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We report an integrated solid-phase reductive amination/solid-phase fragment condensation (SPFC) strat-
egy for the replacement of amide bonds in peptide sequences with the aminomethylene W[CH,—-NH]
amide isostere. N-Fmoc-protected C-terminal peptide a-amino aldehydes were prepared and condensed
with the N-terminus of peptide sequences assembled on 2-chlorotrityl chloride (CLTR) resin, followed by
efficient imine reduction under mild conditions. Epimerization at the reacting a-amino aldehyde was
below 10%, typically in the range of 1-7%. Cleavage from the resin under mild acidic conditions afforded
peptides in which native amide bonds were selectively replaced by W[CH,—-NH] linkages. In addition, this
methodology enables the preparation of suitably protected W[CH,—-NH]-containing peptide fragments
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that are compatible with further solid-phase, fragment-based, or convergent peptide synthesis and
modification strategies. The methodology constitutes a general and versatile tool for selective peptide
backbone modification with relevance to the development of peptides and peptidomimetics with
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Introduction

Peptides are attractive therapeutic agents but are often limited
by intrinsic limitations, including poor metabolic stability, low
membrane permeability, and suboptimal pharmacokinetic
profiles. To address these challenges, a variety of chemical
strategies have been developed. These include side-chain
modification, replacement of r-amino acids with p-amino
acids or other unnatural amino acids, cyclization, amide
N-alkylation, Ca-alkylation, peptoid incorporation, lipidation,
and other structural modifications.”* In line with these
approaches, we have previously developed solid-phase method-
ologies for peptoid formation, and [CH,-S] amide isostere
incorporation, while peptide lipidation strategies have also
been explored in our group.®

Solid-phase fragment condensation (SPFC) is a well-estab-
lished approach for the synthesis of challenging peptide
sequences.®® In principle, SPFC relies on the stepwise conden-
sation of peptide fragments onto a resin-bound peptide chain.
Conventional SPFC protocols typically employ 2-chlorotrityl
chloride (CLTR) resin’ in combination with the Fmoc/'Bu strat-
egy, using 1-hydroxybenzotriazole (HOBt)/N,N'-diisopropyl-
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improved properties and applications in drug design.

carbodiimide (DIC) or other efficient coupling reagents to
promote fragment condensation.***

In this study, we describe SPFC-based strategies to replace
peptide amide bonds with the methylene amino ¥W[CH,-NH]
amide isostere,'* using C-terminal peptide a-amino aldehydes.
This backbone modification can enhance the pharmacokinetic
and pharmacodynamic (PK/PD) properties of peptides by
improving hydrolytic and proteolytic stability, increasing bio-
availability, and, in some cases, enhancing potency or receptor
selectivity. W[CH,-NH] substitutions reduce enzymatic back-
bone cleavage and may alter peptide conformation. These
effects can confer longer in vivo half-lives, higher effective con-
centrations at target sites, and improved functional activity
relative to the parent sequences."*™*®

Although several solid- and solution-phase methods for the
replacement of peptide amide bonds with the ¥Y[CH,-NH] iso-
stere have been reported,'****°7>* a general SPFC-based strat-
egy that utilizes C-terminal peptide a-amino aldehydes as alky-
lating agents to enable amide-to-¥[CH,-NH] replacement
directly within peptide sequences has not yet been described.
While we previously reported homoserinyl y-aldehyde-contain-
ing peptides in solid-phase reductive amination,*® the present
study investigates peptide-derived C-terminal a-amino alde-
hydes for direct amide-to-¥[CH,-NH]| replacement within
peptide backbones. In contrast to the earlier site-specific Hse
residue modification strategy, this work employs C-terminal
peptide o-amino aldehyde fragments, thereby enabling
modular and convergent replacement of native amide bonds.
In this case, important methodological adaptations were
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required to achieve faster reaction kinetics and improved
control of epimerization at the reacting a-amino aldehyde.

To implement this strategy, Fmoc-protected peptide a-amino
alcohols are first synthesized on CLTR resin using the Fmoc/Bu
strategy and then oxidized in solution to the corresponding
Fmoc-protected peptide a-amino aldehydes. These aldehydes
are subsequently condensed with the N-terminus of resin-
bound peptide sequences via a simple and efficient solid-phase
reductive amination protocol. This approach enables the incor-
poration of W[CH,-NH] amide isosteres within peptide back-
bones with controlled levels of epimerization.

Overall, the reported protocol provides a versatile and
reliable platform for the preparation of Y[CH,-NH]-containing
peptides and side-chain-protected peptide fragments. The
resulting peptides can serve either as the targeted WY[CH,-NH]-
modified molecules or be incorporated into larger, syntheti-
cally challenging sequences, supporting fragment-based and
convergent peptide synthesis strategies. Beyond enabling PK/
PD-oriented backbone modification, the methodology rep-
resents a generally useful approach for peptide modification
with potential relevance to peptidomimetic and peptide-based
drug design. It is also readily adaptable to solution-phase
peptide chemistry, underscoring its broad utility.

Results and discussion

For the synthesis of peptides where the amide bond is replaced
by the W[CH,-NH] isostere, we rationalized the use of SPFC
methodology using of the acid-labile CLTR resin 1 and
Fmoc/‘Bu strategy.® Initially, N-Fmoc-protected amino alcohols
2 were synthesized from the corresponding N-Fmoc a-amino
acid precursors via activation with N,N'-dicyclohexyl-
carbodiimide (DCC) and N-hydroxysuccinimide (NHS), followed
by reduction with sodium borohydride (NaBH,), as previously
reported to preserve optical purity.”**® The Fmoc-protected
amino alcohols 2 were then attached to CLTR resin through
their hydroxyl group, allowing the solid-phase synthesis of
Fmoc-protected peptide alcohols 3, by methods already
described in literature (Scheme 1).>° Briefly, 2 was loaded onto

R
)\/OH
1. Fmoc—N
H 2

DCM, DIPEA

R
A on
Fmoc-peptide1—H

3 J DMP (1.2 eq),

o ¥

1: CLTR

2. 25% piperidine
3. SPPS

4. HFIP/DCM 3:7 NMP, 2-3 h, rt

R
Fmoc—peptlde1—H
4

Scheme 1 General scheme for the synthesis of Fmoc-protected
peptide aldehydes though DMP oxidation of solid-phase synthesized
Fmoc-protected peptide alcohols.
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the resin in the presence of N,N-diisopropylethylamine (DIPEA),
followed by Fmoc deprotection using standard 25% piperidine
treatment, after which conventional solid-phase peptide syn-
thesis was performed. Cleavage from the resin with 30% hexa-
fluoroisopropanol (HFIP) in DCM afforded the Fmoc/side-chain-
protected peptide alcohols 3a-3g.

Previous approaches to peptide aldehyde synthesis rely on
resin-bound Weinreb amides, which are reduced with lithium
aluminum hydride (LiAlH,) to generate C-terminal peptide
aldehydes.®® Alternatively, Fmoc-protected amino aldehydes
have been immobilized on threonyl resins as oxazolidines, fol-
lowed by Boc protection and solid-phase peptide synthesis.>”
However, these methods typically require harsh conditions
and are not compatible with standard Fmoc/’Bu solid-phase
synthesis.

In our case, the Fmoc-protected peptide alcohols 3a-3g
were oxidized to the corresponding Fmoc-protected peptide
aldehydes 4a-4g (Scheme 1) using the Dess-Martin periodi-
nane (DMP), a mild oxidant.>* Under optimized conditions,
1.2 equiv. of DMP were sufficient to achieve full conversion to
the desired 4a-4g (Table 1) within 2-3 h, at rt. In the case of
incomplete reaction, the addition of an extra 20% equivalent
of DMP generally afforded full conversion within the next
hour.

