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The dynamic disulfide linkage plays a vital role in various biological processes
as well as drugs and biomaterials. The conversion of thiols to their corre-
sponding disulfides is a hallmark of sulfur chemistry, but notoriously difficult
to control. Achieving optimal reactivity and selectivity continues to pose sig-
nificant challenges. Here, we describe a click chemistry for disulfide formation
from thiols in both batch and flow-mode using SO,F,, which display excep-
tional selectivity toward disulfide formation through an effective nucleophilic
substitution cascade. This reaction’s unique characteristics satisfy the strin-
gent click-criteria with its high thermodynamic driving force, straightforward
conditions, wide scope, quantitative yields, exceptional chemoselectivity, and
non-chromatographic purification process. The modular synthesis of sym-
metrical, unsymmetrical, cyclic and polydisulfides is demonstrated, along with

the formation of disulfide cross-linked hydrogels.

In nature, disulfide bonds are crucial for protein folding and stability’, as
well as a prevalent moiety in drugs and biomaterials (Fig.1). Furthermore,
the dynamic nature of disulfide bonds renders them attractive reversible
linkages for on-demand drug delivery>™. Recently, biodegradable cell-
penetrating poly(disulfide)s have been employed to deliver drugs,
nucleic acids, and proteins into cells via thiol-mediated uptake pathways
(Fig. 1B)**. Further, antibody-drug conjugates (ADCs) have emerged as a
significant class of cancer therapeutics, with disulfides used as the pre-
dominant chemically cleavable motifs in ADC linkers (Fig. 1C)°. Disulfide-
containing polymers, owing to their inherent biodegradability and bio-
compatibility, also serve as biomaterials and are extensively utilized in
tissue engineering and wound healing applications (Fig. 1D)" ™. Con-
sidering the importance of disulfide linkages in drugs, natural products,
and biomaterials, it is imperative to develop highly efficient, selective,
and biocompatible synthetic methodologies for their construction.
Thiol-disulfide exchange serves as the basis for most in vivo
enzyme-catalyzed disulfide linkage formation process. As for the
chemical synthesis of disulfides, using thiols as the precursors is the

most straightforward route, because a vast number of thiols are readily
available. Converting thiols into disulfides can be accomplished by
many oxidants>">*>*, However, high reactivity and efficiency cannot be
achieved simultaneously by any known oxidants (Fig. 2A). The unsa-
tisfactory selectivity was exemplified by the formation of over-
oxidized by-products and the oxidation of non-target functional
group when strong oxidants and/or excessive oxidants were used>". In
addition, methods for the selective cross-coupling of two different
thiols are rare'®*. Recently, Jiang’s group reported robust poly-
sulfurating and bilateral disulfurating reagents for the synthesis of
unsymmetrical disulfides* 2. Conversely, the absence of an efficient
oxidizing agent has rendered the oxidation process of tertiary thiols,
as well as the oxidative polymerization of dithiols, challenging to
achieve®”. In fact, valuable poly(disulfide)s have to be prepared from
ring-opening thiol-disulfide exchange polymerization or via poly-
merization of monomers that already contain disulfide moiety’. Due to
the lack of reliable synthetic approach, many potentially valuable
disulfide bond containing small molecules or polymers are yet to be
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Fig. 1| Selected applications of disulfides and poly(disulfide)s. A Disulfide-containing nature product, Kottamide E, and drug, Romidepsin. B Thiol-mediated uptake of
cell-penetrating poly(disulfide)s. C Disulfide bonds as cleavable linkers in antibody-drug conjugates. D Disulfide cross linked hydrogel.

explored. Furthermore, the toxicity of many of the oxidants or cata-
lysts have made the formation of disulfide under physiological con-
ditions impossible.

Click chemistry, established by Sharpless and colleagues in 2001,
requires reactions to be highly selective, efficient, simple and produce
harmless products”. Over the last two decades, only a handful of
essential click reactions have emerged that enable the formation of
reliable connectivity with unparalleled efficiency. Among these reac-
tions are the sulfur (VI)- fluoride exchange (SUFEx) processes devel-
oped by Sharpless, Moses, Dong, Jiang and colleagues®®’. These click
chemistries have quickly impacted fields from organic synthesis and
material science, to chemical biology and drug discovery.

Herein, we present a SO,F, mediated click reaction that enables
modular synthesis of disulfides from thiols via a nucleophilic sub-
stitution cascade.

