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Introduction

The Diels–Alder (DA) reaction between cyclopentadiene
(Cp), and a,b-unsaturated carbonyl derivatives catalyzed by
Lewis acids (LAs) is of wide interest in organic synthesis.[1]

In particular, this cycloaddition is taken as reference to eval-
uate new chiral LAs.[2] Avenoza et al.[3] studied the LA cata-
lyzed (AlCl3, 0.50 equiv) DA reaction between the aryliden-
oxazolone 1 and Cp to yield the endo and exo [4+2] cyclo-
adducts 2a and 2b (see Scheme 1). In further investigations,
the authors found that the use of more than 1 equiv AlCl3
or AlCl2Et as LA catalysts (up to 1.50 equiv) the reaction
also afforded product 3 (see Scheme 1).[4] Formation of 3 was explained by means of a domino reaction which is initi-

ated by a [4+3] cycloaddition between an allyl cation, reso-
nance structure A, and Cp to give the corresponding cyclo-
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Abstract: The molecular mechanisms
of the reactions between aryliden-
5(4H)-oxazolone 1, and cyclopenta-
diene (Cp), in presence of Lewis acid
(LA) catalyst to obtain the correspond-
ing [4+2] and [4+3] cycloadducts are
examined through density functional
theory (DFT) calculations at the
B3LYP/6-31G* level. The activation
effect of LA catalyst can be reached by
two ways, that is, interaction of LA
either with carbonyl or carboxyl
oxygen atoms of 1 to render [4+2] or
[4+3] cycloadducts. The endo and exo

[4+2] cycloadducts are formed through
a highly asynchronous concerted mech-
anism associated to a Michael-type ad-
dition of Cp to the b-conjugated posi-
tion of a,b-unsaturated carbonyl frame-
work of 1. Coordination of LA catalyst
to the carboxyl oxygen yields a highly
functionalized compound, 3, through a
domino reaction. For this process, the

first reaction is a stepwise [4+3] cyclo-
addition which is initiated by a Frie-
del–Crafts-type addition of the electro-
philically activated carbonyl group of 1
to Cp and subsequent cyclization of the
corresponding zwitterionic intermedi-
ate to yield the corresponding [4+3]
cycloadduct. The next rearrangement is
the nucleophilic trapping of this cyclo-
adduct by a second molecule of Cp to
yield the final adduct 3. A new reaction
pathway for the [4+3] cycloadditions
emerges from the present study.

Keywords: cycloaddition · density
functional calculations · Lewis
acids · reaction mechanisms

Scheme 1. Reaction studied in this work.

Scheme 2. B is the proposed adduct formed by means of a [4+3] cycload-
dition between A and Cp.[4]
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a highly regioselective and stereoselective nucleophilic trap-
ping with the excess of Cp to give 3. The scope of this new
reaction was tried with other (Z)-4-arylidene-2-phenyl-
5(4H)-oxazolone systems. The reaction of substituted-phenyl
systems such as para-chloro, -nitro, -bromo or ortho-nitro
led to the corresponding bicyclo[3.2.1]octane. In the case of
the para-bromo-oxazolone an excellent yield was obtained
for the [4+3] cycloadduct.[4] The extention of this reactivity
to other less reactive dienes, such as 2,3-dimethyl-1,3-buta-
diene or 1,3-cyclohexadiene was also examined, but only a
[4+2] cycloaddition was observed in these cases.[4]

The direct construction of seven-membered rings via
[4+3] cycloadditions is the most attractive strategy for pre-
paring this frequently observed natural product substruc-
ture.[5] Therefore, a great amount of effort has been focused
on methods to synthesize the less accessible three-atom
component of these reactions[6,7] and in particular, oxyallyl
cations are the most employed intermediates to generate
this moiety.[6] Alternatively, the use of 2-(silyloxy)acroleins
and related compounds in presence of a LA catalyst as the
three-atom component in the [4+3] cycloadditions has re-
ceived much interest in the last years.[7] In the course of the
writing the final version of this paper, Davies and Dai[8]

