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a b s t r a c t

Well-defined 3-dimensional architectures constitute the indispensable structural basis of the versatile,
mind-boggling functions of biological macromolecules, such as proteins and nucleic acids. In the past
few decades, diversified synthetic systems have been designed to mimic these biological entities in their
capability of adopting such specific, higher order structures. The relevant research field presents one of
eywords:
oldamers
rylene ethynylene
upramolecular chemistry
uest binding

the most rapidly developing areas related to supramolecular chemistry. The current contribution will
focus on the most recent progress related to foldamers consisting of arylene ethynylene building blocks.
Some of the work features developing novel functions based on previously established arylene ethynylene
folding systems, and others have designed and synthesized new arylene ethynylene foldable structures
that aim to realize previously uncharted properties.
romatic stacking
olvophobic interaction

. Introduction and scope
Well-defined 3-dimensional architectures constitute the indis-
ensable structural basis of the versatile, mind-boggling functions
f biological macromolecules (e.g., proteins, nucleic acids). In the
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010-8545/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.ccr.2010.02.004
© 2010 Elsevier B.V. All rights reserved.

past few decades, diversified synthetic systems have been designed
to mimic these biological entities in their capability of adopt-
ing such specific, higher order structures. The relevant research
field presents one of the most rapidly developing areas related

to supramolecular chemistry [1–25]. The word “foldamer” was
specifically coined to refer to “any oligomer that folds into a con-
formationally ordered state in solution, the structures of which
are stabilized by a collection of noncovalent interactions between
non-adjacent monomer units”, or more broadly, “any polymer

http://www.sciencedirect.com/science/journal/00108545
http://www.elsevier.com/locate/ccr
mailto:ygma@pku.edu.cn
mailto:dhzhao@pku.edu.cn
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sequences showed detectable affinity to the neutral form of the
rod like amine 5 in CH3CN, indicated by the CD signal silence in
the mPE absorption region. However, after HCl was added in the
solution, mPE 2 (and only mPE 2) displayed an induced CD signal,
indicative of its complexation with 5. The binding affinity of the
B.-B. Ni et al. / Coordination Che

ith a strong tendency to adopt a specific, compact conforma-
ion” [4]. With new foldable structures being continuously designed
nd synthesized, more and more efforts are consciously made at
odulating and controlling the folding behaviors through iden-

ifying correlation between folded conformations and chemical
tructures. More importantly, developing foldable systems that are
apable of performing certain functions has become an emerging
ut marked focus of the researchers, either by further decorating
he previously developed foldamer scaffolds, or by designing novel
tructures.

Among the various synthetic molecules of the foldamer family,
ligo- and poly(arylene ethynylene)s represent an important
roup. Ever since the folding behaviors of m-phenylene ethynylene
mPE) oligomers were first reported by Moore and coworkers
n 1997 [26], mPE and related arylene ethynylene foldamer
ystems have been extensively developed and investigated
27–39]. Compared with many other foldamer systems contain-
ng non-natural, aromatic units, such as aromatic oligoamides
15,16,40–43], arylene polymer/oligomers [21,24,25,44–55],
oly(phenylacetylene)s [21,23,56–58], iso-polydiacetylenes
59,60], poly(N-propargylamides) [61], poly(N-octylcarbazole
thylene) [62], polydiacetylene [63], etc., arylene ethynylene fold-
ble systems (AEFS) exhibit a distinct feature that they mainly rely
n weak, noncovalent interactions among non-adjacent backbone
nits to realize folding. Those noncovalent forces that typically
xist among neighboring repeat units and are often harnessed
o realize folding in alternative foldamer systems, such as steric,
orsional, and hydrogen bonding interactions, are usually absent
n AEFS. The devoid of steric and torsional interactions in AEFS
s due to the periodic insertion of the ethynylene segment in the
ackbone. One of the reasons for noncovalent interactions among
on-adjacent subunits to be of particular interest and worthy of
crutiny is that such interactions are ubiquitous and crucial in the
upramolecular structures of biomacromolecules, e.g., in protein
olding. In this regard, another large group of foldamers, i.e., pep-
oid series, share the unique characteristic with AEFS of exploiting
nteractions between non-adjacent backbone units to achieve
olding. Yet, peptoid foldamers commonly depend on hydrogen
onding interactions, while designing and developing AEFS usually
eal with weak, non-directional forces such as aromatic stacking
nd/or solvophobic interactions.

In addition to their unique structures and folding capabili-
ies, AEFS are of particular research interest for following reasons.
irstly, as mentioned above the aromatic scaffolds typically rely
n �–� stacking among non-adjacent repeat units and/or back-
one solvophobic effects to stabilize the folded conformation. As
hese forces are weak noncovalent interactions, the resultant folded
tructures are usually dynamic and flexible. Such structural flexibil-
ty can accommodate conformational adjustments and adaptations
n response to external stimuli and/or interactions with other

olecules (e.g., binding). This is in contrast to particularly rigid
olded architecture. Secondly, modularly constructed AEFS allow
or facile chemical modifications, facilitating convenient tailoring
f the folding properties as well as function designs. Additionally,
nder the folded conformations AEFS typically possess a defined

nner cavity, which provides a special opportunity for developing
unctional bio-system mimicry (e.g., artificial enzymes).

Since there are previously published reviews and book chapters
hat have comprehensively summarized earlier work on foldamers
r have highlighted specific relevant topics [4,9,10,64–68], the
urrent contribution will only focus on the most recent progress

elated to foldamers consisting of arylene ethynylene building
locks [69–80]. Some of the work features developing novel func-
ions based on previously established AEFS, and others have
esigned and synthesized new AEF structures that aim to realize
reviously uncharted properties. Also, by introducing representa-
y Reviews 254 (2010) 954–971 955

tive examples we attempt to illustrate some general trend of the
research in this area.

2. Function-oriented design and development of novel
AEFS

2.1. Guest binding

Host–guest binding events involving various types of noncova-
lent interactions represent an important topic of supramolecular
chemistry. Its significance in part originates from its analogy with
substrate binding of proteins. Using synthetic systems to achieve
guest binding with selectivity, or even specificity, undoubtedly
denotes a key step down the road of realizing enzyme mimicry.
For AEFS, various structures capable of binding neutral molecules,
cations, or anions have been reported.

