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Cavity-Containing Aromatic Oligoamide Foldamers and 
Macrocycles: Progress and Future Perspectives†
Thomas A. Sobiech,a Yulong Zhonga and Bing Gong*a

As a major class of foldamers, aromatic oligoamide foldamers have attracted intense interest. The rigidity of aromatic 
residues and amide linkages allows the development of foldamers with readily predictable, stable conformations. Aromatic 
oligoamide foldamers having backbones fully constrained by intramolecular hydrogen bonds have attracted wide attention. 
Depending on their lengths, such foldamers adopt crescent or helical conformations with highly negative inner cavities. 
Cyclizing the backbone of the aromatic oligoamides afford the corresponding macrocycles which are featured by persistent 
shapes and non-deformable inner cavities. With their defined, inner cavities, such aromatic oligoamide foldamers and 
macrocycles have served as hosts for cationic and polar guests, and as transmembrane channels for transporting ions and 
molecules. Recent synthetic progress resulted in the construction of multi-turn hollow helices that offer three-dimensional 
inner pores with adjustable depth. Reducing the number of backbone-constraining hydrogen bonds leads to oligoamides 
which, with their partially constrained backbones, undergo either solvent- or guest-dependent folding. One class of such 
aromatic olgioamide foldamders, which offer multiple backbone amide NH groups as hydrogen-bond donors, are designed 
to bind anions with adjustable affinities.

1. Introduction
Protein folding involves a multitude of non-covalent 
interactions that work synergistically to yield complex 
structures with innumerable functionality.1 Although elaborate, 
proteins are composed of comparatively simple building blocks. 
This realization prompted chemists to explore alternative 
building blocks for the creation of new folded structures. Since

a. Department of Chemistry, University at Buffalo, the State University of New York, 
Buffalo, NY 14260, USA

† This work is dedicated to Professor David G. Lynn in celebration of his 70th 
birthday

Gellman and Seebach published their work on β-peptides in the 
mid-1990s,2 many foldamers have become known.3

A diverse range of approaches has been adopted for the 
development of foldamers by taking advantage of non-covalent 
interactions such as hydrogen bonding, ionic, aromatic stacking, 
ion-dipole, solvophobic, and halogen bonding interactions. 
Foldmers can be roughly grouped into those having 
peptidomimetic2,4 and abiotic5 backbones.

Aromatic oligoamide foldamers, which can be regarded as 
being both peptidomimetic and abiotic, are a unique class of 
foldamers featuring rigid backbones and well-defined, stably 
folded conformations.6 The seminal work of Hamilton 
demonstrated that aromatic oligoamides with intramolecular

Thomas Sobiech graduated from 
the State University of New York at 
Oswego in 2017 with a Bachelor of 
Science in biochemistry. He is 
currently a PhD candidate at the 
University at Buffalo under the 
direction of Professor Bing Gong. 
His research has focused on the 
synthesis and characterization of 
aromatic oligoamide foldamers and 
macrocycles, with an emphasis on 
developing host-guest systems with 
high binding affinity and strong 
positive cooperativity.

Yulong Zhong received his PhD 
degree in organic chemistry from 
Beijing Normal University, Beijing, 
China, in 2016. He then joined 
Professor Bing Gong’s group at the 
State University of New York at 
Buffalo as a postdoctoral associate. 
As a research scientist, he is 
currently focusing on the synthesis 
and study of multiturn helical 
aromatic oligoamides as novel hosts 
for guest binding and as 
transmembrane channels for ion 
and molecular transport.

Page 1 of 16 Organic & Biomolecular Chemistry



Please do not adjust margins

Please do not adjust margins

ARTICLE Journal Name

hydrogen bonds being introduced between adjacent residues
could adopt folded conformations in the solid state.7

Our group proposed and created cavity-containing or hollow 
aromatic oligoamide foldamers with backbones fully 
constrained by intramolecular three-center hydrogen bonds 
with extraordinary stability.8 The basic units of our foldamers 
are exemplified by amides 1 and 2 which adopt nearly planar 
crescent conformations enforced by the three-center hydrogen 
bond(s) composed of S(5)- and S(6)-type9 intramolecularly 
hydrogen-bonded rings. Aromatic oligoamides with partially 
constrained backbones are also possible through the 
incorporation of two-center intramolecular hydrogen-bonds 
along the backbone,10 with the basic units of such oligoamides 
being illustrated by amides 3 and 4. Additional hydrogen 
bonded scaffolds have been developed with the intramolecular 
interactions occurring on the interior of the oligomer (amides 5- 
8). These eight scaffolds enable a diverse range of aromatic 
oligoamides to fold by following the same principle, i.e., 
backbone-constraining with highly favorable, localized 
intramolecular hydrogen bonds (Fig. 1).

Fig. 2 General structures of oligoamides a symmetrical backbone consisting of a central 
diacid 9 or anhydride 10 residue (blue) and two identical groups. Reprinted with 
permission from ref. 16 and 23. Copyright 2020 American Chemical Society.

2. Crescent and Helical Foldamers with 
Constrained Aromatic Oligoamide Backbones
2.1. The Creation of Multiturn Helices

In 2000, we reported folding oligomers consisting of 5-amino-2, 
4-dialkoxybenzoic acid residues as shown by general structure
1.14 The aromatic amide backbone of such an oligomer is 
constrained by highly stable intramolecular hydrogen bonds. 
The rigidity of the amide linkages and the meta-linked aromatic 
rings, along with the restricted rotation of the aryl-amide single 
bonds, imparts curvature to the aromatic backbone, leading to 
folded conformations containing electrostatically negative 
cavities with multiple convergently placed carbonyl oxygens. 
Oligoamides with an unsymmetrical backbone having a N-to-C 
direction and up to eight residues could be synthesized via 
stepwise amide coupling. Symmetrical oligoamides 9 with up to 
nine residues were also synthesized through a convergent route 
by coupling two amino-terminated short oligomer precursors 
with a central diacid unit (Fig. 2).15 A similar approach was taken 
by Huc who synthesized impressively long oligomers with 
quinoline-based aromatic oligoamide backbones through 
segment doubling using an anhydride linker (Fig. 2, anhydride 
10).16 This strategy enabled the synthesis of a 96mer via 
condensation of two 42mer amino fragments. The crystal 
structure of a representative 48mer anhydride is seen below 
(Fig. 3)

Fig. 1 Various hydrogen bonding scaffolds discussed in this review.

An incredible amount of variety is possible through the 
incorporation of these eight basic backbones in the 
development of foldamers and macrocycles. These building 
blocks enable the fine tuning of cavity size, length, and 
electronics. Preorganization and rigidification lead to the highly 
efficient synthesis of macrocycles with fundamentally new 
properties as hosts for various guest molecules as well as self- 
assembled superstructures. These non-covalently programmed 
structures are continuously being developed and refined and 
here we present some of the most recent (and historical) 
advancements in their construction and application.

Fig. 3 Crystal structure of a 48-residue anhydride (FW = 11.7 kDa) prepared by Huc. Ref 
16.

