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Abstract: Dearomatized indole derivatives bearing a C3- or C2-

stereocenter exist ubiquitously in natural products and biologically 

active molecules. Despite remarkable advances in their synthesis, 

stereoselective and regio-divergent methods are still in a high demand. 
Herein, a Pd-catalyzed intermolecular asymmetric spiroannulation of 

2,3-disubstituted indoles with internal alkynes has been developed for 

the efficient construction of indoline structures with a C2-quaternary 

stereocenter. Stereospecific aza-semipinacol rearrangement of these 
indoline derivatives under acidic conditions afforded indolenine 

products bearing a C3-quaternary stereocenter, where the migrating 

group could be controlled by the reaction sequence. The asymmetric 

spiroannulation together with the subsequent aza-semipinacol 
rearrangement enabled a divergent access to dearomatized indole 

derivatives with either a C3- or a C2-quaternary stereocenter. 

Indolenines bearing a C3-quaternary stereocenter and indolines 
bearing a C2-quaternary stereocenter are widely occurring core 
structures in many natural products and biologically active 
molecules,[1,2b,2d] and the synthetic methods that enable efficient 
construction of these core structures is highly demanded.[2] Catalytic 
asymmetric dearomatization (CADA) reactions serve as one of the most 
straightforward approach to chiral building blocks from aromatic 
substrates.[3] Recently, a series of CADA reactions have been developed 
for the construction of chiral indolenine/indoline derivatives based on 
the reactivity of C(sp2)-Pd species (Scheme 1).[4-6] The majority of these 
reactions were performed in an intramoleculcar manner (Scheme 1a), in 
which a haloarene or an acetylene is tethered to the N1-, C2- or C3-
position of indole as the C(sp2)-Pd precursor. The You group achieved 
enantioselective C3-arylation of C3-tethered indoles;[4p] Jia[4b,4k] and 
Fukuyama[4n] developed the dearomative Heck reaction of N1- and C2-
tethered indoles to build a C2-stereocenter; Jia,[4h-j,4m,4o] Liang,[4c,4d,4g] 
Lautens,[4h] and Dai[4e] reported the asymmetric dearomative 
difunctionalization of C2-tethered indoles by employing an external 
nucleophile.  

Compared with intramolecular cyclization, the intermolecular version 
allows for a more divergent approach to dearomatized products. In this 
regard, Zhang and co-workers reported recently an enantioselective 
annulative dearomatization of C3-bromoarylindoles with alkynes using 
the Pd/Sadphos catalytic system to access various spiro-indolenines with 
a C3-quaternary stereocenter (Scheme 1b).[5] However, to date the 
intermolecular asymmetric dearomatization of C2-arylindoles has not 
been reported yet, and stereoselective construction of structurally 
diversified indoline/indolenine derivatives remains a formidable 
challenge.[7] 

Herein, we report a Pd-catalyzed asymmetric intermolecular 
spiroannulation reaction of C2-arylindoles with internal alkynes, leading 

to the formation of spiro-indolines bearing a C2-quaternary stereocenter 
(Scheme 1c). These products could undergo a stereospecific aza-
semipinacol rearrangement under acidic conditions, affording fused-
indolenines with a C3-quaternary stereocenter. Furthermore, the 
migration selectivity of this process could be tuned by the selection of 
reaction sequence. The asymmetric spiroannulation together with the 
stereospecific rearrangement enabled a divergent access to dearomatized 
indole derivatives with either a C3- or a C2-quaternary stereocenter. 

 

Scheme 1. Palladium-Catalyzed Asymmetric Dearomatization of Indoles 
Involving a C(sp2)-Pd Species. 

At the outset, we envisioned to attempt the reaction between Boc-
protected 2-(2-bromophenyl)-3-methyl-1H-indole (1a) and alkynes as a 
model reaction. We first focused on the aryl-aryl rotational barrier of 1a, 
since similar substrates exhibit axial chirality[5,6d] and facile 
interconversion between the two enantiomers is crucial for efficient 
dynamic kinetic resolution (DKR).[8] We found that, the enantiomers of 
1a could be well resolved by chiral HPLC, indicating that they 
interconvert slowly under room temperature (Scheme 2). The separation 
of both enantiomers allowed us to determine the kinetic parameters of 
the racemization process by performing the reaction under elevated 
temperatures.[9] On the basis of the measured enantiomerization rate 
constants, the enantiomerization barrier of 1a was determined to be 25.4 
kcal/mol at 298 K by applying the Erying equation, which ensures a 
rapid racemization process at elevated temperature. 
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Scheme 2. Rotational Barrier Determination for Substrate 1a 

