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ABSTRACT: Revealing the mechanisms of supramolecular host—guest
binding holds crucial elements for exploring the full potential of
supramolecular structures and can lead to further designs and optimizations.
Here, we present a computational study of how polycyclic aromatic
hydrocarbons (PAHs) bind to a tweezer-shaped molecular receptor (Au(I)
metallo-tweezers) in organic solvents. First, the structure and dynamics of the
gold tweezers in solution are characterized with and without the guest
molecule bound in the cavity. Second, the guest-binding process is
investigated by means of metadynamics simulations. We found that the
calculated binding Gibbs energies are in very good agreement with the
experimental results, showing the viability of these approaches in the field.
Importantly, the study reveals an unanticipated dynamic process that involves
spontaneous rotations of the polyaromatic panels of the host, which modulate the size and shape of the cavity until an effective face-
to-face arrangement with the planar guest occurs. Once such an interaction occurs, a complete rotation around the carbon-Au bonds
finally locates the planar guest molecule in the core of the cavity. This mechanism highlights the variety of dynamic processes that
the rich chemical space of supramolecular chemistry can offer.

13—16

B INTRODUCTION

Unveiling the molecular mechanisms behind host—guest
interactions is fundamental to advancing the field of supra-
molecular chemistry.' ™ Such understanding requires consid-

tether, forming a cavity between them. Over the past 20
years, molecular tweezers with metal centers have gained
significant attention, not only for their simpler modular
synthesis compared to organic counterparts but also for their

ering a delicate balance of noncovalent forces—primarily those
related to polarity and van der Waals interactions—whose
relative contributions vary significantly across systems. While
concepts in supramolecular chemistry are often compared to
those found in biological systems, the wider chemical space of
the former offers interactions and mechanisms with unseen
scenarios. This is particularly true when it comes to the role of
aromatic interactions. For example, in the 21 amino acid codes
of proteins, the strongest components for aromatic interactions
are Tryptophan, Phenylalanine, and Tyrosine. These residues
offer strong directional hydrophobic interactions (i.e., 7-
stacking, edge-to-face, etc.) that can dramatically influence
the structure and dynamics of guest binding. A prototypical
example is tryptophan clamps, which are known to trap planar
aromatic moieties."

In recent decades, numerous supramolecular architectures
have been developecl.é_9 Depending on their shapes, these
structures are often referred to as capsules, cavitands, cages,
barrels, tweezers, and so on.'°”"® Some of these constructs
feature aromatic elements that resemble biological motifs,
albeit with diverse differences. A notable example is the so-
called molecular tweezers, which consist of U-shaped
molecular receptors with an open structure, featuring two
flat, typically aromatic, identical arms that are connected by a
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enhanced photophysical and electrochemical properties, which
expand their potential for a broader range of practical
applications.'” ™" One interesting example is the gold(I)-
based metallo-tweezers designed and synthesized by some of
us, which feature two pyrene-imidazolylidene-Au(I) fragments
connected by rigid bis-alkynyl spacers. During our research, we
discovered that the recognition properties of these metallo-
tweezers are strongly influenced by the nature of both the rigid
spacer and the ancillary ligands that constitute the arms of the
tweezer.”*~** The combination of both the spacer and arms
establishes a delicate balance between the self-aggregation
tendencies of the tweezers and their ability to effectively
encapsulate planar guests. In particular, the carbazolyl-bridged
metallo-tweezer shown in Figure 1 is capable of effectively
recognizing polycyclic aromatic hydrocarbons (PAHs).**
Because the shape of this molecule suggests a flapping motion
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Figure 1. Schematic (a) and molecular (b) representation of bis(Au-
NHC)-based metallo-tweezers. (c) Guest molecules studied in the
present work.

of the polyaromatic hands to facilitate substrate recognition,
we considered that a detailed study of this dynamic process
would facilitate an understanding of the recognition abilities of
this receptor.

Experimentally, this metallo-tweezer exhibits significantly
higher binding affinities for planar aromatic guests that are
functionalized with hydrogen-accepting groups compared to
guests lacking these functionalities. We herein investigate the
binding mechanism of both unfunctionalized and function-
alized polycyclic aromatic hydrocarbons (PAHs) to Au-
tweezers in solution, using two solvents: methanol and
toluene. In the present study, a combination of quantum
mechanics (QM), classical molecular d;rnarnics (MD), and
metadynamics (metaD) simulations™™*" were employed to
gain insight into the recognition mechanism employed by
these molecular tweezers. As will be described below, this
analysis provides a detailed picture of the binding process and
how these tweezers selectively interact with their guests.

B COMPUTATIONAL DETAILS

Density Functional Theory Calculations. DFT geome-
try optimizations of the host (Au-tweezers) and the guest
(pyrene and 1-methanol pyrene) were performed at the
B3LYP-D3 level with the SMD continuum solvent model
(toluene as the solvent) using the Gaussian 09 program.%_53
The SDD pseudopotential, along with a set of f polarization
functions, was used for gold, and the 6-31G(d) basis set was
used for the main group elements.”* For the comparison of the
Gibbs energy between different binding modes of the host—
guest complex, single-point calculations were performed with
the 6-311+G(2d,2p) basis set based on the optimized
geometries to obtain more accurate energies. This level of
theory (B3LYP-D3/SDD) has been shown to properly
describe related gold systems in supramolecular environ-
ments.”> Gibbs energy corrections were evaluated at the same
level of theory as the geometry optimizations using the quasi-
rigid-rotor-harmonic-oscillator (quasi-RRHO) approach at
298.15 K with a cutoff of 100 cm™" using the GoodVibes
program.ss‘57

Derivation of Nonstandard Parameters. The metallo-
tweezers contain two Au(I) centers. The parameters for
classical molecular dynamics (MD) simulations for these two
centers were derived based on Seminario’s method using the
Python-based Metal Center Parameter Builder (MCPB.py)
program.”® The parameters of the bonding terms for the
organic moieties of the metallo-tweezers and for the guests
were taken from the General AMBER Force Field (GAFF).>”
van der Waals parameters were obtained from the optimized
potentials for liquid simulations force field (OPLS), except for
those of Au(I) taken from the universal force field (UFF).%%%!
Atomic charges were obtained by fitting the molecular
electrostatic potential computed at the quantum mechanics

(QM) level according to the restrained electrostatic potential
(RESP) method.”> To this end, we optimized the metallo-
tweezers at the density functional theory (DFT) level, as
described above. The AM1-BCC charges were used for the
guests, and the Antechamber program was used to assign atom
types and derive atomic charges.”>**

Molecular Dynamics Simulations. Classical MD simu-
lations were performed using the CUDA version of the pmemd
program from the AMBER 16 package.”> For the MD
simulation of the metallo-tweezers in the absence of the
guest, a simulation box with a size of 65 X 65 X 65 A,
containing metallo-tweezers and ~3200 methanol or ~1500
toluene molecules, was treated under periodic boundary
conditions. The simulations were performed at a constant
temperature (298.15 K, using a Langevin thermostat) and
pressure (1 bar, using a Monte Carlo barostat).®® The long-
range electrostatic interactions were accounted for using the
PME method, and a cutoff of 9 A was applied for nonbonded
interactions.”” A time step of 2 fs was used in the plain MD
simulations. Prior to the production run of 200 ns for each
simulation, NPT equilibration of 10 ns was performed after
100000 minimization cycles and a short equilibration of 60 ps.
The most populated structures for each simulation were
obtained by clusterin§ 5000 MD snapshots using the UCSF
Chimera 6program.6 The NMRCLUST algorithm was
employed.”” The clustering was performed with the default
settings (excluding solvents and hydrogens), except the step
size was set to 1 to include all MD snapshots.

