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CsH7™ has been investigated by using the ab initio method at MP2-FC/6-31G* level and single point calculations
on the MP2 geometries at the MP4(SDTQ)-FC/6-31G* level. The most stable structure located corresponds
to the benzenium ion ;1 in which a proton is bonded to one of the carbon atoms of the benzene ring and
an extension of the delocalization has taken place to include the attached protoneldwiron density
distribution being basically allylic in agreement with experimental findings. Two transition structures (TSs)
for hydrogen scrambling were found on theHz" PES. The first one corresponds to the peripheral migration

of a proton in the benzenium ion and determines an energy barrier of 7.8 kcal/mol at MP2 level (10.8 at
MP4//MP2 level) in good agreement with experimental data. The second scrambling TS corresponds to the
interchange of the two hydrogen atoms bonded to the same carbon atom in the ring of the benzenium ion and
presents an energy barrier of 59.2 kcal/mol at MP2 level (62.6 at MP4//IMP2 level). Fhbnkination is

an endoergic process that proceeds through a very late TS and an intermediate very close in energy to it that
finally renders the products,¢8st + H,, without any energy barrier. The activation energy for this process
(70.3 and 70.1 kcal/mol at MP2 and MP4//MP2 levels, respectively) is practically its endoergicity (71.1
kcal/mol at MP2 level and 70.8 kcal/mol at MP4//MP2 level) in accordance with the experimental finding of
null energy release as relative motion between the fragments. A configuration analysis of the wave function
of CeH;" along the reaction coordinate for4dlimination clearly shows that the back-donation from the
NHOMO of GiHs* to the LUMO of H; plays a fundamental role in the bonding structure of the benzenium
ion. The H elimination takes place through deactivation of the back-bonding at an early stage in the process.

Introduction the two electrons of the NHOMO of ¢El;" are able to pass

An important characteristic of unimolecular decompositions into ther system to complete the aromatic sextet of the phenyl

. ; . cation.

is the energy release as relative motion between the fragrhents. . I .

The relative amount of kinetic energy release is determined by focl[ljstims \(/)Vgrrl;;’t\/:ng:)ensﬁﬂttﬁgbr:ggﬁ;r:lijsdrx g]; ';he Glri?n;ilcz)ﬁ
the dynamics of the process and therefore constitutes a prooffrom thg benzenium ion @+, Cy). A detailel ueddainal sis of
of the shape of the potential energy surface (PES) in the exit 7 20 y

valley. Large translational energy releases have been experi-the electronic rearrangement involved will be performed in order

mentally observed for some eliminations of fom small to rationali;e the experimen.tal findings and get a deeper
organic iong It has been inferred that these reactions are 1,2- understanding of the mechanism of the process.
eliminations proceeding via concerted symmetry-forbidden Methods
routes. In such routes intended crossings are foiled and,
consequently, kinetic energy is released. In contrast, many of Ab initio calculations were performed with the Gaussian 94
the H, eliminations proceed without relatively large releases of series of program& Stable species were fully optimized and
kinetic energy and have been interpreted as 1,1-eliminationstransition states located using Schlegel’s algoritanthe MP2-
proceeding through symmetry-allowed mechanisms. Therefore, FC/6-31G* theory level. All the critical points were further
kinetic energy release has been applied as a mechanistic criterioigharacterized and the ZPVE was evaluated by analytical
in studying H loss from some simple catioRS. computations of harmonic frequencies at MP2-FC/6-31G* and
Arenium ions are intermediates in electrophilic substitution Scaled by a factor of 0.94Single-point calculations on the MP2
reactions as well as in many acid-catalyzed transformations of geometries were also carried out at the MP4(SDTQ)-FC/6-31G*
aromatics. Thus a considerable effort has been devoted to thdevel.
determination of the electronic structure of arenium ions and  Reaction paths passing through the TSs located in this work
their reactivity through both experimental and theoretical were studied by MP2/-6-31G* Intrinsic Reaction Coordinate
methods. The simplest arenium ion, the benzenium igH{G (IRC) calculations using the Gonzalez and Schlegel méthod
C,,), may be produced by numerous methods in the massimplemented in Gaussian 94.
spectrometer (e.g. via fragmentation of benzyl alchdhe The ab initio wave functions were analyzed by means of a
cation has also been produced via protonation of benzene in atheoretical method developed by Fukui’s gréigased on the
chemical ionization source. The procesgHg” — CgHs + expansion of the molecular orbitals (MOs) of a complexB\
H, has been experimentally established in a mass spectrometein terms of those of its fragments. A configuration analysis is
to occur without release of kinetic ener§fy.Consequently, it~ performed by writing the MO wave function of the combined
has been proposed that this is a H1-elimination reaction  System in terms of various electronic configurations
proceeding via a concerted symmetry-allowed route in which

W =CoWp+ 5 C ¥,
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Myaw (Cy) Figure 2. MP2-FC/6-31G* transition states located on th&l€ PES.

