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Abstract

The composition of various mixtures of isomeric gaseoulldC ions, generated from four different;8g precursors by Cl(methane) and
Cl(isobutane) and by El-induced fragmentation of two monoterpenpsjene §) and limonened), in the external ion source of an FT-ICR mass
spectrometer, has been detected by means of proton transfer reactions to selected bases (“gas-phase titration”) within the ICR cell. Protonation
toluene () was found to give a uniform {£g* ion population containing exclusively the toluenium iois-H]* under both CI conditions. By
contrast, protonation of 1,3,5-cycloheptatrie®g 2,5-norbornadienef and 6-methylfulvened) was found to give mixtures of constitutionally
isomeric GHq* ions, containing ions1[+H]* and protonated 6-methylfulvenet{H]*, in all of the cases. Protonated norbornadiene, or its
valence isomer, the 3-nortricyclyl ior¥’[+ H]*, was detected only in minor amounts by Cl(gtf 2 and by CI of the neutral precurs@,
itself. Protonation of 6-methylfulvend) by CI(CH,) gave rise to partial isomerization to iors+{H]* only, but CI¢-C4H10) of 4 generated also
protonated cycloheptatriene? £ H]*. Both of the GHy" ion mixtures formed by El-induced fragmentationwfinene §) and limonene §)
were found to consist mainly>85%) of toluenium ions, I+ H]*, with only very small fractions£10%) of dihydrotropylium ions,Z+ H]*,
in contrast to previous reports in the literature. The gas-phase titration experiments ofHfiextures was found to reflect the relative
thermodynamic stabilities of the constitutionglHg* isomers and the exothermicity of the proton transfer step. The results are also discussed in
view of the energy hypersurface of the isomerj¢ig" ions, parts of which have been calculated by ab initio methods [MP2(full)/6-311+G(3df,2p)//
MP2(full)/6-31G(d)].
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

In view of the overwhelming interest in the complex
behaviour of the carbocations;8g** (m/z 92) and GH7*
(mlz 91) [1-8], the gas-phase chemistry of protonated toluene
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It has been shown that the structures of different isomeric
Fig. 1. El (70eV) mass spectrum afpinene §), obtained by use of a sector- gaseous species can be probed by use of ion/molecule reactions
field instrument (VG-Autospec). [3,4,40] Several studies have demonstrated the applicability
of this method for the discrimination of isomeric protonated
hydrocarbons mainly by proton transfer reactiphs]. In the
because of their radical cationic nature, the gas-phase chemistpyesent report, we describe the results of our gas-phase titra-
of C;Hg** ions generated from toluene, cycloheptatriene andion study of various mixtures of £1g" ions, which were
other precursors including the higher alkylbenzenes has beeyenerated by gas-phase protonation of foytHg hydrocar-
elaborated in deptf,7,8,12,13] In both cases, studies on the bons Chart 1) by chemical ionization (Cl), namely, toluene
composition of mixtures of isomeric ions, as a function of their(1), 1,3,5-cycloheptatriene2), 2,5-norbornadiene3j and 6-
ways of generation, represent classical contributions to thenethylfulvene 4) in the external ion source of an FT-ICR
progress of gas-phase ion chemistry over the past four decade®iss spectrometer under progressively harsher CI conditions.
[14]. Partial or complete deprotonation of the variougHg" ion
By contrast, the manifold of the/Elg* ions’ gas-phase chem- mixtures thus produced by use of selected bases provided semi-
istry remained less elucidated for several decd8ei4—-16]  quantitative information on the relative amounts of isomeric
This is remarkable not only because of the formal relationshigC7Hg* ions, to which the gross structures of toluenium ions
of thesem/z 93 ions to then/z 91 andm/z 92 carbocations, but ([1+H]"), protonated cycloheptatriene or its (slightly more sta-
also in view of the fact that the/Elg* ions have been observed ble) valence isomer, protonated norcaradiee+H]") [29],
very early as the major fragment ions formed upon electron ionprotonated 2,5-norbornadie{fl] or a valence isomer, i.e., the
ization (El) of terpenes or by reaction 0@ ions with terpenes  tricyclo[2.2.1.G-6hept-3-yl or 3-nortricyclyl cation @ +H]*)
by charge-exchange reactions, as illustrateBig 1 [17-20]  [42], and protonated 6-methylfulvenel(f H]*) were assigned.
Moreover, GHg* ions generated from toluene constitute pro-Inaddition, we performed the corresponding gas-phase titration
totypical alkylbenzenium ion$§7,8,21] and thus interconnect experiments also with mixtures of;Hq" ions generated by EI-
organic mass spectrometry to one of the major classical fieldeiduced fragmentation of two monoterpenes, viz., limonéhe (
of organic chemistry, viz., electrophilic aromatic substitutionanda-pinene §), in the external ion source of the same FT-ICR
[22-24] instrument. The results were found to reflect the different ease
However, in addition to early studies on gaseous tolueniunef the isomeric GHg" ions to undergo skeletal rearrangement
ions, which were mostly focussed on the thermochemistry oprior to deprotonation and in dependence of the exothermicity
tautomeric GHgCHz* ions[25] and their peculiar unimolecular of the protonation reaction, in line with their different thermo-
fragmentation by K[14] and CH, loss[16], several more recent dynamic stabilities. Also, they shed new light on the structural
investigations have shed light on the energetics and unimoleculégtentity of the long-lived GHg™ ions that give rise to the/z 93
isomerization and fragmentation of thgkzCHz* and related peak in the El mass spectra of the monoterpenes.
arenium ions[26—-28] For example, the gas-phase basicities
(GB) and proton affinities (PA) of 1,3,5-cycloheptatrid@®] 2. Experimental
and 6-methylfulven¢30] have been determined, adding to the
corresponding data of toluene and 2,5-norbornadiene published!. Materials
previously[11,31,32] Furthermore, various recent experimental
and computational work, including mostly the homologues and Toluene {), 1,3,5-cycloheptatriene2), and 2,5-norbor-
analogues of €Hg* ions, including benzeniuf®3-35]and the  nadiene ) and all liquid reference bases were distilled through
xylenium ions[36—38] and protonated alkylcycloheptatrienes a 20 cm Vigreux column prior to use. Purities were checked
[39] have provided much insight into the parameters governby GC/MS analysis and found to be >99%. The terpemes
ing the unimolecular isomerization and fragmentation of thes@inene §), (R)-limonene or §)-limonene ¢) were purchased
even-electron carbocations. from Aldrich (Taufkirchen, Germany) and used without further
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purification (stated purity 97%) as a mixture of enantiomgys ( observed pseudo-first-order rate constant avidtlie density
or as the pure enantiomers. BotR){6 and ()-6 were mea- number of the neutral reference ba®esvithin the ICR cell.
sured for the sake of reproducibility and found to give the samén cases where the superposition of two or more distinct proton
results. Methane (Linde, Wiesbaden, Germany, stated puritiransfer processes were observed, a linear combination of two
>99.9%) and isobutane (Linde, Wiesbaden, Germany, stateitst-order exponential decay function was applied to the fitting
purity >99.5%) were used as purchased. procedure:

