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Abstract: Folding-induced folding for the construction of ar-
tificial hybrid helices from two different kinds of aromatic se-
quences is described. Linear compounds 1 a, 1 b, and 2, con-
taining one aromatic amide trimer or pentamer and one or
two aromatic 1,2,3-triazole tetramers, have been designed
and synthesized. The trimeric and pentameric amide seg-
ments are driven by intramolecluar N�H···F hydrogen bond-
ing to adopt a folded or helical conformation, whereas the
triazole segment is intrinsically disordered. In organic sol-
vents of low polarity, the amide foldamer segment induces
the attached triazole segment(s) to fold through intramolec-
ular stacking, leading to the formation of hybrid helices. The
helical conformation of these hybrid sequences has been

confirmed by 1H and 19F NMR spectroscopy, UV/Vis spectros-
copy, circular dichroism (CD) experiments, and theoretical
calculations. It was found that the amide pentamer exhibits
a stronger ability to induce the folding of the attached tria-
zole segment(s) compared with that of the shorter trimer.
Enantiomers (R)-3 and (S)-3, which contain an R- or
S-(1-naphthyl)ethylamino group at the end of a tetraamide
segment, have also been synthesized. CD experiments
showed that introduction of a chiral group caused the
whole framework to produce a strong helicity bias. Density-
functional-theory calculations on (S)-3 suggested that this
compound exists as a right-handed (P) helix.

Introduction

The complicated functions of proteins rely on their three-di-
mensional (3D) structures, which consist of different local sec-
ondary structures such as a-helices, b-sheets, and b-turns. In
most cases, these secondary structures are stabilized by intra-
molecular hydrogen-bonding, aromatic-stacking, and hydro-
phobic interactions.[1] However, these secondary structures
may also be induced through binding to ordered structures or
higher-grade partners.[2] In this manner, nature has developed
molecular chaperones,[3] which are proteins that can assist in-
trinsically disordered proteins to fold. Moreover, many biomac-
romolecules, such as glycoproteins[4] and nucleoproteins,[5] are
composed of two or more sequences of discrete repeating
units. These different segments interact with each other and
cause the molecule to produce well-defined 3D ordered struc-
tures and functions. Given the importance of these biomacro-

molecules in life, it would be of value to design synthetic sys-
tems that can mimic their advanced structures and functions.

Recently, there has been much interest in creating foldamers
that can mimic the ability of biomacromolecules, particularly
peptides and proteins, to fold into well-defined conforma-
tions.[6–23] Currently, a variety of secondary-structure sequences
consisting of repeat units is being developed. Examples of su-
persecondary, tertiary, and quaternary structures, containing
two or more segments possessing a secondary structure, have
also been reported.[24–30] Many of these synthetic systems have
applications in molecular recognition,[8–10, 19–23] catalysis,[31–33]

design of functional materials,[34] and bioactive molecules.[35, 36]

The properties of both natural and synthetic systems are close-
ly related to their sequences and structures. Therefore, the de-
velopment of efficient strategies to construct new compact
backbones could provide the opportunity to further extend
the functions and applications of synthetic systems. The choice
of noncovalently tunable molecular units that can be used to
construct repeat sequences is limited; however, a promising
strategy is to construct hybrid frameworks by combining differ-
ent types of repeat unit into one entity. To realize this, the co-
valently connected units would need to be able to produce
specific noncovalent interactions, such that the whole mole-
cule can self-assemble into a defined compact structure.