2.1.1. Small-molecule guest binding of mPE foldamers
The seminal work on mPE oligomers binding terpene molecules

was first reported in 2000 by Moore and coworkers [64]. The
driving force for this binding event was proposed to mainly orig-
inate from the solvophobic effect. By extending the length of the
side chains from tri(ethylene glycol) to hexa(ethylene glycol), mPE
dodecamer 1b (Fig. 1) became soluble in water, where the driving
force of solvophobicity could be maximized [81]. Folding study on
the dodecamer 1b was performed in CH3CN/H2O binary solvents by
monitoring the UV–vis absorption and the binding of (−)-�-pinene
in the same solvent series was investigated using CD spectroscopy.
The CD signal remained silent until the volume percentage of water
reached over 50%. The strongest binding was observed in solution
containing 90% water, under which conditions the host–guest ratio
was determined to be 1:1 with a binding constant of 1.4 × 106 M−1.
In comparison, for dodecamer 1a, induced Cotton effect was pre-
viously observed to emerge at water percentage as low as 10%
[64]. The author speculated that the longer side chain was able
to insert into the helical cavity, inhibiting guest binding at lower
compositions of water. Kinetic studies on the binding process also
revealed solvent composition-dependent behaviors. Namely, sig-
nificantly slower binding kinetics was observed with solutions of
a high water composition. On the basis of these results, a tighter
folding was suggested under such conditions.

In an independent study, a short amide sequence was incor-
porated in the middle of the mPE oligomers (Fig. 2) [82]. Such
structural modifications did not significantly affect the folding sta-
bility of the chain, as indicated by the UV–vis absorption change
upon varying the ratio of CHCl3 and CH3CN in a solvent titration
experiment.

None of the three oligomers 2–4 containing varied amide
Fig. 1. Chemical structures of (−)-�-pinene and oligo(ethylene glycol) appended
mPE dodecamers 1a and 1b [81].
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Fig. 2. Chemical structures of mPE foldamers 2–4 incorporating

ligomer for the guest molecule was proposed to originate from
pecific hydrogen bonding interactions. This was supported by an
MR study showing the chemical shift change of the amide NH in a
odel compound upon mixing with piperazinium dihydrochloride

alt 5. The sequence selectivity was hypothesized to be related to
ifferent amide group orientations in the folded conformation of
aried oligomers.

.1.2. Poly- and oligo(meta-ethynylpyridine)s as helical hosts for
accharides

Using poly- and oligo(m-ethynylpyridine)s as the scaffold,
nouye et al. carried out systematic studies on their folding prop-
rties upon binding with saccharide molecules [36]. Although
olecules 6 and 7 exhibited certain intramolecular �–� interac-

ions, as evidenced by partial quenching of the major emission band
ccompanied by the emergence of a new excimer-like emission
t longer wavelengths, these sequences were believed to mainly
xist in disordered conformations in chlorinated hydrocarbon sol-
ents. The preference for the non-folded conformations was partly
ttributed to the dipole–dipole interaction between neighboring
yridine units, i.e., adjacent dipole moments preferred to be ori-
nted in an anti-parallel fashion.
However, when n-octyl-�-glucopyranoside 8 was added to a
olution of 6 or 7 in CH2Cl2, a decrease in the extinction coefficient
f the chain molecule was observed, and an induced CD signal was
lso detected. These results indicated that the saccharide deriva-
ive was binding to the m-ethynylpyridine oligomer/polymer, and

ig. 3. Schematic representation showing the binding of poly- and oligo(m-ethynylpyr
onformation for clarity, reproduced with permission from Ref. [36].)
amide sequences and piperazinium dihydrochloride salt 5 [82].

its chirality had influenced the handedness bias of the folded chain.
Control experiments showed no evidence for the polymer/oligomer
binding with methyl substituted saccharides. It was thus sug-
gested that the affinity of saccharide 8 for the m-ethynylpyridine
oligomer/polymer most likely resulted from hydrogen bonding
interactions.

The observation that in the presence of the saccharide the CD
signal only emerged from m-ethynylpyridine oligomers of longer
chain lengths but remained silent for shorter oligomers confirmed
the postulation about the binding-induced helical conformation
of the oligomers (Fig. 3). A 1:1 binding stoichiometry and an
association constant of 1.2 × 103 M−1 were determined for the com-
plex formed by 7 and 8. The high affinity of m-ethynylpyridine
oligomers for saccharide molecules even allowed extraction of
native saccharides into less polar organic solvents, such as CH2Cl2
and CHCl3.

By replacing the alkoxypyridyl units with dialkylaminopyridyl
in the aforementioned polymer, a basic poly(m-ethynylpyridine)
9 was obtained [83]. Subsequent UV–vis absorption studies indi-
cated a quantitative binding of the pyridine units in polymer 9
with protons from trifluoroacetic acid (TFA) (Fig. 4).

Similar to polymer 6, the basic polymer 9 binds with saccharides,

evidenced by the occurrence of induced CD signals. Moreover, pro-
tonation of the pyridine rings in the polymer chain brought about
an interesting effect on the stability of the polymer–saccharide
binding complex. The highest ellipticity was attained after the first
0.5 equiv. (relative to the number of the pyridine units) of TFA

idine)s 6 and 7 with saccharides 8 [36]. (Side chains were omitted in the folded
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Fig. 4. Structure of basic poly(m-ethynylpyridine) 9 [83].

as added, but further addition of TFA suppressed the induced
D signals. This result indicated that half protonated form of the
olymer exhibited the highest affinity to the guest hexoses. On the
asis of quantitative analyses, upon addition of 0.5 equiv. of TFA,
ormal binding constants between the polymer and various sac-
haride molecules increased by a factor of 2–200, depending on
he structure of the saccharides.

The reason for this enhancement in saccharide binding affin-
ty observed for the poly(m-ethynylpyridine) upon protonation

as considered to be a result of alternating dipoles in the half-
rotoned backbone. As shown in Fig. 5, when every other pyridine
nit is protoned, the alternatively oriented local dipole moments

n the backbone would prefer an all-cisoid chain conforma-
ion, which is more favorable for folding as well as for binding
he saccharide molecule. Additionally, it was proposed that the
yridinium–pyridine stacking interaction between neighboring
urns in the helix may further stabilize the folded conformation
nd thus favor guest binding. This speculation was supported by

FT calculations.

With oligo(ethylene glycol) side chains appended at 4-position
f the pyridine rings, poly(m-ethynylpyridine) was made soluble
n polar solvents and capable of binding native saccharides [84].
pecifically, polymer 10 was soluble in MeOH/H2O (10/1), and poly-

Fig. 5. Schematic illustration of the influence of protonat
Fig. 6. Structures of polymers 10 and 11 [84].

mer 11 with even longer ethylene glycol side chains was soluble in
pure water. Binding between 11 and native saccharides in water
was monitored by CD spectroscopy (Fig. 6).

