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Recent Advances in the Synthesis of Fused Heterocyclic
Compounds and Their Antitumor Activities

Duan, Kanghui ~ Tang, Junlong ~ Wu, Wanging*
(Key Laboratory of Functional Molecular Engineering of Guangdong Province, School of Chemistry and
Chemical Engineering, South China University of Technology, Guangzhou 510640)

Abstract The unique physicochemical properties invest fused heterocyclic compounds with wide applications in the synthe-
sis of natural products, drugs, superconducting materials, energy storage materials, polymer materials, organic dyes, etc. In
recent years, the rapid development of transition metal-catalyzed reactions of unsaturated hydrocarbons has developed rapidly.
Owing to the advantages of high step- and atom-economy, easy availability of raw starting materials, and efficient construction
of carbon-carbon bonds or/and carbon-hetero bonds, it is a vital way to synthesize fused heterocyclic compounds. Herein, the
recent progress on the reaction development of transition metal-catalyzed cyclizations involving unsaturated hydrocarbons for
the synthesis of fused heterocyclic compounds including benzofurans, indoles, quinolines in the last five years has been sum-

marized, as well as their applications in the field of medicinal chemistry with antitumor activities.
Keywords unsaturated hydrocarbons; transition metal-catalysis; fused heterocyclic compounds; antitumor activity
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Figure 2 Benzofurans with biological activity
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R o Ni(COD), (10 mol%)/L7 (20 mol%)
B,Pin, (2 equiv.)/Zn (2 equiv.)
Me + ArBr
N K3POy4 (2 equiv.), Kl (0.5 equiv.)
Br Me NMP, 40 °C

99 100
R =H, Me, F, Cl, OMe

31 examples
up to 81% yield, 99% ee

BK 14 ALK 2 Kk Heck ML N

Scheme 14 Nickel-catalyzed domino Heck cyclization reaction

2021 4F, Lautens B @l H B0k E T 2L N-(2- 2.0
BE 57 B ) Wtk SR AL S B, A5 B T AT A
(Scheme 15). 5HABBER SR, 12 BEA %A
WA, RS VST, B e R SV 4 S R 20T
FEA T RESTE AR Y E 2 &S, EW LLE A
A HET R 2 PR SR RIS R S 4.

N [P'BIP+FeCly] (5 ~ 10 mol%) Me
R | comt  EtMgBr(1:3~ 1.5 equiv) R%R1
N THF, rt., 1~ 100 min N
102 R 103 R?
R =H, F, Cl, Bn, PMB 23 examples
R' = aryl, alkyl up to 94% yield

R2 = Me, Bn, "Bu, PMB

R3
| ° [PBIP-FeCl,] 5mol%) M
J\E@ EtMgBr (1.3 equiv.) O O
N

|| THF, rt., 1h N
R N\ I, O
104 R3 R
R® = Me, Bn 105
R* = Me. PMB 3 examples

up to 87% yield, > 69:31 dr

B 15 BRI B AL IR R I AL SR
Scheme 15 Iron-catalyzed reductive cyclization by hydromag-
nesiation

22 HES5EREELEIREE

2017 4, BRERRIEEAMHRIE T —Fla 1R
TR BB ) 55 R B A . R R BRI R B,
T UM A AR A 1 DU S0 IR [3,4-0] M| B 42 (Scheme
16). 1% B LABRAE (1) 53 F I FEARATE 9 e B2 1Y) R 328
IR, R ok T It e S BT OB (R R R, X
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A FRIZAEA 5 1,4-T0 8 HR B 7 AR 45 1l e 4

&
SiE]

Pd(OAc), (5 mol%)
L8 (10 mol%)

o) NHTs
DMF/H,0/HOAG (V:V:V = 10:1:1)
0,
It 50 °C RT ] )
a\o 4 Ts
0" gy ? 108
106 ‘9/49‘; 16 exaznplgs
R = alkyl, %o, || up to 92% yield
96% ee

B 16 FAEAL DT B AP R O A AN R BRI e
Scheme 16 Palladium-catalyzed asymmetric cyclization of
aniline-tethered alkynyl cyclohexadienones

2017 4F, Chandrasekar R4k & T ARIR TS e 5
77 F Uiy B B R EAAL A SOM| Pk PR S M. (Scheme 17a). %)%
JEASE FH — b 2R v 280 P - L e — S R = AR AL,
T KA BURAMEZE 0.1 mol% F &k & 1 7 1
. [F4E, VLMl Bl S RIE 7 — R -k RE
AL RSB BRI 57 i 15 i bR 1) £ R IA AL /R A0 5 B 22 B
ARSI 52 N (Scheme 17b). 2018 4F, Lee PRI ISEHL

TR A A AT R AR e R 7 AR I R 5 R 2,30
JE-N- F NG| 1) S B (Scheme 17¢). 1% SN 2644 A 3T
HIRYiE e

2020 4, PTG A RIE T AR (AR AR BRIt 5
J¥z 5 5 SRR IR AN KRR B AL S B, IR T Sl
N5 BS540 A P)(Scheme 18). X & K FIH Cacchi
SN SRAE . C2-75 T F-IESIWE, 53542 AT AE 0 [ B
BUEE: HL 505 05 SR R A & 8, ARMRIE KL Rk A
S G A, B J5 5 A T BR AR B, A
AR EA R R, SERELTE IR, (EE AR
JRE R A, ()3 2 42 1 el T PR R D B D IR

2020 4F, 5K372 U R A RS T AL M Ak AR R 5T FE
RBENE S 1,2- —0FCT 2 0% -3- W i & e A4k
C—H WEW/EWR B, HE T R 3,4-P6 =m0t
HW)(Scheme 19). S5EGTEMEL, 1% 07750 G 7 BB
() DY BAR S| MR BT A 1 & 1, BB 20 TR A3 3 3,4-
A ZHBIRAAE Y. Antt, ZRMNIEAILES
RS B A — @, WTH T P25 Rucaparib 1]
H R RSHLERAEN R PA(0) 5 75 IR & A Ak
TS 255 FA R 128, Heddh N 55 AR 1S 2%
e A 129, iR 129 KA AR IR ETE AR 2R
HUrREA 130, HHIEAR 131 5 1,2- 0T 3 R e-3-F
RABMINR, FH2— TR 25 F R RS 2 e %
7=

(a)
. —
Z > NH, 7R?

Pd-PEPPSI-IPent ¢ (0.5 mol%) ~ _
Cs,CO3 (2 equiv.) R A\ )
N N \ \Rz
H

EtOH/H,0 (V:V=1: 1)

5 .
109 10 60 °C, 50 min "1
R' = H, OCHj,, NO,, CI, i-Pr 20 examples
R? = H, OCHg, Br, F, CF3, Cl up to 91% yield
(b) R R P R?
F NHC-Pd(Il) (1 mol%) N\~
| + —R —
R [C20OHMIM]CI/CH5CN |
= N 1
NH; KoCO3 (2 equiv.) NT R
112 113 60 °C, 8 h, air 14
R =H, F, Cl, Br, CF3, CN, COOMe 54 examples
R, R2 = aryl, alkyl up to 86% yield
(c)
1 2
> Ar Pd(OAc), (5 mol%) Ar
. ArZ—B’O Cu(OAc),+H,0 (1.5 equiv.) N
NMe, kel EtOH, 74 °C, 12 h, N, N,
Me
115 116 17
20 examples

up to 85% yield

B 17 bR & g AT A

Scheme 17 Palladium-catalyzed synthesis of indole derivatives from alkynes
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REVIEW

)

Pd(OAC), (10 mol%)
_ L9 (12 mol%)
Z 1+ AB(OH), )
@ R K4PO, (2.0 equiv.)
NHSO,R MeOH, Oy, r.t.
118 119

R, R', R? = H, alkyl, alkoxy, halogen

L9)Pd(0
R

t Bu
ROZS
120
26 examples

up to 88% yield, 95% ee

>/ (L9)PdL ] N”B((b (L9)PdX, «4 Pd(OAC),

(L9)ArPAX ‘\/\,
Y NHSO,R

118
t—Bu,, Me Ar

+ o~
Me' P‘t'BU X~ /7
121
L @NHSOZR

B 18 SRAEA A BCAAT T C2-57 2 il g g e

Scheme 18 Palladium-catalyzed synthesis of indoles bearing a chiral C2-aryl axis

Pd(OAC), (10 mol%)

P(o-tol)3 (20 mol%) R
‘ Cs,CO;3 (1.0 equiv.) ~
’ XN Nj< KOPiv (0.5 equiv.) N
iv equiv. 7<

0
125 DMF, 110 °C, 12 h 127

37 examples
up to 99% yield

o I
Pd(0) (jf@%\xR

N r |

N

oxidative
addition

R = alkyl, aryl

BuNCO

R carbopalladation

tBu/N\\« NBn
1317 0
oxidative BnN ‘ 0
ﬁ addition ~R

" CCE S,
N o) Bn
Pd'' 128
A\

Pd"" "R
1l 129
N-N Pdl <
>( 7< activation

126 130

B 19 OISR IIZ S 1,2- 0T 2 2/ IR-3-FR T
AL R R

Scheme 19 Palladium-catalyzed cyclization of o-iodoaryna-
mide with 1,2-di-tert-butyldiaza-3-one
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2020 4F, 2R ZE R A EHRGE T A A Ak A O
WAL 5 A 2 B 12+ 2+ 113R 46 &R (Scheme  20). #L
HRF AR, %M, Pd0)5 132 15 kK AEE N
A B 07 FAR R 135, B S B R AR S T B EE AL,
B RAEREGE AR B R4 136, HIEIfE 136 5
FIR T E I AFSE A3 2 b ek 137, BT
Bt H 7 FR) 28 38 R R e DA PA(IT) & AR A Ak i Rk 43 2
PA(IV), IR N RZ R B8 5+ A4+ 1384k
5 IR A1 T ) LG ER ORE SR

B o, At AT 4 SR T T A A s O B AL
M5 BPORIE 2+ 2+ 11346 ) M. (Scheme 21). 5 Z i
ANFI R, fER/NGEHAF(E(Me, Et, PrfffENL T, Bk
FI%E3E(Bu, Bn)a] LLELE Syl Ak Bt 248, Kk
AT DA% 2 i) B8 2o b B SR T 1) = 3R AL A . TS ELR
H I, TR R REAE R D Re B R, X AR
AR AT 3 8 IR A1 3 B 4 72 ).

