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ABSTRACT: The mechanism of the dirhodium-catalyzed com-
bined C−H functionalization/Cope rearrangement (CH/Cope)
reaction discovered by the Davies group has been investigated with
density functional theory (DFT) calculations and quasi-classical
molecular dynamics (MD) simulations. Computations from the
Davies group previously showed that there is a post-transition state
bifurcation leading to a direct CH reaction and also to the CH/
Cope product. While this work was in preparation, the Tantillo
group and the Ess group independently reported quantum
mechanical and molecular dynamics studies on the dirhodium-
tetracarboxylate-catalyzed diazoester CH/Cope and CH insertion
reactions with 1,3-cyclohexadiene and 1,4-cyclohexadiene, respectively. The Tantillo group cited “dynamic mismatching” to explain
the origins of the low yield of CH/Cope products in some experiments; the Ess group explained the origins of product selectivity
from the perspective of TS vibrational modes and their synchronization that occurs at the entropic intermediates. We report quasi-
classical trajectories for the reaction of the carbene with 1-methylcyclohexene that a0ord both the CH/Cope and C−H insertion
products. After passing through the transition state that involves mostly hydrogen transfer, momentum drives the reaction
trajectories toward the CH/Cope products.

■ INTRODUCTION

Transition metal-catalyzed C−H bond functionalizations have
become excellent strategies for the synthesis of complex
organic molecules and the diversification of natural products.1

A general method for C−H bond functionalization is the
insertion of a metal carbenoid into a C−H bond.2 The Davies
group has pioneered the study of dirhodium tetracarboxylate
catalysts for the insertion of a rhodium carbenoid into C−H
bonds.3 They also discovered the combined C−H function-
alization/Cope rearrangement (CH/Cope) reaction, called
CHCR by Davies et al.4 Many e0ective synthetic methods for
catalytic asymmetric transformations have been demonstrated
by the Davies group.5 In the late 1990s, the Davies group
focused on the chemistry of C−H functionalization of
aryldiazoacetates.3,6 They discovered the combined C−H
activation/Cope rearrangement, which we call CH/Cope for
additional clarity.4 They subsequently used this reaction to
complete the total synthesis of complex natural products, such
as (−)-colombiasin A,1 (+)-elisapterosin B,1 and (+)-erogor-
giaene.1 The Davies group also conducted a combination of
theoretical and experimental studies to demonstrate the
mechanism of the combined C−H activation/Cope rearrange-
ment reaction of styryldiazoacetate 1 with 1-methylcyclohex-
ene 2 (Scheme 1a), and showed that the CH/Cope reaction to
form 3 is a concerted and highly asynchronous process.7

Experiments showed that 3 undergoes a quantitative Cope
rearrangement to 4 at 110 °C (Scheme 1b);8 consequently, a

two-step C−H activation and Cope rearrangement for the
formation of the CH/Cope product 3 was ruled out.
The Davies group showed that there is a potential energy

surface bifurcation leading to the CH/Cope reaction and the
competing direct C−H insertion reaction from a single
transition state (Scheme 1c). Both of these processes go
through the same transition state TS1 (Scheme 1d),7 leading
to a mixture of 3 and 4. In TS1, the allylic C−H bond of 1-
methylcyclohexene 2 undergoes cleavage. This results in the
formation of either the C−H insertion product 4, where the
carbon−carbon bond between C1−C1′ is created or the CH/
Cope product 3, where the carbon−carbon bond between C3−

C3′ is formed. The chairlike transition state model TS1 was
proposed by Davies et al., and it predicts the stereoselectivity
of the CH/Cope reaction successfully.7 The interesting
discovery by the Davies group prompted us to work together
to use the combination of more reliable DFT calculations and
quasi-classical molecular dynamics (MD) simulations to
elucidate the time-resolved mechanisms of the CH/Cope
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reaction and the direct C−H insertion on a femtosecond time-
scale and to analyze the origin of product selectivity in this
ambimodal reaction. Tantillo and coworkers carried out quasi-
classical molecular dynamics studies on dirhodium-catalyzed
C−H insertion reactions, leading to the formation of β-
lactones.9 Many additional DFT MD studies have provided
time-resolved mechanistic insights to elaborate the dynamic
factors that control selectivity in organometallic reactions.10

