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Two classes of helical motif, namely a [4]carbohelicene and an aromatic oligoamide foldamer, were fused
to form a hybrid molecular construct in which their helical axes are parallel. Depending on the solvent,
the [4]carbohelicene can bias the dynamic screw sense of the aromatic oligoamide with a reverse
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Helices are ubiquitous in nature at various length scales, from
macroscopic to nanoscopic." This specific geometry imparts
intrinsic chirality to these systems, also called #elicity, due to a
left (M) or a right (P) helix screw sense. At the molecular level,
helical self-organization is found in biological macromolecules
such as peptides, proteins, DNA, and polysaccharides;
equally, many examples of artificial helically folded polymers
have been designed,” but smaller molecules can also adopt
helical patterns. Among them, helicenes are ortho-fused poly-
aromatic systems, in which a well-defined nonplanar screw
shape is imposed by strong steric hindrance. The chirality of
these helical structures is typically evidenced by electronic cir-
cular dichroism (ECD) based on enantiopure helicene
samples, yielding characteristic strong Cotton effects, and also
by circularly polarized luminescence (CPL) spectroscopy.” In
contrast to these rigid tridimensional structures, helical small
molecules may also be flexible and thereby self-organize
through dynamic folding. Thus, in the absence of any chiral
induction, these systems exist as dynamic mixtures of inter-
converting racemic right- and left-handed helices in solution.
This type of molecule can be exemplified by foldamers, which
are flexible oligomers able to fold into a helical conformation
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due to non-covalent intramolecular interactions, such as
hydrogen bonding, electronic repulsion, and, in the case of
aromatic monomers, aromatic stacking interactions.® However,
for chiroptical” or chiral recognition applications,® the prime
importance of foldamer handedness control was highlighted.
The helical bias of aromatic oligoamides, in particular quino-
line-derived oligomers, has been accomplished by tethering a
chiral inducer at the helix N-terminus such as camphanyl;’ at
C-terminus with phenyl- or naphthylethyl amino groups,®
B-pinene-derived pyridyl'" or oxazolylaniline'* moieties; or by
the insertion of a chiral aromatic 8-amino acid building block
directly within the oligomeric sequence."?

In this study, we surmised that embedding an enantiomeri-
cally pure [4]carbohelicene within the sequence of a helical
aromatic oligoamide would allow biasing of its handedness
(Fig. 1a). Thus, we took advantage of the complementary cur-
vature fit between the naphthyl core of the dimethyl[4]helicene
dicarboxylic acid and the 8-amino-2-quinolinecarboxylic acid
unit to implement them in the same sequence. We demon-
strated the possibility of segregating each chiral contribution
in this dual-helical construct using various spectroscopic tech-
niques. We also evidenced the superior chiroptical activity of
the hybrid oligomeric system over the more classical sterically
constrained small helicene.

The helicene motif employed for this study, 1,12-dimethyl
[4]helicene-5,8-dicarboxylic acid 2, was prepared according to
the procedure reported by Yamaguchi et al. (Fig. 1b).™* Optical
resolution of the two enantiomers of 2 was performed by
forming the diastereoisomeric carboxylate salts with two
equivalents of quinine, followed by their selective recrystalliza-
tion from chloroform-methanol and acidification to recover
optically pure P-2 or M-2. The dicarboxylic acid moiety (either
P or M) was subsequently coupled with two quinoline oligoa-
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Fig. 1 (a) Cartoon representation of the dual helicity in the fused heli-

cene-foldamer architecture and the equilibrium between the PP and PM
diastereoisomers. Note that the small diameter helix has a fixed handed-
ness whereas the large diameter helix handedness is dynamic. Left (M)
and right (P) handedness are colored in red and blue, respectively. (b)
Molecular formulas of the fused helicene/foldamer, the [4]carboheli-
cenes and the quinoline oligomers.

mide tetramers 4, thereby yielding the new hybrid construct
1, which comblnes the two different types of molecular helices
described in the introduction (Fig. 1a).

