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Recent Advances on the Synthesis of Nine-Membered
N-Heterocycles

Qin, Xiaoting Zou, Ning Nong, Caimei Mo, Dongliang*
(State Key Laboratory for Chemistry and Molecular Engineering of Medicinal Resources, School of Chemistry and
Pharmaceutical Sciences, Guangxi Normal University, Guilin 541004)

Abstract Nine-membered N-heterocycle scaffolds are widely found in natural products and biologically active molecules.
The rigid structure of the medium-sized ring plays important roles in the regulation of their biological and pharmacological
activities. Therefore, nine-membered N-heterocycle is one of the most attractive medium-sized ring compounds. Because of the
increasing entropy and ring extension of nine-membered ring skeleton, the synthesis of nine-membered N-heterocycles is still
difficult; especially the effective control of substituent stereoselectivity for the nine-membered ring is one of the greatest chal-
lenging topics This review summarizes the novel synthetic strategies of nine-membered N-heterocycles and their applications
in the synthesis of natural products and pharmaceutically active molecules containing nine-membered ring scaffold in recent

years.

Keywords nine-membered N-heterocycles; medium-sized ring compounds; cyclization; cycloaddition; ring expansion
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Scheme 2 Intermolecular Ugi reaction/hydroarylation to form nine-membered N-heterocycles
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Scheme 3 Aldimine condensation/1,6-HT/Mannich/cyclization cascade to construct polycyclic indole-3,4-fused nine-membered rings
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Scheme 6 1,4-Rearrangement and ring-expansion for the synthesis of nine-membered N-heterocycles
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Scheme 7 The mechanism of 1,4-rearrangement and ring-expansion for the synthesis of nine-membered N-heterocycles
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R!_O

1 0 R2 MeO,C
CuBF4/L3 (10 mol%) N
HN ©)
EtsN, DCM, rt, 18 ~36 h L

R
R 4
<c02|v|e Rz H ’
34 28 (1R,6S,7R,9S)-35
>:NMe2
PPh,

19 examples
63% ~ 92% yields
94% ~ 99% ee

Fe
L3
o Ar
o AgOAc (10 mol%)
o N PPh; (20 mol%)  HN
* N—Ar "DBU (20 mol%) ( & ®)
MeOH, r.t. e} o
27 36 37
11 examples

51% ~ 92% yields

2017 4, A FHAZR BB AL, 2K
WRI A Ik 38 5 2R TS 39 KA [S+4138 0N
BRSNS 2 I 3R T RS TR A R (A, T35 284 AL
IR R LA, e or T IR, s R
TCRAIL Y 40 (Scheme 17). 383 X v 71 () 975 34k,
RIAE Z IR OR IR A IRk 38 5 L 05FE kIR
g 39 AE[3+ 21300 A 21 2K R IR 42 4 IRk &
).

2017 4F, XU ZH PR FH AR XUBE FHE B LS
AT, SEIL T ORI MR A IEE 38 5 LHm Kk
RS 39 MIAXSRR[S +A1 AR N, ok Bz B A B
F R IR S B R ILCH L&Y 40 (Scheme 18).
ZSLICEEIAAE IR BRI %M T, &0 EH R,
DA 5 (1) 5R FOAR 75 1) 7 A% 3o 6 P 26 il 25 22 AR (1)
ZHFIMEED).

2018 4, BXAF B BME F F% Pd/SIPHOX i
7, CAZKIFRRI A ik 38 5 2R A AR T
RIERL, BAERFRI6 4RI B, BLAR 75 5% e
I B B 2R I R /05| R A LRI A Y 41,
E#H RIEMFIZAET, “iEOIREERI T i h &
IR RN BEIN, 52 IFRRmE 0% ik 38 AT LL
RAEAKIFR[S + 410 B, AT 6] g 3 14
BT ERIEY) 42 (Scheme 19).

2018 4F, Shibata AR BHRIE T 7E PA(PPhs)s fHE 1k
T, SRR IEEGER 43 5H0IR 20530 2.5 44
JE BB RS BRI N1 B LIt = U EE 2R T[] [1,5)°%
MRk 45. 2020 4F, Shibata BREIZH P75 SR 1E T 7E Pd-fi#
P/ FIERCAATEAE T, & =5 P 2RI ERE 43 193h
F1EER 5 UL SRIRRIR 20550 2.1 44 R A QUL R ¥R
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o O
__ O/[< 2.5 mol% [Pdy(dbag)]-CHCI3
R' * R? 0 24 examples
NTs \ 5 mol% dppbz 70% ~ 97% yields

DCM, r.t.

