
Journal Pre-proofs

Metal-free oxidative coupling of alkyl chlorides with thiols: an efficient access
to sulfoxides

Qian Liu, Xiaoqian Zhao, Feng Xu, Gaoqiang Li

PII: S0040-4039(19)31291-2
DOI: https://doi.org/10.1016/j.tetlet.2019.151492
Reference: TETL 151492

To appear in: Tetrahedron Letters

Received Date: 15 November 2019
Revised Date: 2 December 2019
Accepted Date: 4 December 2019

Please cite this article as: Liu, Q., Zhao, X., Xu, F., Li, G., Metal-free oxidative coupling of alkyl chlorides with
thiols: an efficient access to sulfoxides, Tetrahedron Letters (2019), doi: https://doi.org/10.1016/j.tetlet.
2019.151492

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition of a cover
page and metadata, and formatting for readability, but it is not yet the definitive version of record. This version will
undergo additional copyediting, typesetting and review before it is published in its final form, but we are providing
this version to give early visibility of the article. Please note that, during the production process, errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

© 2019 Published by Elsevier Ltd.

https://doi.org/10.1016/j.tetlet.2019.151492
https://doi.org/10.1016/j.tetlet.2019.151492
https://doi.org/10.1016/j.tetlet.2019.151492


Tetrahedron Letters
journal homepage: www.elsevier.com

Metal-free oxidative coupling of alkyl chlorides with thiols: an efficient access to 
sulfoxides

Qian Liu, Xiaoqian Zhao, Feng Xu and Gaoqiang Li
Key Laboratory of Macromolecular Science of Shaanxi Province, School of Chemistry and Chemical Engineering, Shaanxi Normal University, Xi'an, Shaanxi 
710062, P. R. China

———
 Corresponding author. Tel.: +0-000-000-0000; fax: +0-000-000-0000; e-mail: author@university.edu

Introduction

Sulfoxides are the most privileged scaffolds in natural 
products,1 medicinal chemistry,2 and functionalized materials.3 
Their derivatives were generally employed as important 
intermediates in the preparation of biologically active molecules, 
especially marketed pharmaceuticals such as Omeprazole,4a 
Provigil,4b Mesoridazine,4c and Sulfinpyrazone (Figure 1).4d 
Furthermore, they have been extensively applied to reactions of 
carbon-carbon bond formation, molecular rearrangements, and 
chemical transformations.5 In recent years, sulfoxides have also 
been utilized to serve as chiral ligands in enantioselective 
catalysis6 or as tunable directing groups in metal-catalyzed C-H 

bond functionalization reactions.7 

Because of this, a number of reagents and protocols have been 
established to produce sulfoxide analogues,8 mainly including i) 
oxidation of sulfides;8a,9 ii) nucleophilic substitution of sulfinyl 
derivatives with organometallic reagents;10 and iii) recently 
developed trapping of in situ generated sulfenate anions with 

electrophiles;11 Among them, the selective oxidation of thioethers 
is undoubtly the most straightforward and widely applied strategy 
for the synthesis of corresponding sulfoxides. Although a wide 
range of oxidizing systems have been well established and shown 
excellent performance in sulfoxidation, there are still various 
limitations such as the utilization of expensive or heavy metal 
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An efficient and step-economical access to sulfoxides from thiols and alkyl halides in the 
presence of I2O5 and DBU via direct oxidative couplings is described here.  It is the first case 
that combined Williamson sulfide synthesis and subsequent sulfide oxidation into one step 
manipulation for sulfoxides preparation. This protocol features wide substrate scope, mild and 
metal-free conditons, the use of naturally abundant starting materials and avoidance of over-
oxidation. 
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Figure 1. Sulfoxides in marketed pharmaceuticals
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Scheme 1. Representative strategies for the synthesis of sulfoxides
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catalysts, super acidic or basic conditions, unfavorable toxic 

wastes, over-oxidation to sulfones and so on. Hence, the 
development of metal-free, mild, efficient and highly selective 
methods to prepare sulfoxides is still highly desirable.

