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. We report herein a visible light sensitizer-catalyzed aerobic oxidation of thioethers, affording sulfoxides

. in good to excellent yields. The loading of the catalyst was as low as 0.1 mol%. The selectivity was
excellent. Mechanism studies showed both singlet oxygen and superoxide radical anion were likely
involved in this transformation.

Sulfoxides are important fragments in organic synthesis'~ and biologically active molecules®, including com-
. mercialized medicines®’ and antiseptics®. Oxidation of thioethers into sulfoxides was the most straightforward
. pathway for the synthesis of sulfoxides®!!. Several methods in this field were developed during the past decades,
© including hydrogen peroxide oxidation'*"'4, metal complexes-catalyzed oxidation'>-?, organocatalytic oxida-
© tion?!, photo oxidation?*?, etc. However, stoichiometric external organic or inorganic oxidants were generally
. required in those reactions. Thus, a large amount of environmentally unfavorable wastes were generated during
. the production of sulfoxides. Another issue of those methods were the low selectivity between sulfoxides and
© over-oxidized by-product sulfones in many cases'%. Although some catalytic system showed high selectivity, but
© the catalyst was too expensive to practical applications!>!”. With the consideration of “Green Chemistry”, an
. environmentally friendly, energy-saving, atom-economical, and highly selective oxidation from thioethers to
sulfoxides is required.
: Visible light has attracted wide attentions with its clean and abundant advantages. Outstanding works by
. MacMillan et al. showed the utilizations of visible light in organic reactions®®. Two typical pathways normally
. proceeded in visible light catalysis: electron transfer and energy transfer. Ru or Ir complexes*-** and some
. heteroatom-containing metal-free organic dyes*-*%, which trend to grab or donate an electron in its excited state,
© are often used as the electron transfer catalyst. On the other hand, some rigid and conjugated organic com-
. pounds®-*, which can absorb visible light photon but are not capable of grabbing or donating electrons, could
. be used as energy transfer catalyst. Selective oxidations of thioethers into sulfoxides catalyzed by visible light
: photo catalysts have been widely studied?*~?’. Those reactions could also be classified to electron transfer pro-
. cess and energy transfer process as mentioned above (Fig. 1). In electron transfer process, superoxide ion (O,~)
. was the key oxidative intermediate?”. Recently, Chao and Zhao reported a visible light-induced photo oxidation
. of thioethers using a dinuclear Ru-Cu complex as the catalyst?. While in energy transfer process, oxygen was
directly excited to its singlet state (*O,) which served as the predominant oxidative species®. Notably, Vitamin B,
- Derivative could achieve this reaction via both electron transfer process and energy transfer process?’. Although
. visible light-induced selective oxidations of thioethers into sulfoxides under aerobic conditions have been
: reported, these reactions normally required expensive photo-catalysts with relatively high loading. Reactions
* with higher efficiency and lower cost were still required. Based on our continuous interest in photo oxidation
. reactions**~*2, we decided to investigate whether thioxanthone derivatives would be an effective energy transfer
catalyst in thioethers oxidation. Herein, we wish to report our recent results on visible light sensitizer-catalyzed
aerobically selective oxidation of thioethers into sulfoxides.
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Figure 1. Photo oxidation of thioethers into sulfoxides.
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Purple LED 9 0 O Q 3R
S Catalyst (1) S, g\ S
air (1 atm), solvent, rt ©/ ©/5 1a,R=H
1b, R = 2-Cl

2a 3a 4a 1c, R=4-Ph

1d, R = 2-OMe
1e, R = 1,4-dihydroxy

1 toluene 1a(5) 4.5 55 7 0 —

2 THF 1a (5) 45 75 4 0 -

3 CH;NO, la (5) 4.5 25 2 0 —

4 cyclohexane 1a (5) 45 53 12 0 —

5 CH,CL, 1a (5) 45 55 20 0 -

6 EA la(5) 4.5 36 22 0 —

7 acetone la(5) 4.5 34 41 0 —

8 CH,CN la (5) 4.5 0 83 4 95:1

9 CH,;0H 1a(5) 45 0 95 3 97:1
10 CH,;0H 1b (5) 5 0 93 1 99:1
11 CH,0H 1c (5) 5 0 99 <1 | >991
12 CH;0H 1d (5) 55 0 94 1 99:1
13 CH,0H 1e (5) 45 22 3 0 -

