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The molecular mechanism for the intramolecular [5 + 2] cycloaddition reaction of â-silyloxy-γ-
pyrones bearing tethered alkenes has been characterized using ab initio methods. A comparative
study for this sort of cycloaddition carried out at different computational levels points out that the
B3LYP/6-31G* calculations give similar barriers to those obtained with the MP3/6-31G* level.
Analysis of the energetic results shows that the reaction takes place along a stepwise process:
first, the migration of the neighboring silyl group to the carbonyl group of the γ-pyrone takes place
to give a weak oxidopyrylium ylide intermediate, which by a subsequent concerted intramolecular
[5 + 2] cycloaddition affords the final cycloadduct. The cycloaddition process is very stereoselective
due to the constraints imposed by the tether. The [5 + 2] cycloaddition reaction has a large barrier,
and the presence of the silyloxy group and the intramolecular character of the process are necessary
to ensure the thermodynamic and kinetic feasibility of these cycloadditions.

Introduction

A major challenge in contemporary organic synthesis
is to devise methods and strategies for the rapid and
economic preparation of highly complex molecules from
simple starting materials. Among the alternative ap-
proaches to meet this challenge, those based on methods
that allow the simultaneous creation of several bonds in
a single operation, such as cycloaddition reactions, are
particularly appealing.1

Thus, the thermolysis of substituted â-hydroxy-γ-
pyrones bearing tethered alkenes, which allows the
internal [5 + 2] cycloaddition to give relatively complex
8-oxabicyclo[3.2.1]octane systems, can be considered as
an example of this challenge (see Scheme 1).2,3 The rich
functionalization and stereochemical bias of these frame-
works favor a rapid conversion into a variety of valuable
structures. Thus, the oxidative cleavage of the carbocycle
system allows the synthesis of cis-2,5-disubstituted tet-
rahydrofurans.3

Wender and Mascareñas proposed that the formation
of the oxidopyrylium ylide I, which is generated in situ
through the migration of the group present on the O-3
oxygen atom to the O-4 oxygen atom, is the key of this
[5 + 2] cycloaddition (see Scheme 1).4 The tert-butyldi-
methylsilyl ether (TBSO) has been used as a good mi-
gratory group (see Scheme 2).3 Under thermolysis condi-
tions this group can migrate from the O-3 to the O-4
position, generating the corresponding oxidopyrylium
ylide and promoting the subsequent intramolecular [5 +
2] cycloaddition. However, the cycloaddition process
involving a pentacoordinate silicate has not been dis-
carded.5

The consecutive nature of this chemical process does
not allow establishment of the molecular mechanism of
the reaction, and the question if the migration of the silyl
ether is simultaneous to the cycloaddition reaction re-
mains unresolved. Consequently, the study of the mech-
anism is necessary in order to know as this sort of
cycloaddition reactions takes place.

The structural information obtained by theoretical
methods based on quantum mechanical calculations of
possible intermediates and transition structures (TSs)
provide powerful assistance for the study of organic reac-
tion mechanisms.6 These methods are accepted as avail-
able tools for the interpretation of experimental results,
since such data are rarely available from experiments.6d

Our research program has long maintained an interest
in the study of the mechanism of cycloaddition reactions,
and the understanding of the characteristic feature of
these [5 + 2] cycloadditions prompted us to explore the
mechanistic aspects.

In the present study the intramolecular [5 + 2]
cycloaddition reaction of the â-silyloxy-γ-pyrone 1 bearing
a tethered alkene to give the cycloadduct 2, as a model
of the reaction reported by Mascareñas et al.,3 has
been studied using ab initio methods in order to charac-
terize the mechanism of this sort of cycloaddition process
and to understand the stereochemical outcomes (see
Scheme 3).

Computational Methods
All calculations were carried out with the Gaussian 98 suite

of programs.7 An exhaustive exploration of the potential energy
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surface (PES) was carried out at the HF/3-21G level8 to ensure
that all relevant stationary points were located and properly
characterized. The optimizations were carried out using the
Berny analytical gradient optimization method.9 The station-
ary points were characterized by frequency calculations in
order to verify that minima and transition structures have zero
and one imaginary frequency, respectively. The HF/3-21G
frequencies were used as starting point in the search of the
HF/6-31G* structures.

