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Optimization and Automation of Helical Aromatic
Oligoamide Foldamer Solid-Phase Synthesis
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lvan Huc*®

Abstract: Helically folded oligoamides of 8-amino-2-quinoli-
necarboxylic acid composed of up to 41 units were prepared
using optimized manual solid-phase synthesis (SPS). The high
yield and purity of the final products places these SPS
protocols among the most efficient known to date. Further-
more, analytical methods allowing for the clear identification
and purity assessment of the products were validated,
including '"HNMR, a seldom used method for such large

~

molecules. Adaption of the SPS protocols, in particular using
in situ acid chloride activation under Appel’s conditions,
made it possible to efficiently implement SPS on a commer-
cial peptide synthesizer, leading to a dramatic reduction of
the laboratory work required to produce long sequences.
Automation constitutes a breakthrough for the development
of helical aromatic oligoamide foldamers.

J

Introduction

The advancement of efficient and reliable screening method-
ologies of peptides and peptide derivatives in the context of
drug research such as, for example, display selection, has
triggered a renewed interest for this class of compounds by the
scientific community and pharmaceutical companies." Concur-
rently, the offer in terms of peptide synthesis automation and
parallelization has grown and new synthesizers have been
launched on the market. Setting up a robust solid-phase
peptide synthesis (SPPS) station is within the reach of many
laboratories. In addition, recent achievements have unveiled
the possibility to further accelerate the production of long
peptides and entire proteins by relying on automated flow
chemistry.? Along the same line, the level of perfection
achieved in the solid-phase synthesis (SPS) of oligonucleotides
using highly optimized variations of the phosphoramidite
chemistry and fully automated synthesizers gives rapid and
efficient access to all kinds of sequences.”! The availability of
synthetic oligonucleotides has enabled developments as
diverse and important as PCR," DNA-based nanotechnologies,”
and therapeutic applications.”
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In such a context of innovation, interest for efficient
oligomer solid-phase synthetic methods has extended beyond
peptides and nucleotides. For example, peptoids constitute a
backbone with remarkable amenability to rapid SPS of long
sequences (up to 36 units).” In the last decade, chemically
diverse sequence-defined polymers produced by SPS have
been designed and investigated for the purpose of information
storage.”! Conversely, foldamers are inherently oligomeric, and
this field of research also requires its share of solid-phase
synthetic methodologies (SPFS for solid-phase foldamer syn-
thesis) to access to a variety of aliphatic® and aromatic™®
architectures and backbones in good purity and yield.

The efficiency of an SPS depends on multiple identified
parameters that determine the yields of the many reaction
steps carried out with no purification other than washing excess
reagents away. However, not all these parameters are easy to
control. The inherent efficacy of the chemical steps is of course
central. For that reason, amide and phosphodiester formation,
for which high yielding reactions are available, have been
privileged. However, how these steps proceed also depends on
the accessibility of the reactive functions on the resin to
reagents in solution, which in turn depends on the conforma-
tions and possible aggregation of the sequences on the resin.
Both aggregation and conformation may result into steric
hindrance of coupling steps in a backbone-, length- and
sequence-dependent manner. Optimizing the solvent, temper-
ature, the nature of the resin and its swelling properties, or
introducing specific removable chemical functions, may reduce
on-resin aggregation or collapse of the growing sequences."”
In practice, not many oligomer SPS show high conversion
yields, i.e. good crude purity, beyond fifteen units. Poor purity
may complicate final chromatographic purification though this
may be partly alleviated by using capping reactions combined
with capture and release approaches that prevent chain
elongation after a failed coupling, and that may also confer
distinct chromatographic retention behavior."?

