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tion through the assembly of
achiral phenylacetylene macrocycles with
a two-fold bridge†

Ryo Katoono, * Keiichi Kusaka, Yuki Saito, Kazuki Sakamoto and Takanori Suzuki

We demonstrate so-called “chiral diversification”, which is a design strategy to create multiple chiral

molecules through the assembly and double-bridging of achiral components. We used phenylacetylene

macrocycles (PAMs) as an achiral element. In a molecule, two achiral rings of [6]PAM are stacked one

above the other, or bound to each other mechanically. As an alternative, a single enlarged ring of [12]

PAM was also assumed to be a doubled form of [6]PAM. In any case, one or two ring(s) are doubly-

bridged by covalent bonds to exert chirality. Through intramolecular two-bond formation, these multiple

chiral molecules were obtained as a set of products in one reaction. The dynamic chirality generated in

molecules with either two helically-stacked rings of [6]PAM or a single helically-folded ring of [12]PAM

was characterized by induced Cotton effects with the aid of an external chiral source. Thus, a chiral

structure based on [12]PAM could be demonstrated as the first success. Alternatively, enantiomeric

separation was achieved for molecules with two interlocked rings of [6]PAM to show remarkable

chiroptical properties.
Introduction

Chirality is a central topic in chemistry. Once an asymmetric
center is attached to a molecule, it can be chiral. On the other
hand, considerable effort has been exerted to desymmetrize
molecules without the use of an asymmetric center.1–8 In such
molecules, chirality is achieved by the arrangement of achiral
components. Especially, the assembly of cyclic components is
interesting because multiple forms are possible. The best
example would be helical stacking of achiral rings,9 where
helical chirality is generated when one ring is stacked above the
other and twisted in a clockwise or counterclockwise manner
with respect to the other ring. Alternatively, mechanically linked
achiral rings (catenanes) may be chiral,5,7,10–12 when the rings
have directionality (topological chirality),5a,7,10 or simply one
ring is relatively tilted with respect to the other ring (mechanical
helical chirality).5a,12 For a case where two rings are further
bridged in addition to the mechanical linkage, so called pret-
zelanes,13 the further bridging of the mechanically-interlocked
rings plays a key role in the characterization of chirality.13a
, Hokkaido University, Sapporo 060-0810,
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We have been interested in a design strategy to provide
multiple chiral structures through the assembly and double-
bridging of achiral components.14–16 Here, we used phenyl-
acetylene macrocycles (PAMs)17 as achiral components for the
creation of multiple chiral molecules. The assembly of two
rings provides multiple forms (Scheme 1). Site-specic modi-
cation of PAMs18a would be suitable for bridging of the two
rings at arbitrary positions. In the case where two achiral rings
of [6]PAM18 are stacked and doubly-bridged (Schemes 1 and
2a), helically-chiral structures would be created through the
twisting of one ring with respect to the other ring in a clock-
wise or counterclockwise manner. These two enantiomeric
structures would conformationally interconvert to each other.
In the case where two achiral rings of [6]PAM are mechanically
bound and doubly-bridged (Schemes 1 and 2b), the relative
arrangement of the two rings would be dened, based on the
shape-persistency of [6]PAM, and the resulting chirality would
be congurationally stable. In the last case where a single
larger ring of [12]PAM19 is generated (Schemes 1 and 2c),
double-bridging would lead to a specically-folded structure
since such a larger ring would prefer nonplanar conforma-
tions rather than a planar conformation. To the best of our
knowledge, there has been no previous report on any chiral
structure based on [12]PAM, and nothing is known about its
chiroptical properties.

Thus, we designed two series (1–5 and 6–8) of chiral mole-
cules in which two rings of [6]PAM are stacked one above the
other (1 and 6), two rings of [6]PAM are bound to each other
mechanically (3–5 and 8), and a single larger ring of [12]PAM is
This journal is © The Royal Society of Chemistry 2019
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Scheme 1 Generation of multiple forms through the assembly of
achiral [6]PAMs.