The structure of P-1 was first evidenced in the solid state.'®
Single crystals were grown by slow liquid-liquid diffusion of
hexane into a chloroform solution of P-1. The X-ray crystal
structure was solved in the monoclinic P2(1) space group. The
crystalline structure confirmed the canonical folding of the
two helical quinoline segments that span 1.6 turns each and
exhibit the same handedness. Additionally, a dual helicity is
observed in the structure as the quinoline segments adopt a
left-handed helicity (M) while the helicene motif shows a right-
handed helicity (P) (Fig. 2a—c). Single crystals could also be
obtained from DMSO solution of P-1. To our surprise, the new
crystalline structure, also solved in the P2(1) space group,
revealed the existence of a pair of diastereoisomers with the
aromatic oligoamide segments forming either a left-handed or
a right-handed helix, P-1-M or P-1-P, respectively (Fig. 2d-f).
This quasi-racemic structure'®'” hints at a partial foldamer
handedness induction in solution, the latter may be solvent
dependent.

The solvent dependent chiral induction in P-1 was then
demonstrated by electronic circular dichroism spectroscopy.
Chiral induction was tested in two polar solvents, DMSO and
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Fig. 2 Side views (a and b) and top view (c) of the X-ray structure of P-
1-M obtained from a chloroform/hexane solution.*® Side views (d and e)
and top view (e) of the X-ray structure of P-1-P obtained from a DMSO
solution. In that case, the P-1-M diastereoisomer present in the lattice is
not shown, yet it is similar to the one in a—c. In (a and d) 1 is shown in
tube representation whereas it is shown in CPK representation in (b, c, e
and f). In (a—f) the helicene methyl groups are colored in yellow. The P-
[4]helicene is colored in light blue, whereas the M and P quinoline oli-
goamide segments are colored in red and blue, respectively. Hydrogen
atoms and isobutoxy chains were omitted for clarity.

acetone, as well as in three chlorinated solvents, dichloro-
methane (CH,Cl,), chloroform (CHCl;) and tetrachloroethane
(C,H,Cl,). In each solvent a negative CD band around 400 nm
was observed which is usually indicative of left handedness for
the oligoamide segments (Fig. 3a).° Although P-1 proved to be
CD active in all these media, the intensity of the chiroptical
signature varied dramatically with the solvent nature. Whereas
the maxima at 386 nm was found to be quasi similar in the
two polar solvents and in dichloromethane (~65 L mol™*
ecm™'), the CD response was almost twice as intense in CHCI;
(~113 L mol™" em™"). The more intense band was found in
C,H,Cl4 (~150 L mol™ em™).

The extent of chiral induction was quantitatively assessed
by 'H NMR spectroscopy. For example in DMSO, the two dia-
stereoisomers P-1-M and P-1-P were shown to be in equili-
brium. At 298K, the two diastereoisomeric helices interconvert
slowly on the NMR time scale leading to two sets of signals,
one for the major diastereoisomer and the second one for the
minor diastereoisomer (Fig. 3b). The diastereomeric excess
(de) in each solvent could be determined by direct integration
of the major and minor species (Fig. 3b—f) and are reported in
Table 1. The de values obtained by "H NMR correlate well the
CD results as a minimum de of 30% was measured in DMSO-
de whereas a maximum de of 90% was obtained in C,D,Cl,.

The optical and chiroptical properties of the new supramo-
lecular architecture were further studied in solution in order to
assess the dual helicity through chiroptical techniques. The
optoelectronic properties of 1 were evaluated by UV-visible
absorption and fluorescence emission spectroscopies in
chloroform (Fig. S17), along with those of the parent helicene
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Fig. 3 (a) ECD spectra of P-1 (150 pM) recorded in DMSO (green),

acetone (pink), dichloromethane (black), chloroform (purple) and tetra-
chloroethane (orange) at 298 K. Parts of the 'H NMR spectra (700 MHz)
showing the amide signals of P-1 (1.0 mM) at 298 K in (b) acetone-ds; (c)
DMSO-dg; (d) dichloromethane-d;; (e) chloroform-d; and (f) tetrachlor-
oethane-d,. The amide signals of the major diastereoisomer are
denoted with full black circles (®), while those of the minor species are
marked with black circles (O).