Aromatic amide foldamers that result from hydrogen bond-
ing represent a large family of synthetic secondary structur-
es.[23b] Although intramolecular N�H···N and N�H···O hydrogen
bonds are typically used to encourage folded conforma-
tions,[13a, 23b] we found that N�H···F hydrogen bonds are also
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strong enough to encourage aromatic oligoamides to form
folded conformations.[37] Because fluorine atoms do not pro-
duce as much steric hindrance as the widely used alkoxyl
groups, N�H···F hydrogen-bonded amide foldamers possess
a high degree of planarity and consequently, a high stacking
propensity.[38–40] In recent years, a series of alternating 1,2,3-tria-
zole and benzene or pyridine oligomers have also been dem-
onstrated to form helical conformations, driven by intermolec-
ular C�H···Cl� hydrogen bonding,[41–44] hydrophobicity,[45] or in-

tramolecular C�H···O hydrogen bonding.[46, 47] The backbone of
these oligomers is conformationally disordered, but the C�
H···Cl� hydrogen-bonding-induced helical conformations have
a diameter comparable to that of the N�H···F hydrogen
bonded amide foldamers. Thus, we envisioned that an intrinsi-
cally folded aromatic oligoamide might induce one or two co-
valently connected and intrinsically disordered triazole oligo-
mers to fold by means of strong intramolecular stacking, lead-
ing to the formation of new hybrid helices. Huc and Tanatani
and co-workers have reported that folded 8-amino-2-quinoline-
carboxylic acid oligomers could induce attached amide oligo-
mers to fold, resulting in hybrid helices.[48] Herein, we report
the design and synthesis of hybrid oligomers 1 a, 1 b, 2, (R)-3,
and (S)-3. We demonstrate that, depending on the media,
these hybrid backbones can form compact helical conforma-
tions through folding of the intrinsically disordered triazole
segment(s). These helical conformations are induced by the in-
trinsically folded state of the amide segment. We also show
that the chiral group, introduced at the end of the amide unit
of (R)-3 and (S)-3, is able to induce the whole hybrid backbone
to produce a strong helicity bias.

Results and Discussion

Design and synthesis

Hybrid oligomers 1 a, 1 b, 2, (R)-3, and (S)-3 have been de-
signed to investigate the possibility of folding-induced folding.
For each sequence, a triazole tetramer was used as the intrinsi-
cally disordered segment. Previous studies have shown that
a folded tetramer, with the H atoms of the triazole rings orien-
tated inward, could form one turn.[41–43] Compounds 1 a and
1 b contain an amide trimer and pentamer, respectively. It has
already been reported that a pentamer of this series is long
enough to form one turn,[33] maximizing homo- or heterogene-
ous stacking. Thus, a comparison of the folding propensity of
the triazole segment of 1 a and 1 b could demonstrate the abil-
ity of the folded amide segment to template the folding of the
attached triazole segment. Compound 2 contains two triazole
segments and was designed to explore the possibility that one
folded segment can induce two intrinsically disordered seg-
ments to fold. Enantiomers (R)-3 and (S)-3 were prepared to
test whether chiral transfer occurs through folding-induced
folding. Compounds 4 a, 4 b, (R)-4 c, (S)-4 c, and 5 were used as
controls. All of the compounds used in this study are soluble
in common organic solvents owing to the presence of aliphatic
chains and have been characterized by using 1H and 13C NMR
spectroscopy and high-resolution mass spectrometry.

1H NMR spectroscopy

It is well established that p–p stacking reduces the resolution
of 1H NMR spectra of aromatic molecules. However, 1H NMR
spectroscopy has been used to characterize the folded confor-
mation of linear aromatic sequences.[49] The 1H NMR spectra of
control compounds 4 a and 5 in CDCl3 (Figures S82 and S91,
see the Supporting Information) and in C6D6 (Figure 1 a, b) dis-
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played high-resolution signals. The 1H NMR spectra of 1 a in
different solvents are also shown in Figure 1. In highly polar
[D6]DMSO, the 1H NMR spectrum exhibited sharp signals, indi-
cating flexible conformation of the backbone (Figure 1 c). In
CDCl3, the spectral resolution was good (Figure 1 d), but was
not as high as that in [D6]DMSO, and the resolution was not in-
creased upon dilution (Figure S95, see the Supporting Informa-
tion). The folded conformation of the amide segment has been
well established in chloroform.[37, 38] Therefore, these observa-
tions indicate that the conformation of the triazole segment
was dominantly flexible in chloroform (Figure 2 a, A), but weak
intramolecular stacking between the amide and triazole seg-
ments also occurred, leading to the formation of a less-stable
hybrid helix (Figure 2 a, B). The spectra in a CDCl3/C6D6 mixture
were further recorded with 10 % increments of C6D6, revealing

