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Sulfoxides and sulfide compounds have broad-spectrum biological properties and have received con-
siderable attention in the past few decades. Herein we reported two metal and oxidant-free, practical
and efficient methods for the synthesis of highly synthetically useful and structurally diverse ortho-
aminoaryl sulfoxides and 3,4,5-trisubstituted oxazolones from readily accessible N-arylhydroxylamines
and N-thiophthalimides. This rapid transformation occurred smoothly to achieve chemo- and regiose-
lective cascade rearrangements due to the differences of the protecting-groups of the nitrogen atom of
N-arylhydroxyamines. DFT studies suggested that the competing S-O and S-C bond formations via Sy2
nucleophilic substitution are crucial for the observed protecting-group-dependent chemoselectivity. Sub-
sequent applications have shown that these two protocols might be powerful tools for the construction
of sulfur-containing complex molecules under simple conditions.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Sulfoxides are highly valuable scaffolds because of their in-
tensive appearance and wide applications in a number of chiral
ligands [1-11], bioactive pharmaceuticals [12-26] and functional
materials [27] (Fig. 1). For instance, ligands contained a chiral
sulfoxide unit were found to be efficient ligands in palladium-
catalysed asymmetric allylic substitution reactions [1-3]. Sulindac
was widely applied as an efficient anti-inflammatory drug in the
treatment of pain, rheumatoid arthritis, osteoarthritis and acute
gouty arthritis. In addition, sulfoxides are also extensively applied
as versatile directing-groups or key intermediates in various or-
ganic transformations, such as the directed C-H functionalization,
the Pummerer reaction and related rearrangement reactions [28-
37].

Due to the extensive applications of sulfoxides in many fields, it
is not surprising that a large number of methods for the prepara-
tion of sulfoxide compounds have been developed in the past few
decades [15,38-47]. For instance, the direct oxidation of sulfides,
which were prepared through a variety of C-S bond formation re-
actions, is the most common strategy for the synthesis of sulfox-
ides (Scheme 1a). However, this strategy was suffering from the
employment of stoichiometric amounts of oxidant, overoxidation
to form sulfone products and the limited functional group compat-
ibility [38,39,48-52]. Palladium-catalyzed cross-coupling of sulfe-
nate anions with a variety of halides, triflates, iodonium salts or
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borons, was found to be an efficient approach for the construc-
tion of sulfoxide unit [53-67]. Drawbacks of these transformations
are the requirement for expensive metal catalysts, ligands and of-
ten harsh conditions (Scheme 1b). Recently, a radical pathway from
sulfinic acids and four-substituted Hantzsch esters in the presence
of N-heterocyclic carbene and photocatalyst to sulfoxides was doc-
umented by Wu and Kuang (Scheme 1c¢) [68]. The sulfoxide moiety
could also be prepared from organometallic reagents and DABSO
in the presence of trimethylsilyl chloride (Scheme 1d) [69]. De-
spite these advances, more efficient, environmental-friendly and
operationally simple protocols for the synthesis of structurally di-
verse sulfoxide compounds from readily accessible materials are
still in high demand. Herein, we reported a practical and facile
approach to ortho-aminoaryl sulfoxides from readily available N-
arylhydroxylamines and N-thiophthalimides through a transition
metal-free cascade O-thiolation and concerted N-O bond cleavage
and [2,3]-sigmatropic rearrangement (Scheme 1e). Furthermore, a
series of biologically useful multiple substituted oxazolone deriva-
tives could be efficiently constructed once the protecting-group of
N-arylhydroxylamines was switched from acetyl to 1,3-dicarbonyl
group under very similar conditions (Scheme 1f).

At the outset, N-hydroxy-N-phenylbenzamide 1a and 2-(p-
tolylthio)isoindoline-1,3-dione 2a were chosen as model substrates
to start our investigation. Screening of the employment of bases
such as KOAc, CsOAc, DBN, DABCO and ‘BuOK in DMF at —40°C
for 6h, revealed that 1.0 equiv. of ‘BuOK was the superior option,
furnishing the expected product 4a in 73% yield (Table 1, entries
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Fig. 1. Representative important sulfoxides. GSK=glycogen synthase kinase;
HIV =human immunodeficiency virus.
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Table 1
Optimization study.?

