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Visible light photocatalysis is a tool in synthetic 465"

chemistry that allows us to utilize the energy of photons via P w \ Nz . Sustainable

photoinduced electron transfer to promote diverse organic i o @ photocatalyst

reactions. Herein, a heterogeneous transition metal-free material,

a type of carbon nitride photocatalyst, potassium poly(heptazine ) oy * Visible light
imide), is employed to produce sulfonyl chlorides from Ak — WhAL,

: . . o .. b N $0C1 * High functional
arenediazonium salts under mild conditions (visible light P vy tol
irradiation, room temperature) with 50—95% yields. The method ey group tolerance
is suitable for the synthesis of both electron rich and electron K-PHI

deficient compounds, and it shows high tolerance toward different
functional groups (halides, ester, nitro, cyano groups). Thus, a sustainable photocatalytic alternative to the Meerwein
chlorosulfonylation reaction is offered.
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sulfonyl chlorides to sulfonic acids. Apart from the targeted
product, there are also several side products possible, such as
the Sandmeyer products chloroarene, disulfide, and sulfone
(Scheme S1). Therefore, improvement of existing methods for
synthesis of sulfonyl chlorides is necessary.

Visible light photocatalysis is seen as one of the prominent
alternatives to conventional chemistry, which through harvest-
ing solar light and followed by photoinduced electron transfer
enables many important chemical transformations, including
H, production,'’~"* CO, conversion,"*™'® pollutant degrada-
tion,'”'® and also organic synthesis.'””" Previously, the
photocatalytic alternative to the Meerwein method was
proposed by Jacobi von Wangelin et al. in 2017.>' To enable
this reaction, the authors used a transition-metal-based catalyst
tris(2,2'-bipyridine)ruthenium(Il)dichloride [Ru(bpy);]CL,.
However, due to low abundance of platinum group metals,
the costs of Ru-complexes are high. On the contrary, sulfonyl
chlorides are rather bulk commodities. Therefore, cheap and
recyclable photocatalysts for synthesis of this class of organic
compounds are highly desirable.

The family of carbon nitrides, polymer materials built of
mainly C and N atoms, are organic semiconductors and a
popular choice in photocatalysis due to low cost of precursors

Synthesis of sulfonyl chlorides is one of the most important
procedures and is part of the daily routine of an organic
chemist. These compounds are the main precursors in the
synthesis of sulfonyl amides, at both the laboratory and
industrial scale (Figure la). Sulfonamides, in turn, represent
one of the biggest class of biologically active compounds used
in pharmaceutical, agrochemical, materials, and food industries
(Figure 1b).'~® Apart from this, sulfonyl chlorides also serve as
key intermediates in the synthesis of sulfonyl fluorides,
sulfonate esters, sulfones, and sulfinic acids.* In general,
synthesis of sulfonyl derivatives from amines or alcohols
belongs to the most commonly used reactions in pharmaceut-
ical research.” In addition, sulfonyl chlorides are also used in
functional group protection or activation of unreactive sites.®
As a source of alkyl and aryl radicals, they also find application
in photocatalytic coupling reactions.”

A common method of sulfonyl chlorides synthesis is a
Sandmeyer-type reaction proposed by Meerwein et al. using
copper salts, such as CuCl or CuCl,, as a catalyst for single
electron transfer (SET) (Figure 1c).® In the original work,
arenediazonium salts, obtained from amines, reacted with SO,
in aqueous medium to yield the product in low-to-moderate
yields. The method was further improved by using a
concentrated solution of SO, (30%) in glacial acetic acid October 25, 2021
under ice bath cooling (temperatures below S °C) to increase December 6, 2021
the yields.” The mixture resulted in two phases anyway due to December 6, 2021
the poor solubility of diazonium salts and sulfonyl chlorides in December 13, 2021
aqueous system. Furthermore, the presence of water is not
favorable for the reaction, as it leads to the hydrolysis of
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Figure 1. (a) Classical route to sulfonyl amides. (b) Medicines containing sulfonamide linkage. (c¢) Common strategies for sulfonyl chlorides

synthesis. (d) Photocatalytic methods for sulfonyl chlorides synthesis.

