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"rt-Expanded” (hetero)helicenes have attracted special attention by virtue of their increased helical
diameter, enlarged cavity, structural flexibility, and dynamics. However, their structural flexibility results in
low enantiomerization barriers (AGE < 20 kcal mol™), imposing a significant challenge to their
enantiomeric separation, and hence, the study of their chiroptical properties. Therefore, there is a rising
interest in increasing the AGE of "m-expanded” (hetero)helicenes to enable their chiral separation and
chiroptical study. Previously, we disclosed a new type of expanded poly-aza[9]helicenes that possess low
AGE (17-18 kcal mol™) values at 25 °C, and thus, their P and M enantiomers are difficult to separate,
suggesting the necessity of suitable structural modification. Herein, addressing this problem, we report
the synthesis of configurationally-stable analogues of the expanded poly-aza[9]helicenes by introducing
bulky tert-Bu groups at the terminal overlapping rings to restrict ring-flapping. The AGE values for these
compounds are significantly higher (>35 kcal mol™), allowing P/M enantiomer separation via chiral-

R 4 30th March 2026 HPLC. They show a gaps Of £3 x 107> and gum of £5 x 1073, and have stable chiroptical properties at
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Accepted 10th April 2026 elevated temperatures. Moreover, the basic imidazole units within these novel poly-aza[9]helicenes
enable pH-responsive chiroptical switching. Overall, the stable chiroptical property and stimuli-

DOI: 10.1039/d6sc02610a responsive chiroptical function of this class of expanded poly-aza[9lhelicenes could make them
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Introduction

Helicenes are among the class of “molecules in distress”," as
they “suffer” from significant steric strain between the terminal
rings of their winding structure, leading to a conformational
distortion of the m-conjugated polycyclic arene framework.
However, this “suffering” is complemented by chirality, one of
the most intriguing properties in chemical structures, stem-
ming from the handedness of their helical shape. It is this
chirality that endows the helicenes with fascinating chiroptical
properties such as circular dichroism (CD) and circularly
polarized luminescence (CPL). A variety of emerging (opto)
electronic applications are associated with efficient CD/CPL
properties, and consequently, there is an extensive research
interest in developing helicene compounds that are suitable as
materials for such applications.> For practical applications,
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promising candidates for potential chirality-based applications.

configurational stability with a high racemization barrier is the
basic requirement.* There have been several developments in
the world of archetypal helicenes (possessing only angularly/
ortho-fused rings along the helical backbone) toward isolating
enantiopure compounds and studying their chiroptical prop-
erties (Fig. 1A), which have led to cutting-edge applications in
materials science.””** Very recently, a novel class of helicenes,
called “expanded” (possessing both linearly- and angularly-
fused rings along the helical rim) carbohelicenes (all-carbon
helicenes)/heterohelicenes (heteroatom/s-containing helicene-
s) have been introduced in this field, with enriched structural
diversity, modulated electronic and optoelectronic properties,
dynamic chirality, and superior chiroptical properties (Fig. 1A).°
However, the inherent flexibility in these expanded versions,
owing to their enlarged helical diameter, complicates the
separation/isolation of the enantioenriched compounds and
the study of their chiroptical properties because of their low
AG: values (AGE < 20 kcal mol™?) (Fig. 1A and B). Therefore,
commonly employed strategies to obtain enantiomerically pure
expanded helicenes at ambient temperatures with high
AG: values (AG: > 35 kcal mol %), are: (a) increasing the length
of the helical chain, (b) m-extension at the periphery of the
helicenes, (c) multiplexing helicenic motifs on the same parent
helicene backbone, and (d) bulky group substitution at the
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Examples of reported expanded heterohelicenes and their chiroptical properties. (D) Our earlier work and the key strategy and features of this

work on expanded heterohelicenes.

