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HFIP-mediated, regio- and stereoselective
hydrosulfenylation of ynamides: a versatile
strategy for accessing ketene N,S-acetalst

Appanapalli N. V. Satyanarayana, Paramita Pattanayak = and Tanmay Chatterjee (= *

Herein, we report an HFIP-mediated, versatile, sustainable, atom-economical, and regio- and stereo-
selective hydro-functionalization of ynamides with various S-nucleophiles (1 equiv.) such as thiols, thio-
carboxylic acids, carbamates, xanthates, and O,O-diethyl S-hydrogen phosphorothioate to access a wide
variety of stereodefined trisubstituted ketene N,S-acetals under mild conditions. This protocol requires
only HFIP, which plays multiple roles, such as acting as a Brgnsted acid to protonate the ynamide regio-
selectively at the beta carbon to generate the reactive keteniminium intermediate, stabilizing the inter-
mediate as solvent through H-bonding. After the nucleophilic attack of the S-nucleophile on the
keteniminium intermediate and deprotonation, HFIP is regenerated in most of the cases and can be easily
recovered and recycled, revealing the high sustainability of the protocol. Remarkably, all the reactions are
highly efficient and furnish ketene N,S-acetals in excellent yields and in many cases pure products were
obtained just by washing the crude reaction mixture with pentane. Significantly, the green chemistry
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Introduction

Ketene N,S-acetals represent valuable entities in the realm of
organic synthesis and exhibit a wide range of applications
across multiple fields, including pharmaceuticals,"’
agrochemicals®* and materials science. This class of mole-
cules serves as valuable building blocks in numerous organic
transformations, thereby facilitating the synthesis of diverse
heterocycles.”™® Furthermore, certain cyclic ketene N,S-acetals
demonstrate enhanced efficacy in various applications. For
instance, nithiazine A, a neonicotinoid insecticide,®*® ranks
among the most widely utilized insecticides globally.
Additionally, compounds such as etozolin B and ralitoline C
are employed in the treatment of neurological disorders and
hypertension (Fig. 1).»* Thiazole Orange (TO) D functions as a
probe for the early detection of cancer cell labelling,”'® while
SYBR Safe E is an effective probe for investigating interactions
between G-quadruplexes and their ligands (Fig. 1).'%"
Although several strategies have been developed for the hydro-
sulfenylation of alkynes to synthesize functionalized vinyl sul-
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metrics of the protocol are found to be excellent.

phides, the synthesis of ketene N,S-acetals, a special class of
vinyl sulphides, was found underdeveloped.'” Previous studies
have documented various multi-step synthetic methodologies
for the synthesis of a very specific type of ketene N,S-acetal
bearing an electron-withdrawing carbonyl functional group.>®

In 2023, the Taillefer group reported the synthesis of only
one example of ketene N,S-acetals, with moderate yield (62%)
and poor stereoselectivity (E/Z = 70 : 30) (Scheme 1)."* In 2008,
Koichiro Oshima first reported the direct synthesis of ketene
N,S-acetal derivatives (only 10 examples) from ynamides using
diphenyldithiophosphinic acid in dimethoxyethane at ambient
temperature (Scheme 1).**
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Fig. 1 Some important ketene N,S-acetal-containing drugs, insecti-
cides, and probes.
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Q easy recovery and reusability of the only reagent, HFIP QO HFIP as the unique solvent
Q mild reaction conditions Q excellent green chemistry metrics including high atom economy

Scheme 1 Synthetic strategies to access ketene N,S-acetals.

However, these methodologies suffer from some serious straightforward, one-pot, regio- and stereoselective synthesis of
limitations, such as limited substrate scope, use of only diphe- ketene N,S-acetals is underdeveloped. Recently, various regio-
nyldithiophosphinic acid as the S-nucleophile (limited scope), and stereoselective difunctionalization and hydrofunctionali-
poor stereoselectivity, and the need for a transition metal. A zation methods of ynamides have been developed by several
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research  groups to access various functionalized
enamides.">” As part of our continued interest in developing
metal-free and sustainable synthetic methodologies,'®* in
particular, exploring hexafluoroisopropanol (HFIP) and yna-
mides in organic synthesis,'® and based on the importance of
ketene N,S-acetals, we developed a metal-free, HFIP-mediated
highly regio- and stereoselective hydrosulfenylation of yna-
mides for the sustainable and versatile synthesis of a wide
variety of ketene N,S-acetals under mild reaction conditions
such as room temperature and aerobic atmosphere.

