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An organocatalytic strategy for highly practical and enantioselective sulfinylation
of alcohols/amines through the activation of sulfinates by forming mixed sulfinic
anhydrides is developed. Tuning the structure of the reactive species with sterically
congested moieties, a simple quinine catalyst effectively controls the chemo- and
enantioselectivity over the nucleophilic S-O/N bond constructions, affording a
wide range of chiral sulfinyl derivatives with excellent enantioselectivities. Notably,
the protocol facilitates the coupling of various bioactive compounds and
commercial drugs, providing a platform for pro-drug modifications.
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Enantioselective sulfinylation of alcohols
and amines by condensation with sulfinates

Minghong Liao,’ Yonggui Liu," Hongyan Long,’ Qin Xiong,' Xiaokang Lv," Zhongfu Luo,’

Xingxing Wu,"* and Yonggui Robin Chi’#3*

SUMMARY

Achieving the preparation of enantiomerically enriched S-stereo-
genic compounds is a long-standing objective in stereoselective syn-
thesis, owing to the fundamental importance and broad applica-
tions of these chiral scaffolds in various fields. Despite recent
significant advancements, catalyst-controlled stereoselective syn-
thesis of S-stereogenic compounds remains to be a considerable
challenge, particularly by means of small-molecule catalysts. Herein,
we disclosed an organocatalytic strategy for highly practical and
enantioselective sulfinylation of alcohols and amines through the
activation of sulfinates by forming mixed sulfinic anhydrides. Tuning
the structure of the reactive species with sterically congested moi-
eties, a simple, naturally occurring quinine catalyst effectively con-
trols the chemo- and enantioselectivity over the nucleophilic S-O
and S-N bond constructions, affording a wide range of chiral sulfinyl
derivatives with excellent optical purities. Notably, the protocol
readily facilitates the coupling with various natural products and
commercial drugs that could offer an attractive strategy for the
late-stage diversification of important biologically intriguing
molecules.

INTRODUCTION

Sulfur stereogenic centers are broadly present in natural products, pharmaceuticals,
and agrochemicals (Figure 1A)."™ The absolute configuration of sulfur stereogenic cen-
ters is essential for their biological properties due to the fundamental importance of ste-
reochemistry in biomolecular recognition and toxicity.”* For instance, in crop protec-
tion, the R-configured flusulfinam shows remarkable herbicidal activity against
resistant weeds, whereas its (S)-enantiomer is less active and displays pronounced
toxicity toward rice plants.” Additionally, these enantioenriched sulfur stereogenic scaf-
folds are of enormous utilitiy for the design of chiral auxiliaries, ligands, and catalysts in
asymmetric organic synthesis.” '# Consequently, the preparation of enantiomerically
enriched S-stereogenic compounds has attracted considerable attention over the
past decades. Effective protocols for constructing S-chiral molecules have primarily
relied on the diastereoselective approaches utilizing stoichiometric chiral reagents,
such as Andersen’s (S)-menthyl p—‘coluenesulfina’ce.13’17 There are also several catalytic
enantioselective approaches to prepare high-value chiral sulfinyl functional molecules
through transition metal-catalyzed enantioselective oxidation'®*° and other C-S
bond forming transformations.”’ ™’ Nonetheless, catalyst-controlled stereoselective
synthesis of S-stereogenic compounds remains to be a considerable challenge. In
particular, there are limited studies on using small-molecule catalysts to govern the con-
struction of stereogenic sulfur centers with high enantioselectivity.”®=?

