4*) could be produced. In
agreement with theoretical calculatigiigrotonation occurs on

stances remains unclear.
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the ring as indicated by the experiments described above on
4-bromoanisole, and a demethylation is indeed a prominent
fragmentation of protonated anisole (Figure 10a). However, the
CA spectrum of the reacceleratedz 94 ions (Figure 10b) is Using a combination of tandem mass spectrometric methods,
found to be identical to the CA spectrum of the phenol radical it is shown that a debromination of protonated 4-bromophenol
cation, not that of cyclohexadienone ions. and 4-bromoanisole essentially produces phenol and anisole
A similar observation is also made using another MS/MS/ radical cations, respectively; no less conventional molecular ions
MS experiment where the demethylation step is realized in the are detected. Similarly, collisional demethylation of protonated
high kinetic energy regime (collisional demethylation with anisole gives rise to ionized phenol. Electron ionization of

4. Concluding Remarks

oxygen in the cell precedingiand fragmentation with nitrogen
collision gas in the cell precedings
Using available heats of formatidfi,a demethylation of

salicylaldehyde appears to produce an ortho-oxonium distonic
isomer of the conventional phenol ion whereas another yet
undefined species is produced from metastable molecular ions

protonated anisole is less endothermic by about 146 kJ/mol if of salicylaldehyde.
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Figure 11. Schematic potential energy profile showing the rearrangement of protonated anisole. Relative energies given in kJ/mol are obtained
from B3LYP/6-31H+G(d,p) + ZPE computations.
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Figure 12. (a) MIKE and (b) CA spectra of thevz 122 ions of ionized salicylaldehyde (peakswt 121, ca. 5% more intense, not shown), and
¢ and d CA (nitrogen) spectra of tia’z 94 ions produced in these conditions.

Quantum chemical results at the UB3LYP/6-31G(d,p) atom loss or a deprotonation. This suggests an important role
+ ZPE level suggest the predominant stability of the phenol Played by the solvent in the readiness of the deprotonation of
radical cation, which lies at least 130 kJ/mol below the other Phenol ions in nonpolar media.
six-membered isomers. The preponderant fragmentation is Some useful thermochemical parameters are evaluated in-
confirmed to be a CO loss involving the intermediacy of the cluding the adiabatic ionization energy of phenol(fenol)
keto six-membered ring, open-chain ketene, and five-membered= 8.354 0.2 eV (exptl: 8.47 eV), and the proton affinities (at
cyclopentadiene ion isomers. The rate determining step corre-298K) of the phenoxy radical, PAEs0) = 863+ 10 kJ/mol
sponds to the enelketone interconversion of the phenol ion (exptl: 860 kJ/mol), phenol, PA(pheno 826 4+ 10 kJ/mol
with a barrier height of 276290 kJ/mol relative to phenolion,  (exptl: 818 kJ/mol), and anisole, PA(anisote)848 4+ 10 kJ/
which is markedly smaller than that required for a hydrogen mol.
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