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1. How does your work advance the field of green chemistry?

This method is a sustainable synthetic approach that employs mild, atom-economical reaction conditions with green solvents 
and oxidant, facilitated by visible-light photocatalysis. Additionally, we improved the scalability and reproducibility of 
photocatalytic and liquid–gas phase reactions through a flow system, making them suitable for large-scale synthesis while 
minimizing waste and environmental impact.

2. Please can you describe your specific green chemistry achievement, either quantitatively or qualitatively?

This method employed ethanol and water as reaction solvents, with oxygen from the air serving as the oxidant. The green 
metrics exhibited notably high values, with AE (61%), AEf (58%), and RME (64%). Under alkene, catalyst, and solvent reuse 
conditions, an E-Factor of 9.6 and a PMI of 10.6 were achieved.

3. How could your work be made greener and be elevated by further research?

Through further research, we aim to enhance the sustainability of the reaction conditions by optimizing alkene, catalyst, and 
solvent reuse strategies in flow chemistry while also expanding the scope of this methodology to include sulfone synthesis.
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Batch and Flow Synthesis of Sulfides and Sulfoxides Using Green 
Solvent and Oxidant Through Visible-Light Photocatalysis 

Jin Park‡b, Su Hyeon Kim‡b, Jun-Young Cho‡c, Shafrizal Rasyid Atriardia, Jae-Young Kimb, Hanifah 
Mardhiyaha, Boyoung Y. Park* c and Sang Kook Woo* a   

Herein, we report an environmentally friendly, one-pot, scalable method for the synthesis of sulfides and sulfoxides via 

photocatalyzed C–C bond-formation and oxidation. Employing mild photoredox conditions, green solvents, and oxygen as 

the oxidant, the approach is sustainable and efficient. The integration of a microreactor-based flow system enabled large-

scale production, addressing the typical scalability issues of photocatalytic and liquid–gas phase reactions. Mechanistic 

studies confirmed that C–C bond formation occurs via an α-thiomethyl radical through a single-electron transfer (SET) 

pathway, while oxidation involves both SET and energy transfer (EnT) mechanisms. 

 

Introduction 

Sulfur-containing compounds, including sulfides, sulfoxides, 

and sulfones, are found in a wide range of natural products, 

bioactive compounds, pharmaceuticals, pesticides, and 

functional organic materials.1 Generally, sulfides are formed 

through alkylation, arylation, and thiol-ene reactions of thiols2 

and can be transformed into sulfoxides and sulfones via 

oxidation.3 Additionally, sulfoxides and sulfones can be 

structurally diversified through sulfoxidation4 and 

sulfonylation5 of their simpler forms. 

Over the past two decades, visible-light photocatalytic 

reactions have garnered significant attention as 

environmentally friendly synthetic approaches.6 This includes 

various photocatalytic reactions for the synthesis and 

functionalization of sulfur-containing compounds. Sulfides have 

been synthesized through addition reactions between alkenes 

and thiyl radicals7 or α-alkylthiomethyl radicals,8 which are 

generated during photocatalysis. The oxidative generation of 

sulfoxides and sulfones has been investigated similarly to 

conventional syntheses.9 In particular, in the case of sulfones, a 

three-component reaction of alkyl radical precursors, SO2 

surrogates, and alkenes under photocatalytic conditions has 

been developed to synthesize complex sulfones from simple 

starting materials.10 In contrast to sulfides and sulfones, the 

a. Department of Chemistry and Chemistry Institute for Functional Materials, Pusan 
National University, Busan 46241, Korea. E-mail: skwoo@pusan.ac.kr 

b. Department of Chemistry, University of Ulsan, 93 Daehak-Ro, Nam-Gu, Ulsan 
44610, Korea.  

c. Department of Fundamental Pharmaceutical Science, College of Pharmacy, Kyung 
Hee University, Seoul 02447, South Korea E-mail: boyoungy.park@khu.ac.kr 

†Electronic Supplementary Information (ESI) available: See 
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‡ These authors contributed equally to this work. 