(several EUR per gram, if synthesis performed on the lab-
scale) and high performance.'”***’ In addition, the heteroge-
neous nature of the catalyst allows for easy separation from the
reaction mixture by filtration or centrifugation and its further
reuse. Such a combination of features of these materials is
expected to improve the sustainability of organic synthesis.
Originally, carbon nitrides were developed for the use in
sustainable energy processes, such as water splitting for
hydrogen production; however, in the past decade, they have
been more and more investigated as catalysts in organic
synthesis as an alternative to the established transition-metal-
based photocatalysts.”” In particular, potassium poly(heptazine
imide) (K-PHI), a crystalline type of carbon nitride, has shown
high performance in organic photocatalysis, such as reduc-
tion,>**° oxidation reactions,”®*” or redox neutral reactions.>®
Due to the valence band (VB) position located at +2.36 V vs
NHE, K-PHI is able, via photoinduced electron transfer, to
oxidize amines®® and alcohols”” and even perform the
thermodynamically challenging oxidation of halide anions.”
Poly(heptazine imide) and carbon nitrides, in general, are used
as supports for single atoms.’’~>> Thus, Fe-PHI performs
exceptionally well in the thermodynamically challenging
oxygenation of hydrocarbons under illumination with visible
light.34 K-PHI also forms stable radical anions, which can be
practically applied, for example, in oxygen sensing.’**

Recently, we have already shown that sulfonyl chlorides can
be obtained by the photocatalytic oxidative chlorination of
aromatic thiols and arylthioacetates (Figure 1d(1)).>” Never-
theless, this method is not universal due to the limited
availability of the starting materials as a result of their
challenging synthesis. In addition, oxidative chlorination
typically has limited tolerance to the functional groups due
to the harsh reaction media. Therefore, other strategies for the
synthesis of sulfonyl chlorides, especially those using photo-
catalysis, remain in demand.
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In this work, we develop a method of sulfonyl chloride
synthesis from in situ generated SO, and HCI, and
arenedizonium tetrafluoroborates, which are prepared from
the corresponding aromatic amines via diazotation with nitrous
acid. The reaction is mediated by heterogeneous potassium
poly(heptazine imide) photocatalyst.

Diazonium salts were prepared according to the reported
procedure.”® We used SO, and HCI that are formed in situ
upon hydrolysis of SOCI, with an equimolar amount of water.
Like in many photocatalytic organic reactions catalyzed by
carbon nitrides, acetonitrile was chosen as a solvent due to its
ability to disperse the catalyst and dissolve all molecular
components of the reaction mixture: arenediazonium salts,
SO,, HC], and sulfonyl chlorides. This allows all components
except the catalyst to be in one phase and mitigate all
previously described limitations.” For the optimization of
reaction conditions on a 0.025 mmol scale of 4-bromophe-
nyldiazonim tetrafluoroborate 1a, we started with 20 equiv of
SOCI, and H,0 (Table 1).

IMumination of the reaction mixture with 465 nm photons
led to complete conversion of the substrate and formation of
the sulfonyl chloride 2a with 85% yield (entry 1). A similar
yield of 2a was obtained under white light (entries 2—4). The
main byproduct in the reactions listed in entries 1—4 was p-
bromochlorobenzene. Upon decreasing the excess of thionyl
chloride to 10 equiv, we improved selectivity and obtained 2a
with 95% yield (entry S). The reaction did not proceed in the
absence of light and/or the photocatalyst (entries 6—8). The
experiment without addition water resulted in 60% yield due to
minor contents of water in the solvent as the latter was used
without any additional treatment (entry 9). By means of Karl
Fischer titration, the water content in acetonitrile was
measured to be 640 ppm, which is translated into
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Table 1. Reaction Condition Optimization

BF,
+. N K-PHI, hv N/
N~ S\CI
/©/ H,0, SOCl, /©/
B CH4CN, Ar, 18h g,
1a 2a
substrate, light,  SOCI, and H,O equiv yield
entry mmol nm vs la (conversion), %"
¢ 0.025 465 20 85 (100)
24 0.025 white 20 85 (100)
3¢ 0.050 white 20 85 (100)
44 0.100 white 20 85 (100)
st 0.025 465 10 95 (100)
6° 0.025 10 0
7¢ 0.025 10 0
8¢ 0.025 465 10 0
9 0.025 465 10 60
10° 0.025 465 10 0