Me
Bz B
,{‘ o Base, Solvent ; N~ “
“OH + _— H
N—-S8

o]
1a 2a 4a

Entry Solvent Base T (°C) Time Yield (%)P
1 DMF KOAc —40 6 h 24

2 DMF CsOAc -40 6 h 34

3 DMF DBN —40 6 h 72

4 DMF DABCO —-40 6 h trace
5 DMF ‘BuOK —-40 6 h 73
6¢ DMF ‘BuOK —40 6 h 57
74 DMF ‘BuOK -40 6 h 68

8 THF ‘BuOK -40 6h 30

9 CH,Cl, ‘BuOK —40 6 h 40
10 Toluene ‘BuOK —-40 6 h 63
11 EA ‘BuOK —40 6 h 63
12 DME ‘BuOK -40 6 h 73
13 DME ‘BuOK r.t. 5 min 21
14 DME ‘BuOK 0 1h 34
15 DME ‘BuOK -20 3h 64
16 DME ‘BuOK -60 12 h 82

2 Reaction conditions: 1a (0.2 mmol, 1.0 equiv.), 2a (0.24 mmol, 1.2 equiv.), base
(0.2 mmol, 1.0 equiv.) in 2.0 mL solvent at a specific temperature for a certain period
of time.

b Isolated yield.

¢ 0.1 mmol of base was used.

4 0.4mmol of base was used.Ac =acetyl. DBN = 1,5-diazabicyclo[4.3.0]non-5-ene.
DABCO = 1,4-diazabicyclo[2.2.2]octane. DMF = N,N-dimethylformamide. DME=1,2-
dimethoxyethane. THF = tetrahydrofuran. EA = ethyl acetate.

1-5). Further investigation indicated that neither increasing nor
decreasing the loading equivalent of ‘BuOK could improve the yield
of 4a (Table 1, entries 6 and 7). Screening of other frequently used
solvents indicated that both DMF and DME performed better than
THF, CH,Cl,, toluene and ethyl acetate (Table 1, entries 5 and 8-
12). The variation of different temperatures was also examined and
we found that lower temperature was helpful to afford the cor-
responding product in higher yields albeit with relatively longer
reaction time (Table 1, entries 13-16). To our delight, the desired
product 4a was isolated in 82 % yield in DME under —60°C for 12 h
in the presence of 1.2 equiv. of N-thiophthalimide 2a and 1.0 equiv.
of 'BuOK as base (Table 1, entry 16).

Next, we employed the optimized reaction conditions to eval-
uate the generality of this cascade protocol (Scheme 2). The
substrate scope of N-arylhydroxylamines 1 was first investigated
by varifying the protecting group onto the nitrogen atom of
the hydroxylamine, and a series of frequently-used acetyl-type
protecting groups were well tolerated, giving the correspond-
ing products 4a-4g in moderate to good yields, respectively. The
compatibility of different substituents of N-arylhydroxylamines
was subsequently examined. The ortho- or para-substituted
N-arylhydroxylamines with varied electron-donating groups or
electron-withdrawing groups were amenable to this cascade trans-
formation, affording to the corresponding products 4h-4t in mod-
est to high yields. Notably, this optimized conditions successfully
promoted the [2,3]-sigmatropic rearrangement of para-substituted
N-phenylhydroxylamines with an indole moiety (4u) and es-
ter group carrying a furanyl ring or a long chain alkene (4v-
4w), respectively. 2,3-Disubstituted N-phenylhydroxylamine was
endurable to the reaction conditions, furnishing the correspond-
ing sulfoxides 4x in 70% yield. The sterically congested products
4y could also be constructed albeit with relatively lower yield. It
was not surprising that a mixture of two regioisomers 4z/4z' were
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Variation of arylhydroxylamine coupling partner

4a, PG = Bz, 82%
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Scheme 2. Scope of ortho-aminoaryl sulfoxides. All reactions were carried out with:

DME at —60°C for 12 h. Yields were determined by the isolated products.

