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ABSTRACT: We combined Monte Carlo simulations and
density functional theory calculations to study the mechanism
of the Diels−Alder reaction of p-quinone and cyclohexadiene
catalyzed by a self-assembled molecular capsule. Our
calculations show that the encapsulation of the reactants into
the cage is driven by hydrogen-bonding interactions and π−π
stacking interactions between two reactants and the capsule.
The encapsulated Diels−Alder reaction at different locations
inside the capsule may have quite different reactivity due to
different guest−host interactions. A comparison of the free energy profiles of the Diels−Alder reaction in the capsule and in the
bulk solution reveals that the Diels−Alder reaction in the capsule is accelerated because the host−guest interaction leads to a
relatively smaller barrier for the cycloaddition step.

1. INTRODUCTION

The molecular flasks constructed via covalent or noncovalent
interactions bear internal cavities that are quite distinct from
the external surroundings.1−8 Within these molecular flasks, the
rates of numerous reactions can be significantly accelerated.9−17

The acceleration effect has been interpreted to be originated
from (1) the increase of the concentrations of the reactants
inside the flasks,18−21 (2) the stabilization of the transition state
geometry involved in the reaction,15,16 or (3) the decrease in
the entropy of activation for the encapsulated reaction.22−24

Because of high computational cost, theoretical invesitgations
on organic reactions assisted by molecular flasks are still
limited, usually based on molecular mechanics (MM)
calculations or hybrid quantum mechanics/molecular mechan-
ics (QM/MM) calculations.25−31 For example, Cantillo and co-
workers studied the azide−alkyne cycloaddition assisted by a
self-assembled molecular flask with ONIOM (DFT:PM6)
calculations.31 Their calculations show that the rate enhance-
ment of the capsulated reaction may mainly originate from the
stabilization of the transition state structure (with respect to the
separate reactants).
The Diels−Alder (DA) reaction is one of the most important

reactions in organic synthesis. In recent years, chemists have
tried to design self-assembled molecular flasks to catalyze this
type of reaction. The first classic example is a cagelike,
hydrogen-bonded capsule reported by Rebek and co-work-
ers.18,19 They demonstrated that the DA reaction between p-
quinone and cyclohexadiene can be accelerated nearly 174-fold
within the molecular capsule (as shown in Scheme 1), relative
to that in the solvent (p-xylene). The proton NMR spectra
provide the clear evidence that the DA reaction take places

inside the capsule. The experimentalists proposed that the
enhanced concentration of the reactants inside the capsule may
be responsible for the accelerating effect of encapsulation.
In this work, we investigate the mechanistic details of the

encapsulated DA reaction between p-quinone and cyclo-
hexadiene at the full quantum mechanical level. We are
interested in two key issues: (1) the possible structures of the
capsulated reactants, transition states, and products and (2) the
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Scheme 1. Diels−Alder Reaction within the Hydrogen-
Bonded Capsule
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effect of the host−guest interaction on the free energy profile of
the DA reaction. Since the host−guest complex may exist in
numerous conformers, we have employed Monte Carlo (MC)
simulations to search for several low-energy conformers. With
initial structures obtained, we have optimized encapsulated
intermediates, transition states, and products along the reaction
coordinate with full system density functional theory
calculations. The present study reveals that the DA reaction
in the capsule is accelerated because the host−guest interaction
leads to a relatively smaller barrier for the cycloaddition
(relative to that in the bulk solvent).

2. COMPUTATIONAL DETAILS
We adopt the following strategy to study the capsulated DA reaction
between p-quinone and cyclohexadiene. Considering the fact that the
reaction may take place in numerous positions inside the capsule, we
need to find a variety of low energy conformers of host−guest
association complexes.
To determine the possible low energy conformers of the capsulated

encounter complex, we first optimize the encounter complex between
p-quinone and cyclohexadiene at the M06-2X/6-31G** level.32,33

Then, we put this encounter complex inside the capsule as the seed
and carried out a Metropolis Monte Carlo (MC)34 calculation to
generate a large number of low energy conformers in which the
relative positions between the encounter complex and the capsule are
different (but intrinsic coordinates of this encounter complex are
fixed). The energy of the whole inclusion complex is calculated with
the general AMBER force field35 implemented in the AMBER10
package.36 In reorientating the encounter complex in the cage, the
atoms of the cage are also fixed at their positions (the cage structure is
optimized at the M06-2X/6-31G** level). In each MC step, a
translation or rotation along one of the X, Y, Z axes of the mass center
of the encounter complex is performed. The temperature is chosen as
T = 300 K, and the maximum allowed translation and rotation
tolerances are set as 0.01 Å and 1 rad, respectively. These settings lead
to an acceptance ratio of about 0.4. In the MC simulation, 106

