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Kinetic and Thermodynamic Aspects of the CT and T-Shaped Adduct
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The reactions between L=E donors [L: 1,3-dimethylimid-
azolyl framework; E: S (1), Se (2)] and halogens X, (X: Cl, Br,
I) to form either “T-shaped” hypervalent chalcogen (TY) or
linear charge-transfer-type adducts (CT) have been studied
in the density functional theory (DFT) context by considering
both thermodynamic and kinetic aspects. Apart from the case
of the adducts between sulfur donors and diiodine, hyperval-
ent compounds are calculated to be always more stable than
CT ones in the gas phase, in agreement with the experimen-
tal results based on spectroscopic and structural determi-

nations. NBO and FMO analyses suggest explanations for
this. Reaction mechanism studies reveal that CT adducts are
always the first products of the reactions and no transition
states connecting the reactants directly to TY adducts have
been found. The present calculations indicate that, at least
for 1 and 2, TY adducts are obtained from CT adducts and
not directly from the reactants.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Introduction

The reactions between chalcogenone donors (L=E; L:
organic framework; E: S, Se) and X, halogen molecules (X:
Cl, Br, I) continue to attract a great deal of interest in the
scientific community due to their implication in numerous
and different fields of research, which span from synthetic
and supramolecular aspects to biological, materials, and in-
dustrial chemistry.!'"!% In particular, in the last ten years
we have reported® the isolation of several classes of com-
pounds from the reactions of thio- and selenoketone donors
with halogens. In fact, besides charge transfer (CT) and T-
shaped (TY) adducts, which bear linear E-X-X and X-E-
X groups, respectively, donor oxidation products with chal-
cogen—halogen terminal bonds (L-E-X), linear two-coordi-
nate halogen (I) atoms with chalcogen ligands ([LE-X-
EL]"), and dications containing a chalcogen—chalcogen sin-
gle bond ([(LE),]*") represent some of the most common
types of products characterised by X-ray crystallography. In
many cases, a very small change in the chemical environ-
ment of the donor or the experimental conditions is enough
to produce each of the above-mentioned products.[® There-
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fore, an important goal in this field is the complete under-
standing of all possible pathways that allow for the in-
terconversion between the various species in equilibrium.
The first general qualitative criterion that can be used to
foresee the formation of CT or TY adducts was based on
the electronegativity values of the halogen and the chal-
cogen: the formation of TY adducts prevails if the elec-
tronegativity value of the halogen is higher than that of the
chalcogen atom, while CT adducts prevail if the reverse is
true.”! However, a more general attempt to explain the for-
mation of the various types of compounds obtainable by
reacting L=E donors with halogens has been made by Hu-
sebye and co-workers,’] who proposed a chemical scheme
according to which the [LEX]" cation plays a central role
in determining the different pathways of the reactions and
the nature of the final products. This cation might originate
from either the CT adduct or from the TY adduct by het-
erolytic cleavage of the X-X or E-X bond, respectively.
Recently, the central role of the cation [LEX]" in the for-
mation of the various products has been tested on a series
of different L=E donors on the basis of DFT calcula-
tions.[*"l In particular, the NBO charge distribution calcu-
lated for the hypothetical cationic species allowed the pre-
diction of the preferential formation of CT or TY adducts
when X is Br or 1. In addition, a criterion was proposed to
draw-up an order of ability to form the dicationic species
([L-E-E-LJ**) for the considered L=E donors. This crite-
rion suggested imidazoline-2-thione to be the top-ranking
sulfur donor in the ability to form these dications, as sub-
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sequently observed experimentally.l”? On the basis of these
encouraging results, we decided to use DFT calculations in
order to achieve further insight into the origin of the rela-
tive stability of the various products and to explore the pos-
sibility of interconversion among the various species in
solution. In fact, this seemed very important in order to
clarify the whole reaction mechanism and test the hypothe-
sis of Husebye from a computational point of view. A first
problem to clarify was whether it is always necessary to
hypothesize the formation of the [LEX]* cation as an inter-
mediate or whether there are other accessible reaction path-
ways that lead to formation of the final products.

The most general reactivity scheme of L=E donors with
halogens or inter-halogens in forming CT and TY adducts

is depicted in Scheme 1.
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Scheme 1. General scheme for the reactivity of LE donors with
halogen (X equal to Y) and interhalogen molecules (X not equal to
Y), involving only the CT and TY adducts and the [LEX*] cation.

