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eactivity in dynamic host–guest
systems at atomistic resolution: amide hydrolysis
under confinement in the cavity of a coordination
cage†

Massimo Delle Piane, a Luca Pesce, b Matteo Cioni a

and Giovanni M. Pavan *ab

Spatial confinement is widely employed by nature to attain unique efficiency in controlling chemical

reactions. Notable examples are enzymes, which selectively bind reactants and exquisitely regulate their

conversion into products. In an attempt to mimic natural catalytic systems, supramolecular metal–

organic cages capable of encapsulating guests in their cavity and of controlling/accelerating chemical

reactions under confinement are attracting increasing interest. However, the complex nature of these

systems, where reactants/products continuously exchange in-and-out of the host, makes it often

difficult to elucidate the factors controlling the reactivity in dynamic regimes. As a case study, here we

focus on a coordination cage that can encapsulate amide guests and enhance their hydrolysis by

favoring their mechanical twisting towards reactive molecular configurations under confinement. We

designed an advanced multiscale simulation approach that allows us to reconstruct the reactivity in such

host–guest systems in dynamic regimes. In this way, we can characterize amide encapsulation/expulsion

in/out of the cage cavity (thermodynamics and kinetics), coupling such host–guest dynamic equilibrium

with characteristic hydrolysis reaction constants. All computed kinetic/thermodynamic data are then

combined, obtaining a statistical estimation of reaction acceleration in the host–guest system that is

found in optimal agreement with the available experimental trends. This shows how, to understand the

key factors controlling accelerations/variations in the reaction under confinement, it is necessary to take

into account all dynamic processes that occur as intimately entangled in such host–guest systems. This

also provides us with a flexible computational framework, useful to build structure–dynamics–property

relationships for a variety of reactive host–guest systems.
1 Introduction

In billions of years of evolution, nature has evolved systems (or
materials) to control chemical reactivity with unique specicity,
efficiency and delity.1,2 Enzymes, capable of catalyzing reac-
tions in their substrate-binding cavities, are a notable
example.3,4 In these systems, the reactants are dynamically
encapsulated in the enzyme binding site, where the reaction
occurs, and the products are then expelled leaving the reaction
site free for hosting another reaction.5 Such machinery is
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controlled by a delicate modulation of host–guest interactions,
which controls key factors, such as, e.g., the residence time of
the reactants/products (guest) in the reaction site of the
enzymes (host), conformational changes in the guests favoring
the reaction, etc., controlling de facto, the reactivity in the
system.6–8

In an attempt to mimic natural catalytic systems, chemists
have designed synthetic cavities capable of encapsulating
reactants with high selectivity.9–11 In particular, supramolecular
coordination cages have been designed, which can host cata-
lytic reactions in their internal cavities.10,12–15 Reactivity, regio-
selectivity and enantio-selectivity can be manipulated in such
systems, e.g. by engineering the structural and electronic
properties of the cage frameworks or by changing the guest
structure.9,16 Noteworthily, by mimicking what happens in some
proteolytic enzymes,17 in a recent study it has been shown that
the encapsulation of amide guests in a coordination cage may
result in a considerable acceleration of amide hydrolysis. In
particular, the molecular crowding in the cavity of the cage was
© 2022 The Author(s). Published by the Royal Society of Chemistry
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found to favor the mechanical twisting of the amides towards
reactive (cis isomers) congurations.10 The rational design of
similar synthetic molecular systems requires a detailed
comprehension of (i) the molecular and chemical–physical
factors that control their reactivity in space and time, and (ii)
how to master them in order to produce new classes of catalytic
systems. However, in such supramolecular host–guest systems,
the reactivity is coupled with a dynamic equilibrium where the
guests exchange in/out of the cage hosts, which makes them
difficult to rationalize.16,18,19

In general, the reactivity in such systems is controlled by
several factors, such as guest binding/unbinding, the solubility
of the guests in the outer solution, the characteristic timescale
for the reactions, possible entrapment in metastable states, and
molecular concentrations in the system. In the presence of
coordination-cages, a major role in reactivity is played by non-
covalent cavity-guest interactions.10,16,20

Despite notable efforts,9,15,20–22 reaching a detailed under-
standing in terms of the molecular factors that control the
reactivity in systems in which the molecular species are in
continuous exchange is typically difficult at the experimental
level. Computer simulations are extremely useful to this end.
Quantum mechanical (QM) approaches23 or semi-empirical
approaches such as density functional tight binding (DF-TB)
methods 24 have been employed to study chemical reactivity
and reactive pathways with notable precision. Ab initio molec-
ular dynamics (MD)25–27 and metadynamics28–30 simulations
have been also widely adopted to study chemical reactions of
reactants in reactive congurations, in cases where the reac-
tions require crossing free-energy barriers. However, the study
of such systems on timescales that also allows accounting for
their supramolecular host–guest dynamics (i.e., the dynamic
exchange of guests in-and-out of the host) is not trivial. For this
reason, a comprehensive description of such complex dynamic
systems has been difficult to attain until now. Recent compu-
tational approaches based on enhanced sampling methods,
such as, e.g., metadynamics (MetaD), hold great potential in this
sense.16,31–33 Such recently employed approaches, e.g., to study
the isomerization of photochromic switches (azobenzenes)
encapsulated in coordination cages, allowed the demonstration
of the tight interplay between isomerization dynamics, molec-
ular crowding, and host–guest exchange dynamics.16 This
approach is versatile and holds high potential for studying
chemical reactions in host–guest systems in dynamic regimes in
general.

As a case study, here we focus on the neat host–guest system
recently reported by the group of Fujita,10 where the encapsu-
lation of amide guests within a coordination cage was found to
considerably enhance the amide hydrolysis. This is an inter-
esting test case not only because one amide functional group
(the peptide bond) is the structural foundation of proteins, but
also because the hydrolysis of amides is a classic example of
a spontaneous reaction hindered by very high kinetic barriers,
which can be lowered by physical means.34 X-ray crystallography
and NMR measurements were used in this system to charac-
terize the encapsulation of a number of electron-rich diaryl
amides into different octahedral coordination cages, differing
© 2022 The Author(s). Published by the Royal Society of Chemistry
in their metal corners and having electron-decient walls. In
particular, here we focus on the host–guest system shown in
Fig. 1, for which an acceleration in the amide hydrolysis of
�14� (compared to the same amide free in solution) has been
experimentally reported when amide 2 is co-encapsulated with
co-guest cage 3 inside cage 1 (Fig. 1b: red vs. blue curves). This
has been imputed to the fact that reactive conformations of the
amide guest (cis-twisted) are stabilized within the cage host.10

Such evidence is found to be consistent with single-crystal X-ray
diffraction analyses, showing that the amide can twist when
encapsulated within the cage cavity.10

To obtain a submolecular-resolution insight into the
behavior of such a system in dynamic regimes, here we devised
a comprehensive multiscale computational strategy. This
includes the following key steps: (i) all-atom (AA) MD simula-
tions to characterize the (structural and dynamical) features of
the host–guest system under equilibrium conditions; (ii) AA
metadynamics (MetaD) simulations to investigate which guest
conformers are more/less favored in the cage cavity or in solu-
tion; (iii) ab initio MetaD simulations to estimate the relative
reactivity of the various conformations that the amide guest can
assume (i.e., which amide conformations are more reactive).
Altogether, (ii) + (iii) provide statistical information on the
relative probability of stabilizing reactive guest conformers in
the cage cavity. Then, in phase (iv), we conduct AA MetaD to
study the host–guest equilibrium and to reconstruct the prob-
ability of effectively having the guest encapsulated in the cage
cavity, the guest encapsulation residence time, etc. Altogether,
(ii) + (iii) + (iv) provide information on the probability of effec-
tively having reactive amide conformers encapsulated in the
cage cavity. Finally, in phase (v), all data are then combined in
order to obtain a probabilistic estimation of reaction accelera-
tion (a) in the host–guest systems, which essentially compares
the probability of having reactive amide conformers within the
cage vs. in solution. We obtain results that are found in excel-
lent agreement with the available experimental trends, as well
as a exible computational framework, which can be used, in
principle, to study a variety of dynamically reactive host–guest
systems and to draw structure–dynamics–reactivity relation-
ships useful for rational design.