Metadynamics Simulations. The well-tempered metady-
namics (WT-MetaD)”® simulations with multiple walkers’*
were conducted using the GROMACS 2021.4 software
patched with PLUMED 2.8.0.”” The AnteChamber Python
Parser interfacE (ACPYPE) tool was used to convert the
AMBER topologies to GROMACS format. Before the
production run, NPT equilibration of 20 ns was performed
after a maximum of 2000000 minimization steps. The WT-
MetaD simulations were performed along a collective variable
(CV), defined as the distance between the center of mass
(COM) of the guest and the N atom in the center of the host
(see Figure 4). For analytical purposes, WT-MetaD
simulations were also performed using a CV defined as the
distance between the COM of the guest and the COM of four
selected C atoms (two carbon atoms for each pyrene fragment
of the host) located on the tweezers (see Figure S1). In these
simulations, the height of the deposited Gaussians was 0.5 kJ/
mol, and sigma was set to 0.04 nm. Bias was deposited every
5000 steps (10 ps of simulation time). The WT-MetaD
simulation with 6 walkers over 100 ns was performed, and the
sum_hills function was used to obtain the potential of mean
force (PMF). The bias factor was set to 10. The evolution of
the collective variable, Gaussian hills deposited during the
simulation, and the block analysis to estimate uncertainties are
shown in the Supporting Information (Figures S2—S7). The
potential of mean force w(r) was employed to obtain the
binding free energy by integrating over the profile according to

AG = —RT ln[/ 4m'ze_ﬁw(r)dr]
0

where = (RT)™ and “¢” is the cutoff limit that defines the
association.””?

NCI analysis. The NCI analysis provides an index (based on
the electron density and its derivatives) that enables the
identification of noncovalent interactions.”* The NCI index is
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Figure 2. (a) Description of plane A (C1, C2, and CS) and plane B (C3, C4, and C6) of the metallo-tweezers. Dihedral angles between (upper
panel) plane A and the carbazole spacer and (lower panel) plane B and the carbazole spacer (b) in methanol and (c) in toluene.

based on a 2D plot of the reduced density gradient, s, and the
electron density, p. The reduced density gradient is given by
1 IVpl

S = —————5°
2(37[2)1/3 p4/3

where p is the electron density.”*

The method bases its estimations on computing the reduced
gradient of the electron density (s) versus the electron density
(p) multiplied by the sign of the second Hessian eigenvalue
(42), ie, p X sign(42). The Non-Covalent Interaction
Analysis (NCI) reported in this work was carried out with
the program NCIPlot.”” NCIs were first computed using the
DFT electron densities, and for clarity, the representation of
the isosurfaces was constructed at the molecular level,
reporting the density map.

B RESULTS AND DISCUSSION

In the following sections, we will first examine the structure
and dynamics of the metallo-tweezers in two solvents:
methanol (used for their synthesis) and toluene (in which
binding affinities were measured). Then, we will discuss and
compare the results obtained from molecular dynamics (MD)
simulations of host—guest complexes. Finally, we will present
the results of the metadynamics simulations in order to
evaluate the energetics of the binding process and offer insights
into the experimental findings.

Characterization of Metallo-Tweezers in Solution.
The metallo-tweezers were experimentally obtained by
deprotonating ditert-butyl-diethynyl-carbazole with NaOH in

methanol, followed by the addition of the pyrene-imidazoly-
lidene-gold(I) complex.** We started by analyzing the
structure of the metallo-tweezers in explicit solvents (methanol
and toluene) using classical MD simulations without a ligand.
The simulations show a very broad conformational space, with
the pyrene moieties rotating mostly freely around the C—Au
bond.

It is interesting to analyze the movement of each pyrene unit
of the metallo-tweezers. To do so, we selected two carbon
atoms on each pyrene unit: C1 and C2, C3 and C4 (which are
the ones adjacent to the tert-butyl fragments), and CS and C6
for the carbazole spacer. These atoms define the dihedral
angles between each pyrene fragment (plane A or plane B) and
the carbazole connector, which were analyzed during the
simulations (Figure 2a). Interestingly, the analysis showed that
planes A and B are capable of rotating completely around the
C—Au bond in both solvents (Figure 2b,c). This result clearly
illustrates that this metallo-tweezer shows a very flexible
dynamic behavior. We also calculated the potential energy
surface (PES) at the DFT level for the rotation of the host arm
using a reduced model, showing an energy barrier of
approximately 0.1 kcal/mol (see the Supporting Information,
Figure S8). We then performed a cluster analysis of the
generated structures along the MD, but as expected, no clear
conformational preference was observed. It is worth noting
that the most populated structure (less than 2%) resembles
that obtained from the experimental single-crystal X-ray
analysis.**

We also performed a probability analysis on the rotation of
the two arms of the host; the highest probability is estimated to

https://doi.org/10.1021/acs.inorgchem.5c03400
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Figure 3. (a) Description of planes A and B defined by two carbon atoms selected on each pyrene fragment of the metallo-tweezers. Dihedral
angles between (upper panel) plane A and the carbazole spacer and (lower panel) plane B and the carbazole spacer (b) for pyrene and (c) for 1-

pyrene-methanol.
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Figure 4. Distance between the center of mass (COM) of the guest and the COM defined by the selected atoms on each pyrene fragment of the

metallo-tweezers.

be less than 5% and 3.5% in toluene and methanol, respectively
(Figures S9 and S10), indicating no favored dihedral angles
between the arms. The main conclusion of this section is that
the Au(I)-based metallo-tweezer exhibits a very flexible system
with no clear preferential geometry. Interestingly, the move-
ment of the pyrene fragments of the metallo-tweezers is similar
to the “ballbot-type” motion described for N-heterocyclic
carbenes (NHCs) on gold surfaces, which indicates free
rotation around a single bond between gold and the NHC

22667

carbon atom.”® Moreover, this flexibility does not seem to be
affected by the nature of the solvent, as the behavior is very
similar when two very different solvents, such as MeOH or
toluene, are used. Therefore, on this basis, there is no
preorganization of the system without the ligand. Furthermore,
we analyzed the rotations of the host arms, and no clear
correlation was found in their relative motion (see Figure S11).

Characterization of Host—Guest Complexes. Once the
behavior of the unbound metallo-tweezer in both solvents was

https://doi.org/10.1021/acs.inorgchem.5c03400
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Figure 5. Most populated structures obtained from clustering the MD simulation of each host—guest complex in toluene. (a) Pyrene and (b) 1-
pyrene-methanol as the guest molecule. The hydrogens of the metallo-tweezers are omitted for clarity. Distances are given in A.
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Figure 6. Key distances between the functional group of the guest (1-pyrene-methanol) and the host: d1 corresponds to the distance between the
hydrogen of the hydroxyl group of the guest and the nitrogen of the NH of the metallo-tweezer; d2 and d3 correspond to the distances between the
hydrogen of the hydroxyl group of the guest and the carbon atom of the alkynyl moieties.

characterized, we turned our attention to the host—guest
complexes. Experimentally, the molecular recognition process
of several polycyclic aromatic hydrocarbons (PAHs) and their
functionalized forms was investigated in toluene.”* The guests
functionalized with hydrogen-bond-accepting groups have
higher binding affinities compared to the corresponding
unfunctionalized forms, as a consequence of the H-bonding
interaction with the N—H group of the carbazolyl linker,
according to previously reported work.** The largest difference
in binding affinity between the functionalized and unfunction-
alized forms was measured for pyrene and its functionalized
form, 1-pyrene-methanol (34X larger for the latter). We thus
focused on these two guests in the present study.