 
 

 
 

Scheme 1. Synthetic approaches for sulfur-containing 

compounds 
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synthesis of complex sulfoxides from simple starting materials 

through bond-forming reactions has rarely been reported 

(Scheme 1 a).11 Therefore, the synthesis of sulfoxides via bond-

forming reactions under mild reaction conditions is an 

important challenge in organic synthesis.  

We devised a strategy to synthesize complex and diverse 

sulfoxide derivatives through functionalization at the α-position 

of sulfoxides in milder and greener conditions. Previous studies 

have reported approaches utilizing the α-sulfinyl anion as a key 

intermediate, wherein the sulfoxide (pKa ≈ 33)4c is deprotonated 

at the α-position, and then alkylated by reacting with an 

electrophile such as an alkyl halide,4a, 4b aldehyde,12 or alkene.13 

However, owing to the lower acidity of the α-proton of 

sulfoxides compared with that of ketones and sulfones, strong 

bases such as lithium diisopropylamide or n-BuLi are required. 

The resulting sulfinyl anions are unstable and sensitive to 

moisture, making them difficult to handle. In 2013, Walsh and 

co-workers reported an arylation at the α-position of the 

sulfoxide with aryl halides using a palladium catalyst and 

alkoxide base.4c However, this method could not introduce alkyl 

groups and required high-temperature conditions (Scheme 1 b). 

Our goal was to develop an environmentally friendly and 

scalable method for the synthesis of sulfoxides. We considered 

α-sulfinyl radicals14 as key intermediates, serving as a synthetic 

equivalent to α-sulfinyl anions that are less sensitive to 

moisture and do not require strong bases. This allows milder 

reaction conditions, easier handling, and greater suitability for 

large-scale production. Our research group has developed 

organosilicon compounds as radical precursors to generate 

various alkyl radicals via photoredox catalysis.15 The 

introduction of an alkyl silyl group facilitates oxidation through 

the β-silicon effect, and the alkyl silyl cation acts as a good 

leaving group, facilitating the formation of alkyl radicals. 

However, α-trimethylsilyl sulfoxides still have a high oxidation 

potential (Eox ≈ +2.0 V vs. SCE), making them unsuitable as α-

sulfinyl radical precursors. To address this challenge, we plan to 

use α-trimethylsilyl thioethers, which have a lower oxidation 

potential (Eox ≈ +1.0 V vs. SCE) and are more easily oxidized. 

These thioethers will act as α-sulfinyl radical surrogates, 

enabling the desired sulfoxides to be synthesized through 

photocatalyzed, one-pot C–C bond formation and oxidation 

(Scheme 1 c). 

To achieve these goals, we aimed to use oxygen as an oxidant, 

employ green solvents,16 and establish scalable conditions for 

large-scale production. However, when conducting 

photocatalytic liquid–gas reactions in a batch system, reactivity 

is usually significantly reduced as the scale increases. This 

decrease in reactivity can be attributed to the characteristics of 

photocatalytic multiphasic reactions, where longer light 

penetration results in uneven and low photon concentrations, 

and the enlarged headspace between the liquid and gas phases 

leads to reduced mass transfer.17  

To overcome these limitations, we have integrated 

photocatalytic liquid–gas reactions into a flow system, making 

 
 
Table 1. Optimization of the reaction conditions for sulfide 3a and sulfoxide 4aa 

 

 
 

aReaction conditions: 1a (0.2 mmol), 2a (quantity noted), catalyst (quantity noted), and solvent (0.1 M) irradiated with 10 W blue LED (452 nm) at room 

temperature under argon in a pressure tube. bIsolated yield determined by flash column chromatography. cNMR yield using styrene as internal standard. 
dThe solvent ratio is expressed as volume/volume (v/v). eAfter 1a was consumed, the reaction tube was left open in air.  fIn the absence of light source. nd = 

not detected. 
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large-scale production feasible. Although the application of 

photocatalytic liquid reactions in flow systems is relatively 

straightforward, reactions involving gases pose a significant 

challenge. Using a microreactor, we can maintain a uniform and 

high photon concentration, significantly reduce the headspace 

between the liquid and gas phases, and increase gas solubility 

through easy pressure control. Ultimately, this enhances 

reactivity and reproducibility, enabling large-scale production. 