Within our system, attempts to synthesize longer 
oligoamides were met with increasingly poor yields as chain 
length extended, hypothesized to be due to steric hindrance 
arising from the stably folded conformations which shield 
reactive sites. We attempted to avoid steric hindrance via 
replacing each backbone amide hydrogen with a 2, 4- 
dimethyoxybenzyl (DMB) group, the folding of these oligomers 
was  temporarily  disrupted,  enabling  the  synthesis  of

2 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx
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symmetrical oligoamides with up to fifteen residues.17 

Removing the DMB-groups under acidic conditions restored the 
three-center hydrogen bond, which reestablished the folded 
structure.

Research done by the Huc group implemented solid phase 
synthesis (SPS) in an attempt to streamline the synthetic 
process for aromatic oligoamides (specifically, quinoline 
oligoamides).18 SPS enables high throughput screening of 
foldamers composed of a variety of different building blocks for 
molecular recognition, materials, and biological relevance, 
analogous to traditional SPS for natural peptides. Their SPS 
procedure found low-loading Wang resin (to avoid steric 
hindrance of neighboring folded oligomers) and the activation 
of acids via the in-situ generation of acid chloride and 
microwave irradiation (due to the poor nucleophilicity of the 
aromatic amine) to be crucial for efficient coupling. This 
methodology was found to be highly effective in the synthesis 
of hybrid oligomers consisting of quinoline oligoamides and 
natural α-amino acids, paving the way for new biologically 
relevant applications.19

Fig. 4 GPC analysis of copolymers prepared by Kilbinger. Ref 21

Efforts to synthesize continuous multiturn aromatic 
oligoamides with discrete lengths still proved to be challenging 
which led researchers to explore polymerization strategies to 
achieve this goal. In attempts to synthesize oligomers with 
lengths that could match the thickness of lipid bilayers (25 to 40 
Å) we reported the synthesis of polyamides in 2012.20 These 
polyamides consisted of partially rigidified backbones with 
general structure 3. Polyamides of up to roughly 18 turns were 
determined by GPC with narrow length distributions. Kilbinger 
and coworkers were successful in the synthesis of a variety of 
polyamides through controlled, living polymerization.21 This 
versatile method afforded a plethora of polyamides (including 
diblock copolymers and triblock tripolymers) with impressively 
narrow dispersity (Fig. 4).

Recent screening by Zeng has found the most efficient 
amide coupling reagents for the synthesis of multiturn cavity 
containing aromatic polyamides composed of alternating 
pyridine-pyridone building blocks, amide 11 (Fig. 5).22 They 
found that the coupling reagent PyBOP lead to the efficient 
formation of polyamides capable of spanning the lipid bilayer 
with channel lengths of 3.4 nm. These channels due to their 
tight inward pointing intramolecular hydrogen bonding possess 
narrow cavity diameters of 3 Å. Interestingly, these cavities 
were found to be excellent artificial proton transporters with 
rates 1.2 and 11 times faster than gramicidin A and M2 
channels, respectively. This transport also took place with 
exceptional selectivity for protons over Cl-, Na+ and K+ ions.

Fig. 5 Hybrid pyridine-pyridone polyamides. a) One-pot synthesis of polyamides using a 
variety of different coupling reagents. b) Inward facing hydrogen-bonded backbone c) 
Computed structures for multiturn helices. Ref 22.

We have made major recent progress in synthesizing longer 
oligoamides of defined lengths. In 2020, we reported the 
synthesis of oligoamides that fold into multi-turn helices (Fig. 
6).23 The longest oligomer obtained was 24mer 12i. The crystal 
structure of 16mer 12g was determined, revealing a compact 
helix of over 2.5 turns. Optimization of protecting groups, 
coupling conditions and purification methods enabled the 
synthesis of these longer oligomers.

Fig. 6 Series of continuous backbone aromatic oligoamides synthesized ranging from 
dimer (12a) to 24mer (12i).

The synthesis of this series of oligoamides involved 
removing the N-terminal Cbz group or the C-terminal t-butyl 
group of dimer 12a, affording the corresponding dimer amine 
and dimer acid which were coupled by treating with HBTU in the 
presence of N,N-diisopropylethylamine (DIEA) in CH2Cl2 to give 
tetramer 12b. Repeating these cycles of deprotection and 
coupling afforded longer oligomers 12c – 12i in good yields. The 
coupling steps proceeded with similar efficiency regardless of 
the fragment being coupled, i.e., the coupling of dimer, 
tetramer or octamer amines to the growing oligomer acid gave 
similar yields.

Detailed structural studies using 2D NMR enabled the 
unambiguous  assignment  of  each  individual  residue  for

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3
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oligoamides 12d – 12i.23 In the mixed solvent DMSO-d6/CDCl3, 
numerous NOE contacts were observed between amide or 
aromatic protons of residues 6-7 units apart, confirming that 
these helices are remarkably stable and compact even in a polar 
solvent (Fig. 7).

Fig. 7 Conformation of 20mer 12h drawn based on energy-minimized helical structure, 
supported by NOEs (red arrows) revealed by the NOESY spectrum of 12h. Reprinted with 
permission from ref. 23. Copyright 2020 American Chemical Society.

capsules with sequence dependent intermolecular interactions 
as well as defined cavity volumes were found to recognize chiral 
organic acids and monosaccharides with modest binding affinity 
as well as selectivity.

Huc demonstrated the power of his structure-based 
iterative evolution approach for foldamer sequences through 
the successful synthesis of a fructose specific molecular 
capsule.25 A monomer library (Fig. 9) is used in the construction 
of a first-generation receptor which is screened and further 
modified to enhance size-shape complementarity as well as 
favorable sequence dependent hydrogen bonding interactions. 
Viable foldamer sequences were improved through additions, 
mutations, and deletions to yield a highly selective fructose 
receptor. These efforts afforded a capsule with binding affinity 
300 times better for fructose than mannose, which is highly 
challenging. This process incorporated a variety of methods 
including computational modeling, detailed crystal structure 
analysis as well as one- and two-dimensional solution state 
NMR studies.

Single crystals of 16mer 12g were obtained via slow liquid- 
liquid diffusion, which led to the determination of the first 
crystal structure of a multiturn helical oligoamide of this series 
(Fig. 8).23 The structure of 12g reveals a compact helix having 6.6 
residues per turn, a helical pitch of 3.4 Å and an inner cavity of
~9 Å across. A sodium ion solvated by water and methanol 
molecules resides at the center of the helix, suggesting the inner 
pores of our helical oligoamides are amenable to 
accommodating cations and polar molecules. In work yet to be 
published we have found that the electronegative pockets of 
these folding oligoamides exhibit extraordinary binding 
affinities for bipyridinium-based cationic guests.

Fig. 8 Top and side views of the crystal structure of 16mer 7g. Reprinted with permission 
from ref. 23. Copyright 2020 American Chemical Society.

Oligoamides 12g – 12h have cylindrical inner cavities. 
However interesting work by Huc has been geared towards the 
synthesis of nonuniform folded capsules24 offering unique 
features for molecular recognition such as complete 
encapsulation, exclusion of solvent as well as slow dissociation 
kinetics, making these folding oligoamides viable candidates in 
sensors and drug delivery. These capsules are constructed from 
a variety of unique monomer building blocks with differing 
lengths and non-covalent interactions. The assembly of this 
monomer library enables the fine tuning of helical diameter 
within the folded structure. The rational design of helical

Fig. 9 Host-Guest components used in the construction of a selective fructose capsule.
(a) Kinetics detailing slow guest capsule encapsulation. (b) Monomer library. (c) 
Monosaccharide guests. Ref 25.