Bearing this information in mind, we commenced the study on the 
reaction between 1a and diphenylacetylene (2a) by employing Pd(dba)2 
as the precatalyst and toluene as the solvent (Table 1). It was found that, 
chiral NHC ligand L1, BINAP (L2), spiro-phosphoramidite ligand L3, 
and Feringa-type ligand L4 resulted in unsatisfactory results (entries 1-
4). To our delight, a promising result was observed by employing the 
Carreira ligand L5 with t-BuOLi as the base at 120 °C, affording product 
3aa in 55% NMR yield with 92:8 er (entry 5). A better result was 
achieved by lowering the reaction temperature to 90 °C and switching 
the base to MeOLi, providing 3aa in 88% isolated yield with 95:5 er 
(entry 9). Further optimization on ligand structure indicated that more 
sterically hindered ligands L6 and L7 exhibited a negative effect on 
enantioselectivity (entries 10-11). The fluoro-substituted ligand L8 was 
found to give comparable yield and slightly inferior enantioselectivity 
(entry 12). A comparison showed that phosphoramidite ligand L9 was 
inferior compared with L5 (entry 13). A brief screen of the N-protecting 
group on indole indicated that the Boc group was the best amongst tosyl, 
acetyl, and methyl group (entries 14-16). 

To illustrate the generality of the reaction, the scope of the indole 
coupling partners was initially investigated (Table 2). Gratifyingly, 2-
aryl-3-methylindole substrates with fluoro, chloro, methoxyl, and 
methyl substituents (1b-e) at the 5-position of the phenyl ring worked 
well under the optimal reaction conditions, giving the corresponding 
spiro-indoline products 3ba-3ea in 70-86% yield with 90:10 to 96:4 er. 
Substrate bearing an electron-withdrawing trifluoromethyl group (1f) 
was also tolerated to afford 3fa in 92:8 er, whereas the reaction yield 
decreased to 23%. 6-Methyl and 4,5-methylenedioxy substituent on the 
phenyl ring (1g-h) and a more sterically congested naphthyl group in 
place of the phenyl group (1i) were tolerated to provide the desired 
products 3ga-3ia in 39-99% yield with 93:7-95:5 er. However, 
introduction of a methyl group at the 6-position (1j) of the phenyl moiety 
resulted in decreased enantioselectivity. Substituents on the indole 
moiety (5’-methyl, 5’-trifluoromethyl, 5’-chloro, and 4’-chloro) of the 
substrates (1k-n) were compatible with the reaction, delivering 3ka-3na 
in 33-82% yield with 93:7-95:5 er, while the 7’-fluoro substituent 

significantly decreased the yield of the desired product 3oa. The use of 
2-aryl-3-ethylindole substrate 1p led to a good yield of spiroannulation 
product 3pa as a C=C bond geometrical isomer mixture with diminished 
enantioselectivity. 

Table 1. Optimization of the reaction conditions. 

 

Entry Sub Base L T/°C Yield(%)[a] Er[b] 

1[c] 1a t-BuONa L1 120 9 53.5:46.5 

2[d] 1a Cs2CO3 L1 120 23 51.5:48.5 

2[e] 1a Cs2CO3 L2 120 0 - 

3[f] 1a t-BuOLi L3 120 75 54:46 

4[g] 1a t-BuOLi L4 120 12 75.5:24.5 

5 1a t-BuOLi L5 120 55 92:8 

6 1a i-PrOLi L5 120 60 92:8 

7 1a MeOLi L5 120 65 93:8 

8[h] 1a MeOLi L5 100 70
 
 95:5 

9[i] 1a MeOLi L5 90 88 95:5 

10 1a MeOLi L6 95 52 44:56 

11 1a MeOLi L7 95 20 46:54 

12[i] 1a MeOLi L8 90 89 92:8 

13[g] 1a t-BuOLi L9 120 52 54.5:45.5 

14 1a’ MeOLi L5 90 36[i] 62:38 

15 1a’’ MeOLi L5 90 n.d.[j] - 

16 1a’’’ MeOLi L5 90 n.d.[j] - 

[a] Determined by 1H NMR with CH2Br2 (0.1 mmol) as an internal standard. [b] 
Enantiomeric ratios were determined by chiral stationary phase HPLC.The 
absolute configuration of 3aa was confirmed by the single crystal X-ray 
diffraction analysis. [c] Using Pd(OAc)2 (10 mol%) as palladium source, KI (1.5 
equiv) as additive, and Dioxane (0.1 M) as the solvent. [d] Using [Pd(C3H5)Cl]2 
(5 mol%) as palladium source, L1 (15 mol%), and Dioxane (0.1 M) as the solvent. 
[e] Using [Pd(C3H5)Cl]2 (2.5 mol%) and L2 (7.5 mol%). [f] Using Pd(dba)2 (5.0 
mol%) and L3 (7.5 mol%). [g] Using Pd(dba)2 (10.0 mol%) and L4 (15.0 mol%). 
[h] MeOH (1.0 equiv.) as additive. [i] Yield of isolated product. [j] Not detected. 

