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The reaction mechanism of the Diels-Alder reaction between 2-methylacrolein and cyclopentadiene catalyzed
by a cationic oxazaborolidine Lewis acid has been characterized using density functional theory calculations.
The solvent effect on the studied reaction is taken into account by optimizing all stationary points in CH2Cl2
using the polarizable-continuum model. Our calculations show that the presence of this cationic oxazaborolidine
catalyst changes the molecular mechanism of the studied reaction from concerted to stepwise, and lowers the
activation barrier by more than 10.0 kcal/mol. A comparison of the results obtained for four different reaction
channels reveals that the studied reaction is energetically favorable to occur along theexo/s-cis channel,
which reasonably explains the stereoselectivity of the title reaction observed in related experiments. The
electronic effect of this cationic oxazaborolidine complex in catalyzing the title reaction is found to be very
similar to that of the commonly used Lewis acid BF3.

1. Introduction

It is well-known that for many Diels-Alder (DA) reactions
the presence of Lewis acid catalysts not only accelerates the
reaction rates but also enhances the regio- and stereoselectivities
in comparison with the uncatalyzed processes.1 Therefore, the
search for more efficient Lewis acid catalysts in enantioselective
DA reactions has been an active field in organic chemistry. A
large amount of experimental and theoretical work has been
carried out to understand the effects of the Lewis acid catalysts
on the nature of the molecular mechanisms of these DA
reactions. Experimentally, various Lewis acid catalysts such as
boron trifluoride (BF3) and aluminum trichloride (AlCl3), metal
centers, and arylboron difluorides have been explored to improve
the results of enantioselective DA reactions.1 The role of the
Lewis acid catalyst was theoretically investigated by studying
the related reaction with BH3 as a model catalyst in most cases
(BF3 or AlCl3 in some cases). For example, Birney and Houk2

carried out the first ab initio study on the DA reaction between
butadiene and acrolein catalyzed by BH3. Later, the same
reaction was theoretically studied by Yamabe et al.3 and Garcı´a
et al.,4 but with BF3 (or AlCl3) as the model catalyst. Recently,
the BF3-catalyzed DA reaction between furan and methyl vinyl
ketone5 and the Et2AlCl-catalyzed reaction between isoprene
and acrolein6 were theoretically investigated by density func-
tional theory (DFT) calculations.

In a recent experimental study, Corey and co-workers reported
a new type of catalytic enantioselective DA reaction with the
cationic oxazaborolidine (shown in Scheme 1) as a Lewis acid
catalyst.7 This catalyst was found to effectively catalyze DA
reactions between 2-methyl- or 2-bromoacrolein and a variety
of 1,3-dienes at low temperature. Excellent yields and enantio-
selectivities were achieved for these reactions. To the best of
our knowledge, the molecular mechanism of this type of DA
reaction has not been studied theoretically.

In this paper, our aim is to theoretically explore the potential
energy profiles of the reaction between cyclopentadiene (Cp)
and 2-methylacrolein (MA) catalyzed by this cationic oxaza-
borolidine complex to shed light on the mechanistic details of
this reaction. Since calculations with experimental catalysts are
computationally demanding, we have used simple groups (R2

) H) to replace more bulky substituents in the experimental
catalysts. Due to this simplification, this study may not fully
explain the origin of high enantioselectivities observed in
experiments. Nevertheless, the present study is expected to allow
us to better understand the effect of the Lewis acidity on the
reaction mechanism of the DA reaction. For the purpose of
comparison, the reaction between Cp and MA catalyzed by the
commonly used BF3 and the uncatalyzed reaction will also be
studied.

