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3. Computational section 
3.1 Conformational sampling 

Conformational sampling of key reaction intermediates and transition states was 

carried out at GFN2-xTB16–18 level of theory using the CREST program version 2.12 

by Grimme and co-workers.19,20 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. We then further chose 10 of the lowest energy conformers from each 

CREST sampling result to be further optimized at density functional theory (DFT) level 

of theory and used the conformer of the lowest DFT energy for full mechanistic studies 

and final potential energy surface (PES) Gibbs energy profile. 

3.2 Density functional theory (DFT) calculations 

DFT calculations were carried out using the Gaussian 16 rev. B.01 program.21  

The global hybrid functional M06-2X22 with the def2-SVPD23,24 Karlsruhe-family basis 

set for S and I atoms and def2-SVP23,25 basis set for all other atoms (this mixed basis 

set is denoted BS1) was employed for all gas-phase optimizations. The “D” in def2-

SVPD basis set denotes diffuse functions which are important for the correct 

description of anionic electron distributions.26–28 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.29–35 Minima and transition structures on the 

potential energy surface (PES) were confirmed as such by harmonic frequency analysis, 

showing respectively zero and one imaginary frequency, at the same level of theory. 

Intrinsic reaction coordinate (IRC) analyses36,37 were performed to confirm that the 

found TSs connect to the right reactants and products.  

Single point (SP) corrections were performed using M06-2X functional with def2-

TZVPD23,24 basis set for S and I atoms and def2-TZVP23,25 for all other atoms (denoted 

BS2). The integral equation formalism variant of the polarizable continuum model 

(IEF-PCM) with the SMD implicit continuum solvation model40 was included to 

account for the solvent effect of toluene. Gibbs energies were evaluated at –60ºC 
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temperature (reaction condition), using the entropic quasi-harmonic treatment scheme 

of Grimme,26 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. The free energies reported in Gaussian from gas-phase optimisation were 

further corrected using standard concentration of 1 mol/L,38–40 which were used in 

solvation calculations, instead of the gas-phase 1atm used by default in Gaussian 

program. Data analysis was carried out using the GoodVibes code version 3.1.1.41 

Gibbs energies evaluated at SMD (toluene)-M06-2X/BS2//M06-2X/BS1 level of 

theory are given in kcal/mol and used for discussion throughout. All molecular 

structures and molecular orbitals were visualized using PyMOL software.42  

3.3 Model reaction 

We chose the following reaction (entry 13, Scheme 1 of the main text) as our 

model system to study the catalytic mechanism of the NHC-catalyzed formation of 

chiral sulfoxide reaction (Scheme S37). From experimental evidence, we envisioned 

that substrates 1a and 3a will react to form mixed anhydride IB. From there, the chiral 

NHC may attack each of the enantiomer of IB to give epimers IIB and IIB’. We studied 

the detailed mechanisms of these steps computationally. 

Scheme S37. Model reaction used for computational studies. 

 
3.4 Racemization of mixed anhydride 

We performed DFT calculations to understand if the mixed anhydride substrate, 

IB, may racemize under the reaction conditions. The mixed anhydride may undergo a 

trigonal planar transition state (TS), TS_A, that interconverts the two enantiomeric 
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forms of this substrate. However, this TS has a very high barrier of 62.1 kcal/mol, which 

is unfeasible at the reaction temperature of -60ºC. The mixed anhydride may also 

undergo a trigonal planar TS in the presence of the NHC catalyst, TS_A’. However, 

this has also very high barrier of 71.0 kcal/mol. The DFT optimized structure is shown 

in Figure S12. 

TS_A TS_A’ 

ΔG‡ = 62.1  ΔG‡ = 71.0 

 

 

TS_B TS_B’ 

ΔG‡ = 0.9  ΔG‡ = 0.9 

  

 
Figure S12. DFT-optimized structures of the transition states for the racemization of 
mixed anhydride. Key bond distances are given in Å and key angles are given in degrees. 
Green arrows indicate the vibrational mode for TSs. Activation barriers are in kcal/mol 
and taken relative to the mixed anhydride as zero reference. 
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Figure S13. Relaxed potential energy surface (PES) scan along O–S distance in the gas 
phase.  

We found that with the assistance of 1-naphthoate, the two enantiomers of the 

mixed anhydride IB, can racemize readily. An initial relaxed PES scan in the gas along 

the O(1-naphthoate)–S(mixed anhydride) distance shows that there exists a transition 

state for the formation of O–S bond between 1-naphthoate and the mixed anhydride, 

with an upper bound energy barrier of about 8 kcal/mol (Figure S13). Using the highest 

point on this scan as an initial guess for TS search, we located a TS for the attack of 

mixed anhydride S by 1-naphthoate, TS_B. The Gibbs energy profile for this process 

is shown in Figure S14. Key TS structures for this process are shown in Figure S12. 

