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Article 
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Abstract: The alkoxycarbonylation of styrene by palladium chloride is studied employing the density 
functional theory (DFT). Initially, [PdCl3]– reacts with methanol to form the methoxy-bound intermediate, 
which undergoes β-hydride elimination to form the key intermediate [PdCl2H]–. Then, a 1,2-insertion reaction 
to styrene takes place to form linear and branched alkyl coordinated with the PdII. Then CO coordination 
followed by a 1,1-insertion reaction leads to the formation of acyl intermediate. Next, the methanolysis leads 
to the formation of esters. Previous reports with other catalysts suggested the intermolecular/intramolecular 
transition state (TS) formation with a high activation barrier, and this step was the bottleneck. To the best of 
our knowledge, it is the first time we have considered a two-step mechanism for the alcoholysis of the ester 
formation mechanism. After coordination with the metal, the methanol undergoes oxidative addition to form 
the PdIV square pyramidal intermediate, followed by reductive elimination to form the ester with regeneration 
of the metal hydride active intermediate. Deeper insight into the nature of bonding at the TSs is obtained 
through energy decomposition with natural orbital for chemical valence (EDA-NOCV) and quantum theory of 
atoms in molecules (QTAIM).  

Keywords: Methoxycarbonylation; organometallic; Pd catalyst; DFT; EDA-NOCV 
 

1. Introduction 
Carbonylation reaction is the conversion of alkenes or alkynes to aldehydes, acids, esters, or 

lactones using carbon monoxide in a one-pot synthesis.[1–3] Otto Roelen, while working on the 
Fischer-Tropsch reaction, first reported the transition metal-catalyzed carbonylation reaction.[1] 
Transition metals, such as Fe, Co, Ru, Rh, Ir, etc., are utilized as catalysts for carbonylation 
reactions.[4,5] Along with academic development, many industrial processes are developed based on 
carbonylation reactions, where CO is considered the C1 feedstock.[4] One such example is the 
production of Monsanto acetic acid, which starts from methanol and carbon monoxide.[5] In the 
carbonylation reactions, the use of alkene/alkyne substrate in the presence of water, amine, and 
alcohol nucleophiles leads to the formation of carboxylic acid, amide, and ester, respectively.[4,6] Due 
to poor selectivity, the carbonylation of α-olefins leads to various products unless neighboring group 
participation is involved.[7–11] However, selectivity can be achieved by the use of different 
ligands[12–19], the use of other additives, and reaction conditions (temperature, CO pressure, 
etc.).[1,20–23]  

In homogeneous catalysis involving β-hydride elimination, oxidative addition, reductive 
elimination, migratory insertion, and carbon-carbon bond formation, the Pd complexes are 
significant as their reactivity can be tuned using various ancillary ligands.[10,24,25] One of the vital 
step-up reactions in organometallic chemistry is carbonylation, which can be achieved by Pd0 and 
PdII with regio and stereoselectivity when the complexes are decorated with suitable phosphine 
ligands.[26–31] Further, fine-tuning is also achieved by adding a variety of substituents to the 
phosphorous donor and altering the electronic and steric properties of the complexes.  

Previous studies have shown that metal hydride intermediate [PdII-H] is a key intermediate for 
the overall transformation under acidic conditions.[32,33] Mehara et al.[34] have summarized the 
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catalytic cycle where, initially, the alkene undergoes a 1,2-insertion reaction with the [PdII-H] to form 
the palladium alkyl with two possibilities in the case of asymmetric alkene. Next, a 1,1-CO insertion 
reaction forms the acyl-palladium complexes, which have two possibilities. Finally, the alcoholysis 
leads to the ester formation with regeneration of the vital intermediate [PdII-H]. Various studies were 
performed in the past to investigate the mechanism, such as the [PdII-H] was detected through 
NMR[35–38]; the metal-acyl intermediate was isolated and characterized by X-ray 
structures[37,39,40]. In addition, chromatography studies such as HPLC, GC-MS,[37,39] deuterium 
labeling [41], and theoretical studies also confirm the presence of different intermediates.  

