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Electrochemical diversification of cysteine
derivatives and cysteine-containing peptides to
phosphorothioates and sulfinates†

Longyu Xiao,a Yifan Li,a,c Jun Huang,a Li Pan,b Pan Wub and Yue Weng *a

This study explores the application of modified cysteine in oligopeptides to overcome challenges in

amino acid residue modification, with a focus on cysteine. Novel strategies for the functionalization of

biomolecules are presented, with mechanistic investigations indicating the involvement of free radical

processes, structural substitution, and nucleophilic displacement. Notably, the gram-scale synthesis of

modified cysteine is achieved with high yields, highlighting its potential as a novel anti-fungus agent in

biomedical and agrochemical research.

Introduction

In the fields of chemical biology, biomedicine, and pesticide
science, mild chemical reactions have gradually become key
tools for modifying biomolecules.1–3 These reactions typically
exhibit high efficiency, strong specificity, and mild conditions,
allowing them to proceed in complex biological environments
without disrupting the natural structure and function of
biomolecules.4,5 For example, click chemistry reactions such as
CuAAC (copper-catalyzed azide–alkyne cycloaddition)6 and
SPAAC (strain-promoted azide–alkyne cycloaddition)7 have been
widely used for the labeling and modification of macro-
molecules such as proteins and nucleic acids.8,9 These methods
not only enhance the targeting and stability of drugs but also
provide new means for studying the functional mechanisms of
biomolecules.10 Modification of amino acid residues plays a
crucial role in regulating protein functions and biological pro-
cesses.11 Through chemical modifications, the structure and
activity of proteins can be precisely controlled to investigate their
functional mechanisms.12 Common modifications include phos-
phorylation,13 acetylation,14 methylation,15 and ubiquitination,16

which can affect protein stability, localization, interactions, and

enzymatic activity. Currently, mild chemical reactions, such as
bio-orthogonal chemistry reactions,17 have been widely applied
to the specific modification of amino acid residues.18 These reac-
tions can proceed in complex biological environments without
disrupting the natural structure of proteins.19 For example, the
use of 4-nitrophenyl phosphate allows for the specific modifi-
cation of serine or threonine residues.20 These studies not only
provide new tools for protein engineering but also offer new per-
spectives for disease treatment, such as the development of
novel drugs21 that target and modify pathological proteins. The
modification of amino acid residues22 has become an important
research direction in chemical biology and drug development.23

The modification of cysteine24 holds significant importance
in protein function regulation and biomedical research.
Cysteine contains a reactive thiol group (–SH) that can participate
in various crucial biochemical reactions.25,26 By modifying
cysteine, the structure, stability, and function of proteins could be
regulated.27,28 For instance, the formation of disulfide bonds
involving cysteine plays a key role in protein folding and
stability.29,30 Additionally, cysteine modifications can regulate
enzyme activity,31,32 signal transduction, and the cell cycle.33

Currently, mild chemical reactions are widely used for the specific
modification of cysteine,34,35 employing reagents such as male-
imide and iodoacetamide. These methods not only provide
powerful tools for studying protein function and interactions but
also show great potential in developing novel therapeutic
approaches, such as designing targeted anticancer drugs through
cysteine modification (Fig. 1).

In summary, cysteine modification plays an indispensable
role in modern biochemistry and drug development. In recent
years, electrochemical methods have made remarkable pro-
gress in the field of biomolecule modification. These methods
utilize the efficiency and precision of electrochemical reactions
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to achieve specific modifications of biomolecules such as pep-
tides and proteins under mild conditions. For instance,
electrochemical redox reactions can selectively modify serine
and tyrosine residues containing hydroxyl groups. Such modi-
fications not only regulate the function and structure of bio-
molecules but also introduce functional tags for detection and
imaging. The advancement of these technologies provides
powerful tools for biomolecule functional research and drug
development, pushing the frontiers of chemical biology, bio-
medicine, and pesticide science. Therefore, electrochemical
strategies and bioconjugation processes have been designed to
achieve highly selective and efficient modification of cysteine
residues.

