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a b s t r a c t

The radical-mediated 1,2-difunctionalization of alkenes or alkynes has emerged as an efficient strategy for

augmenting molecular diversity and complexity. Nevertheless, developing remote 1,4-difunctionalization

reactions through radical cascade additions involving two intermolecular unsaturated bonds confronts

complex chemo-, regio-, and stereoselectivity challenges. Here, we report a photocatalytic strategy that

enables the first radical 1,4-difunctionalization across simple alkenes and arylacetylenes, leveraging the

distinct reactivity between alkyl phosphites and different carbon radicals, by employing 1 mol% fac-

Ir(ppy)3 as the photocatalyst and quinuclidine as the base. Mechanistic studies reveal that the photoex-

cited Ir(III)∗ synergistically governs two processes: (1) Single-electron transfer (SET) activation of Rf-X to

generate fluoroalkyl radicals, and (2) triplet energy transfer (TEnT)-mediated stereo-control of the con-

structed alkenyl phosphonates to achieve high Z/E selectivity. This method enables the efficient synthesis

of various δ-fluoroalkyl-substituted alkenyl phosphonates with high Z/E selectivity under mild conditions.

Furthermore, some products exhibit a synergistic inhibitory effect on porcine epidemic diarrhea virus

(PEDV), effectively blocking viral adsorption and replication while preventing PEDV-induced cell apopto-

sis in vitro.

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

Medica, Chinese Academy of Medical Sciences.

Multicomponent reactions (MCRs), which combine three or

more simple components into a complex molecule in one step,

significantly enhance synthetic efficiency by reducing the num-

ber of steps and eliminating the need for intermediate isolation

and purification [1–3]. This atom- and step-economical strategy

holds great potential for advancing drug discovery by enabling

the streamlined synthesis of structurally diverse compounds. How-

ever, the inherent complexity of MCRs introduces substantial chal-

lenges in achieving precise control over reaction selectivity [2,3].

The radical 1,2-difunctionalization of alkenes or alkynes is a well-

established three-component reaction for creating molecules with

neighboring functional groups [4–6]. However, harnessing radi-

cal stepwise addition to more than one unsaturated bond poses

formidable challenges due to complex chemo-, regio-, and stere-

oselectivity issues [7,8]. To address these challenges, researchers

have increasingly employed radical addition reactions involving
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carefully designed radical acceptors containing two or more un-

saturated bonds [9,10]. This strategy has proven effective for syn-

thesizing functionalized carbo- and heterocycles via radical in-

tramolecular cyclization. Significant advances have recently been

made in addition reactions mediated by radical polarity [11–16],

which involve two intermolecular unsaturated bonds with pro-

nounced electronic disparity (Fig. 1A) [17–25]. Notably, a series of

radical 1,4-difunctionalization reactions, such as 1,4-oxyimination

[17], carboimination [18,19], hydrooxygenation [20], hydroamina-

tion [21,22], dihydrogenation [23,24], and hydrotrifluoromethyla-

tion [25], have been developed via photocatalytic or transition-

metal-catalyzed radical relay strategies. In these transformations,

electrophilic radicals add preferentially to electron-rich alkenes,

and the resultant nucleophilic alkyl radicals tend to react with

other electron-deficient Michael-type alkenes or alkynes. Con-

versely, if the initiating radical is nucleophilic, the stepwise addi-

tion process proceeds in the reverse order [11–16]. Indeed, the rad-

ical 1,4-difunctionalization facilitated by radical polarity represents

an efficient methodology for synthesizing highly functionalized

https://doi.org/10.1016/j.cclet.2025.112156
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Fig. 1. Background and the present research.

molecules with high chemoselectivity. However, general strategies

for achieving radical 1,4-difunctionalization across ordinary alkenes

and alkynes lacking significant electronic disparity remain, to our

knowledge, unreported.