Recently, iodine pentoxide (I2O5) as a cheap, green, and 
reliable inorganic oxidant has received increasingly attention and 
been successfully applied for metal-free oxidative couplings of 
alkenes with thiols to obtain sulfones (Scheme 2).12 On the other 
hand, the thiols are generally employed as starting materials to 
prepare sulfides by Williamson’s method, which could be easily 
further oxidized to sulfoxides. Nevertheless, so far, the direct 
synthesis of sulfoxides from thiols and halides via a direct 
oxidative coupling process has remained unreported. Herein, we 
wish to report a novel, efficient and step-economical access to 
sulfoxides from thiols and alkyl halides via direct oxidative 
couplings (Scheme 2).

Results and discussion

Initially, 4-methylbenzenethiol (1a) and benzyl chloride (2a) 
were selected as the model substrates to determine the optimized 
reaction conditions for sulfoxide synthesis in the presence of 

I2O5. To our delight, the desired sulfoxide 3aa was isolated in 
60% yield when potassium hydroxide was used as a base in 
acetonitrile at 90 oC (Table 1, entry 1). We next investigated the 
effects of other bases, including K2CO3, KOtBu, Et3N, DBU and 
DMAP. It can be found that KOtBu and K2CO3 both led to 
sharply decreased yields and DBU proved to be the most 
effective to enhance the yield into 84% (Table 1, entry 5). 
Attempt to increase and reduce the amounts of DBU both failed 
to improve the reaction performance (Table 1, entries 7 and 8). 
Further screening of the solvents suggested that toluene was the 
best reaction medium, affording the desired sulfoxide 3aa in 95% 
yield (Table 1, entry 15). The reaction was ineffective in water. 
Nevertheless, it is important to emphasize that alcohols can also 
serve as suitable mediums, albiet with a slightly dropped yield 
without consuming any oxidant. Further increase of the loading 
of I2O5 failed to improve the reaction performance (Table 1, entry 
16). In contrast, decreased yield was found when the loading of 
the oxidant was reduced to 1 equivalent (Table 1, entry 17). The 
reaction temperature was next examined. When the reaction was 
performed at 80oC, only 78% yield of sulfoxide 3aa was isolated. 
When the reaction was carried out at 100oC, the sulfoxide 3aa 
was delivered in 87% yield. Thus, the optimal conditions were 
determined as I2O5 (1.2 equiv.) and DBU (2.0 equiv.) in toluene 
at 90oC.

With the optimal reaction conditions in hand, we next 
investigated the scope and generality of this transformation using 
various benzyl halides and 4-methylbenzenethiol. In general, 
benzyl chlorides bearing either electron-withdrawing or electron-
donating groups on the phenyl rings were suitable for this 
transformation, affording the desired sulfoxides in moderate to 
excellent yields. It should be noted that electron-rich benzyl 
chlorides are more reactive than electron-poor ones, generating 
the corresponding sulfoxides in much higher yields (up to 99% 

S
R1 R2

O
R2SHR1X +

R1
R2 + R3SH

I2O5

DBU, THF

I2O5

DBU, toluene

R1
R2

S
R3

O

O

Previous work (Preparation of sulfones)

This work (Preparation of sulfoxides)

Scheme 2. Preparation of sulfones and sulfoxides via oxidative couplings 
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Table 1. Optimization of the reaction conditionsa