2 Results and discussion
2.1 Atomistic modeling of the host–guest system

As a representative example of a supramolecular host, here we
focus on the coordination cage 1 reported in Fig. 1a recently
employed by Takezawa et al. to host the hydrolysis of encap-
sulated amide guests.10 This is an octahedral coordination cage
composed of four self-assembled electron-decient panel
ligands (2,4,6-tris(4-pyridyl)-1,3,5-triazine) and six metal-based
corners (cis-endcapped Pd(II) complexes).35 As a rst step,
starting from the X-ray crystal structure reported in the litera-
ture,10 we built an AA model for cage 1 which was then
preliminarily minimized and equilibrated in explicit water
solvent and under standard (room) conditions of temperature
and pressure via a classical MD simulation. In particular, all the
AA models used herein have been parametrized based on the
Chem. Sci., 2022, 13, 11232–11245 | 11233
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Fig. 1 The host–guest systems studied in this work. (a, top) The octahedral coordination cage 1 used as a reference in this work is composed of
four panel ligands (2,4,6-tris(4-pyridyl)-1,3,5-triazine) and six metal corners (cis-endcapped Pd(II) complexes): chemical structure on the left and
AA model on the right. (a, bottom) Chemical structure of amide guest 2 and of pirine co-guest 3. AA models are reported on the right of each
guest structure (cis and trans isomers are shown for 2). (b, top) The hydrolysis reaction of the amide bond of 2. (b, bottom) Experimentally
observed percentage of hydrolyzed 2 over time. Conversion data are reported for the hydrolysis of 2 free in solution (in blue), in the case when
two 2 guests are co-encapsulated in cage 1 (black), and for 2 co-encapsulated with co-guest 3 in cage 1 (in red: �14� hydrolysis acceleration
compared to the blue curve).10
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general AMBER force eld (GAFF)36 and all simulations have
been run with the GROMACS-2020.2 soware37 patched with
Plumed-2.7 38 (details are available in the Computational
methods section in the ESI†). We analyzed the equilibrium MD
trajectories to study the degree of exibility of the cage under
realistic conditions. Analysis of the evolution along with the MD
of, e.g., the internal volume of the cage cavity and root mean
square deviation (RMSD) of the atomic positions and of two
variables (d1 and d2) estimating respectively the height and
equatorial width of the octahedral cage revealed that the cage
structure is rather rigid under experimentally relevant condi-
tions (see Fig. S2 in the ESI†). This is due to the tetrahedral Td
symmetry of this cage. Different from other examples of exible
cage hosts,16 cage 1 thus shows a large open volume (�1.2 nm3),
with a rather persistent hydrophobic cavity that allows encap-
sulating one or multiple guest molecules in its interior (the
electron-acceptor p planes of the triazine-based ligands of 1 are
particularly apt at interacting with electron rich guests).10,35 As
the main guest, here we focus on guest 2, N-(2,4-
dimethoxyphenyl)thiophene-2-carboxamide, an electron-rich
diaryl amide (Fig. 1a) that was experimentally shown to
produce considerable reaction acceleration following encapsu-
lation in cage 1 (Fig. 1b).10 The central bond in amide guest 2
can undergo hydrolysis according to the reaction schematized
in Fig. 1b (top). Guest 2 is mildly apolar (log P ¼ 2.77).39

Experimentally obtained crystal structures show that cage 1 can
encapsulate at the same time up to two 2 molecules in its
internal cavity.10 An AA model was developed for guest 2, paying
particular attention to the accuracy in the force eld parame-
trization of the central amide bond dihedral, which denes the
11234 | Chem. Sci., 2022, 13, 11232–11245
trans and cis conformers of the amide, how much one is ener-
getically favored with respect to the other, and the related
transition barrier. To achieve this, we optimized the original
amide u dihedral force eld parameters of the GAFF, in order to
obtain a trans-to-cis isomerization free energy prole consistent
with the experimental data available for N-metyl-acetamide
(NMA, see Fig. S1 and extended details in the Methods section
in the ESI†).40

We built inclusion complexes where guest 2 is encapsulated
within cage 1 in different stoichiometries: i.e., 23 1 and 223 1,
where respectively one or two 2 amide guests are encapsulated
inside cage 1. In particular, the AAmodel for the 223 1 complex
was built starting from the available experimental crystal
structure for this complex,10 while that for the 2 3 1 complex
was obtained by the deletion of one of the 2 guests.

Aromatic amides, like 2, exist mainly in a trans-planar
conformation in solution. However, experimental evidence
demonstrated that 2 may adopt a cis-twisted conformation
within the Td symmetric cavity (forming a pseudo-S4 symmetric
dimer) in cage 1.10 In particular, X-ray and NMR measurements
showed signals corresponding to a cis : trans 1 : 1 2 dimer in the
22 3 1 complex, and to a cis-twisted conformation in the 2$3 3
1 complex. For the purpose of our investigation, here we
decided to model all possible combinations of conformers,
mainly aiming to explore the presence of any correlation
between connement, crowding and the rotation of the amide
bond. We also parametrized an AA model for co-guest 3
(Fig. 1a). Starting also in this case from a corresponding
experimentally available crystal structure,10 we use this to build
an additional AA model for the 2$3 3 1 complex, a ternary
© 2022 The Author(s). Published by the Royal Society of Chemistry
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inclusion complex where one 2 guest and one 3 co-guest are
simultaneously encapsulated in cage 1. Particularly interesting
for this study is that the 2$3 3 1 system was observed experi-
mentally to produce the largest hydrolysis acceleration among
all explored cases (Fig. 1b: �14� acceleration compared to that
of the free amide).10 We then ran classical MD simulations to
equilibrate all the considered complexes in explicit water and
under standard (room) conditions of temperature and pressure
for at least 1 ms for each system, which was found to guarantee
sufficient sampling for all variables reported in Fig. 2, see S3
and the ESI† for details). From the equilibriumMD trajectories,
we then extracted multiple data indicative of the encapsulation
(Fig. 2).

When in the cage, 2 tends to stay shied from the geomet-
rical center of the cavity to maximize interactions with the walls,
with the 2trans conformer showing in general a larger shi
compared to 2cis (Fig. 2b). This is imputable to the thiophene
ring, which tends to partially stick out of the cavity preferring
interaction with the solvent (scheme of Fig. 2a, top: in cyan). Co-
encapsulation with 3 induces a larger decentralization of the
amide guests. Noteworthily, the augmented growth in such
a case is observed to cause a signicant reduction in terms of
2cis mobility in the cage cavity, as evidenced by the narrower
distribution in Fig. 2b (solid red curve). This behavior correlates
with an augmented number of contacts between 2 and cage 1
(Fig. 2c). In general, the 2cis guest shows an increased number of
Fig. 2 Insights into the host–guest complexes at atomistic resolution
trajectories, showing the most favorable complex configurations as a f
accessible surface srea (SASA) of 2 within the cage (y axis). FESs are repo
co-guest 3 in the cage. For each case, a representative scheme is show
equilibriumMD trajectories of the distance between the geometric cente
and 2. (d) Histogram of the SASA of 2 under different complexation con
solution are reported for comparison). (d) Number of contacts between t
color scale is used in panels (b–e) to show increasing crowding conditio

© 2022 The Author(s). Published by the Royal Society of Chemistry
contacts than the 2trans one (augmented guest-cage interaction),
while this trend is even increased when co-guest 3 is also
present within 1 (higher crowding). We will discuss in the next
section how this affects which conformer (2trans vs. 2cis) is more
favored within the cage in different complexes.

