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Sulfonylaniline motif plays an important role in pharmaceutical sciences.
Developed methods towards this structure are typically lack of good
modifiability and stability. In this study, visible-light-mediated sulfonylation of
aniline using sulfonyl fluoride as a modifiable and stable sulfonylation reagent is
described. A variety of substituted sulfonylanilines were synthesized under mild
reaction conditions with moderate to good efficiency. The example of late-stage
sulfonylation highlighted the advantage of using sulfonyl fluoride as a sulfonylation
reagent. In addition, the crucial influence of counterions on the photocatalyst
observed in this system would inspire further research on the photochemistry of
sulfonyl fluoride.
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1 Introduction

Both sulfonyl and amine groups are typically considered privileged skeletons in
medicinal chemistry for the discovery of biologically active compounds since more than
60% of bioactive molecules discovered in the past 40 years include amine units, while the
percentage of the sulfonyl group is 3.1 (Ertl et al., 2020). The sulfonylaniline motif which
combines these two groups also widely exists in diverse drugs, such as the Bcl-2 protein
inhibitor navitoclax (Souers et al., 2013), DP receptor antagonist laropiprant (Sturino et al.,
2007), histamine H1-receptor blocker oxomemazine (Lee et al., 1994), and hepatitis B virus
core protein inhibitor vebicorvir (Sulkowski et al., 2022) (Figure 1A). Therefore, the
development of versatile, efficient, and atom economic routes toward diverse
sulfonylated anilines is highly important for both organic synthesis and pharmaceutic
sciences.

Recently, several research groups have achieved outstanding results on the
sulfonylation of anilines (Figure 1B). Johnson et al. (2018) reported the reaction of
anilines and sulfinate salts mediated by visible light in the presence of an external
oxidant. Wu et al. (2019), Lu et al. (2019), Nikl et al. (2019) reported the electrochemical
synthesis of 2-sulfonylanilines with sulfinate salts and anilines. Sulfur dioxide has been
widely used as a sulfonylation reagent in recent years (Emmett et al., 2015; Qiu et al.,
2018; Ye et al., 2019; Zhang et al., 2023). In addition, a three-component reaction of
anilines, DABCO(SO,),, and aryldiazonium tetrafluoroborates was developed by the
Wu group to construct sulfonylated anilines in high efficiency under metal-free
conditions (Zhou et al, 2018). Several research groups demonstrated that
sulfonamides could be used as sulfonylation reagents (Luo et al.,, 2021; Du et al,
2022; Zhen et al,, 2022) to perform sulfonylation of anilines (Xu et al., 2022) and
generated diverse complex desired products. Despite these achievements, there are
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FIGURE 1

Sulfonylaniline-containing drugs and their construction methods. (A) Sulfonylated aniline-containing drugs. (B) Previous routes towards

sulfonylated anilines.

obvious shortages in these methodologies. Using sulfinate salts as
substrates usually requires an external oxidant. In addition,
sulfinate salts have poor solubility in organic solvents, which
hinders the modification of the substrates to construct complex
products. The aryldiazonium salts used in the capture of SO,
have poor stability and also lack modifiability. Although
sulfonamides are stable and can be modified to synthesize
complex products, the released amide group underlines the
poor method. Therefore, the
exploration of novel strategies and sulfonylation reagents to

atom economy of this
construct sulfonylated anilines is of high demand in both
synthetic chemistry and drug discovery.

Sulfonyl fluoride, which is readily available in the form of aryl
halide (Davies et al., 2017), sulfonyl chloride (Dong et al., 2014),
sulfonic acid (Jang et al., 2010), sulfinate salt (Banks et al., 1996), and
thiophenol (Wright et al., 2005), is usually used in chemical probes
(Jones et al., 2018; Mortenson et al., 2018; Martin-Gago et al., 2019)
and polymer materials (Gao et al., 2017; Durie et al., 2018). However,
it has rarely been used as a sulfonylation reagent for functionalization
of the C-H bond. The successful examples required harsh reaction
conditions to proceed with Friedel-Crafts substitution of arenes in the
presence of AICl; (Hyatt et al., 1984). Because of the inertness of the
SO,-F bond (Chinthakindi et al., 2018), sulfonyl fluoride can survive
under diverse functionalization reaction conditions, including
Suzuki-Miyaura cross-coupling (Chinthakindi et al., 2016), Heck
(Qin et al, 2016), Stille (Hett et al,
reactions (Fadeyi et al,

2015), and Sonogashira
2016). Therefore, we explored whether
sulfonyl fluoride could be used as a stable, modifiable, and atom
economic sulfonylation reagent to react with aniline under mild
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reaction conditions. Herein, we report a simple and mild protocol
to construct sulfonylated aniline by a visible-light-mediated reaction
of sulfonyl fluoride and aniline via a radical process.