Results

Development of SO,F, mediated click chemistry for efficient
thiol-to-disulfide conversion

The key to developing the click chemistry for disulfide formation is
a highly reactive and selective reagent, which effectively converts
thiols into disulfides without oxidizing the products and non-target
functional groups. As a high valent sulfur reagent, SO,CI, is effec-
tive for converting primary and secondary thiols into disulfides.
However, its low chemoselectivity and high reactivity towards
hydrolysis and nucleophilic reaction with non-target functional
groups have limited its applications. In contrast, its analogy SO,F,, a
gaseous SY' compound known as a fumigant and produced on a
million-kilogram scale annually*®, exhibits remarkable stability and
can persist in water at 150°C*. The S-F bond is much stronger
compared to S-Cl bond, and its cleavage is almost exclusively het-
erolytic with the formation of fluoride ion*’. Consequently, SO,F,
resists reduction by most known reductants due to the high kinetic
barrier. For example, triphenylphosphine, a widely used
reductant, can be oxidized by sulfuryl chloride rapidly at r.t*’, but
the reaction between sulfuryl fluoride and triphenylphosphine is
very slow even at elevated temperature (calculated barrier,
43.5kcal/mol; Fig. 2B)*’. Additionally, we have established that
other readily oxidizable organic compounds, including 1,2-bis(di-
phenylphosphino)ethane, phenylpropyl aldehyde and 4-methyl-
benzaldehyde, exhibit stability in the presence of an excess of
SO,F,. Furthermore, our experiments demonstrate that

ULTRANOX™ 626, a commercial antioxidant, also resists oxidation
by SO,F,, underscoring the remarkable reductive stability of this
reagent (see SI 14 for details).

In a preliminary study, we observed that SO,F, can quickly reacted
with a thiol through a nucleophilic substitution cascade (Fig. 2B, C). In
the reaction between thiol and SO,F,, the high thermodynamic driving
force, calculated 64.4 kcal/mol, renders the reaction “spring-loaded”
for a unidirectional trajectory (Fig. 2C). During the first nucleophilic
substitution step (1~>1’, Fig. 2C), SO,F, was attacked by thiol under
basic conditions, resulting in intermediate 1’ (calculated barrier,
11.9 kcal/mol). In the second step, the highly reactive intermediate 1’
was attacked by an additional molecule of thiol, yielding disulfide as
the final product. We also validated both experimentally and compu-
tationally that the reaction between thiol and SO,F, possesses a con-
siderably lower activation energy in comparison to the reaction
between SO,F, and other reductant (Fig. 2B), such as triphenylpho-
sphine, (see SI 14 for details). Owing to the distinctive mechanism of
the thiol-to-disulfide conversion by SO,F,, this reaction exhibits
exceptional efficiency and selectivity.

After recognizing the potential of SO,F, as a suitable reagent
for the thiol-to-disulfide conversion, we initiated the optimization
of reaction conditions (Tables S1-3, S8 and Sl1). Our results
indicated that the reaction between thiols and SO,F, required
only simple conditions with weak base and exhibited insensitivity
towards the reaction medium and oxygen. This reaction pro-
ceeded well at room temperatures. Both organic base, such as
Ets3N, and inorganic base, for instance Na,CO; were appropriately
capable to trigger reaction. Excellent yields have been obtained in
both water and organic solvents, like CH;CN. Given that only
inoffensive fluoride salt was formed as the byproduct, the pro-
duct can be purified utilizing simple nonchromatographic
method. Apart from SO,F, (I) gas, a range of solid and liquid
surrogates to SO,F,, namely, sulfamoyl fluorides II, IIl and IV,
sulfonimidoyl fluoride V, sulfonyl fluorides VI and VII, and
fluorosulfate VIII could all successfully convert thiols into the
corresponding disulfides, with varied reactivity. Based on exten-
sive experimentations, their order of reactivity was as follows:
I=11=1I1>V=VI=VII>1V>VIIL

Given that sulfonyl fluoride VI exhibit lower reactivity compared to
SO,F,, we attempted to isolate the intermediate 1’a formed in the
reaction between VI and 1a to conduct control experiments. However,
direct isolation of the intermediate from the reaction was unsuccessful.
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for thiol-to-disulfide conversion. C This work: SO,F, mediated click reaction that enable modular synthesis of disulfides from thiols.

