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ABSTRACT

a-(Styrylsulfonyl)amides and their related ester analogs are an important class of substances that have been widely used as
precursors toward bioactive compounds. While most existing methods for the preparation of related compounds include either
multiple steps or the use of precious metals, the method presented in this paper utilizes copper and visible light to produce
a-(styrylsulfonyl)amides and a-(styrylsulfonyl)esters from o-bromoamides or esters, SO, and styrenes in moderate to high yield

in a single step. The mechanism of the newly developed method is investigated and likely differs from related methods for the

photocatalyzed fixation of SO, into organic scaffolds.

1 | Introduction

a-(Styrylsulfonyl)amides and their related ester and carboxylic
acid analogs are an important class of compounds that have been
widely used as precursors of compounds possessing antimicro-
bial, antituberculosis, antioxidant and anti-inflammatory activity
[1-5]. Vinyl sulfone moiety in general is of an importance in drug
design and reactive dyes [6, 7]. a-(Styrylsulfonyl)amides, esters,
nitriles, and carboxylic acids were previously synthesized by
different routes, including by the condensation of sodium
styrylsulfinate with chloroacetic acid or other a-bromocarbonyl
compounds (Scheme 1a) [8-10]. oa-(Styrylsulfonyl)esters were
also prepared by a metal-catalyzed coupling reaction from
(E)-styrylboronic acid (Scheme 1b) or by a Horner-Wadsworth-
Emmons reaction from a sulfone-based reagent (Scheme 1c)
[11-14]. While these methods enable the synthesis of
(E)-isomers, the reaction between phenylacetylene and sodium
thioglycolate, followed by oxidation, activation and addition of
amines, produces (Z)-isomers of (styrylsulfonyl)acetamides

(Scheme 1d) [4, 15, 16]. While most of these procedures are com-
posed of multiple steps and isolations or are catalyzed by precious
metals, we envisioned a plausible one-step photoredox-catalyzed
procedure for the synthesis of a-(styrylsulfonyl)amides via SO,
incorporation.

Photochemical and electrochemical incorporation of SO, into
small organic molecules via radical pathways have received
much attention in the past decade as the fixation of SO, repre-
sents a sustainable and atom economical way of synthesizing
compounds containing a sulfonyl moiety [17-20]. Moreover,
SO, can even be considered a waste product and methods for
its valorization are attractive [21]. One of the first examples of
SO, fixation into photochemically generated C-centered radicals
utilized arenediazonium salts [17, 19, 22, 23]. The resulting
arenesulfonyl radicals were shown to participate in a variety
of reactions, mainly radical additions [22-27]. Other radical
intermediates derived from aryl and alkyl halogenides, diarylio-
donium salts, carboxylic acids and their derivatives, borate salts,
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Synthetic routes towards a-(styrylsulfonyl)amides and their analogues
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SCHEME 1 | Overview of methods for the preparation of
a-(styrylsulfonyl)carboxylic acid derivatives and general photoredox-

catalyzed SO, insertion reactions. (a) sulfonylation/reduction/alkylation;
(b) boron/sulfur exchange and alkylation; (c) Horner reaction; (d) alkyne
hydrothiolation/oxidation; (e) general photoredox approach to SO,
incorporation; and (f) this work.

cyclobutanone oxime esters, and Katritzky salts have also been
shown to react with SO, and generate sulfonyl radicals
(Scheme 1e) [28-35]. Meanwhile, styrylsulfinate ions could only
be generated from styrylboronic acid and SO, through nonrad-
ical, metal-catalyzed reactions. [11-13, 36, 37]

Inspired by these seminal works on photoredox-catalyzed SO,
incorporation, we developed a strategy for the synthesis of
a-(styrylsulfonyl)amides and esters via a radical pathway from
styrenes, SO, and a-bromoamides or esters, using an inexpensive
copper complex (Scheme 1f).

