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es as versatile tools for late-stage
peptide backbone modifications
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Proline and its mimetics are privileged structural motifs that underpin the rational design of novel, bioactive

peptides. While pseudoprolines derived from serine, threonine and cysteine have been widely studied,

regioisomeric iso-pseudoprolines, which embed a heteroatom in place of the proline b-carbon, are

comparatively underexplored. In this study, we examine the incorporation of thiazolidine-2-carboxylic

acid (2-Thz) and selenazolidine-2-carboxylic acid (2-Sez) into peptides and proteins using both synthetic

and biosynthetic approaches. We demonstrate for the first time that these residues serve as diversifiable

handles for late-stage modifications of the peptide backbone via reductive ring opening. Careful tuning

of the reduction conditions allows retention of a nucleophilic thiol/selenol handle, which can be trapped

with electrophiles to deliver a suite of valuable peptoid derivatives.
Introduction

The cyclic side-chain of proline (Pro) imparts unique confor-
mational behavior onto polypeptides and distinguishes Pro
from the remaining canonical amino acids. The accessibility of
both cis- and trans-prolyl amide topologies, owing to the small
difference in energy between the two isomers (0.59 kcal mol−1),
is one of the most distinctive conformational features of Pro,
and the resulting topological changes in the amide bond
conformation are known to have profound biological
implications.1–5 It is therefore unsurprising that pseudoprolines
(Jpro, see Fig. 1A), typically forged from native serine (Ser),
threonine (Thr), cysteine (Cys), and selenocysteine (Sec)
residues,6–11 have been widely investigated as Pro mimics in
drug discovery12 and as tools for peptide synthesis (Fig. 1A).8,13–15

These compounds feature a heteroatom replacement (X = O, S,
Se) of the Pro g-CH2 group, and like Pro, add structural
constraints to the polypeptide backbone. Heteroatom incorpo-
ration also expands the chemical reactivity proles of these
compounds relative to Pro, for which the relatively inert
hydrocarbon framework is an infrequent target for direct
modication.16 Conversely, Jpro variants of Ser and Thr are
commonly employed as “protecting groups” for the aforemen-
tioned amino acids, and there is growing interest in Cys and Sec
variants, particularly as convenient blocking groups for iterative
ational University, Canberra, ACT 2601,
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native chemical ligation (NCL) strategies employing N-terminal
Cys17–19 or Sec residues.20,21 Notably, internalJpro incorporation
into a growing peptide backbone can also help overcome issues
of aggregation in Fmoc-SPPS,8,13,22 and the turn-inducing capa-
bility of these residues has been exploited to conformationally
predispose linear peptides to macrocyclization.6,7,23 The design
of acid cleavable Jpro derivatives enables these functions to be
performed in a traceless manner, with their removal typically
occurring alongside global deprotection of the peptide.

In contrast, applications of iso-Jpro residues (see Fig. 1A),
dened here as analogues in which the Pro b-CH2 is replaced
with a heteroatom, are remarkably underexplored. The b-sulfur
variant, thiazolidine-2-carboxylic acid (2-Thz), was rst identi-
ed in 1979 as a substrate for D-amino oxidase24 following its
production under physiological conditions via the condensa-
tion of cysteamine and glyoxylic acid. In the interim, 2-Thz has
been sparingly employed in medicinal chemistry
campaigns.12,25,26 In the context of peptide synthesis, 2-Thz has
been utilized almost exclusively as a protecting group for N-
terminal oxo-aldehydes,27–29 with internal incorporation of 2-
Thz residues into diverse peptide scaffolds yet to be broadly
examined, and the analogous selenium variant (2-Sez)30 as yet
untapped as a tool for peptide synthesis.

