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Transition-metal catalyzed asymmetric hydrofunctionalization of unsaturated hydrocarbons has emerged
as an efficient method to access diverse chiral value-added compounds. In contrast, asymmetric sequen-
tial hydrofunctionalization cyclization, which could incorporate two functional groups across carbon—
carbon multiple bonds to construct chiral complex cyclic compounds, has only been sporadically
explored. Herein, we report a palladium-catalyzed asymmetric sequential hydroalkylation and hydroami-
nation of readily available 1,3-enynes with 3-hydroxyindoles. This redox-neutral process provides an
efficient route for constructing a broad spectrum of enantioenriched pyrido[1,2-alindoles and derivatives
with high atom- and step-economy. Preliminary mechanistic investigations reveal that this transformation
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proceeds via an intermolecular enyne hydroalkylation pathway to produce an allene intermediate.
Subsequent intramolecular hydroamination of the allene intermediate occurs via an axial-to-center chir-
ality transfer process. Density functional theory (DFT) studies were conducted to probe the origin of
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1. This palladium-catalyzed asymmetric sequential hydroalkylation/hydroamination of 1,3-enynes achieves 100% atom economy under redox-neutral con-

ditions, minimizing waste by incorporating all atoms of the starting materials into the final products.
2. This asymmetric sequential hydrofunctionalization cyclization can install two distinct functional groups across the unsaturated hydrocarbons in one pot

with excellent step economy.

3. The enantioenriched pyrido[1,2-a]indoles and derivatives are constructed with high efficiency with excellent chemo-, enantio-, and diastereo-selectivity (up
to >20:1 rr, >20: 1 dr, 97% ee). The gram-scale capability further underscores the practical efficiency and sustainability of this methodology.

Introduction

With increasing concerns about environmental sustainability,
preparing value-added molecules such as bioactive com-
pounds and pharmaceuticals, from readily available materials
in a redox-neutral, atom- and step-economical manner has
been a hot topic for the synthetic and medicinal communities.
One of the versatile strategies to achieve this goal is to develop
transition-metal catalyzed hydrofunctionalization of unsaturated
hydrocarbons, which provides synthetically valuable products
with 100% atom utilization.> Over the past decades, great efforts
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have been made in the catalytic asymmetric hydrofunctionaliza-
tion of alkenes,® alkynes,* allenes,” and dienes,’ facilitating the
construction of alkyl and allyl compounds. Recently, the asym-
metric hydrofunctionalization of conjugated enynes has garnered
attention and warrants further study. In this context, the groups
of Buchwald, Hoveyda, Malcolmson, Engle, He and Luo have
independently gained elegant achievements for the synthesis of
optically pure allene and propargyl compounds (Scheme 1a).”
However, these advancements have predominantly concentrated
on the introduction of a single functional motif onto unsaturated
hydrocarbons.

Sequential reactions, which could incorporate several trans-
formations into a single sequence, represent a powerful strat-
egy to rapidly install two or more functional groups to con-
struct complex molecules in a step-economical fashion.® In
this regard, asymmetric sequential hydrofunctionalization of
conjugated enynes provides a unique approach to assembling
structurally diverse chiral cyclic compounds. Nevertheless,
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a) Catalytic asymmetric hydrofunctionalization of 1,3-enynes (developed)
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b) Catalytic asymmetric sequential hydrofunctionalization of 1,3-enynes (underdeveloped)
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c) This work: Pd-catalyzed asymmetric sequential hydroalkylation and hydroamination of 1,3-enynes with 3-hydroxyindoles
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Scheme 1 Catalytic asymmetric hydrofunctionalization of 1,3-enynes.

only a few asymmetric variants have been disclosed to date. In
2021, the Shao group developed a palladium-catalyzed sequen-
tial hydroalkylation of 1,3-enynes (double C-C bond for-
mation) to produce a panel of chiral spiro compounds in good
yields.” In 2022, Meng and coworkers described a Co-catalyzed
sequential hydrosilylation of 1,3-enynes (double C-Si bond for-
mation) to generate enantioenriched cyclic alkenylsilane
scaffolds with a high level of enantioinduction.'® In addition,
our group reported a Pd-catalyzed sequential hydroamination
of 1,3-enynes and ureas via the formation of double C-N
bonds, yielding valuable chiral imidazolidinone architectures
(Scheme 1b).'* Despite this progress, the installation of two
distinct functional groups via the asymmetric sequential
hydrofunctionalization of enynes has thus far proven elusive."

