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a b s t r a c t

A novel photocatalytic energy transfer-driven radical relay strategy has been introduced for the chemo-

and regioselective 1,4-difunctionalization of carbon-sulfur double bonds. This represents the first instance

of radical-mediated dual-functionalization of X-Y type unsaturated bonds, enabling the synthesis of com-

plex linear molecules with C–O, C–N, and C-S bonds in a single operation. The method surpasses tradi-

tional approaches by avoiding the need for thiourea intermediates and the harsh conditions typically as-

sociated with them. The developed strategy exemplifies versatility, being applicable to 1,4-oxyamination,

1,4-diamination, and 1,4-sulfonamination reactions, and has demonstrated compatibility with over 60 dif-

ferent substrates. The research also elucidates the role of electronic complementarity between radicals

and receptors in achieving high selectivity in 1,4-difunctionalization reactions. This study significantly

advances the field of bifunctionalization and remote difunctionalization reactions, with profound impli-

cations for the development of pharmaceuticals and materials science.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Difunctionalization reactions represent an advanced and highly

efficient approach within organic synthesis, enabling the selective

formation of two distinct chemical bonds in a single operation

[1–9]. This strategy not only streamlines the synthesis process but

also enhances the overall efficiency of chemical transformations.

In line with the principles of green chemistry, these reactions

minimize by-product formation, thereby reducing environmental

impact. With broad applications in pharmaceutical development

and material sciences, difunctionalization reactions are pivotal

for constructing complex molecular frameworks [10–16]. Tra-

ditional metal-catalyzed ionic difunctionalization, facilitated by

transition metals, involves oxidative addition and migratory in-

sertion to functionalize specific molecular positions [17–21]. In

contrast, radical difunctionalizations, often catalyzed by visible

light or mild conditions, offering operational simplicity and en-

vironmental benefits. Despite an extensive body of literature on

radical difunctionalization reactions, research has predominantly

focused on carbon-carbon unsaturated bonds, including the di-

functionalization of alkenes [22–24] and alkynes [25–28], remote

difunctionalization achieved through group migration [29–34], and

1,4-difunctionalization [35–37] across two carbon-carbon double

bonds. This focus may limit the application scope of difunction-
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alization reactions, as other types of unsaturated bonds, such as

carbon-sulfur bonds, might hold untapped potential for difunc-

tionalization that has not been fully explored. This highlights the

necessity for further investigation and expansion within this field.

Our research team has recently achieved a significant milestone

by implementing an innovative radical-mediated difunctionaliza-

tion approach for the first time in diazenes [38,39]—a class of

compounds characterized by non-carbon unsaturated bonds. This

breakthrough has facilitated the synthesis of novel molecules with

unique N–N-N core structures. However, current research has pri-

marily concentrated on X-X type unsaturated bonds, leaving the

more challenging and asymmetric X-Y type unsaturated bonds as

an unexplored frontier (Scheme 1A).

Isothiocyanates, with their carbon-sulfur (C=S) and carbon-

nitrogen (C=N) double bonds, are highly reactive and structurally

diverse, making them significant in synthetic methods [40–45]. The

selective bifunctionalization of these molecules could offer a rapid

and efficient synthetic strategy for complex heteroatom-containing

molecules and enable green chemistry approaches for the mod-

ification of carbon-heteroatom unsaturated bonds. We plan to

introduce two distinct functional groups through the difunction-

alization facilitated by highly reactive radical chemistry. However,

realizing such transformations inevitably faces several significant

challenges. For instance, both the C=S [46–52] and C=N bonds

[53–57] in isothiocyanates can act as reactive sites for radical ad-
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Scheme 1. (A) Start-of-art bifunctionalization of unsaturated bonds based on radi-

cal chemistry. (B) Design of radical bifunctionalization of C=S bond. (C) The radical

relay process across C=C and C=S bonds (this work).

dition, leading to issues of regioselectivity and adding complexity

to the selectivity of the process. Moreover, even when the carbon-

sulfur bond is involved in such reactions, the unique reactivity

and electronic properties of the carbon-sulfur bond under radical

conditions require a choice between carbon and sulfur atoms for

radical addition. Interestingly, when the radical is attached to

the sulfur atom, the carbon-centered iminyl radical intermediate

formed undergoes an intramolecular cyclization reaction, leading

to the formation of cyclic products [58–62]. Therefore, achieving

selective bifunctionalization of the carbon-sulfur double bond in

isothiocyanates presents numerous challenges (Scheme 1B).

