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ABSTRACT: Previously, we developed a rhodium-catalyzed [5 + 2 +
1] cycloaddition of ene−vinylcyclopropanes (ene−VCPs) and carbon
monoxide to synthesize eight-membered carbocycles. The efficiency
of this reaction can be appreciated from its application in the
synthesis of several natural products. Herein we report the results of a
15-year investigation into the mechanism of the [5 + 2 + 1]
cycloaddition by applying visual kinetic analysis and high-level
quantum chemical calculations at the DLPNO-CCSD(T)//BMK
level. According to the kinetic measurements, the resting state of the
catalyst possesses a dimeric structure (with two rhodium centers)
whereas the active catalytic species is monomeric (with one rhodium center). The catalytic cycle consists of cyclopropane cleavage
(the turnover-limiting step), alkene insertion, CO insertion, reductive elimination, and catalyst transfer steps. Other reaction
pathways have also been considered but then have been ruled out. The steric origin of the diastereoselectivity (cis versus trans) was
revealed by comparing the alkene insertion transition states. In addition, how the double-bond configuration of the VCPs (Z versus
E) affects the substrate reactivity and the origins of chemoselectivity ([5 + 2 + 1] versus [5 + 2]) were also investigated. The present
study will provide assistance in understanding other carbonylative annulations catalyzed by transition metals.

■ INTRODUCTION

Eight-membered carbocycles are widely found in natural
products, pharmaceuticals, and fragrances.1−6 Yet due to the
unfavorable enthalpic and entropic effects associated with the
ring-closure processes,7,8 only a limited number of strategies
and tactics have been applied to the construction of eight-
membered carbocycles.9−22 Among them, transition-metal-
catalyzed cycloadditions have been proven to be an efficient
and atom-economical way to synthesize eight-membered
carbocycles with different substitution patterns and stereo-
structures.16−22

In 2007, we designed a rhodium-catalyzed two-component
[5 + 2 + 1] cycloaddition of ene−vinylcyclopropanes (ene−
VCPs) 1 and CO (Scheme 1).23−27 Our hypothesis was that,
under a CO atmosphere, Wender’s eight-membered rhoda-
cycle intermediate A may undergo CO insertion and then
C(sp2)−C(sp3) reductive elimination to furnish the [5 + 2 +
1] cycloadduct 2 instead of giving [5 + 2] cycloadduct 3 via
the sluggish C(sp3)−C(sp3) reductive elimination.28−35 This
hypothesis was supported by density functional theory (DFT)
calculations and later verified by experiments. The [5 + 2 + 1]
cycloaddition of ene−VCPs and CO provides efficient access
to cyclooctenones with good to excellent yields. Our group has
successfully applied this reaction to the synthesis of several
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Scheme 1. Computationally Designed Rhodium-Catalyzed
[5 + 2 + 1] Cycloaddition of Ene−VCPs and CO
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natural products containing eight-membered carbocycles or
triquinane skeletons (generated by transannular reactions of
the 5,8-fused cycloadducts).36−41 Applications of the [5 + 2 +
1] cycloaddition are still ongoing in our laboratory.42

Though we had computed several key steps of the
competing [5 + 2 + 1] and [5 + 2] cycloadditions (starting
from intermediate A; X = CH2) in our previous work,

23 follow-
up mechanistic studies are essential for (1) understanding the
full catalytic cycle of the [5 + 2 + 1] cycloaddition, (2)
improving the selectivity of the target reaction, (3) designing
new reactions and catalysts, etc.
However, theoretical studies on transition-metal-catalyzed

multistep reactions are challenging.43−50 It is difficult to select
an appropriate computational method that is accurate in
describing all of the elementary steps, such as ligand
association and dissociation, oxidative addition, reductive
elimination, and migratory insertion. As a result, considerable
ambiguity in the key mechanistic information cannot be
avoided, preventing a full and deep understanding of the
reaction mechanism. In addition, identifying the active catalytic
species and understanding how they are generated from the
precatalysts are also difficult tasks.
Presented here is the final stretch of a 15-year odyssey

toward understanding the mechanism of the rhodium-
catalyzed [5 + 2 + 1] cycloaddition of ene−VCPs and CO.
During the research, we found that different computational
methods provided inconsistent conclusions on many important
issues, such as the nature of the turnover-limiting step and the
origins of chemo- and stereoselectivities. Fortunately, the
recent development of hardware and software, especially
accurate and efficient computational methods, has enabled us
to routinely perform high-level quantum chemical calculations
on the real reaction systems (up to 55 atoms in this work) with
reasonable accuracy.
We performed a detailed benchmark study against CCSD-

