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To explore the mechanism of silver and rhodium catalysis and reveal the origin of the chemo- and

enantioselectivity of the reaction, density functional theory calculations were performed on the first

silver-catalyzed highly enantioselective carbene transfer reaction. The calculation results reveal that

when silver is used as a catalyst, due to the participation of the phosphate anion in the transition state,

the enhanced nucleophilicity of the a-diazoacetamide unit promotes smooth dearomatization before
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generation of the silver carbene. Because the generated rhodium carbene has stronger electrophilicity,

typical carbene reactions (C—H insertion and the Blchner reaction) are favored. In addition, in the
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rsc.li/rsc-advances

Introduction

Metal carbenes are a class of highly reactive intermediates, and
their catalytic transformations have developed into a very
important field in organic synthetic chemistry.* Compared with
widely used catalysts based on metals such as rhodium, copper
and gold, silver-based catalysts exhibit unique reactivity and
selectivity.”® At present, some research groups have successfully
realized metal carbene mediated selective addition to arenes.®
However, the field of silver-catalyzed asymmetric carbene
transfer reactions has developed very slowly”™ because of the
linear and triangular coordination modes," the competitive
Lewis acid-catalyzed pathway and the free carbene pathway.'
Since 1996, Burgess," Jorgensen™ and others''*'>'¢ have
investigated the asymmetric carbene transfer reaction catalyzed
by silver salts, but have not achieved satisfactory results. In
2017, Nemoto's research group successfully realized the first
silver-catalyzed, highly enantioselective carbene transfer reac-
tion through the intramolecular reaction model.® They deployed
(S)-TRIPAg as a catalyst to achieve the asymmetric dearomati-
zation of phenols with a-diazoamides under mild conditions
(Fig. 1). The chiral catalyst can effectively induce the configu-
ration of the product, by circumventing the long distance
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process of silver catalyzed dearomatization, the formation of an R-type transition state is determined by
the small torsion energy and strong interaction energy.

between the chiral center and the reaction center, which leads
to weakening of the induction effect. In this reaction, silver
catalysis exhibits high chemoselectivity, effectively preventing
the Biichner reaction and the C-H insertion reaction.

Since then, asymmetric carbene transfer reactions based on
silver catalysis have been successively developed. In these
reaction systems, the use of a silver catalyst was essential for
achieving high chemo- and enantioselectivity. However, the
reasons for the efficient catalysis of silver salts and the origin of
the metal-determined chemo- and enantioselectivity remain
unclear. Therefore, this work adopts the work of Nemoto's
group as a model, and deeply explores the mechanism of the
intramolecular carbene transfer reaction catalyzed by (S)-TRI-
PAg and Rh,(OAc), through density functional theory (DFT)
calculations. The optimal path of different, transition metal-
catalyzed reactions and the key factors affecting the chemo-
and enantioselectivity of the reaction are revealed. A deeper
understanding of the mechanism should help provide some
insights for the further development of metal-catalyzed carbene
transfer reactions and silver chemistry.

Computational details

All DFT calculations were performed using Gaussian16 suite of
program.'” All structure geometries were optimized without any
symmetry constraints in the gas phase by using B3LYP'® func-
tional with D3BJ dispersion corrections," and a mixed basis set
of SDD* for the transition metals and 6-31G(d,p) for other
atoms. Frequency calculations were performed at the same
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Fig. 1
structures for Ag and Rh catalysts.

theoretical level for all optimized geometries to confirm them as
minima (zero imaginary frequencies) or transition-state struc-
tures (a single imaginary frequency). Intrinsic reaction coordi-
nate (IRC)** were traced from the various transition structures to
obtain the connected intermediates. Single-point energies were
calculated at the wB97XD/6-311+G(d,p) level of theory with the
SMD? solvation model. Dichloromethane was chosen as solvent
for rhodium catalytic system, while butanone was used as
solvent for silver catalytic system. Non-covalent interaction
(NCI) analysis and energy decomposition analysis (EDA) were
calculated by the Multiwfn program.” Three-dimensional
diagrams of the computed species were generated using CYL-
view visualization software.**

(a) Asymmetric intramolecular dearomatization, 1°/3° C—H insertion and Blichner reaction of a-diazoamide 1a catalyzed by Ag/Rh; (b) the

Results and discussion

Based on the experimental results, DFT calculations on the
asymmetric intramolecular dearomatization of a-diazoamide 1a
catalyzed by (S)-TRIPAg, the Biichner reaction and the 1°/3° C-H
insertion reaction catalyzed by Rh,(OAc), were carried out to
further explore the origins of chemical selectivity and enantio-
selectivity. Firstly, we propose three possible reaction mecha-
nisms catalyzed by metal salts, as shown in Fig. 2.

