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CHEMISTRY

Palladium-catalyzed intermolecular asymmetric
dearomatizative arylation of indoles and benzofurans

Yang Xi', Youzhi Xu?, Linlin Fan", Chenchen Wang‘, Tingting Xia’, Genping Huangz*,

1,3,4%

Jingping Qu’, Yifeng Chen

Indoles represent one of the most robust and synthetically versatile classes of heteroaromatic compounds. However, the
stereoselective conversion of planar indole rings into three-dimensional indoline skeletons bearing multiple stereogenic
centers remains a persistent challenge in organic synthesis. Herein, we describe an intermolecular catalytic asymmetric
dearomatization of simple indoles via a palladium-catalyzed three-component cross-coupling reaction. By using readily
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accessible diazonium salts and aromatic boronic acids as arylative reagents under a ligand-swap strategy, this method
enables the efficient construction of 2,3-diarylated indolines. Mechanistic studies reveal that the chiral BiOx ligand gov-
erns the highly stereoselective migratory insertion of the aryl-palladium intermediate into the indole’s C=C double bond
with complete diastereo- and regioselectivity, whereas the achiral fumarate ligand facilitates the reductive elimination
step, as corroborated by density functional theory calculations. Furthermore, this protocol is extended to the dearoma-
tive diarylation of benzofurans, affording chiral 2,3-dihydrobenzofuran derivatives with high stereocontrol.

INTRODUCTION
Heterocycles are highly valuable structural motifs, as evidenced by
their ubiquity in natural products and pharmaceuticals (1). Among
aromatic nitrogen heterocycles, indoles and their derivatives have
garnered sustained attention due to their prevalence in bioactive
molecules (2). Developing novel strategies for selective indole func-
tionalization remains a pivotal research focus in organic chemistry
(3-5). Traditional approaches leverage indoles as electron-rich nu-
cleophiles in electrophilic substitutions (6, 7), whereas recent advanc-
es emphasize site-selective C—H functionalization and cross-coupling
to incorporate functional groups (8, 9) (Fig. 1A). A seminal work by
Szmuszkovicz demonstrated indole dearomatization via Michael
addition to generate indoline scaffolds (Fig. 1B, i) (10), inspiring sub-
sequent efforts to construct three-dimensional indolines through
C2—C3 n-bond cleavage (11-13). Catalytic asymmetric dearomative
cyclization has emerged as a powerful route to fused or spiro in-
dolines prevalent in alkaloids and drugs (14-23). However, the direct
intermolecular conversion of simple indoles into 2,3-disubstituted
indolines—enantioselectively installing two distinct groups at C2 and
C3—remains elusive (23-26). Existing intermolecular catalytic asym-
metric dearomatization (CADA) strategies, such as transition metal-
catalyzed hydrogenation (27-29) or hydrofunctionalization (30, 31),
require prefunctionalization of indoles (Fig. 1B, ii). Ready elegantly
disclosed 2-lithiated indole triggered stereoselective 1,2-boronate re-
arrangement to access multisubstituted indoline (32-35).
Substantial advances in palladium-catalyzed asymmetric dearo-
mative cascade Heck reactions of indoles have enabled the construction
of diverse fused indolines (36, 37). The well-established mechanism
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for dearomative Heck reactions of indole-tethered aryl halides in-
volves intramolecular syn migratory insertion, as elegantly demon-
strated by Jia, You, Fukuyama, and Zhou (38-52). Notably, the You
group recently reported the sole example of an intermolecular Pd-
catalyzed dearomative Heck reaction using tetrahydrocyclopenta[b]
indole and aryl iodide (53). Despite progress, achieving highly regio-,
diastereo-, and stereoselective migratory insertion of one fragment
into the indole’s C2—C3 n-bond, followed by interception with an ex-
ternal fragment—specifically, intermolecular catalytic asymmetric
three-component dearomative cross-coupling of simple indoles—
remains a formidable challenge (54-60). Building on our recent
ligand-swap strategy for palladium-catalyzed enantioselective difunc-
tionalization of internal enamides and styrenes (61, 62) and inspired
by Ni-catalyzed 1,2-diarylation of unactivated alkenes with directing
groups at remote positions of C=C double bonds (63-72), we sought
to address the inherent inertness of the aromatic indole ring (Fig. 1C).
Although indoles readily undergo Pd-catalyzed direct C—H arylation
(73-75), their C=C double bond exhibits poor reactivity toward
intermolecular migratory insertion of aryl-Pd(II) species, often favor-
ing Suzuki cross-coupling between aryl boronic acids and diazonium
salts. Regioselectivity in migratory insertion further complicates
functionalization (76). Herein, we disclose the Pd-catalyzed asym-
metric intermolecular diarylation of simple indoles using aromatic
boronic acids and diazonium salts enabled by the ligand-swap strategy:
A chiral ligand ensures stereoselective migratory insertion, whereas
an achiral ligand promotes reductive elimination (61, 62). This method
delivers cis-2,3-diarylated indolines with complete regio- and dia-
stereoselectivity and high enantioselectivity, even for substrates
resistant to high-pressure asymmetric hydrogenation (29). The pro-
tocol also extends to benzofurans, enabling efficient synthesis of
chiral 2,3-dihydrobenzofuran derivatives.