Results and discussion

Here, two novel strategies are presented for the bioconjugation
of cysteine-containing biomolecules, employing electro-
chemical synthetic chemistry under simple, mild, and environ-
mentally friendly conditions. This straightforward method
involves the anodic oxidation of cysteine to generate free rad-
icals, followed by cross-coupling with diethyl phosphite or
methanol to form S–P or S(O)–O bonds, resulting in the for-
mation of phosphorothioates and sulfinates. Next, the optimal
reaction conditions for Boc-Cys-OMe (1a) with phosphite (2a)
were explored. As shown in Table 1, using platinum electrodes
for both the anode and cathode, with nBu4NI as the electrolyte,
and conducting the reaction at a current of 12 mA for
1.5 hours, the amino acid-modified product 3a was obtained
with an 87% yield (Table 1, entry 1). The effect of current
intensity was also investigated, revealing that maintaining a
steady current is crucial for the reaction (Table 1, entry 15).
Both higher and lower currents resulted in reduced yields,
indicating that 12 mA is the optimal current (Table 1, entries 2
and 3). The impact of different electrolytes on the yield was
then examined (Table 1, entries 4–7), revealing that nBu4NBr
reduced the yield, while nBu4NBF4 led to a significant decline.
Neither KI nor the absence of an electrolyte resulted in any
reaction. Choosing an appropriate solvent is also critical.
Using methanol or dichloromethane significantly lowered the
yield (Table 1, entries 8 and 9). Among the electrodes tested,
the dual platinum electrode system provided the best results
(Table 1, entries 10–12). The effect of the reaction atmosphere
is also noteworthy; yields dropped significantly under nitrogen
or oxygen (Table 1, entries 13 and 14). Interestingly, TLC ana-

lysis indicated the formation of an “unexpected” compound
when methanol was used as the solvent (Table 1, entry 8). The
initially low yield was attributed to competing side reactions.

Scheme 1 Substrate scope of alcohols and phosphites. aReaction con-
ditions: undivided cell, Pt anode, Pt cathode, 1a (0.2 mmol), phosphite
ester (0.4 mmol), nBu4NI (0.2 mmol), MeCN (8 mL), air, room tempera-
ture, 12 mA, 1.5 h. b React 1 h. cReaction condition: undivided cell, Pt
anode, Pt cathode, 1a (0.2 mmol), alcohol (5.0 mmol), nBu4NBF4
(0.2 mmol), CH2Cl2 (6 mL), H2O (10 μL), air, room temperature, 8 mA,
4.0 h. Yield of isolated products.

Fig. 1 Electrocatalytic S–P and S(O)–O bonding reaction.

Table 1 Optimization of the reaction conditionsa

Entry Variation from the standard conditionsa Yield (%)

1 None 87
2 9 mA instead of 12 mA 74
3 15 mA instead of 12 mA 48
4 nBu4NBF4 instead of nBu4NI 16
5 nBu4NBr instead of nBu4NI 72
6 KI instead of nBu4NI N.D
7 Without nBu4NI N.R
8 CH3OH instead of CH3CN Trace
9 CH2Cl2 instead of CH3CN 53
10 C(+), Pt(−) as the electrodes 64
11 C(+), C(−) as the electrodes 51
12 Pt(+), Ni(−) as the electrodes 73
13 Under N2 43
14 Under O2 34
15 No electricity N.R

a Reaction conditions: undivided cell, Pt anode, Pt cathode, 1a
(0.2 mmol), 2a (0.4 mmol), nBu4NI (0.2 mmol), MeCN (8 mL), air,
room temperature, 12 mA, 1.5 h. Yield of isolated products. N.D = not
detected, N.R = not reaction.
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Upon reacting Boc-Cys-OMe with methanol, an unforeseen
product was obtained with a yield of 78% (Table S1,† entry 7).
The optimization of the reaction conditions for Boc-Cys-OMe
and methanol is summarized in Table S1.†

The applicability of the reaction with various phosphites or
alcohols was subsequently explored. It was observed that phos-
phites with shorter carbon chains in the ester group led to
phosphorothioates with higher yields (Scheme 1, 3a–3b).
When using phosphites with longer carbon chains, the yields
decreased (Scheme 1, 3c–3d). However, when the ester group
contained a relatively stable conjugated structure, the target
product was obtained with higher yields (Scheme 1, 3e). The
effect of electron-withdrawing groups on the reaction was also
investigated. It was found that product 3f was obtained in low
yields when bis(2,2,2-trifluoroethyl) phosphonate was utilized
in this protocol (Scheme 1, 3f ). Additionally, pentaacetyl-5-
thio-D-glucose, containing a thiol group, was reacted with
diethyl phosphite, resulting in a considerable yield (Scheme 1,
3g). However, when alcohols reacted with Boc-Cys-OMe, the
spatial structure had a significant impact on the reaction.
When the carbon atoms in the main chain of the alcohol
exceeded two, the alcohol could not react with Boc-Cys-OMe.
Nevertheless, when using alcohols with shorter carbon chains,
the sulfinates was obtained with moderate to high yields

(Scheme 1, 6a–6c). It is noteworthy that all the electrochemical
reactions had excellent isolated yields, with no residual self-
coupled cystine.

