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2.7 Preliminary mechanistic studies 

Scheme S21. Control experiment with protected catalyst Cat. N 

 
Control experiment was performed to shed insights into the role of hydroxyl 

groups on Cat. E. As illustrated in Scheme S21, using benzoyl-protected Cat. N instead 

of Cat. E, the product 4a was obtained in similar yields, but the enantioselectivity 

decreased sharply (compared with Table S5, entry 3 with Cat. E: 73%, 96:4 e.r.), 

indicating that the hydroxyl group was crucial to the enantioselectivity control of the 

sulfinimidate ester product 4.  

Experimental procedure: A solution of 1a (12.8 mg, 0.03 mmol, 1.0 equiv.), Cat. 

N (1.8 mg, 0.006 mmol, 20 mol%), 3b (11.8 mg, 0.054 mmol, 1.8 equiv.), K2CO3 (10.4 

mg, 0.75 mmol, 2.5 equiv.) and 2a (1.0 M in MeOAc, 0.15 mmol, 1.5 equiv.) in MeOAc 

(0.3 mL) were stirred at 0 C for 6 days. Yield of 4a was determined by 1H NMR 

spectroscopy, based on 1a, by using 1,3,5-trimethoxybenzene as an internal standard. 

Enantiomeric ratio (e.r.) was determined by high-performance liquid chromatography 

(HPLC) analysis.  

Scheme S22. Isotopic labelling experiments and HRMS detection of sulfonate 18O-16 
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As illustrated in Scheme S18, to probe the reaction process we first successfully 

detected the existence of sulfonate anion 16 from the model reaction under the optimal 

conditions (Scheme S22A). Since the sulfonate 16 was also viable from the hydrolysis 

of the sulfonyl chloride (Scheme S22B), an 18O-labelled sulfinamide 18O-1b was then 

prepared and subjected into the catalytic conditions. Accordingly, the detection of the 
18O-labelled sulfonate anion 18O-16 could strongly support the proposed sulfinamide 

activation process (Scheme S22C). 

Experimental procedure for eq. 1: To a stirred solution of 1b (12.4 mg, 0.03 

mmol, 1.0 equiv.), Cat. E (1.8 mg, 0.006 mmol, 20 mol%), 3b (11.8 mg, 0.054 mmol, 

1.8 equiv.) and K2CO3 (10.4 mg, 0.75 mmol, 2.5 equiv.) in MeOAc (0.3 mL) were 

added dropwise 2a (1.0 M in MeOAc, 0.045 mmol, 1.5 equiv.) at 0 °C. After stirring 

for 48 h at 0 °C. The crude ESI-MS spectrometric was recorded (Figure S3). 

Experimental procedure for eq. 2: 3b (11.8 mg, 0.054 mmol, 1.8 equiv.) was 

dissolved in MeOAc (0.3 mL). The reaction mixture was stirred for 48 h at 0 °C. The 

crude ESI-MS spectrometric was recorded (Figure S4). 

Experimental procedure for eq. 3: To a stirred solution of 18O-1b (12.4 mg, 0.03 

mmol, 1.0 equiv.), Cat. E (1.8 mg, 0.006 mmol, 20 mol%), 3b (11.8 mg, 0.054 mmol, 

1.8 equiv.) and K2CO3 (10.4 mg, 0.75 mmol, 2.5 equiv.) in MeOAc (0.3 mL) were 

added dropwise 2a (1.0 M in MeOAc, 0.045 mmol, 1.5 equiv.) at 0 °C. After stirring 

for 48 h at 0 °C. 18O incorporation was observed in product 18O-16 by ESI-MS 

spectrometric analysis (Figure S5). 
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Scheme S23. HRMS detection of catalyst-bound reactive intermediate II 

 
To detect the catalyst bound reactive species, we have performed the model 

catalytic reaction in the absence of alcohol (Scheme S23). As illustrated in Figure S6, 

HRMS successfully detected the existence of aza-sulfinyl ammonium intermediate II 

from the control experiment in Scheme S23, indicating that catalyst E was involved in 

the activation of the aza-sulfinyl mixed anhydride and enantioselective control process.  