Previous theoretical studies of [4 + 2] and related cycload-
dition reactions have indicated that the activation energies
calculated at the HF level are too large, whereas MP2
calculations tend to underestimate them. However, energy
calculations for stationary points using MP3/6-31G* are in
accord with experimental values.10 Recently, DFT calculations
using the B3LYP hybrid functional11 have been shown to be
in good agreement with experimental activation energy val-
ues12 and to give a similar potential energy barrier (PEB) to
that obtained using time-consuming MP3 calculations.12d,e,j

Consequently, all HF/6-31G* stationary points were optimized
at B3LYP/6-31G* level, to obtain accurate energies for a correct
characterization of the PES.

The transition vectors (TV),13 i.e., the eigenvector associated
to the unique negative eigenvalue of the force constants
matrix, have been characterized. The electronic structures of
stationary points were analyzed by the natural bond orbital
(NBO) method.14

The computed values of activation enthalpies, entropies and
Gibbs energies have been estimated by means of the B3LYP/
6-31G* PEBs along with the harmonic frequencies. These
frequencies have been scaled by 0.96.15 The activation Gibbs
energies have been computed at 170 °C.3 The enthalpy and
entropy changes are calculated from standard statistical
thermodynamic formulas.8,10a

Results and Discussions

(i) Energies. For the intramolecular cycloaddition
reaction of the â-silyloxy-γ-pyrone 1, three reaction modes
are possible (see Scheme 3): in mode I the process is
initialized by the transfer of the trimethylsilyl group from
the initial O7 position to O9 one with formation of an
oxidopyrylium ylide intermediate IN1. The subsequent
intramolecular [5 + 2] cycloadditions of this intermediate
afford the final cycloadducts 2 and 3. In mode II the
process in initialized by intramolecular [5 + 2] cycload-
ditions of 1 to afford the intermediates IN2 or IN3. The
transfer of the trimethylsilyl group on these intermedi-
ates affords the final cycloadducts 2 and 3. In mode III a
simultaneous transfer of the trimethylsilyl group and
cycloaddition process afford the final cycloadducts with-
out participation of any intermediate. Finally, the cy-
cloaddition processes can take place along both faces of
the γ-pyrone system of 1, yielding a pair of enantiomeric
cycloadducts.

In Scheme 3 the stationary points corresponding to the
three reaction modes have been presented together with
the atom numbering, while the geometries of the TSs
corresponding to these chemical conversions along the
different reaction pathways are depicted in Figure 1. The
relative energies are summarized in Table 1. In Figure
2 a schematic representation of the different energy
profiles for the cycloaddition reaction is depicted.

As was stated in computational methods, the PEBs
computed for [4 + 2] and related cycloadditions are very
dependent on the computational model, the MP3 and
B3LYP levels being in good agreement with experimental
barriers. However, the large molecular system of 1,
together with the presence of the silicon and sulfur atoms
preclude the MP3/6-31G* calculations. To test the help-
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fulness of the B3LYP/6-31G* level, the PEB correspond-
ing to the [5 + 2] cycloaddition of a reduced model, the
oxidopyrylium ylide IN4 and propene 5, has been studied
at different computational levels (see Scheme 4). Figure

3 shows the geometry of the TS10 corresponding to the
intermolecular [5 + 2] cycloaddition between the oxi-
dopyrylium ylide IN4 and 5, while Table 2 presents the
energetic results.

The values of the PEBs presented in Table 2 show an
important dependency on the calculation level. While the

Scheme 3

Figure 1. Selected geometrical parameters for the transition
structures corresponding to the intramolecular [5 + 2] cy-
cloaddition of the γ-pyrone 1. The values of the lengths of the
bonds directly involved in the reaction obtained at the RHF/
6-31G* and B3LYP/6-31G* (in brackets) are given in angstroms.

Table 1. Relative Energiesa (kcal/mol) for the Stationary
Points of the Intramolecular [5 + 2] Cycloaddition

Reaction of the γ-Pyrone 1

HF/6-31G* B3LYP/6-31G*

TS1 24.5 14.1
IN1 24.2 12.2
TS2 53.6 29.6
TS3 65.7 39.3
TS4 64.6 39.5
2 -16.8 -10.6
3 -3.0 1.1

a Relative to 1.

