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le and double helical
pseudofoldaxanes with cationic guests†

Yulong Zhong, ‡a Thomas A. Sobiech,‡a Brice Kauffmann, b Bo Song, c

Xiaopeng Li, d Yann Ferrand,e Ivan Huc f and Bing Gong *a

Two aromatic oligoamides, the 8-residue H8 and 16-residue H16, that adopt stable, cavity-containing helical

conformations were examined for their complexation of a rodlike dicationic guest, octyl viologen (OV2+) and

para-bis(trimethylammonium)benzene (TB2+). Studies based on 1D and 2D 1H NMR, isothermal titration

calorimetry (ITC), and X-ray crystallography demonstrated that H8 and H16 wraps around two OV2+ ions as

a double helix and a single helix, respectively, resulting in 2 : 2 and 1 : 2 complexes. Compared to H8, the

longer H16 binds the OV2+ ions with much higher binding affinity and with extraordinary negative

cooperativity. In contrast to its 1 : 2 binding with OV2+, the binding of helix H16 with the bulkier guest TB2+

shows a 1 : 1 ratio. Host H16 also selectively binds OV2+ in the presence of TB2+. This novel host–guest

system features pairwise placement of the otherwise strongly repulsive OV2+ ions in the same cavity, strong

negative cooperativity, and mutual adaptability of hosts and guests. The resultant complexes are highly stable

[2]-, [3]-, and [4]pseudo-foldaxanes with few known precedents.
Introduction

A major aim in molecular recognition is the development of
structurally and/or functionally tunable hosts capable of tailoring
ionic and molecular guests.1 Since the discovery of crown ethers,
a bewildering array of disc-like macrocyclic hosts containing two-
dimensional (2D) binding cavities have been created.2 Hosts
such as cryptands,3 cavitands,4 and various cages5 containing
deepened cavities are also known to have drastically enhanced
binding affinity and selectivity for various guest species.

Tube-like macrocycles such as cyclodextrins,6 calixarenes,7

cucurbit[n]urils,8 pillar[n]arenes,9 and other systems10 provide
a class of hosts offering three-dimensional (3D) cavities with legs
or walls dening their inner surfaces.11Many such hosts, especially
those with covalently locked, overall rigid conformations and non-
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deformable cavities, show spectacular recognition capability. For
example, cucurbit[n]urils exhibit remarkably tight binding affini-
ties (up to 1017 M−1 in water) for rigid cationic guests.12

Tubular structures with cylindrical cavities of adjustable
lengths (or depths) may serve as hosts with unique binding and
transport capability, leading to new understanding of host–guest
interactions. For example, hosts with deep cavities may
accommodate long, rodlike guests and provide fundamental
understanding of the role played by multiple non-covalent forces
in host–guest binding. Elongated cavities spanning the lipid
bilayers can serve as transmembrane channels that facilitate
mass transport with selectivity and large ux,13,14 and allow the
identication of guest species without relying on specic guest
binding. Several self-assembling organic nanotubes are
known.15–21 The majority of such nanotubes, while showing many
interesting binding and transport properties, have undened
length, deformable shapes, and low stability that limit their
study and applications. Molecular tubes with non-deformable
inner cavities reminiscent of those of carbon nanotubes may be
constructed by extending the covalent frameworks of rigid
tubular macrocycles such as cucurbit[n]urils. Such a possibility,
while fascinating, remains to be realized until daunting synthetic
challenges are addressed.

A conceptually feasible strategy for constructing molecular
tubes is the folding of synthetically accessible oligomers into
helices.22 With helical cavities, such foldamers can serve as hosts
for recognizing ionic and neutral guests. Examples of foldamer-
based hosts for neutral small molecules were reported by Lehn,23

Moore,24 Inouye,25 Li,26 Huc,27 and Jeong;28 those for recognizing
cations were described by Lehn,29 Chen,30 Fox,31 Gong,32 and
Chem. Sci., 2023, 14, 4759–4768 | 4759
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Zeng;33 and hosts for anions were created by Jeong,34 Craig,35

Flood,36 Guichard,37 Berryman,38 and Gong.39 Except for a few
systems,26,27,32,33 the majority of foldamer hosts known thus far are
those undergoing guest-induced folding driven by binding
enthalpy. Association constants (K) between such foldamers and
guests including ions and small molecules are typically from 102 to
104 M−1 (up to 107 M−1) in organic solvents such as chloroform
and acetonitrile; and from 103 to 104 M−1 (up to 106 M−1) in water-
containing solvents with the binding driven by hydrophobic
effects. As noncyclic hosts, helical foldamers exhibit unique
binding behavior. For example, they can wind around rod-like
dumbbell-shaped guests to give host–guest complexes, dubbed
by Huc and Ferrand as foldaxanes, that possess properties both
similar to and different from traditional rotaxanes.40

While a few short foldamers adopting stably folded confor-
mations are known,26,27,32,33 multi-turn helical foldamers with
stable, preorganized cavities capable of binding common organic
guests, i.e., those with a size larger than the diameter (∼4 Å) of
linear alkyl chains,41 are rare.42,44,45 One class of foldamers with
highly stable helical conformations and a sufficiently large cavity
are represented by general structure H2n (Fig. 1a, top), which we
rst proposed and subsequently established.22 With their back-
bones being constrained by highly favorable three-center hydrogen
bonds,43 oligoamides H2n of different lengths, such as the 8-
Fig. 1 (a) Structures of aromatic oligoamide H2n, macrocycle 1, and
guests OV2+ and TB2+. Cartoons on the right illustrate the helical,
cyclic, and rodlike shapes ofH8,H16, 1, and the two cationic guests. (b)
Illustrations of the observed 2 : 1 complex between 1 and OV2+, the
assumed 2 : 1 complex between H8 and OV2+, and the 1 : 1 complex
between H16 and OV2+ or TB2+.