The solvent accessible surface area (SASA) of the guests
shows that 2 is less exposed to the solvent when this is encap-
sulated within 1, and even less when this is co-encapsulated
together with 3 (Fig. 2d). In general, we observe that the 2cis
conformer has a smaller SASA, and is more compact than 2trans
in all cases. These SASA and contact data provide information
on different packings of the 2cis and 2trans conformers within the
cage under increasing crowding conditions. These are consis-
tent with the free-energy surfaces (FESs) reconstructed from the
histograms extracted from the MD shown in Fig. 2a, where it is
evident how 2cis allows for a tighter packing within the cage
(bottom). At the same time, the 2cis conformer is found to be less
mobile within 1, as it is demonstrated by a narrower FES dark
minimum (minimum energy conguration) compared to that of
the 2trans conformer (top).

As a rst and generally rate-limiting step, the amide hydro-
lysis reaction requires the nucleophilic attack of water (or of
OH�, if the reaction occurs as catalyzed under basic conditions)
on the carbonyl carbon.34,41 While the cavity of cage 1 is mark-
edly apolar and the encapsulation of the guests in the cavity is
essentially driven by hydrophobic effects, some accessibility by
. (a) Free-energy surfaces (FESs) computed from the equilibrium MD
unction of the contacts between 1 and 2 (x axis) and of the solvent
rted respectively for 2trans (top) and 2cis (bottom) co-encapsulated with
n of the encapsulated structures. (b) Histogram calculated from the

r of cage 1 and the center of 2. (c) Histogram of the contacts between 1
ditions (dotted distributions at large SASA values for the free guests in
he oxygen atom in the amide of 2 and the water molecules in system. A
ns for 2 within the cage.

Chem. Sci., 2022, 13, 11232–11245 | 11235
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the solvent is therefore still required for the reaction to take
place. We calculated the number of contacts between the
solvent molecules and the carbonyl group of the 2 guest in
various cases. In general, we can observe that the amide of 2trans
is slightly more accessible to the solvent compared to that of 2cis
when the guests are free in solution (dotted distributions), and
a similar depletion is observed upon mono-guest connement
(dashed). However, the situation is surprisingly switched in the
tightly packed 2$3 3 1 systems (Fig. 2e). Under highly conned
conditions, the amide of 2cis is found to be more exposed to the
solvent within cage 1 compared to that of 2trans (red vs. blue
solid curves). This suggests that, while on the one hand the cis
conformer of 2 is more tightly packed within the cage, the
equilibrium conguration of 2cis in the 2$3 3 1 complex may
allow, at the same time, for an increased propensity to react.
2.2 Relationship between amide conformations and
reactivity

We explore at a deeper level the difference in terms of reactivity
between the trans vs. cis conformers of 2. We do this by
decomposing the study into two phases. First, by means of AA
MetaD simulations, we compute the free energy landscape for
all conformers accessible by the guests in vs. out of the cage,
obtaining information on the probability of effectively visiting
and observing reactive guest conformers in the cage cavity vs. in
solution. Then, by means of ab initio MetaD simulations we
estimate the relative hydrolysis reactivity of the different
accessible conformations the guest can assume (i.e., charac-
terized by different u values) in or out of the cage cavity.

Under realistic conditions, amide bonds are usually found in
trans congurations with a torsion angle u close to p, with
a sparse population in cis conformation (u � 0). The degree of
steric conict of the two residues anking the amide bond is
typically larger in cis amides, resulting, for example, in only�5–
6% occurrence of cis peptide bonds in protein structures.42,43 To
estimate the relative probabilities for nding different
conformers under different conditions, we used WT-MetaD
simulations, providing free energy proles of the u

isomerization.
The trans-to-cis isomerization of u angles consists of a local

conformation change that is oen compensated by local varia-
tions of the backbone angles f and j of the residues anking
the amide.42 In order to assess how the free energy prole for the
isomerization of u is affected by the torsion of j and f, we
selected these 3 dihedral angles as our CVs and ran WT-MetaD
simulations activating/biasing the trans-to-cis transition of 2
(i.e., the torsion around the amide bond) under different
conditions (Fig. 3a and b). Preliminary WT-MetaD simulations
showed that the free energy prole of the u isomerization is not
particularly inuenced by the f and j torsions. Well-converged
WT-MetaD runs allowed us to reconstruct the differences in free
energies between the conformers (DG) and estimate the free
energy barriers (to this end we used infrequent WT-MetaD
simulations, as recrossing WT-MetaD simulations may under-
estimate the barrier heights – see extended Methods for details)
(Table 1).
11236 | Chem. Sci., 2022, 13, 11232–11245
The results shown in Fig. 3b compare four cases where: (i) 2
is free in solution (Fig. 3d: dotted curve, cis conformer in pink),
(ii) 2 is encapsulated in cage 1 (dashed curve, cis in dark pink),
(iii) the isomerizing 2 is co-encapsulated in cage 1 with another
trans 2 guest (encapsulated 2 dimer: dot-dashed curve, cis in
light red), and (iv) 2 is co-encapsulated in cage 1 with co-guest 3
(dot-dashed curve, cis in light red). The results show that the
stability of the conformers of 2 is signicantly affected by
connement. The free energy differences between the cis and
trans conformers (Fig. 3b) indicate that, while trans is always the
most stable conguration of the guest, the cis conformer is
more and more stabilized as the crowding in the cage cavity
increases. The transition barrier also decreases while increasing
the crowding. This is captured by the DG and the Kconf values, as
well as by the relative probability proles Pconfu shown in Fig. 3b.
In particular, the Pconfu is used to plot the relative probability for
different conformers (u) of 2 with respect to the trans conformer
in all simulated complexes. We move from a cis : trans ratio of
�10�7 : 1 for one 2 free in solution to �10�5 : 1 in the mono-
encapsulated system (2 3 1), �10�4 : 1 when two 2 guests are
co-encapsulated in the cage (223 1), to�10�2 : 1 in the 2$33 1
system. The 2 dimer encapsulation (22 3 1) system, where one
of the two guests is kept xed in a trans conguration in
accordance with experiments,10 falls in between the 2 3 1 and
2$3 3 1 cases. The strongly twisted conformation at u ¼ p/4
remains extremely unlikely in all systems, despite a similar
thousand-fold stabilization via connement. The most crowded
case, 2$3 3 1, shows a �10 000� increase in the probability of
nding the more reactive cis conformer with respect to the case
where 2 is free in solution. This is remarkable, considering that
experimentally this case is the one showing the strongest
acceleration in the hydrolysis reaction.10 These simulations
have allowed us to identify the connement in the cage cavity as
a key factor in determining the relative probabilities of the
different conformers of guest 2. As a next step, we investigated
the propensity of the accessible guest conformers to react.

The encapsulation of amide 2 within cage 1 was shown to
enhance amide hydrolysis in a considerable way under mildly
basic conditions (experimental results shown in Fig. 1b were
obtained at [NaOH] ¼ 100 mM (ref. 10)). To obtain information
on the effect of connement on the hydrolysis reaction (slow-
down, inhibition, acceleration, etc.), here we modeled the
hydrolysis reaction when the amide is free in solution vs. when
it is encapsulated in the cavity of cage 1. Under moderate pH
conditions (6 < pH < 13) and in the absence of other catalysts,
the hydrolysis of amides occurs via hydroxide attack, forming
a tetrahedral intermediate (TI), followed by a second step con-
sisting of the C–N bond rupture.34 The rst step of the reaction
is typically considered the rate determining step of the process41

(although in some cases the subsequent bond rupture can
contribute to, and also control, the rate of hydrolysis).34 For this
reason, for the study of the hydrolysis of amide 2, here we
focused our investigation only on the formation of the TI via
nucleophilic attack by a solvated hydroxide (Fig. 3c).

