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Abstract—Three possible reaction schemes for the cycloaddition reaction between methyleneketene and cyclopentadiene were studied by
DFT (density functional theory) and ab initio calculations. All of these cycloaddition reactions are exothermic, concerted but nonsynchronous
processes. The computed activation energies indicate that the norbornene product yielded from a 1,2-addition of methyleneketene with cyclo-
pentadiene (reaction (1)) is the primary product. The performance of various computational methodologies, MP2, MP4, and CCSD(T), in
conjunction with a wide array of basis sets, 6-31G(d), 6-311+G(d,p), aug-cc-pVDZ, and aug-cc-pVTZ, in obtaining reliable activation and
reaction energies of the reactions under investigation has been critically analyzed.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Heterocumulenes are highly versatile synthetic intermedi-
ates, and unlike most unsaturated compounds, they undergo
either thermal [2+2] or [2+4] cycloadditions readily. This
notion generates a great interest in the industrial1 and phar-
maceutical applications.2,3 A special class of heterocumu-
lenes, based on parent methyleneketene (H2C]C]C]O)
and its substituted derivatives, might exhibit different reac-
tion preferences than the other previously studied ketenes.4,5

It is known that ketenes react with cyclopentadiene in
a [2+2] process forming cyclobutanones (the Staudinger
reaction) rather than in a [4+2] reaction leading to norborne-
nones.6–9 So far based on the studied cycloaddition of
methyleneketene one assumes that their behavior is analo-
gous to that of ketene.10 However, a single example of the
parent methyleneketene undergoing a [4+2] cycloaddition
had been reported, and the only cycloaddition product,
which takes place on the interior C]C double bond of meth-
yleneketene with 5-methylene-1,3-dioxan-4,6-dione, had
been experimentally and theoretically studied.11

The possibility of another [4+2] cycloaddition for methyl-
eneketene, i.e., the reaction between methyleneketene and
cyclopentadiene, was revealed during our research devoted
to the study of the cycloaddition of cumulene.11b,12 The
cycloaddition between methyleneketene and cyclopenta-
diene is expected to yield a norbornene product, rather
than norbornanone or 5-oxobicyclo[2.2.1]hept-2-ene. In
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spite of the synthetic interest in these products,13 no
theoretical study regarding this reaction has been reported.
Therefore the mechanisms of these types of reactions require
detailed investigation. In this paper, the possible reaction
mechanisms of the [4+2] cycloaddition between methylene-
ketene and cyclopentadiene were theoretically studied in the
gas phase and polar solvents by means of ab initio methods
and density functional theory.

Due to its specific structure, methyleneketene provides
three double bonds on which three possible [4+2] reactions
with cyclopentadiene may take place (Scheme 1), i.e., cyclo-
addition with cyclopentadiene may involve either the C]C
or the C]O bonds of methyleneketene: addition to the
C]C double bond to give either norbornene derivative 1

H2C C C O

C
O

O

O
C

CH2

+

1234 H2C

(1)

(2)

(3)

1

2

3

1'
2'

3'4'

5'

Scheme 1.

mailto:jerzy@ccmsi.us


7015Y. Sheng, J. Leszczynski / Tetrahedron 62 (2006) 7014–7020
(bicyclo[2.2.1]hept-5-en-2-ylidene-methanone) or norbor-
nanone derivative 2 (3-methylene-bicyclo[2.2.1]hept-5-en-
2-one), or less likely addition to the C]O double bond to
give 5-oxobicyclo[2.2.1]hept-2-ene derivative 3 (3-vinyl-
idene-2-oxa-bicyclo[2.2.1]hept-5-ene).14–16 All these possible
products may have potential industrial and pharmaceutical
applications.2,17 Thus, the investigation of the regioselectiv-
ity of cycloaddition between methyleneketene and cyclo-
pentadiene is of great interest.