“Conditions: K-PHI (4 mg); SOCL, (37.0 L, 0.5 mmol); H,0O (10
uL, 0.56 mmol); MeCN (1 mL); T = 25 °C; atmosphere = Ar; 18 h.
bConditions: K-PHI (4 mg); SOC, (18.5 yL, 0.25 mmol); H,0 (5
uL, 0.28 mmol); MeCN (1 mL); T = 25 °C; atmosphere = Ar; 18 h.
“The same as footnote b but without catalyst and light. “The same as
footnote b but without light. “The same as footnote b but without
catalyst. /The same as footnote b but without adding water explicitly.
£The same as footnote b but using anhydrous acetonitrile. Reaction
mixture was prepared in the glovebox. "Conversion and yield
obtained from '"H NMR analysis of the reaction mixture.

0.036 mmol of H,O, and therefore sufficient to produce
amount of SO, required by the stoichiometry of the reaction
(Table S1). To confirm the role of water in acetonitrile, we
used acetonitrile with water contents <252 ppm. The reaction
did not give 2a (entry 10). These results clearly confirm the
necessity of water for the reaction to proceed.

The performance of other carbon nitride materials and some
transition metal-based complexes was evaluated in the reaction
of 4-chlorophenyldiazonim tetrafluoroborate 1f (Table 2,
entries 1—6). The commonly employed in photocatalysis
material graphitic carbon nitride, g-CN, gave 2f with only 15%
yield. A carbon nitride material with an enhanced surface area,
mesoporous graphitic carbon nitride (mpg-CN),* gave 2f with
98% yield. Taking into account the comparable yield of 2f in
the case of K-PHI and mpg-CN, but with a more complex
preparation procedure of the latter that requires a hard
template, the use of K-PHI is advantageous. Another type of
PHI-based catalyst, Na-PHI, gave 2f with 12% yield, possibly
due to limited absorption in the visible range.”” The Ir- and
Ru-based complexes gave 2f with 99% yield in this reaction.
However, the use of precious metals is undesirable. Thus, the
K-PHI photocatalyst is the most reasonable choice for
catalyzing this reaction. Additionally, recycling experiments
were performed with K-PHI catalyst, which unambiguously
confirmed its stability and high performance over several
rounds of use (Table 2, entries 1, 7, 8). The experiment with
DABCO-Bis(sulfur dioxide) (DABSO) as a source of SO, did
not yield sulfonyl chloride 2f but mainly diarylsulfone (Table
2, entry 9; Figure S2).

A scope of arenediazonium salts with various substituents at
o0-/m-/p-positions la—j were studied under the optimized
conditions. Except for 2-methoxy-substituted phenyldiazonium
salt, both electron rich and electron poor arylsulfonyl chlorides
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Table 2. Catalyst Scope Investigation”

BF,
ﬁ/,/N photocatalyst, 465 nm \\s//\
/©/ H,0, SOCl, /©/ cl
. CHiCN, Ar, 18h
1 2f
light,  SOCI, and H,O equiv yield

entry catalyst nm vs 1f (conversion), %°
1 K-PHI 465 10 99 (100)
2 g-CN 465 10 15 (15)
3 mpg-CN 465 10 98 (100)
4 Na-PHI 465 10 12 (13)
5 Ru(bpy);Cl, 465 10 99 (100)
6 Ir(ppy)s 465 10 99 (100)
7°] " K-PHI 2nd 465 10 98 (100)

run
8(<l  K-PHI 3rd 465 10 97 (100)

run
o4l K.PHI 465 10 0 (100)

“Conditions: catalyst (4 mg); substrate (0.025 mmol); SOCI, (18.5
uL, 0.25 mmol); H,O (S uL, 0.28 mmol); MeCN (1 mL); T =25 °C;
atmosphere = Ar; 18 h. “Second run of the recycled K-PHI. “Third
run of the recycled K-PHI. 9Reaction with DABSO (0.125 mmol) and
2 M HCI in Et,0 (62 uL, 0.125 mmol). “Conversion and yield
obtained from 'H NMR analysis of the reaction mixture.

