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The precise functionalization of saturated nitrogen-containing heterocycles is a cornerstone of modern
drug discovery. While strategies targeting the a-C(sp®)—H bond are well-established, functionalization at
the distal B-position remains a formidable challenge, typically plagued by harsh conditions and reliance
on noble metals. Herein, we report a metal-free, phosphine-catalyzed strategy for the B-position C(sp®)—
H functionalization of cyclic amines, enabled by a novel frustrated radical pairs (FRPs) mechanism. Guided
by density functional theory (DFT) calculations, we identified a thermodynamically stable yet reactively
potent “spoke-shaped” adduct derived from tris(2,6-dimethoxyphenyl)phosphine as the key catalytic
species. Unlike traditional frustrated Lewis pairs (FLPs) systems based on boron or aluminum, this
halogen-based system operates via a single electron transfer (SET) pathway to overcome the kinetic
barriers of bond activation. This protocol features broad functional group tolerance, enabling diverse
(including and heteroarylation) mild
Furthermore, the utility of this method is demonstrated through the late-stage modification of
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Introduction

Saturated cyclic amines, particularly the piperidine scaffold,
represent a privileged structural motif in medicinal chemistry,
appearing ubiquitously in FDA-approved therapeutics.' Prom-
inent examples include the complement C5a receptor antago-
nist Avacopan, the Janus kinase inhibitor Xeljanz (Tofacitinib),
the anticoagulant Apixaban, and the BTK inhibitor Imbruvica
(Ibrutinib).> Consequently, the development of streamlined
methods to functionalize these heterocyclic cores is of para-
mount importance to the pharmaceutical sciences.?
Historically, green synthetic strategies such as visible-light
catalysis and electrosynthesis have enabled diverse function-
alization of cyclic amines.* The functionalization of cyclic
amines has relied heavily on the generation of iminium
intermediates trapped by nucleophiles.” In contrast, comple-
mentary strategies utilizing electrophiles to access B-func-
tionalized products remain significantly underdeveloped.®
This disparity stems from intrinsic challenges: the electron-
withdrawing nature of the nitrogen atom renders the pB-
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C(sp®)-H bond electron-deficient with a high bond dissocia-
tion energy (thermodynamic barrier), while the sterically
accessible a-position is kinetically favored.” Existing methods
to overcome these hurdles often suffer from substantial limi-
tations, including a reliance on noble metal catalysts, the use
of stoichiometric oxidants, harsh reaction conditions, and
limited functional group tolerance® (Scheme 1A). Therefore,
the design of mild, metal-free systems capable of enabling
electrophilic functionalization patterns remains a critical
objective.

In recent years, frustrated Lewis pairs (FLPs) chemistry has
evolved beyond ionic reactivity to encompass single electron
transfer (SET) pathways, giving rise to the concept of frustrated
radical pairs (FRPs).” By leveraging the equilibrium between
a covalent adduct and a reactive radical pair (Re’/Ox’), these
systems facilitate homolytic bond activation.'® However, while
FRPs systems based on aluminum/boron (Re = Al, B) and group
14/15 elements (Ox = P, N, C, Ge, Si) are well-established,
halogen-based FRPs systems (Re = X) remain largely unex-
plored' (Scheme 1B, top). The development of a halogen-driven
FRPs manifold could offer distinct reactivity profiles for acti-
vating inert C-H bonds.

Despite the long-standing recognition of triaryl halo-
phosphine adducts, their synthetic utility remains under-
exploited relative to the broader field of organophosphorus
chemistry.” Drawing inspiration from the three main structural

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Background and design of this work.

types of Ar;PI, adducts (Cat. 1-1/1-2/1-3), we hypothesized that
such species could serve as ideal precursors for FRPs genera-
tion. Guided by DFT calculations (Scheme 1B, middle), we
investigated the structural impact of substituents on the phos-
phorous center. The analysis revealed that the sterically con-
gested and electron-rich tris(2,6-dimethoxyphenyl)phosphine
forms a unique “spoke-shaped” diiodide adduct (Ar;PI,, Ar =
2,6-(MeO),CgH3;). This species (Cat. 1-3) is predicted to be the
thermodynamically most stable isomer (0.0 kcal/mol) compared
to its trigonal bipyramidal (Cat. 1-1) or ionic counterparts (Cat.
1-2). This unique electronic structure suggests that the ArzPI,
adduct can effectively mediate the formation of radical inter-
mediates required for B-C(sp®)-H activation.