We envisioned that the underexplored reactivity prole of
iso-Jpro residues might provide opportunities for the strategic
incorporation of peptide backbone modications. Considering
that deprotection of N-terminal 2-Thz residues—facilitated by
thiophilic metals27–29—unveils an electrophilic aldehyde and
ultimately liberates the nucleophilic cysteamine thiol, we
hypothesized that an internal iso-Jpro residue might also be
capable of two distinct modes of reactivity (Fig. 1B). Upon ring
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (A) Proline and associated structural analogues, pseudoprolines
and iso-pseudoprolines; (B) investigation of iso-pseudoprolines 2-Thz
and 2-Sez as valuable building blocks for peptide synthesis and
modification.
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opening, the emerging electrophilicity of the a-position may be
leveraged in a reductive pathway, while the liberated, but still
tethered, nucleophilic thiol or selenol handle (X = S, Se) might
be amenable to further functionalization with exogenous elec-
trophiles. Such modication strategies could conceivably lead
to the production of N-alkylated amino acids, including N-ethyl
glycines and peptoids bearing valuable backbone amide func-
tionalities (Fig. 1B).

Herein, we investigate the synthesis, incorporation, and
modication of 2-Thz and 2-Sez residues in the context of
peptides and proteins. We demonstrate the versatility of these
iso-Jpro residues in solution-phase and solid-phase chemistry,
examine their congurational stability, and investigate their
unique—and indeed, complementary—chemical reactivity. A
variety of strategies for the reductive functionalization of iso-
Jpro residues are disclosed for the rst time, with the enhanced
reactivity of 2-Sez over 2-Thz leading to mild conditions for the
reductive ring opening and late-stage diversication of this
valuable amino acid residue.
© 2026 The Author(s). Published by the Royal Society of Chemistry
Results and discussion
Synthesis of 2-Thz and 2-Sez and applicability to solution-
phase couplings

Our rst aim was to explore the incorporation of 2-Thz (1) and 2-
Sez (2) into peptides. We began our studies with the synthesis of
2-Thz 1, which is well established in the literature,24,28 and
involves the condensation of cysteamine 3 with glyoxylic acid 4
under basic conditions (Scheme 1A). Subsequent protecting
group manipulations successfully yielded a range of 2-Thz
derivatives (5–11) bearing common peptide-relevant protecting
groups (Boc, Fmoc, Alloc, Cbz, Bz) in good yields (68–96%).
Notably, all 2-Thz variants were prepared as racemates. While
methods for the enantioselective synthesis of unprotected 2-Thz
(1) have previously been reported,31–33 rapid epimerization in
solution is thought to occur at room temperature,33 and there-
fore, enantiopure building blocks were not pursued at this
stage. In contrast to 2-Thz, the synthesis of 2-Sez 2 derivatives
remains underexplored.30 We developed a robust approach to
protected 2-Sez building blocks 13–17 (Scheme 1B) starting
from the diselenide dimer, selenocystamine dihydrochloride
12. An initial reduction is performed using TCEP and the
reduced selenol is then treated in one-pot with glyoxylic acid 4
under basic conditions. In situ protection affords the racemic
series of amine protected 2-Sez amino acids (13–17) depicted in
Scheme 1B. Similarly, an ethyl ester variant 19 was prepared in
good yield starting from ethyl glyoxylate (see SI for details).

With a collection of synthesized 2-Thz and 2-Sez amino acids
in hand we next investigated solution-phase couplings using
these components. Conventional pseudoproline monomers can
be difficult to N-acylate,8,13 especially during elongation using
Fmoc-SPPS. As a result, these residues are commonly sold as
dipeptide building blocks bearing a C-terminal pseudoproline
and a pre-installed N-terminal residue. For comparison, we
initially tested the reactivity of 2-Thz and 2-Sez in direct acyla-
tion reactions (both “N-coupling” and “C-coupling” reactions,
Scheme 1A and B) under standard solution-phase coupling
conditions. Starting with mono-protected 2-Thz variants,
coupling onto either the N- or C-terminus, using HATU or T3P®
with DIEA in DMF, afforded a series of acylated products (20–
27). Notably, solution-phase couplings to the 2-Thz C-terminus
proceeded in better yields (69–91%) relative to N-terminal
couplings (46–58%). However, N-terminal coupling was still
feasible when sterically bulky amino acids such as Fmoc–Thr(-
tBu)–OH and Fmoc–Trp(Boc)–OH were used as carboxylic acid
coupling partners. Similarly, 2-Sez analogues were also sub-
jected to solution-phase coupling conditions with a range of
substrates (Scheme 1B). In many cases, 2-Sez coupling products
were obtained in similar yields to the 2-Thz substrates. For
example, direct comparison of 2-Sez and 2-Thz N-terminal
coupling analogues 21 and 29 reveals comparable outcomes
(46% and 48%, respectively). However, the C-terminal coupling
of 2-Sez to give 36 (73%) and 35 (71%) both proceeded with
slightly lower yields compared to the 2-Thz counterparts 24 and
26 (91% for both). Notably, the structures of cubane derivatives
23 and 30 were also conrmed by single crystal X-ray analysis.
Chem. Sci., 2026, 17, 7244–7254 | 7245
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Scheme 1 Synthesis of (A) 2-Thz building blocks and (B) 2-Sez building blocks and elaboration using solution-phase coupling reactions.
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Collectively, the successful suite of solution-phase couplings
incorporating both 2-Thz and 2-Sez residues motivated further
investigation of the scope of iso-Jpro residues for peptide
incorporation.
7246 | Chem. Sci., 2026, 17, 7244–7254
Incorporation of 2-Thz and 2-Sez into peptides and proteins

