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ABSTRACT: Ring-expansion editing offers a transformative
strategy that could reshape the landscape of ring scaffold
construction in synthetic chemistry. The introduction of three-
dimensionality ring into flat aromatic systems could afford
important semisaturated fused heterocycles, yet efficient method
to access sulfur-containing semisaturated fused pyridines (SSFPs)
remains scarce. Herein, we report a pyridyl radical-driven catalytic
strategy for the direct two-carbon ring expansion of readily available
cyclic thioethers, providing efficient access to synthetically
challenging SSFPs. This transformation is enabled by synergistic
dual photoredox cycles that orchestrate a cascade of radical cross-coupling, C(sp3)−S bond cleavage, and intramolecular cyclization
between commercial bromopyridines and cyclic sulfides. The protocol demonstrates broad functional-group tolerance and substrate
generality. Gram-scale synthesis and extensive downstream derivatizations, including late-stage semisaturation of pharmaceutical
cores, highlight its synthetic utility. Mechanistic studies support a stepwise radical process involving discrete pyridyl and carbon-
centered radical intermediates. This method offers a step-economical and modular alternative to conventional de novo synthesis for
the rapid construction of complex, drug-like heterocyclic architectures.

■ INTRODUCTION
Organic ring systems are foundational to pharmaceutical
chemistry and materials science, with their two/three-dimen-
sional (2D/3D) architecture directly governing physicochem-
ical properties and application potential.1−3 To overcome the
limitations of predominantly planar drug candidates, the
“escape from flatland” strategy4−6 has become pivotal in drug
discovery�introducing saturation into aromatic rings in-
creases the Fsp3 value and optimizes druggability (Figure
1a), making the precise synthesis of semisaturated fused ring
scaffolds as a critical pursuit in organic synthesis.7−13

Pyridine, the most prevalent N-heterocyclic pharmacophore
in FDA-approved drugs,14 is a prime target for diverse
functionalization,15−25 particularly the construction of bio-
logically active semisaturated fused pyridine 3D scaffolds (e.g.,
the core structures of Desloratadine, Blonanserin, and
Cicletanine).26−30 Meanwhile, sulfur-containing molecules
account for ∼25% of active pharmaceutical ingredients
(APIs),14 as sulfur’s unique electronic and structural properties
enable precise modulation of biological activity31�exemplified
by Dong’s “carbonyl-to-sulfur swap”32 and Koh’s “oxygen−
sulfur transmutation”33 strategy. This renders sulfur-containing
semisaturated fused pyridines (SSFPs) highly valuable in drug
design due to their multiple activities, including multitargeted
kinase inhibition, vitro antitumor and anti-influenza po-
tency34−37 (Figure 1a). Therefore, methods that permit the
access to this class of SSFPs are highly sought after. However,
current SSFPs synthesis relies primarily on de novo

approaches, lacking efficient one-step catalytic methods.
State-of-the-art strategies for semisaturated rings, including
selective hydrogenation,10,12,13 cycloaddition,8,9,38 and radical
cyclization,39,40 face limitations of restricted precursor
availability or transition metal catalyst deactivation in nitrogen-
and sulfur-rich environments. Thus, a direct two-ring fusion
strategy using commercial feedstocks is urgently needed to
streamline access to these SSFPs scaffold (Figure 1a).
The ring enlargement of aromatic thiophenes was achieved