(T)/def2-TZVPP//TPSS/def2-TZVPP calculations (see the
Supporting Information for details),51−54 finding that the BMK
functional55 is superior to the other 23 functionals we tested.
On the basis of the BMK-optimized structures, energy
refinements using the state of the art DLPNO-CCSD(T)
method (with tight thresholds, the accuracy relative to
CCSD(T) calculations is expected to be ca. 1 kcal/mol)
allowed us to understand the [5 + 2 + 1] cycloaddition both
qualitatively and quantitatively.56−58 We have also established
the rate law directly from concentration profiles using Bureś’
visual kinetic analysis,59−61 which requires fewer experiments
but provides more mechanistic information in comparison to
the typical method of initial rates. It is worth mentioning that
not only does the current study provide mechanistic insights
into the [5 + 2 + 1] cycloaddition but also the research
paradigm present in this work will inspire mechanistic studies
on other rhodium-catalyzed reactions,62 especially multi-
component carbonylative annulations: e.g., the Pauson−
Khand reaction.63−66

■ RESULTS AND DISCUSSION
Visual Kinetic Analysis. Since the first mechanistic study

on [Rh(CO)2Cl]2-catalyzed intermolecular [5 + 2] cyclo-
addition67 of VCPs and alkynes by Yu, Wender, and Houk in
2004,68 monomeric rhodium complexes have been regarded as
the catalytic species in Rh−VCP chemistry. These complexes
were proposed to be generated from the dissociation of the
dimeric catalyst, [Rh(CO)2Cl]2. Though this proposal has

been widely applied to address the issues of mechanism and
selectivities for rhodium-catalyzed cycloadditions of VCPs,
such as [5 + 2],69−75 [3 + 2 + 1],76 formal [5 + 1]/[2 + 2 +
1],77 and [5 + 1 + 2 + 1]78,79 cycloadditions, no experiments
were carried out to verify such a hypothesis.
To investigate the nuclearity of the catalytic species (mono-

versus dinuclear), we performed visual kinetic analysis to
determine the reaction order in the catalyst, ene−VCPs, and
CO. The reaction of trifluoromethylated substrate 1a (Figure
1) was monitored by 19F NMR spectroscopy and then

Figure 1. (a) Visual kinetic analysis on the cycloaddition of substrate
1a and CO. Reaction conditions: (b) 1a (0.050 M), [Rh(CO)2Cl]2
(5, 2.5 mol %), CO (0.2 atm), 1,4-dioxane, 80 °C; (c) 1a (0.050,
0.075, 0.100 M), [Rh(CO)2Cl]2 (2.5 mM), CO (0.2 atm), 1,4-
dioxane, 80 °C; (d) 1a (0.050 M), [Rh(CO)2Cl]2 (5 mol %), CO
(0.2, 1 atm), 1,4-dioxane, 80 °C.
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analyzed by the normalized time scale method59 and variable
time normalization analysis.60 Interestingly, we found that the
[5 + 2 + 1] cycloaddition is half order in both [Rh(CO)2Cl]2
and 1a. The half order in catalyst (Figure 1b; [catalyst]T is the
total concentration of catalyst added) suggests that there exists
an equilibrium between a dimeric off-cycle resting state and a
monomeric catalytic species (Scheme 2a). Considering the half

order in substrate 1a (Figure 1c), we propose that the resting
state contains two rhodium centers and one substrate

molecule, whereas the catalytic species includes one rhodium
center and one substrate. The nearly identical kinetic profiles
under 0.2 and 1 atm reveal the zeroth order in CO (Figure 1d),
indicating that the number of CO ligands in the resting state is
twice as many as that in the turnover-limiting transition state.
Further quantum chemical studies reveal that the turnover-
limiting transition state only contains one CO ligand (vide
inf ra).
To test the generality of these results, we performed a visual

kinetic analysis on the reaction of nitrogen-tethered substrate
1b (Scheme 2b). Though the half order in catalyst and
substrate holds, the order in CO changes to ca. negative half
(see the Supporting Information for details). We suggest that
the composition of the resting state could be different from
that of substrate 1a. For the nitrogen-tethered substrate, one
CO molecule is released during the dimer dissociation,
resulting in the negative effect of CO pressure on the reaction
rate.80,81

