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ABSTRACT

The Prins cyclization of citronellal is a significant reaction for synthesizing new carbon-
carbon bonds, typically catalyzed by acidic conditions, serving as a crucial industrial
intermediate for menthol production. The present work aims to investigate, by means of
computational methods, the host-guest catalytic mechanism within the [Gasls]'®
metallocage, which promotes the formation of minor alkene products, emulating the
selectivity observed in biological terpene synthases. A combination of molecular dynamics
simulations, DFT, and QM/MM calculations were employed to explore the reaction profiles,
revealing the dynamics of encapsulation and the role of protonation and cyclization steps.
Our study confirms that the metallocage does not directly modify the reaction, but rather
provides a unique microenvironment within its cavity that facilitates acid-catalyzed
reactions under basic or neutral conditions in solution. Indeed, modification of basicity of
the citronellal reactant once encapsulated turns out to be critical for the process. Moreover,
conversely to what is expected, the metallocage does not promote a conformational
preorganization of the guest to a more compact conformation prone to undertake the
cyclization. ldentifying these factors offers a detailed understanding of rate enhancement
by metallocages that can be of general applicability.
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INTRODUCTION

The development of synthetic hosts possessing a cavity with the ability of accelerating
chemical reactions is one of the main goals of research in catalysis.” Among these
supramolecular structures, metal-organic cages (MOCs) are among the most interesting
ones.”® These metallocages are formed with metals acting as connecting points and
organic ligands as edges or faces, creating space-constrained cavities; this type of
supramolecular systems open a myriad of possibilities of molecular shapes and sizes.”""
Indeed, MOCs have proven to be able to accelerate reaction rates compared to their
analogous bulk solution reactions for many processes.'*"?

One of the reactions where application of MOCs have been developed is in the synthesis of
terpenoids. Terpene synthases are essential in nature by catalyzing the biosynthesis of
terpenoids, a broad family of natural compounds. With over 76,000 characterized
members, terpenoids exhibit remarkable structural intricacy, gaining significant attention
in the industry due to their diverse applications, ranging from flavors and fragrances to
pharmaceuticals and biofuels.?*2? In this context, exploring the catalytic synthesis of
terpenoids offers promising paths for developing greener and more efficient processes.

Over the last years, Raymond and coworkers developed a water-soluble tetrahedron
structure Ki;[Gayle] (L=N,N-bis(2,3-dihydroxybenzoyl)-1,5-diaminonaphthalene; Figure 1c)
able to catalyze different reactions such as the hydrolysis of orthoformates,?*?* aza-Cope
rearrangement,”® hydroalkylation,?® Nazarov cyclization,?” allyl alcohol isomerization,®
reductive elimination from Au(lll) and Pt(IV) complexes,**' the Prins®*>3® and the aza-Prins
cyclization reactions. 4%

The Prins reaction, the subject of the present investigation, involves the formation of new
carbon-carbon bonds achieved through the acid-catalyzed condensation of aldehydes
with alkenes; it is a key point in the synthesis of terpenoids here considered.?>* Several
computational studies have addressed the reaction mechanism for the Prins reaction.%-%
Inthe present selected process, when performed in solution, citronellal 10 (o denotes open
conformation) is converted into its protonated form 10H in acidic conditions (Figure 1a).*°
This protonated form undergoes cyclization, by adopting first a closed conformation of the
reactant, 1¢, and then forming the carbocation intermediate 3. From this intermediate,
various products can be derived: two major products being p-menthane-3,8-diols and p-
menthane-3,8-diol citronellal acetals, the latter formed by condensation with compound
10. Additionally, a mixture of alkene isomers is formed as minor products (2a-d; Figure
1b).*
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Figure 1. Schematic representation of the Prins reaction studied (a) Uncatalyzed and acid-catalyzed reactions,
(b) product isomers and (c) schematic representation of the [Gasls]'? metallocage.

Raymond, Bergman, Toste and coworkers reported the cyclization of citronellal catalyzed
by the [GasLs]'* metallocage under slightly basic conditions (pH 8.0).#*2 They observed
significant rate accelerations, ranging from 10%-10° times faster compared to the
uncatalyzed reaction, with the metallocage exhibiting one of the highest catalytic
efficiencies observed for synthetic supramolecular cavities. In contrast to catalysis in
acidic aqueous solutions which predominantly yields diol products, the catalytic cage
shows a higher selectivity for the formation of alkene isopulegol products 2 (Figure 1b);
concretely they observed the formation of 2a (isopulegol) and 2b (neoisopulegol) as the
major products. This selectivity is particularly relevant as it emulates the behavior of natural
terpene synthases, presenting a viable alternative for the synthesis of these monoterpene
derivatives.**** Additionally, the use of this catalytic metallocage induces a shift in the
preference from cis to trans isomers.