Phosphonates, as structural analogs of naturally occurring

phosphates, exhibit diverse biological activities and have been

widely utilized in developing antiviral, antimicrobial, and anti-

inflammatory agents, among others [26,27]. The direct addition

of carbon radicals to alkyl phosphites (radical Arbuzov process)

presents a promising strategy for synthesizing functionalized phos-

phonates [28–35]. As depicted in Fig. 1B, different carbon radi-

cals demonstrate distinct selectivity in the radical Arbuzov pro-

cess [28–35]. Phenyl, vinyl, and alkynyl radicals selectively un-

dergo β-scission of the resulting phosphoranyl radical upon reac-

tion with P(OEt)3, yielding delocalized phosphonates. In contrast,

most alkyl radicals exhibit limited reactivity towards P(OEt)3 due

to the weaker C–P bond strength, leading to α-scission of the

resulting phosphoranyl radical [28,29,35]. Exploiting this selectiv-

ity, the Bentrude group developed a pioneering work on the for-

mation of cyclic vinylphosphonates through P(OMe)3-mediated in-

tramolecular addition of alkyl radicals to a carbon-carbon triple

bond, followed by the trapping of more reactive vinyl radicals

using P(OMe)3 under thermal AIBN/Bu3SnH conditions [30,31].

However, achieving control over the Z/E selectivity of this reac-

tion poses challenges due to the steric hindrance of various sub-

strates and the rapid isomerization of the resulting vinyl radicals

[30,31,36–38]. Therefore, it is highly desirable to explore the alkyl

phosphites-mediated intermolecular addition of alkyl radicals to

alkynes, as well as the synthesis of functionalized vinylphospho-

nates with enhanced Z/E selectivity under mild reaction conditions.

Drawing inspiration from recent advancements in visible-light-

photocatalyzed radical cascade reactions [39–48] and the radi-

cal Arbuzov process [28–35], we have developed the first photo-

catalytic alkyl phosphites-mediated radical 1,4-difunctionalization

across ordinary alkenes and arylacetylenes (Fig. 1C). In this strat-

egy, the photoexcited Ir(III)∗ facilitates the reduction of Rf-X, gen-

erating the fluoroalkyl radical Rf· via a SET process [47]. The result-

ing Rf·, a weak electrophilic radical, preferentially adds to alkenes

rather than arylacetylenes, constructing a more stable nucleophilic

alkyl radical I [11–16,49]. Although adding alkyl radical I to P(OEt)3
is reversible due to the α-scission in the resulting phosphoranyl

radicals, the situation changes when alkyl radical I adds to ary-

lacetylenes. In this case, the resulting vinyl radical II is rapidly

trapped by P(OEt)3, forming the functionalized alkenyl phospho-

nates via the radical Arbuzov process [28–35]. The Z/E selectiv-

ity of the forming vinylphosphonates was further regulated by

photoexcited Ir(III)∗ through the TEnT process [50–53]. A range

of structurally diverse δ-fluoroalkyl-substituted alkenyl phospho-

nates with potential biological activities has been efficiently syn-

thesized with exceptional Z/E selectivity by integrating photocat-

alyzed SET and TEnT processes. Furthermore, compared to ordi-

nary phosphonates, fluoroalkyl-substituted phosphonates exhibit

enhanced promise for pharmaceutical applications due to their im-

proved efficiency, bioavailability, and metabolic stability [54].

The research on coronaviruses (CoVs) has garnered increasing

attention in recent years, largely driven by the global impact of the

coronavirus disease 2019 (COVID-19) pandemic. CoVs cause various

diseases affecting animals’ and humans’ respiratory systems, gas-

trointestinal tract, liver function, and neurological health [55]. To

accelerate antiviral drug discovery against rapidly mutating coro-

naviruses, chemists are developing novel synthetic strategies to

generate structurally diverse molecules for drug screening. PEDV,

a member of the α genus of the coronavirus family, infects pigs

of all ages, leading to acute diarrhea, vomiting, dehydration, and

a high fatality rate in piglets [56,57]. Porcine epidemic diarrhea

(PED) has led to severe economic losses for the global pig indus-

try due to its highly infectious nature and the absence of effective

drugs and vaccines [58]. In the United States alone, over 7 million

pigs were killed by PED between 2013 and 2014 [59]. Research also

shows that PEDV can infect the cells of bats, monkeys, and even

humans, indicating a potential threat to other species [60]. Current

efforts in antiviral drug development focus on two primary strate-

gies, inhibiting viral replication [61,62] and preventing viral en-

try into host cells [63,64]. While several small-molecule inhibitors

specifically targeting viral replication [65,66] or entry [60,67,68]

exhibit promising anti-PEDV activity, there remains a lack of effi-

cient drugs available for clinical application. Given that viral entry

and replication are critical steps in the transmission of the virus,

developing novel multifunctional anti-PEDV agents capable of syn-

ergistically inhibiting these processes represents a promising direc-

tion for research

The four-component reaction was initiated by photoirradi-

ating a mixture containing perfluorobutyl iodide a1, isobuty-

lene b1 at approximately 15% concentration in THF, 4-ethynyl-

benzoicacidmethylester c1, triethyl phosphite d1, a photocatalyst,
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Table 1

Optimization of reaction conditions.

