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Stereospecific positional alkene
isomerization enables bidirectional central-
to-axial chirality transfer

Qi Liu, Jun Gu, Hong-Feng Zhuang & Ying He

Positional alkene isomerization is a powerful reaction for moving a C=C bond
from one position to another. This transformation, as a high atom-economy
and easy-to-handle process, has gained increasing prominence in both organic
and material chemistry. Despite these advances, the stereospecific positional
alkene isomerization to achieve bidirectional chirality transfer remains chal-
lenging. We report herein a bidirectional stereospecific positional alkene iso-
merization of chiral exocyclic alkene analogues by achiral Lewis base catalysis.
By using this central-to-axial chirality transfer strategy, the axially chiral N-
indolylquinolinones can be readily obtained from one configuration to two
different configurations. Mechanistic studies indicated that the competitive
alkene isomerization and Michael/retro-Michael addition would affect the
conformation of exocyclic alkenes, thus achieving the bidirectional central-to-
axial chirality transfer. In addition, combining the asymmetric allylic
substitution-isomerization and photocatalytic Z/E isomerization, all eight ste-
reoisomers of diaxially chiral quinolinones could be easily obtained in high
enantioselectivities and diastereselectivities.

Alkenes are fundamental building blocks in organic synthesis due to
their versatile reactivity andwidespreadapplications in theproduction
of polymers, pharmaceuticals, and fine chemicals1. Recent research in
alkene chemistry has focused on developing selective and sustainable
methods for their functionalization. Alkene isomerization represents
one of the most important strategies widely used for the synthesis of
different alkene isomers. Generally, alkene isomerization can be cate-
gorized into two types: geometric isomerization2–8 and positional
isomerization9–12 (Fig. 1A). Both approaches enable atom-economical
synthesis of alkenes, and significant efforts have been devoted to
advancing this field13,14.

Positional isomerization of alkenes is a powerful transformation
for relocating a C=C bond from one position to another, thereby
generating different alkene isomers with high inherent efficiency
(Fig. 1A, bottom). Despite its utility, this transformation presents sig-
nificant challenges in controlling the location and geometry of the
resulting alkenes. Nevertheless, regioselective and stereoselective
isomerizations have been successfully achieved through metal

catalysis, organocatalysis, and photocatalysis15–22. Among these,
enantioselective positional alkene isomerization has emerged as a
powerful strategy for accessing chiral molecules23–35. In contrast, ste-
reospecific positional alkene isomerization remains less explored,
even though it offers an efficient route to synthesize challenging chiral
molecules that are difficult to access via conventional methods
(Fig. 1B)36. For example, Martín-Matute and others developed a series
of achiral-base-catalyzed reactions focused on central-to-central chir-
ality transfer in acyclic alkenes (Fig. 1B, top)37–41. On the other hand, our
group recently reported the Asymmetric Allylic Substitution-
Isomerization (AASI) strategy, which features a key step of enantios-
pecific positional alkene isomerization42–46. This approach enabled
central-to-axial chirality transfer47–50 through transition-metal catalysis
or achiral base catalysis, assisted by noncovalent interactions (Fig. 1B,
bottom). Despite these advancements, the inherent suprafacial 1,3-
hydrogen transfer mechanism of the isomerization restricts the pro-
cess to yielding only one product configuration. The stereospecific
positional alkene isomerization to achieve bidirectional chirality
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transfer remains an unresolved challenge that requires further
exploration.

Indeed, during the central-to-axial chirality transfer process, the
highly efficient stereospecific positional alkene isomerization relies on
excellent conformational control of the substrate. Inspired by this
characteristic, we envisioned that stereospecific bidirectional chirality
transfer could be achieved using substrates with controllable con-
formations. As illustrated in Fig. 1C, exocyclic alkenes I, which possess

specific configuration, can serve as suitable substrates. During the
positional isomerization from exocyclic to endocyclic alkenes, differ-
ent configurations of axially chiral products II can be obtained by
controlling the reaction conditions, thereby enabling the synthesis of
axially chiral molecules in totally different configurations51–58. How-
ever, the key challenge for this transformation lies in how to control
the conformation of exocyclic alkenes I under similar reaction
conditions.

