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Abstract: Starting from a previously described aromatic oli-
goamide helically folded capsule that binds tartaric acid
with high affinity and diastereoselectivity, we demonstrate
the feasibility of the direct in situ modification of the helix
backbone, which results in a conformational change that re-
duces its affinity for guests by two orders of magnitude.
Specifically, ring contraction of the central pyridazine unit
into a pyrrole in the full helical sequence was investigated
by using electrochemical and chemical processes. The se-
quence containing the pyrrole was synthesized independ-
ently in a convergent manner to ascertain its structure. The
conformation of the pyrrolic folded capsule was elucidated
in the solid state by X-ray crystallography and in solution by
using 1H and 13C NMR spectroscopy. Solution studies re-

vealed an unanticipated solvent-dependent equilibrium be-
tween the anti–anti and syn–syn conformations of the pyr-
role ring with respect to its two adjacent pyridine units. Ti-
trations of the pyrrole-containing sequence monitored by
1H NMR spectroscopy confirmed the expected drop in affini-
ty for tartaric acid and malic acid that arises from the confor-
mation change in the backbone that follows the replace-
ment of the pyridazine by a pyrrole. The reduction of the
pyridazine to a pyrrole was characterized by cyclic voltam-
metry both on the entire sequence and on a shorter precur-
sor. The lower cathodic potential of the precursor made its
preparative-scale electroreduction possible. Direct in situ
modification of the pyridazine within the entire capsule se-
quence was achieved chemically by using zinc in acetic acid.

Introduction

Some helical synthetic foldamers possess a cavity large
enough to accommodate guest molecules and constitute
a new and efficient approach for the design of synthetic recep-
tors.[1] The self- (or guest induced-) organization of these heli-
cal receptors by folding is reminiscent of biological receptors

based on the folded conformations of proteins or nucleic
acids. In the past decade, different designs of synthetic helical
receptors have been described. The simplest consists of open-
ended helices that allow rapid guest capture and release.[2]

Open-ended receptors have also been designed to bind to
dumbbell-shaped guests, which then require a major confor-
mational change in the host to form the host–guest complex
by an unfolding–refolding process.[3] An original design con-
sists of closed-shell helically folded capsules comprised of
monomers that give a large diameter to impart a cavity in the
center of the sequence and of monomers that give a small di-
ameter with no cavity at all at both ends of the sequence,
which thus play the role of end-caps.[4] Such capsules have
also been made from double-helical structures.[5] In a helical
molecular capsule, guest capture and release may occur
through a local conformational change in the backbone, with
one unit acting as a hinge that opens a temporary window to
allow the guest to go through.[6] These capsule designs com-
pletely surround the guest and thus offer opportunities to
tailor high guest affinity and selectivity.

In principle, complete guest surrounding by a foldamer may
also make it possible to control guest capture and release
through conformational changes in the backbone induced by
external stimuli, as reported for other systems.[7] It is a general
property of foldamers to be able to undergo major conforma-
tional changes, an extreme case being complete unfolding,
from which major changes in properties might be expected to
result. Indeed, there have been some examples of folding and
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unfolding of helical oligomers triggered by external stimuli,
such as light,[8] metal/ion coordination,[2b,9] or protonation.[10]

However, these controlled conformational changes have rarely
been coupled to the capture or release of guest molecules.[11]

Herein, we demonstrate the feasibility of the direct in situ
modification of the backbone of an aromatic oligoamide heli-
cal capsule, which results in a conformational change that re-
duces its affinity towards guest molecules by two orders of
magnitude.

Results and Discussion

Design and synthesis

During the last decade, our group has started a systematic in-
vestigation aimed at creating new, artificial, rational codes be-
tween the primary one-dimensional sequences of aromatic
amino acid monomers, their secondary and tertiary three-di-
mensional folded structures, and their molecular recognition
properties.[4] In previous studies, we have shown that receptor
1 was able to complex d/l-tartaric acid with high affinity in or-
ganic solvents, with high diastereoselectivity and high selectivi-
ty with respect to other carboxylic acid guests (Scheme 1).[4c] In
the oligomeric sequence of receptor 1, the quinoline trimers

(Q3) at each extremity form a helix segment with a narrow di-
ameter and act as caps able to close the cavity, whereas the
other larger units of the sequence (pyridines (P), naphthyri-
dines (N) and the central pyridyl-pyridazine-pyridyl (pyr-pyz-
pyr) segment) serve to create an inner cavity large enough to
accommodate a tartaric acid molecule as a guest. In particular,
naphthyridines constitute critical elements in the design be-
cause of their ability to hydrogen bond to the carboxyl and
the hydroxyl functions of the guest.