Methylfulvene @) was prepared as reported previously n
[43,44] Briefly, condensation of cyclopentadiene and dimethyl-M
formamide diethyl acetal gave 6-(dimethylamino)fulvene. This[M + Hl*1—o
compound was treated with methyllithium to yield a Mannich kexp
base which was submitted to chromatography on alumina t6ffh+ = .— (2)
yield 6 by reductive elimination. The identity and purity 6f coll
were checked byH and3C NMR spectroscopy (Bruker DRX The reaction efficiencies for a particular proton transfer pro-
500, 500 and 126 MHz, respectively) and by El mass speccess effi+ were calculated according to E@). Herein kexp is
trometry (Fisons Autospec, double-focussing E/B/E sector-fieldhe experimental rate constant arg) the theoretical rate con-

instrument), by use of a heated septum inlet (acceleration voltagéant of the respective ion/molecule reaction. The latter values
of 8kV, electron energy of 70 eV, emission current of 209 were calculated on the basis of the trajectory model established

= eXP(—kobs) = eXP(—kexp[N]?) 1)

ion-source temperature 18010°C). by Su and Chesnavidbl]. The dipole moments of the neutral
species were taken from the literaty&2] and the respective

2.2. Kinetic measurements polarizabilities were calculated according to the literature data
[49].

lon/molecule reactions were performed by use of a Bruker
Spectrospin CMS 47X FT-ICR mass spectrometer equipped. Computational details
with a 4.7 T superconducting magnet, an external ion source
[45] and an “Infinity Cell’[46]. The protonated molecules were  Ab initio molecular orbital calculations were carried out
generated in the external ion source by chemical ionization (Cl)ysing the Gaussian-98 set of prografs8]. The different
using either methane or isobutane as the reagent gas. Typicgiluctures were first optimized at the Hartree—Fock (HF) level
ion-source conditions were: filament current 3.5-4.0 A, electronvith the d-polarized 6-31G(d) basis set. Harmonic frequencies
energy 30 eV and ionizing pulse duration 100 ms. Generation oiere determined at this level in order to characterize stationary
the GHg™" ions from the monoterpenes was achieved by electropoints as minima (equilibrium structures) or saddle points
ionization (50 eV). lons formed in the source were transferredtransition structures); these frequencies were then scaled
into the ICR cell and isolated by standard ejection procedureBy a factor of 0.9135 to estimate the zero-point vibrational
to remove all ions except those of interest, i.ezHg", by a  energieg54]. Improved geometries were subsequently obtained
broad band rf pulse and a series of rf pulses with the cyclotrothrough calculations using correlated wave functions at the
frequency close to that of [Elg]* (“single shots™), in order second-order Mgller-Plesset perturbation theory, all electrons
to prevent unintended excitation. Subsequently, the ions wereeing considered for the correlation. Finally, the MP2(full)/6-
kinetically cooled by application of several argon pul&g  31G(d) geometries were utilized in single point electronic
using a magnetic valve. After a delay of 1.5 s, during which theenergy calculations using the 6-311+G(3df,2p) extended basis
cooling gas was essentially removed from the cell, single shotset. Throughout this report, total energies are expressed in
were applied again to remove fragment ions formed by collisionHartree and relative energies in kJmal Unless otherwise
induced dissociation during the cooling procedure. The residualoted, the relative energies given are those obtained from
ions were allowed to react during variable reaction time intervaldMP2(full)/6-311+G(3df,2p)//MP2(full)/6-31G(d) total ener-
() with the neutral reference basB{7-10) present in the cell gies, and corrected for zero-point vibrational energies (ZPE).
at constant background pressures of (1.0-10) 8 mbar. The  Additional information containing all optimized geometries
pressure readings of the ionization gauge close to the turbopung$ the structures mentioned in this report is available as a
of the FT-ICR cell were calibrated by rate measurements of th§upplementary material
reaction NH** + NHz — NH4* + NH* [48]. The differences
in the sensitivities of the ionization gauge towards the vari4. Results and discussion
ous organic compounds were corrected by taking into account
their polarizabilities[49,50] The intensities of the signals of 4.1. Gas-phase basicities and choice of deprotonation bases
the ions observed were determined after Gauss multiplication
of the time domain signal, followed by Fourier transformation  As the gas-phase basicities of the fouHg isomers1—4
in the frequency domain. The bimolecular rate constants for thare well known, suitable bases were selected in order to
observed proton transfer reactions from the carbenium ion undeelectively deprotonate one or several of the conjugate acid
study, [M+HJ", to the reference base were derived from theisomers, 1+H]* to [4+H]* from the mixtures of @Hg*
first-order exponential decay (E¢i)) of the plot of the exper- ions. Within the series of g isomers, toluene is the by far
imental intensities versus the reaction timevherekops is the  least basic hydrocarbon, GBE 756 kdmot?®. By contrast,