4760 | Chem. Sci., 2023, 14, 4759–4768
residue H8 and the 16-residue H16 (Fig. 1a), all fold into cavity-
containing, “hollow” helices.44 Oligoamides folding into helices
of up to 3 turns were synthesized recently, with the crystal structure
of H16 revealing a compact helix having ∼6.6 residues per turn
and a non-deformable inner pore that is ∼9 Å across.45 Indepen-
dent of their lengths, helices H2n were found to be stable in
solvents of different polarities and at elevated temperatures.44d

Thus, by synthetically adjusting the length of oligoamides H2n,
stable hollow helices with tunable but dened lengths and inner
cavities of a xed diameter are obtained. With inward-pointing
amide oxygens decorating their inner walls, the cylindrical-sha-
ped cavities of helices H2n are highly electronegative and strongly
H-bonding, which are distinctly different from the hydrophobic
cavities of known high-affinity hosts such as cucurbit[n]urils. As
molecular tubes with electronegative cavities having multiple
preorganized amide oxygen atoms, our hollow helices are expected
to strongly bind cationic guests of suitable sizes.

Sharing the same rigid backbone with oligoamides H2n, six-
residue macrocycles 1 (Fig. 1a, middle) were found to strongly
bind octyl viologen (OV2+) (Fig. 1a, bottom) in their preorganized
electronegative cavity in a highly polar solvent like DMSO or
DMF.46 Since the cavity of one molecule of 1 is too “thin” to match
the length of the bipyridinium segment of guest OV2+, two mole-
cules of 1 were observed to stack to provide a cavity with a suffi-
cient depth for binding the cationic rod (Fig. 1b, le). The cationic
guest threads through the cavities of the two stacked macrocycles,
leading to a 2 : 1 complex 12$OV

2+ with overall association
constants (Ktotal) of ∼1011 M−2 in DMSO/CHCl3 (1/1, v/v) and ∼108
M−2 in DMF.

The high affinity of macrocycles 1 for guest OV2+ suggests that
helical oligoamidesH2n, with their electronegative cavities, should
also strongly bind this and other rodlike cationic guests. To match
the bipyridinium rod of guestOV2+, a short (∼1 turn) helix needs to
stack into a self-assembling host consisting of two or more helical
molecules. In contrast, a long helix providing a sufficiently deep
cavity that matches the cationic segment will serve as a unim-
olecular host. Here we show that helical oligoamides H2n form
extremely stable complexes with OV2+ guests to generate [2]-, [3]-,
and [4]-pseudofoldaxanes. Binding affinities are so strong that they
lead to the unusual stacking of the dicationic guests in the elec-
tronegative interior of the helices.

Results and discussion
Design consideration

To probe the possibility of tailoring the size (length) of guests with
helical oligoamides H2n, oligoamides H8 and H16 were studied
for their binding with guest OV2+. Based on the 2 : 1 binding of
macrocycles 1 with OV2+, oligoamide H8, as a helix of ∼1.2 turns,
was assumed to bind guest OV2+ to give a 2 : 1 complex (Fig. 1b,
middle). The ∼2.5-turn helix H16 provides a cavity with a depth
(∼9 Å) that largelymatches the length of the bipyridinium segment
(∼9.8 Å, between the two N+CH2-carbons), and was conjectured to
bind guest OV2+ in a 1 : 1 ratio (Fig. 1b, right). As a unimolecular
host, H16 was expected to bind OV2+ with lowered entropic cost
and thus higher binding affinity than that between helix H8 and
the same guest. To further demonstrate the role of positive charges
© 2023 The Author(s). Published by the Royal Society of Chemistry
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and the bulkiness of the guest in host–guest binding, cationic
guest 1,4-bis(trimethylammonium)benzene (TB2+) (Fig. 1a,
bottom), with a length (∼9.0 Å, between the hydrogens of the two
N+(CH3)3 groups) that is the same as the depth of the cavity of helix
H16, is designed and examined for its interaction with H16.
Consistent with our expectation, our studies demonstrate that
helix H8 assembles into dimeric (double helical) host (H8)2 for
guests OV2+, while helix H16 serves as a unimolecular host for
guests OV2+ and TB2+. Surprisingly, the interiors of double helix
(H8)2 and helixH16 are able to accommodate two otherwise highly
repulsive OV2+ ions.
Binding process and stoichiometry

The host–guest interactions between oligoamides H8 or H16 and
OV2+ were rst probed with 1H NMR titration experiments. Since
the 1H-NMR signals ofH8 orH16 and its complex(es) withOV2+ are
broadened at room temperature, this prevents the assignment of
the 1H NMR resonances and hampers 2D NMR studies. 1H NMR
studies were performed at 45 °C at which the 1H NMR signals turn
sharp, allowing all signals to be properly assigned. In DMSO-d6/
CDCl3 (3/7, v/v), titrating H8 with 0 to 2 equiv. of OV2+ resulted in
a downeld shi of the resonances of aromatic protons b1
(Fig. S1†), b2 through b7 of H8, and protons a and b of OV2+

(Fig. 2a), along with the upeld shi of the signal of proton b8
(Fig. 2a). Among the signals of aromatic protons b2 through b8,
those of protons b3, b5, b7, and b8 remained well dispersed with
an increasing proportion of OV2+ (Fig. 2a). With more than one
equivalent ofOV2+, the resonances of aromatic protons b2 through
b8 (Fig. 2a) show insignicant shis, while the signals of protons
Fig. 2 Oligoamide H8 (1 mM) titrated with 0 to 2 equiv. of guest
OV2+$(PF6

−)2 in DMSO-d6/CDCl3 (3/7, v/v) at 45 °C. (a) 1H NMR spectra
(400 MHz), (b) changes in chemical shifts (dH) of aromatic protons b3,
b5, b7, and b8 of H8 vs. the equiv. of OV2+$(PF6

−)2 and, (c) Job's plot
based on the chemical shifts of proton b8 of H8 in the presence of
different ratios ofOV2+$(PF6

−)2. The assignment of 1H resonances was
assisted with 2D (NOESY) spectra.

