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In this study, we implemented the P,olefin-type chiral ligand (aR)-(—)-6, which contains a cyclohexyl group and a cinnamoyl group

on the nitrogen atom, in the Pd-catalyzed asymmetric allylic amination of allylic esters with isatin derivatives 11 as nucleophiles.

The reaction proceeds efficiently, yielding the products (S)-13 with good-to-high enantioselectivity. A scale-up reaction was also

successfully conducted at a 1 mmol scale. Additionally, when malononitrile was added to the resulting product (S)-13a in the pres-

ence of FeClj3 as the catalyst, the corresponding malononitrile derivative (S)-16 was obtained without any loss in optical purity.

Introduction

Isatin is a well-known natural indole derivative. Due to the
broad biological activities of its derivatives, extensive research
has been conducted on their synthesis. Furthermore, the isatin
framework is a versatile starting material for various transfor-
mations, including multicomponent reactions and the synthesis

of spirocyclic compounds [1-3]. The nucleophilicity of isatin at

the nitrogen atom allows it to participate in reactions such as
alkylation [4], arylation [5], and aza-Michael addition [6-8].
However, the products obtained from these reactions are
primarily achiral or racemic, and only a few studies have re-
ported the use of isatin as a nucleophile in asymmetric reac-

tions [9-11]. On the other hand, it has been revealed that com-
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pounds in which the carbon bonded to the nitrogen atom of
newly constructed N-substituted isatin becomes a chiral center
exhibit pharmacological properties in medicinal chemistry. For
example, racemic compound 1 (Figure 1) was evaluated for its
cytotoxicity against human breast cancer cells (MCF7) in com-
parison to the standard doxorubicin and exhibited excellent ac-
tivity against the MCF7 cell line [12]. The optically active com-
pound 2 also showed activity against Huh7.5-FGR-JC1-RIluc2A
cells, which carry HCV gt 2a [13].

1 2

Figure 1: Compound 1 and 2.

Therefore, developing asymmetric reactions that simultaneous-
ly form a carbon—nitrogen bond and construct a chiral center is
of great importance. Although a relatively large number of
asymmetric allylic amination reactions using palladium cata-
lysts with amines as nucleophiles have been reported [14-25],
there have been only a few reports on the N-substitution of
isatin using asymmetric methods. Recently, Wolf’s group re-
ported a transition-metal-catalyzed (Pd-catalyzed) asymmetric
allylic amination of allyl esters using isatin as a nucleophile. In
this reaction, bisphosphine-type ligands such as BINAP and
SEGPHOS derivatives, as well as P,N-type ligands like oxa-
zoline-type ligands, were utilized as chiral ligands [26]. On the
other hand, several groups have recently reported new chiral
ligands with axial chirality for Pd-catalyzed asymmetric allylic
substitution reactions. For example, the Zhou group reported a
P,olefin-type chiral ligand 3 with C—C bond axial chirality for
this reaction (Figure 2) [27]. Additionally, we have recently re-
ported chiral ligands with C-N bond axial chirality, such as
N-alkyl-N-cinnamyl-type chiral ligands 4 [28,29] and § [30],
and a P,olefin-type chiral ligand 6 [31] with a cinnamoyl group
instead of a cinnamyl group. In particular, the chiral ligand 6 is
effective in the Pd-catalyzed asymmetric allylic substitution
reaction of allylic esters with indoles. Here, we describe the
Pd-catalyzed asymmetric allylic amination of allylic esters with
isatin as a nucleophile using chiral ligand 6 and its derivative 7.
Compared to chiral ligand 6, which has a secondary alkyl group
(cyclohexyl) as a substituent on the nitrogen and has already
been reported, compound 7 has a primary alkyl group

(n-propyl). This difference reduces steric hindrance and lowers
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the rotational barrier around the carbon—nitrogen bond, increas-

ing the likelihood of racemization.
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Figure 2: Chiral ligands 3-7.

Results and Discussion
N-Propyl-N-cinnamoylamide 7 was prepared from phosphine
oxide 8 [32] via an SyAr reaction with nucleophilic lithium
amide from n-propylamine, the reduction of phosphine oxide 9
by trichlorosilane/triethylamine, and the N-acylation of 10 with
cinnamoyl chloride in three steps (Scheme 1). We also analyzed
amide compound 7 by HPLC analysis using a chiral stationary
phase column with a CD detector and found that the
C(aryl)-N(amide) bond axial chirality exists in amide com-
pound 7. We attempted the optical resolution of racemic com-
pound (£)-7 and obtained (+)-7 and (—)-7 using a semi-prepara-
tive chiral HPLC on 50 milligram scales. We also investigated
the racemization process associated with the axial chirality of
compound 7 (see Supporting Information File 1). The racemiza-
tion barrier (AGimc) of (—)-7 in n-dodecane was determined to
be 25.0 kcal/mol at 25 °C, as calculated using the Arrhenius and
Eyring equations [33-35]. Therefore, the half-life of racemiza-
tion of ligand (—)-7 at 25 °C in n-dodecane is approximately
1.3 days, which is faster compared to ligand 6, which has a half-
life of about 3.7 days [31].

We next investigated the ability of optically active amides (aR)-
(—)-6 and (—)-7 as chiral ligands for the Pd-catalyzed asym-
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Scheme 1: Preparation and optical resolution of 7.
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metric allylic amination of allylic acetate, such as a 1,3-
diphenyl-2-propenyl acetate (12) with isatin (11a). We began
the investigation under conditions using 5 mol % of
[Pd(C3H5)Cl], (Pd = 10 mol %) and 12 mol % of chiral ligands
(Table 1).

The reaction with (aR)-(—)-6 as the chiral ligand and K,COj5 as
the base in CHCl; gave the desired product (S)-13a in 72%
yield with 87% ee (Table 1, entry 1). In contrast, the reaction
with (—)-7 afforded (S)-13a in significantly lower yield, albeit
with an enantioselectivity similar to that of the reaction with 6
(Table 1, entry 2). This result clarifies that (—)-7, with a racemi-
zation half-life of only approximately 1.3 days, also has a chiral
induction ability. However, improvement is required in terms of
the reactivity of the catalytic reaction. Subsequently, we investi-
gated the effect of the base using (aR)-(—)-6 by testing various
bases. The reaction in the presence of NayCOs3 delivered the
product in 99% yield, although the enantioselectivity slightly
decreased compared to the reaction using K,CO3 (see Table 1,
entry 1 vs entry 3). The use of Cs,CO3 resulted in a significant
drop in the yield (Table 1, entry 4), whereas NaOAc improved
the yield but slightly lowered the enantioselectivity (Table 1,
entry 5). Other potassium salts such as K3POy led to a low yield

Table 1: Optimization of conditions for the Pd-catalyzed asymmetric allylic amination of acetate 12 with isatin (11a).2

[Pd(n3-allyl)Cl], (Pd = 10 mol %)

(aR)-(=)-6 (12 mol %)
base (2.0 equiv)

o]
OAc
+
@i:,gio Ph/\)\Ph
H
(2.0 equiv)
11a 12

Entry Base Solvent
1 KoCO3 CHCl3
od KoCO3 CHCl3
3 Nao,CO3 CHCl3
4 CsoCO3 CHCl3
5 NaOAc CHCl3
6 K3POq4 CHCl3
7 NagPOq4 CHCl3
8 NazgPOy4 CHJClo
9 NazPOq4 CH3CN
10 NagPOy4 THF

11 NagPO, DMF
12 NagPOy4 PhCF3
13¢ NagPOy4 PhCF3
14f NaszPO4 PhCF3

solvent (0.2 M)

25°C,48h o p
(S)-13a

Yield (%)° ee (%)°
72 87

3 84

99 85

19 86

89 86

12 86

60 88

88 92

75 93

74 93
trace -

84 95

50 86

80 94

aThe reaction was carried out at 0.1 mmol scale. Plsolated yield. °Determined by chiral HPLC analysis using a chiral column. Absolute configuration
was assigned by comparison of HPLC analysis with reported data [26]. 9This reaction was carried out using (-)-7 instead of (aR)-(-)-6 as a chiral
ligand. €This reaction was carried out using 1,3-diphenylallyl pivalate (14) instead of acetate 12. This reaction was carried out at a 1.0 mmol scale.
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of the product (Table 1, entry 6). Meanwhile, when Na3POy
was tested, the yield decreased, but the enantioselectivity im-
proved to 88% ee (Table 1, entry 7). With Na3zPOy as the
optimum base, which showed the highest enantioselectivity, we
conducted a solvent screening. The reaction in CH,Cl; resulted
in better yield and enantioselectivity than in CHCIl3 (Table 1,
entry 8). The coordinating solvents, CH3CN and THF, further
improved the enantioselectivity to 93% ee (Table 1, entries 9
and 10). In contrast, the reaction barely proceeded when DMF
was used (Table 1, entry 11). The reaction in PhCF3 afforded
the target product in a good yield with the highest enantioselec-
tivity compared to other solvents (Table 1, entry 12). Further-
more, when (E)-1,3-diphenyl-2-propenyl pivalate (14) was
tested as the allyl ester, the desired product (S)-13a was ob-
tained with a yield of 50% and an enantioselectivity of 86% ee
(Table 1, entry 13). Additionally, the scale-up reaction using
1 mmol of isatin (11a) as the nucleophile under the optimal
conditions (Table 1, entry 12) afforded the desired product

Beilstein J. Org. Chem. 2025, 21, 1018-1023.

(S)-13a with nearly the same yield and enantioselectivity as the

0.1 mmol scale reaction (entry 14).

Next, we investigated the substrate scope of the palladium-cata-
lyzed asymmetric allylic amination of 1,3-diphenyl-2-propenyl
acetate (12) with isatin derivatives 11 as nucleophiles under the
optimized conditions using (aR)-(—)-6 as the ligand and Na3PO,
as the base in PhCFj as the solvent (Scheme 2). An isatin deriv-
ative bearing a chloro group at the 4-position afforded the
desired product (S)-13b with good yield and enantioselectivity.
Similarly, an isatin derivative with a methyl group as an elec-
tron-donating group at the 5-position gave (S)-13c¢ in good
yield, although with slightly decreased enantioselectivity. The
introduction of the chloro group at the same position led to a
moderate yield for (S)-13d, while the enantioselectivity
remained high. In contrast, the reaction with the isatin deriva-
tive bearing a nitro group at the 5-position did not proceed, and
(8)-13e was not produced. Likewise, no reaction occurred with

0 [Pd(n3-allyl)Cl], (Pd = 10 mol %) RS ) o
OAc  (aR)-(-)-6 (12 mol %), NazPOy, (2.0 equiv) N
= ’ 3 4 qu
R{\/I\#o NN - N O
XN Ar” T A PhCF3 (0.2 M)
H (2.0 equiv) 25°C, 48 h AN
11 12 or 15 (S)-13
o
0 0 Me 0 Cl 0 02N 0
:@ © N O :rsj © :uj © iuj ©
X : ¥ H H H
PR " ph P N"pp P N"pp PN pp P " pp
(S)>-13a (S)-13b (S)-13¢ (S)-13d (S)-13e
84%, 95% ee 89%, 94% ee 99%, 92% ee 49%, 95% ee no reaction
FaCO o) o) 0 0 o)
N0 N0 N0 N0 NT O
P N"pp " P " ph P "ph P "pp
(S)-13f (S)>-13g (S)>-13h (S)-13i (S)-13j
no reaction 85%, 92% ee 91%, 94% ee 79%, 93% ee 66%, 93% ee

0
QNQO

Cl
PN pp

(S)-13k
85%, 67% ee

et
’2‘ (0]

X

(S)-131 Cl

82%, 92% ee

Scheme 2: Pd-catalyzed asymmetric allylic amination of acetate 12 (Ar = Ph) or 15 (Ar = p-CICgH,4) with isatin derivatives 11 using (aR)-(-)-6 as a
chiral ligand: The reaction was carried out at 0.1 mmol scale; yields refer to isolated yields.
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a trifluoromethoxy-substituted derivative, resulting in no forma-
tion of (S)-13f. Reactions using isatin derivatives bearing
halogen substituents at the 6-position proceeded efficiently,
affording (§)-13g—i in good yields with high enantioselectivi-
ties. Conversely, the isatin derivative bearing a methoxy group
at the 6-position led to a decreased yield for (S5)-13j, though the
enantioselectivity remained high. Additionally, we tested the
reaction using an isatin derivative with a chloro group at the
7-position and obtained (S)-13k in good yield with moderate
enantioselectivity. Furthermore, when (E)-1,3-di(p-chloro-
phenyl)-2-propenyl acetate (15) was utilized as an allylic
acetate, the desired product (S)-131 was obtained in high yield
with excellent enantioselectivity. We confirmed that the prod-
uct 13 from the Pd-catalyzed asymmetric allylic amination of
allyl esters with isatin using (aR)-(—)-6 possesses an S-configu-
ration. This stereochemical outcome follows the same reaction
mechanism as the Pd-catalyzed asymmetric allylic substitution
of allyl esters with indoles using (aR)-(—)-6 [31]. To explore
further applications of this product, we treated (S)-13a (94% ee)
with malononitrile in the presence of FeCls as a catalyst [36]
and obtained the corresponding malononitrile derivative (S)-16

without any loss of optical purity (Scheme 3).

NC
O malononitrile CN
FeCl3 (10 mol %)
N © DMF (0.2 M) N ©
o X" pp, 50°C, 2h P X"pp,
(S)-13a (S)-16
94 % ee 70%, 94% ee

Scheme 3: Transformation of the reaction product (S)-13a: The reac-
tion was carried out at 0.1 mmol scale and the yield refers to the isolat-
ed yield.

Conclusion

In this study, N-propyl-N-cinnamoylamide 7 was synthesized in
three steps from phosphine oxide 8. Chiral HPLC analysis con-
firmed its axial chirality at the C(aryl)-N(amide) bond. The
optical resolution of ()-7 yielded (+)-7 and (—)-7. The racemi-
zation barrier of (—)-7 in n-dodecane was determined to be
25.0 kcal/mol at 25 °C, with a half-life of approximately
1.3 days. The chiral amides (aR)-(—)-6 and (—)-7 were evalu-
ated as ligands in Pd-catalyzed asymmetric allylic amination,
and while (—)-7 exhibited promising enantioselectivity, its yield
was lower than (aR)-(—)-6. Further optimization of reaction
conditions led to improved yields and enantioselectivities up to
95% ee. Moreover, the reaction was successfully scaled up to
1 mmol. The substrate scope was investigated using various
isatin derivatives, yielding high enantioselectivities (up to

95% ee) for most, except for those bearing certain electron-

Beilstein J. Org. Chem. 2025, 21, 1018-1023.

withdrawing groups. Additionally, we demonstrated the further
conversion of (§)-13a into the malononitrile derivative (S)-16

without loss of optical purity.

Supporting Information

Data of thermal racemization of 7, DFT calculations for
investigating racemization mechanism of 7, general
methods and materials, experimental procedures and
characterization data, 'H, 13C and 3'P NMR spectra for 9
and 10, 'H, '3C and 3'P NMR spectra and HPLC charts for
(#)-7, (+)-7 and (-)-7, 'H and 13C NMR spectra and HPLC
charts for (5)-13a-k (except (S)-13e) and (S)-16.

Supporting Information File 1

Experimental section and compounds characterization.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-21-83-S1.pdf]
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Abstract

Helicenes, a class of non-planar polycyclic aromatic hydrocarbons composed of ortho-fused aromatic rings forming helical archi-
tectures, have attracted considerable attention due to their intrinsic chirality and tunable optoelectronic properties. Among them,
nitrogen-doped helicenes (azahelicenes) and their heteroatom-co-doped counterparts — such as B/N-, O/N-, S/N-, and Se/N-doped
helicenes — have emerged as highly versatile scaffolds for chiral optoelectronic applications. The incorporation of nitrogen enables
precise modulation of electronic structures, redox characteristics, and intermolecular interactions, thereby enhancing performance in
circularly polarized luminescence (CPL), thermally activated delayed fluorescence (TADF), and chiral sensing. Notably, recent de-
velopments have yielded m-extended, structurally robust, and stimuli-responsive azahelicenes exhibiting record-high dissymmetry
factors (|gapsl and |g1uml), elevated CPL brightness (Bcpy), and efficient integration into CPL-OLEDs and redox-switchable emitters.
Boron—nitrogen co-doping strategies, in particular, have facilitated the development of materials with ultra-narrowband emissions,
near-unity photoluminescence quantum yields, and electroluminescence dissymmetry factors (|ggL|) exceeding 1073, Likewise,
heteroatom co-doping with oxygen, sulfur, or selenium enables spectral tuning across the visible to near-infrared range, improved
photostability, and dual-state emissive behavior. In parallel, significant progress in synthetic methodologies — including enantiose-
lective catalysis, electrochemical cyclizations, and multicomponent reaction systems — has granted access to increasingly complex
helicene frameworks with well-defined chirality. This review systematically summarizes recent advancements in the synthesis,
structural engineering, and chiroptical performance of nitrogen-doped helicenes and their heteroatom-doped derivatives, emphasiz-
ing their potential as next-generation chiral optoelectronic materials and outlining future directions toward multifunctional integra-

tion and quantum technological applications.
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Introduction

Helicenes, a class of non-planar polycyclic aromatic hydro-
carbons characterized by ortho-fused aromatic rings forming a
helical framework, have attracted significant attention due to
their inherent chirality, unique optoelectronic properties, and
wide-ranging applications in asymmetric catalysis [1,2], molec-
ular recognition [3], and organic electronics [4,5]. In recent
years, the incorporation of heteroatoms — particularly nitrogen —
into the helicene backbone, giving rise to so-called "azahe-
licenes", has emerged as a powerful strategy to modulate elec-
tronic structures, enhance solubility, and expand functional
diversity [6]. Substituting carbon atoms with electron-deficient
nitrogen atoms introduces new opportunities to fine-tune redox
potentials, charge-transport behavior, and intermolecular
interactions [7]. These modifications have proven especially
valuable in applications such as organic light-emitting diodes
(OLED:s) [8], circularly polarized luminescence (CPL) [9], and
chiral photocatalysis [10]. In the past decade, heteroatom-
containing helicenes have attracted increasing attention due
to their tunable optoelectronic properties and potential applica-
tions in chiral optoelectronics. Several comprehensive reviews
have examined specific classes of these molecules. Crassous
and co-workers provided a detailed overview of hetero-
helicenes up to 2019, focusing on their structural diversity
and functional applications [11]. Nowak-Krél and colleagues
reviewed boron-doped helicenes, emphasizing their roles in
chiral materials design [12], while Maeda and Ema explored
the circularly polarized luminescence (CPL) properties
of azahelicenes [13]. However, despite these valuable contribu-
tions, a dedicated and up-to-date overview of nitrogen-doped
helicenes — particularly those incorporating additional
heteroatoms within the helical m-conjugated framework —

remains lacking.

This review addresses this gap by systematically summarizing
recent advances (from the past five years) in the synthesis,
structural modification, and chiroptical properties of nitrogen-
doped helicenes. Particular attention is given to multi-hetero-
atom systems co-doped with elements such as boron, oxygen,
sulfur, and selenium, highlighting their influence on CPL per-
formance and structure—property relationships. We classify the
nitrogen-doped helicenes into only N-containing helicenes,
B,N-containing helicenes, and X,N-containing helicenes (X =
O, S or Se). In each section, structurally similar compounds are
categorized into groups to facilitate comparison. Then, the
others are discussed in chronological order based on their re-
ported publication dates, with attribution to the respective
research groups. Notably, helicenes bearing nitrogen atoms lo-
cated outside the conjugated system are excluded from this
discussion to maintain a consistent focus on electronically inte-

grated heteroatom-doped architectures.

Beilstein J. Org. Chem. 2025, 21, 1422—-1453.

Review

N-Containing helicenes

Among nitrogen-containing helicenes, HBC-fused azahelicenes
represent a particularly significant subclass due to their extend-
ed m-conjugation and potential for enhanced chiroptical proper-
ties. Over the past few years, multiple research groups have in-
vestigated their synthesis, structural characteristics, and opto-
electronic behavior. Notably, in 2021, Jux and co-workers re-
ported a series of superhelicenes that combine helical and
planar n-systems. However, the structural characterization of
compound 1 (Table 1) was impeded by its inherent instability,
limiting further analysis [14]. In 2024, Liu’s group developed a
series of nonalternant nanographenes 2a—c featuring a nitrogen-
embedded cyclopenta[eflheptalene core [15]. These com-
pounds exhibit A,pg at 363, 452, and 580 nm, and PLQY's of
0.05, 0.33, and 0.32, respectively. While compounds 2a and 2b
display broad emission near 505 nm, 2¢ shows dual-emission
peaks at 588 and 634 nm with an ultranarrow FWHM of 22 nm.
Notably, 2b and 2¢ demonstrate strong chiroptical activity with
lgabs! values of 6.7 x 1073 and 1.0 x 1072, |gjym| of 2.4 x 1073
and 7.0 x 1073, and Bcpy, values of 9.1 and 95.2 ML cm™!, re-
spectively. Shortly thereafter, Gong’s group further expanded
the m-system by constructing a tris-hexabenzo[7]helicene 3 with
a carbazole core, which emits at 595/628 nm (PLQY = 0.40),
displays |gapsl = 2.98 x 1073, and achieves a Bcpy, of
32.5 M~! em™! [16]. In 2025, Babu’s group synthesized two
regioisomeric m-extended azahelicenes, 4a and 4b, which differ
in the position of attachment to the carbazole core [17]. Com-
pared to 4a, compound 4b exhibits bathochromic shifts of
12 nm in absorption and 45 nm in emission, as well as a higher
®r (0.75 vs 0.68). Both isomers display TADF at room temper-
ature and phosphorescence at 77 K. Notably, 4a demonstrates a
long-lived red afterglow persisting for up to 30 seconds. In
contrast, 4b exhibits superior chiroptical properties, with |g,psl
and |gpuml values of 3.91 x 1073 and 1.12 x 1073, respectively,
and an impressive Bepy, of 45.77 M~ em™! (Table 1).

In 2021, several research groups reported structurally diverse
heterohelicene systems exhibiting distinctive chiroptical and
photophysical properties, highlighting the expanding potential
of these molecules in chiral optoelectronics. Yorimitsu’s group
developed a series of dihetero[8]helicenes through a systematic
asymmetric synthesis. Among these, diaza[§]helicene 5 exhib-
ited pronounced chiroptical activity, with absorption and emis-
sion maxima (Ayps = 399 nm, Aey, = 405 nm), a fluorescence
quantum yield (®p) of 0.13, and high dissymmetry factors
(Igabsl = 1.9 x 1072, |gapsl = 9.5 x 1073 at 403 nm) [18]
(Table 2). Miura and co-workers employed Pd(Il)/Ag(I)-cata-
lyzed cyclizations to construct azahelicenes, with compound 6

exhibiting enhanced chiroptical performance and protonation-
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Table 1: Structures and optical properties of compounds 1, 2a—c, 3, and 4a,b.2

compound Aabs(max) [NM] Aem [NM] O
2a 363 508 0.05
2b 452 503 0.33
2c 580 588, 634 0.32
3 525 595, 628 0.40
4a 497 497, 531, 570 0.677
4b 522 542,581, 630 0.754

aCompound 1 is unstable and characterized only by mass spectrometry.

induced CPL amplification [19]. Meanwhile, Audisio’s team
developed heterohelicenes via regioselective [3 + 2]-cycloaddi-
tions, with compound 7 displaying pH-responsive CPL sign
inversion (|gjyml = +1.1 x 1073 at 430 nm, —1.2 x 1073 at
585 nm) attributed to reversible intramolecular charge transfer
[20]. In parallel, several groups explored the functional versa-
tility of heterohelicenes in device-oriented and sensing applica-
tions. Crassous’s group synthesized bipyridine-embedded
helicenes via the Mallory reaction, enabling coordination with
Ru(II) to form NIR-emissive complexes that exhibit redox-
responsive chiroptical switching, notably with complex 8
showing reversible electronic circular dichroism (ECD) upon
oxidation [21]. Liao and co-workers introduced a narrowband
CP-TADF emitter 9, characterized by a narrow emission band-
width (FWHM = 36 nm), |gjuml = 1.1 x 1073, |gprl = 1.5 x 1073,
and an external quantum efficiency (EQE) of 0.14 — demon-
strating promise for CPL-OLED applications [22].
Wanichacheva’s team reported urazole-functionalized

aza[5]helicene 10, exhibiting selective Fe(Ill) sensing, marked

|9abs] [G1uml BcpL [M~Tem™1]
6.7 x 10-3 2.4 x10-3 9.1

1.0 x 1072 7.0 x 1073 95.2

2.98 x 1073 43 x 104 325

3.91 x 103 1.12x 1073 45.77

solvatochromism, and a large Stokes shift (85 nm) with
emission at 530 nm in DMSO [23] (Table 2). Collectively,
these studies underscore the structural versatility and functional
tunability of heterohelicenes, establishing them as robust
platforms for advanced chiral optoelectronic materials.
Their diverse response to external stimuli, modular synthetic
accessibility, and strong CPL performance render them
ideal candidates for applications in molecular sensing,
stimuli-responsive switches, and next-generation CPL-active
devices.

In 2021, Ema’s group reported the synthesis of carbazole-based
azahelicenes 11a—e via intramolecular Scholl reactions [24]
(Table 3). All compounds exhibited strong absorption in the
UV-vis region (250-450 nm) and fluorescence emission be-
tween 400-550 nm. Among these, compound 11c, a saddle-
shaped dibenzodiaza[8]circulene, was particularly noteworthy
as the first example of its kind synthesized in solution and struc-

turally confirmed via single-crystal X-ray diffraction. It demon-
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Table 2: Structures and optical properties of compounds 5-10.

Beilstein J. Org. Chem. 2025, 21, 1422—-1453.

compound Aabs(max) [NM] Aem [NM]
5 399 405, 430, 460
6 405 420, 439
7 430 436, 460, 500
8 (MAN 522 788
(P,AN) 512 786
9 440 467
10 400 485

aAs detected in film.

strated the highest CPL performance among the series, with a
|g1uml value of 3.5 x 1073 and a photoluminescence quantum
yield (PLQY) of 0.31, indicating its potential as a chiral emis-
sive material. Building upon this foundation, the same group in
2024 developed a series of structurally refined aza[7]helicenes
(compounds 12a and 12b) under modified Scholl reaction
conditions [25]. These products were obtained as optically
active diastereomers, which were successfully separated using
silica gel chromatography. Additionally, two cyclic dimers,
designated as compounds 12¢ and 12d, were isolated, exhibit-
ing strong absorption bands at 493 and 474 nm, high PLQY's of
0.61 and 0.54, and notable CPL activity (|gjyml = 0.74 X 1073
and 1.3 x 1073, respectively), with corresponding brightness
values (Bcpr,) reaching 19 and 31 M~ cm™! (Table 3). Impor-
tantly, both dimers displayed selective fluoride ion recognition
through hydrogen bonding, with (M,M)-12¢ exhibiting a high
binding constant (K, = 2 x 10° M~1). The resulting [12¢-F~] and
[12d-F~] complexes exhibited red-shifted circular dichroism
(CD), fluorescence, and CPL spectra, underscoring the capa-
bility of helicene-based frameworks for anion-responsive

chiroptical modulation. These findings highlight how precise

O |Gabsl |G1uml
0.13 1.9 x 102 9.5x 1073
0.14 1.1 x 102 4.4 x 1073
0.10 - 1.1 x 103
0.10 - -

0.25 - _

0.472 - 1.1 %1073

structural design and supramolecular engineering can facilitate
the development of high-performance, stimuli-responsive chiral

luminophores.

In 2022, Zhang and co-workers reported a nitrogen-embedded
quintuple [7]helicene 13, constructed by hybridizing helicene
and azacorannulene 7-systems [26] (Table 4). Compound 13
exhibited distinct absorption bands at 408, 611, and 715 nm,
with strong near-infrared (NIR) fluorescence centered at
770 nm and a PLQY value of 0.28. Upon coordination with
tris(4-bromophenyl)aminium hexachloroantimonate (BAHA), a
new absorption band emerged around 900 nm, extending to
1300 nm, indicative of charge-transfer processes. The enantio-
mers of 13 displayed mirror-image CD signals and showed
excellent dispersibility in polar solvents, highlighting their
potential for NIR bio-imaging applications. In parallel, Cirkva’s
group synthesized a series of aza[n]helicenes 14a—d via photo-
cyclodehydrochlorination [27]. These compounds exhibited
dual fluorescence bands, with emission red-shifting progres-
sively with increasing helical length. Protonation further in-

duced red-shifted emission, with compound 14d-H* emitting at
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Table 3: Structures and optical properties of 11a—e and 12a—d.

‘gs
L e

1M1aR=H
11b R = Me
11c R=1tBu

compound Aabs(max) [NM] Aem [NmM] Or

11a 418 432, 454 0.28
11b 419 432, 455 0.27
11c 419 432, 456 0.31
11d 422 458, 480 0.10
11e 412 456 0.24
12a 436 447,474 0.45
12b 423 431, 456 0.32
12¢ 494 502, 536 0.64
12d 475 485, 514 0.54

542 nm. However, PLQY's decreased significantly from 0.078
to 0.006 with longer helicenes. The CD spectra of 14c and 14d
were found to resemble their carbohelicene analogues, under-
scoring the structural fidelity and chiroptical retention upon
nitrogen incorporation. Qian’s group developed a series of
azahelicenes 15a—d through Bischler—Napieralski cyclization
[28]. Notably, compound 15b displayed a high interconversion
barrier of 36.0 kcal mol™!, enabling enantiomeric resolution. All
compounds exhibited visible-range fluorescence (400-500 nm)
and structured UV—-vis absorption spectra. Importantly, 15b
showed acid/base-switchable UV and CD spectra, suggesting

potential for use in responsive optoelectronic systems. Hu’s

Beilstein J. Org. Chem. 2025, 21, 1422—-1453.

|9abs] 91uml BcpL [M~' ecm™1]
49x103 3.2x 1073 -

59 x 103 34 x1073 -

54 x 1073 3.5x 1073 -

3.2x 1073 3.9x 104 -

45x 104 29x 104 -

48 x103 2.6 x 1073 6.7

3.8x 1073 2.2x103 2.8

2.4 x1073 6.5 x 104 19

2.7 x 1073 1.4 x 103 31

group reported an X-shaped double [7]helicene 16 functionali-
zed with four triazole units, which demonstrated absorption at
368 and 516 nm, strong emission at 553 nm, a high PLQY of
0.96, |gaps! of 1.1 x 1072, |gjuml of 9.1 x 1074, and Bcpy, of
30.1 M~! cm™! - surpassing the performance of its all-carbon
and thiadiazole counterparts [29]. In a related study, Hu’s team
synthesized double aza[5]helicenes 17a and 17b, among which
compound 17b exhibited red-shifted emission (538—-632 nm in
CHCI3) and the largest Stokes shift (192 nm), attributed to ex-
tended conjugation and sulfur incorporation [30] (Table 4).
These findings collectively underscore how structural modula-

tion and heteroatom doping can tailor the optical, chiroptical,
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Table 4: Structures and optical properties of 13, 14a—d, 15a—d, 16, and 17a,b.

15a

compound

13

14a
14b
14c
14d
15a
15b
15¢
15d
16

17a
17b

and stimuli-responsive behavior of azahelicenes, providing
strategic design avenues for next-generation chiral optoelec-

tronic materials.

Aabs(max) [Nm]

715
313
302
311
337
398
404
407
424
516
328
440

15¢c

Aem [nm]

770
380, 399
410, 431
421, 443
443, 467
408, 430
408, 434
413, 437
434, 456
553

458

632

0.28

0.077
0.120
0.067
0.029

0.96
0.010
0.014

1.1 x 1072 9.1 x 1074 30.1

In 2023, Langer’s group synthesized a series of double
aza[4,6]helicenes 18a-1 featuring diverse peripheral substitu-

ents through a one-pot, multistep synthetic protocol [31]
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(Table 5). Selected compounds such as 18b, 18c, 18d and 181
exhibit similar A, around 410 nm and emit fluorescence
centered near 530 nm, demonstrating consistent optical profiles
despite structural variation. In a parallel effort, Yang’s group
developed an efficient, enantioselective synthetic approach
toward azahelicenes via a chiral phosphoric acid-catalyzed
multicomponent Povarov reaction or oxidative aromatization
[32]. Among the synthesized compounds, compound 19
displayed dual absorption bands at 260 and 325 nm and emis-
sion peaks at 420 and 440 nm, which red-shifted to approxi-
mately 500 nm upon trifluoroacetic acid treatment. Both the
neutral and protonated forms of 19 exhibited mirror-image CD
and CPL spectra, with high |gjum| values of 1.4 x 1073 and
1.3 x 1073, respectively, underscoring their potential for respon-
sive chiral optoelectronic applications. Concurrently, Liu [33]
and Ishigaki’s [34] groups independently reported a class of
highly twisted nitrogen-doped heptalene derivatives (e.g., com-
pound 20a), which exhibit consistent absorption at 315 nm and
blue fluorescence centered near 450 nm, regardless of the sub-

Table 5: Structures and optical properties of 18a—1,19, and 20a—e.

Me
Q™
O S
\ asey
R \
O N\ O R2 F
R

18aR'=R2=F 18j R=H

18b R'=R2=H 18k R =Me

18c R'=R2=CN

18d R'= R2= OMe

18e R'=R2=Cl

18f R'=F, R2=CN

18g R'=F, R2= OMe

18h R'=F,R2=H

18i R'= OMe, R2=CN
compound Aabs(max) [NM] Aem [NM]
18b 411 530
18¢c 409 520
18d 419 525
18i 413 525
19 325 420, 440
20a 3152, 320P 447
20b 315 459
20c 315 446
20d 320 -
20e 321 —

aBased on reports from Liu's group; Pbased on reports from Ishigaki's group.

Beilstein J. Org. Chem. 2025, 21, 1422—-1453.

stituents. These compounds display redox and electronic behav-
iors reminiscent of nitrogen-doped azulenes, featuring strong
absorption dissymmetry factors (|g,psl) at 345 nm — 1.2 x 1072
for compound 20a, 1.0 x 1072 for 20d, and 1.3 x 1072 for 20e
(Table 5). Notably, the radical cation form of compound 20e
(20e"*) exhibits pronounced CD signals extending into the near-
infrared region, suggesting potential for redox-responsive chiral

photonic systems.

In 2023, Chen’s group reported three nitrogen—nitrogen (NN)-
embedded azahelicenes 21a—c, among which compound 21¢, a
structurally defined antiaromatic double aza[7]helicene — exhib-
ited distinctive long-wavelength optical and chiroptical proper-
ties [35] (Table 6). In the solid state, 21¢ emitted in the far-red
region at 641 nm (®f = 0.10) and demonstrated CPL with
|g1uml = 2.04 x 1074, In solution, 21¢ showed a strong absorp-
tion band at 560 nm and a high ®g value of 0.86 at 583 nm,
yielding a Bcpy, value of 13.2 M~ cm™!. Notably, compound

21c undergoes reversible redox interconversion to its radical

18l 19 20aR'=R2=R%=H
20bR'=R2=H, R3=Cl
20c R'=R2=H, R3=t-Bu
20d R'=Br,R2=R3=H
20e R'=R2=Br,R3=H

®r |Gabs| |G1uml
0.15 - -

0.16 - -

0.17 - -

0.14 - -

- - 1.4 x 1073
- 1.2x 1072 -

- 1.0 x 102 -

- 1.3 x 1072 -
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Table 6: Structures and optical properties of 21a—c and 22.

t-Bu

compound Aabs(max) [Nm] 073

21a 408 423 0.26
21ain film ~410 449 0.15
21b 495 521 0.77
21b in film ~500 548 0.63
21c 560 583 0.86
21c in film =570 641 0.10
22 438 480 0.99

cation 21¢"* and dicationic 21¢2* states via chemical oxidation,
enabling controllable switching between antiaromatic and aro-
matic configurations. These results provide a compelling
strategy for engineering redox-switchable chiral luminophores.
In 2024, the same research group expanded on this redox-
responsive platform by constructing a polycationic open-shell
cyclophane 22, comprising carbazole-embedded aza[7]helicene
subunits [36]. Compound 22 displays intense fluorescence
(®p = 0.99), exceptionally high Bcpy, as 100.2 M~! cm™!, and
marked chiroptical activity (|gapsl = 2.50 X 1073 at 435 nm;
|€1uml = 5.00 x 1073 at 460 nm) (Table 6). Upon mild oxidation,
neutral 22 undergoes stepwise conversion into highly charged,
multispin open-shell species 222*2* and 224*4*, preserving

strong chiroptical signals. This study presents a novel approach

Beilstein J. Org. Chem. 2025, 21, 1422—-1453.

|9absl [Gruml BopL M1 ecm™1]
9.78 x 10~ - -

476 x 10~ 2.22 x 104 13.2

- 2.04 x 1074 -

2.50 x 103 5.00 x 103 100.2

to constructing stable, redox-switchable chiral luminophores
based on extended azahelicene architectures, offering broad

potential for molecular electronics and spintronic devices.

In 2024, Qiu’s group synthesized m-extended diaza[7]helicenes
23a-f incorporating dual heptagonal rings [37]. Compound 23a
exhibits dynamic chirality, aggregation-induced emission
(AIE), and intense CPL (|gjym| = 1.7 x 1072), whereas com-
pound 23f, with lateral m-extension, shows enhanced thermal
stability and green emission at 517 nm (Table 7). Kuehne and
co-workers reported two radical aza[7]helicenes, 24a and 24b,
exhibiting distinct photophysical behaviors [38]. Compound
24b features a higher PLQY (0.43), while 24a demonstrates
doublet-state CPL (|gjuml = 5.0 X 107%), highlighting the
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Table 7: Structures and optical properties of 23a—f, 24a,b, 25a,b, 26a,b, 27a—d, and 28a—e.