As an extension of our interest in the catalytic hydrofunctio-
nalization of unsaturated hydrocarbons,""" we seek to inte-
grate hydroalkylation and hydroamination with 3-hydroxyin-
doles as nucleophiles, fulfilling the more challenging asym-
metric sequential hydrofunctionalization of 1,3-enynes
(Scheme 1c). However, the realization of this procedure in one
pot presents several sticky issues. (1) The reaction might termi-
nate prematurely at the first stage, leading to the formation of
allene or diene products. (2) Both 3-hydroxyindoles and 1,3-
enynes contain multiple reaction sites, complicating precise

This journal is © The Royal Society of Chemistry 2026

control over chemo- and regioselectivity. (3) Achieving control
over the enantioselectivity and diastereoselectivity of the pro-
ducts poses an additional challenge.

Herein, we report an unprecedented palladium-catalyzed
asymmetric sequential hydroalkylation and hydroamination

Table 1 Optimization of the racemic reaction conditions®?<

OH
[Pd] (10 mol %)
A\ COMe + /\ Xantphos (20 mol %)
” Ph PhCOOH (20 mol %)
solvent, 80 °C, 48 h
1a 2a rac-3aa

Entry [Pd] source Solvent Yield (%) dr

1 Pd(OAc), DCM 30 10:1
2 Pd(OAc), 1,4-Dioxane 54 15:1
3 Pd(OAc), Toluene 59 13:1
4 Pd(acac), Toluene 65 >20:1
5 [Pd(r-allyl)Cl], Toluene 75 >20:1

“Standard conditions: 1a (0.2 mmol), 2a (0.4 mmol), [Pd] (10 mol%),
Xantphos (20 mol%), PhnCOOH (20 mol%), solvent (1.0 mL), at 80 °C
under an Ar atmosphere for 48 h. ?Isolated yield. ° The dr values were
determined by crude "H NMR.
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reaction between 3-hydroxyindoles and 1,3-enynes to yield
optically pure pyrido[1,2-alindoles and derivatives in good
efficiency. This process demonstrates excellent regio-,
chemo-, and stereoselectivities, along with commendable
atom- and step-economy. These scaffolds constitute a struc-
turally fascinating part of indole alkaloids, which are preva-
lent in a variety of natural products and bioactive com-
pounds.' Preliminary mechanistic studies disclose that this
consecutive reaction proceeds through an intermolecular
enyne hydroalkylation pathway to yield an allene intermedi-
ate. The subsequent intramolecular hydroamination of the
allene intermediate involves an axial-to-center chirality trans-
fer process.

Table 2 Optimization of the asymmetric reaction conditions®?<

View Article Online
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Results and discussion
Optimization studies of the racemic process

To validate the feasibility of this strategy, we commenced our
investigation on the racemic process with commercially avail-
able 3-hydroxyindole-2-carboxylate 1a and enyne 2a as model
substrates. Employing Pd(OAc), as the catalyst, Xantphos as
the ligand, PhCOOH as the acid additive and DCM as the reac-
tion medium, we successfully isolated product 3aa in 30%
yield with 10:1 dr (Table 1, entry 1). Subsequent optimization
identified that Pd(acac), or [Pd(z-allyl)Cl], as the catalyst and
toluene as the solvent significantly enhanced both productivity
and diastereoselectivity (Table 1, entries 2-5).

OH

[Pd] (10 mol %)
A o // A Ligand (20 mol %)
2 Ph i o
N Acid (20 mol %)
H Solvent, 80 °C, 48 h
1a 2a

with [Pd(n-allyl)Cl], as the catalyst, PhCOOH as an acid additive and tolue

o} o}
L, O
PPh, o PPh, o PAr; Ao
PPh, o PPh, o PAr,
T (I
o} o}

L1, 57%
-68% ee, >20:1 dr

thpﬂpcyz CV2P>QPCy2
o F
@ @

M
L6, 62% L7, 35%
73% ee, >20:1 dr 78% ee, >20:1 dr

L2, 54%
81% ee, >20:1 dr

1)
( BU|)2P>.ﬁ$PPh2
H =
Me F|e

L8, 68%
82% ee, >20:1 dr

L9, Ar = p-CF3Ph, 50%

ne as the solvent

o

L3, 31%
-78% ee, 11:1 dr

PPh,

MeO. ! PPh,

LS, 21%
71% ee, >20:1 dr

Q.

