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CONSPECTUS

ydrogen-bonded oligoamide foldamers represent a large ,.,z '
family of peptide mimics. Pioneered by Gellman and @/WZH "'02‘31@/002"'
Seebach (Appella, J. Am. Chem. Soc. 1996, 118, 13071
—13072; Seebach, Helv. Chim. Acta 1996, 79, 913—941), ali- ROIIOOZH Hmw HzNﬁ
phatic amino acid-based mimic structures have been
extensively studied. Results of these studies have found many [ Hog H HaN OR HO.C
useful applications in areas including chemical biology and ﬁ/m :@: cosH

drug design. This Account describes our efforts in creating
arylamide-based foldamers whose compact conformations | o dI it fu;'gtl?pr;al I P —
are stabilized by hydrogen bonding. The aim of our study recognition, seif-assembly

and facilitation of reactions
was to test whether this class of mimic structures is suffi-

ciently rigid to lead to new interesting functions. It was envi-
sioned that, if our approach was workable, it might be
developed into a new family of useful soft frameworks for v I3 90 I 9 9

studies toward molecular recognition, self-assembly, and

materials science. Three classes of mimic structures, that is,

folded or helical, zigzag, and straight oligomers, have been constructed by simply changing the positions of the substitu-
ents at the benzene rings in the backbones. Both amide and hydrazide units have been employed to construct the frame-
works. In most cases, O- - -H—N hydrogen bonding was chosen to stabilize the compact conformations. Notably, for the first
time the F---H—N hydrogen-bonding pattern has been used to tune the size of the cavity. To test their usefulness, these
frameworks have been extensively modified and functionalized. "H NMR, UV-vis, fluorescence, circular dichroism, and X-ray
diffraction techniques have all been employed to establish the compact structures and their interactions with guest molecules.

The properties or functions of the mimic structures have been studied in seven aspects. (1) Acyclic molecular receptors:
The amide foldamers can bind amine cations, while the hydrazide foldamers can complex saccharides. (2) Acceleration of
anisole hydrolysis: Several folded oligomers are able to bind alkali metal cations and consequently promote the hydrolysis
of the nitro-substituted anisole by alkali hydroxides. (3) Facilitation of macrocydlization: The straight and zigzag backbones
can be readily functionalized, from which two classes of macrocycles have been prepared. (4) Homoduplex assembly: Zig-
zag oligomers that are appended with amide units at one side can form stable homoduplexes through the cooperative self-
binding of the amide units. (5) Assembly of molecular tweezers: Discrete binding moieties are introduced at the ends of the
oligomers, which can bind structurally matched guests. (6) Assembly of nano networks: F---H—N hydrogen-bonded fol-
damers can stack with fullerenes; thus a mixture of fullerenes with a trifoldamer generates honeycomb-styled nanoarchi-
tectures. (7) Assembly of dynamic [2]catenanes: A preorganized porphyrin tweezer has been synthesized, from which dynamic
three-component [2]catenanes have been assembled in high yields.

Our results demonstrate that hydrogen-bonding-driven arylamide oligomers are a class of structurally unique mimic struc-
tures. The folded oligomers themselves can be used as synthetic receptors for binding different guest molecules, while incor-
poration of different segments into one system can produce many desired shapes. In addition, all of the rigid frameworks
can be readily functionalized at specific sites. We believe that our results have helped to open the door for some new chem-
istry in molecular recognition, self-assembly, and other related areas.
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Introduction

One primary goal in research on peptide mimics is to under-
stand the rules that dominate the structure—property relation-
ship of peptides and proteins. Because natural molecules are
mainly composed of a-amino acids, most efforts in this field
have been devoted to the creation of mimic structures with
various aliphatic -, y-, or 6-amino acid segments. The
progress achieved so far has been great, leading already to
wide applications of the mimicking systems in biomolecular
design and drug development. Oligomers consisting of aryla-
mide units represent another family of mimic structures that
have also aroused considerable interest in recent years. Since
stable folding conformations are prerequisite to the forma-
tion of the three-dimensional structures and functions of pep-
tides and proteins, mimic structures that have strong tendency
to adopt similar compact states have received particularly
great attention.'” Pioneered by Gellman and Seebach,®”
studies on such oligoamides have developed into a new field
of “foldamers’, as coined by Gellman.?