In this paper, we present an environmentally friendly and 

scalable method for the synthesis of sulfoxides via 

photocatalyzed C–C bond formation and oxidation. This method 

enables the synthesis of diverse sulfides and sulfoxides through 

a controlled one-pot process. By employing mild reaction 

conditions, green solvents, and oxygen as an oxidant, we 

established a sustainable approach. Furthermore, the 

integration of an efficient flow system enabled us to overcome 

the scalability limitations inherent in photocatalytic and liquid–

gas phase reactions. 

Results and discussion 

In our initial study, we investigated the Giese addition of 

PMPSCH2TMS 1a and acrylonitrile 2a in the C–C bond-forming 

reaction (Table 1). PMPSCH2TMS 1a (Eox = +0.98 V vs. SCE in 

MeCN) was chosen as a radical precursor owing to its low 

oxidation potential, which allows for facile oxidation and the 

generation of an α-thioalkyl radical. Based on the oxidation 

potential of the substrate and previous research findings,15f we 

selected Ir(dF(CF3)ppy)2(dtbpy) (Ir(III)*/Ir(II) = +1.21 V vs. SCE) 

as the photocatalyst. Fortunately, under blue LED irradiation in 

acetonitrile, the iridium catalyst efficiently facilitated the Giese 

reaction, resulting in the formation of the sulfide product in 36% 

yield (Table 1, entry 1). To develop an environmentally friendly 

reaction, we explored various green solvents and found that 

methanol provided 50% yield (Table 1, entry 3). However, the 

desilylation byproduct PMPSCH3 1a-I was formed, and the yield 

did not further improve. We hypothesized that PMPSCH3 1a-I 

was formed via the protonation of the α-thioalkyl radical. 

Assuming that a slight increase in the pH of the reaction solution 

could prevent protonation, we used mildly basic NaHCO3, which 

increased the yield to 75% and decreased the reaction time 

(Table 1, entry 4). However, when ethanol was used as the 

solvent, the yield decreased to 66% owing to the lower solubility 

of NaHCO3 in ethanol (Table 1, entry 5). To address this issue, 

we used a 5:1 mixture of ethanol and water as the cosolvent, 

which resolved the solubility problem and increased the yield to 

85% (Table 1, entry 6). Next, we examined the one-pot Giese 

addition and oxidation reactions by opening the reaction tube 

to air after the Giese reaction was complete. Consequently, the 

argon atmosphere was replaced with air, and we fortuitously 

obtained sulfoxide 3a in 75% yield (Table 1, entry 7). To develop 

more practical reaction conditions, we replaced NaHCO3 with a 

buffer solution at pH 9 mixed with ethanol in a 5:1 volume ratio, 

which increased the yield of 3a to 95% (Table 1, entry 8). By 

reducing the catalyst loading from 1 to 0.5 mol% and extending 

the reaction time to 4 h, 3a was obtained in excellent yield (92%; 

Table 1, entry 9). However, further reducing the catalyst loading 

to 0.1 mol% necessitated a prolonged reaction time of 20 h to 

achieve a yield of 86% (Table 1, entry 10). Considering both 

efficiency and cost, we opted for a catalyst loading of 0.5 mol% 

as the optimal condition. As reducing the amount of 

acrylonitrile 2a significantly lowered the yield, we used 2.0 

equiv 2a. Under the optimized conditions for sulfide (Table 1, 

entry 9), followed by the introduction of an air atmosphere for 

an additional 6 h, an excellent yield of 95% was achieved for 

sulfoxide 4a (Table 1, entry 13). Finally, we confirmed that the 

reaction did not proceed in the absence of light or a 

photocatalyst, demonstrating that both were essential to the 

reaction (Table 1, entries 14 and 15). Through this optimization, 

we successfully developed a green solvent- and oxidant-based 

method for synthesizing sulfides and sulfoxides via one-pot C–C 

bond formation and oxidation. 

