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Abstract

Nucleopalladation is one of the most common mechanisms for Pd-catalyzed hydro- and oxidative 

functionalization of alkenes. Due to the electronic bias of the π-alkene-palladium complexes, 

nucleopalladations with terminal aliphatic alkenes typically deliver the nucleophile to the more 

substituted sp2 carbon to form the Markovnikov-selective products. The selective formation of the 

anti-Markovnikov nucleopalladation products requires the inherent electronic effects to be 

overridden, which is still a significant challenge for reactions with simple aliphatic alkenes. 

Because the interactions between the nucleophile and the alkene substrate are influenced by a 

complex combination of multiple types of steric and electronic effects, a thorough understanding 

of the interplay of these underlying interactions is needed to rationalize and predict the 

regioselectivity. Here, we employ an energy decomposition approach to quantitatively separate the 

different types of nucleophile-substrate interactions, including steric, electrostatic, orbital 

interactions, and dispersion effects, and to predict the impacts of each factor on regioselectivity. 

We demonstrate the use of this approach on the origins of catalyst-controlled anti-Markovnikov-

selectivity in Hull’s Pd-catalyzed oxidative amination reactions. In addition, we evaluated the 

regioselectivity in a series of nucleopalladation reactions with different neutral and anionic Pd 

catalysts and N- and O-nucleophiles with different steric and electronic properties. Based on these 

computational analyses, a generalized scheme is established to identify the dominant nucleophile-

substrate interaction affecting the regioselectivity of nucleopalladations with different Pd catalysts 

and nucleophiles.

INTRODUCTION

Palladium-catalyzed hydro- and oxidative functionalization of unactivated aliphatic alkenes 

is an efficient and atom-economical synthetic strategy for new C‒C and C‒heteroatom bond 
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formation.1 One of the most common mechanistic pathways in these reactions involve 

nucleopalladation, in which a nucleophilic coupling partner attacks a π-alkene-Pd complex 

via either syn-insertion or anti-attack (also referred to as cis- and trans-nucleopalladation, 

respectively).2 Controlling the regioselectivity still remains a significant challenge in 

intermolecular nucleopalladation with sterically and electronically unbiased aliphatic 

alkenes.3 Most nucleopalladation reactions favor the Markovnikov products, in which the 

nucleophile is added to the more substituted carbon of the alkene. Although a broad variety 

of N- and O-nucleophiles have been employed in nucleopalladations,4 examples that 

override the intrinsic Markovnikovselectivity are rare. A practical challenge in the rational 

design of catalyst-controlled anti-Markovnikov selective reactions is that the dominant factor 

controlling the regioselectivity remains ambiguous. A sensible explanation to the 

regioselectivity control is based on favored electrostatic interactions between the nucleophile 

and the more substituted internal sp2-carbon to provide the Markovnikov addition products 

(Figure 1a). In addition, orbital interactions,5 steric,4a,6 and dispersion7 effects are also 

expected to impact the regioselectivity (Figure 1b). Therefore, a thorough understanding of 

how the different types of effects contribute to the regioselectivity, and more importantly, 

how the individual factors can be fine-tuned, is essential for the development of anti-
Markovnikov selective transformations that overcome the inherent electronic preferences.

Dissecting the multiple underlying effects and rationalizing the major factors for the 

regioselectivity control is also challenging in computational studies. A number of 

computational studies have been reported for functionalization of aliphatic alkenes via 

migratory insertion mechanisms, in which steric effects typically dominate the 

regioselectivity.8 In contrast, computational studies on the regioselective nucleopalladation 

of alkenes are limited due to the complexity of regioselectivity control.9 The potential 

competition between cis- and trans-nucleopalladation pathways1c,10 further complicated the 

computational analysis (Figure 1a). Here, we present a systematic computational approach 

to quantitatively analyze the contributions of different types of effects to the regioselectivity 

in cis- and trans-nucleopalladations with different palladium catalysts and a variety of N- 

and O-nucleophiles with different formal charges, steric hinderances, and nucleophilicities 

(Figure 1c). Using the distortion-interaction/activation-strain model11 and energy 

decomposition analysis (EDA)12 methods, the computed regioselectivity is dissected into 

steric repulsions, electrostatic interactions, orbital interactions, and dispersion interactions 

between the nucleophile and the substrate. This decomposition approach allows for a 

straightforward way to reveal the dominant factor for regioselectivity control. Therefore, the 

origin of regioselectivity in different catalyst systems and in reactions with different 

nucleophiles can be rationally predicted.