Ts
DN
Ao >© J@
o
40a, 86% 40b 95% 40c, 88% 40d, 93% 40e, 85% 40f, 92%

BR 17 [5+4100 A R IR R LT ME &
Scheme 17 Construction of benzofuran-fused nine-membered N-heterocycles by [5+4] cycloaddition

0]
—\_, (1) m-CPBA
NTs (2) BF3°Et,0
38 5 mol% [Pd]
+ _
0 L5 0 \ R2
O 1 70
ﬂ( R heating
o) 40 L .
R? \— up to 96% yield, 92% ee
PPh,
39 : M up to 6:1 dr, > 98% es
L5 = Me/\:/ ©
PPh,

B 18 A FR[S+ATANN B R S IR IR R A LTI 54

Scheme 18 Construction of benzofuran-fused nine-membered N-heterocycles by asymmetric [5+4] cycloaddition reaction

4
/ R fo) W
R
[Pd])/SIPHOX NTs [Pd)/SIPHOX
(5 mol% ) (5 mol%)

42 41
6 examples 4 23 examples
up to 96% ee P[3.5-(Bu)2CeHalo 87% ~ 99% ee

(S2,S)-Bn-DTB-SIPHOX

N T 15
o \ 0 \ 8 o \
©~ 0 © 0 © (0] Me

42a, 96% yield, 96% ee 42b, 70% yield, 94% ee 42c, 77% yield, 94% ee
Ts Ts Ts
N Me N cl N
0 \ 0 \ 0 \ c
oM oN O
42d, 86% yield, 90% ee 42e, 90% yield, 87% ee 42f, 93% vyield, 93% ee

B 19 P EAEAKFR[SH41A IS I TR LAY

Scheme 19 Pd-catalyzed asymmetric [5+4] cycloaddition to form nine-membered N-heterocycles
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BIKE

ik SR

JRBE, - LA ey A0 R i i e 98 1 M R 1 = 5 R R AR 1
(R)-JLIC B I EI(R)-45, I RIERL(S)- = 1 F 3L
R IFUEER R 43, @it Pd 55 AL TR (S)-43 K AERL
TR R BE, 15 3] g 0T A4k 4l BE (S)- JL G B R L&)
(5)-45 (Scheme 20), % NANAS FH — A>T 1Ak A7) ) %
WA, AT LA A B = R S LC AR A
PR AN LA

2020 4F, Shibata AR PSHRIE T 7F Pd AL N AR

i BEE RE I B & A AR A Th I N B AL S YD EE T
. HEEURIEIME 46 53V FIE = FUILRRERES 47 KB
[5+41R e B, PLse 349 & s BRI LT N
figft &%) 48 (Scheme 21). % 7ikIE T AN A E] 9~11

TCRA N B EPIHIA . 2B K C—N B
YIRS A A R R AR R A RS ) A
T Mg

2021 4F, BAFIREAPVR T S ANEE/L6 fE LRI
JIEAIE R 49 SR IR, I BRI 4 —
b ) SRR 2GR 2l 50 K ARKIFR[S+415F
TR NE, — RT3 DA i IS0 AR st Al 3 8 2 5 i ke i
ESITCEREEY 51 (Bq. 7). #E—BhrAEb v 53
e A0 EE ) A X0t B AA RO I AR 1) Lo N BBR AR 12 S N T
BRI NEI Z IR i, I (R0 SR S v B A
SN (R TSR T — S A ST AN A