Based on these electronic features, we proposed a reaction
design (Scheme 1B, bottom) wherein the specific “spoke-sha-
ped” adducts Cat. 1-3 serves as latent radical reservoirs,
releasing transient FRPs via intramolecular SET, and they
capable of overcoming the thermodynamic barrier of the B-
C(sp*)-H bond, allowing for the direct coupling with electro-
philes (B) to access functionalized products (C). Herein, we
report a phosphine-catalyzed dehydrogenative functionaliza-
tion of cyclic amines validated by this design. This strategy

© 2026 The Author(s). Published by the Royal Society of Chemistry

obviates the need for transition metals or harsh oxidants,
enabling the efficient construction of C-S or C-C bonds at the
challenging B-position. The reaction features excellent scal-
ability and broad functional group compatibility, providing
a powerful tool for the late-stage diversification of drug
molecules and complex natural products.

Results and discussion

We commenced our investigation by selecting N-mesitylpi-
peridine (A1) and diphenyl disulfide (B1) as model substrates
to validate our hypothesis. Encouragingly, exposing the
mixture to catalytic amounts of Cat. 1-3 (20 mol%) and Nal (2.0
equiv.) in 1,4-dioxane at 80 °C under an air atmosphere
delivered the desired a,B-dehydrogenative sulfuration product
C1 in 84% yield (Table 1, entry 1). With this promising lead
result, we sought to verify the crucial role of the phosphine
structure guided by our initial DFT calculations. Evaluation of
a series of Ar;PI, adducts revealed a distinct structure-activity
relationship (entries 2-4). While para-monosubstituted vari-
ants (Cat. 2 and Cat. 3) maintained moderate catalytic efficacy,
the removal of the ortho-methoxy groups (Cat. 4, unsubstituted

Chem. Sci., 2026, 17, 9616-9624 | 9617
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Table 1 Optimization of the reaction conditions®
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Cat. (20 mol%)
Nal (2.0 equiv.)

0

N H 1,4-dioxane (2.0 mL)
Mes air, 80 °C, 12 h Mes
A1 =0.3 mmol B1 =0.3 mmol C1, isolated yield
/ F.
oy 7 Q.
N " 0 | ;
(0] pl Q I , /I”I
i O~ oY o'Q
AN
o’ © \OO/ F
Cat.1-3 Cat. 2 Cat.3 Cat. 4

Entry Variation from standard conditions Yield (%)?
1 None 84
2 Cat. 2 instead of Cat. 1-3 77
3 Cat. 3 instead of Cat. 1-3 73
4 Cat. 4 instead of Cat. 1-3 21
5 Without Cat. 1-3 N.D.
6 10 mol% Cat. 1-3 72
7 25 mol% Cat. 1-3 83
8 Without Nal 62
9 I, instead of Nal Trace
10 KI instead of Nal 74
11 NH4I instead of Nal 68
12 Ar instead of air 20
13 Toluene instead of 1,4-dioxane 65
14 CH3CN instead of 1,4-dioxane 26
15 DMF instead of 1,4-dioxane 17
16 DCE instead of 1,4-dioxane Trace

¢ Reaction conditions, unless specified otherwise: A1 (0.3 mmol), B1 (0.3 mmol), Cat. 1-3 (0.06 mmol), NaI (0.6 mmol) and 1,4-dioxane (2.0 mL) were
stirred under air atmosphere at 80 °C for 12 h. b 1s0lated yield. Mes = mesityl. DMF = N,N-dimethylformamide, DCE = 1,2-dichloroethane.

Ph;P) resulted in a precipitous drop in yield to 21%. This
finding strongly supports our design rationale that the steric
bulk and electron-donating capability of the 2,6-di-
methoxyphenyl moiety are essential for stabilizing the active
“spoke-shaped” charge-transfer complex (entry 5). Further
optimization of reaction parameters indicated that the catalyst
loading could not be reduced without compromising efficiency
(entry 6), nor did increasing it provide further benefit (entry 7).
Control experiments underscored the complexity of the iodine
source: while the reaction proceeded in moderate yield
without Nal (entry 8), the addition of external iodide signifi-
cantly boosted efficiency, likely by facilitating the regeneration
of the active iodine species. Notably, conducting the reaction
under an argon atmosphere drastically inhibited the trans-
formation (20% yield, entry 12), confirming the indispensable
role of dioxygen as the terminal oxidant in the catalytic turn-
over. Ultimately, when other solvents were tested as replace-
ments in the reaction, all of them performed less effectively
than 1,4-dioxane (entries 13-16).