Results and discussion

We commenced our investigation by reacting N-benzyl-N-(phe-
nylethynyl)benzenesulfonamide (1a) with thiophenol 2a in the
presence of HFIP (0.6 M) at ambient temperature under an
aerobic atmosphere and gratifyingly, 1a underwent syn-hydro-
sulfenylation with 2a to furnish the desired product, (E)-N-
benzyl-N-(2-phenyl-1-( phenylthio)vinyl)benzenesulfonamide 3
in an excellent yield of 92% and with exclusive (E)-stereo-
selectivity (entry 1, Table 1). When the loading of HFIP was
decreased to 10 equiv., we observed that the solubility of 1a
decreased, resulting in an unsuccessful reaction. To check the
feasibility of the reaction using HFIP as only the reagent, not
as the solvent, we treated 1a with HFIP (1 equiv.) in toluene

Table 1 Optimization of reaction conditions?

CFs
Ho—(
SH CF3 H s
SO,Ph HFIP = CFs
Ph—= N\_Ph + @ - P N-soph Ho—(CIEQ
1a _aerobic atmosphere 3 %y (regenerated
2a (1 equiv) HFIP)
Variation in conditions from the Temperature Yield®
Entry scheme (°C) (%)
1 None rt 92
2 10 equiv of HFIP was used rt Trace
3 HFIP (1 equiv) and toluene (0.6 M) 1t Trace
were used
4 HFIP (1 equiv) and toluene (0.6 M) 70 Trace
were used
5 CH;COOH (2 equiv) and toluene rt 0°
(0.6 M) were used instead of HFIP
6 TfOH (1 equiv) and toluene (0.6 M) rt 207
were used instead of HFIP
7 Trifluoroethanol was used instead ~ rt 0
of HFIP
8 Ethanol was used instead of HFIP It 0
9 Pentafluorophenol was used rt 10°

instead of HFIP

4 All the reactions were conducted on a 0.1 mmol scale. ? Yield of the
product was determined by '"H NMR of the crude reaction mixture
using 1,3,5-trimethoxybenzene as the internal standard. ©Acetic acid
addition product of 1a was formed exclusively. TfOH addition
product of 1a was formed along with the formation of 3 (messy NMR).
¢ Pentafluorophenol addition product of 1a, i.e. X, was formed along
with the formation of 3 (X:3 = 9:1) in a quantitative yield and the
product X was isolated when the reaction was performed on a
0.3 mmol scale and characterized by NMR (see the ESIt).

This journal is © The Royal Society of Chemistry 2025
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(0.6 M) at ambient temperature and also at 70 °C; however,
only trace amounts of 3 were formed in both cases (entries 3
and 4, Table 1). When another Brgnsted acid, such as acetic
acid, was used instead of HFIP, the acetic acid addition
product of 1a was formed instead of 3 (entry 5, Table 1).
Similarly, when TfOH was used instead of HFIP, the TfOH
addition product of 1a was formed along with 3 (entry 6,
Table 1). With the change of the solvent from HFIP to trifluor-
oethanol and ethanol, the reaction was unsuccessful, and 1a
was recovered fully (entries 7 and 8, Table 1). When pentafluor-
ophenol (0.6 M) was used as the solvent instead of HFIP, the
hydro-pentafluorophenoxylation product of 1a, i.e., X (major),
was formed along with the formation of 3 (minor amounts) in
a 9:1 ratio with an overall quantitative yield (see Scheme S1 in
the ESIT). Hence, for the synthesis of 3 via the hydrosulfenyla-
tion of 1a, the use of only one equiv. of 2a in the presence of
HFIP (0.6 M) was found to be optimum at room temperature
under an aerobic atmosphere.

