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Abstract

In this study, the host effect of the supramolecular [Gasls]'?™ tetrahedral metallocage
on reductive elimination of substrate by encapsulated Au(lll) complexes is investigated
by means of computational methods. The behavior of the reactants in solution and
within the metallocage is initially evaluated by means of classical molecular dynamics
simulations. These results guided the selection of proper computational models to
describe the reaction in solution and inside the metallocage at DFT level. The
calculated Gibbs energy barriers are in very good agreement with experiment both in
solution and inside the metallocage. The analysis in solution revealed that
microsolvation around the Au(lll) complex increases the Gibbs energy barrier. The
analysis within metallocage shows that its encapsulation favors the reaction. The
process can be formally described as removing explicit microsolvation around the gold
complex and encapsulating the metal complex inside the metallocage. Both processes
are important for the reaction but the removal of the solvent molecules surrounding
the Au(lll) metal complex is fundamental for the reduction of the reaction barrier. The
energy decomposition analysis of the barrier among strain, interaction and thermal
terms shows that strain term is very low whereas the contribution of thermal
(entropic) effects is moderate. Interestingly, the key term responsible for reducing the
Gibbs energy barrier is the interaction. This term can be mainly associated to
electrostatic interactions in agreement with previous examples in the literature.



1. INTRODUCTION

Supramolecular catalysis is a discipline that brings together the fields of catalysis and
supramolecular chemistry.! The design of molecular compounds offering cavities is of
great interest since they can become enzyme-like catalysts for chemical
transformations. They were initially inspired in biological processes although their
design has significantly evolved, and many new man-made microenvironments have
been developed.

The molecular compounds able to mediate or catalyze chemical reactions are also
named molecular flasks.>3 The first example of a molecular flask was published by
Rebek based on a purely organic cage assembled via hydrogen-bonding interactions.*®
Synthetic cages based on metal-organic coordination structures, named metallocages
represent a recognized development in host design.”~%® They are very interesting due
to the large versatility generated by including metals in their structure. In this sense,
several metallocages have been designed as supramolecular catalysts'’~?! including
Raymond’s?? Gauls, Fujita’s?® PdsLs or Nitschke’s?* Feqls, among others.>>=%7

The tetrahedron host Ki2[Gasls] developed by Raymond and coworkers has been
applied to catalyze a set of reactions including the hydrolysis of orthoformates,?®
Nazarov cyclization,” hydroalkylation,3® allyl alcohol isomerization,3 aza-Cope
rearrangement,?? etc.333* The metallocage catalyzes the reductive elimination for
several high-valent transition metal based on Au(lll) and Pt(IV) complexes.>3® In this
work we are interested in the alkyl-alkyl reductive elimination from a Au(lll) complex.
The reaction is dramatically accelerated when performed inside the [Gasle]'?”
metallocage, becoming the highest accelerated reaction observed to up to date for any
synthetic supramolecular catalyst.>> This reaction has been deeply investigated by
Bergman, Raymond and Toste, thus, there is a large amount of experimental
information available.

A schematic representation of the process involving gold species is presented in
Scheme 1. According to the kinetic experiments the reaction is consistent with a
Michaelis-Menten-type mechanism; it is described by a preequilibrium process of
halide dissociation previous to the encapsulation of the emerging cationic Au(lll)-
complex by the supramolecular [Gasls]'*~ metallocage, 3. For the case of complex 1E,
[(EtsP)Au(l)(CHs)2], they observed an outstanding value for the acceleration rate,
Keat/Kuncat, of 1.9 x 107 when comparing the processes in MeOH solvent in the
presence/absence of metallocage 3. The rate acceleration, Keat/kuncat, for complex 1M,
with a MesP phosphine in the Au(lll) coordination sphere is 5.0 x 10°. For the case of
PhsP phosphine as ligand no acceleration is observed indicating size exclusion of the
Au(lll)-complex from the cavity of metallocage 3.
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Scheme 1. Schematic representation of the reductive elimination from [(R3P)Au(l)(CHs)2]
complexes, 1E and 1M: (a) in MeOH solution and (b) and inside [GasLs]*>~ metallocage 3.*