Nevertheless, we successfully synthesized the intermediate via the
reaction between 1a and 4-methylbenzenesulfonohydrazide. With the
synthesized intermediate in hand, we tested the reaction between 1’a
and 1a without a base (eq 1), and the results showed that only the
starting materials were recovered, indicating that a base is essential for
the second step of the reaction (1’ to 2, Fig. 2C). Subsequently, we tested

o 0O
N/

OMe

1a

no base, 1 h

1'a (>98%) recovered

the reaction between 1a and VI without a base (eq 3), and similarly, only 1a 2a (98%) @
. . . . . . 1'a, from 1a and Et;N, 30 s

the starting materials were recovered with no formation of intermediate 4-methylbenzenesulfonohydrazide

T’a, suggesting that a base is also crucial for the first step (1to 1’, Fig. 2C). or

Next, in the presence of a base, we repeated both experiments, but the /©/ >

reaction was quenched after 30 seconds. The reaction between 1’a and "

1a yielded >98% of 2a within 30 seconds (eq 2), indicating that the

1a (>98%) recovered  (3)
second step proceeds very rapidly in the presence of a base. Conversely, o no base, 13(;‘ )
the reaction between 1a and VI in the presence of a base resulted in only /©/\ — /©/ :
29% yield of 2a (eq 4), with the major mass-balance being unreacted 1a, Mo”4 w
indicating that the first step is slower than the second step and con- T .. o 2a(29%) +1a(71%)  (4)

stitutes  the  rate-determining step of the reaction.

EtyN, 30 s
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Having established this uniquely selective method for disulfide
synthesis, we next investigated its applicability in diverse synthetic
contexts and reaction media (Figs. 2-4).

Modular synthesis of disulfides

This method was applied in the synthesis of symmetric, unsymmetrical
and cyclic disulfides using SO,F,/EtsN in CH3CN (Fig. 3). The experi-
mental findings revealed that this reaction exhibited wide scope,
quantitative yields and excellent chemoselectivity. All the 31 aliphatic
and aromatic thiols surveyed were efficiently converted into the cor-
responding symmetric disulfides with excellent yields of >98%
(Fig. 3A), including traditionally challenging substrates such as sec-
ondary and tertiary thiols (2ab, 2ac, 2ad). This method exhibited
remarkable chemoselectivity and accommodated an array of func-
tional groups, including aniline (21, 2r), carboxylic acid (2t, 2ae),
ketone (2ac), halide (2c, 2d, 2i, 2j, 2k, 2p, 2q, 2 s), amide (2n, 2ae) and
heterocycle (2 u, 2v, 2w, 2x). Although phenol could react with SO,F,,
20 underwent selective reaction on the thiol group while precluding
any undesired interference from the phenol. This can be attributed to
the fact that the reactions between phenol and SO,F, generally
necessitate distinct reaction conditions. For example, the reaction
between phenols and SO,F, was typically triggered by 1.5 equiv. of
Et;N”. In contrast, the reaction of 21 or 20 with SO,F, requires 0.3
equiv. of Et;N. Therefore, even when the reaction time of 21 or 20 with
excess SO,F, was lengthened from 1h to 12 h, no by-products were
observed. Captopril (2ae), a medicine, was also smoothly converted
into the corresponding disulfide.

The symmetric disulfide synthesis using representative solid and
liquid reagents II - VIII was also studied (Fig. 3A). The results revealed
that all those reagents were as effective as SO,F, for the reaction with
benzyl thiols and thiophenols. In the context of aliphatic thiols, par-
ticularly tertiary thiols, quantitative yields were not achieved
employing those reagents and Et;N, as the residual mass balance
consisted of unreacted starting materials. However, by substituting
Et;N with a stronger base, 2-tert-butyl-1,1,3,3-tetramethylguanidine
(BTMG), the yields can be significantly enhanced. For example, 98%
yield of 2ad was obtained by using reagent IIl and BTMG.

The efficiency of this click reaction in linking two different mod-
ules was evaluated through the direct synthesis of unsymmetrical
disulfides (Fig. 3B). Using SO,F, as the reagent, unsymmetrical dis-
ulfides were synthesized from the cross-coupling of one aromatic thiol
and one aliphatic thiol, two aromatic thiols, and two aliphatic thiols,
achieving yields of 60-98%, which were challenging to obtain with
other known coupling reagents. In the coupling reactions involving
one aromatic thiol and one aliphatic thiol (3¢ - 3d and 3 f - 3n), high
yields >80% could even be achieved using equimolar amounts of the
thiols (3K). This is likely due to the relatively higher acidity of aromatic
thiols, which are more easily deprotonated under basic conditions and
therefore react more rapidly with SO,F, compared to aliphatic thiols,

resulting in the formation of ArSSO,F as the predominant inter-
mediate. The reaction of the intermediate ArSSO,F with aliphatic thiol
subsequently produces the desired unsymmetrical disulfides. Despite
the similar reactivity of the two starting materials, this method is also
effective for the unsymmetrical coupling of two aromatic thiols (3a-
3b) or two aliphatic thiols (3e), although 2.0 - 3.0 equiv. of one reac-
tant was required to achieve high yields. In addition, the reaction of 1,3-
and 1,4-dithiols (dihydrolipoic acid methyl ester and dithiothreitol)
was also examined, which gave five- and six-membered cyclic dis-
ulfides (4a and 4b) with 63% and 98% yields, respectively (Fig. 3C).

