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Abstract: The Nazarov cyclization is investigated in solution
and within K12[Ga4L6] supramolecular organometallic cage by
means of computational methods. The reaction needs acidic
condition in solution but works at neutral pH in the presence
of the metallocage. The reaction steps for the process are
analogous in both media: (a) protonation of the alcohol
group, (b) water loss and (c) cyclization. The relative Gibbs
energies of all the steps are affected by changing the
environment from solvent to the metallocage. The first step
in the mechanism, the alcohol protonation, turns out to be

the most critical one for the acceleration of the reaction
inside the metallocage. In order to calculate the relative
stability of protonated alcohol inside the cavity, we propose a
computational scheme for the calculation of basicity for
species inside cavities and can be of general use. These
results are in excellent agreement with the experiments,
identifying key steps of catalysis and providing an in-depth
understanding of the impact of the metallocage on all the
reaction steps.

Introduction

Supramolecular chemistry is an interdisciplinary field with a
spectrum of applications that ranges from molecular recogni-
tion to catalysis.[1,2] This field shares numerous similarities with
processes observed in enzymes, the most striking one is the
importance host-guest interactions in dictating both the bind-
ing process of the guest and controlling the catalytic profiles.[1,2]

This parallelism between host-guest and receptor-ligand of
biomacromolecules has been largely pursued by chemists to
make efficient cages.

A range of synthetic hosts has been designed and
optimized enriching the toolbox of available supramolecules.
Amongst them, the so-called metallocages, Supramolecular
Organometallic Complexes (SOCs) or Metal–Organic Cages
(MOCs) are among of the most exciting ones. These are
obtained by self-assembly of metal ions or clusters with organic

ligands and the final structure are mainly driven by coordina-
tion rules.[3] This strategy gives rise to a great diversity of well-
defined topologies at the nanoscale that could not be reached
with pure organic scaffolds. Their internal cavities are attractive
for hosting molecules with high selectivity and specificity, with
many applications,[4–6] including catalysis.[7–9] Many metallocages
have been employed as supramolecular catalysts[9–13] including
Raymond’s[14] Ga4L6, Fujita’s[15] Pd6L4, Nitschke’s[16] Fe4L6, or
Lusby’s Pd2L4 among others.[17]

The tetrahedron host K12[Ga4L6] designed by Raymond and
coworkers has been demonstrated to accelerate several chem-
ical reactions, such as the hydrolysis of orthoformates,[18]

reductive elimination from Au(III) and Pt(IV) complexes,[19–23]

hydroalkylation,[24] allyl alcohol isomerization,[25] and aza-Cope
rearrangement,[26] among others.[27,28] The Nazarov cyclization
(Scheme 1a), the subject of the present investigation, is a very
useful reaction for the formation of cyclic compounds by means
of C� C bond forming process and has also been demonstrated
to be catalyzed by the K12[Ga4L6] metallocage.[29]

Under common reaction conditions, the Narazov cyclization
requires acidic media to proceed. However, in the presence of
metallocage [Ga4L6]

12� , 3, the process can take place at pH 8
(Scheme 1a). The rate acceleration is ca. 106 times (Scheme 1b),
reaching a degree of rate acceleration comparable to those
observed in several enzymes.[30] The increase in reaction rate
was initially attributed to a combination of several factors, such
as (a) preorganization of the encapsulated substrate, (b)
transition state stabilization of the cyclization by constrictive
binding, and (c) increase of the basicity of the complexed
alcohol functionality. A subsequent mechanistic study by
Raymond and coworkers showed that the electrocyclization is
the rate-determining step for the uncatalyzed reaction, while
the electrocyclization and the water loss from the substrate are
both rate-determining for the cage-catalyzed reaction.[31] More-
over, according to their mechanistic analysis, transition state
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stabilization of the cyclization was found to significantly
contribute to the dramatic rate enhancement.[31]

