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ABSTRACT: Transition-metal catalyzed coupling reactions of carbonyl compounds using simple chemical feedstocks have be-

come a cornerstone of modern synthetic organic chemistry. The mechanisms and origins for ligand-controlled palladium-catalyzed 

regioselective α- and γ-arylation of α,β-unsaturated ketones with aryl halides have been investigated by density functional theory 

(DFT) calculations. Computational results have confirmed our proposed catalytic cycle, which includes four steps: oxidative addi-

tion, transmetallation, deprotonation/protonation, and reductive elimination. The Heck-type mechanism for α-arylation of α,β-

unsaturated ketones is proved to be less feasible due to the high energy barrier for the insertion step. While reductive elimination is 

the rate-determining step (RDS), the critical process responsible for the regioselectivity depends upon the direction of protonation 

step, where the base function as a proton shuttle to facilitate H migration. Distortion/interaction analysis, natural bond orbital (NBO) 

analysis, and buried volume calculations indicate that the regioselectivity is primarily controlled by the steric hindrance at the re-

gion of the ligand close to the enone. The indole ring of the phosphine ligand lay upward or downward, varying the space crowding 

in the region, thus leading to different protonation products followed by corresponding reductive elimination. The phenomenon of 

[1,5]-H transfer discovered in the γ-arylation of β-alkoxy cyclohexenones is also well rationalized by the proton shuttle model. 

INTRODUCTION 

The functionalization of C–H bonds plays a pivotal role in 

organic synthesis due to its wide application in synthesizing 

complex compounds such as pharmaceuticals and natural 

products.1-3 Palladium-catalyzed arylation of carbonyl com-

pounds has been dramatically developed in the past two dec-

ades, as it provides a convenient method for constructing C–C 

bonds.4-6 In 1997, the first Pd-catalyzed direct α-arylation of 

ketones with aryl halides was almost simultaneously reported 

by Buchwald and Hartwig,7, 8 who established a milestone in 

this field of research. Since then, more and more coupling 

reactions between aryl halides or pseudohalides9 and carbonyl 

compounds including ketones, aldehydes, esters, amides, lac-

tones,10 lactams11 and cyclic ketones by the catalysis of palla-

dium have been discovered,4 and the applications of these 

reactions in the synthesis were gradually developed.12 While 

many studies reported on the α-arylation of carbonyl com-

pounds, research focusing on the γ-arylation was gradually 

increasing. Up to now, there are plenty of reports about the 

Pd-catalyzed γ-arylation of α,β-unsaturated carbonyl com-

pounds such as α,β-unsaturated ketone,13-16 aldehydes,17 lac-

tones18 and even α,β-unsaturated nitriles19 because of its 

strongly electron-withdrawing ability.20 

The mechanism of Pd-catalyzed α-arylation of carbonyl 

compounds is generally believed to include the following pro-

cesses: (i) oxidative addition of aryl halides (ArX, X = Cl, Br 

or I) to the Pd(0)Ln (n = 1 or 2); (ii) transmetallation between 

[Pd(II)Ln(Ar)(X)] complex and Li, Na, or K-enolates generat-

ed by the reaction of the carbonyl compounds with strong ba-

ses like t-BuOLi, t-BuONa, and LiHMDS et al. ; (iii) reduc-

tive elimination occurs to form coupling products and regener-

ate Pd(0)Ln (Scheme 1a). Similarly, the γ-arylation reaction 

mechanism also mainly includes the steps of oxidative addi-

tion, transmetallation, and reductive elimination. However, as 

there is a carbon-carbon double bond in α,β-unsaturated car-

bonyl compounds, their α-arylation product can be generated 

by the Heck-type reaction mechanism.5, 15, 21 

 
Scheme 1. (a) General mechanism of Pd-catalyzed α-

arylation of carbonyl compounds. (b) Ligand-controlled 

Pd-catalyzed regioselective arylation of α,β-unsaturated 



 

ketones. (c) Pd-catalyzed γ-arylation of β-alkoxy cyclohex-

enones. 

