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The synthesis and structural investigation of aromatic—aliphatic
oligoamide foldamers reveals a zig-zag tape conformation with
local conformational variability that precludes long range order.

Partly folded structures are thought to be common but, due to
the coexistence of several conformers, they generally escape
structural investigations and little is known about the possible
structural patterns that they may display. As a rare example of
its kind, this study presents an accurate structural elucidation
of a partly folded foldamer and sheds light on how organization
and disorganization may coexist at various levels within a given
foldamer sequence.

Synthetic foldamers - artificial folded molecular architec-
tures produced by step-wise synthesis - attract widespread
attention." Investigations to discover foldamer backbones and
new folding patterns have been directed by design when
reasonable predictions about the folded structures could be
made from first principles.” However, the field has also been
curiosity driven, particularly so in the case of heteromeric
hybrid sequences.>* It is thus not uncommon that investiga-
tions start without preconceived ideas of whether folding will
occur at all. A single conformation amenable to straightforward
structural assignment may emerge. Yet, more often than not,
partial folding occurs and the coexistence of multiple confor-
mations impedes their structural characterization. Foldamers
may possess local but not long range conformational order.
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Conversely, foldamers may be organized overall (e.g. helical)
but show multiple local structural fluctuations as the cis-trans
tertiary amide isomerism in peptoids.”

Foldamers with only partially defined folding are not necessarily
less important than stable structures, and may have as much
potential for applications as is well illustrated by peptoids.* How-
ever, ill-folded oligomers are often ill characterized. Indications of
folding can be obtained from the chain-length dependence of some
spectroscopic properties.” Yet, this may not allow us to discriminate
the unique from multiple coexisting conformations. Circular
dichroism (CD) bands, which sum up the signatures of all species,
and NMR resonances, which represent pondered averages of
the signals of species under rapid exchange, may not be
deconvoluted.®” Even X-ray structures may be misleading when
they correspond to a snapshot of potentially diverse conforma-
tions in solution. Few spectroscopic techniques allow the direct
observation of coexisting conformers.®

This work developed while exploring the folding of hybrid
sequences comprised of aromatic and aliphatic monomers. In such
sequences, backbone chemical diversity and folding patterns rapidly
expand upon combining different monomers.**™ Aromatic oligo-
amides derived from 8-amino-2-quinolinecarboxylic acid Q (Fig. 1)
adopt exceptionally stable helical conformations.'”> When aliphatic
units are incorporated into these helices, quinoline monomers
dictate their folding behaviour to the aliphatic monomers"?
unless the proportion of the latter is high, in which case new
folding patterns have been observed such as herringbone
helices.'* These findings hold upon combining Q and a-amino
acids, despite the absence of features that would make their
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Fig. 1 Structures of (LQ)n oligomers.
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Fig. 2 Circular dichroism spectra of 1-4 in CHCls at 25 °C.

folding be compatible a priori. Sequences comprised of leucine
(L) in an (LQ,) repeat motif adopt stable helical canonical
conformations directed by the propensity of crescent-shaped
Q, dimers to stack on top of each other."* To challenge the
folding-directing behaviour of Q monomers, we endeavoured to
increase the proportion of L units and prepared (LQ),, oligomers
with n = 1-8 (Fig. 1).1 The synthesis proceeded as before'* using
an iterative segment doubling approach based on optimized
procedures.'® For the purpose of racemic crystallographic inves-
tigation, syntheses were carried out in both the 1 and b series.'®

The conformational behaviour of the oligomers in solution was
first analysed by CD (Fig. 2). While dipeptide 1 showed no CD signal
in the 230-400 nm region, longer oligomers 2-4 showed CD bands
of moderate intensity suggesting the existence of some defined
structures. Maximal Ae values for 2-4 were 23.7 (253.4 nm), 50.2
(257.2 nm), and 78.3 (258.2 nm) cm® mmol ", respectively. They
thus increase with the oligomer length and show a slight red shift
of the band. However, A¢ values normalized by the number of
quinolines vary little, indicating a lack of cooperativity, in contrast
to (LQ,), oligomers."