The energy profile is symmetric: as the 1-naphthoate attacks the mixed anhydride, a 

stable intermediate INT_B is formed, before the other 1-naphthoate group leaves (SN2 

attack with inversion of configuration). From the Gibbs energy profile, we see that 1-

naphthoate-assisted racemization of the mixed anhydride has a barrier of 3.5 kcal/mol 

in toluene solvent. 
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Figure S14. Gibbs energy profile for the 1-naphthoate-assisted racemization of mixed 
anhydride.  

3.5 Formation of NHC-derived sulfinyl azolium intermediates 

The feasibility of the attack of mixed anhydride by the chiral NHC catalyst was 

explored computationally. Initially, we performed a relaxed PES scan in the gas phase 

along the C(NHC)–S(mixed anhydride) bond distance to see if a transition state may be 

located. The NHC attacks the S atom of the mixed anhydride from the side of the lone 

pair, which is least sterically crowded. The relaxed PES scan energy profile is shown 

in Figure S15. Surprisingly, there is no transition state that can be found, as the energy 

rises (to a very high value, > 40 kcal/mol) as the C–S bond distance is shortened. 

However, if the NHC carbon attacks the sulfoxide S=O group from the other side, a TS 

is located successfully. This TS has a barrier of 35.6 kcal/mol if the NHC attacks (R)-

mixed anhydride (R_TS1’, Figure S16) and a barrier of 38.1 kcal/mol if the NHC 

attacks (S)-mixed anhydride (S_TS1’, Figure S16). These barriers are quite high and 

indicate that the pathways via these transition states are not feasible at the reaction 

conditions (-60ºC). 
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Figure S15. Relaxed potential energy surface (PES) scan along C–S distance in the gas 
phase where the NHC carbon attacks sulfoxide from the less hindered side.  

Further TS searches allow us to locate trigonal bipyramidal TSs for the formation 

of NHC-derived sulfinyl azolium intermediates where the thiophene, S=O and the lone 

pair lie on a trigonal plane while the NHC carbon attacks the mixed anhydride and the 

1-naphthoate group leaves (R_TS1 and S_TS1, Figure S16). These TSs were verified 

by IRC studies. The species on either side of these TSs were also optimized. These 

indicate that the NHC-derived sulfinyl azolium intermediate can be formed (R_INT2 

with C–S distance of 1.89Å and S_INT2 with C–S distance of 1.88Å). 

 
R_TS1’ S_TS1’ 

ΔG‡ = 35.6 ΔG‡ = 38.1  

 
 

R_INT1 R_TS1 
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ΔG = 3.8 ΔG‡ = 12.2 

 

 

R_INT2 S_INT1 

ΔG = 8.4 ΔG = 6.5  

 
 

S_TS1 S_INT2 

ΔG‡ = 14.3 ΔG = 8.8 

 
 

Figure S16. DFT-optimized structures of the lowest energy intermediates and 
transition states (TSs) for the formation of NHC-derived sulfinyl azolium species. Key 
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bond distances are given in Å. Activation barriers and energies are in kcal/mol and 
taken relative to the mixed anhydride as zero reference. 

3.6 Racemization of NHC-derived sulfinyl azolium intermediate 

The potential racemization process of the NHC-derived sulfinyl azolium 

intermediate was considered: 

 

First, conformational samplings were performed and 10 of the lowest xTB energy 

conformers were optimized at DFT level. The lowest DFT energy conformer was then 

used for subsequent steps. Similar to the mixed anhydride, we found that this 

intermediate may racemize via a trigonal planar transition state (TS) structure, TS_C 

(Figure S17). However, this TS has a high barrier of 32.7 kcal/mol, indicating that this 

racemization process is not possible under the reaction conditions. In the presence of 1-

naphthoate, the sulfinyl azolium intermediate may also undergo trigonal planar TS via 

TS_D (Figure S17), with a barrier of 48.2 kcal/mol. This is also too high to occur. 

 

TS_C TS_D 

ΔG‡ = 32.7 ΔG‡ = 48.2 

  

Figure S17. DFT-optimized structures of the transition states (TSs) for the 
racemization of NHC-derived sulfinyl azolium intermediate via trigonal pyramidal TSs. 
Key bond distances are given in Å and key angles are given in degrees. Green arrows 
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indicate the vibrational mode for the TSs. Activation barriers are in kcal/mol and taken 
relative to the mixed anhydride as zero reference. 

