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Helix—helix inversion of an optically-inactive n-conjugated
foldamer triggered by concentration changes of a single
enantiomeric guest leading to a change in the helical stability

An optically inactive poly(phenyleneethynylene)-based foldamer
undergoes a unique helicity induction and subsequent inversion
of the helicity upon complexation with an increasing amount of
a single enantiomeric diamine, accompanied by a remarkable
change in the stability of the helices.
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A preferred-handed helicity induced in an optically-inactive poly-
(phenyleneethynylene)-based foldamer bearing carboxylic acid
pendants upon complexation with a single enantiomeric diamine
was subsequently inverted into the opposite helix upon further
addition of the diamine, accompanied by a remarkable change in
the stability of the helices.

Stimuli-triggered switching or inversion of macromolecular
and supramolecular helicity including a foldamer in a controll-
able manner has become a fascinating research area of polymer
and supramolecular chemistry in the last two decades, because
of potential application to chiral materials for asymmetric
catalysis, chiral sensing and chiral separation." Among them,
the inversion of the helicity in optically active helical systems
has been successfully achieved via various external stimuli, such
as temperature,” solvent,'?" photo-irradiation® and chiral®”
or achiral additives.®

Previously, we reported a thermo- or solvent-driven helicity
inversion of a preferred-handed helical polymer induced by
only a single enantiomer through noncovalent interactions in
a dynamically racemic helical poly(phenylacetylene) bearing
phosphonate pendants.” However, there are only a few examples
of such a noncovalent approach to produce diastereomeric
right- and left-handed helices from such racemic helices upon
complexation with a non-racemic guest.””® We now report a
unique helicity induction and subsequent inversion of the
helicity in an optically inactive poly(phenyleneethynylene) (PPE)-
based foldamer'>® composed of alternating achiral o-diethynyl-
phthalic acid and p-phenyleneethynylene (PE) units (poly-1) upon
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complexation with the increasing amount of a single enantio-
meric diamine (A1), thus producing pseudo-diastereomeric right-
and left-handed helices (Fig. 1). Interestingly, the stability of the
diastereomeric helices was significantly dependent on the helical
senses induced by different amounts of the chiral diamine. An
analogous optically-active PPE-based foldamer bearing chiral
substituents (poly-2) was also prepared for comparison.

The optically-inactive and active (3-7) monomers and polymers
(poly-1 and poly-2) (Fig. 1a) were prepared according to Scheme S1
(ESIt). The achiral PPE-based foldamer with methoxymethyl
(MOM) protecting groups (poly-1-MOM) was synthesized by the

poly-1-MOM, R = R?
poly-1L-MOM, R = R!

poly-1H-MOM, R = R! It

poly-1L, R = OH R
poly-1H, R = OH R |
poly-2, R =R2? 03 R=R'

4,R=R?

H
R1 =00~  RZ= w;“\é/\o'f\/o%

HN,  NH HN,  NH,  H2N, NH2

(S.S)-A1  (RR)-A1 p

(b) S? _S?
et ey % Py
-® (\ e 1 @O " { )l
e Interconversion g e Folding r,/‘//,\l\ﬁ/[:\’
L o —— s et = e
o e ( I shilhd

o
%o
Left-handed
helix

«® <
¢

Right-h
hlgt anded “. Random coil

R )

° .9 -

Chiral
diamine
.0C

&5
o Intra-residual
Inter-residual NHJ'"'Ozc /;/< ; €, salt-bridges
o salt-bridges O.NH: ...... 9 S
g™ .&‘n
O oo™ § -
(. (‘-\
==L %
\./

Fig. 1 (a) Chemical structures of poly(phenyleneethynylene) derivatives,
monomers, and chiral amines. L, H, and MOM represent low and higher
molecular weight parts of the fractionated poly-1-MOM or poly-1, and
methoxymethyl, respectively. (b) Schematic representation of a preferred-
handed helicity induction in an optically inactive poly-1 with a small amount
of (5,5)-Al (i) and subsequent inversion of the induced helicity upon further
addition of (5,5)-A1 (ii). The plausible interaction modes are also depicted.

