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Effect of an α-Methyl Substituent on the Dienophile on
Diels-Alder endo:exo Selectivity
Olatz Larrañaga[a] and Abel de Cózar*[a, b]

A detailed computational study of the Diels-Alder reaction of
cyclopentadiene with acrylonitrile, methylacrylate and their α-
methylated counterparts methacrylonitrile and methyl metha-
crylate at the M06-2X(PCM)/TZVP level of theory has been
performed. We want to understand the excellent exo-selectiv-

ities observed experimentally due the presence of this sub-
stituent. To this end, analysis of the reaction coordinate by
means of activation strain model of chemical reactivity (ASM-
distortion interaction model) including solvation effects and
NBO second order perturbation energy have been carried out.

1. Introduction

The Diels-Alder [4+2] cycloaddition is the most useful chemical
reaction to form six-member rings. Its relevance relies on that it
can potentially create up to four stereocenters regioselectively
and stereospecifically in a single synthetic step. Due to that, a
tremendous amount of theoretical work has been devoted to
the analysis of the reaction mechanism trying to understand
the excellent endo:exo selectivity observed experimentally.[1]

The most accepted rationalization for the empirical endo rule
formulated by Alder and Stein (“maximum accumulation of
double bonds”)[2] was proposed by Hoffmann and Woodward[3]

by using orbital symmetry relationships and correlation dia-
grams. The authors proposed the existence of attractive
secondary orbital interactions (SOI) between p orbitals not
directly involved in the formation of the new sigma bonds as
underlying reason for such selectivity. Although SOI has been
invoked to explain preference of endo’s cycloadduct forma-
tion,[4] even in textbooks, its existence has been criticized over
the years[5] and the debate is still open.

In the early 2000s, Cossío et al.[6] studied the archetypal
reaction of cyclopentadiene (1) and maleic anhydride (2) that
selectively leads to endo cycloadduct formation (Scheme 1).[7]

The authors analyzed the HOMO (1)-LUMO (2) two-electron
interaction applying second-order perturbation theory.[8] In
addition, they computed the second–order energy of localized

1 C� C π-bonding and 2 C� O π*-antibonding orbitals by means
of NBO[9] calculations. The authors conclude that “SOI do exist
and are responsible for at least an important part of the
observed stereocontrol” and “despite SOI absolute magnitude
being small, cannot be discarded a priori” (Scheme 1).

A few years later, Svatos et al.[10] performed a experimental-
theoretical study of the cycloaddition reaction of cyclopenta-
diene (1) and furan (4) with maleic anhydride (2) or maleimide
(5). The authors claim that “SOI is of limited use in explaining
the observed trends in the title reactions,” thus maintaining the
debate.

In 2014, Fernández and Bickelhaupt[11] reevaluated the 1+2
reaction by using the activation strain model (ASM, also known
as distortion / interaction model)[12] in combination with the
energy decomposition analysis (EDA).[13] The authors found that
“the interaction term[14] appears to be not at all decisive for the
endo selectivity.” They proposed the increase of strain energy in
the exo pathway due to the movement of the methylene unit
away from the oxygen atoms (compared to the endo approach)
as the main responsible for the endo-preference instead. Thus,
dismounting the orbital interaction-based explanation for the
endo rule. This same reaction was analyzed by Sakata et al.[15]

more recently. In this case, the authors propose that the
electrostatic attractions derived from the presence of highly
polarized C� O bonds are the responsible of the endo-
preference, and not the orbital interactions.