Fig. 1 | State-of-the-art for the positional alkene isomerization. A Two types of
alkene isomerization. B Achiral catalysts enable stereospecific positional alkene
isomerization. C Our hypothesis of bidirectional central-to-axial chirality transfer.

D Stereospecific positional alkene isomerization enables bidirectional central-to-
axial chirality transfer.

Fig. 2 | Optimized conditions for the synthesis of enantioenriched exocyclic
alkene frameworks. A One-pot synthesis of exocyclic alkene frameworks.
B Screened chiral Lewis base catalysts for the synthesis of 1a.CThe -CNgroup of4a

was changed by other groups in the presence of optimal catalyst at 0 °C. MBH,
Morita–Baylis–Hillman.
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Here, we report a stereospecific bidirectional chirality transfer for
the synthesis of axially chiral N-indolylquinolinones. Starting from the
same centrally chiral compound (R)-1, the base catalyst 1,5-diazabicy-
clo[4.3.0]non-5-ene (DBN) yields 2 in the P configuration, whereas 1,4-
diazabicyclo[2.2.2]octane (DABCO) produces axially chiral N-indo-
lylquinolinones 2 in the M configuration. Mechanistic studies reveal
the underlying mechanism of this stereodivergent transformation.

Results and discussion
Identification of a system for the preparation of enantioen-
riched exocyclic alkenes
Inspired by downstreamcascade reactions basedonasymmetric allylic
substitution (AAS)59–68, we envisioned that this approach could be
feasible for synthesizing enantioenriched exocyclic alkenes. To our
delight, initial studies demonstrated that exocyclic alkene 1a could be
efficiently generated via a one-pot synthesis involving DABCO-
catalyzed allylic substitution followed by Fe/HOAc-promoted reduc-
tive amidation, without the hydrolysis of -CN group (Fig. 2A).
Encouraged by this result, we first screened chiral Lewis base catalysts
for the synthesis of compound Int-1a. As shown in Fig. 2B, the catalyst
(DHQD)2PYR delivered the best performance, affording Int-1a in 96%
enantiomeric excess (ee) and 92% yield after further optimization.
Next, to investigate the effect of substituents at the C2 position of
indoles 4, we employed various indoles as substrates in the reaction
system (Fig. 2C). Electron-withdrawing groups, such as esters and

sulfonyl groups, resulted in lower enantioselectivities. While high
enantioselectivity was achieved using 1H-indole-2-carbaldehyde as the
substrate, the allylic substitution product was incompatible with the
Fe/HOAc reductive system, preventing the formation of the corre-
sponding exocyclic quinolin-2(1H)-one (see Supplementary Informa-
tion for details). Additionally, no satisfactory results were obtained
when 1-(1H-indol-2-yl)ethan-1-one, 2-methylindole, or 2-phenylindole
were used as substrates.

Substrate scope of enantioenriched exocyclic alkenes
With suitable substrates and optimal reaction conditions in hand, we
next explored the substrate scope for the synthesis of exocyclic qui-
nolin-2(1H)-ones (Fig. 3). 2-Cyanoindoles bearing electron-neutral,
electron-withdrawing, and electron-donating groups at the C3–C7
positions including halogen, alkyl, aryl, alkynyl or methoxy group all
reacted smoothly, affording the corresponding exocyclic quinolin-
2(1H)-ones in 93–98% ee and 51–91% yields (1a–1u). The absolute
configuration of 1bwasdetermined asRby single-crystal X-ray analysis
of its dimeric form, and the configurations of other products were
assigned by analogy. Notably, 5-methyl-1H-pyrrole-2-carbonitrile was
also a suitable substrate, yielding 1v with 92% ee and 70% yield. In
addition, ortho-NO2-substituted aryl MBH carbonates with various
substituents at different positions of the phenyl ring were compatible
with the reaction system, providing 1w–1e’ in 85–95% ee with moder-
ate to excellent yields.

Fig. 3 | Substrate scope of indolyl-substituted exocyclic quinolin-2(1H)-ones.
Reaction conditions: 3 (0.2mmol), 4 (0.1mmol), (DHQD)2PYR (20 mol%), DME
(1.0mL), -10 °C, 72 h. Then, iron powder (1.0mmol), AcOH (1.0mL), 30 °C for 8 h.