Experimental studies suggest that in the presence of the metallocage the reaction begins
with the encapsulation of the substrate, a process that is reversible and rapid,>4"
involving the displacement of solvent molecules from the host cavity by the substrate
aldehyde.***” The proposed mechanism suggests that after encapsulation, the host
facilitates substrate 1CA activation by stabilizing its conjugate acid, thereby promoting the
protonation of the carbonyl oxygen, 1HCA. According to this hypothesis, the reaction
proceeds through a stepwise pathway postulated based on the characterization of the
carbocation intermediate, 3 (Figure 1a).*> However, a prior conformational adaptation is
essential for cyclization to take place, requiring the guest molecule to achieve a closed/pro-
reactive configuration, 1cHCA. Previous studies have shown that supramolecular hosts
can induce a chair conformation in acyclic guests.*®%° This is also proposed in the
mechanistic study of the related Aza-Prins reaction on the same metallocage performed by
Xu and coworkers.* The present study pretends to evaluate all these reaction steps aiming
to identify the key factors governing the rate acceleration for this process.

3
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To elucidate catalytic mechanisms at the molecular scale, in solution and inside the cavity
computational evaluation is undertaken.®'*® Despite their significance, theoretical studies
on rate-accelerated reactions within supramolecular hosts remain relatively limited,*53
although they have been increasing recently.®**® A combination of QM, QM/MM and MD
simulations are presented to investigate the origin or rate acceleration on the Prins reaction
on the selected citronellal reactant for the synthesis of terpenoids in the presence of
[Gasls]'* metallocage.

COMPUTATIONAL DETAILS

All DFT and DFT/MM calculations were conducted using the Gaussian 16 software
package.®” Geometry optimizations were performed using B3LYP/6-31G(d,p) level of
theory,%® incorporating the D3 Grimme correction’® for dispersion for the DFT and the high-
level region of DFT/MM, while the low-level employed the General Amber Force Field
(GAFF2). For gallium, the SDD pseudopotential and associated basis set, supplemented
with a set of d polarization functions, were utilized,”"””> while the 6-31G(d,p) basis set was
applied to all other atoms.”® The geometries of reactants, intermediates, transition states,
and products were optimized in an aqueous solvent using the CPCM continuum model.”
Gibbs energies were calculated at 298 K. A correction of 1.9 kcal/mol was applied to each
compound to change standard state from gas phase (1 bar) to solution (1 M).”® These
calculations contained systems of more than 300 atoms.

MD simulations were conducted employing the AMBER 16 package (AmberTools16)’
employing the CUDA version of the pmemd program. The short-ranged nonbonded
interactions were limited to a cutoff of 9A, while the long-ranged electrostatic terms were
handled by the Particle Mesh Ewald (PME) method.”” The simulated systems comprised the
cage, the guest molecule, 11 or 12 potassium counterions to maintain overall neutrality, and
explicit water solvent molecules modeled using the TIP3P model (around 1950 water
molecules considered).”®

During simulations, a constant temperature of 298.15 Kwas maintained through a Langevin
thermostat, while pressure was maintained at 1 bar using a Monte Carlo barostat.” The
force field parameters for the metallocage were taken from prior studies conducted by our
research group.®® Bonding parameters for the organic constituents of both host and guest
molecules were adopted from the widely-used general AMBER force field (GAFF2).%

Simulations of 1 pus were performed to systems representing reactants, intermediates, and
products, both in bulk solution and confined within the metallocage. Subsequent clustering
analysis identified key configurations, serving as initial coordinates for QM/MM
investigations into reactivity. The binding Gibbs energies (AGuina) were computed using the
attach-pull-release (APR) method.?*83

The WT-ABMD simulations®® were also performed using the CUDA version of the pmemd
program of the AMBER 16 package.”® The simulation box was the same as described for the
plain molecular dynamics simulations and treated under periodic boundary conditions. To
keep constant temperature, 300 K, and pressure, 1bar, the same thermostat and barostat
as before were applied. A cutoff of 9 A was used for nonbonded interactions and long-range
electrostatics interactions were accounted by the PME method.”” A time step of 2 fs was
used, and the simulation time was 60 ns. The distance between the two carbon atoms
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involved in the cyclization was selected as a collective variable and the resolution for the
reaction coordinate was 0.2. The nfe-umbrella-slice utility was used to obtain the Gibbs
energy profile.