Previously used, e.g., to investigate the hydrolysis of form-
amide under basic conditions,41 here we relied on ab initio well-
tempered metadynamics (WT-MetaD) simulations44 to study the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Conformers and reactivity of 2. (a) Isomerization of 2 in the cage, co-encapsulated with 3 (left: trans-2, right: cis-2). (b) Free energy
profiles (shown as smoothed fits between the computed critical points) for the isomerization of 2 (i) when it is free in solution (dotted curve, cis in
pink), (ii) when 2 is encapsulated in 1 (dashed curve, cis in dark pink), (iii) when it is co-encapsulated with another (trans) 2 guest in cage 1 (dot-
dashed curve, cis in light red), and (iv) when 2 is encapsulated in 1 together with the co-guest 3 (solid curve, cis state in light red). The data show
that increasing crowding stabilizes more and more of the reactive 2 conformations (e.g., cis) in the cage cavity. Right secondary y axis: relative
probabilities (Pconfu ) of the different conformations (u) of 2 in the various host–guest systems calculated based on the DG values extracted from
WT-MetaD simulations. (c) Reaction scheme modelling the first step of the hydrolysis, where the oxydrile anion (OH�) approaches the amide
group (state R) attacking the carbonyl group (formation of the transition intermediate TI). (d) Schemes of free energy profiles (shown as smoothed
fits between the computed critical points) for oxydrile attack along the reaction coordinate as a function of the u dihedral of 2 different values.
The cyan profile refers to 2 in trans conformation, the red one refers to the reaction when 2 is cis, while the violet profile refers to the free energy
profile of a cis-distorted configuration of 2 with u ¼ p/4. A relative reactivity score for each amide conformer (cu), normalized based on the
maximum measured value (i.e., that for u ¼ p/4, set to 1), is associated with the simulated conformers of 2 (right secondary y axis).
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reactivity of 2 free in solution vs. conned in the cage cavity.
Considering the computational cost of these simulations and
the complexity of our systems, we employed a semi-empirical
density-functional tight-binding (DF-TB) method,45,46 in its
self-consistent charge corrected variant SCC-DFTB.47 Recently
shown to provide comparable accuracy to DFT with large basis
sets in terms of prediction of barrier heights and reaction
Table 1 Thermodynamic and kinetic data for 2 isomerization in all sim
trans-to-cis isomerization, equilibrium constants for the conformational
the trans state, and characteristic timescales (ttrans/cis and tcis/trans) are

Process DGtrans/cis [kcal mol�1] Kcon

2trans %2cis 6.5 1.8
2trans 3 1 % 2cis 3 1 5.0 2.3
2trans$2trans 3 1 % 2cis$2trans 3 1a 4.0 1.2
2trans$3 3 1 % 2cis$3 3 1 2.7 1.1

a The second 2trans guest was kept in trans conformation during the simu

© 2022 The Author(s). Published by the Royal Society of Chemistry
energies for organic molecules,48–50 SCC-DFTB has indeed been
already successfully used to investigate hydrolysis reactions in
biological systems.51,52 Despite its approximations, this method
guarantees satisfactory accuracy in our case at an affordable
computational cost,24 a point particularly relevant given that our
method of choice, i.e. infrequent WT-MetaD, requires running
multiple replica simulations in parallel. Noteworthily, SCC-
ulated complexes. Free energy differences (DGtrans/cis) related to the
change (Kconf), the height of the free-energy barriers ðDG‡

trans/cisÞ from
reported

f DG‡
trans/cis ½kcal mol�1� ttrans/cis [s] tcis/trans [s]

� 10�5 22.3 3.5 � 10+3 1.4 � 10�1

� 10�4 22.0 2.3 � 10+3 1.6 � 100

� 10�3 25.9 1.5 � 10+6 4.7 � 10+2

� 10�2 19.8 5.4 � 10+1 1.4 � 100

lation.
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DFTB has been shown to be more accurate than other semi-
empirical approaches, e.g. AM1 and PM3, for biological appli-
cations at a similar computational cost (so that it is now the
reference method for, e.g., hybrid QM/MM reaction studies).53,54

We simplied our models by studying a system with an OH�

near the amide (Fig. 3a), and constraining the C–N–C(O)–C
dihedral (u) of amide 2 to representative values, in order to
simulate attack on different conformers. We compared 2
conformers with u equal to 0 (cis conformer), p (trans
conformer), and p/4 (a twisted cis conformer). We employed
replica infrequent ab initio WT-MetaD simulations27 to obtain
information on the reaction coefficients (rate of hydroxide
attack and TI formation) for the various conformers of 2 (see the
Methods section in the ESI† for details). The reaction barrier of
u ¼ p/2 has also been tested, but this conformer was found to
be too unstable to compute meaningful kinetic data. From
multiple infrequent WT-MetaD runs activating/biasing the
transition (R/ TI and the TI/ R processes), we reconstructed
the unbiased kinetics for the transition events and could esti-
mate the characteristic transition times, soff and son. The kinetic
constant for hydroxyde release can be calculated as koff¼ 1/soff.
The kinetic constant for hydroxyde attack (kon) can be obtained
in a similar way from the son accounting for the OH�

concentration in the system. In our simplied setup, the
constraint on the OH� is such that the OH� starts in close
proximity to the amide (i.e., at solvation distance) and it is not
allowed to leave and jump into solution (and to have one water
molecule replace its generated void). This is consistent with
having an entire solution of OH� ions and having an ion
always at a solvation distance from the amide. In other words,
this is like having a solvation box where all water molecules are
replaced by OH� ions. Such an approximation essentially
removes the diffusion of the ion at the reaction site from the
study of the reactivity. This is sensible for our purpose, as such
diffusion, i.e., the probability of the ion reaching the amide
from bulk solution, is directly dependent on the ion concen-
tration, i.e., on the pH of the solution. In terms of the proba-
bility of nding an OH� close to the amide, such a constraint
effectively produces an effect consistent with having an OH�

concentration equal to that of water molecules in pure water
(concentration of 55.6 M). Thus, the approximation intro-
duced by the constraint on the amide-OH� distance, in our
case is traduced into xing an OH� concentration of 55.6 M in
the system (or of perfectly basic pH ¼ 14).

This simulation approach allowed us to obtain thermody-
namic and dynamic characterization of the reaction as a func-
tion of the amide conformation (for some relevant discrete u

values). The results in Fig. 3d show a strong dependency of
reactivity on the u dihedral. As expected, the lowest reactivity
against hydroxyde attack was observed for the trans conformer,
while the cis and the twisted cis amide conformers were found
to be more reactive. In particular, the latter is the only
conformer with a Kreac ¼ kon/koff >1 (Fig. 3d: R is higher in free
energy than TI – see complete data in Table S2 in the ESI†). In
particular, from the K data, we can obtain relative reactivity
scores (cu) useful to compare the reactivity between the
different amide conformers. The cu scores in Fig. 3d (right
11238 | Chem. Sci., 2022, 13, 11232–11245
secondary y axis) clearly show how, compared to the twisted cis
amide conformer (u¼ p/4), the cis amide (u¼ 0) is�1000 times
less reactive, while the reactivity of the trans amide conformer
(p) is basically negligible (�109 times less reactive than the p/4
conformer).

