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Abstract: Aromatic oligoamide sequences programmed
to fold into stable helical conformations were designed
to display a linear array of hydrogen-bond donors and
acceptors at their surface. Sequences were prepared by
solid-phase synthesis. Solution 1H NMR spectroscopic
studies and solid-state crystallographic structures dem-
onstrated the formation of stable hydrogen-bond-medi-
ated dimeric helix bundles that could be either hetero-
chiral (with a P and an M helix) or homochiral (with
two P or two M helices). Formation of the hetero- or
homochiral dimers could be driven quantitatively using
different chlorinated solvents—exemplifying a remark-
able case of either social or narcissistic chiral self-sorting
or upon imposing absolute handedness to the helices to
forbid PM species.

The bundling of α-helices mediated by hydrophobic
residues, charge-reinforced hydrogen bonds, or metal ion
coordination in water is the best understood assembly mode
of protein secondary structural motifs. It is amenable to
design and has found applications in multiple contexts.[1] It
has, for example, been extended to α-peptide 310 helices,[2] α/
β-peptides,[3] β-peptides[4] and oligourea foldamers.[5] A
general feature of peptide helix bundling is the homochiral
nature of the helices, which eventually gives rise to coil-
coiling, that is, the winding of helices around one another.
Certain amino acid patterns have also been found to allow
for bundling between L- and D-peptide helices.[6] The

opposite handedness of the helices then leads to strictly
parallel[7] arrangements, namely without coiling of the coils.

In the context of a program aiming at producing abiotic
protein-like tertiary structures, we have explored the exten-
sion of helix bundling to organic solvents using aromatic
foldamer helices. Starting from the structurally well-defined
2.5 helices formed by oligoamides of δ-amino acids Q and P
(Figure 1a),[8] we have introduced analogous hydroxy-func-
tionalized X and Y monomers to create arrays of helix-to-
helix hydrogen bonds between hydroxy donors and amide
carbonyl acceptors. For example, when connected by a rigid
linker at their C-terminus, sequences 1 and 2 form homo-
chiral head-to-head helix-turn-helix structures stabilized by
X···X and Y···Y hydrogen bonding (Figure 1c).[9] Using an N-
to-C helix connection with another linker, a similar, albeit
heterochiral and head-to-tail, helix-turn-helix structure was
generated.[9c] However, in the absence of a linker, helices of
1 and 2 assemble into several types of aggregates, including
tilted dimers in which helix axes form an angle of �60°, as
well as trimers with all helices parallel[7] with a head-to-head
arrangement of the oligomers (Figure S1).[9a] In most cases,
different aggregates were found to coexist in solution. In
search for better-behaved helix bundling by self-assembly,
i.e. not guided by a rigid linker, we have now explored and
report on the aggregation behavior of sequences 3–7, where
Y units have been replaced by P. These helices thus only
contain X hydrogen-bond donors located every five units,
that is, every other helix turn, so as to form a linear array
(Figure 1d). This design was motivated by the key role
played by Y units in the above-mentioned aggregates
(Figure S1): it was expected that removing them would
change the aggregation behavior and also that long helices
would favor parallel,[7] as opposed to tilted, arrangements of
helix axes. Besides, helix-turn-helix folding has been shown
to occur without any Y units.[10]