In the present study we discuss the mechanistic aspects
with respect to non-ionic species also, addressing our atten-
tion to the kinetic and thermodynamic aspects of the for-

v/

Figure 1. V?p computed for 1-Br, using MP2 density showing a
charge concentration on the outer side of the chalcogen atom.
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mation of CT and TY adducts (pathways 1" and I of Fig-
ure 1) by direct attack of an X, molecule (X: CI, Br or I) on
1,3-dimethylimidazoline-2-thione (1) and -2-selone (2) (see
Scheme 2), and on the possible interconversion between
these adducts (pathway II).

Me/N N‘Me
| cT
E—X—X
N /
Mc/NYN\Me +X, \ ——\
E Me— N N~Me TY
E=S (1) X—E—X
Se (2)

Scheme 2. The two donors and the two possible products (CT and
TY adducts) of the interaction between the imidazoline donors and
Xz.

Computational Methods and Search Techniques for
Transition States

DFT and MP2!'!l calculations were performed on an Al-
pha workstation using the Gaussian 98 (rev. A7 and All)
program and the implemented version of the NBO (natural
bond orbital) analysis program.l'>!3 The geometries of the
adducts were fully optimised at the DFT level. In our pre-
vious DFT calculations on the TY adducts,*"41 we used
the hybrid B3LYP functional,'¥ the Schafer, Horn and
Ahlrichs!'3! basis sets for C, H, N, O, S and Se, and the
LANL2DZ basis sets together with effective core potentials
(ECP)U'] for halogen atoms. The geometries of the CT and
TY halogen adducts of 1,3-dimethylimidazoline-2-thione
(1) and 1,3-dimethylimidazoline-2-selone (2) were therefore
optimised at the same level of theory. In order to evaluate
the influence of the model on the optimisations, CT and
TY Br, adducts of 1 and 2 were also optimised at the MP2
and DFT with an asymptotic corrected hybrid functionalt”)
level with the Schafer, Huber and Ahlrichs basis sets.['8! Br,
adducts were been chosen because it is possible to use a
basis set without pseudo-potentials and because of the in-
termediate position of Br between Cl and 1. In both cases
the results showed no significant differences with respect to
those obtained with the other model. The transition states
of the reactions between 1 and 2 and halogens X, (X: I,
Br, Cl) were localised by the NEPR (negative eigenvalues
progressive reduction) technique.[!*]

Since it has been observed®® that the DFT approach can
give incorrect indications about the structures and energies
of transition states of closed-shell interacting fragments, we
have also performed some MP2 calculations on the poten-
tial energy surface (PES) of selected reactants (1 and Br,)
towards the CT isomer. The relative stabilities of the CT
and TY adducts in the gas phase were analysed according
to the NBO method.!'3 NBO analysis is based on a method
for optimally transforming a given wavefunction into its
2167
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localised form, corresponding to the one-centre (lone pair)
or two-centre (bond) functions. Delocalisation effects ap-
pear as weak departures from this idealised localised pic-
ture. The energetic importance of these effects can be esti-
mated according to a second-order perturbation theory ap-
proach. Since these delocalisation effects lead to loss of oc-
cupancy from the localised NBO (o,  or lone pair) of the
idealised Lewis structure into the empty non-Lewis, anti-
bonding (c* or ©*) and Rydberg (R*) orbitals, and thus to
departures from the idealised Lewis structure description,
they are referred to as “delocalisation” corrections to the
zeroth-order Lewis structure. For each donor NBO (i) and
acceptor NBO (j), the stabilisation energy (AL} associated
with delocalisation i—j is estimated as AE;; = ¢;[F(i.j)*)/(¢; -
¢;), where ¢, is the donor orbital occupancy, ¢; and ¢; are the
diagonal elements (orbital energies) and F(i;) is the off-
diagonal NBO Fock matrix element (see ref!'3] for a de-
tailed discussion).