Another mechanism was proposed where the starting Pd0 catalyst is oxidized to PdII by an 
oxidant, which then reacts with alcohol to form the alkoxy intermediate. Followed by a CO insertion 
reaction to form the alkoxycarbonyl-Pd intermediate.[42,43] Next, alkene undergoes a 1,2-insertion 
reaction followed by β-hydride elimination to form the unsaturated ester. Thus, The hydride 
intermediate releases proton or HCl to form the Pd0 starting compound via the reductive elimination 
step. In practice, the formation of the unsaturated esters is not so favourable, especially in the acidic 
medium where the reductive elimination step is disfavoured.[34] Further, the role of oxidizing agents 
(Cu(OAc)2, CuCl2) in combination with solvents (acetonitrile, DMF, DMSO) plays an essential role in 
determining product selectivity. [44] 

Several modeling studies of Pd-catalysed alkoxycarbonylation of alkenes and alkynes were 
summarized in the perspective article by Ahmad et al.[45] With bidentate diphosphine ligands, the 
hydride pathway is more favorable.[36,39,42,46,47] The final alcoholysis step was the most 
challenging, finding the more favorable path with the least activation energy barrier. The 
intramolecular alcoholysis was shown to be unsurmountable, while the intermolecular pathway 
could achieve the lower activation barrier.[48] Here, we have considered the catalytic 
methoxycarbonylation of styrene by [PdCl3]− in the presence of CO to give linear and branched esters. 
We have considered the hydride mechanism for the overall catalysis. The most significant change to 
the mechanism is the final alcoholysis step. The step consists of two sub-steps, where alcohol first 
undergoes coordination with the metal to form an alcohol-bound complex, which then undergoes 
oxidative addition to create a PdIV complex with coordination of hydride, methoxide, and acyl. Next, 
it undergoes reductive elimination where methoxide and acyl form a sigma bond to form the ester, 
and PdIV reduces to PdII. The free energies of different steps for the formation of branched and linear 
esters are compared side by side. The energy decomposition analysis with natural orbital for chemical 
valence (EDA-NOCV) analysis and quantum theory of atoms in molecules (QTAIM) is carried out at 
the TSs to gain deeper insight into the mechanism.  

2. Computational Details 
The geometry optimization and frequency calculations for the intermediate and transition state 

structures are carried out employing the Gaussian 16 Version C1.0.[49] The absence of any imaginary 
frequency in the intermediate case indicates the presence of true minima, while the presence of strong 
imaginary frequency implies the transition state structure. Intrinsic reaction coordinate (IRC) 
calculations for the forward and reverse direction correspond to the corresponding product and 
reactant, respectively. For all types of calculations, the PBE0[50,51] functional (using the keyword 
PBE1PBE) was used unless otherwise specified. Optimization and frequency calculations are 
performed using LanL2DZ[52] basis set for the Pd atom and 6-31+G(d,p) Pople’s basis set for the H, 
C, O, and Cl atoms. This combined basis is denoted as bs1. At the optimized geometry, single-point 
calculations are performed employing the SDD[53,54] basis set for the Pd atom and 6-311+G(d,p) 
Pople’s basis set for the H, C, O, and Cl atoms. This combined basis is denoted as bs1. The solvation 
effect in methanol solvent was taken into consideration using the solvation molecular dynamics 
model (SMD).[55] Thus, the final level of the theory of thermochemistry becomes SMD/PBE0/bs2. To 
incorporate the zero-point corrections to the free energies at the SMD/PBE0/bs2, the corresponding 
zero-point correction is taken from the PBE0/bs1 level of theory. In the solvation process, molecules 
are transformed from the gas phase (1 atm) to the condensed phase (1 M), and hence, a concentration 
correction of ΔG0→* = 1.89 kcal mol−1 was applied to the free energy values.[56–58] Quantum theory of 
atoms in molecules (QTAIM) and electron localization function (ELF) analyses were performed using 
the Multiwfn software.[59] Energy decomposition analysis (EDA) was performed at the B3LYP-
D3(BJ)/TZ2P level of theory on the optimized geometries using the sobEDA[60] method implemented 
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in the Multiwfn program.[59] Grimmeʹs dispersion correction (GD3)[61] with Becke-Johnson 
parameters[62] was incorporated in the EDA calculations. Extended transition state natural orbital 
for chemical valence (ETS-NOCV) is performed using the Multiwfn program. 

