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Abstract

The reactions of three model compounds (1−3) for cyclic acyl disulfides and cyclic acyl 

selenylsulfides are studied. These compounds were found to be effective precursors for persulfides 

(RSSH) and selenylsulfides (RSeSH) upon reacting with nucleophilic species. They could also act 

as H2S donors when interacting with cellular thiols. The most interesting discovery was the 

generation of RSeSH from compound 3 under mild conditions. Selenylsulfides (RSeSH) are 

expected to be important regulating molecules involved in Sec-related redox signaling. The 

method of producing RSeSH should allow researchers to better understand the chemical biology 

of RSeSH.

Graphical abstract

Persulfides (RSSH) belong to the family of reactive sulfur species, which play regulatory 

roles in redox biology.1 The importance of persulfides was recently recognized due to their 

links to H2S signaling.1 Some studies have revealed that significant levels of persulfides 

naturally exist. For example, cysteine persulfide (CysSSH, ∼1−4 μM) and glutathione 

persulfide (GSSH, up to 150 μM) exist in human and mouse tissues and cells.2 The 

formation of persulfides under physiological conditions can be attributed to several known 

reactions.3 For example, enzymes involved in sulfur metabolism (including cystathionine β-

synthase CBS, cystathionine γ-lyase CSE, and 3-mercaptopyruvate sulfur-transferase 
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3MST) can promote sulfur-transfer reactions or cystine elimination to form persulfides. H2S 

can react with disulfides or S-modified cysteine residues (like nitrosothiols SNO and 

sulfenic acids SOH) to form disulfides. Cysteines may also react with reactive sulfane 

sulfurs, such as hydrogen polysulfides (H2Sn), to form persulfides. From a chemistry point-

of-view, persulfides are highly reactive and unstable molecules, and understanding their 

chemical biology can be challenging due to their instability. In the past several years, 

exploring methods to chemically generate persulfides and study their fundamental chemistry 

have attracted considerable attention. In particular, acyclic acyl disulfides are commonly 

used as persulfide precursors (Scheme 1).4 Acid-mediated hydrolysis (Scheme 1, eq 1) or 

acyl transfer reactions (inter- or intramolecular, Scheme 1, eqs 2 and 3) can convert acyclic 

acyl disulfides to the corresponding persulfides, and further produce H2S in some cases.4 In 

contrast, cyclic acyl disulfides as persulfide or H2S precursors have not been reported. In this 

study, we tested the conversion of cyclic acyl disulfides to persulfides and the mechanisms. 

Their activity as H2S donors was also studied. Moreover, a cyclic acyl selenylsulfide was 

found to be a unique precursor for selenylsulfide (RSeSH), which is a selenol-based 

counterpart of persulfides. Selenylsulfides are expected to be important intermediates in 

sulfur redox processes involving selenocysteine or selenocysteine-containing proteins, but 

their chemistry and properties are still largely unknown. The studies reported here provide a 

facile way to generate persulfide and selenylsulfide model molecules under mild conditions, 

which should allow us to better study their chemical biology.

In previous studies of acyclic acyl disulfides, tertiary thiol derived acyl disulfides (Scheme 

1) were often used as the substrates.4a This is because tertiary thiol derived persulfides are 

believed to have greater stability due to steric hindrance.4d Cyclic acyl disulfides, however, 

are expected to have different reactivity due to their cyclic structures. In our study, two five-

member ring substrates (dithiolane 1 and benzodithiolone 2) were selected as the substrates. 

1 was prepared from penicillamine in three steps (Scheme S1, in Supporting Information 

(SI)). 2 was obtained using the protocol reported in our previous work.5 As amines and 

thiols are common nucleophiles in biological environments, we first tested the reactions of 1 
and 2 with a model amine (n-BuNH2) and a model thiol (n-BuSH). As shown in Scheme 2, 

the reaction between dithiolane 1 and n-BuNH2 was found to be fast (<20 min) and clean in 

most organic solvents such as CH2Cl2, CHCl3, THF, and dioxane, as well as in aqueous 

solutions such as THF/H2O (1:5) or CH3CN/H2O (1:5). A mixture of trisulfide and 

tetrasulfide 4 was obtained in good yield. Clearly, in this process the amine directly attacked 

the carbonyl group and a persulfide intermediate 5 was formed, which could be trapped by 

thiol blocking reagents such as iodoacetamide (Scheme S2, SI). As an unstable species, 5 
easily decomposed to form the polysulfide mixture 4.

