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ABSTRACT: A rhodium-catalyzed sulfur insertion reaction into unprotected peptide disulfides in aqueous solvents has been devel-
oped, which yields mixtures of trisulfides and tetrasulfides. This method can be applied to peptides containing amino acids such as 
Gly, Phe, Tyr, Ser, Met, Asp, Gln, and Lys, and provides polysulfides with various amino acid residues without being affected by 
functional groups. A reaction can be conducted on a gram scale. Vasopressin can also be converted into its corresponding polysulfides.

Diverse chemical structures of organosulfur compounds con-
taining sulfur atoms with redox states between –2 and +6 are 
distributed in nature, which exhibit various chemical reactivi-
ties.1 An interesting property of sulfur is its ability to undergo 
catenation to form polysulfides, and sulfur S8 with an eight-
membered ring structure is a well-known example. It has be-
come evident with the progress of analytical technology that 
polysulfides formed by sulfur catenation are common in biolog-
ical systems. Peptides and proteins containing polysulfides oc-
cur in cells as sulfur metabolites, which are collectively called 
supersulfides, and their functions in cell signaling involving hy-
drogen sulfide H2S and iron–sulfur cluster have attracted much 
interest.2,3 Recently, it has also been suggested that supersul-
fides are responsible for energy metabolism (sulfur respiration) 
in mitochondria.3 

Unlike disulfides, which have electrophilic sulfur atoms, the 
multiple sulfur atom groups in a polysulfide (RSSnSR) are rel-
atively unstable in living cells and react with coexisting nucle-
ophiles, electrophiles, and reducing/oxidizing reagents, result-
ing in migration, recombination, catenation, reduction, and ox-
idation. For example, a polysulfide in water under basic condi-
tions exists in equilibrium with polysulfide thiolates (GSS–) and 
sulfenic acids (GSOH). The former reacts with acids and elec-
trophiles E+ to give polysulfide thiols (RSSH) and unsymmet-
rical disulfides (GSSE), respectively, and the latter react with 

thiols to give disulfides (GSSR) and water.4 The chemical reac-
tivity of polysulfides is affected by environmental conditions 
such as pH, temperature, and medium. In living cells, polysul-
fide thiols formed from polysulfides, play a pivotal role in cell 
signaling.2 It is therefore necessary to understand the chemical 
and biological properties of synthetic peptide polysulfides, and 
synthetic organic chemistry can be important as a means of sup-
plying diverse compounds in large quantities; this however, has 
not  been extensively studied. 

Bis(2-amino-2-carbonylethyl) trisulfide was obtained by hy-
drolysis of wool and other proteins.5a Cystine and glutathione 
polysulfides were synthesized in Tris-HCl buffer (pH 7.4) in the 
presence of iodine by the oxidative reaction of cysteine/gluta-
thione thiols with NaSH.2a It has, however, been observed that 
residual iodide compounds cannot be easily removed  com-
pletely and can promote decomposition of polysulfide peptides. 
A protected cysteine derivative was reacted with sulfur (10 
equivalents) in EtOH/CHCl3/CS2/NH4OH (v/v = 4.5/5/2/2) at 
pH 10, and a protected trisulfide among several polysulfides 
was isolated by HPLC, although its yield was not reported.5b A 
general method of synthesizing peptide polysulfides from un-
protected peptides is desired, one that does not use a H2S deriv-
ative under iodine oxidation condition. 
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Table 1. Rhodium-catalyzed sulfur insertion reaction into disulfide of Gly–Cys–Gly 1a

 

Entry Conditions Yield of 3a Yield of 4a Yield of 5a DS 
1 Use of S8 (1.0 equiv. atom) 30%b 22%b 8%a 98% 

2 Use of S8 (2.0 equiv. atom) 31%b 27%b 7%a 53% 

3 Use of S8 (0.5 equiv. atom) 40%b 20%b n.d.c 80% 
4 THF n.d.c n.d.c n.d.c - 
5 DMSO n.d.c n.d.c n.d.c - 

6a DMSO:H2O = 7:3 16% 4% trace 24% 

7a DMF:H2O = 7:3 35% 10% 2% 61% 

8a acetone:H2O = 7:3 24% 13% n.d.c 50% 

9a CH3CN:H2O = 7:3 22% trace n.d.c 22% 

10a EtOH:H2O = 7:3 9% 8% n.d.c 25% 

11a 1,4-dioxane:H2O = 7:3 10% trace n.d.c 10% 

12a Without RhH(PPh3)4 n.d.c n.d.c n.d.c - 

13a Without dppv n.d.c n.d.c n.d.c - 

14a Use of RhCl3
.3H2O 5 mol% 10% 4% n.d.c 18% 

aYield of polysulfide 3a, 4a, or 5a were calculated by HPLC. bIsolated yields of 3a and 4a. cn.d. = not detected. 
 