Franzoni's DFT study on Pd-catalyzed γ-arylation of α,β-

unsaturated aldehyde found that the palladium atom undergoes 

smooth transitions from η1 to η3 coordination modes with the 

enone moiety, leading to up to ten palladium enolates that 

serve as precursors for the subsequent reductive elimination 

and rationalized the γ-selectivity observed. 22 By comparing 

several modes of reductive elimination, Orlandi disclosed that 

the factors controlling the enantioselectivity of Pd-catalyzed α-

arylation of ketones were the electrostatic interaction and the 

steric repulsion in the reductive elimination step. 23 

Recently, On Ying Yuen reported the first ligand control of 

Pd-catalyzed site-selective α- and γ-arylation of α,β-

unsaturated ketones with aryl halides (Scheme 1b), and Li-

Dong Shao reported the Pd-catalyzed γ-arylation of β-alkoxy 

cyclohexenones (Scheme 1c). 24, 25 Through experimental 

mechanism investigations, they all observed that there was an 

H shift phenomenon during their reaction, and Shao proposed 

that it was mainly determined by the tunneling effect. Since 

α,β-unsaturated ketone (enone) fragments have multiple reac-

tion sites and exist in many biologically active substances, 26, 27 

the reactions discovered by Yuen and Shao have important 

theoretical and practical significance. 

Although the experimenters proposed their hypothesis for 

the mechanism of the reaction, a sound explanation for the 

origins of the selectivity and the details of the H shift remains 

to be disclosed. Because of these issues, we decided to carry 

out a detailed mechanistic study on the reaction reported by 

Yuen with the aid of DFT calculations. By calculating the 

structures/energetics associated with relevant reaction inter-

mediates and transition states, we expect to explain why dif-

ferent ligands can determine the regioselectivity observed in 

the experiments and reveal the details of the H migration phe-

nomenon. We hope that this study would provide insights re-

lated to catalysis involving the palladium metal. 

COMPUTATIONAL DETAILS 

All calculations were performed by using the Gaussian 16 

package.28 All geometries were optimized in the gas phase at 

B3LYP-D3(BJ)29-32 /BSI level, where BSI represents a basis 

set SDD33, 34 was used to describe Pd atom, and 6-31G(d, p)35, 

36 for H, Li, C, N, O, Cl and P atoms. Frequency calculations 

were performed at the same level theory for all optimized 

structures to ensure that every optimized structure has no im-

aginary frequency and that all optimized transition states have 

only one imaginary frequency. Intrinsic Reaction Coordinate 

(IRC)37 calculations were carried out to make sure that each 

transition state links two relevant intermediates. Finer single-

point energy calculations were performed at M0638/BSII level, 

including solvation effects with the SMD39 continuum solva-

tion model for 1,4-dioxane. The basis set BSII is a combina-

tion of SDD for Pd and 6-311++G(d, p)40-42 for all other atoms. 

All frequencies below 50 cm–1 were replaced by 50 cm–1 when 

computing vibrational entropies.43 Partial atomic charges were 

calculated at the M06/BSII level using the Natural Population 

Analysis (NPA) method which relies on localized Natural 

Bond Orbitals (NBOs).44-46 The three-dimensional (3D) struc-

tures were visualized with the aid of CYLview20 software. 47 

RESULTS AND DISCUSSION 

 

Scheme 2. Possible catalytic cycle for Pd-catalyzed regiose-

lective arylation of α,β-unsaturated ketones. 

Based on previous studies, we proposed a catalytic cycle for 

the α- and γ-arylation of α,β-unsaturated ketones (Scheme 

2).22-24 Due to the widespread synthetic utility of α,β-

unsaturated cyclic ketones fragment,48 the p-chlorotoluene and 

isophorone experimentally employed were chosen as the mod-

el substrates in this theoretical calculation. Palladium acetate 

was first reduced by the phosphine ligand to zero-valent palla-

dium complex A,49-51 which was believed to be the catalytical-

ly active species in this catalytic system. Oxidative addition of 

aryl chloride to Pd(0) species provides the complex B, and 

then B undergoes transmetallation with lithium enolate that is 

generated in situ with lithium tert-butoxide to generate inter-

mediate C. The excessive base in the reaction system can ab-

stract the active C(α)–H, so the complex E becomes the cross-

point of the α- and γ-arylation cycle. Both C(α) and C(γ)-

protonation by tert-butanol are possible, producing C and F 

respectively. While complex C undergoes a η1-η3-η1 transfor-

mation forms D species followed by the reductive elimination 

to produce γ-arylated product, t-BuO– leaves to form G and 

finally generate α-arylated product. 