The reaction between 1 and n-BuSH was more complicated. When pure organic solvents 

were used as the reaction media, no reaction was observed and only the starting materials 

were recovered. However, when the reaction was carried out in aqueous buffer solutions, we 

obtained two products 6 and 7 in good combined yields (Scheme 3). Presumably the thiol 

was at least partially converted into a more nucleophilic thiolate in buffers and therefore 

facilitated the reaction. The formation of 6 and 7 suggested two possible mechanisms: (a) 

BuSH attacked the sulfur atom next to the carbonyl to form the intermediate 8, which then 
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cyclized to form thiolactone 10 and BuSSH 9. 10 could further react with BuSH to provide 

thioester 6, whose −SH residue could also react with 9 to provide disulfide 7. (b) BuSH 

directly attacked the carbonyl group to form persulfide intermediate 11. Then, BuSH could 

react with either a sulfur atom of 11 to furnish 6 or 7.

To figure out which pathway is more favorable, theoretical calculation was carried out using 

Gaussian packages.6 The calculated relative energies indicated that the first step in both 

pathways A and B is slightly exothermic (−0.88 and −1.54 kcal/mol; see Table S1 in SI). 

However, the step forming 10 from 8 is quite endothermic with an ∼9.8 kcal/mol difference. 

One of the possible explanations is that the formation of a four-membered ring in 10 is 

energetically less favorable. Therefore, pathway B should be more favorable than pathway 

A.

Next we turned to benzodithiolone 2, and its reactions with BuNH2 and BuSH were studied 

(Scheme 4). The fused benzene ring significantly enhanced the stability of the thiolone 

functional group. Compound 2 was found to be completely inert to BuSH. No reaction was 

observed when 2 was treated with BuSH in both organic and aqueous solutions (with or 

without bases). 2 did react with BuNH2, however, at a slower rate. In this process, 

polysulfides 12 could be observed initially. Since the reaction was slow, polysulfides 12 
were further converted into more stable disulfide 13 while the starting material 2 was 

consumed. Overall, disulfide 13 was obtained in an excellent yield with elemental sulfur as 

the byproduct. These results again demonstrate that the five-membered thiolone group can 

effectively react with effective nucleophiles (such as amines) to produce persulfides.

Having demonstrated that cyclic acyl disulfides 1 and 2 can be effective persulfide 

precursors, we turned our attention to their selenyl analogs. Selenocysteine (Sec) is the 21st 

proteinogenic amino acid and found in selenoproteins, many of which are redox enzymes. 

Cys and Sec share many properties, as there are only minor differences between sulfur and 

selenium in terms of electronegativity, ionic radius, and available oxidation states.7 

However, the pKa of the selenol group (∼5.3) in Sec is much lower than the thiol in Cys 

(∼8.3). Sec also has a lower redox potential than Cys (−381 mV vs −180 mV). This means 

Sec is mostly deprotonated at physiological pH and very sensitive to redox regulation. The 

involvement of Sec in sulfur-related redox signaling is an interesting research topic but still 

poorly studied. We envisioned that −SeH could react similarly to −SH with reactive sulfur 

species to form selenylsulfides (−SeSH). We also expected that selenylsulfides could have a 

unique property/function in redox biology. It should be noted that the chemistry and 

properties of RSeSH are largely unknown in literature, except for a few theoretical studies.8 

The prerequisite of studying selenylsulfides is to have a method that can easily generate 

RSeSH under mild conditions. As such, we expected acyl selenylsulfides, such as 

benzothiaselenol-3-one 3, to be the precursors.

Compound 3 was obtained from our previous work on diselenide-based H2S sensors.9 We 

then tested its reactions with BuSH and BuNH2 (Scheme 5). Compound 3 appeared to be 

even more inert than 2 showing no reactivity toward BuSH. Reactions of compound 3 with 

BuNH2 were also found to be slower than in the case of 2. Diselenide 15 and a mixture of 

diselenylsulfides 16 were isolated as the products. The reaction times and ratios of 15/16 
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varied, depending on the solvents used (Table 1). Diselenylsulfides 16 belong to the sulfane 

sulfur family, and their identity was further confirmed by a specific sulfane sulfur probe 

SSP4 (Figure S1 in the SI). We also found diselenylsulfides 16 to be unstable. They slowly 

decomposed to form more stable diselenide 15. Nevertheless, the formation of 15 and 16 
indicated that selenylsulfide 14 was generated in the process. Diselenide 15 could be 

generated directly from 14, or from the decomposition of 16.

To probe the reaction mechanism and further demonstrate the generation of the reactive 

selenylsulfide 14 in this reaction, we attempted to trap 14 using a thiol blocking reagent 

MSBT.10 Interestingly, we obtained 2-mercaptobenzthiazole 18, as well as diselenylsulfides 

16 and diselenide 15, as the major product (Scheme 6). The isolation of 18 indicates that 

MSBT indeed trapped the selenylsulfide intermediate. However, since this reaction is a slow 

process, the trapped product 17 further reacted with 14 to form 16 and its desulfurated 

product 15.