We have studied computationally the mechanism of the
reaction of styryldiazoacetate 1 with 1-methylcyclohexene 2
catalyzed by Rh2(S-DOSP)4, which generates a 1.6:1 mixture
of the CH/Cope product 3 and the direct C−H insertion
product 4 (Scheme 1a).8

The traditional transition state theory successfully predicts
the stereoselectivity of this reaction but fails to address the
ambimodal selectivity of this reaction. Therefore, using quasi-
classical molecular dynamics (MD) simulations, we studied the
time-resolved mechanism of this reaction and explored the
product selectivity.
While this manuscript was in preparation, the Tantillo

group11 and the Ess group12 independently reported quantum
mechanical and molecular dynamics studies of the dirhodium-
tetracarboxylate-catalyzed reactions of diazoesters to give CH/
Cope and CH insertion reactions with 1,3-cyclohexadiene and
1,4-cyclohexadiene, respectively. Their studies revealed the
presence of entropic intermediates with zwitterionic character
in MD simulation trajectories, underscoring their significant
role in controlling product selectivity. The Tantillo group
proposed the term “dynamic mismatching”11 to contrast with
Carpenter’s “dynamic matching”,13 and to explain the observed
dynamic behavior, in which a large amount of CH/Cope
products were generated and several small amounts of
additional side products were generated (consistent with
experimental results). The Ess group explained the origins of
product selectivity from the perspective of TS vibrational
modes and their synchronization that occurs at the entropic
intermediates.12 In our study, we complement this perspective
by elucidating the dynamic factors that control the formation
of CH/Cope and C−H insertion products, emphasizing
geometries of ambimodal transition states and bond orders

of partial bonds in transition states. The results of the CH/
Cope and CH insertion reactions of the phenyl carbenoid ester
involving 1-methylcyclohexene are compared to the results of
Tantillo and Ess later in this manuscript.

■ COMPUTATIONAL METHODS

DFT calculations were carried out with Gaussian 16.14

Geometry optimizations and energy calculations were
performed with B3LYP-D3.15 Inclusion of dispersion with
D3 is expected to ensure accuracy. The LANL2DZ basis set16

with ECP was used for the Rh atom, and the 6-31G*
17 basis

set was used for other atoms. Frequency analysis was
conducted at the same level of theory to verify the stationary
points to be real minima or saddle points and to obtain
thermodynamic energy corrections. The single-point energies
with solvation were calculated at the B3LYP-D3/6-
311+G**

18
−SDD19 level using the IEFPCM20 solvation

model (solvent = 2,2-DMB, ε = 1.86). The Gibbs free energy
profiles with solvation correction at this level are very similar to
those in the gas phase at the geometry optimization level
(Table S1). The solvent e0ect is not included with MD
calculation, because the C−H functionalization reaction is
usually carried out in hydrocarbon solvents with very low
dielectric constants (such as hexane, pentane, or 2,2-
dimethylbutane).7 Computed structures are illustrated using
CYLview.21

The minimum-energy reaction path (MERP) connecting the
transition structure to the C−H insertion product from the
reacting complex was computed using the nudged elastic band
method with the climbing image (NEB-CI) approach.22 NEB-
CI calculations were performed at the level of B3LYP-D3/6-
31G*−LANL2DZ with ORCA 5.0.1.22

Quasi-classical MD simulations were performed at the level
of B3LYP-D3/6-31G*−LANL2DZ by interfacing Singleton’s
ProgDyn code23 with Gaussian 16. The initial configurations
were generated by normal-mode sampling. Along the forward
and reverse directions, molecular configurations and velocities
were propagated using the velocity Verlet algorithm with a
time step of 1 fs until the expected starting reactant or product
was formed. Thresholds for bond formations and trajectory are