One promising class of foldamers are those composed of
arylamide segments and stabilized by intramolecular hydro-
gen bonding "' As a result of the directionality of the hydro-
gen bonding and the intrinsic rigidity and planarity of the
arylamide units, mimic structures of this class usually display
a relatively high conformational predictability. The first exam-
ple of arylamide-based foldamers was reported by Hamilton
etal. in 1996."2 Since then, Lehn, Gong, Huc, and others have
developed many elaborate frameworks starting from differ-
ent arylamide segments that are stabilized by discrete hydro-
gen-bonding patterns.’>™'® As more structurally elegant
frameworks are created, it becomes increasingly likely to
design systems that are capable of exhibiting tailored func-
tions. For example, several pyridine-derived foldamers have
been utilized to mimic the binding surfaces of protein heli-
ces.'® Our efforts in this field have been concentrated on the
investigation of the structure—property relationship by design-
ing new arylamide-based frameworks. We logically viewed
this strategy as a new approach to mimicking the secondary
structures and, more importantly, functions of natural pep-
tides. The strategy has been proven successful and allowed us
to create a variety of molecular receptors, synthetic method-
ologies, self-assembling patterns, and nanoscaled architec-
tures. These results are summarized in this Account.

Design Consideration

In 2002, we became motivated to search for new forms of
artificial secondary structures. In particular, we hoped to con-
struct frameworks that are capable of exhibiting interesting

functions such as recognition, self-assembly, or catalysis, that
are common for peptides and proteins. Studies on the recog-
nition behavior of linear molecules may be traced back to as
early as the 1970s, when Vogtle and Weber investigated the
complexing properties of oligo(ethylene glycol) derivatives
toward metal ions.*° In 2000, Lehn et al. reported a new lin-
ear oligo-isophthalamide strand that folded to bind a cyanu-
ric acid derivative.?’ However, from the standpoint of
molecular recognition, flexible receptors may not be the most
ideal because their conformations become confined upon
binding, producing important negative entropy. Also in 2000,
Moore et al. showed that hydrophobically driven oligo(m-phe-
nylene ethynylene) foldamers could bind guests of comple-
mentary size and shape.?? The depth of the cavity produced
by this family of foldamers can be regulated by changing the
length of the backbones,?® but the width of the cavity seems
quite difficult to modify. We have devoted our efforts to
hydrogen-bonded arylamide oligomers, which are relatively
easy to synthesize and modify. Another consideration was that
by simply changing the positions of functional groups in the
segments, we could create oligomers of other extended con-
formations, as shown in an earlier report by Hamilton et al.'®

There are two main classes of monomeric building blocks
that can be used to construct arylamide oligomers. One class
is various aryl amino acids, which resemble natural c-amino
acids, giving rise to backbones of one-way sequence. Another
class consists of a combination of aryl diamines and diacids,
from which symmetric oligomers are constructed. Both classes
of oligomers can be readily prepared by successive amide
couplings, as for the synthesis of natural peptides. Neverthe-
less, compared with those of the one-way sequences, TH NMR
spectra of the symmetric oligomers are significantly simpli-
fied, which is advantageous for the structural characteriza-
tion of longer oligomers.

The design concept for our self-organized frameworks is
presented in Figure 1. The folded backbones are structurally
common, but they have been designed to generate well-de-
fined cavities with potential binding sites, such as MeO, F, or
C=0 units, in the central area. The zigzag and straight back-
bones may be conceptually regarded as an extension of the
common “folded” foldamers. Benzene-derived monomers
were chosen for all the frameworks, because their intramo-
lecular five- and six-membered hydrogen-bonding motifs are
well-established.®® Further modifications of both backbones
and side chains can be readily performed at different posi-
tions, as indicated in Figure 1 by arrows.
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FIGURE 1. Self-organized arylamide frameworks (all with heptamer
as an example) for the structural and functional diversity test: (a)
one-way folded oligomers, consisting of the identical monomer
segments, and symmetric (b) folded, (c) zigzag, and (d) straight
oligomers, consisting of two different monomer segments. The balls
represent aryl units, and the arrows show the positions where
modifications may be performed.