The substrate scope of α-silyl sulfides 1 was evaluated under 

the optimized reaction conditions (Table 2). Electron-rich 

methoxy-substituted aryl groups in α-silyl sulfides 1a–c 

exhibited good reactivity regardless of the substitution position 

(ortho, meta, or para), yielding sulfide products 3a–c in 

excellent yields. However, in the one-pot sulfoxide synthesis, 

the meta-methoxy aryl substrate 1b afforded lower sulfoxide 

yields than the ortho- and para-methoxy aryl substrates 1a and 

c. These results indicate that sulfides 3 formed via the Giese 

addition are more difficult to oxidize than the α-silyl sulfides 1, 

making they more sensitive to the electronic properties of the 

substituents. α-Silyl sulfides containing halogens in the aryl 

group also reacted efficiently, yielding sulfides 3d–f and 

sulfoxides 4d–f in good yields. However, the fluorine-

substituted derivative 1d produced a slightly lower sulfoxide 4d 

yield than sulfide 3d yield. Phenyl- and tolyl-substituted 

 
 

Table 2. Substrate scope of various α-silylthioethers 1a 

 

 
 
aReaction conditions as given in Table 1, entry 9 for sulfide 3, entry 13 

for sulfoxide 4; reported yields are for isolated material; b1 mol% 

catalyst and MeOH (1 M), 16 h, c2 mol% catalyst and MeOH (0.1 M), 32 

h, d16 h, See ESI for details. 
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substrates 1g,h were similarly well tolerated, affording high 

yields of the corresponding sulfides 3g,h and sulfoxides 4g,h. 

However, sterically hindered substrates such as mesityl- and 1-

naphthyl-substituted α-trimethylsilyl thioethers exhibited low 

yields or no reaction under the same conditions (see details in 

the ESI). By contrast, the alkyl-substituted substrate 1i exhibited 

decreased reactivity. Although it produced the corresponding 

sulfide 3i in moderate yields, it failed to yield the desired 

sulfoxide, suggesting that the oxidation step is more challenging 

for alkyl-substituted substrates than aryl-substituted substrates 

owing to the electronic properties of the former. For another 

alkyl-substituted substrate 1j, the corresponding sulfide 3j and 

sulfoxide 4j were obtained in moderate yields by extending the 

reaction time and increasing the catalyst loading. 

Next, the substrate scope of the Michael acceptors 2 was 

evaluated under the optimized reaction conditions (Table 3). 

Various α,β-unsaturated esters, such as methyl, ethyl, n-butyl 

acrylate, and hexafluoroisopropyl, demonstrated good 

reactivity, and both corresponding  sulfide products 3k–n and 

sulfoxide products 4k–n were obtained in good yields. 

Additionally, methyl methacrylate, when substituted at the α-

position of the α,β-unsaturated ester, barely affected the 

reactivity, yielding results similar to the unsubstituted substrate. 

Afterwards, we used the developed method to investigate the 

effect of β-substitution in Michael acceptors. Crotonitrile 2p, a 

β-methyl acrylonitrile, exhibited low reactivity and yields, 

following a similar trend to Giese reactions. However, 

benzalmalononitrile 2q, a highly activated Michael acceptor 

containing a dinitrile, produced sulfide 3q and sulfoxide 4q in 

excellent yields using 1 mol% catalyst and methanol as the 

solvent, despite the β-phenyl substituent. In this reaction, 2- 

and 4-vinyl pyridines acted as effective Michael acceptors, 

producing the corresponding sulfides 3r and 3s in high yields. 

