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ABSTRACT: We report a Cu(I)-photocatalyzed three-component
coupling process to achieve regioselective, vicinal 1,2-amino-
sulfonylations of alkenes. The critical aspect of this methodology
is found in the utilization of in situ generated photoactive Cu(I)-
amine substrate complexes, which facilitate the formal oxidation of
Cu(I) to Cu(III) in a stepwise manner. In this way, the conceivable
two-component chlorosulfonylation of alkenes is effectively sup-
pressed, allowing the combination of styrene derivatives, sulfonyl
chlorides, and amines. Furthermore, this protocol can be used to
facilitate late-stage functionalization, thereby enabling the diversifi-
cation of biomolecules.
KEYWORDS: copper, photocatalysis, three-component couplings, ATRA reaction, substrate complex

■ INTRODUCTION
Atom transfer radical addition (ATRA) reaction, first developed
by Kharasch1−3 in the mid-1900s, is a key method for alkene
difunctionalization, extensively employed in synthesizing
pharmaceuticals, agrochemicals, and advanced materials.4−6

Conventional ATRA reactions often require strong oxidizing
agents or toxic organometallic compounds, limiting their
compatibility with functional groups.7−13 However, the recent
resurgence of photoredox catalysis, especially using Ru(II)- and
Ir(III)-polypyridyl complexes, has transformed radical chem-
istry, enabling mild, energy-efficient carbon−carbon and
carbon−heteroatom bond formation.14−19 Barton20 and
Stephenson’s21 seminal works provide examples of ATRAs
using these metal complexes. Despite these advances, the high
costs and environmental impact of these catalysts have driven
interest in Cu(I)-photoredox catalysis, which offers not only
economic benefits and sustainable alternatives but also
advantages for this process through inner-sphere mecha-
nisms.22−29

Cu(I)-based photocatalysts enable two- and three-compo-
nent ATRA reactions due to their ability to achieve multiple
oxidation states and accommodate flexible ligand architectures,
thereby enhancing strategies for the 1,2-difunctionalization of
alkenes (Scheme 1A).6,30 Several light-mediated Cu(I)-photo-
catalyzed two-component ATRA transformations were reported
by us31−35 in the recent past, and with relevance to this study, the
chlorosulfonylation of the alkenes36 (Scheme 1B(a)).
Multicomponent reactions (MCRs) have further expanded

radical chemistry, enabling complex molecular assemblies in a
single step.4,6,30 In this context, reports from the groups of

Akita37 (Scheme 1B(b)), Masson,4,38−41 Greaney42 (Scheme
1B(c)), and Dilman43 demonstrate innovative three-component
transformations utilizing radical precursors with non-nucleo-
philic counterparts, contrasting a report from our group44 with a
radical precursor having a nucleophilic counterion that was
nevertheless outcompeted by an external nucleophile (Scheme
1B(b)). A noteworthy contribution in this regard is the
divergent Ritter-type aminosulfonylation by the Xu group
(Scheme 1B(d)), which provides valuable insight into MCRs
involving sulfonyl chlorides as a radical precursor in the presence
of a nucleophilic counterpart.45 Furthermore, the pioneering
studies by Fu and Peters on the utilization of in situ-produced
photoactive Cu(I)−heteronucleophile complexes that initiate
single-electron transfer (SET) to form C−C or C−heteroatom
bonds have unveiled new possibilities in photocatalysis (Scheme
1B(e)).46−50 Several MCRs were reported from the Zhang
group employing photoactive Cu(I)-substrate assemblies,
specifically Cu(I)−carbazolide51 (Scheme 1B(e)) and Cu(I)−
acetylide52 complexes to promote the carbofunctionalization of
olefins.
Building on the findings of these studies, we envisioned the

development of a light-induced Cu(I)-catalyzed coupling of
sulfonyl chlorides, alkenes, and amines (Scheme 1C). This
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approach poses significant challenges due to possible two-
component couplings, resulting in the chlorosulfonylation of
alkenes36 or the formation of sulfonamides rather than yielding
the desired three-component product. Nevertheless, such a