Results and Discussion

Relative Stability of Isomers: Optimisations, NBO and
FMO Analysis

Table 1 reports some relevant optimised geometrical pa-
rameters together with available experimental data of the
CT and TY adducts of 1 and 2. The agreement is very good
and, furthermore, it is worthy to note that for TY adducts
the method is able to account for the small deviations of
the angle X-E-X from 180°, as observed for 2-1, and other
related adducts.*P-#891 Analysis of Vp??? suggests an ex-
planation for this deviation (see Figure 1). According
to the Vp? values there is a charge accumulation near the
chalcogen on the outer side of the adduct that bends
the two halogen atoms towards the molecular ring.
DFT calculations indicate that hypervalent compounds
for both 1 and 2 are thermodynamically favoured with
respect to the CT isomers in all but the case of 1-1, (see

Table 2). The energy difference between CT and TY
adducts decreases as the halogen atomic number increases
and the chalcogen one reduces.

Table 2. Calculated stability [kcalmol™'] of the CT with respect to
the TY isomers (taken as 0.0) for 1 and 2.

1 2
Cl, 1.5 21.3
Brz 2.1 10.6
I, 37 3.5

In the cases of 1-Cl,, 2-Cl,, and 2-Br, the TY adduct
formation is clearly preferred, whereas in the cases of 1:Br»,
1-I, and 2-1, the energy differences between the two types
of adducts are so small (<4 kcalmol ') that the experimen-
tal trend in the stability of the possible isomers can be
modified by environmental effects. However, it should be
remembered that no CT adducts between thioketonic do-
nors and Br, or TY adducts with I, have been characterised
so far. This relative order of stability does not change when
using different approximations both in basis set and in the
level of approximations.

Figure 2 reports the HOMO-1 and HOMO energies of
1 and 2 and the LUMO energies of the X, molecules. As
can be seen, the HOMO energy of 1 is lower than the
LUMO energy of I, only in the case of the couple 1/I,,
and only in this case is the CT adduct thermodynamically
favoured with respect to the TY one. It is also interesting
to observe that there is a linear relationship between the
NBO charges on the chalcogen atom E of the TY adducts
and the frontier molecular orbital (HOMO-1); g -
(LUMO)y, energy difference (see Figure 3).

In fact, Figure 2 shows that (HOMO-1).g — (LUMO)y,
is lower than the (HOMO) g — (LUMO)y, energy differ-
ence in all cases, the exception being the case of 1:1,. More-
over, the HOMO-1 is mainly a p orbital on the chalcogen,
whereas the HOMO has a non-negligible delocalisation on
the imidazoline ring. This makes the interaction of dihalo-
gen LUMOs with (HOMO-1); g more relevant than the in-
teraction with (HOMO) g.

Table 1. Relevant geometrical parameters of the optimised geometries of CT and TY adducts of 1 and 2 (X: halogen, E: chalcogen;
distances in angstroms and angles in degrees). The structural data available for related compounds are reported in parentheses.

TY Adducts  1-Cl, 2:Cl, 1-Br, 1-Br,@  1:Br,*hlibel 2:Br,[4kHdl 11, 2-1,08

X-E 2.53 2.59 2.71 2.54 2.53 (2.49) 2.77 (2.66, 2.52) 291 2.98 (2.74, 2.89)

E-C 1.78 1.90 1.78 1.73 1.73 (1.75) 1.90 (1.95) 1.78 1.89 (1.89)

X-E-X 170.64 170.17 171.95 168.41 170.59 (179.38)  170.76 (175.7) 175.70 170.24 (178.64)
X-E-C-N 102.30 109.15 95.06 90.01 90.09 (76.0) 102.84 (-101 to 78) 90.00 89.93 (-94.4 to 90.0)
CT Adducts  1-Cl,  2:Cl, I'Br,  1Bnf  1-BoMl 2-Br, 1Ll 21,5l

X-X 2.40 2.43 2.66 2.45 2.44 2.69 3.01 (2.90) 3.03 (2.99, 2.91)

X-E 2.66 2.72 2.80 2.73 2.73 2.89 2.99 (2.68) 3.09 (2.72, 2.78)

E-C 1.74 1.87 1.74 1.69 1.69 1.87 1.74 (1.72) 1.87 (1.88, 1.86)
X-X-E 176.81 175.95 178.12 176.69 178.70 178.13 178.46 (175.7) 178.37 (176.86, 175.63)
X-E-C 91.94 89.88 94.45 85.83 93.56 92.34 96.64 (96.8) 93.59 (93.0, 96.9)
X-E-C-N 111.21 115.85 106.98 88.55 109.48 111.42 104.07 (-96.4 to 84.4)  108.63 (—100.4 to 84.6)