Scheme 1. Competing CH/Cope and Direct C−H Insertion
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shown in Table S2. The root-mean-square deviation (RMSD)
values between two structures were calculated by VMD.24

■ RESULTS AND DISCUSSION

Mechanism of Dirhodium-Catalyzed CH/Cope Reac-
tion and Direct C−H Insertion. Studies by Davies et al.
suggest that the CH/Cope reaction proceeds via a concerted
mechanism with the allylic C−H bond cleaving and C−C
bond forming asynchronously.7,25 Styryldiazoacetate 1 exists in
both the s-cis and s-trans conformations. The s-cis conforma-
tion is slightly favored by 0.6 kcal/mol (Figure S1). The
dirhodium tetraprolinate catalyst Rh2(S-DOSP)4 is modeled
here as Rh2(O2CH)4 for computational eLciency since we
have not explored stereoselectivity. The free energy profile for
the formation of the rhodium carbenoid is shown in Figure S2.
Styryldiazoacetate 1 reacts with Rh2(O2CH)4 to form the
rhodium carbenoid 5 along with the expulsion of N2. This
process requires a barrier of 9.9 kcal/mol and is thermody-
namically favorable by 23.7 kcal/mol.

Figure 1 shows the free energy surface for the reaction of cis-
and trans-carbenoid 5 and 6, reacting with 1-methylcyclohex-
ene. The rhodium vinylcarbenoid has two configurations, s-cis
5 and s-trans 6, and 6 is 0.9 kcal/mol higher than 5. The
conversion between 5 and 6 requires a barrier of 15.3 kcal/
mol, resulting in a non-Curtin−Hammett situation. Products
from both 5 and 6 are expected since both of these are
expected to be formed from the reaction of the diazoalkane
with the dirhodium catalyst.
The barriers for the CH/Cope reaction via s-cis/chair TS1

and s-cis/boat TS2 are 5.6 and 8.0 kcal/mol, respectively, with
respect to s-cis 5. The barriers for the CH/Cope reaction via s-
trans/chair TS3 and s-trans/boat TS4 are 6.1 and 7.8 kcal/mol,
respectively, with respect to s-trans 6. While the energetics
imply that only TS1 and TS3 would be most likely to compete
energetically, we explored all four TSs.
The Davies group’s studies showed that the reactions of

rhodium carbenoid 5 or 6 with 1-methylcyclohexene 2 involve
bifurcating energy surfaces.7 The s-cis 5 reacts with 1-

Figure 1. Gibbs free energy profiles for the reaction between rhodium vinylcarbenoid and 1-methylcyclohexene. Gibbs free energies were obtained
at the B3LYP-D3/6-31G*−LANL2DZ level.
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methylcyclohexene 2 via s-cis/chair ambimodal TS1 to form
the E-CH/Cope product 3 and C−H insertion product 4. The
E-CH/Cope product 3 can undergo a facile Cope rearrange-
ment transition state TS5 (ΔΔG‡ = 19.7 kcal/mol) to form
the C−H insertion product 4.
The s-cis/chair TS1 is more stable than the s-cis/boat TS2 by

2.4 kcal/mol. The s-cis/boat TS2 leads to the E-CH/Cope
product 7 and C−H insertion product 10. Both have one
inverted stereocenter compared to those of 3 and 4. The E-
CH/Cope product 7 can undergo a facile Cope rearrangement
transition state TS6 (ΔΔG‡ = 24.7 kcal/mol) to form 10.
Similarly, s-trans 6 reacts with 1-methylcyclohexene 2 via s-