Isolated yield, the ee values were determined by chiral high performance liquid
chromatography (HPLC).
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Optimized conditions and substrate scope for stereospecific
positional alkene isomerization
With chiral exocyclic quinolin-2(1H)-ones 1 in hand, we next examined
the positional isomerization of 1a (see Supplementary Information for
detailed optimization studies). As shown in Table 1, organic bases such
as DBU and DBN efficiently promoted the isomerization within min-
utes, affording (P)-2a in excellent yields and ee with 91% and 92%
enantiospecificity (es), respectively. Solvent screening revealed that
1,4-dioxane was the optimal choice, yielding (P)-2a in 83% yield with
90% ee and 94% es (entries 3–7). Surprisingly, when the reaction was
conducted in methanol (MeOH), the isomerization proceeded to
generate 2a in the opposite configuration, albeit with moderate ee
(entry 8). Encouraged by this result, we further optimized the reaction
in MeOH using different bases (entries 9–11). In this context, DABCO
demonstrated the best performance, yielding (M)-2a in 81% yield with
83% ee and 86% es (entry 9). When DABCO was employed as the cat-
alyst, (M)-2a was also obtained in other solvents, such as acetonitrile
(MeCN), 1,4-dioxane, or dimethoxyethane (DME). However, none of
these solvents provided better results compared to MeOH
(entries 12–14).

With the optimal conditions established, we next explored the
substrate scope. As shown in Fig. 4, substrates 1 bearing indolyl moi-
etieswithC3, C4, andC5 substituents—regardlessofwhether theywere
electron-withdrawing or electron-donating groups—all reacted
smoothly, delivering the corresponding products in good yields and
enantioselectivities. Reactions promoted by DBN generated (P)-
(2b–2q) with 91–96% es and 82–91% yields, while reactions catalyzed
by DABCO afforded (M)-(2b–2q) with 81–90% es and 71–81% yields.
The absolute configuration of (P)-2b was confirmed as a dimer by
single-crystal X-ray analysis, and the configurations of other products
were assigned by analogy.

Moreover, (P)-(2r–2t) were obtained with relatively lower es
(74–86%) when substrates 1 bearing C6-substituted indolyl moieties
were used. In these cases, (M)-(2r–2t) were also obtained with excel-
lent es (84–87%). However, only (P)-2u, derived from (R)-1u, was
obtained, regardless of whether the reaction was promoted by DBN or
DABCO. Notably, the bidirectional stereospecific isomerization of (R)-
1v was also achieved under the optimal conditions, albeit with rela-
tively lower es for the (M)-2v. Finally, under different reaction condi-
tions, stereospecific isomerization of (R)-(1w–1e’) delivered (P)-
(2w–2e’) with 80–95% es and 81–92% yields, as well as (M)-(2w–2e’)
with 74–88% es and 73–82% yields. Notably, the model one-pot, three-
step reactionof3a and4a afforded axially chiralN-indolylquinolinones
(P)-1a (68% yield, 83% ee) and (M)-1a (63% yield, 80% ee) successfully,
albeit with reduced enantioselectivities compared to the stepwise
system. (See Supplementary Information for details).

Mechanistic studies
Next, we investigated the mechanism of bidirectional stereospecific
positional alkene isomerization of 1. Given the highly reactive Michael
acceptor nature of 1, we hypothesized that, during base-promoted
positional alkene isomerization, competitive positional alkene iso-
merization andMichael/retro-Michael reactionsmay occur, potentially
influencing the conformation of 1 (Fig. 5A). To explore this hypothesis,
we performed density functional theory (DFT) calculations, using the
isomerization of 1a catalyzed byDABCO inMeOHorDBN indioxane as
representative examples.A1 (orB1) was selected as the referencepoint
for the Gibbs free energy profiles due to its relatively higher stability
compared to its conformer A4 (or B5) (Fig. 5B, C).

