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Abstract Indoles and their derivatives are an important class of N-heterocycles. In this article, iridium-catalyzed annulation
reactions of N-aryl-2-aminopyridines to synthesize indole derivatives are designed and developed, which utilize vinylene
carbonate as a new C2 synthon. This protocol is expected to provide a facile and useful access to various indole derivatives.
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1 Introduction

Indoles and their derivatives are an important class of
N-heterocycles, which are widely prevalent in natural bio-
active molecules, pharmaceuticals, and functional
materials.!! As a result, a great deal of effort has been dedi-
cated to developing methodologies for preparing indole
scaffolds.”) Among them, the most notable example is
Fischer indole synthesis, which prepares indoles from ar-
ylhydrazine and carbonyl compounds (Scheme 1a).F’!
Subsequently, Larock’s group developed palladium-
catalyzed coupling reactions of carbonyl compounds and
o-haloaniline derivants to perfect indole synthesis.[*!
However, most of them also face some unavoidable
drawbacks, such as limited substrate scope, the necessity for

strong bases and harsh reaction conditions.

Considering the limitations of the traditional synthesis
method, in recent years, many transition metal-catalysed
coupling reactions utilizing a directing group were
exploited to the synthesis of indoles (Scheme 1b).5! In
2015, Kim’s group!® demonstrated a rhodium(III)-
catalyzed coupling reactions of anilines with diazo
compounds to synthesize highly substituted indoles. In
2019, Huang’s group!”! demonstrated that sulfoxonium
ylides are important building blocks in annulation reactions,
and reported a Ru(Il)-catalyzed intermolecular annulation
of N-aryl-2-aminopyridines and sulfoxonium ylides to
synthesize indole derivatives. Recently, Tao and Xia’s
group!® reported a Pd-catalyzed [3 + 2] annulation of
N-aryl-2-aminopyridines and alkynes, which provides an
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efficient strategy for the synthesis of highly substituted
indoles. Despite these considerable progress, there is still a
great demand for the development of the efficient synthesis
of indole derivatives.

Recently, vinylene carbonate, as an ideal synthetic
precursor of acetylene surrogate, has been widely used in
annulation reactions to synthesize various polycyclic het-
eroaromatic scaffolds.””) Inspired by these elegant pro-
gresses and our previous research,!!') herein, we design and
develop an Ir-catalyzed annulation reactions of N-aryl-
2-aminopyridines to synthesize indole derivatives (Scheme
Ic), which utilizing vinylene carbonate as a new C2
synthon.

(a) Fischer indole synthesis:

H
L i o N
+ — — R
e R {
N 2
H R

H R?

(b) Transition-metal-catalyzed pyridyl group directed C—H activation to
indoles

Kim’s work: /
COOR , AgOAc
+ N2 N
©/ @ coor2 MeOH, 60°C, 20 h w

COOR?
Huang’s work: / N\
)K/ _ AgSbFg, Zn(OAC), _ =N
© O T "MeoH, 60°C, 20 h mR
V4
Tao's work: /\
H DTBP =N
N
©/ @+ Ar———_p, CU(TFA),, HCOOH J
N NMP, 60 °C, 20 h wAr
Ar
(c) This work: Ir-catalyzed pyridyl group directed C—H activation to indoles
R2
H o [CpUiChl, NS
N O—/( AgNTf,, Zn(OAc),
N A L e
PN T 0 THF, 80°C, 8h R(iN)
X=CHorN (A~

Scheme 1 Representative synthetic methods for indole deriva-
tives

2 Results and discussion

Inspired by our recent research and the reported work
involving vinylene carbonate, our investigation commenced
with the utilization of N-aryl-2-aminopyridines (1a) and
vinylene carbonate (2a) as the model substrates using 5
mol% [Cp*RhCL ] in tetrahydrofuran (THF) with AgSbFs
as the sliver salt and PivOH as the additive at 90 ‘C (Table
1, Entry 1). Unfortunately, the cycloaddition product 3a was
not obtained after attempts even other common catalysts,
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such as [Ru(p-cymene)Cl,],, [Cp*Co(CO)I,] and Pd(OAc),
(Table 1, Entries 2~4). Subsequently, our focus shifted to
Ir-complexes, which is known for their outstanding perfor-
mance in metal-catalyzed coupling reactions.''! To our
delight, the desired product 3a was first obtained in 46%
yield using [Cp*IrCly], as catalyst (Table 1, Entry 5).
Considering the importance of additives in current reaction,
other additives were investigated (Table 1, Entries 6~9),
such as HOAc, NaOAc, Cu(OAc), and Zn(OAc),, and the
results revealed that Zn(OAc), was beneficial for the
reaction, the yield of 3a increased to 56%. Then several
solvents were investigated, among which THF gave the
superior result compared with 1,2-dichloroethane (DCE),
ethyl acetate (EA) and PhMe (Table 1, Entries 10~12).
Subsequently, screening of sliver salt revealed that AgNTT,
was the optimal choice and 73% yield was obtained (Table
1, Entries 13~15). In order to further complete the catalytic
system, screening of other parameters, such as the amount
of reactants, reaction temperature and reaction time, the
optimal conditions are established as follows: N-phenylpy-
ridin-2-amine (1a, 0.2 mmol), vinylene carbonate (2a, 0.4
mmol), [Cp*IrCL], (5 mol%), AgNTf, (20 mol%),
Zn(0Ac): (5 mol%), in THF (2 mL) at 80 °C for 8 h, where
the yield of 3a reached 75% (Table 1, Entry 16).

Table 1 Optimization of reaction conditions®

Catalyst
Ag salt, Additive
©/ \,\Q\ \ O THF, 90°C, 12 h \N‘<t/>’
N
3a

Agsalt Additive Solvent Yield®/%

Entry Catalyst

1 [Cp*RhCl2]2 AgSbFs PivOH  THF Trace
2 [Ru(p-cymene)Cl]» AgSbFs PivOH  THF Trace
3 [Cp*Co(CO)I2] AgSbFs PivOH  THF Trace
4 Pd(OAc): AgSbFs PivOH  THF Trace
5 [Cp*IrChl]» AgSbFs PivOH  THF 46
6 [Cp*IrCl2]2 AgSbFs HOAc  THF 31
7 [Cp*IrCla)z AgSbFs NaOAc THF Trace
8 [Cp*IrCl2]2 AgSbFs Cu(OAc). THF Trace
9 [Cp*IrCl2]2 AgSbFs Zn(OAc), THF 56
10 [Cp*IrCL]2 AgSbFs Zn(OAcy, DCE 35
11 [Cp*ICL]2 AgSbFs Zn(OAcy EA 18
12 [Cp*IrCL]2 AgSbFs Zn(OAc): PhMe 51
13 [Cp*IrCL]2 AgBFs Zn(OAc): THF Trace
14 [Cp*IClL]2 AgNTE Zn(OAc)y THF 73
15 [Cp*IrCL]2 AgOTf Zn(OAc), THF 54

16¢ [Cp*IrCla]z AgNTEH Zn(OAc) THF 75, 714
4 Reaction conditions: 1a (0.2 mmol), 2a (0.4 mmol), catalyst (5 mol%), Ag
salt (20 mol%), additive (5 mol%), THF (2 mL) at 90 ‘C for 12 h. ? Yields
were determined by 'H NMR using 1,3,5-trimethoxybenzene as the internal
standard. ¢ At 80 ‘C for 8 h. “Isolated yields.