2021 4F, S SCE R AR ZH RS T AR f b B T
LA SRR 20 R A IS I B I S B, 3R A5
T a-Z A O EEART A Y0 (Scheme 22). 1% VAT
PA— A RPN T IR — AN 2R 0, B 0] BRI
PE. FEADIE AT 3k — 0 Ak Sy — e AR A I O R ]
A, 1 Kopsia. Aspidosperma 25408 1K) 4% 00 B 42
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Pd(PPh3)Cl; (10 mol%)
DPPBz (10 mol%)
Cs,CO;3 (2 equiv.)

133 PivOH (1 equiv.)

toluene (0.025 mol/L)

100°C, 10 h

132

R = aryl, alkyl
R'=H, OMe, Cl, Br, CF3, NO,, CO,Me

1341
62 examples
up to 97% yield

13

4 PdOL 132
me oxi(m

elimination addition — R
R =
NN
R~ nitrene X Pd
Z~\-Pd T\insertion R | 135

140 1 Z
concserted cyclopalladation
1.2-migration
RN
Z~Pd
X NTs SN
R \ 139 R R
- path b Pd
‘Pd‘\ 136
Ts—N6\ /O %
138 Ar N \ o (0] base133
\ RO _N. )J\‘
Pd Ts O~ “Ar
path a N J\
Ts/ (0] Ar
137

B 20 ARG TS FETE PR i I AL e L
Scheme 20 Palladium-catalyzed cyclization of alkyne aryl io-
dide with secondary hydroxylamine

2022 4, Lautens ¥RAZHEOURGE T — @A X AR AL A
PRI ) 4% 5 S e P SN AR bR I 5 i 1) 22 K v 4K
S (Scheme 23). 1% J S i 73 1 IR ARR B A6 A2 B
SLARK) L) He-PA(ID P TRIAA, 12 v (AR T LA HE R 55
BRI Ja Sk, DL P AR S AR e S A5 2
N PR ] 55 05 I IE FE R DR AT AE ). HT, SRR ERH

Pd(PPh3)4 (1 ~ 5 mol%)
KoCO3 (2 equiv.)

RE-R" Pd(PPhs), (10 mol%)
|

OBz Cs,CO3 (2 equiv.)
141 142 CsOAc (1 equiv.)

R = aryl, alkyl toluene, 120 °C, 12 h

R' = H, OMe, Cl, Br, CF3, NO,, CO,Me

R!, R? = Me, Et, Ts, Ac, 'Pr, Bu, Bn, aryl

R Hr
2N
R'/R?
143
35 examples
up to 89% yield

B 21 SRR DT B RO R AL 8
Scheme 21 Palladium-catalyzed cyclization of alkyne aryl io-
dide with fert-hydroxylamine

CN
CN py(TFA), (10 mol%)
= R L10 (12 mol%)

@ H,0 (2 equiv.)
NHMs

benzene, 100 °C, 24 h

144 145
R = aryl, alkyl o 30 examples
\/>""Bu up to 94% vyield, 98:2 er
o
PPh,

L10

B 22 AR BRIE Y S IR AN RS I s 2 Bk S
I
Scheme 22 Pd-catalyzed amino-cyclization and desymmetri-
zing nitrile addition cascade reaction of alkyne-tethered malono-
nitrile
ZREER 1731 CRCI L TR 7 B R DM BRAE + S AN
H 5 G MRS

2018 4, Gogoi RAIAIPIHRIE T Ru(IDffifh N-75 3%
ML 5 P bR R A C—HIE ML RO, 753 T — &5
B ZER O A E N IR 254K 5 ) (Scheme 24).

R
GR, - G
DS RAC
AT
N cl NHTs
R2
147

146
R = aryl, alkyl

R' = Ph, aryl

R? = Me, Bn, PMB, CH,(Cy)

MeCN (0.1 mol/L)

28 examples
up to 96% yield

BRK 23 AEMEACHIE AL BT 2 K v AL S R
Scheme 23  Palladium-catalyzed domino cyclization of alkyne-tethered nucleophiles
Chin. J. Org. Chem. 2023, 43, 826~854
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\ (0]
quil Ar' [{RuCly(p-cymene)},] (5 mol%)
. | | (+)-BINAM (20 mol%) NN
Cu(OAc),+H,0 (1 equiv.) —N
Ar? {AMOH, 95 °C, 24 h A Ar!
150 151 152

23 examples
up to 81% vyield

B 24 E7EAG N-J5 SRR 5 p R E AL, e B
Scheme 24 Ruthenium-catalyzed cyclization of N-arylpyrazo-
lone with alkyne

2019 4F, iR PR AHEHRIE T = AL F L
TR BRI T IRARMEAL N-F R IR IE 5 A R e
IORBL, @A T 2,3- RIS &Y. Xk
IS ) FH W 25 1) ik A S L T R L AR ALY C—H s AL
(Scheme 25). BG4k, 1%773238 W] LAR D4 8 P 25 A s
WRE SR 0T B BRI E ST,

R'-———R2
154
[Cp*RhCl,], (2.5 mol%) R2
H AbSbFg (10 mol%)
£ | | nitrite (1.5 equi A\
RT/ soamyl nitrite (1.5 equiv.) R—‘/ R!
NH  4-tert-butylbenzoic acid (50 mol%) N
R' DCM, r.t., 24 h R'
153 156
R = H, alkyl, alkoxy, halogen 54 examplt_es
R' = aryl, allyl, alkyl up to 96% yield
R', RZ=aryl
R2

700220, H i~
N TN S
() R—
K A NO R1/
|

R'
155

B 25 B N-BTEE R S N B ER AL I
Scheme 25 Rhodium-catalyzed cyclization of N-alkylaniline
with endoyne

2020 4E, VOZEARURMASHRIE TAE AL 1-05 3R
WA I 5 RS IR T (R A S B, SR A B T M I
[1,2-a] MM el T 2- P B g W 2R 4k 5 70 (Scheme 26). 1%/
JiLL NaOAc Aff. — & F FE(DCM) A 7E 60 CT
I C—H/N—H/C—C # R R L[4+ 1AM B A
FINEE P [1,2-a] ML PR AT A4 2448 NaoCOs
VSRR (THF) iS50, JFEEEIRm 2 100 CH, K&
8 U3 T C—H/N—H/C—C/N—N 8 1) i 44 & 2E
[3+ 21k S5 W 15 1] 2- P R | AT 2E 4.

[F]4F, Dake URGIZHBHE X (FF 5L — 5 2k -
BRAEAL DT EE R 5 2- b R - N 2R TR A S
FRIDKIEE T 2,3- B N-J5 S0 5| DA AT A P (Scheme
27a). MRS J& T — i AL 0 [z 5 5
BRI . Z RN EA R EHEET . BRel%
MRS L, AR 2,3- HURMIERAL S iR T
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[RhCp*Cl,], (2.5 mol%)
R2 NaOAc (0.2 equiv.)

R! 3 .
@N R bcMm, 60°c R ©
—/ N 159
N"o

157 39 examples
+ | up to 90% yield
HO R2 CONH,

R;<>—R' RS

[RhCp*Clyl, (2.5 mol%)
158 Na,COj3 (0.5 equiv.) SN
R = alkyl, aryl 5 R p R'
R = H, CO,Et THF, 100 °C Z 5

R' = alkyl, halogen R
R2, R®=Me 160

30 examples
up to 72% vyield

Key Intermediate

B 26 FEfiEdl 1-07 BEE PR 5 IR T I (AL S 8
Scheme 26 Rhodium-catalyzed cyclization of 1-aryl pyrazoli-
dinone with alkynyl cyclobutanol

a 1
@ P R Ni(cod), (10 mol%) Ar
N d(Cypf (10mol%) (TN
| +oAex e R
V& NHT KsPO4 (3equiv) N
s CPME, 110 °C Ts
161 162 163

31 examples

R =H, Me, OMe, CF3, CI, F
up to 70% yield

R' = H, Me, CO,Et, O(CH,)
d(Cy)pf = 1,1'-bis(dicyclohexylphosphino)ferrocene

(b) IN,Bus
R. CuOAc (10 mol%
|\\ Al + AB(OH), (—0")>
. = MeOH, 50 °C
|
164 PC 165

R' = H, alkyl, alkoxy, halogen
PG = MBS, SO,Ph, Bs, Ms, Ts

PG
166
46 examples
up to 98% yield

B 27 Sl AL A s AT A P AL S
Scheme 27 Nickel- or copper-catalyzed cyclization for the
synthesis of indole derivatives
— P RE B 1) 42 (Scheme 27b).

