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C O N S P E C T U S

Naturally occurring peptides serve important functions as
enzyme inhibitors, hormones, neurotransmitters, and

immunomodulators in many physiological processes includ-
ing metabolism, digestion, pain sensitivity, and the immune
response. However, due to their conformational flexibility and
poor bioavailability, such peptides are not generally viewed
as useful therapeutic agents in clinical applications. In an
effort to solve these problems, chemists have developed pep-
tidomimetic foldamers, unnatural oligomeric molecules that
fold into rigid and well-defined secondary structures mim-
icking the structures and biological functions of these natu-
ral peptides. We have designed peptidomimetic foldamers
that give predictable, backbone-controlled secondary struc-
tures irrespective of the nature of the side chains.

This Account presents our efforts to develop a novel class of peptidomimetic foldamers comprising R-aminoxy acids and
explore their applications in the simulation of ion recognition and transport processes in living systems. Peptides con-
structed from R-aminoxy acids fold according to the following rules: (1) A strong intramolecular eight-membered-ring hydro-
gen bond forms between adjacent R-aminoxy acid residues (the R N-O turn). The chirality of the R-carbon, not the nature
of the side chains, determines the conformation of this chiral N-O turn. (2) While homochiral oligomers of R-aminoxy acids
form an extended helical structure (1.88 helix), heterochiral ones adopt a bent reverse turn structure. (3) In peptides of alter-
nating R-amino acids and R-aminoxy acids, the seven-membered-ring intramolecular hydrogen bond, that is, the γ-turn, is
initiated by a succeeding R N-O turn. Thus, this type of peptide adopts a novel 7/8 helical structure.

In investigating the potential applications of R-aminoxy acids, we have found that the amide NH units of R-aminoxy
acids are more acidic than are regular amide NH groups, which makes them better hydrogen bond donors when interact-
ing with anions. This property makes R-aminoxy acids ideal building blocks for the construction of anion receptors. Indeed,
we have constructued both cyclic and acyclic anion receptors that have strong affinities and good (enantio-)selectivities toward
chloride (Cl-) and chiral carboxylate ions. Taking advantage of these systems’ preference for Cl- ions, we have also employed
R-aminoxy acid units to construct a synthetic Cl- channel that can mediate the passage of Cl- ions across cell mem-
branes. Continued studies of these peptidomimetic systems built from R-aminoxy acids should lead to a broad range of appli-
cations in chemistry, biology, medicine, and materials science.

Introduction
In Nature, most of the biologically relevant func-

tions carried out by proteins and peptides (such as

molecular recognition, catalysis, and electron

transfer) are related to their unique three-dimen-

sional structures that are characteristically stable

and well-ordered. With the accumulation of

knowledge on the relationship between protein/

peptide structure and function, the design of pep-

tide-based molecules that bind to therapeutically

important biological targets with high affinity and

selectivity has become an arena of intense

research in drug discovery.1 However, there are

two major concerns about the intrinsic properties
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of native peptides, which limit their utility in clinical applica-
tions, namely, (1) conformational flexibility, which undermines
the affinity and specificity of a peptide binding to its target,
and (2) degradation by many naturally specific or nonspecific
peptidases under physiological conditions. These have galva-
nized researchers’ interest in developing peptidomimetics with
more rigid conformation and enhanced biostabilities.

A current guiding principle is that a peptidomimetic mole-
cule with a preconstrained secondary structure (which mim-
ics the biologically active conformation of a flexible native
peptide upon binding to its macromolecular target) will have
higher affinity and improved selectivity profiles, because the
preorganized molecule is predicted to pay a lower entropic
cost upon complexation.2 Therefore, one general strategy for
designing peptidomimetics is to generate unnatural oligomeric
molecules that fold into rigid and well-defined conformations.
This subject has been the focus in the rapidly evolving field of
peptidomimetic foldamers.3-5 Recent research into peptido-
mimetic foldamers has already given birth to a diverse array
of functionally interesting molecules capable of binding specif-
ically to various targets including proteins,6-11 RNA,12 carbo-
hydrates,13 and lipids,14-19 often with affinities close to or
even higher than those of natural peptides or proteins.

