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ABSTRACT: Recently we reported the first conjugated diene assisted, rhodium-
catalyzed allylic C−H bond activation and addition to alkenes to synthesize
multifunctional tetrahydropyrroles, tetrahydrofurans, and cyclopentanes from ene-2-
diene substrates, with good to excellent diastereoselectivities. Here we report a DFT
study of the mechanism of this reaction, aiming to obtain a detailed potential energy
surface, to understand factors determining its stereochemistry, and to determine
why conjugated diene is very critical for the success of this reaction. DFT
calculations unveiled that the catalytic cycle of this reaction involves a sequence of
substrate−catalyst complex formation, allylic C−H activation, alkene insertion into
the Rh−H bond, and di-π-allyl-assisted C(sp3)−Rh−C(sp3) reductive elimination,
among which the C−H activation and alkene insertion steps are reversible. The main reason for the formation of the cis-divinyl
product is that the irreversible reductive elimination transition state from the bis-allylic Rh complex favors a cis 5/5 bicyclic
conformation to reduce the ring strain. Moreover, formation of the cis-divinyl product is also assisted by the alkene coordination
to the Rh center in the reductive elimination transition state. DFT insights revealed that the conjugated diene, which is very
critical for the target reaction, disfavors the double-bond isomerization and facilitates the reductive elimination for the bis-allylic
Rh complex, causing the C−H activation and alkene insertion to occur. The computational results showed that the bridgehead
double-bond distortion, as suggested by the Bredt’s rule, is responsible for not generating the type II [4+2] cycloadducts from
ene-2-dienes.

■ INTRODUCTION
Selective C−H functionalization represents one of the most
efficient and straightforward methods to access complex
molecules from ubiquitous C−H groups. 1 Among various
C−H activation/C−C formation reactions, the additions of C−
H bonds across multiple bonds such as alkenes and alkynes are
particularly appealing due to their atom- and step-economies.2

Compared with the additions of aromatic C−H bonds to
multiple bonds, the additions of aliphatic C−H bonds to
multiple bonds are more challenging due to the inertness of
aliphatic C−H bonds and problems related to chemo-, regio-,
and stereoselectivities. Although many efforts have been
directed to the activation of C−H bonds adjacent to
heteroatoms or double bonds,3 only a limited number of
catalytic additions of allylic C−H bonds to alkynes and allenes
have been successfully realized.4−6 In particular, catalytic
addition of an allylic C−H bond to alkenes has not been
achieved until we serendipitously discovered the first
conjugated diene assisted, rhodium-catalyzed allylic C−H
bond activation and addition to alkenes, furnishing multifunc-
tional tetrahydropyrroles, tetrahydrofurans, and cyclopentanes,
with good to excellent diastereoselectivities between the two
newly formed stereogenic centers in the final products (Scheme
1).7,8 We found this reaction unexpectedly since our original
attempt was to develop a Rh-catalyzed formal intramolecular

type II Diels−Alder reaction for the synthesis of bridged [4+2]
cycloadducts.9 The allylic C−H activation/addition reactions in
Scheme 1 have several advantages. First, the present allylic C−
H activation reaction can overcome the regioselectivity
challenges, as only the specific allylic C−H bond in the ene
part of the substrates can be activated by the Rh catalyst.10

Second, the reactivity issue on how to realize the formation of
an arduous C(sp3)−C(sp3) bond after the C−H functionaliza-
tion has also been settled, leading to the generation of
quaternary carbon centers in the final products.11 Third, the
diastereoselectivity issue in the final products has also been well
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Scheme 1. Conjugated Diene Assisted Allylic C−H
Activation and Addition to Alkenes
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controlled. In addition, an asymmetric version of this reaction
has also been developed by us (Scheme 2).12,13h

