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Recent research has seen growing interest in synthesizing inherently chiral macrocycles, driven by their
potential applications in chiral supramolecular chemistry. We present herein our design and synthesis of
a series of novel inherently chiral macrocycles. These compounds, termed homo-heteracalixarenes,
feature a 1,2-diphenylethyne fragment that replaces one of the aryl-heteroatom-aryl linkages found in

classic heteracalix[4laromatics. De novo macrocyclization of linear achiral substrates via an

intramolecular Sonogashira cross-coupling reaction affords the 17- or 18-membered chiral cyclophanes
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a key reactive handle for macrocycle-to-macrocycle derivatization. Further, we showed the unique
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macrocyclic structures and demonstrated interesting chiroptical properties of the obtained
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Introduction

“Inherent chirality” was first introduced by Bohmer in 1994 to
characterize chiral calixarenes lacking both a plane of symmetry
and an inversion center.' As later elaborated by Mandolini and
Schiaffino in 2004, the introduction of curvature into an ideal-
ized planar molecular structure that already lacks symmetry in
its bidimensional representation generates inherent chirality.?
This concept has gained widespread acceptance and is now
routinely employed in macrocyclic and supramolecular chem-
istry.>* Inherently chiral macrocycles (ICMs) exhibit several
distinctive features: (1) they possess a chiral cavity as a defining
structural characteristic; (2) their structural diversity is signifi-
cantly enhanced since the building blocks are not restricted to
chiral molecules; (3) the unrestricted selection of constituent
units enables more flexible design and precise modulation of
chiral cavities with tunable geometries, dimensions, and elec-
tronic properties. These distinctive advantages make ICMs
promising candidates for applications in enantioselective
recognition, asymmetric catalysis, and chiroptical devices.
However, the reliance on chiral HPLC separation for obtaining
enantiopure ICMs in early studies posed a bottleneck for
advancing chiral supramolecular development. Pleasingly,
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enantioenriched homo-calixarenes and their derivatives.

recent advances have revolutionized the enantioselective
synthesis of ICMs. Since 2020, our group and others have
established catalytic strategies, including
(dynamic) kinetic resolution®” and desymmetrization of pro-
chiral macrocycles.® These methodologies have enabled the
efficient construction of highly enantioenriched inherently
chiral macroarchitectures, including calixarenes,*® resorcinar-
enes,' and pillararenes,” as well as hydrocarbon molecular
belts'* and cage-shaped molecules."

The above strategies utilized symmetric macrocycles or
racemic mixtures of ICMs as starting materials. However, since
such macrocyclic precursors are predominantly synthesized via
condensation of electron-rich aromatic compounds with alde-
hydes, the majority of classical macrocycles, represented by
calixarenes, resorcinarenes, and pillararenes, are composed of
electron-rich aromatic segments." Consequently, the electronic
properties and structural diversity of the macrocyclic cavities
remain relatively limited. Recently, our group pioneered a de
novo synthetic route for the synthesis of ABCD-type inherently
chiral heteracalix[4]aromatics with ee values up to >99%."**®
Specifically, we first constructed ABCD-type linear oligomers
from monomeric fragments through a fragment coupling
approach, followed by a Pd-catalyzed asymmetric Buchwald-
Hartwig macrocyclization of the linear precursors to synthesize
the ICMs (Scheme 1a).* The de novo synthetic approach enables
modular incorporation of monomeric fragments with diverse
structural and electronic properties during the synthesis of
linear precursors, significantly expanding the structural diver-
sity and functionality of ICMs. We subsequently developed an

asymmetric
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enantioselective intramolecular Suzuki-Miyaura reaction to
synthesize nor-heteracalix[4]arenes featuring a biaryl linkage.*®
To further showcase the unique capability of the de novo
strategy in accessing unprecedented chiral macrocyclic archi-
tectures with tailored functionalities, we present in this work
the construction of a novel family of inherently chiral
homocalixarenes (Scheme 1b). We propose an intramolecular
catalytic asymmetric Sonogashira coupling of linear oligomers
bearing terminal alkynes and aryl iodides to access these chiral
macrocycles featuring endocyclic alkyne linkages. Post-
macrocyclization transformation of the alkyne functionality
could enable diverse structural derivatization. The challenges in
this process are manifold: not only does it require the
construction of a strained endocyclic alkyne, but also the newly
formed chemical bond does not dictate the inherent chirality.
This stands in sharp contrast to de novo catalytic asymmetric
synthesis of axially chiral compounds where chirality is gener-
ated directly via the generation of an aryl-aryl bond, facilitating
therefore effective chirality transfer between the catalyst and
substrates. Notably, the catalytic asymmetric Sonogashira
reaction enabling intramolecular macrocyclization with
concomitant enantioselective control has never been reported.