M. Mormann et al. / International Journal of Mass Spectrometry 249-250 (2006) 340-352 343

e o e The kinetics of the deprotonation reactions were expected to
@ Q be monomodal if only one single isomer, or a mixture of easily

" interconverting tautomers, is present, as it should be the case for

[ +H] [2 + H]* [3+HJ* [4+H]* ) . . R .
the tautomeric toluenium ions. Monomodal behaviour is also
756 kJ/mol 798 kJ/mol 820 kJ/mol 843 kJ/mol GB of the . . . ..
conjugate probable for ion mixtures if the basicity of the base used for
hyd b . Y .
oty | cisopropy yerocarbon deprotonation strongly exceeds the basicities of the conjugate
acetate (8) | ether (9) o hydrocarbons underlying the;Bg* ion mixtures. By contrast,
methyl formate (7) GB(8) = GB(9) = mesityl oxide (10) . . . .
GB(7) = 804.7 828.1 GB(10) = bimodal or even trimodal kinetics are expected for cases where
751.5 kJ/mol kJ/mol kJ/mol 846.9 kJ/mol

the basicity of the deprotonation base differs only slightly from
_ _ ' o , _one of the conjugate hydrocarbons. For example, deprotonation
E?éri.;_c'hfrizitslc representation of the gas-phase titration of a mixture ofdn‘of a C7H9+ ion mixture containing ionsl[+ H]+ and B"‘ H]+

° ' with ethyl acetate8) should occur with high efficiency for the

cycloheptatriene is much more basic, @Bt 798 kJmot?, fortrrr:e: f:?cnon(;)f |on?, ?ﬁtwnh Iow_efncLe_ncngh t?de fractl_on
and the gas-phase basicity of other two isomers are even beyoﬂ& € latter, and any further isomerigly™ ions should remain

that value. Therefore, any of the tautomeric toluenium ions, bu?on—reactwe.

none of their constitutional isomerz H]* to [4 + H]* present

in the G Hg™ populations, can be deprotonated by a base whicl.2. C;Ho* ions formed by CI of toluene

has a GB similar td, as it is the case with methyl formate,

GB(7)=751.5kJmot? (Fig. 2. By contrast, ethyl acetate, A first series of experiments comprised the deprotonation
GB(8) =804.7 kIJmot?, is a sufficiently strong base to remove of C;Hg* ions generated by chemical ionization of tolueh (

a proton from both I+H]* and the cycloheptatriene-type in the external ion source. Two different ionization conditions,
isomers, such a2f H]*, whereas ions3+H]* and @ +H]* Cl(methane) and Cl(isobutane), were employed. The deproto-
should not react with this stronger base. However, protonatedation kinetics measured with methyl formate ére shown in
norbornadiene 3+ H]*, or its more stable valence isomer, the Fig. 3a and b, respectively.

3-nortricyclyl cation B’ + H]* (vide infra), representing the con- Whereas the protonation bby CHs* in the methane plasma
jugate acid of a relatively strong base, GB¢ 820 kJ mot ™, is a relatively exothermic process, the corresponding generation
should, if present in the g* populations, be depro- of CzHg' ions with the reagent ions of the isobutane plasma is
tonated along with ions1[+H]* and R+H]* by use of slightly endothermic. In both cases, however, complete depro-
diisopropy! ether, GBY) =828.1 kJmot?!. Finally, protonated tonation of the GHg* ion population was observed even with
6-methylfulvene, having the highest gas-phase basicity of alnethyl formate as a relatively weak deprotonation base. The
C7Hg isomers studied here, GB(=843kJmot?, is expected abundance versus time dependence was found to be strictly
to be deprotonated along with all othefHy* ions present in  monomodal, with efficiencies eff=0.14 for the proton trans-
the mixtures by use of mesityl oxide [2-methylpent-2-en-4-onefer from the CI(CH)-generated €Ho* ions and eff=0.17 for

GB

GB(10) = 846.9 kJ mot1]. the proton transfer from the GiC4H10)-generated @Hg* ions
CHs
+H* +7
— CH;t —— HCO*(H)OCH,
- C7Ha
1 [7 +HJ*
Cl(methane) Cl(isobutane)
100 i T T T T T T T ] 100 i T T T T T T T ]
80 . 80 -
— [7+H -
2 2 [7+H
Y 601 i g 60+ i
C c
3 3
S 40+ B S 40+ E
g g
: + . 1+ H*
‘© 20+ [ H {1 B 201 S il
0- 1 0- 1
0 2 4 6 8 10 12 0 2 4 6 8 10 12
(a) reaction time [s] (b) reaction time [s]

Fig. 3. Deprotonation kinetics offElg* ion populations generated from toluenglfy: (a) Cl(methane) and (b) Cl(isobutane), as obtained by use of methyl formate
7 (GB =751.5 kJ motl). The monomodal course reflects the exclusive presence of tolueniurmliohgT.
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Table 1

Results of the gas-phase titration of varioygig" ion mixtures

Precursor (method of generation) AH, 2 of protonation L+H]*¢ [2+H]*C [3+H]"C [4+H]"C
1(Cl, CHy) —2405 100 - - -
1 (Cl, i-C4H10) +18.1 100 - - -
2 (Cl, CHyg) —287.5 >50 <15 <6 <30
2 (Cl, i-C4H10) —28.9 >21 <56 <3 <20
3 (Cl, CHy) —305.8 >30 <11 <12 <47
3 (Cl, i-C4H10) —47.2 >13 <11 <20 <56
4(Cl, CHa) ~332.5 >35 - - <65
4 (Cl, i-C4H10) —73.9 >15 <10 - <75
5 (El)d - >88 <5 - <6
(R)-6 (EN)° - >82 <10 - <8
(5)-6 (E1)° - >84 <7 - <10

a Given in kdmot .

b Calculated fromAH, = APA. For the proton affinities of hydrocarbohsd, see Refs[29,30,32] PA(CHs) =543.5 kJ mot? [32], PA(-C4Hg) = 802.1 kJ mot?
[32].