2020 4, Unsworth IREEAHBHRIE T Au(l)fk 75 5k
R B2 57 AL BRI SO, AR T akuammiline 2
LB A% O 4 (Scheme 28). 1% BRI AL, XK
EABUR, T HRNIEY S5, REF AN iR B
B
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ik SR

Au(PPh3)NTF, (5 mol%)
CHCl3, rt., 24 ~ 48 h

167
R = alkyl, halogen
R'=H, Me
R? = alkyl, Ph
2 R2
Z X _XH R =0 2
N Rt — \\\ 1
A~ X R
Z NH H
168 169
23 examples

up to 99% yield
B 28 b L5 MR BRI R B

Scheme 28 Gold-catalysed dearomative cascade cyclization
2.3 HRIES5HEIRELEIRIDE

2018 4F, WRAECEREEALERIE T AL AL AT B AR T
Jie 55 & 2R % ) Heck 14k e Ri(Scheme 29). 1% M
I 77N Heck [MLJEALA R o-Fr A0 Fh, Bl 5 K
AT R IETRTERR, BRI T FR 51X W
&

[FJ4F, Lautens URAHIZHPSHRIE 1 A1 1 Ak SR TR B i
5B BRI SR, BRAF T AR I 0] R R 28
(Scheme 30). ZIVERA G, P RETHEM R 4T
A DR PR AL A SOSILERHEDI AR - PA(0) 5 55 5
77 HEWAL I E AN AT 257 A T A 177, Bl 0
A PAd—C ARG EAE T A iR 178, SRJ5 R AR AL
C-H i A3 B (R (A 179, Briddi A pial ik 179 13

X
N o} Z
R4~ " 3 + A
% )‘\H/R RS-
N -
R2 NHRS

170

R4

171

X=Br, |

R'=H, Me

R2=H, Me, Bn, "Bu

R3 = Me, Bn, Ph

R* = Ph, TMS, thieny! R X
R®=H, F, Cl, Me, OMe, CN, CF3, NO, -
R®=H, Ts, Me, Boc, Bz

UL EAA 180, f ik IR RS 2174

3 FAFMESSHEFERREHEMELS
e

2 PBE Wy R - I B 2 AR A S R 22—,
BAEZME Y, TRBIBMAEY . PUE. iR, It
Ak PLait. PUREIRIE . UK AE 00, ghah,
VF 22 8 FF WE Wy R0 K S e 2R AL S UIE N IR IR 25 B
BT, BT Z A TRIT S M. Bln, A 5w
181 {EN—FhHt H 24, 7T LA TIR97 R kI, 55
P 182 1EA—Fh | =R, A T Aa T i
PERERG, 5 SF 183 1E N — i Bk MR 2 A
A, v T B FG T B R ERAAE, R KEagE s 0
27 SRR PR LR )RR, e 184 1 — PP B R
FEPUR, AT TR IT U480 2R 6E L JE S5 (Scheme 31).

HHT, SCHROST i) % 2K R Mgy R R - R A1 2R )
(7798 R ARSI a-75 FEER . ARHRIE/J SR B By Al
75 SRR EE 7 T W b B E 2K R B E R Re L
SEITIE G ORI EM AT AR, 8IS AR R S T
BRIR . W5, BRSSO I S B DABR AR Ik Fi sl i R 117
PG IR R ) 4 28 FF ME M R AT AR )

2017 4, HHE BRI AISLE] T Ul 20 SR A
25 KRR A AR (AL N C—S. C—N Al C—C 8 X
BN, IR T N-PAG 2R [4,5]0KMEFE[2,1-b] 8
MR AER)(Scheme 32). VEEFEH T AT BEAI R BIMLIE: B
PB4 Bh R A2 BB AR AR, BRAR AR M Bk )
RAEFAINER, SRR R, 1m0 5 2y & B
AR, BE ST T RO A e, B SR IE
JRIEBR, 182128 [4,5]KMeFE[2,1-b]BEMERT A 4.

Pd(PPh), (5 mol%)

K,CO3 (3 equiv.)
MeCN, 80 °C, Ar, 6 h

172
47 examples
up to 98% yield
L
Pd
X
(e}

173
(L = PPhj)
c-alkylpalladium intermediate

B 29 AEAEALAR pOIRIEAZ 5 AR ML KL K Heck AL S

Scheme 29 Palladium-catalyzed Heck cyclization of o-halogenamide with o-ynylaniline

838
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Pd,(dba); (2.5 mol%)
P(2-CF3CgHg)3 (10 mol%)
CsOPiv (1.2 equiv.)

DMF (0.1 mol/L), 80 °C, 16 h

I
R‘I'_\ o
- NJ\H/R3 + R—=R
éz

174 175
R'=H, CI, Me, CO,Me, CF;
R2 = Me, Bn, PMB, MOM
R3 = Me, Bn, Pr, "Bu

R

R =aryl
R' = CO,Et

R
R3
AN
R4 o
Z =N
176 R2
20 examples
up to 95% yield

R’
R N |
R3 R1I 9
N ! = RS
R 0o N
Z =N PP R?
176 R2?
R’ reductive oxidative
R pq" elimination addition .
7 Pd
R1;\ 0
R3 | 3
R’ + AS o = NJ\”/R
= N R2
180 R? 177
intramolecular
carbopalladation
1] 1l
175 Pd s PA— s
1;\ R1'_\ o)
Ry P O _
N C-H bond Niq2
179 R w 178
Csl, PivOH CsOPiv

B 30 ARARAL AR BURTHE I 5 Py bR PR AL S
Scheme 30 Palladium-catalyzed cyclization of o-iodoaryna-
mide with alkyne

2018 4, VLI AN AR I 0 ER A AL IE T 4R fiE Ak
QWA i B JGURR F S ke = 2073 B AR BRI S B, &
JA I E T SR AR A ) B B T — M R AL T
(Scheme 33). A1), 1L SFAFE G AT LS I Sk i)
AR ARSI R, SRR LA TR
HITE TR Bl =B AR, A2 ki 2 B TR, 15321
R 2-BURIRIFERERT A2 197, fEBRIER Rb,
S E B 25 e b A URE T, AR T o o R ) B
A, REATE) 2-BURGRIFHEMEAT A1) 198.

WS, AR T — A A G R . R L RAT Sg
SRS RIS, & T XU AL S W) (Scheme
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NN
O
1) //
N t N~
S Cl Cl HO CHj,
181 182
Sertaconazole OH 5 B iE

A e

F. (0] IS
T \©: D—NH,
F N

183 OH 184
Raloxifene Riluzole
TIEEST il

B 31 HAEMEER AR MR 5 1)
Scheme 31 Biologically active benzothiophene and benzothia-
zole compounds

' Y Cul (12 mol%)
R1J§(H . Rz:_CE \—gh _1,10-Phen (30 mol%)
| = H K,COj3 (2 equiv.)
185 186

DMF, 100 °C

R' = Ar, Bn, n-Bu, Cyclopropyl
R2=H, CHs, CI, F

S
N:(/
A N
/ R
(=
R? 187
27 examples
up to 82% yield
XN base XN
2. N H VA N 185
R (/:EN%S L N>_SCU
H base’HI H
186 188
x—N
2N N
R <;EN>_S\C| Rz:_/ N\>_ Cul
u
" \ N . /2
R'  Cul I” R
189 190
X N AN N
|
o S T
N
) j HXA/)
12Cu™ 1 1,Cu
191 R 192 2 R
N N="
\ =
R | D—s NJZ
= N\ / / N R
ClIJ 2//
193 | R R® qa7

B 32 AL IS S & O

Scheme 32 Copper-catalyzed cross-coupling reactions

34). Hr, Sy ENXURIE T4 62 5 B R & 2 ik
BRI .
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ik SR

Cul (10 mol%)
K3POy4 (2 equiv.)
phen (20 mol%)

| : ‘:S

@ DMSO, 110 °C @ C
et N %)—R

"Emz =R N

197
194 R=aryl 21 examples
+ [Cu] up to 86% yield
Sg one-pot| L:— g
195 ct s H
y +: . R = aryl, alkyl @ 01/: .
c1 c2 CuTC (5 mol%) N R
196 DBU (1 equiv.) 198
MeCN/H,0 (V:V =10:1) 18 examples
130 °C up to 90% yield

B 33 i =27y ER AL B BRI e
Scheme 33 Copper-catalyzed three-component tandem cycliza-
tion for the synthesis of benzothiazole

CuOTf (20 mol%)

R1 TBD(O?eqmv)
DMSO/hexane (V:V = 2:1)

120 °C, N,

199
R = alkyl, Ph
R' = alkyl, aryl

=
R Ny /
é?%&s N
S

202
54 examples
up to 86% vyield

Bz 34 AL =40 B BRI L A ORI S R S
Scheme 34 Copper-catalyzed three-component tandem cycliza-
tion for the synthesis of bis-thiocyclic compounds

2020 4F, Miura BARZHOSHRGE T 81110 7 LR |
JRUJE R BT R (Ss) = 2H 20 B I IRAL SN, 3R T XBUIAR
R HWEW; (Scheme 35). % NAELIE & @ #EL C—H W&
e B, R S A e 3R (B IR B
HEALIE YL Rh(I)W)Fh 5 o7 R0 R o R AR e e 2k
BT FEREI M, BRI 05 BRI RS BRI,
B R R il N E] Rh—C B2 rh, B S5 B R
Rh(D)PFh, BEEIHE AgOAc %Ak A Rh(INZKEY), 58K
HEALIETR.