We analyzed the movement of pyrene-imidazolylidene-based
planes A and B of the metallo-tweezers for each host—guest
complex. The results showed that complete rotations of each
plane were observed for pyrene as a guest, whereas such a
rotation was never observed for 1-pyrene-methanol, at least not
within the limited 100 ns time scale covered in the simulations
(Figure 3). This result clearly demonstrates that the presence
of the hydroxyl functional group significantly influences the
stability and configuration of the complexes, aligning at least
qualitatively with the experimental trends in ligand binding.
The dynamics of the metallo-tweezers are significantly altered

22668

by the presence of the guest, and the nature of the guest also
affects the dynamic behavior, especially in 1-pyrene-methanol.

Next, we analyzed the behavior of the guest and whether it
remained between the two arms of the metallo-tweezers during
the simulation. We first established a reference point defined
by the center of mass (COM) between the two polyaromatic
hands (Figure 4). We then monitored the evolution of the
distance between the COM and the guest. Interestingly, the
pyrene guest was located between the host’s pyrene arms in the
most populated structure of the host—guest complex. In
addition, the analysis along the MD simulation shows that the
pyrene guest is also reversibly released from the cavity during
the simulation. This leaves a situation in which the host is able
to fully rotate its polyaromatic arms when the guest is out of
the cavity (Figure 3). On the contrary, 1-pyrene-methanol
remained between the two aromatic arms during the whole
simulation, thus generating a more rigid structure in which the
host’s polyaromatic hands are unable to rotate. These results
are in full agreement with the experimental findings, which
showed a stronger binding affinity for 1-pyrene-methanol than
for pyrene.

Further analysis of the MD simulations of each host—guest
complex in toluene was pursued in order to shed more light on
the different binding behaviors of both guests. We looked at
the most populated clusters (26% and 12% for pyrene and 1-

https://doi.org/10.1021/acs.inorgchem.5c03400
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pyrene-methanol, respectively) with sandwiched conforma-
tions in detail. For both structures, the guests are bound
between the two pyrene fragments of the host, and the
orientation of the aromatic rings of the guests is quite similar
(Figure S Top view). The distances between the aromatic rings
of the guest and the two pyrene units of the host are also
similar for both structures: 3.51 (3.85 + 0.34) and 3.29 (3.88
+ 0.35) A for pyrene, and 3.52 (3.73 + 0.35) and 3.37 (3.77 +
0.29) A for 1-pyrene-methanol (Figure S Front view).
Interestingly, there are some differences in the relative
arrangements of the aromatic groups between them. While
for the nonfunctionalized guest species the packing between
the three aromatic moieties is highly symmetrical, for the
functionalized guest, a sliding can be observed (Figure 5).

This correlates well with an apparent H-bonding interaction
between the OH group of the guest and the central NH group
of the host. The possibility of a direct hydrogen bond between
both moieties was initially proposed based on X-ray data and
DFT calculations.”* When analyzing the average structure
along the MD simulation, however, the location of the guest
inside the tweezer is quite symmetrical for both guests. For
pyrene, the distances to the aromatic arms are 3.85 + 0.34 and
3.88 + 0.35 A, respectively. The analogous distances for 1-
pyrene-methanol are 3.73 + 035 and 3.77 + 029 A,
respectively.

Further analysis of the MD simulation regarding the distance
between H and O (—NH--OH—, distance d1 in Figure 6)
shows that it fluctuates widely between 2 and 8 A, with an
average value of 3.6 A.

This corresponds to a relatively weak interaction. Interest-
ingly, while the H-bonding interaction term of this nature is
not explicitly introduced in the AMBER force field, the analysis
of the simulations shows that it is effectively captured through
the Lennard-Jones potential and Coulomb terms. However,
the polar component of the interaction does appear in another
unanticipated fashion. Indeed, we identified an interaction
between the hydroxyl moiety of the guest and the alkynyl
groups of the host that is present in the MD simulation. This
interaction switches constantly from one arm to another, but in
both situations, the —OH:--(—C=C—) distances (d2 and
d3) when interacting range from 2 to 3 A. The simulation
showed that the OH group of 1-pyrene-methanol is pointing
alternately toward one of the two alkynyl groups of the host.
The only exception appears for 2 ns during a total simulation
time of 100 ns (28—30 ns, Figure 6).

The simulations clearly show the prevalence of the polar
interaction between the —CH,OH group and the alkynyl
moieties over the NH fragments of the host; this can
substantially contribute to the higher affinity of the function-
alized guest. To better evaluate the nature of this interaction
and its intensity, we selected a series of snapshots and
optimized their geometries using full-DFT calculations. In all
cases, the —OH--(—C=C—Au) interaction is present in the
optimized structures, with distances rounding 2.5 A from
carbon to gold. Similar distances are found for the —OH---(—
C=C—) interaction in the literature.”” On the contrary, not all
of the complexes maintain the NH---OH contact, showing that
the former is more discriminative than the latter The relevance
of the two types of polar interactions was further analyzed by
calculating their relative Gibbs energies and by comparing
structural differences and the overall 7-stacking interactions by
means of NCI analysis. Differences in Gibbs energies show that
both structures are mostly isoenergetic (0.4 kcal/mol), with

the geometry with the —NH---OH— hydrogen bond being
less favorable. This indicates that both interactions contribute
to the stability of the host—guest complex. The results agree
well with the MD occupancy, which shows both arrangements
with a preference for the latter and gives validity to the force
field developed for the system. Indeed, by forming the H-bond,
the linker and the pyrene need to adapt to maintain most of
the z-stacking. This produces a deviation of the carbazole from
orthogonality with respect to the pyrenes of the arms and
forces one of them to deviate from a parallel interaction with
the guest (from 88° in one conformation to 49° in the other,
Figure 7b). Such a balance between polar interactions, 7-

Figure 7. DFT-optimized structures of the two lowest energy
conformations with NH-+-OH (right side) and with the OH--
(C=C—Au) interaction (left side). (a) Side view of the optimized
structure and (b) front view of the NCI representation with the
carbazole facing the reader; pyrene-carbazole dihedral angles are 88°
and 49°, respectively. NCI surfaces correspond to s = 0.3 au and a
color scale of —1.5 < p < L.§ au for promolecular densities. Gibbs
energies are given in kcal-mol™.

stacking, and the shape of the molecule can be better
understood when considering NCI analysis. The structure
with the —OH--(—C=C—Au) interaction presents a well-
organized and parallel geometry with mostly attractive NCI
patterns. On the contrary, the structure with the NH---OH
hydrogen bond partially loses the packing. In this latter case,
small repulsive interactions are more prevalent, mainly for the
n-butyl group of the pyrene arm at the closest distance to the
ipso carbon of the guest (orange area in Figure 7b right). This
clearly illustrates the fine-tuning of the different forces in these
systems.