Here, we report the use of this energy decomposition approach to study the origin of the 

catalyst-controlled anti-Markovnikov regioselectivity in the Pd-catalyzed oxidative 

amination of terminal alkenes, developed by the Hull group.13 In this reaction, the addition 

of Bu4NCl and Bu4NOAc effectively reverses the regioselectivity to favor the anti-
Markovnikov amination products (Figure 2a). This is a unique example where complete 

regioselectivity reversal is achieved by simply changing the neutral Pd(OAc)2 catalyst4d 

system to a putative anionic Pd catalyst.14 Previously, the Hull group performed detailed 

mechanistic investigations using selectively deuterium labeled substrates and revealed 
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important mechanistic insights into the C–N bond formation (Figure 2b).13 In the first 

experiment (eq. 1), 2,2-dideuterohomoallyl benzene was subjected to the reaction 

conditions; the selective migration of one deuterium to C3 and the second deuterium being 

at both C2 and C1 is consistent with the reaction occurring via aminopalladation (TS-III or 

TS-IV, Figure 1a) and eliminates the possibility of an allylic C–H activation. The second 

experiment (eq. 2), obtaining the monodeuteron product from the reaction with (Z)-2-

deuterostyrene supports that the reaction is occurring through a transaminopalladation via 

TS-IV rather than cis-aminopalladation via TS-III (Figure 1a). In addition, kinetic 

experiments suggested that an associative ligand exchange of Cl– or OAc– for an olefin is 

the turnover-limiting step (TLS) and that monomeric [Pd] is the resting state, but that both 

monomeric and dimeric Pd complexes are active catalysts. While this is key information 

about the catalytic cycle, it limits the experimental investigations that can be conducted to 

investigate the anti-Markovnikov selectivity as the C–N bond formation occurs after the 

TLS. The catalyst-controlled regioselectivity may be resulting from a few possible effects. 

First, the additives may change the number of available coordination sites on the Pd,10b,15 

which will affect the preferred mechanism for aminopalladation. The additional anionic 

ligand may block the coordination site on the Pd and prevent nucleophile coordination in the 

cisaminopalladation. Second, the electronic property of the Pd catalyst should affect the 

partial atomic charges, molecular orbital energies and coefficients of the alkene.16 Therefore, 

both electrostatics and orbital interactions between the alkene and the nucleophile are 

expected to be different with the neutral and the anionic palladium catalysts. Lastly, the 

catalyst may also affect the forming C–N bond distances in the transition states, which could 

affect the sensitivity to the steric repulsions and/or London dispersion interactions between 

the nucleophile and the alkene. Here, we demonstrate the energy decomposition approach 

can quantitatively dissect the contributions from different factors in both cis- and 

transaminopalladation with different Pd catalysts. While the regioselectivity is always 

affected by multiple factors, the computational analysis provided a straightforward way to 

predict which factor is dominant in each nucleopalladation reaction. We expect these 

chemically meaningful insights into the origin of catalyst and nucleophiles effects on the 

regioselectivity can be utilized to facilitate the catalyst design of regioselective and 

regiodivergent alkene functionalization reactions.

COMPUTATIONAL METHODS

Geometry optimizations and single-point energy calculations were carried out using 

Gaussian 09.17 The geometries of intermediates and transition states were optimized using 

the B3LYP functional18 with a mixed basis set of SDD for Pd and 6–31+G(d) for other 

atoms in the gas phase. Vibrational frequency calculations were performed for all the 

stationary points to confirm if each optimized structure is a local minimum or a transition 

state structure. Truhlar’s quasi-harmonic corrections19 were applied for entropy calculations 

using 100 cm−1 as the frequency cut-off. Solvation energy corrections and CHelpG atomic 

charges were calculated in dimethylacetamide (DMA) solvent with the SMD continuum 

solvation model20 based on the gas-phase optimized geometries. The M06 functional21 with 

a mixed basis set of SDD for Pd and 6–311+G(d,p) for other atoms was used for solvation 

single-point energy calculations. The energy decomposition analysis (EDA) calculations 
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were performed to dissect the computed gas-phase activation energy (ΔE‡). In our 

decomposition approach, the activation energy is first separated into the distortion energy 

(ΔEdist) of the two reactive fragments to reach their transition state geometries and the 

interaction energy (ΔEint) between the two fragments using the following equation:11a,11d

ΔE‡ =   ΔEdist +   ΔEint

For cis-aminopalladation transition states (9M-TS and 9A-TS), the two fragments include 

the alkene and the (AcO)2Pd–NPhth complex as the nucleophile. For trans-aminopalladation 

transition states (6M-TS, 6A-TS, 12M-TS, 12A-TS), the two fragments include the Pd-

alkene complex and the phthalimide anion or the diisopropylamine as the nucleophile. Using 

the second-generation energy decomposition analysis based on absolutely-localized 

molecular orbitals (ALMO-EDA)22 in Q-Chem 5.0,23 the interaction energy (ΔEint) between 

the two fragments is dissected according to the following equation:

ΔEint =   ΔEPauli +   ΔEelstat +   ΔEpol +   ΔEct +   ΔEdisp

The ALMO-EDA calculations were performed at the M06/6–311G(d,p)‒LANL2DZ level of 

theory. The dispersion term is computed using the second-generation ALMO-EDA by 

calculating the difference of the “frozen interaction” term from a standard exchange-

correlation functional and from an auxiliary “dispersion free” exchange correlation 

functional.22c,22d HF is used as the “dispersion free” exchange correlation functional in the 

dispersion energy calculations.