Scheme 2 Dynamic or undynamic helical chirality generated in (a)
doubly-bridged two rings of [6]PAM stacked one above the other, (b)
doubly-bridged two rings of [6]PAMs mechanically-interlocked to
each other, and (c) a doubly-bridged single ring of [12]PAM.
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helically-folded (2 and 7) (Fig. 1 and S1†). Double bridging not
only assures the generated stereochemistry in 3–5 and 8, it is
also the origin of diversication. For descriptive purposes, we
numbered six benzene rings starting from either of the two
benzene rings that is bridged to another [6]PAM. Double-
bridging at the 1- and 3-positions led us to assume three
different chiral molecules (3, 4 and 5). With double-bridging at
the 1- and 4-positions, only a single chiral molecule could be
designed (8). The type of chirality generated here should be
classied as mechanical helical chirality due to the equivalence
of the 1- and 3-, or 1- and 4-positions due to arbitrary
numbering. Thus, the ring is not oriented to have any priority
for the 1-position relative to the 3- or 4-position, which is
necessary for topologically-chiral molecules.6,7

We should be able to observe the chiroptical properties of
dynamic chiral molecules when they interact with an external
chiral source, such as in diastereomeric complexation with
a chiral guest. Through the supramolecular transmission of
external chirality to dynamic chiral structures in a complex, one
of two enantiomeric conformations would be preferred over the
other. Based on the imbalance between their populations, chi-
roptical properties would be observable. Terephthalamide was
used to serve as both the binding site for capturing a guest and
the chirality-transmitting site in bridges. Alternatively, undy-
namic chiral molecules will show chiroptical properties aer
enantiomeric separation.

The results of chiral diversication through the assembly of
achiral PAMs with a two-fold bridge, molecular structures and
chiroptical properties are described below.
This journal is © The Royal Society of Chemistry 2019
Results and discussion
Synthesis

Templated synthesis is one of the most important methods for
producing sophisticated molecules.11,20 Also, a “covalent
template-strategy” would be useful.21 By considering the case of
an intramolecular two-fold ring-closure reaction,15 we assumed
that there could be multiple products in which two bonds are
formed: a pair of rings and a single enlarged ring (Scheme 3).

For intramolecular two-bond formation (covalent template-
strategy), we designed achiral precursors 9 and 10 (Scheme 3
and Fig. 2). They are composed of two linear [6]phenylacetylene
(PA) sequences that are covalently assembled to form
Chem. Sci., 2019, 10, 4782–4791 | 4783
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Fig. 1 Schematic representation of 1 and 6 (stacked, [6]PAM �2), 2
and 7 (helically-folded, [12]PAM �1), and 3–5 and 8 (interlocked, [6]
PAM �2). Bridges were at the 1- and 3-positions of each PAM for 1–5
and at the 1- and 4-positions for 6–8. The position number is arbitrary.
Only one of two enantiomeric conformers/isomers is depicted.
Interlocked (�)-5 have not been synthesized.
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a macrocyclic framework. Two-bond formation was imple-
mented by a two-fold Sonogashira coupling reaction of a-iodo-
u-ethynyl sequences.18a Based on the difference in the relative
direction of the paired sequences, two achiral isomers, a (C2h)
and b (C2v), were possible for both 9 and 10. We can assume two
reaction pathways I and II (Scheme 3 and Fig. 2). One will give
two rings of [6]PAM and the other will give a single larger ring of
Scheme 3 Synthetic strategy based on intramolecular two-bond
formation (“covalent template-strategy”).

Fig. 2 Chemical structures of ring-closing precursors 9a/b and 10a/b.

4784 | Chem. Sci., 2019, 10, 4782–4791
[12]PAM with or without crossing. These two pathways would be
competitive if the conformational exibility of the linear
sequences remained in the macrocyclic framework. Thus, we
This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Chemical structures of model [6]PAMs 11 (ref. 16a) and 12,
a model macrocycle 13, and chiral guests (R,R)-14 and (S,S)-14.16
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expected at most ve helically-chiral molecules (1–5 with a two-
fold bridge at the 1- and 3-positions) from 9, and three helically-
chiral molecules (6–8 with a two-fold bridge at the 1- and 4-
positions) from 10.