Theoretical analysis is nowadays indispensable to acquire a deeper understanding at a
molecular level of catalytic processes.3”3® However, few theoretical studies of the rate
acceleration by supramolecular hosts have been reported. Some examples are
cycloaddition inside cucurbit[6]uril?**° and inside Rebek’s capsule,** Diels-Alder
reactions inside B-cyclodextrin (B-CD)*? and in Rebek’s “softball”,** among others.44->°
For metallocages, and more particular for the case of the Raymond [Gasle]*?~
metallocage the orthoformate hydrolysis®® and aza-Cope rearrangement>? have been
theoretically investigated and in a recent work by Vaissier-Welborn and Head-Gordon
>3 the effect of the overall charge of the [Msl¢] metallocage on the C-C reductive
elimination process (by comparing [Gasle]*?>~ with [SisLg]®~, respectively) was also
computationally investigated. Most of these works concluded that the electrostatic
environment is essential for increasing the reaction rate.

The aim of the present work is to investigate the origin of the outstanding rate
acceleration between encapsulated and non-encapsulated complexes by comparing
the reaction in methanol and inside the metallocage by means of theoretical methods.
In our study we also observed that the electrostatic surrounding is important, but
importantly, we identified and quantified the two main factors for reducing the energy
barrier: change in the microsolvation and encapsulation of the reactant. We also
addressed additional questions as if the K* counterions affect the metallocage activity,
are there solvent molecules inside the cavity, how important are the entropic effects,
etc. Answering these questions should help the design of new supramolecular
catalysts.



2. COMPUTATIONAL DETAILS

All DFT calculations were performed with the B3LYP-D3 functional®* as implemented in
the Gaussian 09 software package.>®> Geometry optimizations were performed with the
6-31G(d) basis set for the main group elements and the scalar relativistic
Stuttgart-Dresden (SDD) pseudopotential complemented with a set of d and f
polarization functions for the gallium and gold atoms, respectively.”®>” The structures
of the reactants, transition states, and products were optimized in methanol solvent
using the SMD polarizable continuum model*® and three-body DFT-D3 dispersion
corrections®® were added separately. Additional test calculations using PCM®%61 were
also performed showing a similar trend (see Sup. Inf. Table S2). The largest model used in
DFT calculations contains 328 atoms (3401 basis functions) with average calculations of around
300 atoms. The quasi-rigid-rotor-harmonic-oscillator (quasi-RRHO) approach was used
for thermal contributions to the Gibbs energies.®? The standard state corrections® to
the Gibbs energies are calculated with the correction term [RT In(1/24.46 L/mol x 1
mol/L)]; thus, 1.9 kcal/mol was added to each of the compounds except methanol for
which the correction term RT In(1/24.46 L/mol x 24.75 mol/L) is 3.8 kcal/mol.

For the reaction in solution DLPNO-CCSD(T) calculations®* were performed with ORCA
4.0% to compare with B3LYP-D3 results. We compared DLPNO-CCSD(T) and B3LYP-D3
energy barriers of the model reaction in vacuum and with SMD solvation in MeOH. The
difference between the calculated energy barriers at these two levels of theory is only
around 1.0 kcal/mol (see Sup. Inf. Table S3).

To find out the number of solvent molecules inside the cavity of the metallocage
classical Molecular Dynamics (MD) simulations were performed with more than 3500
explicit methanol solvents (MEOHBOX) and the number of K* counterions necessary to
keep the solution neutral. All MD simulations were performed using Amber 16 suite of
programs®® with a general AMBER force field.5” A cubic periodic box (68 A length of the
edge), which is close to the experimental concentration of the metallocage) under the
NPT conditions (P = 1 bar, T = 298.15K). Productive simulation runs of 400 ns were
considered after an equilibration period of 60 ps. The MD simulation of 1E-l in solution
was performed with a periodic box of 50 A x 50 A x 50 A including around 1660
methanol solvent molecules. The MCPB.py program® was used to generate
parameters and the antechamber® was employed for the RESP charge’® derivation.
The cavity volumes were obtained using the CAVER Analyst 1.0 software tool
employing the default probe radii.”! To obtain an initial geometry for the DFT
calculation of the neutral system including K* ions surrounding the metallocage we
performed a MD simulation of 2 ns under solvent-free conditions. The last snapshot
was the taken as starting point for DFT geometry optimizations.