4 TEMRESERIEWAELSMRE

EEIRRAL S R A I R G B E I, fEBS 25105
ARG SN T2 68, o, ARARRAT 210 A —
v HENE T2 A 15 AL 2R 7RG 5770, wT LUR 67 0t
YIS E S RAC I N BEVE LT AL, ME4ERE 212
HA R R, AT dunm iy, Ei i
213 {EoN—Fhg e i B 2L pT AR B, TR a7
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[Cp*Rh(MeCN)3][SbFg], (4.0 mol%)
AgOAc (3.0 equiv.)

@B(OH)Z +8g + Ph——=

Ph
DMF, 100 °C, 4 h
203 204 205
S Ph
I 19 examples
Ph up to 78% yield
206
Ar—B(OH
2Ag  Cp*RhX, (OH)z
ZAQOA‘y/ X = SbFg X=B(OH),
Cp*
|
S Ph Cp*Rh Rh\
C I
206Ph \{ 207
(‘Dp C-H activation
S._ _Cp* Rh.
Rh por $
Z R = R
R Rixr
210 209 Sn 208 R
Sy

B 35 BefiEfb =210 B BRI S 5 AR ey
Scheme 35 Rhodium-catalyzed three-component tandem cy-
clization for the synthesis of benzothiophene

1 2% AP L T R < €0 ) BR A 51 AR B A B R SR
(Scheme 36). T EEMRSELb 540 1) IR B AH 24 RCRA,
Horh g BACRVE R 7 i3 M se il & e T2
m&ﬂﬂ%J@M%&@*@m%,%%%%%iﬁ@
M. TEROR, O I < AL A AT A ) B Nt
At fE, . M. &, R B ELEe
Ja X3 AT T ANV R AR e A Dy R AT A= A S .

H3C_ CHj
CHj
H3C,
H3C
211
Ivacaftor
KAGRIT
O
o L L P
@ // / OH
212 213
Pyrvinium Finafloxacin
24 fiz EIS 1803

B 36 AAEYNETERIEEL S
Scheme 36 Biologically active quinolines
2017 4, Gogoi VRAAHICOHRIE | —FhBRM ) Ru(Il)
Fic 5 VI A R 5 2 R R A SR A A S BE(Scheme 37).
IR RS — e AR R AT RAF I X Ik £ E, JF Hoig
PSR B B -2k S T A ).
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=v=0

[{RuCla(p-cymene)},]

2.5 mol%
NH, ( 0) NH,
Cu(OAc),-H,0
. XY N
A . 1.0 equiv. I
N NHHCI , g ge 100N Ry ] I
= K,CO3 (1.0 equiv.) R
214 215 {AmOH, 85 °C, 12 h 216 R’
R = H, Me, OMe, F, Br, Cl, CF5 30 examples

R', R? = aryl, aklyl up to 91% yield

B 37 AT S
Scheme 37 Ruthenium-catalyzed oxidative cyclization reac-
tions

[FlEE, Fili R 28 PR OIS T — b BH B AR 1 A

[(dppe)Pd(H20)2](OTf); (5 mol%)

A HH R S B e 5 0 SR R (AL S B, A A T 2-PEE R
A fiT ) (Scheme 38). {EEHEMI T RERI R BIHLEERZ: 7%
P BH B #1155 BRI 8 2 7 4 A5 21 0 B0 o ) 44
B NS B B R A, B ik G O e N\ B AT
B, ARG TR S B AR AL R 1S B IR R 225,
B Jr /£ HOTE AR A R 1,3-OH i 7 4 N 7F= 4 219,
219 MoK A5 20 8= 226.
2018 4, VLMl R IRE T — P LS

L5 75 B R A B 4- B R 114 J2 . (Scheme 39). ﬁ
i, BROIFERNES T, LR R — A

dL +  ArB(OH),

217 218
R=H, Me, F, CF4

dioxane/H,O (V:V = 1:1)
30~35°C R'

OH
N
R+/ Ar
N™ ~0

219
28 examples

up to 99% yield

P 8 P (P 2*_OH,
:Pd/ ~PdZ ~pdZ
(p ) 2H,0 P OH
oH H 20T 2HOTf 20Tf"
NS DA _Hott q‘\’j\Ar
(p= . AB(OH),
219 R
S 225 P Ar
-H20 o pé/ oT" PN
XY o Ar 221 OTf 0
TN Ar R‘_\
RT/ R\_/ | _ N o
N"o N o ~ ¥
226 , -
R R P N 217
224 /P P~ "Pd
I py ot e
AN Pd X B Ar
R R i
ZONAAT LN
R —
O
223 222
B 38 AL A 408 P I S BRI e T A A s
Scheme 38 Palladium-catalyzed carbocyclization of o-formylalynamide
- NH2 N Zn(OTf), (1.5 equiv.) N Nach
R N R
Z Ar CH, CH5CN, 90 °C
227 228 229 Ar
R = alkyl, Ph, OMe, F, Cl 35 examples
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, uptoBaeyield
Ny 228
N,% 2 ~12Zn] N
N [Znl - [znl¢N: -N, ) H C-C cleavage S
+
Ph Ph -H pn 2 Ph \ [Zn]
Ph—=N
228 230 . 232
Ph—NH, detected
[Zn] 227

o —
-[Zn]
7
Ph
N\N2+

N2+’ 233

N N Ny
z z [0] (e
H (‘ Z air =
Ns” Ph NH; Bh bh
229

234 235

B39  BEfEA A A 4- BRI PR S R

Scheme 39 Zinc-catalyzed cyclization for the synthesis of 4-substituted quinolines
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BIKE
MAEEBREN C=C WHAMS —MHEBEKN C—N LB "V D28 AR B i i o TR AR 1) S AR 2, 1%

FeN W e s 20 2 H bR o1, AITSRAR — R 51 4-HL
RIEMRAL A Y. 2R PSR AN B LS SN AT, N
G A-BUR MR S FR AL T —Fh St s i T 7
%

[F]4F, Sridhar ¥R T2 HRIE T — B AL 2-2 0K
BB 5 05 B R 1) SRR R R B, 3 E T
2,3- 75 FE AT AE M (Scheme 40). AHEL FARIER Z 1)

OH Ni(acac), (10 mol%)

Ar
PPhs (10 mol%) ~
A Cs,CO3 (20 mol%) P
R N R
N ArB(OH), (1.2 equiv.) 238
236 4@ 1,4-dioxane, 90 °C, 4 h 33 examples
- up to 92% yield
R =aryl 7 /0@ HO A p oy
AN /
\ R
N+ Ni

N, 237

Bl 40 AL 2-B FR S H B AL SR
Scheme 40 Palladium-catalyzed cyclization of 2-azidophenyl-

propynol
+BUOK (3 equiv.) ar
DMSO, 120 °C, 24 h
—_——— R+\ =N 20 examples
~ )\Ar up to 81% yield
OAc) (10 mol%)
+ Ar— ) 241
0, t-BuOK (3 equiv.)
0 AN ~N
239 toluene, 100 °C, 12 h rIC )N\ 9 examples
R = H, Me, OMe, Cl, Br FSNP SAr up to 871% yield
242
cu(lly Cu(ln)
Cu(il] 0, 0-0 N
[ 2 R H—ar N ) R+\ gr
NHztBuOKtBuOH N R N Ar AN
243 244 25 UM
t-BuOK + H,0
O H
R X O NH, 0 OH FBUOH  NH, Oy ora NH ArCOOH
migration
DMSO Iar LS A 9_,
24 - T__JHO o
6 u(in Pathl R _J (5 /249 2;0 [Cu(in)]
248 /i'/
1,3 H mlgratlon
Ar NH, O
NN I
RC@ foum R@ A ZCu)
H ZoN e 200 T U,
Ar 241
OH
247 H Ar }"H\O
i )\ -OH S
=N
-ArCOOH
d R1C /)\A | BuOK+ HZO
v
242 . 25 tBuOH
—-=N: aK*]tBuo NHz
toluene Ar
T Path Il R
254
[M+Na]* = 333.0996
B 41 ST RS 2- 2 H 5 ML R B
Scheme 41 Copper-catalyzed cyclization of arylonitrile and 2-ethynylaniline
842 http://sioc-journal.cn/ © 2023 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences Chin. J. Org. Chem. 2023, 43, 826~854

SNEISE R “H/7 .