a rapid reduction of the spectral resolution on addition of C6D6

(Figure S93, see the Supporting Information). When the per-
centage of C6D6 was increased to approximately 40 %, the
spectrum only displayed broad unresolved signals. Further in-
creasing the amount of C6D6 caused the signals to disappear
almost completely. Diluting the solution did not improve the
resolution of the spectrum (Figure S95, see the Supporting In-
formation), excluding the possibility that the low resolution
was caused by intermolecular stacking. A similar result was
also observed in [D8]toluene (Figure 1 f), whereas the 1H NMR
spectra of control compounds 4 a and 5 gave rise to sharp sig-
nals, even in pure C6D6. Thus, it is reasonable to propose that
the low resolution of the spectra of 1 a, in the binary solvent
mixture or in pure C6D6, was caused by the strong intramolecu-
lar stacking of the two different aromatic segments, leading to
the formation of a relatively stable hybrid helix (Figure 2 a,
B).[50] In principle, the triazole segment could adopt two folded
patterns, depending on whether the five H atoms of the tria-
zole rings are facing inward or outward. The first pattern could
produce a folded entity with a diameter comparable to that of
the folded amide oligomers,[41–43] whereas the diameter of the
second folded pattern is substantially larger than that of the
amide foldamers.[47] Thus, the first folded pattern is required to
favor intramolecular stacking with the attached amide seg-
ment. The spectrum of 1 a in less-polar [D8]toluene did not ex-
hibit any signals, suggesting the formation of a more stable
hybrid helix.

The formation of the hybrid helix of 1 a in binary CDCl3/C6D6

mixtures or pure C6D6 or [D8]toluene may be attributed to sev-
eral factors. Firstly, compared with that in CDCl3 or in solvents
of higher polarity, the folded conformation of the amide seg-
ment in lower polarity media was more compact, increasing
the ability to induce the folding of the attached triazole seg-
ment through intramolecular stacking. Secondly, the solvopho-
bicity is increased in C6D6 or [D8]toluene, forcing the triazole
segment to fold so that the amount of surface area exposed
to the solvent is reduced. Thirdly, the intramolecular stacking
between the two connected aromatic segments minimized the
surface area of the backbone exposed to the solvent. Finally, in
the folded state, the interior region of the amide segment was
electronegative because all of the fluorine atoms were directed
inward, whereas the external region of the triazole segment
was electronegative because the N atoms of the triazole rings
were directed outward. As a result, the stacking might be fur-
ther promoted by intramolecular electrostatic interactions,
which become stronger in solvents of low polarity. In highly
polar [D6]DMSO, the folding-induced folding process should
not occur, although the amide trimer might exist in a less-
stable folded state (Figure 2 a, A) owing to the high stability of
the intramolecular N�H···F hydrogen bonding.[51]

The 1H NMR spectra of 1 b in different solvents are provided
in Figure 3. In contrast to the 1H NMR spectrum of control
compound 4 b (Figure 3 a), which gave rise to a set of sharp
signals, the spectrum of 1 b in CDCl3 (Figure 3 c) was of low
resolution. In C6D6, the signals became even broader (Fig-
ure 3 b). In contrast, the spectrum in polar [D6]acetone dis-
played one set of resolved signals (Figure S94, see the Sup-

Figure 1. Partial 1H NMR spectra (400 MHz) of a) 4 a and b) 5 in C6D6, and 1 a
in c) [D6]DMSO, d) CDCl3, e) C6D6, and f) [D8]toluene at 25 8C. The concentra-
tion was 2.0 mm for all samples.