Experimental procedure: To a stirred solution of N-protected sulfinamide 1a 

(12.4 mg, 0.03 mmol, 1.0 equiv.), Cat. E (1.8 mg, 0.006 mmol, 20 mol%), 3b (11.8 mg, 

0.054 mmol, 1.8 equiv.) in MeOAc (0.3 mL) were added K2CO3 (10.4 mg, 0.75 mmol, 

2.5 equiv.). After stirring for 48 h at rt. The crude ESI-MS spectrometric was recorded 

(Figure S6). 

 
Figure S6. ESI-MS spectrum for crude reaction mixture of Scheme S23 
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Scheme S27. Plausible reaction mechanism 

 
A plausible mechanism to account for the developed catalytic synthesis of chiral 

sulfinimidate scaffolds was illustrated in Scheme 27. Initially, the aza-sulfinyl mixed 

anhydride was readily formed through activation of the sulfinamide 1 by sulfonyl 

chloride 3b. Subsequent SN2 type displacement of the nucleophilic amine moiety of the 

catalyst to the S-center of the anhydride species I would give the key aza-sulfinyl 

ammonium intermediate II. Approach of alcohol nucleophiles from the back of S-N 

bond of II would afford the desired sulfinimidate products 4, and regenerate the CD 

catalyst. Considering the pivotal role of the free hydroxyl group in the cinchonine 

catalyst and the DFT calculations on the transition state, an intermediate of II from 

catalyst addition of (R)-I was assumed to give rise to the product in high 

enantioselectivity. 
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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-xTB[17–19] level of theory using the CREST program version 2.12 

by Grimme and co-workers.[20,21] For transition states, key distances were constrained 

with a force constant of 0.25 a.u. as implemented in CREST program. 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.37  

The global hybrid functional M06-2X[38] with the def2-SVPD[6,7] Karlsruhe-family 

basis set for S and Cl atoms and def2-SVP[22,24] 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.[25–27] The M06-2X functional was chosen 

for the study of the present system, as it has been employed in the studies of NHC 

organocatalysis with good accuracy.[28–37] 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) analyses[38,39] were performed to confirm that the 

found TSs connect to the right reactants and products. In cases where the IRC did not 

succeed, presumably due to very flat PES around the TS region, quick reaction 

coordinate (QRC)[40] analysis (optimization of the structures at both ends of the TS 
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vibrational normal mode identified by QRC displacement) was performed to confirm 

that the TS identified is indeed the desired one. 

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

TZVPD[22,23] basis set for S and Cl atoms and def2-TZVP[22,24] for all other atoms 

(denoted BS2). The SMD implicit continuum solvation model[40] was included to 

account for the solvent effect of methyl ethanoate. Gibbs energies were evaluated at 

0ºC temperature (reaction condition), using the entropic quasi-harmonic treatment 

scheme of Grimme,[42] 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,[41–43] 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.[44] 

Gibbs energies evaluated at SMD (methyl ethanoate)-M06-2X/BS2//M06-2X/BS1 

level of theory is given in kcal/mol and used for discussion throughout. All molecular 

structures and molecular orbitals were visualized using PyMOL software.[45]  

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 formation of chiral sulfinimidate 

ester (Scheme S22). From experimental evidence, we envisioned that substrate 1a and 

3b will react to form the aza-sulfinyl mixed anhydride Ia. From there, the chiral catalyst 

Cinchonidine (CD) may attack each of the enantiomer of Ia, via SN2, to give epimeric 

forms of the aza-sulfinyl ammonium intermediate IIa, with different barrier heights. 

Finally, the alcohol nucleophile attacks the S-N bond of IIa in an SN2 manner to yield 

the desired sulfinimidate product 4a (overall retention of configuration resulting from 

sequential SN2 steps). We studied the detailed mechanisms of these steps 

computationally. 
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Scheme S28. Model reaction used for computational studies. 

 

3.4 Racemization of aza-sulfinyl mixed anhydride 

We performed DFT calculations to understand if the aza-sulfinyl mixed anhydride 

substrate, Ia, may racemize under the reaction conditions. Conformational sampling on 

intermediate Ia was performed as described in the methods section to locate 10 lowest 

DFT energy structures and the lowest energy structure of Ia was used subsequently. 