The proposed catalytic cycles for the conjugated diene
assisted allylic C−H activation/addition reaction and the
competing type II [4+2] cycloaddition of ene-2-diene 1a are
shown in Figure 1. The allylic C−H activation/addition
reaction is proposed to commence with a ligand exchange
reaction between the product−Rh(I) complex D, and the
substrate 1a. Through this process, the allylic C−H activation/
addition product 3a is released and the substrate−Rh(I)
complex A is generated. The conjugated diene assisted allylic
C−H activation then takes place, giving a π-allyl-diene-Rh(III)
complex B, which is then transformed to a di-π-allyl-Rh(III)
complex C through alkene insertion of the inner ene part of the
conjugated diene into the Rh−H bond. Finally, reductive
elimination generates a C(sp3)−C(sp3) bond, affording a
product−Rh(I) complex D (Figure 1, right). The competitive
but disfavored type II [4+2] cycloaddition should also begin
with the exchange reaction between cycloadduct 2a−Rh(I)
complex F and the substrate 1a. Through this process, the
[4+2] cycloadduct could be released. Then oxidative cyclo-
metalation of A would take place, giving a π-allyl-Rh(III)
complex E. Through reductive elimination, this complex would
generate a cycloadduct−Rh(I) complex F, with which a new
catalytic cycle could start again (Figure 1, left).
Discovering new reactions and applying these reactions to

impact synthesis are important. Understanding how these
reactions occur at the molecular level is of the same importance
to advance our knowledge of chemistry and to guide

development of new reactions and catalysts. Therefore, we
were interested in applying density functional theory (DFT)
calculations to understand how the C−H activation reactions
shown in Schemes 1 and 2 occur at the molecular level.
Meanwhile, DFT calculations were used to explain the
stereochemistry of the target reaction, which gives the cis-
divinyl products predominantly. In addition, what is the effect
of the indispensible conjugated diene part on the success of the
allylic C−H activation/addition reactions? In other words, why
can conjugated diene but not a single ene moiety achieve the
allylic C−H activation/addition reactions? Moreover, why is
our originally designed type II [4+2] cycloaddition totally
inhibited for the ene-2-diene substrates? To answer the above
questions, three reactions have been investigated using DFT
calculations (Scheme 3). The first reaction studied is the C−H

activation/addition reaction of the ene-2-diene substrate 1a
using triphenylphosphine as the ligand. From the potential
energy surface of this reaction, the detailed mechanism of the
allylic C−H activation/addition transformation was obtained,
and the rate- and stereodetermining steps were disclosed as
well. We have also studied reaction 2 to disclose the

Scheme 2. Asymmetric Allylic C−H Activation and Addition
to Alkenes

Figure 1. Catalytic cycles for the type II [4+2] cycloaddition and conjugated diene assisted allylic C−H activation/addition reaction.

Scheme 3. Three Reactions Studied by DFT Calculations
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indispensible role of the conjugated diene moiety on the
success of the C−H activation/addition transformation in
reaction 1. In addition, DFT calculations to study why the type
II [4+2] cycloaddition (reaction 3) of the ene-2-diene 1a is not
feasible compared with reaction 1 will be discussed.

■ COMPUTATIONAL DETAILS
All DFT calculations were performed with the Gaussian 03 software
package.14 Geometry optimization of all the minima and transition
states involved was carried out at the B3LYP level of theory15 at 298 K.
The LANL2DZ basis set and pseudopotential16 were used for the
rhodium atom, and the 6-31G(d) basis set17 was used for other atoms.
The keyword “5D” in the Gaussian 03 program was used to specify
that five d-type orbitals were used as basis sets in all elements of the
calculations. The vibrational frequencies were computed at the same
level to check whether each optimized structure is an energy minimum
or a transition state and to evaluate its zero-point vibrational energy.
Solvent effects were computed on the basis of the gas-phase-optimized
structures using the same basis sets.18 Solvation energies in
dichloroethane were evaluated by a self-consistent reaction field
using the CPCM model,19 where the simple united atom topological
model (UA0) was used to define the atom radii. In this paper, all
discussed energies are Gibbs free energies in dichloroethane
(ΔGDCE 298 K) unless specified, where the entropy contributions were
estimated by using the gas-phase entropy values. The Gibbs free
energies (ΔGgas 298 K) and the enthalpies (ΔHgas 298 K) in the gas phase
are also given for reference. Reaction 1 was carried out at 65 °C (338
K), and its Gibbs free energy surface at 65 °C (338 K) is also given in
the Supporting Information.20

■ RESULTS AND DISCUSSION
1. DFT Investigation of the Energy Profile for the

Allylic C−H Activation/Addition Reaction of Ene-2-diene
Substrate 1a Using PPh3 As the Ligand (Reaction 1). The
whole potential energy surface of the allylic C−H activation/

addition reaction of ene-2-diene 1a (reaction 1) is given in
Figure 2, and the computed structures are given in Figure 3.
The key steps in the catalytic cycle are ligand exchange, allylic
C−H activation, alkene insertion into the Rh−H bond, and
C(sp3)−C(sp3) bond formation via a reductive elimination
process. We will discuss these individual steps below one by
one.

