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a b s t r a c t

The reaction mechanisms on the palladium-catalyzed oxidative carbocyclization of enallenes assisted by
weak coordination hydroxyl groups have been computationally investigated by employing density
functional theory (DFT) calculations. The allyl C-H activation is the rate-determining step and the olefin
insertion is the diastereoselectivity-determining step. The calculated results can explain the lower dia-
stereoselectivity obtained in the experiment when the OH group was replaced by OAc or OMe.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

The activation and function of stable C-H bond can provide an
approach to synthesize multi-functional drug molecules [1] and
functional materials [2,3]. As an efficient catalyst, palladium [4,5]
has been widely used in the C-H bond activation [6]. Though the
chelation-assisted C-H activation has been reported to be effective
in the presence of directing groups, the related study by using
weakly coordinating moieties, e.g., hydroxyl group [7], is still
limited.

Recently, B€ackvall and coworkers [8] reported the Pd(OAc)2-
catalyzed selective carbocyclization of enallene bearing a hydroxyl
group (R1). By employing B2pin2 (R2) as partner, the borylated
carbocyclization product P1was obtained (Scheme 1). As shown in
Scheme 1, there are two chiral centers with a 1,3-relationship in the
borylated carbocyclization product, while only the single
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diastereoisomer P1 was found in this reaction.
The possible reaction mechanisms postulated by B€ackvall et al.

[8] are summarized in Scheme 2. The reaction begins with the
generation of complex I through coordinating of R1 with catalyst
Pd(OAc)2, which is followed by the allyl C-H bond activation to give
vinylpalladium complex II. Then the ligand exchange of hydroxyl
group with olefin gives III with excellent diastereoselectivity. The
subsequent olefin insertion occurs to afford cyclic complex IV. In
the following step, transmetalation of IV with B2pin2 results into
intermediate V, which would produce the cyclohexene product P1
through the reductive elimination.

Although the plausible mechanistic pathway has been proposed
by B€ackvall et al., several key issues still need to be further dis-
cussed. (1) Which steps are rate- and diastereoselectivity-
determining? (2) What is the origin of the diastereoselectivity
observed experimentally? To address these questions, a theoretical
investigation for detailed reaction mechanisms is needed. We have
carried out a number of computations on palldium-catalyzed
oxidative carbocyclization reaction [9]. Herein, we report our
detailed density functional theory (DFT) calculations on the reac-
tion mechanisms, in order to gain insight into the interesting
experimental observations and distinct diastereoselectivity. We
expect this work would help understand the detailed mechanisms
and design new related reactions.
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Scheme 1. B€ackvall group's Pd(OAc)2-catalyzed carbocyclization of enallene reaction
[8].

Scheme 2. Possible reaction mechanisms proposed by B€ackvall and coworkers.

Fig. 1. Free energy diagrams for the C-H activation process of R1 catalyzed by
Pd(OAc)2. The relative free energies and relative enthalpic energies (in parentheses)
are given in kcal/mol.
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2. Computational details

All structures were optimized at the B3LYP [10]/BSI level (BSI
designates the basis set combination of LanL2DZ [11] for Pd atom,
and 6-31G (d,p) for other atoms) in the gas phase. Harmonic
vibrational frequencies were also calculated at the same level of
theory to identify all stationary points as minima (zero imaginary
frequencies) or transition states (one imaginary frequency).
Intrinsic coordinate reaction (IRC) [12] calculations were carried
out to examine the connectivity of a transition state with its
backward and forward minima when necessary. Natural bond
orbital (NBO) analyses were performed at the B3LYP [10]/BSI level
on selected systems with the NBO code included in Gaussian 09
[13]. The energetic results were then further refined by single-point
calculations at the M06/BSII [14] level with solvation effects
accounted for by the SMD [15] solvent model using 1,2-dichloro-
ethane (DCE) [16] as solvent according to the experimental condi-
tions, where BSII denotes the basis set combination of SDD [17] for
Scheme 3. Possible Pd(OAc)2-R coordination isomers and their relative stability. The relativ
zero reference point.
Pd atom and 6e311þþG (d,p) for the remaining atoms. In all of the
figures that contain energy diagrams, calculated relative Gibbs free
energies are presented. For reference, relative enthalpic energies
are also given in parentheses. All the energies are given in kcal/mol.
Unless otherwise stated, Gibbs free energies are used for the dis-
cussion of reaction mechanisms. All the calculations were per-
formed with the Gaussian 09 [13] software package.

3. Results and discussion

In this reaction, the substrate R1 could coordinate with catalyst
Pd(OAc)2 to generate some species (Scheme 3). According to our
calculations, 1c is calculated to be the most stable one.