2.2. Self-Association of Short Aromatic Oligoamides

Inter-turn aromatic stacking interactions play an important role 
in stabilizing multi-turn helices, resulting in compact helical 
conformations. With relatively large and flat aromatic and 
amide surfaces, these oligoamides may also engage in strong 
intermolecular interactions enabling the formation of higher 
order aggregates. We investigated the role oligomer length, 
solvent  and  temperature  played  in  the  intermolecular

4 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx
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interactions of a series of short crescent aromatic oligoamides 
(Fig. 10).26

Fig. 10 Short continuous backbone aromatic oligoamides used for detailed aggregation 
study. Reprinted with permission from ref. 26. Copyright 2018 American Chemical 
Society.

The 1H NMR spectra of oligoamides 13 – 14 in CDCl3 

showed that amides 13 and 14a displayed sharp signals, 
tetraamide 14b exhibited slightly broadened signals with the 
longer 14c and 14d giving the most severely broadened signals. 
The broadening of 1H NMR signal was presumably due to 
restricted molecular motion of oligoamide molecules 
constituting the aggregates. The correlation of aggregation with 
oligomer length was probed by using fluorescence 
spectroscopy. A non-linear increase in emission intensity at 438 
nm was observed with increasing oligomer length, with dimer 
14a showing no fluorescence emission (Fig 11a). The emission 
bands were found to be broad and featureless, indicative of 
excimer-like emission typical of π-stacked aggregates. With 
increasing length, these crescently-shaped oligoamides provide 
increasing overall surface area, resulting in enhanced self- 
association. For oligoamides bearing six or more residues, 
strong stacking interactions become apparent.

Fig. 11 Emission spectra of (a) oligoamides 9a-9d (10 μM) in CHCl3 and (b) hexamer 9c 
(10 μM) in various solvents. Reprinted with permission from ref. 26. Copyright 2018 
American Chemical Society.

The sharpening of NMR signals along with fluorescence 
quenching was observed upon the addition of polar solvents 
such as DMSO, DMF, MeOH, and MeCN. The polarity as well as 
the hydrogen-bonding capability of the solvent appears to be 
the dominant factor in dissipating the aggregation. The ability 
of a solvent to dissociate the aggregates was initially believed to 
be correlated with its dielectric constant. However, we found 
that the hydrogen-bond donating potential of a solvent may be 
a more accurate predictor for its ability to disrupt aggregation. 
For instance, the emission intensities of oligoamides 14c and 
14d are much lower in the less polar solvent system 
CH3OH/CHCl3 (1/1, v/v, ε = 19) than in CH3CN/CHCl3 (4/1, v/v, ε
= 31) (Fig. 11b). Solvents with larger dielectric constants can 
engage in dipole-dipole interactions most likely with the polar 
aromatic amide backbones, whereas solvents with good 
hydrogen-bond donating capabilities can participate in multiple

hydrogen bonds with the acceptor oxygen atoms of the amide 
groups and the ether sidechains of the oligoamides.

Variable-temperature fluorescence studies demonstrated 
that the aggregation/deaggregation process may proceed 
cooperatively. As the temperature was increased the emission 
intensity was found to decrease significantly. In solvents such as 
MeCN/CHCl3 (4/1) in which the aggregation was significantly 
weakened, a sigmoidal curve was obtained by plotting the 
emission intensity versus temperature. This observation 
indicated that the self-assembly of these oligomers proceeds 
cooperatively, with an abrupt transition from an aggregated to 
an unaggregated state.

Previously mentioned aromatic oligoamides aggregate 
through aromatic stacking interactions promoted in non-polar 
solvents, which may result in extended columnar assemblies. In 
an effort to guide directional assembly Li and coworkers 
modified general structure 2 with halogen containing functional 
groups for intermolecular halogen bonding interactions.27 In the 
solid state these short oligoamide fragments were found to 
form helical arrangements which further associated to form 
double and even quadrupole helixes. This clever approach could 
facilitate the development of new self-assembled cavity 
containing aromatic oligoamides.

Fig. 12 Molecular design and representative crystal structures of aquafoldamer-based 
artificial water channels developed by Zeng. (a) “Stick end” approach for the self- 
assembly of 1D nanotubes using short oligomers. (b) and (c) Chemical and crystal 
structures of monomers and self-assembled channels with various solvent molecules 
encapsulated. Ref 28

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 5
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Short disk-like aromatic oligoamides (15a and 15b) which 
contain inward pointing three-center hydrogen bonding 
interactions were designed with “sticky ends” for favorable 
directional assembly by Zeng and coworkers (Fig. 12).28 These 
helical assemblies with their narrow inner cavities (2.8 Å) with 
favorable hydrogen bonding interactions were found to act as 
highly efficient synthetic water channels. These 
“aquafoldamers” rivaled natural aquaporins with high water 
transport of ~3 x 109 H2O S-1 channel-1. These channels also 
exhibited high selectivity for water with rejection of NaCl and 
KCl salts.

Fig. 13 Wilson’s general approach for the construction of a functional protein- 
proteomimetic complex. (a) Replacement strategy of a non-covalent peptide protein 
segment with a proteomimetic sequence. (b) General acid-base catalysis of RNA 
hydrolysis. (c) X-Ray crystal structure of bovine ribonuclease A (green). (d) X-ray crystal 
structure of bovine ribonuclease S-protein (green)/S-peptide (cyan) complex highlighting 
key catalytic residues. (e) chemical structure of an oligoamide foldamer designed to 
mimic a-helices. (f) S-peptide a-helix illustrating the side-chains. (g) molecular model of 
the oligoamide foldamer. (h) overlay of the a-helix and the foldamer. Ref 30

2.3. Biological Application of Aromatic Oligoamide Foldamers

The incorporation of aromatic oligoamide foldamers in 
biological applications has been a major focus in recent years. 
Short aromatic oligoamides have been developed by Wilson to 
mimic α-helices (Fig 13e). These short sequences are 
structurally defined and have tunable sidechains.29 Wilson 
demonstrated that these short oligomers could interact with 
large protein structures and can even restore catalytic function

to an RNase (responsible for RNA degradation) (Fig. 13).30 They 
studied this by removing a catalytically active small peptide 
known as the S-peptide from RNase S. The S-peptide interacts 
with the RNase protein via a small cleft and contains one of the 
active histidine residues responsible for acid-base hydrolysis of 
the phosphodiester linkage in RNA. Their small oligoamide 
mimics the S-peptide with an active imidazole sidechain and 
was found to restore catalytic activity in the S-peptide deficient 
RNase. These findings demonstrate that significant portions of 
proteins could be replaced by abiotic foldamers, opening the 
door to new research in foldamer based therapeutics and 
sensors.

Fig. 14 (a) Cartoon depiction of the translation of amino-acid residues modified with 
aromatic oligoamide foldamers by the ribosome both at the N-terminus (left) and within 
the growing peptide sequence (right). (b) Aromatic oligoamide monomers attached to a 
modified phenylalanine residue which is further incorporated onto tRNA via flexizyme 
activity. Ref 33.