RESULTS AND DISCUSSION

The results are presented in several sections. In the first section the reaction in solution is
evaluated. In the second section there is a description of the analysis performed by means
of classical Molecular Dynamics simulations to understand the behavior of encapsulated
reactants inside the [Gasls]'> metallocage. Next section investigates the encapsulation
process of the reactant (neutral and protonated) into the cavity of the metallocage. The last
section analyzes the reaction mechanism within the metallocage comparing the obtained
results with those in solution.

Reaction in solution

The Prins cyclization of citronellal is catalyzed in acidic medium through the activation
(protonation) of the reactant. Although the predominant reaction under these conditions
results in the formation of diol products, for comparative purposes, our study focuses on
the alkene that is the product obtained in the presence of the cage.** Therefore, the reaction
profiles presented in this section are centered to mimic the host-guest catalytic reaction
butin bulk solution.

First, we examined the non-acidic, uncatalyzed reaction of citronellal 1 in bulk solution,
focusing exclusively on the alkene production. This reaction involves an intramolecular
cyclization without reactant activation, assuming the medium is neutral (or slightly basic).
The process occurs in a concerted manner, where the closure of the C-C bond via
electrophilic addition of the aldehyde and the proton displacement take place
simultaneously (TS4, Figure 1a). The obtained isopulegol products (2) can be categorized
into four isomers: isopulegol (2a), neoisopulegol (2b), isoisopulegol (2c), and
neoisoisopulegol (2d); see Figure 1b. Studies by Raymond, Bergman, Toste and coworkers
have identified 2a and 2b as the predominant products, with conversions of 52% and 32%,
respectively.*? Therefore, our computational study centers on these primary configurations,
designated as trans (2a) and cis (2b), reflecting the relative orientation of the aldehyde and
isopropyl groups (configuration shown in Figure 1b).

By employing DFT calculations, we determined that the cyclization barrier for compound 1
results in a relative Gibbs energy barrier of 29.5 kcal/mol for the cis product and 28.6
kcal/mol for the trans product, respectively (Figure 2a). This is consistent with experimental
reported activation Gibbs energy of AG*, = 27.3 kcal/mol for uncatalyzed cyclization under
pH=8.0 and 25°C, extracted from the measured rate constant of 5.7-10%s™.#2This shows a
close agreement between the computational values and experimental results.
Furthermore, the supporting information includes considerations on model benchmarks
(Figures S8 and S9).
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Figure 2. Gibbs energy profiles (T=298 K) for the studied processes in solution: (a) neutral conditions, and
acidic conditions with (b) 1 explicit water molecule, (c) 2 explicit water molecules, and (d) 3 explicit water
molecules.

Following the mechanism suggested by Raymond and coworkers, we explored the
catalyzed reaction where the activated citronellal compound, in an acidic medium,
undergoes protonation and cyclization of 10, resulting in the carbocation intermediate 3.
We assume that a charged hydronium ion acts as the proton source for the 10>10H
activation. As our objective is also to emulate the reaction taking place inside the cavity,
considering the presence of additional water molecules assisting the hydronium ion might
be relevant, as they can influence its proton-donating capabilities. Therefore, we evaluated
the cyclization process considering a different number of explicit solvent molecules
(depicted in Figure 2): (b) a single hydronium ion, (c) a hydronium ion assisted by one
additional water molecule, and (d) a water cluster where the hydronium ion is assisted by
three extra water molecules. Although the last situation cannot occurinside the guest cavity
(vide infra), it may better represent the acid-catalyzed reaction in bulk solution.