On the other hand, the side chains of a peptidomimetic
molecule are known to contribute significantly to specificity
and affinity when it binds to a macromolecule. This is in part
because some of these side chains are involved in the direct
surface interactions between the peptide and the macromol-
ecule. More importantly, the side chains control and affect the
secondary structures of the backbone, which in reverse deter-
mines the spatial orientations of the side chains themselves
for the fitness with a macromolecular surface. For synthetic
chemists, it remains an intriguing challenge as to how to
design peptidomimetic foldamers that possess side-chain-in-
dependent backbones capable of projecting any desired side
chains in defined orientations. To this end, we have initiated
a program to explore a novel class of peptidomimetic foldam-
ers comprising R-aminoxy acids that display backbone-con-
trolled secondary structures.20 This Account will summarize a
set of folding rules for peptides based on R-aminoxy acids and
propose their novel applications as building blocks for the con-
struction of anion receptors and channels.

Monomers of r-Aminoxy Acids
R-Aminoxy acids are analogs of �-amino acids in which the

�-carbon atom in the �-amino acid backbone is replaced with

an oxygen atom. In 1996, our group first reported a novel

turn structure in the peptides containing R-aminoxyacetic

acids.21 To illustrate, theoretical calculations on R-aminoxy

diamide 1 suggest that it adopts a rigid eight-membered-ring

hydrogen-bonded structure (so-called R N-O turn) in its most

favorable conformation 1a (Figure 1). The strong hydrogen

bond in 1a is indicated by the short O · · · H distance (2.02 Å)

and the near-linear geometry of the O · · · H-N bond angle

(159°). Our conformational studies of R-aminoxy peptides

2-4 in dichloromethane using FT-IR and 1H NMR spec-

troscopies confirmed the calculated intramolecularly hydro-

gen-bonding pattern in 1a.21

For peptides of R-amino acids, the propensity of turn for-

mation is contingent on the nature, position, and relative con-

figuration of amino acid residues. Therefore, it is interesting to

know whether the R N-O turns are still favored when side

chains are introduced into R-aminoxyacetic acid. We con-

ducted ab initio molecular orbital calculations on L-R-aminox-

ypropionic acid diamide 5.22 Four lowest-energy conformers

5a-d were found to contain eight-membered-ring hydrogen

bonds (Figure 2). The hydrogen-bonding pattern of 5a and 5b
allows a left-handed turn, while that of 5c and 5d results in

FIGURE 1. Calculated structures of R-aminoxy amide 1. The values
of Grel (kcal/mol) were calculated by using the HF/6-31G*, (MP2/6-
31G*), and [HF/6-31G* CHCl3 solvation] models.
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a right-handed turn. The ab initio calculation results suggest

that chiral L-R-aminoxy acids would probably prefer a left-

handed chiral N-O turn (5a or 5b). Furthermore, the R-methyl

group was anti to the N-O bond in 5a but gauche in 5b, thus

making 5a the most stable conformation.

To probe the effect of side chains on the N-O turn struc-

ture, we characterized the conformations of chiral D-configu-

ration R-aminoxy diamides 6-10 with different side chains

through a combination of experimental techniques.23,24

1H NMR dilution25 and DMSO-d6
26 titration studies in

CDCl3 revealed that in diamides 6-10, NHb forms a strong

intramolecular hydrogen bond whereas NHa is solvent-acces-

sible and not intramolecularly hydrogen-bonded. We also

applied 2D NMR methods to investigate the conformations of

diamide 6 in the solution phase. The two-dimensional rotat-

ing-frame Overhauser effect (2D-ROESY) spectrum of 6 sug-

gests that a strong nuclear Overhauser effect (NOE) exists

between the NHa and CRH groups, whereas only a weak NOE

exists between the NHb and CRH groups, indicating that this

compound adopts a folded structure that agrees well with the

most stable calculated conformer 5a, in which the distance

between NHa and CRH was 2.7 Å, compared with a corre-

sponding distance of 3.4 Å between CRH and NHb.