Structures along the reaction coordinates in Figure 6 were obtained from intrinsic reaction 

coordinate (IRC) calculations. The Markovnikov and anti-Markovnikov transition states 

usually have different forming C–N bond distances. To minimize the effects of early or late 

transition states in comparing the differences of each energy term between the two 

regioisomeric pathways, the ΔΔE reported in all pie charts (Figures 7–9) were computed 

using the average of ΔΔE values at the two C–N bond distances that correspond to the 

Markovnikov and anti-Markovnikov transition states, respectively:

ΔΔEave =   1/2   (ΔΔEdis1 +   ΔΔEdis2)

=   1/2   ΔEM dis1 –   ΔEA dis1   +   ΔEM dis2 –   ΔEA dis2

Here, dis1 and dis2 are the forming C–N bond distances at the two regioisomeric transition 

states. ΔEM and ΔEA are the EDA energy terms at a given C–N bond distance along the 

Markovnikov and anti-Markovnikov reaction coordinates, respectively. The Complementary 

Occupied-Virtual Pairs (COVPs)24 calculations were performed using Q-Chem 5.0 at the 

M06/6–311G(d,p) (LANL2DZ for Pd) level of theory. The ΔEct shown in Figure 7 is the 

charge transfer energy derived from the most significant COVPs. To be consistent with other 

EDA calculations, the ΔEct(COVP) values were calculated from the average of two 

structures with C–N bond constrained to dis1 and dis2, where dis1 and dis2 are the C–N 

bond distances at the two regioisomeric transition states:
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ΔEct COVP   =   1/2   ΔEct dis1 COVP   +   ΔEct dis2 COVP

The optimized structures and the COVP orbitals were visualized using CYLview25 and 

GaussView 6.0.

RESULTS AND DISCUSSION

Mechanisms and Regioselectivity-Determining Step of the Pd-Catalyzed Oxidative 
Amination

Prior to applying the energy decomposition analysis to study the origin of regioselectivity, 

we needed to identify the regioselectivitydetermining step in the Pd-catalyzed oxidative 

amination reactions. Therefore, we computed the catalytic cycles of the oxidative amination 

of alkene 1 with both neutral and anionic palladium catalysts.26 The DFT calculations 

indicated the aminopalladation is irreversible and is the regioselectivity-determining step.27 

The computed energy profiles of the neutral Pd(OAc)2-catalyzed aminopalladation step of 

alkene 1 with phthalimide anion28 are shown in Figure 3. The anti-Markovnikov and 

Markovnikov trans-aminopalladation of the p-alkene complex 5 (6A-TS and 6M-TS) 

require 17.0 and 16.7 kcal/mol with respect to 5, respectively. In the cisaminopalladation 

pathway, a stable anionic complex 8 is formed via the coordination of the phthalimide anion 

with the Pd center in complex 5. Subsequent anti-Markovnikov and Markovnikov 

aminopalladations occur through four-membered cyclic transition states 9A-TS and 9M-TS, 

respectively. Both 9A-TS and 9M-TS are lower in energy than the trans-aminopalladation 

transition states 6A-TS and 6M-TS. This indicates the most favorable mechanism for the 

reaction with the neutral Pd catalyst is the cisaminopalladation. This conclusion is consistent 

with previous mechanistic studies that suggest reactions with strongly coordinating 

nucleophiles prefer the cis-nucleopalladation.1c,10a

In the presence of Bu4NCl or Bu4NOAc additives,13 the anionic Cl- or OAc- ligand could 

coordinate to the neutral palladium catalyst to form palladate complexes.10b,15 Because the 

chloride and acetate salts can both promote the anti-Markovnikov regioselectivity, we chose 

acetate additives in the calculations for simplicity (i.e. with Pd(OAc)3 - as the active 

catalyst).29 As shown in Figure 4, the formation of the palladate complex 10 through 

coordination of an acetate anion to the neutral [Pd(OAc)2]3 is slightly endergonic by 1.7 

kcal/mol. Therefore, this equilibrium is expected to shift to favor the palladate complex at 

higher additive concentrations. From the palladate-alkene complex 11, the trans-attack of the 

phthalimide anion requires 23.2 and 26.3 kcal/mol for anti-Markovnikov and Markovnikov 

additions (12A-TS and 12M-TS), respectively. In contrast, the outer-sphere cis-

aminopalladation, in which the nucleophile does not coordinate with the Pd center, requires 

much higher activation energies (See Figure S5 for details). The inner-sphere cis-

aminopalladation requires one of the acetate ligands to be replaced by a phthalimide anion to 

form complex 8. The cis-aminopalladation transition states from 8 are the same as those 

with the neutral Pd(OAc)2 catalyst (9A-TS and 9MTS, Figure 3). Therefore, this pathway 

would lead to the Markovnikov- selective products, rather than the anti-Markovnikov 

products observed experimentally under these conditions. Thus, this inner-sphere cis-
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aminopalladation pathway is unlikely. Therefore, the most favorable mechanism with the 

anionic catalytic system is trans-aminopalladation, which is consistent with the deuterium 

labeling experiments by the Hull group.13

Taken together, the DFT calculations suggest the oxidative amination with the neutral Pd 

catalyst occurs via the cisaminopalladation mechanism,4d while the reaction with the anionic 