Altogether, the results shown in Fig. 3 provide a new
perspective to obtain a reactivity ranking of the conformers in
different systems, which accounts for the congurations of the
amide guests which are more/less probable in or out of the cage
cavity and their relative reactivity. (i) The most probable
conformer in all states, 2trans, is also the least reactive. (ii) The
most reactive twisted conformers (u¼ p/4 or for e.g., p/2) are, at
the same time, highly improbable, even with increased molec-
ular crowding. (iii) The 2cis conformer, moderately reactive (but
sensibly more reactive than the 2trans one), is unfavored in
solution against 2trans, but it becomes more and more relatively
favored as the crowding increases upon connement, emerging
as the prominent reactive species in the cage. Our results then
converge on the idea that the reaction acceleration by conne-
ment is strongly governed by other dynamic processes of the
system, particularly the stabilizing effect of connement on the
more reactive conformers.

The available experimental X-ray structures for these
complexes show a 2cis–2trans dimer in the 22 3 1 case and a 2cis-
twisted conformation in the 2$3 3 1 complex. This seems to
indicate that in these complexes a 2cis conformer is more
favored than 2trans. While this may seem to contradict the
simulation results discussed above, it is worth noting that all
the results collected up to this phase are valid only under the
assumption that the encapsulated guests always remain within
the cage cavity. Nonetheless, these are host–guest systems, in
which the probability of nding the guests within the cage
obeys a well-dened supramolecular equilibrium. Estimating
the effective probability of nding the guests within the cage
requires also studying the dynamics of guest encapsulation/
exchange in-and-out of the cavity. As it will be demonstrated
in the next section, accounting also for the intrinsic supramo-
lecular dynamics of these host–guest systems provides results
that are globally in very good agreement with all available
experimental pieces of evidence.
2.3 Amide encapsulation/expulsion in-and-out of the cage
cavity

Up to this point, we have probabilistically compared the
reactivity of the amide guest when it is in solution vs. when it is
encapsulated into the cavity of cage 1. However, to obtain
a complete picture, one last point is missing, namely, the
effective probability of having such reactive guest conformers
in the cage cavity. In fact, such host–guest systems obey
a supramolecular equilibrium, where the affinity between the
host and the guest dictates the propensity for the guest to stay
encapsulated within the cage cavity or to be expelled in solu-
tion. Based on our strategy, characterization of the thermo-
dynamics and kinetics of the guest encapsulation/expulsion
in-and-out of the cage cavity is thus an additional necessary
step. Under realistic conditions, the encapsulation/expulsion
© 2022 The Author(s). Published by the Royal Society of Chemistry
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of guests as, e.g., 2 or 3 in/out of the cavity of cage 1 may
require crossing considerably high free energy barriers,16,32

which makes them rare events in the timescales accessible via
classical atomistic MD simulations. As recently carried out for
other host–guest16 and dynamic supramolecular systems,33,55

we thus reconstructed the thermodynamics and kinetics for
the processes of encapsulation/expulsion of amide 2 in/out of
the cavity of cage 1 by means of a well-suited WT-MetaD56

simulation protocol (complete computational details are
available in the ESI†).16,33,55,57,58 We underline that, while the
possibility to estimate transition kinetics and then barriers
from infrequent WT-MetaD simulations rather than from
converged (recrossing) WT-MetaD simulations has been
Table 2 Equilibrium and kinetics of the amide encapsulation/expulsion
sulation free energies (DG), equilibrium constants Kenc, expulsion free en
the associated transition rates (koff and kon) estimated from the WT-Met

Process
DG
[kcal mol�1] Kenc

2trans + 1 % 2trans 3 1 �4.3 1.5 � 103

2cis + 1 % 2cis 3 1 �7.4 2.1 � 105

2trans + 2trans 3 1 % 2trans$2trans 3 1 �4.7 2.7 � 103

2cis + 2trans 3 1 % 2trans$2cis 3 1 �9.3 6.9 � 106

2trans + 3 3 1 % 2trans$3 3 1 �4.5 2.2 � 103

2cis + 3 3 1 % 2cis$3 3 1 �11.1 1.3 � 108

Fig. 4 Equilibrium and kinetics of amide guest encapsulation/expulsion
sulation/expulsion of 2trans in/out of the cage when 1 is also hosting g
respectively the reported kinetic constants koff and kon estimated from th
the concentration present in the system (in brackets). (b) Equilibrium and
when 1 is also hosting guest 3. (c) Free energy differences and barriers (DG
when 1 is also hosting 3 (solid curves) or when 1 does not contain any oth
fits between the computed critical points.

© 2022 The Author(s). Published by the Royal Society of Chemistry
reported previously for other systems,57,58 including dynamic
supramolecular ones,16,33,55 given the complexity of the systems
studied herein, this stands out as a very efficient, robust and
powerful approach. The extracted data are collected and
shown in Table 2 and Fig. 4.

By comparing the encapsulation of the different isomers of 2
in the cavity of cage 1, either alone or when 1 also contains a co-
guest (3 or 2trans), we could observe that in general the encap-
sulation of 2cis is more favored than that of the 2trans isomer in
all studied cases (see Table 2 and Fig. 4). The kinetic constants
measured for the 2trans encapsulation/expulsion in/out of the
cavity indicate that in all complexes the dynamics of the tran-
sitions are marginally affected by the presence of other guests in
in/out of the cavity. For each simulated host–guest complex, encap-
ergy barriers ðDG‡

offÞ, characteristic in-cavity residence times (toff), and
aD simulations are reported

DG‡
off ½kcal mol�1� toff [s] koff [s�1] kon [s�1]

13.5 1.2 � 10�3 8.3 � 102 1.3 � 106

14.9 1.4 � 10�2 7.1 � 101 1.8 � 107

14.5 7.3 � 10�3 1.4 � 102 3.7 � 105

16.7 9.6 � 10�1 1.0 � 100 7.1 � 106

13.8 2.2 � 10�3 4.5 � 102 1.0 � 106

19.1 1.7 � 101 5.9 � 10�2 7.7 � 106

in/out of the cage cavity. (a) Equilibrium and kinetics for the encap-
uest 3. Above and below the arrows of the equilibrium reaction are
e WT-MetaD simulations. The kon values are also reported considering
kinetics for the encapsulation/expulsion of 2cis in/out of the cage cavity
andDG‡) associatedwith the encapsulation/expulsion in the cavity of 2
er guests (dashed curves). Free energy profiles are shown as smoothed

Chem. Sci., 2022, 13, 11232–11245 | 11239
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the cage (koff and kon in the same orders of magnitude). On the
other hand, the dynamics (and stability) of the 2cis-complexes is
more impacted by the presence of co-guests in the cage cavity,
which are found to stabilize the 2 encapsulation in the cage
cavity by �2–4 orders of magnitude in the presence of 3 (lower
koff: more improbable/slower 2 expulsion out of the cavity). As
shown in Table 2, the estimated koff for the expulsion of the 2cis
guest out of the cage cavity drops from �7.1 � 101 s�1, when
only one 2cis is present in the cavity of 1, to �1 s�1 or �5.9 �
10�2 s�1, when 2cis is co-encapsulated in the cavity of 1 with
a 2trans or with a 3 co-guest respectively. The kon, on the other
hand, is found to be globally similar in all simulated cases (see
Table 2).

Altogether, these data suggest that differences in the host–
guest equilibrium in such systems are mainly controlled by the
interactions/affinity between the guest (2) and the effective host
cavity, thought of as that accessible for the guest considering
the cage and the presence of eventual encapsulated co-guests.
From the calculated DG, we could also estimate the host–
guest affinity constants (Kenc) for all the host–guest systems
(Table 2). It is worth noting that the Kenc values for the 2cis
conformers are in general orders of magnitude higher than
those of the 2trans complexes. In particular, this is evident for the
2$3 3 1 complexes. In such a case there is a difference in the
encapsulation K of �5 orders of magnitude (Table 2). This
means that the probability of having 2cis co-encapsulated in the
cavity together with 3 is �100 000� higher than that of nding
a co-encapsulated 2trans. Despite the fact that, in theory, the
2trans conformer is found �100� more favored compared to the
2cis one in the cage cavity (see Fig. 3d: right secondary axis), such
a statistical penalty for having a 2trans conformer effectively
encapsulated within the cage cavity – emerging from the host–
guest equilibrium – explains why the experimentally obtained X-
ray structures of these complexes always show a 2cis encapsu-
lated guest.