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Several classes of aromatic oligoamides (AOs) have been
produced by SPS, meeting the particular challenge of the lower
reactivity of aromatic amines"” as compared to peptidic
aliphatic amines.” Among these, helical AOs stand out as a
class of foldamers with stable and predictable conformations
that result in useful properties for the purpose of, for example,
exomolecular recognition of proteins,"® tertiary folding
design,"" endomolecular recognition,”"™ charge transport,'® or
to template peptide conformations in hybrid sequences."” In
this context, various types of aromatic amino acid monomers
have been designed and combined to promote helical folding.
A common building block is 8-amino-2-quinolinecarboxylic acid
Q (Figure 1). Q monomers may be decorated with various side
chains in position 4, 5, or 6 that diverge from the folded
oligomers."® Q,, helical conformations are very stable in apolar,
polar aprotic and protic solvents."” Until now, denaturation
conditions of these helices have not been identified and
unfolded conformations could be populated only by means of
mechanical force or interactions with a surface.””

The SPS of Q, oligomers thus required overcoming the low
nucleophilicity of 8-amino-quinolines and also the steric
hindrance associated with helical folding that will occur as soon
as three units have been assembled. In earlier reports, we
introduced Q, microwave-assisted manual SPFS using acid
chloride activation.'®?" Here, we report developments of this
methodology including its optimization to produce long
sequences (>40 units, 9.8 kDa, in 70% crude yield) and its
adaptation to automation thanks to the utilization of an in situ
acid chloride activation based on Appel’s reaction.”” We also
show the high amenability of long sequences to RP-HPLC
purification and to 'H NMR spectroscopic and mass spectrome-
try analysis. Altogether, our results place Q, synthesis among
the most robust and efficient SPS of non-peptidic non-
nucleotidic sequences. We speculate that such efficiency may in
fact result not despite, but thanks to, on-resin helical folding.
These developments pave the way to the easy and fast
production of new AOs sequences for the applications

Results and Discussion
Manual SPFS, analysis and purification of a 15 mer

The previously published method for manual SPFS of Q,
oligomers has demonstrated its efficiency for sequences having
over ten units."®? In order to benchmark the synthesis of
longer oligomers and potential analysis or purification prob-
lems, we first investigated the preparation of 15mer 1
composed of hydrophobic (L), cationic (O) and anionic (D)
residues (Figure 1). Because of the inherent curvature of Q,
helices - 2.5 units per turn - the two L residues of 1 are
displayed on the same side of the helix (Figure 1c). The charged
residues are placed without any particular order and ensure
good water solubility. Sequences 2-4 are 14mers derived from
the sequence of 1 by a single deletion. They could thus
potentially arise as impurities of 1 when a coupling or
preceding deprotection step would not be high yielding.
Specifically, 2 misses the terminal cationic O unit of 1, 3 misses
a central O unit, and 4 misses an L unit. These different types of
deletion were expected to result in variable changes in the RP-
HPLC retention times (tz) and 'H NMR spectra of the 14mers.

All four sequences were prepared individually via SPFS on a
15 umol scale. Starting from low loading brominated Wang
resin (0.41 mmol/g), the immobilization of the first Fmoc-
O(Boc)-OH monomer was carried out in the presence of Csl and
DIEA"™ After standard Fmoc deprotection (DMF/piperidine),
Fmoc-D(OtBu)-OH was converted to its acid chloride with 1-
chloro-N,N,2-trimethyl-1-propenyl-amine (Ghosez's reagent) and
coupled to the amine of the first residue under microwave
irradiation."®?'¥ The following units were next assembled using
the same deprotection/coupling cycles (Scheme 1). During
SPFS, mini-cleavages of the resin-bound growing sequences
were performed to validate intermediates and monitor the
efficiency of the syntheses (see Supporting Information for
details). Three full deprotection/coupling cycles require 4 h. If
we consider the time needed to activate the acids into acid
chlorides prior to SPFS, a busy work day of 8 h is filled (four
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Figure 1. (a) Structures of quinoline monomers O, D and L (one letter code labels are inspired from those of a-amino acids). (b) Manually synthesized foldamer
sequences. (c) Helical wheel projection of oligomer 1 showing the side-chain distribution along the 2.5 helix axis (5 aromatic units per two turns).
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Scheme 1. SPFS protocols for oligomers 1-7. R” stands for protected R side-
chain. *The acetylation capping step was introduced for sequences 5-7 only.

deprotection/coupling cycles are possible in a long work day of
about 10 h). A 15mer such as 1 thus amounts to 40 h (5 work
days), not counting the final deprotection and capping steps,
and purification.