internal or terminal rings of the helical backbone.>»* However,
the examples of enantiomerically pure expanded carbohelic-
enes are limited,” and expanded heterohelicenes with a high
racemization barrier have been very rare until now.¥*° Just
recently, in 2024, three independent studies by Yang and Wu,¥
Tanaka,®* and Gong,® reported expanded heterohelicenes with
high AG? values (Fig. 1C). The previously mentioned strategies
have been exploited in these works to achieve the required
racemization barrier value and hence excellent absorption and
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luminescence dissymmetry factors. Notably, all of these
expanded heterohelicenes possess carbazole as the heterocycle
in their helical backbone. Systems incorporating electronically
diverse heterocycles are highly desired in order to explore their
modulated CD/CPL properties and new chiroptical functions
such as stimuli-responsive chiroptical switches (vide infra).
Recently, we developed a double ‘rollover m-expansion’
(ROPE) strategy-enabled synthesis of an intriguing class of
neutral and cationic “expanded” poly-azahelicenes, embedded

© 2026 The Author(s). Published by the Royal Society of Chemistry
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with an imidazole/imidazolium-fused pyridine-based mixed
heterocyclic scaffold (Fig. 1D).'® While the cationic systems were
exploited as a novel class of redox-active electrocatalysts for the
CO,-reduction reaction (CO,RR) and hydrogen evolution reac-
tion (HER)," both the neutral and cationic compounds were
used as stimuli (pH and light)-controlled soft molecular springs
due to their flexible helical backbone.'® The same flexibility of
these expanded heterohelicenes prevents configurational
stability (calculated AG? value < 20 kcal mol™* at 25 °C). We
endeavoured to achieve the configurationally stable version of
our expanded heterohelicenes by introducing bulky tert-butyl
groups at the overlapping terminal rings of the helical rim
(strategy (d) mentioned above) (Fig. 1D). Consequently, we
successfully demonstrated the separation and isolation of the P
and M enantiomers and evaluated the chiroptical properties,

[RhCp*Cl,], (3 mol%),
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and finally, to showcase a potential application, uncovered
a highly reversible on/off chiroptical switching function with
the enantioenriched compounds by capitalizing on the
embedded pH-responsive imidazole moieties (Fig. 1D).

Results and discussion
Synthesis

The precursor for the target helicenes, 2,6-bis(2,7-di-tert-butyl-
9H-pyreno[4,5-d|imidazole-9-yl)pyridine (PYBIM) was synthe-
sized by the reaction of 2,6-difluoropyridine with 2,7-di-tert-
butyl-9H-pyreno[4,5-d|imidazole under basic conditions
(Schemes S1-S4; see SI for details). The targeted expanded poly-
aza[9]helicenes, HELI-1 and HELI-2, were obtained in good
yields (62-73%) by applying our ‘rollover m-expansion’ protocol
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Fig. 2 (A) Synthesis of m-expanded poly-aza[9lhelicenes HELI-1 and HELI-2. The reference non-‘Bu analogue compound HELI-3 (reported
previously by our group*®®) is also shown. (B) Crystal structures and comparison of key metric parameters of HELI-1 (CCDC 2485128) and HELI-3.
(C) Crystal packing and space-filling diagrams of HELI-1, showing the arrangement of the P/M isomers in the crystalline state. (D) Spring constant
plots of HELI-1 and HELI-3.1°" (E) Enantiomerization energy barrier (kcal mol™) of HELI-1, computed via the DFT method (B3LYP/6-311g(2d.p)

level of theory). TS = transition state. See S| for details.
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with the catalyst [RhCp*Cl,], on the precursor PYBIM with two
different internal alkynes (Fig. 2A). The compounds HELI-1 and
HELI-2 were both well characterized by NMR spectroscopy and
mass spectrometry studies (see SI for details).