Pd catalyst occurs via the trans-aminopalladation mechanism. The aminopalladation is the 

regioselectivity-determining step. The computationally predicted regioselectivities in the 

aminopalladation with the neutral and anionic palladium catalysts agree well with the 

experimental observation (Figure 2a). With the neutral catalyst, the Markovnikov-selective 

cis-aminopalladation (9M-TS) is favored by 2.7 kcal/mol. The complete regioselectivity 

reversal is observed with the anionic catalyst, which strongly favors the anti-Markovnikov-

selective trans-aminopalladation pathway (12A-TS) by 3.1 kcal/mol.30

The energy decomposition analysis approach to dissect the effects controlling the 
regioselectivity

Although the computational results nicely reproduced the experimental regioselectivity 

trend, it remains a challenge to provide a chemically meaningful explanation to the origin of 

the selectivity. As discussed in the Introduction, the reversal of regioselectivity may be due 

to several different effects. To establish a general understanding of the origin of 

regioselectivity, we performed energy decomposition analysis (EDA) calculations to study 

the oxidative amination reaction described above and a number of related nucleopalladation 

processes with different nucleophiles and Pd catalysts. Here, we first demonstrate the 

detailed steps of using the EDA approach to study the neutral Pd(OAc)2-catalyzed C‒N 

formation transition states with phthalimide anion (i.e. 9M-TS, 9A-TS, 6MTS, and 6A-TS). 

The same procedure is then applied to study other nucleopalladation reactions.

Equation 3 was used to dissect the contributions of different types of nucleophile-substrate 

interactions in the aminopalladation transition states (Figure 5). First, using the distortion/

interaction model,11 the activation energy of each transition state (ΔE‡) is decomposed into 

distortion energy (ΔEdist) of the two reactive fragments (highlighted in yellow and blue, 

respectively) and the interaction energy (ΔEint) between these two fragments. Then, using 

the ALMO-EDA method,22c the interaction energy (ΔEint) is further dissected into Pauli 

repulsion (ΔEPauli), electrostatic interactions (ΔEelstat), polarization (ΔEpol), charge transfer 

(ΔEct), and dispersion (ΔEdisp) (see Computational Methods for details). Specifically, 

ΔEelstat is the Coulombic interactions between the two fragments, ΔEpol is the stabilizing 

interactions from mixing of occupied and vacant orbitals within each fragment, and ΔEct is 

the interactions between an occupied orbital on one fragment and a vacant orbital on the 

other fragment. Among these terms, the sum of distortion energy (ΔEdist) and Pauli 

repulsion (ΔEPauli) can be considered as the contribution of steric effects (ΔEsteric) to the 

overall activation energy. The sum of ΔEelstat, ΔEpol, and ΔEct describes electronic effects 

(ΔEelec). Therefore, the overall activation energy (ΔE‡) is dissected into contributions from 

steric effects (ΔEsteric), dispersion effects (ΔEdisp), and two different types of electronic 

effects, namely electrostatics (ΔEelstat) and orbital interactions (ΔEorbital).31
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Analysis of different types of nucleophile-substrate interactions along the reaction 
coordinate

We applied this EDA approach to study the four nucleopalladation pathways described in 

Figure 5. To analyze how the different types of nucleophile-substrate interactions vary along 

the nucleopalladation reaction coordinates, the computed energy terms with respect to the 

forming C–N (nucleophile) bond distances are illustrated in Figure 6. A few general 

conclusions about the origin of regioselectivity can be derived from the comparison of 

different pathways.

• Steric repulsions (ΔEsteric) are always less prominent in the anti-Markovnikov 

pathway (blue lines) than in the Markovnikov pathway (red lines). In contrast, 

both types of electronic effects (ΔEelstat and ΔEorbital) always favor Markovnikov 

additions. Nucleophile-substrate dispersion interactions (ΔEdisp) also favor 

Markovnikov addition because dispersion interactions are larger when the 

nucleophile attacks the more substituted internal carbon of the alkene.

• While the different types of interactions are all stronger at shorter C–N distances, 

the vertical distances between the red and the blue lines (ΔΔE) remain largely 

constant in the transition state region (2.0–2.3 Å). This indicates the energy 

difference between the Markovnikov and anti-Markovnikov pathways, i.e. 
contribution of each factor to the regioselectivity, is not affected by the location 

of the transition state along the reaction coordinate.