¢ Given as the differences of the relative ion abundances (%) determined in the titration experiments.

d Generated under El conditions (50 eV).

to 7 (cf. Tables 1 and R Thus, the efficiencies are the same first-order exponential decrease was found, but about half of the
under the different Cl conditions used and are within the rang€;Hg* ions were found to be inert towards the bassince the
expected. The finding that a minor fraction (ca. 3% rel. abunrelative intensity of then/z 93 signal remained constant at 50%
dance) ofn/z =93 ions were non-reactive is due to the presencef its initial value at reaction times >15 s. This finding suggests
of naturally occurring isobaric radical catiodSC;12CgHg*™, that about half of the @Hg™ ions that were stored in the FT-ICR
generated by charge exchange in the ClI plasma or unintendeell after the thermalization and isolation procedure consisted of
El processes, respectively. toluenium ions, I+ H]*, which are sufficiently acidic to trans-
These results reflect unequivocally that theHg* ions that  fer a proton to methyl format®, being a relatively weak base.
are generated from toluene in the external Cl source and thén turn, the other half of the 49" ion population is not suffi-
are transferred into the cell of the FT-ICR mass spectrometesiently acidic. Consequently, stronger bases have to be employed
without fragmentation (“stable ions”) consist of toluenium ionsto effect further deprotonation.
exclusively; any constitutional isomer€lfart ) are absent. In fact, use of ethyl acetat8)as the reference base further
However, it is conceivable that, besides the most stable  decreases the fraction of the non-reactivélg” ions Fig. 4a).
isomer, [l +H]*, minor amounts of the slightly less stableho In this case, an additional 15% fraction of the ions’ population is
isomer and possibly even the considerably less stabieiso-  deprotonated, indicating the presence of the second-most acidic
mer are present to some extent in the mixture, which is nogjroups of GHg™ isomers, viz. dihydrotropylium ion2fr H]*.
reflected in the deprotonation kinetics due to the rapid protomhe deprotonation kinetics wishas a base is trimodal; it reflects
ring walk processes within the ions and/or within the encountea combination of two exponential decays and the remainder frac-

complexes formed upon proton transfer. tion of non-reactive ions &g ions in a relative abundance of
ca. 35% of the initial valueFig. 5). Deprotonations of the two

4.3. C7Ho* ion mixtures formed by CI of reactive fractions of @Hg* ions have different efficiencies: The

1,3,5-cycloheptatriene exothermic proton transfer from the toluenium ionk;H]*,

were found to occur with eff=0.6, whereas the nearly ther-

When cycloheptatriene2) was subjected to protonation Moneutral reaction of the dihydrotropylium ion2 {H]", takes
under Cl(methane) or Cl(isobutane) conditions, the deproplace with efp=0.15 only.
tonation kinetics were found to be no longer monomodal, Deprotonation of the CI(Ck)-generated @Hg" ion mixture
indicating the formation of mixtures of isomeric;89* ions by use of diisopropyl ethe®j gives rise to a similar decay as
prior to deprotonation. Protonation & by CHs* in the that found with ethyl acetate8) (Fig. 4a). Again, the course
methane plasma is highly exothermis K, = —287.5kJmot?  of the decay curve is trimodal, but in this case the non-reactive
[29,32)), and deprotonation of the/Elg* population with the ions represent a slightly lower fraction of 30% of the initial
four bases7-10 in the order of increasing gas-phase basici-Population. This can be taken as a hint to the presence of a minor
ties revealed the presence of four constitutionaHg' ions. ~ amount (ca. 5%) of 3-nortricyclyl cationsy'f-H]*, which is

Combined presentations of the deprotonation kinetics founglightly more acidic than ion2[+ H]*. Finally, and as expected,
under the two CI conditions are given ffig. 4 (cf. also  use of mesityl oxide as the base leads to complete deprotonation

Tables 1 and R of the GHg™ ion mixture. As a consequence, the least acidic
When methyl formate7) was used to deprotonate thetp* ~ component of the mixture of isomeric ions can be assigned the

ions generated by Cl(methane), a bimodal decay of the popul&tructure of the 6-methylfulvenium iong { H]*, amounting to

tion was observedHg. 4a). Similar to the case of toluent)(a  ca. 30% of the initial overall population.
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Table 2 corresponding to protonated norbornadieBe; H]*, were not
Rate constants and deprotonation efficiencies of varigliyCion mixtures formed. Also only a small fraction (ca 20%) of methylfulve-
Precursor (method BaseB?  kexpt®  kexp?®  keat®™®  effy  effy nium ions was found in the GHC4H10)-generated population

