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Distortion of planar aromatics occurs in the fused rings conjugated with bulky substituents, which gen-
erates racemic enantiomers with high transformation energy barriers. However, direct synthesis of ho-
mochiral distorted aryl compounds is a very challenging task. Here, we presented a molecular folding
strategy to control distorted aryl homochirality. Amino acids and their derivatives conjugated on the poly-
cyclic aromatic hydrocarbons including benzenes, naphthalenes and triphenylenes, which formed parallel

Keywords: B-sheet arrays through intramolecular hydrogen bonds. The folding behavior enabled distorted or twisted
Distorted chirality geometry of aromatics, of which the handedness was associated with the absolute chirality of amino
Folding acids. X-ray crystallography, theoretical calculations and circular dichroism spectroscopy verified the dis-

Solvent strategy

torted homochirality in the solid and solution phase. The relatively small rotational barrier between the
Chiroptical activity

enantiomers made the molecule sensitive to the environment and thus realized the solvent-controlled
chiral inversion. The S-sheet folding strategy can be widely used in polycyclic aromatic hydrocarbons
with various functions, which provided a promising strategy to control inherent chirality of aromatics

with adaptive chiroptical responses.
© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Inherent aryl chirality such as axial, planar and helical chirality
are of vital importance in the asymmetrical synthesis, chiral sep-
aration, sensing and chiroptical applications [1-4]. Binaphthyl [5],
cyclophane [6], and helicene [7] are three typical chiral aromatics
with inherent chirality, which show great potentials in the design
of catalyst ligands and circularly polarized luminescence (CPL) [8-
10]. Distorted or twisted chirality, as an atypical chirality, refers to
the planar aromatics with specific distorted geometries compelled
by the adjacent substituents with bulky steric hindrance [11]. For
instance, two adamantane groups conjugated on the 1,8-position
of naphthalene would greatly twist the aromatic plane (Scheme
1a) [12]. Bay substitution of perylene bisimides (PBIs) introduced
steric congestion, leading to the twisted aromatic core [13]. Dis-
torted w-backbones feature tunable structural rigidity, showing di-
verse photophysical and chiral properties, which express potential
applications in the organic electronics and spintronics [14]. To gain
enantiomeric pure distorted compound, high-performance liquid
chromatography (HPLC) separation was often required due to the
relatively large transformation energy barrier as well as the poor-
controlled chirality during synthesis [15,16].

Molecular folding driven by intramolecular noncovalent forces
such as hydrogen bonds or m-stacking would efficiently trans-
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fer point chirality from substituents to aromatics [17-20]. By this
strategy, axial and propeller chirality of aromatics have been re-
alized in hydrogen bonded folded structures [21,22]. However,
the control over distorted homochirality using folding is unprece-
dented. It is envisioned that the bay substitution of amino acid
derivatives would enable hydrogen bonded S-sheet folding, which
may arouse plane distortion and achieve chirality transfer [23,24].
In this work, we reported a folding strategy to control the distorted
aryl chirality and dynamic control over chirality was realized by
switching solvents, which ascribed to the small energy barrier be-
tween enantiomeric conformations. This strategy produced enan-
tiopure distorted polycyclic aromatic hydrocarbons without further
HPLC separation, of which chirality was controlled by the amino
acids. The m-conjugated core showed wide structural scope in-
cluding benzene, naphthalene and triphenylbenzene (Scheme 1).
Due to the weak nature of hydrogen bonds, the specific molecule
showed solvent adaptivity that N-Ala-displayed a chirality inver-
sion in tetrahydrofuran (THF) and N,N-dimethyl formamide (DMF).

The formation of distorted chirality was verified based on X-
ray crystal structure, circular dichroism spectra and density func-
tional theory (DFT) calculations. The folded structures perform as
building units undergoing bottom-up self-assembly into nanoscale
helical structures, and multi-level chiral evolution can be realized.
This work revealed the key role of amino acid folding to control
the distortion of polycyclic aromatic hydrocarbons and provided a
promising strategy to regulate the chiral property of intrinsic aryl
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Scheme 1. (a) Schematic presentation of the naphthalene distortion induced by steric hindrance effects and side arms strategy of substituents, as well as our strategy to
anchor chiral entities to realize fixed twisted conformation and the kinetic control. (b) Conformational variation in different solvents of N-Ala. (c¢) Molecular structures of

different amino acid derivatives synthesized in this work.

groups, which is of great significance for the design and develop-
ment of CPL and organic electronics.

