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Abstract. This account summarizes our work on the synthesis of fluorinated peptidomimetics in-
tegrating the N-CF2R triazole functions. Emphasis is placed on the development of fluorinated
foldamers possessing preferential conformations. We have shown that these foldamers are potential
modulators of amyloid protein aggregation.
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1. Introduction

Peptides and proteins can form specific folded struc-
tures necessary for their biological functions. This
folding is ensured by intermolecular or intramolec-
ular hydrogen bonds, between the carbonyl groups
and the amine protons of the amide bond, as well as
by electrostatic and hydrophobic interactions of the
side chains. Artificial foldamers are repetitive syn-
thetic structures that adopt folded molecular con-
figurations, thus mimicking the structural proper-
ties of biomolecules [1]. With the increasing use
of therapeutic peptides [2–4], interest in peptide-
based foldamers capable of mimicking secondary
structures is growing rapidly [5–8]. Indeed, pep-
tidomimetic foldamers offer solutions to overcome
two main issues of short peptides: their lack of
stability against proteolysis and their low ability to
adopt specific conformations, thereby limiting their
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practical use in certain therapeutic fields such as the
inhibition of protein–protein interactions.

Fluorinated molecules have generated consider-
able interest in medicinal chemistry, with approx-
imately 150 reaching the pharmaceutical market
and accounting for nearly 30% of all newly approved
drugs [9–11]. Furthermore, incorporating fluorinated
amino acids into peptides and proteins has increased
their biological activity and propensity to form sec-
ondary structures due to fluorine’s ability to enhance
local hydrophobicity and significantly strengthen
hydrogen bonds [12–14]. The addition of fluori-
nated amino acids can also improve chemical and
enzymatic stability [11,12] although in some cases,
the effect is less pronounced with direct fluorinated
analogues of natural amino acids [14]. Additionally,
fluorine labeling is a significant advantage for study-
ing biological events using 19F NMR spectroscopy,
such as the structure and function of biomolecules,
enzymatic mechanisms, ligand–biomolecule inter-
actions, metabolic pathways, and for 19F MRI med-
ical imaging [15]. However, to our knowledge, very
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few examples of fluorinated foldamers have been
reported [16–19]. Regarding peptidic foldamers,
fluorinated peptoids [18], CF3-Aib [20], CF3-β-
peptides [21], and CF3-pseudoprolines [22] adopt
helical conformations, while oligomers of cis-2-
amino-1-fluorocyclobutane-1-carboxylic acid [16]
and 2-fluoro-aryl substitutedα,β 2,3-amino acid [17]
adopt a strand-like secondary structure. As part of
our interest in fluorinated peptidomimetics and
foldamer construction, we are currently exploring
the potential of fluorinated foldamers. This new class
of foldamers, noted by a few chemists to date for their
conformational properties [16,18–21], remains en-
tirely unknown in medicinal chemistry and as poten-
tial drug candidates. Our laboratory has been inter-
ested in designing new fluorinated foldamers based
on N-difluoromethyl triazole units. As a proof of con-
cept of their benefit in medicinal chemistry, the de-
sign of potential modulators of protein aggregation
in the field of type 2 diabetes (T2D) was investigated.

T2D is a significant public health challenge,
currently affecting around 400 million individuals
worldwide. This figure is projected to surpass half a
billion by 2045, yet no causal treatment exists for this
condition [23,24]. T2D belongs to the large family
of diseases called amyloidosis caused by the patho-
logical aggregation of amyloid proteins [25–27]. The
aggregation of human islet amyloid polypeptide (hI-
APP, also known as amylin) plays a role in the death of
pancreatic β-cells in T2D patients through a mecha-
nism that is only partially understood. The hIAPP un-
dergoes a conformational change that leads to an ag-
gregation pathway, forming toxic soluble oligomers
and fibers. These aggregated species adopt β-sheet
rich conformations, and amyloid deposits are found
in the pancreas of over 95% of diabetic patients [28–
30]. Preventing both the presence of soluble tran-
sient oligomers and the later aggregated forms of
hIAPP is essential to mitigate cell toxicity caused
by membrane disruption and other less understood
phenomena induced by hIAPP aggregation [31–33].
This approach must be investigated to develop a
viable therapy for T2D.

2. Synthesis of aminomethyl-1,4-triazolyl-
difluoroacetic acid

To start, we designed and prepared an origi-
nal fluorinated peptidomimetic by incorporat-

ing N-difluoromethyltriazole into its structure.
The aminomethyl-1,4-triazolyl-difluoroacetic acid
named N-difluoromethyl 1,4-Tz amino acid (1,4-
Tz-CF2), N-difluoromethyl 1,4-Tz, or 1,4-Tz-CF2

amino acid can be considered an analogue of Gly-
difluoroGly dipeptide, which is unstable [34].

