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ABSTRACT: Inspired by halorhodopsin’s use of photoisomerization
to regulate chloride, aryltriazole-based foldamers have been created to
“catch and release” chloride ions upon light irradiation of end-
appended azobenzenes. The proposed mode of stabilization exploits a
β-sheet-like hydrogen-bonding array to cooperatively interlock the
ends of a foldamer together with its helical core. We find that the
hydrogen-bonding array has a greater influence on stabilizing the helix
than the π-stacked seam under the conditions examined (50:50
MeCN/THF). Thus, we show how it is possible to enhance the
difference between Cl− binding and release using light-dependent
control over the foldamer’s degree of helix stabilization. Making and breaking three π−π contacts with light caused an 8-fold
change in chloride affinity (40 300 M−1 ⇄ 5000 M−1), five π−π contacts produced a 17-fold change (126 000 M−1 ⇄ 7400
M−1), and strategically located hydrogen-bonding units enabled a greater 84-fold differential (970 000 M−1 ⇄ 11 600 M−1). The
improved performances were attributed to stepwise increases in the preorganization of the binding pocket that catches chloride
while leaving the cis states with just one π−π contact relatively unchanged.

■ INTRODUCTION
The controlled manipulation of ions is essential to biological1

and chemical2 processes. These include the selective transport
of ions across membranes up and down concentration gradients
using functional biomolecules.3,4 In chemical systems, such as
in phase-transfer catalysis5,6 and during the safe handling of
byproducts from the nuclear power industry, ions are usually
manipulated using the principles of separation science.7,8 While
these applications have traditionally relied upon physical
methods (e.g., liquid−liquid partitioning), they are now being
used in conjunction with molecular receptors to confer unique
selectivities (e.g., anion-induced asymmetric catalysis) or to
enhance extraction (e.g., sulfate capture from nuclear wastes).9

In order to introduce a means of control or to energize such
systems, we10 and others11−13 are now investigating the use of
ion receptors whose functions can be reversibly manipulated by
light excitation. These synthetic designs take early inspiration
from Shinkai’s use of butterfly crowns14,15 to regulate cations as
much as from nature’s proteins, such as photodriven
halorhodopsin16,17 that pumps chloride across membranes.
Toward photoswitchable receptors for anions, we noted18 from
our formative study using a photoactive foldamer10 (Figure 1)
and from the photoactive receptors examined by others19−23

that there is a limited change in the anion binding affinity upon
switching, and little effort has been expended to date on
improving their performance. We were therefore motivated to
test whether cooperative contacts in the form of β-sheet-like
formation of a hydrogen-bonding array could enhance the
amount of chloride that is bound and released from the inside

of an aryltriazole cavity24 formed from an azobenzene-
appended foldamer.25

The photoactive foldamers examined here combine elements
of foldameric receptors,26 anion-induced folding,27 solvophobic
foldamers,24,28 aryltriazole anion binding,29−32 and azobenzene
photoisomerism33,34 into one chemically integrated system.35

In the original photoactive foldamer F0,10 its folded and helical
trans−trans state (Figure 2 and Scheme 1) is stabilized by π
stacking and directs four triazole CH donors toward the central
cavity to form a competent chloride binding site (Ka = 3000
M−1, MeCN). UV-induced trans-to-cis photoisomerization of
the two azobenzenes shortens the length of the foldamer’s
π−π-stacking surface36 by an amount equivalent to two
benzene rings. Therefore, the stability of the folded
conformation decreases, and the position of its helix−random
coil equilibrium shifts toward a less organized “random coil”
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Figure 1. Illustration of binding and release of chloride by a light-
active foldameric receptor.
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with a concomitant reduction in the chloride binding affinity
(Ka = 380 M−1, MeCN). This behavior was confirmed using
variable-temperature studies of the circular dichroism (CD)
response that arises when the L-leucine side chain induces a
chiral preference in the helical backbone. Visible light is able to
re-photoisomerize the foldamer back from the cis- to the trans-
dominated state, largely restoring the chloride binding affinity.
As a consequence, we made use of a 1:1 solution of F0 and
tetrabutylammonium chloride (TBACl) at 100 μM in MeCN
to show that the free chloride concentration can be
photoregulated between ∼55 and ∼20 μM, as reflected in the
solution’s electrical conductivity. However, we wondered
whether it would be possible to enhance this differential by
boosting the helical stability using orthogonal cooperative
contacts.
Taking some inspiration from the structure of parallel β-

sheets37 (Figure 3), we introduced H-bonding contacts in a bid
to better stabilize the helical form of the foldamer. In particular,
we hypothesized that the two ends of the foldamer could be
interlocked with the central rung of the helix by using the H-
bonding donor−acceptor properties of the L-leucine and that
this interlocking could be done cooperatively to enhance the
helix’s stability and thus its degree of organization toward Cl−

binding. With the aid of molecular modeling, we designed

foldamer F3 in which modified L-leucines were incorporated
into the two ends of the foldamer and in which phenyl-
acetylenes were believed to provide sufficient length extension
to allow the array of H-bonds to form. Thus, we created the
series of foldamers F1, F2, and F3 (Scheme 1) as a means to
identify the role of the extended π−π-stacking surfaces (F1 vs
F2) and then to distinguish their effect from the H-bonding
interlocks (F2 vs F3). While combinations of π stacks and H-
bonds have been investigated previously with modified helical
peptides38 and in abiological indolocarbazole foldamers,39 this
may be one of the first times that their respective contributions
to cooperativity have been distinguished from each other.
Furthermore, even though we showed early on that triazoles
can also bind metal cations,40 they do so weakly. Involvement
of the counter cation has been studied extensively29d,e through
the use of multiple titrations conducted at multiple
concentrations and analyzed using complementary approaches
to unravel the presence and impact of ion pairing. For this
reason, the noncoordinating TBA+ cation was used in
conjunction with polar “dissociating” solvents to greatly reduce
the number of equilibria present in solution down to the
elementary 1:1 binding process of foldamer plus chloride.
We show that the differences between the chloride affinities

of the trans and cis forms of the photoactive foldamers display
an increase across the series F1 → F3 (Figure 4). Using
solvophobic principles and CD spectroscopy, we find that the
cooperative contacts increasingly enhance the thermal stability
of the foldamers when the two azobenzenes are in their trans
form. Conversely, we show that photoisomerization of one and
then two azobenzenes into their cis forms halve (cis−trans) and
then largely extinguish (cis−cis) these cooperative non-covalent
contacts, respectively. Across the series F1 → F3, therefore, the
foldamers show increasingly stable helices and, upon light
irradiation, switch into similarly disorganized random coils.
Using electrical conductivity measurements of TBACl salt
solutions (20 μM) bearing each foldamer (20 μM), we
demonstrate that the concentrations of chloride present in
solution can be modulated reversibly between low and high

Figure 2. Idealized schematic of the pathways available for the binding
and release of chloride from F0 (the side chains and hydrogen atoms
have been omitted for clarity). We offer only a thermodynamic view
and cannot comment directly on the specific pathways followed.

Scheme 1. Light-Active Foldamers F0,10 F1, F2, and F3
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values using UV and visible-light irradiation: F1 (15−18 μM),
F2 (12−17 μM), and F3 (8−16 μM). Taken all together, these
series of experiments indicate that stimuli-dependent modu-
lation of the foldamer’s stability can be used to conformation-
ally regulate the chloride binding site and in turn to provide a
means to control the availability of free chloride ions.

■ RESULTS AND DISCUSSION
Syntheses of Light-Active Foldamers. The design of

F1−F3 is based on the parent foldamer F0.10 For practical

reasons, however, the structure of F0 was modified to generate
the structure of F1 (Scheme 1), which also serves as the core of
foldamers F2 and F3. Consequently, all of the receptor cavities
present the same number of CH hydrogen-bond donors. First,
triethylene glycol (Tg) was employed as a substituent on the
central L-leucine to provide broader solubility. Second, the Tg
side chains present on the phenylene linkers located east and
west were introduced using esters in F1 to provide easier
syntheses.30f The esters also serve as electron-withdrawing
groups to enhance the strength of both the phenylene CH···Cl−

hydrogen bonds41 and any π−π stacking.42

Foldamers F1, F2, and F3 were synthesized from their
components by stitching together the appropriate subunits
using a series of Sonogashira cross-coupling43 and copper(I)-
catalyzed azide−alkyne cycloaddition (CuAAC) reactions.44

Building block 4 was used as the central component of each
foldamer. Amide coupling between tert-butylcarbamate (Boc)-
protected L-leucine (1) and 2-(2-(2-methoxyethoxy)ethoxy)-
ethanamine followed by Boc group deprotection provided 2
(Scheme 2). Compound 2 was then coupled with 3,5-
diiodobenzoic acid to give diiodo compound 3. The central
building block 4 was synthesized by Sonogashira coupling of 3
with trimethylsilylacetylene (TMSA) followed by desilylation.
Preparation of the foldamer’s arms proceeded with a click
reaction between 3-ethynylazobenzene (5) and an excess
amount of diazidobenzene 645 to yield monoazido building

Figure 3. Illustratation of the structure of F3 with parallel β-sheet-like H-bonded amino acid side chains.