Mutarotation is a special feature of native glucoses, taking place
via a reversible hemiacetal formation. Interestingly, the mutarota-
tion process influences the handedness of the host helices (Fig. 7).
When pure �-d-glucose was bound to poly(m-ethynylpyridine)
11 in MeOH/H2O through hydrogen bonding, a negative CD sig-
nal of −3 mdeg was observed initially. However, after 48 h the CD
signal gradually changed and turned to +2.4 mdeg. In contrast, com-
plex formed by pure �-d-glucose and polymer 11 initially gave
a CD signal of +7 mdeg, but the magnitude of the signal gradu-
ally decreased to +2.4 mdeg after 48 h. Moreover, while the CD
spectra were changing over time, the UV–vis absorptions were
monitored simultaneously and showed hardly any change. It was
thus suggested that the origin of the altered CD signals was the
helix inversion of the host polymer (Fig. 7), rather than par-
tial dissociation of the complex [85]. It was then postulated that

the different stereochemical configurations of C1 in glucoses, �
and �, led poly(m-ethynylpyridine) to adopt helical conforma-
tions of opposite handedness, which was illustrated by opposite
signs and different magnitudes (i.e., −3 and +7 mdeg, respectively)
of the initial CD signals. As the mutarotation proceeded with

ion over the local conformation of polymer 9 [83].
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that by decorating the phenylene units in the backbone with cyano
groups, the oligomer became capable of binding metal ions in the
folded conformation [90]. Such cation binding ability was subse-
quently realized with alternative AEFS. These new cation-affinitive
Fig. 7. Illustration of mutarotatio

he saccharide, the chirality of the helices changed accordingly
etween M and P states, until the mutarotation reached the equi-

ibrium.
The thermodynamic free energy change of the saccharides

inding to the polymer should involve both enthalpy gain and
ntropy loss. The former may result from secondary interactions,
.g., hydrogen bonding between the host and guest as well as
ntramolecular �–� stacking of the polymer. While the latter was
ue to the transition from disordered states to the more ordered
elical conformation by the polymer, in addition to the loss of
free guest molecule [86]. Covalent linking a saccharide to one

nd of an oligo(m-ethynylpyridine) [87] through a flexible alkyl
hain strengthened the helix conformation. This was reasonably
xplained as follows. The ligated system entails less of an entropy
oss compared to a polymer binding a free guest molecule.

Subsequently, oligo(m-pyridineethynylene-alt-m-pyridone-
thynylene) 12 was synthesized by replacing every other pyridine
n the original structure with pyridone units [88]. This unique
ligomer was speculated to self-dimerize into duplexes through
nter-strand hydrogen bonds between pyridine and pyridone units.
his postulation was confirmed by the vapor pressure osmometry
VPO) and 1H NMR studies. The duplexes of the longer oligomers

ere able to unwind and dissociate into single helix upon recog-
ition of saccharide molecules. This process was monitored by

ollowing the induced CD signals (Fig. 8).
Azacrown, a known host for ammonium cations, was intro-

uced at the 4-position of every third pyridine rings in a

Fig. 8. Self-dimerized pyridine-pyridone oligomer 12 [88].
ced helicity inversion of 11 [85].

poly(m-ethynylpyridine) chain [89]. This novel modification was
designed to bring about the following consequences. In the
helical conformation of the polymer, the azacrown moieties
align to host polyammonium cations and form pseudopoly-
rotaxenes. Triethylene tetramine (TETA) protonated by TFA
stabilizes the induced folding of polymer 13 in the pres-
ence of a glucopyranoside (Fig. 9). Quantitative analyses using
CD spectroscopy via a titration experiment gave a formal
binding constant of 1.0 × 102 M−1 for the azacrown-attached
polymer and �-1-O-n-octyl-glucopyranoside. Upon addition of
TETA, the binding constant increased to 8.0 × 102 M−1, and
it was further raised to 1.5 × 103 M−1 upon further addition
of TFA.

2.1.3. Cation binding of m-ethynylenepyridine oligomers
An earlier study on the mPE oligomers by Moore et al. showed
Fig. 9. Polyammonium cation assisted complexation of 13 with a saccharide [89].
(Spheres in blue: N atoms; red: O; grey: C; white: H.)
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ridine)s (R)-14 and (R)-15 to double helicates (R, P)-16–18 [91].

f
D
s

b
i
c
o
V
a
b
w
b
1
n
w
e
c
m

a
[
c
p
A
m
o
o

p
o
i
b
p

accompanied with sharpening of the resonance signals, indicating
the oligomers adopted more ordered structures when binding to
the chloride. Meanwhile, aromatic CH resonances exhibited upfield
shifting, which is in agreement of the occurrence of �–� stacking.
Fig. 10. Metal-assisted assembly of oligo(m-ethynylenepy

oldamers all include pyridine units as the coordinating moiety.
epending on the backbone structure, single-, double-, and triple-

tranded helicates have all been observed.
Short oligo(m-ethynylenepyridine) sequences 14 formed dou-

le helicates 16 and 17 by coordinating to copper and silver
ons [91,92], respectively. Chirality of the double stranded heli-
ate of the silver complex 16 was confirmed by the emergency
f a strong CD signal at 345 nm and a medium peak at 310 nm.
ia a titration experiment monitored by CD spectroscopy, an
ssociation stoichiometry of 2:1 was determined for oligomer 14
inding with Cu+ or Ag+ [91]. Anthryl chromophores, having a long-
avelength absorption that does not overlap with the absorption of

inaphthyl–arylacetylene moiety, were introduced into oligomer
5 in order to study the handedness of the helicates. Strong sig-
als emerged at 485 nm and 438 nm in the CD spectra of 18. It
as thus proposed that the two ends of the molecule approach

ach other while forming the helicate. The handedness of the heli-
ates deduced from the CD spectra was further substantiated by
olecular modeling (Fig. 10).
Oligo(m-ethylenepyridine)s 19 and 20 were reported to self-

ssemble into triple-strand helicates in the presence of Cu(I) ion
93,94]. When ring-closing metathesis (RCM) was carried out under
onditions that favored the triple helicate formation, random cou-
lings took place among the six dangling terminal alkene groups.
fter dissociation with the copper ion, four different products (i.e.,
onomeric, dimeric, and trimeric cyclic as well as trimeric acyclic

ligomers of 19) were detected. This result validated the formation
f triplexes (Fig. 11).

Another example of AEFS that binds to cations was poly(m-

yridinyleneethynylene-alt-m-phenyleneethynylene) 21. This
ligomer was also demonstrated to fold into helical conformation
n polar solvent, and the induced helix could be further stabilized
y protons or sliver ions, which were postulated to bind with the
yridine units [95] (Fig. 12).
Fig. 11. Oligo(m-ethynylenepyridine)s 19 and 20 [93].