2. Computational method

The geometry of the reactants, products, and transition states
were optimized at the B3LYP level of theory using the
6-31G(d) basis set by means of the Berny approach, a
modified Schlegel method.18 Harmonic vibration frequency
calculations were performed to confirm whether the ob-
tained geometry represents a transition or minimum energy
structure.

Inclusion of the correlation energy is necessary for a reason-
able prediction of the activation energy because these contri-
butions are often larger for the transition structures than for
the minimum energy structures. In this study the energies
were evaluated at the MP2/6-31G(d) level of theory using
the B3LYP/6-31G(d) optimized structures. The geometry
of the reactants, products, and transition states were also
re-optimized at the MP2/6-31G(d) level. Entropies and
enthalpies of activation were obtained at the B3LYP/
6-31G(d) and MP2/6-31G(d) levels.

To better account for the effects of electron correlation, the
activation and reaction energies were also evaluated at
MP4, CCSD, and CCSD(T) using the geometries optimized
at the MP2/6-31G(d) level.

The 6-31G(d) basis set was used for the geometrical optimi-
zation. To assess the basis set effect on the activation and
reaction energies, a wide array of basis sets, namely,
6-31G(d), 6-311+G(d,p), aug-cc-pVDZ, and aug-cc-pVTZ,
was used at the B3LYP and MP2 levels of theory.

The reaction and activation energies in the solvents were
also evaluated at the B3LYP/6-31G(d) level by the polarized
continuum model applying the integral equation formal-
ism19 using the geometries optimized in the gas phase. In
this model, the liquid is represented by a dielectric contin-
uum, characterized by its dielectric constant 3. The solute
is placed in a cavity created in the continuum. The dielectric
constants of 3¼8.93 and 20.7 (that correspond to dichloro-
methane and acetone) were used. The specific interactions,
such as hydrogen bonding are not covered by this model.

All calculations were performed using GAUSSIAN03.20

3. Results and discussion

3.1. Reactants and products

The qualitative picture obtained from the valence-bond dia-
grams and the quantitative information from the molecular
orbital calculations can provide guidance for the interpreta-
tion of the behavior of methyleneketene. One of the first
studies of such species were performed by Radom who
calculated the p-electron distributions perpendicular to the
molecular plane for the various atoms in methyleneketene
using ab initio molecular orbital theory.21

It is well-known that methyleneketene is not linear, unlike
the cumulene H2C]C]C]CH2. The B3LYP/6-31G(d)-
and MP2/6-31G(d)-optimized geometrical parameters as
well as the experimental data obtained from the microwave
spectra of several isotopic species of methyleneketene22 are
shown in Figure 1. One can see that the geometrical para-
meters predicted at the B3LYP/6-31G(d) level are in excellent
agreement with the previous microwave measurement and
theoretical studies.23 Interestingly, the B3LYP/6-31G(d)
parameters are in better agreement with the experiments
than those obtained from the MP2 level calculations.

The structures of three products of the Diels–Alder reaction
between methyleneketene and cyclopentadiene are depicted
in Figure 1. The reaction energies at the different levels of
theory are summarized in Table 1. All of the reactions are
exothermic. The reaction energies at the B3LYP/6-31G(d)
level amount to 35.1 and 42.0 kcal/mol for reactions (1)
and (2), respectively. The reaction energy for reaction (3)
at the B3LYP/6-31G(d) level is predicted to be 7.7 kcal/
mol; this suggests that the addition to the C]O double
bond is very unfavorable compared to the additions to the
C]C double bonds of methyleneketene.
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Figure 1. The B3LYP/6-31G(d)-optimized geometrical parameters for the
reactants, transition structures, and products. For comparison, the MP2/
6-31G(d)-optimized geometrical parameters are listed in italic. The experi-
mental determined geometrical parameters for methyleneketene are shown
in the parenthesis. The relative energies were obtained at the B3LYP/
6-31G(d) level.
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Table 1. The activation and reaction energies at the different levels of theory for the stationary points located on the [4+2] cycloaddition between methylene-
ketene and cyclopentadiene