Computational chemistry has become an indispensable tool
in the study of reaction mechanisms. It provides detailed
understanding of the processes that is not easily accessible by
experimental techniques. In the case of supramolecular catal-
ysis, computational methods have only been applied recently
mainly because of the large dimensions of the systems.[21–23,32–44]

In the current contribution, we present a computational
study with the aim of identifying the factors causing the rate
enhancement of the Nazarov reaction inside the metallocage as
compared to solution. We use a combination of quantum
mechanical (QM) calculations and molecular dynamics (MD)
simulations, and the overall description of the reaction mecha-
nism is obtained by connecting experimental and computa-
tional results to describe the reaction steps for the process.
Overall, computational results are in excellent agreement with
experiment and provide a deeper understanding of the process
identifying the key aspects of catalysis. While this manuscript
was under review appeared a publication by Tantillo, Toste,
Bergman, Raymond and coworkers on the same topic reaching
essentially the same conclusions about the origin of catalysis.[45]

Results and Discussion

The Nazarov cyclization was experimentally investigated for
three related 1,4-pentadien-3-ols substrates (Scheme 1b). Be-
cause the asymmetric compound 1 shows the highest rate
constant for the catalyzed reaction and yields no unexpected
product (dihydrofulvene isomer), it was selected as case system.

A general schematic representation of the most important
intermediate structures for the mechanism are illustrated in
Scheme 2 (black arrows for the uncatalyzed reaction and orange
arrows for the catalyzed one).[29,31] The main steps for the
cyclization process can be described as: (i) protonation of the
alcohol group of the substrate, 2, (ii) water loss from the
substrate, forming a carbocationic species, 4, and (iii) formation
of the five-membered ring, 5, by electrocyclization.

In what follows, we will present the computational analysis
of the reaction mechanism in solution first, followed by the
reaction inside the metallocage, step by step, involving
encapsulation, protonation, water loss and cyclization.

Reaction in Solution

The equilibrium between substrate 1, with an alcohol group,
and its protonated form 2, depends on the pH of the solution.
The reaction requires acidic pH in the absence of the metallo-
cage 3, whereas in its presence it can be performed at pH 8.
The energy of the protonated reactant can be obtained from
the pKa of protonated species 2, which under the reaction
conditions in the presence of the cage (pH 8.0 and 45 °C) was
experimentally estimated to be � 5.0.[31] Therefore, the energy
of the protonated 1,3-pentadienol substrate 2 was estimated by
Raymond and coworkers to be 18.9 kcal/mol higher than the
neutral substrate 1.[31]

Computing relative Gibbs energy values for protonated vs.
non-protonated species corresponds to the calculation of the
pKa of the protonated alcohol.[46] Following a standard proce-
dure for the calculation of pKa values,[46,47] we determined the
Gibbs energy difference between protonated and non-proto-
nated states to be 19.5 kcal/mol, in excellent agreement with
the experimentally estimated value. The procedure to compute
pKa is by calculating the standard Gibbs energy of deprotona-
tion (ΔGs(deprot)) of the protonated alcohol in gas phase along
with the Gibbs energy of solvation of all the species involved in
the thermodynamic cycle: ROH2

+, (H2O)n, ROH and H3O
+(H2O)n-1

(see Scheme S1 in the Supporting Information). It is important
to point out that in order to obtain this Gibbs energy we
evaluated how the number of explicit water molecules consid-
ered in the model affects the results. Thus, the Gibbs energy
difference (ΔG) between the neutral substrate, 1, and the
protonated form, 2, were calculated including one (1-w1 vs. 2-
w1), two (1-w2 vs. 2-w2), three (1-w3 vs. 2-w3), or four explicit
water molecules (1-w4 vs.2-w4). The results clearly show that
the energies converge at 3 explicit water molecules (Figure S1
and Table S2). Calculations inside the metallocage will be also
done including 3 water molecules; MD simulations of the
protonated substrate show that an average of 3 water

Scheme 1. (a) Nazarov cyclization in presence of metallocage 3. (b)
Experimental rate constants obtained for three different substrates; the
highlighted one has been selected for this study. Rate constants from
Ref. [29] and [31]. (c) Schematic representation of the [Ga4L6]

12� metallocage,
3.
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molecules are inside the metallocage (see below). In both
systems, solution and inside the metallocage, 3 water molecules
need to be explicitly considered in the model.