We also used CD spectroscopy27 to study the solution con-

formations of diamides 6-10. The CD spectra of diamides

6-10, which feature different side chains, exhibited strong

positive exciton coupling with nearly identical maxima and

minima in dichloromethane. Furthermore, diamide 6 also

showed similar CD curves in different solvents like cyclohex-

ane, dichloromethane, dioxane, acetonitrile, and methanol.

This strongly indicates that, in the D-configuration, our

designed diamides all adopt right-handed R N-O turn struc-

tures, irrespective of the nature of their side chains and regard-

less of the solvents.

The R N-O turn structure can also be observed in the solid

state. Figure 3 shows the X-ray structure of diamide 6. An

intramolecular eight-membered-ring hydrogen bond

NH · · · OdC was found in the X-ray structure by the short

H · · ·O distance (2.12 Å). The dihedral angle ∠ NOCRC(dO) was

+78.5° in the X-ray structure, in excellent agreement with the

calculation result of +78.4°, which suggests that the diamide

6 adopts a right-handed turn conformation. The isobutyl group

is almost anti to the N-O bond, which agrees well with the

calculation and 2D NMR studies.

Based on experimental evidence, it can be inferred that the

formation of the R N-O turn is independent of side chain vari-

ation. According to the calculation result, the orientation of the

R N-O turn is determined exclusively by the configuration of

the R-carbon atom. Thus, by changing the chirality of the

R-carbon atom from the D configuration to the L configura-

tion, the R N-O turn would be switched from a right-handed

to a left-handed structure. Figure 3 shows the solid-state struc-

tures of diamides 6 and 11, in which their backbones are mir-

ror image of each other. The side-chain independence of these

R N-O turn structures indicates that these systems are sub-

ject to backbone-based control. Collectively, these results allow

us to construct well-defined secondary structures using a vari-

ety of side chains.

Oligomers of r-Aminoxy Acids
Helix. The formation of a rigid R N-O turn structure in R-ami-

noxy diamides has inspired us to investigate the conforma-

FIGURE 2. HF/6-31G**-optimized structures of diamide 5 and their relative free energies in CH2Cl2 solution.
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tional features of oligomers of R-aminoxy acids. We

hypothesized that in the homochiral oligomers of R-aminoxy

acids, the eight-membered-ring intramolecular hydrogen

bonds should occur between the adjacent residues and the

consecutive homochiral N-O turns should lead to a helical

structure. Accordingly, we synthesized compounds 12-15
and subjected them to conformational studies as performed

previously for R-aminoxy diamides.23,24 Both the FT-IR and 1H

NMR spectroscopies suggest that in compounds 12-15,

intramolecular hydrogen bonds form between the amide NH

groups at the i + 2 position and the carbonyl oxygen atoms

at the i position. Furthermore, we found that the CD curves of

the oligomers 12-15 in 2,2,2-trifluoroethanol were almost

superimposable, with a maximum at 195 nm, a minimum at

225 nm, and a zero crossing in the range of 215-222 nm,

indicating that their secondary structures are very similar (Fig-

ure 4). The similar CD absorptions of tetramers 13 and 14,

which possess different side chains, suggest that the helix for-

mation is controlled by the nature of the backbone but inde-

pendent of the nature of the side chains.

We also found helical structures in the crystal structures of

oligomers of R-aminoxy acids as short as dimers 16 and 17
(Figure 5).28,29 Although they have different side chains and

terminal groups, the backbones of dimers 16 and 17 adopt

almost identical conformations, indicating the negligible effect

of the side chains on the formation of helix. Notably, the crys-

tal structures of 16 and 17 illuminate several features of the

novel helix: (1) the helix contains consecutive homochiral

eight-membered-ring intramolecular hydrogen bonds, which

FIGURE 3. X-ray crystal structures of 6 with right-handed R N-O turn and 11 with left-handed R N-O turn.
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line up along the helical axis. (2) The amide carbonyl group

at position i + 2 is twisted +31° from the one at the i posi-

tion, suggesting a twisted 1.88 helix. Compared with other

helices of conventional spiral shape (such as R-helix,30 310

helix,31 and newly discovered 2.512
32 and 314

33 helices in

�-peptides), the new helix of small intramolecularly hydrogen-

bonded rings is fairly flat when viewed in profile. (3) The back-

bone of the D-R-aminoxy acid oligomers forms a right-handed

helix with a positive dihedral angle ∠ NOCRCo in each N-O

turn. (4) The side chains are located alternately on the oppo-

site sides of the helix, resembling the side-chain orientation

found in parallel �-sheets of R-peptides; (5) the distances

between NHi and CRHi in 16 and 17 are much shorter than

those between NHi and CRHi-1, which concurs well with the

NOE pattern observed in NOESY spectra of these compounds

in CDCl3. This suggests that the solid-state conformation of oli-

gomers is almost identical to their solution conformation.