Starting from metal carbene intermediates, there are three
reaction pathways: (1) chiral spiro cyclization occurs through
intramolecular electrophilic addition, followed by intra-
molecular protodemetalation to obtain azaspiro[4.5]decane
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Mechanistic pathways of transition metal-catalyzed intramolecular carbene transfer reaction of a-diazoamide 1la.
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Fig. 5 Gibbs free energy profile (in kcal mol™) for the electrophilic addition of R configuration catalyzed by chiral silver phosphate.

derivative 2a. (2) Through aromatic cycloaddition to form
ternary ring intermediates; subsequently, cycloheptatrienone 3a
is obtained by ring enlargement and autoxidation. (3) The metal
carbene complex leads to y-lactam 5a or B-lactam 4a by an
intramolecular 1°/3° C-H insertion reaction. Considering these
three reaction pathways, DFT calculations were performed to
reveal the mechanism of Ag and Rh catalyzed intramolecular
carbene transfer reactions.

Mechanism of the 1°/3° C-H insertion reaction catalyzed by
Rh,(OAc),

In Fig. 3, the free energy profile of C-H bond insertion is shown
based on the mechanism discussed above and the energy
profile is discussed using Rh,(OAc), as the starting point. The
substrate, a-diazoacetamide 1a, contains a formal N=N triple
bond and a negatively charged a-carbon. The a-carbon site is
coordinated with the metal center of the rhodium salt to form
the stable complex CP1 and this step is exothermic by an energy
difference of 20.3 kcal mol~". Subsequent denitrogenation of
CP1 occurs via transition state TS1 by cleavage of the C-N bond
with an energy barrier of 16.2 kcal mol %, to give rhodium-
carbene complex CP2, a process which is endergonic by
8.2 kecal mol ™. CP2 undergoes isomerization following the C-N
bond rotation and generates the intermediates CP3 and CP4,
steps which are exothermic by 0.5 kcal mol ' and

18200 | RSC Adv, 2022, 12, 18197-18208

0.9 kcal mol ™", respectively. The generation of intermediates
CP3 and CP4 facilitate the C-H insertion and then the C-C bond
generation. Comparing the two reaction paths, shows that their
energy barrier difference is only 3.0 kcal mol ', which is
consistent with the experimental results of obtaining 4a and 5a
products with 17% and 15% yields, respectively.

The Biichner reaction mechanism

As shown in Fig. 4, the Biichner reaction mechanism has been
explored, taking the rhodium-carbene complex CP2 as the
starting point of the energy profile. Activation of 4 °C contains
two steps, cyclopropanation and ring-expansion reactions.
Firstly, CP2 undergoes isomerization following the C-N bond
rotation and generates the intermediate CP5, a step which is
exothermic by 0.6 keal mol . The intermediate CP5 leads to the
electrophilic addition reaction. Intramolecular C-C bond
formation between the C-atom of Rh-carbene and the C-atom of
the phenyl to generate spirocyclic intermediate CP6, with a free
energy release of 12.1 kcal mol™'. Subsequently, the 5
membered ring of CP6 undergoes aromatic-addition via the
transition state TS5 to form the cyclopropane CP7, with a free
energy release of 22.9 kcal mol~" and the energy barrier of this
step is 1.1 keal mol . In the next step, the Cy,’~Cy,” bond of the
fused ring of CP6 is cleaved and generates the ring-expansion
product 3a, with a relative free energy of —50.0 kcal mol™". Of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Gibbs free energy profile (in kcal mol™?) for the electrophilic addition of S configuration catalyzed by chiral silver phosphate.

note, 3a is the bicyclic [5.3.0] derivative and the main product of
the Biichner reaction. It is formed through transition state TS6
with an energy barrier of 7.8 keal mol™". Obviously, the energy
barrier of each transition state in the Biichner reaction path is
lower than in the C-H bond insertion process and on the
potential energy surface, the relative free energy of each inter-
mediate and transition state is lower. Therefore, the Bilichner
reaction process is the most favorable pathway in the intra-
molecular carbene transfer reaction of a-diazoamide 1a cata-
lyzed by Rh,(OAc),. This is consistent with the experimental
result that cycloheptatriene derivative 3a was obtained with
a yield of 26%.

