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Sequential Sonogashira/intramolecular
aminopalladation/cross-coupling of
ortho-ethynyl-anilines catalyzed by a single
palladium source: rapid access to
2,3-diarylindoles¥
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We have developed a practical and efficient one-pot protocol for the synthesis of 2,3-diarylindoles via
Pd-catalyzed bis-arylative cyclization of various o-ethynylanilines with aryl iodides. Mechanism studies

Received 18th November 2020, showed that a Pd-catalyzed Sonogashira reaction took place firstly, giving an internal alkyne intermediate,
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which subsequently underwent intramolecular aminopalladation/cross-coupling to give access to 2,3-
diarylindoles. The present methodology exhibits a broad substrate scope, producing various 2,3-diaryl
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lanilines with either aryl halides” or aryldiazonium salts®
(Scheme 1a, Method A). Alternatively, 2,3-diaryl indoles could

rsc.li/obc indoles bearing two different aryl groups.
Introduction
Substituted indole nuclei as a classical important

N-heterocyclic moiety exist widely in many biologically active
natural products and have applications in many drugs
showing anticancer, antivirus, antitumor, and inhibition
activities." In particular, 2,3-disubstituted indoles have
attracted considerable attention owing to their outstanding
bio-significant applications. 2,3-Diarylindoles have been found
to inhibit tubulin polymerization,” and exhibit anti-inflamma-
tory’ and bioluminescence properties.” For example, 2,3-bis(4-
methoxyphenyl)indoles (indoxole) have been proven to exhibit
a stronger anti-inflammatory activity than common drugs such
as aspirin and indomethacin.”

Over the past decades, various strategies have been devel-
oped for the synthesis of 2,3-disubstituted indole derivatives.®
o-Alkynylanilines are the most commonly used starting
materials to prepare substituted indole derivatives. For
example, 2,3-disubstituted indole derivatives could be syn-
thesized by Pd-catalyzed cyclization/cross-coupling of o-alkyny-
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also be prepared under Pd catalysis by using arylboronic acids
as coupling partners in the presence of an oxidation reagent
(Scheme 1a, Method B).? Recently, Nakamura and co-workers
reported a novel method to synthesize 2,3-disubstituted
indoles through Pd-catalyzed cross-coupling of PhI with 2,3-
dizincioindole, a vinylene dizinc species, in situ prepared via

a) Pd-catalyzed arylative cyclization of internal o-alkynylanilines

R Method A: Ar
= [Pd] (cat.), ArX or ArN,BF g
Method B: N
NHR  [Pd] (cat.), ArB(OH),, [O] R

b) Indoles synthesis via Pd-catalyzed bis-arylative cross-coupling of
in situ prepared 2,3-Dizincioindoles

Pd
M i znc el Ph
=
ZnCl, A Phl A
—_ Zncl —~ Ph
NHPMB N N
PMB PMB

PMB = p-methoxybenzy!

c) Pd-catalyzed bis-arylative cyclization of o-ethynylanilines (This work)

Pd(PPhs), (cat.) Ar
Arl (5 equiv), EtsN
(5 equiv), Ety m N
H DMF, 70 °C N
Z H
—11) Pd(PPhs), (cat.)
Ar'l (1 equiv), EtsN
NHCOCF; OMF 70°G A2
N
2) A2l (5 equiv) ) Ar!
H

Scheme 1 Synthesis of 2,3-disubstituted indoles via the Pd-catalyzed
transformation of o-ethynylanilines.
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dizincation/cyclization of 2-ethynylanilines with a terminal
alkyne.'® However, this methodology only allows access to the
2,3-diaryl indoles bearing two same aryl groups at 2- and
3-positions. Therefore, we wonder if o-alkynylanilines bearing
a terminal alkyne, under activation of a Pd catalyst, could
undergo bis-arylative cyclization to directly afford 2,3-diaryl
indoles through the formation of a vinylene dipalladium inter-
mediate (2,3-dipalladated indole). Herein, we report a Pd-cata-
lyzed bis-arylative cyclization of o-ethynyl-anilines to prepare
2,3-diaryl indoles. Several control experiments suggested an
internal alkyne intermediate to be the reaction intermediate
formed through a Pd-catalyzed Sonogashira reaction, which
subsequently underwent intramolecular aminopalladation/
cross-coupling to give access to 2,3-diarylindoles. This method-
ology could also be used to synthesize 2,3-diaryl indoles
bearing two different aryl groups at 2- and 3-positions.