2. Computational Details

All calculations were carried out at the density functional
theory level with the three-parameter hybrid exchange functional
of Becke and the Lee, Yang, and Parr correlation functional
(B3LYP),8 using the Gaussian 03 program.9

The solvent effects were considered using a self-consistent
reaction field (SCRF)10 method, based on the polarizable-
continuum model (PCM)11 with UAHF parametrization. For
both catalyzed and uncatalyzed reactions, each stationary point
was fully optimized in CH2Cl2 using the PCM model at the
B3LYP level. We have used the synchronous transit-guided
quasi-Newton method (STQN) for locating transition structures.
For the hydrogen atoms in the proline ring of the catalyst, which
were not directly bonded to the atoms involved in the reaction,
we have used the 6-31G* basis set for simplicity. For all other
atoms, the 6-31G** basis set was employed. For each species,
we have done a frequency calculation to verify whether it is a
minimum or the transition state, and to calculate zero-point
energies (ZPE), enthalpies, and free energies, in which calculated
frequencies were scaled by 0.98. In the Gaussian 03 program,
the solvation free energies were calculated using a reference
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state of 1 mol/L (M), but the Gibbs free energies (G) for gas-
phase species were determined with a reference state of 1 atm.
To convert the gas-phase free energies with the reference state
of 1 atm into the corresponding free energies with the reference
state of 1 M, we can use the following equation:12 Ggas(1 M) )
Ggas(1 atm)+ RT ln(14.69). The additional term is numerically
equal to 1.60 kcal/mol at 179.0 K. Throughout this paper, the
Gibbs free energies with the reference state of 1 M at 179.0 K
will be used in discussing the reactivity in the solution phase.

3. Results and Discussion

The DA reaction between 2-methylacrolein (MA) and cy-
clopentadiene (Cp) can proceed through four different reaction
pathways, depending on the approach of the cyclopentadiene
with respect to the carbonyl group of the 2-methylacrolein (exo,
endo) and on the conformation of the latter (s-cis, s-trans).
Scheme 1 illustrates the atom numbering for the reactants and
products, and four different reaction channels, which will be
hereafter denoted as NT, XT, NC, and XC for simplicity. For
both the uncatalyzed and catalyzed reactions, we optimized all
stationary points in CH2Cl2 with the PCM model. A comparison
of the results will allow us to shed light on the role of the catalyst
in the studied DA reaction. The relative electronic energies,
enthalpies, and Gibbs free energies of all the stationary points
in the solution phase are given in the Supporting Information.
In the following, we will first discuss the results on the
uncatalyzed reaction. Then, the results on the catalyzed reaction
will be presented to rationalize the role of the catalyst.

3.1. Uncatalyzed Reaction.The geometries of all stationary
points are shown in Figure 1, and their relative free energies
are summarized in Figure 2. Since thes-cis conformer of MA
(abbreviated as MAC) is less stable than thes-transone (MAT)
by 2.66 kcal/mol in free energy, we have taken the free energy

of the reactants, Cp and MAT, as the energy of zero for four
reaction pathways. As shown in Figures 1 and 2, the reactions
along four pathways are all concerted but asynchronous. The
difference between the bond lengths of the forming bonds in
the corresponding transition state is an indicator of the degree
of asynchronicity. According to this indicator, one can see that
1TS-NC and1TS-XC are significantly more asynchronous than
1TS-NT and 1TS-XT. In all four transition states (1TS-NC,
1TS-XC, 1TS-NT, 1TS-XT), the forming bond between one
carbon atom in the diene and an unsubstituted carbon in the
dienophile is always significantly shorter than another forming
bond involving the substituted carbon in the dienophile. In terms
of frontier molecular orbital (FMO) theory, this could be
ascribed to the fact that theπ-orbitals between two unsubstituted
carbon atoms have a better overlap and, thus, stronger bonding.13

The free energy barriers for the uncatalyzed reaction between
MAT and Cp are 26.90 kcal/mol for1TS-NT and 25.36 kcal/
mol for 1TS-XT, respectively. After crossing these two transi-
tion states, the reaction would yield two cycloadducts:2-NT
and 2-XT, respectively. These two complexes are thermody-
namically stable, which are lower in free energy by 1.05 and
1.16 kcal/mol than the reactants. By rotating the carbonyl group,
2-NT could be easily converted into its slightly stable isomer,
4-NT, through the transition state3TS-NT. Similarly, 4-XT
would be the final cycloadduct along the XT pathway, since it
is more stable by 0.53 kcal/mol than2-XT.