L4, 29%
-73% ee, >20:1 dr

1)
(Bu)fﬁPArz (Bu), >QPN2 (Bu) Pﬂpcyz
H™ = =
ne ¢ H e

@

L10, Ar = 2-furyl, 65%
64% ee, >20:1 dr

>N

L11, 35%

70% ee, >20:1 dr 78% ee, >20:1 dr

Entry [Pd] source Solvent Additive T/°C Yield (%) e (%) dr

1 Pd(n-allyl)Cl], Toluene PhCOOH 80 68 82 >20:1
2 Pd(r-allyl)Cl], PhCF; PhCOOH 80 75 86 >20:1
3 Pd(r-allyl)Cl], Mesitylene PhCOOH 80 76 82 >20:1
4 Pd(r-allyl)Cl], THF PhCOOH 80 65 67 15:1
5 Pd(dba), PhCF; PhCOOH 80 71 86 >20:1
6 Pd(OAc), PhCF; PhCOOH 80 63 81 >20:1
7 Pd(acac), PhCF; PhCOOH 80 72 84 >20:1
8 Pd(r-allyl)Cl], PhCF; 4-F-C¢H,COOH 80 70 85 >20:1
9 Pd(n-allyl)Cl], PhCF; PhMe,CCOOH 80 53 82 >20:1
10 Pd(r-allyl)Cl], PhCF; Ph;CCOOH 80 67 84 >20:1
11 Pd(n-allyl)Cl], PhCF; 1-AdCOOH 80 65 82 >20:1
12 Pd( -allyl)Cl], PhCF; PhCOOH 60 71 90 >20:1
13 Pd(r-allyl)Cl], PhCF; PhCOOH 50 68 90 >20:1
14 Pd(r-allyl)Cl], PhCF; PhCOOH 40 63 92 >20:1
15 Pd(r-allyl)Cl], PhCF; PhCOOH 30 60 95 >20:1
16 Pd(r-allyl)Cl], PhCF; PhCOOH 30 86 (84)° 95 >20:1
174 Pd(n-allyl)Cl], PhCF; — 30 23 80 >20:1

“Reaction condltlons 1a (0.2 mmol), 2a (0.4 mmol), [Pd] (10 mol%), ligand (20 mol%) and acid (20 mol%) in solvent (1.0 mL), under an argon

atmosphere.

HPLC analysis. ¢ 72 h. ¢ Isolated yield.
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Ylelds of 3aa were determined by GC with n-dodecane as the internal standard. “ The dr and ee values were determined by chiral
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Optimization studies of the asymmetric process

Encouraged by the success in racemic transformation, we
endeavored to interpret this transformation into an enantio-
selective process. Combined with [Pd(n-allyl)Cl], as the cata-
lyst, PhCOOH as the acid additive and toluene as the solvent, a
variety of chiral BINAP-type bisphosphines were evaluated
(Table 2, L1-L4). When (S)-SEGPHOS (L2) was employed as the
chiral ligand, product 3aa could be achieved in 54% yield with
81% ee and >20:1 dr. Modifying the electronic and steric pro-
perties of the ligands resulted in inferior outcomes (L3 and
L4). Upon assessing biphenyl-type and JosiPhos-type chiral
ligands, L8 emerged as the optimal, furnishing 3aa in 68%
yield with 82% ee. Solvent screening indicated that PhCF; pro-
vided the best results (Table 2, entries 1-4). Exploration of the
palladium catalysts revealed that [Pd(r-allyl)Cl], was the most
promising one (Table 2, entries 5-7). Different types of acids
were then examined, but no superior yield and enantio-
selectivity were obtained (Table 2, entries 8-11). Next, lowering
the reaction temperature can efficiently boost the ee values
(Table 2, entries 12-15), and the enantioselectivity could be
increased to 95% when the reaction was carried out at 30 °C
(Table 2, entry 15). Elongation of the reaction time to 72 h
afforded the product 3aa in 84% isolated yield with 95% ee
and >20: 1 dr (Table 2, entry 16). Notably, in the absence of an
acidic additive, the transformation still proceeded, albeit with
reduced yield and enantioselectivity (Table 2, entry 17), under-
scoring the critical role of the acidic additive in this reaction.
The absolute configuration of 3aa was confirmed by X-ray diffr-
action and those of others were assigned by analogy.

