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Abstract

The protonation energetics of benzene and fulvene are investigated through the use of molecular orbital ab initio G2(MPZ2
calculations using B3LYP/6-31G* optimized geometries. Calculated proton affinities of benzene and fulvene are 752 and 84.
kJ mol~* assuming formation of benzenium idnand Ge-protonated fulvenes, respectively. Isomerization reactions of
protonated benzene and protonated fulvene were investigated at the same level of theory. The isomerization of benzenium i
1 into protonated fulvene implies as a first step the formation of bicyclo[3,1,0]-hexenyl c&titgt may eventually evolve
to yield methylene-protonated fulvei@eand Gu-protonated fulven@. The latter yields the Gprotonated speciesthrough
a relatively low activation barrier. The energy required by the dissociation of benzenium ion via g &xtritsion process
is equal to its endothermicity. The excess energy of the dissociating sfigtiéng a lifetime of 10° s is sufficiently low
to explain the absence of an appreciable kinetic energy release during the separation of the products. (Int J Mass Spectre
185/186/187 (1999) 241-251) © 1999 Elsevier Science B.V.
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1. Introduction and that its face protonated forffi is less stable by
far. The loss of identity of the seven hydrogen atoms

¢ One |m.p0rta|nt quJeSt'on in the ghas-phase chen:jlstrr]y of the protonated benzene has been interpreted by a
of aromatic molecules concerns the structure and t € facile interconversion of ionk via the side protonated

energy of their protonated products. The prototypical structurel’.
case of benzene has been extensively studied over the
years because of its relevance to electrophilic aro-
matic substitution [1]. Both theoretical [2,3] and
experimental [2,4-10] data indicate that benzenium
ion 1is the most favoured protonated form of benzene
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60th birthday. important reaction channels in benzenium ions chem-
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CH, - 2. Computational
D
o In order to obtain reliable descriptions of thgHg
2 3 4 N s and GH, " systems under study, a high level ab initio
Scheme 1. molecular orbital technique is required. Among the

different alternatives, the G2 theory of Pople and
co-workers [12a] is one of the most powerful as long
as it provides calculated thermodynamic properties, in
particular proton affinities [13], in excellent agree-
istry, other types of rearrangements are, however, ment with the experimental outcomes. The treatment
possible and have been suspected in some cases. Foof systems of the size considered here becomes
example, isomerization of benzenium i@rinto pro- computationally demanding at the G2 level. Hence,
tonated fulvene was suggested from photodissociationwe have decided to use the alternative G2(MP2)
decay of protonated benzene [7,8]. Similarly, parallel theory [12b] which constitutes a cheaper approach but
formation of protonated fulvene, besidésseems to  still provides estimates of the proton affinities and

occur when [GH,] * ions are generated by dissocia-
tive ionization of cyclohexadiene [4,7] and methylcy-
clopentene [4] or by ion-molecule reactions involving

relative energies of isomers within a few kJ mbin
most cases.
Standard G2(MP2) procedure is based on the use

allene [4], propyne [4], allyl bromide [8], vinyl of MP2/6-31G* optimized geometries and zero point
chloride [5], and butadiene [11]. However, no firm energy (ZPE) corrections evaluated at the HF/6-31G*
conclusion can be drawn from these data becauselevel. In the present application of the theory, we have
most of the structural, mechanistic, and energetic used optimized geometries obtained using the B3LYP
details concerning the participation of protonated density functional approach and a 6-31G* basis set
fulvene into the chemistry of protonated benzene are expansion. It has been shown that, in general, B3LYP

lacking.

Benzenium iond undergo one major unimolecular
dissociation leading to [gH<] " phenyl cations. This
H, loss is the exclusive fragmentation of metastable
ions 1 and it is associated with a very small kinetic
energy release (T is less than, or close to, 4 kJ Mol
[2].

