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Abstract A coupled catalysis was performed using a riboflavin-derived 
organocatalyst and molecular iodine, which successfully promoted the aerobic 
oxidation of thiols to disulfides under metal-free mild conditions. The 
activation of molecular oxygen occurred smoothly at room temperature 
through the transfer of electrons from the iodine catalysis to the biomimetic 
flavin catalysis, which formed the basis of the green oxidative synthesis of 
disulfides from thiols. 
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    A major challenge in organic synthesis is the development of 
efficient catalytic systems for aerobic oxidations that are carried 
out under environmentally friendly conditions.1 Because 
molecular oxygen is an oxidant that is atom economical, readily 
available, and minimally polluting, significant effort has been 
devoted to achieving catalytic O2-activations for implementing 
oxidations and oxidative transformations. However, most 
catalytic O2-activations have required transition-metal catalysts, 
harsh conditions, additional reagents that generate copious 
amounts of waste, or a combination thereof. Therefore, the 
development of a green and facile approach under metal-free 
mild conditions remains an ongoing challenge.  

    Flavin catalysts, which were developed by mimicking the 
catalytic function of flavoenzymes,2 have been attracting 
increasing attention as organocatalysts3 and photocatalysts4 that 
enable O2 activation.5 Taking inspiration from enzymatic multiple 
catalytic systems, we recently developed a novel strategy for 
performing green aerobic oxidative transformations using 
coupled flavin and iodine catalysis.6 This metal-free dual catalytic 
system was successfully applied to oxidative C-S and C-N bond 
formations (such as those observed during the sulfenylation7 and 
azolation of indole analogues8) as well as oxidative 
heteroaromatic ring formations through dual or multi-step 

aerobic oxidations.9 In this flavin–iodine coupled system, thiols 
are converted into disulfides; however, the in-situ generated 
disulfide intermediates are immediately consumed by successive 
transformations.7a Consequently, a flavin–iodine catalysis system 
has never been applied to the practical synthesis of disulfides, 
although the dual catalytic system would be expected to provide 
green and efficient aerobic oxidation of thiols under metal-free 
mild conditions. 

    Disulfides are used as synthetic intermediates and reagents in 
organic synthesis;10 they are also important in biological11 and 
materials chemistry.12 Among the diverse approaches used for 
the synthesis of symmetrical and unsymmetrical disulfides,13 
aerobic oxidative coupling of simple thiols is recognized as an 
ideal atom-economical and green approach.13b,14 Furthermore, 
we recently reported the photocatalytic synthesis of symmetrical 
and unsymmetrical disulfides via aerobic oxidative coupling of 
thiols under visible light irradiation by using riboflavin 
tetraacetate (1a) as the photo-organocatalyst, which can be 
readily derived from inexpensive and commercially available 
riboflavin (vitamin B2) (Scheme 1A).15 Herein, we report the 
novel aerobic oxidation of thiols via a dual catalytic system by 
using 1a and iodine, thus providing a facile synthesis procedure 
for disulfides under metal-free mild conditions without the need 
for light irradiation (Scheme 1B). 

Marina Okaa 
Ryo Kozakoa 
Hiroki Iida*a  

a  Department of Chemistry, Graduate School of Natural 
Science and Technology, Shimane University, 1060 
Nishikawatsu, Matsue 690-8504, Japan 

iida@riko.shimane-u.ac.jp 

Click here to insert a dedication. 

 

 



Synlett Letter 

Template for SYNTHESIS © Thieme  Stuttgart · New York 2023-03-02 page 2 of 4 

 
Scheme 1  Riboflavin-catalyzed aerobic oxidation of thiols. (A) Photocatalysis 

with 1a. (B) 1a-iodine coupled catalysis. 