3. Results and Discussion 
The general mechanistic path of the formation of ester starting from the [PdCl3]− (int1), CO, 

styrene, and methanol proceeds through the following steps: first methanol reacts with [PdCl3]− to 
form [PdCl2(OCH3)]− (int2) with the release of HCl. This step is found to be endergonic with ΔG = 
14.1 kcal mol-1. Next, the hydrogen atom attached to the methyl group undergoes β-hydride 
elimination through the transition state TS1 (Figure 1). This form the metal hydride intermediate 
[PdCl2H]− and formaldehyde. The free energy of activation is calculated to be -1.22 kcal mol-1, which 
is significantly less activation energy, implying the reactionʹs feasibility.[6] At the TS1, the bond 
lengths are Pd-O, 2.121; Pd-H, 1.542; C-H, 1.957 Å. Here, the C-H bond is cleaved, the Pd-H bond is 
formed, and the C-O bond transforms from single to double. The hydride intermediate [PdCl2H]− 
formed is the active catalyst in the catalytic cycle. This cycle has the following steps: i) styrene attacks 
the int3 to form an alkyl-bound Pd complex. Now, in this step, the metal-bound hydride undergoes 
insertion into the alkene double bond in two possible ways (Scheme 1): a) the hydride attacks the 
phenyl substituted part of the alkene (cycle 1) through the formation of transition state TS2, or b) it 
can attack the unsubstituted part of the alkene (cycle 2) through the formation of transition state 
TS2a. Here, the alkyl-bound intermediates int4 or int4a are formed. Let us first elaborate on the 
mechanism considering the cycle 1. ii) The CO reacts with the alkyl bound intermediate int4 via 
coordination of CO ligand to the Pd metal to form the intermediate int5. iii) Next, CO insertion 
reaction takes place to form the intermediate int6 via the transition state formation TS3; iv) the 
methanol undergoes coordination to the free site of int6 to form the methanol, bound intermediate 
int7; iv) the methanol bound intermediate undergoes oxidative addition via TS4 to form the 
methoxide and hydride bound PdIV complex (int8); vi) finally, the intermediate undergoes reductive 
elimination via TS5 to form the methyl ester compound and the active catalyst int3. Cycle 2 is similar 
to cycle 1, but the cycle starts with hydride insertion to the less substitute part of the styrene to form 
int4a. Thereafter, the naming of the intermediates and the transition states are the same, with the 
addition of ‘a’ to the names of cycle 1.   

 
Figure 1. The transition state structure of TS1, i.e., β-hydride elimination step. The geometry 
optimization is carried out at the PBE0/bs1 level of theory. 
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Scheme 1. Catalytic cycles involving various transition states in intermediates for the [PdCl3]– 
catalyzed alkoxycarbonylation of styrene in the presence of CO in methanol solvent. 

 
Figure 2. The intermediate structure of int1-int8 in cycle1. The geometry optimization is carried out 
at the PBE0/bs1 level of theory. Color code: H, white; C, grey; O, red; Cl, green; Pd, cyan. 

We have calculated the geometry optimization frequency of the intermediates and transition 
state structures for both cycles (Scheme 1). The intermediate and TS structures of cycle 1 are shown 
in Figures 2 and 3, respectively. For cycle 2 the respective structures of the intermediates and TSs are 
given in Figures S1 and S2 of the supplementary information file.  

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 21 October 2024 doi:10.20944/preprints202410.1524.v1

https://doi.org/10.20944/preprints202410.1524.v1


 5 

 

 
Figure 3. The transition state structure of TS2-TS5 in cycle 1. The geometry optimization is carried 
out at the PBE0/bs1 level of theory. Colour code: H, white; C, grey; O, red; Cl, green; Pd, cyan. 

 
Figure 4. Free energy profile diagram of [PdCl2H]– catalyzed alkoxycarbonylation of styrene in the 
presence of CO in methanol solvent. The parentheses values represent the intermediatesʹ relative free 
energy values and transition states in kcal mol-1. The calculation is carried out at the 
SMD/PBE0/bs2//PBE0/bs1 level of theory. The intermediates and TSs structures of cycle 1 is shown 
along the energy profile diagram. 

The free energy profile diagram of the formation of different intermediates and TSs is shown in 
Figure 4. In cycle 1 the hydride of int3 attacks at the phenyl substituted part of the styrene to give the 
phenyl ethyl coordinated intermediate int4. The reaction proceeds through the formation of a TS2 
intermediate with an activation-free energy barrier of 2.40 kcal mol-1. The activation barrier is 
comparable to the recent report of similar reactions starting from propene using substituted 
phosphine-coordinated Pd complexes.[16] In cycle 2, the reaction is similar, but hydride attacks at 
the less substituted part of styrene to form intermediate int4a. The reaction proceeds with the 
formation of TS2a with an activation energy barrier of only 0.24 kcal mol-1. Thus, the branched alkyl 
formation is more favorable for the hydride insertion step. In the TS2/TS2a, the bond lengths are Pd-
C, 2.143 (2.231); Pd-H, 1.559 (1.553); C-H (1.704), 1.684; and C-C, 1.421 (1.417) Å. The bond lengths are 
very much comparable. In the next step in cycle 1, CO gets coordinated to the vacant site to form int5. 
The CO coordination is found to be exergonic with ΔG = -14.26 kcal mol-1. The same reaction in cycle 
2 proceeds with ΔG = -14.49 kcal mol-1 to form intermediate int5a. Then, in cycle 1, the PhCH2CH2 
group undergoes an insertion reaction to the CO to form the intermediate int6. In the transition state, 
TS3, the PhCH2CH2 started forming a bond with the carbon atom of CO with an activation-free 
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energy barrier of 11.55 kcal mol-1. In the case of cycle 2, in a similar reaction, the bond is formed 
between the carbon atom of CO and the carbon atom of the PhCH3CH group. The reaction proceeds 
through the formation of TS3a with an activation barrier of 11.77 kcal mol-1. It is important to note 
that not much difference in the activation barrier is observed in the CO insertion step. These activation 
barriers also correspond well with the previous report.[16] At the TS3/TS3a, the bond lengths are Pd-
C, 2.253 (2.321); C-C, 1.938 (1.951); C-O, 1.171 (1.167) Å. The Pd-C bond length in TS3 is shorter than 
that of TS3a. This is because of the presence of methyl group in Ph(CH3)CH in TS3a, which increases 
the steric hindrance and eventually increases the barrier of CO insertion reaction of the C-C bond. 
However, the C-O bond length of carbonyl is shorter in TS3a, as the attack of alkyl is less close than 
in TS3.   