2a—j were obtained with S0—95% yields (Scheme 1). This is
beneficial as compared to the conventional method, which
yields only electron-deficient and electron-neutral sulfonyl
chlorides in good yields.*” Also, the proposed method shows
high tolerance toward various functional groups, such as
halogen, ester, nitro, and cyano groups. This serves as

Scheme 1. Scope of Substrates Used in the
Chlorosulfonylation Reaction Catalyzed by K-PHI“

14+
BF, N K-PHI, 465nm Qé/,o
- _ <
|\ H,0, SOCl, R— | cl
/= CHsCN, Ar, 18h A
R
1 2
SO,CI SO,CI S0O,CI S0,CI SO,CI
Br OCHjg CN COOCH;
2a 2b 2c 2d 2e

95(100) % 87 (100) % 77 (100) % 77 (100)% 50 (100) %°

SO,CI SO,CI SO,CI SO,CI SO,CI
@ F@
CF3 NO,
Cl NO, cl
2f 2g 2h 2i 2j

99 (100)% 75(100)% 97 (100)% 98 (100)% 98 (100) %

“Reaction conditions: 1 (0.025 mmol); K-PHI (4 mg); SOCL, (18.5
uL, 0.25 mmol); H,O (5 uL, 0.28 mmol); MeCN (1 mL); T = 25 °C;
atmosphere = Ar; irradiation with 465 nm LED; 18 h. YDichloro-
methane was used as a solvent. The yield and conversion (in
parentheses) are given in percent.
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additional proof of this photocatalytic approach being milder
than the established chemical process, which shows a lower
compatibility with functional groups.

It is worth mentioning that special conditions should be
used for synthesis of unsubstituted sulfonyl chloride 2e as it
reacts with acetonitrile and forms acetanilide, which was
detected by 'H NMR (Supplementary Note 1 in the
Supporting Information). Thus, the reaction with le was
performed in dichloromethane to avoid this problem.

Based on our experience and previous studies,”’

the

following mechanism was proposed (Figure 2). First, upon

@ @

in situ
SOCI, + H,0 ——» SO, +2HCI

= éoz @

Figure 2. Proposed mechanism of the synthesis of sulfonyl chlorides
from arenediazonium salts catalyzed by K-PHI.

reaction with water, thionyl chloride provides the reaction
mixture with SO, and hydrochloric acid. In the photocatalytic
cycle, under irradiation with a 465 nm LED, K-PHI forms an
exited state K-PHI*, which can undergo the redox half-
reactions with active species present in the reaction mixture.
On the VB site, K-PHI as a strong oxidant (VB position at 2.36
V vs NHE) is able to oxidize chlorine anion (CI™) (oxidation
potential 1.36 V vs NHE), as was shown in our previous
studies.”” This leads to the formation of a K-PHI radical-anion
(K-PHI*") and chlorine radical (CI*). On the CB site, by the
analogy with Cu(I) salts in the Meerwein reaction,
arenediazonium salts undergo a single electron reduction by
K-PHI*™. Upon release of the nitrogen molecule, it forms an
aryl radical, which simultaneously reacts with the SO, molecule
to form an S-centered sulfonyl radical. The reduction potential
of benzenediazonium tetrafluoroborate is 0.08 V vs NHE,*!
while the CB of K-PHI is located at —0.35 V vs NHE and thus
allows for this reductive half-reaction. In addition, SET to the
diazonium salt followed by reduction to the phenyl radical was
proved by the radical trapping experiment with DMPO by GC-
MS (Figure S4). In the final step, the phenylsulfonyl radical
reacts with the chlorine radical and yields the desired product—
arenesulfonyl chloride.

In this work, we presented the photocatalytic method of
sulfonyl chloride synthesis from arenediazonium salts catalyzed
by a heterogeneous catalyst, which is composed of only
lightweight C, N, K elements and from this perspective is more
sustainable. Potassium poly(heptazine imide) (K-PHI), a
member of the carbon nitride family, affords sulfonyl chlorides
bearing both electron donating and electron withdrawing
groups with high yields. Necessary SO, and CI” amounts are
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conveniently obtained by the reaction of SOCI, and water in
situ. The reaction was carried out under mild conditions, under
visible light irradiation, and at room temperature, which all
gave a high functional group tolerance. Thus, a convenient
method toward organic sulfonyl chlorides with a heteroge-
neous, inexpensive catalyst was developed.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsorginorgau.1c00038.
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