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Dedicated to Professor Qi-Lin Zhou on the occasion of his 60th birthday

Abstract: Pd-catalyzed enantioselective dearomative
arylalkynylation of N-substituted indoles through a domino
Heck/Sonogashira sequence was established with a new BINOL-
based phosphoramidite as chiral ligand. A very wide range of 2,3-
disubstituted indolines bearing vicinal quaternary and tertiary
stereocenters were efficiently constructed in one step with excellent
enantioselectivities (up to 97% ee) and diastereoselectivities (>20:1).

Palladium-catalyzed domino Heck/anion capture sequence
involving intramolecular carbopalladation of alkene and
subsequent trapping of the alkylpalladium intermediates
represents an important method for 1,2-difunctionalization of
alkene.! Numerous transformations, typically initiated by an
oxidative addition of Pd(0) to (vinyl)aryl halide, have been
developed by employing a variety of trapping agents to
terminate the alkyl-Pd species, which evidenced their utilities in
organic synthesis.”? In sharp contrast, the corresponding
asymmetric reactions were rather limited. Enantioselective
domino Heck/allylic-substitution processes in the reactions with
conjugated dienes have showed their efficacy in constructing
complex molecules,® whereas o-alkylpalladium capture for
enantioselective  1,2-difunctionalization of simple alkenes
remained more challenging. Attractive examples involved 1,2-
difunctionalization of N-aryl acrylamides reported by Zhu and co-
workers with cyanide,*® azoles,* and isocyanides/MeOH" as
nucleophiles to capture the primary o-alkylpalladium species,
rendering the construction of chiral 3,3’-disubstituted oxindole
moieties more efficient (Scheme 1a). Besides, an
enantioslective vinylborylation of alkene has been developed
recently by Tong and co-workers.*? In spite of these progress,®
one-step construction of vicinal stereocenters by capturing the
secondary o-alkylpalladium species remained underdeveloped
as a difficult task.®! Moreover, the development of other type of
trapping agents to terminate asymmetric Heck reaction is highly
desirable.

Recently, catalytic  asymmetric  dearomatization  of
(hetero)arenes has been intensely developed as an efficient
access to produce non-aromatic cyclic molecules.” Palladium-
catalyzed dearomative Heck-arylation of indoles provides
reliable approach to indolines, which are frequently occurring
substructures in natural products.®! Based on dearomative Heck
and reductive-Heck reactions, facile construction of C2-
substituted indolines bearing one single stereocenter have been
realized by Yao and Wu, Fukuyama, and our group.® Further,
through a domino sequence of Heck/benzyl-Pd species capture,
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diastereoselective  indole dearomative  difunctionalization
reactions were established by Lautens, Liang, and our group,
furnishing a range of 2,3-disubstituted indolines bearing vicinal
stereocenters by arylcyanation, diarylation, and arylalkynylation
reactions.™” Nevertheless, enantioselective dearomative Heck
arylation of indoles remained much less exploited®* and so far
no example was reported for the asymmetric dearomative
difunctionalization reaction. Here, we communicate a Pd-
catalyzed dearomative arylalkynylation of indoles via a domino
Heck/Sonogashira sequence using a new BINOL-based
phosphoramidite as chiral ligand (Scheme 1b). Indolines bearing
vicinal quaternary and tertiary stereocenters at C2-C3 position
were efficiently created in one step with excellent
enantioselectivities and diastereoselectivities.

a) Previous work: Heck-arylation/primary c-alkylpalladium complex capture (ref.4)
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b) Current work: Dearomative Heck-arylation/secondary benzyl-palladium capture

1 2° benzyl-Pd capture 3 53 examples

* vicinal quaternary and tertiary stereocenters

* secondary benzyl-palladium capture

* dearomative domino Heck/Sonogashira sequence
* excellent selectivities (up to 97% ee, >20:1 dr)

Scheme 1. Enantioselective palladium-catalyzed domino Heck-arylation/o-
alkylpalladium species capture process

