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Abstract: The development of foldamer-based receptors is
driven by the design of monomers with specific properties.
Herein, we introduce a pyridazine-pyridine-pyridazine diacid
monomer and its incorporation into helical aromatic oligo-
amide foldamer containers. This monomer codes for a wide
helix diameter and can sequester metal ions on the inner wall of
the helix cavity. Crystallographic studies and NMR titrations
show that part of the metal coordination sphere remains
available and may then promote the binding of a guest within
the cavity. In addition to metal coordination, binding of the
guest is assisted by cooperative interactions with the helix host,
thereby resulting in significant enhancements depending on the
foldamer sequence, and in slow guest capture and release on
the NMR time scale. In the absence of metal ions, the
pyridazine-pyridine-pyridazine monomer promotes an
extended conformation of the foldamer that results in aggre-
gation, including the formation of an intertwined duplex.

Aromatic foldamers,[1] that is, foldamers with aryl groups in
their main chain, have emerged as powerful tools for the
production of molecular containers able to recognize small
molecules or ions with high selectivity and affinity.[1a, 2] As
natural receptors demonstrate, folding is an efficient
approach to organize arrays of functional groups in space
around a binding cavity. In this respect, aromatic sequences
possess the advantage that their folded structures are largely
predictable, which allows for some level of prediction of their
molecular recognition properties as well. They give access to
a variety of shapes, among which helices with an inner cavity
large enough to accommodate guests are attractive because of
their simplicity, in contrast with the intricate tertiary folds
required to generate binding sites in proteins. The inner cavity
of an aromatic helix is lined with the edges of the backbone
aryl rings, which allows for the straightforward introduction of

desirable substituents, a feature that has also proven useful in
some macrocyclic and self-assembled cages.[3] Open-ended
aromatic helical receptors[4] rapidly bind and release small
guests; they may also slowly wind around dumbbell-shaped
molecules.[5] An intriguing geometry is that of helical capsule
sequences that combine a wide diameter in the center and
a reduced diameter at both ends, which eventually closes the
cavity and completely isolates guests from the solvent.[6] Such
helices are inherently asymmetrical (or C2 symmetrical) and
are thus suitable for generating complex arrays of function-
alities complementary to chiral guests. For example, exquisite
selectivity for b-fructopyranose, tartaric acid, and malic acid
have been observed.[6b,c]

The modular nature of foldamer sequences constitute
a key feature: sequence variants with added, deleted, or
mutated monomers can quickly be produced to iteratively
improve binding properties.[6b,c,7] Modulation of recognition
has also been achieved through strand intercalation[8] or
in situ modification of a monomer,[9] both of which can alter
cavity size and recognition. Since binding properties are
directly related to features imparted by the monomers, the
development of foldamer-based receptors can be said to be
monomer-driven. New monomers enrich the tool kit of
available building blocks and may be exploited in a variety
of contexts. In the following, we introduce a pyridazine-
pyridine-pyridazine diacid monomer pyz-pyr-pyz (Figure 1b)
to sequester a metal ion at the inner wall of aromatic
oligoamide helical capsules while leaving some coordination
sites available for the metal to contribute to guest recognition.
The intention here is to take advantage of the strength of
coordination bonds for binding affinity,[10] with the capsule
shell ensuring guest shape and guest size selectivity. The new
monomer is inspired by aza-aromatic sequences and their
conformational changes upon binding to metal ions.[11] It
possesses carboxylic acid functions for aromatic amide
compatibility and consists of a central terpyridine-like
tridentate metal binding site. The second endocyclic nitrogen
atoms of the peripheral pyridazine rings hydrogen bond to the
adjacent amide protons and control backbone conformation.
We incorporated this monomer into the foldamer sequences
1 and 2 (Figure 1d). We show that these sequences aggregate
and do not produce a binding cavity upon folding in the
absence of metal ions, while the addition of metal ions induces
folding into helical capsules that exhibit metal-coordination-
assisted guest binding (Figure 1a).

