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The site-selective sulfonylation of C(sp?)—H bonds of anilide and quinoline amide derivatives has been
developed using organophotocatalysis. This mild and sustainable protocol, which operates at room tempera-
ture, precludes the requirement for any metal-based catalyst or photocatalyst and oxidant, which are the chal-
lenges associated with existing methodologies. Furthermore, the generation of aryl sulfonyl radicals from com-
mercially available aryl sulfonyl chlorides has been achieved through the use of Rose Bengal as an organopho-
tocatalyst, an approach that was previously unexplored. The detailed mechanistic investigation unveiled the
underlying mechanism for site-selective sulfonylation at both the proximal and distal positions, thereby estab-
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Introduction

Inclusion of sulfonyl moieties into organic scaffolds is a per-
sistent challenge to the synthetic community owing to their
ubiquitous presence in bioactive molecules." The sulfonylation
of aromatic compounds, which has traditionally been accom-
plished through established Friedel-Crafts-type reactions,
remains a subject of ongoing interest.> As a result, consider-
able endeavors have been devoted to enhancing the sulfonyla-
tion protocol through the utilization of diverse sulfonyl precur-
sors (Scheme 1a).® Nevertheless, the generation of sulfonyl rad-
icals continues to require the application of oxidants and high
temperatures.* In the era of the prevailing inclination towards
sustainable and environmentally conscious methodologies,
photo-redox catalysis presents itself as a potentially viable
solution to address certain challenges by offering substantial
benefits in terms of controllability, cost-effectiveness, and
environmental compatibility.” In fact, sulfonyl radicals could
be produced through direct photoreduction or homolytic
sulfur-halogen bond cleavage using readily available, in-
expensive precursors such as sulfonyl chlorides.® Despite the
extensive investigation of synthetic methodologies that utilize
metallophotoredox catalysis to directly activate sulfonyl chlor-
ides, there is still a need to address the challenges associated
with the identification of suitable organophotocatalytic
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lishing a straightforward approach for building valuable aryl sulfone scaffolds.

systems that can efficiently and sustainably dissociate sulfur-
halogen bonds through homolytic processes.? Furthermore,
the existence of synthetic challenges becomes evident when
considering the site-selective sulfonylation of aniline deriva-
tives.” The task is challenging due to the necessity of navigat-
ing sulfonyl radicals towards the aromatic C-H bonds of
aniline and, at the same time, impeding the sulfonylation of
competing N-H bonds while preserving proximal and distal
site-selectivity.

We postulated that the installation of the acyl group on the
aniline compound could diminish the reactivity of aniline,
restraining it from directly participating in nucleophilic substi-

a) Sulfonylation Precursors . - o
| Challenges for Aniline Derivatives

H R
H INTR
ArsOyNa well-explored under-explored H NM -
| —— VW o I A —, Arso;

'S
ArSO;NHNH; L' J

!ONvsC O Proximal vs Distal

Challenging S-Cl Bond Activation
b) Previous Approaches

1 2 1 2
R Ir-PC (1 mol%) RRo
K25,03 (3 equiv) 420
o <
+ ASOgNa BugNHSO; (20 mol%) Ar
H0/MeCN, Blue LEDs
ref7a
R R®

PhI(OPiv), (4 equiv) NZ

= 5 H
" N ] THF, 75°rC ref 8e R N I
RN +  Arso.Cl W
\f( Cul (10 mol%) o _Ar
o K2COj; (2 equiv) ﬁ\\o
o

DCE, 100 °C ref 8a
c) Our Approach

o
organo Fhotocatalyst OLll_Ar H
— AL, T
+ ArsO,Cl R N
or o o
0 l = Ar

Scheme 1 Photoinduced sulfonylation of anilides and the reported
approaches.
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tution with sulfonyl chloride, which results in a change from
N-H to C-H bond selectivity of the sulfonyl radical and, there-
fore, increases the possibility of directly attaching the sulfonyl
radical to the aromatic ring. Although our strategy to achieve
selectivity is encouraging, site-selectivity remains a subject of
contention.

