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Abstract

Toluenium ions [CHCsHg] *, formed by protonation of toluene byBs* ions in the cell of a Fourier transform ion cyclotron resonance (FT-ICR)
mass spectrometer, have been assayed by IR multiphoton dissociation (IRMPD) spectroscopy. Their IRMPD spectrum compares well with
calculated IR absorption spectra for theho-, meta-, andpara-toluenium isomers, suggesting a mixture rich inahgo/para isomers. When the
protonation is effected on perdeuterated toluene, the so-formed ions present IRMPD features characteristic for daedhGEID groups in the
arenium ring. This finding is spectroscopic evidence for the occurrence of ring hydrogen shifts and provides the first example of differentiati
of families of isotopomers (bearing either two D-atoms or one D-atom and one H-atom on the tetrahedral ring carbon) by the powerful tool
IRMPD using the tunable IR radiation of a free electron laser.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction we remember her insights into the understanding of the uni-
molecular reactivity of toluene ions, in grateful recognition of
Arenium ions, also namaglcomplexes or Wheland interme- her many fundamental contributions to gas phase ion chemistry
diates, are well established intermediates in electrophilic arcand physics.
matic substitution reactiorig]. Among the simple, fundamental The structure of toluenium ion has been recently charac-
arenium ions, toluenium ion is the prototypical alkylbenzeniumterized in the solid state by X-ray crystallography, proving a
ion, benchmark species in the development of superacid mediggra-cyclohexadienyl cation character in the solid state environ-
theoretical calculations and mass spectrometric approaches forent. This achievement was made possible by the use of novel
the study of carbocation chemistry both in the gas phase anthrborane superacids which produce solid arenium salts when
in solution[2]. A closely related ion, the toluene molecular ion, allowed to react with an arerig]. Similar detailed structural
has also gained remarkable widespread interest. Its primary fragaformation is unfortunately not readily available for ions in the
mention, GH7*, is probably ‘the best known of all organic ions gas phase, an environment where ionic species are least per-
ever investigated in the gas pha$&]. The question of tropy- turbed by medium effects. However, powerful tools have been
lium versus benzylium ion formation from the toluene moleculardeveloped allowing for the characterization of ion structures by
ion was addressed in landmark studies of Lifshitz who has thorspectroscopic analysi$]. Conventional IR absorption spec-
oughly reviewed this long standing issi#8. In this foreword troscopy is not routinely accessible for ions in the gas phase,
where problems arise from the low density of the charged species
and/or the interference due to the presence of neutral absorbers.

* Corresponding author. Tel.: +39 06 4991 3510; fax: +39 06 4991 3602, Indeed, a growing number of reported IR absorption spectra
E-mail address: simonetta.fornarini@uniromal.it (S. Fornarini). proceed in parallel with the progress of novel techniqirés

1387-3806/$ — see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/}.ijms.2005.12.039