However, despite the huge amount of effort devoted to the
analysis of archetypal reactions, in comparison, the number of
theoretical works dealing with the effect of (aliphatic) substitu-
ents on the reactivity-selectivity of Diels-Alder cycloadditions is
scarce.[16] The most recent studies are focused on the reaction
of substituted cyclopropenes with butadiene, showing the
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Scheme 1. Diels-Alder reaction of cyclopentadiene (1) and maleic anhydride
(2). Endo:exo selectivity value taken from Ref. [7].
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relevance electrostatic interactions[5c] as well as SOI and charge
transfer interactions.[17]

Remarkably, Houk et al.[18] computationally analyzed reac-
tions of 5-substituted of cyclopentadienes with maleic anhy-
dride (2). The authors described a correlation between the
hyperconjugative aromaticity of the substituted cyclopenta-
dienes and the activation barriers, showing that stabilization
through hyperconjugative interactions within the 5–member
ring reduces the reactivity by increasing the energy required to
deform this fragment, but no evaluation of the endo:exo
selectivities were addressed.

Contrarily, the number of experimental studies focused on
the effect of substitution on the endo:exo selectivities of Diels-
Alder reactions is higher.[19] In our opinion, one of the most
surprising results was described by Furukawa et al.[20]

(Scheme 2). The authors studied the reaction of cyclopenta-

diene (1) with acrylonitrile (6a), methylacrylate (7a) and their α-
methylated counterparts methacrylonitrile (6b) and methyl
methacrylate (7b) as dienophiles, realizing that the presence of
methyl group in α–position to the electron-withdrawing group
induces a greater tendency towards formation of exo cyclo-
adducts (Scheme 2).

The calculations here presented are focused on the analysis
of the Diels-Alder cycloadditions [4+2] of cyclopentadiene (1)
and dienophiles 6–7 collected in Scheme 2. The key questions
considered are: Is this change in the selectivity merely
consequence of sterical reasons? What is the relevance of SOI?
and does any other σ-π interaction between reagents (namely
hyperconjugation) play any effect on it? Thus, the purpose of
this work is trying to shed light on the reasons of the drastic
change in the endo:exo selectivity of Diels-Alder [4+2] cyclo-
additions due to the presence of a methyl group in α-position
to the electron-withdrawing group. To this end, a detailed
theoretical analysis on the reaction profiles within the DFT
framework analysis has been performed. The trends in reactivity
were further analyzed by means of the activation strain model
of chemical reactivity (ASM–distortion/interaction model) and
second order perturbation energy within NBO scheme.

2. Results and Discussion

First, we started exploring all the stationary points along the
reaction coordinate associated with the Diels-Alder cycloaddi-
tion of cyclopentadiene (1) and dienophiles 6–7. Activation and

reaction Gibbs free energies as well as the main geometrical
features of the transition structures computed at the M06-2X
(PCM)/TZVP level of theory are shown in Table 1 and Figure 1,
respectively. Relative energies were computed using the least
energetic reactive complex as reference in order to avoid
energetic errors derived from using standard solvated states.

Our results show that the initial reaction complex evolves
through a concerted but slightly asynchronous[21] transition
structure towards formation of the energetically favored cyclo-
adduct in all the studied reactions. Moreover, the computed
endo:exo selectivities are in good agreement with the exper-
imental results of Furukawa et al.[20]

In all cases, the presence of a methyl group in α-position of
the dienophile implies an increase in the computed activation
barrier. However, that effect is higher in the endo approach
than in the exo one. For instance, an increase of 3.55 kcalmol� 1

is observed for endo approach of nitrile derivatives 6a–6b,
where as in the exo approach, the difference is of only of
2.24 kcalmol� 1. As a consequence, methylated compounds 6–
7b show a higher preference toward exo-cycloadducts forma-
tion than their unmethylated counterparts 6–7a.

Inspection the transition structure geometries show that d1a

distances are shorter than their d4b counterparts, as a conse-
quence of the higher reactivity of the β-position in these
asymmetric dienophiles. In addition, in most cases, the asyn-
chronicity is also enhanced by the presence of a methyl group
in α-position. Therefore, our calculations show that the methyl
substituent have effect both in the energetic profiles and in the
geometry of the transition structures.