With suitable conditions established, we subsequently
started to surveyed the scope and generality of various
substituted pyridines for this [3+2] annulation, and the
results are showned in Scheme 2. As for directing group
pyridine fragments, it was found that this [3+2] annulation
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was not sensitive to the electronegativity of substituents,
both electron-withdrawing group (F, CI) or electron-
donating group (Me) at C(3)- or C(4)-position of the pyri-
dine rings reacted successfully, delivering the correspond-
ing indoles (3a~3f) in 50%~71% yields. This reaction
seems to be tremendously influenced by the steric hindrance
effect, and the yield of C(5)-cholro-substituted pyridine 3g
was decreased dramatically to 38%, even the cycloaddition
product 3h was not obtained. Besides, the stability of
Ir-com- plexes intermediate might be influenced by
C(2)-substituted pyridine generating the desired product 3i,
but 3i was not obtained. Moreover, anilines containing
pyridine 3j and N-pyrimidyl 3k are also suitable for the
reaction with 73% and 42% yields, respectively. Finally,
polysubstituted substrates could also react with 2a to give
products 31~3o in acceptable yield. After determining the
optimal guiding group 3j, various aniline fragments were
also examined under the optimized conditions. Generally,
this reaction has good functional group compatibility, ani-
lines bearing electron-donating (Me, OMe, ‘Bu, Ph) or

electron-withdrawing groups (F, Cl, Br, CF3) on the ben-
zene ring could successfully couple with vinylene carbonate
to give indole derivatives in moderate to good yields (3p~
3aa). Among them, anilines containing the F or Cl group at
the para-position were not sensitive in this catalytic system,
affording 3z and 3aa in 35% and 47% yields, respectively.
It is worth noting that the large N-(naphthalene-2-yl)pyri-
dine-2-amine (3ab) was also found to be effective for this
[3+2] annulation, and provided the desired products in
47% yields.

In order to explore the synthetic utility of our catalytic
system, a scaled-up reaction with 5 mmol of N-phenyl-
pyridin-2-amine (1j) was carried out, and indole 3j was
obtained in 63% yields. Considering the importance of
indole compounds,!'”) some modification of the coupling
product 3j was attempted. As expected, the obtained indole
3j could be further converted into various substituted in-
doles (5a~8a) under different catalytic systems, which
clearly disclosed the synthetic utility of this method
(Scheme 3).

R2
//\\
H [CPHIrClyl, X /N7
LN N /xi . o—( AgNTf,, Zn(OAc), )/
R n K 0 THF, 80°C, 8 h SN
X=CHorN Y

2a

Substrate scope for the pyridine

3

> N N N N
N7\ N” N7
- ) ) N N N\ N\
—_/—OCH; — /—CH, - /Br —
CH, F Cl
3a, 71% 3b, 64% 3c, 70% 3d, 50% 3e, 69% 3f, 70% 39, 38%
N \ HsC
\ @ \ \ /©f> ©f> Ny ¢ \
N HsC N N
N Ph N N ) H,C N N
7 N 7 N N" N >N N
N7\ — NT O\ N \\) = — N \\) N7
Hs CH,4
3h, 0% 3i, 0% 3j, 80% 3k, 42% 31, 66% 3m, 62% 3n, 48% 30, 48%
Substrate scope for the aniline
o Foo ;
| + '
HyC N wmeo N e N i N g N R N
Py Py i Py N Py Py Py
! A =41-4y PYi
3p, 65% 3q, 66% L. 3n66% BFAF=T) T 3s, 62% 3t,57% 3u, 33%
HsC By MeO Ph F cl
YD D T T T e
| N N N N N N
Py Py Py Py Py Py Py
3v, 66% 3w, 75% 3x, 38% 3y, 50% 3z, 35% 3aa, 47% 3ab, 47%

Reaction conditions: 1 (0.2 mmol), 2a (0.4 mmol), [Cp*IrCl,], (5 mol%), AgNTf, (20 mol%), Zn(OAc), (5 mol%), THF (2 mL) at 80 ‘C for 8 h.

Isolated yields.

Scheme 2 Substrate scope for the pyridine
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H o) (5 mol%) \
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+ N
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Scheme 3 Gram-scale synthesis and derivatization of the coupling product 3j

Some mechanistic experiments were then carried out to
explore the experimental mechanism (Scheme 4). Initially,
the reaction was carried out by using 1j with D,O under the
standard conditions for 2 h in the absence of vinylene car-
bonate (2a), which showed that 22% deuterium incor-
poration at the ortho-position of 1j (Scheme 4a). This in-
dicated that the C—H bond cleavage of this transformation
was reversible. Then, the intermolecular competitive kinetic
isotope effect (KIE) experiment of 1j and ds-1j was
implemented under the standard conditions for 3 h and
revealed a KIE value of 1.6 (Scheme 4b), which implying
that ortho-C—H bond cleavage might not be involved in the

(a) H/D exchange experiment:

H (6mol%) 1D !

H AgNTH, ( 20 mol%) |

@ Zn(OAc); (5 mol%) _ O 3

+ D,0 !

y N *" THF, 80°C,2h HdNF

1j, 0.2 mmol (10 equiv.) d-1j, 22% D i

(b) Competitive KIE experiment: i
(5 mol%) |

AgNTf, (20 mol%) 7Z !

)J\ Zn(OAc)z (5 mol%) Da/Ha I

Ds/Hs 71— N |
THF, 80 °C 3h by |

1a/ds-1j (1:1) 2a Ki/Kp = 1.6 o

0.2 mmol 0.4 mmol S/da3)

(c) Competition reaction: (5 mol%) i
AgNTf, (20 mol%) 3

\@/ O o o Zn(OAG), (5 mol%) /@ 3
=/ 7THF, 8o°c, 8h R N

Py i

R = OMe/Cl 2a R = OMe/Cl 3

1p:1s = 1:1 0.4 mmol 3p:3s=3.5:1

rate-determining process. Finally, intermolecular compe-
tition experiment between 1q and 1s was conducted, and the
3q and 3s were obtained in a ratio of 3.5 1, which indi-
cated the higher reactivity for the electron-rich substrate
(Scheme 4c).

Based on these preliminary results and previous re-
ports,['3] a proposed mechanism for this transformation was
proposed in Scheme 4d. Firstly, substrate 1j transforms into
an iridium intermediate A via C—H bond activation.
Subsequently, intermediate A reacts with vinylene car-
bonate 2a to form eight-member intermediate B, which can
translate into intermediate C by a decarboxylation. Then

.

AgNTf, H N
o O

N U * W
~ Cp*Ir(X),
X = NTf, or OAc
HRMS calcd for achvatnon
[M+H]* 213.1022,
found 213.1022
3
) @ O
N /
/
Ir_ . A
\o cp o
c —
w) Jiy
N Qo
) —
CO, Ir\Cp* 2a
o__O
O B

Scheme 4 Mechanistic studies and proposed mechanism
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intermediate D is obtained from protonation of intermediate
C, while releasing active Ir-complexes to complete the cata-
lytic cycle. Finally, the coupling product 3j is formed via
eliminating water.

3 Conclusions

In summary, an iridium-catalyzed [3+2] annulation of
N-phenylpyridin-2-amine with readily available vinylene
carbonate has been developed, which opens an efficient
approach for the synthesis of indole derivatives. This
method features broad substrate scopes and good yields.