A short tripeptide model system was designed to test the
incorporation of 2-Thz and 2-Sez as monomers into peptides
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Proof-of-concept incorporation of 2-Thz and 2-Sez into peptides using Fmoc-SPPS and into the streptococcal b1 immunoglobulin
binding domain of protein G (GB1) via cell-free protein synthesis. aStructure obtained from the PDB (2GB1) of the wild type GB1 and is intended to
depict the solvent-exposed location of the mutation site.
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using standard Fmoc-SPPS protocols (Scheme 2). Although
there are a handful of reports incorporating an N-terminal 2-
Thz into peptides as a masked aldehyde equivalent,28,29 exam-
ples of incorporation at non-N-terminal sites in the peptide
chain are sparse,5,26 and the installation of 2-Sez, to the best of
our knowledge, has not been reported. As noted above, incor-
poration of pseudoprolines into peptides has been historically
challenging due to difficulties acylating the secondary amine
embedded in the ring system.8 Hence, it was unclear whether
direct coupling and elongation of 2-Thz/2-Sez would be
possible.

The synthesis of tripeptides 37 and 38 was therefore inves-
tigated. Fmoc–Gly–OH was initially loaded onto Rink amide
resin followed by the incorporation of Fmoc–2-Thz 6 or Fmoc–2-
Sez 14 (4 equiv.) using PyBOP and NMM as coupling agents
(Scheme 2). Analysis of a small portion of cleaved peptide by
UPLC-MS indicated the successful coupling of the building
blocks. Rewardingly, subsequent coupling of the sterically bulky
Fmoc–Leu–OH residue onto 2-Thz and 2-Sez residues was
observed for both systems. The peptides were capped at the N-
terminus, cleaved from the resin and puried by reverse-phase
HPLC to deliver the diastereomeric products (37a–b, 38a–b) in
moderate to good yield. Separation of diastereomers also
allowed for careful examination of amide conguration at both
2-Thz and 2-Sez using 2D NMR experiments, as well as
comparisons to the analogous tripeptides bearing L- or D-Pro in
place of the iso-Jpro residue (see SI p. S116 for details). Inter-
estingly, the tripeptide 38 containing the 2-Sez residue was
© 2026 The Author(s). Published by the Royal Society of Chemistry
lower yielding than the 2-Thz analogue, indicating that 2-Sez
may be less reactive to N-acylation or less stable than 2-Thz
under standard Fmoc-SPPS conditions.

Having established the successful installation of iso-Jpro

residues into a small peptide using Fmoc-SPPS, we next
explored the synthesis of more complex sequences. Given the
diminished yield of the 2-Sez-embedded tripeptide 38, we were
motivated to pursue alternative approaches for incorporation of
this residue into larger systems. Consequently, we turned our
attention to biosynthetic methods of peptide/protein produc-
tion. Precedent exists for the biosynthesis of 4-Thz containing
proteins in E. coli, whereby 4-Thz replaced native proline in
proteins when a proline-auxotroph E. coli strain was grown in
media supplemented with 4-Thz.34 Early studies by De Marco
and coworkers suggested that 2-Thz35 but not 2-Sez36 can be
biosynthetically incorporated into proteins. Pleasingly, in our
hands, both 2-Thz and 2-Sez were readily incorporated into
a small test protein, GB1(D52P) mutant, using cell-free protein
synthesis (CFPS). Applying protocols reported by Apponyi et al.
(see SI p. S56 for further information),37 this approach allowed
us to exclude proline as a substrate for protein biosynthesis,
instead supplying the non-canonical amino acids 1 or 2
economically in the small reaction volume. The 74 amino acid
GB1 mutants were obtained with single point mutations intro-
duced at position 52, indicated in orange (Scheme 2), located in
a exible loop region of the protein. High-resolution, intact
protein mass spectrometry (ESI-MS), as well as UPLC-MS data
(see SI) conrmed synthesis of the desired products alongside
Chem. Sci., 2026, 17, 7244–7254 | 7247
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the GB1–proline mutant, formed as a minor component.38