The crystal structure of 1 provided no hint about what con-
formations of longer oligomers may be, except for the expected
coplanarity of the quinoline ring and of the amide or ester moieties
that it bears."* Multiple attempts to grow crystals of 2-4 (single
L-enantiomers) that would be suitable for X-ray crystallographic
analysis proved unsuccessful. Our experience is that racemic or
quasi-racemic crystals of aromatic oligoamides or (LQ,), oligomers
grow much more readily,"*"° as is the case for other peptides and
small proteins.'” We thus prepared rac-(LQ), and rac{LQ), by mixing
the corresponding sequences synthesized in the L and b series.
This effort proved to be rewarding as the structure of octapeptide
rac{(LQ), in the solid state could be solved in the P2,/n centrosym-
metrical space group (Fig. 3).§ This structure stands as an unusual
case in the vast body of literature on foldamers in that it shows no
regular pattern despite the relative length of the sequence. Examples
of crystallographic data of at least partially unfolded foldamers are
uncommon.**'® The various views of (LQ), shown in Fig. 3 illustrate
that quinoline rings and leucine side chains adopt various orienta-
tions with respect to each other. Nevertheless, the very fact that
crystals formed suggests that the conformational space available to
(LQ), remains relatively limited - too flexible strands are not good
candidates for crystal growth.

Unlike all other oligomers containing Q units known so far,
the structure of (LQ), shows no intramolecular aromatic stacking
between quinoline rings. The only apparent organization of (LQ),
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Fig. 3 Crystal structure of rac-(LQ)4. Only the L-enantiomer is shown.
(a—c) Top view, front view and side view. Leucine side-chains are shown in
red. Hydrogen atoms other than NH, isobutyl from Q monomers and
included solvent molecules have been removed for clarity. (d—f) Side views
of the two central, the C-terminal, and the N-terminal LQ units, respec-
tively. Intramolecular hydrogen bonds defining y-turn and pseudo-a-turn
motifs are shown as dashed lines and barred with a cross when not
established. Double headed arrows delineate different NH-C,H dihedral
angles. In (e), a doubled headed inverted arrow indicates a potential
electrostatic repulsion. Hydrogen atoms have been removed except NH
and C,H. Isobutyl groups have been removed from Q monomers and
replaced by a golden ball in L monomers for clarity.

consists of a central stretch arranged in a zig-zag tape held by
intramolecular hydrogen bonds (Table 1), as can be viewed in
Fig. 3c and d and Fig. 4. Two quinolines and two leucines
are involved in this segment. At each quinoline ring, two amide
NHs form bifurcated hydrogen bonds with a single amide carbonyl
oxygen atom. This pattern has been commonly encountered
in systems comprised of 2,6-pyridinedicarboxamide units."> The
shortest hydrogen-bonded rings amount to peptidic y-turns centered
at each leucine. The largest hydrogen-bonded rings amount to much
less common peptidic pseudo-o-turns,g*° an unprecedented motif in
hybrid aliphatic-aromatic oligomers. These hydrogen bonds are not
formed in the C- and N-terminal LQ dipeptides. Several factors may

Table 1 Angle and distance parameters of intramolecular hydrogen
bonds in the crystal structure of 3

vy-Turns o-Turns
dn-o (A) 2.8 3.0 3.0 2.9
NHO (°) 156 136 160 146
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Fig. 4 Schematic view of the zig-zag tape conformation of 3. Parts in red
indicate where structural variability may occur: different conformations of
the y-turns, weak hydrogen bonds with the N-terminal Boc-carbonyl group,
and electrostatic repulsion (double headed arrow) with the C-terminal
ester function.

contribute to this. At the C-terminus an ester function pre-
cludes the formation of the pseudo-o-turn and might also cause
electrostatic repulsion that hampers the formation of the
y-turn. At the N-terminus, the required carbonyl group belongs
to a carbamate, a weaker hydrogen bond acceptor than amides.
As another factor, one may invoke packing in the crystal
structure, the N-terminal and C-terminal quinoline rings being
involved in face-to-face stacks in the crystal lattice (see ESIT).