2.1.4. Anion-binding induced folding of oligoindoles
Investigations at oligoindoles linked by ethynylene units were

reported by Jeong et al. [37,96]. According to molecular modeling,
hexamer, and octamer of oligoethynylene indoles could assume
a helically folded conformation with an inner cavity, the size of
which was estimated to match well with that of a chloride anion.
When solutions of oligoindoles 22–24 in CD3CN were added with
tetrabutylammonium chloride, downfield shifts of the NH signals in
the 1H NMR spectra evidenced hydrogen bond formation. This was
Fig. 12. Poly(m-pyridinyleneethynylene-alt-m-phenyleneethynylene) 21 [95].
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Fig. 13. Structures of ethynylene-linked indole tetramer 22, hexamer 23,

urthermore, a 2D ROSEY spectrum of hexamer 23 in the pres-
nce of 1 equiv. of Cl− showed NOE correlations between hydrogen
toms which are stacked in proximity in the folded conformation
37]. Nonlinear least-square fitting of the UV titration curves gave
inding constants of 2.1 × 102 M−1 and 2.3 × 104 M−1 for hexamer
3 and octamer 24, respectively, in 1/9 (v/v) H2O–CH3CN solutions
t 22 ◦C. With the Job plots, a binding stoichiometry ratio of 1:1 was
etermined for the oligoindole–chloride complexes (Fig. 13).

Then chiral groups (R)- or (S)-1-phenylethylamine units were
ntroduced to both ends of oligoindoles via an amide linkage to
acilitate the characterization of the foldamers using CD spec-
roscopy [97]. Upon binding to a chloride ion, (S, S)-oligoindole
5 exhibited a strong positive CD signal at 395 nm, while (R, R)-
ligoindole 26 gave a mirror-image spectrum. Induced CD signals
mplied a preferential formation of a helical oligoindole with one
andedness over the other in the folded conformation. On the basis
f the theoretical calculations, one may conclude that the optimized

tructure of the (P)-helix of the (S, S)-oligoindole was less sterically
rowded compared to the (M)-helix (Fig. 14).

Oligoindoles 27–30 with polar side chains were capable of bind-
ng anions in a mixed solvent of MeOH/DCM [98]. In addition to

Fig. 14. Chiral oligoindoles 25 and 26 [97].
ctamer 24 (left); chloride ion induced folding of the hexamer (right) [37].

upfield shifting of the aromatic CH signals in the 1H NMR spec-
tra, bathochromic shift of the emission band accompanied with
intensity quenching was observed in the fluorescence spectra,
both of which supported the binding-induced folded conformation
(Fig. 15). Association constants of oligomers 29 and 30 binding var-
ious anions were calculated on the basis of titration experiments
monitored by fluorescence spectroscopy (Table 1).

Fusing the biindole unit into a rigid indolocarbazole structure
forced the two NH groups to be oriented in the same direc-
tion. Such a structural modification was designed to enhance the
anion-binding ability of oligomers 31–36 [99,100]. Solubility of
indolocarbazole-based foldamers 34–36 in water was imparted
by the carboxylate side groups. In D2O, indolocarbazole trimer 36
adopts a non-aggregated but folded conformation, indicated by
its concentration-independent 1H NMR spectra and by compari-
son with the spectrum of monomer 34. The existence of multiple
hydrogen bonds between trimer 36 and various anions (F−, Cl−,
and Br−) in water was evidenced by changes in the chemical shifts
of relevant protons in the 1H NMR spectra. Association constants
of trimer 36 with various anions in polar solvent D2O, acquired
from 1H NMR titration experiments, decreased in the order of Cl−

(65 ± 2 M−1) > F− (46 ± 2 M−1) > Br− (19 ± 2 M−1) at 24 ◦C. This order
was different from that obtained from 4:1 (v/v) DMSO/MeOH solu-
tions, which was F− > Cl− > Br−. The disparity in the binding trend
was attributed to the different competing energies of solvation in
different media. Furthermore, binding affinity of the trimer for Cl−

was independent of the counterion (Li+, Na+, or K+) (Fig. 16).
2.2. Foldamers as reactive sieves – toward synthetic enzyme

The cavitand foldamers are envisioned promising synthetic scaf-
folds for achieving the function of catalysis [13]. Guest binding

Fig. 15. Structures of oligoindoles 27–30 [98].
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Table 1
Summary on association constants of foldamer-guest complexes.

Host Guest Kass (M−1) Solvent/T (K) Characterization method Reference

1b (−)-�-Pinene H2O/CH3CNa,b CD [81]
3.1 ± 0.18 × 104 (6:4)
5.9 ± 0.35 × 104 (7:3)
1.0 ± 0.06 × 106 (8:2)
1.4 ± 0.09 × 106 (9:1)
1.2 ± 0.01 × 105 (10:0)

2 5 1.0 × 103 CH3CN/r.t. CD [82]

7 8 1.2 ± 0.4 × 103 DCM/298 CD [36]

9 8 DCM/299 CD [83]
1.7 ± 0.3 × 102 (0.0 equiv. H+)
c1.8 ± 0.1 × 103 (0.5 equiv. H+)

9 o-Octyl-�-d-Fru DCM/299 CD [83]
1.0 ± 0.1 × 102 (0.0 equiv. H+)
c2.0 ± 0.5 × 104 (0.5 equiv. H+)

9 o-Octyl-�-d-Man DCM/299 CD [83]
3.3 ± 0.5 × 103 (0.0 equiv. H+)
c7.2 ± 1.3 × 103 (0.5 equiv. H+)

9 o-Octyl-�-d-Gal DCM/299 CD [83]
Too small (0.0 equiv. H+)
c2.2 ± 0.4 × 103 (0.5 equiv. H+)

11 Native hexoses H2O/MeOH CD [84]
14 (d-mannose) (10:1)/298
5.5 (d-fructose) (10:1)/298
4.4 (d-allose) (10:1)/298

13 8 DCM/298 CD [89]
1.0 ± 0.3 × 102

d8.0 ± 0.7 × 102 (TETA)
e1.5 ± 0.3 × 103 (TETA-TFA)

22 Cl− 1.3 ± 0.1 × 105 CH3CN/295 UV–vis [37]

23 Cl− H2O/CH3CN UV–vis [37]
1.2 ± 0.1 × 106 (0:10)/295
2.1 ± 0.1 × 102 (1:9)/295

24 Cl− H2O/CH3CN UV–vis [37]
>107 (0:10)/295
2.3 ± 0.2 × 104 (1:9)/295

25 X− 2.9 × 105 (Cl−) DCM/MeOH UV–vis [97]
6.2 × 104 (Br−) (99:1)/294
2.6 × 102 (I−)
4.4 × 104 (NO3

−)
8.5 × 105 (N3

−)