Next, methanol is coordinated to the vacant site of the three coordinated intermediate int6 to 
form the four coordinated intermediate int7 and int7a for cycles 1 and 2, respectively. Next, methanol 
undergoes oxidative addition to form the PdIV intermediates int8/int8a, respectively. The reaction 
proceeds through the formation of transition states TS4/TS4a with an activation-free energy barrier 
of 40.89 and 45.74 kcal mol-1, respectively. Approximately 5 kcal mol-1 higher activation barrier for the 
branched acyl group suggests that linear ester formation is more favorable. At the TS4/TS4a, the bond 
lengths are Pd-O, 2.071 (2.074); Pd-H, 1.508 (1.513); O-H, 1.716 (1.688); C-O, 1.201 (1.201) Å. This 
requires the highest activation barrier and is the rate-determining step. Next, int8/int8a, the OCH3 
group, and PhCH2CH2CO/Ph(CH3)CHCO group undergo coupling via reductive elimination to form 
the intermediates int9/int9a. The reactions proceed via TS5/TS5a with an activation-free energy 
barrier of 2.52/2.32 kcal mol-1. The difference is minimal, and the shallow activation barrier suggests 
the feasibility of the step. However, considering the free energy values, the linear ester is stable by 18 
kcal mol-1 compared to the breached one. At the TS5/TS5a, the bond lengths are Pd-O, 2.139 (2.061); 
Pd-C, 2.214 (2.041); C-O, 2.006 (2.010); C-O, 1.191 (1.191) Å. The decreased C-O bond length between 
methoxy O and acylium C implies more substantial bond formation and feasibility. This is also 
supported by the increased Pd-O and Pd-C bond lengths in TS5.  

At the methanolysis step, Walther et al. reported an activation barrier of ∼37.5 kcal mol−1.[63] 
for the methoxycarbonylation of cis-3-hexene using PdII catalysts coordinated by 1,2-
bis((dimethylphosphaneyl)methyl)benzene (DMBPX) ligand at the 
B3LYP/TZVP/LANL2DZ//B3LYP/6-31G*/LANL2DZ level of theory. For the intramolecular 
methanolysis step in methoxycarbonylation of methyl 4-heptenoate with the Pd–DTBPX (where 
DTBPX = 1,2-bis(di-tert-butylphosphino-methyl)benzene), the overall barrier of 29.1 kcal mol−1 was 
reported by Roesle et al.[64] at the B3LYP/6-31G*/LANL2DZ level of theory. For the Pd–DTBPX 
catalyzed methoxycarbonylation of ethene overall barrier of ∼42.4 kcal mol−1 at the B3PW91-
D3/TZVP/LANL2DZ/SMD level of theory associated with the methanolysis step.[65] However, the 
same study with 1,1′-bis(tert-butyl(pyridin-2-yl)phosphanyl)ferrocene ligand leads to the activation 
barrier of ∼30.2 kcal mol−1. Thus, the ligand framework is crucial in decreasing the activation barrier. 
Jameel et al.[65] with 10-undecenoate reported an overall barrier of ∼40.0 kcal mol−1 applying the 
energy span model. So, we can see that without having any better chelating ligand, we got the barrier 
height of 40.9 and 45.7 kcal mol-1 for the oxidative addition of methanol. Thus, it may be speculated 
that better bidentate ligands may decrease the activation barrier, which is the subject of further 
studies.  