B3LYPa MP2b MP4(SDTQ)c CCSDc CCSD(T)c

DE(DE0)/DE(DE0) DH DE(DE0) DH DE DE DE

TS1 7.38(9.8)/�2.21(0.2) 8.8 �2.39(�0.2) �1.1 2.99 10.26 6.34
TS2 19.63(20.9)/12.89(14.1) 20.2 12.92(13.9) 13.3 16.35 24.57 19.45
TS3 13.40(16.0)/10.24(12.8) 14.6 9.36(12.1) 10.7 10.44 16.35 11.70

P1 �35.08(�29.4)/�50.08(�44.4) �31.1 �49.71(�43.8) �45.4 �44.61 �45.66 �43.77
P2 �41.96(�36.6)/�55.92(�50.6) �38.3 �55.51(�50.2) �51.8 �51.14 �54.11 �51.98
P3 �7.73(�2.9)/�15.73(�10.9) �4.5 �15.23(�10.4) �11.9 �11.88 �16.35 �14.32

The energies are in kcal/mol.
a B3LYP/6-31G(d) energy at the B3LYP/6-31G(d) optimized structure. MP2/6-31G(d)//B3LYP/6-31G(d) energy is in italic, the zero-energy corrected energy

are in the parenthesis.
b MP2/6-31G(d) energy at the MP2/6-31G(d) optimized structure.
c Single point energy using 6-31G(d) basis set at the MP2/6-31G(d) optimized structure.
The reaction energies predicted at the MP2, MP4(SDTQ),
and CCSD(T) levels of theory are also listed in Table 1.
From Table 1, one can see that the reaction energies at the
MP2, MP4(SDTQ), and CCSD levels of theory are larger
than the CCSD(T) results.

Compared to the CCSD(T) results, B3LYP underestimates
the reaction energies. The differences amount to 8.7, 10.0,
and 6.6 kcal/mol for reactions (1), (2), and (3), respectively.
On the contrary, MP2 and CCSD overestimate the reaction
energies by about 2–6 kcal/mol. The substantial differences
in reaction energies between the MP2, CCSD, and the
CCSD(T) values indicate that the triple substitution makes
a measurable contribution to accurate description of the
reaction energy.

The MP4-predicted reaction energies are in most cases in
agreement with the CCSD(T) reaction energies, and the dif-
ferences are smaller than 1 kcal/mol, except for the reaction
energy for the C]O addition, which differs by 2.4 kcal/mol.
These differences can be related to the high-order electron
correlation contributions. The reason that MP4 is in the clos-
est agreement with CCSD(T) is due to the close connection
between the two methods. The SDQ components of MP4
approximate those of CCSD, while the triple components
of MP4 are similar in structure to the CCSD(T) correction.
Therefore, MP4 level calculations with single, double, triple,
and quadruple substitutions are expected to provide reliable
reaction energies.

The reaction energies were also evaluated at the MP2 level
using different basis sets. As one can see from Table 2, at
the MP2/6-31G(d) level, the reaction energies for the 2,3-
C]C, 1,2-C]C, and C]O addition reactions are �49.7,
�55.5, and�15.2 kcal/mol, respectively. The further expan-
sion of the basis set to 6-311+G(d,p), and aug-cc-pVTZ
has less impact on the accuracy of the reaction energies.
The differences in the reaction energies are around 1 kcal/
mol when the basis set changes from 6-31G(d) to aug-cc-
pVTZ. All data are in good agreement with the CCSD(T)
method.

However, the values of reaction energy were significantly
affected by the size of the basis set at the B3LYP level.
The differences in the reaction energies amount up to
4 kcal/mol at the B3LYP/6-31G(d) level when different
basis sets were used. This indicates that B3LYP, unlike the
MP2 method, is inadequate for quantitatively describing
the reaction energies.