trans/chair TS3 or s-trans/boat TS4 to form the Z-CH/Cope
products 8 or 9 and C−H insertion products 11 or 12,
respectively. The Z-CH/Cope products, 8 and 9, can undergo
facile Cope rearrangements via TS7 (ΔΔG‡ = 20.9 kcal/mol)
and TS8 (ΔΔG‡ = 25.7 kcal/mol) to form the C−H insertion
products, 11 and 12, respectively. Note that C−H insertion
products 4 and 12, as well as C−H insertion products 10 and
11, have di0erent conformations of the carbonyl group. Figure
2 shows the optimized structures of the four ambimodal CH/
Cope TSs, s-cis/chair TS1, s-cis/boat TS2, s-trans/chair TS3,
and s-trans/boat TS4, that lead to four diastereomeric CH/
Cope products (3, 7, 8, and 9) and four diastereomeric C−H
insertion products (4, 10, 11, and 12).
The s-cis rhodium carbenoid 5 leads to the E-CH/Cope

products, and the s-trans rhodium carbenoid 6 leads to the Z-
CH/Cope products. In addition, the chair or boat con-
formation of CH/Cope TS determines the absolute config-
uration of the stereocenter substituted by the phenyl group.
The ester substituent of the rhodium carbenoids s-cis 5 and s-
trans 6 can rotate easily and result in two di0erent
conformations in CH/Cope TSs. In both TS1 and TS2, the
carbonyl group of the ester rotates away from the coming
substrate 1-methylcyclohexene 2, while in both TS3 and TS4,
the carbonyl group of the ester rotates toward the incoming
substrate. The other four TSs, s-cis/chair TS11 (ΔΔG‡ = 6.0
kcal/mol) and s-cis/boat TS12 (ΔΔG‡ = 8.2 kcal/mol) with
the carbonyl group toward the substrate, s-trans/chair TS13
(ΔΔG‡ = 6.8 kcal/mol) and s-trans/boat TS14 (ΔΔG‡ = 7.8
kcal/mol) with the carbonyl group away from the substrate, are
shown in Figure S3. These TSs (TS11−TS14) are only slightly
higher in energy than the conformers shown in Figure 2, but

are expected to have very similar dynamic behavior. They were
not studied further.
Computations from Davies et al. also gave four transition

states analogous to TS1−4, using 1,3-cyclohexadiene and 1,4-
cyclohexadiene as substrates in the same model system.7 Their
calculation results showed that the reaction through the s-cis/
chair transition state ultimately leads to the CH/Cope
products. Our calculations for 1-methylcyclohexene also
show that the energy of s-cis/chair TS1 is lowest (ΔΔG‡ =
5.6 kcal/mol), and the computed intrinsic reaction coordinate
(IRC) leads to the CH/Cope products with stereochemistry,
in agreement with the experimental results.8 Davies and
coworkers found that the s-trans configuration has a kinetic
preference for the generation of C−H bond insertion products
from 1,4-cyclohexadiene as the substrate when using Rh2(S-
DOSP)4 as a catalyst in the experiment.7 To explain this,
further in-depth analysis of the origins of product selectivity
and the kinetic preferences of s-cis and s-trans configurations
for products is performed here through molecular dynamics
simulations.
Post-Transition State Bifurcations. We successfully

located the CH/Cope product 3 and C−H insertion product
4. The computed IRC led to 3. In order to explore whether
there exists another TS to form the C−H insertion product, we
performed potential energy surface (PES) scans using the
distances R1 and R2 as variables (see Figure 3). The resulting
two-dimensional (2D) PES shown in Figure 3 clearly indicates
the expected post-TS bifurcation with both the CH/Cope
product 3 and the C−H insertion product 4 directly connected
to TS1. In addition, there is a Cope rearrangement transition
state (TS5) between the CH/Cope product 3 and the C−H
insertion product 4, as shown in Figure 3. The corresponding
three-dimensional (3D) PES is shown in Figure S4.
Intrinsic reaction coordinate (IRC) calculations from the

transition structure connect only a pathway from the reactant
to the CH/Cope product. The C−H insertion product 4 was
not connected to the transition structure in IRC calculations.
To establish the nonintrinsic reaction coordinate (non-IRC)
pathways to connect the C−H insertion product 4, we
employed the climbing image variant of the nudged elastic
band (NEB-CI) approach in ORCA,22 which located a
minimum-energy reaction path (MERP) connecting the s-cis
5 and 1-methylcyclohexene 2 reactants to s-cis/chair TS’ or TS
and then to CH/Cope product 3 and C−H insertion product