For the DABCO-catalyzed isomerization of 1a in MeOH (Fig. 5B),
our calculations indicated that the DABCO-participated aza-Michael/
retro-Michael reaction proceeded readily, requiring an overall energy

Table 1 | Optimization of positional isomerization of 1aa

Entry Solvent Base Yield (%) Ee (%) Es (%)

1 Toluene DBU 78 87 91

2 Toluene DBN 81 88 92

3 Mesitylene DBN 70 87 91

4 THF DBN 63 77 80

5 DME DBN 85 70 73

6 DCE DBN 77 50 52

7 1,4-Dioxane DBN 83 90 94

8 MeOH DBN 82 −50 52

9b MeOH DABCO 81 −83 86

10b MeOH Quinuclidine 73 −81 84

11 MeOH MeONa 90 −79 82

12 MeCN DABCO 50 −47 49

13 1,4-Dioxane DABCO 40 −50 52

14 DME DABCO 73 −52 54
a Reaction conditions: Base (0.1mmol, 0.1mmol/mL) was rapidly added to 1a (0.1 mmol) in solvent (5mL) at room temperature (rt) for 5min.
b Base (0.025mmol, 0.1mmol/mL) was rapidly added to 1a (0.1 mmol) in solvent (5 mL) at room temperature for 5 min. Isolated yield, the ee values were determined by chiral HPLC.
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of only 15.6 kcal/mol, significantly lower than the energy required for
deprotonation of the benzylic hydrogen by DABCO (24.8 kcal/mol).
This result suggests that interconversion between conformers A1 and
A4 via rotation about the C-N bond can readily occur. Furthermore,
due to the lower energy barrier of TSA4 (23.7 kcal/mol) compared to
TSA6 (24.8 kcal/mol), the reaction preferentially proceeds via the aza-
Michael/retro-Michael pathway, followed by deprotonation of the
benzylic hydrogen to form a persistent chiral ion pair A5 (green line).
This process preserves the chiral information, enabling effective chir-
ality transfer. Finally, rapid reprotonation of A5 via TSA5 generates 2a
in the M configuration.

In contrast, for the DBN-catalyzed reaction in dioxane (Fig. 5C),
the energy barrier for the aza-Michael reaction (17.0 kcal/mol) is higher
than that for deprotonation of the benzylic hydrogen (14.5 kcal/mol).
Although conformer interconversion between B1 and B5 could occur
withoutDBNparticipation, the relatively higher energy barrier ofTSB6
(compared to TSB5) prevents deprotonation from conformer B5. In
this case, deprotonation proceeds directly from B1 to the chiral ion

pair B2 via TSB1, followed by reprotonation to afford 2a in the P
configuration. Combined with the results of the DABCO-catalyzed
isomerization of 1a, we conclude that the stereospecific positional
alkene isomerization proceeds through a competitive mechanism
involving deprotonation and Michael/retro-Michael reactions. This
mechanism herein facilitates a bidirectional central-to-axial chirality
transfer, enabling precise control over the stereochemical outcome. In
addition, the reason of relatively higher energy profiles of TSA4
(vs.TSB6) and TSA6 (vs.TSB1) may primarily arise fromdifferences in
the geometric configurations of their respective bases. Structural
analysis shows that the∠N1-C-N2 angles inA1/B1 andA4/B5 are 154.7°
and 151.3°, respectively. Upon deprotonation, the transition states
(TSA4, TSA6, TSB1, TSB6) exhibit∠N1-C-N2 angles of 145.8°, 146.6°,
164.2°, and 162.9°, respectively. This suggests that the cage-like
DABCO imposes greater steric hindrance during deprotonation,
leading to significant structural distortion. In contrast, the DBN
offers reduced spatial constraints, allowing for easier structural
expansion.

Fig. 4 | Bidirectional stereospecific positional alkene isomerization to axially
chiralN-indolylquinolinones.Reaction conditions: DBN (0.1mmol, 0.1mmol/mL)
was rapidly added to 1a (0.1 mmol) in 1,4-dioxane (5mL), or DABCO (0.025mmol,