We propose a sophisticated coordinated strategy to optimize in-

teractions among radical precursors, alkenes, and isothiocyanates,

enhancing the selectivity of free radical steps such as additions and

cross-couplings. Our goal is to ensure that each transient radical

intermediate selectively interacts with its complementary acceptor

molecule, based on electronic compatibility principles, to promote

high selectivity and efficient relay reactions involving unsaturated

bonds with heteroatoms like sulfur. This study explores the fea-

sibility of utilizing radical-based bifunctional reagents in a three-

component reaction with olefins and isothiocyanates to achieve

remote 1,4-difunctionalization across carbon–carbon and carbon–

sulfur double bonds. Overcoming the challenges inherent in this

process requires precise control over the sequence and site speci-

ficity of each reaction step. Our innovative approach focuses on

synthesizing complex linear compounds through carefully manipu-

lated radical-mediated pathways, introducing new possibilities for

molecular assembly in synthetic chemistry (Scheme 1C).

To validate our proposed hypothesis, we selected diphenyl-

methanone O-propoxycarbonyl oxime (1a) as the oxygen-centered

electrophilic reagent capable of generating a radical, which was

then paired with 2-ethylbut-1-ene (2a) and benzoyl isothiocyanate

(3a) as model substrates for our investigation. These components

were assembled to form a model reaction system for our study.

Preliminary experiments were conducted to assess the impact

of various solvents, including ethyl acetate (EA), dichloromethane

(DCM), 1,2-dichloroethane (DCE), acetone, and acetonitrile (MeCN)

(Table 1, entries 1–5). A yield of 61% for product 4a was achieved

when utilizing dichloromethane and 1,2-dichloroethane as sol-

vents. In an effort to enhance the reaction efficiency, a mixed sol-

vent system was employed. By combining ethyl acetate (EtOAc)

and dichloromethane (DCM) in a 1:1 ratio, and maintaining a sto-

ichiometric ratio of 2:3:1 among the three substrates, we obtained

a 66% yield of the desired product 4a after a reaction time of

5h (Table 1, entry 6). Variations in the ratio of the mixed sol-

vents or the stoichiometric ratios among the substrates resulted

in a partial decrease in reaction yield (Table 1, entries 7 and 8).

Thioxanthone and 5CzIPN were identified as suitable photocata-

lysts for this transformation; however, their implementation led

to a slight reduction in the yield of product 4a (Table 1, en-

tries 9 and 10). Notably, the light source was critical for facili-

tating energy transfer, and both the light source and the catalyst

[Ir(dF(CF3)ppy)2(dtbbpy)](PF6) were indispensable for the success

of this chemical conversion process (Table 1, entries 11 and 12).

Subsequently, a series of isothiocyanates with distinct structural

features, including phenyl isothiocyanate (3aa), isobutyryl isoth-

iocyanate (3ab), pentanoyl isothiocyanate (3ac), and cinnamoyl

isothiocyanate (3ad), were systematically screened to identify the

optimal substrate for the reaction mechanism under the cataly-

sis of [Ir(dF(CF3)ppy)2(dtbbpy)](PF6) (2 mol%) and irradiation with

blue LED light at a wavelength of 450nm (Table 1, entries 13–16).

Interestingly, none of these structures achieved the desired trans-

formation, with only benzoyl isothiocyanate (3a) successfully un-

dergoing the transformation. This could be attributed to the influ-

ence of the isothiocyanate substituents on the electronic properties

and the stability of the radical addition intermediates.

Under the optimized reaction conditions, we conducted

a systematic investigation into the scope of oxime esters as

oxygen-centered radical precursors in the difunctionalization of

isothiocyanates, employing 2-ethylbut-1-ene (2a) and benzoyl

isothiocyanate (3a) as model substrates (Scheme 2). Our evalua-

tion encompassed a diverse array of oxime esters, including those

with varying chain lengths and structural features, which led to

the synthesis of a series of isothiourea derivatives, designated as

4a–4h. The yields for these derivatives varied from moderate to

high, ranging between 21% and 78%. Furthermore, we explored

the reactivity of oxime esters featuring Cbz- and Fmoc-protective

groups. These substrates reacted efficiently under the standard

conditions, affording the corresponding products 4i and 4j with

yields of 59% and 33%, respectively. The compatibility of the pro-

tocol with oxime esters harboring electron-withdrawing groups,

such as chlorine or trichloromethyl, was also assessed. These

reactions were found to be well-tolerated, providing the desired

compounds 4k–4n with yields in the range of 38% to 63%.

