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The significance of axial chiral compounds in asymmetric organic catalysis, functional materials, and phar-
maceutical useful molecules has encouraged advancements in the atroposelective synthesis of such com-
pounds. Herein, we report the first atroposelective construction of axially chiral N-aryl benzimidazoles
catalyzed by a polymer-supported chiral phosphoric acid. A varied library of atropisomers has been syn-
thesized in 30%-96% yield with 58%-98% enantiomeric excess (ee) under a straightforward reaction setup
(without the use of molecular sieves). Notably, even after 12 cycles, the immobilized catalyst maintained
its reactivity and selectivity (TON > 540).

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

N-Aryl benzimidazoles, serving as a pivotal core, are prevalent
in a multitude of biologically and pharmacologically active com-
pounds [1,2]. The distinct pharmacological activities are attributed
to their atropisomerism, including RXR partial agonist [3] and
PI3KS inhibitor [4,5]. Additionally, they serve as functional mate-
rials in the field of organic synthesis and pharmaceutical chem-
istry, such as chiral ligand Biminap [6] and chiral derivatizing agent
(Fig. 1) [7]. The enantioselective synthesis of N-aryl benzimidazole
atropisomers remained undeveloped until 2019, when the first at-
roposelective synthesis of these compounds was achieved by the
Miller group (Fig. 2a) [8]. Their approach involved the use of chi-
ral phosphoric acids (CPAs) or peptide-based phosphoric acids to
catalyze an enantioselective cyclodehydration process between the
amide and amine derivatives, producing the axially chiral N-aryl
benzimidazoles. Subsequently, several research groups have devel-
oped new approaches for the atroposelective construction of N-aryl
benzimidazoles. The Fu group [9] redesigned and developed a CPA-
catalyzed carbon-carbon bond cleavage approach (Fig. 2b), while
the Liu group [10] reported the first Pd-catalyzed intramolecu-
lar cross-coupling strategy (Fig. 2c). Later, the Tan group [11] de-
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veloped a novel CPA-catalyzed ring formation approach using ni-
trosobenzene (Fig. 2d).

As in earlier advancements, homogeneous CPAs occupy a lead-
ing position in the asymmetric synthesis of N-aryl benzimidazoles.
However, the use of homogeneous catalyst protocols presents con-
siderable challenges for future industrial applications due to their
high costs, high catalyst loading (5-20 mol%), complex purification
processes, and recyclability issue. To overcome these drawbacks,
the immobilization of CPAs became a practical and advantageous
alternative. In 2010, Rueping group demonstrated the first immo-
bilization of CPAs by copolymerization [12]. Since then, the immo-
bilization of CPAs has garnered extensive attention and has under-
gone significant development over the past decade [13-17]. Mean-
while, the application of immobilized CPAs in asymmetric synthe-
sis has been well explored, including asymmetric hydrogenation
[13], asymmetric allylation [18], asymmetric cyclization [19], asym-
metric dearomatization [15] and desymmetrization [20]. However,
to the best of our knowledge, atroposelective construction of N-
aryl benzimidazoles using immobilized CPAs has not been devel-
oped. Styrene copolymerization is one of the most robust strategies
to achieve catalyst immobilization, and our group has previously
applied this approach to the immobilization of BINOL-derivative
ligands [21]. Moreover, polystyrene support will provide a hy-
drophobic microenvironment for the catalytic sites [22-24], which
may accelerate the reaction and avoid the use of additives like
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Fig. 1. Representative biologically active compounds and functional materials.
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- Straightforward reaction setup (no MS comprares to homogeneous system)
- 29 diverse examples (30%-96% yield with 58%-98% ee)

Fig. 2. Atroposelective construction of axially chiral N-aryl benzimidazoles.

molecular sieves. Therefore, we decided to develop a polystyrene-
supported CPA catalyst for the atroposelective construction of N-
aryl benzimidazoles.

