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The indole and indoline ring systems represent ubiquitous
structural motifs as natural alkaloids and biologically active
compounds as well as in functional materials."> With the
development of C-H bond functionalization,® a great deal of
effort has been devoted to the formation C-2 and C-3 func-
tionalized indoles.* Nevertheless, only a few methods have been
explored for the direct C-H bond functionalization of indoles at
the C-7 position,® in which the unique work for the direct Pd-
catalyzed C-H arylation of indoles with arylboronic acids at
the C-7 position was developed by the Shi group using
a designed di-tert-butylphosphine oxide (TBPO) directing-
group.”” In general, the C-7 arylated indolines can be conve-
niently oxidized to transform into C-7 arylated indoles. So far,
transition metals such as Pd,® Rh,” Ru,? Ir,® etc.," have been
employed as catalysts for the C-7 C-H bond functionalization of
indolines, among which the C-H arylation in the C-7 position of
indoline was mainly established by using Pd complexes as
catalysts (Scheme 1a).** In 2016, we also reported the Pd-
catalyzed C-7 arylation of indolines with arylsilanes via C-H
bond activation.> Recently, the Punniyamurthy group devel-
oped the site-selective C-7-arylation of indolines with arylbor-
onic acids by using low-cost and earth-abundant cobalt(u)-PCy;
as a catalyst.” Even so, in view of the importance of indole and
indoline scaffolds, it is still highly desirable to develop more
convenient and efficient approaches for the synthesis of C-7
arylated indolines and C-7 arylated indoles.

Meanwhile, recent years have witnessed tremendous devel-
opments in the area of Rh(m)-catalyzed C-H bond functionali-
zation," which has allowed effective construction of various
C-C bonds. The major advantages of Rh(ur) catalysis are (i) high
functional-group tolerance, (ii) broad substrate scope, (iii) low
catalyst loading, high activity, and high catalytic efficiency.

Since the Hiyama cross-coupling reaction had been first re-
ported in 1988, as one of the most useful and reliable synthetic
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Site-selective synthesis of C-7 arylated indolines has been achieved via oxidative arylation of indolines with
arylsilanes under Rh(i)-catalyzed C—H activation of indolines by using CuSO,4 as a co-oxidant. This
transformation has been explored for a wide range of substrates under mild conditions.

methods for the construction C-C bonds, the Hiyama cross-
coupling reaction has drawn increasing attention.'® As attrac-
tive organometallic coupling partners with many unique
advantages such as low toxicity, high stability and environ-
mental benignity, organosilicon reagents were used as coupling
partners for the C-H arylation of indoles and indolines (Scheme
1b).”” Zhang group reported the Pd-catalyzed C-2 arylation of
indoles with arylsilanes in acidic medium in 2010. In 2014, Loh
group developed the Rh(m) catalyzed C-2 C-H arylation of
indoles with arylsilanes in aqueous media."® Very recently,
Szostak group developed the Ru(u) catalyzed arylation of indoles
with arylsilanes via C-H activation,® it is worth noting that the
reaction was carried out in water. However, the methods for the
synthesis of C-7 arylated indolines and C-7 arylated indoles are
very limited by using arylsilanes as the coupling partners. To the
best of our knowledge, the Rh(m) catalyzed C-7 arylation of
indolines with arylsilanes has not been achieved. Due to our
continuous interest in the arylsilanes-based coupling reac-
tion,"* we herein would like to report a Rh(u)-catalyzed

a) C-7 arylation of indolines with various coupling partners
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Schemel C-2 arylation of indoles with arylsilanes and C-7 arylation of
indolines.
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regioselective C-7 arylation of indolines with arylsilanes via C-H
activation (Scheme 1c), the reaction provides a facile access to
C-7 arylated indolines.

At the outset of the investigation, various N-protecting
indolines (Table 1, 1a-1f) were initially used as coupling
partners for the direct C-7 C-H arylation with phenyl-
triethoxysilane 2a in the presence of 1 mol% of [Cp*RhCl,],
in dioxane at 80 °C, 3.0 equiv. of AgF as the activator for C-Si
bond as well as the oxidant, and 2.0 equiv of Cu(OAc), as the
co-oxidant. The choice of the N-protecting group was found
to be crucial for this arylation, and only pyrimidyl-protected
indoline (1f) afforded desired arylated product 3fa. Then,
different fluorine sources such as AgF, CsF, KF, and TBAF
were examined (Table 1, entries 3-6). Only AgF was found to
be effective, thus affording the desired product 3fa. The
reaction can afford the desired product in 72% yield by using
no co-oxidant (entry 7). In order to increase the yield, various
co-oxidants such as Ag,COs3, Ag,0, Cu(OAc), and CuSO, were
utilized (entries 8-10), CuSO, proved to be the optimal
choice. Subsequently, the effect of solvent was then investi-
gated (entries 10-15), and dioxane was found to be suitable
for the reaction. To our surprise, this reaction could be per-
formed in aqueous media (dioxane/H,0 = 1/10) in 47% yield
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(Table 1, entry 15). Furthermore, in order to gain the milder
reaction condition, the reaction temperature was tried to
reduce. The results revealed that the reaction carried out at
60 °C offered a relatively low yield in 87% (Table 1, entry 16).