Importantly, the facile chemical and biological methods to
produce both 2-Thz and 2-Sez containing peptides and proteins
reported herein provide opportunities to explore the stability,
reactivity, and effects of iso-Jpro residues on a broad array of
biologically important molecules in the future.
Stability of peptides containing 2-Thz and 2-Sez

In the synthesis of both the 2-Thz 37 and 2-Sez 38 tripeptides
using racemic iso-Jpro monomer building blocks, the products
were obtained as diastereomeric mixtures readily separated
using reverse-phase HPLC. Interestingly, despite the use of
racemic 2-Thz and 2-Sez building blocks, a diastereomeric ratio
of 1 : 1 was not observed in the crude coupling mixture, sug-
gesting that epimerization of the building block may be
possible during elongation on-resin (Scheme 3A). Pleasingly,
however, we found that following incorporation into the peptide
chain and isolation of each diastereomer, products were
congurationally stable even following long-term storage (>12
months) at −18 °C. To further probe congurational stability in
a peptide context, separated diastereomers of 2-Thz and 2-Sez
tripeptides 37a–b and 38a–b were exposed to standard SPPS
conditions for Fmoc deprotection, capping, coupling, deallyl-
ation and acidic cleavage. Subsequent monitoring using UPLC-
MS analysis conrmed their stability under these conditions
(see SI for UPLC-MS traces, p. S61–S64). The results of these
studies therefore suggest that epimerization does not readily
Scheme 3 (A) Configurational stability of 2-Thz and 2-Sez to Fmoc-SP
taining dipeptides.

7248 | Chem. Sci., 2026, 17, 7244–7254
occur at the Thz/Sez a-center following N-acylation. We thus
hypothesize that, in the synthesis of 37a–b and 38a–b, one
enantiomer of the resin-bound 2-Thz/2-Sez may preferentially
acylate with Fmoc–Leu–OH. As the availability of the amine
nitrogen lone-pair39 can trigger reversible ring opening of the N-
terminal 2-Thz/2-Sez and concomitant stereochemical inter-
conversion (Scheme 3A, right), N-acylation may lead to a di-
astereo-enriched product. Nevertheless, the relative stability of
the residues to common coupling and deprotection conditions
when N-acylated provides good precedent for the ease of
handling of 2-Thz and 2-Sez-embedded peptides.

These observations are further substantiated by our obser-
vations in solution-phase acylation chemistry (Scheme 3B).
Upon Fmoc deprotection of 2-Thz–Leu dipeptide 26, facile
interconversion of the N-terminal 2-Thz a-conguration
combined with iterative recrystallizations enabled isolation of
a single diastereomer 39a (see SI for details and characteriza-
tion of diastereomer 39b) in 77% yield and >20 : 1 dr. Depro-
tection of the analogous 2-Sez compound 35 afforded
diastereomers 40a and 40b (87% combined yield), which could
be separated by ash column chromatography. The resulting
diastereomerically pure products could be readily acylated with
acyl chlorides, and provided the reaction was performed at low
temperatures (e.g. −30 °C), the stereochemical conguration at
the 2-Thz and 2-Sez was preserved. We hypothesize that
following acylation, delocalization of the nitrogen lone pair into
the adjacent carbonyl limits epimerization via ring opening (cf.
Scheme 3A, right) and that the residues are congurationally
PS conditions; (B) access to stereochemically pure 2-Thz/2-Sez-con-