However, oxidation of the resulting sulfides was inhibited by 

pyridine, with 2-vinyl pyridine producing only trace amounts of 

sulfoxide and 4-vinyl pyridine, resulting in a reduced yield. Lastly, 

α,β-unsaturated ketones also served as effective Michael 

acceptors in the developed reaction. In particular, cyclic enones 

such as cyclohexenone 2u and cyclopentenone 2v, despite 

having substituents at the β-position, did not exhibit the 

reactivity drop observed with crotonitrile 2p owing to their Z-

alkene configuration, which allowed for the formation of both 

sulfides and sulfoxides in excellent yields. However, vinyl phenyl 

sulfone, dimethyl maleate, maleonitrile, and N-

cyclohexylmaleimide failed to yield the desired products (see 

details in the ESI).  

Performing photocatalytic multiphasic reactions in a batch 

system, particularly during a scaled-up process, can present 

significant challenges. For photochemical reactions, as the size 

 
 
Table 3. Substrate scope of various Michael acceptors 2a 

 

 
 
aReaction conditions as given in Table 1, entry 9 for sulfide 3 and entry 13 for sulfoxide 4; reported yields are for isolated material. b1 mol% catalyst 

and MeOH (0.1 M) solvent, 16 h. See ESI for details. 
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of the batch reactor increases, a longer distance between the 

light source and reaction solution can lead to uneven irradiation, 

resulting in insufficient photon concentration. In the case of 

multiphase reactions on a larger scale, the interfacial area per 

unit volume can decrease, reducing mass transfer between the 

liquid and gas phases. To address these challenges, we 

introduced a flow system. This system, which utilizes 

microreactors for mass production, maintains a short distance 

between the light source and reactants to maintain a uniform 

and high photon concentration. Furthermore, by using a back-

pressure regulator for easy pressure control, the liquid and gas 

are continuously mixed at a consistent ratio while maintaining 

a low headspace and high solubility of the oxygen gas.  

Initially, the reaction conditions for the synthesis of sulfide 3a 

in the flow process were optimized based on the conditions of 

the batch reaction. Through optimization, the concentration of 

the reaction solution was adjusted to 0.05 M to reduce viscosity.  

Finally, sulfide 3a was synthesized with a residence time of 40 

min and 92% yield (Table S1, entry 6; see ESI for details). After 

determining the optimal conditions for synthesizing sulfide 3a 

through photochemical reactions in the flow system, we 

determined the optimal conditions for the synthesis of sulfoxide 

4a by performing additional photoinduced multiphase reactions 

under continuous flow using oxygen gas as the oxidant. Various 

oxygen gas flow rates (7.0, 5.0, and 3.0 mL/min) were 

investigated (Table 4, entries 1–3) using a backpressure 

regulator set at 2.8 bar. As a result, 4a was obtained in 75% NMR 

yield at a gas flow rate of 5.0 mL/min (Table 4, entry 2). However, 

at a relatively low flow rate of 3.0 mL/min, the reaction solution 

backflowed into the gas line, disrupting the reaction progress 

(Table 4, entry 3). To prevent such backflow while achieving 

more precise control of the oxygen gas flow rate, the back 

pressure was reduced from 2.8 bar to 1.4 bar. After conducting 

experiments at various oxygen flow rates (Table 4, entries 4–6), 

the desired sulfoxide 4a was obtained in 88% isolated yield at 

an oxygen flow rate of 1.7 mL/min. 

To evaluate the effectiveness of this continuous flow system, 

experiments were conducted using selected samples from 

Tables 2 and 3 for the reactions listed in Table 5. Remarkably, 

all the substrates exhibited shorter residence times under 

continuous flow than in batch reactions, while maintaining 

similar yields. To assess the scalability of the flow system, we 

performed 5 mmol reactions for the synthesis of sulfide 3a and 

Table 4. Optimization of the reaction conditions for sulfoxide 4a 

in flow processa 

 

 
 
aReaction conditions: 1a (0.2 mmol), 2a (2.0 equiv) catalyst (0.5 mol%), 

solvent (0.05 M), flow rate (0.125 mL/min), and temperature (25 °C). 
bPressure setting of the backpressure regulator components. cYield 

determined by 1H NMR analysis of the crude mixture using 1,3-

benzodioxole as the internal standard. dIsolated yield determined using 

flash column chromatography. 