Acyclic Molecular Receptors

In the past decades, crown ethers and cyclophanes have been
widely studied as synthetic receptors. Moore et al. have shown
that folded m-phenylene ethynylene oligomers complex some
neutral organic guests through hydrophobic interactions.** We
have developed several series of hydrogen-bonding-induced
foldamers that possess cavities of defined size, as exempli-
fied by compounds 1-4 (Chart 1).2472” The compact confor-
mations of these oligomers have been characterized by a
combination of X-ray analyses of model compounds and var-
ious (2D) "H NMR experiments. For 2, 3b, and 4, intramolecu-
lar cross-ring nuclear Overhauser effect (NOE) connections
were observed, as shown in 2, which provide convincing evi-
dence for their helical conformations.

The six methoxyl groups of 1 are located at the central
region due to successive intramolecular hydrogen bonding.**
Fluorescent experiments showed that in chloroform 1 formed
a 1:1 complex with ammonium cation 5 or 6. Their associa-
tion constants (K,’s) have been estimated to be 200 and 150
M~', respectively. The binding has been attributed to inter-
molecular C=0---H—N hydrogen bonding and cation—zx
interactions. The stabilities of the complexes are moderate.
Obviously, the presence of centrally orientated methyl groups
is unfavorable for binding (Figure 2).

Peptide Mimics by Linear Arylamides Li et al.

FIGURE 2. Energy-minimized conformations of hydrogen-bonded
six-mer 1 (left) and seven-mer 2 (right). The appended groups are
removed for simplification.

If the methoxyl groups in foldamer 1 are replaced by
groups that are smaller but are still able to form intramolecu-
lar hydrogen bonds, the resulting structures may exhibit an
enhanced binding ability for ammonium ions. Fluorine
appeared to be the choice for this purpose. Somewhat surpris-
ingly, early studies have suggested that fluorine in organic
molecules has only a weak ability to serve as proton accep-
tor.?8 In order to test this hypothesis, the solid-state structures
of several model molecules have been obtained,?>2° which
showed that both five- and six-membered F---H—N hydro-
gen bonds occur between their adjacent fluorines and amides.
Encouraged by this observation, we first chose to use 5-alky-
lated 2-fluoro-3-amino-benzoic acids to construct one-way oli-
gomers that are similar to 1. Unfortunately, the corresponding
amide intermediates were obtained in very low yields (usu-
ally <109%), presumably due to the low reactivity of the amino
groups. Symmetric oligomers, including 2, were therefore
designed and prepared.?> Dynamic modeling revealed that
this class of folded structures did possess an enlarged cavity
(Figure 2), although the fluorine-defined cycle was smaller
than its oxygen-defined counterpart in 1. Fluorescent experi-
ments indicated that in chloroform 2 exhibited a remarkably
high binding ability toward ammoniums 6 and 7. The K,'s of
their 1:1 complexes were evaluated to be 4.9 x 10° and 4.9
x 10° M~", respectively, which are considerably higher than
those of the complexes formed between dibenzo[24]crown-
8 and similar ammonium cations.>° Clearly, the preorganiza-
tion of the oligomers played a key role in strengthening the
intermolecular F---H—N hydrogen bonding.

Urea derivatives have been extensively used in hydrogen-
bonding-mediated self-assembly,?'>? while hydrazide units have
found applications in the construction of artificial s-sheets.??
These analogues of amides can be employed to build both sym-
metric and unsymmetric structures and are therefore potentially
useful for the construction of folded frameworks.'” Our early
investigation has revealed that hydrogen-bonded hydrazides
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possessed very rigid and planar structures in the solid state.>* We
therefore became interested in building new foldamers from
hydrazide segments because this type of framework not only is
symmetric but also should produce a larger cavity (ca. 1.0 nm).
Compounds 3a—c are examples of this series of foldamers.?®
Half of their carbonyl units are located inwardly and therefore
can unite to bind saccharide derivatives 8—11 in chloroform.
Molecular modeling showed that the longest tridecamer 3¢ had
a tubular structure of two turns. Not surprisingly, its complex with
disaccharide 11 gave rise to the largest K, (6.9 x 10° M~ in
chloroform). Circular dichroism (CD) experiments revealed that
the strong complexation led to important supramolecular chiral-
ity. Induced CD spectra of mirror symmetry could be observed in

R= n-caHﬂl

H. _H,
Et(OCH,CH,),0" N N"',“O(CH,CH,0),Et

Et(QCH,CH,),0 O(CHZCHZO)ZEt
A

r}l ¢]
OxNH
0]
12a:n=2 (R, ) /[(
)X\N 12b:n=3 (R R,
t-Bu 12¢:n=3(S, S

the presence of enantiomeric 8 or 9. Reducing the size of the
cavity has helped to weaken the binding. For example, the C=0
oxygen-defined ring in 4 is smaller (ca. 0.86 nm) than that of
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3b.?” The K, of its complex with 11 in chloroform was evalu-
ated to be 7.2 x 10> M, which is lower than that of 3b (3.0
x 104 M™).