Ligand Exchange Step. The allylic C−H activation/addition
catalytic cycle starts with the ligand exchange between the
product−Rh(I) complex 18, which is generated in the previous
catalytic cycle, and the substrate 1a. This ligand exchange
reaction is exergonic by 6.5 kcal/mol, giving a 16-e Rh(I)
complex 4, in which the ene and conjugated diene moieties in
the substrate both coordinate to the Rh(I) center. These two
ligands together with a PPh3 ligand form a square-planar
complex around the rhodium center. Complex 4 could be
transformed to intermediates 5 and 6 through coordination
with another phosphine ligand (Scheme 4). Calculations
indicate that complex 5, with coordination of a diene and
two phosphines, is more stable in enthalpy than complex 4 due
to the stronger coordination ability of phosphine than alkene.
In terms of Gibbs free energy, formation of 5 from 4 and the
phosphine ligand is not favored due to its entropy penalty in
this process. Formation of the five-coordinated 18-e complex 6
from 4 and PPh3 is disfavored further, due to entropy reasons
as well. In the reaction process, these intermediates could also
exist before they are gradually converted to the final product
through the elementary steps shown in Figure 2.21

Conjugated Diene Assisted Allylic C−H Activation Step.
The 16-e complex 4 can adjust its square-planar geometry to a
pyramidal-square 18-e complex 7 through formation of an
agostic C−H interaction with the Rh center (Figure 2). In
complex 7, the length of the C−H bond is 1.15 Å, while the

Figure 2. Potential energy surface of the conjugated diene assisted allylic C−H activation and addition to alkene of substrate 1a (reaction 1).
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H···Rh bond distance is 2.03 Å.22 Formation of this agostic
complex23 aims to facilitate the oxidative addition of Rh to the
allylic C−H bond via transition state 8-TS, giving the π-allyl-
coordinated Rh complex 10. The generated Rh−H complex 10
adopts a distorted octahedral configuration, with the PPh3
ligand and one end of the π-allyl moiety in the axial positions.
The C−H activation step has an overall activation free energy
of 19.3 kcal/mol (from 4 to 8-TS). In 7, 8-TS, and 10, the
abstracted H atom of the allylic position and the internal alkene
part are always in a cis configuration. Such geometric
arrangement is to achieve the followed alkene insertion step.
Abstraction of the other hydrogen atom of the allylic position
in complex 4 (4 → trans-4 → 9-TS → 11) is not favored due
to the fact that 9-TS is higher in Gibbs free energy than 8-TS

by 14.6 kcal/mol (Scheme 5). This is attributed to the strain
energy in 9-TS, as appreciated from the eclipsed conformation
of C2−C3−N−C4 (with a dihedral angle of 20.2°).24 As
suggested by IRC calculations, 9-TS is not connected by an
agostic complex, but by complex trans-4, which is higher in
energy than complex 4 and has the coordinated alkene
adopting a staggered conformation with a dihedral angle of
56.3° for C2−C3−N−C4. Although complex 11 could not be
formed through this very energy demanding trans C−H
activation transition state 9-TS, it can still be reached through
ligand reorganization process from complex 10 (Scheme 5).