Results and discussion

Initially, we commenced our study by testing the reaction of
o-ethynyltrifluoroacetanilides 1a and iodobenzene 2a in the
presence of several commonly used Pd catalysts and bases
(Table 1). By using Et;N as the base, we examined the reaction
in different solvents in the presence of a 10 mol% Pd(PPhj;),

Table 1 Optimization of reaction conditions?

4 H 3 Ph
@( + Pl Conditions mph
NHCOCF, N
1a 2a 3a
Entry  Catalyst Base Solvent T(°C)  Yield (%)
1 Pd(PPh;), Et;N Toluene 70 N.D.
2 Pd(PPh;), Et;N CH,CN 70 <10
3 Pd(PPh;), Et;N DCE 70 36
4 Pd(PPh;), Et;N DMSO 70 72
5 Pd(PPh;), Et;N DMF 70 82
6° Pd(PPh;), Et;N DMF 70 86
7¢ Pd(PPh;), Et;N DMF 70 87
8¢ Pd(PPh;), Et;N DMF 70 89
9/ Pd(PPh,), Et;N DMF 70 91
10 Pd(PPh;), Et;N DMF 50 <10
11 Pd(PPh;), Et;N DMF 100 48
12 Pd,(dba); Et;N DMF 70 Trace
13 Pd(OAc), Et;N DMF 70 42
14 PdCl, Et;N DMF 70 53
15 Pd(PPh;),Cl,  Et;N DMF 70 74
16 Pd(PPh;), K,CO; DMF 70 <10
17 Pd(PPh;), Cs,CO;  DMF 70 <10
18 Pd(PPh;), NaOAc DMF 70 52
19/% Pd(PPh;), Et;N DMF 70 67
207" Pd(PPh;), Et;N DMF 70 48
215 Pd(PPh;), Et;N DMF 70 57
2257 Pd(PPh;), Et;N DMF 70 71

“Reaction conditions: 1a (0.47 mmol, 1.0 equiv.), 2a (5.0 equiv.), base
5.0 equiv.), catalyst (10 mol%) and solvent (3.0 mL), under N,, 5 h.
Isolated yields. N.D. = not detected. °Reacted for 8 h. ¢ Reacted for

12 h. “Reacted for 18 h./ Reacted for 24 h. & Pd(PPhs), (5 mol%). " Et;N

(3.0 equiv.). * 2a (2.0 equiv.).” 2a (3.5 equiv.).
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catalyst at 70 °C for 5 h (Table 1, entries 1-5). To our delight,
the desired bis-arylative product 3a was obtained in a high
yield of 82% by using DMF as the solvent (Table 1, entry 5).
Extending the reaction time to 8 h, 12 h, 18 h, and 24 h
resulted in an increase of the yields up to 86-91%, respectively
(Table 1, entries 6-9). At either lower temperature (50 °C) or
elevated temperature (100 °C), a lower isolated yield of 3a was
obtained. The reaction conditions were further screened with
other palladium catalysts such as Pd,(dba)s;, Pd(OAc),, PdCl,
and Pd(PPh;),Cl,, but all failed to improve the product yield
(Table 1, entries 12-15). When the reaction was carried out by
replacing Et;N with other bases, the desired product 3a was
isolated in lower yields of 10-52% yields (Table 1, entries
16-18). The lower catalyst loading of 5 mol% led to a much
lower yield of 3a (Table 1, entry 19). Reducing the amount of
either Et;N to 3.0 equivalents or PhI to 2.0 and 3.5 equivalents
also had no positive effect on the formation of 3a (Table 1,
entries 20-22). Based on these results, the optimal reaction
conditions were determined as follows: 10 mol% Pd(PPh;),
with 5 equiv. of Et;N in DMF at 70 °C.