Figure 4. Hypothesized energy diagram of foldamers F1, F2, and F3 in
idealized conformations for chloride binding (triazole units are
highlighted in red and photoactive units in blue).

Scheme 2. Synthesis of F1a

aAbbreviations: DEPBT, 3-(diethoxyphosphoryloxy)-1,2,3-benzotrazin-4(3H)-one; TEA, triethylamine; DBU, 1,8-diazabicyclo[5.4.0]undec-7-ene;
DIPA, diisopropylamine; TMSA, trimethylsilylacetylene.
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block 7. The final CuAAC reaction between central building
block 4 and monoazido arms 7 provided F1.
The preparation of F2 followed a strategy similar to that for

F1 (Scheme 3). The longer arms 10 were created by
Sonogashira coupling of p-ethynylmethoxybenzene (9)46 with
an excess amount of 3,3′-diiodoazobenzene (8).47 Compound
10 was subjected to Sonogashira coupling with TMSA, and
subsequent desilylation to yield 3-ethynylazobenzene analogue
11 bearing a phenylacetylene group. Performing a CuAAC
reaction on this compound with an excess of 6 gave
mono(azido)azobenzene building block 12. The long foldamer
F2 was synthesized by a final CuAAC reaction between the

central diethynylphenylene 4 and azobenzene building block
12.
The preparation of H-bonded foldamer F3 (Scheme 4)

started with the functionalization of the terminal phenyl arms.
p-Iodobenzoic acid (13) was converted to an acyl chloride
derivative, which was then reacted with L-leucine derivative 14
(see the Supporting Information) to give iodobenzamide
compound 15. Sonogashira coupling of 15 with TMSA
followed by desilylation provided ethylnylbenzamide 16.
Compound 16 was coupled with excess 8 to yield leucine-
functionalized iodoazobenzene 17, which was subjected to
Sonogashira coupling with TMSA followed by desilylation to
provide ethynylazobenzene derivative 18. Monoazido building

Scheme 3. Synthesis of π-Extended F2

Scheme 4. Synthesis of F3 via a Series of Sonogashira Coupling and CuAAC Reactions
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block 19 was obtained by reacting 18 with excess
diazidobenzene 6 under CuAAC conditions. Finally, a click
reaction between diethynylphenylene 4 and side arm 19 finally
provided F3. All of the compounds were characterized by 1H
and 13C NMR spectroscopy and mass spectrometry.
Definition of Photostationary States and Photo-

isomers. Foldamers F0, F1, F2, and F3 each have two
azobenzenes, allowing access to three possible photoisomers:
trans−trans (Ftt), cis−trans (Fct) and cis−cis (Fcc). The as-
prepared foldamers are initially in their thermally stable trans−
trans states (Ftt). Azobenzenes are not able to photoisomerize
perfectly between trans and cis, with 80% conversion in either
direction being typical.48 Therefore, the UV-photostationary
states (F-UV) accessed by UV irradiation (365 nm) and the
visible-photostationary states (F-Vis) accessed by visible-light
irradiation (436 nm) are mixtures of the Fcc, Fct, and Ftt
photoisomers in different ratios. These photostationary state
(PSS) distributions were measured and incorporated in the
analyses that follow.
Solvent Conditions Affecting Helical Stability and

Solubility. Polar solvents direct nonpolar foldamers to fold in
a solvophobic manner, and nonpolar solvents drive them
toward random coils.49 Consequently, the selection of solvents
was crucial for investigating the properties of F1, F2, and F3.
For this reason, MeCN (ε = 36.6) was selected as the poor
solvent capable of inducing helical folding. At the same time,
however, MeCN reduced the solubilities of F2 and F3 (with
their extended hydrophobic π surfaces) compared with F1.
THF (ε = 7.5) was found to be a good solvent that both
unfolded and solubilized the foldamers. Therefore, a 50%
MeCN/THF mixture was found to balance folding with
retention of a homogeneous solution free from aggregation.
Homogeneity was also dependent on concentration: CD
spectroscopy conducted on F3 identified the emergence of
aggregates at 10 μM but not at 4 μM (see the Supporting
Information). Consequently, the chloride binding energy was

determined in 50% MeCN/THF at 4 μM for H-bonded
foldamer F3. In 50% MeCN/THF, neither F1 nor F2 displayed
a CD response, consistent with negligible folding. Increasing
the MeCN content induced more folding in F1 and F2,
allowing the two of them to be compared using variable-
temperature (VT) CD spectroscopy.

1H NMR Characterization of the Foldamers. The 1H
NMR spectra of foldamers F1, F2, and F3 were recorded in
CD2Cl2 to aid in their structural analysis by comparison to prior
studies.10,29 Quantitative studies were conducted in the solvents
in which the light-driven experiments of binding and release
were evaluated in order to provide a quantitative understanding
of the regulation of the chloride concentrations. Spectra of the
foldamers alone showed broad aromatic signals characteristic of
conformational dynamics (see the Supporting Information).
Consequently, 10 equiv of TBACl was added to each sample to
obtain sharp, resolved peaks (Figure 5). Final assignments were
also made with the aid of through-bond 1H correlation
spectroscopy (COSY) and through-space 1H nuclear Over-
hauser effect spectroscopy (NOESY) experiments, as detailed
in the Supporting Information.
The 1H NMR spectra of F1, F2, and F3 (Figure 5) provide

evidence for structural distinctions among the foldamers. The
two NH proton signals originating from leucine on the central
phenylene (Ho, Hp) in both F1 and F2 are situated below 8
ppm. On the other hand, F3 has both of these signals
noticeably shifted to above 8 ppm, which is indicative of the
desired formation of H-bonds between the three leucine groups
of the helically folded structure. In addition, the JNH−HC*
coupling constants for Ho with Hv (9.0 Hz) and Ht with Hw

(8.5 Hz) are consistent with a geometry that resembles β-sheets
in peptides.37 Phenylene protons Ha and triazole protons Hc

and Hg, which form the inner binding pockets, exist at the most
downfield positions as a result of CH···anion H-bonding.10,29,50

The positions of these proton resonances suggest that chloride
affinities increase along the series (i.e., F1 < F2 < F3).30f

Figure 5. 1H NMR spectra of F1tt, F2tt, and F3tt with 10 equiv of TBACl (5 mM, CD2Cl2, 500 MHz).

The Journal of Organic Chemistry Article

dx.doi.org/10.1021/jo501595k | J. Org. Chem. 2014, 79, 8383−83968387

http://pubs.acs.org/action/showImage?doi=10.1021/jo501595k&iName=master.img-009.jpg&w=327&h=260


Interestingly, Hd, which is also proximal to the bound chloride,
moved more upfield across this series, presumably as a result of
increased π−π-stacking interactions involving foldable arms.
NMR Titrations with Chloride. NMR titrations of

foldamers F1tt, F2tt, and F3tt with TBACl in CD2Cl2 (Figure
6) revealed the strength and time scale of the chloride binding
process. Upon addition of TBACl, the aromatic peaks of F1tt
and F2tt sharpened and showed continual shifts consistent with
fast exchange on the NMR time scale. The protons that form
the chloride binding cavity (Hg, Hc, Ha, and Hd) all exhibited
gradual downfield shifts that reached saturation at different
equivalence points. Foldamer F1tt became saturated with 6−10
equiv of chloride, while F2tt reached saturation after the
addition of 3−4 equiv.29b By contrast, F3tt displayed sharp
peaks that grew into their downfield positions, indicative of
slow exchange on the NMR time scale, and the end point
occurred upon the addition of 1−2 equiv of chloride, consistent
with the tightest binding among the three foldamers.
Secondary Structures of the Foldamers. The secondary

structures of F1, F2, and F3 were determined with the aid of
NOESY 1H NMR spectroscopy (Figure 7) recorded in the
presence of 10 equiv of TBACl in CD2Cl2. All of the spectra
exhibited strong cross-peaks between the inner protons that
line the binding site (Hc−a, Hc−d, Hg−d, Hg−h) and a medium
cross-peak between the triazole protons (Hc−g). The cross-
peaks corresponding to the nonfolded conformations (Hc−e,
Hc−b, Hg−f, Hg−i) were weaker. Thus, all three foldamers show a
preference for the folded state when the chloride is bound. F3
exhibited additional 2D NOESY cross-peaks (see the

Supporting Information) that provided further insight into
the folded conformation in the presence of 10 equiv of TBACl.
The triazole proton Hc showed through-space connections to
Hr and Hq from the phenylethynylene unit stacked directly on
top of it (Figure 8). Similarly, the Hb−s, Hb−r, and Hd−q cross-

peaks between stacking phenylene groups are consistent with
the helically folded structure. Taken together with the J-
coupling data (vide supra) and the downfield-shifted positions
involving the leucine groups, the model (Figure 8) largely
reflects the initial design (Figure 3) in which the helix is
interlocked with β-sheet-like H-bonding.

