Open Access Article. Published on 17 Qado Dirri 2025. Downloaded on 01/08/2025 12:31:39 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

ChemComm

COMMUNICATION

’ '.) Check for updates ‘

Cite this: DOI: 10.1039/d5cc02598b

Dana Abdullatif,

Received 7th May 2025,
Accepted 15th July 2025

DOI: 10.1039/d5cc02598b

rsc.li/chemcomm

Sequence-defined polymers have been developed using various
orthogonal iterative chemical techniques. Among these, oli-
gothioetheramides (OligoTEAs), which are designed with antimicro-
bial, cell-penetrating, and other biological properties, are synthesized
through iterative solution-phase monomer addition on a soluble
fluorous support. To simplify and streamline the iterative process,
this work investigates the feasibility of an alternative submonomer
solid-phase approach to oligoTEAs.

Over the past decade, research on sequence-defined polymers
has expanded significantly, leading to a diverse array of synthetic
approaches. Some efforts in this field are fundamentally driven,
focusing on incorporating novel chemical groups into sequence-
defined backbones.'® Others aim to introduce new chemistries
that replicate the functional capabilities of natural biomolecules
while overcoming some of their limitations, such as susceptibility
to proteolytic degradation and immune recognition.’* One such
example in the latter category is sequence-defined oligothioether-
amides (oligoTEAs), a novel class of oligomers introduced by the
Alabi research group."* Over the past decade, oligoTEAs with
varying chain compositions and lengths have been explored for
applications as antimicrobial biomimetics, cell-penetrating
agents, and linkers for antibody-drug conjugates."”° The origi-
nal oligoTEA synthesis approach employs an acid-cleavable
fluorous-tagged initiating monomer to facilitate the solution-
phase alternating thiol-Michael addition and thiol-ene reactions
of dithiols and N-allylacrylamide building blocks, respectively,
yielding sequenced-defined oligoTEAs (Scheme 1A). However,
despite its success in producing functional oligomers, this
synthesis method presents several challenges, including the need
for pre-synthesis of N-allylacrylamide monomers, reliance on
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expensive and toxic perfluoroalkyl fluorous tags, and a decline
in fluorophilicity of fluorous-bound intermediates during fluor-
ous solid-phase extraction (FSPE) as oligomer chain length
increases.”'

To address the challenges associated with the current synthesis
method, we drew inspiration from the submonomer approach
used in peptoid synthesis.”* In this work, we investigate the
feasibility of using a solid-phase submonomer synthesis (SPS)
approach to produce oligoTEAs. Unlike the previous fluorous-
tagged strategy, SPS simplifies intermediate purification on resins
to a filtration step, in contrast to the multiple fluorophobic and
fluorophilic washes required in FSPE. Additionally, by employing a
submonomer chain extension strategy, functional groups are
directly incorporated onto the solid phase, eliminating the need
to pre-synthesize the N-allylacrylamide building block, as is typi-
cally required in the traditional approach.

We designed a synthetic scheme (Scheme 1B) to achieve a
full thioetheramide unit in four submonomer steps on the solid
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Scheme 1 (A) Previous fluorous-phase oligoTEA synthesis strategy. (B) New
solid-phase submonomer oligoTEA synthesis strategy explored in this work.

Chem. Commun.


https://orcid.org/0000-0001-7390-9408
https://orcid.org/0000-0002-0624-6963
https://orcid.org/0000-0003-2654-018X
http://crossmark.crossref.org/dialog/?doi=10.1039/d5cc02598b&domain=pdf&date_stamp=2025-07-23
https://doi.org/10.1039/d5cc02598b
https://rsc.li/chemcomm
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cc02598b
https://rsc.66557.net/en/journals/journal/CC

Open Access Article. Published on 17 Qado Dirri 2025. Downloaded on 01/08/2025 12:31:39 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Communication

phase using commercially available building blocks. Specifi-
cally, our study began by using Fmoc-Cys(Mmt)-OH loaded onto
a Rink amide AM resin, such that the oligoTEA synthesis propa-
gates on the Mmt-liberated thiol side-chain. This cysteine protect-
ing group (PG) was chosen for its ease of removal using mild acid
treatment and its orthogonality with the fluorenylmethoxycarbonyl
(Fmoc) protected amine.>® As such, using the cysteine thiol as the
functional site for oligoTEA chain extension, the reactions begin
with a thiol-Michael addition of 2-propenal (acrolein), followed by
reductive amination of a primary amine, N-acylation with an
acrylic anhydride, and finally, a second thiol-Michael addition
using a dithiol to complete the formation of a thioetheramide
unit (Scheme 1B; see ESIT for complete synthetic information).