With the optimal conditions in hand, we evaluated the
generality of this protocol (Scheme 2). The reaction exhibited
remarkable tolerance toward the electronic properties of the

9618 | Chem. Sci, 2026, 17, 9616-9624

disulfide partners. Symmetrical diaryl disulfides bearing
electron-donating (e.g., -Me, -OMe) or weakly electron-
withdrawing groups (e.g., -F, -Cl, -Br) at various positions
proceeded smoothly, delivering the target B-functionalized
products in good to excellent yields (76-87%, C1-C9). Steri-
cally demanding substrates, such as those containing ortho-
substituents or a naphthyl backbone, were also accommo-
dated efficiently (C11-C15). Notably, the system proved robust
even with highly electron-deficient substrates, a challenging
class for oxidative couplings. Disulfides bearing strong
electron-withdrawing groups (-NO,, -CF3) or electron-
deficient heteroarenes (pyridines) were successfully engaged,
affording products C16-C18 in useful yields. The scope further
extended to heteroaryl disulfides derived from thiophene and
furan (C19-C20) and, significantly, to aliphatic disulfides
(C21-C25), demonstrating the versatility of this radical mani-
fold beyond purely aromatic systems. Expanding the electro-
phile scope beyond sulfur, we demonstrated that 2-
hydroxyquinoxalines serve as competent coupling partners,
enabling a direct C-C bond-forming heteroarylation (Scheme
2B). Both electron-rich and electron-poor quinoxalines
participated effectively (C26-C28). Interestingly, the reaction

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Scope of substrate. “Reaction conditions: cyclic amines A (0.3 mmol), electrophiles B (0.3 mmol), Cat. 1-3 (20 mol%), Nal (0.6 mmol),
and 1,4-dioxane (2.0 mL) were stirred under air atmosphere at 80 °C for 12 h. 0.6 mmol of heteroaromatics were used.
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— A Gram-scale synthesis:

x 10 model reaction

Cat. 1-3 (20 mol%)
Nal (2.0 equiv.)

aae

W o

A1 =3.0 mmol B1 = 3.0 mmol

0
1,4-dioxane (2.0 mL)

0,,80°C, 24 h C1,0.70 g, 76%

— B Drug molecules modification:

QO oy
2ol
g

from dichloroacetic acid
C46, 55%

from boronic acid pinacol ester from Ibuprofen from aspirin
C43, 74% C44,77% C45, 51%

from Indometacin
C47,63%

Scheme 3 Gram-scale synthesis and drug molecules modification.

with a methyl-substituted substrate yielded the product as
a tautomeric mixture (C29). Finally, variations on the piperi-
dine skeleton were investigated (Scheme 2C). The protocol
tolerated diverse substitution patterns on the N-aryl ring,
including sterically congested 2,6-disubstituted systems (C30-
C41). Substituents on the piperidine core itself were also
compatible, as evidenced by the high yield of C42.

To underscore the practical utility of this methodology,
a gram-scale synthesis was conducted (Scheme 3A). Under
standard conditions with a prolonged reaction time (24 h), the
model reaction was successfully scaled up to 3.0 mmol,
furnishing 0.70 g of C1 (76% yield) without significant erosion
of efficiency. Furthermore, the mildness of the protocol
prompted us to explore the late-stage functionalization of
complex bioactive molecules (Scheme 3B). Piperidine deriva-
tives containing boronic esters or motifs derived from
commercial pharmaceuticals, including ibuprofen, aspirin,
dichloroacetic acid, and Indomethacin were all viable
substrates (C43-C47). These results highlight the potential of
this phosphine-catalyzed strategy as a powerful tool for
accelerating structure-activity relationship (SAR) studies in
medicinal chemistry.

To elucidate the operating mechanism, a series of control
experiments were conducted (Scheme 4). (1) Radical trapping
experiments: the addition of radical scavengers (TEMPO:

9620 | Chem. Sci., 2026, 17, 9616-9624

2,2,6,6-tetramethyl-1-piperidinyloxy, BHT: butylated hydrox-
ytoluene, or DPE: stilbene) completely suppressed the product
formation (Scheme 4A), strongly implicating the involvement
of radical intermediates. (2) Catalytic active species identifi-
cation: further investigation into catalyst efficacy revealed that
triarylphosphine Cat. 5 did not promote the reaction. In
contrast, substitution of Nal with I, afforded the correspond-
ing product C1 in 41% yield. These results suggest that Ar;PI,
adducts, rather than the phosphine itself, serve as the active
catalytic species (Scheme 4B, top). The critical role of the
iodide anion was verified using the phosphonium bromide
Cat. 6. Reaction efficiency was only observed when Cat. 6 was
combined with Nal (76% yield), whereas Cat. 6 alone yielded
only trace amounts of C1 (Scheme 4B, bottom). (3) LC-MS
analysis of the reaction mixture after 6 hours under standard
conditions revealed the characteristic fragment peak of
ArzPH', but no ion fragment peak of Ar;P was observed.
Meanwhile, we calculated the pK, values for the deprotonation
of the iminium ion to form the enamine intermediate and the
deprotonation of PAr;H', respectively. A comparison of these
two values revealed that pK,, (—3.2) was higher than pK,,
(Cat.1-3/Cat.2/Cat.4: —12.6/—10.0/—7.7), indicating that the
species in Eq. 2 possessed a stronger proton-donating ability.
Thus, the deprotonation of the iminium ion to form the
enamine via Eq. 2 is thermodynamically unfeasible, which