The results indicate an increasing energy barrier for the cyclization process as more water
molecules assist the donor hydronium ion. Specifically, we observe barriers around 1-2
kcal/mol for case (b), approximately 6-8 kcal/mol for case (c), and around 11 kcal/mol for
case (d), considering both cis and trans configurations. This trend shows that the presence
of explicit surrounding water clusters around a hydronium ion reduces its acidity; the
extensive hydrogen bonding network stabilizes the proton, making it less likely to be
donated. In less hydrated environments, such as within the hydrophobic cavity of a host-
guest complex, the hydronium ion is more likely to donate a proton, enhancing it acidic
capability. Although MD results indicate a recurring presence of two water molecules inside
the cavity (vide infra), we do not expect similarities with case (c), as clustering positions
show that the configuration inside the metallocage maintains both water molecules
separated, impeding solvation shielding (see Figure S$10). Therefore, the configuration
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inside the cavity should be closer to the scenario of the isolated hydronium molecule
observed in case (b).

The fully solvated hydronium ion, case (d), which exhibits higher activation barriers,
corresponds to the situation that more accurately represents catalysis in acidic solution in
the absence of a supramolecular catalyst. However, its significance is relative upon
recognizing that such pathway to alkene production after cyclization should be less favored
compared to diol production, that is the one observed experimentally but not studied here.

The process studied experimentally is under neutral or slightly basic conditions and in the
presence of the metallocage. The Gibbs energy barrier for the uncatalyzed process is 27.3
kcal/mol. The experimentally measured decrease of Gibbs energy barrier by the presence
of the metallocage is of -5.7 kcal/mol.*? Therefore, the Gibbs energy barrier for the process
in the presence of the metallocage should be 21.6 kcal/mol. Calculations show that an
isolated hydronium could induce cyclization with a barrier lower than 2 kcal/mol, as
observed in case (b), Figure 2b, thus, considering an isolated hydronium ion inside the
cavity, it should give similar values. Therefore, the remaining energy requirements likely
arise from other aspects of the host-guest catalysis. These should include the
encapsulation process, the protonation/activation of the substrate, and the conformational
closing of the guest inside the cavity. Next sections will focus on exploring these steps to
identify the requirements beyond the decrease in the barrier.

Host-Guest behavior: Reactant Conformation and Solvent Availability

Prior to the investigation of the catalytic reaction process, it is important to analyze the
behavior of the reactants encapsulated in the metallocage, including its conformational
arrangement within the cavity, as well as the solvent's role in the system. Given the
activation (protonation) requirement of 1 for the catalytic reaction to occur, the importance
of water availability inside the metallocage becomes evident. Therefore, analyzing the
dynamic evolution of encapsulated solvent molecules along with the reactant is necessary.
Additionally, we aimed to assess the cage’s ability to accommodate the guest reactant in
its open (10) and closed (1¢) conformation, the latter potentially conducive to cyclization.
To achieve these objectives, classical molecular dynamics (MD) simulations along with
metadynamics of the unprotonated (1) and protonated (1H) guests were performed in
explicit solvent and encapsulated inside the [Ga,Ls]'> metallocage, both in a periodic box
of explicit water molecules.

The distance between C-C atoms involved in the cyclization was analyzed over a 1 ys MD
trajectory in water solution. This C-C distance served as an indicator of the conformation,
considered closed under 4 A, and an open for larger values. The MD simulation in explicit
solventreveals that both conformations are accessible for unprotonated (1) and protonated
(1H) forms. However, for both neutral and protonated states the open conformation is much
more visited throughout the molecular dynamic simulations, with average C-C distances of
5.2 A and 5.0 A, respectively (see Figure S1). For the encapsulated unprotonated guest,
(1c<A), the closed conformation is never observed; moreover, during the MD simulation the guest
is expelled from the cavity (see Figure S2). For the protonated guest, (1HcA), the closed
conformation is not observed either, but it remains within the cavity for 1 us MD simulation time.
This indicates the metallocage's inability to enforce a more compact and closed
conformation of the reactant within the cavity.
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To further validate these findings, we performed a conformational analysis for the substrate
in solution and calculated the Gibbs energy difference between the closed and the open
conformations for both unprotonated (1) and protonated (1H) reactants (Figure 3). In
solution, the closed conformation is calculated to be 1.3 and 3.3 kcal/mol higher than the
lowest-energy open conformation for the unprotonated and protonated substrates,
respectively. Then, we investigated the conformational change of the substrate when
encapsulated in the cage. From the classical MD simulations, we observed that the
unprotonated guest (1cA) prefers to be in solution rather than in the cage (see Figure S2).
Therefore, we calculated the relative Gibbs energy of the conformational change for the
protonated substrate inside the metallocage (1oHcA). To do that we employed the distance
between the two carbon atoms involved in the new-forming C-C bond in the cyclization as
a collective variable for the well-tempered adaptively biased molecular dynamics (WT-
ABMD) simulation. The simulation revealed that the pro-reactive form (1cHcA) is 5.4
kcal/mol higher in energy compared to the lowest-energy open conformation (Figure 3).
Notably, this observation aligns with the molecular dynamics results where the system
spontaneously evolves to the open conformation; thus, reactant preorganization (forming
the closed conformation) is not favored. Indeed, contrary to what is generally expected and
to what was observed for other reactants within supramolecular cages,®® the host in this
case hinders rather than facilitates the closure of the guest molecule when compared to
the process in solution.
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Figure 3 Gibbs energy comparison for the open and closed conformation of the reactant in solution and within
the cavity of the metallocage.