configurations are explored. We chose 20 conformers with lowest
energies as the initial structures for the subsequent quantum
mechanical (QM) calculation. With the lowest energy conformer as
the reference, other selected conformers are required to have relatively
large room-mean-square deviations (RMSD) (larger than 0.50 Å).
With this procedure, the selected low-energy structures are expected to
have quite different host−guest interaction modes.
After obtaining 20 initial structures of the host−guest association

complexes, we then fully optimize these structures with density
function theory calculations. The M06-2X functional will be chosen
because it can provide reasonable descriptions for the noncovalent
interaction between the substrate and the capsule.32,33 All calculations
are performed with the Gaussian09 program.37 The 6-31G** basis set
is used for all atoms of the capsule and the guest. Full geometry
optimizations (the coordinates of all atoms are freely optimized) from

20 initial structures of the host−guest association complexes converge
to seven unique optimized structures (their symmetry-equivalent
structures are excluded). For each encounter complex, we can easily
locate the corresponding encapsulated transition state and the product
inside the capsule. For each stationary point, we have performed a
vibrational frequency calculation to verify whether it is a minimum or a
transition state and obtain its Gibbs free energy at 298.15 K and 1 atm.

Furthermore, for each stationary point we have performed a single-
point M06-2X/cc-pVTZ calculation at the optimized geometry
described above to get a more accurate electronic energy. The sum
of the obtained electronic energy and the thermal free energy obtained
with the 6-31G** basis set is taken as the free energy data for each
species in gas phase. The polarizable continuum model (PCM)38−41 is
employed to calculate the solvation free energy for each species in the
solvent (p-xylene). The sum of the gas-phase free energy and the
solvation free energy is taken as the free energy in the solvent.

3. RESULTS AND DISCUSSION
For the DA reaction of p-quinone with cyclohexadiene in the
capsule, we have investigated the free energy profiles of several
pathways. In the following, we will first discuss the site
preference of the encapsuled DA reaction and then compare
the free energy profile of the encapsuled DA reaction with that
of the corresponding DA reaction in the bulk solution. The
Gibbs free energies are calculated under conditions (298.15 K
and 1 atm) with p-xylene-d10 as the solvent.

3.1. Site Preference of the Encapsuled DA Reaction.
When both p-quinone 2 and cyclohexadiene 3 are added to a
solution of the dimeric capsule 1, the reactants are quickly
encapsulated into the capsule to form an association complex,
as revealed from the experimental study.18,19 In fact, the
association complex may exist in various conformers. We have
located several low-energy conformers for the association
complex. For each conformer, we have determined the
corresponding transition state and the encapsulated product.
The binding free energies between separate reactants or
products and the capsule along seven pathways are listed in
Table 1. The relative free energies of these stationary points
along seven pathways (relative to the free energy of the most
stable association complex 4-1⊂1) are listed in Table 2 for
comparison. For two pathways, we have displayed the
structures of stationary points in Figure 1 (the structures of
stationary points along other pathways are shown in Figure S1
in the Supporting Information). As shown in Table 1, the
binding free energies of two reactants (with the capsule) along
different pathways vary from −4.7 to −11.1 kcal/mol. Different
guest−host association complexes may have quite different free
energies, as seen also from Table 2. This result is in accord with
the experimental fact that the association complex is formed

Table 1. Binding Gibbs Free Energies (kcal/mol) between Separate Reactants or Products and the Capsule along Seven
Pathways of the Encapsulated Diels−Alder Reaction in the Solvent

species path 1 path 2 path 3 path 4 path 5 path 6 path 7

4-X⊂1 −11.1 −9.5 −9.4 −8.6 −8.2 −5.8 −4.7
5-X⊂1 −12.7 −10.8 −13.2 −11.2 −12.5 −10.9 −3.4

Table 2. Relative Gibbs Free Energies (kcal/mol) of Intermediates, Transition States, and Products along Seven Pathways of the
Encapsulated Diels−Alder Reaction in the Solventa

species path 1 path 2 path 3 path 4 path 5 path 6 path 7

4-X⊂1 0.0 1.6 1.7 2.5 2.9 5.3 6.4
TS-X⊂1 19.7 21.2 19.4 22.1 21.7 21.4 23.7
5-X⊂1 −15.9 −14 −16.4 −13.4 −15.7 −14.1 −6.6

aThe free energy of the intermediate 4-X⊂1 along path 1 is taken as zero.
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spontaneously. In the most stable association complex 4-1⊂1,
which is below the separate capsule and two reactants 1−3 by
11.1 kcal/mol, two reactants and the capsule form four C−
H···OC hydrogen bonds with distances of 2.34, 2.50, 2.62,

and 2.67 Å, respectively. In addition, there exists an
intramolecular π−π stacking interaction between p-quinone
and one benzene ring of the cage (with the center-to-center
distance of about 3.45 Å). The distances of two C−C bonds