3.1. Energy Decomposition Analysis (EDA) and Natural Orbital for Chemical Valence (NOCV) Analysis 

Next, the energy decomposition analysis is carried out on the transition state structure of the 
TSs. The fragments considered for the TSs are given in Table 1. At the transition state structures, the 
energy decomposition analysis considers the two fragments (the details of the fragmentation scheme 
at different TSs are given in Table 1). The total interaction energy (ΔEtot) is dissected into electrostatic 
(ΔEels), exchange (ΔEx), repulsion (ΔErep), orbital (ΔEorb), DFT correlation (ΔEDFTc), and dispersion 
correction (ΔEdc). The values of total interaction energy and contributions from different components 
are given in Table 2. 

Table 1. The fragmentation scheme used in the energy decomposition analysis (EDA) at the different 
TSs of cycle 1 and cycle 2. The values in parentheses represent the charge and multiplicity. 
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TS fragment1 (charge, multiplicity) fragment2 (charge, multiplicity) 
TS1 HCHO (0, 1) [PdCl2H]– (-1, 1) 
TS2 styrene (0, 1) [PdCl2H]– (-1, 1) 
TS3 PhCH2CH2 (-1, 1) [PdCl2CO] (1, 1) 
TS3a PhCH3CH (-1, 1) [PdCl2CO] (1, 1) 
TS4 CH3O (-1, 1) [PdCl2H(PhCH2CH2CO)] (-1, 1) 
TS4a CH3O (-1, 1) [PdCl2H(PhCH2CH2CO)] (0, 1) 
TS5 CH3O (-1, 1) [PdCl2H(PhCH2CH2CO)] (0, 1) 
TS5a CH3O (-1, 1) [PdCl2H(Ph(CH3)CHCO)] (0, 1) 

Table 2. EDA Analysis at the transition state TS1-TS5 and TS2a-TS5a, where the fragmentation 
scheme is provided in Table 1. The values in the parenthesis represent their % contribution to the total 
interaction energy. The calculations are performed at the PBE0- /bs2//PBE0/bs1 level of theory. The 
energy values are given in kcal mol-1 units. 

Species ∆Eels ∆Eex ∆Epauli ∆Eorb ∆Ecor ∆Edisp ∆Etot 

TS1 -80.69 
(15.94) 

-74.23 
(14.66) 

237.05 
(46.83) 

-96.98 
(19.16) 

-13.96 
(2.76) 

-3.32 
(0.66) -32.13 

TS2 -114.29 
(16.19) 

-110.50 
(15.66) 

334.23 
(47.36) 

-120.89 
(17.13) 

-18.41 
(2.61) 

-7.44 
(1.05) -37.30 

TS2a -139.13 
(16.96) 

-115.37 
(14.06) 

339.21 
(41.34) 

-198.12 
(24.15) 

-20.95 
(2.55) 

-7.67 
(0.93) -142.04 

TS3 -192.66 
(19.43) 

-127.78 
(12.88) 

428.82 
(43.24) 

-217.37 
(21.92) 

-17.76 
(1.79) 

-7.35 
(0.74) -134.10 

TS3a -150.09 
(18.45) 

-104.53 
(12.85) 

349.35 
(42.94) 

-182.29 
(22.41) 

-17.34 
(2.13) 

-9.98 
(1.23) -114.89 

TS4 -117.12 
(20.96) 

-74.31 
(13.30) 

224.62 
(40.20) 

-123.04 
(22.02) 

-14.60 
(2.61) 

-5.10 
(0.91) -109.55 

TS4a -118.40 
(20.60) 

-77.01 
(13.40) 

232.37 
(40.42) 

-125.94 
(21.91) 

-15.45 
(2.69) 

-5.67 
(0.99) -110.12 

TS5 -132.38 
(21.63) 

-81.59 
(13.33) 

253.06 
(41.35) 

-122.41 
(20.00) 

-16.50 
(2.70) 

-6.02 
(0.98) -105.83 

TS5a -130.04 
(21.36) 

-81.38 
(13.37) 

252.20 
(41.43) 

-121.77 
(20.01) 

-16.83 
(2.76) 