2 | Results and Discussison

According to the reaction design outlined above, we began
our investigation by screening suitable reaction conditions.
Model substrate 1a, styrene (2a) and a solution of SO, in aceto-
nitrile were used in initial screening, with the addition of
[Cu(dmp),]BF, as a photoredox catalyst (dmp = 2,9-dimethyl-
phenanthroline). The choice of the catalyst was based on its good
performance in reactions involving sulfonyl radicals, as well as its
availability [38-40]. Initially, neither product 3a nor its precursor
3a-II (Scheme 2) could be detected in the reaction mixture by
liquid chromatography-mass spectrometry (LC-MS, Table 1,
entry 1), which led us to consider adding base to the reaction
mixture. Anticipating an unfavorable interaction between SO,

TABLE 1 | Optimization study of the reaction conditions.”

O
Rl o
1a 2a 3a

Entry  Deviation from standard conditions 3a (%)°
1 no base n.d.
2 no deviation 55
3 Et:N n.d.
4 pyridine n.d.
5 K,HPO, n.d.
6 2,6-di-tert-butylpyridine n.d.
7 [Cu(dmp),CI]C1 53
8 [Cu(DPEphos)(dmp)|BF, 47
9 [Cu(Xantphos)(dmp)|BF, 44
10 [Cu(Xantphos)(bq)|BF, 37
11 [Cu(DPEphos)(bq)|BF, 18
12 [Cu(bq),|BF, traces
13 Sac-[Ir(ppy)s] n.d.
14 [Ru(bpy)s](PFg), n.d.
15 40h 68
16 2,4,6-collidine 68
17 2,4,6-collidine, 40 h 84

“Standard reaction conditions: 1a (0.4 mmol), 2a (0.52 mmol), [Cu(dmp),]BF,
(1 mol%), MeCN (anhydrous, degassed, 1.8 mL), 2,6-lutidine (1.6 mmol), SO,
(0.8 mmol as a 4 M solution in MeCN), LEDys¢nm, 35°C, 20 h. n.d. = not
detected;

"Yields were determined by '"H NMR with CH,Br, as an internal standard.

and alkyl amines or inorganic bases, 2,6-lutidine was used
instead. Gratifyingly, we observed the formation of the target
product 3a in 55% NMR yield after 20h of irradiation under
456 nm light (Table 1, entry 2). Replacing 2,6-lutidine with trie-
thylamine or pyridine prevented the reaction from taking place
(Table 1, entries 3 and 4, see also SI 4.8.1.). Based on our previous
reports [39, 40], K,HPO, was also tested as a potential base,
resulting in an unsuccessful reaction (Table 1, entry 5).
Interestingly, when 2,6-di-tert-butylpyridine was used instead
of 2,6-lutidine, intermediate 3a-II (Scheme 2) was detected in
the reaction mixture by LC-MS and nuclear magnetic resonance
(NMR) analysis, but no formation of 3a was observed. This can be
explained by the lower basicity of this pyridine derivative due to
steric hindrance (Table 1, entry 6).

Next, multiple catalysts were tested and while other photoredox-
active copper complexes (bq=2,2’-biquinoline; DPEphos=
[oxydi(2,1-phenylene)]|bis(diphenylphosphane); Xantphos=(9,9-
dimethyl-9H-xanthene-4,5-diyl)bis(diphenylphosphane)) performed
well with somewhat diminished yields, ruthenium and iridium
complexes as well as organic catalysts and photoredox-inactive
copper complexes failed to produce the desired product
(Table 1, entries 7-14 and Table S1, entries 17-21). The reaction
time was then increased to ensure complete conversion of the
starting material 1a, which led to an increase in the yield of 3a
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to 68% (Table 1, entry 15). Finally, changing the base to 2,4,6-
collidine further increased the yield to 84% after a prolonged reac-
tion time (Table 1, entry 17). Additional screening experiments,
including solvent, SO, surrogates, and concentration variations,
are gathered in the Supporting Information (Table S1). Next,
we explored the scope of the reaction (Table 2). Substituted
aniline-derived bromoacetamides gave the corresponding prod-
ucts 3a-g in yields up to 92%. Bromoacetamides derived from
secondary and aliphatic amines also produced products 3h-k
in satisfactory yields of up to 82%, including the L-leucine-derived
compound 3k. Unfortunately, 2-bromopropanamide 11 gave only
25% of the corresponding product 31, indicating a significant effect
of steric hindrance of the additional methyl group on the reaction.
Similarly, y-lactam-based substrate 2m was converted to the
sulfone 3m in 31% yield. Imide-based product 3n and
N-unsubstituted compound 30 were also synthesized.