Optimization of reaction conditions

To begin with, our starting reagent linear tetramer 1a containing

arylacetylene and aryliodide at both termini can be efficiently
a) Previous work: Heteracalixarenes and its enantioselective synthesis
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Scheme 2 Enantioselective intramolecular Sonogashira reaction:
optimization of conditions. [a] Formation of 2a’ instead of 2a.

synthesized via a fragment coupling approach (SI). We examined
the catalytic enantioselective Sonogashira macrocyclization of
linear substrate 1a to synthesize ICM 2a. The nature of chiral
ligands was found to impact not only the enantioselectivity of the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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reaction but also the products (Scheme 2 and Table S1). Although
bidentate phosphine ligands L1-L3 failed to yield the desired
homoheteracalix{4]Jarene 2a, they unexpectedly afforded the
cyclodimer 2a’ (Scheme 2 and SI), albeit in low yields (<5%). The
chiral spiro bidentate phosphine ligand SDP (L4) afforded the
target homocalix[4]arene 2a in 32% yield, however the product
was racemic. Unlike chiral bisphosphine ligands, chiral phos-
phoramidite (L5-L8) demonstrated superior performance, not
only completely suppressing the formation of the dimeric 2a’ but
also exhibiting remarkable chiral induction for 2a. As shown in
Scheme 2 (see the SI for details), the (R)-1,1"-spirobiindane-7,7'-
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diol derived phosphoramidites (R)-SIPHOS (L7) stood out as the
most promising candidate when compared with BINOL- or Hg-
BINOL derived ligands (L5 and L6), affording 2a in 30% yield with
46% ee. Notably, the structurally distinct SPHENOL phosphor-
amidite L8, developed by Sun's group,"” demonstrated further
improvements in both yield (36%) and enantioselectivity (66%
ee). Using L8 as the chiral ligand, after systematically varying the
base, the temperature, the solvent and the palladium sources, the
optimum conditions found consisted of performing the intra-
molecular Sonogashira macrocyclization of 1a in THF/PrNH (v/v
=1:1,¢0.05 M) at 35 °C in the presence of PdI, (0.1 equiv.), Cul

‘Bu
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Scheme 3 Enantioselective intramolecular Sonogashira reaction: scope of the reaction.
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(0.1 equiv.), and L8 (0.2 equiv.). Under these conditions, 2a was
isolated in 20% yield with 88% ee. It is noteworthy that the
enantiopurity of 2a could be further enhanced to 96% ee via
a single recrystallization step using a solvent system of di-
chloromethane and n-heptane. For a 100 mg scale of 2a, the
recrystallization yield was approximately 70-80%.

Scope of the reaction

With the optimal conditions established, the scope of this
enantioselective Sonogashira reaction was next examined. As
shown in Scheme 3, varying the substituent at the C6 position of
the 1,3,5-triazine from a dimethylamino group to a diethylamino
group (2b) or a methoxy group (2¢) did not significantly alter the
yields and ee of the products. Diminished enantioselectivity was
observed when the substituent was further replaced with an
ethoxy group (2d). The benzyloxy moieties bearing an electron-
donating (Me) or an electron-withdrawing group (F, Cl) at
different positions are compatible (2e-2g). However, replacing
the bridging CH, with a carbonyl group prevented the formation
of the lactam-containing macrocycle 2h, likely due to restricted
conformational flexibility of the linear tetramer 1h. When the
amide moiety was relocated from endocyclic to exocyclic, the
macrocyclization afforded desired 2i in 30% yield, but with
a significantly reduced enantioselectivity (18% ee). This suggests
that conformational preference critically determines the success
of intramolecular cyclization, particularly for such structurally
rigid alkyne-containing macrocycles. Furthermore, although
distant from the cyclization site, the acyl group may coordinate to
Pd and adversely affect the enantioselectivity. The bridging N-Me
could be replaced by an oxygen atom (2j) or N-H (2k), albeit with
reduced enantioselectivity in the latter case. However, it is
regrettable that the N-allyl group was not compatible under the