The backbones of the hydrazide-based foldamers have also
been incorporated with chiral proline units to afford 12a—c.3>
It was reasoned that the resulting derivatives would lead to
the formation of an energetically favorable chiral conforma-
tion,3® which should be able to form diastereomeric com-
plexes with enantiomeric saccharides. This was actually
proven to be the case. For example, the K,’s of such com-
plexes 12a-9 and 12a- 8 in chloroform were estimated to be
2.6 x 10° and 1.8 x 10® M, respectively, which corre-
sponds to a 144-fold difference. As expected, enantiomers
12b and 12c exhibited CD spectra of mirror shape (Figure 3,
left). When enantiomeric 8 or 9 was added, the shape of the
spectra changed significantly due to intermolecular interac-
tion. However, mirror symmetry was always observed for the
two pairs of complexes of identical mixture concentrations
(Figure 3, right), 12b-8 vs 12¢-9 and 12b-9 vs 12¢- 8. Con-
sequently, it can be substantiated that enantiomeric com-
plexes were formed.

Anisole Hydrolysis Acceleration

Due to their perfect preorganization, rigid spherand and many
of its derivatives can complex alkali metal ions.” Foldamer 1
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FIGURE 3. The CD spectra of (a) 12b, (b) 12a, and (c) 12c (left) in chloroform (6.0 x 10> M) at 25 °C and of the 1:1 mixtures (right) of 12b

and 12¢ (5.1 x 10~° M) with 8 and 9 in chloroform at 25 °C.

resembles spherand in that all its hydrogen-bonded methoxyl
groups are regularly orientated in its central area. We envi-
sioned that such preorganized frameworks might have simi-
lar complexing capacity. For the mixtures of 13a—d with alkali
hydroxides,® it was expected that such a complexing inter-
action would increase the effective concentration of the OH™
anion around the cavity and simultaneously weaken both the
MeO—C(Ph) bond of the nitro-appended anisole and the ionic
bond of the alkali hydroxide. Consequently, the possible
hydrolytic reaction of the nitro-appended anisole might be
accelerated (Scheme 1). Kinetic study on the reactions of
13a—d with alkali hydroxides in hot water—dioxane (1:4, v/v)
revealed that the hydrolytic rates of longer and, naturally,
larger oligomers 13b—d were modestly higher (3- to 5-fold)
than those of 13a. Adding excessive potassium chloride to the
reaction solutions reduced the hydrolytic rates, and the val-
ues of the longer oligomers also became smaller than those
of 13a. These results lend support to the fact that the com-
plexation-accelerated hydrolytic mechanism did work for
longer preorganized oligomers, as shown in Scheme 1 (with
13d as an example).

SCHEME 1
Me Me
+

Oﬁ/@,}fo
Me N. O, O

hydroly5|s n&SH H

Tweon OMe
H(

13a:n=0 14a:n=0
owe 13b n =1 ome 13207
13c:n=2 14c:n=2
13d:n=3 14d: n=3

Zigzag and Straight Frameworks. Shape-
Persistent Macrocycles

Most of the arylamide-derived secondary structures reported
so far have a folded or helical conformation. However, by sim-
ply changing the position of the substituents on benzene rings,
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we should be able to create other types of extended struc-
tures. Actually such unfolded “foldamers” have been used by
Hamilton et al. to mimic o-helices.'® Our studies demonstrate
that they are also versatile frameworks for assembling new
well-defined architectures. Our efforts in this direction have
been concentrated on two series of oligomers, 15 and 16.394°

WN O

The ester units in series 15 may also be replaced by alkoxyl
groups.*' In principle, combining different building block
monomers into one system may produce many backbones of
desired conformations or shapes, while the side chains and
the benzene rings at the ends of both series and the 5-pos-
tions of the isophthalamides of series 16 can also be easily
functionalized. Through such kinds of variations or modifica-
tions, we have constructed a variety of molecular systems that
exhibit interesting structures and properties.*' >3

One application of the self-organized backbones is that
they can be utilized to facilitate the formation of metallocy-
clophanes. For example, giant square macrocycles 17a and
17b have been assembled in 70% and 40% yields from the
corresponding bispyridine and transition metal complex
precursors.*'#? By using the dynamic covalent approach,>* we
have also recently succeeded in preparing 18a and 18b in
88% and 95% vyields from the reactions of the correspond-
ing diamine and triamine precursors with oxalaldehyde in
DMF of high polarity.*® The fact that the dimacrocycle was
obtained in higher yield than the monomacrocycle in polar
medium suggests that more complicated multimacrocyclic
architectures may also be produced from longer preorganized
precursors.