THE BIGGER PICTURE
Enantioenriched S-stereogenic
compounds are widely present in
biologically intriguing molecules
and found broad applications in
asymmetric synthesis.
Consequently, the preparation of
chiral S-stereogenic compounds
has attracted considerable
attention over the past decades.
Although direct condensation
between sulfinates and alcohols/
amines represents an effective
protocol to prepare racemic
sulfinyl compounds, their
catalytic, enantioselective
synthesis has long been
overlooked. Herein, we disclosed
an organocatalytic strategy for
highly practical and
enantioselective sulfinylation of
alcohols and amines with readily
available sodium sulfinates. Our
approach involves the utilization
of a distinct racemic mixed
anhydride as the pivotal reactive
species. A naturally occurring
quinine catalyst activates the
anhydride intermediate and
controls the S-stereogenicity over
the S—O/N bond formations,
affording a wide range of chiral
sulfinate esters and sulfinamides
in high er values.
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One particular class of stereogenic sulfur compounds of proven significance are
sulfinate esters and sulfinamides, which are important chiral structural motifs that
could be easily derivatized in a stereospecific manner to enable the preparation
of diverse chiral S-stereogenic analogs.®*** Evans et al.’® demonstrated the first
catalytic asymmetric synthesis of tert-butanesulfinate ester with an impressive
81% ee by an N-methylimidazole-containing peptide catalyst from tert-butyl sul-
finic chloride.® Shortly thereafter, Shibata et al.>® achieved a highly enantioselec-
tive sulfinylation of t-BuOH with arenesulfinic chloride that was mediated by stoi-
chiometric amounts of cinchona alkaloids. These pioneering approaches offer
remarkable control over the S-stereogenicity of the resulting sulfinate ester prod-
ucts. Somewhat unfortunately, the inherent high reactivity of sulfinyl chloride sub-
strates poses a prominent challenge in catalyst stereocontrol owing to the poten-
tial uncatalyzed sulfinylations as background reactions and other unproductive
transformations, which notably decreases the substrate scope and hinders their
broad applications (Figure 1B-1). A recent significant advancement in this area
was demonstrated by Zhang®?’ and colleagues wherein a highly efficient asym-
metric condensation approach to access chiral sulfinate esters was realized for
the first time from the easily accessible and readily stable potassium sulfinates
(Figure 1B-2).>” A key enantioenriched mixed anhydride intermediate A was
formed from sulfinate and ethyl chloroformate through an ion-pairing catalysis
by a pentanidium catalyst, which could be facilely converted to chiral sulfinyl prod-
ucts with alcohol nucleophiles. Very recently, Huang and co-workers®® developed
an intriguing enantioselective deoxygenation process from sulfonyl nitriles to ac-
cess sulfinate esters in high enantioselectivity.*® Despite their broad substrate
scope,”’*® the development of highly enantioselective sulfinylation approaches
is still highly demanding. For instance, the direct catalytic preparation of chiral sul-
finyl amines, which are another representative class of sulfinyl derivatives,®”*°
through coupling with amine nucleophiles is still not accomplished.

The activation of feedstock carboxylic acids, which allows for a diverse set of enan-
tioselective transformations®'™** under the control of Lewis base catalysts,’>*
through in situ anhydride formation has been extensively explored. Motivated by
these achievements, we envisioned an activation of sulfinates by the in situ
formation of sulfinic mixed anhydrides to enable further catalyst-controlled nucle-
ophilic S-X (X = O, N) bond formations (Figure 1B-3). Herein, we documented a
small-molecule catalytic strategy for highly practical and enantioselective sulfinyla-
tion of alcohols and amines with readily available sodium sulfinates. Our approach
involves the utilization of a distinct racemic mixed anhydride as the pivotal reactive
species. A naturally occurring, cost-effective quinine catalyst readily activates the
intermediate B to form the sulfinylammonium salt intermediate C/C’ without
necessitating further structural modifications.**’ A dynamic kinetic resolution
(DKR) process®>*” involving rapid epimerization between C/C’ would control the
S-stereogenicity over the S-O/N bond formations in high efficiency (see Scheme
S6 for details of the mechanistic study).”® > It is noteworthy that the existing chal-
lenge regarding the chemo- and enantioselectivity of amine sulfinylation could be
effectively addressed by tuning the structure of reactive mixed anhydrides with ste-
rically congested moieties.””-*® Our method features a broad substrate scope, giv-
ing rise to a wide range of chiral sulfinyl derivatives with high optical purity. Signif-
icantly, to the best of our knowledge, our methodology is the first to achieve highly
stereoselective sulfinylation with nitrogen nucleophiles by means of catalyst con-
trol. We also demonstrate the feasibility of sulfinylation with difficult N-heterocycle
moieties under our catalytic conditions through the formation of the mixed anhy-
dride intermediates. Moreover, our approach facilitates the coupling of various
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Figure 1. Organic catalytic enantioselective preparation of S-stereogenic compounds from sulfinic acid derivatives
(A) Bioactive molecules containing stereogenic sulfur centers.
(B) Challenges and development of asymmetric synthesis of chiral sulfinyl compounds by means of small-molecule catalysts.