14 CH;0H 1c(1) 5 0 99 1 99:1
15 CH,0H 1c(0.1) 5 0 99 (93) <1 | >991
16 CH,;0H 1c(0.01) 5 16 78 0 —

17 CH;0H — 5 77 1 0 —

18¢ CH,0H 1c (0.1) 5 78 0 -
19%¢ CH,OH 1c(0.1) 5 76 0 -

Table 1. Optimization of the reaction conditions®. *All reactions were carried out using 2a (1 mmol) and
catalyst in solvent (5mL) irradiated by a purple LED light at rt under air atmosphere®. The yield was determined
by 'H NMR (400 MHz) analysis of the crude reaction mixture employing CH,Br, (1 mmol) as the internal
standard®. Isolated yield of 3a%. The reaction was carried out without light®. The reaction was carried out at
50°C.

Results and Discussion

Optimization and scope investigation. In the beginning, methyl phenyl thioether (2a) was chosen as the
model substrate. The initial attempt was conducted under oxygen atmosphere at rt using 5 mol% of thioxanthone
(1a) as the catalyst, toluene as the solvent and purple LED as the light source. A 7% NMR yield of methyl phenyl
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Figure 2. Photo oxidation under Condition A®. *All reactions were carried out using 2 (1 mmol) and 1¢
(0.1 mol%) in CH;0H (5mL) irradiated by a purple LED light at rt under air atomsphere. Isolated yield was
reported.

sulfoxide (3a) was formed with 55% of 2a recovered (entry 1, Table 1). The low recovery was mainly caused by
the loss during the process of rotary evaporation, since the boiling point of 2a was low. Encouraged by the initial
result, a screening of solvents was carried out. Only trace amount of 3a was afforded when THF or CH;NO, was
used as the solvent (entries 2 and 3, Table 1). When cyclohexane, CH,Cl,, ethyl acetate (EA) or acetone was tested,
the yield of 3a was slightly increased (entries 4-7, Table 1). A dramatic improvement of the yield was observed
using CH;CN as the solvent (entry 8, Table 1). But on the other hand, over oxidized product, methyl phenyl
sulfone (4a), was also generated in a 4% NMR yield. The reaction in CH;OH gave an excellent yield of 3a with
increased selectivity of 3a/4a (entry 9, Table 1). Thus, CH;OH was chosen as the best solvent. Next, modifications
of thioxanthone derivatives were conducted aiming at promoting efficiency and selectivity. Thioxanthone deriv-
atives were synthesized by the coupling of iodine compound with thiosalicylic acid followed by Friedel-Crafts
reaction®. Reaction employing 2-chloro-thioxanthone (1b) showed better selectivity but lower yield (entry 10,
Table 1). When 4-phenyl-thioxanthone (1c) was used as the catalyst, the reaction gave a 99% NMR yield of 3a
with the ratio of 3a:4a being more than 99:1 (entry 11, Table 1). Then methoxy group was attached at 2-position
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Figure 3. Gram scale synthesis of 3o.

] [NJ (1 equiv.) s X+ (1 equiv.) s
“OO T (;O . )
10, quenching X 0, quenching

3l Condition A, 15 h 3l Condition A, 15 h 3l
90% recovered 95% recovered

Figure 4. Quenching experiments.

of thioxanthone, but showed lower efficiency than 1c (entry 12, Table 1). 1,4-Dihydroxy-thioxanthone (1e) was
proved to be unfeasible in this transformation probably due to its low solubility (entry 13, Table 1). Thus, 1c was
chosen as the best catalyst. To our delight, decreasing the amount of 1c till 0.1 mol% still gave excellent yield and
selectivity (entries 14 and 15, Table 1). Further reducing the amount of 1c to 0.01 mol% led to a sharply decreased
yield (entry 16, Table 1). Finally, a series of control experiments were carried out indicating both catalyst and light
was necessary for this reaction (entries 17 and 18, Table 1). Furthermore, considering the thermal effect caused
by the purple LED light, the reaction was carried out at 50 °C without light. The result validated that no reaction
took place at all even heated (entry 19, Table 1). Thus, Condition A (0.1 mol% of 1c¢, CH;OH, purple LED, air
atmosphere, and rt) was chosen as the optimized condition for further studies.