-6.46 
(1.06) -104.27 

In the TS1, considering the [PdCl2H]− and HCHO fragments, the total interaction energy is 
calculated to be ∆Etot = -32.13 kcal mol-1. At this stage, the hydrogen atom transfers from the methyl 
group to the Pd center. The maximum contribution comes from the orbital part with ∆Eorb = -96.98 
(19.16%) kcal mol-1. Other major contributing factors are ∆Eels and ∆Eex, with % contributions of 15.94 
and 14.66, respectively. Further, the NOCV analysis shows that the most significant contributions 
come from the first two pairs. These NOCV pair densities are shown in Table 3. The % contributions 
of pairs 1 and 2 are 63.5 and 22.8, respectively. In both the orbitals, the transfer of electrons from the 
hydride to the metal can be seen. In TS3 and TS3a, total interaction energies are -134.10 and -114.89 
kcal mol-1. In this step, the insertion of the R group (PhCH2CH2 or Ph(CH3)CH) into the CO occurs. 
Here, the activation energies are comparable. In this step, the maximum contribution comes from the 
orbital part with a % of ~22, as here, the R− group forms a bond with the CO moiety. A significant 
number of contributions also comes from the electrostatic, with % contributions of 19.4 and 18.4, 
respectively. Notably, a covalent bond is formed between the R and CO moieties; hence, the orbital 
part is higher. At the same time, here, R is nucleophilic type while the CO is nucleophilic type; 
therefore, the interactions are of electrostatic type. Thus, the electrostatic contribution is also 
comparable to the orbital part. In the NOCV analysis, the contributions from pairs 1 and 2 are 74.8 
and 9.7 %, respectively, in TS3. Similar contribution terms can also be seen in TS3a. The first NOCV 
pair represents the formation of a covalent σ bond between the carbon atoms of 
PhCH2CH2/Ph(CH3)CH and CO, and the second one is the transfer of electrons from the formed σ 
bond to the metal center. 

In TS4 and TS4a, the total interaction energies are -109.55 and -109.55 kcal mol-1. The maximum 
contributing factors here are orbital and electrostatic, with % contributions of ~22 and ~21 for both 
the TSs. It is important to note that methanolʹs oxidative addition occurs at this stage. Here, PdII 
oxidizes to PdIV, and at the same time, 2e is transferred to methanol to form methoxide and hydride. 
Thus, two bonds are formed here between Pd and CH3O− and H–. Also, significant electrostatic 
interactions operative between positively charged PdIV and negatively charged CH3O− and H–. 
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Although the total interaction energies are similar, the activation barrier to form TS4a is almost ~5 
kcal mol-1, more than that of TS4. This is because of the steric factors that arise with the Ph(CH3)CH 
group in TS4a but not the PhCH2CH2 group in TS4.  

In TS5 and TS5a, the total interaction energies are -105.83 and -109.55 kcal mol-1. Here, the orbital 
electrostatic contributions are ~20% and ~22 %, respectively. In this TS, a covalent bond is formed 
between OCH3 and PhCH2CH2CO/Ph(CH3)CHCO; at the same time, an electron is transferred from 
negatively charged −OCH3 and PhCH2CH2CO−/Ph(CH3)CHCO− to PdIV to complete the reductive 
elimination. Due to the increased charge on Pd, the electrostatic contribution is the maximum. In the 
NOCV analysis, the σ bond formation between −OCH3 and PhCH2CH2CO−/Ph(CH3)CHCO− and 
NOCV pairs 1 and 2 contribute ~56 and 20% in each TS.  

Table 3. The first two most contributing NOCV pairs of the extended transition state are natural 
orbital for chemical valence analysis at an isosurface value of 0.005 a.u. The green and blue isosurfaces 
represent the accumulation and depletion of electron density. The calculations are performed at the 
B3LYP-D3(BJ)/6-311+G(d,p)//PBE0/bs1 level of theory. 

TS NOCV pair 1 NOCV pair 2 

TS1 

 
 
 
 
 

 
 
 
 
 

TS2 

  

TS3 
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TS4 

  
 

TS5 

  

3.2. Quantum Theory of Atom in Molecule (QTAIM) Analysis 

The nature of the chemical bond and some quantitative aspects regarding chemical bonds is 
obtained through the application of quantum theory of quantum theory of atoms in molecules 
(QTAIM).[66–68] The theory provides insight into a moleculeʹs topological distribution of electron 
density. A point exists Between two atoms where the value of electron density is maximum, called 
the bond critical point (BCP). Some other critical points are the ring critical point (RCP) and cage 
critical point (CCP). From the values of different parameters such as electron density (ρ(r)), Laplacian 
of electron density (∇2ρ(r)), kinetic energy density (G(r)), potential energy density (V(r)), total energy 
density (H(r)), electron localization function (ELF), and the second eigenvalue of the Hessian matrix 
(λ2) the nature of chemical bonding can be understood.[69–71] 

A high value of ρ(r) with the negative sign of ∇2ρ(r) implies a strong covalent bond, while a low 
value of ρ(r) with the positive sign of ∇2ρ(r) implies weak interactions.[69,72] To delve deeper into 
the nature of bonding, the Laplacian of the electron density (∇²ρ(r)) is analyzed. This Laplacian is 
decomposed along the three principal axes, with λi representing the eigenvalues of the electron-
density Hessian matrix. The sum of these eigenvalues equals ∇²ρ(r) (Equation 1): ∇²ρ = λ₁ + λ₂ + λ₃ (λ₁ ≤ λ₂ ≤ λ₃)    (1) 