Substrate scope in asymmetric transformation

Having determined the optimal conditions, we then investigated
the substrate scope of 3-hydroxyindoles. As illustrated in Table 3,
a preliminary examination of ester groups at the C2-position was
initially performed. Switching the methyl group to other alkyl
groups, such as ethyl and benzyl, this reaction could proceed
smoothly as well and delivered 3ba and 3ca in 74% and 73%
yields, respectively. A bulkier tertiary butyl group was also compa-
tible with this catalytic system, yielding product 3da in 63% yield
with 91% ee and 14:1 dr. However, amide-substituted product
3ea could only be isolated in 43% yield even under 60 °C for 5
days, with 50% starting material recovered. Both electron-donat-
ing (-Me and -OMe) and electron-withdrawing (-F, -Cl, and
—-CO,Me) substituents at various positions of the aromatic rings
were well tolerated, generating products 3fa-na in 61-88% yields
with 93-96% ee and >20:1 dr. In addition, polyaromatic fused
rings, such as substrate 10a, underwent this sequential hydroalk-
ylation and hydroamination reaction smoothly, furnishing 3o0a in
84% yield with 94% ee.

Subsequently, we directed our focus towards exploring the
substrate scope of conjugated enynes (Table 4). The reaction
involving enynes with electron-donating and electron-with-
drawing substituents at the para-position of the phenyl ring
generated chiral polycyclic indolines 3ab-ad and 3af in
72-88% yields with 93-96% ee. The introduction of a trifluoro-

This journal is © The Royal Society of Chemistry 2026
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Table 3 Substrate scope of 3-hydroxyindoles®<

R! OH
A Ph
N

1 2a
(o}
LOMe
N
Y
Ph

3aa, 84%, 95% ee

[Pd(n-allyl)Cl], (5 mol %) R
L8 (20 mol %) e

PhCOOH (20 mol %)
PhCF3, 30 °C, 72 h

o]
LOzBn
N
Y
Ph

3ca, 73%, 92% ee

3ba, 74%, 94% ee

o) o) o)
CO,Bu CONMePh  Me LOMe
N N N
/ / /
PR PR Ph
3da, 63% 3ea, 43% % 5
91% oo, 14:1 dr 79% ce, 6.3:1 drt 3fa, 85%, 94% co
o) o) o)
MeO COo,Me F LO,Me Cl LOMe
N N N
Y / /
PH PH PH

3ga, 86%, 94% ee 3ha, 72%, 94% ee®

o) o] e}
$02Me \\COZMe
MeO,C N y
h

CO,Me
PH PH P

3ia, 78%, 94% ee

Cl

3ja, 84%, 94% ee

0
MeO. CO,Me
MeO' N
/
P

3ma, 88%, 96% ee

3ka, 79%, 94% ee 3la, 61%, 93% ee

(o]

30a, 84%
94% ee, 19:1 dr

3na, 76%, 96% ee®

“Reaction conditions: 1 (0.2 mmol), 2a (0.4 mmol), [Pd(z-allyl)Cl],
(5 mol%), L8 (20 mol%) and PhCOOH (20 mol%) in PhCF; (1.0 mL),
30 °C, 72 h, under an argon atmosphere. All products were obtained
with >20: 1 dr, unless otherwise stated. © Isolated}lield. “The dr and ee
values were determined by chiral HPLC analysis. “ 60 °C, 5 d. “ 96 h.

methyl group was also tolerated, delivering product 3ae in
60% yield, albeit with the concomitant formation of a diene
byproduct. Functional groups such as NHBoc (3ag), Bpin (3ah)
and unprotected hydroxyl (3ai) were all well accommodated,
maintaining good yields (64-85%) and stereoselectivities
(90-94% ee, >20:1 dr). Excellent outcomes were also observed
when meta-methyl, fluoride, chlorine and 3,5-dimethoxy were
incorporated on the phenyl ring. In addition to aryl moieties,
other fused arenes and heterocycles, such as naphthalene (2n),
thiophene (20), indole (2p), furan (2q), pyridine (2r) and para-
zole (2s), were all compatible with this transformation, deliver-
ing the desired products 3an-as in 52-88% yields with 90-97%
ee. Switching the aromatic rings to a cyclohexene motif, this
reaction performed smoothly as well and compound 3at was
isolated in 66% yield with 90% ee. Efforts to broaden the diver-