by Glorius via insertion of bicyclo[1.1.0]butanes under
photocatalysis.41 However, ring expansion of saturated cyclic
compounds is inherently challenging due to the low reactivity
of σ-bonds. Methods for skeletal editing of cyclic amines and
ethers have been reported,42−46 while analogous trans-
formations for cyclic thioethers�especially unstrained rings
larger than four-membered�remain underdeveloped (Figure
1b). This gap stems from sulfur’s intrinsic nucleophilicity,
susceptibility to oxidation, and tendency to undergo undesired
side reactions (e.g., ring opening). Classical ring expansion of
thietanes relies on diazo compounds as carbene precursors
under metal catalysis,47 which is limited to small rings and
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incompatible with larger cyclic thioethers. MacMillan’s
“couple-close” strategy enabled the synthesis of semisaturated
fused pyridines via dual nickel/photoredox catalysis in two-
steps.11 During the submission of our manuscript,48b they
reported an upgraded couple-close strategy via a cobalt-
catalyzed dehydrogenative radical cyclization.48a These two
works do not encompass the coupling of aryl halides with alkyl
thiols and require well-designed linear diradical precursors,
stoichiometric amounts of activator, and complex catalytic
systems and reaction procedures, making it unsuitable for
SSFPs (Figure 1c). In this context, cyclic thioethers are ideal
C(sp3)-rich precursors for SSFPs due to their commercial
availability and high atom economy, yet their low reactivity

typically necessitates preactivation to sulfonium salts or
sulfoxides for downstream transformations.49−51

Addressing these challenges, we envisioned a pyridyl radical-
induced reconstruction of cyclic thioethers to construct SSFPs.
The key obstacle lies in integrating sequential C(sp2)−S bond
formation, C(sp3)−S bond cleavage, and C(sp3)−C(sp2) ring
closure in a single catalytic step. Herein, we report the
realization of this concept by a photocatalytic ring-expansion
reaction involving radical cross-coupling, C−S bond cleavage,
and intramolecular cyclization between commercial bromopyr-
idines and cyclic thioethers (Figure 1d). This transformation
operates via two synergistic photoredox cycles: the first
activates bromopyridine and cyclic thioether to form the

Figure 1. Catalytic reconstruction of cyclic sulfides for fused semisaturated heterocycles.
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C(sp2)−S bond, while the second mediates C(sp3)−S bond
cleavage and cyclization. This protocol enables access to
synthetically challenging SSFPs, with broad utility highlighted
by gram-scale synthesis, diverse sulfur-derived modifications,
and late-stage semisaturation of complex bioactive molecules.

■ RESULTS AND DISCUSSION
To verify our hypothesis, the investigation was initiated with 2-
methyl-3-bromopyridine (1a) and thiophane (2a) as the
model reaction partners. After optimization, the ring-expansion
product 3a was obtained in 85% yield after reaction irradiated
by blue LEDs for 8 h with Ir(dtbbpy)(ppy)2PF6 (PC-I) as the
photocatalyst and trifluoroethanol (TFE) as the solvent
without acid additives (Figure 2a). Meanwhile, the undesirable
side reactions of dehalogenation (byproduct 4) and ring-
opening pyridylation (byproduct 5) were effectively sup-
pressed. Evaluation of the photocatalyst revealed that PC-I
exhibited superior catalytic performance to other iridium
photosensitizers or organophotocatalysts (chart 1). The
photosensitizer thioxanthone (TXT) with high triplet energy
directly prevented the model reaction from proceeding.
Moreover, except for dichloroacetic acid (DCA), the use of

other acid additives, such as methanesulfonic acid (MSA),
trifluoroacetic acid (TFA), and diphenyl phosphate (DPPA),
resulted in lower yields relative to those of acetic acid (AcOH)
(chart 2). The acid is proposed to facilitate the protonation of
the pyridine substrate, thereby promoting the initial single-
electron transfer from the excited photocatalyst and the
intramolecular cyclization step. Notably, the acid-free con-
ditions also afforded the target product in a comparable yield
of 85%. Several solvents were also screened and it was found
that only strongly polar protic solvents could drive this ring-
expansion conversion well (chart 3). Other common organic
solvents adversely affected both the product yield and the
chemoselectivity. The superior performance of TFE is likely
attributed to its strong hydrogen-bond-donating ability and
high polarity, which stabilize key radical intermediates. Based
on the standard condition A, control experiments showed that
blue LED irradiation and photocatalyst were essential to this
reaction (Figure 2a, entries 2−3). Even at a reduced catalyst
loading of 0.5 mol %, PC-I maintained a high yield of 81% for
product 3a, demonstrating its high catalytic efficiency (Figure
2a, entry 4). This optimized condition is tolerant to an air
atmosphere and water (Figure 2a, entries 5−6). Additionally,

