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Despite the evident demand and promising potential of disulfide-functionalized amino acids and peptidesin
linker chemistry and peptide drug discovery, those disulfurated specifically at the a-position constitute
a unique yet rather highly underexplored chemical space. In this study, we have developed a method for
preparing SS-linked amino acid/peptide derivatives through a base-catalyzed disulfuration reaction of
azlactones, followed by the ring-opening functionalization. The disulfuration reaction proceeds under
mild conditions, yielding disulfurated azlactones in excellent yields across a variety of N-
dithiophthalimides and diverse azlactones derived from various amino acids and peptides. Leveraging the
ready availability of N-dithiophthalimides from several bilateral disulfurating reagents, this method allows

for the modular integration of functional molecules and azlactones into SS-linkage in two-step
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Accepted 5th January 2025 operations. Furthermore, due to the transformability of the azlactone moiety through ring-opening with

various nucleophiles, our method provides a wide variety of functional molecule-tagged amino acids

DOI: 10.1039/d4sc07187e and oligopeptides bearing SS-linkages in a modular and time-efficient manner, serving as a valuable tool
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Introduction

Disulfide bonds are prevalent in bioactive natural products* and
are essential for the proper folding of proteins.” These linkages
are also strategically used to advance drug discovery and
development efforts. Within the realm of peptide-based drug
development, utilizing disulfide bonds to create cyclic struc-
tures is a key strategy, which allows for generating constrained
peptides that lead to improved potency, selectivity, membrane
barrier permeability, and stability against proteases
(Fig. 1A(a)).*> Moreover, the capacity of disulfide bonds to be
cleaved by intracellular glutathione* paves the way for their
application as cleavable linkers® in antibody-drug conjugates
(ADCs),* small molecule-drug conjugates (SMDCs),” and pro-
drugs® aimed at optimizing drug delivery (Fig. 1A(b)).° This has
led to an increasing need for synthetic methods that allow for
the programmable introduction of biologically relevant entities
on either side of a disulfide linkage (Fig. 1B).'*** However,
despite recent progress in bilateral disulfide reagents,>*
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for linker chemistry and peptide chemistry.

achieving modular construction of unsymmetrical disulfides
remains challenging due to the difficulty in controlling the two
leaving groups.

Despite the evident demand and promising potential of
disulfide-functionalized amino acids and peptides,”*** those
disulfurated specifically at the a-position®® constitute a unique
yet rather highly underexplored chemical space.***® The
majority of known structures in this category belong to a wide-
ranging family of natural products containing the venerable
dithiodiketopiperazine nucleus (Fig. 1C(a and b)).*>*® Although
the construction of this nucleus can be achieved intramolecu-
larly by several techniques, including thiol oxidation
(Fig. 1C(a))** and nucleophilic disulfuration of iminium
cation (Figure 1C(b)),® translating these intramolecular
processes to generate acyclic, unsymmetrical a-disulfurated
amino acids and peptides is nontrivial due to selectivity issues
(Fig. 1C(c)). In this respect, o-disulfuration of amino acid
derivatives with a disulfide electrophile’*® via amino acid
enolate intermediates is highly appealing yet remains unex-
plored, despite its great potential for accessing hitherto unex-
plored SS-linked amino acid/peptide chemical space in peptide
chemistry and linker chemistry.

As an effective implementation of the disulfuration of amino
acids and peptides, we report here the development of a disul-
furation reaction of azlactones with N-(organodithio)phthali-
mides'*"” (Fig. 1D(a)). This class of disulfide electrophiles is
notable for their ease of access and structural variability from
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Fig. 1 Preparation of amino acid/peptide-based disulfides. (A) Disulfide bonds in molecular linkage. (B) Ideal synthetic method for efficiently
linking molecules. (C) Synthetic method for the preparation of a-disulfurated amino acid derivatives. (D) This work: modular preparation of SS-
linked peptides through disulfuration reaction of azlactones. SMDC: small molecule—drug conjugates.

various carbon' or sulfur nucleophiles.’””’ In addition, the
activated o-proton of azlactone allows for mild base-catalyzed
conditions, circumventing the decomposition of base-sensitive
a-disulfurated amino acid derivatives.?® Furthermore, the
resulting disulfurated azlactones are amenable to ring-opening
by a plethora of nucleophiles,” including amino acids and
peptides, thus affording an unprecedented class of disulfide-
linked amino acid- and peptide-based compounds
(Fig. 1D(b)). Indeed, the versatility and robustness of this
method were showcased through its broad substrate scope,
modular construction from various bilateral reagents, and
further ring-opening diversification, successfully yielding
densely functionalized amino acid/peptide derivatives,
including drug-linker-ligand conjugates with a molecular
weight over 1100, as well as oligopeptides with multiple disul-
fide moieties.

