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A new design concept, tether-entangled conjugated helices (TECHSs), is introduced for helical polyaromatic

molecules. TECHSs consist of a linear polyaromatic ladder backbone and periodically entangling tethers with
the same planar chirality. By limiting the length of tether, all tethers synchronously bend and twist the
backbone with the same manner, and change it into a helical ribbon with a determinate helical chirality.
The 3D helical features are customizable via modular synthesis by using two types of synthons, the
planar chiral tethering unit (C, symmetry) and the docking unit (Cp, symmetry), and no post chiral
resolution is needed. Moreover, TECHs possess persistent chiral properties due to the covalent locking
of helical configuration by tethers. Concave-type and convex-type oligomeric TECHs are prepared as
a proof-of-concept. Unconventional double-helix m-dimers are observed in the single crystals of

concave-type TECHSs. Theoretical studies indicate the smaller binding energies in double-helix -dimers

Received 18th July 2024 ) . . T
Accepted 23rd Septermber 2024 than conventional planar t-dimers. A concentration-depend emission is found for concave-type TECHs,
probably due to the formation of double-helix m-dimers in the excited state. All TECHs show strong

DOI: 10.1035/d4sc04796f circularly polarized luminescence (CPL) with dissymmetric factors (|gum|) generally over 107>, Among
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Introduction

Helical polyaromatic molecules have attracted significant
interest in recent years due to their aesthetically pleasing
molecular structures, unique chemical and physical properties,
and diverse applications.’” Helicenes and twistacenes are two
archetypes that have been extensively investigated (Fig. 1a).***
Helicenes are formed of consecutively ortho-fused aromatic or
heteroaromatic rings.”*>* The steric repulsion between the
spatially adjacent rings or groups endows helicenes with
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them, the (P)-T4-'Bu shows the highest |gium| of 1.0 x 1072 and a high CPL brightness of 316 M~* cm~%.

a spiral-staircase-shaped backbone and a helical conjugated
system. The helical axis is near orthogonal to the m-surface of
aromatic rings. Various helicenes and helicenoids like
carbohelicenes,”*?® heterohelicenes,**° metallahelicenes,**
multiple helicenes,**** and expanded helicenes®** have been
developed. Twistacenes are twisted acenes or benzannulated
acenes with steric crowdedness around the periphery.®*** The
crowdedness causes conformational distortion and induces the
backbone to adopt a helical conformation, where the helical
axis is near parallel to the m-surface of aromatic rings of acenes.
Despite structural differences, helicenes and twistacenes share
in common that their helical geometry is caused by minimizing
the unfavored steric interactions in the planar conformation
against the energy cost of distortion.®*** Thus, the steric effect
plays a vital role in deciding the helical structure and configu-
rational stability for helicenes and twistacenes. Just for this
reason, challenges like the difficulty in synthesis and chiral
resolution, dynamic variation of the helical structures, multiple
coexisting conformers, and easily happening racemization
(especially for the shorter ones) have accompanied helicenes
and twistacenes, 78638596

Herein, we report a new design of helical polyaromatic
molecules, the tether-entangled conjugated helices (TECHS)
(Fig. 1a). TECHSs contain two parts of structural elements, the
linear ladder-type polyaromatic backbone® ' and the periodi-
cally entangling tethers with the same planar chirality. All
tethers stretch across the backbone and locate in one side of the
molecular plane. By limiting the length of tether, all tethers can

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1

(a) Classic helical polyaromatics, helicene and twistacene, and tether-entangled conjugated helix in this work. (b) The design concept of

TECHs. Note: the geometries were optimized at PM7 level; hydrogens are omitted for clarity; the tethers are highlighted in sky blue.

synchronously introduce chiral strain to the backbone, and
bend and twist the backbone with the same manner. As a result,
the backbone is coiled up into a spiral aromatic ribbon with
a determinate helical chirality. Different from helicenes and
twistacenes, TECHs have following features: (1) the helical

© 2024 The Author(s). Published by the Royal Society of Chemistry

geometry of TECHs is no longer decided by the steric effect but
by the chiral strain induced from the entangling tethers; (2) the
helical chirality of TECHSs is exclusive and only decided by the
planar chirality of tether; (3) TECHs are static helices with
constrained conformational variation; (4) because of the

Chem. Sci., 2024, 15, 17128-17149 | 17129
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covalent locking of the helical conformation by tethers, TECHs
have high configurational stability and persistent chiral prop-
erties; (5) the helical structures and chirality of TECHs are
customizable by modular synthesis, and no post chiral resolu-
tion is needed. In this paper, we introduce the design concept
and synthesis analysis for TECHs. Two kinds of TECHs, the
concave-type and convex-type oligomeric TECHs, were success-
fully prepared as a proof-of-concept. Moreover, the concave-type
TECH molecules have shown interesting aggregation and chi-
roptical properties. These molecules can form double-helix
dimers via an unconventional embracement-like -7 interac-
tion and exhibit strong circularly polarized luminescence
(CPL)***1%¢ capability.

Results and discussion

Design concept and synthesis analysis

To better describe the design concept of TECHs, two typical
ladder-type polyaromatic skeletons, the ladder aromatic
lactams'®*** and the ladder oligo(p-aniline)s,***** are used as
the backbones and the 8-carbons alkyl chains are used as the
entangling tethers for building the models of TECHs (Fig. 1b).
As shown in Fig. 1b, when using five R-planar-chirality (Rp)
tethers to entangle the 21-fused-rings ladder aromatic lactams
and the 21-fused-rings ladder oligo(p-aniline)s backbones, all
tethers locate in front of the molecular plane, connecting two
adjacent bridge nitrogen atoms from top left to bottom right.
Due to the geometrical mismatch between backbones and
tethers, strain is generated. All tethers synchronously curl the
backbones into helical ribbons with the M chirality. The major
difference for the two helical ribbons is the spatial location of
the entangling tethers. In the case of helical ladder aromatic
lactams, all tethers locate in the outer space of the helical
structure, covering the convex surface and leaving the concave
surface being exposed, whereas in the case of helical ladder
oligo(p-aniline)s, all tethers locate in the inner space of the
helical structure, covering the concave surface and leaving the
convex surface being exposed. We define the former as the
concave-type TECHs and the latter as the convex-type TECHs.
The cause of this structural difference is due to the different
bending direction of the backbones by the tethers. For concave-
type TECHs, the bending is toward the opposite side of tethers,
whereas for convex-type TECHSs, the bending is toward the
tethers' side. When using five S-planar-chirality (S},) tethers to
entangle the ladder aromatic lactams and ladder oligo(p-
aniline)s, all tethers locate in back of the molecular plane. This
time, both helical ribbons show the P chirality and mirror-
imaged structures as compared to the M-helices. Therefore,
the helical chirality of TECHSs is only decided by the planar
chirality of tether. The tether length has significant influence to
the helical structures of TECHs. As shown in Fig. S1,f longer
tethers like C10 or C12 alkyl chains induce little or neglectable
chiral strain to the aromatic backbones, leading to less obvious
or no helical characteristics. In sharp contrast, shorter tethers
like C6 alkyl chains bring larger chiral strain and a higher
degree of coiling to the backbones. From the above, it can be
seen that the linear polyaromatic ladder backbone and the