29 X− 5.1 × 105 (F−) DCM/MeOH (4:1)/297 Fluorescence [98]
1.1 × 105 (Cl−)
1.6 × 104 (Br−)
4.0 × 103 (I−)
8.5 × 104 (CN−)
6.0 × 104 (N3

−)
4.8 × 103 (NO3

−)
2.9 × 104 (AcO−)

30 X− 1.2 × 106 (F−) DCM/MeOH Fluorescence [98]
2.9 × 105 (Cl−) (4:1)/297
5.0 × 104 (Br−)
2.1 × 104 (I−)
1.1 × 105 (CN−)
1.2 × 105 (N3

−)
8.0 × 104 (NO3

−)
9.4 × 104 (AcO−)

31 Cl− 11 DMSO/MeOH 1H NMR [99]
(4:1)/297

32 Cl− 5.6 × 102 DMSO/MeOH 1H NMR [99]
(4:1)/297

33 X− 1.8 × 105 (F−) DMSO/MeOH Fluorescence [99]
3.7 × 104 (Cl−) (4:1)/297
1.4 × 103 (Br−)
86 (I−)
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Table 1 (Continued )

Host Guest Kass (M−1) Solvent/T (K) Characterization method Reference

36 X− 46 ± 2 (F−) D2O/297 1H NMR [99]
65 ± 2 (Cl−)
19 ± 2 (Br−)
<1 (I−)

a The respective solvent composition is noted in the parentheses.
b Experiment temperature was not reported; presumably measured at room temperature.
c Polymer 4 with 0.5 equiv. TFA (relative to repeating units).
d Formal binding constant in the presence of TETA.
e Formal binding constant in the presence of TETA and TFA.
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would be influenced by both the size and shape of the guest
molecule as well as the cavity interior surface features, and
the binding strength would in turn affect the outcome of the
guest-involved chemical transformation. Hence, different guest
Fig. 16. Structures of ethynylene-linked indolocarbazole olig

s among the first series of processes to be realized in develop-
ng artificial enzymes that perform chemical transformations. The

PE foldamer is capable of molecular recognition with the cavity
nside its helically folded architecture (vide ante). In addition to
he capability of binding a guest (or substrate), to accomplish the
ransformation function, the cavity evidently needs to serve as an
active site” of “turn-over” capacity. The mPE oligomers are advan-
ageous for this task by virtue of their modularly constructed chain
tructures. Namely, they can be chemically modified conveniently
nd functionalized without significantly disrupting the folded con-
ormation. Moore and coworkers have ventured down the path and

ade seminal progress.
The phenylene ethylene backbone was decorated with func-

ional groups in order to modify the internal surface of the cavity
nd accomplish designed chemical transformation in the folded
onformation. A pyridine unit was incorporated into the middle
f a phenylene ethylene chain and proven not to significantly
estabilize the helical conformation in acetonitrile [27]. It was not
urprising to find that the basicity of the pyridine unit could be
asily modulated by changing the substituents on the pyridine ring
n oligomers 37–41 [101]. In the folded conformation, the basicity

as also slightly influenced by the interaction between pyridine
nd phenyl rings, as a result of more compact stacking thereof than
n the unfolded state (Fig. 17).

Under the folded conformation, the lone-pair electrons of the
yridine unit should be directed to the interior of the cavity

nd thus capable of nucleophilic attack on the guest molecule
ound inside the cavity. Pyridine–containing phenylene ethylene
ligomers 42–49 of different chain lengths were used to probe
his property. It was discovered that under the folded conforma-
ion the methylation (by methyl iodide) rate of the pyridine unit in
31–36 (left) and a trimer binding a chloride ion (right) [99].

oligomers that contained more than eight repeat units was much
faster compared to that in oligomers of a shorter chain length
[102,103]. In contrast, a control experiment showed that under oth-
erwise the same methylation conditions the reaction rate in CHCl3
was nearly independent of the chain length. This result unam-
biguously indicated that folding, which only happened with longer
oligomers in polar solvent, drastically accelerated the methylation
reaction (Fig. 18).

In a subsequent study, a competitive binding/inhibition exper-
iment excluded the possibility that a foldamer was binding with
more than one guest molecule prior to the methylation. It was thus
proposed that constraining the methylation reagent in close prox-
imity of the reactive moiety was the primary cause for the observed
rate enhancement of the methylation [104].

Apparently, the molecular recognition ability of the foldamers
Fig. 17. Chemical structures of compounds 37–41 [101].
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Fig. 18. Methylation of pyridine-containing m

olecules and oligomers offering varied–sized cavities were
ystematically investigated in terms of their reactive sieving prop-
rties [105,106]. Again, methylation of the pyridine-containing mPE
ligomers was employed as a probing reaction platform. The cavity
f the foldamers was modulated by chemical modification of the
ligomer structure (50–53). A series of methyl sulfonates, bear-
ng linear or branched alkyl chains, were synthesized to be the

ethylation reagents (Fig. 19).
A few important conclusions were drawn from this study. First,

ith a certain methyl sulfonate, the methylation rate typically
ncreased with the increasing length of the oligomers. This was pos-
ibly a result of the more stable helical conformation of the longer
ligomers. Secondly, the flexible nature of the folded structure of
ligo(mPE) allowed it to accommodate different guest molecules.
onetheless, the reaction rate was sensitive to the size and shape of

he guest molecule. For sulfonates of linear alkyl chains, the methy-
ation reaction proceeded faster with the reagents of longer tails.
his was probably due to the more significant solvophobic effect
f the longer alkyl tails. The situation was more sophisticated for
he branched sulfonates, and sieve-like behaviors were observed

ore pronouncedly with this series. Both size and shape of the
ulfonates played a role, although it appeared that the reactivity
s governed more by the shape than by the size. The orientation
f the reactive groups inside the cavity was particularly relevant.
lso, the variation trend of the reaction rate did not perfectly
atch the “55% rule” conferred from alternative supramolecu-

ar systems [107]. End-functionalized oligomers 54 showed no
eactive sieving ability when it was subjected to different methyl

lkylsulfonates [106]. This could be explained by the molecular
ynamics simulation studies, which indicated that more significant
onformational fluctuations occur with the end of the chain [108]
Fig. 20).

Fig. 19. Chemical structures of oligomers 50–53 [105,106].
igomers 42–49 of different lengths [102,103].

2.3. Photo-responsive AEFS

While solvent properties have been widely manipulated to
enable the folding transition of foldamers, incorporation of a pho-
toisomerizable unit into the backbone elegantly establishes an
effective, reversible control over the helix–coil transition of a
foldamer. Hecht et al. reported the photoswitchable foldamers
55–57 by harnessing the photoisomerizable azobenzene unit
[109,110].