Here, we report that the new sequences may form
homo- or heterochiral helix dimers mediated by a new array
of hydrogen bonds. Furthermore, we found that dimer
formation strongly depends on the chlorinated solvent used,
namely chloroform [CDCl3], tetrachloroethane [(CDCl2)2],
dichloromethane [CD2Cl2], and dichloroethane [(CD2Cl)2].
Thus, hetero- vs. homochiral helix association can be
quantitatively reverted by changes in the solvent nature as
small as going from CDCl3 to CD2Cl2. Our results thus not
only delivered new robust aggregation modes that can serve
for future abiotic tertiary and quaternary structure design,
but also the possibility to switch them. They also highlight
large amplitude chlorinated solvent effects that raise ques-
tions about their generality.
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Sequence 3 and its extended version 4 were synthesized
(see Supporting Information for details). Their 1H NMR
spectra in CDCl3 show a single set of sharp resonances
(Figure 2a). The signals of OH protons could be identified
as being exchangeable with deuterium and not correlated to
nitrogen in 1H15N-HSQC spectra (Figures S2, S3). The
chemical shift values >9 ppm of the OH protons indicated
their involvement in hydrogen bonding, i.e. the formation of
aggregates. The multiplicity of NMR signals showed that all
the helices within the aggregate are in an identical environ-
ment, implying that the aggregate must be symmetrical. A
solid-state structure of 3 was then obtained[11] that revealed
a new head-to-tail dimeric arrangement held together by six

very similar intermolecular hydrogen bonds arranged in a
linear array (Figure S4). Attempts to crystallize 4 were
unsuccessful, but its nitro-terminated analogue 7 crystallized,
and its solid-state structure revealed the very same pattern
as 3 extended to eight intermolecular hydrogen bonds
(Figure 3a,b).[11] The conservation of the pattern for differ-
ent helix lengths indicates it is robust. In both cases, the
helix axes are parallel,[7] and the dimer is heterochiral
(meso)—it involves a P helix and an M helix—and is nearly
(not crystallographically) centrosymmetric and thus, in those
cases, achiral. Hydrogen bonds occur between hydroxy
groups of X units of one helix and amide carbonyl groups
preceding P units of the other helix or the ester carbonyl at
the C-terminus (Figure 3c). This contrasts with earlier
parallel aggregates involving X···X and Y···Y hydrogen
bonding (Figure 1c). Because the helices are now shifted (or
out of register) by one helix turn with respect to earlier
parallel aggregates, and the X-units no longer face each
other, we called these new aggregates PM (or heterochiral)
shifted dimers. Using molecular models, we could build
alternate plausible hydrogen-bond arrays between P and M
helices, including one non-shifted dimer involving X···X
hydrogen bonding, but these must be less stable (Figure S5,
see Supporting Information for details). Dilution studies
(down to 0.15 mM) led to no visible change in the 1H NMR
spectra of 3 and 4 suggesting a tight association in CDCl3.
However, PM shifted dimers can be dissociated upon adding
DMSO-d6 (Figures S6, S7). Slow exchange on the NMR
time scale between monomer and dimer is then observed. A
dilution study in 9 :1 CDCl3/DMSO-d6 gave a Kd of 62 μM at
25 °C in this solvent. PM shifted dimers thus represent a
novel and robust form of heterochiral social self-sorting.[12]

The PM shifted dimers were replaced by another species
in slow exchange on the NMR timescale upon adding
CD2Cl2 (Figure 2b, S8, S9). In pure CD2Cl2, the replacement
is quantitative for 4. The replacement by the same species
was quantitative for both 3 and 4 in (CD2Cl)2 or toluene-d8

(Figures S10–S12). In (CDCl2)2, both species coexisted for 3
(Figure S13). Upon changing the solvent, equilibration
sometimes took multiple days and care was taken to
ascertain that samples had reached thermodynamic equili-
brium (Figures S14, S15, see Supporting Information for
details). The proportions between the two species in solvent
where they coexist did not depend on concentration,
suggesting that both are dimers (from 2.4 to 0.1 mM,
Figure S16). They did not change upon heating up to 110 °C
either (Figure S17). Consistently, a DOSY spectrum of 3 in
CD2Cl2 showed that the new aggregate has the same
hydrodynamic radius as the PM shifted dimers (Figure S18).
Signal multiplicity again indicated that the new dimer must
have some sort of symmetry and 1H15N-HSQC spectra in
several solvents confirmed that, in all cases, hydroxy protons
resonances were downfield-shifted, indicating their involve-
ment in hydrogen bonds (Figures S19–21). We also noted
that the chemical shift values of OH protons had similar
patterns in the two dimers, with one signal at a slightly
higher field (near 9.2 ppm in CDCl3 and 8.9 ppm in CD2Cl2,
see below for a tentative assignment) and other signals
clustered above 9.5 ppm, hinting at some structural similar-