Green Chem., 2026, 28, 3232-3242 | 3235
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sity of enyne substrates, such as alkyl enynes and those with ing L2 as the chiral ligand enabled the reaction of 2v to gene-
substituents at R*, proved unsuccessful under the standard rate 3av with good stereoselectivity, although in a lower yield at
conditions. Under slightly modified conditions (with L9 as the the expense of concurrent diene byproduct formation. The
chiral ligand), 3au was obtained in 50% yield and 81% ee, practicality of this protocol was assessed in the late stage
while the diene byproduct was also formed. In addition, utiliz- sequential hydrofunctionalization of enynes derived from

Table 4 Substrate scope of 1,3-enynes®?<

OH R4 [Pd(x-allyl)Cl], (5 mol %)
A .\ L8 (20 mol %) =
» COzMe V4 PhCOOH (20 mol %)
H R® PhCF3, 30 °C, 72 h
1a 2

MeO,C BocHN

3ab, 88%

[ 0 o o
94% eo, 18:1 dr 3af, 78%, 96% ee 3ag, 85%, 92% ee

(pin)B HOH,C

3al, 76%
93% ee, 19:1dr

(0]

3ah, 76%, 94% ee 3ai, 64%, 90% ee® 3aj, 74%, 93% ee

3at, R = cyclohexenyl
73%, 94% ee 66%, 90% ee, 10:1 dr
3ao, R = 3-thiophene 3ap, 88%, 93% ee 3aq, 52%, 90% ee 3au, R = -CH,Bn

82%, 94% ee 50%, 81% ee, 15:1 drf

3an, R = 2-naphthyl

E Me Me

: QXO

' \ 0

: 0 o

: Me "

: o
3av, 36% : 3aw, f 3ax, from diacetone-D-gal 3ay, f hanic acid
% 6. 16:1 drg : aw, from naproxen ax, rrom diacetone-D-ga actose ay, from camphanic aci

94% ee, 16: : 86%, >20:1 dr” 90%, >20:1 dr’ 57%, >20:1 dr’

“Reaction conditions: 1a (0.2 mmol), 2 (0.4 mmol), [Pd(r-allyl)Cl], (5 mol%), L8 (20 mol%) and PhCOOH (20 mol%) in PhCF; (1.0 mL), 30 °C,
72 h, under an argon atmosphere. All })roducts were obtained with >20: 1 dr, unless otherwise stated. ® Isolated yield. ° The dr and ee values were
determined by chiral HPLC analysis. % 40 °C. °50 °C, 96 h./L9, 50 °C, 72 h. L2 (20 mol%), 80 °C, 48 h. " The dr values were determined by 'H
NMR.
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diverse biologically active molecules. Specifically, the reaction
proceeded smoothly with enynes tethered to pharmaceuticals
such as naproxen (2w), diacetone-p-galactose (2x), and cam-
phanic acid (2y) to produce the target adducts in 57-90%

View Article Online
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Mechanistic studies

Based on previous reports,”' we hypothesized that the inter-
molecular hydroalkylation of 3-hydroxyindole 1 and enyne 2

yields with >20: 1 dr. should form an allene intermediate. Subsequent intra-
a) Intermediate monitoring under chiral conditions
OH [Pd(r-allyl)Cl], (5 mol %) pone d
A L8 (20 mol %) S Z
S—coMe * Z —Emn Z e
2He Ph T PHCOOH (20 mol %)
N (20 mol %) COZMe
H PhCF3, 30 °C, 12 h
1a 2a 388, 23% 4, nd
b) Intermediate monitoring under racemic conditions
OH Pd(acac), (10 mol %) COzMe ;\ O
mco Ve * /\ Xantphos (20 mol % A pn ©j/gMph
2
N Ph PhCOOH (20 mol %) N CO,Me N CO,Me
H Toluene, 50 °C, 60 h H H
1a 2a rac-3aa, 20% rac-4, not detected rac-5, 55%

c) Intramolecular hydroamination of an allene intermediate

3aa, 64%, 96% ee, >20:1 dr 4, 96% ee, >20:1 dr

d) Intramolecular hydroamination of andiene intermediate

[Pd(r-allyl)Cl], (5 mol %)
L8 (20 mol %)

o] PhCOOH (20 mol %)

PhCFa, 30 °C, 72 h
N Ph
N To,Me ]
H

3aa, not detected
+
5,96% ee
fully recovered

5,96% ee
[Pd(r-allyl)CI], (5 mol %) 3aa, 20%
L8 (20 mol %) 96% ee, 19:1 dr
[ L 4
PhCOOH (20 mol %) 5
50°C,72h
PhEFe ’ 52%, 96% ee

e) Deuterium-labeling experiments

oD —>>95%D

N—co,Me

N

D—>>95% D

[Pd(r-allyl)Cl], (5 mol %)
L8 (20 mol %)