The selection of this submonomer transformation was dri-
ven by the use of commercially available building blocks,
specifically primary amines and dithiols, to modify the pendant
and backbone groups of the oligomer, respectively. This mod-
ularity is crucial, as previous studies have shown that variation
in oligoTEA composition significantly impact physicochemical
and biological properties.>*?* In this study, we explore the
accessibility of this new SPS protocol by employing butylamine
(BA) or benzylamine (BzA) for the reductive amination step, and
3,6-dioxa-1,8-octanedithiol (DODT) or r-dithiothreitol (DTT) for
the thiol-Michael addition step (Fig. 1A).

The optimized reaction conditions for the thiol-Michael
addition of acrolein, reductive amination with benzylamine,
acrylic anhydride acylation, and the second thiol-Michael with

(A)
e .} "0
2 N
S/\/\NJ\/\S’R‘SH
R BzA BA
L i1-mer
OH
L 11.5-mer 2 .
5 Ré= .- - P N e
-mer OH
L-DTT DODT
OSH = Mmt-deprotected Fmoc-Cys(Mmt)-Rink Amide
(B) 490.2 698.3

5442

1-mer | | 1.5-mer L 2-mer
r T T T 1 r T T T T 1
400 450 500 550 600

r T
300 400 500 600 700 500 600 700 800

m/z (Da) m/z (Da) m/z (Da)
o O
2-mer H2Nk/\s/v\N)lv\p
NH K@ /\
Fmoc”
|
(o} [o}
" s s Ao,
Fmoc’NH HN\Fmoc
Il
T T T T 1 o o] o]
4 6 8 10 12 HZN)K/\S/\/\NJ\/\N/\/\S/\HJ\NHZ

Retention time (min) Fmoc- M K@ K@ HN-E e
Il
Fig. 1 (A) Compositional changes of oligoTEAs by interchangeable pri-
mary amine and dithiol building blocks. (B) Proof-of-concept of thioether-
amide unit synthesized via submonomer SPS, with corresponding LC-MS
spectra of 1-, 1.5-, and 2-mer intermediates assigned as [M + HI*. (C) HPLC
profile (280 nm) of crude BzA/DTT 2-mer and sources of impurities.
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L-DTT (see ESIt for detailed reaction conditions) successfully
yielded the thioetheramide dimer, with each intermediate con-
firmed by MS (Fig. 1B). Despite obtaining the desired product,
several by-products were detected. For example, during the
second thiol-Micheal addition step catalyzed by dimethylphenyl-
phosphine (DMPP) to give the 2 mer, a phosphonium adduct
impurity was formed (Impurity I, Fig. 1C).>***” Since the Michael
acceptor is resin-bound, this phosphonium impurity becomes
localized on the support, resulting in an inert, terminated species
observed in the crude product mixture. Given the critical role of
DMPP as a catalyst, its loading was minimized to reduce the loss
of resin-bound chains during each phosphine-catalyzed Michael
addition in the iterative oligomer chain extension process.

