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Elemental sulfur enables the convenient formation of C-S bonds and the direct incoporation of S-S

bonds. The reactivity of easily accessible electron deficient alkenes towards sulfur, however, is barely dis-
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Introduction

C-S and S-S bonds appear in important natural products,
pharmaceuticals and functional materials.”” In particular,
organic di-, tri and tetrasulfides (-S,-) are considered potent
sources of H,S, being an important gasotransmitter.” > Di- and
trisulfide bridges provide higher stability and potency to
peptide based therapeutics, while tetrasulfides find appli-
cation in rechargeable lithium-sulfur batteries.®” Therapeutic
applications of sulfides are also significant. A number of di-
and trisulfides are high potency antitumor agents. In fact, cali-
cheamicin and shishijimicin A derivatives are used as payloads
of ADCs.* ' In addition, polysulfides might act as precursors
to thiols, which are biologically and synthetically important
compounds. Mucolytic N-acetylcysteine and carbocisteine are
used to loosen thick mucus in bronchitis or COPD.'""?
Mycothiol serves as an intracellular detoxification agent,
similar to GSH in functionality, scavenging reactive oxygen
and nitrogen species (Fig. 1)."* Captopril, derived from
L-proline is a potent ACE inhibitor prescribed for hypertension
and to treat heart failure."

Due to their nucleophilicity thiols are often applied in late-
stage appendage reactions for the formation of C-S bonds. For
example, the last steps in the synthesis of antifungal butocona-
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closed. Herein, we investigated the reactivity of acrylamides with sulfur and eventually developed a new
pseudo-multicomponent reaction for the preparation of polysulfides. Sequential one-pot reduction led to
diversely substituted thiols. Additional third stage one-pot modifications provided thioethers, unsym-

zole and immunosuppressive azathioprine are S-alkylation and
nucleophilic  aromatic  substitution  (SyAr) reactions,
respectively.'>'® Michael addition or thiol-ene click reaction is
popularly applied in the preparation of linear, cross-linked
polymers and dendrimers or in medicinal chemistry and
chemical biology settings for protein labelling. One might
mention covalent drugs having an acrylamide function for lab-
elling cysteine residues (e.g. ibrutinib or osimertinib) and the
synthesis of the highly potential antibody-drug conjugate
Kadcyla from the cytotoxic payload mertansine and the anti-
body trastuzumab both used in oncology indications.”°
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Fig. 1 Selected examples of biologically active thiols and thioethers.
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Traditional approaches toward the formation of S-S bonds
consists of reacting thiols or disulfides with sulfenyl
halides®"** or other disulfides equipped with leaving groups
(Scheme 1).>* Recently, Jiang and co-workers developed multi-
faceted bilateral sulfurating reagents giving access to di-, tri
and tetrasulfides starting from thiols (S-S bonds) or boronic
acids (C-S bonds).>*** Bhabak and co-workers evaluated a
selective method to generate symmetric trisulfides from Bunte
salts and sodium sulfide.” Nonetheless, these methods gene-
rate halogen waste and the special reagents have to be pre-
pared in advance. The readily available and cheap elemental
sulfur, however, enables the direct and convenient incorpor-
ation of S-S bonds and the formation of C-S bonds.**>°

n=1;ref. 3

this work

0-9; ref. 30

n=
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Yamaguchi and co-workers reported a Rh-catalyzed method for
the insertion of sulfur atoms into disulfides and trisulfides
leading to higher polysulfides.** Most recently, Hilt and
Fdhrmann investigated the electrochemical induced insertion
of sulfur atoms to bridge thiols and turn disulfides into higher
polysulfides.>" One should note that literature known methods
focus on increasing the number of sulfur atoms in sulfur con-
taining compounds. Herein we present a method for inserting
sulfur atoms and S-S bonds into acrylamides using elemental
sulfur.

