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ABSTRACT: The mechanism underlying the rhodium(III)-catalyzed reaction of the C−H alkenylation/annulation reaction of
salicylaldehydes with enynes has been thoroughly investigated using DFT calculations. Based on mechanistic studies, our focus
primarily lies on the regioselectivity of asymmetric alkynes inserting into the Rh−C bond and the involvement of the auxiliary group
OAc− in these reactions. Our theoretical study uncovers that, with acetate assistance, a stepwise SN2′ cyclization, 1,3-Rh migration,
β-H elimination, and reductive elimination process occur. Furthermore, we also explore the role of substitution at Cα (CH3 vs H) in
the reaction. As demonstrated in this work, these findings are applicable to other related reactions.

■ INTRODUCTION
Chromones are a significant class of oxygen-containing
heterocycles that are present in natural products and
pharmaceuticals, exhibiting noteworthy biological activities
such as anti-inflammatory, antimicrobial, antioxidant, and
anticarcinogenic properties.1,2 The synthesis of chromones
can be accomplished through transition-metal-catalyzed
sequential C−H activation/annulation of salicylaldehydes
with suitable coupling partners.3−7 Despite these advanced
methods for constructing new skeleton molecules, there is still
an urgent need to synthesize new related molecules, such as 3-
vinyl chromone,8 which is found in many bioactive compounds
and has antioxidant, antiproliferative, and PDE10 inhibitory
activities,9−11 and therefore remains of very important value in
organic synthesis.
Recently, Huang and Yao12 reported the Cp*Rh(III)-

catalyzed reaction of salicylaldehydes with propargylic acetates,
wherein the enynes are inserted into the in situ generated 3-
vinyl chromones (Scheme 1). The corresponding possible
reaction mechanisms postulated by Huang, Yao, and co-
workers are demonstrated in Scheme 2. At the outset, aldehyde
(1a) undergoes C−H activation in the presence of the Rh(III)
catalyst to form rhodacycle intermediate I. Subsequently,

propargylic acetate 2a coordinates to the Rh center to give
intermediate II, followed by migration into the Rh−C bond of
intermediate II to generate intermediate III. With assistance
from acetate, the intramolecular SN2′cyclization of intermedi-
ate III can occur to yield intermediate IV. Further, the 1,3-Rh
migration of intermediate IV leads to the formation of
intermediate V. When R = H, protonation of benzylic rhodium
V results in the production of byproduct 14. β-Hydrogen
elimination from intermediate V, followed by reductive
elimination, gives product 3a (R = Me) along with Rh(I)
species. Oxidation regenerates the active catalyst Rh(III),
allowing it to enter the next catalytic cycle.
To gain a deeper understanding of directing group migration

in Rh(III)-catalyzed C−H functionalization of salicylaldehydes
with propargylic acetates, we conducted DFT calculations to
investigate the intricate mechanism of the reaction model. In
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this study, our primary focus lies on the following inquiries:
(1) regioselectivity regarding propargylic acetate insertion into
the Rh−C bond, (2) elucidating the role played by acetate in

intramolecular SN2′ cyclization from intermediate III to IV,
(3) identifying rate- and selectivity-determining steps, (4)
comprehending how methyl as an assisting group influences β-

Scheme 1. Reaction of Rh-Catalyzed Cascade Reactions of Salicylaldehyde and Propargylic Acetate Reported by Huang and
Yao’s Group12

Scheme 2. Possible Reaction Mechanism Proposed by Huang and Yao’s Group

Figure 1. Calculated free energy profiles of possible pathways stating catalyst (cat) and substrate (1a), in which the red path is calculated for O2-
coordination and the black path is for O1-coordination for C−H deprotonation and C−H activation. Key bond lengths (Å) and insignificant H
atoms have been omitted for clarity purposes. Additional geometries not included in the text can be found in Figure S2.
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H elimination in intermediate V, and (5) exploring how
substituent at the Cα position impacts product yield.

■ COMPUTATIONAL DETAILS
The DFT calculations were conducted using the Gaussian 16
software package,13 with geometry optimizations performed in
the gas phase employing the B3LYP14,15 and D3(BJ)
dispersion correction.16,17 The Rh atom was described by the
LanL2DZ basis set,18,19 while nonmetal atoms utilized the 6-
31G(d) basis set. Polarization functions20 were included for
Rh(ζf = 1.350). Harmonic vibrational frequencies were
calculated at the same level as geometry optimizations to
characterize each stationary point as a minimum and to obtain
the thermodynamic corrections to Gibbs free energy. For more
accurate relative energies, single-point energies were computed
using the M0621−23 functional combined with a larger basis set
(SDD24,25 basis set for Rh and 6-311++G(d,p) for the
remaining atom), while considering the solvation effect of
dichloromethane (DCM) through the SMD26 solvation model.
The reported Gibbs free energy in solution incorporates gas-
phase free-energy corrections. The three-dimensional molec-
ular structures presented in this study were generated using
CYLview.27