Due to both L1 and L2 being bulky ligands, the monoligated 

palladium complex PdL rather than PdL2 was taken as the refer-

ence point for energy consideration in this theoretical calculation 

(Figure 1).21, 52, 53 Starting from the catalytically active species 

CAT1, one molecule of ArCl first coordinates with Pd(0)L1, and 

then undergoes a classic three-membered cyclic transition state 

TS1 to generate the oxidative addition product cis-INT2 with an 

activation free energy of 11.3 kcal/mol, which can rapidly occur 

under the reported reaction condition. The cis-[Pd(II)L1(Ar)(Cl)] 

is easy to isomerize into the trans-[Pd(II)L1(Ar)(Cl)] (that is, Cl is 

at the para position of Ar), and the mechanism of this process has 

been studied thoroughly.54-57 However,  the Gibbs free energy of 

trans-INT2 is 6.1 kcal/mol higher than that of cis-INT2 in our 

calculations, which is quite different from previous reports that 

trans adducts are usually more stable than cis.58-60 The Pd–Cl 

bond in the cis-INT2 (2.35 Å) is shorter than the trans-INT2 



 

Figure 1. Energy profile for γ-arylation of isophorone catalyzed by PdL1. 

(2.38 Å), which may be attributed to the weak trans effect 

between the phosphine ligand and chlorine ligand.58, 61 In the 

trans structure, the steric repulsion between the ligand and the 

aryl group may also lead to an increase in energy as the aryl 

group is close to the phosphine ligand. 

Since the cis-[Pd(II)L1(Ar)(Cl)] is more stable than trans-

[Pd(II)L1(Ar)(Cl)], we will only discuss cis-[Pd(II)L1(Ar)(Cl)] 

in the next transmetallation step and the trans-

[Pd(II)L1(Ar)(Cl)] is discussed in Figure S2. While the exper-

imenter believes that isophorone forms an organolithium com-

pound with t-BuOLi, our calculations show that the intermedi-

ate of the organolithium compound is unstable and will easily 

transform into a lithium enolate intermediate R2-Li (Figure 

S1). There are two mechanisms of the transmetallation step 

between Li-enolate and cis-[Pd(II)L1(Ar)(Cl)], one is classical 

four-membered ring transmetallation to provide the O-bound 

Pd-enolate, and the other is six-membered ring transmetalla-

tion to obtain the C-bound Pd-enolate.23 Both INT3a and 

TS2a have lower free energy than INT3b and TS2b, which is 

2.0 kcal/mol and 1.8 kcal/mol respectively. Although the free 

energies of the transmetallation products INT4a and INT4b 

are almost the same, comparing the two transition states, it is 

more inclined to the six-membered ring enolate palladium 

process in the transmetallation. 

Lewis acids (LA) have been found to activate carbonyl 

compounds in many studies and can stabilize the transition 

state by the interaction between LA and the carbonyl oxygen 

atom, 62-64 and we also found such a situation in the process of 

reductive elimination. Without LiCl, the reaction energy barri-

er of the reductive elimination step is as high as 25.2 kcal/mol 

(Figure S3), so in the following, only the reductive elimination 

step with the transmetallation product LiCl bound to the car-

bonyl oxygen atom is discussed. In INT4a, the Li atom of the 

LiCl is bound to the carbonyl oxygen atom, while Pd coordi-

nates with C(α) in η1 manner. However, Pd atoms can either 

form INT6 in the η1 coordination mode with C(γ) through a 

fast η1-η3-η1 isomerization or form INT5 in the η3 coordination 

mode.22 Therefore, there will be two different modes in the 

reductive elimination step: three-membered ring reductive 

elimination and five-membered ring reductive elimination. 

Whether five-membered or three-membered ring reductive 

elimination, a transformation from η1-Pd enolate to η3-Pd eno-

late is required to obtain the corresponding product. The isom-

erization from INT4a to INT5 is exergonic by 11.0 kcal/mol, 

and the following INT5 isomerize to INT6 is endergonic by 

15.0 kcal/mol, which means the η3-Pd enolate is the stabler 

intermediate. The reductive elimination energy barrier of the 

three-membered ring is 11.1 kcal/mol higher than that of the 

five-membered ring (TS3b vs. TS3a), thus the reductive elim-

ination mode of the five-membered ring is more favorable. 

