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4. Computational section 
4.1 Model reaction 

Due to the high computational cost, we chose the following reaction (entry 5, Table 

1 of the main text) as our model system for elucidating the enantio-determining step of 

the reaction (Scheme S14). 

Scheme S14. Model reaction for computational studies. 
 

 
4.2 Conformational sampling 

Constrained conformational sampling of the competing transition states was 

carried out at GFN2-xTB[1–3] level of theory using the CREST program version 2.12 by 

Grimme and co-workers.[4,5] The conformers and rotamers ensemble was generated 

using the iterative metadynamics based on genetic z-matrix crossing algorithm (iMTD-

GC). Conformers were further optimized at GFN2-xTB level with very tight (-opt vtight) 

optimization. Due to the very large size of the system under consideration, we chose 

five of the lowest energy conformers from each reaction path to be further optimized at 

density functional theory (DFT) level and used for the mechanistic studies. 

4.3 Density functional theory (DFT) calculations 

DFT calculations were carried out using the Gaussian 16 rev. B.01 program.[6]  

The global hybrid functional M06-2X[7] with Karlsruhe basis set of double-ζ valence 

def2-SVP[8,9] for all atoms were employed for all gas-phase optimizations. The M06-

2X functional was chosen for the study of present system, as it has been employed in 

the studies of NHC organocatalysis with good accuracy.[10–15] Single point (SP) 

corrections were performed using M06-2X functional and def2-TZVP[8] basis set for 

all atoms. The implicit SMD continuum solvation model[16] was used to account for the 

solvent effect of dichloromethane solvent that was used in the experimental reactions. 

Gibbs energies were evaluated at the room temperature (reaction condition), using the 

entropic quasi-harmonic treatment scheme of Grimme,11 at a cut off frequency of 100 

cm-1. The free energies were further corrected using standard concentration of 1 mol/L, 

which was used in solvation calculations. Data analysis was carried out using the 

GoodVibes code version 3.1.1.[17] Gibbs energies evaluated at SMD(dichloromethane)-
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M06-2X/def2-TZVP//M06-2X/def2-SVP level of theory are given in kcal mol-1 and 

used for discussion throughout.  

Non-covalent interactions (NCIs) were analyzed using NCIPLOT[18] calculations. 

The .wfn files for NCIPLOT were generated at M06-2X/def2-SVP level of theory. NCI 

indices calculated with NCIPLOT were visualized at a gradient isosurface value of s = 

0.5 au. These are colored according to the sign of the second eigenvalue (λ2) of the 

Laplacian of the density (∇2") over the range of –0.1 (purple = attractive) to +0.1 (red 

= repulsive). Molecular orbitals are visualized using an isosurface value of 0.05 au 

throughout. All molecular structures and molecular orbitals were visualized using 

PyMOL software.[19]  

4.4 Dimer stability of remote diol 
We performed DFT calculations to discern the thermodynamics of the dimer 

complex formation of the remote diol. We found that this dimerization is exergonic, 

with a Gibbs energy of formation, ΔGr = –16.9 kcal/mol, consistent with the reported 

value in literature[20]. In dichloromethane solvent (reaction condition), the Gibbs energy 

of formation is –1.7 kcal/mol such that the dimer complex formation is favored 

thermodynamically. As a result, we use the dimer in modelling the reaction mechanism. 

Scheme S15. Dimerization of remote diol. 

 
4.5 Enantio-determining transition states for the model system 

In the enantio-determining step where the OH group of the remote diol attacks 

carbonyl carbon of the acyl azolium intermediate (Scheme S13), the nucleophilic O 

atom can attack from either the Re or the Si face. Therefore, for each pathway leading 

to major and minor product, we considered both possibilities of Re-face vs Si-face 

attack. As discussed from the computational methods, for each possibility, we 

performed thorough conformational sampling at xTB level followed by DFT 

optimization of 5 lowest xTB energy TS conformers. We note that some of these xTB-

optimized TS conformers converge to the same TS structure upon DFT optimization.  

Figure S15 shows the DFT-optimized lowest energy TS conformer for each possibility. 

As we can see, for the pathway leading to the major product, the Re-face attack by 

hydroxy oxygen of the diol dimer via TS_major_Re (ΔΔG‡ = 0.0 kcal/mol) has a lower 

barrier than the Si-face attack by hydroxy oxygen of the diol dimer via TS_major_Si 
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(ΔΔG‡ = 2.6 kcal/mol) by 2.6 kcal/mol. On the other hand, for the pathway leading to 

the minor product, the Si-face attack by hydroxy oxygen of the diol dimer via 

TS_minor_Si (ΔΔG‡ = 1.1 kcal/mol) has a lower barrier than the Re-face attack by 

hydroxy oxygen of the diol dimer via TS_minor_Re (ΔΔG‡ = 5.3 kcal/mol) by 4.2 

kcal/mol. Thus, for the reaction pathway leading to the major product, the diol dimer is 

likely to attack the acyl azolium intermediate from the Re-face via TS_major_Re 
whereas for the pathway leading to the minor product, the diol dimer is likely to attack 

the acyl azolium intermediate from the Si-face attack via TS_minor_Si. The energy 

barrier difference, ΔΔG‡ = 1.1 kcal/mol, translates to an enantiomeric ratio of 86:14, in 

excellent agreement with the observed experimental enantiomeric ratio of 85:15. 

 

TS_major_Re TS_major_Si 

 ΔΔG‡ = 0.0 kcal/mol ΔΔG‡ = 2.6 kcal/mol 

 
 

TS_minor_Re TS_minor_Si 

 ΔΔG‡ = 5.3 kcal/mol ΔΔG‡ = 1.1 kcal/mol 
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Figure S15. DFT-optimized structures of the enantio-determining transition state 

structures. Non-polar H atoms are hidden for clarity. Bond distances are given in Å.  