of generation) of C7Hg* ions, when complete deprotonation was carried out
1(Cl, CHy) 7 235 _ 16.77 014 — by use of mesityl oxidelQ). Thus, the relatively small amount
1(Cl, i-C4H10) 7 285 - 16.77 017 - of excess energy transferred during the protonation of cyclo-
2(Cl, CHy) 7 252 - 1677 015 - heptatriene in the Cl(isobutane) plasma gives rise to about
2(Cl, CHy) 8 1014 254 1690 060 015 4004 of skeletal rearrangement of the originally formed ions
2 (Cl, CHy) 9 941 290 1448 065 0.2 + . ; . .
2 (Cl. CHy) 10 1598 319 2283 07 0414 _[2+ H]™, half of this fraction bemg the most stable toluenium
2(Cl, i-C4H10) 7 218 - 16.77 013 - ions, [L+H]*, the other half being the less stable methylful-
2 (Cl, i-C4H10) 8 13.86 3.21 16.90 0.82 0.19 venium ions, §+H]*. The barrier towards isomerization to
2 (Cl, i-C4H10) 9 725 246 1448 05 017 protonated norbornadiene or the isomeric 3-nortricyclyl ions,
2 (Cl, i-C4H10) 10 1461 479 2283 064 021 [3/4H]* appears to be too high.
3(Cl, CHy) 7 3.02 - 16.77 018 -
3 (Cl, CHy) 8 946 270 1690 056 0.16
3(Cl, CHy) 9 782 288 1448 054 02 44. C7Ho" ion mixtures formed by CI of
3 (Cl, CHy) 10 18.26  2.74 22.83 0.8 0.12 2,5-norbornadiene
3 (Cl, i-C4H10) 7 268 - 1677 016 -
; Eg: i?:lg; g 1‘1’-23 ;-gi 12-23 8-%‘ 8-22 In a further series of experiments carried out under the same
3 (CI: i_C:HiO) 10 1781 412 2283 078 o1 reaction c_ondltlons, 2_,5-norbor?a_\d|er$e) \vas protonated and
4(Cl, CHa) 7 302 - 1677 018 — the resulting population of g™ ions was analyzed by gas-
4 (Cl, CHy) 8 1014 - 16.90 06 - phase titration. This is particularly interesting since the pro-
4 (Cl, CHa) 9 941 - 1448 065 - tonated conjugate3{+H]*, is the thermodynamically least
:Eg:r IC(';""L | 1‘7’ 13-22 3-21 1262;373 (?-177 9-14 stable isomer among the cyclic;Bq* ions studied here. This
4 (CI: i_C;‘Hig) 8 946 203 1690 056 0.12 fact is_ reflected from t_he protonation{deprotona’Fion experiments
4(Cl, i-CaH10) 9 826 275 1448 o057 o019 describedabove,which lead taly* ion populations contain-
4 (Cl, i-C4H10) 10 1459 479 2283 064 021 ingonly negligible or minor amounts<6%) of [3' + H]* ions.
5 (EN¢ 7 235 - 16.77 014 - Therefore, protonation of neutral 2,5-norbornadieBkitself
S(E')Z 8 1166 - 1690 069 - ghould reveal whether the protonated for®,+{H]*, can be
:EE:;" 13 18:;(15 ;.3 4 122;13?3 %E 5.19 identified unequivocally or whgther t_hese ions under_go skele-
(R)-6 (EI)? 7 285 _ 16.77 017 - tal rearrangement to constitutional isomers upon direct gen-
(R)-6 (EN)d 8 980 - 16.90 058 - eration in the Cl(methane) or Cl(isobutane) plasrray.( 6,
(R)-6 (E1)4 9 1086 - 1448 075 - Tables 1 and R
(R)-6 (E')j 10 2.98 297 2283 072 013 In fact, the ion/molecule reactions performed withHg*
8:2 EE:;(, ; 13‘.?1’2 B 12';2 g'é - ions generated by protonation 8freveal that the conjugate
(5)-6 (EI)? 9 1057 - 1448 073 - acid ion, B’ +H]*, survives the transfer from the ion source
(5)-6 (E1)¢ 10 16.89 343 2283 074 015 intothe FT-ICR cell and the isolation and thermalization of the
a For the gas-phase basicities of the reference basks see Ref[32]. C7_H9+ lon mlxlture.. When methane was employed as the Cl gas
b valuesx 10-10 e molecule L s, (Fig. 6a), the titration experiments performed with the reference
¢ Calculated according to Re61]. base§-10 show that ca. 30% of the/Elg* ion population corre-
¢ Generated under EI conditions (50 eV). spond to tolueniumionsl [+ H]*. The proton transfer from these

ions to methyl formate occurs with eff =0.18. Two minor frac-

The analogous series of deprotonation experiments startingpns of ca. 12—15% each correspond to dihydrotropylium ions,
from C7Hg" ions generated by Cl(isobutane) of cycloheptatriend2 + H]* (and/or the valence isome¥ | H]*), and 3-nortricyclyl
(2) yielded a similarly complex result. However, owing to the ions, B’ +H]*, and the major fraction (ca. 45%) consists of
considerably lower exothermicity of the protonation by the protonated 6-methylfulvene4 - H]*. The trend observed with
C4Hg* ions (AH, = —28.9 kI mot1[29,32)), the compositionof ~ Cl(methane) was found to be enhanced for thel§ ion mix-
the GHg* ion mixture produced was found to reflect less skeleture generated by use of isobutane as the Cl Gag €0). In
tal isomerization. As illustrated ifig. 4b, the fraction of the this case, the fraction of toluenium iond,4H]", is reduced
toluenium ions, I + H]*, being the most acidic set of isomers, to ca. 15% and that of the dihydrotropylium iong,+{H]*,
amounts to only 20% here. The largest fraction of thél§  remains nearly constant at ca. 10% of theHg" ion popula-
ions was deprotonated by both ethyl acet8)eaid diisopropyl  tion. However, the relative amounts of protonated norbornadiene
ether 9), in addition to those being deprotonated by methyland protonated 6-methylfulvend,f H]*, both increase as com-
formate ) only. Clearly, this fraction, amounting to ca. 60%, pared to the fractions observed upon Cl(methane). Obviously,
consists of dihydrotropylium ion2f H]*, which survived the the protonation conditions under Cl(isobutane) are sufficiently
relatively mild ClI process without skeletal rearrangement. Thanild to allow ca. 20% of the 3-nortricyclyl ions 3T+ H]*,
almost identical course of the deprotonation with the two differ-to survive without skeletal isomerization. Interestingly, the 6-
ently basic reagent8,and9, indicates that, in this case, isomers methylfulveniumions,4 +H]*, represent the major fraction (ca.
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Fig. 4. Deprotonation kinetics of g™ ion populations generated from cycloheptatrie2)eby: (a) Cl(methane) and (b) Cl(isobutane) as obtained by use of four
different bases, viz., methyl format®)( ethyl acetate8), diisopropyl ether9), and mesityl oxide0).