Figure 1. Optimized structures of intermediates, transition states, and products at two different locations inside the capsule.
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(C1−C2, C3−C4) that will involve in the subsequent reaction
are 3.22 and 3.25 Å, respectively. However, in 4-3⊂1, there are
four C−H...OC hydrogen bonds between two reactants and
the capsule with the distances of 2.29, 2.47, 2.73, and 2.75 Å,
respectively. The reactants 2 and 3 inside the capsule 1 are
somewhat farther from each other (two C−C bond distances of
3.70 and 3.85 Å, respectively) than they are in 4-1⊂1. Analyses
of various host−guest association complexes show that the
association complexes are mainly stabilized by hydrogen bond
interactions and π−π stacking between two reactants and the
capsule. The stronger guest−host interaction leads to the more
stable association complex.
On the other hand, for various transition states along seven

pathways, we notice that TS-3⊂1 has the lowest free energy,
0.3 kcal/mol lower than TS-1⊂1. Inspection of their optimized
structures show that TS-3⊂1 is stabilized by one N−H···OC,
one O−H...OC, and four C−H···OC hydrogen bonds

(between p-quinone, cyclohexadiene, and the capsule’s wall),
while TS-1⊂1 is stabilized by an intramolecular π−π stacking
interaction between p-quinone and one benzene ring of the
cage (with the center-to-center distance of about 3.42 Å) and
five C−H···OC hydrogen bonds. If the encapsulated
transition state is less stabilized by the guest−host interaction,
the corresponding transition state may be significantly higher in
free energy than the lowest transition state TS-3⊂1. For
example, TS-7⊂1 is above TS-3⊂1 by 4.3 kcal/mol (only two
C−H···OC hydrogen bonds exist in TS-7⊂1). In addition,
we can find that various products have similar binding free
energies (except 5-7⊂1). This is because the compact product
can only bind to a small region of the capsule’s wall, while the
loosely bound association complex and transition state can bind
to a much larger region of the capsule’s wall.
Let us analyze the reaction barriers of the studied DA

reaction at different locations inside the capsule. It can be seen

Figure 2. Gibbs free energy profile of the encapsulated DA reaction in the solvent. The energies in the gas phase are also given in parentheses.

Figure 3. Gibbs free energy profile of the DA reaction in the bulk solution. The energies in the gas phase are also given in parentheses. The distances
of two C−C bonds that involve in the cycloaddition reaction are also given.
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from Table 2 that the free energy barrier along different
pathways varies from 19.4 to 23.7 kcal/mol (with respect to the
most stable association complex 4-1⊂1). For example, the
pathway 1 (from 4-1⊂1 to TS-1⊂1) has a free energy barrier of
19.7 kcal/mol. For pathway 3, the direct barrier from 4-3⊂1 to
TS-3⊂1 is 17.7 kcal/mol. However, since 4-3⊂1 is less stable
than 4-1⊂1 by 1.7 kcal/mol, the overall barrier of TS-3⊂1
(relative to 4-1⊂1) is 19.4 kcal/mol. We note that for some
pathways, the guest−host interaction stabilizes the “preor-
ganized” intermediate with respect to the transition state, while
in other cases, the guest−host interaction destabilizes the
“preorganized” intermediate. Hence, the encapsulated DA
reaction at different locations may have quite different
reactivity, due to different guest−host interactions. To
conclude, the encapsulated DA reaction is most likely to
proceed via the following steps. The first step is to form the
association complex 4-1⊂1, which has the lowest free energy
among various association complexes. Then, this association
complex may readily convert into 4-3⊂1. Since the
interconversion between these two isomers only involves the
reorientiation of two reactants inside the capsule, this
transformation may have a relatively low barrier, compared to
the subsequent cycloaddition step. Next, the intermediate 4-
3⊂1 undergoes the cycloaddition via TS-3⊂1 to generate the
encapsulated product 5-3⊂1, which is the most stable product
complex. Finally, the product will be released from the capsule.
The whole pathway for the encapsulated DA reaction is
schematically shown in Figure 2. The overall reaction is
exothermic by 14.3 kcal/mol. The rate-determining step on the
whole pathway is the cycloaddition with a barrier of 19.4 kcal/
mol.
3.2. Comparison of the DA Reaction in the Capsule