Other research has focused on the possibility for biological 
systems to accept and even incorporate abiotic residues into 
their natural sequences. Research by Suga found that non-

6 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx
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natural amino acids could be incorporated into tRNAs via 
flexizymes, which enables them to be processed via the 
ribosome.31 Huc and Suga together reported the incorporation 
of aromatic oligoamides consisting of quinoline and pyridine 
residues into peptide sequences using this approach (Fig. 14).32 

Initially, it was found that these foldamer-peptide hybrids could 
only incorporate unnatural residues as the final residue during 
translation.33 However, recently they demonstrated the ability 
to incorporate these unnatural monomers into the center of the 
growing peptide.

Fig. 15 General structures of aromatic oligoamide macrocycles discussed in this work.

These unnatural monomers were first incorporated onto the 
sidechain of a 4-(aminomethyl)-L-α-phenylalanine residue 
(Amf) which is capable of being recognized by the flexizyme. It 
was previously thought that the bulky Q building block would 
impose too much steric strain onto the peptide due to the 
rigidity of the quinoline core however their results demonstrate

that the ribosome is far more tolerant to alternative building 
blocks than previously thought. Future work in this area could 
see additional foldamer peptide hybrid oligomers or even 
complete abiotic sequences synthesized by the ribosome via 
flexizyme activity.

3. Aromatic Oligoamide Macrocycles
3.1. Macrocycles with Backbones Fully Constrained by Peripherally 
Placed Hydrogen Bonds

In 2004, our group reported the one-pot formation of aromatic 
oligoamide macrocycles 17 consisting of alternating diacid and 
diamine residues.34 This class of macrocycles contains a 
backbone fully constrained by intramolecular three-center 
hydrogen bonds. The interior of the macrocyclic backbone 
carries rigidly held carbonyl oxygen atoms, resulting in an 
electronegative cavity. These disc-like molecules were found to 
bind cationic guests, undergo self-aggregation to form tubular 
assemblies capable of transporting ions and small molecules 
across a bilayer.

1H NMR studies revealed broad, featureless signals in 
nonpolar solvents such as chloroform, confirming the strong 
aggregation of these macrocycles. The stacking interactions of 
the macrocycles could be disrupted by adding polar solvents 
such as DMSO, DMF, MeOH or MeCN. Large downfield shifts 
and sharpening of resonances are observed for aromatic and 
amide protons during titration experiments with polar 
solvent.35 These aggregates were speculated to undergo 
anisotropic aggregation, leading to tubular assemblies.

With six convergently placed amide carbonyl oxygen atoms, 
the cavity of these macrocycles is highly electronegative and 
thus strongly complexes cationic guests. Initial findings 
demonstrated that the cavity of these macrocycles could 
interact weakly with tetraethyl ammonium cations via ion 
dipole interactions.36 A simple computational modeling 
suggested that the guanidinium ion would fit nearly perfectly 
within the cavity of 17 (Fig. 16).37 Macrocycle 17 was found to 
bind to the guanidinium ion selectively even in the presence of 
a variety of other cations. Two-dimensional NMR spectra also 
revealed strong NOEs between the internal aromatic protons 
and the NH2 protons of guanidinium, confirming the binding of 
the guanidinium inside the cavity of the macrocycle.

Fig. 16 Computational modeling of macrocycle 10 with the guanidinium cation in the 
cavity. Reproduced from ref. 37 with permission from the Royal Society of Chemistry.

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 7
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Upon mixing macrocycle 17 with bipyridinium cations, a 
color change from clear to light yellow was observed, indicative 
of complex formation.38 UV-Vis and 1H NMR titrations 
confirmed the presence of a 2:1 complex consisting of two 
macrocyclic molecules and one cationic guest. Association 
constants were determined by nonlinear fitting of the titration 
curves and were found to be K1 = 3.49 x 107 M-1 and K2 = 1.09 x 
106 M-1 with Ktotal = 3.80 x 1013 M-2 in acetone, revealing 
exceptionally strong binding affinity.

Also, 2D NOESY experiments detailed the threading of the 
bipyridinium ion within the three-dimensional cavity produced 
by the two stacking macrocycles. X-ray crystallography provided 
atomic details including intermolecular stacking distances of
3.71 Å that indicate stacking interactions between the 
macrocycle backbones (Fig. 17, left). These pseudo[3]rotaxanes 
were found to template the highly efficient formation of their 
corresponding rotaxanes in 85% yields (Fig. 17, right). The high 
binding affinity of these macrocycles paves the way for more 
efficient modes of forming mechanically interlocked molecules.

cooperativity values up to 165 with modest overall binding 
affinity in CHCl3/CH3CN mixed solvent.

Fig. 18 Cartoon representation of the self-assembled columnar stacks of macrocycle 17 
within the lipid bilayer facilitating ion transport. Reprinted with permission from ref. 39. 
Copyright 2008 American Chemical Society.

Fig. 17 X-ray crystal structure of the pseudo[3]rotaxane formed by 10 and the 
bipyridinium ion shown from (a) top, (b) side views, and (c) Crystal packing of the 
complex. X-ray crystal structure of capped rotaxane formed by 10 and the bipyridinium 
ion is shown in (d) capped stick model, (e) space-filling model and (f) Crystal packing 
structure. Reproduced from ref. 38 with permission from the Royal Society of Chemistry.

Introducing macrocycle 17 to a planar lipid bilayer, 
transmembrane transport of sodium and potassium ions across 

the membrane was observed.39 Transmembrane conductance 
measurements indicated that macrocycle 17 exhibited much 
greater conductance than many natural or synthetic ion 

channels with the pore formed being more closely related to 
pore-forming toxins like α-hemolysin. The self-association of 
these macrocycles allows for the formation of columnar 

assemblies with electrostatically negative pores capable of 
facilitating the transport of cations across lipid bilayer (Fig. 18). 

Expanded macrocycles consisting of eight residues were 
synthesized and studied by Yuan.40 These macrocycles deviated 
from planarity with their saddle-like conformations which 

afforded an 11.6-Å cavity diameters. A systematic study of the 
binding of this new series of macrocycles with bipyridinium 
derivatives (varying positions of charged nitrogen) revealed 

strong positive cooperativity. UV-Vis titrations found that these 
macrocycles bind bipyridinium guests in a 2:1 ratio with

3.2. Macrocycles with a Backbone Fully Constrained by Internally 
Placed Hydrogen Bonds

Research by Zeng has provided a variety of new aromatic 
oligoamide macrocycles with fully constrained backbones through 
the implementation of an inward facing hydrogen bonding network. 
Initial work led to the stepwise synthesis of a linear pentamer based 
on a 3-amino-2-methoxybenzoic acid basic residue (Fig. 19).41 Like 
previously mentioned macrocycles, this series is also preorganized 
for intramolecular cyclization. The pentamer macrocycle was 
obtained in 62% yield from its linear pentamer counterpart. Using 
this inward pointing hydrogen bonded scaffold, the inner cavity of 
the macrocycle could be tuned. Incorporation of phenol -OH as well 
as alternative R groups to the alkoxy moiety allows for a change in 
cavity size, steric crowdedness, and hydrophobicity. Optimization of 
coupling conditions affords a method for the one-pot synthesis of 
this series of pentamer macrocycles with yields up to 50%.42 The 
general applicability of POCl3 as an effective coupling reagent for this 
one-pot macrocyclization was seen in the synthesis of a variety of 
alternative pentamer macrocycles with varying alkoxy substituents 
within the inner cavities.