Earlier, Wu and co-workers developed a sulfonylation strat-
egy of quinoline amide with sulfonyl chloride utilizing a
copper catalyst at elevated temperature (Scheme 1b).%* The
same group further disclosed a sulfonylation reaction with
directing group-assisted naphthyl amide derivatives utilizing
two metal catalyst systems along with a stoichiometric amount
of an oxidant using sulfinate salts.®” Another group utilized 4
equivalents of hypervalent iodine at elevated temperatures for
the sulfonylation of anilides and quinoline amides
(Scheme 1b).%¢ In the sulfonylated aniline protocols, the Willis
group designed an elegant strategy for the site-selective sulfo-
nylation of aniline using a transition metal-based photo-
catalyst and an inorganic oxidant.’® Therefore, precedent
reports on sulfonylation protocols of anilide moieties have
described utilizing precious transition metal systems, stoichio-
metric amounts of radical initiators, and high temperatures
that lead toward identifying alternate sulfonyl radical precur-
sors and chemical strategies (Scheme 1b).® In order to circum-
vent the inherent challenges associated with the transition
metal catalyst systems herein, we implemented a milder orga-
nophotocatalytic strategy for site-selective sulfonylation of ani-
lides using aryl sulfonyl chlorides as sulfonyl radical precur-
sors (Scheme 1c).

Results and discussion

In pursuit of establishing a sulfonylation protocol, a model
substrate of N-(4-methoxyphenyl)-2,2-dimethylbutanamide (1a)
was used in the presence of 4-methylbenzene sulfonyl chloride
(2a) in DCE under 440 nm photoirradiation. At first, we
studied a series of commercially available photocatalysts.
Encouragingly, with [Ir(dF(CF;)ppy).(dtbbpy)]PFs (PC1), sulfo-
nylated product 3a was obtained in 55% yield as a single regio-
isomer (Table 1, entry 1). While performing the reaction with
other organocatalysts, MesAcr'BF,~ (PC2) and 2,4,6-triphenyl-
pyrylium tetrafluoroborate (PC3), the efficiency of the reaction
decreased significantly (Table 1, entries 2 and 3). To our
delight, Rose Bengal (PC4) was found to be an effective photo-
catalyst, delivering the desired product 3a in 86% yield
(Table 1, entry 4). Furthermore, we found that KOAc and
DIPEA both provided inferior results (Table 1, entry 5).
Subsequently, Cs,CO; turned out to be an appropriate base for
this sulfonylation reaction, producing a 92% yield of the
desired product 3a (Table 1, entry 6). The fact that acetate is
less basic than the carbonate base might be a contributing
factor. In contrast, DIPEA can undergo oxidation and engage
in electron transfer with Rose Bengal. It was observed that the
yield of 3a was reduced significantly when CH;CN, ‘BuOH and
EtOAc were used as solvents instead of DCE (Table 1, entries 7
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Table 1 Optimization of the reaction conditions for the sulfonylation of
anilides with aryl sulfonyl chlorides

Organo-photocatalyst
| 1

*f@\ © 7 a>lﬁ0(o

Solvenl

N 9-Mesityl-10. i ,4,6-tri i
(IF[dF(CF)ppylz(dtbbpy))PFs (PC1) esty Pc2) Pca)

Entry Catalyst Base Yield®” (3a %)
1 PC1 K,CO3 55

2 PC2 K,CO;3 Trace
3 PC3 K,CO, nr.

4 PC4 K,CO; 86

5 PC4 KOACc/DIPEA Trace
6 PC4 Cs,CO; 92
794 PC4 Cs,CO; Trace
g° PC4 Cs,C05 40

9 PC4 — n.r.
10 — Cs,CO3 n.r.
11/ PC4 Cs,CO; n.r.

“Reaction conditions: unless otherwise specified, 1a (0.2 mmol), 2a
(0.3 mmol), PC (2 mol%), and Cs,CO; (0.24 mmol) in 2 mL DCE irra-
diated w1th a Kessil blue LED (440 nm) for 24 h under an argon atmo-
sphere. ” Yields determined by gas chromatography using benzophe—
none as the internal standard. ° CH,CN is used as a solvent. ¢ ‘BuOH is
used as a solvent. °EtOAc is used as a solvent. /Reaction was per-
formed under aerobic conditions.

and 8). As anticipated, the absence of a photocatalyst, a base,
or aerobic conditions had an adverse effect on our expected
product formation (Table 1, entries 9-11).

Keeping the optimized conditions in mind, we set out to
explore the scope of sulfonyl chlorides for the sulfonylation
reaction of anilides. Electron-donating group (such as -Me,
-OMe, and -Et) substituted aryl sulfonyl chlorides performed
well under our developed photochemical conditions and gen-
erated sulfonylated products (3a-c) (Scheme 2).