Scheme 1.  Rhodium-catalyzed sulfur insertion reaction into 
unprotected peptide disulfides 

 
We previously reported the sulfur insertion reaction between 

simple organic disulfides and trisulfides catalyzed by rhodium 
phosphine complexes in an organic solvent.6,7 Sulfur is an at-
tractive reagent for the synthesis of peptide polysulfides, be-
cause it is stable, easy to handle, and non-acidic. In addition, 
the use of sulfur does not require oxidative reaction conditions. 
In this paper, we describe a rhodium-catalyzed sulfur insertion 
reaction into unprotected peptide disulfides in aqueous solvents, 
which efficiently provides peptide trisulfides, tetrasulfides, and 
pentasulfides (Scheme 1). The rhodium-catalyzed method em-
ploys a stoichiometric amount of sulfur and provides various 
peptide polysulfides at room temperature under neutral and 
acidic conditions. The reaction is also be applied to glutathione 
and cystine under modified conditions. Sulfur is also inserted 
into the disulfide of vasopressin, a cyclic nanopeptide. 

A disulfide derivative of Gly–Cys–Gly 1a (0.1 mmol) was 
treated with sulfur 2 (1 equivalent atom, 0.0125 mmol) in the 
presence of RhH(PPh3)4 (5 mol%) and 1,2-

bis(diphenylphosphino)ethylene (dppv, 10 mol%) in a 7:3 
mixed solution (0.1 M) of tetrahydrofuran (THF) and water at 
room temperature for 2 h. Then, trisulfide 3a (0.03 mmol, 30%), 
tetrasulfide 4a (0.022 mmol, 22%), and pentasulfide 5a (0.008 
mmol, 8%) were obtained with the recovery of 1a (0.03 mmol, 
30%) (Table 1, entry 1). 3a and 4a were isolated by reverse-
phase column chromatography, and structures were determined 
by NMR, IR, and MS. 5a was not isolated because of its insta-
bility, and the structure and yield of 5a were determined by 
LCMS-IT-TOF. No hexasulfide or heptasulfide was detected 
by the LCMS. At this stage, 3a contains less than 0.1% of rho-
dium metal as indicated by ICP OES analysis. Amorphous pow-
ders of 3a can be stably stored at –5 °C for several months. 3a 
is stable also in water at room temperature for several days and 
at –5 °C for over a month without decomposition. However, 4a 
is relatively unstable in water (0.025 M) at room temperature 
and is converted to a mixture of 1a, 3a, and 4a at a 2:2:1 ratio 
after 1 h. 5a is less stable than 4a, and a very rapid dispropor-
tionation occurs in D2O.  

The exchange efficiency DS is defined by {[3a] + 2[4a] + 
3[5a]}/[2]0, in which [3a], [4a], and [5a] are the yields (mmol) 
of products and [2]0 is the initial amount (mmol atom) of 2.6 DS 
indicates the amount of sulfur atoms in the polysulfides derived 
from sulfur 2, and DS = 100% indicates that all the sulfur atoms 
of sulfur 2 are transferred into polysulfides. This reaction pro-
ceeds at a high efficiency DS = 98%, which enables the use of 
a stoichiometric amount of sulfur 2 (entry 1). Increasing the 
amount of sulfur to 2 equivalents provided 3a (31%), 4a (27%), 
and 5a (7%) (entry 2) with DS = 53%. When the amount was 
reduced to 0.5 equivalents, 3a and 4a were formed in 40% and 
20% yields based on sulfur, respectively, with DS = 80%, and  
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Table 2. Rhodium-catalyzed synthesis of unprotected peptide polysulfides using sulfur 2 

 

Entry Conditions Yield of 3a Yield of 4a Yield of 5b DS 
1 -H (a) 30% 22% 8% 98% 
2 -CH2C6H5 (b) 30% 15% 5% 75% 
3 -CH2C6H4OH (c) 25% 11% 3% 56% 
4 -CH2OH (d) 35% 13% 4% 73% 
5 -(CH2)2SCH3 (e) 28% 17% 7% 83% 
6 -CH2CO2H (f) 38% 20% 5% 93% 
7 -(CH2)2CONH2 (g) 33% 15% 4% 75% 
8 -(CH2)4NH2 (h) 36% 12% 4% 72% 

           aIsolated yields of 3 and 4.  bYields of 5 were obtained by HPLC. 
 

no 5a was detected (entry 3). Changing in the amount of sulfur 
does not significantly affect yields, which is possibly due to the 
low solubility of sulfur 2 in the solvent, which enables the grad-
ual dissolution of sulfur 2 as the reaction progress and mini-
mizes the concentration of sulfur 2 in solution, thereby reducing 
undesired side reactions. 