In the next step, the Fmoc-protected peptide aldehydes 4
reacted with the N-terminus of the pre-formed peptide resin
(CLTR) 5 under reductive amination conditions (Scheme 2).
For the on-resin reductive amination a two-step approach was
developed. In the first step, 4 (1 equiv.) reacted with 5 in THF/
MeOH (5:1) at rt, a reaction that consistently reached com-
pletion within 2 x 15 min, followed by washing the resin with
THF to remove unreacted 4. The resulting resin-bound imine 6
was subsequently reduced using sodium cyanoborohydride
(NaBH3CN), a mild reducing agent commonly used in reduc-
tive amination processes.'*'>192%333% In the optimized proto-
col, treatment of resin 6 with NaBH;CN in THF containing 1%
AcOH for 1 + 1 h at rt affords complete reduction. In the case
of incomplete reaction of peptide aldehyde and/or reduction
(identified during the HPLC analysis of the final resin, after
acidic treatment and cleavage), a second round of 1 x 15 min
imine formation and reduction was sufficient to allow full con-
version. The resin-bound peptide fragments 7 were then
treated with DCM/2,2,2-trifluoroethanol (TFE)/AcOH (7:2:1)

Table 1 Fmoc-protected peptide aldehydes 4a—4g synthesized?

A/A Fmoc-peptide aldehydes

4a Fmoc-Leu-Val-Glu(O‘Bu)-Ser(‘Bu)-Gly-Gly-Gly-AL
4b Fmoc-Ala-Ser(‘Bu)-Ser(‘Bu)-Aib-AL

4c Fmoc-Ala-Ser(‘Bu)-Ser(‘Bu)-Leu-AL

ad Fmoc-Ala-Ser(‘Bu)-Ser(‘Bu)-Tle-AL

e Fmoc-Ala-Ser(‘Bu)-Ser(‘Bu)-Phe-AL

af Fmoc-Cys(Trt)-Ala-Lys(Boc)-Val-AL

4g Fmoc-Ser(‘Bu)-Tyr(‘Bu)-Leu-Ser(‘Bu)-Thr(‘Bu)-AL

“NMR and HPLC of the crude 4a-4g are presented in Fig. S1-S14.

This journal is © The Royal Society of Chemistry 2026
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Scheme 2 On-resin reductive amination between Fmoc-protected peptide aldehydes (as the alkylating agents) and the N-terminus of resin-bound

assembled peptides (Method A).

to yield the protected fragments 8, in which the peptide bond
is replaced by the [CH,-NH] isostere.

By reacting 7 with di-tert-butyl dicarbonate (Boc,O) (10
equiv.)/DIPEA (10 equiv.) in DCM/NMP (1:1) for 24-48 h at rt,
the Boc group was successfully introduced to afford 9, which,
in the final step, was treated with DCM/TFE/AcOH (7:2:1) to
afford the W[CH,-N(Boc)] protected peptide fragment 10.

Using this protocol, we were able to obtain fragments 8a-8g
by reacting 4a-4g with resin-bound model tetrapeptides pos-
sessing a free N-terminus (Table 2) to form the corresponding
resin-bound imines 6a-6g, which were directly subjected to
reduction using NaBH;CN (1 equiv.) in THF-1% AcOH. In
most cases, the reduction was completed within 1 + 1 h at rt.
An exception was 8b, where the C-terminal Aib-AL 4b required
two consecutive 24 h reducing periods. The low reactivity was
also confirmed when the Fmoc-Aib-AL monomer was used in
place of 4b, supporting that the steric bulk of Aib is respon-
sible for the slower reduction.

An important consideration in this approach is the poten-
tial for epimerization at the insertion site (the Ca of the
C-terminal amino aldehyde). Thus, in addition to the
C-terminal peptide aldehydes 4a (C-terminal Gly-AL; sterically
unhindered, optically inactive) and 4b (C-terminal Aib-AL;
sterically hindered, optically inactive), we evaluated the
peptide aldehydes 4c-4g, which incorporate sterically hindered
and optically active C-terminal amino aldehydes, for their sus-
ceptibility to epimerization.

It should be noted that preliminary experiments, in which
Fmoc-i-Leu-i-Leu-AL and Fmoc-i-Leu-i-Val-AL (as well as the
corresponding Fmoc-i-Leu->-Leu-AL and Fmoc-1-Leu-p-Val-AL
analogues) were reacted with the H-Leu-Ala-Phe-Gly-O-CLTR pep-
tidyl resin, afforded each set of diastereomers of H-Leu-n/i-Leu-
[CH,-NH]-Leu-Ala-Phe-Gly-OH and H-Leu-p/i-Val{CH,-NH]-Leu-
Ala-Phe-Gly-OH, which were separated by HPLC analysis. This
allowed the identification of optimized conditions for this two-
step approach. Under these conditions: 15 min imine formation

This journal is © The Royal Society of Chemistry 2026

at rt in THF/MeOH (5 : 1), followed by washing of the unreacted
aldehyde and reduction with NaBH3CN (1 equiv.) in THF and
THF-1% AcOH for 1 + 1 h at rt, the level of epimerization ranged
between 2-10%. The presence of the acid catalyst (1% AcOH)
ensured complete reduction within 1 h. In cases where the
reduction was incomplete, a second reduction step under the
same conditions resulted in full conversion.

For the reaction between peptide aldehydes 4c-4g and the
model tetrapeptide resins (Table 2), the resulting fragments
8c-8g were characterized in terms of purity (including confir-
mation of complete N-terminal condensation and full
reduction) and evaluated for epimerization of the incorporated
C-terminal amino aldehyde residue. Epimerization (% Epimer)
was assessed by synthesizing the corresponding C-terminal
D-analogues of 4c-4g and the corresponding D-containing 8c-
8g, which allowed chromatographic separation of the diaster-
eomers by HPLC. The results are summarized in Table 2.
Overall, most C-terminal residues displayed relatively low
levels of epimerization. The lowest was observed for 8g (Thr
(‘Bu)-[CH,-NH]-Leu), <1.0%, whereas slightly higher epimeri-
zation was observed for 8c.1 (Leu-[CH,-NH]-Asp(O'Bu)), 8c.2
(Leu-[CH,-NH]-Ser(‘Bu)) and 8e (Phe[CH,-NH]-Leu), at
2.0-2.2%. Moderate epimerization was observed for 8d (Ile-
[CH,-NH]-Ser('Bu)) and 8f (Val{CH,-NH]-Ser("Bu)), at
3.3-4.3% and 6.0-7.0%, respectively. Repetition of the experi-
ments after six months, using the Fmoc-peptide aldehydes 4a-
4g stored at 4-5 °C, gave epimerization values within +10% of
the original measurements. These results indicate that the
peptide aldehydes remain configurationally stable to a degree
acceptable for synthetic use over the examined storage period.