Binding of the Guests to the Metallo-Tweezers. The
results presented above suggest that, in addition to z-stacking
and hydrogen bonding, the attractive electrostatic interaction
between the hydroxyl group of the guest and the alkynyl
groups of the host plays a significant role in the higher binding
affinity of 1-pyrene-methanol to the metallo-tweezers com-
pared to that shown by pyrene. To evaluate the energetics and
gain a more accurate understanding of the binding process, we
performed metadynamics simulations. Since we have the
experimental binding constants for both guests, we focused on
obtaining the thermodynamics of the binding process. Note
that standard well-tempered metadynamics simulations do not
necessarily _}rield reliable absolute kinetics without dedicated
formalisms.”® The distance between the center of mass
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Figure 8. Gibbs energy profiles for the binding of (a) pyrene and (b) 1-pyrene-methanol to the metallo-tweezers.

(COM) of the guest and the nitrogen atom of the NH group
of the host was chosen as the collective variable (CV). The
calculated binding Gibbs energies are 3.8 and 4.1 kcal/mol for
pyrene and 1-pyrene-methanol, respectively (Figure 8). These
values show very good agreement with the experimental values
of 1.4 and 3.5 kcal/mol, respectively. Another metadynamics
simulation with 1 collective variable, which is the distance
between the COM of the guest and the COM defined by four
selected atoms from the host’s arms (two from each pyrene
arm), was also performed for comparison, obtaining similar
results; the computed free energy profiles are provided in the
Supporting Information (Figure S1). Moreover, we performed
metadynamics simulations with 2 collective variables (selecting
as the second collective variable a dihedral angle for the arm
rotation); the 2D surfaces obtained are given in the Supporting
Information (Figure S12). The free energy surface (FES)
shows two minima at around =+ 90° for the encapsulated guest;
a pathway for arm rotation that maintains the guest at ~6—8 A
is the most feasible one. This suggests that the guest remains 7-
stacked to the arm during the flip, supporting this process as an
encapsulation mechanism. Note that direct encapsulation
without an arm flip cannot be ruled out. The FES obtained
from all of these simulations are similar in both surface shapes
and energy values.

We found that the interaction between the hydroxyl group
of the guest and an alkynyl group from one of the host’s arms
helps stabilize the host—guest complex in this region. This
attractive interaction may, therefore, serve as one of the driving
forces for the formation of the complex. Additionally,
structures in which the host and guest interact through z-
stacking, with the guest located outside the host, are also
observed in this region, suggesting that these interactions also
play a significant role in stabilizing the complex. Importantly,
we identified a pathway for encapsulation in which the guest
initially forms a 7-stacking interaction with the external side of
one of the polyaromatic arms of the host. This is followed by a
rotation of the polyaromatic arm, allowing the guest to be
accommodated inside the cavity of the metallo-tweezer (Figure
9). This observation indicates that the guest’s approach to the
metallo-tweezer is more favorable via 7-stacking interactions
with the outer part of the tweezer than by directly entering the
space between the arms.

B CONCLUSIONS

The complete set of simulations and their analyses reveals a
novel and unforeseen mechanism for guest recruitment.
Collectively, the calculations demonstrate that, in the absence
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Figure 9. Binding mechanism of the guest to the metallo-tweezers.

of a guest, the arms of the metallo-tweezer undergo
spontaneous free rotation, allowing for significant variability
in the accessible space between the two pyrene units. Guest
encapsulation is initiated through a strong aromatic interaction
between the polyaromatic guest and the exposed face of one of
the pyrene units of the metallo-tweezer. This interaction
triggers the flipping of the pyrene-imidazolylidene ligand
around the Au—C bond, effectively sandwiching the guest
between the two pyrene units of the tweezer. This mechanism
underscores the pivotal role of z-stacking in the recognition
and encapsulation of the guest. Furthermore, the study
highlights that, while z-stacking is central to the encapsulation
process, polar interactions are crucial in enhancing the binding
affinity observed with functionalized guests, thereby driving
stronger interactions in the system.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.inorgchem.5c03400.

Additional analysis of metadynamics simulations and
Cartesian coordinates for optimized structures. The
input/output files for Gaussian, AMBER, and GRO-
MACS/PLUMED are available at the CORA repository:
10.34810/data2452 (PDF)

https://doi.org/10.1021/acs.inorgchem.5c03400
Inorg. Chem. 2025, 64, 2266422673


https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.5c03400/suppl_file/ic5c03400_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.5c03400/suppl_file/ic5c03400_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.5c03400/suppl_file/ic5c03400_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.5c03400/suppl_file/ic5c03400_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.5c03400/suppl_file/ic5c03400_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.5c03400?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.5c03400/suppl_file/ic5c03400_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.5c03400?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.5c03400?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.5c03400?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.5c03400?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.5c03400?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.5c03400?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.5c03400?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.5c03400?fig=fig9&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.5c03400?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Inorganic Chemistry pubs.acs.org/IC
B AUTHOR INFORMATION UFF universal force field
Corresponding Authors WT-MetaD well—te.mperecll metadynamics
Eduardo Peris — Institute of Advanced Materials (INAM), Cv collective variable
COM center of mass

Centro de Innovacion En Quimica Avanzada
(ORFEO—CINQA), Universitat Jaume I, Castellon 12071,
Spain; © orcid.org/0000-0001-9022-2392; Email: eperis@
uji.es

Jean-Didier Maréchal — Departament de Quimica, and
Centro de Innovaciéon en Quimica Avanzada (ORFEO-
CINQA), Universitat Autonoma de Barcelona, Cerdanyola
Del Valles, Catalonia 08193, Spain; © orcid.org/0000-
0002-8344-9043; Email: jeandidier.marechal@uab.cat

Gregori Ujaque — Departament de Quimica, and Centro de
Innovacion en Quimica Avanzada (ORFEO-CINQA),
Universitat Autonoma de Barcelona, Cerdanyola Del Valles,
Catalonia 08193, Spain; © orcid.org/0000-0001-5896-
9998; Email: gregori.ujaque@uab.cat

Authors

Gantulga Norjmaa — Departament de Quimica, and Centro de
Innovacién en Quimica Avanzada (ORFEO-CINQA),
Universitat Autonoma de Barcelona, Cerdanyola Del Valles,
Catalonia 08193, Spain

Susana Ibanez — Institute of Advanced Materials (INAM),
Centro de Innovacion En Quimica Avanzada
(ORFEO—CINQA), Universitat Jaume I, Castellon 12071,
Spain; ©® orcid.org/0000-0002-8935-6892

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.inorgchem.5c03400

Author Contributions

The manuscript was written with contributions from all
authors. All authors have given approval to the final version of
the manuscript.

Funding

Ministerio de Ciencia, Innovacion y Universidades MICIN/
AFI1/10.13039/501100011033 (grants PID2023-150881NB-
100, PID2023-149492NB-100, and PID2021-127862NB-100)
and Generalitat Valenciana (CIPROM/2021/079).

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work was supported by the Spanish Ministerio de Ciencia,
Innovacién y Universidades MICINN/AEI/10.13039/
501100011033 (grants PID2023-150881NB-100, PID2023-
149492NB-100, and PID2021-127862NB-100). We gratefully
acknowledge financial support from the Ministerio de Ciencia
y Universidades (PID2021-127862NB-100) and the General-
itat Valenciana (CIPROM/2021/079).