To the best of our knowledge, no rigorous calcu-
lation on the stationary points for protonated fulvene
as well as their possible interconversion into proto-

nated benzene have been reported to date. In an

optimized geometries do not differ significantly from
the MP2 optimized ones. Moreover, the B3LYP
harmonic vibrational frequencies—and as a conse-
guence the estimation of the ZPE—are much better
than the HF ones. ZPEs calculated at the B3LYP/
6-31G* level were scaled by the empirical factor
0.98 [14]. To establish unambiguously which local
minima are connected by each transition state, we
have used an internal reaction coordinate (IRC)
approach.

All calculations have been carried out using the

attempt to explore this question we have carried out Gaussian 94 series of programs [15]. The B3LYP/6-

ab initio molecular orbital calculations using the
G2(MP2) theory and the B3LYP variant of density
functional theory on a series of [@,]" ions that
includes benzenium iohand the protonated forms of
fulvene 2-5 (Scheme 1). Details on the energetics
associated with the loss of,Hrom benzenium iorl
will also be given.

31G* optimized geometries of the different stationary
points of the potential energy surface examined in this
study were schematized in Fig. 1. The corresponding
total energies calculated at the B3LYP/6-31G* and
G2(MP2) levels were summarized in Table 1. This
table also includes the ZPE corrections and the
relative potential energied 8 K (AE).



angles in degrees).

3. Results and discussion

3.1. Protonation of benzene and fulvene

3.1.1. Structures

As summarized in the introduction, convincing
evidence points td being the most stable structure
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(continued on following page
Fig. 1. Optimized geometry (B3LYP/6-31G*) of the relevant stationary points of tgidJIC potential energy surface (bond lengths in A, bond

order saddle points, respectively, on the correspond-
ing potential energy surface [3]. Structurehas been

identified as the transition structure for 1,2-hydride
ion migration in1. Its energy at 298 K (G2(MP2)

level) [3] is 34 kJ mol* abovel. This value is in
close agreement with the experimental estimates of

for protonated benzene. The most recent and thorough30—40 kJ mol* based on**C NMR studies ofl in
theoretical study of this system shows that the other solution [16] and 32 kJ mol* based on gas phase

suggested specied, and 1, are first- and second-

radiolysis of terbutyl-toluenyl ion [17]. The second-



244 G. Bouchoux et al./International Journal of Mass Spectrometry 185/186/187 (1999) 241-251

Fig. 1. (continued)

order saddle point” (B3LYP/6-31G (d,p) degenerate becomes bonded to one of the CH neighbouring
imaginary frequenciess 1690 cm %) is situated 199  groups. We shall see later that this structure also plays
kJ mol* above the stationary point [G2(MP2) a central role in the isomerization process between
level, corrected for 298 K thermal energy] [3]. protonated benzene and protonated fulvene. A heat of
As expected, the most stable form of protonated formationAH°(5) = 944 kJ mol * may be deduced
fulvene is that in which the proton is attached tothe  from the calculation with reference thH°(1) = 862
carbon,3. The energy difference calculated between kJ mol . Protonation of fulvene at the site or at the
structuresl and 3 (40 kJ mol'?, Table 1) combined  methylene group leads to the less stable spetasd
with A{H°(1) = 862 kJ mol?, allows us to propose a 2 which are lying 103 and 121 kJ midl, respectively,
heat of formation of 902 kJ mol for ion 3. This above 1. Using AH°(1) = 862 kJ mol?t, our
value is in good agreement with an estimate done by G2(MP2) calculations givé\;H°(4) = 965 kJ mol*
Lias and Ausloos (895 kJ mot, Table 2) [4]. andAH°(2) = 983 kJ mol *. For the latter structure
Surprisingly enough, the second most stable structure 2, a heat of formation of 1012 kJ mot has been
originating from protonation of fulvene corresponds reported [18], although an estimate ranging from
to the bicyclo[3,1,0]-hexenyl catio®, In fact, proto- 890-954 kJ mol* has been suggested by Lias and
nation at the ipso carbon of the fulvene molecule Ausloos [4] (Table 2). Our result offers a compromise
results in a cyclization where the methylene group between these two estimates.
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Table 1
Total (E) and zero point (ZPE) energies (Hartree), relative energies including ZBEkJ
mol~1)?