To investigate how the rate of reduction influences the
extent of epimerization, we performed additional experiments.
Resin-bound imine intermediates 6c¢.2-6g were first formed
and then suspended for 24 h at rt in either: (a) THF and (b)
THF-1% AcOH, followed by reduction under the standard con-
ditions (NaBH;CN in THF-1% AcOH for 1 h at rt). The result-

Org. Biomol. Chem., 2026, 24, 2559-2569 | 2561
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Table 2 Peptide fragments 8a—8g synthesized by SPFC method A (Scheme 2),? and the corresponding epimerization levels (% Epimer)®

Method of preparation

Product obtained

% Epimer”

Fmoc-Leu-Val-Glu(O‘Bu)-Ser(‘Bu)-Gly-Gly-Gly-AL 4a + H-Leu-
Ala-Phe-Gly-O-CLTR

Fmoc-Ala-Ser(‘Bu)-Ser(‘Bu)-Aib-AL 4b + H-Leu-Ala-Phe-Gly-
O-CLTR

Fmoc-Ala-Ser(‘Bu)-Ser(‘Bu)-Leu-AL 4c¢ + H-Asp(O‘Bu)-Tyr(‘Bu)-
Trp(Boc)-Gly-O-CLTR

Fmoc-Ala-Ser(‘Bu)-Ser(‘Bu)-Leu-AL 4c¢ + H-Ser(‘Bu)-Tyr(‘Bu)-
Leu-Ser(‘Bu)-O-CLTR

Fmoc-Ala-Ser(“Bu)-Ser(‘Bu)-le-AL 4d + H-Ser(‘Bu)-Tyr(‘Bu)-Leu-
Ser(“Bu)-O-CLTR

Fmoc-Ala-Ser(‘Bu)-Ser(‘Bu)-Phe-AL 4e + H-Leu-Ala-Phe-Gly-
O-CLTR

Fmoc-Cys(Trt)-Ala-Lys(Boc)-Val-AL 4f + H-Ser(“Bu)-Tyr(‘Bu)-
Leu-Ser(‘Bu)-O-CLTR
Fmoc-Ser(‘Bu)-Tyr(‘Bu)-Leu-Ser(‘Bu)-Thr(‘Bu)-AL 4g + H-Leu-
Ala-Phe-Gly-O-CLTR

Fmoc-Leu-Val-Glu(O‘Bu)-Ser(‘Bu)-Gly-Gly-Gly-¥[CH,~-NH]-Leu-
Ala-Phe-Gly-OH 8a
Fmoc-Ala-Ser(“Bu)-Ser(‘Bu)-Aib-¥[CH,-NH]-Leu-Ala-Phe-Gly-
OH 8b
Fmoc-Ala-Ser(‘Bu)-Ser(‘Bu)-Leu-¥[CH,~NH]-Asp(O‘Bu)-Tyr(‘Bu)-
Trp(Boc)-Gly-OH 8c.1
Fmoc-Ala-Ser(‘Bu)-Ser(‘Bu)-Leu-¥[CH,-NH]-Ser(‘Bu)-Tyr(‘Bu)-
Leu-Ser(‘Bu)-OH 8c.2
Fmoc-Ala-Ser("Bu)-Ser(‘Bu)-Ile-¥[CH,-NH]-Ser(‘Bu)-Tyr(‘Bu)-
Leu-Ser(‘Bu)-OH 8d
Fmoc-Ala-Ser(‘Bu)-Ser(‘Bu)-Phe-¥[CH,-NH]-Leu-Ala-Phe-Gly-
OH 8e
Fmoc-Cys(Trt)-Ala-Lys(Boc)-Val-¥[CH,~NH]-Ser(‘Bu)-Tyr(‘Bu)-
Leu-Ser(‘Bu)-OH 8f
Fmoc-Ser(‘Bu)-Tyr(‘Bu)-Leu-Ser(‘Bu)-Thr(‘Bu)-¥[CH,-NH]-Leu-
Ala-Phe-Gly-OH 8g

2.1%, 2.2%

2.0%, 2.1%

3.3%, 3.6%,
4.3%

2.1%, 2.2%

6.0%, 6.2%,
7.0%

0.7%, 0.8%

%15 min imine formation in THF/MeOH (5:1) at rt; 1 + 1 h reduction with NaBH;CN in THF-1% AcOH at rt. > HPLC of the crude 8a-8g are pre-

sented in Fig. S15-S22.

ing epimerization percentages for fragments 8c.2-8g are sum-
marized in Table 3.

As shown, epimerization in fragments 8c.2-8g increases sig-
nificantly when the peptide fragments remain in their imine
form for an extended period (24 h), even in the absence of an
acid catalyst. This suggests intramolecular deprotonation of
the a-hydrogen of the C-terminal amino aldehyde involved in
imine bond formation with the N-terminus of the following
peptide fragment, leading to enamine formation followed by
reprotonation (Scheme 3a). In the presence of 1% AcOH, epi-
merization is further enhanced, indicating that acid catalysis
accelerates the process via proton-assisted imine-enamine tau-
tomerization (Scheme 3b).

On the basis of these findings, we further introduce a prac-
tical method in which deliberate extension of the time the
peptide remains in its imine form prior to reduction promotes

epimerization, producing diastereomeric mixtures that can be
efficiently separated by HPLC, thus avoiding the need to syn-
thesize the corresponding C-terminal p-amino aldehyde ana-
logues and their final peptides.

Considering the findings so far, the optimized protocol
reflects this balance: while acid catalysis increases epimeriza-
tion, it is also essential for complete and efficient reduction,
as its absence led to incomplete reduction in nearly all cases
examined. Overall, these results demonstrate that the extent of
epimerization strongly depends on the rate at which the
initially formed imine is reduced.

To broaden the available synthetic options, the Fmoc-
a-amino aldehyde monomer insertion method outlined in
Scheme 4 was also investigated.

In this approach, the Fmoc-amino aldehyde monomer 11 is
condensed with the N-terminus of the resin-bound peptide 5

Table 3 Percentage epimerization (% Epimer) of peptide fragments 8c.2—8g obtained after suspending the corresponding resin-bound imines

6c.2—-6g in THF or THF-1% AcOH for 24 h at rt?

Resin-bound peptidyl imine sequence

Y[CH,-NH]-containing peptide sequence

% Epimer in
THF after 24 h

% Epimer in
THF-1% AcOH

Fmoc-Ala-Ser(‘Bu)-Ser(‘Bu)-Leu-[CH=N]-Ser(‘Bu)-
Tyr(‘Bu)-Leu-Ser(‘Bu)-O-CLTR 6c¢.2
Fmoc-Ala-Ser(‘Bu)-Ser(‘Bu)-lle-{CH=N]-Ser(‘Bu)-
Tyr(‘Bu)-Leu-Ser(‘Bu)-O-CLTR 6d
Fmoc-Ala-Ser(“Bu)-Ser(‘Bu)-Phe-[CH=N]-Leu-Ala-
Phe-Gly-O-CLTR 6e
Fmoc-Cys(Trt)-Ala-Lys(Boc)-Val{CH=N]-Ser(‘Bu)-
Tyr(‘Bu)-Leu-Ser(‘Bu)-O-CLTR 6f
Fmoc-Ser(‘Bu)-Tyr(‘Bu)-Leu-Ser(‘Bu)-Thr(‘Bu)-
[CH=N]-Leu-Ala-Phe-Gly-O-CLTR 6g

Fmoc-Ala-Ser(‘Bu)-Ser(

Ala-Phe-Gly-OH 8e

“HPLC of the crude epimerized 8c.2-8g are presented in Fig. S23-S27.

Fmoc-Ala-Ser(‘Bu)-Ser("
(‘Bu)-Tyr(‘Bu)-Leu-Ser("
t-
(‘Bu)-Tyr(‘Bu)-Leu-Ser(*
Fmoc-Ala-Ser(“Bu)-Ser(‘Bu)-Phe-¥[CH,-NH]-Leu-

Fmoc-Cys(Trt)-Ala-Lys(Boc)-Val-W[CH,-NH]-Ser
(‘Bu)-Tyr(‘Bu)-Leu-Ser(‘Bu)-OH 8f
Fmoc-Ser(‘Bu)-Tyr(‘Bu)-Leu-Ser(“Bu)-Thr(*Bu)-
W[CH,-NH]-Leu-Ala-Phe-Gly-OH 8g

Bu)-Leu-W[CH,-NH]-Ser  15.0% 47.5%
Bu)-OH 8c.2
Bu)-lle-'Y[CH,-NH]-Ser 7.4%" 46.1%
Bu)-OH 8d
) 24.8%
16.2% 49.1%
4.1%

All experiments were performed at least three times and this is the

maximum measured values. ? An additional 24 h resin suspension in THF (total 48 h) increased epimerization from 7.4% to 13.8%.
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Scheme 3 Plausible epimerization pathway of the C-terminal a-amino
aldehyde-derived residue involved in the imine bond formation with the
N-terminus of the following peptide fragment via imine—enamine tauto-
merization under non-acidic (a) and acid-catalyzed (b) conditions; X =
Fmoc; Fmoc-protected peptide segment.