Nonetheless, the high Kenc values indicate that in all the
cases simulated herein the amide guest can be, in good
approximation, assumed as always encapsulated in the cage
cavity. In fact, from the thermodynamic data we can extrapolate
the partition probability Pin ¼ Kenc/(1 + Kenc). P

in indicates the
relative probability of having 2 in vs. out of the cage cavity. In
particular, Pin tends to be 1 when the K is high and the guest has
a high probability of being encapsulated in the system, as it is
the case in general for all host–guest complexes explored herein
(Pin � 1 in all cases, see also the next section).
2.4 Molecular determinants of reactivity in dynamic host–
guest systems

We have thus far investigated, separately, the three main
processes that concur to dene the global dynamic picture of
amide hydrolysis under connement (Fig. 5a): (i)
encapsulation/expulsion of the guests in-and-out of the cage
cavity; (ii) isomerization around the u dihedral in solution and
in connement; (iii) the reaction itself. For each of them, we
have devised a probability metric and observed how it varies
across the different investigated cases. Our last step is thus to
11240 | Chem. Sci., 2022, 13, 11232–11245
put these processes (and probabilities) together, in order to
capture the full dynamic complexity of the system.

To this end, we can dene a reaction acceleration index, a, as
the ratio between the observed reactivity with or without the
presence of a cage in the system – i.e., when the reactant, guest
2, is encapsulated within the cage cavity (K( 3 1)) or when it is
free in solution (K(sol)):

a ¼ K(3 1)/K(sol) (1)

In the real system, amide hydrolysis can in principle take
place both when 2 is encapsulated in the cage cavity and when it
is out of the cage (with the observed reaction coefficients
determined by the probabilities for nding the different reac-
tive conformers – planar or twisted – in the two environments).
In general, the reaction acceleration a will thus depend on the
likelihood that the hydrolysis of 2 occurs in vs. out of the cage.
From our simulations we have seen that the conformational free
energy landscape of the amide guest may change upon encap-
sulation (changing the relative free energy difference between
cis and trans conformers). As a consequence, the probability of
crossing the rotational barrier around the amide bond also
changes. In particular, we could observe that the more reactive
2cis conformer is more and more stabilized as the crowding
increases in the cavity of cage 1 (Fig. 3d). The simulations also
show that the encapsulation of 2cis within the cage cavity is
considerably more stable than that of 2trans, showing a higher
affinity and retention time (Fig. 4 and Table 2). Altogether, this
indicates that it is more likely to observe 2cis rather than 2trans
encapsulated within the cavity of the cage, which is consistent
with the fact that the 2cis conformer is present in the crystal
structures obtained experimentally.10

The reactivity in the system depends on the propensity of the
visited 2 conformers to react, their relative population in the
different complexes, their probability of encapsulation (i.e., the
relative population ratio between having 2 in the cage vs. in
solution at the equilibrium), and the solvent molecule accessi-
bility to the amide (i.e., the solvent is another key reactant) upon
encapsulation. Noteworthily, all these parameters can be
extracted from our simulations.

In general, we can dene a global reaction constant for the
case when hydrolysis takes place within the cage cavity, K(3 1),
as the sum of the reaction constants (Ku(3 1)) for all amide
conformers (u) visited by the guest reactant 2 in the cage cavity:

Kð31Þ ¼
Xp

u¼0

Kuð31Þ ¼

¼
Xp

u¼0

�
cu � Pconf

u ð31Þ � Pin
u ð31Þ �NWuð31Þ�

(2)

where cu is the hydrolysis reaction constant associated with the
possible amide conformers u (see Fig. 3d), Pconfu (3 1) is the
relative statistical weight for all different conformers u in the
cage cavity (Fig. 3b), Pinu (3 1) is the probability of effectively
having each specic conformer u in the reactive environment –
in this case, inside the cage cavity (see Table 2) –, and NWu(3 1)
is the average number of contacts between solvent molecules
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Reaction acceleration in a dynamic host–guest system. (a) Full dynamic representation scheme of the investigated host–guest system,
showing the processes that need to be taken into account to rationalize the reaction acceleration observed experimentally. (b) Computed
reaction acceleration for the various investigated host–guest systems: the hydrolysis acceleration index, a, is expressed relative to reactivity of
the 2 guest alone in solution (see eqn (1)–(6)). (c) Correlation between the reaction acceleration, a, computed from the simulations and the
accelerationmeasured experimentally10 (linear fit reported by the dashed line). (d–h) Relationships between the computed reaction acceleration
a and various characteristic parameters of the host–guest systems: (d) relative probability of finding the 2cis conformer over the 2trans conformer
in solution vs. in the different host–guest complexes (dashed line: exponential fit); (e) encapsulation free energy DGenc of the 2cis conformer in
the different complexes (exponential fit reported by the dashed line); (f) the weighted number of contacts between the host and the guest,
evaluated as the product of the peak position of the distribution shown in Fig. 2c and its height; (g) the reduction in the solvent accessible surface
area (SASA) of the 2cis guest in the different encapsulation complexes vs. when this is in solution (an indirect measure of the solvophobic
effect,55,59 showing no clear correlation).

© 2022 The Author(s). Published by the Royal Society of Chemistry Chem. Sci., 2022, 13, 11232–11245 | 11241
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(water or OH�: key reactants for amide hydrolysis) and the
amide's carbonyl (estimated as shown in Fig. 2e).

Accordingly, the global reaction constant in the absence of
the cage in the system (2 alone in solution), K(sol), can be
dened as:

KðsolÞ ¼
Xp

u¼0

KuðsolÞ

¼
Xp

u¼0

�
cu � Pconf

u ðsolÞ � Pin
u ðsolÞ �NWuðsolÞ

� (3)

where in this case Pconfu (sol) and NWu(sol) refer respectively to
the relative probabilities for 2, when alone in the solvent, to
assume the different conformers u, and the corresponding
number of amide carbonyl-solvent molecules contacts. In this
case, in the absence of the cage in the system, guest 2 is by
denition always out of the cage, and Pinu (sol) ¼ 1. Thus, eqn (3)
is simplied into:

KðsolÞ ¼
Xp

u¼0

KuðsolÞ ¼
Xp

u¼0

�
cu � Pconf

u ðsolÞ �NWuðsolÞ
�

(4)

Transforming the formula for acceleration into:

a ¼
Pp

u¼0

�
cu � Pconf

u ð31Þ � Pin
u ð31Þ �NWuð31Þ�

Pp

u¼0

�
cu � Pconf

u ðsolÞ �NWuðsolÞ
� (5)

Moreover, it is worth noting that, given the high DG values in
Fig. 4c and Table 2, when the cage is present in the system, the
guests can also be considered to be always encapsulated within
the cage cavity, so that in eqn (2) the Pin(3 1) term tends to be
�1 (vide supra):

Kð31Þ ¼
Xp

u¼0

Kuð31Þ ¼
Xp

u¼0

�
cu � Pconf

u ð31Þ �NWuð31Þ� (6)

Reducing the formula for the acceleration to:

a ¼
Pp

u¼0

�
cu � Pconf

u ð31Þ �NWuð31Þ�

Pp

u¼0

�
cu � Pconf

u ðsolÞ �NWuðsolÞ
� (7)

This means that, given the high propensity for guest
encapsulation (Pin(3 1) � 1), in this specic case the reaction
acceleration in the system is found to be little dependent on the
guest encapsulation/expulsion equilibrium. On the other hand,
the reactivity turns out to be rather controlled by the fact that
the guest is more favored to assume reactive conformations
inside the cage cavity (compared to the case when this is free in
solution). This is in full agreement with the available experi-
mental evidence on these systems.10

Finally, it is worth noting that while the summations in eqn
(6) and (4) run in principle over all possible values of u (have
different reactivities – see Fig. 3b), the data of Fig. 3d clearly
11242 | Chem. Sci., 2022, 13, 11232–11245
show that, due to the intrinsically high isomerization barrier,
the relative probability of observing twisted (an extremely
reactive) 2 conformers (e.g., p/2, p/4, etc.) is very low. These are
distorted, very unstable conformers, with a survival lifetime
which tends to be 0, and for which the product cuP

conf
u � 0. The

unique conformers with survival life and Pconfu s 0 are 2cis (u ¼
0) and 2trans (u ¼ p). The latter, however, is substantially non-
reactive (Fig. 3b: cp � 0), so that also in this case cpP

conf
p � 0.