B ABBREVIATIONS

B3LYP-D3  dispersion-corrected Becke three-parameter
Lee—Yang—Parr exchange—correlation func-
tional

SMD solvent model density

quasi-RRHO quasi-rigid-rotor-harmonic-oscillator approxima-
tion

MD molecular dynamics

MCPB.py  Python-based metal center parameter builder
program

RESP restrained electrostatic potential method

22671

B REFERENCES

(1) Pluth, M. D.,; Raymond, K. N. Reversible guest exchange
mechanisms in supramolecular host—guest assemblies. Chem. Soc. Rev.
2007, 36, 161-171.

(2) Schneider, H.; Yatsimirsky, A. K. Selectivity in supramolecular
host — guest complexes. Chem. Soc. Rev. 2008, 37, 263—277.

(3) Barrow, S. J; Kasera, S; Rowland, M. J.; Del Barrio, J.;
Scherman, O. A. Cucurbituril-based molecular recognition. Chem. Rev.
20185, 115, 12320—12406.

(4) Burley, S. K; Petsko, G. A. Aromatic-Aromatic Interaction: A
Mechanism of Protein Structure Stabilization. Science 19885, 229, 23—
28.

(5) Meyer, E. A; Castellano, R. K; Diederich, F. Interactions with
aromatic rings in chemical and biological recognition. Angew. Chem.,
Int. Ed. 2003, 42, 1210—1250.

(6) Shao, J.; Kuiper, B. P.; Thunnissen, A.-M. W.; Cool, R. H.; Zhou,
L.; Huang, C.; Dijkstra, B. W.; Broos, J. The role of tryptophan in 7
interactions in proteins: An experimental approach. J. Am. Chem. Soc.
2022, 144, 13815—13822.

(7) Escobar, L.; Ballester, P. Molecular Recognition in Water Using
Macrocyclic Synthetic Receptors. Chem. Rev. 2021, 121, 2445-2514.

(8) Brown, C. J.; Toste, F. D,; Bergman, R. G.,; Raymond, K. N.
Supramolecular catalysis in metal-ligand cluster hosts. Chem. Rev.
2018, 115, 3012—303S.

(9) Conn, M. M.; Rebek, J. S.-A. C. Self-Assembling Capsules. Chem.
Rev. 1997, 97, 1647—1668.

(10) Biros, S. M.; Rebek, J., Jr. Structure and binding properties of
water-soluble cavitands and capsules. Chem. Soc. Rev. 2007, 36, 93—
104.

(11) Cox, C. J. T; Hale, J; Molinska, P.; Lewis, J. E. M.
Supramolecular and molecular capsules, cages and containers. Chem.
Soc. Rev. 2024, 53, 10380—10408.

(12) Banerjee, R;; Chakraborty, D.; Mukherjee, P. S. Molecular
Barrels as Potential Hosts: From Synthesis to Applications. J. Am.
Chem. Soc. 2023, 145, 7692—7711.

(13) Leblond, J.; Petitjean, A. Molecular Tweezers: Concepts and
Applications. ChemPhyschem 2011, 12, 1043—1051.

(14) Hardouin-Lerouge, M.; Hudhomme, P.; Salle, M. Molecular
clips and tweezers hosting neutral guests. Chem. Soc. Rev. 2011, 40,
30—43.

(15) Klarner, F. G.; Schrader, T. Aromatic Interactions by Molecular
Tweezers and Clips in Chemical and Biological Systems. Acc. Chem.
Res. 2013, 46, 967—978.

(16) Klarner, F. G.; Kahlert, B. Molecular Tweezers and Clips as
Synthetic Receptors. Molecular Recognition and Dynamics in
Receptor—Substrate Complexes. Acc. Chem. Res. 2003, 36, 919—932.

(17) Wong, Y. S;; Ng, M,; Yeung, M. C. L; Yam, V. W. W.
Platinum(II)-Based Host—Guest Coordination-Driven Supramolecu-
lar Co-Assembly Assisted by Pt---Pt and 7—7 Stacking Interactions: A
Dual-Selective Luminescence Sensor for Cations and Anions. J. Am.
Chem. Soc. 2021, 143, 973—982.

(18) Yam, V. W. W,; Ay, V. K. M; Leung, S. Y. L. Light-Emitting
Self-Assembled Materials Based on d® and d'® Transition Metal
Complexes. Chem. Rev. 2015, 115, 7589—7728.

(19) Chan, A. K. W,; Yam, V. W. W. Precise Modulation of
Molecular Building Blocks from Tweezers to Rectangles for
Recognition and Stimuli-Responsive Processes. Acc. Chem. Res.
2018, 51, 3041—3051.

(20) Kong, F. K. W,; Chan, A. K. W,; Ng, M,; Low, K. H.; Yam, V.
W. W. Construction of Discrete Pentanuclear Platinum(II) Stacks
with Extended Metal—Metal Interactions by Using Phosphorescent
Platinum(II) Tweezers. Angew. Chem.,, Int. Ed. 2017, 56, 15103—
15107.

https://doi.org/10.1021/acs.inorgchem.5c03400
Inorg. Chem. 2025, 64, 2266422673


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Eduardo+Peris"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-9022-2392
mailto:eperis@uji.es
mailto:eperis@uji.es
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jean-Didier+Mare%CC%81chal"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-8344-9043
https://orcid.org/0000-0002-8344-9043
mailto:jeandidier.marechal@uab.cat
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gregori+Ujaque"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-5896-9998
https://orcid.org/0000-0001-5896-9998
mailto:gregori.ujaque@uab.cat
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gantulga+Norjmaa"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Susana+Iba%CC%81n%CC%83ez"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-8935-6892
https://pubs.acs.org/doi/10.1021/acs.inorgchem.5c03400?ref=pdf
https://doi.org/10.1039/B603168B
https://doi.org/10.1039/B603168B
https://doi.org/10.1039/B612543N
https://doi.org/10.1039/B612543N
https://doi.org/10.1021/acs.chemrev.5b00341?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.3892686
https://doi.org/10.1126/science.3892686
https://doi.org/10.1002/anie.200390319
https://doi.org/10.1002/anie.200390319
https://doi.org/10.1021/jacs.2c04986?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c04986?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.0c00522?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.0c00522?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr4001226?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr9603800?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/B508530F
https://doi.org/10.1039/B508530F
https://doi.org/10.1039/D4CS00761A
https://doi.org/10.1021/jacs.3c01084?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.3c01084?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/cphc.201001050
https://doi.org/10.1002/cphc.201001050
https://doi.org/10.1039/B915145C
https://doi.org/10.1039/B915145C
https://doi.org/10.1021/ar300061c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar300061c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar0200448?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar0200448?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar0200448?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c11162?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c11162?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c11162?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.5b00074?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.5b00074?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.5b00074?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.8b00339?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.8b00339?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.8b00339?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201708504
https://doi.org/10.1002/anie.201708504
https://doi.org/10.1002/anie.201708504
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.5c03400?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Inorganic Chemistry

pubs.acs.org/IC

(21) Tanaka, Y.; Wong, K. M. C;; Yam, V. W. W. Platinum-Based
Phosphorescent Double-Decker Tweezers: A Strategy for Extended
Heterologous Metal—Metal Interactions. Angew. Chem., Int. Ed. 2013,
52, 14117—-14120.