 



          

 
 
 
 

Table 2. Scope of indole substrates and internal alkynes[a] 

N MeOLi (1.5 equiv.)

Toluene, 90 oC
N

Br

Boc
R5R4Boc

R5

R4
Pd(dba)2 (10 mol%)

L5 (20 mol%)

1 3

O

O
P N

L5: Carreira ligand

+

2

N

PhPh
Boc

3aa, X = H
88% yield

95:5 er

3ba, X = F
86% yield

96:4 er

3ca, X = Cl
73% yield

96:4 er

3ha
99% yield, 95:5 er

N

PhPh
Boc

3ga
87% yield, 95:5 er

3da, X = OMe
70% yield
90:10 er

R3

R1

X

N

PhPh
Boc

3fa, X = CF3
23% yield

92:8 er

3ia
39% yield, 93:7 er

N

PhPh
Boc

Me

3ea, X = Me
86% yield

94:6 er

N

PhPh
Boc

X

3ka, X = Me
82% yield

93:7 er

O
O

3la, X = CF3
33% yield

94:6 er

3ma, X = Cl
59% yield

93:7 er
N

PhPh
Boc

3na
64% yield, 95:5 er

R1

R3

N

n-Prn-Pr
Boc

3ak
91% yield, 92:8 er

[98%, 90:10 er on 1.3 g scale]

N
Boc

X
X

3ab, X = F
96% yield

94:6 er

3ac, X = Cl
74% yield
93.5:6.5 er

3ad, X = OMe
97% yield

94:6 er

N
Boc

X

X

3af, X = F
94% yield
91.5:8.5 er

3ag, X = OMe
93% yield

95:5 er

3ae, X = CF3
57% yield

92:8 er

N

XPh
Boc

3al/3al', X = CH2OTBS
3al, 78% yield, 94:6 er
3al', 16% yield, 93.5:6.5 er

+
N

PhX
Boc

3al-3am 3al'-3am'

3am/3am', X = Me
3am, 83% yield, 89:11 er
3am', 15% yield, 77:23 er

3pk, X = Me
95% yield, Z/E = 1:12

(Z)-3pk: 90:10 er
(E)-3pk: 88:12 erN

n-Prn-Pr
Boc

X

N

Boc
X

X

3ai, X = F
46% yield
77:23 er

3aj, X = Me
0% yield

3qk, X = CO2
tBu

55% yield, Z/E = 1:12

(Z)-3qk: 83:17 er

(E)-3qk: 88:12 er

Scope of indole substrate

Scope of alkyne component

N

PhPh
BocF

3oa
23% yield, 87:13 er

N

PhBoc Ph
3ja

62% yield, 76:24 er

Me

3ah
16% yield, 91:9 er

N

Boc S

S

Cl

3pa
79% yield, Z/E = 1:2
(Z)-3pa: 67.5:32.5 er
(E)-3pa: 75.5:24.5 er

N

PhBoc

Me

Ph

Benzofuran substrate

O

PhPh

O

n-Prn-Pr
3ra

30% yield, 83.5:16.5 er
3rk

93% yield, 89:11 er
[b] [b]

R2
R2

 
[a] Reaction conditions: 1 (1.0 equiv), 2 (1.5 equiv), and toluene (0.1 M) under Ar. Yields of isolated products are reported. The Z/E ratios were determined by crude 
1H NMR. The er values were determined by chiral HPLC. [b] L4 (20 mol%) was used in place of L5.  