Previously, we have shown that 3,6-di(pyrid-2-yl)pyridazine
segments (pyr-pyz-pyr), as found in the center of sequence 1,
may undergo ring contraction into the corresponding 2,5-di(-
pyrid-2-yl)pyrrole through either chemical or electrochemical
reductions (Scheme 1 a).[12] To further this concept, we have ex-
tended the process to more complex alternating tripyridyl-di-
pyridazine sequences to form the corresponding tripyridyl-di-
pyrrole analogues.[13] We also found that, in the solid state, al-
ternating pyridyl-pyrrole-pyridyl linkages (pyr-pyl-pyr) adopted
a syn–syn conformation stabilized by bifurcated hydrogen
bonds between the NH-pyrrole and the adjacent endocyclic
pyridine nitrogen atoms. Based on this prior knowledge, we
speculated that the ring contraction of the central six-mem-
bered pyridazine of 1 into a five-membered pyrrole would
result in a major change in the curvature of the helix backbone
and, consequently, in a loss of affinity for tartaric acid, eventu-
ally followed by its release. To test this hypothesis, we first pro-
duced capsule 2, a variant of 1 with terminal acetamido
groups instead of nitro groups. Unlike nitro groups, acet-
amides were expected not to interfere with the electroreduc-
tion process of the pyridazine ring, which involves four elec-
trons. Indeed, sequence 3 can be produced by the direct ring
contraction of the pyridazine of capsule 2 (see below). Never-
theless, to ascertain its structure, it was independently pre-
pared from its diacid pyrrolic precursor 4 (Scheme 1 b and c).

The preparation of pyr-pyl-pyr diacid 4 was first attempted
by ring contraction of the 6,6’-(pyridazin-3,6-diyl)-bis-2-pyridyl-
carboxylic acid 5 (Scheme 1 b). Unfortunately, the preparative
electrolysis of pyr-pyz-pyr diacid 5 failed due to its poor solu-
bility in the solvent mixture used for the electroreduction
(THF/acetic buffer/CH3CN). The introduction of an n-octyl ester
as a solubilizing group compatible with the electroreduction
conditions was carried out by using a diacid chloride and an
excess of octanol to give the desired octyl 6,6’-(pyridazin-3,6-
diyl)-bis-2-pyridinecarboxylate 6 in 88 % yield. As expected, the
cyclic voltammogram of dioctyl ester 6 displayed two well-de-
fined irreversible cathodic peaks at �1.09 and �1.43 V versus
SCE and a last wave at a more cathodic potential (Figure 1 a).
This profile is consistent with the electroreduction mechanism
established for the ring contraction of 2,5-dipyridyl-substituted
pyridazines into the corresponding pyrroles.[12a, 13] However, the
larger second reduction wave at EpcII =�1.43 V versus SCE,
which corresponds to the rearrangement of the dihydropyrida-
zine intermediate into pyrrole, also conceals the reduction
peak potential of the ester groups. This observation explains
why controlled-potential electrolysis failed to produce corre-
sponding pyrrole derivative 7 in a satisfying manner when run
at a mercury pool cathode in a two-compartment cell with

Scheme 1. a) Structure of capsules 1, 2, and 3 and abbreviations used for
their subunits; b) Synthetic strategy for the preparation of pyr-pyl-pyr diacid
4 : i) SOCl2 then octanol, Et3N, CH2Cl2 ; ii) controlled-potential electrolysis,
+ 4 e� and + 4 H+ ; iii) KOH, MeOH, H2O; c) Synthesis of capsule 3 : iv) PyBOP,
DIPEA, CHCl3.
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a glass frit, at Ew =�1.45 V versus SCE in THF/acetate buffer/
CH3CN (5:4:1 v/v/v). After purification, the pyrrole derivative
was isolated in 28 % yield along with the formation of alcohol
side products. The preparative electroreduction was stopped
after consumption of almost five electrons, but the conversion
of the starting pyridazine was incomplete. After addition of
more than the required four electrons, no evolution of the
cyclic voltammetry profile was observed (Figure 1 b, ~). Alter-
natively, monitoring the electrolysis at the first peak (Ew =

�1.15 V vs. SCE), which favors a dismutation process,[12a] im-
proves the yield of pyrrole 7 to 51 % (four electrons consumed)
and all of the remaining starting pyridazine can be recovered.