Crystal structure

The helical structure of HELI-1 (Fig. 2B) was unambiguously
confirmed by single-crystal X-ray diffraction (SCXRD) analysis,
using suitable crystals grown by diffusing hexane into a di-
chloromethane solution of the compound at room temperature.
The crystal packing profile revealed alternating stacks of both
the P and M enantiomers aligned along the vertical axis,
resulting in a racemic columnar structure (Fig. 2C). At the
molecular level, analysis revealed that the helical pitch (d,;), the
vertical distance between the two terminal rings of HELI-1 was
4.64 A, which was much higher than that of our previously re-
ported non-‘Bu expanded heterohelicene analogue HELI-3 (d
= 3.66 A)."® The intersecting angle () between the two planes
passing through the two terminal rings was 37.2°, which is
markedly larger than that of HELI-3 (17.4°). The torsion angles
of two helicinic wings were 10.9° and 13.8°, exceeding those
observed for HELI-3 (9.4° and 12.8°). The higher values of the
helical pitch, angle, and torsion angles in HELI-1 were attrib-
uted to the presence of the bulky tert-butyl groups on the
overlapping terminal rings of the helicene rim, which imposed
severe steric hindrance between these two rings. Although we
could not obtain high-quality single crystals suitable for high-
quality diffraction data for HELI-2 despite several attempts,
the gross structure showed similar features to those of HELI-1
(see SI for details). The above structural characteristics sug-
gested the incorporation of the desired rigidity in the inherently
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flexible helicenic backbone of the expanded heterohelicenes
HELI-1 and HELI-2. Indeed, the molecular spring constant (k)
value of HELI-1 calculated via the density functional theory
(DFT) method (Fig. 2D and S5 in SI) was found to be 2.25 N m ™,
which was significantly higher than that (k = 1.64 N m™") of
HELI-3, indicating that the “Bu groups induced reduction of the
flexibility of the helical rim in the former compound. Overall, it
appeared that the presence of the bulky ‘Bu groups at the two
terminal overlapping rings would be able to restrict the easy
flapping of the terminal rings to a great extent, and therefore,
a high enantiomerization barrier was anticipated. Therefore, we
investigated the enantiomerization barrier for HELI-1 via DFT
using dichloromethane solvent at 298.15 K (Fig. 2E). The
AG: value was found to be 38.2 kcal mol~*, which was expect-
edly much higher compared to that of HELI-3 (AGE =
16.5 keal mol™" at 25 °C), as well as those of many other re-
ported expanded carbo/heterohelicenes, such as expanded [13]-
helicene®* (AGE theory = 13.0 keal mol ™" at 25 °C), the aza-bora
[9]-helicene’™ (AGE theory = 14.3 keal mol ™" at 25 °C) and [7}-
heliphene® (AGE experimental = 12.6 keal mol ' at —27 ©°C).
Similarly, the DFT -calculated enantiomerization barrier of
HELI-2 was found to be 39.1 kcal mol ™" (Fig. S4, SI), which is
comparable to that of HELI-1.

Chiroptical properties

The sufficiently high AGE value indicated the possibility of
chiral resolution of the P and M enantiomers of these new
expanded poly-[9]azahelicenes. We first chose HELI-2 for
investigating chiral resolution and follow-up chiroptical
properties. After a thorough screening of conditions, the P
and M enantiomers of HELI-2 were successfully resolved via
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(A) Absorption (bottom) of HELI-2 and mirror image CD (top) spectra of (P/M)-HELI-2 in hexane (18.0 uM). (B) Mirror image CPL spectra

(top; with left-hand-side Y-axis) and corresponding direct current (DC) spectra (bottom; with right-hand-side Y-axis) of (P/M)-HELI-2 in hexane
(solid line) and in DCM (dotted line) (18.0 uM). (C) Luminescence dissymmetry factors of (P/M)-HELI-2 in hexane (solid line) and in DCM (dotted
line); excitation: 330 nm. (D) Mirror image CPL spectra (top; with left-hand-side Y-axis) and corresponding DC spectra (bottom; with right-hand-
side Y-axis) of (P/M)-HELI-2 in solid thin film. (E) Luminescence dissymmetry factors of (P/M)-HELI-2 in solid thin film.
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chiral HPLC using a Daicel CHIRALPAK IA-3 column and n-
hexane/'PrOH (90: 10, v/v) as the eluent (Fig. S7, SI). The chi-
roptical properties and performances of the isolated P/M
enantiomers were evaluated in both solution and solid state
(thin film) using both CD and CPL studies.