© 2023 The Author(s). Published by the Royal Society of Chemistry
a and b of OV2+ continue to move upeld, approaching those of
a free OV2+ ion with increasing proportions of the guest.

Plotting the chemical shis of protons b3, b5, b7, and b8 ofH8
against the ratio of OV2+ reveals a linear dependence that changes
abruptly at one equiv. of OV2+ (Fig. 2b), indicating that H8 and
OV2+ bind in a 1 : 1 ratio that is corroborated by a Job plot (Fig. 2c).
The observation of only one set of 1H NMR signals with varying
proportions of OV2+ suggests that the free and bound host and
guest undergo rapid exchange on the 1HNMR time scale. Since the
1H resonances of H8 exhibit an insignicant shi with $1 equiv.
ofOV2+, the equilibriummust have shied toward the presumable
1 : 1 complex as the dominant species.

Titrating H16 with OV2+ led to signicant changes in the
aromatic and amide region from 5.9 to 10.4 ppm (Fig. 3). With <1
equiv. of OV2+, the region containing the resonances of internal
aromatic protons b1 through b16 is found to contain many (∼32
aromatic Hs) signals that indicate the presence of freeH16 and the
1 : 1 complex of H16 and OV2+ in slow exchange. With 1 equiv. of
OV2+, only the 16 new signals attributed to the 1 : 1 complex
remain. With more than one but less than two equiv. of OV2+, the
16 peaks attributed to the 1 : 1 complex and another set of∼16 new
peaks corresponding to the 1 : 2 complex are found in this region,
indicating that the 1 : 1 and 1 : 2 complexes are in slow exchange;
with >2 equiv. of OV2+, the second set of 16 new peaks remain and
the peaks of the 1 : 1 complex completely disappear, suggesting the
presence of only the 1 : 2 complex of H16 and OV2+. In addition,
the signals of protons a and b belonging to free OV2+ at 9.4 and
8.7 ppm are observed with >2 equiv. of OV2+. These observations
indicate that the binding of H16 with OV2+ happens stepwise. The
formation of the 1 : 1 complex occurs rst as up to 1 equiv. of OV2+

is added, followed by the appearance of the 1 : 2 complex with $1
Fig. 3 1H NMR spectra of H16 (1 mM) titrated with 0 to 3 equiv. of
OV2+$(PF6

−)2 in DMSO-d6/CDCl3 (2/3, v/v) at 45 °C. The assignment of
1H resonances was assisted with 2D (NOESY) spectra.

Chem. Sci., 2023, 14, 4759–4768 | 4761
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Fig. 4 Schematic illustrations of the complexation processes of (a)
oligoamide H8 and (b) oligoamide H16 with guest OV2+.
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equiv. ofOV2+. The presence of$2 equiv. ofOV2+ completely drives
the equilibrium toward the side of the 1 : 2 complex. In the pres-
ence of >2 equiv. of OV2+, the unchanged signals of H16 and the
simultaneous presence of both the free and bound OV2+ suggest
that H16 strongly binds OV2+, with the free and bound OV2+

undergoing no or slow exchange on the NMR time scale.
To provide additional evidence for the binding stoichiometry

between H8 or H16 with OV2+, mixtures of H8 or H16 and guest
OV2+ in different ratios were examined with electrospray-
ionization quadrupole time-of-ight mass spectrometry (ESI-
QTOF). The mass spectrum of the 2 : 1 mixture of H8 and
OV2+ contains two peaks given by the 2 : 1 complex (H8)2$OV

2+,
along with a third peak corresponding to the 1 : 1 complex
H8$OV2+ (Fig. S2a†). The mass spectrum of the 1 : 1 mixture of
H8 and OV2+ (Fig. S2b†) reveals a major peak for H8$OV2+, the
1 : 1 complex, and another peak of (H8)2$OV

2+, the 2 : 1 complex.
Surprisingly, a peak corresponding to (H8)2$(OV

2+)2, the 2 : 2
complex, which cannot be distinguished from the 1 : 1 complex
by NMR, is also observed. In the spectrum of the 1 : 2 mixture of
H8 and OV2+ (Fig. S2c†), the ions of the 1 : 1 complex H8$OV2+

(dominant), 2 : 1 complex (H8)2$OV
2+ (much weaker), and 2 : 2

complex (H8)2$(OV
2+)2 are detected. In contrast, the 1 : 2

complex H8$(OV2+)2 could not be clearly detected in the spectra
of the mixtures. These observations suggest that H8 can bind
with OV2+ in both 1 : 1 and 2 : 2 ratios. Complex (H8)2$OV

2+,
which was observed in the mass spectra of all three mixtures,
seems to be the intermediate between the 1 : 1 and 2 : 2
complexes.

The ESI-QTOF spectrum of the 1 : 1 mixture of H16 and OV2+

reveals the presence of only the 1 : 1 complexH16$OV2+ (Fig. S3a†).
With the proportion of OV2+ being doubled, the 1 : 2 mixture of
H16 andOV2+ gives a mass spectrum containing peaks of both the
1 : 1 complexH16$OV2+ and 1 : 2 complex H16$(OV2+)2 (Fig. S3b†),
which suggests that increasing the ratio of OV2+ drives the
complexation of the second guest OV2+ into the cavity of H16.