Foldamers 1-4 were finally N-acetylated prior to cleavage
from the resin and side chain deprotection using a TFA/TIS/H,0O
solvent mixture (95:2.5:2.5, v/v/v). Compounds 1-4 were then
purified by RP-HPLC semi-preparative chromatography (isolated
yields from 15-20% and purity >99%). The purified chromato-
grams are shown in Figure 2a—d. The crude chromatogram of 1
is also shown in Figure 3a. Compounds were further charac-
terized by ESI-MS and 'H NMR (Figures 2f-g, S10, S11, S14, and
S15). The chromatograms denote similar t; values ascribable to
the minor differences in sequence (Figure 2a—d). Nevertheless,
upon optimizing RP-HPLC conditions with a shallow gradient,
discrimination of the four different foldamers was achieved
(Figure 2e). The retention times can be rationalized according
to the hydrophilic/hydrophobic balance of the molecules. These
chromatograms indicate that deleted products of a 15mer may
be detected by RP-HPLC under optimized conditions but that
preparative separation may become difficult. The mass spectra
give clean charge envelopes that may allow for the detection of
deleted sequences (Figure 2f). Differences were also clearly
visible on 'H NMR spectra where distinct chemical shifts of the
amide NH signals were observed (Figure 2g). This level of
discrimination for a single deletion contrasts with what may be
expected with peptides of similar length.*” If one deleted
product was a contaminant of the 15mer, one could reasonably
hope to detect it by NMR. In summary, the SPFS of a Qi
sequence proceeds smoothly and several reliable analytical
methods of the final product purity are available. These results
encouraged us to attempt the synthesis of even longer
sequences.
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Figure 2. (a-d) RP-HPLC chromatograms of foldamers 1-4 using a linear
gradient from 5% B to 40% B in 10 min; A: H,0+0.1% TFA and B: CH;CN
+0.1% TFA. (e) RP-HPLC chromatogram of the co-injected foldamers 1-4
using a linear gradient from 5% B to 20% B in 23 min; A: H,0, 0.1% TFA and
B: CH,CN 0.1% TFA. The stars show small impurities assigned to the solvents.
(f) Representative example of multicharged species observed by ESI-MS of 1.
(9) NH amide region of the 'H NMR spectra (700 MHz) of 1-4 (1 mM) in
DMSO-d, at 60 °C. Red dashed lines indicate chemical shift () differences
between the NH amide resonances.

Manual SPFS, analysis and purification of a 41mer

In a second round of SPFS, oligoamides 5-7 were prepared
(Figure 1). Sequence 5 is an extension of 2 to 32 units.
Sequence 7 is an extension of 5 to 41 units. Sequence 6 is a
40mer missing the last unit of 7. As for 1-4, 5-7 have their
hydrophobic L residues on the same face of the helix. Given the
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Figure 3. (a—d) RP-HPLC chromatograms of crude foldamers 1 introduced as
a direct comparison, 5, 6 and 7 showing the notable high purity obtained
after 31, 39 and 40 coupling cycles of SPFS (linear gradient from 20% B to
40% B in 35 min; A: H,0+0.1% TFA and B: CH;CN+0.1% TFA). () NH amide
region of the 'H NMR spectra (700 MHz) of 5-7 (1 mM) in DMSO-d; at 60°C.
Red dashed lines indicate the main chemical shift (8) differences between
the NH amide resonances.