Figure 2. A schematic representation of the energy profiles
for the intramolecular [5 + 2] cycloaddition reaction of the
γ-pyrone 1.
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HF/6-31G* level presents the larger barrier, the inclusion
of electron correlation energy at the MP2 level leads to
a significant decrease of the energy barrier. The inclusion
of electron correlation energy up to the MP3 level leads
to reasonable value of the activation parameter. This fact
shows that MP2 calculations overestimate the effect of
the electron correlation energy on the transition structure
with respect to that of the reactants. Finally, B3LYP/
6-31G* calculations afford a similar result to that ob-
tained with the very expensive MP3 level. This trend is
similar to that found for [4 + 2] cycloadditions.10a,c,12d,e,j,16

Thus, this preliminary study allows to assert the use the
B3LYP/6-31G* method in order to obtain accurate barrier
heights.

For the reaction along the mode I (see Scheme 3), the
first step is the migration of the trimethylsilyl group from
the O7 position to O9 one, with formation of the oxidopy-
rylium ylide intermediate IN1, via the TS1. The PEB
associated with this process is 14.1 kcal/mol; the forma-
tion of the intermediate IN1 is very endothermic, 12.2
kcal/mol (energetic data correspond to B3LYP/6-31G*
results). In consequence, the intermediate IN1 is very
unstable, and with a very low barrier it is quickly
converted in 1.

Due to the free rotation of the chain of the C2 tethered
alkene, the intermediate IN1 can undergo also two
intramolecular [5 + 2] cycloadditions to give the cycload-
ducts 2 and 3, via the TS2 and TS3, respectively. These

cycloadditions are related with the exo and endo ap-
proaches of the terminal double bond to the C2 and C6
position of γ-pyrone 1. The PEBs associated with these
cycloaddition processes are 17.4 and 27.1 kcal/mol,
respectively; the barrier for the transformations of γ-py-
rone 1 into the cycloadducts 2 and 3 are 29.6 and 39.3
kcal/mol, respectively. These energies are very large and
allow to explanation of the high temperature required
for this sort of cycloaddition reaction. The larger PEB
associated with TS3 relative to TS2 (9.7 kcal/mol) is due
to the constraints imposed by the tether along the endo
approach and justify the total exo stereoselectivity found
in this cycloaddition process. The formation of the cy-
cloadduct 2 is an exothermic process, -10.6 kcal/mol,
whereas formation of the cycloadduct 3 is lightly endo-
thermic, 1.1 kcal/mol. Thus, formation of 3 is kinetic and
thermodynamically unfavored and justify the unique
formation of 2.

For the reaction along the mode II (see Scheme 3), the
process is initialized by the exo or endo intramolecular
[5 + 2] cycloaddition of the γ-pyrone 1, via TS4 and TS6.
The PEB associated with TS4 is very large, 39.5 kcal/
mol, it being similar to that for the formation of the
nonobserved cycloadducts 3 via TS3. Consequently, this
energetic result allows us to discount the direct [5 + 2]
cycloaddition without the participation of the trimethyl-
silyloxy group. Moreover, all attempts to locate the
intermediate IN2 were unsuccessful. Although TS4 is
mainly associated to the C6-C15 and C2-C14 bond
formation process (see later), this TS carried out directly
the cycloadduct 2 without the participation of any
intermediate. Finally, the large expected PEB for TS6
relative TS4, due to the constraints imposed by the tether
along the endo approach, allows us to discount the study
of the reactive channel corresponding to formation of 3
along the mode II.

For the reaction along the mode III (see Scheme 3),
the process corresponds to the [5 + 2] cycloaddition of
the γ-pyrone 1 with simultaneous migration of the
trimethylsilyl group, involving a pentacoordinated sili-
cate.5 However, all attempts to locate the transition
structure TS8 were unsuccessful. A careful exploration
of the PES does not allow to locate the corresponding
stationary point, giving structures more energetic than
TS2, between 3 and12 kcal/mol. In consequence, the
simultaneous migration of the trimethylsilyl group and
[5 + 2] cycloaddition of 1 was discounted.