4 Experimental section

4.1 General experimental information

All the solvents involved in the reaction were dried by
standard methods. All the drugs involved in the reaction
were purchased from chemical reagent suppliers such as
Anergy, Bidet, efc., and were used without further purifi-
cation. All products were separated by silica gel (200~300
mesh) column chromatography with petroleum ether (PE)
(60~90 °C) and ethyl acetate (EA). '"H NMR and '*C NMR
spectra were recorded on a Bruker Advance 500 spectrom-
eter at ambient temperature with CDCl; as solvent and
tetramethylsilane (TMS) as the internal standard. High
resolution mass spectrometry (HRMS) data were recorded
by an Agilent LC 1200/MS QTOF6520. Melting points
were measured by a WRS-1B type melting point apparatus
and were uncorrected.

4.2 General procedure for synthesis of indole 3

The synthesis of 1-(5-methylpyridin-2-yl)-1H-indole
(3a) was taken as an example. 5-Methyl-N-phenylpyridin-
2-amine (1a) (0.2 mmol), carbonate ethylene (2a) (0.4
mmol), [Cp*IrCl,], (5 mol%), AgNTf, (20 mol%) and
Zn(OAc); (5 mol%) were dissolved in THF (2 mL). The
reaction mixture was stirred at 80 “C for 8 h. The resulting
mixture was cooled to room temperature. After concen-
trating on the solvent, the product was purified by flash
chromatography with V{(petroleum ether, PE) . V(ethyl
acetate, EA)=>50 : 1 to give the product 3a.

1-(5-Methylpyridin-2-yl)-1H-indole (3a): 71% yield as a
white solid. m.p. 107~109 C; R¢=0.6 [(PE) : M(EA)=
5. 1]; '"H NMR (500 MHz, CDCl;) &: 8.40 (d, J=2.1 Hz,
1H), 8.13 (dd, J=38.3, 1.0 Hz, 1H), 7.70 (d, J/=3.5 Hz, 1H),
7.67 (d, J=7.8 Hz, 1H), 7.63 (dd, J/=8.3, 2.4 Hz, 1H), 7.41
(d,J=8.3 Hz, 1H), 7.29 (ddd, /=8.4,7.1, 1.2 Hz, 1H), 7.20
(ddd, J=7.9, 7.0, 1.0 Hz, 1H), 6.71 (dd, J=3.5, 0.8 Hz,
1H), 2.39 (s, 3H); 3C NMR (126 MHz, CDCls) ¢: 150.4,
149.0, 139.1, 135.1, 130.3, 129.8, 126.2, 123.0, 121.1,
121.1, 114.5, 112.7, 105.1, 17.9; HRMS (ESI-TOF) calcd
for C14Hi3N;2 [M+H]" 209.1073, found 209.1080.

1-(5-Fluoropyridin-2-yl)-1H-indole (3b):1'1 64% yield as
a white solid. m.p. 74~76 C; Rr=0.6 [V(PE) . (EA)=
5. 1]; '"H NMR (500 MHz, CDCls) &: 8.43 (d, J=3.0 Hz,
1H), 8.11 (dd, J/=8.4, 1.0 Hz, 1H), 7.71~7.63 (m, 2H),
7.56 (ddd, J=8.9, 7.4, 3.0 Hz, 1H), 7.47 (dd, J=38.9, 3.6
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Hz, 1H), 7.30 (ddd, J/=8.4, 7.1, 1.3 Hz, 1H), 7.22 (ddd, J=
8.0, 7.1, 1.0 Hz, 1H), 6.72 (dd, J=3.5, 0.8 Hz, 1H); 13C
NMR (126 MHz, CDCls) ¢: 158.05, 156.04, 148.83, 148.81,
136.79, 136.59, 135.18, 130.38, 126.19, 125.79, 125.63,
123.35, 121.46, 121.29, 115.61, 115.58, 112.59, 105.6;
HRMS (ESL-TOF) caled for CisHiFN; [M + H] '
213.0823, found 213.0827.

1-(5-Chloropyridin-2-y1)-1H-indole (3¢):!"* 70% yield as
a pale yellow solid foam. Rt=0.5 [(PE) : M(EA)=5 : 1];
'"H NMR (500 MHz, CDCls) &: 8.51 (d, J=2.5 Hz, 1H),
8.18 (dd, J=8.4, 1.0 Hz, 1H), 7.77 (ddd, J=28.7, 2.6, 1.0
Hz, 1H), 7.70~7.62 (m, 2H), 7.4 (dt, J=8.8, 0.9 Hz, 1H),
7.32 (ddd, J=8.4, 7.0, 1.3 Hz, 1H), 7.23 (ddd, /=8.0, 7.1,
1.0 Hz, 1H), 6.73 (dd, J=3.5, 0.8 Hz, 1H); 3C NMR (126
MHz, CDCIls) d: 150.8, 147.6, 138.25, 135.10, 130.57,
127.61, 125.86, 123.52, 121.69, 121.32, 115.09, 113.12,
106.2; HRMS (ESI-TOF) caled for Ci3H oCIN, [M+H]"
229.0527, found 229.0528.

(4-Methoxypyridin-2-yl)-1H-indole (3d): 50% yield as a
pale yellow oil. Re=0.5 [V(PE) : (EA)=5 : 1]; '"H NMR
(500 MHz, CDCLy) &: 839 (d, J=5.8 Hz, 1H), 8.16 (dd,
J=28.4,0.9 Hz, 1H), 7.72 (d, J=3.5 Hz, 1H), 7.66 (d, J=
7.7 Hz, 1H), 7.32~7.28 (m, 1H), 7.21 (td, J/=7.5, 0.9 Hz,
1H), 7.00 (d, J=2.2 Hz, 1H), 6.74 (dd, J=5.8, 2.3 Hz, 1H),
6.71 (d, J=3.4 Hz, 1H), 3.93 (s, 3H); '*C NMR (126 MHz,
CDCl) o: 167.6, 154.0, 150.1, 135.2, 130.5, 126.3, 123.1,
121.3, 121.2, 112.9, 107.1, 105.4, 100.7, 55.6; HRMS
(ESI-TOF) caled for C14HsN,O [M~+H]" 247.0842, found
247.0844.

1-(4-Methylpyridin-2-yl)-1H-indole (3e):l'1 69% vyield
as a pale-yellow oil. R=0.6 [V(PE) . (EA)=5 . 1]; 'H
NMR (500 MHz, CDCl;) o: 8.43 (d, J=5.1 Hz, 1H), 8.19
(d, J/=8.4 Hz, 1H), 7.72 (d, J=3.5 Hz, 1H), 7.67 (dt, J=
7.9, 1.0 Hz, 1H), 7.33~7.28 (m, 2H), 7.21 (ddd, J=38.0,
7.1, 1.0 Hz, 1H), 7.00 (dd, J=5.1, 1.3 Hz, 1H), 6.71 (dd,
J=3.5, 0.8 Hz, 1H), 2.45 (s, 3H); '3C NMR (126 MHz,
CDCl) o: 152.73, 149.92, 148.71, 135.22, 130.48, 126.20,
123.10, 121.48, 121.24, 121.15, 115.45, 113.0, 105.3, 21.4:
HRMS (ESI-TOF) caled for CisH sN; [M+H]™ 231.0893,
found 231.0898.