bioactive compounds, including androsterone and pregnenolone, as well as estab-
lished commercial drugs (eg, benzocaine and procaine), with excellent stereose-
lectivity, offering an appealing chiral sulfinate functionalization platform, which
could serve as an alternative strategy for pro-drug modifications.>*>*
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Figure 2. Development of the enantioselective sulfinylation of alcohols

Reaction conditions: sodium sulfinate 1a (0.1 mmol, 1.0 equiv), Cat. A-J (20 mol %), 3 (1.1 equiv), alcohol 2 (1.05 equiv), Rb,CO3 (1.1 equiv), CHCI3
(1.5 mL), 0°C, and 48 h. Isolated yields were reported, and er values were determined by chiral high-performance liquid chromatography (HPLC)
analysis.

RESULTS AND DISCUSSION

Reaction development

We initiated our studies on the asymmetric sulfinylations of alcohol nucleophiles by
choosing readily available sodium benzenesulfinate (1a) and n-BuOH (2a) as the pri-
mary starting materials. Anhydride 3a was used to trigger the sulfinate activation in
situ to test our hypothesis. We anticipate that Lewis base catalysts would be capable
of facilitating the catalysis of the resulting mixed anhydride, thereby imparting ster-
eocontrol during the subsequent S-O bond formations. To this end, a range of
various chiral organocatalysts, such as N-heterocyclic carbenes A-C, isothiourea
D, and cinchona alkaloid E, were carefully investigated (Figure 2, entries 1-5).
Typical Lewis bases A-D were highly effective in giving the desired sulfinate ester
product 4a in good yields, albeit with no observation of enantioselective control
(Figure 2, entries 1-4). Gratifyingly, the naturally occurring, inexpensive quinine E
was found to be superior for the catalytic asymmetric condensation, leading to the
product 4a in 60% yield and a good enantioselectivity of 87:13 er (entry 5). We
next tested a diverse set of cinchona alkaloid-based catalysts F-H, as well as bifunc-
tional catalysts |1-J (entries 6-10). Unfortunately, these conditions did not lead to
improvement on the selectivity of the product. Anhydrides 3b and 3c were then
examined by using quinine E as the catalyst (entries 11 and 12), and we were
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Figure 3. Enantioselective sulfinylation of alcohols

Reaction conditions: sodium sulfinate 1 (0.1 mmol, 1.0 equiv), Cat. E (20 mol %), 3¢ (1.1 equiv), Rb,CO3 (1.1 equiv), and alcohol 2 (1.05 equiv) in CHCl3
(1.5mL), 0°C, and 48 h. Isolated yields were reported, er values were determined by chiral HPLC analysis, and d.r. values were determined by chiral HPLC
or NMR analysis. ®The reaction was performed with sodium p-tolylsulfinate (1b, 1.2 g, 7.3 mmol) and Cat. E (10 mol %), and 1.07 g product 4e was
obtained. °Reactions at room temperature instead of 0°C. “Toluene was used. 9Reactions at 35°C. ¢(L)-Menthol was used.

delighted to find that anhydride 3c with ortho-disubstitutions provided the desired
product 4a with a high stereoselectivity (95:5 er, entry 12). Alcohol 2d was further
explored under the catalytic sulfinyl transfer reaction conditions (entries 13 and
14). Although MeOH afforded the product 4b in a slightly dropped enantioselectiv-
ity, reaction with EtOH provided the product 4c with a same 95:5 er (entries 13 and
14). To our delight, the use of isopropyl alcohol (2d) led to an enhanced enantiocon-
trol to afford the chiral isopropyl sulfinate 4d with 84% yield and an excellent 97:3 er
(entry 15). Furthermore, the other enantiomer of 4d (4:96 er) could be readily
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accessed by the employment of the quinidine catalyst F as a pseudoenantiomer of
quinine catalyst E.