R3 R3
AT
N N
RACbal
R1

R1
23aR'=R2=R3=H
23b R'=R3=H, R2= CF;
23c R'=R2=H, R3= CFs
23dR"=tBu, R?=R%=H
23e R'= -Bu, R?= CF5, R3= H

Cr Vi~ o
557

i A
N OO
9 9 °
& | & |
FeneWisne i
| R o G R o : 26b R = C,4Ho
24a 24b

CgH17 CgH17

& O
ey O

28dn=4
Me 28en=5

compound Aabs(max) [Nm] Aem [nm] OF |Gabsl |G1uml BgpL M~ cm™T]
23a 360 625 - - 1.7 x 1022 -

23f 462 517 - - 2.0x 103 -

24a 642 696 0.34 4.4 x 104 5x 1074 0.25

24b 655 712 0.43 1 x10-4 - -

25a 506 525 0.57 1.7 x 102 1.4 x 1073 8.94

25b 513 535 0.55 2.2 x 1072 8 x 1074 4.29

26a 388 506, 530 0.055 1.2 x 1072 3.0x 1073 -

26b 393 508, 532 0.058 1.4 x 1072 3.2x 1073 -

27a 483 524 0.38 - - -

27b 487 539 0.71 - - -
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Table 7: Structures and optical properties of 23a—f, 24a,b, 25a,b, 26a,b, 27a—d, and 28a—e. (continued)

27c 459 590 0.24

27d 470 611 0.53

28a 414 496, 532 0.152
28b ~475 511, 543 0.116
28c ~475 522, 550 0.089
28d ~475 530, 554 0.066
28e ~475 530, 555 0.034

2In the aggregated state.

potential of helicene radicals for spintronic applications.
Meng’s group synthesized carbonyl-nitrogen embedded
hetero[7]helicenes 25a and 25b bearing axial chirality [39].
Compound 25a displays excellent optical characteristics with
®p = 0.57, |gabsl = 1.7 X 1072, |g1um| = 1.4 x 1073, and a Bepy, of
8.94 M~! ¢cm~!. Then, Chen’s group contributed triple
aza[6]helicenes 26a and 26b with |gj,| values of approxi-
mately 3.0 x 1073, offering new architectures for CPL-active
helicenes [40]. Singh’s group developed fluorophore-conju-
gated aza[7]helicenes 27a—d, with 27b demonstrating pro-
nounced intramolecular charge transfer (ICT), a high ®f of 0.71
and an extended fluorescence lifetime (7) of 15.5 ns [41]. Wu’s
group synthesized a family of expanded azahelicenes 28a—e,
where increasing helical length leads to red-shifted emission,
prolonged lifetime, and attenuated PLQY [42]. Nonetheless,
these compounds exhibit outstanding chiroptical performance,
with |gpslmax reaching 4.8 X 1072, |gjumlmax = 2.1 X 1072, and
Bcpr, values up to 76 M~ cm™!. Collectively, these investiga-
tions underscore the efficacy of heteroatom doping, extended
m-conjugation, and radical design in advancing azahelicene-
based systems. These approaches significantly enhance optical
and chiroptical performance, paving the way for high-effi-

ciency chiral optoelectronic and quantum materials.

In 2024, Kivala’s group selectively synthesized highly distort-
ed [6]helicenes 29a and 29b incorporating azocine units via a
regioselective Beckmann rearrangement from oxime precursor
29c [43] (Table 8). For comparative evaluation, the correspond-
ing lactams 29d and 29e and amines 29f and 29g were also ob-
tained. Compounds 29a and 29b exhibit A,g centered at
513 nm, while the amines 29f and 29g display high ®p values
of 0.48 and 0.56, respectively. Notably, azocine derivative 29b
exhibits the highest CPL activity among the series, with a |gjyml
value of 1.6 x 1073, In addition, both 29a and 29b demonstrate
redox activity, undergoing reversible formation of radical
anions, dianions, and radical cations. The radical cation 29b"*,
in particular, exhibits a broad near-infrared (NIR) absorption
band extending to 3000 nm, highlighting its potential for NIR
optoelectronic applications. Building on this work, in 2025 the

same group reported the synthesis of a stable N-heterotriangu-

4.4 x 1072 3x 1073 16
4.8 x 102 1.4 x 102 61
4.3 x 102 2.1 x102 76

lene dimer (compound 30) bridged by a rigid m-conjugated
[S]helicene [44]. This chiral dimer undergoes reversible step-
wise oxidation to 30°* and 30%*, accompanied by pronounced
NIR Cotton effects extending up to 2000 nm. These results
provide critical insights into the rational design of redox-switch-
able, NIR-active chiral molecular systems, underscoring their
promise in advanced optoelectronic and spintronic technologies.

In 2024, Tanaka’s group synthesized and characterized a series
of length-variable aza[n]helicenes 31a—f via a one-pot intramo-
lecular cyclodehydrogenation [45] (Table 9). Notably, com-
pounds 31e and 31f represent the first examples of triple-lay-
ered heterohelicenes with fully conjugated frameworks. All
members of the series demonstrate high solubility, attributed to
intermolecular hydrogen bonding with solvent molecules. With
increasing helical length, both the A,ps and Ay, exhibit progres-
sive bathochromic shifts, while the ®f values systematically
decline, without clear saturation within the investigated range.
Chiroptical measurements of the N-butylated aza[n]helicenes
31g-j reveal |g,ps| and |gjuml values on the order of 1073. These
findings address long-standing challenges in the synthesis and
stabilization of extended heterohelicenes, paving the way for
the development of structurally persistent, m-extended chiral
materials. In a parallel effort, Tanaka’s group synthesized benz-
annulated double aza[9]helicene 32a and its alkylated deriva-
tives 32b and 32c¢ via a one-pot oxidative fusion strategy [46].
Compared to the parent compound 32a (O = 0.07), com-
pounds 32b and 32c¢ exhibit significantly enhanced ®p (0.35),
red-shifted absorption bands, and |gap| values of 2.4 x 1073 and
2.3 x 1073 at 345 nm, respectively. Their corresponding Bcpr,
values reach 16.0 and 19.2 M~ em™L. Furthermore, terminus-
functionalized aza[9]helicenes 33a, 33b, and 33c were pre-
pared to investigate interlayer interactions [47]. Among them,
the pyrene-decorated compound 33c displays red-shifted emis-
sion and prolonged fluorescence lifetimes as solvent polarity in-
creases, indicating enhanced excited-state stabilization. Collec-
tively, these studies offer valuable strategies for stabilizing long
m-extended helicenes and finely tuning their chiroptical and
emissive properties, thereby advancing their application in

multifunctional chiral photonic and sensing platforms.
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Table 8: Structures and optical properties of 29a—f and 30.2

compound

29a
29b
29d
29%e
29f
29g
30

Aabs(max) [NM]

513
513
510
510
510
547
495

Beilstein J. Org. Chem. 2025, 21, 1422—-1453.

t-Bu t-Bu

t-Bu t-Bu

Aem [Nm]

540, 565
552, 582
539, 570
543, 575
536, 570
609, 652
534

OF

0.01
0.12
0.52
0.51
0.48
0.56
0.42

29b

|9absl |G1uml BcpL [M~1ecm™]
25x 1073 - -

1.9x1073 1.6 x 103 -

3.0 x 1073 6.0 x 1074 -

2.1 x 1073 2.4 x 1074 -

2.0x 103 9.1 x 1074 -

2.4 x 1073 6.0 x 1074 -

1.25 x 103 1.1 x103 7.00

aThe optical properties of compound 29¢ are not mentioned in the original paper.

In 2025, Gryko’s group synthesized a series of heterohelicenes
34a—c, featuring a 1,4-dihydropyrrolo[3,2-b]pyrrole (DHPP)
core [48] (Table 10). The compounds exhibit similar absorption

and emission profiles. However, compound 34¢ stands out due

to its pronounced solvatofluorochromism (Aep, = 546 nm, O =
0.42 in DMSO). Among the series, compound 34b exhibits the
highest |gjyml| of 7.22 X 1073, while compound 34c¢ shows the

greatest Bepr, as 29.3 M~! em™!. These studies underscore the

importance of regioisomerism and molecular core design in op-

timizing the chiroptical and emissive properties of heteroatom-

rich nanographenes, advancing their potential in next-genera-
tion optoelectronic and chiral photonic devices.

B,N-containing helicenes

Enhancing charge transfer between electron-donating and elec-
tron-accepting units, as well as extending m-conjugated frame-
works, are widely employed strategies for achieving longer-
wavelength emission in optoelectronic materials. Inspired by
the electronic configuration of borazine, boron has emerged as a

valuable electron-accepting counterpart to electron-donating
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Table 9: Structures and optical properties of 31a—j, 32a—c, and 33a—c.

Beilstein J. Org. Chem. 2025, 21, 1422—-1453.

31bn=11
31dn=15
31f n=19

compound Aabs(max) [NM] Aem [Nm] O
31a 412 437,466,500  0.21
31b 425 452,479,514 047
31c 438 427,450,480 0.1
31d 451 466,491,530  0.09
31e 388 483, 511 0.18
31 310 508 0.08
31g 409 465, 495 0.16
31h 314 482, 508 0.16
31i 315 508 0.09
31j ~385 ~520 0.07
32a 464 496, 529, 570 8:%:
32b 510 521, 555 0.35
32¢ 508 522, 556 0.35
33a 415 441,466,500  0.19
33b 414 437,466,500  0.21
33c 416 441,466,500  0.08

aAccording to reference paper [42]; Pin THF; Cin DMSO.

nitrogen in conjugated systems, enabling the design of
donor—acceptor helicenes with tunable photophysical properties.

In 2020, Ema and co-workers developed a series of chiral
carbazole-based BODIPY analogues 35a—f, derived from
helical carbazole-based BF, dyes [49] (Table 11). These ana-

33aR=0Me

t-Bu
33bR=© 33cR= O‘

31gn=9
31thn=11
31i n=13

ooa

|Gabsl |G1uml BepL M cm™T]
5.6 x 103 45x 1073 8.62

4.2 x 1073 42 x 1073 -

4.2 x 1073 1.7 x 1073 -

1.7 x 10-3 57 x 1073 -

2.4 x10-3 - 16.0

23 x 1073 - 19.2

logues exhibit red-shifted emission and enhanced CPL com-
pared to their carbazole-based helicene precursors. At Aypg
(=500 nm), the compounds display |gaps| values ranging from
1.1 x 1073 to 3.1 x 1073, ®f values of 20-36%, and |gjum|
values between 7.0 x 107* and 1.9 x 1073, In a subsequent

study, Ema’s group reported an N-containing hetero[7]helicene
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Table 10: Structures and optical properties of 33a,b and 34a—c.

compound Aabs(max) [NM] Aem [nm] O

34a 438 460, 481 0.270
34b 446 463, 488 0.045
34c 456 483, 505 0.324

36a containing a boron—nitrogen coordination site [50]. Its
chiroptical properties could be modulated through the addition
of tetrabutylammonium (TBA) salts, which transformed the
boron center from a trigonal planar to a tetrahedral geometry,
thereby enhancing the |gym| from 4.7 X 1074 to 1.5 x 1073
(OAc™, 36¢) and 1.7 x 1073 (F/OH™, 36b/36d). Treatment with
Ag* ions reversed this coordination, restoring the neutral trig-
onal boron center and its initial optical characteristics. These
findings underscore the potential of boron—nitrogen-embedded
helicene frameworks as tunable chiral luminophores with re-
versible CPL modulation, offering promising strategies for the
development of advanced molecular optoelectronic devices.

In 2021, Hatakeyama and co-workers developed an expanded
B.N-containing heterohelicene 37 via a one-step synthesis em-
ploying excess BBr3 at 180 °C in an autoclave, achieving a 44%
yield [51] (Table 12). In a 1 wt % PMMA-dispersed film, com-
pound 37 exhibited ultra-narrowband emission (FWHM =
16 nm) at 484 nm with an 80% PLQY. OLEDs based on 37
demonstrated excellent external quantum efficiency, current
efficiency, and power efficiency. Duan and co-workers re-
ported B,N-containing double hetero[7]helicenes 38a,b, which
exhibited deep-red fluorescence emission at 662 and 692 nm,
respectively, with narrow emission bandwidths (full width at
half maximum, FWHM = 38 nm) and exceptional PLQY's of
100% [52]. Remarkably, they achieved maximum EQEs of
28.1% and 27.6%, representing the highest reported values for
thermally activated delayed fluorescence (TADF) emitters oper-
ating above 650 nm. Shortly thereafter, Wang’s group reported
a related series of B,N-containing compounds 38a—c, which
displayed pronounced chiroptical activity in the visible region

[53]. These compounds displayed the highest |g,p,s| values re-
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|9abs] [Gruml BcpL [M~1ecm]
- 1.33 x 103 2.0

- 6.11 x 1073 43

- 3.25 x 10-3 29.3

corded for helicenes to date — 0.033, 0.031, and 0.026 at 502,
518, and 526 nm, respectively. They also showed near-unity ®Op
values of 100%, 99%, and 90%, with corresponding A, at 660,
684, and 696 nm, and |g),m| values of 2 x 1073. The calculated
Bepy, reached 28.5, 37.1, and 40.0 M~ cm™!, positioning these
helicenes among the most efficient red CPL emitters reported to
date (Table 12).

However, such long-wavelength emission poses challenges for
achieving optimal color purity in OLED devices. To overcome
this limitation, Duan’s group subsequently introduced a cova-
lent B—N bond into the helicene framework in 2023, affording
compound 39 [54]. This material emits at 617 nm with a
FWHM of 38 nm and maintains a near-unity PLQY. Circularly
polarized OLEDs (CP-OLEDs) based on 39 exhibit outstanding
device performance, achieving a |ggy | of 1.91 X 1073, a record-
high EQE exceeding 36%, and operational stability with an
LTys of approximately 400 h at 10,000 cd m™2. These findings
underscore the efficacy of B-N covalent integration in helicene-
based frameworks for realizing high-efficiency, spectrally opti-
mized, and robust red CP-OLED emitters.

In 2022, Yang and co-workers reported a W-shaped double
hetero[5]helicene 40, incorporating boron, nitrogen, and sulfur
atoms within its framework [55] (Table 13). Compound 40 ex-
hibits exceptional photophysical and electroluminescent perfor-
mance, including a PLQY value of 100% and a |gyym| value of
2.1 x 1073, Circularly polarized organic light-emitting diodes
(CP-OLEDs) based on 40 demonstrated a |ggr| of 2.2 X 10_3, a
narrow emission bandwidth (FWHM = 49 nm), and a maximum
external quantum efficiency (EQE) of 31.5%, placing it among

the highest-performing multiple-resonance-induced thermally
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Table 11: Structures and optical properties of 35a—f and 36a—d.

Beilstein J. Org. Chem. 2025, 21, 1422—-1453.

compound Aabs(max) [nm] Aem(max) [nm]
35a 495 568
35b 508 594
35¢ 508 566
35d 524 592
35e (R,P) 508 576
(R,M) 509 571
35f (R,P) 530 605
(R.M) 532 602
36a 487 493
36b 502 512
36¢c 510 526
36d 511 520

activated delayed fluorescence (MR-TADF) emitters to date. In
2023, the same group introduced the first deep-blue chiral
MR-TADF emitters based on heterohelicene scaffolds 41a—c
[56]. These compounds exhibited sharp emissions at
440—444 nm in solution and 445-449 nm in doped films, with
emission bandwidths as narrow as 23 nm and PLQY's reaching

up to 95%. Notably, racemic 41b and 41c displayed excellent

36b X =F

36c X = OAc

36d X = OH
ol |Gabsl |G1uml
0.22 2.7 x 103 1.7 x 103
0.20 3.1 x 103 1.3 x 1073
0.33 1.2 x 1073 8.7 x 104
0.21 1.1 x 1073 7.0x 104
0.30 2.3 x 1073 1.5x 1073
0.36 1.5x 1073 1.2 x 1073
0.20 1.8 x 1073 1.2 x 1073
0.26 1.5 x 1073 8.8x 1074
- 1.6 x 1073 47 x 104
- 3.0x 1073 1.7 x 103
- 2.9 x 1073 1.5x 1073
- 3.2x 1073 1.7 x 103

chiroptical properties, with |gy,,| values ranging from 1.4 to
1.5 x 1073 and Bcpy, values exceeding 22 M~! cm™!. Com-
pound 41c, in particular, achieved a |ggr| of 2.6 X 1073 and a
maximum luminance exceeding 10,000 cd m~2. These findings
underscore the significant potential of heteroatom-integrated
helicene systems as high-efficiency, CPL-active MR-TADF

materials for next-generation OLED technologies, particularly
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Table 12: Structures and optical properties of 37, 38a—c, and 39.

R
R

Beilstein J. Org. Chem. 2025, 21, 1422—-1453.

Ph Ph R
N /
ety
NPh,
i B/@/ 7 N\ N
N
Mes/ AN @ N

Mes —
B B N \ / t-Bu
N
Mes Mes
thN 38aR=H t-Bu
38b R =t-Bu
7

3 38c R = 4-(t-Bu)phenyl 39
compound Aabs(max) [NM]  Aem(max) [Nm] ®f |9abs] G1uml
38a 627 660 1.00 3.3x 1072 2.0x10-3
38b 650 684 0.99 3.1 x102 2.0x10°3
38¢c 662 696 0.90 2.6 x 1072 2.0x10°3
39 590 617 0.96 1.2 x 102 1.4 x 1073
film Aabs(max) [NM] Aem(max) [nm] OF FWHM [nm]
37 in PMMA 477 484 0.80 16
38ain CBP - 672 - 48
38b in CBP - 698 - 49
39 in mCPBC - 624 0.95 -
device AEL(max) [Nm] l9eLl FWHM [nm] CIE coordinate EQEmax [%]
37 480 - 17 (0.09, 0.21) 22.92
38a 664 - 48 (0.72, 0.28) 28.1
38b 686 - 49 (0.72, 0.28) 27.6
39 617 1.9 x 103 48 (0.67, 0.33) 36.6

aAs detected at 10 cd m™2,

in the development of deep-blue emissive devices with high

color purity and device efficiency.

In 2022, Marder and co-workers introduced various boryl sub-
stituents at both termini of a series of nitrogen-doped
[S]helicenes, yielding helicenoids 42a—h [57] (Table 14). The
Bpin-substituted derivatives 42a—e exhibited broad emission
across the 400—800 nm range, whereas their analogues 42f and
42g showed negligible emission, indicating a strong depen-
dence of photophysical behavior on boryl-substituent identity.
Compared to their parent azahelicenes, these compounds
displayed significantly larger Stokes shifts, highlighting the pro-
nounced electronic effects of boryl incorporation. Notably,
when a CF3 group was introduced as a substituent on the azahe-

licene core, the resulting boryl-functionalized compound 42¢

exhibited an emission maximum at 563 nm in CH,Cl,, with a
quantum yield of 15%, representing the highest emission effi-

ciency observed among the boron-containing quasi-circulenes.

In 2022, Lu and co-workers developed a series of helical aza-
BODIPY analogues 43a-h, featuring a distinctive B—-O-B
bridge installed within each molecule [58] (Table 15). These
compounds display broad chiroptical responses extending from
the ultraviolet to the entire visible spectrum — an uncommon
characteristic among helicene-type systems. Among them, the
phenyl-substituted aza[7]helicene 43f exhibits pronounced
chiroptical activity, with |g,ps| and |gjuml| values reaching
3.04 x 1073 and 1.30 x 1073, respectively, and a high Bcpy, of
11.5 M~! cm™! in the near-infrared region. In contrast, the cor-

responding aza[5]helicene analogue shows negligible chiral
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Table 13: Structure and optical properties of 40 and 41a—c.

40

compound Aabs(max) [nm] Aem(max) [nm]
40 483 520

41a 424 440

41b 422 443

41c 427 444

film Aabs(max) [nm] Aem(max) [nm]
40 in DMIC-TRZ - 525

41a in DOBNA-OAr - 445

41b in DOBNA-OAr - 448

41c in DOBNA-OAr - 449

device AEL(max) [nm] l9eLl

40 524 2.2x1073
41a 443 -

41b 445 22x 10
41c 447 2.6 x 104

response, with |gapsl and |guml values in the 1075 range. To
further enhance chiroptical performance, Lu’s group introduced
edge-positioned methyl and ethyl substituents into the helical
core, affording 44a and 44b [59]. Compared with 43¢, they are
with significantly improved |g,psl values of 1.51 x 1073 and
1.69 x 1073, respectively. This study underscores the critical
importance of molecular design in modulating chiroptical prop-
erties and provides valuable insights into the development of
helicene-based BODIPY systems for near-infrared CPL applica-
tions. In 2024, Shimizu’s group reported azabora[6]helicenes
45a and 45b [60]. However, their enantiomers could not be iso-
lated due to low racemization barriers. The F- and Ph-coordinat-
ed derivatives displayed moderate PLQY's in solution (0.26 and
0.18, respectively), which dropped markedly in the solid state
(0.02 and 0.04) owing to aggregation-caused quenching (ACQ).

In 2023, Yang and co-workers reported a pair of (NBN),-con-
taining double and quadruple helicenes 46a—d [61] (Table 16).

Beilstein J. Org. Chem. 2025, 21, 1422—-1453.

N
be
N
Mes
41a 41bX=0
41cX=8
ol |Gabsl |Giuml
0.98 - 21 x 1073
0.82 - -
0.91 1.4 x 1073 1.4 x 103
0.95 1.5x 103 1.5x 103
O FWHM [nm]
- 48
0.82 35
0.91 28
0.95 28
FWHM [nm]  CIE coordinate EQEmax [%]
49 (0.26, 0.66) 315
26 (0.15, 0.05) 234
24 (0.15, 0.04) 275
24 (0.15, 0.05) 29.3

The neutral compounds exhibited high PLQY's of 99% and 65%
in solution, and 90% and 55% in PMMA-doped films, respec-
tively, with exceptionally narrow full-width (FWHM values as
24 nm and 22 nm). Stepwise titration experiments with fluoride
ions induced a change in the coordination number of the boron
centers from three to four, forming corresponding anionic
species. This coordination triggered red-shifted absorption and
CPL responses while maintaining excellent PLQYs — 99% and
90% in solution, and 80% and 77% in PMMA-doped films, re-
spectively.

In 2024, Wang’s group developed a B,N-embedded
hetero[8]helicene 47, exhibiting narrow green emission at
531 nm (FWHM = 36 nm), a high PLQY of 93%, and outstand-
ing CP-OLED performance (EQE = 32.0%; |ggL| = 7.74 % 1074
[62] (Table 17). Bin’s group introduced orthogonal spiro-struc-
tures into hetero[6]helicenes 48a—c, achieving near-unity
PLQYs in solution (up to 99%) and OLED external quantum
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Table 14: Structure and optical properties of 42a—h.2

=N
N

=N =N
N N
t8 O \ \ Mg
N NN \ Mg o o
B R B
(@) O 0 0" o
3L e

/
k H HH
Sl

c

%—ﬁ % P
42aR=H 42d 42¢ 42f 429 42h
42bR = Me
42c R=CF;

compound Aabs(max) [NM] Aem(max) [nm] O

42a 372 520 0.08

42b 373 522 0.08

42c 364 563 0.15

42d 372 530 0.07

42e 407 588 0.05

42f 385 - -

42g 366 - -

42h - - -

@8N0 gaps OF gium Values were reported.

Table 15: Structure and optical properties of 43a—h, 44a,b, and 45a,b.

1

Cr : o
N VRN O
N N ’
BN g BN R “.‘
RS‘B " R2 RZED i N/E‘;\N
y N ~N O R ) N,B‘N O R @/ﬁ‘N O R R
Q\ V. \ Y \ V
~ /"N R — /N R —~ /N R
43a-d 43e-h
43a,e R" = 4-(t-Bu)phenyl, R2=F 44a R' = 4-(+-Bu)phenylthio, 45aR=F
43bf R'=4-(tBu)phenyl, R2=Ph R2 = Me 45b R =Ph
43c,g R'" = 4-(+-Bu)phenylthio, R2 = F 44b R" = 4-(t-Bu)phenylthio,
43d,h R = 4-(+-Bu)phenylthio, R? = Ph R2 = Et
compound Aabs(max) [NM] Aem(max) [NM] OF |9abs] 91uml
43a 588 625 0.59 4 %1075 3x107°
43b 623 649 0.56 - -
43c 601 640 0.31 - -
43d 634 668 0.12 - -
43e 646 682 0.30 2.0x 1073 1.3 x 1073
43f 677 708 0.24 3.0x 1073 1.3 x 1073
43g 660 695 0.16 1.8 x 1073 1.2 x 1073
43h 691 719 0.10 - -
44a 624 665 0.08 1.5x 1073 -
44b 625 665 0.07 1.7 x 1073 -
45a 548 568 0.26 - -
45b 554 574 0.18 - -
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Table 16: Structure and optical properties of 46a—d.

t-Bu

Beilstein J. Org. Chem. 2025, 21, 1422—-1453.

t-B t-B
T .

compound Aabs(max) [NM]  Aemmax) [nm] OF |Gabsl |G1uml
46a@ 511 524 0.99 - -
46b2 507 522 0.65 6.2 x 1073 1.0x 103
46¢cP 524 567 0.99 5.0 x 1073 6.0 x 104
46d° 518 541 0.90 6.0 x 1073 7.0 x 1074
film Aabs(max) [NM] Aem(max) [nm] O FWHM [nm]
46a in PMMA - - 0.95 -
46b in PMMA - - 0.55 -
46¢ in PMMA - - 0.80 -
46d in PMMA - - 0.77 -

an toluene; Pin acetone.

efficiencies (EQEs) exceeding 31% [63]. Chen’s group re-
ported 49, a B,N-containing hetero[9]helicene that emits at
578 nm with a PLQY of 98% and showing excellent chiroptical
properties (|g1uml = 5.8 x 1073; Bepr, = 220.75 M~ em™!) [64].
OLEDs incorporating compound 49 demonstrated an EQE of
35.5% and |gg1 | = 6.2 x 1073. Zhang’s group synthesized 50af,
with and without installed heptagons [65]. The heptagon-con-
taining derivatives showed red-shifted emission, broader
FWHM, lower PLQYSs, and diminished Bcpy values, indicating
a trade-off between extended conjugation and emissive effi-
ciency. Yin’s group introduced 1,4-BN motifs into compounds
51a and 51b, which emitted blue-green light at 474 and 465 nm,
respectively, and exhibited moderate CPL activity
(Igruml = 5 X 10_4) [66] . OLEDs based on compound 51a
emitted at 502 nm and achieved an EQE of 3.18%. Liu’s group
positioned B and N atoms on the inner rim of 52a and 52b [67].
While 52b exhibited remarkably high |gaps| and |gjum| values
(6.1 x 1072 and 2.4 x 1072, respectively), its PLQY was rela-

tively low (24%). Further molecular optimization led to the de-

velopment of compounds 53a—c, which demonstrated ultra-
narrow emission bands (FWHM = 16-34 nm), high PLQYs
(67-82%), and exceptional CPL brightness (Bcprs of 583, 374,
and 349 M~ em™!, respectively), with compound 53a setting a
new record for BN-containing helicene CPL brightness [68].
These collective findings underscore the critical role of rational
BN doping, m-conjugation engineering, and structural rigidity in
precisely tuning the photophysical and chiroptical properties of
helicene-based materials, thereby advancing the design of next-
generation CPL-active optoelectronic systems with superior
performance metrics.

However, these findings also suggest that boron may not always
be the optimal choice for enhancing charge-transfer properties.
The delocalization of electrons between the vacant p-orbital of
boron and the electron-rich m-conjugated systems can diminish
both the electron-accepting capability of boron and the electron-
donating efficiency of the conjugated framework. Additionally,

the inherently low electronegativity of boron further limits its
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Table 17: Structure and optical properties of 47, 48a—c, 49, 50a—f, 51a,b, 52a,b, and 53a—c.

t-Bu t-Bu

48b R = 4-(t-Bu)phenyl

compound Aabs(max) [NM] Aem(max) [nm] OF |9abs] G1uml

47 510 531 0.93 1.4 x 1073 5.8 x 104
48a 482 503 0.91 - -

48b 495 516 0.99 - -

48c 493 515 0.94 - -

49 546 578 0.98 5.6 x 10-3 5.8 x 1073
50a 548 595 0.68 7.4 x 1073 2.7 x 1073
50b 545 585 0.66 8.6 x 103 2.5x 1073
50c 553 598 0.74 3.1 x 1073 2.7 x 1073
50d 622 675 0.11 4.7 x 1073 2.9x 1073
50e 563 623 0.27 - -

50f 595 641 0.02 6.6 x 10-3 5.0 x 1073
51a 453 474 0.83 6.2 x 1073 51 x 104
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Table 17: Structure and optical properties of 47, 48a—c, 49, 50a—f, 51a,b, 52a,b, and 53a—c. (continued)

51b 447 465

52a 403 409

52b 423 430

53a 506 515

53b 513 529

53¢ 516 535

film Aabs(max) [Nm] Aem(max) [Nm]
46a from CHCl3 - 667

46b from CHCl3 - 632

47 in PhCzBCz - =545
51ain DPEPO - 472

51b in DPEPO - 467
device AEL(max) [nm] lgel

a7 536 7.7 x 1074
48a 490 -

48b 506 -

48c 522 -

49 580 6.2 x 1073
51a 502 -

effectiveness as an electron acceptor, thereby restricting the
achievable red-shift in emission. To overcome these limitations,
alternative electron-withdrawing atoms and functional groups
have been introduced into nitrogen-doped helicene frameworks
to improve their photophysical performance and extend emis-
sion into the longer wavelength region.

X,N-containing helicenes (X = O, S or Se)

Imide functional groups are well recognized for their strong
electron-accepting character, making them valuable moieties in
the design of optoelectronic materials. When incorporated into
m-conjugated frameworks, imide groups can significantly modu-
late electronic structures and enhance properties such as fluores-
cence efficiency, charge transport, and chiroptical responses. In
this section, we begin by summarizing representative imide-
functionalized helicenes, highlighting their structural features
and photophysical performances. In 2020, Ravat’s group intro-
duced a novel class of helically chiral diimide molecules 54a—c,
which integrate the favorable characteristics of arylene diimides
within the chiral architecture of [n]helicenes [69]. These com-
pounds exhibit varying PLQYSs of 0.22, 0.02, and 0.12 for 54a,
54b, and S54c, respectively, and notably retain fluorescence in
the solid state. The |g,pg| in the visible region increase systemat-
ically with helical length, reaching values as high as ~1072 for
compounds 54b and 54¢ — among the highest reported to date —
highlighting their strong potential in chiral optoelectronic appli-
cations (Table 18). In 2023, the same group reported a stable

0.54 2.5x 1073 48 x 1074
0.31 3.6 x 1072 2.4 x 1072
0.24 6.1 x 1072 48 x 1072
0.82 2.4 x 1072 1.7 x 102
0.67 1.1 x 1072 1.2 x 1072
0.72 1.1 x 1072 8.0 x 1073
o FWHM [nm]
0.02 48

0.04 35

0.92 ~50

0.32 38

0.42 29

FWHM [nm]  CIE coordinate EQEmax [%]
38 (0.32, 0.66) 31.1

30 (0.10, 0.41) 25.2

37 (0.15, 0.65) 29.2

37 (0.22, 0.70) 31.0

48 (0.53, 0.46) 35.4

35 (0.14, 0.55) 3.2

push—pull [7]helicene diimide (compound 55) that exhibited
notable chiroptical performance, with |g sl and |gjum| values of
1.12 x 1072 and 5.0 x 1073, respectively, in toluene [70].
Furthermore, compound 55 demonstrated solvent-dependent
fluorescence and CPL behavior across the visible spectrum,
with both emission intensity and chiroptical properties varying
in response to solvent polarity. Concurrently, Wiirthner’s group
developed two naphthalimide-annulated [n]helicenes, com-
pounds 56a and 56b (n = 5, 6), via a concise two-step synthetic
route that afforded excellent yields and notable photophysical
properties [71]. Both helicenes display high ®f as 73% for 56a
and 69% for 56b. Notably, compound 56b exhibits markedly
enhanced |g b and |g1uml values of 2.1 x 1073 and 2.3 x 1073
approximately 4.5-fold greater than that of compound 56a. Its
red CPL emission at 615 nm and high Bcpy, of 66.5 M~ cm™!
underscore its potential for advanced chiral photonic applica-

tions.

Heteroatom engineering in double helicenes has emerged as a
powerful strategy for tuning chiroptical properties and excited-
state dynamics. In 2021, Sakamaki’s group synthesized a novel
double N,O-hetero[S]helicene (compound 57b) by coupling two
12H-benzo[b]phenoxazine (BPO) units and systematically com-
pared it to its N,N-analogue (compound 57a) derived from 13H-
dibenzo[b,i]phenoxazine (DBPO) scaffolds [72] (Table 19).
Compound 57b was obtained in significantly higher yield and,

like compound 57a, exhibited electron-rich character and
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Table 18: Structures and optical properties of 54a—c, 55 and 56a,b.

?4"'9

R = methoxy
Ar = 2 6-diisopropylphenyl

Beilstein J. Org. Chem. 2025, 21, 1422—-1453.

compound Aabs(max) [Nm] Aem(max) [nm] O |9abs] [G1uml BepL M~ cm1]
a
54a 417, 442 471,499 02 7 x 1073 - -
0.022 o
54b 395 470, 498 0.02b 1.75 x10 - -
0.122 -
54c 452 508 0,06 1.22 x 1072 - -
55¢ 408 532 0.26 8.6 x 1073 42 x1073 7.8
56a 629 655 0.73 45 x 1074 5.0x 104 22.0
56b 588 613 0.69 21 x 1073 2.3 x1073 66.5
device AEL(max) [nm] lgel FWHM [nm] CIE coordinate EQEmax [%]
56b 618 - 50 - 2.3

aAs detected in solution; Pas detected in the solid state; Call detected in DCM.

compact molecular packing, both favorable for p-type tran-
sistor performance. Importantly, both helicenes displayed strong
CPL in CH,Cly, with |g1um| values exceeding 1072, Intriguingly,
the CPL signals of the two compounds exhibited opposite signs,
underscoring the sensitivity of chiral excited-state properties to
heteroatom substitution within the helicene framework.
Extending this design principle, the group reported a double
N.,S-hetero[5]helicene 58 constructed from two benzo[b]pheno-
thiazine units in 2023 [73]. Compared to the N,0O-analogue 57b,
this new compound showed more intense phosphorescence and
an extended emission lifetime in dilute solution. Notably, it
demonstrated room-temperature dual-emission CPL originating
from both prompt fluorescence and long-lived phosphores-
cence, a rare feature in helicene systems. In a subsequent study,
the same group reported a bis(N,Se)-hetero[4]helicene 59b and

systematically compared its structural and dynamic properties

with those of its sulfur analogue 59a [74]. Despite their close
structural resemblance, the longer C—Se bond in 59b led to a
markedly higher racemization barrier (145.7 vs 112.8 kJ/mol),
thereby illustrating how subtle atomic substitutions can signifi-
cantly influence the conformational stability of helical mole-
cules (Table 19). These studies illustrate how precise hetero-
atom modulation enables fine control over CPL directionality
and emission lifetimes, offering promising avenues for the de-
velopment of multifunctional chiral optoelectronic materials —
particularly those capable of simultaneous fluorescence and
phosphorescence-based CPL.

Recently, thiadiazole-fused helicenes have gradually come into
our view. In 2023, Hirose’s group synthesized a series of
tetraazadithia[n]helicenes — 60a, 60b, and 60c — featuring 2,1,3-
thiadiazole termini [75] (Table 20). Among them, compound
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Table 19: Structures and optical properties of 57a,b, 58, and 59a,b.

Beilstein J. Org. Chem. 2025, 21, 1422—-1453.

t-Bu S
59a 59b
compound Aabs(max) [NM] Aem(max) [nm] OF |Gabsl |Giuml
57a ~410 569 0.038 1.7 x 102 2.3 x 102
57b ~380 587 0.035 1.3x 102 1.3 x 102
0.003 _ _
58 ~390 547 0.302 2.0x 102 1.7 x 102D
59a 380 - - - -
59b 380 - - - -

aPhosphorescence quantum yield ®p; °doped in B-estradiol matrix.

Table 20: Structures and optical properties of 60a—c and 61a,b.

60a

compound Aabs(max) [NM] Aem(max) [Nnm] O |9abs]

60a 391 398 0.005 -

60b 431 450 0.008 1.5 x 102
60c 445 483 0.027 3.7x 1072
61a 340 536 0.0735 -

61b 349 556 0.009 -

[G1uml BepL M1 em™1]
1.0 x 1072 2
4.0x 102 15
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60c exhibited pronounced CPL activity in toluene (|gjym| = 0.04,
®r = 3%), demonstrating the efficacy of terminal heterocycle
incorporation for boosting chiroptical performance. In 2024,
Babu and co-workers developed two m-extended
hetero[6]helicenes — 61a and 61b — incorporating thiadiazole
and selenadiazole moieties, respectively [76]. Substitution of
sulfur with selenium enhanced intermolecular interactions and
led to a notable reduction in the optical bandgap, highlighting
the effectiveness of heteroatom modulation in tuning the elec-
tronic and photophysical properties of chiral nanographenes.
These studies exemplify how strategic structural and electronic
design — through m-extension, end-group heteroatom engi-
neering, and atom-specific substitutions — enables precise
tuning of chiroptical and photophysical properties in helicene-
based materials, advancing their applicability in next-genera-

tion optoelectronic devices.

In 2020, Pittelkow’s group developed a unique synthetic
strategy that converts a non-planar hetero[7]helicene into a
planar hetero[8]circulene featuring an antiaromatic cycloocta-
tetraene (COT) core (62a—f) [77] (Table 21). Through con-
trolled oxidation of the thiophene units to sulfones, they
achieved a systematic red-shift in both absorption and emission
spectra. Remarkably, the emission of these derivatives spans
nearly the entire visible spectrum. These studies provide inno-

vative molecular design strategies for constructing helically

Table 21: Structure and optical properties of 62a—f.

compound Aabs(max) [Nm] Aem(max) [nm]
62a 388 429
62b 419 484
62c 431 518
62d 476 574
62e 414 436
62f 473 485

Beilstein J. Org. Chem. 2025, 21, 1422—-1453.

twisted or planarized chiral m-conjugated systems with tunable
optical properties, thereby paving the way for the development
of multifunctional materials in advanced photonic and elec-

tronic technologies.