have reported the [4+3] cycloaddition between 2-alkylacro-
leins and Cp in presence on 1.1 equiv AlCl3 (see Scheme 3).
For 2-methylacrolein, 4, these authors found that at lower
temperatures, that is �78 8C, the reaction yields the endo
and exo [4+2] cycloadducts. When the reaction was allowed
to warm to 0 8C [4+3] cycloadduct 6 was the major product
with a large diastereoselectivity (96% de) (see Scheme 3).
These authors proposed a tandem DA reaction/ring expan-
sion for the formation of the [4+3] cycloadduct 6.[8]

The computational approach is very appealing in this
field, given the diversity and the difficulties of the experi-
mental elucidation of the corresponding synthetic routes.
The mechanism of the [4+3] cycloaddition reaction between
2-hydroxyallyl cations and 1,3-butadiene has been theoreti-
cally studied by Cramer and Barrow (see mechanism A in
Scheme 4).[9] This reaction takes place through a stepwise
mechanism and the first step is the electrophilic attack of
the 2-hydroxyallyl cation on the diene to give a cation inter-
mediate, IN-A, which by a subsequent ring-closure process
affords the final [4+3] cycloadduct. For the intramolecular
[4+3] cycloadditions between hydroxyallyl cations and furan
a stepwise-like mechanism has been predicted by Harmata
and Schreiner,[10] while the endo/exo preferences involving

the cyclopentenyl cation have been explained through a con-
certed process.[11]

More recently, we have studied the mechanism of the LA
catalyzed [4+3] cycloaddition reaction between 2-(silyloxy)-
acrolein and furan (see mechanism B in Scheme 4).[12] This
reaction is a three-step process that is initialized by the nu-
cleophilic attack of furan to the b-conjugated position of the
LA coordinated 2-(silyloxy)acrolein to give a zwitterionic
intermediate, IN1-B. The key step on the formation of the
seven-membered ring is the electrophilic attack of the furan
residue to the nucleophilically activated carbonyl carbon at
this intermediate, via TS2-B.[12] Formation of the final [4+3]
cycloadduct requires a silyl migration.

In the present work, the reactions between aryliden-
5(4H)-oxazolone 1, and Cp in absence and in presence of
LA, AlH3, have been studied (see Scheme 5). Our aim was
to characterize the nature of the molecular mechanism for
the formally [4+3] cycloaddition involved in the formation
of the bicyclo[3.2.1]octane framework present in 3. An
effort is made to explain the observed trends from the de-
tailed analysis of the potential energy surface (PES), loca-
tion and characterization of transition structures (TSs) and
related minima. The article is structured as follows: The
computational techniques and methodologies adopted are
elaborated in the next section together with a brief theoreti-
cal background of the global electrophilicity indicator. Next,
the results are presented and discussed on the basis of the
generated trends in terms of global electrophilicity indexes
and the analysis of stationary points on PES. This analysis
allows us to rationalize and to explain the experimental ob-
servations. Finally, in the concluding section, the net out-
come of the work is summarized.

Scheme 3. [4+3] cycloaddition between 2-alkylacroleins and Cp reported
by Davies and Dai.[8]

Scheme 4. a) Stepwise mechanism for the [4+3] cycloaddition between 2-
hydroxyallyl cation and 1,3-butadiene. b) Stepwise mechanism for the
LA catalyzed [4+3] cycloaddition between 2-(silyloxy)acrolein and furan.
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Computational Methods

Density functional theory calculations have been carried out using the
B3LYP[13] exchange-correlation functionals, together with the standard 6-
31G* basis set.[14] The optimizations were carried out using the Berny an-
alytical gradient optimization method.[15] The stationary points were char-
acterized by frequency calculations in order to verify that the TSs have
one and only one imaginary frequency. The intrinsic reaction coordinate
(IRC)[16] path was traced in order to check the energy profiles connecting
each TS to the two associated minima of the proposed mechanism by
using the second order Gonz8lez-Schlegel integration method.[17] The
electronic structures of stationary
points were analyzed by the natural
bond orbital (NBO) method.[18] All
calculations were carried out with the
Gaussian 98 suite of programs.[19] Car-
tesian coordinates of all stationary
points are given in Supporting Infor-
mation.