• The magnitude of each ΔΔE term can be very different among different 

reactions. For example, the difference of orbital interaction energies (ΔΔEorbital) 

is −17.1 kcal/mol in the four-membered cyclic cis-aminopalladation pathway 

(Figure 7a). This indicates the Markovnikov transition state 9M-TS is strongly 

stabilized by orbital interactions. In contrast, the ΔΔEorbital values are much 

smaller (c.a. −2~−4 kcal/mol) in the trans-aminopalladation pathways (Figure 

7b), indicating much smaller effects of orbital interactions on regioselectivity in 

these reactions. Therefore, detailed analysis of the relative magnitudes of the 

different effects can reveal the dominant factor on regioselectivity in each 

reaction.

Identification of the dominant nucleophile-substrate interaction leading to the Markovnikov 
regioselectivity

The energy decomposition analysis results (Figure 6) are summarized as pie charts shown in 

Figure 7 to highlight the quantitative contributions of each type of nucleophile-substrate 

interactions to the overall regioselectivity in the aminopalladation with phthalimide anion. 

Each pie chart includes four different effects on regioselectivity. Among these, steric 

repulsions (ΔΔEsteric) are the only effect that promotes anti-Markovnikov addition, while 

electrostatics (ΔΔEelstat), orbital interactions (ΔΔEorbital), and dispersions (ΔΔEorbital) 

promote Markovnikov addition. Therefore, because the sum of ΔΔEelstat, ΔΔEorbital, and 

ΔΔEdisp is greater than ΔΔEsteric in both cis- and trans-aminopalladation of 5, the 

Markovnikov addition is preferred (Figure 7a and 7b). However, the dominant effects 

leading to the Markovnikov selectivity in these reactions are distinct from each other. In the 
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cis-aminopalladation (Figure 7a), the dominant effect that promotes the Markovnikov-

selectivity (9MTS) is orbital interactions (ΔΔEorbital), while electrostatics (ΔΔEelstat) plays a 

more significant role in the trans-aminopalladation (6MTS, Figure 7b). On the other hand, 

dispersion effects are typically small compared with steric and electronic effects. This EDA 

analysis provides an unbiased and straightforward way to identify the dominant factor on 

regioselectivity. Therefore, a more in-depth theoretical investigation on the dominant effect 

can then be performed to provide additional mechanistic insights. To understand why orbital 

interactions promote Markovnikov selectivity in cisaminopalladation, we performed the 

Complementary Occupied-Virtual Pairs (COVPs) analysis24 to study the donor-acceptor 

interactions between the Pd–Nu fragment and the alkene in the cisaminopalladation 

transition states (Figure 7a).32 The COVP results revealed that the charge transfer between 

the occupied alkene π orbital and the vacant metal d orbital is the most important orbital 

interaction for the Markovnikov regioselectivity. This π→d orbital interaction is much more 

pronounced in the Markovnikov transition state 9M-TS than in the anti-Markovnikov 

transition state 9ATS (ΔEct(π→d) = −41.9 and −33.1 kcal/mol, respectively). This is a result 

of the polarization of the occupied π orbital of the terminal aliphatic alkene (Figure 7a).33 

The FMO interactions between the HOMO of Pd-Nu and the π* of the alkene are 

comparable in the Markovnikov and anti-Markovnikov pathways (ΔEct(Pd‐Nu π * ) = − 21.1

and −19.8 kcal/mol in 9M-TS and 9A-TS, respectively). Therefore, the HOMO(Pd-Nu)/π* 

interactions have a smaller contribution to the regioselectivity (see Figure S10 for details). 

On the other hand, the dominant role of electrostatics (ΔΔEelstat) in Pd(OAc)2-catalyzed 

Markovnikov-selective trans-aminopalladation is evidenced by the calculated CHelpG 

atomic charge on alkenes (Figure 7b).34 Upon coordination with the Pd(OAc)2 catalyst, the 

electron density on the C=C double bond becomes more polarized than in the free alkene 

with a greater amount of partial positive charge residing on the internal carbon.35

Effects of different N- and O-nucleophiles on regioselectivity

We then employed the EDA approach to study the origin of regioselectivity in 

nucleopalladation of the π-alkene/Pd(OAc)2 complex 5 with a variety of N- and O-

nucleophiles bearing different steric hindrances and formal charges. We surmised these 

investigations would reveal how the steric and electronic properties of the nucleophile affect 

the different types of nucleophile-substrate interactions. In addition, the differences between 

neutral and anionic nucleophiles, and between N- and O-nucleophiles are also explored. In 

agreement with previous experimental observations,1c,4a,4b most of the nucleophiles 

investigated favor Markovnikov-selective nucleopalladation. Surprisingly, the EDA results 

indicate that the kinetic regioselectivity of nucleopalladation is not very sensitive to the 

steric properties of the nucleophile. For example, nucleopalladations with sterically distinct 

primary amines (NH2Me, NH2iPr, and NH2tBu in Figure 8a–c)4a,36 have comparable 

contributions resulting from steric effects (ΔΔEsteric = 6.1~6.9 kcal/mol). These 

nucleopalladations are all kinetically Markovnikov-selective, because the sum of electronic 

and dispersion effects in these reactions is greater than the steric influences. These results 

are consistent with previous experimental reports that suggest reactions with relatively bulky 