The results from studies mainly based on mass spectrometry
and conrmed by single crystal structures (see Fig. 5 below) indi-
cate that the originally expected complexation stoichiometry and
processes of H8 and H16 with OV2+ shown in Fig. 1 need to be
revised. As shown in Fig. 4a, the complexation of H8 for OV2+

involves the initial formation of the 1 : 1 complex, followed by the
binding of the second molecule of H8 to give the 2 : 1 complex
which, by binding the second OV2+, yields the 2 : 2 complex
(Fig. 4a). The 1 : 1, 2 : 1, and 2 : 2 complexes of H8 and OV2+

undergo rapid exchange as shown by the observation of only one
set of signals throughout the 1H NMR titration (Fig. 2a), making it
impossible to distinguish the complexes detected by ESI-TQF in
solution. Thus, the major species in solution might be the 1 : 1
complex, a possibility that is not supported by evidence frommass
spectrometry and X-ray structure, which clearly indicate the pres-
ence of the 2 : 2 complex.

In solution, the formation of the (H8 :OV2+) 2 : 1 complex from
the binding of the 1 : 1 complex with another molecule of H8 is
very likely accompanied by positive cooperativity that is promoted
by the favorable stacking interactions between the two molecules
of H8, along with additional C–H/O interactions in the 2 : 1
complex (H8)2$OV

2+. Such favorable (positive) binding
4762 | Chem. Sci., 2023, 14, 4759–4768
cooperativity was directly observed in the binding of macrocycle 1
(Fig. 1), which shares the same aromatic backbone withH8 orH16,
with OV2+. However, one OV2+ could only interact with about half
of the binding sites (amide carbonyls) in the cavity of H8 or its
dimer, which would lead to ineffective binding interaction.
Binding the secondOV2+ ion to the 2 : 1 complex (H8)2$OV

2+ to give
the 2 : 2 complex should be a negative cooperative process due to
the repulsion resulted from stuffing twoOV2+ ions into the cavity of
the H8 dimer. This unfavorable, negative cooperative process
offsets the favorable electrostatic and C–H/O interactions the
OV2+ ions experienced in the electronegative, strongly H-bonding
cavity of the H8 dimer, something that is also exhibited by H16.
Based on these considerations, in solution, the 2 : 2 complex is
more likely to be the major species.

The binding of H16 with OV2+ follows a clear stepwise path,
with the 1 : 1 and 1 : 2 complexes, and the unboundH16 and OV2+

undergoing slow exchange (Fig. 4b). The 1 : 1 complex exists as the
only host–guest species with up to 1 equiv. of OV2+, and the 1 : 2
complex as the only complex with >2 equiv. of OV2+.
Binding strength and thermodynamic parameters

The binding of OV2+ with H8 and H16 was then probed with
isothermal titration calorimetry (ITC) which, in addition to deter-
mining the association constants (K), also provides the corre-
sponding thermodynamic parameters including changes of
enthalpy (DH), entropy (DS), and free energy (DG) as shown in
Table 1. In MeOH/CHCl3 (3/7, v/v) at 35 °C, the ITC thermogram
(Fig. S4a(i)†) for the binding of H8 with OV2+ is consistent with
a 1 : 1 binding ratio, with an association constant over 106M−1 that
reects both the 1 : 1 and 2 : 2 bindingmodes. In the same solvent,
the complexation of H16 for OV2+ gives an association constant
(K1) over 10

8M−1 for the rst binding event, followed by that (K2) of
the second binding event that is three orders ofmagnitude smaller
than K1 (Fig. S4b†). The high affinity of the rst binding event
approaches the upper limit of ITC measurements, leading to K1
with a signicant error. In themore polar DMSO/CHCl3 (1/1, v/v) at
45 °C, the binding of H8 with OV2+ gives an apparent association
constant of ∼105 M−1 (Fig. S4(ii)†), while the affinities of H16 and
OV2+ are also reduced (Fig. S5†), with K1 over 10

7 M−1 and K2 over
104 M−1 that are in the range allowing accurate ITC
measurements.

For the complexation of H16 and OV2+, the much stronger rst
binding step compared to the second step precluded the deter-
mination of the binding parameters with one ITC titration.
Instead, in DMSO/CHCl3 (1/1), K1, along with DS1 and DH1, was
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Association constants, thermodynamic parameters and interaction factors (a), for the complexation of hostsH8 andH16 toward guests
OV2+ and TB2+ obtained from ITC experiments

Host Guest Solvent Temp. (°C) −DH (kcal mol−1) TDS (kcal mol−1) K (or K1, K2) (M
−1) Ktotal

b (M−2) aa

H8 OV2+ MeOH/CHCl3, (3/7, v/v) 35 8.2 � 0.1 1.3 � 0.1 (5.5 � 1.0) × 106 — —
H16 OV2+ MeOH/CHCl3, (3/7, v/v) 35 2.7 � 0.1 (DH1) 9.4 � 0.4 (DS1) (3.6 � 2.0) × 108 (K1) (1.7 � 1.1) × 1014 0.005

6.1 � 0.1 (DH2) 1.9 � 0.1 (DS2) (4.6 � 0.3) × 105 (K2)
H8 OV2+ DMSO/CHCl3, (1/1, v/v) 45 1.9 � 0.1 5.3 � 0.1 (1.0 � 0.1) × 105 — —
H16 OV2+ DMSO/CHCl3, (1/1, v/v) 45 9.1 � 0.1 (DH1) 1.8 � 0.2 (DS1) (3.2 � 0.6) × 107 (K1) (5.2 � 1.9) × 1011 0.002

