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a b s t r a c t

A homogeneous dual catalytic system that synergistically merges photochemical and halogen-bond catal-

ysis has been developed for the radical sulfonylation-annulation of (hetero)arene-tethered alkynes and

alkenes with RSO2Cl. This protocol efficiently constructs a variety of sulfonylated fused-(hetero)arenes

with good functional group compatibility under mild and eco-friendly conditions. The process is initiated

by halogen-bond activation of RSO2Cl, which facilitates subsequent photocatalyzed heterolytic S-Cl cleav-

age via a SET pathway to generate RSO2 radicals; an alternative EnT pathway for radical generation was

also identified.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Homogeneous photocatalysis has become a significant and ver-

satile strategy in synthetic organic chemistry, utilizing sustain-

able light energy to drive radical reactions under mild conditions

[1–3]. In this approach, homogeneous photocatalysts are excited

upon visible light absorption and subsequently engage with radical

precursors via single-electron transfer (SET, in photoredox catal-

ysis) [4–11] or energy transfer (EnT, in energy transfer cataly-

sis) [12–18] to generate radical or radical ion intermediates. These

species then react with radical acceptor substrates to form diverse

target molecules. However, this methodology often proves ineffec-

tive for challenging transformations involving low-reactivity sub-

strates.

In recent years, cooperative catalysis combining photocatalysis

with organocatalysis [19–21] has emerged as a powerful approach,

merging their distinct catalytic cycles to enable chemical bond for-

mation from traditionally inert substrates [22–29]. The halogen

bond (XB), a noncovalent interaction between an electron-deficient

halogen atom and a Lewis base, has been widely utilized in chem-

ical and biological systems [30]. Recently, XB has gained increas-
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ing attention for activating C-X bonds in organic halides, facili-

tating their participation in subsequent transformations [31]. Nev-

ertheless, within homogeneous photocatalytic systems, the well-

established photochemical/hydrogen-bond dual catalysis [32–35]

contrasts sharply with the still underdeveloped synergistic photo-

chemical/XB dual catalysis [36].

Sulfone-containing compounds, particularly sulfonyl-substituted

aromatics and heteroaromatics, are highly valued for their broad

synthetic utility and their frequent occurrence in biologically ac-

tive molecules with pharmacological potential. In recent years, sig-

nificant efforts have been devoted to developing efficient meth-

ods for their construction [37]. Sulfonylated phenanthrenes, as an

important class of aromatic compounds, have attracted consider-

able interest from the synthetic chemistry community due to their

promising applications in pharmaceutical and materials sciences

[38]. The sulfonylation-annulation of 2-alkynyl biaryls represents a

straightforward and efficient approach to such structures, benefit-

ing from the ready availability of starting materials. Nevertheless,

homogeneous photocatalytic sulfonylation-annulation using inex-

pensive and readily accessible sulfonyl chlorides (RSO2Cl) remains

underexplored, which may be attributed to the generally low reac-

tivity of RSO2Cl.

To address this limitation, we propose a synergistic dual cat-

alytic system that integrates homogeneous photocatalysis with

XB organocatalysis. This strategy leverages XB interactions to
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Scheme 1. Photochemical/halogen-bond dual catalysis.

Table 1

Optimization of reaction conditions.a

Entry Deviation from the above conditions Yield (%)b

1 No 93

2 Rhodamine B, Eosin Y, 9-phenylacridine or 4CzIPN

was used

48, 61, 70, 59

3 No photocatalyst 31

4 Bpy, Dtbbpy, Bathocuproine or 4-Ph-Terpyidine was

used

64, 71, 83, 58

5 No azaarene-based Lewis base 24

6 No photocatalyst and no azaarene-based Lewis

Base

N.R.

7 HFIP or DCE was used 35, 27

8 HFIP/MeCN, HFIP/THF or HFIP/DMF was used 53, 22, 12

9 Purple, green, white LED was used 37, 65, trace

10 Blue LED (5 W) was used 59

11 No light N.R.

a Conditions: 1a (0.2 mmol), 2a (0.2 mmol), [Mes-Acr]ClO4 (2 mol%), Bipicoline

(10 mol%), HFIP (2 mL), DCE (1 mL), Blue LED (10 W), N2, room temperature, 12 h.
b Estimated by GC using dodecane as an internal reference.

pre-activate RSO2Cl, thereby facilitating its photochemical con-

version into valuable sulfone compounds. As part of our con-

tinuing interest in green chemistry [39–47], we herein report a

dual homogeneous photochemical/XB catalytic system that en-

ables sulfonylation-annulation of (hetero)arene-tethered alkynes

and alkenes with RSO2Cl. Using [Mes-Acr]ClO4 as the homoge-

neous photocatalyst and an azaarene-based Lewis base as the XB

acceptor, the sulfonylation-annulation proceeds efficiently under

mild conditions with blue light irradiation. This method delivers

structurally diverse sulfonylated fused (hetero)arenes in high yields

(Scheme 1). A key mechanistic feature is the azaarene-facilitated

cleavage of the S-Cl bond in RSO2Cl via XB activation.

