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7. DFT calculations 

7.1 Computational Methods 

7.1.1 Conformational sampling 

Grimme’s CREST program,1,2 which used meta-dynamics (MTD) with genetic z-matrix 

crossing (GC), was utilized to perform conformational sampling at the GFN2-xTB3–5 

extended semiempirical tight-binding level of theory with ‘--optlev tight’ setting. After 

the searching procedure, isolated conformers with lowest xTB energies were then 

collected for further density functional theory (DFT) calculations. 

7.1.2 Density Functional Theory (DFT) calculations 

Geometry optimizations were performed in the gas phase with Gaussian 16 rev. B.01 

software,6 employing the global-hybrid meta-NGA (nonseparable gradient 

approximation) MN15 functional7 in combination with the def2-SVP8,9 basis set for all 

atoms. Harmonic frequency analysis was used to verify minima and transition 

structures on the potential energy surface (PES), which were characterized respectively 

by zero and one imaginary frequency. Quick reaction coordinate (QRC)10 calculations 

were carried out to verify the transition state structures. 

To improve the accuracy of the corrected Gibbs energy profile, single point (SP) 

calculations on the gas phase optimized geometries were performed at MN15 with def2-

QZVP8,9 basis set for all atoms in the implicit SMD solvation model11. The effect of 

solvent on the potential energy surface was modeled with the N,N-dimethylformamide 

model for the reaction analysis in which aryl iodide served as the starting material, 

whereas for the case involving aryl triflate as the starting material, the dimethyl 

sulfoxide model was adopted, in accordance with the experiments. 

Gibbs energies were evaluated at the reaction temperature of 35 ºC for aryl iodide 

substrate and 25 ºC for aryl triflate substrate, respectively, using Grimme’s scheme of 

quasi-RRHO treatment of vibrational entropies12 (frequencies below 100 cm-1 were 
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obtained) and Head-Gordon's quasi-RRHO treatment of vibrational  enthalpies13 

(frequencies below 100 cm-1 were obtained), using Chemsmart automatic computation 

framework.14 

The final corrected Gibbs energy in SMD(N,N-dimethylformamide/dimethyl 

sulfoxide)-MN15/def2-QZVP//MN15/def2-SVP are shown in the figures. All Gibbs 

energy values in the text and figures are quoted in kcal·mol-1. 

Non-covalent interaction(NCI) analysis was conducted using NCIPLOT15 version 4.2. 

The .wfn files for NCIPLT were generated at MN15/DGDZVP16,17 level of theory. 

Optimized structures, NCI plots and molecular orbitals were visualized using PyMOL 

software where the .pse files have been automatically generated using the Chemsmart 

toolkit.14,18 

7.2 Model Reactions7 

Scheme S1 shows the model reactions that we used for computational studies of the 

reaction mechanism. In experiment, for reaction using aryl iodide, target product was 

formed in 90% yield with 84% ee. On the other hand, target product, using aryl triflate 

as starting material, was formed in 94% yield with 83 ee. 

 
Scheme S1. Model reaction for computational studies, a) using aryl iodide as starting material and b) 

using aryl triflate as starting material. 

One of the key issues to be addressed in the DFT calculations is the determination of 

the specific reaction pathway for the two proposed model reactions. We propose two 
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possible mechanistic scenarios: in the first pathway, Heck cyclization occurs prior to 

anion exchange, in which the leaving group is subsequently replaced by a (deprotonated) 

phosphine oxide; in the second pathway, anion exchange precedes the Heck cyclization. 

These two pathways are illustrated in the main text. 

7.3 Aryl Iodide as Starting Material 

7.3.1 Gibbs energy profile 

Conformation sampling was first conducted on the substrate and the Ni(0) model 

coordinated with ligand molecule, DFT geometry optimization and SP calculation were 

then performed to locate conformers with lowest energy of substrate, ligand and Ni(0)-

ligand complex. Subsequently, transition state (TS) search was performed based on the 

lowest energy conformers. Once a transition state was located, QRC calculations were 

carried out to ensure proper connectivity between the adjacent stationary points on the 

potential energy surface.10 The Gibbs free energies of the reactants, intermediates, 

transition states, and products were obtained from thermochemistry calculations 

corrected by single-point energies with solvation effects. These energies together 

constitute the Gibbs free energy profile, shown in Figure S1. 

As a note, in the following discussion, the TS corresponding to the oxidative addition 

step is denoted as TS1. For the pathway involving Heck cyclization prior to anion 

exchange, the TS of the migratory insertion step is labeled TS2. In contrast, for the 

pathway in which anion exchange precedes the cyclization, the TS of the migratory 

insertion step is labeled TS3. The TS of the reductive elimination step in both pathways 

are denoted as TS4. 
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Figure S1. Gibbs energy profile for reaction using aryl iodide as starting material. Gibbs energies are 

given in SMD(N,N-dimethylformamide)-MN15/def2-QZVP//MN15/def2-SVP level of theories. 