Figure 2. Schematic representation of the solvent-dependent folding-in-
duced folding process of compounds a) 1 a and 1 b, b) 2, and c) (S)-3.
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porting Information). Adding [D6]DMSO to the solution of
CDCl3 caused the spectral resolution to improve (Figure S94,
see the Supporting Information). Just 4 % of [D6]DMSO resulted
in the formation of a set of resolved signals in the downfield
area. With the addition of more [D6]DMSO, the spectral resolu-
tion was further increased. In pure [D6]DMSO, the spectrum
displayed sharp signals (Figure 3 d). Again, the resolution of
the spectra in CDCl3 was independent of concentration (Fig-
ure S96, see the Supporting Information). Furthermore, cooling
the CDCl3 solution from 40 to �50 8C reduced the resolution of
the spectra (Figure S98, see the Supporting Information), re-
flecting the dynamic feature of the helical conformation, which
could not be frozen at low temperature. Therefore, the above
observations suggest that, in CDCl3, 1 b undergoes the folding-
induced folding process (Figure 2 a, B), demonstrating that the
longer folded pentaamide was more powerful than the shorter
triamide (1 a) in inducing the folding of the attached triazole
segment. This is not unexpected because the pentamer could
produce a one-turn helix, providing the maximum area for
stacking with the attached triazole segment. The very broad
spectrum in C6D6 reflects the formation of a more compact
hybrid helix. In [D6]DMSO, the triazole segment prefers to exist
in disordered states as observed for 1 a.

Encouraged by the above observations, we synthesized
compound 2, in which two triazole segments are attached to
a folded amide pentamer. The 1H NMR spectrum of 2 in CDCl3

exhibited very broad signals that were independent of concen-
tration (Figure S97, see the Supporting Information). The reso-
lution of this spectrum was lower than that of the shorter com-
pound, 1 b. The 1H NMR spectra of the reported F�H···N hydro-

gen bonded aromatic amide pentamers or longer heptamers
with the same backbone, in CDCl3, exhibit a set of sharp sig-
nals in the downfield area.[37a, 38] This result suggests that the
central folded amide segment of 2 was able to induce the two
attached triazole segments to fold, producing a longer hybrid
helix through stacking (Figure 2 b, B). Upon cooling the solu-
tion of 2 in CDCl3, from 40 to �50 8C, the resolution of the
1H NMR spectra gradually decreased. These results were similar
to those for 1 b, again reflecting the dynamic nature of the hel-
ical conformation. Adding [D6]DMSO to the solution remarka-
bly suppressed this process and, in the binary solvent contain-
ing 10 % [D6]DMSO, the spectrum gave rise to a set of resolved
signals, indicating the high flexibility of the two triazole seg-
ments. Given the stability of N�H···F hydrogen bonding, the
folded state of the amide segment should be maintained in
this binary medium and the whole backbone produced the
unique flexible-folded-flexible conformation (Figure 2 b, A).
When the content of [D6]DMSO was increased to 90 % (Fig-
ure S94, see the Supporting Information), the spectrum afford-
ed a set of sharp signals, implying the loss of intramolecular
stacking between the two different aromatic segments.

Enantiomers (R)-3 and (S)-3 consist of a tetraamide segment
attached to a triazole tetramer and a chiral group. The 1H NMR
spectrum in CDCl3 exhibited unresolved broad signals, but the
spectrum in [D6]DMSO displayed one set of sharp signals.
These results are very similar to those observed for 1 b and 2.
In contrast, control compounds (S)-4 c and (R)-4 c afforded
a spectrum with high resolution in both solvents. Thus, we
propose that, in CDCl3, the folded tetraamide segment of (R)-3
and (S)-3 was able to induce the attached triazole segment to
fold through intramolecular stacking (Figure 2 c). The spectrum
of (R)-3 and (S)-3 did not display any signals with good resolu-
tion in the downfield area, therefore, we propose that in
chloroform or less-polar solvents, the naphthalene unit of (R)-3
and (S)-3 also underwent strong intramolecular stacking to
afford chiral helices (Figure 3 c, B and C), even though this unit
is connected by an sp3 carbon atom to the aromatic backbone.
Circular dichroism experiments showed that the chiral carbon
atom in (R)-3 and (S)-3 could induce the new hybrid helices to
produce a helicity bias (see below).