similar t; of 1-4 on RP-HPLC, it was expected that deleted
products may be even more difficult to separate from the
desired sequences in longer oligomers. Thus, a capping step
was introduced after each coupling using acetyl chloride in the
presence of DIEA in THF, at r.t. (3x5 min) as a modification of
the SPFS procedure (step 4 in Scheme 1). Capping leads to
truncated (instead of deleted) sequences that may be easier to
separate, at least for the shorter ones. After TFA cleavage, the
crude materials were analyzed by RP-HPLC (Figure 3b-3d). All
chromatograms revealed one main product corresponding to
the desired AO in high yield (over 70% after 40 SPS coupling
cycles for 7). The appearance of the crude chromatograms of 5-
7 does not differ much from that of 15mer 1 (Figure 3a); thus
demonstrating the robustness of the acid chloride-based SPFS
methodology (Scheme 1). For comparison, Q4 is equivalent to
an 82mer peptide in size. It appears that no drop in coupling

Chem. Eur. J. 2023, e202300898 (4 of 9)

and deprotection yields can be detected as elongation of the
sequence is continued. This is all the more remarkable that the
mass of foldamer exceeds the mass of resin at the end of the
synthesis (for the 41mer, the mass of foldamer was three times
bigger than the mass of resin). We hypothesize that on-resin
helical folding during synthesis plays a favorable role. As shown
in Figure 4a, the N-terminal amine function stacks on, and is
sterically hindered by, the Q, helix. However, this hindrance
may also serve as a protection from further hindrance by other
growing chains: the accessibility of the terminal amine would
then not depend on the length of the neighboring chains.
Furthermore, the fact that Q, helices behave as rigid rods might
favor their growth away from the resin and avoid the burial of a
growing chain in the resin, which would result in a drop of
coupling yield at some point (Figure 4b).

The purification of 5-7 was straightforward (isolated yields
from 10-15% and purity >99% see Supporting Information).
ESI-MS and 'H NMR were again employed for the full character-
ization (Figures 3e, S12, S13, S16 and S17). As could be
expected, even optimized RP-HPLC conditions did not allow for
the separation of 6 and 7. The chromatogram of a mixture of
the two foldamers shows a single slightly broaden peak
(Figure S9b). However, '"H NMR spectroscopy allowed for the
successful discrimination of these two compounds despite their
minor difference in sequence (Figure 3e). Chemical shift values
are different and 'H NMR spectra would reveal the presence of
6 if it had been a significant inseparable impurity of 7. The
single set of sharp signals in the 'H NMR spectrum of 7 is thus
an excellent evidence of its high purity. ESI-MS also allows for
efficient discrimination. By intentionally adding 10% of 6 to a
solution of 7, ESI-MS analysis reveal the presence of both
foldamers. The absence of other ionized species in the mass
spectra of 6 and 7 is also an indication of their purity
(Figures S16b, S17).

Figure 4. a) Schematic representation of a Q, helix folding on a bead leaving
the aromatic amine accessible for the next coupling. b) Cartoon depicting
the hypothesis that on-bead foldamer sequences fold and grow away from
the resin matrix.
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In summary, sequences as long as a 41mer may be
synthesized without any apparent drop in coupling efficiency or
any particular difficulty in analyzing and purifying the product.
We have probably reached the limit of resolution of our RP-
HPLC C,g column for differentiating large foldamers with high
sequence similarity, but 'H NMR and ESI-MS remain efficient at
detecting minor differences. Even longer sequences are prob-
ably within reach of our SPFS methodology but such syntheses
face a practical inconvenience: they become overly labor
intensive and time consuming. The synthesis of 7 amounted to
112h (14 work days) not counting the final steps and
purification. Rather than focusing on longer sequences, we
considered the prospect of automating the synthesis.

Automated SPFS

From the beginning, we considered that SPFS automation
entailed accessing acid chloride monomers without resorting to
the Ghosez's reagent. In our hands, this reagent required a high
vacuum evaporation of all solvent and unreacted reagent
before subsequent coupling that would be difficult to imple-
ment on a synthesizer. Without complete evaporation, the
Ghosez's reagent competes with the acid chloride to cap the
amine of the growing chain. This eventually generates amidines
that were identified by mass spectrometry and 'HNMR
(Scheme 2 and Figure S24). Wilson et al., who used Ghosez's
reagent in substoichiometric amounts with respect to the acid
to be activated for aromatic amide SPFS apparently did not
observe such side reactions with their monomers.'® They also
pointed to the fact that this reaction may not be problematic, if
it occurs, with secondary amines because the by-product would
then be an unstable quaternary amidinium that could degrade
back to the amine in the presence of a nucleophile. Thus, in situ
coupling with Ghosez's reagent may be more robust in the case
of secondary amines."®