Solvent effects have been considered
by B3LYP/6-31G* single point calcula-
tions over the gas phase optimized
structures using a self-consistent reac-
tion field (SCRF)[20] based on the po-
larizable continuum model (PCM) of
the Tomasi group.[21] We have selected
the dielectric constant of dichlorome-
thane, e=8.93.

The computed values of enthalpies, entropies and free energies were esti-
mated by means of the B3LYP/6-31G* potential energy barriers, along
with the gas-phase harmonic frequencies.[14] A scaling factor[22] of 0.96 for
the vibrational energies was used. Thermal corrections to enthalpy and
entropy values were evaluated at the experimental temperature of
248.15 K.[4] To calculate enthalpy and entropy at that temperature, the
difference between the values at the temperature and 0 K was evaluated
according to standard thermodynamics.[23]

The global electrophilicity index, w,[24] which measures the stabilization
energy when the system acquires an additional electronic charge DN
from the environment, has been given by the following simple expres-
sion,[24] w= (m2/2h), in terms of the electronic chemical potential m and
the chemical hardness h. Both quantities may be approached in terms of
the one electron energies of the frontier molecular orbital HOMO and
LUMO, eH and eL, as m � (eH+eL)/2 and h � (eL�eH), respectively.[25]

Results and Discussion

Firstly, a DFT analysis based on the reactivity indexes of the
reagents involved in these cycloadditions will be performed.
Then, the [4+2] cycloaddition between the arylidenoxazo-
lone system, 1, and Cp in absence of LA catalyst has been
considered in the second section (see Scheme 5a). Later, the
presence of LA catalyst has been taken into account; two
modes of coordination of LA catalyst with 1 have been con-
sidered (see Scheme 5). In 7 the coordination is at the car-
bonyl oxygen while in 9 it takes place with the carboxyl
oxygen. In the second section, the [4+2] cycloaddition be-
tween 7 and Cp to yield the endo, 8a, and exo, 8b, cycload-
ducts will also be studied (see Schemes 5b and 6). In the last
section the [4+3] cycloaddition between the LA coordinated
arylidenoxazolone 9 and Cp to give the adduct 10 will be
considered (see Schemes 5c and 7).

Global electrophilicity analysis : Recent studies devoted to
Diels–Alder[26] and 1,3-dipolar cycloaddition[27] reactions

have shown that the global indexes defined in the context of
density functional theory[25,28] are a powerful tool to under-
stand the behavior of polar cycloadditions. The difference of
global electrophilicity[26] between the reagent pair, Dw, can
be used to predict the polar character of the process and
thereby the feasibility of the cycloaddition. In Table 1 the
static global properties: electronic chemical potential, m,
chemical hardness, h, and global electrophilicity, w, of aryli-
den-5(4H)-oxazolone, 1, the corresponding LA coordinated
oxazolones, and Cp are presented.

The values of the electronic chemical potentials, m, given
in Table 1, indicate that the arylidenoxazolones present a m

lesser than that for Cp. Therefore, the charge transfer will
take place from Cp acting as nucleophile toward the aryli-
denoxazolone system acting as electrophile (see below). An
analysis of the electrophilicity of the arylidenoxazolones
given in Table 1 allows us to obtain the following conclu-
sions: i) The electrophilicity of the arylidenoxazolone 1 is
2.56 eV, a value that falls in the range of strong electrophiles
within the w scale.[26] ii) Coordination of LA AlH3 to the car-

Table 1. HOMO and LUMO energies, electronic chemical potential (m), chemical hardness (h) and global
electrophilicity (w), of the arylidenoxazolones 1 in absence and in presence of the LA catalysts, and Cp.

