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An efficient protocol for copper-catalyzed reductive cross-

coupling of aryl sulfonyl chlorides with H-phosphonates has 

been developed. The various S-aryl phosphorothioates were 

afforded in up to 86% yield for 20 examples. This protocol 

features high efficiency, wide functional groups tolerance, 10 

commercially aryl sulfonyl chlorides as starting materials and 

base-free conditions. 

Phosphorothioate has proven to be a useful skeleton in organic 

synthesis as a valuable building block, in pharmaceuticals and 

pesticides due to its biological and physical properties.1-4 In 15 

particularly, S-aryl phosphorothioate represents an important 

structural element in antiproliferative agent (A),5 pesticide (B),6 

antibacterial (C),7 curing accelerators (D),8 antistatic agent (E),9 

and anticholinesterase (F)10 (Scheme 1). However, the 

investigation on building such a structure is lagged behind. 20 

Hence, a rapid, efficient and practical access to S-aryl 

phosphorothioates is highly desired. 

 
Scheme 1 Several examples illustrating the importance of S-aryl 

phosphorothioate. 25 

   Traditional procedures to S-aryl phosphorothioates involved 

the reaction of trialkyl phosphites with sulfenyl chlorides by 

chlorinating the mercaptan or disulfide with sulfuryl chloride,11 

and the coupling of H-phosphonates with disulfides by 

complicated electrosynthesis process.12 Witt’s group obtained 30 

phosphorothioates by the treatment of (5,5-dimethyl-2-thioxo-

1,3,2-dioxaphosphorin-2-yl) disulfanyl derivatives with trimethyl 

phosphate, in which the substrate was limited to trimethyl 

phosphate.13 Until very recently, Liu and co-workers reported a 

two-steps process to synthesize phosphorothioates from thiols 35 

and phosphonates promoted by N-chlorosuccinimide.14 

Transition-metal-catalyzed direct coupling reactions of dialkyl 

phosphonates with organic disulfides (or benzenethiols) have 

provided an alternative protocol to S-aryl phosphorothioates, and 

a base was required.15, 16 In summary, some problems exit with 40 

these procedures, such as: 1) requirement of the complicated or 

foul odor starting material, which are not commercially available; 

2) narrow scope of substrates. The remaining challenge is to 

develop a general and applicable strategy for a variety of S-aryl 

phosphorothioates. Therefore, we focus our current research 45 

interests on building such a structure. Herein, we disclose a 

simple and practical procedure to various S-aryl 

phosphorothioates via copper-catalyzed direct cross-coupling 

reaction of commercially available aryl sulfonyl chlorides with 

dialkyl phosphonates under air atmosphere and base-free 50 

conditions (Scheme 2).  

 
Scheme 2 Synthesis of S-aryl phosphorothioates  

We initiated our investigation with the reaction of tosyl 

chloride (1a) with dimethyl phosphonate (2a) as a model reaction 55 

to identify the optimal reaction conditions. Several parameters, 

such as catalyst sources, solvents and reaction temperature were 

screened. The results were listed in Table 1. The absence of any 

metal and the presence of Pd(OAc)2 (15 mol%) led to 

disappointing results at 100 oC under air atmosphere (Table 1, 60 

entries 1 and 2). Among the copper salts investigated (Table 1, 

entries 3-7), Cu(OAc)2 was proved to be an ideal choice, and 

gave the desired product in a promising yield of 60% (Table 1, 

entry 7). A variety of solvents (e.g. DCE, dioxane, toluene, 

DMSO) were tested (Table 1, entries 7–11). CH3CN was clearly 65 

the best choice for this catalytic system (Table 1, entry 7). To our 

delight, the yield was improved to 70% when the ratio of 1a and 

2a was changed to 1:7, which indicated that the ratio of substrates 

played an important role in this reaction (Table 1, entries 12–15). 

The yield was improved to 76% when the temperature was 70 

increased to 140 oC (Table1, entry 17). The optimized reaction 

conditions were eventually identified as: the ratio of 1a and 2a 

was 1:7 in the presence of Cu(OAc)2 (15 mol%) in CH3CN at  

140 oC for 24 h in the absence of base, oxidant, ligand and under 

air atmosphere (Table1, entry 17). With the optimal reaction 75 

conditions, remaining tosyl chloride was not detected after the 

model reaction was complete. 4a and 4b as byproducts were 

Page 1 of 4 ChemComm

C
he

m
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t



 

2  |  Journal Name, [year], [vol], 00–00 This journal is © The Royal Society of Chemistry [year] 

generated in 7% and 4% isolated yield, respectively (Scheme 3). 

Table 1. Screening the reaction parameters for the copper-catalyzed the 

coupling reaction of tosyl chloride (1a) with dimethyl phosphonate (2a). a 

catalyst
+ P

O

H

OMe

OMe P

O
MeO

S
MeO

SO2Cl

Me

1a 2a

Me

3a

solvent

 

Entry Catalyst Solvent T (oC) Yield(%)g 

1 -- CH3CN 100 0 

2 Pd(OAc)2 CH3CN 100 0 

3 CuI CH3CN 100 37 

4 CuBr CH3CN 100 45 

5 CuBr2 CH3CN 100 35 

6 Cu(OTf)2 CH3CN 100 trace 

7 Cu(OAc)2 CH3CN 100 60 

8 Cu(OAc)2 DCE 100 58 

9 Cu(OAc)2 dioxane 100 33 

10 Cu(OAc)2 toluene 100 33 

11 Cu(OAc)2 DMSO 100 0 

12b Cu(OAc)2 CH3CN 100 63 

13c Cu(OAc)2 CH3CN 100 65 

14d Cu(OAc)2 CH3CN 100 66 

15e Cu(OAc)2 CH3CN 100 70 

16f Cu(OAc)2 CH3CN 100 67 

17e Cu(OAc)2 CH3CN 120 72 

18e Cu(OAc)2 CH3CN 140 76 

19e Cu(OAc)2 CH3CN 150 74 
Reaction conditions: a 1a (0.4 mmol), 2a (0.8 mmol), catalyst (15 mol%), 

solvent (2.5 mL), under air, 24h. b 2a (3 equiv.). c 2a (5 equiv.).  
d 2a (6 equiv.). e 2a (7 equiv.). f 2a (8 equiv.). g Isolated yields based on 

1a.  