SH
+

Cl I2O5, base

solvent
temp. 8 h

S
O

1a 2a 3aa

Entry Base Solvent Temp./oC Yieldb/%
1 KOH CH3CN 90 60
2 K2CO3 CH3CN 90 10
3 KOtBu CH3CN 90 trace
4 NEt3 CH3CN 90 nd
5 DBU CH3CN 90 84
6 DMAP CH3CN 90 45
7c DBU CH3CN 90 78
8d DBU CH3CN 90 82
9 DBU 1,4-dioxane 90 60
10 DBU ethyl acetate reflux 84
11 DBU THF reflux 89
12 DBU H2O 90 nd
13 DBU MeOH reflux 87
14 DBU EtOH reflux 89
15 DBU toluene 90 95
16e DBU toluene 90 90
17f DBU toluene 90 85
18 DBU toluene 80 78
19 DBU toluene 100 87

a Reaction conditions: 1a (0.5 mmol), 2a (0.5 mmol), I2O5 (1.2 equiv.), base 
(2 equiv.), solvent (2 mL). b Isolated yields. c DBU (1.5 equiv.). d DBU (2.5 
equiv.). e I2O5 (1.5 equiv.). f I2O5 (1 equiv.).

Table 2. Results for oxidative coupling between 4-methylbenzenethiol and 
various alkyl halidesa,b
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3aa, 8h, 95% 3ab, 8h, 79% 3ac, 7h, 97%

3ad, 6h, 99% 3ae, 6h, 98% 3af, 4h, 92%

3ag, 7h, 97% 3ah, 5h, 88% 3ai, 5h, 47%

3aj, 9h, 73% 3ak, 9h, 51% 3al, 9h, 64%
3h, 90%c

3am, 9h, 56%

a Reaction conditions: 1a (0.5 mmol), 2a-m (0.5 mmol), I2O5 (1.2 equiv.), DBU 
(2 equiv.), toluene (2 mL), 90 oC. b Isolated yields. c 4-bromobenzyl bromide was 
used.



yield). Significantly, the halo substituents such as fluoro, chloro, 
and bromo on the benzene ring were well tolerated in this 
oxidative coupling process. The sulfoxides with halo substituents 
are very useful for they can be easily further derivatized by 
means of simple coupling strategies and the likes. It can be found 
that these transformations were seriously affected by the steric 
effect. Especially, steric-demanding ortho-substituted benzyl 
chlorides showed exceptionally high reactivity than para-
substituted ones in those transformations (Table 2, products 3ac, 
3ag and 3aj). When 4-bromobenzyl chloride was replaced by 4-
bromobenzyl bromide to perform the transformation, the yield of 
product 3al was greatly enhanced from 64% to 90% within 3 
hours.

Inspired by the success of the benzyl chlorides, we next 
explored the generality of a variety of thiols. The representative 
results were summarized in Table 3. All the examined aromatic 
and heteroaromatic thiols reacted well and provided the 
corresponding benzyl sulfoxides in yields ranging from 21% to 
98% (Table 3). A majority of aryl thiols with electron-donating 
groups or electron-withdrawing groups exhibited excellent 
reactivities, affording the expected sulfoxides in good to 
excellent yields. Notably, halogens were also tolerable, which 
benefits further functionalization. When heteroaromatic thiols 
such as 2-thiophenthiol, 2-benzothiazolethiol and 3-pyridinethiol 
were investigated, the corresponding sulfoxides still smoothly 
formed, albeit with decreased yields (Table 3, products 3la, 3ma 
and 3na). Besides these aryl thiols, several typical alkyl thiols 
such as cyclohexanethiol, 1-butanethiol and -toluenethiol were 
also selected to perform the transformations under standard 
conditions. Unfortunately, no desired product was observed for 
these thiols even if stronger base such as KOH was utilized.

Several control experiments were further conducted to 
understand the reaction mechanism as shown in eqs1-3 in 
Scheme 3. When the template reaction was carried out in the 
absence of DBU as a base, sulfoxide 3aa was completely not 
detected in the reaction system. Furthermore, when disulfide was 
employed to replace thiol to reacted with benzyl chloride under 
standard reaction conditions, it still failed to give any desired 
sulfoxide 3aa. This result indicated that disulfide, which was 
easily formed by the dimerization of thiyl radical,12 was not a 
reaction intermediate. Nevertheless, benzyl tolyl sulfide did 
successfully afforded the desired sulfoxide 3aa in 87% yield in 
the presence of I2O5. The above results indicated that benzyl tolyl 
sulfide might be a key intermediate in current reaction system.