Oligomers 1 and 2 were designed to fold into helical
capsules according to well-established principles,[6] in the
presence of metal ions. Monomers P, N, A, and pyz-pyr-pyz
display their amine and/or acid functions at the same angle
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(equivalent to a meta substitution, ca. 12088) and thus produce
a similar curvature (number of units per turn). However, their
widths correspond to one, two, three, or four fused benzenic
rings, respectively, giving rise to an increasing helix diameter
when assembled in the order P!N!A!pyz-pyr-pyz. The
flanking Q3 segments have a reduced diameter and serve as
end caps. The syntheses of pyz-pyr-pyz and 1 and 2 are
described in detail in the supporting information. In the
absence of metal ions, the 1H NMR spectra of 1 and 2 are not
sharp (Figure 2a,d) and show concentration dependence
(Figures S1, S2 in the Supporting Information). This is indi-
cative of some aggregation, which does not occur in related
capsule sequences.[6] A crystal structure of 1 revealed the
formation of a discrete dimer with a unique architecture in
which two strands show different levels of reciprocal inter-
calation (Figure 3a,b,d) and some double helical intertwining
(Figure 3c). As expected, the Q3PN2 segments adopt a helical
conformation, and the central pyz-pyr-pyz unit is found in an
anti-anti extended conformation favored by repulsion
between endocyclic nitrogen atoms (Figures 1c and 3 d).
This extended shape apparently promotes intermolecular
contacts. In CDCl3, the concentration dependence of the
NMR spectra indicates dimerization constants larger than
1000 Lmol@1 for 2 and smaller than 10 Lmol@1 for 1.
Interestingly, the aggregation of 2 is suppressed upon

adding DMSO, and sharp NMR lines are then observed
(Figure S7). Some aromatic signals of monomeric 2 are
shifted upfield in DMSO, thus suggesting the buildup of
aromatic stacking, which would not occur in an extended
conformation. DMSO thus apparently promotes the folding
of 2 into a helix in the absence of any metal ions, possibly by
reducing the effect of the intramolecular electrostatic repul-
sion that favors the anti-anti conformer of pyz-pyr-pyz.
Overcoming a local conformation preference to produce
a well folded capsule has previously been observed in
a pyridazine-pyrrole-pyridazine segment.[9]

Upon adding metal ions such as Ag+ or Cu+ to solutions of
1 in CDCl3/CD3CN mixtures, a new set of sharp NMR signals
emerge that are no longer concentration-dependent (Fig-
ure 2b,c and Figures S5,S6). Metal complexes thus form that
are in slow exchange on the NMR timescale with uncom-
plexed 1. This contrasts with the metal-binding properties of
an isolated pyridazine-pyridine-pyridazine precursor of pyz-
pyr-pyz, which also binds metal ions but allows for rapid
exchange (Figure S10). Titrations indicate that 1 binds exactly
one equivalent of metal ions. This was confirmed by a crystal
structure of 1-Cu2+ (Figure 3g–j). Crystals were grown by
liquid–liquid diffusion in a solution of 1-Cu+ without any
protection from oxygen. However, the deep green color of the
crystals and the square planar geometry of the complex leave
little doubt about the CuII oxidation state after a prolonged
incubation. The metal ion is bound to the pyz-pyr-pyz unit
selectively, despite multiple other nitrogen donors being
available in the sequence. This stabilizes the syn-syn con-
formation, thereby resulting in the folding of the strand into
a single helix with a cavity to which the metal ion is exposed.
Furthermore, a fourth coordination site of the metal ion is
occupied by an acetonitrile molecule, which fills a large part

Figure 1. a) Principle of helical-capsule folding upon metal coordina-
tion and guest binding in the capsule cavity assisted by the metal ion.
b) Letter and color codes of the amino acid, diamine, and diacid
monomers used in oligoamide sequences 1 and 2. The bonds marked
with thick lines delineate the inner rim of the helically folded
sequences. c) Preferred conformations of pyz-pyr-pyz in the absence of
metal ions and upon metal coordination. d) Oligoamide sequences
1 and 2. Note that amide orientation with respect to the sequence is
inverted at each of the diamine and diacid sites. The two terminal Q
units have an 8-nitro group and not an 8-amino function.

Figure 2. Excerpts from the 400 MHz 1H NMR spectra showing the
amide and aromatic resonances at 1 mm in CDCl3/CD3CN (95:5 vol/
vol): a) 1; b) 1 +CuBF4(MeCN)4 (1 equiv); c) 1+ AgBF4 (1 equiv); d) 2 ;
e) 2 +CuBF4(MeCN)4 (1 equiv); f) 2 +AgBF4 (1 equiv).
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of the capsule inner cavity. It is likely that a coordinating
solvent molecule also completes the Cu+ coordination sphere
in solutions of 1-Cu+. However, we could not identify NMR
signals of the bound solvent owing to signal overlap in the
aliphatic region where its resonance would be expected.