Finally, the γ-arylated α,β-unsaturated ketone molecule in 

INT7 was replaced by a molecule of p-chlorotoluene to form 

INT1 to enter the next catalytic cycle. During the γ-arylation 

cycle, the energy barrier of the reductive elimination step is 

15.5 kcal/mol (TS3a–INT5), which is the rate-determining 

step in the entire catalytic cycle. 

For α-arylation of isophorone catalyzed by PdL2, there are 

two reaction mechanisms, one is the palladium enolate mech-

anism similar to the γ-arylation cycle catalyzed by PdL1, and 

the other is a Heck-type reaction mechanism.15, 65, 66 Consider-

ing that the experimental observation that [1,3]-H transfer 



 

 

Figure 2. Heck-type mechanism (in red) and palladium enolate mechanism (in black) for the PdL2-catalyzed α-arylation of isophorone. 

occurred during their mechanistic research in α-arylation pro-

cess, we think it is necessary to reveal what type of mecha-

nism it is and the detailed mechanism of [1,3]-H migration 

process. The total catalytic cycle proposed for the Heck-type 

mechanism is shown in Figure S4. 

As is shown in Figure2, both the Heck-type mechanism and 

the palladium enolate mechanism first undergo oxidative addi-

tion of aryl chloride to Pd(0) species CAT2 to obtain cis-INT9 

with an activation energy barrier of 13.6 kcal/mol (TS4–

INT8), which is not much different from the CAT1 (11.3 

kcal/mol). For the Heck-type mechanism, cis-INT9 must 

isomerize into trans-INT9 to free up the coordination site to 

facilitate the insertion of the carbon-carbon double bond of 

isophorone into the Pd-C(sp2) bond. In the next step of carbon-

carbon double bond insertion into Pd-C(sp2) bond, the activa-

tion energy barrier is as high as 35.3 kcal/mol (TS5a–cis-

INT9), which means that the Heck-type α-arylation mecha-

nism is infeasible. 

Both cis-INT9 and trans-INT9 can undergo transmetalla-

tion with lithium enolate R2-Li, but for brevity, we only draw 

the most favorable transmetallation mode in Figure 2, and the 

rest are shown in Figure S5. In the PdL2-catalyzed α-arylation 

of isophorone, the O-bound Pd-enolate INT13 is generated by 

cis-INT9 and R2-Li through a four-membered ring 

transmetallation transition state (TS6) with an activation free 

energy of 5.6 kcal/mol. Due to σ-bonded groups in transition-

metal complexes can rearrange to π-bonded ligands and vice 

versa,22, 67, 68 the palladium enolate intermediate INT13 can 

easily isomerize into INT14 and INT15 which is similar to the 

η1-η3-η1 isomerization in γ-arylation cycle. 

As the reductive elimination of INT15 forms C(sp3)–C(sp2) 