Reaction scope

With the reaction condition established (Figure 2, entry 15), we set out to identify the
generality of the catalyst-controlled enantioselective sulfinylation of alcohols (Figure 3).
Sodium aromatic sulfinates 1 possessing a diverse set of groups (CH3, C;Hs, Ph, OCHg,
halogens, etc.) at the para, ortho, or meta position of the phenyl moiety were initially
explored, furnishing the corresponding products 4e-40 with 69%-88% yields and
excellent enantioselectivities ranging from 95:5 to 98:2 er. Notably, with the optimized
conditions, we were able to perform a gram-scale reaction by using 10 mol % of cata-
lyst E to give product 4e in 80% yield (1.07 g) and excellent enantioselectivity. Benze-
nesulfinate with strong electron-withdrawing NO, group also proceeded well under
the catalytic conditions to deliver the sulfinyl product 4p with 51% yield and a slightly
dropped stereoselectivity (92:8 er). Both 1- and 2-naphthyl sulfinates reacted smoothly
to give the corresponding chiral sulfinate esters with excellent results (4g—4r). Further-
more, the developed method was also compatible with alkyl sulfinate substrates,
yielding the corresponding products 4s and 4t in modest yield with 99:1 and 91:9
er, respectively. Encouraged by the remarkable efficiency of our method in the asym-
metric condensations, we then turned to examine the scope of heteroaromatic sulfi-
nates. Thiophene sulfinate esters 4u—4w with various substitutions were provided in
67%-84% yields and high er values. Notably, N-containing heterocycles, such as quin-
oline and pyridine sulfinates, which were previously unrealized,’*~*® were also feasible
to afford the desired products 4x—4aa, which significantly expands the scope and syn-
thetic utility of our method.

We next explored the catalytic approach with respect to an array of nucleophiles
(Figure 3). A range of alcohols, such as tBuOH (5a); BnOH (5b); and 4-, 6-, or
7-membered cyclic alcohols (5¢-5e), as well as caged adamantyl alcohol (5f) could
be highly enantioselectively assembled with p-tolylsulfinate under the optimal con-
ditions. Reactions with enantiopure alcohols delivered the products 5g-5h in excel-
lent diastereoselectivity. Of great significance, our method demonstrated a wide
functional group tolerance and thus allowed for the rapid construction of sulfur ster-
eogenic element to a broad range of naturally occurring alcohol molecules, such as
(D)/(L)-menthol (5i and epi-5i); (—)-alpha-terpineol (5j); and biologically intriguing al-
cohols, including androsterone (5k) and pregnenolone (5I).

Despite elegant studies to catalytically access chiral sulfinate esters, a catalyst-
controlled method for the stereoselective preparation of their sulfinamide analogs
continues to be an unresolved challenge. This is likely due to the relatively strong
nucleophilicity of the corresponding amine nucleophiles, which results in unsuccess-
ful chemo- or stereocontrol, as demonstrated in the reports by both Zhang et al.*’
and Huang et al.*® In our endeavor, we were delighted to find that with slight mod-
ifications to our reaction procedure, involving the use of acyl chloride 3d instead of
anhydride 3c to pre-activate the sulfinate salts (see Tables S6 and S7 for details), a
broad range of sulfinamides could be successfully prepared in good yields and
excellent enantioselectivities. As demonstrated in Figure 4, N-unsubstituted sulfina-
mide 8a with 71% yield and 98:2 er was readily afforded by the employment of hex-
amethyldisilazane (HMDS) as the amine nucleophile after mild desilylation upon sim-
ple workup. As a technique note, activation with sterically congested acyl chloride,
such as 3d, is pivotal to achieving satisfactory yields by suppressing undesired side
reactions leading to amide formations (see Table S6 and S7 for details). Preparation
of the enantiomeric product 8a could be achieved with quinidine catalyst F under the
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Figure 4. Enantioselective sulfinylation of amines

Reaction conditions: sodium sulfinate 1 (0.1 mmol, 1.1 equiv), 3d (0.1 mmol, 1.0 equiv) in CHCI3 (1.5 mL), stirred in CHCI3 at 0°C for 2 h before the
addition of Cat. E (20 mol %), DIPEA (1.1-1.3 equiv), and amine 6 (1.1-1.4 equiv, HMDS was used for products 8a-8p) at 0°C for 2-48 h. Isolated yields
were reported, er values were determined by chiral HPLC analysis, and d.r. values were determined by chiral HPLC or NMR analysis. °Cat. F was used
instead of Cat. E. PReaction at —40°C. “3e was used instead of 3d. “Reaction at —60°C. DIPEA, N, N-diisopropylethylamine; HMDS,
hexamethyldisilazane.