1a-D
. PhCOOD (20 mol %)
PhCF3, 30 °C, 72 h
N 69%D/D D—>72%
=z
Ph 3aa-D, 65%
2a

0
CoMe  Pd(acac); (5 mol %) o) H
S Xantphos (20 mol %) %Ph
_apantphosi(Z20imol ™). ; —
N PhCOOH (20 mol %) N CoMe
P Toluene, 80 °C, 48 h H

[Pd(r-allyl)Cl], (5 mol %)
L8 (20 mol %)

PhCOOH (20 mol %)
PhCF3, 30 °C, 72 h

\\cone
- E):‘g/\/\)h
%OzMe

3aa, 37%, 96% ee, >20:1 dr 5, 39%, 96% ee

o
N To,Me
H

3aa, 71%, 96% ee, >20:1 dr

[Pd(m-allyl)Cl], (5 mol %)
L8 (20 mol %)

PhCOOH (20 mol %)
PhCF3, 50 °C, 72 h

5, trace

f) Proposed mechanism
Pd" +L

HX, 3

Pdo

H-| Pd"X
L
A
2 selective
HN— PR X . insertion
| H byl
o s, S
R pdi-L ,
B-2
0 R 7 c-2 isomerization'| "\,
ri X <COR PddL s
q , R3 —
Z N ., /\ . . .
isomerization B-1
HX
COR2
1
3,3-reductive elimination
|| R3
Cc1

Scheme 2 Mechanistic studies.
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molecular hydroamination of the allene was expected to
produce the corresponding polycyclic indoline 3. To verify this
hypothesis, the reaction of 1a with enyne 2a was carried out
under the standard conditions and quenched after 12 h. Then,
the product 3aa was isolated in 23% yield, with considerable
amounts of 1a remaining. However, the allene intermediate 4
was not detected (Scheme 2a). Furthermore, we attempted the
synthesis of an allene intermediate in the presence of Pd
(acac), and Xantphos. When the reaction was performed at
50 °C, rac-3aa was formed in 20% yield, along with diene rac-5
in 55% yield. Again, allene rac-4 was not detected (Scheme 2b).
To gain insight into the reaction process, we prepared enantio-
enriched allene 4 via a palladium-catalyzed allylic reaction of
allenyl carbonate (see the SI for more details)."” Treatment of
allene 4 with Xantphos as the ligand afforded product 3aa in
64% yield with 96% ee and >20:1 dr. Subsequently, allene 4
was subjected to asymmetric conditions with L8 as the ligand,
resulting in the intramolecular hydroamination product 3aa in
37% yield, along with 39% yield of diene 5 in 96% ee.

Ph

Ehz \S th \S
Fe Spdi Pd” \s
Ph %j B 0w e
Phy S Mg ! Bu Ph; \)\\(Ph Mef ' oy
X , QKP\ 8
%) ]
TS-D-1-§ %f /Pd\o H COOMe TS-D-1-R
1)
44G* = 1.3 keal/mol Mg’ POBUTNEN 44G*= 0.0 keal/mol
c-1

TS-D-1-S

TS-E-Z-R TS-E-Z-S

AG* = 15.2 kealimol

Scheme 3 Enantioselective model.
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Compound 3aa was obtained in 71% yield with trace diene
detected when the reaction was carried out at 50 °C
(Scheme 2c). These data indicated that chiral allene 4 could
efficiently transform into enantiopure 3aa via axial-to-center
chirality transfer. Moreover, the diene product might be gener-
ated via Pd-H migratory insertion of allene followed by -H
elimination.®™'® These observations prompted us to speculate
that diene might also serve as an intermediate in this Pd-cata-
lyzed asymmetric sequential hydrofunctionalization reaction.
To corroborate this hypothesis, chiral diene 5 was subjected to
the conditions with L8 as the ligand, but the diene was fully
recovered (Scheme 2d, top panel). When the reaction was per-
formed at 50 °C, product 3aa was isolated in 20% yield
with 96% ee (Scheme 2d, bottom panel). Collectively, these
observations suggest that allene acts as the crucial intermedi-
ate of this sequential hydrofunctionalization, whereas
diene was the by-product, as it cannot be converted into the
target product under standard conditions. Furthermore,
deuterium-labeling experiments were conducted. As shown in

TS-D-1-R

, MeooC, N
Phy 2 2 Ph
P\ 2ty =~ /
Pl H e
/ 5 e H

d”

Ry, K 0g L
\, P\
Me'Bu/ Bu é Me [Bu
u l

TS-E-E-R
AG* = 24.5 kcal/mol

TS-E-E-S
AG* = 22.6 kcal/mol
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Scheme 2e, the reaction of 3-hydroxyindole 1a-D with enyne
2a in PhCF; in the presence of PhCOOD provided 3aa-D in
65% yield, exhibiting 69% and 72% deuterium incorporation
at the a- and p-positions, respectively. This result indicated
that this reaction might involve two successive Pd-H migratory
insertions.

