
Article https://doi.org/10.1038/s41467-023-39134-9

Enantioselective synthesis of chiral
quinohelicenes through sequential
organocatalyzed Povarov reaction and
oxidative aromatization

Chengwen Li1, Ying-Bo Shao1, Xi Gao1, Zhiyuan Ren1, Chenhao Guo2, Meng Li2 &
Xin Li 1,3

Heterohelicenes are of increasing importance in the fields ofmaterials science,
molecular recognition, and asymmetric catalysis. However, enantioselective
construction of these molecules, especially by organocatalytic methods, is
challenging, and few methods are available. In this study, we synthesize
enantioenriched 1-(3-indol)-quino[n]helicenes through chiral phosphoric acid-
catalyzed Povarov reaction followed by oxidative aromatization. The method
has a broad substrate scope and offers rapid access to an array of chiral qui-
nohelicenes with enantioselectivities up to 99%. Additionally, the photo-
chemical and electrochemical properties of selected quinohelicenes are
explored.

Helicenes, which have rigid ortho-fused π-conjugated polycyclic
aromatic structures, are important because of their inherent chir-
ality, which arises from their helicity. Because of their distinctive
electronic properties, they have been widely investigated for their
potential use in the fields of materials science and molecular
recognition1–6. They can also serve as chiral ligands and catalysts1,7–10

and have even been used to increase the activity of catalysts for the
oxygen evolution reaction11. The potential utility of these molecules
has triggered extensive investigation of the synthesis of chiral heli-
cenes with novel structures and functional groups. But, conventional
acquisition of chiral helicenes rely mainly on the resolution of race-
mic helicenes by means of chiral resolution reagents or chiral HPLC
separation, or asymmetric syntheses enabled by chiral auxiliaries or
chiral substrates12–17.

However, in sharp contrast with central chirality and axial chir-
ality, which are well-studied, helical chirality, and the catalytic
enantioselective synthesis of helicenes, remain under-explored
(Fig. 1A). In 1999, Stará et al. realized the first enantioselective
synthesis of helicenes, through [2 + 2 + 2] cycloaddition reactions of
triple alkynes catalyzed by a chiral nickel complex18. Since then,

transition-metal-catalyzed enantioselective [2 + 2 + 2] cycloaddition
has frequently been used for asymmetric construction of multiple
chiral helicenes19–29. Another effective method for the synthesis of
enantioenriched helicenes involves gold-catalyzed enantioselective
intramolecular hydroarylation of alkynes30–35. Other transition-
metal-catalyzed approaches have been reported36–39, including
vanadium-catalyzed oxidative coupling of polycyclic phenols36 and
rhodium-catalyzed enantioselective C-H activation/annulation of
1-aryl isoquinoline derivatives and alkynes38. Despite these efforts,
challenges associated with relatively high catalyst loadings, harsh
reaction conditions, and limited substrate scope remain unsolved.

The great majority of enantioselective syntheses of helicenes
involve transition-metal catalysts, and examples using organocatalytic
strategies are limited in number (Fig. 1A). In 2014, List et al. reported
enantioselective synthesis of azahelicenes via asymmetric Fischer
indole reactions catalyzed by chiral phosphoric acid40. Yan et al.
accomplished highly enantioselective synthesis of helicenes via viny-
lidene ortho-quinone methide intermediates with catalysis by chiral
bifunctional amides41,42. In 2020, Bonne and Rodriguez et al. described
asymmetric synthesis of dioxa[6]helicenes by a Michael/O-alkylation
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heteroannulation process mediated by a bifunctional quinine-derived
squaramide organocatalyst43.

The increasing demand for enantioenriched helicene compounds
in various fields has stimulated the development of efficient methods
for stereoselective asymmetric synthesis of structurally diverse heli-
cenes, but efficientmethods involving organocatalysis would be highly
desirable.