With the optimized conditions in hand, we next explored
the scope of syn-hydrosulfenylation of ynamides with thiols
first (Table 2). When the reaction of 1a was performed with 2a
on a 0.3 mmol scale, the desired product 3 was formed
without any compromise in yield (92%). Both electron-with-
drawing (4-Br, 4-F, and 4-CF;) and electron-donating (4-Me and
4-OMe) group substituted aryl thiols underwent the syn-hydro-
sulfenylation reaction with 1a smoothly to furnish the desired
products (4-8) in excellent yields (85-96%, average yield:
91.8%). Next, we explored the scope of aliphatic thiols and,
notably, both primary and secondary aliphatic thiols such as
benzyl mercaptan, furan-2-ylmethanethiol, butane-1-thiol, and
butane-2-thiol participated in the syn-hydrosulfenylation reac-
tion of 1a to afford the corresponding desired products (9-12)
in excellent yields (88-92%, average yield = 90%). The scope of
ynamides was explored next, and both electron-withdrawing
(4-Br, 4-F, and 2-CN) and electron-donating (4-Me) group sub-
stituted aryl ynamides underwent the syn-hydrosulfenylation
reaction with 2a to afford the desired products (13-16) in good
to excellent yields (80-93%). A heteroaryl, i.e., 2-thienyl-substi-
tuted ynamide, participated in the syn-hydrosulfenylation reac-
tion with 2a and afforded the desired product 17 in 76% yield.
Aliphatic ynamides, i.e., N-benzyl-N-(cyclohexylethynyl)benze-
nesulfonamide and N-benzyl-N-(cyclohexylethynyl )methanesul-
fonamide, also reacted with 2a to afford the desired products
(18 and 19) in 94% and 87% yields, respectively. A variation in
the sulfonamide part of ynamides did not affect the outcome
of the syn-hydrosulfenylation reaction with 2a, as the desired
products (20-22) were formed in 88-92% yields (average yield
=90%). When an N-alkynyl carbamate, i.e., methyl benzyl( phe-
nylethynyl)carbamate 1m, was treated with 2a in HFIP, the
desired product 23 was formed in 83% yield at room tempera-
ture; however, unfortunately, the ynamide 1-(2-phenylethynyl)-
2-pyrrolidinone did not participate in the reaction with 2a and
the desired product 24 was not formed.

Next, we explored the scope of dithiocarbamates and
xanthates for the hydrosulfenylation reaction with ynamides to
access a new class of ketene N,S-acetals. When 1a was treated

Org. Biomol. Chem., 2025, 23, 2235-2243 | 2237
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Table 2 Substrate scope®®
FaC
EWG R H N
) H-0 . ) u
Ry—=—N + NuH or Nu ﬂ» =
R n,12-16h Ry N-EWG
1 2 2 L.
aerobic atmosphere R
R = aryl, alkyl 2
R, = alkyl Nu: RSH, RCOSH, (OEt),P=0SH 3-32
EWG = SO,R, CO,Me SC(=S)NR;, SC(=S)OR
r &
INUH = RSH (Variation in thiols) i
i i
0O O O w O T O
i i
i Ph "~ N-SO,Ph N -S0,Ph h ~ N-s0,Ph Ph "~ N-SO,Ph N SOzPh i
N -S0,Ph !
Ph Ph Ph Ph i
3(92%) 4 (95%)° 5 (88%)° 6 (85%) Ph 7 (96%)° 8 (95%)c !
r - -
o \| Variation in ynamides H
1
Hoo ; 5 e 7
= H S Ho 8 H i N-SO0,Ph N-SO0,Ph
PH N-SO,Ph = = ~ N-s0.Ph !
P N-SO,Ph i N-SO,Ph G s i <Ph <Pn
Ph 1 Br F
Ph Ph # :
1
9 (92%)° 10 (90%) 11 (90%) 12 (88%) i 13 (93%)° 14 (80%) !
SPh H 0 H  SPh SPh SPh