vicinal aminosulfonylation of alkenes would represent a valuable
addition to the ATRA toolbox, particularly due to the
significance of drug molecules like Apremilast,53 ABT-518,54

and Bicalutamide55 analogues, which incorporate this functional

Scheme 1. (A) General Scheme for Two- or Three-Component Reactions, (B) State-of-the-Art for the Cu(I)-Photocatalyzed
Reaction and β-Amino Sulfone Derivatives with a Biological Value, and (C) Schematic Representation of the 1,2-
Aminosulfonylation of Alkenes via Photoexcited Cu(I)-Substrate Complexes
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group pattern (Scheme 1B(f)). It needs to be pointed out that a
seemingly obvious alternative, i.e., carrying out the 2-component
chlorosulfonylation followed by a substitution with an amine
nucleophile, is not possible due to the rapid elimination of HCl
giving rise to vinyl sulfones (see Supporting Information for
details).

■ RESULTS AND DISCUSSION
As a model reaction, we chose styrene (1a), 9H-carbazole (2a)
as the nucleophile, and p-toluenesulfonyl chloride (3a) as the
radical precursor. After thorough screening of the reaction
conditions (see Supporting Information for details), we found
that irradiating the chosen coupling partners in acetonitrile as
solvent at 365 nm (1W) in the presence of CuCl (10mol %) and
2-tert-butyl-1,1,3,3-tetramethylguanidine (BTMG) (1.5 equiv)
for 24 h at room temperature gave the desired product 4a in 88%
yield (Table 1, entry 1). Changing the oxidation state of the

copper source using CuCl2 (Table 1, entry 2) yielded only traces
of the desired product. This was unforeseen, considering that
Cu(II)−phenanthroline complexes can be a convenient
precursor for the catalytically active Cu(I) species.36 Un-
expectedly, using [Cu(dap)2]Cl (dap = 2,9-bis(para-anisyl)-
1,10-phenanthroline) as a photocatalyst resulted in a com-
paratively diminished yield of the desired product; nonetheless,
the reaction was effective solely at 365 nm (Table 1, entries 3
and 4), contrasting with previously reported processes that
operated under 455 or 530 nm irradiation.36 We reason that the
highly basic reaction conditions result in the substitution of the
neutral dap ligands with deprotonated and thus more
nucleophilic carbazoles. Although a reduced catalyst loading is
possible for [Cu(dap)2]Cl, we selected CuCl as the most
economically viable copper source. BTMG as a base proved to
be crucial for the process, and examining organic bases similar to
BTMG, such as tetramethylguanidine (Table 1, entry 6), was
unsuccessful. Employing inorganic bases such as LiOtBu (Table
1, entry 5), LiOH, or KOtBu (see Supporting Information) gave

4a in a low yield of 32% at best, but in parallel the undesired 2-
component chlorosulfonylation product (cf. Scheme 1B(a)) was
also formed. Consistent with the results from Fu and co-
workers,47 our protocol selectively utilizes BTMG with high
basicity (pKa = 24.3 in acetonitrile), enabling the efficient
deprotonation of carbazole and formation of the photoactive
Cu(I)−carbazolide complex. Additionally, the conjugate acid of
BTMG, [C9H21N3H]+, exhibits significant stability, as evidenced
by its elevated pKa value, which may effectively trap the Cl−
counteranion (Scheme 1C) from p-toluenesulfonyl chloride and
consequently suppress the two-component process.56 Control
experiments indicate the necessity of light, copper, a base, and
inert gas conditions (Table 1, entries 9−12).
After establishing the optimized conditions, we explored the