Results and discussion

After conducting an extensive study, we have identified optimal
reaction conditions for the allyldithiolation of azlactone 1a (R"
= Ph, R> = Me) with N-(allyldithio)phthalimide (2a) (Fig. 2A).
The reaction proceeded efficiently in the presence of a catalytic
amount of DABCO (20 mol%) in CH,Cl, at room temperature,
producing the desired disulfurated azlactone 3aa in 91% iso-
lated yield. This reaction system was successfully applied to
a wide range of azlactones 1 and N-(organodithio)phthalimides
2 (Fig. 2A and B). A variety of azlactones 1 derived from pro-
teinogenic amino acids such as Met, Lys, and Leu participated

2778 | Chem. Sci., 2025, 16, 2777-2784

in the reaction with 2a, yielding the desired disulfides 3ba-3da
in excellent yields (Fig. 2A).

The use of azlactones prepared from bulkier proteinogenic
amino acids (Phe, Trp, and Val) led to efficient allyldithiolation,
producing 3ea-3ga in excellent yields. Ethyl- or allyl-substituted
azlactones 1h and 1i efficiently reacted with 2a to afford the
corresponding SS-linked azlactones 3ha and 3ia. Azlactone
derived from 4-CIBz protected alanine also smoothly reacted to
afford 3ja in good yield. Additionally, peptide-based azlactone
1k, prepared from Boc-Gly-Phe-OH, was dithiolated to afford
3ka in good yield under modified conditions. However, reaction
of a-phenyl-substituted azlactone did not proceed.

Meanwhile, various N-(organodithio)phthalimides (2) were
also demonstrated to participate in the reaction with alanine-
derived azlactone 1a (Fig. 2B). A variety of alkyl-substituted N-
(organodithio)phthalimides 2 successfully took part in this
transformation to produce the desired products 3ab-3ag in
high yields. Specifically, the reactions of 2-methylallyl- and 2-
bromoallyl-substituted N-(organodithio)phthalimides 2b and 2¢
produced 3ab and 3ac without damaging the allyl moieties. n-
Dodecyl, t-butyl, and p-methoxybenzyl substituted dithioph-
thalimides 2d-2f smoothly yielded the desired unsymmetrical
disulfides 3ad-3af in high yields. The cysteine-based dithioph-
thalimide 2g could be successfully transformed into 3ag in high
yield. The reactions of the aryl or amino-substituted dithioph-
thalimides 2h-2k took place efficiently to give 3ah-3ak in high
yields under slightly modified conditions. Notably, the present
reaction was also applicable to complex dithiophthalimides
prepared from a peptide or estrone, affording the desired

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Reaction of various azlactones 1 with N-(organodithio)phthalimides 2. (A) Scope of azlactones 1. (B) Scope of N-(organodithio)phthali-
mides 2. Isolated yields are shown. 2DABCO (1.0 equiv) was used. ®Azlactone (6.0 equiv) and DIPEA (20 mol%) were used at —78 °C. “Azlactone
(4.0 equiv) and DABCO (40 mol%) were used at 0 °C. “NMR yield. ®K,COs3 (1.0 equiv) was used.

products 3al and 3am in high yields. Moreover, we found that
the dithiophthalimide 21 is easily prepared by the elongation
from cysteine-derived dithiophthalimide 2g (Scheme S$1%),
highlighting the flexible access to peptide-based dithioph-
thalimides, and thus to SS-peptide-tagged azlactones. Remark-
ably, the current method proved free from the formation of
symmetrical disulfides as byproducts, which are often
unavoidable with conventional disulfide synthesis.'®**
Encouraged by the successful execution of the disulfuration
reaction of azlactones and the ready availability of N-dithioph-
thalimides,'**”** we further explored the scope of the present
reaction in the context of modular synthesis of complex
unsymmetrical disulfides starting from a series of sulfur elec-
trophiles (Fig. 3). First, N-(morpholine-4-dithio)phthalimide
(2k), a bilateral disulfide platform molecule we developed
recently,* was utilized to install fluorene-containing allylsilane
nucleophile 4 and phenylalanine-derived azlactone 1e through
sequential and chemoselective displacement events, providing
the desired unsymmetrical disulfide 6 in high yield (Fig. 3A).
Next, the construction of a disulfide bond from N,N'-thio-
bis(phthalimide) (7)'"*° and thiosaccharide 8 was followed by
the introduction of valine-derived azlactone 1g to furnish the
product 10 in moderate yield (Fig. 3B). Furthermore, we also

© 2025 The Author(s). Published by the Royal Society of Chemistry

accomplished the introduction of amine and azlactone nucle-
ophiles into N,N'-dithiobis(phthalimide) (11)* through the
reaction with maprotiline (12; antidepressant drug) and
methionine-derived azlactone 1b in high yield (Fig. 3C).
Besides the adaptability of the present reaction to modular
disulfide synthesis, the disulfurated azlactone products proved
to serve as viable precursors for diversification into disulfide-
linked amino acid derivatives via ring-opening with various
nucleophiles (Fig. 4).>* Thus, the disulfide-linked azlactone 3aa
was quantitatively ring-opened by HCI to afford carboxylic acid
15a (Fig. 4A).>*? The ring-opening esterification*“? by NaOMe or
saccharide 16 under basic or acid-mediated conditions afforded
the a-disulfurated esters 15b and 15c in good yield (Fig. 4B). The
amidation®'** of 3aa was also achieved though ring-opening by
dehydroabietylamine (17), thus producing the desired o-dis-
ulfurated amide 15d in good yield (Fig. 4C). The amidation
process could also be applied to the disulfurated azlactone 3ba,
derived from Met derivative, with butylamine to afford 15e in
high yield (Fig. 4C). Furthermore, we successfully accomplished
the preparation of a hybrid molecule that shows promise for use
in SMDCs (small molecule-drug conjugates, Fig. 4D).” The
reaction of an azlactone 18 bearing drug and cleavable disulfide
linker** moieties with the lysine e-amino moiety of a model