Then the scope of the internal alkyne was explored (Table 2). 
Symmetrical diaryl acetylenes with various substituents at the para- (2b-
e) or meta- (2f-g) position of both phenyl rings participated in the 
reaction smoothly to give the corresponding products 3ab-3ag in 57-
97% yield with 92:8-95:5 er. Di(thiophen-2-yl)acetylene (2h) could 
undergo the reaction with 1a, but afforded a low yield of cyclization 
product 3ah in 91:9 er. The ortho-substituent on the aryl groups of 
diarylacetylene generally exhibited a negative effect on the reaction: 
ortho-fluoro substituted 1,2-bis(2-fluorophenyl)ethyne 2i afforded 

product 3ai in a moderate yield with a low enantioselectivity (77:23 er), 
and no desired product was observed for the more sterically hindered 
ortho-methyl substituted diphenylacetylene 2j. To our delight, the 
symmetrical dipropylacetylene 2k was found to be suitable to undergo 
the annulation with substrates 1a, 1p, and 1q. Notably, a gram-scale 
synthesis of 3ak (1.31 g) was carried out to afford the product in 98% 
yield with 90:10 er, indicating the scalability of the present method. 
Moreover, the reactions of 2-aryl-3-ethylindole substrate 1p and 2-aryl-
3-tert-butoxycarbonylmethylindole substrate 1q with alkyne 2k 



          

 
 
 
 

afforded the corresponding products 3pk and 3qk in good yields and 
enantioselectivities. Finally, the unsymmetrical alkyl/aryl mixed 
acetylenes 2l and 2m produced cyclization products in good yields with 
decent enantioselectivities and satisfactory regioselectivities.  

Interestingly, we found that the present protocol could be extended to 
a 2-aryl-3-methylbenzofuran substrate by employing L4 as the ligand, 
affording spiro[benzofuran-cyclopentane] 3ra and 3rk in comparable 
enantioselectivities. 

The C2-spiroindoline structure in the cyclized products enabled a 
potential aza-semipinacol rearrangement[4f, 10] leading to the formation 
of a C3-stereocenter, and if the rearrangement proceeded 
stereospeficially, enantioenriched C3-substituted indolenine derivative 
could be obtained. Therefore, we attempted to perform an acid-promoted 
aza-semipinacol rearrangement on the spiroindoline products (Table 3). 
We found that, by treating the C3-methylene (3aa, 3aj, 3am) or C3-
ethylidene (3pj) substituted spiro-indolines with TFA (Condition A), the 
rearranged products bearing a C3-quaternary stereocenter (4aa, 4aj, 
4am, and 4pj) were obtained in moderate to excellent overall yield 
without loss of enantiopurities. In this process both the cleavage of the 
N-Boc group and the stereospecific rearrangement of the C2-substituent 
proceeded smoothly, and the aryl migration was favored over the alkenyl 
migration.  

To figure out whether the rearrangement step occurs prior to or after 
the elimination of the N-Boc group, we investigated another reaction 
sequence involving stepwise deprotection and rearrangement for the 
same set of C2-spiroindoline derivatives (Condition B). The 
deprotection of N-Boc group proceeded smoothly by treatment with 
TMSOTf/2,6-lutidine, and the crude deprotected product was treated 
with TFA as before. To our surprise, this reaction sequence delivered 
alkenyl migration product (4aa’, 4aj’, 4am’, 4pj’) as the major product 
with complete retention of enantiopurities. This result indicates that the 
nature of the N-substituent has a remarkable effect on the aza-
semipinacol rearrangement, and under Condition A the rearrangement 
occurred prior to deprotection. Therefore, by choosing an appropriate 
reaction sequence, rearrange of C2-spiroindoline to C3-substituted 
indolenine with selective aryl/alkenyl migration could be achieved.  

In order to gain more mechanistic insights into the Pd-catalyzed 
cascade spiroannulation and the regio-divergent aza-semipinacol 
rearrangement, we performed a DFT computational study (Scheme 3). 
The reaction between indole 1a and alkyne 1b catalyzed by Pd/L5 was 
selected as the model, and the calculated reaction pathway is shown in 
Scheme 3a. It was found that, the reaction starts with the Pd-ligand 
complex, Pd(L5)2,[11] and proceeds through oxidative addition, alkyne 
coordination and insertion, indole insertion, and β-H elimination steps. 
The alkyne insertion step via TS2 turned out to be both turnover-limiting 
and selectivity-determining, and the overall activation barrier for the 
formation of 3aa was 20.4 kcal/mol in terms of Gibbs free energy. The 
other pathway leading to ent-3aa starts from the coordination of ent-1a 
with the Pd catalyst, and the key alkyne insertion step via TS2’ was less 
favored by 1.1 kcal/mol compared with TS2, in agreement with the 
preference for (R)-product observed experimentally. It is notable that the 

barrier for the interconversion of atropisomers of 1a (∆G≠ = 25.4 
kcal/mol) seemed to be higher than that for the catalytic dearomatization 
via TS2 (∆G≠ = 20.4 kcal/mol). Given that TS2 involves three 
components (catalyst, substrate 1a, and alkyne 2a at 0.01 M, 0.1 M, and 
0.15 M, respectively), the corrected barrier for the dearomatization 
reaction (∆G≠ = 25.6 kcal/mol) fits the requirement for DKR. The fact 
that unconsumed 1a was determined to be racemic at different 
conversions confirmed the DKR scenario experimentally (see the 
Supporting Information for details). 

