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A novel chiral aromatic 8-amino acid building block was shown to
fully induce handedness in quinoline oligoamide foldamers with the
possibility of further increasing the bias by combining multiples of
these units in the same sequence. Through its incorporation within
the helix, both N- and C-termini are still accessible for further
functionalisation.

Handedness control in aromatic foldamer helices is of prime
importance for their applications in circularly polarized
luminescence,'” enantioselective catalysis,® and the diastereose-
lective recognition of chiral guests either within an internal
cavity™® or at their surfaces as, for example, proteins.®° Promot-
ing minimal handedness bias is straightforward: most stereogenic
centers placed in the vicinity of the helix backbone will create an
energy imbalance in favor of one or the other helix sense.'* Only
1 k] mol™" is required to elicit a 60/40 ratio. In contrast,
quantitative handedness control, i.e. a diastereomeric excess of
at least 99%, has rarely been achieved because it requires a large
energy difference between P- and M-helical diastereomers. The
few examples reported concern aromatic oligoamide foldamers
derived from 8-amino-2-quinolinecarboxylic acid (Q,) (Fig. 1a)
possessing N- or C-terminal chiral moieties such as camphanyl
(Camph),"* oxazolylaniline (Oxaz)>'* or B-pinene-derived pyridyl
(Pin)** groups (Fig. 1b). All these moieties incorporate stereogenic
centers embedded within a cyclic system and form hydrogen
bonds with a main chain amide. Terminal functionalization by
a chiral moiety is often convenient, but it can hamper other
functionalizations, e.g. with a chromophore, a protein ligand, in
particular in the context of protein surface recognition.”*° Here
we show that 2-(2-aminophenoxy)-propionic acid monomer B*™®
(Fig. 2a) promotes quantitative handedness induction in water
when embedded within an aromatic oligoamide helix sequence.
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Handedness bias is thus achieved through the stereochemical
differentiation of a single main chain hydrogen atom and a
methyl group. This strong effect illustrates that the compactness
of aromatic helices allows for stronger stereochemical differentia-
tion than in peptidic helices in which a single alanine residue is
unable to achieve complete handedness bias of an otherwise
achiral sequence."

We speculated that placing a stereogenic center within an
aromatic helix may result in strong helix handedness bias due to
stereochemical constraints both above and below the chiral
group. Nevertheless, a few earlier attempts failed to reach quanti-
tative handedness control, perhaps due to the fact that the chiral
groups were not themselves sufficiently helicogenic; that is, their
presence may cause a partial helicity disruption.'®™® Chiral
monomer B®™ was designed as a d-peptidic analogue of Q
bearing a stereogenic center at a position expected to be at the
inner rim of the helix. Its achiral equivalent, 2-(2-aminophenoxy)-
acetic acid, has already been described,”® and homomeric
sequences of this monomer have been shown to fold not into a
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Fig.1 (a) Chemical structures of Q and its oligomer Q,. Backbone
hydrogen bonds are indicated by red dashed lines. (b) N-terminal groups
(X) and C-terminal groups (Y), which are known to fully induce one
handedness in Q, oligomers 13-4
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(a) Foldamer building blocks used in this study. (b) Sequences that were synthesized to investigate the handedness induction properties of
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The chiral units (S)-Camph and BR™ are shown in blue and red, respectively. (c—e) Crystal structure of oligomer 7 in side (c and d) and top (e) views
showing a canonical aromatic helix structure. Side chains and hydrogen atoms are omitted for clarity. The methyl group (red) and hydrogen atom (blue)

on the chiral center of BR™®

canonical aromatic helix, but into a herringbone-helical
structure.”>*" However, it is also known that Q, sequences can
template the canonical helical folding of other monomers."***>*
We thus endeavored to prepare an Fmoc protected version of
and to incorporate it into Q,, oligomers to investigate its ability to
bias helix handedness.

Two new monomers, Fmoc-B¥™-OH and Fmoc-BGly-OH,
were synthesized from ortho-nitrophenol in 91% and 36%
overall yield in four steps, respectively (Fig. S1, ESIf). The
stereogenic center of B*™¢ was installed by condensing ethyl
(—)1-lactate to 2-nitrophenol via a Mitsunobu reaction leading
to an inversion of the stereochemistry. A derivatization of the
final Fmoc-B®™-OH with a chiral amine confirmed that
the enantiomeric purity of the starting alcohol as given by the
supplier (=>97.5%) was preserved throughout the whole synth-
esis (Section S2, ESIT). An unanticipated difficulty had to be
overcome during the preparation of Fmoc-B*™*-OH and Fmoc-
B®Y-OH. The Mitsunobu product is a nitro ester that must
undergo nitro group reduction and ester saponification prior to
Fmoc installation. When performing reduction first, we found
that the amino-ester readily cyclizes into a six-membered
lactam. Even when saponification was carried out first, the
amino-acid was quantitatively converted into the same lactam
during nitro group hydrogenation (Fig. S1, ESI{). This unusual
reactivity might explain the scarce record of B oligomers in the
literature. Two different approaches were applied to circumvent
this side reaction. First, for BY, the cyclisation was partially
prevented by using a bulky tert-butyl ester in the reduction step.
For B®™¢, saponification was carried out first and a base
(Na,COj;) was added during the hydrogenation to produce the
sodium carboxylate salt. This entirely prevented lactam for-
mation. These synthetic routes should be extendable to a

BRme
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are represented as balls. The N- and C-terminus orientations are shown next to the respective structure.

variety of B analogs bearing different chiral functionalities
and/or side chains on the aromatic ring.