Of particular interest are quinohelicenes, a subclass of hetero-
helicenes with potential applications in optoelectronics9,44–51, asym-
metric catalysis7–9,52, and molecular recognition53 (Fig. 1B). To date,
only two transition-metal-catalyzed syntheses of chiral quinohelicenes
have been reported. In 2014, Tanaka et al.30 reported gold-catalyzed
intramolecular hydroarylation of alkynes, but a high catalyst loading
(30mol%) was required, the substrate scope was limited (only two
examples were reported), and the enantioselectivity was only moder-
ate (74% ee) (Fig. 1C). Very recently, Zhu et al.39 realized the synthesis of
chiral quinohelicenes throughpalladium-catalyzed asymmetricdouble
imidoylative cyclization (Fig. 1C). It should be noted that themolecules
synthesizedby these twomethodshad thequinoline heterocycle in the

middle of the polycyclic aromatic structure. There is an urgent need to
develop a highly enantioselective method for the synthesis of quino-
helicenes with a side quinoline ring.

One of the most attractive approaches for the construction of
chiral quinoline-containingmolecules is the Povarov reaction, which is
an excellent method for building ring systems from simple, readily
available substrates54–62. And, we found that the Povarov reaction cat-
alyzed by lewis acid can be used to construct racemic quinohelicenes,
even though which suffered from high catalyst loading and harsh
conditions63,64. Inspired by these works, we speculated that combining
a Povarov reaction catalyzed by a chiral Brønsted acid with a sub-
sequent oxidative aromatization would allow the synthesis of chiral
quinohelicenes. This approach not only would avoid the use of a
transition metal but also would have high step-economy in that the
chiral quinohelicene skeleton could be constructed in a one-pot
reaction of three easily accessible raw materials. Herein, we report a
combination strategy involving a chiral phosphoric acid-catalyzed
Povarov reaction and subsequent oxidative aromatization with 1,2-
dichloro-4,5-dicyanobenzoquinone (DDQ) to prepare a wide range of

Fig. 1 | Background introduction and overview of this work. A The development
of asymmetric synthesis of central-, axial- and helical- chirality. B Application

examples of quino-containing helicenes. C Enantioselective synthesis of quinohe-
licenes. D Overview of this work.
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chiral quinohelicenes with excellent enantioselectivities (Fig. 1D).
Notably, the obtained quinohelicenes have rich optical properties.

Results and discussion
The energetic barrier for interconversion between the two enantio-
mers of helically chiral compounds is known to depend strongly on the
number of ortho-fused benzene rings, and helicenes with more than

five rings are usually stable. Therefore, to probe the feasibility of our
strategy, we calculated the activation energy for racemization of the
target quinohelicene, 1-(3-indol)-quino[5]helicene. To our delight, the
calculated energy barrier was 36.7 kcal/mol (Fig. 2), which is 11.9 kcal/
mol higher than the barrier for racemization of the corresponding
hydrogen-substituted quino[5]helicene (Supplementary Fig. 4). This
result indicated that the product we planned to synthesize would be

Fig. 2 | Energy barrier to racemization of 1-(3-indol)-quino[5]helicene. The relative Gibbs free energy (kcal/mol) was calculated at the SMD(Toluene)/M06-2X-D3/def2-
TZVPP//B3LYP D3(BJ)/def -2-SVP level of theory.

Fig. 3 | Optimization of the reaction conditions. Optimization of conditions for
(A) the Povarov reaction and (B) the oxidative aromatization: aPovarov reaction
conditions: 1a (0.05mmol) and 2a (0.2mmol) were heated in toluene (1.5mL) at
110 °C for 12 h; then 3a (0.1mmol) and CPA* (0.0025mmol) were added at room
temperature (rt), and the reaction was allowed to proceed for 12 h. The dr value for

4awas>20:1. bIsolated yields are reported. cThe ee valuesweredetermined by high-
performance liquid chromatography with a chiral stationary phase. dOxidative
aromatization conditions: 4a (0.05mmol, 99% ee) and 1,2-dichloro-4,5-dicyano-
benzoquinone (DDQ, 0.15mmol) in solvent (2mL) were allowed to react at rt for
3 h. eConversion percentage (cp) = ee4a/ee5a × 100%.
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stable at room temperature. With this information in hand, we
designed and synthesized benzo[c]phenanthren-2-amine 1a from
inexpensive, readily available starting materials36,65,66.