With the optimal reaction conditions in hand, we then
investigated the generality and substrate scope of the reaction
with a variety of o-ethynyltrifluoroacetanilides 1 and aryl
iodides (Scheme 2). The reaction was firstly conducted by
using different aryl iodides bearing ortho-, meta- or para-substi-
tuted electron-donating groups (methyl or methoxyl), and the
desired products 3b-3g were obtained in 35-85% yields.
Compared to meta- or para-substituted aryl iodides, ortho-sub-
stituted 2b and 2d showed lower reactivities, probably due to
the steric hindrance of ortho-substituents. The reaction also
exhibited compatibility with various para-substituted aryl
iodides, giving the corresponding 2,3-diarylindoles 3f-31 in
moderate to good yields. When using 1-iodonaphthalene, a
poor isolated yield of 3m was obtained. As for the heteroaryl
halide applied, 2,3-dithienylindole 3n was obtained in 65%
yield. We further conducted the reaction by using different
o-ethynyltrifluoroacetanilides under the standard reaction con-
ditions. A variety of o-ethynyltrifluoro-acetanilides bearing sub-
stituents with different electronic properties proved reactive
toward PhI (30-3r). Unfortunately, the transformation failed
while using aryl iodides containing a strong electron-withdraw-
ing group (3s-3u).

Actually, this transformation involves cross-coupling of Arl
twice and intramolecular cyclization once. To gain insight into
the reaction mechanism, we carried out several control experi-
ments (Scheme 3). Monitoring the reaction progress, we
observed the formation of an internal alkyne 4a as the major
product, along with a small amount of target product 3a in
30 min (eqn (1), Scheme 3). Extending the reaction time to 2 h
afforded 3a as the major product in 81% yield with a decreased
amount of 4a. In addition, when using one equiv. of Et;N,
internal alkyne 4a, a Sonogashira reaction product, was
obtained in 75% yield, along with trace amounts of the bis-ary-
lative product 3a (eqn (1), Scheme 3). Increasing the amount
of Et;N to 3 equivalents led to the formation of 3a as the
major product, along with the formation of 4a (eqn (1),

This journal is © The Royal Society of Chemistry 2021
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N
H
3a, 91% 3b, 67% 3¢, 85%
1
MeO R
weo ) ® ®
CO~0 T T+
N N N
Hved H OMe H
3d,35% 3e, 69% 3f, R' = Me 59%
3g, R" = OMe, 50%
CFs X
x 0~
N N N
H H H
3h, 87%? 3i,X=F, 74% 3m, 32%
3j, X =Cl, 59%
3k, X =Br, 58%
31, X=1,42%

'S O
R

—I U0

N N

H H

3n, 65%

R
N
H

3s, R' = 4-NO,CgHg4, 0%

3t, R = 4-CICOCgH,4, 0%
3u, R = 2-CO,HCgHy4, 0%

30, R = Me, 84%
3p,R=F, 72%
3q, R = CF3, 50%
3r,R=CN, 32%

Scheme 2 Substrate scope of o-ethynyltrifluoroacetanilides 1 and aryl
iodides 2. 1 (0.47 mmol, 1.0 equiv.), 2 (5.0 equiv.), EtzN (5.0 equiv.), Pd
(PPh3)4 (10 mol (%) and DMF (3.0 mL), under N, 24 h, isolated yields.
? Reacted for 48 h.

H
= Pd(PPhs), (10 mol%) Ph = Ph
Phl (5 equiv), Et3N
DMF, 70 °C, time, N i o
N , time,
NHCOCF3 2 N NHCOCF3

1a 3a 4a
(0.47 mmol) time (0.5 h); 3a, 9%; 4a, 86%°
time (2 h); 3a, 81%; 4a, 13%?
EtsN (1.0 eq.); 3a, trace; 4a, 75%"
Et3N (3.0 eq.); 3a, 48%; 4a, 25%P

Pd(PPhs)s (10 mol%)
= Ph bnl (5 equiv) Ph
EtsN (5 equiv) ngﬂgh @)
0
NHCOGF, DMF.70°C.24h, N, N

4a 3a, 86%
(0.47 mmol)

Scheme 3 Mechanism studies. 1a or 4a (0.47 mmol, 1.0 equiv.), Phl
(5.0 equiv.), Pd(PPhs),; (10 mol%) and DMF (3.0 mL), under N,, isolated
yields. ? EtzN (5.0 equiv.). ® Time = 24 h.
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Scheme 3). The observations indicate that Sonogashira reac-
tion might be the first step that results in the formation of the
intermediate 4a. The deprotonation takes place firstly at the
terminal alkyne, and initiates the Pd-catalyzed Sonogashira
process. Cyclization of 4a followed by the cross-coupling of Arl
afforded the bis-arylative product 3a. Indeed, under the cataly-
sis of palladium, cyclization/cross-coupling of 4a with PhI gave
the desired product 3a in 86% yield (eqn (2), Scheme 3).