Table 3. Aza-semipinacol rearrangement[a] 

 

[a] Condition A: TFA/DCM = (1:10 v/v) (0.1 M). Condition B: 1. TMSOTf (4.0 
equiv), 2,6-lutidine (5.0 equiv), DCM (0.1 M) 2. TFA/DCM = (1:10 v/v) (0.1 M). 
Yields of isolated product are reported. The er values were determined by chiral 
HPLC. TFA = trifluoroacetic acid, TMSOTf = trimethylsilyl 
trifluoromethanesulphonate. 



          

 
 
 
 

Pd(L5)2
(0.0)

1a

L5

PdL5•1a

INT1 (13.6)

TS1
(19.9)

N

Me

OtBuO Pd

Br

L5

INT2 (1.3)

Alkyne coordination

2a N

Me

Pd

Br

L5

Ph

Ph

INT3
(5.3)

N

Me

Ph

Ph

Boc

Pd

L5Br

TS2
(20.4)

TS3
(-4.0) N

Me

Ph

Ph

Boc

Pd

L5
Br

INT5 (-18.4)

N
Ph

Ph

Boc

Pd L5
Br

H

INT6 (-12.4)

1a
MeOLi

PdL5•1a
MeOH + LiBr

Boc

-H elimination

Alkyne insertion
(RDS)

Indole insertion

Oxidative addition

-12.3

0.0
-11.2

13.1

15.0

-1.7
0.0

-0.3

TS5a R = Boc
TS5a' R = H

TS5b R = Boc
TS5b' R = H

13.8

15.7

N

R

+

N

Me

R

+

Me

Ph

Ph

Ph Ph

22.0

22.5

5.4

3.7

-23.2

-24.3

( G 0.5 kca/mol)

( G 1.9 kca/mol)

TS4
(-10.2) N

PhPh
Boc

3aa (-52.7)

INT4 (-8.0)

G of alkyne insertion TSs

TS2 (to 3aa)
TS2' (to ent-3aa)

20.4 kcal/mol
21.5 kcal/mol

a) Mechanism of the asymmetric dearomatization reaction:

b) Mechanism of the aza-semipinacol rearrangment:

N
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Boc-deprotection
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H
Me

Me

H
Me
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Scheme 3. DFT Computational Study on the Reaction Mechanism. Calculated Gibbs free energies in solution (in kcal/mol) are provided.

The aza-semipinacol rearrangement was also investigated by DFT 
calculation to understand the nature of the migration selectivity, 
employing the transformation of 3aa to 4aa and 4aa’ as the model 
(Scheme 3b). The result indicated the aza-semipinacol rearrangement of 
both the N-Boc substrate (starting from INT7) and the N-H substrate 
(starting from INT7’) favors alkenyl migration (TS5a vs TS5b and 
TS5a’ vs TS5b’). We attribute this trend to the fact that alkenyl 
migration transition states TS5a and TS5a’ could better stabilize the 
positive charge due to the existence of the aryl rings, whereas this 
stabilizing effect lacks in the aryl migration transition states TS5b and 
TS5b’. Interestingly, for the N-Boc substrate the rearrangement is 
reversible due to a more energy-demanding Boc-deprotection step, 
while for the N-H substrate the rearrangement is irreversible and thus 
determines the migration selectivity. As a result, the migration 
selectivity of the N-Boc substrate is dictated by the Boc-deprotection 
step via TS6a and TS6b, and the preference for the aryl-migrated 
product in this step inherits from the thermodynamic stability of the 
rearranged intermediates INT8a and INT8b. 

In summary, we have developed a palladium-catalyzed 
enantioselective intermolecular dearomatization of C2-arylindoles with 
internal alkynes, leading to C2-spiroindolines bearing a C2-quaternary 
stereocenter with good yields and enantioselectivities. The 
stereospecific aza-semipinacol rearrangement afforded enantioenriched 
indolenine derivatives bearing a C3-quaternary stereocenter via an 
tunable aryl/alkenyl migration. The combined steps enabled a divergent 
access to dearomatized indole derivatives with either a C3- or a C2-
quaternary stereocenter.  
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