bond instead C(sp2)–C(sp2) bond between the aryl and enone 

moiety, the [1,3]-H transfer observed in the reaction is neces-

sary to obtain the α-arylated product. The energy barrier for 

the H atom at the α-position of INT13 to migrate directly to 

C(γ) via TS5b is more than 60 kcal/mol (TS5b–INT15), 

which indicates that the direct H shift path is impossible under 

the experimental conditions. Considering the presence of ex-

cessive t-BuOLi in the reaction system, we speculate that tert-

butoxide may act as a proton shuttle to assist H migration 

(Figure 3a). 69-71 

In INT15, there is a C(α)–H which is located at the α posi-

tion of the carbonyl group and the allyl position at the same 

time, so it is a relatively strong acidic H and is easy to be tak-

en away by the excess base in the reaction system. The tert-

butoxide first coordinates with the palladium center, and this 

process is exergonic by 8.7 kcal/mol. Then, through the transi-

tion state TS7, the H on C(α) is abstracted and transferred to 

the oxygen atom with an activation free energy of 13.4 

kcal/mol (TS7–INT16). After the H is taken away by t-BuO–, 

the entire enone fragment in INT17 is negatively charged. The 

natural population analysis shows that the charge on C(α) and 

C(γ) is -0.368 and -0.598 respectively, so it is easy for C(γ) to 

take back the H in the t-BuOH through TS8 with an energy 

barrier of 16.2 kcal/mol again. After the two processes of 

C(α)–H deprotonation and C(γ)-protonation, the H on C(α) is 

finally transferred to C(γ). Once the t-BuO– dissociates from 

INT18, reductive elimination comes next to complete the cata-

lytic cycle. Then C(sp2)–C(sp2) bond was formed through the 

three-membered ring transition state TS9 instead of the five- 



 

 

Figure 3. (a) Energy profile for γ-reductive elimination and α-reductive elimination to generate γ- and α-arylated product respectively when 

the ligand is L2. (b) Energy profile for γ-reductive elimination and α-reductive elimination to generate γ- and α-arylated product respec-

tively when the ligand is L1. 

membered ring transition state because C(sp2)-Pd cannot 

isomerize to η3-Pd enolate, generating the α-arylated product. 

In the whole reaction process, the reductive elimination step 

has the highest activation energy barrier, 22.5 kcal/mol, and 

the reversible energy barrier is 32.3 kcal/mol, which means 

that the reductive elimination step is not only the rate-

determining step but irreversible. 

However, after the formation of intermediate INT17, as the 

energy barrier of the reverse reaction of C(α)–H deprotonation 

is only 19.2 kcal/mol, INT17 can return to INT16 through 

C(α)-protonation, and then dissociate t-BuO– to form INT15. 

Also, because of the η1-η3-η1 isomerization, the intermediate 

INT15 can isomerize into INT21 that the isophorone fragment 

is bound with the Pd atom in η3 coordination mode. INT21 

can form γ-arylated products through reductive elimination, 

and the total energy barrier to γ-arylated products is 27.3 

kcal/mol (TS10–INT17, the three-membered ring reductive 

elimination process is also unfavorable compared to the five-

membered ring, see Figure S6), which is 4.8 kcal/mol higher 

than the energy barrier of α-arylation route (TS10 vs. TS9), so 

the α-arylated product will be more favorable kinetically. 

From the perspective of the entire reaction potential energy 

surface, however, INT17 is at the lowest point of the potential 

energy surface which means INT17 is the most stable inter-

mediate in the reaction system. Therefore, starting from inter-

mediate INT17, both protonation of C(γ) or C(α) 



 

 

Figure 4. (a) Distortion/interaction analysis for TS11, TS12, TS7, and TS8. (b) Corresponding 3D structures for the key transition states, 

energies are in kcal/mol, and interatomic distances are in Å. 

can occur, followed by corresponding reductive elimination to 

give site-selective products. Thus, for this reaction system, the 

regioselectivity of the reaction should be determined by the 

protonation step. The C(γ)-protonation transition state TS8 has 

a lower energy barrier than TS7 by 3.0 kcal/mol when the 

ligand is L2, so C(γ)-protonation has a faster reaction rate than 

C(α)-protonation and then the α-arylated product is formed 

after the rate-determining step of reductive elimination. 

We also considered the case that the α-arylated product was 

obtained when the ligand was L1. As is shown in Figure 3b, 

the C(α)–H in INT4a can also undergo a deprotonation pro-

cess through the transition state TS11 to generate INT24. 

Then the O–H bond in t-BuOH swings to the C(γ) position, 

and the negatively charged C(γ) takes the H back again to gen-

erate the C(γ) protonated product INT26. Then t-BuO– leaves, 

and INT27 undergoes reductive elimination to form the α-

arylated product. Also, because the process of C(α)–H depro-

tonation is reversible, INT25 can return to INT4a and then 

enter the γ-reductive elimination process. It is noteworthy that 

the energy barrier of C(α)-protonation is 1.4 kcal/mol lower 

than that of the C(γ) site (TS11 vs. TS12), and the C(α)-

protonated product INT23 has a much lower energy than 

INT26 by 9.2 kcal/mol. Therefore, the protonation direction 

tends to generate INT23 both kinetically and thermodynami-

cally when the ligand is L1. Besides, it is not difficult to find 

out that the actual total energy barrier of γ-arylation is 21.7 

kcal/mol (TS3a–INT25) rather than 15.5 kcal/mol mentioned 

above as INT25 is the saddle point in the entire PdL1-

catalyzed arylation energy profile. 

