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2.7 Preliminary mechanistic studies

Scheme S21. Control experiment with protected catalyst Cat. N
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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 'H 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 180-16
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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 '80-labelled sulfinamide '8O-1b was then
prepared and subjected into the catalytic conditions. Accordingly, the detection of the
¥0-labelled sulfonate anion '30-16 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 K>COs3 (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 130-1b (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 K>COs (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. 'O incorporation was observed in product ¥0-16 by ESI-MS

spectrometric analysis (Figure S5).
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Scheme S23. HRMS detection of catalyst-bound reactive intermediate I1
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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 11
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 K>COs3 (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).
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Figure S6. ESI-MS spectrum for crude reaction mixture of Scheme S23
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Scheme S27. Plausible reaction mechanism
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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!'7""] level of theory using the CREST program version 2.12
by Grimme and co-workers.!**2!! 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.’’

The global hybrid functional M06-2X1*®! with the def2-SVPD!®"l Karlsruhe-family
basis set for S and Cl atoms and def2-SVP?*?4 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.[?>”) 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.[*®*” 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*®*") 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)™’! 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*>23 basis set for S and CI atoms and def2-TZVP???4] for all other atoms
(denoted BS2). The SMD implicit continuum solvation model™’! was included to
account for the solvent effect of methyl ethanoate. Gibbs energies were evaluated at
0°C temperature (reaction condition), using the entropic quasi-harmonic treatment

[42] at a cut off frequency of 100 cm™. The free energies were further

scheme of Grimme,
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,*'*! which were used in
solvation calculations, instead of the gas-phase latm used by default in Gaussian
program. Data analysis was carried out using the GoodVibes code version 3.1.1.144
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.*!

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 Sy2, to give epimeric
forms of the aza-sulfinyl ammonium intermediate Ila, with different barrier heights.
Finally, the alcohol nucleophile attacks the S-N bond of I1a in an Sy2 manner to yield
the desired sulfinimidate product 4a (overall retention of configuration resulting from
sequential Sy2 steps). We studied the detailed mechanisms of these steps

computationally.
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Scheme S28. Model reaction used for computational studies.
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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), TSuig, 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 °C. 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,B” 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,*”! 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!*®) 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 1.73A (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 A 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./**#” 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
AG*=50.2 AG*=29

\ _ // @
7\
,4\\ A/

N

Figure S7. DFT-optimized structures of the transition states for the racemization of
mixed anhydride. Key bond distances are given in A 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 TSuig 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 Ila, 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;*% see structures in DFT optimized structures
folder). The complexation between catalyst CD and lowest energy conformer of (R)-1a
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.[454"]
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

AG=-1.0 AGH=12

R_TS2-c2 R_TS2-c3

AG*=59 AG*=6.0
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R_TS2-c4 R_INT3

AG*=6.1 AG=-26

S_TS2-c2 S_INT3

AGH=11.1 AG=-57
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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 A. 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.

SP

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

ethanoate)

M06-2X/BS2
la -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
HCI -460.647762 0.006795 -460.63794 0.016461 -460.6544 -460.803965
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