17130 | Chem. Sci., 2024, 15, 17128-17149
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periodic homochiral entangling tethers in a limited length are
the key factors for TECHs. Together they decide the helical
shape of TECHs.

The synthesis analysis of TECHs is shown in Fig. 2. It is
important to note that some helical ladder polymers and olig-
omers (conjugated or partially conjugated) have been synthe-
sized by developing defect-free annulation reactions****** and
the use of axial,”*™** planar®”*** and helical™*™*
building units. Inspired by these works and also the synthesis of
ladder-type conjugated polymers and oligomers,* %3213 we
considered that TECHs can be constructed via modular
synthesis by using two types of synthons. The first one we call
the chiral tethering unit, which has a planar chiral macrocyclic
structure with the C, symmetry and four potential reactive sites
(two al sites and two b1 sites). The second one we call the
docking unit, which has the C,;, symmetry and four potential
reactive sites (two a2 sites and two b2 sites). If al site can
selectively bond with a2 site, b1 site can selectively bond with b2
site and no racemization happens for the chiral tethering unit
during reaction, we can alternately dock the two building units
and generate polymeric TECHs (Fig. 2b). To synthesize oligo-
meric TECHs, additional terminal units are required. The
terminal units are similar to the docking unit but with only one
side of reactive sites. Taking the oligomeric TECHs in Fig. 1b for
examples, their synthesis can be achieved by using five chiral
tethering units, four docking units and two terminal units (Fig.
2¢). From the above, it can be concluded that three conditions
are required for the synthesis of TECHs: (1) the prepared C,-
symmetric chiral tethering units and C,,-symmetric docking
units; (2) the selective bonding (al to a2, b1 to b2) between the
chiral tethering unit and docking unit; (3) no racemization for
the chiral tethering units during the reaction. If all the three
conditions are satisfied, various TECHs with exclusive 3D
geometrical characteristics (e.g. helical diameters and pitches)
and chirality are customizable through the above modular
synthesis. Fig. S21 shows some designed TECH molecules and
their predicted helical structures by PM7."* It can be seen that
even small structural modifications on the chiral tethering units
or docking units can lead to dramatical change of the 3D helical
geometries.

chiral

Synthesis of oligomeric TECHs

Guided by the design concept of TECHS, we start the prepara-
tion of oligomeric TECHs. First, we accomplished the synthesis
of chiral tethering units (S,)-3 and (Rp)-3 (Scheme 1). Treating
2,5-dibromoterephthalic acid with diphenylphosphoryl azide,
triethylamine and the chiral auxiliary (S)-1-phenylethanol gave
(5,5)-1 in 80% yield. Treating (S,S)-1 with 1,8-dibromooctane in
diluted solution gave a pair of separable macrocyclic diaste-
reomers (S,5p,5)-2 and (S,Rp,S)-2 in 26% and 13% yield,
respectively. The structures and the absolute configurations for
(5,5p,5)-2 and (S,R,,S)-2 were unambiguously confirmed by
single crystal X-ray diffraction (SCXRD). Treating (S,Sp,5)-2 or
(S,Rp,S)-2 with trifluoroacetic acid completely removed the
chiral auxiliaries and afforded the planar chiral compounds
(Sp)-3 or (Rp)3 in 94% or 95% yield, respectively. The

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The synthesis analysis of TECHSs: (a) the chiral tethering unit and the docking unit; (b) modular synthesis of polymeric TECHs; (c) modular

synthesis of oligomeric TECHs.

enantiomeric excess (ee) values for (Sp)-3 and (R;,)-3 are 98.4%
and 99.7%, respectively. (Sp)-3 and (Rp,)-3 are C,-symmetric
molecules with four potential reactive sites, two aryl bromides
(a1 site) and two amines (b1 site), satisfying the requirements as
chiral tethering units. Bearing in mind that the chiral tethering
units should not undergo racemization during TECH synthesis,
we tested the configurational stability of (S,)-3 and (Rp)-3 by
heating them at 130 °C for 48 hours. It was found that neither
(Sp)-3 nor (Rp)-3 underwent racemization after the thermal
treatment (Fig. S31), suggesting the sufficiently high racemiza-
tion barrier. This result indicates that (Sp)-3 and (Rp)-3 are
suitable chiral tethering units for the synthesis of TECHs. We
also tried to synthesis chiral tethering units with shorter tethers
like C7 or C6 alkyl chains. However, no isolable product was
obtained in the macrocyclization reaction. This could be due to

© 2024 The Author(s). Published by the Royal Society of Chemistry

the too high internal strain in these molecules, making them
difficult to generate and stabilize.