2018 4F, YT J8 i A fga URR A 2H 3R T8 T — 191 4
AL TS LI 5 A0 35 57 i A o e s R 288 A0 5 420 1) s 1
(Scheme 41). /R IE RN HAMNF, Hr=¥EA 5
) ATE RURL, IX A6 RS TR AU ATE RO T3t 1
— TS, AR, 1EF IR R (R
T AP) R AR s ) (PR ) v e 82 2 B0t AS [R] 7 A 27 12
PRk, RENE 2 A5 210007 2 AR B 7 66 AR (1 e e
WK, MR HEAH OGO SEE8, (R SE T AT RE ) R BLMLEE:
A1 ok 35 57 i A B P A B T AR b 1) I X R A A 3
5| R4 r (] 44k 243, SSEN Cu—C B3 2 A] {4 244,
B A S C=N KA T PSRRI A 015 2 Hh ]
245, Bl EER N ARG B Rk 246, B 5 KA
[1,3]-H TR HBUEIE s 4 247, Atk 247 K4
C—N 4 I 2490 B 0] 4 248, w1 ) 44 248 78 — F R TER
(DMSOYE ¥ AN (42 1) 1 26 5 OH & 2B s 1Al i
249, 249 Z it EHBOR A R R 250, BE SRR




Chinese Journal of Organic Chemistry

REVIEW

251. Jm, 251 520 240 45515 31 241, 40 H FH2RAE
RTINS (#4510, /£ ‘BuOK KIAFAE R, i 58051
Befr, ME3ETTDURZE 5 bk ig b, ek, 255 K2R,
i 2 SRR B 7 R R 345 242,

[F4F, Patil PRI R T — R T N [4+
0 MAL BL, BRI ET AR ZHE TR K
(Scheme 42). H:A Cu(OTH), 75 [ o7 H & 45 45 A A -
B R A AL B AL R R BB 5 1 R A

g
SN Cu(OTf), (1 equiv.)
O / O CH,;CN O
R 74 80°C,12h
257
256 39 examples
R = alkyl, aryl up to 85% yield

B 42 AL T P[4+ 20 3
Scheme 42 Copper-catalyzed intramolecular [4+2] cycloaddi-
tion reactions

B, ARAITSHRIE T — G 2-(4- T SR OR RS )-
6-(2(77 5 L) R E ML IE I PR A IR R T TR
75 RIS (Scheme 43). BFFUAIL, ML S 5
SOWAAZ SO PR 2 ) s 24 BL Cu(OTH, J9 AL
PhI(OAc), AEAGTIIS, SRk £ 1E & AE 2 557 #4455
BRI T AR I TT R RN A S AT U
APPSR 2T

B TRIA AL S N AE R R 2 IR EE R T
HAEBEKRKE. BafomiEMG 1 EERRT
1,5/1,6- 4, o Falid 1,7/1,8- A 5 2 2 I
(1 S SEATY AR B PR e, 2019 4, Patil SEIZHIOISZEL T
— R AL 1,8- T IR AL RN, I T RS

Cu(OTf), (1.0 equiv.)

[3+2+ 2] 2B 22 (Scheme 44). 1E3& HEM SN F] B
HRAPIEEE AU R &R =M, b5 5 —2
THIEHAERE, BERE L6-&RETR, FRK
AL AR RIREEA AW, 55 I AR S B e
.

2021 4F, Belmont iRREA VR & T —SSAR b 41 b
F 7 W Ji 5 | e R BRI A 2 1,2- S R MR T AR A 1)
RN (Scheme 45). 1% & M AE#IE T 5] N BA AFEEY)
T D W R B SRR T S AT AR A ) AR A
i YRR 2 A E RN S, A& ALY
PRI BT Y Z IR 3L T —Flofi a7 vk

5 AafMEsS5HHMRRTLSIHEE

5.1 MHRIFZMHTZMERFLEMEE

2017 4, VT U A0 A 45 R R A0 20 U811 A £
T 2 REEM IS Rd RGN0 R PIAE B, P
LR RIFMECEA R T — RIIFREEEALT 2,3- &I
I AL 0S| R AT A= #0(Scheme 46). FENLFRIGIE T, VE#
3K T TEMPO-CF,COEt INE4, H bl 52z
i T2 05 3 B3 2

[F4E, e iR 2 U sl T A AL A K 5 0
FH(EE) T C—H B REIL N, 12 N AE Al T i v
Fng 54 &Y (Scheme 47). 1F &2 H I N B % KA
R G M RA IR ETEL, RGN, SR NS
B, bR RS R A B T R A B-H ERR, BESS
LGRS, A B e A
B, 2RI IEE B TR, e R A I R 1)
TER R A “N” 1T, BG4 SERZ N A i 1 4%
B, &R RNERAED.

without
= oxidant

CH4CN, 80°C, 12 h

N-doped PAHs 259
32 examples

NS
O N O [Cu] His work (2018) up to 85% yield
MeO 4 R=Ar This work
R =

258 with Cu(OTf), (1.0 equiv.) oll o
R = aryl oxidant CH,CN,80°C, 120 C SN\
PhI(OAc), (1.5 equiv.) — O

R
N-doped spiro-PAHs 260
32 examples
up to 94% yield

B 43 A 2-J7 BRitnE e e PR IR A0 S
Scheme 43  Copper-catalyzed selective cyclization of 2-aryl pyridine
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NaAuCly2H,0 (5 mol%)
NaOTf (10 mol%)

benzene/DMSO (V:V = 95:5)
100°C, 12 h

262
29 examples
up to 81% yield

‘ aerial
& oxidation
Q Al

/)@ < =
J Aulll & R
; &

R 268

B 44 SfiEfh 1.8-—

Scheme 44 Gold-catalyzed 1,8-diyne isomerization reaction
2019 4, KA R R BOHRIE | AT AL R TG AL I
Kk, 7R EUR IR I 3 B Heck/Suzuki B

BRI AL L

2, R T ZR A B ZE R O 0 SR I R B AT

A:W)(Scheme 48). 1% SN ARAHEAN B REMIR 52 1% 55
R! R
\\ N\N,Ar
| P R =OR'
276 R' = Me, Et, Bu, Bn, Ph
Cat. Rh(lll) | Z >COR Cu(OAc), (2 equiv.)
[Cp*RhCL,], (5 mol%)
R Nen A|  DCE, 130°C
S 2.
| P Rh—Cp*
B| Cu(OAc), (2 equiv.)
277 COR [Cp*RhCL,], (5 mol%)
DCE, 130 °C

R = alkyl, aryl, amino

B 47 BEAEA AR R AL i A

N \N,RZ 27 AgOTf (5 mol%)
RIL N _R*  AcOH (1.1 equiv.)
_ + Y ZON _—
AN A\ MeCN, r.t., 16 h
R' RS
270 271
R=H, F, Cl, OMe
R', R? = aryl

R3, R*=H, Me, Ph

272
20 examples
up to 83% vyield

B 45 HRAEAL AT BIE 5 0 fi 55 M5 R PR ER BBCER A s 82
Scheme 45 Silver-catalyzed tandem cyclization of o-alkynyl-
aryimine with indole

Pd(PPhz)4 (7.5 mol%)
CsOAc (2 equiv.)
dppf (15 mol%)

dioxane, 80 °C

R'5—
Z~X

273 274 275
X = OH. NHR? 29 examples
' up to 91% yield

Rf = CFQCOQEt, (CFQ)nCFg

B 46 AEAEAL & SR T F R NS kAT 2E )
Scheme 46 Palladium-catalyzed synthesis of benzofuran and
indolin derivatives

JRIEHVE R, T T2k, CB2 sS4
MR A5 1 BB,

2020 4F, Bera BB IE T — B AL IG5 2-
WATAEPI 5 F W IRE R (Scheme  49), I EE T
— RYIZRFFIRIR | WMk S 7 53R S U A AT AR ).
1E# 1 L EAAE R IE L aPmic ATAER 5 Pd,-

1 Ar 1
R N:NI R\/ N
X ) " - ~ N-Ar
| RhCp* —— L J=
=
CO,R ,
278 2 280 COZR
17 examples
up to 86% yield
Ar. CUo 1
N R H
R1 — \\ N
KRh — [’ _l_y—cor
C *
COR 281
279 18 examples

up to 82% yield

VR ) S5 5

Scheme 47 Rhodium-catalyzed conversion of azo-benzenes to indoles and indolines
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R2
KOH (2 equiv) R2
N-Me-Xu3 (10 mol%) = R
Pd,(dba)z (2.5 mol%) R A

DS )

X
R ~ + RB(OH), T

_ PhMe, 85 °C Z =X
282 283 284
77 examples
R = aryl, heteroaryl, alkenyl, alkyl up to 99% yield
R" = H, Me, OMe, Cl, CF3, Ph 97.5:2.5 er

R2 = Me, Et, "Pr, "Bu, 'Pr, Bu, aryl

X =NBoc, O )

O~_.Bu
5

R3
' Me

PCy>

N-Me-Xu3
RS = 3,5-(Bu),-4-MeOCgH,

B 48 ALAEAL AR B Heck/Suzuki 8155
Scheme 48 Palladium-catalyzed asymmetric tandem Heck/
Suzuki coupling reaction

(dba)s #EAT C—T SEATAEALIN, & 1 PR L ke
I [1,2-a][1,8125 2 TR MEALTT). 3R P AR EE AL 57 22
RE 7L i AR 2% A T8 A R AL i R 5 57 3 AL M )
Sonogashira 5k 5 .