According to the kinetic measurements, we suggest that the
catalytic species of the [5 + 2 + 1] cycloaddition should be
monomeric, whereas the resting state contains two rhodium
atoms, two chlorides, one ene−VCP moiety, and two or three
CO ligands. However, the exact composition of the resting
state is unclear at this stage. Especially, the participation of the
solvent molecule, 1,4-dioxane,82 cannot be excluded due to its
silent behavior during kinetic measurements.

Possible Reaction Pathways. Four possible reaction
pathways, namely pathways I−IV, are proposed for the
rhodium-catalyzed [5 + 2 + 1] cycloaddition of ene−VCPs
and CO (Scheme 3). In pathways I and II, the C−C bond
activation of the cyclopropane moiety proceeds through an
oxidative addition process (Scheme 3a). These two pathways
differ in the sequence of alkene insertion and CO insertion. In
pathway I, alkene inserts into the Rh−C bond first, whereas
CO insertion takes place prior to alkene insertion in pathway II

Scheme 2. Equilibrium between Dimeric Resting State and
Monomeric Catalytic Species

Scheme 3. Possible Reaction Pathways
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(it can be referred to as the [5 + 1 + 2] cycloaddition
pathway). In pathways III and IV, the cyclopropane cleavage is
achieved by β-carbon elimination (Scheme 3b). Pathways III
and IV both start from the oxidative cyclometalation but differ
in the sequence of CO insertion and β-carbon elimination. In
what follows, all of these pathways will be discussed with the
aid of quantum chemical calculations.
We utilized ene−VCP 1c (X = O), a real substrate employed

in our previous experiments,23 as the model substrate for
computations. For each transition state, we have considered
the variation of the number of CO ligands as well as the
configuration of the rhodium center. Only the most favored
transition states are discussed unless otherwise specified.
Pathway I. As was mentioned above, though we have

proved that the resting state consists of two rhodium centers
and one substrate, its exact composition is unclear at the
current stage and may vary from one substrate to another.
Considering that the resting state is an off-cycle species that
would not affect the discussion of the catalytic cycle and
selectivities, we did not spend time and computational
resources on the resting state. Instead, we treated [Rh-
(CO)2Cl]2 as the starting point of the Gibbs energy profile.
As depicted in Figure 2, the catalytic cycle starts from the

complexation of substrate 1c to the rhodium center, giving a
16-electron intermediate, IN1. Then, cyclopropane cleavage
takes place via oxidative addition transition state TS1, in which
the terminal alkene does not coordinate to the metal center.
The complexation of the terminal alkene or an additional CO
ligand cannot accelerate the cyclopropane cleavage process
(see the Supporting Information for details).
After the oxidative addition, 16-electron intermediate IN2

undergoes an intramolecular alkene complexation to form an
18-electron intermediate, IN3, which then triggers the alkene
insertion via TS2 with an activation Gibbs energy of 21.3 kcal/
mol. The resulting rhodacyclooctene IN4 proceeds through
the complexation and insertion of CO (IN4 → IN5 → TS3 →
IN6; we assume that there exists an equilibrium between IN4
and IN5, see the Supporting Information for details) to afford

rhodacyclononenone IN6. Finally, IN6 undergoes reductive
elimination via TS4 to deliver the [5 + 2 + 1] cycloadduct 2c.
Considering that TS1 > TS2 > TS3 > TS4 in terms of Gibbs
energies, we conclude that the oxidative addition, alkene
insertion, CO insertion, and reductive elimination steps are all
irreversible.

Pathway II. This pathway consists of oxidative addition, CO
insertion, alkene insertion, and reductive elimination (Scheme
3a). It differs from pathway I in the sequence of CO insertion
and alkene insertion. In pathway II, instead of alkene
complexation and insertion (via IN2 → IN3 → TS2 → IN4
in Figure 2), IN2 undergoes CO complexation to generate an
18-electron intermediate, IN7, followed by CO insertion via
TS6 (Figure 3). Considering that the alkene insertion
transition state TS2 in pathway I is favored over the CO
insertion transition state TS6 in pathway II by 11.2 kcal/mol,
we can exclude the possibility of pathway II for further

Figure 2. Gibbs energy profile for pathway I, computed at the DLPNO-CCSD(T)/def2-TZVPP:SMD(1,4-dioxane)//BMK/def2-SVP level. The
equilibrium between [Rh(CO)2Cl]2 and the resting state is depicted schematically.

