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a b s t r a c t

The reaction mechanisms of Rh-catalyzed CeH allylation of benzamide with 1,3-diene were investigated
by employing the density functional theory (DFT) calculations. Five main steps are included in this re-
action: NeH bond activation, CeH bond activation, olefin insertion, 1,4-Rh migration, and b-hydride
elimination. The rate-determining step is b-hydride elimination according to our calculations. Lam et al.
have proposed three possible mechanisms for the 1,4-Rh migration, but the barriers are calculated to be
high. In contrast, the H-migration process from methyl group to N center and to C4 center successively is
the most feasible one, consistent with the deuterium transfer experiment.

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

Transition-metal-catalyzed CeH functionalization [1] can be
used to synthesize complex molecules with simple starting mate-
rial due to its green and economic characteristics, which has
become a useful tool for synthetic chemistry [2]. In these reactions,
the step of 1,4-metal migration, where a carbon-bonded metal is
exchanged with the hydrogen on the fourth carbon, has attracted
more and more attention during the past few decades [3]. This
isomerization can form subsequent CeC bond at sites different
from the traditional location. Although the allyl-to-allyl 1,4-Rh(I)
migration of allylrhodium(I) species have been extensively
described [4e6], the allyl-to-allyl 1,4-Rh(III) migration is rarely
studied.

Recently, Lam et al. [7] reported the rhodium-catalyzed oxida-
tive CeH allylation of benzamides with 1,3-dienes (Scheme 1). The
possible reaction mechanisms postulated by Lam and co-workers
are summarized in Scheme 2. As shown in Scheme 2, the reaction
begins with the generation of rhodacycle I through the reacting of
Cp*Rh(OAc)2 (cat), generated from [Cp*RhCl2]2 and Cu(OAc)2, with
N-acetylbenzamide R1. Next, the coordination and insertion of 1,3-
and Chemical Engineering,
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diene R2’ at the less substituted olefin of I gives rhodacycle II.
Acetolysis of II affords the allylrhodium (III) III. Allyl-to-allyl 1,4-
Rh(III) migration of III then occurs to yield a new allylrhodium
species IV. Lam et al. proposed three possible 1,4-Rh migration
pathways from III to IV based on the deuterated experiment. In
path A, concerted metalation-deprotonation of III promoted by
acetate takes place firstly to produce III-IVa, followed by the ace-
tolysis of III-IVa to generate IV. Path B undergoes the successive
CeH oxidative addition and reductive elimination process to form
IV. In path C, III would transform into IV via a s-complex-assisted
metathesis (s-CAM) transition state TS-III-IVc. In the next step,
isomerization of IVwould bring intermediate V, which undergoes a
b-hydride elimination to give product P and Cp*Rh(OAc)H. Through
the subsequent oxidization of Cu(OAc)2, catalyst is regenerated.

Although a plausible mechanistic pathway has been proposed
by Lam group, the detailed reaction mechanism, especially the 1,4-
Rh migration pathway, still need to be further discussed. Here we
would like to report our detailed density functional theory (DFT)
calculations on the reaction mechanisms. We expect this work
would help understand the detailed mechanisms and design new
related reactions.

2. Computational details

All structures were optimized and characterized as minima or
transition states at the B3LYP [8]/BSI level (BSI designates the basis
set combination of LanL2DZ [9] for Rh atom, and 6-31G (d,p) for
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Scheme 2. The postulated mechanism reported by Lam and co-workers [7].

Scheme 1. The rhodium-catalyzed oxidative CeH allylation of benzamides with 1,3-dienes reported by Lam et al.
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other atoms) in the gas phase. Frequency analysis was performed to
ensure the stationary point as minimum or transition state at the
B3LYP/BSI level. Intrinsic coordinate reaction (IRC) [10] calculations
were carried out to examine the connectivity of a transition state
with its backward and forward minima when necessary. The en-
ergetic results were then further refined by single-point
Fig. 1. Free energy profiles of NeH and CeH bond activation
calculations at the M06/BSII [11] level with solvation effects
accounted for by the SMD [12] solvent model using N,N-dimethy-
lacetamide (DMA) as solvent according to the experimental con-
dition, where BSII denotes the basis set combination of SDD [13] for
Rh atom and 6e311þþG (d,p) for the remaining atoms. In all of the
figures that contain free energy diagrams, calculated relative Gibbs
steps. The relative free energies are given in kcal/mol.