With the optimized reaction conditions in hand, we then
proceeded to explore the scope of the direct C-7 C-H arylation of
N-(2-pyrimidyl)-indoline with a series of arylsilanes (Table 2). It
was found that various phenylsilanes had good compatibility
under these reaction conditions. At first, phenyltrimethoxy-
silane shows good reactivity affording 67% yield. To investi-
gate the steric effect, the phenyltriethoxysilanes bearing methyl
group on different positions of the phenyl ring were employed
as the substrates (3fb-3fd). The results indicate that the phe-
nyltriethoxysilane with ortho-methyl substituent was found to
afford the desired product for the diminished yield in 33%,
which could be due to the steric effect. The direct C-H arylation
of N-(2-pyrimidyl)-indoline has shown excellent tolerance to
both electron-withdrawing and electron-donating groups as
aromatic substituents, including alkyl (3fb-3fe), alkyloxyl (3ff-
3th), aryl (3fi), fluoro (3fj), chloro (3fk), and trifluoromethyl
groups (3fl) in good to excellent yields except the ortho-methyl
substituent  (3fd). In  addition, the  heterocyclic
triethoxy(thiophen-2-yl)silane was also used to explore the

Table 1 Optimization of reaction conditions for the Rh(i)-catalyzed C-7 arylation of indolines with arylsilane®

1a,R = Me
. 1b, R = tBu
1cR=Ph

H )*R 1d, R = N(Me),

O

H 4 \=O H NG

Q
5
Ly

1e 1f
| 0,
SI(OEYs Cotondant {20 squh) ® y
N * ©/ F resource (3.0 equiv)' O
H R' Solvent, 80 °C, 20 h
1a-1f 2a 3aa-fa
Entry Substrates Co-oxidant F source Solvent Yield” (%)
1 1la-1d Ag,CO; AgF Dioxane 0
2 1e Ag,CO; AgF Dioxane 0
3 1f Ag,CO; AgF Dioxane 81
4 1f Ag,CO; CsF Dioxane 0
5 1f Ag,CO; KF Dioxane 0
6 1f Ag,CO; TBAF Dioxane 0
7 1f — AgF Dioxane 72
8 1f AgOAc AgF Dioxane 89
9 1f Cu(OAc), AgF Dioxane 85
10 1f CuSO, AgF Dioxane 98
11 1f CuSOy4 AgF DMF 62
12 1f CuSO0, AgF DMSO 0
13 1f CuSO,4 AgF iPrOH 81
14 1f CuSO, AgF H,0 Messy
15 1f CuSO, AgF Dioxane/H,0 = 1/10 47
16° 1f CuSO, AgF Dioxane 87

¢ Unless otherwise noted, the reaction conditions are as follows: 1 (0.3 mmol), 2a (0.9 mmol), [Cp*Rh(m)Cl,], (1 mol%), Co-oxidant (0.6 mmol), F
resource (0.9 mmol), solvent (3.0 mL). ? 1solated yield after purification by flash column chromatography on silica gel, n.d.p or trace product was

determined by TLC. ¢ The reaction temperature was 60 °C.
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Table 2 Rh(i)-catalyzed the direct C-7 arylation of indoline 1f with
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Table 3 Rh(m)-catalyzed the direct C-7 arylation of various indolines 1
with phenyltriethoxysilane 2a%?

[Cp*RNCly], (1 mol%)
CuS04 ( 2.0 equiv)
AgF(3.0 equiv)

dioxane, 80 °C, 20 h

various phenyltriethoxysilane 2%?

N Si(OEt);
. R S R—:(j/ > )\N
oy LS,
" \Q) 2 \

Sboh 4% wﬁﬁ

3fa 98%
3fa’, 67%°

oS

MeO

3fd, 33% tBu
3fe, 90%

L,
¢

Ph 3fi, 78%

3fb, 5% 3fc, 90%
4 o
® L,
N
>~ N)’\N
/J~N \
o0 W
= (o)
-
3fg, 96%

L,

3fh, 82%

¢ > >
N\;B /_SN\;B

3fm, 52%

e
|

Cl 3k, 98% CFs 3, 92%

“ Unless otherwise noted, the reaction conditions are as follows: 1f (0.3
mmol), 2 (0.9 mmol), dioxane (3.0 mL). ? All the yields refer to isolated
yields. ¢ Phenyltrimethoxysilane was used.