We have previously used Appel’s reaction to activate a-
amino acids as acid chlorides in situ, and couple them to Q
monomers.?"® We therefore opted for this method which allows
for the addition of the acid chloride mixed with reagents and
by- products involved in its formation directly onto the amine.
A second issue was to find a commercial synthesizer amenable
to a use quite different from its initial purpose. Automated SPPS
is well-documented and standardized,” but implementing
SPFS required significant adaptation for our purpose. We
needed the synthesizer to enable: j) the formation of the acid

i Cl I
A \%\N/ AN
7 O |
N7 N ©
NH, ! ” /KfN '

N

PN

Scheme 2. Side reaction of 8-aminoquinolines with Ghosez's reagent
producing an N,N-dimethyl-N'-(quinolin-8-yl)isobutyramidine.
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chloride in a pre-activation vessel (PV) different from the
reaction vessel (RV) containing the resin-bound foldamer; ii) an
accurate and fast heating of RVs; ji)) working under an inert
nitrogen atmosphere; iv) high versatility in terms of solvent
compatibility, including some solvents not friendly to many
plastics and seals such as THF; and v) the optional parallel
synthesis of several sequences. The following protocols have
been optimized for the PurePep Chorus peptide synthesizer
from Gyros-Protein Technology. This synthesizer met all the
above-mentioned criteria. Other synthesizers may also work.
However, protocols would then have to be adapted accord-
ingly. For example, Wilson etal. premixed monomers with
Ghosez's reagent in the amino acid delivery tube, allowing
some sort of in situ activation without requiring a preactivation
vessel.“‘“"‘]

An overview of the automated SPFS procedure is shown in
Scheme 3. It entailed the programming of the synthesizer for
the iteration of cycles consisting similar to those of manual
SPFS (see Table S1 in the Supporting Information for detailed
description): 1) Fmoc deprotection, 2) resin washings, 3)
coupling, and 4) new round of washings. However, some
changes were eventually implemented after several rounds of
trials. We used low loading CI-MPA ProTide resin (instead of the
low loading Wang resin) because this resin has shown better
purity of crude AOs during manual synthesis,"’? and better AO
recovery for sequences containing monomers bearing sulfonic
acid side chains.”® The Fmoc deprotection step was first tested
using standard conditions (20 % piperidine in DMF).

However, we noticed the occasional presence of a side
product in the RP-HPLC chromatogram of the crude AOs when
using piperidine. This side product never occurred during
manual synthesis. LC-MS analysis of the side product indicated
+67Da in mass with respect to the target mass. This
corresponds to the addition of a piperidine molecule on the
foldamer together with the loss of a water molecule. A possible
side reaction may be the formation of a piperidinoaminidine
that might arise from the activation of an amide into an imidoyl
chloride by the insitu coupling reagents.””” However, this
hypothesis has not been ascertained. Nevertheless, the piper-
idine-derived adduct never formed when removing Fmoc
protecting groups using 2% DBU in NMP, so we opted for these
conditions instead. Using DBU also proved more efficient than
piperidine for monomers other than those discussed in this
study and which will be described elsewhere.