H-| peptlderOO
)Vo
Fmoc— N

1 1eq

1. THF/MeOH (5:1), rt
2. Wash

3. NaBH3CN (1 eq),
THF-1% AcOH, 1+1 h, rt

R
Fmoc—N~" >C—HN-peptide -00
B H, peptide

12
1. Boc,O/DIPEA,
DCM/NMP (1:1),
24-48 h, 1t

2. 25% piperidine
3. SPPS or SPFC
4. DCM/TFE/ACOH (7/2/1)

R Boc

Fmoc-peptide,—N C—N-peptide;-OH
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Scheme 4 Fmoc-amino aldehyde insertion approach Method B evalu-
ated by the synthesis of Fmoc-Cys(Trt)-Ala-Lys(Boc)-Val-¥[CH,—N
(Boc)]l-Ser('Bu)-Tyr(‘Bu)-Leu-Ser('Bu)-OH (10f).

to form the resin-bound peptidyl imine, which is then reduced
to intermediate 12, bearing the W[CH,-NH] linkage. This inter-
mediate is subsequently treated with Boc,O/DIPEA in DCM/
DMF (1:1) (2 x 24 h, rt), subjected to Fmoc deprotection with
25% piperidine, and further extended by SPPS/SPFC. Cleavage
from the resin with DCM/TFE/AcOH (7:2:1) yields peptide 10
incorporating the Y[CH,-N(Boc)] linkage.

By using this strategy, we initially performed preliminary
experiments using Fmoc-1-Ala-AL, Fmoc-i-Leu-AL, and Fmoc-1-

This journal is © The Royal Society of Chemistry 2026
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Val-AL (as Fmoc-amino aldehydes 11) in reactions with the
H-Leu-Ala-Phe-Gly-O-CLTR  resin.  The  corresponding
D-analogues were also employed to enable diastereomer for-
mation and separation by HPLC. Under the optimized con-
ditions, ie. 15 min imine formation in THF/MeOH (5:1) at rt
followed by resin washing to remove unreacted Fmoc-amino
aldehyde and subsequent reduction with NaBH;CN (1 equiv.)
in THF-1% AcOH for 1 h at rt, the epimerization levels were as
follows: Ala: 1-3%, Leu: 2-3%, Val: 3-7%. In a comparative
study, we tested 4f (in the synthesis of 10f), previously identi-
fied as the most prone to epimerization via Method A peptide
sequence. In this alternative approach (Method B, Scheme 4),
Fmoc-1-Val-AL was condensed with the resin-bound peptide
H-Ser("Bu)-Tyr(‘Bu)-Leu-Ser(“Bu)-O-CLTR, followed by Boc inser-
tion, Fmoc removal, and step-by-step elongation to afford 10f.
The epimerization level measured for 10f via this route
(Method B) was 3.0%, lower than the 6.0-7.0% observed for 8f
prepared via Method A, or the 5.7% measured for the corres-
ponding 10f prepared by Method A followed by Boc-insertion.
The HPLC chromatograms of the crude 10f obtained by both
Method A and Method B are presented in Fig. 1. In addition,
we present the HPLC for 10f obtained by suspension of the
corresponding resin-bound imine in THF-1% AcOH for 24 h
at rt, which resulted in a complete epimerization. ESI-MS of
the eluted fragment corresponding to 10f is also presented.
The results demonstrate that this second approach provides a
complementary synthetic option for the preparation of W[CH,—
NH]-containing peptides and can be particularly advantageous
for peptide aldehyde fragments that are especially prone to
epimerization.
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Fig.1 HPLC chromatograms of crude Fmoc-Cys(Trt)-Ala-Lys(Boc)-Val-
W[CH,—N(Boc)l-Ser(*Bu)-Tyr('Bu)-Leu-Ser('Bu)-OH (10f) prepared by
Method A and Method B: (A) 10f prepared by Method A (8f + Boc)
(Scheme 2; full trace in Fig. S21); (B) 10f prepared by Method B
(Scheme 4; full trace in Fig. S28); (C) the epimerized 10f obtained by sus-
pension of the corresponding resin-bound imine in THF-1% AcOH for
24 h at rt (Scheme 3; full trace in Fig. S28); (D) ESI-MS of 10f.
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Table 4 Peptide fragments 13a—13e synthesized via Boc-protection and Direct approaches illustrated in Scheme 57

Reaction performed

Final peptide sequence after cleavage from the resin

Method

Fmoc-Ala-Ser(“Bu)-Ser(‘Bu)-Leu-AL + H-Ser(‘Bu)-Tyr(‘Bu)-Leu-Ser
(‘Bu)-Thr(‘Bu)-¥[CH,-N(Boc)]-Leu-Ala-Phe-Gly-O-CLTR

Fmoc-Ala-Ser(‘Bu)-Ser(‘Bu)-Leu-¥[CH,-NH]-Ser(‘Bu)-Tyr
(‘Bu)-Leu-Ser(‘Bu)-Thr(‘Bu)-¥[CH,-N(Boc)]-Leu-Ala-Phe-

Boc-protection
approach

Gly-OH 13a

Fmoc-Ala-Ser(‘Bu)-Ser(‘Bu)-Aib-AL + H-Ala-Ser(‘Bu)-Ser(‘Bu)-Phe-
W[CH,-N(Boc)]-Leu-Ala-Phe-Gly-O-CLTR
Fmoc-Ala-Ser(“Bu)-Ser(‘Bu)-Leu-¥[CH,-NH]-Ser(‘Bu)-Tyr(‘Bu)-
Leu-Ser(‘Bu)-Thr(‘Bu)-¥[CH,-N(Boc)]-Leu-Ala-Phe-Gly-O-CLTR +
Boc,O/DIPEA

Fmoc-Ala-Ser(‘Bu)-Ser(‘Bu)-Aib-AL + H-Ala-Ser(‘Bu)-Ser(‘Bu)-Phe-
Y[CH,-NH]-Leu-Ala-Phe-Gly-O-CLTR
Fmoc-Ala-Ser(“Bu)-Ser(‘Bu)-Phe-AL + H-Ala-Ser(‘Bu)-Ser(‘Bu)-Leu-
W[CH,-NH]-Ser(‘Bu)-Tyr(‘Bu)-Leu-Sert(‘Bu)-O-CLTR

Fmoc-Ala-Ser(‘Bu)-Ser(‘Bu)-Aib-¥[CH,-NH]-Ala-Ser(‘Bu)-Ser
(‘Bu)-Phe-¥[CH,-N(Boc)]-Leu-Ala-Phe-Gly-OH 13b
Fmoc-Ala-Ser(‘Bu)-Ser(‘Bu)-Leu-¥[CH,-N(Boc)]-Ser(‘Bu)-Tyr
(‘Bu)-Leu-Ser(‘Bu)-Thr(‘Bu)-¥[CH,-N(Boc)]-Leu-Ala-Phe-
Gly-OH 13¢
Fmoc-Ala-Ser(“Bu)-Ser(‘Bu)-Aib-¥[CH,-NH]-Ala-Ser(‘Bu)-Ser
(‘Bu)-Phe-¥[CH,-NH]-Leu-Ala-Phe-Gly-OH 13d
Fmoc-Ala-Ser(“Bu)-Ser(‘Bu)-Phe-¥[CH,-NH]-Ala-Ser(‘Bu)-
Ser(‘Bu)-Leu-¥[CH,-NH]-Ser(‘Bu)-Tyr(‘Bu)-Leu-Sert(‘Bu)-

Boc-protection
approach

Boc-protection
approach

Direct approach

Direct approach

OH 13e

“HPLC of the crude products (and intermediates) are presented in Fig. S29-S35.