scope of the aminosulfonylation of the alkenes (Scheme 2). A
wide variety of vinyl arenes were tolerated in this methodology,
giving 1,2-aminosulfonylated adducts 4with isolated yields of up
to 85%. The structure of product 4a was unambiguously
confirmed by single-crystal X-ray diffraction. Both electron-
donating and -accepting substituents on the aromatic moiety of
styrene were well tolerated. Additionally, base-sensitive groups
(4g, TMS) and steric hindrance from ortho−ortho-disubstitu-
tion (4v) did not significantly impact the reaction. Moreover,
the mono- and disubstituted alkoxy styrene derivatives 4e, 4p,
and 4s−u were efficient coupling partners despite having
previously failed to undergo the 2-component chlorosulfonyla-
tion of the olefins.36 Limitations were observed with p-cyano-,
perfluoro-, and p-nitro-substituted derivatives of styrene as well
as alkynes, giving neither the desired products 4 nor the
undesired two-component ATRA chlorosulfonylated prod-
ucts.36 This again was unexpected in light of the fact that
especially the latter two proved to be suitable substrates for the
chlorosulfonylation. α-Methylstyrene was an amenable coupling
partner giving 4q, whereas trans-β-substituted styrene moieties
did not give the desired product. Unactivated alkenes like 1-
octene failed to give the desired product, but using [Cu-
(dap)2Cl] instead of CuCl under the standard reaction
conditions gave the two-component chlorosulfonylation36

product (see Supporting Information for details). Not
surprisingly, a pyridyl moiety is not tolerated, showing cross-
reactivity with sulfonyl chloride. Two examples of late-stage
functionalization (4aa, 4ab) demonstrate the title reaction in
more complex settings.
Variation of the sulfonyl chloride was broadly possible,

tolerating various electron-withdrawing and -donating sub-
stituents in aryl-substituted ones, but also heteroaryl or
substituted derivatives can be coupled (4ba−4bm).
Turning to the amine component, substituted 9H-carbazoles

were briefly explored, giving rise to 4ca and 4cb. Also, 2-phenyl-
substituted indole gave desired product 4cc in decent yield.
However, less extended π-systems such as indoles or anilines

were problematic under the conditions employed so far, possibly
due to the hypsochromic shift of the absorption maximum of the
in situ-formed Cu−N complexes, which can no longer carry out
the initial photoinduced SET (see Supporting Information for
UV−vis experiments). To overcome this problem, we adopted
the strategy by Fu and co-workers, who demonstrated the use of
additional ligands in combination with Cu-salts as photo-
catalysts to perform coupling reactions of amines with alkyl
halides.48,57 Screening several conditions (see Supporting
Information for details), we found that 9H-carbazole as the
additive (20mol %) increased the yield of 4cd from 20% to 60%.
Applying these modified conditions, we could also achieve

Table 1. Reaction Optimizationa

entry deviations % yieldb

1 none 88
2 CuCl2 instead of CuCl traces
3 [Cu(dap)2]Cl (1 mol %) 365 nm 70
4 [Cu(dap)2]Cl (1 mol %) 530 nm n.d.
5 LiOtBu instead of BTMG 32
6 TMG instead of BTMG traces
7 400 nm 55
8 385 nm 60
9 without irradiation n.d.
10 without CuCl traces
11 without base n.d.
12 in air n.d.

aConditions: 1a (0.2 mmol, 1.0 equiv), 2a (0.3 mmol, 1.5 equiv), 3a
(0.3 mmol, 1.5 equiv), CuCl (10 mol %), BTMG (1.5 equiv),
CH3CN (2.0 mL), 365 nm, 25 °C, N2, 24 h.

bDetermined by NMR
analysis using 1,1,2,2-tetrachloroethane as an internal standard. n.d. =
not detected.
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moderate yields for other amines (4cd−4cf) with small amounts
(<15%) of the competing carbazole product 4a. To extend the
applicability of our protocol, we successfully prepared an
apremilast58,59 analogue 4cg in moderate yield.

A 25-fold scale-up in a conventional batch setup was achieved
by extending the reaction time to 48 h (Scheme 3), producing 4a
in gram quantities with a slightly reduced yield of 70% (5 mmol
scale) compared to 85% (0.2 mmol scale).