 

To further analyze the molecular origins giving rise to the observed 

enantioselectivity, we plotted the frontier molecular orbitals as well as the non-covalent 

interactions (NCIs) in the lowest energy TS for each of the major (TS_major_Re) and 

minor (TS_minor_Si) pathway, as shown in Figure S16. We observed that the HOMOs 

in both TS_major_Re and TS_minor_Si have similar structure, with dominant orbital 

coefficient on the styrene motif of the acyl azolium intermediate. Similarly, the LUMOs 

in both TSs are similar, with dominant orbital coefficient on the carbene motif. For non-

covalent interactions, TS_major_Re seems to have qualitatively more attractive 

interactions (purple in color) than those present in TS_minor_Si, thus accounting for 

its slightly lower activation barrier. 

 TS_major_Re TS_minor_Si 

ΔΔG‡ 0.0 kcal/mol 1.1 kcal/mol 

DFT 
structure 
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HOMO 

 
 

LUMO 

  

NCI 

  

   
Figure S16. DFT-optimized structures of the enantio-determining transition state 

structures. Bond distances are given in Å.  

 

4.6 Enantio-determining transition states for the full system 
For the real system, instead of mesityl group used in the carbene, the carbene has 

the 2,4,6-(iPr3)C6H2 group. As the Mes-group lies away from the center where the C–O 

bond formation takes place (see DFT optimized structures, Figure S12), we anticipate 

that it will have a marginal influence on the bond formation event and that our results 
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from the model system may be satisfactorily extrapolated to the real system: the TS 

leading to the major product will be favored over the TS leading to the minor product 

due to more favorable non-covalent interactions present in the former than the latter. 

The additive chiral phosphoric acid C-3 is likely to reinforce this trend such that the 

enantioselectivity is much augmented in favor of the major product.  

Scheme S16. Full system for computational studies. 

 
To ascertain the effect of chiral phosphoric acid C-3, we study the full system 

shown in Scheme S16. Due to the very large system size (258 atoms), we endeavored 

to study the enantio-determining step in a simplified way. We modified the lowest 

competing TSs (TS_major_R and TS_minor_Si) from the model system to the full 

system and add in chiral phosphoric acid C-3. Note that C-3 was added in a random 

position where its distance to the model system is high (> 2Å). We then restrained the 

core region where the bond forming event takes place with a force constant of 0.5 a.u. 

and run CREST conformational sampling to sample all possible conformers in which 

C-3 can interact with acyl azolium-dimer complex. The lowest conformer from major 

and minor pathways are then taken without further geometry optimization and single 

point energy calculations in solvent phase on these xTB-optimized structures were 

performed.  

 TS_major_Re_full TS_minor_Si_full 

ΔΔE‡ 0.0 kcal/mol 1.7 kcal/mol 

GFN2-
xTB 

structure 

 
 

Figure S17. GFN2-xTB-optimized structures of the enantio-determining transition 

state structures for the full system shown in Scheme S16. Note that the reaction 
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center/core region are the same as DFT optimized structures in Figure S17, as there 

were constrained in CREST sampling. Bond distances are given in Å.  

 

The structures and relative energy differences are shown in Figure S13. Using this 

simplified computational method as an approximation, we found that, for the full 

system, the TS giving the major product has a barrier that is 1.7 kcal/mol lower than 

the TS giving the minor product. This confirms our postulate that the additive chiral 

phosphoric acid C-3 enhances the favorable interactions in the TS leading to the major 

more than in the TS leading to the minro product (c.f., in the model system this barrier 

difference, ΔΔG‡, is 1.1 kcal/mol). This ΔΔE‡ of 1.7 kcal/mol translates to an 

enantiomeric excess of 89.3% corresponding to an enantiomeric ratio of 95:5, 

consistent with the observed experimental enantiomeric ratio, which also happens to be 

95:5. 

 

4.7 Optimized structures and raw energy values 

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

phase energy in Hartrees) are included in a separate folder named 

DFT_optimized_structures with an associated readme.txt file. All these data have been 

uploaded to zenodo.org (https://zenodo.org/record/10992928). 

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

enthalpy and quasi-harmonic Gibbs free energy for M06-2X/def2-SVP optimized 

structures and single point corrections in SMD(dichloromethane) using M06-2X/def2-
TZVP functional are also included.  

 

Structures E/au ZPE/au H/au T.S/au qh-G/au 

SP 
SMD(CH2Cl

2) M06-
2X/def2-

TZVP  

1a -708.884679 0.277357 -708.5917 0.054451 -708.644364 -709.731607 

1a_dimer -1417.821643 0.558614 -1417.2322 0.089485 -1417.315698 -1419.491224 

TS_major_Re -3095.002582 1.085203 -3093.8547 0.156536 -3093.997974 -3098.578969 
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TS_major_Re_c
2 -3094.998388 1.084224 -3093.8521 0.157762 -3093.994918 -3098.574147 

TS_major_Si -3094.991022 1.082167 -3093.8462 0.159381 -3093.990405 -3098.570913 

TS_minor_Re -3094.998068 1.085011 -3093.8512 0.155528 -3093.993127 -3098.570797 

TS_minor_Si -3095.00556 1.083323 -3093.8603 0.155025 -3094.00222 -3098.576081 

TS_minor_Si_c
2 -3095.002942 1.08192 -3093.8588 0.156573 -3094.001547 -3098.573637 

TS_minor_Si_c
3 -3095.004528 1.08312 -3093.8594 0.155586 -3094.001534 -3098.575001 

 
4.8 References for computational section   
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Zheng, G.; Sonnenberg, J. L.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, 
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