When two eigenvalues are negative and one is positive (λ₁ < 0, λ₂ < 0, λ₃ > 0), this typically 
indicates the presence of bonded atomic pairs. A positive Laplacian suggests weaker non-covalent 
interactions. Negative values of λ₂, particularly when accompanied by a negative Laplacian, often 
signify bonding interactions. Hydrogen bonding in water is a classic example. The sign of the 
Laplacian determines the nature of the interaction: negative denotes attraction, while positive denotes 
repulsion. Itʹs important to note that the absence of a bond critical point (BCP) does not necessarily 
mean the absence of weak interactions. From the values and sign of different energy terms at the 
BCPs, the bonding is understood as covalent bonds, typically characterized by high G(r), negative 
V(r), V(r)/G(r) ≈ -1; ionic bonds, often associated with lower G(r), negative V(r), V(r)/G(r) ≈ -2, and 
weak interactions, typically characterized by lower G(r), positive V(r), V(r)/G(r) values closer to 0, 
and lower ρ at BCPs compared to covalent bonds.[69,72] 
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Values of all these parameters at the TS structures of the forming and breaking bonds are 
summarized in Table 4. Molecular structure showing the BCP and bond paths are shown in Figures 
S3-S5. At the TS1, the C-H bond is cleaved while the Pd-H bond is formed. Here, the values of ρ(r) 
are low while the ∇2ρ(r) is positive, implying weak interactions. However, the values of G(r) are 
positive, V(r) is positive, and -1< V(r)/G(r) < 0, and hence it is in between covalent and weak 
interactions. 

On the other hand, a negative value of λ₂ suggests covalent characteristics. The Pd-H bond is 
cleaved at the TS2/TS2a, and the C-H bond is formed. Here, the trend in the values is similar, and 
clearly, the bonding property is between covalent and weak interaction types, i.e., a weak covalent 
bond. It is important to note that here, the C-C bond transforms from double to single and is purely 
covalent. Thus, here it is seen that ∇2ρ(r) is negative. In TS3/TS3a, the C-C bond is formed between 
CO and alkyl, and a clear indication of its covalent nature can be seen as ∇2ρ(r) is negative with a high 
value of ρ(r). In addition, weak C-H···Cl type interaction is also observed where the C-H comes from 
the phenyl ring. In the TS4/TS4a, i.e., the oxidative addition step, weak interactions of the type C-
H···Cl and C-H···O can be seen where the C-H comes from both the phenyl ring and methyl group. 
The Pd-H and Pd-O bonds are clearly covalent types, and their values for different parameters are 
not listed in Table 4. At the TS5/TS5a, the O-C bond is formed between methoxide and acyl moiety 
through reductive elimination. Here, the nature of the O-C bond is weakly covalent. Along with some 
weak interactions of the type C-H···O (C-H from phenyl), weak H··H type interactions are also 
observed.  

Table 4. Various descriptors are obtained from the quantum theory of atoms in molecules (QTAIM) 
calculations in the transition state structures of the two pathways involving the bond critical point 
(BCPs) of the concerned non-covalent interactions. The calculations are performed at the PBE0/bs2 
level of theory. 

TS 
Distance 

(Å) 
 

bond ρ(rc) 
 

∇2ρ(rc) 
 

G(rc) 
 

V(rc) 
 

H(rc) 
 

ELF 
 

λ 
 

TS1 1.957 C-H 0.3008 0.1226 0.1235 -0.2163 -0.0928 0.6343 -0.3008 
TS1 1.542 Pd-H 0.1369 0.0699 0.0985 -0.1795 -0.0810 0.5295 -0.1369 
TS2/ 
TS2a 

