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ABSTRACT: An efficient methodology to access various fluoroalkyl
sulfoxides bearing ortho/para-functionalized amine scaffolds from
arylhydroxylamines is described. The transformation was featured with
new electrophilic trifluoromethylthiolated reagents, good functional group
tolerance, and late-stage modification of complex bioactive scaffolds,
providing a rapid access to prepare numerous trifluoromethyl- and
difluoromethyl-substituted sulfoxides. Mechanism studies and density
functional theory calculations suggest this reaction goes through a
nucleophilic trifluoromethylthiolation of arylhydroxylamine and subse-
quent internal 2,3-sigmatropic rearrangement involving a sulfur and oxygen transfer process.

As the most electronegative element with a small radius, a
high lipophilicity, and strong electron-withdrawing

properties, fluorine plays a significant role in the fields of
medicinal chemistry, agrochemical industry, and materials
science.1 Among the fluorine-containing functional groups,
fluoroalkyl sulfoxide [R−S(O)Rf] has been recognized as an
attractive structural motif as a result of its high Hammett
substituent constants, enhanced biological activity, and wide
applications in organic synthesis and agrochemicals (Figure
1a).2 For instance, the Umemoto group employed trifluor-
omethyl-substituted sulfoxides as key intermediates for the

preparation of powerful electrophilic trifluoromethylating
reagents (famously known as Umemoto’s reagents).2b More
recently, the Procter group introduced trifluoromethyl
sulfoxides as a novel class of trifluoromethylthiolating reagents,
offering a straightforward approach to construct trifluorome-
thylthiolated (hetero)arenes.3 Furthermore, the fluoroalkyl
sulfoxides [R−S(O)Rf] can act as significant intermediates for
the preparation of other key analogues at different oxidation
states, such as trifluoromethylsulfone and trifluoromethylsul-
foximine.4 Given the importance and unique properties of
trifluoromethanesulfinyl group CF3S(O) and other related
valuable derivates, it will be of great value to incorporate
RfS(O) groups into organic molecules. The traditional
approaches to access the fluoroalkyl sulfoxides [R−S(O)Rf]
involve direct and indirect ways (Figure 1b). For example, the
direct strategy to introduce the CF3S(O) group into molecules
usually requires special activators, such as TfOH5 or P(III)/
P(VI) reagents,4,5b,6 which were essential for the successful
transformation (left side of Figure 1b). Moreover, easily
accessible, shelf-stable, and highly reactive trifluoromethane-
sulfinylating reagents were rarely developed.7 The cases of
indirect methods, such as the nucleophilic fluoroalkylation of
unstable sulfinyl halides8 or less active sulfinic esters9 and
traditional monooxidation of corresponding sulfides,10 have
been previously studied (right side of Figure 1b). However,
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Figure 1. Fluoroalkyl sulfoxide [R−S(O)Rf] and related synthetic
approaches.
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undesired sulfones were usually generated as the side products,
and lower temperature and slow addition of oxidants were
necessary to improve the efficiency of the process.10

Systematic studies on the development and universal
applications of bench-stable and readily accessible electrophilic
fluoroalkylthiolating reagents have largely extended the space
of fluorine and sulfur chemistry, which enable unprecedently
quick and direct synthesis of fluoroalkylthiolated target
molecules (Figure 1c).11 Indeed, cascade electrophilic
fluoroalkylthiolation of an oxygen center/tandem rearrange-
ment reaction, which was mainly developed, provided
straightforward routes to prepare diverse fluoroalkyl sulfoxides,
owing to the abundance of functionalized alcohols and mild
reaction conditions with high efficiency.12

[1,3]/[2,3]/[3,3]-Sigmatropic rearrangements have
emerged as a prevalent strategy for the precise synthesis of
natural and bioactive compounds,13 while tandem fluoroalky-
lation and rearrangement reactions of specific substrates, such
as ylides, remain to be explored as a result of the scarcity of
efficient methods or reactive reagents to form the key
intermediates.11,12,14 Owing to the intrinsic weakness of the
N−O bond (57 kcal/mol), functionalized arylhydroxylamines
have been recognized as powerful building blocks for the
preparation of valuable scaffolds with high efficiency.15