Note that the reaction smoothly proceeded in an aqueous sol-
vent, in which 1a and the catalyst were both soluble. 1a did not 
react in THF because of its low solubility (entry 4). No reaction 
occurred in DMSO, in which 1a, the catalyst, and sulfur 2 are 
soluble (entry 5). Aqueous solvents (v/v = 7/3) containing 
DMSO, N,N'-dimethylformamide (DMF), acetone, and ace-
tonitrile gave comparable yields and suppressed the formation 
of higher polysulfides, whereas those containing ethanol and 
1,4-dioxane gave reduced yields (entries 6–11). The gradual 
dissolution of sulfur 2 may be an important characteristic of a 
7:3 THF–water solution (entry 1). No reaction occurs in the ab-
sence of RhH(PPh3)4 or dppv (entries 12 and 13). RhCl3

.3H2O8 
can be used in the presence of dppv, although the yield is low 
(entry 14). 

The reaction has been applied to several unprotected peptides 
1a–1h containing disulfides (Table 2). When a disulfide deriv-
ative of Gly–Cys–Phe 1b (0.1 mmol) and 2 (1.0 equiv. atom) 
were reacted in a 7:3 THF–water solution (0.1 M) at room tem-
perature for 2 h in the presence of both RhH(PPh3)4 (5 mol%) 
and dppv (10 mol%), trisulfide 3b, tetrasulfide 4b, and pen-
tasulfide 5b were obtained in 30%, 15%, and 5% yields, respec-
tively, with DS = 75%. The reaction can be applied to disulfide 
derivatives of Gly–Cys–X with X of tyrosine (Tyr), serine (Ser), 
methionine (Met), aspartic acid (Asp), glutamine (Gln), and ly-
sine (Lys) at DS = 56–98% without being affected by phenol, 
hydroxyl, sulfide, carboxylate, amide, or amino groups. The 
method enables the synthesis of a range of pure peptide poly-
sulfides. 

Glutathione disulfide 7 provides the corresponding trisulfide 
8 (32%) and tetrasulfide 9 (16%) when reacted with sulfur 2 in 
7:3 DMSO–water solution at room temperature for 12 h 
(Scheme 2). 7 is insoluble in a 7:3 THF–water solution and the 
reaction does not proceed. A scale-up experiment was 

conducted for the synthesis of 8 and 9, and the reaction of 7 (7 
mmol) and sulfur 2 (1 equivalent atom) gave 8 and 9 in 25% 
(1.15 g, 0.24 mmol) and 7% (0.33 g, 0.08 mmol) isolated yields, 
respectively (Scheme 2). At this stage, 99.9% of the rhodium 
metal in 8 and 9 were removed as indicated by ICP OES analy-
sis. When a 10:1:1 solution of tetrahydrofuran, water, and 2 M 
hydrochloric acid in diethyl ether was used, cystine trisulfide 
11 and tetrasulfide 12 were obtained in 19% and 5% yield, re-
spectively. Cystine is soluble in acidic aqueous solutions but 
not in neutral ones. Thus, the composition and pH of aqueous 
solutions can be adjusted to dissolve peptides, which is an ad-
vantage of the present method. This study also provides the full 
characterization of 8, 9, 11, and 12, which were previously an-
alyzed only by MS.2a 

The peptide hormone vasopressin 13, a cyclic nanopeptide 
disulfide, was subjected to the sulfur insertion reaction (Scheme 
3). When 13 (22 mg, 0.02 mmol) was reacted with sulfur 2 (1.0 
equiv. atom) under the standard conditions for 12 h, the corre-
sponding trisulfide 14 (21%) and tetrasulfide 15 (7%) were ob-
tained at DS = 35% as indicated by LCMS-IT-TOF. The results  
Scheme 2.  Rhodium-catalyzed sulfur insertion reaction into 
glutathione/cystine disulfides 
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Scheme 3.  Rhodium-catalyzed sulfur insertion reaction into 
disulfide of vasopressin 13 

 
show that this method can be used for modification of biologi-
cally active peptides with relatively large molecular weight. 

In summary, a rhodium-catalyzed method has been devel-
oped to insert sulfur atom into disulfides of unprotected pep-
tides in aqueous solutions to provide mixtures of peptide trisul-
fides and tetrasulfides. Peptide trisulfides and tetrasulfides can 
be isolated by reverse phase chromatography. Sulfur is inserted 
into peptide disulfides without been affected by phenol, hy-
droxyl, sulfide, carboxylate, amide, or amino groups, and the 
method can be applied to acyclic and cyclic peptides containing 
various amino acid residues. The reaction can also be conducted 
on a gram scale. This method provides a diversity of peptide 
trisulfides and tetrasulfides for chemical and biological studies 
of supersulfur compounds, the biological activities of which 
have recently attracted much interest.2,3 
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