We thus selected 2-w3 as starting model of the protonated
substrate for the reaction in solution. A conformational analysis
of 2 shows that the most stable conformation is the one named
“open” in Figure 1, whereas the reactive conformation, named
“closed”, is calculated to be only 0.5 kcal/mol higher in energy,
showing that it is highly accessible. When three explicit solvents
molecules are included in the calculations, the difference
between open (the most stable) and closed one is 0.3 kcal/mol.
Energies of other conformations are given in the Supporting
Information (Table S1).

After the protonation, the next step in the reaction is the
water loss from the protonated substrate. This was calculated to
have a barrier of 7.1 kcal/mol relative to 2-w3, which is
26.6 kcal/mol relative to the global zero (Figure 3), and the

following intermediate, 4-w3, is 5.3 kcal/mol higher than the 2-
w3 (+24.8 kcal/mol relative to the zero). At the transition state,
TS2-w3, the dC-Ow distance is elongated to 2.37 Å (Figure 2). From
4-w3 the electrocyclization takes place through TS4-w3, calcu-
lated to have an energy of 29.9 kcal/mol (Figure 3). This is the
rate-determining step of the reaction, in agreement with the
experimental value of 30.0 kcal/mol, obtained from the meas-
ured rate constant of 3.3 · 10� 8 s� 1 at 45 °C.[29,31] Moreover, the
difference between two calculated barriers, 26.6 kcal/mol for
water loss and 29.9 kcal/mol for electrocyclization, is also in
good agreement with experimental observations of the latter
step as the rate determining step.

Reaction in metallocage: Encapsulation and protonation of
substrate

The Gibbs energy associated to the encapsulation of alcohol 1
was experimentally determined to be 0.3 kcal/mol (ΔG4,exp.). It is
expected that under reaction conditions all the metallocages
are occupied with the substrate (the concentration of the
reactant is much larger than that of the metallocages). The
encapsulation process was calculated using a protocol we
recently established[48] for calculating binding Gibbs energies in
supramolecular metallocages using the attach–pull–release
(APR) method (see computational details). This protocol showed
good agreement between calculated and experimental binding
Gibbs energies for a set of cationic guests encapsulated in the

Scheme 2. General schematic representation of the Nazarov cyclization of 1,4-pentadien-3-ol, 1, in solution and in the metallocage. Rate constants are taken
from Ref. [29].

Figure 1. Open (2’) and closed (2) conformers of the protonated substrate.
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[Ga4L6]
12� metallocage. Its application to substrate 1 gives a

Gibbs binding energy (ΔG4,calc.) of 3.2 kcal/mol, in fairly good
agreement with experiment.

Once encapsulated, the next step in the reaction is the
protonation of the substrate. Direct computation of Gibbs
energy for this protonation step is not affordable: it implies
calculating the pKa of the protonated substrate inside the
metallocage. The general thermodynamic cycle employed to
calculate pKa cannot be utilized here to accurately determine
the Gibbs energy for the protonation of the substrate within
the metallocage; such a cycle needs the value of the Gibbs
energy for the solvation of the encapsulated proton (from the
gas phase to solution). Nevertheless, the calculation of this
magnitude is not reliable using continuum methods.[46] Instead,
the Gibbs energy difference between protonated and non-
protonated substrate inside the metallocage (ΔG3) can be
obtained using an alternative thermodynamic cycle, as the one
shown in Figure 4. According to this, the relationship between
the Gibbs energies for protonating the neutral substrate (in
both, solution, ΔG2, and inside metallocage, ΔG3), must be the
same than the relationship between the Gibbs energies of
encapsulating both, the neutral, ΔG4., and protonated, ΔG1,
substrates. For two of the steps of the thermodynamic cycle the
Gibbs energy can be estimated, ΔG2,est and experimentally
obtained, ΔG4,exp. ΔG1,calc and ΔG4,calc, corresponding to the
binding of the neutral and protonated substrate in the metallo-
cage, are computed using the APR method based on molecular
dynamics simulations. ΔG2,calc, in turn, which corresponds to the
protonation of neutral substrate in solution, is calculated at DFT
level. In Figure 4 are shown all computed Gibbs energies (in
blue) and experimental and estimated values (in green). The
computed values are in excellent agreement with experiment:

