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a b s t r a c t

Nitrile oxide is a highly reactive species used for organic synthesis and bioconjugation. Herein, we de-

veloped a novel approach for disulfide formation and capping of N-terminal cysteine in peptides me-

diated by bromo nitrile oxide. 1,1-Dibromoformaldoxime acts as the precursor for bromo nitrile oxide.

This transformation proceeds under mild conditions with rapid kinetics, efficiently converting a broad

range of thiophenols, thiols, and cysteine-containing native peptides into disulfides, cyclic disulfides, or

thiazolidin-2-one oximes. Notably, oxidant-sensitive residues such as methionine, tyrosine, and trypto-

phan are well tolerated without over-oxidation. The compatibility with aqueous media further highlights

its potential for the late-stage modification of native peptides and the derivatization of biologically active

molecules.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Nitrile oxide [1–3] is a highly reactive organic species, and it

has broad applications in organic synthetic methodologies and to-

tal synthesis of natural products [4–6]. Conventionally, nitrile ox-

ide is involved in nucleophilic additions or cycloaddition reactions,

such as 1,3-dipolar [2+3] cycloaddition with alkenes [7] or alkynes

[8–10], and dimerization to yield furoxans [11–13] (Fig. 1A). Due

to their high reactivity, nitrile oxides are commonly generated and

used in situ from precursors such as chlorooxime, oxime, and ni-

tro compounds [14–22]. Recent studies revealed that nitrile ox-

ide can be generated in aqueous media and serves as a valu-

able handle for bioconjugation, enabling chemo-selective modifi-

cations of native peptides, proteins, and bacteriophage [23–28].

For example, Gao [26] and Wang [29] independently reported the

fast chlorooxime-cysteine bioconjugation using nitrile oxide and

achieved efficient Cys-Cys stapling of native peptides using bifunc-

tional bischlorooxime reagents. Non-symmetric stapling [30] and

bicyclization of native peptides were also achieved using activated

esters bearing bischlorooxime motifs [31].

In addition to C-substituted nitrile oxides, bromo nitrile ox-

ide, generated from 1,1-dibromoformaldoxime, has been studied
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in [3+2] cycloaddition reactions to afford 3-bromo isoxazolines,

which serve as valuable intermediates for the construction of

hydroxy esters, nitriles, and their corresponding α,β-unsaturated

derivatives (Fig. 1B, Eq. 1). We envisioned that oximes bearing

two halogen substituents, such as 1,1-dibromoformaldoxime, could

undergo sequential elimination to generate 2 equiv. of nitrile ox-

ide, enabling the crosslinking of two nucleophiles (Fig. 1B, Eq.

2). While this strategy is conceptually appealing, the application

of bromo nitrile oxide for the incorporation of two distinct nu-

cleophiles remains less explored, likely due to the inherent chal-

lenges of achieving crosslinking over competitive dimerization of

the same nucleophiles (Fig. 1B, Eq. 2). For example, bromo nitrile

oxide generated from 1,1-dibromoformaldoxime could couple with

the first nucleophile (Nu1) to afford an adduct. Subsequently, the

adduct could be transferred into substituted nitrile oxide through

the HBr elimination, followed by the addition of the second nucle-

ophile, either Nu1 or Nu2, to afford the dimerization or crosslinking

products.

Herein, we developed a bromo nitrile oxide-mediated method

for capping N-terminal cysteine in peptides via crosslink-

ing of sulfhydryl and N-terminal amino groups using 1,1-

dibromoformaldoxime (Fig. 1C). This two-fold nucleophilic addi-

tion to nitrile oxide resulted in the formation of a five-membered

thiazolidin-2-one oxime. Interestingly, when internal cysteines or

thiols were treated with bromo nitrile oxide, disulfides were ob-
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Fig. 1. Nitrile oxide-mediated transformations.

Table 1

Optimization of reaction conditions for N-Cys capping.a

Entry Temp (°C) Solvent Yield of 3a (%) Yield of 4a (%)

1 35 HFIP 80 20

2 25 HFIP 65 32

3 15 HFIP 50 50

4 35 THF 0 Trace

5 35 THF/H2O (1:1) 0 Trace

6 35 PBS, pH 7.4 56 34

a Reaction conditions: cysteine 1a (0.2 mmol, 1.0 equiv.), 1,1-

dibromoformaldoxime 2 (1.0 equiv.) in HFIP (2 mL) at 35 °C for 1 h, unless

otherwise noted. Isolated yield.

tained, offering a complementary approach to conventional oxida-

tive disulfide bond formation methods, such as those employing N-

chlorosuccinimide (NCS) [32], dimethyl sulfoxide (DMSO) [33], hy-

drogen peroxide (H2O2) [34], molecular oxygen (O2), or SO2F2 [35].