2020 4F, VUG R RS ZH 2R T — 401 e 2P AR A
b 2-Je e (P 5 26 R R R A R B I — 90 1) o
BRIAL SO, R T 3T L M| R 3-Hf 3 S IR R AT AR
)(Scheme 50). %) S 25 AT B, AN TR ELAAMAS INEC A4
VAT, BAE PR B AT 05 A4 R PEG-200.
HAFHE A, B SEIL T LYY 3 B R AR N BB
Ry AR,

R4, KNSR R T — R4 1,6-1bk
5555 SERRR AN — 5 2R LR 1 B B OB, 3RS T
— R e IR EUR I A IR SR iy G| W2
4(Scheme 51). JEALEER T, EE IR T AT BRI
HLEE: 158 PAADERCAA I B R IE R A Pd(0), PA(0)5
TR OB AT B R A B PA(D) P AN
Bidi [ H 3, B S B B3 S R R AR A B g 1
Frp AR 305, HHIFIA 305 K401 R B IBER LTS
FHFE E 3Rk 306, BfS 5 L LR LR A
AL RS AL b T A 307 AN 4 bt B 3k, IR AR L
1o 555 3B & 4E Heck N33 HERF 4. LA,
HHE AR 306 tHATRES P& A= 5 HE T-HE 75 AE plods R4
)44 308.

ph |1
L11 (2 mol%) NN

XH X

DR (o ©:r NO
+ o N— /
| DMSO, 90 °C, 2 h ‘ Ph3P )\/ NON/
285 286 287 I/
20 examples 1 "PPhy ;
X =0, NMe, COO, CONMe : aPmic
_ up to 99% yield L1
R = aryl, alkyl
L11

XH
b ©i (X = O, NMe,
ase I COO, CONMe)

NS Ph \ -z
~ )Q/N NPh
N N — |
\ JON Pl N
R 0 z NAYN—
"%, N\ IO
X_ Cycle B Cycle A _Pd!
Intramolecular cyclisation Sonogashira coupling |
XH
Z = PPhj or solvent 289
baseH N :—+R
base \ NON/ NON—
XH_Pd o \d”l\/ baseH[l]
O=- D
291

BRIz 49 FRAEALIR RN 2- AT A=) AR IR - IR S RE

Scheme 49 Palladium-catalyzed coupling-cyclization reactions of alkynes and 2-iodo derivatives
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R2 Ar\ , ’Pr jPr
= S 1 —
X [Pd-3] (1 mol%) 3 [\
R1:— + NayS,03 + ArN,BF 4 1 N N\ . N N
A PEG-200, 100 °C, 16 h R . R e
C,OHmMIM]ICI (2 equiv.), air 3 pr_Pd ipf
293 294 25 @ IC1(2 equiv) 296 | cry
X =0, NH, NMe 27 examples !
R'=H, Me, OMe, F, Cl, Br up to 90% yield Pd-3 o
R2 = aryl, alkyl
L 293
Pd"
air /
L L
L \Pdll
Pd(0 X
Ar © RH—(:E%*RZ
S Z X
R X N\ R? SO, o ,Ar 297
N L. Ps_
pdl” 83O
o Pd''L,
X
1 Ny R2 _s - Na,S,0
R N R AT ,\o Na - 27273 ArN,BF,
d o C
298 N,

B 50 FfEAL =205 B RFR L SR

Scheme 50 Palladium-catalyzed three-component cascade cyclization reactions

A
Ar PdCl,(PPhg), (10 mol%) i
“ = DPE-phos (20 mol%)
RT + AB(OH), + ICF,COOEt —C52CQs(20equiv) gl
XX 1.4-dioxane CF,COOEt
299 300 301 Ar, 80°C, 22 h 302
R =H, Me, F, Cl 52 examples
X=0,S, NTs up to 88% yield
Ar. Ar.
/ Ar' Ar'
i N Fe(OTf)3 (10 mol%) o N
| 0 o
Z~X CF,cooEt  DCE 80°C. Ar2h Z~X CF,COOEt
302
52 examples 303
up to 88% yield 5 examples
. ICF,COOEt
CF,COOEt

up to 85% yield
d(0) <— Pd(Il)
304 ;

299
ICF,COOEt 304 N ar
& - |
\ N TS
_A_CF,CO0Et R - _

Pd(l)l Pd(0) R
F,COOEt

X CF,COOEt

307
w Pd(0)
Ar'
) Pd(II)I
i L ABOH:, X
= X CFZCOOEt

#Z =X CF,COOEt t  Base #~X CF,COOEt
302

308
B 51 AR 1,6-0 b5 77 S0 AN — ST 2R 15 ) B BRI S 2

Scheme 51 Palladium-catalyzed cascade cyclization of 1,6-enyne with arylboronic acid and ethyl difluoroiodoacetate

2021 4, FLEE PR RIE T HMEL N--1RA

FE)-N-TH I Bt i 5 = 360 PP 2R 04 e ) 30 4K S B (Scheme

e MR R, Hodad RO AR R, W LR
52). ZIRBLSEAFIRA . JEYIEVEE T B REK]

E A H 5-exo LIS B FIGIREERAT A LA K 6-endo 3h
EiEa¥iyicy AT I IR A4
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L12 (20 mol%)

Ni(acac), (10 mol%) =N
Mn® (3 equiv.), Nal (1 equiv.) — g1f o 7\
BoPin, (1 equiv.), Et3N (0.5 equiv.) Z~N 3 —
Br DMF, 25 °C R2 PRC 12
i . =<R _ 312
- N R 29 examples
! CF3 up to 81% yield, 97% ee
310 "} 311 L13 (20 mol%) .
R = anyl NiBr,(DME) (10 mol%) R? : 7 N cooH
= A _
. . N !
R'=H, Me, OMe, F, CI, CF5, Ph  Mn° (3 equiv.), MgCl, (2 equiv.) FvWF N
R? = Me, Bn DMSO, 60 °C SN0 R Ve N
RS = Me, "Hex R2 3 N\ / 13
313
30 examples

up to 92% yield

B 52 BRAEAL N-(Q-VRFIE)-N-PUR I 55 = i BRI e R A S 7
Scheme 52 Nickel-catalyzed cyclization of N-(2-bromophenyl)-N-acrylamide with trifluoromethylolefins

[{4E, Lautens V@ZERIE T4 N-(2-fl %
B )- - T 75 Tt e B8 00 T 25 Ty 9T A4 1 s TR 66 ik 1) 22 oK 1
Heck/l# 1k [z % (Scheme 53). 1% N4 FH 224 H. .5 T4k
PR AR -1,4- B A IR [2.2. 2] K&
(DABSO)& X SO,, MIh3kfF 1 MEAEL H ()4, 1%+ [H)

(1) Pd(OAc), (5 mol%), PPh3 (10 mol%)
DABSO (1.5 equiv.), TEA (2 equiv.)

|
R1{ji o) DMF, 80 °C, 16 h
! 2
= X R (2) t-butyl bromoacetate (3 equiv.)

314 3h,rt.

R' = Me, CI, F, COOMe
R2 = Me, Ph

X =NME, NBn o COOtBu
NS,

R2

N
F~X
315

14 examples
up to 80% yield

(1) Pd(OACc), (5 mol%), PPh3 (10 mol%)
|
X
R1+/\;Eo/\"/ R?
316

DABSO (1.5 equiv.), TEA (2 equiv.)
R' = Me, CI, F, COOMe

DMF, 80 °C, 16 h
2 —
R®=Me, Ph 0 COOtBu
N

(2) t-butyl bromoacetate (3 equiv.)
3h,rt.

R2
A
R
o
317
3 examples
up to 77% yield

B 53 ARAEAL I T LRI 22 K VR AL SR
Scheme 53 Palladium-catalyzed domino cyclization of allyl

ethers
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5T 5k kit Fealor maIR OV, AT —4A
AR B B R R S R M B | R AT AR .
5.2 HRARXIMLEYIE

2018 4, 1R I0 75 154 4H SOl T HR AR i I o e A
I CRRE M3 +3P LB, AR T — RBIPKIR[3,2-
clMEmE AT (Scheme 54). fEE WL IRESLL, YIPHE
BT H IR AN FOE LR SRR T
YER F AR O R B 7 25 7w R A4 321, B i H )
A& 321 5B ERIEAL I BRER 322 KA 1,4-30 50 /K I
BRAE B R AR 323, B SR IR A4S 2 R A
324, SN HAMA 324 KA T AL R FAE 325,
HHIA A 325 Zad AR LTS RIS 2724,

2019 4F, WeAIBUHRBHEHRIE TR 2-FRdE R
Ji& 53 F N [4 -+ 2] Bk PR A0 1 5 22 30 5] Wk B B8 1) RO
(Scheme 55). HLERAFFLRE, C—H IHLATBEA R M
A I, H 1,4-483 B FE A2 AT 3 (1.

[F4F, Sekar 4@ ZHSSHRE T — ol LR 9K AL R
A AR = S0k 5 e () R R OB, MR T 23
=M AW(Scheme 56). 1% Pd/Cu X4 @ 49 K ks H
AR BE AT IEIAE, RN H A RIS
PE.