RESULTS AND DISCUSSION

Reaction optimization

We initiated our study by optimizing N-protected indole substrates
(1) under conditions using 2.5 mol % [Pd(allyl)Cl], as the catalyst,
10 mol % (S)-"Pr-BiOx as the chiral ligand, 16 mol % dimethyl fumarate
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Fig. 1. Introduction of indole functionalization. (A) Classic transformation of indoles. (B) Recent advances in intermolecular dearomatization of indoles to access in-
dolines. (C) This work: Pd-catalyzed intermolecular three-component 1,2-diarylation of indoles and benzofurans.

(DMFU), and 1.0 equiv Ag,COj; as additives in fert-amyl alcohol
at 20°C, using 4-MeCsH4B(OH), (2a) and 4-MeOCsH,N,BF, (3a)
as coupling partners (Fig. 2, left). The N-Boc—protected indole (1a)
delivered cis-2,3-diarylated product 4a in 57% yield with 85:15 en-
antiomeric ratio (er), confirming regioselective migratory insertion
at the indole’s C-2 position to form a C-3-substituted benzylic pal-
ladium intermediate. Screening of N-protecting groups revealed
that carbamates (e.g., 1b and 1c) offered no significant improve-
ment, whereas N-Bz-indole (1d) markedly enhanced reactivity,
achieving 91% yield and 91.5:8.5 er. Further optimization with a
3,5-bis(trifluoromethyl)benzoyl group (1g) provided 4g in 77%
yield and 94.5:5.5 er, outperforming other substituents [e.g., Ac, Ts,

Xietal., Sci. Adv. 11, eadw4471 (2025) 30 May 2025

P(O)'Bu, (77), or Me groups; 1h to 11]. Subsequent refinement of
reaction conditions for 1g (Fig. 2, right) demonstrated the necessity
of DMFU (accelerating reductive elimination) (78-82) and Ag,CO;
(facilitating oxidative addition of diazonium salts). Adding 2.0 equiv
H,O slightly improved er (likely via enhanced diazonium solubili-
ty), although the yield remained moderate. Adjusting the concentra-
tion or temperature (15°C) proved ineffective, whereas reducing
boronic acid stoichiometry (2.0 equiv) under final optimized condi-
tions ([Pd(allyl)Cl], (2.5 mol %), (S)-'"Pr-BiOx (10 mol %), DMFU
(16 mol %), Ag.COs; (2.0 equiv), H,O (2.0 equiv), tert-amyl alcohol
(0.2 M), 20°C) afforded 4g as a single regio- and diastereomer in
80% isolated yield and 95.5:4.5 er. Reducing the chiral ligand to 5 mol
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Fig. 2. Screening of reaction conditions. Reaction conditions: indole 1 (0.1 mmol), 4-MeCgH4B(OH), 2a (3.0 equiv, 0.30 mmol), 4-MeOCsH4N,BF4 3a (2.0 equiv, 0.20 mmol),
[Pd(allyl)Cl]; (2.5 mol %, 0.0025 mmol), (S)-'Pr-BiOx (10 mol %, 0.01 mmol), DMFU (16 mol %, 0.016 mmol), and Ag,COs (1.0 equiv, 0.1 mmol) in tamyIOH (0.2 M, 0.5 ml) at
20°C for 24 hours. Isolated yields were reported, and the ers values were determined by chiral HPLC analysis. ND, no detection. “Ag,CO; (2.0 equiv, 0.20 mmol). bHZO