[a] MP2 calculations. [b] DFT with asymptotic corrected hybrid functional. [c] Structural data refer to N,N'-dimethylbenzoimidazole-2-
ylium dibromosulfanide. [d] Structural data refer to 1,2-bis(3-methyl-4-imidazolin-2-ylium dibromoselenanide)ethane. [e] Structural data
refer to 1,1'-bis(3-methyl-4-imidazolin-2-chalcogenone)methane bis(diiodine).
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Figure 2. Calculated KS orbital energy of the HOMOs and HOMO-1s of 1 and 2, and of LUMOs of the halogens X,.
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Figure 3. NBO net charges on the chalcogen (E) atoms of the TY adducts between 1 and 2 with the halogen X, as a function of the

energy difference between (HOMO-1), g and (LUMO)x,.

To gain a deeper insight into the relative stability of TY
and CT adducts, an NBO energetic analysis was performed
on all the compounds at the B3LYP/(SV-LanL.2DZ) level
by assigning the electrons in order to obtain two closed-
shell fragments: a halide anion, X, and the remaining
[LEX]* cation. The interaction of X~ either with the chal-
cogen atom or with the halogen atom of the [LEX]* cation
formally accounts for the formation of the TY and CT ad-
ducts, respectively. We must stress, however, that this
scheme does not suggest any underlying reaction mecha-
nism but is simply a useful approach that allows us to com-
pare the origin of the stability in the two isomers (CT and
TY) with respect to the same reference fragments.

The NBO energetic analysis (see Table 3) and the par-
ticular choice of the interacting fragments allow us not only
to quantify the energy contribution of the charge transfer
from the halide anion to the cation (column e in Table 3)
but also to account for the contributions of the polarisation
effects within the [LEX]" fragment. As an example, the
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NBO orbitals that contribute most to the relative stabilities
of the TY adduct 1-Br, are depicted in Figure 4.

For all the adducts examined the excitation processes
within the [LEX]* cation involve two-centre localised bond
orbitals (6) and a one-centre valence lone pair (Ip) orbital
as donors and higher energy empty orbitals (o*, n* and
R*) that can behave as acceptors and, subsequently, as do-
nors. In the interaction between the two fragments, two of
the numerous delocalisation contributions are found to be
the most relevant ones (see Table 3 and Figure 4). The first
of these is due to an intramolecular polarisation effect and
involves the reorganisation of the electronic structure of the
cation due to the presence of the anion. This reorganisation
can be described by two intra-cation charge-transfer pro-
cesses, one from a carbon—chalcogen bonding orbital to a
carbon-nitrogen antibonding orbital, which occurs through
two intermediate orbitals: a carbon—chalcogen antibonding
and a carbon Rydberg orbital (see columns a—c of Table 3),
and the other involving a relatively small back-donation
2169
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Table 3. NBO energetic analysis results. Columns a—d are relative to the intrafragment polarisation effects. Column e concerns the

interfragment charge transfer. All data are in kcalmol™'.

Intramolecular polarisation effects

Total polarisation
effect contributions

Charge transfer

a b c
*c g — R*c

Adducts/Orbitals

S r = TcrE

R*c — o*c Ny

d (a+b+c+d) e
GcE —> O *(ch) Ipx — G*(E—X)

Oc-N) = T (CE)

o N = e

1-Cl, (TY) 1.9 45.0 45.0 5.0 96.9 48.0
1-Cl, (CT) 5.3 14.0 0.45 3.0 22.7 110.0
2-Cl, (TY) 3.0 20.0 50.0 12.0 85.0 45.0
2-Cl, (CT) 6.0 11.0 0.45 5.0 22.4 90.0
1-Br, (TY) 0.7 182.0 80.0 28.0 290.7 48.0
1-Br, (CT) 2.0 110. 120. 13.0 245.0 92.0
2-Br, (TY) 16 30.0 40.0 10.0 81.6 45.0
2-Br, (CT) 5.0 12.0 45.0 5.0 22.5 95.0
[L, (TY) 0.5 0.7 45 37.0 83.2 48.0
1'I, (CT) 0.6 30.0 0.5 7.0 38.1 100.0
21, (TY) 0.45 300.0 50.0 13.0 363.4 30.0
2-1, (CT) 40.0 250.0 0.5 1.5 292.0 97.0
Q Q
Tics) T¥ics) R*ic) o icm)
‘ %
G (C-N) Ip (Br) o* (S-Br)

Figure 4. NBO localised orbitals calculated for 1-Br, involved in the polarisation effects (see Table 3).

from carbon-nitrogen bonding orbitals to carbon-chal-
cogen antibonding orbitals (see column d of Table 3). The
second is an inter-fragment process that involves the two
[LEX]" and X~ fragments. It is a strong charge-transfer
from the halide anion lone pair to the halogen—chalcogen
c* orbital.

