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oxazole derivatives via a silver-catalysed tandem
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Silver catalysed reactions have become an indispensable tool in organic synthesis due to their high
efficiency, selectivity, and environmental friendliness. In this manuscript, the simple synthesis reaction
generating 2-(phenylsulphinyllbenzold]oxazole derivatives via a silver-catalysed tandem condensation

reaction is described. Starting from substituted 2-aminophenols or benzene-1,2-diamines, formaldehyde

iii:g’fe% 1112t?hF§ebbrruja?y22002255 with substituted benzenethiols efficiently yields versatile biologically active 2-(phenylsulphinyl)benzold]
oxazole derivatives and 2-(phenylsulphinyl)-1H-benzoldlimidazole derivatives. These protocols were

DOI: 10.1039/d5ra00983a performed under mild reaction conditions, tested for wider substrate scope, and provide an economical
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1. Introduction

Organic sulphoxides and sulphone compounds series have
important applications in organic synthesis,"® medicines,**
and as functional materials.*” Many well-known general anti-
bacterial agents utilising these materials have been commer-
cialised and hold a significant place for application as
pharmaceuticals worldwide (Scheme 1). Equally noteworthy is
their significant market size. For example, esomeprazole (A) can
effectively inhibit gastric acid secretion, and is the most widely
used drug for treating diseases such as duodenal ulcer. Since its
commercialisation in 1989, its global cumulative sales have
exceeded 60 billion dollars.® Zolimidine (B), an imidazole
heterocyclic derivative drug, is mainly used for the treatment of
digestive system disorders.” Modafinil (C) is an «; receptor
agonist, used for the treatment of spontaneous hypersomnia
and sleep disorders, and was first commercialised in the
1990s." Apremilast (D) is the first oral phosphodiesterase-
selective inhibitor used to treat active and plaque psoriasis.™
The synthesis of organic sulphoxides and sulphone
compounds has attracted extensive attention. Transition-metal
catalysed cross-coupling reactions are the most frequently used
methodology for the incorporation of a sulfur atom into
aromatic frameworks."”” However, these methods commonly
have significant limitations and shortcomings. For example, the
starting aryl selenium reagents have to be synthesised and
tailored to the substrate.”® Thus, it is of synthetic value to
provide an efficient and concise pathway to access diverse
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approach for C(sp?)—sulphoxide bond formation.

unsymmetrical diaryl selenides. Methods of C(sp?)-sulphoxide
bond formation have not been fully described previously.**®
The introduction of organic sulphoxides and sulphone
compounds into organic molecules via a transition-metal-
catalysed reaction is an attractive and promising method for
organic synthesis. In the reaction, organic sulphoxides
compounds are synthesised via two cross-coupling partners. In
recent years, significant progress with silver catalysed reactions
have been made in the field of organic synthesis. Silver cata-
lysed reactions have become an indispensable tool in organic
synthesis due to their high efficiency, selectivity, and environ-
mental friendliness. Our group has focused on traditional-
metal catalysed C-H bond functionalisation.*** In this study,
we describe a simple synthesis of 2-(phenylsulphinyl)benzo[d]
oxazole derivatives via a silver-catalysed tandem condensation
reaction. Starting from substituted 2-aminophenols or benzene-
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Scheme 1 Important clinical drugs using organic sulphoxides and
sulphone compounds.
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1,2-diamines and formaldehyde compounds, versatile and
biologically active with substituted benzenethiols 2-(phenyl-
sulphinyl)benzo[d]oxazole derivatives and 2-(phenylsulphinyl)-
1H-benzo[d]imidazole derivatives can be efficiently synthesised.
These protocols are performed under mild reaction conditions,
allow wider substrate scope, and provide an economical
approach toward C(sp”)-sulphoxide bond formation. Further-
more, the reaction mechanism was confirmed using control
experiments.

2. Experimental methods and details
2.1 General procedures for preparation of 4, 7 and 9

A mixture of 2-aminophenol 1 (1.09 g, 10 mmol), formalde-
hyde 2 (0.45 g, 15 mmol) and benzenethiol 3a (2.43 g, 10
mmol), AgOAc (167 mg, 10 mol%), L4 (22 mg, 10 mol%),
Cs,CO; (6.52 g, 2 equiv.), DMSO (15 mL). The tube was evac-
uated and refilled with N, three times. The reaction is carried

Table 1 Optimisation of the reaction conditions®
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out under nitrogen protection. The reaction mixture was
stirred at 110 °C for 24 h. After it was cooled, the reaction
mixture was diluted with 20 mL of ethyl ether for 3 times. The
filtrate was washed with water (3 x 15 mL). The organic phase
was dried over Na,SO,, filtered, and concentrated under
reduced pressure. And filtered through a pad of silica gel,
followed by washing the pad of silica gel with the same solvent
(20 mL). The residue was then purified by flash chromatog-
raphy on silica gel to provide the corresponding product. The
pure product 2-(phenylsulfinyl)benzo[d]oxazole (4a) was ob-
tained 1.92 g, 79% yield.