Me

NC )
&N SO,Ph d N=80:Fh d_\ N-SO,Ph i/_\ sozprf N—-SO,Me d_z

15 (82%) 16 (88%)° 17 (76%) 18 (94%)* 19 (87%)c 20 (92%)°
)
0 ©
i 1\Nu = SC(=S)NR;
H  SPh H  SPh i ¢ ) (
N c‘)‘ o Y— H»». SPh H SPh : N N—/ -
C NS P son Ph“— N-CO,Me =\ P H 34 :
O { 2 PN i = 5 = s
Ph i PN N-SO,Ph P N-SO,Ph I
Ph : i
1 1
i h h i
f 21 (92%)° 22 (88%) 23 (83%) 24(0%) | 25(72%), (74%) 26 (51%), (78)°
_____________ e - — e m—— o
) : H
o) 1 - 1 Py =
i Nu=Sc=sjor| | [(NuH=RCOSH i [ NuH = (OEt),P=OSH
1 1
! 1 1
] 1 1 9
H 0_/ 1 —< Ph H (I) n . (o]
I Wos PR S Ho os— | H s-Poen H S-POEY: 4 s Boe
L i — ( i \_{ = “{ O
1 - S 1 / \ / X 0 1 — - -
: Ph/ N_ Ph 1 PH N-SO,Ph pK N-SO,Ph 1! N-S0,Ph N-80,Ph N_§
i J=sgi 1 i { (6
1
i <F’h | ia Ph i eh o Pn i
2T (91%)° ; 28 (86%) A0 O . ... . - AL

@ All reactions were conducted on a 0.3 mmol scale usmg 1 equiv. of nucleophile in HFIP (0.6 M).

bYield of isolated products is reported. ° No

column chromatographic purification was performed. ¢ 2-Equiv. of nucleophile (2k or 21) was used.

with in situ-generated dithiocarbamates, formed by the reac-
tion of CS, and amines, in the presence of HFIP, the desired
syn-o-hydro-dithiocarbamation products of 1a, i.e., 25 and 26,
were formed respectively in moderate to good yields. Both
primary and secondary (cyclic and acyclic) amines (piperidine
and diethyl amine) underwent the reaction smoothly. When
potassium O-ethyl carbonodithioate was treated with 1a, the
desired product 27 was formed in 91% yield. Other sulphur
nucleophiles such as ethanethioic S-acid and benzothioic
S-acid were employed for the hydrosulfenylation of 1a, and
notably another new class of products, i.e., (E)-S-(1-(N-benzyl-

2238 | Org. Biomol. Chem., 2025, 23, 2235-2243

phenylsulfonamido)-2-phenylvinyl) ethanethioate 28 and (E)-S-
(1-(N-benzylphenylsulfonamido)-2-phenylvinyl)  benzothioate
29, were formed in excellent yields (82-86%) under the opti-
mized conditions. Finally, O,0-dimethyl S-hydrogen phosphor-
othioate was subjected to reaction with various ynamides, i.e.,
1a, 1f, and 1j, under the optimized conditions, and the desired
products 30-32 were also formed in excellent yields (85-90%).
The stereochemistry of various products, such as 7, 10, and
11, was confirmed by NOE difference spectroscopy (see the
ESIY). Interestingly, most of the reactions were very clean, and
several products such as -4, 5, 7, 8, 9, 13, 16, 18, 19, 20, 21, and

This journal is © The Royal Society of Chemistry 2025
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27 were obtained pure just by evaporating the solvent (HFIP)
first after the reaction and then washing the crude product
with a small amount of cold pentane or cold ethanol; no work-

1a (1 mmol) 2a (1 equiv) 3(62%) Recovered HFIP (1.6 mL) up or column chromatography was required. Thus, the require-
uoughgERlnton ment of huge amounts of organic solvents in purifying the
SH Recovered H S@ : : . _
_ cOaMe HFIP (0.6 M) = product from the crude reaction mixture via work-up and
Ll T 16 h Ph N-COMe (B) column chromatographic techniques was avoided, which cer-
Ph tainly revealed the high sustainability of our developed proto-
1m (1 mmol) 2a (1 equiv) 23 (83%)
col. Moreover, the recovered HFIP could be reused for sub-
Scheme 2 (A) Recovery and (B) reusability of HFIP. sequent reactions (Scheme 2)."°