1.683/ 
1.704 

C-H 
0.3091/ 
0.0823 

0.0907/ 
0.0419 

0.1239 
0.0359 

-0.2253/ 
-0.0613 

-0.1013/ 
-0.0254 

0.6532/ 
0.6076 

-0.3091/ 
-0.0823 

TS2/ 
TS2a 

1.558 
1.553 

Pd-H 
0.1418/ 
0.1442 

0.0625/ 
0.0513 

0.1022/ 
0.1020 

-0.1889/ 
-0.1912 

-0.8664/ 
-0.0892 

0.5397/ 
0.5548 

-0.1418/ 
-0.1442 

TS2/ 
TS2a 

1.421 
1.417 

C-C 
0.2896/ 
0.2923 

-0.7424 
-0.7560 

0.0984/ 
0.0981 

-0.3825 
-0.3855 

-0.2840 
-0.2873 

0.9317 
0.9341 

-0.2896 
-0.2923 

TS2a 2.164 Pd-C 0.0890 0.2540 0.0862 -0.1090 -0.0227 0.2586 -0.0890 
TS2/ 
TS2a 

2.076 
2.122 

Pd-C 
0.1045/ 
0.0947 

0.2010/ 
0.2143 

0.0865/ 
0.0825 

-0.1229/ 
-0.1114 

-0.0363/ 
-0.0289 

0.3713/ 
0.3197 

-0.1045/ 
-0.0947 

TS3 3.321 
Cl-

H(Ph) 
0.0456 0.11813 0.0241 -0.0187 0.01962 0.1460 -0.0456 

TS3/ 
TS3a 

1.911/ 
1.951 

C-C 
0.0405/ 
0.1026 

-0.0663/ 
-0.1231 

0.1452/ 
0.1335 

-0.3070/ 
-0.2754 

-0.1618/ 
-0.1419 

0.7724/ 
0.7599 

-0.1102/ 
-0.1026 

TS4 
TS4a 

2.801/ 
2.847 

Cl-
H(Ph) 

0.1091/ 
0.0520 

0.0843/ 
0.2001 

0.0628/ 
0.0433 

-0.0482/ 
-0.1345 

0.0145/ 
0.0245 

0.1421/ 
0.1438 

-0.1091/ 
-0.0520 

TS4 
TS4a 

2.820/ 
2.852 

Cl-
H(CH3) 

0.0377/ 
0.1131 

0.1351/ 
0.0987 

0.1008/ 
0.0730 

-0.0777/ 
-0.0555 

0.0231/ 
0.0175 

0.1230/ 
0.1193 

-0.0377/ 
-0.1131 

TS4a 2.315 H-O 0.0377 0.1413 0.1052 -0.0808 0.0243 0.1130 -0.0377 
TS5 

TS5a 
2.343/ 
2.561 

O-H(Ph) 
0.0444 
0.1228 

0.1488 
0.1277 

0.1179 
0.0972 

-0.0993 
-0.0774 

0.0185 
0.0198 

0.1541 
0.0893 

-0.0445 
-0.1228 

TS5 
TS5a 

2.011 
2.031 

H-H 
0.0419 
0.0429 

0.1381 
0.1381 

0.1063 
0.1064 

-0.0859 
-0.0862 

0.0204 
0.0202 

0.1553 
0.1670 

-0.0419 
-0.0429 

TS5 
TS5a 

2.006/ 
2.011 

C-O 
0.2567 
0.2537 

0.1706 
0.1724 

0.1907 
0.1905 

-0.2245 
-0.2223 

-0.1237 
-0.1168 

0.3001 
0.2924 

-0.2567 
-0.2537 

4. Conclusion 
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The palladium catalysts are widely utilized for the carbonylation reactions. Ester formation 
starts from alkene/alkyne, CO, and alcohol and involves methoxycarbonylation. The mechanism 
consists of the formation of a metal hydride intermediate or alkoxy carbonyl key intermediate. An 
earlier report suggests the feasibility of the metal hydride intermediate. Previous studies focused on 
using PdII catalysts with bidentate diphosphine, NHC-type ligands. The processʹs final step involves 
forming an intermolecular transition step at the alcoholysis step and ultimately dictates the 
mechanism as it involves a high activation energy barrier. Here is the simple starting catalyst [PdCl3]– 
formed in situ from PdCl2 in the presence of HCl. The alkoxy carbonylation of styrene with methanol 
is considered. The formation of linear ester and branched ester are taken into consideration. 

Hence, two cycles are compared side by side in terms of energy. It was shown that the formation 
of the linear ester is energetically more favorable at the methanolysis step. The novelty of this work 
stands with the consideration of the alcoholysis step with an entirely new concept. It is hypothesized 
that the alcohol coordinates to the PdII center and then undergoes oxidative addition to form hydride, 
methoxide, and acyl-coordinated five-membered square pyramidal PdIV intermediate. Next, it 
undergoes reductive elimination to form the PdII metal hydride key intermediate and ester. The 
activation energies for the oxidative addition step are high, while the reductive elimination is very 
low. Thus, this study introduces another possibility for the alcoholysis step to the 
alkoxycarbonylation mechanism. The area remains open for research to compare the activation 
barrier when the Pd catalyst is bonded to other bidentate ancillary ligands based on diphosphine and 
NHC. Deeper insight into the nature of bonding of the TS structures is gained through the energy 
decomposition analysis with natural orbital for chemical valence (EDA-NOCV) and quantum theory 
of atoms in molecules (QTAIM) analysis.  
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