Table 1 Proportions of the two diastereoisomers of P-1 and calculated
diastereomeric excess (de) in various solvent on the basis of *H NMR and
CD data

Solvent proportions®  de (NMR) (%)  Ae” at 386 nm
DMSO 1:0.54 30 —63

Acetone 1:0.51 32 —65
Dichloromethane 1:0.48 35 —68
Chloroform 1:0.22 64 —113
Tetrachloroethane 1:0.06 90 -150

“Calculated from integrating "H NMR signals of the major and minor
diastereoisomers under slow exchange on NMR timescale. ” A¢ are
expressed in L mol™* em™.

2 for comparison. The photophysical properties of quinoline
oligomers 5 and 6 were reported previously.'® Helicene 2 pre-
sents a maximum absorption band at 4 = 310 nm (¢ = 25400 L
mol™" em™) with a shoulder at 360 nm (¢ = 5200 L mol™*
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cm ™). The absorption spectrum of 1 shows a similar profile,
although with significantly higher molar absorption coeffi-
cients, Amax = 320 nm (& = 62200 L mol™* em™) and 362 nm
(e =40 700 L mol ™" cm™"). These features are in line with those
reported for a quinoline tetramer 5 and a hexamer 6 in the
same solvent. Upon excitation, the helicene precursor 2 shows
weak fluorescence emission with a maximum at 1 = 445 nm
and a fluorescence quantum yield @, = 0.001. By tethering
two quinoline tetramers, the hybrid construct 1 shows a
slightly red-shifted emission spectrum with a maximum at 4 =
460 nm and a fluorescence quantum yield @.,, = 0.09. This
value is higher than those reported for quinoline tetramer 5
(Pem = 0.014) or even for hexamer 6 (P, = 0.06)'*” evidencing
the cumulative effect of the quinoline monomers on the opto-
electronic properties of the system described herein, compris-
ing eight monomers. As described by Jiang et al. the fluo-
rescence quantum yield of oligoquinoline foldamers is increas-
ing with the number of monomers presumably because of a
more-rigid structure in the excited state that originates from
the strong aromatic stacking existing in longer oligomers.***

The chiroptical emission properties of the hybrid system 1
were investigated by circularly polarized luminescence (CPL).
The CPL spectrum of the polyhelical compound P-1 recorded
in tetrachloroethane is shown in Fig. S2,f along with that of
the helicene precursor P-2. The CPL properties of quinoline
oligomers 5 and 6 were reported previously.'**'® Helicene P-2
shows a maximum CPL signal at 4 = 430 nm with corres-
ponding dissymmetry factor gj,m = —4 x 10>, while the CPL
intensity is higher for the supramolecular system P-1, which
shows polarized emission at 4 = 430 nm with corresponding
dissymmetry factor gj,m = —1 X 1072. This intense chiroptical
signal originates from the oligoquinoline and is consistent
with previous reports.'®

One striking feature of the chiroptical spectra is the sign of
the signals recorded for the dual-helical architecture 1. Indeed
when the P-[4]carbohelicene precursor was employed, the CPL
and lowest-energy ECD signals of the resulting assembly are
negative (Fig. 3, S2 and S31) which corresponds to M-helicity of
the quinoline oligomers.”'® Thus, the sign conservation of the
chiroptical signals from P-2 to P-1 (Fig. S2 and S3t) indicates
the opposite helicity of the two helical systems coexisting in
the dual architecture. However, the chiroptical contribution of
the quinoline segments overwhelms those of the helicene
moiety in 1. This gave us the impetus to employ another chir-
optical technique, namely Vibrational Circular Dichroism
(VCD), to detect simultaneously the chiral signature of each
helical system. The polyhelical system 1, as well as the helicene
and quinoline oligoamide tetrameric precursors, were thus
analyzed by infrared (IR) and VCD spectroscopies. In order to
allow higher solubility in chlorinated solvents, the dicarboxylic
acid helicene precursor 2 was converted into the corres-
ponding diamide derivative 3 (see ESIt). To allow a direct com-
parison of the VCD properties, optically pure quinoline tetra-
mers 5 were also prepared.'®®