Preactivation of the acid into the acid chloride was
implemented in the PV by successive additions of the Fmoc-Q-
OH monomer (3 equiv. relative to resin loading), Ph;P (8 equiv.)
and trichloroacetonitrile (TCAN, 9 equiv.) solutions in anhydrous
THF and shaking the PV for 1 min before dispensing the acid
chloride solution from the PV to the RV containing the resin
pre-swollen with a solution of 24,6-collidine (9 equiv.) in
anhydrous THF (Scheme 3). The acid chloride is formed in the
absence of base using dry THF and reagents (moisture would
lead to the production of HCl that would alter acid labile
protecting groups of the side chains). Other solvents than THF
can be used when needed. For example, NMP/THF (1:1 v/v)
was used to solubilize Fmoc-O(Boc)-OH. Yet THF is preferable

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Scheme 3. SPFS protocols developed for the automation of the AO synthesis and exemplified for 16mer 8 and 32mer 9. Bottom left: schematic representation
of the Chorus synthesizer with RVs and PVs used during the coupling cycles. *The capping step was introduced after the 8" coupling. Bottom right: RP-HPLC
chromatograms of foldamers 8 and 9 (linear gradient from 20% B to 40% B in 23 min; A: H,0+ 0.1 % TFA and B: CH,CN +0.1% TFA).

for reasons that are detailed in the next section. The RV was
next heated to 50°C for 15 min before draining and resin
washings with anhydrous THF. The coupling reaction was
repeated once. Capping with acetic anhydride in DCM (50:50,
v/v) at 40°C for 10 min may be implemented prior to the next
deprotection.”®

The syntheses of 16mer 8 and of 32mer 9 are presented as
representative examples of automated SPFS (Scheme 3). The
sequence of 9 is identical to that of 5 but D units were replaced
by the related D' (Fmoc-D'(OtBu)-OH as shown in Scheme 3). D’
is intensively used in our group and stocks are generally
available. It is also easier and cheaper to produce than D.
Sequence 8 corresponds to the sixteen C-terminal units of 9.
The syntheses were performed on a 15 umol scale starting with
the C-terminal Fmoc-O(Boc) preloaded on the MPA-Protide
resin in 10 mL glass RVs (Scheme 3). This scale is the smallest
for which we obtained good results. Scaling up the SPFS on the
Chorus synthesizer can be implemented without hurdles. Three
different RV sizes are available (10, 25, 40 mL) and allow to work
at a scale up to 500 umol. During the syntheses, a capping step
was introduced after the 8" coupling. After final Fmoc
deprotection and acetylation, 8 and 9 were cleaved from the
resin and their purity was checked by RP-HPLC analysis.
Sequence 8 was recovered in very good amount (50 mg of
crude out of 59 mg expected, 85%). The RP-HPLC chromato-
gram showed one main peak indicating a crude purity of 77 %
(Scheme 3). Product identity was established by LC-MS analysis
(Figure S18a). In terms of purity and amount recovered, these
values are comparable to those obtained for the manual SPFS
of 1. The main difference between the two approaches is the
significant reduction of work time. The automated SPFS of 8
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required 2-3 h of work to prepare solutions followed by 19 h of
instrument time, in comparison to 40 h of work (5 work days)
required for the manual SPFS of 1. Results were also satisfactory
for the preparation of 32mer 9 whose identity was confirmed
by LC-MS analysis (Figure S18b). The mass recovered was 83%
of that expected. The RP-HPLC analysis showed a drop of crude
purity with respect to manually synthesized 7 (55% versus
77 %). This suggests that the couplings using the Appel reaction
may not perform as perfectly as the activation with the
Ghosez's reagent which may be understood given the complex-
ity of the Appel reaction as discussed in the next section.
Nevertheless, these yields compare favorably to the SPS of
peptides of similar length (Q;, is equivalent to 64 a-amino
acids, i.e. protein size).” The critical point is again the time
saved. The preparation of 9 also required 2-3 h of work to set-
up the Chorus synthesizer followed by 40h of non-stop
instrument time, to be compared to 88 h (11 work days) for the
manual synthesis of 5.