3. Results and discussion

At the beginning of our investigation, we developed the model
reaction using 2-aminophenol 1, formaldehyde 2 and benze-
nethiol 3a to study reaction conditions including the optimi-
sation of catalysts, ligands, bases, and solvents. As shown in

NH, HS
@ + HCHO + O
OH

Ag salt, Ligand
Base, Solvent

1 2 3a 4a
Entry Ligand Ag salt Base Ratio 1:2:3a Yield” (%)
1 L1 Ag,0 Cs,CO; 1:1:1 0
2 L1 AgNO; Cs,CO; 1:1:1 14
3 L1 AgBF, Cs,CO; 1:1:1 17
4 L1 AgOAc Cs,CO; 1:1:1 44
5 L2 AgOAc Cs,CO; 1:1:1 31
6 L3 AgOAc Cs,CO; 1:1:1 38
7 L4 AgOAc Cs,CO; 1:1:1 73
8 L5 AgOAc Cs,CO; 1:1:1 51
9 L6 AgOAc Cs,CO; 1:1:1 38
10 L4 AgOAc Cs,CO; 1:1.5:1 79
11 L4 AgOAc NaOH 1:1.5:1 55
12 L4 AgOAc Na,CO; 1:1.5:1 0
13 L4 AgOAc K,CO; 1:1.5:1 44
14 L4 AgOAc Cs,CO; 1:1.5:1 64°
15 L4 AgOAc Cs,CO; 1:1.5:1 714
16 L4 AgOAc Cs,CO; 1:1.5:1 trace®
17 L4 AgOAc Cs,CO; 1:1.5:1 trace’
18 L4 AgOAc Cs,CO; 1:1.5:1 trace®
R! R?
U e I e
N N
OH Me OoH O Me

L1:R'=H L4: R?=H

L2: R'=Cl L5: R2=Cl

L3: R' = OCH,4 L6: R?> = OCH,4

% Unless otherwise noted, reactions conditions were 1 (10 mmol), 2 (10 mmol), 3a (10 mmol), Ag salt (10 mol%), ligand (10 mol%), base (2 equiv.),
solvent (15 mL), 110 °C for 24 h, under N,. ? Isolated yield. ¢ 100 °C. ¢ 120 °C. ¢ In CH;CN.” In DMF. ¢ Under O,.
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Table 1, silver salts were used as the catalysts (entries 1-4), no
desired product was obtained when the reaction was conducted
in the presence of Ag,0 as the catalyst in DMSO (entry 1). AgOAc
was the most efficient catalyst species in this reaction (entry 4).
All available ligands were then evaluated including L1-L6
(entries 4-9), and L4 resulted to be the most efficient catalyst
species for this transformation (entry 7). Notably, the yield of
product 4a was increased by 12% when the catalyst was changed
to AgNO; (entry 2). Screening different bases for C(sp*)-sulph-
oxide bond formation, Cs,CO; was a more suitable base than
others such as NaOH, Na,COs, or K,CO; (entries 11-14). The
experimental results indicated that the proper solvent was
critical for this reaction. When the reactions were conducted in
apolar solvent such as CH3;CN, or weak coordination solvent
DMF, trace product was detected (entries 14 and 15). In addi-
tion, replacing DMF with DMSO, produced a better yield, this
control experiment suggested that DMSO was critical for
successful transformation. Lower yields were obtained under
reactions performed at 100 °C and 120 °C. Remarkably, no
desired product was obtained under O, atmosphere (entry 15),
indicating that N, was essential for the reaction. Finally, the

Table 2 Screening of aryl iodides in the silver-catalysed tandem
condensation reaction®”

NH, HS
QL - oo O
OH

1 2 3

ChEL O

4a, 79% 4b, 82%

©E§ L Oy

AgOAc, Ligand
Cs,CO3, DMSO, "Cs,C05, DMSO, 110°C

-

4c, 87%

@EH@

OY

41, 72% 2,
O
40,77%

o3,

4r, 82%

O

4m,70% CN

S
©:O O
NO, Me

4p, 59% 4q,89% Me
% Unless otherwise noted, reactions conditions were 1 (10 mmol), 2 (15

mmol), 3 (10 mmol), AgOAc (10 mol%), L4 (10 mol%), Cs,COz (2
equivalents), DMSO (15 mL), 110 °C for 24 h, under N,. ” Isolated yield.
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Table 3 Silver-catalysed tandem condensation reaction using 2-
aminophenol derivatives®?