Based on the above mechanistic studies and detailed
density functional theory (DFT) calculations (see the SI for
details), a plausible catalytic cycle for this reaction of conju-
gated enynes and 3-hydroxyindoles is proposed in
Scheme 2f.”'" Oxidative addition of Pd(0) with the acid affords
PdH species A. Regioselective alkyne insertion to the PdH
species A leads to the formation of n'-butadienyl-Pd intermedi-
ate B-1, which could be reversibly converted to the allenylic-Pd
intermediate B-2 via isomerization. Ligand exchange between
3-hydroxyindole 1 and intermediate B-1 or B-2 affords inter-
mediates C-1 or C-2, respectively. Due to the considerable
energy barrier derived from computational studies, the
pathway involving direct 1,1"-reductive elimination from inter-
mediate C-2 is energetically disfavored and can be effectively
precluded. The chiral carbon center of the indole skeleton is
mainly established via enantioselective 3,3-reductive elimin-
ation from intermediate C-1 (Scheme 3). The reaction proceeds
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preferentially through transition state TS-D-1-R via a 3,3-elim-
ination pathway, which features an energy barrier of 1.3 kcal
mol ™" lower than that of the competing pathway via TS-D-1-8,
thereby kinetically favoring the formation of the chiral allene
intermediate 4 with R-configuration. To elucidate the origin of
enantioselectivity, non-covalent interactions between the sub-
strate and the chiral ligand moiety in transition states TS-D-1-
R and TS-D-1-S were analyzed using the Independent Gradient
Model based on Hirshfeld partition (IGMH)."” Structural ana-
lyses indicate that the more favorable transition state TS-D-1-R
is stabilized by enhanced hydrogen-bonding interactions
between C-H bonds of the chiral ligand and the oxygen atom
of the indole framework. These interactions contribute signifi-
cantly to the reduced activation energy barrier of TS-D-1-R,
making it 1.3 kcal mol™" lower than that of TS-D-1-S. The
direct electrophilic attack by the proton of benzoic acid on the
palladium-activated allene intermediate D governs the enantio-
selectivity of the second stereocenter in the product. The
pathway proceeding through the transition state TS-E-Z-R to
form intermediate E exhibits an energy barrier of 12.8 kcal
mol ™', representing the kinetically most favorable route.
Compared to the analogous pathway through the transition
state TS-E-Z-S, the formation of intermediate E proceeds with

8, 86%
92% ee, >20:1 dr

9, 87%
94% ee, >20:1 dr

10, 90%
94% ee, >20:1 dr

1, 87%
93% ee, >20:1 dr

S

o 0
@(\NH 0
A‘\\\OH
4
Ph QS
OH
12, 83% 13, 75% 14, 75%

95% ee, >20:1 dr 96% ee, >20:1 dr

Scheme 4 Further study. Reagents and conditions: (i) for the synthesis of 6: NBS (1.2 equiv.), THF/H,O (9:1), rt, 6 h; for the synthesis of 7: AuCls
(5 mol%), NIS (1.5 equiv.), DCE, rt, 12 h; (ii) allylMgBr (2.0 equiv.), THF, 0 °C—rt, 12 h; (iii) LiAlH4 (LAH, 4.0 equiv.), THF, 40 °C, 6 h; (iv) NaBH,4, MeOH,
0.5 h; (v) Phthalimide (2.0 equiv.), PPhs (2.0 equiv.), DIAD (2.0 equiv.), THF, 0 °C-rt, 24 h; (vi) (1) NH,OH-HCl (4.0 equiv.), pyridine (8.0 equiv.), EtOH,
reflux, 24 h; (2) PPhs (20 mol%), CBr4 (20 mol%), toluene, 80 °C, 24 h; (vii) (1) NH,OH-HCl (4.0 equiv.), pyridine (8.0 equiv.), EtOH, reflux, 24 h; (2)
DIBAL-H (5.0 quiv), DCM, —78 °C-rt, 12 h; and (viii) K;0sO(OH), (20 mol%), NMO (4.2 equiv.), THF/H,O, rt, 72 h.
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the lowest energy barrier (12.8 kecal mol™" for TS-E-Z-R vs.
15.2 kecal mol™" for TS-E-Z-S). This distinct energy disparity
substantiates the high enantioselectivity observed in the
desired product 3aa. The activation energies for forming the
olefin architecture with an E geometry via transition states
TS-E-E-R and TS-E-E-S are 24.5 and 22.6 kcal mol™", respect-
ively. The disparity primarily stems from steric constraints
imposed by the indole framework during the trajectory of elec-
trophilic attack by benzoic acid. These values considerably
exceed those required for the generation of the Z-olefin archi-
tecture. Given the computationally derived energy barriers,
which are markedly elevated, this pathway can be confidently
excluded.