Typically, Lewis acids,16 transition metals,17 or elevated
reaction temperatures18 were used to promote the cleavage
of the N−O bond and further rearrangements. In comparison
to the sluggish reaction conditions mentioned, a transition-
metal-free approach provides an attractive alternative that
enables greener and more efficient construction of para-
aminophenol and ortho-trifluoromethoxylated anilines and
other interesting molecules, which have been well-developed
by the Maulide group,19 the Ngai group,20 the Qin group,21 the
Gao group,22 the Wang group,23 and other groups,24

respectively.
Therefore, we envisioned that arylhydroxylamines could

undergo O-fluoroalkylthiolation with shelf-stable and readily
accessible electrophilic fluoroalkylthiolating reagents,11,12,14c,25

resulting in a highly active intermediate containing the “N−
O−S” bond (Figure 2). Subsequently, internal 2,3-sigmatropic

rearrangement through the sulfur and oxygen transfer process
and rearomatization occurred to give C−H fluoroalkylsulfeny-
lated products. Accordingly, an internal oxidant-oriented
synthesis of structurally varied fluoroalkyl sulfoxides bearing
sterically hindered amines could be achieved in this trans-
formation. However, the control of the regioselectivity during
the rearrangement (final C−S bond formation) and selective

cleavage of the weak “N−O” or “O−S” bonds in this proposed
process are much more challenging.15

After quick optimization of the reaction toward different
electrophilic trifluoromethylthiolating reagents and N-phenyl-
hydroxylamine, which could be easily prepared from the
corresponding nitrobenzenes. An electron-withdrawing group,
the trifluoromethyl group, installed on the meta position of the
benzene ring based on thiosulfonates 2a could help with
coupling, generating the final product in a higher yield within a
shorter time (for details, see the Supporting Information).
The compatibility of different protecting groups on the

nitrogen atom of N-arylhydroxylamines was fully investigated.
It was found that various carbonyl groups (Bz, Cbz, esters, Boc,
and amide, 3a−3h) could serve as good directing groups to
give the ortho-functionalized amines in moderate yields.
Excellent site selectivity and good functional group tolerance
were observed (Scheme 1).

The applicability and substrate compatibility of current C−
H trifluoromethylsulfenylation and intramolecular rearrange-
ment were further investigated under the optimized conditions
(Scheme 2). Because of the mild reaction conditions, a broad
range of structurally varied functional groups were indeed
tolerated. N-Arylhydroxylamines having (pesuo)halo substitu-
ents, such as fluorine (4b), chloride (4c), bromide (4d), iodide
(4e), trifluoromethyl (4f), and other functional groups (4g−4i
and 4l) at the para position proceed with the transformation
smoothly, furnishing the corresponding analogues in moderate
yields with excellent regioselectivity. In particular, alkenes (4j)
and terminal alkylnes (4k) could successfully participate in the
reaction as well, despite their potential tendency to undergo
difunctionalization because of the weakness of the S−SCF3
bond. This efficient methodology was also applicable to the
cyclopropane- and cyclobutane-substituted N-arylhydroxyl-
amines, affording 4m and 4n in good yields after simple
column chromatography purification. N-Arylhydroxylamine
containing functional groups, such as iodide, at the ortho
position was also suitable to the optimal reaction conditions,
resulting in the formation of both ortho and para-substituted
products (4o and 4p). Not surprisingly, when meta-substituted
N-arylhydroxylamines were employed as the substrates, low
regioselectivity but moderate yield was obtained (4q and 4r).
Pyridines could proceed well in the C−H trifluoromethylsulfe-
nylation with good efficiency and excellent regioselectivity

Figure 2. Fluoroalkylsulfinylation/Intramolecular rearrangement of
arylhydroxylamines.

Scheme 1. Scope of the Trifluoromethylthiolation and
Rearrangement for Compounds 1a−1h with Compound 2aa

aReaction conditions: compounds 1a−1h (0.3 mmol), compound 2a
(0.6 mmol, 2.0 equiv), and Cs2CO3 (0.45 mmol, 1.5 equiv) in CH2Cl2
(3.0 mL) at 0 °C for 2 h. Isolated yields were reported.
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(4s−4v). Late-stage modification of complex molecules
derived from drug-like scaffolds was tested to demonstrate
the potential synthetic utility of the current protocol. For
instance, the coupling was also permissible with (+)-fenchol
derivatives (4w) under mild reaction conditions and delivered
compound 5v in 60% yield with good chemoselectivity. L-
Borneol (4x), citronellol (4y), L-methol (4z), D-glucise (4aa),
and vitamin E (4ab) derivatives underwent cross-coupling
smoothly, delivering the analogues in moderate to high yields.
Inspired by the successful applications of trifluoromethylth-