On the basis of the above results, a tentative reaction pathway 
was proposed in Scheme 4. Initially, the thiols reacted with 
benzyl chlorides in the presence of DBU as a base, producing the 
corresponding sulfides. Then the generated sulfides were 
oxidized to sulfoxides. This suggested pathway was in 
accordance with our preliminary thoughts.

Conclusions

In conclusion, a novel and convenient method has been 
successfully developed for the preparation of sulfoxides through 
direct oxidative couplings between thiols and alkyl chlorides in 
the presence of I2O5 and DBU. This is the first case that 
combined Williamson sulfide synthesis and subsequent sulfide 
oxidation into one step manipulation for sulfoxides preparation. 
A wide range of functionalized benzyl sulfoxides were generated 
in good to excellent yields. The salient features of this protocol 
including metal-free conditions, without super acid or base, 
avoidance of over-oxidation to sulfones, well functional group 
tolerance, and readily available starting materials make this 
transformation extremely attractive.
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Table 3. Results for oxidative coupling between benzyl chloride with 
various thiolsa,b

+
Cl

R
S
O

1b-o 2a 3ba-3oa

R SH
I2O5 (1.2 equiv.)
DBU (2.0 equiv.)
toluene, 90oC

S
O

S
O

3ba,8h, 98%

S
O

Cl

O

O

S
O

S
O

S
O

S
O

S
O

Cl

Br

F F

S
O

S
O

S
O

S

3ca, 8h, 67% 3da, 8h, 90%

3ea, 8h, 56% 3fa, 8h, 43% 3ga, 10h, 74%

3ha, 8h, 80% 3ia, 8h, 87% 3ja, 8h, 64%

3ka, 10h, 64% 3la, 10h, 21%

S
O

S

N

3ma, 10h, 45%

S
O

N

3na, 8h, 50%

a Reaction conditions: 1b-o (0.5 mmol), 2a (0.5 mmol), I2O5 (1.2 equiv.), DBU 
(2 equiv.), toluene (2 mL), 90 oC. b Isolated yields.

I2O5 (1.2 equiv.)

toluene, 90oC, 8 h

SH
+ Cl

S
S

+ Cl
I2O5 (1.2 equiv.)
DBU (2 equiv.)
toluene, 90oC, 8 h

S
O

3aa (0%)

S I2O5 (1.2 equiv.)

toluene, 90oC, 8 h

S
O

3aa (87%)

S
O

3aa (0%)

(1)

(2)

(3)

4a

2a1a

2a

5a

Scheme 3. Control experiments

RSH + ArCH2Cl
DBU

R
S Ar I2O5

R
S Ar
O

Scheme 4. Tentative reaction pathway



Tetrahedron4
References and notes

1. a) Nohara, T.; Fujiwara, Y.; Komota, Y.; Kondo, Y.: Saku, T.; 
Yamaguchi, K.; Komohara, Y.; Takeya, M. Chem. Pharm. Bull. 
2015, 63, 117-121. b) Wyche, T. P.; Piotrowski, J. S.; Hou, Y.; 
Braun, D.; Deshpande, R.; McIlwain, S.; Ong, I. M.; Myers, C. L.; 
Guzei, I. A.; Westler, W. M.; Andes, D. R.; Bugni, T. S. Angew. 
Chem., Int. Ed. 2014, 53, 11583-11586. c) Dini, I.; Tenore, G. C.; 
Dini, A. J. Nat. Prod. 2008, 71, 2036-2037. d) Suwanborirux, K.; 
Charupant, K.; Amnuoypol, S.; Pummangura, S.; Kubo, A.; Saito, 
N. J. Nat. Prod. 2002, 65, 935-937. 