3. RESULTS AND DISCUSSION

The description of the results and discussion is divided in three main subsections. The
first one is devoted to the describe the Molecular Dynamic simulations of the Au(lll)
intermediates inside the supramolecular metallocage, 3, on a periodic box of MeOH
solvent. The following subsection describes the quantum mechanical results on the
reductive elimination process of the Au(lll)-complex inside the Mals supramolecular
cage. The next subsection describes the results for the reductive elimination reaction
in MeOH solution. Finally, there is a discussion on the origin of the catalytic effect of
the supramolecular metallocage compared to the reaction in solution.

3.1. Molecular Dynamics Simulations

In this section the behavior of the [Gasls]'>~ metallocage as well as the encapsulated
intermediates that have been postulated to be involved in the process are evaluated
by means of molecular dynamic simulations within a periodic box of explicit MeOH
solvent molecules (Scheme 2). For analytical purposes the “empty” metallocage, 3, was
first considered. Then, two different models with the gold(lll) complex inside the cavity
were also simulated: one is the 2E complex encapsulated, labelled as 2E[13, whereas
the other includes the T-shaped Au(lll)-complex, 1E-l , encapsulated, labelled as 1E-
I03. Moreover, a system including the later complex, 1E-l and an iodide ion, I, as
separated entities both encapsulated, labelled as (1E-1+I7)[3, was also investigated. All
the simulations included the proper number of explicit K* ions to keep neutrality of the
system.
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Scheme 2. Schematic representation of the systems studied by means of molecular dynamic
simulations inside a periodic box of MeOH.

For the case of the initial “empty” [Gals]*?~ metallocage 3 in solution (including 12 K*
to keep electroneutrality) an average range of 5-8 solvent MeOH molecules were
observed to be inside the cavity during the simulation time (Figure S3). The analysis of
the MD trajectories shows that there is a range of 6-9 K* ions around the cage (Figure
S4), with up to two standing inside the cavity (Figure S5). Thus, the apparent charge of
the metallocage counting the surrounding K* ions in solution is in the range from -6 to -
3. This is in reasonable agreement with the experimental measured charge of -4 and -3
for metallocage, 3, with encapsulated EtsN* in solution.®72



The simulation of (1E-1+I")J3, shows that the iodide ion releases the cavity at the very
beginning of the simulation (in less than 2 ns). This indicates that the un-coordinated
iodide can rapidly release the cavity of the metallocage, in agreement with
experimental® and previous theoretical calculations.”® The simulation also shows that
in this system one solvent MeOH molecule stands inside the cavity in close contact
with the gold complex 1E-lI, Figure S10b. Such behavior is also observed in the
simulation that starts with the 1E-I complex without iodide inside the metallocage, 1E-
I003. These results strongly support that the “real” form of the gold complex
encapsulated in the cavity is the methanol coordinated system with the iodide being
already released, 2E[13 in agreement with experiment. The simulation on this system
shows that the cavity excludes further solvent molecules; only in very few
configurations a second solvent molecule fits (see Sup. Inf. Figure S10c). This indicates
that encapsulated intermediate 2E can be mainly described as an “isolated” molecule
inside the cavity. This result shows how illustrative are simulations to identify the
number of molecules inside the cavity during the process and represents a
fundamental step in selecting the chemical models to be considered to investigate the
process by means of DFT calculations.

3.2 Reductive elimination of [L,Au(CH3):]* inside the [GasLs]'*” metallocage

This section is devoted to the analysis of the reductive elimination process inside the
metallocage by means of DFT calculations including continuum solvation model. MD
calculations show that at the maximum two solvent molecules can be present inside
the cavity. Thus, we calculated the reactants and transition states for the reductive
elimination process on the [L,Au(CHs)2]* complex considering 0, 1 and 2 MeOH within
the cavity. Reaction profiles for each of the systems are presented in Figure 1.
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Figure 1. Gibbs energy profile for the reductive elimination including 0 (1E-11J3), 1 (2E[13) and 2 (2E-2)
MeOH solvent molecules inside the cavity.