2019 4F, i@ HkiE T donor/donor Y4
RERMEACI N-b P B R e AN K Bk B BRI ) B, 4 4
T 2R F M H B8 (Scheme 57). %N EF HFERK,

REf R BIHLER: ESAMEAL T, ZH R 1 2040 R 5=
HE ik 336, ARG 7T NI 2.

2020 4, ARATTURARZHOHRGE TR AL B U R
AR E B S B, W T — RN Z IR N-Z b &
Y)(Scheme 58). ZK M EA RIFEMFHI=Z. JIZM
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BH=E
o) EWG
EWG R’ Ag,CO3 (1.0 equiv.) NI ;
| + CN_R | R
S 1,4-dioxane, 25 °C, 3 h Z~0
X
R2 R2
318 319 320
R' = alkyl, Ph; R? = H, Et, "Pr, aryl 27 examples
R = CO,Et, Ts, CO,'Bu, CF3, NO, up to 90% yield
R1
EWG._A,
\
Michael addiion R A9 nucleophilic addition

325

through-bond
ARC

_cyclization Lz;gf protonat|0n \@

NS
0N R2 through-space ARC

RL_o_ R
\ —
/)
Ewe N\
R

320

oxidative
aromatization

B 54 TN B 5 A 2RI 3R L S

Scheme 54 Silver-promoted cyclization of ene-yne-ketone with cyanoacetate

R

Cp*RhCI2]2 (5 mol%)

‘ R!
o“[r

Cu(OAc),H,0 (0.3 equiv.)
@ DMAC, O, (101 kPa)
I}IH 100°C,10 h
R2 327
R = Me, Bu, OPiv, OBoc, OBn, OTs
R'=H, Me, Et
2 _
R =Ms, Ts R

328

23 examples
up to 85% yield

BIR 55 HEfEIEE R C—H &b M
Scheme 55 Rhodium-catalyzed undirected C—H activation
reaction
R
NN Pd/Cu-BNP (2.5 mol%)
N
C=C
R R

Et3N (3 equiv.)
DMF, 120 °C, 24 h

329 330
R = alkyl, aryl 24 examples
R' = aryl up to 93% yield
B 56  9PRAME AR = F M5 ok B AL R R

Scheme 56 Nanopalladium-catalyzed tandem cyclization of
o-iodobenzyltriazole with alkynes

JRDE FVE . AR O A JE X Bl B . N FIATL
PRAEN AN . SR8 S0 B SO AR 15 AL I 15 31 )
FEAR A B TP (A4 342, WA 2VRB 24 O & G R
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PG

N Cu(CH3CN)4PFg (10 mol%)
1 3UN)4FFg 0
R Z L14 (12 mol%)
O I
N g2 NaBAF, (12 mol%)

R3 DCE,30°C,60~132h

332 (+)-333 (d.r. > 50/1)
. ';' OMe 26 examples
R4, R® = aryl Bn Bn up to 99% vyield, 97:3 e.r.

PG
1 = N
R Z Cu(CH3CN),PFg (10 mol%)
X N\ 3CN)4PFg o
e
PN
R? s
~._ [Cuy]
332 pathb
patha | [Cu]
. Ie
* N
1 |
[1,4]-H shift R /
e
[Cu] AN RS [Cu]

R2" 337

B 57 L RS BRI b S v

Scheme 57 Copper-catalyzed asymmetric cyclization of diynes
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I?G
N xR

R G e
I\\ Cu(CHaCN)4PF¢ (15 mol%)

Pz N3 L15 (18 mol%)

DCE, 50°C, 72 h
339 (=1, 2) (-)-340 (d.r- > 20/1)
R =H, F, Cl, Br, Me, OMe Ow><‘/o 26 examples
R' = alkyl, aryl i ,\L) up to 84% yield, 98:2 e.r.
Ph
Ph
E’G
N xR [Cu]
R // W
l\\ Cu(CH;CN) l\\
= N3 Z
339 341
H
R n
R -
|\\ | PG
AN
340

B 58  HIfEAL RS RSB RIS 8
Scheme 58 Copper-catalyzed asymmetric cyclization of azide enynes
R A 343, FAmkE S PIAk 343 AL R NAT Heck/SRAZABA BIRIL SN, DR T — R 51 T4k
=) 2, 3——/;%ﬁﬂf”ﬁ‘jﬂﬂﬁﬁlﬂ”glun@ﬁi%(Scheme 59a). [A
2021 4, Lautens PREZHCHRIE | ALMHEAL ST BIK ) B, TR RUREAP R RERIE T AL R B T 2R
97 25 PR Jes P e T R <10 ke 2 S i ) o e 2 5 P 22 K VS 4 )5 P B i 5 SRR TR P PR S B (Scheme  59b). 5

N Pd,(dba)s CHCl5 (5 mol%)
'/ R‘1 L16 (10 mol%)
345 NHTs Ko,CO3 (1 equiv.)
R =H, Cl, CF5, OMe MTBE (0.1 mol/L)
R' = Me, COOE, Bn, "Bu 80°C, 16 h 347 Cy,
R2 = alkyl, aryl 28 examples L16

up to 91% yield, 96% ee

(b)
R?  N-Me-Xu3 (10 mol%) O\\S,\’Bu
Q <:( Pd,(dba)s*CHCl3 (2.5 mol%) RS
" Me
S 0 K3POy4 (3 equiv.)
NHTs MTBE, 70 °C, 12 h PCy,
R= H, Me, Ph, By, F, CI, Br, CF3, NO,, OMe 350 3
R" = alkyl, aryl 39 examples N-Me-Xu3
R' = H, Me, OMe, CN, CFs, F, CI, CO,Me up to 97% yield, 97% ee R® = 3,5-('Bu),-4-MeOCgH,

R? = alkyl, aryl

B 59 AR Heck ML RN

Scheme 59 Palladium-catalyzed Heck cyclization reaction
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ZAEIH R, ZE B Heck/Cacchi [ M &N, JRT
G B REHIIN S L RYE YR, R
T2 SRR 55 2 Ak, IF HAEARFE
g O ok NE R

—INORME K AT AR A T A EYE
2021 4F, MR IRBAHPHRIE T Ni/AL B4 8 AT 5
TR CT-H HinEEEMURM, W T&t
TCIA I = IR BK M (Scheme 60). 1F & HEMN = F 3L 45 6E 0%
S RBCAL, BT I 0 B 5% B NS4 C7-H, A

R R

m Ni(cod), (10 mol%)
IPr-HCI (10 mol%)

N
@ )—CFs  AlMes (40 mol%)
N t-BuOK (40 mol%)
351 toluene, 130 °C 352

R = H, alykl, phenyl 56 examples

N
)—CFs
N

up to 98% vyield
R R

m Ni(cod), (10 mol%)

N ANIPE-HCI (10 mol%)
@E )—CFs  AlMes (40 mol%) N/)_CF3

N t-BuOK (40 mol%) N

351 toluene, 130 °C 353

R = H, alykl, phenyl 16 examples

up to 92% vyield, 95:5 er

N
R @E )—CF3
m N
AlMe; 351
N>—CF Ni
/ 3__coordination
352 N

\
R 35y/ 354 A'Me?’\
R
/Ni-ﬂ
Ln

N
e
N

355 AlMe;

L P _‘M/
Ni ] n N
y (o
N/)\CF3
357 AlMe,

B 60 Ni/Al X4 @ AL IR & PR L S B

Scheme 60 Ni-Al bimetallic-catalyzed acyclization of olefins

N
N/>_ CFs i)

356 AIMe3
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Jr L BEVE KA 8-endo B Ni-H HfiN, Ja IR TH
BRARETCER. WETUARCEL, A C A AR I 1 T 5
RE % ST 22 IO R A SRR3R .

6 TR UASYHRAEEY

TR AL & P R AR 3 e R, T2 R
TSR, FATTGE I AE BT8R 8LF HEAT
A2H.

2008 4E, Romeo REHAHLIE L T — RIME EAER
A HHIFIATAEY): CA-4 (CombretastainA-4), FXFH i
JiR v AT T IR, R IR DA R R R Ay B A%
F—RFMEY 359 HAMRLF ST, X E p4n i
(L1210). FLAREHA(Fm3A). T k40 A (A I 40 B
(CEM)Z: 40 B B Ml fE . 2020 4F, @R i
2 1O51E I A 7 R IR —Ff 3-(3,4,5- = F 4RI % ke B
REIFFEIRIEL A 360 XF MDA-MB-231. HCT-116.
HT-29 1 HeLa PY 3 4 i b 389 {8 $0 il v ME L4, 1Cs0
B4 & 3.01. 5.20 9.13 1 11.09 umol/L. H.iZib &)
b N IE 5 40 e HEK-293  F 40 i 5% 14 %5 /)N (ICs0 > 30
umol/L). Ub4h, 1A 360 XS R AR ABWRIHE &
EWEIER, 5 CA-4 MHIHIEH —8, FibiZEit
BRI AL S PR N —FE TR BT MR 259 (A 3).