The reactions between MAC and Cp would directly yield
the final cycloadducts:4-NC and4-XC. Apparently,4-NT/4-
NC and4-XT/4-XC are two pairs of enantiomers. Relative to
the reactants Cp and MAC, the free energy barriers are 23.55
and 22.24 kcal/mol for theendoandexopathways, respectively.

To summarize the discussions above, one can see that the
activation free energies for the uncatalyzed reaction follow the

SCHEME 1
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order XC< NC < XT < NT. The uncatalyzed reaction is most
likely to proceed through the XC channel.

3.2. Catalyzed Reaction.In the presence of the Lewis acid
catalyst, the first step is the formation of the complexes between
the catalyst and MA (s-cis, s-trans). Using the model catalyst
5, we have obtained three encounter complexes,6, 7, and8,
whose structures are shown in Figure 3. One can see that MA
is in as-transconformation in6, but in as-cis conformation in
7 and8. In all these species, the carbonyl oxygen atom in MA
is bonded to the boron atom of the catalyst5. In addition, in6
and8 a hydrogen bond between the oxygen atom of the catalyst
5 and the formyl hydrogen exists, whereas in7 a hydrogen atom
in the methylene group is involved in a similar C-H‚‚‚O
hydrogen bond. The Gibbs free energy changes for the formation
of 6, 7, and8 in CH2Cl2 are calculated to be-2.59, 2.94, and
-1.75 kcal/mol, respectively. Thus, the encounter complex
between the catalyst5 and MA mainly exists in the form of6
and8. It should be noted that if the basis set superposition error
(BSSE) is taken into account by the counterpoise method,14 we
find that the complexes6 and8 would be thermodynamically
unstable at 179.0 K. For instance, the BSSE-corrected binding

free energy between MA and the catalyst5 in 6 is 1.74 kcal/
mol at 179.0 K. Thus, the BSSE is overestimated by the
counterpoise method in systems6 and8. This result was also
observed for similar systems in a previous theoretical study.15

As shown in Figure 3, the geometry of the catalyst is
significantly changed when the catalyst is coordinated to MA.
Therefore, we do not include the BSSE correction in computing
the free energies of6 and 8. For experimental catalysts the
cycloaddition between Cp and the7-like complex will suffer
from the large steric hindrance between Cp and the phenyl
groups in the catalyst. Thus, only the reaction6 (or 8) will be
investigated in the following subsection. For each reaction, we
have studied the potential energy profiles along bothendoand
exo channels. The optimized structures obtained for both
reactions are collected in Figure 4, and their relative Gibbs free
energies are shown in Figure 5.

We will first give a somewhat detailed discussion on the
results for the reaction between Cp and6. One can see that in
the presence of the catalyst the DA reaction will occur by a
stepwise mechanism. Along theendo (or exo) pathway, the
reaction will go through the transition state9TS-NT (or 9TS-
XT) to produce a zwitterionic intermediate10-NT (or 10-XT).
Relative to the separated reactants Cp and6, the activation free
energies are 13.48 and 14.13 kcal/mol for9TS-XT and 9TS-
NT, respectively. Since only one C-C bond is formed in10-
NT or 10-XT, these intermediates are thermodynamically quite
unstable. After passing through a very small barrier,10-NT will

Figure 1. Optimized structures of reactants, transition states, and
cycloadducts along four different reaction pathways for the uncatalyzed
reaction. The bond distances are in angstroms.

Figure 2. Free energy profiles for the uncatalyzed reaction along four
different reaction pathways.

Figure 3. Optimized geometries of model catalyst5 and catalyst-
MA complexes. The bond distances are in angstroms.
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undergo a ring-closure process to convert into12-NT, which is
the cycloadduct complexed with the catalyst. This step is quite
exothermic (-8.14 kcal/mol), and is probably irreversible. Next,
the cycloadduct2-NT is readily dissociated from12-NT, and
the catalyst5 is recovered. Finally,2-NT will undergo a rapid
isomerization process to yield4-NT, which is the more stable
cycloadduct, as described in the preceding subsection. Following
a similar pathway,10-XT will convert into 4-XT. Obviously,
the rate-determining step in the catalytic cycle is the formation
of the zwitterionic intermediate.