and the Bulk solution. To understand what factors accelerate
the DA reaction within the capsule, we have investigated the
free energy profile of the DA reaction between p-quinone and
cyclohexadiene in the bulk solvent (p-xylene-d10). The
calculated results are presented in Figure 3. First, these two
reactants would also form an encounter complex 4. In 4, the
distances of two C−C bonds (C1−C2, C3−C4) that will be
formed in the cycloaddition step are 3.28 and 3.58 Å,
respectively, indicating a strong π−π stacking interaction
between two species. Then, the endo product 5 is formed via
the transition state TS4/5. The structure of TS4/5 is quite similar
to that of the corresponding transition state encapsulated in the
capsule described above. Energetically, the encounter complex
4 is thermodynamically less stable than the reactants by 5.4
kcal/mol, and the activation barrier for the cycloaddition
reaction is 25.8 kcal/mol (relative to the reactants). This barrier
is higher than that of the encapsulated DA reaction by 6.4 kcal/
mol. The relatively small free energy barrier for the
encapsulated DA reaction provides a qualitative explanation
on the acceleration of the DA reaction inside the capsule.
A comparison of the results shown in Figures 2 and 3 can

shed light on the factors that contribute to the acceleration of
reaction in the capsule. First, the host−guest complex 4-1⊂1 is
thermodynamically stable with respect to the separated capsule
and the substrate (by 11.1 kcal/mol), while the corresponding
encounter complex in the bulk solvent is unstable relative to the
separated reactants (by 5.4 kcal/mol). Since the free energy of a
species is the sum of the gas-phase free energy and the solvation
free energy, we may discuss the contributions of individual
terms such as enthalpy, entropy, and solvent effect to the
formation of the association complex. For the complex in the

capsule, the enthalpic and entropic terms contribute to the free
energy change by −41.2 (ΔH) and 26.5 kcal/mol (−TΔS),
respectively, and the solvent effect contributes to 3.6 kcal/mol.
In contrast, for the complex in the solution, the corresponding
enthalpic and entropic terms are −4.7 and 10.0 kcal/mol, and
the solvent effect has a contribution of 0.1 kcal/mol. Clearly,
the strong interaction between two reactants and the capsule in
the inclusion complex 4-1⊂1 is able to overcome the
unfavorable entropic change for the encapsulation process,
while the π−π stacking interaction between two reactants in the
complex 4 is not strong enough to overcome the unfavorable
entropic change in the association process. From the discussion
in the preceding subsection, we can draw the conclusion that
the encapsulation of the reactants to form the host−guest
complex is driven by hydrogen bonding interaction and π−π
stacking interaction between the reactants and the capsule. On
the other hand, the activation barrier of [4 + 2] cycloaddition in
the capsule is 19.4 kcal/mol, while the overall barrier in the
solution is 25.8 kcal/mol (relative to the separate reactants).
One may note that the binding free energy of the two reactants
(with the capsule) in the host−guest association complex 4-
1⊂1 is −11.1 kcal/mol, and the binding free energy of the
transition state with the capsule in the transition complex TS-
3⊂1 is −17.5 kcal/mol. This result shows that the capsule
stabilizes the transition state (by 6.4 kcal/mol) more than they
do the reactants. To summarize, the acceleration of the DA
reaction in the capsule can be ascribed to the fact that the
host−guest interaction tends to stabilize the transition state
more than the reactants, leading to a relatively smaller reaction
barrier.
It should be mentioned that the DA reaction between p-

quinone and cyclohexadiene may yield both endo and exo
products. Our calculations show that both products have similar
thermodynamic stability (their free energies differ from each
other by only 0.2 kcal/mol), but the free energy barrier to
produce the exo product in the bulk solution is 30.4 kcal/mol,
higher than that along the endo pathway by 4.6 kcal/mol. For
the encapsulated DA reaction to produce the exo product, we
have also obtained the most stable host−guest association
complex and the most stable encapsulated transition state. The
free energy barrier along the exo pathway is 23.2 kcal/mol,
being 4.2 kcal/mol higher than that along the endo pathway.
This result can account well for the fact that only traces of the
exo product were found.19

4. CONCLUSIONS
By combining Monte Carlo simulations and density functional
theory calculations, we have studied the mechanism of the
Diels−Alder reaction of p-quinone and cyclohexadiene in a
cagelike, hydrogen-bonded capsule. For a comparison, we have
also investigated the free energy profile of the DA reaction
between p-quinone and cyclohexadiene in the bulk solvent.
One can draw the following conclusions from the present
study: (1) The encapsulation of the reactants into the cage is
driven by hydrogen-bonding interaction and π−π stacking
interaction between the reactants and the capsule. (2) The
encapsulated DA reaction at different locations inside the
capsule may have quite different reactivity, due to different
guest−host interactions. (3) The DA reaction in the capsule is
accelerated (relative to that in the bulk solution) because the
host−guest interaction leads to a relatively smaller barrier for
the cycloaddition. The present study suggests that the rate of a
chemical reaction may be noticeably modulated by the guest−
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host interaction between the substrate and the container. We
hope that this study provides some valuable information for
chemists to design more effective molecular capsules to
modulate a variety of reactions.
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