In 2021, Viglianisi’s group synthesized a series of thia-bridged
triarylamine[4]helicene-functionalized polynorbornenes 63a—c
via ring-opening metathesis polymerization (ROMP), intro-
ducing helicene chirality into polymer backbones with tunable
electrochromic behavior [78]. These polymers exhibit revers-
ible pH-responsive color changes. For instance, 63a transitions
from pale yellow to deep blue in the solid state upon exposure
to TFA, while 63b and 63c in CH,Cl; exhibit new absorption
bands at 570 and 575 nm, respectively — reversibly decolorized
upon triethylamine treatment (Table 22). This work demon-
strates the potential of helicene-containing polymers as stimuli-
responsive chiral electrochromic materials. In the same year,
You’s group developed a transition-metal-catalyzed C—H/C-H-
type regioselective C3-arylation of benzothiophenes using mo-
lecular oxygen as the oxidant [79]. This strategy afforded the
TADF-active compound 64a, which exhibits efficient blue
emission and excellent OLED performance with a maximum
EQE of 25.4%. This example highlights the utility of helicene-
related heteroaromatic frameworks in the design of high-effi-
ciency emissive materials. Also in 2021, Ema’s group reported
a concise Scholl-type cyclodehydrogenation strategy for synthe-

H
oo Iy
o "YS
"o MeO O O

N
H
62c

Ty
="

N
H
62f

s% 0

OF |9absl [G1uml

0.08 - -
0.25 - -
0.14 - -
0.13 - -
0.06 - -
0.12 - -
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Table 22: Structures and optical properties of 63a—c, 64a,b, 65a—d, and 66.

63a 63b 63c

compound Aabs(max) [Nm] Aem(max) [nm] ®F |9abs] [Gruml

63a - - - - -

63b 570 - - - -

63c 575 - - - -

64a 376 456 - - -

64b 360 456 - - -

65a 401 420, 441 0.30 9.2 x 104 72x 104
65b 414 432, 457 0.08 1.6 x 103 1.1 %1073
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Table 22: Structures and optical properties of 63a—c, 64a,b, 65a—d, and 66. (continued)

65¢c 440 493

65d 420 554

66 388, 431 489

66 (+TFA) 290, 389, 439 555

device AEL(max) [Nnm]  |gEL FWHM [nm]
64a 474 - -

sizing azahelicenes and diaza[8]circulenes 65a—-d [24]
(Table 22). These molecules exhibited distinct Cotton effects
and CPL, with |gjum| reaching up to 1.6 x 1073, This approach
offers a generalizable route to structurally diverse chiral poly-
cyclic aromatic hydrocarbons (PAHs) with strong chiroptical
responses. Concurrently, Tanaka’s group achieved the enantio-
selective synthesis of aza[6]- and aza[7]helicene-like molecules
via Rh(I)/chiral bisphosphine-catalyzed [2 + 2 + 2] cycloaddi-
tion [80]. The resulting S-shaped double aza[6]helicene-like
compound 66 displayed high enantiomeric excess (up to 89%
ee), pronounced chiroptical activity (|gaps| = 0.0054-0.0056),
and substantial ®g of 0.21-0.32 under both neutral and acidic
conditions. This work exemplifies the power of transition-metal
catalysis for constructing enantioenriched helicenes with
tunable photophysical properties. These contributions from
2021 underscore the synthetic versatility and functional diver-
sity of helicene-based systems, spanning electrochromism, ther-
mally activated delayed fluorescence, and circularly polarized
luminescence. Such structural innovations provide valuable
frameworks for the development of next-generation chiral opto-
electronic materials.

In 2022, Furuta’s group developed a one-pot synthetic protocol
to access (NH)-phenanthridinone derivatives and chiral amide-
functionalized [7]helicene-like molecules 67a,b from biaryl
dicarboxylic acids, employing a Curtius rearrangement fol-
lowed by basic hydrolysis [81] (Table 23). Notably, when
chalcogen-containing substrates were used, the process afforded
phosphorus ester derivatives of aza[5]helicenes. The chiral
nature of the products was confirmed by optical rotation and
CD measurements. In parallel, Soni’s group established an effi-
cient three-step synthesis of coumarin-containing hetero[5]- and
[6]helicene-like structures 68a—g in high yields [82]. These
compounds display diverse photophysical behaviors: com-
pound 68d emits yellow fluorescence in both solution and solid
state, exhibiting solvatofluorochromism due to a twisted intra-
molecular charge transfer (TICT) mechanism, while compound
68e emits blue light (Op = 0.37) and demonstrates pronounced
AIE in the solid state. Concurrently, Jiang’s group reported 69b,
the first hetero[4]helicene-type molecule exhibiting both CPL

0.10 7.3 x 1074 26 x 1074
0.02 - -

0.21 5.59 x 103 1.42 x 1073
0.32 498 x 1073 1.38 x 1073
CIE coordinate EQEmax [%]
(0.15, 0.23) 25.4

and TADF [83]. This compound displays a high ®g of 0.51 and
a|guml of 1.2 X 1073. OLED devices fabricated using 69b emit
sky-blue light with a peak EQE of 10.6% and |ggy | values up to
1.6 x 1073, Collectively, these studies demonstrate the versa-
tility of helicene-inspired architectures for constructing multi-
functional chiral optoelectronic materials, highlighting their
growing relevance in next-generation circularly polarized
OLED technologies.

Takizawa and co-workers have pioneered electrochemical
strategies for synthesizing structurally diverse hetero[7]heli-
cenes with tunable chiroptical properties and excellent configu-
rational stability. In 2022, they introduced two electrochemical
routes to construct aza-oxa-dehydro[7]helicenes, yielding
helicenes with high racemization barriers and notable chiral
stability [84]. The quasicirculenes 70a and 70b demonstrated
strong blue CPL activity, with |gym| values of 2.5 x 1073 at
433 nm and 2.4 x 1073 at 418 nm, respectively (Table 24).
Building on this, the team achieved the enantioselective synthe-
sis of heterodehydrospiroenes on a gram scale using chiral
vanadium(V) complexes — marking a significant advancement
in asymmetric electrochemical catalysis. In a complementary
study that same year, they reported a two-step electrochemical
synthesis of a double aza-oxa[7]helicene via oxidative coupling
followed by dehydrative cyclization [85]. The resulting meso-
isomer (P,M)-71 emerged as the major product, exhibiting dual
emission bands at 415 and 440 nm and solvent-independent
absorption at 407 nm. Expanding the structural diversity, the
group developed a two-pot synthesis of unsymmetrical
hetero[7]helicenes 72a—g in 2023 [86], employing p-benzo-
quinone and N-aryl-2-naphthylamines through acid-promoted
cyclization followed by electrochemical domino reactions. This
method produced six compounds with yields ranging from
33-45%, all featuring extended m-conjugation and distinct pho-
tophysical characteristics. Furthermore, they established a mild
electrochemical protocol for synthesizing oxaza[7]helicenes in-
corporating pyrrole and furan units [87]. This method afforded
products in 50-86% yield with Faradaic efficiencies up to 77%.
Among them, derivative 73 exhibited CPL activity
(Ig1uml = 3.0 x 107%), showcasing the ability to modulate chirop-
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Table 23: Structures and optical properties of 67a,b, 68a—g, and 69a,b.

Beilstein J. Org. Chem. 2025, 21, 1422—-1453.

N~H
N 5
67a
o.__0 O o0._0
O 7N | 0
SoRoUa®As
OMe NO
68c 68d
compound Aabs(max) [Nm] Aem(max) [nm]
67a — —
67b - —
68a 295 411
68b 309 422
68c 328 439
68d 394 514
68e 320 423
68f 318 389
68g 317 411
69a 397 431
69b 400 446
device )‘EL(max) [nm] |gE|_| FWHM [nm]
69b 488 1.6 x10=3 72

tical responses via heteroatom integration. These studies
underscore the versatility of electrochemical synthesis in
enabling precise structural modulation of heterohelicenes, facil-
itating access to high-performance chiral optoelectronic materi-
als.

In 2023, Zhang’s group introduced a new class of helically
chiral double hetero[4]helicenes 74a and 74b exhibiting

OMe
68b
|
= 2N P yZ N
Y LY
68e 68f 68g
OF |9abs] [G1uml
0.08 - —
0.10 - —
0.03 - —
0.22 - —
0.37 - —
0.01 - —
0.04 — —
0.51 - 1.2x 1078
CIE coordinate EQEnax [%]
(0.17,0.34) 10.6

CP-TADF, constructed on a distinct donor—acceptor core archi-
tecture [88] (Table 25). These compounds demonstrate excel-
lent configurational stability and robust CPL signals both in
solution and in solid-state films, with a |gym| of 3.1 x 1073.
Corresponding CP-OLEDs based on compound 74a achieved
outstanding device performance, reaching a maximum EQE of
20.03% and a |ggg | of 2.9 x 1073 — underscoring their consider-

able potential for advanced chiral optoelectronic applications.
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Table 24: Structures and optical properties of 70a,b, 71, 72a—g, and 73.

Beilstein J. Org. Chem. 2025, 21, 1422—-1453.

70b 71
p-tolyl
I
Ar = R1 - N R2 = R3 = R4 =
O D 72d H H H
72a Ph H
o O 72e Bpin H
72b p-tolyl H
72f Ph H H
72¢ p-tolyl H R* O R2
72g H H COOMe
R® 73
compound Aabs(max) [NM] Aem(max) [nm] O [Qabsl |G1uml
70a 402 433 0.25 - 25x 1073
70b - 418 0.16 - 2.4 x 1073
71 407 415, 440 - - -
72a 406 439 - - -
72b 403 440 0.065 - -
72¢ 402 440 - - _
72d 413 450 - - -
72e 401 440 - - -
729 405 440 - - _
73 - - - - 3.0x 104

Building upon this framework, in 2024, the same group de-
veloped a novel cove-region bridging strategy to construct
double hetero[4]helicenes with enhanced structural rigidity and
persistent chirality [89]. By selectively modifying the bay
regions of the SPZ (spiro[fluorene-9,9'-xanthene]) scaffold, they
successfully converted initially non-emissive helicenes into effi-
cient TADF luminophores with tunable emission wavelengths
ranging from sky-blue to deep red. Particularly, the enan-
tiomeric forms of the 75b derivatives emerged as rare examples
of red-emissive CPL materials. This innovative design ap-
proach offers a versatile and modular platform for engineering
chiral multi-helicene systems with customizable optoelectronic
properties, paving the way for their deployment in next-genera-
tion CPL-active materials and high-performance CP-OLED
devices.

In 2024, Jancafik and co-workers introduced an intramolecular

radical cyclization strategy to synthesize highly luminescent

tetraceno[6]helicenone and its aza analogue 76 [90] (Table 26).
The incorporation of a carbonyl group into the helicene back-
bone substantially enhanced fluorescence quantum yields and
red-shifted the emission into the visible region. The aza ana-
logue demonstrated promising performance in OLEDs,
confirming its potential for optoelectronic applications. Concur-
rently, Shirinian’s group synthesized a series of nitrogen-func-
tionalized quinoline (NFQ)-based aza-oxa[5]helicenes 77a—f
exhibiting excellent UV stability and solvent-dependent fluores-
cence [91]. Protonation significantly enhanced their emission
intensity, and the presence of nitrogen facilitated further struc-
tural derivatization. In the same year, Alcarazo’s group re-
ported an enantioselective gold-catalyzed synthesis of com-
pound 78, achieving a high enantiomeric excess [92]. They
further investigated various post-synthetic modification strate-
gies, demonstrating their potential for application in chiral
photonic materials. Collectively, these advances underscore the

power of structural tailoring, heteroatom incorporation, and en-
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Table 25: Structures and optical properties of 74a,b and 75a—c.

tBu Sj©/t-8u

compound Aabs(max) [Nm] Aem(max) [Nnm]
74a 406 493

74b 357 450

75a 612 -

75b 495 656

75¢ 436 480

device AEL(max) [nm] l9eLl
(M,M)-74a 500 2.9 x10-3
rac-74a 500 -

aDetected as 20 wt % doped films with the mCBP host.

antioselective strategies in finely tuning the photophysical and
chiroptical properties of helicenes, providing a versatile founda-
tion for the development of high-performance chiral optoelec-
tronic materials.

Conclusion

Nitrogen-doped helicenes and their heteroatom co-doped ana-
logues constitute a rapidly advancing class of chiral m-conju-
gated materials, distinguished by exceptional structural
tunability, photophysical diversity, and chiroptical functionality.
The integration of nitrogen — and its synergistic pairing with
heteroatoms such as boron, oxygen, sulfur, and selenium — has
significantly expanded the molecular design space, enabling
precise control over redox behavior, emission wavelength, CPL,
and responsiveness to thermal or redox stimuli. These hetero-
atom modifications have led to remarkable breakthroughs, in-

cluding near-unity PLQYs, ultranarrow emission bands, |gjuml

Beilstein J. Org. Chem. 2025, 21, 1422—-1453.

t-Bu

t-Bu
\__/
LTRSS U8 W
\ /S
75c¢c
®F |9abs] G1uml
0.13/0.672 - 3.1 x 10732
0.07/0.222 — _
0.02 - 2.7 x 1073
0.09 - 2.5 x 1072
FWHM [nm] CIE coordinate EQEmax [%]
82 (0.24, 0.50) 20.03
81 (0.24, 0.49) 20.00

values exceeding 1073, and unprecedented Bcpy , particularly in
the visible to near-infrared (NIR) spectral regions.

Recent advances in synthetic methodology — including electro-
chemical, Scholl-type, and enantioselective catalytic strategies —
have further enabled access to structurally complex helicene
topologies with enhanced configurational stability and inte-
grated multifunctionality. These developments have facilitated a
growing range of applications in CP-OLEDs, molecular
sensing, chiral switches, and photonic devices. Moving forward,
key challenges remain, such as mitigating spectral broadening
in red/NIR emission, enhancing the chemical and photostability
of electron-deficient helicenes, and developing sustainable,
scalable synthetic approaches. The integration of computational
design with multifunctional molecular engineering is expected
to accelerate the deployment of helicene-based materials

in next-generation technologies spanning chiral optoelec-
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Table 26: Structures and optical properties of 76, 77a—f, and 78.2

Beilstein J. Org. Chem. 2025, 21, 1422—-1453.

77d T7e 77f 78
compound Aabs(max) [Nm] Aem(max) [nm] OF
76 483 561 0.43
77ain CHCI3 352 379, 399 0.39
77b in CHCl3 359 379, 392 0.04
77c in CHCI3 360 397 0.08
77d in CHCl3 362 390, 403 0.09
77ain heptane 347 388 0.21
77e in heptane 348 391 0.20
77f in heptane 348, 358 383 0.19
77ain toluene 352 394, 421 0.56
77e in toluene 353 380, 400 0.44
77f in toluene 353 388 0.28
77a in acetonitrile 348 375 0.48
77e in acetonitrile 348 383 0.48
77f in acetonitrile 349 391 0.42
77a in methanol 351 383 0.48
77e in methanol 349 391 0.47
77f in methanol 352 396 0.27
device AEL(max) [nm] lgeLl FWHM [nm] CIE coordinate EQEmax [%]
76 580 - 103 - 0.15
76:MADN 95:5 550 - 93 - 0.7

aNo gabs OF glum Values were reported, no optical characterization for 78.

tronics, bioimaging, spintronics, and quantum information

science.
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Cyclobisbiphenylenecarbonyl (CBBC) represents a readily available chiral figure-eight macrocycle containing two carbonyl

groups. However, the transformation of the carbonyl groups has been unexplored. Herein, we conducted the Wittig reaction of

CBBC with methylenetriphenylphosphorane to furnish two chiral macrocycles containing one or two exocyclic olefin units. Owing

to the transformation of carbonyl groups, the resulting products exhibit several unique physical and chemical properties: (1) the en-

hancement of configurational stability, (2) the appearance of fluorescence, and (3) the reductive carbon—carbon-bond formation be-

tween carbonyl and alkene units.

Introduction

Figure-eight m-conjugated molecules represent chiral macro-
cycles with a twisted crossover structure [1-15]. Various figure-
eight rr-systems including aromatic hydrocarbons, belt-type ex-
tended m-systems, and porphyrinoids have been reported. The
structural twisting in figure-eight macrocycles leads to cross-
linked conjugation at the molecular center and a highly sym-
metric chiral structure with D,-symmetry. Consequently, figure-

eight molecules often exhibit fascinating properties, such as

unusual rearrangement reactions [9] and efficient circularly
polarized luminescence (CPL) [10-12].

Cyclobisbiphenylenecarbonyl (CBBC) 1 is a figure-eight
macrocycle, which is readily synthesized from commercially
available dibenzo[g,p]chrysene (DBC, 2) via oxidative inner-
bond cleavage (Figure 1) [16,17]. CBBC 1 was first synthe-
sized by Suszko and Schillak in 1934 using sodium dichromate
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as an oxidant [16]. Recently, our group developed a scalable,
catalytic, and enantioselective protocol to furnish CBBC 1 [17].
Several peripherally modified CBBC derivatives have also been
prepared and were shown to have fascinating properties [17-
21]. For example, carbazole-substituted donor—acceptor-type
CBBC derivatives exhibit both efficient circularly polarized lu-
minescence (CPL) and thermally activated delayed fluores-
cence (TADF), demonstrating that CBBC represents a promis-
ing building block for the design of advanced functional materi-
als [17,21]. However, the transformation of the carbonyl groups
in CBBC has been underexplored. Herein, we report the Wittig
reaction of CBBC 1. CBBC 1 undergoes structural change from
a stable figure-eight conformation A to a metastable bathtub
conformation B with a small energy difference of approxi-
mately 2 kcal mol~! [21]. In this paper, we discuss the effect of
the transformation of the carbonyl groups on the conformation-
al change of the figure-eight structure. We thus intentionally
depict flattened chemical structures in the reaction schemes.

Results and Discussion

Synthesis and characterization

Methylenetriphenylphosphorane was generated by mixing
equimolar amounts of methyltriphenylphosphonium iodide
([MePPh3]I) and sodium fert-butoxide (NaOz¢-Bu) in THF. The
Wittig reaction of CBBC 1 with 1.2 equiv of methylenetri-
phenylphosphorane afforded mono-olefin 3 in 49% yield as
well as an internally functionalized dibenzo[g,p]chrysene
(DBC) derivative 4 in 5% yield (Scheme 1). The use of an
excess amount of methylenetriphenylphosphorane (5.0 equiv)

3% &

DBC 2 CBBC 1

Figure 1: Synthesis and structures of CBBC 1.

Clell
(et
1

Scheme 1: Wittig reactions of CBBC 1.

[MePPh3]l (X equiv)
NaOt-Bu (X equiv)

THF, 70 °C, 24 h
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afforded compound 4 in a higher yield of 50%. In addition, the
reaction furnished bis-olefin 5 in 2% isolated yield which is
lower than the estimated yield by '"H NMR measurement of the
crude mixture (11%). This is due to the partial loss of the prod-
uct during purification to remove a trace amount of DBC 2,
which was generated as a byproduct and exhibited similar
polarity as compound 5. The obtained compounds 3, 4, and 5
were identified using nuclear magnetic resonance (NMR) spec-
troscopy and mass spectrometry (MS) (see Supporting Informa-
tion File 1) as well as single crystal X-ray diffraction analysis
(vide infra). Furthermore, the absence of carbonyl groups in bis-
olefin 5 has been corroborated by Fourier transform infrared
(FTIR) spectroscopy (Figure S16 in Supporting Information
File 1).

Compound 4 could be generated through the reaction of com-
pound 3 with phosphorus ylide. However, a reliable reaction
mechanism remains unclear. A tentative mechanism that may
be plausible is shown in Supporting Information File 1, Figure
S21, which consists of (1) the nucleophilic attack of methylene-
triphenylphosphorane to the exo-methylene group of 3, (2) the
intramolecular carbon—carbon-bond formation at the carbonyl
group, and (3) the nucleophilic substitution of the thus gener-
ated alkoxide to form an oxygen-containing five-membered
ring. At least, density functional theory (DFT) calculations
support that the nucleophilic attack of methylenetriphenylphos-
phorane to the exo-methylene unit is slightly favorable over
reaction with the carbonyl group (Figure S20, Supporting Infor-
mation File 1), which will be due to the disrupted nucleophilic

f\o . O/O

figure-eight A bathtub B

AN
CH, _ CH,
SO - L]
0 SO (&)
3 4 5

5%
50%

n.d.
2%
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attack to the carbonyl group by the intramolecular steric repul-
sion toward the Biirgi—-Dunitz angle. However, alternative
mechanisms initiated by a conventional oxaphosphetane forma-

tion cannot not yet be ruled out.

The structures of compounds 3, 4, and 5 were determined by
X-ray diffraction analysis (Figure 2). Mono-olefin 3 and bis-
olefin 5 adopt a bathtub-like chiral macrocyclic structure rather
than figure-eight conformation. Both compounds crystallize as a
racemic pair of enantiomers with P2;/c and Cc space groups,
respectively. The bond lengths at the exocyclic olefin units of 3
and 5 are 1.336(2) and 1.333(3)-1.337(3) A, respectively,
which are typical for carbon—carbon double bonds. The

(b)

Beilstein J. Org. Chem. 2025, 21, 1454—-1461.

(CH,CH,0)-substituted DBC derivative 4 adopts a double-
helicene-like structure similarly to other internally functionali-
zed DBC derivatives [22]. The dihedral angle between the mean
planes of the two terminal benzene units is 83°, which is
comparable to those of other derivatives.

Next, products 3 and 5 were analyzed by variable temperature
(VT) 'H NMR spectroscopy. The 'H NMR spectrum of bis-
olefin 5 in CD,Cl; at 298 K shows a symmetric pattern, in
which the signal due to the methylene protons appears as one
singlet (Figure 3). The decrease of temperature to 243 K
resulted in the broadening of the 'H NMR spectrum and the ap-
pearance of two sets of signals which sharpened upon further

Figure 2: X-ray crystal structures of (a) 3, (b) 4, and (c) 5 with thermal ellipsoids at 50% probability; all hydrogen atoms are omitted for clarity.

(@)

(b)

(c)

| 2

8.5 8.0 7.5 7.0

6.5

T T T T 1

6.0 6.0 4.0

ppm

Figure 3: VT 'H NMR spectra of 5 in CD,Cl, at (a) 298 K, (b) 243 K, and (c) 203 K. Blue circle and red triangle mean selected signals due to figure-

eight and bathtub conformations, respectively.
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decrease of the temperature. These are attributable to the mix-
ture of conformers with the figure-eight conformation as minor
and the bathtub conformation as major conformer with a ratio of
ca. 1:7. The obtained temperature-dependent 'H NMR data
were subjected to the van't Hoff plot, affording an enthalpy AH
and an entropy AS of 1.5 kcal mol™! and 3.2 cal K™ mol™!,
respectively (Figure S26 in Supporting Information File 1).
These physical parameters give a free energy AGjgg of
0.55 keal mol™!, indicating approximately a 2:5 ratio of figure-
eight and bathtub conformations at room temperature. Mono-
olefin 3 exhibited similar temperature-dependent 'H NMR
changes, which furnished AH of 3.1 kcal mol~! and AS of
11 cal K™ mol™! for the (figure-eight)-bathtub interconversion
(Figure S25 in Supporting Information File 1). These parame-
ters afforded AG,gg of —0.22 kcal mol™!, indicating that the
figure-eight conformation is slightly preferred at room tempera-
ture with approximately a 3:2 ratio of figure-eight and bathtub
conformations. We have also estimated the activation barriers
of the interconversion of 3 and 5 between the figure-eight and
bathtub conformations by measuring VT 'H NMR spectra in
toluene-dg because the signals due to the exo-methylene groups
overlapped with the solvent signal in CD,Cl,. The thus ob-
tained activation barriers of 3 and 5 were 11 and 12 kcal mol™!
at 263 and 253 K, respectively (Figure S27 in Supporting Infor-
mation File 1).

Previous DFT calculations at the B3LYP/6-31G(d) level of
theory suggested that the bathtub conformation of CBBC 1 is
slightly unfavorable than the figure-eight conformation by
2.4 keal mol™! [21]. On the other hand, the current DFT calcu-
lations suggest that the bathtub conformation of bis-olefin 5 is
rather favorable by 0.3 kcal mol™!, which is in accordance with
the temperature-dependent '"H NMR measurements. The rela-
tively preferable formation of bathtub conformation is attribut-
able to the destabilization of the figure-eight structures by the
intramolecular steric repulsion between the exo-methylene units
and neighboring benzene rings.

Resolution

The resolution of rac-3 and rac-5 was conducted using high-per-
formance liquid chromatography (HPLC) equipped with
DAICEL CHIRALPAK IE as the chiral stationary phase
(eluent: CH,Cly/hexane 3:2 for 3 and 1:9 for 5). The absolute
configurations of the enantiomers were determined by transfor-
mation of enantiomerically pure CBBC (P,P)-1, whose configu-
ration was previously confirmed [17]. The (P,P)-figure-eight
conformation of CBBC 1 corresponds to the (R,,R,)-bathtub
conformation, whose configuration is based on the axial
chirality of the biaryl segment. Consequently, the 1st fractions
of 3 and 5 were determined to be (S,,5,) and (R,.R,), respective-

ly (see Supporting Information File 1, Figures S1 and S2).

Beilstein J. Org. Chem. 2025, 21, 1454—-1461.

The resolution of (CH,CH,O)-substituted DBC derivative 4 at
ambient temperature was examined using DAICEL
CHIRALPAK IA-IE (eluent: CH,Cly/hexane and 2-propanol/
hexane). However, the resolution was unsuccessful due to the
low racemization barrier as with structurally similar methylene-
dioxy-substituted DBC derivative [22].

Racemization dynamics

The racemization barriers of CBBC 1, mono-olefin 3,
and bis-olefin 5 were evaluated by monitoring the decrease of
circular dichroism (CD) signals in 1,2-dichlorobenzene at
170 °C (Supporting Information File 1, Figures S22-S24).
The decrease of CD intensity was fitted by a single exponential
curve, affording half-lifes of 1.3 h for 1, 6.4 h for 3, and
29 h for 5. These results indicate that the transformation of car-
bonyl groups to exocyclic olefins is effective to retard racemi-

zation.

The racemization dynamics of 5 was investigated by DFT
calculations at the B3LYP/6-31G(d) level of theory, employing
the Gaussian 16 software package and the global reaction route
mapping (GRRM17) [23] program (Figure 4). The interconver-
sion between figure-eight conformation (M,M)-B and bathtub
conformation (S,,5,)-A is feasible with a small activation
barrier of 9.9 kcal mol~!. The figure-eight conformer (M,M)-B
untwists to adopt an achiral conformation C with the exo-alkene
units rotated inwards in opposite directions. These conforma-
tional changes are almost identical to those of CBBC 1. Howev-
er, the racemization barrier of 5 (34.8 kcal mol™!) is larger than
that of CBBC 1 (33.7 kcal mol™!), which accords with the ex-
perimental results. In the transition state TS2, the exocyclic
olefin unit a is close to the adjacent benzene ring b, which
causes intramolecular steric repulsion to increase the racemiza-

tion barrier.

Optical and chiroptical properties

The UV-vis absorption spectra of CBBC 1, mono-olefin 3, and
bis-olefin 5 are shown in Figure 5a. The absorption of 3 tails to
370 nm, which is comparable to the absorption end of CBBC 1.
On the other hand, the absorption of bis-olefin § is blue-shifted,
tailing to 325 nm. In the case of CBBC 1, the contribution of
n—r* transition due to the carbonyl groups affords weak absorp-
tion in the 300-380 nm range [17]. Consequently, the blue-
shifted absorption of 5 compared to those of 1 and 3 could
result from the loss of carbonyl groups. The relatively large
optical HOMO-LUMO gap of 5 despite the presence of 26 sp?
carbons is due to the cross-conjugation at the exocyclic olefins.
Mono-olefin 3 is virtually non-emissive, similarly to CBBC 1,
which could originate from the non-radiative decay via inter-
system crossing due to the carbonyl group. In sharp contrast,

bis-olefin 5 fluoresces at 389 nm with a quantum yield of
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(Sa,Sa)-A

(M,M)-B

kcal mol~!

Figure 4: Simulated dynamics of bis-olefin 5 at the B3LYP/6-31G(d) level of theory. The description for the configuration of A and B are based on the
helical chirality of the 1,1-diphenylethylene units and the axial chirality of the biaryl segments, respectively.

7.5% and a lifetime of 6.0 ns. The radiative and non-radiative
decay rate constants are calculated to be 1.3 x 107 s~! and

1.5 x 108 571, respectively.

The CD spectra and the dissymmetry factors (g) of enantiomers
of CBBC 1, mono-olefin 3, and bis-olefin 5 are shown in
Figure 5b and Figure Sc, respectively. These spectra are ob-
served as mirror images for enantiomers. The shapes of the CD
spectra of mono-olefin 3 and bis-olefin 5 are essentially iden-
tical except for nearly forbidden transitions of 3 in the
340-400 nm range. While the maximum g value of CBBC 1 is
approximately 0.03, the g values of mono-olefin 3 and bis-
olefin 5 are lower than 0.006. We conducted TD-DFT calcula-
tions for both the bathtub and figure-eight conformations of
compounds 3 and 5, indicating that the signs of CD signals are
reversal in most spectral range (Figure S18 and Figure S19 in
Supporting Information File 1). Consequently, the low g values
of 3 and 5 are attributable to the offset of CD signals due to the
coexistence of two conformations.

Reactivity

The reactivity of the Wittig products was examined. Mono-
olefin 3 was treated with TiCl4 and zinc powder in THF at
65 °C, which are typical conditions for the McMurry coupling
(Scheme 2) [24,25]. This reaction afforded an internally func-
tionalized DBC derivative 6 in 60% yield, which adopts an

unsymmetric structure with methyl and hydroxy groups on the
central carbon atoms. The structure of compound 6 has been
confirmed by X-ray diffraction analysis. On the other hand, the
treatment of bis-olefin 5 under the same conditions recovered
the starting material, which highlights the distinctive role of the
carbonyl group for the reductive carbon—carbon-bond forma-
tion from 3.

Conclusion

The Wittig reaction of CBBC 1 with methylenetriphenylphos-
phorane furnished two (exocyclic olefin)-containing macro-
cycles 3 and 5 as well as an internally functionalized DBC de-
rivative 4. Compounds 3 and 5 adopt a bathtub-like conforma-
tion in the solid state. In solution, both figure-eight and bathtub
conformations exist as an equilibrium mixture, in which the
bathtub conformation is rather preferable at low temperature.
Mono-olefin 3 and bis-olefin 5 exhibit enhanced configuration-
al persistency compared to CBBC 1. Bis-olefin 5 fluoresces
with a quantum yield of 7.5%, while CBBC 1 is non-emissive
under ambient conditions. Mono-olefin 3 undergoes a reductive
carbon—carbon-bond formation between carbonyl and alkene
units upon treatment with TiCly. The current study demon-
strates that the transformation of the carbonyl groups of CBBC
results in products with altered physical and chemical proper-
ties which may be beneficial for the development of advanced

materials.
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Figure 5: (a) UV-vis absorption (solid lines) and emission (dashed lines) spectra of 1 (black), 3 (blue), and 5 (red). (b) CD spectra of 1 (black), 3
(blue), and 5 (red). (c) CD g values of 1 (black), 3 (blue), and 5 (red). A = wavelength; € = extinction coefficient; solvent = CH»Clo.

O CH, O TICly (4.0 equiv) O CHy O
Zn (6.0 equiv) “
THF, 65 °C, 12 h
o} OH

3 6 (60%)

Scheme 2: Conversion of mono-olefin 3 to internally functionalized DBC derivative 6.
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The intramolecular oxidative fusion reaction of macrocyclic heteroaromatic arrays has provided strained polycyclic heteroaromatic

macrocycles as promising functional molecules. In this study, we prepared an ortho-phenylene-pyrrole-thiophene hybrid icosamer,

as the largest cyclic array in the series. The oxidative fusion reaction with [bis(trifluoroacetoxy)iodo]benzene (PIFA) afforded a

cyclophane-type aza[5]helicene-incorporated macrocycle, the structure of which was unambiguously revealed by X-ray diffraction

analysis. Its optical properties have been investigated in detail.

Introduction

Conjugated macrocyclic polyarenes have attracted significant
attention due to their stimuli-responsive optoelectronic proper-
ties, dynamic structural changes, and host—guest interactions
[1-5]. In addition to these promising functionalities, their cyclic
polyaromatic frameworks can be further transformed into fused
structures. To this end, belt-like polyaromatic architectures can
be developed, inspiring ongoing efforts toward the construction
of carbon nanotube analogs (Figure 1) [6-12]. Nevertheless,
partially fused macrocyclic intermediates are also important as

they exhibit structural strain associated with both the poly-

cyclic segments and the inherent strain stemming from the
macrocyclic structure. For instance, cyclic chrysenylenes [13-
16] and pyrenylenes [17,18] were reported to adopt unique
chiral arrangements depending on their stereochemistry. Helical
motifs such as carbo[4]helicene and oxa[5]helicene were incor-
porated into cyclic structures, giving rise to cyclic carbo[4]heli-
cenylene A and cyclic oxa[S]helicenylene-biphenylene B, re-
spectively [19,20]. Recently, our group established an efficient
synthetic strategy for strained macrocyclic polyarenes, such as

compound C, in which o-phenylene units preorganize adjacent
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macrocyclic oligoarene

(b) Zhou et al. [19]

o-phenylene x6
heteroarene x6

partially fused oligoarene

Tsubaki et al. [20]
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B oxa[5]helicene x3
p-phenylene x6

Figure 1: (a) Increased ring-strain from macrocyclic oligoarene to partially fused oligoarene and nanobelt. (b) Cyclo[4]helicenylene and
cyclo(oxa[5]helicenylene-biphenylene). (c) Intramolecular oxidative coupling of cyclic o-phenylene-pyrrole-thiophene dodecamers.

heteroaromatics into close proximity, thereby facilitating oxida-
tive ring-closure reactions [21]. Among these, the largest
macrocycle ever synthesized is a dodecameric hybrid array of
1,2-phenylene, 2,5-thienylene, and 2,5-pyrrolylene units
[22,23]. The intramolecular oxidative coupling of these arrays
afforded heterohelicene-incorporated macrocycles D and E,
depending on the relative arrangements of the pyrrole and thio-
phene units [24,25]. The influence of heteroaromatic posi-
tioning on the reaction outcome has been rationalized in our
previous work [25]. As a further extension of this molecular
design, herein we report the synthesis of an o-phenylene-
pyrrole-thiophene hybrid icosamer and its oxidative fusion to
yield an aza[5]helicene-incorporated macrocycle. The resulting
cyclophane-like structure and its optical properties have been

analyzed in detail.

Results and Discussion

Synthesis and characterization

Synthesis

We obtained o-phenylene-pyrrole-thiophene hybrid icosamer 4
during our attempt to synthesize hybrid decamer 3 in a previous
report [26], via a Suzuki-Miyaura cross-coupling reaction be-
tween dibromo precursor 1 and borylated precursor 2
(Scheme 1). The resulting mixture was successfully separated
by column chromatography on silica using CH,Cly/n-hexane as
an eluent to give icosamer 4 in 6% yield, along with decamer 3
(30%). High-resolution atmospheric-pressure-chemical-ioniza-
tion time-of-flight mass-spectrometry (HR-APCI-TOF-MS)
showed a molecular ion peak for 4 at m/z = 1479.4320 (calcd
for CyoHgsNgS4, m/z = 1479.4305). The '"H NMR spectrum of
4 in acetone-dg exhibited two NH signals at 9.07 and 8.98 ppm
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(5.0 mol %)
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THF/H,0
r, 24 h
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(30% yield)

Scheme 1: Synthesis of o-phenylene-pyrrole-thiophene hybrid macrocycles.

and five doublet signals due to the heterole B-protons in the
range of 6.7-5.8 ppm, along with o-phenylene protons around

7 ppm.

Single crystals suitable for X-ray diffraction analysis were ob-
tained from a mixture of acetone/n-hexane and the solid-state
structure was successfully determined (Figure 2). Similar to
other previously reported o-phenylene-bridged hybrid nano-
rings [22,23], the average dihedral angles were 40.66° between
the phenylene and pyrrole units, and 57.22° between the
phenylene and thiophene units. This represents the largest
o-phenylene-bridged heteroaromatic macrocycle whose struc-

ture has been confirmed by X-ray diffraction analysis.

benzene x10
thiophene x4
pyrrole x6

Figure 2: X-ray crystal structure of 4. Thermal ellipsoids are scaled to
50% probability level. Solvent molecules and hydrogen atoms except
for NHs are omitted for clarity.

Next, oxidation of 4 was attempted using [bis(trifluoro-
acetoxy)iodo]benzene (PIFA) in CH,Cl, at =78 °C (Scheme 2).

Beilstein J. Org. Chem. 2025, 21, 1561-1567.

(6% yield)

These reaction conditions had previously proven effective for
the oxidation of 3 and other o-phenylene-bridged acyclic
heteroaromatics [26,27]. Thus, to a solution of 4 in CH,Cl, was
added 15 equivalents of PIFA at —78 °C and stirred for 3 h. The
mixture was then allowed to warm to room temperature to give
a dark solution. The system was worked-up with NaBH4/MeOH
for 10 minutes followed by extraction with CH,Cl, and evapo-
ration of the solvent to afford a crude product, which was re-
crystallized from THF to give 5 in 58% yield. Due to its poor
solubility in common organic solvents, the 'H NMR spectrum
could only be recorded in DMSO. At room temperature, the
'H NMR spectrum in DMSO-dg exhibited broad signals in the
range of 6—7 ppm, which sharpened significantly at 100 °C
(Figure 3). The "H NMR spectrum at 100 °C displayed distinct
signals at 12.01 and 11.54 ppm due to NH protons, a singlet for
the pyrrole B-protons at 6.97 ppm, and doublets for the thio-
phene B-protons at 6.26 and 5.95 ppm. HR-APCI-TOF-MS
revealed a molecular ion peak at m/z = 1471.3682 (calcd for
C100H58NgSy, m/z = 1471.3679), indicating the loss of eight
hydrogen atoms from 4, suggesting the formation of a fused
structure at the pyrrole segments. Finally, the structure was un-
ambiguously revealed by X-ray diffraction analysis to display
an aza[5]helicene-incorporated macrocyclic structure
(Figure 4). In the solid-state, the distance between the two
aza[5]helicene moieties was found to be 3.185 A, closely
consistent with the DFT-optimized value of 3.136 A (see Sup-
porting Information File 1). The average dihedral angles be-
tween the o-phenylene and aza[5]helicene segments, and be-
tween the o-phenylene and thiophene segments, were 37.52°
and 44.28°, respectively. Four NH sites of the aza[S]helicene
moiety formed hydrogen bonds with DMSO molecules in the

crystal lattice, as observed in aza[n]helicenes recently reported
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(PIFA)

CH,Cl,
—-78°Ctort,3h

(58% vyield)

Scheme 2: Synthesis of aza[5]helicene-incorporated macrocyclic heteroarene 5.