Next, we optimized the conditions for the Povarov reaction of 1a,
benzaldehyde (2a), and 3-vinyl-1H-indole (3a) as model substrates
(Fig. 3A). Initially, the reaction was performed in toluene at 110 °C for
12 h in the presence of 5mol % (S)-A1 as the catalyst. Under these
conditions, desired tetrahydroquinoline 4a was obtained in 36% yield
with 92% ee (entry 1). Subsequently, desired quinohelicene 5a could be
obtained in 87% yield with 90% ee by aromatization of 4a. Inspired by
this result, we assessed phosphoric acids (S)-A2 to (S)-C8 (entries 2–8)
and found that (S)-A5 was optimal, giving 4a with 99% enantioselec-
tivity (entry 5).

However, the ee for 5a was highly unpredictable when the oxi-
dative aromatization with DDQ was carried out in toluene (Supple-
mentary Table 1). To address this issue, we screened various solvents
and oxidants for the aromatization step (Fig. 3B and Supplementary
Table 2). We were pleased to find that when dichloromethane (DCM)
was used as the solvent and oxidize with DDQ, 5a could be obtained in
91% yield with 99% ee with a 100% conversion percentage (Fig. 3B). To
sum up, we obtained the optimal results by carrying out the enantio-
selective Povarov reaction in toluene to generate4a and thenoxidizing
4a with DDQ in DCM to generate 5a.

With optimized conditions in hand, we explored the substrate
scope of this reaction. Firstly, various aromatic aldehydes 2 were tes-
ted (Fig. 4A). para-Substituted benzaldehydes 2b–2j gave corre-
sponding quinohelicene products 5b–5j in moderate yields (40–67%)

with very good enantioselectivities (92–98% ee) regardless of whether
the para substituent was electron withdrawing (F, Cl, Br, NO2, CF3) or
electron donating (Me, OMe, SMe, Ph). We also examined the out-
comes of reactions of meta- and ortho-substituted benzaldehydes.
These experiments revealed that compounds with electron-donating
or electron-withdrawing substituents were well-tolerated, delivering
products 5k–5o with good to excellent enantioselectivities (84–99%
ee). Naphthaldehydes were also investigated and found to afford
quinohelicenes 5p and 5q with 92% ee and 98% ee, respectively. Fur-
thermore, furfural and 2-thenaldehyde were compatible with the
standard reaction conditions and delivered 5r and 5s with 95% ee and
98% ee, respectively.

To further explore the substrate scope, we evaluated reactions of
1a and benzaldehyde (2a) with various indoles (Fig. 4B).We found that
indoles with various substituents at C-5 were suitable for this Povarov/
oxidation strategy, giving corresponding quinohelicenes 5t–5w with
98–99% ee.

We next investigated reactions of various aromatic amine sub-
strates 1. Specifically, benzo[c]phenanthren-2-amines 1b–1i were
designed and synthesized and allowed to reactwith 2a and 3a (Fig. 5A).
Gratifyingly, all the tested amines worked well under the optimized
conditions, giving the desired products in 45–62% yields with
86–99% ee.

Further exploration of the substrate scope was focused on the
helicene skeleton (Fig. 5B). Chromene-containing quinohelicenes
5aj–5al were obtained from chromene-containing naphthalen-2-
amines 1j–1l in 46–81% yields with 87–97% ee. Furthermore,

Fig. 4 | Scope of the reaction. Scope with respect to (A) aromatic aldehyde 2 and
(B) indole 3. Reaction conditions: (1) 1a (0.1mmol) and 2 (0.4mmol) in toluene
(2mL) were heated at 110 °C for 12 h. After the mixture was cooled to room tem-
perature, 3 (0.2mmol) and (S)-A5 (0.005mmol) were added, and the reaction was

allowed to proceed for 12 h. Silica gel column chromatography gave 4. (2) Reaction
of 4 and DDQ (0.3mmol) in DCM (3mL) at room temperature for 3 h afforded 5.
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dinaphtho[2,1-b:1′,2′-d]furan-2-amine 1m, which has five rings, was
also subjected to the reaction conditions and was found to give qui-
nohelicene product 5am in 46% yield with 94% ee. However, 7H-
dibenzo[c,g]carbazol-2-amine (1n) failed to provide the corresponding
aza-[6]quinohelicene under the standard conditions. The absolute
configurations of 5a and 5alwere assigned tobeMon thebasis of X-ray
diffraction analysis, and the configurations of the other products were
assigned by analogy (Supplementary Fig. 1 and Fig. 2).