In this communication, we report the synthesis of polystyrene-
supported CPA 1 and the first atroposelective construction of axi-
ally chiral N-aryl benzimidazoles using an immobilized CPA cata-
lyst (Fig. 2e). This immobilized catalyst 1, offers products in high
yield and excellent enantioselectivity without the use of molecular
sieves, representing a more straightforward reaction setup.
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Table 1
Reaction optimization of the atroposelective construction with 2a and 3a using im-
mobilized catalyst 1.2

NH, N
Cx B
NH | O o Molecular sieves N
l! ii M 60 °C, time “II

2a 3a 4aa
Entry  Cat. Cat. loading Time (h)  Solvent Yield (%) ee (%)
(x mol%)
1 TRIP 10 20 Toluene 88 95
2 1 10 20 Toluene 91 96
3 1 10 20 MeOH 12 20
4 1 10 20 MeCN 45 30
5 1 10 20 EtOAc 80 93
6 1 10 20 DCM 61 89
7 1 10 20 Hexane 76 91
8 1 5 20 Toluene 91 96
9 1 2 20 Toluene 91 96
10 1 1 20 Toluene 62 95
11 1 1 40 Toluene 64 95
12 1 0.5 20 Toluene 57 95
13 1 2 10 Toluene 91 96
14 1 2 5 Toluene 68 96
15 14 2 20 Toluene 90 96
16 TRIPY 10 20 Toluene 78 82

2 Reaction conditions: 2a (0.1 mmol), 3a (0.2 mmol), catalyst (x mol%) and solvent
(1.5mL) were stirred in a sealed vial at 60 °C under an Ar atmosphere for a given
time.

b Isolated yield.

¢ The ee values were determined by HPLC analysis on a chiral stationary phase
using a Daicel Chiralpak AD-H or ID column.

4 Without molecular sieves.

The synthesis of catalyst 1 was based on a modified proce-
dure from our previous report [21], which commenced with the
bromination of a BINOL derivative bearing two tris-isopropyl ben-
zene substituents. This was followed by Suzuki-coupling, copoly-
merization, phosphorylation, and hydrolysis to give the CPA cata-
lyst 1 in 65% overall yield. The structural integrity and materials
morphology of the catalyst 1 were characterized by solid-state nu-
clear magnetic resonance (NMR), X-ray photoelectron spectroscopy
(XPS), inductively coupled plasma optical emission spectrometry
(ICP-OES), transmission electron microscopy (TEM) and energy-
dispersive X-ray spectrometer (EDS) in detail. The solid-state 13C
NMR spectrum of 1 exhibited connected peaks ranging from 120
ppm to 160 ppm, which are assigned to the aromatic carbons, and
from 10 ppm to 50 ppm, assigned to the isopropyl carbons, respec-
tively (Fig. 3a). In the solid-state 3P NMR spectrum of 1, only one
broad peak at 4.12 ppm was observed, which is similar to the char-
acteristic signal of the chiral phosphoric acid monomer (TRIP) at
1.5 ppm (Fig. 3b). Furthermore, similar P 2p peak signals were ob-
served for 1 and TRIP in the XPS spectra (132.8 vs. 133.5eV, Fig. 3c).
The ICP-OES analysis showed that the P content in 1 is 0.48% (see
Supporting information for details), which revealed the TRIP load-
ing to be 95% (theoretical P content is 0.50%). TEM images showed
that 1 consisted of sphere particles with diameters of 100 nm (Fig.
3d). The location of TRIP at 1 was verified by TEM-EDS overlap
map, which indicated that the elements C, O and P are uniformly
distributed in the solid matrix (Fig. 3e). All these results suggest
that the chemical structure and properties of the phosphoric acid
were well retained after immobilization.

Having synthesized the polystyrene-supported CPA, we then
proceeded to investigate the reactivity and atroposelectivity of the
catalyst by using N!-(naphthalen-1-yl)benzene-1,2-diamine (2a)
and acetylacetone (3a) as the model substrates. Our investigation
began with reaction optimization (Table 1). In comparison to ho-
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Fig. 3. Characterizations of the solid catalyst. (a) Solid-state *C NMR spectrum of 1.