Subsequently, the carboxylate anion in intermediate E can
selectively abstract a hydrogen atom from either the indole
nitrogen atom or the p-carbon atom of the ester group, leading
to the formation of desired product 3aa or the conjugated
diene byproduct 5, respectively. Overall, the formation of the
conjugated diene byproduct proceeds reversibly via a lower
energy barrier, enabling its generation under relatively mild
reaction conditions and establishing it as the kinetically con-
trolled product. In contrast, the pathway affording the desired
product 3aa involves a moderately higher activation barrier,
suggesting its dominance under thermodynamic control.
These computational insights align consistently with the
experimental outcomes (Scheme 2c).

Further study

To exemplify the synthetic utility of the current protocol, a
gram-scale reaction of 1a and 2a was performed, and product
3aa was achieved in 85% yield with 94% ee and >20:1 dr
(Scheme 4a). Ent-3aa was obtained in 84% yield and 94% ee by
employing ent-L8 as the chiral ligand (Scheme 4b). Several
transformations with respect to 3aa were then executed
(Scheme 4c). Bromination and iodination of 3aa were efficien-
tly achieved using N-bromosuccinimide (NBS) and
N-iodosuccinimide (NIS), producing compounds 6 and 7 with
yields of 89% and 93%, respectively. The allyl Grignard
reagent could selectively attack the ketone moiety to form ter-
tiary alcohol 8 in 86% yield. In addition, the treatment of 3aa
with LiAlH, resulted in the isolation of diol 9 in 87% yield
with excellent diastereoselectivity. Selective reduction of the
carbonyl group in 3aa to an alcohol 10 using NaBH, allowed
for a subsequent Mitsunobu reaction to form the corres-
ponding amide derivative 11. Compounds 12 and 13 were
easily constructed via the Beckmann rearrangement and
DIBAL-H mediated ring-expansion rearrangement.'® In the
presence of K,0s0,(OH), and NMO, bridged compound 14
formed via dihydroxylation and intramolecular
esterification. The absolute configurations of 8 and 9 were con-
firmed by X-ray diffraction. Moreover, a linear relationship
between the ee values of L8 and the product 3aa was observed,
which indicated that one molecule of the chiral ligand partici-
pated in controlling the stereoselectivity of the reaction
(Scheme 4d).

was

3240 | Green Chem., 2026, 28, 3232-3242

View Article Online

Green Chemistry

Conclusions

In summary, we have developed an unprecedented Pd-cata-
lyzed sequential hydroalkylation and hydroamination of 1,3-
enynes with 3-hydroxyindoles. This redox-neutral protocol
offers an efficient approach for the synthesis of optically pure
pyrido[1,2-a]indoles and derivatives bearing one tertiary stereo-
center and one quaternary stereocenter. This reaction proceeds
in a high atom- and step-economic manner with good func-
tional group compatibility. Preliminary mechanistic investi-
gations suggest that the transformation proceeds via an inter-
molecular enyne hydroalkylation pathway to form an allene
intermediate. Subsequent intramolecular hydroamination of
the allene intermediate occurs via an axial-to-center chirality
transfer process. We believe this research will inspire and
stimulate efforts for designing more innovative sequential
hydrofunctionalization cyclization reactions, thereby providing
a toolkit for the synthesis of chiral complex molecules, and
driving the advancement of organic green chemistry.
Computational studies were conducted to probe the origin of
the enantioselectivities. Further investigations on other cata-
Iytic asymmetric sequential hydrofunctionalization reactions
are currently underway in our laboratory.
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