optimal conditions. A diverse set of substituents, including alkyl, Ph, OMe, halogens,
and NOy, at the para, meta, or ortho position of the aryl moiety of sulfinates 1 were
all compatible to furnish the corresponding chiral N-free sulfinamides 8c-8m in
48%-80% yields and excellent enantioselectivities. Interestingly, the electronic
properties of these substituents did not exert a significant impact on stereoselectiv-
ity. It is notable to mention that sulfinate with aliphatic moiety also proceeded
smoothly under the catalytic conditions to furnish the corresponding product 8n—
8p in high enantioselectivity, albeit in modest yields (47%-57%) with amide forma-
tion as the major competing pathway. Subsequently, we explored the enantioselec-
tive sulfinylations with aryl amines and found that the catalytic conditions showed a
very broad scope with respect to various substituents (alkyl, halogens, CF3, etc.) and
substitution patterns on the N-aryl units. A wide array of N-aryl sulfinamides 8g-9e
were thereby provided with 68%-92% yields and excellent optical purities (up to
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99:1 er). In addition, the developed strategy could also realize enantioselective sul-
finylation upon other amine nucleophiles, including primary or secondary alkyl
amines (9f-9j) and N-free imine (9k), allowing for the efficient preparation of highly
enantioenriched sulfinamides 9f-9k in good yields (see Table S11 for details).

Synthetic applications

The optically enriched sulfinyl ester and amine products prepared in our approach
offer versatile methods for further transformations. For instance, nucleophilic substi-
tutions of sulfinyl ester (R)-4e with various Grignard reagents were initially employed,
giving rise to chiral sulfoxides (5)-10-12 in high yields and excellent enantioselectiv-
ities (Figure 5A). Additionally, unsaturated sulfoxide (5)-13 could be smoothly af-
forded upon the addition of a vinyl Grignard reagent as the nucleophile, displaying
a transferable double bond for further elaborations. Notably, bidentate ligands that
have been explored in asymmetric catalysis, such as pyridinyl sulfoxide (S)-14>>and a
phosphine functionalized sulfoxide (R)-15,°° could be easily prepared by additions
with respective nucleophiles.

On the other hand, sulfinamides are privileged chiral precursors for a diverse set of
stereoselective synthesis.39'40 Under basic conditions, alkylated sulfinamides (S)-16
were directly obtained (Figure 5B). By oxidation with Phl=0, (S)-9g was readily con-
verted to sulfoximine ester (R)-17, which is a highly appealing scaffold for potential
drug discovery.”* The prepared enantioenriched sulfinamides could be readily used
as chiral auxiliaries for stereoselective synthesis. For instance, a chiral aziridine 18
was prepared in 91% yield and over 20:1 d.r. and 94:6 er through a two-step
sequence. Furthermore, the current enantioselective sulfinyl transfer reactions pro-
vide an ideal avenue for the post-functionalization of drug molecules by the installa-
tion of a chiral S-stereogenic unit.”*>* Several drugs containing aniline scaffolds,
such as benzocaine, procaine, and tetracaine, were explored to give their corre-
sponding analogs (5)-19-21, demonstrating the viability of drug diversifications
through the catalytic stereoselective sulfinylations (Figure 5C).

Conclusions

In summary, we have herein developed an organocatalytic asymmetric condensation
approach to access enantiomerically enriched S-stereogenic compounds from easily
accessible sulfinates and alcohols/amines by a simple quinine small-molecule cata-
lyst. Governed by the catalyst, excellent stereocontrol was achieved over the S-O/N
bond formations with catalyst-bound-sulfinyl ammonium intermediates, affording a
broad range of chiral sulfinyl compounds, including sulfinate esters and sulfinamides
in high yields and excellent enantioselectivities. The notable challenge regarding
the amine sulfinylation was effectively resolved by the employment of a sterically hin-
dered activating leaving group. Furthermore, the diversification of an array of com-
plex natural products and drug molecules was readily achieved through the highly
efficient stereoselective sulfinylations, which significantly expands the scope and
synthetic utility of the current method. We anticipate that the developed catalyst-
controlled enantioselective S—-O/N bond formation approach will open new avenues
for the preparation of chiral sulfur stereogenic compounds and inspire broad-
ranging implementations to access biologically interesting chiral sulfinyl scaffolds.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to and will be ful-
filled by the lead contact, Yonggui Robin Chi (robinchi@ntu.edu.sg).
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Figure 5. Synthetic transformations of the chiral sulfinyl compounds and application of the catalytic method in drug diversifications