Besides NaBH;CN, sodium triacetoxyborohydride NaBH
(OAc); is another widely used mild reducing agent.*>3®
Although we have effectively used this reagent in solid-phase
reductive amination with homoserinyl y-aldehyde-containing
peptides, its use in the present study proved problematic as
the low reduction rates led to high levels of epimerization (up
to 40-50% over 48 h) and, in addition to the expected mono-
alkylated W[CH,-NH] products, generated a high percentage of
dialkylation byproducts,®® for both Method A and Method
B. Consequently, NaBH(OAc); was not considered further in
this work. On the other hand, NaBH;CN did not exhibit this
limitation.

Finally, to highlight the potential of the method for synthe-
sizing longer peptide fragments, we prepared the more

Fmoc-peptides-[CH,-N(H/Boc)]-peptide,-[CHo-N(Boc)]-peptide-OH
DCM/TFE/AcOH (7:2:1)

Fmoc—peptide3-[CH2-N(X)]-peptidez-[CHz-N(Boc)]-peptide1-OO
X =H (steps 1-3)
X = Boc (steps 1-4) 4. Boc,O/DIPEA
3. Fmoc-peptides-AL / Red. Amin.
2. Fmoc cleavage

1. Boc,O/DIPEA

Boc-protection
approach

Fmoc—peptide2—[CH2—NH]—peptide1—OO

1. Fmoc cleavage
2. Fmoc-peptides-AL / Red. Amin.

Direct
approach

Fmoc-peptide3-[CH2-NH]-peptidez-[CHz-NH]—peptideroo

DCM/TFE/ACOH (7:2:1)
Fmoc-peptides-[CH,-NH]-peptide,-[CH,-NH]-peptide,-OH

Scheme 5 General approaches illustrating the application of SPFC to
the synthesis of larger peptide fragments, by the initial protection of the
Y[CH,—NH] bond with Boc-group (Boc-protection approach), or the
direct insertion of a second ¥Y[CH,—NH] bond (Direct approach).
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complex peptides 13a-13e (Table 4) using the general
approaches outlined in Scheme 5.

In the first approach (Boc-protection approach), the initial
Y[CH,-NH] bond was incorporated, followed by on-resin Boc-
protection to the generate the corresponding W[CH,-N(Boc)].
Fmoc-removal of the N-terminal residue enabled further on-
resin fragment condensation with the subsequent C-terminal
a-amino aldehyde fragment.

Using this approach, the A + B precursor of peptide 13a
(Fig. 24, S29) and 13a (Fig. 2B, S30) and the A + B precursor of

368235
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Fig. 2 Representative HPLC chromatograms of crude fragments syn-
thesized via Boc-protection approach and Direct approach: (A) Fmoc-Ser
(*Bu)-Tyr(*Bu)-Leu-Ser(‘Bu)-Thr(‘Bu)-¥[CH,—N(Boc)]-Leu-Ala-Phe-Gly-OH
(A + B fragment in the synthesis of 13a) prepared via Boc-protection
approach (Fig. S29); (B) 13a (A + B + C fragment) prepared via Boc-pro-
tection approach (Fig. S30); (C) 13e prepared by Direct approach
(Fig. S35); (D) ESI-MS of 13e; HPLC chromatograms for all 13a—13e and
ESI-MS spectra are provided in the SI.
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peptide 13b (Fig. S31) and 13b (Fig. S32) were successfully
obtained after treatment of the resin with DCM/TFE/AcOH
(7:2:1). Boc-protection of the resin-bound 13a and cleavage
afforded 13c (Fig. S33).

In the second approach (Direct approach), fragment con-
densation was carried out without Boc-protection of the
Y[CH,-NH] bond, as demonstrated for 13d (Fig. S34) and 13e
(Fig. 2C, D and S35). The high purity of the crude products
(Fig. S34 and S35) highlights the efficiency and selectivity of
rapid imine formation between the C-terminal a-amino alde-
hyde and the resin-bound N-terminal group, preventing unde-
sired alkylation of the previously installed ¥[CH,-NH] linkage.

Conclusions

We report a strategy combining solid-phase reductive amin-
ation with solid-phase fragment condensation (SPFC) for the
site-specific replacement of native amide bonds in peptide
sequences with the aminomethylene W[CH,-NH] amide iso-
stere. Preformed C-terminal peptide a-amino aldehydes were
condensed with resin-bound N-terminal peptides, followed by
efficient imine reduction with NaBH;CN, enabling reduction
under mild conditions with controlled epimerization, which
remained below 10% (typically in the range of 1-7% for opti-
cally active substrates). The method is effective for C-terminal
peptide o-amino aldehydes encompassing both sterically
unhindered and hindered residues, as well as optically inactive
and optically active amino acids. For the most epimerization-
prone sequences, complementary routes based on solid-phase
reductive amination using Fmoc-amino aldehyde monomers
followed by classical peptide elongation proved advantageous.
Overall, the proposed strategies provide versatile platforms for
constructing peptides in which native amide bonds are
replaced by W[CH,-NH]. In addition, they provide suitably pro-
tected fragments amenable to further solid-phase or conver-
gent synthesis. Consequently, these methods are well suited
for the preparation of larger or synthetically challenging
peptide sequences and are broadly applicable to peptide modi-
fication, peptide-drug conjugates, and other functionalized
peptide constructs.

Experimental

Materials

2-Chlorotrityl chloride resin (CLTR) 100-200 mesh, 1% divinyl-
benzene (DVB) (loading capacity 1.0-2.0 mmol g”*) and Fmoc-
protected amino acids were kindly provided by CBL Patras S.A.
(Industrial area of Patras, Building block 1, GR-25018, Patras,
Greece). Plastic reactors for Peptide Synthesis (polypropylene
syringes equipped with porous polyethylene frits at the
bottom) with a pore size of 25 pm were obtained from Carl
Roth Gmbh + Co. KG, Karlsruhe, Germany. Tetrahydrofuran
(THF) (ACS reagent, Reag. Ph. Eur., >99.9%, containing
250 ppm BHT as inhibitor) was purchased from Honeywell
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Riedel de Haen (Germany). THF was dried over molecular
sieves type 4A (beads, diameter 1.7-2.4 mm) 24 h prior to use
(Sigma-Aldrich O.M. Ltd, Athens, Greece). Methanol (MeOH)
(HPLC grade, >99.8%) was purchased from Fischer Chemicals
(Thermo Fisher Scientific, Geel, Belgium). All other chemicals
were purchased from Sigma-Aldrich O.M. Ltd (Athens, Greece).
All chemicals were used without further purification.

Analytical methods

High Performance Liquid Chromatography (HPLC) analysis
was performed on a Waters 2695 multisolvent delivery system
(Milford, MA, USA), combined with Waters 996 photodiode
array detector. The following columns were used: (A) column:
purospher RP-8¢, 5 pm, 125-4 mm; (B) YMC-Triart C18,
12 nm, S-5 pm, 250-4.6 mm. ESI-MS spectra were recorded at
30 V on a Bruker Amazon SL ion-trap mass spectrometer
(Bruker Daltonics, Bremen, Germany) in positive ion mode.
Data were processed using Bruker Compass DataAnalysis 4.2
software. "H NMR spectra (600 MHz) and "*C NMR spectra
(150.9 MHz) were recorded on a Bruker DPX 600 MHz spectro-
meter (Bruker BioSpin GmbH, Germany) equipped with a
cryoprobe. Spectra were acquired at 25 °C. Chemical shifts (§)
are reported in ppm and were referenced to the residual
solvent signals.