Reverse Turn. Our studies have established that D-R-ami-

noxy acids induce a right-handed R N-O turn while the

L-enantiomers induce a left-handed N-O turn. As discussed

before, the homochiral oligomers of R-aminoxy acids can

adopt a helical structure. It is certainly worthwhile to charac-

terize the conformations of heterochiral oligomers of R-ami-

noxy acids. Theoretical calculations reveal that for dipeptide

18 with two consecutive R-aminoxy acids of the same con-

figuration, the backbone folds into an extended helical struc-

ture with two homochiral R N-O turns, while dipeptide 19

with two heterochiral R-aminoxy acids bends backward to pro-

duce a loop conformation (Figure 6).34

The X-ray crystal structure of triamide 20 confirms the pre-

dicted loop conformation with two heterochiral R N-O turns

(Figure 7).34 The short NH · · · OdC distances and the ideal

N-H · · · O angles of the two intramolecular hydrogen bonds

in 20 (2.14 Å/156° for the first hydrogen bond from the N-ter-

minus and 2.04 Å/157° for the second one) are comparable

to those observed in two consecutive homochiral R N-O

turns. The looplike structure was further identified as a pre-

dominant solution conformation adopted by triamide 20 in

CDCl3 by using 2D NOESY spectroscopy. This loop segment

was also used to constrain tetrapeptides 21 and 22 to form a

reverse turn structure. Conformational studies indicate that in

a nonpolar solvent, tetrapeptides 21 and 22 fold into reverse-

turn conformations featuring a head-to-tail 16-membered-ring

intramolecular hydrogen bond as shown in quantum mechan-

ics calculations of model pentamide 23 (Figure 8).34

Peptides of Alternating r-Amino and r-
Aminoxy Acids
The R/�-hybrid peptides have been extensively studied in

recent years,35-41 and studies by Gellman’s group have

amply emphasized their biological implications5,38 and self-

assembly into quarternary helix bundles.39,40 In exploring the

FIGURE 4. CD spectra of diamides 12-15 (0.4 mM) in 2,2,2-
trifluoroethanol, normalized with respect to the number of potential
N-O turns.

FIGURE 5. X-ray crystal structures of 16 and 17.

FIGURE 6. Calculated most-stable conformations of 18 and 19.
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conformations of hybrid peptides containing R-amino acids

and R-aminoxy acids, we have found that in peptides of alter-

nating D-R-amino acids and L-R-aminoxy acids, such as com-

pounds 24-26, the seven-membered-ring intramolecular

hydrogen bond (i.e., γ-turn) is initiated by a succeeding R N-O

turn.42 Although γ-turns are observed less frequently than

�-turns in proteins, they play vital roles in molecular recogni-

tion in biological systems. In addition, the alternating R N-O

turns and γ-turns constitute a novel 7/8 helical structure in this

type of peptide, which has also been proven the most stable

conformation in the theoretical calculations on model pep-

tide 27 (Figure 9).42 It signifies a new strategy to induce γ-turn

at specific sites of short peptides by incorporating an R-ami-

noxy acid immediately after a particular R-amino acid of

interest.