To verify the chiral conformation in the solution phase, we
carried out circular dichroism (CD) spectroscopy. Solvent polarity
has potential influence on the chiral structures and intramolec-
ular weak interactions. In THF, 1,4-dioxane (DIOX) and methanol
(MeOH), N-'Ala afforded complicated Cotton effects centered at
around 300nm with positive and negative peaks at 330nm and
290 nm, respectively. However, a chirality inversion phenomenon
was observed in DMF and dimethyl sulfoxide (DMSO), which
showed opposite Cotton effects, compared to that of THF, MeOH
and DIOX. The p-enantiomer gave to the corresponding mirror CD
spectrum (Figs. 1a and b, Fig. S21 in Supporting information). The
Cotton effect was caused by intramolecular transfer from chiral
centers to the distorted aryl regions. In addition, in THF and DMF,
CD spectra of N-Phe-failed to reverse, and a mirror CD curve was
given for the p-enantiomer. CD signals at around 290 nm (posi-
tive) and 330nm (negative) for N-'Phe and the signal was five
times stronger than that of N-Ala-due to the steric hindrance ef-
fects (Fig. 1c and Fig. S22 in Supporting information). As shown
in Fig. 1d, B-‘Phe and B-Phe showed positive and negative Cot-
ton effects respectively at 275 nm in THF, which is assigned to the
region of the benzene ring. However, B-LAla showed silent CD sig-
nals in solvents, which indicated the steric hindrance effect was
significant to anchor the molecular geometry and facilitated the
transfer of chirality (Fig. S23 in Supporting information). Compared
with N-Ala, no signal reversal was found in T-Ala, which displayed
Cotton effects centered at around 290 nm with positive and nega-
tive peaks at 300nm and 263 nm, respectively. The pD-enantiomer
gave to the corresponding mirror CD spectrum in THF (Fig. 1e). T-
LAla with six chiral arms, may afford rich intramolecular hydrogen
bond networks and multiple CH.---t bonds, which shall enhance
the transformation energy barrier. T-“Phe displayed negative Cot-
ton effect at around 313nm and positive Cotton effect at about
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Fig. 1. Chiroptical activities. (a, b) CD spectra of N-Ala (1 mmol/L in DMF and THF,
respectively). (c) CD spectra of N-Phe-in THF (1 mmol/L). (d) CD spectra of B-Phe-in
THF (4 mmol/L). (e, f) CD spectra of T-Ala-in THF and T-Phe-in DIOX (0.08 mmol/L),
respectively. (g, h) CPL spectra of N-Ala-immobilized in polymethylmethacrylate
(PMMA) matrices. Solvents were DMF and THF, respectively (Aex =300 nm).
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Fig. 2. (a) X-ray structure of N-LPhe. (b) Intramolecular hydrogen bonds of N-‘Phe. (c) Distortion angle of the nonplanar naphthalene. (d, e) DFT optimized geometries of
B-'Phe and (f, g) DFT optimized T-‘Phe geometry at the theory level of B3LYP/6-311G(d).

275nm, and T-°Phe had the corresponding mirror CD spectrum in
DIOX. N-LOA, N-LPro and N-YA showed silent CD signals in solvents
(Figs. S24-S26 in Supporting information). Based on the special
structure of molecular, N-‘OA and N-YA with one chiral arm and
N-LPro molecules cannot have the conditions to form intramolec-
ular hydrogen bonds, so they failed to form the S-sheet folding.
Chirality is not transferred to the naphthyl group, which is the ex-
pected CD silence.