  

Table 5. Selected substrate scope in flow processa 

 

 
 
aUnless otherwise noted, reactions were carried out using the 

conditions given in Table 4, entry 5; all yields are isolated yields 

determined using flash column chromatography. b0.1 M, 80 + 15 min, 

c0.1 M, 80 + 15 min, 1.3 mL/min, d0.1 M, 50 min, e0.1 M, 50 + 15 min, 

and 1.0 mL/min.  

  

 
 

Scheme 2. Gram-scale reaction in flow process 
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sulfoxide 4a, as outlined in Table 6. The yields achieved for both 

3a and 4a in the 5 mmol scale reactions were comparable to 

those obtained in the 0.2 mmol scale reactions. Furthermore, 

the productivity for each compound was measured to be 0.339 

mmol–h and 0.307 mmol–h, respectively (as illustrated in Scheme 

2). 

We propose a reaction mechanism based on controlled 

experiments and previous studies8a, 8b, 9a, 9c, 9d, 11a (Scheme 3). 

The excited-state iridium photocatalyst can oxidize 1a via 

single-electron transfer (SET) to form the cationic radical 1a•+, 

which then undergoes desilylation to produce the α-thiomethyl 

radical I. This step was validated by luminescence quenching 

and TEMPO-mediated radical trapping experiments (see details 

in the ESI, Scheme 3a). Furthermore, we measured the 

oxidation potential of 1a, which was found to be +0.98 V vs. SCE 

in MeCN, indicating that it can be oxidized by the excited-state 

Ir(dF(CF3)ppy)2(dtbpy) photocatalyst (Ir(III)*/Ir(II) = +1.21 V vs. 

SCE). The generated α-thiomethyl radical I adds to acrylonitrile 

2a, forming the radical intermediate II, which is then reduced 

by the Ir(II) photocatalyst (Ir(III)/Ir(II) = –1.37 V vs. SCE) to 

produce the anionic intermediate III. Subsequently, this 

intermediate is protonated by the solvent to yield the sulfide 

product 3a. The protonation process was confirmed using 

methanol-D as the solvent; 100% of the deuterium was 

incorporated, indicating that the proton originated from the 

solvent (Scheme 3b). We additionally measured the quantum 

yields for sulfide synthesis step in both batch and flow reactions. 

In both cases, the quantum yields were greater than 1, with the 

batch reaction (Φ ≈ 3) and the flow reaction (Φ > 7). While the 

chain propagation pathway within the mechanism remains 

unclear, its involvement cannot be definitively excluded(see 

details in the ESI).  The oxidation of sulfide 3a to sulfoxide 4a 

can occur under photocatalytic conditions in the presence of 

oxygen. In this process, oxygen can facilitate oxidation either 

through the generation of a superoxide anion via SET, or 

through the formation of singlet oxygen via energy transfer 

Scheme 3. Controlled experiments and proposed mechanism 
 

 
 

aStandard conditions: 1a (0.2 mmol), 2a (2.0 equiv), Ir(dF(CF3)ppy)2(dtbpy)PF6 (0.5 mol%), EtOH: pH = 9 buffer (5:1, 0.1 M), Ar, room temperature, 

4 h. See ESI for details. 
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(EnT). The possible oxidation pathways were validated through 

controlled experiments (Scheme 3d). In the SET pathway, the 

oxidation of sulfide 3a and the generation of superoxide are 

essential. This process is feasible based on the redox potentials 

of the photocatalyst, sulfide (3a, Eox = +1.13 V vs. SCE in MeCN), 

and oxygen. The use of a sulfide oxidation inhibitor, 1,4-

dimethoxybenzene9c, and a superoxide quencher, 

benzoquinone18, resulted in significant suppression or complete 

cessation of the oxidation process (Scheme 3d, entries 2,3). 