3.2. Transition states

The geometries of three transition states were first optimized
at the B3LYP/6-31G(d) level, followed by the MP2/
6-31G(d) single point energy evaluation. The activation
energies for reactions (1), (2), and (3) are listed in Table 1.
There are big differences in the activation energies between
the two levels of theory. For instance, the MP2/6-31G(d)-
computed activation energy for TS1 is�2.2 kcal/mol, while
the B3LYP/6-31G(d)-predicted activation energy is 7.4 kcal/
mol. The difference amounts to 9.5 kcal/mol!

Since the different activation values are predicted by B3LYP/
6-31G(d) and MP2/6-31G(d) calculations, it is necessary
to benchmark the study of the reaction under investigation
in order to find a reliable approach to predict the reaction
Table 2. The basis set effect on the activation and reaction energies at the B3LYP and MP2 levels of theory

B3LYPa MP2b

6-31G(d) 6-311+G(d,p) Aug-cc-pVDZ Aug-cc-pVTZ 6-31G(d) 6-311+G(d,p) Aug-cc-pVDZ Aug-cc-pVTZ

TS1 7.4 10.0 8.4 10.9 �2.4 �4.6 �9.1 �7.4
TS2 19.6 22.4 20.2 23.1 12.9 10.5 6.9 9.1
TS3 13.4 17.9 14.3 18.5 9.4 9.9 4.7 6.8

P1 �35.1 �29.5 �32.7 �27.8 �49.7 �49.3 �51.0 �49.3
P2 �42.0 �35.6 �39.5 �34.1 �55.5 �54.1 �57.0 �54.6
P3 �7.7 �1.2 �5.0 �1.0 �15.2 �13.3 �16.5 �16.3

The energies are in kcal/mol.
a At the B3LYP/6-31G(d) optimized structure.
b At the MP2/6-31G(d) optimized structure.
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activation barriers and the structural and electronic features
of these kinds of reactions.

3.2.1. Consideration of electron correlation. It is well
known that the Hartree–Fock-based methods significantly
overestimate the energy barrier, and increasing the basis set
quality even worsens the results.24 In order to obtain the cor-
rect energetics, it is very important to include dynamic corre-
lation. Therefore the single point energies at the MP4, CCSD,
and CCSD(T) levels using the MP2/6-31G(d) optimized
structures were computed and listed in Table 1. The T1 diag-
nostic values25 for the transition structures were also calcu-
lated at the CCSD level, and small values (<0.018) T1
diagnostic indicates that the coupled cluster method provides
reliable estimate of the reaction barrier height.

B3LYP and MP2 take into account the electron correlation
in quite different ways. Comparing with the CCSD(T) com-
puted energies, MP2 underestimates the activation barrier
for reactions (1) and (2) by about 8.7 and 6.6 kcal/mol, re-
spectively. Thus MP2 is clearly unsuitable for quantitative
prediction. This is in agreement with a recent study of regio-
selectivity, stereoselectivity, and asynchronicity in a series
of hetero-Diels–Alder reactions.26 When full MP4 method
with single, double, triple, and quadruple substitutions is
considered, the activation energy is slightly improved; how-
ever, it becomes underestimated compared to the CCSD(T)
results. The MP4 level activation energies are about
3.0 kcal/mol lower than the CCSD(T)-predicted results.

It is interesting to notice that the gradient-corrected hybrid
density functional method, B3LYP, has shown excellent
agreement with the CCSD(T) results. By comparing the
activation energies listed in Table 1, the activation energies
obtained at the B3LYP/6-31G(d) level differ from the
CCSD(T) energies by only about 1.0, 0.2, and 1.7 kcal/mol
for reactions (1), (2), and (3), respectively.