    First, we investigated the effects of various flavin catalysts, 
iodine sources, and solvents on the oxidation of 1-octanethiol 
(2a) under air (1 atm, balloon) in MeOH at 26 °C for 4 h (Tables 
1, S1, and S2). Among the various neutral flavins (1 and 4, Figure 
1, 5 mol%)16 and cationic flavinium salts (5–7)17,18 tested in the 
presence of I2 (5 mol%), 1a, which was easily prepared by the 
acetylation of riboflavin (1c),16 successfully promoted the 
oxidation of 2a to afford the corresponding disulfide 3a in 86% 
yield (entry 1, Table 1). Commercially available riboflavin 
tetrabutyrate (1b) showed comparable catalytic activity, 
whereas the poor solubility of the non-protected riboflavin (1c) 
resulted in only a modest yield (entries 2 and 3). Although 
alloxazines bearing an electron-deficient CF3 group have been 
reported for the photocatalyzed dehydrogenation of alcohols,19 
the electron-deficient alloxazine 4 afforded 3a in only 14% yield 
(entry 4). Poor yields were generally obtained from cationic 
flavinium salts 5–7 (entries 5–7), which are known to function as 
efficient organocatalysts for oxygenations.5a The most efficient 
oxidation was carried out in the presence of I2 in t-BuOH (entry 
8).     

Table 1  Optimization of reaction conditions for the aerobic oxidation of 2aa 

 
Entry Flavin I2 (mol%) Yield (%) 
1 1a 5 86 
2 1b 5 82 
3 1c  5 23 
4 4 5 14 
5 5•TfO 5 24 
6 6•TfO 5 72 
7 7•TfO 5 20 
8b 1a 5 91 
9 None 5 10 
10 1a None 2 
11c 1a 5 17d 

a Conditions: 2a (0.5 M), flavin (5 mol%), and I2 (5 mol%) in MeOH, under air (1 
atm, balloon) and in the dark at 26 ˚C for 4 h. The yield was determined by GC 
using biphenyl as an internal standard. b Using t-BuOH as the solvent. c Under N2. d 

Average of two runs. 

 
Figure 1  Structures of flavin and flavinium catalysts. 

     We next investigated the substrate scope of the aerobic 
oxidation of thiols under the optimized reaction conditions 
(Scheme 2). The oxidations of primary and secondary 
alkanethiols 2a and 2b successfully furnished the corresponding 
disulfides 3a and 3b in 97% and 91% yield, respectively. The 
cyclic disulfide 3c was obtained through the intramolecular 
cyclization of 1,4-butanedithiol (2c). The reactions of 
alkanethiols bearing hydroxyl and ester groups also occurred 
smoothly (3d and 3e). Phenylmethanethiol 2f and the related 
methanethiols bearing furyl and thiophenyl groups 2g and 2h 
also gave the desired disulfides 3f–3h in 92–94% yield. Moreover, 
arylthiols bearing either electron-donating or electron-
withdrawing groups 2i–2n could be oxidized to the 
corresponding disulfides 3i–3n in high yield, although the poor 
solubility of 2n afforded a relatively low yield for 3n. The 
previously reported 1a-catalyzed photooxidation system 
required basic conditions (Scheme 1A); thus, acidic substrates 
such as 2q and 2r could not be used.15 To our delight, however, 
the flavin–iodine-catalyzed reaction could tolerate a variety of 
functional groups to produce 3o–3r, which not only included 
basic amino groups but also acidic hydroxy and carboxyl groups.  



Synlett Letter 

Template for SYNTHESIS © Thieme  Stuttgart · New York 2023-03-02 page 3 of 4 

 
Scheme 2  Aerobic oxidation of thiols catalyzed by 1a. a Conditions: 2 (0.5 M), 

1a (5 mol%), and I2 (5 mol%) in t-BuOH under air (1 atm, balloon) and in the 

dark at 26 °C. b 1b was used as the catalyst. cIsolated as the corresponding 

methyl ester after esterification with trimethylsilyldiazomethane. 