EDS mapping images of 1.

mogeneous TRIP catalyst (entry 1, 88% yield with 92% ee [9]), the
reaction using 1 exhibited greater efficiency, yielding the target
compound 4aa in 91% isolated yield with 96% ee (entry 2). Given
that the swelling ability of the supported catalyst in different sol-
vents significantly impacts its performance [25], we next investi-
gated the solvent effect. The employment of polar protic solvent
MeOH was harmful, giving the product in 12% yield with 20% ee
(entry 3). Subsequently, three different types of polar aprotic sol-
vents were evaluated but only unsatisfactory results were obtained
(entries 4-6). Performing the reaction in a less swelling nonpo-
lar solvent hexane produced compound 4aa with a 91% ee, albeit
with a diminished yield (entry 7). Leveraging the high efficiency
of 1, we successfully reduced the catalyst loading to 2 mol% with-
out compromising on catalytic performance (entries 8 and 9). Fur-
ther lowering the catalyst loading (0.5 or 1 mol%) provoked a de-
crease in yield but left the enantioselectivity undamaged (entries
10 and 12). Attempt to improve yield by extending the reaction
time proved unsuccessful (entry 11). As expected, the heteroge-
nous catalyst 1 could work smoothly without the molecular sieves
(90% yield and 96% ee, entry 15). This can be attributed to the
hydrophobicity of the polystyrene support, which encourages the
formation of the imine intermediate by facilitating the removal of
water molecules. In contrast, the homogeneous TRIP catalyst suf-
fered a roughly 10% loss in both yield and ee (entry 16). Therefore,
these optimal conditions (2 mol% of 1 in toluene at 60 °C without
molecular sieves) were used in further studies.

Next, we explored the versatility of this immobilized catalyst
1 by varying substituents on the benzene ring of the substrate
2 (Scheme 1), including 4-methyl, 4-fluoro, 4-chloro, 4-bromo,
6-chloro, and 5-methoxy substituents (2d-2g). Additionally, we
also examined the substrate bearing a N-heterocyclic group in-
stead of a naphthalene (2h). Regarding the scope of the multicar-
bonyl compounds 3, we chose three S-dicarbonyl compounds (3a,
3b, 3c), dimethyl 1,3-acetonedicarboxylate (3d), and three cyclic
B-dicarbonyl compounds (3e, 3f, 3g). Comparison of yield and ee
between our immobilized CPA catalyst and homogeneous TRIP [9]
catalyst was also included (Fig. 4).

(b) Solid-state 3'P NMR spectrum of 1. (c) XPS spectra of TRIP and 1. (d) TEM and (e)
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Fig. 4. Comparison of the catalytical efficiency between TRIP and 1, the data of TRIP
are from the literature [9].
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Scheme 1. Scope of N'-(aryl)benzene-1,2-diamines 2 and multicarbonyl compounds 3 in the atroposelective construction of axially chiral N-aryl benzimidazoles.

The Ayield and Aee mean the difference between employing 1
and TRIP as catalyst. The results suggest that the yield is generally
higher (average value of Ayield=5.8%) and the ee (average value
of Aee=-2.1%) is comparable by using 1 as the catalyst. Most re-
actions proceeded efficiently with excellent yields and enantiose-
lectivities (up to 95% yield, 98% ee). There were only a few special
cases, where the yield or ee value conspicuous decreased (4ac, 4ad,
4db, and 4fe). The recycling stability of the catalyst 1 was also in-
vestigated. After the completion of the reaction, the heterogeneous
catalyst 1 could be separated from the reaction mixture via sim-
ple filtration, followed by washing with dichloromethane until no

signal was detected in the TLC analysis. It is noteworthy that be-
fore the next run, the recovered catalyst 1 needs to be dried in
a vacuum oven at 60°C for 24 h. With this approach, we have
achieved consistent yields and ee even after 12 cycles, enabling
the production of compound 4aa with a cumulative TON of 540
(Fig. 5).

In conclusion, polystyrene-supported CPA 1 has been success-
fully synthesized and thoroughly characterized, spanning from
chemical structure to materials morphology. This catalyst demon-
strated efficient catalytic ability in the atroposelective construc-
tion of axially chiral N-aryl benzimidazoles for the first time. A
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diverse library of atropisomers has been synthesized, achieving
yields ranging from 30% to 96% with ee values between 58% and
98%. In addition, the catalyst maintained its reactivity and selectiv-
ity even after 12 cycles (TON > 540).
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