Certain nucleophiles, such as aliphatic amines, sulfide
anions, carbonates and hydroxides are able to activate sulfur
under mild conditions, generating open-chain ionic polysul-

x=1,2
Fm = 9-fluorenylmethyl
LG = leaving group

this work ’l:l' s s n
- & Tsty Q
o (o)

Scheme 1 Methods for the formation of S—S bonds and polysulfides and this work.
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Scheme 2 Chemical space of easily accessible electron deficient alkenes and their reactivity towards elemental sulfur and this work.
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fide anions.***® The in situ generated active species may be
used under metal-free conditions to create new C-S bonds by
the atom efficient sulfuration of electrophiles, e.g. C=N
double bonds,***° isocyanides,?**”**** isothiocyanates** and
iodonium salts.*> Recently, a handful of new methods
exploited the divergent reactivity of chalcones®®*®™° and
B-oxo-enamines®*°>* towards sulfur giving access to the
selective formation of sulfur containing heterocycles and other
structures (Scheme 2). In fact, Retailleau and Nguyen demon-
strated that starting from chalcones, the careful selection of
the base may enable the selective formation of either sultams
or benzothiophenes.*®"” Although the great synthetic potential
of these reactions have been demonstrated, we have noted that
the reactivity of other easily accessible electron-deficient
alkenes towards sulfur remained undisclosed.>® As a continu-
ous effort towards the development of new sulfur based
reactions,””*'™** we designed the generation of polysulfides
starting from N-phenylacrylamide and sulfur in the presence
of tertiary amines. Our objective was to investigate the for-
mation and application of polysulfides in a multistep one-pot
process to synthesize thiols and their derivatives.

Results and discussion

First, we probed the reactivity of heteroaromatic alkenes, vinyl
ketones, vinyl sulfones, acrylesters and acrylamides towards
sulfur in aqueous mixtures in the presence of PMDTA (N,N,N',
N" ,N"-pentamethyldiethylenetriamine, 1) at room temperature
to 100 °C, being reaction conditions regularly used in our lab
for sulfur-based reactions (Scheme 3).*”*'"** We investigated
the reaction mixtures with HPLC-MS and noted that 4-vinylpyir-
idne (2), phenyl vinyl ketone (3) and phenyl vinyl sulfone (4) led
to a complex mixture of products while phenyl acrylate (5)
instantly hydrolyzed to phenol. To our delight, we noticed the
direct sulfuration of N-phenylacrylamide (6) with sulfur leading
to a mixture of symmetric thioether 7 and polysulfides 8a-e.

We started the optimization of this reaction employing
PMDTA in a mixture of H,O: MeCN 9:1 at 80 °C. We obtained

PMDTA H H
1 N S N
N OMeCN 91 n
1100 °C 0 o
n=1,7
n =2-5, 8a-e
YY) \
)v 7
N & Ph o H
) . Ph Flh/\ Ph” \H/§
0 o]
O\\ / (@]
S\/
pH 5 6
4 Hydrolysis

Complex mixtures

Scheme 3 Preliminary experiments with selected electron deficient
alkenes and sulfur.
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full conversion of acrylamide 6 in 2 hours and the mixture con-
tained the thioether 7 and polysulfides 8a-e in a ratio of
31:69 respectively (Table 1, entry 1). We aimed to shift the
selectivity of the reaction towards the formation of polysulfides
as we figured they might serve as precursors to thiols. We
determined the selectivity by comparing the relative MS inten-
sity of 7 and 8a-e based on their tight structural similarity and
similar ionization profile. Application of various tertiary
amines highlighted the fundamental effect of the base on the
selectivity of the reaction. DIPEA (N,N-diisopropylethylamine),
Et;N and N-ethylpiperidine all favored the formation of 8a-e,
the latter being the most efficient providing an excellent 2 : 98
ratio of 7:8a-e (Table 1, entries 2-4). Application of NaOH or
Na,S together with sulfur switched the selectivity of the reac-
tion completely favoring the generation of thioether 7 (Table 1,
entries 5 and 6). Other tertiary amines or inorganic bases did
not promote the reaction at all (Table 1, entry 7). Reducing the
excess of the base or elevating the temperature to 100 °C
resulted in slightly lower selectivity (Table 1, entries 8-11).
Employing 60 °C or reducing the excess of sulfur to two
equivalents enabled only low conversion in 2 hours (Table 1,
entries 12 and 13). Larger excess of sulfur did not have any
positive effect on the rate of the reaction or on the selectivity
(Table 1, entry 14). Replacement of the reaction medium to
aprotic apolar solvents such as toluene, dioxane or tetrahydro-
furan inhibited the reaction (Table 1, entry 15), while in polar
aprotic solvents, such as DMF, DMSO or NMP, we only
acquired complex reaction mixtures (Table 1, entry 16).