Alkene Insertion into the Rh−H Bond Step. Next, insertion
of the inner alkene of the conjugated diene part of 3a into the
Rh−H bond takes place via 12-TS, giving a cis di-π-allyl-
coordinated rhodium complex 14. This process (10 → 12-TS
→ 14) requires an activation free energy of 9.3 kcal/mol and is
exergonic by 12.9 kcal/mol (Scheme 6). The di-π-allylic Rh
complex 14 has the two π-allyl groups adopting a cis
configuration with the bridgehead hydrogen, Ha, labeled in
Scheme 6 and the newly formed methyl group in the same
orientation. There is another possible pathway for the alkene
insertion, starting from complex 11 via 13-TS, to give complex
15, which has the bridgehead hydrogen, Ha, and the newly
formed methyl group in a trans configuration. The insertion
step from 11 to 15 is not difficult, with an activation free energy

Figure 3. 3D structures of intermediates and transition states in the allylic C−H activation/addition reaction of 1a. For clarity reasons, in every
structure, the PPh3 and Ts groups are not drawn as 3D models.

Scheme 4. Structures and Energies of Complexes 4, 5, and 6
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of 10.8 kcal/mol. However, 13-TS is higher than 12-TS by 5.6
kcal/mol, suggesting that the alkene insertion from 11 to 15 is
not favored kinetically. The high energy of 13-TS with respect
to 12-TS is still due to the ring strain caused by the eclipsed
configuration of the C1−C2−C3−N moieties in both 13-TS
and 15 (these dihedral angles are 39.2° and 39.8°, respectively).
Despite this, complex 15 could still be reached from 14 through
a ligand reorganization process.
Reductive Elimination Step. The final step of this catalytic

cycle is the reductive elimination to form a C(sp3)−C(sp3)
bond, giving the product−catalyst complex, with the two
stereogenic centers set up simultaneously (Scheme 7).25 This
process, which starts from the cis di-π-allyl intermediate 14 and
undergoes reductive elimination via 16-TS, is exergonic by 3.4
kcal/mol, producing cis divinyl product−catalyst complex 18.
Through a ligand reorganization process, complex 14 can be in
equilibrium with the trans 16-e complex 15, which can also
undergo reductive elimination via 17-TS to give the trans-

product−Rh complex 19. However, generation of complex 19
and later on the trans-divinyl product is disfavored both
kinetically and thermodynamically.
The reason for the preference of generating the cis-divinyl

product can be understood by the 5/5 bicyclic ring model
(Scheme 8). It has been shown that the 5/5 bicyclic system
prefers to adopt a cis conformation for the bridgehead carbon
atoms to reduce the ring strain in the two five-membered
rings.26 The formations of 18 and 19 can be viewed as
generating two bicyclic 5/5 ring skeletons. Generation of the
cis-bicyclic 5/5 ring from 14 to 18 is expected to be favored
over generation of the trans 5/5 ring from 15 to 19.
In addition, the coordination of the divinyl moieties to the

Rh center also affects the stereochemistry. For the Rh-
(alkene)2P(PPh3) complex, the two alkenes favor adopting a
parallel configuration.27 In 16-TS, the two alkene parts still
have a parallel configuration (Φ(C1−C2−C3−C4) = −12.1°),
while in 17-TS, the two alkene parts have a crossover
configuration (Φ(C1−C2−C3−C4) = −68.1°), making the
latter transition state further disfavored in terms of alkene
coordination. Complexes 18 and 19 also reflect this difference,
with the former being more stable than the latter by 11.3 kcal/
mol. Since 16-TS is favored over 17-TS kinetically by 1.4 kcal/
mol in solution, the final product is dominated by generating
the cis-divinyl products. This is consistent with the
experimental observation.28

In summary, the whole potential energy surface of the
catalytic cycle for the conjugated diene assisted allylic C−H
activation/addition to alkenes, which is shown in Figure 2,
indicates that the conversion from substrate 1a to complex 4 via
ligand exchange is exergonic by 6.5 kcal/mol. The allylic C−H
activation step (via 8-TS) is relatively facile and requires an
activation free energy of 19.3 kcal/mol. The alkene insertion
step (via 12-TS) and the reductive elimination step (via 16-TS)
are the competitive rate-determining steps, which require
activation free energies of 21.0 and 21.6 kcal/mol, respectively.
As the interconversion between 14 and 15 is facile, the
diastereoselectivity of this reaction should be determined by the
final reductive elimination step, which is irreversible and gives
the thermodynamically more stable cis divinyl product−catalyst

Scheme 5. DFT-Computed Structures and Energies in the Cis and Trans C−H Activation Processes