Fig. 19 a) Top view of crystal structure of 22. b) General scheme for the one-pot synthesis 
of 22. Ref 41

Zeng also provided a series of pyridone hexamer macrocycles 
first through cyclization of linear hexamer precursors43 and 
eventually optimizing one-pot macrocyclization conditions under 
mild conditions using BOP and DIEA (Fig. 20).44 These macrocycles 
possess narrow (2.9 Å) hydrophilic inner cavities and were found to

8 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx
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be highly efficient in the extraction of various alkali metals from 
aqueous into organic media with association constants calculated as 
high as 2 x 108 M-1 in CHCl3 for Li+.43 Interestingly, these macrocycles 
were found to have highly selective and efficient extraction 
capabilities for Cu2+ ions in artificial seawater (extraction efficiencies 
up to 93%).45 Upon the addition of additional ions other than copper 
the extraction efficiency of the hexamer macrocycle was improved 
to 97% at very low [Host]/[CuCl2] ratios of 2:1.

Fig. 20 a) Synthesis of macrocycle 23 using BOP. b) Crystal structure and c) 
computationally determined structure of 23. Ref 44

3.2. Non-aggregational Macrocycles with a Fully Constrained 
Backbone

Macrocycles 18 were developed with the incorporation of 
peripheral amide groups.46 These amide groups were 
hypothesized to enhance the stacking of the macrocyclic 
molecules via intermolecular hydrogen bonding. The 
directionality of multiple hydrogen-bonding interactions may 
also align the stacked macrocycles, enabling the formation of 
extended tubular assemblies with enhanced stability.

However, it was found that these macrocycles did not 
engage in strong aromatic stacking interactions. The 1H NMR 
spectra of 18 in a variety of solvents (CDCl3 CD3OD DMSO-d6) 
showed there was insignificant line broadening. With increasing 
concentration of 18, the resonances of the backbone protons 
first underwent significant shifts and then plateaued, remaining 
as well dispersed signals. This implied that extended 
aggregation of macrocycle 18 was curbed, i.e., the peripheral 
amide groups seemed to be discouraging the formation of 
larger aggregates. The macrocycles were found to form discrete

stacks in solution and in the solid state.47 DOSY experiments 
revealed that these macrocycles assembled into small 
aggregates at various concentrations, with the tetrameric stack 
dominating at elevated concentrations. Computational studies 
revealed that the tetrameric stack was the most stable 
assembly among lower- or higher-order aggregates.

Fig. 21 Crystal structure and further packing of the tetrameric stacks of 11. (a) Side and 
top views of the stack. (b) Side and top views of the single layer consisting of hexagonally 
packed tetrameric stacks. (c) Side view of three stacked layers. (d) Exploded view of the 
vertical stacking of the 2D. Reprinted with permission from ref. 47. Copyright 2015 
American Chemical Society.

The crystal structures of the tetrameric stacks provided 
details that explained the formation of the discrete complex. In 
the tetrameric stack, two inner macrocycles stack in a distance 
of 3.4 Å, with two macrocycles capping the two ends located 
roughly 7 Å from the inner macrocycles (Fig. 21). The two outer 
macrocycles were distorted from planarity and existed as 
shallow bowls. These terminal capping bowls most likely curbed 
further aggregation due to their protruding amide oxygens 
atoms which inhibit the further intermolecular associations. 
Although serendipitously discovered, this discrete self- 
assembling system provides a rare example of supramolecular 
oligomerization involving the formation of discrete, rather than 
extended, stacks of disc-like macrocycles.

Macrocycle 17 was found to bind the guanidinium ion with 
high affinity and specificity. However, the association constant 
could not be determined due to the strong aggregation. The 
second-generation macrocycles 18 enable the quantification of 
the binding affinity. In CDCl3, by extrapolating from solvents 
containing either DMSO-d6 or CD3OD, association constants 
were found to be in the range of ~106 M-1. This discovery 
prompted further investigations into the modifications of the 
aromatic oligoamide backbone, since the incorporation of an 
additional amide group led to macrocycles with significantly 
changed self-assembling behavior.

3.3. Macrocycles with a Partially Constrained Backbone

Encouraged by the new and unique properties of macrocycles
18, further modifications based on 18 were made. The alkoxy

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 9
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side chains flanking each of the peripheral amide groups of 
macrocycles 18 may have impeded intermolecular stacking 
interactions. The third-generation macrocycles 19 were 
designed to alleviate this steric strain, which involved the 
removal of the alkoxy groups adjacent to the peripheral amide 
groups.48

Interestingly, macrocycles 19, with their altered backbones, 
achieved what was previously anticipated with macrocycles 18. 
Exceptionally strong aggregation, which outpaced that of the 
first-generation macrocycles, was observed with macrocycles
19.49 In nonpolar solvents, 1H NMR revealed little to no signals. 
These macrocycles also exhibited AIE phenomena which was 
utilized to study the aggregation. In comparison to 17, 
macrocycles 19 exhibited emission intensity that was ten-fold 
stronger, showing the much greater extent of aggregation. With 
increasing polar solvent concentrations, downfield chemical 
shifts were observed for the amide protons of 19, indicative of 
attenuated stacking interactions by competitive solvent 
molecules. At 1 pM, macrocycles 19 underwent a monomer- 
dimer equilibrium, based on which a lower limit of 4.5 x 1013 M-

1 for the dimerization constant was estimated in CHCl3. 
Macrocycles 19 were also found to aggregate in stages. 
Fluorescence spectroscopy revealed an initial fast aggregation 
followed by slow, gradual aggregation. The fast association 
resulted in the formation of columnar stacks while the slow 
aggregations involved the associations of the stacks to form 
bundles. In the solid state, XRD analysis found typical patterns 
for columnar stacks of disc-like molecules with up to 60 
macrocycles stacking in a continuous fashion. The columnar 
stacks further pack in a hexagonal lattice.

Fig. 22 (a) Time-dependent changes in the (a) ratio of the emission intensities of HPTS 
(0.1 mM) encapsulated inside 100 nm POPC LUVs in the presence of macrocycle 19 (20 
μM) followed by an acid pulse. (b) emission intensity of MQAE (10 mM) encapsulated 
inside 100 nm POPC LUVs in chloride-free solution incubated with an isotonic buffer 
containing KCl (100 mM) and followed by aliquots of macrocycles 19 (20 μM) in THF. 
Reproduced from ref. 49 with permission from the Royal Society of Chemistry.

These studies demonstrated that in solution and solid state, 
macrocycles 19 can form columnar assemblies with non- 
deformable, electrostatically negative inner pores. We 
envisioned that macrocycles 19 could partition into a lipid 
bilayer to form transmembrane channels like macrocycle 17. 
The ability of 19 to transport protons across the membrane was 
assessed though enclosing the pH-sensitive dye HPTS in a 
solution of large unilamellar vesicles (LUVS). Upon mixing 19 
with the LUVs followed by an extravesicular acid (HCl) pulse, 
rapid transport of H+ across the bilayer was detected (Fig. 22a). 
Interestingly,  this  transport  was  comparable  to  that  of

gramicidin, a well-known channel-forming peptide. We 
demonstrated through an additional vesicle assay, LUVs 
enclosing MQAE (a chloride-sensitive fluorescence dye) that 
these channels do not transport Cl- and thus were selective 
towards protons in this experiment (Fig. 22b).