To evaluate the presence of water molecules within the cavity, a custom-developed script
was employed to track the number of water molecules entering the tetrahedral volume
defined by the four gallium vertices in each frame.® The host-guest complexes with the
open guest conformations (1ocA neutral and 1oHcCA protonated) show a significant
absence of water molecules throughout most of the trajectory (Figure 4). For the neutral
one, 10CA, a single water molecule appearsin 16.9 % of the frames, whereas no water molecules

https://doi.org/10.26434/chemrxiv-2024-4z3s9 ORCID: https://orcid.org/0000-0001-5896-9998 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-4z3s9
https://orcid.org/0000-0001-5896-9998
https://creativecommons.org/licenses/by-nc-nd/4.0/

are observed for 83% of the frames. For the protonated substrate, 10HCA, these percentages are
22.5% and 76.9%, respectively. The presence of two or three water molecules are only
occasionally observed. This indicates a lack of available space inside the cavity when the
guest is in its open form. Due to the energetic cost associated with adopting a closed
conformation, itis likely that the guest is activated through protonation while stillin its open
form. Thus, the presence of at least one water molecule is crucial for this process, as itisin
fact observed for the neutral (16.9% occurrence) and protonated guests (22.5%
occurrence), respectively.

1oCA 1oHCA 3cA
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Figure 4 Evaluation of the presence of solvent molecules inside the cavity of [GasLe]'* metallocage along with
the guest in their neutral, To cA, protonated, 10H CA, and cyclizated 3cA, forms.

In addition to these analyses, cyclizated intermediate 3 was also subjected to molecular
dynamics simulations in its encapsulated form (3cA) to monitor the position, flexibility of
the guest, and water availability inside the cavity. Both cis and trans configurations, formed
after the cyclization, were considered in the calculations with chair conformations
assumed as the most stable forms (Figure 4). As expected, the more compact guest
structure 3, in its cis and trans isomers, allowed for greater water molecule encapsulation,
with occurrences of 30% and 16% for zero water molecules, 45.2% and 27.4% for one water
molecule, and occurrences of 38.6% and 42.6% for two water molecules, respectively.
These results suggest that for a more enclosed guest conformation, additional space is
available, allowing a second water molecule to enter the cavity. Moreover, we consistently
observe a water molecule anchored to the guest’s alcohol group and oriented toward a cage
vertex throughout the trajectories (Figure S3).

The trajectories obtained were subjected to clustering analysis to identify the most
frequently occurring positions, thereby capturing the most relevant scenarios throughout
the simulations. Among all studied systems, particular emphasis was placed on the
positions of the guest and the explicit water molecules inside the cage. However, as
previously mentioned cage’s inability to induce guest closed conformations, the clustering

https://doi.org/10.26434/chemrxiv-2024-4z3s9 ORCID: https://orcid.org/0000-0001-5896-9998 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-4z3s9
https://orcid.org/0000-0001-5896-9998
https://creativecommons.org/licenses/by-nc-nd/4.0/

analysis of 1cHCcA, involved in the cyclization reaction, resulted unfeasible. For this reason,
clustered poses of intermediate 3cA were taken as references for the host-catalyzed system,
which consistently showed the presence of two water molecules inside the cavity as the
most frequently observed configuration. These clustered final positions, including two
explicit waters, were considered for reactivity studies (both in solution and inside the
cavity), ensuring consistency with the observed orientations in host-guest dynamics.