Saponification of diester 7 was achieved by using KOH in
aqueous methanol to give diacid 4 in 85 % yield. The assembly
of 3 was then undertaken. The first step involved the reduction
over Pd/C of the nitro group of the previously described O2N-
Q3PN2-Boc hexamer,[5c, 14] and a subsequent acetylation of the
amine product by using acetic anhydride (93 % overall yield).
The resulting oligomer AcHN-Q3PN2-Boc was treated with tri-
fluoroacetic acid for Boc cleavage (quantitative) and the result-
ing amine was coupled to the two acid functions of 4 to give
expected capsule 3 in 44 % overall yield.

Solvent-dependent conformational changes

As mentioned above, preliminary studies on the structure of
pyr-pyl-pyr-pyl-pyr derivatives hinted at a preferred syn–syn
conformation of the pyr-pyl-pyr motif in aromatic oligoamide
sequences. In comparison with pyridazine capsule 2, incorpora-
tion of a pyrrole five-membered ring should result in a higher
curvature, which implies a reduction in the cavity size for helix
3 (see below). The 1H NMR spectrum of 3 at 298 K in CDCl3

showed a single set of sharp peaks, which suggests the exis-
tence of a well-defined conformation in solution (Figure 2 a). In
contrast, a similar measurement performed in CD2Cl2 showed
a set of broader signals that could correspond to resonances
close to coalescence at this temperature (i.e. , two or more dis-
tinct species in fast exchange, Figure 2 c). Indeed, 1H NMR spec-
tra recorded at 263 K revealed again a single set of peaks in
CDCl3 (Figure 2 b), whereas two sets of well-resolved signals

were observed in CD2Cl2 (Figure 2 d). This behavior contrasts
with that of capsules 1 and 2, which both exist as a single heli-
cally folded entity. The existence of two species in the case of
helix 3 may thus reasonably be attributed to the pyrrole
moiety, presumably due to an exchange between the syn–syn
and anti–anti conformations of the central pyr-pyl-pyr segment
in CD2Cl2.

Intrigued by this phenomenon, we sought more structural
information and 2D NMR spectroscopic analyses were initiated
to elucidate the exact nature of the conformational change. A
full structural assignment of capsule 3 in CDCl3 by using COSY,
HSQC, HMBC, and NOESY experiments allowed us to identify
precisely the chemical shift values of protons belonging to the
pyrrole moiety (amine and b positions). In CDCl3, intramolecu-
lar dipolar couplings between the pyrrolic NH at d= 5.9 ppm
and the proton of the neighboring pyridine (d= 6.15 ppm)

Figure 1. a) Cyclic voltammogram of 6 (1 mm) at a glassy carbon electrode
in THF/acetic buffer (pH 4.6)/acetonitrile (5:4:1 v/v/v) at a scan rate of
0.1 Vs�1 (*). b) Cyclic voltammogram of 6 (4 mm) at a glassy carbon elec-
trode in THF/acetic buffer (pH 4.6)/acetonitrile (5:4:1 v/v/v) at a scan rate of
0.1 Vs�1 before electrolysis (^), after consumption of 2 e� ( � ) and after con-
sumption of 5.2 e� (~).

Figure 2. Part of the 1H NMR spectra (400 MHz) of 3 (2 mm) in a) CDCl3 at
298 K, b) CDCl3 at 263 K, c) CD2Cl2 at 298 K, and d) CD2Cl2 at 263 K. Signals of
the anti–anti conformation and of the syn–syn conformation are marked
with & and &, respectively; ~ denotes the resonance of the syn–syn NH of
pyrrole; * indicates some aromatic resonances. e) Scheme representing the
equilibrium between the syn–syn and anti–anti conformations for the pyr-
pyl-pyr segment. f) Part of the 2D ROESY NMR spectrum (700 MHz, 263 K) of
3 in CD2Cl2, which shows an exchange crosspeak between the signals of the
pyrrolic NH in syn–syn (d= 11.5 ppm) and anti–anti (d= 6.2 ppm) conforma-
tions. g) Part of the 2D NOESY NMR spectrum (700 MHz, 298 K) of 3 in
CDCl3, showing strong dipolar couplings between the NH of the pyrrole
moiety and the protons in position five of the two neighboring pyridines,
which indicates a preference for the anti–anti conformation.
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positioned para to the amide (Figure 2 g) revealed that the pyr-
role adopts an unanticipated anti–anti configuration when
placed in the middle of an aromatic oligoamide sequence. This
pyrrole orientation implies that the b-pyrrolic protons point to-
wards the cavity of the capsule, whereas the angle between
the carbonyl of pyr-pyl-pyr results in a slightly lower curvature
than the one observed for capsule 2. A ROESY study in CD2Cl2