Additionally, several impurities related to chain crosslinking
were detected in the crude product mixture. During the reduc-
tive amination step, overalkylation led to the formation of an
undesired tertiary amine (Impurity II, Fig. 1C).”® A second
crosslinked impurity was detected during the N-acylation step
from an undesired reaction between the acrylamide product of
one chain and the secondary amine intermediate of another,
resulting in the formation of an aza-Michael product (Impurity
I1I, Fig. 1C).*° These intermolecular reactions lead to chain
termination due to cross-linking. To address this, solvent choice
and reaction duration were optimized to minimize resin-bound
chain termination. Formation of the intermolecular crosslink-
ing products persisted during SPS despite multiple efforts to
achieve site isolation via low loading of the resin.*®

Despite the presence of impurities, the overall efficiency of
the four-step submonomer synthesis was promising, prompting
us to explore the iterative synthesis of full oligomeric units
through cyclic repetition of the submonomer reactions. This
approach was validated using two distinct oligoTEA composi-
tions, successfully tracking the formation of the 1-mer, 3-mer,
and 5-mer species (Fig. 2A-D) as well as the 7- and 8-mer of the
BzA/DTT oligoTEA (Fig. 3A, B and see Fig. S13, S14, ESIt for MS/
MS structural characterization). Notably, this new SPS strategy
offers versatility in end-group functionality, as the synthesis can
be terminated at any submonomer step to give one of four
distinct functional group sites. This feature is anticipated to be
particularly advantageous for the post-synthetic modification of
the oligomers."”

In our studies, we observed that the oligomers became
increasingly hydrophobic with each cycle of chain extension, as
evidenced by delayed elution during chromatographic analysis
(available in Fig. S2-S11, ESIt). This trend occurred despite the
use of a dihydroxyl :-DTT backbone monomer. Similar to chal-
lenges encountered with certain ‘difficult’ peptides, the growing
hydrophobic chains on the solid support led to on-resin aggrega-
tion, which impaired both reaction conversion and cleavage
efficiency.® While this increase in hydrophobicity may be a
desired property for certain applications, it necessitated signifi-
cant modifications to the cleavage protocol, as the conventional
95% trifluoroacetic acid (TFA) solution for the cleavage of Rink
Amide handles proved insufficient. Inspired by a report of
improved crude peptoid purity through reduced TFA concentra-
tions in the cleavage solution, we explored alternative cleavage

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Chain extension feasibility of (A) BA/DODT oligoTEA and (C) BzA/
DTT oligoTEA up to 5-mer with corresponding LC-MS (B) and (D) of 1-, 3-,
and 5-mer intermediates assigned as [M + HI*.
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products.
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conditions tailored to the hydrophobic nature of these
oligoTEAs.*> For example, cleavage of the BzA/DTT 8-mer
(Fig. 3B; full characterization available in ESIt) required treating
the resin with a modified cleavage cocktail consisting of HCI-
HFIP-DCM (1:20:79 v/v), adapted from the protocol reported by
Palladino and Stetsenko.*® The successful cleavage and character-
ization of the BzA/DTT octamer suggest that the use of 1,1,1,3,3,3-
hexafluoroisopropanol (HFIP) alongside increased amounts of
DCM enhances solvation of the oligoTEA octamer during clea-
vage, thereby improving overall efficiency.>* More specifically, the
use of the solution may help overcome the oligomer’s increased
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hydrophobicity and possible chain aggregation, given HFIP’s
strong hydrogen donor ability combined with the increased DCM
content to also facilitate in resin swelling during the process.*®
Therefore, change in cleavage cocktail allowed for the isolation of
the 7-mer and 8-mers, both of which were previously unattainable
using the classic 95% TFA cleavage cocktail.

In summary, we developed and characterized a novel step-
wise solid-phase submonomer synthesis approach for oligo-
TEAs. While issues with side reactions and low recovery persist,
the mild reaction conditions and versatility of this SPS protocol
are expected to support future optimization studies, ultimately
leading to its use in generating expanded oligoTEA libraries for
exploratory biological studies. A key feature of this method is
the unconventional chain extension from the Cys thiol side
chain, diverging from the traditional N-terminal extension
typical of peptide synthesis. This distinctive strategy offers
new opportunities for oligoTEA exploration, including stream-
lined oligoTEA-peptide conjugation directly at the N-terminus
while on solid support. Moreover, the solid-phase synthesis
platform provides a foundation for automating oligoTEA pro-
duction, an appealing prospect for scaling up oligoTEA synth-
esis for broader applications.
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