3.2.2. Basis set effect on transition structures. The
6-31G(d) basis set was used throughout for the geometry
optimization of the transition states. The further expansion
of the basis set has less impact on the accuracy of the molec-
ular parameters.27,28 Only minor changes of the geometrical
parameters were observed in selected organic systems when
the basis set was extended in the B3LYP calculations. The
6-31G(d) basis set is a good compromise between efficiency
and accuracy.29 We have also used the 6-311+G(d) and
aug-cc-pVDZ basis sets for some of the studied species,
and the geometrical parameters are essentially the same.30

Therefore we will only discuss the geometries obtained
from the 6-31G(d) basis set, unless otherwise mentioned.
The transition states were also optimized using the MP2/
6-31G(d) method; the geometries obtained at the B3LYP/
6-31G(d) and MP2/6-31(d) levels are close to each other.

3.2.3. Basis set effect on activation energy. The activation
energies computed at the B3LYP and MP2 levels using dif-
ferent basis sets are listed in Table 2. The results demonstrate
that the activation energies at the B3LYP level had less vari-
ation as a function of the basis set than the MP2 results.
B3LYP/6-31G(d) is expected to yield reliable activation
energies, while the MP2 method underestimates the activa-
tion energy.
In brief, B3LYP/6-31G(d) method predicts reliable geomet-
rical parameters for the reactants, products, and transition
structures. Though the level of electron correlation is of
importance for quantitative prediction of reaction and acti-
vation energies, B3LYP/6-31G(d) method can be still used
for qualitative description of the energetics of the reactions
under investigation. Therefore, only the B3LYP/6-31G(d)
results will be used for further discussion of the reaction
mechanism, unless otherwise mentioned.

3.2.4. Discussion. We started with reaction (1) between
methyleneketene and cyclopentadiene, which takes place
on the C3]C4 bond of methyleneketene. A transition state
TS1 (see Fig. 1) was located and characterized. The main
geometrical parameters of the stationary point, optimized
at the B3LYP/6-31G(d) and MP2/6-31G(d) levels, are shown
in Figure 1.

The distances of C4–C10 and C3–C40 are 2.134 and 2.536 Å,
respectively, at the B3LYP/6-31G(d) level. The C4–C10 dis-
tance obtained at the MP2/6-31G(d) level is slightly longer
(2.298 Å), while the C3–C40 distance is slightly shorter
(2.484 Å). The results of both methods indicate that the
reaction appears to be concerted but nonsynchronous.

Due to the attack of methyleneketene, the five carbon atoms
of cyclopentadiene are no longer on the same plane, the
dihedral angle C20–C30–C40–C50 amounts to �18.1� at the
B3LYP/6-31G(d) level. The methyleneketene moiety is
almost parallel to the cyclopentadiene moiety plane. The
C2–C3–C4 angle amounts to 149.7�, slightly smaller than
that in methyleneketene.

Mulliken population shows that methyleneketene donates
0.19 units of negative charge to cyclopentadiene in TS1.
The activation barrier for TS1 is predicted to be 7.4 kcal/
mol at the B3LYP/6-31G(d) level.

A transition state (TS2) was located and characterized for
the cycloaddition reaction with cyclopentadiene taking place
on C2]C3 double bond of methyleneketene. The selected
geometrical parameters for the optimized transition structure
at both the B3LYP/6-31G(d) and MP2/6-31G(d) levels are
shown in Figure 2. Reaction (2) is also a concerted but
nonsynchronous. The B3LYP/6-31G(d)-predicted C3–C10

distance amounts to 1.929 Å, much shorter than the C2–
C40 distance (3.217 Å at the B3LYP/6-31G(d) level). Only
a 0.03 e charge was transferred from methyleneketene to
cyclopentadiene. The activation barrier of this reaction is
19.6 kcal/mol, much higher than reaction (1).