With the optimized reaction condition in hand, the scope of this oxidation was examined carefully. Some
typical results are summarized in Fig. 2. Firstly, the electron effect of the aryl group in methyl aryl thioether was
studied (3a-k). Excellent to good yields were obtained for methyl o-, m- or p-methoxyphenyl thioether (3b-d).
Methyl 4-methylphenyl sulfoxide (3e) was formed in good yield from the corresponding reactant. In cases of
substrates with halogen atom, excellent yields were obtained (3f-h). Substrates with strong electron withdrawing
groups, like formyl (3i), methoxy carbonyl (3j), and nitrile (3k), were also tolerant in this reaction. When naph-
thyl ring was used instead of phenyl ring, a 94% isolated yield of methyl 2-naphthyl sulfoxide (31) was generated.
Secondly, we focused on the influence of alkyl group. Ethyl (3m) or cyclopropyl (3n) were applied instead of
methyl. The corresponding yields were nice. Thirdly, diaryl thioether was also tolerant in this reaction, giving
the corresponding sulfoxide (30) in excellent yield and selectivity. Finally, aliphatic thioethers were examined.
Di-n-butyl thioether led to an excellent yield of 3p, while tetrahydro-2H-thiopyran and tetrahydrothiophene
resulted in slightly lower yields of 3q and 3r, respectively. Scale-up reaction was also conducted using 20 (Fig. 3)
under Condition A. 95% of 30 was afforded. This result showed the potential in organic synthesis.

Mechanism studies. To gain insight into the reaction mechanism, singlet oxygen quencher
1,4-diazabicyclo[2.2.2]octane (4)* and superoxide radical anion quencher N-fert-Butyl-1-phenylmethanimine
oxide (5)*>6 were added into the reaction system (Fig. 4), respectively. Severe inhibitions were observed in both
cases. These results clearly indicated that both singlet oxygen and superoxide radical anion were likely involved
in this transformation.

Based on the experiment results above and literature precedents*#?*?’, a possible mechanism was proposed as
shown in Fig. 5. 1¢ was excited upon the visible light irradiation and then sensitized oxygen to its singlet state**
which is more oxidative than normal triplet oxygen. Singlet oxygen could grab one electron from the lone pair
electron of thioether 2, forming thioether radical cation 6 and superoxide radical anion”. Then 6 could react with
superoxide radical anion to give intermediate 7%’. 7 and another molecule of 2 further furnished 3 as the final
product?.

Conclusions

In conclusion, we developed a visible light sensitizer-catalyzed highly selective oxidation from thioethers
into sulfoxides under aerobic condition. This reaction employed visible light as limitless energy source and
4-phenyl-9H-thioxanthen-9-one (1c) as metal-free catalyst with the loading as low as 0.1 mol%. This reaction
showed high efficiency and selectivity with broad functional group tolerance. Gram-scale reaction could also be
achieved under optimized conditions in nice yield and excellent selectivity. Mechanism studies indicated that
both singlet oxygen and superoxide radical anion were likely involved in this transformation via energy transfer
between visible light sensitizer and oxygen. Further applications of this reaction are in progress in our group.
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Methods