We located TSs with different ligand orientations for TS1. It is worth noting that the 

oxidative addition step is highly exergonic, with a downhill Gibbs energy change of 

42.6 kcal·mol⁻¹, upon the formation of INT2 after Ni insertion. Under the reaction 

temperature of 35 °C, this transformation was considered irreversible. This 

irreversibility had significant implications for the subsequent calculation of 

enantiomeric product ratios and for evaluating the competing transition states 

associated with TS2. 

We analyzed the reaction pathway beginning from INT2. According to the energy 

profile, the pathway involving anion exchange prior to Heck cyclization (TS3) required 

overcoming a barrier of approximately 30.2 kcal·mol⁻¹, whereas the cyclization-first 

pathway (TS2) required only about 23.1 kcal·mol⁻¹. This significant energy difference 

indicated that, for reactions using aryl iodide as starting material, the preferred 

mechanism proceeded through oxidative addition, followed by Heck cyclization to 

establish the chiral center, anion exchange to replace the leaving group with phosphine 
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oxide, and finally reductive elimination to yield the product. 

7.3.2 Competing transition states for oxidative addition step 

The structures of all 8 conformers of TS1 are shown in Figure S2. 
TS1a-I TS1a-I-O 

ΔG‡ = -1.8 ΔG‡ = 0.0 

  

TS1b-I TS1b-I-O 

ΔG‡ = 2.1 ΔG‡ = 4.0 

 
 

TS1c-I TS1c-I-O 

ΔG‡ = -0.6 ΔG‡ = 3.6 
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TS1d-I TS1d-I-O 

ΔG‡ = 0.5 ΔG‡ = 0.0 

  

Figure S2. DFT-optimized structures of different conformers of Ni insertion (oxidative addition) 

transition states (TS1s) using aryl iodide as starting material. Gibbs free energies are given relative to 

the ground state of the combined reactants and ligand. Gibbs energies are given in SMD(N,N-

dimethylformamide)-MN15/def2-QZVP//MN15/def2-SVP level of theories. 

It should be noted that, to facilitate visual comparison among different transition state 

structures, the molecular orientations shown in Figure S2 were chosen such that the two 

chiral centers of the (R,R)-BDPP ligand were fixed in the same positional order for all 

structures. The “O” suffix was used to indicate the presence of an interaction between 

Ni and O in the corresponding structure. The labels “a”, “b”, “c”, and “d” in the 

structure names are used to distinguish different approaching orientations of the ligand. 

By comparison, the structure TS1a-I had the lowest barrier of -1.8 kcal·mol⁻¹, on the 

contrary, TS1b-I-O had the highest barrier of 4.0 kcal·mol⁻¹. Notably, in TS1b-I-O the 

distances between the two P atoms and Ni (2.18 Å) were significantly longer than those 
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observed in the other structures (2.09–2.13 Å). We assume that higher barrier observed 

for TS1b-I-O arose from the ligand entry orientation, which positioned the phenyl rings 

of the ligand near those of the aryl iodide. The resulting steric hindrance distorted the 

coordination geometry around the Ni center, weakened the P–Ni interactions, and 

consequently raised the transition state barrier. A similar steric effect also played an 

important role in determining the barrier heights of the other transition states. 

We regarded TS1c-I, having a second lowest barrier of -0.6 kcal·mol⁻¹, as the main 

competing transition states of TS1a-I.  

We further analyze the factors influencing the barrier by comparing the frontier 

molecular orbitals (FMOs), non-covalent interaction (NCI) and distortion-interaction 

analysis in the lowest energy competing TSs, TS1a-I and TS1c-I, as well as their 

corresponding TSs with Ni–O interactions, TS1a-I-O and TS1c-I-O. The results are 

shown in Figure S3 and Table S1. 
 TS1a-I TS1a-I-O 

barrier ΔG‡ = -1.8 ΔG‡ = 0.0 

DFT 

Structure 

  

HOMO 
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LUMO 

  

NCI 

  

 
 TS1c-I TS1c-I-O 

barrier ΔG‡ = -0.6 ΔG‡ = 3.6 

DFT 

Structure 

 
 

HOMO 
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LUMO 

 
 

NCI 

 
 

 

Figure S3. DFT-optimized structures, frontier molecular orbitals (HOMO and LUMO) and non-covalent 

interaction (NCI) plots for selected transition state (TS1a-I, TS1a-I-O, TS1c-I, TS1c-I-O) for oxidative 

addition transition states (TSs) using aryl iodide as starting material. 