Initial investigation commenced with the reaction between 2–

alkynyl biaryl (1a) and TsCl (2a) as the template reaction (Table

1). After systematic optimization, the target sulfonyl-phenanthrene

(3aa) was obtained in an 93% GC yield with [Mes-Acr]ClO4 as the

photoredox catalyst, bipicoline as an azaarene-based Lewis base

in a mixture of HFIP and DCE under blue LED irradiation at am-

bient temperature under a nitrogen atmosphere for 12 h (en-

try 1). Replacement of [Mes-Acr]ClO4 with other organic small-

molecule photocatalysts (Rhodamine B, Eosin Y, 9-phenylacridine

or 4CzIPN) led to lower reaction efficiencies (entry 2). A residual

yield of 31% observed in the absence of a photocatalyst suggests

that some reaction components may possess weak inherent pho-

toactivity (entry 3). Control experiments underscored the critical

role of the azaarene-based Lewis base. Its importance was evident

when its replacement with other nitrogen-containing ligands, such

as Bpy, Dtbbpy, Bathocuproine, or 4-Ph-Terpyridine, resulted in sig-

Scheme 2. Reaction scope. Conditions: 1 (0.2 mmol), 2 (0.2 mmol), [Mes-Acr]ClO4

(2 mol%), bipicoline (10 mol%), HFIP (2 mL), DCE (1 mL), blue LED (10 W), N2, room

temperature.

nificantly diminished yields (entry 4). More strikingly, the com-

plete omission of the azaarene-based Lewis base led to a drastic

reduction in yield to merely 24% (compared to 93% with it) (entry

5). This pronounced contrast strongly indicates that the azaarene-

based Lewis base acts as an effective XB acceptor, which is pivotal

for driving the reaction efficiently. However, the reaction was com-

pletely shut down in the absence of both the photocatalyst and

the azaarene-based Lewis base (entry 6), highlighting their syn-

ergistic necessity. Solvent optimization revealed that neither HFIP

nor DCE alone, nor altering the composition of the mixed solvent,

could match the efficiency of the identified binary mixture (entries

7 and 8). Similarly, no improved outcomes were achieved using al-

ternative light sources (e.g., purple, green, or white LEDs) (entry

9). Decreasing the LED power was found to lead to a lower yield

of product 3aa (59%, entry 10). Finally, the reaction proved inactive

under dark conditions (entry 11).

After determining the optimal reaction conditions (Table 1, en-

try 1), the substrate scope of this transformation with respect

to both RSO2Cl and unsaturated hydrocarbons were evaluated

(Scheme 2). Notably, the photocatalytic system demonstrated broad

applicability toward diverse sulfonyl chlorides. A wide range of

aryl sulfonyl chlorides bearing electron-neutral, electron-donating,

electron-withdrawing, or sterically demanding substituents all re-

acted efficiently, affording the desired products in good to ex-

cellent yields (3aa-3an). The reaction tolerated a variety of syn-

thetically valuable functional groups on the arene ring, includ-

ing alkyl, methoxy, halogen, trifluoromethyl, cyano, nitro, and

ester groups, thereby offering considerable potential for further

late-stage functionalization. Furthermore, alkyl sulfonyl chlorides,

such as 1-butane-, cyclopropane-, and cyclohexanesulfonyl chlo-

ride, were also viable substrates, being efficiently converted into

the corresponding products (3ao-3aq) in good yields. The scope

of the unsaturated hydrocarbon partner was similarly broad. 2-
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Scheme 3. Large-scale synthesis of 3aa.

Scheme 4. Control experiments.

Alkynyl biaryls 1 with substituents on phenyl ring A, regardless

of their electronic nature or steric demand, underwent smooth re-

action with 2a to deliver the products (3ba-3ga) in high yields.

Similarly, substitutions on phenyl ring B were well tolerated, af-

fording the target sulfonylated phenanthrenes in good to excellent

yields with minimal electronic or steric influence (3 ha-3na). Het-

eroaromatic rings were also compatible; both quinolyl-substituted

ethynyl biphenyl and a thienyl-bearing diphenylethyne successfully

participated in the cascade cyclization, providing products 3oa and

3pa in 84% and 75% yield, respectively. Finally, we confirmed that

the reaction scope could be extended to other unsaturated hydro-

carbons beyond biaryl alkynes. For instance, N-phenylpropiolamide

and N-allyl benzamide were also suitable substrates, furnishing the

corresponding heterocyclic products 3qa and 3ra in good yields.

When CF3SO2Cl was employed, the reaction yielded only a com-

plex mixture of un-identified products.

The scalability of the present protocol was investigated un-

der the standard conditions with a 3 mmol scale of 1a (Scheme

3). Gratifyingly, the reaction remained efficient, providing 3aa in

a commendable yield of 78%, which underscores its promise for

larger-scale industrial implementation.

