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A new double helical aromatic oligoamide capsule able to bind to
citric acid in polar and protic solvents was prepared. Aromatic
amino acids in the sequence encode both structural (strand curvature
and double helix formation) and functional features (recognition
pattern) of the assembled capsule.

Molecular recognition is based on the convergence of chemical
functions (e.g. hydrogen bond donors and acceptors) towards a
binding site. In their quest to find efficient methods to create
fully functional receptors, chemists have extensively used self-
assembly to create binding cavities with convergent functional
groups.’ Self-assembly requires small building blocks and allows
a rapid access to large and symmetrical supramolecular containers.
In contrast, biological receptors such as proteins exploit twenty
amino acids arranged in sequences able to adopt well-defined
folded conformations that have no symmetry.: Following nature’s
example, novel receptors have been described that are based
on synthetic foldamers.>™* Herein, we describe a receptor that
combines advantages of both self-assembly and folding.
An aromatic oligoamide strand is shown to fold and self-
assemble into a double helix possessing a sizeable polar cavity
in its centre in which a polar guest, namely citric acid, is bound
effectively even in polar and protic solvents.

Taking advantage of the predictability of aromatic oligoamide
foldamer structures,>®? we have previously reported on a
sequence comprised of two segments coding for single and
double helical structures, respectively, that self-assembles into
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Fig. 1 (a) Schematic representation of: a single helix — double helix equilibrium
(left) and the encapsulation of a guest molecule within the double helical
capsule. (b) Formula of the aromatic oligoamide sequence 1 and citric acid 2.
Helical segments coding for a single helix are denoted in blue whereas those
coding for a double helix are shown in green. Q, N and P stand for 8-amino-
2-quinolinecarboxylic acid, 7-amino-1,8-naphthyridine-2-carboxylic acid
and 2,6-diaminopyridine monomers, respectively.

a double helical capsule (Fig. 1a) having a cavity that recognizes
trivial elongated guests such as 1,10-decanediol in chloroform.*
Following a similar design, and in order to target larger and
more complex guests and to achieve binding in competitive
medium, aromatic oligoamide 1 was envisaged to fold and self-
assemble into a stable anti-parallel duplex having a large and
polar cavity (Fig. 1b). In the sequence of 1, a terminal quinoline-
based trimeric segment (Q;) codes for a narrow single helix that
is unable to form multi-stranded structures, and that would cap
the cavity. In contrast, naphthyridine oligoamides have a high
propensity to form homomeric multiple helices, including
triplexes,® and also to hydrogen bond to carboxylic acid groups.®
An N, segment was therefore linked to Q; by a diamino-pyridine
unit, with the anticipation that it would promote self-assembly
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Fig. 2 Excerpts of the 700 MHz *H NMR spectra showing the amide
resonances of 1 in dg-acetone at 298 K at: (a) 0.5 mM; (b) 0.75 mM,;
() 1 mM; (d) 6 mM. Blue and red colour-coded signals indicate a
monomeric or dimeric arrangement, respectively, whereas a star denotes
an aromatic resonance.

of 1. In this design, the bulky terminal Q; segment was expected
to cause a steric clash within N, triplexes or parallel duplexes
(Fig. 1a) and thus only allowing the formation of an anti-parallel
duplex as a multi-helical aggregate of 1.

The convergent synthesis of 1 involved the coupling of a
Q; acid segment with the amine of H,N-PN,-Boc yielding
Q;PN2-Boc.* After Boc cleavage in acidic medium, the resulting
hexamer amine was elongated with the acid of HO,C-N,-Boc
using PyBOP as coupling agent to give 1 in 90% yield.

The hybridization behaviour of 1 was first studied in
solution in de-acetone by 'H NMR. At 0.5 mM, a major set of
signals assigned to the single helix of 1 was observed (Fig. 2a).
Upon increasing concentration a second set of peaks emerged
at higher field (Fig. 2b-d), consistent with ring current effects
associated with m—r stacking within an aggregate.® This aggregate
was assigned to a double helical dimer. Integration of the signals
of the single and double helices allowed to calculate a dimerization
constant (Kgi) of 6.8 x 10° L mol ' at 298 K. A variable
temperature experiment was conducted in this solvent (Fig. S2,
ESIT) and a Vant’ Hoff plot allowed to calculate the enthalpy and
entropy of double helix formation: AH = —43.3 k] mol™' and
AS = —47.8 ] mol™" K", In ds-pyridine, a solvent known to
disfavour multiple helix formation,>® a Ky, of only 70 L mol "
was measured. Diffusion coefficients for single helical 1 and
double helical (1), were calculated from 'H DOSY experiments
using a 6 mM sample in ds-pyridine at 298 K to be 2.92 x 10 '°
and 2.51 x 10~ " m® s, respectively (Fig. S3, ESI{). The single
and double helices are expected to have an identical cross-section,
but the duplex should be twice as long (along the helix axis) as the
single helix, thus resulting in a lower diffusion coefficient.