Table 1 Optimization of the preparation of polysulfides 8a—e

N N s N
Ph” 7]/\ + Sy — = ph” W W ~Ph
0 o) "o

6 n=1,7
n = 2-6, 8a-e

Relative MS intensity

Entry Base (eq.) Sgeq. T[°C] of 7:8a-e“”

1 PMDTA (7.5) 3 80 31:69

2 DIPEA (7.5) 3 80 9:91

3 Et;N (7.5) 3 80 5:95

4 N-Ethylpiperidine (7.5) 3 80 2:98

5 NaOH (7.5) 3 80 91:9

6 Na,S (7.5) 3 80 99:1

7¢ Other bases (7.5) 3 80 No reaction

8 N-Ethylpiperidine (5) 3 80 4:96

9 N-Ethylpiperidine (2.5) 3 80 6:94

10 N-Ethylpiperidine (1.5) 3 80 12:88

11 N-Ethylpiperidine (7.5) 3 100 5:95

12 N-Ethylpiperidine (7.5) 3 60 Traces

13 N-Ethylpiperidine (7.5) 2 80 Low conversion
14 N-Ethylpiperidine (7.5) 5 80 2:98

154 N-Ethylpiperidine (7.5) 3 80 No reaction

16° N-Ethylpiperidine (7.5) 3 80 Complex mixture

“Ratio of 7:8a-e calculated by extracted MS peak intensities.
b Reaction conditions: 6 (0.2 mmol), Sg (3 eq.), base (7.5 eq.) in
H,0:MeCN 9:1 (1 mL) at 80 °C for 2 h. “NMM, TMEDA, DABCO,
DMAP, pyridine, Na,CO;. 4Solvent: toluene, dioxane, THF. ©Solvent:
DMF, NMP or DMSO.
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Next, we aimed the reduction of polysulfides to synthetically
more versatile thiols that could be used in further transform-
ations. Also, Hirsch and co-workers recently observed the
efficient inhibitory effect of N-aryl mercaptopropionamides
against metallo-f-lactamases, being responsible for the hydro-
lysis of p-lactam drugs in bacteria.’®”” We investigated the reac-
tion using several reducing agents, particularly a mixture of
NaBH, and methanol, tricyclohexylphosphine, tris(2-carbox-
yethyl)phosphine (TCEP), triphenylphosphine and tributyl-
phosphine (PBuj;) under usual reducing conditions, and finally
selected tributylphosphine as the most efficient reducing agent
turning the polysulfides into the thiol 9 (for details see ESI}).
The reduction was smooth and efficient below 80 °C, but still,
in later work-up procedures, we observed the trisulfide 8b by
the reaction of the thiol 9 with the remaining excess of sulfur.
This could be avoided by keeping the reaction temperature at
80 °C. Finally, with the optimized synthesis protocol we per-
formed the sequence one-pot, and isolated thiol 9. Applying the
solvent mixture of H,O : MeCN 9: 1, we observed the full conver-
sion of 6 in 1 hour, then added PBu; and continued the reac-
tion for 30 minutes. After work-up, we isolated 9 in 57% yield
(Table 2, entry 1). In MeCN or under solvent-free conditions the
yield changed to 62% and 49%, respectively (Table 2, entries 2
and 3). Addition of 5 eq. water to the solvent-free mixture,
however, had an advantageous effect on the reaction resulting
in 63% yield (Table 2, entry 4). Thus, we have combined these
observations and used MeCN with 5 eq. H,O that further
enhanced the yield to 72% (Table 2, entry 5). Next, we applied
dioxane or isopropyl alcohol (IPA) in the presence of 5 eq. H,O
but encountered significantly longer reaction times in both
cases and decreased yield in dioxane (Table 2, entries 6 and 7).
Despite the slightly higher yield acquired in IPA, we selected
MeCN as the main solvent considering the shorter reaction
time (1 hour compared to overnight). Eventually, the optimal
reaction conditions were 80 °C in a mixture of MeCN and 5 eq.
water, 3 eq. sulfur, 7.5 eq. N-ethylpiperidine, followed by a
reduction step using 3 eq. PBu; at 80 °C for further 30 minutes.