According to the results shown in Figure 1 the reaction barrier changes significantly
depending on the number of solvent molecules considered inside the cavity. For the
system with no explicit MeOH solvent molecules the Gibbs energy barrier from
reactant 1E-10J3 to transition state TS_1E-1[13 is 10.0 kcal/mol. The forming C-C bond
distance is 2.182 A. The model that has one explicit MeOH occupying a coordination
site of the square planar Au(lll) complex, 2E, presents a Gibbs energy barrier of 15.4
kcal/mol. At the transition state TS_2E[3,”3 the distance between the two carbon
atoms is 2.189 A; the Au--Owmeon distance is 4.728 A, indicating that the MeOH is no
longer coordinated to the gold center at the transition state (Figure 2).”* We also
calculated the profile for the model that includes two explicit MeOH molecules (one
coordinated), 2E-2[103. The Gibbs energy barrier is 19.7 kcal/mol, with a forming C-C
bond distance of 2.179 A, and a Au---Owmeon distance of 3.299 A in TS_2E-2[13.

The Gibbs energy barrier is highly affected by the number of explicit MeOH present in
the calculation. The experimental estimated value for the Gibbs energy barrier is 16.7
kcal/mol.3> Looking at the three models considered, the one including a single
(coordinated) MeOH molecule, 2E[J3 provides the closest energy barrier to the
experimental value. Note that MD simulations also suggest that complex 2E[13 is the
most populated structure. These results show therefore that not only the system with
a unigue methanol molecule in the cavity is the most populated one, it appears to be
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the only one that lead to relevant catalytic structures. We calculated the weighted
average Gibbs energy barrier considering that these pathways can be competing. In a
molecular dynamics simulations of 2E[]3, the ratio of 0 to 1 additional MeOH inside
the cavity was 391:9. The weighted averaged Gibbs energy barrier is then [(391:15.4 +
9:19.7) / 400] = 15.5 kcal/mol, also in very good agreement with experiment.

2.189 4.728

f’.

2E013 TS_2E003

Figure 2. Optimized geometries of encapsulated reactant, 2E[J3, and transition state, TS_2E[13.
The cage is made transparent for clarity.

The effect of K* counter ions surrounding the metallocage on the Gibbs energy barrier
was also evaluated, see Table 1. During 400 ns classical MD simulation of 2EC3, there
is an average of seven K* ions at a lower distance of 11 A from the center of mass of
the metallocage (all of them outside the cavity; see Sup. Inf. Figure S9). This is in
excellent agreement with experimentally®’? charge of -4 and -3 observed for the
encapsulated EtaN* in 3. Based on this observation we recalculated at DFT level the
reductive elimination Gibbs energy barrier for a system including 7 K* surrounding the
metallocage, (2E[03K7 to TS_2E[13K7; geometry shown in Figure S12). Interestingly,
the Gibbs energy barrier is 15.4 kcal/mol, very similar to the metallocage without
counterions.

Table 1. Calculated Gibbs energy barriers for the system 2E[I3 including a different
number of K+ counterions.

Optimized geometry of TS Number Total AG'aic AGYex
Name C—C distance (4) of K" charge
TS_2E[13 2.19 0 -11 154 16.7
TS_2E[3K7 2.16 7 -4 15.4
TS_2E[13K11 2.16 11 0 15.1




The energy barrier for the neutral system (including 11 K* ions surrounding the
metallocage) was also computed. The geometries for the reactant, 2E[13K11, and the
transition state, TS_2E[13K11, were optimized (Figure S13). The energy barrier of this
system is also very similar to the previous cases, 15.1 kcal/mol, which highlights that
the number counter ions surrounding the metallocage do not significantly influence
the Gibbs energy barrier of the reaction.”> A deeper analysis on this fact is presented in
section 11 on Sup. Inf. However, to check how the local environment inside the cavity
influences the reaction we need to compare it with the reaction in MeOH solution.