To further demonstrate the synthetic utility of our approach, we

turned our attention to benzophenone-derived oxime esters with

electron-donating substituents like phenyl (Ph), fluorine (F), and

methyl (Me). Gratifyingly, these substrates reacted smoothly, fur-

nishing the corresponding isothiourea products with yields of up

to 78%. The structural assignment of compound 4q was unambigu-

ously confirmed through X-ray crystallography, with the crystallo-

graphic data deposited under the CCDC number 2327974. In a no-

table exploration of the substrate scope, the oxime ester derived

from the natural product menthol was also examined, yielding its

corresponding isothiourea product with a 50% yield. Additionally,

an oxime ester derived from cholesterol, a complex and sterically

hindered molecule, was found to participate in the reaction, albeit

with a lower conversion yield of 21%.

In the examination of the reactivity of unactivated olefins

with oxime esters and benzoyl isothiocyanate, it was ob-

served that doubly substituted monounsaturated olefins (e.g., 3-

methylenepentane) and monosubstituted monounsaturated olefins

(e.g., 1-hexene and but–3-ene-1-ylbenzene) were also reactive in

the transformation. As depicted in Scheme 3, oxygen-centered rad-

icals successfully attacked the monosubstituted monounsaturated

olefins, leading to the formation of products 5a and 5b with yields

of 39% and 40%, respectively. Additionally, the study demonstrated

that long-chain alkenes bearing halogens (Cl or Br) and sensi-
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Table 1

Optimization of the reaction conditions.a

Entry Ratio (1a:2a:3a) Solvent Yield (%) Entry Variations of standard conditions Yield (%)

1 2:3:1 DCE 61 9b TXT instead of Ir-F 32

2 2:3:1 DCM 61 10b 5CzIPN instead of Ir-F 51

3 2:3:1 EA 56 11 Without LED NR

4 2:3:1 Acetone 45 12 Without Ir-F, LED 450 nm NR

5 2:3:1 CH3CN 47 13 3aa instead of 3a ND

6 2:3:1 DCM/EA (1:1) 66 14 3ab instead of 3a ND

7 2:3:1 DCM/EA (2:1) 55 15 3ac instead of 3a ND

8 1:3:2 DCM/EA (1:1) 33 16 3ad instead of 3a ND

a Reaction conditions: 1a (0.4mmol, 2.0 equiv.), 2a (0.6mmol, 3.0 equiv.), 3a (0.2mmol, 1.0 equiv.), [Ir(dF(CF3)ppy)2(dtbbpy)](PF6) (2 mol%), solvent (2mL), 30W blue LED

(450nm), 5 h, argon atmosphere, r.t.
b Thioxanthone (5 mol%) or 5CzIPN (5 mol%), 30W blue LED (395nm). Isolated yield.

 

Scheme 2. Scope of 1,4-oxyamination across unactivated olefins and C=S bonding of benzoyl isothiocyanate. Reaction conditions: 1 (0.4mmol, 2.0 equiv.), 2a (0.6mmol, 3.0

equiv.), 3a (0.2mmol, 1.0 equiv.), [Ir(dF(CF3)ppy)2(dtbbpy)](PF6) (2 mol%), DCM/EA (1:1) (2mL), 30W blue LED (450nm), 5 h, argon atmosphere, r.t. Isolated yield.
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Scheme 3. Scope of the 1,4-oxoamidation across unactivated olefins and C-S bonding of benzoyl isothiocyanate. Reaction conditions: 1a (0.4mmol, 2.0 equiv.), 2 (0.4mmol,

2.0 equiv.), 3a (0.2mmol, 1.0 equiv.), [Ir(dF(CF3)ppy)2(dtbbpy)](PF6) (2 mol%), DCM/EA (1:1) (2mL), 30W blue LED (450nm), 5 h, argon atmosphere, r.t. Isolated yield.

tive functional groups, such as ester moieties, were competent

in the reaction, resulting in the formation of compounds 5c–5g

with yields ranging from 30% to 54%. Vinylcyclohexane exhibited

good reactivity, resulting in the formation of compound 5h with a

promising yield of 45%. Furthermore, vinyl ethers effectively partic-

ipated in the reaction, producing products 5i–5k with yields rang-

ing from 27% to 55%. Notably, the compound 2-(vinyloxy)ethan-1-

ol, which features a reactive hydroxyl group, demonstrated a favor-

able yield of 55% in the synthesis of compound 5k.