Scheme 2. Substrate Scope for Aminosulfonylation of the Alkenesa

aReaction conditions: Condition Aa: 1 (alkene) (0.2 mmol, 1.0 equiv), 2 (carbazole or indole derivatives) (0.3 mmol, 1.5 equiv), 3 (sulfonyl
chlorides) (0.3 mmol, 1.5 equiv), CuCl (10 mol %), BTMG (1.5 equiv), CH3CN (2 mL), 365 nm (1 W), 25 °C, N2, 24 h; Condition Bb: 1
(alkene) (0.2 mmol, 1.0 equiv), 2 (amines with a less extended π-system) (0.3 mmol, 1.5 equiv), 3 (sulfonyl chlorides) (0.3 mmol, 1.5 equiv),
CuCl (10 mol %), carbazole (20 mol %), BTMG (1.5 equiv), CH3CN (2 mL), 365 nm (1 W), 25 °C, N2, 24 h; Isolated yields of the products are
given; c,dObtained as an inseparable mixture with the chlorosulfonylated side product (1H NMR yields are determined using 1,1,2,2-
tetrachloroethane as an internal standard); e365 nm (2 W) was used for irradiation.
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Probing the radical pathway, upon the addition of 4-hydroxy
TEMPO, a complete shutdown of the title reaction is observed
(Scheme 4A). Additionally, in the presence of compound 3a, the
fluorescence emission intensity of the Cu(I)−carbazolide
substrate complex was significantly reduced (Scheme 4B).
Furthermore, 1H NMR studies confirmed the in situ

formation of the Cu(I)−amine complex. The observed chemical
shift displacements clearly indicate coordination of the anionic
carbazole to the metal center, leading to the formation of the
[Cu−carbazole] complex (Scheme 4D(a)). This species shows
distinct resonances compared to the free anionic carbazole.
Upon the addition of indole (Scheme 4D(b)), new spectral
features appeared, attributable to the formation of two
additional species: a minor component assigned to [Cu−
indolide] and a major species corresponding to the heteroleptic
[indolide−Cu−carbazolide]− complex. Moreover, the initial
[Cu−carbazole] complex remains present in a proportion
comparable to that of the heteroleptic species. The relative
NMR integral ratios of the three species were determined as
1.30:1.15:0.21.

Based on our experimental data, DFT calculations (see
Supporting Information for details) and literature prece-
dent,48,57,60 a plausible mechanistic pathway is depicted in
Scheme 5. The Cu-salt 7 combines with the carbazole−BTMG
adduct 6 to generate the substrate complex 8. Consistent with
the methodology previously reported by Fu and co-workers,46

we propose that a ligand transfer may occur to generate a Cu(I)-
complex 9 having coordinated two carbazoles or a heteroleptic
Cu complex 10 having coordinated to a carbazole and another
amine. The excitation of intermediates 9 and 10 triggers single-
electron transfer (SET) that reduces sulfonyl chlorides,
producing sulfonyl radicals, which subsequently yield oxidized
Cu(II) intermediates 14 and 15, as demonstrated by the EPR
experiment (Scheme 4C). We reason that the counteranion
chloride is bound by the conjugate acid of the BTMG56 base,
which inhibits the formation of the undesired chlorosulfony-
lated, i.e., 2-component ATRA product. In the mechanistic cycle
for condition B, we propose the presence of the bis-amide
Cu(II)-complex 17 due to the higher concentration of the amine
nucleophile, being supported by DFT calculations (taken indole
as model) that suggest that ligand exchange of different Cu(II)−
carbazolide/indolide species is facile (see Supporting Informa-
tion for details). The sulfonyl radical is captured by the alkene,
resulting in the formation of the radical addition intermediate
13, which is further coordinated to yield the Cu(III)
intermediates 16 or 18. Reductive elimination yields products
19 and 20, accompanied by the regeneration of Cu(I)
intermediate 8. To better understand the selectivity of product
formation, we evaluated the reductive elimination energy
barriers for different Cu(III) intermediates. The findings
indicate that the barrier for the reductive elimination of
Cu(III)-bis-indolide intermediate 18 to give 20 is lower than

Scheme 3. Scale-Up Experiment of the Aminosulfonylation
Reactiona

aReaction conditions: 1a (5.0 mmol, 1.0 equiv), 2a (7.5 mmol, 1.5
equiv), 3a (7.5 mmol, 1.5 equiv), CuCl (10 mol %), BTMG (1.5
equiv), CH3CN (50 mL), 365 nm, 25 °C, N2, 48 h.