Figure 2. Optimization of reaction conditions. (a) Standard condition A for 3-bromo-pyridines with thiophane. (b) Standard condition B for 2-
bromo-pyridines with thiophane.
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by simply modifying the reaction conditions, 2-bromo-4-
phenylpyridine 6a was successfully inserted into thiophane,
affording semisaturated product 7a in 82% yield with only a 7%
yield of ring-opening byproduct 8 (Figure 2b). Standard
condition B for preparing 7a involves adding 0.4 equiv of
DPPA and 0.5 mL of 2a. The different optimal acids likely
originate from two key factors: varied reduction potentials of
protonated bromopyridines and different cyclization reactiv-
ities of the regioisomers.
With the optimal conditions in hand, the substrate scope of

this photocatalytic cyclic sulfides reconstruction reaction was
explored. As shown in Figure 3, a series of commercially
available 3-bromopyridines were first examined and provided
the corresponding semisaturated products in moderate to good

yields (3a−3o). Under the standard condition A, 3-
bromopyridines with substitution at the C2 or C4 position
could react smoothly with 2a to generate desired 2,3,4,5-
tetrahydrothiepino[2,3-c]pyridines (3a−3f and 3i) and 6,7,8,9-
tetrahydrothiepino[3,2-b]pyridines (3j−3o), respectively. 2,6-
Dimethylbromopyridine was converted to the product with a
moderate yield (3e, 44%), presumably due to impeded
cyclization by the electron-rich pyridine ring. Reaction of
substrate 1f offered both the normal product (3f, 51% yield)
and the in situ deprotection derivative (3f′, 43% yield).
However, 3-bromopyridines bearing strong electron-with-
drawing groups at the C2 and C4 positions were incompatible
with this condition, presumably due to their inability to
generate pyridyl radicals. The unsubstituted 3-bromopyridine

Figure 3. Substrate scope of pyridines.
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and 3-bromo-5-chloropyridine underwent both 2,3- and 2,4-
annulation, affording two regioisomeric products (3g and 3g′,
1:1.7 rr; 3h and 3h′, 1:5.2 rr). Notably, in the case of 3-
bromopyridines containing an additional halogen substituent,
reaction selectively took place at the C−Br bond, leaving C−Cl
and C−F intact (3i, 3l−3n). For the 3,5-dibromopyridine

substrate, selective conversion of only one of the C−Br bonds
was achieved through control of the reaction time (3o). The
molecular structure of product 3m was confirmed by X-ray
analysis (CCDC 2451128). Moreover, the compatibility of
bromopyridone substrate was also demonstrated with good
regio- and chemoselectivity (3p).

Figure 4. Substrate scope of cyclic sulfides.
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Encouraged by the results above, we sought to examine the
scope of 2-bromopyridine derivatives under standard condition
B. In contrast to the 3-bromopyridines, the 2-bromopyridines
underwent exclusive 2,3-annulation, albeit with greater
challenge due to their lower reactivity at C3 position. As
shown in Figure 3, a wide range of C4 aryl-substituted
bromopyridines demonstrated good tolerance in this method
and gave synthetically useful yields (7a−7l). Both the
electronic nature (7b−7f) and the position (7g−7j) of the
substituents on the phenyl showed minimal impact on the
reaction outcome. Heteroaryl substituents, including thio-
phene- and furan-substituted pyridines, afforded the corre-
sponding products in 72% (7k) and 44% (7l) yields,
respectively. And these two target molecules further increase
the heterocyclic diversity of product. Chloro substituents at C4
and C5 of 2-bromopyridine were also tolerated, delivering
corresponding products with C−Cl bond preservation for
further synthetic elaboration (7m and 7n). The reaction of
unsubstituted 2-bromopyridine with thiophane proceeded
inefficiently, producing the desired product 7o in 30% yield
alongside substantial ring-opening byproducts. Notably, this
conversion was successfully extended to bromoisoquinoline,

