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Abstract

Ag(]) salts have demonstrated superior catalytic activity in the cubane-cuneane rearrangement.
This research presents a comprehensive mechanistic investigation to answer the following questions:
(1) What is the specific mechanism involved? (2) How does Ag differ from other metals in this
context? (3) What is the nature of the oxidative addition by Ag(I) salts? (4) How does the choice of
ligand or counteranion influence the reaction? Based on the mechanistic findings, a catalytic system
based on a chiral ether ligand is predicted to exhibit milder Lewis acidity, lower reaction barriers,
higher chemoselectivity, and the potential for achieving enantioselective synthesis through post-
transition state desymmetrization.

Introduction

Transition metal-catalyzed chemical transformations form a solid foundation of modern
chemistry. Among the transition metals, the d-block noble metals'->—Pd3-4, Ru’-%, Rh’, and Ir®—
have been extensively studied and applied. Additionally, the catalytic application of other d-block
metals such as Mn°, Fe!%!!| Co'?, and Ni'*>!* has rapidly emerged. As for the ds-block elements,
Cu'>'® and Au'>? have also been extensively explored. However, the catalytic behavior of Ag in
organometallic compounds remains relatively unexplored?'-2%, creating an intriguing knowledge gap.
In recent years, cuneanes, a class of caged polycyclic hydrocarbons, have garnered interest due to
their unique skeleton structure, which enables their applications in liquid crystal technology and as
bioisosteres of benzene in medicinal development. The skeletal rearrangement of cubanes to
cuneanes, catalyzed by Ag(I) catalysts, was first reported by Eaton in 1970%7. Although Au(I) and
certain intricately designed Pd(Il) complexes have also been employed?®, Ag(l) catalysts display
superior activity, providing an ideal platform to study the behavior of Ag in organometallic
chemistry. When a 1,6-disubstituted cubane is used as the substrate, two products—Prod1 and
Prod2—can be generated depending on the metal, ligand, and counteranion employed. In 2023,
Lam?’, Nagasawa’’ and Stephenson?®! reported new progress on this reaction nearly at the same time.
In Lam’s report, a mild strategy using AgNTf as the catalyst, selectively yielding Prod1 at room
temperature with dichloromethane (DCM) as the solvent (Figure 1). Despite the advantages of
Lam’s reaction, the reaction is incompatible with functional groups such as tertiary alcohols and
Troc-protected amino groups, possibly due to the Lewis acidity of the Ag(I) catalyst. To comprehend
the selectivity, enhance catalytic activity, and broaden the substrate scope, a thorough understanding
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of the mechanism is necessary.

The rearrangement is proposed to occur through a mechanism involving oxidative addition
(OA) to the C-C o-bond, heterolytic cleavage of the metal-carbon bond, and subsequent tandem
carbocation rearrangement (Figure 1). In this study, we investigate the mechanism using density
functional theory (DFT), high-level coupled cluster (DLPNO-CCSD(T)), and quasi-classical
molecular dynamics calculations to address the following questions: (1) What is the actual
mechanism, and which step determines the selectivity? (2) What is the nature of the OA step into a
strained C—C bond? (3) Why do Ag(I) catalysts exhibit superior reactivity, and how do they differ
from other metals during the OA step? (4) How can we further enhance Lam's reaction? (5) Is it
possible to achieve enantioselective synthesis of the cuneane product from an achiral 1,6-
disubstituted substrate?
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Figure 1. A summary of Lam’s report and the questions to be investigated in this research.