Scheme 4.Mechanistic Investigations: (A) Radical Trapping Experiments, (B) Stern−VolmerQuenching, (C) EPR Experiments,
and (D) NMR Studies on Cu-Amine In Situ Complexation
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the reductive elimination of either N-ligand in the heteroleptic
indole−carbazole Cu(III) intermediate 17′. This suggests that
product 20 is preferentially formed from intermediate 18 rather
than from 17′ (see Supporting Information for details).

■ METHODS
General Procedure A. An oven-dried glass vial (5 mL size)

equipped with a stirring bar was charged with CuCl (2 mg, 0.02
mmol, 10 mol %), amine 2 (0.3 mmol, 1.5 equiv), and sulfonyl
chloride 3 (0.3 mmol, 1.5 equiv) followed by the addition of dry
CH3CN (2 mL). The reaction vial was sealed with a rubber
septum, and the mixture was degassed by sparging nitrogen gas
for 10 min. 2-tert-Butyl-1,1,3,3-tetramethylguanidine (BTMG)
(64 μL, 0.3 mmol, 1.5 equiv) and alkene 1 (0.2 mmol, 1.0 equiv)
were added sequentially under nitrogen flow. The reaction
mixture was irradiated at 365 nm for 24 h at 25 °C. The reaction
mixture was transferred to a round-bottomed flask and
concentrated in vacuo. The crude mixture was purified on silica
using hexanes and ethyl acetate as an eluent to afford product 4.
General Procedure B. An oven-dried glass vial (5 mL size)

equipped with a stirring bar was charged with CuCl (2 mg, 0.02
mmol, 10 mol %), carbazole* (7 mg, 0.04 mmol, 20 mol %),
amine 2 (0.3 mmol, 1.5 equiv), and sulfonyl chloride 3 (0.3
mmol, 1.5 equiv) followed by the addition of dry CH3CN (2
mL). The reaction vial was sealed with a rubber septum, and the
mixture was degassed by sparging nitrogen gas for 10 min. 2-tert-
Butyl-1,1,3,3-tetramethylguanidine (BTMG) (64 μL, 0.3 mmol,
1.5 equiv) and alkene 1 (0.2 mmol, 1.0 equiv) were added

sequentially under nitrogen flow. The reaction mixture was
irradiated at 365 nm for 24 h at 25 °C. The reaction mixture was
transferred to a round-bottom flask and concentrated in vacuo.
The crude mixture was purified on silica using hexanes and ethyl
acetate as the eluents to afford product 4.

*In the case of less extended π-systems like indoles or anilines
(particularly for products 4cd, 4ce, and 4cf), carbazole is used as
a ligand.

■ CONCLUSIONS
We have developed a Cu(I)-photocatalyzed three-component
coupling strategy for the efficient 1,2-aminosulfonylation of
alkenes using amines and sulfonyl chloride derivatives. This
method effectively addresses key challenges, such as undesired
two-component side reactions, with the BTMG base playing a
crucial role in minimizing byproduct formation. Beyond
achieving high selectivity, this approach offers significant
potential for late-stage functionalization and the synthesis of
bioactive molecules, making it a valuable tool for organic
synthesis and pharmaceutical development.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acscatal.5c05213. The pri-
mary research data of this study are openly available in
Radar4Chem at DOI: 10.22000/b3kn8ap2p6chy9be.

Scheme 5. Plausible Reaction Mechanism
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