2 Results and discussion

4-Methylbenzenesulfonyl fluoride 1a and N,N4-trimethylaniline
2a were used to optimize the reaction conditions. No or only trace
amounts of the product were observed using methylene blue or 4-
CzIPN as the photocatalyst in MeCN under the irradiation of blue light
(Table 1, entries 1 and 2). Ru(ppy); provided the desired product 3a in
10%  yield (entry  3).  Ir[(dFCFsppy),(dtbbpy)]PFs, Ir
[(dFCF;ppy).(bpy)]PFs, and Ir [(ppy).(dtbbpy)]PFs could not afford
better results (entries 4-6). Ir[(ppy).(dtbbpy)]PFs showed slightly
higher efficiency, furnished 3a in a 21% yield. Interestingly, we
found that the counterion of the photocatalyst had a crucial
influence on the efficiency. Ir[(ppy).(dtbbpy)]Cl, which was rarely
used in the organic synthesis, dramatically increased the yield of 3a
to 46%. Other organic solvents, such as THF, DMSO, DCE, and
CH;0H, exhibited a much inferior efficiency than MeCN. In an
attempt to develop an environment-benign strategy, water with a
combination of diverse surfactants was used as the solvent.
However, only a 32% vyield was obtained as the best result in the
presence of Tween 40 (entries 13-17). Finally, various organic and
inorganic bases were also screened. We found that the weak base KF
provided a 68% yield of 3a (entry 20). In addition, NaHCOj; gave the
best result with an 82% yield (entry 23). Only low yields (0%-25%) were
obtained using stronger bases, including K;PO,, CsF, DABCO, and
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TABLE 1 Optimization of the reaction conditions?.

10.3389/fchem.2023.1267223

0,2 | " N
/©/S\F . /©/ N photocatalyst, base, additive N
solvent, blue LEDs, 50 °C :
1a 2a 3a
Entry Photocatalyst Solvent Additive Base Yield (%)
1 Methylene blue MeCN - - nd
2 4-CzIPN MeCN - - Trace
3 Ru(ppy)s MeCN - - 10
4 Ir[(dFCFsppy),(dtbbpy)]PF MeCN - - 10
5 Ir[(dFCF;ppy),(bpy)|PFs MeCN - - Trace
6 Ir[(ppy)2(bpy)IPFs MeCN - - 9
7 Ir[(ppy).(dtbbpy)|PFs MeCN - - 21
8 Ir[(ppy)2(dtbbpy)]Cl MeCN - - 46
9 Ir[(ppy).(dtbbpy)]CL THF - - 7
10 Ir[(ppy).(dtbbpy)]Cl DMSO - - Trace
11 Ir[(ppy).(dtbbpy)]CL DCE - - 20
12 Ir[(ppy).(dtbbpy)]Cl CH;0H - - 15
13 Ir[(ppy).(dtbbpy)]CL H,0 - - 6
14 Ir(ppy).(dtbbpy)]Cl H,0 Span 60 - 21
15 Ir[(ppy),(dtbbpy)]Cl H,O Tween 40 - 32
16 Ir[(ppy).(dtbbpy)]Cl H,0 Tween 60 - 18
17 Ir [(ppy).(dtbbpy)]Cl H,0 Bu,NBF, - 11
18 Ir[(ppy).(dtbbpy)]Cl MeCN - K;PO, 7
19 Ir[(ppy).(dtbbpy)]Cl MeCN - CsF 25
20 Ir[(ppy).(dtbbpy)]Cl MeCN - KF 68
21 Ir[(ppy),(dtbbpy)]CL MeCN - Na,CO3 14
22 Ir[(ppy).(dtbbpy)]Cl MeCN - DABCO nd
23 Ir[(ppy).(dtbbpy)]Cl MeCN - NaHCO; 82

“Reaction conditions: 1a (0.18 mmol, 1.8 equivalent), 2a (0.1 mmol, 1.0 equiv), photocatalyst (5 mol%), additive (0.3 mmol, 3.0 equivalent), base (0.18 mmol, 1.8 equivalent), solvent (1.0 mL),

50°C, 30-W blue LEDs, and 12 h. GC yield with dodecane as the internal. nd = not detected.

Na,COs;, probably because of the hydrolysis of sulfonyl fluorides
(Chinthakindi et al., 2016).