Experimental procedures
General protocols for solid-phase peptide synthesis

Solid-phase peptide synthesis was carried out manually, either
in plastic peptide synthesis reactors attached to a Visiprep
solid-phase extraction vacuum manifold, or in Eppendorf
tubes, where the reaction mixture was transferred to either
microfilters or polypropylene syringes for washing.

General protocols for solid-phase peptide synthesis (SPPS)
on 2-chlorotrityl chloride (CLTR) resin using the Fmoc/‘Bu
strategy and HOBt/DIC as the coupling system are well docu-
mented in the literature.>**' Detailed experimental pro-
cedures have also been reported in our recent publications,
and>**? are briefly summarized below.

Attachment of the first amino acid on 2-CLTR resin

CLTR (typical loading 1.0-2.0 mmol g'; taken as 1.0 mmol
g~! for calculations) was suspended in dichloromethane
(DCM) (10 mL g~ resin) and allowed to swell for 10 min. N,N'-
Diisopropylethylamine (DIPEA, 4 mmol g~ resin) was added,
and the resin was shaken for 1 min. The required Fmoc-amino
acid (1.5 mmol g~ resin), dissolved in the minimum volume
of DCM, was subsequently added, and the resin was gently agi-
tated for 1.5 h at rt. Next, methanol (MeOH, 1 mL g~ resin)
and DIPEA (2 mmol g~ resin) were added to cap unreacted
trityl chloride groups, and the resin was agitated for an
additional 30 min at rt. The resin was filtered and sequentially
washed with DCM (2 x 20 mL g~ resin), DCM/MeOH/DIPEA
85:10:5 (3 x 20 mL g~ " resin for 5, 10, 15 min, respectively),
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and N-methyl-2-pyrrolidone (NMP) (x5). This was directly sub-
jected to Fmoc removal as described below.

Resin loading was estimated on the dried N-deprotected
amino acid resin (after removal of the N-Fmoc group) by
measuring the resin weight gain, using the following formula:
S(wt) = [wt(g) x 1000]/[wt(add) x wt(t)], where S(wt): weight
gain substitution (mmol g~"); wt(g): weight gained by resin (g);
wt(add): molecular weight added to the resin = MW of amino
acid minus MW of leaving group (g mol™"); wt(t): total weight
of the resin after loading. Using this method, a loading of
0.9-1.0 mmol g™ resin was obtained.

Peptide assembly on CLTR resin

The resin-bound, N-deprotected amino acid or peptide
(loading ~1.0 mmol g~ ") was washed with NMP (2 x 10 min) to
afford the pre-swollen resin. For activation, the Fmoc-amino
acid (3 equiv. relative to resin loading) and
N-hydroxybenzotriazole (HOBt, 4.5 equiv.) were dissolved in
NMP (5 mL g~ resin) and the mixture was cooled at 4 °C for
15 min. N,N-diisopropylcarbodiimide (DIC, 3.6 equiv.) was
then added, and the solution was agitated for an additional
15 min at 4 °C. The activated Fmoc-amino acid solution was
then added to the pre-swollen resin which was agitated for 3 h
at rt. Completion of the coupling reaction was monitored
using the Kaiser test method in a small resin sample. In the
case of incomplete coupling, recoupling was carried out using
a freshly prepared solution of the activated Fmoc-amino acid.
Upon completion of the required peptide sequence, the resin
was filtered and washed with NMP (x5), isopropanol
(iPrOH, x3), diethyl ether (DEE, x2) and then dried in vacuo.

Removal of N-Fmoc group

The resin-bound Fmoc-protected amino acid or peptide was
washed with NMP (2 x 10 min) and then treated twice with 25%
piperidine in NMP (6 mL g~ resin) for 15 and 30 min at rt. To
confirm complete removal of the Fmoc group, two tests were
performed. Complete removal of the Fmoc group was first
assessed by a Kaiser test. To further confirm deprotection, a
resin sample (~2 mg) was treated with 25% piperidine in NMP
(20 pL) and heated at 100 °C for 5 min. An aliquot (10 pL) of the
resulting solution was spotted onto a TLC plate, developed over
a short distance, and examined under UV light for any UV-
absorbing material corresponding to Fmoc. If residual Fmoc
was detected, the deprotection step was repeated for an
additional 20-30 min. Finally, the resin was filtered, washed
with NMP (x5), iPrOH (x3), DEE (x2) and dried in vacuo.

Acidic cleavage of the C-terminal COOH peptides from CLTR resin

The resin-bound peptides were first washed twice with DCM to
remove residual solvents and then treated with a cleavage
mixture of DCM/2,2,2-trifluoroethanol (TFE)/acetic acid
(AcOH) (7:2:1) (10-15 mL g™ " resin) for 15 min at tt, to afford
the fully ‘Bu-protected peptides. The cleavage solution was fil-
tered, and the resin was washed with an additional portion of
the cleavage mixture, followed by DCM (x2). The combined fil-
trates were concentrated under reduced pressure to give an oily
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residue. This was either analysed directly by HPLC, or DEE was
added to induce peptide precipitation. The resulting solid was
collected by filtration and washed with DEE (x3) and dried in
vacuo to afford the crude peptide.

Preparation of Fmoc-protected a-amino alcohols (monomers)

Fmoc-protected a-amino alcohols (monomers) were prepared
according to previously reported methods, via conversion of
the Fmoc-amino acid to the corresponding NHS active ester,
followed by reduction with NaBH,.”*>®

Briefly, the Fmoc-amino acid (1 equiv.) and NHS (1.15
equiv.) were dissolved in DCM or DCM/THF (3:1) (0.2 M) and
to this solution N,N'-dicyclohexylcarbodiimide (DCC, 1.1
equiv.) was added and the reaction mixture was stirred at rt for
30 min. Then, the reaction mixture was filtered, and the filter-
ing was condensed under reduced pressure at low temperature
(<30 ©°C). The NHS activated Fmoc-amino acid that was
obtained was then diluted in THF (0.2 M) and placed in an ice-
bath (0-4 °C). NaBH, (2 eq.) was then added, followed by
addition of H,O to give THF/H,O (15 : 1) (v/v). The reaction was
stirred for 30 min and then the organic solvent was evapor-
ated, and the oily residue was extracted in DCM and water. The
organic layer was collected and sequentially washed with 10%
aq. citric acid to pH 2-3 and water. The resulting organic layer
was dried over magnesium sulphate (MgSO,) and evaporated
under reduced pressure to afford the desired Fmoc-protected
a-amino alcohols as solids in DEE/hexane (Hex) mixtures.

Preparation of Fmoc-protected a-amino aldehydes (monomers)

Fmoc-protected o-amino aldehydes (monomers) were syn-
thesized according to a previously reported method.**

Briefly, Fmoc-amino alcohol (1 equiv.) was dissolved in NMP
(0.1-0.2 M) and Dess-Martin (DMP, 1.2 equiv.) was added and
the reaction mixture was stirred for 1-2 h at rt. Reaction pro-
gress was monitored by TLC. In case of incomplete reaction
after 1 h, an additional 20% of the initial amount of DMP was
added, leading to complete conversion within the following
hour. Upon completion, the reaction mixture was extracted in
DCM and water. The organic layer was collected, and the
aqueous layer was washed once more with DCM. The combined
organic layers were treated with 10% aq. sodium thiosulfate
(Na,S,0;) under vigorous stirring for 15 min at rt. The organic
layer was then separated and sequentially washed with 10% aq.
NaHCO; (x2), water (x2), 10% aq. citric acid to pH 2-3, and
water (x3). The resulting organic layer was dried over MgSQO,, fil-
tered and concentrated under reduced pressure to yield the
desired Fmoc-protected a-amino aldehydes either as an oily
residue or as a solid in DEE/Hex mixtures.