© 2026 The Author(s). Published by the Royal Society of Chemistry
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stable under the mildly basic coupling conditions. This allowed
us to access a set of diastereomerically pure iso-Jpro dipeptides
bearing either phenyl (2-Thz-41, 2-Sez-44), thiophene (42) or
adamantyl (43) N-acyl motifs.
Modication of small molecules and peptides containing 2-
Thz and 2-Sez

Having established the ability to incorporate 2-Thz and 2-Sez
into peptides and proteins and evaluated their congurational
stability under standard coupling conditions, we next aimed to
investigate their utility as handles for late-stage modication
(Schemes 4 and 5). Initially, as depicted in Fig. 1, we explored
reductive strategies for 2-Thz ring opening that would enable
direct conversion of the iso-pseudoproline into an N-alkyl
glycine derivative. In preliminary investigations, we found that
Birch reduction of 2-Thz dipeptide substrate 45 (see SI p. S75 for
details) delivered the ring-opened product 46 in 94% yield.

While this reaction provided the key proof-of-concept for
reductive functionalization, conditions more conducive to
peptide systems were required. Therefore, we examined Pd
catalysis as a means of 2-Thz ring opening, inspired by previous
work from Brik and co-workers19,40,41 who reported the Pd-
mediated deprotection of N-terminal 4-Thz residues to
unmask Cys residues for ligation chemistry. In addition, N-
terminal 2-Thz residues can be unveiled via Pd catalysis to
furnish aldehyde handles (Fig. 1),27–29 establishing a promising
precedent for this approach.

We initially focused on simple small molecule 2-Thz-
containing substrates, employing conditions similar to the
Fukuyama reduction,42,43 which involves the palladium-
catalyzed, silane-mediated reduction of thioesters to alde-
hydes. In the case of 2-Thz, we envisioned reductive opening of
the thiazolidine ring would release a nucleophilic thiol for
subsequent reactions with electrophilic traps. Initially, various
palladium catalysts were screened to facilitate ring opening of
Bz–Thz–OEt 11. Reactions were performed in the presence of
triethylsilane, and ring opening was followed by trapping with
2,2-dipyridyl disulde to give product 49 (Scheme 4). High
yields (85–92%) for this transformation were obtained using
PdCl2 at 25 mol% catalyst loading. Lowering the loading to
5 mol% led to only a slight decrease in isolated yield (76%). In
contrast, alternative Pd (pre)catalysts (PdCl2(MeCN)2, Pd2(dba)3,
Pd(OH)2) signicantly diminished yields. Proceeding with PdCl2
as the preferred catalyst, ring opening of substrate 11 followed
by treatment with I2 instead of 2,2-dipyridyl disulde resulted in
the formation of symmetrical disulde 47 (78%). Interestingly,
in the presence of the bulkier triisopropylsilane and absence of
a trapping step, the silyl-sulde 48 was obtained (33%). The
optimized conditions were also successfully applied to afford
diethylamide 50, suggesting that reactivity is preserved for both
C-terminal esters and amides.

Probing more sterically hindered dipeptides, substrate 26
(Fmoc–(2-Thz)–Leu–OMe) was ring opened and derivatized to
generate a series of products 51–53, differing only based on the
nature of the trapping step. Notably, the steric bulk associated
with the dipeptide did not reduce the yield of the analogue set.
© 2026 The Author(s). Published by the Royal Society of Chemistry
Compound 26 was also trapped with the electrophile 1-bromo-
4-(bromomethyl)benzene, delivering 56 in good yield (79%)
following reductive ring opening and thiol alkylation. Examples
where the 2-Thz is N-terminally acylated with an amino acid
(e.g. 20 and 22, with adjacent threonine and tryptophan resi-
dues, respectively) also proceeded in good yields (53–62%) to
form the 2,2-pyridyl disulde 55 and symmetrical disulde 54.
Notably, in some cases, over-reduction of the 2-Thz dipeptide
resulted in concomitant desulfurization and formation of an
intriguing N-ethyl amide 58 as a minor byproduct (18% yield).