To further verify the assumed intramolecular folding by hydro-
gen bonds, variable temperature (VT) CD spectra were recorded.
Increasing temperature from 293K to 353K the Cotton effect of
N-LAla slightly decrease in DIOX and DMSO (Fig. S27 in Support-
ing information). VT nuclear magnetic resonance (NMR) spectra
from 303K to 333K in deuterated DMSO were studied as well (Fig.
S28 in Supporting information). With increasing temperature from
303K to 333K, amide proton shifted to higher fields with a shift
of 0.12ppm. It suggested that the amide proton-involved hydro-
gen bonds were disassociated upon heating, verifying the hydrogen
bonded folding structure. In order to further explore the effect of
solvent on chiroptical activities, we evaluated the CPL spectra of N-
Ala. CPL has great potential for application in optical sensors and
optoelectronic devices. In DMF, N-LAla and N-PAla features left-
handed and right-handed CPL with a maximum peak at 355nm
for L- and D-enantiomer respectively (Figs. 1g and h), with gy, at
10-3 order of magnitude at their extremum emission wavelengths.
When the solvent was switched to THF, N-Ala-showed identical
CPL signal at the same wavelength, which disagreed with the CD
inversion as shown in Figs. 1a and b. Due to the solvent was evap-
orated to form a solid film, chirality at photoexcited state cannot
displayed inversion in the absence of solvent.

To further understand the effect of folding behavior on the chi-
ral geometry, single crystals were cultivated. N-'Phe and N-LOA
successfully crystallized in the acetone/decane mixtures via liquid
phase diffusion. In the crystal structure, the molecular skeleton of
N-LPhe folded into an M-helix structure (Fig. 2a). This helical struc-
ture was reminiscent of a-helical structure directed by two chiral
molecular arms. M-handed helix originated from the absolute chi-
rality of amino acid, which twisted naphthalene plane to compen-
sate the formation of the helical turn and the helical structure was
stabilized by several noncovalent interactions, including multiple
H-bonds and CH---r. Distances of CH---w bonds between benzene
and naphthalene were determined as 2.745 and 3.298 A, respec-
tively (Fig. 2a). Multiple intramolecular hydrogen bonds further an-
chor the spiral conformation (Fig. 2b). The presence of amides and

carboxylic acids induced the formation of multiple intramolecular
hydrogen bonds. Distances were determined as 2.236, 2.248, 2.945,
2.720, 2.256 and 2.266 A, respectively. Multiple intramolecular hy-
drogen bonds further stabilized the structure and properties of
molecules. Due to the folding and steric hindrance effect, the naph-
thalene plane was deformed under the control of two chiral arms
with a dihedral angle of 5.69° (Fig. 2c). The twisted naphthalene
contributed to the active chiroptical properties measured in solu-
tion. The DFT optimized structure of B-'Phe and T-‘Phe showed a
closed geometry with intramolecular multiple H-bonded networks
and CH---r bonds. As shown in Fig. 2d, the distance of the hydro-
gen bond was 2.063 A and 2.152 A, with ~N-H--O angle of 107.05°
and 171.45°, respectively. In Fig. 2e, the CH..-7r distances were de-
termined as 3.307 A and 3.232A respectively. In addition, some of
the molecular fragments of T-LPhe were shown in Fig. 2f, the hy-
drogen bond with a distance of 1.977A was found. As shown in
Fig. 2g, the triphenylbenzene region of T-LPhe represented slightly
distorted, forming a nonplanar structure with the dihedral angle of
1.2° [25-27].

To explore the molecular folding structure of N-Ala and T-LAla,
geometry optimizations were carried out at the B3LYP/6-311G(d)
level of theory. In Fig. 3a, multiple intramolecular hydrogen bonds
were induced between carboxylic acids, amide and oxygen atoms.
Distances were determined as 1.752, 1.927, 2.105 and 2.168 A, re-
spectively. The relative orientation of alanine constitutes in a par-
allel B-sheet array. The dihedral angle of nonplanar naphthalene
was determined as 9.5° The twisted orientation was identical to
that of N-LAla, which in good agreement with their identical shape
of Cotton effects. It means the crucial effect of twisted naphtha-
lene on the emerged Cotton effects and CPL activities. Compared
to N-LPhe, N-LAla lacks the steric hindrance effect as well as CH.-.7r
bond, resulting in the relatively weak molecular rigidity and weak
Cotton effects. In the crystal structure of N-‘OA (Fig. 3b), the hy-
drogen bond with a distance of 2.143A was found between the
amide proton and hydroxyl group. Compared to N-[Phe and N-
LAla, the mono-intramolecular hydrogen bond of N-OA is possi-
bly hardly to anchor the chiral conformation, resulting in the silent
chiroptical activity. The adopted space group (P2;2;2;) of N-FOA
is chiral, of which crystal lattice comprises of a hydrogen bonded
dimer via complementary hydrogen bonds with the distance of
1.869A, with a ~«X-H--O angle of 163.13°. The intramolecular in-
teractions induced a three-dimensional structure and the hydrogen
bond possessed good linearity between hydroxyl groups and car-
boxylic acids. Naphthalene moieties were highlighted by CPK mode
with red and blue, which showed that hydrogen bonds induced
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Fig. 3. (a) DFT optimized N-‘Ala at the B3LYP/6-311G(d) level of theory. (b) X-ray
structure of N-LOA. Naphthalene moieties were highlighted in CPK mode to show
the supramolecular helical structure. (c-e) DFT optimized geometry of T-LAla at the
B3LYP/6-311G(d) level of theory.