Based on these observations, in our case the reactivity of the
system seems thus to be largely related to (i) how much over-
stabilized the reactive 2cis conformer is and (ii) how accessible
the amide is to the co-reactant solvent molecules in such
conformation in the cage cavity vs. in solution.

By combining these data, we estimate the reaction acceler-
ation a for the various host–guest complexes reported in Fig. 5b.
We observe that, in this case, the reactivity increases with the
crowding in the system. While a �26-fold acceleration is
computed for the mono-encapsulated case (2 3 1), a double-
encapsulation gives a �64-fold increase for the 22 3 1 system.
A dramatic a � 150 is obtained for the 2$3 3 1 complex. While
such estimated a values may differ quantitatively from those
obtained from the experiments (this can be expected, given the
deviations of such ideal models from realistic systems/
conditions), the trends can still be safely compared. Fig. 5c
shows a remarkable trend between our calculated acceleration
data and the experimental ones. This validates our simulation
approach. It is worth noting that the mono-encapsulation case
(2 3 1) does not have an experimental counterpart, due to the
tendency of 2 to dimerize within the cage. Nonetheless, this
extra-case (where crowding is lower than that in, e.g., 223 1 and
2$3 3 1) provides an additional case useful for comparison. In
particular, the limited computed acceleration seen in this case
supports the evidence that molecular crowding within the cage
cavity is a key player in the reactivity in the host–guest system.

In order to obtain an insight into the key molecular deter-
minants controlling the reaction acceleration in these host–
guest systems, as shown in Fig. 5d–g we plot the computed
a parameters against some of their key constitutive terms.

We have seen that the difference in affinity between cis and
trans conformers among the different systems is the main factor
determining the nal reaction acceleration using eqn (1), this
being shown by the nearly perfect exponential correlation
between a and the relative probability of nding the 2cis
conformer with respect to the 2trans conformer in solution and
in the different encapsulation complexes (Fig. 5d). The trend
suggests that small incremental stabilizing effects on this
conformation, e.g. by changing affinity and size of the co-guest,
could result in potentially outstanding enhancements of reac-
tivity for guest 2, keeping all other parameters constant.

Noteworthily, a quasi-exponential trend is observed between
the computed reaction acceleration a and the encapsulation
free energies (DGenc) for 2cis in all systems (Fig. 5e). In these
systems, where the reactivity is observed to increase with the
crowding inside the cage cavity, a is also clearly related to the
host–guest interaction (namely, to obtain a stable complexa-
tion, a strong host–guest affinity is necessary to compensate for
the crowding penalty associated with the binding). This affinity,
© 2022 The Author(s). Published by the Royal Society of Chemistry
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as evidenced by a qualitative investigation of how the different
components interact with each other, both in our simulations
and in the available experimental X-ray structures,10 is mainly
driven by p–p stacking between the four triazine ligands of cage
1 and the aromatic rings of amide 2, particularly favorable in the
cis conformation and by residual solvophobic interactions
between such ring groups. A similar trend can also be observed
when looking at the weighted number of contacts between the
host and the guest (Fig. 5f, evaluated from the distributions
shown in Fig. 2c, i.e. a proxy for the host–guest interaction
energy). If we consider the interaction between 2 and cage 1 to
be consistent among all the investigated systems, we can trace
the trend back to the interaction between the guest and co-guest
(or the absence thereof in the 2 3 1 case), with 3 showing
a greater stabilizing effect for 2cis within the cage cavity
compared to another 2 co-guest. Noteworthily, as revealed by
the obtained trends shown in Fig. 5e and f, such favorable
affinity can stabilize the reactive conformer of amide 2 to
a higher extent, which results in a remarkable increase in the
reaction acceleration a. The remarkable stabilizing effect of co-
guest 3 is driven by a balance between having an aromatic
structure able to participate in p–p stacking with guest 2, its
considerable solvophobicity that makes its encapsulation
within the cage cavity very stable, and a size (volume ¼ 172 Å3)39

that allows the amide to reside comfortably in the cavity in a cis
(reactive) conformation. Another 2 co-guest, while still being
able to engage in favorable interactions (Table 2: host–guest
complexation on average more favorable than that of a single 2),
has a larger volume (241 Å3)39 which constrains the rst guest in
less favorable congurations and produces a less stable
complex.

To obtain information on how much of the host–guest
interaction is due to solvophobic effects, we calculated the
reduction in the solvent accessible surface area (SASA) of the 2cis
conformer when it is encapsulated in the cavity of the various
complexes vs. when it is alone in solution.16,55,59 While a corre-
lation with the computed reaction acceleration is observed (see
Fig. 5g), the trend becomes less neat. The trend is respected
while moving from the amide in solution to the mono-guest (2
3 1) and double-guest complexes (22 3 1 and 2$3 3 1).
However, the differences in acceleration between the various
systems do not correlate in a neat manner with the DSASA
calculated for the various cases. This reveals that (i) non-specic
hydrophobic effects alone are not sufficient to grasp the
complexity of these reactive systems and suggests that (ii) like in
most receptor-ligand complexes in nature, specic molecular
interactions are probably relevant in controlling host–guest
affinity.

3 Conclusions

Understanding reactivity in dynamic regimes and in systems in
which reactants and products are in continuous exchange is
a non-trivial task. Here we report a computational approach
that allows us to reconstruct the reactivity in dynamic host–
guest systems and to study in atomistic detail the key (molec-
ular and dynamic) factors that control it. As a case study, we
© 2022 The Author(s). Published by the Royal Society of Chemistry
focus on the hydrolysis of amide guests encapsulated in the
cavity of a coordination cage, for which experimental evidence
for reaction acceleration has been recently reported.10 By
combining a multi scale modeling scheme with metadynamics
simulations, we couple the study of the intrinsic dynamics of
the host–guest system with that of the amide hydrolysis reac-
tion. The approach allows us (i) to characterize the barriers to
the hydrolysis reaction as a function of the conformation
assumed by the amide, (ii) to study the conformations that the
amide guest can assume and estimate their relative probabili-
ties in vs. out of the cage cavity, and (iii) to characterize the
dynamic processes of guest encapsulation/expulsion in/out of
the cage. Altogether, we demonstrate how this allows us to
reconstruct the reactivity in such dynamic host–guest systems
by calculating the relative reactivity of the various molecular
conformers/arrangements that the amide guest can assume and
to what extent the reactive conformations are more/less favored
in vs. out of the cage, by re-weighting the results considering the
probability of effectively having the guest encapsulated inside
the cage cavity. This allows us to estimate a reaction accelera-
tion score, which estimates to what extent the reaction is
accelerated/hindered in the host–guest system and allows
comparing between system variants.