55%), of the GHg" ion population generated by mild protona- protonation o# is significantly lower than in the casesénd

tion of norbornadiene. 3 described above.
The GHg* ion population generated by Cl(methane)
4.5. C7Ho* ion mixtures formed by CI of 6-methylfulvene consists essentially of two fractionkig. 7a). The toluenium

ions, [L+H]*, amount to ca. 35% of the mixture, and the 6-
Formation of GHg* ions from 6-methylfulvened) underthe ~ methylfulveniumions,4 + H]*, represent the dominant compo-
same Cl(methane) and Cl(isobutane) conditions that were usé@nt (ca. 65%). This follows from the finding that all of the three
for the experiments described above leads to somewhat simpleases7-9 reduce the initial Hg™ ion population to the same
mixtures of ions Fig. 7, Tables 1 and R It appears that the relative amount. Thus, dihydrotropylium ion 4H]*, and
extent of skeletal rearrangement of theHg* ions formed by ~ 3-nortricyclyl ions, B’ +H]*, are not formed upon protonation
of 4in the Cl(methane) plasma. Only the strongest base, mesityl

. - . - , - . : , oxide (10), effects complete deprotonation, including protonated
0,01 . 6-methylfulvene,4 + H]*, which survived to a remarkably large
1 extent. When milder protonation conditions were applied under
0.2 § Cl(isobutane), the fraction of {lg* ions that do not undergo
I skeletal rearrangement was still high&ig. 7b). In this case,
= 044 7 even ca. 75% of the {Eg™ ions formed from 6-methylfulvene
;; o6 ] survive as 6-methylfulvenium ions4f H]*. However, in
o contrast to the @Hg™ ion population generated by Cl(methane),
T 08 i methyl formate 7) was found to deprotonate a significantly
’ smaller amount of gHg™ ions than do ethyl acetat8)(and
104 | diisopropyl ether9). Therefore, the remainder of the ion mix-
o ] ture consist not only of toluenium ionsl f H]*, representing
12 : . : . : , : _ : a ca. 15% fraction, but also contains a small amount (ca. 10%)
’ 0 10 20 30 40 of dihydrotropylium ions, 2+ H]*. This finding is interesting
t[s] because it indicates that the activation barrier for the skeletal

. . FHI* FHT* -
Fig. 5. Semi-logarithmic plot of the intensity vs. time curve ofthedeprotonationlsome”_Zatlon of4+H]" to [2+H] I? relatlyely_low and nOt_

of the GHg" ion population generated by Cl(methane) of cycloheptatrigye ( _mUCh higher tha.-n that towards the isomerization to toluenium
as obtained by use of ethyl aceta ( ions, [L+H]". It is also remarkable that protonated norborna-



M. Mormann et al. / International Journal of Mass Spectrometry 249-250 (2006) 340-352 347

Ho M
+ H* + base
— C/Hy* ————»  [base +H]*
-C,H
3 7Mg
Cl(methane) ; Cl(isobutane)
100 100 ~ T
90 4 90 A 7 ,;[1 *Hl
] [1+H* - ‘
w0 , o0 fi2+H)
704 70 4
= oo 8 J2+H g | [3+H
3 60—4 g 60—_
e ] 9 ERTO s
.§ 50 g ]
| 404 S 40
B 30 4 E 30 |
t aerp 4+ H)
204 20
] 10 ]
10 10
04 v 04 4
0 5 10 15 20 25 0 5 10 15 20 25
(a) reaction time [s] (b) reaction time [s]

Fig. 6. Deprotonation kinetics of g™ ion populations generated from norbornadiedjebfy: (a) Cl(methane) and (b) Ci(isobutane), as obtained by use of four
different bases, viz., methyl format®)( ethyl acetate8), diisopropyl etherg), and mesityl oxide0).
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Fig. 7. Deprotonation kinetics ofElg* ion populations generated from 6-methylfulvedlfy: (a) Cl(methane) and (b) Cl(isobutane), as obtained by use of four
different bases, viz., methyl format®)( ethyl acetate8), diisopropyl ether9), and mesityl oxide0).
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Fig. 8. Deprotonation kinetics oflg* ion populations generated by El-induced fragmentation ofefpjnene §) and (b) R)-limonene [R)-6], as obtained by
use of four different bases, viz., methyl formalg, €thyl acetate§), diisopropyl ether), and mesityl oxide0).

diene (i.e., 3-nortricyclyl ions¥ +H]*) were not formed by (7) as the reference base. Thus, toluenium iohs H]*, clearly

protonation of methylfulvene under either CI conditions. dominate the decay of the;8g* ion population with all bases
7-10 used. The course of the deprotonation of b&th [C3H7]*

4.6. C7Ho" ions generated by El-induced fragmentation of and [p — C3Hy]™ ions also appears to be bimodal when ethyl

monoterpenes acetate §) and diisopropy! ether9) were used; however, the

relative amounts of dihydrotropyliumiong f H]*, can be esti-

As outlined in the beginning, the/€lo* ions ¢n/z 93) formed ~ Mated to be<10% only, and the remaining fraction offBg"
in large relative abundance by El-induced loss gfi¢® (orthe  ions can be assigned to the structures of (constitutionally iso-
successive losses of GHand GH, [19]) from a-pinene §, ¢f. ~ Meric) methylfulvenium ions, such ad { H]*, amounting to
Fig. 1), imonene 6) and other monoterpenes have been a matd—10% only. Here again, protonated norbornadieheH]", or
ter of discussion with regard to their structural idenfity—19} ~ 3-nortricyclylions, B’ +H]", were not formed by protonation of
From the fragmentation characteristics obtained by sector-fiel?€thylfulvene under either CI conditions in detectable relative
measurements, the structure of dihydrotropylium io2s, fi]*, ~ abundances.
was assigned to thez8l* ions having lifetimes in the range ~ The results obtained by gas-phase titration of thil¢ ion
of several microseconds. On the basis of the results obtained fypPulation formed by El-induced fragmentation of the monoter-
gas-phase titration of the/8lg* ion populations generated in Penes clearly demonstrate that, at least under the conditions used
directed ways by protonation of the neutraibG precursors, intheseexperiments, the predominating fraction consists of tolu-
1-4, described above, the identity and relative amounts of iso€Niumions, 1 +H]". Thisfinding is a sharp contrastto the results
meric GHg" ions generated from-pinene §) and limoneneq) ~ Obtained previously by charge stripping techniques, which indi-
were determined under the conditions of our gas-phase titratiofAted the greatest fraction ofBg" ions from the monoterpenes
approachFig. 8 Tables 1 and 2 corresponds to dihydrotropylium iong £ H]* [19].