In order to gain a deeper understanding of the effect of the
α-methyl substituent, we performed an activation strain (ASM)
– distortion/interaction analysis[12] of the reaction profiles. The
obtained activation strain diagrams (ASDs) are shown in
Figure 2. Decomposition of the strain energy in their fragments
is shown in Figure 3 and the EDA of the interaction curve is
shown in Figure 4.

The ASD obtained for the reaction of cyclopentadiene (1)
and acrylonitrile (6a) show that the strain and solvation curves
of both endo and exo approaches are almost identical, and the
small differences in the strain curves are the underlying reason
of the computed low selectivity (Figure 2A). In the case of

Scheme 2. Diels-Alder reaction of cyclopentadiene (1) and dienophiles 6–7.
Endo:exo selectivity values taken from Ref. [20].

Table 1. Activation (ΔG�) and reaction (ΔGrxn) Gibbs free energies
[kcalmol� 1] of Diels-Alder cycloadditions depicted in Scheme 2 computed
at M06-2X(PCM)/TZVP level. Thermal corrections were computed at
373.15K. Theoretical and experimental endo:exo selectivities are also
included.

Entry Dienophile ΔG� ΔGrxn endo:exo
Theoretical Experimental[a]

1 6a endo 21.62 � 16.65 53 :47 55 :45
2 exo 21.70 � 16.63
3 6b endo 25.17 � 13.18 11 :88 16 :84
4 exo 23.94 � 13.45
5 7a endo 20.96 � 15.35 74 :26 70 :30
6 exo 21.59 � 15.05
7 7b endo 24.07 � 12.33 33 :68 32 :68
8 exo 23.64 � 11.99

[a] Values taken from Ref. [20].
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methacrylonitrile (6b), a higher stabilization in the exo-
interaction curve is observed due to the presence of the α-

methyl substituent. Decomposition of the interaction curve
shows that it can be addressed to a lower Pauli repulsion

Figure 1. Main geometrical features of transition structures associated with the Diels–Alder cycloadditions depicted in Scheme 2 computed at the M06-2X
(PCM)/TZVP level.

Figure 2. Comparative activation strain diagrams (ASDs) for the endo (black lines) and exo (blue lines) approaches of the Diels-Alder reaction of
cyclopentadiene (1) with (A) 6a, (B) 6b, (C) 7a or (D) 7b as dienophiles along the reaction coordinate projected onto the forming carbon-carbon bond
distance d1a.
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instead of more stabilizing electrostatic or orbital interactions
(Figure 4B). Moreover, at the beginning of the reaction, the

strain curve of exo and endo approaches are similar, but in the
proximities of the transition structure, there is an additional

Figure 3. Decomposition of the strain energy in their fragments for the endo (black lines) and exo (blue lines) approaches of the Diels-Alder reaction of
cyclopentadiene (1) with (A) 6a, (B) 6b, (C) 7a or (D) 7b as dienophiles.

Figure 4. EDA analysis for the endo (black lines) and exo (blue lines) approaches of the Diels-Alder reaction of cyclopentadiene (1) with (A) 6a, (B) 6b, (C) 7a
or (D) 7b as dienophiles computed at the M06-2X/TZVP level by using geometries optimized at M06-2X(PCM)/TZVP level.
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destabilization in the endo approach that makes the barrier to
rise. Therefore, according to the computed ASM, this effect,
together with the more stabilizing exo interaction curve, is the
one responsible of the observed selectivity.

As far as acrylate derivatives are concerned, our results
show a different scenario. In the reaction of cyclopentadiene (1)
with methylacrylate (7a), the strain curve associated with the
endo approach is more stable than the exo strain curve, being
the interaction and solvation curves almost identical. That
difference in the strain curves can be addressed to a higher
deformation of both fragments (Figure 3C). Noticeably, the
interaction curve associated with the exo approach is slightly
more stabilizing in the proximity of the TSs, as consequence of
subtle differences in the orbital interaction and Pauli repulsion
curves (Figure 4C). Nevertheless, that higher interaction stabili-
zation is incapable to overcome the strain penalty, thus, endo
preference is observed. This result agrees whit the strain-based
explanation for the endo selectivity in the reaction of cyclo-
pentadiene (1) and maleic anhydride[22] (2) reaction proposed
by Fernández and Bickelhaupt.[11]