"Ll

9 8.5 8 %5 7 6.5 6
(a) «— 5/ppm
__.J‘\—__J‘L M
I  § T T T I T 1] T T I T T T T I T T T T I T T T T I T T T I T T
9 8.5 8 7.5 7 6.5 6

«— 5/ppm

Figure 3: "H NMR spectra of 5 in DMSO-dg (a) at room temperature and (b) at 100 °C.

Figure 4: (a) X-ray crystal structure of 5; (left) top view, (right) side view. Thermal ellipsoids are scaled to 50% probability level. Solvent molecules
and hydrogen atoms except for NHs are omitted for clarity. (b) NCI plot of 5; (left) top view, (right) side view (isosurface: 0.50, range:
-0.03 < sign(Ag)p < 0.03).
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[28], while the other two NH sites remained uncoordinated due
to steric hindrance. Non-covalent interaction (NCI) plot analy-
sis revealed distinct intramolecular m—m dispersion interactions
between the two aza[5]helicene moieties (green surface in
Figure 4b) [29-31].

Optical properties

The electronic absorption and emission spectra of 4 were
measured in DMSO (Figure 5a). As observed for other
o-phenylene-bridged cyclic heteroarenes in previous reports,
compound 4 exhibited a broad featureless absorption band up to
450 nm, with emission peaked at 546 nm. The red-shifted emis-
sion is likely due to a significant structural relaxation in the
excited state. The fluorescence quantum yield (®p) was deter-
mined as 0.078 (A¢x = 300 nm), and the fluorescence lifetime (T)
using biexponential decay model fitting as 1.7 and 4.4 ns. The
partially fused structure of 5 exhibited a well-defined lowest-
energy absorption band peaked at 399 nm (Figure 5b). A broad
emission was observed at 528 nm, resulting in a relatively large
Stokes shift of 6100 cm™!, which can be attributed to the struc-
tural relaxation in the excited state, as inferred by the observed
broad 'H NMR spectrum at room temperature. Due to the ther-
mal energy loss, the ®g value was modest (0.072), which is
lower than those of related aza[n]helicene analogs [27,28]. The
fluorescence lifetime (t) was determined by biexponential

(a)
2.0+ -
O = 0.078
1.5+ (Aex =300 NmM) T
J t=17,44ns ]
|
5 1.0 c\:u
L =
....... 12}
ufg 0.5- i 85
w :
e
0 — B - . . :
300 350 400 450 500 550 600 650 700
(b)
2.0 ®F = 0.072
(Aex =400 nm)
1.5 1=0.65,32ns |
5
T I~
£ 1.0 >
T 2
Z I}
0.5 RS
= T
0 ; ; ——— . ‘ . .

300 350 400 450 500 550 600 650 700

Figure 5: UV-vis absorption and emission spectra of (a) 4 and (b) 5 in
DMSO.
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decay model fitting as 0.65 and 3.2 ns. DFT calculation was
conducted to investigate the electronic structure. The HOMO
and HOMO-1 are primarily localized on the aza[5]helicene
moieties, while the orbital coefficients are distributed to the
bridging thiophene and o-phenylene units in LUMO, indicating
a charge-transfer (CT)-like transition. However, further optical
characterization of compound 5 was limited due to its poor

solubility in common organic solvents.

Conclusion

A novel o-phenylene-pyrrole-thiophene hybrid macrocycle
(icosamer 4) was synthesized via Suzuki—-Miyaura cross-cou-
pling and isolated in 6% yield. Oxidation of 4 with PIFA pro-
duced a partially fused aza[5]helicene-containing macrocycle 5
in 58% yield, which was also characterized by X-ray analysis
and NMR spectroscopy at elevated temperatures. Optical
studies showed that compound 4 had broad absorption (up to
450 nm) and emission at 546 nm, while macrocycle 5 showed
an emission peak at 528 nm, presumably as a consequence of
structural relaxation and CT character. This study illuminated
that a partially fused macrocyclic molecule is an intriguing
structural motif which comprises a rigid backbone, yet showing
somewhat flexible structural dynamics under ambient tempera-
ture conditions.
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and DFT calculation results.
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pH-Responsive molecular switches and motors are a class of organic molecules whose three-dimensional structure can be changed

by acid-base stimuli. To date, pH-responsive molecular switches have been developed using various functional groups, but further

advances require expanding the range of pH-responsive systems and discovering new molecular architectures. Here, we investigate

the pH-responsive behavior of ortho-disubstituted benzamidine, which generates atropisomers and E/Z isomers. The amidine

moiety allows modulation of the C—N and C—N/C-C rotational barriers by protonation, providing a novel approach to control the

kinetics of isomerization via pH adjustment. The results showed that protonation of the amidine moiety significantly suppresses

both C-N bond rotation and C-N/C—C concerted rotation, demonstrating the potential of ortho-disubstituted benzamidine deriva-

tives as a novel pH-responsive molecular switch.

Introduction

pH-Responsive molecular motors and switches are a class of
functional organic molecules capable of reversible structural
and electronic changes triggered by protonation and deproton-
ation [1-19]. This class of molecules has the capacity to regu-
late three-dimensional structures and motions of molecules
through simple acid—base stimuli. This provides a high degree

of control over their behavior, allowing for both tunability and

predictability. Among the various types of pH-sensitive molecu-
lar switches, those that rely on isomerism caused by the rota-
tion of molecular bonds are attracting attention because they
can apply the most basic property of molecular conformation to
molecular switches [19]. For example, hydrazone-based molec-
ular switches undergo reversible E/Z isomerization around the
C=N bond [1-7], with protonation significantly shifting the
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equilibrium. Beyond double-bond isomerization, pH stimuli
have also been employed to modulate rotational barriers in
axially chiral anilines [10,11] and a triazine molecule [9]. In
particular, protonation of a remote basic site in N-C axially
chiral anilines significantly increases the rotational barrier by
attenuating resonance stabilization in the transition state. One
important issue in this field is the development of molecules
that can precisely control the range of pH to which they can
respond. Furthermore, it is also important to discover new mo-
lecular skeletons, as there is a lack of variation in the substruc-
tures that act as pH-responsive molecular switches.

Previously, we reported that chalcogen substitution of an ortho-
disubstituted benzamide (DiBA) increases the rotational barrier
of the C-N and C—N/C-C concerted rotation (Figure 1a,b) [20].
The observation can be explained mainly by the double-bond
nature of the chalcogen amide C-N bond, which is attributed to
a zwitterionic resonance structure of chalcogen amide. It has
been shown that a late periodic chalcogen amide has a lower

energy m* orbital (C=S or C=Se), resulting in an increase in the
) ortho-disubstituted benzamide (DiBA)

Kg%p

N o
%ﬁ _______ S %ﬂ

X=0,8S, Se
double-bond nature

g%p

Figure 1: a) Structural features of DiBA. b) Resonance structure of the
amide moiety of DiBA. ¢) Molecular form and protonated structure of
ortho-disubstituted benzamidine.

c) this work

NH
9

+H+

_H+
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contribution of the zwitterionic resonance structure [21-23].
Based on this consideration, an ortho-disubstituted benzami-
dine, which is generated by formal substitution of the carbonyl
oxygen atom of DiBA to an NH group, could act as a
pH-responsive molecular switch (Figure 1c). Namely, the
double-bond nature of an amidine moiety can be altered by the
protonation of the amidine nitrogen atom. This suggests the
possibility of controlling the rate of C—N rotation and C-N/C-C
rotation by adjusting the pH of the solvent and the pK, of the
amidine. Herein, we report our findings on the structural prop-
erties of an ortho-disubstituted benzamidine. Similar to DiBA,
an ortho-disubstituted benzamidine has two types of stereoiso-
mers: E/Z isomers arising from the amidine C-N bond and
atropisomers generated from the constrained C—C axis. Both
C-N rotation and C-N/C-C rotation are suppressed by the pro-
tonation of the amidine moiety, and the rate of the isomeriza-
tion can be controlled by the basicity of the amidine moiety.

Results and Discussion

To the best of our knowledge, although the structural analysis
of the E/Z isomerism of amidine [24,25] and the effect of the
protonation of an amidine moiety on the rotational barrier of the
C-N bond [26] have been studied, the separation of amidine
E/Z isomers has not been reported yet. To verify our hypothesis
that the rotational barrier of the benzamidine changes upon pro-
tonation, density functional theory (DFT) calculations were per-
formed for the C—N and C-N/C-C rotations of the molecular
form and of the protonated 2-bromo-N,N,6-trimethylbenz-
imidamide as a model compound (Figure 2). Several transition
states (TSs) were found depending on the configuration of the
amidine N-H and the rotational direction. The C-N bond rota-
tion of the molecular form of amidine was calculated to be
68 kJ-mol~! for Z-amidine and 71 kJ-mol~! for E-amidine. Pro-
tonation of the amidine moiety drastically increases the rota-
tional barrier (132 kJ-mol™!), suggesting that the protonation
suppresses the C—N bond rotation via the increased double-bond
nature of the C—N axis. A similar trend was found for the C-N/
C-C concerted rotation (Figure 2). Compared with the C-N
bond rotation, the C—N/C-C bond rotation requires a higher
rotational barrier as in the parent chalcogen amides, regardless
of whether it is in the molecular form or protonated state, and
the protonation of the nitrogen atom increases the activation
energy by 33-43 kJ-mol~!. To investigate how protonation
affects the double-bond nature of the amidine moiety, we calcu-
lated the distance between the imino carbon atom and the
nitrogen atom of the NMe, moiety (d) for local minimum and
transition-state structures (Figure 2). In the local minimum and
transition state of the C—N rotation and C-N/C-C concerted
rotation, protonation leads to a shortening of the C—N bond by
0.6 A and 0.3-0.4 A, respectively. This result indicates that pro-

tonation has a greater impact on the local minimum structures,
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Figure 2: Rotational barriers of 2-bromo-N,N,6-trimethylbenzimidamide and its protonated form calculated by the DFT method.

as the p orbital of the nitrogen atom in the NMe, moiety and the =~ Next, we experimentally examined the C-N rotation of
C=N m orbital are located in the same plane, allowing for effec-  2-bromo-N,N-diethyl-6-methylbenzimidamide (1). First, the
tive conjugation between them. The DFT study clearly showed effect of the protonation on the C—N bond rotation was investi-
that the rotational barriers of ortho-disubstituted benzamidine  gated by variable temperature nuclear magnetic resonance (VT-
can be modulated by the protonation or deprotonation of the = NMR) spectra (Figure 3) in DMSO-dg [27]. In the case of the
amidine moiety. molecular form of amidine 1 (Figure 3a), the signals corre-
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Figure 3: Comparison of VT-NMR spectra of a) amidine 1 and b) its trifluoroacetate salt 1-H* in DMSO-dg (400 MHz).

sponding to the two methyl groups resulting from the amidine
E/Z isomerism were observed separately at 313 K (1.17 and
0.95 ppm), and they gradually fused as the temperature in-
creased. The activation energy of E/Z isomerization was calcu-
lated to be 77 kJ-mol~! from the observed coalescence tempera-
ture (T, = 378 K). On the other hand, the two methyl signals of
amidine 1 trifluoroacetate salt were not coalesced even at
383 K, indicating that the C-N bond rotation was sufficiently
slow on the NMR time scale (Figure 3b).

To separate each E/Z isomer, amidine 2 with two different sub-
stituents on the same nitrogen atom, was prepared, and racemic
2 was analyzed by reversed-phase high performance liquid
chromatography (RP-HPLC) using an acidic mobile phase
[H,0 (0.1% CF3CO,H)/MeCN 72:28]. As shown in Figure 4,
the HPLC analysis of amidine 2 showed two peaks correspond-
ing to the E and Z isomers which could be explained by the
existence of E/Z isomers of amidine 2 trifluoroacetate salt. After
separation of the two peaks, HPLC analysis of each separated
component showed single peaks, suggesting that the E and Z
isomers of amidine 2 trifluoroacetate salt could be separated by
standard RP-HPLC. The configuration of the amidine moiety of
each component was characterized by NOE experiments (for
details, see Supporting Information File 1). The NMR and
HPLC experiments clearly indicate that protonation of the
amidine moiety increases the rotational barrier of the C-N

bond, a result which is consistent with our DFT study.

Me NH y
NE e
Br \\©
E-2

mixture

Me NH
'}1/
Br Me
Z-2

—_—Z
—_—F

12.5 13 13.5 14 14.5 15

retention time (min)

Figure 4: Separation and isolation of amidine E/Z isomers by
RP-HPLC. The mobile phase contained CF3CO2H to protonate the
amidine moiety.

Since it was found that the E/Z isomers of amidine could be iso-
lated as a TFA salt, the kinetics of the C—N bond rotation at dif-

ferent pH values was then evaluated. The E/Z ratio of the isolat-
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ed Z-2 trifluoroacetate salt (Z-2-H*) in three buffers (pH 4.6,
5.5, and 6.5, respectively) was calculated by RP-HPLC at dif-
ferent times at 20 °C (Figure 5). The curve fitting analysis of
the obtained data points yielded an apparent first-order rate con-
stant (k) of 8.3 x 1077-s™1 at pH 4.6, 4.8 x 1076571 at pH 5.5,
and 6.0 x 105! at pH 6.5. These results indicate that isomeri-
zation was suppressed as pH decreased, as expected. Plotting

Beilstein J. Org. Chem. 2025, 21, 1568-1576.

log(k) versus pH showed a linear relationship with a slope of 1
(Figure 6). This result means that a change of one unit in pH
results in about a 10-fold change in the isomerization rate,
considering the Henderson—Hasselbalch equation, where pH
changes of one increases or decreases the amount of molecular
form by a factor of ten. The experimental results, showing that
the pH dependence of the isomerization rate closely matches

+ NH2
Me NH, Me
N | N
1
BrMe U k@
Z.2.H* various pH E-2-H*

/ /

e
v

115 h 115 h
38 h 38 h l \/\
20h [ W
A .
10h 10h
4

3h 1

/ /
Oh 0Oh

11 13 15 17 11
Time (min) Time (min) Time (min)
100
L pH 4.6 pH 5.5 pH 6.5
L
] *, ¢ .
* L J
L J

< 60 .
M B
NEUE S ° .
N

20

0 . . Time (h)

0 50 100

Figure 5: Kinetic analysis of the isomerization of Z-2-H* to E-2-H* at different pH (pH 4.6, 5.5, and 6.5). In the bottom graph, each circle represents
the experimental ratio of the Z isomer at each time point, and each curve shows the theoretical value obtained from the curve-fitting analysis of the ex-

perimental data.
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Figure 6: Correlation between E/Z isomerization rate constant and pH. The result indicates that C—N rotation from the molecular form of amidine was

dominant in the observed isomerization.

that of the molecular form of the amidine fraction, suggest that
the observed C-N isomerization mainly proceeds from the mo-
lecular form. These results suggest that the C—N bond rotation
in amidines may be governed by the fraction of the molecular
form species present at a given pH, reflecting the basicity of the
amidine. Motivated by this finding, we next investigated the
relationship between amidine basicity and the isomerization
rate.

To systematically modulate the basicity of amidine, we de-
signed N-phenylbenzimidamides 3-7, with different electron-
donating or electron-withdrawing substituents at the para-posi-
tion of the phenyl ring conjugated with the amidine moiety. The
same kinetic analysis was performed for compounds 3-7 at pH
4.0,4.5,5.0, and 5.5, and the results are summarized in Table 1.
In addition, the calculated pK, values of the amidines are also
shown in Table 1. As a result, the C-N isomerization was accel-
erated by an electron-withdrawing chloro substituent, and elec-
tron-donating substituents (Me, OMe and NMe, groups) de-
creased the isomerization rate. Figure 7a illustrates the effect of
the electronic property of each substituent, which is represented
as the Hammett substituent constant [28], on the rate constant at
different pH. Consistent with the results for amidine 2, amidines
3-7 showed smaller rate constants at more acidic pH,
suggesting that isomerization of the molecular form species was
also predominant for amidines 3—7. The results at the same pH
suggest that the isomerization rate varies systematically
depending on the electron-donating or electron-withdrawing
property of the substituent, indicating that the isomerization rate
can be controlled by the basicity of the amidine. It is note-
worthy that the pH dependence was relatively smaller in the
case of amidine 7 (X = NMe,). This fact could be rationalized

by the existence of different protonation states of amidine 7

Table 1: The pKj value of each compound and rate constants of E/Z

isomerization at various pH values.

X
Me NH/©/
N

Me
Br

compound pKz2 pH

4.0
4.5
5.0
5.5

3 9.36

4.0
4.5
5.0
5.5

4 10.02

4.0
4.5
5.0
5.5

5 10.31

4.0
4.5
5.0
5.5

6 10.32

4.0
4.5
5.0
5.5

7 10.82

3: X=Cl

4:X=H

5: X =Me

6: X = OMe

7: X = NMe,
k (10-8-s71)
ZioE EtoZ
14.0 20.6
36.6 53.4
115.0 159.8
305.3 427.8
5.4 10.8
12.7 24.5
34.3 66.3
97.7 186.2
2.8 4.6
71 12.5
18.8 32.4
54.7 97.8
2.4 41
5.6 10.5
18.8 32.4
47.0 85.8
10.1 15.1
12.2 18.2
18.7 28.1
37.9 57.1

aCalculated by Jaguar program (Schrédinger, LLC, 2024).
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Figure 7: a) Correlation between isomerization rate constant and electronic effects of the substituents. b) Possible protonated states of compound 7.

(Figure 7b). In the case of amidine 7, both the amidine moiety
and the NMe, group could be protonated under acidic condi-
tions, and the NMe,-protonated species has a similar double-
bond nature for the C—N bond as the molecular form. Thus, it
can be assumed that the presence of the NMe,-protonated
species reduced the apparent population of the protonated
amidine under acidic conditions, resulting in a decrease in the
inhibitory effect of the C—N rotation due to the decrease in pH.

As the rotation of the C-N bond of the ortho-disubstituted
benzamidine could be controlled by the protonation of the
amidine moiety, we then focused on the chiral axis of the ortho-
disubstituted benzamidine. Our DFT calculations suggested that
the double-bond nature of the C—N bond in the transition state
of the C-N/C-C concerted rotation was decreased due to the
twisted structure, and the activation energy varies depending on
whether the amidine was protonated or in its molecular form
(Figure 2). To investigate the effect of protonation on the
stability of the chiral axis, amidine 1, which has identical sub-
stituents on the amidine nitrogen and thus does not generate E/Z

isomers, was selected. In the chiral HPLC analysis using an

acidic eluent [MeCN/H,O (containing 0.5% CF3;CO,H) 20:80],
the trifluoroacetate salt of amidine 1 was observed as two peaks
corresponding to the atropisomers arising from the C—C axis.
Each atropisomer could be separated by chiral HPLC, and the
isomer eluting earlier was used for the following kinetic analy-
sis. The effect of pH on the kinetics of the racemization was in-
vestigated. The isomer was heated in the buffer (pH 9.2, 10.3,
11.7, and 12.7) at 70 °C, and the er value was monitored at each
time point (Figure 8). The rate constants obtained from the
curve fitting analysis of the experimental results significantly
changed in the examined pH range (Table 2), and the rate con-
stants increased with rising pH. Notably, at pH 9.2, racemiza-
tion proceeded minimally, even under high temperature condi-
tions. Furthermore, it was confirmed that racemization requires
a higher pH where a higher proportion of the amidine exists in
its molecular form. This result was consistent with our DFT
calculations, which showed that the rotational barrier of the
C-N/C-C concerted rotation is higher than that of C-N rotation.
This finding is consistent with the calculated pK, of 10.6 for
amidine 1, indicating that racemization is minimal under the

conditions where most of the amidine remains in its protonated
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form. As pH was increased above the pK,, the proportion of the
molecular form of amidine increased, leading to a significant
increase in the isomerization rate. These observations under-
score the significant influence of pH on the racemization
kinetics of amidine 1, as shown in Table 1. As a result, it was
found that as well as the C—N bond rotation the racemization
rate could be controlled by the protonation of the basic amidine
moiety. This result indicates the possibility of controlling the
stability of the chiral axis by the basicity of the amidine, as well

as the C—N bond, as mentioned above.

er (%)
100 & —0—o ° ° °
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Figure 8: Analysis of the rate of racemization of 1 at various pH at
70 °C. Each circle shows the experimental er at each time point, and
each curve shows the theoretical value obtained from the curve fitting
analysis of the experimental data.

Table 2: Rate constants of racemization of 1 at various pH at 70 °C.

pH Krac (10_6'3_1)

9.2 0.05

10.3 4.0

11.7 8.3

12.7 10.7
Conclusion

In conclusion, we demonstrated that the rate of the C—N bond
rotation and racemization of ortho-disubstituted benzamidine
could be controlled by the protonation of the amidine moiety
and showed the potential for application as a pH-responsive
molecular switch based on changes in the rotation rate of the
two axes. For the C-N bond rotation, the basicity of the amidine
moiety had a clear impact on the rate of bond rotation, and the
finding could be helpful to the rational design of pH-responsive
molecular switches based on the ortho-disubstituted benzami-

dine. The study presented here also shows the usefulness of the

Beilstein J. Org. Chem. 2025, 21, 1568-1576.

single-atom substitution strategy on DiBA. By replacing the
oxygen atom of DiBA with a nitrogen atom (and thus NH),
which has been shown to be photo-responsive when replaced
with sulfur or selenium, the pH-responsive property was
acquired. Such minimal changes in physical properties can be
made with little effect on the molecular structure and are widely
used in areas such as carbon materials. If the three-dimensional
structure of molecules can be manipulated by various external
stimuli through such modifications, we can expect to develop
useful molecular switches that can be applied to various fields,
such as functional materials, biological probes, and drugs.

Supporting Information

Supporting Information File 1

Detailed experimental procedures, spectral data and HPLC
charts.
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Optically active higher-ordered structures, such as one-handed helical and propeller-shaped structures, can be constructed by

folding the m-conjugated system using [2.2]paracyclophane as the chiral crossing unit, leading to circularly polarized luminescence

(CPL) properties. Chiral cyclic dimers and trimers were synthesized using planar chiral [2.2]paracyclophane-containing enan-

tiopure ribbon-shaped compounds as the chiral monomers. Unicursal r-conjugated systems were folded at the [2.2]paracyclophane

units, and exhibited good photoluminescence quantum efficiencies and CPL anisotropy factors. Opposite chiroptical properties

were observed between the dimer and trimer, despite the same absolute configuration of the planar chiral [2.2]paracyclophane units,

which was reproduced by theoretical studies.

Introduction

Cyclophane is a general term for cyclic compounds with at least
one aromatic ring in the main chain backbone [1]. Cyclophane
compounds have long been known; [2.2]paracyclophane was
first reported as a cyclic dimer of paraxylylene by Brown et al.
in 1949 [2]. In 1951, Cram et al. reported the practical synthe-
sis of [2.2]paracyclophanes via Wurtz-type intramolecular
cyclization [3]. [2.2]Paracyclophane has a molecular structure
in which two benzene rings are stacked face-to-face with ethyl-
ene chains at the para positions. Various studies have been con-
ducted on their reactivities and physical properties derived from
their unique molecular structure with stacked m-electron clouds

[1,4-6]. The distance between benzene rings in [2.2]paracyclo-

phane is extremely short (2.8-3.1A), and thus the rotational
motion of benzene rings is completely suppressed; therefore,
planar chirality without chiral centers [7] appears by intro-
ducing substituent(s) at appropriate position(s) on the benzene
rings [8]. Enantiopure planar chiral [2.2]paracyclophanes have
been used as chiral auxiliaries and chiral ligands for transition
metals in the fields of organic and organometallic chemistry
[9-20]. In 2012, enantiopure [2.2]paracyclophane was used as a
chiral monomer to prepare optically active conjugated poly-
mers and cyclic trimers [21], in which m-electron systems were
stacked to form zigzag and triangular structures, respectively.

The conjugated polymers and cyclic trimers exhibited circu-
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larly polarized luminescence (CPL) [22-25] with high photolu-
minescence (PL) quantum efficiency (®py ) and anisotropy. Ad-
ditionally, the m-stacked structure of [2.2]paracyclophane can be
applied at a crossing point. By folding the m-conjugated system
using [2.2]paracyclophane as the chiral crossing unit, optically
active higher-ordered structures, such as one-handed helical
[26,27] and propeller-shaped structures [28-30], can be
constructed, leading to the excellent CPL behaviors. Recently,
planar chiral [2.2]paracyclophane-containing cyclic molecules
have been received attention; for examples, the one-handed
double helical compounds [31-34] and chiral nanohoops [35,36]
emitting circularly polarized fluorescence have been reported.
In this study, enantiopure ribbon-shaped compounds based on
planar chiral tetrasubstituted [2.2]paracyclophane were used as
chiral monomers, and optically active cyclic dimers and trimers,
in which m-conjugated systems were folded in two and three
places, respectively, were synthesized. Planar chiral [2.2]para-
cyclophane served as crosspoints to construct unicursal cyclic
m-conjugated structures. The synthetic procedures and optically

properties were investigated.

Results and Discussion

Scheme 1 illustrates the synthetic routes to optically active
cyclic dimer and trimer based on planar chiral tetrasubstituted
[2.2]paracyclophane. Bis-(para)-pseudo-ortho-typed [15]
[2.2]paracyclophane (Sp,)-1 was prepared according to a litera-
ture’s procedure [31]. The Sonoghashira—Hagihara cross-cou-
pling [37,38] of (S},)-1 with diiodotolane 2 afforded the corre-
sponding ribbon-shaped compound (S},)-3 in 39% isolated yield.
Triisopropylsilyl (TIPS) groups in (Sp)-3 were removed using
BuyNF to afford diyne (Sp)-4 as a monomer in 45% isolated
yield. The reaction of (Sp)-4 with diiodobenzene 5 using a
Pd,(dba)3/PPhj3/Cul catalytic system in toluene and Et3N under
diluted conditions (monomer concentration = approximately
1.3 x 1073 M) was performed. The corresponding cyclic dimer
(Sp)-6 and trimer (Sp)-7 were detected mainly by thin-layer
chromatography (TLC) and separated roughly using simple
SiO; column chromatography. In addition, they were purified
using a recyclable high-performance liquid chromatography
(HPLC) to remove unidentified impurities to obtain (Sp)-6 and
(Sp)-7 in 16% and 3% isolated yields, respectively.

The ultraviolet—visible (UV—vis) absorption spectra and normal-
ized photoluminescence (PL) spectra of (S,)-6 and (Sp)-7 in
diluted CHCl3 solutions (1.0 x 107> M) are depicted in
Figure 1. The absorption bands are derived from the m—* tran-
sitions of a phenylene—ethynylene conjugation system. The
spectra of (S,)-6 and (Sp)-7 are similar, and the absorption peak
top of (Sp)-7 is red-shifted compared with that of (Sp)-6 because
of the bent structure of the p-phenylene—ethynylene moieties in

(Sp)-6 and extended m-conjugation of (S},)-7. Such a red-shift of

Beilstein J. Org. Chem. 2025, 21, 1603-1612.

a UV-vis absorption spectrum has been observed in previously
reported [2.2]paracyclophane-based cyclic oligomers [39].

CHClj solutions (1.0 x 1075 M) of (Sp)-6 and (Sp)-7 were
photo-excited around their absorption peak maxima, and both
oligomers emitted blue fluorescence as shown in Figure 1. Their
PL spectra with vibrational structures were identical, and the PL
quantum efficiencies (@pr) of both (S},)-6 and (Sp)-7 were esti-
mated to be 0.65. Their PL of the cast films fabricated from the
toluene solutions were also measured, and weak and inefficient
luminescence were observed because of the aggregation-caused
PL quenching. The PL lifetimes of (S,)-6 and (Sp)-7 in the
CHCIj; solutions were measured at each PL peak maximum; and
the PL decay curves (Figure S17, Supporting Information
File 1) were fitted with the single exponential function. The

lifetimes () were estimated to be 1.6 ns and 1.0 ns, respective-
ly.

Circular dichroism (CD) and CPL spectra of (S},)-6 and (Sp)-7
were obtained in CHClj3 solutions (1.0 x 107 M), and the spec-
tra are shown in Figure 2. As illustrated in Figure 2A, the mir-
ror-image Cotton effect of (S,)- and (Rp)-6 was observed
throughout the absorption band, and the absolute molar ellip-
ticity |[0]| reached on the order of 10°. Intense CPL signals were
also obtained, and the |g|ym| value [23-25] was estimated as
1.0 x 1073, The gjum plots of 6 and 7 are shown in Figure S18A,
Supporting Information File 1. Figure 2B shows the CD and
CPL spectra of (Sp)- and (Rp)-7. Mirror-image CD signals were
observed, and the absolute molar ellipticity (|[0]]) was smaller
than that of 6. The first Cotton effect of (S,)-7 was negative, in
contrast to that of (Sp)-6. The sign of the first Cotton effect was
consistent with that of CPL signal; the CPL sign of (S},)-7 was
also negative. Thus, the CD and CPL signs of (S},)-6 and (Sp)-7
were opposite, despite the planar chiral [2.2]paracyclophane
units having the same absolute configuration. The |gj | value
of 7 was 0.4 x 1073 (Figure S18A, Supporting Information
File 1), which was lower than that of 6. In the case of the film
states of 6 and 7, low PL brightness and intermolecular random

orientation of fluorophores resulted in noisy CPL signals.

The CD spectra were simulated by time-dependent density
functional theory (TD-DFT) calculations (TD-MN15/6-31G(d)//
MN15/6-31G(d). The calculated rotatory strengths of (S,)-6 and
(Sp)-7 were plotted with their observed CD spectra in Figure 3A
and 3B, respectively, and the calculated CD spectra are shown
in Supporting Information File 1, Figure S19A and S19B, re-
spectively. Thus, the rotatory strengths corresponded well the
observed CD spectra (Figure 3A and 3B). The signs of the
simulated CD spectrum of (S},)-6 were positive and negative
from the long wavelength to the short wavelength (Figure

S19A, Supporting Information File 1), which reproduced the
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S )1 toluene/Et3N
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100 °C, 72 h

Scheme 1: Synthesis of cyclic dimer (Sp)-6 and trimer (Sp)-7.
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Figure 1: UV-vis and PL spectra of (Sp)-6 and (Sp)-7 in CHCl3 (1.0 x 10~ M). Excitation wavelength 370 nm and 378 nm for (Sp)-6 and (Sp)-7, re-

spectively.

experimental CD spectrum of (S})-6. In addition, the signs of
the experimental CD spectrum of (Sp)-7, negative and positive
from the long wavelength to the short wavelength, were repro-
duced using the simulated CD spectrum (Figure S19B, Support-
ing Information File 1).

Molecular orbitals of (Sp)-6 and (Sp)-7 in their ground and
excited states were calculated using DFT and TD-DFT calcula-
tions (Figures S20-S23, Supporting Information File 1). In both
molecules, the orbitals were localized to part of the m-conjuga-
tion systems rather than the whole system in the ground and
excited states due to the twisted structures by the m-stacked
[2.2]paracyclophane moieties. The CPL behaviors of (S,)-6 and
(Sp)-7 were investigated by TD-DFT calculations; namely, the
electric transition dipole moment (i), magnetic transition dipole
moment (m), and the angle (0) between p and m in the S; states
were simulated. The g, value was theoretically calculated by
the following equation: gy, = 4ullmlcosd/(Jul? + |m|?) =
4|m|cos6/|ul. The molecular orbitals of (Sp)-6 and (S,)-7 in the
S states involved in CPL are illustrated in Supporting Informa-
tion File 1, Figure 4A and 4B. The molecular orbitals of (Sp)-6
were localized in one curved m-electron system, and the p ex-
tended along the long axis of the molecule. The value of the
angle 0 of (Sp)-6 was calculated to be 76°, which supported the
positive CPL sign. The molecular orbitals of (Sp)-7 in the Sy
states are shown in Figure 4B. The orbitals are linearly local-
ized in the portion of the extended m-electron system rather than

the entire molecule. Therefore, the elongation of the p could not

be suppressed, and thus a lower |gjyy| value was obtained. The
angle 0 of (S,)-7 was 97°; it is consistent with the negative CPL
sign. As described above, the experimental CD and CPL signs
of (Sp)-6 and (Sp)-7 were reproduced by the TD-DFT calcula-
tions. Molecular orbitals of (Sp)-6 involved in the CPL are obvi-
ously curved and twisted, resulting in the opposite chiroptical
signs. Twisted chirality is known to result in CPL of m-conju-
gated molecules; for example, twisted anthracene is a good CPL
emitter [40-47]; the more the anthracene is twisted, the better
the CPL properties [46]. As for the m-stacked cyclic oligomers,
the trimers and tetramers exhibited good CPL properties,
whereas the cyclic dimer consisting of curved m-electron
systems was not a good CPL emitter [39]. Thus, one of our next
targets is to clarify experimentally and theoretically the CPL be-
havior of linear r-electron systems such as p-phenylene-ethyn-

ylene, when they are curved and twisted.

Conclusion

In summary, two types of optically active oligomers using
planar chiral tetrasubstituted [2.2]paracyclophane as chiral
crossing units were prepared, in which m-extended conjugated
systems were folded in either two or three places. The
oligomers exhibited good optical properties such as PL and
CPL properties with good ®pg values (>0.6) and |gjym| values
of the ordered of 10~4=1073. The chiroptical properties of
dimers and trimers showed opposite Cotton effects and CPL
signals, despite the same absolute configuration of the planar

chiral [2.2]paracyclophane crossing points. The m-conjugation
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Figure 2: (A) UV, CD, PL, and CPL spectra of (Sp)- and (Rp)-6 in CHCl3 (1.0 x 105 M). (B) UV, CD, PL, and CPL spectra of (Sp)- and (Rp)-7 in
CHCI3 (1.0 x 1073 M). Excitation wavelength for CPL of both (Sp)-6 and (Sp)-7 = 300 nm.

system of the dimer that exhibited CPL was highly curved and
twisted, which caused the different chiroptical properties.

Experimental

General

'H and 13C NMR spectra were recorded on a JEOL JNM ECZ-
500R instrument at 500 and 125 MHz, respectively. Samples
were analyzed in CDClj, and the chemical shift values were

expressed relative to MeySi as an internal standard. Analytical

thin-layer chromatography (TLC) was performed with silica gel
60 Merck Fys4 plates. Column chromatography was performed
with silica gel 60N (spherical neutral). Recyclable preparative
high-performance liquid chromatography (HPLC) was carried
out on a Japan Analytical Industry Model LC918R (JAIGEL 1H
and 2H gel-permeation columns) using CH,Cl, as an eluent.
Recyclable chiral chromatography (HPLC) was carried out on a
YMC LC Forte/R (Chiralpak® IA column). High-resolution

mass spectra (HRMS) was obtained on a Bruker Daltonics
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Figure 3: (A) CD spectrum of (Sp)-6 in CHCl3 (1.0 x 10-5 M), and the plot of the calculated rotatory strengths (TD-MN15/6-31G(d)//MN15/6-31G(d)).
(B) CD spectrum of (Sp)-7 in CHCl3 (1.0 x 10-5 M), and the plot of the calculated rotatory strengths (TD-MN15/6-31G(d)//MN15/6-31G(d)).

microTOF II spectrometer (APCI) by using sodium formate and
tuning mix as internal standard or on a JEOL JMS-S3000 spec-
trometer for matrix-assisted desorption/ionization (MALDI)
with trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propeny-
lidene]malononitrile (DCTB) as a matrix. UV-vis absorption
spectra were recorded on a JASCO V-730 spectrophotometer,
and samples were analyzed in CHClj3 at room temperature.
Photoluminescence (PL) spectra were recorded on a JASCO

FP-8500 spectrofluorometer, and samples were analyzed in

CHCl3 at room temperature. Absolute PL. quantum efficiency
was calculated on a JASCO FP-8500 with an ILF-835 inte-
grating sphere. The PL lifetime measurement was performed on
a Hamamatsu Photonics Quantaurus-Tau fluorescence lifetime
spectrometer system. Specific rotations ([a]p’) were measured
with a HORIBA SEPA-500 polarimeter: concentration “c”
g/dL. Circular dichroism (CD) spectra were recorded on a
JASCO J-1500 spectropolarimeter with CHClj as a solvent at

room temperature. Circularly polarized luminescence (CPL)

is
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Figure 4: Molecular orbitals and simulated CPL profiles in the Sy states of (A) (Sp)-6 and (B) (Sp)-7 (TD-MN15/6-31G(d)).
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spectra were recorded on a JASCO CPL-300 with CHCl; as a

solvent at room temperature.

Materials

Commercially available compounds used without purification
are as follows: Pd,(dba);, SPhos (2-dicyclohexylphosphino-
2'.6'-dimethoxybiphenyl), PPhj;, Cul, BuyNF, MeOH,
dehydrated THF, dehydrated toluene, and 1,4-diiodobenzene
(5). EisN was purchased and distilled over KOH. (Sp)-1 [31],
(Rp)-1[31], and 2 [48] were prepared as described in the litera-

ture.

Synthesis of (Sp)-3

A mixture of (Sp)-1 (49.6 mg, 0.081 mmol), 2 (25.3 mg,
0.059 mmol), Pdy(dba); (6.1 mg, 0.0067 mmol), SPhos (5.6 mg,
0.014 mmol), Cul (1.8 mg, 0.0095 mmol), toluene (40 mL) and
Et;N (40 mL) was placed in a round-bottom flask equipped
with a magnetic stirring bar. After degassing the reaction mix-
ture several times, the mixture was heated at reflux temperature
for 16 h. After the reaction mixture was cooled to room temper-
ature, the solvent was removed with a rotary evaporator. The
residue was purified by column chromatography on SiO,
(CHCls/hexane = 1/4 v/v as an eluent) and by recyclable HPLC
(CHCl; as an eluent) to afford (Sp)-3 (24.6 mg, 0.031 mmol,
39%) as a light yellow solid. R¢ = 0.73 (CHCls/hexane = 1:2
v/v); 'TH NMR (CDCl3, 500 MHz) & 1.20 (s, 42H), 2.97-3.08
(m, 4H), 3.49-3.53 (m, 4H), 7.06 (s, 2H), 7.21 (s, 2H),
7.37-7.40 (m, 4H), 7.60-7.62 (m, 2H), 7.70-7.73 (m, 2H) ppm;
13C NMR (CDCl3, 125 MHz) & 11.48, 18.84, 32.32, 32.57,
92.38, 93.65, 93.81, 95.72, 105.99, 125.16, 125.33, 125.42,
125.91, 128.07, 128.27, 131.99, 133.24, 134.65, 135.30, 141.30,
142.58 ppm: HRMS (APCI+) (m/z): [M + H]* calcd. for
CseHgoSip, 791.4463; found, 791.4472; [a]p? —203.25 (¢ 0.04,
CHCHy3).