The m/z 93 fragment ions produced from-pinene, 5
(Fig. 8a), and R)-limonene, R)-6 (Fig. &), were found to 5. Summary on the gas-phase titration experiments on
behave identically within the limits of experimental repro- C7Hg" ions generated from different precursors
ducibility. Identical deprotonation characteristics were obtained
for the G;Hg* ion population produced fron§f-limonene, fur- The relative amounts of the four different constitutional
ther confirming the reliability of the titration experiments. In isomers determined for thez8g* ion populations generated
all of these cases, the by far major fraction gHg* ions (ca.  from different precursors are collected Tiable 1 As a first
85%) were found to be deprotonated by use of methyl formatémportant result, it is evident that the protonation of toluene
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(1) does not give rise to ring-expanded or ring-contracted isoerotropylium ions, 2+ H]*, or of complex ion mixtures, was
mers. Thus, proton-induced skeletal rearrangements, which aseiggested.
known to occur with short-lived or metastableHy™ ions,
are not reflected in the ion mixtures accessible by gas-phage Calculated energy profile of C;Hy* ions
proton transfer reactions. Toluenium iorlsHH]* ions were
found exclusively, in accordance with the high activation barriers  As outlined in the Introduction, the detailed energy profile
towards skeletal rearrangement known for these arenium ionsf gaseous gHg* ions has been known only in part to date
The reluctance of the extremely long-livet{H]* ions stud-  [8,10,11,29-32]In view of our results on the gas-phase titra-
ied under FT-ICR conditions to undergo skeletal isomerizatiortion of C;Hg* ion mixtures presented above, and the recently
is not surprising and in line with previous FT-ICR experimentspublished energetics obtained computationally for the anal-
[55]. By contrast, the @€Hg* ions generated by protonation of ogous GH1:* ions including protonated xylene and related
the cycloolefin2—4 were found to isomerize preferably to tolu- alkylbenzenium iong38], we disclose the results of our ab
enium ions, I +H]*, on the one hand, and to methylfulvenium initio calculations carried out on the isomerization of sev-
ions, such as4[+ H]*, on the other. This result is in accordance eral isomeric GHg* ions, including the tautomeric toluenium
with the relatively high thermochemical stability of both of theseions [1 + H]*, protonated cycloheptatrien2f H]*, protonated
ions, as compared to those of dihydrotropylium iost H]*, norbornadiene 3+ H]*, which, upon protonation, immedi-
and 3-nortricyclyl cations,3 +H]*. As a further result, and ately forms tricyclo[2.2.1.9%hept-3-yl (3-nortricyclyl) cations
again not surprisingly, it is evident that the extent of skeletal isof42] by transannular electrophilic attack, and protonated 6-
merization clearly depends on the exothermicity of protonationmethylfulvene # + H]*. The calculated energy profile is shown
The lower the excess energy transferred to thied® ions upon  in Fig. 9.
protonation, the higher is the content of the protonateH{C It is evident and in full agreement with previous results
cycloolefin subjected to protonation in the Cl source. Thus, sigf25,27,56] that para-protonated toluene,1[+ H];m, is the
nificant amounts of the thermodynamically least stable amongnost stable among all of the;8g* isomers (the “stabilomer”)
the GHg" isomers studied here, viz. protonated norbornadi-and that its tautomeric forms] - H]jﬂho, [1+H]},, and
ene, B+H]*, or the valence tautomeric 3-nortricyclyl cations, [1 + H]f;m (in the mentioned order) are only slightly ther-
[3’ +H]*, were only detected when the conjugate base, the pranodynamically less stabl¢28b]. Ring contraction to 6-
cursor3 itself, was used as the neutral precursor. methylfulvenium ions,4 + H]*, via a bicyclic isomer ¢’ + H]*
Gas-phase titration analysis of thety* ion population orig-  in Fig. 9) is endothermic by ca. 39 kJ mdi but has to overcome
inating from the radical cations of the monoterpeSesnd6  barriers as high as ca. 209 kJ mblIn accordance with recently
revealed that toluenium ionsl f H]*, represent the by far pre- published results on the xylenium iofg&8], ring expansion of
dominant isomers, at least under the FT-ICR conditions usethe toluenium ions to dihydrotropylium ions occurs best via the
in the present work. This finding is in contrast to previousmeta-tautomer, 1 + H]* ., involving a 1,3-hydride shift from

meta?

reportg18,19], in which the presence of major amounts of dihy- the methyl group to one of thetho positions. However, this pro-

[1p +H]"

Fig. 9. Energy profile (in kJmol) of the interconversion of €Hg* ions, as determined by MP2(full)/6-311+G(3df,2p)//MP2(full)/6-31G(d,p)+ZPE ab initio
calculations. For assignments and details, Ted#e 3
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Table 3 that a fraction of the ions’ population consists of non-rearranged
Calculated total energies (Hartree), relative energies and ZPE (k3)mof isomers. Thus, ions$[+ H]*, are detected even under the harsh
species involved in the various isomerization processes protonation conditions of Cl(methane), suggesting that the acti-