Distortion-interaction analysis19,20 is applied to key TSs. The transition state structures 

are decomposed by dividing (R,R)-BDPP, coordinated with Ni, and aryl iodide as 

components. Single point calculations at SMD(N,N-dimethylformamide) solvent 

correction were applied performed at MN15/def2-QZVP level of theory to obtain 

distortion and interaction energies. The distortion energy is given by: 

Edist =ETS,frag1 + ETS,frag2 − (Eeq,frag1 + Eeq,frag2 ) 

where TS,frag1,2 represent individual fragments in their distorted transition state 

geometries; and eq,frag1,2 represent individual fragments in their optimized, 

equilibrium ground-state geometries; the interaction energy is given by: 

Eint =ETS − (ETS,frag1 + ETS,frag2 ) 

which accounts for the stabilizing interactions (e.g., electrostatic, orbital, dispersion) 
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between the distorted fragments in the TS.  

Thus, the total activation energy is given by: 

Δ 𝐸‡ = Edist + Eint. 

Note that this single point activation energy and the activation energy differences ΔΔ𝐸‡ 

between the major and minor TSs may be different from the Gibbs energy differences 

ΔΔG‡ that is computed fully (including vibrational frequencies analysis) at SMD(N,N-

dimethylformamide)-MN15/def2-QZVP//MN15/def2-SVP level of theory. 

Table S1. Distortion-interaction analysis for oxidative addition step using aryl iodide as starting 

material. 

Transition State Δ 𝐸‡ Edist Eint 

TS1a-I -21.2 4.2 -25.5 

TS1c-I -19.4 5.5 -25.0 

TS1a-I-O -19.9 11.5 -31.4 

TS1c-I-O -17.7 7.9 -25.6 

 

The analysis reveals that TS1a-I possesses the lowest reaction barrier and is 1.2 kcal 

mol⁻¹ more stable than TS1c-I, primarily due to its lower distortion energy (by 1.3 

kcal·mol⁻¹) and a slightly more favorable interaction energy (by 0.5 kcal·mol⁻¹) when 

the two fragments approach each other. TS1a-I is favored over TS1c-I, by ΔΔ𝐸‡ = 1.8 

kcal·mol⁻¹. 

In contrast, in the presence of O–Ni interaction, although TS1a-I-O exhibits a 5.9 

kcal·mol⁻¹ more stabilizing interaction energy, it requires overcoming a 7.3 kcal·mol⁻¹ 

higher distortion energy, which consequently results in a 1.8 kcal·mol⁻¹ higher barrier 

compared to TS1a-I. 

7.3.3 Competing transition states for migratory insertion step 

As mentioned above, due to the highly exergonic Gibbs energy of reaction from TS1 

to INT2, oxidative addition step is considered irreversible. Moreover, interconversion 

between the post-oxidative insertion intermediates (e.g., INT2a-I and INT2c-I) is 
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prohibited by substantial steric hindrance. Therefore, based on the Eyring equation (see 

Section 6.3.4 for detailed calculations), the majority of reactants are expected to 

proceed through TS1a-I and TS1c-I before undergoing subsequent transformations. 

Consequently, only these two transition states are taken as the basis for evaluating the 

subsequent pathways. 

 

Figure S4. Gibbs energy detail for TS2s. Gibbs energies are given in SMD(N,N-dimethylformamide)-

MN15/def2-QZVP//MN15/def2-SVP level of theories. 

As a note, transition states named in the form of TS2a-I-X originate from TS1a-I, 

whereas those denoted as TS2c-I-X derive from TS1c-I. The label “(6m)” in the TS 

name indicates that the corresponding transition state leads to a six-membered-ring 

intermediate (which is not the target product), while the letters “R” and “S” denote the 

formation of R- and S-configured chiral centers, respectively. 

The DFT-structures for transition states of migratory insertion step are shown in Figure 

S5. 
TS2a-I-R TS2a-I-S 

ΔG‡ = -34.0 ΔG‡ = -21.8 
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TS2c-I-S TS2c-I-R 

ΔG‡ = -35.3 ΔG‡ = -20.9 

  
TS2a-I-R (6m)  

ΔG‡ = -2.7  

 

 

Figure S5. DFT-optimized structures of competing transition state in migratory insertion step, these 

structures were derived from selected TS1s that using aryl iodide as starting material, TS1a-I and TS1c-

I. Gibbs free energies are given relative to the ground state of the combined reactants and ligand. Gibbs 
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energies are given in SMD(N,N-dimethylformamide)-MN15/def2-QZVP//MN15/def2-SVP level of 

theories. 