Table 3 Evaluation of the green metrics of our protocol for the synthesis of 7 from 1a and 2e

NZ
*c}f’p Q..
& y /-
HFIP 35
SH
easy H S
SO,Ph recovery
Ph———-nN + >_<
‘Bn rt, 16h Ph /N_SOQPh
1a Bn
0.174 g (1 equiv) 7 (96%)
(0.5 mmol) 0.5 mmol (0.479 mmol)
Yield of desired product = 96%
M.wt. of desired product 471.63
Atom Economy (%) =— o1 CeSTeC PIOCHEE 100 = x100 = 100%

M.wt. of all reactants 347.43 + 124.20

Atom Efficiency (%) = (%yield of product x %atom economy) x 100 = (96% x 100%) x 100 = 96%
Carbon _ (moles of 6 x no. of carbons in 6) x 100 (0.479x 28) x 100 95.8%
- - = . 0
Efficiency (%) (moles of 1a x carbons in 1a) + (moles of 2b x carbons in 2b) (0.5x 21+ (0.5x7)
mass of isolated product 0.226
Reaction Mass Efficiency (%) = : product « 100 = x 100 = 95.76%
mass of all reactants 0.174 + 0.062
Reactant 1: N-benzyl-N-(phenylethynyl) 0174g 0.5 mmol FW 347.43
benzenesulfonamide (1a)
Reactant 2: 4-methylbenzenethiol (2b) 0.062 g 0.50 mmol FW 124.20
Solvent: 1,1,1,3,3,3-hexafluoropropan-2-ol 134 ¢ 8 mmol FW 168.04
Recovered 1,1,1,3,3,3-hexafluoropropan-2-ol 13g 7.75 mmol FW 168.04
solvent:
E _ (E)-N-benzyl-N-(2-phenyl-1-(p- 5
E ERedUck tolylthio)vinyl)benzenesulfonamide (7) .22l AT Simmel A 471'63:

total waste (g)
total product (g)

(0.174 +0.062 + 1.34) - (0.226 + 1.3)
0.226

E-factor =

= 0.22 g waste/g pdt

This journal is © The Royal Society of Chemistry 2025
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To demonstrate the recovery and reusability of HFIP, we per-
formed the reaction between 1a and 2a on a 1 mmol scale, and
after the completion of the reaction, 96% HFIP (1.6 mL) was
recovered through simple distillation at 65 °C in an oil bath
(Scheme 2A). The recovered HFIP was recycled for the syn-
thesis of 23, and the result was reproducible (Scheme 2B).

To measure the greenness of our developed protocol quanti-
tatively, we evaluated the green chemistry metrics'”™*° of our
protocol for the synthesis of 7 from 1a and 2e, and the results
are summarized in Table 3.

Notably, our protocol was found to possess 100% atom
economy, 96% atom efficiency, 95.8% carbon efficiency, and
95.76% reaction mass efficiency (Table 3). Another important
green parameter, i.e., the E-factor,'® which is based on the gen-
erated waste, is found to have a very low value of 1.22 g of
waste generated per gram of product formed. These results
demonstrated the high sustainability of our developed
protocol.

/
. o/
= /

H Ph
a
_/_/</ ~\\\o7 N/\Ph
N—" | Ts

" R

o2 HS ¢ /
R N«S\©\+ 20\ Hrp(1esm)  H oS O
- A P t, 16 h - 4 /
) < o P N— 4
PH N ‘Column-free TS Ph

O synthesis"

1) Captopril (0.5 equiv) 33 (97%)

Scheme 3 Bis-late-stage functionalization (bis-LSF) of captopril with
ynamide 1;j.