2. a) Nohara, T.; Fujiwara, Y.; E1-Aasr, M.; Ikeda, T.; Ono, M.; 
Nakano, D.; Kinjo, J. Chem. Pharm. Bull. 2017, 65, 209-217. b) 
Di Mola, A.; Peduto, A.; La Gatta, A.; Delang, L.; Pastorino, B.; 
Neyts, J.; Layssen, P.; de Rosa, M.; Filosa, R. Bioorg. Med. Chem. 
2014, 22, 6014-6025. c)  Wu, Z.; Tucker, I. G.; Razzak, M.; 
Medlicott, N. J. J. Pharm. Biomed. Anal. 2009, 49, 1282-1286.

3. a) Surmiak, S. K.; Doerenkamp, C.; Selter, P.; Peterlechner, M.; 
Schäfer, A. H.; Eckert, H.; Studer, A. Chem. Eur. J. 2017, 23, 
6019-6028. b) Numata, M.; Aoyagi, Y.; Tsuda, Y.; Yarita, T.; 
Takatsu, A. Anal. Chem. 2008, 80, 509-509.

4. a) Shin, J. M.; Cho, Y. M.; Sachs, G. J. Am. Chem. Soc. 2004, 
126, 7800-7811. b) Lafon, L. US4927855A. 1990. c) Borges, K. 
B.; Borges, W. D. S.; Pupo, M. T.; Bonato, P. S. J. Pharmaceut. 
Biomed. 2008, 46, 945-952. d) Seltz, L. B.; Bakel, L. A.; Tiehen, 
J.; Gao, D.; Cadnapaphornchai, M. A.; Lum, G.; Ford, D. Thromb. 
Res. 2012, 130, e26-e30.

5. a) Ferńandez-Salas, J. A.; Eberhart, A. J.; Procter, D. J. J. Am. 
Chem. Soc. 2016, 138, 790-793. b) Huang, J.-Y.; Li, S.-J.; Wang, 
Y.-G. Tetrahedron Lett. 2006, 47, 5637-5640. c) Gross, Z.; 
Mahammed, A. J. Mol. Catal. A Chem. 1999, 142, 367-372. d) 
Evans, D. A.; Andrews, G. C.; Sims, C. L. J. Am. Chem. Soc. 
1971, 93, 4956-4957.

6. a) Han, J.; Soloshonok, V.A.; Klika, K.D.; Drabowicz, J.; Wzorek, 
A. Chem. Soc. Rev. 2018, 47, 1307-1350. b) Otocka, S.; 
Kwiatkowska, M.; Madalińska, L.; Kielbasiński, P. Chem. Rev. 
2017, 117, 4147-4181. c) Sipos, G.; Drinkel, E. E.; Dorta, R. 
Chem. Soc. Rev. 2015, 44, 3834-3860. d) Trost, B. M.; Rao, M. 
Angew. Chem. Int. Ed. 2015, 54, 5026-5043.

7. a) Wang, B.; Liu, Y.; Lin, C.; Xu, Y.; Liu, Z.; Zhang, Y. Org. Lett. 
2014, 16, 4574-4577. b) García-Rubia, A.; Fernández-Ibánez, M. 
A.; Gomez, Arrayas, R.; Carretero, J. C. Chem. Eur. J. 2011, 17, 
3567-3570.

8. a) Wojacaynska, E.; Wojaczynski, J. Chem. Rev. 2010, 10, 4303-
4356. b) Li, Y.; Wang, M.; Jiang, X. Acs. Catal. 2017, 7, 7587-
7592. c) Lenstra, D. C.; Vedovato, V.; Flegeau, E. F.; Maydom. J.; 

Willis, M. C. Org. Lett. 2016, 18, 2086-2089. d) Jia, T.; Bellomo, 
A.; Baina, K. EL; Dreher, S. D.; Walsh, P. J. J. Am. Chem. Soc. 
2013, 135, 3740-3743.

9. a) Yoshimura, A.; Nguyen, K. C.; Klasen, S.; Saito, A.; Nemykin, 
V. N.; Zhdankin, V. V. Chem. Commun. 2015, 51, 7835-7838. b) 
Gu, X.; Li, X.; Chai, Y.; Yang, Q.; Li, P.; Yao, Y. Green Chem. 
2013, 15, 357-361. c) Kaczorowska, K.; Kolarska, Z.; Mitka, K.; 
Kowalski, P. Tetrahedron 2005, 61, 8315-8327. d) Bolm, C. 
Coord. Chem. Rev. 2003, 237, 245-256.