The reactions proceed with fast kinetics under mild conditions,

demonstrating broad applicability for cysteine-containing peptides,

unprotected native peptides, and both aromatic and aliphatic thi-

ols. Moreover, oxidant-sensitive residues were well tolerated, and

selective modification of N-terminal cysteines [36–41] was suc-

cessfully achieved in native peptides, highlighting the potential of

this method for late-stage modification of native peptides and the

derivatization of biologically active molecules.

To test the hypothesis of two-fold nucleophilic addition to

bromo nitrile oxide, we conducted the model reaction of cysteine

methyl ester (1a) using 1,1-dibromoformaldoxime (2) as the nitrile

oxide precursor (Table 1). When the reaction was performed in

Table 2

Optimization of reaction conditions for disulfide formation.a

Entry Equiv. of 2 Base (equiv.) Solvent Yield of 4b (%) Yield of 5 (%)

1 1.5 - HFIP 15 43

2 0.5 Et3N (5.0) THF/H2O (1:1) 74 Trace

3 1.0 Et3N (5.0) THF/H2O (1:1) 74 20

4 - Et3N (5.0) THF/H2O (1:1) Trace 0

5 0.5 - THF/H2O (1:1) Trace 9

6 0.5 DIPEA (5.0) THF/H2O (1:1) 49 14

7 0.5 DMAP (5.0) THF/H2O (1:1) 65 11

8 0.5 NaHCO3 (5.0) THF/H2O (1:1) 62 Trace

9 0.5 Et3N (5.0) THF/H2O (4:1) 72 7

10 0.5 Et3N (5.0) THF/H2O (1:4) 60 10

11 0.5 - PBS, pH 7.4 49 9

a Reaction conditions: cysteine 1b (0.2 mmol, 1.0 equiv.), 1,1-dibromo-

formaldoxime 2 (0.5 equiv.), base (5.0 equiv.) in solvent (2 mL) at r.t. for 15 min,

unless otherwise noted. Isolated yield.

1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) at 35 °C for 1 h, cycloaddi-

tion product 3a featuring a thiazolidin-2-one oxime motif was ob-

tained in 80 % yield, along with 20 % of disulfide 4a (Table 1, entry

1). This five-membered heterocyclic compound can be considered

to be generated from the replacements of bromo substituents of

1,1-dibromoformaldoxime by the unprotected sulfhydryl and amino

groups at N-terminal cysteines, alternatively, through two-fold nu-

cleophilic addition to bromo nitrile oxide, as we proposed. Fur-

ther optimization of the reaction conditions revealed that lower-

ing the reaction temperature to 25 °C or 15 °C decreased yields

(Table 1, entries 2 and 3). Cyclized product 3a was not observed

when the reaction was conducted in THF or using THF/H2O as

the mixed solvent (Table 1, entries 4 and 5). Interestingly, this

transformation can be carried out under physiological conditions

(phosphate buffered saline, pH 7.4), providing product 3a with a

moderate yield (56 %) (Table 1, entry 6). The tolerance of aque-

ous media implied the potential application of this method for the

modification of N-terminal cysteine in biomolecules such as native

peptides.

With the success of thiol/amine-involved cycloaddition, we in-

vestigated the addition using thiol as the single nucleophile with

Boc-protected cysteine methyl ester (1b) as the model substrate

(Table 2). When HFIP was used as the solvent, the addition of 1b

with 2 afforded the oxime product 5 in 43 % yield (Table 2, en-

try 1), which was presumably formed through a similar pathway

as thiazolidin-2-one oxime 3a. Unfortunately, further optimization

of the reaction conditions did not provide a higher yield of adduct

5. On the contrary, disulfide 4b was observed as the major prod-

uct. The optimized reaction conditions for disulfide formation in-

volved 1.0 equiv. of 1b and 0.5 equiv. of 2 in the presence of 5

equiv. of triethylamine in THF/H2O (1:1) at room temperature for

15 min, which afforded product 4b in 74 % yield (Table 2, entry

2). In the absence of 2, only a trace amount of disulfide was ob-

served (Table 2, entry 4). Other reaction conditions tested were

less effective (Table 2, entries 3-11, and Table S7 in Supporting in-

formation). Notably, the reaction can proceed in PBS buffer (pH 7.4)

without the need for an external base, albeit with a moderate yield

(49 %) (Table 2, entry 11). This protocol featuring mild conditions

could serve as a complementary method for disulfide formation

with oxidants like NCS and H2O2, minimizing side reactions like

over-oxidation.
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Fig. 2. Substrate scope of peptides for capping of N-terminal cysteine. Reaction conditions: peptide 1 (0.2 mmol, 1.0 equiv.), 1,1-dibromoformaldoxime 2 (1.0 equiv.) in HFIP