 5 

With the optimal reaction conditions in hand, the scope of the 

substrates was examined. It was gratifying to find that a variety of 

H-phosphonates could couple with diverse sulfonyl chlorides in 

satisfactory yields. The results were shown in Table 2. Firstly, 

various H-phosphonates were tested. Dimethyl phosphonate, 10 

diethyl phosphonate, dipropyl phosphonate, dibutyl phosphonate, 

diisopropyl phosphonate and di-sec-butyl phosphonate could be 

coupled well with tosyl chloride (1a), affording the 

corresponding products in 66-76% yields (Table 2, 3a–3f). The 

steric hindrance of H-phosphonates did not significantly affect 15 

this transformation. Diisopropyl phosphonate and di-sec-butyl 

phosphonate gave similar result as dipropyl phosphonate and 

dibutyl phosphonate (Table 2, 3c vs 3e, 3d vs 3f). Then aryl 

sulfonyl chlorides substituted by electron-withdrawing and 

electron-donating groups were tested (Table 2, 3a, 3g-3s). The 20 

significant influence of the electron density in aryl sulfonyl 

chloride on this transformation was not observed. All of electron-

rich (3a, 3g-3i), electron-neutral (3m) and electron-deficient (3n-

3r) aryl sulfonyl chloride could give the corresponding products 

in good yields. Moreover, the halo groups remained intact in the 25 

products, which would provide the possibility for the further 

useful transformation. 4-Fluoro, 4-chloro, and 4-bromo 

benzenesulfonyl chloride were suitable and reacted smoothly 

with dimethyl H-phosphoante (2a), leading to the S-aryl 

phosphorothioates in 86%, 78%, 76% yields, respectively (Table 30 

2, 3p–3r). Worthy of note was that this standard reaction 

condition were applied to 2-naphthalenesulfonyl chloride and 2-

thiophenesulfonyl chloride, affording the corresponding products 

3s and 3t in 72% and 63% yields, respectively. Sterically 

hindered aryl sulfonyl chlorides, such as 2,4-dimethylphenyl 35 

sulfonyl chloride, 2,4,6-trimethylphenyl sulfonyl chloride, and 2-

methyl-3-chloro-phenyl sulfonyl chloride, were also suitable 

substrates and successfully afforded the desired products in 65%, 

54% and 69% yields, respectively (Table 2, 3j, 3k and 3l). In 

summary, donating, withdrawing and large bulk groups in aryl 40 

sulfonyl chlorides could be compatible in this catalytic system.  

 

Table 2. Synthesis of S-aryl phosphorothioates from sulfonyl chlorides 

and H-phosphonates. 

 45 

 
Reaction conditions: 0.4 mmol aryl sulfonyl chlorides, 2.8 mmol 

phosphite esters, 15 mol% Cu(OAc)2, 140 oC, air, 24h. Isolated yields in 

parentheses. 
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To clarify the role of air and the reaction mechanism，some 

controlled experiments were performed (Scheme 4). When the 

reaction of tosyl chloride (1a) with dimethyl phosphonate (2a) 

was carried out under nitrogen atmosphere, the desired product 

3a was provided in 17% yield (Scheme 4, eq. 1). While air 5 

atmosphere could afford 76% yield. These results indicate that 

the oxygen molecule in air was necessary. When 2 equivalent of 

BHT was added to the reaction mixture of 1a and 2a, the yield of 

desired product was reduced dramatically (Scheme 4, eq. 2). The 

reaction of BHT with 1a gave product 5a in 15% yield (Scheme 10 

4, eq. 3). These results indicated that the reaction might proceed 

via a radical pathway.  

 

 
Scheme 3 The corresponding product and byproducts under the optimal 15 

reaction conditions 

 
Scheme 4 Controlled experiments 

A proposed reaction mechanism was outlined in Scheme 5 

according to the results obtained and literature reported.17-18 20 

Tosyl chloride (1a) underwent single-electron-transfer (SET) with 

Cu(OAc)2 to produce tosyl radical and Cu(III) intermediate A. 

The homo-coupling phosphorus compound P(O)-P(O) in reaction 

system was detected by Q-TOF LC/MS. The ligand-exchange 

reaction between Cu(OAc)2 and 2a could occur to afford 25 

intermediate B and released HOAc. The intermediate B was 

attacked by tosyl radical to obtain the Cu(III) intermediate C. 

Then, the intermediate C was reduced by H-phosphonate, 

affording the intermediate Cu(III) D. Finally, reductive 

elimination of the intermediate D provided S-aryl 30 

phosphorothioates and generated Cu(I). The Cu(I) E was 

oxidized by oxygen to the Cu(II) for the next cycle.  

In conclusion, a novel, simple and efficient protocol for 

synthesis of S-aryl phosphorothioates via copper-catalyzed direct 

coupling of commercially available aryl sulfonyl chlorides with 35 

H-phosphonates under air atmosphere and base-free conditions 

has been developed. Various S-aryl phosphorothioates were 

obtained in moderate to good yields for 20 examples. Both 

electronic and steric effect from both of sulfonyl chloride and H-

phosphonate had not significant influence on this reaction.  40 

 

 
Scheme 5. Proposed reaction mechanism. 
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