We further wondered if such domino Sonogashira coup-
ling/arylative cyclization was applicable to the synthesis of 2,3-
diarylindoles with two different aryl groups at 2- and 3-posi-
tions. We firstly optimized the conditions for the Sonogashira
reaction of 1a with 1 equiv. of PhI in DMF under the catalysis
of 10 mol% Pd(PPh;), (Table 2). The optimized conditions
were as follows: 1a (1.0 equiv.), PhI (1.0 equiv.), Pd(PPh;),
(10 mol%), and Et;N (2.0 equiv.) were reacted at 50 °C in DMF
for 9 h (Table 2, entry 8). After completion of the Sonogashira
coupling, monitored by TLC, further arylative cyclization was
performed by introducing second Arl (5.0 equiv.) and another
portion of Et;N (3.0 equiv.) (Scheme 4). By the second use of
meta- or para-substituted aryl iodides, the domino
Sonogashira coupling/arylative cyclization smoothly afforded
the desired products 5a-5c¢ in 50-86% yields, along with the
formation of minor product 3a. The reaction was also tolerant
with 1-iodonaphthalene and heteroaryl halide, giving the
corresponding asymmetrical 2,3-diarylindoles 5d and 5e in
good yields. When using different para-halogenated aryl
iodides, the mixture products of 5f-5h and 3a were obtained
in 81-89% yields. Moreover, the Sonogashira-coupling step
also worked well with other aryl iodides, and the 2-aryl-3-phe-
nylindoles 5i-5k could also be obtained in 38-41% yields
(Scheme 4).

In addition, transition metal especially palladium-catalyzed
cyclization/C3-allylation of N-allyl o-ethynylaniline is an
efficient method to synthesize 2,3-disubstituted indole deriva-

Table 2 Optimization of Sonogashira reaction conditions?

H Pd(PPha)s oh
4 (10 mol%) 4
EtsN
+ Phl W’

NHCOCF3 time, Ny NHCOCF3

1a 2a 4a
Entry Et;N (equiv.) T (°C) Time (h) Yield® (%)
1 1.0 70 2 60
2 2.0 70 2 78
3 3.0 70 2 70
4 2.0 25 4 48
5 2.0 50 4 73
6 2.0 70 4 70
7 2.0 50 7 71
8 2.0 50 9 82
9 2.0 50 11 51
“Reaction conditions: 1a (0.47 mmol, 1.0 equiv.), (bl .0 equiv.), Et3N,

Pd(PPh;), (10 mol%) and DMF (3.0 mL), under N,. ” The yields were
determined by "H NMR using 1,3,5-trimethoxybenzene (1.0 equiv.) as
the internal standard.
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Pd(PPh3),
g (1omoi%)
= Al (1 equiv) A2l (5 equiv) Ar?
Et;N (2 equiv) EtsN (3 equiv) ©f\g—w
,
O .
NHCOCF, DMF, 50 C  70°C, time2 N
time1, Ny H
1a 5a-5h?
5i-5k®
MeO, OMe CN
00—
N N
H H H
5a, 86% 5b, 50% 5c, 83%
3a, 3% 3a, 28% 3a, 3%
X

CD e O
L0

5f+3a, X = F, 89% (5:2)°
5g + 3a, X = C, 88% (3:1)°
5h + 3a, X = Br, 81% (3:1)°

% ofo

5i, 40% 5, 41%

5d, 73% 5e,78%
3a, 5% 3a, N.D.

5k, 38%

Scheme 4 The synthesis of 2,3-diarylindoles 5a—5k. 1a (0.47 mmol, 1.0
equiv.) and DMF (3.0 mL), under N, isolated yields.  Timel = 9 h, time2
=24 h. P Timel = 24 h, time2 = 10 h. € Mixed yields, the ratio of 5 to 3a.
N.D. = not detected.

tives."" Therefore, we also tested the domino Sonogashira
coupling/cyclization of N-allyl o-ethynylaniline 6. Under the
catalysis of Pd(PPh;),, the C2-arylation and C3-allylation
product 7 was obtained in 30% yield, and the 2-phenyl indole
8 and 4a were also observed (Scheme 5).