After the oxidative addition step, the acrylamide side chain can approach the reaction 

site from two orientations to undergo the subsequent Heck cyclization: (i) from the side 

adjacent to the iodide leaving group, or (ii) from the side opposite to iodide. Upon 

approach, the C=C bond of the acrylamide may also engage in a pathway that forms a 

six-membered ring; these possibilities are included in our set of competing TS2 

structures.  

As shown in Figure S5, the TSs in which the acrylamide side chain approaches from 

the iodide side exhibit >10 kcal·mol⁻¹ lower barriers than those approaching from the 

opposite side. Specifically, TS2a-I-R is 12.2 kcal·mol⁻¹ lower in barrier than TS2a-I-

S, and TS2c-I-S is 14.4·kcal·mol⁻¹ lower than TS2c-I-R. Moreover, the TSs leading to 

six-membered rings are much higher in energy than the normal five-membered 

migratory-insertion TSs; for example, the barrier of TS2a-I-R (6m) is 31.3 kcal·mol⁻¹ 

higher than that of TS2a-I-R. 

Based on estimates using the Eyring equation, the chirality of the final product is 

essentially predetermined once INT2 is formed following the oxidative addition step. 

Detailed reasoning and calculations are provided in Section 6.3.4. 

Analyses of FMOs and NCI were also performed for all competing TS2 structures to 

elucidate the factors influencing the reaction barriers. The results are presented in 

Figure S6. 
 TS2a-I-R TS2a-I-S 

barrier ΔG‡ = -34.0 ΔG‡ = -21.8 
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 TS2c-I-S TS2c-I-R 

barrier ΔG‡ = -35.3 ΔG‡ = -20.9 

DFT 

Structure 

  

HOMO 

  

LUMO 
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 TS2a-I-R (6m)  

barrier ΔG‡ = -2.7  

DFT 

Structure 
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LUMO 
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Figure S6. DFT-optimized structures, frontier molecular orbitals (HOMO and LUMO) and non-covalent 

interaction (NCI) plots for all transition state for migratory insertion transition states (TSs) using aryl 

iodide as starting material. 

For the migratory insertion step, that is, the Heck cyclization process, there are no 

distinct fragments that can be clearly defined before and after the reaction. Therefore, 

distortion–interaction analysis was not performed for the transition states in this step. 

We propose that when the acrylamide side chain approaches the reaction site from the 

iodide side, it pushes the ligand in such a way that one of the phenyl rings of the ligand 

becomes aligned parallel to the aryl ring of the aryl iodide, leading to favourable π–π 

conjugative interaction, thereby stabilizing the transition state (Figure S6). 

In contrast, when the acrylamide side chain approaches from the opposite direction, the 

ligand is displaced away from this region of potential π–π interaction, and the 

acrylamide side chain experiences steric repulsion from two phenyl rings of the ligand 

as well as the methyl group attached to one of its chiral centers (Figure S6). These 

combined steric effects form a cyclic congested region, resulting in a higher energy 

barrier and a less stable TS structure. 

7.3.4 Estimation of R/S product ratio under kinetic control 

Under kinetic control, the product ratio of two competing pathways can be estimated 

from the ratio of their reaction rates. The barrier difference (ΔΔG‡) between two 

competing transition states determines the kinetic preference for the major product over 
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the minor one. 

According to the transition state theory (TST), the rate constant (k) can be expressed by 

the Eyring equation: 

 
where kB is the Boltzmann constant, h is Planck’s constant, R is the gas constant, T is 

the temperature, and ΔG‡ is the activation free energy. 

For two competing pathways A and B, the ratio of their rate constants is given by: 

 

Here, kₓ is the rate constant of pathway X (X = A or B), ΔGₓ‡ is the activation barrier 

for pathway X, and ΔΔG‡ denotes the difference in barrier heights between the two 

competing transition states. The pre-exponential factor in the Eyring equation cancels 

when comparing the ratio of rate constants. 

After confirming that the overall reaction proceeds through a Heck cyclization followed 

by anion exchange, we applied the Eyring equation to estimate the ratio of the two 

enantiomeric products by identifying the competing reaction pathways. 

As discussed earlier, the step from TS1 to INT2 is highly thermodynamically exergonic, 

indicating that this process is essentially irreversible. Moreover, interconversion 

between the post-oxidative insertion intermediates (e.g., INT2a-I and INT2c-I) is 

prohibited by substantial steric hindrance. Therefore, TS1a-I and TS1c-I can be 

considered as the transition states of two distinct, competing reaction channels. 

Subsequently, in the migratory insertion step responsible for chiral-center formation, 

each pathway further bifurcates into two competing TSs leading to the formation of 

opposite chiralities (R and S). Thus, a total of four reaction channels need to be 

considered in principle. 