obtained when meta-methyl substituted N-phenylhydroxylamine
was employed as substrate. Moreover, a variety of substituted N-
naphthylhydroxylamines underwent the desired transformation to
afford the corresponding sulfoxide products 4aa-4ac in moderate
yields. In addition, N-hydroxybenzamide with pyridine ring struc-
ture could also react smoothly with N-thiophthalimide 2a to gen-
erate sulfoxide 4ad in 64 % yield under the standard conditions.
Subsequently, the scope of N-thiophthalimides 2 was evaluated,
using N-phenylhydroxylamine 1a as reaction partner (Scheme 2).
In general, this cascade protocol was suitable to a broad range
of N-thiophthalimides bearing aryl groups with diverse electron-
withdrawing and electron-donating substituents as well as steri-
cally hindered groups, affording the corresponding sulfoxide prod-
ucts 4ae-4al in moderate to good yields. Notably, heteroaryl N-
thiophthalimides, such as pyridinyl substituted N-thiophthalimides
were also compatible with this system to furnish the desired prod-
ucts 4am and 4an in 59% and 68% yield, respectively. To our sat-
isfactory, cycloalkyl and alkyl substituted N-thiophthalimides could
also be efficiently introduced into this facile cascade transforma-
tion, providing the expected adducts 4a0-4aq in good yields under

4h, X = Me, 52%
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4j, X = OCF3, 56%
4k, X = Ph, 50%

41, X = 2-F-CgHj, 70%
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4p, Y = OCF,H, 60%
4q,Y =Cl, 54%

4r, Y = Br, 54%

Bz
N
_S =
o~ \©\ -
Me 4s,Y =Ph, 56%

o
4v, 62%

J (0]
PhO O\/
OO SOWNRe
Bz MeO No .~ N,Bz
H

4m, Y = Me, 74%
QL/CSHW M

e

4w, 51%

S@ e
Me Me

4ab, 52% 4ac, 65%

_Bz
@\N Q\N/Bz
H H

_Bz

; N

_S >

O, 20 U
OMe Br

4ai, 51% 4aj, 61% 4ak, 65%
e Qe
s M 2S N’BZ
o~ o H
S\,
07 “CygHa;
4ao, 69% 4ap, 76% 4aq, 66%

1 (0.2 mmol, 1.0 equiv.), 2 (0.24 mmol, 1.2 equiv.), ‘BuOK (0.2 mmol, 1.0 equiv.) in 2.0 mL

the optimal conditions. The X-ray analysis of compound 4k was
carried out to confirm the structure of this cascade transformation.

To examine whether this cascade methodology could be ex-
panded beyond racemic sulfoxide products, we designed the
1,3-dicarbonyl group protected N-arylhydroxylamine 5a, which
might be more easily coordinated with chiral Lewis acid cat-
alyst so that achieve the enantioselective transformation with
N-thiophthalimide 2a. To our surprise, 59% yield of 3,4,5-
trisubstituted oxazolone 7a, which was confirmed by X-ray anal-
ysis, was obtained rather than the expected sulfoxide product un-
der very similar conditions followed by heating in MeCN at 80°C
for 10h (Table 2, entry 1). Notably, oxazolones and their derivatives
are also of great importance in organic chemistry since they were
found in a wide range of bioactive molecules [70-74] and were ex-
tensively employed as alkene units in a number of transformations
[75-78]. Despite great efforts have been devoted into the develop-
ment of synthetic strategies for the preparation of oxazolone motif
[79-84], the practical and efficient synthesis of 3,4,5-trisubstituted
oxazolones under simple conditions is still challenging [85,86].
Therefore, we envisioned that the aforementioned preliminary re-
sult might open-up a new avenue for the effective preparation of
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Table 2
Condition optimization.?

Me

Me
Q ) Base, Solvent, S/Q/
ol o RO
25 °C,1h NTN—Me
3) MeCN, 80 °C, 10 h O)\o
2a 5a 7a
Entry Solvent Base Yield (%)
1 DME ‘BuOK 59
2 DME ‘BuONa 76
3 DME LiHMDS 47
4 DME KOAc 29
5 DME NaHCO3 22
6 DME Na,CO3 20
7 DME K5PO4 27
8 THF ‘BuONa 72
9 2-Me-THF ‘BuONa 74
10 Toluene ‘BuONa 77
11 EA ‘BuONa 71
12 Acetone ‘BuONa 66
13 CH,Cl, ‘BuONa 92
14¢ CH,Cl, ‘BuONa 61
154 CH,Cl, ‘BuONa 49
16¢ CH,Cl, ‘BuONa 39

2 Reaction conditions: step 1: 2a (0.2 mmol, 1.0 equiv.), 5a (0.24 mmol, 1.2 equiv.)
and base (0.24 mmol, 1.2 equiv.) in a designated solvent (2mL) at —60°C for 10h;
step 2: stirring at 25°C for 1h; step 3: romove the original solvent and add 2 mL of
MeCN and keep stirring at 80°C for 10 h.

b Yields of isolated products.