Figure 2. Geometries of intermediates and TSs for the reaction in solution.
Distances are in Å; Gibbs energies in kcal/mol; imaginary frequencies in
cm� 1.

Figure 3. Calculated Gibbs energy reaction profile for the Nazarov cyclization in solution and in the presence of metallocage 3.
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ΔG2,est=19.2 vs. ΔG2,calc=19.5 kcal/mol, and ΔG4,exp=0.3 vs.
ΔG4,calc=3.2 kcal/mol, respectively. The encapsulation of the
protonated alcohol, 2, to the metallocage, ΔG1, cannot be
determined experimentally. Nevertheless, the binding energy
for this process can be obtained using the protocol previously
commented.[48] The calculation gives a binding Gibbs energy for
this process, ΔG1,calc, of � 7.4 kcal/mol. Encapsulating the
protonated substrate would be an exergonic process (Fig-
ure S2).

In the thermodynamic cycle (Figure 4), the values of the
Gibbs energies are ΔG2,calc=19.5 kcal/mol, ΔG4,calc=3.2 kcal/mol
and ΔG1,calc= � 7.4 kcal/mol. Assuming that these ΔG values can
be combined despite being obtained by means of different
computational approaches, the calculated Gibbs energy for the
protonation of the encapsulated neutral substrate, ΔG3 is
8.9 kcal/mol. According to this, the encapsulated protonated
substrate, (2-w3�3), has a relative Gibbs energy of 12.1 kcal/
mol within the reaction profile (Figure 3).

The Gibbs energies associated to these protonation steps in
solution and inside the metallocage are 19.5 kcal/mol for 2-w3
and 12.1 kcal/mol for 2-w3�3, respectively (Figure 3). The
comparison of these values reveals that the protonation process
is much more accessible inside the cage than in solution by
7.4 kcal/mol. In a related study, Warshel and coworkers[38] also
found that the rate acceleration by the same [Ga4L6]

12� metallo-
cage on a related process, hydrolysis of orthoformate, is mainly
due to large stabilization of H3O

+ inside the metallocage
(pointing out a very low “local pH”) and the electrostatic
stabilization of the positively charged transition state. Similarly,
the dramatic change of basicity of the alcohol over encapsula-
tion observed here is crucial for accelerating the reaction. In
fact, accessing to the 2-w3�3 intermediate takes place at the
beginning of the process, thus all the reaction steps taking
place afterwards are largely affected. The Gibbs energy differ-
ence for this protonation step in solution and inside the
metallocage has the largest impact on the overall reaction.

To analyze the effect of the metallocage on the conforma-
tion, the Gibbs energy of encapsulation for the open and closed
conformations of the protonated substrate were calculated
employing the above-mentioned protocol.[48] The values ob-
tained are � 5.4 kcal/mol and � 7.4 kcal/mol, for open and
closed conformations, respectively, showing that the closed
conformation is favored by 2.0 kcal/mol.