HsCO  OCH, ~N~ o

HicO O - OCH;4
) Y OCH;
HsCO Q OCHs
HG R = H, 4-OCHj, 5-OCHj, 6-OCHj, 7-OCHj
CA-4 359
Hco.  OCHs
OCHs
F

B3 HA R 25 4 (470 8 71

Figure 3 Antitumor agent with benzofuran structure

4, W REAPIR &M T — RIFT R H I
WRIRT A, WTF0 T HON MERCER 32 A4 MO 2L e 4
RIAEYNEME. RS RRI, LAY 361 BF RIFM
TUMERCER SZARMCR: L Mo 4 L V5 PE AR % AL
Ji 2 0 MCF-7 [ 2E UM% 1Cs A 42.23 pmol/L, 5
Xt HE 245 W) 7% 25 (Raloxifene) $111 1) 24 S AH 24 (ICs0 =
40.08 pmol/L), {HILXT A IEH 41 fs HEK-293 (1) 41 fu 55
N TR HEZG TR % 55, 1Cs0 734 62.4 F1 32.78 pmol/
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L, HUbAe &4 361 mIHEA Y — R e M 3 32 A4

IR 4).
YO

O
HO S

Raloxifene
? g8
K/ N ~"0 (o) (0]

361
B4 BAGRIEIRNE S5 T 77

Figure 4 Antitumor agent with benzofuran structure

N[ IR fe — e B BT 20, Al 2 R B R
s E BTS2y, BBl YeRtEEpT ik, 2
R PR K 22 B AT A=W 00 1 BT AT B A0
WFURR . R R PUR RIS

2019 4F, B R PR TR I 2,5- T U AT AE
PRt Jes A L P A0 LA AR A . AT At AT TR P i e
HWMTTHERTTE T 6 MTED NIiEAAL(AS49). A
JFF8 240 (HLep G-2) 19 A Ji e £ R ) Ak e i e i 1,
A& 362 HHMHIE H B 5).

0 N K
= GO
N-NH N 0 o

H,CO 4 H

B5  H AW R O BT e )
Figure 5 Antitumor agent with indole structure

2020 4, Carocci PMREAIPNE K 1 — R FINGWEATIL
WM AT ALY, ARSI BT RE s PR IR 45 R W, e
(6 & Pp%t FL I 4 MCF-7 Fl MDA-MB231. & i
JE 40 HeLa 172 P B 41 2 Ishikawa #BA B AFHIBT
FEGEANEHEYE, oS 363 X E SR HeLa i)
PHIE R, S EAMHIZE 1Cs {4 3.6 pmol/L; I H.
W& 363 XHME d A IR L RJFMHITERI (& 6).

Bl6 F AWML R E
Figure 6 Antitumor agent with indole structure
2021 4F, FRAEURBLA VR LG AT ) 364 il
it Neddylation A1 MAPK i, MIiE T 4MEF P
TERIA R TEAE. SHIGE SRR, 2 ER N
L MGC803 HAT B IIME PE(ICs0=1.59 pmol/L)
(& 7.
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B 7 EA R R b 7
Figure 7 Antitumor agent with indole structure

2022 4F, XFEIRAIZAIOVE BT 38 Flt 3 LA [RIHUAR
N5 W PR P AR B e AT A6, SR MTT R KIAEY) 365
A& 366 XF N4 i SW480 HA 24 (1l
YER, ICs0 73 %A 15.34 A1 15.31 pmol/L, ELXF AL 5'-
WRFR L2 M 2(hIMPDH2) th {2 75 Y 1 B4 1A 410 )3 1
1Cso 23 8 4.207 A112.948 pmol/L. KN A= —Fh g
. AW E R IMPDH #75)(& 8).

OMe
F
H M H
\©\/\H/N = N N
0 Br (0] Y,
366 CN

365 CN
B8 BAT G| RAE A 470 e 771
Figure 8 Antitumor agent with indole structure
2013 4F, Abdelgawad PRAAIONE BT A R H1E

WRATAE D O WERE e i, R 7T T E A 10 SRR (MCF-7)
A (HepG-2) 40 i 5 H) e i 1. BF 5 R AL & )
367 % MCF-7 fil HEPG2 K 1Cso 8.4 514 36 F1 48 nmol/L
(K 9).

3 L ZL

o)
HN
S, )—S
N
367

B9 HA IR FIEMESE R TR 77
Figure 9 Antitumor agents with benzothiazole structure
2014 4E, Padmavathi TRREZH 022 7 8 Fh 2k I
ME-EEAT ALY, JEETE T EATRI UM YA A
Ph. S5 RR R, g I T A W U R O TR e AL B )
368 xR LHAE A549 S BT A REVE, 1Cso 169
10.5 umol/L (K 10).

N—
s. s
©:/>J _<\Né N
i ee
368 S
B 10 B 2 MEME g5 R B TR 7

Figure 10 Antitumor agents with benzothiazole structure
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2016 4, Gabr PRI G T 27 ANAFEIEMEE I
TRATAY), RINEREFERIERE 369 Ji 4 i (Hela) F1
T 4 41 i 96 200 L (COS-7) 5 45 407 (A) e 184 4 410 o) 3 e,
BT ICs0 23 529 2.41 F14.31 pmol/L, 5% 245 8
AR (B 1),

F
H,CO OH
S
A Ny
N7 N
H
369

B 11 BRI R (B R 77
Figure 11 Antitumor agents with benzothiazole structure

2019 4F, AL BN G () T — RAIMEIE - I
WEMRSRATAEY), HA ik &4 370 iETEEUTF, X HeLas
HCT116. PC-3. MDA-MB-231 %5 4 M 2 1) 1Cso 1
I3 5N 0.45.0.70.0.92+ 1.80 pumol/L. HLAIWF 7T M, 370
AL S e R A AR T, R R R A R A K
HE O -2 (CDK2) 3 7K 12).

(0]
HoN \g
L QLIS
N N S
H H
370

B 12 HAT IR S5 R 1 BT R 7
Figure 12 Antitumor agents with benzothiazole structure
2022 4, Abd El-Meguid WA TG T 2-75
IR S, ARRIULE W) 371 A0 372 X W b
JEAIM HepG-2 Al MCF-7 &L 1 HAF A 240 M 25 1 (13
13): X FFH@ 40 HepG-2 F 1Cso {43 314 2.06 F12.21

NC
\
(0]
S
,)—NH
OCH3 HN_N
S
/, O 0]
N
371
MeO
MeO
MeO \
(0]
S
,»)—NH
OCH3 HN_N
S
/ O (0]
N
372

B 13 HA IR R O B0 R 77

Figure 13  Antitumor agents with benzothiazole structure
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umol/L; XF T FLARJE4HM MCF-7, H ICso 1573514 0.73
A1 0.77 pmol/L. 5B % 2 BEAT L BUR B Ah AT T 5 41
J A EE BN

2018 4F, Elango i-@i2H 00N ik X} 4-HUAR = 2 v mpk
AT AL T 8 MEMRATAY, KIMLEY) 373 XA
I 2 A AS49 AT BT BT (B #0751 (1C50=0.96
umol/L), FLANHICRAL T B 2455 2 i ZE(ICso=1.15
umol/L)( 14).

373

B 14 Akl 4 I p R R

Figure 14 Antitumor agent with quinoline structure

2019 4, Hammad @EHITPL 6-H 4 HE-3,4- 45
Z5-1-CH) BN R EE BT R e o 28 1 i ek DA S 2R
FrERRAT A, AR AU TR TS R T 45 R B BRI R
&2 4, FAbET A GG FLIRE 40 MCF-7 3
FIN R B S BT MR IS 14, 1Cso fHN 7.21~21.55
umol/L, 1k &4 374 F1375 % MCE-7 41 25 #5t
5%, 1Cso 204 7.70 1 7.21 pmol/L. BbAk, XML E
YInt N IEH AT 440 i BHK-21 %A S 535 140 i
1 (ICs0>200 pmol/L). I i &W1E AT 2
YRR REF )& 15).

NH,

NJ\N
O ‘ O
374

B 15 HA ke i g 7l

Figure 15 Antitumor agent with quinoline structure

2020 4, Tummatorn BERELHISIEF R &L T — £ 4
W5 kRS AR, R LAY 376 15 4 PR 4 A
HepG2. HuCCA-1. MOLT-3 Fl A549 Hi¥RBLH R 4F
B B0 ek IR 35 M (ICs0 2 94 1339 15.31. 15.58. 4.9
umol/L), H 55X ZWf s R, L&Y 376 X T
HuCCA-1 Fil A549 ik tEim (B 16).

7 RE

ARk, R IS R AR R I AT R, A
MES 5N AT TR KRR A SR, HAifE
AR S 5 B 20 A0 & W IO PR AL S B2 SRR AN
WreEw, PR pmsime, WEmL. ZRIFIRMEAL, £ oA 3R
WEWI G AR Z BT, A, B, . .
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I\,/Ie
Ny N OMe
GO

Me Me
376

B 16 FAT RS R 4R 77

Figure 16 Antitumor agent with quinoline structure

& BT BRI R ML AN AT F AL S R

WAy BT 2 e 2RI SR . SR, H AT A
AL DL Pk ()3 P < AL AR A AS X AR
AL SN FT (2)AF A S AN A A (R 376 A LA R S A
IR ()AL I < AL PO AN A I Ak S B2
R A0 I () IUA U 8w A AN AT AL S
IS Ja SERTAEACWETE, ARAR =M Rl 258 73 T B
HEEM BT K55,
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