The values of activation enthalpies, entropies, and
Gibbs energies, corresponding to the most favorable
reactive channel with formation of 2, have been estimated
by means of the potential energy barriers computed at
the B3LYP/6-31G* level along with the B3LYP/6-31G*
harmonic frequencies. The activation Gibbs energies have
been computed at 170 °C, which is the experimental
temperature for this intramolecular [5 + 2] cycloaddition
reaction.3 The results are summarized in Table 3.

Figure 3. Selected geometrical parameters for the transition
structure TS10 corresponding to the intermolecular [5 + 2]
cycloaddition between IN4 and 5. The values of the lengths of
the bonds directly involved in the reaction obtained at the
RHF/6-31G* and B3LYP/6-31G* (in brackets) are given in
angstroms.

Scheme 4

Table 2. Relative Energiesa (kcal/mol) for the Transition
Structure TS10 Corresponding to the Intermolecular

[5 + 2] Cycloaddition Reaction of IN4 + 5

TS10

HF/6-31G* 29.0
B3LYP/6-31G* 16.1
MP2/6-31G*//B3LYP/6-31G* 5.5
MP3/6-31G*//B3LYP/6-31G* 13.2

a Relative to IN4 + 5.

Table 3. Activation Enthalpies (in kcal/mol), Entropies
(in cal/mol‚K) and Gibbs Energies (in kcal/mol)

Computed at 170 °C and 1 Atm for the Intramolecular
[5 + 2] Cycloaddition of the γ-Pyrone 1, and the

Intermolecular [5 + 2] Cycloaddition between 4 and 5

∆Hq ∆Sq ∆Gq

IN1 f 2 16.3 -18.9 24.7
1 f 2 28.2 -17.7 36.0
IN4 + 5 f 6 17.0 -43.8 36.4
4 + 5 f 6 29.9 -44.7 49.7
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The inclusion of the zero-point energy and thermal
contributions leads to a small decrease of the potential
energy barrier for the [5 + 2] cycloaddition process.
However, the negative activation entropy corresponding
to the intramolecular cycloaddition process, -18.9 cal/
mol‚K, is responsible for the rise of the activation Gibbs
energy to 24.7 kcal/mol. The 1 f 2 process presents a
very large activation Gibbs energy, 36.0 kcal/mol, and
justifies the high temperature required experimentally
to make feasible the cycloaddition process.17

The intermolecular [5 + 2] cycloaddition between IN4
and 5 presents an activation enthalpy similar to that of
the intramolecular one. However, the large negative
activation entropy associated with the intermolecular
process together with the high reaction temperature is
responsible for the large activation Gibbs energy associ-
ated with this intermolecular cycloaddition mode, 36.4
kcal/mol; the 4 + 5 f 6 process has an activation Gibbs
energy of 49.7 kcal/mol. This very large value reander
the intermolecular [5 + 2] cycloaddition unfeasible and
explains the demand of an intramolecular process using
tethered alkenes.

The frontier molecular orbital (FMO) analysis allows
us to understand the nature of these [5 + 2] cycloaddi-
tions (See Figure 4a). An analysis of the FMO for propene
5 and the γ-pyrone 4 indicates that the most favorable
interaction along the cycloaddition process takes place
between HOMOpropene and LUMOpyrone, the energy gap
being very large ∆E ) 5.64 eV. For the oxidopyrylium
ylide IN4 there is a decrease of the LUMO energy relative
to that at the γ-pyrone 4. This fact decreases of the
HOMOpropene-LUMOIN4 energy gap (∆E ) 4.96 eV),
favoring the [5 + 2] cycloaddition. Finally, a representa-
tion of the more relevant HOMOpropene and LUMOIN4

molecular orbitals shows the favorable overlap that
appears between the carbons atoms that participate in
the two bond formation processes (see Figure 4b).

(ii) Geometrical Parameters and Analysis of Fre-
quencies. A comparison of the geometrical parameters

presented in Figure 1 indicates that for the cycloadditions
the geometries obtained at the HF/6-31G* level are close
to those obtained at the B3LYP/6-31G* one, showing
similar bond formation processes.