(o]

o]

 Os O Oxone (3 equi) d=< Oxone (08 equi) H s©_

— EtOH N-SO.Ph — — -
N-SO,Ph - { 2 60°C, 3h N-SO,Ph
4 60°C,3h Ph €
Ph Ph

35 (98%) 7 34 (89%)

)

Scheme 4 Oxone-mediated controlled oxidation of 7 to its corres-
ponding sulfoxide (34) and sulfone (35).

regioselective protonation
at S-carbon

steric hindrance R
keteniminium ion stabilized by HFIP ¢
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Captopril (brand name: Capoten) is a marketed drug used
for the treatment of hypertension. It possesses two functional
groups, ie., thiol (-SH) and carboxylic acid (-COOH), offering
scope for bis-late-stage functionalization (bis-LSF) for the drug
with ynesulfonamide (Scheme 3).

When 1j was treated with Captopril (0.5 equiv.) in HFIP at
room temperature, the desired bis-functionalized product 33
was formed in almost quantitative yield (97%), and notably, 33
was obtained pure without the requirement of column chrom-
atography (Scheme 3).

Furthermore, to demonstrate the synthetic application of
the products, we diversified one of the synthesized products,
ie.,, 7, into other useful classes of its derivatives, ie., the
corresponding sulfoxide 34 and sulfone 35, in 89% and 98%
yields, respectively, via controlled oxidation of 7 using 0.6 and
3 equivalents of oxone in ethanol, respectively (Scheme 4).

Based on the literature reports,'®”'® we proposed that at
first, the keteniminium ion intermediate A was formed via the
regioselective protonation of yensulfonamide 1a at the
B-position by HFIP, which was also stabilized by HFIP. Next, A
underwent a favoured syn-attack by the nucleophile to furnish
the desired syn-hydrosulfenylation product of the ynamide
(1a), as the anti-attack is disfavoured due to the steric hin-
drance from the R-group (Scheme 5).

Conclusion

In conclusion, we developed an HFIP-mediated, highly regio-
and stereoselective, and versatile protocol for the synthesis of
a wide variety of stereodefined ketene N,S-acetals in good to
excellent yields via the hydrosulfenylation of ynamides under
mild reaction conditions such as room temperature and an
aerobic atmosphere.

Interestingly, a wide variety of S-nucleophiles such as
thiols, thio S-acids, carbamates, xanthates, and O,0-diethyl
S-hydrogen phosphorothioate were employed, and all under-
went the reaction smoothly with ynesulfonamides to furnish a

stereoselective addition

of S-nucleophile H S—-R

4 —
©
R

Exclusive syn-addition

~ EWG

B/—=N® = =

Scheme 5 Proposed reaction mechanism.
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wide variety of N,S-acetals. The transformation required only
HFIP, which played multiple roles such as Brensted acid, kete-
niminium ion stabilizer, and solvent. HFIP was regenerated
after the reactions when thiols, thio S-acids, and O,0-diethyl
S-hydrogen phosphorothioate were used as S-nucleophiles,
and it could easily be recovered and reused for subsequent
reactions.'® Moreover, this protocol could be utilized for the
late-stage functionalization of some drug molecules, such as
captopril. Notably, this protocol features excellent green chem-
istry metrics including 100% atom economy, 96% atom
efficiency, 95.8% carbon efficiency, and 95.76% reaction mass
efficiency, and a very low value of E-factor, i.e., 1.22 g waste
generated per gram of product (7) formed. We believe that this
sustainable and versatile strategy will find useful applications
in accessing useful N,S-acetals.

Experimental section

General experimental procedure for the synthesis of ketene
N,S-acetals (3-22) via the hydrothiolation of ynesulfonamides

Representative experimental procedure for the synthesis of
(E)-N-benzyl-N-(2-phenyl-1-( phenylthio)vinyl)benzenesulfonamide
3). N-Benzyl-N-( phenylethynyl )benzenesulfonamide 1a
(0.104 g, 0.3 mmol, 1 equiv.) and thiophenol 2a (0.033 g,
0.30 mmol, 1.0 equiv.) were taken in a round-bottom flask and
then dry HFIP (0.5 mL, 0.6 M) was added to it. The reaction
mixture was stirred at 25 °C. The progress of the reaction was
monitored by TLC and the reaction was found to be complete
in 12 h. After the completion of the reaction, the solvent was
evaporated under reduced pressure and the crude reaction
mixture was purified by flash column chromatography
(100-200 silica) using hexane as an eluent to afford pure (E)-N-
benzyl-N-(2-phenyl-1-( phenylthio)vinyl)benzenesulfonamide 3
(0.126 g, 0.27 mmol) as a yellow oil in 92% yield. However,
several products such as 4, 5, 7, 8, 9, 13, 16, 18, 19, 20, and 21
were obtained pure by washing the crude product with cold
pentane or cold ethanol.