An azobenzene unit was incorporated into the center of the
oligo(mPE) backbone via a varied connectivity (Fig. 21). The length
of the two oligo(mPE) arms appended to the azobenzene unit was
specifically chosen so that they were not long enough to adopt a
helical conformation independently, but when the central pho-
toisomerizable unit adopted a proper configuration, the overall
molecular chain could fold into a helical conformation. Specifi-
cally, in the case of ‘turn-on’ helix, oligomers 55 and 56 were
able to fold into a stable helical conformation when the azoben-
zene was in the cis state, while the trans-azobenzene disrupts the
helix. In contrast, the ‘turn-off’ helix 57 could fold with azoben-
zene in the trans-conformation and unfold with the azobenzene
in the cis-conformation. For oligomer 57 with chiral side chains,
using UV–vis and CD spectroscopies, a reversible helix–coil tran-
sition was observed to take place and governed by the cis–trans
transformation of the azobenzene unit, the latter of which was con-
trolled by irradiation of light with proper wavelength or suitable
thermal conditions [111].

2.4. Incorporating metal ions into the mPE backbone
In regard to the goal of enzyme mimicry, incorporating metal
ions into foldamer systems is of particular interest in recent years,
since metal ions serve as active centers in biological systems such
as hemoglobin [112], carbon monoxide dehydrogenase [113], etc.

Fig. 20. Chemical structures of compound 54 [106].
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Fig. 21. Chemical structures of compounds 55–57 [109,110].
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In an independent study, Lee et al. reported coordination
polymers based on bispyridine terminated mPE ligands 66–69
coordinating to silver ions [120]. The chain conformations of the
coordination polymers were pronouncedly affected by the counte-
rions (Fig. 25).
Fig. 22. Coordination-enabled folding of m-phenylene ethyle

y introducing metal ions into foldamer scaffolds, potential appli-
ations such as supramolecular catalysts, enzyme mimics, and so
n, might be achieved. Relevant investigations were carried out by
number of research groups.

Based on calculations, the distance between two nitrogen atoms
f a trans pyridine–Pd(II) complex is very close to the average dis-
ance between two ipso carbons of diphenylethylene structures,

aking the trans pyridine–Pd complex unit a suitable segment to
e inserted into the mPE foldamer backbone without significant dis-
urbing the helical conformation [114]. Based on UV–vis absorption
tudies, pentamer 60 was unable to fold. Yet, upon coordination
o a Pd ion the oligomer complex exhibited a stable, folded struc-
ure. Such coordination-enabled folding was reasonably explained
y the additional intramolecular aromatic stacking interactions
esulting from the elongated oligomer chain length upon complex-
tion (Fig. 22).

Additionally, on the basis of 1H NMR spectra the folded con-
ormation of complex 60–Pd–60 was suggested to be more stable
han that of complex 58–Pd–58. Thermodynamic parameters
btained by isothermal calorimetry titrations between oligomers
8–62 and trans-PdCl2(CH3CN)2 further supported the postula-

ion that coordination was strengthened by the additional free
nergy gained from folding of the elongated oligomer chains. Fur-
hermore, bis-functionalized oligomers 63–65 were synthesized.
or sequences 63 and 65 a coordination-entailed polymerization
eaction occurred upon addition of trans-PdCl2(CH3CN)2 into the
amers [114]. (Reproduced with permission from Ref. [114].)

system [115]. The polymerization was proven to proceed with
a nucleation–elongation mechanism [116–119]. Specifically, once
the critical chain length that enables folding was reached by the
growing species in the system, subsequent chain extension became
thermodynamically more favored due to the additional free energy
gained by the folding and stacking (Figs. 23 and 24).
Fig. 23. Chemical structures of compounds 58–62 [114].
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3–65 [115]. (Reproduced with permission from Ref. [115].)
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Fig. 24. Coordination induced folding of compounds 6

Specifically, coordination polymers 66 and 67 formed pentago-
al helices, with the interior cavity occupied by counterion NO3

−

nd BF4
− in the solid state, respectively. Interestingly, when the

ounterion became CF3SO3
−, two bent-shaped bipyridine ligands

oordinated with two sliver ions and formed a macrocycle, instead.
hese macrocycles then self-assembled into a columnar phase.
s the size of the counteranion further increased to C3F7SO3

−,
oordination polymer 69 adopted an extended zig-zag chain con-
ormation in the solid state. This observation was attributed to the
articularly large size of C3F7SO3

− anion, which was presumably
oo big to fit in the cavity formed by the folded chains. The poly-

er chains could also be tuned to transform from the extended
ig-zag conformation to folded double helices simply by replacing
he metal ion bridge from trans palladium dichloride to trans cop-
er dichloride (i.e., changing from polymer 70 to polymer 71). This
uplex formation was attributed to the copper-chloride dimeric

nteractions present between the two composing polymer chains
long the axle of the formed double helix [121] (Fig. 26).

Phenanthrylene ethynylene ligand 72 bearing two termi-
al pyridine units also formed a folded helical polymer by
oordinating to silver trifluoromethanesulfonate. More interest-
ngly, such a coordination polymer could undergo a reversible
xtension–contraction motion [122]. This motion of the polymer
as governed by the LCST (lower critical solution temperature) of

he oligo(ethylene oxide) chain. Below the LCST, the dendritic ethy-
ene oxide side chains were well hydrated and existed in relatively
xtended, random coil conformations, which entails less steric

epulsion among side chains. As the temperature was raised to
bove the LCST, the dendritic ethylene oxide chains became poorly
ydrated and collapsed into globules. The increased bulkiness
nd repulsions between adjacent globular side chains therefore

Fig. 25. Chemical structures of compounds 66–69 [120].
Fig. 26. Chemical structures of compounds 70 and 71 [121].

stretched the helical pinch. The occurrence of such a process was
confirmed by fluorescence resonance energy transfer (FRET) and
2D NMR experiments (Fig. 27).

2.5. Ortho-phenylene ethynylene foldamers

It can be imagined that, similar to the oligo(m-phenylene
ethynylene) systems, given suitable conditions oligo(o-phenylene

ethynylene)s should also be able to adopt helical conforma-
tion, with three phenylene ethynylene repeat units per turn.
Computational studies predicted that, like mPE oligomers, under
solvophobic conditions folding of oligo(o-phenylene ethynylene)
(oPE) should be enthalpy-favored [123], accompanied by an

Fig. 27. Chemical structure of compound 72 [122].
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the conjugative property of the oligomer, which is indispensable
for semiconductive systems. By extending the distance between
the oPE units, torsional strain in the folded oligo(oPE)s can be
significantly released and the coplanarity of adjacent aromatic
Fig. 28. Chemical structures o

ntropy loss. Nonetheless, while the folding properties of mPE sys-
ems have been thoroughly investigated, only a few oPE oligomers
ere synthesized and reported in earlier studies [124–126].