150 O. Dopfer et al. / International Journal of Mass Spectrometry 249-250 (2006) 149—154

In particular, the IR absorption features of gaseous ions can beave been thoroughly describgti4a] The ions of interest
revealed if the absorption of photon(s) increases the ion internavere formed by protonation of toluene (ak1.0~® mbar) using
energy to the point of activating a dissociation process, resulting,Hs* ions obtained from ionization and ion—-molecule reac-
in a so-called action spectrum. The combination of mass spetions in a 200 ms long pulse of methane (at 20—’ mbar). The
trometric techniques for ion generation, storage, and detectioso-formed protonated toluene ions [@EHg]™ were isolated
with atunable IR laser source has been exploited to obtain infofrom other ionic species, allowed to relax in the FT-ICR cell
mation on the structure of exemplary gaseous arenium ions iat room temperature for 1s and then submitted to a 2 s irradi-
two different spectral regions. An access to the 2500-4000 cm ation time. The IR radiation, structured in macropulsep.g8
frequency range was provided by an optical parametric oscillalong, delivered at a repetition rate of 25 Hz, each containing 500
tor (OPO) laser. The dissociation of a cluster of the arenium iomicropulses a few picoseconds long, 16 ns apart), was endowed
with a weakly bound ligand may occur upon absorption of awith a mean power of 600 mW. The FEL was operated at 35 or
single photon in resonance with an active mode of the weakly0 MeV, thus providing a tunable IR beam in the 600-1600 and
associated arenium species (‘messenger’ techn[§l€jhe IR 800-2000 cm® energy range, respectively. Excitation, detec-
spectral features in the ‘fingerprint’ region (600—2200¢jn tion, and quench of the ions in the cell complete the sequence,
have been determined using a widely tunable free electron lasegsulting in a mass spectrum obtained from an ion signal accu-
(FEL) as powerful IR source. In this way IR multiple photon mulated over four scans. The IRMPD vyigtds expressed as a
dissociation (IRMPD) spectroscopy of the bare ion is possibléunction of the abundances of the parent and fragments ions as
and the vibrational features of the arenium ions formed by proR = —log[Iparen{(Iparent* fragmend]. The R values were not cor-
tonation of benzene, fluorobenzene, and phenylsilane have bescted to account for the laser power variations. According to
reported[9]. This methodology is now applied to protonated our previous investigations, the IRMPD efficien®) écales lin-
toluene ions and also recently extended to the investigation afarly with the laser power provided that the laser power is higher
their dissociation routd 0]. than a threshold, which in turn strongly depends on the IR cross-
In the present contribution IRMPD spectroscopy is used nosection at a given wavelength. Considering that the laser power
just to probe the ions that are formed by gas phase protowas fairly constant (60& 100 mW) in the course of the present
nation of toluene but also to ascertain their reactivity behavexperiments, th& values reported throughout this paper are the
ior with respect to ring hydrogen migration processes. Theseaw values.
processes, occurring by 1,2-hydrogen-shifts, are well docu- Molecular structures and relative energies for the isomers of
mented in benzenium and alkylbenzenium ions both in solutioprotonated toluene were calculated using hybrid density func-
[1,2a] and in the gas phagdl]. The high rate of the pro- tionaltheory (B3LYP)andthe 6-311+G(d,p) basis set. Harmonic
cess (ca. 10s~1 for the 1,2-shift of a deuterium atom within vibrational frequencies and IR absorption intensities obtained
benzenium ions at 40C, as obtained by a radiolytic study at at the same level were used to interpret the IRMPD spec-
atmospheric pressui@2]) accounts for the complete scram- tra. Hybrid DFT methods such as B3LYP were found to per-
bling of ring hydrogens in metastable benzenium and tolueniunfiorm well in describing IR absorption spectra in terms both
ions undergoing elimination of dihydrogen and dihydrogen andf relative intensities and of absolute frequencies, provided
methane, respectiveljl3a], and in benzenium ions formed appropriate scaling factors are ug2dl]. Harmonic frequencies
by photoionization experiments at variable photon energywere scaled by a uniform factor of 0.96 to account for anhar-
[13b]. monicity. The same factor was used for zero point vibrational
The present experiments are based on the coupling of a@nergies.
IR FEL radiation beam with a Fourier transform ion cyclotron
resonance (FT-ICR) mass spectroméifel], using a compact 3. Results and discussion
FT-ICR analyzef15] at Centre Laser Infrarouge Orsay (CLIO)
as previously applied to the study of organometallic spdti&ls Toluenium ions were obtained by protonation of toluene by
sodiated amino acidd 7], protonated dipeptidgd 8], and the  CoHs* ionsinaprocess known to be exothermic by 103.5 kJ/mol
protonated water dimdf9] to name few other studies besides [22]. The energy released in the proton transfer process, though
the cited ones on arenium iof@]. The potential of a similar partitioned between the two products [@E§He]* and GHa,
apparatus employing the free electron laser for infrared experimay allow the formation of any of the possible ring proto-
ments (FELIX)[14b] is also described in a growing number of nated isomers whose relative energies have been obtained
recent studie$20]. This innovative approach was used in the using density functional theory at the B3LYP/6-311+G(d,p)
present work to investigate the IRMPD features of tolueniumevel (Fig. 1 and Table 1. At the same time the protonation
ions from unlabelled and deuterated precursors, thus providingxothermicity should not allow skeletal isomerizations, such
spectroscopic evidence that the sampled species have indeasla rearrangement to a less stable protonated cycloheptatriene

undergone hydrogen migration processes. structure because of the high activation energy (180-230 kJ/mol
from thei-T isomer[10,25a]or ca. 285 kJ/mol fromm-T [25b])
2. Experimental and computational methods involved in the process. Indeed, the protonation of toluene

effected by either Cllor i-C4H19 chemical ionization (Cl) is
The details of the experimental apparatus coupling the mobilebserved to yield a uniform £lg* ion population containing
FT-ICR spectrometefl5] with the FEL radiation at CLIO exclusively toluenium ions, irrespective of the Cl plasma used,
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Fig. 1. Isomeric toluenium ions, corresponding to protonation atitthe (o-T),
meta (m-T), para (p-T), andipso (i-T) positions of toluene.