In the specic case study used here, we obtain clear evidence
that the reaction acceleration is controlled by the crowding
effects accompanying the guest encapsulation. We compared
four cases, where the amide guest 2 is alone in solution, when it
is encapsulated in the cage (2 3 1), or when it is co-
encapsulated together with other co-guests in the cage cavity
(22 3 1 and 2$3 3 1). We characterized all of them, and we
estimated their hydrolysis acceleration factor. The results show
unambiguously that the encapsulation of the amide in the cage
cavity tends to stabilize the reactive conformers of the amide
guest. This is key in such specic systems, considering the high
encapsulation constants obtained for all studied cases (i.e., high
probability of nding the amide guest within the cage cavity).
We clearly observe how, when a co-guest is also co-encapsulated
with the amide guest in the cage, the crowding in the cavity
augments and the reactive cis conformer of the amide guest is
more and more stabilized. The acceleration scores estimated
from our computations are found to have remarkable trends
with the reaction acceleration observed experimentally. Overall,
our computational results are found in optimal agreement with
the experimental results by Takezawa et al.,10 while it is worth
noting that in our approach these emerge bottom-up, from
a comprehensive study of the molecular and supramolecular
dynamics of the host–guest system and of its key molecular
equilibria. This provides a general character to this approach, as
connement-induced reaction acceleration (or deceleration) in
such supramolecular (and intrinsically dynamic) host–guest
systems can only be explained by taking into account all the
dynamic processes that occur within them. The comprehensive
picture of hydrolysis and of how this may be modulated under
connement that we obtain here provides a general high-
resolution framework for building structure–property relation-
ships. This approach constitutes a useful general-purpose
platform, useful to explore strategies towards the rational
Chem. Sci., 2022, 13, 11232–11245 | 11243
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design of host–guest systems with a molecular-level control of
chemical reactivity. Based on the results that we show herein,
this approach offers a useful platform to explore, e.g., the effect
of tuning the properties/features of the guest (e.g., hydropho-
bicity, symmetry, interactions, size, etc.) or of the cage cavity
(e.g., structure, exibility, hydrophobicity, etc.), as recently
shown in other host–guest reactive systems.16 Its versatility and
generality may also be useful to explore ways to gain control
over system reactivity by tuning host–guest dynamics by using,
e.g., guest mixing and guest–guest encapsulation competi-
tions,10 which could allow tuning the residence time and frac-
tions of encapsulated guests within the cage cavity and,
consequently, the reaction in the system. The approach
described herein appears to be well suited for the case studied,
and it is general enough that it can be useful to also study other
types of dynamically reactive systems. While very effective in our
case, the reconstruction of the dynamic reactivity by correcting
this with weights that account for effective (probabilistic) reac-
tant availability and their propensity to react has some intrinsic
limitations. For example, in our case it does not explicitly
consider the possible active roles of intermediate states that can
promote/hinder the reactivity. Also, in this specic case in the
calculations of reactivity we do not explicitly account for the
effect of the cage on the hydrolysis reaction. In our case, the
effect of the cage is accounted for implicitly: this enters into play
as the encapsulation of the guest within the cavity favors reac-
tive amide conformers or it allows for fewer solvent molecules
(catalyst) to reach the proximity of the amide compared to that
when the amide is in solution. Clearly, this is a valid assump-
tion as long as the structure of the cage does not have a catalytic
role in the reaction (as it is assumed to be the case in such
systems).10 Nonetheless, it is worth noting that the versatility of
our approach makes it well suited for methodological exten-
sions. For instance, when needed, it is in principle possible to
include explicitly the cage in the study via, e.g., a hybrid QM/MM
approach where the reactive sites are modeled explicitly at the
quantum level while the surroundings are treated with classical
atomistic force elds. Another methodological limit is related to
the complexity of the reaction and of the system as a whole. One
practical limit of MetaD simulations lies, in fact, in the possi-
bility to choose a reduced number of appropriate collective
variables that can effectively and correctly model all the phases
from (ii) to (iv) of this study. While in this case MetaD simula-
tions are effective, it is worth noting that the approach must not
necessarily be built on MetaD simulations. Any enhanced
sampling method that allows the probabilistic factors of eqn (2)
and (3) to be reliably estimated would be equally effective. In
this sense, the fact that the workow presented herein is built
on a concept (i.e., combining the study of reactivity with that of
the intrinsic dynamics of the system) but not on a specic
method provides exibility and robustness to the approach.
Furthermore, the results we report herein demonstrate how,
despite the relatively simple concepts on which our approach is
built, this is effective, and it offers concrete opportunities to
reconstruct reactivity in dynamical host–guest supramolecular
systems. It is also worth underlining how, in achieving such
goals, this approach offers a rst attempt to link the typical
11244 | Chem. Sci., 2022, 13, 11232–11245
computational chemistry study of chemical reactions to that of
a complex dynamic reaction process, more typical of chemical
engineering.

In general, all these considerations underline how gaining
control over the dynamics of these systems is key to controlling
reactivity within them and indicate how approaches such as
those described herein can offer relevant support towards the
development of new types of reactive supramolecular systems.
Data availability

Complete computational materials and data pertaining to the
study conducted herein are available at: https://doi.org/10.5281/
zenodo.7064016.
Author contributions

M. D. P., L. P. and M. C. created the molecular models and
performed the simulations. All authors contributed to the
analysis of the results and to the writing of the manuscript.
G. M. P. conceived the research and supervised the work.
Conflicts of interest

There are no conicts to declare.
Acknowledgements

This work was supported by the European Research Council
(ERC) under the European Union's Horizon 2020 Research and
Innovation Program (grant agreement no. 818776 – DYNAPOL)
and by the Swiss National Science Foundation (SNSF Grant No.
IZLIZ2_183336). The authors acknowledge the Partnership for
Advance Computing in Europe (PRACE) for awarding us access
to Marconi 100 at CINECA, Italy. The authors are also thankful
for the computational resources provided by the Swiss National
Supercomputing Center (CSCS).
References

1 S. A. Benner, Chem. Rev., 1989, 89, 789–806.
2 F. H. Arnold, P. L. Wintrode, K. Miyazaki and A. Gershenson,
Trends Biochem. Sci., 2001, 26, 100–106.

3 Y. Fang, J. A. Powell, E. Li, Q. Wang, Z. Perry, A. Kirchon,
X. Yang, Z. Xiao, C. Zhu, L. Zhang, F. Huang and
H.-C. Zhou, Chem. Soc. Rev., 2019, 48, 4707–4730.

4 X. Zhang and K. N. Houk, Acc. Chem. Res., 2005, 38, 379–385.
5 M. Bender and F. Kezdy, Annu. Rev. Biochem., 1965, 34, 49–76.
6 D. L. Purich, Enzyme kinetics: catalysis and control: a reference
of theory and best-practice methods, Elsevier, 2010.

7 P. J. Tummino and R. A. Copeland, Biochemistry, 2008, 47,
5481–5492.
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C. Horváth, J. Chromatogr. A, 1996, 744, 259–272.

41 J. Blumberger, B. Ensing and M. L. Klein, Angew. Chem., Int.
Ed., 2006, 45, 2893–2897.

42 P. Craveur, A. P. Joseph, P. Poulain, A. G. d. Brevern and
J. Rebehmed, Amino Acids, 2013, 45, 279–289.

43 U. Doshi and D. Hamelberg, J. Phys. Chem. B, 2009, 113,
16590–16595.

44 V. V. Welborn, W.-L. Li and T. Head-Gordon, Nat. Commun.,
2020, 11, 415.

45 D. Porezag, T. Frauenheim, T. Köhler, G. Seifert and
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48 M. Gruden, L. Andjeklović, A. K. Jissy, S. Stepanović,
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