Achiral ring-closing precursors 9a and 9b were separable
from each other.22 A set of three products (1, 3 and 4) were
obtained from 9a (Scheme 4a). All of them were considered to
generate via pathway I. This result indicated that pathway II was
invalid, which could have led to the generation of a [12]PAM
without crossing. Another set of products (2, 3 and 4) were ob-
tained from 9b (Scheme 4a). Compound 5 was not obtained
from either 9a or 9b.

Achiral ring-closing precursors 10a and 10bwere inseparable
(approx. 1 : 1 mixture), and they were subjected to the nal
reaction together. A set of three products (6, 7 and 8) were ob-
tained (Scheme 4b).

Products 1–4 each exhibited a specic retention time on
silica gel, and could be successfully isolated through HPLC
separation. Similar separation was applied to 6–8. The 1H NMR
spectra of 1–4 and 6–8 showed that they were distinct from each
other (Fig. 5, described later). Mass analyses showed that they
each had a molecular weight of 1746. Based on these results, we
could conrm that products 1–4 and 6–8 were all isomers with
an identical composition (C128H88N4O4). Enantiomeric separa-
tion was possible only for (�)-3 and (�)-8. Unfortunately, race-
mates (�)-4 remained inseparable even with considerable
effort.23

Model rings of [6]PAM 11 (ref. 16a) and 12 were prepared for
comparison of NMR and UV spectra. A model macrocycle 13 is
composed of two halves of a [6]PA sequence that are doubly-
bridged, and was used for monitoring complexation by 1H
NMR spectroscopy, since most protons were well-assigned.
Chiral ditopic guests (R,R)-14 and (S,S)-14 were used as an
external chiral source.16 They could be captured by the forma-
tion of hydrogen bonds at terephthalamide bridges (Fig. 3,
Schemes S1, S3 and S4†).
Molecular structures

Conformational searches. We considered whether the
isomers 1–8 (NBu) could adopt some chiral structure through
conformational searches for models 10–80 (NMe). The lowest
energy structures for each isomer are shown in Fig. 4. Other
several structures were also found (Fig. S2†). Dynamic inter-
conversion between conformers seems to occur through
Scheme 4 Synthetic results of the intramolecular ring-closure reac-
tions with (a) 9a or 9b, or (b) a mixture of 10a and 10b. aPseudo-high-
dilution conditions: Pd(PPh3)4, CuI, Et3N, THF, 80 �C. bFolded 2 and
interlocked (�)-5 could not be found. cStacked 1 and interlocked (�)-5
could not be found.

This journal is © The Royal Society of Chemistry 2019
dynamic interconversion between local conformations (m-hel-
icity, non-helicity or p-helicity) in the bridges (Fig. S1†).

For models 10 and 60 with two rings of [6]PAM stacked one
above the other, the lowest energy structures were found to be
Fig. 4 The lowest energy structures for models 10–80 (NMe,
C116H64N4O4): (a) 10 (+6.5 kJ mol�1), (b) 20 (+30.6 kJ mol�1), (c) 30

(+24.0 kJ mol�1), (d) 40 (+5.0 kJ mol�1), (e) 50 (+14.6 kJ mol�1), (f) 60

(+5.4 kJ mol�1), (g) 70 (+23.0 kJ mol�1) and (h) 80 (rel. 0 kJ mol�1),
obtained by conformational searches using MacroModel software
(v11.8 OPLS3e, Monte Carlo Multiple Minimummethod, non-solvated,
100 000 steps).

Chem. Sci., 2019, 10, 4782–4791 | 4785
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Fig. 5 Partial 1H NMR spectra (400 MHz) of (a) 1–4 and 11, and (b) 6–8
and 12, measured in chloroform-d at room temperature.
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achiral (Fig. 4a and f). Alternatively, a helically-chiral structure
was found at a higher energy level for both model isomers
(Fig. S1† and S2B†). These achiral and helically-chiral structures
would be conformationally accessible to each other.

For models 20 and 70 with a larger ring of [12]PAM, helically-
folded structures were found. The global chirality seems to
enable the bridges to adopt only one form with a particular
sense of local helicity and/or a non-helical form (Fig. S2C†). If
so, the inversion of local helicity in the bridge would accompany
the inversion of global helicity, similar to 10 and 60.