Next, we started to synthesize the P and M oligomeric
concave-type TECHs from (Sp)-3 and (Rp)-3, respectively
(Scheme 2). For synthesizing shorter TECHs like (P)-T1, (P)-
T1-‘Bu, (P)-T2-'Bu and (P)-T3-‘Bu, the basic strategy is con-
structing the amide oligomers first (accomplishing the b1 to b2
bonding) and then conducting the Pd-catalyzed consecutive
intramolecular C-H arylations***** (accomplishing the a1 to a2
bonding, i.e. linear ladderization) at one time to give the target
molecules. The synthesis of (P)-T3-'Bu is used as an example for
a detailed description. Amidation of (S,)-3 with methyl 4-
(chlorocarbonyl)benzoate afforded the bis-amide (S,)-4-CO,Me
in 88% yield. Hydrolysis of (S,)-4-CO,Me with KOH gave (S)-4-
CO,H in 97% yield. Then, (S,)-4-CO,H was converted to acyl

Chem. Sci., 2024, 15, 17128-17149 | 17131
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chloride and reacted with 2 equiv. of (Sy)-3 and afforded the
tetrakis-amide (Sp,,Sp,Sp)-7 in 95% yield. Amidation of (S,,Sp,,Sp)-
7 with 4-tert-butylbenzoyl chloride afforded the hexakis-amide
(SpsSpsSp)-8-Bu in 96% yield. Finally, (P)-T3-Bu was obtained
in 61% yield through the Pd-catalyzed linear ladderization (six
new C-C bonds formed). It can be seen that the yields for the
last ladderization step continuously drop from ~90% for (P)-T1
and (P)-T1-'Bu to 61% for (P)-T3-‘Bu. This is caused by two
reasons. The first one is the accompanied debromination side
reaction in the Pd-catalyzed C-H arylation.**® When the number
of bromine atoms in the substrate increases, the debromination
become more severe. The second one is the generation of curved
ladderization isomers. As shown in Fig. S4 and S5, it is possible
to generate two and three isomers in the last step of (P)-T2-‘Bu
and (P)-T3-'Bu, respectively. For both cases, the target linear
ladderization isomers are always the most thermodynamically
favored products, whereas the curved isomers are less favored
due to the steric crowdness on backbone. The DFT-optimized
structures indicate helicene-like segments in these curved
isomers. Despite being energetically unfavorable, small amount
of (P)-T2-"Bu curved isomer (7% yield), and (P)-T3-'Bu curved-1
isomer (15% yield) and curved-2 isomer (7% yield) were
observed and isolated from the low-polarity side products of (P)-
T2-'Bu and (P)-T3-'Bu, respectively (see ESIT). Characterization
data confirmed the structures shown in Fig. S4 and S5.1 This
generation of curved isomers highlights the need for strict
control of the symmetry of docking unit in TECH synthesis, that
is, the docking unit must keep the C,;, symmetry to ensure that
all tethers can be located on the same side of the molecular
plane. In curved isomers, the symmetry of docking unit
changed from C,j, to C,,, thus leading to tethers on both sides of
the molecular plane. This deviates the design target of TECHs.

Due to the increasing debromination side products and the
curved ladderization isomers, the one-step ladderization
strategy is not applicable for longer TECHs like (P)-T4-‘Bu and
(P)-T5-'Bu. Therefore, we adopted a stepwise ladderization

17132 | Chem. Sci., 2024, 15, 17128-17149

strategy for the synthesis of (P)-T4-'Bu and (P)-T5-'Bu. For (P)-
T4-*Bu, we conducted the first-step ladderization to build the
core structure (P)-T2-CO,H. The synthesis is similar to (P)-
T2-'Bu (Scheme S1%). Starting from (P)-T2-CO,H, the amide
precursor (Sp,P,S)-10-Bu was prepared through two amidation
processes. Finally, (P)-T4-Bu was obtained in 43% yield from
(SpsP,Sp)-10-Bu through the second-step ladderization. For (P)-
T5-'Bu, the first-step ladderization afforded the core structure
(P)-T3-CO,H. The synthesis is similar to (P)-T3-‘Bu (Scheme
S27). Then, the amide precursor (S,,P,Sp,)-12-‘Bu was prepared,
and (P)-T5-'Bu was obtained in 23% yield from (Sp,P,S,,)-12-'Bu
through the second-step ladderization. For all M concave-type
oligomers ((M)-T1-‘Bu, (M)-T2-‘Bu, (M)-T3-‘Bu, (M)-T4-'Bu, (M)-
T5-‘Bu), their syntheses are identical to their P-counterparts but
using (Rp)-3 as the starting material (Scheme 2b). The detailed
synthetic routes are given in the Scheme S3.}

Next, we synthesized the convex-type TECHs, (P)-T1-convex,
(P)-T2-convex, (M)-T1-convex, and (M)-T2-convex (Scheme 3).
First, 1 equiv. of (S,)-3 coupled with 2 equiv of 2-(2,5-
difluorophenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane via the
Suzuki reaction and gave (Sp)-13 in 85% yield. Then, ‘BuOK-
promoted intramolecular nucleophilic ring-closure reaction*
transformed (Sp)-13 to (P)-T1-convex in 84% yield. For (P)-T2-
convex, 1 equiv. of (Sp)-3 first coupled with 1 equiv. of 2-(2,5-
difluorophenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane to give
(Sp)14 in 55% yield. (Sp)-14 then coupled with 2,5-
difluorobenzene-1,4-diboronicacidbis(pinacol)ester and gave
(Sp)-15 in 52% yield. Finally, ‘BuOK-promoted ring-closure
reaction gave (P)-T2-convex in 17% yield. Considering the
quite low yield of the final step of (P)-T2-convex, we didn't try to
synthesis longer oligomeric convex-type TECHs. For (M)-T1-
convex and (M)-T2-convex, they were synthesized similarly as
their P-counterparts but with (Rp)-3 as the starting material.

All TECH molecules as well as their intermediates were
characterized by nuclear magnetic resonance (NMR) and high-
resolution mass (HRMS) spectroscopic methods (see ESIf).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(Rp)-3. Reaction conditions: (i) EtsN/ArCOCI, THF, 70 °C; (ii) Pd(OAc),/PCyz- HBF4/Cs,CO3, DMA, 130 °C; (iii) EtsN/terephthaloyl chloride, CH,Cl,,
rt.; (iv) KOH, THF/EtOH/water, 70 °C; (v) 1. oxalyl chloride, CH,Cl, r.t.; 2. EtsN/(S,)-3, CH,Cl, r.t.