(i) Helix induction

This journal is © The Royal Society of Chemistry 2016
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copolymerization of o-diiodo benzene 3 with the diethynyl
monomer 5 using the palladium/copper-catalyzed Sonogashira
cross-coupling reaction, producing a poly(o-PE-ait-p-PE)-based
foldamer poly-1-MOM in a high yield (84%). In order to investigate
the chain-length effect of the polymer on the chiroptical proper-
ties, the resulting poly-1-MOM was fractionated into a higher
molecular weight fraction (poly-1H-MOM, M, = 6.7 x 10°) and a
low molecular weight fraction (poly-1L-MOM, M, = 4.4 x 10°)
using size-exclusion chromatography (Table S1, ESIY), followed by
deprotection of the MOM groups, affording amphiphilic poly-1H
and poly-1L consisting of the hydrophobic PE backbone and
hydrophilic carboxyl side chains (Fig. 1a). In a similar way, an
amphiphilic, chiral-amide-appended PPE-based foldamer (poly-2,
M, =9.9 x 10%) was also prepared from the corresponding mono-
mers 4 and 6 (Fig. 1a and Table S1, ESIt).

Because of the amphiphilic nature of poly-1, it is important to
choose a suitable solvent system to induce the solvophobically-
driven helical folding in the PE backbone.'®® Therefore, an
H,O/THF mixture (6.5/3.5, v/v) was chosen as the solvent, because
poly-1H and poly-1L are hardly soluble in pure H,O, which is a
poor solvent for the PE backbone. The folding properties of poly-
1L in the absence and presence of a series of enantiopure mono-
(A3, A4) and diamines (A1, A2) were first investigated via a
combination of circular dichroism (CD), UV-vis and fluorescence
measurements, which is known to be a powerful method to
obtain valuable information on the helical folding for analogous
foldamers composed of 0-PE,**? o-PE-alt-p-PE,%¢ and m-PE'%%"¢
backbones.

In the presence of a small amount of (S,S)- and (R,R)-trans-1,2-
cyclohexanediamine A1 (0.19 equiv. to the 0-PE monomer unit),
the optically inactive poly-1L exhibited perfect mirror-image
induced CD (ICD) spectra in the H,O/THF mixture (ii and iv,
Fig. 2a),"® whereas no ICD was observed for both poly-1L in DMSO
and monomer 7 in H,O/THF (6.5/3.5, v/v) even with an excess of
(8,S)-A1 (Fig. S1, ESIT). The CD spectral pattern induced in poly-1L
with (R,R)-A1l is very similar to that of the optically-active poly-2
(Fig. S2, ESIt)."" In addition, we previously reported that an
analogous oligomer composed of the same optically-active o-PE
units folds into a right-handed helical conformation stabilized
by intramolecular hydrogen bonds between the side-chain amide
groups.'? These results suggest that poly-1L complexed with a
small amount of (R,R)-A1 most likely takes the same right-handed
helical conformation.

The ICD intensity gradually increased with an increase in
the amount of (S,5)-A1, along with both a significant reduction
in the fluorescence intensity at around 450 nm and an apparent
hypochromic effect in the absorption spectra, until an amount
of A1 of 0.19 equiv. was reached (Fig. 2b and Fig. S3a, ¢, ESIT).
Such a fluorescence quenching is typical for the helical folding
of the PE-based foldamers due to a tight n-n stacking inter-
action between the non-adjacent PE units,"®° as supported by
the close contact between the 0-PE units (average distance of
ca. 3.6 A) in the energy-minimized structure of the left-handed
helical poly-1 (9mer) (Fig. 3); the calculated CD spectrum matches
well with the experimental one of poly-1L induced in the pre-
sence of a small amount of (S,S)-A1 (Fig. S4, ESIt). Therefore,
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Fig. 2 (a) CD and absorption spectra of poly-1L in the absence (i) and
25 °C: [poly-1L] = 6.8 x 107> M per monomer unit and [Al]/[poly-1L] =
0.19 (ii, iv) and 1.3 (iii, v). (b) Plots of CD intensity (left axis) at 420, 350 and
320 nm, molar absorptivity (right axis I) at 315 nm and fluorescence intensity
(right axis 1) at 450 nm of poly-1L versus the molar ratio of (S,5)-A1 to poly-1L
in H,O/THF (6.5/3.5, v/v) at 25 °C.