Materials availability
All materials generated in this study are available from the lead contact without
restriction.

Data and code availability

All of the data supporting the findings of this study are presented within the article
and supplemental information. The X-ray crystallographic coordinates for the struc-
ture of compound (R)-5i reported in this article have been deposited at the Cam-
bridge Crystallographic Data Centre (CCDC) under deposition numbers CCDC:
2291118. These data can be obtained free of charge from the CCDC via http://
www.ccde.cam.ac.uk/ data_request/cif. See Tables S1-S7 for the optimization of
the asymmetric sulfinylation of alcohol and amine nucleophiles; Tables S8-510,
Figures S1-S4, and Schemes S1-56 for mechanistic studies; Table S11 for the limited
scope of other aliphatic amine nucleophiles; Figures S5-S189 for the NMR
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spectroscopic data of chiral sulfinyl products; Figures S190-5274 for the HPLC anal-
ysis of chiral sulfinate ester and sulfinamide products. All other data are available
from the authors upon reasonable request.

Methods

Asymmetric synthesis of sulfinate esters 4-5

Under N, atmosphere, to an oven-dried 10.0-mL screw cap vial charged with a mag-
netic stirring bar, Cat. E (0.02 mmol, 20 mol %), 1 (0.10 mmol, 1.0 equiv), 3c
(0.1 mmol, 1.1 equiv), Rb,CO3 (0.11 mmol, 1.1 equiv), and CHCI3 (1.5 mL) were
added. The mixture was stirred for 1 h, and then alcohol 2 (0.105 mmol, 1.05 equiv)
was added into the reaction. The resulting solution was stirred continuously at 0°C
for 48 h, when the substrate was consumed completely. The reaction was quenched
with saturated Na,CO3 aqueous solution and extracted with DCM. The mixture was
concentrated in vacuo and purified by column chromatography on silica gel to afford
the desired product 4-5.

Asymmetric synthesis of sulfinamide 8a-8p

Under N, atmosphere, to an oven-dried 10.0-mL screw cap vial charged with a mag-
netic stirring bar, 1 (0.11 mmol, 1.1 equiv), 3d (0.1 mmol, 1.0 equiv), and CHCI;
(1.5 mL) were added. After stirring at 0°C for 2 h, Cat. E (0.02 mmol, 20 mol %)
and DIPEA (0.13 mmol, 1.3 equiv) were successively added. The mixture was stirred
for 30 min before HMDS (0.14 mmol, 1.4 equiv) was added into the reaction. The re-
sulting solution was stirred continuously at 0°C for 48 h, when the substrate was
consumed completely. The reaction was quenched with saturated NaHCO3 aqueous
solution and extracted with DCM. After concentration in vacuo, the crude residue
was purified by column chromatography on silica gel to afford the desired desilyla-
tion product 8a-8p.

Asymmetric synthesis of sulfinamides 8g-%k

Under N; atmosphere, to an oven-dried 10.0 mL screw cap vial charged with a mag-
netic stirring bar, sodium p-tolylsulfinate (0.11 mmol, 1.1 equiv), 3d (0.1 mmol), and
CHCI3 (1.5 mL) were added. After stirring at 0°C for 2 h, Cat. E (0.02 mmol) and
DIPEA (0.11 mmol, 1.1 equiv) were successively added. The mixture was stirred
for 30 min before amine 6 (0.11 mmol, 1.1 equiv) was added into the reaction.
The resulting solution was stirred continuously at 0°C for 2-3 h, when the substrate
was consumed completely. After concentration in vacuo, the crude residue was pu-
rified by column chromatography on silica gel to afford the desired product 8g-9k.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.chempr.
2024.02.016.
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