3.3 Reductive elimination of [L,Au(CH3)2]* in MeOH solution

This section analyzes the reductive elimination process for the [LnAu(CHs)2]* complex in
MeOH solution. Figure 3 shows a schematic representation of the energy barriers for
the reductive elimination step for several model systems; all calculations include
continuum solvent method. We employed analogous models to those considered in
the previous section. This means including 0, 1 and 2 explicit MeOH on the
calculations, which lead to complexes 1E-l, 2E and 2E-2, respectively. Moreover, the
gold complex including a solvation sphere of 5.5 A around the metal center 2E-12 (with
12 explicit MeOH molecules) was also evaluated.
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Figure 3. Gibbs energy barriers for the reductive elimination from species 1E, 2E, 2E-2 and 2E-12 in
solution Energies in kcal/mol; Potential energies in parenthesis.

The starting reactant, 1E, is the most stable form in Gibbs energy in solution. According
to the experimental proposal 1E evolves to form a Au(lll) cationic species. This
intermediate can be either 1E-l, a three-coordinated [(EtsP)Au(CHs).]* species, or 2E, a
square-planar [(EtsP)Au(MeOH)(CHs),]* species (Figure 3). These intermediates are
schematically described by losing a iodide ligand. The Gibbs energy difference between
1E-1 and 2E is 10.0 kcal/mol, the latter more stable.’® This clearly shows that the



involved intermediate should include a solvent molecule (MeOH) occupying the “free”
coordination site. This result reveals the difficulty of the continuum model to
reproduce the explicit solvation in the coordination sphere of solute. The energy
difference between reactant 1E and intermediate 2E is 0.8 kcal/mol, indicating that
such intermediate is readily accessible. Moreover, the Gibbs energy barrier starting
from 1E and proceeding through 2E intermediate is lower than that proceeding
through 1E-l. Overall, these results suggest that the initial cationic intermediate in
solution is 2E.

The reaction from complex 2E has an overall Gibbs energy barrier for the reductive
elimination of 19.3 kcal/mol. The geometry of the transition state, TS_2E, shows that
the MeOH is no longer directly bonded to the Au center with an Au-::Omeon distance of
3.320 A. The forming C-C bond distance is 2.172 A, Figure S14. The system with two
explicit MeOH molecules, 2E-2, increases the Gibbs energy barrier to 23.4 kcal/mol. At
the transition state, TS_2E-2, the MeOH is not coordinated to the gold center with a
Au---Owmeon distance of 3.198 A; the C-C bond forming distance is 2.150 A, practically
identical to the previous model. Given the barrier increase observed, we decided to
evaluate a system including an explicit solvation sphere in addition to the continuum
model.”” The Gibbs energy barrier including 12 explicit MeOH, TS_2E-12, is 25.0
kcal/mol. Notice that this value is in excellent agreement with experimental value
observed for the reaction in solution, AG*ynctexp = 26.7 kcal/mol.3* Regarding the
geometry of TS_2E-12 is very similar to previous cases with a forming C-C bond
distance of 2.177 A, and an Au---Oweon distance of 3.419 A (Figure S15). For the sake of
completeness, the barrier for the system without any explicit MeOH molecule was also
calculated. The three-coordinated species 1E-l requires 10.8 kcal/mol to reach the
transition state TS_1E-l, whereas the overall barrier for the reductive elimination is
19.8 kcal/mol (Figure 3). For all computed systems the Gibbs energy barriers are higher
than the analogous systems within metallocage.