Expanding the scope from amides to esters, compounds 3p-t
were prepared in diminished yields up to 45%, whereas the
ketone-derived product 3u was isolated in a modest 20% yield.
While all the side products could not be identified, the corre-
sponding Katritzky salt of 1t and 2,4,6-collidine was detected
in the crude reaction mixture after irradiation, indicating a pos-
sible explanation for the diminished yields compared to amides 1.
The role of Katritzky salts is further discussed in the mechanistic
section and in SI (SI 4.8.1.). The main side product arising from
ketone 1u was identified as 4-methoxyacetophenone. It should be
noted that bromoacetonitrile remained unconverted under the
employed reaction conditions and the target product 3v was
not detected in the reaction mixture. Despite the presence of
an internal double bond in bromoacetates 1s and 1t, no cycliza-
tion products arising from radical attack to the double bond
could be detected when styrene (2a) was omitted from the reac-
tion mixture. However, when substituted styrenes 2b-f were
used, compounds 3w-aa were successfully isolated in yields
ranging from 40%-88%. Gratifyingly, the heterocyclic thiazole-
derived alkene 2g could also be converted to the corresponding
sulfone 3ab. 1-Hexene (2h), vinyl benzoate (2i), a-methylstyrene
(2j) and methyl acrylate (2k) failed to give the corresponding
products 3ac-af. Lastly, the model reaction between la and
2a was scaled up to a 4 mmol scale, providing product 3a in
66% yield. Additionally, the structure of the product 3a was con-
firmed by X-ray crystallography (CCDC number: 2425291,
Figure S11), supporting the observation of a sole (E)-isomer of
styryl sulfones 3 in the reaction mixture, which is consistent with
various reports on vinyl sulfone syntheses [39, 41, 42].

Having established the scope of the reaction, we commenced the
investigation of its mechanism. In the absence of light, no prod-
uct 3a was detected, even at elevated temperature (Table S1,
entries 35, 36). The addition of the radical scavenger TEMPO
prior to irradiation caused the yield of 3a to drop below the
detection limit (SI 4.1.), supporting the involvement of radical
intermediates. The most widely accepted pathway for photoredox
catalyzed incorporation of SO, involves generation of C-centered
radical species, followed by the formation of sulfonyl radicals
[17, 19, 22-36]. In our study, the representative substrate la
would therefore need to be reduced by the catalyst in its excited
state to form a-carbonyl radical species 1a-II (Scheme 2). While
many of the tested copper complexes gave appreciable yields

TABLE 2 | Scope of a-bromocarbonyl compounds 1 and alkenes 2.

[Cu(dmp),]BF4, SO,

(o} idi O,
2,4,6-collidine N
R1)K/Br R R1J\/s\/\Rz
2 MeCN, 35 °C, LEDy4s6 nm 3

a) scope of amides 1a—o
L @ F
e @

3b (81%)

o HN
3a(80%) ' gzo

H 3¢ (66%) §\
: HJ\/ Ph 3d (65%)
‘ 3e (92%)
R e
: NP —N
)J\/ \/\ph (o] HN O
p H 3 (48%) 0 2: o
7 v
(o] O\\ ,/O \ (e} \\O
AT,
S " 39 (59%) o PH
‘0
I 3h(82%)  3i (g0%)

N Ph
Oaemo ™1

3K (43%) H

NPe ? o, 0
Ph)k J\/ S, AT,

i n (42%) 30 (50%)

b) scope of esters, ketones and nitriles 1p-v

MeO
Eto)b \/\ >< j/\ e
3p (45%) 3q (41%) 0
o]
S//
\Y / \\O
)K/s )J\) < o D)
~F > ph 3u (20%)
3s (39%) Ph
4 [+
5%) 90 o O\‘s//o
P "0 S\ e ~pn
3t (40%) 3v (not detected)
c) scope of alkenes 2b—j
/ S/ HN
3w (88%) m
S
\ ’/ \ ‘o
. \
(40%) 6;;\©\
J\/S > J\/\\ 0
\ N 3aa (49%)
3ab (39%) 3ac (not detected)
0 Ph. J\/ P
o, 0
n I JVSJ Rl
H CO,Me