Additionally, olefins with silyl groups such as TMS, TES, and

PhMe2Si were effective in this transformation, yielding products

with yields between 27% and 43%. The incorporation of the cyclic

internal component cyclopentene led to the successful synthesis

of compound 5o, achieving a satisfactory yield of 44% with a

diastereoselectivity ratio of 10:1. The investigation also encom-

passed a range of asymmetrically 1,1-disubstituted olefins with

various backbones, such as p-methylbenzene, naphthalene, furan,

thiophene, and pyridine. These compounds also showed favorable

outcomes, with yields ranging from 38% to 56%. Subsequently, the

potential applications of olefins derived from macromolecular

structures were explored. Findings revealed that derivatives from

pharmaceutical compounds such as cinnamic acid, fenbufen,

loxoprofen, and clofibrate could be successfully synthesized with

promising yield percentages ranging from 50% to 66%, leading to

the formation of products 5u–5x. The synthesis was also success-

fully applied to olefins originating from amino acids, particularly

BOC-SAR-OH and PHT-GLY-OH, resulting in high yields. This under-

scores the broad utility of this approach in the field of synthetic

chemistry.

Building on the success of prior experiments, the research then

delved into the effects of various substituents on benzoyl isothio-

cyanate within the reaction framework (Scheme 4). It was discov-

ered that modifications to the benzene ring with alkyl groups, tri-

fluoromethyls, halogens, or methoxy groups at different positions

4
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Scheme 4. Scope of 1,4-oxyamination across unactivated olefins and C=S bonding of benzoyl isothiocyanate. Reaction conditions: 1a (0.4mmol, 2.0 equiv.), 2a (0.6mmol,

3.0 equiv.), 3 (0.2mmol, 1.0 equiv.), [Ir(dF(CF3)ppy)2(dtbbpy)](PF6) (2 mol%), DCM/EA (1:1) (2mL), 30W blue LED (450nm), 5 h, argon atmosphere, r.t. Isolated yield.

led to the efficient synthesis of isothioureas (products 6a–6p), with

yields notably high, peaking at an outstanding 93%. The investiga-

tion also extended to the replacement of the phenyl group with

heterocycles, successfully incorporating furan and thiophene rings

as evidenced by the synthesis of the corresponding isothiourea

derivatives 6q and 6r with yields of 25% and 31%, respectively.

The scalability of the process was confirmed with the synthe-

sis of approximately 0.9 g of compound 4a on a 2mmol scale,

achieving an 85% yield (Fig. 1A). Beyond the 1,4-oxyamination

of carbon–carbon and carbon–sulfur double bonds, the study ex-

panded to incorporate diamination and sulfonamidation reagents.

This allowed for the execution of analogous 1,4-diamination and

1,4-sulfonamidation reactions with olefins and isothiocyanates.

Gratifyingly, these reactions proceeded to completion, confirming

that the three-component remote bifunctionalization strategy was

versatile, extending beyond oxyamination to include diamination

and sulfonylamination, thereby broadening the scope of accessi-

ble transformations via this approach (Fig. 1B). To further elucidate

the reaction conversion pathway, diethyl 2,2-diallyl malonate was

utilized as an alkene receptor and was reacted with compounds

1a and 3a. This cascade of reactions, involving a multi-step radi-

cal addition, intramolecular cyclization, and subsequent free radi-

cal cross-coupling, successfully yielded product 12 with a 35% yield

(Fig. 1C). Moreover, the introduction of radical scavengers such

as TEMPO or BHT into the system effectively halted the reaction

progress.