NMR Studies of Photoisomerization. The degree of
photoisomerization to the cis-dominated state (UV light)

Figure 6. 1H NMR spectra showing titrations of TBACl with (left) F1tt, (center) F2tt, and (right) F3tt (5 mM, CD2Cl2, 298 K, 500 MHz).

Figure 7. (a) Representative structures of the folded conformation and one of the possible nonfolded conformations. (b) Partial 2D NOESY spectra
of F1, F2, and F3 with 10 equiv of TBACl (5 mM, CD2Cl2, 500 MHz, 25 °C, mixing time = 0.8 s).

Figure 8. Partial structure of a model of F3 in the presence of 10 equiv
of TBACl in CD2Cl2 (5 mM, 500 MHz, 25 °C, mixing time = 0.8 s).
The structure was minimized with molecular mechanics. Representa-
tive NOESY cross-peaks are shown.
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largely followed statistical populations, while photoisomeriza-
tion to the trans-dominated states (visible light) featured the
assistance of non-covalent contacts. 1H NMR spectra of F1, F2,
and F3 in the presence of 10 equiv of TBACl were recorded
after UV (365 nm) and visible-light (436 nm) irradiation
(Figure 9a). The populations of the tt, ct, and cc species in each
of the UV and visible photostationary states were calculated
using integration values of two triazole proton peaks, Hc and Hg

(Figure 9b).
The UV photostationary states for foldamers F1, F2, and F3

had a tt:ct:cc ratio close to the statistical ratio of 4:32:64
(considering that the UV PSS of a typical azobenzene unit has a
trans-to-cis photoisomerization efficiency of 80%). On the other
hand, the ratio of the tt isomer in the visible photostationary
state increased across the series F1 → F3, with a concomitant
decrease in the two cis-dominated isomers; the ct isomer ratio
fell to 6% and the population of the cc isomer eventually
dropped below the detection limit of the 1H NMR experiment
for F3 (Figure 9b). On the basis of these ratios, the cis-to-trans
photoisomerization efficiencies for the individual azobenzenes
were deconvoluted to be 86%, 91%, and 97% for F1, F2, and
F3, respectively. It can be postulated that the formation of the
foldamer−chloride complexes affects the relative stability of the
isomers in the visible PSS.51 Similar behavior was observed by
Shinkai,14,15 where a butterfly-like crown ether compound had a
photostationary state with higher cis ratios when binding larger
cations to achieve greater stabilities for the clam-shell
complexes.
Foldamer Stabilities Measured Using Circular Dichro-

ism. The helix-forming propensities of the foldamers increase
in the order F1 < F2 < F3, as verified using CD spectroscopy. It
was expected that the foldamers would fold in the presence of
polar solvents. Consistently, F3 folded upon addition of 50%
MeCN in THF (see the Supporting Information), whereas F1
and F2 required greater fractions of MeCN. Consequently,
increasing the volume fraction of MeCN in THF led to an
increase in the negative CD signals (Δε = difference in molar
extinction coefficient) throughout the UV region (250−350
nm) for F1tt and F2tt (Figure 10a,b), characteristic of
solvophobic helical foldamers.10 The CD response at or
below 250 nm was assigned to the intrinsic response of the
chiral amino acid side group on the basis of similar observations
obtained from a nonfoldameric oligomer (20; see the
Supporting Information). Tracking the CD signal observed at

325 nm (Figure 10c) showed that F2tt starts folding with less
MeCN, consistent with helix’s greater stability relative to F1tt.
The helical stability of the folded state of F2 is greater than

that of F1, and both were lowered upon UV photoirradiation to
their cis-dominated states. Melting curves (Figure 10d) were
generated by measuring the CD response (Δε) at 325 nm as a
function of temperature, and all showed a sigmoidal response,
indicating that the melting is cooperative. The melting
temperatures (Tm) of F1tt and F2tt were determined by fitting
the data points between 270 and 340 nm to a two-state thermal
unfolding model52 (see the Supporting Information). The
corresponding Tm obtained for F2tt (8.1 ± 0.4 °C) was higher
than that for F1tt (1.0 ± 0.2 °C), which is consistent with the
hypothesis that the increased chain length of foldamer F2
provides greater thermal stability for the helix.10 Upon UV (365
nm) irradiation to convert from the trans−trans states to the cis-
dominated photostationary states F1-UV and F2-UV, the CD
signals decreased, consistent with increased ratios of random-
coil conformations. The melting curves show lower melting
temperatures and reduced thermal stabilities compared with the
trans−trans states. However, full sigmoidal curves were not
obtained for F1-UV and F2-UV across the temperature range

Figure 9. (a) 1H NMR spectra of F1, F2, and F3 with 10 equiv of TBACl (5 mM, CD2Cl2, 500 MHz) before irradiation and after UV and visible-
light irradiation. (b) Ratios of photoisomers calculated by peak integration.

Figure 10. (a, b) Solvent-dependent CD spectra of (a) F1tt and (b)
F2tt (20 μM, 25 °C). (c) CD response (Δε) observed at 325 nm for
F1tt and F2tt as a function of MeCN volume fraction. (d) Variable-
temperature CD responses of F1 and F2 observed at 325 nm (20 μM
in 80% MeCN/THF) for the trans−trans isomers (with fitting curves)
and for the UV photostationary states.
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examined (down to −10 °C) which precluded a closer
examination of the differential stabilization. Nevertheless, it is
clear that F2-UV is more stable than F1-UV. This difference
arises from the nature of the UV photostationary states. On the
basis of our model, we expect the cis−cis isomers to have similar
stabilities with just one π−π contact each. However, the 32%
cis−trans and 5% trans−trans isomers present after UV
photoisomerization contribute to the greater thermal stability
of F2-UV over F1-UV.
The solvent dependence of the CD spectra of F3 (Figure 11)

showed very different characteristics compared with those of F1

and F2. F3 has a positive signal in the 270−400 nm region in
the CD spectrum recorded under the same solution conditions
(see the Supporting Information), indicating an opposite
helicity from F1 and F2. The amino acid region below 250
nm is inverted, indicating that the means of chiral induction
likely differ for the two classes of foldamers. Solvent-dependent
ellipticities recorded using 10−50% MeCN in THF showed
negligible changes (see the Supporting Information). This
invariant helix stability is reminiscent of helical domains in
short peptides during solvent composition titrations38 of water
into methanol (MeOH). To test for the role of the interlocking
H-bond network in F3, we reasoned that nonpolar solvents
would enhance the strengths of the H-bonds. In line with this
idea, increased ratios of n-hexane (ε = 1.9) intensified the CD
signal, consistent with enhanced helical stability or helical
preference. Conversely, an increased ratio of the polar protic
solvent MeOH, which should compete for H-bonds, led to a
decrease in the CD response; either the helix becomes less
stable39 or the impact of the amino acids on distinguishing one
helix handedness over the other is much reduced. These
observations indicate that the β-sheet-like H-bonds play a
significant role in the folding of F3. This behavior is similar to
that of helical peptides, which have enhanced stability in a

mixture of water and trifluoroethanol,53 where the balance
between the needs of H-bonding and the hydrophobic effect is
met.

Quantifying Chloride Affinities Using UV−Vis Spec-
troscopic Titrations. The chloride binding affinities (Table 1)
follow the trend predicted from the foldamers’ intrinsic helical
stabilities, which correlates to their degree of preorganization:
F1 < F2 < F3. The association constants were quantified by
UV−vis titration with TBACl in 50% MeCN/THF. In this
solvent mixture, F1 and F2 exist as random coils but F3 is
folded to some degree, and addition of chloride induces further
folding. Chloride binding energies were determined using
equilibrium-restricted factor analysis as implemented in Sivvu.54

The entire wavelength range (250−500 nm) was analyzed, with
the empty foldamer included as a known absorber and the 1:1
complex treated as a fitted absorbing species. No evidence for
ion pairing29d,e or 2:1 sandwich complexes29c−e was found.
The cis-dominated isomers formed via photoisomerization by

UV irradiation showed smaller binding energies than the trans−
trans forms. The UV photostationary states showed the same
trend in chloride affinity (F3 > F2 > F1), though with much
smaller differences between the foldamers. As a result, the gap
between the binding strengths for the trans- and cis-dominated
states for each individual foldamer (Figure 12) becomes greater

across the series: F3 has an 84-fold change in chloride binding
constant upon UV irradiation, while F2 has a 17-fold change
and F1 an 8-fold change. These observations agree with the
idea that the additional π−π interactions (F2) and H-bonds
(F3) are effective in stabilizing the chloride binding to the
trans−trans photoisomers. Furthermore, we observe that the
interlocking β-sheet-like H-bonds in F3 enhance the binding
differential by a factor of 5 relative to foldamer F2. For
comparison, the extra π overlap in F2 produced only a 2-fold
enhancement over F1. These findings agree with the
hypothesized impact of the non-covalent interlocks in providing
better stabilization of the helix in preparation for Cl− binding.