B3LYP/6-31G* G2(MP2)
Species E ZPE E AE®
Benzene —232.24866 0.10106 —231.77240 0
Fulvene —232.19132 0.09832 —231.72286 130
Phenyl cation —231.26638 0.08483 —230.79258
H, —1.17548 0.01017 —1.16588%
Phenyl cationt+ H, 257
1 —232.55629 0.11099 —232.05639 0
2 —232.50001 0.10748 —232.01033 121
3 —232.54059 0.11049 —232.04115 40
4 —232.51201 0.10936 —232.01706 103
5 —232.51515 0.11096 —232.02523 82
6 —232.39073 0.10572 —231.90252 404
7 —232.46625 0.10838 —231.97694 209
8 —232.41396 0.10649 —231.92254 351
9 —232.46175 0.10860 —231.97378 216
TS15 —232.47771 0.10858 —231.99112 171
TS17 —232.41729 0.10469 —231.93427 321
TS18 —232.40293 0.10457 —231.91492 371
TS25 —232.45450 0.10533 —231.96916 229
TS35 —232.45442 0.10486 —231.97281 219
TS34 —232.49665 0.10687 —232.01080 120
TS36 —232.37649 0.10328 —231.89010 437
TS74 —232.45131 0.10724 —231.96312 245
TS83 —232.39290 0.10563 —231.90927 386
TS19 —232.42445 0.10537 —231.93966 306
TS39 —232.46086 0.10811 —231.97192 222

?Values obtained using B3LYP/6-31G* optimized geometries.

PValues obtained using B3LYP/6-31G* optimized geometries.

°Differences in zero point and 298 K energies are identical withih kJ mol %, thus the
relative energieE also applies to 298 K.

S | other | | mini identified duri Table 2
everal other oca_ mm'ma V_Verel entl .Ie urng  thermochemical data (kJ mo) relevant to the gHg/[CeH] ™
our survey of the isomerization potential energy system
surface. They do not correspond to structures ex-

) ) Species AHog Reference or note
pected to be produced directly from protonation of
benzene or fulvene and thus they will be described Benzene 83 [25]
) i . . Fulvene 224 [25]
later, during the analysis of the isomerization processes. protonated benzene 854 [25]
862 a
3.1.2. Protonation energies Methylene-protonated fulvene 8;3}354 [4][18]
From the values reported in Table 1, it can be seen q-protonated fulvene 895 [4]
that the energy difference between benzene and ful- Phenyl cation 1127 [25]
1132 b

vene decreases dramatically upon protonation. In fact,
while the difference in G2(MP2) energies between  “From the recently reevaluated proton affinity of benzene: 751.5
. __ . 1
benzene and fulvene is 130 kJ mblat eithe 0 K or kmol"[19]. :
. . Using the adiabatic ionization energy of the phenyl radical:
298 K (a value in reasonably good agreement with the g 35 .+ .04 ev [26] andA,H°(pheny! radical)= 329 kJ mof *

difference in experimental heats of formation of 141 [25].
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kJ mol %, Table 2), the energy gap between the most
stable protonated forms is only 40 kJ mdl Hence,
fulvene behaves as a stronger base in the gas phase
than benzene. 3.2. Isomerization processes

The proton affinities of benzene and fulvene may
be deduced from the data reported in Table 1 by  Extensive, if not complete, hydrogen equilibration
including the usual corrections due to the translational is observed in [gH;]* ions produced by methane
energy of the proton and the PV term at 298 K. Itis [2,5,9] or water [10] chemical ionization of benzene.
worth noting that our G2(MP2) estimated proton An isomerization mechanism obviously explaining
affinity of benzene (752 kJ mof) is in fairly good ~ these results is the 1,2-hybride ion migratibA-> 1’
agreement with the experimental value (751 kJ — 1. This process is indeed the easiest isomerization
mol~%) [19], so we may reasonably assume that our reaction of benzenium ioft and will not be reinves-
estimated proton affinity value of fulvene (Scheme 2 tigated here.