(Rp)-3 was obtained by the same procedure of (Sp)-3. HRMS
(APCI+) (m/z): [M + H]* calcd. for C5¢HgSip, 791.4463;
found, 791.4442; [a]p2® = +199.73 (¢ 0.04, CHCH3).

Synthesis of (Sp)-4

(Sp)-3 (43.0 mg, 0.054 mmol) was dissolved in THF (2 mL),
followed by the addition of BuyNF (1.0 M in THF solution,
0.11 mL). The reaction was carried out at room temperature for
30 min, and then H,O was added to the reaction mixture. The
organic layer was extracted three times with CH,Cl,, and the
combined organic layers were washed with saturated aqueous
NaHCOj3 and brine. After drying over MgSOy and filtration, the
solvent was removed under reduced pressure. The residue was
purified by recyclable HPLC (CH,Cl, as an eluent) to afford
(Sp)-4 (11.8 mg, 0.025 mmol, 45%) as a light yellow solid. R¢ =
0.43 (CHCl3/hexane = 1:2 v/v). 'H NMR (CDCl3, 500 MHz) d

Beilstein J. Org. Chem. 2025, 21, 1603-1612.

2.98-3.09 (m, 4H), 3.39 (s, 2H), 3.43-3.55 (m, 4H), 7.09 (s,
2H), 7.21 (s, 2H), 7.37-7.41 (m, 4H), 7.62-7.65 (m, 2H),
7.70-7.73 (m, 2H) ppm; 13C NMR (CDCl3, 125 MHz) & 32.31,
32.43, 81.96, 83.04, 92.45, 93.34, 93.94, 124.30, 125.18,
125.98, 126.02, 128.25, 128.37, 132.22, 133.29, 135.15, 135.42,
141.47, 142.64 ppm; HRMS (APCI+) (m/z): [M + H]" calcd.
for CagHao, 479.1794; found, 479.1774. [a]p2 —278.90 (¢ 0.04,
CHCHy).

(Rp)-4 was obtained by the same procedure of (Sp)-4. HRMS
(APCI+) (m/z): [M + HJ* calcd. for C3gHyo, 479.1794; found,
479.1816. [a]p® = +278.68 (c 0.04, CHCH3).

Synthesis and isolation of cyclic dimer (Sp)-6
and trimer (Sp)-7

A mixture of (S,)-4 (18.2 mg, 0.038 mmol), 1,4-diiodobenzene
(5, 13.2 mg, 0.040 mmol), Pd,(dba)3 (9.0 mg, 0.0098 mmol),
PPh3 (12.2 mg, 0.047 mmol), Cul (2.3 mg, 0.012 mmol), tolu-
ene (15 mL) and Et3N (15 mL) was placed in a round-bottom
flask equipped with a magnetic stirring bar. After degassing the
reaction mixture several times, the mixture was heated at reflux
temperature for 72 h. After the reaction mixture was cooled to
room temperature, the solvent was removed with a rotary evap-
orator. The residue was purified by column chromatography on
SiO; (hexane/ethyl acetate = 4:1 v/v as an eluent). The first and
second fractions included mainly dimer (S},)-6 and trimer (Sp)-7,
respectively. Dimer (Sp)-6 (6.8 mg, 0.0062 mmol, 16%) was
isolated from the first fraction by recyclable HPLC (CH,Cl, as
an eluent) as a light yellow solid. Trimer (S,)-7 was isolated
from the second fraction by recyclable HPLC (CH,Cl, as an
eluent). Further purification of (S,)-7 was carried out using
chiral HPLC (CH,Cly/hexane = 5:5 v/v as an eluent) to obtain
(Sp)-7 (2.0 mg, 0.0012 mmol, 3%) as a yellow solid. Enantio-
mers were obtained by the same procedure from (R},)-4.

(Sp)-6. Ry = 0.40 (hexane/ethyl acetate = 4:1 v/v). IH NMR
(CDCls, 500 MHz) & 3.12 (m, 8H), 3.46 (m, 4H), 3.60 (m, 4H),
7.23 (s, 8H), 7.31 (s, 8H), 7.38 (m, 8H), 7.64 (m, J = 8.59 Hz,
4H), 7.70 (m, J = 8.59 Hz, 4H) ppm; 13C{!H} NMR (CDCl;,
125 MHz) 5 29.8, 32.5, 32.8, 92.4, 92.7, 93.3, 93.7, 95.0, 123.5,
125.4, 125.8, 126.0, 128.2, 128.4, 131.5, 132.5, 133.1, 135.3,
136.7, 140.7, 141.7 ppm. HRMS (MALDI) (m/z): [M + Ag]*:
calcd. for CggHygAg, 1211.2802; found, 1211.2823. [a]p?®
+386.63 (¢ 0.02, CHCl»).

(Rp)-6. HRMS (MALDI) (m/z): [M + Ag]*calcd. for CggHysAg
1211.2802; found, 1211.2848. [a]p2 —386.63 (c 0.02, CHCl5).

(Sp)-7. Ry = 0.29 (hexane/ethyl acetate = 4/1 v/v). 'H NMR

(CDCls, 500 MHz) & 3.10-3.18 (m, 12H), 3.60-3.66 (m, 12H),
7.23 (s, 6H), 7.28 (s, 6H), 7.45-7.47 (m, 12H), 7.70-7.71 (m,
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6H), 7.76-7.79 (m, 18H) ppm; 3C{'H} NMR (CDCl3,
125 MHz) 8 32.60, 32.75, 91.31, 92.41, 93.47, 93.99, 94.29,
123.59, 125.14, 125.75, 125.91, 128.17, 128.27, 128.32, 131.70,
132.16, 133.24, 134.60, 135.59, 141.52, 142.25 ppm; HRMS
(MALDI) (m/z): [M + Ag]" calcd. for Cj3,H72Ag 1763.4680;
found, 1763.4729; [alp2® = —739.17 (¢ 0.01, CHCI3).

(Rp)-7. HRMS (MALDI) (m/z): [M + Ag]* calcd. for
Ci32H7pAg, 1763.4680; found, 1763.4647; [a]p® +739.75 (¢
0.01, CHCI3).
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Beyond the conventional carbon-centered chirality, catalytic asymmetric transformations of isocyanides have recently emerged as a

powerful strategy for the efficient synthesis of structurally diverse scaffolds featuring axial, planar, helical, and inherent chirality.

Herein, we summarize the exciting achievements in this rapidly evolving field. These elegant examples have been organized and

presented based on the reaction type as well as the resulting chirality form. Additionally, we provide a perspective on the current

limitations and future opportunities, aiming to inspire further advances in this area.

Introduction

Chirality represents a fundamental property of molecules and
manifests in diverse forms (Figure 1a). While central chirality
based on stereogenic centers (e.g., C, P, S, etc.) is the most
conventional type, non-central chirality, such as axial [1-4],
planar [5-7], helical [8-10], and inherent chirality [11,12], has
gained increasing attention due to its broad applications in
various fields, including but not limited to drug discovery,
asymmetric catalysis, and materials science (Figure 1b). Conse-
quently, the development of efficient and stereoselective
methods for assembling such scaffolds with respect to struc-
tural diversity has become a hot topic in synthetic organic

chemistry.

Isocyanides (also termed isonitriles) are a class of highly versa-
tile building blocks in organic synthesis, participating in a wide
range of transformations including multicomponent reactions
(e.g., the well-known Passerini and Ugi reactions) [13-15],
insertion reactions [16-18], cycloaddition reactions (e.g.,
[4 + 1], [3 + 2]) [19,20], and others [21-23]. Particularly,
isocyanides have been widely exploited toward the preparation
of centrally chiral structures through transition-metal-catalyzed
or organocatalytic asymmetric reactions [24-26]. Beyond these
great developments, recent efforts have successfully expanded
the utility of isocyanides to access structurally diverse non-

central chiral frameworks, further expanding their synthetic
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Figure 1: a) Common types of chirality. b) Representative functional molecules bearing non-central chirality.

potential. The following sections highlight these fruitful
achievements, organized by both the reaction type and the
chirality type of resulting products.

Perspective

Isocyanide-based transformations
Palladium-catalyzed isocyanide insertion reactions
In 2018, Luo, Zhu, and co-workers developed a palladium-cata-
lyzed enantioselective reaction between ferrocene-derived vinyl
isocyanides 1 and aryl iodides (Scheme 1a) [27]. This transfor-
mation proceeded via two key steps, isocyanide insertion and
desymmetric C(sp?)—H bond activation. By using phosphor-
amidite L1 as the chiral ligand, planar chiral pyridoferrocenes 2
were obtained in 61-99% yield with 72-99% ee. In addition,
this catalytic system could be applied to synthesize more com-

plex structures. As shown in Scheme 1b, when N-(2-iodo-

phenyl)methacrylamide 3 and 1a were employed as starting ma-
terials, compound 4 bearing nonadjacent planar and central
chirality was obtained in good yield and enantioselectivity (4a,
54%, 90% ee; 4b, 32%, 97% ee). However, the diastereoselec-
tivity is modest (1.7:1), likely resulting from insufficient chiral
induction during the indolinone-forming step.

Moving forward, this strategy was applied in the construction of
axial chirality by the same group. In 2021, they reported a
Pd(OAc),/L2-catalyzed imidoylative cycloamidation of
N-alkyl-2-isocyanobenzamides 5 with 2,6-disubstituted aryl
iodides 6 (Scheme 2a) [28]. Through a coupling—cyclization
reaction sequence, axially chiral 2-arylquinazolinones 7 were
synthesized in 35-93% yield with 71-95% ee. Interestingly, by
using N-(2,4-dimethoxyphenyl)-2-isocyanobenzamide (8)

and aryl iodide 6a as the reactants, diastereomeric products
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9a and 9b, each containing two distinct stereogenic axes
(C—C and C-N), were obtained in 93% and 89% ee, respective-

ly.

Very recently, Luo and co-workers implemented an efficient
palladium-catalyzed atroposelective C(sp%)—H imidoylative
cyclization of functionalized phenyl isocyanides, guided by
DFT calculations (Scheme 2b) [29]. Three types of isocyanides

Beilstein J. Org. Chem. 2025, 21, 1648-1660.

(10-12) were evaluated in reactions with aryl iodides, affording
indole-fused N-heteroaryl scaffolds 13—15, featuring either a
C—C or C-N stereogenic axis, in moderate-to-high yields with

high enantioselectivities.

Beyond planar and axial chirality, the same group developed a
three-component coupling reaction of 2,2'-diisocyano-1,1'-
biphenyls 16, aryl iodides, and carboxylates (Scheme 3a) [30].
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Scheme 3: Construction of inherent chirality.
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Under chiral palladium catalysis, unique inherently chiral
saddle-shaped bridged biaryls 17 were formed through a reac-
tion sequence involving double isocyanide insertion, reductive
elimination, and acyl transfer. To be noted, the introduction of a
substituent at the ortho-position of the isocyanide group in 16
caused a significant drop in the enantioselectivity (e.g., 17b).
Besides, when unsymmetrical diisocyanide was used, the initial
isocyanide insertion was found to be non-regioselective, deliv-
ering a 1:1 mixture of regioisomers (17¢ and 17¢”). Intriguingly,
17a could act as a chiral acylating reagent, applying in the
kinetic resolution of racemic primary amines rac-18. Addition-
ally, after the reaction, the resulting deacylated compound 20
could be recovered in almost quantitative yield without any
erosion of the enantiopurity. A possible reaction mechanism for
this Pd-catalyzed three-component reaction was proposed
(Scheme 3b). As shown, the reaction started with the oxidative
addition of phenyl iodide to Pd(0) to generate the phenyl Pd(II)
species. After that, coordination and migratory insertion of the
first isocyanide group of 16a to Pd(II) delivered INT-I. Then,
coordination and migratory insertion of the second isocyanide
group occurred to give INT-III, which underwent reductive
elimination to afford INT-IV. Finally, migration of the Piv
group from O to N gave the product 17a.

Moreover, the Pd-catalyzed isocyanide insertion approach has

been successfully extended to the generation of helical chirality

[31]. As shown in Scheme 4a, phenyl diisocyanides 21 or 22
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CN NC
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Scheme 4: Construction of helical chirality.
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underwent double C(sp2)—H imidoylative cyclization with
aryl iodides, furnishing symmetrical pyrido[6]helicenes 23 or
furan-incorporating pyrido[7]helicenes 24 with stable helical
chirality, respectively. Furthermore, pre-cyclized mono-
isocyanides, such as 25a and 25b, were identified as another
class of suitable substrates under the standard conditions
(Scheme 4b). On one hand, such findings demonstrated that the
second cyclization determines enantioselectivity; on the other
hand, it provided a practical way to the preparation of unsym-

metrical pyrido[6]helicenes 26.

Isocyanide-based multicomponent reactions

Except for Pd-catalyzed isocyanide insertion reactions, organo-
catalytic isocyanide-based multicomponent reactions have been
explored for the synthesis of axially chiral compounds. In 2024,
Yang and co-workers reported a catalytic asymmetric version of
the Groebke-Blackburn—Bienaymé reaction [32-34] involving
6-aryl-2-aminopyridines 27, aldehydes, and isocyanides
(Scheme 5a) [35]. By employing chiral phosphoric acid (CPA)
C1 as the catalyst, this reaction worked well to afford axially
chiral imidazo[1,2-a]pyridines 28 in high-to-excellent yields
(up to 99%) and enantioselectivities (up to >99% ee). It is worth
noting that the presence of a hydrogen bonding donor in 27 is
crucial for achieving high enantioselectivity. As shown, while
replacing the OH with NHMe led to a slight decrease of ee (28¢
versus 28b), the protection of the OH with methyl caused a
severe drop (28d versus 28b). The application of the resulting

Ar, Ar
—N <N
\ 7/ \
(A -0
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selected examples
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Scheme 5: CPA-catalyzed enantioselective Groebke—Blackburn—Bienaymé reaction.

products in developing chiral organocatalysts was investigated  butyl azodicarboxylate (31), and the corresponding product 32
as well. For instance, 28a was converted to a thiourea-tertiary =~ was obtained in 99% yield with 88% ee. A plausible reaction
amine 29 through a four-step procedure in an overall 36% yield. mechanism was proposed for this CPA-catalyzed enantioselec-
This compound was then utilized as the catalyst in the electro-  tive Groebke-Blackburn—Bienaymé reaction. As illustrated in

philic amination reaction between fB-ketoester 30 and di-fert- Scheme 5b, the imine condensation between 27 and the alde-
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hyde afforded INT-A, which was activated by the CPA catalyst
through hydrogen bonding interaction. The nucleophilic addi-
tion of isocyanide to Int-A produced INT-B bearing a stereo-
genic center. Subsequently, INT-B underwent intramolecular
cyclization to generate axially chiral INT-C, which, after imine-
enamine tautomerization, led to the formation of final product
28.

a-Acidic isocyanide-based transformations

De novo arene formation

In 2019, Zhu and co-workers developed the first example of
catalytic enantioselective Yamamoto—de Meijere pyrrole syn-
thesis [36,37] between alkynyl ketones 33 and isocyanoacetates
(Scheme 6) [38]. The success of this study not only adds a new
entry to the de novo arene formation strategy [39,40] but also
initiates the application of isocyanoacetates in constructing axial
chirality. With Ag,O and quinine-derived amino-phosphine
ligand L6 as the chiral catalyst, atropisomeric 3-arylpyrroles 34
were generated in 43-98% yield with 82-96% ee. Notably, two
by-products 35 and 36 were observed during the reaction, re-
sulting from the aldol reaction of isocyanoacetates with the ke-
tone moiety in 33. The authors have also demonstrated that 34f
could be used as the starting material to prepare the axially
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Ag;0 (10 mol %) H’i R® o
L6 (20 mol %)  RO,C _
I + CN"COR ( ) . RZO N N
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chiral olefin-oxazole 37, which might be a potentially useful
ligand in asymmetric catalysis. A possible stereochemical
model was proposed as well, involving synergistic activation of
both the alkynyl ketone and isocyanoacetate by the chiral cata-
lyst.

Central-to-axial chirality transfer

In parallel with Zhu’s work, Du, Chen, and co-workers re-
ported an alternative way for the preparation of axially chiral
3-arylpyrroles [41] through a catalytic asymmetric Barton—Zard
reaction [42] via central-to-axial chirality transfer strategy
[43,44]. Under a similar silver-based catalytic system,
nitroolefins 38 bearing a B-ortho-substituted aryl group reacted
smoothly with a-acidic isocyanides to give the corresponding
products 39 in 55-99% yield and 57-96% ee (Scheme 7). In ad-
dition, nitroolefins 40 possessing a f-five-membered heteroaryl
ring were proven to be suitable substrates to react with tert-
butyl isocyanoacetate, affording 3-heteroarylpyrroles 41 in
55-99% yield with 70-96% ee. In these cases, additional
2.0 equivalents of DBU were required to facilitate the conver-
sion from the [3 + 2] cycloadducts to the final products. More-
over, an axially chiral tertiary alcohol-phosphine 42 was pre-
pared from 39a through a three-step procedure including

proposed stereochemical model
synthetic application
HN PMP
tBUOL,CT N

Ty

34f, 92% ee

(0]

34f, 89%, 92% ee

37,92% ee

Scheme 6: Construction of axially chiral 3-arylpyrroles via de novo pyrrole formation.
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Scheme 7: Synthesis of atropoisomeric 3-arylpyrroles via central-to-axial chirality transfer.

N-methylation, reduction of phosphine oxide, and Grignard ad-
dition to ester. Subsequently, 42 was applied as a bifunctional
Lewis base organocatalyst in the formal [4 + 2] cyclization
reaction between alkene 43 and 2,2'-dienone 44. The corre-
sponding spirooxindole 45 was obtained in >19:1 dr, 63% yield,
and 89% ee.

Dynamic kinetic resolution of configurationally labile
bridged biaryls

The catalytic asymmetric dynamic kinetic resolution (DKR) of
configurationally labile bridged biaryls, pioneered by
Bringmann and co-workers [45], has proven to be a powerful
approach for synthesizing axially chiral biaryls, particularly in
the challenging case of sterically hindered tetra-ortho-substi-
tuted scaffolds [46,47]. In this context, a-acidic isocyanides
have been successfully employed as carbon nucleophiles in the
DKR of various bridged biaryls bearing different linkages to
give diverse nitrogen heterocycle-substituted atropoisomeric

biaryls.

In 2021, our group achieved the catalytic enantioselective DKR
of biaryl lactones 46 with a-acidic isocyanides (Scheme 8a)
[48]. By using Agr,COj3 and cinchonine-derived amino-phos-
phine L7 as the catalyst, a wide range of oxazole-containing
tetra-ortho-substituted axially chiral phenols 47 bearing diverse
scaffolds, including naphthyl-phenyl (e.g., 47a), phenyl-naph-
thyl (e.g., 47b), biphenyl (e.g., 47¢), and binaphthyl (e.g., 47d),
were obtained in high yields with high enantioselectivities. In
terms of isocyanides, isocyanoacetates with different ester
groups, p-toluenesulfonylmethyl isocyanide (47e), and

isocyanoacetamide (47f), were all compatible. It is noteworthy

that this work represents the first example of catalytic asym-
metric DKR of Bringmann’s lactones with carbon nucleophiles.
The success lies in the tandem enantioselective ring-opening of
lactones with a-acidic isocyanides, followed by a rapid cycliza-
tion driven by aromatization, overcoming the long-standing
stereochemical leakage problem caused by the undesired lactol

formation [45].

Encouraged by the above results, we turned our attention to
biaryl lactams [49]. However, in this case, the inherent reso-
nance stability of the amide bond makes the ring-opening
process rather challenging. To solve this problem, we envi-
sioned that a cooperative catalytic system merging silver cataly-
sis and organocatalysis could be employed to activate both reac-
tants simultaneously. After extensive screening, the combina-
tion of AgyCO3 and quinidine-derived squaramide C2 was
identified to be the optimal choice of catalyst. A variety of
ortho,ortho-disubstituted biaryl lactams 48 were facilely trans-
formed into the corresponding tetra-ortho-substituted atropiso-
meric anilines 49 in high yields with excellent enantioselectivi-
ties (Scheme 8b). In contrast, lactams possessing only one ortho
substituent suffered from much lower reactivity (e.g., 49¢),
presumably due to the lack of sufficient torsional strain [50],
whereas substrates bearing strong electron-withdrawing groups

resulted in almost no reactivity (e.g., 49d).

Additionally, it was found that the N-substituent R? in 48 has a
significant effect on both reactivity and enantioselectivity.
While replacing Ts with Bn led to no reaction at all (49e versus
49a), substituting it with Cbz gave the desired product 49f in
only 6% yield with <5% ee.
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Scheme 8: Dynamic kinetic resolution of bridged biaryls with a-acidic isocyanides.
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In 2022, we reported the discovery and development of a
torsional strain-independent reaction between biaryl thionolac-
tones 50 and a-acidic isocyanides (Scheme 8c) [51]. Using
Ag,0 and 1,2-diaminocyclohexane-derived phosphine-
squaramide bifunctional ligand L8 as the catalyst, a universal
synthesis of tri- and tetra-ortho-substituted biaryl phenols 51
containing a thiazole moiety was achieved in 85-99% yield
with 56-99% ee. It is worth mentioning that this work repre-
sents the first example of catalytic asymmetric DKR of biaryl
thionolactones, getting rid of the pre-formation of stoichio-
metric Ru-complexes [52,53]. Mechanistic investigations indi-
cated that this transformation proceeds through a two-step se-
quence promoted by the same catalyst: 1) the diastereo- and en-
antioselective [3 + 2] cycloaddition to generate spiro-S,0-ketal
52 with both axial and central chirality, followed by 2) ring-
strain and aromatization-driven elimination, which elucidating
the observed unusual torsional strain-independent reactivity. In
addition, products bearing a tert-butyl ester group were
smoothly converted into structurally novel axially chiral eight-
membered lactones 53 in 42-67% yield with excellent reten-

tion of enantiopurity via an overall lactonization process.

In addition to C-C axial chirality, we have demonstrated that
our Ag-catalyzed DKR protocol could be applied for the gener-
ation of C—N atropisomers by using N-arylindole lactams 54 as
the cross-partner [54]. By employing Ag,CO3 and L6 as the
catalyst, axially chiral N-arylindoles 55 were synthesized in
36-94% yield with 26-90% ee (Scheme 8d). Building on such
results, a one-pot procedure involving DKR, hydrolysis, and
lactamization was developed, enabling a practical synthesis of
structurally novel atropisomeric N-arylindoles 56 bearing an
eight-membered lactam in 51-85% yield with 54-92% ee. Of
note, these scaffolds exhibited remarkably large Stokes shifts,
showing great potential in the development of fluorescent dyes.

Desymmetrization of prochiral compounds

Beyond DKR of bridged biaryls, our group has successfully
applied a-acidic isocyanides in the catalytic asymmetric desym-
metrization of substrates featuring a prochiral axis, realizing the
preparation of structurally complex scaffolds possessing both
axial and central chirality. Notably, in these cases, both issues
of diastereo- and enantioselectivity are required to be addressed
appropriately to prevent forming a complex mixture of stereo-

isomers.

In 2022, our group developed a silver-catalyzed desymmetric
[3 + 2] cycloaddition between prochiral N-aryl maleimides 57
and a-substituted a-acidic isocyanides (Scheme 9a) [55]. With
AgrCOj3 and L9 as the chiral catalyst, this reaction proceeded
smoothly to produce highly functionalized bicyclic 1-pyrro-

lines 58 bearing a remote C-N stereogenic axis and three

Beilstein J. Org. Chem. 2025, 21, 1648-1660.

contiguous stereogenic carbon centers in high yields (up to
97%) with high stereoselectivities (up to >20:1 dr, 99% ee).

Subsequently, we expanded this methodology to prochiral
N-quinazolinone maleimides 59, achieving the simultaneous
generation of N-N axial and central chirality within a single
step (Scheme 9b) [56]. Of particular note, an interesting ligand-
induced diastereodivergent profile was identified. While the
employment of L9 afforded endo-selective [3 + 2] cyclo-
adducts 60, using Trost ligand L10 resulted in a complete
reversal to the exo-cycloadducts 61. DFT calculations were per-
formed and indicated that these two ligands act in different
ways in the cyclization process, providing explanations for such
a diastereodivergence. Specifically, L9 functions as a monoden-
tate ligand, and the stronger ligand—substrate hydrogen-bond-
ing interaction and smaller distortion of the ligand resulted in
endo-cycloadducts (L9-TS). In contrast, Trost ligand L10
serves as a bidentate ligand, and the smaller distortion of
isocyanoacetate—Ag coordination combing with better Ag—C
o-orbital overlap led to exo-cycloadducts (L10-TS).

Except for constructing C-N and N-N axial chirality, we have
developed a highly diastereo- and enantioselective method to
access tri- and tetra-ortho-substituted biaryl aldehydes 63 bear-
ing both C—C axial and central chirality (Scheme 9c) [57]. Key
to this work relies on the implementation of an efficient Ag,O/
L7-catalyzed desymmetric [3 + 2] cycloaddition of prochiral
biaryl dialdehydes 62 with a-substituted a-acidic isocyanides.
We have also demonstrated that the retained aldehyde function-
ality in 63 allowed for versatile derivatizations, such as reduc-
tion, reductive amination, condensation, and olefination, which
further expanded the structural diversity of the resulting prod-

ucts.

Summary and Outlook

The past few years have witnessed exciting progress in devel-
oping catalytic asymmetric transformations of isocyanides for
generating architectures bearing axial, planar, helical, and
inherent chirality. These advances not only offer efficient routes
to enantioenriched non-central chiral compounds but also sig-
nificantly broaden the utility of isocyanides in organic synthe-
sis. Nevertheless, despite these notable accomplishments, this
research field remains in its nascent stage with ample room for
further exploration. First, existing studies have predominantly
focused on the construction of axial chirality, while synthetic
methods for other forms of non-central chirality, such as planar,
helical, and inherent chirality, remain largely underdeveloped.
To date, only a single example has been reported for each case,
all of which are restricted to palladium-catalyzed isocyanide
insertion reactions. Second, the catalytic systems employed thus

far are relatively limited. Although transition metal catalysis,
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Scheme 9: Desymmetrization of prochiral compounds with a-acidic isocyanides.

particularly with palladium and silver, has proven to be highly
effective, expanding the scope as well as the activation mode of
chiral catalysts could greatly enrich reaction types and acces-
sible structural diversity. Third, further investigation into the
potential applications of the resulting chiral products, e.g.,
biological activities and utility as chiral organocatalysts or
ligands, warrants greater attention. We anticipate that

considerable efforts in these directions would be crucial for

advancing this field and fully unlocking the synthetic potential
of isocyanides in the preparation of non-central chiral com-
pounds.
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Abstract

In single crystals of C-N atropisomeric N-(2-halophenyl)quinolin-2-one and the thione analogue, a unique association based on a
halogen— interaction was detected. In racemic and optically pure N-(2-bromo- or 2-chlorophenyl)quinolin-2-ones, homochiral lay-
ered polymers, which consist of (P)- or (M)-atropisomers, were formed through intermolecular halogen— association. The
halogen—t association in the racemates is due to a halogen bond (C—X:--r) between a o-hole on the halogen atom and a m-electron
on the quinolinone benzene ring, while that in optically pure forms is caused by an n—* interaction between a lone electron pair on
the halogen atom and a r* orbital of the quinolinone. In contrast to the formation of the homochiral layered polymer in quinolin-
ones, in racemic N-(2-bromophenyl)quinoline-2-thione, heterochiral layered polymers, in which (P)- and (M)-atropisomers were
alternately connected, were formed through an n—r* interaction between a lone electron pair on the bromine atom and a 7* orbital

of the quinoline-2-thione.

Introduction
In the past several years, C-N atropisomers (C—N axially chiral cules for catalytic asymmetric reactions. Highly enantioselec-
compounds) owing to the rotational restriction around a C—-N  tive syntheses of diverse C—N atropisomeric compounds

single bond have received great attention as new target mole- possessing carboxamide, imide, lactam, sulfonamide, indole,
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pyrrole, imidazole, carbazole and amine skeletons have been re-
ported by many groups [1-9]. C-N atropisomers are attractive
compounds from the viewpoint of not only synthetic organic
chemistry but also medicinal chemistry [10-13]. For example,
3-(2-bromophenyl)-2-methylquinazolin-4-one (I), which has a
high rotational barrier about the N3—Ar bond, is known as
mebroqualone possessing GABA agonist activity (Figure 1)
[14,15].
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Our group has been exploring asymmetric synthesis of C—N
atropisomers and their structural properties for over 25 years
[16,17]. As a part of the C-N atropisomeric chemistry, we
succeeded in the asymmetric synthesis of mebroqualone (I) and
the thione analogue II [18,19]. In the course of this study, it was
found that intermolecular association in the single crystals of
racemates significantly differs from that of optically pure forms
(chirality-dependent halogen bonding, Figure 1) [20,21].
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Figure 1: Various C-N atropisomeric compounds and their intermolecular interactions in single crystals.

1749



That is, in crystals of racemic mebroqualone rac-I, heterochiral
zig-zag polymer chains, in which (P)-I and (M)-I were alter-
nately connected, were formed through a o-type intermolecular
halogen bonding (C-Br:--O) between the ortho-bromine atom
and the carbonyl oxygen. The formation of similar heterochiral
polymers through a o-type intermolecular halogen bond
(C-Br--S) was also found in crystals of the thio-analogue rac-
I1. On the other hand, in the optically pure mebroqualone (P)-1,
the homochiral layered polymer was formed through a
bromine— association. The association is due to an n—* inter-
action between a lone electron pair on the bromine atom and a
7 orbital of the quinazolinone ring. In the optically pure thio-
analogue (P)-1I, the formation of homochiral dimers, rather
than homochiral polymer chains, was detected. Furthermore, the
homochiral dimers were constructed through a m-type halogen
bonding (C-Br---S), rather than a o-type such as rac-I and rac-
II.

Halogen bonding has aroused great interest as a new type of
noncovalent interaction as an alternative to hydrogen bonding
and has been widely used as an important supramolecular tool
in broad fields such as materials science, crystal engineering,
liquid crystals, synthetic organic chemistry and medicinal
chemistry [22-26]. Typically, halogen bonding has been classi-
fied into two major types: (1) o-type halogen bonding, where
the electrophilic region (o-hole) of a halogen atom interacts
with a lone pair on an electron-rich atom (e.g., C-X---Y), and
(2) m-type halogen bonding (or halogen—m interaction), where
the o-hole interacts with an electron-rich m-system (e.g.,
C-X:--m). The o-hole typically forms on the extension of the
C-X bond, opposite the bonding electron density, hence, the
interaction is highly directional, with o-type halogen bonds
favoring nearly linear geometries (C—X:--Y =~ 180°). When the
C-X.--mr angle significantly deviates from linearity, the halogen
may act as an electron donor rather than an acceptor, and the
interaction can be better described as an n—* interaction in-
volving the lone pair on the halogen atom.

The results shown in Figure 1 suggest that in the case of chiral
compounds, the corresponding racemic and enantioenriched
forms, ought to have different halogen bonding properties, and
should be explored as different chemical entities. Meanwhile,
there are very few studies on halogen bonding related to molec-
ular chirality such as those shown in Figure 1 [27-30]. In addi-
tion, the studies on the comparison of intermolecular interac-
tion (halogen bonding) between chiral compounds possessing
an amide group and a thioamide group are quite rare [21].

We were curious as to whether the chirality (racemate/optically
pure form)- and the functional group (C=0/C=S)-dependent

halogen bonds found in I and II are also observed in other C-N
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atropisomeric compounds. In this article, we report the synthe-
sis of atropisomeric N-(2-halophenyl)quinolin-2-ones (la: X =
Br, 1b: X = Cl) and N-(2-bromophenyl)quinoline-2-thione (2a),
and the analysis of halogen—mediated intermolecular interac-
tions (halogen bonding and n—m* interaction) observed in their
single crystals.

Results and Discussion

Synthesis of quinoline-2-ones (thione), their
enantiomer separation and rotational stability
We focused on N-(2-halophenyl)quinolin-2-ones 1 and the
thione analogue 2 as alternative substrates to verify chirality-
and functional group-dependent halogen bonding observed in
C-N atropisomeric quinazolinone I and quinazoline-thione II.
Although the catalytic asymmetric synthesis of N-(2-bromo- or
2-chloro-phenyl)quinolin-2-ones 1a,b was recently attempted
by Doerfler et al., the yields were moderate (33% and 48%) and
the enantioselectivities were poor (11% ee and 9% ee) [31]. In
addition, rotational stability about the C-N bond in 1a,b was
not mentioned at all. We prepared racemates rac-1a,b in accor-
dance with Scheme 1 and separated their enantiomers [(P)-1a,b
and (M)-1a,b] through medium pressure liquid chromatogra-
phy (MPLC) using a semi-preparative chiral IH column. The
rotational barriers of 1a and 1b were evaluated to be 32.0 and
30.8 kcal mol~!, respectively, by a thermal racemization experi-
ment of the separated (P)-1a and (P)-1b. In contrast to quinolin-
ones la,b, the atropisomers in the precursors (3,4-dihydro-
quinolinones 4a,b) could not be isolated because of the low
rotational stability [32].

Quinolinone rac-1a was converted to quinoline-thione rac-2a
by reaction with Lawesson’s reagent, and subsequently, the en-
antiomers [(P)-2a and (M)-2a] were separated by MPLC using
a chiral IH column. Unfortunately, the barrier value of quino-
line-thione 2a could not be evaluated because of the high rota-
tional stability.

Chirality dependent halogen— interaction
detected in single crystals of racemic and
optically pure N-(2-halophenyl)quinolin-2-
ones

Single crystals of rac-1a,b were prepared (single crystals of
rac-1a,b were obtained by vapour diffusion of hexane into a
methanol solution of the compound at room temperature) and
their X-ray crystal structural analyses were performed
(Figure 2) [33]. In the crystals of rac-1a, a n-type intermolecu-
lar interaction between the bromine atom and the benzene ring
of the quinolinone was found (the torsion angle: C8—C7-C6---Br

= -80.3°). That is, the bromine atom interacts with three car-
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Scheme 1: Synthesis of N-(2-halophenyl)quinolin-2-ones 1a,b and quinoline-2-thione 2a.

bon atoms (C5-7); the three bond distances (Br---C5-7) and
three bond angles (C-Br---C5-7) were 3.44, 3.30, 3.50 A and
166.6, 155.9, 134.0°, respectively. Although a racemate,
homochiral layered polymer chains, which consist of (P)-1a or
(M)-1a, were formed through the Br—m interactions. The forma-
tion of homochiral layered polymers through halogen—m-type
intermolecular interactions was also found in crystals of the
ortho-chloro derivative rac-1b (the torsion angle:
C8-C7-C6---Cl = =81.7°). In rac-1b, the chlorine atom inter-
acts with two carbon atoms (C5 and C6) of the benzene ring,
the two bond distances (Cl---C5,6) and two bond angles
(C-Cl1---C5,6) were 3.42, 3.27 A and 164.5, 154.4°, respective-

ly.

The formation of homochiral layered polymers through inter-
molecular halogen— interactions was also observed in the crys-
tals of optically pure forms (P)-1a,b (Figure 3, single crystals of
(P)-1a,b were obtained by vapour diffusion of hexane into a
methanol solution of the compound at room temperature) [34].

Meanwhile, the halogen atoms in (P)-1a,b were found to

interact with the C4 atom on the lactam ring [the torsion angles
of (P)-1a and (P)-1b: C2-C3-C4---Br = -102.6° and
C2-C3-C4---Cl = —103.3°] but not with the benzene moiety as
observed in racemates rac-1a,b. The bond length (Br---C4) and
bond angle (C—Br---C4) in (P)-1a were 3.44 A and 133.4 °, re-
spectively, and the bond length (Cl---:C4) and bond angle
(C—Cl---C4) in (P)-1b were 3.40 A and 132.8 °, respectively.
The C-X:--C4 bonds (133.4 ° and 132.8°) in the optically
pure forms (P)-1a,b were considerably bent in comparison
with the C-X:--C5 bonds (166.6° and 164.5°) in racemates
rac-1a,b.

Figure 4 shows the distances “d” and the two kinds of angles
“0”, ”a" in rac-1a,b and (P)-1a,b. The d values (distance be-
tween the centroid of the benzene ring and halogen X) in rac-1a
and rac-1b were approximately 3.4 A (3.36 A and 3.35 A, re-
spectively), while the d values (distance between the centroid of
the lactam ring and halogen X) in (P)-1a and (P)-1b were
approximately 4.0 A (4.01 A and 3.99 A, respectively). Al-
though the d values in (P)-1a,b were 0.6 A longer than those of
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Figure 2: Intramolecular associations detected in crystals of rac-1a and rac-1b.
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Figure 3: Intramolecular association detected in the crystals of (P)-1a and (P)-1b.
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rac-1b (6 = 142.9°, a = 15.4°, d = 3.35 A)

(P12 (0=113.8°, 0 =33.6°,d=4.01A)  (P)-1b (6= 113.3°, « = 34.5°, d = 3.99 A)

Figure 4: Angles (8, o) and distances (d) in racemate rac-1a,b and (P)-1a,b.

rac-1a,b, they (4.01 A and 3.99 A) were within the acceptable
range for halogen bonding [d < 4.3 A (Br--m), d < 4.2 A
(Cl---m)]. The angles (0) of C—X:--(centroid) in rac-1a and rac-
1b were 145.3° and 142.9°, respectively, and the angles (a) in
rac-l1a and rac-1b were 14.6° and 15.4°, respectively. Since
both angles (0 and a) met the requirements for halogen bonding
(6> 120°, a < 60°) [33,34], the X---7 interaction in rac-1a,b
was judged to be due to halogen bonding between a o-hole on

the halogen atom and a m-electron of the aromatic ring.

On the other hand, in (P)-1a and (P)-1b, although the angles (a)
were 33.6 ° and 34.5° which are acceptable for a halogen bond
(a < 60°), the angles (0) did not meet the requirement for
halogen bonding (6 > 120°) [35,36]. That is, the angles (0) in
(P)-1a and (P)-1b were 113.8° and 113.3°, respectively, which
are approximately 30° narrower than those in rac-1a and rac-
1b. These results suggest that the C—X:--m association in the
optically pure forms (P)-1a,b is not due to halogen bonding but
rather originates from an n—m* interaction between a lone elec-
tron pair on the halogen atom and a 7* orbital of the quinolin-

one ring.