(2.0 equiv, 0.20 mmol) was added.

% lowered the er (91.5:8.5). It should be noted that the potential C-2
or C-3 arylated indoles derived from the competitive C—H func-
tionalization were not observed.

Substrate scopes

With optimized conditions established, we evaluated the generality
of this asymmetric three-component dearomatization across diverse
substrates (Fig. 3). For the nucleophilic coupling partners, arylbo-
ronic acids bearing para-electron-neutral or electron-withdrawing
groups (4m to 4r) delivered 2,3-diarylated indolines in good yields
(56 to 91%) and enantioselectivities (94:6 to 96:4 er). Sensitive func-
tionalities such as aldehydes (4r), halides (4p, 4s, and 4t), and nitro
groups (4u) were well tolerated, offering handles for downstream
derivatization. Sterically demanding 2-methoxyphenylboronic acid
afforded 4v in 61% yield and 95:5 er, whereas naphthyl (4w) and
dibenzofuryl (4x) boronic acids provided products with retained
stereocontrol. Electrophilic aryldiazonium salts with para- or meta-
substituents (e.g., -Me, 4z and 4ab; -OMe, 4ac; -Ph, 4aa) per-
formed robustly, yielding indolines with high enantioselectivity.
Heteroatom-rich substrates, including 1,3-benzodioxole (4ad) and
naphthalene (4ae), were compatible, although para-fluorinated dia-
zonium salts (4af) exhibited reduced er (92.5:7.5). However, strong
electron-withdrawing groups on the aryl diazonium salts, such as
ester or nitrile functionalities, are not compatible under the standard
conditions, likely due to the sluggish migratory insertion of electron-
deficient Ar-Pd(II) species.

Xietal., Sci. Adv. 11, eadw4471 (2025) 30 May 2025

We further explored indole substrate scope (Fig. 4). Substituents at
the C5 or C6 positions (-F, 4ag; -Cl, 4ah; -Me, 4ai, 4aj; -OMe, 4ak)
had minimal electronic impact, furnishing products in 51 to 80%
yield and 93:7 to 95:5 er. However, a C7-methoxy group (4al) reduced
yield (25%) due to steric disruption of the N-acyl-indole coplanarity.
Notably, C2-methylated (4am) and N-methyl formate—protected in-
doles (4an) provided fully substituted carbons in moderate yield
(38 to 40%) with good stereocontrol (90.5:9.5 to 93.5:6.5 er). Con-
versely, 2,3-dimethylated (4ao) or strongly electron-deficient indoles
(e.g., -NO; and -CN) were unreactive, highlighting the method’s sen-
sitivity to steric and electronic perturbations.