P-handed helical packing with respect to naphthalene moieties un-
der the side view, where helical pitch was determined as 10.03 A.
For hydrogen bonds, the ~X-H---O angle was usually linear (around
180°), and deviations from this angle usually reduced the strength
of the hydrogen bond. As shown in Fig. 3¢, T-Ala linked to six chi-
ral arms, which exhibited a multiple hydrogen bonds network and
CH.--r. Distances of multiple H-bonds were determined as 2.078,
2.093, 2.149 and 2.174 A. The molecular arms were pally connected
by hydrogen bonds between amides. The distance of CH.--r were
3.396, 3.508 and 3.702A (Fig. 3d). In Fig. 3e, the aryl region of
T-LAla represented a twisted nonplanar structure with a dihedral
angle of around 6.5°, which indicated the side arm strategy and
molecular folding was a favorable way to control the distortion of
aryl groups and transfer of chirality.

To explore the correlation between molecular conformation and
chiroptical properties, electronic circular dichroism (ECD) spectra
were calculated via time-dependent density functional theory (TD-

FT). Spartan 14 software was used to search and calculate molec-
ular conformations after optimization of Merck molecular force
field. All configurations with values above 0 are derived from En-
ergy and Boltzmann distribution. TD-DFT at the B3LYP/6-311G(d)
level was used to optimize and calculate ECD spectra until right
conformations were found, which were consistent with experimen-
tal results. For both N-‘Ala and N-‘Phe, two opposite conforma-
tions were built and optimized with either “front-up/back-down”
and “front-down/back-up” orientation (Figs. 4a and b). The first
Cotton effect band for N-LAla-1 and N-FAla-2 was positive and neg-
ative, respectively, indicating the orientation of two arms deter-
mined the Cotton effect (Fig. 4c), which means variation of sol-
vent aroused switchable arms movement between two conforma-
tions. Similar results were found in the ECD spectra of N-LPhe
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Fig. 4. (a, b) Optimized structures with different arm-orientation of N-'Ala and N-
LPhe. (c, d) Calculated ECD spectra between two different conformations. (e) The
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riers of N-tAla and N-'Phe. (g-i) Calculated ECD spectra of B-'Phe, T-!Ala and T-‘Phe
at the B3LYP/6-311G(d) level.

(Fig. 4d). In order to further explore the folding parameters in
different solvents, molecular dynamics simulations of N-LAla in
THF and DMF were carried out. The molecular geometry model of
N-LAla was built, and structural optimization was carried out at
the B3LYP/6-311G(d) level. No virtual frequency was present dur-
ing optimization to ensure the minimum energy structure. Results
were fitted with restrained electrostatic potential charge by An-
techamber program. The solvent models of THF and DMF were
obtained by the same method. After calculation, the number of
hydrogen bonds was counted. As shown in Fig. 4e, in THF, the
number of hydrogen bonds formed between N-LAla was about four
times higher than that between N-LAla and THF molecules. How-
ever, in DMF, a different propensity was observed. The number of
hydrogen bonds formed between N-‘Ala and DMF molecules was
about two times higher than that between N-LAla molecules. In
THF, N-LAla molecules tended to form hydrogen bonds with con-
specific molecules. However, in DMF, the hydrogen bond between
N-LAla was disassociated by DMF molecules, resulting in the sol-
vation. It means that DMF solvation destructed the intramolec-
ular folding behaviors, which provided an opportunity for con-
formational transformations and helicity inversion. The geometry
optimization of complexes with different conformations were de-
posited to DFT calculation at the theory level of B3LYP/6-311G(d).
The Electronic Energy and Thermal Free Energy Correction were
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obtained. Energy barriers were calculated in vacuum. Energy dia-
grams (Fig. 4f) showed energy barriers between two conformations
of N-LAla and N-LPhe, which were 1.23 kcal/mol and 2.33 kcal/mol,
respectively. The result revealed the low energy barrier for the
solvent-induced signal reversal behaviors of N-LAla. The ECD spec-
tra with the lowest-energy conformer were simulated. In Fig. 4g, B-
Lphe exhibited positive Cotton effect bands at 250 nm. As shown in
Fig. 4h, T-!Ala exhibited positive and negative Cotton effect bands
at 300nm and 260 nm, respectively. T-'Phe exhibited positive and
negative Cotton effect bands at 280nm and 240 nm, respectively
(Fig. 4i). The ECD spectra were in good agreement with the exper-
imental results, which reflected the folded structures in solutions.