Supplementary analyses were also conducted on the MD simulations to examine cage
movement and geometry distortion, cavity volume evolution, and overall stability. By
tracking Ga-Ga distances between the cage vertices and ligand angles, we observed that
the cage maintained a highly stable structure with no distortion in its tetrahedral geometry
(see Figures S4 and S5), consistent with previous works.® The cavity volume was measured
for each frame using the fpocket software,’>®' both with and without the guest molecule.
The results align with volumes reported in previous studies, ranging from 250 to 320 A3, with
a standard deviation around 24 A® for open conformations of the substrate, and around 18
A2 for the cyclizated ones (see Figures S6 and S7).28 The empty cage exhibited a similar
volume, though with a higher deviation. This suggests that the encapsulated guest molecule
contributes to stabilizing the cage movement to some extent. However, given the stability
of the cage’s tetrahedral geometry, the volume differences may be primarily attributed to
the orientation of the naphthalene of the linker groups. In the absence of a guest, these
naphthalenes exhibit greater degrees of freedom, leading to more significant volume
variations. Additionally, the presence of the citronellal guest induces a slight contraction of
the cage, consistent with previous literature reports comparing host-guest complex
volumes to those from the unoccupied cage.*

It is also worth noting that MD simulations for the 1o0CA complex revealed that the
unprotonated guest is consistently ejected from the cage across all performed dynamics
(threereplicas). In contrast, the 1ToHcA complex, containing the protonated guest, remains
stably encapsulated within the cage. This last scenario likely occurs due to the stabilizing
electrostatic interactions of the cationic guest with the cage environment. The observed
dissociation of the unprotonated guest evidences a low binding energy barrier for its
entrapment by the cage. The implications of this finding will be discussed in greater detail
in the subsequent section on host encapsulation.

Host-Guest Encapsulation and Guest Protonation

Host-guest encapsulation plays a crucial role in understanding the catalytic processes of
supramolecular cages. This phenomenon involves the trapping of guest molecules within
the internal cavities of host structures, which can significantly alter the reactivity and
stability of the encapsulated species. Specifically, for the cationic guest 1o0HCA,
electrostatic interactions with the negatively charged host enhances the binding process.
To analyze whether activation of 10 precedes or follows encapsulation, we studied the
binding for both unprotonated 10 and protonated 10H guests. It is expected that under
experimental reaction conditions 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 employing a protocol we recently established for
calculating Gibbs binding energies (AGging) in supramolecular metallocages using the
attach-pull-release (APR) method®*® (see computational details). The values for the
binding Gibbs energies show that encapsulation of unprotonated guest 10 is 1.6 £ 0.7
kcal/mol, while the protonated 10H is -7.4 + 0.9 kcal/mol. These results reveal the
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spontaneous nature of trapping a cationic guest, driven by electrostatic effects. Conversely,
the binding of the neutral (unprotonated) 10 exhibits a low energetic requirement, aligning
with the observed MD behavior, where the unprotonated guest tends to dissociate from the
host.

To analyze whether protonation takes place in solution or inside the metallocage, the AGot
of protonation in both environments need to be computed. In solution, AGs ot is calculated
using a standard protocol for obtaining pKa, based on DFT methods applied to a stablished
thermodynamic cycle’®%*°* (see Figure S11); the obtained value is AGs ot = 23.2 kcal/mol.
Once encapsulated, computing AGg..: Of neutral substrate is challenging due to the intricate
nature of determining such Gibbs energy within the metallocage. The thermodynamic cycle
employed in solution cannot be applied here because it requires the Gibbs energy for the
solvation of the encapsulated proton (from gas phase to encapsulated in solution), a value
that is not reliably obtained through continuum methods. As an alternative, we calculated
the Gibbs energy difference (AG,.t) between the protonated and non-protonated substrates
inside the metallocage, using the thermodynamic cycle shown in Figure 5. In this
framework, the Gibbs energy relationship for protonating the neutral substrate in solution
(AGs,prot) and inside the metallocage (AGyrt) must correspond to the relationship between
the Gibbs energies for encapsulating both the neutral (AG1ing) and protonated (AGuu,bing)

substrates.
AGS\pmt = 23.2 kcal/mol
4
— |
10 -H* 10H
AG1,bind= T AG1H,bind=
1.6 kcalmol =7.4 kca/mol

=14.1 kcal/mol
prot

1o0CA 1oHCA

Figure 5. Thermodynamic cycle employed to determine AGyrot Of the encapsulated reactant.