19F NMR spectroscopy

The 19F NMR spectra of compounds 1 a, 1 b, 2, and (R)-3 and
control compounds 4 a, 4 b, and (R)-4 c in CDCl3 are shown in
Figure 4. As expected, the spectra of the control compounds
displayed sharp signals. The signals in the spectrum of 1 a
were slightly broadened compared to those of control com-
pound 4 a. This broadening became more obvious for 1 b and
(R)-3, and remarkably, the spectrum of compound 2 did not
display any observable signals. Compared with the correspond-
ing signals of the control compounds, the signals of 1 a, 1 b,
and (R)-3 are all shifted downfield (Dd= 0.2–4.7 ppm, Figure 4).
For compounds 1 b and (R)-3 this shift was larger than that for
1 a. These results were in accordance with the above 1H NMR
spectroscopy investigations, supporting the proposal that
weak stacking interactions occur between the triazole and

Figure 3. Partial 1H NMR spectra (400 MHz) of a) 4 b in CDCl3 ; 1 b in b) C6D6,
c) CDCl3, and d) [D6]DMSO; 2 in e) CDCl3 and f) CDCl3/[D6]DMSO (1:9 v/v) at
25 8C. The concentration was 2.0 mm for all samples.

Chem. Eur. J. 2014, 20, 1418 – 1426 www.chemeurj.org � 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim1421

Full Paper

http://www.chemeurj.org


amide segments of 1 a, thus leading to the formation of a less-
stable hybrid helix. This stacking interaction was stronger, and
the resulting hybrid helices were more stable, for 1 b, 2, and
(R)-3. The downfield shifting of the 1H NMR signals of 1 b and
(R)-3 can be rationalized by considering that the folded triazole
segment imposes an important shielding effect on the fluorine
atoms. In [D6]DMSO, the spectra of both the control com-
pounds and the target compounds displayed sharp signals
and no downfield shifting was observed for the hybrid sequen-
ces, indicating that intramolecular stacking of the two different
segments did not occur and that the backbones adopted flexi-
ble conformations. The fact that the 19F NMR spectrum of 2 in
CDCl3 did not display any observable signals is also consistent
with the above 1H NMR spectroscopy experiments, supporting
the formation of a three-segment hybrid helix, which might be
facilitated by two factors. Firstly, compound 2 can produce
two intramolecular stacking interactions that can promote
each other by strengthening the co-planarity of the central
amide segment. Secondly, the two-layer stacking of 2 more ef-
ficiently reduces the amount of surface area exposed to the
solvent, also promoting the formation of the hybrid helix.

UV/Vis spectroscopy

The UV/Vis absorption of linear conjugated molecules is sensi-
tive to conformational change caused by solvophobicity. Sol-
vent titration experiments have been demonstrated as
a robust method to investigate the folding of oligomeric aro-
matic backbones.[10b, 45, 52] The above 1H and 19F NMR spectros-

copy investigations revealed that the hybrid oligomers can un-
dergo intramolecular folding-induced folding, which depends
heavily on the polarity of the media. To get more insight into
this unique conformational modulation, solvent titration ex-
periments were performed in mixtures of chloroform and n-
hexane.