Figure 2. Optimized structures of four CH/Cope TSs. The selected bond distances are given in Å. Relative Gibbs free energies were obtained at
the B3LYP-D3/6-31G*−LANL2DZ level.
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4, respectively. As shown in Figures 4 and 3, the reaction path
indicated by the blue line goes through TS1 and then forms a
structure (A) resembling the subsequent Cope rearrangement
transition state (R1 = 2.58 Å and R2 = 2.41 Å). The C−H
bond is formed, and R1 (2.92 Å) and R2 (2.73 Å) indicate
significant partial bonding. At structure B, R1 (2.50 Å)
becomes shorter in length than R2 (2.88 Å), and after a sharp
drop in energy, the C−C bond forms. The reaction path
indicated by the red line goes through s-cis/chair TS’ to form

structure A’, then directly drops to form the CH/Cope
product 3.
As discussed by Tantillo11 and Ess,12 both studies predict

the presence of entropic intermediates with zwitterionic
characteristics in MD simulation trajectories. Tantillo’s group
has additionally observed instances where these entropic
intermediates can transform into actual intermediates,
suggesting the potential existence of shallow minima on the
potential energy surface by optimizing the endpoints of the
MD trajectories. In Figure 4, after passing through the hydride
transfer transition state, we identified shallow minima at points
A and A’ on the potential energy surface using NEB-CI.
However, recognizing the intrinsic errors of the computational
methods used, we caution that these minima may represent
artifacts rather than true stationary points. To further elucidate
these structures, we conducted Mulliken spin density and
natural bond orbital (NBO) charge analyses, as shown in
Figure 5. We found the TS’(TS) involving a +0.24 charge on
the methylcyclohexenyl moiety, which grows to approximately
+0.40 in the regions A and A’. The shallow minimum
containing A and A’ on the MERP has significant zwitterionic
character, and whether they can be characterized as entropic
intermediates will be further explored by lifetimes in MD
simulations.
Molecular Dynamics of the CH/Cope and C−H

Insertion Reactions. Quasi-classical trajectory simulations
were performed for each of the four TSs, TS1−TS4. Figure 6
shows two typical trajectories from s-cis/chair TS1, the starting
point for the trajectories that result mainly in the formation of
two products, CH/Cope product 3 and C−H insertion
product 4. The number of MD trajectories and the ratio of
the two competing products are given in Table 1. The quasi-

Figure 3. Potential energy surface through TS1 as a function of R1
and R2. Electronic energies are relative to s-cis 5 and 2 and are shown
in kcal/mol. The MERPs for 3 and 4 (see Figure 4) are shown as red
and blue lines.

Figure 4. Minimum-energy reaction paths connecting s-cis/chair TS’ to CH/Cope product 3 and s-cis/chair TS to C−H insertion product 4. All
electronic energies are relative to s-cis 5 and 2 and are shown in kcal/mol. The selected bond distances are given in Å.
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classical trajectories starting from the four initial transition
structures with di0erent configurations are also shown in
Figure 7. In a total of 432 trajectories propagated from the
lowest-energy TS, s-cis/chair TS1, there are 286 productive
trajectories leading to the products, and 137 recrossing (37
trajectories from the reactant to reactant, 98 trajectories from
the CH/Cope product to the CH/Cope product, and 2
trajectories from the C−H insertion product to the C−H
insertion product) trajectories. Out of the 286 reactive
trajectories through TS1, 277 trajectories (97%) lead to E-
CH/Cope product 3, while only 9 trajectories (3%) go to C−