Homoduplex Self-Assembly

Development of artificial duplexes is of fundamental impor-
tance to understand the principles of biomacromolecular self-
assembly and to construct functional multicomponent and
polymeric architectures. Rigid arylamide oligomers provide
ideal scaffolds for creating preorganized building block mono-
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K
5§
w

17a: M =Pd

N\ \ N\

@H@% 2

mers. By iteratively introducing amide groups, the simplest
self-binding units, at the 5-positions of the benzamide and
isophthalamide moieties of frameworks 16, we have prepared
two series of monomers 19a,b and 20a—e.***> The long oli-
gomers were found to form highly stable homoduplexes in
chloroform.**

By using compounds that bear two self-binding sites as
models, we first evaluated the ability of discrete amide units,
including carbamyl, formamido, acetamido, and trifluoroac-
etamido, in driving the formation of simple homoduplexes in
CDCl; by the "H NMR dilution method.*> The carbamyl group
was found to be most efficient. Considering that this unit is
small but has two amide protons, the result is not surprising.
Actually the solid-state structure of 19a exhibited a dimeric
binding pattern that was stabilized by six intermolecular
hydrogen bonds.** The formamido group was also found to
be efficient, but the synthesis of the corresponding longer oli-
gomers were difficult due to their instability during the cou-
pling reactions. Therefore, we have prepared longer oligomers
19b, 20d, and 20e for the assembly of new homoduplexes.**

18a:n=20
18b: n =1

=n C8H17
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20a-20a (n = 0): Ry = R, = n-Bu, Ry = H), K, = 2.6 x 10° M"’

20b+20b (n = 0): Ry = R, = n-Bu, Ry = Me), K, =26 x 102 M

20¢+20c (n = 0): Ry = R, = n-Bu, Ry = CF3), K, = 80 M

20d-20d (n = 1): Ry = n-CyoHys, R = Ry = Me), K, > 2.3 x 10° M

20e+20e (n = 2): Ry = n-Cy5Has, Ry = Rg = Me), K, > 2.3 x 105 M~
(in chloroform)

Diluting their saturated solutions in CDCl; to 0.2 mM did not
cause significant shifting for the signals the amides (<0.07
ppm) in the "H NMR spectra. A conservative estimate of 90%
dimerization has led to a lower K, limit of 2.3 x 10> M~ for
their homoduplexes. The K,’s of these homoduplexes could
be evaluated with the "H NMR dilution method in more polar
CDCl5/CD5CN (9:1, v/v). For example, the values of 20b - 20b,
20d-20d, and 20e-20e were approximately 80, 1.2 x 103,
and 1.4 x 10* M, respectively. The stability of the duplexes
is increased substantially with the elongation of the mono-
mers, indicating a high efficiency of the hydrogen-bonding-
driven preorganization of the monomers in directing the self-
assembly.

Hydrogen-Bonded Molecular Tweezers

Molecular tweezers are a class of acyclic artificial receptors
that consist of two binding units and a rigid linker.>> Tradi-
tionally the linkers have been constructed from rigid polycy-
clic skeletons and the binding units strictly positioned with a
fixed separation. In this way, an efficient binding of structur-
ally matched guests can be realized. However, their synthe-
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ses are usually quite challenging. With hydrogen-bonded
arylamide frameworks as linkers, we have developed a gen-
eral approach to construct a new generation of assembled
molecular tweezers.*¢~>"

22.23

R = (CH,CH,0)Me

Compound 21 is our first assembled molecular tweezer, in
which two appended zinc porphyrin moieties are roughly par-
allel to each other due to the preorganization of the aryla-
mide backbone.*® Molecular modeling showed that the two
porphyrins had an approximately 1.2 nm of spatial separa-
tion, which is very suitable for sandwiching a Cg, or C,, mol-
ecule. On the basis of UV-vis titrations, we have determined
the K,'s of their 1:1 complexes (1.0 x 10° and 1.1 x 10°
M, respectively) in toluene. The values are comparable to
those of a cydlic diporphyrin receptor reported by Aida et al.>®
If a chiral group was attached to the Cg, unit, the complex-
ation can lead to important supramolecular chirality, as evi-
denced by CD spectroscopy.