For TS1, corresponding to the migration of the tri-
methylsilyl group from the O7 position to O9 one, the
lengths of the O7-Si8 and O9-Si8 breaking and forming
bonds are 1.977 and 1.981 Å, respectively, whereas in
the intermediate IN1 they are are: 2.833 and 1.749 Å
(geometrical data correspond to B3LYP/6-31G* results).
These data indicate that TS1 corresponds to a synchro-
nous process.

The lengths of the two σ-bonds being formed along the
exo and endo [5 + 2] cycloaddition processes of the mode
I are 2.224 Å (C6-C15) and 2.276 Å (C2-C14) at TS2,
and 2.357 Å (C6-C15) and 2.092 Å (C2-C15) at TS3.
These geometrical data indicate that both TSs correspond
to concerted processes where the two σ-bonds are sym-
metrically formed. TS3 is slightly more asymmetric than
TS2 due to the strain imposed by the tethered alkene
along the endo approach. This strain, which is also
present in the cycloadduct 3, is responsible that TS3 is
10 kcal/mol more energetic than TS2.

The lengths of the two σ-bonds being formed at TS4
are: 1.933 Å (C6-C15) and 2.180 Å (C2-C14). These
geometrical data indicate that this TS is slightly more
asymmetric and more advanced that TS2. The O7-Si8
bond length, 1.767 Å, and Si8-O9 distance, 2.685 Å, are
similar to those in 1, indicating the nonparticipation of
the trimethylsilyl group on the [5 + 2] cycloaddition
process along the mode II.

In Table 4, the imaginary frequency, the main TV
components and their corresponding geometric param-
eters for the TSs associated with the [5 + 2] cycloaddition
processes are reported. The dominant TV components of
these TSs, TS2, TS3, and TS4, are associated with the
C2-C14 and C6-C15 σ-bonds which are being formed
in these cycloaddition processes. The component associ-
ated to the length of the C14-C15 bond, which is going
from double to single bond, also has a small participation.
Several bond angles and dihedral angles also participate
in the TVs. These components are associated with the
hybridization change that is developing in the C6, C14,
and C15 centers to go from sp2 to sp3. Finally, the
unappreciable participation of the components associated
to the O7-Si8 bond length at TS4 confirms the nonmi-
gration of the trimethylsilyl group on the [5 + 2]
cycloaddition process along the mode II.

The imaginary frequency values for these TSs are 455i,
492i, and 539i cm-1, respectively. These imaginary fre-
quencies are similar to those found for concerted [4 + 2]
cycloaddition processes and are in agreement with the
motion of heavy atoms involved in the cycloaddition
process. For these cycloaddition processes there is a re-
lationship between the relative energies and the imagi-
nary frequency values; the most favorable TS has a lower
imaginary frequency.

(iii) Bond Order and Charge Analysis. The extent
of bond formation or bond breaking along a reaction
pathway is provided by the concept of bond order (BO).
This theoretical tool has been used to study the molec-
ular mechanism of chemical reactions.18 To follow the

(16) (a) Bachrach, S. M. J. Org. Chem. 1994, 59, 5027. (b) Houk, K.
N.; Loncharich, R. J.; Blake, J. F.; Jorgensen, W. L. J. Am. Chem. Soc.
1989, 111, 9172.

(17) Since experimental activation parameters are not available for
this [5 + 2] cycloaddition, the B3LYP/6-31G activation Gibbs energy
can be compared with that found experimentally for the dimerization
of cyclobutadiene at 127 °C (∆Gq ) 33.8 kcal/mol). (a) Benford, G. A.;
Wassermann A. J. Chem. Soc. 1939, 362. (b) Wassermann A. Monatsh.
Chem. 1952, 83, 543.

(18) (a) Lendvay, G. J. Mol. Struct. (THEOCHEM) 1988, 167, 331.
(b) Lendvay, G. J. Phys. Chem. 1989, 93, 4422. (c) Lendvay, G. J. Phys.
Chem. 1994, 98, 6098.

Figure 4. FMO interactions on the intermolecular [5 + 2]
cycloadditions between propene 5 and the γ-pyrone 4, or the
oxidopyrylium ylide IN4.
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nature of the these processes, the Wiberg bond indices19

have been computed by using the NBO analysis as
implemented in Gaussian 98. The results are included
in Table 5.