Indole la and phenylacetylene 2a were chosen as model
substrates. Gratifyingly, initial test led to the desired product 3al
in 70% vyield and 29% ee by heating the mixture of 1a and 2a in
THF (100 °C) with Pd(dba), (5 mol%), phosphoramidite L1 (10
mol%), and K,COj3; (2.0 equiv.) (Table 1, entry 1). Surprisingly,
the addition of Cul (5 mol%) as a co-catalyst fully suppressed
the reaction (entry 2). Slightly lower enantioselectivities were
observed when Pd(dba), was replaced by Pd(CHsCN).Cl, or
Pd(OAc), (entries 3-4). Subsequent ligand examination revealed
that the amino substituent of BINOL-based phosphoramidite
ligands significantly influenced the enantioselectivity (entries 5-
14). Increasing the size of amino substituent could improve the
enantioselectivity. Diisopropyl amino ligand L3 led to 84% yield
and 62% ee, while relatively lower ee values were achieved for
L2, L4 bearing benzyl and n-butyl substituents, respectively
(entries 5-7). Comparable results were afforded for MonoPhos-
PE (L5-L6) and Me-THQphos L7 (entries 8-10). To achieve
higher ee, the modified diisopropyl amino ligands L8-L11
bearing 3,3'-diaryl substituents were then examined (entries 11-
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14). As expected, the enantioselectivity of 3al was enhanced to
75% for the phenyl-substituted ligand L8 and to 84% for 4-MeO-
phenyl ligand L9 and 2-naphthyl ligand L10. Solvent effect was
then investigated (entries 15-17) and the reaction in MTBE
delivered 3al in 93% ee albeit with a moderate yield (entry 16),
while lower ee was observed in toluene (entry 17). Gratefully,
the yield was improved to 82% in a mixed solvent of MTBE/THF
(1:1) and enantioselectivity was retained (entry 18). It is worth to
note that excellent diastereoselectivities (>20:1) were observed
for all of the isolated products.

Table 1. Optimization of the reaction conditions.

%\ 5 mol% [Pd}/10 mol L* &
_ 2equiv. K,CO; Me
h — ~,
):© Solvent, 100 °C '}_@
Br o

3a1
90 L, )
R
O. ; (@] (0]
P-N P-N P-N
O R (0] L O N
O - LI e
L1, R=Me; L2, R=Bn L6

L3,R='Pr; L4, R="Bu

I Ls, Ar=Ph
L9, Ar = 4-MeO-CgH,
OO L10, Ar = 2-Naphthyl
L7 L11, Ar = 3,5-Me,-CgHs

Entry L* [Pd] Solvent E%{bd] [OI/:; ﬁc]
1 L1 Pd(dba), THF 70 29
2l L1 Pd(dba), THF Trace -
3 L1 Pd(OAc), THF 68 28
4 L1 Pd(CHsCN).Cl, THF 73 23
5 L2 Pd(dba), THF 78 34
6 L3 Pd(dba), THF 84 62
7 L4 Pd(dba), THF 79 45
8 L5 Pd(dba), THF 74 56
9 L6 Pd(dba), THF 78 58
10 L7 Pd(dba), THF 65 60
11 L8 Pd(dba), THF 80 75
12 L9 Pd(dba), THF 85 84
13 L10 Pd(dba), THF 80 84
14 L1 Pd(dba), THF 82 72
15 L9 Pd(dba), Et,0 53 87
16 L9 Pd(dba), MTBE 67 93
17 L9 Pd(dba), Toluene 80 75
188 L9 Pd(dba), MTBE/THF 82 92

[a] Reaction conditions: 1a (0.2 mmol), 2a (0.3 mmol), [Pd] (5 mol%), L* (10
mol%), and K,COj3 (2.0 equiv.) in the solvent (3.0 mL) at 100 °C for 18 h. [b]
Isolated yield. [c] Determined by chiral HPLC. [d] Cul (5 mol%) was added. [e]
Vuree: Vrue = 1:1; MTBE: methyl tert-butyl ether, THF: tetrahydrofuran.
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3a6 R = CgHyq, 75%, 90% ee  3a14 R = OCF;, 93%, 90% ee
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R /Q S