(22) Tanaka, Y.; Wong, K. M. C.; Yam, V. W. W. Phosphorescent
molecular tweezers based on alkynylplatinum(II) terpyridine system:
turning on of NIR emission via heterologous Pt---M interactions (M =
PtII, PAII, Aulll and Aul). Chem. Sci. 2012, 3 (4), 1185—1191.

(23) Wong, K. M. C;; Yam, V. W. W. Self-Assembly of Luminescent
Alkynylplatinum(II) Terpyridyl Complexes: Modulation of Photo-
physical Properties through Aggregation Behavior. Acc. Chem. Res.
2011, 44, 424—434.

(24) Yuan, M; Zhang, X. L; Han, Y. F,; Wang, F.; Wang, F.
Organoplatinum(II)-Based Self-Complementary Molecular Tweezers
with Guest-Induced Fluorochromic Behaviors. Inorg. Chem. 2020, 59,
14134—14140.

(25) Zhang, X. L,; Han, Y. F,; Liu, G. Y,; Wang, F. Macrocyclic
versus acyclic preorganization in organoplatinum(II)-based host—
guest complexes. Chin. Chem. Lett. 2019, 30, 1927—1930.

(26) Zhang, X. L,; Ao, L; Han, Y. F.; Gao, Z.; Wang, F. Modulating
Pt--Pt metal—metal interactions through conformationally switchable
molecular tweezer/guest complexation. Chem. Commun. 2018, 54,
1754—1757.

(27) Gao, Z.; Han, Y. F.; Gao, Z. C,; Wang, F. Multicomponent
Assembled Systems Based on Platinum(II) Terpyridine Complexes.
Acc. Chem. Res. 2018, 51, 2719—2729.

(28) Liu, M. Y,; Han, Y. F,; Zhong, H; Zhang, X. L.; Wang, F.
Supramolecular Chirogenesis Induced by Platinum(II) Tweezers with
Excellent Environmental Tolerance. Angew. Chem., Int. Ed. 2021, 60,
3498—-3503.

(29) Goshe, A. J; Steele, I. M.; Bosnich, B. Supramolecular
recognition: association of palladium molecular clefts with planar
platinum complexes. Inorg. Chim. Acta 2004, 357, 4544—4551.

(30) Crowley, J. D.; Goshe, A. J.; Bosnich, B. Molecular recognition.
Electrostatic effects in supramolecular self-assembly. Chem. Commun.
2003, 392—-393.

(31) Goshe, A. J; Crowley, J. D.; Bosnich, B. Supramolecular
Recognition: Use of Cofacially Disposed Bis-terpyridyl Square-Planar
Complexes in Self-Assembly and Molecular Recognition. Helv. Chim.
Acta 2001, 84, 2971—298S.

(32) Crowley, J. D.; Steele, I. M;; Bosnich, B. Supramolecular
Recognition Forces: An Examination of Weak Metal—Metal
Interactions in Host—Guest Formation. Inorg. Chem. 200S, 44,
2989-2991.

(33) Crowley, J. D.; Steele, I. M.; Bosnich, B. Molecular Recognition
— Allosterism Generated by Weak Host—Guest Interactions in
Molecular Rectangles. Eur. J. Inorg. Chem. 2005, 2005, 3907—3917.

(34) Crowley, J. D.; Bosnich, B. Molecular Recognition: Use of
Metal-Containing Molecular Clefts for Supramolecular Self-Assembly
and Host—Guest Formation. Eur. J. Inorg. Chem. 2005, 2005, 2015—
2028S.

(35) Goshe, A. J; Steele, I. M.; Bosnich, B. Supramolecular
Recognition. Terpyridyl Palladium and Platinum Molecular Clefts and
Their Association with Planar Platinum Complexes. J. Am. Chem. Soc.
2003, 125, 444—451.

(36) Goshe, A. J.; Steele, L. M.; Ceccarelli, C.; Rheingold, A. L;
Bosnich, B. Supramolecular recognition: On the kinetic lability of
thermodynamically stable host—guest association complexes. Proc.
Natl. Acad. Sci. U. S. A. 2002, 99, 4823—4829.

(37) Sommer, R. D.; Rheingold, A. L.; Goshe, A. J.; Bosnich, B.
Supramolecular Chemistry: Molecular Recognition and Self-Assembly
Using Rigid Spacer-Chelators Bearing Cofacial Terpyridyl Palladium-
(II) Complexes Separated by 7 A. J. Am. Chem. Soc. 2001, 123, 3940—
3952.

(38) Ib4fiez, S.; Poyatos, M.; Peris, E. N-Heterocyclic Carbenes: A
Door Open to Supramolecular Organometallic Chemistry. Acc. Chem.
Res. 2020, 53, 1401—1413.

(39) Ibafiez, S.; Peris, E. Shape-Adaptability and Redox-Switching
Properties of a Di-Gold Metallotweezer. Chem. Eur. ]. 2021, 27,
9661—9665.

(40) Ibafiez, S.; Peris, E. A Matter of Fidelity: Self-Sorting Behavior
of Di-Gold Metallotweezers. Chem. Eur. J. 2019, 25, 8254—8258.

(41) Ibafiez, S.; Poyatos, M.; Peris, E. The Complex Coordination
Landscape of a Digold(I) U-Shaped Metalloligand. Angew. Chem., Int.
Ed. 2018, 57, 16816—16820.

(42) Ib4fiez, S.; Peris, E. Chemically Tunable Formation of Different
Discrete, Oligomeric, and Polymeric Self-Assembled Structures from
Digold Metallotweezers. Chem. Eur. ]. 2018, 24, 8424—8431.

(43) Ibéiez, S.; Poyatos, M.; Peris, E. Cation-Driven Self-Assembly
of a Gold(I)-Based Metallo-Tweezer. Angew. Chem., Int. Ed. 2017, 56,
9786—9790.

(44) Biz, C.; Ibafiez, S.; Poyatos, M.; Gusev, D.; Peris, E. Gold(I)
Metallo-Tweezers for the Recognition of Functionalized Polycyclic
Aromatic Hydrocarbons by Combined 7—7 Stacking and H-Bonding.
Chem. Eur. ]. 2017, 23, 14439—14444.

(45) Juber, S.; Schifer, L. V. Dynamics of organophosphate guest
encapsulation in heteroleptic coordination cages. Phys. Chem. Chem.
Phys. 2023, 25, 29496—29505.

(46) Pesce, L.; Perego, C.; Grommet, A. B.; Klajn, R;; Pavan, G. M.
Molecular Factors Controlling the Isomerization of Azobenzenes in
the Cavity of a Flexible Coordination Cage. J. Am. Chem. Soc. 2020,
142, 9792—-9802.

(47) Norjmaa, G.; Vidossich, P.; Maréchal, J.-D.; Ujaque, G.
Modeling Kinetics and Thermodynamics of Guest Encapsulation into
the [M,L¢]"" Supramolecular Organometallic Cage. J. Chem. Inf.
Model. 2021, 61, 4370—4381.

(48) Becke, A. D., III. The Role of Exact Exchange. J. Chem. Phys.
1993, 98, 5648—5652.

(49) Becke, A. D. Density-Functional Exchange-Energy Approx-
imation with Correct Asymptotic Behavior. Phys. Rev. A: at.,, Mol., Opt.
Phys. 1988, 38, 3098—3100.