F3C 0
5 mol% Pd(PPh), /\ ;}ﬂ
DCE, 80 °C RNy
Tsl
45
O
Lot
C{\ VECs 3 19 examples
)§ Pd(OAc), ‘\ 38% ~ 52% yields
(R)-Tol-BINAP up to 99% ee
43 kinetic €O,
racmic resolution (R) .45
Pd-first run
VECs 3
Pd(PPh3)s
2 CO,
(S)- 43 Pd-second run (S)-45

up to 99% ee

5 examples
64% ~ 88% yields
up to 98% ee

B 20 Pd fEALUBERY PR SR BIAG 2 = 50 UK LT R &1

Scheme 20 Palladium-catalyzed double-decarboxylative ring-expansion reaction to construct trifluoromethyl substituted nine-mem-

bered N-heterocycles

F

R(jf;0+@<>=

T
46

F O
F
0, = o]
Pd(PPh3)4 (5 mol%) R
THF (0.1 mol/L) N N\/<
rt 24h y
Ts

48
5 examples
55% ~ 90% yields

F O F O O
E E . F O . FE O E F
(o) Me o) Meo\[:::i;’ﬂLo F\I:::E;/ﬂ\o F3CO 0
N\/< N\/< N\/< N\/< N\/<
s’ T / / T

48a, 83% 48b, 78%

48c, 90%

48d, 74% 48e, 72%

B 21 Pd L[S H4PFR IR & —

AHAI TR N BRI &

Scheme 21 Pd-catalyzed [5+4] cycloaddition to form nine-membered N-heterocycles containing difluoro group
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REVIEW

o
O\/}\/ 2
R? R3 R

e)
3
Rl— 1 Lﬂdg/Rm

10 mol% [Pd]/L6 Ts
10 mol% TsNH, 51

32 examplgs
F><O O up to 94% yield
o PPh,
e PPh,
> 1)

up to 98% ee

2021 4F, FRElATRAMOIT K T —FEAL AL T,
W EIRIRIR L 52 5 1-EUR ARG 53 @ik
[S+HAIR IR A BOLTT BRI EY) 54 1 &R0
R(Eq. 8). M AAHEA, BATZ M R A
AR BF I X Bk ek, HaROIN0R, ME— &I b2
COa.

2021 4, Lee PRALZHMRIE 1 4#L/58/L7 BRI HEAL I
CIGFETIRBRIREE 55 5 N-ffIHHE-1,2,3- =1 56 F{I[6+
3PN B, E LI N, O-ZR A EY) 57
(Scheme 22). G4 #— LB Alder-ene HHER

PdCp(allyl) (5.0 mol%)
0 L7 (10.0 mol%)
Rhyesp, (2.5 mol%)

M

o 0

(0]
-0 T /Ph CopEt ~EPhos
+ Ts< 2 -
O 7 N)\W THF, rt.
R3 -CO,
28 examples
53
52 up to 96% yield
(0]

N, f3EBE[4.3.0] AL A 58, %N B A R
BT R B RE A e 2 R LT s

2022 4F, BRLAEIRMAIE R T — RO AL o-4
IR TS 59. fEAMEAL TS, BHSMEF L 60 it
AT[6 3B B, AT I r= 2. A 5 (3R i ik
FEVEAF BN LT 1,2- 2% ¥F 61 (Scheme 23). JLtHh
A PRI AT LA 51 IR R R AL S g, 3 —25
FAL R DU A, HARRR P2 e i e

2022 4, E¥HREAPHRE 7/ Pd LT ap-
AN % 62 FIBRIR LI L1 50 A4+ 51300
B NG LT B A A 63 117 124(Eq. 9). RN
FAFRAN FERRTS . RPN

n=N, s
NSO,R
+ — 2
/ R2J\/

R1

P—N

/
OO Od
L7

1
R Alder-ene / H
Toluene (0.2 mol/L), 60 °C 0/\\3 r‘leza(l;ran‘?:(r)n"egt N
. , ~ 0 =
AN
Rz)\—NSOQRS

55 56 o
Co

Me 57 58

27 examples
9% ~ 83% yields

OMe

F
e
Ph)\N Ph)\N\

S A
" "
57a, 81% 57b, 32%
Ph Ph
O
STy s
o) Ts Ts
57e, 56% 57f, 9%

Br B
Br Ts Ts

r

57c, 62% 57d, 75%
Ph Ph
Se L
Ts SO,Ph
579, 62% 57h, 83%

B 22 PA(0)/Rh(ID)HrFE A6+ 3R Ik S S A i FLTC AR L &4
Scheme 22  Synergistic Pd(0)/Rh(II) dual catalytic [6+ 3] cycloaddition for the synthesis of nine-membered N-heterocycles
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BT