One may infer from the structure of 3 that hydrogen bonded
o- and y-turns would endow a longer sequence with a certain
degree of organization, the terminal Q units only not being
involved in the zig-zag shaped tape. While, NMR data support
this hypothesis (see below), the crystal structure of 3 also
reveals an additional degree of freedom that precludes long
range order. Indeed, conformations about the y-turns appear to
be variable, with the C*~H and N-H bonds almost eclipsed in
one case, and close to a trans conformation in the other case
(Fig. 3d). As a result, the corresponding leucine side chains are
found on the same side of the tape, whereas a conserved
arrangement would result in alternation of the side chains at
positions above and below the tape. Such variability is clearly
expressed in the y and ¢ values shown in Table 2.

The '"H NMR spectra of 1-4 are presented in Fig. 5. Reso-
nances assigned to aromatic protons show no significant
dependence on the oligomer length. In agreement with the
structure of 3, this hints at the absence of intramolecular
aromatic stacking in solution. Resonances assigned to aromatic
amide protons are found near 10.5 ppm for 1 and 2 which are
too short to form y-turns as those observed in the central part of
the structure of 3. In contrast, in the spectra of 3 and 4, two
aromatic amide resonances are found at 10.5 ppm, and all the
others near 11.5 ppm. This 1 ppm difference is consistent with
their participation in hydrogen bonded y-turns. Chemical shift

Table 2 ¢ and y angles at each leucine residue in the crystal structure
of 3

L1° L2° L3¢ L4°
é () 148 73 —60 166
¥ () —72 -89 71 —74

“ Leucine units are numbered starting from the N terminus.
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Fig. 5 Part of the 300 MHz *H NMR spectra of 1-4 at 25 °C in CDCls. (a) 1;
(b) 2; (c) 3; (d) 4. Circles and squares indicate aromatic and aliphatic NH
resonances, respectively.

values of aliphatic amide protons are also in agreement with the
solid state structure. The spectrum of 2 shows one resonance near
9.3 ppm, whereas the spectra of 3 and 4 show one resonance
near 9.3 ppm and all the others above 9.8 ppm, consistent with
their involvement in hydrogen-bonded pseudo-o-turns. The two
hydrogen-bonded aliphatic aromatic resonances of 3 have similar
*Jowu coan) coupling constants (7.5 and 7.6 Hz) in contrast to the
different dihedral angles about the C*"H-NH bond in the solid state.
This discrepancy may reflect different y-turn conformations under
rapid exchange on the NMR time scale in solution. Overall, the
consistency of NMR data with the solid state structure suggests that
longer oligomers also behave like 3.

In conclusion, structural investigation and in particular a rare
crystal structure allowed us to give a detailed description of the
conformational behaviour of (LQ), oligomers. The overall rigidity of
the backbone is locally enhanced by hydrogen-bonded a- and y-turns
in sequences where n > 2, resulting in a zig-zag tape structure that
differs much from the helix previously observed in (LQ,),, oligomers in
which dominant Q units dictate their folding behaviour to leucine
monomers. Nevertheless, the few degrees of freedom that are left in
the tape structure, including wiggling of the terminal units and
different conformations of the y-turns, lead to an only partially folded
state that does not have long range order. Regularly arranged
LQ blocks that nevertheless possess an internal degree of
freedom at the y-turns constitute new motifs that may serve
as models for some of the many ill-folded oligomers whose
structures have not been elucidated.

This work was supported by the International Training Pro-
gram of JSPS (Predoctoral Fellowship to MK). We thank Dr Ito
(Institute of Biomaterials and Bioengineering, Tokyo Medical
and Dental University) for assistance with MS measurements.

Notes and references

+ Throughout the manuscript sequences abbreviated (LQ),, possess a Boc
group at the N terminus and a 2-trimethylsilyl-ester at the C terminus.

§ Crystal data: (CooH125N1,01551), M = 1640.08, T = 120 K, monoclinic,
space group P2,/n, a = 16.9924(7) A, b = 27.8784(11) A, ¢ = 26.0023(10) A,
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B = 97.315(3)°, V = 12217.6(8) A%, D, = 0.892 g ecm™>, Z = 4, 56324
reflections measured, 20816 independent reflections (Rj,; = 0.0904),
refinement on F* against all reflections. The weighted R-factor wR and
goodness of fit GOF are based on F?, GOF = 0.845, R[F* > 20(F%)] =
0.1210, WR, = 0.3059. CCDC 1003833.

€ 8-Amino-2-quinolinecarboxylic acids are -amino acids and are thus
equivalent to a dipeptide.
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