0.1mmol/mL)was rapidly added to 1a (0.1mmol) inMeOH (5mL) at rt for 5–10min.
Isolated yield, the ee values were determined by chiral HPLC.
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Z/E geometrical and positional alkene isomerization to all eight
stereoisomers
Considering the free amide group in axially chiral N-indolylquinoli-
nones 2, we explored whether further functionalization could be
employed to synthesize diaxially chiral compounds. Inspired by our
previous report on the stereodivergent synthesis of axially chiral
alkenes8, we anticipated that all eight stereoisomers could be gener-
ated, with both Z/E geometrical and positional alkene isomerization
serving as key steps. Starting from (R)-1c, (P)-2c and (M)-2c were

readily obtained through bidirectional stereospecific positional
alkene isomerization. Subsequently, stepwise asymmetric allylic
substitution-isomerization (AASI) of (M)-2c or (P)-2c provided access
to four stereoisomers—(M1, P2, Z)-5, (M1, M2, Z)-5, (P1, P2, Z)-5
and (P1, M2, Z)-5 with high enantioselectivities and good Z/E
ratios, respectively (Fig. 6). The remaining four stereoisomers were
then obtained in the corresponding E-configuration through photo-
catalytic stereodivergent Z/E isomerization, without any loss of
enantioselectivity.

Fig. 5 | Mechanistic studies of competitive base-participated Michael/retro-
Michael and alkene isomerization of 1a. A Proposed mechanism for the con-
formational control of 1a. B Free energy diagrams for the positional alkene iso-
merization enabledbyDABCO inMeOH.Gibbs free energyobtained at theM06-2X/
def2-TZVPP(SMD, MeOH)// M06-2X/def2-SVP(SMD, MeOH) level. C Free energy

diagrams for the positional alkene isomerization enabled by DBN in 1,4-dioxane.
Gibbs free energy obtained at the M06-2X/def2-TZVPP(SMD, 1,4-dioxane)// M06-
2X/def2-SVP(SMD, 1,4-dioxane) level. Critical intermediate and transition state
structures, after optimization, are illustrated in panels B and C.
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Synthetic transformations
Finally, we conducted synthetic transformations of axially chiral N-
indolylquinolinones to explore their reactivity and functional group
compatibility. Treatment of (P)-2a with various methylation reagents
selectively afforded N-methylation and O-methylation products, both
in high es (Fig. 7a, b). Meanwhile, the -CN group present in (P)-2i was
readily converted to a -COOMe group under strong acidic conditions
(Fig. 7c). Hydrolysis of (P)-2i yielded compound9 in 81% yieldwith 90%
ee (Fig. 7d). The -CN group was selectively reduced to a -CHO group
using DIBAL-H as the reductant, whereas the Raney Ni/H₂ reduction
system transformed the -CN group into a -CH₂NH₂ group (Fig. 7e, f).
Reaction of (P)-2iwith sodiumazide produced tetrazole 12 in 85% yield

and 91% ee (Fig. 7g). Additionally, condensation of (P)-2i with a chiral
amino alcohol yielded compound 13 in 90% yield with 92% ee, which
holds potential as a chiral ligand for asymmetric synthesis (Fig. 7h).
Notably, in all transformations, the bromo group on the indole ring of
(P)-2i remained intact, providing a handle for further functionalization.

In conclusion, we have developed a stereospecific positional
alkene isomerization enabled a bidirectional central-to-axial chirality
transfer. From substrates (R)-1, the reaction delivered a series of axially
chiralN-indolylquinolinones in both P andM configurations with good
yields and enantiospecificities. DFT studies indicated that the DABCO
leads to the Michael/retro-Michael reaction to change the conforma-
tion of (R)-1, followed by a stereospecific 1,3-proton transfer. In

Fig. 6 | Combining positional and geometrical alkene isomerization for the
stereodivergent synthesis of diaxially chiral compounds 5 with all eight ste-
reoisomers. A Reaction conditions for stepwise AASI, (P)-2c or (M)-2c (0.1mmol),
phenyl MBH carbonates (0.2mmol), (DHQD)2PYR or (DHQ)2PYR (20 mol%), DME

(1.0mL), rt; then MeONa, toluene (1.0mL), rt. B Reaction conditions for photo-
catalytic Z/E isomerization, (Z)-5 (0.1mmol), Ir(ppy)3 (1mol%), 420 nm LED, THF
(1.0mL), rt.