Entry Deviation from the standard conditionsa Yield (%)b E/Zc

1 None 78 66:1

2 Et3N instead of quinuclidine 59 45:1

3 DBU instead of quinuclidine 34 23:1

4 TMEDA instead of quinuclidine 58 60:1

5 DIPEA instead of quinuclidine 27 10:1

6 DEA instead of quinuclidine 46 12:1

7 CH3CN and THF 23 39:1

8 DCE and THF 47 60:1

9 1,4-Dioxane and THF 43 55:1

10 [Ru(bpy)3]Cl2 instead of fac-Ir(ppy)3 39 8:1

11 4CzlPN instead of fac-Ir(ppy)3 57 18:1

12 9-Fluorenone instead of fac-Ir(ppy)3 48 16:1

13 10 h 69 18:1

14 No light 0 -

15 No fac-Ir(ppy)3 37 8:1

16 No quinuclidine 43 40:1

THF= tetrahydrofuran, DBU=1,8-diazabicyclo[5.4.0]undec–7-ene,

TMEDA=N,N,N’,N’-tetramethylethylenediamine, DIPEA=N,N-diisopropylethylamine,

DEA=diethylamine, DCE=1,2-dichloroethane.
a Conditions: a1 (0.24mmol), b1 (0.5mmol), c1 (0.2mmol), d1 (0.6mmol), quin-

uclidine (0.2mmol), and fac-Ir(ppy)3 was stirred in THF (0.21mL) under Ar at room

temperature for 48h under the irradiation of blue LEDs.
b Isolated yields.
c The E/Z ratio of the products was determined by 1H NMR spectroscopy.

and a base under Ar at room temperature. Pleasingly, the de-

sired 1,4-difunctionalized product f1 was isolated with a yield of

78% and excellent Z/E selectivity using only 1 mol% of fac-Ir(ppy)3
as the photocatalyst and quinuclidine under irradiation from blue

LEDs (Table 1, entry 1). Screening various bases such as Et3N, DBU,

TMEDA, DIPEA, and DEA did not obtain better results in terms of

either yield or stereoselectivity (Table 1, entries 2–6). Adding addi-

tional organic solvents like CH3CN, DCE, and 1,4-dioxane decreased

product yields (Table 1, entries 7–9). Other photocatalysts, includ-

ing [Ru(bpy)3]Cl2, 4CzlPN, and 9-fluorenone, also catalyzed this

multicomponent reaction; however, they yielded product f1 with

low Z/E selectivity (Table 1, entries 10–12). Shortening the reaction

time compromised the Z/E selectivity of the product (Table 1, en-

try 13). The controlled experiments demonstrated that the reaction

was light-dependent, with no product formation observed without

light (Table 1, entry 14). Although the reaction proceeded in the

absence of either a photocatalyst or a base, the yield of f1 was dra-

matically reduced (Table 1, entries 15 and 16). Additionally, in the

absence of a photocatalyst, the product exhibited poor Z/E selectiv-

ity (Table 1, entry 15), indicating the crucial role of the fac-Ir(ppy)3
in regulating the configuration of the forming vinylphosphonates

[50–53].

After determining the optimized reaction condition (Table 1,

entry 1), we initially explored the substrate scope of ary-

lacetylenes, as illustrated in Fig. 2. Simple phenylacetylenes bearing

various valuable functional groups such as CO2Me, COMe, CN, CF3,

F, Cl, Br, OCF3, CHMe2, and SO2NH2 with different substitution pat-

terns (para-, meta-, and ortho-substitutions) readily underwent this

multicomponent reaction to form the 1,4-difunctionalized products

f1−16 in moderate to good yields while exhibiting excellent Z/E se-

lectivity. Notably, reactions involving electron-poor arylacetylenes

yielded better yields than those with electron-rich counterparts.