The IR absorption spectra of 1, 3, and 5 recorded in CDCl;
are represented in Fig. S4.f The helicene derivative 3 shows

This journal is © the Partner Organisations 2024
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two main bands band at 1515 cm™" (¢ = 685 L mol " em™") for
the vC=C stretching mode of the polyaromatic system and at
1655 cm ™" (¢ = 800 L mol™' ecm™) for the LC—0 mode of the
amide groups. Tetramer 5 shows multiple bands from
1800 cm™" to 1000 cm™', that were attributed in previous
reports.’®”*® The main features are the strong absorption
bands at 1540 cm ™" (¢ = 3800 L mol ™" em™") and at 1680 cm ™"
(e = 1900 L mol™* em™) corresponding to the amide 2 (NH +
vCN) and amide 1 (¥C=O0) modes of the amide groups,
respectively, and a small band at 1795 cm™" (¢ = 600 L mol ™"
em ™) corresponding to the vC=0 stretching vibration of the
ketone group of camphanyl chiral inducer. Oligomer 1 com-
bines the features of both precursors however with a superpo-
sition of the amide 1 modes around 1680 cm™* (¢ = 2200 L
mol™" em™) and the disappearance of the C—=0 band of the
ketone group of the camphanyl chiral inducer of 5 which is
not present anymore in the supramolecular system.

VCD analyses of the two enantiomers of each compound
were also performed and the raw VCD spectra are reported in
Fig. S5-S7.f Selected baseline-corrected VCD spectra are
shown in Fig. 4. First considering the VCD response of the
helicene 3 (Fig. 4, cyan), the main chiral signatures consist of a
small band at 1600 cm™" and a slightly more intense signal at
1650 cm ™', both of which are negative for the P-enantiomer.
By contrast, the VCD spectrum of tetramer 5 shows much
more intense signals, notably (i) an intense band at
1487 cm™’, that is negative for the M-enantiomer (Fig. 4, red),
(ii) a very strong bisignate band (—,+) with exciton-coupling
shape, around 1540 cm™', and (iii) a medium-intensity
bisignate band (+,—) around 1677 cm™". Those features are in
line with previous reports on quinoline-based tetramers and
hexamers.'®”'° Finally, the VCD spectrum of P-1 (Fig. 4,
brown) combines the chiral signatures of the P-2 precursor
and of a quinoline foldamer with M-helicity. Notably, a strong
negative band is observed at 1485 cm™" in line with M-5 spec-
trum, and a negative band is observed at 1665 cm™' corres-
ponding to amide 1 (¥C=0) mode of the two amide groups
allowing the linkage between the helicene and the two quino-
line oligoamide foldamers, in line with P-3 spectrum. This

0.8
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0.6

0.4 4

Ae/Lmol™.cm™

M-5
0.2

0.0_- -

T T T T T T T T
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Fig. 4 VCD spectra of selected enantiomers of 1 and precursors,
recorded in CDCls. Cyan: P-3; red: M-5; brown: P-1.
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spectroscopically proves the occurrence of two helicities in the
same molecular architecture, ie. right-handed helicene and
left-handed foldamers.

Consistent with the ECD and CPL results, the VCD study
underlines the intensity difference of the chiral signatures of
each class of helical motifs that are the self-organized oligo-
mer vs. the small helicene. The intensity of the VCD response
of 5 is one order of magnitude higher than that of 3. Thus the
helicene response is masked by those of the quinoline tetra-
mers in 1, except in the region where the two motifs absorb
differently (1600-1700 cm™"); allowing to assess spectroscopi-
cally the occurrence of dual helicity in the helicene-foldamer
intertwined system.

In conclusion, a rigid small helicene can induce the
reversed helicity of foldamer segments. The direct observation
of such dual helicity in a polyhelical system was possible
directly in the solid state by X-ray crystallography but also in
solution by VCD. ECD and CPL spectroscopies only provided
indirect evidence of this structural arrangement. New designs
incorporating helicene/foldamer hybrids that can self-assem-
ble are currently under investigation in our labs.>
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