    We performed a series of control experiments to gain insights 
into the reaction mechanism. In the absence of flavin 1a, I2, or 
molecular oxygen, the aerobic oxidation of 2a barely occurred, 
thereby suggesting that the reaction is promoted by an aerobic 
process catalyzed by both the flavin and iodine catalysts (entries 
9–11 of Table 1). Subsequently, the effect of light irradiation on 
the catalytic activity was investigated; however, no difference 
was observed between the reactions that occurred in the dark 
and under ambient light (Scheme 3Aa,b). When the reaction was 
carried out in the absence of I2 and under the strong visible light 
irradiation of a white LED, poor yield and selectivity were 
observed (Scheme 3Ac). Unlike the previously reported 
photocatalysis of 1a, which was performed for the aerobic 
oxidation of thiols under basic conditions,15 this study was 
carried out under neutral conditions and was not significantly 
influenced by photocatalysis. 

 
Scheme 3  Control experiments to elucidate the effect of light irradiation and 

in-situ generated H2O2. 

    Based on the experimental results of this study and previous 
reports, we proposed a plausible catalytic cycle for the flavin–
iodine-catalyzed aerobic oxidation of thiols, as shown in Scheme 
4. Thiols are oxidized to disulfides though the formation of 
sulfenyl iodide (RS-I) by using I2, which is accompanied by the 
formation of I-.20,21 Although the cationic flavinium catalyst with 
its relatively higher oxidation ability could directly oxidize the 
thiols to disulfides,7a the neutral flavin 1a did not play an 
important role in the oxidation of thiols without I2 (entry 10 of 
Table 1).22 In this system, the neutral flavin 1a functions as a 
redox catalyst that regenerates I2 by oxidizing I- and is converted 
to the reduced flavin 1ared.6 The in-situ generated 1ared is known 
to react with molecular oxygen and retransforming to flavin 1a 
through the formation of hydroperoxyflavin 1aOOH, which is 
followed by the generation of H2O2.23 To investigate the effect of 
H2O2, oxidation of 2a using H2O2 as an oxidant was examined. In 
the absence of I2, H2O2 could directly oxidize 2a; however, the 
yield (7%) and selectivity (35%) were low (Scheme 3Ba). In 
contrast, the oxidation of 2a occurred smoothly with H2O2 in the 
presence of a catalytic amount of I2 (Scheme 3Bb). This indicates 
that the H2O2 generated in-situ via the flavin catalysis also 
participates in the oxidation of I- to give I2. Thus, the present 
system requires only atmospheric air and discharges 
environmentally benign H2O as a sole byproduct, resulting in a 
green and selective oxidation system.    

 
Scheme 4  Proposed catalytic cycle for the aerobic oxidation of thiols. 
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    In summary, by taking advantage of flavin–iodine-coupled 
organocatalysis, we achieved facile and green synthesis of 
disulfides through the aerobic oxidation of thiols catalyzed by I2 
and a neutral flavin catalyst, such as readily preparable 1a or 
commercially available 1b.24 Flavins 1a and 1b efficiently 
catalyzed the oxidative transformation of I– to I2 through the 
activation of molecular oxygen, which promotes the oxidation of 
thiols to disulfides. While the previously reported 1a-catalyzed 
photooxidation of thiols was carried out by visible light 
irradiation under basic conditions, the combination of 1a with I2 
enabled the oxidation of thiols to not only proceed without light 
irradiation, but also be independent of the acidity of the reaction 
conditions; therefore, this approach could be applied to diverse 
thiols including those bearing amino and carboxyl groups. 
Furthermore, this facile and versatile methodology could be 
applicable to the multi-step and multi-component synthesis of 
diverse sulfur-containing compounds that are of importance in 
biological and medicinal chemistry. It would be also applicable to 
other chalcogenides such as selenium and tellurium. 

Funding Information 
This work was supported in part by JSPS/MEXT KAKENHI (Grant-in-Aid 
for Scientific Research (C), No. 19K05617) and the Electric Technology 
Research Foundation of Chugoku. 

Supporting Information 

Yes 

Primary Data 

No 

References and Notes 

(1) a) Hill, C. L. Nature 1999, 401, 436. b) Simándi, L. I. Advances in 
Catalytic Activation of Dioxygen by Metal Complexes, Kluwer 
Academic Publishers, Dordrecht, The Netherlands, 2002. c) Green 
Oxidation in Organic Synthesis, John Wiley & Sons, 2019. 