Construction of Anion Receptors and
Channels with r-Aminoxy Acids as Building
Blocks
Host-guest chemistry of ionic species represents a central

field in supramolecular chemistry. However, anion coordina-

tion has received less attention compared with the coordina-

tion chemistry of cations. Since mechanistic understanding

about the roles played by anions has profound implications in

both biology and medicine,43 simulations of the recognition,

binding, and transport processes of physiologically important

anions have deservedly attracted growing interest that drives

the development of artificial anion receptors43-49 and

channels.50-52

Notably, chloride (Cl-) ions are the most abundant anions

found in organisms. The Cl- channels, unique anion chan-

nels that mediate the transfer of Cl- ions across cell mem-

branes, play crucial roles in controlling membrane excitability,

transepithelial transport, cell volume, and intracellular pH.53,54

In fact, dysfunctional Cl- channels are responsible for many

severe human diseases, including cystic fibrosis, inherited kid-

ney stone diseases, myotonia, and epilepsy.54,55 These con-

texts have provided the inspirations for us to create synthetic

systems that mimic biological functions of natural Cl- chan-

nels. In Nature, the high specificity of Cl- channels stems from

recognition sites in which the anion is completely desolvated

and bound exclusively through hydrogen bonds.56,57 Design

of artificial Cl- receptors to simulate such a chloride recogni-

tion process has therefore been our first consideration in

developing our synthetic Cl- channels.

In investigating the potential applications of R-aminoxy

acids, we noticed that the amide NH units of R-aminoxy acids

FIGURE 7. X-ray crystal structure of 20.

FIGURE 8. Proposed conformations of 21 and 22 in CDCl3 in NMR
spectroscopy and HF/6-31G**-optimized lowest-energy
conformation of model pentamide 23.

FIGURE 9. Calculated most-stable conformation of tripeptide 27 in
CH2Cl2.

r-Aminoxy Acids Li et al.

Vol. 41, No. 10 October 2008 1428-1438 ACCOUNTS OF CHEMICAL RESEARCH 1433



are more acidic than are regular amide NH groups, which

makes them more efficient hydrogen bond donors during

interactions with anions. This property renders aminoxy acids

excellent building blocks for the construction of anion

receptors.

Cyclic Anion Receptors. Since a relatively rigid preorga-

nized conformation is a general requirement of host mole-

cules in supramolecular chemistry, cyclic peptides, in

comparison with linear ones, are considered more appropri-

ate as anion receptors. In our previous studies of R-aminoxy

peptides, we found that while the homochiral oligomers of

R-aminoxy acids adopt a linear helical conformation by form-

ing consecutive homochiral N-O turns, the heterochiral ones

favor a curved conformation comprising heterochiral N-O

turns (Figure 6). Thus, the preorganized arch-like conforma-

tion adopted by linear heterochiral oligomers of R-aminoxy

acids makes their C-terminus and the N-terminus quite close

to each other. As a result, the corresponding cyclic peptides

can be constructed with relative ease.

Indeed, cyclization of the linear oligomers 28 and 29 can

produce cyclic tetrapeptide 30 and hexapeptide 31, respec-

tively.58 The conformations of 30 and 31 are novel in pep-

tide chemistry. Solution-phase conformational studies by FT-IR,
1H NMR, and 2D NMR spectroscopies demonstrate that in

agreement with the calculated structures of model cyclic tet-

rapeptide 32 and hexapeptide 33, respectively, cyclic pep-

tides 30 and 31 adopt highly symmetrical bracelet-like

conformations, wherein all of the amide NH units and carbo-

nyl groups are involved in the eight-membered-ring intramo-

lecular hydrogen bonds (Figure 10).

Because 30 and 31 have preorganized symmetrical con-

formations with cylindrical cavities inside, they meet the gen-

eral requirements of host molecules. The van der Waals

diameter of the cavity in model cyclic hexapeptide 33 is 3.22

Å, which would probably be suitable for binding some small

ions, whereas the internal cavity in model cyclic tetrapeptide

32 is too small to be useful (1.28 Å in van der Waals diame-

ter). Indeed, cyclic hexapeptide 31 shows affinities for halide

anions with very high selectivity for Cl- ions (association con-

stant Ka ) 11 880 M-1 in CD2Cl2).58 The HF/6-31G*-optimized

lowest-energy conformation of complex 33 · Cl- is shown in

Figure 11. The Cl- ion at the center of 33 is hydrogen bonded

to six NH protons simultaneously. The calculated H · · · Cl dis-

tance and N-H · · · Cl angle are 2.40 Å and 154°, respectively.