The binding Gibbs energies for two steps in the thermodynamic cycle, AG1 pina aNd AG14,ping,
previously denoted, are 1.6 kcal/mol and -7.4 kcal/mol, respectively. Additionally, the Gibbs
energy barrier for protonating the substrate in solution, AGg prot, is 23.2 kcal/mol. Assuming
that these AG values can be combined despite being obtained through different
computational approaches, the calculated Gibbs energy for the protonation of the
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encapsulated neutral substrate, AGyt, is 14.1 kcal/mol (Figure 5). The basicity of the
citronellal reactant is significantly modified once encapsulated.

Based on these analyses, the results suggest that the guest protonation occurs inside the
host cavity after encapsulation. Protonation in solution has a AGs ot Of 23.2 kcal/mol, a
value clearly higher than 15.7 kcal/mol obtained by adding encapsulation (AG1ping =1.6
kcal/mol) and protonation of the reactant inside the metallocage (AGyrot = 14.1 kcal/mol).
This finding is consistent with the neutral/basic conditions of the surrounding solvent.
According to these results, for studying the cyclization process in the next section, we solely
consider the protonated reactant within the cage.

The protonation process highlights the cage's ability to catalyze what is traditionally an acid-
catalyzed reaction but under neutral conditions. This shows that the cage is able to create
a “low pH” environment within the cavity,* as proposed by Warshel et al. for hydrolysis of
orthoformates using the same [Gasls]'* metallocage. Indeed, according to the
thermodynamic cycle shown in Figure 5, the Gibbs energies for the protonation step is 9.1
kcal/mol more favorable inside the cage than in solution. The pronounced change in the
basicity of the aldehyde upon encapsulation is crucial for accelerating the reaction. A
similar behavior was also observed in for the Nazarov cyclization within the same
metallocage.®¢

Reaction inside the metallocage

In previous sections, we presented classical molecular dynamic simulations of the host-
guestin a periodic box of explicit solvents for encapsulated intermediate 3-w2cA. The most
representative structures after clustering the frames reported a consistent presence of two
water molecule inside the cage. Thus, for calculating the Gibbs energy profile at QM/MM
level for the cyclization step, we selected the most representative structures for both
isomers, cis 3c-w2cA, and trans 3t-w2cA. We analyzed the mechanism backwards to
identify the reaction profile for the cyclization step. The QM region includes the protonated
substrate on the closed conformation and two water molecules altogether in the cavity of
the [GasLs]'* metallocage. The MM region includes the supramolecular cage.

The TS.u-w2CA transition state for substrate cyclization, involving two water molecules,
reveals a relative Gibbs energy barrier of AG* = 0.7 kcal/mol in the optimal scenario,
corresponding to the trans configuration. For the case of the cis isomer the relative Gibbs
energy barrier is AG* = 3.8 kcal/mol. This isomeric selectivity alighs with experimental data,
although the Gibbs energy difference is slightly larger than expected from the experimental
results. The optimized geometries for the cis and trans transition states of encapsulated
substrate along with two explicit water molecules are shown in Figure 6.

12

https://doi.org/10.26434/chemrxiv-2024-4z3s9 ORCID: https://orcid.org/0000-0001-5896-9998 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-4z3s9
https://orcid.org/0000-0001-5896-9998
https://creativecommons.org/licenses/by-nc-nd/4.0/

(cis) (trans)

Figure 6. Optimized geometry of the transition states for the cis and trans pathways; they are shown isolated
and inside the metallocage

The overall reaction profile for the mechanism inside the metallocage is shown in Figure 7.
The first step involves the encapsulation of the neutral reactant with a Gibbs energy of 1.6
kcal/mol. The Gibbs energy cost for protonating the reactant inside the cavity, calculated in
a previous section, is 14.1 kcal/mol. For the reaction to proceed, the reactant must undergo
a conformational change from the open to the closed conformation, with an associated
energy cost of 5.4 kcal/mol, also calculated previously. For the subsequent cyclization step,
where a new C-C bonds is formed, we performed QM/MM calculations. The QM level region
includes the reactant and several solvent molecules as previously denoted.
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Figure 7. Gibbs energy profile for the Prins reaction inside the [GasLs]'?> metallocage.