Interestingly, the N-ethylation product f14 was formed using

phenylacetylenes bearing N(SO2CF3)2 group. The reaction also pro-

ceeded effectively with polysubstituted arylacetylenes, yielding de-

sired products f17 and f18 in good yields with excellent Z/E selec-

tivity. However, a moderate Z/E selectivity was observed when em-

ploying 1-ethynylnaphthalene (f19). Furthermore, this reaction oc-

curred smoothly with a series of (hetero)arylacetylenes containing

diverse heteroaryl moieties such as pyridine, pyrimidine, pyrazine,

quinoline, thiophene, thiazole, and benzothiazole (f20–41). Conse-

quently, this approach holds significant potential for discovering

novel bioactive compounds characterized by distinctive structures

due to the prevalent presence of such heterocyclic frameworks in

drug entities. Specifically, 2-, 3-, and 4-ethynylpyridines adorned

with various functional groups (F, Cl, Br, Me, OMe, and CO2Me) at

different positions were all well tolerated in the reaction, result-

ing in moderate to good yields of the desired products (f20–32).

Most of these products synthesized from (hetero)arylacetylenes ex-

hibited excellent Z/E selectivity; however, a mixture of Z/E isomers

was observed only in three instances (f20, f23–24). In these three

examples, the compromised Z/E selectivity likely arises from inade-

quate kinetic differentiation during the TEnT process, where energy

is transferred from the photoexcited [Ir(ppy)3]
∗ to geometrically

distinct Z/E-alkenyl phosphonates. Notably, when fac-Ir(diFppy)3
was employed as the photocatalyst, products (f20, f23–24) were

obtained with good Z/E selectivity. The synthetic potential of this

strategy was further demonstrated through the successful appli-

cation of a series of complex arylacetylenes that incorporate the

frameworks of various biologically relevant natural products and

pharmaceuticals. These include Estrone (f42), Thalidomide (f43–

44), Vitamin E (f45), Dehydroabietylamine (f46), peptides (f47–

49), Fructose (f50), Amoxapine (f51), and Fasudil (f52). Attempts

using alkyl-substituted alkynes as substrates under identical con-

ditions yielded no desired product (Fig. S2 in Supporting infor-

mation). This diminished reactivity likely stems from inadequate

stabilization of the vinyl radical intermediate, which lacks the

crucial resonance stabilization provided by conjugated aromatic

systems.

We subsequently investigated the general applicability of this

protocol by examining a variety of unactivated alkenes, and the re-

sults were illustrated in Fig. 3. Simple terminal alkenes, whether

linked to linear or cyclic alkyl frameworks, demonstrated good

tolerance in this reaction, leading to the formation of the corre-

sponding functionalized alkenyl phosphates with satisfactory yields

and good Z/E selectivity (f53–57). The reaction was also effec-

tive with alkenes containing various functional groups, includ-

ing ketone, ethers, esters, alcohols, and amides (f58–67). Inter-

estingly, 4,4,5,5-tetramethyl-2-vinyl-1,3,2-dioxaborolane proved a

suitable alternative to gaseous ethylene in this reaction pathway,

forming deborylation products f68. In addition, the reaction pro-

ceeded smoothly when employing multi-substituted terminal or

non-terminal alkenes as substrates (f69–73). This strategy was

also applicable to the alkenes derived from various natural prod-

ucts and drugs such as (+)-Dihydrocarvone (f74), Valencene (f75),

Nootkatone (f76), (-)-Menthol (f77), (1R)-(+)-Camphanic acid (f78),

Isoborneol (f79), Indometacin (f80), Lbuprofen (f81), Adapalene

(f82), Probenecid (f83), and Dihydrocholesterol (f84), which high-

lights the method’s utility for late-stage modification of intricate

natural products and drugs. Notably, when both terminal and non-

terminal alkenes coexist within the same substrate, only the termi-

nal alkenes demonstrate reactivity, while the internal alkenes re-

main unreactive (f75–76).
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Fig. 2. Scope of arylacetylenes. Reaction conditions 1: perfluorobutyl iodide (0.24mmol), alkenes (0.5mmol), arylacetylenes (0.2mmol), triethyl phosphite (0.6mmol), fac-