generating semisaturated fused tricyclic compound 7p in 57%
yield. Several additional (hetero)aryl bromides were evaluated
under the standard conditions, including brominated quino-
line, isoquinoline, pyrrolo-indole, pyrimidine, pyrazine and
bromobenzene, yet all displayed low reactivity to afford merely
trace product or no conversion. Further evaluation on 4-
bromopyridine delivered low efficiency and selectivity, likely
due to reduced electrophilicity of the 4-pyridyl radical as well
as poor reactivity for intramolecular cyclization at C3 position
(Figure 1 in Supporting Information).
Subsequently, we turned our attention to the cyclic sulfide

substrates (Figure 4). Using the strained thietane, the
corresponding product obtained from this ring expansion
was 6,6-fused semisaturated pyridine (10a, 73% yield). As
demonstrated by the results of model reaction, thiophane as a
low-strain cyclic thioether, was proved to be an excellent ring-
expansion precursor under our reaction conditions (3a, 85%
yield). Besides, we were pleased to find that unstrained 6-
membered cyclic thioether also performed feasibly, delivering
the 6,8-fused bicyclic compound 10b in synthetically useful
yield. The larger, seven-membered cyclic thioether was also
explored, but no desired product was observed (10c). This

Figure 5. Mechanistic studies. (a) UV−vis absorption spectroscopy. (b) Fluorescence quenching experiments. (c) Stern−Volmer plots of PC-I
with different quenchers. (d) Cyclic voltammetry analysis of substrates. (e) Light on/off experiments. (f) Radical trapping experiments.
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observation might support that the ring strain of the sulfonium
intermediate serves as a crucial driving force for the reaction.
The lower strain in the 6- and 7-membered cyclic thioether
intermediates accounts for their poor reactivity. Thietanes with
common functionalities such as hydroxy (10d), benzyloxy
(10e and 10g), phenoxy (10f) and alkoxy (10h) could be
reconstructed under standard condition, exhibiting good
functional group tolerance. The reaction of 2-methyltetrahy-
drothiophene gave ring-expansion product 10i and 10i′ in 64%
total yield with a 7:1 ratio of regioisomers, which implies a
radical cyclization pathway for the reaction. Based on
compound 10d, further transformation of the hydroxy group
afforded a series of thioether-fused pyridine products bearing
diverse substituents (Section 7 in Supporting Information),
including ester (10j), OBz (10k), imidate (10l), and halogen
groups (10m−10n). Interestingly, 3-bromo semisaturated
fused pyridine 3o prepared by this method can be further
converted into 7,6,6- and 7,6,7-fused tricyclic products 10o
and 10p, which constitute challenging scaffolds absent from
existing literature.

To elucidate the mechanism of this skeletal expansion fusion
reaction, a series of mechanistic studies and intermediates
exploration were conducted (Figures 5 and 6). UV/vis
absorption experiments indicated that the photocatalyst was
the sole light-absorbing species within the wavelength of light
irradiation source (Figure 5a). And this observation also
precludes the possibility of substrate aggregation forming light-
absorbing EDA complexes. Fluorescence quenching experi-
ments and the Stern−Volmer analysis showcased that the
excited-state PC-I* was quenched by bromopyridine 1a rather
than thioether 2a (Figures 5b and 5c). The addition of protic
acid could significantly enhance the quenching of the
photocatalyst by the pyridine substrate, which is consistent
with our experimental observations above. To further elucidate
the electron transfer behavior of the substrates, cyclic
voltammetry experiments were conducted (Figure 5d and
Section 8.3 in Supporting Information). As shown in Figure
5d, a reductive peak of 1a was detected at −1.39 V when mixed
with HBr in TFE (eq 1, blue line). However, in the absence of
acid, the reduction peak of 1a disappeared (eq 1, green line).