The analysis was complemented by performing a classical
molecular dynamic (MD) simulation of the encapsulated
protonated substrate in a periodic box of explicit solvents (see
computational details) and additional DFT calculations. The MD
simulations show that there is an average of two to three
solvent water molecules around the protonated substrate
within the metallocage (see Figure S3). For computing the
relative Gibbs energies at DFT level we considered a model
with 3 solvent molecules encapsulated. To identify the most
stable situation of the encapsulated system, different arrange-
ments (molecular conformations, water disposition) selected
from the most populated structures along the MD were fully
optimized at DFT level. Interestingly, the closed conformation
(the reactive one) is calculated to be the most stable one, 2-
w3�3 by 4.2 kcal/mol compared to the lowest open conforma-
tion arrangement, 2’-w3�3. This confirms that the energy
difference between encapsulated open and closed conforma-
tions favors the latter by ~2-4 kcal/mol (note that in solution
both conformations were very similar in energy). Hence,
encapsulation induces the proper preorganization of the
substrate, making the closed conformation the most stable one
inside the metallocage thus facilitating the reaction.

Reaction in metallocage: Water loss

To obtain an accurate reaction profile within the metallocage at
DFT level one needs to properly describe the behavior of
encapsulated protonated substrate, thus including the locally
surrounding solvent molecules. In the previous section we
presented classical molecular dynamic (MD) simulations of the
encapsulated protonated substrate in a periodic box of explicit
solvents. The simulations indicate that there are around three
solvent water molecules along with the protonated substrate
within the metallocage (see Figure S3). Thus, for calculating the
Gibbs energy profile at DFT level we selected the most stable
structure, 2-w3�3, which includes the protonated substrate on
the closed conformation and three water molecules altogether
in the [Ga4L6]

12� metallocage.
The optimized geometries of intermediates and transition

states for encapsulated substrate along with three explicit water
molecules are shown in Figure 5. The encapsulated protonated
intermediate, 2-w3�3, as previously shown, has an estimated
relative Gibbs energy of 12.1 kcal/mol within the reaction
profile (Figure 3). The transition state for the water loss from
the protonated substrate inside the metallocage, TS2-w3�3, has a
relative Gibbs energy barrier of 9.7 kcal/mol, with a global
barrier of 21.8 kcal/mol. The distance of the protonated alcohol
C� O bond (dC-Ow) is elongated to 2. 37 Å at the transition state
(TS2-w3�3) from 1.51 Å at the intermediate (2-w3�3).

Figure 4. Thermodynamic cycle to obtain the basicity (ΔG3) of the encapsu-
lated reactant 1. (*) “closed” conformation of the protonated substrate is
0.3 kcal/mol higher in Gibbs energy than the most stable one. Gibbs
energies in kcal/mol.
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Once the substrate is protonated, next step in the process
corresponds to water loss. The Gibbs energy barrier for this
process in solution (from 2-w3 to TS2-w3) is 7.1 kcal/mol, whereas
the analogous step inside the metallocage is 9.7 kcal/mol (from
2-w3�3 to TS2-w3�3). Therefore, performing the process inside
the metallocage provokes an increase of the barrier of 2.7 kcal/
mol for this step. Water loss inside the cavity leads to a penalty
in terms of Gibbs energy barrier, although that penalty is not
large. Such an increase on the Gibbs energy barrier is somewhat
relevant because involves that this step becomes rate limiting
along with the cyclization (see below).

At this point it is worth commenting how is affected the
Gibbs energy barrier for the reversal process of water loss in
solution (water addition from intermediate 4-w3) and inside the
metallocage (4-w3�3). In solution, the relative Gibbs energy
barrier (from 4-w3 to TS2-w3) is 1.8 kcal/mol, whereas the

corresponding barrier inside the metallocage (from 4-w3�3 to
TS2-w3�3) is 4.2 kcal/mol. This is in very good agreement with
experiment where it has been shown that the backward
reaction step inside the metallocage is more energy demanding
than in solution.[29,31] Altogether, the effect of the metallocage
on the water loss step, despite non favoring the process, is
relatively moderate.