As also shown in Figure 5, the free energy profiles for the
reaction between Cp and8 share a common feature as those
described above for the reaction between Cp and6. The rate-
determining step is also the formation of the zwitterionic
intermediate, with a free energy barrier of 11.60 kcal/mol for
9TS-XC, and 13.07 kcal/mol for9TS-NC. A comparison of
the free energy barriers of the rate-determining step in the
reaction between Cp and8, and with those in the reaction
between Cp and6, shows that the presence of the Lewis acid
catalyst5 does not change the order of the reactivity (XC<
NC < XT < NT). As a consequence, theexo/s-cis (XC) channel
is the most favorable channel for the DA reaction to occur. This
result is in accord with the experimental observations that4-XC
is the dominant cycloadduct.7

By comparing the results obtained for the catalyzed reaction
with those for the uncatalyzed reaction, we can see that the main
role of the catalyst is to significantly decrease the activation
free energy barriers (by more than 10.0 kcal/mol). A concomi-
tant consequence is the change of the reaction mechanism, i.e.,

from concerted to stepwise. Now we will give some analysis
to understand how the catalyst acts in the studied DA reaction.

First, let us take a look at the geometric features of some
species. For the transition states in the rate-determining step,
we notice that the short forming C-C bonds in9TS-NT, 9TS-
XT, 9TS-NC, and9TS-XC are 2.049, 2.144, 2.193, and 2.251
Å, respectively, while another forming C-C bond in these
species is all around 3.100 Å, indicating that these two carbon
atoms are not bonded in this step. It is interesting to compare
the structures of these transition states with those of the
corresponding transition states (1TS-NT, 1TS-XT, 1TS-NC, and
1TS-XC) in the uncatalyzed reaction. A general trend is that in
the concerted transition states (without the catalyst) the lengths
of two forming C-C bonds are significantly shorter, especially
at the substituted ends. In the zwitterionic intermediates (10-
NT, 10-XT, 10-NC, and10-XC), the short C-C bond length is
in the range of 1.63-1.66 Å, indicating that the formation of
this bond is almost complete, but the long C-C bond distance
of around 2.80 Å shows that these two atoms are still not
bonded. By examining the B-Oexocyclicdistances in all species,
we find that the bond between boron and the carbonyl oxygen
(B-Oexocyclic) is noticeably shortened during the course of the
cycloaddition. Once the cycloaddition reaction is complete, the
B-Oexocyclicbond length is almost restored as in the correspond-
ing catalyst-MA encounter complex (6 or 8). Clearly, the
electron-deficient boron plays a very important role in the
cycloaddition process.

To better understand the role of the Lewis acid catalyst, it is
common to make a FMO analysis. According to FMO theory,

Figure 4. Optimized structures of intermediates and transition states along four different reaction pathways for the catalyzed reaction. The bond
distances are in angstroms.
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for a normal DA reaction a stronger highest occupied molecular
orbital (HOMO)-lowest unocccupied molecular orbital (LUMO)
interaction between the HOMO of the diene and the LUMO of
the dienophile will lead to a relatively smaller barrier. For the
studied reaction, the energies of the HOMO and LUMO of the
diene (Cp), the dienophile (MAC or MAT), and the catalyst-
dienophile complex (6 or 8) are depicted in Figure 6. One can
see that the energy of the LUMO of MAT (or MAC) is lowered
by about 1.82 eV (or 1.86 eV) when the Lewis acid is
coordinated to MAT (or MAC). Thus, the presence of the
catalyst significantly reduces the HOMOdiene-LUMOdienophile

energy gap, and thus leads to a stronger HOMOdiene-LUMO-
dienophileinteraction. This viewpoint can be further supported by
the natural population analysis for the transition states in the
uncatalyzed and catalyzed reactions. As listed in Table 1, the
charge transfer from Cp to MA is about 0.20e in the transition
states of the uncatalyzed reaction, but the charge transfer from
Cp to the catalyst-MA complex is in the range of 0.31-0.41e
in the transition states (of the rate-determining step) of the
catalyzed reaction.