¢ -40°C instead of —60°C.

4 _20°C instead of —60°C.

¢ 0°C instead of —60°C.

highly functionalized oxazolones and we decided to reoptimize the
conditions of this novel transformation. Screening of a variety of
bases in DME, we found that ‘BuONa was superior to ‘BuOK, LiH-
MDS, KOAc, NaHCO3, Na,CO3 and K3POy4, affording to the desired
product 7a in 76 % yield (Table 2, entries 1-7). To further optimize
the reaction, different solvents were examined in which CH,Cl,
gave the best performance, furnishing the corresponding product
in 92% yield (Table 2, entries 8-13). Increasing the temperature
of the first step led to lower yields of the final product (Table 2,
entries 14-16). Notably, it was quite important to switch the sol-
vent from CH,Cl, to MeCN after warming to 25°C for 1h and then
heat the system at 80 °C for another 10 h, otherwise resulting much
longer reaction time and lower yield of the expected product (For
more details, see Supporting information).

Having the optimized conditions in hand, the scope and gen-
erality of this novel cascade reaction was evaluated using struc-
turally diverse N-thiophthalimide 2 to react with N-hydroxy-3-
oxo-N-arylbutanamide 5 bearing varied substituents of the aryl
ring (Scheme 3). Both electron-donating groups, such as alkyl
groups, and electron-withdrawing groups, such as halogens, could
be efficiently introduced onto the aryl ring of N-arylhydroxylamine,
leading to the corresponding oxazolone products 7a-7j in mod-
erate to good yields. N-Naphthylhydroxylamine was tolerated and
readily produced 60% yield of 3,4,5-trisubstituted oxazolone 7k
under standard conditions. Gratefully, N-benzylhydroxylamine was
also compatible with this system, albeit with relatively lower
yield of the desired product 71. Furthermore, N-arylhydroxylamines
connected with natural product skeletons, such as cycloheptanol,
2-adamantanol, fenchol, menthol, diacetonefructose and geraniol,
were also amenable to this cascade protocol, providing the corre-
sponding products 7m-7r in moderate to good yields. Interestingly,
the substituent R? of the carbonyl group could also be diversified
into ethyl, butyl, benzyl and aryl groups, generating the desired ox-
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azolone products 7s-7w in 46 %—71% yields under optimal condi-
tions.

Next, the variation of N-Thiophthalimide coupling partner was
investigated (Scheme 3). N-Thiophthalimides possessing -F, -Cl,
-Br, -NO, or -OMe at the para-position of the aryl ring were
smoothly subjected to the optimized reaction conditions, affording
aryl oxazolone 7x-7ab in moderate to good yields, respectively. The
ortho-, meta- and 2,4-dihalogen substituted N-thiophthalimides
also worked well, leading to the expected products 7ac-7ae in
66%—83% yields. It is worth noting that N-thiophthalimides hav-
ing N-heteroaromatics, such as 2-pyridyl, 2-pyrimidinyl, could be
employed in this system with moderate yields of the correspond-
ing products, respectively (7af-7ag). In addition, alkyl substituent,
such as phenylethyl, was also tolerated, affording to the desired
product 7ah in 56 % yield.

To gain some mechanistic insight of both cascade reactions,
we set up two control experiments with TEMPO and BHT as
inner additives under their standard conditions, which still af-
forded the corresponding products 4a and 7a in good yields, re-
spectively (Schemes 4a and b). As a result, the radical pathways
might be ruled out in both transformations. In addition, we con-
ducted a competition experiment by employing N-thiophthalimide
2a to react with acetyl protected N-phenylhydroxylamine 1g
and 1,3-dicarbonyl protected N-phenylhydroxylamine 5a, generat-
ing the expected sulfoxide product 4g in 26 % yield and 3,4,5-
trisubstituted oxazolone 7a in 54% yield without the formation of
4g’ (Scheme 4c). This result indicated that the reaction between 2a
and 5a was relatively faster and easier than the reaction between
2a and 1g.