Thiol-to-disulfide click chemistry in water

Upon investigating the scope of this click reaction in organic solvent,
we subsequently established its efficacy under aqueous and more
complex physiological conditions (Fig. 4). Primarily, for water-soluble
substrates, like poly(ethylene glycol) methyl ether thiol (mPEG-SH),
water may serve as an appropriate solvent in conjunction with water-
soluble inorganic bases. For example, mPEG-SH was converted into
2ah with 98% yield using SO,F,/Na,COs in water. Given the importance
of organic reactions compatible with biological media for numerous
biological and medical applications, we further assessed the reaction
in intricate biological media and under physiological pH conditions.
Our findings revealed that, in the medium of bovine serum albumin,
mPEG-SH could be converted to the corresponding disulfide with a
98% yield, utilizing SO,F,/Na,CO;. Moreover, under physiological pH
conditions maintained by a borax buffer, boc-L-cysteine and glu-
tathione were successfully converted to the corresponding disulfides
2af and 2ag, achieving yields of 85% and 98%, respectively, when
mediated by SO,F,/Et3N. The unsymmetrical disulfides 3a and 3¢ can
also be synthesized under this aqueous condition (Fig. 3B).

Flow-click chemistry

To enhance the prospective industrial applicability of this reaction and
facilitate its large-scale implementation, we have devised a tube-in-
tube flow-click chemistry apparatus tailored for the efficient synthesis
of disulfides (Fig. 5). In this apparatus, the inner tube was filled with
SO,F,, which diffused through the inner tube’s wall into the solution of
the thiol and base situated between the inner and outer tubes, thereby
triggering the thiol-to-disulfide conversion. The outer tube was fabri-
cated with Teflon, while the inner tube was constructed from a poly-
vinylidene fluoride microporous hollow fiber membrane. The hollow
fiber membrane, an inexpensive and readily accessible semipermeable
material, is commonly employed in water treatment processes. Owing
to its high specific surface area and exceptional mass-transfer prop-
erties, the hollow fiber membrane effectively facilitated the mixing of
gaseous SO,F, within the inner tube and the liquid reaction mixture
present in the outer tube. This work represented a unique application
of the hollow fiber membrane in gas-liquid flow chemistry***. By
sealing the inner tube’s terminus with a balloon, the potential leakage
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Fig. 4 | Application of the thiol-to-disulfide click chemistry in water, bovine serum albumin and CH;CN/Borax. mPEG-SH, Boc-L-cysteine and glutathione were

converted into the corresponding disulfides under various aqueous conditions.
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of SO,F, was effectively circumvented. The reactor shown in Fig. 5 has
been used in the thiol-to-disulfide conversion of captopril and glu-
tathione which gave >95% yields and a production rate of 5 mmol/h.
The potential for further scale-up of this reactor can be efficiently
realized by implementing multiple parallel tubes in the design. Addi-
tionally, the reactor demonstrates versatility as it is well-suited for the
scale-up of other gas-liquid reactions (see SI 16 for details).

Modular synthesis of poly(disulfide)s

Subsequently, this reaction’s ability to link modular thiols was further
demonstrated in the synthesis of polymers (Tables 1 and 2). Tradi-
tionally, polymerization of dithiols was very challenging. In this study,
the polymerization was investigated using a hydrophobic monomer 5a
and a hydrophilic monomer 5b as models. Monomer 5a underwent
complete polymerization within a duration of 0.5h by employing
SO,F,/Et3N or reagent II/Et3N in organic solvent (Table 1). In the case of
5b, the utilization of either organic base/solvent or inorganic base/
water was feasible (Table 2). It was noteworthy that crucial parameters,
including average molecular weight and the polydispersity index (PDI),
exhibited a decrease in correlation to the increment of EtzN con-
centration (entries 1-3, Table 1). Replacing SO,F, with reagent Il
resulted in smaller average molecular weight and larger polydispersity
index (entry 4, Table 1). Under the aqueous polymerization conditions,
the utilization of a stronger base NaOH instead of a weaker base
Na,COj; resulted in a higher average molecular weight and smaller
polydispersity index of the polymer (entries 3-4, Table 2). The rapid
and controllable polymerization of dithiols accomplished by our click
reaction will enable the preparation of various poly(disulfide)s to meet
the different requirements for drug delivery and biomaterial synthesis.