at 263 K allowed us to establish that the pyrrolic NH of the
anti–anti pyr-pyl-pyr at d= 6.2 ppm is in exchange with
a signal at d= 11.5 ppm (Figure 2 f). This latter low-field reso-
nance is typical of a pyr-pyl-pyr sequence in a syn–syn confor-
mation due to hydrogen bonding between the NH of the pyr-
role and the endocyclic nitrogen of the neighboring pyridine.
Therefore, in CD2Cl2, both anti–anti and syn–syn conformers co-
exist. It is unclear why the conformational behavior of the pyr-
pyl-pyr segment differs so much in CD2Cl2 and CDCl3. A possi-
ble explanation may come from the size of solvent molecules
and their ability to solvate the inner side of the different con-
formers of the capsule. Alternatively, differences in the water
content of the two solvents may also influence the anti–anti/
syn–syn equilibrium. A full investigation of the solvent-depen-
dent conformational behavior was not undertaken in the con-
text of this study.

X-ray-quality crystals were obtained from the slow diffusion
of n-hexane into a solution of the capsule 3 in chloroform at
room temperature. Crystallographic analysis revealed a perfect-
ly folded capsule with two caps composed of a quinoline
trimer at each extremity and a large hollow in the center (Fig-
ure 3 d and e). The conformation of the pyr-pyl-pyr segment
confirmed to be anti–anti, as observed in solution in the crys-
tallization solvent (Figure 2 f). With this conformation of the
central segment, the overall cavity of 3 is slightly longer than
that of 1. For example, the separation between the two car-
boxamide NHs was found to be 8.48 � in pyr-pyl-pyr in 3
versus 8.15 � in pyr-pyz-pyr in 1 (Figure 3 c and f). A calculation
of the internal volume of the cavities of capsules 1 and 3 by
using the SURFNET v.1.4 software[15] showed that both cavities
have a similar size (�120 �3). However, a major difference re-
sides in the shape of the available space due to the fact that
the b-pyrrolic protons protrude largely in the hollow of the
helix of 3, which interferes with the position at which tartaric
acid is bound in receptor 1.

For comparison, we modeled the conformation of capsule 3
with a syn–syn central pyr-pyl-pyr segment to give a higher
helix curvature (Figure 3 g–i). Higher curvature resulted in an
increased overall helix length and in a contraction of the cavity
to form two compartments with a volume of 73 �3 each (Fig-
ure 3 g). The experimentally observed prevalence of the anti–
anti over the syn–syn conformation in solution and in the solid
state was not anticipated and is not consistent with the behav-
ior of pyr-pyl-pyr segments isolated from the context of
a longer helically folded oligomer. A comparison of syn–syn-3
and anti–anti-3 structures shows a much more extensive intra-
molecular p–p overlap in the latter ; the syn–syn conformation
features a kink in its center that causes neighboring naphthyri-
dines to protrude out of the reach of subsequent units for p–p

stacking (Figure 3 i). It is thus possible that anti–anti-3 is stabi-

lized by intramolecular p–p stacking to the detriment of its
syn–syn conformation in a sort of induced-fit process.

Host–guest chemistry

The effect of the replacement of pyridazine by a pyrrole on
the guest recognition of the capsule was first assessed by ti-
trating capsule 3 with d/l-tartaric acid in CDCl3 with 1 %
[D6]DMSO to dissolve the guest in the stock solution. Upon in-
creasing the guest concentration, the initial set of signals that
correspond to free capsule 3 was progressively replaced by
a new set that can be attributed to a 3�d/l-tartaric acid com-
plex (Figure 4). The exchange between the empty capsule and
the 3�d/l-tartaric acid complex was found to be slow on the
NMR spectroscopy timescale, which confirms that the guest
encapsulation requires a partial unfolding of the helix. The ex-
istence of a single set of sharp signals for 3�d/l-tartaric acid is
indicative of a complete diastereoselectivity (de>99 %), where-
as the circular dichroism spectra confirm that the d enantiomer
of tartaric acid was encapsulated in the P-helix of 3 (positive
band at l= 360 nm, Figure S7 in the Supporting Information)
as observed for helix 1. The addition of one equivalent of
guest did not result in the saturation of receptor 3, as ob-
served in the case of 1, which proves that the affinity of 3 for
tartaric acid is significantly lower than that of 1 (Figure 4 a and