The sum of the energy stabilisation contributions
(Table 3) gives, approximately, the relative stability for every
pair of isomers. As can be deduced from this table, the dif-
ferent weight of each contribution determines the energy
differences between the CT and TY compounds (see
Table 2). In particular, the total polarisation effect contri-
bution in the cation is bigger for the latter compounds,
2170
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whereas the interfragment charge-transfer prevails in the
former.

This approach also allows us to analyse the different be-
haviour shown by sulfur and selenium derivatives. The
NBO analysis shows that the smaller energy difference be-
tween 1-Cl, adducts (11.5 kcalmol™") with respect to 2-Cl,
ones (21.3 kcalmol ') is due to a greater stabilisation energy
of the charge transfer in the case of the chlorine anion lone
pair towards the antibonding S—CI NBO orbital of the CT
adduct. The growing importance of this charge transfer in
the selenium CT adducts is the main factor responsible for
the smaller energy difference for bromine and iodine com-
pounds with respect to chlorine ones.

Eur. J. Inorg. Chem. 2006, 2166-2174
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Reaction Mechanism

Path 1

Scanning the PES for the motion of X, toward 1 and 2
allowed the identification of putative transition states, al-
though their refinement did not give definite stationary
structures in any case. Therefore a deeper investigation was
performed in the case of the motion of Br, toward 1 using
different approximations both in the Hamiltonian and in
the basis set. DFT with an asymptotic corrected hybrid
functionall!”! and a post Hartree-Fock perturbative MP2
approach were used. The MP2 approach was used since
long-range dispersive interactions need at least a bi-excited
configuration contribution. In all cases the Schafer, Horn
and Ahlrichs pVDZ!'8 basis sets with polarisation func-
tions on all atoms were used in order to better describe
polarisation effects. All the models used showed the same
Morse-like shape for the total energy, which can be fitted
with the Morse function y = D*[1 — e #*)]2 with the fol-
lowing parameters: f = 1.3133, x, = 2.7180 A and D =
13.5461 kcalmol™! (see Figure 5), thereby excluding the
existence of a transition state between reactants and CT
adducts. Indeed, the Morse function, starting from a dis-
tance x = xy — fln2, always has a negative value of the
second derivative with a stationary point at x = o. This
is the reason why, in our opinion, approximately localised
putative transition states did not converge to definite transi-
tion states but were taken apart to very large distances dur-
ing the optimisations.

18.0 7
- =~ fitted Morse function
16.0 4 ~—+—computed data
14.0 4 S -
12.0 1 .
10.0
H D*[1 - exp[-B(x - xo)]I
W 8.0 1 N
. R =1.3133
6.0 N Xo=2.7180 A
’ D =13.5461 kcal/mol

4.0

2.0 4

0.0 1

2.0 T T T T )

1.50 3.50 5.50 7.50 9.50 11.50

X

Figure 5. Computed data (in MP2 approximation) and fitted
Morse function for the motion of Br, toward 1. (energy in
kcalmol ! and x in angstroms).

Furthermore, the study of V?p>! allowed us to describe
the possible interaction of the two fragments due to electron
density. As matter of fact, the V?p (see Figure 6) shows a
definite accumulation of the density in an sp shape in front

Eur. J. Inorg. Chem. 2006, 2166-2174
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of the chalcogen and a toroidal hole around the n C=E
bond in the case of 1. This can explain the fact that at large
distances the interaction is between the “density hole ” on
the halogen and the charge concentration on the chalcogen,
whereas at shorter distances the interaction is on the toroi-
dal hole around the chalcogen and with a spherical charge
concentration to even shorter distance in the CT adduct.

Figure 6. V2p computed for 1 using MP2 density showing a charge
concentration in front of the chalcogen atom and a depletion with
cylindrical symmetry around the same atom.