3.4. Macrocycles with Hybrid Backbones

Several alternative building blocks and linkages have been 
investigated over the years leading to hybrid aromatic oligoamide 
macrocycles. The introduction of alternative building blocks allows 
for the fine tuning of cavity size and functionality. Incorporation of 
linkages other than amide bonds such as hydrazide, azo and imine 
allows for tuning cavity size, photo-switchable conformation, and 
generation of higher ordered macrocycles through dynamic covalent 
chemistry, respectively.

Yuan describes a photo-responsive host-guest system 
constructed from two fully constrained aromatic oligoamide trimers 
linked via diazenyl bonds.50 These diazenyl linkers are photosensitive 
allowing for conformational control of the macrocycle through 
cis/trans isomerism (Fig. 23). Under 450 nm the trans isomer is 
formed and under 365 nm the cis isomer is formed. This resulted in 
two drastically different macrocyclic conformations which was 
utilized in the molecular recognition of bipyridinium cations. These 
macrocycles in the trans conformation were found to bind in a 2:1 
stoichiometry however upon irradiation of the complex with 365 nm 
UV light the guest was released from the complex. Further research 
using these linkages could afford new host guest systems with 
superior control.

Fig. 23 Photoisomerization of light-responsive azo-macrocycle 24. Ref 50

Li incorporated dynamic covalent chemistry into the construction 
of a variety of complex macrocyclic structures. The utilization of the 
chelate effect through the condensation of backbone rigidified 
aromatic oligoamides with their corresponding aldehydes lead to 
highly efficient macrocyclization (Fig. 24).51 The reversibility of the 
imine bond allowed for five-component condensations resulting in 
high ordered macrocyclic cryptands.

10 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx
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Fig. 24 Aromatic oligomamide macrocycles generated using dynamic covalent chemistry. 
Ref 51.

Additional hybrid aromatic oligoamide macrocycles were 
deigned in our lab. In our system, the inner cavities of the 
macrocycles are non-deformable due to the rigid nature of the 
constrained backbone. With aromatic amide residues, the 
cavities of these macrocycles are decorated by amide oxygens 
and  cannot  be  altered.  However,  the  property  of  the

channel resulted from the stacking macrocycle 20a was found 
to facilitate water transport. It was reasoned that the 
electrostatically negative amide oxygens, which align two thirds 
of the cavity, can effectively bind metal ions. We found that in 
the presence of sodium ions, water transport through the 
channel consisting of stacked 20a was halted (Fig 26).53 Other 
alkali metals were found to slow the transport of water but to a 
much lesser extent, which provide a simple means of fine- 
tuning.

macrocyclic cavity can be tuned through the incorporation of 
alternative building blocks. Efforts to modify the cavity were 
realized by substituting one aromatic oligoamide residue with a 
diethynylbenzene unit, affording a new series of hybrid 
macrocycles, 20.52 The diethynynbenzene unit introduced into 
20 can carry an inward-pointing functional group X (X = H, CH3, 
or NH2). The aromatic oligoamide segment of 20 would help 
preserve the strong anisotropic stacking interactions shown by 
the other macrocycles whereas the new diethynylbenzene unit 
would enable functionalization of the inner cavity. A secondary 
amide side chain is attached to the diethynynbenzene unit to 
reinforce the directionality and stability of the expected tubular
assembly of 20 via intermolecular hydrogen bonding.

The aggregation of macrocycles 20 was essentially the same 
as that of the previous series in both solution and the solid 
phase, as demonstrated by line-broadening of 1H NMR signals, 
enhanced fluorescence emission, and nanofilaments detected 
by AFM. The aggregation of 20 was enhanced in nonpolar 
solvents and attenuated in polar solvents.

Macrocycle 20a, with an inner hydrogen (X= H) on the 
diethynynbenzene unit, enabled much larger proton 
conductance across the lipid bilayer than those bearing NH2 or 
Me groups (Fig. 25a). On the other hand, macrocycle 20d, with 
its inner NH2 group, mediated much more rapid transport of 
chloride ions and higher Cl-/K+ permeability ratio, which 
demonstrated that small modifications to the inner cavity can
lead to dramatic change in mass transport properties (Fig 25b).

Fig. 26 Measured water permeability ρnano through the nanopores formed by 20a.53

3.5 The Latest-Generation Rigid Macrocycles

The above-discussed aromatic oligoamide macrocycles consist 
of alternating diacid and diamine building blocks. A new 
generation of macrocycles was obtained by cyclizing 
oligoamides with unsymmetrical (N-to-C) backbones (see 
Section 2).54 This class of aromatic oligoamides fold into well- 
defined multiturn helices with interesting self-association 
behavior. Molecular modeling indicated that, among possible 
macrocycles, the six-residue macrocycles 21 and the seven- 
residue macrocycles are the least strained. Such macrocycles 
should readily form by cyclizing the corresponding linear hexa- 
or  hepta-amides  which  folded  into  defined  crescent

  conformations that are preorganized for the cyclization. Indeed,
macrocycles 21 were obtained in high (~80%) yield by cyclizing 
the corresponding linear oligoamides without the need to 
perform the reaction under high dilution condition. Different 
from the above-discussed macrocycles 17, 18 and 19, 
macrocycle 21 consists of residues that are structurally and 
electronically identical. As a result, the cavity of macrocycles 21 
contains six equidistant carbonyl oxygens. These differences 
were believed to give rise to potentially new self-assembly and 
molecular recognition capabilities.

Fig. 25 a) Emission intensity of HPTS (0.1 mM) entrapped in 100 nm POPC LUVs in the 
presence of macrocycles 20 (10 μM in a pH-7.0 buffer) rapidly mixing with an equal 
volume of another buffer with 80 mM HCl. b) Normalized emission intensity of MQAE 
(10 mM) encapsulated inside 100 nm POPC LUVs in chloride-free solution incubated with 
an isotonic buffer containing KCl (100 mM) and followed by aliquots of macrocycles 20 
(10 μM) in THF. Reprinted with permission from ref. 52. Copyright 2016 American 
Chemical Society.

Typically, water transport channels and pores exhibit 
hydrophobic inner cavities whereas synthetic systems capable 
of transporting ions are hydrophilic. The cavity of macrocycles 
20, having both hydrophobic and hydrophilic segments, may 
allow the transport of water to be controlled. Transmembrane

1H NMR studies indicated that macrocycles 21 also 
aggregated strongly in nonpolar solvents and were dissociated 
upon addition of polar solvents. In CDCl3, no 1H NMR signals in 
the aromatic region could be detected. Upon adding up to 20% 
DMSO-d6, broad featureless peaks emerged. The 1H NMR 
signals underwent downfield shift and sharpened up with 
increasing proportion of DMSO-d6. With roughly 50% DMSO-d6 

in the solvent, the 1H NMR peaks cease to shift, and no further 
sharpening was observed. Further dilution experiments in this 
solvent showed that lowering the concentration of the 
macrocycle resulted in no further change in the 1H NMR

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 11
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spectrum, indicating that in this mixed solvent, the macrocycle 
is molecularly dissolved.