N-nucleophiles, such as NHMe2,4a still prefer Markovnikov products. Only in the reaction 

with an extremely bulky secondary amine nucleophile (NHiPr2 in Figure 8d), the ΔΔEsteric is 
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significantly increased and reverses the regioselectivity to favor the anti-Markovnikov 

addition products. Similarly, nucleopalladations with MeOH and tBuOH also have 

comparable ΔΔEsteric terms (7.7 and 8.3 kcal/mol in Figure 8e–f, respectively).37

The insensitivity of nucleophile steric effects underlines the challenge to achieve anti-
Markovnikov selectivity with the neutral Pd(OAc)2 catalyst. It also highlighted the 

importance of understanding the origin of electronic effects because electrostatic interactions 

and orbital interactions may be more tunable. Interestingly, the magnitudes of the 

electrostatic effects are sensitive to the formal charge of the nucleophile. Nucleopalladations 

with negatively charged nucleophiles (Figure 8g–h and 7b), such as CH3CO2−, CF3CO2−, 

and PhthN−, have much more negative ΔΔEelstat than those with neutral nucleophiles. These 

results indicate that anionic nucleophiles tend to lead to greater Markovnikov selectivity due 

to more favorable nucleophile-alkene electrostatic attraction in the Markovnikov addition 

transition state (Figure 1a). On the other hand, the nucleophilicity of the nucleophile have a 

small impact on the regioselectivity. For example, the ΔΔEelstat and ΔΔEorbital values are 

almost identical for nucleopalladations with CH3CO2− and CF3CO2− (Figure 8g–h), 

although the former is expected to beslightly more nucleophilic. The similar ΔΔEelstat and 

ΔΔEorbital values of nucleopalladations with PhthN‒ and acetate anion indicate the N- and 

O-nucleophiles have similar electronic effects.38 On the other hand, O-nucleophiles, 

including alcohols and carboxylate anions, have slightly greater ΔΔEsteric terms (by ~1 kcal/

mol) than primary amine nucleophiles. This is likely due to the shorter C‒O bonds in the O-

addition transition states that make these processes more sensitive to nucleophile-substrate 

steric repulsions.

Taken together, these EDA results indicate that in the neutral Pd(OAc)2-mediated 

nucleopalladations, the different types of nucleophile-substrate interactions have different 

sensitivity to the steric and electronic properties of the nucleophile. Nucleophilesubstrate 

steric interactions are largely insensitive to the size of the nucleophile, unless a highly 

hindered secondary amine is used. Although nucleophile-substrate orbital interactions 

remain nearly constant in all trans-aminopalladation processes tested, the nucleophile-

substrate electrostatic interactions are highly sensitive to the formal charge of the 

nucleophiles. In reactions with negatively charged nucleophiles, such as CH3CO2−, 

CF3CO2−, and PhthN‒, electrostatic effects provide the greatest contribution to the 

Markovnikov selectivity, while in reactions with neutral nucleophiles, including various 

primary amines and alcohols, contributions from electrostatics and orbital interactions are 

comparable. The only case where steric effects dominate and thus favor the anti-
Markovnikov pathway is with the highly hindered NHiPr2 nucleophile.

Catalyst effects on the regioselectivity

The EDA results discussed above indicated the Pd(OAc)2- mediated nucleopalladation with 

a large majority of nucleophiles favors the Markovnikov pathway. Therefore, the 

regiochemical reversal with the anionic Pd catalyst to kinetically favor the anti-Markovnikov 

nucleopalladation is remarkably unique. To investigate the origin of the catalyst-controlled 

regioselectivity, we performed EDA analysis on the regioselectivity of nucleopalladation 

with various neutral and anionic Pd catalysts. The use of another neutral Pd catalyst, 
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Pd(H2O)Cl2, a potential active catalyst in Wacker oxidations,1c leads to similar 

regioselectivities compared to those with Pd(OAc)2 discussed above. Reactions with 

Pd(H2O)Cl2 are also relatively insensitive to the steric property and nucleophilicity, while 

more sensitive to the formal charge of the nucleophile (See Figure S20 for details). In 

contrast, EDA analysis with the anionic palladate Pd(OAc)3− as the active catalyst indicated 

a substantially different regioselectivity control (Figure 9). In particular, the comparison 

between Pd(OAc)3−- and Pd(OAc)2-mediated trans-aminopalladation with phthalimide 

anion as nucleophile (Figures 9 and 7b, respectively) reveals the origin of the different 

regioselectivity with anionic and neutral Pd catalysts. The complete reversal of 

regioselectivity to favor the anti-Markovnikov products is mainly attributed to the decrease 

of electrostatic effects in the reaction with the anionic Pd catalyst (ΔΔEelstat = −2.5 kcal/mol 

foranionic Pd versus −5.4 kcal/mol for the neutral Pd system).