Figure 11. Solvent-dependent CD spectra of F3tt (5 μM) at 25 °C.

Table 1. Chloride Binding Free Energies (ΔG/kJ mol−1), Binding Constants (Ka/M
−1), and Free Energy Gaps between the

trans−trans Isomers and UV Photostationary States (ΔΔG/kJ mol−1) for F1, F2, and F3a

trans−trans UV-PSS

foldamer ΔG Ka ΔG Ka ΔΔG Ka
tt/Ka

UV‑PSS

F1 −26.27 ± 0.02 40300 ± 300 −21.10 ± 0.04 5000 ± 80 5.2 ± 0.1 8.0 ± 0.2
F2 −29.13 ± 0.06 126000 ± 3000 −22.1 ± 0.1 7400 ± 300 7.0 ± 0.2 17 ± 1
F3 −34.18 ± 0.07 970000 ± 30000 −23.2 ± 0.1 11600 ± 500 11.0 ± 0.2 84 ± 6

aUV−vis titrations of the foldamers with TBACl in 50% MeCN/THF were performed with F1tt, F1-UV, F2tt, F2-UV, and F3-UV at 10 μM and F3tt
at 4 μM.

Figure 12. Comparison of chloride binding strengths (log Ka) for the
trans−trans states and UV photostationary states of F1, F2, and F3 in
50% MeCN/THF (see Table 1; error bars are shown in red, and the
differentials are labeled with the Ka

tt/Ka
UV‑PSS values).
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In the UV photostationary state, the cis−trans photoisomers
that are present have residual non-covalent contacts that
stabilize the folded state. On the basis of the photo-
isomerization studies conducted on the chloride−foldamer
complexes in CD2Cl2 (Figure 9), the UV photostationary states
of the foldamers have similar ratios of the isomers, with the cis−
trans isomers present at ∼32%. Thus, the interactions arising
when one arm is folded down onto the backbone are expected
to enhance the Cl− binding energy in the UV PSS above what
would be predicted for a pure cis−cis state (Figure 4). This idea
was tested and verified in prior work with F0,10 where the
chloride affinities for the different isomers followed the order
trans−trans > cis−trans > cis−cis.
Light-Driven Binding and Release As Examined Using

Electrical Conductivity. As the photoactive foldamers F1, F2,
and F3 showed 8-, 17-, and 84-fold binding differentials,
electrical conductivity measurements were utilized to confirm
that these differences could be translated into light-driven
binding and release of chloride. To follow the chloride
concentrations, we made use of the fact that the solution
conductivity (κ) of an electrolyte solution is proportional to the
diffusion coefficient (D) and concentration (C) of the charged
species in the solution:

∑κ = | |F
RT

z D C
i

i i i
2

where F is the Faraday constant, R is the gas constant, T is the
absolute temperature, and zi, Di, and Ci are the charge, diffusion
coefficient, and concentration of species i, respectively.
Therefore, when the chloride is bound by the receptor, the
complex diffuses more slowly, which is expected to lower the
solution’s conductivity. This functionality was previously
demonstrated with F0.10 In the present experiments, a 20
μM solution of each foldamer in 50% MeCN/THF with an
equimolar amount of TBACl was examined. This concentration
provided the greatest contrast among the three foldamers, as
predicted from the speciation curves generated using the
binding data in Table 1 (see the Supporting Information for
details). Upon addition of the foldamer, the conductivity
dropped to a value commensurate with the strength of chloride
binding. Subsequently, the solution was irradiated with UV
(365 nm) and then visible (436 nm) light back and forth
(Figure 13). Each foldamer showed reversible conductivity
cycles, with increased conductivity for the UV PSS (Cl−

release) and decreased conductivity for the visible PSS (Cl−

binding).
As hypothesized, the conductivity gap between the UV and

visible photostationary states increased in going from F1 to F3,
commensurate with the increase in the binding gap. The free
chloride concentration was estimated using both the chloride
binding constant obtained from UV−vis titrations and that
obtained from the conductivity values. The chloride concen-
tration could be modulated from 16 to 18 μM with F1, 12 to 18
μM with F2, and 7−17 μM with F3. Thus, the additional non-
covalent interactions introduced along the series from F1 to F3
resulted in an increasing change in the chloride concentration.
Furthermore, F1 generated a larger reduction in the
conductivity than the isostructural compound F0. This is
consistent with the prediction that F1 should have a stronger
chloride binding affinity than F0: the electron-withdrawing
ester groups on the east and west phenylenes of F1 polarize the
C−H bonds to increase the strength of CH···chloride H-

bonding compared with that in F0, which employs electron-
donating ether groups.
As noted above, previous studies with F0 verified that the

chloride binding affinity is strongest for the trans−trans isomer,
weaker for the cis−trans isomer, and weakest for the cis−cis
isomer.10 Therefore, the initial conductivities observed in the
solutions containing trans−trans foldamers present at 100%
should be lower than those containing the visible photosta-
tionary states, which still retain a reasonable percentage of the
cis−trans isomer (Figure 9). All of the foldamers corresponded
to this trend. Moreover, the degree to which the low-
conductivity state is reinstalled following irradiation with visible
light (436 nm) increases across the series, with F1, F2, and F3
showing 51%, 64%, and 77% return. This observation reflects
the photostationary state ratios (Figure 9), which show that the
population of the trans−trans isomer increases along the series
F1 < F2 < F3. This correspondence attests to the accuracy of
the proposed thermodynamic cycle that underpins the
modulation in chloride affinities.

■ CONCLUSIONS
The light-induced shape change of azobenzene was used to
switch reversibly the number of cooperative non-covalent
contacts that stabilize foldamers’ helices and their attendant
preorganization for Cl− binding. The use of structural variants
showed that β-sheet-like H-bonds that interlock the ends of the
foldamer to the central helix more positively impact the
differential affinity for Cl− ions. These foldamers were
ultimately used to control chloride concentrations in electrolyte
solutions. The predictable manner in which the helical
propensities and the ensuing stabilities of the foldamers could
be synthetically manipulated was paramount in enabling the
improvements over the parent system. The ability to externally
vary the concentrations of chloride may find use in future
applications that rely upon manipulating anions, which extend
from control over anion separations and the regulation of
chloride availability in aqueous media24 to modulation of anion
levels during nanoparticle syntheses or in asymmetric catalysis.6

■ EXPERIMENTAL SECTION
Reagents were obtained from commercial suppliers and used as
received, unless otherwise noted. 3,3′-Diiodoazobenzene55 was
prepared following a modified procedure56 based on ones described
in the literature. Column chromatography was performed on silica gel

Figure 13. Light-driven cycles of the solution conductivity obtained
upon exposure to UV (365 nm) and visible (436 nm) light. Each
electrolyte solution contained equimolar concentrations (20 μM) of
TBACl and foldamer F0, F1, F2, or F3 in 50% MeCN/THF.

The Journal of Organic Chemistry Article

dx.doi.org/10.1021/jo501595k | J. Org. Chem. 2014, 79, 8383−83968391

http://pubs.acs.org/action/showImage?doi=10.1021/jo501595k&iName=master.img-017.jpg&w=219&h=143


(160−200 mesh), and thin-layer chromatography (TLC) was
performed on precoated silica gel plates (0.25 mm thick) and
observed under UV light. NMR spectra (400 and 500 MHz) were
recorded at room temperature (298 K). Chemical shifts were
referenced to tetramethylsilane (TMS) or residual solvent peaks.
Electronic absorption (UV−vis) spectra were measured on a UV−vis−
NIR spectrophotometer. Circular dichroism spectra were measured on
a circular dichroism spectrometer. High-resolution electrospray
ionization (ESI) mass spectrometry was performed on a trap mass
spectrometer. Melting points were determined with a melting point
apparatus. Conductivity measurements were done with conductivity
cell (glass/platinum, k = 0.1 cm−1) and a conductivity meter.

L-Leucine-2-(2-(2-methoxyethoxy)ethoxy)ethylamide (2). To
a solution of Boc-L-leucine (1.16 g, 5 mmol) in THF at 0 °C were
added DEPBT (1.87 g, 6.26 mmol) and TEA (1.1 mL, 6.26 mmol),
and the mixture was stirred for 10 min. 2-(2-(2-Methoxyethoxy)-
ethoxy)ethanamine was added, and stirring was continued at rt for 24
h. The reaction mixture was extracted with ether (3 × 100 mL) and
washed with brine. The organic layer was dried with MgSO4, filtered,
and then concentrated in vacuo. The resulting oil was purified by flash
chromatography on neutral alumina with CH2Cl2/MeOH = 97:3. The
light-yellowish oil product was dissolved in 20 mL of 1:1 CH2Cl2/
TFA, and the solution was stirred for 2 h. The mixture was carefully
neutralized with Na2CO3 solution, extracted with CH2Cl2, dried with
MgSO4, filtered, and evaporated to yield a clear viscous oil (733 mg,
2.65 mmol, 53% yield). 1H NMR (CDCl3, 400 MHz): δ 7.58 (s, 1H),
3.65 (m, 6H), 3.58−3.55 (m, 4H), 3.47−3.43 (m, 2H), 3.38 (s, 3H),
3.36 (m, 1H), 1.79 (s, 2H), 1.74−1.64 (m, 2H), 1.39−1.32 (m, 1H),
0.96 (d, J = 6.4 Hz, 3H), 0.93 (d, J = 6.4 Hz, 3H). 13C NMR (CDCl3,
100 MHz): δ 175.8, 71.9, 70.49, 70.46, 70.2, 69.9, 59.0, 53.6, 44.1,
38.8, 24.8, 23.4, 21.5. HRMS-ESI: C13H28N2O4 [M·H]+ calcd
277.2127, found 277.2122.