1-(4-Bromopyridin-2-yl)-1H-indole (3f):1'*1 70% yield as
yellow oil. Rr=0.6 [V(PE) : V(EA)=5 : 1]; 'H NMR (500
MHz, CDCls) ¢: 8.38 (d, J=5.3 Hz, 1H), 8.24 (dd, /=84,
0.9 Hz, 1H), 7.71~7.64 (m, 3H), 7.35~7.30 (m, 2H), 7.23
(ddd, J=8.0, 7.1, 1.0 Hz, 1H), 6.73 (dd, J=3.5, 0.8 Hz,
1H); 13C NMR (126 MHz, CDCl;) &: 153.4, 149.6, 135.1,
134.3, 130.7, 125.7, 123.6, 123.2, 121.8, 121.3, 1174,
113.3, 106.6; HRMS (ESI-TOF) calcd for C;3H;oBrN;
[M+H]" 273.0022, found 273.0020.

1-(3-Chloropyridin-2-yl)-1H-indole (3g):!'"' 38% yield
as a colorless oil. Ry=0.4 [V(PE) . EA)=5 : 1]; 'H
NMR (500 MHz, CDCl) d: 8.53 (dd, J=4.6, 1.7 Hz, 1H),
7.94 (dd, J=8.0, 1.6 Hz, 1H), 7.69 (d, J=7.6 Hz, 1H), 7.55
(dd, J=3.5, 1.4 Hz, 1H), 7.51 (dd, J=8.2, 1.1 Hz, 1H),
731~7.23 (m, 2H), 7.18 (tdd, J=7.1, 2.0, 1.1 Hz, 1H),
6.73 (dd, J=34, 1.1 Hz, 1H); 3C NMR (126 MHz,
CDCl) o: 149.1, 147.2, 140.1, 136.0, 129.2, 127.7, 126.1,
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123.1,122.8,121.1,121.1, 112.2, 104.7; HRMS (ESI-TOF)
caled for C13H;CIN; [M+H]" 229.0527, found 229.0528.

1-(Pyridin-2-yl)-1H-indole (3j):I'"1 73% vyield as a pale
yellow oil. Rr=0.6 [/(PE) : V(EA)=5 : 1]; "H NMR (500
MHz, CDCl;) J: 8.58 (ddd, J=4.9, 1.9, 0.9 Hz, 1H), 8.23
(dd, J=38.3, 1.0 Hz, 1H), 7.86~7.72 (m, 2H), 7.69 (dt, J=
7.7,1.0 Hz, 1H), 7.50 (d, /=8.2 Hz, 1H), 7.32 (ddd, J=28.3,
7.1, 1.3 Hz, 1H), 7.25~7.20 (m, 1H), 7.17 (ddd, J=7.4,
4.9, 0.9 Hz, 1H), 6.74 (dd, J=3.5, 0.8 Hz, 1H); 3C NMR
(126 MHz, CDCl;) d: 152.5, 149.0, 138.5, 135.1, 130.5,
126.1, 123.2, 121.3, 121.2, 120.1, 114.7, 113.0, 105.6;
HRMS (ESI-TOF) caled for CsH N> [M+H]" 195.0917,
found 195.0915.

1-(Pyrimidin-2-yl)-1H-indole (3k):l'"¥ 42% yield as a
pale yellow oil. Re=0.5 [/(PE) : (EA)=5 : 1]; '"H NMR
(500 MHz, CDCl;) ¢: 8.74 (dd, J=4.8, 1.7 Hz, 1H), 8.62
(dd,J=8.6, 1.3 Hz, 2H), 7.56 (dd, J=7.8, 1.6 Hz, 1H), 7.28
(ddd, J=8.6, 5.5, 1.8 Hz, 2H), 7.15 (ddt, J=8.5, 7.3, 1.2
Hz, 1H), 6.95 (s, 1H), 6.63 (dd, J=7.7, 4.9 Hz, 1H); 13C
NMR (126 MHz, CDCl3) ¢: 158.2, 157.9, 135.5, 131.4,
125.9, 123.7, 122.2, 120.9, 116.3, 116.2, 107.0;, HRMS
(ESI-TOF) calcd for Ci2H N3 [M+H]™ 196.0869, found
196.0871.

6-Methyl-1-(5-methylpyridin-2-yl)-1H-indole (31): 66%
yield as a colorless oil. R=0.6 [V(PE) . (EA)=5 . 1];'H
NMR (500 MHz, CDCls) 6: 8.29 (d, J=2.2 Hz, 1H), 7.84
(s, 1H), 7.51 (dd, J=5.7, 2.8 Hz, 2H), 7.44 (d, J=28.0 Hz,
1H), 7.27 (d, J=8.2 Hz, 1H), 6.97 (dd,J=8.0, 1.3 Hz, 1H),
6.55 (dd, J=3.5, 0.8 Hz, 1H), 2.41 (s, 3H), 2.27 (s, 3H); 1°C
NMR (126 MHz, CDCl3) ¢: 150.5, 149.0, 139.1, 135.5,
132.8, 129.6, 128.1, 125.6, 122.8, 120.7, 114.5, 112.6,
104.9, 22.1, 17.9; HRMS (ESI-TOF) calcd for CisHisN»
[M-+H]" 223.1230, found 223.1233.

5-Methyl-1-(5-methylpyridin-2-yl)-1H-indole ~ (3m):['4
62% yield as a white solid. m.p. 108~110 C; R=0.7
[V(PE) : (EA)=5 : 1]; '"H NMR (500 MHz, CDCls) &:
8.38 (d, J=2.3 Hz, 1H), 8.02 (d, J=8.5 Hz, 1H), 7.68 (d,
J=3.4 Hz, 1H), 7.61 (dd, J=8.4, 2.3 Hz, 1H), 7.50 (d, J=
1.3 Hz, 1H), 7.33 (d, /=8.2 Hz, 1H), 7.12 (dd, J/=8.4, 1.6
Hz, 1H), 6.63 (d, J=3.4 Hz, 1H), 2.48 (s, 3H), 2.38 (s, 3H);
3C NMR (126 MHz, CDCL) J: 150.4, 148.9, 139.2, 133 .4,
130.6, 130.4, 129.5, 126.2, 124.5, 120.9, 114.2, 1124,
104.8, 21.4, 17.9; HRMS (ESI-TOF) calcd for CisHisN»
[M-+H]" 223.1230, found 223.1232.

6-Methyl-1-(pyrimidin-2-yl)-1H-indole ~ (3n):l'"¥1  48%
yield as a white solid. m.p. 111~113 ‘C; R=0.5 [V(PE) :
V(EA)=5 : 1]; '"H NMR (500 MHz, CDCL) : 8.70 (d, J=
4.8 Hz, 2H), 8.64 (d, J=1.5 Hz, 1H), 8.21 (d, J=3.7 Hz,
1H), 7.51 (d, J=7.9 Hz, 1H), 7.09 (dd, J=8.0, 1.4 Hz, 1H),
7.03 (t, J=4.8 Hz, 1H), 6.66 (d, J=3.6 Hz, 1H), 2.56 (s,
3H); 3C NMR (126 MHz, CDCl3) 6: 158.2, 157.9, 135.8,
133.6,129.2,125.3,123.7, 120.5,116.4, 116.0, 106.9, 22.2;
HRMS (ESI-TOF) caled for Ci3H2N3 [M+H]" 210.1026,
found 210.1025.