Fig. 2. The structures of key intermediates and transition states involved in the reaction mechanisms show in Fig. 1. The distances are given in Å.
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free energies (kcal/mol) are presented. All the calculations were
performed with the Gaussian 09 [14] software package.

3. Results and discussion

The mechanisms of the CeH allylation of R1 with 1,3-diene R2
catalyzed by cat are presented in Figs. 1, 3 and 5. The structures of
key intermediates and transition states involved in the reaction
mechanisms are listed in Figs. 2, 4 and 6. The NeH and CeH bond
activation steps of R1 are shown in Fig. 1. At the entrance of the
reaction, catalyst cat coordinates to R1 resulting into intermediate
1, which is followed by the NeH bond cleavage to generate inter-
mediate 2 via transition state TS1 by consuming the activation
barrier of 9.7 kcal/mol. A more stable intermediate 3 is then formed
through the releasing of AcOH from 2. Subsequently, a coordinated
Fig. 3. Free energy profiles of olefin insertion and 1,4-Rh migratio
metallization deprotonation (CMD) CeH bond activation [15] takes
place to afford intermediate 4 through transition state TS2with the
barrier of 12.9 kcal/mol. The possible pathway of CeH activation
prior to the NeH activation was also considered, but the calculated
high barrier precludes this possibility (see Fig. S1 in the Supporting
Information).

The R2 insertion and 1,4-Rh migration processes are given in
Fig. 3. The less substituted olefin of R2 inserting into the RheC bond
of 5 would lead to intermediate 6 via transition state TS3 with the
barrier of 13.9 kcal/mol. Other infeasible olefin insertion pathways
are listed in Fig. S2 in Supporting Information.

For the subsequent 1,4-Rh migration, Lam et al. proposed three
possible pathways based on the deuterated experiment as shown in
Scheme 2, but all the free energies are calculated to be high (Fig. S3
in Supporting Information). Thus, a more favorable pathway is
n processes. The relative free energies are given in kcal/mol.



Fig. 4. The structures of key intermediates and transition states involved in the reaction mechanisms show in Fig. 3. The distances are given in Å.
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expected. In fact, for the subsequent 1,4-Rh migration process, the
H-migration (H1 atom) firstly occurs from methyl group to the N
center to afford intermediate 7 through transition state TS4 (see
Fig. 4). The free energy barrier for this step is 19.2 kcal/mol. The H1
Fig. 5. Free energy profiles of b-hydride elimination ste
atom in N center then migrates to C4 atom by crossing a barrier of
12.8 kcal/mol (TS5 relative to 7) to yield intermediate 8. The
calculated results are consistent with the deuterium transfer
experiment. Other unfavorable H-migration processes are also
p. The relative free energies are given in kcal/mol.



Fig. 6. The structures of key intermediates and transition states involved in the reaction mechanisms show in Fig. 5. The distances are given in Å.
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calculated and ruled out due to the higher barriers (Figs. S4eS6 in
Supporting Information).

The final b-hydride elimination step is shown in Fig. 5. N center
of 8 is firstly protonated by the AcOH moiety attached to carbonyl
group to afford a more stable intermediate 9. Then the b-hydride
elimination occurs to form intermediate 10 by overcoming the free
energy barrier of 28.2 kcal/mol (TS6). Finally, the product complex
11 is produced through the releasing of acetic acid. As shown in
Figs. 1, 3 and 5, the rate-determining step is the b-hydride
Scheme 3. The most favorable mechanism for
elimination and the overall free energy barrier is 28.2 kcal/mol, in
agreement with the experimental conditions.
4. Conclusions

By using DFT calculation, we have investigated the detailed
mechanisms of Rh-catalyzed CeH allylation of benzamide with 1,3-
diene. Based on our calculated results, the favorable reaction
mechanism is given in Scheme 3, including five main steps: NeH
 
this reaction according to our calculations.
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activation, CeH activation, olefin insertion,1,4-Rhmigration, and b-
hydride elimination. The b-hydride elimination is calculated to be
the rate-determining step. For the 1,4-Rh migration step, the suc-
cessive H-migration process from methyl group to N center and
then to C4 center is calculated to be more favorable than the three
possible mechanisms proposed by Lam et al.
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