L-Leucine-2-(2-(2-methoxyethoxy)ethoxy)ethylamide-N-car-
bonyl-3,5-diiodobenzene (3). 3,5-Diiodobenzoic acid (1.5 g, 4.01
mmol) was refluxed with SOCl2 (8 mL) for 2 h. After excess SOCl2
was removed under vacuum, the resulting crude mixture of the acyl
chloride compound was diluted with THF (50 mL) and cooled on an
ice bath. TEA (2.2 mL, 16 mmol) and 2 (1.1 g, 4.01 mmol) were
slowly added sequentially, and the mixture was stirred for 1 h with the
ice bath removed. The reaction mixture was filtered, and the resulting
solution was concentrated in vacuo and purified with silica gel flash
column chromatography (CH2Cl2/acetone = 9:1) to yield a yellow
viscous oil (2.26 g, 3.57 mmol, 89% yield). 1H NMR (CDCl3, 400
MHz): δ 8.12 (s, 1H), 8.07 (s, 2H), 7.46 (d, J = 8.4 Hz, 1H), 6.88 (s,
1H), 4.68 (m, 1H), 3.67−3.56 (m, 10H), 3.47 (m, 2H), 3.40 (s, 3H),
1.70 (m, 3H), 0.97 (d, J = 5.2 Hz, 6H). 13C NMR (CDCl3, 100 MHz):
δ 172.6, 163.8, 147.1, 136.5, 135.3, 94.3, 71.5, 70.1, 70.0, 69.9, 69.1,
58.6, 52.3, 40.7, 39.2, 24.5, 22.7, 21.6. HRMS-ESI: C20H30I2N2O5 [M·
Na]+ calcd 655.0142, found 655.0124.

L-Leucine-2-(2-(2-methoxyethoxy)ethoxy)ethylamide-N-car-
bonyl-3,5-diethynylbenzene (4). To a degassed solution of 3 (650
mg, 1.03 mmol) and DIPA (521 mg, 5.15 mmol) in THF (40 mL)
were added Pd(PPh3)2Cl2 (14 mg, 0.021 mmol), CuI (20 mg, 0.10
mmol), and TMSA (250 mg, 2.6 mmol). The reaction mixture was
stirred at rt under an argon atmosphere for 1 h and then filtered with
Celite and concentrated in vacuo. The resulting crude compound was
purified with flash column chromatography on silica gel with CH2Cl2/
MeOH = 95:5. The brown viscous oil intermediate was dissolved in
MeOH/THF (10 mL/10 mL), and K2CO3 was added. The reaction
mixture was stirred at rt for 3 h, concentrated in vacuo, and flushed
through a short pad of silica gel with CH2Cl2/MeOH = 95:5 to yield a
yellow viscous oil (400 mg, 0.93 mmol, 89% yield). 1H NMR (CDCl3,
400 MHz): δ 7.89 (s, 2H), 7.69 (s, 1H), 7.04 (d, J = 8.0 Hz, 1H), 6.76
(s, 1H), 4.67 (m, 1H), 3.67−3.54 (m, 10H), 3.46 (m, 2H), 3.39 (s,
3H), 3.14 (s, 2H), 1.76−1.66 (m, 3H), 0.98 (s, 3H), 0.97 (s, 3H). 13C
NMR (CDCl3 , 100 MHz): δ 172.4, 165.4, 137.5, 134.3, 130.9, 122.5,
81.5, 78.8, 71.6, 70.2, 70.0, 69.9, 69.1, 58.6, 52.3, 41.0, 39.1, 24.6, 22.6,
21.8. HRMS-ESI: C24H32N2O5 [M·Na]+ calcd 451.2209, found
451.2190.

2-(2-(2-Methoxyethoxy)ethoxy)ethyl 3,5-Diazidobenzoate
(6).24 To a solution of 3,5-diazidobenzoic acid (2 g, 9.8 mmol) in
THF (50 mL) were added DEPBT (3.5 g, 11.8 mmol), triethylene
glycol monomethyl ether (2.4 g, 14.7 mmol), and TEA (1.5 g, 14.7
mmol), and the mixture was stirred at rt for 24 h. The solvent was
removed under vacuum, and the residue was purified by column
chromatography on silica gel with CH2Cl2/acetone = 95:5 to produce
a colorless oil product. 1H NMR (CDCl3, 400 MHz): δ 7.49 (d, J = 2.0
Hz, 2H), 6.80 (s, 1H), 4.49 (t, J = 4.7 Hz, 2H), 3.84 (t, J = 5.1 Hz,
2H), 3.72−3.64 (m, 6H), 3.54 (m, 2H), 3.37 (s, 3H). 13C NMR
(CDCl3, 100 MHz): δ 164.8, 142.2, 133.2, 116.4, 113.8, 71.9, 70.69,
70.64, 70.59, 69.0, 64.7, 59.0. HRMS-ESI: C14H18N6O5 [M·H]+ calcd
351.1411, found 351.1419.

F1 Azido Side Arm (7). To a degassed solution of 5 (100 mg,
0.485 mmol), 6 (1.42 g, 3.88 mmol), and DBU (222 mg, 1.46 mmol)
in toluene (60 mL) was added CuI (28 mg, 0.15 mmol). This reaction
mixture was stirred at 70 °C for 2 h. The solvent was evaporated under
vacuum, and the residue was purified by column chromatography on
silica gel with CH2Cl2/acetone = 96:4 to produce an orange viscous oil
(200 mg, 0.349 mmol, 72% yield). 1H NMR (CDCl3, 500 MHz): δ
8.43 (s, 1H), 8.40 (s, 1H), 8.17 (s, 1H), 8.10 (d, J = 7 Hz, 1H), 7.95
(m, 3H), 7.81−7.78 (m, 2H), 7.65 (t, J = 7.5 Hz, 1H), 7.56−7.48 (m,
3H), 4.55 (t, J = 5 Hz, 2H), 3.88 (t, J = 5 Hz, 2H), 3.75−3.68 (m, 4H),
3.65 (m, 2H), 3.53 (m, 2H), 3.33 (s, 3H). 13C NMR (CDCl3, 125
MHz): δ 164.2, 152.7, 152.3, 147.8, 142.3, 137.9, 133.1, 131.1, 130.6,
129.5, 128.9, 128.0, 123.3, 122.8, 119.6, 119.4, 117.9, 116.6, 114.7,
71.7, 70.52, 70.45, 70.4, 68.8, 64.8, 58.8. HRMS-ESI: C28H28N8O5 [M·
H]+ calcd 557.2261, found 557.2255.

Foldamer F1. To a degassed solution of 4 (50 mg, 0.12 mmol), 7
(137 mg, 0.24 mmol), and DBU (71 mg, 0.47 mmol) in toluene (20
mL) was added CuI (7 mg, 0.04 mmol), and the mixture was stirred at
70 °C for 2 h. The solvent was evaporated in vacuo, and the residue
was purified by column chromatography on silica gel with CH2Cl2/
MeOH = 95:5 to yield an orange viscous oil (140 mg, 0.0908 mmol,
78% yield). 1H NMR (5 mM in CD2Cl2 with 10 equiv of TBACl, 500
MHz): δ 10.76 (s, 2H), 10.24 (s, 2H), 9.20 (s, 1H), 9.15 (s, 2H), 8.71
(s, 2H), 8.62 (s, 2H), 8.45 (s, 2H), 8.28 (s, 2H), 7.84 (s, 1H), 7.80 (d,
J = 7.3 Hz, 2H), 7.72 (d, J = 7.8 Hz, 4H), 7.65 (d, J = 7.8 Hz, 2H),
7.29 (m, 6H), 7.21 (t, J = 7.8 Hz, 2H), 4.75 (m, 1H), 4.57 (t, J = 5 Hz,
4H), 3.93 (t, J = 5 Hz, 4H), 3.76 (m, 4H), 3.70 (m, 4H), 3.64 (m,
4H), 3.58 (m, 4H), 3.54−3.44 (m, 12H), three methoxy peaks (9H)
overlap with a TBA peak, 1.85 (m, 3H), two methyl peaks (6H)
overlap with a TBA peak. 13C NMR (CD2Cl2, 125 MHz): δ 173.2,
167.0, 165.1, 152.9, 152.7, 148.4, 148.3, 138.8, 138.4, 136.4, 133.9,
131.9, 131.8, 131.3, 129.7, 129.6, 129.4, 128.4, 128.0, 123.4, 123.2,
122.7, 121.1, 120.9, 119.1, 118.7, 114.3, 72.42, 72.39, 71.3, 71.1, 71.0,
70.8, 70.7, 70.0, 69.5, 65.5, (signals from triethylene glycol groups
overlap) 59.10, 59.07, 42.2, 39.8, 25.5, 23.4, 22.3. HRMS-ESI:
C80H88N18O15 [M·Cl]− calcd 1575.6365, found 1575.6356.