■ RESULTS AND DISCUSSION
We conducted a comprehensive mechanistic study on the
target reaction (Scheme 1) using salicylaldehyde 1a and
propargylic acetate 2a(2a-H) as the model substrates while
employing the CpRh*(III) catalyst to facilitate catalytic effects.
Starting from the catalytically active species CpRh(OAc)2

(cat), which is generated through [CpRhCl2]2, it reacts with
NaOAc through chloride abstraction by Na+ and ligand

exchange. The catalytically active substance cat first interacts
with 1a to form the O1-coordination intermediate M1 or the
O2-coordination isomer M1−1 (Figure 1 and Figure S1, see
Supporting Information for Figure 1). According to Figure 1,
computational results indicate that the relative energies of M1
and M1−1 are −1.7 and 5.5 kcal/mol, respectively, indicating
that intermediate M1 coordinated with O1 is more stable.
Meanwhile, a natural population analysis (NPA) population
analysis was also performed on the salicylaldehyde substrate
(Figure 2). The charges of the O1 atom and the O2 atom were
determined to be −0.675 and −0.529 e, respectively. It can be
observed that the electronegativity of the O1 atom is stronger,
making it easier for the O1 atom to coordinate with the Rh
center. Therefore, we consider only the most stable isomer,
M1. The catalyst coordination is followed by deprotonation of
the O−H and dissociation of acetic acid (HOAc) from the M1.
During the coordination process, acetic acid snatches an H
atom from the hydroxyl group, thus shedding an HOAc to
form the intermediate M2. Subsequently, concerted metal-
ation-deprotonation (CMD) occurs via TS1 (ΔG⧧ = 14.8
kcal/mol), leading to the cleavage of the C−H bond and the
formation of M3 at −7.8 kcal/mol relative to M1. Acetic acid
dissociation gives rise to the five-membered rhodacycle M4.
The regioselectivity for migration insertion of asymmetric

propargylic acetates (2a) into the Rh−C bond was also taken
into consideration, as depicted in Figure 2. In the alkynyl
insertion process, coordination may result in the formation of
alkynyl-coordinated π-complexes M5 or M5−1. Then,
insertion of 2a into the Rh−C bond occurs via both 2,1-
insertion (resulting in C3-functionalized chromones) and 1,2-
insertion (resulting in C4-functionalized chromones, shown in
red). The energy profile clearly demonstrates that the 2,1-
insertion pathway through TS2 (ΔG⧧ = 15.7 kcal/mol) is

Figure 2. Free energy profile for the insertion of an alkyne into the Rh−C bond is presented, with relative free energies reported in kcal/mol. Key
bond lengths (Å) and insignificant H atoms have been omitted for clarity purposes. Additional geometries not included in the main text can be
found in Figure S3.
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more favorable than the 1,2-insertion pathway through TS2−1
(ΔG⧧ = 16.9 kcal/mol), with a difference of 1.2 kcal/mol.
Furthermore, the alkyne insertion step determines regioselec-
tivity. These findings are consistent with the experimental
observations where the Cp*Rh(III) catalyst was used to obtain
the C3-functionalized chromones. The preferred alkynyl’s 2,1-
insertion leads to the formation of a seven-membered
rhodacycle M6. The alternative pathway of alkyne insertion
into the Rh−O bond is not viable (Figure S4).
We also investigated the origin of regional effects in the

Cp*Rh(III)-catalytic systems. The distortion−interaction
analysis28 was additionally conducted on the intermediate

and transition state structures of the alkyne insertion pathways
of M5, M5−1, TS2, and TS2−1. These structures were
divided into two fragments: the propargylic acetate portion
(fragment a, highlighted in green in Figure 3), and the
remaining catalytic cationic Rh(III) moiety (fragment b). ΔEint
represents the difference in the interaction energies between
the two components in M5 (M5−1) and TS2 (TS2−1), and
ΔEdist denotes the energy required to distort the fragment (a or
b) from M5 (M5−1) to TS2 (TS2−1). The corresponding
structures and energy analysis results are listed in Figure 3. In
transition state TS2, the interaction energy (ΔEint) is −14.9
kcal/mol, with a distortion energy of fragment a (ΔEdef(a)) at

Figure 3. Distortion−interaction analysis was performed for the transition states of TS2 and TS2−1, with the energies reported in kcal/mol.
Additionally, the NPA charge (e) was determined for the optimized structures of M5 and M5−1. The H atoms were excluded from the 3D
structures to enhance clarity.