To confirm that our strategy was useful for preparative-scale
synthesis, we carried out a 1.0mmol scale reaction of 1a, 2a, and 3a
(Fig. 6A) and obtained 5a in 57% yield with 95% ee (compare with 99%

ee for the small-scale reaction). To illustrate the synthetic utility of the
method, we conducted some transformations of 5a (Fig. 6A). Specifi-
cally, alkynyl- and cyano-quino[5]helicenes 6b and 6a, respectively,
were obtained in nearly quantitative yields with no loss in optical
purity. These chiral products can undergo click reactions and have
potential applications in biometrics. To further explore the practic-
ability of the method, we carried out this three-step transformation in
one pot (Fig. 6B). We found that target chiral quinohelicene 5a could
be obtained with satisfactory enantioselectivity in toluene, DCM, or
ethyl acetate. To our delight, the reaction in ethyl acetate gave 5a in
54% yield with 93% ee.

Fig. 5 | Scope of the reaction. Scope with respect to aromatic amines (A), (B), (C).
Reaction conditions: (1) 1 (0.1mmol) and 2a (0.4mmol) in toluene (2mL) were
heated at 110 °C for 12 h. After the mixture was cooled to room temperature, 3a

(0.2mmol) and (S)-A5 (0.005mmol) were added, and the reaction was allowed to
proceed for 12 h. Silica gel column chromatography gave 4. (2) Reaction of 4 and
DDQ (0.3mmol) and DCM (3mL) at room temperature for 3 h afforded 5.

Fig. 6 | Synthetic application. Experiments about (A) Large-scale reaction and
synthetic transformation, and (B) One-pot reaction. aThe large-scale reaction was
conducted under the optimized reaction conditions. bThe one-pot reaction was

conducted with 1a (0.1mmol), 2a (0.4mmol), 3a, and (S)-A5 (0.005mmol) in sol-
vent (2mL) at rt for 24h; then DDQ (0.5mmol) was added, and the reaction was
allowed to continue for another 3 h.
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Fig. 7 | Racemization experiments. Barriers to racemization of (A) helical chirality
and (B) axial chirality. aExperimental relative Gibbs free energy (kcal/mol). bRelative

Gibbs free energieswere calculated at the SMD(Toluene)/M06-2X-D3/def2-TZVPP//
B3LYP D3(BJ)/def −2-SVP level of theory.

Fig. 8 | Photophysical properties of selected quinohelicenes. A Summary of
optical characterization data. B Solvent effect of 5a. C Acid effect of 5a. D Circular
dichroic absorption (CD) of M/P-5a and M/P-5al. E Circular polarization lumines-
cence (CPL) of M/P-5a and M/P-5al. aMeasured at a concentration of 1 × 10−5 M in

DCM. bMaximum UV absorption. cMaximum fluorescence wavelength (λex
1) and

fluorescence lifetime (λex
2). dAbsolute fluorescence quantum efficiency for absor-

bance of < 0.1. eMeasured for compounds with 99% ee. gabs = Absorption dis-
symmetry factors; glum = luminescence dissymmetry factors.
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To investigate the stability of the chiral quinohelicenes, we carried
out some racemization experiments (Fig. 7A). We found that the
racemization barriers for 5a and 5aj were 36.3 and 30.2 kcal/mol,
respectively, and these values agreedwell with the calculated values of
36.4 and 30.6 kcal/mol. The 5.8 kcal/mol differencebetween 5a and 5aj
may have been due to the presence of the sp3 carbon in 5aj, which
made themoleculemore flexible. We also found that quino[6]helicene
5am exhibited good configurational stability, and no obvious racemi-
zation was observed even after 5 h at 170 °C in 1,2-dichlorobenzene.
Additionally, as shown in Fig. 7B, we also explored the stability of the
axial chirality of 5a and 5am by DFT calculations. The comparison of
the rotation barriers of 5a (11.1 kcal/mol) and 5am (12.3 kcal/mol)
suggested the axial chirality of these compounds is extremely unstable
at room temperature.