Scheme 6. DFT-Computed Structures and Energies in the
Cis and Trans Alkene Insertion Processes
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complex 18. The overall activation free energy of this allylic C−
H activation/addition reaction is 21.6 kcal/mol, which is in
good agreement with the experimental fact that this allylic C−
H activation/addition reaction readily occurs at 65 °C and
delivers the cis-divinyl-substituted product 3a predominantly.
Before concluding this part, we point out here that there is

another possible pathway giving the final product (Scheme 9).
This pathway starts from alkene insertion into the Rh−C
bond29 via 21-TS, instead of the Rh−H bond via 12-TS, to give
complex 22, which then undergoes reductive elimination to
give the final product. We found this step is very difficult,
requiring an activation free energy of 41.1 kcal/mol from the
Rh−H intermediate 10. Therefore, this pathway can be ruled
out for further consideration. This is in good agreement with
our previous isotopic labeling experiments, which support the
alkene insertion into the Rh−H bond but not the Rh−C bond.
The main reason for the difficult alkene insertion into the Rh−

C bond is that such a process would break the stronger η3

coordination of the allylic group in transition state 21-TS, in
which the C1 and C2 atoms are not coordinated to the Rh
center.

2. Why Is the Conjugated Diene Moiety in the Ene-2-
diene Substrate Indispensable for the Success of the
Allylic C−H Activation/Addition Reactions? In order to
determine why the conjugated diene moiety is important for
the target reactions of ene-2-diene substrates, we synthesized
bis-ene substrate 1b, which does not have a conjugated diene
moiety, to test whether the same reaction sequence happening
in ene-2-diene 1a can also take place with 1b. When 1b was
subjected to the allylic C−H activation/addition reaction
conditions ([Rh(PPh3)3Cl], AgSbF6, 70 °C, DCE as solvent),
only a complex mixture was observed, without giving any
desired five-membered adduct 3b, as judged by the NMR
spectra of the crude reaction mixtures (Scheme 10). We

Scheme 7. Relative Energies of the Competing Reductive Elimination Steps

Scheme 8. 5/5 Bicyclic Model for Rationalization of the Cis Selectivity
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proposed that this reaction first generated enamine inter-
mediate 1b′ through Rh-catalyzed double-bond isomerization,
which was not stable and immediately decomposed to a
complex mixture of unidentified products.30

DFT calculations were performed to determine why 1b
could not generate 3b (Figure 4). Herein, we used the ene-2-
diene 1a instead of bis-ene 1b to do the calculations. In the
calculations, the outer ene unit of the conjugated diene moiety
in 1a was treated as a substituent and did not take part in the
coordination to the Rh center.31 Without the complexation of a
conjugated diene moiety, the most stable substrate−Rh
complex is the nitrogen-coordinated, phosphine-stabilized,
square-planar substrate−Rh complex 23. DFT calculations

Scheme 9. Structures and Energies in the Alkene Insertion into the Rh−C Bond

Scheme 10. Reaction of Bis-ene Substrate 1b

Figure 4. Potential energy surface of the bis-ene substrate 1b (reaction 2, here the R group can be regarded as a simple substituent in 1a).
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suggest that the generation of an alkene isomerization product
is also the result of allylic C−H activation. C−H activation via
24-TS is an energetically neutral process with an activation free
energy of 17.7 kcal/mol, generating Rh−H complex 25. After
the allylic C−H activation step, there are two competitive
pathways for further transformations. One is a direct reductive
elimination via 26-TS to give isomerization product−Rh
complex 27. Alternatively, similar to reaction 1, the alkene
moiety can insert into the Rh−H bond via 28-TS, giving
intermediate 29, which then undergoes reductive elimination
via 30-TS to generate complex 31.
Our DFT calculations found that generation of 27 is favored

over the generation of 31, because 30-TS is 19.9 kcal/mol
higher than 26-TS. This suggests that reaction of 1b could give
product 1b′ through a C−H bond formation via a reductive
elimination process. 1b′ is an enamine, which is not stable and

could undergo unexpected reactions to give a mixture of
unidentified products.
The most important reason for not generating 3b is that the