However, within each pair of TS2 structures derived from the same TS1, a significant 

difference in activation barriers is observed. Taking the pair TS2a-I-R and TS2a-I-S as 

an example, their energy barriers differ by 12.2 kcal·mol⁻¹. Substituting this barrier 

difference into the Eyring equation at the reaction temperature of 308.15 K, the 
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estimated rate ratio for the subsequent intermediates is k[R]/k[S] ≈ 4.6 × 10⁸, indicating 

that the formation of the S-configured intermediate is negligible. A similar trend is 

found for the other pair of competing TS2 structures. 

Consequently, after the formation of INT2, only one enantiomeric pathway effectively 

contributes to product formation. Therefore, the overall product ratio can be determined 

solely from the barrier difference between TS1a-I and TS1c-I, which represent the 

kinetically competing transition states leading to the two possible chiral products. 

Similar idea had been mentioned in other research.21Based on the above consideration, 

when reaction proceeds through TS1a-I to form the intermediate INT2, the final 

product can be regarded as pure R-configured. Conversely, when the reaction proceeds 

through TS1c-I, the final product can be regarded as pure S-configured. 

Therefore, by comparing the barriers of TS1a-I and TS1c-I, the ratio of rate constants 

for forming the R-product and S-product can be estimated as k[R]/k[S] ≈ 7.1 at 308.15 

K, corresponding to an 87.7% proportion of the R-enantiomer and a theoretical 

enantiomeric excess (ee) of approximately 75%. Following is the formula for 

calculating the theoretical enantiomeric excess (ee) value: 

 

7.4 Aryl Triflate as Starting Material 

7.4.1 Gibbs energy profile 

The Gibbs energy profile for reaction using aryl triflate as starting material was 

prepared similar to section 6.3.1, as shown in Figure S7. It should be noticed that the 

reaction condition was different from aryl iodide’s reaction, the reaction temperature 

was 25 ºC in dimethyl sulfoxide solvent.  

According to Figure S7, the oxidative addition step in this reaction is also highly 

exergonic, where Gibbs free energy of INT2 decreases sharply relative to TS1, by 

approximately 61.3 kcal·mol⁻¹.Such phenomenon supports the assumption that this step 

is irreversible. Moreover, unlike the case of aryl iodide, this reaction prefers anion 
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exchange prior to the Heck cyclization. The transition state for migratory insertion 

without anion exchange exhibits a barrier that is 32.4 kcal·mol⁻¹ higher than that of the 

pathway involving anion exchange followed by migratory insertion. 

For the reaction employing aryl triflate as the starting material, the preferred mechanism 

proceeds through oxidative addition, followed by anion exchange that replaces the 

leaving group with a deprotonated phosphine oxide, then Heck cyclization to establish 

the chiral center, and finally reductive elimination to afford the product. 

 
Figure S7. Gibbs energy profile for reaction using aryl triflate as starting material. Gibbs energies are 

given in SMD(dimethyl sulfoxide)-MN15/def2-QZVP//MN15/def2-SVP level of theories. 

7.4.2 Competing transition states for oxidative addition step 

The 8 transition state structures of oxidative addictive step are shown in Figure S8. 
TS1a-OTf TS1a-OTf-O 

ΔG‡ = 14.3 ΔG‡ = 12.2 
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TS1b-OTf TS1b-OTf-O 

ΔG‡ = 15.1 ΔG‡ = 13.6 

  

TS1c-OTf TS1c-OTf-O 

ΔG‡ = 15.6 ΔG‡ = 15.3 

  
TS1d-OTf TS1d-OTf-O 

ΔG‡ = 15.5 ΔG‡ = 18.8 
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Figure S8. DFT-optimized structures of different conformers of Ni insertion (oxidative addition) 

transition states (TS1s) using aryl triflate as starting material. Gibbs free energies are given relative to 

the ground state of the combined reactants and ligand. All Gibbs energies were calculated at the 

SMD(dimethyl sulfoxide)–MN15/def2-QZVP//MN15/def2-SVP level of theories. 

FMOs, NCI and distortion-interaction analysis in the lowest energy competing TSs, 

TS1a-OTf-O, TS1a-OTf, TS1b-OTf-O and TS1b-OTf were further conducted to 

analyze the factors influencing the barriers. Results are shown in Figure S9 and Table 

S2. 
 TS1a-OTf TS1a-OTf-O 

barrier ΔG‡ = 14.3 ΔG‡ = 12.2 

DFT 

Structure 
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 TS1b-OTf TS1b-OTf-O 

barrier ΔG‡ = 15.1 ΔG‡ = 13.6 
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Figure S9. DFT-optimized structures, frontier molecular orbitals (HOMO and LUMO) and non-covalent 
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interaction (NCI) plots for the lowest barrier transition state for oxidative addition transition states (TSs) 

using aryl triflate as starting material. 