As the above calculation results show, Pd-catalyzed aryla-

tion of unsaturated ketones exhibited different key steps re-

sponsible for the observed regioselectivity when two different 

ligands were utilized. After the deprotonation intermediate 

was generated, the direction of protonation of the enone frag-

ment determined the following reductive elimination product. 

To further investigate the effects of ligands on the regioselec-

tivity of the reaction, distortion/interaction analyses72, 73 were 

carried out to the protonation transition states TS11, TS12, 

TS7, and TS8. Each transition state was separated into two 

fragments which were palladium enolate complex and t-BuOH. 

The difference in energy between the distorted fragments and 

optimized ground-state geometries is the distortion energy of 

palladium enolate complex (ΔEdist-cat) and t-BuOH (ΔEdist-sub), 

respectively. And the difference between the activation energy 

(ΔE‡) and the total distortion energy (ΔEdist = ΔEdist-cat + ΔEdist-

sub) is the interaction energy (ΔEint). 

As shown in Figure 4a, for TS11 and TS12, the ΔEdist-sub in 

TS12 is 20.7 kcal/mol higher while the ΔEdist-cat is 3.3 kcal/mol 

lower than that in TS11, and the ΔEint is 9.2 kcal/mol larger. 

From the perspective of bond length change, the bond length 

of O–H is 1.27 Å in TS11, while in TS12 is 1.43 Å, which is 

elongated 0.16 Å. This greater deviation from the O–H bond 

accounts for the much higher distortion energy of the t-BuOH 

in TS12 is likely due to the stronger nucleophilicity of the C(γ), 

as natural population analysis shows that the charge of C(γ) in 

TS12 was found -0.751, while C(α) in TS11 is only -0.574 

(Figure 4b). 

 

Figure 7. The calculated %VBur for PdL1 and PdL2 is in parenthe-

ses and corresponding steric maps. 

When the ligand is L2, the corresponding transition states of 

C(α)-protonation and C(γ)-protonation are TS7 and TS8, re-

spectively. The distortion energy of t-BuOH fragment ΔEdist-sub 

of TS8 is 8.4 kcal/mol higher, and the catalyst fragment ΔEdist-

cat is 16.0 kcal/mol lower than that of TS7, and the interaction 

energy ΔEint is 4.5 kcal/mol smaller than that of TS7. Alt-



 

 

Figure 5. Base-assisted migration mechanism for [1,5]-H migration during γ-arylation of β-alkoxy cyclohexenones. 

hough the length of the O–H bond in TS8 is also longer than 

that in TS7, the increase in the ΔEdist-sub of TS8 is not as 

muchas the increase in the ΔEdist-cat of TS7. Therefore, the 

reason why the energy of TS7 is higher than that of TS8 is 

mainly that the distortion energy of the catalyst fragment in 

TS7 increased too much. From Figure 4b, we can see that the 

dihedral angle ∠Pd-P-C1-C2 in TS8 is -17.7°, while in TS7 it 

is -39.4°, which increased by 21.7°. For comparison, the dihe-

dral angle of TS11 changed only 6.0° from that of TS12. 

Therefore, the distortion of the catalyst complex mainly con-

tributed to the increase in the total energy in TS7. 

Why did the ΔEdist-cat increase so much that protonation of 

the C(α) site was unfavorable when the ligand is L2? By care-

fully inspecting the two transition state structures of TS11 and 

TS7, we discovered that in TS11, the indole ring on the phos-

phine ligand faces downward, while in TS7 faces upward. 

Since tert-butanol is mainly on the top of the phosphine ligand 

during the C(α)-protonation process, the upper space will be 

crowded. In TS11, as the indole ring faces downward and the 

benzene ring faces upward whose space volume is smaller 

than that of the indole ring, the degree of crowding is relieved. 