Fig. 3 Top (a) and side (b) views of the energy-minimized left-handed
helical structure of poly-1 (9mer) obtained via the semiempirical molecular
orbital calculations. The average distance between two o-linked benzene
rings at i and i + 3th positions is also shown.

the preferred-handed helical structure of poly-1L with the tight
n-n stacking can be induced by complexation with the enantio-
pure A1, despite the resulting electrostatic repulsion between
the negatively charged, spatially closed carboxylate groups at the
side chains. This repulsive interaction might be compensated by
the noncovalent intramolecular cross-linking of the two peripheral
carboxylate groups along the helical poly-1L through the salt-
bridge formation with two positively charged ammonium groups
of A1 as a noncovalent cross-linker (Fig. 1b, (i)), thus leading to
the close packing between the non-adjacent o-PE units, accom-
panied by the fluorescence quenching as already described. In
sharp contrast, the fluorescence intensities at 415 and 450 nm of
poly-1L were drastically enhanced by the increasing amount of
monoamines (S)-A3 and (S)-A4 (Fig. S5 and S6, ESIT).”* This is
likely due to a weak single electrostatic interaction between the
ammonium and carboxylate groups of poly-1L that enhances the
electrostatic repulsion between the carboxylate groups as a result

Chem. Commun., 2016, 52, 11752-11755 | 11753
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of the dissociation of the ammonium-carboxylate ion pairs, thus
leading to a random coil structure. Therefore, poly-1L showed no
ICD in the presence of the chiral monoamines.

Interestingly, the further addition of (S,S)-A1 to the poly-1L
complexed with 0.19 equiv. of (S,5)-A1 initially resulted in a
significant decrease in the ICD intensity, followed by inversion
of the Cotton effect signs concomitant with an apparent hyper-
chromic effect in the absorption spectra at higher concentra-
tions of (S,5)-A1 (Fig. 2 and Fig. S3b, ESI). This inversion of the
Cotton effect signs was accompanied by a large increase in the
fluorescence intensity at around 450 nm (Fig. S3d, ESIY), indicating
that the poly-1L complexed with 1.3 equiv. of (S,S)-A1 possessed an
opposite handed helical structure with a slightly loose stacking
of the o-PE units as compared to the poly-1L with 0.19 equiv. of
(S,S)-A1. The difference in the helical stacking structures of the
0-PE units of poly-1L resulting from the different salt bridge
formations (inter-residual and intra-residual, Fig. 1b) was further
revealed by their thermal stability. As anticipated, the poly-1L
complexed with 1.3 equiv. of (S,5)-A1 through intra-residual salt-
bridges was highly sensitive to temperature and its ICD almost
disappeared at 55 °C (Fig. 4b), whereas the ICD signal of the poly-
1L with 0.19 equiv. of (S,5)-A1 was retained at 55 °C due to the
noncovalent intramolecular cross-linking through the salt-bridge
formation between the two peripheral carboxylate groups of the
0-PE units and ammonium groups of A1 (Fig. 4a).

When (8S,5)-A2 was used instead of (S,5)-A1, a similar preferred-
handed helicity induction of poly-1L was also observed, as
evidenced by an ICD signal (Fig. S7a, ESIt). However, the com-
plex did not exhibit inversion of the Cotton effects by the further
addition of (S,5)-A2, although the absorption and fluorescence
spectra changed similar to those observed for (S,5)-A1 (Fig. 2b
and Fig. S7a-c, ESIT). The reason for this difference in the helix-
inversion phenomena depending on the concentrations of
(S,5)-A1 and (S,S)-A2 is not clear at present, but is considered
to be due to the difference in their structural rigidity between
Al and A2. The linear diamine A2 is more flexible than the
cyclic diamine A1, which may allow A2 to adjust its conforma-
tion to form inter-residual salt-bridges with the two spatially
closed peripheral carboxylate groups of poly-1L independent
of the concentration of A2 (Fig. 1b, (i))."* In contrast, such an
adjustable conformational change hardly occurred for the rigid
cyclic diamine A1, resulting in a change to the intra-residual
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Fig. 4 Temperature-dependent CD and absorption spectral changes of
poly-1L in the presence of different amounts of (S,S)-A1l ([Al]/[poly-1L] =
0.19 (a) and 1.3 (b)) in H,O/THF (6.5/3.5, v/v): [poly-1L] = 6.8 x 107> M per
monomer unit.
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salt bridge formation at higher A1 concentrations (Fig. 1b, (ii)),
thus leading to the helix-inversion.