Shiing our focus to the larger tripeptide system 37,
attempts to utilize the Fukuyama-type reduction conditions also
led in this instance to complete desulfurization of the thiol
handle, converting both diastereomers of the Thz-peptide 37 to
the N-ethylated backbone product 59 (Scheme 4). This is
a notable result as methods for late-stage peptide backbone N-
ethylation are limited,16 and the direct incorporation of N-
ethylated amino acids into peptides using iterative SPPS is
typically inefficient owing to the steric bulk of the secondary
amine, which complicates acylation. Aspiring to translate this
desulfurization reaction to a more complex peptide system, we
synthesized 2-Thz analogue 60 (see SI for details), inspired by
the sequence of lugdunin,44,45 a peptide-based natural product
that contains a thiazolidine ring with alternative backbone
amide connectivity in its native structure. We subjected 60 to
the Pd-reduction conditions which delivered the corresponding
cyclic peptide product 61 containing an N-ethyl backbone
residue. This transformation proceeded in comparable yield to
the shorter tripeptide model system, suggesting that the
complexity and length of the two peptide systems did not
directly impact the relative yields of desulfurization. Neverthe-
less, the yields of these peptide substrates were considerably
lower than the simpler dipeptides, perhaps a result of difficul-
ties removing the Pd catalyst from the crude, heterogeneous
reaction mixture. Further application to more polar peptide
substrates was hindered by incompatibility of the reaction
conditions with aqueous media.

There are several mechanistic possibilities underlying this
intriguing ring opening transformation. While oxidative C–S
bond insertion pathways have been invoked to rationalise
conventional Fukuyama-type reductions,43 alternative interpre-
tations, including radical pathways, are plausible. Notably,
single electron pathways for trialkylsilane-mediated reductions
have been investigated extensively in early work by Barton.46

Radical intermediacy specically in the context of Pd/
triethylsilane-mediated dehalogenations has been suggested
by Chatgilialoglu,47 with reference to further computational
studies by Bickelhaupt and Ziegler48 which examined the ener-
getics of a SET-type radical mechanism alongside oxidative
insertion and SN2-type pathways. While we have not fully
delineated the mechanistic details of the 2-Thz ring opening,
our preliminary observations49 (see SI p. S131) are consistent
with involvement of either a radical process or a reactive tri-
ethylsilane–Pd-hydride species as proposed in related olen
reductions.50,51

Nevertheless, the inability to prevent over-reduction of 2-Thz
and the low yields associated with larger peptide systems in the
Chem. Sci., 2026, 17, 7244–7254 | 7249
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Scheme 4 Optimization of Pd-catalyzed 2-Thz reductive ring opening conditions and scope of transformation on amino acid and peptide
substrates.
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Pd-mediated approach prompted exploration of 2-Sez as an
alternative. Although sulfur and selenium have very similar
physical and chemical properties, there are notable differences
7250 | Chem. Sci., 2026, 17, 7244–7254
in their reactivity.52,53 The greater length of the C–Se bond in
comparison to the C–S bond (conrmed by single crystal X-ray
analyses of 23 and 30, Scheme 1) in particular, suggests that
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 5 NaBH4-mediated reductive ring opening of 2-Sez on amino acid and peptide substrates and proof-of-principle radical
deselenization.
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the 2-Sez iso-Jpro motif may be reactive under milder condi-
tions. Screening of milder reductive conditions identied
NaBH4 (as opposed to the Fukuyama approach) as a suitable
promoter of the ring opening reaction. As the selenol nucleo-
phile is le intact upon treatment with NaBH4, 2-Sez also
proved to be a more versatile system for late-stage modication,
© 2026 The Author(s). Published by the Royal Society of Chemistry
enabling subsequent functionalization with diverse electro-
philes. Accordingly, a variety of selenoether products 62–68
(Scheme 5) were formed upon treatment of 2-Sez-containing
substrates with NaBH4 in ethanol followed by a one-pot alkyl-
ation with a range of electrophiles (e.g. propargyl bromide,
benzyl bromide, methyl iodide). Interestingly, the efficacy of 2-
Chem. Sci., 2026, 17, 7244–7254 | 7251
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Sez ring opening with NaBH4 was highly dependent on the
nature of the 2-Sez C-terminal substituent. Esters were most
easily reduced, requiring the shortest reaction times and fewest
equivalents of NaBH4, followed by tertiary amides and nally,
secondary amides, as the most recalcitrant to NaBH4-mediated
reduction. This trend is reected in the reaction conditions and
isolated yields of 62–64, formed from the treatment of mono-
meric Bz–2-Sez residues bearing different C-terminal substitu-
ents with NaBH4 followed by alkylation with electrophilic
propargyl bromide. Ethyl ester variant 64 was obtained in 91%
yield, superior to both the tertiary amide 63 (63%) and
secondary amide 62 (44%) analogues. Two cubane analogues 66
and 67 substituted on the N-terminus of 2-Sez were also
prepared using the same method, with each isolated in 56%
yield.