Fig.1 Single crystal X-ray molecular structures of Ri.-2a (top) and rac-
4a (bottom).
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reaction conditions (21). The absolute configuration of 2a was
assigned to be R;. on the basis of its X-ray structure (Fig. 1).'**
To further extend the reaction scope, we examined the O,Nj-
bridged inherently chiral homocalix[4]arenes. Compared with
the previous product 2, one carbon atom was removed from the
macrocyclic skeleton. The linear tetramer 3 was synthesized
efficiently via a fragment coupling strategy (Scheme 4 and SI).
Next, we explored the enantioselective macrocyclization of 3a.
Interestingly, while chiral phosphoramide ligands worked well
for the intramolecular Sonogashira coupling of 1, they failed
with substrate 3a. However, the chiral bisphosphine ligands,
previously observed to promote dimerization in the reaction of
1, proved effective here, yielding the desired ICM 4a with good
enantioselectivity (Scheme 4 and Table S2). Through condition
screening, we found the enantioselective macrocyclization of 3a
required elevated temperatures, with C3-TUNEPHOS (L3)
emerging as the optimal chiral ligand (see the SI for details).
The optimum conditions found consisted of heating a solution
of 3a in 1,4-dioxane/’PrNH (v/v = 1: 1, ¢ 0.005 M) at 85 °C in the
presence of Pd(dba), (0.2 equiv.), Cul (0.2 equiv.) and L3 (0.4
equiv.). Under these conditions, compound 4a was isolated in
15% yield with 88% ee. Altering either the dimethylamino group
on the triazine ring (4b) or benzyloxy group on the phenyl ring
(4c) did not influence the reaction, yielding the products in 18%
and 12% isolated yields with 90% and 88% ee, respectively.
Overall, linear tetramer 1 afforded the macrocyclization product
2 in 20-30% yield, whereas its shortened analogue 3 (lacking
one backbone carbon) gave a lower yield of 10-20% yield. The
modest yields were mainly due to competing oligomerizations.

Structures and applications

The incorporation of a rigid 1,2-diphenylethyne fragment
significantly enhances the structural rigidity and ring strain of
the inherently chiral macrocycles. As shown in Fig. 1, the X-ray
crystallographic analysis of compounds 2a and 4a demon-
strates a striking conformational contrast to conventional
heteroatom-bridged calix[4]arenes, which typically adopt the 1,3-
alternate conformation.?** These homoheterocalix[4]arene
macrocycles exhibit a pronouncedly distorted architecture. Apart
from the benzene ring bearing sterically hindered substituents at
both upper and lower rims, the remaining three aromatic
components maintain a nearly coplanar equatorial arrangement.
Specifically, 2a adopts a twisted partial cone conformation, while
4a exhibits a distorted 1,2-alternate conformation. The highly
rigid macrocyclic framework effectively restricts the ring-flipping
of the benzene unit bearing substituents on both upper and
lower rims, thus preserving their stable, non-racemizing chiral
configurations. Notably, the alkyne bonds within the macrocycles
exhibit significant bending (highlighted by bold green lines in
Fig. 1). The alkyne bond angles in the 18-membered macrocycle
2a are 173° and 165°, respectively, while the bending is more
pronounced in the 17-membered ring 4a, with its alkyne bond
angles further compressed to 168° and 157°.

The introduction of a strained alkyne moiety within the
macrocyclic skeleton offers a versatile handle for post-
functionalization of the chiral homocalix[4]arenes, allowing

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 4 Catalytic enantioselective Sonogashira macrocyclization of 3.

efficient access to a diverse array of novel inherently chiral
macrocycles with high optical purity through subsequent alkyne
transformation reactions. As illustrated in Scheme 5, using 2a
with high optical purity (ee > 96%) as a starting material,
macrocycle-to-macrocycle synthesis was achieved. Heating 2a
with tetraphenylcyclophentadienone in refluxing xylenes trig-
gered a Diels-Alder/cheletropic reaction sequence, delivering
the hexaphenylbenzene-incorporating ICM 5 in 51% yield.
Under identical reaction conditions, the cycloaddition of 2a
with 3,6-diphenyl-1,2,4,5-tetrazine afforded the ICM 6
embedded with a pyridazine moiety. Additionally, the 1,2-di-
arylation of the internal alkyne in 2a was achieved via an
intermolecular cross-coupling reaction involving an aryl iodide

© 2025 The Author(s). Published by the Royal Society of Chemistry

and an arylboronic acid. This transformation produced the
desired novel macrocycle 7 in 54% yield, successfully embed-
ding a tetraphenylethene (TPE) unit into the inherently chiral
macrocyclic skeleton. The ICMs (5-7) were determined unam-
biguously with the single crystal X-ray diffraction method
(Scheme 5). These novel macrocyclic molecules retain the
partial cone conformation of the precursor 2a. Each monomer
unit retains its original spatial orientation relative to the
macrocyclic equatorial plane throughout the transformation.
However, compared to 2a, macrocycles 5-7 exhibit significantly
reduced conformational distortion due to the change in
hybridization state of the skeletal carbon atoms (from sp to sp?).
It is worth noting that the ee was well preserved in the resulting

Chem. Sci.
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Scheme 5 Construction of novel inherently chiral macrocycles with high optical purity via post-modification of Ri.-2a.

chiral macrocycles (5-7) generated from the above trans-
formations. Prolonged heating under high temperature (with
xylenes refluxed for 72 h) did not cause racemization for these
18-membered macrocycles, indicating the high stability of their
inherent chirality due to the steric effect of bulky substituents
on the benzene unit.