With the optimal reaction conditions in hand, the scope of
anilines was explored in the next step (Figure 2). Anilines with
diverse alkyl substituents on the para position could afford
corresponding products in good vyields (3a-3e). A strong
electron-donating methoxyl group-attached product 3f could be
synthesized in a 55% yield. Unprotected hydroxyl group-containing
aniline was also used as a suitable substrate, giving the product 3g in
a 41% yield. The cyclopropane unit remained intact under the
standard reaction conditions as 3h was furnished in a 43% yield.
Triphenylamine could be mono-sulfonylated on the para position in
this reaction system to provide 3i in a 70% yield, probably because
the electron-deficient sulfonyl group hindered the di-sulfonylation
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process. The protecting group of the nitrogen atom was also varied.
In addition, diethyl group-attached aniline was sulfonylated to result
in 3j in a 57% yield. Both para and ortho sulfonylation (3k and 31)
were observed when unsubstituted aniline was used. Sulfonylation of
diamine only resulted in a 35% yield of 3m, probably because the
diamine was too reactive. In addition, electron-withdrawing group-
attached aniline could not be employed in this system, probably
because of the lower reactivity.

Subsequently, the scope of sulfonyl fluorides was tested
(Figure 3). Para alkyl-substituted
moderate to good yields of the corresponding products
(3m-3p). Bromomethyl and aryl bromide groups survived

substrates provided

under the reaction conditions (3q and 3u), which could
proceed to late-stage functionalization to construct diverse
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FIGURE 2

Scope of anilines. Reaction conditions: 1a (0.36 mmol, 1.8 equivalent), 2 (0.2 mmol, 1.0 equivalent), Ir[(ppy).(dtbbpy)ICL (5 mol%), NaHCO3
(0.36 mmol, 1.8 equivalent), solvent (2.0 mL), 50°C, 30-W blue LEDs, and 12 h.
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FIGURE 3
Scope of sulfonyl fluorides. Reaction conditions: 1 (0.36 mmol, 1.8 equivalent), 2a (0.2 mmol, 1.0 equivalent), Ir[(ppy)2(dtbbpy)ICL (5 mol%), NaHCO+

(0.36 mmol, 1.8 equiv), solvent (2.0 mL), 50°C, 30-W blue LEDs, and 12 h.

and complex sulfones. Electron-donating and bicyclic sulfonyl In order to outline the advantage of our protocol, a route for late-
fluorides could also generate the corresponding products in  stage sulfonylation of aniline was developed (Figure 4). First, a
moderate to good vyields (3r-3t and 3v). However, alkyl  Suzuki-Miyaura cross-coupling reaction (Chinthakindi et al, 2016)
sulfonyl fluoride could not afford the desired product. was performed with 4-bromobenzenesulfonyl fluoride and
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FIGURE 4
Pre-functionalization of sulfonyl fluoride and the late-stage sulfonylation.
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Proposed mechanism. (A) Radical cation intermediate. (B) Tautomerized intermediate. (C) Sulfonyl radical. (D) Radical coupling product.

phenylboronic acid to generate functionalized sulfonyl fluoride 4. Then,
the crude product obtained by a simple work-up was used under the
standard reaction conditions. A 57% yield of functionalized product 5
was synthesized. This success highlighted that sulfonyl fluorides could
be used as modifiable, stable, and atom economic sulfonyl reagents to
synthesize diverse complex sulfones.

In an attempt to gain a deep insight into the reaction mechanism, a
control experiment was performed to explore the effect of the
counterion (Figure 5). To investigate whether sulfonyl chloride
generated from the reaction of sulfonyl fluoride and chloride anions
in Ir[(ppy).(dtbbpy)]Cl was the authentic substrate, NaCl or Bu,NCl
with a combination of Ir[(ppy),(dtbbpy)]PFs was employed in the
model reaction. However, only a trace amount of the product was
detected, implying that sulfonyl fluoride was the authentic substrate. In
addition, the reference also implies that harsh reaction conditions are
required in the generation of sulfonyl chloride from sulfonyl fluoride
(Norris et al., 1978). Based on this result and previous explorations in
references (Johnson et al.,, 2018; Zhou et al., 2018; Lu et al., 2019; Nikl
et al, 2019; Wu et al,, 2019; Xu et al,, 2022), a proposed mechanism is
depicted in Figure 5. Aniline 2a was oxidized by the photoexcited
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catalyst Ir[(ppy).(dtbbpy)]Cl (Ir(III)*), generating radical cation A
(Brown et al, 2015) and Ir(Il) complex. This reduced iridium
species possessed high reduction potential and could reduce sulfonyl
fluoride to result in fluoride anion and sulfonyl radical C via single
electron transfer (SET). After that, the radical coupling of C and the
intermediate B generated from the tautomerization of A followed to
generate the desired product 3a.

3 Conclusion

In summary, we have developed a useful and simple strategy to
synthesize sulfonylated anilines via visible-light-mediated reactions of
sulfonyl fluorides and anilines. It has been demonstrated that sulfonyl
fluorides could be used as modifiable and stable sulfonylation reagents
to carry out late-stage functionalization and synthesize complex and
diverse sulfones. The reaction conditions are simple and mild. In
addition, the mechanism research reveals that the counterion of the
photocatalyst has a crucial effect on the efficiency, which would inspire
further exploration in this field.
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