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ABSTRACT: The mechanisms of recently reported Lewis acid-
catalyzed Diels−Alder reactions of arylallenes and acrylates were
studied using density functional theory calculations. A stepwise
mechanism involving short-lived zwitterion intermediates is
established. The reaction is endo-selective in the presence of
Lewis acid catalyst. The [2 + 2] cycloaddition is not observed
because of the greater charge separation in the first step of the [2
+ 2] cycloaddition. The origins of chirality transfer in the Diels−
Alder reaction using chiral arylallenes are uncovered, and the
absolute stereochemistry of the product is predicted.

■ INTRODUCTION

The Diels−Alder (DA) reaction of dienes and alkenes is one of
the most useful ring-forming reactions in organic chemistry.1−5

Despite numerous advances since it was established in 1928,
the scope of this powerful transformation has been
continuously expanded.6−11 Recently, in their quest to develop
[2 + 2] cycloaddition reactions to synthesize cyclobutanes,
Conner and Brown discovered an unexpected Lewis acid-
catalyzed DA reaction of arylallenes and acrylates, involving the
aromatic ring as part of the diene (Scheme 1).12

On the basis of their previous work,13 the authors were
expecting a [2 + 2] cycloaddition of arylallene and acrylate to
produce a cyclobutane (Scheme 1a).12 However, the observed
product of the reaction between 1 and 2 is dihydronaphthalene
4 (Scheme 1b).
The observed reaction was proposed to proceed via a

concerted asynchronous [4 + 2] transition state to form a
dearomatized intermediate, followed by a formal 1,5-H shift to
afford the final product.12 The reaction is also suggested to
follow the “endo rule”.14 However, the key intermediate could
not be observed, and this stereochemistry could not be
confirmed. We have undertaken a density functional theory
(DFT) study to investigate the mechanisms and origins of
product selectivity of this unusual Diels−Alder reaction. We
have also explored the [2 + 2] cycloaddition reaction, to explain
why it was not observed.

■ COMPUTATIONAL METHODS
All DFT calculations were performed using Gaussian 09.15 Geometry
optimizations and frequency calculations were performed at the M06-
2X/6-31G(d) level of theory.16 Solvent effects were modeled with the
conductor-like polarizable continuum model (CPCM) using dichloro-
methane as the solvent.17 Normal vibrational mode analysis confirmed

that optimized structures are minima or transition structures. Truhlar’s
quasiharmonic correction was used to compute molecular entropies to
reduce error caused by the breakdown of the harmonic approximation,
by setting all positive frequencies that are less than 100 cm−1 to 100
cm−1.18 CPCM(dichloromethane)-M06-2X/6-311+G(d,p) single-
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Scheme 1. Lewis Acid-Catalyzed Diels−Alder Reactions
between Arylallenes with Acrylates12

Article

pubs.acs.org/joc

© 2017 American Chemical Society 6398 DOI: 10.1021/acs.joc.7b01132
J. Org. Chem. 2017, 82, 6398−6402

pubs.acs.org/joc
http://dx.doi.org/10.1021/acs.joc.7b01132


point energies were computed on the CPCM(dichloromethane)-M06-
2X/6-31G(d)-optimized structures. All 3D renderings of stationary
points were generated using CYLview.19 GaussView20 and Avogadro21

were used to construct initial structures used in our computations.

■ RESULTS AND DISCUSSION
Uncatalyzed Diels−Alder Reaction. We first studied the

uncatalyzed Diels−Alder reaction between phenylallene 1 and
methyl acrylate (2). Figure 1 shows the optimized transition

structures (TSs) and free energy profiles for the endo and exo
pathways of the reaction. Both TS-endo and TS-exo are
concerted yet highly asynchronous, each with a shorter forming
bond at ∼1.9 Å and a longer forming bond at ∼2.6 Å. TS-endo
is slightly favored over TS-exo (ΔΔG⧧ = 1.0 kcal/mol),
although neither process is likely to proceed at room
temperature due to the high barriers of reaction (∼34 kcal/
mol). The Diels−Alder adducts are about 7 kcal/mol more
stable than the reactants. The formal [1,5]-hydrogen shift
process is highly exergonic because of rearomatization and the
formation of a more substituted alkene in the final product.
AlCl3-Catalyzed Diels−Alder Reaction. The association

of AlCl3 with the carbonyl oxygen of 2 is highly exergonic with
a computed ΔG of −25.0 kcal/mol (Figure 2). The association
of AlCl3 with the final product 4 is even stronger (−26.2 kcal/
mol). This rationalizes the need for a relatively high amount of
catalyst loading (30 mol %), since product inhibition will occur.
Figure 3 shows the optimized endo and exo transition