Also, the electron-withdrawing halo groups at the para- and
meta-positions were well tolerated, giving good yields of the
expected products (3d-f). Moreover, polyaromatic ring contain-
ing sulfonyl chlorides provided the desired product 3g, with a
good yield. When we carried out the reaction of a thiophene-
containing sulfonyl chloride, to our delight, we got the sulfo-
nylated product 3h with an excellent yield. Next, we varied the
alkyl group of anilide derivatives and performed the reaction
with different aryl sulfonyl chlorides. Isopropyl, tert-butyl, and
2,2-dimethyl butyl group containing anilides were competent
substrates for delivering the corresponding sulfonylated pro-
ducts (3i-k). In addition, X-ray crystallography and NMR ana-
lysis pinpointed the sulfonyl group on the aromatic ring and
validated the formation of 3i (CCDC 2333703%) through proxi-
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mal sulfonylation. Additionally, when we checked the viability
of isopropyl sulfonyl chloride as an alkyl sulfonyl source, we
were unable to produce our desired product 31. However, our
optimized conditions allowed us to use cyclohexyl-containing
anilide to access aromatic sulfone 3m in a moderate yield.
When we performed the reaction with 2-phenylacetanilide and
acetanilide derivatives, we got our expected products (3n and
30) with good yields. Moreover, anilide derivatives containing
unsaturated bonds were found to be amenable under this sul-
fonylation protocol, giving excellent yields of site-selective sul-
fonylated products (3p and 3q) exclusively, and we did not
observe any intramolecular radical cyclized product or hydro-
sulfonylation of the olefinic bond.®® We showed that this
strategy could be expanded by conducting the reaction with
various substitutions on the aromatic ring of anilide deriva-
tives, and notably, proximal sulfonylated products were
formed exclusively (3r-x). To our delight, we were able to syn-
thesize the anticipated sulfonylated products (3r-t) after sub-
stituting with methyl and tert-butyl groups without affecting
the reaction yield, even when the ortho position of the anilide
was substituted with a methyl group. Next, we explored the
scope of substitution on the anilide derivatives for the photo-
induced sulfonylation reaction to demonstrate functional
group tolerance. It was noteworthy that both isopropoxy and
aryloxy substituted anilides were tolerated under these con-
ditions and gave the corresponding proximal sulfonylated pro-
ducts (3u and 3v) in good yields (Scheme 2). Furthermore,
thioether reacted well in our developed protocol, providing
63% yield of sulfone derivative 3w.

Subsequently, in an effort to gain a more comprehensive
understanding of the site-selective outcome of the reaction, we
attempted to execute it using N-phenylisobutyramide; unfortu-
nately, we did not observe the formation of the desired
product 3x, and the starting material was fully recovered (for
other unsuccessful substrates, see the ESIf). As a result, we
sought to deploy our model reaction for the site-selective
installation of sulfone on medicinally important quinoline
scaffolds. In fact, to check the viability of quinoline amide,
when we performed the reaction with various aryl sulfonyl
chlorides, we got the corresponding distal C-5 aryl sulfones
(3y-aa) exclusively in good yields. Therefore, to understand the
proximal and distal sulfonylation of anilide derivatives, we per-
formed computational studies (see the ESIf). The formation of
electrophilic ArSO," through the cleavage of the S*'-Cl bond
enables subsequent reactions with anilides.'® Consequently, to
gain insight into the electron density of the anilide derivative
for the addition of the electrophilic sulfonyl radical, we com-
puted the charge density of the optimized structure N-(4-meth-
oxyphenyl)isobutyramide (1i) and N-(quinolin-8-yl)isobutyra-
mide (1y) using the B3LYP method with the 6-31+G(d,p) basis
set considering SMD solvation in DCE. It was observed that
the electron density is notably higher at the C2 position in the
case of 1i, leading to proximal sulfonylation. In contrast, the
electron density was found to be significantly higher at the C5
position of quinoline amide (1y), resulting in distal sulfonyla-
tion of the delivered C5 sulfonylated product (3y-3aa).
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Scheme 2 Substrate scope for the site-selective sulfonylation.
Reaction conditions: unless otherwise specified, 1 (0.2 mmol), 2
(0.3 mmol), Rose Bengal (2 mol%, 2 mg), and Cs,CO3 (0.24 mmol) in
2 mL DCE irradiated with a blue LED (440 nm) for 24 h under an argon
atmosphere.