Ir(ppy)3 (1 mol%), and quinuclidine (0.2mmol) were stirred in THF and irradiated with blue LEDs under Ar at RT for 48h. Isolated yields. The Z/E ratio was determined by
1H NMR spectroscopy. a Triethyl phosphite (1.2mmol) was used. b fac-Ir(diFppy)3 was employed as the photocatalyst. c The diastereo ratio (dr) was determined by 31P or 1H

NMR spectroscopy. d DCE (0.2mL) was employed as the solvent, and the quantity of other reactants utilized was reduced by fifty percent.

We further examined the substrate compatibility of this radical

multicomponent reaction by testing various alkyl phosphites and

fluoroalkyl radical precursors. The reaction proceeded efficiently

with alkyl phosphites attached to structurally diverse alkyl moi-

eties, yielding 1,4-difunctionalized products with good yields and

high Z/E selectivity (f85–91). In addition to trialkyl phosphites,

monoaryl or diaryl substituted alkyl phosphites were also compat-

ible with this methodology, enabling the synthesis of symmetric or

asymmetric alkenyl phosphate esters in high yields (f88–89, f91).

Beyond perfluorobutyl iodide, Togni’s reagent II and other branched

or linear perfluoroalkyl iodides with varying chain lengths reacted

smoothly under this protocol, affording products f92–95 in satis-

factory yields and excellent Z/E selectivity. Furthermore, diverse di-

fluorobromoacetic acid derivatives served as effective radical pre-

cursors for this reaction, synthesizing δ-difluoroalkyl-substituted
alkenyl phosphates f96–102. This protocol also demonstrated ver-

satility with other radical precursors, such as CF3CH2I and CCl4,

yielding 1,4-difunctionalized products f103 and f104.

To elucidate the photoinitiation mechanism of this strategy,

UV-vis absorption, Stern-Volmer experiments were carried out as

shown in Fig. 4. It was observed that the reaction remained fea-

sible in the absence of both a photocatalyst or quinuclidine, albeit

with reduced efficiency (Table 1, entries 15 and 16). This finding

suggests that the reaction may have followed two initiation path-

ways to generate fluoroalkyl radicals. One pathway involves the

single-electron reduction of perfluorobutyl iodide by photoexcited

4
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Fig. 3. Scope of alkenes, alkyl phosphites, and fluoroalkyl radical precursors. Reaction conditions 2: radical precursors (0.24mmol), alkenes (0.5mmol), arylacetylenes

(0.2mmol), triethyl phosphite (0.6mmol), fac-Ir(ppy)3 (1 mol%), and quinuclidine (0.2mmol) were stirred in DCE (0.2mL) and irradiated with blue LEDs under Ar at RT

for 48h. Isolated yields. The Z/E ratio was determined by isolated and 1H NMR spectroscopy. a The dr was determined by 31P or 1H NMR spectroscopy. b DCE (0.2mL) was

employed as the solvent, and the quantity of other reactants was reduced by fifty percent. c The reaction condition was consistent with the standard reaction condition 1.
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Fig. 4. Photoinitiation mechanism studies. (A) UV–vis absorption. (B) Stern-Volmer

quenching studies.

Ir(III)∗ [47], while another pathway entails the photoinitiation of an

EDA adduct formed from perfluorobutyl iodide and quinuclidine or

P(OEt)3 [69–71]. To confirm that the reaction proceeds via an EDA

complex between fluoroalkyl iodides and quinuclidine or P(OEt)3,

UV–vis spectroscopy analysis was conducted (Fig. 4A). A red shift

of IC4F9 were observed upon the addition of quinuclidine or

P(OEt)3. These results suggest that the EDA complexes are formed

[69–71]. Moreover, fluorescence quenching experiments showed

that the excited fac-Ir(III)∗ could be significantly quenched by flu-

oroalky iodides (Fig. 4B). Therefore, the radical initiation pathway

also involves the single electron reduction between fluoroalkyl rad-

ical precursor and the photoexcited fac-Ir(III)∗ [47]. Furthermore,

fluorescence quenching experiments, different quenching processes

of alkyl radicals (Fig. S3 in Supporting information), and prior lit-

erature reports [47,72–73] collectively establish the involvement

of a photoredox catalytic mechanism. Subsequent quantum yield

determination revealed Φ =2.2, indicating the concurrent involve-

ment of a radical chain process. Crucially, light/dark experiments

(Fig. S4 in Supporting information) showed complete termination

of 1,4-difunctionalized product formation upon irradiation cessa-

tion, demonstrating the transient nature of this radical chain.