The reaction between 3 and nucleophiles such as amines provides an efficient way to 

generate selenylsulfides (RSeSH). It is also interesting to observe the formation of 

diselenylsulfides (RSeSnSeR) from RSeSH. If Sec-derived selenylsulfide (Sec-SeSH) is 

formed endogenously, the corresponding diselenylsulfides (Sec-Se-Sn-Se-Sec) might be the 

main end products. We suspected that such sulfur-containing species could serve as a 

reserved H2S pool. We then decided to explore the generation of H2S from 16 in the 

presence of endogenous reductants. NADH/NAD+ is a dominant redox regulation system in 

biology.11 As a potent electron donor, NADH participates in many electron-transfer 

processes and functions as a powerful reductant. As NADH is ubiquitous in cells, we 

wondered if NADH could directly react with 16 to produce H2S. Hantzsch ester (HEH) is a 

commonly used model compound of NADH. We then tested the reaction between 16 and 

HEH (Scheme 7). The formation of diselenide 15 and oxidized HEH 19 in almost 

quantitative yields was observed. Moreover, we also carried out a H2S gas trapping 

experiment using the protocol established in our lab. As shown in Figure 1, the reaction 

between HEH and 16 produced obvious H2S gas signals by the standard methylene blue 

(MB) assay. These results suggest selenylsulfides and diselenylsulfides could serve as a 

reserved H2S pool and produce H2S not by enzymatic, but by redox regulation.

Having studied the reactions of compounds 1−3 with nucleophiles such as amines and thiols, 

we wondered if these compounds could function as H2S donors in the presence of cellular 

thiols such as cysteine and glutathione (GSH), as those thiols contain both amine and thiol 

groups in their structures. We then tested their H2S-releasing ability in PBS buffers with the 

treatment of cysteine or GSH. The produced H2S was measured and quantified by the MB 

assay. The results were shown in Figure 2 (for cysteine) and Figure S2 (for GSH). Time-

dependent H2S release from all of these compounds was observed. Compound 1 exhibited 

the strongest H2S release with both cysteine and GSH, which correlated well with its strong 

reactivity toward both BuSH and BuNH2. Compounds 2 and 3 showed much slower and 

weaker H2S release, which could also be attributed to their decreased reactivity toward 

amines and thiols. We also verified the H2S production of 2/3 (in the presence of cysteine 

and GSH) using the H2S gas trapping experiments (Figure S3). Overall these results suggest 

cyclic acyl disulfides such as 1 can be effective thiol-triggered H2S donors while benzene-
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fused cyclic acyl disulfides or selenylsulfides such as 2/3 are very weak donors. The slow or 

weak release of H2S from 2 and 3 could be useful for some biological applications when 

such release profiles are needed.

In summary, we studied the reactions of three model compounds (1−3) of cyclic acyl 

disulfides and cyclic acyl selenylsulfides. These compounds were found to be effective 

precursors for persulfides (RSSH) and selenylsulfides (RSeSH) upon reacting with 

nucleophilic species. They could also act as H2S donors when interacting with cellular 

thiols. The most interesting discovery was the generation of RSeSH from compound 3 under 

mild conditions. Selenylsulfides (RSeSH) are expected to be important regulating molecules 

involved in Sec-related redox signaling. The method of producing RSeSH under mild 

conditions should allow researchers to better understand the chemical biology of RSeSH. 

The studies of other acyl selenylsulfide substrates are currently ongoing in our laboratory.
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Figure 1. 
UV absorption spectra of methylene blue assay. A 0.5 mL aliquot of trapping solution is 

mixed with 0.5 mL of water, 0.5 mL of FeCl3, and 0.5 mL of DMPD and then incubated 

overnight before UV measurements. Black line: the reaction between HEH and 16; red line: 

control (trapping solution only).
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Figure 2. 
Time-dependent H2S release profiles of 1−3 (200 μM) in the presence of cysteine (5 equiv) 

in PBS buffer (pH 7.4, 50 mM).
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Scheme 1. 
Release of H2S from Acyl Disulfides
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Scheme 2. 
Reaction of 1 and nBuNH2
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Scheme 3. 
Reaction of 1 and nBuSH
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Scheme 4. 
Reactions of 2 and nBuSH/nBuNH2
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Scheme 5. 
Reactions of 3 and nBuSH/nBuNH2
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Scheme 6. 
Trapping the Reaction Intermediate by MSBT
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Scheme 7. 
Reaction of 16 and HEH
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Table 1

Formation of 15 and 16 from the Reactions of 3 with BuNH2

entry solvent time yield of 15/16 (%)

1 CH2Cl2 overnight 64/33

2 CHCl3 overnight 53/42

3 EtOAc 4 h 53/38

4 THF 4 h 49/42

5 CH3CN 3 h 95/0

6 THF/PBS overnight 88/0

7 CH3CN/PBS 7 h 88/0
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