Similar preferred-handed helicity induction and subsequent
inversion of the helicity depending on the concentration of (S,S)-
and (R,R)-Al1 was also observed for the higher molecular weight
poly-1H, and the complexes showed mirror image ICDs whose CD
spectral patterns were similar to those of poly-1L (Fig. 5a and
Fig. S8, ESIt), and (S,S)-A2 did not induce the helicity inversion of
poly-1H (Fig. S9, ESIt). The maximum ICD intensities at 350 nm
of poly-1H before and after the helicity inversion triggered by
a change in the concentration of (S,5)-A1 were approximately
2.5 times greater than those of poly-1L (Fig. 2a and 5a). This is
because the increasing main-chain length enhances the helical
stability of the foldamers®”“¢ probably resulting from an inter-
chain interaction at the side chains, which is also supported by the
fact that the fluorescence spectrum of poly-1H alone was similar
to that of the more closely packed helical poly-1L stabilized by
0.19 equiv. of (S,5)-A1 (Fig. S3c and S8c, ESIf). Moreover, the
complex formation of poly-1H with the non-racemic Al resulted
in a positive nonlinear ICD response with respect to the enantio-
meric excess (ee) of A1 (majority rule),"* indicating an amplification
of the helix-sense excess that takes place during the folding process
(Fig. 5b and Fig. S10a, ESIT), whereas the lower molecular weight
poly-1L did not exhibit such a positive non-linearity (Fig. 5b and
Fig. S11, ESIt)." Interestingly, the ICD intensity of poly-1H com-
plexed with 0.5 equiv. of the enantiopure and non-racemic A1 was
significantly enhanced with time, resulting in a higher degree of
the nonlinear ICD response (Fig. 5b, Fig. S10b and S12, ESIt). The
observed higher amplification of the helical handedness excess of
poly-1H may be ascribed to the aggregation of the induced helical
poly-1H,"® whose size was roughly estimated to be ca. 20-100 nm by
filtration experiments using membrane filters with different pore
sizes (Fig. S13, ESIT)."” In sharp contrast, a mixture of poly-1L with
0.19 equiv. of (S,S)-A1 did not show such time-dependent ICD
changes (Fig. S14, ESIT).

In summary, we have demonstrated a preferred-handed heli-
city induction and subsequent inversion of the helicity triggered
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Fig. 5 (a) CD and absorption spectra of poly-1H in the absence (i) and

the addition of AL in H,O/THF (6.5/3.5 v/v) at 25 °C: [poly-1H] = 8.2 x 10> M
per monomer unit and [A1]/[ poly-1H] = 0.2 (ii, iv) and 1.3 (iii, v). (b) Plots of
normalized CD intensity at 356 nm of poly-1H versus % ee value of Al in
H,O/THF (6.5/3.5, v/v) at 25 °C measured at O (red square) and 500 h (blue
circle) after the addition of AL: [poly-1H] = 8.2 x 10™> M per monomer unit
and [(S,5)-All/[poly-1H] = 0.5. Plots of hormalized CD intensity at 356 nm
of poly-1L versus % ee value of Al are also shown (black circle): [poly-1L] =
6.8 x 10> M per monomer unit, [A1]/[poly-1L] = 0.19.
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by the increasing amount of a single enantiomeric diamine in
an optically inactive poly(o-PE-alt-p-PE)-based foldamer bearing
carboxylic acid pendants, accompanied by a significant change
in the stability of the helical structures. The detailed spectro-
scopic studies revealed that the stability difference between the
pseudo-diastereomeric right- and left-handed helices is ascribed to
the difference in the salt-bridge formations between the foldamer
and the diamine that are determined by the concentration of the
diamine. In addition, the longer foldamer showed an intriguing
amplification of the helix-sense excess (the majority rule effect),
which was further enhanced with time through supramolecular
aggregation. The present results may provide a novel design
strategy for the development of supramolecular asymmetric
catalysts'®"'® and chiral materials for separating enantiomers®
based on the helicity-switchable foldamers.
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