General experimental procedure for the synthesis of ketene
N,S-acetals (25-26) via the hydro-dithiocarbamation of
ynesulfonamides

Representative experimental procedure for the synthesis of
(E)-1-(N-benzylphenylsulfonamido)-2-phenylvinyl piperidine-1-
carbodithioate (25). N-Benzyl-N-(phenylethynyl)benzenesulfo-
namide 1a (0.104 g, 0.3 mmol, 1 equiv.) was added to piperidin-1-
ium piperidine-1-carbodithioate (0.082 g, 0.30 mmol, 1.0 equiv.),
prepared in situ in a RBF by adding an amine (1 equiv.) in CS,,
and then dry HFIP (0.5 mL, 0.6 M) was added to it. The reaction
mixture was stirred at 25 °C. The progress of the reaction was
monitored by TLC and the reaction was found to be complete in
16 h. After the completion of the reaction, the solvent was evapor-
ated under reduced pressure and the crude reaction mixture was
purified by flash column chromatography (100-200 silica) using
hexane as an eluent to afford pure (E)-1-(N-benzylphenylsulfona-
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mido)-2-phenylvinyl piperidine-1-carbodithioate 25 (0.110 g,
0.22 mmol) as a light yellow solid in 72% yield.

Experimental procedure for the synthesis of (E)-S-(1-(N-ben-
zylphenylsulfonamido)-2-phenylvinyl) O-ethyl carbonodithio-
ate (27). N-Benzyl-N-(phenylethynyl)benzenesulfonamide 1a
(0.104 g, 0.3 mmol, 1 equiv.) and potassium O-ethyl carbono-
dithioate (0.048 g, 0.30 mmol, 1.0 equiv.)® were taken in a
round-bottom flask and then HFIP (0.5 mL, 0.6 M) was added
to it. The reaction mixture was stirred at 25 °C. The progress of
the reaction was monitored by TLC and the reaction was found
to be complete in 16 h. After the completion of the reaction,
the solvent was evaporated under reduced pressure and the
crude reaction mixture was purified by washing with cold
pentane two times to afford pure (E)-S-(1-(N-benzylphenylsulfo-
namido)-2-phenylvinyl) O-ethyl carbonodithioate (27) (0.128 g,
91%) as a white crystalline solid in 91% yield.

General experimental procedure for the synthesis of ketene
N,S-acetals (28-29) with thio S-acids

Experimental procedure for the synthesis of (E)-S-(1-(N-ben-
zylphenylsulfonamido)-2-phenylvinyl)  ethanethioate  (28).
N-Benzyl-N-(phenylethynyl)benzenesulfonamide 1a (0.104 g,
0.3 mmol, 1 equiv.) and ethanethioic S-acid 2n (0.023 g,
0.30 mmol, 1.0 equiv.) were taken in a round-bottom flask and
then HFIP (0.5 mL, 0.6 M) was added to it. The reaction
mixture was stirred at 25 °C. The progress of the reaction was
monitored by TLC and the reaction was found to be complete
in 16 h. After the completion of the reaction, the solvent was
evaporated under reduced pressure and the crude reaction
mixture was purified by washing with cold pentane two times
to afford pure (E)-S-(1-(N-benzylphenylsulfonamido)-2-phenyl-
vinyl) ethanethioate (28) (0.109 g, 86%) as a white gummy oil
in 86% yield.