Figure 1. a) Structures of units Q, X, P and Y, amino acid monomers as
well as N-terminal piv and (1S)-camph groups. QD and QB carry organic
solubilizing side chains. QS was introduced in some sequences to
assist crystallographic structure elucidation through the anomalous
scattering of Se, although it turned out to be unneeded. QM is isosteric
to QS. b) Oligoamide foldamer sequences. In sequences ending with
an 8-nitro group, this group replaces the terminal amine. c) Hydrogen-
bonding patterns involving X and Y units as observed in tertiary
structures in which sequences 1 or 2 are connected by a linker at their
C-terminus.[9a,c] d,e) Schematic representation of the positioning of
hydrogen-bond donors (yellow balls) and acceptors (red balls) at the
surface of a helix containing X and Y (d) or X and P (e). The N-
terminus is marked with a blue ball.
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ity. Dilution studies (down to 0.1 mM) showed no sign of
dissociation of the new dimer. Measuring an association
constant in CD2Cl2/DMSO-d6 mixtures was hampered by the
fact that DMSO-d6 also promoted the formation of the PM
shifted dimer.

Attempts to crystallize the new dimers of 3 and 4 were
unsuccessful, but their nature could be unraveled by study-
ing 5 and 6, the analogues of 3 and 4 bearing a (1S)-
camphanyl group at their N-terminus. This modification has
been shown to quantitatively (as far as an NMR can detect)
bias the handedness of Qn helices to right-handed (P).[13]

Sequences 5 and 6 were thus expected to be unable to form
PM shifted dimers. Indeed, a solid-state structure of 5 was
elucidated from a single crystal grown from CH2Cl2,

[11]

showing a nearly C2-symmetrical parallel[7] head-to-tail
homochiral (PP) dimer (Figure 3d–f). As in the PM shifted
dimer, a linear and regular array of six hydrogen bonds is
formed between hydroxy protons on one helix and the
carbonyl preceding a P unit on the other helix. By analogy,
we called this type of dimer a PP (or MM, homochiral)
shifted dimer. Again, we could build energy-minimized
models of plausible alternate hydrogen-bond-mediated ho-
mochiral helix bundles, but these must be less stable
(Figure S22). Differences between the PM and PP/MM
shifted dimers are highlighted in Figures 3a–3h, S23 and in
Tables S1–S4. The main differences concern symmetry and
the orientation of the hydrogen bonds, but the two types of
dimers are overall similar. Compounds 3 and 4 exist as
racemic mixtures of P- and M-helical conformers, and thus
may also form PP/MM shifted dimers. Their social self-
sorting behavior in CDCl3 is all the more remarkable.

The 1H NMR spectra of 5 and 6 in CD2Cl2 are quite
similar to those of 3 and 4 (Figures 2b, S24, and S25). In the
case of 5, a second species is present in small amounts
similar to the PM shifted dimer found in the spectrum of 3.
The proportion of this minor species increases in CDCl3
(Figures 2a,2b, S26) and the species is absent in (CD2Cl)2
and toluene-d8 (Figures S27–S29). In contrast, the spectra of
6 in CD2Cl2 shows one species only, which we presume to be
a PP shifted dimer, and the same species is present in CDCl3
or any CDCl3/CD2Cl2 mixture (Figure S30). The (1S)-