To further elucidate the reaction mechanism of this strat-

egy, control experiments, radical trapping experiment, and radical

probe experiment were carried out as shown in Fig. 5. The sub-

Fig. 5. Mechanism studies. (A) Control experiments. (B) Radical trapping experiment. (C) Radical probe experiment. (D) Possible reaction intermediate. (E) Gram-scale reac-

tion. (F) Proposed mechanism.
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Fig. 6. Investigations into the antiviral activity of selected products. (a) Inhibition of PEDV by f1, f12, f30, and f31 at 10 μmol/L in Vero-E6 cells. Antiviral activity of f1

against the PEDV strain in Vero-E6 (b) or IPEC-J2 (c) cells. The inhibitory effect of f1 on PEDV virus replication (d), invasion (e) and adsorption (f) in Vero-E6 cells. (g) The

IFA analysis of the inhibitory effects of f1 on the expression of N protein in PEDV infected Vero-E6 cells. (h) Effect of different doses of f1 on apoptosis in PEDV-infected

cells. (i-l) The effect of f1 on the signaling pathway related to apoptosis. Error bars indicate means ± SD. ###P<0.001, compared with the blank group; ∗ P<0.05, ∗∗ P<0.01,
∗∗∗ P<0.001, compared with the control group.

sequent controlled experiments demonstrate that the photocata-

lyst and light are essential for regulating the olefin configuration

(Fig. 5A). Without either light or fac-Ir(ppy)3, the conversion of

alkenyl phosphonates from the Z configuration to the E configu-

ration is not feasible. However, this transformation can be readily

accomplished when both light and fac-Ir(ppy)3 are present. Conse-

quently, the Z/E selectivity is achieved through TEnT between the

photoexcited fac-Ir(III)∗ and the alkenyl phosphonates [50–53]. The

reaction proceed via a radical process, as complete inhibition was

observed when TEMPO was employed as a radical quenching agent

and the adducts formed between TEMPO and the fluoroalkyl/alkyl

radicals were detected through high-resolution mass spectrometry

(HRMS) (Fig. 5B). The TEMPO adduct of the vinyl radical II was

not detected in this reaction. The high affinity of TEMPO for fluo-

roalkyl/alkyl radicals likely precludes their addition to alkynes, ac-

counting for the absence of TEMPO-vinyl radical adducts. Further-

more, the radical process was corroborated through “radical clock”

experiments, and the cyclization product f105 was easily synthe-

sized under the standard condition (Fig. 5C) [74]. Additionally, it

has been reported that alkyl phosphites readily react with aryl

7



R. Liu, J. Chen, N. Zhou et al. Chinese Chemical Letters 37 (2026) 112156

alkynes in photoreactions to produce corresponding Michael-type

alkenyl phosphates [75]. To investigate whether the reaction pro-

ceeds via a Michael-type intermediate, we synthesized the rele-

vant Michael-type alkenyl phosphate ester h1 and employed it as

a substitute for both alkynes and alkyl phosphite esters. Neverthe-

less, no target product formed (Fig. 5D). A gram-scale reaction was

conducted to evaluate the feasibility of this approach, leading to

the successful synthesis of the model product f1 with satisfactory

yield and high Z/E selectivity (Fig. 5E). According to the above in-

vestigations and literatures, a proposed mechanism is depicted in

Fig. 5F. The reaction is initiated through two pathways: the single-

electron reduction of perfluorobutyl iodide by photoexcited Ir(III)∗

and the photoinitiation of an EDA adduct between perfluorobutyl

iodide and quinuclidine or P(OEt)3. Subsequently, the distinct re-

activity of alkyl phosphites toward different carbon radicals en-

ables the chemoselective tandem additions of the fluoroalkyl rad-

ical to alkenes and arylalkynes [28–35]. Finally, the Z/E selectivity

of the forming vinylphosphonates is further regulated by photoex-

cited Ir(III)∗ through TEnT [50–53].