Apparently, the increase of the charge transfer is an indication
of a stronger HOMOdiene-LUMOdienophileinteraction induced by
the electron-withdrawing catalyst.

The discussions above show clearly that the role of the
catalyst5 is to lower the energy barrier of the cycloaddition
process by facilitating the delocalization of the negative charge
that is transferred from the diene. It is interesting to compare
the electronic behavior of the catalyst5 with that of the
commonly used Lewis acid BF3. For this purpose, we have

studied the title reaction in the presence of BF3 along the XT
pathway at the B3LYP/6-31G** level. All stationary points are
also optimized in CH2Cl2 using the PCM model. The optimized

Figure 5. Free energy profiles for the catalyzed reaction along four different reaction pathways.

Figure 6. Energies of frontier molecular orbitals of Cp, MAT, MAC,
and catalyst-MA complexes6 and8.
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structures are displayed in Figure 7, and the corresponding free
energy profile is given in Figure 8. As one can see, a stepwise
mechanism is also involved in the BF3-catalyzed reaction. The
rate-determining step, the formation of the zwitterionic inter-
mediate (15-XT), is calculated to have a free energy barrier of
12.78 kcal/mol. This value is very close to the calculated barrier
(13.48 kcal/mol) of the corresponding step in the presence of
the catalyst5. In addition, we find that the charge transfer from
Cp to the BF3-MAT part in the transition state (14TS-XT) of
the rate-determining step (0.36e) is almost identical to that in
the corresponding transition state of the5-catalyzed reaction.
Thus, we can see that the Lewis acidity (or the electron-
withdrawing ability) of BF3 is comparable to that of the catalyst
5. However, by comparing the free energy profiles of the BF3-
catalyzed and5-catalyzed processes, we notice that in the
presence of BF3 the dissociation of the cycloadduct from the
BF3-cycloadduct complex (17-XT) is less thermodynamically
favorable than that in the presence of the catalyst5.

4. Conclusions

In this work, we have carried out a theoretical study of the
molecular mechanism of the Diels-Alder reaction between
cyclopentadiene and 2-methylacrolein in the presence of a
cationic oxazaborolidine catalyst. The solvent effect on the

studied reaction is taken into account by optimizing all stationary
points in CH2Cl2 using the PCM model. Our calculations show
that in the presence of this cationic oxazaborolidine catalyst
the DA reaction would take place by a stepwise mechanism.
Without the catalyst, the reaction is found to occur by an
asynchronous concerted mechanism. With the help of the
catalyst, the rate-determining step is the nucleophilic attack of
cyclopentadiene to one carbon atom of 2-methylacrolein to form
the zwitterionic intermediate, which has an activation free energy
barrier of about 11-14 kcal/mol, depending on the different
reaction channels. The presence of the catalyst significantly
lowers the activation barrier of the studied reaction (by more
than 10.0 kcal/mol). A comparison of the results obtained for
four different reaction channels reveals that the DA reaction is
more likely to go through theexo/s-cis channel, which reason-
ably explains the stereoselectivity of the title reaction observed
experimentally. Furthermore, we have compared the electronic
effect of the cationic oxazaborolidine catalyst and the commonly
used catalyst BF3 in catalyzing the title reaction. These two
catalysts are found to play a very similar role during the course
of the DA reaction, except that BF3 is more tightly bound to
the cycloadduct.
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Figure 7. Optimized structures of stationary points along the XT
pathway for the reaction of MAT and Cp catalyzed by BF3. The bond
distances are in angstroms.

Figure 8. Free energy profiles for the reaction of MAT and Cp
catalyzed by BF3 along the XT pathway.

TABLE 1: Natural Population Analysis of the Negative
Charge (in au) Transferred from Cp to MAT or MAC in the
Transition States

1TS-NT 0.21 9TS-NT 0.41
1TS-XT 0.20 9TS-XT 0.36
1TS-NC 0.21 9TS-NC 0.36
1TS-XC 0.20 9TS-XC 0.31
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