(2) a) Bruice, T. C. Acc. Chem. Res. 1980, 13, 256. b) Murahashi, S.-I.; 
Oda, T.; Masui, Y. J. Am. Chem. Soc. 1989, 111, 5002. c) Murahashi, 
S. I. Angew. Chem., Int. Ed. 1995, 34, 2443. 

(3) For the selected examples, see: a) Imada, Y.; Iida, H.; Ono, S.; 
Murahashi, S. I.; J. Am. Chem. Soc. 2003, 125, 2868. b) Imada, Y.; Iida, 
H.; Murahashi, S.-I.; Naota, T. Angew. Chem., Int. Ed. 2005, 44, 1704. 
c) Chen, S.; Foss, Jr, F. W. Org. Lett. 2012, 14, 5150. d) Kotoučová, 
H.; Strnadová, I.; Kovandová, M.; Chudoba, J.; Dvořáková, H.; 
Cibulka, R. Org. Biomol. Chem. 2014, 12, 2137. e) Murahashi, S.-I.; 
Zhang, D.; Iida, H.; Miyawaki, T.; Uenaka, M.; Murano, K.; Meguro, K. 
Chem. Commun. 2014, 50, 10295. 

(4) For the selected examples, see: a) Fukuzumi, S.; Kuroda, S.; Tanaka, 
T. J. Am. Chem. Soc. 1985, 107, 3020. b) Cibulka, R.; Vasold, R.; König, 
B. Chem. -Eur. J. 2004, 10, 6223. c) Muhldorf, B.; Wolf, R. Angew. 
Chem., Int. Ed. 2016, 55, 427. d) Metternich, J. B.; Gilmour, R. J. Am. 
Chem. Soc. 2016, 138, 1040. e) Ramirez, N. P.; König, B.; Gonzalez-
Gomez, J. C. Org. Lett. 2019, 21, 1368. f) Zelenka, J.; Cibulka, R.; 
Roithova, J. Angew. Chem., Int. Ed. 2019, 58, 15412. 

(5) For the reviews, see: a) Iida, H.; Imada, Y.; Murahashi, S.-I. Org. 
Biomol. Chem. 2015, 13, 7599. b) Cibulka, R. Eur. J. Org. Chem. 2015, 
2015, 915. c) König, B.; Kümmel, S.; Svobodová, E.; Cibulka, R. 
Physical Sciences Reviews 2018, 3. 

(6) Ishikawa, T.; Kimura, M.; Kumoi, T.; Iida, H.; ACS Catal. 2017, 7, 
4986. 

(7) a) Ohkado, R.; Ishikawa, T.; Iida, H. Green Chem. 2018, 20, 984. b) 
Iida, H.; Demizu, R.; Ohkado, R. J. Org. Chem. 2018, 83, 12291. c) 
Tanimoto, K.; Ohkado, R.; Iida, H. J. Org. Chem. 2019, 84, 14980. d) 
Jiang, X.; Shen, Z.; Zheng, C.; Fang, L.; Chen, K.; Yu, C. Tetrahedron 
Lett. 2020, 61, 152141. 

(8) Tanimoto, K.; Okai, H.; Oka, M.; Ohkado, R.; Iida, H. Org. Lett. 2021. 
(9) Okai, H.; Tanimoto, K.; Ohkado, R.; Iida, H. Org. Lett. 2020, 22, 8002. 

(10) Pramanik, M.; Choudhuri, K.; Mal, P. Org. Biomol. Chem. 2020, 18, 
8771. 

(11) a) Narayan, M.; Welker, E.; Wedemeyer, W. J.; Scheraga, H. A. Acc. 
Chem. Res. 2000, 33, 805. b) Lee, M. H.; Yang, Z.; Lim, C. W.; Lee, Y. 
H.; Dongbang, S.; Kang, C.; Kim, J. S. Chem. Rev. 2013, 113, 5071. c) 
Nielsen, D. S.; Shepherd, N. E.; Xu, W.; Lucke, A. J.; Stoermer, M. J.; 
Fairlie, D. P. Chem. Rev. 2017, 117, 8094. d) Fass, D.; Thorpe, C. 
Chem. Rev. 2018, 118, 293. 