These results indicate the electronic properties of the Pd catalyst can alter the polarization of 

the electron-density of the alkene in the π-alkene complex. This hypothesis is supported by 

the CHelpG atomic charge34,39 calculations (Figure 9). With the more electronrich anionic 

palladate, the ligand-to-metal charge transfer40 is less significant, and thus the internal 

carbon of the alkene in complex 11 becomes more electron-rich than that in 5 (Figure 7b). 

Therefore, the attractive electrostatic interactions between the nucleophile and the internal 

carbon becomes less favorable with the anionic palladium catalyst due to the decreased 

polarization of the C=C double bond in the π-alkene complex 11. Because the electrostatic 

and orbital interaction effects are both small in this anionic Pd catalyst system, steric effects 

become the dominant factor and effectively override the effects of orbital interactions, 

electrostatics, and dispersion to favor the anti-Markovnikov addition. EDA studies with 

other anionic palladate complexes, e.g. PdCl(OAc)2−, Pd(OPiv)3−, Pd(TFA)3−, also support 

the same conclusion that aminopalladations with anionic palladate complexes have 

diminished electronic effects on regioselectivity, and thus steric effects are the dominant 

factor leading to the anti-Markovnikov selective products (See Figure S14 and S18 for 

details).

Summary of the catalyst effects and nucleophile effects on the regioselectivity

The dominant factors controlling the kinetic regioselectivity in nucleopalladation with 

different Pd catalysts and nucleophiles are summarized in Figure 10. Although a majority of 

N- and Onucleophiles favor the Markovnikov-selective nucleopalladation when reacting 

with a neutral π-alkene/Pd(II) complex, the dominant factor on regioselectivity can be 

distinct. For nucleophiles that undergo cis-nucleopalladation (TS-e), the favorable π→d 

orbital interactions are the most important factor that leads to the Markovnikov selectivity. In 

trans-nucleopalladation with anionic nucleophiles (TS-c), electrostatic effects (ΔΔEelstat) 

become the most important factor favoring the Markovnikov selectivity. In 

transnucleopalladation with neutral nucleophiles (TS-d), both orbital interactions and 

electrostatics are the main effects controlling the regioselectivity. In contrast, anti-
Markovnikov-selective nucleopalladation is favored when steric effects (ΔΔEsteric) dominate. 

Our computational analysis suggests the regioselectivity is relatively insensitive to the steric 

properties of the nucleophile. Therefore, only highly bulky nucleophiles (TS-b) can override 

the intrinsic electronic preference and selectively form the anti-Markovnikov products. On 
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the other hand, because the nucleophile-substrate electrostatic interactions are sensitive to 

the formal charges on the Pd catalyst, the use of anionic palladate catalysts (TS-a) 

significantly reduces the effects of electrostatic interactions that favor the Markovnikov 

addition. Therefore, the nucleophile-substrate steric repulsions become the dominant factor 

in these reaction systems, leading to the catalyst-controlled complete reversal of 

regioselectivity.

CONCLUSION

We presented an energy decomposition approach to separate different types of nucleophile-

substrate interactions and to rationalize their contributions to the regioselectivity of the 

nucleopalladation of terminal aliphatic alkenes. The computed regioselectivity (ΔΔE‡) is 

quantitatively dissected into effects from steric repulsions (ΔΔEsteric), electrostatics 

(ΔΔEelstat), orbital interactions (ΔΔEorbital), and dispersion (ΔΔEdisp) between the 

nucleophile and the alkene in the nucleopalladation transition state. Therefore, the major 

factor controlling the regioselectivity of reactions with different catalysts and nucleophiles 

can be revealed in a robust and practical fashion.

In this study, we employed this approach to study the origins of regioselectivity in a series of 

nucleopalladation reactions with neutral and anionic Pd catalysts and different nucleophiles. 

The computational results indicated that the regioselectivity is largely insensitive to the 

steric property of the nucleophile, unless an extremely bulky nucleophile is used. On the 

other hand, the nucleophilesubstrate electrostatic interactions and orbital interactions can be 

affected by the electronic properties of the nucleophile and the Pd catalyst, and the cis/trans-

nucleopalladation mechanisms. In Pd(OAc)2-mediated cis-nucleopalladation, the 

Markovnikov selectivity is mainly due to the favorable frontier molecular orbital interactions 

between the Pd-nucleophile complex and the alkene substrate. In Pd(OAc)2-mediated trans-

nucleopalladation, the orbital interaction effects are diminished and the favorable 

electrostatic interactions with the internal carbon of the alkene becomes more important for 

the Markovnikov-selectivity. The use of an anionic palladate catalyst decreases the 

polarization of the π electrondensity of the alkene, and thus the electrostatic effects are 

diminished. Therefore, the catalyst-controlled anti-Markovnikov selectivity in Hull’s 

oxidative amination reactions is due to the diminished electrostatic effect that makes steric 

effects the dominant factor on regioselectivity. We expect the interplay of steric, 

electrostatic, and orbital interaction effects on regioselectivity of alkene nucleometallation 