The fact that the arylamide backbones accelerated the
hydrolysis of oligomers 13b—d in hot aqueous medium
implied that intramolecular RO - - -H—N hydrogen bonding did
exist in highly polar solvents.® X-ray analyses of two model
molecules also showed that crystals grown from less polar
organic and aqueous media exhibited an identical stacking
pattern with very similar structural parameters.*” Based on
these observations, we have further designed a series of ionic
bisporphyrin derivatives such as 22 (with PFg™ as the counte-
rion).*” Being different from their neutral counterparts, these
compounds are soluble in highly polar solvents such as water
and DMSO. UV-vis and fluorescent experiments indicated that
22 was able to bind ionic Cgo 23 (with Na* as the counte-
rion) in polar solvents. The K, of 22-23 in water is as high as
1.1 x 10° M. In contrast, for neutral Cg, derivatives, a sim-
ilar interaction was not observed. Therefore, an electrostati-
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cally driven binding pattern has been proposed, which
enabled the porphyrins to further stack with the Cgo moiety of
the guest.

Other types of binding units have also been attached to the
arylamide backbones.*®~>° For example, by introducing a Cgq
unit and a nitrogen ligand, such as a pyridine or an imida-
zole, to the one-way arylamide backbones,®>” we have cre-
ated several unsymmetric molecular tweezers, as exemplified
by 24a and 24b.*® Both compounds could complex zinc por-

7, ]@[w fj
N 25a: Ar = Ph

N

Ar  25h: Ar = 3,5-(di-t-butyl)phenyl
RQ N— Zn—

RO

24a (n=0)
24b (n=1)

R = n-CgHyy |

phyrin guests 25a and 25b through Zn—N coordination and
porphyrin—Cg, stacking interactions. Quantitative UV-vis
investigations in chloroform revealed that the binding stabil-
ities of these “two-point”-bound complexes were notably
higher (7-9 times) than those of the corresponding complexes
of the Cgo-free pyridine references. However, the cooperative
effect of the additional porphyrin—Cg, stacking interaction was
not very high, possibly because the binding also led to inter-
molecular spatial repulsion.

The interacting sites of the above hydrogen-bonded molec-
ular tweezers have well-defined spatial separations. With a
more convergent arylamide backbone as linker, we have also
constructed an elastic receptor 26.>' Dynamic modeling

MeO t-Bu
O
NH
Ph Ph
Ph Ph

28

showed that due to the continuous intramolecular hydrogen
bonding and the inherent planarity of the arylamide unit, its
two electron-rich porphyrin units were forced to approach and

H2 H3 H4

o __JVW
1 t 1 ] L} | I
1 | 1 1 ] ) s
1 P v
: P Vi

(b) 0026} -0.007 ' 0. 006‘ 0.050 ppm
1
[}

95 9.0 8.5 8.0 PPM

FIGURE 4. Partial "H NMR spectra of (a) 29 (8.0 mM) and (b) 29 +
Ceo (1:1, 8.0 mM) in CDCI;—CS, (4:1 v/v) at 25 °C.

therefore stack with each other. In the presence of a planar
electron-deficient guest, such as dialkylated naphthalene, ben-
zene diimide, or paraquat, intermolecular donor—acceptor
interaction drove the guest molecule to insert between the
stacking porphyrin units, leading to the formation of sandwich-
styled complexes. Although the insertion of the guest weak-
ened the intramolecular hydrogen bonding of 26 by causing
the latter to partially defold, the stability of the 1:1 complexes
was still higher than that of the corresponding complexes of
reference molecule 28. For example, the K, of 26 - 27 in chlo-
roform was estimated to be 850 M~', which was modestly
higher than that of 27 -28 (ca. 90 M~ "). These results sug-
gest that hydrogen-bonding-driven rigid arylamide frame-
works were able to elastically adjust their conformations to
address an external stimulus, as exhibited by life systems.