In addition, we also explored the process of carboxylic acid-
assisted proto-demetallation to form azaspiro[4.5]decane
derivative 2a, which is shown by the red line in Fig. 4. Firstly, the
proton transfer of the phenolic hydroxyl group occurs via
transition state TS7 with an energy barrier of 12.0 kcal mol ™" to
give complex CP8 and is endergonic by 5.0 kcal mol~". Subse-
quently, proto-demetallation occurs via transition state TS8,
which transfers the proton from the oxygen atom of the ligand
to the o-carbon atom of the a-diazoamide unit. The energy
barrier of this step is as high as 24.2 kcal mol . Therefore, the

© 2022 The Author(s). Published by the Royal Society of Chemistry

dearomatization process catalyzed by Rh,(OAc), is kinetically
unfavorable.

Mechanism of asymmetric dearomatization catalyzed by
chiral silver phosphate

In order to explore the origin of the enantioselectivity, we con-
ducted DFT calculations at the level of wB97XD/6-311+G(d,p)-
SDD(Ag). Based on the mechanism of silver-catalyzed chemo-
and enantioselective intramolecular dearomatization of indoles
calculated by Nemoto's group,® we first explored the reaction
modes featuring silver-carbene generation and concerted silver-
carbene reactivity with diazotization taking place simulta-
neously with dearomatization. The active catalytic species (S)-
TRIPAg was chosen as the starting point for the free energy
profiles (Fig. 5). Coordination of diazoamide 1a generates
complex CPA and denitrogenation occurs via transition state
TSB by cleavage of the C-N bond with an energy barrier of
23.8 kcal mol ™" to give silver-carbene complex CPD. Subse-
quently, the silver-carbene CPD forms the cyclophane-like
intermediate CPE after the rotation of the C-N bond. In the
cyclophane-like intermediate CPE, the distance between the
hydrogen atom of the hydroxyl group and the oxygen atom of

RSC Adv, 2022, 12, 18197-18208 | 18201
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Fig. 7 Gibbs free energy profile (in kcal mol™) for the proto-demetalation process and Biichner reaction mechanism of R configuration

catalyzed by chiral silver phosphate.

the phosphate is 1.62 A, indicating the potential of subsequent
electrophilic addition. The hydrogen bond interaction aids in
achieving the remote stereocontrol. In the next step, the car-
bene carbon attacks the carbon at the ipso position via transi-
tion state TSC with a barrier of 2.1 kecal mol . This produces the
spirocyclic intermediate CPC and its relative free energy is
—42.1 keal mol ™.

The concerted carbene reaction mode is shown by the black
line in Fig. 5. The spirocyclic intermediate CPC is directly
formed through the transition state TSA, and the asynchronous
C-C bond formation and C-N bond cleavage process occurs
with an energy barrier of 18.7 kcal mol ™", which is the rate-
determining step. When comparing the two reaction paths, it
is found that the energy barrier of the concerted silver-carbene
pathway is 5.1 kcal mol ™" lower than that of the stepwise silver-
carbene generation mode (TSA vs. TSB). Therefore, the
concerted silver-carbene pathway is kinetically more favorable.
At the same time, it shows that the concentration of silver-
carbene in the reaction is low. The preference for the
concerted silver-carbene pathway might be ascribed to the
enhanced nucleophilicity of the aryl unit of the a-diazoamide,
which has been intramolecularly activated by the phosphate
anion, promoting smooth dearomatization before generation of

18202 | RSC Adv, 2022, 12, 18197-18208

the silver-carbene. For comparision, we have also calculated the
pathway to form the (S)-spirocyclic intermediate CPJ through
the concerted addition transition state TSH (Fig. 6), the results
show that the electrophilic addition of S configuration is both
kinetically and thermodynamically unfavorable than that of R
configuration.

The proto-demetalation process assisted by benzoic acid was
also calculated (Fig. 7). Association of benzoic acid generates
complex CPF and is exothermic by 31.1 kcal mol™'. The pres-
ence of benzoic acid directly promotes the transfer of the
hydroxyl proton. Notably, the free energy of complex CPG is
0.6 kcal mol ™" higher than that of complex CPF, which indicates
that the proton migration process is an endergonic and
reversible process. Due to the similar energy and no energy
barrier between the two complexes, it is feasible for them to be
in a rapid equilibrium. In the next step, the complex CPG
undergoes proto-demetalation through the transition state TSE
(AAG™ = 15.9 keal mol™"). The hydroxyl proton is transferred
from the oxygen atom of the phosphate anion to the a-carbon
atom of the a-diazoamide unit. At the same time, the silver atom
dissociates from the a-carbon atom and coordinates with the
carbonyl oxygen atom. Finally, the (R)-2a product is formed and
the catalytic species (S)-TRIPAg 1is regenerated. For