To demonstrate the potential applications of the synthesized
quinohelicenes, we investigated the photophysical properties of
selected molecules (Fig. 8A). Their fluorescence emission half-lives
were determined in DCM, and oxygen-containing compounds 5al
and 5am were found to have shorter half-lives than the compounds
without oxygen. Notably, the quinohelicenes showed quantum yields
(ΦFL) up to 26.0%. We also studied the effect of solvent on fluores-
cence and found that fluorescence gradually increased with
increasing solvent polarity and showed a red shift (Fig. 8B). More-
over, the quantum yield of 5a markedly increased with increasing
solvent polarity, from 13.9% in DCM to 43.4% in DMSO (Supple-
mentary Fig. 15). Because quinohelicenes exhibit high proton affi-
nities, we studied the optical properties of 5a·H+ in solutions
containing 0–50 eq of trifluoroacetic acid. As the amount of acid was
increased, the absorption at 240–390 nm gradually weakened; in
contrast, that at 400–500 nm increased, and the fluorescence emis-
sion peak was markedly red shifted (Fig. 8C).

Finally, the chiroptical properties of M-5a, M-5ab, M-5ac, M-5ae,
M-5ah, M-5al, and M-5am, were preliminarily evaluated (Fig. 8A). The
circular dichroism spectra of these quinohelicenes displayed several
signals at 230–400nm and had fine absorption dissymmetry
factors (gabs); the maximum values for M-5ab, M-5ac, and M-5ae
reached −0.0072, 0.0083, and 0.0081 at absorption wavelengths of
390, 393, and 388 nm, respectively. The circular dichroism spectrum
of enantiomer P-5awas themirror image of the spectrum ofM-5a, and
the spectrum of P-5al was the mirror image of that of M-5al (Fig. 8D).
Additionally, the simulated CD spectra of theM-5a enantiomer have a
good agreement with experimentally recorded CD spectra of M-5a.
The circular polarized luminescence spectra of M-5a, M-5ab, M-5ac,
andM-5al showedmaximum luminescence dissymmetry factors (glum)
of 0.0038, 0.0030, 0.0051, and 0.0030 at emission wavelengths of
457, 459, 465, and 465 nm, respectively. Moreover,M- and P-5a andM-
and P-5al exhibited mirror-image circular polarized luminescence
emissions (Fig. 8E).

In summary, we have developed a mild, reliable method for
multicomponent organocatalytic enantioselective Povarov/aromati-
zation reactions of benzo[c]phenanthren-2-amines, aromatic alde-
hydes, and 3-vinyl-1H-indoles to prepare highly functionalized
quinohelicenes. The wide substrate scope, good yields, and high
enantioselectivitiesmake this a promisingmethod for preparing chiral
helicenes, which are widely used for applications in materials science,
molecular recognition, and asymmetric catalysis. Moreover, the syn-
thesized quinohelicenes showed enrich photophysical properties,
including solvent and acid effects on UV and fluorescence, CD and CPL
propeties.

Data availability
The authors declare that the data supporting the findings of this study
are available within the article and its Supplementary Information files.
Additional data are available from the author upon request. Crystal-
lographic data for the structures reported in this article have been

deposited at the Cambridge Crystallographic Data Centre, under
deposition numbers CCDC 2174258 (5a) and 2212769 (5al).
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19. Stara, I. G. & Starý, I. Helically chiral aromatics: the synthesis of
helicenes by [2 + 2 + 2] cycloisomerization of π‑electron systems.
Acc. Chem. Res. 53, 144–158 (2020).

20. Liu, W., Qin, T., Xie, W. & Yang, X. Catalytic enantioselective
synthesis of helicenes. Chem. Eur. J. 28, e202202369 (2022).

21. Wang, Y., Wu, Z.-G. & Shi, F. Advances in catalytic enantioselective
synthesis of chiral helicenes and helicenoids. Chem. Catal. 2,
3077–3111 (2022).