Figure 6. Control experiments and proposed mechanism. (a) Pyridyl radical-mediated cleavage of C−S bonds in linear thioethers. (b) Study on the
chemoselective behavior of different halopyridines. (c) Competitive experiments. (d) Plausible mechanism.
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No reduction peak was observed for thiophane 2a in this
condition (eq 1, red line). These results reveal that
bromopyridine 1a is feasibly reduced via SET pathway by
the PC-I*. Further positive scanning found that thiophane 2a
could be oxidized at 1.58 V in TFE (eq 2, red line), whereas
delivered a lower oxidation potential upon the addition of acid
(eq 2, yellow line and Figure 11 in Supporting Information),
which implied that the thiophane 2a might serve as a reductant
in this reaction. Moreover, light on/off experiments demon-
strated that this reaction ceased in the dark and effectively

restored upon light irradiation, thus demonstrating the crucial
role of light irradiation and excluding a long radical chain
process (Figure 5e). Radical trapping experiments were then
conducted and the reaction was suppressed in the presence of
radical inhibitor 2,2,6,6-tetramethyl-1-piperidinyloxy
(TEMPO), butylated hydroxytoluene (BHT), or 5,5-dimeth-
yl-1-pyrroline N-oxide (DMPO), which hints the radical nature
of this ring expansion process (Figure 5f). Trapping of two
radical adduct intermediates 11 and 12 suggests the pyridyl

Figure 7. Synthetic applications. (a) Gram-scale synthesis. (b) Synthetic derivatization. (c) Late-stage modification of drug variants. aIsolated yield
from intermediate 25. bIsolated yield from intermediate 27.
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radical and the ring-opening carbon radical as the likely active
species in this transformation.
To further probe the mechanism of C(sp3)−S bond cleavage

and subsequent C(sp2)−S bond formation, control experi-
ments were conducted to verify our proposed hypothesis
(Figure 6). First, when the linear thioether 2a′ was used in
place of cyclic thioether 2a, no ring-expansion product was
formed (Figure 6a). Instead, an ipso sulfenylation product 13a
was obtained in 43% yield. Notably, several pyridyl thioether/
alkylated multifunctionalization products (13b−13d) were
also detected. We then examined the chemoselectivity of
various 3-halopyridines, such as chloro-, bromo- and
iodopyridines under standard condition A. The 3-chloropyr-
idine substrate remained unreactive, yielding no product. The
3-bromopyridine exclusively formed the previously observed
ring-expansion products (3g and 3g′), with no ring-opening
bromination product (14a). Interestingly, the reaction of 3-
iodopyridine exhibited diverse chemoselectivity, yielding not
only the target ring-expansion product but also ring-opening
iodination adduct (14b) and an unexpected dimerized ring-
expansion derivative (14c). We hypothesized that the iodide
anion exhibits stronger nucleophilicity than bromide in TFE,
which may promote C−S bond cleavage of the in situ formed
pyridinium sulfonium to deliver byproduct 14b. But the
formation mechanism of the dimeric byproduct 14c remains
unclear. Moreover, when exogenous iodide was added to the
reaction of 3-bromopyridine, the original transformation
remained unaffected, and no ring-opening iodination by-
product 14b was detected (Figure 6c), likely attributed to the
solvent cage effect.52,53