Figure 1. MP2-FC/6-31G* minimum geometries located on th&l€ Distances are given in angstroms.

PES. Distances are given in angstroms. 7 complex of Cs symmetry in which the proton is bonded

. . . . . . simultaneously to two of the carbon atoms of the benzene ring

whereWy (zero configuration, AB) is the state in which neither | . 2 = H distance of 1.300 A. ThisS presents an energy
- . . -

electron transfer nor electron excitation takes place, Wd  parier of 7.8 (10.8 at MP4//MP2 level) kcalimol including the
stands fqr monotransferred conﬁguraﬂdﬁ&uu in which one MP2 ZPVE correction, and connects two neighb@omplexes
electr(_)n in an occupied MO, o, in one of the tV\,’O fragments A along a peripheral migration of the proton. The experimental
orBis tragffe_rred to an Enoccu_pled MO, u', of the other 5.4\ ation energy for this process deduced from the temperature
fragment (A'B”, and A'B™ configurations), monoexcited  yenendence of the NMR spectrum in superacid solution has been
configurationsW,.,,, in which one electron in an occupied MO, reported to be 810 kcal/moli® The second scrambling TS,

0, of any of the two fragments is excited toan u_noccupied MO, TS, has aCy, symmetry, and presents the two hydrogen atoms
u, of the same fragment (B and AB' configurations), and o )54eq 1o the same carbon atom of the ring in the molecular

on. This configuration analysis which has proved useful for plane with a value of the two-€H distances of 1.244 A. This
understanding the physicochemical features of chemical interac-1g .onnects ther complex, M, with its mirror image with
tions was performed by means of the ANACAL progrém. respect to the molecular plane; i.e., it allows the interchange of

the two hydrogen atoms bonded to the same carbon atom in
the o complex by a rotation movement. The energy barrier
Figures 1 and 2 show the optimized geometry of the critical associated with this TS is 59.2 (62.6 at MP4//MP2 level) kcal/
points located on thedBl;* PES. Table 1 presents the relative mol.
energies corresponding to the structures in Figures 1 and 2. Let us now consider the +tlimination from thes complex
Unless otherwise specified, the relative energies given in the (benzenium ion). Along the reaction coordinate for this process
text hereafter correspond to the MP2-FC/6-31G* level. a TS, TS, (see Figure 2), was located withGy symmetry in
The most stable structure located on the MP2-FC/6-31G* PES which the distance between the two leaving hydrogen atoms is
is the o complex ofCy, symmetry (benzenium ionM,, (see 0.740 A (the H bond length at MP2-FC/6-31G* level is 0.738
Figure 1) in which a proton is bonded to one of the carbon A). The already practically formed hydrogen molecule presents
atoms of the benzene ring with a-@l bond distance of 1.110  an angle of about°7relative to the symmetry axis of the;&s*
A. The protonated carbon atom presents a distortedl sp moiety. The shortest distance between the bare carbon atom
hybridization indicating that an extension of the delocalization of C¢Hst and the H molecule is 2.359 A. ThigS. is 70.3
has taken place to include the attached proton. Population(70.1 at MP4//MP2) kcal/mol less stable than the benzenium
analysis shows that the-electron density in the benzenium ion. Thus our best estimation of the activation energy for the
cation is preferentially accumulated at the meta positions of the H; elimination from GH-* is 61.0 kcal/mol including the ZPVE
ring relative to the protonated carbon atom. These computa- correction, to compare with the experimental value of 65 kcal/
tional facts are in accord with the experimental results obtained mol2® TS, connects the benzenium iadw,,, with an intermedi-
by Olah and collaborato#§? ate of C,, symmetry,M. (see Figure 1), in which the bond
Two TSs for hydrogen scrambling were also located on this distance between the two leaving hydrogen atoms is 0.740 A.
MP2 PES (see Figure 2). The first oS, corresponds to a  The hydrogen molecule is now placed along the symmetry axis