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Gibbs free energy profile (in kcal mol™?) for the proto-demetalation process with or without the assistance of benzoic acid.

a comprehensive theoretical study, we have also calculated this
process without the assistance of benzoic acid (Fig. 8). It can be
seen that although the activation barriers are very similar
(0.7 kcal mol™*, 15.3 kecal mol™* vs. —0.5 kcal mol *,
15.9 keal mol*; it is the process with the assistance of acid that
is a bit more favorable). The relative free energy for each
intermediate and transition state in the presence of benzoic
acid is lower than that of the process without the assistance of
benzoic acid on the potential energy surface. The role of benzoic
acid here is to assist the proto-demetallation process to increase
the yield of the desired product without decreasing the enan-
tioselectivity. In 2018, Nemoto's group investigated the role of
benzoic acid and pointed out that benzoic acid would promote
dissociation of the catalytically inactive homochiral dimer to
liberate it for the generation of a monomeric species.*

The possible Biichner reaction mechanism was also calcu-
lated. The energy barrier of the ring expansion of CPC via

© 2022 The Author(s). Published by the Royal Society of Chemistry

transition state TSF is 13.9 kcal mol *, and the free energy of
TSF is 45.5 kcal mol™" higher than that of hydrogen transfer
transition state TSD. Therefore, generation of benzoic acid-
associated compounds is kinetically and thermodynamically
favorable because of the low relative free energy and no energy
barrier, which is consistent with the experimental result that
the 3a product is not formed. Besides, we also compared the
process without benzoic acid with Biichner reaction (ESI,
Fig. S67). The results show that the proto-demetalation is
favorable as well, which is also nicely consistent with the
experimental outcome that only a small amount of 3a product is
found.

In addition to the DFT calculations of above reactions, we
have also performed theoretical study for the 1°/3° C-H inser-
tion reaction catalyzed by chiral silver phosphate (ESI, Fig. S17),
the rate-determining step for this process is the carbene
formation with an energy barrier of 23.8 kcal mol ', which is

RSC Adv, 2022, 12, 18197-18208 | 18203
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both kinetically and thermodynamically unfavorable compared
with the proto-demetalation process, this is also nicely consis-
tent with the experimental results that no C-H insertion prod-
ucts was observed.

Comparison of reactivity between rhodium carbene and silver
carbene

To explore the origin of metal-dependent chemo-selectivity, we
performed the orbital weight Fukui function to analyze the
different catalytic activities between Rh-carbene and Ag-carbene

18204 | RSC Adv, 2022, 12, 18197-18208
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(A) Definitions of torsional energy and interaction energy; (B) the determining factors of enantioselectivity.

(Fig. 9). The greater the LUMO orbital weight Fukui function
(), the stronger its electrophilicity. Thus, the rhodium carbene
is more electrophilic than chiral silver phosphate carbene. The
chiral phosphate ligand has weak o-bonding with silver, and
the weak w-backdonation effect of the silver 4d'® orbital,
resulting in the weak electrophilicity of the chiral silver phos-
phate carbene. While the 4d orbitals of the rhodium atom are
not completely filled with electrons, and the w-backdonation to
the acetic acid ligand is strong, then rhodium accepts more
electrons from the carbene carbon, resulting in higher

© 2022 The Author(s). Published by the Royal Society of Chemistry
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electrophilicity. In addition, we also performed charge decom-
position analysis (CDA) and orbital interaction diagram (ESI,
Fig. S9t) to study their electrophilicity. It is found that the
LUMO energy of Rh-carbene is 0.53 eV lower than that of Ag-
carbene, which is easier to accept electrons and shows strong
electrophilicity and is consistent with the calculation results of
the orbital Fukui function. Therefore, the carboxylic acid anion
renders the rhodium carbene more electrophilic and promotes
the subsequent intramolecular C-H insertion and Biichner
reaction, and the theoretical results are consistent with the
experimental phenomena.