Similar to the reaction using aryl iodide as the starting material, we propose that the 

steric and conjugative interactions between the aryl ring of the ligand and that of the 

aryl triflate play a crucial role in determining the stability of the transition states. 

Compared with TS1b-OTf-O, the TS1a-OTf-O structure exhibits a more pronounced 

π–π conjugative interaction between the ligand phenyl ring and the aryl ring of the 

substrate, resulting in a more stable configuration with a 1.4 kcal·mol⁻¹ lower barrier, 

making it the lowest-energy transition state in the oxidative addition step. 

Distortion-interaction analysis indicates that TS1a-OTf-O has a much lower distortion 

energy than TS1b-OTf-O, by 10.6 kcal·mol-1, despite TS1b-OTf-O has a 9.5 kcal·mol-

1 more favorable interaction energy. Together, TS1a-OTf-O is favored over TS1b-OTf-

O, by ΔΔ	𝐸‡ = 1.1 kcal·mol⁻¹. 

Table S2. Distortion-interaction analysis for oxidative addition step using aryl triflate as starting 

material. 

Transition State Δ 𝐸‡ Edist Eint 

TS1a-OTf -8.0 15.9 -23.9 

TS1b-OTf -7.5 16.3 -23.8 

TS1a-OTf-O -8.1 15.3 -23.4 

TS1b-OTf-O -7.0 25.9 -32.9 

 

7.4.3 Competing transition states for migratory insertion step 

As discussed above, the oxidative addition step for the reaction using aryl triflate as the 

starting material can be regarded as irreversible, and interconversion between the post-

oxidative insertion intermediates is prohibited by substantial steric hindrance. 

Therefore, only the transition states derived from TS1a-OTf-O and TS1b-OTf-O, 

which possess the lowest relative barriers, were considered in the following analysis. 

In addition, a transition state potentially leading to a six-membered-ring structure was 



27 

 

also examined and compared with TS1a-OTf-O. 

Due to the significant steric hindrance from the phenyl groups on the phosphine oxide, 

the acrylamide side chain can approach the reaction site from only one direction—

opposite to the phosphine oxide group (Figure S12). The detailed Gibbs energy profiles 

for the migratory insertion transition states are shown in Figure S10. 

 

Figure S10. Gibbs energy detail for TS3s. Gibbs energies are given in SMD(dimethyl sulfoxide)-

MN15/def2-QZVP//MN15/def2-SVP level of theories. 

All TS3 DFT-structure are shown in Figure S11. We noticed that the distance between 

one of the phosphorus atoms on the ligand and the nickel center was extended to over 

3.2 Å. In these structures, the phosphorus atom from the phosphine oxide, two carbon 

atoms from the aryl triflate, and the other phosphorus atom on the ligand formed a 

nearly planar coordination geometry around the nickel center, indicating that the 

phosphorus atom had become partially uncoordinated from nickel. Subsequent QRC 

analysis confirmed that these transition state structures indeed connected the two 

intermediates before and after the cyclization reaction. 

Transition state TS3a-OTf-O-S (6m), which leads to the formation of a six-membered 
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ring, has a 23.6 kcal·mol-1 higher barrier than TS3a-OTf-O-S that forming five-

membered ring, suggesting that TS3a-OTf-O-S (6m) can be excluded from further 

consideration. 
TS3a-OTf-O-S Ts3b-OTf-O-R 

ΔG‡ = -57.8 ΔG‡ = -57.5 

  
TS3a-OTf-O-S (6m)  

ΔG‡ = -34.2  

 

 

Figure S11. DFT-optimized structures of competing transition state in migratory insertion step, these 

structures were derived from lowest barriers TS1s that using aryl triflate as starting material, TS1a-OTf-

O and TS1b-OTf-O. Gibbs free energies are given relative to the ground state of the combined reactants 

and ligand. Gibbs energies are given in SMD(dimethyl sulfoxide)-MN15/def2-QZVP//MN15/def2-SVP 

level of theories. 
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Analyses of FMOs and NCI on TS3s were performed, and the results are shown in 

Figure S12. 
 TS3a-OTf-O-S Ts3b-OTf-O-R 

barrier ΔG‡ = -57.8 ΔG‡ = -57.5 
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 TS3a-OTf-O-S (6m)  

barrier ΔG‡ = -34.2  
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Figure S12. DFT-optimized structures, frontier molecular orbitals (HOMO and LUMO) and non-

covalent interaction (NCI) plots for the transition state for migratory insertion transition states (TSs) 

derived from TS1 using aryl triflate as starting material. 