Based on the aforementioned experimental results, we pro-
posed the mechanistic hypotheses for both cascade reactions. As
shown in Scheme 5, acetyl protected N-phenylhydroxylamine 1g
reacted smoothly with N-thiophthalimide 2a in the presence of
fBuOK through nucleophilic substitution reaction (Sy2) to generate
the O-thiolated intermediate 3g, which underwent the subsequent
[2,3]-sigmatropic rearrangement and re-aromatization to afford the
final sulfoxide product 4g.

With regard to the reaction between 1,3-dicarbonyl protected
N-phenylhydroxylamine 5a and N-thiophthalimide 2a in the pres-
ence of ‘BuONa, we assumed that the more reactive C-nucleophile,
which was proved by the aforementioned competition experiment
result (Scheme 4c), would attack N-thiophthalimide 2a to form C-
thiolated intermediate IA rather than O-thiolated intermediate IA’,
followed by the subsequent intramolecular cyclization and elim-
ination of water to generate 6a. Notably, this type of compound
could be isolated and has been unambiguously confirmed by X-
ray diffraction analysis of compound 6ae (For details, see Support-
ing information). Subsequently, the intramolecular N-O bond cleav-
age/rearrangement would occur to afford aziridin-2-one species IC,
followed by the cascade ring-opening/intramolecular nucleophilic
O-attack of the acetyl group to carbonyl to furnish the final oxa-
zolone product 7a (Scheme 5).

Under basic conditions, while acetyl protected hydroxylamines
only have a nucleophilic O site, it is possible for 1,3-dicarbonyl
protected hydroxylamines to serve as both O-nucleophile and C-
nucleophile. Thus, the Sy2 nucleophilic attack is critical for the
observed distinguished reaction preference. DFT calculations were
further performed to study these base-mediated nucleophilic sub-
stitutions of N-thiophthalimides with acetyl protected hydrox-
ylamines and 1,3-dicarbonyl protected hydroxylamines. Since it
is straightforward for the nucleophilic substitution between N-
thiophthalimides and acetyl protected hydroxylamines (see de-
tails in Supporting information), we here focus on the competing
O- and C-nucleophilic substitutions between N-thiophthalimides
(e.g., 2a) and 1,3-dicarbonyl protected hydroxylamines (e.g., 5a).
As shown in Fig. 2, these two reactants can form the com-
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10h; then slowly warm up to 25°C for 1h, remove CH,Cl, and then add 2 mL of MeCN and keep heating at 80°C for 10h. Yields were determined by the isolated products.

plex INT1 via deprotonation in the presence of ‘BuONa. Subse-
quently, the nucleophilic substitutions proceed either at the O site
(TS1, AGF=20.0kcal/mol) or the C site (TS2, AGF=11.3 kcal/mol).
The much lower barrier of TS2 than TS1 suggests that the 1,3-
dicarbonyl protected group can introduce a more reactive C-
nucleophilic site that surpasses the intrinsic O site of hydroxy-
lamines. The NPA charges on the key O, C and S sites were first cal-
culated to understand the origin of this chemoselectivity. However,
the positive charges on the sulfur atoms (Qs=0.469e in TS1 vs.
Qs= 0.424e in TS2) and the negative charges on oxygen and carbon
(Qo=-0.617e in TS1 vs. Qc =-0.584e in TS2) atoms go against the
barrier difference between TS1 and TS2, which cannot explain the
experimentally observed chemoselectivity. Alternatively, we evalu-

ated the non-covalent interactions in these two transition states.
The NCI plots [87,88] show that the Na...7r (phenyl) interaction in
TS2 (SN2 at the C site) is greater than the Na---7r (alkenyl) inter-
action in TS1 (Sy2 at the O site) (Fig. 2). In addition, TS2 also has
stronger r---7 interactions than those in TS1. The stronger non-
covalent interactions in the favored TS2 result in the feature of
early transition states, showcasing a shorter N---S distance (1.95A)
and a longer C---S distance (2.33A). In contrast, the disfavored TS1
bears the feature of late transition states, having a longer N..-S dis-
tance (2.32A) and a shorter O---S distance (1.86A). These results
reveal that the non-covalent interactions introduced by the 1,3-
dicarbonyl group play an important role in enabling the observed
protecting-group-dependent chemoselectivity.
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To demonstrate the reaction potential of these two types of
cascade protocols, the large-scale reactions were conducted under
standard conditions, both of which could obtain the corresponding
adducts in good yields, respectively (Scheme 6A). To evaluate the
synthetic applications of the outcome from both cascade reactions
diarylsulfoxide compound 4aj and aryl oxazolone 7a were selected
as representatives and were converted into diverse functional
molecules under various conditions (Schemes 6B and C). Diarylsul-
foxide 4aj could be efficiently oxidated by meta-chloroperbenzoic