The pseudotetrapeptide was obtained by copper-
catalyzed dipolar cycloaddition from an azide and an
alkyne carrying amino acid residues. This reaction
was carried out in the presence of copper sulfate
pentahydrate, sodium ascorbate, and finally TBTA as
a ligand (Scheme 1).

We demonstrated that the introduction of one
monomer 1,4-Tz-CF2 in short peptides could induce
extended structures. NMR, DFT, and X-ray crystal-
lography showed the interactions between fluorine
atoms and neighboring protons [34]. The 2D 19F-1H
NOE NMR experiments allowed identifying correla-
tions between the fluorine atoms and the proton of
the triazole and the NH of phenylalanine. These ob-
servations were in agreement with the X-ray diffrac-
tion analyses. The structure identified within the
crystal lattice highlights the distances between the
two protons (triazole proton/NH phenylalanine) and
a fluorine atom, which are 2.58 Å and 2.29 Å with
φ angles of 88° and 107°, respectively. This infor-
mation tends to confirm the proton–fluorine inter-
actions stabilizing an extended local conformation
(Figure 1).

In view of these particular characteristics of this
N-CF2-triazole unit, we were interested in incorpo-
rating it into oligomers to investigate their specific
conformations and their potential as modulators of
hIAPP amyloid aggregation. We therefore focused
our attention on different and original classes of flu-
orinated triazolamers.

3. Synthesis of homotriazolamers

Initially, we based our attention on the successive
coupling of 1,4-Tz-CF2 amino acid to prepare ho-
motriazolamers, trimer 1 and tetramer 2, (Scheme 2,
foldamers containing only triazole units) [35]. Tri-
azolamers 1 and 2 were prepared according to
Scheme 2 by carrying out sequences of click chem-
istry and amidation with propargylamine and am-
monia, and finally Boc cleavage under acidic condi-
tions.
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Scheme 1. Synthesis of N-CF2 triazole.

Figure 1. Interactions between fluorine atoms and neighboring protons [34].

Scheme 2. Synthesis of homotriazolamers 1 and 2.

4. Synthesis of heterotriazolamers

Next, we designed fluorinated heterotriazolamers by
intercalating natural amino acids between the 1,4-
Tz-CF2 units in order to compare the conforma-
tions of these structures with those of homotriazo-

lamers 1 and 2. These natural amino acids were
chosen according to the amyloidogenic sequence of
hIAPP, N21N22F23G24A25I26L27, recognized as mainly
responsible for its aggregation. The specific lateral
chains of the natural amino acids should allow in-
teraction with the amyloidogenic sequence of hI-
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APP, while the 1,4-Tz-CF2 units should act as β-sheet
breaker elements disturbing local intermolecular in-
teractions.

Thus, four fluorinated heterotriazolamers 3–6
were prepared for our study. Here also, foldamers
were prepared first by click chemistry reactions with
amino acids, then by peptide coupling reactions,
and finally by Boc deprotection and acetylation
(Scheme 3) [36].

In the remainder of our study, the foldamers were
subjected to conformational evaluations by NMR
and molecular dynamics.

5. Conformational analysis NMR

The conformational studies of oligomers 1–6 were
carried out by NMR in CD3OH, a polar solvent avoid-
ing solubility problems in water. Many experiments
such as 1D (1H,19F) and 2D (1H-1H TOCSY, 1H-1H
ROESY, 1H-19F HOESY, 1H-13C HSQC, and 1H-13C
HMBC) were recorded at 283 K and 313 K, respec-
tively. The main results obtained from these differ-
ent experiments are presented below.

In trimer 1 and tetramer 2, the amide NH bonds
are not engaged in stable intra- (or inter-) molec-
ular hydrogen after the calculation of the tempera-
ture coefficients. Furthermore, no long-distance cor-
relation was observed for trimer 1 and tetramer 2.
Their 2D 19F-1H HOESY analyses confirmed short-
distance correlations within each N-difluoromethyl
triazole unit, between the two fluorine atoms, the tri-
azole protons, and the NH of the subsequent unit, al-
ready observed for the monomer [35]. So the rotation
around the difluoromethyl group is restricted, either
due to the steric hindrance caused by the two fluo-
rine atoms or because of a stabilizing electrostatic in-
teraction between the fluorine atoms and the neigh-
boring protons. Furthermore, no long-range 19F-
1H hetero-NOE correlations between different units
were detected, supporting an extended conforma-
tion [35].

Concerning heterotriazolamers 3 and 4 with
amino acids, long-range 1H-1H ROE correlations
were observed, indicating folded conformations. In
both 3 and 4, ROEs were observed between the CH3

of Ala-3 and the Hc of the two triazoles, TZL-2 and
TZL-4. In 4, correlations between CH3 of Ala-3 and
Hα of Phe-1 and between Hβ of Phe-1 and Hc of
TZL-2 were also visible (Figure 2).