H insertion product 4. MD trajectories through s-cis/boat TS2,
which is 2.4 kcal/mol higher in energy barrier than TS1, a0ord

a ratio of 86:14 for E-CH/Cope product 7 and the direct C−H
insertion product 10.
The MD trajectories through s-trans/chair TS3, which is

only 0.5 kcal/mol higher than TS1, show a 96:4 preference for
the formation of the direct C−H insertion product 11 over the
Z-CH/Cope product 8. Although the IRC calculations show
that TS3 connects to Z-CH/Cope product 8, the MD
trajectory simulations demonstrate that the direct C−H
insertion path is the dominant reaction path. This is unique
since the other three TSs always favor the CH/Cope product.
For MD trajectories through s-trans/boat TS4, a ratio of 67:33
for Z-CH/Cope product 9 over the direct C−H insertion
product 12 is obtained.
In all the trajectories of the above four TSs, 30−40% of the

trajectories are recrossing trajectories.13 Many of these
trajectories go through a weakly bound intermediate flat
zone after passing through the TS zone, especially for the
trajectories propagated from s-trans/boat TS4. The MD
trajectories via TS1, TS2, and TS4 show that the bifurcation
of the hydrogen transfer transition states leads primarily to the
CH/Cope products, as proposed by the Davies group,7 while
the higher energy TS3 favors the direct CH insertion. In recent
studies on the same system but with cyclohexadienes, the
Tantillo11 and Ess groups12 have shown similar results in MD
trajectories.
We also analyzed the time gaps between forming C−H and

C−C bonds. The distribution of the time gaps between the
formation of C−H and C−C bonds in the trajectories
generating the CH/Cope product and C−H insertion product
propagated from TS1 (a), TS2 (b), TS3 (c), and TS4 (d) is
shown in Figure 8. The reaction is dynamically stepwise (time
gap of formation of two bonds, τ > 60 fs26): the hydrogen
transfer is quickly completed, and then after 64−1408 fs, the
C−C bond forms to give the product. The rather long lifetime
(>1000 fs) of the dynamic entropic intermediates27 was found
in some trajectories from TS4. In addition, in the 282 reactive
trajectories propagated from s-trans/boat TS4, we find 8
trajectories connecting s-cis 5 with 1-methylcyclohexene 2 to
the weakly bound intermediates. The TSs lead to three
di0erent species: CH/Cope product, C−H insertion product,
and a weakly bound intermediate. The weakly bound
intermediates are observed from the trajectories in a region
with no potential energy minimum, suggestive of the existence
of an entropic intermediate.27 Tantillo11 and Ess12 both

Figure 5. Populations of NBO charges (Q in e) and Mulliken spin densities (r) for s-cis/chair TS’, s-cis/chair TS, A’, A, and B. The NBO charges
and Mulliken spin densities given below each structure are the total charges on the atoms enclosed in the region by the dashed lines of the same
color.

Figure 6. Two typical trajectories from the reaction dynamics
simulation through TS1. White dot marks indicate sampled TS points
used to initiate trajectories.

Table 1. Dynamics Results with Trajectories Initiated from
TSs

Total
Trajectories

Reactive
Trajectories

CH/Cope
Product

C−H Insertion
Product

TS1 432 286 277 (97%) 9 (3%)

TS2 470 310 266 (86%) 44 (14%)

TS3 543 338 13 (4%) 325 (96%)

TS4 475 282 189 (67%) 93 (33%)
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characterized the presence of the entropic intermediate with a
long lifetime in the CH/Cope reaction with 1,3-cyclohexadiene
and 1,4-cyclohexadiene.
It is important to emphasize that the simulations indicate a

strong preference for generating CH/Cope products over C−

H insertion products in TS1, with this preference reversed in
TS3. From a structural perspective, as shown in Figure 2, TS1
exhibits a forming R1 bond length of 2.63 Å and R2 of 3.11 Å,
and favors the formation of CH/Cope products. TS3 displays
an R1 bond length of 2.59 Å and R2 of 3.18 Å, shifting the
ratio toward C−H insertion products. Based on the partial
bond length model proposed by Houk and coworkers,28 a
shorter R2 and longer R1 in TS1 align with the trend toward
higher CH/Cope product formation, while in TS3, the changes
in R2 and R1 lengths correlate with more C−H insertion
product formation.
We also calculated the root-mean-square deviation (RMSD)