3ad (not detected) 3ae (not detected) 3af (not detected)

Reaction conditions: 1 (1.0 mmol), 2 (1.3 mmol), [Cu(dmp),]BF, (1 mol%),
MeCN (anhydrous, degassed, 3.67 mL), 2,4,6-collidine (4.0 mmol), SO, (2.0 mmol
as a 1.5M solution in MeCN), LED 56 nm, 35°C, 40 h. Isolated yields are
reported.
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of 3a (Table 1, entries 2,8-11), only the excited state redox poten-
tials of [Cu(dmp),|BF, and [ Cu(Xantphos)(dmp)|BF, are suitable
for the reduction of substrate 1a, while others are not reducing
enough to generate intermediate I (Table S2). This could indicate
that formation of 1a-II is not the first step of the reaction.
Meanwhile, SO, can easily be reduced by all the excited states
of these catalysts to generate SO,"~ (Table S2) - a more likely
event according to the approximately two orders of magnitude
larger quenching rate constant of SO, compared to that of 1a
(Stern-Volmer quenching experiments Figures S8-S9). It is
therefore probable that the generation of the SO,"~ anion
represents the first step of the reaction, which is followed by
nucleophilic substitution to generate intermediate 1a-I from sub-
strate 1a (Scheme 2a). Such substitution is also in line with the
reactivity of a-halocarbonyl compounds 1a, 1w, and 1x in the
synthesis of compound 3a, which decreases from iodo- to bromo-
and chloro-analog (Table S3), reflecting the ability of halide ions
to act as leaving groups. Next, the radical addition of sulfonyl
radical 1a-I to styrene (2a) is likely followed by oxidation of
3a-I to benzylic cation and bromide ion inclusion or, alterna-
tively, by copper-mediated halogen atom transfer to form 3a-II
(which was detected by LC-MS when 2,6-di-tert-butylpyridine
was used as a base) [43-46]. Alternating irradiation and darkness
showed no reaction in the dark phases (SI 4.3.) and the relative
quantum yield of the reaction was determined to be as low as
3.4%, ruling out the possibility of an efficient radical chain mech-
anism (SI 4.4.). Lastly, elimination of HBr by base forms the final
product 3a.

Interestingly, as substrate 1z only gave the product 3af
(Table 2, SI 4.2.) under standard conditions, indicating the
radical clock transformation from intermediate 1z-II to 1z-IT’
(Scheme 2b), a possible equilibrium between intermediates
la-I and 1a-II should also be considered (Scheme 2a).
Moreover, as no alternative product 3a’, originating from inter-
mediate 1a-II, was detected in the reaction mixture, either this
equilibrium is shifted toward 1a-I or the reaction of the latter
with 2a is preferred. It should be noted that free a-carbonylsul-
fonyl radicals were so far only detected at low temperatures and
are known to eliminate SO, due to the low singly occupied

(a) i(b) radical clock

o) o
+80, =— SO. 3 [0}
PhHN)K‘ PhHN)K/ “|
1a-l

1a-l - PN
Vo 1z-ll N/Ie J
‘ >y

jPh/\ ‘

o 2a l
)K/Br !
PhHN '
1a

: 0
S A : °N
so.” PhHN ~"ph \ |
2 3a-l ' Me
Cu(lnL2* l 1z-II'
Br ﬁ
Cu(l)L,*™ cu(l)L,* J__A_Ph
" M PhHN" >~
S0, 3a' (not detected)
0 [SNpe] Br base
)k/s\)\ % o.,0
S
PhHN s D )K/\S/ g
a PhHN N Spy,
LC-MS detection 3a

SCHEME 2 | Proposed reaction mechanism. (a) mechanistic hypoth-
esis and (b) radical clock experiment.
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SCHEME 3 | Some transformations of compound 3a.

molecular orbital (SOMO) energy of the C-centered radicals
involved [47]. As only the copper-based complexes among the
tested photoredox catalysts led to the formation of product 3a
(Table S1, entries 9-21), it appears plausible that copper plays
a crucial role in the reaction, possibly through chelation.
While similar observations are not unprecedented in the field
of photoredox catalysis, further investigation of the exact role
of copper is required to better understand the reaction mecha-
nism [48, 49].

