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a b s t r a c t

A simple and additive-free protocol has been developed for the preparation of β-keto phospho-

rodithioates through the three-component reaction of easily available sulfoxonium ylides, P4S10, and alco-

hols. The present geminal hydro-phosphorodithiolation reaction was performed at room temperature to

construct a series of β-keto phosphorodithioates in the absence of any metal reagents, bases, or additives.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Sulfur- and phosphorus-containing compounds are ubiquitously

present in many natural products, pharmaceutical molecules, and

biologically active compounds, which have been extensively uti-

lized in agricultural and industrial communities [1–9]. Among

them, phosphorodithioates have received special attention in terms

of their remarkable antiviral and insecticidal properties [10–17].

As shown in Fig. 1, some representative phosphorodithioates such

as dimethoate, phorate sulfone, piperophos, and morphthion have

served as marketed pesticides or candidate agrochemicals [18,19].

Phosphorodithioates are traditionally prepared by the substi-

tution reaction of RSH with (RO)2P(=S)Cl, the reaction of am-

monium salt of thiophosphate with RX, and the nucleophilic re-

action of potassium O,O-dialky phosphorodithioate with chloro

carbonyl compounds (Schemes 1a and b) [20–25]. Nevertheless,

these methods generally involve the use of strong base and metal

reagents. Alternative synthetic strategies using other phospho-

rodithiolation reagents have also been developed through phos-

phorodithiolation of silyl enol ethers with bromodithiophospho-
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nates [26,27] and ring-opening of epoxides with dithiophospho-

rus acids (Schemes 1c and d) [28]. In 2021, Wu also described

an efficient method for the synthesis of β-amino vinyl phos-

phorodithioates via copper-promoted thioamination of maleimides

with amines and diethylphosphorodithioate (Scheme 1e) [29].

P4S10 is a cheap and commercially available reagent, which has

been elegantly utilized in the synthesis of various sulfur- and

phosphorus-containing compounds [2,30–34]. Although some ob-

vious advances have been made in these methodologies, the de-

velopment of the new and efficient method for the synthesis of

diverse phosphorodithioates from simple and easily available start-

ing materials is still highly desirable.

Sulfoxonium ylides are easily available, safe, and bench-stable

compounds, which play significant roles in the field of pharmaceu-

ticals, organic synthesis, and functional materials [35–41]. As sur-

rogates of dangerous diazo compounds, sulfoxonium ylides have

also exhibited wide applications in various organic transforma-

tions including cyclopropanation, insertion, dimerization, epoxida-

tion, aziridination, and others [42–49]. On the other hand, three-

component tandem reactions have been developed as a powerful

protocol to construct a variety of organic frameworks due to their

atom- and step-economic advantages [50–55]. In continued our in-

terests in the synthesis of sulfur- and phosphorus-containing com-
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Fig. 1. Representative examples of bioactive phosphorodithioates.

Scheme 1. The methods for the synthesis of phosphorodithioates.

pounds [56–61], herein, we wish to present a simple and efficient

three-component reaction of sulfoxonium ylides, P4S10 and alco-

hols to access a series of β-keto phosphorodithioates, which are

an important class of phosphorodithioates that possess interest-

ing biological properties [62,27] and useful synthetic applications

(Scheme 1f) [63].