Species MP2(full)/6-311+G(3df, 2p)// ZPE AEP vation barriers towards skeletal isomerization are not negligible.
MP2(full)/6-31G(d) However, this overall picture is probably not as simple as

[1+HE —271.382603 358 35 discussed above. This follows by considering the observed com-
[1+H",, —271.392871 355 5 positions of the @Hg™ ions mixtures generated under the mild
(1 + Hljera —271.388095 355 18 ClI(isobutane) conditions in the light of the calculated energy
1+ H] o, —271.394789 355 O profile. While the observed retention of the skeletal integrity
[2+H] —271.360142 361 97 )
(2 +H]* _571.367483 361 78 is evident in the case of toluen#)( the observed skeletal rear-
[3 +H]* _271.360698 362 g7 rangements of the three cycloolefyS and4 upon protonation
[4+H] —271.380060 355 39 by C4Hg* and even @H-" ions are not in accordance with the
[4'+H]* —271.365711 357 78 thermochemistry shown ifiable 1andFig. 9. Protonation of
A —271.367092 360 ’8  cycloheptatriene) by C4Hg* and GH7* is exothermic by only
TS1 —271.380716 350 32 = 29 and—79 k] mol-L velv. which is clearl
TS2 271380444 350 33 AH:= an mof ™", respectively, which is clearly not
Ts3 _271.379678 350 35  sufficient to overcome the energy barriers towards the observed
TS4 —271.314350 352 208  ring contraction to ions1[+ H]* and @+ H]* (cf. Fig. 4b). A
TS5 —271.310711 343 209 similar argument holds for the protonation of 6-methylfulvene
123 :g;i;ggiii ggg ggg (4), in spite of the increased exothermicities of the proton trans-
TS8 —971.330028 352 167 fer(AH=-74 and—_124 kq moTl, respeptlvely). .
Ts9 _271.292742 353 266 Another observation pointing to the higher complexity of the

a Calculated at the HF/6-31G(d) level and scaled by a factor 0.9135. S.(:enano Of. CyCIOOl?fImC .€Hg ions is the fmdmg that the titra-

b AE=[E(A) — E(B)] x 2625.5 + ZPE(A)- ZPE(B), with B= [1 + H]*. tion analysis of the ion mixture generated from 6-methylfulvene

(4) under Cl(methane) leads to two components only, viz.
methylfulvenium ions, 4+ H]*, and toluenium ions,1[+ H]*,
cess and the subsequent formation of the bicyclic isomer, protqyhereas a ca. 10% fraction of protonated cycloheptatriene,
nated norcaradiene([+ H]" in Fig. 9) [29] requires even more  [2+H]*, was found under the milder Cl(isobutane) conditions
energy than the ring contraction, viz. ca. 285 kJmoBtarting  (Fig. 7b). Hence, it appears that either additionadnolecular
from the stabilomer [+ H],,,, the formation of  +H]*, is  isomerization paths connecting, for example, the 6-
calculated to be endothermic by 96.5 kJ mglwhile a value of ~ methylfulvenium structurest+ H]* with the relatively less sta-
+125kJmot?® can be deduced from the known thermochem-ble dihydrotropylium-type structure § H]* and R’ + H]* are
ically data[31]. Thus, ions § +H]* are considered the least viable, in line with recent extended calculations of thgHg,*
stable isomers among theiy* ions studied here. In addition, ions’ energy hypersurfacg88]. Alternatively, it appears con-
the height of the isomerization barrier (TS9; 1,3-methylene shifteivable that at least some parts of the isomerization phenomena
separatingd + H]* ions from R’ + H]* species is found equal reported here occur by more complicated mechanisms, for exam-
to 169 kJ mot ™, ple, by isomerization within the bimolecular encounter complex
In line with the computational results, it is not surprising or within an alkylation/dealkylation sequence occurring in the
that GHg* ions generated from toluend)(were found to  ClI plasma. The latter type of mechanism is reminiscent of the
retain the constitution of their neutral precursors even undeparticularly facile ring contraction of protonated alkylcyclo-
Cl(methane) conditions, even if proton transfer fromsClis  heptatrienes to the corresponding (higher) alkylbenzenium ions
exothermic byAH, = —241 kJ mot!. By contrast, protonation under Cl conditiong39a] and the complex isomerization and
of the three cycloolefins cycloheptatrier?®, (horbornadiene3) fragmentation behaviour of bi- and tricycligB11* ions[39b].
and 6-methylfulvened) by CHs* ions is much more exothermic,
viz. AH;=—(288-333) kJmol! (cf. Table 9 and the obser- 7. Conclusion
vation of various GHg* ion mixtures indicating partial ring
contraction of 2+ H]* and ring expansion o[+ H]* is also The gas-phase titration experiments presented here open
in accordance with the calculated energy profile. The findingnteresting insights into the chemistry of such complex systems
that the tricyclic valence isomer of protonated norbornadiendjke the gaseous fHg* ions turned out to be. In fact, these sys-
[3' +H]*, represents a very minor fraction in thely* ion  tems behave much more complicated than the protonated arenes,
mixture generated fror2 and is completely absent in the mix- as demonstrated by the contrasting isomerization propensity of
ture generated by CI(CH of 4 suggests that ring opening of protonated @Hg cycloolefins as compared to that of protonated
its strained bi- (or tri-)cyclic skeleton to produce six- or five- toluene. Nevertheless, most of the experimental findings corre-
membered monocyclic isomers should be particularly facildate well with the relative stabilities of thez8g* ions involved,
processes associated with low activation barriers. as well as with the energy barriers towards isomerization. How-
In view of the fact that the Cl(methane) plasma contains als@ver, there are indications that the energy hypersurface of the
less acidic reagent ions, such agHg*, and that only part of the C;Hg* ions is certainly more complex than discussed here, in
exothermicity will be transferred to the;8g* ions, itis obvious  accordance with recent calculations on the relatgd:¢" ions
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