(2.0 mL) at 35 °C for 1 h, unless otherwise noted. Isolated yield. aReaction conditions: peptide 1 (1.0 mmol/L), 1,1-dibromoformaldoxime 2 (1.0 mmol/L) in HFIP, 35 °C for

1 h. Conversion determined by HPLC.

With the optimized reaction conditions in hand, we explored

the substrate scope for N-terminal cysteine capping mediated

by bromo nitrile oxide. As shown in Fig. 2, dipeptides reacted

smoothly with 1,1-dibromoformaldoxime in HFIP, affording the

cyclized products (3b-3g) in moderate yields. Notably, oxidant-

sensitive methionine was well tolerated (3b). A peptide contain-

ing an unprotected tyrosine residue reacted with 2, yielding prod-

uct 3g in 59 % yield, with no observed oxidation of the phenol

side chain. Compared to short peptides, longer peptides exhibited

improved reactivity, achieving moderate to good capping efficiency

(3h–3k). Additionally, nucleophilic residues such as tryptophan, ly-

sine, serine, arginine, and histidine did not interfere with the reac-

tion. No labeling or oxidation at these reactive residues was ob-

served, highlighting the excellent chemo- and site-selectivity of

this method for N-terminal cysteine in native peptides. Given its

broad substrate scope and functional group compatibility, this cap-

ping strategy holds potential for the modification and derivatiza-

tion of complex native peptides and biomolecules, including pro-

teins and antibodies.

Next, we explored the substrate scope for disulfide forma-

tion mediated by bromo nitrile oxide (Fig. 3). A wide range of

dipeptides bearing cysteine residues were efficiently converted into

disulfides with good yields under the standard reaction conditions.

Notably, residues with oxidant-sensitive side chains, such as tyro-

sine (4d), tryptophan (4i), and methionine (4e), were well toler-

ated, with no observed oxidation of these functional groups. Ad-

ditionally, serine-containing peptide 4h, featuring an unprotected

hydroxyl group, was obtained smoothly. Both the acid-sensitive

Boc group and the base-sensitive Fmoc group were well toler-

ated under the reaction conditions. Furthermore, intramolecular

disulfide bond formation enabled the synthesis of disulfide-bridged

cyclic peptides. Peptides with 11-membered (4m), 17-membered

(4l), and 17-membered rings (4n) were obtained in excellent con-

versions in the presence of 1 equiv. of 1,1-dibromoformaldoxime

2 in HFIP, as determined by high-performance liquid chromatog-

raphy (HPLC). Interestingly, a small amount (17 % conversion) of

Cys-Cys stapling product 4n’ was observed, which could be the re-

sult of two-fold cysteine-nitrile oxide conjugation. Similarly, disul-

fide 4o was obtained in 73 % conversion with the formation of sta-

pled peptides as side products (Fig. S8 in Supporting information

for details).

Encouraged by the broad substrate scope of peptides for disul-

fide formation, we investigated the applicability of this method to

small molecules. As shown in Fig. 4, 1,1-dibromoformaldoxime ef-

ficiently mediated disulfide bond formation for both aromatic and

aliphatic thiols. Thiophenols bearing either electron-donating or

electron-withdrawing groups afforded good yields. Notably, the re-

action proceeded smoothly in the presence of unprotected amino

(6i) and hydroxyl (6l) groups, without significantly affecting the

yields. Disulfides containing heteroaromatic rings were obtained

in comparable yields, including those derived from quinoline (6q),

thiophene (6r), pyridine (6s and 6t), and furan (6u). Aliphatic

disulfides were also synthesized in moderate to good yields (6v–

6z). Additionally, intramolecular disulfide bond formation provided

the six-membered ring-containing product 6y in 61 % yield. These

results highlight the broad substrate scope and excellent functional

group tolerance of this novel disulfide bond formation strategy.

To gain deeper insight into the reaction mechanism, we con-

ducted control experiments (Fig. 5). Under standard reaction

conditions, the addition of radical scavengers (TEMPO or 1,1-

diphenylethylene) provided comparable yields of disulfide 4b (Fig.