Methods

All calculations were performed using Gaussian 16 program?2. For geometry optimization, the
PBEO functional®® was used with the SDD pseudopotential basis set for metals and 6-31+G(d,p)
basis set*** for other atoms, in combination with the with Grimme’s D3BJ dispersion correction*’
and SMD implicit solvation model*' using dichloromethane as the solvent. All minimums and
transition states were verified by frequency calculation, and thermal corrections at 298.15 K were
obtained at the same level. Single point energies were calculated at DLPNO-CCSD(T)/def2-
TZVPPD level*>** using the ORCA program*®. According to Coote et al.’s recommendation*®, the
solvation free energy of each compound was obtained at M05-2X/6-31G(d) level*’, while SDD was
used for metals. The final Gibbs free energy of each compound is obtained by the following method:
G = thermal correction (PBE0-D3BJ/6-31+G(d,p)/SDD/SMD) + E(M05-2X/6-31G(d)/SDD/SMD)
— E(M05-2X/6-31G(d)/SDD/gas) + E(DLPNO-CCSD(T)/def2-TZVPPD) + 1.89 kcal/mol

Optimized structures were illustrated using CYLview*%. The orbital isosurface data were
derived using Multiwfn and visualized by VMD®.

The quasi-classical trajectory molecular dynamics simulations were performed using the
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PROGDYN program®. The initial geometry for each trajectory was generated by adding
displacements that follow a QM-like Gaussian distribution to all vibrational modes higher than 10
cm™! of the initial geometry. Each real normal mode was given its zero-point energy plus a random
Boltzmann sampling of the thermal energy available at 298.15 K. Trajectories were propagated at
the same theoretical level as geometry optimization in both the forward and backward directions,
until the product forms or the length of trajectory is longer than 2000 fs.

Results and Discussion

Mechanism: The mechanism of Lam's reaction was initially investigated within the previously
accepted mechanistic framework. The coordination of AgNTf, to the cubane substrate 1 is
exothermic, releasing -8.3 kcal/mol of energy and forming the Ag—O complex Intl. Subsequently,
an OA into one of the C—C bonds occurs. Among the three groups of equivalent C—C bonds (labelled
as purple for C1-C2, orange for C2—C3, and blue for C3—C6 in Figure 2), the previously proposed
mechanism suggests OA into the C1-C2 bond. However, high-level computational results suggest
that the OA into the C2—C3 bond exhibits the lowest barrier (14.7 kcal/mol through TS1¢), while
the OA into the C1-C2 and C3—C6 bonds requires barriers of 17.1 kcal/mol (through TS1a) and
19.5 kcal/mol (through TS1b), respectively. The Ag(Ill) complex, Int2a, Int2b, and Int2c, exhibit
similar free energies (0.7 ~ 2.1 kcal/mol).

Subsequently, one of the Ag—C bonds undergoes heterolytic cleavage, enabling a carbocation
rearrangement. Both Int2a and Int2c¢ favor the cleavage of the Ag—C bond close to the CH,OH
substituent group (through TS2a and TS2¢, respectively), likely due to its stabilization of the
developing carbocation. In the case of Int2a, the cleavage of the Ag—C bond through TS2a leads to
the formation of a carbocation intermediate, Int3a. Although a transition state (TS) exists for the
subsequent rearrangement on the electronic energy surface, its free energy is lower than that of
Int3a, suggesting that the rearrangement is almost barrierless. In Int2e¢, the cleavage of the Ag—C
bond through TS2¢ enables a concerted rearrangement that directly leads to the final product (the
concertedness and dynamic behavior of this step will be discussed later). Both pathways through
TS2a and TS2c¢ result in the formation of Prodl.

The formation of Prod2 occurs through the cleavage of the Ag—C bond near the CO,Me group
via TS2a' or TS2¢', which requires a higher energy barrier. Considering that the energy of TS1b is
significantly higher than that of all the other TSs except TS2a’', it is expected that the reaction
pathway through C3—C6 oxidative addition plays a minor role. Therefore, further exploration of the
subsequent transformations was not conducted.