Halogen—t interaction detected in a single
crystal of racemic N-(2-bromophenyl)quino-
line-2-thione

As mentioned in Figure 1, the intermolecular association of

racemic C-N atropisomeric mebroqualone rac-I was very simi-

lar to that of the thione analogue rac-II [the formation of
heterochiral polymers through a o-type halogen bond (C-Br---O
or C—Br---S)]. In contrast, the intermolecular associations in the
crystals of racemic quinoline-2-thione rac-2a significantly
differed from those of the racemic quinolinones rac-1 in
Figure 2 (single crystals of rac-2a were obtained from slow
evaporation of hexane/methanol (1:1) mixture at room tempera-
ture) [37].

That is, in contrast to rac-1, in which homochiral layered
polymer chains were formed, crystallization of quinoline-2-
thione rac-2a led to the formation of heterochiral layered
polymer chains in which (P)-2a and (M)-2a were alternately
connected (Figure 5). The association between (P)-2a and (M)-
2a emerged through a m-type interaction between the bromine
atom and the thiolactam moiety (C4—C3—C2---Br = —=90.7°). The
bromine atom interacts with C2 and C3 carbons on the thio-
lactam ring. The d value of Br---(centroid of the thiolactam ring)
was 3.55 A, and the angles (0 and a) were 112.7° and 19.9°, re-
spectively. Thus, since the angle (0) is narrower than 120°, the
Br--- association in rac-2a may be due to an n—* interaction
between a lone electron pair on the bromine atom and a m*
orbital of the quinoline-thione ring, rather than a m-type halogen
bonding.

Although we attempted the preparation of single crystals of the

optically pure form of 2a, unfortunately, crystals suitable for
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Figure 5: Crystal structure of racemic quinoline-2-thione rac-2a.

X-ray measurement could not be obtained (2a is chemically
unstable and standing for a long period in the solution state
resulted in several decomposed products).

Conclusion

We found that crystallization of racemic and optically pure C-N
atropisomeric N-(halophenyl)quinolin-2-one derivatives led to
the formation of homochiral layered polymer chains, which
consist of (P)- or (M)-atropisomers, through different types of
halogen— interactions. Homochiral layered polymers in the
racemate were constructed through a m-type halogen bonding
(C-X:--m) between a o-hole on the halogen atom and a m-elec-
tron of the quinoline ring, while those in the optically pure form
were formed through an n—* interaction between a lone elec-
tron pair on the halogen atom and a m*orbital of the quinolin-
one ring. Thus, chirality (racemic/optically pure)-dependent
halogen bonding was observed in single crystals of not only
3-(2-halophenyl)quinazolin-4-one derivatives but also N-(2-
halophenyl)quinolin-2-one derivatives. Furthermore, it was
revealed that the intermolecular association of C-N atropiso-
meric quinoline-2-thione significantly differs from that of
quinolinones. That is, in contrast to the homochiral layered
polymer found in quinolinone derivatives, in the single crystal
of racemic N-(2-bromophenyl)quinoline-2-thione, the forma-

tion of heterochiral layered polymers, in which (P)- and (M)-

Beilstein J. Org. Chem. 2025, 21, 1748-1756.

Br-C2=3.40A
Br-C3=342A
C—Br-C2=135.8°
C-Br-C3=124.3°
C4-C3-C2---Br=-90.7°

atropisomers were alternately connected, was detected.
In addition, the heterochiral layered polymers were
constructed through an n—m* interaction between the lone
electron pair on the bromine atom and the m*-orbital of the
quinoline-2-thione ring, rather than through mn-type halogen
bonding.

Supporting Information

Crystallographic data for compounds 1 and 2 was obtained
from the Cambridge Crystallographic Data Centre under
deposition numbers 2448885-2448888 and 2448893. These
can be obtained from the CCDC website
(https://www.ccdc.cam.ac.uk/structures/).

Supporting Information File 1

Experimental procedures for synthesis of compounds 1-4
and their spectral data, copies of 'H and 13C{'H} NMR
charts of compounds 1-4, chiral MPLC and HPLC chart in
compounds 1a,b, 2a, evaluation of rotational barriers of
compounds 1a,b, and X-ray crystal data of rac-1a,b,
(P)-1a,b, rac-2a (check CIF).
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-21-138-S1.pdf]

1754


https://www.ccdc.cam.ac.uk/structures/
https://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-21-138-S1.pdf
https://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-21-138-S1.pdf

Funding
This work was partly supported by JSPS KAKENHI (C
23K04755).

Author Contributions

Mai Uchibori: investigation; writing — review & editing.
Nanami Murate: investigation. Kanako Shima: investigation.
Tatsunori Sakagami: investigation. Ko Kanehisa: investigation;
writing — review & editing. Gary James Richards: investigation;
writing — review & editing. Akiko Hori: investigation; writing —
review & editing. Osamu Kitagawa: conceptualization; funding
acquisition; writing — original draft.

ORCID® iDs

Gary James Richards - https://orcid.org/0000-0002-5262-2587
Akiko Hori - https://orcid.org/0000-0002-0969-8500
Osamu Kitagawa - https://orcid.org/0000-0001-7964-1879

Data Availability Statement
All data that supports the findings of this study is available in the published
article and/or the supporting information of this article.

References

1. Takahashi, I.; Suzuki, Y.; Kitagawa, O. Org. Prep. Proced. Int. 2014,
46, 1-23. doi:10.1080/00304948.2014.866467

2. Frey, J.; Choppin, S.; Colobert, F.; Wencel-Delord, J. Chimia 2020, 74,
883-889. doi:10.2533/chimia.2020.883

3. ThoénniBen, V.; Patureau, F. W. Chem. — Eur. J. 2021, 27, 7189-7192.
doi:10.1002/chem.202004151

4. Wu, Y.-J,; Liao, G.; Shi, B.-F. Green Synth. Catal. 2022, 3, 117—136.
doi:10.1016/j.gresc.2021.12.005

5. Sweet, J. S.; Knipe, P. C. Synthesis 2022, 54, 2119-2132.
doi:10.1055/s-0040-1719896

6. Rodriguez-Salamanca, P.; Fernandez, R.; Hornillos, V.;
Lassaletta, J. M. Chem. — Eur. J. 2022, 28, €202104442.
doi:10.1002/chem.202104442

7. Mei, G.-J.; Koay, W. L.; Guan, C.-Y.; Lu, Y. Chem 2022, 8, 1855—1893.
doi:10.1016/j.chempr.2022.04.011

8. Xiao, X.; Chen, B.; Yao, Y.-P.; Zhou, H.-J.; Wang, X.; Wang, N.-Z.;
Chen, F.-E. Molecules 2022, 27, 6583.
doi:10.3390/molecules27196583

9. Campbell, A. D. G.; Armstrong, R. J. Synthesis 2023, 55, 2427-2438.
doi:10.1055/a-2039-5424

10.Clayden, J.; Moran, W. J.; Edwards, P. J.; LaPlante, S. R.
Angew. Chem., Int. Ed. 2009, 48, 6398-6401.
doi:10.1002/anie.200901719

11.Glunz, P. W. Bioorg. Med. Chem. Lett. 2018, 28, 53—60.
doi:10.1016/j.bmcl.2017.11.050

12. Perreault, S.; Chandrasekhar, J.; Patel, L. Acc. Chem. Res. 2022, 55,
2581-2598. doi:10.1021/acs.accounts.2c00485

13.Wang, Z.; Meng, L.; Liu, X.; Zhang, L.; Yu, Z.; Wu, G.
Eur. J. Med. Chem. 2022, 243, 114700.
doi:10.1016/j.ejmech.2022.114700

14.Jackman, G. B.; Petrow, V.; Stephenson, O. J. Pharm. Pharmacol.
1960, 12, 529-538. doi:10.1111/j.2042-7158.1960.tb12705.x

Beilstein J. Org. Chem. 2025, 21, 1748-1756.

15.Ghosh, S. K.; Nagarajan, R. RSC Adv. 2016, 6, 27378-27387.
doi:10.1039/c6ra00855k

16. Kitagawa, O. Acc. Chem. Res. 2021, 54, 719-730.
doi:10.1021/acs.accounts.0c00767

17.Kitagawa, O. J. Org. Chem. 2024, 89, 11089—11099.
doi:10.1021/acs.joc.4c01065

18. Hirai, M.; Terada, S.; Yoshida, H.; Ebine, K.; Hirata, T.; Kitagawa, O.
Org. Lett. 2016, 18, 5700-5703. doi:10.1021/acs.orglett.6b02865

19. Niijima, E.; Imai, T.; Suzuki, H.; Fujimoto, Y.; Kitagawa, O.
J. Org. Chem. 2021, 86, 709-715. doi:10.1021/acs.joc.0c02319

20. Imai, T.; Niijima, E.; Terada, S.; Wzorek, A.; Soloshonok, V. A.;
Hori, A.; Kitagawa, O. CrystEngComm 2019, 21, 3385-3389.
doi:10.1039/c9ce00320g

21.Matsui, R.; Niijima, E.; Imai, T.; Kobayashi, H.; Hori, A.; Sato, A.;
Nakamura, Y.; Kitagawa, O. Molecules 2022, 27, 2369.
doi:10.3390/molecules27072369

22. Parisini, E.; Metrangolo, P.; Pilati, T.; Resnati, G.; Terraneo, G.
Chem. Soc. Rev. 2011, 40, 2267-2278. doi:10.1039/c0cs00177e

23.Gilday, L. C.; Robinson, S. W.; Barendt, T. A.; Langton, M. J.;
Mullaney, B. R.; Beer, P. D. Chem. Rev. 2015, 115, 7118-7195.
doi:10.1021/cr500674¢c

24.Cavallo, G.; Metrangolo, P.; Milani, R.; Pilati, T.; Priimagi, A.;
Resnati, G.; Terraneo, G. Chem. Rev. 2016, 116, 2478-2601.
doi:10.1021/acs.chemrev.5b00484

25. Bulfield, D.; Huber, S. M. Chem. — Eur. J. 2016, 22, 14434—14450.
doi:10.1002/chem.201601844

26.Mendez, L.; Henriquez, G.; Sirimulla, S.; Narayan, M. Molecules 2017,
22, 1397-1412. doi:10.3390/molecules22091397

27.Lim, J. Y. C.; Marques, l.; Félix, V.; Beer, P. D. J. Am. Chem. Soc.
2017, 139, 12228-12239. doi:10.1021/jacs.7b06144

28.Kuwano, S.; Suzuki, T.; Hosaka, Y.; Arai, T. Chem. Commun. 2018,
54, 3847-3850. doi:10.1039/c8cc00865e

29.Kikkawa, S.; Okayasu, M.; Hikawa, H.; Azumaya, |. Cryst. Growth Des.
2021, 21, 1148-1158. doi:10.1021/acs.cgd.0c01469

30.Kikkawa, S.; Takeno, M.; Nakayama, T.; Koike, D.; Saito, Y.;
Tashiro, M.; Aoyama, Y.; Hikawa, H.; Azumaya, |. Cryst. Growth Des.
2024, 24, 9564—-9570. doi:10.1021/acs.cgd.4c01092

31. Arunachalampillai, A.; Chandrappa, P.; Cherney, A.; Crockett, R.;
Doerfler, J.; Johnson, G.; Kommuri, V. C.; Kyad, A.; McManus, J.;
Murray, J.; Myren, T.; Fine Nathel, N.; Ndukwe, |.; Ortiz, A.; Reed, M.;
Rui, H.; Silva Elipe, M. V.; Tedrow, J.; Wells, S.; Yacoob, S.;
Yamamoto, K. Org. Lett. 2023, 25, 5856-5861.
doi:10.1021/acs.orglett.3c02117

32.Wu, L.; Zhou, H.; Sun, L.; Cui, J.; Liu, W.; Wang, Y.; Xie, L.
Russ. J. Org. Chem. 2024, 60, 459-466.
doi:10.1134/s1070428024030138

33.rac-1a: C15H1oBrNO, CCDC2448893. rac-1b: C15H1(CINO,
CCDC2448885.

34.(P)-1a: C45H19BrNO, CCDC2448886. (P)-1b: C15H1oCINO,
CCDC2448887.

35.Lu, Y.; Wang, Y.; Zhu, W. Phys. Chem. Chem. Phys. 2010, 12,
4543-4551. doi:10.1039/b926326h

36.Xu, Z.; Yang, Z.; Liu, Y.; Lu, Y.; Chen, K.; Zhu, W. J. Chem. Inf. Model.
2014, 54, 69-78. doi:10.1021/ci400539q

37.rac-2a: C15H1oBrNS, CCDC 2448888.

1755


https://orcid.org/0000-0002-5262-2587
https://orcid.org/0000-0002-0969-8500
https://orcid.org/0000-0001-7964-1879
https://doi.org/10.1080%2F00304948.2014.866467
https://doi.org/10.2533%2Fchimia.2020.883
https://doi.org/10.1002%2Fchem.202004151
https://doi.org/10.1016%2Fj.gresc.2021.12.005
https://doi.org/10.1055%2Fs-0040-1719896
https://doi.org/10.1002%2Fchem.202104442
https://doi.org/10.1016%2Fj.chempr.2022.04.011
https://doi.org/10.3390%2Fmolecules27196583
https://doi.org/10.1055%2Fa-2039-5424
https://doi.org/10.1002%2Fanie.200901719
https://doi.org/10.1016%2Fj.bmcl.2017.11.050
https://doi.org/10.1021%2Facs.accounts.2c00485
https://doi.org/10.1016%2Fj.ejmech.2022.114700
https://doi.org/10.1111%2Fj.2042-7158.1960.tb12705.x
https://doi.org/10.1039%2Fc6ra00855k
https://doi.org/10.1021%2Facs.accounts.0c00767
https://doi.org/10.1021%2Facs.joc.4c01065
https://doi.org/10.1021%2Facs.orglett.6b02865
https://doi.org/10.1021%2Facs.joc.0c02319
https://doi.org/10.1039%2Fc9ce00320g
https://doi.org/10.3390%2Fmolecules27072369
https://doi.org/10.1039%2Fc0cs00177e
https://doi.org/10.1021%2Fcr500674c
https://doi.org/10.1021%2Facs.chemrev.5b00484
https://doi.org/10.1002%2Fchem.201601844
https://doi.org/10.3390%2Fmolecules22091397
https://doi.org/10.1021%2Fjacs.7b06144
https://doi.org/10.1039%2Fc8cc00865e
https://doi.org/10.1021%2Facs.cgd.0c01469
https://doi.org/10.1021%2Facs.cgd.4c01092
https://doi.org/10.1021%2Facs.orglett.3c02117
https://doi.org/10.1134%2Fs1070428024030138
https://doi.org/10.1039%2Fb926326h
https://doi.org/10.1021%2Fci400539q

License and Terms

This is an open access article licensed under the terms of
the Beilstein-Institut Open Access License Agreement
(https://www.beilstein-journals.org/bjoc/terms), which is

identical to the Creative Commons Attribution 4.0
International License

(https://creativecommons.org/licenses/by/4.0). The reuse of

material under this license requires that the author(s),
source and license are credited. Third-party material in this
article could be subject to other licenses (typically indicated
in the credit line), and in this case, users are required to
obtain permission from the license holder to reuse the

material.

The definitive version of this article is the electronic one
which can be found at:
https://doi.org/10.3762/bjoc.21.138

Beilstein J. Org. Chem. 2025, 21, 1748-1756.

1756


https://www.beilstein-journals.org/bjoc/terms
https://creativecommons.org/licenses/by/4.0
https://doi.org/10.3762/bjoc.21.138

(\) BEILSTEIN JOURNAL OF ORGANIC CHEMISTRY

Chiral phosphoric acid-catalyzed asymmetric synthesis of
helically chiral, planarly chiral and inherently chiral molecules

Wei Liu™! and Xiaoyu Yang 2

Review

Address:

Key Laboratory of Subcritical High-Efficiency Extraction, College of
Chemistry and Environmental Engineering, Anyang Institute of
Technology, Anyang, Henan 455000, China and 2School of Physical
Science and Technology, ShanghaiTech University, Shanghai
201210, China

Email:

Wei Liu” - liuwei@shanghaitech.edu.cn; Xiaoyu Yang” -
yangxy1@shanghaitech.edu.cn

* Corresponding author

Keywords:

asymmetric catalysis; chiral phosphoric acid; helical chirality; inherent
chirality; planar chirality

Abstract

Beilstein J. Org. Chem. 2025, 21, 1864—1889.
https://doi.org/10.3762/bjoc.21.145

Received: 03 June 2025
Accepted: 26 August 2025
Published: 10 September 2025

This article is part of the thematic issue "Non-central chirality in organic
chemistry".

Associate Editor: N. Yoshikai

© 2025 Liu and Yang; licensee Beilstein-Institut.
License and terms: see end of document.

Chiral molecules, distinguished by nonsuperimposability with their mirror image, play crucial roles across diverse research fields.

Molecular chirality is conventionally categorized into the following types: central chirality, axial chirality, planar chirality and

helical chirality, along with the more recently introduced inherent chirality. As one of the most prominent chiral organocatalysts,

chiral phosphoric acid (CPA) catalysis has proven highly effective in synthesizing centrally and axially chiral molecules. However,

its potential in the asymmetric construction of other types of molecular chirality has been investigated comparatively less. This

Review provides a comprehensive overview of the recent emerging advancements in asymmetric synthesis of planarly chiral, heli-

cally chiral and inherently chiral molecules using CPA catalysis, while offering insights into future developments within this

domain.

Introduction

Since the seminal works by Akiyama [1] and Terada [2] et al. in
2004 demonstrated the application of BINOL-derived chiral
phosphoric acids (CPAs) in asymmetric Mannich reactions, the
past two decades have witnessed the remarkable evolution of
CPA catalysis into one of the most versatile platforms for
achieving diverse enantioselective transformations [3-8]. CPA
catalysts are generally recognized as bifunctional catalysts with
two distinct catalytic sites. The OH group on the phosphorus

atom functions as a Brgnsted acid site, while P=0 serves as a
Lewis base site, which enables the simultaneous activation of
both nucleophiles and electrophiles in one reaction (Figure 1).
The chiral properties of the catalysts are derived from the chiral
framework of the diol precursors, predominantly axially chiral
structures such as BINOL, Hg-BINOL, SPINOL and VAPOL
scaffolds, which are widely used in the development of CPA
catalysts. Furthermore, the ortho-aryl substitutions of the CPA
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Figure 1: General structure of CPAs and selected CPAs with various chiral scaffolds.

catalyst can efficiently modulate the stereochemical and elec-
tronic effects of the CPAs, which establish a chiral microenvi-
ronment within the chiral scaffold that governs the stereoselec-

tivity of asymmetric reactions.

Chiral molecules, characterized as three-dimensional structures

that are nonsuperimposable with their mirror image, have sig- o ) o
o . . . . central chirality axial chirality
nificant applications in pharmaceutical, agrochemical and asym-

metric synthesis as well as materials science, to name a few ex-
amples. Molecular chirality is typically classified into four O‘

helical chirality

types of chiral elements: central (point) chirality, axial chirality,
planar chirality and helical chirality (Figure 2). Moreover,
unique forms of chirality originating from the rigid conforma-
tion of molecules lacking symmetry, which do not fit into the
aforementioned four categories, are termed inherent chirality.
Notable examples include inherently chiral calix[4]arenes and
saddle-shaped medium-sized cyclic compounds. Catalytic
asymmetric synthesis has been recognized as the most straight-
forward and efficient strategy for synthesizing chiral molecules,
with early development primarily targeting compounds
featuring stereogenic centers. In the past decade, significant

progress has been made in the asymmetric synthesis of diverse
. . . inherent chirality
axially chiral molecules [9]. However, the exploration of cata-
lytic asymmetric synthesis toward other forms of chiral ele-
. L. . Figure 2: Representative elements of molecular chirality.
ments has been relatively limited, with only a few notable
instances having emerged recently.
ic reactions to synthesize chiral molecules with stereogenic
Similarly, since the initial introduction of CPA catalysts in  centers has been developed. Moreover, the rapid advancement

asymmetric synthesis in 2004, a plethora of asymmetric catalyt-  of axially chiral molecules in asymmetric synthesis has been
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made possible by employing CPA catalysis, notably pioneered
by Akiyama [10], Tan [11] and others. However, the applica-
tion of CPA catalysis in the asymmetric synthesis of other
forms of molecular chirality has received less attention. While
List and co-workers reported the first CPA-catalyzed asym-
metric synthesis of helically chiral azahelicenes through the
Fischer indole synthesis back in 2014 [12], the second CPA-cat-
alyzed asymmetric synthesis of helicenes was not achieved until
2023 [13,14]. Similarly, the CPA-catalyzed asymmetric synthe-
sis of planarly chiral [15] and inherently chiral [16] molecules
was not disclosed until 2022. In this Review, we have compre-
hensively summarized the recent advancements in the CPA-cat-
alyzed asymmetric synthesis of various distinct chiral elements,
encompassing helically, planarly and inherently chiral mole-
cules. The Review is structured based on the various types of
chiral elements, presenting a representative substrate scope for
each method, showcasing the reaction mechanisms and applica-
tions of the chiral products for selected examples.

Review

Helical chirality

Helicenes are a group of rigid polycyclic aromatic compounds
composed of ortho-fused aromatic (hetero)cyclic rings, with
their helically twisted conformation enforced by steric
hindrance between terminal aromatic rings [17]. Despite lacking
asymmetric stereogenic centers, this nonplanar scaffold exhib-
its intrinsic P/M chirality due to the helical arrangement of the
m-extended skeleton. Renowned for their high thermal stability
and structural rigidity, chiral helicenes have emerged as promi-
nent molecular platforms in various applications, such as circu-
larly polarized luminescence (CPL) materials, chiral liquid crys-
tals and asymmetric catalysis. Currently, the asymmetric cata-
lytic synthesis of helicenes predominantly revolves around tran-
sition metal-catalyzed asymmetric annulation reactions, includ-
ing the asymmetric [2 + 2 + 2] cycloaddition of aryl-substituted
polyynes and hydroarylation of alkynes [18,19]. In contrast, the
application of asymmetric organocatalysis for enantioselective
synthesis of chiral helicenes remains relatively underdeveloped

compared to transition metal-catalyzed approaches [20].

In 2014, List and co-workers reported the pioneering CPA-cata-
lyzed asymmetric synthesis of helically chiral molecules, which
also marked the first organocatalyzed asymmetric synthesis of
such compounds [12]. By employing a CPA-catalyzed asym-
metric Fischer indolization reaction of hydrazine 1 and poly-
cyclic ketone 2, they achieved the efficient asymmetric synthe-
sis of various helically chiral azahelicenes 3 (Scheme 1). To
address the inherent length-scale challenges of molecular
helicene frameworks, the authors designed and synthesized
novel CPAs bearing extended m-substituents at the ortho-posi-

tions. The dual hydrogen-bonding interactions were critical for

Beilstein J. Org. Chem. 2025, 21, 1864—1889.

this reaction, ensuring that the reaction proceeded within the
chiral pocket of the CPA catalyst. Moreover, the authors pro-
posed that the extended m-substituents at the ortho-positions of
CPA could engage in —m-stacking interactions with the enehy-
drazine intermediate, which is essential for achieving high
levels of stereocontrol. Using the optimal catalyst CPA 1, a
series of aza[6]helicenes 3a,b was synthesized with excellent
enantioselectivity and high yield. However, this method demon-
strated notably reduced efficiency and stereoselectivity for
the more sterically demanding aza[5]helicene 3¢ and
aza[7]helicenes 3d—f. Furthermore, the authors expanded this
methodology to a double Fischer indolization reaction between
hydrazine 1i and ketone 2i, which yielded diaza[8]helicene 4
with moderate yield and high enantioselectivity after chloranil-

mediated dehydrogenation.

Despite the early demonstration of CPA catalysis in synthe-
sizing chiral helicenes, the next instance of CPA-catalyzed
asymmetric synthesis of helicenes was not achieved until 2023.
Employing a sequential CPA-catalyzed asymmetric Povarov
reaction and oxidative aromatization process, in 2023 our group
reported the asymmetric synthesis of various azahelicenes 8
from polycyclic arylamines S, dienamides 6 and aldehydes 7
(Scheme 2) [13]. This methodology demonstrates a broad sub-
strate scope, enabling the efficient asymmetric synthesis of
diverse aza[5]helicenes 8a—d and aza[4]helicene 8e from
various aldehydes with high enantioselectivity. In addition,
dienamides were found to be compatible with this method,
albeit requiring a switch to CPA 3 as the optimal catalyst,
which generated the 1-enamide-substituted azahelicenes 8f,g,
with significant potential for diverse derivatizations. Based on
experimental and computational studies, the origin of helical
chirality in this method was elucidated. We proposed that the
asymmetric Povarov reaction would generate a pair of dia-
stereomeric tetrahydroquinoline derivatives displaying helical
conformation, with a modest energetic barrier for interconver-
sion. However, steric repulsion between the C-1 substitutions
and the terminal arene moieties in the M-conformational dia-
stereomer resulted in the P-conformational diastereomer being
thermodynamically favored. This led to the formation of (P)-
helicene products following DDQ-mediated dehydrogenation.

Almost simultaneously, the Li group independently reported the
asymmetric synthesis of chiral quinohelicenes using a similar
sequential asymmetric Povarov reaction and oxidative aromati-
zation strategy [14]. In their study, they employed 3-vinyl-
indoles 10 in the CPA-catalyzed asymmetric Povarov reaction
with polycyclic arylamines 9 and various aromatic aldehydes
11, resulting in a range of quinoline-containing azahelicenes 12
with moderate yield and excellent enantioselectivity after DDQ-

mediated oxidative aromatization (Scheme 3). Notably, they not
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Scheme 1: CPA-catalyzed asymmetric synthesis of azahelicenes via Fischer indole synthesis.

only expanded the substrate scope to encompass various alde-
hydes and 3-vinylindoles but also conducted extensive struc-
tural modifications on the polycyclic arylamine components,
which enabled the asymmetric synthesis of azahelicenes with
diverse frameworks, including the chromene- and furan-con-

taining quinohelicenes 12d,e, respectively. They also con-

ducted a thorough evaluation of the stability of the helical
chirality across the synthesized quinohelicenes, indicating a
high racemization barrier.

In 2024, our group further extended the CPA-catalyzed sequen-

tial Povarov reaction and aromatization strategy by using
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Scheme 2: CPA-catalyzed asymmetric synthesis of azahelicenes via sequential Povarov reaction and oxidative aromatization.

2-vinylphenols 14 as the olefin component, which facilitated the  antioselectivity (Scheme 4) [21]. Notably, utilizing one equiva-
asymmetric synthesis of substituted [5]- and [6]pyridohelicenes lent of DDQ for semioxidation of the tetrahydroquinoline prod-

15 with ortho-phenolic substituents in position C1 with high en-  uct of the Povarov reaction produced the imine 16a which, upon
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Scheme 3: CPA-catalyzed asymmetric synthesis of azahelicenes via sequential Povarov reaction involving 3-vinylindoles and oxidative aromatiza-

tion.

treatment with Pd(PPh3),Cl, and KHMDS, led to furan ring
formation and the generation of hetero[7]helicene 17a while
maintaining the stereochemical configuration. Through this
methodology, a range of elongated [7]- and [8]heterohelicenes
17b—d incorporating both furan and pyridine moieties were suc-
cessfully synthesized with high enantioselectivity. These com-
pounds would be challenging to access using alternative asym-

metric methods.

In 2025, our group disclosed a highly efficient catalytic enantio-
selective double annulation approach for the asymmetric syn-
thesis of hetero[7]helicenes [22]. By employing a sequential
CPA-catalyzed three-component double Povarov reaction in-
volving a pentacyclic diamine substrate 18, enamide 6a and
various aldehydes 7, followed by oxidative aromatization, a
range of bispyridine-containing hetero[7]helicenes was pro-
duced with good yield and excellent enantioselectivity
(Scheme 5). Notably, two distinct oxidative aromatization

methods have been developed to yield diverse heterohelicene

products. For instance, using DDQ as an oxidant selectively
delivered hetero[7]helicenes 19 with monoamido substitution at
the peri-positions, while utilizing MnO, as an oxidant selec-
tively yielded heterohelicenes 20 with bisamido substitution at
the peri-positions.

In 2024, Zhou, Chen and co-workers disclosed an efficient
method for the asymmetric synthesis of indolohelicenoids
through a sequential enantioselective annulation, followed by an
eliminative aromatization sequence [23]. The CPA-catalyzed
asymmetric [3 + 2]-cycloaddition of cycloenecarbamates 21 and
carbalkoxy-substituted azonaphthalenes 22 produced the hexa-
cyclic products 23" with two contiguous stereogenic centers,
which then underwent an eliminative aromatization process to
yield various indolohelicenoids 23 with excellent enantioselec-
tivity (Scheme 6). The helical chirality of the products 23 was
believed to stem from a notably stereospecific central-to-helical
chirality conversion process, maintaining high enantioselectivi-

ty even when the eliminative aromatization occurred without
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Scheme 4: CPA-catalyzed asymmetric synthesis of heterohelicenes via sequential Povarov reaction involving 2-vinylphenols and aromatization.

the CPA catalyst. Notably, indolohelicenoid 23e could effec-
tively be converted into the fully aromatic indolohelicene 24e
under DDQ-mediated oxidative conditions without compro-

mising the enantiopurity of the compound.

Kinetic resolution stands as one of the most practical and effi-
cient strategies for accessing chiral compounds. Starting from
racemic starting materials, this method entails selective conver-
sion of one enantiomer facilitated by a chiral catalyst, yielding
enantioenriched products and allowing for the recovery of unre-
acted substrate with a high level of enantiopurity [24,25]. While
CPAs have been extensively utilized in kinetic resolution of
centrally chiral [26-28] and axially chiral compounds [29], their
application in the kinetic resolution of helically chiral com-

pounds remains largely unexplored.

In 2024, Liu and co-workers developed an effective method for
catalytic kinetic resolution of racemic helical polycyclic phenols
through an organocatalyzed enantioselective dearomative
amination reaction [30]. The racemic polycyclic phenol deriva-
tives 25, which exist as single diastereomers featuring both
central chirality and helical chirality, were readily prepared
through a [3 + 3]-cycloaddition reaction. By employing the
CPA-catalyzed asymmetric electrophilic amination reaction
with azodicarboxylate on the phenol moiety, efficient kinetic
resolution of 25 proceeded to yield both the amination products
26 and the recovered starting material with high enantioselectiv-
ity, with an s-factor up to >259 (Scheme 7). Notably, this reac-
tion did not produce the typical arene C—H amination products
but instead the dearomative amination products 26, which is

believed to be due to the significant steric hindrance surround-
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Scheme 5: Diverse enantioselective synthesis of hetero[7]helicenes via a CPA-catalyzed double annulation strategy.

ing the amination site that impeded the subsequent aromatiza-
tion process. Moreover, the terminal ring of the polycyclic
phenol substrates was not limited to a pyranoid moiety as
helical polycyclic phenols incorporating a furan ring also effi-
ciently yielded both the dearomatized amination product
(P,R,R)-28a and the recovered enantioenriched phenolic com-
pound (M,R)-27a with high enantioselectivity.

In 2025, Cai, Ji and co-workers reported a practical approach
for the kinetic resolution of racemic aza[6]helicenes through
CPA-catalyzed asymmetric transfer hydrogenation [31].
Commencing with the readily available racemic
pyrido[6]helicene 29, the CPA-catalyzed asymmetric transfer
hydrogenation employing Hantzsch ester HEH-1 as the reduc-
tant afforded both helically chiral tetrahydroquinoline deriva-
tives (M)-30 and the recovered aza[6]helicene starting material
(P)-29 with good to high enantioselectivity, achieving an
s-factor of up to 121 (Scheme 8). Moreover, by leveraging the
synthesized enantioenriched aza[6]helicene 29a and
tetrahydro[6]helicene 30a as chiral building blocks, a series of
helically chiral organocatalysts and ligands could be easily pre-
pared, such as the helically chiral pyridine N-oxide 31a and
helically chiral monophosphine ligands 31b,c, whose potential

applications in catalytic asymmetric reactions have also been
showcased.

Planar chirality

Planarly chiral cyclophanes, a unique class of macrocyclic com-
pounds featuring planar chirality, can be found in various
natural products and are widely utilized in asymmetric catalysis,
host—guest chemistry and materials science [32]. These macro-
cycles typically consist of a substituted aromatic ring and a
macrocyclic side chain (ansa chain), with the planar chirality
arising from the restricted flipping of the substituted aromatic
ring caused by steric constraints imposed by the ansa chain.
Recent advances in asymmetric catalytic synthesis of planarly
chiral macrocycles have attracted significant attention, leading
to the development of several distinctive strategies, such as
(dynamic) kinetic resolution and asymmetric macrocyclizations
[33-36].

In 2022, our group reported the enantioselective synthesis of
planarly chiral macrocycles through a dynamic kinetic resolu-
tion approach [15]. Despite bearing an amino group on the phe-
nyl ring, the configuration of the macrocyclic paracyclophane

32 was found to be unstable at room temperature. Conse-
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Scheme 6: CPA-catalyzed asymmetric synthesis of indolohelicenoids through enantioselective cycloaddition and eliminative aromatization sequence.

quently, by employing a CPA-catalyzed asymmetric electro-
philic amination reaction of the aniline moiety with azo-
dicarboxylates [37,38], the introduction of a bulky hydrazine
group restricted the free flipping of the benzene ring, leading to
the formation of planar chiral macrocycle 33 with high enantio-
selectivity (Scheme 9). Substrate scope studies demonstrated
the successful construction of planarly chiral macrocycles with
12- to 14-membered ansa chains with high enantioselectivity
when using NH, as the directing group (see 33a,b). However,
extending the ansa chain to 15 members led to the loss of planar
chirality due to insufficient steric hindrance to restrict the
benzene ring flipping (see 33c). Notably, the use of a bulkier
NHBn directing group allowed for the extension of the ansa
chain to 15-19 members (see 33d,e), while preserving planar

chirality and functional group compatibility. Remarkably, the

chiral paracyclophane product 33a could be directly used as a
planarly chiral primary amine catalyst in the asymmetric elec-
trophilic amination reaction of aldehyde 34, which yielded the
a-amination product 35 with high enantioselectivity.

In 2022, our group disclosed an enantioselective macrocycliza-
tion protocol for the asymmetric synthesis of planarly chiral
paracyclophanes [39]. Commenced with a macrocyclization
precursor 36 featuring both a hydroxy group and an allenamide
moiety, the CPA-catalyzed asymmetric intramolecular addition
led to the successful construction of planarly chiral macro-
cycles 37 (Scheme 10). This method demonstrated broad sub-
strate compatibility, accommodating sterically demanding
dibromo and various dialkynyl substitutions on the phenyl ring.

A series of planarly chiral macrocycles with ansa chains
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Scheme 7: Kinetic resolution of helical polycyclic phenols via CPA-catalyzed enantioselective aminative dearomatization reaction.

ranging from 15 to 18 members was synthesized with good to
high enantioselectivity, albeit with moderate yield. Significant-
ly, thermal stability studies demonstrated high configurational
stability of these planarly chiral macrocycles, a critical feature

that enhances their potential for future utility.

In 2023, Zhao and co-worker reported the asymmetric synthe-
sis of planarly chiral paracyclophanes through either catalytic
kinetic resolution or dynamic kinetic resolution [40]. The
authors designed and synthesized a series of benzaldehyde-con-
taining macrocyclic cyclophanes 38. Therein, they achieved the
construction of planar chirality through CPA-catalyzed asym-
metric reductive amination with arylamines using Hantzsch
ester HEH-2 as the hydrogen transfer reagent (Scheme 11).
Notably, when starting from macrocyclic substrates featuring
relatively shorter ansa chains (11-14 members, see 38a—c),

highly efficient kinetic resolution was achieved, resulting in

both recovered (R},)-38 and reductive amination products (Sp)-
39 with high enantioselectivity. Conversely, employing macro-
cyclic paracyclophane with longer ansa chains (=15 members)
enabled efficient dynamic kinetic resolution due to the instable
planar chirality of the substrates, which produced the planarly
chiral macrocycles with high yield and enantioselectivity (up to
98% yield and 99% ee).

In 2025, Li and co-workers utilized analogous racemic
benzaldehyde-containing paracyclophanes as substrates and
accomplished their efficient kinetic resolution through catalytic
asymmetric allylation [41]. Employing CPA/Bi(OAc)3 as a
combined catalyst, the asymmetric allylation of racemic 40 with
allylboronic acid pinacol ester (41) led to efficient kinetic reso-
lution, yielding the recovery of (Sp)-40 with high enantiopurity
(Scheme 12). Notably, the allylation products 42, possessing

both planar chirality and central chirality, were produced with
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Scheme 8: Kinetic resolution of azahelicenes via CPA-catalyzed transfer hydrogenation.

high enantioselectivity and diastereoselectivity. Previously, they
have been challenging to access in an asymmetric one-step
reaction. A range of paracyclophanes with diverse substitutions,
including aryl, heteroaryl, alkynyl and bromo substitutions,
along with a varying length of the ansa chain, were found to be
amenable to this method, resulting in kinetic resolution with an

exceptional performance.

In 2025, Zhou and co-workers disclosed the asymmetric synthe-
sis of planarly chiral macrocycles via CPA-catalyzed atropose-
lective macrocyclization [42]. The authors devised and pre-
pared a series of indole-based hydroxy-substituted carboxylic
acid substrates 43 which, upon treatment with ynamide 44,
yielded the vinyl acetate intermediate INT-A (Scheme 13).
Subsequently, the one-pot CPA-catalyzed intramolecular esteri-
fication of this intermediate afforded the planarly chiral macro-
cycles 45 with good yield and high enantioselectivity. Investi-
gations of the substrate scope revealed the compatibility of the

method with various substitutions on the indole moiety and

modifications to the length of the ansa chain, which produced
planarly chiral macrocycles with up to 99% ee. In addition, this
method was successfully employed for the catalytic asym-
metric synthesis of planarly chiral macrocyclic paracyclophane
47 from the corresponding hydroxy-substituted carboxylic acid
substrate 46. Notably, the authors also demonstrated the appli-
cation of this method in the enantioselective synthesis of axially
chiral C-N and N-N atropisomers, highlighting the versatility
of this method in the asymmetric synthesis of diverse chiral mo-
lecular structures.