Chem. Sci., 2025, 16, 2777-2784 | 2779
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Fig. 3 Modular synthesis of SS-linked azlactones bearing various complex substituents. (A) Introduction of carbon and azlactone nucleophiles.
(B) Introduction of sulfur and azlactone nucleophiles. (C) Introduction of amino and azlactone nucleophiles. Isolated yields are shown.
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molecule of a peptide-based targeting ligand (19)** cleanly
constructed the conjugate 20 with high molecular complexity in
high yield. These results clearly demonstrate the utility of this
method for linker chemistry.*”

The present method is not only useful in linker chemistry
but also in the preparation of a-disulfurated peptides. The
reaction of alanine-derived azlactone 1a with ibuprofen-
substituted dithiophthalimide 21, followed by ring-opening
with HCI H-Gly-Gly-OMe (23), afforded a tripeptide 24 bearing
a disulfide moiety at the N-terminus (Fig. 5A1).>* Meanwhile, the
disulfuration reaction of azlactone 1k, derived from peptide
(Boc-Gly-Phe-OH), and subsequent ring-opening with HCl H-
Gly-OMe (25) resulted in the formation of a tripeptide 26
bearing an SS-linkage in the middle of the peptide chain
(Fig. 5A2). The SS-linked peptide 26 was further elongated by
TFA-mediated deprotection of the Boc group, followed by
connection with another SS-linked azlactone 3aa, affording
a tetrapeptide bearing two disulfide moieties (Fig. 5B). The
synthesis of peptides a-(di)sulfide-substituted in the middle of
the peptide chain has been challenging due to the instability of
the N-deprotected (di)sulfide-substituted amino acids, even in
the case of mono-sulfides.> Our approach uniquely solves this
problem by using dipeptide-derived azlactone, enabling peptide
extension at both the C- and N-termini. Additionally, this
method demonstrates the utility for the construction of the a-
disulfurated variant of the a,o-disubstituted amino acid (dAA)

© 2025 The Author(s). Published by the Royal Society of Chemistry

moiety, which is a promising structure for enhancing potency
and functioning as cell-penetrating peptides due to its
restricted conformation and stabilized secondary structure
when incorporated into the peptide.*

Furthermore, longer oligopeptides were also successfully
introduced into a disulfide-substituted azlactone (Fig. 5C). The
octapeptide HCl H-Gly-Gly-L-Val-L-Leu-L-Val-L-GIn-L-Pro-Gly-
NH, (29 HCl, Larazotide-NH, HCI) gave the nonapeptide 30 in
90% yield. Importantly, these a-disulfurated peptides represent
a largely uncharted chemical space in peptide chemistry, due to
the lack of a-disulfuration reaction for amino acid/peptide
derivatives, as well as the difficulty of the modular construc-
tion of unsymmetrical disulfides.”" Owing to its modular
nature, simplicity, and wide substrate scope, including the oli-
gopeptides, the present method offers an attractive route to
unnatural disulfide-functionalized peptides, which may
uniquely complement the chemistry of disulfide-linked
peptides capitalizing on cysteine residues.

Conclusions

In conclusion, we have developed a method for the preparation
of SS-linked amino acid/peptide derivatives through base-
catalyzed disulfuration reaction of azlactones. The reaction is
carried out under mild conditions and provides disulfurated
azlactones in excellent yields across a variety of N-

Chem. Sci., 2025, 16, 2777-2784 | 2781
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dithiophthalimides and diverse azlactones derived from various
amino acids. Owing to the availability of N-dithiophthalimides
from several bilateral disulfurating reagents, this method
allows for the modular integration of functional molecules and
azlactones into SS-linkage in two-step operations. Moreover, the
introduced azlactone moiety can be ring-opened by various
nucleophiles to yield a broad range of SS-linked amino acid
derivatives, including complex molecules that show promise for
use in SMDCs (small molecule-drug conjugates). The ring-
opening with amino acids or peptides allows for the straight-
forward preparation of the hitherto unexplored a-disulfurated
oligopeptides, especially bearing a,a-disubstituted moiety that
is useful in peptide drug chemistry. Thus, the present method
offers disulfide-peptide conjugation in a modular and time-
efficient manner, serving as a valuable tool for linker chem-
istry and peptide drug discovery. Further investigations into the
enantioselective reaction (Fig. S17), the use of drug delivery
vehicles, as well as their biological evaluations, are currently
underway in our laboratory.
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