structures, intermediates, and computed free energy profiles for
the DA reactions in the presence of AlCl3. The Diels−Alder

reaction is much faster with the carbonyl oxygen of the
dienophile coordinated to AlCl3 (2-L). The free energy barrier
is now only 19.8 kcal/mol through the endo transition state
(TS-1-endo). This corresponds to an enormous (∼1010-fold)
rate enhancement compared to the uncatalyzed reaction. The
transition structures are also earlier in terms of forming bond
lengths. There is essentially only one forming bond at ∼2.0 Å,
and a stable zwitterion intermediate could be located on the
potential energy surface for both the endo and the exo pathways
(INT-N and INT-X). However, the intermediates are predicted
to be exceedingly short-lived, with the second step to form the
DA adduct being almost barrierless (ΔG‡ = ∼1.0 kcal/mol).
This is in agreement with the experimentally observed
stereospecificity of the reaction using deuterium-labeled
acrylate. TS-1-exo is 2.5 kcal/mol higher in energy than TS-1-
endo. The catalyzed reaction is not only faster than the
uncatalyzed one, but also more endo-selective.

AlCl3-Catalyzed [2 + 2] Cycloaddition. We next
investigated the mechanisms of the [2 + 2] cycloaddition of
1 and 2-L. In principle, the [2 + 2] product could be formed via
TS-1-endo and INT-N. However, because the second step to
form the [4 + 2] product has an extremely small barrier (1.2
kcal/mol, i.e., essentially barrierless), it is possible that the [4 +
2] product could be formed directly from TS-1-endo, bypassing
the intermediate INT-N on the potential energy surface
(PES).22 In such a case, the required conformational change
(C−C bond rotation) and subsequent formation of the second
C−C bond to afford the [2 + 2] product are unlikely to happen.
Other evidence for the extremely short lifetime of the
intermediate comes from the experimental results, where the
product stereochemistry was preserved using deuterium-labeled
acrylate starting materials.12 The experimentally observed
stereospecificity suggests that free rotation of C−C single
bond is restricted during the lifetime of the intermediate.
Therefore, we explored other conformations of the first
transition state for the [2 + 2] pathway. Different approaching
geometries and conformations were explored. For the
formation of the first bond, 13 transition structures that are
within 2 kcal/mol relative to the lowest energy TS were located
(Figure S1). The lowest energy reaction pathway is shown in
Figure 4.
The [2 + 2] cycloaddition of 1 and 2-L has a free energy

barrier of 24.9 kcal/mol via TS-3. The forming bond length is
∼2 Å, similar to that of the first TS of the Diels−Alder reaction.
A stable zwitterion intermediate (INT) can also be obtained.
However, the second step has a substantial barrier of ∼7 kcal/
mol via TS-4 to form the cyclobutane. The first step is rate
determining. It is 5 kcal/mol higher in energy than the first step
of the DA reaction and thus is predicted not to compete with
the observed Diels−Alder reaction.

Origins of the Preference of Diels−Alder over [2 + 2]
Cycloadditions. To probe the origins of the endo-selectivity of
the DA reaction and to explain why the [2 + 2] TS has a much
higher barrier than the DA reaction, we analyzed the transition
structures using the distortion/interaction model, also known
as the activation strain model.23 Each transition structure is
separated into two fragments, followed by single-point energy
calculations on each fragment. The difference in energy
between the distorted fragments and optimized ground-state
geometries is the distortion energy (E⧧dist), or the activation
strain. The difference between the electronic energy of
activation (ΔE⧧) and the distortion energy is the interaction
energy (E⧧

int). We have also computed the dipole moments and

Figure 1. Transition structures and free energy profile for the
uncatalyzed Diels−Alder reaction between 1 and 2. Energies are given
in kilocalories per mole.

Figure 2. Energetics for the association of AlCl3 with the carbonyl
oxygens of 2 and 4.

The Journal of Organic Chemistry Article

DOI: 10.1021/acs.joc.7b01132
J. Org. Chem. 2017, 82, 6398−6402

6399

http://pubs.acs.org/doi/suppl/10.1021/acs.joc.7b01132/suppl_file/jo7b01132_si_001.pdf
http://dx.doi.org/10.1021/acs.joc.7b01132


plotted the electrostatic potential (ESP) maps of the transition
structures. The results are shown in Figure 5.
The free energies (ΔG⧧) of TS-1-exo and TS-3 are higher

than that of TS-1-endo by 2.5 and 5.1 kcal/mol, respectively.
The corresponding electronic energies of activation (ΔE⧧)
follow the same trend. The distortion energies are essentially
identical for the three transition structures (at ∼24 kcal/mol).
This results from the great asynchronicity in these three
structures, all of which have a forming bond length of 1.98−
2.02 Å. TS-1-endo has the most favorable interaction energy of

−20.2 kcal/mol, followed by TS-1-exo (−17.9 kcal/mol), while
TS-3 has the least favorable interaction energy (−14.8 kcal/
mol). The difference in interaction energy is due to different
electrostatic interactions between the two fragments in the TS.
The electronegative region (red in the ESP) in TS-1-endo is
right below the electropositive (blue) phenyl ring, while TS-1-
exo and TS-3 have more separation of charges. The computed
dipole moments of the three TS also support this hypothesis, as
they correlate with the relative energies.