In addition to the two approaching modes considered earlier,
the possibility of a cycloaddition reaction with cyclopenta-
diene taking place on the C]O bond of methyleneketene
was also studied. A transition state (TS3) was located. As
one can see from Figure 1, the C2–C40 distance in the tran-
sition structure TS3 is predicted to be 1.623 Å at the B3LYP/
6-31G(d) level. This indicates that the C2–C40 bond is
almost formed in transition structure TS3. The O1–C10

bond is not yet formed; the distance between O1 and C10

is 2.303 Å at the B3LYP/6-31G(d) level. The formation of
the C2–C40 bond in TS3 raises the question of whether reac-
tion (3) is a step-wise reaction. Attempts have been made,
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however, no other possible transition state or intermediate on
the reaction potential surface was located. Moreover, the
IRC analysis shows that TS3 is directly connected with the
reactants and the final [4+2] cycloaddition product.
Therefore, we concluded that it is a concerted but nonsyn-
chronous reaction. Mulliken population analysis shows
that there is 0.24 e charge transfer from methyleneketene
to cyclopentadiene in TS3. The activation barrier for TS3
is predicted to be 13.4 kcal/mol at the B3LYP/6-31G(d)
level.

3.3. Frontier orbital analysis

FMO (frontier molecular orbital) theory has been useful in
rationalizing the regioselectivity preferences of these cyclo-
additions. The cycloaddition can be either HOMO(diene)–
LUMO(dienophile) or HOMO(dienophile)–LUMO(diene), depends
on the direction of electron transfer during the reaction. The
interaction between the frontier orbitals is expected to be
stronger if the difference of the orbital energy levels is
smaller and as a result the reaction will proceed easier. The
greatest overlap of these orbitals occurs when the nucleo-
phile interacts at the site of the compound that has the largest
LUMO coefficient. Similarly, the electrophilic addition
takes place most likely at the most nucleophilic terminus
of a diene with the largest HOMO coefficient, and this termi-
nus should become attached to the site of dienophile with the
largest LUMO coefficient. Therefore, the regiochemical
preference can be understood by examining the orbital coef-
ficients on the individual atom.

By means of an analysis of the frontier molecular orbitals of
the reactants (see Fig. 2) and the direction of electron trans-
fer described in the preceding section, one can recognize
that, for reaction (1), TS1 is mostly stabilized by the inter-
action of the HOMO-1 of methyleneketene with the
LUMO of cyclopentadiene. The coefficients on C3 and C4
of methyleneketene are of approximately the same size,
with the coefficient on C4 being slightly larger than that
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Figure 2. The energy levels of the frontier orbitals at the B3LYP/6-31G(d)
level. The sizes of orbital coefficients on each atom of methyleneketene and
cyclopentadiene are represented by the sizes of lobes on the orbitals.
on C3; therefore, the slightly stronger orbital overlap be-
tween C4 and C10 results in a shorter C4–C10 distance in
TS1. The energy gap of this FMO interaction amounts to
8.06 eV at the B3LYP/6-31G(d) level.

In transition state TS2, 0.03 e charge was transferred from
methyleneketene to cyclopentadiene. By analyzing the fron-
tier orbitals of the reactants shown in Figure 2, one can draw
the conclusion that it is the interaction of HOMO of methyl-
eneketene with LUMO of cyclopentadiene that stabilizes
TS2. The larger orbital coefficients for the bonding atoms
are localized on C3 of methyleneketene and C10 of cyclo-
pentadiene. This leads to a much shorter distance between
the C3 and C10 atoms than that between the C2 and C40

atoms in TS2. The energy gap of this FMO interaction is
6.07 eV at the B3LYP/6-31G(d) level.

As for reaction (3), only the interaction of LUMO of cyclo-
pentadiene with HOMO-3 of methyleneketene stabilizes
TS3. However, this energy gap of FMO interaction is
11.08 eV at the B3LYP/6-31G(d) level, much higher than
the energy gaps of the FMO interactions in TS1 and TS2.
It is also known that the C]O p bond is stronger than the
C]C p bond, therefore attack on the C]O bond is less
probable. All these factors lead to the fact that reaction (3)
has the highest energy barrier.