iolation for this mild C−H funcitionalization, the difluor-
omethylthiolating reagent, which has been well-recognized as a
radical trap to capture suitable radicals,26 was then subjected to
the reaction with different N-arylhydroxylamines (Scheme 3).
As a result, a series of N-arylhydroxylamines, including ester
and pyridine, could be successfully applied to our method-
ology, and difluoromethyl-substituted sulfoxides were gener-
ated in good yields with excellent regioselectivity (5a−5e).

Furthermore, a comparable yield of compound 4a was
obtained after simple column chromatography purification
when the reaction was carried out on 3.0 mmol (Figure 3a).
To better elucidate the reaction mechanism, several experi-
ments were conducted. First of all, the major side product 6
was isolated in 26% yield compared to 57% yield of the desired
product 4ab when the vitamin E derivative (1aj) was used
under the standard reaction conditions, indicating that the N−
O bond was relatively weak as well as the O−S bond of the
intermediate, and somehow the subsequent rearrangement did
not occur (Figure 3b). The hydroxy group was also found to
be critical for the developed tandem fluoroalkylation and
rearrangement reactions because both starting materials 7 and
2a were fully recovered after the reaction when the hydroxy
group was protected by the methyl group (Figure 3c). To
identify whether the transformation undergos a radical process,
radical scavengers, such as (2,2,6,6-tetramethylpiperidin-1-
yl)oxyl (TEMPO) and butylated hydroxytoluene (BHT),

Scheme 2. Scope of the Trifluoromethylthiolation/Rearrangement for N-Arylhydroxylamines 1i−1aj with Compound 2aa

aReaction conditions: compounds 1i−1aj (0.3 mmol), compound 2a (0.6 mmol, 2.0 equiv), and Cs2CO3 (0.45 mmol, 1.5 equiv) in CH2Cl2 (3.0
mL) at 0 °C for 2 h. Isolated yields were reported.
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were subjected as the additives to the reaction, and the product
could still be detected in high yield according to the crude 1H
nuclear magnetic resonance (NMR) (for details, see the
Supporting Information). At this stage, this mild and efficient
fluoroalkylthiolation of N-arylhydroxylamines and subsequent
internal 2,3-sigmatropic rearrangement undergoing the radical
process should be excluded. The kinetic isotope study from
both parallel and competitive experiments was also carried out,
and low primary kinetic isotope effects were observed,
suggesting that the C−H bond cleavage might not be involved
in the rate-determining step (for details, see the Supporting
Information). Density functional theory (DFT) calculations
was also conducted, and the mechanism study indicated that
the rate-determining step for this reaction is the 2,3-
sigmatropic rearrangement process, with a reaction barrier of
22.7 kcal/mol, which is affordable under the current reaction
conditions (for details, see the Supporting Information).
The reactions between hydroxyindolinones (8a and 8b) and

selected trifluoromethylthiolating reagents were initially ex-
plored when cyclpentyl methyl ether (CPME) was used as the
solvent, Indolinones bearing the −OSO2Ar group, which were
usually regard as pseudohalides at ortho- and/or para positions
of the benzene ring, were isolated as the products, indicating
the trifluoromethylthiolating reagents could be the donor of
various electrophilic SO2Ar sources (Scheme 4). Moreover, the

ArSO2SRf reagents were found to serve as two different
synthons depending upon the nature of the substrates, which
were rarely studied.

In summary, we have developed a novel and transition-
metal-free method toward the synthesis of ortho-tri/difluor-
omethylsulfenylated anilines, which might be potentially useful
in drug discovery. The initial mechanistic study and DFT
calculation supported this transformation undergoing fluo-
roalkylthiolation of N-arylhydroxylamines, followed by fast and
efficient internal 2,3-sigmatropic rearrangement. Chemoselec-
tive formation of indolinones was also achieved by simply
changing the structure of the substrates, which might be
interesting. Detailed experiments on the formation of
indolinones and other related transformations are being
studied, and these results will be reported in due course.
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