Table 2 Optimization of the preparation of thiol 9

Solvent
H N-ethylpiperidine H
1)
N ° N SH
Ph” \H/\ + 5 —20C1Th Ph” W/V
o) 2 PBus, 80 °C e}
0.5h
Entry Solvent Yield” [%]
1 H,O:MeCN9:1 57
2 MeCN 62
3 — 49
4 5 eq. H,O 63
5 MeCN + 5 eq. H,O 72
6” Dioxane + 5 eq. H,0 61
7° PrOH + 5 eq. H,0 75

“Reaction conditions: 6 (0.5 mmol), Sg (1.5 mmol), N-ethylpiperidine
3.75 mmol), solvent (2 mL), 80 °C, 1 h; PBu3 (1.5 mmol), 80 °C, 0.5 h.
Overnight reaction time.
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We investigated the distribution of the polysulfides under
different reaction conditions (for more details see ESIY).
Generally, disulfide 8a and trisulfide 8b dominated the mix-
tures, followed by tetrasulfide 8c. We also observed the for-
mation of pentasulfide 8d and hexasulfide 8e and in a few
cases we also detected the presence of heptasulfide 8f. The
average ratio of the polysulfides 8a-e were 19:16:10:4:1
respectively. The careful selection of the base and the reaction
medium mainly favored the formation of di- and trisulfides
and efficiently suppressed the formation of the synthetically
irrelevant thioether 7.

Conducting the reaction under the optimized conditions
(N-ethylpiperidine at 80 °C in MeCN and 5 eq. H,0), we inves-
tigated the scope of acrylamides 10 (Scheme 4). The developed

R2 R, Sg (3 eq.), H,O (5eq.) R2 R,
| 1) N-ethylpiperidine (7.5 eq.) |
Rer)\/R‘* MeCN, 80-100 °C, 0.5-12 h RrNWSH
0 5 PBuj (3 eq.) 0 R4
) 80°C,05h
10 11-34
0.5 mmol 26-71%
o
Me
H )K/\ H
N SH HN si N SH
Y\/ Ph
0 o
Rs 24 252
R 53% 33%
5
i 9 H Ph
11 4NO,  61% ¥ . :
12 4-CN 64% Ph” \H/\g/ N SH
13 4-COMe 65% Ph W/V
14 4-COOEt 71% O Me o
15 4-COOH 46% 26° 27
16 4F 56% 45% 51%
17 4-Br 66%
18 3,5-CF; 61% S
19 2NO,  26% s ©: ;@
20 4-OMe 54% NH
21 4Me  65% @N/: />_L N
22 2-Me  54% )\ﬂ
23 2-Ph 58% 0 SH O SH
28 29
36% 56%
—Boc
n ]

COOMe

(0]
MSH

()]
T
=z

o} H

30° 31° 332

31% 0% 36%
u o}
N SH )k/\

R SR M
HN o
328 342

40% 55%

Scheme 4 Scope of acrylamides in the pseudo-multicomponent one-
pot synthesis of aliphatic thiols.  The pseudo-multicomponent reaction
was conducted at 100 °C; ® we observed the partial decomposition of
the starting material to the free N-Boc-tryptophan methyl ester under
the applied reaction conditions; € we observed the instant and complete
cleavage of the amide bond to form benzimidazole under the applied
reactions conditions.