summarizes the estimated G2(MP2) proton affinities ~ AS €xplained before, we shall emphasize the
for the protonation of fulvene at its four different isomerization routes connecting benzeniumith the

basic sites) to be close to the experimental value. ~ Varous forms of protona'lted fulvgne. We have con-
It is worth noting that a direct experimental deter- sidered several mechanisms which can be classified

mination of the proton affinity of fulvene is presently into two_ categories depending upon the order of

. I oo occurrence of the two elementary steps involved
not available. However, indirect indications may be : . L . .
. . : . during the isomerization process: ring contraction and
derived from previously published data. Lias and

hydrogen shifts. In both cases, no direct isomerization
Ausloos [4], Gamann et al. [7,8] and we [11] yerog

. i athways connecting specis3, and4 with proto-
suspected the formation of a nonbenzenium structurep y g sp P

. : L L nated benzen& have been identified.
in admixture with ion1 when [GH;]" ions are From an energetic point of view, we found that the

formed by fragmentation of cyclohexadienes or by gt fayourable isomerization mechanisms are those
ion-molecule reactions with allene, propyne, or buta- 4+ involve, as a first step, the formation of the

diene. In each case the proton affinity of the conjugate f,e-membered ring from protonated benzede
base, estimated by bracketing experiments, lies scheme 3).

around 850+ 10 kJ mol*. In view of our estimate of Ring contraction ofl to produce a five-membered
the proton affinity of fulvene (842 kJ mot, assum- cycle may occur between positions, @nd G, or

ing protonation at thex carbon, Scheme 2), it is  positions G and G, or positions G and G (Scheme
tempting to interpret these data by the formation of 3). In the two former cases we found that the C—C
the Cu-protonated form of fulvenes. bond formation is associated with a concomitant C—C

Scheme 3.
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Scheme 4.

from C, to C; accompanied by the .©€Cg bond
breaking. The former reaction is less energy demand-
ing; it passes through the transition structi®35,

1
Fig. 2. Energy diagram for isomerizations processes of benzenium 219 kJ mol = abovel.

ion and protonated fulvene (G2(MP2)//B3LYP/6-31G* level): re-
actions involving “ring contraction first.”

bond breaking leading to the low-stability local min-
imum 6. This latter species is 404 kJ mdlabovel
and its possible participation to the isomerization

The 1,2-hydride shift connecting thex@o the Q3
protonated forms of fulven& and4, is the reaction
associated with the transition structure of lowest
energy among those considered in Scheme 3. This
reaction may be formally compared with the degen-
erate 1,2-hydride shift on protonated benzéndor
which an energy barrier of 34 kJ mdl has been

processes may thus be discarded. The former reactioncalculated [3]. In the present case, the transition

in which the G-Cg bond is created is much more
favourable; it gives rise to the ipso-protonated fulvene
5 through the transition structureS15. This process
needs 171 kJ mof* (Fig. 2).

Once5 is formed, a 1,2-H shift toward the meth-
ylene group leads to the isom@rvia the transition
structureT S25 (relative energy 229 kJ mof, Fig. 2).

It is important to mention that we have not been able
to locate any transition structure connecting the local
minimum 2 with the two remaining protonated forms
of fulvene3 and4. All attempts collapse to speciés
which appears to play a pivotal role in the overall

structureTS34 is 120 kJ mol* above1; this corre-
sponds to a critical energy of 80 kJ mdlfor the
reaction3 — 4 that implies an endothermicity of 63 kJ
mol .

Let us now consider the second kind of isomeriza-
tion mechanisms which transform protonated benzene
1 into protonated fulvene. This set of reactions in-
volves a 1,2-hydrogen shift as a first step; it is
followed by a suitable ring contraction that may give
rise to structure8 or 4 (Scheme 4).