4.6 � 0.1 (DH2) 1.6 � 0.1 (DS1) (1.6 � 0.3) × 104 (K2)
H16 TB2+ DMSO/CHCl3, (1/1, v/v) 45 13.0 � 0.1 1.9 � 0.5 (3.2 � 0.8) × 107 — —

a Interaction factor a = 4K2/K1. (a > 1: positive cooperativity; a < 1: negative cooperativity; a = 1 no cooperativity). b Ktotal = K1 × K2.
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obtained by rst titrating H16 (50 mM) with OV2+$PF6
− (0.5 mM)

(Fig. S5a†); the much smaller K2, along with DS2 and DH2, was
obtained by titrating the 1 : 1 mixture of H16 (3 mM) and
OV2+$PF6

− (3 mM) with OV2+$PF6
− (30 mM) (Fig. S5b†). The

binding ofH16 forOV2+, with its second binding event being three
orders of magnitude weaker than the rst one, gives interaction
factors a (ref. 47) of 0.005 inMeOH/CHCl3 (3/7) and 0.002 in DMSO/
CHCl3 (1/1). Such remarkable negative cooperativity47 reects the
unfavorable stuffing of the second OV2+ guest into the cavity of
H16. These observations demonstrate that the inner cavity of H16
offers a highly electronegative environment that not only over-
comes the repulsion between the two cationic guests but also
provides additional driving force for the formation of the 1 : 2
complex.

In MeOH/CHCl3 (3/7), the rst binding event of H16 and
OV2+ is entropically driven, which reects the desolvation of,
i.e., the release of methanol molecules from the cavity of H16
upon binding the rst OV2+. The second binding event is
enthalpically driven, due to the electrostatic attraction that
drives the binding of the second OV2+ to the desolvated cavity.
In contrast, in DMSO/CHCl3 (1/1), both rst and second binding
events of H16 and OV2+ are enthalpically driven. As an aprotic
solvent, DMSO is not able to effectively solvate the electroneg-
ative cavity of H16. The poorly solvated cavity of H16, with
multiple amide carbonyl groups as preorganized binding sites,
is amenable to accommodating the cationic guest via attractive
electrostatic interaction.

The dominant role played by electrostatic interaction is
veried by the binding of rodlike guest TB2+ which, like guest
OV2+, is rigid and carries two positive charges. ITC shows that
(Fig. S6†) in DMSO/CHCl3 (1/1), the 1 : 1 binding of H16 and
TB2+, with an association constant (K) over 107 M−1 that is the
same as that of binding the rst OV2+ with H16, is driven
predominantly by a favorable (negative) enthalpy change that
results from the strong electrostatic interaction between the two
positive charges of guest TB2+ and the negative cavity of H16
(Table 1). Unlike the pairwise binding of OV2+, the binding of
a second TB2+ ion with H16 was not observed. The bulkiness of
the two trimethylammonium groups and the small aromatic
surface of TB2+ are the most likely reasons that hinder the
cramming of two guests TB2+ inside the cavity of H16. Thus, by
performing structural tuning on the guest, the binding stoi-
chiometry involving host H16 can be adjusted and controlled.
© 2023 The Author(s). Published by the Royal Society of Chemistry
Binding selectivity probed with 1H NMR competition
experiments

To examine the binding selectivity of H16, the binding of H16 to
OV2+ in the presence of TB2+ and vice versa was compared with 1H
NMR titration experiments performed in DMSO-d6/CDCl3 (2/3, v/v)
at 45 °C. Titrating the 1 : 2 mixture ofH16 andOV2+(PF6−)2 with 0–
1.0 equiv. of TB2+(PF6−)2 failed to change the position of the bound
OV2+ ions, with the signal of aromatic protons of TB2+ remaining
the same as that of the free (unbound) TB2+ ion (Fig. S7a†). In
contrast, titrating the 1 : 1 mixture of H16 and TB2+(PF6−)2 with
0–3.0 equiv. of OV2+(PF6−)2 led to an upeld shi of the aromatic
proton signal of TB2+ (Fig. S7b†). With 2 equiv. of OV2+(PF6−)2, the
signal of theTB2+ ion is very close to the position of the signal given
by the free TB2+ ion. With 3 equiv. of OV2+(PF6−)2, the signal of the
TB2+ ion is at the same position of that of the free TB2+ ion. These
observations suggest that between OV2+ and TB2+, H16 shows
a clear preference for the former despite the higher entropic cost
for binding two OV2+ ions than binding one TB2+ ion.
Crystal structures of complexes (H8)2$(OV
2+)2 and

H16$(OV2+)2

Single crystals of the complexes of OV2+ with H8 and H16 were
obtained via liquid–liquid diffusion of methanol into a dichloro-
methane solution in an NMR tube, which revealed the existence of
the 2 : 2 complex (H8)2$(OV

2+)2 and 1 : 2 complex H16$(OV2+)2 in
the solid state, consistent with solution data. The structure of
complex (H8)2$(OV

2+)2 shows that the two molecules of H8 form
a double helix in which the two helical strands pair in an anti-
parallel orientation, i.e., the N end of one strand aligns with the C
end of the other strand, with the C ends of the two H8 molecules
being placed in the middle of the double helix. In each helix, the
phenyl ring of the terminal benzyl group engages in intra-
molecular edge-to-face interaction with the oligomide backbone.