HOMO [au] LUMO [au] m [au] h [au] w [eV]

12 (AlCl3) �0.2541 �0.1366 �0.1954 0.1176 4.42
13 (AlClMe2) �0.2248 �0.1249 �0.1749 0.0999 4.16
7 �0.2377 �0.1211 �0.1794 0.1165 3.76
9 �0.2342 �0.1077 �0.1710 0.1265 3.14
10 �0.2324 �0.1040 �0.1682 0.1284 3.00
1 �0.2184 �0.0912 �0.1548 0.1273 2.56
Cp �0.2115 -0.0099 �0.1107 0.2016 0.83

Scheme 5. a) Non-catalyzed [4+2] cycloaddition between 1 and Cp.
b) Coordination of the LA to the carbonyl oxygen atom of 1. c) Coordi-
nation of the LA to the carboxyl oxygen atom of 1.
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bonyl O1 oxygen of 1 increases the electrophilicity of 7 to
3.76 eV. This fact increases the Dw for the LA catalyzed
[4+2] cycloaddition, and a reduction of the activation
energy will be expected along a more polar process (see
below). iii) Substitution of the LA AlH3 in 7 by AlCl3 or
AlClMe2, 12 and 13 in Table 1, increases the electrophilicity
of 7 to 4.42 and 4.16 eV, respectively, in agreement with the
larger acid character of AlCl3 and AlClMe2. A similar trend
has been observed for the LA catalyzed [4+2] cycloaddition
between nitroethylene and methyl vinyl ether.[29] There is a
correlation between electrophilicity of the LA coordinated
nitroethylene and the acid character of the LA catalyst, fol-
lowing the order: AlH3 < AlMe3 < AlCl3, with concomi-
tant decreasing of the activation barrier, but it does not
modify the concerted mechanism.[29] These results allow us
to assert the use of AlH3 as a computational model for the
LAs used in the experiments, AlCl3 and AlClEt2.

[4]

Study of the [4+2] cycloaddition between aryliden-5(4H)-
oxazolone, 1, and Cp, in the absence and presence of a LA
catalyst : The [4+2] cycloadditions between the arylidenoxa-
zolone 1 (absence of LA) or 7 (presence of LA) and Cp can
take place along two stereoisomeric reactive channels, the
endo and exo (see Schemes 5 and 6). Experimentally, the
two cycloadducts are formed in a 53:47 ratio which indicates
that these cycloadditions proceed with a very low stereose-
lectivity.[4] The two studied reactive channels are associated
to the endo and exo approach modes of Cp relative to the
carbonyl group of 1 and 7. An analysis of the gas phase re-
sults indicates that these cycloadditions take place along a
concerted processes. Therefore four TSs, TSa-nc, TSb-nc,
TSa and TSb, and four cycloadducts, 2a, 2b, 8a and 8b, as-
sociated to the endo and exo reactive channels, named as a
and b, for the non-catalyzed, named as nc, and LA catalyzed
processes, respectively, have been located and characterized.
In Scheme 6 the atom numbering is presented while the en-
ergetic results are listed in Table 2. The optimized geome-
tries of the TSs are depicted in
Figure 1, while the geometry of
the cycloadducts are given in
Supporting Information.

The activation enthalpies for
the non catalyzed and LA cata-
lyzed cycloadditions are: 22.5
(TSa-nc), 21.6 (TSb-nc), 15.8
(TSa) and 15.3 kcalmol�1

(TSb). Therefore, coordination
of the LA to the carbonyl O1
oxygen decreases the activation
enthalpy for the catalyzed cy-
cloaddition in about 7 kcal
mol�1. Both noncatalyzed and
catalyzed processes present a
very low stereoselectivity in
clear agreement with the exper-
imental results. Inclusion of the
activation entropy arises the ac-
tivation free energy to 34.0
(TSa-nc), 33.0 (TSb-nc), 27.8

(TSa) and 27.2 (TSb) kcalmol�1, as a consequence of the
negative activation entropy associated of these [4+2] cyclo-
additions: in the range of �46.1 and �48.4 calmol�1K�1. In-
clusion of solvent effects decreases the relative energies of
the TSs between 1.5 and 2.6 kcalmol�1. In addition, solvent
effects decrease the stereoselectity of the LA catalyzed
process by a larger solvatation of TSa than TSb.