3,3′-Diiodoazobenzene (8).55,56 A solution of 3-iodoaniline (5 g,
22.8 mmol), CuBr (98 mg, 0.69 mmol), and pyridine (160 mg, 2.1
mmol) in toluene (100 mL) was stirred under open air at 60 °C for 36
h. The reaction mixture was concentrated in vacuo and purified by
column chromatography on silica gel with 100% hexanes and then
hexanes/ethyl acetate = 95:5 to produce an orange crystalline solid
(3.01 g, 69.4 mmol, 61% yield). 1H NMR (CDCl3, 300 MHz): δ 8.24
(s, 2H), 7.91 (d, J = 7.8 Hz, 2H), 7.81 (d, J = 7.8 Hz, 2H), 7.27 (t, J =
7.8 Hz, 2H).

3-Iodo-3′-(4-methoxyphenylethynyl)azobenzene (10). To a
degassed solution of 3,3′-diiodoazobenzene (8) (4 g, 9.22 mmol), 1-
ethynyl-4-methoxybenzene (9) (243 mg, 1.84 mmol), and DIPA (745
mg, 7.36 mmol) in THF (80 mL) were added PdCl2(PPh3)2 (26 mg,
0.037 mmol) and CuI (35 mg, 0.18 mmol), and the mixture was
stirred under an argon atmosphere for 2 h. The resulting reaction
mixture was concentrated in vacuo and purified by column
chromatography on silica gel with hexanes/CH2Cl2 = 9:1 to 1:1 to
generate an orange solid as the product (250 mg, 0.57 mmol, 51%
yield). 1H NMR (CDCl3, 400 MHz): δ 8.24 (s, 1H), 8.04 (s, 1H), 7.90
(d, J = 7.8 Hz, 1H), 7.85 (d, J = 7.8 Hz, 1H), 7.78 (d, J = 7.8 Hz, 1H),
7.61 (d, J = 7.4 Hz, 1H), 7.49 (d, J = 8.6 Hz, 2H), 7.48 (t, J = 7.8 Hz,
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1H), 7.24 (t, J = 7.8 Hz, 1H), 6.88 (d, J = 8.6 Hz, 2H), 3.81 (s, 3H).
13C NMR (CDCl3, 100 MHz): δ 159.8, 153.2, 152.1, 139.7, 134.0,
133.1, 130.7, 130.6, 129.1, 125.5, 124.7, 123.6, 123.0, 115.0, 114.0,
94.6, 90.4, 87.3, 55.3. HRMS-ESI: C21H15IN2O [M·H]+ calcd
439.0307, found 439.0318. Melting point: 116 °C.
3-Ethynyl-3′-(4-methoxyphenylethynyl)azobenzene (11). To

a degassed solution of 10 (200 mg, 0.456 mmol) and DIPA (138 mg,
1.37 mmol) in THF (30 mL) were added PdCl2(PPh3)2 (3 mg, 0.005
mmol), CuI (9 mg, 0.05 mmol), and TMSA (67 mg, 0.68 mmol), and
the solution was stirred under Ar for 20 min. The reaction mixture was
concentrated under vacuum and purified by column chromatography
on silica gel with hexanes/CH2Cl2 = 9:1 to 7:3. The resulting orange
solid product was dissolved in THF (5 mL) and MeOH (5 mL), to
which was added 1 mL of saturated K2CO3 (in MeOH). The solution
was stirred for 1 h. The solvent was evaporated, and the residue was
filtered through a short pad of silica gel with CH2Cl2, yielding an
orange solid product (130 mg, 0.386 mmol, 85% yield). 1H NMR
(CDCl3, 400 MHz): δ 8.06 (s, 2H), 7.91 (d, J = 7.8 Hz, 1H), 7.87 (d, J
= 7.8 Hz, 1H), 7.61 (d, J = 7.8 Hz, 1H), 7.60 (d, J = 7.4 Hz, 1H), 7.49
(m, 4H), 6.89 (d, J = 8.6 Hz, 2H), 3.82 (s, 3H), 3.14 (s, 1H). 13C
NMR (CDCl3, 100 MHz): δ 159.8, 152.3, 152.2, 134.5, 133.9, 133.2,
129.12, 129.10, 126.4, 125.5, 124.7, 123.6, 123.2, 122.9, 115.0, 114.0,
90.3, 87.3, 82.8, 78.0, 55.3. HRMS-ESI: C23H16N2O [M·H]+ calcd
337.1341, found 337.1335. Melting point: 113 °C.
F2 Azido Side Arm (12). To a degassed solution of 11 (180 mg,

0.535 mmol), 6 (1.8 g, 5.14 mmol), and DBU (244 mg, 1.61 mmol) in
toluene was added CuI (31 mg, 0.16 mmol), and the solution was
stirred at 70 °C for 30 min under argon. The reaction mixture was
concentrated in vacuo and purified by column chromatography on
silica gel with CH2Cl2/acetone = 95:5, producing an orange viscous oil
(255 mg, 0.371 mmol, 69% yield). 1H NMR (CDCl3, 400 MHz): δ
8.45 (s, 1H), 8.43 (s, 1H), 8.19 (s, 1H), 8.14 (d, J = 7.8 Hz, 1H), 8.12
(s, 1H), 7.98 (d, J = 7.8 Hz, 1H), 7.93 (d, J = 8.2 Hz, 1H), 7.83 (s,
1H), 7.81 (s, 1H), 7.67 (t, J = 7.8 Hz, 1H), 7.64 (d, J = 7.8 Hz, 1H),
7.52 (m, 3H), 6.91 (d, J = 8.6 Hz, 2H), 4.57 (t, J = 5.0 Hz, 2H), 3.89
(t, J = 5.0 Hz, 2H), 3.85 (s, 3H), 3.75−3.65 (m, 4H), 3.66 (m, 2H),
3.53 (t, J = 5.0 Hz, 2H), 3.34 (s, 3H). 13C NMR (CDCl3, 100 MHz): δ
164.4, 169.7, 152.7, 152.2, 147.9, 142.5, 138.0, 133.7, 133.2, 133.1,
131.8, 129.7, 129.0, 128.3, 125.4, 124.6, 123.6, 122.7, 119.7, 119.6,
117.9, 116.7, 114.92, 114.86, 114.0, 90.2, 87.3, 71.8, 70.61, 70.55, 70.5,
68.9, 64.9, 58.9, 55.2. HRMS-ESI: C37H34N8O6 [M·H]+ calcd
687.2680, found 687.2682.
Foldamer F2. To a degassed solution of 4 (50 mg, 0.12 mmol), 12

(164 mg, 0.24 mmol), and DBU (71 mg, 0.47 mmol) was added CuI
(7 mg, 0.04 mmol), and the solution was stirred at 70 °C for 30 min.
The reaction mixture was concentrated in vacuo and purified by
column chromatography on silica gel with CH2Cl2/MeOH = 95:5 to
produce an orange viscous oil (167 mg, 0.093 mmol, 79% yield). 1H
NMR (5 mM in CD2Cl2 with 10 equiv of TBACl, 500 MHz): δ 10.86
(s, 2H), 10.34 (s, 2H), 9.29 (s, 1H), 9.13 (s, 2H), 8.70 (s, 2H), 8.54 (s,
2H), 8.38 (s, 2H), 8.29 (s, 2H), 7.82 (s, 2H), 7.75 (d, J = 7.3 Hz, 2H),
7.68 (d, J = 8.8 Hz, 2H), 7.66 (d, J = 8.8 Hz, 2H), 7.57 (br, 1H), 7.40
(t, J = 6.6 Hz, 1H), 7.35 (t, J = 7.7 Hz, 2H), 7.33 (d, J = 8.8 Hz, 4H),
7.25 (t, J = 7.7 Hz, 2H), 7.22 (t, J = 7.7 Hz, 2H), 6.83 (d, J = 8.8 Hz,
4H), 4.76 (m, 1H), 4.57 (t, J = 4.8 Hz, 4H), 3.91 (t, J = 4.8 Hz, 4H),
3.82 (s, 6H), 3.74 (m, 4H), 3.68 (m, 4H), 3.60 (m, 8H), 3.56 (m, 4H),
3.51−3.46 (m, 8H), 3.33 (s, 3H), a methoxy peak (3H) overlaps with
a TBA peak, 1.85 (m, 3H), two methyl groups overlap with a TBA
peak. 13C NMR (CD2Cl2, 125 MHz): δ 173.0, 167.1, 165.1, 160.4,
152.7, 152.4, 148.4, 148.2, 138.6, 138.5, 136.4, 133.8, 133.7, 133.5,
132.1, 131.8, 129.6, 129.4, 128.5, 128.3, 126.3, 124.9, 123.4, 122.9,
122.8, 122.5, 121.2, 120.7, 119.0, 118.8, 115.3, 114.5, 114.2, 90.7, 87.7,
72.4, 71.3, 71.03, 70.98, 70.84, 70.76, 70.1, 69.5, 59.1, (some Tg signals
overlap) 55.9, 42.2, 39.8, 30.2, 25.6, 23.4, 22.4. HRMS-ESI:
C98H100N18O17 [M·Cl]− calcd 1835.7202, found 1835.7235.