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 4 Control experiments.

also indirectly confirms that no Ar;P is generated in the cata-
Iytic cycle (Scheme 4C). (4) *'P NMR tracking experiments: *'P
NMR monitoring of the reaction mixture revealed the
involvement of the Ar;PI, species. As the reaction progressed,
the complex signal pattern observed initially evolved into
a distinct peak at 6 25.8 ppm, which persisted throughout the
reaction course (Scheme 4D).

Proposed mechanism based on these experimental findings
and literature precedents, a plausible catalytic cycle is depic-
ted in Scheme 5. The reaction initiates with the formation of
the spoke-shaped adduct Cat. 1-3, which undergoes homolytic

© 2026 The Author(s). Published by the Royal Society of Chemistry

cleavage (or SET) to generate the FRPs species (containing
a phosphine radical cation and an iodine radical). This potent
FRPs intermediate mediates a hydrogen atom transfer (HAT)
or SET process with the piperidine substrate A to generate the
B-carbon radical or radical cation species. Subsequent dehy-
drogenation yields the enamine intermediate A-2 (via iminium
A-1), while the reduced catalyst species Cat. 1-3-1 is re-oxidized
by atmospheric oxygen to close the catalytic cycle. Finally, the
in situ generated enamine A-2 undergoes electrophilic inter-
ception by the electrophiles B (sulphur electrophiles could be

Chem. Sci., 2026, 17, 9616-9624 | 9621
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Scheme 5 Proposed reaction mechanism.

generated by the reaction of disulfides with elemental iodine)
to deliver the final product C.

Conclusions

In summary, we have developed a novel phosphine-catalyzed
strategy for the regioselective B-C(sp®)-H functionalization of
cyclic amines. This work represents a rare example of a halogen-
based frustrated radical pair (FRP) system applied to organic
synthesis. By rationally designing a sterically encumbered
“spoke-shaped” P-I adduct, we successfully harnessed the
reactivity of transient radicals to forge C-S and C-C bonds
under mild, metal-free conditions. The protocol exhibits broad
scope, excellent functional group tolerance, and high scal-
ability, as demonstrated by the late-stage diversification of
complex pharmaceutical agents. We anticipate that this distinct
reaction design, leveraging the unique redox properties of
group 15/17 adducts will inspire further developments in the
activation of inert C-H bonds.

Experiments and methods
General information

All reactions were performed under air unless otherwise stated.
All catalysts were synthesized following literature procedures.
Full details of the experiments and methods employed in this
study are listed in the accompanying SI.

Typical procedure for the synthesis of C

Add electrophiles B (0.3 mmol), Cat. 1-3 (42 mg, 0.06 mmol), Nal
(90 mg, 0.6 mmol), 1,4-dioxane (2.0 mL), and N-Mes piperidine A
(0.3 mmol) sequentially into a reaction tube. Stir the mixture at
80 °C for 12 hours under an air. Concentrate the resulting
mixture by removing the solvent under vacuum, then purify the
residue via silica gel preparative thin-layer chromatography using
petroleum ether as the eluent to obtain a colorless liquid C.

Computational details

All the calculations were performed using the Gaussian 16
software package.”® Geometry optimization of the compounds

9622 | Chem. Sci., 2026, 17, 9616-9624
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B-1

was conducted at the M06-2X*4(D3)** density functional theory
level using the basis set def2-SVP for all atoms. In addition,
Hessian calculations for obtaining the vibrational frequencies
were performed at the same level of theory as that for the
geometry optimization to check whether the optimized
geometrical structure is an energy minimum (with no imaginary
frequency). The single-point energies calculations were per-
formed by the M06-2X(D3) density functional with the def2-
TZVPP for all atoms, and the CPCM solvent model*® as used
to simulate the solvent effect of 1,4-dioxane. Renderings of spin
density plots were performed using the program VMD."
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