Q_)/Me Me %Me
N “ : “, N “,
o : o :
3a16 R = Me, 74%, 92% eel? 3a20R = Me 74%, 89% eel?
3a17 R = MeO, 82%, 90% ee  3a21 R = CF3, 72%, 90% ee  3a24 62%, 89% ee

3a18 R =F, 80%, 93% eel? 3a22 R = Cl, 57%, 91% eel®
3a19 R = Cl, 65%, 92% eel®  3a23 R = F, 80%, 92% eel®

3a25 77%, 90% ee  3a26, 72% 90% ee 3a27 66% 91% eel®  3a28 90%, 90% ee

NPhth r{b/ -

// i
(1OR 11S)-3a31
50%, 91% ee

Et

3a29 57%, 88% ee  3a30 55%, 90% eel?
cl HO

3a32 70%, 90% ee 3a33 70%, 91% ee (n=2) 3a35 86%, 97% ee 3a36 65%, 85% ee
3a34 67%, 87% ee (n=4)

Scheme 2. Scope of the alkynes. Reaction conditions: 1a (0.2 mmol), 2 (0.3
mmol), Pd(dba), (5 mol%), L9 (10 mol%), and K,COz; (2.0 equiv.) in
MTBE/THF (3.0 mL, 1:1) at 100 °C; excellent d.r. (>20:1) were observed for all
of the products. [a] MTBE (3.0 mL) was used instead.

With the optimal conditions in hand, we investigated the scope
of alkyne and the results were listed in Scheme 2. To our delight,
a very wide scope of alkynes was observed and all the reactions
proceeded smoothly to deliver the desired products in good to
excellent enantioselectivities. Arylacetylene bearing a series of
para-substituents on the phenyl ring, including alkyl (3a2, 3a6,
3al0, 3al3), alkoxyl (3a3, 3a9), halide (3a4, 3a5), phenyl (3a7),
-CF; (3a8), -OCF; (3a14), -CO;Me (3all), -CN (3al2), and
formyl group (3al5), reacted efficiently with indole la to afford
the corresponding products in moderate to good yields with 90-
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94% ee. Ortho- and meta-substituents of arylacetylene, such as
methyl, methoxyl, trifluoromethyl, and halides, were also well
tolerated to give products 3al16-3a23 in 89-93% ee and no steric
effect was observed for those ortho-substituted products 3a20-
3a23. In addition, 2-naphthylethyne, ferrocenylethyne, and
heteroarylethynes were successfully employed as substrates in
the reactions to furnish indolines 3a24-3a28 in excellent
enantioselectivities. Furthermore, a range of aliphatic alkynes
were tested in this reaction. Excellent enantioselectivities for
products 3a30 and 3a35 were achieved with 3,3-dimethylbut-1-
yne and ethynyltrimethylsilane as substrates. Gratifyingly,
indolines bearing acetal (3a29), chloride (3a32), alcohol (3a33,
3a34), and propene (3a36) were isolated in moderate yields and
good to excellent enantioselectivities in the reactions with the
corresponding aliphatic alkynes. The reaction of a propargylic
imide with 1a led to product 3a31 in 50% yield and 91% ee, of
which the absolute configuration was determined to be 10R/11S
based on its single crystal X-ray analysis.™ Finally, non-terminal
alkynes (3-phenylpropiolic acid 4 and 2-methyl-4-phenylbut-3-
yn-2-ol 5) were also tested in the reaction (Scheme 3). Product
3al was obtained in either lower yield or lower ee, probably due
to poor solubility of acid 4 in the solvent and the backgroud
reactions without chiral ligand in both cases.