For comparison, the reactions in vacuum were also calculated. The barrier from 1E-I to
TS_1E-l is 3.3 kcal/mol, in agreement with the reported value of 1.7 kcal/mol for the
reductive elimination calculated in a closely related process.>? The barriers for systems
2E and 2E-12 in vacuum are 18.6 and 20.0, respectively. In all cases the presence of a
reaction field increases the reaction barrier. The continuum model, however, is not
enough to properly describe the process and explicit molecules are required; adding
explicit solvent molecules improve solvation calculations.®®>’8 Looking at Figure 3 one
can observe that the representation of the microenvironment plays a crucial role on
the barrier of the process. The higher the number of explicit solvent molecules
included in the model the higher the reductive elimination barrier. In other words, the
more “naked” is the Au(lll) complex, the lower is the reductive elimination barrier.
Importantly, according to this, if the reaction can be performed in an environment
where solvent molecules are removed the process is faster.

The dramatic energetic difference by modifying the microenvironment is not reflected
on the geometries of the transition states; they show similar forming C-C bond
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distances and the MeOH initially coordinated leaves the coordination sphere of the
gold complex. The reaction is not well reproduced by a pure continuum model and a
proper representation of the microenvironment is needed. The interactions between
the gold complex and the microenvironment, inside the metallocage and in solution,
are analyzed in the subsequent section.

3.4 Origin of catalysis by the presence of the [GasLs]'> metallocage

From the previous sections we learned that: (i) the model that better describes the
process inside the metallocage is the one including one (coordinated) solvent molecule
explicitly in the system, (ii) the calculated barrier for reduction elimination step
decreases by removing explicit solvent molecules around the gold complex (both in
solution and inside the metallocage), and (iii) the reductive elimination step is
accelerated when it takes place inside the metallocage compared to the process in
solution. With all these data in mind one can envisage the overall process divided in
two formal processes. Starting from the complex in solution the first process consists
in removing explicit solvent molecules around the gold complex (leaving only the
MeOH coordinated to the metal center, as it is found within the cavity), and the
second process is embedding the metal complex inside the metallocage. Figure 4
shows a schematic representation on how each of these two formal processes affects
the reaction barrier.

2
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Figure 4. Decomposition of the decrease in the Gibbs energy barrier in two formal processes related to
microsolvation and encapsulation. Gibbs energies in kcal/mol.

Considering the results from the two previous sections the energy associated to these
two formal processes can be calculated. The effect on the Gibbs energy barrier by
removing explicit solvent molecules is decreasing the barrier by 5.7 kcal/mol (from
25.0 kcal/mol in TS_2E-12 to 19.3 kcal/mol in TS_2E, see Figure 3). Regarding the
encapsulation process, comparing the Gibbs energy barrier for the reductive
elimination in solution, (2E to TS_2E, AG*=18.5 kcal/mol), with that inside the
metallocage, (2E0J3 to TS_2E03, AG*=15.4 kcal/mol), this difference in the Gibbs
energy is 3.1 kcal/mol; it can be associated to the reduction by performing the reaction
inside the metallocage. Overall, the decrease in the Gibbs energy barrier by comparing
the process in solution and inside the metallocage is 8.8 kcal/mol (5.7 kcal/mol for
removing explicit microsolvation and 3.1 kcal/mol for encapsulation).
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To investigate the origin of rate enhancement by the presence of the metallocage we
performed an energy decomposition analysis similar to that employed by Himo et al. in
their work with capsules.! It uses potential energies, nearly equivalent to enthalpies,
instead of Gibbs energies (see section 7 and 8 of Sup. Inf.). Such analysis was very
useful to identify strain and interaction energies associated to the encapsulation and
microsolvation processes. The strain term does not significantly contribute to the
process; thus, the modification of the geometry along the process (from reactant to
transition state) is quite similar, not depending on the environment. The most
important contribution to the barrier reduction clearly comes from the interaction
energy, mainly associated to the encapsulation process. Such an interaction term can
be mostly related to an electrostatic interaction (there are no covalent bonds between
reactants and the cage).” This is completely consistent with previous experimental®°
and theoretical® results.