Similar to macrocycles 17 which bind bipyridinium-based 
guests with high affinity in a 2:1 stoichiometry, macrocycles 21 
also bind the same guests in a 2:1 stoichiometry as indicated by 
mass spectrometry. UV-Vis titration experiments revealed two 
clearly distinct trend lines, one with a steep slope from 0 to 0.5 
equiv of the guest and the other with a zero slope from 0.5 and 
more equiv of the guest, which further supports the 2:1 binding 
stoichiometry. Attempts to fit the UV data were unsuccessful 
presumably due to the steepness of the curve.

The stepwise association constants were determined with 
ITC experiments which provided the corresponding 
thermodynamic parameters. Titrating macrocycle 21 into a 
solution of the bipyridinium guest in DMSO/CHCl3 (1/1, v/v), 
two distinct phases were observed in the titration plot. Two 
transitions were observed, a relatively weak transition near 
molar ratio 1 and a much stronger transition at molar ratio 2. 
These curve shapes indicate that for each complexation, the 
second binding step is stronger than the first binding one, i.e., 
the host-guest binding exhibits positive cooperativity. Fitting 
the ITC data using a sequential 2:1 binding model revealed both 
binding events to be enthalpically and entropically favored. 
More detailed analysis showed that the first binding event is 
entropically dominated whereas the second binding event is 
enthalpically driven. Both binding events are driven by 
electrostatic interactions between the macrocyclic cavity and 
the cationic guest. It was speculated that entropic contributions 
in the first binding event may be due to desolvation of the cavity 
of the first macrocycle and the bipyridinium guest, whereas the 
large enthalpic contributions in the second binding event are 
due to the binding of the second macrocycle to the guest and 
the strong intermolecular stacking interactions between the 
two macrocycles in the complex. This also explains the positive 
cooperativity observed where K1 = 105 and K2 = 106 based on 
which an interaction factor α (α = 4K2/K1) = 42 was obtained.

Fig. 27 Top and side views of the crystal structure of pseudo[3]rotaxane formed by 14 
and bipyridinium guest. Reproduced from ref. 54 with permission from the Royal Society 
of Chemistry.

are separated by 3.4 – 3.5 Å, indicating strong aromatic stacking 
interactions (Fig. 27). Also, the octyl tails of the guest are folded 
back onto the macrocycle backbone serving to anchor the hosts 
onto the guest scaffold. Additional computational studies found 
that the final 2:1 complex is more than four times more stable 
than the intermediate 1:1 complex (Fig. 28).

Fig. 28 Energy-minimized structures of the 2:1 complex of 14 (left) and 1 : 1 complex 14 
(right) DMSO/CHCl3 (1/1, v/v). Reproduced from ref. 54 with permission from the Royal 
Society of Chemistry.

3.6 Macrocycles with Unconstrained Backbones

All previously mentioned aromatic oligoamide macrocycles have 
some form of backbone constraining intramolecular hydrogen 
bonding interactions. These rigidifying hydrogen bonding 
interactions have led to the efficient formation of macrocycles and 
also preorganized the hosts for interesting self-association and 
molecular recognition phenomena. In 1995, Kim et al. reported the 
preparation of macrocycle 27 under high dilution conditions which 
has the same backbone as 17, however there is no incorporated 
intramolecular hydrogen bond.55 This macrocycle exhibited very 
poor solubility however this early example demonstrated that these 
cyclic oligoamides were capable of recognizing CaCl2 after 
organization of the amide N-H groups for convergent interaction 
with the peripheral chloride atoms within the macrocyclic cavity. 
Several years later Hamilton further investigated the anion binding 
potential of unconstrained backbone aromatic oligoamides after the 
synthesis of a triamide macrocycle, 28.56 Impressively, these 
macrocycles proved to be efficient receptors for various anions 
including I-, Cl-, NO3- pTsO-, HSO4- and H2PO4-. The binding 
stoichiometry was found to be 2:1 (host:guest) where two 
macrocycles stack to form a sandwich complex. 1H NMR titration 
experiments found that titration of the guest into the macrocycle 
resulted in upfield chemical shifts (aromatic stacking interactions) 
and further additions of guest causes downfield chemical shifts 
showing a two-stage binding process. Although no preorganization is 
implemented into the macrocycle, binding constants up to 104 (M-1) 
are obtained with H2PO4- in pure DMSO-d6.

X-ray crystallography of the 2:1 complex between 
macrocycle 21 and the bipyridinium guest supported the ITC 
observations as well as shed additional light onto the origins of 
cooperativity. Within the crystal structure the two macrocycles

Fig. 29 Unconstrained aromatic oligoamide macrocycles used as anion binders. Refs 55 
and 56.
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Preorganization has led to the efficient formation of macrocycles 
however researchers such as Kilbinger have serendipitously obtained 
impressively high yields from one-pot macrocyclization reactions 
using an N-benzylated phenyl p-aminobenzoate monomer in the 
presence of LiHMDS.57 They found that the bulkyl N-benzyl 
protecting group was essential by sterically hindering intermolecular 
polymerization and favoring intramolecular cyclization at the linear 
triamide stage. Later these N-benzyl protecting groups could be 
cleaved to afford a simple para linked continuous backbone trimer 
aromatic oligoamide. Macrocycle 29 was obtained with an overall 
yield of 43% over three steps. These deprotected macrocycles 
exhibited interesting highly ordered H-bonded two-dimensional 
networks on a calcite surface. Future work using this 
macrocyclization strategy could afford a whole new series of 
macrocycles with unconstrained backbones.

Fig. 30 Synthesis of unconstrained triamide macrocycle 29. Ref 57.

Recently, Faure has reported a library of novel flexible N- 
substituted aromatic oligoamide macrocycles.58 These macrocycles 
differ by residue number and mode of linkage between residues (- 
ortho, -meta or -para). The synthesis of the linear precursors was 
done using solid-phase synthesis and macrocyclization under high 
dilution conditions afforded macrocycles in yields up to 79%. The lack 
of intramolecular hydrogen bonding was expected to afford 
macrocycles with a variety of random conformations, however some 
of them were found to adopt stable solution state structures. This 
counterintuitive claim was supported by detailed NMR studies using 
a combination of COSY, HSQC, HMBC and NOESY. For example, 
tetramer macrocycle 30 had amides in a stable cis-trans-cis-trans 
configuration in solution which was also apparent in the crystal 
structure (Fig. 31) The lack of preorganization along the backbone 
may allow for a diverse array of new architectures. Initial studies 
found these macrocycles could interact with sodium ions. Further 
work on these macrocycles could shed light onto the predictability of 
structure from fundamental sequences.

Fig. 31 Left) Conformation of 30 determined by NMR and right) Crystal structure. Ref 58.

4. Anion-Binding Aromatic Oligoamide Foldamers

4.1. Introduction

Over the years lots of attention has been focused on foldamer 
based cation recognition however the field of anion recognition is 
underdeveloped. Foldamer based anion recognition developed using 
the implementation of good hydrogen bond donor moieties such as 
amide, urea, thiourea, triazole, halogen bonding, indole, and highly 
polarized C-H bonds for the binding of anions. Foldamer based 
systems rely on the anion inducing folding of the oligomer to 
maximize binding potential. Early work by Jeong demonstrated 
indolcarbozole dimers are capable of folding into compact 
conformations which are preorganized for binding to various anions, 
namely sulfate.59 Berryman incorporated halogen bonding in the 
anion induced folding of m-arylene-ethynylene oligomers.60 These 
oligomers formed unusual triple helicate supramolecular complexes 
induced via anion recognition.