camphanyl group of 6 thus plays its role and PM shifted
dimer formation is prevented in the absence of M helix. We
surmised that the second set of signals in the spectra of 5 in
CDCl3 and CD2Cl2 could be PM shifted dimers counter-
acting the effect of the camphanyl group in a sort of
mismatched stereochemical pairing.[14] We then measured
the circular dichroism (CD) spectra of 5 in these two
solvents and observed a reduced intensity in CDCl3 (Fig-
ure S31). The change in intensity matched with the change
of proportion measured by NMR. No change in CD
intensity was observed with the helical precursor of 5 in
which X units are protected as tBu ethers. Furthermore, a
second solid-state structure of 5 could be obtained from a
single crystal grown from CHCl3. The structure revealed a
PM shifted dimer extremely similar to that of 3 (Fig-
ure S4).[11] This dimer has a P and an M helix but is not
centrosymmetrical: since both helices carry the same (1S)-
camphanyl group, it is an overall chiral species. In short, the
PM shifted dimer has such a considerable stability in CHCl3
that, at least in the case of 5, it partly counteracts the
handedness control of the (1S)-camphanyl group. Given the
behavior of 5 and 6, we think it reasonable to assign the
dimers of 3 and 4 that prevail in CD2Cl2, (CDCl2)2, and
toluene-d8 to PP/MM shifted dimers, exemplifying strong
chiral narcissistic self-sorting in these solvents.[12]

The quantitative reversal of self-sorting of the P and M
helices of 3 and 4 in solution at thermodynamic equilibrium
in solvents as similar as CDCl3, which favors social self-
sorting, and, for example, (CD2Cl)2, which favors narcissistic
self-sorting is, to the best of our knowledge,
unprecedented.[12f,g] We carefully examined the structural
parameters of the two types of shifted dimers in the solid-
state structures of 3 and 5 (Tables S1–S4) and found no
major differences. In both cases, top views of the structure
show that helix curvature does not significantly deviate from
the preferred 2.5 units per turn (Figure S32). Helix bundling
does not generate any apparent strain.[10] In both cases also,
a certain degree of steric complementarity is observed like
the knobs-into-holes complementarity of peptide helix
bundles. Specifically, steric clashes would result from
replacing the P units by Q monomers because of the

Figure 2. Extracts of the 500 MHz 1H NMR spectra of 3–6 at 2.4 mM in CDCl3 (a) and CD2Cl2 (b) at 25 °C showing the amide and hydrogen-bonded
OH proton resonances. Signals assigned to OH protons are marked with a blue diamond. Signals assigned to the PM shifted dimer and to the
chiral shifted dimer are shown in turquoise and in brown, respectively. Impurities in the spectra of 6 are marked with brown squares.
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additional benzenic ring of the latter. In both cases again,
the hydrogen bond involving the N-terminal. X unit of one
helix and the C-terminal ester carbonyl of the other unit is a
little longer than other hydrogen bonds, in agreement with
one OH resonance being a little less downfield-shifted than
the others (Figure 2). The angles formed by C and O atoms
in the COH···O=C hydrogen bonds are not the same in the
PM and chiral dimers, reflecting a different orientation of
OH and carbonyl groups (Figures 3i–3l). In the PM dimers,
the center of symmetry leads to a better cancellation (anti-
parallel arrangement) of local dipoles than in the C2-
symmetrical chiral dimer in which an additive parallel
component of the OH dipoles along the C2 axis can be
noted. We thus considered that solvent polarity could
influence the relative stability of the two dimers. However,
no descriptor of solvent polarity provided a trend that would
match with proportions observed experimentally. For exam-
ple, relative permittivities increase from CDCl3, to (CDCl2)2,
CD2Cl2 and (CD2Cl)2 (ɛr=4.81, 8.42, 8.93 and 10.36,
respectively),[15] which would fit our observations, but
toluene-d8 would then be an outlier (ɛr=2.38).[16] A possible
source of the effect may be solvent acidity, i.e. hydrogen-
bonding ability, in particular to the multiple amide carbonyl
groups at the surface of helices. Indeed, the solid-state
structures of the PM shifted dimers of 3, 5 and 7 contain
numerous CHCl3 molecules almost all of which establish
Cl3CH···O=C contacts (Figures 3k, S33). In contrast, the
CH2Cl2 molecules in the structure of the PP dimer of 5 do
not play this role (Figure S33). Instead, some amide
carbonyl groups are involved in CH···O=C contacts in the
chiral dimer structure and are thus unavailable to interact
with the solvent (Figure 3d,3l). This does not occur in the
PM dimers in which all carbonyl groups, not hydrogen
bonded to hydroxy groups are available for interactions with
an acidic proton of the solvent. Such different roles of
CHCl3 and CH2Cl2 in solvation have been documented for
when these solvent molecules are included in solid-state
structures.[17] However, the effects in solution and their
potential amplitude remain unclear. It is also unclear how
these effects may vary as a function of helix length. For the
shorter helices 3 and 5, the PM shifted dimer shows such
stability that it does not completely disappear in CD2Cl2 (it
does in (CD2Cl)2), and it partly counteracts the effect of the
camphanyl group, whereas the longer helices 4 and 6 are
better behaved. Solvent effects as strong as those we report
may also influence some of the innumerable hydrogen-
bonded assemblies in chlorinated solvents described in the
literature. Yet we found no such report.