The UV-vis absorption and CD spectra of the isolated enan-
tiomers (P/M) of HELI-2 are shown in Fig. 3A. The compound
showed intense absorption bands at 350-375 nm and 430-
500nm (¢ =54510 M ‘cm ' at355nm;e=19800M 'cm 'at
445 nm in DCM; Fig. S9, SI). The absolute configuration of P/M-
HELI-2 was determined by comparing the experimental and
simulated CD spectra (calculated using the DFT method,
Fig. S65, SI). The CD spectra of the two enantiomers as expected,
showed mirror-imaged bisignate signals between 250 nm and
550 nm (the P and M isomers showed positive and negative
ECD, respectively, at the absorption onset). The P/M-HELI-2
enantiomers displayed high absorption dissymmetry factors
(gabs = Ae/e) of £3 x 107 in hexane at 425 nm (Fig. S15, SI),
similar to those of many large m-extended helicenes.** The
linear dichroism (LD) experiments (Fig. S17 in the SI) ruled out
any LD contribution to the observed chiroptical properties,
implying that there is no macroscopic alignment of the chro-
mophore under the experimental conditions in either hexane or
dichloromethane. This is also supported by rotation-dependent
CD spectra (Fig. S16 in SI), where similar spectral features were
observed with rotation. HELI-2 showed strong fluorescence in
the 490-680 nm range with A,,,, = 560 nm in DCM solution
(Fig. S9b, SI) and A = 555 nm in hexane solution. The fluo-
rescence quantum yield was calculated to be 0.38 and 0.30 in
DCM and hexane, respectively (Table S4, SI). In the DC spectra,
Amax = 560 nm matches the emission spectra (Fig. 3B). The P/M-
HELI-2 showed mirror image CPL spectra with A, = 550 nm in
hexane and A4 = 560 nm in DCM, which matches both the
emission and DC spectra (Fig. 3B). The CPL dissymmetry factor
(g1um) Was measured to be =5 x 107> in hexane, and 43 x 107>
in dichloromethane (Fig. 3C), which seems to be promisingly
high and comparable to those of other relatively rigid carbo/
heterohelicenes.®*** As HELI-2 was sparingly soluble in
hexane, molecular aggregation occurred, which resulted in
a higher gi,m, value.” The dynamic light scattering (DLS) data
(Fig. S18 in SI) also suggested that the particle size is larger in

(A)
£ 10{. |
c . €0 o8 g0 06 °
B 5
< = (M)-HELI-2 in toluene
© 01 ® (P)-HELI-2in toluene
= = (M)-HELI-2 in ortho-dichlorobenzene
le)) ® (P)-HELI-2in ortho-dichlorobenzene
[} -5 4
©
é L] L
0_10 = "o L L wis]
O

-15 T

20 40 60 80
Temp (°C)

Fig. 4 (A) Change in the CD signal (at 450 nm) and (B) CPL signal
dichlorobenzene solution (concentration = 8 uM).
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hexane solution compared to that in DCM. Interestingly, the P
and M isomers of HELI-2 also showed emission in the solid-
state (Fig. 3D), and accordingly, they displayed mirror-image
CPL profiles in the solid-state (drop-cast film), with a high
Zum value of +4 x 107% (Fig. 3E). Thus, based on these
encouraging chiroptical performance parameters, the P and M
HELI-2 enantiomers exhibited potential for further practical
solid-state applications.