5-Methyl-1-(pyrimidin-2-yl)-1H-indole ~ (30):!'"1  48%
yield as a pale yellow solid. m.p. 89~91 C; Ry=0.5
[V(PE) : (EA)=5 : 1]; '"H NMR (500 MHz, CDCls) &:
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8.71~8.63 (m, 3H), 8.23 (d, J=3.6 Hz, 1H), 7.42 (d, J=
1.6 Hz, 1H), 7.17 (dd, J=8.5, 1.7 Hz, 1H), 7.01 (t, J/=4.8
Hz, 1H), 6.63 (d, J=3.6 Hz, 1H), 2.48 (s, 3H); 3C NMR
(126 MHz, CDCl3) o: 158.2, 157.9, 133.7, 131.6, 131.6,
125.9, 125.1, 120.8, 116.0, 106.7, 21.5; HRMS (ESI-TOF)
caled for Ci3H N3 [M+H]™ 210.1026, found 210.1024.
6-Methyl-1-(pyridin-2-yl)-1H-indole (3p):!'"¥ 65% yield
as a pale yellow oil. Re=0.6 [V(PE) . (EA)=5 . 1]; 'H
NMR (500 MHz, CDCl) d: 8.58 (dd, J=4.9, 1.1 Hz, 1H),
8.02 (s, 1H), 7.85~7.80 (m, 1H), 7.65 (d, J=3.5 Hz, 1H),
7.58 (d,J=8.0 Hz, 1H), 7.47 (d, J=8.2 Hz, 1H), 7.17 (ddd,
J=173,4.9,0.9 Hz, 1H), 7.05 (dd, J/=8.1, 1.4 Hz, 1H), 6.67
(dd, J=3.5,0.9 Hz, 1H), 2.52 (s, 3H); '*C NMR (126 MHz,
CDCl3) o:152.7,149.0, 138.5, 135.5, 133.1, 128.3, 125.5,
123.0, 120.7, 120.0, 114.8, 113.0, 105.5, 22.1; HRMS
(ESI-TOF) caled for C4HpsN2 [M+H]" 209.1073, found
209.1072.
6-Methoxy-1-(pyridin-2-yl)-1H-indole ~ (3q):!"  66%
yield as a colorless oil. Rs=0.5 [V(PE) : (EA)=5:1];'H
NMR (500 MHz, CDCl) d: 8.55 (dd, J=4.9, 1.1 Hz, 1H),
8.19(dd,J=9.1,2.4 Hz, 1H), 7.78 (d,J=7.7 Hz, 1H),, 7.70
(d,/=3.5Hz, 1H), 7.44 (d, /=9.2 Hz, 1H), 7.12 (d, J=2.3
Hz, 2H), 6.96 (dd, J=9.1, 2.2 Hz, 1H), 6.65 (d, J/=3.4 Hz,
1H), 3.89 (s, 3H); 3C NMR (126 MHz, CDCL) &: 155.1,
152.6, 148.9, 138.4, 131.2, 130.3, 126.3, 119.8, 114.2,
114.0, 112.8, 105.4, 103.0, 55.8; HRMS (ESI-TOF) calcd
for C14H;3N,0 [M+H]" 225.1022, found 225.1022.
6-Fluoro-1-(pyridin-2-yl)-1H-indole/4-fluoro-1-(pyrid-
in-2-yl)-1H-indole (3r):['* 66% yield as a pale yellow oil.
R:=0.5 [M(PE) : (EA)=5 : 1]; '"H NMR (500 MHz,
CDCl) o: 8.57 (td, J=5.1, 1.9 Hz, 2H), 8.08 (dt, J/=10.8,
2.3 Hz, 1H), 7.99 (d, J=8.3 Hz, 1H), 7.82 (qd, J=7.5, 1.7
Hz, 2H), 7.67 (dd, J=8.9, 3.5 Hz, 2H), 7.56 (dd, J=8.6, 5.5
Hz, 1H), 7.52~7.47 (m, 1H), 7.46~7.42 (m, 1H), 7.25~
7.15 (m, 3H), 6.95 (td, J=9.0, 2.4 Hz, 1H), 6.87 (dd, J=
10.0, 7.9 Hz, 1H), 6.82 (d, J=3.5 Hz, 1H), 6.69 (dd, J=3.4,
0.8 Hz, 1H); 3*C NMR (126 MHz, CDCl3) é: 161.5, 159.6,
157.2, 155.3, 152.5, 152.3, 149.1, 149.0, 138.6, 137.6,
137.5, 135.3, 135.2, 126.8, 126.1, 126.1, 126.0, 123.8,
123.7, 121.6, 121.5, 120.6, 120.3, 119.5, 119.3, 114.8,
114.1, 110.0, 109.8, 109.2, 109.2, 106.3, 106.2, 105.7,
101.3,100.7, 100.5; HRMS (ESI-TOF) calcd for C3HoFN»
[M-+H]" 213.0823, found 213.0823.
6-Chloro-1-(pyridin-2-yl)-1H-indole (3s):'"¥ 62% yield
as a white solid. m.p. 110~112 C; Rr=0.6 [V(PE) :
V(EA)=5 : 1]; 'H NMR (500 MHz, CDCls) &: 8.59 (ddd,
J=4.8,1.9,0.9 Hz, 1H), 8.33 (d,J=1.8 Hz, 1H), 7.84 (ddd,
J=28.2,7.4,19 Hz, 1H), 7.67 (d, J=3.5 Hz, 1H), 7.56 (d,
J=8.4 Hz, 1H), 7.45 (d, J=8.2 Hz, 1H), 7.22~7.16 (m,
2H), 6.69 (dd, J=3.5, 0.9 Hz, 1H); '*C NMR (126 MHz,
CDCI3) o: 152.3, 149.0, 138.7, 135.5, 129.2, 128.9, 126.5,
122.0,121.8,120.5, 114.4, 113.6, 105.6; HRMS (ESI-TOF)
caled for C13H;0CIN; [M+H]™ 229.0527, found 229.0527.
6-Bromo-1-(pyridin-2-yl)-1H-indole (3t):1" 57% yield
as a pale yellow solid foam. Ry=0.6 [V(PE) : (EA)=5:
1]; 'H NMR (500 MHz, CDCl3) 6: 8.58 (dd, J=5.0, 1.8 Hz,
1H), 8.48 (d, /=1.7 Hz, 1H), 7.83 (td, J/=7.8, 1.9 Hz, 1H),
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7.65 (d, J=3.5 Hz, 1H), 7.51 (d, J/=8.4 Hz, 1H), 7.43 (d,
J=8.2 Hz, 1H), 7.32 (dd, J=8.4, 1.7 Hz, 1H), 7.19 (dd,
J=74, 48 Hz, 1H), 6.68 (d, /=3.4 Hz, 1H); *C NMR
(126 MHz, CDCls) o: 152.2, 149.1, 138.7, 135.9, 129.2,
126.4, 124.6, 122.2, 120.5, 116.9, 116.5, 114.5, 105.7;
HRMS (ESI-TOF) caled for Ci3HjoBrN, [M + H] *
273.0022, found 273.0022.
1-(Pyridin-2-yl)-6~(trifluoromethyl)-1H-indole ~ (3u):!'4
33% yield as a white solid. m.p. 109~111 C; R=0.6
[V(PE) : (EA)=5 : 1]; 'H NMR (500 MHz, CDCl3) 4:
8.66~8.56 (m, 2H), 7.87 (ddd, /=8.2, 7.4, 1.9 Hz, 1H),
7.82 (d, J=3.5 Hz, 1H), 7.74 (dt, J/=8.4, 0.8 Hz, 1H), 7.46
(ddd, /=13.8, 8.3, 1.3 Hz, 2H), 7.24 (ddd, J=7.4, 4.9 Hz,
1H), 6.77 (dd, J=3.5, 0.7 Hz, 1H); '3C NMR (126 MHz,
CDCl;) 0: 152.1, 149.2, 138.9, 134.3, 132.8, 128.4, 126.3,
1254, 1252, 124.2, 121.4, 120.8, 118.1, 118.1, 118.1,
118.0, 114.7, 111.1, 111.1, 105.6; HRMS (ESI-TOF) calcd
for C14H1oF3N2 [M+H]" 263.0791, found 263.0793
5-Methyl-1-(pyridin-2-yl)-1H-indole (3v):['* 66% yield
as a pale yellow oil. Re=0.6 [V(PE) . (EA)=5 . 1]; 'H
NMR (500 MHz, CDCl;) ¢: 8.56 (dd, J=4.9, 1.8 Hz, 1H),
8.10 (d, /=8.4 Hz, 1H), 7.83~7.78 (m, 1H), 7.71 (d, J=
3.4 Hz, 1H), 7.51~7.45 (m, 2H), 7.17~7.12 (m, 2H), 6.65
(d, J=3.4 Hz, 1H), 2.48 (s, 3H); *C NMR (126 MHz,
CDCl;) 0: 152.6, 148.9, 138.5, 138.5, 133.4, 130.8, 130.7,
126.0, 124.7, 1209, 119.9, 114.3, 112.7, 105.3, 21.4;
HRMS (ESI-TOF) caled for Ci4H;;NoNa [M + H] *
231.0893, found 231.0896.
5-(tert-Butyl)-1-(pyridin-2-yl)-1H-indole ~ (3w):  75%
yield as a pale yellow oil. Rr=0.6 [/(PE) : (EA)=5  1];
"H NMR (500 MHz, CDCl;) &: 8.56 (dd, J=5.3, 1.7 Hz,
1H), 8.13 (d, /=8.8 Hz, 1H), 7.83~7.79 (m, 1H), 7.73 (d,
J=3.5 Hz, 1H), 7.67 (d, J/=1.9 Hz, 1H), 7.50 (d, J=28.2
Hz, 1H), 7.39 (dd, J=8.8, 2.0 Hz, 1H), 7.15 (ddd, /=73,
4.9, 0.9 Hz, 1H), 6.69 (d, J=3.4 Hz, 1H), 1.42 (s, 9H); 3C
NMR (126 MHz, CDCl3) d: 152.6, 149.0, 144.3, 138.4,
133.2, 1304, 126.0, 121.4, 119.9, 117.1, 114.3, 112.6,
105.8, 34.7, 31.9; HRMS (ESI-TOF) calcd for Ci7H 9N,
[M-+H]" 251.1543, found 251.1544.
5-Methoxy-1-(pyridin-2-yl)-1H-indole ~ (3x):l'1  38%
yield as a pale yellow oil. Rr=0.4 [(PE) : (EA)=5  1];
"H NMR (500 MHz, CDCl;) &: 8.55 (dd, J=4.9, 1.1 Hz,
1H), 8.17 (d, /=9.2 Hz, 1H), 7.82~7.77 (m, 1H), 7.70 (d,
J=3.5Hz, 1H), 7.46 (d, J/=8.2 Hz, 1H), 7.13 (dd, J=12.6,
3.8 Hz, 2H), 6.95 (dd, /=9.0, 2.6 Hz, 1H), 6.64 (dd, /=34,
0.8 Hz, 1H), 3.88 (s, 3H); '3*C NMR (126 MHz, CDCl;) 6:
155.1, 152.6, 148.9, 138.5, 131.2, 130.3, 126.4, 119.8,
114.2, 114.1, 112.8, 105.5, 103.0, 55.8; HRMS (ESI-TOF)
caled for CisH2N,ONa [M + Na] © 247.0842, found
247.0842.
5-Phenyl-1-(pyridin-2-yl)-1H-indole (3y): 50% yield as a
yellow oil. Rr=0.6 [V(PE) . (EA)=5 . 1]; 'TH NMR (500
MHz, CDCL) 6: 8.60 (dd, /=4.9, 1.1 Hz, 1H), 8.29 (d, J=
8.7 Hz, 1H), 7.89 (d, /=1.8 Hz, 1H), 7.86~7.82 (m, 1H),
7.77 (d, J=3.5 Hz, 1H), 7.69 (dd, /=8.2, 1.3 Hz, 2H), 7.56
(dd, J/=8.7, 1.8 Hz, 1H), 7.53 (d, J/=8.2 Hz, 1H), 7.47 (dd,
J=8.5,7.0 Hz, 2H), 7.36~7.32 (m, 1H), 7.19 (ddd, /=74,
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4.9, 0.9 Hz, 1H), 6.78 (dd, J=3.5, 0.8 Hz, 1H); '3C NMR
(126 MHz, CDCls) o: 152.5, 149.0, 142.2, 138.6, 134.8,
134.6, 131.0, 128.8, 127.4, 126.6, 122.9, 120.2, 119.6,
114.5, 113.4, 106.0, HRMS (ESI-TOF) calcd for Ci9HsN>
[M-+H]" 271.1230, found 271.1230.