UV/Vis dilution experiments showed that for 1 a, 1 b, 2, and
(R)-3 and for control compounds 4 a, 4 b, (R)-4 c, and 5, the ab-
sorption properties obeyed the Beer–Lambert law in chloro-
form, n-hexane, or a 1:1 (v/v) mixture of these solvents, when
the concentration was �5.0 � 10�6

m. Titration experiments
were then carried out at 5.0 � 10�6

m or a lower concentration
to avoid intermolecular stacking (Figure 5). It was found that
increasing the percentage of n-hexane caused a pronounced
hypochromic effect for the four hybrid sequences and also
caused a considerable blue shift (up to 15 nm) in the maxi-
mum absorbance. However, the trend for each compound was
substantially different. For 1 a, the hypochromic effect followed
an S curve (Figure 5 a). That is, it was initially “dull” and
became more intense after the percentage of n-hexane was in-
creased to approximately 30 %. This observation supports the
proposal that, at the early stage, the triazole segment exists

Figure 4. Partial 19F NMR spectrum of a) 4 a, b) 1 a, c) 4 b, d) 1 b, e) 2, f) (R)-
4 c, and g) (R)-3 in CDCl3 and h) 2 in [D6]DMSO/CDCl3 (9:1 v/v) at 25 8C. The
concentration was 2.0 mm for all samples. The data (ppm) indicated are the
difference between the chemical shifts of the two related signals. Chemical
shifts were referenced to PhCF3 (d=�62.7 ppm).

Figure 5. UV/Vis spectra of a) 1 a (5.0 � 10�6
m) and b) 2 (2.5 � 10�6

m) in
binary chloroform and n-hexane mixtures at 25 8C. F represents the relative
volume content of n-hexane. Inset: The absorbance at 280 nm versus F.
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mainly in the flexible state. On increasing the amount of n-
hexane, the folding and stacking of the attached amide seg-
ment were intensified, leading to the formation of the hybrid
helix and, consequently, enhanced hypochromism. The hypo-
chromism was reduced when the percentage of n-hexane was
increased to about 80 %, implying that the hybrid helix was
close to the maximum stability. Further increasing the n-
hexane percentage affected the absorbance because of the re-
sulting change in the polarity of the medium. Compounds 1 b
(Figure S100, see the Supporting Information), 2 (Figure 5 b),
and (R)-3 (Figure S101, see the Supporting Information)
showed a continuous and smooth hypochromism. On increas-
ing the amount of n-hexane, the curve tended to flatten, sug-
gesting that the triazole segment might be approaching fold-
ing saturation.

The UV/Vis spectra of 1:1 mixtures of 4 a, 4 b, and (R)-4 c
with 5, at 5.0 � 10�6

m in a mixture of chloroform and n-hexane,
were also recorded. For all of the mixtures, before the content
of n-hexane was increased to approximately 70 % (F= 0.7, F

represents the relative volume content of n-hexane), no impor-
tant hypochromic effect was observed. On increasing the n-
hexane content further, the absorbance of the four mixtures
showed a notable hypochromic effect. However, similar hypo-
chromism was not observed at lower concentration (1.0 �
10�6

m). At 5.0 � 10�6
m, solutions of pure 4 a, 4 b, (R)-4 c, or 5

did not exhibit similar hypochromism in chloroform, n-hexane,
or a 1:1 mixture of these solvents. Thus, the hypochromic be-
havior of the four mixtures, observed at high n-hexane con-
tent, can be reasonably attributed to intermolecular heteroge-
neous stacking. Compared with this weak intermolecular stack-
ing, intramolecular stacking of the amide and triazole seg-
ments of the hybrid sequences was substantially stronger and
could occur in chloroform, which is usually considered as a sol-
vent that weakens aromatic stacking,[10b, 50] or in a mixture of
chloroform with benzene or n-hexane.