Figure 3. CO complexation and insertion in pathway II, computed at
the DLPNO-CCSD(T)/def2-TZVPP:SMD(1,4-dioxane)//BMK/
def2-SVP level.
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consideration (see the Supporting Information for more
discussion).
Pathways III and IV. Pathways III and IV both start from

oxidative cyclometalation (Scheme 3b). Therefore, we
computed the oxidative cyclometalation process of substrate
1c to investigate whether pathways III and IV are favored over
the others (Figure 4). [Rh(CO)2Cl]2 reacts with 1c to form an

18-electron intermediate, IN9, followed by oxidative cyclo-
metalation via TS7 with an activation Gibbs energy of 30.2
kcal/mol. Considering that TS7 is more energy-demanding
than TS1 in pathway I by 8.3 kcal/mol, we can safely rule out
pathways III and IV.
Summary of the Reaction Mechanism. According to these

computational results, we suggest that pathway I is the most
favored reaction pathway. The activation Gibbs energies of
oxidative addition, alkene insertion, CO insertion, and
reductive elimination are 21.9 (calculated from IN9 to TS1),
21.3, 20.0, and 22.4 kcal/mol, respectively. On consideration
that the resting state has not been computed, the Gibbs energy
barrier of the oxidative addition is certainly underestimated
and thus should be larger than the computed barrier. After
taking the rate law into consideration (the reaction is half order
in both catalyst and substrate), we suggest that the C−C bond
activation should be the turnover-limiting step. As summarized
in Figure 5, the mechanism of the rhodium-catalyzed [5 + 2 +
1] cycloaddition is composed of dimeric resting state
dissociation, oxidative addition, alkene insertion, CO insertion,
reductive elimination, and catalyst transfer.
Though the reductive elimination of B and C leads to the

same [5 + 2 + 1] cycloadduct, the preference for the
generation of B or C is substrate-dependent. For substrate 1c,
the formation of intermediate B (X = O; [Rh] = Rh(CO)Cl)
via TS3 is favored over CO insertion into the other Rh−C
bond (see the Supporting Information for details). In fact, the
generation of C is also possible for some substrates (see later
discussion in Table 1). Therefore, intermediates B and C are
both depicted in Figure 5.
Discussion of the Substrate Reactivity. Experimental

Observations. During our synthesis of asterisca-3(15),6-diene,
pentalenene, and hirsutene, we noticed that substrate (Z)-1d
reacted more slowly than its E isomer (Figure 6a).37,38 To
further confirm these observations, we reinvestigated the

reaction of a 1.3:1 mixture of (Z)- and (E)-1d and monitored
its kinetic profile by gas chromatography (GC). As is clearly
depicted in Figure 6b, substrate (Z)-1d indeed reacts much
more slowly than its E counterpart.

Quantum Chemical Calculations. To understand how the
double-bond configuration of the VCPs (Z versus E) affects

Figure 4. Gibbs energy profile for oxidative cyclometalation,
computed at the DLPNO-CCSD(T)/def2-TZVPP:SMD(1,4-diox-
ane)//BMK/def2-SVP level.

Figure 5. Reaction mechanism supported by kinetic measurements
and quantum chemical calculations in which [Rh] is monomeric.

Figure 6. Kinetic profile for the reaction of a mixture of (Z)- and (E)-
1d. Reaction conditions: [(Z)-1d]0 = 0.0436 M, [(E)-1d]0 = 0.0335
M, [catalyst]T = 3.6 mM, CO (0.2 atm), 1,4-dioxane, 80 °C.
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the substrate reactivity, we computed the turnover-limiting
cyclopropane cleavage of both Z and E substrates (Figure 7).