acid (m-CPBA) to generate sulfone 8 in excellent yield (Scheme
6B, path a) [89]; the treatment of diarylsulfoxide 4aj with sodium
azide in the presence of concentrated sulfuric acid afforded sulfox-
imine 9 in 58% yield (Scheme 6B, path b) [90]; copper-catalyzed
intramolecular cyclization/C-N bond formation of diarylsulfoxide
4aj could be accomplished to furnish (5-oxido-10H-phenothiazin-
10-yl)(phenyl)methanone 10 in 42% yield (Scheme 6B, path c)
[91]; the protecting-group onto the nitrogen atom of diarylsulfox-
ide 4aj could be efficiently removed in the presence of hydrazine
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TEA, DCM, 25°C, 20h; (g) phenylboronic acid, Pd(PPhs ),Cly, K»CO3, DMF/H,0 (4:1), N5, 90°C, 5h; (h) m-CPBA (1.5 equiv.), DCM, 25°C, 4h; (i) m-CPBA (4.0 equiv.), DCM,
25°C, 8h; (j) TMSCF3, Nal, THF, N, 65°C, sealed tube.
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hydrate at 100°C to obtain 2-((2-bromophenyl)sulfinyl)aniline 11
(Scheme 6B, path d) [92], which could be further transformed into
1-(3,5-bis(trifluoromethyl)phenyl)-3-(2-((2-bromophenyl)sulfin-
yl)-phenyl)-thiourea 12 in excellent yield by the treatment with
1-isothiocyanato-3,5-bis(trifluoromethyl)benzene at room tem-
perature (Scheme 6B, path e) [93], 2-((2-bromophenyl)sulfinyl)-
N-phenylaniline 13 in 83% yield through the Cu(OAc),-mediated
Chan-Lam CN coupling with phenylboronic acid (Scheme 6B, path
f) [94], and 2-([1,1’-biphenyl]-2-ylsulfinyl)aniline 14 via palladium-
catalyzed Suzuki coupling with phenylboronic acid (Scheme 6B,
path g) [95], respectively. In addition, 5-methyl-3-phenyl-4-(p-
tolylthio)oxazol-2(3H)-one 7a could be chemoselectively oxidized
into the corresponding sulfoxide 15 or sulfone 16 with good yields
in the presence of different equivalents of meta-chloroperbenzoic
acid, respectively (Scheme 6C, path h and path i) [96,97]; the
C=C bond of 7a could undergo difluoromethylation with TMSCF3
and sodium iodide to gain 6,6-difluoro-1-methyl-4-phenyl-5-(p-
tolylthio)-2-oxa-4-azabicyclo[3.1.0]hexan-3-one 17 in 75% yield
(Scheme 6C, path j) [98].

In conclusion, we have developed two versatile and facile ap-
proaches to a wide range of structurally diverse ortho-aminoaryl
sulfoxides and aryl oxazolones from N-arylhydroxylamines and N-
thiophthalimides through O-S bond formation followed by [2,3]-
sigmatropic rearrangement or C-S bond formation followed by
series of cascade cyclization, isomerization/rearrangement pro-
cess, respectively. The chemo- and regioselectivity of both trans-
formations were controlled by the variation of the protecting
groups onto the nitrogen atom of the N-arylhydroxylamines. DFT
study suggested that the C-S bond formation was more favor-
able than the O-S bond formation when 1,3-dicarbonyl was em-
ployed as protecting-group onto the nitrogen atom of the N-
arylhydroxylamine substrate. Further synthetic applications and
extensions of this method to the preparation of a variety of bioac-
tive and functional molecules are ongoing in this laboratory
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