Circular dichroism (CD) spectroscopy

The CD spectra of compounds (R)-3, (S)-3, and (R)-4 c in
a binary chloroform/n-hexane mixture are shown in Figure 6.
In pure chloroform, (R)-3 and (R)-4 c both exhibited a negative
Cotton effect. Similar signals were not observed for the shorter
chiral analogues (compounds (R)-36–38 in the Supporting In-
formation) of (R)-4 c. The maximum CD signal for both chiral
molecules was reached at around 295 nm. However, the signal
for (R)-3 was substantially stronger than that for (R)-4 c. The CD
signal of (R)-3 could be attributed to the helicity bias of the
folded backbone, induced by the attached chiral center by in-
tramolecular stacking of the two aromatic segments.[53]

In the binary chloroform/n-hexane mixture, increasing the
amount of n-hexane (up to F= 0.5) remarkably enhanced the
signal of (R)-3. Further increasing the amount of n-hexane
caused the solution to become turbid, implying that precipita-
tion of (R)-3 occurred. Similar signal enhancement was not ob-
served for (R)-4 c, which instead exhibited a stable CD signal,
even when F was increased to 0.7. Thus, the signal enhance-
ment observed for (R)-3 reflects the enhanced helicity bias of

the whole backbone, a result of the enhancement of the intra-
molecular stacking of the two aromatic segments on decreas-
ing the polarity of the medium (Figure 2 c, B and C). This obser-
vation was consistent with the above UV/Vis experiments of
(R)-3 in the same solvent system (Figure S101, see the Support-
ing Information). The CD spectra of (R)-3 in chloroform/n-
hexane (F= 0.3) were also recorded at different temperatures.
Within the studied temperature range (30 to �16 8C), the CD
signal gradually intensified on lowering the temperature (Fig-
ure S102, see the Supporting Information), suggesting that the
chiral helical conformation becomes more compact at lower
temperature. Similar signal enhancement was also observed in
a mixture of chloroform with cyclohexane or toluene (Figur-
es S103 and S104, see the Supporting Information). Notably,
on increasing the amount of the two less-polar solvents to
about 50–60 %, the CD signal intensity ceased to increase, im-
plying that compacting of the hybrid helices had reached its
maximum. As expected, compound (S)-3 gave rise to a positive
Cotton effect, which was also intensified on increasing the
amount of n-hexane (Figure 6 a). For compounds (R)-3, (S)-3,
and (R)-4 c, in highly polar DMF, no CD signal was observed, in-
dicating that any intramolecular stacking was very weak and
that the backbones adopted a flexible conformation. These re-

Figure 6. CD spectra of a) enantiomers (R)-3 and (S)-3 and b) (R)-4 c in
chloroform/n-hexane mixtures at 25 8C (Inset : CD intensity at 295 nm versus
F). The concentration was 0.3 mm for all samples.
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sults are consistent with the above 1H and 19F NMR and UV/Vis
experiments.

Density functional theory (DFT) calculations

To further understand the conformational change of the new
hybrid sequences, M062X DFT calculations were performed in
chloroform (for calculation method and details, see the Sup-
porting Information) with Gaussian 09 package using the 6-
31 G (d,p) basis set for compounds 1 b, 2, and (S)-3 in chloro-
form. To simplify the calculations, we first carried out Monte
Carlo conformational searches for the aromatic amide segment
of these compounds, with the side chains being omitted, to
obtain the energy minimum folded conformation. The back-
bones were then constructed by attaching one (for 1 b and (S)-
3) or two (for 2) randomly arranged flexible triazole segments
to the corresponding folded aromatic amide segment. These
partially compact sequences were, again, subjected to confor-
mational searches. In total, 5000 structures were accumulated
and the ten lowest-energy conformers were further optimized.
The representative conformers are shown in Figure 7.