The lengths of the C3�C11 and C4�C8 forming bonds at
the TSs are: 2.633 and 1.913 R at TSa-nc, 2.738 and 1.907 R
at TSb-nc, 3.221 and 1.887 R at TSa, and 2.961 and 1.915 R
at TSb, respectively, while the corresponding bond order
(BO) values[30] are: 0.19 and 0.58 at TSa-nc, 0.16 and 0.57 at
TSb-nc, 0.00 and 0.60 at TSa, and 0.09 and 0.56 at TSb, re-
spectively. These BO values indicate that these TSs corre-
spond to highly asynchronous bond-formation processes,
while for the LA catalyzed reaction the TSs correspond to
two-center additions. Therefore, the nucleophilic attack of
Cp to the b position of the LA coordinated a,b-unsaturated
carbonyl moiety of 7 can be associated to a Michael-type ad-
dition.[31] In spite of the high asynchronicity found at the

Scheme 6. [4+2] cycloaddition reaction of 7 with Cp.

Figure 1. Optimized geometries of the transition structures for the endo, TSa-nc, and exo, TSb-nc, channels of
non-catalyzed reaction between 1, and Cp. TSa and TSb are the transition structures for the reaction between
7 and Cp. In 7 the LA (AlH3) catalyst is coordinated to the carbonyl oxygen atom of 1. The distances directly
involved in the bond-forming processes are given in angstroms. Bond order values are given in parenthesis.
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TSs of the LA catalyzed process, the IRC analysis estab-
lishes the one-step nature of these cycloadditions.

The natural population analysis (NPA)[18a] allows the eval-
uation of the charge transfer (CT) along these [4+2] cyclo-
addition processes. The B3LYP/6-31G* atomic charges at
the TSs have been partitioned between Cp and the arylide-
noxazolone frameworks. The values of negative charges
transferred from the donor Cp to the arylidenoxazolone
moiety are: 0.25 e (TSa-nc), 0.24 e (TSb-nc), 0.38 e (TSa),
and 0.37 e (TSb), thereby indicating that the nature of these
TSs may be traced to some zwitterionic character. The CT
at the LA catalyzed processes is larger than that at the non
catalyzed ones. This is in agreement the increase of Dw asso-
ciated to the catalyzed process (see first section of Results
and Discussion). The LA increases the electrophilicity of
the arylidenoxazolone 1 favoring the cycloaddition through
a more polar process. Incorporation of solvent effects on the
NBO calculations increases the CT at these polar TSs:
0.30 e (TSa-nc), 0.28 e (TSb-nc), 0.44 e (TSa), and 0.43 e
(TSb). This behavior can be explained by a larger stabiliza-
tion of the corresponding zwitterionic TSs that allows a
larger CT.[32]

Study of the [4+3] cycloaddition between LA coordinated
arylidenoxazolone 9 and Cp : Oxyallyl cations experiment
nucleophilic addition at both allylic positions.[9] On the
other hand, the LA coordinates a,b-unsaturated carbonyl
derivatives as 7 experiment nucleophilic addition at the elec-
trophilically activated b position (the C4 carbon).[12,31] In the
case of the LA coordinated arylidenoxazolone 7 all attempts
for the direct addition of Cp to the carbonyl C2 carbon of 7
failed. In addition, all attempts to form a seven-membered
cycloadduct after TSa and TSb, second step on the mecha-
nism (B) in Scheme 4, or interconversion of the [4+2] cyclo-
adducts 8a and 8b into the [4+3] cycloadduct 10 through a
ring expansion, were also unsuccessful. Therefore, the par-
ticipation of the C2-C3-C4 framework of 1 as the three-

atom component in the forma-
tion of the seven-membered
ring requires a strong electro-
philic activation of the carbonyl
group. Viewing the C2(=O1)�
O5�C6=N7 framework of 1 as
an aza analogue of an acid an-
hydride this activation could be
achieved by coordination of the
LA catalyst to the carboxyl O5
oxygen of the arylidenoxazo-
lone 1. This coordination, pre-
sented in 9, opens an alterna-
tive reactive channel, as it is de-
picted in Schemes 5c and 7.
Therefore, the electrophilic
attack of the activated acyl
carbon of 9 to Cp could yield
the [4+3] cycloadduct 10 via an
initial Friedel–Crafts-type addi-
tion to olefins.[33]