The structure of the complex 1-Cu2+-CH3CN thus vali-
dates the proposed design principles and the possibility to
have guests bound to a metal ion within a foldamer capsule.
Sequence 2, which has two additional A units, was then
prepared to enlarge the available space around the metal ion.
This sequence is the first that makes use of A units lacking any
substituent in position 9.[8] These A units leave more space in
the helix cavity, but also lack features that could be useful for
molecular recognition.

Titration of 2 with Cu+ and Ag+ produced the complexes
2-Cu+ and 2-Ag+ as well-defined species as judged by their
sharp 1H NMR lines (Figure 2e,f). These complexes were not
designed to bind to any particular guests but their resem-
blance to some saccharide-binding capsule sequences,[6b] the
estimated available space in the capsule cavity, and the fact
that metal ions can assist sugar binding[12] all encouraged us to
screen for binding to saccharides. The results, however, were
disappointing since only weak and ill-defined (broad and/or
complex) NMR spectra were observed (not shown). We then
turned to guests with known coordination abilities and found
that imidazole forms a well-defined complex with 2-Cu+. An
NMR titration is shown in Figure 4 and reveals the pro-
gressive appearance of a new species in slow exchange on the
NMR time scale with capsule 2-Cu+. The identity of the 2-

Cu+-imidazole complex was also supported by mass spec-
trometry. The NMR spectrum features a distinct sharp
resonance at 13.1 ppm that could be assigned to the encapsu-

Figure 3. Solid-state structures of (1)2 (a–f) and 1-Cu2+ (g–j). Different views of the intertwined dimer (1)2 in space-filling or tube representations
are shown in (a–d). e) A single strand of the duplex. f) A top view of the central N–pyz-pyr-pyz–N segment of 1 in its extended, metal-free
conformation to be compared to the bent metal bound conformation shown in (j). A coordinated acetonitrile molecule is shown in ball and stick
representation in (i) and (j). The space-filling views of 1-Cu2+ (h–g) show that the helical capsule completely sequesters the metal complex from
the solvent. In (e–j), monomers are color coded as in Figure 1. Isobutoxy side chains and included solvent molecules are omitted for clarity.

Figure 4. Excerpts from the 400 MHz 1H NMR spectra in 80:20
CDCl3/[D6]DMSO (vol/vol) at 298 K of capsule 2-Cu+ (1 mm) without
guest (a) and in the presence of 0.25 equiv (b), 0.50 equiv (c),
0.75 equiv (d), 1 equiv (e) of imidazole. The amide signals of the host–
guest complex 2-Cu+-imidazole are marked with solid circles and
those of the empty capsule are marked with empty circles. The
resonance at 13.1 ppm corresponds to the NH of imidazole.
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lated imidazole NH, and that presumably reflects its involve-
ment in a hydrogen bond. The Ka of imidazole binding by 2-
Cu+ was found to be in the range 105–106 Lmol@1 in 80:20
CDCl3/[D6]DMSO (vol/vol) at 298 K. Higher values might be
expected upon decreasing the proportion of DMSO since
DMSO could possibly compete for Cu coordination. In
contrast, 2 alone does not bind to imidazole, nor does it
undergo any conformational change in its presence (Fig-
ure S8).

Since imidazole is not much larger than the acetonitrile
molecule found in the cavity of 1-Cu2+, we also titrated 1-Cu+

with imidazole and eventually observed the formation of
a new species in slow exchange on the NMR timescale that we
assigned as 1-Cu+-imidazole (Figure S9). The Ka value was
measured to be 6000 Lmol@1, which is significantly lower than
for 2-Cu+. In addition, the 1H NMR spectrum of the 1-Cu+-
imidazole complex does not feature the distinct signal at
13.1 ppm. The imidazole NH resonance apparently overlaps
with aromatic signals or is broad.

In summary, we have validated the incorporation of
a metal-binding monomer within helical aromatic foldamer
sequences. The inherent conformational preference of the
pyz-pyr-pyz unit promotes undesired aggregation, but this
disappears and proper helix folding occurs in the presence of
metal ions. Part of the metal coordination sphere remains
available and may then promote the binding of a guest. In
addition to metal coordination, binding of the guest is assisted
by cooperative interactions with the helix host, which results
in significant enhancements depending on the foldamer
sequence, and also in slow guest exchange on the NMR
time scale. Metal-binding monomers thus extend the potential
for tight and selective guest binding by helical aromatic
foldamer hosts. Our current efforts aim at exploiting this
property for the recognition of complex guests, including
saccharides.
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