(50) Lee, C; Yang, W,; Parr, R. G. Development of the Colle-
Salvetti Correlation-Energy Formula into a Functional of the Electron
Density. Phys. Rev. B: Condens. Matter 1988, 37, 785—789.

(51) Grimme, S.; Antony, J.; Ehrlich, S.; Krieg, H. A Consistent and
Accurate Ab Initio Parametrization of Density Functional Dispersion
Correction (DFT-D) for the 94 Elements H-Pu. J. Chem. Phys. 2010,
132, 154104.

(52) Marenich, A. V.; Cramer, C. J.; Truhlar, D. G. Universal
Solvation Model Based on Solute Electron Density and on a
Continuum Model of the Solvent Defined by the Bulk Dielectric
Constant and Atomic Surface Tensions. J. Phys. Chem. B 2009, 113,
6378—6396.

(53) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.;
Robb, M. A,; Cheeseman, J. R;; Scalmani, G.; Barone, V.; Mennucci,
B.; Petersson, G. A,; et al. Gaussian 09, Revision D.01; Gaussian Inc:
Wallingford, CT, 2013.

(54) Ehlers, A. W.; Bshme, M.; Dapprich, S.; Gobbi, A.; Hollwarth,
A.; Jonas, V.; Kohler, K. F.; Stegmann, R.; Veldkamp, A.; Frenking, G.
A Set of f-Polarization Functions for Pseudo-Potential Basis Sets of
the Transition Metals Sc-Cu, Y-Ag and La-Au. Chem. Phys. Lett. 1993,
208, 111-114.

(55) Norjmaa, G.; Marechal, J. D.; Ujaque, G. Microsolvation and
encapsulation effects on supramolecular catalysis: C-C reductive
elimination inside [Ga,Lg]"?~ metallocage. J. Am. Chem. Soc. 2019,
141, 13114—13123.

(56) Grimme, S. Supramolecular Binding Thermodynamics by
Dispersion-Corrected Density Functional Theory. Chem. Eur. J. 2012,
18, 9955—9964.

(57) Luchini, G.; Alegre-Requena, J. V.; Funes-Ardoiz, I; Paton, R.
S. GoodVibes: Automated Thermochemistry for Heterogeneous
Computational Chemistry Data. Chem. Inf. Sci. 2020, 9, 291.

(58) Li, P.; Merz, K. M. MCPB.py: A Python Based Metal Center
Parameter Builder. J. Chem. Inf. Model. 2016, 56, 599—604.

https://doi.org/10.1021/acs.inorgchem.5c03400
Inorg. Chem. 2025, 64, 2266422673


https://doi.org/10.1002/anie.201306025
https://doi.org/10.1002/anie.201306025
https://doi.org/10.1002/anie.201306025
https://doi.org/10.1039/c2sc00935h
https://doi.org/10.1039/c2sc00935h
https://doi.org/10.1039/c2sc00935h
https://doi.org/10.1039/c2sc00935h
https://doi.org/10.1021/ar100130j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar100130j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar100130j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.0c01899?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.0c01899?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.cclet.2019.05.007
https://doi.org/10.1016/j.cclet.2019.05.007
https://doi.org/10.1016/j.cclet.2019.05.007
https://doi.org/10.1039/C8CC00216A
https://doi.org/10.1039/C8CC00216A
https://doi.org/10.1039/C8CC00216A
https://doi.org/10.1021/acs.accounts.8b00340?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.8b00340?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.202012901
https://doi.org/10.1002/anie.202012901
https://doi.org/10.1016/j.ica.2004.06.037
https://doi.org/10.1016/j.ica.2004.06.037
https://doi.org/10.1016/j.ica.2004.06.037
https://doi.org/10.1039/b210957c
https://doi.org/10.1039/b210957c
https://doi.org/10.1002/1522-2675(20011017)84:10<2971::AID-HLCA2971>3.0.CO;2-M
https://doi.org/10.1002/1522-2675(20011017)84:10<2971::AID-HLCA2971>3.0.CO;2-M
https://doi.org/10.1002/1522-2675(20011017)84:10<2971::AID-HLCA2971>3.0.CO;2-M
https://doi.org/10.1021/ic0481531?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic0481531?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic0481531?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/ejic.200500393
https://doi.org/10.1002/ejic.200500393
https://doi.org/10.1002/ejic.200500393
https://doi.org/10.1002/ejic.200500091
https://doi.org/10.1002/ejic.200500091
https://doi.org/10.1002/ejic.200500091
https://doi.org/10.1021/ja028910z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja028910z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja028910z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1073/pnas.052587499
https://doi.org/10.1073/pnas.052587499
https://doi.org/10.1021/ja004279v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja004279v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja004279v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.0c00312?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.0c00312?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/chem.202100794
https://doi.org/10.1002/chem.202100794
https://doi.org/10.1002/chem.201901880
https://doi.org/10.1002/chem.201901880
https://doi.org/10.1002/anie.201811711
https://doi.org/10.1002/anie.201811711
https://doi.org/10.1002/chem.201801134
https://doi.org/10.1002/chem.201801134
https://doi.org/10.1002/chem.201801134
https://doi.org/10.1002/anie.201704359
https://doi.org/10.1002/anie.201704359
https://doi.org/10.1002/chem.201703984
https://doi.org/10.1002/chem.201703984
https://doi.org/10.1002/chem.201703984
https://doi.org/10.1039/D3CP04342H
https://doi.org/10.1039/D3CP04342H
https://doi.org/10.1021/jacs.0c03444?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c03444?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jcim.1c00348?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jcim.1c00348?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.464913
https://doi.org/10.1103/PhysRevA.38.3098
https://doi.org/10.1103/PhysRevA.38.3098
https://doi.org/10.1103/PhysRevB.37.785
https://doi.org/10.1103/PhysRevB.37.785
https://doi.org/10.1103/PhysRevB.37.785
https://doi.org/10.1063/1.3382344
https://doi.org/10.1063/1.3382344
https://doi.org/10.1063/1.3382344
https://doi.org/10.1021/jp810292n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp810292n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp810292n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp810292n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0009-2614(93)80086-5
https://doi.org/10.1016/0009-2614(93)80086-5
https://doi.org/10.1021/jacs.9b04909?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b04909?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b04909?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/chem.201200497
https://doi.org/10.1002/chem.201200497
https://doi.org/10.12688/f1000research.22758.1
https://doi.org/10.12688/f1000research.22758.1
https://doi.org/10.1021/acs.jcim.5b00674?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jcim.5b00674?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.5c03400?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Inorganic Chemistry

pubs.acs.org/IC

(59) Wang, J.; Wolf, R. M.; Caldwell, J. W.; Kollman, P. A.; Case, D.
A. Development and Testing of a General AMBER Force Field. J.
Comput. Chem. 2004, 25, 1157—1174.

(60) Jorgensen, W. L.; Tirado-Rives, J. The OPLS [optimized
potentials for liquid simulations] potential functions for proteins,
energy minimizations for crystals of cyclic peptides and crambin. J.
Am. Chem. Soc. 1988, 110, 1657—1666.

(61) Rappe, A. K.; Casewit, C. J.; Colwell, K. S.; Goddard, W. A., III;
Skiff, W. M. UFF, a Full Periodic Table Force Field for Molecular
Mechanics and Molecular Dynamics Simulations. J. Am. Chem. Soc.
1992, 114, 10024—10035.