Analogous to indoles, CADA of benzofurans offers a promising
route to access stereochemically rich dihydrobenzofuran derivatives
(83, 84). Pleasingly, benzofuran 5a proved compatible with our three-
component dearomative cross-coupling protocol, regioselectively and
diastereoselectively furnishing acyclic 2,3-diarylated dihydrobenzofu-
ran 6a in 67% yield and 93:7 er—marking the stereoselective synthesis
of such scaffolds via benzofuran dearomatization (Fig. 5) (85). Ligand
screening revealed that substituting (S)-'Pr-BiOx with (§)-Cy-BiOx
improved the yield (84%) but compromised enantiocontrol (87.5:
12.5 er). X-ray crystallography confirmed 6a’s absolute configuration.
Bromo-substituted benzofurans delivered 6b with enhanced yield and
er using (S)-Cy-BiOx, whereas phenyl-substituted derivatives afforded
6c with moderate efficiency. Notably, the protocol extended to the
natural product xanthotoxin—a therapeutic agent for psoriasis, eczema,
and related conditions (86)—yielding dearomatized 6d in 64% yield

30f10



SCIENCE ADVANCES | RESEARCH ARTICLE

[Pd(allyl)Cll,, (S)-Pr-BiOx

m B(OH), N2BF,4 DMFU, Ag,CO3, H,0
+ + -
\ famylOH, 20°C

19 2 3 4

Scope of arylboronic acids

R F Br

DO (e OO GO

\ \ \

CF,

CF;

0, .
4m, R = Bu, 87%, 95:5 er 4q, 70%, 95:5 er

40, 79%, 96:4 er 4p, 56%, 95:5 er
4n, R=TMS, 91%, 95:5 er

CHO OMe

@ @m QB
DO O OO

\ \

4r, 64%, 94:6 er 4s, 63%, 97:3 er 4t, 53%, 94:6 er - CCDC: 2201976

o LD &’

4u, 77%, 92.5:7.5 er 4v, 61%, 95:5 er? 4w, 83%, 95:5 er 4x, 67%, 94.5:5.5 er
Scope of aryldiazonium salts
TMS TMS TMS TMS
s s s 5 Me
CrO O O~ o
N N N N
\ \ \ \
4y, 70%, 95:5 er 4z, 72%, 95:5 er 4aa, 57%, 95.5:4.5 er 4ab, 63%, 94.5:5.5 er
TMS T™MS TMS

0 . O o o
oS e may o

\ \
4ac, 62%, 95:5 er 4ad, 75%, 95:5 er 4ae, 38%, 95:5 er 4af, 52%, 92.5:7.5 er
Fig. 3. Substrate scope of coupling component. The reaction was performed with indole (0.1 mmol), arylboronic acid (2.0 equiv, 0.2 mmol), aryldiazonium salt (2.0 equiv,
0.2 mmol), [Pd(allyl)Cl]; (2.5 mol %, 0.0025 mmol), (S)-'Pr-BiOx (10 mol %, 0.01 mmol), DMFU (16 mol %, 0.016 mmol), Ag,CO3 (2.0 equiv, 0.2 mmol), and H,0 (2.0 equiv,
0.2 mmol) in 'amylOH (0.2 M, 0.5 ml) at 20°C. Isolated yields were reported, and the ers were determined by chiral HPLC analysis. All reported data represent single runs.

TMS, trimethylsilyl. “Arylboronic acid (3.0 equiv, 0.30 mmol), diphenyl fumarate instead of DMFU, Ag,COj3 (1.0 equiv, 0.10 mmol), and without H,0.
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and 98.5:1.5 er, demonstrating applicability to complex, bioactive mol-
ecules. However, C2-substituted benzofuran 5e and benzothiophene
5f remained unreactive under current conditions, highlighting ongo-
ing challenges in substrate scope.

To gain deeper insight into the reaction mechanism and the ori-
gins of enantioselectivity, we conducted density functional theory
(DFT) calculations at the M06(SMD)/def2-TZVPP//B3LYP-D3(BJ)/
SDD&6-31G(d) level of theory (see the Supplementary Materials for
computational details). The experimentally used N-protected indole
1g, arylboronic acid 2a, and aryldiazonium cation 3a’ were selected
as model substrates (Fig. 6A). Starting from 3a’-Pd complex IM1,
the C—N oxidative addition takes place via N, extrusion transition
state TS1, requiring an energy barrier of only 2.7 kcal/mol relative to
IM1. This step is highly exergonic, with resulting intermediate IM2
being 35.1 kcal/mol more stable than IM1. Next, coordination of the
C=C double bond of 1g to the Pd center leads to more stable inter-
mediate IM3, from which migratory insertion occurs via transition
state TS2, yielding intermediate IM4. Subsequent transmetalation
with 2a-AgCO; proceeds through transition state TS3, resulting in
the formation of B(OH),—AgCO; and intermediate IM5. The cata-
lytic cycle is completed by C—C reductive elimination, which repre-
sents the rate-determining step of the overall reaction. However, the
direct C—C reductive elimination from IM5 via transition state TS4
is kinetically challenging, with an energy barrier of 24.3 kcal/mol.