To extend the scope of our inquiry beyond peptides com-

posed of only aminoxy acids, we synthesized cyclic hexapep-

tide 34 comprising alternating D-R-aminoxy acids and D-R-

amino acids to further explore the potential of R-aminoxy

acids in constructing anion receptors.59 Conformational stud-

ies by both experimental and theoretical methods reveal that

34 adopts a C3-symmetric conformation with alternate seven-

membered ring (γ-turn) and eight-membered ring (N-O turn)

hydrogen bonds (Figure 12).59 Quantitative assessments of the

anion-binding affinities of 34 in CD2Cl2 suggest that 34 is not

only effective in forming a 1:1 complex with anions but also

FIGURE 10. Top views and side views of HF/6-31G*-optimized
lowest-energy conformations of model cyclic tetrapeptide 32 and
cyclic hexapeptide 33.

FIGURE 11. Top view and side view of HF/6-31G*-optimized
lowest-energy conformation of 33 · Cl- complex.
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highly selective for chloride ions (association constant Ka )
15 000 M-1 in CD2Cl2). Compared with cyclic hexapeptide 31
comprising D,L-R-aminoxy acids, the cyclic hexapeptide 34,

which has fewer aminoxy amide NH units, shows enhanced

binding toward various anions while maintaining high selec-

tivity toward the chloride ion (Table 1).

As shown in Figure 13, upon binding with a Cl- ion, all six

of the hydrogen bonds initially present in 34 are disrupted.

The backbone of 34 is rearranged into a flat conformation

with all of the amide NH hydrogen atoms pointing inward.

The Cl- ion sits above the plane of the peptide backbone and

forms strong hydrogen bonds with the three O-NH hydro-

gen atoms, as indicated by a Cl · · · H distance of 2.21 Å. While

the three regular amide NH groups do not show strong bind-

ing with the Cl- ion (Cl · · · H distance is 3.00 Å), these hydro-

gen atoms are positioned close to the backbone O atom of the

adjacent N-O unit (O · · · H distance is 2.13 Å), possibly form-

ing a weak five-membered-ring hydrogen bond.

Acyclic Anion Receptors. Since low overall yields in the

synthesis of cyclic peptides have limited the subsequent stud-

ies on their chloride transport properties, we have also devel-

oped acyclic anion receptors based on a C2-symmetric

isophthalamide scaffold, featuring two R-aminoxy acid units.

Based on comparisons of anion binding abilities between

cyclic hexapeptides 31 and 34, we believe that removing the

constraint of original intramolecular hydrogen bonds involv-

ing the aminoxy amide NH units can increase the receptors’

binding affinities for anions. Therefore, unlike the case of their

counterparts in cyclic peptides, the aminoxy amide NH units

are not involved in any intramolecular hydrogen bonds in the

new designed acyclic receptors, which make them capable of

binding to anions directly (Figure 14).

Analyses of anion-binding properties of 35 with respect to

different anions suggest that 35 is not only an effective 1:1

anion-binding agent in solution but also a selective one that

shows a remarkable preference for Cl- relative to other anions

(Br-, I-, NO3
-, and H2PO4

-) (Table 1).60 Compared with cyclic

peptides 31 and 34, the less rigid receptor 35 displays impres-

sive strong binding abilities for many anions while maintain-

ing significant selectivity for chloride ions.

In view of the biological and pharmaceutical significance of

chiral carboxylates, we have been interested in discovering

anion receptors for enantioselective recognition of chiral mol-

ecules containing carboxylate groups. We designed C2-sym-

metric receptor 36 to gauge the effect of the receptor on

enantioselective recognition for chiral carboxylates.61 We

found that 36 bound two enantiomers of mandelate with dif-

ferent binding affinities (association constants for (R)-mande-

FIGURE 12. Top view and side view of HF/6-31G*-optimized
lowest-energy conformation of 34.

TABLE 1. Association Constants for the Binding of 31, 34, and 35
with Anionsa

anions 31b 34b 35c

Cl- 11 800 15 000 >100 000
Br- 910 18 000
I- 51 1 500
NO3

- 440 1 100
H2PO4

- 1 400
a Anions were added as their tetrabutylammonium salts. In all cases, 1:1
receptor/anion stoichiometry was observed. Errors were estimated to be no
more than (10%. b Determined in CD2Cl2. c Determined in CDCl3.