For all three compounds (1 b, 2, and (S)-3), the fully helical
conformer, in which the amide and triazole segments are
stacked intramolecularly, was the lowest-energy conformer. As
expected, the two different folded segments in these conform-
ers were comparable in diameter and thus were well matched
for stacking. Both folded segments formed one turn, maximiz-
ing the stacking ability. The distance between the stacking aro-
matic units was in the range of 3.4–3.5 �,[54] which is typical for
this kind of noncovalent interaction. For 1 b, there were several
different low-energy conformers, in which the amide segment
folded and the triazole segment was flexible. The free energies
of these conformers were similar, and the conformer with the
lowest energy (Figure 7 a) was 17.6 kcal mol�1 higher in energy
than the fully folded conformer (Figure 7 b). For compound 2,
the free energy of the conformers (Figure 7 d, e) with either
one or none of the triazole segments stacking with the central
amide segment is either 29.6 or 57.1 kcal mol�1 higher than
that of the fully folded conformer (Figure 7 c), respectively. The
second value is approximately double that of the first one, in-
dicating that stabilization, caused by the intramolecular stack-
ing between the two different kinds of aromatic segments, in-
creases as the stacking aromatic units are increased. In princi-
ple, the fully folded (S)-3 results in two helical diastereoiso-
mers,[55] that is, the right-handed conformer (S)-P and the left-
handed conformer (S)-M (Figure 2 c, B and C). DFT calculations
revealed that the P conformer (Figure 7 f) was 9.8 kcal mol�1

lower in free energy than the M conformer (Figure 7 g), sug-
gesting that (S)-3 exists mainly as the P diastereoisomeric con-
former. These calculations also revealed that for conformers of
(S)-3 with the triazole segment being disordered the energies
were generally higher than the corresponding fully folded con-
formers. For the (S)-P series, the energy of the conformer that
has a folded amide segment and a flexible triazole segment
(Figure 7 h) was at least 12.5 kcal mol�1 higher than that of the
fully folded conformer (Figure 7 f).

Conclusion

We have demonstrated that attaching intrinsically disordered
aromatic triazole tetramers to hydrogen-bonding-induced
folded aromatic oligoamides can lead to folding of the triazole
segment(s) through intramolecular stacking between the two
different kinds of aromatic segments. In a broad sense, this

Figure 7. The optimized conformers of hybrid oligomers that have a folded
amide segment and one or two folded or disordered triazole segments, cal-
culated in chloroform with Gaussian 09 package using the 6-31 G(d) basis
set. For 1 b : the triazole segment was a) disordered and b) folded; For 2 :
c) the two triazole segments were folded, d) one triazole was folded and an-
other was disordered, and e) both triazole segments were disordered; For
(S)-3 : f) the triazole segment was folded with P helicity, g) the triazole seg-
ment was folded with M helicity, and h) the triazole segment was disordered
with P helicity.
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folding-induced folding process may be considered as a special
binding behavior and, thus, to some extent, resembles the
binding-induced folding phenomenon that commonly occurs
for natural peptides and proteins. The process is highly depen-
dent on the polarity of the solvents. In solvents of high polari-
ty, the folded conformation of the aromatic amide segment is
less stable and, therefore, cannot efficiently induce the folding
of the triazole segment. In less-polar solvents, the stable
folded state serves well as a compact platform, which, togeth-
er with the enhanced solvophobic interaction, is able to
induce the folding of the attached triazole segment(s). This
templating can be very efficient and a chiral center, attached
to the end of the folded amide segment, could induce the
whole hybrid framework to produce a strong helicity bias.

The successful induction of the folded conformation of one
and two intrinsically disordered aromatic triazole oligomer(s)
by an attached folded aromatic amide segment raises several
issues that we believe are worthy of further study: 1) Is this in-
ducing process a general behavior for aromatic hybrid sequen-
ces? 2) Can a short folded segment serve as a “seed” to induce
one or two attached polymeric backbones to fold and to fur-
ther transfer and amplify the chirality to the whole polymeric
backbone? A systematic exploration of these possibilities may
lead to the development of functional helices or polymeric
tubes that are potentially useful for advanced recognition, en-
capsulation, or transport.
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