This journal is © The Royal Society of Chemistry 2022
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methodology provided a set of diversely substituted 3-mer-
capto-N-arylpropanamides, including 4-NO, (11), 4-CN (12),
4-COMe (13), 4-COOEt (14), 4-COOH (15) and halogen atoms
(16-18) in good yields. Although the 2-NO, derivative 19 is
known to participate in intramolecular cyclization reactions
and photolysis, we did not observe the formation of any side-
products by HPLC-MS.>® Repeating the experiment in dark, we
obtained 19 in similar, 24% yield. In the case of
N-phenylacrylamides equipped with electron-donating groups
the reaction went smoothly, resulting in the formation of
20-22 in 54-65% yield. The 58% yield of ortho-phenyl substi-
tuted 23 showed that no steric effect compromises the reac-
tion. We isolated the a-naphthalene derivative 24 in 53% yield.
N-Phenylmethacrylamide and N-phenylbut-2-enamide reacted
significantly slower at 80 °C with sulfur. Thus, we performed
these reactions at 100 °C, obtaining 25 and 26 in 33% and

45% yield, respectively, after overnight stirring. N,N-
H,0 (5 eq.)
H 1) N-ethylpiperidine H
_N MeCN, 80°C, 1 h _N SH
Ph \n/\ v S Ph m/v
PBuj; (3 eq.)
o 2) go°c,05h o
6 9
10 mmol 30 mmol 61%
1479 0.96 g 11749
Scheme 5 Scale-up synthesis of 9.
H,O (5eq.)

1) N-ethylpiperidine (7.5 eq.)
MeCN, 80°C, 1 h

PBujz (3 eq.)
C 2 80°C,0.5h
6 1.5 mmol
0.5 mmol
Electrophile
S
R/
e}
H
| N—Ph N\H///
o ©/ 0
35 37
O,N 8
X | =% R
_ N
N Cl
39, X=Br 40
47, X =SH
Cl
(o}
E=
7 N
Cl
N N/)
H
41 46

36° E-382: 25%
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Disubstituted thiol 27 was obtained in 51% yield, showing that
the NH group does not participate in the reaction.
Heteroaromatic thiols 28 and 29 were isolated in 36% and
56% yield, respectively. We observed the partial and complete
cleavage of the acrylamidic N-C(O) bond in the case of the
Boc-protected r-tryptophan methyl ester analog 30 and the
benzimidazole analogue 31, respectively, which eventually
enabled the synthesis of 30 in 31% yield. Aliphatic acrylamides
generally reacted slower than the less electron rich aromatic
and electron poor heteroaromatic analogs, therefore we con-
ducted these reactions at 100 °C, obtaining 32-34 in 40%, 36%
and 55% yield respectively.

To demonstrate the robustness of the reaction we per-
formed the 20-fold scale-up synthesis of 9 (10 mmol,
Scheme 5) in a sealed tube. To our delight, the pseudo-multi-
component reaction was ready in 1 hour, followed by the
reduction in 30 minutes providing 9 in 61% yield (1.17 g).

Next, we turned our attention to one-pot secondary transform-
ations of the thiols leading to more complex sulfur containing
structures such as thioethers, unsymmetric disulfide and thio-
ester. We have applied the optimized reaction conditions leading
to thiol 9 and added N-phenylmaleimide (35) to the reaction
mixture at room temperature without isolating the thiol
intermediate. The Michael addition led to the thioether 36 in
an overall 52% yield respect to the acrylamide 6 after three
reactions (ie. formation of polysulfides,
reduction and Michael addition, Scheme 6). Application of

consecutive

H H
Ph/NWSH 'Electrophile’ Ph/NWS\E
o temperature o
time . )
9
R
36, 38, 42-45, 48
o 37-66%

H
aeacive
s
o o R
422

Z-382: 26% 37%

NH
R \KQ 5O
‘ R
7= N_ N
o (o)

/
\

43° 44° 45°

54% 60%

Scheme 6 One-pot secondary transformations of aliphatic thiol 9 synthesized from N-phenylacrylamide (6). Reaction conditions: ?rt, 0.5 h, 1.5 eq.
electrophile; ® 60 °C, 0.5 h, 1.5 eq. electrophile; €100 °C, overnight, 1.5 eq. electrophile; 9rt,0.5h, 3 eq. I 5 eq. benzylmercaptan.