To simplify the computations, we replaced the allyl groups in
(Z)- and (E)-1d by methyl groups, resulting in the model
substrates (Z)- and (E)-4, respectively. Despite similar
activation Gibbs energies for the cyclopropane cleavage step
(7.1 kcal/mol for (E)-IN11 versus 7.9 kcal/mol for (Z)-IN11),
the reaction of the E isomer is predicted to be significantly
easier than that of the Z isomer (ΔΔG⧧ = 3.9 kcal/mol), which
nicely reproduces the experimental observations. We attribute
the different reactivities of Z and E substrates to the different
thermodynamic stabilities of intermediates (Z)- and (E)-IN11.
As shown in Figure 7, the steric repulsions in (Z)-IN11 are
more severe than those in its E counterpart. Therefore, in
comparison with the E substrate, the Z substrate requires a
higher preorganization energy to reach the reactive inter-
mediate, leading to a slower reaction rate.
Discussion of the Stereochemistry. Experimental

Observations. Our [5 + 2 + 1] cycloaddition generates two
new stereogenic centers at the bridgehead carbons. In most
cases, the reaction furnishes cis-fused bicycles diastereoselec-
tively.23 For example, the NTs-tethered substrate 1e with an E
configuration gave the cis-5,8-fused bicyclic product cis-2e in
81% yield (Scheme 4a). Surprisingly, when a methyl group was
introduced into the α position of the VCP moiety, trans-5,8-
fused bicycle trans-2f became the major product (Scheme 4b).
Changing the double-bond configuration of the VCP from E to
Z resulted in the reversal of the diastereoselectivity from trans
back to cis (Scheme 4b). Finally, the [5 + 2 + 1] cycloaddition

of elongated substrate 1g gave trans-6,8-fused bicycle trans-2g
as the major product (Scheme 4c).

Quantum Chemical Calculations. As was mentioned
above, the alkene insertion step is irreversible and thus
determines the stereochemistry.83 Considering that the
internal rotation of the methyl group on the tosyl group may
lead to slow convergence during geometry optimizations, we
replaced all the tosyl groups by benzenesulfonyl groups to
simplify the computations. For the model substrate 1e′, the cis-
insertion transition state cis-TS9-H is favored over trans-TS9-
H by 1.9 kcal/mol (Scheme 5a), suggesting that the cis-5,8-
fused cycloadduct should be obtained as the major product,
which nicely agrees with the experiments (Scheme 4a). We
attribute such a diastereoselectivity to the different ring strains
of the forming five-membered rings in the transition states. In
cis-TS9-H, the dihedral angles Φ(C1−C2−N−C3) and
Φ(C2−N−C3−C4) are −46.4 and +48.8°, respectively. The
corresponding values in trans-TS9-H are much smaller (−22.6
and −21.7°), indicating a larger torsional strain in the trans-
insertion transition state. For the model substrate (E)-1f′, due
to the introduction of a methyl group, an additional
transannular strain between the methyl group and one
hydrogen atom attached to C2 arises (Scheme 5a). The
nonbonding C···H distances in cis- and trans-TS9-Me are 2.59
and 2.75 Å, respectively, suggesting that the transannular strain
in the cis-insertion transition state is more severe than that in
the trans-insertion transition state. As a result, trans-TS9-Me is
predicted to be favored over cis-TS9-Me by 2.2 kcal/mol,
which is in good agreement with the experimental observations
(Scheme 4b). In contrast, for the Z isomer (Z)-1f′, because the
methyl group is far away from the tether, there is no
transannular strain originating from the methyl group.
Therefore, in this case, the cis-insertion transition state cis-
TS10 with a smaller torsional strain becomes favored again
(Scheme 5b).
Then, we considered the enlongated model substrate 1g′

(Scheme 6). In the cis-insertion transition state cis-TS11, the
forming six-membered ring is fused to the rhodacycle through
an equatorial bond and an axial bond, resulting in additional
gauche interactions, which are absent in its trans counterpart
(trans-TS11), whose rings are connected by two equatorial
bonds. Thus, trans insertion is predicted to be favored in this

Figure 7. Gibbs energy profile for the cyclopropane cleavage of model
substrates (Z)- and (E)-4, computed at the DLPNO-CCSD(T)/def2-
TZVPP:SMD(1,4-dioxane)//BMK/def2-SVP level. Color scheme: H,
white; C, gray; O, red; Cl, green; Rh, violet.