5, Eqs. 1 and 2), suggesting that disulfide formation is unlikely

to proceed via a radical pathway. To elucidate the role of the

bromo substituent in bromo nitrile oxide for the disulfide forma-

tion, we performed comparative studies with C-linked nitrile ox-

ides. As shown in Fig. 5, Eqs. 3 and 4, replacing one of the bromo

atoms of 1,1-dibromoformaldoxime with a phenyl group (7) or es-

ter (9) led to the generation of thiohydroximates 8 and 10 in 60 %

3
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Fig. 3. Substrate scope for disulfide formation. Reaction conditions: Peptide 1 (0.2 mmol, 1.0 equiv.), 1,1-dibromoformaldoxime 2 (0.1 mmol, 0.5 equiv.), triethylamine (1.0

mmol, 5.0 equiv.) in THF/H2O (1:1) (2 mL) at room temperature for 15 min, unless otherwise noted. Isolated yield. a Reaction conditions: peptide 1 (1 mmol/L), 1,1-

dibromoformaldoxime 2 (1 mmol/L) in HFIP at room temperature for 30 min. Conversion determined by HPLC. b Conversion of cysteine stapling product.

and 68 % yields, respectively. Only trace amounts of disulfide were

detected in both cases. The generation of thiohydroximates 8 and

10 from bromooximes is consistent with our previous observation

for the cysteine conjugations mediated by chlorooxime [26,28,31].

These results implied that the bromo substituent is likely to

act as a leaving group rather than an electron-withdrawing

group to enable the disulfide bond formation. The observation of

oxime product 5 further supports the crucial role of both bromo

atoms of 1,1-dibromoformaldoxime for the efficient disulfide bond

formation.

Although the reaction mechanism is not clear at this stage, we

propose a plausible mechanism for disulfide bond formation and

N-terminal cysteine capping based on the experimental data and

previous studies (Fig. 6) [26]. Disulfide formation is initiated by

the in situ generation of bromo nitrile oxide A via the elimina-

tion of HBr from 1,1-dibromoformaldoxime 2. Conjugation of ni-

trile oxide A with a thiol affords thiohydroximate B, which sub-

sequently reacts with another thiol to afford disulfide 4 and bro-

mooxime C (Fig. 6A, pathway a). Bromooxime C may serve as a

precursor to nitrile oxide D, which undergoes disulfide formation

through a similar mechanism. Alternatively, intermediate B under-

goes elimination to form nitrile oxide G and subsequently gener-

ates adduct H (Fig. 6A, pathway b). Due to the slow formation of

nitrile oxide from trans-bromooxime [42], the generation of thiohy-

droximate H is disfavored. In the case of N-terminal cysteine mod-

ification, bromo nitrile oxide A reacts with cysteine 1a’ to generate

adduct I, which undergoes intramolecular addition of the proximal

amino group (Fig. 6B, pathway c) to form intermediate J. Subse-

quent elimination of HBr from J furnishes the cyclized product 3a.

Alternatively, the cyclization could proceed via nitrile oxide inter-

mediate K (Fig. 6B, pathway d) through intramolecular nucleophilic

addition of the amino group to the nitrile oxide intermediates.

In conclusion, we have developed a novel method for disulfide

bond formation and N-terminal cysteine capping in peptides me-

diated by bromo nitrile oxide. These transformations proceed un-

der mild conditions with fast kinetics, efficiently converting a wide

range of thiophenols, thiols, and cysteine-containing native pep-

tides into disulfides, cyclic disulfides, or thiazolidin-2-one oximes.

Notably, this protocol is compatible with oxidant-sensitive residues

such as methionine, tyrosine, and tryptophan, serving as a valu-

able alternative for methods with strong oxidants. Furthermore,

the compatibility of this method with aqueous media highlights

its potential for the late-stage modification of biologically active

molecules, including native peptides and proteins. Limitations of

this strategy include the relatively lower yields compared to the

conventional disulfide formation protocols, the use of organic co-
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Fig. 4. Substrate scope of small molecules for disulfide formation. Reaction con-

ditions: Thiol 1 (0.2 mmol, 1.0 equiv.), 1,1-dibromoformaldoxime 2 (0.1 mmol, 0.5

equiv.), triethylamine (1.0 mmol, 5.0 equiv.) in THF/H2O (1:1) (2 mL) at room tem-

perature for 15 min. Isolated yield.

Fig. 5. Control experiments.

solvent, and the low conversion to stapling product, which needs

further optimization to achieve higher efficiency, diversity, and bio-

compatibility.
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Fig. 6. Proposed mechanism.
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