With 1D and 2D NMR spectroscopies, Tew and coworkers con-
rmed that in polar solvents oPE oligomers 73–75 could fold into
ompact helical conformations with three phenylene units a turn
38]. 1D 1H NMR showed that for these molecules the resonances
f hydrogen atoms on phenyl rings 1 and 4 shifted upfield when
he polarity of the solvent increased, while the chemical shifts of
ydrogen atoms on rings 2 and 3 remained constant (Fig. 28). These
esults were consistent with a folded conformation, in which the
hemical environment of protons on rings 1 and 4 changed evi-
ently upon folding, as a result of face-to-face �–� stacking of these
wo rings. Strong NOE between the TMS protons and protons on
ing 3 of oligomer 74 was observed in acetonitrile, indicating that
ing 1 was stacking with ring 4 with the TMS group lying in prox-
mity with ring 3. Similarly, oligomer 75 in acetonitrile exhibited
trong NOE between TMS protons and methyl protons of triazene
roup. NOESY spectra of oligomer 74 and ROESY spectra of oligomer
5 indicated that rings 1 and 4 stacked in a face-to-face fashion,
hich further confirmed the proposed helical conformation of oPE

oldamers in polar solvents.
Due to the distinct structural geometry, the minimum chain

ength for oPEs to fold was 4 repeat units, which is a much shorter
ritical length than that of mPE foldamers. When the length of oPE
oldamer increases, such as for oligomers 76 and 77, the possible
onformations of the folded state become more complex. By mak-
ng assignment of the spin system for the homo-oPE foldamers
127], Tew et al. clarified the folded conformation of hexamer
7 [128]. Chemical shifts of protons on the central ring of pen-
amer 76 remained constant; other protons on rings 1, 2, 4, and
shifted upfield with increased solvent polarity; whereas protons
f all 6 phenyl rings in the hexamer shifted upfield when solvent
olarity increased. Such changes in the chemical shifts of pheny-

ene protons underlined that the oligomers folded into a helical
onformation in the polar solvents with 3 PE units per turn. The con-
lusion was further supported by the ROSEY spectra. oPE oligomers

p to nonamer 78 were synthesized and proven to be capable
f switching between folded and unfolded states in different sol-
ents [129]. A polymer of oPE reported by Khan and Hecht also
xhibited evidence for chain folding into a helical conformation
130].
pounds 73–78 [38,127–129].

2.6. oPE-alt-pPE folding system

Oligo(o-phenyleneethynylene-alt-p-phenyleneethynylene) 79
(Fig. 29) with alkyl side chains was synthesized by Zhao and
coworkers and also assumes a folded conformation in apolar
solvent cyclohexane by UV–vis and fluorescence emission charac-
terizations [39]. The purpose of the design was to achieve a foldable,
conjugated chain molecule, and thereby to explore a novel organic
semiconducting material with unique charge/energy transporting
properties. It can be imagined that in a helically folded conjugated
molecule (e.g., oligomer 79) the effective direction of charge/energy
transport via �-conjugation along the aromatic backbone and that
via �–� stacking can be unified to be along the helix main axis. This
is in great contrast with the situation with conventional linear, con-
jugative chain structures, in which the directions of charge/energy
transport affected by these two types of interactions are orthogonal
with each other.

A seemingly simple modification of inserting a pPE units
between every oPE segment was a critical design factor to ensure
Fig. 29. Chemical structure of an oligo(o-phenyleneethynylene-alt-p-phenylene-
ethynylene) and a model of it in the folded conformation (alkyl side chains replaced
with hydrogen for clarity) [39].
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helices was maintained in spin-coated films. Furthermore, in situ
de-substitution of the chiral substituents in the film was accom-
plished by immersing the membrane into a KOH solution and then
acidifying it with HCl. The completion of the reaction was con-
firmed by IR spectroscopy and gravimetry. CD spectrum recorded
Fig. 30. Chemical structu

nits can be greatly improved. Thereby, electronic coupling and
-conjugation along the backbone can be more effective relative

o oligomers comprising sheerly oPE units. The reported oligo(oPE-
lt-pPE) was designed as a primitive model of a foldable conjugated
hain molecule, for the purpose of interrogating the folding capa-
ility. Replacing the p-phenyl units with alternative aromatic units
ith better semiconductive properties will furnish systems with

uperior performance.

.7. oPE oligomers end-capped with Pt complexes

Che et al. reported a series of ortho-phenylene ethylene
oldamers end-capped with terpyridyl-platinum(II) complex units
0–86. The binuclear terpyridyl-platinum(II) complexes 82, 84 and
5 were confirmed to adopt partial-helical conformations in the
olid state by single crystal X-ray crystallography [131], although
ingle crystals of 83 and 86 suitable for X-ray diffraction analysis
ere not obtainable. The phosphorescence of these terpyridyl-
latinum(II) complex end-capped foldamers showed an interesting
olvatochromic property. Specifically, the emissions of complexes
2–86 were red-shifted and the intensity was amplified with
n increasing water percentage in the aerated water–acetonitrile
inary solvent. This observation was postulated to be a result
f enhanced intermolecular aggregation and/or intramolecular
olding of the oligomers through �–� interactions and/or Pt–Pt
nteractions. Additionally, dynamic light scattering and transmis-
ion electron microscopy studies revealed that these oligomeric
inuclear platinum(II) complexes aggregated into nanosized par-
icles in acetonitrile/water mixed solvents (Fig. 30).

.8. 1,8-Anthrylene ethynylene foldamers

1,8-Anthrylene with a turning angel of 180◦ was recently
ntroduced by Toyota et al. [132] as a building block into an ary-
ene ethynylene foldamer. Compared with other aromatic units
mployed to construct foldamers, 1,8-anthrylene possesses unique
eometric and electronic properties.

Based on the results from studies on 1,8-anthrylene ethynylene
acrocycles 87 and 88 [132–134], interactions between stacked

nthracene units were not strong enough to stabilize the con-
ormer of D2 symmetry; instead, a square prism was observed. The
nergy barrier between two chiral diamond prisms through skele-

al “swing” was estimated to be 38 kJ mol−1 by varied-temperature
H NMR (Fig. 31).