To understand this photoinduced process better, when we
carried out the model reaction with a radical scavenger BHT,
formation of 3a was suppressed completely (Scheme 3), and
the sulfonyl adduct of BHT 4 was detected by HRMS, confirm-
ing the radical intermediacy of the reaction. Furthermore, the
sulfonyl radical was trapped with a diphenyl ethylene moiety,
which was confirmed by HRMS. We also synthesized
N-sulfonylated anilide 6 separately and subjected it to our reac-
tion, but the desired product 3a was not formed, which ruled
out the in situ photo-Fries rearrangement for the site-selective
sulfonylation on the aryl ring of the anilide."*

In order to ascertain the exact involvement of the photo-
catalyst at the excited state during this photoinduced sulfony-
lation process, we conducted a fluorescence lifetime decay
study with a 485 nm laser source (Fig. 1). The amplitude-
weighted average fluorescence lifetime (z,,) of PC4 in EtOAc
was recorded at 2.53 ns. When we studied the lifetime decay of

This journal is © The Royal Society of Chemistry 2024
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Scheme 3 Control Experiments.

PC4 after the sequential addition of 2a and 1a separately, in
fact, with both of these quenchers, we observed a gradual
decrease in the t,, value (Fig. 1A and B). However, the associ-
ated Stern-Volmer plot indicated the degree of dynamic
quenching, with 2a greater than 1a (Fig. 1C). Therefore, it
might be anticipated that aryl sulfonyl chloride was involved
in the dynamic quenching with the excited photocatalyst.
Furthermore, the significance of continuous visible-light
irradiation was confirmed by light on/off studies, and the
graph depicted in Fig. 1D shows the necessity of light
irradiation for the sulfonylation reaction.

Based on the aforementioned observations and literature
precedents, a plausible reaction path for the sulfonylation
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strategy is depicted in Scheme 4. Initially, RB when exposed to
light produced the excited state RB*, which may be involved in
the quenching with 1i and 2a, respectively, as evidenced by
fluorescence lifetime quenching studies. However, after com-
paring the redox potential of anilide 1i with RB* (for details,
see the ESI), it was observed that reductive quenching of RB
is not feasible. Furthermore, the oxidative quenching pathway
is the most promising reaction pathway since our technique
only works with aryl sulfonyl chloride, as the S-CI bond dis-
sociation energy of alkyl sulfonyl chloride is somewhat higher
than that of aryl sulfonyl chloride'* and perhaps because of
this, we were unable to produce our desired product 31 utiliz-

sozm

\ @Wﬁ
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Scheme 4 Plausible Reaction Mechanism.
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Fig. 1

(A) Fluorescence lifetime quenching studies for 3.75 mM PC4 in ethyl acetate with increasing concentration of 2a as the quencher (addition

from 0 to 0.9 mM). (B) Fluorescence lifetime quenching studies for 3.75 mM PC4 in ethyl acetate with increasing concentration of la as the
quencher (addition from 0 to 0.6 mM). (C) Combined Stern—Volmer plot of a solution of 3.75 mM PC4 in ethyl acetate with increasing concentration
of 1a (orange line) and 2a (blue line) as the quencher. (D) Switch on/off experiment.
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ing isopropyl sulfonyl chloride as an alkyl sulfonyl source.
Thus, after photoexcitation, RB* (EX®/®®" = 1,34 V vs. SCE) is
involved in oxidative quenching with 2a (E¢ = —1.25 V vs.
SCE) to produce sulfonyl radical I, with RB* converting into
RB™. Direct addition of radical I to the nucleophilic center of
anilide 1i produces radical intermediate II. Then intermediate
II was involved in the SET process with RB™* to regenerate RB
and get transformed into the carbocation intermediate I1I, fol-
lowed by deprotonation with the help of chloride ion to
produce the required sulfonylated product 3i.

Conclusions

In conclusion, we developed a site-selective photochemical
approach for aryl sulfonylation of direct C(sp*)-H bonds of
anilide derivatives utilizing easily accessible aryl sulfonyl chlor-
ides as a sulfonylating agent. We generated sulfonyl radicals
using a less expensive organophotocatalyst. The extensive
scope evaluation illustrated the synthetic utility with anilides,
sulfonyl chlorides, and biologically relevant heterocycle-con-
taining anilides. Detailed mechanistic experiments and com-
putational studies were conducted to elucidate the mechanism
and exclusive site-selectivity.
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