Unreactive Dienophiles. One of the more unusual aspects
of this reaction is the dienophiles that do not undergo reaction,
as pointed out by Conner and Brown.12 For example, a β-
substituent as small as chloride (29) was not tolerated in the
reaction. We have investigated the reaction of 29a (the
corresponding methyl ester) with 1 (Figure 6). The activation
barrier is 23.1 kcal/mol (3.3 kcal/mol higher than that of TS-1-
endo). Distortion/interaction analysis shows that there is a

Figure 3. Transition structures, intermediates, and free energy profile for the Diels−Alder reaction between 1 and 2-L. Energies are given in
kilocalories per mole.

Figure 4. Transition structures, intermediate, and free energy profile
for the [2 + 2] cycloaddition of 1 and 2-L.

Figure 5. Electrostatic potential (ESP) maps, dipole moments, and
distortion/interaction analysis of TS-1-endo, TS-1-exo, and TS-3.
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much greater distortion energy (30.0 kcal/mol) in the
transition structure, as compared to that of TS-1-endo (23.8
kcal/mol). This overrides the slightly more favorable
interaction energy with the chloride substituent. Our results
suggest that β-substituents (X) other than hydrogen were not
tolerated because of the greater distortion energies to bend the
carbon−X bond. This is a result of the highly asynchronous
nature of the transition structure in the stepwise mechanism of
this Diels−Alder reaction.
[1,5]-H Shift. Presumably, the concerted suprafacial [1,5]-H

shift could not proceed due to the rigid diene. As shown in
Figure 7, the transition structure for such a process is highly

distorted and has a computed barrier of 46.6 kcal/mol. We
think it is likely a stepwise proton transfer process assisted by
anionic species such as Cl− or AlCl4

− in the reaction mixture.
Chirality Transfer and the Origins of Stereoselectivity.

Modest transfer of chirality was observed when chiral arylallene
(R)-6 was used (Scheme 2), although the absolute stereo-
chemistry of the major product was unknown. We have
modeled this process and predicted (S)-7 to be the major
product. The results are shown in Figure 8.

The four transition structures are all endo, with TS-(S)-1 and
TS-(S)-2 (different conformations of acrylate) leading to (S)-7,
and TS-(R)-1 and TS-(R)-2 leading to (R)-7. The transition
structures leading to (R)-7 are disfavored due to the steric
clashes between the methyl hydrogen of the allene and the
alkene hydrogen of the acrylate (2.04 and 2.01 Å as shown in
Figure 8). This unfavorable interaction is absent in the
transition structures leading to (S)-7. The computed ΔΔG⧧

values agree well with the experimentally measured enantio-
meric ratio of the two products, and (S)-7 is predicted to be the
major one.

■ CONCLUSION
The Lewis acid-catalyzed Diels−Alder reactions of arylallenes
and acrylates involve stepwise mechanisms in which short-lived
zwitterion intermediates are formed. The reaction is endo-
selective in the presence of Lewis acid catalyst. The [2 + 2]
cycloaddition is not observed because of the greater charge
separation in the first step of the [2 + 2] cycloaddition. The
limited substrate scope of the dienophiles is due to the greater
distortion energies to bend the carbon−X bond, where X is a
non-hydrogen β-substituent on the acrylate. This is a result of
the highly asynchronous nature of the transition structure in the
stepwise mechanism of this Diels−Alder reaction. We have
predicted the absolute stereochemistry of the product of the
Diels−Alder reaction using chiral arylallenes and identified the
origins of the observed stereoselectivity.
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The Supporting Information is available free of charge on the
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Figure 6. Transition structure (TS-29a) for the Diels−Alder reaction
between 1 and 29a-L and the corresponding distortion/interaction
analysis.

Figure 7. Transition structure for the concerted [1,5]-H shift.

Scheme 2. Diels−Alder Reaction of Chiral Allene (R)-6 and
Methyl Acrylate (2)12

Figure 8. Lowest energy transition structures and the corresponding
products for the Diels−Alder reaction of chiral allene (R)-6.
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Additional computational results and coordinates and
energies of the stationary points (PDF)
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