The necessity for 2,4,6-collidine (or 2,6-lutidine) in the reaction
should also be addressed, as other tested bases proved unsuitable
for the reaction (Table S1, entries 3-8). Both the involvement of
the Katritzky salt 1y, formed from 2,4,6-collidine and 1a, and the
formation of a charge transfer complex between 2,4,6-collidine
and 1a, were ruled out experimentally, contrasting previously
reported related methods (SI 4.8.1.) [50, 51]. However, absorption
spectra show that 2,4,6-collidine forms a charge transfer complex
with SO,, similar to other amine-SO, complexes (SI 4.8.1.)
[52-55]. Furthermore, when the reaction was performed under
otherwise standard conditions (Table 1) but in the absence of
a catalyst absorbing at 456 nm, no product 3a was detected in
the reaction mixture, while only 8% and 10% NMR yields of prod-
uct 3a were achieved at 427 and 390 nm irradiation wavelength,
respectively (Table S1, entries 34, 37, 38). It is therefore possible
that the 2,4,6-collidine-SO, charge transfer complex plays a role
in the reaction although the involvement of complexes such as
[S306]*™ and [S,04] "~ cannot be ruled out entirely [56]. The pos-
sibility for the additional role of base besides deprotonation of
intermediate 3a-II (Scheme 2) is therefore still under scrutiny.

The synthetic utility of the representative product 3a was dem-
onstrated (Scheme 3) in a reaction with morpholine, yielding 91%
of amine 5. Additionally, hydrogenation of styryl sulfone 3a
resulted in a 91% yield of saturated derivative 6. Finally, reaction
with dimethyl formamide dimethyl acetal (DMFDMA) produced
compound 7 in a 76% yield. Compounds 3 can therefore react as
an electrophile or nucleophile as needed.

3 | Conclusion

A detailed account of the formation of a-(styrylsulfonyl)amides
and their ester analogs in a Cu-catalyzed three-component pho-
toreaction is presented. The developed method is best suited for
the synthesis of a-(styrylsulfonyl)amides with no substituents in
the a-position. Their ester analogs were prepared by the same
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method, albeit in lower yields, while the ketone analog was iso-
lated only with a poor yield. Among the tested olefins, only
vinyl(hetero)arenes could successfully be used as coupling part-
ners. Based on experimental data, an alternative mechanism for
the fixation of SO, is proposed. This work opens new opportu-
nities for the utilization of the copper-SO, system, which will
be explored further, while investigating the exact roles of copper
complexes and base in the process.

4 | Experimental Section

41 | General Procedure for the Synthesis of
Sulfones 3a-af

A dried 8 mL vial was charged with 1 (1.0 mmol), 2 (1.3 mmol),
[Cu(dmp),]BF, (5.7 mg, 1.0 mol%), MeCN (anhydrous, degassed,
3mL), 2,4,6-collidine (529 pL, 4.0 mmol), and SO, solution in
anhydrous acetonitrile (2 mmol, 1.34 mL of 1.5 M or equivalent
amount). The vial was then sealed under argon with a septum.
The reaction mixture was stirred under light emitting diode irra-
diation at 456 nm (LEDys¢ o) for 40 h at 30°C. The reaction mix-
ture was then quenched with 0.5 M aqueous citric acid (10 mL)
and extracted with DCM (15 mL). The organic phase was dried
over anhydrous sodium sulfate, filtered, and the filtrate concen-
trated under reduced pressure to afford crude 3, which was
purified by column chromatography. Due to the instability of
sulfones 3 on silica gel, their purification should be carried
out rapidly to avoid a decrease in yield.

[CCDC 2425291 contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via www.
ccde.cam.ac.uk/data_request/cif.]
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