Figure 3. Stick representations of the solid-state structure of the M-helix of
1 (Q3PN2-pyr-pyz-pyr-N2PQ3): a) the side view, b) the top view, and c) a slice
of the capsule that shows the N2-pyr-pyz-pyr-N2 segment from above.[5c]

Stick representations of the solid-state structure of the M-helix of 3 (Q3PN2-
pyr-pyl-pyr-N2PQ3 with an anti–anti conformation of the pyrrole): d) the side
view, e) the top view, and f) a slice of the capsule that shows the N2-pyr-pyl-
pyr-N2 segment from above. Stick representation of the structure of the M-
helix of 3 (Q3PN2-pyr-pyl-pyr-N2PQ3 with a syn-syn conformation of the pyr-
role) as obtained by molecular modeling (MMFFs force field) by using Maes-
tro v.6.5: g) the side view; h) the top view, and i) a slice of the capsule that
shows the N2-pyr-pyl-pyr-N2 segment from above. Volumes of cavities are
shown as transparent yellow isosurfaces. Isobutoxy groups and solvent mol-
ecules are not shown for clarity.
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Figure 5 b). In this solvent mixture, the Ka value of 3 for d/l-tar-
taric acid was calculated to be 1.6 � 104 L mol�1, which is at
least two orders of magnitude smaller than the Ka value of
1 (>106 L mol�1; Table 1).

To further compare the binding properties of capsules 1 and
3 for tartaric and malic acids, a more competitive solvent mix-
ture was used (CDCl3/[D6]DMSO 90:10 v/v) to decrease the af-
finities to values that can be more accurately determined by
1H NMR spectroscopy titration (Table 1, see also the Supporting
Information). In this solvent, the Ka values of 1 and 3 for d/l-
tartaric acid were shown to be 5300 and 110 L mol�1. Similarly,

the affinity of 3 for malic acid was almost two orders of magni-
tude lower than that of 1. Characteristic signals in the 1H NMR
spectra of 3�d/l-tartaric acid showed that both carboxylic
acid groups were hydrogen bonded to the capsule inner rim.
However, their resonances were shifted upfield (Dd�0.9 ppm)
from the resonances found in 1�d/l-tartaric, which is consis-
tent with the fact that 3 forms a weaker complex than 1 with
tartaric acid. The 1H NMR spectra of 3�d/l-tartaric acid proved
suitable for detailed structural studies (see the Supporting In-
formation). The proton and carbon resonances of the helical
backbone of receptor 3 encapsulating d/l-tartaric acid could
be readily assigned by using 2D NMR spectroscopy with the
COSY, HMQC, and HMBC techniques. Positioning of the guest
in the cavity was elucidated by using ROESY which allowed us
to establish several unambiguous intermolecular dipolar cou-
plings (Figures S18 and S19 in the Supporting Information). A
strong NOE contact between the CH of the tartaric acid and
the b-pyrrolic hydrogen atoms of the central pyr-pyl-pyr seg-
ment confirmed the anti–anti conformation of the latter in the
complex.

With the prevalence of the anti–anti conformation in 3, the
conversion of the pyridazine ring of 1 into the pyrrole of 3 did
not result in a conformational change as dramatic as that ex-
pected for the syn–syn conformation. Nevertheless, even the
anti–anti conformation of 3 proved to be sufficiently different
from 1 for its guest recognition properties to be significantly
diminished. As suggested by the crystal structure of 3 (Fig-
ure 3 d–f) the space occupied by the pyrrolic b-protons and
the change in the relative orientation of the naphthyridine
units involved in direct hydrogen bonding with the guest
probably explain these important differences.