The reaction between the LA coordinated arylidenoxazo-
lone 9 and excess of Cp to give the bicyclo[3.2.1]octane
adduct 11 involves two consecutive reactions (see Scheme 5c
and 7). The first one corresponds to a stepwise [4+3] cyclo-
addition with formation of the seven-membered ring, while
the second one is a formally [3+2] cycloaddition between
the [4+3] cycloadduct 10 and a second molecule of Cp with
concomitant formation of the oxa five-membered ring, 11.

An exhaustive exploration of the PES for the [4+3] cyclo-
addition between the LA activated arylidenoxazolone 9 and
Cp to yield the cycloadduct 10 renders two TSs, TS1 and
TS2, and one intermediate, IN1. The first step of this [4+3]
cycloaddition is the electrophilic attack of the carbonyl C2
carbon of the oxazolone 9 to Cp, via TS1, to give the zwit-
terionic intermediate IN1. The second step corresponds to
the cyclization of this intermediate, via TS2, with formation
of the seven-membered ring. The different stationary points
for the stepwise [4+3] cycloaddition between 9 and Cp are

Table 2. Relative energies[a] (DE, kcalmol�1), enthalpies (DH, kcalmol�1), entropies (DS, calmol�1K�1) and
free energies (DG, kcalmol�1) in vacuum at 248.15 K and 1 atm, and relative energies in dichloromethane
(DEsol, kcalmol�1) corresponding to the stationary points of the reactions of the phenylidenoxazolones 1, 7 and
9 with Cp.

DE DH DS DG DEsol

a) [4+2] cycloaddition between 1 and Cp
TSa-nc 21.6 22.5 �46.3 34.0 19.9
TSb-nc 20.8 21.6 �46.1 33.0 19.3
2a �2.6 0.3 �49.2 12.5 �3.0
2b �3.6 �0.5 �50.5 12.0 �3.8
b) LA catalyzed [4+2] cycloaddition between 7 and Cp
TSa 14.8 15.8 �48.4 27.8 12.2
TSb 14.5 15.3 �47.9 27.2 12.2
8a �2.3 0.6 �50.5 13.2 �2.6
8b �2.6 0.4 �51.3 13.1 �2.9
c) LA catalyzed [4+3] cycloaddition between 9 and Cp
TS1 19.9 20.1 �45.5 31.4 13.8
IN1 17.7 18.7 �41.9 29.1 9.5
TS2 19.4 20.2 �50.5 32.7 14.1
10 �13.2 �10.3 �45.6 1.0 �18.0
TS3 6.9 10.5 �98.3 34.9 1.7
11 �20.5 �13.9 �103.9 11.8 �21.6

[a] Relatives to Cp and the corresponding phenylidenoxazolones 1, 7 and 9.

Scheme 7. Domino reaction between 9 and excess of Cp. a) [4+3] cyclo-
addition between 9 and Cp. b) Nucleophilic capture of 10 with excess Cp.
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depicted in Scheme 7 together with the atom numbering,
while the energetic results are listed in Table 2. The geome-
tries of the TSs are presented in Figure 2, while the geome-
tries of the intermediates and cycloadducts are given in Sup-
porting Information.