The energies of TS1s and TS2s are quite similar. As a result, the reaction does not have a single
rate-determining step. The overall barrier for forming Prod1 through OA into C1-C2 and C2-C3
bond is 17.1 kcal/mol (determined by TS1a) and 16.3 kcal/mol (determined by TS2c), respectively.
The small difference in barriers suggests that both pathways coexist, although the latter contributes
more. The overall barrier to forming Prod2 is 17.7 kcal/mol, as determined by TS2e¢'. The
computational results suggest that Prod1 is favored by ~1.4 kcal/mol, suggesting a Prod1/Prod2
ratio of 13:1, which is roughly consistent with the experimental observation of 25:1.
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Figure 2. Gibbs free energy profile (kcal/mol) of the cubane rearrangement catalyzed by AgNTT,,
as well as the geometries of selected key species. The bond lengths are in angstrom.

Overall, the DFT and DLPNO-CCSD(T) calculations in this section indicate that the reaction
follows an oxidative addition-Ag—C bond cleavage-carbocation rearrangement mechanism.
However, contrary to the previously proposed C1-C2 oxidative addition, the AgNTTf, catalyst
exhibits a preference for oxidative addition into the C2—C3 bond. Both pathways contribute to the
formation of the observed products, Prod1 and Prod2, depending on which of the two Ag—C bonds
undergoes heterolytic cleavage. The overall barrier is determined by both the oxidative addition and

the Ag—C bond cleavage steps, with computations suggesting a preference for the formation of
Prodl1.

Nature of the rearrangement process: According to the preceding discussion, the formation of the
observed product can be attributed to four processes, as illustrated in Figure 3. Each of these
processes involves three stages of bond cleavage and formation. Initially, one of the C—Ag bonds
undergoes heterolytic cleavage, generating a cyclobutyl carbocation. Subsequently, a neighboring
C—C bond migrates towards the carbocation center, resulting in the cleavage of one C—C bond and
the formation of a new C—C bond. Finally, the remaining C—Ag bond donates its electrons to the
rearranged carbocation, leading to the formation of the second C—C bond and the release of the final
product.
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Figure 3. Schematic process of the formation of Prod1 and Prod2 through four possible

pathways.

Regarding the nature of the rearrangement process, the high propensity for rearrangement of
the cyclobutyl cation allows for the coupling of Ag—C bond heterolytic cleavage with the further
bond cleavage or formation events. This tandem rearrangement demonstrates fascinating
mechanistic diversity in terms of whether the process occurs concertedly or stepwise.

On the one hand, during the process initiated by OA into the C1-C2 bond, the Ag(Ill)
intermediate, referred to as Int2a, converts into a carbocation intermediate, Int3a, through TS2a.
During this reaction, the Ag—C1 bond is cleaved, resulting in a cationic C1 (Figure 3a). Int3a exhibits
a bridged structure, where C5 is symmetrically positioned between C1 and C4. It readily undergoes
further rearrangement, in which the C5—C4 bond cleaves, and the Ag—C2 bond is eliminated to form
the C2—C4 bond, leading to the release of the final product, Prod1. Notably, Int3a has two adjacent
C—C bonds near the C1 cationic center, namely C5—-C4 and C5—C8. These two bonds are formally
symmetric, although they differ in specific conformers based on the orientation of the hydroxyl
group. During the IRC curve, the C5-C4 bond, which is cis- to the hydroxyl group, participates in
the formation of the bridged carbocation. As there is no chiral ligand present, the conformer with
the hydroxyl group cis- to the C5—C8 bond has an identical energy, resulting in the two bonds having
an equal probability of migration. However, the migration of one of these two bonds will determine
the enantioselectivity of the overall reaction once a chiral ligand is introduced. This preference will
be further discussed in a later section.