5-Fluoro-1-(pyridin-2-yl)-1H-indole (3z):["* 35% yield
as a white solid. m.p. 62~64 ‘C; 'H NMR (500 MHz,
CDCl) o: 8.56 (dd, J=4.9, 1.1 Hz, 1H), 8.23 (dd, J=09.1,
4.6 Hz, 1H), 7.83 (ddd, /=28.4, 7.3, 2.0 Hz, 1H), 7.73 (d,
J=3.5 Hz, 1H), 7.45 (d, J=38.7 Hz, 1H), 7.29 (dd, J/=9.2,
2.6 Hz, 1H), 7.18 (ddd, /=7.4, 4.8, 0.9 Hz, 1H), 7.03 (td,
J=9.1, 2.6 Hz, 1H), 6.67 (dd, J=3.4, 0.8 Hz, 1H); 13C
NMR (126 MHz, CDCl;) d: 159.6, 157.7, 152.4, 148.9,
138.7, 131.8, 131.0, 127.4, 120.3, 114.4, 114.3, 114.3,
111.4, 111.2, 106.22, 106.0, 105.6, 105.6; HRMS (ESI-
TOF) caled for Ci3HioFN, [M+H] " 213.0823, found
213.0822.

5-Chloro-1-(pyridin-2-yl)-1H-indole (3aa):l'1 47% yield
as a white solid foam. Rs=0.6 [V(PE) : (EA)=5 : 1]; 'H
NMR (500 MHz, CDCls) J: 8.57 (dd, J=4.9, 1.1 Hz, 1H),
8.20 (d, /=8.8 Hz, 1H), 7.85~7.80 (m, 1H), 7.71 (d, J=
3.5 Hz, 1H), 7.62 (d, J=2.1 Hz, 1H), 7.44 (dd, /=8.2, 0.9
Hz, 1H), 7.24 (dd, J=8.9, 2.1 Hz, 1H), 7.19 (dd, J=7.5, 4.9
Hz, 1H), 6.65 (dd, /J=3.5, 0.8 Hz, 1H); '*C NMR (126
MHz, CDCl3) o: 152.3, 149.0, 138.6, 133.6, 131.5, 127.1,
126.9, 123.4, 120.5, 120.4, 114.5, 114.4, 105.1; HRMS
(ESI-TOF) caled for Ci3HjoCIN, [M +H] " 229.0527,
found 229.0528.