Results and Discussion
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TABLE 1: Total Energies (hartree), Scaled (0.94) Zero-point Energy Corrections, ZPVE (kcal/mol), and Relative (kcal/mol)
Energies (ZPVE not included) Corresponding to the Most Important Structures Located on the GH;" Potential Energy Surface

total energies

MP4(SDTQ)-FC/6-31G*//

relative energies

MP4(SDTQ)-FC/6-31G*//

species MP2-FC/6-31G* MP2-FC/6-31G* ZPVE MP2-FC/6-31G* MP2-FC/6-31G*
Mo (Ca) —231.75031 —231.83197 66.0 0.0 0.0
CeHs* (Cz)) + Hz —231.63700 —231.71915 56.2 711 70.8
Me (Cz,) —231.63826 —231.72029 57.0 70.3 70.1
Muaw (C1) —231.63773 —231.71985 56.9 70.6 70.3
TS (C2) —231.65599 —231.73226 63.2 59.2 62.6
TSZ(Cy) —231.73538 —231.81220 64.4 9.4 12.4
TSe (Cs) —231.63826 —231.72029 56.9 70.3 70.1
TSvaw (C1) —231.63746 —231.71961 56.6 70.8 70.5

TABLE 2: Coefficients of the Most Important Electronic Configurations of Fragments (A = CgHs™, B = H;), and Net Charge
Transfer (CT) from H , to CgHs™ for the Chemically Important Structures along the H, Elimination from the C gH;"

. AB*
A B* AB LU
LU LU
A-B* A2-B2+ LU—HO 1 ATB~ 1 CT
species AB LU-—HO LU—HO NHO—LU NHO HO NHO—LU HO B—A
M, 0.0524 —0.1765 0.1971 0.1328 0.0616 —0.0394 0.0000 0.61
RL 0.0325 —0.1346 0.2016 0.1140 0.0794 0.0384 0.0000 0.61
TSL 0.9098 —0.2517 0.0000 0.0000 0.0000 —0.0061 0.1374 0.17
TSe 0.9918 —0.0535 0.0000 0.0000 0.0000 0.0000 0.0580 0.01
TABLE 3: Most Important Changes in the Occupation
Numbers, Av, of the MOs of the Chemically Important
Structures along the H, Elimination from the C ¢H7* LUMO @() O_'O HOMO
Av
A: C(sHsJr B: HZ (b)
species HO-4 NHO LU HO LU
M, —-0.23 —0.60 1.37 —-1.35 0.66
RL —0.20 —0.56 1.29 —1.33 0.67
TSL 0.00 000 021 -017 002 LUMO HOMO
TSe 0.00 0.00 0.01 —0.01 0.00

of C¢Hst. The distance between the carbon atom of the ring
and the nearest hydrogen atom of theriblecule is 2.353 A.
Me has practically the same MP2 and MP4//MP2 energV&s
and evolves without any energy barrier to the produgidsC

+ Hz which are 71.1 (70.8 at MP4//MP2 level) kcal/mol above

Mo.

An extensive search for different paths for thgdtimination

(a)

Figure 3. Interaction between Hand GHs™ when the hydrogen

was performed without success. Then, according to the presentmolecule is (a) perpendicular to the symmetry axis gfi€, and (b)
calculations, the Helimination is a 1,1 process, and the energy along the symmetry axis offls".

barrier for the H elimination from GH7" cation is practically
the endoergicity of the process.
calculations predict that no kinetic energy release is to be
expected for this reaction in agreement with experimental
findings?°

A minimum energy van der Waals structure@fsymmetry,

As a consequence, our

(reactant-like) and’SL (TS-like), located between them along
the reaction coordinate. A¥, the wave function is basically
a mixture of the monotransference B (A = C¢Hs™; B =
H,), the ditransference AB2*, from the HOMO of H to the

LUMO of CgHs™, and the simultaneous cross ditransference

from the HOMO of H to the LUMO of GHs" and from the

Muvaw, Was also located in which the distance between the two NHOMO of CgHs* to the LUMO of H,, designated as B+,

hydrogen atoms of the +moiety is 0.739 A, and the Hoond

is completely perpendicular to the-& bond next to the bare
carbon atom of gHs™ (see Figure 1). Thisqw Structure is
70.6 (70.3 at MP4//MP2 level) kcal/mol less stable than the
benzenium ion and is connected with. through a TS ofC;
symmetry,TS,qw, Which is 0.5 (0.4 at MP4//MP2 level) kcal/
mol aboveM ¢ (M yaw, TSvaw, andM have practically the same

energy when the ZPVE is included).