Experimental investigation of the host-catalyzed reaction reported a barrier of 21.6
kcal/mol, whereas in solution it is 27.3 kcal/mol.*? Thus, experimental evidence of [GasLs]'*
activity indicates a decrease in the Gibbs energy barrier of 5.7 kcal/mol. Through
computational analysis, we determined that the host-catalyzed reaction has an overall
Gibbs energy barrier of 21.8 kcal/mol (in its most favorable trans isomer), substantially
lower than the uncatalyzed barrier of 28.6 kcal/mol. This corresponds to a decrease of the
Gibbs energy barrier of 6.8 kcal/mol. These results demonstrate an excellent concordance
between the theoretical predictions and experimental results. Moreover, they also show
that within the metallocage, the change in basicity of the reactant significantly facilitates
the reaction, whereas conformational preorganization hinders the process, conversely to
what is generally expected.

CONCLUSSIONS

Thereaction mechanism for the Prins cyclization of citronellal was analyzed both in solution
and within the [Ga,Ls]'* supramolecular cage. In solution, the computed mechanism varies
by the presence or absence of hydronium ions, i.e. the pH of the solvent. Under basic or
neutral conditions, the reaction proceeds via a one-step transition state involving
intramolecular cyclization without prior reactant activation. In acidic conditions, however,
protonation of citronellal leads to the formation of a carbocation intermediate, which
subsequently forms alkene isopulegol products. Although the predominant product in
solution is diol rather than the alkene,** utilizing the [GasLe]'> cage as a guest catalyst
selectively favors alkene production over diol formation, similar to the biological activity of
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terpene synthases. Thus, this mechanism is the one compared in solution and within the
metallocage.

For the process inside the cavity, the behavior of the system (metallocage, reactant, water
solvent) was analyzed using molecular dynamics simulations. The [GasLs]'*> cage maintains
a highly stable structure during simulations, with negligible distortion of its tetrahedral
geometry. The guest molecules influence the cage's volume and stability, particularly in
their orientation and the interaction of naphthalene groups. As far as the binding of reactant
is concerned, the MD simulation show that the neutral reactant 1 tends to be expelled from
the metallocage, suggesting a low binding energy and weak interaction with the cage; this
is in concordance with the computed AGging for 1 of 1.6 £ 0.7 kcal/mol. In contrast, the
protonated guest 1H remains stably encapsulated during the MD simulation, in agreement
with the computed AGying 0f -7.4 = 0.9 kcal/mol.

Protonation of the reactant is crucial for the catalytic process, and the presence of at least
one water molecule inside the metallocage facilitates this protonation. The MD simulations
show that on average there are two water molecules along with the citronellal reactant
inside the cavity. One of these water molecules is assumed to be a hydronium ion, serving
as the proton donor for guest activation. This assumption is supported by studies indicating
a low “local pH” inside the cavity of this metallocage.® The protonation of the guest within
the metallocage is energetically more favorable (AGyt = 14.1 kcal/mol) compared to
protonation in solution (AGsoprot = 23.2 kcal/mol). This reveals that the change in basicity of
the reactant inside the cage is crucial for the rate acceleration process and is behind the
acceleration process.

The encapsulated reactant in the metallocage predominantly adopts an open
conformation, both in unprotonated, 1, and protonated, 1H forms. Indeed, conformational
analysis for the protonated form shows that the open conformation, 10H, is more favorable
than the closed conformation, 1cH, by 5.4 kcal/mol. Therefore, conversely to what is
generally assumed in cyclization processes within metallocages, the cavity does not
facilitate the formation of a more compact conformation, needed to undertake the
cyclization. Therefore, preorganization effect of metallocage cavities can not be as general
as expected. Finally, the results indicate a very low relative Gibbs energy cyclization barriers
of 0.7 kcal/mol and 3.8 kcal/mol for trans and cis pathways, respectively, consistent with
the results obtained in the acid-catalyzed reaction in a solvent

The overall barrier for cis and trans configurations (24.9 kcal/mol and 21.8 kcal/mol,
respectively) is significantly lower than that of the uncatalyzed reaction (28.6 kcal/mol).
Note that the overall encapsulated reaction involves the following steps with their energetic
requirements: (i) guest encapsulation, (ii) guest protonation, (iii) guest conformational
closing to adopt a pro-reactive disposition and (iv) cyclization. Importantly, we identified
novel factors governing the reactivity as the change of basicity of the guest upon
encapsulation, becoming crucial for the process, and the fact that the [GasLs]'* cage does
not promote a more compact conformation of the citronellal guest facilitating the
cyclization; this is in contrast with previous reports involving other hosts and different
guests within the same cage. These new finding are relevant to the future development of
metallocages as catalyst.
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