For some compounds, (P)-T1, (P)-T2-'Bu, (Sp,P,S,)-11, (R,,M,R,)-  concave-type TECHs, the intermediates containing amide
11, and (P)-T2-convex, their structures and absolute configura- moieties generally show broadened NMR spectra due to the
tions were further determined by SCXRD (vide infra). For slow rotation of the amide C-N bond at room temperature.*#”>
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Scheme 3 Synthesis of P-chirality and M-chirality convex-type TECHs. Reaction conditions: (i) Pd(PPhz)4/K,COz/2-(2,5-difluorophenyl)-
4,4,5,5-tetramethyl-1,3,2-dioxaborolane, THF/water, 70 °C: (i) KO'Bu, DMF, 80 °C; (i) Pd(PPhs)4/K>COs/2,5-difluorobenzene-1,4-dibor-

onicacidbis(pinacol)ester, THF/water, 70 °C; (iv) KO'Bu, DMF, 100 °C.

However, the NMR spectra of the final TECH molecules show
sharp signals, suggesting the enhanced molecular rigidity after
ladderization. For convex-type TECHs, (P)-T1-convex and (M)-
T1-convex show sharp signals on NMR, whereas (P)-T2-convex
and (M)-T2-convex show broadened NMR spectra. This could be
due to the lower solubility of (P)-T2-convex and (M)-T2-convex in
chloroform and the formation of intermolecular aggregates.
Both "H and "*C NMR spectra indicate the C, symmetry for all
TECH molecules. To further identify the characteristic protons
of TECH molecules, 2D-NMR techniques including COSY,
NOESY, HSQC, HMBC were employed for (P)-T1-‘Bu, (P)-T2-'Bu,
(P)-T3-*Bu, (P)-T4-‘Bu, (P)-T5-'Bu, and (P)-T1-convex (Fig. $127-
S149%). The key correlations and assigned chemical shifts for
these compounds are summarized in Fig. S150-5152.1 All
aromatic protons and partial aliphatic protons were identified.
It is noteworthy that all TECH molecules show signals with
negative chemical shift on '"H NMR spectra. These signals
belong to the central tether protons pointing downward to the
benzene ring of the chiral tethering unit. Taking (P)-T1-‘Bu and
(P)-T1-convex for examples, the chemical shifts for the protons
are —0.19 and —1.89 ppm, respectively. Since these protons are
very close to the benzene rings, the negative chemical shifts
could result from the shielding effect of the central aromatic
benzene ring. We carried out DFT calculations to verify this
hypothesis (Fig. S1537). First, the calculated chemical shifts for
all protons of (P)-T1-‘Bu and (P)-T1-convex are consistent with
the experimental ones. The calculated chemical shifts for the
tether protons closest to benzene ring are —0.53 and —2.11 ppm

17134 | Chem. Sci,, 2024, 15, 17128-17149

for (P)-T1-Bu and (P)-T1-convex, respectively. Second, the
nucleus-independent chemical shift (NICS)"**** values (e.g
NICS(0), NICS(1), and NICS(—1)) indicate the higher aromaticity
of the central benzene ring of (P)-T1-convex than that of (P)-
T1-Bu (Fig. S1537). The NICS(0), NICS(1), and NICS(—1) values
are —7.28, —8.44, and —7.66 ppm for (P)-T1-Bu, and —9.78,
—11.25, and —8.92 ppm for (P)-T1-convex, respectively. There-
fore, the tether protons above the central benzene of (P)-T1-
convex are more shielded, thus showing a more negative
chemical shift. Beside NMR characterization, the HRMS spectra
show distinct and expected molecular ion peaks for all TECH
molecules (Fig. S154-5170%).

To quantify the chiral strain introduced from tethers, we
calculated the strain energy (SE) for all P-TECHs by using the
homodesmotic reaction method'***** (Scheme S4, Table S17).
The total SE increases along with the number of tethers in either
concave-type or convex-type TECHs. The total SE increases from
10.0 keal mol ™" for (P)-T1 to 47.7 keal mol " for (P)-T5, and from
6.5 kcal mol " for (P)-T1-convex to 27.9 kcal mol " for (P)-T5-
convex. On the other hand, the average SE caused by individual
tether shows insignificant change for either concave-type or
convex-type TECHs. For concave-type TECHs, the SE per tether
ranged from 9.5 kcal mol " to 10.0 keal mol ™", and for convex-
type TECHs, the SE per tether ranged from 5.6 kcal mol™" to
6.5 kcal mol™". The above results indicate that in a TECH
molecule all tethers bend and twist the aromatic backbone with
a similar amplitude.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Single crystal structures

Single crystal structures for (P)-T1, (P)-T2-'Bu, (S,,P,Sp)-11
(Rp,M,R,)-11, and (P)-T2-convex are shown in Fig. 3. These
structures provide a solid support for the design concept of
TECHSs. For (P)-T1, (P)-T2-‘Bu, and (S,,P,S,)-11 that contain one,
two, and three S, entangling tethers in the ladder aromatic
lactam backbone, respectively, all tethers were found in the
back of the molecular plane, connecting two adjacent bridge
nitrogen atoms from top left to bottom right. The chiral strain
induced by these tethers coiled the backbones up into helical
ribbons. Viewing along the helical axis, all backbones show the
clockwise twist (P chirality) and all tethers locate in the outer
space of the helical structure. Such concave-type TECH config-
urations are exactly as what we forecasted in Fig. 1. It was also
found that the average bending of the backbone caused by one
tether varies in the three molecules. The angles of total bending
are ~30°, ~107°, and ~118° for (P)-T1, (P)-T2-'Bu and (S,,,P,Sp)-
11, respectively, corresponding to ~30°, ~54°, and ~39° average
bending per tether. This result suggests that although the
TECHES are rigid static helical molecules, there is still freedom of
motion in bending and twisting, thus rendering them a certain
degree of flexibility. For (R,,M,R;,)-11 that with the R, entangling
tethers, it shows a mirror-imaged structure of (S;,,P,S,)-11 and
a helical backbone with the anti-clockwise twist (M chirality),
confirming that the helical chirality of TECHs is only decided by

(CHa)s

. _ﬁ%”z)s é,/{_

(CH2)s

] o]
(Sp» P, S,)-11

(CHo)s CHz)s

/5% 3 / /

st

(Rp, M, R,)- N

CHz)s (CHz)a

(P)-T2-convex

View Article Online
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the planar chirality of tethers. Finally, the single crystal struc-
ture of (P)-T2-convex confirmed our prediction about the
convex-type TECHs, where the entangling tethers locate in the
inner space of the helical structure. The backbone of (P)-T2-
convex is bent by ~56°, corresponding to ~28° average bending
per tether. With the S, entangling tethers, the backbone also
shows a P chirality.