Sequences 1-7 were designed and synthesized to study the
effect of one or two B®™® units placed at various positions in
sequences of variable lengths (Fig. 2b). Acidic Q**? monomers
were introduced to provide solubility in aqueous media. To
prevent too high solubility that could hamper crystal growth,
some Q' units were also included in the sequences so as to be
positioned on different faces of the helix. In some sequences,
one Q%™ moiety containing a selenium atom was included to
eventually enable the use of anomalous X-ray scattering,
though this proved to be unneeded. Synthesis was performed
on low loading Wang resin (100-200 mesh) using previously
reported solid phase foldamer synthesis (SPFS) protocols.>*?
Fmoc acid building blocks were activated in situ by generating
the respective acid chlorides prior to coupling. Both Fmoc-
B®™.0H and Fmoc-B®Y-OH showed excellent coupling reactiv-
ity. No noteworthy deletions occurred during SPFS. In a final
step, the oligomers were cleaved from the resin and depro-
tected under acidic conditions. The crude oligomers were
purified using semi-preparative reverse phase HPLC with a
basic ammonium acetate buffer as the mobile phase. As a
result, all compounds were obtained as their respective ammo-
nium salts in good overall purified yields (8.4-51%; Section
S3.2, ESTY).

As outlined in the introduction, we expected that the strong
helicogenic nature of quinoline units would force the B¥™° and
B®Y monomers into canonical helical folding despite their
steric demand and increased flexibility that results in a her-
ringbone helix for (B®Y),.>° NMR and circular dichroism (CD)
spectroscopic data suggest that 1-7 all adopt a helical fold in
water. They show the characteristic pattern of distinct amide
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Fig. 3 (a) Amide region of the *H NMR spectra of sequences 1-7 in NH,OAc
buffer pH 8.5. For 2 and 5, major and minor sets of signals are marked with
red and blue circles, respectively. (b) CD spectra of compounds 1-7 in
NH4OAc buffer pH 8.5 between 300 and 500 nm. The molar extinction
(A¢) is normalized for the number of Q units for better comparability.

and aromatic signals in their "H NMR spectra and an intense CD
band in the 300-450 nm region that is typical for helically folded
quinoline oligomers with some handedness bias'*?*® (Fig. 3 and
Fig. S2, ESIt). These findings are corroborated by the strongly
downfield shifted "H NMR signals (between —0.18 and —0.33 ppm)
of the CH; protons of B®™ units in the spectra of 3-7 (Fig. S2,
ESIt), as a result of the ring current effects of neighbouring Q units.
For comparison, the signal of the same methyl group in
Fmoc-B¥™-OH is found at 1.56 ppm. Similar upfield shifts are
observed for protons close to aromatic side chains in proteins.””
The helix conformation was also validated by the solid state
structure of 7, an analogue of 6 bearing an acetyl group instead
of (S)-Camph (Fig. 2c-e). The structure shows canonical helical
folding, with only left-handed helices present in the crystal.
This structure was solved despite the low resolution of the data
(2.86 A) by molecular replacement using an energy minimized
model (Section S4, ESIt). Molecular replacement is a common
phasing method in protein crystallography where models are
produced from related structures, but it has scarcely been used
for smaller molecules.?® Successful molecular replacement in
the case of 7 is a highlight of the effectiveness of molecular
modelling at accurately predicting aromatic foldamer confor-
mations, and represents an important methodological advance.
Helix handedness bias in solution was first assessed when
B®™¢ was placed in the penultimate position to the N- or
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C-terminus of a sequence, as in 1 and 2. Since one helix turn
contains 2.5 units, the penultimate residue is entirely exposed
to the solvent on one of its faces. The "H NMR spectrum of 1
shows one major set of signals (Fig. 3a), indicating a diaster-
eomeric ratio of (R)-M to (R)-P of at least 98/2, assuming that the
helix handedness inversion is slow on the NMR timescale, as
expected for a pentamer or any longer sequence.’ The negative
band observed by CD in the 300-450 nm region shows that the
M helicity is dominant.?® In the M helix, the asymmetric methyl
group of 1 should ‘stick out’ of the helix towards the solvent.
For 2, the "H NMR spectrum shows two sets of signals with a
ratio of about 87/13 (Fig. 3a). The CD spectrum indicates that
the M helix is again dominant (Fig. 3b), which means that the
asymmetric methyl this time points towards the helix and not
to the solvent, since B®™ is near the C terminus. The handed-
ness preference thus depends on the absolute stereochemistry
of B®™® regardless of its position in the sequence, and not on
whether the methyl groups point towards the helix or the
solvent. We also note that the CD intensity does not correlate
well with the diastereomeric excess. The CD band at 380 nm
normalized per Q unit is more intense for 2 than for 1 although
the handedness bias is stronger for the latter (Fig. 3b). Indeed,
the CD intensity also depends on the number of consecutive Q
units and on the nature of substituents on each Q unit.