Scheme 4. Stereochemistry of the [5 + 2 + 1] Cycloaddition
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Scheme 5. Stereochemistry of 5,8-Fused Bicycle Formationa

aDefinition: X = NSO2Ph. Relative Gibbs energies are reported in kcal/mol, computed at the DLPNO-CCSD(T)/def2-TZVPP:SMD(1,4-
dioxane)//BMK/def2-SVP level. Color scheme: H, white; C, gray; N, blue; O, red; S, yellow; Cl, green; Rh, violet.
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case, which qualitatively matches our experiments (Scheme
4c).
Discussion of the Chemoselectivity. Experimental

Observations. As was mentioned in the Introduction, our
design was based on the hypothesis that [5 + 2] cycloaddition
of ene−VCPs is difficult due to the sluggish C(sp3)−C(sp3)
reductive elimination. For the model substrate 1c, the C(sp3)−
C(sp3) reductive elimination transition state TS5 is disfavored
over the CO insertion transition state TS3 by 4.9 kcal/mol
(Figure 2; see the Supporting Information for details),
suggesting that only the [5 + 2 + 1] cycloadduct 2c will be
generated. Admittedly, during the past decade, dozens of ene−
VCP substrates have been treated with [Rh(CO)2Cl]2 under a
CO atmosphere and almost all the tested substrates led to the
[5 + 2 + 1] cycloadducts rather than the [5 + 2] cycloadducts.
One of the exceptions is substrate 1h with a methyl group at
the β position of the VCP moiety, which gave both the [5 + 2
+ 1] and [5 + 2] cycloadducts under the standard conditions
(Scheme 7a).42 In contrast, substrate 1i, which does not have
the β-methyl group, only furnished the [5 + 2 + 1] cycloadduct
2i (Scheme 7b).

Quantum Chemical Calculations. To understand the
competition between [5 + 2] and [5 + 2 + 1] cycloadditions,
we computed the C(sp3)−C(sp3) reductive elimination
transition state TS12-R (R = Me for 1h; R = H for 1i) in
the [5 + 2] cycloaddition and several CO insertion transition
states in the [5 + 2 + 1] cycloaddition (Table 1). For CO
insertion transition states with two CO ligands, TS13-R and
TS14-R are the most favored transition states for insertion into

two distinct Rh−C(sp3) bonds, respectively. TS15-R and
TS16-R are the most favored CO insertion transition states
with three CO ligands. Considering that the CO insertion is
irreversible (vide supra), we do not discuss here the following
C(sp2)−C(sp3) reductive elimination to give [5 + 2 + 1]
cycloadducts.84

For substrate 1h, the most favored CO insertion transition
state TS16-Me is predicted to be slightly favored over the
C(sp3)−C(sp3) reductive elimination transition state TS12-
Me, indicating that both [5 + 2 + 1] and [5 + 2] cycloadducts
should be formed. For substrate 1i, the most favored CO
insertion transition state TS15-H is favored over the C(sp3)−
C(sp3) reductive elimination transition state TS12-H by 2.1
kcal/mol, suggesting that the [5 + 2 + 1] cycloadduct 2i should
be generated predominantly. These results agree with our
experiments (Scheme 7). To exemplify how the β-methyl
group affects the chemoselectivity, we compared the 3D
structures of TS15-Me and TS15-H (Figure 8). In comparison
with TS15-H, TS15-Me possesses an additional transannular
strain caused by the methyl group with a nonbonding C···H
distance of 2.57 Å, resulting in the sluggish CO insertion for
substrate 1h.

Experimental Verification and Reaction Optimization.
Our computations suggest that the competing TS12-Me and
TS16-Me have one and three CO ligands, respectively.
Therefore, if the pressure of CO increases by a factor of n,
the ratio of [5 + 2 + 1]/[5 + 2] cycloadducts will increase by a
factor of n2. To verify this hypothesis, we treated substrate 1h
(0.10 mmol) with 5 mol % of [Rh(CO)2Cl]2 under 0.1 and 0.2
atm of CO, respectively, finding that the 2h/3h ratio indeed
increased by a factor of ca. 4 when the CO pressure was
doubled (Table 2, entries 1 and 2; reaction time 16 h).
Moreover, under 0.5 and 1 atm of CO, the selectivity toward
[5 + 2 + 1] cycloaddition can be further improved (>20/1 2h/
3h in both cases; Table 2, entries 3 and 4; reaction time 16 h).
When the reaction was scaled up to 0.60 mmol (reaction time
110 h), the isolated yield of 2h was improved from 58% (under
0.2 atm of CO) to 74% (under 0.5 atm of CO). We assume
that the inefficient mass transfer of CO from the gas phase to
the solution phase (the concentration of CO did not reach
saturation in time) might have prevented a further increase in
the reaction yield.