In situ reduction of the capsule backbone

In addition to the stepwise synthesis of pyrrolic receptor 3, we
considered the possibility of modifying capsule backbone 2 in
situ to directly obtain 3 through nitrogen extrusion of the pyr-
idazine ring. We first attempted the preparative electrochemi-
cal reduction of 2 because the mild conditions associated with
this transformation could be made compatible with guest
binding by precursor 2 and thus be adjusted so that the ring
contraction process would cause release of a guest molecule
(Scheme 2 a). As observed for isolated pyr-pyz-pyr segment 6,
used as a reference, the cyclic voltammogram of 2 showed
two well-defined reduction peaks. However, the two reduction

Figure 4. Part of the 1H NMR spectra (400 MHz, 298 K) of a) 1 (1 mm in
CDCl3/[D6]DMSO 99:1 v/v) in the presence of d/l-tartaric acid (1.1 equiv) ;
b) 3 (1 mm in CDCl3/[D6]DMSO 99:1 v/v) in the presence of d/l-tartaric acid
(1.1 equiv); c) 1 (1 mm in CDCl3/[D6]DMSO 90:10 v/v) in the presence of d/l-
tartaric acid (4 equiv) ; and d) 3 (1 mm in CDCl3/[D6]DMSO 90:10 v/v) in the
presence of d/l-tartaric acid (4 equiv). Signals due to the empty host and
the host–guest complex are marked with * and *, respectively; ^ indicate
the proton resonance of the carboxylic acid of the bound guest; * indicate
some signals of aromatic protons.

Figure 5. a) Comparison of the cyclic voltammogram of capsule 3 (~,1 mm)
and pyr-pyz-pyr 6 (&, 1 mm) at a glassy carbon electrode in THF/acetic
buffer (pH 4.6)/acetonitrile (5:4:1 v/v/v) at a scan rate of 0.1 Vs�1. b) Top and
side view of part of the crystal structure of 1, which shows that the pyrida-
zine is sterically protected by two isobutoxy side chains shown as CPK. The
two Q3P segments at each extremity and other solubilizing side chains have
been removed for clarity.

Table 1. Binding constants of tartaric and malic acids to capsules 1 and 3
in solution as measured by 1H NMR spectroscopy titrations at 298 K.

Entry Guest[a] Ka
[b]

[L mol�1] for capsule 1
Ka

[b]

[L mol�1] for capsule 3

1 d/l-tartaric acid >106 [c] 16 000[c]

2 – 5300[d] 110[d]

3 d/l-malic acid 9250[c] 100[c]

4 – 70[d] <1[d]

[a] See the Supporting Information for structures. [b] Association constant
Ka measured by integration of amide peaks. [c] In CDCl3/[D6]DMSO (99:1
v/v). [d] In CDCl3/[D6]DMSO (90:10 v/v).
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waves appeared at much higher cathodic potential (�1.41 and
�1.57 V vs. ECS, Figure 5 a), which suggests a more difficult re-
duction process than in 6. A careful examination of the crystal
structure of 1 revealed that two quinoline isobutoxy side
chains are located above and below the pyridazine residue in
the helical arrangement (Figure 5 b). This positioning may act
as a steric shield that could make a suitable contact between
the substrate and the glassy carbon electrode difficult at the
preparative level. Indeed, our attempts to carry out the electro-
chemical reduction of 2 remained unsuccessful.

Next, a more classical chemical reduction by using zinc in
acetic acid[16] was envisaged as an alternative to the electro-
chemical reduction (Scheme 2 b). Treating capsule 2 with zinc
at reflux in glacial acetic acid afforded desired pyrrolic capsule
3 in a convincing 50 % (unoptimized) yield. This result is en-
couraging considering the very large size of helix 2 and the lo-
cation, embedded at the heart of the structure, of the selective
chemical transformation that leads to pyrrolic capsule 3. Never-
theless, glacial acetic acid at reflux is incompatible with guest
binding by 2 and thus with the controlled released of a guest
induced by ring contraction of a pyridazine into a pyrrole. Im-
provements will be required to ensure that ring contraction
and host–guest chemistry occur in the same medium.

Conclusion

We have shown that the selective transformation of the struc-
ture of a single monomer at the heart of a foldamer sequence
can cause a local change in helix curvature that results in sig-
nificantly altered molecular recognition properties. We demon-
strated that ring contraction of a pyridazine into a pyrrole
within a helically folded aromatic oligoamide capsule sequence
can be carried out in situ, which paves the way towards elec-
troinduced guest release. Unexpectedly, however, an anti–anti
conformation of the newly formed pyridyl-pyrrole-pyridyl se-
quence was characterized instead of the expected syn–syn con-
formation, which somewhat reduces the amplitude of the con-

formational change. We anticipate that oligomeric sequences
comprised of several pyridazine rings that can be reduced into
pyrroles may coincide to produce large-amplitude conforma-
tional changes induced by ring contraction, possibly in a coop-
erative manner.[8c] Future designs should also make pyridazines
within the helical oligomers accessible enough to allow their
electrochemical reduction under mild conditions. Research
along these lines is in progress and will be reported in due
course.