We consider the case if the 1-naphthoate may assist in the isomerization of the 

sulfinyl azolium intermediate, similar to the case of mixed anhydride discussed in 

Figure S14. However, no such TS could be located (We used the located TS_A and 

modify it as a starting point for the TS search; opt=modredundant did not yield any 

imaginary frequency vibrational normal mode). We also consider the case if the sulfinyl 

azolium intermediate may undergo racemization with another molecule of NHC as the 

nucleophile attacking the S=O center. The relaxed PES scan is shown in Figure S18. 

This shows that as the carbene attacks the sulfinyl azolium intermediate, the barrier 

keeps increasing, such high barriers preclude the possibility of carbene-assisted 

racemization of the sulfinyl azolium intermediate. 

 
Figure S18. Relaxed potential energy surface (PES) scan along C–S distance in the gas 
phase where the NHC carbon attacks the NHC-derived sulfinyl azolium intermediate. 

3.7 Product formation via nucleophilic attack on sulfinyl azolium intermediate 

The nucleophilic attack on sulfinyl azolium intermediate by isopropanol was 

studied computationally. The DFT-optimized lowest energy TSs and their associated 

intermediates were shown in Figure S19. 

 
R_INT3 R_TS2 

ΔG = 5.0 ΔG‡ = 9.5  
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R_INT4 S_INT3 

ΔG = -4.1 ΔG = 6.0 

  

S_TS2 S_INT4 

ΔG‡ = 9.9 ΔG = -3.0  

 
 

Figure S19. DFT-optimized structures of the lowest energy intermediates and 
transition states (TSs) for the product formation. Key bond distances are given in Å. 
Activation barriers and energies are in kcal/mol and taken relative to the mixed 
anhydride as zero reference. 
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3.8 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/records/13120675). 

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

enthalpy and quasi-harmonic Gibbs free energy for M06-2X/BS1 optimized structures 

and single point corrections in SMD(touluene) using M06-2X/BS2 functional are also 

included.  

 

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

SP 

SMD(toluene) 

M06-2X/BS2  

NHC_G -1864.04018 0.284336 -1863.7425 0.048226 -1863.7871 -1865.506322 

naphthoic_

acid -573.808928 0.164974 -573.63813 0.027396 -573.66499 -574.461942 

naphthoate -573.251 0.150743 -573.09449 0.027326 -573.121272 -573.95539 

mixed_anh

ydride -1598.446688 0.217065 -1598.2199 0.038382 -1598.256099 -1599.648195 

mixed_anh

ydride_c2 -1598.444703 0.216976 -1598.2179 0.038565 -1598.254177 -1599.647808 

mixed_anh

ydride_c3 -1598.446947 0.217162 -1598.2201 0.037735 -1598.255937 -1599.647581 

mixed_anh

ydride_c4 -1598.444757 0.217165 -1598.2179 0.037922 -1598.253819 -1599.646215 

mixed_anh

ydride_c5 -1598.445031 0.217156 -1598.2182 0.037648 -1598.253957 -1599.645585 

INT_A -2171.749932 0.369457 -2171.365 0.050658 -2171.412321 -2173.625055 

https://zenodo.org/records/13120675
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TS_B -2171.741199 0.368902 -2171.357 0.051627 -2171.404676 -2173.618324 