The mixed anhydride may undergo a trigonal planar transition state (TS), TStrig, that 

interconverts the two enantiomeric forms of this substrate. However, this TS has a very 

high barrier of 50.2 kcal/mol, which is unfeasible at the reaction temperature of 0 ºC. It 

was shown experimentally that the racemization can occur in the absence of the chiral 

catalyst Cinchonidine, thus, we need not consider the participation of the catalyst in the 

racemization step. The DFT optimized structure is shown in Figure S7. 

Following the mechanism of anion-assisted racemization reported by Zhang and 

Wu,[37] coupled with the experimental evidence that using the optically enriched 

starting material (S)-1a without addition of catalyst E will yield racemic product 4a 

(Scheme S20), we considered a similar mechanism for racemization with 2,4,6-

trimethylbenzenesulfonate anion. Note that in that system,[37] we have tried locating the 

TS racemization via pseudorotation, but to no avail (we have also used true 

pseudorotational barrier for phosphorus system and Ni system[46] as a starting guess 

structure and modifying it to S chiral center but did not succeed in locating any such 

TS). The relaxed PES scan energy profile for the current system is shown in Figure S6. 

This shows that in the mixed anhydride, the S–O bond distance is 1.73Å (structure 1). 
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There is a small barrier of complex formationlax, lland (~ 1 kcal/mol) as the sulfonate 

anion approaches intermediate Ia. This then yields a stable complex (structure 5). 

Further shortening of the S–O bond length suggests that there may be a barrier of 

racemization of about 10 kcal/mol (S–O bond distance of 1.73 Å in structure 6 of Figure 

S6). Note that this PES scan gives an upper bound estimate for the putative TS and the 

actual TS barrier can be much lower.[46,47] The direct location of the TS for racemization 

has, however, been unsuccessful. Using the system where the trityl group is replaced 

by tert-Bu group, we were able to locate the TS for racemization, with a barrier of 2.9 

kcal/mol, relative to the starting anionic complex between mixed anhydride and 

sulfonate anion. This TS, TSrac, is shown in Figure S7. 
 

TStrig TSrac 

ΔG‡ = 50.2 ΔG‡ = 2.9 

 

 

Figure S7. 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. 

Red arrow indicates the vibrational mode for the inversion of sulfur atom in the TS. 

Activation barriers are in kcal/mol and taken relative to the mixed anhydride as zero 

reference for TStrig and relative to the starting anionic complex for TSrac. 
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Figure S8. Relaxed potential energy surface (PES) scan along S–O distance in the gas 

phase.  

3.5 Formation of catalyst-derived aza-sulfinyl ammonium intermediate 

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

explored computationally. There seems to be no barrier for the formation of the aza-

sulfinyl ammonium intermediate IIa, as the direct optimization of complex of catalyst 

CD and lowest energy conformer of Ia yields the ammonium intermediate. We tried 

locating the TS with direct TS search with implicit solvation and found this barrier to 

be 0.9 kcal/mol (verified by QRC;[40] see structures in DFT_optimized_structures 

folder). The complexation between catalyst CD and lowest energy conformer of (R)-Ia 

and (S)-Ia is reversible, with two complexes existing in equilibrium, governed by the 

Gibbs energy difference between R_INT1 and S_INT1 (Scheme 4D, main text). The 

resting state or the turnover-frequency (TOF) determining intermediate (TDI) for the 
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whole catalytic cycle is thus R_INT1, as R_INT1 and S_INT1 can interconvert before 

the bond formation in the next step, via TS2.[48,49]  

3.6 Product formation via nucleophilic attack on sulfinyl azolium intermediate 

The nucleophilic attack on the ammonium intermediate by 2,2-dimethylpropan-1-

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

associated intermediates were shown in Figure S9. Only 5 lowest energy structures 

from CREST sampling were used as guess structures for TS search and we report only 

successfully located TSs using DFT. For some structures, the “modredundant” jobs 

succeeded but the actual TS search failed, for these, we used the resulting structure from 

the “modredundant” jobs to estimate the TS barrier. These structures end with “est”, 

denoting “estimated”. The comparison between the true TS structure and the 

“modredundant” structure show that they fall within 1 kcal/mol. In Figure S9, only the 

true TS structures are shown and the “estimated” structures are given in 

DFT_optimized_structures folder (they do not yield any TSs lower in energy than those 

true TSs located). 
 