NH, HS
SOURICIIN G
OH

5 2 6

- S S
S—g y—g’ S
(0] @EO (0]

Me

7a, 83% 7b, 86%

AgOAc, Ligand
Cs,CO3, DMSO, 110°C

N, 0
R2©: Pt
;O

7c, 79%

¢ Unless otherwise noted, reactions conditions were 5 (10 mmol), 2 (15
mmol), 6 (10 mmol), AgOAc (10 mol%), L4 (10 mol%) Cs,CO; (2
equivalents), DMSO (15 mL), 110 °C for 24 h, under N,. ? Isolated yield.

optimal reaction conditions were determined to be AgOAc as
the catalyst, L4 as the ligand, Cs,CO; as the base, the ratio of 1 :
1.5:1 (1:2:3a), under N,, in 110 °C, preparation for 24 h.

The scope of aryl iodides was examined under optimal
conditions. The results are shown in Table 2. 2-Aminophenol 1,
formaldehyde 2, and a wide array of benzenethiol derivatives 3
were subjected to this reaction and generated products with
good to excellent yields (59-92%). A variety of functional groups
including methyl, methoxy, halogen, cyano, trifluoromethyl,
and nitro groups were compatible with the benzenethiol
derivatives 3. Both the electron-donating and electron-
withdrawing benzenethiol derivatives 3 reacted smoothly with
2-aminophenol 1 and formaldehyde 2. Benzenethiol derivatives
3 bearing electron-donating groups showed better activity than
electron-withdrawing groups. The free proton amine group may
more strongly coordinate with the silver catalyst, which
provided good yields (4g 85% yield, 4h 92% yield). Despite the
electron-withdrawing effects of the trifluoromethyl group being
so strong, the corresponding product 4p was still obtained at
a 59% yield.

Next, the reaction tolerance of benzenethiol derivatives 3 was
evaluated and the diversity of 2-aminophenol derivatives 5 was
further investigated under the optimised reaction conditions. A
wide array of 2-aminophenol derivatives 5 were subjected to this
reaction and the products were obtained in moderate to good
yields (7979-86%). A variety of functional groups including
methyl, methoxy, halogen, and amino groups were found to be
compatible, as shown in Table 3. The free proton amine group
may strongly coordinate with the silver catalyst, which attenu-
ates the reactivity of transition-metal. We also evaluated strong
electron withdrawing groups such as trifluoromethyl and nitro
under the current reaction conditions, however, only achieved
a decomposition of the starting material without any expected
product.

Interestingly, the application scope of the reaction could be
expanded to a wide array of benzene-1,2-diamine derivatives 8,
generating products with good yields (75-88%, Table 4). Both
electron-donating and electron-withdrawing benzene-1,2-
diamine derivatives 8 reacted smoothly. Benzene-1,2-diamine
derivatives 8 bearing electron-donating groups had better
activity than derivatives bearing electron-withdrawing groups.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Silver-catalysed tandem condensation reaction®?
AgOAc, Ligand

NH, HS , N_ O
R3©: . ‘@ __AgOAcLigand g -
NH, + HCHO Cs,C05, DMSO, 110°C N @
2
8 2 6 9 R

N D
oy
IR D

9a, 86% 9b, 85%
0 0]
I G P
Cl N
O TR D
9¢c, 81% 9d, 82%

Me N jo]
oL
Me N
i D)ome

9e, 89%

¢ Unless otherwise noted, reactions conditions were 8 (10 mmol), 2 (15
mmol), 6 (10 mmol), AgOAc (10 mol%), L4 (10 mol%) Cs,CO; (2
equivalents), DMSO (15 mL), 110 °C for 24 h, under N,. ” Isolated yield.

Despite the electron-withdrawing effect of chlorinated substit-
uent being so strong, the corresponding product 9¢ was still
obtained at a yield of 81%.