This journal is © The Royal Society of Chemistry 2022
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H 1) N-ethylpiperidine H D
N MeCN, 80 °C, 1 h N SH
A Pn” \ﬂ/\ * S PBu; (3 eq.) Ph” m)v
uz (3 eq.
0 1.5 mmol 2) 80°C,0.5h 0
49
0.5 mmol 6%
H,0 (5 eq.)
N-ethylpiperidine
B 6 —————————> noreaction
0.5 mmol MeCN,80°C,1h
H,0 (5 eq.
6 * S 20 qb) no reaction
0.5mmol  1.5mmol MeCN, 80°C, 1h
H,0 (5 eq.)
N-ethylpiperidine “ s n
D 6 + Sg _———— Ph” ~pn
0.5mmol 1.5mmol MeCN,80°C, 1h -
Y o}
8a n=2 8%
8b 3 5%
8c 4 4%
8d 5 ftraces

Scheme 7 Control experiments and isolation of polysulfide intermedi-
ates 8a—e.

N-phenylpropiolamide (37) enabled the isolation of E-38 and Z-38
by flash column chromatography in 25% and 26% yield, respect-
ively. Alkylation with benzyl bromide (39) at room temperature
and SyAr with 2-chloro-5-nitropyridine (40) at 60 °C and 4-chloro-
7H-pyrrolo[2,3-d|pyrimidine (41) at 100 °C led to the corres-
ponding thioethers 42-44 in 37%, 66% and 54%, respectively.
Thioester 45 was obtained in 60% yield via Schotten-Baumann
acylation at room temperature using benzoyl chloride (46).
Oxidation with benzylmercaptan (47) in the presence of excess
iodine led to the unsymmetrical disulfide 48 in 63% yield. These
successful reactions showed that after a pseudo-multicomponent
reaction and the subsequent reduction, even third stage
functionalization is feasible in a one pot sequential manner.

In order to gain mechanistic insights on the reaction, we
isolated thiol 49 in 66% yield by switching from H,O to D,O
(Scheme 7). Characterization by "H NMR revealed deuteration

base Sg
S.2 / = i
2 5 "R
Sg base
C
51 \ O "
Sy IS 10 Sy .S Ne <
tsh fst N R
o
50 53

H - - H &
N S¢ .S 1
R \H/\/ TS]\; W R —.

o (o)
55 8a-e

Scheme 8 Proposed mechanism for the formation of polysulfides 8a—e.
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on the a-carbon atom, thus water might serve as a proton
source in the reaction. No reaction happened in the absence of
sulfur or N-ethylpiperidine, and HPLC-MS proved the stability
of the acrylamide under the conditions applied. Next, small
samples of the polysulfide intermediates 8a-e were isolated
and characterized by '"H NMR, *C NMR and HRMS measure-
ments confirming the structure of the intermediates.

Based on literature data and our control experiments, we
propose a mechanism for the formation of polysulfides 8a-e.
The first step is the cleavage of the octasulfur ring by the base
resulting in polysulfide anions of different chain length (50) or
disulfide anions (51), which may further react with sulfur to
provide 50 (Scheme 8).>*° The crucial effect of the base on
the selectivity between thioether 7 and polysulfides 8a-e may
depend on its behavior against sulfur during the generation of
polysulfide anions. Conjugate addition of the polysulfide
anions on the acrylamide (10), followed by recombination with
another acrylamide and proton transfer from water leads to
the intermediates 8a-e. Also, the last steps might be inter-
changeable, the proton transfer might precede the recombina-
tion of 52 with the second acrylamide.

Conclusion

This study reports a new pseudo-multicomponent reaction for
the preparation of polysulfides from acrylamides and sulfur.
Taking advantage of this transformation we designed a multi-
step one-pot process leading to a wide range of thiols and after
a one-pot third stage modification thioethers, unsymmetric di-
sulfide and thioester. Our methodology features excellent func-
tional group tolerance and operational simplicity in gram
scale, enabling the direct and fast synthesis of thiols and
various derivatives.
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