10. a) Han, Z.; Krishnamurthy, D.; Grover, P.; Fang, Q.K.; Su, X.; 
Wilkinson, H. S.; Lu, Z.-H.; Mangiera, D.; Senanayake, C. H. 
Tetrahedron 2005, 61, 6386-6408. b) Han, Z.; Krishnamurthy, D.; 
Grover, P.; Wilkinson, H. S.; Fang, Q. K.; Su, X.; Lu, Z.-H.; 
Magiera, D.; Senanayake, C. H. Angew. Chem. Int. Ed. 2003, 42, 
2032-2035. c) Andersen, K. K. Tetrahedron Lett. 1962, 3, 93-95.

11. selected examples, see: a) Zong, L.; Tan, C.-H. Acc. Chem. Res. 
2017, 50, 842-856. b) Wang, L.; Chen, M.; Zhang, J. Org. Chem. 
Front. 2019, 6, 32-35. c) Wang, L.; Chen, M.; Zhang, P.; Li, W.; 
Zang, J. J. Am. Chem. Soc. 2018, 140, 3467-3473. d) Yu, H.; Li, 
Z.; Bolm, C. Org. Lett. 2018, 20, 2076-2079. e) Jia, T.; Zhang, M.; 
McCollom, S. P.; Bellomo, A.; Montel, S.; Mao, J.; Dreher, S. D.; 
Welch, C. J.; Regalado, E. L.; Williamson, R. T.; Manor, B. C.; 
Tomson, N. C.; Walsh, P. J. J. Am. Chem. Soc. 2017, 139, 8337-
8345. f) Jia, T.; Zhang, M.; Jiang, H.; Wang, C. Y.; Walsh, P. J. J. 
Am. Chem. Soc. 2015, 137, 1388713893. g) Zhang, M.; Jia, T.; 
Wang, C. Y.; Walsh, P. J. J. Am. Chem. Soc. 2015, 137, 10346-
10350. h) Gelat, F.; Lohier, J.-F.; Gaumont, A.-C.; Perrio, S. Adv. 
Synth. Catal. 2015, 357, 2011-2016. i) Zong, L.; Ban, X.; Kee, C. 
W.; Tan, C.-H. Angew. Chem. Int. Ed. 2014, 53, 11849-11853.

12. Wang, L.; Yue, H.; Yang, D.; Cui, H.; Zhu, M.; Wang, J.; Wei, 
W.; Wang, H. J. Org. Chem. 2017, 82, 6857-6864.

Supplementary Material

Supplementary material that may be helpful in the review 
process should be prepared and provided as a separate electronic 
file. That file can then be transformed into PDF format and 
submitted along with the manuscript and graphic files to the 
appropriate editorial office.

Click here to remove instruction text...

Graphical Abstract
To create your abstract, type over the instructions in the 
template box below.
Fonts or abstract dimensions should not be changed or altered.

Highlights

 Step-economical synthesis
 Metal-free conditions

 Without super acid or base
 Simple and widely available starting 
materials
 Avoidance of over-oxidation

Metal-free oxidative coupling of alkyl 
chlorides with thiols: an efficient to 
sulfoxides
Qian Liu, Xiaoqian Zhao, Feng Xu and Gaoqiang Li*

(Het)ArSH +
I2O5 (1.2 equiv.)

DBU (2.0 equiv.),
toluene, 90 oC

R X

X= Cl, Br

(Het)Ar
S
O R

Leave this area blank for abstract info.



5

Declaration of interests

☒ The authors declare that they have no known 
competing financial interests or personal 
relationships that could have appeared to influence 
the work reported in this paper.

☐The authors declare the following financial 
interests/personal relationships which may be 
considered as potential competing interests: 