according to a recent thorough study ofHg* ion mixtures
probed by the use of ion—-molecule reactid2sb]. In the
various toluenium isomers the barrier to internal rotation of the
methyl substituent is found to be very smi@6]. However, in m-T
the considered infrared energy range, the vibrational spectra of
the various conformers do not differ to any significant extent, as
found, for example, for the-T isomer, whose minimum energy
conformation has none of the CH bonds of the methyl group in
the plane of the rinf26]. The IR spectra of the stable conformer
of each toluenium isomer are displayedFig. 2, where they
may be viewed in comparison with the experimental IRMPD
spectrum, reporting the relative yield of fragment ioRsas a
function of the photon energy. The maxima of the bands in the |
IRMPD spectrum occur at 1183, 1252, 1440, and 1593%tm b S et N Y
The multiple photon dissociation process proceeds by losg of H R 1440 “
(Fig. 3), accompanied by a minor process involving loss ofCH 067  experimental
The fragmentation of His endothermic by 102 kJ/mol from
p-T, the most stable isomer for protonated toluehable 1),
considering the benzyl cation to be the product spgdie5] 02 1503
and thus requires the absorption of several photons to be acti- 1183

vated. One can estimate that at least six photons at 1448,cm L I\
the frequency of the most intense band in the IRMPD spectrum, . r . . r
are needed just to surmount the endothermicity of the frag- 800 1000 1200 1400 1600
mentation process. Indeed, the process is known to be energy Wavenumber (cm™)
demanding (.:md o involve a.n .aCtivation energy barrier in eXCeSSig. 2. Experimental IRMPD spectrum of protonated toluene (reporting the
Of_ the r_eactpn_ endotherml_(:ltf,zlo,lla,13a,25,27]A second IRMPD vyield R) and computed linear IR absorption spectradf, m-T, p-T,
minor dissociation pathway is also observed. It corresponds t0 gg;.T. The relative scales for all calculated spectra are the same.

loss of methane which only distinctly emerges from background

signal when the IR-FEL laser is in resonance with the major

vibrational features of the ions, though accounting for less than

10% of the total yield of photofragment ionsi¢. 3). Methane

o-T

0.4 1252

loss was found to occur from metastable toluenium ions in 3-
a similarly minor channel with respect tooHoss [13a,28]

2 C.HS
Table 1 4y =
Computed energies of isomeric toluenium ions and fragmentation products C,H 7*
Species Relative energy 0-

+

o-T 5.6 (4.6[23], 7.1[24]) 01— CsHs <10
m-T 21.4 (18.423], 21.3[24)) )
p-T 0(0)
i-T 41.0 (30.923], 37.1[24]) 2' 14' T
CeHsCH,* + Ha 101.8 1200 0 L, 1600
c-CeHs "+ CHy 2485 Wavenumber (cm™)