Furthermore, to investigate the selectivity of Boc-Cys-OMe
labeling and its tolerance towards polypeptide labeling,
various dipeptides containing Boc-Cys-OMe were introduced
into the reaction system. These dipeptides can serve as protein
components present in various tissues and cells.
Subsequently, diethyl phosphite or methanol was used as a
coupling reagent to evaluate the selectivity and tolerance of
the Boc-Cys-OMe reaction on dipeptides. Excitingly, these
dipeptides met the requirements for modifying the target
molecules onto the peptide chains (Scheme 2, 4a–4j, and 7a–
7f ). Surprisingly, dipeptides formed with relatively stable
amino acids such as glycine, alanine, valine, leucine, and iso-
leucine, resulted in the target products with relatively low
yields (Scheme 2, 4a, 4c, 4d, 4i, 7a, 7c, 7d). In contrast, dipep-
tides formed with amino acids containing reactive groups,
such as phenylalanine (containing a phenyl group), lysine
(containing an amino group), glutamic acid (containing a car-
boxyl group), methionine (containing a methylthio group), and
tryptophan (containing an indole structure), exhibited better
selectivity and group tolerance (Scheme 2, 4b, 4e, 4f, 4g, 4h, 4j,

Scheme 3 Electrochemical synthesis of phosphorothioates and sulfi-
nates of endogenous peptides.

Scheme 2 Substrate scope of dipeptides. a Reaction conditions: undi-
vided cell, Pt anode, Pt cathode, 3 (0.2 mmol), diethyl phosphite
(0.4 mmol), nBu4NI (0.2 mmol), MeCN (8 mL), air, rt, 12 mA, 1.5 h.
b Reaction conditions: undivided cell, Pt anode, Pt cathode, 3
(0.2 mmol), methyl alcohol (5.0 mmol), nBu4NBF4 (0.2 mmol), CH2Cl2
(6 mL), H2O (10 μL), air, rt, 8 mA, 1.5–8.0 h. Yield of isolated products. Scheme 4 Gram-scale reaction.
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7b, 7e, 7f ). Electrocatalytic bioconjugation often exhibits better
selectivity and tolerance to reactive groups, especially the bio-
conjugation of dipeptides containing reactive groups with high

selectivity and group tolerance is of great significance for
electrochemical bioconjugation.

To synthesize biomolecules, particularly polypeptides, via
electrochemical methods, the applicability of electrocatalytic
synthesis to polypeptides must be assessed. Building on the
electrochemical synthesis of dipeptides, further research was
initiated, beginning with the electrolysis of annexin inhibitory
peptides with exposed amino and hydroxyl groups, cell
adhesion peptides with exposed carboxyl, hydroxyl, and imid-
azole groups, and HPV16 E7-derived peptides with exposed
hydroxyl groups. These peptides contain cysteine at the
N-terminus or C-terminus and have certain biological activi-
ties. It is worth noting that some of these endogenous peptides
containing cysteine successfully reacted to produce phosphor-
othioates and sulfinates (Scheme 3, 8a–8d). The successful
labeling of these endogenous peptides in a short period of
time indicates that the reaction has good site selectivity and
functional group tolerance.

Scheme 5 (a) Anti-fungus experiment; (b) optical density of treated
fungal patches at 600 nm (OD600).

Scheme 6 Control reaction.
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To demonstrate the industrial application value of this reac-
tion, conducted gram-scale reactions: these included the reac-
tions of Boc-Cys-OMe with diethyl phosphite and Boc-Cys-OMe
with methanol (Scheme 4). A total of 1.48 grams of the target
product 3a was obtained with an 80% yield, and 1.10 grams of
the target product 6a was produced with a 78% yield. This
experiment highlights the great potential of cysteine modifi-
cation method in subsequent anti-fungus research and new
drug synthesis.

The antifungal efficacy of compounds 1a and 3a against the
pathogenic fungus Magnaporthe grisea was also investigated
(Scheme 5). To ensure the activity and consistency of the
experimental materials (Scheme 5a), the target strain was first
activated and cultured in LB liquid medium for 48 hours to
reach the logarithmic growth phase. The activated
Magnaporthe grisea strains were then inoculated into 100 mL
of molten potato dextrose agar (PDA) medium, ensuring
uniform distribution through thorough mixing. Using standar-
dized 96-well plates as the experimental platform, three paral-
lel samples were prepared for each group to enhance data
reliability and reproducibility. Each well was filled with 200 μL
of PDA solid medium containing Magnaporthe grisea. To
assess the inhibitory effects of the compounds on fungal

growth, 20 μL of the antibacterial solutions of 1a and 3a were
introduced into specific wells, while negative control groups
using methanol and pure water were included to rule out
solvent effects. All treated plates were incubated at a constant
temperature of 28 °C for 3–5 days to fully observe the potential
effects of each anti-fungus substance. Then, the optical
density at 600 nm (OD600) of each sample was determined
(Scheme 5b). The experimental results show that Boc-Cys-Ome
promotes the growth of Magnaporthe grisea, while the electro-
chemical reaction product 3a demonstrates a notable inhibi-
tory effect on the fungus. These findings have potential impli-
cations for the development of bioactive molecules with fungi-
cidal properties in agricultural chemistry.