For models 30, 40, 50 and 80 with two rings of [6]PAM bound to
each other mechanically, chiral structures were denitely found.
No rings adopted a planar conformation. While dynamic motion
in the bridge would lead to a different structure, the stereo-
chemistry of these molecules should be maintained (Fig. S1 and
S2D†).

For model 130, several structures were found within a very
tight range of energy levels (Fig. S2A†). It seems that this would
be desirable for a synthetic precursor to generate multiple
structures in the current system. In fact, similar conformations
were found in the structures of 10 and 20.

NMR spectroscopy. The 1H NMR spectra, measured at room
temperature, of 1–4 and 6–8 showed that they were distinct from
each other (Fig. 5 and S3†). The 13C NMR spectra are also shown
in the ESI (Fig. S4†). Complete assignments were difficult due to
broadening and/or overlapping of several proton signals. Some
information on conformational exibility was given by spectra
measured at various temperatures (223–323 K) (Fig. S5†). For all
of the isomers, the existence of anisochronicity for the geminal
methylene protons closest to the nitrogen atom indicated that
they were located near some chiral environment.

Integral values for inner protons (HA, HB and HC) of 1
showed that the two rings of [6]PAM were equivalent. At lower
temperatures, several species in different populations were
observed. They were averaged with a rise in temperature
through dynamic conformational interconversions. The two
rings of [6]PAM in 6 were also equivalent. The different chem-
ical shis for HA and HA0

show a situation where one ring is
stacked away from right above the other.

Although broadened resonances for 2 provided less infor-
mation on the structure, the chemical shi values for most
protons were maintained to some extent over the entire range of
temperatures. This suggested the existence of a dominant
conformation in solution. This suggestion also applied to 7.

At each temperature examined, we observed only one singlet
peak for phenylene protons (HT) of terephthalamide in 3 and 8,
while the corresponding protons in 4 were split to be
nonequivalent (HT and HT0

) below 283 K. This was used to
determine 3 or 4.

Possible explanations for the identication of 1–4 were dis-
cussed based on not only less informative results of NMR
spectroscopy, but also several preliminary synthetic results with
the use of model intermediates with a single ring of [6]PAM
(Scheme S2) in the ESI_1.†

For model macrocycle 13, we observed a single set of aver-
aged resonances over the entire range of temperatures. Most
protons were well-assigned (Fig. S5h and S6a†). The chemical
4786 | Chem. Sci., 2019, 10, 4782–4791
shi of averaged resonances for some protons changed with
temperature. This was attributed to dynamic interconversion
among several conformations with different structures.

UV spectroscopy. For all isomers 1–4 and 6–8, we found
characteristic absorptions at 305–308 nm and at 287 or 288 nm
(Fig. 6). The spectra of the models 11 and 12 showed an iden-
tical set of these characteristic absorptions. Also, model mac-
rocycle 13 composed of two halves of a [6]PA sequence gave
similar results in terms of absorption wavelength.
This journal is © The Royal Society of Chemistry 2019
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Fig. 6 UV spectra of (a) 1 (blue solid line), 2 (pink dotted line), 3 (green
solid line), 4 (yellow solid line), 11 (black thin dotted line) and 13 (black
thick dashed line), and (b) 6 (blue solid line), 7 (pink dotted line), 8
(green solid line) and 12 (black thin dotted line). All spectra were
measured in dichloromethane at room temperature.
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Next, we considered the absorption intensity based on the
ratio of molar extinction coefficients 31 and 32 (Table 1). The
value for 6 was close to that of 12 with a single ring of [6]PAM.
This similarity indicated that the two rings of [6]PAM in 6
behaved electronically-independently to maintain the original
electronic property in a stacked structure of 6. The close values
for 7 and 8, which were distinct from that of 6, suggests that
they share some common physical features.

In the series 1–4, none of the structures had a value close to
that of 11. These structures, especially 4, might undergo some
physical perturbation that deviates from the single ring of [6]
PAM itself.