Article https://doi.org/10.1038/s41467-023-39134-9

Nature Communications |         (2023) 14:3380 7



22. Tanaka, K., Kamisawa, A., Suda, T., Noguchi, K. & Hirano, M. Rh-
catalyzed synthesis of helically chiral and ladder-typemolecules via
[2 + 2 + 2] and formal [2 + 1 + 2 + 1] cycloadditions involvingC-C triple
bond cleavage. J. Am. Chem. Soc. 129, 12078–12079 (2007).

23. Tanaka, K., Fukawa, N., Suda, T. & Noguchi, K. One-step construc-
tion of five successive rings by rhodium-catalyzed intermolecular
double [2+2+2] cycloaddition: enantioenriched [9]helicene-like
molecules. Angew. Chem. Int. Ed. 48, 5470–5473 (2009).

24. Fukawa, N., Osaka, T., Noguchi, K. & Tanaka, K. Asymmetric synth-
esis and photophysical properties of benzopyrano- or
naphthopyrano-fused helical phosphafluorenes. Org. Lett. 12,
1324–1327 (2010).

25. Jancarik, A. et al. Rapid access to dibenzohelicenes and their
functionalized derivatives. Angew. Chem. Int. Ed. 52,
9970–9975 (2013).

26. Kimura, Y., Fukawa, N., Miyauchi, Y., Noguchi, K. & Tanaka, K.
Enantioselective synthesis of [9]- and [11]helicene-like molecules:
double intramolecular [2+2+2] cycloaddition.Angew.Chem. Int. Ed.
53, 8480–8483 (2014).

27. Samal, M. et al. An ultimate stereocontrol in asymmetric synthesis
of optically pure fully aromatic helicenes. J. Am. Chem. Soc. 137,
8469–8474 (2015).

28. Kimura, Y., Shibata, Y., Noguchi, K. & Tanaka, K. Enantioselective
synthesis and epimerization behavior of a chiral S-Shaped [11]heli-
cene-like molecule having collision between terminal benzene
rings. Eur. J. Org. Chem. 2019, 1390–1396 (2019).

29. Kinoshita, S. et al. Rhodium-catalyzed highly diastereo- and enan-
tioselective synthesis of a configurationally stable s-shaped double
helicene-like molecule. Angew. Chem. Int. Ed. 59,
11020–11027 (2020).

30. Nakamura, K., Furumi, S., Takeuchi, M., Shibuya, T. & Tanaka, K.
Enantioselective synthesis and enhanced circularly polarized
luminescence of S-shaped double azahelicenes. J. Am. Chem. Soc.
136, 5555–5558 (2014).

31. Tanaka, M. et al. Gold-catalyzed enantioselective synthesis, crystal
structure, and photophysical/chiroptical properties of Aza[10]heli-
cenes. Chem. Eur. J. 22, 9537–9541 (2016).

32. Gonzalez-Fernandez, E. et al. Enantioselective synthesis of [6]car-
bohelicenes. J. Am. Chem. Soc. 139, 1428–1431 (2017).

33. Yamano, R., Kinoshita, S., Shibata, Y. & Tanaka, K. Substituent-
controlled and rhodium-catalyzed intramolecular [2+2+2] and
[2+1+2+1] cycloadditions of electron-deficient triynes. Eur. J. Org.
Chem. 2018, 5916–5920 (2018).

34. Usui, K. et al. Internal-edge-substituted coumarin-fused [6]heli-
cenes: asymmetric synthesis, structural features, and control of
self-assembly. Chem. Eur. J. 24, 14617–14621 (2018).

35. Hartung, T., Machleid, R., Simon, M., Golz, C. & Alcarazo, M. Enan-
tioselective synthesis of 1,12-disubstituted [4]helicenes. Angew.
Chem. Int. Ed. 59, 5660–5664 (2020).

36. Sako, M. et al. Efficient enantioselective synthesis of oxahelicenes
using redox acid cooperative catalysts. J. Am. Chem. Soc. 138,
11481–11484 (2016).

37. Yubuta, A. et al. Enantioselective synthesis of triple helicenes by
cross-cyclotrimerization of a helicenyl aryne and alkynes via
dynamic kinetic resolution. J. Am. Chem. Soc. 142,
10025–10033 (2020).