In summary, for the reaction using aryl triflate as the starting material, the chirality of 

the final product is determined at the oxidative addition step. When the reaction 

proceeds through TS1a-OTf-O, it subsequently follows the TS3a-OTf-O-S pathway 

to yield the S-configured product. Conversely, when proceeding via TS1b-OTf-O, the 

reaction continues through TS3b-OTf-O-R, leading to the formation of the R-

configured product. 

7.4.4 Estimation of R/S product ratio under kinetic control 

Since the oxidative addition step is irreversible, interconversion between post-oxidative 

insertion intermediates is prohibited by steric hindrance, and the subsequent steps lead 

to the formation of a single, well-defined chirality, the ratio of enantiomeric products 
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and the corresponding ee value can be estimated based on the barrier difference of the 

TS1 structures, using the equation provided in Section 6.3.4. 

In the calculations, only the two lowest-energy transition states, TS1a-OTf-O and 

TS1b-OTf-O, were considered. The former leads to the formation of the S-configured 

product, while the latter affords the R-configured product. The energy barrier difference 

between these two transition states is 1.4 kcal·mol⁻¹, giving a calculated k[R]/k[S] ≈ 

0.094 at 298.15K, corresponding to an S-enantiomer ratio of approximately 91.4% and 

a theoretical ee value of about 83%, which is in good agreement with the experimental 

result. 

7.5 Optimized structures and absolute energies 

Geometries of all optimized structures (in .xyz format with their associated gas-phase 

energy in Hartrees) are included in a separate folder named DFT_models. All these data 

have been uploaded to https://zenodo.org/records/17636365 (DOI: 

10.5281/zenodo.17636365) 

Absolute values (in Hartrees) for SCF energy, zero-point vibrational energy (ZPE), 

enthalpy and quasi-harmonic Gibbs free energy for optimized structures are given 

below, as shown in Table S3 and Table S4. Single point corrections in SMD(N,N-

dimethylformamide/dimethyl sulfoxide)-MN15/def2-QZVP//MN15/def2-SVP level of 

theory are also included. 

Table S3. Thermochemical and electronic data for selected species in the reaction using aryl iodide 

as the starting material, calculated at the SMD(N,N-dimethylformamide)–MN15/def2-

QZVP//MN15/def2-SVP level of theory at 308.15 K. 

Structure E/au 
ZPE 

/au 
H/au T.S/au qh-G/au 

SP SMD(N,N-

dimethylforma

mide) 

aryl_iodide -852.187479 0.206393 -851.964954 0.061050 -852.026181 -853.228646 

bdpp_nil(I) -3311.362643 0.511211 -3310.818532 0.097225 -3310.914826 -3314.166431 

ts1b_I -4163.557578 0.718190 -4162.790141 0.134536 -4162.922950 -4167.401706 

ts1b_I_O -4163.571939 0.719053 -4162.803997 0.130203 -4162.934168 -4167.401687 
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ts1a_I -4163.561340 0.717284 -4162.794417 0.134314 -4162.927689 -4167.406869 