It is also interesting to notice that the energy gap of the FMO
interaction in TS2 is lower by about 2.0 kcal/mol than that of
TS1. However, TS2 possesses a higher activation barrier
than TS1. The reason why TS1 is characterized by a lower
activation energy can be interpreted by analyzing the orien-
tation of the FMO interactions in TS1 and TS2. From
Figure 1, one can see that the approaching modes of methyl-
eneketene to cyclopentadiene are different in the structures
TS1 and TS2. In TS1, the pz orbital of methyleneketene
interacts with the LUMO of cyclopentadiene, while the over-
lap between the px orbital of methyleneketene and the pz

orbital of cyclopentadiene stabilizes TS2. The latter
approaching mode induces a strong steric repulsion between
the CH2 group of methyleneketene and cyclopentadiene in
TS2 and thus destabilizes TS2. As a result, a higher activa-
tion barrier is observed. Therefore the cycloaddition at the
terminal C]C bond of methyleneketene is most likely to
be observed. This is different than in the case of the cyclo-
addition between methyleneketene and 5-methylene-1,3-
dioxan-4,6-dione in which the addition takes place on the
interior C]C double bond of methyleneketene.11

To investigate the electrostatic rationale for the intrinsic
preference of the regioselectivity of addition of cyclopenta-
diene to methyleneketene, the solvent effects and their influ-
ence on the stabilities of transition structures were predicted
with the polarized continuum model using the integral equa-
tion formalism.19 The reference geometries optimized in the
gas phase were used. In the gas phase, larger charge transfer
in TS1 and TS3 than in TS2 was predicted. The values of the
charge transfer are further enhanced in the polar medium,
and the activation energies of TS1 and TS3 are lowered
in the polar solvents. As one can see from Table 3, the acti-
vation energies for TS1 and TS3 decrease from 7.4 and
13.4 kcal/mol in the gas phase to 5.8 and 10.7 kcal/mol in
dichloromethane and 5.6 and 10.4 kcal/mol in acetone,
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respectively. However, the cycloaddition taking place on the
interior C]C bond of methyleneketene is hampered by a
polar solvent. This suggests that a polar medium facilitates
reaction (1).

4. Conclusions

The reaction mechanisms of the [4+2] cycloaddition
between methyleneketene and cyclopentadiene have been
investigated by ab initio and density functional theory cal-
culations. According to the obtained results we draw the
following conclusions.

(1) There are three possible reaction mechanisms for the
cycloaddition between methyleneketene and cyclo-
pentadiene, as shown in Scheme 1. The cycloadditions
at different double bonds of methyleneketene are all
concerted but nonsynchronous processes. An analysis
based on frontier molecular orbitals shows that the reac-
tion mechanisms correspond to the [4+2] description.

(2) All the reactions are exothermic; however, the small
exothermicity of the addition to the C]O double bond
suggests that reaction (3) is less favorable compared to
additions to the C]C double bonds of methyleneketene
(reactions (1) and (2)).

(3) The activation barriers for the cycloaddition of methyl-
eneketene with cyclopentadiene are 7.4, 19.6, and
13.4 kcal/mol at the B3LYP/6-31G(d) level for reactions
(1), (2), and (3), respectively. These computational re-
sults show that the energy barrier for the reaction leading
to the 1,2-adduct norbornene (reaction (1)) is the lowest
one. The predicted solvent effect indicates that reaction
(1) is facilitated in a polar solvent.

(4) The performance of various computational methodolo-
gies in obtaining activation as well as reaction energies
of the reactions under investigation has been critically
analyzed. The hybrid density functional B3LYP method
shows excellent agreement with the CCSD(T) method in
obtaining activation energies, and it shows less variation
as a function of basis set. On the contrary, the activation
energies obtained at the MP2 level are underestimated,
and thus the MP2 method is inadequate for the study
of the Diels–Alder reactions. It should be noted that
B3LYP, which works well for the activation energy,
yet significantly underestimates the reaction energies
and is sensitive to the size of basis set. For a quantitative
description of the reaction energy, full MP4 level
method with single, double, triple, and quadruple substi-
tutions is necessary.
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