38. Wang, Q., Zhang, W. W., Zheng, C., Gu, Q. & You, S. L. Enantiose-
lective synthesis of azoniahelicenesbyRh-catalyzedC-Hannulation
with alkynes. J. Am. Chem. Soc. 143, 114–120 (2021).

39. Yu, T. et al. Palladium-catalyzed modular synthesis of enantioen-
riched pyridohelicenes through double imidoylative cyclization.
ACS Catal. 12, 13034–13041 (2022).

40. Kotzner, L., Webber, M. J., Martinez, A., De Fusco, C. & List, B.
Asymmetric catalysis on the nanoscale: the organocatalytic

approach to helicenes. Angew. Chem. Int. Ed. 53,
5202–5205 (2014).

41. Jia, S., Li, S., Liu, Y., Qin, W. & Yan, H. Enantioselective control of
both helical and axial stereogenic elements though an organoca-
talytic approach. Angew. Chem. Int. Ed. 58, 18496–18501 (2019).

42. Li, K., Huang, S., Liu, T., Jia, S. & Yan, H. Organocatalytic asymmetric
dearomatizinghetero-diels-alder reactionof nonactivated arenes. J.
Am. Chem. Soc. 144, 7374–7381 (2022).

43. Liu, P. et al. Simultaneous control of central and helical chiralities:
expedient helicoselective synthesis of dioxa[6]helicenes. J. Am.
Chem. Soc. 142, 16199–16204 (2020).

44. Kaneko, E., Matsumoto, Y. & Kamikawa, K. Synthesis of
azaheliceneN-oxide by palladium-catalyzed direct C–H annulation
of a pendant (Z)-bromovinyl side chain. Chem. Eur. J. 19,
11837–11841 (2013).

45. Yang, Y., da Costa, R. C., Fuchter, M. J. & Campbell, A. J. Circularly
polarized light detection by a chiral organic semiconductor tran-
sistor. Nat. Pho. 7, 634–638 (2013).

46. Yang, Y., da Costa, R. C., Smilgies, D. M., Campbell, A. J. & Fuchter,
M. J. Induction of circularly polarized electroluminescence from an
achiral light-emitting polymer via a chiral small-molecule dopant.
Adv. Mater. 25, 2624–2628 (2013).

47. Abbate, S. et al. Helical sense-responsive and substituent-sensitive
features in vibrational and electronic circular dichroism, in circu-
larly polarized luminescence, and in raman spectra of some simple
optically active hexahelicenes. J. Phys. Chem. C 118,
1682–1695 (2014).

48. Klivar, J. et al. [2+2+2] Cycloisomerisation of aromatic cyanodiynes
in the synthesis of pyridohelicenes and their analogues.Chem. Eur.
J. 22, 14401–14405 (2016).

49. Feng, J. et al. Ring-expansion strategy for alpha-aryl azahelicene
construction: building blocks for optoelectronic materials. Org.
Lett. 23, 8056–8061 (2021).

50. Yen-Pon, E. et al. Heterohelicenes through 1,3-dipolar cycloaddition
of sydnones with arynes: synthesis, origins of selectivity, and
application to pH-triggered chiroptical switch with CPL sign
reversal. JACS Au. 1, 807–818 (2021).

51. Gong, X. et al. Synthesis of nitrogen-doped aza-helicenes with
chiral optical properties. J. Org. Chem. 87, 8406–8412 (2022).

52. Chen, J. & Takenaka, N. Helical chiral pyridine N-oxides: a new
family of asymmetric catalysts.Chem. Eur. J. 15, 7268–7276 (2009).

53. Huang, Q. et al. Inherently chiral azonia[6]helicene-modified beta-
cyclodextrin: synthesis, characterization, and chirality sensing of
underivatized amino acids in water. J. Org. Chem. 81,
3430–3434 (2016).

54. Akiyama, T., Morita, H. & Fuchibe, K. Chiral Bronsted acid-catalyzed
inverse electron-demand aza Diels-Alder reaction. J. Am. Chem.
Soc. 128, 13070–13071 (2006).

55. Xie, M. et al. Asymmetric three-component inverse electron-
demand aza-Diels-Alder reaction: efficient synthesis of ring-fused
tetrahydroquinolines.Angew. Chem. Int. Ed. 49, 3799–3802 (2010).