A comparison of the geometrical parameters and BOs
at 1 and IN1 indicates that the intermediate IN1 has a
molecular structure closer to the zwitterionic structures
II to IV than the proposed oxidopyrylium ylide structure
I (see Scheme 5). Thus, the C4-O9 BO value, 1.12,
indicates a small π-character of the C4-O8 single bond,
because of the delocalization the lone pair of the O9
oxygen atom on the carbocationic C4 center (structure
II). Moreover, the C4-C5 and C5-C6 BO values, 1.34
and 1.47, respectively, indicate an allylic carbocation
structure represented by the structures III and IV.
Finally the low O1-C2 and O1-C6 BO values, in the
range of 1.0-1.1, agree with a low participation of the
structure I.

The BO analysis at the TSs corresponding to the [5 +
2] cycloadditions shows the synchronicity of the bond
formation processes. For TS2 the BO values for the C2-
C14 and C6-C15 forming bonds are 0.32 and 0.36,
respectively. These data indicate that this TS corre-
sponds to a synchronous process, where the two σ-bonds
are formed simultaneously. Moreover, the lower BO
values found at this TS related with those for [4 + 2]
cycloadditions indicates that this TS is earlier. For TS3,
the BO values for the C2-C14 and C6-C15 forming
bonds are 0.41 and 0.32, respectively. This TS is slightly
less synchronous than TS2 as a consequence of the
constraints imposed by the tether. Finally, the most
disadvantaged TS4 presents a large asynchronicity for
the bond formation process; the BO values of the C2-

C14 and C6-C15 forming bonds are 0.37 and 0.55,
respectively.

The natural population analysis for TS2 and TS3
allows us to understand the electronic nature of these
cycloaddition processes. The atomic charges correspond-
ing to the intramolecular process have been shared
fragmenting the TSs along the C2-C11 single bonds. The
values of the charge transfer from the alkene residue
to the oxidopyrylium ylide system at TS2 and TS3 are
0.04 and 0.09 e, respectively, indicating a negligible
charge transfer along these cycloadditions. These results
are in agreeement with the FMO analysis for theses [5
+ 2] cycloadditions, which indicates a more favorable
HOMOalkene-LUMOoxidopyrylium ylide interaction; and with
the dipole moment values found for 1 (4.02 D), TS1 (6.17
D), IN1 (5.09 D), TS2 (4.28 D), TS3 (4.31 D), 2 (3.25 D),
and 3 (3.22 D), which increases slightly in TS1 and
decreases on going to cycloadducts.

The bond order and natural population analysis sug-
gest that these [5 + 2] cycloaddition processes take place
via a pericyclic mechanism similar to that found for
concerted [4 + 2] cycloadditions where the two σ-bonds
are simultaneously formed.

Finally, solvent effects in these [5 + 2] cycloaddition
processes have been estimated using a relatively simple
self-consistent reaction field method20 based on the
polarizable continuum model of the Tomasi’s group.21

Single point calculations at the stationary points along
the most favorable reactive channel give similar relative
energies than those obtained in gas-phase calculations.22

Inclusion of solvent effects increases 0.2 kcal/mol the
relative energy of TS2 because of a slightly larger
stabilization of 1 compared to TS2.

Conclusions

In the present work we have carried out a theoretical
study of the molecular mechanism for the intramolecular
[5 + 2] cycloaddition of â-silyloxypyrones bearing teth-
ered alkenes using ab initio methods. The PES for these
cycloadditions has been explored, and four reactive
pathways have been characterized by means of the

(19) Wiberg, K. B. Tetrahedron 1968, 24, 1083.

(20) (a) Tomasi, J.; Persico, M. Chem. Rev. 1994, 94, 2027. (b)
Simkin, B. Y.; Sheikhet, I. Quantum Chemical and Statistical Theory
of Solutions-A Computational Approach; Ellis Horwood: London, 1995.

(21) (a) Cances, M. T.; Mennunci, V.; Tomasi, J. J. Chem. Phys. 1997,
107, 3032. (b) Cossi, M.; Barone, V.; Cammi, R.; Tomasi, J. Chem. Phys.
Lett. 1996, 255. (c) Barone, V.; Cossi, M.; Tomasi, J. J. Comput. Chem.
1998, 19, 404.

(22) As the solvent used in the experimental work is toluene, we
have used its dielectric constant, ε ) 2.38.