H, loss from GH;t, a configuration analysis of several

with small contributions from the zero configuration, AB, the
diexcitation A*B* (NHOMO—-LUMO; HOMO—-LUMO) and

the monostransference’®~ (NHOMO—LUMO). As a result
there is a net charge transfer from the hydrogen moiety to the
CesHst fragment of 0.61e according to a Mulliken population
analysis. The cross ditransferencéB¥ and the monostrans-
ference AB~ (NHOMO—-LUMO) determine the presence of

a strong back-donation from the cation to thefidgment. This
To get a deeper understanding of the redistribution of back-donation is also clearly reflected in Table 3 where the most
electrons and the evolution of the energy of the system for the important changes in the occupation numbers of the MO$ (

of the two fragments are collected. We see in this Table 3 that

structures along the reaction path was performed. Table 2the NHOMO of the cation has lost 0.60e and the LUMO of the
displays the coefficients of the most important electronic hydrogen molecule has gained 0.66e. Thudlgthe HOMO-

configurations of GHs* and H, fragments in the supermolecule
CeH7™ at theo complex,M,, atTS,, and at two structureKL

(H2)—LUMO(CgHs™) interaction between the fragments is
augmented by a strong back-bonding through the LUM{}{H
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Figure 4. Contour plots of (a) the HOMO-3 (reflecting the interaction between the HOMO, @irtd the LUMO of GHs"), and (b) the HOMO-1
(reflecting the interaction between the NHOMO ofHz* and the LUMO of H) of the benzenium ion &i;*. Full and dashed lines distinguish
between amplitudes of different signs.

W
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Figure 5. Plot of the molecular density minus spherically averaged atomic density showing where the electrons have come from (dotted contours)
and gone to (solid contours) when the bonds are formed at protonated bevizeaad at two points of the reaction coordinate for theshimination

from CsH,", RL and TSL, where the hydrogen molecule presents an angle of abSutef&ive to the symmetry axis ofsls", and is located

along it, respectively.

NHOMO(GsHs") interaction (see Figure 3a) which leads to the clearly show that the back-donation from the NHOMO gHg"
cleavage of the HH bond and makes possible the formation to the LUMO of H, determines an electron density correspond-
of the two C—H bonds from which the hydrogen molecule will  ing to the formation of two €H bonds whereas the HOMO-
be eliminated. It is interesting to note here that a related (H,)—LUMO(CgHs") interaction would lead rather to a three-
important structure is the nonclassical form of the phenonium center bonding between the fragments. This is manifeEgin
ion! Figure 4 displays the contour plots of the MOs of the where because of zero overlap between the NHOMOgbfs€
CsH7* supermolecule reflecting the interaction between (a) the and the LUMO of H a three-center interaction takes place
HOMO of H; and the LUMO of GHs', and (b) between the  between the two fragments and the hholecule is almost
LUMO of H, and the NHOMO of GHs*. These contour plots  formed (see Figure 2).
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The system evolves along the reaction coordinate for the H The two electrons implied in the HOMOH-LUMO(CgHs™)
elimination through structures such R& where one of the interaction between the fragments pass into the bonding MO
C—H bonds has elongated and the net charge transfer from theof the eliminated hydrogen molecule, while the two electrons
hydrogen molecule to the phenyl cation has a value of 0.61e.implied in the LUMO(H,)—NHOMO(CsHs*) interaction pass
At RL the configuration mixture is qualitatively the same as into thes system of the phenyl cation.

that atM, (see Table 2). When the overlap between the ,
LUMO of H, and the NHOMO of GHs* (see Figure 3a) is Acknowledgment. The authors are grateful to Prof. Agusti

very small, the back-donation disappears, and the leaving L/€d0s for helpful comments and suggestions, and to DGICYT
hydrogen molecule forms along the symmetry axis of the phenyl (Spain) for financial support (PB94-1314-C03-01). E. del R.
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