Chiroptical properties

Model study. First, we demonstrate the complexation of
model 13 with a chiral ditopic guest (R,R)-14 by 1H NMR spec-
troscopy (Fig. 7a). When we mixed them in 3 : 97 (v/v)
Table 1 Wavelengths (l1 and l2, l1 > l2) of absorptionmaximum,molar
extinction coefficients (31 and 32) and the ratio of 31/32, measured in
dichloromethane at room temperature

lmax/nm 31/10
5 lmax/nm 32/10

5 31/32

1 306 3.28 288 3.81 0.86
2 306 2.44 288 3.52 0.69
3 304 2.81 287 4.15 0.68
4 309 1.97 288 4.08 0.48
11 305 1.88 287 2.45 0.77
13 305 0.879 287 1.35 0.65
6 306 2.89 288 3.54 0.82
7 308 1.83 288 3.48 0.53
8 308 2.02 288 3.72 0.54
12 305 1.87 287 2.45 0.77

Fig. 7 Complexation of model macrocycle 13with chiral guests (R,R)-
14 or (S,S)-14: (a) partial 1H NMR spectra of 13 in the presence of (R,R)-
14 [[13] : [14] ¼ 0 : 10 (14 only), 3 : 7, 5 : 5, 7 : 3 and 10 : 0 (13 only)],
and Job plots ([13] + [(R,R)-14] ¼ 2 mM, measured in 3 : 97 (v/v)
acetonitrile-d3/chloroform-d at 303 K); (b) CD spectra of 13 (1.3 �
10�4 M) in the presence of (R,R)-14 (blue lines: 1, 2 and 3 equiv.) or
(S,S)-14 (red lines), measured in dichloromethane at 293 K [inset: plots
of induced molar CD versus equivalents of guest added].

This journal is © The Royal Society of Chemistry 2019 Chem. Sci., 2019, 10, 4782–4791 | 4787
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Fig. 8 CD spectra of (a) 1 (4.4� 10�5 M) and (b) 6 (4.8� 10�5 M) in the
presence of (R,R)-14 (blue lines: 1, 2 and 4 equiv. for 1, 1, 2 and 3 equiv.
for 6) or (S,S)-14 (red lines), measured in dichloromethane at 293 K
[inset: plots of induced molar CD versus equivalents of the guest
added].
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acetonitrile-d3/chloroform-d, upeld shis were induced for
both the central phenylene protons (HF) in the bridge of 13 and
the central phenylene protons (Ha) in 14. This result showed
that the ditopic guest was captured at the two amide groups in
the bridge. For other protons far from the binding site, several
complexation-induced shis were observed. This result showed
a change in populations of several conformations at equilib-
rium before and aer complexation. Based on these
complexation-induced changes in the chemical shi, Job plots
were created to conrm that the stoichiometry of a complex was
1 : 2. Through a titration experiment, the binding constants
were estimated (K1 ¼ 5.8 � 102 M�1, K2 ¼ 1.5 � 103 M�1)
(Fig. S6a†).24 We considered that the sigmoidal curve was
caused by a change in the conformation of 13 upon
complexation.

Next, we monitored 1 : 2 complexation, at a lower concen-
tration in dichloromethane, by UV and CD spectroscopy. When
the guest (R,R)-14 was added to a solution of 13, we observed
changes in the appearance of the UV spectrum of 13 (Fig. S6b†).
This result showed that dynamic equilibrium among confor-
mations was perturbed upon complexation, as shown by
changes in the chemical shi in 1H NMR spectroscopy. In the
CD spectrum of 13 (Fig. 7b), Cotton effects were induced in the
absorption region of 13. During addition of the guest at up to 3
equivalents, while the appearance of the spectrum was main-
tained, the intensity increased with an increase in the concen-
tration of the guest. If we consider that Cotton effects originated
only from chiral species, any intermediary complex, e.g., a 1 : 1
complex, was negligible due to the positive allosterism. Mirror
images were obtained by addition of the antipodal guest (S,S)-
14. This result showed that model macrocycle 13 could adopt
dynamic chiral conformations [(M)-13 and (P)-13]. When it
formed diastereomeric complexes with a particular chiral guest
[(M)-13$(R,R)-142 and (P)-13$(R,R)-142], one complex with
a particular chiral sense was preferred over the other. There is
no chiral-sense preference in 13 itself. In an earlier stage of the
addition of the guest, Cotton effects were sigmoidally increased
(Fig. 7b, inset), as in the NMR titration experiment. The induced
Cotton effects decreased to some extent in the presence of
abundant equivalents. This decrease in intensity was attributed
to the emergence of higher-ordered complexes [1 : n (n > 2)], in
which some ditopic guest was forced to be bound in a mono-
topic manner, and was not enabled to transfer its chirality. At
room temperature or above,25 induced Cotton effects were
attenuated with an increase in temperature (Fig. S6c†), as oen
seen in most systems based on dynamic equilibrium.