R_INT2 R_TS2 

ΔG = -1.0 ΔG‡ = 1.2  

 
 

R_TS2-c2 R_TS2-c3 

ΔG‡ = 5.9 ΔG‡ = 6.0 
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R_TS2-c4 R_INT3 

ΔG‡ = 6.1 ΔG = -2.6 

  
S_INT2 S_TS2 

ΔG = -0.1 ΔG‡ = 3.9  

  

S_TS2-c2 S_INT3 

ΔG‡ = 11.1 ΔG = -5.7  
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Figure S9. 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. 

3.7 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 https://zenodo.org/records/13941543 (DOI: 10.5281/zenodo.13941543). 

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(methyl ethanoate) using M06-2X/BS2 functional 

are also included.  

 

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

SP 

SMD(methyl 

ethanoate) 

M06-2X/BS2  

1a -1644.517978 0.434536 -1644.0597 0.075275 -1644.12833 -1646.073343 

3a -1357.492941 0.186194 -1357.2943 0.04628 -1357.338837 -1358.3988 

HCl -460.647762 0.006795 -460.63794 0.016461 -460.6544 -460.803965 

https://zenodo.org/records/13941543
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2a -272.636094 0.165097 -272.46327 0.032659 -272.49591 -272.960252 

CD -920.897077 0.381122 -920.50011 0.054312 -920.551878 -921.9362346 

sulfonate_a

nion -972.668649 0.187448 -972.46918 0.045847 -972.513018 -973.586115 

sulfonic_aci

d -973.183618 0.199301 -972.97166 0.046726 -973.016431 -974.0369118 

prd_4a -1840.815668 0.574896 -1840.2113 0.086978 -1840.29065 -1842.585918 

prd_4a-c2 -1840.815668 0.574904 -1840.2113 0.086619 -1840.290471 -1842.585919 

prd_4a-c3 -1840.815668 0.574878 -1840.2122 0.083315 -1840.28919 -1842.585918 

prd_4a-c4 -1840.815036 0.57521 -1840.2105 0.086463 -1840.289376 -1842.583677 

prd_4a-c5 -1840.810035 0.574676 -1840.2059 0.086656 -1840.28498 -1842.579572 

prd_4a-c6 -1840.804382 0.574523 -1840.2003 0.0867 -1840.279503 -1842.576179 

Ia -2541.358915 0.609761 -2540.7152 0.094609 -2540.802394 -2543.649352 

Ia-c2 -2541.358915 0.609767 -2540.7152 0.09455 -2540.802364 -2543.649355 

Ia-c3 -2541.357583 0.609875 -2540.7138 0.09475 -2540.800891 -2543.648053 

Ia-c4 -2541.355491 0.609615 -2540.7118 0.096188 -2540.799614 -2543.647224 

Ia-c5 -2541.357073 0.609591 -2540.7136 0.095631 -2540.801217 -2543.647164 

Ia-c6 -2541.357075 0.609827 -2540.7135 0.094648 -2540.800526 -2543.64713 

Ia-c7 -2541.357075 0.609829 -2540.7135 0.094627 -2540.800515 -2543.64713 

Ia-c8 -2541.355488 0.609529 -2540.7127 0.093808 -2540.798795 -2543.647219 

Ia-c9 -2541.355885 0.609612 -2540.7123 0.095046 -2540.799541 -2543.645828 

Ia-c10 -2541.355886 0.609637 -2540.7123 0.0948 -2540.799423 -2543.645826 

Ia-c11 -2541.3571 0.609828 -2540.7143 0.091282 -2540.799213 -2543.647097 

TS_trig -2541.276363 0.607492 -2540.6349 0.096811 -2540.722819 -2543.566323 
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R_INT1 -3462.301768 0.993451 -3461.2579 0.132667 -3461.377009 -3465.618018 