Figure 4. Free energy profile for the intramolecular SN2′ substitution, 1,3-Rh migration, β-H elimination, and reductive elimination processes is
presented. The relative free energies are reported in kcal/mol. Key bond lengths (Å) and trivial H atoms have been omitted for clarity. Additional
geometries not shown in the main text can be found in Figure S3.
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11.4 kcal/mol, a distortion energy of fragment b (ΔEdef(b)) at
18.3 kcal/mol, and a total distortion energy for both fragments
(ΔEdef(a+b)) at 29.7 kcal/mol. The activation energy ΔE⧧ is
defined as ΔE⧧ = ΔEdist(a) + ΔEdist(b) + ΔEint = 14.8 kcal/mol.
The results indicate that the interaction between the two
fragments in TS2−1 (18.9 kcal/mol) is greater than that in
TS2 (14.9 kcal/mol), with a difference of 4.0 kcal/mol
observed. Furthermore, the distortion energies of fragments a
and b in TS2−1 are higher by 4.9 and 1.3 kcal/mol,
respectively, compared to those in TS2, highlighting their
significant contribution to the disparity in energy barriers
between TS2 and TS2−1. The ΔE⧧ values of the two
transition states, as depicted in Figure 3, align with the
observed trends in their respective free energy barriers (ΔG⧧).
Additionally, Figure 3 presents the NPA charges of M5 and
M5−1 on the atoms involved in Rh−C3 and C1�C2 bonds
that participate in alkynyl migratory insertion. It is evident that
attractive interactions inferred from the NPA charge
distribution of C1δ−−C3δ+ in M5 facilitate alkynyl insertion,
whereas C2δ+−C3δ+ in M5−1 does not promote such
insertion. Further results demonstrate that both the CMD
step and the alkynyl insertion steps exhibit the two highest
barriers among the whole reaction.
The calculations were subsequently conducted to further

scrutinize the mechanistic aspects of current oxidative C−O
bond formation. The reaction mechanisms of the two pathways
are illustrated in Figure 4. It was determined that a barrier
energy of 3.1 kcal/mol is required for the direct process from
M6. The bond orders of the Rh−C and Rh−O bonds in
Cp*Rh(III) intermediate M6 are found to be 1.079 and 0.759,
respectively, indicating that their strengths are determined.
Moreover, NPA charge distribution analysis reveals that the
presence of Cδ+−Oδ+ in M6 is unfavorable for C−O bond
formation. However, with assistance from OAc−, which
strongly coordinates with the Rh center, it undergoes an
SN2′ intramolecular cyclization to form a stable six-membered
intermediate M7 with an exoergic energy release of 15.4 kcal/
mol facilitated by just OAc−. Next, M7 undergoes 1,3-Rh
migration to produce a more stable intermediate M8. The
formation of M8 exhibits a significant exoergic effect, with an
energy release of 22.2 kcal/mol, thereby providing a
thermodynamic driving force for promoting the progression
of the reaction.
Subsequently, β-H elimination occurs via TS3 to yield the

intermediate complex M9, featuring a newly formed olefin
bond with a ΔG⧧ value of 2.2 kcal/mol. Simultaneously, the
Rh center undergoes reduction by two electrons, resulting in
an oxidation state of +1. Finally, the dissociation of the 3a
product from complex M9 and the formation of Cp*Rh(I)
complex M10 take place through a thermodynamically
favorable process with a ΔG of −1.7 kcal/mol. It is widely
accepted that under the BQ and HOAc conditions, Cp*Rh(I)
complex M10 can be oxidized by two electrons to regenerated
Cp*Rh(OAc)2 and participate in the subsequent catalytic
cycle. Additionally, Figure 4 illustrates that in complex M9, the
HOAc molecular coordinates with the Rh center through
transition state TS4, leading to the dissociation of Cp*Rh-
(OAc)2 and the formation of 3a-1 (highlighted in red). The
findings indicate that the process of generating product 3a-1 is
dynamically unfavorable due to an insurmountably high
calculated barrier (ΔG⧧ = 38.2 kcal/mol). However, in the
case of R = H (Scheme 2, Figure S6 in the Supporting
Information), the coordination of HOAc to the Rh center via

transition state TS3−1-H to form 14 is kinetically feasible with
a barrier of 23.2 kcal/mol, and the total free energy value of
TS3−1-H is −4.9 kcal/mol. Therefore, when R = H, besides
yielding product 13, it is crucial not to overlook the formation
of byproduct 14. This implies that substituents on the Cαcan
effectively impede the generation of byproducts due to steric
hindrance effects.

■ CONCLUSIONS
The reaction mechanism of the Cp*Rh(III)-catalyzed C−H
functionalization of salicylaldehydes with propargylic acetate to
form 3-vinyl chromones has been theoretically investigated by
using DFT calculations. The study revealed that the reaction
proceeds through the following steps: C−H activation via
CMD, 2,1-alkyne migratory insertion, intramolecular SN2′
substitution, 1,3-Rh migration, β-H elimination, reductive
elimination, and catalyst regeneration for the next catalytic
cycle. The highest barrier throughout the entire catalysis
process is estimated to be 13.4 kcal/mol (cat + 1a → M1 →
M2 → TS1), indicating that the CMD step is the rate-
determining step (RDS) for this reaction. This in-depth
mechanistic study will facilitate further exploration of their
reactivity in the presence of other coupling partners in the
search for novel cascade transformations to expand the
chemical space of O-heterocycles.
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