Path I' and 11

The six transition states leading to the six TY adducts in
the reactions between 1 and 2 with halogens X, (X: CI,
Br, I) were successfully identified by applying the NEPR
technique and confirmed by calculations of the second de-
rivative matrix of the energy with respect to the coordinates.
Only one negative eigenvalue was found for each of them,
thus confirming the nature of the transition state for the
computed structures.

To further confirm the assignment of the transition states
to a given reaction path we used the intrinsic reaction coor-
dinate (IRC) approach.?? This approach allows the connec-
tion of each saddle-point to a given reactant/product cou-
ple. Indeed, the IRC approach confirmed that the six transi-
tion states (of the kind reported in Figure 7) link TY ad-
ducts to CT ones but, surprisingly, not to the (LE + X,)
reactants. Any further attempt to find a different transition
state connecting TY adducts and LE and X, failed because
we always found the same transition state that connected
TY and CT adducts. As a consequence of these findings,
step I’ of Scheme 1 should be excluded as a possible path-
way leading to the TY adduct. Some relevant structural pa-
rameters of each optimised transition state are reported in
Table 4.

Interestingly, all the six transition states leading to the
TY from the CT adducts (see Figure 6) show the halogen
molecule occupying the axial and equatorial position of a
hypothetical trigonal bipyramid centred on the chalcogen
atom. Figure 8 shows the snapshot sequence of the in-
terconversion leading from the CT to the TY adduct
through the axial-equatorial transition state. The energy
barrier to overcome, with respect to the CT adduct, is in
the range 25-40 kcalmol . In order to evaluate the direct
interconversion between the CT and TY adducts (pathway
II) of the general Scheme 1 and the paths IIT and IV
2171
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23722

SECL

3387 .

Figure 7. Transition state leading from the CT to the TY adduct

in 1'12.

Table 4. Relevant geometrical parameters of transition states of TY
adducts (distances in angstoms, angles in degreees; X:halogen; E:

chalcogen).
EX,, EXyn XX X-E-X X, ECN

1-Cl, 2.6 2.4 3.7 97.6 81.1

1-Br, 34 2.7 3.7 74.7 69.2

1, 34 29 4.0 76.9 71.7

2-Cl, 33 2.5 4.1 89.3 111.5

2-Br, 34 29 33 61.8 107.2

20, 35 3.0 3.9 72.3 64.3

through association and dissociation processes, we evalu-
ated the difference between the energy of the transition state
leading to the TY from the CT adducts and the energies of
the LEX* and X products, which should be lower than the

transition state energy of paths III and IV. Our calculation
showed that the energies of the LEX* and X~ ions at infi-
nite distance is of the order of 300 kcalmol !, thus exclud-
ing III and IV as possible paths, at least in the gas phase.
However, in solvents of high dielectric constant or in the
presence of “acid” molecules that can accept the X ion
(e.g. free X, molecules), IIT and IV might compete with the
path II. Thus, on the basis of these results it seems very
likely that, in the case examined in the present study, the
initial product of the interaction between 1 and 2 and X, is
always a linear charge-transfer adduct. In the case of 1 and
I,, the CT adduct is the final product of the reaction, other-
wise the CT adduct can evolve to the thermodynamically
more stable TY adduct. So, although we can’t rule out the
Husebye hypothesis in polar media, we have shown that a
monomolecular process can give rise to the formation of
the TY adduct.

Conclusions

In order to get a deeper insight into the reactions be-
tween L=E [L: 1,3-dimethylimidazolyl framework; E: S (1),
Se (2)] and halogens X, (X: Cl, Br, I), twelve adducts (six of
the CT type and six of the TY type) have been theoretically
investigated. DFT calculations indicate that, except for the
case of 1 and I,, hypervalent adducts (TY) are generally
more stable than the linear (CT) ones. Nevertheless, the CT
compounds always play an important role in the process as

D E

Figure 8. Snapshot sequence from the CT to the TY adduct through an axial-equatorial transition state in 1-Br».
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Scheme 3. Reactivity scheme proposed in the present study.

they are always the first product of the reaction from which
the TY isomers can be formed through an axial-equatorial
transition state.

This study suggests that the supposed formation of the
cation [LEX]" is not always necessary to explain the forma-
tion of the TY adducts since the direct interconversion path
of the CT to the TY adducts is accessible. In conclusion,
on the basis of our calculations we propose the reaction
mechanism reported in Scheme 3.
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