The Gibbs energies are calculated by adding the thermal corrections (ATh) to the
potential energies (AEson); the former term is roughly associated to the entropic
contributions. These magnitudes are schematically represented in Figure 5 for the
process in solution (including 12 MeOH; pink profile), for the process including 1 MeOH
solvent molecule (purple profile), and for the process inside metallocage 3 (green
profile).
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Figure 5. Schematic representation of the decomposition of Gibbs energy barriers (green numbers) in
potential energy barriers (red numbers) and their respective thermal contributions (orange numbers).
The analysis of model reaction of complex 2E (purple profile), encapsulated complex (2E[J3; green
profile) and microsolvated complex (2E-12; pink profile) Energies in kcal/mol. Add 5.7 and 3.1

Regarding the entropic contributions to the overall process, the term related to
remove the microsolvation, A8Th*gesoiv diminish the barrier by -1.8 kcal/mol [~ 3.0 — (-
1.2) kcal/mol], whereas the term related to the encapsulation process raises the
barrier by 4.7 kcal/mol [+1.7 — (— 3.0) kcal/mol]. Interestingly, the first term favors the
reaction whereas the second is detrimental for the barrier. Overall, entropic
contributions increase the barrier by 2.9 kcal/mol. The general view about
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encapsulated chemical reactions is that entropy effects should favor the reaction
because reactants are confined. Checking in literature recent computational works on
supramolecular catalysis in most cases entropy was found to favor the process (in all
these works the reaction was a bimolecular process).3°%%%0 |n the reaction we are
analyzing, however, the process is unimolecular generating two molecules starting
from a single one, thus, the entropy may play an opposite role inside the metallocage.

In summary, the Gibbs energy barrier decrease was quantified as -5.7 and -3.1
kcal/mol, for each formal process, microsolvation and encapsulation, respectively.
Encapsulating the complex reduces the barrier but removing explicit solvent molecules
around the gold complex is even more significant for catalyzing the process. This
suggests that for this C-C reductive elimination over a Au(lll) complex, designing a cage
(with similar electrostatic interactions) that fits better to the “naked” gold complex
should improve the reaction rate. In this sense, one can envisage that designing a cage
that favors the T-shaped complex should improve even more the reaction.

4. CONCLUSIONS

The reductive elimination to form an alkyl-alkyl bond from a Au(lll) complex in MeOH
solution and inside a supramolecular [GasLs]*>~ metallocage was investigated by means
of computational methods to identify the factors that cause the rate acceleration of
the reaction. Classical molecular dynamics simulations were performed to evaluate the
behavior of the gold complex inside the cavity in combination with DFT calculations to
analyze the reactivity.

Molecular dynamics calculations show that metallocage 3 accommodates the square
planar complex [(EtsP)Au(MeOH)(CHs)2]*, 2E, although an additional solvent molecule
could also fit within the cavity. Moreover, simulation of T-shaped Au(lll) complex,
[(EtsP)Au(CHs)2]* 1E-l, along with a iodide ion inside the metallocage shows that iodide
leaves the cavity very early, suggesting that the cationic Au(lll) complex 2E is the one
encapsulated, in agreement with experimental proposal.

The DFT mechanistic analysis on the C-C reductive elimination reaction in both solvent
and metallocage was also performed. According to the results the catalytic process can
be divided in two formal processes. The first one can be described as removing explicit
microsolvation of the [(EtsP)Au(MeOH)(CHs):]* complex (keeping only one MeOH
coordinated to the metal center, complex 2E). The second process corresponds to the
encapsulation inside the metallocage, 2E[03. According to this, the overall 8.8 kcal/mol
Gibbs energy barrier reduction by performing the reaction within metallocage 3, can
be divided in 5.7 kcal/mol for explicit desolvation and 3.1 kcal/mol for encapsulation,
respectively. These results clearly suggest that the better the complex fits within the
cavity (thus removing the surrounding solvent molecules) the larger the reduction in
the energy barrier. This is a key point because recognizes the importance of the
supramolecular cage on removing the solvent molecules around the Au(lll) complex.
On the other hand, encapsulation process itself is also important to reduce the Gibbs
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energy barrier. The energy decomposition analysis shows that among the strain,
interaction and thermal terms for the overall process the interaction energy is by far
the most important one. We are working on other systems to see how these
observations can be generalized. We believe that the identification of the
contributions to the rate acceleration by the [Gasls]*?>~ metallocage might guide the
design of new supramolecular catalysts.
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