(12) a) Gronbeck, H.; Curioni, A.; Andreoni, W. J. Am. Chem. Soc. 2000, 
122, 3839. b) Cui, H.-K.; Guo, Y.; He, Y.; Wang, F.-L.; Chang, H.-N.; 
Wang, Y.-J.; Wu, F.-M.; Tian, C.-L.; Liu, L. Angew. Chem., Int. Ed. 2013, 
52, 9558. 

(13) a) Witt, D. Synthesis 2008, 2491. b) Mandal, B.; Basu, B. RSC 
Advances 2014, 4, 13854. 

(14) a) Abdel-Mohsen, H. T.; Sudheendran, K.; Conrad, J.; Beifuss, U. 
Green Chem. 2013, 15, 1490. b) Dou, Y.; Huang, X.; Wang, H.; Yang, 
L.; Li, H.; Yuan, B.; Yang, G. Green Chem. 2017, 19, 2491. c) Qiu, X.; 
Yang, X.; Zhang, Y.; Song, S.; Jiao, N. Org. Chem. Front. 2019, 6, 2220. 
d) Song, L.; Li, W.; Duan, W.; An, J.; Tang, S.; Li, L.; Yang, G. Green 
Chem. 2019, 21, 1432. 

(15) Oka, M.; Katsube, D.; Tsuji, T.; Iida, H.; Org. Lett. 2020, 22, 9244. 
(16) Müller, F.; Donald, B. M.; Lemuel, D. W.; in Methods Enzymol., Vol. 

Volume 18, Part 2, Academic Press, 1971, pp. 453. 
(17) Ménová, P.; Dvořáková, H.; Eigner, V.; Ludvík, J.; Cibulka, R. Adv. 

Synth. Catal. 2013, 355, 3451. 
(18) Sakai, T.; Kumoi, T.; Ishikawa, T.; Nitta, T.; Iida, H. Org. Biomol. Chem. 

2018, 16, 3999. 
(19) Tolba, A. H.; Vávra, F.; Chudoba, J.; Cibulka, R. Eur. J. Org. Chem. 

2020, 2020, 1579. 
(20) Goto, K.; Holler, M. Chem. Commun. 1998, 1915. 
(21) Bettanin, L.; Saba, S.; Galetto, F. Z.; Mike, G. A.; Rafique, J.; Braga, A. 

L. Tetrahedron Lett. 2017, 58, 4713. 
(22) Similar neutral riboflavin derivatives were applied to the oxidation 

of thiols without photoirradiation or the iodine catalyst, but the 
reaction rate was very slow. a) Loechler, E. L.; Hollocher, T. C. J. Am. 
Chem. Soc. 1975, 97, 3235. b) Loechler, E. L.; Hollocher, T. C. J. Am. 
Chem. Soc. 1980, 102, 7312. 

(23) Kamel, C.; Chan, T. W.; Bruice, T. C. J. Am. Chem. Soc. 1977, 99, 7272. 
(24) Typical Procedure for the Catalytic Aerobic Oxidation of 2a. A 

mixture of 2a (73.1 mg, 0.50 mmol), 1a (13.6 mg, 0.025 mmol), I2 
(6.35 mg, 0.025 mmol), and t-BuOH (1.0 mL) was stirred at 26 ˚C 
(water bath) for 8 h under air (1 atm, balloon) in the dark. The 
solvent was removed using evaporation and the residue was 
purified via column chromatography (SiO2, chloroform) to obtain 
3a (70.7 mg, 97%) as a colorless oil; the results have been 
summarized in Scheme 2. Characterization data of the products are 
described in the Supporting Information. 

 
 
 
 
 
 
 
 
 
 
 
 
 

 


	表紙
	Iida_rev
	Green Aerobic Oxidation of Thiols to Disulfides by Flavin–Iodine Coupled Organocatalysis