Scheme 6. Stereochemistry of 6,8-Fused Bicycle Formationa

aDefinitions: X = NSO2Ph. e = equatorial, a = axial. Relative Gibbs energies are reported in kcal/mol, computed at the DLPNO-CCSD(T)/def2-
TZVPP:SMD(1,4-dioxane)//BMK/def2-SVP level.

Scheme 7. [5 + 2 + 1] versus [5 + 2] Cycloadditions
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■ CONCLUSIONS
The mechanism of the rhodium-catalyzed two component [5 +
2 + 1] cycloaddition of ene−VCPs and CO puzzled us for
more than a decade due to the uncertainty of active catalytic
species and inconsistent conclusions from different computa-
tional methods. These thorny issues have been finally resolved
by the combination of visual kinetic analysis and DLPNO-
CCSD(T) calculations, showing that the active catalytic
species is monomeric whereas the off-cycle catalyst resting
state is dimeric. The catalytic cycle consists of cyclopropane

cleavage via oxidative addition (the turnover-limiting step),
alkene insertion, CO insertion, reductive elimination, and
catalyst transfer. The lower reactivity of (Z)-ene−VCPs in
comparison to their E counterparts is caused by the more
severe steric repulsions in the C−C bond activation transition
states and their precursors. The diastereoselectivity (cis versus
trans) originates from the tradeoff between different strains in
the competing alkene insertion transition states. The chemo-
selectivity ([5 + 2 + 1] versus [5 + 2]) is determined by the
relative ease of the C(sp3)−C(sp3) reductive elimination and
the irreversible CO insertion. These mechanistic insights can
help chemists understand the present reaction as well as
optimize and design other transition-metal-catalyzed cyclo-
additions.85−90

■ COMPUTATIONAL METHODS
All DFT calculations were performed with the Gaussian 09 software
package.91 Pruned integration grids with 99 radial shells and 590
angular points per shell were used. Geometry optimizations of all the
stationary points were carried out in the gas phase at the BMK55/
def2-SVP52,53 level. Unscaled harmonic frequency calculations at the
same level were performed to validate each structure as either a
minimum or a transition state and to evaluate its zero-point energy
and thermal corrections at 298 K. Quasi-harmonic corrections were
applied during the entropy calculations by setting all positive
frequencies that were less than 100 cm−1 to 100 cm−1.92,93 On the
basis of the optimized structures, Gibbs energies of solvation in 1,4-
dioxane were computed at the SMD94/BMK/def2-SVP level and
single-point energy refinements were performed with ORCA 4.2.195,96

at the DLPNO-CCSD(T)56,57/def2-TZVPP52,53 level (using the def2-
TZVPP/C auxiliary basis set and tight thresholds). All discussed
energy differences are based on Gibbs energies in 1,4-dioxane at 298
K. Standard state concentrations of 1.4 mM97 and 1.0 M98 were used
for CO and the other species, respectively. All of the 3D structures
were prepared with CYLview.99

■ ASSOCIATED CONTENT

*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacs.1c11030.

Table 1. Competition between [5 + 2] and [5 + 2 + 1] Cycloadditionsa

ΔG⧧ (kcal/mol)

substrate R TS12-R TS13-R TS14-R TS15-R TS16-R

1h Me 19.4 21.9 21.4 24.4 19.2
1i H 20.5 19.0 19.2 18.4 18.8

aComputed at the DLPNO-CCSD(T)/def2-TZVPP:SMD(1,4-dioxane)//BMK/def2-SVP level.

Figure 8. Optimized geometries for TS15-Me and TS15-H,
computed at the BMK/def2-SVP level. Color scheme: H, white; C,
gray; O, red; Cl, green; Rh, violet.

Table 2. Influence of CO Pressure on the Chemoselectivitya

entry x 2h/3hb

1 0.1 1.7/1
2 0.2 7.6/1
3 0.5 >20/1
4 1 >20/1

aReaction conditions: 1h (0.10 mmol), [Rh(CO)2Cl]2 (5 mol %),
CO/N2, 1,4-dioxane, 80 °C, 16 h. bDetermined by 1H NMR analysis.
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