On the other hand, the tandem rearrangement starting from the intermediate formed by OA into
the C2—C3 bond, namely Int3c, is concerted. According to the intrinsic reaction coordinate (IRC)
through TS2c (Figure 3b), all the necessary bond adjustments to achieve Prod1 occur successively.
Starting from Int2c, the C2—Ag bond is partially cleaved, accompanied by a rapid shift of the C1—
C8 bond towards the cationic C2, resulting in a flat region A on the IRC curve. This migration leads
to partial carbocation character on the tertiary carbon C1. However, this carbocation is not an
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intermediate; it readily collapses once C1 approaches the C3—Ag bond, ultimately facilitating the

formation of the second C—C bond and the release of Prod1.
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Figure 3. IRC curve and selected key geometries for (a) TS2a and (b) TS2c.

The dynamic behavior of the molecule on the reaction pathways is further studied using quasi-
classical molecular dynamics simulations (Figure 4). A total of 80 trajectories were initiated from
TS2a, and 55 trajectories were initiated from TS2e¢. The evolution of key bond lengths was recorded.
Although TS2a results in a carbocation intermediate, the reaction is dynamically concerted,
consistent with the very low rearrangement barrier through TS3a. Starting from TS2a, the C1-Ag
cleavage event occurs rapidly with an average timing of 96.4 fs, followed by the formation of C1-
C5 bond, resulting in the formation of the carbocation Int3a. However, the C4—C5 bond dissociates
quickly, leading to additional rearrangement. The average timing for C4—CS5 bond cleavage is 319
fs, while in some trajectories, this event occurs even earlier (~200 fs). A few tens of femtoseconds
later, the second C—C bond formation event occurs. Although the IRC curve shows that C4—C5
participates in forming a bridged carbocation, both C4—C5 and C8—C5 migrate along the trajectories
(C4—C5 migrates in 26 trajectories and C8—C5 migrates in 17 trajectories), leading to the formation
of C4—C2 and C8—C2 bonds, respectively. The average durations for these two types of trajectories
are quite similar (365 and 364 fs, respectively).
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Figure 4. Evolution of key bond lengths along selected quasi-classical molecular dynamics
trajectories initiated from TS2a and TS2c. The average timings for each bond cleavage or
formation event are labelled beside gray vertical lines (in f5).

In the case of trajectories initiated by TS2¢, all bond adjustment events occur much more
rapidly. The formation of the C7—C8 bond takes place prior to the cleavage of the Ag—C bond, with
average timings of 38.4 fs and 67.2 fs, respectively. Subsequently, the C1-C8 bond exclusively
migrates at around 143 fs, followed by the formation of the second C—C bond within 194 fs. In
summary, quasi-classical molecular dynamics simulations indicate that the tandem rearrangement
through both TS2a and TS2c¢ occurs in a dynamically concerted manner, albeit with different

timings.

Metal Effect: Lam's reaction involves a novel oxidative addition (OA) into a non-polar C—C bond,
and this step is achieved using Ag(I), a relatively uncommon transition metal catalyst. This section
aims to explore the difference between Ag and other metals and clarify why Ag salt is the superior
catalyst.

First, various potential metal catalysts were compared. Practical Au(I) and Cu(I) catalysts are
typically used in combination with a soft ligand such as phosphine or nitrogen heterocyclic carbene
(NHC). Therefore, three phosphine-ligated catalysts, namely Ag(PMe;)NTf,, Au(PMe3;)NTf,, and
Cu(PMe3)NTH, were compared. Furthermore, the "bare" cationic Cu(I) catalyst, CuNTf,, was also
investigated (Figure 5).

The presence of the phosphine ligand PMes significantly increases the reaction barrier for the
Ag(I) catalyst. The complexation with the ester oxygen atom is endothermic for all three metals in
the presence of PMes, indicating a decrease in Lewis acidity. The selectivity among the three types
of C—C bonds during the OA step remains unchanged, but both the energy barrier and the barrier
difference increase significantly. For both Ag(PMe;)NTf, and Cu(PMe;)NTT,, the formation of the
trivalent intermediate Int2 is significantly disfavored, and its further rearrangement requires an even
higher barrier (> 25 kcal/mol). For Au(PMe3)NTf,, the OA step becomes exothermic due to the
stability of the Au(IIl) oxidation. Nonetheless, the reaction is limited by the high OA barrier.
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Figure 5. Gibbs free energy profile (kcal/mol) for the reaction using (a) Ag(PMe3;)NTH,, (b)
Au(PMe;3)NTH, (¢) Cu(PMes)NTH; and (d) CuNTHf; as catalyst. Structures of key compounds are
shown in (e).