Solid-phase synthesis of Fmoc-protected C-terminal peptide
alcohols from CLTR resin

The Fmoc-peptide alcohols 3a-3g were prepared by loading
CLTR resin with the corresponding C-terminal Fmoc-amino
alcohols, followed by conventional stepwise SPPS, as already
described in the literature.?*?
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Briefly, the resin (typical loading 1.0-2.0 mmol g~'; taken
as 1.0 mmol g~ for calculations) was swollen in DCM (10 mL
g ' resin) for 15 min, after which DIPEA (1.3 mmol g~* resin)
was added and the resin was agitated for 1-2 min. The Fmoc-
amino alcohol (1.0 mmol g~* resin) was then added as a solid,
and the mixture was agitated for 24 h at rt. Subsequently,
DIPEA (2.0 mmol g~* resin) and MeOH (4 mL g~ " resin) were
added, and agitation was continued for 2 h at rt. The resin was
then sequentially washed and filtered with DCM, DCM/MeOH/
DIPEA (80:15: 5, v/v/v; 3 x 15 min), and NMP (x3), followed by
peptide elongation using conventional stepwise SPPS protocols
(as described above).

Cleavage of Fmoc-peptide alcohols from CLTR resin

The peptidyl resin was initially washed with DCM (x3) and
then washed sequentially with increasing concentrations of
TFA in DCM (0.2%, 0.3%, up to 0.4%). At each step, the resin—
acid mixture was monitored for the release of UV-absorbing
material by TLC (UV visualization). Upon detection of slight
UV absorbance, the acidic solution was filtered, and the resin
was thoroughly washed with DCM (x5) and directly used to the
next step (cleavage of Fmoc-peptide alcohol).

Cleavage was performed by treating the resin with either
HFIP/DCM (30: 70, v/v) (10 mL g* resin) for 45 min at rt or
TFE/DCM/triethylsilane (TES) (30:65:5, v/v/v) (10 mL g
resin) for 4-5 h at rt. After that time, the resin was filtered and
washed with DCM (x3). The combined filtrates were concen-
trated under reduced pressure, and the resulting oily residue
was either triturated with DEE to afford the desired Fmoc-
peptide alcohols as solids or directly used in the next step
without further purification.

Typical resin loading of the initial amino alcohol on CLTR
resin was 0.30-0.35 mmol g™, and isolated yields of Fmoc-
peptide alcohols ranged from 80 to 90%.

Conversion of Fmoc-peptide alcohols to Fmoc-peptide aldehydes

Fmoc-peptide alcohols 3a-3g were dissolved in NMP to a con-
centration of 0.05-0.1 M. To this, DMP (1.2 equiv.) was added
as a solid, and the reaction mixture was stirred at rt. Reaction
progress was monitored by HPLC. Oxidation was typically com-
plete within 2-3 h; if longer reaction times were required, an
additional 20% of the initial amount of DMP was added, gen-
erally leading to complete conversion within the following
hour.

Upon completion, the reaction mixture was diluted with
DCM and extracted with water. The aqueous phase was washed
with DCM, and the combined organic phases were treated
with 10% aq. Na,S,0; under vigorous stirring in an ice-bath
for 15 min and another 15 min at rt. After phase separation,
the organic layer was sequentially washed with 10% agq.
NaHCO; (x2) and water (x2), acidified to pH 2-3 using 10% aq.
citric acid, and washed again with water (x3). The organic
phase was dried over MgSOy,, filtered, and concentrated under
reduced pressure.

The resulting solid or oil was triturated with DEE, affording
peptide aldehydes 4a-4g as white solids. Typical isolated
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yields ranged from 70 to 80%. NMR spectra, HPLC chromato-
grams, and the corresponding ESI-MS data for peptide alde-
hydes 4a-4g are provided in the SI.

Solid-phase reductive amination between Fmoc-peptide
aldehydes (or Fmoc-amino aldehyde monomers) and the
N-terminus of peptidyl CLTR resin

The N-Fmoc-deprotected peptidyl resin, assembled on CLTR
resin via classical step-by-step or fragment condensation proto-
cols, was initially swollen and washed in a plastic syringe with
anhydrous THF (x3) and then transferred to an Eppendorf
tube. A solution of anhydrous THF/MeOH (5:1, 5 mL g
resin) was added, followed by the Fmoc-protected peptide alde-
hyde 4a-4g (1.2 equiv., based on a typical resin loading of
1.0 mmol g™ ') or the Fmoc-amino aldehyde monomer (1.2
equiv.). The suspension was agitated for 15 min at rt, and the
resin was then filtered and washed with anhydrous THF (x3) to
remove any unreacted aldehyde.

The resulting resin was then transferred to a new
Eppendorf tube, suspended in anhydrous THF containing 1%
AcOH (5 mL g™ ! resin) (or in THF for the comparative non-
acidic experiments), and treated with sodium cyanoborohy-
dride (NaBH;CN, 1.0 equiv.). The suspension was agitated for
1 h at rt, after which the resin was returned to a plastic
syringe, washed with THF (x3), and the reduction step was
repeated under identical conditions. Finally, the resin was
sequentially washed with THF (x5), THF/MeOH (5:1) (3 x
10 min), THF (x5), NMP (x5), iPrOH (x3), and DEE (x2).

Reaction progress and completion were monitored by
HPLC. Briefly, a small resin sample was treated with DCM/
TFE/AcOH (7:2:1) for 15 min and filtered. The filtrate was
evaporated under a gentle N, stream, and the resulting solid
or oily residue was dissolved in MeOH (or, in some cases, THF
or NMP) and analyzed by HPLC, without prior purification, to
enable detection of unreacted peptide derived from the pepti-
dyl-resin starting material, reaction intermediates, and pro-
ducts. Incomplete imine formation and incomplete reduction
were indicated by the presence of imine intermediate, residual
unconjugated peptide, and/or aldehyde and peptide fragments
resulting from hydrolysis of the peptidyl imine during HPLC
analysis. In such cases the imine formation and/or reduction
steps were repeated once.

HPLC chromatograms of the crude peptides 8a-8g, 10f, and
13a-13e, as well as chromatograms used for epimerization
analysis, are provided in the SI. Corresponding ESI-MS data
are also included.

Introduction of Boc group onto methylene amino [CH,-NH]
bonds on solid support

Resin-bound W[CH,-NH]-containing peptides were initially
washed with DCM/NMP (1:1) (x3) and then treated with
Boc,O (10 equiv.) and DIPEA (10 equiv.) (based on a typical
resin loading of 1.0 mmol g™') in DCM/NMP (1:1) (5 mL
¢~! resin) at rt. HPLC analysis indicated that after the first
24 h, approximately 15-20% of the W[CH,-NH] linkages

remained unprotected. Therefore, a second treatment with
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Boc,O/DIPEA was necessary, resulting in a total of 2 x 24 h
treatment. For peptide fragments containing Aib-derived
Y[CH,-NH] linkages, longer reaction times were required (4-5
days at rt). Upon completion, the resin was
sequentially washed with NMP (x5), iPrOH (x3), and DEE (x2).
Reaction completion was confirmed by HPLC analysis of the
peptide following acidic cleavage from the resin, as described
previously.

Author contributions

Conceptualization, K. B. and S. M.; methodology, S. M.; vali-
dation, S. M.; formal analysis, S. M., M. G., D. T., E. N,
A. M. and D. G.; investigation, M. G., D. T., E. N., A. M., and
S. M.; resources, S. M. and D. G.; data curation, S. M.; writing
—original draft preparation, S. M.; supervision, S. M.; project
administration, S. M. All authors have read and agreed to the
published version of the manuscript.