Xietal., Sci. Adv. 11, eadw4471 (2025) 30 May 2025

Alternatively, although the formation of IM6 through ligand ex-
change between IM5 and DMFU is thermodynamically unfavorable,
the subsequent C—C reductive elimination from IM6 via transition
state TS5 is 7.8 kcal/mol lower in energy than TS4 (—61.3 versus
—69.1 kcal/mol). These findings are in accordance with the experi-
mental results, underscoring the important role of DMFU in facili-
tating the reaction. This effect is likely due to the electron-poor
nature of DMFU compared to (S)-'Pr-BiOx, which renders the Pd
center more electron-deficient and thereby promotes C—C reductive
elimination. Last, ligand exchange between the resulting intermedi-
ate IM7, (S)-'Pr-BiOx, and 3a’ delivers the final product 4g and re-
generates intermediate IM1.

The computations indicate that enantioselectivity is determined
by the migratory insertion step. Specifically, transition state TS2 is
1.8 kcal/mol lower in energy than TS2" (—33.3 versus —31.5 kcal/
mol; Fig. 6B), aligning well with the experimentally observed enan-
tioselectivity. The structural analysis shows that enantioselectivity
primarily stems from steric repulsion between the N-protected in-
dole and one of the isopropyl groups of (S)-'Pr-BiOx. In TS2, the
N-protected indole is predominantly located in the less hindered
quadrant I, whereas in TS2’, it is mainly positioned in the more ste-
rically congested quadrant IV. Consequently, steric repulsion be-
tween the N-protected indole and the isopropyl group makes TS2’
higher in energy than TS2. On the basis of the literature reports and
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our mechanistic results (62, 80-82), we propose the following plau-
sible mechanism (Fig. 6C). The reaction was initiated with oxidative
addition of Pd(0) catalyst, leading to aryl palladium(II) species
A. Next, the aryl palladium(II) species underwent stereoselective
migratory insertion with indole to deliver a chiral benzylic palladi-
um intermediate B. We speculate that the stabilization of the ben-
zylic palladium intermediate circumvents the undesired B-hydride
elimination pathway. Subsequently, the arylboronic acid can inter-
cept Pd species B in a transmetalation event to yield intermediate C,
which would then undergo rapid ligand swap to yield intermediate
D. The electron-deficient fumarate ligand could promote the reduc-
tive elimination to release the desired chiral indolines 4 and regen-
erate Pd(0) to close the cycle.

Treatment of 4g with "BuLi at 0°C allows the cleavage of the N-
3,5-bis(trifluoromethyl)phenyl-acyl group to deliver the correspond-
ing N—H-containing 2,3-diarylated indoline 7 with maintaining the
enantiomeric excess, which could potentially be carried for further
transformations (Fig. 7).

In summary, we developed a palladium-catalyzed intermolecular
asymmetric dearomatization of simple indoles and benzofurans via
a three-component cross-coupling reaction with aryl diazonium
salts and boronic acids. A ligand-swap strategy using a chiral BiOx
ligand and an achiral fumarate ligand proved critical to achieving
exceptional stereo-, regio-, and chemoselectivity. This method pro-
vides direct access to enantioenriched 2,3-diarylated indolines and
dihydrobenzofurans bearing two contiguous stereocenters in moderate

Xietal., Sci. Adv. 11, eadw4471 (2025) 30 May 2025

to excellent yields and enantioselectivities. Further exploration of the
multicomponent asymmetric dearomative reaction of aromatic com-
pounds and synthetic applications will be described in due course.