The double helical structure of (1), was then evidenced in the
solid state by X-ray crystallography (Fig. 3a-c). The anticipated
anti-parallel arrangement of the strands was confirmed as well
as the single helical and double helical nature of the Q; and PN,
segments, respectively. The helix pitch within Q; and within
(PN,), was measured to be 3.5 or 7 A, respectively. Key to the
molecular recognition properties within the folded duplex
structure (see below), a large cavity volume of 210 A® was
calculated using the SURFNET v1.4 software.” In the solid state
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Fig. 3 Solid-state structure of (1), in: (a) CPK (side view); (b) CPK (top
view) and (c) tube representation. Solid-state structure of (1),>2: (d) tube
representation of the host and guest. In (c) and (d) volumes of empty
spaces in the cavity are shown as pink and purple isosurfaces whereas a
yellow isosurface denotes the volume of the guest in (d). Enlarged side
view (e) and top view (f) of the complex showing the array of hydrogen
bonds between host and guest. Aromatic monomers are color coded in
yellow or blue depending of the strand they belong to, and shown in tube
representation. Two water molecules are shown as magenta balls.
12 hydrogen bonds are shown as gray dashes. Isobutoxy side chains and
solvent molecules have been omitted for clarity.

structure of (1), in the absence of guest, the cavity appears to be
occupied solely by two DMSO molecules.

The ability of 1 to bind a polar guest was first assessed by
titration in de-acetone, a polar and competitive solvent for
hydrogen bonding, and monitored by "H NMR spectroscopy.
Citric acid 2 was selected as a target because of its numerous
hydrogen bond donors (x4) and acceptors (x7) as well as its
volume (134 A*) which should adequately fit in the cavity of (1),.
As observed for other aromatic oligoamide capsules, guest binding
and release was found to be slow on the NMR time scale at 298 K
(Fig. S4, ESI+).>%"** Thus, upon adding 0.5 equivalent of 2 to a
6 mM solution of 1, a concentration at which the double helix (1),
prevails, the set of signals corresponding to the free receptor was
quantitatively replaced by new, broader, resonances belonging
to complexes (1),>2. At this concentration, saturation with a
stoichiometric amount of guest is indicative of very tight binding,
certainly greater than 10°> L mol ", despite the polarity of the
solvent.

Varying amounts of a protic solvent (d;-MeOH) were then
added to ds-acetone solutions of the complex. Methanol was
expected to decrease citric acid binding and to provide a
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Fig. 4 Excerpts of the 700 MHz *H NMR spectra of 1, 6 mM at 298 K in the
presence of: (a) 0 equiv.; (b) 0.25 equiv.; (c) 0.5 equiv.; and (d) 1 equiv. of
2 in a mixture of dg-acetone/ds-MeOH (90:10 vol/vol). Empty circles
denote signals of the empty host. Red and blue circles denote signals of
two distinct host—guest complexes. Only part of the signals of the least
abundant complex are distinguishable and are labelled with red circles.
Six carboxylic acid resonances can be observed at low field (13.5-15 ppm).
The blue star (k) denotes an aromatic resonance.

medium in which the quantitative determination of K, would
be accurate. Titrations of the double helical host with citric acid
in a dg-acetone/d;-MeOH mixture (90:10 vol/vol) also revealed
slow guest capture and release on the NMR time scale (Fig. 4).
The progressive addition of 2 resulted in the emergence of two
neighbour but distinct sets of peaks having different intensities
corresponding to two different complexes (blue and red circles,
Fig. 4d). The overall K, (for the two complexes together) in this
competitive medium could be measured through integration of
the signals for bound vs. unbound foldamer duplex, and was
found to be 1300 L mol ". This association proved to depend
little upon changing temperature (Fig. S6, ESIt), suggesting a
small entropic contribution possibly arising from the fact that the
guest only replaces solvent molecules in the cavity of the host.
Increasing the proportion of methanol to 20% led to a loss in
affinity down to 200 L mol ", showing that binding is severely
altered in presence of a protic solvent. These values are to be
compared to the high binding (2000 L mol ™) of tartaric acid in
pure methanol reported for a single helical tartaric acid capsule.®