1-(Pyridin-2-yl)-1H-benzo[f]indole (3ab): 47% yield as a
white solid. m.p. 56~58 ‘C; Ry=0.7 [V(PE) : (EA)=
6 : 1]; '"H NMR (500 MHz, CDCl;) &: 8.74 (s, 1H), 8.63
(ddd, J=4.9,2.0, 0.8 Hz, 1H), 8.14 (s, 1H), 8.01~7.94 (m,
3H), 7.85 (td, J/=7.2, 1.3 Hz, 1H), 7.62~7.56 (m, 1H),
7.45~7.38 (m, 2H), 7.19~7.15 (m, 1H), 6.86 (dd, J=3.7,
0.8 Hz, 1H); '3C NMR (126 MHz, CDCl3) J: 152.7, 149.0,
138.6, 135.2, 131.6, 131.1, 129.6, 129.5, 128.3, 128.0,
124.3, 123.6, 119.6, 118.7, 114.0, 109.4, 105.5; HRMS
(ESI-TOF) caled for Ci7Hi;;NoNa [M+Na] ™ 267.0893,
found 267.0891.

Supporting Information Screening of reaction condi-
tions, synthesis of substrate, characterization of products,
copies of 'H NMR and '*C NMR. The Supporting Infor-
mation is available free of charge via the Internet at
http://sioc-journal.cn.

References

[1] (a) Kochanowska-Karamyan, A. J.; Hamann, M. T. Chem. Rev.
2010, /10, 4489.
(b) Sravanthi, T. V.; Manju, S. L. Eur. J. Pharm. Sci. 2016, 91, 1.
(c) Sun, P.; Huang, Y.; Chen, S.; Ma, X.; Yang, Z.; Wu, J. Chin.
Chem. Lett. 2024, 35, 109005.
(d) Dhiman, A. Sharma, R.; Singh, R. K. Acta Pharm. Sin. B 2022,
12, 3006.
(e) Kawasaki, T.; Higuchi, K. Nat. Prod. Rep. 2005, 22, 761.
(f) Fu, X. Zhang, X.; Qian, C.; Ma, Z.; Li, Z.; Jiang, H.; Ma, Z.
Chem. Mater. 2022, 35, 347.

[2] (a) Lv, N.; Chen, Z.; Liu, Z.; Zhang, Y. J. Org. Chem. 2019, 84,

http://sioc-journal.cn/ 2155



BIKE

MRILX

[3]

(4]

(3]

(6]
(7]
(8]
9]

[10]

2156

13013.

(b) Xie, W.; Chen, X.; Shi, J.; Li, J.; Liu, R. Org. Chem. Front.
2019, 6, 2662.

(c) Ma, J.; Ma, R.; Dong, Z.-B. Asian J. Org. Chem. 2023, 12,
€202300092.

(d) Zhou, F.; Jin, H.; Zhang, Y.; Li, J.; Walsh, P. J.; Lin, S. Org.
Lett. 2023, 25, 7132.

(e) Kinoshita, J.; Baralle, A.; Yoshida, A.; Yanagi, T.; Nogi, K.; Yo-
rimitsu, H. Asian J. Org. Chem. 2020, 9, 1655.

(a) Fischer, E.; Jourdan, F. Ber. Dtsch. Chem. Ges. 1883, 16, 2241.
(b) Robinson, B. The Fischer Indole Synthesis, John Wiley & Sons
Inc., New York, 1982.

(c) Zhang, B.; Zhang, A. Chem. Soc. Rev. 2015, 44, 3505.

(a) Fernandez, 1.; Cossio, F. P.; Sierra, M. A. Acc. Chem. Res. 2011,
44, 479.

(b) Zhang, G; Yang, B.; Yang, J.; Zhang, J. J. Am. Chem. Soc.
2024, 146, 5493.

(c) Onishi, K.; Oikawa, K.; Yano, H.; Suzuki, T.; Obora, Y. RSC
Adv. 2018, 8, 11324.

(a) Obora, Y.; Yu, K.; Li, B.; Xu, S.; Song, H.; Wang, B. Chem.
Commun. 2014, 50, 6130.

(b) Shi, P.; Wang, L.; Guo, S.; Chen, K.; Wang, J.; Zhu, J. Org. Lett.
2017, 19, 4359.

(¢) Zhu, Z.; Lin, X.; Wang, L.; Cui, X. Org. Chem. Front. 2017, 4,
2179.

(d) Chebieb, A.; Kim, G. Y.; Cha, K. J. Org. Chem. 2023, 88,
10164.

(e) Chen, X.; Ouyang, W.-T.; Li, X.; He, W. Chin. J. Org. Chem.
2023, 43, 4213 (in Chinese).

(RHE, BRBHSCHS, 259, 1 BR, A AU, 2023, 43,4213.)
Mishra, N. K.; Choi, M.; Jo, H.; Oh, Y.; Sharma, S.; Han, H. H.;
Jeong, T.; Lee, S-Y.; Kim, I. S. Chem. Commun. 2015, 51, 17229.
Cui, X. F.;; Ban, Z. H.; Tian, W. F.; Hu, F. P.; Zhou, X. Q.; Ma, H. J.;
Zhan, Z.-Z.; Huang, G. S. Org. Biomol. Chem. 2019, 17, 240.

Guo, W.; Hu, W.; Zhang, X.; Huang, J.; Wang, H.; Xia, M.; Tao, L.
Asian J. Org. Chem. 2024, 13, €202300651.

(a) Gao, X.; Zhai, R.; Chen, X.; Wang, S. Chin. J. Org. Chem.
2023, 43, 3119 (in Chinese).

(FIMERH, BB BRI, TARS, AAULE, 2023, 43,3119.)

(b) Ge, Y.; Yan, Q.; Nan, J. Org. Chem. Front. 2023, 96, 5717.

(¢) Ghosh, K.; Nishii, Y.; Nishii, M. Org. Lett. 2020, 22, 3547.

(d) Wang, Z.; Xue, F.; Hayashi, T. Angew. Chem., Int. Ed. 2019, 58,
11054.

(e) Lin, Y.; Fu, H.; Cao, H.; Liu, X. Chin. J. Org. Chem. 2024, 44,
2147 (in Chinese).

(WK, fHigg, Wie, XA, A HULS, 2024, 44, 2147.)

(a) Shen, J.; Yang, Y.; Chen, C.; Xu, H.; Shen, C.; Zhang, P. Org.
Chem. Front. 2024, 11, 1758.

(b) Zhang, X.; Xu, W.; Wang, R.; Zeng, X.; Qiu, H.; Qiu, M. J. Org.
Chem. 2020, 85, 3911.

(c) Wang, Z.; Hu, L.; Zhao, M.; Dai, L.; Hrynsphan, D.; Tatsiana,
S.; Chen, J. Biochar 2022, 4, 28.