Foldamer—Fullerene Stacking Interaction
and Nanonetworks

Large conjugated systems such as porphyrins and phthalo-
cyanins have a great tendency for self-stacking or stacking
with other aromatic structures. Because of the small size of flu-
orine, F---H—N hydrogen-bonding-induced foldamers have an
extended planarity and may also interact with other conju-
gated systems. To test this hypothesis, we have prepared fol-
damer 29 and trifoldamer 30.°2 UV-vis and fluorescent
experiments revealed that strong stacking occurred between
these folded structures and Cg, oOr C,o. Adding Cg, to the solu-
tion of 29 in CDCl; caused notable shifting of several signals
of the latter in the "H NMR spectrum (Figure 4), indicating that
the interaction was within intimate distance. Job’s plot sug-
gested a 1:1 stoichiometry for the complexes formed between
29 and the folded moieties of 30 and the fullerenes. The
(apparent) K,'s of complexes between 29 and 30 and Cg in
CHCI;—CS, (19:1, v/v) were evaluated to be 1.8 x 10% and
2.3 x 10* M, respectively. The values are close, suggest-
ing that no cooperative interaction existed for the three folded
moieties of 30 in its stacking with fullerenes. Similar stack-
ing interaction was also observed between 1 and Cg, (K, =
2.8 x 10°> M) but was not as strong as that between 29 and
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Cso, presumably due to the large size of its centrally posi-
tioned methyl groups. AFM studies revealed that, on the sur-
face, the mixture of 30 and Cgz, formed a honeycomb-style
nanonetwork. A column-shaped cooperative stacking pattern
has been proposed to explain the formation of such a
nanostructure.

Dynamic [2]Catenanes

Currently, quite a number of monomeric building blocks have
been created based on discrete hydrogen-bonded arylamide
segments. In principle, suitable arrangement of these mono-
meric segments may produce many frameworks of desired
shapes. Actually we have recently constructed another bispor-
phyrin receptor, that is, 31, by utilizing a V-shaped arylamide
pentamer as linker.>® This extended molecular tweezer has
been found to strongly complex bispyridine—ammonium
adduct 32 in CDCI;—CD5CN (4:1, v/v, K, = 5.7 x 10° M),
Since the linear ammonium can be driven by intermolecular
N—H---O interactions to thread through the cavity of
24-crown-8 33, three-component dynamic [2]catenane
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CgHir-n  CgHyzn

A
(Ar = 3,5-(t-butyl)phenyl)

31-32-33 has been created via a combination of three dif-
ferent noncovalent forces.

The conformational preorganization of 31 played a key
role in the formation of the dynamic [2]catenane. It increased
the stability of complex 3132 and also the capacity of 32 to
thread through 33, because 32 coordinated to 31 was
expected to adopt a linear conformation, facilitating the
threading process. The rigidity of the linker should also reduce
the possible spatial repulsion between itself and the threaded
crown ether. "H NMR experiments revealed that in the 1:1:1
mixture solution (3.0 mM), the [2]catenane was generated in
559% yield at room temperature. When another equivalent of
33 was added and the temperature reduced to —13 °C, the
[2]catenane could be formed quantitatively.

Conclusions and Prospects

The studies described above have established that our
approach for creating hydrogen-bonding-driven arylamide-
based peptide mimics is workable. Discrete folded and
extended secondary structures can be constructed, and the
rigid frameworks can be readily modified and functionalized.
The new molecular architectures have exhibited quite a range
of interesting functions, which to some extent are parallel to
those exhibited by natural peptides and proteins.

Despite the progress made so far, the research field is still
at its early stage, but also being expanded quickly. We herein
suggest several issues that we think are worthy to receive
more attention or to be addressed in the future: (1)
aryl—aliphatic hybrid sequences, (2) tertiary structures, (3)
methodologies for creating chiral monomers and mimic struc-
tures, (4) catalytic and transport systems, (5) long polymeric
backbones with one-dimensional or tubular structures, and (6)
(water-soluble) structural motifs for targeting biomolecules. We
hope that this Account will stimulate further researches on this
family of structurally interesting mimic protocols. We have
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demonstrated that our straight and zigzag structures are well
suited for iterative functionalization. Therefore, one of our
present endeavors is to concentrate on the creation of one-
dimensional oligo- or polyions for protein or DNA binding. The
efficient formation of macrocyclic structures by the dynamic
covalent approach also bodes well for the construction of
porous structures from extended frameworks, which is also
being investigated in our laboratory.
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