Substituted [2.2]paracyclophanes represent another class of
conformationally rigid, planarly chiral molecules, which have
emerged as versatile scaffolds for developing chiral catalysts,
ligands and functional materials. In 2023, our group reported
the first catalytic kinetic resolution of racemic amido[2.2]para-
cyclophanes through a CPA-catalyzed asymmetric aromatic
amination reaction [43]. Treating the racemic N-Boc-substi-

tuted [2.2]paracyclophane 48a with dibenzyl azodicarboxylate
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(0.7 equiv) in the presence of CPA 6 (10 mol %) led to effi-
cient kinetic resolution, yielding both the para-C—H amination
product 49a and the recovered starting material (Rp)-48a with
high enantioselectivity (Scheme 14). Notably, subjecting
49a to strongly basic conditions resulted in dehydrazidation
to give (S,)-48a, and thus enabling facile access to both
amido[2.2]paracyclophane enantiomers. Moreover, this method
demonstrated broad substrate generality, which enabled the effi-
cient kinetic resolution of various disubstituted amido[2.2]para-
cyclophanes, including the pseudo-geminal- (see 48b,c),
pseudo-ortho- (see 48d,e), pseudo-meta- (48f,g) and pseudo-
para-substituted ones (see 48h,i). Furthermore, this method
could also be utilized for the enantioselective desymmetrization
of achiral diamido-substituted [2.2]paracyclophane substrate 50,
delivering the C—H amination product 51 with excellent enan-

tioselectivity (99% ee).

Inherent chirality

The concept of inherent chirality was first coined by Béhmer
and co-workers in 1994 to describe the chirality originating
from the asymmetric arrangement of achiral substituents within
calixarene frameworks [44]. This term was later extended to
encompass other conformationally rigid chiral molecules that
do not fit into conventional categories of central, axial, planar or
helical chirality, such as saddle-shaped, medium-sized cyclic
compounds [45] and others [46]. These structurally distinct
chiral molecules have received considerable research attention
due to their broad range of potential applications in chiral
recognition, sensing and asymmetric catalysis. However,
achieving the catalytic asymmetric synthesis of these inherently
chiral molecules remains highly challenging owing to their
unique three-dimensional structures and relatively large size
[47,48].
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Scheme 10: Enantioselective synthesis of planarly chiral macrocycles via CPA-catalyzed macrocyclization.

In 2024, both our group [49] and the Liu group [50] indepen-
dently reported the asymmetric synthesis of inherently chiral
calix[4]arenes through an enantioselective desymmetrization
strategy. Starting from the achiral aniline-containing
calix[4]arenes 52, we employed the CPA 11-catalyzed asym-
metric Povarov reaction [51] with enamide 6a and various alde-
hydes 7 to break the symmetry of substrates 52, which was fol-
lowed by a one-pot oxidative aromatization mediated by DDQ
to yield the quinoline-containing inherently chiral
calix[4]arenes 53 (Scheme 15). Notably, the prochiral
calix[4]arenes bearing a disubstitution pattern on the 1,3-phe-

nyl rings (see 53d) or 1,3-diamino substitution (see 53e) on the

calix[4]arene scaffold were also amenable to this method,
which yielded a series of structurally diverse novel quinoline-
containing inherently chiral calix[4]arenes. Moreover, by using
CPA 4 as the optimal catalyst, the sequential asymmetric
Povarov reaction of 52a with dienamide 6b and benzaldehyde
7a, followed by oxidative aromatization, led to the formation of
enamide-substituted, quinoline-containing inherently chiral
calix[4]arene 54a, whose enamide moiety could undergo
diverse derivatizations. Analogously, the Liu group achieved
the asymmetric synthesis of inherently chiral quinoline-contain-
ing calix[4]arenes 53 through the same approach, using (S)-
CPA 12 as the optimal catalyst.
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In 2025, our group presented another example of an asym-
metric synthesis of inherently chiral calix[4]arenes using a
CPA-catalyzed enantioselective desymmetrization strategy [52].
Commencing with phenol-containing prochiral calix[4]arenes
55, the CPA 3-catalyzed asymmetric ortho-C—H amination with
electrophilic azo reagents 56 effectively broke the symmetry of
the substrate, leading to the formation of inherently chiral
calix[4]arenes 57 with high enantioselectivity (Scheme 16).
Notably, with the use of acyclic azodicarboxylate as amination
reagent, the products exhibited both inherent chirality and

intriguing C-N axial chirality (see 57a). This method demon-
strates excellent substrate compatibility, accommodating
various calix[4]arenes with 1,3-phenyl ring disubstitution
patterns (see 57¢,d) and diphenol-containing calix[4]arenes (see
57e.f). The aminated chiral calix[4]arene products underwent
diverse derivatizations due to the abundance of functional
groups present. Moreover, the potential applications of these
unique inherently chiral calix[4]arenes have also been show-
cased. For instance, facile derivatizations of 57a afforded the

inherently chiral meta-amino-substituted calix[4]arene 58 and
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Scheme 12: Kinetic resolution of macrocyclic paracyclophanes through CPA/Bi-catalyzed asymmetric allylation.

the corresponding aniline N-oxide 59. Our study suggested that
inherently chiral calix[4]arene 58 could successfully be used as
a chiral organocatalyst in the asymmetric amination of alde-
hyde 34, whereas inherently chiral aniline N-oxide 59 showed

promise in the chiral recognition of mandelic acid.

In 2024, Tong, Wang and co-workers disclosed an efficient
method for synthesizing inherently chiral heterocalix[4]arenes
through an asymmetric macrocyclization strategy [53]. Starting
from the linear precursor 60 bearing two triazine moieties, the
intramolecular SNyAr reaction catalyzed by CPA 13 (30 mol %)
led to macrocyclization, which produced the inherently chiral
N3,0-calix[2]arene[2]triazines 61 with high enantioselectivity,
albeit in moderate yield (Scheme 17). The addition of K,COj3
after 12 hours improved the enantioselectivity of this reaction
by scavenging the HCI produced during the SyAr reaction,
which was believed to potentially promote the nonenantioselec-
tive background macrocyclization reaction. Notably, these
inherently chiral heterocalix[4]arenes displayed a distinctive
1,3-alternate conformation, notably differing from the typical
cone conformation of the conventional calix[4]arenes. More-
over, unlike previously documented examples, the inherent

chirality of these products arises from the difference of just one

heteroatom (O and NH) in the linking positions of the hetero-
calix[4]arenes, which may pave new avenues for designing and
synthesizing inherently chiral macrocycles.

Cyclic molecules smaller than calix[4]arenes that possess a
rigid nonplanar conformation can also exhibit inherent chirality.
In 2023, Luo, Zhu and co-workers reported the efficient asym-
metric synthesis of inherently chiral eight-membered N-hetero-
cycle 6,7-diphenyldibenzo[e,g][1,4]diazocines (DDDs), which
displayed a rigid saddle-shaped configuration [16]. Starting
from readily available [1,1'-biphenyl]-2,2'-diamines 62 and
benzyl compounds 63, the asymmetric cyclocondensation be-
tween these two components enabled by CPA catalysts yielded
the inherently chiral DDDs 64 with good to high enantioselec-
tivity (Scheme 18). While a number of reactions did not initially
yield satisfactory enantioselectivity, facile phase separation
during the workup process removed the less soluble racemic
products, which resulted in the isolation of chiral products with
exceptional enantiopurity. Moreover, this method accommo-
dated [1,1'-biphenyl]-2,2'-diamines 62 with ortho-substitutions,
which underwent either dynamic kinetic resolution or kinetic
resolution to produce chiral substituted DDD products 64e.

Moreover, the authors showcased the facile derivatization of
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dimethoxy-substituted chiral DDD 64f into various DDD-based
chiral ligands, such as the phosphoramidites 65, phosphoric acid
as well as monophosphine ligands and diphosphine ligands 66.
Notably, the applications of these novel inherently chiral
ligands have been explored. For example, they demonstrated
excellent enantioselectivity control in some asymmetric reac-
tions, such as the Rh/diphosphine ligand 66-catalyzed asym-
metric addition reaction between cyclic enone and arylboronic
acid.

In 2024, our group reported the catalytic asymmetric synthesis
of saddle-shaped inherently chiral 9,10-dihydrotribenzo-
azocines via CPA-catalyzed kinetic resolution and dynamic
kinetic resolution strategies [54]. By leveraging the reactivity of

the aniline moiety in 9,10-dihydrotribenzoazocines 68, the CPA

16-catalyzed enantioselective para-selective C—H amination
reaction with dibenzyl azodicarboxylate (0.8 equiv) resulted in
efficient kinetic resolution, which yielded both the C—H amina-
tion product 69 and recovered (+)-68 with high enantioselectivi-
ty (see 68a—c, Scheme 19). Moreover, this method was also
applicable to the kinetic resolution of racemic 10-substituted
9,10-dihydrotribenzoazocines featuring both inherent and
central chirality, delivering excellent kinetic resolution perfor-
mance (see 68d—g). During our studies, we serendipitously
found that the imine-containing eight-membered azahetero-
cycles 70, derived from the oxidative dehydrogenation of 68,
displayed unexpectedly low configurational stability. Conse-
quently, we developed a more efficient dynamic kinetic resolu-
tion protocol for the asymmetric synthesis of inherently chiral
68. This method involved the CPA 17-catalyzed asymmetric
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hydrogen transfer reaction of racemic 70 using Hantzsch ester
HEH-3 as the reductant, which enabled the asymmetric synthe-
sis of some inherently chiral substituted 9,10-dihydrotribenzo-
azocines that had been challenging to access through the amina-
tive dearomatization method (see 68h,i).

In 2024, our group reported a convenient method for the asym-
metric synthesis of saddle-shaped inherently chiral
dibenzol[b f][1,5]diazocines 72 via CPA catalysis [55]. In the
presence of CPA 7 (10 mol %) and the corresponding
2-acylaniline 73 (20 mol %) as co-catalysts, the asymmetric
dimerization of 2-acylbenzo isocyanates 71 allowed access to

inherently chiral eight-membered azaheterocycles 72 with mod-

erate to good enantioselectivity, along with the release of CO,
(Scheme 20). While the enantioselectivity using certain sub-
strates was initially unsatisfactory, simple phase separation sig-
nificantly enhanced the enantiopurity of the products by
removing the less soluble racemic products. Detailed studies
were conducted to explore the reaction mechanism, focusing
specifically on the role of the 2-acylanilines 73 as co-catalysts.
Based on the experimental results and previous research, a plau-
sible mechanism was proposed. Isomerization of substrates 71
yielded the cyclic intermediate INT-B, which then underwent
addition with aniline co-catalyst 73 to form INT-C. The CPA-
enabled release of CO, from INT-C yielded the imine-contain-

ing intermediate INT-D, which underwent iterative addition
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Scheme 16: Asymmetric synthesis of inherently chiral calix[4]arenes via CPA-catalyzed aminative desymmetrization.

with INT-B, followed by release of CO; to afford INT-E. The
CPA-catalyzed cyclization of INT-E through the dual hydro-
gen bonding activation transition state TS-1 afforded the eight-
membered heterocycle INT-F with a stereogenic center.
Through the elimination of aniline 73, the saddle-shaped
dibenzo[1,5]diazocine 72 was produced via a central-to-
inherent chirality transfer process. Notably, while only the
amino group of the co-catalysts was shown to engage in the cat-

alytic cycle, the 2-acyl group of 73 was believed to participate

in hydrogen bonding interactions with the substrate and the
CPA catalyst, playing additional crucial roles.

In addition to various saddle-shaped eight-membered azahetero-
cycles, conformationally rigid seven-membered cyclic com-
pounds can also exhibit inherent chirality. In 2017, Antilla et al.
developed the CPA-catalyzed asymmetric condensation of
4-substituted cyclohexanones with O-arylhydroxylamines,

which yielded axially chiral cyclohexylidene oxime ethers with
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Scheme 17: Asymmetric synthesis of chiral heterocalix[4]arenes via CPA-catalyzed intramolecular SyAr reaction.

high enantioselectivity [56]. In 2024, through the utilization of
this method, Liu and co-workers disclosed the enantioselective
synthesis of inherently chiral 7-membered tribenzocyclohep-
tene oximes 76 through CPA 18-catalyzed asymmetric conden-
sation between 7-membered cyclic ketones 74 and hydroxyl-
amines 75 (Scheme 21) [57]. High to excellent yield and enan-
tioselectivity were achieved for the inherently chiral products
when using a range of substituted arylhydroxylamines (see
76a—c). The racemization barrier of the product 76a was deter-
mined to be 110.5 kJ/mol, which suggested the relative insta-
bility of the configuration of these structurally unique products
compared to the eight-membered inherently chiral compounds.
Moreover, unsymmetrical substituted cyclic ketones 74 were in-
vestigated under the standard conditions, which produced a pair
of diastereomers with poor diastereoselectivity while main-
taining high enantioselectivity for both diastereomers (see
76d—g). Furthermore, the authors have investigated the asym-
metric condensation using other seven-membered cyclic ke-
tones (see 77a) as well as the coupling with alkylhydroxyl-

amine (see 77b), tosylhydrazide (see 77¢) and N-aminoindole
(see 77d), which all produced the inherently chiral products
with moderate to good enantioselectivity, albeit requiring the
use of different CPA catalysts.

Conclusion

The increasing number of applications of non-centrally-chiral
molecules, including helically chiral, planarly chiral and inher-
ently chiral molecules across diverse research fields, has
spurred considerable research focus toward the catalytic asym-
metric synthesis of these unique chiral molecules. While
methods for the asymmetric synthesis of these chiral molecules
remain relatively underexplored compared to the enantioselec-
tive synthesis of centrally and axially chiral compounds, signifi-
cant progress has been made in these fields in recent years.
Among numerous chiral catalysts, CPAs have emerged as key
players in the asymmetric synthesis of these structurally unique
chiral molecules, owing to their diverse catalytic abilities,

precise stereoselectivity control and mild reaction conditions. In
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Scheme 18: Enantioselective synthesis of inherently chiral DDDs via CPA-catalyzed cyclocondensation.

this Review, we systematically summarized the advancements
in the CPA-catalyzed asymmetric synthesis of helically chiral,
planarly chiral and inherently chiral molecules. Various CPA-
catalyzed reactions, such as cyclizations, aromatic substitutions
and condensations, along with asymmetric synthesis strategies,
such as enantioselective desymmetrization and (dynamic)
kinetic resolution, have been employed for the asymmetric con-
struction of these chiral elements.

Despite remarkable progress and significant potential in the

CPA-catalyzed asymmetric synthesis of these unique chiral

molecules, some current limitations and challenges still need to
be addressed, particularly enhancing the efficiency of the
methods and expanding the structural diversity of the products.
Firstly, the chiral products generated through CPA-catalyzed
methods are still relatively simple. For instance, in terms of
helically chiral helicenes, typically, only the relatively shorter
[SThelicenes have been produced, while the more complex,
longer helicenes and multihelicenes have not yet been success-
fully synthesized through CPA-catalyzed asymmetric methods.
Secondly, asymmetric synthetic strategies based on presynthe-

sized three-dimensional molecular structures are commonly em-

1884



Beilstein J. Org. Chem. 2025, 21, 1864—1889.

kinetic resolution via asymmetric amination

/Cbz
N=N
Cbz Q 2
. H R
Q H R2 (0.8 equiv) Q H R? )LNH
DLNH  CPA 16 (10 mol %) _N——H 1
> +
\ o 1N /_ Q
Z N CHCl3, 40 °C COUN. . R
R R HN-NCbz
rac-68 (-)-68 Cbz
69
Ar
9% TN«
0 Q 1
O:F’// H 10 ‘
Crr | L LB
5 Q 11
Ar Me
Ar = 9-(10-phenylanthracenyl) | (-)-68a, 47%, 94% ee  (-)-68b, 47%, 93% ee (-)-68c, 44%, >99% ee
CPA 16 69a, 46%, 94% ee 69b, 46%, 94% ee 69c, 40%, 97% ee
s-factor = 115 s-factor = 111 s-factor > 348
(-)-68d, 48%, 99% ee (-)-68e, 48%, 98% ee  (-)-68f, 47%, 94% ee  (-)-68g, 48%, 97% ee
69d, 42%, 98% ee 69e, 44%, 99% ee 69f 45%, 97% ee 699, 44%, 99% ee
s-factor = 525 s-factor = 992 s-factor = 235 s-factor = 845

dynamic kinetic resolution via asymmetric hydrogen transfer

(10 mol %)

O T wewowe - O
CHCl3, 30 °C

(+)-68a
78%, 91% ee

Me ) Q o
SO

(+)-68h, 70%, 88% ee  (+)-68i, 70%, 86% ee  (+)-68j, 69%, 93% ee

Q £BuO COtBu  (S)-CPA17 Q
N= zfr 2 —NH

rac-70a HEH-3

Ar = 1-naphthyl
CPA 17

Scheme 19: Asymmetric synthesis of saddle-shaped inherently chiral 9,10-dihydrotribenzoazocines via CPA-catalyzed (dynamic) kinetic resolution.

ployed, such as enantioselective desymmetrization and tively complex substrates. Therefore, there is a high demand for
(dynamic) kinetic resolution. While these strategies have proven  the development of more efficient asymmetric methods through
effective, the efficiency of these methods may not be consid-  which molecular structures can be directly constructed while

ered highly satisfactory due to the requirement to prepare rela-  achieving high enantioselectivity. Overall, with the recent rapid
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Scheme 21: Enantioselective synthesis of inherent chiral 7-membered tribenzocycloheptene oximes via CPA-catalyzed condensation.

advancements of CPA catalysis, along with the utilization of
CPA catalysts in asymmetric radical chemistry, transition
metal-catalyzed reactions and photoredox chemistry, we envi-
sion that CPA catalysts will continue to play a central role in the
future asymmetric synthesis of helically chiral, planarly chiral
and inherently chiral molecules.
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A series of nitrogen (N)-doped macrocycles was successfully synthesized through palladium-catalyzed arylation. X-ray crystallo-

graphic characterization revealed the formation of isomeric products depending on the substituents on the N atoms. Notably, two

intrinsically chiral macrocycles MC1 and MC3 with C| symmetry were successfully obtained. These macrocycles exhibit excep-

tional photophysical properties, particularly remarkable high fluorescence quantum yields (®g up to 0.69). Furthermore, enan-

tiomeric resolution of inherent chiral MC1 was achieved using preparative chiral HPLC, enabling detailed investigation of its

chiroptical behavior through circular dichroism and circularly polarized luminescence spectroscopy.

Introduction

Chiral macrocycles have attracted significant research interest
owing to their diverse applications in enantioselective recogni-
tion [1,2], catalysis [3,4], and circularly polarized luminescence
[5,6]. Generally, chirality in macrocycles arises from subunits
featuring classical chiral elements [7], such as central, axis,
planar and helical configurations. In contrast, inherent chirality
represents a non-classical phenomenon where chirality emerges

from the rigid and nonplanar architecture of macrocycles that

inherently lacks symmetry [8,9]. One of the most typical repre-
sentatives are calix[4]arenes (Figure 1a), first reported by
Bohmer in 1994 [10], where asymmetric substitutions on the
macrocyclic rim induce inherent chirality. Subsequent advance-
ments have identified other inherent chiral systems, including
molecular bowls [11-13] and medium-sized macrocycles con-
taining a saddle-shaped eight-membered ring [14,15]. In the

past decades, despite rapid progress in chiral macrocycles,
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Figure 1: (a) Representatives of inherent chiral calix[4]arenes. (b) Molecular skeletons of inherent chiral N-doped macrocycles in this work.

inherent chirality is largely limited to calix[r]arene derivatives.
This underscores a critical opportunity to design novel macro-

cyclic frameworks with intrinsic asymmetry.

Nitrogen (N)-doped macrocycles are of peculiar interest due to
their unique optical, electronic and magnetic properties [16-19].
Among them, aza[l,]metacyclophanes, in which m-phenylene
units are linked via N atoms, serves as N-bridged structural
analogs of [1,]Jmetacyclophanes. In comparison to all-carbon
[1,]metacyclophanes, the incorporation of N atoms endows
them with unique features, such as enhanced molecular dynam-
ics and tunable redox property, positioning them as key precur-
sors to construct organic high-spin materials [20-23]. In
addition to benzene-based systems, pyridine-embedded
aza[l,]metacyclophanes have been synthesized by Wang [24].
Despite these advances, N-doped chiral macrocycles incorporat-
ing extended m-conjugated moieties remain largely underex-
plored. To date, only a few examples, carbazole-based chiral
macrocycles, have been reported [17,25], highlighting a critical
gap in the design of chiral macrocycles with tailored electronic
landscapes. Herein, we reported the synthesis, characterizations
and photophysical properties of inherent chiral N-doped macro-
cycles (Figure 1b) via regioselective palladium (Pd)-catalyzed
arylation of aza[14]metacyclophane derivatives. By modulating
the substitutions on the N atoms, two isomeric macrocycles, a
C1-symmetric one as the minor fraction (MC1) and a Cj,-sym-
metric one as the major product (MC2), were successfully ob-
tained when 4-tert-butylphenyl groups were introduced. In
contrast, when bulky 3,5-bis(trifluoromethyl)phenyl groups
were introduced, only inherent chiral macrocyclic products
(MC3) were obtained in high yield. Their molecular structures

are unambiguously characterized by NMR, mass spectra and

X-ray crystallographic characterization. In addition, these
macrocycles show blue to green emissions with high fluores-
cence quantum yields (®g up to 0.69). Owing to the existence
of inherent chirality, two enantiomers of N-doped macrocycle
MC1 were successfully isolated by chiral resolution, enabling
detailed investigation of its chiroptical properties through circu-
lar dichroism (CD) and circularly polarized luminescence

(CPL) spectroscopy.

Results and Discussion

The syntheses of N-doped macrocycles MC1-3 are shown in
Scheme 1. Diamines 1a and 1b were synthesized by double
Pd-catalyzed C—N coupling reaction of 4,6-dichlorobenzene-
1,3-diamine with phenyl bromide (see Supporting Information
File 1). Subsequent Buchwald-Hartwig reaction with 1,3-
dibromo-7-tert-butylpyrene (2) gave the [2 + 2] macrocyclic
precursors 3a,b as the major product in 16%/10% yields, and
trace amounts of higher oligomers as detected by mass spec-
trometry. Notably, compounds 3a,b could be viewed as the
aza[14]metacyclophane derivatives, in which two benzene rings
are replaced by two pyrenes. The Pd-catalyzed arylation of 3a
with Pd(OAc),, PMe(t-Bu),-HBF4 and DBU under microwave
conditions gave two isomeric macrocycles MC1 and MC2 with
four newly formed C—C bonds in yields of 5% and 90%, respec-
tively. For MC2, four C-C bonds are formed between the
dichlorobenzene units and tert-butylphenyl groups, generating
two dihydroindolo[2,3-b]carbazole subunits. In contrast, there is
only one newly formed C—C bond between the dichloroben-
zene unit and one pyrene moiety for MC1. Interestingly, for the
cyclization of 3b, only compound MC3 was obtained in 85%
yield, which is probably attributed to larger steric hindrance

deriving from bis(trifluoromethyl)phenyl groups. These macro-
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Scheme 1: Synthesis of N-doped macrocycles MC1, MC2, and MC3. Reaction conditions: a) Pdo(dba)s, Pt-Bug-HBF4, NaOt-Bu, toluene, 110 °C,
24 h. 3a: 16%; 3b: 10%. b) Pd(OAc),, PMe(t-Bu)o-HBF4, 1,8-diazabicyclo[5.4.0]Jundec-7-ene (DBU), DMAc, microwave, 170 °C, 5 h. MC1: 5%; MC2:

90%; MC3: 85%.

cycles show good solubility in common solvents, and their
chemical structures have been unambiguously characterized by
NMR spectroscopy, mass spectrometry, and X-ray crystallogra-

phy.

Single crystals suitable for X-ray diffraction measurements of
compounds 3a, MC2, and MC3 were successfully obtained to
reveal their molecular structures. In the crystal structure of 3a
(Figure 2a), the two pyrene units are nearly coplanar with a
dihedral angle of 170°. The two dichlorobenzene rings are
parallel to each other and perpendicular to the pyrene plane, and
the four tert-butylphenyl groups are directed on one side of the

pyrene plane to minimize steric repulsion. MC2 takes a Cjy-

symmetric saddle-shaped geometry with two planar dihydroin-
dolo[2,3-b]carbazole subunits orienting upwards with a dihe-
dral angle of 75° and two pyrene units downwards (Figure 2b).
Besides, the central cavity is highly symmetric, and the shortest
diameters are determined to be 4.34 A and 4.99 A, respectively.
In contrast to MC2, MC3 shows an asymmetric geometry due
to the fusion of the pyrene unit (Figure 2¢). The two pyrene
units are oriented antiparallel, which is distinctive from that ob-
served in 3a and MC2. Notably, the pyrene-fused moiety is
highly curved with a bending angle of 85.3° as defined by the
angle of the planes of the terminal rings. In the molecular
arrangement, a pair of enantiomers exists in each cell for MC3
(Figure 2d). Considering the C—C single bonds between the
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Figure 2: Crystal structures of compounds (a) 3a, (b) MC2, and (c) MC3. (d) Molecular arrangements of MC3. Hydrogen atoms are omitted for clarity.

m-subunits, isomerization among different molecular configura-
tions might occur via rotations. To further investigate the con-
formational stability of MC3, theoretical calculations were per-
formed to evaluate the energy barriers of isomerization. As
shown in Figure S3 (Supporting Information File 1), the config-
uration observed in the crystal structure has the lower energy by
24.0 kecal mol™! than that of the isomeric structure with two
pyrene units at the same side. The energy barrier was calcu-
lated to be 66.7 kcal mol™!, indicating MC3 is highly confor-
mationally stable.

The optical properties of the synthesized macrocycles were in-
vestigated in dichloromethane (Figure 3). The precursors 3a,b
show intense absorptions with maxima at 425 nm and 395 nm,
respectively. Correspondingly, 3a exhibits a deep blue emis-
sion at 453 nm with a quantum yield (®g) of 0.79, while a
hypsochromic shift of the signal for 3b to 424 nm is observed
and the ®f value is decreased to 0.22 due to the electron-defi-
cient character of the 3,5-bis(trifluoromethyl)phenyl groups.
The absorption maximum of MC1 is more redshifted by 42 nm
compared to MC2, which is attributed to the extended conjuga-
tion after the fusion of one pyrene unit. Similarly, both MC1
and MC2 have higher ®p values of 0.45 and 0.69 than com-
pound MC3 (®f = 0.13). The optical energy bandgaps were de-
termined to be 2.48 eV for MC1, 2.61 eV for MC2, and
2.68 eV for MC3, respectively, based on the onset absorptions.
MC2 and MC3 display strong blue emissions at 487 nm and
458 nm, respectively, while MC1 exhibits green photolumines-
cence at 516 nm.

(@) —3a
—3b
— 154
3 —MC1
L‘: — MC2
° ——Mc3
g 1.0
®
£
o
[7]
< 051
0.0 T T T
300 400 500
Wavelength (nm)
(b)
424 453458487 516 —3a

1.0 1

Normalized PL intensity (a.u.)

400 500 600 700
Wavelength (nm)

Figure 3: (a) Absorptions and (b) emissions of compounds 3a, 3b,
MC1, MC2, and MC3 measured in dichloromethane at room tempera-
ture. The inset shows the photographs under UV light at 365 nm. The
concentration is 10 pM.
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To better understand the electronic structures of these N-doped
macrocycles, theoretical calculations on the frontier molecular
orbitals were carried out based on the optimized structures. As
shown in Figure 4, the distributions of the highest occupied mo-
lecular orbitals (HOMOs) are disjointed from that of the lowest
unoccupied molecular orbitals (LUMOs). Specifically, the
HOMOs of MC1 and MC3 mainly distribute on the fused
pyrene moiety and the substituent on the N atom, while the
LUMOs localize on the other pyrene unit. In contrast, the
HOMOs of MC2 are mainly located on two dihydroindolo[2,3-
b]carbazole subunits, and the LUMOs localize on two pyrene
units. Owing to electron-deficient character, both the HOMO
and LUMO energy levels of MC3 are obviously decreased in
comparison to MC1 and MC2. Accordingly, the calculated
energy gaps are 2.81 eV for MC1, 3.01 for MC2 and 3.08 for
MC3, respectively, which are in line with the optical ones.

In view of the existence of inherent chirality for both MC1 and
MC3, chiral resolutions using chiral high-performance liquid
chromatography (HPLC) were performed. Due to insufficient
solubility, MC3 failed in chiral separation via preparative chiral

Beilstein J. Org. Chem. 2025, 21, 1917-1923.

columns. Fortunately, two enantiomers of MC1 were success-
fully isolated with a Daicel Chiralpak IF column (Figure S1,
Supporting Information File 1). The absolute configuration of
the separated enantiomers of MC1 was determined based on the
calculated CD spectra (Figure S4, Supporting Information
File 1). The first fraction was defined as the (+)-enantiomer, and
the second fraction was assigned as the (—)-enantiomer. As
shown in Figure 5, the CD spectra displayed mirror images with
positive and negative Cotton effects at wavelengths from 250 to
500 nm, indicating strong chiroptical responses. (+)-MC1
shows five positive Cotton effects at 259, 305, 355, 392, and
453 nm, as well as four negative Cotton effects at 288, 317,
331, and 432 nm, respectively. (—)-MC1 exhibits a mirror
image with the opposite signals to that of (+)-MC1. The
maximum absorption dissymmetry factor (g,ps) value of
1.1 x 1073 at 453 nm is observed (Figure 5b), which is derived
from the Sy— S transition. Similar to the CD spectra, mirror
images of the CPL spectra (Figure S2, Supporting Information
File 1) and luminescence dissymmetry factor (giym) plots
(Figure 5c¢) were observed for the enantiomers of MC1. Howev-

er, both enantiomers show a low gj,m value below 1.0 x 1073,

Figure 4: Calculated frontier molecular orbitals and relative energy levels of MC1 (left), MC2 (middle), and MC3 (right) calculated at the B3LYP/6-

31G(d) level of theory.
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Figure 5: (a) CD spectra, (b) |gaps|, and (c) gium values of enantiomers of MC1 measured in dichloromethane at room temperature. The concentra-

tions were 10 pM.

Conclusion

In summary, we demonstrated the synthesis and characteriza-
tions of N-doped macrocycles MC1-3 by palladium-catalyzed
arylations. The molecular structures of the macrocyclic precur-
sors and targets were unambiguously revealed by X-ray crystal-
lographic characterization. These macrocycles exhibit strong
fluorescence with @ values up to 0.69. Remarkably, MC1 and
MC3 are inherent chiral owing to their C; symmetric structures.
The enantiomers of MC1 were successfully isolated by chiral
resolution, which indicate a g value of 1.1 x 1073 and a gjym
value at the level of 107, Our work represents one of the rare
examples of non-classical chiral macrocycles, providing
insights into molecular design of chiral macrocycles with high
emissions.
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Despite the rapid development of asymmetric synthesis, judging the remoteness of stereocontrol has remained an intuitive and

empirical practice, particularly for reactions that create non-central chirality. We put forward a stereocontrol connectivity index to

parameterize asymmetric reactions according to the bond connectivity relationships between the prochiral stereogenic elements, the

reactive sites, and the stereochemical-defining substituents. The indices can be generated based on analysis of the chemical struc-

tures of the starting materials and products, without mechanistic insights of the transformation. Representative examples of reac-

tions that establish point chirality, axial chirality, planar chirality, and “inherent chirality” are illustrated using the stereocontrol

connectivity index produced following a unified 3-step process.

Application of such stereochemical classification could facilitate

the development of new synthetic methodologies and catalyst systems to construct diverse chiral molecules.

Introduction

Chirality is a ubiquitous and fundamental phenomenon in nature
and thus holds an irreplaceable position in organic synthesis. At
its most rudimental definition, chirality in a molecule is charac-
terized by the absence of mirror planes and centers of inversion.
Central chirality arises when four distinct substituents (a, b, c,
and d) are arranged tetrahedrally around a central atom
(Scheme 1A). Non-central chirality — such as axial and planar

chirality — are becoming increasingly important in pharmaceuti-

cals, catalysts, and advanced materials due to their unique
stereogenic scaffolds and associated properties. Consequently,
synthetic chemists have been pursuing molecules featuring
these forms of non-central chirality, where the stereogenic ele-
ments are not localized on a single central atom (Scheme 1B).

While chemists often classify chirality (stereogenicity) into

distinct types according to the stereogenic elements, such as
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Scheme 1: lllustration of chirality and the intrinsic remoteness of stereogenic elements for axial chirality and planar chirality.

central (point) chirality, axial chirality, and planar chirality,
these categories are inherently related. They can be viewed as
arrangements of groups within three-dimensional molecular
frameworks that restrict conformational freedom. The

geometric scaffolds can be a central atom, an axis, or a plane,

and the combination and spatial arrangement of chemically
distinct substituents establish the stereogenicity. Therefore,
despite the apparent differences among these scaffolds, the
various types of chirality are permutations of substituents on

diverse stereogenic elements (Scheme 1C).
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Although this analysis offers a unified view of chirality, the re-
alization of these chiral systems through asymmetric synthesis
is far from trivial. Stereogenic compounds can be generated
from achiral starting substrates by various means that assemble
the four distinct substituents (a, b, ¢, and d) (Scheme 1D). In the
case of central chirality, the differentiating substituents are often
directly attached to the newly formed stereocenter. By contrast,
for non-central chirality, the pairs of substituents (a and b, ¢ and
d) are separated in space because the stereogenic scaffolds span
multiple atoms. Consequently, bond cleavage and formation
occur at positions that are distant from the stereogenic elements
and remote from the actual points of differentiation among the
substituents.

Intuitively, the intrinsic spatial separation among prochiral
stereogenic elements, the reactive sites, and the stereochemical-
defining substituents makes stereoinduction for non-central
chirality using a chiral catalyst or reagent particularly chal-
lenging. However, a quantitative parameterization of asym-
metric reactions remains unavailable, and the remoteness of
stereocontrol for reactions that establish non-central chirality is
judged based on empirical chemical intuition. While devel-
oping catalytic methods to establish remote stereogenic ele-
ments, we became increasingly interested in parameterizing the
relay of stereochemical information from the chiral catalysts to
the prochiral substrates. In this study, we propose a stereocon-
trol connectivity index that quantitatively characterizes asym-
metric reactions. The index could serve as a basis for classi-
fying asymmetric reactions according to the positioning
of stereochemically relevant elements, independent of the
type of transformation. Additionally, the index enables the
identification of the minimal set of structural features in a mole-
cule that are recognized by chiral catalysts to achieve stereocon-

trol.

Results and Discussion

We envisaged that the stereocontrol connectivity index should
reflect the bond connectivity of prochiral stereogenic elements,
the reactive sites, and the stereochemical-defining substituents.
These structural elements contribute to the transmission of
chirality from the chiral catalysts and reagents to the prochiral
substrates, thereby representing the minimal structural features
recognized by chiral catalysts or reagents.

Furthermore, the index should be derived from straightforward
analysis of the chemical structures of the substrates and the
products without the need for conformational analysis and
mechanistic understanding of the catalytic process. The chemi-
cal reaction is the movements of electrons that change the bond
connections, which can be denoted by the bond break and bond

formation. The stereochemical outcome is expressed as the
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chirality of the product, which can be designated following the
Cahn-Ingold—Prelog rules.

We now put forward a stereocontrol connectivity index [i;] for a
transformation that encodes the bond-connecting relationship
between the establishment of chirality and the site of reaction.
The index [i;] of asymmetric reactions can be assigned

following a 3-step process:
Step 1: Identification of atoms involved in bond changes.

1.1 Determine which bonds are newly formed and which are
cleaved in the transformation.

1.2 Label all atoms directly involved in these bond changes.

Step 2: Identification of atoms responsible for stereochemical

outcome.
2.1 Identify the new stereogenic element formed in the product.

2.2 Determine, according to the Cahn-Ingold-Prelog
(CIP) rules, the atoms that distinguish the newly created stereo-
genic element's configuration. These are the atoms whose
identities represent the first point of difference between the
set of substituents in assigning the configuration of the new
stereogenic element. One or two sets of atoms could be identi-
fied.

a) These atoms labeled in step 1 are considered higher in
priority than any other atoms.

b) If the comparison is down to between an atom already
labeled in step 1 and one other atom, such comparison and this
set of atoms are excluded. In other words, the number set of

atoms will be reduced by one.

c¢) Consider "dummy" atoms from multiple bonds as lower

priority than real atoms of the same type.
Step 3: Determination of stereocontrol pathways.
For each set of atoms identified in step 2:

3.1 Find the shortest path connecting the labeled atoms from

step 1 to each atom identified in step 2.
3.2 Count the minimum number of connecting bonds (i).

3.3 Count the number of bonds shared (j) between the shortest
paths.
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The reaction is then assigned a stereocontrol connectivity index
of [i;] or [ij,i’;-], depending on the number of sets of atoms iden-

tified in step 2 (one or two sets).

Before discussing applications to non-central chirality, we
analyze two examples of stereoselective reactions that establish
central chirality to illustrate the concept of stereogenic remote-
ness measured using the stereocontrol connectivity index
(Scheme 2). A detailed process for assigning the index is shown
in Scheme 2A for asymmetric hydrogenation of 2-butanone [1].
The atoms involved in bond cleavage and bond formation are
highlighted in orange color. The atoms responsible for assign-
ment of the stereochemical configuration of the products are
highlighted in grey color. The shortest connecting bonds be-
tween them are colored red. Accordingly, the asymmetric
hydrogenation of 2-butanone is designated as [2¢] process
because there are two connecting bonds between the stereo-
genic carbon and the stereochemical differentiation atoms, and
they do not share a common path.

Typically, in stereoselective reactions involving central

chirality, the proximity between the site of reaction and the

Beilstein J. Org. Chem. 2025, 21, 1995-2006.

points of stereo-differentiation means that the indices [i;] are ex-
pected to have small values. In general, j = 0 in the index [ij] of
an addition reaction to two prochiral faces of a planar substrate,
where the prostereogenic carbon is part of the reaction site.
However, this is not always the case, particularly in remote
desymmetrization reactions [2-8]. For instance, the catalytic
desymmetrization of phosphine oxides [9] will be defined as a
[94] process (Scheme 2B). As such, the index [j;] indicates the
number of connecting bonds (i) between the reaction site and
the points of stereochemical differentiation, and the number
of connecting bonds (j) between the reaction site and the
stereogenic center. The indices are not defined by the reaction
types, the mode of catalysis, or the nature of the stereogenic
centers.