In light of the above results, a proposed mechanism
including two photoredox catalytic cycles is described in detail
(Figure 6d). Specifically, photoexcitation of photocatalyst IrIII
generates its excited state *IrIII. Oxidative quenching of *IrIII
(*E1/2

ox = −1.54 V vs SCE in TFE)21,54,55 by bromopyridine
1a via single-electron transfer (SET) provides oxidative IrIV
species, a pyridyl radical A, and an equivalent of halide anion.
The subsequent SET from thioether 2a to the IrIV species
(E1/2

red = 0.98 V vs SCE in TFE)21,54,55 affords sulfur radical
cation B and regenerates the IrIII photocatalyst. Sulfonium salt
intermediate C is formed through rapid coupling of the two
radical species A and B. Next, within the second photoredox
cycle, the sulfonium salt C undergoes SET with photoexcited
*IrIII, yielding the alkyl radical intermediate D and IrIV species
via the cleavage of the C(sp3)−S bond.51,56 The resulting
radical D then participates in an intramolecular addition to
form the radical cation E. Finally, oxidation and deprotonation
of E by the IrIV species afford the target SSFP 3a, concurrently
regenerating the ground state IrIII photocatalyst.
Afterward, synthetic applications of the SSFPs scaffold were

investigated (Figure 7 and Section 7 in Supporting
Information). Gram-scale synthesis was achieved by reactions
between bromopyridines and thiophane 2a, affording semi-
saturated fused pyridines 3a and 7a in 81% (1.16 g) and 76%
(0.73 g) yields, respectively (Figure 7a). Starting from
compound 3a, pyridine alkylation products (15 and 16)
were obtained in moderate yields through the photoinduced
Minisci pathway (Figure 7b).57,58 The selective sp3 C−H
functionalization on the methyl group of pyridines allowed for
facile synthesis of biologically important azaarene-substituted
3,4-dihydro-coumarin (17)59 and 3-hydroxy-2-oxindole
(19).60 Nucleophilic attack by methanol on compound 17
resulted in lactone ring-opening, affording product 18 in 90%

yield. Selective oxidation of 3a produced sulfoxide (20−22)
and sulfoximine (23), demonstrating the versatility of sulfonyl
transformations. Notably, when N-chlorosuccinimide (NCS)
was employed as the oxidant, substrate 3a was directly
converted to the α-chlorinated sulfoxide product 2161,62 and its
relative configuration was further confirmed by single-crystal
X-ray crystallography (CCDC 2491796). Furthermore, the
product 21 underwent an epimerization in the presence of
methanol/sodium methoxide to yield its diastereoisomer 22.
Selective C−H activation of S-α-C(sp3)−H offered desired
alkylated products (24) in 88% yield through photoredox
catalysis.63

To enable rapid modification while circumventing de novo
synthesis, we applied our method to achieve the late-stage
semisaturation of various pharmaceutically relevant moieties
(Figure 7c). Nikethamide was successfully converted into the
corresponding semisaturated fused product 26 through meta-
bromination24 and our ring expansion transformation. The
oxetane scaffold decorated with carvacrol underwent O atom
transmutation to afford the corresponding thietane,33 which
then participated in our reconstruction reaction with
bromopyridine to yield the target product 28.

■ CONCLUSION
In conclusion, we have developed a photocatalytic cascade
reaction that enables the direct reconstruction of unstrained
cyclic thioethers into valuable sulfur-containing fused semi-
saturated pyridine scaffolds. This strategy successfully
addresses the challenge of skeletal editing for cyclic sulfides
by leveraging a pyridyl radical-mediated sequential C−S bond
formation and cleavage processes. The method operates under
mild and redox neutral conditions using simple feedstocks,
exhibits excellent functional group tolerance, and provides
access to a diverse array of previously difficult-to-access bicyclic
and tricyclic architectures. Mechanistic investigations support a
mechanism involving two synergistic photoredox catalytic
cycles. The SSFPs core scaffold serves as a versatile platform
for diverse postsynthetic modifications, providing direct access
to the late-stage semisaturation of complex bioactive
molecules. Given the high prevalence of both pyridine and
sulfur motifs in pharmaceuticals, we anticipate this efficient and
step-economical protocol will find immediate utility in
medicinal chemistry and drug discovery for the rapid synthesis
of high-value three-dimensional heterocycles.
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