(d) Lv, S.; Zheng, F.; Wang, Z.; Hayat, K.; Veiga, M. C.; Kennes,
C.; Chen, J. Sci. Total Environ. 2024, 908, 168339.

(e) Guo, T.; Yue, H.; Ma, C.; Li, S.; Chen, J.; Li, W.; Zhao, J. Bio-
rem. J. 2022, 26, 171.

(f) Yao, J.; Mei, Y.; Yuan, B.; Zheng, F.; Wang, Z.; Chen, J. Environ.
Res. 2024, 241, 117613.

(g) Wang, Z.; Chen, C.; Liu, H.; Hrynshpan, D.; Savitskaya, T.;
Chen, J.; Chen, J. Ecotoxicol. Environ. Saf. 2019, 183, 109507.

(h) Wang, Z.; Fu, W.; Hu, L.; Zhao, M.; Guo, T.; Hrynsphan, D.;
Tatsiana, S.; Chen, J. Sci. Total Environ. 2021, 781, 146686.

(i) Wang, Z.; Chen, C.; Liu, H.; Hrynshpan, D.; Savitskaya, T.;
Chen, J.; Chen, J. Sci. Total Environ. 2020, 708, 135063.

http://sioc-journal.cn/

[11]

[12]

[13]

[14]

© 2025 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

() Wang, Z.; Dai, L.; Yao, J.; Guo, T.; Hrynsphan, D.; Tatsiana, S.;
Chen, J. Chemosphere 2021, 281, 130718.

(a) Li, L.; Pang, Q.; Chen, B.; Liu, Y.; Zhao, Y.; Wu, J.; Ge, K;
Shen, J.; Zhang, P. Org. Lett. 2024, 26, 7060.

(b) Jiang, W.; Shi, Z. Chin. J. Org. Chem. 2023, 43, 1691 (in Chi-
nese).

CHHE, SUHE, AAULEE, 2023, 43, 1691.)

(c¢) Shen, J.; Xu, J.; He, L.; Liang, C.; Li, W. Chin. Chem. Lett.
2022, 33, 1227.

(a) Sui, J.; Yang, Z.; Li, S.; Chen, X.; Zhang, X.; Shen, Q.; Jiang,
H.; Li, J. Chin. J. Chem. 2023, 41, 1485.

(b) Wang, Z. T.; Zheng, Z. A.; Li, P. J.; Zhou, C. N.; Cai, S. J;
Xiao, B.; Wang, L. Chin. J. Chem. 2021, 39, 2823.

(c) Wang, Q.; Song, H.; Wang, Q. Chin. Chem. Lett. 2022, 33, 859.
(d) Wu, G;; Zhou, X.; Wang, C. Chin. Chem. Lett. 2022, 33, 4531.
(e) Xiao, X.; Chen, B.; Li, J. W.; Zheng, J. B.; Wang, X.; Zhao, H.;
Chen, F. E. Chin. Chem. Lett. 2024, 35, 109280.

(a) Shi, X.; Wang, R.; Zeng, X.; Zhang, Y.; Hu, H.; Xie, C.; Wang,
M. Adv. Synth. Catal. 2018, 360, 4049.

(b) Chen, Y.; Lu, Z.; He, W.; Zhu, H.; Lu, W.; Shi, J.; Sheng, J.;
Xie, W. RSC Adv. 2024, 14, 4804.

(c) Zhao, D.; Vasquez-Céspedes, S.; Glorius, F. Angew. Chem., Int.
Ed. 2015, 54, 1657.

(d) Peng, T.; Zhao, Y.; Pu, S.; Luo, J.; Liu, T.; Miao, Y.; Shen, X.
Chin. J. Org. Chem. 2024, 44, 1160 (in Chinese).

HRR, BERE, A, BE, XiiE, B e, A
%3 2024, 44, 1160.)

(e) Mei, Q.; Li, Q. Chin. J. Org. Chem. 2024, 44, 398 (in Chinese).
(HFFT NI, 27598, A AueF, 2024, 44, 398.)

(f) Hou, J.-C; Ji, H.-T.; Lu, Y.-H.; Wang, J.-S.; Xu, Y.-D.; Zeng,
Y.-Y.; He, W.-M. Chin. Chem. Lett. 2024, 35, 109514.

(g) Chen, X.; Ouyang, W.-T.; Li, X.; He, W.-M. Chin. J. Org.
Chem. 2023, 43, 4213 (in Chinese).

(MREE, BRPHSCHE, 259, 1 BR, AALE, 2023, 43,4213.)

(h) Yi, R.-N.; He, W.-M. Chin. Chem. Lett. 2024, 35, 110194.

(1) Xu, J.; Hong, Y.; Xu, R.; Wang, Y.; Guo, Y.; Shen, J.; Zhao, Y;
Li, W. Org. Chem. Front. 2024, 11, 6166.

(j) Ouyang, W.-T.; Jiang, J.; Jiang, Y.-F.; Li, T.; Liu, Y.-Y.; Ji, H.-T.;
Ou, L.-J.; He, W.-M. Chin. Chem. Lett. 2024, 35, 110038.

(k) Shen, J.; Xu, J.; He, L.; Ouyang, Y.; Huang, L.; Li, W.; Zhu, Q.
Zhang, P. Org. Lett. 2021, 23, 1204.

(1) Xu, J.; Zhang, Y.; Xu, R.; Wang, Y.; Shen, J.; Li, W. Org. Chem.
Front. 2024, 11, 5122.

(m) Hu, D.; Dang, H.; Liang, Z.; Wang, D.; Du, Y.; Shen, C.; Shen,
J.; Wang, M. Org. Lett. 2024, 26, 10797.

(n) Li, L.; Liu, Y.; Li, J.; Chen, Q.; Zhang, P.; Shen, J.; Wu, J. Adv.
Synth. Catal. 2023, 365, 3112.

(0) Zhu, J.; Hong, Y.; Wang, Y.; Guo, Y.; Zhang, Y.; Ni, Z.; Li, W,;
Xu, J. ACS Catal. 2024, 14, 6247.

(a) Adedamola, S.; Li, C. K.; Qian, H. F.; Zou, J. P. Org. Chem.
Front. 2021, 8, 5821.

(b) Li, T.; Wang, Z.; Zhang, M.; Zhang, H. J.; Wen, T. B. Chem.
Commun. 2015, 51, 6777.

(c) Sun, H.; Cheng Y.; Teng, H.; Chen, X.; Niu, X.; Yang, H.; Cui,
Y. M.; Xu, L. W. J. Org. Chem. 2022, 87, 13346.

(d) Ye, Y.; Yue, Y.; Guo, X.; Chao, J.; Yang, Y.; Sun, C.; Lv, Q.; Liu,
J. Eur. J. Org. Chem, 2021, 2021, 3721.

(e) Yi, R.; He, W. Chin. J. Org. Chem. 2024, 44, 1035 (in Chinese).
(DR, TR, Aiis:, 2024, 44, 1035.)

(®) Yang, C.; Zhou, X.; Shen, L.; Ke, Z.; Jiang, H.; Zeng, W. Nat.
Commun. 2023, 14, 1862.

(g) Wu, H.; Liu, T.; Cui, M.; Li, Y.; Jian, J.; Wang, H.; Zeng, Z.
Org. Biomol. Chem. 2017, 15, 536.

(Cheng, F.)

Chin. J. Org. Chem. 2025, 45,2149~2156




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