These results indicate that the SET pathway is a suitable route 

for oxidation. Generation of singlet oxygen is essential for the 

EnT pathway. Ir(dF(CF3)ppy)2(dtbpy) is a well-known, effective 

EnT photocatalyst for converting triplet oxygen into singlet 

oxygen.19 We conducted controlled experiments to quench the 

generated singlet oxygen using DABCO20 and NaN3
11b, which 

resulted in significant suppression or complete cessation of the 

oxidation process (Scheme 3d, entries 4,5). Based on these 

results, we propose that sulfide oxidation proceeds via both SET 

and EnT pathways. Lastly, the potential byproduct PMPSCH3 1a-

I did not form any sulfide 3a product under the standard 

reaction conditions (Scheme 3e). This confirms that the key 

intermediate, α-thiomethyl radical I, is generated from 1a 

rather than 1a-I in the Giese addition reaction. 

To enhance the efficiency of the developed reaction, we 

conducted experiments on the reuse and recovery of reactants, 

solvents, and catalysts (Scheme 4). To evaluate the reusability, 

a reaction system was designed as shown in Scheme 4a. After 

one reaction cycle, 1 equivalent each of 1a and 2a was added, 

yielding 3a with a slightly reduced yield of 84% compared to the 

original reaction (n=1). An additional 0.5 mol% of catalyst was 

introduced after every two reaction cycles, resulting in a yield 

of 79% after four cycles (n=3) and 89% after six cycles (n=5). 

Furthermore, after four cycles (n=3), oxidation under aerobic 

conditions yielded sulfoxide 4a in a high yield of 82%. Next, 

alkene recovery experiments were conducted. 

Benzylidenemalononitrile (BMN, 2q) was recovered in high 

yields after the synthesis of sulfides and sulfoxides (Scheme 4b). 

These experiments established an efficient process for the 

reuse of reagents and solvent, thereby validating the 

sustainability of the developed reaction system. 

To evaluate the green chemistry aspects of the developed 

reaction, we calculated key green chemistry metrics metrics, 

including Atom Economy (AE), Atom Efficiency (AEf), Reaction 

Mass Efficiency (RME), E-Factor, and Process Mass Intensity 

(PMI) (Table 6).21 The metrics showed notably high values, with 

AE (61%), AEf (58%), and RME (64%), compared to previously 

reported methods.4c,11a However, due to the use of 0.1 M 

solvent concentration, the solvent-inclusive metrics, E-Factor 

(31.6) and PMI (32.3), were slightly higher than those in prior 

studies. By employing the developed alkene, catalyst, and 

solvent re-use strategy, we significantly improved the metrics, 

achieving an E-Factor of 9.6 and a PMI of 10.6. (see details in the 

ESI). 

Conclusions 

In summary, we have developed an environmentally friendly 

and scalable synthetic method for both sulfides and sulfoxides 

through photocatalyzed, controllable one-pot C–C bond 

formation and oxidation. The optimized reaction conditions, 

utilizing mild photoredox conditions, green solvents, and 

oxygen as the oxidant, provided a sustainable approach to C–C 

bond formation and oxidation. Moreover, the integration of a 

microreactor-based flow system enables the scalable 

application of photocatalytic and liquid–gas phase reactions. 

Mechanistic studies revealed that C–C bond formation 

proceeds via an α-thiomethyl radical generated through a SET 

pathway, while the oxidation step involves both SET and EnT 

mechanisms. This methodology, with its use of green solvents 

and minimal catalyst loading, offers a promising solution for 

sustainable, large-scale sulfide and sulfoxide production, and 

has significant potential for broader applications in synthetic 

organic chemistry. 

Conflicts of interest 
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Scheme 4. Reusability and recovery of reaction components 

 

 
 
aAfter n=1, 0.5 mol% of [Ir] was added. 
bAfter n=1 and n=3, 0.5 mol% of [Ir] was added each time. [Ir] = 

Ir(dF(CF3)ppy)2(dtbpy)PF6 (0.5 mol%), solvents = EtOH: pH = 9 buffer 

(5:1). See ESI for details. 

  

Table 6. Calculations of green chemistry metrics 
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