2 In kJ/mol. Relative energies include zero point energy contributions. AllFig. 3. Profiles of ion abundances for the parent and photofragment ions (in
calculations were performed at the B3LYP/6-311+G(d,p) level. Recent literaarbitrary units) as a function of IR frequency. The ion abundance profile for the
ture values obtained at the MP2/6-31G(d)//HF/6-31G&8] and QCISD/6-  product ion due to loss of CH(CsHs*) is magnified by a factor of 10 and is
31+G(d,p)[24] levels of theory are listed in parentheses. displayed inverted to be distinguished from the one duettokk.
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The loss of methane from the-T isomer of protonated to a C—C stretching mode of the formal double bonds in the
toluene leading to phenylium ion is endothermic by 249 kJ/molL,4-cyclohexadienylium representation of the arenium ion. This
(Table 1. Considering that IRMPD implies slow heating of the specific band shows anomalously low intensity in the IRMPD
ion [29], it is generally assumed that dissociation should occuspectrum, at least if a substantial contributiop-df is expected.
along the lowest energy pathway. However, the observation dfiowever, there is precedent for the low activity of this particular
the high energy fragmentation pathway, i.e., the;@b$s, may mode in the IRMPD spectra of both benzenium and fluoroben-
be accounted for by the presence of a substantial activatiorenium iong9a,b]
energy for H elimination, as evident from the remarkable = When GHs* ions are allowed to react with toluemnlg; the
kinetic energy release accompanying this dissociation proinitial protonation event ataring carbon may be followed by 1,2-
cess[l1a,13a,25,27a]lf the translational energy release of H/D shifts ending in a mixture of ions differing for the site-{zo,
96 kJ/mol[13a,25,27a]s a lower limit of the energy difference meta, orpara) of the methyl substituent relative to the tetrahedral
between the benzyl cation and dihydrogen as dissociatioring carbon and also for the position of the single hydrogen
products and the transition state leading to tij86j, then the  atom within the ion skeleton. E§l) shows an example of the
dissociation process to these products frpfil involves an  several conceivable pathways that may be accessed following
overall barrier of 198 kJ/mol, approaching the endothermicity
for the fragmentation to phenylium ion and methdt8al.
Similar competitive fragmentation channels have already been
observed using IRMPD under our experimental conditions
[9b,c,148]

Although the thermochemical reasonings outlined in the pre-
vious paragraph were based pfil, namely the most stable

D D
structure among the isomers of protonated toluene listed in _/_/\_\. N ’ \
Table 1 the minor predicted energy difference suggests that '

alsoo-T should contribute to a significant extent to a thermal

(@]
(=]
@
T

ds

*

[CH3CgHg]™ isomer population sampled in the FT-ICR cell.
For example, the protonation of gaseous ethyl- and isopropy-

—gmmmm e e

Ibenzene is directed to thetholpara positions as shown by

dy
H/D exchange reactions of arenium ions at atmospheric pressure
[31] andortholpara protonation of toluene and ethylbenzene is
reported by NMR analysis in superacid mef#2a]. To a general
inspectionthe IRMPD spectrum of protonated toluene may seem ds
dy

D
- . . . . D
in qualitative better agreement with thd isomer. However, the
presence of otherisomers, notaply, is conceivable and should
indeed be expected on the basis of their relative energies, though

the present IRMPD data cannot be used to extract any quanti-
tative estimate of the relative isomer abundances. The complex
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sequence of events underlying the IRMPD process includes pho-

ton absorption by an active mode, intramolecular vibrational

energy redistribution, and the attainment of a transition state
geometry leading to dissociation. Any of these events may be
affected to a various degree by structural differences, possibly R
even as fine as those marking the toluenium isomers. A major 06 -| &xperimental
feature at 1252 cmt in the IRMPD spectrum is accounted for
by the distinct absorptions at 1254, 1235, and 1255cim the 0.4 -
calculated IR spectra aof-T, m-T, andp-T, respectively, asso-
ciated to the CH ‘scissor’ mode at the tetrahedral ring carbon. 0.2 +

This absorption band is obviously not present in the IR spec- ,

trum of theipso isomeri-T. Also on the basis of its relatively 0 : ! - -
higher energy, the presence isT appears unlikely. This iso- 800 1000 1200 1400

-1
mer is in fact considerably less stable thaif, m-T, andp-T, wavenumber (cm’)

quite in contrast with the silicon analogue, namely protonategig. 4. Experimental IRMPD spectrum of protonated tolugggreporting the
phenylsilane, where the favoréeso isomer has been recently IRMPDyieldR), using GHs* as protonating agent. Computed linear IR absorp-
identified by IRMPD spectroscogd$9c]. A second comment on  tion spectra are shown for exemplary toluenium ions bearing a ring hydrogen

the IRMPD spectrum of protonated toluene regards the baniﬂ an otherwise perdeuterated structure. The relative scales for all calculated
t 1593 el This featur fing in 'r nden Withspectra are the same. The characteristic absorptions associated to the scissoring
a c ) S feature, appearing corresponaence mode of a CHD or CBR group on the ring are marked by asterisks. The vertical

the bands calculated at 1580, 1570, and 1587'cm the lin-  gashed lines mark the position of the significant features at 1083 and 928 cm
ear IR spectra ob-T, m-T, andp-T, respectively, is associated in the IRMPD spectrum.
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