between the transition states and the product structures. Houk
and coworkers observed a good linear inverse correlation
between structural similarities of the TS and each of the
products − measured by the RMSD (between the ambimodal
TS and the various products) − and the percentage of each of
the products formed in MD simulations.29 This was shown to
be a useful metric to predict product ratios in ambimodal
cycloadditions.29 As shown in Table 2, the smaller RMSD

value correctly indicates the major product for TS1−TS3 but
fails for TS4. The selectivity in TS4 could be due to the
formation of an entropic or actual intermediate,27 suLciently
long-lived to undergo intramolecular vibrational energy
redistribution (IVR), which can lead to a preference for
CH/Cope product formation along the minimum energy path.
Momentum at the TS may also play a role in controlling

product selectivity, as proposed by Carpenter − “dynamic
matching.”13 After the hydrogen transfer transition state, the
momentum favors the formation of CH/Cope products. As
shown in Figures 3 and 6, after TS1, in both a trajectory
leading to C−H insertion products (blue line) or CH/Cope
products (red line), the reaction trajectories on the potential
energy surface tend to move more toward the CH/Cope
products as they move through the TS. We also analyzed two
typical trajectories passing through s-trans/chair TS3. As
shown in Figure 9, momentum is insuLcient to drive a
trajectory toward the product, but instead, the zwitterionic
species spends time in a region best described as an entropic
intermediate. That is what Tantillo describes as “dynamic
mismatching.”11 The average time also increased correspond-
ingly to 445 fs (see Figure 8c). The Tantillo group proposed
the term “dynamic mismatching”, which involves active
momentum that drives trajectories away from forming the
expected major product. This e0ect prolongs the lifetime of the

Figure 7. Plots of quasi-classical trajectories propagated from TS1, TS2, TS3, and TS4. The white dots are the locations of the normal-mode
sampled points used to initiate trajectories.
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ion pair entropic intermediate, thereby contributing to the
observed low yield of the CH/Cope product.11 In Ess’ work, a

more detailed explanation of momentum factors is provided by
exploring the vibrational synchronization between the key
vibrational modes.12 These three studies analyze the origins of
product selectivity from distinct perspectives, each o0ering
di0erent insights into the origin of selectivity of the CH/Cope
reaction.
In the case of the 1-methylcyclohexene substrate, the s-cis

and s-trans configurations exhibit di0erent kinetic preferences,
which are consistent with the MD simulation trajectory results
involving 1,3-cyclohexadiene11 and 1,4-cyclohexadiene,12 re-
spectively. The dynamics trajectories confirm the conclusion of
the Davies study, indicating that the s-cis configuration is
conducive to the generation of CH/Cope products, and the s-
trans configuration is more conducive to the generation of C−

H insertion products. Di0erently, we analyzed the origins of
product selectivity between CH/Cope products and C−H
insertion products from the configuration similarity between
the hydrogen atom transfer transition state and two di0erent
products. The smaller the RMSD value between the transition
structure and a certain product, the more MD trajectories there
are to generate that product.
The computational studies reveal that even though the s-cis/

chair TS is the most favorable, the other three TSs are still
relatively accessible. This explains why the high diastereose-
lectivity observed in CH/Cope reactions can be switched
depending on the functionality of the vinyl carbene and the
allylic substrate. For example, the vast majority of the reactions
have been conducted with E-vinyldiazoacetates and are highly
diastereoselective, forming essentially a single diastereomer, as
illustrated in Figure 10a.4b Even though both the s-trans and s-
cis configurations of the carbene are accessible, the reactions

Figure 8. Distribution of the time gap between the formation of the C−H and C−C bonds in the trajectories generating the CH/Cope product and
the C−H insertion product propagated from TS1 (a), TS2 (b), TS3 (c), and TS4 (d).