FIGURE 13. Top view and side view of HF/6-31G*-optimized
lowest-energy conformation of the cyclic hexapeptide 34 · Cl-

complex.

FIGURE 14. The designed acyclic anion receptors and assumed
anion-binding pattern (A-, anions).
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late Ka ) 4300 M-1 and (S)-mandelate Ka ) 8100 M-1 in

CDCl3). As shown in Figure 15, the addition of 1 equiv of 36
to a racemic mixture of mandelates induced a large enough

chemical shift nonequivalence (∆∆δ) of 0.10 ppm for the

methine proton of each enantiomer, resulting in an excellent

baseline resolution for accurate integrations of the proton sig-

nals. Thus we utilized receptor 36 as a chiral shift reagent for

the determination of enantiomeric purities of a broad variety

of chiral carboxylic acids by 1H NMR.

Synthetic Chloride Channel. Impressed by the effective-

ness of chloride-selective anion receptor 35, we moved on to

test the ability of receptor 35 in facilitating Cl- transport across

lipid bilayer membranes in liposomes.60 We prepared lipo-

somes encapsulating sodium nitrate (NaNO3) and suspended

them in a sodium chloride (NaCl) bulk solution. We studied the

Cl- influx into liposomes by monitoring the fluorescence

intensity of an entrapped Cl--sensitive indicator, 6-methoxy-

N-(3-sulfopropyl)quinolinium (SPQ). Addition of receptor 35 to

such liposome suspensions induced a rapid drop in SPQ flu-

orescence level, indicating that 35 did, in fact, transport Cl-

into the liposomes. Single-channel recording by patch-clamp

techniques is the most critical test for distinguishing ion chan-

nels from other ion transport mechanisms such as ion carri-

ers. The characteristic single-channel currents that we

observed for 35 in giant liposomes indicated that 35 can form

functional ion channels (Figure 16). Furthermore, results of the

SPQ fluorescent assay in Madin-Darby canine kidney (MDCK)

cells reveal that 35 partitions into plasma membranes of liv-

ing cells and therein mediates Cl- transport by increasing

anion permeability. Thus, compound 35 represents the small-

est synthetic molecule that can mediate Cl- transport effi-

ciently in the plasma membranes of living cells.

Conclusions and Outlook
Since our first report in 1996,21 we have been extensively

exploring the rigid secondary structures induced by R-ami-

noxy acids. As analogs of �-amino acids, R-aminoxy acids

have received less attention in the arena of peptidomimetic

foldamers. However, by virtue of their rigid, side-chain-inde-

pendent backbone conformations, R-aminoxy acids have

proven their versatility as building blocks in the construction

of peptidomimetic foldamers. We have discovered a broad

variety of well-defined secondary structures within the fam-

ily of R-aminoxy acids and established a clear set of folding

rules for oligomers of R-aminoxy acids. On the other hand, by

taking advantage of the aminoxy amide NH groups as excel-

lent hydrogen bond donors, we have also used R-aminoxy

acids as building blocks to construct anion receptors and chan-

FIGURE 15. The CRH region of overlaid 1H NMR spectra of racemic mandelic acid and the 1:1 mixtures of racemic tetrabutylammonium
mandelate with receptor 36.

FIGURE 16. (a) Single-channel recording traces obtained at -60 mV with 35 and (b) current-voltage relationships for the channels formed
by 35. The conductances of the channels were 54 (2) and 108 pS (9), respectively. Reprinted from ref 60. Copyright 2007 American
Chemical Society.
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nels to mimic anion recognition and transport processes in liv-

ing systems. We expect applications of R-aminoxy acids in

creating functional foldamers capable of binding specifically to

various biological targets and transmembrane ion channels

that can mediate the flow of specific ion species across cell

membranes will continue to drive this work forward. We

believe that focused research into these versatile molecular

systems will, in time, lead to a broad range of new applica-

tions in chemistry, biology, medicine, and materials science.
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