The bipyridinium segments of the two OV2+ ions bind to the
cavity of the double helix (Fig. 5a, top) and engage in C–H/O
interactions involving 14 of the 16 aromatic C–H groups of the two
OV2+ ions and the amide carbonyls of H8, with an average H/O
distance of 2.45 Å. N+/O distances of 3.02, 3.20, 3.65, and 3.98 Å
are found between each of the pyridiniumN+ atoms and its nearest
amide carbonyl oxygen of H8, indicative of strong charge–dipole
interactions. To reduce the repulsion between the two OV2+ ions,
the two bipyridinium segments in the cavity of the double helix
Chem. Sci., 2023, 14, 4759–4768 | 4763
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Fig. 5 Crystal structures of (a) complex (H8)2$(OV2+)2 (top), along with
the twoOV2+ ions in the cavity of the double helix ofH8 (bottom) and, (b)
complex H16$(OV2+)2 (top), along with the twoOV2+ ions in the cavity of
helixH16 (bottom). The N+/N+ distances between the termini of the two
OV2+ ions in each complex are highlighted with red dashed lines. For
clarity, all side chains are replaced with methyl groups; the PF6

− coun-
terions and included solvent molecules are omitted.
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align in an offset way, with their long axes crossing over one
another with an angle of ∼27° and the N+/N+ distances between
the ends of the two bipyridinium units being 5.52 Å and 5.98 Å
4764 | Chem. Sci., 2023, 14, 4759–4768
(Fig. 5a, bottom). Two of the four pyridinium rings of theOV2+ ions
face each other with an average distance of ∼4.3 Å, indicative of
very weak, if any, stacking interaction.

Although double helices have been found in a number of
other oligoamides,48 the formation of a double helix shown with
oligoamideH8 is the rst example for this series of oligoamides.
The capability of oligoamides H2n to assemble in such a way
was unknown, which indicates the possibly similar behavior in
the absence or presence of guests.

Similar to that of OV2+ with H8, the binding of OV2+ to the
cavity of H16 is driven by C–H/O interactions involving 14 of
the 16 aromatic CH groups of the OV2+ ions and the amide
carbonyls of H16, with an average H/O distance of 2.39 Å that
is shorter than that (2.45 Å) in complex (H8)2$(OV

2+)2 (Fig. 5b,
top). N+/O distances of 2.97, 3.10, 3.12, and 4.30 Å, which are
overall shorter than those in complex (H8)2$(OV

2+)2, are found
between each of the pyridinium N+ atoms and its nearest amide
carbonyl oxygen of H16, indicative of charge–dipole interac-
tions that are stronger than those in complex (H8)2$(OV

2+)2.
Unlike the offset alignment of the bipyridinium segments of the
two OV2+ ions in the cavity of double helix (H8)2, the bipyr-
idinium segments in the cavity of H16 slide much less along
their long axes and show a larger extent of overlap. The two
aligned cationic rods have their four aromatic rings being
partially stacked with an average stacking distance of 4.0 Å,
indicating weak but noticeable stacking interaction (Fig. 5b,
bottom). To avoid the N+ atoms directly facing one another, the
bipyridinium segments cross over one another, with an angle of
∼42° between their long axes. The N+/N+ distances of 4.31 and
4.43 Å between the ends of the two bipyridinium units are much
shorter than those than in complex (H8)2$(OV

2+)2. This
arrangement would explain the negative cooperativity between
the rst and second OV2+ binding events.

The crystal structures of complexes (H8)2$(OV
2+)2 and

H16$(OV2+)2 reveal that the two guests OV2+ in each complex
adjust their alignment to optimize their interaction with each
host. Compared to that in complexes (H8)2$(OV

2+)2, the
cationic segments of OV2+ ions in complex H16$(OV2+)2, being
conned in the more compact cavity of H16, have their ends
being placed more closely as shown by shorter N+/N+

distances, leading to a quadruply charged, shorter dimer that
engages in stronger interactions with the host as shown by the
shorter C–H/O and N+/O distances. Additional insights into
this unique host–guest system are gained by comparing the
crystal structure of H16 alone45 with that in complex
H16$(OV2+)2, which indicates that the helical host ne-tunes
its folded structure upon binding OV2+. Compared to the ∼9
Å diameter of the cavity of helix H16 alone,45 the cavity diam-
eter of helix H16 in complex H16$(OV2+)2 increases to over 9.5
Å, presumably to better match the size of the bound OV2+

dimer. Such host–guest mutual adaption is made possible by
the self-assembling nature of the dimeric guest and the limited
conformational exibility of the host, leading to enhanced
host–guest interaction shown by the high binding affinities of
H16 for OV2+ and TB2+.

Thus, by overcoming the otherwise strong electrostatic repul-
sion between guests OV2+, the electronegative cavities of double
© 2023 The Author(s). Published by the Royal Society of Chemistry
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helix (H8)2 and helix H16 are able to bind a pair of guest OV2+ in
high affinity. The pairwise binding of the dicationic guests shown
by H8 and H16 is precedented by few known host–guest systems.
In fact, few hosts are known to allow two or more viologen-based
guests, i.e., four or more positive charges, to be placed in close
proximity in the same cavity. Cucurbit[8]uril (CB[8]), although
having a cavity large enough to accommodate two molecules or
ions with sizes comparable to that of the bipyridinium segment of
viologens, was reported to form a 1 : 1 complex with methyl
viologen (MV2+). The complexation of one CB[8] for twoMV2+ ions
and similar guests has not been realized, presumably because of
the strong electrostatic repulsion between the two dicationic
guests in the cavity.49 To the best of our knowledge, the only
known 1 : 2 complexes having a dimer of a viologen-based guest
residing in the cavity of a host were reported by Chen et al.50 With
the binding affinities being presented as “average association
constants” (Kav) of∼103 M−1 in CD3CN/CDCl3 (1/1, v/v), these 1 : 2
complexes involve a host based on a triptycene-based macrotri-
cycle that provides a partially rigid binding cavity deeper than
those of common macrocycles. The guests are viologens carrying
b-hydroxyethyl or g-hydroxypropyl end chains. In this system, the
terminal hydroxyl groups of these guests seemed to play a critical
role in driving the formation of the 1 : 2 complex since other
guests based on dialkyl viologens could only form 1 : 1 complexes
with this host.
Fig. 6 Partial NOESY spectra (500 MHz, mix time: 500 ms) of H8 (5
mM) and OV2+$(PF6