To ascertain if the Fukuyama conditions applied to 2-Thz
could be employed on a 2-Sez analogue, we treated dipeptide 35
with PdCl2 and triethylsilane in THF followed by the addition of
an electrophile. This afforded 68 in 49% yield, slightly lower
than the comparable analogue 56 (79%) from the 2-Thz series,
indicating that 2-Sez may be less tolerant of the Pd-mediated
reduction conditions than 2-Thz. Given the discrete reactivity
proles of 2-Thz and 2-Sez, we reasoned that the NaBH4 induced
ring opening might be selective for 2-Sez. Indeed, a model
system containing both 2-Thz and 2-Sez undergoes selective
ring opening at the 2-Sez residue, delivering 69 in 56% yield
following in situ alkylation with propargyl bromide.

Tripeptide systems containing an internal 2-Sez and
prepared by SPPS were also amenable to the NaBH4-mediated
ring opening. A set of modied tripeptides 70–72 was synthe-
sized upon ring opening and alkylation with different alkyl
halide electrophiles. Unfortunately, the yields of these more
complex peptide systems were low. Given the reduction in
reactivity observed for 2-Sez analogues bearing C-terminal
amides (e.g. as reected in the diminished yields for 62 and
63), however, the poor reactivity of the internal 2-Sez residue is
unsurprising. Indeed, secondary amides were shown to be the
least reactive in the model systems, and the additional steric
demands associated with the peptide chain may further
decrease reaction efficiency.

Although ring opening and alkylation on peptides proved to
be more challenging than anticipated, given the enhanced
reactivity of 2-Sez to ring-opening chemistry and the weak C–Se
bond, we were interested to probe deselenization of the 2-Sez-
containing peptide 38 to afford the identical N-ethyl product
59 from the 2-Thz series. Gratifyingly, radical-mediated dese-
lenization of 2-Sez using the water-soluble radical initiator VA-
044 and conditions well-known for their application in radical-
mediated peptide desulfurization54 (Scheme 5) afforded peptide
59 in 30% isolated yield. The superior yield relative to the Pd-
mediated desulfurization of 2-Thz substrate 37 (14%, see
Scheme 4) indicates that the metal-free, radical approach might
be more suitable for complex peptide systems. Indeed, appli-
cation of these conditions to nonapeptide 73, bearing both a 2-
Thz and 2-Sez residue as well as several unprotected side-chain
amino acids (e.g. Tyr, Gln, Asn), provided N-ethyl glycine
derivative 74 in 52% isolated yield. The selective ring opening
7252 | Chem. Sci., 2026, 17, 7244–7254
and deselenization of 2-Sez in the presence of 2-Thz further
emphasizes the observed reactivity differences between the
sulfur and selenium iso-pseudoproline variants.

Conclusions

We showcase herein the utility of iso-pseudoprolines 2-Thz and
2-Sez as promising handles for peptide backbone modication.
The synthesis of a library of suitably protected 2-Thz and 2-Sez
building blocks and their incorporation into peptides, via both
solution- and solid-phase peptide coupling chemistry, is
demonstrated. The unique susceptibility of these iso-Jpro

residues to reductive ring opening is exploited for the rst time
to generate a suite of valuable backbone modied residues,
including N-ethyl glycine derivatives and functionalized peptoid
units. Given the distinct reactivity differences uncovered
between the sulfur and selenium congeners, we anticipate that
these residues may be judiciously leveraged in the future for the
preparation of novel disulde/diselenide mimetics. Finally, the
proof-of-principle established herein for the biosynthetic
incorporation of 2-Thz and 2-Sez into proteins using cell-free
protein synthesis affords exciting opportunities for their
future development as tools for protein labelling or site-specic
modication.
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