Fig. 7 | Synthetic transformations of axially chiral N-indolylquinolinones.
All the reactions were performed at 0.1mmol scale. a MeI (0.15mmol), NaH
(0.1mmol), THF (1.0mL), 0 °C to rt, 12 h.bMe3O

+BF4
- (0.15mmol), DCM (1.0mL), rt

for 4 h. c H2SO4 aq. (6 N, 1.0mL), MeOH (1.0 mL), 110 °C for 24 h. d NaOH aq. (4N,
1.0mL),MeOH (1.0mL), 40 °C for 6 h. eDiisobutylaluminiumhydride (DIBAL-H, 1M

in THF, 0.2mmol), THF, 0 °C for 18 h. fRaneyNi (30mg), H2 ballon,MeOH (1.0mL),
50 °C for 8 h. g NaN3 (0.4mmol), NH4Cl (0.1mmol), DMF (1.0mL), 120 °C for 12 h.
h (S)-tert-leucinol (0.15mmol), ZnCl2 (0.1mmol), chlorobenzene (1.0mL), 140 °C
for 18 h.
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contrast, DBN-promoted stereospecific 1,3-proton transfer directly to
achieve alkene isomerization, thus enabling the bidirectional stereo-
specific alkene isomerization. Combining the Z/E geometrical and
positional alkene isomerization, all eight stereoisomers of diaxially
chiral 1,4-disubstituted quinolinones could be easily obtained in high
enantioselectivities and diastereoselectivities. It is anticipated that the
bidirectional stereospecific positional alkene isomerization herein will
facilitate the development of organic synthetic methodology espe-
cially for the asymmetric synthesis of axially chiral molecules.

Methods
General procedure for the synthesis of enantioenriched exo-
cyclic alkenes 1
The reaction was conducted under air. A 2-dram scintillation vial
equipped with a magnetic stir bar was charged with (DHQD)₂PYR
(17.6mg, 0.02mmol, 0.2 equiv), 3 (0.2mmol, 2.0 equiv) and 4
(0.1mmol, 1.0 equiv). Dry DME (1.0mL) was then added, and the
mixture was stirred at −10 °C for 72 h. The reaction progress was
monitored by thin layer chromatography (TLC). Upon completion,
acetic acid (50μL) was added to quench the reaction, and the solvent
was removed in vacuo. To the residue, iron powder (55mg, 10.0 equiv)
and acetic acid (1mL) were added in one pot, and the mixture was
stirred at 30 °C for 8 h. After completion, the crude mixture was dilu-
ted with EtOAc, washed with water, and extracted with EtOAc. The
combined organic layers were washed with brine, dried over anhy-
drous Na₂SO₄, filtered, and concentrated. The residue was purified by
column chromatography to afford compound 1.

General procedure for the synthesis of (P)-2
To a solution of 1 (0.1mmol) in 1,4-dioxane (5mL) was rapidly added a
solution of DBN (0.1mmol) in 1,4-dioxane (1mL). The mixture was
stirred at room temperature for 5–10min (monitored by TLC). Upon
completion, the reaction was quenched with 1 M HCl (50μL), diluted
with EtOAc, and washed with water. The aqueous layer was extracted
with EtOAc, and the combined organic layers were washed with brine,
dried over anhydrous Na₂SO₄, filtered, and concentrated in vacuo. The
residue was purified by column chromatography to afford (P)-2.

General procedure for the synthesis of (M)-2
To a solution of 1 (0.1mmol) in MeOH (5mL) was rapidly added a
solution of DABCO (0.025mmol) in MeOH (0.25mL). Themixture was
stirred at room temperature for 5–10 min (monitored by TLC). Upon
completion, the reaction was quenched with 1 M HCl (50μL), diluted
with EtOAc, and washed with water. The aqueous layer was extracted
with EtOAc, and the combined organic layers were washed with brine,
dried over anhydrous Na₂SO₄, filtered, and concentrated in vacuo. The
residue was purified by column chromatography to afford (M)-2.

Data availability
Crystallographic data for the structures reported in this article have
been deposited at the Cambridge Crystallographic Data Center
(CCDC), under deposition numbers CCDC 2392482 (1b-dimer),
2362721 [(P)-2b-dimer] and 2450980 (13). These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif. Experimental procedures,
characterization of new compounds, and all other data supporting the
findings are available in the Supplementary Information. All data were
available from the corresponding author upon request. Source data of
DFT studies are provided with this paper. Source data are provided
with this paper.
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