In-situ gelation by thiol-to-disulfide click reaction

This thiol-to-disulfide click reaction was applied as a practical cross-
linking method for the in-situ gelation of hydrogels (Fig. 6). Hydrogel
scaffold, N-acetyl-L-cysteine modified chitosan, was selected for

investigation. The results showed that rapid hydrogel formation could
be achieved by mixing an aqueous solution of N-acetyl-L-cysteine
modified chitosan and Et3N, and a solution of SO,F, in CH3CN (Fig. 6A).
The dynamic time sweep rheological experiment revealed an
immediate cross-over of G’ and G” (Fig. S10), signifying the swift for-
mation of a 3D network through disulfide cross-linkers. When the
freshly mixed in-situ gel was applied to porcine skin, a tissue adhesive
strength of 42.5 kPa was observed after 16 h, which was comparable to
that of other in-situ hydrogels cured by UV radiation (Table S13). In a
separate experiment, a colored in-situ gel was applied to fresh porcine
skin. Even after stretching and twisting the skin tissue, there were no
signs of breakage or detachment of the adhesive hydrogel (Fig. 6B).
These findings indicated the potential for future applications of this
thiol-to-disulfide click chemistry in the field of biomaterials.

Discussion

In conclusion, we have successfully designed and developed a click
reaction for the reliable construction of disulfide linkage from thiols
that meets the rigorous criteria of click chemistry. This thiol-to-
disulfide click reaction is poised to enable the development of drugs,
drug delivery systems, and innovative polymeric biomaterials, paving
the way for enhanced therapeutic solutions and material technologies.

Methods

General procedure for the synthesis of symmetrical aliphatic
disulfide using SO,F,

To a solution of aliphatic thiol (0.500 mmol, 1.00 equiv.) and EtsN
(1.00 mmol, 2.00 equiv.) in CH5CN (0.500 mL), SO,F, was introduced
by needle from a balloon filled with the gas. The reaction mixture was
stirred vigorously at r.t for 30 min. Then, excess SO,F, was quenched
by passing it through a solution of thiol and EtzN in CH;CN. The
reaction mixture was diluted with EtOAc (30.0 mL), washed with brine
(3x5.00mL), and the organic layer were dried over Na,SO,, filtered
and evaporated to give the pure product.
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Fig. 6 | The thiol-to-disulfide click chemistry as a practical cross-linking method for the in-situ gelling of hydrogels. A In-situ gelation by click chemistry. B Torsion

test of the hydrogel.

General procedure for the synthesis of symmetrical aromatic
disulfide using SO,F,

To a solution of aromatic thiol (0.500 mmol, 1.00 equiv.) and EtzN
(0.150 mmol, 0.300 equiv.) in CH3CN (0.500 mL), SO,F, was intro-
duced by needle from a balloon filled with the gas. The reaction mix-
ture was stirred vigorously at r.t for 1h. Then, excess SO,F, was
quenched by passing it through a solution of thiol and Et3N in CH;CN.
The reaction mixture was diluted with EtOAc (30.0 mL), washed with
brine (3x5.00mL), and the organic layer were dried over Na,SO,,
filtered and evaporated to give the pure product.

General procedure for the synthesis of unsymmetrical disulfide
using SO,F,

To a solution of R'SH (0.500-1.50 mmol, 1.00-3.00 equiv.), R*SH
(0.500 mmol, 1.00 equiv.), and Et3N (1.00 mmol, 2.00 equiv.) in CH;CN
or CH;CN/Borax (1:1) (0.500 mL), SO,F, was introduced by needle
from a balloon filled with the gas. The reaction mixture was stirred
vigorously at r.t. After 30 min, excess SO,F, was quenched by passing it
through a solution of thiol and EtsN in CH;CN. The solvent was then
removed by rotary evaporation and the crude product was purified by
flash chromatography (silica, 0-25% EtOAc/Hexane).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Experimental data as well as characterization data for all new com-
pounds prepared in the course of these studies are provided in the
Supplementary Information. The data supporting the findings of this
study are available within the main text and the Supplementary
Information. Source data are provided in this paper. Data supporting
the findings of this manuscript are also available from the authors
upon request. Source data are provided with this paper.
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