MATERIALS AND METHODS

General experimental procedures

Unless otherwise noted, materials were purchased from commercial
suppliers and used without further purification. All catalytic reac-
tions were carried out using oven-dried glassware and deoxygenated
solvents under a dry nitrogen atmosphere. A glove box was used to
handle extremely air-sensitive and moisture-sensitive reagents and
reactions under a nitrogen atmosphere [oxygen and moisture levels
were maintained at 0 to 2 parts per million (ppm) at all times].
tAmleH was distilled over CaH,; N,N’-dimethylformamide (DMF)
(CAS 68-12-2) was purchased from Adamas [99.8%, SafeDry, water
< 50 ppm (by K.E), SafeSeal]; [Pd(allyl)Cl], was purchased from
Sinocompound; DMFU (CAS 624-49-7) was purchased from D&B;
Ag,CO;3 (CAS 534-16-7) was purchased from Bidepharm. Reactions
were monitored by thin-layer chromatography (TLC) carried out on
0.20-mm Huanghai silica gel plates (HSGF 254) using ultraviolet
light as the visualizing agent and ceric ammonium molybdate solu-
tion (CAM) and an acidic solution of phosphomolybdic acid (PMA)
with heat as the stains. All new compounds were characterized by
means of 'H nuclear magnetic resonance (NMR), 3C NMR, PF
NMR, and high-resolution mass spectrometry (HRMS). NMR spectra
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were recorded using a Bruker AVANCE III or Agilent 400-MHz
NMR spectrometer and can be found at the end of the paper. High-
resolution mass spectra were recorded on a Q Exactive plus 4G mass
spectrometer using an ESI-Quadrupole-Orbitrap LC-MS. High-
performance liquid chromatography (HPLC) was performed on a
SHIMADZU LC-2030 Plus and SIL-20A. Optical rotations were re-
corded on digital automatic polarimeter (WZZ-2S). Melting points
were obtained for all crystalline solids on an INESA SGW X-4
Melting-Point Apparatus with a microscope. Single-crystal x-ray
diffraction data were collected at 293(2) K on a Bruker D8 Venture
diffractometer. All '"H NMR data are reported in § units, ppm,
and were calibrated relative to the signals for residual chloroform
(7.26 ppm) in deuterochloroform (CDCl;). All 13C NMR data are
reported in ppm relative to CDCl; (77.16 ppm). "’F NMR was re-
corded on a Bruker AVANCE III 400 NMR spectrometer (CFCl; as
an external standard and low field is positive), and data were ob-
tained with "H decoupling.

General procedure for asymmetric 1,2-diarylation of indoles
To a dried sealed vial, [Pd(allyl)Cl], (0.9 mg, 0.0025 mmol, 2.5 mol
%), (S)-'Pr-BiOx (2.2 mg, 0.01 mmol, 10 mol %), and DMFU (2.3 mg,
0.016 mmol, 16 mol %) were added. Then, arylboronic acid (0.2 mmol,
2.0 equiv), aryldiazonium salt (0.2 mmol, 2.0 equiv), Ag,COs (55.2 mg,
0.2 mmol, 2.0 equiv), and indole (0.1 mmol, 1.0 equiv) were subse-
quently added. The vial was transferred into a glove box, and H,O
(0.2 mmol, 2.0 equiv) and tamleH (0.5 ml, 0.2 M) were added
in sequence. The vial was then taken out from the glove box and
stirred at 20°C. After the reaction was completed, the mixture was
filtered through a short pad of silica gel with CH,Cl, eluent and
concentrated under reduced pressure by rotary evaporation. The de-
sired product was purified by preparative TLC to provide the de-
sired indolines.

Supplementary Materials
This PDF file includes:
Supplementary Text

Tables S1to S10

Figs.S1to S3
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