Similarly, HELI-1 exhibited absorption bands at 320-370 nm
and 420-500 nm (¢ = 59 900 M ' Lem ™ at 345 nm; ¢ = 17 600
M ' Lem ! at 435 nm in DCM,; Fig. S8, SI). The chiral resolution
of HELI-1 was also achieved, and the corresponding P and M
enantiomers displayed mirror-image CD and CPL spectra
(Fig. S12 and S13 SI). For HELI-1, the g.,s and g, values are
found to be +4 x 107% and 45 x 107, respectively, in DCM
(Fig. S12-S14, SI).

Temperature-dependent chiroptical properties

The stable chiroptical properties of these compounds at high
temperatures reinforced their suitability for further practical
applications. As hexane or DCM are low-boiling solvents,
toluene and ortho-dichlorobenzene were used for studying their
temperature-dependent chiroptical properties. Before per-
forming the experiment, we confirmed that HELI-2 was in
monomeric form in toluene via a DLS study (Fig. S18 in SI), and
ensured that similar chiroptical properties to those in DCM
solvent were retained (Fig. S23 in SI). The variation of the CD
signal at 450 nm as a function of temperature was measured in
toluene with a temperature gradient of 10 °C/50 min (Fig. S24-
S29 in SI). No change in the CD signal was observed up to 75 °C
with increasing temperature (Fig. 4A), which supported the high
AG:. In CP-OLEDs, chiral emitters often face heating-related
issues that can affect their stability and performance during
operation. Therefore, the retention of CPL properties at high
temperatures is essential. Thus, we also measured variable-
temperature CPL, and no change in Ay. (550 nm) or CPL
signal intensity was evident for either of the isomers (Fig. 4B,
and S38-S43 in SI) in the 25-75 °C range. The g, value also
remained constant up to 75 °C (Fig. S44 in SI). It is notable that
we did not observe the decay of the CD or CPL signal in toluene
solution up to 75 °C. Similarly, when ortho-dichlorobenzene was

(B) 30
£ . W W ® o
o 204 - . * . . . .
9]
© 10 ]
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(at 550 nm) of (P/M)-HELI-2 with temperature in toluene and ortho-
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used as the solvent, the CD and CPL properties were retained up
to 90 °C (Fig. S30-S37 and S45-S52 in SI).

In addition, we verified the stability of the representative
chiral (M)-HELI-2 under constant external heating at 160 °C for
up to 12 h, using ortho-dichlorobenzene as the solvent, and
monitored the CD signal at 2-hour intervals. Notably, no
detectable decrement in the CD signal was observed, which
further confirmed the high racemization barrier value of these
expanded helicenes (Fig. S54, SI). On that note, previously,
Nowak-Krol and coworkers reported azaborathia[9]helicene H;-
Me,, with a racemization barrier of 39.1 kcal mol™*, but no
racemization was observed at 170 °C in the solvent ortho-
dichlorobenzene.?

Furthermore, the half-life (¢,,) of the helical inversion
process of HELI-2 was evaluated at different temperatures using
the DFT method (Table S2, SI). At 25 °C, the t;/, value was found
to be very high (~10° years); only at very high temperatures,
such as at 300 °C, the t/, value is around 5.34 minutes. This
clearly indicates that the racemization of HELI-2 can be ach-
ieved only at very high temperatures, which is experimentally
very challenging.

Stimuli-responsive chiroptical switching

As mentioned earlier, owing to the presence of the embedded
pH-responsive imidazole moieties, this new class of expanded
poly-aza[9]-helicenes opened up the opportunity to explore
a stimuli (acid/base)-controlled on/off chiroptical switching
function with the P/M enantiomers.** Thus, consecutive treat-
ment of an acid (triflic acid, CF;SO;H) and a base (tri-
ethylamine, Et;N) with a solution of HELI-2 (Fig. 5A) was first
monitored via UV-vis absorption and fluorescence spectroscopy
(Fig. S55, SI). Upon protonation, both the absorption and the
emission bands of HELI-2 red-shifted from 446 nm to 514 nm
and from 560 nm to 663 nm, respectively, as the LUMO was