−)2 (5 mM) in DMSO-d6/CDCl3 (7/3, v/v) recorded
at 45 °C reveal NOEs between (a) protons a and b ofOV2+ and protons
b2 through b8 of H8, (b) protons m ofOV2+ and protons b2 through b8
of H8, and (c) protons d and b2, and protons d and b. (d) Illustration of
the 2 : 2 complex of H8 and OV2+, with the major NOEs between the
internal aromatic protons b1 through b8 ofH8 and protons a (shown in
yellow) and b (shown in green) of OV2+ being indicated with double-
headed arrows.
Solution structures of the complexes probed with two-
dimensional NMR spectroscopy

As revealed by 1D 1H NMR spectroscopy, ITC measurements,
and X-ray crystallography, the binding of guest OV2+ with oli-
goamides H8 and H16 leads to 2 : 2 complex(H8)2$(OV

2+)2 and
1 : 2 complex H16$(OV2+)2, respectively. With the assignment of
1D 1H NMR spectra being assisted by COSY and NOESY spectra,
the solution structures of these complexes were revealed with
two-dimensional (NOESY) 1H NMR experiments.

Fig. 6 shows the partial NOESY spectra of H8 and OV2+ (1 : 1)
recorded in DMSO-d6/CDCl3 (7/3, v/v) at 45 °C. Strong NOEs
between aromatic protons b2 through b8 of H8 and aromatic
protons a and b (Fig. 6a), and methylene protons m (Fig. 6b) of
OV2+, are revealed. NOEs between protons b1 and a, b, and m are
also detected (Fig. S8†). In contrast, no NOE is observed between
protons a, b, or m of OV2+ and aromatic protons c1–c8, i.e., the
“exterior” protons of H8. These observations demonstrate that the
OV2+ ions reside in the cavity of the double helix. A NOE between
protons d of H8 and proton b2 conrms that H8 remains folded
when binding guestsOV2+ (Fig. 6c). Another NOE involving protons
d and b is also noticed (Fig. 6c), while no NOE can be found
between protons d and a, which suggests that the twomolecules of
H8 have their C-termini placed in the interior and their N-termini
located at the two ends of double helix (H8)2. This observation is
consistent with what is revealed by the crystal structure of complex
(H8)2$(OV

2+)2, i.e., in solution, the two molecules of H8 constitute
a double helix with an average C2 symmetry in which the C-
terminal residues are placed near each other (Fig. 6d).

The backbone of H16 follows an N-to-C direction, leading to
an unsymmetrical cavity for helix H16. Upon binding with H16,
© 2023 The Author(s). Published by the Royal Society of Chemistry Chem. Sci., 2023, 14, 4759–4768 | 4765
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the two groups of otherwise equivalent aromatic protons of
OV2+ give four discrete 1H NMR peaks, suggesting that the two
OV2+ ions in the cavity of H16 are desymmetrized. Likewise,
protons m, i.e., those of the methylene groups directly attached
to the N+ atoms of OV2+, also give multiple signals. Assisted by
COSY and NOESY spectra, the aromatic protons of OV2+ corre-
sponding to the four 1H NMR signals are labeled as a, b, g, and
d. Four 1H resonances can be attributed to methylene protons m
of OV2+, which is due to the desymmetrization of the bound
OV2+ ions and the methylene protons being diastereotopic in
a helical cavity. The methylene protons corresponding to these
four resonances are labeled as m1, m1′, m2, and m2′. The two
halves of the desymmetrized OV2+ ion are dened by protons a,
b, and m1/m1′, and protons g, d and m2/m2′, respectively.

The NOESY spectrum of H16 and OV2+ (1 : 2) recorded in
DMSO-d6/CDCl3 (4/6, v/v) at 45 °C reveals different NOEs
between aromatic protons b1 (Fig. S9†), b2 through b16 of H16
and protons a, d (Fig. 7a), b, g (Fig. 7b), and m1/m1′, m2/m2′

(Fig. 7c) of OV2+. Strong NOEs are found between protons a and
protons b2, b3, b4, b5, b6, and b7 (Fig. 7a) and b1 (Fig. S9†) that
Fig. 7 Partial NOESY spectra (500 MHz, mixing time: 500 ms) of H16
(3 mM) and OV2+$(PF6

−)2 (6 mM) recorded in DMSO-d6:CDCl3 (4/6, v/
v) at 45 °C reveal NOEs between protons b2 through b16 of H16 and
protons (a) a and d, (b) b or g, and (c) m1/m1′ and m2/m2′ of OV2+. (d)
Illustration of the 1 : 2 complex of H16 and OV2+, with the major NOEs
between the internal aromatic protons b1 through b16 of H16 and
protons a and d of OV2+ being indicated with double-headed arrows.

4766 | Chem. Sci., 2023, 14, 4759–4768
belong to the N-terminal half of H16. The intensities of NOEs
involving protons a and protons b8 to b14 follow a descending
order, with no NOEs being detected between protons a and
protons b15 or b16. Compared to protons a, protons d exhibit
the opposite trend in the strength of their NOEs with aromatic
protons b1–b16 of H16 (Fig. 7a). Strong NOEs are found
between protons d and protons b9 through b16 that belong to
the C-terminal half of H16, with NOEs involving protons
d decreasing consecutively from protons b8 to b3, and dis-
appearing with protons b2 (Fig. 7a) and b1 (Fig. S9†). The NOEs
observed between protons a and d of OV2+, and protons b1
through b16, along with the absence of NOE between the
aromatic protons of OV2+ and protons c1–c16 of H16 suggest
that, similar to what is revealed by the crystal structure of
complexH16$(OV2+)2, in solution, the two OV2+ ions are aligned
along the long axis of the cylindrical cavity of helix H16.