The free energy diagrams for the allyl C-H activation process of
R1 catalyzed by Pd(OAc)2 are shown in Fig. 1. The important
structures are listed in Fig. 2. The reaction would begin with the
coordination of R1 to Pd(OAc)2 to form intermediate 1c. This step is
energetically favorable and exergonic by 13.8 kcal/mol. Then, 1c is
isomerized to intermediate 1a. Subsequently, the sp3 C-H bond
activation process occurs with the base-assisted concerted metal-
ation/deprotonation (CMD) mechanism through the six-membered
ring transition state TS1 to afford the intermediate 2, requiring the
free energy barrier of 22.9 kcal/nol. With the releasing of HOAc, a
more stable intermediate 3 is formed.

As shown in Fig. 3, 3 could become intermediate 4 through the
e free energies are given in kcal/mol, where the free energy of [Pd(OAc)2 þ R] is set to



Fig. 2. Optimized geometries of key intermediates and transition states involved in the reaction mechanism shown in Fig. 1. Bond distances are given in Å.

Fig. 3. Free energy diagrams for the olefin insertion step catalyzed by Pd(OAc)2. The
relative free energies and relative enthalpic energies (in parentheses) are given in kcal/
mol.

Fig. 4. Optimized geometries of key intermediates and transition states involved
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ligand exchange. The subsequent olefin insertion into Pd-C bond
occurs to transform into intermediate 5 via the transition state TS2
with the activation barriers of 11.2 kcal/mol 4′, the isomer of 4,
could also undergo olefin insertion to afford intermediate 5’ by
overcoming the free energy of 13.7 kcal/mol (Fig. 3). The inacces-
sible pathways for other two isomers of 4 were also calculated
(Figs. S1 and S2 in Supporting Information) (see Fig. 4).

With the participation of another substrate R2 (B2pin2), inter-
mediate 6 is obtained (Fig. 5). Then 6 isomerizes into intermediate 7
by overcoming a facile barrier of 2.5 kcal/mol. Subsequently,
transmetallation occurs to give a more stable intermediate 8 via the
B-B activation transition state TS4, requiring the barrier of
12.7 kcal/mol. Finally, 8 undergoes the reductive elimination to
generate the product-coordinated complex 9, accompanied with
the catalyst Pd(OAc)2 regenerating. The corresponding pathway to
lead to another product-coordinated diastereoisomer 9’ is shown in
Fig. 5 (red line) (see Fig. 6).
in the reaction mechanism shown in Fig. 3. Bond distances are given in Å.



Fig. 5. Free energy diagram for the transmetallation and reduction elimination processes catalyzed by Pd(OAc)2. The relative free energies and relative enthalpic energies (in
parentheses) are given in kcal/mol.

Fig. 6. Optimized geometries of key intermediates and transition states involved in the reaction mechanism shown in Fig. 5.
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Putting Figs. 1, 3 and 5 together, it can be found that the allyl C-H
activation is the rate-determining step and the overall free energy
barrier is 22.9 kcal/mol. The olefin insertion controls the diaster-
eoselectivity of the reaction. The reasons are as follows: First, the
step is highly exoergonic by 29.6 kcal/mol, being irreversible. Sec-
ond, the relative energies of insertion transition states (TS2 and
TS2′) are much higher than those of B-B activation transition states
(TS4 and TS4’). Thus, as long as the olefin insertion occurs, the
formed intermediate easily undergoes the subsequent steps to
generate the products.

The corresponding diastereoselectivity-determining steps are
given in Scheme 4 when the directing OH group is substituted by
OAc or OMe group. The relative energy differences between the
olefin insertion transition states in the two reactions (1.1 and
0.8 kcal/mol) are closer than that by using OH group (2.5 kcal/mol),
which is consistent with the experimental observations of the
lower diastereoselectivity.
4. Conclusions

With the aid of the DFT calculations, we have investigated the
reaction mechanisms of high-selective palladium-catalyzed
oxidative carbocyclization of enallenes assisted by weak coordi-
nation hydroxyl groups. Our calculations have confirmed the
mechanism proposed by B€ackvall et al. The reaction includes four
main steps: C-H activation, carbocyclization, transmetalation, and
reduction elimination. The allyl C-H activation is the rate-
determining step and the olefin insertion is the
diastereoselectivity-determining step. The calculated results can
explain the lower diastereoselectivity obtained in the experiment
when the OH group was replaced by OAc or OMe.



Scheme 4. The diastereoselectivity-determining steps catalyzed by Pd(OAc)2 with the directing group of OAc or OMe group. The relative free energies and relative enthalpic
energies (in parentheses) are given in kcal/mol.
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