Unlike central chirality, the stereogenic remoteness of non-
central chirality could not be measured using a central stereo-
genic atom as the starting point. The stereocontrol connectivity
index allows parameterization for reactions that establish axially
chirality and planar chirality regardless of the absence of stereo-
genic centers. Applications to reactions that forge axial chirality

follow the same 3-step procedure. The two substituents at each

A)
O - : *
\)l\ + Hy Ir—[P,N,P ligand] \Hi{i
iPrOH, rt
[20] 99%, 90% ee
A ! !
HH\E O""'C'H H Hey GA — HH‘Z O”"'C'H H
- H-C._‘C.__H B
H \KH Y W< HY *H
H H H H H H H
(step 1) step 2) (step 3)
B) 5-H
OH
Ph-CH=CH-B(OH), o
Pd-L* N\
\ XNy P X
! T
THF/H,O cT Cl

the number of connecting /
bonds between the reaction
site and the points of
stereochemical differentiation

[94]

Scheme 2: lllustrations of assignment using point chirality.

43%, 80% ee ‘

the number of connecting
bonds between the reaction
site and the stereogenic center
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end of the stereogenic axis are ranked based on the CIP priority = Different stereocontrol strategies could be employed to achieve
rules, and the set(s) that do not involve bond formation and asymmetric synthesis of axially chiral biaryls (Scheme 3). The
bond cleavage are used to identify the points of stereochemical stereocontrol connectivity indices are assigned following the

differentiation. 3-step procedure for all types of strategies including cyclization,
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Scheme 3: Examples of reactions that establish axial chirality derived from biaryls.
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biaryl coupling, and desymmetrization, irrespective of the
chemical identity of the newly established chiral axis including
C-C [10,11] (Scheme 3C and 3D), C-N [12] (Scheme 3B),
N-N [13] (Scheme 3A), and C-B [14] (Scheme 3E) bonds. In
the case of an asymmetric cross-coupling reaction (Scheme 3C)
[10], both sets of the substituents on individual aryl groups are
considered because neither is involved in the bond formation/
cleavage. Accordingly, the catalyst-controlled atroposelective

Suzuki-Miyaura coupling of biaryls is designated as [3¢ 2¢].

In addition to biaryls, axially chiral allenes are popular targets
for asymmetric synthesis. Three examples of asymmetric reac-
tions that form axially chiral allenes are shown in Scheme 4.
For example, the enantioselective nucleophilic substitution to
yield chiral allenes [15] is defined as [6g] (Scheme 4A), while
the desymmetrizing reactions of allenes [16] (Scheme 4B) and
anthracenylidene [17] (Scheme 4C) are both classified as [54].
In the cases of Scheme 3A and 3C, the reaction intermediates
(i.e., the p-quinone methide and the carbopalladation intermedi-
ate, respectively) are neglected to simplify the assignment,

considering such information is inexplicit based on the chemi-

A)

AcSH /
Ph  chiral phosphoramide //

Beilstein J. Org. Chem. 2025, 21, 1995-2006.

cal transformations alone and is not available in commonly used
chemical databases. Therefore, the index is a denotation of the
overall transformation, which is not always representative of the

stereochemical-determining elementary step.

The stereocontrol connectivity indices can be extended to reac-
tions that establish planar chirality (Scheme 5). In the case of
metallocenes, the metal is considered to be o-bonded to the
arene ring for convenience. In other words, the centroid atom is
treated as a pseudo-tetrahedral center, with the metal regarded
as one of the substituents. Accordingly, a C—H activation reac-
tion that forms planar chiral ferrocenes [18] is assigned as [3¢]
(Scheme 5A). For cyclophanes, if the bond formation or
cleavage is on the stereogenic arene, the stereochemical differ-
entiation should at least be traced to the two pilot atoms that are
directly attached, but not within the stereogenic plane — similar
to the assignment of stereochemistry for cyclophanes. This way,
the asymmetric Pd-catalyzed coupling [19,20] would be
assigned as [3] (Scheme 5B and 5C). On the other hand, if the
bond formation/cleavage is within the macrocycle, the stereo-

chemical differentiation atoms are traced to the stereogenic

H_H

c-O

CCly, 3AMS
51%, 93% ee
[60]

Ph

Q S
BEE.

vinyl butyrate H
porcine pancreatic lipase

:<:OH
Ph/_ OH

dioxane
95%, 98% ee
[54]

C)

g O

H Pd-L*
O OMe K2C03
OMe iPrOH
OMe 93%, 92% ee
[54]

Scheme 4: Examples of reactions that establish axial chirality derived from C=C bonds.
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Scheme 5: Examples of reactions that establish planar chirality.

arene. Therefore, the CALB-mediated esterification to
cyclophenes [21] is [53], regardless of the length of the linkage
(CHy),, (Scheme 5D).

In recent years, asymmetric synthesis of “inherently chiral”

macrocycles have gained growing attention [22]. Practically,

4, 61%, >99% ee
5, 77%, >99% ee I H
6, 61%, >99% ee
7,63%,

[53]

96% ee

such reactions that yield “inherently chiral” macrocycles can be
treated similarly as planar chirality (Scheme 6). The synthesis
of calix[4]arenes via C—H arylation [23] is [3;] (Scheme 6A),
following the same procedure as in Scheme 5C. In analogy to
Scheme 5B, the direct cyclization forging the planar chirality
[24] in Scheme 6B is regarded as [3; 1¢], in which two stereo-
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Scheme 6: Examples of reactions that establish “inherent” chirality.

genic arenes are proximate and the two distal arenes are consid-
ered diastereomeric. The desymmetrization cross-coupling of
cavitands [25] in Scheme 6C is designated as [154]. In this case,
the stereochemical differentiation viewed from the reaction sites
can only be made beyond the two pilot atoms; the bond connec-
tivity remains the same till the chloro group and the carboxyl
group. Recently, Wang has reported an organocatalytic protocol

to access inherently chiral cages via desymmetrization

mesitylene
71%, 97% ee

[114]

promoted by a chiral phase-transfer catalyst [26], which is
designated as a [114] process (Scheme 6D).

Asymmetric reactions can be categorized based on the
stereocontrol connectivity index. For example, the remote
desymmetrization reactions to axial chiralities [27-30] in
Scheme 7A to 7D are all [53] processes irrespective of the reac-

tion types, the catalysts, and the scaffolds. The index corre-
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Scheme 7: Parameterization of asymmetric reactions that establish axial chirality.

sponds to the minimal substructure of the prochiral substrates  the electronic, steric and conformational properties. For exam-
that a chiral catalyst needs to recognize, if the bond connec- ple, the stereocontrol of the desymmetrization reaction in

tivity is the only factor considered, without taking into account ~ Scheme 7E [31] would require the catalyst to discern between
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the two non-reactive ortho-substituents at distant points across
the biphenyl ether backbone (H vs Me, highlighted in grey),
which is reflected by the relatively large values of the index
[74].

Although we intend to avoid reaction intermediates in the as-
signment of the stereocontrol connectivity index, we recognize
the limitations in cases that chemical bonds are cleaved and
restored in the course of the transformations (e.g., Scheme 4A
and 4C). Such limitations become obvious in the cases of multi-
step, multi-intermediate reactions [32,33], particularly in the
case of helical chirality where chirality transfer of intermedi-
ates is common [34-39]. In addition, the 3-step procedure is not
applicable to asymmetric synthesis of interlocked molecules in-
cluding mechanically planar chiral rotaxanes and catenanes,
where the bond connectivity between stereogenic components is
absent [40-43].

Finally, we explored the automated process for the generation
of indices following the 3-step procedure using a prototypic
program coded using Python or through coaching GPT-4.1.
Stereoselective reactions were input as SMILES (for Python) or
InChl (for GPT-4.1) of the starting materials and products, and
the corresponding indices were generated automatically. It is
possible that functions could be expanded in the future so that
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the automated designation is applicable to various types of

chirality and chemical structures.

The stereocontrol connectivity index is related to the minimum
path across the prochiral substrate for effective transmission of
chirality from the chiral catalyst to the product. In other words,
the chiral catalyst needs to recognize, through electronic and
steric effects, at least the structural features reflected by the
stereocontrol connectivity index to induce enantioselectivity.
Therefore, the stereocontrol connectivity index is relevant to the
minimal dimension of an effective chiral catalyst for a given
asymmetric transformation. We surveyed the relationship be-
tween the numbers of non-hydrogen atoms (&) in the chiral
catalysts and the value of i (or sum of i) in [i;] for the 21 non-
enzymatic transformations analyzed above (Figure 1).
These transformations scattered across a broad area: 10 showed
20 x1> N >10 x i, and 9 showed 10 X i >N > 5 x i. Although
neither Nyo,.g of the catalyst nor the index [i;] is related to the
mechanism of stereocontrol, a low N-to-i ratio could occur
when attractive secondary interactions between the catalyst and
the substrates were involved in stereoinduction. In contrast, if
this strategy is not applicable as a result of the non-polar nature
of the substituents in the prochiral substrate, a high N-to-i ratio
is expected to provide the necessary structural basis of the cata-
lyst for stereoinduction by steric biasing.

70/ .

y

o

Z
N

8 10 12 14 16

i Orisym

Figure 1: The relationship between the numbers of non-hydrogen atoms (N) in the chiral catalysts and the value of i in [ij].
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The stereocontrol connectivity index does not reflect the diffi-
culty of inducing stereoselectivity, which can be subjective. In
particular, the actual spatial distances between critical struc-
tural elements cannot be measured simply by using bond
connectivity. Nonetheless, the stereocontrol connectivity index
can provide information on the stereochemical properties of
reactions, beyond the existing binary (yes/no) stereochemistry
classifications in widely used chemical databases such as CAS
SciFinder and Reaxys. This exercise applies not only to existing
asymmetric reactions but also to chemical transformations with-
out effective stereocontrol, thus presenting new avenues for
research.

Conclusion

In summary, we have developed a stereocontrol connectivity
index that parameterizes the stereogenic remoteness of asym-
metric reactions. The index is applicable to chemical transfor-
mations that establish central chirality, axial chirality, planar
chirality, and “inherent chirality”. The 3-step procedure for the
designation of the stereocontrol connectivity index is derived
from the chemical structures of the starting materials and the
products, and it does not rely on knowledge in reaction mecha-
nisms. Particularly, the application to reactions that establish
non-central chirality allows a numeric measurement of the
stereogenic remoteness — an intrinsic property of non-central
chirality reflected by the large values of the indices (i = 3). We
anticipate that application of the stereocontrol connectivity
index will facilitate the classification of stereoselective reac-
tions and promote the development of challenging asymmetric
transformations that establish non-central chirality.

Supporting Information

Supporting Information File 1

The set of code (Python) and sample inputs and outputs, as
well as the sample inputs and outputs using GPT-4.1 for the
designation of stereocontrol connectivity indices are
illustrated. The data used in Figure 1 is listed in Table S1.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-21-155-S1.pdf]
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We report a method for determining the absolute configurations of chiral amino alcohols, amino acid esters, and secondary amines

through the combined use of a m-quaterphenyl probe 1 and theoretical calculations. The probe 1 is covalently attached to chiral

amines to form conjugates that exhibit exciton-coupled circular dichroism (ECCD) in the m-quaterphenyl chromophores. The calcu-

lated ratios of the P and M conformers, obtained via DFT calculations, show a correlation with both the sign and intensity of the ex-

perimentally observed CD spectra.

Introduction

Determining the absolute configurations of both natural and
synthetic compounds continues to pose a considerable chal-
lenge in the life and materials sciences [1]. While X-ray crystal-
lography remains a reliable method for this purpose, the
requirement for high-quality single crystals often limits its ap-
plicability. In recent years, empirical approaches based on
'H NMR anisotropy method have gained attention as alterna-
tive strategies for stereochemical assignment of chiral mole-

cules. Among these, the modified Mosher method, which

utilizes the ring current effects of aryl substituents, has been ex-
tensively applied to chiral alcohols [2]. However, its use in the
analysis of chiral amines has been restricted, largely due to the

complexity arising from their conformational flexibility [3].

Circular dichroism (CD) spectroscopy offers a highly sensitive
technique for stereochemical analysis at the microgram scale
[4-6]. In particular, exciton-coupled CD has emerged as a pow-

erful chiroptical method, providing a non-empirical correlation
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between the sign of the Cotton effect and the spatial arrange-
ment of the electric transition dipole moments of interacting
chromophores [7]. More recently, CD-based chiroptical probes
have been developed for determining the absolute configura-
tions of chiral alcohols [8-14], primary amines [14-32], second-
ary amines [33-35], carboxylic acids [36-38], sulfoxides [39],
and cyanohydrins [40].

We have reported a m-quaterphenyl probe 1 to determine the
absolute configurations of primary amines [41]. When com-
pound 1 is linked to the amines, the information on the absolute
configurations were transcribed into a twist of two biphenyl
chromophores in the m-quarterphenyl group. From the sign of
the Cotton effect in CD, the direction of twist can be estimated.
The absolute configuration of amines can be determined by

comparing the direction of the twist determined by CD with that

Beilstein J. Org. Chem. 2025, 21, 2211-2219.

obtained by conformational analysis using theoretical calcula-
tions. However, this method has only been applied to simple
primary amines. In this work, we report that the method was
applied to chiral amino alcohols and amino acid esters. We also
applied the method to chiral secondary amines, for which it is
generally difficult to determine the absolute configuration due
to the conformational complexity of their derivatives [33]. By
comparing the observed and calculated sign of the CD Cotton

effect, their absolute configurations were determined.

Results and Discussion

The probe 1 was prepared as described previously [41]. Probe
1-primary amine conjugates 2a—e were prepared by the reac-
tion of 1 with chiral amino alcohols and amino acid esters in the
presence of K,CO3 in CH3CN (Scheme 1). The quaternary am-
monium salt conjugates 2f-h were also prepared by reacting 1

MeO MeO
H2N H R2
R1
MeO
K2003/CH3CN
reflux
O Meo (P)-2a—e MeO (M) 2a-e
Br
O Br MeO MeO
H -
O e
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MeO O
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Ar Ar
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Scheme 1: Coupling reaction of 1 and chiral primary and secondary amines. The central biphenyl moiety rotates freely, forming an equilibrium mix-

ture of P and M conformers.

2212



with chiral secondary amines under similar conditions. It is re-
ported that the central biphenyl moiety of amines and ammoni-
um salts with seven-membered rings freely rotates at room tem-
perature [41-43]. The central biphenyl moiety of conjugates
2a-h also rotates freely, forming an equilibrium mixture of P
and M conformers. The relative amounts of P and M
conformers depend on the chirality of the linked amine
moieties.

Figure 1a shows the UV and CD spectra of the conjugates (S)-
2a—e in CH3CN. The UV and CD spectra of the previously re-
ported conjugates were measured in various polar and non-polar
solvents, but the intensities and shapes were almost unchanged
[41]. The conjugates (S)-2a—e are composed of two methoxy-
biphenyl chromophores connected with a C—C single bond.
Therefore, the m-electron conjugation is widespread almost over
the chromophores. However, the UV spectrum of 1-L-alaninol
conjugate (S)-2a shows an intense absorption, maintaining the
nature of methoxybiphenyl chromophore. The absorption
band at 259 nm is attributed to the m—m* transition polarized
along the long axes of the methoxybiphenyl chromophores. The
CD spectrum of (S)-2a shows Cotton effects arising from
exciton-coupling between the two methoxybiphenyl chro-
mophores; Aeyy = 278 nm (Ag; = —0.6 dm3 mol™! cm™!) and
hext = 258 nm (Agy = +1.7 dm3 mol~! em™!). The amplitude of
exciton-coupled CD (Acp value) [7], defined as Acp = Ag
(first Cotton effect) — Ag; (second Cotton effect) is measured to
be —2.3 dm3 mol™! em™!.

»-0lx3

| | | | L |
0
260 280 300 320 340
Al nm

Beilstein J. Org. Chem. 2025, 21, 2211-2219.

The direction of the twist of the two chromophores in biaryl
compounds can be determined by the sign of the Cotton effect
of the exciton-coupled CD. Maison [44], Hanazaki [45], and
Salvadori [46] have used chiral 1,1-binaphthyl derivatives to
clarify the relationship between the direction of the twist of
the two naphthyl chromophores and the sign of the exciton-
coupled CD. In this case, the information on the dihedral angle
between the two naphthyl chromophores is required [7]. When
the angle is between O and 110 degrees, the direction of twist of
the chromophores can be determined by the CD exciton
method.

From the conformational analyses of the previously reported
conjugates, the dihedral angle in the two methoxybiphenyl
chromophores of (S)-2a is predicted to be approximately
42 degree. The negative first and positive second Cotton effects
in CD spectrum of (§)-2a indicates that the two long axes in the
methoxybiphenyl chromophores constitute an M twist. The CD
spectra of 1-L-valinol conjugate (S)-2b exhibited the opposite
sign for the Cotton effects compared with (S)-2a. This inver-
sion of Cotton effects is due to the difference in steric features
between the two substituents of amines: methyl and hydroxy-
methyl group in (S)-2a, and isopropyl and hydroxymethyl group
in (S)-2b. The CD spectra of 1-(S)-2-phenylglycinol conjugate
(8)-2¢ showed the same sign for the Cotton effects compared
with (S)-2a. We consider that the hydroxymethyl group is steri-
cally more hindered than the planar phenyl groups in the conju-

gates. This tendency is the same as that of the previously re-

I
(b) i
+20
CD
+10
Ae 0 \/
10 - 10
—(S)-2f
201 —— (5129 2
v —— (R)-2h |53
| | | 0
240 260 280 300 320 340
A/ nm

Figure 1: CD and UV spectra of (a) tertiary amines (S)-2a—e and (b) quaternary ammonium salts (S)-2f,g and (R)-2h (2.0 x 10~4 M in CH3CN, 293 K).
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ported 1-(S)-2-phenylethylamine conjugates [41]. The CD
spectra of 1-L-amino acid ester conjugates (S)-2d,e exhibited
positive first and negative second Cotton effects indicating that
the two long axes in the methoxybiphenyl chromophores consti-
tute a P twist. The methyl ester group is estimated to be steri-
cally more hindered than the planar ester carbonyl group in (S)-
2d,e.

The CD spectra of the quaternary ammonium salts (S)-2f,g and
(R)-2h exhibit CD Cotton effects due to the exciton-coupling
between the two methoxy-biphenyl chromophores (Figure 1b).
Compound (R)-2f exhibited the mirror image of the CD spec-
trum of (S)-2f (Figure S19 in Supporting Information File 1).
The direction of twist of the two chromophores of quaternary
ammonium salts (S)-2f,g and (R)-2h can be determined from the
sign of the Cotton effect in CD. However, it is more difficult to
predict the direction of twist from the structure of the quater-
nary ammonium salts than in the case of the 1-primary amine
conjugates.

Since the CD spectra revealed the twist between the two
methoxybiphenyl chromophores, we next examined the rela-
tionship between the absolute configuration of the amine and
the observed twist. Based on the previously reported stable con-
formations obtained from theoretical calculations of related de-
rivatives [41] the preferred conformation of (§)-2a can be pro-
posed (Figure 2). In the case of the P conformer, a Newman
projection along the C—N bond reveals that the bulkier substitu-
ent, the hydroxymethyl group (denoted as L), is close to a

MeO !

Figure 2: Schematic representation of the preferred conformation of (S)-2a

Beilstein J. Org. Chem. 2025, 21, 2211-2219.

seven-membered ring, and is destabilized by steric repulsion
with the methylene protons. In contrast, in the M conformer, the
medium-sized methyl group (denoted as M) is located near the
seven-membered ring, reducing the steric repulsion involving
the hydroxymethyl group with the methylene protons. More-
over, considering that the phenyl ring and the ester carbonyl
group are planar, while the methyl group is more sterically
demanding in three-dimensional space, this conformational
model is supported (Table S1 in Supporting Information File 1).
Although intramolecular electronic interactions should also be
considered, the twist of the phenyl chromophores can be reason-
ably predicted by simply evaluating the relative steric bulkiness
of substituents near the amine moiety. The relative substituents’
priority is determined not by the CIP rule, but by the steric
bulkiness of substituents. On the other hand, for quaternary
amines, it was difficult to assess the relative sizes of the substit-
uents and to predict the direction of the twist. Therefore, we
next employed conformational analysis using theoretical calcu-
lations to determine the twist of the methoxybiphenyl chro-

mophores.

To determine the direction of twist of the two methoxy-
biphenyl chromophores of the conjugates (S)-2a—g and (R)-2h,
theoretical calculations were carried out using a methoxy-
omitted model (§)-3a—g and (R)-3h. To estimate the relative
populations of the P and M conformers of (S)-3a, an initial con-
formational search was performed using the MMFF force field,
followed by geometry optimizations of all local minima em-
ploying DFT at the B3LYP/6-31G* level of theory [47]. Four

MeO,

0
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low-energy conformers of (S)-3a were identified within
10.0 kJ/mol (Figure 3). Among them, conformers A and D
exhibited an M twist between the long axes of the biphenyl
chromophores, whereas conformers B and C displayed a P
twist. Based on a Boltzmann distribution analysis (7' = 298 K),
the relative populations of the P and M conformers in (5)-3a
were determined to be 48:52. (Table S3 in Supporting Informa-

(P)-(S)-3a

+43.25°

conformer B
0.25 kd/mol (43.2%)

conformer A
0.00 kd/mol (47.9%)

Figure 3: Four major conformers of (S)-3a based on B3LYP/6-31G* level.

-41.74°

conformer B
2.95 kd/mol (15.9%)

conformer A
0.00 kd/mol (53.5%)

Figure 4: Four major conformers of (S)-3f based on B3LYP/6-31G* level.

+43.01°

Beilstein J. Org. Chem. 2025, 21, 2211-2219.

tion File 1). In contrast, the P conformers were found to
predominate in (S)-3b (Figure S21 and Table S4 in Supporting
Information File 1). In the quaternary ammonium salts (S)-3f,
the populations of the M conformers were greater than those of
the P conformers (Figure 4). These computational results were
consistent with the signs of the experimentally observed CD
Cotton effects.

" el

@

conformer D
6.14 kd/mol (3.9%)

conformer C
5.52 kd/mol (5.0%)

conformer D
5.02 kJ/mol (6.8%)

conformer C
3.57 kd/mol (12.4%)
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From the conformational analyses described above, the
C6—C1-C1'-C6' dihedral angles in all conformers of (S)-3a—g
and (R)-3h were approximately constant (plus or minus
ca. 42 degree). The range of distribution of the angles was also
small, ranging from +39.8 to +43.9 degrees, or —40.2 to
—45.8 degrees (Figure 5). In the solid state of (5)-2b, the
C6—C1-C1'-C6' dihedral angles in the conformers were approx-
imately constant. There are four conformers of (S)-2b in the
unit cell, two of which are P and the other two are M
conformers, with C6-C1-C1'-C6' dihedral angles of +39.2,
+43.5, —39.5 and —46.6 degrees, respectively (Figure 6) [48].

The intensity of the exciton-coupled CD depends on the torsion
angle of the two chromophores [7]. Therefore, the CD intensity
of (S)-2a—g and (R)-2h, directly reflects the abundance ratio of
the P and M conformers. A linear relationship between the Acp
values and the calculated excess of P conformers, ([P] —
[MD/([P] + [M]) x 100, was obtained with RZ = 0.963
(Figure 7). A similar linear correlation was observed when pre-
viously reported conjugates were applied (Figure S28 in Sup-
porting Information File 1). By comparing the observed and
calculated sign of the CD Cotton effect, the absolute configura-
tions of chiral amines were determined. Reported chiroptical
probes for determining the absolute configuration of chiral com-
pounds only used the sign of the Cotton effect in CD. This
method uses not only the sign but also the intensity of the
Cotton effect in CD to determine the absolute configuration of
chiral primary and secondary amines. In other words, by
comparing the sign and the intensity of the CD using the rela-

Beilstein J. Org. Chem. 2025, 21, 2211-2219.

Figure 6: Crystal structure of (S)-2b. Four conformers exist in the unit
cell. Hydrogen atoms are omitted for clarity.

tionship in Figure 7, the determination of the absolute configu-
ration can be guaranteed.

Conclusion
The combination of the CD spectra and conformational analy-
sis by theoretical calculations using m-quaterphenyl probe 1

Number of conformers
S

. LAl

16 0 0
14 O H R O R2
S SN < e N\
12 ce'g"1 R ‘36‘ SUIVAR
3a-e 3f-h

O 1V O v O WV 9O W o
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| ! ! | | | l

-15
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Dihedral angle ¢ (C6-C1-C1'-C6')

Figure 5: The distribution of conformers of (S)-3a—h against dihedral angles ¢ (C6—-C1-C1'-C6') calculated by B3LYP/6-31G*.
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where [P] and [M] are the amounts of P and M conformers calculated
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represents an effective method to determine both the absolute
configuration of chiral primary amino alcohols and amino acid
esters. This method is also useful for chiral secondary amines,
for which it is generally difficult to determine the absolute con-
figuration. By comparing the intensities of the Acp values, the
reliability of determining the absolute configurations can be
guaranteed. Further application of the method to amines with
more complex structures is currently in progress.

Experimental

General methods

All reagents and solvents were commercially available and used
without further purification. Melting points were obtained with
a Mel-Temp capillary apparatus and were not corrected. IR
spectra were obtained as KBr disks on a JASCO FT/IR-410
spectrophotometer. The FAB mass spectra were recorded using
a JEOL 600H mass spectrometer. 'H and '3C{'H} NMR spec-
tra were recorded on a Jeol ECP400 spectrometer (400 MHz)
and a Bruker AVANCE II spectrometer (400 MHz). All NMR
spectroscopic data of CDClj solutions are reported in ppm (d)
downfield from TMS. UV and CD spectra were recorded on
JASCO V-650 and JASCO J-820 spectrometers, respectively.
X-ray single-crystal structure analysis was performed on a
Bruker SMART diffractometer equipped with a CCD area
detector at 120 K. Silica gel 60 F;54 precoated plates on glass
from Merck Ltd. were used for thin-layer chromatography
(TLC).

General procedure for the synthesis of
conjugates 2a—h
(5)-2-[2,10-Bis(4-methoxyphenyl)-5,7-dihydro-6H-di-
benzo[c,e]azepin-6-yl]propan-1-ol ((S)-2a). A mixture of
m-quaterphenyl probe 1 (290 mg, 0.526 mmol), r-alaninol
(48.3 mg, 0.643 mmol) and K,CO3 (294 mg, 2.12 mmol) in
CH3CN (12 mL) was stirred at 85 °C for 3 h. After cooling to

Beilstein J. Org. Chem. 2025, 21, 2211-2219.

room temperature, the mixture was filtered through a pad of
Celite, and then evaporated to dryness. The crude product was
purified by column chromatography on silica gel (EtOAc) to
yield amine (S)-2a (203 mg, 83% yield) as colorless solid: mp
164.2-165.5 °C; 'H NMR (400 MHz, CDCl3) 8 7.73 (d, J =
1.8 Hz, 2H), 7.62-7.56 (m, 6H), 7.44 (d, J = 7.8 Hz, 2H), 7.00
(dt, J1 = 8.7 Hz, J; = 3.6 Hz, 4H), 3.86 (s, 6H), 3.68-3.46 (m,
6H), 3.20-3.12 (m, 2H), 1.12 (d, J = 6.6 Hz); 13C NMR
(100 MHz, CDCl3) d 159.3, 141.4, 140.7, 134.0, 133.2, 130.3,
128.2, 126.3, 126.0, 114.3, 63.4, 60.7, 55.4, 51.3, 13.3; IR
(KBr) vimax: 3407, 2959, 1732, 1607, 1517, 1489, 1249, 1178,
1038, 822 cm™!; FABMS (matrix DTT/TG = 1:1) m/z: 465
[M]* (100%); Anal. calcd for C3;H3;NO5: C, 79.97; H, 6.71;
N, 3.01; found: C, 79.73; H, 6.75; N, 2.98.

Theoretical calculations

To obtain the population between M and P conformers, prelimi-
nary conformational searches were run on the structures of (S)-
3a—g and (R)-3h using MMFF. All local minimum conformers
were then optimized with DFT using the B3LYP/6-31G* model
[47]. The lower energy conformers with relative energies
ranging from 0.0 to 10.0 kJ/mol were selected. By the Bolz-
mann distribution based on the energy difference of the
conformers at 293 K, the population of the P and M conformers
were determined.
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Abstract

Atropisomers are not only prevalent in biologically active natural products and pharmaceuticals, but they have also garnered in-
creasing attention for their effectiveness as ligands and catalysts in the field of catalytic asymmetric synthesis. Asymmetric cataly-
sis serves as a key strategy for the enantioselective synthesis of atropisomers, and significant progress has been made in recent
years. However, selenium-containing atropisomers have long remained underexplored as synthetic targets, and only in recent years
have they begun to attract increasing attention from the community. Recently, several synthetic approaches for constructing sele-
nium-containing atropisomers have been reported, such as C—H selenylation of arenes, selenosulfonylation of vinylidene o-quinone
methides (VQM), and hydroselenation of alkynes. Nevertheless, a comprehensive review that systematically summarizes these
advances is currently lacking. This review aims to provide an overview of recent developments in the catalytic enantioselective syn-
thesis of selenium-containing atropisomers via C—Se bond formation. We hope this review will serve as a valuable reference for
researchers interested in further exploring this area.

Introduction

Selenium is an essential trace element for human body [1]. It
plays an important role in metabolism. In 1817, the Swedish
chemist Berzelius found that red residual mud was attached to
the wall and bottom of the lead chamber when roasting pyrite to
produce sulfuric acid. After analysis, it was confirmed that there

was a new element in it. Referring to the name of tellurium

(originally meaning earth), he named it selenium according to
the word "Selene" in ancient Greek mythology [2]. Selenium is
a non-metallic element, but compared with sulfur of the same
main group, selenium has a larger atomic radius, smaller elec-
tronegativity, and exhibits certain metallic properties. Due to

the special physical and chemical properties of selenium be-
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tween metal and nonmetal, selenium not only has many applica-
tions in industry, but also plays an important role in many
fields, such as electronics [3], agriculture [4], environmental
protection [5] and cosmetics [6]. Chiral organic selenium-con-
taining compounds also have important applications in organic
synthesis and biomedicine [7,8]. These compounds can partici-
pate in asymmetric synthesis reactions and construct chiral mol-
ecules with specific stereoconfiguration, which is particularly
critical for drug synthesis [9]. In the field of organic catalysis,
chiral organic selenium-containing compounds can be used as
chiral ligands or catalysts to participate in various types of
asymmetric reactions, significantly improving the selectivity of
reactions (Figure 1) [10-14].

Catalytic asymmetric synthesis is the main method to construct
chiral organic selenium-containing compounds. Centrally chiral
selenium-containing compounds can be efficiently constructed
by catalytic asymmetric hydroselenation, catalytic asymmetric
allyl substitution, catalytic asymmetric electrophilic selenyla-
tion/cyclization, etc. The research content of this part has
already been covered by relevant reviews [15-17], so it is not
within the scope of discussion in this review. Axially chiral
selenium-containing compounds also play an irreplaceable role
in asymmetric catalysis, functional materials, pharmaceutical
chemistry and other fields. However, little attention has been
paid to these compounds, which led to slow development and a
relative lack of catalytic asymmetric synthesis methods. Only
recently, methods for the formation of C—Se bonds have been
established for the construction of selenium-containing
atropisomers. However, there is no comprehensive review to
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summarize this great progress. In this paper, the catalytic asym-
metric synthesis of axially chiral selenium-containing com-
pounds by the formation of C—Se bonds is reviewed from three

aspects.

Review

1. Catalytic atroposelective synthesis of
selenium-containing atropisomers by
transition-metal-catalyzed C—H selenylation

reactions

Transition-metal-catalyzed enantioselective C—H activation has
emerged as a powerful strategy for the rapid synthesis of func-
tionally enriched axially chiral diaryl compounds. However,
due to the potential strong coordination between organosele-
nium compounds and transition metals, the direct construction
of C-Se bonds via metal-catalyzed C-H bond functionalization
remains a significant challenge. In 2024, You and co-workers
reported a breakthrough in the enantioselective direct C—H
selenylation of 1-arylisoquinolines and 2-(phenylselenyl)isoin-
doline-1,3-diones under rhodium catalysis to afford axially
chiral diaryl selenides [18]. In this protocol, AgPFg was em-
ployed as an additive and mesitylene served as the solvent. The
reaction was conducted at 60 °C under an argon atmosphere.
When 1-(naphthalen-1-yl)benzo[k]isoquinoline derivatives
bearing various substituents were used as substrates, the reac-
tion proceeded efficiently, yielding the products with excellent
conversion rates (up to 95% yield) and high enantioselectivity
(up to 96% ee). Notably, isoquinoline derivatives containing
polycyclic naphthalene moieties or ortho-substituted phenyl

HoN
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Figure 1: Representative examples of chiral selenium-containing compounds.
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groups also demonstrated good reactivity and compatibility.
DFT calculations indicated that the C—Se bond formation
proceeded through an Sy2-type nucleophilic substitution mech-
anism (Scheme 1).

In 2025, Li and co-workers reported a highly efficient rhodium-
catalyzed enantioselective C—H selenylation reaction of
1-arylisoquinolines with diselenides, employing 3,5-
(CF3),CcH3CO,Ag and AgSbFg as additives [19]. When a
para-fluorine substituent is present on the naphthalene ring of
the substrate, the reaction proceeds with a yield of up to 90%
and an enantioselectivity reaching 92% ee. The methodology
demonstrates a broad substrate scope, accommodating various
polycyclic naphthalene isoquinolines as well as phenyl-substi-
tuted benzoisoquinoline derivatives. Two plausible reaction
mechanisms were proposed in the study: one involving oxida-
tive addition of Int 4, a five-membered rhodium cyclic interme-
diate, followed by reductive elimination and the other
proceeding via a bimolecular nucleophilic substitution pathway.
In both pathways, the active chiral rhodium catalyst is regener-
ated through a silver salt-mediated recycling, with Ag—SePh
being formed as a byproduct (Scheme 2).

2. Catalytic atroposelective synthesis of
selenium-containing atropisomers by
spontaneous selenosulfonylation of alkynes

Vinyl selenides, recognized as valuable synthetic intermediates
and biologically active compounds, have been demonstrated to
exhibit a broad spectrum of biological activities. Among them,
the synthesis of B-(selenium)vinyl sulfones can be accom-
plished via selenosulfonylation reactions initiated by free radi-
cals or cationic species. In 2019, Qin and co-workers reported a
methodology enabling the difunctionalization of alkynes
through selenosulfonylation of a VQM intermediate under mild
reaction conditions [20]. This racemic transformation proceeds
without the need for any catalyst or additive, and the reaction
yielded the desired product at room temperature with high
regioselectivity and stereoselectivity (E/Z ratio >99:1). Notably,
when chiral catalyst (cat.1) was used, the reaction afforded the
axially chiral product 9 in 43% yield with 84% ee. The pro-
posed mechanism proceeds as follows. Catalyst cat.1 initially
engages substrate 7 through hydrogen bonding, forming inter-
mediate Int 7. Subsequently, deprotonation of the naphthol
group by quinuclidine yields intermediate Int 8. This intermedi-
ate then undergoes nucleophilic attack on the selenium atom in
substrate 8, leading to the formation of the VQM intermediate
Int 9 and benzenesulfonic acid. Finally, benzenesulfonic acid
further reacts with the VQM intermediate to afford product 9,
concomitant with regeneration of the catalyst. This protocol
provides a promising approach for the enantioselective synthe-

sis of axially chiral styrenes containing both selenium and

Beilstein J. Org. Chem. 2025, 21, 2447—-2455.

sulfone functionalities, highlighting the potential for further
exploration of expanded catalyst and substrate scopes
(Scheme 3).

3. Catalytic atroposelective synthesis of
selenium-containing atropisomers by
hydroselenation reactions of alkynes

The catalytic enantioselective hydroselenation of alkynes can
provide an efficient and direct method for the synthesis of chiral
vinyl selenides. However, to date, the enantioselective hydrose-
lenation of alkynes remains underexplored. Building upon
recent advances in rhodium-catalyzed asymmetric hydroselena-
tion of olefins, in 2024, Li and co-workers reported an asym-
metric hydroselenation reaction of 1-alkynylindoles using a cat-
alytic system based on [Rh(cod)OAc], and Mg(NTf,), [21].
The Mg(II) salt not only activates the rhodium catalyst but also
supplies the necessary NTf,™ anion for the reaction system,
thereby significantly enhancing the catalytic performance. The
developed catalytic system demonstrated high activity, excel-
lent yields (mostly exceeding 85%), mild reaction conditions,
broad functional group tolerance, as well as high regioselectivi-
ty, (E)-selectivity, and enantioselectivity (up to 99% ee). Ac-
cording to the kinetic study, the alkyne insertion step may be
rate-limiting, as it involves the participation of selenol, alkyne,
and the rhodium catalyst. The Rh(III) mechanism appears to be
more plausible than route B, which can be attributed to the en-
hanced ion-pairing effect resulting from the higher oxidation

state of rhodium (Scheme 4).

In 2025, Yang, Lu, and co-workers employed bifunctional cata-
lysts, including chiral thiourea derivatives or chiral phosphoric
acid, to activate alkynes and selenols through multiple hydro-
gen-bonding interactions, thereby achieving an enantioselective
hydroselenation of alkynes [22]. All products demonstrated
complete E-stereoselectivity (E/Z ratio >20:1). Notably, under
the same reaction conditions, aliphatic selenols remained unre-
active. Density functional theory (DFT) calculations revealed
that the rate-determining step involves the nucleophilic attack of
the selenium anion in intermediate Int 16 on VQM to form
intermediate Int 17. As bifunctional organic catalysts, chiral
ureas can synergistically activate both alkynes and selenols,
thereby addressing the challenge of overcoming the increased
difficulty of racemization caused by the presence of bulky SeR
groups (Scheme 5).

Summary and Outlook

Overall, organic chemists have increasingly focused on the cat-
alytic asymmetric synthesis of selenium-containing atropiso-
mers, and significant progress has been made in recent years.
Nevertheless, several limitations and challenges remain. For ex-

ample, catalytic asymmetric electrophilic selenylation reactions
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have not yet enabled the effective synthesis of selenium- is our intention to draw the attention of emerging researchers
containing atropisomers. Moreover, the current methodologies  to this field and to promote its continued growth and develop-

are largely restricted to the use of selenium aryl groups. It ment.
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