possibility of the C-H arylation. To our delight, the reaction also
afforded the corresponding product in moderate yield (3fm).
To further evaluate the substrate scope, various substituted
N-(2-pyrimidyl)-indolines were used to test the reaction with the
phenyltriethoxysilane 2a under the optimized reaction condi-
tions. The results are summarized in Table 3. In general, the (2-
pyrimidyl)-indolines bearing electron-donating groups on the
aromatic ring such as 5-methyl and 5-alkyloxyl group react
smoothly to afford the corresponding arylated products in
excellent yields (4ga-4ha). In addition, the reactions with the (2-
pyrimidyl)-indolines bearing electron-withdrawing group on
the aromatic ring also afford moderate to good yield (4ja-40a),
except the substrate 1n with 6-bromo group showed low activity
affording 17% yield, which may be attributed to the steric
hindrance of the bromo functionality. Furthermore, the
substrates with C-2 or C-3 methyl substituted group on the
indoline ring also show excellent compatibility with the reac-
tion condition in 86% (4pa) and 90% yield (4qa), respectively.
To explore the utility of this transformation, we tried to
explore direct C-8 C-H arylation with N-(2-pyrimidyl)-
tetrahydroquinoline 5 and phenyltrimethoxy-silane 2a under
the standard condition, to our delight, the desired C-8 C-H
arylated product was obtained in 48% yield (Scheme 2).

This journal is © The Royal Society of Chemistry 2019

O [CP*RNClgly (1 mol%) 4 @
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Me
v O
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o0 QY
— —
0 4 0/
4oa, 66% 4pa, 86% qa, 90%

¢ Unless otherwise noted, the reaction conditions are as follows: 1 (0.3
mmol), 2a (0.9 mmol), dioxane (3.0 mL). ° All the yields refer to
isolated yields.

To further demonstrate the synthetic utility of the method,
the transformation of C-7 arylated indoline into C-7 arylated
indole was studied.™*' As shown in Scheme 3, the trans-
formation was begun with the oxidation of C-7 arylated N-(2-
pyrimidyl)-indoline 3fa by the use of DDQ (2,3-dicyano-5,6-
dichlorobenzoquinone), followed by removing pyrimidyl
group in the present of base. Finally, 83% yield of the C-
7arylated indole product 7a was successfully obtained.

To gain some preliminary mechanistic insights, kinetic
isotope experiments were conducted. The parallel reactions of
1f and deuterio-1f with 2a resulted ky/Kp = 0.80 (Scheme 4),
which suggested that the C-H cleavage was not the rate-
determining step in the catalytic cycle. On the basis of
previous literatures, '**>** a plausible mechanism is proposed
as shown Scheme 5. The process is likely to be initiated by the

[Cp*RhCL,]; (1 mol%)
Si(OEt)3 CuSOy (2.0 equiv)
NT ©/ AGF (30 equ) )N\

H i o Ph
NJ\N dioxane, 80 °C, 24 h NZSN

NG g

48% yield

Scheme 2 Rh(i)-catalyzed the direct C-8 arylation of N-(2-pyr-
imidyl)-tetrahydroquinoline 5 with phenyltriethoxysilane 2a.
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Scheme 3 Transformation of C-7-arylated indoline 3fa to the corre-
sponding indole 7a.

\
1) DDQ, 1,4-dioxane O N

90°C,15h 3 H

2)NaOEt, DMSO O

100°C, 3 h
7a, 83% overall yield

standard standard N
N l:(]lldltlolls condltlons
D N
H ),‘ N7
N —
3fa deuterio-1fa (97% D)

1fa
KKy =0.80

Scheme 4 Parallel kinetic isotope experiment.

coordination of the nitrogen atom of 2-pyrimidyl group of 1f to
the rhodium catalyst, leading directly to cyclometalation
process via C-H bond activation to afford the five-membered
rhodacycle A.** The Ph-Ag species can be generated via the C-
Si activation by the nucleophilic attack of a fluoride ion on sil-
icon,**** followed by the transmetalation with intermediate A to
afford the Rh(m) intermediate B, from which reductive elimi-
nation would provide C-7 arylated indolines 3fa and regenerate
the Rh(i) catalyst, which is reoxidized to Rh(m) species by Ag(1) or
Cu(u) salts to complete the catalytic cycle.

In summary, we have demonstrated a Rh(m)-catalyzed
oxidative arylation of indolines with arylsilanes via C-H acti-
vation by using CuSO, as an co-oxidant. This general trans-
formation exhibits excellent reactivity and broad substrate

Oxidation by Cu(ll)
or Ag(l) salts

b4

Q‘I

Cp*Rh(IIICl, \§ N

@3

Cp*Rh(l) Cl= Rh /
Ph- Ag(I)
N
N@ @ PhSl(OEt)
3
Ph‘Rh
Cp* \
B

Scheme 5 Plausible catalytic cycle for Rh(i)-catalyzed the direct C-7
arylation of indolines with phenyltriethoxysilane.
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scopes, various functional groups are well tolerated under the
mild reaction conditions. This reaction constitutes a comple-
ment method for the synthesis the desired C-7 arylated indo-
lines up to excellent yields, which can be conveniently
transformed into C-7 arylated indoles.
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