Experimental Section

General

All reactions were carried out under a dry nitrogen atmosphere.
Commercial reagents were purchased from Sigma–Aldrich or Alfa–
Aesar and were used without further purification unless otherwise
specified. Chloroform and diisopropylethylamine (DIPEA) were dis-
tilled on calcium hydride (CaH2) prior to use. Reactions were moni-
tored by using thin layer chromatography (TLC) on Merck silica gel
60-F254 plates and observed under UV light. Chromatographic
separations on silica gel were carried out by using Merck GEDUR-
AN Si60 (40–63 mm). Proton nuclear magnetic resonance (1H NMR)
spectra were recorded in deuterated solvents by using 300 and
400 MHz spectrometers. Chemical shifts are reported in parts per
million (ppm, d) relative to the signal of the NMR solvent used.
1H NMR splitting patterns with observed first-order coupling are
designated as singlet (s), doublet (d), triplet (t). Coupling constants
(J) are reported in Hz. Splitting patterns that could not be inter-
preted or easily visualized are designated as multiplet (m) or broad
(br). 13C NMR spectra were recorded at 75 or 100 MHz. Mass spec-
tra (MS) were obtained by using matrix-assisted laser desorption/
ionization (MALDI) or electrospray ionization (ESI).

Capsule 2 : Diacid 5 (0.036 mmol, 0.012 g)[4c] and acetamido-hexa-
mer amine AcNH-Q3PN2-NH2 (0.072 mmol, 0.099 g)[4c] were dis-
solved in dry chloroform (2 mL), then DIPEA (0.18 mmol, 0.032 mL)
and PyBOP (0.18 mmol, 0.094 g) were added at RT and the reaction
mixture was heated to 45 8C for 12 h. The solvents were then re-
moved under reduced pressure and the residue was purified by
flash chromatography (SiO2; eluent EtOAc/cyclohexane 20:80 v/v).
The product was precipitated from a minimal amount of MeOH to
give 2 as a light yellow solid (70 %, 0.075 g). 1H NMR (300 MHz,
CDCl3): d= 11.56 (s, 2 H), 11.36 (s, 2 H), 10.64 (s, 2 H), 9.92 (s, 2 H),
9.87 (s, 2 H), 8.89 (s, 2 H), 8.82 (d, 3J = 9.0 Hz, 2 H), 8.68 (d, 3J =
8.9 Hz, 2 H), 8.59 (d, 3J = 8.8 Hz, 2 H), 8.45 (s, 2 H), 8.37 (s, 2 H), 8.27
(m, 8 H), 8.18 (d, 3J = 9.0 Hz, 2 H), 7.99 (d, 3J = 8.7 Hz, 2 H), 7.87 (t,
3J = 7.8 Hz, 2 H), 7.57 (m, 6 H), 7.40 (m, 8 H), 7.19 (m, 4 H), 6.93 (t,
3J = 8.0 Hz, 2 H), 6.72 (m, 8 H), 6.3 (m, 4 H), 6.01 (t, 3J = 7.9 Hz, 2 H),
4.13 (m, 8 H), 3.99 (t, 3J = 7.3 Hz, 2 H), 3.86 (m, 5 H), 3.72 (m, 5 H),
2.82 (m, 3 H), 2.36 (m, 7 H), 1.28 (m, 36 H), 1.10 (m, 12 H), 0.57 (d,
3J = 6.6 Hz, 6 H), 0.44 ppm (d, 3J = 6.8 Hz, 6 H); 13C NMR (100 MHz,
CDCl3): d= 166.84; 164.04; 163.36; 163.17; 163.12; 162.95; 162.32;
161.50; 161.43; 160.46; 159.21; 154.86; 154.75; 153.69; 153.62;
153.07; 152.04; 151.54; 151.07; 150.67; 150.07; 148.93; 148.18;
148.05; 146.85; 139.69; 138.39; 137.61; 137.08; 136.50; 134.16;
134.11; 133.58; 133.13; 126.85; 126.53; 125.92; 124.57; 123.93;
123.72; 122.40; 121.59; 121.40; 116.69; 116.59; 116.22; 116.03;
115.64; 114.62; 114.44; 114.11; 113.66; 108.84; 107.74; 100.72;
98.44; 98.14; 96.94; 76.00; 75.81; 75.23; 75.16; 28.48; 28.37; 28.24;
28.15; 27.61; 23.76; 19.56; 19.53; 19.46; 19.37; 19.13; 18.47 ppm;
MS (MALDI): m/z : calcd for C166H160N34O24 [M + H]+ : 3014.24; found:
3014.10.