reductive elimination via 30-TS requires an overall activation
free energy of 32.5 kcal/mol. The other reason is the disfavored
alkene insertion into the Rh−H bond (via transition state 28-
TS) with respect to the reductive elimination process via
transition state 26-TS (the energy difference is 1.6 kcal/mol).
This suggests that, in the reaction system, 25, 27, and 29 could
be in equilibrium, but they will reach 30-TS with difficulty.
Consequently, other unexpected side reactions from 25, 27,
and 29 could occur and thus give a mixture of unidentified
products. We attribute the higher activation energy for 30-TS
to the lack of stabilizing coordination group around the 16-e Rh
center, which is stabilized by an agostic interaction instead of a
more favorable alkene moiety. Moreover, this disadvantaged
reductive elimination step can be further appreciated by the

Scheme 11. Effect of Conjugated Diene on Tuning the Chemoselectivity of Ene-2-diene Substrates

Figure 5. Potential energy surface of type II [4+2] cycloaddition of ene-2-diene substrate 1a (reaction 3).
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endothermicity of the reductive elimination process from 29 to
31.32

The above discussion suggests that without the conjugated
diene moiety, double-bond isomerization is easier. However,
when the conjugated diene is present, the competitive double-
bond isomerization process via 32-TS, which is a reversible
process, is disfavored compared with the alkene insertion into
the Rh−H bond via 12-TS (Scheme 11).
Calculations found that the isomerization of intermediate 10

to 33 via the C−H bond reductive elimination transition state
32-TS requires an activation free energy of 10.9 kcal/mol, 1.6
kcal/mol higher than the alkene insertion into the Rh−H bond
process via 12-TS. Therefore, complex 10 prefers to give
complex 14, which then undergoes an irreversible reductive
elimination reaction to furnish the divinyl product. The energy
difference between 32-TS and 12-TS is only 1.6 kcal/mol,
suggesting that intermediate 33 could be generated in the
reaction process. But the reaction from 10 to 18 is irreversible.
Therefore, intermediate 10 will finally give the divinyl product
via 12-TS and 16-TS.
From the above analysis, we can conclude that the presence

of the conjugated diene affects the reaction pathway in two
ways. One is to disfavor the double-bond isomerization process.
The other is to facilitate the reductive elimination from the bis-
π-allylic Rh complex 14.
3. Why Is the Type II [4+2] Pathway Not Favored? In

this part, we computed the energy surface of the originally
expected but not realized type II [4+2] reaction pathway of 1a
to understand why this pathway is not favored (Figure 5).
Calculations indicate that the oxidative cyclometalation
between the ene moiety and the internal ene part of the
conjugated diene in the ene-2-diene substrate from complex 4
is not difficult, requiring an activation free energy of 22.3 kcal/
mol. This step gives the thermodynamically stable oxygen-
coordinated intermediate 35. However, the reductive elimi-

nation reaction from 35 to form the C−C bond is energetically
forbidden because this step requires an activation free energy of
57.8 kcal/mol. Since the C−H activation pathway to generate
the Rh−H species 10 is much easier, with an activation free
energy of 19.3 kcal/mol (Figure 2), the type II [4+2] pathway
is impossible when the Rh catalyst is applied.
Analysis of the reductive elimination transition structure 36-

TS reveals that two factors are responsible for the high
activation energy of this step. One factor is due to the
formation of a bridgehead double bond, which leads to a
remarkable distortion energy according to Bredt’s rule.33 This
severe distortion can be understood from the geometry of the
forming C6C8 double bond. As shown in Figure 6, the
angles around the forming CC double bond are twisted away
from 120°, with angles C4−C6−C5, C5−C6−C8, C6−C8−
C7, and C6−C8−C9 being 114.6°, 125.1°, 124.8°, and 116.2°,
respectively. The distortion of the double bond in the forming
six-membered ring causes serious strain, thus making this
transition structure rather energetically demanding. Second,
steric repulsions in this very congested reductive elimination
transition state, 36-TS, cannot be ignored. As shown in Figure
6, the distances between the labeled hydrogen atoms in the
forming six-membered ring, H1−H2 and H2−H3, are only 2.01
and 2.20 Å, which are shorter than the sum of their van der
Waals radii (2.40 Å).34 In addition, the reductive elimination in
this pathway is endergonic by 12.2 kcal/mol, making this
pathway thermodynamically disfavored.