A more interesting finding is the formation of double-helix
dimer in the crystals of concave-type TECHs (P)-T2-‘Bu,
(SpsP,Sp)-11, and (R,,M,R,,)-11. As shown in Fig. 4, two molecules
of (P)-T2-'Bu (or (Sp,P,Sp)-11, (R,,M,R,)-11) embrace each other
and form a dimer complex via the concave face of helical
backbone.'**5* Short center-to-center contacts (e.g. 3.42-3.77 A
in (P)-T2-'Bu dimer, 3.50-3.62 A in (Sp,P,Sp)-11 dimer, 3.57-3.63
A in (Rp,M,R;)-11 dimer) between the spatially close aromatic
rings of two backbones were found for the three dimers. This
result suggests that -7 interaction may play an important role
in the dimer formation. However, mt-dimerization usually takes
place between planar conjugated molecules. To verify the
unconventional -7 interaction in the double-helix dimers, we
carried out DFT calculations for (P)-T2-‘Bu and (Sp,P,Sp)-11
dimers. Considering that the terminal groups have little influ-
ence to the dimer interactions, we omitted the terminal groups
of (P)T2-'Bu and (Sp,P,Sp)-11 and built up two simplified
models named as (P)-T2 dimer and (P)-T3 dimer, respectively.
The structural optimization was done at the M06-2X(D3)/6-

~ P -

~~

1 4 - N <:I:;6°
X p

Fig. 3 The chemical structure (left), single crystal structure profile (middle) and the backbone profile viewing along the helical axis (right) for (P)-

T1, (P)-T2-'Bu, (S,.P.Sp)-11
for clarity.

© 2024 The Author(s). Published by the Royal Society of Chemistry

. (Re.M,Rp)-11 and (P)-T2-convex. Note: hydrogens and solvent molecules in the single crystal structures are omitted
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(P)-T3 dimer

Fig. 4 Double-helix dimers in the crystals of (a) (P)-T2-'Bu, (b) (Sp.P.Sp)-11, and (c) (R, M.Rp)-11. (d) The DFT-optimized structures and IGMH
analysis for (P)-T2 dimer and (P)-T3 dimer; the green isosurfaces representing the interfragment interactions were drawn at a 63" value of

0.004.

31G(d,p) level with crystal structure as initial guess. The opti-
mized structures of dimers are shown in Fig. 4d. We conducted
independent gradient model based on Hirshfeld partition
(IGMH) analysis'®™® to visualize the real-space noncovalent
interactions. It was found that in both dimers a large area of
interaction isosurface spreads between the concave m-surfaces
of the two monomer fragments, in accordance with the feature
of m-7 interaction. Moreover, the sandwiched isosurface
continuously twists along with the twisted molecular planes.
The interaction region indicator (IRI) analysis**® indicates that
the interaction isosurface sandwiched by monomers mainly
represents van der Waals attraction (Fig. S171}). The above
results verified that considerable 7—m interactions exist in the
wrapped space of the double-helix dimers and dominate non-
covalent interactions. Therefore, they probably provide
a driving force for the dimer formation. To get a general
understanding of the strength of such unconventional -
dimerization, we investigated the interaction energies (AEj,)
and binding energies (AEp) in (P)-T2 dimer and (P)-T3 dimer.
For comparison, we also built up two supposititious planar -
dimer models (planar-T2 dimer and planar-T3 dimer) and

17136 | Chem. Sci,, 2024, 15, 17128-17149

calculated AE;,, and AE,, in conventional rt-dimers (Fig. S172
and S173%). In the case of T2 dimers, the double-helix (P)-T2
dimer and the planar-T2 dimer show comparable AE;,,, of —54.4
and —53.6 kcal mol ™", respectively. However, the AE}, for (P)-T2
dimer is apparently smaller than that of planar-T2 dimer (—44.7
vs. —50.9 keal mol ™). This is due to the fact that much higher
deformation energy (AEg4) of 9.7 keal mol " should be overcome
for the double-helix dimer formation, whereas the AE, for the
planar dimer formation is only 2.7 kcal mol . The larger AE4
for double-helix dimer than planar dimer can be directly visu-
alized from the more obvious structural change of the (P)-T2
monomers before and after dimerization (Fig. S172%). In the
case of T3 dimers (Fig. S1731), the double-helix (P)-T3 dimer not
only shows higher AE; than planar-T3 dimer (9.5 vs.
3.9 kecal mol™"), but also shows smaller AEi, (—64.5 vs.
—79.3 keal mol ). Thus, the binding energy for (P)-T3 dimer is
much smaller than that of planar-T3 dimer (—55.0 vs.
—75.4 keal mol ™). From the above, it can be concluded that the
tendency for the double-helix m-dimerization is considerably
strong, but is not as strong as the conventional planar -

© 2024 The Author(s). Published by the Royal Society of Chemistry
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dimerization, because the monomers have to overcome a larger
deformation energy to find a better -7 interaction geometry.

It is worth to note that no double-helix w-dimer is observed
in the crystals of (P)-T1 and (P)-T2-convex. For (P)-T1, although
it belongs to concave-type TECHs, the conjugated backbone is
short. Thus, the -7 interaction for (P)-T1 could be relatively
weak and may not play a dominate role in molecular aggrega-
tion. For (P)-T2-convey, its concave 7t-surface is shielded by the
entangling tethers. Therefore, the tethers will impede the
embracement-like -7 interactions and prevent the formation
of dimers. In this regard, only the concave-type TECHs with
sufficient backbone length could possess the capability of
forming double-helix mw-dimers. We envisioned that this capa-
bility may be even stronger for longer concave-type TECHs, such
as (P)-T4-'Bu and (P)-T5-‘Bu. Because the crystals of (P)-T4-'Bu
and (P)-T5-'Bu were not obtained, we investigated their dimer
complexes by theoretical calculation. Considering the systems
of (P)-T4 dimer (392 atoms) and (P)-T5 dimer (484 atoms) are
too large, we optimized their structures by using the quantum
chemistry program ORCA 5.0.4 at the r?SCAN-3c level.’1® The
optimized structures of (P)-T4 dimer and (P)-T5 dimer as well as
the IGMH isosurfaces are shown in Fig. S174.7 As expected,
both dimers show double-helix geometries and embracement-
like m-m interactions. Large AE;,, of —91.5 and
—113.7 keal mol~" were found for (P)-T4 dimer and (P)-T5
dimer, respectively.