Synthesis of methyl phenyl sulfoxide (3a). A solution of 1c (10 mg, 0.03 mmol) in CH;0H (100 mL)
was prepared prior to use. 2a (124 mg, 1.0 mmol), 1¢ (3 mL, 0.1 mg/mL, 0.001 mmol), and CH;OH (2mL) were
added to a schlenk bottle which was equipped with a magnetic stirrer. The mixture was irradiated by a purple
LED at rt under air atmosphere. The photoreaction was completed after 5hours as monitored by TLC (eluent:
petroleum ether/ethyl acetate =10/1). The solvent was removed and the residue was purified by flash column
chromatography on silica gel (eluent: petroleum ether—petroleum ether/ethyl acetate =20/1—10/1—1/1) to
afford 3a'® as a solid (130 mg, 93%); 'H NMR (400 MHz, CDCl;) 6 7.68-7.63 (m, 2 H), 7.57-7.47 (m, 3H), 2.72
(s, 3H).

References

1

4.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

. Mensah, E. J., Karki, M. & Magolan, J. Dimethyl sulfoxide as a synthon in organic chemistry. Synthesis. 48, 1421-1436 (2016).
2.
3.

Wu, X. E. & Natte, K. The applications of dimethyl sulfoxide as reagent in organic synthesis. Adv. Synth. Catal. 358, 336-352 (2016).
Carrefio, M. C., Hernandeztorres, G., Ribagorda, M. & Urbano, A. Enantiopure sulfoxides: recent applications in asymmetric
synthesis. Chem. Commun. 41, 6129 (2009).

Ferber, B. & Kagan, H. B. Metallocene Sulfoxides as precursors of metallocenes with planar chirality. Adv. Synth. Catal. 38, 493-507
(2007).

. Legros, J. X. ], Dehli, R. & Bolm, C. Applications of catalytic asymmetric sulfide oxidations to the syntheses of biologically active

sulfoxides. Adv. Synth. Catal. 347, 19-31 (2005).

. Shin, J. M., Cho, Y. M. & Sachs, G. Chemistry of covalent inhibition of the gastric (H, K™)-atpase by proton pump inhibitors. J. Am.

Chem. Soc. 126, 7800-7811 (2004).

. Zeng, Q. Gao, S. & Chelashaw, A. K. Advances in titanium-catalyzed synthesis of chiral sulfoxide drugs. Mini-Rev. Org. Chem. 10,

198-206 (2013).

. Tarrand, J. J., Lasala, P. R., Han, X. Y., Rolston, K. V. & Kontoyiannis, D. P. Dimethyl sulfoxide enhances effectiveness of skin

antiseptics and reduces contamination rates of blood cultures. J. Clin. Microbiol. 50, 1552-1557 (2012).

. Kowalski, P, Mitka, K., Ossowska, K. & Kolarska, Z. Oxidation of sulfides to sulfoxides. Part 1: oxidation using halogen derivatives.

Tetrahedron. 61, 1993-1953 (2005).

Kaczorowska, K., Kolarska, Z., Mltka, K. & Kowalski, P. Oxidation of sulfides to sulfoxides. Part 2: oxidation by hydrogen peroxide.
Tetrahedron. 61, 8315-8327 (2005).

Fernandez, I. & Khiar, N. Recent developments in the synthesis and utilization of chiral sulfoxides. Chem. Rev. 103, 3651-3706
(2003).

Liao, S., Cori¢, 1., Wang, Q. & List, B. Activation of H,0, by chiral confined brensted acids: a highly enantioselective catalytic
sulfoxidation. J. Am. Chem. Soc. 134, 10765-10768 (2012).

Marsh, B. J. & Carbery, D. R. Chemoselective sulfide oxidation mediated by bridged flavinium organocatalysts. Tetrahedron Lett. 51,
2362-2365 (2010).

Sreedhar, B., Radhika, P., Neelima, B., Hebalkar, N. & Mishra, A. K. Selective oxidation of sulfides with H,0O, catalyzed by silica-
tungstate core-shell nanoparticles. Catal. Commun. 10, 39-44 (2008).

Zhao, L., Zhang, H. & Wang, Y. Dirhodium (II)-catalyzed sulfide oxygenations: catalyst removal by coprecipitation with sulfoxides.
J. Org. Chem. 81, 129-136 (2016).