To gain deeper insight into the electrochemical reaction
mechanism, a series of control experiments were designed.
Under the established conditions, Boc-Cys-OMe was allowed to
react with diethyl phosphite for 30 minutes, yielding the inter-
mediate cystine E with a 78% yield, along with a 6% yield of
the target product. The reaction was then continued for an
additional hour, during which intermediate E reacted with
diethyl phosphite, producing the product 3a with a 73% yield.
This preliminary analysis suggests that the reaction proceeds
by first forming cystine from Boc-Cys-OMe, which sub-

Fig. 2 (1) Cyclic voltammograms of reactants and the mixtures in 0.1 M nBu4NI/CH3CN using a glassy carbon working electrode (diameter, 3 mm),
oxidation peak (a), reduction peak (b). Pt electrode as counter electrode; Ag/AgCl as reference electrode, at 100 mV s−1 scan rate. Boc-Cys-OMe
(8 mmol L−1), diethyl phosphite (16 mmol L−1). (2) Electron paramagnetic resonance (EPR) experiments of Boc-Cys-OMe and nBu4NI. (3) Proposed
mechanism.
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sequently reacts with diethyl phosphite to yield the product 3a
(Scheme 6A). When the radical scavenger TEMPO was intro-
duced into the reaction system under the same conditions, a
significant reduction in yield was observed, indicating the
involvement of radical intermediates in the reaction.

Furthermore, Boc-Cys-OMe was reacted with methanol for
150 minutes, again producing the cystine intermediate with a
high yield, along with another intermediate, 5aa. This obser-
vation explains the reduced yields of products 3a and 6a when
Boc-Cys-OMe, methanol, and diethyl phosphite are present in
the same system. Similarly, when intermediate E was reacted
with methanol for 4 hours, the product 6a was obtained with a
93% yield. Isotope labeling experiments were also conducted,
confirming that the oxygen in the SvO bond originates from
water (Scheme 6B).

Based on controlled experiments, a more in-depth investi-
gation of the reaction mechanism was conducted using cyclic
voltammetry. As shown in Fig. 2, nBu4NI is oxidized at 0.481 V
and 1.062 V, and reduced at −1.102 V (Fig. 2 (1a), red curve).
This corresponds to the oxidation of I− in nBu4NI to iodine rad-
icals, which subsequently convert to I2, followed by a dispro-
portionation reaction to form I− and I+. Boc-Cys-OMe is oxi-
dized at 1.308 V (Fig. 2 (1a), blue curve), corresponding to the
formation of Boc-Cys-OMe radicals. A mixture of Boc-Cys-OMe
and diethyl phosphite exhibits a pronounced oxidation peak at
1.287 V, positioned between the oxidation peaks of nBu4NI and
cysteine, indicating chemical interactions among the three
compounds. To further confirm the presence of radical inter-
mediates in the reaction, electron paramagnetic resonance
(EPR) experiments were conducted (Fig. 2 (2)). The results
revealed signals corresponding to the radicals of nBu4NI and
Boc-Cys-OMe.

Based on the aforementioned study and previous
reports,36–38 a possible mechanism for the phosphorylation of
cysteine is presented (Fig. 2 (3)). Firstly, I− in nBu4NI is oxi-
dized to iodine radical at the anode. Iodine radical dimerizes
to form I2, which disproportionates to yield I− and I+. I+ then
undergoes electrophilic substitution with diethyl phosphite
(2a) to produce diethyl iodophosphate (I). Simultaneously,
cysteine is oxidized at the anode to generate cysteine radical
(II). The cysteine radical dimerizes to form cystine, which is
subsequently reduced at the cathode to form cystine radical
anion (III). These cystine radical anion then convert back to
cysteine radical and cysteine anion (IV). The cysteine anion
then undergoes nucleophilic reaction with diethyl iodopho-
sphate (I), ultimately yielding 3a.

Conclusions

In conclusion, a mild and efficient method for the modifi-
cation and labeling of cysteine and cysteine-containing pep-
tides via electrocatalysis has been developed. This approach
offers excellent selectivity and functional group tolerance while
maintaining operational simplicity. Importantly, it avoids the
use of metals, strong acids, or bases, making it environmen-

tally friendly. Through a combination of control experiments,
isotope labeling, cyclic voltammetry, and electron paramag-
netic resonance (EPR) studies, a plausible reaction mechanism
has been proposed. This green modification strategy signifi-
cantly broadens the scope of cysteine modifications.
Additionally, the modified products demonstrated notable
antifungal activity against the pathogenic fungus Magnaporthe
grisea. Looking ahead, this methodology is expected to contrib-
ute to advancements in antifungal and agrochemical research.
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