Optical and electrochemical properties

The UV-Vis spectra for concave-type and convex-type TECHs are
shown in Fig. 5a and b, respectively. Since the M-helix TECHs
gave identical absorption spectra as their P-helix counterparts,
only the spectra of P-helix TECHs are presented. For concave-
type TECHs, all molecules show two major absorption bands.
TD-DFT calculations indicate that the low energy band origi-
nates from the S, — S; electronic transition, whereas the high
energy band comes from other higher energy transitions
(Fig. S175%1). From (P)-T1-‘Bu to (P)-T5-'Bu, the absorption
coefficient of the low energy band increased remarkably due to
the significantly enhanced oscillator strength of the S, — S;
transition. (P)-T5-Bu shows the highest molar absorption
coefficient of 1.50 x 10> M~' cm ™" at 482 nm. For convex-type
TECHsS, (P)-T1-convex and (P)-T2-convex also show two absorp-
tion bands. However, due to the low oscillator strength, the S,
— S, transition bands for (P)-T1-convex and (P)-T2-convex are
weak and broad. For either concave-type or convex-type TECHs,
their absorption spectra show distinct bathochromic shifts as
the molecular length increases, indicating that the band gap
narrows as the conjugated system elongates. This is similar to
the planar ladder-type conjugated molecules. The optical band
gaps (Eg”) were estimated from the absorption onsets. (P)-
T1-'Bu, (P)-T2-‘Bu, (P)-T3-'Bu, (P)-T4-'Bu, (P)-T5-‘Bu, (P)-T1-
convex and (P)-T2-convex show Egpt of 2.86, 2.67, 2.57, 2.51,
2.48, 2.76, and 2.46 eV, respectively.

The photoluminescence (PL) spectra of TECH molecules are
shown in Fig. 6. It was interesting to find that the concave-type
TECHs (P)-T2-'Bu, (P)-T3-Bu, (P)-T4-‘Bu, and (P)-T5-‘Bu show

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 The absorption spectra for (a) concave-type TECHs and (b)
convex-type TECHSs in solution. Note: all measurements except that
for (P)-T5-'Bu were taken in toluene; the measurement for (P)-T5-‘Bu
was taken in toluene : CHClz (5: 1) due to the solubility issue.

distinct concentration-dependent emission behavior, whereas
the (P)-T1-*Bu and the convex-type TECHs (P)-T1-convex and (P)-
T2-convex do not. At low concentration, the PL spectra of (P)-
T2-'Bu to (P)-T5-'Bu show clear vibronic progression (e.g. the 0-
0 and 0-1 transition peaks) and the profiles are mirror images of
the S, — S; transition band in absorption spectra, indicating
that the emission is from the excited single molecules. When
concentration increases, the PL maximum shows large bath-
ochromic shifts (29-44 nm) and the vibronic feature disappears.
This phenomenon suggests that excimer-like species may form
during the luminescence process.””**”* Reminding that the
concave-type TECHs except (P)-T1-Bu possess the capability of
forming double-helix m-dimers, we considered that the PL at
higher concentration is probably from the excited dimers. This
is supported by the fact that the PL spectra are similar for the
film and high-concentration solution of (P)-T2-Bu to (P)-
T5-Bu.'’*7® We also carried out theoretical calculation to
investigate the emission property of monomers and dimers.
The calculated fluorescence spectra for (P)-T2, (P)-T2 dimer, (P)-
T3, and (P)-T3 dimer are shown in Fig. 6h. It can be seen that the
excited (P)-T2 dimer and (P)-T3 dimer show much red-shifted
emission than their monomers, supporting the hypothesis
that the PL at higher concentration could originate from the
excited dimers. The measured PL quantum yields for the dilute
solution of TECH molecules are 29%, 43%, 57%, 71%, 46%,
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Fig. 6 The photoluminescence spectra for TECHs in solution with different concentration and in film: (a) (P)-T1-'Bu; (b) (P)-T1-convex; (c) (P)-
T2-'Bu; (d) (P)-T2-convex; (e) (P)-T3-'Bu; (f) (P)-T4-'Bu; (g) (P)-T5-'Bu. (h) The calculated fluorescence spectra for (P)-T2, (P)-T2 dimer, (P)-T3
and (P)-T3 dimer by TD-DFT theory at the PBEQ(D3)/6-31G(d,p) level.

27%, and 21% for (P)-T1-'Bu, (P)-T2-Bu, (P)-T3-‘Bu, (P)-T4-'Bu,
(P)-T5-‘Bu, (P)-T1-convex, and (P)-T2-convex, respectively. The
generally higher emission efficiency of concave-type TECHs
than convex-type TECHs can be attributed to their stronger

17138 | Chem. Sci., 2024, 15, 17128-17149

oscillator strength of the S; — S, transition (Table S2t). For
example, the calculated S; — S, oscillator strength are 0.18 and
0.70 for (P)-T1 and (P)-T2, respectively, which are higher than
that of their convex counterparts (P)-T1-convex (0.04) and (P)-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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T2-convex (0.04). In high concentration solution, the PL
quantum yields drop for all compounds except (P)-T5-‘Bu. The
values are 22%, 36%, 41%, 49%, 50%, 19%, and 12% for (P)-
T1-'Bu, (P)-T2-'Bu, (P)-T3-‘Bu, (P)-T4-‘Bu, (P)-T5-‘Bu, (P)-T1-
convex, and (P)-T2-convex, respectively. The decrease of PL
quantum yields in high-concentration solution could be due to
the aggregation-caused quenching effect. We further conducted
time-resolved fluorescence decay measurements for all P-
TECHSs solutions at low or high concentrations (Fig. S176%). It
was found that for (P)-T1-‘Bu, (P)-T1-convex, and (P)-T2-convex
that do not show concentration-dependent emission behavior,
only the single-exponential decay was observed, and their low-
concentration and high-concentration solutions show similar
fluorescence lifetimes. In contrast, (P)-T2-‘Bu to (P)-T5-‘Bu all
show bi-exponential decay in the high-concentration solutions,
and the ratio of the slow decay component dramatically
increased along with concentration. This result suggests that
the fast and slow decay components in (P)-T2-‘Bu to (P)-T5-'Bu
could come from the excited monomers and dimers,
respectively.