Reaction in metallocage: Cyclization

Before analyzing the cyclization step, we investigated the
accessibility for a conformational change of 4 inside the
metallocage; a modification from closed to other open con-
formation should be highly detrimental for the reaction. To that
purpose, we performed an Adaptively Biased Molecular Dynam-

Figure 5. Optimized geometries and relative Gibbs energies for the intermediates and TSs of the Nazarov cyclization inside metallocage 3; imaginary
frequencies in cm� 1.
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ic (ABMD) simulation with AMBER 16 program using two torsion
angles as collective variables (see Figure S5). The simulation
shows that the conformational change within the metallocage
is too energetically demanding to be affordable (more than
20 kcal/mol). Thus, the closed conformation is maintained once
the intermediate after water loss is formed.

The encapsulated intermediate after the water loss, 4-
w3�3, is calculated to be at 17.6 kcal/mol in Gibbs energy
relative to 1. For the next step, cyclization, the lowest energy
barrier step was found with a different arrangement of the
water molecules inside the cavity, 4-w3’�3. The calculations
show that the relative Gibbs energy of this intermediate is not
significantly affected by the solvent rearrangement inside the
metallocage; the calculated relative Gibbs energies are 17.6 and
17.9 kcal/mol for 4-w3�3 and 4-w3’�3, respectively. These
rearrangements of water molecules in the metallocage are
schematically illustrated in Figure 3 and their optimized geo-
metries are shown in Figure 5. For the cyclization process itself,
several transition states with different molecular arrangements
were optimized. The lowest energy one, TS4-w3’�3, is 3.9 kcal/mol
above 4-w3’�3, located at 21.8 kcal/mol from 1, (Figure 3). The
optimized geometries of the transition state with different
rearrangements of water solvent molecules in the metallocage
are shown in the Supporting Information (Figure S4b). Such
water arrangements have larger effect on the Gibbs energy of
the transition states than on the intermediates (4-w3�3 and 4-
w3’�3 in Figure 3). These two intermediates, species 4-w3�3
and 4-w3’�3 are very similar in energy, just involving a solvent
reorganization. The forming C� C bond distance at this
transition state is 2.364 Å (Figure 5). The formation of the cyclic
carbocationic intermediate, 5-w3�3, is highly exergonic with a
Gibbs energy of � 3.4 kcal/mol. Therefore, the reaction is
irreversible once the cyclized species is formed.

To evaluate the magnitude of the stabilization of the
cyclization TS associated to the encapsulation, one needs to
compute and compare its barrier in solution and inside the
metallocage. The relative Gibbs energy barrier associated to this
step in solution is 5.1 kcal/mol (from 4-w3 to TS4-w3), whereas
that for the cyclization step inside the metallocage is 3.9 kcal/
mol (from 4-w3’�3 to TS4-w3’�3); the energy barrier decreases by
1.2 kcal/mol. Thus, despite the metallocage favors the cycliza-
tion step, the effect on the overall process is relatively
moderate.

The increase of the Gibbs barrier for the water loss along
with the fact that the relative Gibbs energy barrier for the
electrocyclization diminishes inside the metallocage, involves
that the relative Gibbs energy value for the transition states of
water loss (TS2-w3�3) and cyclization (TS4-w3’�3) acquire both the
same value of 21.8 kcal/mol. Therefore, both steps are involved
in defining the reaction rate of the process, once again in very
good agreement with experiment.[31] Moreover, the calculated
Gibbs energy barrier of 21.8 kcal/mol for both rate determining
steps is also in excellent agreement with the estimated value of
21.0 kcal/mol (from the experimental rate constant of
5.7 ·10� 2 s� 1 at 45 °C).

Conclusions

The reaction mechanism for the Nazarov cyclization was
analyzed in solution and inside the [Ga4L6]

12� metallocage by
means of computational methods combining DFT and classical
molecular dynamics calculations.