Therefore, the distortion of the ligand is slight, and it is also 

beneficial to C(α)-protonation process. While in TS7, this 

situation is exactly the opposite. To further demonstrate the 

effect of these two ligands on the steric repulsion, we calculat-

ed the buried volume (%VBur) and drew the steric maps74-77 

around the palladium when the ligands were L1 and L2. As 

shown in Figure 5, the red areas in the steric maps respectively 

represent the steric hindrance caused by the aromatic ring in 

L1 and the indole ring in L2. The steric hindrance caused by 

the indole ring in L2 is more significant, so the ΔEdist-cat in-

creased by the indole ring will be greater than TS7. 

The distortion/interaction analysis allows us to conclude 

that the regioselectivity in the protonation reactions of INT17 

and INT25 is affected by both the distortion and interaction 

energies, but the former is the decisive factor in determining 

which product is formed. Due to the change of steric hin-

drance brought by different ligands, the protonation process 

will proceed in different sites, and finally regioselective ary-

lated products will be obtained. 

In 2021, Li-Dong Shao et al. 25 reported Pd-catalyzed direct 

γ-C(sp3)–H arylation of β-alkoxy cyclohexenones, and they 

found the phenomenon that the H on C(γ) was transferred to 

the C(α') position during the deuterium labeling experiments. 

Therefore, they launched a DFT mechanism study on the H 

migration step, only to find that the energy barrier for direct 

[1,5]-H shift is so high that it is almost impossible to occur 

under the experimental conditions (Scheme 1c). Based on our 

discovery above that the mechanism of [1,3]-H migration is 

assisted by the base in the reaction system, the base-assisted 

[1,5]-H migration mechanism for γ-arylation of β-alkoxy cy-

clohexenones is also calculated, and the results are shown in 

Figure 5. 

Since the main mechanism is similar to the catalytic cycle 

described above, only the processes that involve [1,5]-H mi-

gration are discussed here. Starting from transmetallation 

product INT29, it will first undergo deprotonation of C(γ)–H 

by the –N(TMS)2 with an activation free energy of 8.6 

kcal/mol. Then HN(TMS)2 moves to the C(α') position, fol-

lowed by the protonation of the C(α') position. In this way, the 

direct [1,5]-H shift changed to a deprotonation/protonation 

process with an activation free energy of 18.8 kcal/mol due to 

the assistance of –N(TMS)2. In addition, the total energy barri-

er of this reaction is still 18.8 kcal/mol as the rate-determining 

step is the C(γ) protonation step from the perspective of the 

entire potential energy surface (Figure S7 and S8), which is in 

good agreement with the experimental results that H transfer is 

involved in the RDS, proving the validity of the proton shuttle 

model. 

CONCLUSIONS 

In this study, a detailed mechanism of the Pd-catalyzed re-

gioselective arylation of α,β-unsaturated ketones with aryl 

halides was comprehensively investigated by DFT calculations. 

The calculation results reveal that the reactions take place via 

four sequential processes: oxidative addition of aryl halides to 



 

the Pd(0)Ln; transmetallation between [Pd(II)Ln(Ar)(X)] com-

plex and Li-enolates generated in situ; H migration that in-

cludes C(α)–H deprotonation followed by C(γ) or C(α) proto-

nation; reductive elimination to form α- or γ-arylated product. 

The reductive elimination step was found to be the rate-

determining step and protonation step was the regioselectivity-

determining step. Besides, the Heck-type mechanism for α-

arylation of α,β-unsaturated ketones is proved to be infeasible 

due to the high activation barrier of the insertion step. 

In the C(α) or C(γ)-protonation step, the base acts as a pro-

ton shuttle to facilitate [1,3]-H migration and determines the 

regioselectivity of the reaction. By tuning the steric repulsion 

between the enone fragment and phosphine ligand, C(α)-

protonation which is the reverse process of deprotonation can 

be suppressed and thus turn to C(γ)-protonation followed by a 

C(sp2)–C(sp2) reductive elimination to generate C(α)-arylated 

product. Furthermore, the phenomenon of [1,5]-H migration 

discovered in γ-arylation of β-alkoxy cyclohexenones is also 

well rationalized by the base-assisted H migration model. 

Our results present an in-depth insight into the detailed 

mechanism of H migration that occurred in the Pd-catalyzed 

arylation of α,β-unsaturated ketones and reveal the influence 

of ligands on the regioselectivity, which would be helpful for 

the optimization of experimental conditions and further devel-

opment in this area. 
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