Our investigation started with the model reaction of benzoyl

sulfoxonium ylide 1a, P4S10 2, and EtOH 3a to optimize reac-

tion conditions at room temperature in air. When the model re-

action was conducted in EtOH by using of CuI (10 mol%) as cat-

alyst, the desired product 4aa was obtained in 43% yield (Table

1, entry 1). Further screening of other catalysts such as CuCl2,

FeCl3, and I2 found that the reaction efficiency was not obvi-

ously improved (Table 1, entries 2–4). The addition of bases such

as DBU and Cs2CO3 did also not promote this reaction (Table

1, entries 5 and 6). To our delight, the yield of 4aa would be

increased to 57% in the absence of any additive (Table 1, en-

try 7). Next, the solvent effect was further investigated. When

the mixture of EtOH with other organic solvents (1/4) such

as EtOH/THF, EtOH/DCE, EtOH/CH2Cl2, EtOH/EtOAc, EtOH/CH3CN,

EtOH/1,4-dioxane, EtOH/CHCl3, or EtOH/acetone were employed in

this reaction system, the reaction generally afforded the product

4aa in good yield (Table 1, entries 8–15). Only a low yield was

observed when the model reaction was carried out in the mix-

ture solvent of EtOH/DMF, EtOH/DMSO or EtOH/H2O (Table 1, en-

tries 16–18). Among a variety of reaction solvents studied above,

the mixture of EtOH/CH2Cl2 was found to be superior reaction

medium, affording the product 4aa in 78% yield (Table 1, entry 10).

Then, the ratio of EtOH/CH2Cl2 was also further investigated (Table

1, entries 19–23), and the result showed that the highest yield of

88% was obtained when EtOH/CH2Cl2 (1/9) was used as reaction

solvent (Table 1, entry 22). When the reaction temperature was in-

Table 1

Screening of the reaction conditions.a

Entry Additive Solvent Yield (%)a,b

1 CuI (10 mol%) EtOH 43

2 CuCl2 (10 mol%) EtOH 46

3 FeCl3 (10 mol%) EtOH 20

4 I2 (10 mol%) EtOH 33

5 DBU EtOH 46

6 Cs2CO3 EtOH 23

7 – EtOH 57

8 – EtOH/THF (1/4) 73

9 – EtOH/DCE (1/4) 71

10 – EtOH/CH2Cl2 (1/4) 78

11 – EtOH/EtOAc (1/4) 71

12 – EtOH/CH3CN (1/4) 70

13 – EtOH/1,4-dioxane (1/4) 69

14 – EtOH/CHCl3 (1/4) 62

15 – EtOH/acetone (1/4) 60

16 – EtOH/DMSO (1/4) 15

17 – EtOH/DMF (1/4) 32

18 – EtOH/H2O (1/4) 21

19 – EtOH/CH2Cl2 (1/3) 74

20 – EtOH/CH2Cl2 (2/3) 62

21 – EtOH/CH2Cl2 (3/2) 63

22 – EtOH/CH2Cl2 (1/9) 88

23 – EtOH/CH2Cl2 (1/10) 85

24 – EtOH/CH2Cl2 (1/9) 63c

25 – EtOH/CH2Cl2 (1/9) 71d

a Reaction conditions: 1a (0.1mmol), 2 (0.1mmol), 3a (0.2–2.5mL), Additive

(10 mol%), Solvent (2.5mL), air, r.t., 5 h.
b Isolated yields based on 1a.
c 60 °C (oil bath).
d N2.

creased to 60 °C, the desired product 4aa was obtained in only a

63% yield (Table 1, entry 24). Product 4aa could be isolated in 71%

yield when the model reaction was carried out under N2 (Table 1,

entry 25).

After getting the optimized conditions, the scope and generality

of the present transformation were further investigated (Scheme

2). Generally, benzoyl sulfoxonium ylides with electron-donating

or electron-withdrawing groups at the phenyl rings proceeded

efficiently under standard conditions, and the corresponding β-

keto phosphorodithioates 4ba-4oa were obtained in moderate to

good yields. Especially, this phosphorodithiolation was tolerated by

some synthetically useful functionalities such as halogens (F, Cl,

Br), CF3, NO2, and CN, which could be used for further transfor-

mations. Furthermore, the reaction efficiency was not obviously af-

fected by the steric hindrance. Ortho-substituted benzoyl sulfox-

onium ylides 1d and 1l worked well to afford the correspond-

ing products (4da and 4la) in 85% and 75% yields. Moreover, sul-

foxonium ylides with naphthyl, furyl, or thienyl units were also

well compatible with this procedure, providing the desired prod-

ucts 4pa-4ra in 73%–83% yields. Notably, α,β-unsaturated carbonyl

sulfoxonium ylide could also be used in this reaction procedure

to give the product 4sa in 70% yield. In addition, aliphatic car-

bonyl sulfoxonium ylides also proved to be suitable substrates, af-

fording the desired products 4ta-4va in 61%–85% yields. Neverthe-

less, when other sulfoxonium ylides containing amido or sulfonyl

groups have been employed in this reaction system, none of the

desired products 4wa and 4xa were observed.