In the case of CuNTf, the shape of the Gibbs energy profile (Figure 5d) is more similar to that
of AgNTf,. The Cu—O complexation is exothermic, releasing -5.6 kcal/mol, and the subsequent
formation of the C2—C3 bond requires a low barrier of 12.4 kcal/mol. The rate-determining step is
the cleavage of the Cu—C bond, with an overall barrier of 20.3 kcal/mol, which is still significantly
higher than that of AgNTf,. Overall, the comparison of the three metals reveals that (1) ligands used
in conjunction with practical Cu and Au catalysts may significantly impede the reaction; (2) while
a bare cationic Cu(I) can facilitate rapid OA, the reaction efficiency is constrained by slow Cu—C
bond cleavage. The superior behavior of the Ag catalyst may be attributed to two factors: (1) the
easy accessibility of bare cationic Ag(l) salt, and (2) the smaller bond energy of the Ag(III)-C bond
resulting from the larger atomic radius of Ag and the active Ag(IIl) oxidative state.

In addition to the group 11 elements, the reaction mediated by another important transition
metal, Pd, was also investigated. When Pd(PMes), was used as the catalyst (Figure 6), the OA
towards the C—C bond requires a barrier of 20.6 ~ 24.4 kcal/mol. Interestingly, the selectivity differs
slightly from that of the group 11 metals. The activation barriers for all three group 11 metals follow
the order TS1e < TS1a <TS1b. Pd exhibits a preference for TS1b (23.4 kcal/mol) over TS1c (24.4
kcal/mol). This observation reflects the distinct electronic nature of the OA step, which will be
discussed later. The formation of the OA product Int2 with a Pd(II) oxidation state is significantly
exothermic by -16.3~-25.4 kcal/mol. The strong stability of Pd(II) causes the following
transformation to follow a different mechanism. The heterolytic cleavage of a Pd—C bond to form
Pd(0) and a carbocation does not represent the minimum energy pathway. Instead, a dyatropic
rearrangement is required, in which the positions of the C—Pd and C—C bonds exchange, resulting
in another Pd(Il) intermediate, Int4_Pd, which releases Prod1 through a reductive elimination. The
reaction efficiency is limited by the high barrier of the dyatropic rearrangement (> 35 kcal/mol),
indicating that this reaction presents a challenge for Pd catalysts. Indeed, to the best of my
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knowledge, only a few sophisticatedly designed Pd catalysts have been successfully applied in the
cubane rearrangement reaction.
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Figure 6. Gibbs free energy profile (kcal/mol) for the reaction using Pd(PMes); as catalyst. [Pd] =
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Nature of the OA Step: In order to further clarify the electronic nature of the OA step promoted by
Ag(I), natural bond orbital (NBO) and principle interactive orbital (P1O) analysis were performed
(Figure 7).
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Figure 7. (a) Selected NBO levels for cubane substrate 1. (b, ¢) PIO pairs and contributions
between the metal and the substrate fragment for TS1c¢_Pd (b) and TSl1c (c).

https://doi.org/10.26434/chemrxiv-2023-6nzrj ORCID: https://orcid.org/0000-0002-0628-8864 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2023-6nzrj
https://orcid.org/0000-0002-0628-8864
https://creativecommons.org/licenses/by-nc-nd/4.0/

To assess the intrinsic reactivity of 1,6-disubstituted cubane 1, NBOs for the o- and 6*-orbitals
of the three types of C—C bonds were analyzed. Due to the electron-withdrawing effect of the ester
group on C6, the C3—C6 bond shows the lowest 6- and 6*- orbital levels. Instead, the C2—C3 bond
exhibits the highest c-orbital level (-14.76 eV), compared to -14.85 eV for C1-C2 and -14.87 eV
for C3—C6, indicating that the C2—C3 bond has the strongest nucleophilicity in substrate 1.