The reaction mechanism in solution and inside metallocage
have the same reaction steps: (i) protonation of the alcohol
group of the substrate (ii) water loss from the substrate,
forming a carbo-cationic species, and (iii) formation of the five-
member ring, 5, by electrocyclization. Nevertheless, upon
encapsulation the Gibbs energy profile is dramatically affected.

The first step in the reaction is the protonation of the
substrate. The associated Gibbs energies in solution and inside
the metallocage are 19.5 kcal/mol for ΔG2 and 12.1 kcal/mol for
ΔG3, respectively (Figure 4). The comparison of these values
reveals that the protonation process is much more accessible
inside the cage than in solution by 7.4 kcal/mol. This becomes
the most important factor for accelerating the reaction rate.

Additionally, whereas in solution an open conformation is
favored (too far from the catalytically competent geometry for
cyclization), inside the metallocage a closed conformation with
a geometry close to the reactive form is preferred (by 2 to
4 kcal/mol, depending on the method employed). Therefore,
the metallocage promotes a preorganization of the substrate
for the reaction to proceed.

The next step, the water loss, pays a penalty in terms of
Gibbs energy barrier inside the cavity, although the effect is
quite moderate. Its Gibbs energy barrier is 7.1 kcal/mol in
solution and 9.7 kcal/mol once encapsulated. Such a relative
increase in the barrier involves that this step also becomes rate
limiting along with the cyclization. Finally, the Gibbs energy
barrier of the cyclization is lowered when occurring inside the
cage by 1.2 kcal/mol. It suggests a relatively moderate effect of
the supramolecular host on the rate acceleration regarding the
cyclization step.

Overall, despite preorganization of the substrate upon
encapsulation helps the process, the ability of the metallocage
to stabilize the cationic species (protonated alcohol) is the
crucial factor for the rate acceleration observed. The ensuing
two steps, water loss and cyclization, are both affected
moderately by encapsulation. Understanding and evaluating
these effects should help to the rational design of novel host-
guest catalyses.

Computational Details
All DFT calculations were performed using the Gaussian 09
software[49] with the B3LYP� D3 functional.[50–52] The SDD pseudopo-
tential and related basis set, complemented with a set of d
polarization functions, were used for Ga,[53,54] while the 6-31G(d)
basis set was used for all other atoms.[55] The structures of the
reactants, intermediates, transition states and products were
optimized in water solvent by using the SMD continuum model. [56]

These calculations involve systems with more than 300 atoms. The
quasi-rigid-rotor-harmonic-oscillator (quasi-RRHO) approach was
used for thermal contributions to the Gibbs energies.[57] The
standard state correction (1.9 kcal/mol to each of the compounds)
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was also included. [58] Gibbs energies were calculated at full DFT
level except the binding of the neutral and protonated substrate in
the metallocage which were computed using the APR method (see
below).

MD simulations were performed with the AMBER 16 package[59]

using the CUDA version of the pmemd program. The MD simulation
box, of size 46×49×47 Å and treated under periodic boundary
conditions, contains the metallocage, the guest, 11 potassium
counterions, and ~2500 water molecules (TIP3P). [60] The simu-
lations were performed at constant temperature (298.15 K, using a
Langevin thermostat) and pressure (1 bar, using a Monte Carlo
barostat). Force field parametrization procedure was described in
our previous work (the parameters of the metallocage were directly
used). [48] The absolute binding Gibbs energies (ΔGbind) were
computed using the attach–pull–release (APR) method.[61–63] The
simulation details were described in the previous work [48] and can
be summarized as: (i) derivation of non-standard parameters
needed for the host and guest molecules, (ii) combining the
derived parameters with the general AMBER force field, (iii)
calculating the binding Gibbs energy with the APR method. The
adaptively biased molecular dynamics (ABMD) [64] simulations were
performed to analyze the conformational change of the carboca-
tionic intermediate inside the metallocage (see Supporting Informa-
tion and Figure S5).
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