These N-terminal aromatic amino acids are candidates for
bottom-up self-assemblies, which could realize chirality transmit
to macroscopic scale. Scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) were used to probe the
supramolecular chirality found in self-assemblies. For the self-
assembly of T-LAla and T-PAla, twisted nanofibers were observed
in aqueous media. Enlarged images indicate that T-‘Ala self-
assemblies showed homochiral M-handedness (Fig. 5a). As shown
in Fig. 5b, the T-PAla self-assemblies are with the opposite ho-
mochirality of P-handedness. Similarly, both left-handed and right-
handed chiral nanofibers also showed chiral structures for B-LPhe
(Fig. 5¢) and B-PPhe (Fig. 5d), indicating the enantiomer-directed
supramolecular chirality. Based on the morphological observation,
B-Phe-self-assembled into chiral nanofibers, while N-Phe-formed
two-dimensional thin-film structures (Fig. S29 in Supporting in-
formation) and short rod nanostructures appeared in the T-Phe
(Fig. S30 in Supporting information). A variety of self-assembled
nanostructures were induced by different aryl groups and chiral
arms. The structural characteristics of different conjugated groups
and the influence of the steric hindrance of chiral molecular arms
lead to the change of the stacking mode of building units, which
greatly affects the molecular assembly mode and leads to the
change of supramolecular assembly morphology [28-33]. This cor-
relation could provide an intuitive understanding of the structural
basis of chiral optical properties. X-ray diffraction (XRD) patterns

Chinese Chemical Letters 34 (2023) 108492

were investigated to reveal the varied molecular arrangement of
the assemblies. Self-assembled aggregates were obtained by the
high-speed centrifugation, then coated on glass sheets and dried
at room temperature. In Fig. 5e, several diffraction peaks of B-
LPhe at small angle region are found, with D-spacing ratio of /2:
J/3: /4. Such a ratio corresponds to the orthogonal packing in the
self-assembled helices. In comparison, T-lAla adopts a hexagonal
packed array with a large primary D-spacing value of 2.40 nm due
to the relatively large molecular length and C3 symmetry. Fourier
transform infrared spectroscopy (FT-IR) was showed in Fig. 5f. The
bands at 3434 and 3415 cm~! from T-fAla and B-!Phe were as-
signed to the N-H stretching vibration bands. However, a shifted
band at 3285 cm~! was found in B-LPhe, which corresponded
to arrays of the intermolecular hydrogen bonded. This assump-
tion was further verified by an appearance of the amide-I band at
1742 cm~1.

In conclusion, we reported a molecular folding approach to in-
duce twisted aryl chirality, which could also be tuned by solvent
strategy. Amino acid derivatives were covalently conjugated on
polycyclic aromatic hydrocarbons, which formed hydrogen bonded
B-sheet structures. The chiral transfer of amino acids was facili-
tated by the folding strategy and the distortion of a polycyclic aro-
matic plane that forced by hydrogen bonding, CH---7 interactions
and steric hindrance effects of substituents. The amino acid substi-
tution and S-sheet structure played a key role in the emergence,
transfer and amplification of chirality, which was further confirmed
by X-ray structure, CD, CPL and DFT calculations. The experimen-
tal and theoretical studies described the design and preparation
of nine chiral aryl compounds, and folding behaviors and side
arms strategy were used to induce twisted aryl chirality and in-
fluenced chiroptical activities, which would promote the design of
new types of chiral molecular arms for supramolecular chiral func-
tional materials and broaden the chiral scope of application of non-
planar aryl materials.
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