In the case of methyl methacrylate (7b) as dienophile, the
ASDs show a higher stabilization of the exo-interaction curve
due to the presence of the α-methyl substituent, similar to
methacrylonitrile (6b) case. However, our EDA calculations
show that this higher stabilization is consequence of small
differences in the electrostatic interactions[15] (Figure 4 D). Here,
this higher interaction is capable to overcome the strain-penalty
of the exo approach, thus prompting exo-cycloadduct forma-
tion.

In addition, the computed ASD show the relatively low
relevance of solvation in the endo:exo selectivity of the selected
Diels-Alder cycloadditions.

Next, we further analyzed the orbital interaction between
reagents along the reaction coordinate ζ by means of NBO
second order perturbation energy (Figure 5).[23] Within this
localized orbital-based method, we split orbital interactions as:
(a) primary orbital interactions, directly related to the formation
of new C� C σ-bonds (not included in Figure 4); (b) secondary
orbital interactions (classical SOI) as defined by Hoffmann and
Woodward,[3] that is interaction between p orbitals not directly
involved in the formation of new C� C σ-bonds (named as
πC� X� >π*C� X’ in Figures 6–9); and (c) hyperconjugative interac-
tions: interactions between σ- and π-orbitals. These later
interactions have been proven to be relevant in the observed
selectivity of some chemical reactions.[18,24] Note that E(2) is
somehow related to ΔEoi(ζ) but considering NBO localized
orbitals instead of canonical Kohn-Sham ones.

With this analysis we try to shed light on the underlying
reasons of the stabilization increase observed in the interaction
curves as consequence of the presence of the methyl group in
the dienophile despite not having p orbitals capable to interact
with the diene.

The results obtained for the reaction of cyclopentadiene (1)
and acrylonitrile (6a) show the existence of π–π stabilizing
interactions that favor the endo approach that do not exist in
the exo approach (Figure 6). These interactions correspond to
the classical SOI and imply stabilization of the endo approach of
ca. 2 kcalmol� 1. In addition, our analysis also point out the

Figure 5. Comparative representation of second order perturbation energies (E(2)) between π–π* orbitals (dotted) or π–σ*+σ–π* orbitals (dashed) not
directly involved in the carbon-carbon bond formation for the endo (black lines) and exo (blue lines) approaches of the Diels-Alder reaction of cyclopentadiene
(1) with (A) 6a, (B) 6b, (C) 7a or (D) 7b as dienophiles. Negative signs are used to indicate that E(2) are stabilizing.
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existence of relevant σ–π* interactions that also favors the endo
approach. Moreover, C� H σ bond in outer position appears to
be the optimal to interact with π*C� C(1) (E(2)=2.30 kcalmol� 1).
Nevertheless, the lower Pauli repulsion in the exo pathway
(Figure 4A), factor not considered in this NBO analysis,
compensates these SOI interactions, as reflected by the similar
interactions curves obtained in the ASD (Figure 2A). The
presence of the methyl group in the dienophile 6b implies a

distortion in the geometry of the TS (vide supra). As a
consequence both approaches present π–π stabilizing interac-
tions, therefore, smaller stabilization of the endo approach by
classical SOI is observed (only of 1.64 kcalmol� 1). In this case,
the most relevant σ� π interactions are the ones involving π*C� C

(1) and σC� CN(6b) bonds, whose E(2) value is comparable to the
SOI stabilization (1.36 kcalmol� 1 for σC� CN(6b)� > π*C–C(1) inter-
action and 1.64 kcalmol� 1 for πC� C(1)� >π*C� N(6b) interaction).