Dynamic chiral molecules 1 and 6 with two rings of [6]PAM
stacked one above the other.Wemonitored the complexation of
1 or 6 with chiral ditopic guests (R,R)-14 or (S,S)-14 in
dichloromethane by UV and CD spectroscopy. When a guest was
added to a solution of 1, unlike in the above model case, there
was only a slight change in the UV spectrum of 1 (Fig. S7a†). In
the CD spectrum, the spectral appearance gradually changed
with the concentration of the added guest (Fig. 8a). This result
indicated that the initially-formed chiral complex was different
from the ultimately-formed chiral complex. VT-CD measure-
ments at 263–313 K showed a great change in Cotton effects
4788 | Chem. Sci., 2019, 10, 4782–4791
with several isochoric points (Fig. S7c†), indicating the presence
of an equilibrium between two different chiral species, as well
as diastereomeric forms for each chiral species. Consequently,
compositive Cotton effects seemed to emerge during the addi-
tion of a guest at room temperature.

Alternatively, in the case of 6, the addition of a guest led to
a continuous change in the UV spectrum of 6 (Fig. S7b†), and
Cotton effects were induced in the absorption region of 6 while
the appearance of the CD spectrum was maintained (Fig. 8b).
Based on these results, along with those in the 1H NMR spec-
trum, we considered that there was a change in conformation of
6 from an achiral conformation in the absence of a guest, and
thus it could adopt chiral conformations in a complexed state.
CD titration curves were obviously sigmoidal (Fig. 8b, inset).
The intensity of induced Cotton effects was noteworthy and
reminiscent of helical columnar assemblies,9c,d even though
there existed only two rings stacked helically. VT-CD measure-
ments showed that induced Cotton effects were attenuated or
enhanced with an increase or decrease in temperature, while
This journal is © The Royal Society of Chemistry 2019
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the appearance of the spectrum was maintained (Fig. S7d†).
This was the result of dynamic interconversion between two
diastereomeric complexes with (M)- or (P)-helicity. For both 1
and 6, an antipodal guest led to the induction of mirror-imaged
Cotton effects. Thus, the dynamic chirality of 1 and 6 was
elucidated.

Dynamic chiral molecules 2 and 7 with a single larger ring of
[12]PAM. As with 1 or 6, we monitored the complexation of 2 or
7 by UV and CD spectroscopy. Upon the addition of a guest to
a solution of 2, there was a large change in the UV spectrum of 2
(Fig. S8a†). The decrease in absorption at 306 nm was greater
than the decrease at 288 nm. As a consequence, the ratio A306/
A288 changed from 0.69 to 0.59. This change seemed to be
similar to that induced for some phenylene-ethynylene oligo-
mers upon folding.26 In the CD spectrum of 2, the shape of
induced Cotton effects was maintained with an increase in
intensity (Fig. 9a). Based on this observation, since the intensity
Fig. 9 CD spectra of (a) 2 (4.8� 10�5 M) and (b) 7 (4.7� 10�5 M) in the
presence of (R,R)-14 (blue lines: 0.5, 1 and 2 equiv. for 2, 1, 2 and
2.5 equiv. for 7) or (S,S)-14 (red lines), measured in dichloromethane at
293 K [inset: plots of inducedmolar CD versus equivalents of the guest
added].

This journal is © The Royal Society of Chemistry 2019
of induced Cotton effects changed monotonically (Fig. 9a,
inset), we could explain the complexation as follows: there was
little difference in conformation between the initially-formed
chiral complex and the ultimately-formed chiral complex. The
induced Cotton effects were similar to those for a foldamer of
a [12]PA sequence.26 The similarity in the shape of Cotton effects
could support the notion that there existed a helical confor-
mation in [12]PAM of 2, at least in a complexed state.