The orbital interaction between the metal and the substrate during the AgNTf, and Pd(PMes)»
mediated OA process was compared through PIO analysis of TS1¢ and TS1¢_Pd. For TS1c_Pd
(Figure 7b), which corresponds to a typical OA process catalyzed by a noble metal, the d(Pd) to
0*(C—C) back-donation plays a significant role, contributing 35.0% to the overall interaction. The
o(C-C) to d(Pd) donation contributes to a smaller, but still significant, extent (31.3%). The
remaining major contributors are the back-donation from d(Pd) to a m-like orbital (11.3%) and
donation from o(C-H) to p(Pd) (10.1%). Overall, the interaction between Pd and the substrate is
dominated by metal-to-substrate back-donation (46.3%), while the substrate-to-metal donation
interaction also plays a significant role (41.4%).

When AgNTHf; is utilized as the catalyst (TS1c¢), the primary contributor to the metal-substrate

orbital interaction is the donation from the 6(C—C) to the empty s(Ag) orbital (46.3%). The back-
donation from d(Ag) to o*(C-C) still exists but contributes significantly less (32.6%). The
contributions of the other two types of interactions, namely (C—H) to p(Ag) donation and d(Ag) to
-like orbital back-donation, are considerably lower, accounting for 3.8% and 5.5%, respectively.
Overall, AgNTf, functions as an electrophile, with substrate-to-metal donation dominating (51.8%
vs. 31.4% for back-donation). The electrophilic nature explains the preference for C2—C3 OA and
the importance of a cationic metal catalyst that is as bare as possible.
Ligand Engineering and Counteranion Effect: Although the electrophilic nature of the OA step
stresses the significance of a bare cationic metal catalyst, a highly electrophilic catalyst may produce
unexpected by-reactions for some Lewis acid-sensitive substrates. Furthermore, a bare cationic
catalyst may experience stability issues. The goal of this section is to investigate the use of a ligand
to stabilize the Ag(I) salt and minimize its Lewis acidity while retaining its high catalytic activity.
A total of 25 ligands were computationally evaluated (Figure 8). The Lewis acidity is determined
by the relative Gibbs free energy of Intl beginning from separated 1 and LAgNTT,, where L is the
ligand investigated. Although both the OA and the rearrangement steps may be rate-determining,
the OA step is taken as the starting point for ligand screening.
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Figure 8. (a) Structures of the ligands investigated. (b) Overall OA barrier (through TS1a) and
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relative Gibbs free energy of Intl in the presence of each ligand.

According to Figure 8b, a positive relationship between the OA barrier and G(Intl) can be
observed. It is notable that a catalyst with low Lewis acidity generally exhibits a high barrier, except
for some ether-based ligands (circled in Figure 8b). This observation aligns with the electrophilic
nature of Ag(I)-mediated OA. Almost all ligands effectively reduce the Lewis acidity of silver, as
evidenced by the decrease in G(Intl) from -8.3 kcal/mol for bare AgNTT,. Consequently, NHCs, N,
P, and As-based ligands significantly increase the OA barrier, rendering the reaction unfeasible.

The acidity-barrier relationship seems to be less restrictive for O-based ligands. Several ligands
within the "ether circle,” namely L17, L28, L23 ~ L25, exhibit significantly lower OA barriers
compared to what would be expected based on their corresponding G(Intl) values. The Lewis
acidity of Ag in the presence of these ligands appears to be excessively suppressed, as indicated by
their relatively high G(Intl) values (8~10 kcal/mol). Therefore, if the metal-substrate binding can
be properly strengthened, there is hope that these ligands can lead to catalysts with both moderate
Lewis acidity and high activity. Achieving this goal may involve fine-tuning of the counteranion.