Furthermore, the scope of alcohols in this phosphorodithiola-

tion reaction is also evaluated (Scheme 3). In addition to EtOH,

other linear alkyl alcohols such as methanol, n-butanol, n-hexanol,

and n-hepanol all reacted smoothly to afford the products 4ab-4ae.
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Scheme 2. Substrate scope. Reaction conditions: 1 (0.2mmol), 2 (0.2mmol), 3a

(0.25mL), CH2Cl2 (2.25mL), air, r.t., 5 h. Isolated yields based on 1.

In addition, phenylmethanol, cyclohexanol, and more sterically de-

manding isopropanol were also found to be reactive and furnished

the desired products 4af-4ah in 54%–69% yields.

A gram-scale reaction was carried out to evaluate the syn-

thetic utility of this protocol. As demonstrated in Scheme 4, when

the model reaction of benzoyl sulfoxonium ylide 1a, P4S10 2, and

EtOH 3a was performed under standard conditions (5mmol scale),

the reaction efficiency was not obviously affected and the cor-

responding β-keto phosphorodithioate 4aa was obtained in 78%

yield (1.19 g).

To get better insight into the mechanism of this three-

component reaction, some control experiments were carried out

(Scheme 5). Firstly, the reaction of P4S10 2 and EtOH 3a gave O,O–

diethyl S-hydrogen phosphorodithioate 5a in 86% yield (Scheme

5a). Furthermore, treatment of O,O–diethyl S-hydrogen phospho-

rodithioate 5a with benzoyl sulfoxonium ylide 1a under optimal

conditions obtained the desired product 4aa in 92% yield (Scheme

5b). Both results suggested that 5a should be a key intermedi-

ate in this procedure. Subsequently, when BHT (2,6-di–tert–butyl–

4-methylphenol) was added in the model reaction system, the

model reaction was not obviously suppressed and the product 4aa

was still obtained in 77% yield (Scheme 5c), which indicated that

a radical pathway might not be involved in this transformation.

Scheme 3. Substrate scope. Reaction conditions: 1a (0.2mmol), 2 (0.2mmol), 3

(0.25mL), CH2Cl2 (2.25mL), air, r.t., 5 h. Isolated yields based on 1a.

Scheme 4. Gram scale reaction.

Scheme 5. Control experiments.

Next, isotope labeling experiment was investigated in the pres-

ence of EtOD. The deuterium incorporation at the α-position of

the carbonyl group was observed, suggesting that one hydrogen

atom at the α-position of the carbonyl group originated from EtOH

(Scheme 5d).

Based on the above experimental results and previous reports

[33,64], a possible reaction mechanism was proposed as shown

in Scheme 6. Firstly, the reaction of P4S10 with alcohol gave the

dialkylphosphorodithioate 5. Subsequently, the protonation of sul-

foxonium ylide by dialkylphosphorodithioate 5 produced a reac-

tive sulfoxonium ionic pair 6. Finally, nucleophilic displacement of

DMSO by a free or contact ion pair phosphorodithioate would pro-

duce the desired product 4.
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Scheme 6. Possible reaction pathway.

In summary, a simple and straightforward synthetic strat-

egy has been developed for the synthesis of β-keto phospho-

rodithioates through three-component reaction of sulfoxonium

ylides with P4S10 and alcohols. The reaction proceeded smoothly

under mild conditions to form various β-keto phosphorodithioates

in moderate to good yields with no need for any external catalyst

and additive. The present protocol illustrates the applicability at

gram scale reaction. The advantage of operational simplicity, easily

accessible starting materials, mild conditions and good functional

group tolerance makes this strategy more attractive in synthetic

chemistry.
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