R_INT1-c2 -3462.301769 0.993494 -3461.2579 0.131816 -3461.376581 -3465.618017 

R_INT1-c3 -3462.298925 0.992959 -3461.2553 0.133117 -3461.374724 -3465.616299 

R_INT1-c4 -3462.298925 0.992966 -3461.2553 0.133028 -3461.374685 -3465.616303 

R_INT1-c5 -3462.296814 0.99297 -3461.2535 0.129733 -3461.371563 -3465.612028 

R_INT1-c6 -3462.296813 0.992974 -3461.2535 0.129727 -3461.371555 -3465.612022 

R_INT1-c7 -3462.30038 0.993722 -3461.2565 0.130924 -3461.374672 -3465.610877 

R_INT1-c8 -3462.30038 0.993742 -3461.2565 0.130721 -3461.374564 -3465.610882 

R_INT1-c9 -3462.297793 0.993551 -3461.2539 0.130591 -3461.372035 -3465.609998 

R_INT1-

c10 -3462.297791 0.993461 -3461.2548 0.128216 -3461.371226 -3465.609992 

R_INT1-

c11 -3462.296893 0.993373 -3461.2535 0.128188 -3461.370595 -3465.608006 

R_INT1-

c12 -3462.296894 0.993376 -3461.2535 0.128183 -3461.37059 -3465.608003 

R_INT1-

c13 -3462.296894 0.993376 -3461.2535 0.128164 -3461.370582 -3465.608007 

R_INT1-

c14 -3462.296905 0.993299 -3461.2537 0.127634 -3461.370383 -3465.603893 

R_INT1-

c15 -3462.296905 0.993301 -3461.2537 0.12759 -3461.370364 -3465.6039 

R_INT2 -3734.970417 1.160242 -3733.7528 0.145054 -3733.883867 -3738.592034 

R_TS2 -3734.970071 1.158813 -3733.7548 0.142189 -3733.883757 -3738.588332 

R_INT3 -3734.978108 1.160055 -3733.7616 0.141709 -3733.890357 -3738.595823 

R_TS2-c2 -3734.953278 1.156959 -3733.739 0.146019 -3733.870379 -3738.577499 
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R_TS2-c3 -3734.96445 1.156531 -3733.751 0.141652 -3733.880405 -3738.57841 

R_TS2-c4 -3734.966747 1.157153 -3733.753 0.140665 -3733.881739 -3738.579265 

S_INT1 -3462.291993 0.993917 -3461.2481 0.128867 -3461.365557 -3465.616412 

S_INT1-c2 -3462.291994 0.99396 -3461.2481 0.128341 -3461.365296 -3465.616419 

S_INT1-c3 -3462.291994 0.993964 -3461.2481 0.128316 -3461.365283 -3465.616419 

S_INT1-c4 -3462.286385 0.992356 -3461.2435 0.130297 -3461.362003 -3465.605805 

S_INT1-c5 -3462.285969 0.992369 -3461.2431 0.130536 -3461.361664 -3465.604732 

S_INT1-c6 -3462.285968 0.992411 -3461.2431 0.130038 -3461.361425 -3465.60473 

S_INT2 -3734.96001 1.160724 -3733.7417 0.143831 -3733.872768 -3738.591373 

S_TS2 -3734.956428 1.15611 -3733.7433 0.142976 -3733.873321 -3738.580894 

S_INT3 -3734.970885 1.158884 -3733.7541 0.146624 -3733.886356 -3738.59762 

S_TS2-c2 -3734.945456 1.155714 -3733.7321 0.146605 -3733.864071 -3738.56761 

S_TS2-c2-

est -3734.94425 1.156427 -3733.7302 0.147425 -3733.862389 -3738.566579 

S_TS2-c3-

est -3734.952575 1.156756 -3733.739 0.142842 -3733.868832 -3738.569954 

S_TS2-c4-

est -3734.952573 1.156769 -3733.739 0.14281 -3733.868808 -3738.569959 

S_TS2-c5-

est -3734.952576 1.156777 -3733.739 0.142758 -3733.868783 -3738.569961 

TS_rac -2939.495147 0.635879 -2938.8209 0.104856 -2938.916572 -2942.048115 

rc_solv -3462.338499 0.990347 -3461.2976 0.131804 -3461.416323 -3465.600893 

TS1_solv -3462.338346 0.990392 -3461.2983 0.128381 -3461.41485 -3465.600797 

INT1_solv -3462.359502 0.992335 -3461.3168 0.129777 -3461.434799 -3465.617814 
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