With bare AgX salts as the catalyst (where X refers to the counteranion), the response of G(Int1)
and G(TS1a) towards counteranions was evaluated (Table 1). Compared to NTf,, only BFs
increases the binding strength. Hence, combining ether ligands with the BF4 counteranion may help
balance the Lewis acidity and catalytic activity. It is worth noting that the phosphate counteranion,
P(OMe),0y, displays a significantly lower overall barrier among all the counteranions listed. This
suggests that using a phosphate acid-derived silver salt could also be a candidate for further
experimental optimization.

Table 1. The counteranions investigated, and the corresponding G((Intl), G(TS1a) and
overall OA barrier (kcal/mol).

Counteranion G(Intl) G(TS1a) Overall OA Barrier
NTf -8.3 8.8 17.1
BF« -133 2.2 15.5
ClO4 -3.5 11.4 14.9
NOs -3.4 13.0 16.4
oTf -3.8 11.4 15.2
P(OMe),0y -3.7 8.3 12.0

Based on the aforementioned observations, the entire reaction was carried out using the L24
ligand with the BF4 counteranion. This combined ligand-counteranion strategy effectively fine-
tuned both the Lewis acidity and the OA barrier. The binding between AgL24BF4 and 1 is nearly
thermal-neutral (0.6 kcal/mol), and the subsequent OA step requires a barrier of only 14.9
kcal/mol, which is even lower than that of the bare AgNTf; catalyst. Interestingly, in the presence
of L24, the selectivity of the OA step is modified to favor the C1-C2 bond. Furthermore, the
subsequent rearrangement occurs rapidly, with an overall barrier for the formation of Prod1 of
only 15.5 kcal/mol. Moreover, the product selectivity is also excellent, as evidenced by the high
overall barrier for the formation of Prod2 (19.6 kcal/mol through TS2a’_1.24BF,). Therefore,
AgL24BF4 shows promise as a potential candidate for further optimization of the cubane
rearrangement reaction.
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Figure 8. Gibbs free energy profile for the whole reaction using L.24 as the ligand and BF 4™ as the

counteranion.

Post-TS Desymmetrization: In addition to its high activity, mild Lewis acidity, and excellent
chemoselectivity, the use of L24 as a ligand also offers an opportunity to achieve chiral synthesis.
The reaction pathway through OA into the C1-C2 bond, which is the optimal pathway facilitated
by AgL24BF,, results in an intermediate Int2a with a symmetric organic part. Migration of either
the C5-C4 or C5-C8 bond can occur, resulting in the formation of Prod1 or ent-Prod1, respectively
(Figure 9a). However, when the chiral ligand L24 is present, the migration probabilities of these
two bonds are no longer equal. Due to the dynamically concerted nature of the rearrangement, the
enantioselectivity is determined by the post-TS dynamical behavior of the molecule, leading to a
post-TS desymmetrization process.

(a) OH
) ag OH HO
C5-C& migration i C5-C4 migration
s@i
COzMe Me0,C™Y CO;Me
ent-Prod1 Int2a Prod1
by A/ c b d
()'—,_\-, (c) ,,\/ { (d) ‘}_E._(
/N -~ 1 ~{ &
/ LA/ ):
7