Conflicts of interest

There are no conflicts to declare.

Data availability

The data supporting this article have been included as part of
the supplementary information (SI). Supplementary infor-
mation is available. See DOIL https:/doi.org/10.1039/

d6ob00034g.

Acknowledgements

This work received no external funding. The publication of the
article in OA mode was financially supported by HEAL-Link.
The authors acknowledge CBL Patras S.A., Patras, Greece and
Emeritus Prof. Kleomenis Barlos for kindly providing 2-chloro-
trityl chloride resin and Fmoc-amino acids.

References

1 Q. Li, W. Chao and L. Qiu, Amino Acids, 2025, 57, 25.

2 L. Lombardi, V. Del Genio, F. Albericio and D. R. Williams,
Chem. Rev., 2025, 125, 7099-7166.

3 S. Mourtas, D. Gatos and K. Barlos, Molecules, 2019, 24,
4261.

4 S. Mourtas, C. Katakalou, D. Gatos and K. Barlos,
Molecules, 2020, 25, 218.

5 G. Kogkos, F. Gkartziou, S. Mourtas, K. K. Barlos,
P. Klepetsanis, K. Barlos and S. G. Antimisiaris,
Biomolecules, 2022, 12, 1362.

6 K. Barlos, D. Gatos and W. Schifer, Angew. Chem., Int. Ed.
Engl., 1991, 30, 590-593.

2568 | Org. Biomol. Chem., 2026, 24, 2559-2569

10

11

12
13

14

15

16

17

18

19

20
21

22
23

24

25

26

27

28

29

30

31

32

33

View Article Online

Organic & Biomolecular Chemistry

D. Gatos and C. Tzavara, J. Pept. Res., 2001, 57, 168-174.

K. Barlos and D. Gatos, in Fmoc Solid-Phase Peptide
Synthesis: A Practical Approach, ed. W. C. Chan and
P. D. White, Oxford University Press, 2000, pp. 215-228.

K. Barlos, D. Gatos, ]. Kallitsis, G. Papaphotiou, P. Sotiriou,
Y. Wenqing and W. Schifer, Tetrahedron Lett., 1989, 30,
3943-3946.

K. Barlos, O. Chatzi, D. Gatos and G. Stavropoulos,
Int. J. Pept. Protein Res., 1991, 37, 513-520.

P. Athanassopoulos, K. Barlos, D. Gatos, O. Hatzi and
C. Tzavara, Tetrahedron Lett., 1995, 36, 5645-5648.

M. Goodman, Acc. Chem. Res., 1987, 20, 3-9.

V. J. Hruby and P. M. Balse, Annu. Rev. Biophys. Biomol.
Struct., 1999, 28, 45-68.

Y. Sasaki, W. A. Murphy, M. L. Heiman, V. A. Lance and
D. H. Coy, J. Med. Chem., 1987, 30, 1162-1166.

J. Couder, D. Tourwé, G. Van Binst, J. Schuurkens and
J. E. Leysen, Int. J. Pept. Protein Res., 1993, 41, 181-184.

C. A. Coburn, et al, Bioorg. Med. Chem. Lett., 2006, 16,
3635-3638.

A. Choudhary and R. T. Raines, ChemBioChem, 2011, 12,
1801-1807.

P. Dauber-Osguthorpe, M. M. Campbell and
D. J. Osguthorpe, Int. J. Pept. Protein Res., 1991, 38, 357-377.
D. H. Coy, S. J. Hocart and Y. Sasaki, Tetrahedron, 1988, 44,
835-841.

Y. Sasaki and D. H. Coy, Peptides, 1987, 8, 119-121.

Y. Kato, T. Kuroda, Y. Huang, R. Ohta, Y. Goto and H. Suga,
Angew. Chem., Int. Ed., 2020, 59, 684-688.

J.J. Wen and A. F. Spatola, J. Pept. Res., 1997, 49, 3-14.

M. Zivec, Z. Jakopin and S. Gobec, Curr. Med. Chem., 2009,
16, 2289-2304.

P. Campiglia, C. Aquino, A. Bertamino, M. Sala,
I. M. Gomez-Monterrey, E. Novellino and P. Grieco,
Tetrahedron Lett., 2008, 49, 731-734.

D. Tolis, D. Magkafa and S. Mourtas, Org. Biomol. Chem.,
2026, 24, 861-872.

0. Ouerfelli, M. Ishida, H. Shinozaki, K. Nakanishi and
Y. Ohfune, Synlett, 1993, 409-410.

J. A. Morales-Serna, E. Garcia-Rios, ]J. Bernal, E. Paleo,
R. Gavino and ]J. Cardenas, Synthesis, 2011, 1375-1382.
S.-H. Hwang, M. A. Blaskovich and H.-O. Kim, Open Org.
Chem. J., 2008, 2, 107-109.

F. J. Ferrer-Gago and L. Q. Koh, ChemPlusChem, 2020, 85,
641-652.

S. Gazal, L. R. Masterson and G. Barany, J. Pept. Res., 2005,
66, 324-332.

S. I. Al-Gharabli, S. T. A. Shah, S. Weik, M. F. Schmidt,
J. R. Mesters, D. Kuhn, G. Klebe, R. Hilgenfeld and
J. Rademann, ChemBioChem, 2006, 7, 1048-1055.

A. G. Myers, B. Zhong, M. Movassaghi, D. W. Kung,
B. A. Lanman and S. Kwon, Tetrahedron Lett., 2000, 41,
1359-1362.

R. O. Hutchins, M. G. K. Hutchins, M. L. Crawley,
E. V. Mercado-Marin and R. Sarpong, in Encyclopedia of
Reagents for Organic Synthesis, 2016.

This journal is © The Royal Society of Chemistry 2026


https://doi.org/10.1039/d6ob00034g
https://doi.org/10.1039/d6ob00034g
https://doi.org/10.1039/d6ob00034g
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6ob00034g

Open Access Article. Published on 09 March 2026. Downloaded on 4/5/2026 7:07:25 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Organic & Biomolecular Chemistry

34 A. F. Abdel-Magid, B. D. Harris and C. A. Maryanoff,
Synlett, 1994, 81-82.

35 A. F. Abdel-Magid, C. A. Maryanoff and K. G. Carson,
Tetrahedron Lett., 1990, 31, 5595-5598.

36 A. F. Abdel-Magid, K. G. Carson, B. D. Harris,
C. A. Maryanoff and R. D. Shah, J. Org. Chem., 1996, 61,
3849-3862.

37 A. F. Abdel-Magid and S. J. Mehrman, Org. Process Res.
Dev., 2006, 10, 971-1031.

38 M. Taibakhsh, R. Hosseinzadeh, H. Alinezhad, S. Ghahari,
A. Heydari and S. Khaksar, Synthesis, 2011, 490-496.

This journal is © The Royal Society of Chemistry 2026

39

40

41

42

43

View Article Online

Paper

A. G. Kreutzer, P. J. Salveson, H. Yang and G. Guaglianone,
Standard Practices for Fmoc-Based Solid-Phase Peptide
Synthesis in the Nowick Laboratory, version 1.7.2.

M. Amblard, J.-A. Fehrentz, ]J. Martinez and G. Subra, Mol
Biotechnol., 2006, 33, 239-254.

Fmoc Solid Phase Peptide Synthesis: A Practical Approach,
ed. W. C. Chan and P. D. White, Oxford University Press, 2000.
S. Mourtas, V. Athanasopoulos, D. Gatos and K. Barlos,
Molecules, 2023, 28, 5412.

K. K. Barlos, Chemical and Biopharmaceutical Laboratories
of Patras SA, US2016/0362445A1, 2016.

Org. Biomol. Chem., 2026, 24, 2559-2569 | 2569


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6ob00034g

	Button 1: 