56. Dagousset, G., Zhu, J. & Masson, G. Chiral phosphoric acid-
catalyzed enantioselective three-component Povarov reaction
using enecarbamates as dienophiles: highly diastereo- and enan-
tioselective synthesis of substituted 4-aminotetrahydroquinolines.
J. Am. Chem. Soc. 133, 14804–14813 (2011).

57. Chen, Z., Wang, B., Wang, Z., Zhu, G. & Sun, J. Complex bioactive
alkaloid-type polycycles through efficient catalytic asymmetric
multicomponent aza-Diels-Alder reactionof indoleswith oxetane as
directing group. Angew. Chem. Int. Ed. 52, 2027–2031 (2013).

58. Yu, J., Jiang, H. J., Zhou, Y., Luo, S. W. & Gong, L. Z. Sodium salts of
anionic chiral cobalt(III) complexes as catalysts of the enantiose-
lective Povarov reaction. Angew. Chem. Int. Ed. 54,
11209–11213 (2015).

Article https://doi.org/10.1038/s41467-023-39134-9

Nature Communications |         (2023) 14:3380 8



59. Bisag, G. D. et al. Central-to-axial chirality conversion approach
designed on organocatalytic enantioselective povarov cycloaddi-
tions: first access to configurationally stable indole-quinoline atro-
pisomers. Chem. Eur. J. 25, 15694–15701 (2019).

60. Wang, S. J., Wang, Z., Tang, Y., Chen, J. & Zhou, L. Asymmetric
synthesis of quinoline-naphthalene atropisomers bycentral-to-axial
chirality conversion. Org. Lett. 22, 8894–8898 (2020).

61. Clerigue, J., Ramos, M. T. & Menendez, J. C. Enantioselective cata-
lytic Povarov reactions. Org. Biomol. Chem. 20, 1550–1581 (2022).

62. Lemos, B. C. et al. Enantioselective povarov reactions: an update of
a powerful catalytic synthetic methodology. Eur. J. Org. Chem.
2022, e202101171 (2022).

63. Viglianisi, C. et al. Synthesis of heterohelicenes by a catalytic multi-
component Povarov reaction. Eur. J. Org. Chem. 2019,
164–167 (2019).

64. Soni, R. & Soman, S. S. Metal free synthesis of Coumarin containing
hetero n helicene like molecules with TICT and AIE properties.
Asian. J. Org. Chem. 11, e202100770 (2022).

65. Yu, J., Zhang, P., Wu, J. & Shang, Z. Metal-free C–N bond-forming
reaction: straightforward synthesis of anilines, through cleavage of
aryl C-O bond and amide C-N bond. Tetrahedron Lett. 54,
3167–3170 (2013).

66. Wu, J., Yu, J., Wang, Y. & Zhang, P. Direct amination of phenols
under metal-free conditions. Synlett 24, 1448–1454 (2013).

Acknowledgements
The authors are grateful to the National Natural Science Foundation of
China (Grant Nos. 22193011, 21971120, and 21933008) and National
Science & Technology Fundamental Resource Investigation Program of
China (No. 2018FY201200) for financial support. We are grateful to the
support of the Supercomputing Center of Nankai University NKSC. We
thank Shan Liu (Nankai University) for her contribution in measuring the
redox potential and thank Qiu-Hong Huang (Nankai University) for her
advice.

Author contributions
C.L. conceived and designed the study, performed experiments, and
wrote the manuscript; Y.-B.S. and Z.R. performed the theoretical cal-
culations; X.G. synthesized some substrates; C.G. and M.L. performed

the circular polarized luminescence experiments; X.L. conceived and
designed the study and wrote the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-39134-9.

Correspondence and requests formaterials should be addressed to Xin
Li.

Peer review informationNatureCommunications thanksDamienBonne,
Hailong Yan and the other, anonymous, reviewer(s) for their contribution
to the peer review of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Article https://doi.org/10.1038/s41467-023-39134-9

Nature Communications |         (2023) 14:3380 9

https://doi.org/10.1038/s41467-023-39134-9
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Enantioselective synthesis of chiral quinohelicenes through sequential organocatalyzed Povarov reaction and oxidative aromatization
	Results and discussion
	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