Compounds 3 and 4 contain one B¥™€ unit flanked with
helix segments that span more than one turn. The asymmetric
center should thus have close contacts with aryl groups both
above and below. Sequence 4 was designed to be more flexible
than 3, due to additional achiral BSY units, including one
adjacent B®™. The higher flexibility arises from the reduced
aromatic stacking surface and additional rotatable bonds in B
monomers as compared to Q. The "H NMR spectra of 3 and 4
both show a single set of sharp signals (Fig. 3a). This indicates
quantitative handedness bias as far as NMR can detect. CD
shows that 3 and 4 are M helical (Fig. 3b), as for 1 and 2.
Quantitative handedness bias achieved by the stereochemical
differentiation between a hydrogen atom and a simple methyl
group is remarkable and unprecedented. It probably results
from the very compact conformation of Q, helices that create a
large energy difference between the diastereomeric conformers.
Furthermore, NMR and CD concur to show that the handed-
ness bias for compound 3 is also quantitative in DMSO and
MeOH (Fig. $4, ESI}).

Encouraged by these results, we challenged handedness bias
due to B®™® through the introduction of an N-terminal cam-
phanyl group having an (S) configuration, that is, a configu-
ration antagonistic to that of B*™®, In the absence of B¥™¢, the
camphanyl group also biases handedness quantitatively and its
(S) configuration favors P helicity."> Sequence 5 is an analog of
3 where the terminal Ac has been replaced with (S)-Camph. Its
'H NMR spectrum shows two sets of signals with a ratio of
75/25 corresponding to the presence of two different diaster-
eomeric conformations, (S,R)-M and (S,R)-P (Fig. 3a). The CD
spectrum shows a negative band in the range of 300-450 nm;
this indicated that the major conformation has M handedness,
and thus that B®"™® imparts a stronger handedness induction

This journal is © The Royal Society of Chemistry 2021
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than (S)-Camph (Fig. 3b). Because 3 and 5 contain the same
sequence of chromophores, their CD spectra should be directly
comparable. The relative CD intensities of 5 and 3 at their
maxima around 385 nm indicate an 80/20 ratioi of M- to
P-diastereomers for 5 (Fig. S3, ESIt), which matches the ratio
observed by "H NMR. Taking this ratio into consideration, an
energy difference between the handedness bias induced by
B®™ and Camph of about —3.4 k] mol " can be derived.

When two B®™€ units cooperate to bias handedness in the
same sequence, as in 6, we find that the effect of a terminal
(S)-Camph is completely reversed. A main species is observed
by 'H NMR, and CD confirms M handedness (Fig. 3). The CD
intensity of 6 also matches that of 7, which lacks the camphanyl
group. Minor signals in the "H NMR spectra of 6 and 7 were
observed that can be assigned to the incomplete enantiomeric
purity of B®™® arising from the enantiomeric purity of the
lactate precursor. A small amount of one or the other chiral B
unit may have (S) stereochemistry opposite to the (R) configu-
ration of BR™¢, In these cases, the effect of B¥™ and that of
B%™¢ would cancel each other and the camphanyl group would
favor P helicity, leading to small amounts of (S,R,S)-P and
(S,S,R)-P diastereomeric conformers of 6 and (S,R)-P/M and
(R,S)-P/M conformers of 7, where the bias of Camph is missing.

In conclusion, quantitative handedness bias was achieved in
water, methanol, and DMSO by placing the new BX™® monomer
within a quinoline helix. The energy difference was greater than
that generated by the Camph group. The bias could be further
enhanced by incorporating more than one B®™® unit within the
same helix. The handedness bias was not complete only when
B®™ was placed near the C-terminus. Full handedness control
could thus be achieved without any modifications at either the
N- or C-terminus, allowing for further functionalization at both
ends of the helix. Being able to avoid bulky handedness-
inducing groups at the N- or C-terminus will also be beneficial
to water solubility, as Camph, Pin, and Oxaz are all lipophilic.
These combined features will be useful for protein surface
recognition using helical foldamers. B units also provide a
new means to introduce side chains at the stereogenic center.
This prospect and the effect of multiple B units on the helix
geometry are being investigated and will be reported in due
course.

Synchrotron data were collected at beamline P14 operated
by EMBL Hamburg at the PETRA III storage ring (DESY,
Hamburg, Germany). We thank Dr Saravanan Panneerselvam
for his assistance in using the beamline.
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intensity observed for 5 in comparison to 3 reflects an 80/20 ratio of M-
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