L-Leucine-n-hexylamide (14). To a solution of Boc-L-leucine (2
g, 8.65 mmol), DEPBT (2.85 g, 9.52 mmol), and TEA (1.14 g, 11.3
mmol) in THF (50 mL) was added n-hexylamine (1.14 g, 11.3 mmol),
and the mixture was stirred overnight. The reaction mixture was
extracted with ether (×3) and washed with water. The organic phase

was dried with MgSO4, filtered, and concentrated in vacuo. The crude
mixture was purified by column chromatography on neutral alumina
with CH2Cl2/MeOH = 98:2. The resulting colorless waxy solid was
dissolved in CH2Cl2 (20 mL), to which was added trifluoroacetic acid
(6 mL). The reaction mixture was stirred for 3 h, neutralized with
concentrated Na2CO3 solution, extracted with CH2Cl2 (×5), dried
with MgSO4, filtered, and concentrated in vacuo to yield a yellow
viscous oil product (1.56 g, 7.28 mmol, 84% yield). 1H NMR (CDCl3,
400 MHz): δ 7.33 (s, 1H), 3.38 (br, 1H), 3.23 (m, 2H), 1.72 (m, 3H),
1.50 (m, 4H), 1.30 (m, 6H), 0.95 (m, 6H), 0.89 (m, 3H). 13C NMR
(CDCl3, 100 MHz): δ 175.3, 53.4, 44.1, 38.9, 31.3, 29.5, 26.5, 24.7,
23.3, 22.4, 21.2, 13.8. HRMS-ESI: C12H26N2O [M·H]+ calcd 215.2123,
found 215.2124.

L-Leucine-n-hexylamide-N-carbonyl-4-iodobenzene (15). p-
Iodobenzoic acid (1.34 g, 5.39 mmol) was dissolved in SOCl2 (10
mL), and the solution was refluxed for 1 h. Excess SOCl2 was removed
in vacuo, and the resulting solid was dissolved in CH2Cl2 (30 mL) and
TEA (3 mL). 14 (1.1 g, 5.1 mmol) was added dropwise under ice-bath
conditions, and the resulting solution was warmed to rt and then
stirred for 1 h. The reaction mixture was extracted with CH2Cl2 and
washed with 3 M HCl aqueous solution. The organic phase was dried
with MgSO4, filtered, and concentrated in vacuo to produce a white
solid (2.3 g, 5.1 mmol, quantitative yield). 1H NMR (CDCl3, 400
MHz): δ 7.73 (d, J = 8.0 Hz, 2H), 7.49 (d, J = 8.0 Hz, 2H), 7.15 (d, J =
7.8 Hz, 1H), 6.59 (s, 1H), 4.67 (m, 1H), 3.26−3.10 (m, 2H), 1.73 (m,
3H), 1.46 (m, 2H), 1.26 (s, 6H), 0.96 (s, 6H), 0.86 (m, 3H). 13C
NMR (CDCl3, 100 MHz): δ 172.0, 166.6, 137.6, 133.2, 128.8, 98.7,
52.4, 41.3, 39.6, 31.4, 29.3, 26.5, 24.9, 22.8, 22.5, 22.4, 14.0. HRMS-
ESI: C19H29IN2O2 [M·Na]+ calcd 467.1172, found 467.1190. Melting
point: 134 °C.

L-Leucine-n-hexylamide-N-carbonyl-4-ethynylbenzene (16).
To a degassed solution of 15 (1.5 g, 3.38 mmol) and DIPA (182 mg,
1.8 mmol) in THF (50 mL) were added PdCl2(PPh3)2 (48 mg, 0.068
mmol), CuI (64 mg, 0.34 mmol), and TMSA (432 mg, 4.39 mmol),
and the solution was stirred under argon for 1 h. The reaction mixture
was filtered through a pad of Celite and concentrated in vacuo. The
resulting crude mixture was purified by column chromatography on
silica gel with CH2Cl2/MeOH = 95:5. The resulting brownish oil
product was dissolved in THF (30 mL) and MeOH (30 mL), to which
was added 5 mL of saturated K2CO3 (in MeOH). The mixture was
stirred for 2 h, concentrated in vacuo, and filtered through a short pad
of silica gel with CH2Cl2/MeOH = 95:5 solution to provide a slightly
brown solid (1.08 g, 3.15 mmol, 93% yield). 1H NMR (CDCl3, 400
MHz): δ 7.75 (d, J = 8.2 Hz, 2H), 7.51 (d, J = 8.2 Hz, 2H), 7.07 (d, J =
7.8 Hz, 1H), 6.55 (s, 1H), 4.69 (m, 1H), 3.31−3.12 (m, 2H), 3.20 (s,
1H), 1.74 (m, 3H), 1.48 (m, 2H), 1.26 (s, 6H), 0.98 (m, 6H), 0.86 (m,
3H). 13C NMR (CDCl3, 100 MHz): δ 172.5, 168.6, 133.7, 131.9,
127.2, 125.3, 82.7, 79.4, 52.6, 41.2, 39.5, 21.4, 29.3, 26.5, 24.9, 22.8,
22.5, 22.3, 13.9. HRMS-ESI: C21H30N2O2 [M·Na]+ calcd 365.2205,
found 365.2216. Melting point: 107 °C.

3-(4-(L-Leucine-n-hexylamide-N-carbonyl)phenylethynyl)-
3′-iodoazobenzene (17). To a degassed solution of 16 (631 mg,
1.84 mmol), 3,3′-diiodoazobenzene (4 g, 9.22 mmol), and DIPA (745
mg, 7.36 mmol) in THF (100 mL) were added PdCl2(PPh3)2 (26 mg,
0.037 mmol) and CuI (35 mg, 0.18 mmol), and the solution was
stirred under argon for 1 h. The reaction mixture was concentrated in
vacuo and purified by column chromatography on silica gel with
CH2Cl2/acetone = 95:5 to provide an orange waxy solid product (790
mg, 1.22 mmol, 66% yield). 1H NMR (CDCl3, 500 MHz): δ 8.25 (s,
1H), 8.07 (s, 1H), 7.90 (d, J = 7.8 Hz, 1H), 7.89 (d, J = 7.8 Hz, 1H),
7.80 (d, J = 7.8 Hz, 1H), 7.77 (d, J = 8.3 Hz, 2H), 7.63 (d, J = 7.8 Hz,
1H), 7.60 (d, J = 8.3 Hz, 2H), 7.50 (t, J = 8.3 Hz, 1H), 7.26 (t, J = 8.3
Hz, 1H), 6.76 (d, J = 8.3 Hz, 1H), 6.20 (t, J = 4.9 Hz, 1H), 4.64 (m,
1H), 3.27 (m, 2H), 1.83−1.69 (m, 3H), 1.52 (m, 2H), 1.30 (m, 6H),
1.01 (s, 3H), 1.00 (s, 3H), 0.89 (t, J = 6.8 Hz, 3H). 13C NMR (CDCl3,
125 MHz): δ 171.8, 166.6, 153.4, 152.3, 139.9, 134.2, 133.6, 131.8,
130.9, 130.6, 129.3, 127.2, 126.6, 125.9, 124.0, 123.7, 123.5, 94.5, 91.0,
89.4, 52.4, 41.6, 39.7, 31.4, 29.5, 26.5, 25.1, 22.9, 22.50, 22.48, 13.9 (a
single peak is missing, presumably because of overlap in the aromatic
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region). HRMS-ESI: C33H37IN4O2 [M·H]+ calcd 649.2040, found
649.2023. Melting point: 215 °C.
3-Ethynyl-3′-(4-(L-leucine-n-hexylamide-N-carbonyl)-