A . Ph Ph
Ph Ph
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stabilized upon protonation (Fig. S62, SI). In the TD-DFT
calculated UV-vis spectra, a similar red shift was present
(Fig. S63, SI). Moreover, the protonation process was also
monitored using 'H NMR spectroscopic studies (Fig S60, SI).
The emission intensity of the protonated HELI-2 was reduced
fivefold (Fig. S55 in SI). The original spectral profiles (both
absorption and emission profiles) could be regenerated upon
deprotonation by the addition of triethylamine (Fig. 5B and S55
in SI). Next, the pH-responsive reversible behavior was exam-
ined with the chiral P/M-HELI-2 isomers and monitored using
CD and CPL spectroscopy. The CD spectra of the P/M-HELI-2
isomers also showed changes, with red-shifted (by 30-40 nm)
peaks. Less-intense bands were observed at 350 nm and 488 nm
for the protonated P/M-HELI-2 (Fig. 5B). Upon protonation,
a red shift in DC spectra was observed (Fig. 5C). The CPL signal
at Anmax = 560 nm in DCM was found to be shifted to Aa ~
655 nm with much less CPL intensity when P/M-HELI-2 isomers
were treated with triflic acid (Fig. 5C). Interestingly, upon the
addition of triethylamine, the CPL characteristics were revers-
ibly retained (Fig. 5C), very similar to previously reported N-
doped octagon-containing hexabenzocoronene (HBC) sys-
tem."* The acid-base responsive reversible switching behavior
was also confirmed by monitoring the gj,, parameter of both
the enantiomers (Fig. 5D); upon protonation, the g, value was
found to be reduced to ~10~*. The above results demonstrated
a significant stimulus-controlled chiroptical switching capa-
bility of chiroptically stable enantiomers of this new class of
expanded poly-azahelicenes, which could be useful for further
specialized applications in the field.

In addition, for practical applications, the main requirement
is solid-state functionality.”® Thus, we investigated the acid-
base-responsive CPL switching of HELI-2 in the solid state
(drop-cast film). Upon exposure to acid (triflic acid) vapour, the
solid-state CPL intensity was found to be decreased signifi-
cantly. The CPL intensity was recovered upon exposure to base
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(A) Acid—base responsive reversible emission properties of HELI-2 in DCM solution. (B) Absorption (bottom; with right-hand-side Y-axis)

and CD (top; with left-hand-side Y-axis) spectra of (P/M)-HELI-2 in DCM (8.0 uM) upon consecutive addition of acid (HOTf) and base (EtsN). (C)
CPL (top; with left-hand-side Y-axis) and corresponding DC voltage (bottom; with right-hand-side Y-axis) spectra of (P/M)-HELI-2 in DCM (8.0
uM) upon consecutive addition of acid (HOTf) and base (EtzN). (D) Luminescence dissymmetry factors of (P/M)-HELI-2 in DCM (8.0 uM) upon

consecutive addition of acid (HOTf) and base (EtzN). Aexe = 330 nm.
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(triethylamine) vapour (Fig. S61, SI), indicating pH control over
the CPL output in the solid state. These results demonstrate the
viability of stimuli-responsive CPL modulation in solid-state
conditions relevant to device applications.

Conclusions

In conclusion, configurationally stable “m-expanded” 9-
azahelicenes with a significantly enhanced enantiomerization
energy barrier (>38 kcal mol ') have been synthesized conve-
niently using a simple catalytic methodology. These unique
helicenes can be easily separated into P and M isomers under
ambient conditions. The optically pure chiral helicenes
exhibited a high absorption dissymmetry factor gaps (3 x 107>
in solution) and luminescence dissymmetry factor gium (£5 X
10~ in solution and +4 x 10~ in solid state), surpassing even
those of classical [7]-helicenes. Additionally, the imidazole rings
within the helicene core of these molecules endowed them with
acid/base-responsive  chiroptical ~ switching  properties.
Crucially, the CPL properties exhibited thermal stability up to
160 °C, indicating their suitability for potential chiral
applications.
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