Figure 6. Representation of selected localized� orbital interactions not directly involved in the carbon-carbon bond formation in the (A) endo and (B) exo of
transition structures associated with the Diels-Alder reaction of cyclopentadiene (1) with 6a. Red/blue and yellow/green surfaces represent occupied and
virtual orbitals, respectively. Computed second order perturbation energies (E(2)) in the transition structure are included.

Figure 7. Representation of selected localized-orbital interactions not directly involved in the carbon-carbon bond formation in the (A) endo and (B) exo of
transition structures associated with the Diels-Alder reaction of cyclopentadiene (1) with 6b. See the caption of Figure 6 for further details.
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Again, the outer position is the optimal one for that σ–π*
interaction, thus favoring the exo approach instead. Those two
factors (classical SOI and interaction with σC� H(6a) bond in outer
position) that favored the endo approach for 6a are less
relevant in 6b, therefore, NBO analysis indicates that endo
approach is relatively less preferred for the latter (Figure 8;
Figure 9).

Regarding acrylate derivatives, our E(2) results point out to a
similar interpretation. In the case of 7a, classical SOI strongly
favors the endo approach, which is also favored by the optimal
σC� H(7a)� > π*C� C(1) interaction in outer position. However,
these factors are of low importance as shown in the ASD and
EDA calculations, since both endo and exo interaction (ΔEint(ζ)
in Figure 2C) and orbital interaction (ΔEoi (ζ) in Figure 4C)

Figure 8. Representation of selected localized� orbital interactions not directly involved in the carbon-carbon bond formation in the (A) endo and (B) exo of
transition structures associated with the Diels-Alder reaction of cyclopentadiene (1) with 7a. See the caption of Figure 6 for further details.

Figure 9. Representation of selected localized-orbital interactions not directly involved in the carbon-carbon bond formation in the (A) endo and (B) exo of
transition structures associated with the Diels-Alder reaction of cyclopentadiene (1) with 7b. See the caption of Figure 6 for further details.
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curves are almost identical and the endo selection relies on the
different strain curve. On the other hand, in the case of
methylated 7b, SOI still favors the endo approach. However, σ–
π* interactions strongly favor the exo approach (stripped blue
line in Figure 5D). This is also reflected in a more stabilizing
interaction curve (Figure 2D) that relies in a more stabilizing
electrostatic interactions (Figure 4D), which favors exo-cyclo-
adduct formation, despite the more energetic exo strain curve.
Noticeably, in the reactions here analyzed, the SOI are not
reflected in a more stabilizing endo orbital interaction curve,
thus pointing out to the relatively low relevance of these
particular orbital interactions in the selectivity of Diels-Alder
cycloadditions.

3. Conclusions

Here, we have reported a detailed computational study of the
Diels-Alder reaction of cyclopentadiene (1) with dienophiles 6–
7a,b at M06-2X(PCM)/TZVP level of theory in order to under-
stand the excellent exo-selectivities observed experimentally
due the presence of the α-methyl substituent. Further analysis
of the reaction coordinate by means of activation strain model
of chemical reactivity (ASM-distortion interaction model) and
NBO second order perturbation energy show that Diels-Alder
endo:exo selectivities are strongly dependent of the system
considered, and no general trend can be extrapolated from
model (unsubstituted) reactions. In the studied reactions,
introduction of a methyl group implies an increase of the
reaction barrier in both approaches. That exo preference
observed in methyl-substituted systems can be addressed to
the existence of higher stabilizing interactions as consequence
of lower Pauli repulsion or higher electrostatic interactions
rather than more stabilizing orbital interactions. In addition,
secondary orbital interactions (classical SOI) seem to be of
relatively low relevance in the interaction curves, and therefore,
in the selectivity.