Gogoi, S. R. et al. Peroxoniobium (V)-catalyzed selective oxidation of sulfides with hydrogen peroxide in water: a sustainable
approach. Catal. Sci. Technol. 5,595-610 (2015).

Liao, S. & List, B. Asymmetric counteranion-directed iron catalysis: a highly enantioselective sulfoxidation. Adv. Synth. Catal. 354,
2363-2367 (2012).

Kamata, K., Hirano, T. & Mizuno, N. Highly efficient oxidation of sulfides with hydrogen peroxide catalyzed by SeO,{Wo(O,),}?*".
Chem. Commun. 3958 (2009).

Yang, C. et al. Tetra-(tetraalkylammonium)octamolybdate catalysts for selective oxidation of sulfides to sulfoxides with hydrogen
peroxide. Green Chem. 11, 1401-1405 (2009).

SCIENTIFICREPORTS | (2018) 8:2205 | DOI:10.1038/s41598-018-20631-7 5



www.nature.com/scientificreports/

20. Jain, S. L. & Sain, B. An efficient approach for immobilizing the oxo-vanadium schiff base onto polymer supports using staudinger
ligation. Adv. Synth. Catal. 350, 1479-1483 (2008).

21. Murahashi, S. L. et al. Flavin-catalyzed aerobic oxidation of sulfides and thiols with formic acid/triethylamine. Chem. Commun. 50,
10295-10298 (2014).

22. Nevesely, T., Svobodova, E., Chudoba, J., Sikorski, M. & Cibulka, R. Efficient metal-free aerobic photooxidation of sulfides to
sulfoxides mediated by a vitamin B, derivative and visible light. Adv. Synth. Catal. 358, 1654-1663 (2016).

23. Chao, D. B. & Zhao, M. Y. Robust cooperative photo-oxidation of sulfides without sacrificial reagent under air using a dinuclear
Ru''-Cu'! assembly. ChemSusChem. 10, 3358-3362 (2017).

24. Li, W, Xie, Z. & Jing, X. Bodipy photocatalyzed oxidation of thioanisole under visible light. Catal. Commun. 16, 94-97 (2011).

25. Gu, X. et al. A Simple metal-free catalytic sulfoxidation under visible light and air. Green Chem. 15, 357-361 (2013).

26. Dad’Ov4, J. et al. Photooxidation of sulfides to sulfoxides mediated by tetra-O-acetylriboflavin and visible light. ChemCatChem. 4,
620-623 (2012).

27. Baciocchi, E. et al. Photoinduced electron transfer reactions of benzyl phenyl sulfides promoted by 9,10-dicyanoanthracene.
Tetrahedron. 53, 4469-4478 (1997).

28. Prier, C. K,, Rankic, D. A. & MacMillan, D. W. C. Visible light photoredox catalysis with transition metal complexes: applications in
organic synthesis. Chem. Rev. 113, 5322-5363 (2013).

29. Hari, D. P. & Kénig, B. The photocatalyzed neerwein arylation: classic reaction of aryl diazonium salts in a new light. Angew. Chem.
In. Ed. 52, 4734-4743 (2013).

30. Xuan, J. & Xiao, W. Visible-light photoredox catalysis. Angew. Chem. In. Ed. 51, 6828-6838 (2012).

31. Narayanam, J. M. & Stephenson, C. R. Visible light photoredox catalysis: applications in organic synthesis. Chem. Soc. Rev. 40,
102-113 (2011).

32. Yoon, T. P, Ischay, M. A. & Du, J. Visible light photocatalysis as a greener approach to photochemical synthesis. Nat. Chem. 2, 527
(2010).

33. Ahmad, W,, Zaheer, M. R., Gupta, A. & Igbal, J. Photodegradation of trimeprazine triggered by self-photogenerated singlet
molecular oxygen. J. Saudi Chem. Soc. 20, 543-546 (2016).