Table 2. RMSD Values between the Transition States and
the Products

RMSD

TS1 TS2 TS3 TS4

CH/Cope product 1.54 Å 1.68 Å 2.26 Å 2.55 Å

C−H insertion product 1.75 Å 1.93 Å 1.75 Å 2.21 Å

Figure 9. Two typical trajectories from reaction dynamics simulations
through TS3. White dotted marks indicate sampled TS points used to
initiate trajectories.
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proceed through the s-cis/chair TS, consistent with the
preferred transition state determined in these computational
studies. When the vinylcarbene has an internal siloxy
substituent, the carbene must react through the s-cis

configuration (Figure 10b,c) because the siloxy group in the
s-trans configuration will point toward the catalyst wall.25b

However, the reaction can lead to opposite stereochemical
results depending on the structure of the allyl functionality.
When the substrate is a cyclohexene derivative, the reaction
proceeds through the s-cis/chair TS to avoid interference
between the remainder of the cyclohexene structure and the
wall of the catalyst (Figure 10b). By contrast, when the
substrate is an internally methyl-substituted cyclopentene
derivative, the reaction proceeds through the s-cis/boat TS to
avoid interference of the methyl substituent with the catalyst’s
wall (Figure 10c). Finally, a CH/Cope reaction proceeding
through the s-trans/boat TS is feasible when Z-vinyl-
diazoacetate is used (Figure 10d).7 In this case the s-cis
configuration of the vinylcarbene is not viable because the
ethyl group will point toward the catalysts and is sterically
inaccessible.
MD simulations on model systems provide valuable insights

into the origins of selectivity, but these simulations inherently
simplify the complexity of real catalysts like Rh2(DOSP)4.
Despite these simplifications, our computational studies on the
truncated model give a detailed picture of the mechanism of
the CH/Cope reactions. These findings are complemented by
experimental validations, underscoring the utility of our
approach in guiding experimental design and interpretation.

■ CONCLUSIONS

We find that the CH/Cope reaction proceeds via a concerted
mechanism with the allylic C−H bond cleaving and C−C
bond forming asynchronously, as proposed in earlier work by
Davies and coworkers. There is a post-transition state
bifurcation during a dirhodium-catalyzed combined CH/
Cope reaction, from which direct C−H insertion can also
occur.
We performed MD simulations on four TSs and found that

the two lowest energy TSs di0er slightly and give opposite
preferences for CH/Cope vs CH insertion. The s-cis/chair TS1
gives 97% CH/Cope product and only 3% of the C−H
insertion product. The s-trans/chair TS3, which is only 0.5
kcal/mol higher than the barrier through TS1, gives 96% of the
C−H insertion product and only 4% of the CH/Cope product.
Although we have not explored all the variations in substituted
diazoacetates and cycloalkenes that have been studied, there is
experimental evidence through product stereochemistries that
each of the low-energy transition states is involved in reactions
of appropriately substituted substrates. We analyzed the origins
of product selectivity between CH/Cope products and C−H
insertion products in these reactions of the dirhodium
carbenoid with 1-methylcyclohexene. The ambimodal selectiv-
ity is controlled by the structural similarity of the products to
the ambimodal TS (measured by the RMSD) and the bond
strengths of partial bonds in the TSs. After passing through the
transition state that involves mostly hydrogen transfer,
momentum drives the reaction trajectories toward the CH/
Cope products. We make conclusions about how the
stereochemistries and product ratios are controlled by the
ambivalent transition states of these reactions.

Figure 10. (a) Stereochemical outcome with E-vinyldiazoacetates (most common system); (b) stereochemical outcome with internally substituted
vinyldiazoacetates with cyclohexene derivatives; (c) stereochemical outcome with internally substituted vinyldiazoacetates with cyclopentene
derivatives; (d) stereochemical outcome with Z-vinyldiazoacetates.
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