Analogously, as lacking specific secondary interactions such
s the solvophobic effect to stabilize the folded conformation,
ligomeric 1,8-anthrylene ethynylenes did not exhibit a stable
compounds 80–86 [131].

folded conformation in solution [1,70–80]. However, anthracene
is known to be able to dimerize via a [4 + 4] cycloaddition, and the
reaction can be reversed under suitable thermal conditions. This
feature thus was exploited as a unique driving force to achieve
folding, i.e., a reversible chemical reaction was harnessed to enable
folding. Specifically, acyclic 1,8-anthrylene ethynylene trimer 89
dissolved in degassed benzene was irradiated with a high pressure
Hg lamp. An intramolecular cycloaddition reaction was initiated
and the oligomer was thus locked in a folded state through cova-
lent bonding. Subsequently, by heating the solid-state sample of
the photochemical adduct, a retro-cycloaddition took place. But the
trimeric 1,8-anthrylene ethynylene was retained in the folded con-
formation in the solid state. Dissolving this sample in chloroform
released the oligomer back to the unfolded state [135] (Fig. 32).

2.9. Helical structures of mPE polymers in thin films

Helical structures of mPE with a twist sense bias induced
by chiral side chains were first reported in 1999 [136]. More
recently, helices of one-handed twist sense were reported for mPE
foldamer 90 [137]. In this case, chiral d-menthoxy substituents
were appended to the phenylene units through an ester linkage
and used to induce a preferred handedness of the helical struc-
ture. According to the CD spectra, the chirality of these one-handed
Fig. 31. 1,8-Anthrylene ethynylene macrocycles 87 and 88 [132–134].



968 B.-B. Ni et al. / Coordination Chemistry Reviews 254 (2010) 954–971

ene ol

f
i
w

c
d
[
h
w
c
g
b
l
9
t
c

2

a
g
l
v

polymers soluble in water. As the composition of the meta-
phenylene unit increased from 96 to 98, a gradual transition from
Fig. 32. Folding and unfolding of 1,8-anthrylene ethynyl

or the de-substituted polymer film was similar to that of the orig-
nal spin-coated film, indicating helices with the same handedness

ere reserved after cleavage of the chiral side groups (Fig. 33).
Poly(mPE-alt-pPE) 91–93 bearing glycine derivative side

hains were synthesized via Sonogashira coupling between p-
iethynylbenzene and a diiodo substituted m-phenylene monomer
138]. Specific rotation, UV–vis and CD spectra confirmed that a
elical conformation with predominantly one-handed twist sense
as adopted by these polymers in nonpolar solvents and the

ondensed state. Intramolecular hydrogen bonds between amide
roups were revealed by solution state IR spectra to be present
etween adjacent turns in the helices and believed to help stabi-

ize the helix. The apparently slower H-D exchange rate of polymer
2 compared to that of its monomer further supported the exis-
ence of such hydrogen bonds between amide groups in the helical
onformation (Fig. 34).

.10. Foldable phenylene ethynylene polyelectrolytes

Poly(mPE-alt-pPE) electrolytes 94 and 95 were synthesized

nd studied by Schanze and coworkers [139,140]. Ionic functional
roups were tethered to the polymer backbone by relatively short
inkages, which made polymers 94 and 95 soluble in polar sol-
ents. On the basis of the UV–vis absorption and fluorescence

Fig. 33. Chirality of mPE polymer 90 immobilized in thin film [137].
igomer 89 driven by photo-induced dimerization [135].

spectra of these polymers in a series of MeOH/H2O mixed sol-
vents with varied compositions, a coil (in MeOH) to helix (in H2O)
transition was suggested to occur with the polymer chain, simi-
lar to those observed with mPE oligomers of non-ionic side chains
[4,9,10,26,64,136]. The helical conformation of polyelectrolyte 95
was further verified by CD spectrum. Remarkably, both polymers 94
and 95 were able to bind metallo-intercalator Ru(bpy)2(dppz)2+ in
the folded helical conformation, which was considered analogous
to Ru(bpy)2(dppz)2+ binding DNA via intercalation [141]. More sig-
nificant fluorescence quenching was observed for polyelectrolyte
94 in the folded conformation than in the disordered conforma-
tion. This was explained due to greater exciton diffusion length or
more efficient quencher–polymer interaction in the former state
(Fig. 35).

Water-soluble fluorene-containing poly(arylene ethynylene)
electrolytes 96–99 were also obtained via Sonogashira coupling
reactions [142]. Meta-phenylene units were incorporated as non-
linear building blocks, while ammonium functionality made the
random coil to helix was observed, shown by the UV–vis absorption
spectra. However, likely due to the steric and electronic repulsion
among the ammonium-functionalized side chains, tightly folded

Fig. 34. Chirality immobilized in thin film of mPE polymers 91–93 [138].
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Fig. 35. Poly(m-phenylene ethynylene)s polyelectrolytes 94 and 95 [139,140].
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Fig. 36. Water-soluble fluorene-contai

elical conformation was disfavored in these polymers. Nonethe-
ess, iron–sulfur protein induced fluorescence quenching was more
ronounced for the polymers with more features of helical confor-
ation, which again resulted either from greater exciton diffusion

ength in the more compact helical conformation, or from better
patial interaction between the polymer and iron–sulfur protein

econdary structure [142] (Fig. 36).

The above studies elucidated the potential advantages for
elevant foldamers to be applied as fluorescence-based sensory
aterials.

Fig. 37. Chiral block-copolymer 100 and graft-copolymer 10
oly(arylene ethynylene)s 96–99 [142].

2.11. Foldable copolymer

Stereo-regular poly(propylene oxide) (PPO) chains were intro-
duced into poly(phenylene ethynylene) system to prepare novel
chiral, amphiphilic block- and graft-copolymers 100 and 101 [143].
Despite the presence of the long, bulky PPO segments, UV–vis

absorption and CD spectra indicated that both PE segments in the
copolymers were capable of folding in polar solvents. This work
presented a new approach to incorporating chiral elements into
rod-coil block- and graft-copolymers (Fig. 37).

1 containing poly(arylene ethynylene) segments [143].
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. Outlook

The above research unambiguously demonstrated that vast
rogress has been made at developing synthetic folding scaffolds
sing arylene ethynylene building blocks. Disregard the fact that
hese efforts were either devoted to modifying previously estab-
ished foldable backbones into more complex systems, or they were

ade at constructing foldable architectures using newly designed
nd synthesized chemical building blocks, ultimately, bestowing
unctions to these AEFS has clearly become an essential focus. In
ddition to the achievement of relatively simple function of bind-
ng small molecules or ions, more sophisticated task of exploiting
he binding cavity as a reactive site for chemical transformation has
lso been accomplished. Further upgrade of the reactive site into a
atalytic center warrants the studies on how to realize, e.g., prefer-
ntial binding of the substrate over product, as well as establishing
he turn-over function. Besides the attractive goal of developing
ynthetic enzymes, alternative applications of functional AEFS as
ensors or optoelectronic materials have also emerged. Evidently,
ast opportunities exist for AEFS to serve as a unique, conveniently
ailored, and versatile synthetic platform for studying and devel-
ping various functional systems.
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