ts1a_I_O -4163.568551 0.719104 -4162.800510 0.131249 -4162.931245 -4167.407671 

ts1c_I_O -4163.558812 0.718429 -4162.791122 0.132961 -4162.923136 -4167.400383 

ts1d_I -4163.558580 0.718311 -4162.790948 0.134259 -4162.923600 -4167.404603 

ts1d_I_O -4163.567573 0.718895 -4162.799500 0.133109 -4162.93136 -4167.406597 

ts1c_I -4163.558943 0.718381 -4162.791106 0.134949 -4162.924265 -4167.406022 

int1a_I -4163.573436 0.718931 -4162.804616 0.134203 -4162.937895 -4167.414929 

int1c_I -4163.573364 0.719560 -4162.803887 0.135631 -4162.937908 -4167.424876 

int2a_I -4163.641893 0.720599 -4162.871912 0.131503 -4163.003494 -4167.479568 

int3'a_I -4745.188117 0.910169 -4744.217676 0.152130 -4744.369989 -4750.191475 

int4'a_I_R -4745.172355 0.912547 -4744.200538 0.149642 -4744.349924 -4750.171514 

ts3a_I_R -4745.146641 0.911168 -4744.176436 0.149844 -4744.326010 -4750.145839 

int3a_I_R -4163.629969 0.722070 -4162.858916 0.129935 -4162.988992 -4167.468792 

ts2a_I_R -4163.623641 0.722278 -4162.853650 0.127475 -4162.980889 -4167.467042 

ts2am6_I_R -4163.594710 0.723167 -4162.824126 0.126078 -4162.950119 -4167.419264 

ts2a_I_S -4163.612230 0.721371 -4162.842559 0.130167 -4162.971835 -4167.445425 

ts2c_I_R -4163.611839 0.721159 -4162.842254 0.129658 -4162.971603 -4167.443843 

ts2c_I_S -4163.635929 0.722003 -4162.865830 0.128236 -4162.994077 -4167.468400 

int4a_I_R -4163.668194 0.724129 -4162.89584 0.129079 -4163.024493 -4167.503495 

int5a_I_R -4745.181122 0.911030 -4744.210031 0.153713 -4744.363016 -4750.182414 

int6a_I_R -4745.213808 0.912742 -4744.241436 0.152884 -4744.393231 -4750.217221 

ts4a_I_R -4745.186024 0.910982 -4744.215744 0.151172 -4744.366489 -4750.190366 

int7a_I_R -4745.228545 0.911180 -4744.257643 0.153370 -4744.409895 -4750.231961 

3a_R -1433.831302 0.398700 -1433.406273 0.082558 -1433.488354 -1436.049510 

dppo_anion(I) -878.562159 0.185303 -878.36336 0.054724 -878.417721 -879.846608 

I_anion -297.047556 0.000000 -297.045116 0.019933 -297.06505 -297.172673 

 

Table S4. Thermochemical and electronic data for selected species in the reaction using aryl triflate 

as the starting material, calculated at the SMD(dimethyl sulfoxide)–MN15/def2-

QZVP//MN15/def2-SVP level of theory at 298.15 K. 

Structure E/au 
ZPE 

/au 
H/au T.S/au qh-G/au 

SP SMD(N,N-

dimethylforma

mide) 

aryl_triflate -1515.425138 0.237752 -1515.166134 0.070898 -1515.237198 -1517.710105 

bdpp_nil(OTf) -3311.362643 0.511211 -3310.820496 0.092139 -3310.911900 -3314.161302 

ts1b_OTf -4826.785362 0.748841 -4825.984052 0.137746 -4826.121367 -4831.856917 

ts1b_OTf_O -4826.79122 0.748683 -4825.990223 0.138272 -4826.127263 -4831.859297 
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ts1a_OTf -4826.788334 0.749076 -4825.986834 0.137343 -4826.123723 -4831.858841 

ts1a_OTf_O -4826.800186 0.749602 -4825.998411 0.13674 -4826.134700 -4831.863169 

ts1c_OTf_O -4826.789181 0.747911 -4825.988535 0.138402 -4826.126446 -4831.855438 

ts1d_OTf_O -4826.794716 0.748662 -4825.99383 0.135318 -4826.129523 -4831.85229 

ts1d_OTf -4826.789777 0.749304 -4825.988226 0.137175 -4826.124869 -4831.85718 

ts1c_OTf -4826.78469 0.748743 -4825.983426 0.137907 -4826.120963 -4831.855984 

int1a_OTf_O -4826.834738 0.751681 -4826.03103 0.137277 -4826.167242 -4831.899764 

int1b_OTf_O -4826.838900 0.751832 -4826.035229 0.135342 -4826.170026 -4831.900376 

int2a_OTf_O -4826.892574 0.752602 -4826.087744 0.136439 -4826.223851 -4831.963974 

int3a_OTf_O_S -4826.855634 0.752774 -4826.050977 0.134511 -4826.185772 -4831.928162 

ts2a_OTf_O_S -4826.855540 0.752362 -4826.052018 0.132887 -4826.185161 -4831.927979 

int3'a_OTf_O -4745.209995 0.911527 -4744.242309 0.142574 -4744.385139 -4750.192483 

int4'a_OTf_O_S -4745.166183 0.910522 -4744.199029 0.143566 -4744.342965 -4750.162721 

ts3b_OTf_O_R -4745.164680 0.909768 -4744.199150 0.141904 -4744.341301 -4750.156679 

ts3a_OTf_O_S -4745.162552 0.909633 -4744.196946 0.142606 -4744.339673 -4750.156656 

ts3am6_OTf_O_S -4745.126159 0.909528 -4744.160681 0.142780 -4744.303399 -4750.118904 

int5a_OTf_O_S -4745.197098 0.909953 -4744.230314 0.146465 -4744.37603 -4750.186898 

int6a_OTf_O_S -4745.239010 0.912267 -4744.270785 0.143907 -4744.414007 -4750.225691 

ts4a_OTf_O_S -4745.19492 0.911293 -4744.228134 0.141097 -4744.369684 -4750.191506 

int7a_OTf_O_S -4745.219244 0.911071 -4744.251894 0.145003 -4744.396344 -4750.221979 

3a_S -1433.834335 0.398563 -1433.411054 0.078024 -1433.488836 -1436.047925 

dppo_anion(OTf) -878.562159 0.185303 -878.364134 0.052187 -878.416019 -879.844633 

OTf_anion -960.287401 0.02857 -960.2508 0.040595 -960.291384 -961.669917 
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