Alternatively, we found no change in absorption upon the
addition of a guest to a solution of 7 (Fig. S8b†). Induced Cotton
effects resembled those for a complex of 2 (Fig. 9). Based on
these results, we considered that there was no change in the
conformation of 7 upon complexation, and that a helical
conformation was adopted predominantly regardless of
whether the guest was present or not. The guest simply led to
a helical-sense preference in a complexed state. Mirrored
images were given by the addition of an antipodal guest. Thus,
we concluded that helically-chiral conformations existed in
a larger ring of [12]PAM, and they were dynamically
interconvertible.

Congurationally-stable chiral molecules (�)-3 and (�)-8
with two rings of [6]PAM bound to each other mechanically.
Through successful enantiomeric separation, we obtained the
CD spectra for each isolated enantiomer (Fig. 10). Based on not
only the remarkable intensity of Cotton effects but also the
specic optical rotation, chiroptical properties were greater for
8 than for 3 (3: [a]D ¼ +591 for the rst fraction and [a]D ¼�573
for the second fraction; 8: [a]D ¼ +1062 for the rst fraction and
[a]D ¼ �1067 for the second fraction). Due to the mechanical
linkage and double-bridging, racemization was no longer
allowed for either 3 or 8. In the VT-CD spectra of 3 and 8, we
observed a small change in the shape of Cotton effects
(Fig. S9†). This was explained by dynamic interconversion
Fig. 10 CD spectra of (a) (+)-3 (solid line, first fraction) and (�)-3
(dashed line, second fraction), and (b) (+)-8 (solid line, first fraction)
and (�)-8 (dashed line, second fraction), measured in dichloro-
methane at 293 K.

Chem. Sci., 2019, 10, 4782–4791 | 4789
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between local conformations in the bridge, which can lead to
a conformationally-different structure while maintaining the
global stereochemistry.

Conclusions

Based on the assembly of achiral cyclic components, multiple
forms were generated: two rings of [6]PAM or a single larger ring
of [12]PAM. In a molecule, these achiral pieces were connected
by a two-fold covalent bridge to exert chirality. Based on
a difference in the bridging positions (1- and 3-, or 1- and 4-
positions) on PAMs, two series of chiral molecules were
demonstrated (1–5 and 6–8). The bridging position itself
contributed to the diversication of chiral molecules, as shown
by 3, 4 and 5. As always, it is important to seek to obtain the
target molecule selectively. Here, we have considered competi-
tive reactions in the nal step of synthesis for the generation of
multiple products. Thus, we obtained seven chiral isomers with
the same molecular weight. A methodology for obtaining such
a series of chiral molecules would be useful for the consider-
ation of chiroptical properties based on denite molecular
structures.

Dynamic chirality was demonstrated by two helically-stacked
rings of [6]PAM (1 and 6). Especially in 6, the intensity of
induced Cotton effects was strikingly great, even with only two-
molecule stacking, which was comparable to that of helical
columnar assemblies of [6]PAMs. Through a successful enan-
tiomeric separation for two interlocked rings of [6]PAM (3 and
8), we observed remarkable Cotton effects and specic optical
rotations. Different values of [a]D were obtained for 3 and 8,
which had an identical composition. Although there has been
no previous report of a chiral structure based on [12]PAM, we
observed unique Cotton effects for helically-folded forms in [12]
PAM (2 and 7). The enantiomeric conformations of [12]PAM
were dynamically interconvertible to each other.
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A. Frontera, J. Am. Chem. Soc., 2018, 140, 12442; (b)
S. D. P. Fielden, D. A. Leigh and S. L. Woltering, Angew.
Chem., Int. Ed., 2017, 56, 11166; (c) J. Guo, P. C. Mayers,
G. A. Breault and C. A. Hunter, Nat. Chem., 2010, 2, 218; (d)
M. Feigel, R. Ladberg, S. Engels, R. Herbst-Irmer and
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L. J. Charbonnière and A. Trabolsi, Angew. Chem., Int. Ed.,
2013, 52, 9956; (c) N. C. Habermehl, D. J. Eisler,
C. W. Kirby, N. L.-S. Yue and R. J. Puddephatt,
Organometallics, 2006, 25, 2921.

15 (a) A. Bogdan, M. O. Vysotsky, T. Ikai, Y. Okamoto and
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