4.2. Design and Synthesis

For the aromatic oligoamide foldamers and their 
corresponding macrocycles we developed have fully 
constrained backbones with convergently locked amide 
oxygens and thus possess electronegative cavities or pores. 
Similarly, foldamers and macrocycles with convergently locked 
amide NH groups would provide electropositive cavities or 
pores that would complex anions. However, due to the inherent 
structural limitations of the amide groups, the creation of 
aromatic oligoamides with fully constrained backbones carrying 
inward-pointing amide NH groups still present a daunting, if not 
impossible, challenge.

Initial aromatic oligoamide-based anion induced foldamers 
were presented by Li which consist of alternating 1,5- 
diaminonapthelene and 1,3-dibenzoic acid monomers (31 and 
32).61 These fully unconstrained larger oligomers were 
constructed with the intention of binding the benzene-1,3,5- 
tricarboxylate ion (Fig. 32). It was found that these oligomers 
orientate their amide N-H’s in a convergent fashion around the 
guest molecule resulting in a compact helical conformation in 
DMSO. The addition of pyrene functional groups at the ends of 
the oligomers enabled the guest induced folding to be studied 
using both UV-Vis and fluorescence spectroscopy. With 
increasing oligomer length the overall association was 
increased with the longest oligomer (bearing five naphthalene 
residues) yielding an association constant of 5.5 x 106 M-1 in 
DMSO.

Fig. 32 Anion receptors for binding the benzene-1,3,5-tricarboxylate ion. Ref 61
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Our strategy for creating anion-binding aromatic 
oligoamides involves subjecting a backbone amide carbonyl 
group to intramolecular hydrogen-bonding interactions with an 
adjacent NH group provided by an amide sidechain (Fig 33a), 
which prevents the backbone amide carbonyl oxygen from 
engaging in additional, undesired hydrogen-bonding interaction 
and, at the same time, restricts the rotation of the aryl-CO 
bond.62 Oligoamides consisting of such basic units have partially 
constrained backbones carrying multiple amide NH groups, 
which, as effective hydrogen-bond donors, should bind anions 
and other species offering hydrogen acceptors. In the presence 
of an anion, such an oligoamide, by forming multiple hydrogen 
bonds with the anion, could convergently orient the amide N-H 
groups, resulting in a folded crescent or helical conformation 
(33•G).

Fig. 33 (a) Instead of adopting multiple conformations as represented by 33ʹ, oligoamide 
33, upon binding a guest (red sphere) via H-bonding, will be driven to adopt a crescent 
conformation in which all backbone amide protons and “internal” aromatic protons, are 
convergently arranged. (b) Formation of benzoxazinone. (c) Two outcomes for the ring- 
opening reaction of benzoxazinone with different size of amine. (d) Synthesis of different 
length oligoamides 35 by repetitively coupling building blocks derived from 5- 
aminoanthranilic acid. Reproduced from ref. 62 with permission from the Royal Society 
of Chemistry.

5-Amino-N-acylanthranilic acid serve as the basic building 
block for these new aromatic oligoamides. Attempts to directly 
couple the involved building blocks based on established amide- 
coupling methods all failed, because derivatives of anthranilic 
acid or N-acylanthranilic acid are known to undergo 
intramolecular cyclization upon treating with acid chloride or 
coupling reagents to form benzoxazinone derivatives.63 By

probing and optimizing conditions for ring-opening reactions of 
benzaxinone 34, we were able to form the intended amide 
linkage (Fig 33b-d). This new amide-coupling strategy was then 
applied to the preparation of oligo(5-amino-N-acylanthranilic 
acids with up to six residues (Fig 33, bottom). The coupling 
reactions proceeded with high efficiency resulting in >90% 
coupling yield.

4.3. Anion-Induced Folding

The ability of these new aromatic oligoamides to fold upon 
binding anions was then studied. Upon treatment of either the 
tetramer or hexamer with chloride or iodide, downfield shifts 
were observed for the backbone amide protons, indicative of 
hydrogen-bonding interactions. Plotting the changes in 
chemical shifts versus equiv. of the involved anion yielded 
association constants in the range of 102 for the tetramer (1/9, 
MeCN-d3/CDCl3) and 103 (1/19, DMSO-d6/CDCl3) for the 
hexamer. Two-dimensional NMR allowed the conformations of 
these complexes to be determined. In the absence of anions, 
the aromatic backbone exists in plethora of conformations. 
NOEs can be observed between the amide N-H protons and the 
aromatic protons on both sides of the rings, suggesting a 
random coil conformation. However, upon addition of an anion 
most of these NOEs disappear, and clear NOEs are seen 
between the amide N-H protons and the interior aromatic 
protons, demonstrating a defined crescent like conformation 
(Fig. 34). The entropic cost for constraining the oligoamide is 
compensated by enthalpic gains from the multiple hydrogen- 
bonding interactions with the anion.

Fig. 34 Partial NOESY spectra of (a) tetramer (5 mM) and (b) tetramer (5 mM) with 
tetrabutylammonium iodide (5 mM) in CDCl3 containing 5% DMSO-d6 (500 MHz, 25 °C, 
mixing time = 0.3 s). The observed NOEs are indicated by double-headed arrows. 
Reproduced from ref. 47 with permission from the Royal Society of Chemistry.

Conclusions

In this review, we have summarized recent advances in the 
development of a diverse array of linear and cyclic aromatic 
oligoamides created by us and others. The incorporation of highly 
favorable three-center hydrogen bonds along the oligoamide 
backbones has turned out to be an especially effective strategy for 
enforcing the folding of such oligomers. In fact, the folded 
conformations of these aromatic oligomaides persist at different
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temperatures and in solvents with low to high polarity or with 
different hydrogen-bonding capabilities. The reliable folding of these 
oligoamides has provided molecules with predictable and defined 
shapes, based on which properties such as tuneable aggregation and 
molecular recognition capabilities have been generated. Recent 
progress has realized the synthesis of long oligoamides that fold into 
multi-turn helices based on which highly electronegative cavities 
with adjustable depth are being created. The folded conformations 
of non-cyclic oligoamides promote the efficient formation of cyclic 
oligoamides based on the intramolecular cyclization of the direct 
oligoamide precursors, by the coupling of shorter oligoamides, or by 
the one-pot macrocyclization of the corresponding monomers. 
Starting from the first-generation macrocycles, up to five generations 
of rigid macrocycles with inner cavities of different properties have 
been obtained. These macrocycles have demonstrated unique 
assembling, recognition, and transporting behavior associated with 
few other systems. Recently, we have embarked on the challenge of 
creating aromatic oligoamide foldamers and macrocycles that 
contain electropositive cavities or pores. Latest results demonstrate 
that our approach has indeed led to such foldamers and macrocycles 
for binding various anions. Efforts made by many over the last two 
decades in evolving aromatic oligoamide foldamers and the 
corresponding macrocycles have been highly rewarding, with much 
more remaining to be explored and uncovered. For example, the 
molecular recognition capabilities of the multi-turn helices obtained 
recently remain to be explored. The investigation of the new anion- 
binding foldamers and the corresponding macorcycles has just 
started. The cavity- and pore-containing foldamers and macorcycles 
could be further organized in bulk phase to yield the next-generation 
nanoporous materials.
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