The first electrophilic attack, which corresponds to a Frie-
del–Crafts-type addition of the carbonyl C2 carbon of 9 to
the p system of Cp, presents an activation enthalpy of
20.1 kcalmol�1. Inclusion of the activation entropy,
�45.5 calmol�1K�1, arises the activation free energy to
31.4 kcalmol�1. Solvent effects cause a large reduction of
the gas phase activation energy, 6.1 kcalmol�1. This reduc-
tion is larger than that for the nucleophilic attack of Cp to
7, 2.6 kcalmol�1. Therefore, in condensed phase the activa-
tion free energies for the Michael-type addition of Cp to 7
and the Friedel–Crafts-type addition of 9 to Cp could be
closer, being both reactive channels competitive. The free
energy associated to the formation of the intermediate IN1
is 29.1 kcalmol�1. The subsequent cyclization step presents
an activation enthalpy of 1.5 kcalmol�1 and formation of the
bicyclo[3.2.1]octane adduct 10 is exothermic, �10.3 kcal
mol�1. With the inclusion of solvent effects the adduct 10
stabilizes in 5.2 kcalmol�1 relative to the gas phase results as
a consequence of its large polar character.

The length of the C2�C8 forming bond at TS1 is 2.021 R,
while the C4�C11 and C2�O5 distances are 3.538 and
2.237 R, respectively. Along the electrophilic attack of 9 to
Cp, the oxazolone ring is opened with concomitant C2�O5
bond-breaking process. At the intermediate IN1 the C2�C8
bond length, 1.672 R, indicates that this bond is already
formed, while the C2�O5 distance increases to 2.877 R. At
TS2, the C4�C11 bond length is 2.503 R while the C2�O5
distance is 2.460 R. At the [4+3] cycloadduct 10 the lengths
of the C2�C8 and C4�C11 bonds are 1.519 and 1.565 R, re-
spectively; this indicates that these bonds are already
formed, while the C2�O5 distance is 3.292 R. These results
support the cleavage of the oxazolene ring in 10. The BO
values of the C2�C8 forming bond at TS1 and TS2 are 0.42
and 0.83, respectively, while the C4�C11 BO at TS2 is 0.25.
The C3�N7 BO value at the [4+3] cycloadduct 10 is 1.82,
which indicates that it has a double-bond character. There-
fore, the C3=N7�C6(Ph)=O5 framework of the [4+3] cyclo-
adduct 10 corresponds to a N-acyl imine. Coordination of

the LA AlH3 to the O5 oxygen increases the electrophilicity
of the imine C3 carbon, allowing to explain the reactivity of
10 toward the nucleophilic addition of Cp. This electrophilic
activation is in agreement by the large electrophilicity of the
[4+3] cycloadduct 10, 3.00 eV, which is closer to that for the

LA coordinated arylidenoxazo-
lone 9 (see Table 1).

The negative charge transfer-
red from the donor Cp to the
arylidenoxazolone 9 along the
electrophilic attack of the car-
bonyl C2 carbon of 9 to Cp is
0.33 e at TS1, 0.60 e at IN1 and
0.35 e at TS2, thereby indicat-
ing the large polar nature of
this [4+3] cycloaddition. The
CT at TS1, associated to the
Friedel–Crafts-type addition, is
slightly less than that found at
TSa (0.38 e), associated to the
Michael-type addition, in agree-

ment with the lower electrophilicity of the LA coordinated
arylidenoxazolone 9 than the 7 one (see Table 1). Incorpora-
tion of solvent effects on the NBO calculations increases the
CT of the stationary points associated to the Friedel–Crafts-
type addition to 0.39 e at TS1, 0.66 e at IN1, and 0.41 e at
TS2.

One of the referees proposed to consider the coordination
of LA to the nitrogen of the oxazolone ring (see 14 in
Scheme 8). This coordination gives a stepwise mechanism
for the [4+3] cycloaddition like that for attack of Cp to 9.
However, although the LA coordinated oxazolone 14 is
9.0 kcalmol�1 more stable than 9, the activation energy asso-
ciated to the nucleophilic attack of Cp to 14 presents a high
value, 31.5 kcalmol�1. This unfavorable barrier allows to dis-
card the mechanism given in Scheme 8. The total electronic
energies, the geometries and the Cartesian coordinates of 14
and TS4 are given in Supporting Information.