General experimental procedure for the synthesis of ketene
N,S-acetals (30-32) with O,0-diethyl S-hydrogen
phosphorothioate

Experimental procedure for the synthesis of (E)-S-(1-(N-ben-
zylphenylsulfonamido)-2-phenylvinyl) 0,0-diethyl phosphor-
othioate (30). N-Benzyl-N-(phenylethynyl)benzenesulfonamide
1a (0.104 g, 0.3 mmol, 1 equiv.) and O,0-diethyl S-hydrogen
phosphorothioate 2p (0.051 g, 0.30 mmol, 1.0 equiv.) were taken
in a round-bottom flask and then HFIP (0.5 mL, 0.6 M) was
added to it. The reaction mixture was stirred at 25 °C. The pro-
gress of the reaction was monitored by TLC and the reaction was
found to be complete in 16 h. After the completion of the reac-
tion, the solvent was evaporated under reduced pressure and the
crude reaction mixture was purified by washing with cold
pentane two times to afford pure (E)-S-(1-(N-benzylphenylsulfona-
mido)-2-phenylvinyl) O,0-diethyl phosphorothioate (30) (0.140 g,
90%) as a white gummy oil in 90% yield.

Experimental procedure for the synthesis of (E)-2-((N-benzyl-
4-methylphenyl)sulfonamido)-1-phenylvinyl (B-(((E)-1-((av-
benzyl-4-methylphenyl)sulfonamido)-2-phenylvinyl)thio)-2-methyl-
propanoyl)prolinate (33). N-Benzyl-4-methyl-N-(phenylethynyl)
benzenesulfonamide 1j (0.109 g, 0.3 mmol, 1 equiv.) and
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(3-mercapto-2-methylpropanoyl)proline ~ 2q  (0.033 g,
0.15 mmol, 0.5 equiv.) were taken in a round-bottom flask and
then dry HFIP (0.5 mL, 0.6 M) was added to it. The reaction
mixture was stirred at 25 °C. The progress of the reaction was
monitored by TLC and the reaction was found to be complete
in 16 h. After the completion of the reaction, the solvent was
evaporated under reduced pressure, and the crude reaction
mixture was purified by flash column chromatography
(100-200 silica) using ethyl acetate in hexane as an eluent to
afford pure 33 (0.276 g, 0.294 mmol) as a colorless gummy oil
in 97% yield.

Experimental procedure for the synthesis of (E)-N-benzyl-N-
(2-phenyl-1-( p-tolylsulfinyl vinyl )benzenesulfonamide (34). (E)-
N-Benzyl-N-(2-phenyl-1-( p-tolylthio)vinyl )benzenesulfonamide
7 (0.1 g, 0.212 mmol, 1 equiv.) and Oxone (0.04 g, 0.13 mmol,
0.6 equiv.) were taken in a round-bottom flask and then EtOH
(0.5 mL) was added to it. The reaction mixture was heated at
60 °C. The progress of the reaction was monitored by TLC and
the reaction was found to be complete in 3 h. After the com-
pletion of the reaction, the solvent was evaporated under
reduced pressure, and the crude reaction mixture was purified
by flash column chromatography (100-200 silica) using ethyl
acetate in hexane as an eluent to afford pure 34 (0.091 g,
0.188 mmol) as a white solid in 89% yield.

Experimental procedure for the synthesis of (E)-N-benzyl-N-
(2-phenyl-1-( p-tolylsulfinyl)vinyl )benzenesulfonamide (35). (E)-
N-Benzyl-N-(2-phenyl-1-(p-tolylthio)vinyl )benzenesulfonamide
7 (0.1 g, 0.212 mmol, 1 equiv.) and oxone (0.195 g,
0.636 mmol, 3 equiv.) were taken in a round-bottom flask and
then EtOH (0.5 mL) was added to it. The reaction mixture was
heated at 60 °C. The progress of the reaction was monitored
by TLC and the reaction was found to be complete in 3 h.
After the completion of the reaction, the solvent was evapor-
ated under reduced pressure, and the crude reaction mixture
was purified by flash column chromatography (100-200 silica)
using ethyl acetate in hexane as an eluent to afford pure 35
(0.104 g, 0.2 mmol) as a white solid in 98% yield.
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