Complex formation gave rise to hydrogen-bonded downfield-
shifted carboxylic acid resonances of the guest in 14-15 ppm
range, reflecting tight binding as previously observed in foldamer—
tartaric acid complexes.’® Remarkably, three distinct acid
resonances were observed by "H NMR, showing that the guest
planar symmetry is lost during complex formation, as may be
expected upon its encapsulation into a chiral P- or M-helical
host. Conversely, the C, symmetry of the capsule is also lost
upon guest binding: the complex shows twice as many amide
resonances as the empty double helix, indicating that the two
strands of the duplex become inequivalent. The asymmetry of
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the capsule and the slow exchange regime illustrate the quality
of the array of hydrogen bonds and also exclude rapid tumbling
of the guest in the cavity which would average exchangeable
resonances.

The exact nature of the two complexes formed remains
unclear. The proportions between the major and minor species
(ratio 3/1) remain independent from the percentage of d;-MeOH
in dsacetone (Fig. S5-S7, ESIf). Chemical shift differences
between the two sets of signals are small (Ad < 0.04 ppm) and
most signals actually overlap, suggesting no major rearrangement
of the structure. A slight conformational change of the guest or
host, or the presence or absence of a water or methanol molecule
in the cavity may be responsible for such a pattern.

Several examples of receptor for the citrate ion exist in the
literature.® Examples of the recognition of the protonated citric
acid form are less frequent. In the two cases we could find,"°
one also exploits hydrogen bonding to naphthyridine and
shows high binding in chloroform.'®® The other'® shows
binding in pure methanol but recognition exploits the presence
of secondary aliphatic amine which, in a protic solvent, will
deprotonate tartaric acid, thereby enhancing binding with a
salt bridge that amounts to recognizing citrate.

The X-ray crystal structure of (1), >2 was solved using a crystal
obtained from slow diffusion of hexane into a chloroform/DMSO
solution of the complex (Fig. 3d-f). It revealed a high comple-
mentarity between host and guest. The structure validated design
hypotheses and solution state observations, including the 2:1
foldamer-guest stoichiometry; the antiparallel arrangement of
the double helical segment; the complete surrounding and
isolation from external medium of the guest by the host; and
the symmetry breaking of both host and guest upon complex
formation. The superposition of the oligoamide backbones of
(1), and (1),o2 did not show any substantial conformational
change of the receptor (e.g. screwing motion within the double
helix'") to accommodate the guest. Citric acid binding leads to a
packing coefficient of 0.64 within the cavity, comparable to that
of related tartaric acid receptors.” The guest sits at the bottom
half of the capsule, the remaining space being occupied by three
water molecules (see ESIt). Six hydrogen bonds can be ascertained
between 2 and the inner wall of (1),, involving both strands of the
host (Fig. 3e and f). The three carboxylic moieties and the hydroxyl
group of the guest are involved in direct hydrogen bonding with
the wall of the cavity. The complex is further stabilized by two
bridging water molecules engaging concomitantly six additional
hydrogen bonds with the guest and the receptor.

The actual enthalpic and entropic contributions of the water
molecules to the overall stability of the complex could not be
determined. In the context of fructose binding, we have previously
shown that changing the capsule sequence so as to perfectly fill
space around a guest without altering the hydrogen bonds
between host and guest may result in high selectivity without a
loss of affinity,** but no solvent molecules were present in this
case. Here, two water molecules are involved in hydrogen bonding
with the host and guest. It might be that reducing the cavity size so
as to exclude these water molecules may also alter affinity and not
only increase shape selectivity for citric acid.
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In conclusion, the combination of self-assembly and oligomer
folding allowed to design a sizeable polar cavity in which binding
of a complementary guest was so effective that it remained
efficient in a polar/protic competitive solvent mixture such as
acetone/methanol. The self-assembly process allows a simple
sequence such as 1 to form a cavity that compares favourably
with much more complex sequences recently reported to bind to
monosaccharides.*® Interestingly, the fact that the double helix of
the host did not have the same symmetry as the guest did not
preclude guest binding, which eventually became a symmetry
breaking step. Foldamer based capsules thus have high potential
to create arrays of hydrogen bonds with polar guest molecules.
Current efforts in our group aim at enhancing modularity and
length of oligoamide sequences, and at increasing cavity size so
as to target even larger and more complex guests.*

This work was supported by grant ANR-09-BLAN-0082-01
(post-doctoral fellowship to for N. C.).
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