The two amino acids both at the N- and C-termini
of the TZL-2 unit could become close together thanks
to the flexibility of the Cα of the TZL unit. In-
deed, this side of the N-difluoromethyltriazole scaf-
fold has a higher flexibility than the side bearing the
two fluorine atoms, which induces a constraining ef-
fect thanks to H–F interactions (Figure 3). In the case
of the NH2-free analogue 3, one ROE was visible be-
tween Hα of Phe-1 and Hc of TZL-2. The direct rap-
prochement between Phe 1 and Ala-3 was not ob-
served [36].

Very similar NMR data were obtained for the
longer heterotriazolamers 5 and 6, confirming their
folded conformations. In particular, many long-
range 1H-1H ROE correlations were observed (Fig-
ure 3) (between CHβ of Asn-1 and Hc of TZL-2, CHβ

of Phe-3 and Hc of TZL-2 and TZL-4 [only TZL-4 for
6], CH3 of Ala-3 and Hc of TZL-4 and TZL-6, and CHδ

of Leu-7 and Hc of TZL-6). Interestingly, a very long-
range 1H-1H ROE correlation was also observed be-
tween CHδ of Leu-7 and Hc of TZL-2 in both 5 and
6, indicating a close proximity between their N- and
C-termini. In the 2D 19F-1H HOESY spectra of 3–6,
only the short-range correlations involving in each
1,4-Tz CF2 unit the two fluorine atoms with the pro-
ton of the triazole and the NH of the successive unit
were visible. This result suggests that the two fluo-
rine atoms of each 1,4-Tz CF2 unit maintained the ex-
tended constraint at its C-terminal part but were not
involved in the overall folding of the foldamers (Fig-
ure 3) [36].

6. Conformational analysis by molecular dy-
namics

In parallel, molecular dynamic (MD) simulations of
these triazolamers (1–6) were conducted in explicit
methanol solvent to be as close as possible to NMR
conditions. The convergence of our simulations was
evaluated first by visually inspecting the time evolu-
tion of RMSD relative to the initial conformation and
that of the radius of gyration (Figure 4), and by com-
paring distributions of the radius of gyration over
time. The distributions of the radius of gyration of
1,4-Tz CF2 triazolamers 1 and 2 attain high values, in-
dicating extended conformation (Figure 4) [35].

On the contrary, MD simulations of compounds 3
and 4 generated conformational ensembles in which
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Scheme 3. Fluorinated heterotriazolamers 3–6.

Figure 2. NMR interactions of foldamers 3 and 4 in CD3OH (1H-1H and 1H-19F NOE).

the two rather rigid and extended segments AA-
TZL2-AA and AA-TZL4-AA can rotate around the cen-
tral AA residue, acting as a hinge and allowing con-
formational transitions between hairpin-folded seg-
ments and more extended linear structures (Fig-
ure 5) [36].

MD trajectory visualizations show that both
molecules 5 and 6 are highly flexible. The repre-
sentative structures of the most populated clusters of
compounds 5 and 6 are displayed in Figure 6. As in
compounds 3 and 4, Asn-TZL, Phe-TZL, and Ala-TZL
fragments are rather rigid but can rotate around
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Figure 3. NMR interactions of foldamers 5 and 6.

Figure 4. Representative structures of the most populated clusters of 1,4-Tz-CF2 homotriazolamers 1
(left) and 2 (right).

Figure 5. Compounds 3 and 4.

the two residues Phe and Ala, which act as bends.
Thus, the transient hairpin-like structures or zigzag
conformations angled at these two positions are
observed, sometimes even folding into ladder-like
structures similar to short multistranded β-sheets
(Figure 6) [36].

As the activity of these compounds were per-
formed in water, we compared MD simulations
of compounds 4 and 6 in explicit water versus
methanol. Both compounds 4 and 6 were slightly
more flexible and sampled more diverse conforma-
tions than in methanol. Nevertheless, the transient
hairpin-like structures of compound 4 were still sig-
nificantly present in water. Notably, conformation
of compound 6 appeared slightly more compact but
less structured in water than in methanol.

7. Activity on hIAPP Fibrilization by ThT-
fluorescence experiments

The ability of foldamers 1–6 to interact with hI-
APP fibril formation was first investigated using the
in vitro Thioflavin T (ThT) fluorescence assay. We
only report here triazolamers that showed some spe-
cific effect and activity on amyloid, compared to
the natural peptides FGAIL-NH2 and NNFGAIL-NH2.
The aggregation curves of hIAPP in the presence
of homotriazolamer 1 at 1/hIAPP ratio 10/1 (Fig-
ure 7) showed a shorter t1/2 and a higher fluorescence
plateau than for the control experiment, indicating
that compound 1 is capable of accelerating but also
increasing the aggregation of hIAPP [36].
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Figure 6. Compounds 5 and 6.