Computational Details
Theoretical calculations have been carried out within the DFT
framework.[25] Reaction profiles and NBO analysis have been carried
out at the M06-2X(PCM)/TZVP level by using the GAUSSIAN 16[26]

suite of programs. Energy Decomposition Analysis (EDA) have been
carried out at M06-2X/TZVP level (using previously optimized
geometries) with ADF2017[27] program. This highly parameterized
method, well suited for the treatment of nonbonding interactions
and dispersion forces,[28] was chosen after an initial benchmark
study (see Supporting Information). Thermal Gibbs corrections were
computed at the same level, at 373.15 K, and were not scaled.
Solvent effects were estimated by the polarization continuum
model[29] (PCM) method within the self-consistent reaction field
(SCRF) approach.[30] All SCRF-PCM calculations were performed
using benzene (ɛ=2.2706) as model solvent.

All the stationary points were characterized by harmonic vibrational
analysis. Local minima showed positive definite Hessians. Fully
optimized transition structures showed only one imaginary fre-
quency associated with nuclear motion along the chemical trans-

formation under study. Reaction paths were checked by intrinsic
reaction coordinates (IRC) calculations.

Second order perturbation energies Eð2Þ were computed according
to the NBO[9] method implemented in Gaussian16 following
Equation (1):

Eð2Þ ¼ � n�
� Fj jh �*i2

e�* � e�
ð1Þ

where <φ jF jφ*> is the Fock matrix element between the orbitals
φ and φ*, ɛφ and ɛφ* are the energies of φ and φ* orbitals and nφ is
the population of the donor orbital. Localized molecular orbitals
were also computed with the NBO method.

The computed reaction profiles were analyzed using the activation
strain (ASM) – distortion/interaction model[12] developed by Bick-
elhaupt – Houk, respectively, modified to include solvation
effects.[31] Within this framework, the solution-phase energy profile
ΔEsolution(ζ) is decomposed along the reaction coordinate ζ into the
energy of the solute ΔEsolute(ζ), the reaction system in vacuum but
with its geometry in solution, plus the solvation energy ΔEsolvation(ζ)
[Eq. (2)]:

DEsolutionðzÞ ¼ DEsoluteðzÞ þ DEsolvationðzÞ ð2Þ

In the present work, the reaction coordinate ζ is projected onto the
carbon-carbon bond distance of cyclopentadiene (1) and the
corresponding dienophile. In all cases, the shortest C� C distance
(d1a) was chosen as reaction coordinate ζ. ΔEsolvation(ζ) accounts for
both the interaction of the solute with the solvent and the
cavitation energy.

The solute energy ΔEsolute(ζ) is further decomposed as [Eq. (3)]:

DEsoluteðzÞ ¼ DEstrainðzÞ þ DEintðzÞ ð3Þ

where ΔEstrain(ζ) and ΔEint(ζ) correspond to the strain and
interaction energy, respectively. The strain energy is associated
with the required energy to deform the reactants from their
equilibrium geometry to the geometry they adopt along ζ. This
term depends on the rigidity of the reactants and, in general, is
positive (destabilizing) giving rise to the occurrence of the
reaction barrier. On the other hand, the interaction term ΔEint(ζ)
depends on the electronic structure of the reagents and on
how they approach each other. ΔEint(ζ) can be further analyzed
within Kohn-Sham MO conceptual framework[13] according to
the Energy Decomposition Analysis (EDA)[13] as Equation (4):

DEintðzÞ ¼ DVelstatðzÞ þ DEPauliðzÞ þ DEoiðzÞ ð4Þ

where ΔVelstat(ζ) corresponds to the classical Coulombic interaction
between the charge distribution of the reactants, ΔEPauli(ζ) corre-
spond to the Pauli repulsions between occupied orbitals of the
fragments and is responsible for steric repulsion. The orbital
interaction term ΔEoi(ζ) includes the charge transfer interactions
and polarization. Note that both primary and secondary orbital
interactions are included within this latter term.

Endo:exo selectivities have been computed by using the Eyring-
Polanyi equation[32] from the previously computed Gibbs free
activation energies (⊗G�), applying Curtin-Hammet kinetics (the
product ratio depends on energy differences of the corresponding
TSs).
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