Pd(dba), (5 mol%)

L9 (10 mol%) 3a1, 20%, 81% ee

%\ Ph—=—CO,H KoCOs (2.0 equiv.)  Without ligand, 10%
N~ ~Me 4 MTBE/THF, 100°C
+
(9] on  Pd(dba); (5 mol%)
o Phe— (Mo L9 (10moi%) 3a1, 80%, 35% ee
1a Me K,CO; (2.0 equiv.) without ligand, 65%

MTBE/THF, 100 °C

Scheme 3. Dearomative arylalkynylation reaction of non-terminal alkynes

The substrates scope with regard to indoles was then
examined. As summarized in Scheme 4, substituent effect on
the phenyl ring of the 2-bromobenzoyl moiety (RY) was first
investigated. Either electron-donating or electron-withdrawing
substituents were well tolerated in the reactions to yield products
3b1-3b6 in good to excellent ees, while lower ee was observed
for product 3b3 bearing an ortho-methyl substituent and lower
yield was obtained for product 3b6 having a fluoro group. Next,
a range of substituents attached on the indole ring were
screened. Indoles bearing aryl, ethyl, and ester groups at C2
position reacted efficiently with 2a and afforded products 3b7-
3b11l in good results. It's worth to note that excellent
enantioselectivity was achieved for 3b9 bearing a C2-furyl group,
while lower ee was detected for 3bll containing a ester
substituent at C2 position. Moreover, the isopropyl, methyl,
chloro, and fluoro substituents at C5 position of indole were well
compatible in the reactions to yield products 3b12-3b15 in 89-92%
ee with moderate to good yields.
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Scheme 4. Scope of the indoles. Reaction conditions: 1 (0.2 mmol), 2a (0.3
mmol), Pd(dba), (5 mol%), L9 (10 mol%), and K,CO; (2.0 equiv.) in
MTBE/THF (3.0 mL, 1:1) at 100 °C; excellent d.r. (>20:1) were observed for all
of the products. [a] MTBE (3.0 mL) was used instead.

: “, 690% , 94% ee
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3a1 80% 93% ee \

b
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Me
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770%, 93% ee

”%@
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Scheme 5. Gram-scale reaction and synthetic transformations of 3al: [a] Pd/C
(10 mol%), H; (1 atm) in MeOH at 25 °C for 12 h; [b] Pd(OAc), (5 mol%), in
TFA/DCM (1:1, 0.1 M) for 72 h; [c] KMnOy, (3.0 equiv.), NaHCOs (1.2 equiv.),
Bu,NBr, in DCM/H,0 at 45 °C for 12 h.

93% ee

A gram-scale reaction of indole la with phenylacetylene 2a
was carried out, which afforded product 3al in 80% yield and
93% ee, showing good reliability of the reaction (Scheme 5).
Synthetic transformations of 3al were then performed. A Pd/C-
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catalyzed hydrogenation reaction under H, atmosphere easily
converted 3al to compound 6 in 90% vyield. The hydrolysis of
the alkyne moiety in TFA/DCM with Pd(OAc); as a catalyst led to
ketone 7 in 70% yield. Moreover, indolin-3-one 8 bearing a C2-
quaternary stereocenter, an intriguing structural unit in natural
products, was formed in 90% vyield and 93% ee in the presence
of KMnO,.

In conclusion, enantioselective dearomative difunctionalization
of indoles has been developed through intramolecular Heck-
arylation and the following intermolecular capture of secondary
benzyl-palladium species by alkynes with
Pd(dba)./phosphoramidite complex as a chiral catalyst. Based
on this domino sequence, a very wide range of chiral indolines
bearing vicinal quaternary and tertiary stereocenters at C2-C3
position were efficiently constructed in one step with moderate to
good yields, excellent enantioselectivities and
diastereoselectivities.
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Enantioselective Dearomative
Difunctionalization of Indoles via
Palladium-Catalyzed Domino  pearomative difunctionalization: A Pd-catalyzed highly enantioselective dearomative

Heck/Sonogashira Sequence arylalkynylation of N-substituted indoles with alkynes has been established by using a

BINOL-based phosphoramidite as chiral ligand. A wide range of 2,3-disubstitute
indolines bearing vicinal tertiary and quaternary stereocenters were efficientl
constructed in one step with excellent enantioselectivities and diastereoselectivities.
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