(62) Bayly, C. L; Cieplak, P.; Cornell, W.; Kollman, P. A. A Well-
Behaved Electrostatic Potential Based Method Using Charge
Restraints for Deriving Atomic Charges: The RESP Model. J. Phys.
Chem. 1993, 97, 10269—10280.

(63) Wang, J.; Wang, W.; Kollman, P. A,; Case, D. A. Automatic
atom type and bond type perception in molecular mechanical
calculations. J. Mol. Graph. Model 2006, 25, 247—260.

(64) Jakalian, A.; Jack, D. B; Bayly, C. L. F. Fast, efficient generation
of high-quality atomic charges. AM1-BCC model: II. Parameterization
and validation. J. Comput. Chem. 2002, 23, 1623—1641.

(65) Case, D. A;; Betz, R. M.; Cerutti, D. S.; Cheatham, T. E., III;
Darden, T. A;; Duke, R. E.; Giese, T. J.; Gohlke, H.,; Goetz, A. W.;
Homeyer, N.; Izadi, S.; Janowski, P.; Kaus, J.; Kovalenko, A.; Lee, T.
S.; LeGrand, S.; Li, P; Lin, C.; Luchko, T.; Luo, R; Madej, B;
Mermelstein, D.; Merz, K. M.; Monard, G.; Nguyen, H.; Nguyen, H.
T.; Omelyan, I; Onufriev, A.;; Roe, D. R.; Roitberg, A.; Sagui, C.;
Simmerling, C. L.; Botello-Smith, W. M.; Swails, J.; Walker, R. C,;
Wang, J.; Wolf, R. M.; Wu, X; Xiao, L.; Kollman, P. A. AMBER 2016,
University of California: San Francisco, 2016.

(66) Faller, R; de Pablo, J. J. Constant Pressure Hybrid Molecular
Dynamics—Monte Carlo Simulations. J. Chem. Phys. 2002, 116, 55—
S9.

(67) Essmann, U.; Perera, L.; Berkowitz, M. L.; Darden, T.; Lee, H.;
Pedersen, L. G. A Smooth Particle Mesh Ewald Method. J. Chem.
Phys. 1995, 103, 8577—8593.

(68) Dettersen, E. F.; Goddard, T. D.; Huang, C. C.; Couch, G. S;
Greenblatt, D. M.; Meng, E. C,; Ferrin, T. E. UCSF Chimera - A
Visualization System for Exploratory Research and Analysis. J.
Comput. Chem. 2004, 25, 1605—1612.

(69) Kelly, A. L; Gardner, S. P; Sutcliffe, M. J. An automated
approach for clustering an ensemble of NMR-derived protein
structures into conformationally related subfamilies. Protein Eng.
1996, 9, 1063—1065.

(70) Barducci, A.; Bussi, G.; Parrinello, M. Well tempered
metadynamics a smoothly converging and tunable free energy
method. Phys. Rev. Lett. 2008, 100, 020603.

(71) Raiteri, P.; Laio, A.; Gervasio, F. L.; Micheletti, C.; Parrinello,
M. Efficient Reconstruction of Complex Free Energy Landscapes by
Multiple Walkers Metadynamics. J. Phys. Chem. B 2006, 110, 3533—
3539.

(72) Van Der Spoel, D.; Lindahl, E.; Hess, B.; Groenhof, G.; Mark,
A. E,; Berendsen, H. J. C. GROMACS: Fast, Flexible, and Free. J.
Comput. Chem. 2008, 26, 1701—1718.

(73) Gilson, M. K;; Given, J. A.; Bush, B. L.; McCammon, J. A. The
statistical-thermodynamic basis for computation of binding affinities:
a critical review. Biophys. ]. 1997, 72, 1047—1069.

(74) Johnson, E. R; Keinan, S.; Mori-Sanchez, P.; Contreras-Garcia,
J.; Cohen, A. J; Yang, W. Revealing Noncovalent Interactions. J. Am.
Chem. Soc. 2010, 132, 6498—6506.

(75) Contreras-Garcia, J.; Johnson, E.; Keinan, S.; Chaudret, R.;
Piquemal, J.-P.; Beratan, D.; Yang, W. NCIPLOT: a program for
plotting non-covalent interaction regions. J. Chem. Theor. Comp. 2011,
7, 625—632.

(76) Wang, G.; Riihling, A.; Amirjalayer, S.; Knor, M.; Ernst, J. B;
Richter, C.; Gao, H.-J.; Timmer, A.; Gao, H.-Y.; Doltsinis, N. L.;
Glorius, F.; Fuchs, H. Ballbot-Type Motion of N-Heterocyclic
Carbenes on Gold Surfaces. Nat. Chem. 2017, 9, 152—156.

22673

(77) Hayashi, S.; Nishide, T.; Nakanishi, W. Nature of intra-
molecular O—H--7 interactions as elucidated by QTAIM dual
functional analysis with QC calculations. RSC Adv. 2019, 9,
15521-15530.

(78) Tiwary, P.; Parrinello, M. A Time-Independent Free Energy
Estimator for Metadynamics. J. Phys. Chem. B 2015, 119, 736—742.

AS BIOFINDER
HELPS YOU FIND
YOUR NEXT
BREAKTHROUGH
FASTER

Navigate pathways, targets, and
diseases with precision

Explore CAS BioFinder

\J

\\

‘o (3 )

CAS

sion of the
American Chemical I Society

https://doi.org/10.1021/acs.inorgchem.5c03400
Inorg. Chem. 2025, 64, 2266422673


https://doi.org/10.1002/jcc.20035
https://doi.org/10.1021/ja00214a001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00214a001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00214a001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00051a040?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00051a040?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100142a004?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100142a004?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100142a004?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jmgm.2005.12.005
https://doi.org/10.1016/j.jmgm.2005.12.005
https://doi.org/10.1016/j.jmgm.2005.12.005
https://doi.org/10.1002/jcc.10128
https://doi.org/10.1002/jcc.10128
https://doi.org/10.1002/jcc.10128
https://doi.org/10.1063/1.1420460
https://doi.org/10.1063/1.1420460
https://doi.org/10.1063/1.470117
https://doi.org/10.1002/jcc.20084
https://doi.org/10.1002/jcc.20084
https://doi.org/10.1103/PhysRevLett.100.020603
https://doi.org/10.1103/PhysRevLett.100.020603
https://doi.org/10.1103/PhysRevLett.100.020603
https://doi.org/10.1021/jp054359r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp054359r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/jcc.20291
https://doi.org/10.1016/S0006-3495(97)78756-3
https://doi.org/10.1016/S0006-3495(97)78756-3
https://doi.org/10.1016/S0006-3495(97)78756-3
https://doi.org/10.1021/ja100936w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct100641a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct100641a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nchem.2622
https://doi.org/10.1038/nchem.2622
https://doi.org/10.1039/C9RA01788G
https://doi.org/10.1039/C9RA01788G
https://doi.org/10.1039/C9RA01788G
https://doi.org/10.1021/jp504920s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp504920s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.5c03400?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.cas.org/solutions/biofinder-discovery-platform?utm_campaign=GLO_ACD_STH_BDP_AWS&utm_medium=DSP_CAS_PAD&utm_source=Publication_ACSPubs