phenylethynyl)azobenzene (18). To a degassed solution of 17
(260 mg, 0.4 mmol) and TEA (81 mg, 0.8 mmol) in THF (10 mL)
were added PdCl2(PPh3)2 (3 mg, 0.004 mmol), CuI (8 mg, 0.04
mmol), and TMSA (59 mg, 0.6 mmol) and the solution was stirred
under argon for 30 min. The reaction mixture was directly loaded onto
a silica gel column and purified with CH2Cl2/acetone = 96:4. The
resulting orange waxy solid was dissolved in THF (5 mL), MeOH (5
mL), and 1 mL of saturated K2CO3 (in MeOH). The reaction mixture
was stirred for 1 h, concentrated in vacuo, and filtered through a short
pad of silica gel with CH2Cl2/MeOH = 95:5 to provide an orange
solid (181 mg, 0.33 mmol, 83%). 1H NMR (CDCl3, 400 MHz): δ 8.08
(s, 1H), 8.04 (s, 1H), 7.91 (m, 2H), 7.79 (d, J = 8.2 Hz, 2H), 7.64 (d, J
= 7.4 Hz, 1H), 7.61 (d, J = 7.4 Hz, 1H), 7.59 (d, J = 8.2 Hz, 2H), 7.50
(t, J = 7.8 Hz, 1H), 7.49 (t, J = 7.8 Hz, 1H), 7.09 (d, J = 8.6 Hz, 1H),
6.60 (t, J = 5.9 Hz, 1H), 4.72 (m, 1H), 3.33−3.14 (m, 2H), 3.16 (s,
1H), 1.77 (m, 3H), 1.50 (m, 2H), 1.27 (m, 6H), 1.00 (m, 6H), 0.87
(m, 3H). 13C NMR (CDCl3, 100 MHz): δ 172.1, 166.7, 152.2, 152.1,
134.5, 134.1, 133.4, 131.7, 129.2, 129.1, 127.3, 126.4, 125.7, 123.8,
123.6, 123.6, 123.1, 90.9, 89.3, 82.8, 78.1, 52.4, 41.4, 39.6, 31.4, 29.4,
26.5, 25.0, 22.9, 22.5, 22.4, 14.0. HRMS-ESI: C35H38N4O2 [M·Na]+

calcd 569.2892, found 569.2885. Melting point: 173 °C.
F3 Azido Side Arm (19). To a degassed solution of 18 (160 mg,

0.293 mmol), 6 (3 g, 8.56 mmol), and DBU (180 mg, 1.17 mmol) in
toluene (100 mL) was added CuI (17 mg, 0.088 mmol), and the
mixture was stirred at 70 °C for 1 h. The reaction mixture was
concentrated in vacuo and purified by column chromatography on
silica gel with CH2Cl2/acetone = 95:5 and then with CH2Cl2/MeOH
= 97:3 to yield an orange viscous oil (205 mg, 0.23 mmol, 78% yield).
1H NMR (CDCl3, 400 MHz): δ 8.42 (s, 1H), 8.37 (s, 1H), 8.15 (s,
1H), 8.10 (s, 1H), 8.08 (d, J = 7.8 Hz, 1H), 7.93 (s, 1H), 7.91 (s, 1H),
7.77 (m, 4H), 7.63 (m, 2H), 7.57 (d, J = 8.6 Hz, 2H), 7.49 (t, J = 7.8
Hz, 1H), 7.11 (d, J = 8.2 Hz, 1H), 6.64 (t, J = 5.8 Hz, 1H), 4.72 (m,
1H), 4.55 (t, J = 4.7 Hz, 2H), 3.87 (t, J = 4.7 Hz, 2H), 3.75−3.63 (m,
6H), 3.52 (m, 2H), 3.33 (s, 3H), 3.35−3.16 (m, 2H), 1.81−1.72 (m,
3H), 1.50 (m, 2H), 1.27 (m, 6H), 1.00 (m, 6H), 0.87 (m, 3H). 13C
NMR (CDCl3, 100 MHz): δ 172.2, 166.6, 164.2, 152.4, 151.9, 147.7,
142.7, 142.3, 137.8, 133.8, 133.3, 133.1, 131.4, 130.6, 129.5, 129.0,
128.2, 127.2, 126.1, 125.5, 123.6, 123.40, 123.35, 119.5, 119.4, 117.9,
116.5, 114.6, 90.8, 89.2, 71.7, 70.5, 70.40, 70.36, 64.8, 58.7, 52.4, 41.2,
39.5, 31.3, 29.2, 26.4, 24.8, 22.7, 22.4, 22.3, 13.8. HRMS-ESI:
C49H56N10O7 [M·Na]+ calcd 919.4231, found 919.4269.
Foldamer F3. To a degassed solution of 4 (36 mg, 0.085 mmol),

19 (160 mg, 0.18 mmol), and DBU (39 mg, 0.25 mmol) in toluene
(10 mL) was added CuI (5 mg, 0.03 mmol), and the solution was
stirred at 70 °C for 1 h. The mixture was concentrated in vacuo and
purified by column chromatography on silica gel with CH2Cl2/MeOH
= 95:5 and then 93:7 to provide an orange viscous oil. Further
extraction with CH2Cl2 and deionized water gave a pure compound
suitable for conductivity experiments (111 mg, 0.05 mmol, 59% yield).
1H NMR (5 mM in CD2Cl2 with 10 equiv of TBACl, 500 MHz): δ
10.97 (s, 2H), 10.41 (s, 2H), 9.44 (s, 1H), 9.04 (s, 2H), 8.83 (d, J =
8.8 Hz, 1H), 8.65 (s, 2H), 8.35 (s, 2H), 8.31 (s, 2H), 8.29 (t, J = 5.9
Hz, 1H), 8.20 (s, 2H), 7.94 (d, J = 8.3 Hz, 2H), 7.85 (s, 2H), 7.70 (d, J
= 8.3 Hz, 4H), 7.73−7.68 (m, 6H), 7.34 (d, J = 7.3 Hz, 2H), 7.32 (d, J
= 7.8 Hz, 2H), 7.28 (d, J = 7.3 Hz, 2H), 7.21 (d, J = 8.3 Hz, 4H), 5.07
(m, 1H), 5.03 (m, 2H), 4.61 (t, J = 5.4 Hz, 4H), 3.97 (t, J = 4.9 Hz,
4H), 3.81 (m, 4H), 3.73 (m, 4H), 3.64 (m, 10H), 3.58 (m, 4H), 3.52
(m, 4H), 3.48 (m, 2H), 3.32 (s, 9H), 3.26−3.14 (m, 4H, partially
overlaps with a TBA peak), 2.04 (m, 2H), 1.89 (m, 4H), 1.75 (m, 3H),
1.54 (m, 4H), 1.28 (m, 12H), six methyl peaks (18H) overlap with a
TBA peak, 0.84 (m, 6H). 13C NMR (6 mM CD2Cl2 with 8 equiv of
TBACl, 125 MHz): δ 172.97, 172.94, 169.6, 167.5, 165.2, 152.6, 152.0,
148.5, 148.3, 138.6, 138.3, 137.7, 134.4, 133.6, 133.5, 132.1, 132.0,
131.9, 131.8, 130.7, 129.8, 129.5, 128.4, 127.7, 125.9, 125.7, 124.2,
123.5, 122.9, 121.6, 119.7, 119.4, 118.3, 114.7, 90.6, 90.2, 72.5, 71.4,
71.2, 71.1, 71.04, 71.02, 70.99, 70.01, 69.7, 65.4, 59.2, 53.2, 52.5, 41.7,
41.3, 40.1, 32.1, 30.2, 30.0, 27.2, 25.9, 25.7, 23.6, 23.4, 23.2, 23.1, 14.4.

HRMS-ESI: C122H144N22O19 [M·Cl]− calcd 2256.0667, found
2256.0601.

Oligomer 20. To a degassed solution of 4 (40 mg, 0.093 mmol), 1-
azido-4-(tert-butyl)benzene (36 mg, 0.21 mmol), and tris[(1-benzyl-
1H-1,2,3-triazol-4-yl)methyl]amine (TBTA) (5 mg, 0.009 mmol) in
THF (3 mL), EtOH (3 mL), and water (2 mL) were added CuSO4·
5H2O (2 mg, 0.009 mmol) and sodium ascorbate (4 mg, 0.019 mmol).
The reaction mixture was stirred for 2 h, extracted with CH2Cl2, dried
with MgSO4, concentrated in vacuo, and then purified by column
chromatography on silica gel with CH2Cl2/MeOH = 98:2 to provide a
white solid product (65 mg, 0.083 mmol, 89% yield). 1H NMR
(CD2Cl2, 400 MHz): δ 8.57 (s, 1H), 8.42 (s, 2H), 8.25 (s, 2H), 7.74
(d, J = 8.6 Hz, 4H), 7.61 (s, 1H), 7.59 (d, J = 8.6 Hz, 4H), 6.94 (t, J =
5.3 Hz, 1H), 4.74 (m, 1H), 3.59−3.43 (m, 12H), 3.32 (s, 3H), 1.79
(m, 3H), 1.38 (s, 18H), 1.00 (m, 6H). 13C NMR (CDCl3, 125 MHz):
δ 172.7, 166.9, 152.0, 146.8, 135.0, 134.3, 131.1, 126.5, 125.4, 124.1,
119.9, 118.5, 71.8, 70.4, 70.3, 70.1, 69.5, 58.8, 52.6, 41.2, 39.3, 34.6,
31.1, 24.8, 23.0, 21.8. HRMS-ESI: C44H58N8O5 [M·Na]+ calcd
801.4428, found 801.4406. Melting point: 115 °C.
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