In conclusion, we have described the formation of stable
and well-defined helix bundles of aromatic foldamer helices
mediated by new linear arrays of hydrogen bonds, adding to
the rich literature on helical molecules and their
properties.[18] The spatial organization of the hydrogen-bond
donors and acceptors in the helix bundles contrast greatly
with tape-like or flat rigid structures presented in other
contexts.[19] Helix bundling was shown to undergo a
quantitative reversal of self-sorting from social heterochiral
(meso) to narcissistic homochiral depending on the chlori-
nated solvent used. The reason why similar solvents may

Figure 3. Top view (a), side view (b), and hydrogen-bonding pattern (c)
of the crystal structure of the PM shifted dimer of 7 that prevails in
CHCl3. Top view (d), side view (e) and hydrogen-bonding pattern (f) of
the crystal structure of the PP shifted dimer of 5 that prevails in CH2Cl2.
The pseudo-inversion center is indicated by i, and the pseudo-twofold
axis by C2. In (a–f) hydroxy and carbonyl oxygen atoms of the
hydrogen-bonding arrays are shown as yellow and red balls, respec-
tively. The X and P units are shown in blue and red tubes, respectively.
Included solvent molecules, hydrogen atoms and side chains are
omitted for clarity. g) Schematic representations of the hydrogen-
bonding array of the structure shown in (a–c): overlaid view (left) and
open-book view (right; see Figure S23 for details). h) Schematic
representations of the hydrogen-bonding array of the structure shown
in (d–f): overlaid view (left) and open-book view (right). i) Top view of
the hydrogen-bond array of the structure shown in (a). The pink box
highlights that local dipoles associated with OH groups are anti-
parallel. j) Top view of the hydrogen-bond array of the structure shown
in (d). The pink box highlights that local dipoles associated with OH
groups are not cancelling each other. k) Typical solvation by CHCl3
molecules of the structure shown in (a–d). l) CH···O=C contact of the
structure shown in (d–f) that prevents solvation as in (k).
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give rise to such large effects will warrant further inves-
tigation. Nevertheless, the new bundles, as well as their
amenability to solvent-induced reconstitution, can already
serve as building blocks to further elaborate tertiary and
quaternary abiotic foldamers. Work along these lines is in
progress in our laboratories and will be reported in due
course.
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Homochiral versus Heterochiral Dimeric
Helical Foldamer Bundles: Chlorinated-Sol-
vent-Dependent Self-Sorting

Aromatic foldamer helices form stable
head-to-tail dimers in solution and in
the solid state mediated by linear arrays
of hydrogen bonds. The preference for

dimerization between helices with oppo-
site or identical handedness can be
quantitatively reversed by the choice of
chlorinated solvent.
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