Monomer recycling

The automation of large AO SPFS plus the possibility to build
up to three sequences in parallel makes the availability of
monomers a limiting factor. Suitably protected Q monomers all
require a multistep synthesis for their preparation. Even if these
syntheses have been streamlined on a multigram scale, the
monomers are valuable and used in excess (2x 3 equiv.) during
SPFS. We were therefore motivated to implement monomer
recovery. The basic coupling reaction mixture that flows from
the RV after coupling can be quenched by collecting it in a 5%
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aqueous citric acid solution. This can be easily implemented by
inserting a collect step in the protocol which will dispense the
coupling solution to the collect container. The citric acid serves
to protonate the acid function of Fmoc-Q-OH, thus allowing its
subsequent extraction in CH,Cl,, without damaging acid labile
side chain protections. The extracted mixtures, however, may
be more complicated than expected. RP-HPLC analysis allowed
us to assess the presence of other substances than the Fmoc-Q-
OH to be recycled. The most typical, and potentially most
abundant species is a stable ylide. In the case of monomer L,
this ylide was purified and characterized and its structure was
confirmed by LC-MS, 'H NMR, and x-ray crystallography (com-
pound 10 in Scheme 4, Figure S19 and Table S3). Compound 10
results from the reaction of the acid chloride with (cyanometh-
ylene)-triphenylphosphorane 11 (Ph;P=CH,CN).E” This reaction

cr Ph3F’* CH2—CN

colhdme
=
. _PhgP=CH-CN 1 CH-CN11 ¢
N N
Ph3P “eN 10 NHFmoc NHFmac
o}

o] NHFmoc

Scheme 4. Formation and crystal structure of ylide 10 produced during
in situ acid chloride activation using TCAN, Ph;P and Fmoc-L-OH monomer.

+PhgP QI @ o @ Gl
ClCCN ©C-CN +PhgP—Cl —= CI° PhsP-C-CN
cl Cl
+Ph3PJ
® +PhyP
© |PhaPTC=PPhy| <—— PngP=C-CN + Cl,PPh;
CN Cl 13
o)
© o R.__OH ® H e R__O
o© |PhsP=C=PPhs| + Y pigp- C—PPhy + [
CN (6] @ CN (6]
@ l
R.__Cl R._O-PPh S
\ﬂ/ + O=PPhy \H/ o 3+ Ph3P7C|: CN
cl N
(6] (6] 11

Scheme 5. Mechanism of the TCA/triphenylphosphine-mediated activation
of an acid into an acid chloride explaining the formation of 11 as a by-
product, adapted from Ref. [22a] where CCl, was used instead of TCAN. The
colors of atoms belonging to the reagents are reflected in the formulas of
the products.
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could indeed be reproduced using commercial 11 (Figure S20).
The presence of 11 in the reaction mixture is consistent with
Appel’s report that (chloromethylene)-triphenylphosphorane
forms when using CCl, instead of TCAN (Eq. (57) in Ref. [22a]).
The mechanism that leads to the formation of 11 is depicted in
Scheme 5. The presence of 11 in the activation step thus
threatens to reduce the amount of available acid chloride.
However, when activation is performed in THF, we observe that
(cyanomethyl)triphenylphosphonium chloride 12 (Scheme 4)
immediately precipitates and remains in the PV after the acid
chloride solution has been transferred to the RV. Collecting a
sample of the precipitate allowed us to assign it to pure 12
(Figure S21). Subsequent washing of the PV with DMF flushes
this precipitate away. A benefit of using THF for the activation
step is thus to reduce the formation of ylides such as 10. The
proportion of ylide is for example higher for Fmoc-O(Boc)-OH
which is activated in THF/NMP from which 12 does not
precipitate.

Of note, the mechanism shown in Scheme 5 is typical of an
acid chloride activation under neutral conditions: it does not
generate HCl unlike many other typical reagents (e.g. SOCI,,
oxalyl chloride). However, this mechanism accounts for the
formation of 11, but not of the salt 12 which we isolated. A
possible explanation for the presence of 12 may be the
dichlorotriphenylphosphorane 13 that is generated during the
activation. Compound 13 may also react with the carboxylic
acid to produce the acid chloride, triphenylphosphine oxide
and HCl. HCl would then be buffered by 11 to produce 12.
Another possible, less desirable, source of HCl is the reaction of
the acid chloride with 11. Indeed, when reacting Fmoc-L—Cl
with 11, 10 is produced along with 12, showing the ability of
11 to act as a base and as a nucleophile (Figure S20). Of note,
HCl is anyways produced during the subsequent coupling step,
regardless of the pathway that produces the acid chloride, but
the coupling is always performed in presence of a base.