In addition to NOEs between the aromatic protons of guests
OV2+ and those of H16, methylene protons m also show NOE
contacts that corroborate the solution structure of complex
H16$(OV2+)2. Protons m1/m1′ have obvious NOE contacts with
protons b1 (Fig. S9†) and b2–b7 (Fig. 7c), while NOEs between
protons m2/m2′ and protons b10–b16 are noticeable (Fig. 7c),
which indicate that protons m1/m1′ and m2/m2′ are placed near
the N- and C-termini of H16, respectively.

Therefore, the two ends of the OV2+ ion, as represented by
protons a and m1/m1′, and d and m2/m2′, are placed near the N- and
C-termini, respectively, ofH16. In such a complex, protons b and g

of OV2+ must be placed near the middle of helix H16. Indeed,
protons b and g have NOE contacts of similar strength with the
most internal aromatic protons b of H16 (Fig. 7b). The absence of
NOE between protons b and protons b15 and b16, and between
protons g and protons b2 and b16 (Fig. 7b) provides additional
evidence supporting the alignment of theOV2+ ions in the cavity of
helix H16 in solution (Fig. 7d).

The NOESY spectrum clearly demonstrates the binding of
H16 and guest TB2+ (Fig. S10†). Strong NOEs between protons
b1 through b16 of H16, and aromatic protons a and methylene
protons m of TB2+ are detected, conrming that the cationic
guest resides in the cavity of H16.

Conclusions

Aromatic oligoamides H8 and H16 fold into hollow helices with
rigid (yet capable of slight induced-t adjustments) electronegative
cavities that strongly bind rodlike dicationic guests OV2+ and TB2+.
The 8-residue H8, a helix of ∼1.2 turns, assembles into double
helix (H8)2 with a cavity capable of accommodating two OV2+ ions
that align in an offset fashion. The resultant 2 : 2 complex,
(H8)2$(OV

2+)2 undergoes rapid exchange with the unbound host
and guest. The 16-residue H16, which can be regarded as a cova-
lent dimer of H8, serves as a unimolecular host with a 3D cavity
that strongly binds guestOV2+. The high stabilities of the resultant
1 : 1 complex H16$OV2+ and 1 : 2 complex H16$(OV2+)2 are re-
ected by the slow exchange on the 1H NMR time scale between
the complexes and the unbound host and guest. The strong
binding of H16 for OV2+ is conrmed by ITC. The extraordinary
affinity of H16 for the rst OV2+ ion and much weaker yet
© 2023 The Author(s). Published by the Royal Society of Chemistry
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signicant binding for the second OV2+ ion point to highly nega-
tive cooperativity. In contrast, helixH16 binds only one bulky guest
TB2+ with the same affinity as that of H16 with the rst OV2+ ion,
indicating that binding stoichiometry can be adjusted by tuning
the structure (bulkiness) of the guest.

X-ray crystallography provides atomic details for complexes
(H8)2$(OV

2+)2 and H16$(OV2+)2, which reveals the mutual
adaption of the helical hosts and the dimeric guest. Double
helix (H8)2 provides a cavity that fully accommodates the two
OV2+ ions. The crystal structure of complex H16$(OV2+)2 reveals
that the two bound OV2+ ions undergo more compact alignment
than those in (H8)2$(OV

2+)2, perhaps to better match the cavity
of helixH16. In comparison to that of helixH16 alone, the cavity
of H16 in complex H16$(OV2+)2 is slightly enlarged to better
accommodate the two OV2+ ions.

In solution, the binding of OV2+ ions in the cavity of double
helix (H8)2 or helix H16, the head-on alignment of H8 in duplex
(H8)2, and the desymmetrization of the otherwise symmetrical
guest OV2+ in the cavity of H16 are clearly demonstrated by two-
dimensional (NOESY) 1H NMR spectra. The binding of H16 and
guest TB2+ in solution is also been conrmed by the NOESY
spectrum.

Complexes (H8)2$(OV
2+)2, H16$(OV2+)2 and H16$TB2+ are

hitherto unknown double and single helical, [2]-, [3]-, and [4]
pseudo-foldaxanes40 featuring two and one axle components,
respectively, with exceptional stabilities and a high degree of
sophistication found with few rotaxanes and pseudo-rotaxanes.
The observed tunability in binding stoichiometry is unusual
among host–guest complexes. The presence of the discrete
complex H16$(OV2+)2 demonstrates that hollow helices, as high-
affinity hosts with 3D binding pockets, lead to host–guest
complexes with signicantly enhanced stability. The selective
binding ofH16 for theOV2+ ion indicates that this host is capable
of achieving optimum interactions despite the entropically
unfavorable nature of the complexation. The resultant pseudo-
foldaxanes, with foldaxane-like stability, are formed by simple
mixing of the molecular components. By being able to tailor the
size (length) and/or shape of guests, hollow helices, with their
ready synthetic tunability, are new hosts that are uniquely
different from hosts based on most macrocycles, resulting in
host–guest complexes with adjustable sizes, stability, and binding
stoichiometry. A largely unexplored aspect of our hollow helices
involves the inherent chirality of these molecules. Resolving the
racemic helices into optically pure le- and right-handed helices
will also open a wide door allowing the exploration of a variety of
chiral molecular recognition and transport processes.
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