Starting from protonated benzerie three 1,2-H
shiftsa, b, andc can generate six-membered rings

isomerization processes of protonated benzene and8, and9 which constitute local minima on the poten-

protonated fulvene. Returning to struct&ehere are
two ways to attain the most stable form of protonated
fulvene 3: (1) a 1,2-H shift from G to C; accompa-
nied by the G-C; bond breaking, or (2) a 1,2-H shift

tial energy surface (Fig. 3). Structurésand9 are of
comparable energies-210 kJ mol %) although struc-
ture 8 turns out to be a high energy species lying 140
kJ mol * above7 and 9. The three structureg-9
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AE (kJ/mol)

Fig. 3. Energy diagram for isomerizations processes of benzenium ion and protonated fulvene [G2(MP2)//B3LYP/6-31G* level]: reactions
involving “hydrogen shift first.”

evolve toward3 and 4 by ring closure steps which  3.3. Dissociation of protonated benzene

need only a small amount of energy (637 kJ il

As shown in Fig. 3, the most favourable routes As recalled in the Introduction, the major dissoci-
connectingl with 4 and3 pass through structures ation process of protonated benzene is the loss of a
and9. In both cases the initial 1,2-H shift constitutes hydrogen molecule. This reaction has been interpreted
the energy determining step. Participation of structure by a 1,1-elimination mechanism leading to the phenyl
8 seems to be unlikely. cation plus H [2]. The endothermicity of this process,

It is apparent that the activation barriers associated as deduced from experimental data, is equal to 270 kJ
with the mechanisms presented in Scheme 4 aremol ! (Table 2). Our computation gives an energy
sizably higher than those involved in the reactions difference of 257 kJ mol* (Table 1) in close agree-
given in Scheme 3. Moreover, only the latter pro- ment with the experimental reaction enthalpy.
cesses involve transition structures less energetic than The second conclusion derived from the calcula-
the dissociation products [€:]* + H,. Hence, we tions is that the dissociation is a continuously endo-
can conclude that the isomerization from protonated thermic process; no activation barrier is associated
benzene towards protonated fulvene implies as a first with the reverse reaction. In fact all attempts to locate
step the formation of a bicyclo[3,1,0]-hexenyl cation, the transition structure associated with the dissocia-
5, that may eventually evolve to yield isomé&tsand tion process failed, thus we decided to calculate point
3. The latter yields the B-protonated specieg by point the corresponding potential energy profile.
through a relatively low activation barrier. Considering the fact that we need to describe situa-
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Fig. 4. Potential energy profile for dissociation of benzenium ion tgHiE" + H, (G2(MP2)//B3LYP/6-3%G* level without ZPE
correction).

tions in which the distance between the two fragments + H,. We can then conclude that the energy required
is quite large, the geometry optimizations were car- for the H, loss from benzenium iofi is simply given
ried out using a 6-31&(d) basis set expansion rather by the thermochemical dissociation limit [20]. An-
than the 6-31G(d) used in the previous parts. To avoid other point that can be noted is that the energy of the
any symmetry constraint the potential energy profile system increases very rapidly when the C—H distance
plotted in Fig. 4 was obtained for fixed values of the increases: more than 90% of the dissociation energy is
distance between the carbon and one of the H atomsconsumed when the C-H bond separation attains 2.0
of the CH, subunit of1. This procedure also ensures A. This is in line with the small polarizability of the
that no other mechanism than the 1,1-elimination may hydrogen molecule (0.8 3 that limits the extent of
be feasible froml. At short C—H separation it was the ion-induced dipole interaction.
observed that the two hydrogens of the initial £H The extremely low kinetic energy released during
moiety are almost symmetrically located (above and the dissociation of metastable iods(probably less
below) with respect to the ;" plane. At longer than 4 kJ molY) is in agreement with a continuously
distances, the native Hnolecule undergoes a signif- endothermic process. This observation also means
icant tilt so that one of the hydrogens is farther away that ions1 of lifetime ~ 10 ° s possess negligible
from the unsubstituted carbon of theHZ™ moiety internal energy. This seems surprising in view of the
than the other (see Fig. 4). The final energies used tolarge critical energy of the fragmentation. Thus, in
construct the diagram of Fig. 4 were obtained at the order to control this point we calculated the rate
G2(MP2) level using the B3LYP/6-31G(d) opti- constant k(E) for the reactidh— CzHs* + H, in the
mized geometries. RRKM framework [21]. Owing to the “loose” nature
Consistent with the previous discussion, the poten- of the transient structure leading to the dissociation
tial energy curve does not show any maximum be- product, the orbiting transition state theory has been
tween the local minimuni and the products 5" chosen [22]. All the parameters needed by the calcu-
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Table 3 _ _ The parametensandv represent the rotational and
Parameters used in the RRKM calculatibns vibrational degrees of freedom of the products, the
Benzenium ion y;'s are the vibrational frequencies of the reaction