■ CONCLUSION

The mechanism of the Rh(I)-catalyzed allylic C−H activation/
addition reactions of ene-2-diene substrates has been
investigated by DFT calculations. The present mechanistic
study reveals the detailed processes of the catalytic cycles, the
potential energy profile, and the structures of intermediates and
transition states.

Figure 6. 3D structures of intermediates and transition states in the type II [4+2] cycloaddition. For clarity reasons, in every structure, the PPh3, Ts,
and Tol groups are not drawn as 3D models.
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Insights obtained in the present DFT study include the
following: (a) The catalytic cycle of the allylic C−H activation/
addition reactions includes the substrate−catalyst complex
formation, allylic C−H activation, alkene insertion into the
Rh−H bond, and di-π-allyl-assisted reductive elimination to
form the C(sp3)−C(sp3) bond. (b) Formation of the cis-divinyl
product is due to the fact that the reductive elimination
transition state from the bis-allylic Rh complex prefers to adopt
a cis 5/5 conformation to reduce the ring strain. Formation of
the cis-divinyl product is also assisted by alkene coordination to
the Rh center in the reductive elimination transition state. (c)
The conjugated diene is very important to disfavor the double-
bond isomerization and facilitate the reductive elimination for
the bis-allylic Rh complex. (d) In addition, the computational
results show that the bridgehead double-bond distortion,
suggested by Bredt’s rule, is responsible for not generating
the type II [4+2] cycloadducts from ene-2-dienes.
The present DFT study provides an understanding of the

rhodium-catalyzed C−H activation reactions of conjugated-
diene-containing substrates, and we hope these insights could
serve as a mechanistic guide to inspire future discovery of new
conjugated diene assisted reactions. Further studies of the
substituent effects and how ligands affect the kinetics and
stereochemistry of the present C−H activation/addition to
alkenes reactions are ongoing and will be reported in due
course.

■ ASSOCIATED CONTENT
*S Supporting Information
Computational details, discussions of computational methods,
and computed energies and Cartesian coordinates of all
stationary points are available free of charge via the Internet
at http://pubs.acs.org.

■ AUTHOR INFORMATION
Corresponding Author
*E-mail: yuzx@pku.edu.cn.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
We thank the Natural Science Foundation of China (20825205
National Science Fund for Distinguished Young Scholars,
20772007, and 21072013) and the National Basic Research
Program of China (2011CB808603) for financial support.

■ REFERENCES
(1) (a) Kakiuchi, F.; Chatani, N. Adv. Synth. Catal. 2003, 345, 1077.
(b) Dick, A. R.; Sanford, M. S. Tetrahedron 2006, 62, 2439. (c) Godula,
K.; Sames, D. Science 2006, 312, 67. (d) Bergman, R. G. Nature 2007,
446, 391. (e) Chen, M. S.; White, M. C. Science 2007, 318, 783.
(f) Chen, X.; Engle, K. M.; Wang, D. H.; Yu, J.-Q. Angew. Chem., Int.
Ed. 2009, 48, 5094. (g) Ackermann, L. Chem. Rev. 2011, 111, 1315.
(h) Wencel-Delord, J.; Droege, T.; Liu, F. Chem. Soc. Rev. 2011, 40,
4740. (i) Baudoin, O. Chem. Soc. Rev. 2011, 40, 4902. (j) Lyons, T. W.;
Sanford, M. S. Chem. Rev. 2010, 110, 1147. (k) Shi, W.; Liu, C.; Lei, A.
Chem. Soc. Rev. 2011, 2761. (l) Hartwig, J. F. Acc. Chem. Res. 2012, 45,
864. (m) Davies., H. M. L.; Du Bois, J.; Yu, J.-Q. Chem. Soc. Rev. 2011,
40, 1855. (n) Engle, K. M.; Mei, T.-S.; Wasa, M.; Yu, J.-Q. Acc. Chem.
Res. 2012, 45, 788. (o) Wencel-Delord, J.; Dröge, T.; Liu, F.; Glorius,
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