SRS
#
1;;-

v/ ) y P »
1an§‘.*_' "o 1 21;’: -
TSZ:LLZABF, ent-TS2a_L24BF, ent-TS2a_L24_ L24BF,
G 00 13 15
Prodi: 5. 4o 8:23 824

ent-Prod1

Figure 9. (a) The product structure resulted by desymmetrization process. (b~d) The
geometry, relative free energy (kcal/mol), and the number of trajectories leading to two

enantiomers for selected TSs. Bond lengths are in angstrom.
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Quasi-molecular dynamics simulations were conducted to investigate three competitive
conformers for the Ag—C bond cleavage/rearrangement TSs (Figure 9b-d). All TSs exhibit hydrogen
bonding between BF4 and the hydroxymethyl group. Interestingly, the orientation of the hydroxyl
group subtly influences the bond lengths of the two C—C bonds that may undergo migration. The
C—C bond cis to the hydroxyl group consistently exhibits a longer bond length in all three TSs.
Quasi-molecular dynamics trajectories further confirm that the C—C bond cis to the hydroxyl group
has approximately three times of the probability of migration compared to the trans-C—C bond. This
preference may arise from the electrostatic stabilization interaction between the partially negatively
charged OH and the developing positive charge on the carbon atom.

The chirality of L24 eliminates the degeneracy of the TSs with different orientations of the
hydroxyl group. By averaging the contribution of all TSs according to their energies, the ratio of
Prodl to emt-Prodl is determined to be 2.0:1. Although the enantioselectivity is low, the
achievement of introducing enantioselectivity by a ligand remote from the rearrangement center and
through post-TS manipulation is encouraging. By strategically incorporating bulky groups and
enhancing the organization between the ligand and the counteranion in the TSs, the
enantioselectivity could potentially be further improved.

Conclusions

In conclusion, this study utilized DFT, DLPNO-CCSD(T), and quasi-classical molecular
dynamics calculations to investigate the Ag(I) salt-catalyzed cubane to cuneane rearrangement. The
proposed mechanism was validated, demonstrating that Ag(I) initially undergoes OA into one of the
three sets of C—C bonds, followed by heterolytic cleavage of one C—Ag bond and subsequent
carbocation rearrangement. The selectivity of the reaction is co-controlled by the OA and
rearrangement steps, leading to the formation of two isomeric products, Prod1 and Prod2. The
computational results align well with the experimental observations.

The OA step mediated by Ag(I) into a non-polar C—C bond is primarily electrophilic, relying
on the donation from the substrate to the cationic Ag s-orbital. This finding underscores the
importance of an electrophilic metal center in promoting the cubane to cuneane rearrangement
reaction. A comparison of Cu(I), Ag(l), Au(I), and Pd(0) catalysts revealed that common Cu(I) and
Au(l) catalysts are hindered by ligands associated with the metal center, which reduces their
electrophilicity. In the case of "bare" CuNTf,, the reaction is impeded by sluggish Cu—C bond
cleavage. Hence, the superior performance of Ag(I) can be attributed to both the accessibility of
bare Ag(I) salt and the relatively weak Ag—C bond.

While electrophilicity is crucial in the OA step, catalysts with high Lewis acidity may limit the
reaction scope. To balance Lewis acidity and catalytic activity, a computational screening of ligands
and counteranions was performed. The chiral ether ligand, L.24, in combination with BF4, was
suggested to form a superior catalytic system. This ligand combination both reduces the Lewis
acidity of Ag(I) and lowers the overall energy barrier compared to the previously used AgNTf,
catalyst. Additionally, the chemoselectivity is also suggested to be increased using this combination.
Quasi-classical molecular dynamics simulations further indicate that L24 could enable a
desymmetrization process by influencing the migration probabilities of the C—C bonds. Although
the achieved enantioselectivity with 1.24 is moderate, the ability to introduce enantioselectivity
through a ligand located remotely from the rearrangement center and by post-TS manipulation is
encouraging. Further enhancement in enantioselectivity could be achieved by strategically
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incorporating bulky groups and strengthening the organization between the ligand and the
counteranion in the transition states. Overall, these findings provide valuable insights into the Ag(I)
salt-catalyzed cubane to cuneane rearrangement and offer a potential avenue for the development
of efficient chiral synthesis strategies.
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