34. Konig, B. Photocatalysis in organic synthesis-past, present, and future. Eur. J. Org. Chem. 3358-3362 (2017).

35. Romero, N. A. & Nicewicz, D. A. Organic photoredox catalysis. Chem. Rev. 116, 10075 (2016).

36. Ma, . et al. Photocatalytic degradation of gaseous benzene with H;PW ,0,,/TiO,/palygorskite composite catalyst. J. Saudi Chem.
Soc. 21, 132-142 (2017).

37. Poplata, S., Troster, A., Zou, Y. & Bach, T. Recent advances in the synthesis of cyclobutanes by olefin [2+42] photocycloaddition
reactions. Chem. Rev. 116, 9748-9815 (2016).

38. Alonso, R. & Bach, T. A chiral thioxanthone as an organocatalyst for enantioselective [2+2] photocycloaddition reactions induced
by visible light. Angew. Chem. In. Ed 53, 4368 (2014).

39. Troster, A., Alonso, R., Bauer, A. & Bach, T. Enantioselective intermolecular [2+2] photocycloaddition reactions of 2(1H)-
Quinolones induced by visible light irradiation. J. Am. Chem. Soc. 138, 7808-7811 (2016).

40. Zhang, Y. et al. Eosin Y-catalyzed photooxidation of triarylphosphines under visible light irradiation and aerobic conditions. RSC
Adv. 7, 13240-13243 (2017).

41. Ding, A. et al. Catalyst-free photooxidation of triarylphosphines under aerobic conditions. J. Saudi Chem. Soc. 19, 706-709 (2015).

42. Sun, J. et al. Photoinduced HBr-catalyzed C-Si bond cleavage of benzylsilanes and their subsequent oxidation into benzoic acids with
air as the terminal oxidant. Org. Chem. Front. 1,1201-1204 (2014).

43. Safraz, K., Panlo, L. B., Vladimir, A. K., Edwin, M. S. & Mikhail, S. S. Synthesisi of s-pixyl derivatives for mass spectrometric
applications. Synlett. 16, 2453-2456 (2005).

44. Guo,]. T, Yang, D. C., Guan, Z. & He, Y. H. Chlorophyll-catalyzed visible-light-mediated synthesis of tetrahydroquinolines from N,
N-dimethylanilines and maleimides. J. Org. Chem. 82, 1888-1894 (2017).

45. Kim, S. et al. Fast reactivity of a cyclic nitrone-calix4pyrrole conjugate with superoxide radical anion: theoretical and experimental
studies. J. Am. Chem. Soc. 132, 17157-17173 (2010).

46. Liu, Y. et al. Effect of the phosphoryl substituent in the linear nitrone on the spin trapping of superoxide radical and the stability of
the superoxide adduct: combined experimental and theoretical studies. J. Org. Chem. 71, 7753-7762 (2006).

Acknowledgements
We greatly acknowledge the financial support from International Science & Technology Cooperation Program
of China (2014DFE40130).

Author Contributions

Conceived and designed the experiments: Yong Hu and Hao Guo. Performed the experiments: Cong Ye, Yanbin
Zhang and Aishun Ding. Analyzed the data: Cong Ye, Yanbin Zhang and Aishun Ding. Contributed reagents/
materials/analysis tools: Aishun Ding and Hao Guo. Wrote the paper: Cong Ye, Yanbin Zhang and Hao Guo.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-20631-7.

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS | (2018) 8:2205 | DOI:10.1038/s41598-018-20631-7 6


http://dx.doi.org/10.1038/s41598-018-20631-7
http://creativecommons.org/licenses/by/4.0/

	Visible light sensitizer-catalyzed highly selective photo oxidation from thioethers into sulfoxides under aerobic condition ...
	Results and Discussion

	Optimization and scope investigation. 
	Mechanism studies. 

	Conclusions

	Methods

	Synthesis of methyl phenyl sulfoxide (3a). 

	Acknowledgements

	Figure 1 Photo oxidation of thioethers into sulfoxides.
	Figure 2 Photo oxidation under Condition Aa.
	Figure 3 Gram scale synthesis of 3o.
	Figure 4 Quenching experiments.
	Figure 5 Proposed mechanism.
	Table 1 Optimization of the reaction conditionsa.