INT_B -2171.743338 0.368859 -2171.3585 0.054216 -2171.407962 -2173.619117 

TS_B' -2171.741199 0.368902 -2171.357 0.051627 -2171.404677 -2173.618324 

INT_A' -2171.749932 0.369457 -2171.365 0.050658 -2171.412321 -2173.625055 

TS_A -1598.346333 0.215402 -1598.1213 0.038179 -1598.157277 -1599.547653 

TS_A' -3462.406912 0.500489 -3461.8828 0.072747 -3461.947797 -3465.056839 

TS_C -2889.041607 0.348664 -2888.6759 0.055563 -2888.727318 -2891.079398 

TS_D -3462.447152 0.501819 -3461.9226 0.067582 -3461.984817 -3465.096299 

IIB -2889.091214 0.349671 -2888.7243 0.055905 -2888.776118 -2891.13233 

IIB_c2 -2889.08841 0.349807 -2888.7213 0.056298 -2888.773284 -2891.129103 

IIB_c3 -2889.0869 0.349808 -2888.7198 0.057173 -2888.772069 -2891.12631 

IIB_c4 -2889.086903 0.349867 -2888.7197 0.056696 -2888.771797 -2891.126327 

IIB_c5 -2889.086835 0.349813 -2888.7197 0.056803 -2888.771824 -2891.126168 

IIB' -2889.092783 0.349798 -2888.7256 0.056875 -2888.777865 -2891.131424 

IIB'_c2 -2889.09352 0.349815 -2888.7264 0.056385 -2888.778364 -2891.130901 

IIB'_c3 -2889.093039 0.350091 -2888.7259 0.054976 -2888.777144 -2891.131013 

IIB'_c4 -2889.086472 0.3498 -2888.7194 0.056093 -2888.771296 -2891.127703 

IIB'_c5 -2889.089238 0.349774 -2888.7223 0.055669 -2888.773938 -2891.127238 

IIB'_c6 -2889.085201 0.349782 -2888.7182 0.05554 -2888.769839 -2891.124682 

R_INT1 -3462.513677 0.502261 -3461.9879 0.073262 -3462.053133 -3465.165305 

R_TS1 -3462.501439 0.502241 -3461.9763 0.069886 -3462.039563 -3465.15325 

R_INT2 -3462.51327 0.502878 -3461.9872 0.069757 -3462.050562 -3465.160149 

R_TS1_c2 -3462.500904 0.502512 -3461.9755 0.069726 -3462.038717 -3465.152531 
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R_TS1_c3 -3462.508379 0.502698 -3461.9833 0.065772 -3462.04443 -3465.15235 

S_INT1 -3462.516698 0.502315 -3461.9909 0.072132 -3462.055452 -3465.161715 

S_TS1 -3462.509338 0.502763 -3461.9842 0.066462 -3462.04557 -3465.151808 

S_INT2 -3462.519609 0.503759 -3461.9933 0.066084 -3462.054682 -3465.161682 

S_TS1_c2 -3462.496667 0.50208 -3461.9716 0.070123 -3462.034944 -3465.14551 

S_TS1' -3462.477995 0.502574 -3461.953 0.066528 -3462.014335 -3465.113736 

R_TS1' -3462.478562 0.502248 -3461.9537 0.066773 -3462.01537 -3465.117339 

R_INT3 -3656.659922 0.613927 -3656.0192 0.076826 -3656.089062 -3659.526379 

R_TS2 -3656.651806 0.610372 -3656.0152 0.075765 -3656.08411 -3659.515945 

R_TS2_c2 -3656.651197 0.610187 -3656.0148 0.075146 -3656.083351 -3659.513794 

R_TS2_c3 -3656.650742 0.610558 -3656.0141 0.074735 -3656.082474 -3659.514122 

R_TS2_c4 -3656.650357 0.610927 -3656.0133 0.074716 -3656.081668 -3659.514407 

R_TS2_c5 -3656.64948 0.609641 -3656.0136 0.075575 -3656.082323 -3659.512238 

R_TS2_c6 -3656.650038 0.609757 -3656.0141 0.074646 -3656.08244 -3659.512294 

R_TS2_c7 -3656.649269 0.609841 -3656.0133 0.074509 -3656.081616 -3659.511889 

R_TS2_c8 -3656.648692 0.609367 -3656.013 0.075544 -3656.081841 -3659.510563 

R_TS2_c9 -3656.648306 0.61134 -3656.0109 0.07396 -3656.078948 -3659.511063 

R_TS2_c10 -3656.647533 0.609605 -3656.0117 0.075209 -3656.080361 -3659.50886 

R_TS2_c11 -3656.646266 0.609278 -3656.0107 0.075099 -3656.079348 -3659.508292 

R_INT4 -3656.670389 0.613764 -3656.0296 0.079024 -3656.100508 -3659.539853 

S_INT3 -3656.660342 0.614088 -3656.0198 0.074963 -3656.088708 -3659.525472 

S_TS2 -3656.653442 0.610443 -3656.017 0.074077 -3656.085032 -3659.516058 

S_TS2_c2 -3656.65248 0.610349 -3656.0159 0.076511 -3656.085143 -3659.514459 
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S_TS2_c3 -3656.654728 0.609594 -3656.0189 0.074824 -3656.087351 -3659.514039 

S_TS2_c4 -3656.651727 0.609525 -3656.016 0.074961 -3656.084569 -3659.513442 

S_TS2_c5 -3656.652082 0.609718 -3656.0164 0.073951 -3656.084359 -3659.513908 

S_INT4 -3656.669391 0.613328 -3656.029 0.078296 -3656.09968 -3659.537939 
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