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a b s t r a c t

A new type of C2-symmetric chiral spirobiindole structure is developed, and excellent diastereoselec-

tivities and enantioselectivities (>20:1 dr & >99% ee for all examples) were obtained via an asymmet-

ric rhodium catalysis-intramolecular spirocyclization sequence. Selective synthesis of both spirobiindole

enantiomers could be achieved using the same catalyst by simply switching the substrate combination.

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

Medica, Chinese Academy of Medical Sciences.

Spiro carbocycles are privileged structures for developing novel

functional materials due to their unique orthogonally rigid struc-

ture and good thermal stability [1–4], and they are also frequently

found in natural products and bioactive compounds [5–7]. There-

fore, development of novel spirocarbocycles and their asymmetric

synthesis have attracted much attention [8–12]. A particularly

useful chiral spirostructure is the C2-symmetric one, which has

found wide applications in chiral catalyst/ligand development

[13–16]. It is noteworthy that the combination of different fused

rings will dramatically affect the structural conformation, thus

leading to diverse spirostructures that are suitable for different

applications, as exemplified by the spirobiindane, spirobitetralin,

and spirobi[dihydrophenalene] structures [17–21]. However, this

type of spirostructures is mainly constructed based on the six-

membered arene-fused rings, and the spirostructures featuring the

five-membered heteroarene-fused rings remain underdeveloped

(Scheme 1a).

Preparation of enantiopure C2-symmetric spirostructures repre-

sents a challenging task in organic synthesis [8–12], and classical

approach relies on optical resolution of racemic products or using

chiral starting materials [17–19,22–27]. With the great advances

of asymmetric catalysis, catalytic asymmetric synthesis of the

axially chiral C2-symmetric spirostructures becomes feasible. In
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this regard, Tan group achieved the catalytic asymmetric synthe-

sis of spirobiindanes via chiral phosphoric acid (CPA)-catalyzed

intramolecular spirocyclization [28]. Ding group reported the

synthesis of cyclohexyl-fused spirobiindanes by employing Ir-

catalyzed asymmetric hydrogenation as the key step [29]. Wang

group developed the spirosilabiindanes by Rh-catalyzed asym-

metric intramolecular hydrosilation [30]. Sun group designed and

synthesized a novel SPHENOL structure through CPA-catalyzed

asymmetric intramolecular spirocyclization [21]. Taking advantage

of the ‘central chirality-controlled construction of axial chiral-

ity’ strategy, we successfully realized the asymmetric synthesis

of 3,3′-Ar-SPINOLs and 3,3′-Ar-SPHENOLs (Scheme 1b) [31,32].

We surmised that spirostructures featuring the five-membered

heteroarene-fused rings might be efficiently constructed by a

similar strategy. Considering the importance of chiral indole in

organic synthesis as well as the inherent high reactivity of in-

dole for Friedel–Crafts-type spirocyclization [33–35], we chose

indole as the incorporating heteroarene to construct the desired

spirostructure. Herein, we report that the C2-symmetric chiral

spirobiindole structure could be efficiently constructed via Rh-

catalyzed asymmetric arylation/intramolecular spirocyclization

sequence with excellent diastereoselectivities and enantioselec-

tivities (Scheme 1c). During the preparation of this manuscript,

two elegant works on development of chiral spirobiindoles were

independently reported by Tan group and Sun group [36,37].

As required by the ‘central chirality-controlled construction of

axial chirality’ strategy [31,32], it would be ideal to obtain the

enantiopure centrally chiral precursor. We then started the inves-
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Scheme 1. C2-symmetric spirostructures and asymmetric synthesis.

Table 1

Investigation on the rhodium-catalyzed asymmetric conjugate arylation of indolyl

dienone 1a with phenylboronic acid 2a.a

Entry Ligand Yield (%)b drc ee (%)d

1 (R)-binap 17 11:1 77

2 (R)-segphos 12 5:1 72

3 (R,R)-Ph-bod 52 6:1 97

4 L1 96 >20:1 99

5e L1 90 >20:1 99

6f L1 90 >20:1 99

7g L1 98 >20:1 >99

8g,h L1 98 >20:1 >99

a Reaction conditions: 1a (0.10mmol), 2a (0.30mmol), and rhodium catalyst

(2mol%) in solvent (1.1mL, Vorg/VH2O =10:1) at 80 °C for 12h under N2.
b Isolated yield of 3a and meso–3a.
c Determined by 1H NMR analysis of the crude mixture.
d The ee value of 3a, determined by HPLC analysis on a chiral stationary phase

column.
e Dioxane/H2O as the solvent.
f DCE/H2O as the solvent.
g At 40 °C.
h 1mol% catalyst loading.