To elucidate the mechanism of this synergistically catalyzed

reaction, a series of mechanistic investigations were performed

(Scheme 4). The reaction was completely suppressed in the pres-

ence of radical scavengers (TEMPO or 1,1-diphenylethene) under

standard conditions, indicating the involvement of radical interme-

diates. GC-MS analysis detected both a Ts-diphenylethene adduct

(4ab, 56 %) and a Cl-diphenylethene adduct (4ac, 24 %), support-

ing the generation of Ts radical (Ts˙) and Cl radical (Cl˙) during

the process (Schemes 4a). The addition of 2 equiv. of halide an-

ions (e.g., Cl¯ or Br¯) as competitive XB acceptors significantly in-

hibited the transformation (Schemes 4b), thereby demonstrating

that halogen bonding between TsCl and Bipicoline is critical for

reactivity [48]. When the SET inhibitor CuCl2 (3 equiv.) was in-

troduced using [Mes-Acr]ClO4 as the sole photocatalyst, only trace

amount of 4ab were detected, and no 4ac was observed, suggest-

ing that Bipicoline-promoted activation of TsCl proceeds mainly

via a SET pathway, leading to heterolysis. In contrast, when 3aa

was employed as the sole photosensitizer (in the absence of [Mes-

Scheme 5. DFT calculation for the generation of Ts.

Acr]ClO4) together with CuCl2, homolysis of Bipicoline-activated

TsCl occurred under blue light irradiation via an EnT pathway, gen-

erating both Ts˙ and Cl˙ (Schemes 4c). The visible light on/off ex-

periment (see Supporting information) confirmed the light-driven

nature of the catalytic system and ruled out the possibility of a

radical chain propagation mechanism.

As shown in Scheme 5, our computations indicate that the en-

ergy required for the heterolytic S-Cl bond cleavage in TsCl drops

from 15.3 kcal/mol to just 7.2 kcal/mol upon the assembly of the

halogen-bond complex involving 2a and bipicoline, demonstrating

the facilitating role of the XB complex.

Based on the above-mentioned experimental results and litera-

ture evidence [36,49,50], the sulfonylation-annulation is proposed

to occur predominantly through a SET pathway, with only a minor

contribution from an EnT mechanism (Scheme 6). The process ini-

tiates with the in situ assembly of a XB complex between TsCl (2a)

and bipicoline. Under the dominant SET mechanism, visible light

first photoexcites the acridinium photocatalyst (PC) to its excited

state (PC∗). The excited PC∗ then participates in a SET event with

XB complex, leading to the formation of a Ts˙, Cl−, and oxidized

photocatalyst (PC+˙), accompanied by the dissociation of Bipico-

line. The resulting electrophilic Ts˙ adds across the alkyne unit

of 2–alkynyl biaryl 1a, generating the vinyl radical intermediate

Int 1, which rapidly undergoes annulation to give the cyclic radical

Int 2. Int 2 is then oxidized by PC+˙ in a second SET step, forming

a cationic intermediate Int 3, which upon deprotonation delivers

the final sulfonylated phenanthrene product 3aa. In the minor EnT

pathway, ground-state product 3aa can itself be photoexcited to

excited species 3aa∗, which transfers energy to XB complex to form

the excited XB complex∗. Homolytic cleavage of the S-Cl bond in

XB complex ∗ then produces a Ts˙ and a Cl˙. The Ts˙ subsequently
initiates the radical cascade, ultimately leading to Int 2. Finally, hy-

drogen atom transfer (HAT) from Int 2 to Cl˙ furnishes the product

3aa. Control experiments and reaction optimization studies conclu-

sively establish the SET route as the major pathway, with the EnT

mechanism playing a secondary role.

Tumor resistance to conventional chemotherapy represents a

significant obstacle in clinical oncology, highlighting a critical need

for novel therapeutic agents. In this study, we evaluated the an-

titumor activity of a series of novel sulfonylated fused arenes

using human choroidal melanoma (MUM-2B) cells. Among the

tested compounds, 3ap exhibited notably potent activity, show-

ing approximately 2.6-fold greater potency than the widely used

5-fluorouracil (5-FU) (Fig. 1). To our knowledge, this study pro-

vides the first evidence of antitumor efficacy in this class of sul-

fonylated phenanthrens. We anticipate that further investigation of

3ap, guided by the methodology presented here, may facilitate the

development of new antitumor therapeutics.

Conclusively, we have developed a synergistic dual cat-

alytic platform integrating homogeneous photocatalysis and XB

3
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Scheme 6. Proposed reaction mechanism.

Fig. 1. Antitumor activities.

organocatalysis. This system efficiently drives radical sulfonylation-

annulation reactions, with mechanistic insights highlighting a criti-

cal sequence: first, a XB complex between RSO2Cl and the azaarene

activator pre-organizes and polarizes the substrate. Subsequently,

the photoredox catalyst [Mes-Acr]ClO4 induces heterolytic S-Cl

cleavage via SET on this activated complex. An EnT pathway for

homolytic cleavage was also identified. This methodology facili-

tates the sustainable synthesis of a variety of sulfonyl fused (het-

ero)arenes, demonstrating the powerful role of XB in enabling

novel photocatalytic manifolds.
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