Table 4. Imaginary Frequency (Frequency, cm-1), Hessian Unique Negative Eigenvalue (Eigenvalue, au), Main
Components of the Transition Vector (C, au), and Corresponding Geometric Parameters (G, Bonds in Å, Angles in

Degrees) for the TSs Corresponding to the Intermolecular [5 + 2] Cycloaddition Processes of the γ-Pyrone 1

TS2 TS3 TS4

frequency -454.6 -491.8 -539.2
eigenvalue -0.04322 -0.04928 -0.05820

C G C G C G
C2-C14 0.624 2.276 C2-C14 0.704 2.092 C2-C14 0.623 2.180
C6-C15 0.669 2.224 C6-C15 0.565 2.357 C6-C15 0.651 1.933
C14-C15 -0.128 1.392 C14-C15 -0.133 1.393 C5-C6 -0.122 1.432
C5-C6-C15 -0.091 99.8 O1-C6-C15 -0.125 92.3 C14-C15 -0.158 1.421
O1-C6-C15 -0.137 92.9 C5-C6-C15 -0.081 94.1 O1-C6-C15 -0.124 97.1
C10-C6-C15 -0.085 106.3 C10-C6-C15 -0.060 108.6 C10-C6-C15 -0.104 106.4
C2-C15-C14-C13 0.120 -99.9 C2-C14-C15-H15 -0.222 112.8 C2-C15-C14-C13 0.125 -100.2
C2-C14-C13-H13 -0.118 104.5 C2-C14-C15-H15 0.158 -118.4
C2-C14-C15-H15 0.158 -108.5 C2-C14-C15-H15′ -0.134 103.6
C2-C14-C15-H15′ -0.146 98.9

Table 5. Wiberg Bond Orders at 1, IN1, TS2, TS3, and
TS4

1 IN1 TS2 TS3 TS4

O1-C2 0.97 1.02 1.00 0.97 0.98
C2-C3 1.57 1.27 1.14 1.11 1.28
C3-C4 1.06 1.11 1.06 1.06 1.08
C4-C5 1.13 1.34 1.51 1.48 1.30
C5-C6 1.66 1.47 1.24 1.28 1.24
O1-C6 1.02 1.08 1.02 1.04 0.93
C3-O7 1.02 1.42 1.54 1.48 1.15
C4-O9 1.60 1.12 1.06 1.06 1.45
O7-Si8 0.51 0.06 0.05 0.04 0.46
Si8-O9 0.04 0.48 0.51 0.51 0.10
C2-C14 0.00 0.00 0.32 0.41 0.37
C6-C15 0.00 0.00 0.36 0.32 0.55
C14-C15 1.96 1.96 1.51 1.48 1.34
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localization of the corresponding stationary points. Rela-
tive rates and stereoselectivity have been analyzed and
discussed.

Analysis of the PES indicates that the reaction can
take place along two reactive modes: in mode I, the
initial migration of the neighboring silyl group to the
carbonyl group of the γ-pyrone gives a weak oxidopy-
rylium ylide intermediate, which by a concerted intramo-
lecular [5 + 2] cycloaddition affords the final cycloadduct.
In mode II, the initial [5 + 2] cycloaddition on the
γ-pyrone system followed by the concomitant migration
of the silyl group affords the final cycloadduct. The
barriers for the mode II are larger than those for the
mode I, the cycloaddition for the γ-pyrone system being
forbidden. These results suggest the necessity of the
presence of the neighboring silyloxy to the carbonyl group
in order for the cycloaddition to become feasible. More-
over, the large activation enthalpy associated with this
cycloaddition demands an intramolecular process in order
to minimize the unfavorable negative activation entropy.
These intramolecular [5 + 2] cycloadditions are very
stereoselective due to the constraints imposed by the
tether.

Finally, a comparison of the energetic results obtained
at different computational levels points out that the

B3LYP/6-31G* results are similar to those obtained using
the very expensive MP3/6-31G* calculations. Moreover,
while the HF/6-31G* calculations give large barriers,
those obtained using MP2/6-31G* are very low. This
comparative study allows us to select the B3LYP/6-31G*
computational level as the most appropriate for the study
of this sort of cycloaddition reactions.
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