revealed in this study can offer unique insights to guide future experimental design of 

regiodivergent functionalization strategies of simple unactivated alkenes. For example, since 

the electrostatic effect on regioselectivity appears to be more easily tunable, strategies to 

suppress the favorable electrostatic interactions in Markovnikov attack may lead to greater 

levels of anti-Markovnikov selectivity. This may be achieved through further optimization of 

electronic properties of the active Pd catalyst. Furthermore, the energy decomposition 

approach described here may be applied to study the origin of reactivity, regio-, and 

stereoselectivity of other types of transition metal-catalyzed reactions.
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Figure 1. 
Factors affecting the regioselectivity of Pd-catalyzed nucleopalladation of alkenes.
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Figure 2. 
Pd-catalyzed anti-Markovnikov oxidative amination of alkene
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Figure 3. 
Free energy profiles of the trans- and cis-aminopalladation pathways with the neutral 

palladium catalyst. The anti-Markovnikov- and Markovnikov-selective pathways are shown 

in blue and red, respectively. The energies are in kcal/mol.
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Figure 4. 
Free energy profiles of the trans-aminopalladation pathways with the anionic palladate 

catalyst. The anti-Markovnikov- and Markovnikov- selective pathways are shown in blue 

and red, respectively. The energies are in kcal/mol.
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Figure 5. 
Decomposition of the activation energies. The steric, electronic, and dispersion interactions 

between the two highlighted fragments in the aminopalladation transition states are 

computed using the distortion-interaction model and energy decomposition analysis 

methods. The two fragments in the EDA calculations of 9M-TS and 9A-TS (cis-

aminopalladation) are defined as the Pd?Nu complex and the alkene. The two fragments of 

6M-TS and 6A-TS (transaminopalladation) are defined as the nucleophile and the π-alkene-

Pdcomplex.

Qi et al. Page 21

J Am Chem Soc. Author manuscript; available in PMC 2019 October 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
Energy decomposition analysis (EDA) along the reaction coordinates of neutral Pd-

catalyzed cis- and trans-aminopalladation (a and b, respectively) with phthalimide anion. 

The overall electronic effect term (ΔEelec, left column) is further dissected into electrostatics 

(ΔEelstat) and orbital interactions (ΔEorbital) in the right column. The DDE values are 

calculated from the energy difference between Markovnikov and anti-Markovnikov 

transition states (DDE = DEM – DEA). Therefore, positive DDE values indicate terms that 

favor anti-Markovnikov transition state; negative values indicate terms that favor 

Markovnikov transition state.

Qi et al. Page 22

J Am Chem Soc. Author manuscript; available in PMC 2019 October 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7. 
Contributions of different types of nucleophile-substrate interactions to the regioselectivity 

in neutral Pd(OAc)2-catalyzed cis- and trans-aminopalladation with phthalimide anion. The 

computed regioselectivity (DDE‡) is calculated from the energy difference between 

Markovnikov and anti-Markovnikov transition states (DDE‡ = DEM‡ – DEA‡). Each energy 

component (DDEsteric, DDEelstat, DDEorbital, and DDEdisp) is calculated in a similar fashion 

(DDE = DEM – DEA). Positive DDE values indicate effects that promote anti-Markovnikov 

addition; negative DDE values indicate effects that promote Markovnikov addition. All 

energies are in kcal/mol. The π→d charge transfer energies (DEct) in 9M-TS and 9A-TS 
were calculated using COVP analysis (the donor orbital is shown in solid; the acceptor 

orbital is shown in transparent). The molecular orbital coefficients of the C=C double bond 

in alkene 1 was calculated at B3LYP/6–31G(d) level.
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Figure 8. 
Origins of regioselectivity in neutral Pd(OAc)2-catalyzed trans-nucleopalladation with 

different N- and O-nucleophiles. The computed regioselectivity (DDE‡) is calculated from 

the energy difference between Markovnikov and anti-Markovnikov transition states (DDE‡ 

= DEM‡ – DEA‡). Each energy component (DDEsteric, DDEelstat, DDEorbital, and DDEdisp) is 

calculated in a similar fashion (DDE = DEM – DEA). Positive DDE values indicate effects 

that promote anti-Markovnikov addition; negative DDE values indicate effects that promote 

Markovnikov addition. All energies are in kcal/mol.
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Figure 9. 
Comparison of different types of nucleophile-substrate interactions on the regioselectivity in 

anionic palladate-catalyzed trans-aminopalladation with phthalimide anion. The computed 

regioselectivity (DDE‡) is calculated from the energy difference between Markovnikov and 

anti-Markovnikov transition states (DDE‡ = DEM‡ – DEA‡). Each energy component 

(DDEsteric, DDEelstat, DDEorbital, and DDEdisp) is calculated in a similar fashion (DDE = 

DEM – DEA). All energies are in kcal/mol.
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Figure 10. 
Effects of catalyst and nucleophile on the dominant factor on regioselectivity.
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