The electrochemical property of TECH molecules was
studied by cyclic voltammetry (CV) measurements (Fig. S1777).
For all molecules, only oxidation peaks were observed. The
concave-type TECHs show higher oxidation potentials than the
convex-type TECHs. The HOMO levels calculated from the onset
oxidation potentials of (P)-T1-‘Bu, (P)-T2-‘Bu, (P)-T3-‘Bu, (P)-
T4-‘Bu, (P)-T5-'Bu, (P)-T1-convex, and (P)-T2-convex are —5.61,
—5.59, —5.58, —5.56, —5.55, —5.09, and —4.79 eV, respectively.
The deeper HOMO levels of the concave-type TECHs can be
attributed to the more electron deficient lactam moieties, which
pull down energy levels. The LUMO level was calculated by
using HOMO level plus Egpt. The values are —2.75, —2.92, —3.01,
—3.05, —3.07, —2.33, and —2.33 €V, respectively. From (P)-
T1-Bu to (P)-T5-Bu, the elongation of conjugated system of
concave-type TECHs leads to slight increase of HOMO level but
dramatic decrease of LUMO level. However, in the case of (P)-
T1-convex and (P)-T2-convex, the elongation of conjugated
system majorly lifts up HOMO level and has less influence on
LUMO level. The DFT-calculated frontier orbitals and energy
levels are shown in Fig. S178.f The theoretically predicted
variation trends in HOMO and LUMO levels are consistent with
the experimental observations.

Chiroptical properties

Electronic circular dichroism (CD) and CPL tests were carried
out for P- and M-TECHs to investigate their chiral absorption
and emission properties. The experimental CD and CPL spectra
as well as the theoretical CD spectra for TECHs are shown in
Fig. 7. To obtain a good signal to noise ratio on CD spectra, we
have to adopt a relatively medium concentration for the test
solutions, although there could be co-existed monomers and
dimers for the concave-type TECHs. As indicated in Fig. 7, the
experimental and theoretical CD spectra have shown good
consistency for most of the signals. For all P-TECHs, the CD
signals close to band gap show negative Cotton effects, which is
in good agreement with the theoretical prediction. All M-TECHs

© 2024 The Author(s). Published by the Royal Society of Chemistry
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show mirror-imaged CD spectra as their P-counterparts and
opposite Cotton effects. For either concave-type or convex-type
TECHs, there is an increase tendency in molar circular
dichroism (|Ae|) of the near-band gap transitions as the conju-
gated system elongates. From T1 to T5 concave-type TECHs, the
|Ae| increased from cal. 14 M~ ' cm™ ' to cal. 66 M~ ' cm . From
T1-convex to T2-convex TECHs, the |A¢| increases from cal.
6 M ' cm ! tocal. 18 M ' ecm™'. On the other hand, the
absorption dissymmetry factors (g.ps) for the near-band-gap
transitions did not show a regular change. For instance, the
Zabs for (P)-T1-'Bu, (P)-T2-'Bu, (P)-T3-'Bu, (P)-T4-'Bu, (P)-T5-‘Bu,
(P)-T1-convex, and (P)-T2-convex are —7.5 x 10~ %, —6.0 x 10~ %
—5.3x107*% —8.4 x 107%, —3.0 x 10°%, —4.7 x 10~ *, and —5.0
x 107*, respectively.

All TECH molecules have exhibited prominent CPL-emission
capability. As shown in Fig. 7, P- and M-TECHs present mirror-
imaged CPL spectra, and the signals have the same sign with
the corresponding CD signals near the band gap. The CPL
shows an increase tendency along with the elongation of
conjugated system. The signals increased from cal. 9 mdeg to
cal. 58 mdeg for T1 to T5 concave-type TECHs, and from cal. 11
mdeg to cal. 21 mdeg for T1-convex to T2-convex TECHs,
respectively. The luminescence dissymmetric factors (g,m) for
(P)-T1-‘Bu, (P)-T2-'Bu, (P)-T3-'Bu, (P)-T4-‘Bu, (P)-T5-Bu, (P)-T1-
convex, and (P)-T2-convex are —1.1 x 1073, —9.2 x 10™%, —2.6 x
1073, —7.0 x 1073, —8.1 x 1073, —1.4 x 1073, and —3.1 x 1073,
respectively. It is surprising that the g-factors are significantly
amplified for (P)-T4-‘Bu and (P)-T5-‘Bu during the emission
process. The |gjum| are ~8 and ~27 folds greater than the |gaps|
for (P)-T4-'Bu and (P)-T5-'Bu, respectively. For most small
molecule chiral emitters, gj,m corresponds closely to the gaps
near the band gap and usually shows the same magnitude.'”*'%°
The deviation of |gjum| from |gaps| mainly comes from two
possible scenarios: (1) the severe structural change in the
excited state via vibrational relaxation; (2) the aggregate
formation.™ For rigid aromatic molecules, however, the first
circumstance is less possible. We compared the optimized
geometries of the ground state and excited state for all -TECHs
in Fig. S179.7 It was found that the structural change between
the two states is insignificant for all compounds. Moreover, the
calculated dissymmetric factors gﬁabls and gﬁ?}n are close to each
other in all cases. Therefore, the relaxation-caused amplifica-
tion of the dissymmetric factor can be ruled out. Reminding
that the concave-type TECHs (P)-T2-‘Bu, (P)-T3-'Bu, (P)-T4-‘Bu,
and (P)-T5-'Bu exhibited excimer-like emission in high-
concentration solutions, we considered that the amplified
Zium could be possibly related to aggregation. We investigated
the CPL and gy, of all P-TECHs at low, medium, and high
concentrations (Fig. S1807). The variation of |gj,m| along with
concentration is summarized in Fig. 8a. It can be seen that (P)-
T2-'Bu, (P)-T3-‘Bu, (P)-T4-'Bu, and (P)-T5-‘Bu exhibited more
pronounced fluctuation of |gj,m| along with concentration than
the other three TECH molecules. The ratios between the highest
and lowest |gjum| for (P)-T2-'Bu, (P)-T3-'Bu, (P)-T4-'Bu, and (P)-
T5-'Bu are 2.8, 4.5, 4.3, and 2.0, respectively, whereas the ratios
for (P)-T1-Bu, (P)-T1-convex, and (P)-T2-convex are close to
unity. This suggests aggregation may exist in the concentrated
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Fig. 7 The experimental CD (left), calculated CD (middle) and experimental CPL (right) spectra for TECHs in solution with a medium
concentration: (a) (P)-T1-'Bu and (M)-T1-'Bu (5.6 x 1075 M); (b) (P)-T1-convex and (M)-T1-convex (3.1 x 10> M); (c) (P)-T2-*Bu and (M)-T2-'Bu
(9.2 x 107° MY); (d) (P)-T2-convex and (M)-T2-convex (3.6 x 107> M); (e) (P)-T3-'Bu and (M)-T3-'Bu (6.0 x 107> M); (f) (P)-T4-'Bu and (M)-T4-'Bu