Our interest in the chiroptical properties of inherently chiral
macrocycles® 14162223 prompted us to investigate circular
dichroism (CD) and circularly polarized luminescence (CPL) of
the homoheterocalix[4]arene 2a and its derivatives 5-7. The
Cotton effects observed in CD spectra align with their UV-vis
absorption maxima (Fig. 2a and c). For compound 2a contain-
ing an internal alkyne, the longest-wavelength absorption peak
in the UV-vis spectrum is A = 305 nm, with a molar extinction
coefficient (&) of 1.9 x 10* M~ em™". Correspondingly, the CD
spectrum of 2a exhibited a negative Cotton effect at the same
wavelength (g.,s = —1 x 107°). Interestingly, despite being
derived from the same chiral macrocycle R;.-2a, 5-7 display
significantly different Cotton effects at the longest wavelength
with sign inversion from negative to positive. Their absorption

Chem. Sci.

profiles exhibited substituent-dependent shifts relative to 2a.
Introduction of the hexaphenylbenzene moiety in 5 induced
a pronounced hypsochromic shift and sign inversion (Ax =
—23 nm, gups = +2.3 x 107°), while incorporation of either
pyridazine (6) or TPE (7) fragments resulted in bathochromic
shifts of AA = +43 nm (gaps = —2.5 x 107%) and +21 nm (gups =
+4.6 x 107%), respectively. X-ray crystallographic analysis
revealed that the observed spectral shifts correlate with distinct
conformational changes induced by each substituent (Scheme 5
and Fig. S22-S27). Upon irradiation, compound 2a in CH,Cl,
solution exhibited fluorescence emission at A.,, = 454 nm with
a quantum yield (@) of 3.0%. In contrast, 5 displayed signifi-
cantly quenched emission (A, = 454 nm, hypsochromically
relative to 2a), while macrocycles 6 and 7 were essentially non-
emissive in solution (Fig. 2d and the SI). Moreover, we found
that the single crystals of compound 7 emit cyan fluorescence
under UV irradiation, whereas crystals of 5, 6, and 2a remain
non-emissive (Fig. 2b). The fluorescence emission wavelength
of 7 in the solid state was at 480 nm, bathochromically shifted
relative to 2a and 7 in CH,Cl, solution (Fig. 2d). Single crystal

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 (a) CD spectraof 2a, 5, 6, and 7 in CH,Cl, (c 1 x 107>); (b) CPL spectrum of 7 in the solid state and the crystal photos of compound 7 under
daylight and UV light; Normalized UV-vis (c) and fluorescence (d) spectra of 2a, 5, 6, and 7 in CH,Cl, (c 2 x 107°) and 7 in the solid state.

packing analysis of 7 revealed that the phenyl groups of the TPE
moiety participate in multiple intermolecular CH-pi interac-
tions with neighboring macrocycles in the solid state (Fig. S27,
SI). This rigidification effectively suppresses the free rotation of
the TPE's exocyclic phenyl moieties, resulting in aggregation
induced emission (AIE) characteristics. Accordingly, compound
7 derived from R;.-2a exhibited no detectable CPL in solution.
However, it displayed a pronounced positive CPL signal with
a luminescence dissymmetry factor (gium) of 1.5 x 107> (Fig. 2b)
in the solid state, suggesting its potential in the area of chiral
photofunctional materials.

Conclusions

In summary, we have designed and synthesized a new class of
enantioenriched homo-heteracalixaromatics by means of de
novo macrocyclization using an intramolecular Sonogashira
cross-coupling reaction. Remarkably, the ICMs synthesized
display distinct structural and functional features compared to
conventional calixarenes and heteracalixarenes. The strategic
integration of strained alkyne motifs within macrocyclic
frameworks facilitates efficient post-functionalization, enabling
the construction of an expanded library of inherently chiral
macroarchitectures with unprecedented structural diversity.
Additionally, we have revealed the structures and intriguing

© 2025 The Author(s). Published by the Royal Society of Chemistry

chiroptical properties, including the AIE effect and the
pronounced CPL of the acquired ICMs in the solid state. This
research opens the door for the exploration of novel and
sophisticated inherently chiral macrocyclic structures with
outstanding physical and chemical properties, as well as
potential applications.
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