Based on the above results, we proposed a plausible mecha-
nism for the Pd-catalyzed bis-arylative cyclization of o-ethynyl-
trifluoroacetanilides (Scheme 6). Initially, the oxidative
addition of aryl iodide to Pd(0) results in an aryl palladium
species, which reacts with the terminal alkyne to form the pal-

1) Pd(PPh3)4 (10 mol%) /
H Et3N (2 equiv)
Z Phi (1 equiv) H
DMF, 50 °C, 9 h, N
T N—ph + N—ph
N/\/ 2) Et3N (3 equiv) N N
o H H
Eocr, 70°C, 24 h
6 7, 30% 8, 26%
Ph
FZ
+
NHCOCF;
4a, 28%

Scheme 5 Domino Sonogashira coupling/cyclization of N-allyl o-ethy-
nylaniline 6.
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1+ Et3N
Pd°L,
L= PPh3
Et3NHI
E COCF3
dll
nPd" b
” NHCOCF3
Pd Ln A
N Ar Pd cycle
N
D COCF,4

A?— Pd°L,,
Ar Ar & Ar
PdLn Ar LnF’dQI
NHCOCF3

@KJ :
NCOCF;

c EtsN

+ -
EtsNHI

Scheme 6 Proposed reaction mechanism.

ladium acetylide A in the presence of Et;N. The subsequent
reductive elimination of A gives the internal alkyne B.
Deprotonation of the Pd-activated alkyne species C results in
the formation of the key vinyl palladium intermediate D
through intramolecular aminopalladation. Continuously, D
further undergoes reductive elimination to afford the
N-protected indole intermediate E. Finally, deacylation of E
gives the target product 3 and simultaneously regenerates the
Pd(0) species to the next catalytic cycle.

Conclusions

In conclusion, we have developed a practical and efficient one-
pot process for the synthesis of highly functionalized 2,3-diary-
lindoles via Pd-catalyzed bis-arylative cyclization by coupling
o-ethynylanilines with aryl iodides. In addition, 2,3-diarylin-
doles with two different aryl groups at 2- and 3-positions could
also be obtained by the bis-arylative cyclization process. The
mechanism studies showed that an internal alkyne 4a might
be the reaction intermediate formed by copper-free
Sonogashira coupling, which underwent intramolecular ami-
nopalladation/cross-coupling to afford the final bis-arylative
cyclization product.

Experimental
General procedure for the synthesis of 2,3-diaryl indoles 3a-3u

A nitrogen-filled round-bottom flask was charged with 1
(0.47 mmol), Pd(PPh;), (54 mg, 0.047 mmol) and anhydrous
DMF (3 mL), and then Et;N (238 mg, 0.33 mL, 2.35 mmol) and
aryl iodides 2 (2.35 mmol) were added in order. After the solu-
tion was stirred at 70 °C for 24 h, the reaction was quenched
with water (3 mL) and the aqueous layer was extracted with
DCM (10 mL x 3). The combined organic layer was dried over
MgSO, the volatile component was removed under vacuum,
and then the resulting residue was purified by silica gel

This journal is © The Royal Society of Chemistry 2021
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column chromatography (PE/EtOAc) to afford pure products
3a-3u.

General procedure for the synthesis of 2,3-diaryl indoles 5a-5h

A nitrogen-filled round-bottom flask was charged with 1a
(100 mg, 0.47 mmol), Pd(PPh;), (54 mg, 0.047 mmol) and
anhydrous DMF (3 mL), and then Et;N (0.13 mL, 0.94 mmol)
and PhI (96 mg, 52 pL, 0.47 mmol) were added in order. After
the solution was stirred at 50 °C for 9 h, another portion of
Et;N (0.2 mL, 1.41 mmol) and second aryl iodide (2.35 mmol)
were added to the reaction mixture. After the solution was
stirred at 70 °C for another 24 h, the reaction was quenched
with water, and the aqueous layer was extracted with DCM.
The combined organic layer was dried over MgSO, the volatile
component was removed under vacuum, and then the crude
product was purified by column chromatography (PE/EtOAc)
using silica gel to afford pure products 5a-5h.
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