Preliminary results using the reaction mechanism, were also
obtained using additional reactions (Scheme 2). The model
reaction (Scheme 2I) was tested with three other parallel reac-
tions (Scheme 2II-IV). Benzo[d]oxazole 10 reacted with 3a
promoted by hydrogen peroxide under the standard conditions
and successfully obtained the target product 4a in 71% yield
(Scheme 2II). Furthermore, the reaction with 11 performed
under the standard conditions, successfully obtained the target
product 4a at a yield of 58% (Scheme 2IV), which indicated that
the reaction first undergoes a condensation reaction process.
Furthermore, these results also indicated that DMSO was the
necessary solvent for this reaction.

To obtain the preliminary results of the reaction mechanism,
some additional reactions were been done (Scheme 2). At first,
the model reaction (Scheme 2I) was conducted in other three

Hs
1 +HCHO + O
U}
/ 2 3a

Y @E*SO

I 1a, 3a (10 mmol), 2 (15 mmol), L4, AgOAc (10 mol%), Cs,CO3 (2 equiv), DMSO (15 mL).

11 3a (10 mmol), 10 (10 mmol), L4, AgOAc (10 mol%), Cs,CO3 (2 equiv), DMSO (15 mL), 4a (71%).
1l 1a, 3a (10 mmol), 2 (15 mmol), L4, AgOAc (10 mol%), Cs,CO3 (2 equiv), DMF (15 mL), 4a (0).
IV 11 (10 mmol), AgOAc (10 mol%), L4, Cs,CO3 (2 equiv), DMSO (15 mL), 4a (58%).

NH,
@[ +HCHO + 3a
OH

1 2

1]
Cry o

10 1"

Scheme 2 Silver-catalyzed tandem condensation reaction prelimi-
nary mechanism investigation.
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Scheme 3 Proposed silver-catalysed tandem condensation reaction
mechanism.

parallel reactions (Scheme 2II-IV). However, results show that
benzo[d]oxazole 10 reacted with 3a promoted by hydrogen
peroxide under our standard conditions, successfully obtained
the target product 4a in 71% yield (Scheme 2II). Forthermore, 11
reacted promoted under our standard conditions, successfully
obtained the target product 4a in 58% yield (Scheme 21V), which
indicated that the reaction first undergoes a condensation
reaction process. And those results also indicated that DMSO
was the necessary solvent for this reaction.

The above results suggested that the sulphoxidation prod-
ucts originated from thiophenol followed by the Ag-catalysed
oxidation in the presence of DMSO.*® From these observa-
tions, we propose a possible mechanism (Scheme 3). At the
beginning of the reaction, ligand coordination of the AgOAc and
L4 generate complex 12. Next, oxidation allows the addition of
12, which is followed by a ligand exchange process with Cs,CO3
to give intermediate 13. The intermediate 13 is then trans-
formed to intermediate 14 under DMSO by oxygen transfer.””>°
A silver p-benzyl intermediate 16 has been described
previously,***¢ and has been used to develop useful synthetic
intermediates. Intermediate 16 is used to produce 17 via the
silver p-benzyl coordination of generated Ag"™ species, which
further undergoes rapid oxidation to generate the keto func-
tionality intermediate 18. Through the reductive elimination
step, intermediate 18 generates the desired 2-(phenylsulphinyl)-
6,7-dihydroquinoxaline derivatives, during which concomi-
tantly complex 12 is formed, which re-enters the catalytic cycle.

4. Conclusions

Silver catalysed reactions have become an indispensable tool in
organic synthesis due to their high efficiency, selectivity, and
environmental friendliness. In this study, the development of
a simple synthesis of 2-(phenylsulphinyl)benzo[d]oxazole
derivatives via silver-catalysed tandem condensation reaction
was described. Starting from substituted 2-aminophenols or
benzene-1,2-diamines, and formaldehyde compounds with
substituted benzenethiols, versatile biologically active 2-(phe-
nylsulphinyl)benzo[d]oxazole derivatives and 2-(phenyl-
sulphinyl)-1H-benzo[d|imidazole derivatives were efficiently

RSC Adv, 2025, 15, 5698-5702 | 5701
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synthesised. These protocols were performed under mild reac-
tion conditions, and demonstrated wider substrate scope, and
thus, provide an economical approach toward C(sp®)-sulph-
oxide bond formation. Furthermore, the reaction mechanism
was confirmed using control experiments. Despite the great
advancements in synthesis protocols, the capacity to incorpo-
rate substrates that allow the production of diverse 2-(phenyl-
sulphinyl)benzo[d]oxazole derivatives and 2-(phenylsulphinyl)-
1H-benzo[d|imidazole derivatives in a versatile way remains
a significant challenge.
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