(1.2 x 107° M); (g) (P)-T5-'Bu and (M)-T5-'Bu (6.3 x 107° M).

solutions of (P)-T2-'Bu to (P)-T5-'Bu. However, the dynamic light
scattering (DLS) measurements indicate that they are all in the
molecularly dispersed state with no large aggregates
(Fig. S182%). The almost unchanged absorption spectra along
with concentration also suggest no obvious aggregation
(Fig. S1837). These results support the classic excimer mecha-
nism in the concentrated solutions of (P)-T2-‘Bu to (P)-T5-'Bu.
Thus, in ground state they mainly exist in the form of mono-
mers, but in the excited state they undergo dimerization to form
excimers. The |gj,m| increment at higher concentrations for (P)-
T2-'Bu to (P)-T5-'Bu could be caused by the formation of double-

17140 | Chem. Sci, 2024, 15, 17128-17149

helix m-dimers in the excited state. To test the hypothesis, we
optimized the geometries of S; state of (P)-T2, (P)-T3 and their
dimers (P)-T2 dimer and (P)-T3 dimer, and investigated the S;
— S, transition characteristics (Fig. 8b). In both cases, the S; —
Sy transition characteristics of monomer and dimer are
dramatically different. From monomer to dimer, the electric
transition dipole moment (u) decreases by a factor of 4 and 7 for
(P)-T2 and (P)-T3, respectively, whereas the magnetic transition
dipole moment (m) increases by a factor of 3 and 17 for (P)-T2
and (P)-T3, respectively, and the 6 between u and m becomes
closer to 180°, thus leading to a great enhancement in the g-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Note: the S; state geometries were optimized by TD-DFT theory at the PBEO(D3)/6-31G(d,p) level; the g-factor was calculated according to the
equation g = 4cosf|m|/|u|. where u is the electric transition dipole moment, m is the magnetic transition dipole moment, and 6 is the angle

between u and m.

factors."®% The gf2! values for (P)-T2 dimer and (P)-T3 dimer
are ~45 and ~115 folds higher than those of (P)-T2 and (P)-T3,
respectively. The above theoretical studies support the hypoth-
esis that the double-helix m-dimers in the excited state could
make an important contribution in the increased |gjum| for
concentrated solutions. It also implies the reason why |gjum| did
not change much along with concentration in the case of (P)-
T1-'Bu, (P)-T1-convex, and (P)-T2-convex is that these molecules
do not have the capability of forming double-helix m-dimers. It
is worth to note that the |gum| of (P)-T4-Bu in high-
concentration solution reached 1.0 x 102, which is a consid-
erably high value for organic chiral emitters in solution. The
|glum| values for ordinary small molecule chiral emitters are
usually around 10~ to 1072.*%'% Reminding that (P)-T4-'Bu
also shows a relatively high PL quantum yield (71% in dilute
solution, 49% in high-concentration solution) and a high molar
absorption coefficient (1.29 x 10° M ' em ™' at 480 nm), (P)-
T4-'Bu possesses a high CPL brightness'”® of 316 M~ cm ™"

© 2024 The Author(s). Published by the Royal Society of Chemistry

(110 M~* em ™" in dilute solution), which is among the best
values for organic chiral emitters to date.'*"**

At last, we investigated the chiroptical stability of TECHs.
Traditional optically pure helical polyaromatic molecules like
helicenes and twistacenes can lose their optical activity due to
the surmountable racemization barriers. However, the racemi-
zation for TECHs is almost impossible because the helical
configuration is covalently locked by the entangling
tethers.'**195-207 Therefore, the TECH molecules will never lose
their chiroptical properties unless the entangling tethers are
cleaved. After heating all P- and M-TECHs in toluene at 100 °C
for 24 h, we found that the CD spectra did not show any decay of
signals for all compounds, thus demonstrating the excellent
configurational and chiroptical stability of TECHs (Fig. S1847).

Conclusions

In summary, we have introduced a new TECH concept for
helical polyaromatic molecules. Different from traditional

Chem. Sci., 2024, 15, 17128-17149 | 17141


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc04796f

Open Access Article. Published on 24 settembre 2024. Downloaded on 21/01/2026 21:44:23.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

helicenes and twistacenes, the helical structures of TECHs are
no longer decided by the steric effect but by the chiral strain
induced from the entangling tethers. TECHs can be directly
constructed in enantiopure form via modular synthesis to have
unique 3D features. Moreover, the covalent locking of helical
configuration by tethers renders them stable and persistent
chiral properties. Guided by this concept, we successfully
prepared the concave-type and convex-type oligomeric TECHSs.
The crystal structures of these molecules not only proved the
validity and feasibility of the TECH principle, but also unveiled
an interesting double-helix m-dimerization behavior of the
concave-type TECHs. Prominent and persistent chiroptical
properties were observed for all TECH molecules. The (P)-T4-'Bu
demonstrated the highest |gjum| of 1.0 x 1072 and an impressive
CPL brightness of 316 M~ ' em ™. It is expected that by further
modifying the chiral tethering units and docking units, more
TECH molecules with diverse 3D helical geometries (e.g.
different lengths, diameters, and pitches) can be created. With
novel and tunable helical architectures and robust chiral
properties, TECHs may find interesting applications in the
future. Efforts on the synthesis of polymeric TECHs and the
exploration of applications are currently under way.
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