Scheme 2. a) Schematic representation of the ring-contraction-induced
modification of a helix backbone that causes the release of a guest mole-
cule. b) Reaction scheme of the direct transformation of 2 to 3.
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Capsule 3 : Diacid 4 (0.083 mmol, 0.026 g, see the Supporting Infor-
mation) and acetamido-hexamer amine AcNH-Q3PN2-NH2

(0.150 mmol, 0.202 g, see the Supporting Information) were dis-
solved in dry chloroform (4 mL), then DIPEA (0.30 mmol, 0.05 mL)
and PyBOP (0.23 mmol, 0.120 g) were added at RT and the reaction
mixture was heated at 45 8C for 24 h. The solvents were removed
under reduced pressure and the residue was purified by flash chro-
matography (SiO2 ; eluent EtOAc/dichloromethane 10:90 v/v). The
product was precipitated from a minimal amount of MeOH to give
3 as a yellow solid (44 %, 0.098 g). 1H NMR (400 MHz, CDCl3): d=
11.73 (s, 2 H), 11.53 (s, 2 H), 10.69 (s, 2 H), 10.56 (s, 2 H), 9.78 (s, 2 H),
9.38 (s, 2 H), 8.89 (d, 3J = 8.8 Hz, 2 H), 8.66 (d, 3J = 8.8 Hz, 2 H), 8.53
(s, 2 H), 8.21 (d, 3J = 8.8 Hz, 2 H), 8.11 (m, 6 H), 7.99 (d, 3J = 7.4 Hz,
2 H), 7.91 (s, 2 H), 7.62 (m, 8 H), 7.49 (d, 3J = 7.4 Hz, 2 H), 7.41 (s, 2 H),
7.12 (d, 3J = 7.7 Hz, 2 H), 6.94 (m, 10 H), 6.63 (t, 3J = 7.8 Hz, 2 H), 6.59
(d, 3J = 8.2 Hz, 2 H), 6.16 (d, 3J = 7.7 Hz, 2 H), 6.10 (t, 3J = 7.8 Hz, 2 H),
6.04 (s, 2 H), 5.91 (br, 1 H), 4.44 (t, 3J = 8.0 Hz, 2 H), 4.27 (m, 6 H), 3.89
(t, 3J = 6.1 Hz, 2 H), 3.74 (t, 3J = 8.0 Hz, 2 H), 3.60 (t, 3J = 6.6 Hz, 2 H),
3.53 (t, 3J = 7.9 Hz, 2 H), 2.99 (m, 4 H), 2.46 (m, 5 H), 2.28 (m, 5 H),
1.31 (m, 36 H), 1.11 (m, 18 H), 0.60 (d, 3J = 6.4 Hz, 6 H), 0.13 ppm (d,
3J = 6.5 Hz, 6 H); 13C NMR (100 MHz, CDCl3) d= 166.92; 164.34;
164.13; 163.35; 163.23; 163.02; 162.96; 162.92; 161.87; 161.72;
161.31; 159.94; 154.73; 154.69; 153.89; 153.14; 153.06; 152.47;
150.63; 150.43 149.21; 148.91; 148.18; 147.45; 147.39; 138.62;
137.97; 137.76; 136.70; 136.46; 134.60; 134.01; 133.38; 133.20;
132.26; 131.56; 127.20; 126.43; 126.35; 122.84; 121.72; 121.17;
118.58; 118.15; 116.52; 116.19; 115.88; 115.69; 115.47; 115.29;
114.88; 113.79; 113.66; 112.64; 107.70; 107.50; 100.94; 98.73; 98.49;
98.37; 96.99; 76.12; 75.78; 75.28; 75.22; 75.09; 28.59; 28.45; 28.38;
28.19; 27.41; 23.90; 19.63; 19.51; 19.43; 19.37; 18.96; 18.10 ppm;
MS (MALDI): m/z : calcd for C166H161N34O24 [M + H]+ : 3001.2435;
found: 3002.5.

Crystallographic Data

See the Supporting Information. CCDC-964832 (3) contains the
supplementary crystallographic data for this paper. These data can
be obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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