High-resolution mass spectrometry analysis has elucidated

the formation of various intermediate species in the reaction,

identifying oxygen-centered radicals, tertiary carbon radicals

generated from the addition of an oxygen radical to the alkene,

and unsaturated carbon radicals produced via a radical relay

mechanism, as illustrated in Fig. 1D. The significance of the pho-

tocatalytic step was underscored when experiments employing

high-energy light sources, such as 395nm or 365nm LEDs, were

conducted in the absence of a photocatalyst, resulting in markedly

reduced yields of 9% and 19%, respectively. These observations

were validated by 1H NMR spectroscopy (Fig. 1E). The data suggest

that energy transfer is essential for the reaction, with oxygen

radicals preferentially attacking the unactivated alkene 2a. Control

experiments, which involved thermal heating or initiation of rad-

icals using azobisisobutyronitrile (AIBN) or di–tert–butyl peroxide

(DTBP), failed to maintain the reaction, further emphasizing the

indispensable role of photocatalytic energy transfer in facilitating

the process (Fig. 1F). Subsequent studies were directed towards

two-component 1,2-oxyamination reactions using the oxime ester

1a with either substrate 2a or 3a (Fig. 1G). The reaction between

1a and 2a successfully yielded the 1,2-oxyamination product 7

with a 67% yield. However, the reaction complexity observed upon

combining 1a with 3a could be ascribed to an electronic mismatch

between the oxygen radicals formed in the reaction and the

benzoyl isothiocyanate moiety, which may hinder efficient radical

addition and subsequent reaction progression. An experiment in-

corporating compounds 1a, 2a, and 3a demonstrated that product

4a was synthesized exclusively under conditions of continuous

irradiation (Fig. 1H). Quantum yield calculations indicated that this

transformation likely proceeds via a non-chain radical mechanism,

as further elaborated in Supporting information. Sensitivity anal-

yses revealed that the presence of oxygen significantly influenced

the transformation, as depicted in Fig. 1I.

In light of the aforementioned observations and previ-

ous reports [63–65], we propose a reaction mechanism in-

volving oxime ester 1a and the excited-state photocatalyst

Ir(dF(CF3)ppy)2(dtbbpy)(PF6) (Fig. 1J). Initially, oxime ester 1a is

transferred to its triplet state via an energy transfer process. The

weak N–O bond in the resulting state of 1a then undergoes homol-

ysis, producing a persistent N-centered radical I and a transient O-

centered radical II, along with the release of CO2. The O-centered

radical preferentially reacts with the unactivated alkene 2a to

form a nucleophilic tertiary carbon radical III, rather than with

the electron-deficient benzoyl isothiocyanate 3a. Subsequently, the

tertiary carbon radical III participates in a radical relay reaction

with the sulfur end of the C=S bond in benzoyl isothiocyanate

5
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Fig. 1. Reactions development and mechanistic proposal. a Reaction conditions: 1a (0.4mmol, 2.0 equiv.), 2a (0.6mmol, 3.0 equiv.), 3a (0.2mmol, 1.0 equiv.),

[Ir(dF(CF3)ppy)2(dtbbpy)](PF6) (2 mol%), DCM/EA (1:1) (2mL), 30W blue LED (450nm), 5 h, argon atmosphere, r.t. Isolated yield. b 2-iPr-Thioxanthone (5 mol%), 30W blue

LED (395nm).

3a, leading to the formation of intermediate IV. The electron-

withdrawing nature of the benzoyl group likely shifts the electron

density within the N=C=S framework towards the nitrogen termi-

nus, enabling the nucleophilic radical intermediate III to more ef-

fectively target the terminal sulfur atom. Furthermore, steric hin-

drance in the reaction also favors the attack on the sulfur atom.

The final product 4a is generated through a radical coupling reac-

tion between intermediate IV and the persistent N-centered rad-

ical I. This multi-component radical relay process, involving C=C

and C=S bonds, highlights the importance of electronic matching

to achieve precise selectivity control.

The research introduces an innovative three-component radi-

cal relay strategy, achieving a significant milestone in the difunc-

tionalization of C=S bonds. This pioneering approach stands as

the first to execute dual-functionalization of carbon-sulfur dou-

ble bonds through radical chemistry, employing a sophisticated

three-component radical relay mechanism. The strategy offers pre-

cise control over regioselectivity at three distinct unsaturated

sites, enabling the efficient and selective synthesis of complex lin-

ear molecules. Demonstrating broad substrate compatibility, the

methodology has been successfully applied to over 60 differ-

ent substrates, showcasing its versatility across various reaction

types, including diamination, sulfonamination, and oxyamination.

The study’s synthesis of experimental data with mechanistic inves-

tigations reveals the pivotal role of electronic complementarity be-

tween radicals and receptors, essential for the high selectivity ob-

served in 1,4-oxyamination reactions across C=S bonds. The suc-

cessful implementation of this research, despite the inherent chal-

lenges, forges new pathways for the development of diverse bi-

functional receptors and expands the scope of remote difunction-

alization techniques. This work is set to exert a profound influ-

ence on the realms of chemical synthesis and molecular design,

providing innovative avenues for crafting intricate molecular struc-

tures with prospective applications in pharmaceuticals, materials

science, and other advanced fields.
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