Ylides such as by-product 10 are stable.*® Yet we found
that it is possible to chlorinate them with N-chlorosuccinimide
(NCS) leading to their degradation into a carboxylic acid
(Scheme 4), through a haloform-like reaction similar to the
degradation of cyanosulfurylides recently developed as selec-
tive protecting group of Asp residue during SPPS.®" Thus, 10
was exposed to increasing amounts of NCS in a DMF/H,O
mixture. The reaction was monitored by RP-HPLC analysis and
proved to be almost complete after 2days using up to
5 equivalents of NCS (Figure S22). In summary, excess Fmoc-
protected monomers may be recycled after quenching the
coupling reaction mixtures. In case significant amounts of
cyanoketophosphoranes are present, these may be degraded
back to the desired acid using NCS, before final purification.

Consequences for manual synthesis

The adaptation and optimization of the protocols for the
automation of SPFS have led to developments that can also be
useful in manual synthesis. For instance, the in situ activation
via the Appel’s reaction is much quicker to implement than the
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activation with Ghosez's reagent, allowing five deprotection/
coupling cycles to be performed manually in 8-9 h. For this, we
used the same reagents and the same stoichiometry with
respect to Fmoc-Q-OH as for the automated synthesis. In
manual synthesis, the acid activation mixture is typically trans-
ferred unfiltered to the resin. This requires a better solvent than
pure THF and CHCI,/THF (1:1, v/v) was typically used to dissolve
all intermediates (including 12). Acid chloride activation is then
performed in a separate vial shaken by hand for a few seconds
before being added to the resin suspended in THF containing
collidine. Consequently, one has to anticipate the potential
presence of ylide by-products when recovering the Fmoc-Q-OH
after a manual coupling cycle. Other coupling cycle optimiza-
tions are currently being tested, including the reduction of the
number of equivalents of Fmoc-Q-OH monomer and of
activating reagents, or of the time necessary for complete Fmoc
deprotection with 2% DBU in NMP. Progress will be reported in
due course.

Conclusion

We have extended the manual SPS and the analysis and
purification of helically folded aromatic oligoamides to sequen-
ces as long as a 41mer with excellent yields and purity. This
places our SPS protocols among the most efficient known to
date, giving access to sequences in the size range of an 80mer
peptide. We speculate that this remarkable efficiency is in fact
assisted by helical folding on the resin. This would contrast with
the common observation in peptide synthesis that on-resin
folding and aggregation result in decreasing coupling yields.
Next, we have adapted and optimized the deprotection and
coupling procedures to allow for the automation of the SPFS. A
commercial peptide synthesizer was used to produce aromatic
oligoamide sequences starting from Fmoc-acid monomers, that
is, including their activation to acid chlorides in a preactivation
vessel under a nitrogen atmosphere. Long AO sequences were
produced with minimal laboratory work in good (32mer 9) to
high (16mer 8) crude purity. The validation of the analytical
techniques (RP-HPLC, NMR, and LC-ESI-MS) allowed for the
identification and full characterization of the designed fol-
damers. This is of special importance for long and more
complex structures, usually designed for biological or biomate-
rial applications, for which the final step of analysis and
purification can be a limitation. These developments pave the
way to the rapid access to new and longer sequences than
before, and thus to quicker exploration of their properties.
Automated SPFS of multiple sequences will also permit to
investigate the ligation of long, pre-synthesized, fragments, as
in protein synthesis, and to potentially explore the behavior of
foldamers of 10 kDa and above.
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On-resin folding during solid-phase
synthesis is not always an impedi-
ment! Under optimized conditions,
helices of aromatic oligoamide
foldamers are produced in high yield
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even when their length reaches tens
of units. Automation of synthesis on a
commercial peptide synthesizer is a
game changer for the development of
these compounds.
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