tigation from asymmetric synthesis of the centrally chiral precur-

sor 3a by rhodium-catalyzed asymmetric conjugate phenylation of

indolyl dienone 1a with phenylboronic acid. As summarized in

Table 1, chiral bisphosphine-ligated catalysts were able to promote

the reaction, but only low yield and moderate stereoselectivity

were attainable (entries 1 and 2). Chiral diene ligand [38] proved

to be superior to bisphosphine ligand in terms of both reactivity

and selectivity in this reaction system (entries 3 and 4), and excel-

lent diastereoselectivity and enantioselectivity were obtained with

L1 as the chiral ligand [39]. In addition to ethanol, other solvents

such as dioxane and DCE were also suitable for this reaction (en-

tries 4–6). The stereoselectivity was further increased (>20:1 dr,

Table 2

Investigation on the spirocyclization condition.a

Entry Acid Solvent Yield (%)b dr, ee (%)c

1 BF3·OEt2 CH3CN <5 n.d.

2 BF3·OEt2 DCM <5 n.d.

3 BF3·OEt2 DMF – –

4 BF3·OEt2 DMSO – –

5 BF3·OEt2 Toluene 11 1:2.5, >99

6 BF3·OEt2 EtOH 37 >20:1, >99

7d BF3·OEt2 EtOH 95 >20:1, >99

8d SiMe3Cl EtOH 71 >20:1, >99

9d TiCl4 EtOH 75 >20:1, >99

10d HBF4 EtOH 43 >20:1, >99

11d B(OEt)3 EtOH – –

a Reaction conditions: 3a (0.10mmol) and acid (0.50mmol) in solvent (1.5mL) at

25 °C for 6h under N2.
b Isolated yield of 4a.
c Determined by 1H NMR analysis and HPLC analysis.
d At 60 °C.

>99% ee) when the reaction was conducted at lower temperature,

and the reaction worked equally well with only 1mol% catalyst

loading (entries 7 and 8).

With enantiopure 3a in hand, construction of the spirostruc-

ture via intramolecular spirocyclization was subsequently studied.

As shown in Table 2, the choice of solvent was crucial for the

spirocyclization. A single diastereomer was obtained in 37% yield

with EtOH as the solvent and BF3·OEt2 as the acid while other sol-

vents either led to trace amount of the spirocyclization product or

poor diastereoselectivity (entries 1–6), indicating that the solvent

not only affect the reactivity but also the diastereoselectivity. Grat-

ifyingly, the yield was improved to 95% by elevating the reaction

temperature without compensating the stereoselectivity (entry 7,

95% yield, >20:1 dr, >99% ee). Other Lewis acids like SiMe3Cl and

TiCl4 were also effective for the diastereoselective spirocyclization

albeit somewhat lower yields were obtained (entries 8 and 9). Con-

trol experiments were conducted considering that BF3 will decom-

pose in EtOH to generate HBF4 and B(OEt)3, and HBF4 was found to

promote the reaction, indicating that it is the possible active cat-

alyst for the spirocyclization step. The spirostructure and absolute

configuration of 4a was unambiguously confirmed by single-crystal

X-ray diffraction analysis.

With the optimal conditions for asymmetric synthesis of

spirobiindole structure, the substrate scope was next explored

(Scheme 2). The conditions were found to be quite general for

different substrates. Arylboronic acids bearing electron-donating

groups, electron-withdrawing groups, and halides at different posi-

tions were all well tolerated (products 4b-4i). The sterically bulky

3,5-disubstituted or 2-substituted phenylboronic acids were also

suitable (products 4j-4l). In addition, the N-protected indolyl sub-

strates could be employed to construct the corresponding spirobi-

indoles (products 4m-4o). It is worth highlighting that >20:1 dr

and >99% ee were obtained in all the examples.

As shown in Scheme 3, the reaction also proceeded well with

commercially available dibenzalacetone and indolylboronic acid

pinacol ester under the established standard conditions, thus pro-

viding a practical synthesis route to the other enantiomer without

changing the catalyst (ent–4a). The substituted indolylboronic acid

pinacol esters, including the 2-substituted one, could be employed

to produce the corresponding substituted spirobiindoles (4p-4r).
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Scheme 2. Substrate scope of spirobiindoles. a The arylation step was performed at

80 °C. b The arylation step was performed in toluene/H2O at 25 °C, and the spirocy-

clization step was performed in toluene at 25 °C.

The structure and absolute configuration of ent–4a was also con-

firmed by single-crystal X-ray diffraction analysis.

To showcase the practicality of the method, 1mmol scale syn-

thesis was performed (Scheme 4a), and the reaction still pro-

ceeded well to produce the spirobiindole 4a in high yield with

excellent stereo control (>20:1 dr, >99% ee). Functionalization of

the spirobiindole product was also demonstrated (Scheme 4b).

For example, monoformylation product 6 was produced under the

Vilsmeier–Haack reaction conditions. Treatment of 4m with NBS

selectively delivered bromine to the 2-position of the indole ring.

Application of the chiral structure in development of chiral lig-

and was also explored. As shown in Scheme 4c, bisphosphine 7

Scheme 3. Alternative synthesis route.

Scheme 4. Scale up synthesis, derivatization, and application of the spirobiindole

product.
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can be readily synthesized from spirobiindole 4a. Its catalytic per-

formance as a chiral ligand was demonstrated by application in

palladium-catalyzed enantioselective allylic amination and alkyla-

tion reaction, and high enantioselectivities were observed with N-

methylbenzylamine (91% ee) and dimethyl malonate (88% ee) as

the nucleophiles.

In conclusion, we have developed a new type of C2-symmetric

spirobiindole structure. By employing the ‘central chirality-

controlled construction of axial chirality’ strategy, the spirostruc-

ture could be easily synthesized in high yields with excellent di-

astereoselectivities and enantioselectivities. In addition, the reac-

tion features tunable enantiomer synthesis by switching the sub-

strate combination under the same conditions. Further studies on

the applications of the spirobiindole structures are ongoing in our

laboratory
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