Figure 7. Representative curves of ThT fluorescence of one assay over time showing hIAPP control aggre-
gation (5 µM) in the absence (red curve) and in the presence of compounds 1 and 4 at compound/hIAPP
ratios of 10/1 (purple curves) and 1/1 (green curves). The control curves are represented by orange lines
and the buffer by gray. Solid lines correspond to curves fitted with a Boltzmann sigmoidal model.

On the contrary, the inhibitory activity of 4 was
dramatically increased compared to that of the nat-
ural peptide parent FGAIL at 4/hIAPP ratio 10/1 (Fig-
ure 7), both on the fibrilization kinetics (∆t1/2 =
+112% for 4 vs no effect for FGAIL-NH2) and on the
fluorescence plateau (∆F = 80% for 4 vs = 36% for
FGAIL-NH2). The activity was not retained at the
lower ratio of 1/1.

8. Interaction of homotriazolamer 1 and het-
erotriazolamer 4 with hIAPP by NMR

The effect of compounds 1 and 4 on hIAPP was first
studied using proton NMR experiments (Figure 8). In
particular, for 4, interactions with sequences directly
involved in the hIAPP aggregation process (residues
10–17 and 25–28) were observed. At 0.5 h, a line
broadening was observed in the presence of 1 or 4

(green and blue curves, respectively), which could be
due to their interaction with monomeric hIAPP or to
hIAPP aggregation.

The interaction of compounds 1 and 4 with hIAPP
was then investigated using 19F NMR experiments
(Figure 9). For the achiral homotriazolamer 1, which
contains three CF2 groups, the 19F NMR signals ap-
pear as three very close singlets around 88 ppm.
When 1 was mixed with 50µM hIAPP, a change in sig-
nal intensities around 88 ppm was observed (green
spectrum compared to the orange spectrum of the
compound alone; see Figure 9). In the case of com-
pound 4, mixing it with hIAPP resulted in a roughly
40% reduction in the 19F signal intensity in the 86–88
ppm region compared to 4 without hIAPP (blue spec-
trum compared to red spectrum; see Figure 9).
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Figure 8. 1H NMR experiments.

Figure 9. 19F NMR spectra of 1 and 4.

The observed differences in signal intensities can
be attributed to the presence of two distinct popula-
tions of the compounds in the mixture: those bound
to hIAPP and those not bound to hIAPP in a mixture
containing a 5 molar excess of compounds, specially
in the case of heterotriazolamer 4.

9. Effect on hIAPP oligomerization by native
and ion mobility mass spectrometry exper-
iments

Mass spectrometry (MS) has been used as a valu-
able technique to identify oligomeric species formed
during the early oligomerization process of amy-



Sandrine Ongeri and Benoît Crousse 9

loid peptides and proteins. MS experiments re-
vealed differences between the two foldamers 1 and
4, in particular regarding the nature, number, and
shape of noncovalent complexes of foldamers with
hIAPP monomers/oligomers formed. Foldamer 1,
which accelerates fiber formation in ThT experi-
ments, interacts slightly with the hIAPP monomer
while the noncovalent complexes hIAPP/1 and hIAPP
oligomers disappear very quickly [36].

On the contrary, foldamer 4, which is a retarder
of the fibrilization process in ThT assays, forms nu-
merous noncovalent complexes almost exclusively
with the hIAPP monomer, which are more compact
and stable over time. We can therefore hypothesize
that foldamer 4 interacts more strongly with hIAPP
monomers, sequestering them and favoring a com-
pact conformer that may not be prone to aggrega-
tion.

10. Conclusion

We demonstrated that fluorinated triazolamers
based on aminomethyl-1,4-triazolyl-difluoroacetic
acid (1,4-Tz-CF2) are readily available synthetically.
Experimental and computational conformational
studies showed that homotriazolamers adopt ex-
tended or worm-like chain structures, while hetero-
triazolamers are structured more like hairpins. Some
of the triazolamers have given rise to very interesting
but opposite activities on hIAPP, with one homo-
triazolamer accelerating and one heterotriazolamer
inhibiting hIAPP aggregation.

This study highlights the potential of hitherto
unknown fluorinated peptidomimetic foldamers as
modulators of amyloid aggregation as well as for
wider implications in medicinal chemistry. Our find-
ings affirm the value of fluorine “labeling” in investi-
gating biological events, such as ligand–biomolecule
interaction structures via 19F NMR spectroscopy. In
addition, this work paves the way for utilizing fluori-
nated foldamers in 19F MRI medical imaging.

The interest of substituting the methylene of the
aminomethyl-1,4-triazolyl-difluoroacetic acid to
mimic other AA-difluoroGly dipeptide to increase
the affinity towards other target proteins will be soon
provided.
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