Vibrational frequencies (cm') 3240 3240 3220 3220 3210 products By usingE = 19 kJ mol'! and the
2970 2970 1655 1590 1500 : oxCESS
1490 1430 1370 1320 1220 [requencies quoted in Table 3, one calculates a mean

1210 1160 1160 1070 1050 translational energy of 3 kJ mot for the GHs* +
1020 1010 1000 1000 900 H, system generated from metastable 1o his is in

850 800 660 600 590 . . i -
420 330 220 agreement with experiments and confirms the validity

Rotational constant (crt 0.1425 of the models used here in the description of this
Phenyl cation 1,1-elimination process.
Vibrational frequencies (cm") 3250 3240 3230 3190 3190

1800 1490 1490 1360 1300

1200 1150 1110 1080 1000 .

980 980 940 890 850 4. Conclusions

700 660 520 460 420

_ ) 390 380 The present study explored the protonation ener-
Rotational constant (crit) 0.1597 .
H, getics of benzene and fulvene and the most probable
Vibrational frequency (cm*) 4465 pathways connecting protonated benzene to the vari-
Rotational constant (cf) ~ 60.62 ous forms of protonated fulvene. The stability and the
Polarizability (&%) 0.8

central role played by the ipso protonated fulvene, the
#Vibrational frequencies and rotational constants are obtained bicyclo[0,1,3]-hexenyl ion5, a species that has es-
using the B3LYP/6-31G" optimized geometries. caped the previous investigators, has been fully estab-
lished. The most favourable route from protonated
benzenel to the Gx-protonated fulven& (the most

lation [23] are gathered in Table 3 and the resulting
verseskE curve is presented in Fig. 5.

It is apparent from examination of Fig. 5 that the I I |
rate constant exhibits a rapid rise with internal energy
E close to the threshold. The value lof= 10° s %,
associated with the dissociation of metastable ions, is
attained folE = 2.86 eV, i.e. for an excess of energy
above the fragment&,, .. Of Only 0.2 eV (19 kJ
mol~%). From the latter, the contribution of the 8

12 —

translational energy of the fragments may be esti- T:.
mated using the simple relationship proposed by Klots % 4 _
[24]. For a statistically dissociating system at a total =
energy E.,c.cs the average translational, rotational, i
and vibrational energies may be expressed in term of
an operational temperaturg*. In this formulation, Protonated benzene
the average translational energy is simply the term 27 EEE: ;‘_’gsg'v"ss B
RT* and the total energ¥ .S given by:
0 n
Eexcess: RT* + (r - 1) RT*/2 2!5 3!0 3!5 410 4!5 5!0
Internal Energy E (eV)
\%
+ E hVi/ [eXp(hVi/RT*) - 1] Fig. 5. Theoretical rate constant for dissociation of benzenium ion

i=1 to [CeHg]© + H, (RRKM calculations, see text).
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stable protonated form of fulvene) passes throGgh
Similarly the formation of the methylene protonated
fulvene 2 needs the intermediacy & The level of
calculation used (G2(MP2) on B3LYP/6-31G* opti-
mized geometries) is sufficiently accurate to provide
good protonation energies: 752 kJ mbfor benzene
and 842 kJ mol* for fulvene. The dissociation of
protonated benzene via a 1,1-ektrusion process has

been examined and it appears that the energy required

by the reaction is simply given by its endothermicity.
The excess energy of the dissociating spetieaving

a lifetime of 10 ° s (the so-called metastable ions) is
sufficiently low to explain the absence of an appre-
ciable kinetic energy release during the separation of
the products.
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