© 2022 The Author(s). Published by the Royal Society of Chemistry

However, it is worth noting that ligands can modify the
electrophilicity of a metal carbene. Recently, silver-catalyzed
site-selective C(sp®)-H alkylation of alkanes has been devel-
oped by our group using donor carbenes.?*® The donor rhodium
carbene could not achieve the same results as the silver
congener. To explore the difference of electrophilicity between
the two-donor metal carbenes, orbital weight Fukui function
was also performed. The results show that the donor silver
carbene is more electrophilic than the donor rhodium carbene.
(f'(Ag-carbene) = 0.260 vs. f (Rh-carbene) = 0.135, Fig. S107).

RSC Adv, 2022, 12, 18197-18208 | 18205
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Table 1 Analysis of torsional energy and interaction energy of elec-
trophilic addition transition state structure

AEqist
TS Cat. Subst. Total AAEgs AEn. AAEyn, AE®  AAE™
R 48 427 475 6.8 —59.8 4.2 —12.3 11.0
S 9.8 445 54.3 —55.6 -1.3

The origin of the enantioselectivity for silver catalyzed
dearomatization

To explore the origin of enantioselectivity, we conducted
a distortion-interaction analysis® on the concerted addition
transition state TSA and TSH to gather further evidence for the
role of ligand steric effect on selectivity. As shown in Fig. 10, this
type of analysis involves the decomposition of activation energy
(AE™) into a distortion (AEg;s) and an interaction term (AEiy).
The distortion term is usually positive (unfavorable), which
represents the energy penalty for distorting the reactants into
the transition state geometry. The interaction term is usually
negative, which represents the favorable interaction between
the substrate and the catalyst. The relationship between
distortion and interaction is defined as AE™ = AEgisc + AEine.

The enantioselectivity is determined by the difference
between the distortion and interaction energy of the intra-
molecular electrophilic addition reaction between the two
configurations of R and S (Fig. 10), which is defined as: AAEg;q;
= AE4ise(S) — AEg4ise(R); AAE;n = AEinS) — AEin(R). According
to the results in Table 1, the larger the value of AAEg;, the
stronger the effect of distortion energy, which means that the S
configuration reaction is more unfavorable. In addition, inter-
action energy of R configuration is more negative, which shows
that the R configuration reaction is more favorable. This can be
rationalized by (1) the stronger coulombic attraction between Ag
and the carbene carbon in the R configuration transition state
TSA, which can be proven by a relatively short distance (TSH(S),
d(Ag---C) = 2.10 A vs. TSA(R), d(Ag---C) = 2.05 A); (2) the ability
for another oxygen atom of P=0 to interact with Ag; (3) there is
also a favorable edge-to-face arene-arene interaction between
the arene of the substrate and the ligand (Fig. 11).

To further explore the difference between the key transition
states (TSA and TSH) of the two configurations, we conducted
a non-covalent interaction (NCI) analysis (Fig. 11). The results
showed that the cation— interaction between the silver atom
and the arene of the substrate, the edge-to-face arene-arene
interaction between the aromatic rings of the substrate and the
ligand, the C-H/O-H anion interaction, and the Coulombic
attraction between silver and the two oxygen atoms of the
phosphate effectively stabilizes TSA, thereby promoting the
smooth progress of the R configuration concerted-addition.
However, in the transition state TSH, no edge-to-face arene-
arene interaction between the aromatic rings of the substrate
and the ligand was found, and the Coulombic attraction only
exists between silver and one oxygen atom of the phosphate. In
addition, due to the existence of cation—m interactions between
the aromatic rings of substrate and ligand with Ag in TSH, the
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geometry of AgL is more constrained. Therefore, the calculation
results show that the reaction of the S configuration is relatively
less favorable.

Conclusion

Due to the unique coordination mode and catalytic activity of
silver, the asymmetric carbene transfer reactions catalyzed by
silver have developed slowly for a long time. Based on the first
silver-catalyzed high enantioselective carbene transfer reaction
published by Nemoto in 2017, we examined the mechanism of
silver versus rhodium catalysis and revealed the origin of the
chemo- and enantioselectivity of the reaction. The calculation
results reveal that when silver is used as a catalyst, due to the
intramolecular activation of the phosphate anion, the enhanced
nucleophilicity of a-diazoacetamide unit results in dearomati-
zation before generation of the silver carbene. When rhodium is
used as a catalyst, since the rhodium carbene has stronger
electrophilicity, typical carbene reactions are prone to occur. In
addition, through energy decomposition analysis based on
molecular force field of the key concerted-addition transition
state, it is found that the preference for the (R)-2a product is due
to a much smaller distortion disadvantage and a larger inter-
action energy advantage. Therefore, the dearomatization reac-
tion of the R configuration is strongly favored.
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