Inspired by the diverse biological activities of fluorinated phos-

phonates [26–27,54], we evaluated the antiviral activities of these

structurally unique δ-fluoroalkyl-substituted alkenyl phosphonates

(Fig. 6). First, the products were screened for anti-PEDV activity in

Vero-E6 cells, in which, compounds f1, f12, f30, f31 showed potent

activities against PEDV with inhibition rates of 93.05%, 83.94%,

75.17%, 99.47%, respectively (Fig. 6a). Given that f1 showed low

cytotoxicity (CC50 > 100 μmol/L), it was selected for follow-up

studies (Fig. S5 in Supporting information). Compound f1 was ob-

served to inhibit PEDV replication in Vero-E6 cells with EC50 val-

ues of 3.86±0.71 μmol/L (Fig. 6b). Due to the primary infection

and replication of PEDV in small intestinal enterocytes, the in vitro

antiviral activities of f1 against PEDV were evaluated using IPEC-J2

cells. f1 showed remarkable antiviral activities (EC50 =6.84±1.03

μmol/L) and low cytotoxicity (CC50 =950.1±5.31 μmol/L) (Fig. 6c

and Fig. S5). To investigate the mechanism by which f1 inhibits

PEDV, we introduced f1 to the virus during the adsorption, inva-

sion, and replication stages, respectively. As shown in Figs. 6d-f, f1

exhibits inhibitory capabilities against the viral adsorption, entry,

and replication phases, with a primary and dose-dependent sup-

pression focused on the replication phase. Additionally, f1 effec-

tively inhibits viral adsorption at high concentrations.

In addition, an indirect immunofluorescence assay was con-

ducted to verify the antiviral effects [76–77]. As shown in Fig. 6g,

f1 inhibited the multiplication of PEDV in a dose-dependent man-

ner in IPEC-J2 cells compared to the drug-free mock cells. Prior

studies have demonstrated that PEDV induces caspase-3-mediated

apoptosis in the late stages of infection, which may significantly

contribute to cytotoxicity and pathogenesis [78–79]. Given the crit-

ical role of virus-induced apoptosis in the replication and patho-

genesis of PEDV, an anti-apoptotic intervention may offer a ratio-

nal approach for the development of targeted therapies [80,81].

Therefore, the anti-apoptotic activity of f1 was investigated in vitro.

As in Figs. 6h-l, f1 inhibited the PEDV-induced apoptosis, and the

levels of Bax, Caspase-3, and Caspase-9 were decreased in a dose-

dependent manner. The above results exhibited that f1 can inhibit

cell apoptosis induced by PEDV in vitro, and the inhibition is dose-

dependent.

In conclusion, a dual photocatalytic radical 1,4-

difunctionalization strategy has been developed through alkyl

phosphite-mediated radical cascade addition across ordinary

alkenes and arylacetylenes. The challenging issue of Z/E selectivity

control in the reaction of vinyl radicals with phosphite has been

effectively addressed by integrating photocatalyzed SET and TEnT

processes. Various structurally significant δ-fluoroalkyl-substituted
vinyl phosphates have been rapidly synthesized with high Z/E

selectivity under mild conditions. Furthermore, we discovered a

new chemotype of lead compounds against PEDV from products.

Preliminary studies suggested these compounds exhibit an un-

usual synergistic inhibitory effect on PEDV. They can effectively

block the virus’s attachment, entry, and replication, and attenuate

PEDV-induced cell apoptosis in vitro. These findings are expected

to accelerate the development of novel multifunctional antiviral

medications. In addition, we generally evaluate the value of a new

synthetic methodology by synthesizing or modifying the known

drugs or bioactive molecules. However, in this work, we discov-

ered a new chemotype of multifunctional antiviral compounds

through designing a photocatalytic multicomponent reaction

using readily accessible alkenes, arylacetylenes, perfluorobutyl

iodide, and alkyl phosphites. Therefore, this study presents a

vivid example of discovering new lead compounds by designing

photocatalytic complexity-generating reactions. We hope this work

will encourage new efforts to explore new photocatalytic radical

multicomponent reactions.
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