The second reaction is a formally [3+2] cycloaddition be-
tween the [4+3] cycloadduct 10 and a second molecule of
Cp, followed by a ring closure with formation of the oxazo-
lone system to give the final cycloadduct 11 (see Scheme 7).
An exhaustive exploration of the PES for this reaction
allows to find only one TS, TS3, associated to the nucleo-
philic attack of Cp to the electrophilically activated imine
C3 carbon of the [4+3] cycloadduct 10. The activation en-
thalpy associated with TS3 is 20.8 kcalmol�1. After TS3, the
intermediate and TSs associated with the formation of the

Figure 2. Optimized geometries of the transition structures, TS1 and TS2, for the stepwise [4+3] cycloaddition
reaction between Cp and 9. In 9 the LA (AlH3) catalyst is coordinated to the carboxyl oxygen atom of 1. The
distances directly involved in the bond-forming processes are given in Rngstroms. Bond order values are given
in parenthesis.

Scheme 8. [4+3] cycloaddition reaction between 14 and Cp.
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final cycloadduct 11 are located in a smooth drop energy
after the barrier height. This fact precludes the localization
of the corresponding stationary points. However, the IRC
from TS3 to the cycloadduct stops at a structure that lies
4.0 kcalmol�1 below TS3 (see IN2 in Scheme 7). The total
electronic energy and the Cartesian coordinates of IN2 are
given in Supporting Information. The ring closure process at
these species with formation of the O1�C9 bond presents a
very low barrier; it has been estimated at less of 0.5 kcal
mol�1. The C2�O5 bond-formation process with regenera-
tion of the oxazolone ring takes place after the formation of
the O1�C9 bond. The formally [3+2] cycloaddition is slight-
ly endothermic in 0.13 kcalmol�1. Therefore, the domino re-
action between 9 and Cp with formation of 11 is exothermic,
�13.9 kcalmol�1.

The length of the C3�C8 bond forming at TS3 is 2.063 R,
while the O1�C11 distance is 2.768 R (see Figure 3). The
C2�O5 distance, 2.559 R, indicates that the oxazolone ring
remains open at this step. The BO value of the C3�C8 bond
at TS3 is 0.45. The negative charge transferred from the
donor Cp to the [4+3] cycloadduct 10 at TS3 is 0.40 e, in ac-
cordance with the large polar character of the process. This
large CT is in agreement with large electrophilicity of 10
(see Table 1). Incorporation of solvent effects on the NBO
calculations increases the CT of TS3 to 0.43 e.

Conclusion

The molecular mechanisms of the reactions between aryli-
den-5(4H)-oxazolone, 1, and Cp in absence and in presence
of LA catalyst have been studied at B3LYP/6-31G* comput-
ing level. In absence of LA, the [4+2] cycloaddition takes
place through a concerted mechanism. Presence of the LA
coordinated to the carbonyl oxygen of 1 accelerates the
[4+2] cycloaddition through a highly asynchronous polar
TS. This catalyzed process can be associated to a Michael-
type addition of Cp to the b-conjugated position of the aryli-
denoxazolone followed by a concomitant cyclization. These
[4+2] cycloadditions do not exhibit endo/exo selectivity.

A new mechanism emerges from this DFT study for the
[4+3] cycloaddition. This requires the strong electrophilic
activation of the carbonyl carbon of the a,b-unsaturated car-
boxyl moiety of the aryliden-5(4H)-oxazolone 1 in order to

work this conjugated system as the three-atom component
of a [4+3] cycloaddition. This activation, which has been
modeled by coordination of the LA to the carboxyl oxygen,
renders a Friedel–Crafts-type addition to the diene compo-
nent of Cp to give a zwitterionic intermediate that by a sub-
sequent cyclization yields the seven-membered cycloadduct.

Finally, coordination of the LA to the N-acyl imine frame-
work present on the [4+3] cycloadduct increases its electro-
philicity, being then trapped with the excess of Cp to give
the adduct 3.
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