Pd,dbas*CHCl5 (5 mol%)

R2 N
‘\\ X 1,10-Phen (20 mol%)
N g\%s DCM, 25 °C
21 examples
60 77% ~ 98% yields

61e,82% 1 61f, 79% 619, 85%

B 23 Pd(O)HEL[6+ 31N B BAG i LT BAME S
Scheme 23  Pd(0)-catalyzed [6+3] cycloaddition for the construction of nine-membered N-heterocycles

61h, 97%

o . 5.0mol% Pd,(dba)s"CHCIs 2.2 [3+2IFmA/33EHR HWEA AR UE
YO N/R 10.0 mol% dppbz )
O\&/ * ZJI\/\ 3 toluene, 20 °C, 12 h
0oR g | 3exampes 2017 4F, SAFHRRAIIRE T L SRS 51
R! 2% = 98% yields ST, NI, B AR 64 A5 HERRTE 65 2k
R2 \N}R o (34203 I p R B, T HEAT[3,3 ) B HE B o X i
ko A B ILTCIAE 2246 54 66 (Scheme 24). 1% W I Ji
R Bk B TH G RAN &M N-IGE S = SRR, L
R4 R’
-N
| R [3+2)/[3,3] 100 °c N AN R
O\ﬁIJ:Ra *+ N=C=0 N—
3
e T & o L "
64 65 only cis-isomer 7
examples

30% ~ 76% yields

-o_ 0O
Me~ \( Me /N \(
N Me Me N—< >—Me
Me P / Me P
IR o,
66a, 76% Me  geb, 64% 66c, 66% 66d, 69%
-o_ 0O -0_ 0
Bt ¢ N

¢ 0P o 0y
- - N
el 2 @
MM M
Ph o

669, 56% 66h (59%, dr=2.5: 1 66i, 86%

66e, 58% 66f, 62%

B 24 [3+2PR a3 3] E AR B LT RIS

Scheme 24 [3+2] cycloaddition and [3,3]-rearrangement to form nine-membered N-heterocycles
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REVIEW

TCREIMEEY) 66 TEMAEMT, Sk, M
LA-IE s e, mT AT B 2 B 2,3- At ib &9
67.

Ve B RE N-Jis 3, - AT A0 RS 5 s i A 7
JUTCEZFAME AP s N2 H FT RE AIALEE (Scheme 25).
HEH 64 A1 HERRMEE 65 A AE[3 4213 I i N T i Hh 1]
G, RIGATI[3,31EH R NAF RS LCERH 66. G
) 66 @I AR AL SO A H, HoEd s
AR I A A A T AT DUE L RAE 'TH NMR Fil HRMS

R4 R?
4
l@ S R0 o 3
RN N=C=0 >: [B3 R
NP R
R R? =~ R
R2
64 G
R? R?
Rﬂ_\? t4-addifon g3 N | g _air
| \ | N
4 N—R
R R R* R
| J
B 25

BEIIN. AR T 75T IR SE ORISR N,
Bk Ak 3. fJE, (EY I RS E
THEA N 2,3- AR 67.

2018 4, FEAFTIRBHWHRIE TERMEL T N-
$i -0 f- NIRRT 64 55 77 1A 68 K AE[3 421340
BR/[3, 31 EHE RN, e B I R b R B 2R I E Rk L
TCRIEIME S 69 (Scheme 26). JLTTE I+ N—O
WAL, T LLLL R AR [T 7 S 15 3 2 AR ik g 2R
FEAkmg 70 ANEEREBCOR IS 71, 2N R %

—~ O 2
R
N’o% _R
/ \K\N Y RN N\ isomerize
2 = —_—
Y. R —T' 4
4 co, R* N—R
R'] F(I
66 H

R2
RE_N_ | R

\ N
R* R

67

[34+ 213 k(3,3 FEHEAA 2 L T R4 I I S AL EE

Scheme 25 Mechanism for [3-+2] cycloaddition of [3,3]-rearrangement to form nine-membered N-heterocycles

R4
| CsF
O\ﬁJ:Rs v RO OT " MecN, rt.
' X
R1 X = R2 SiMeS
64 68

RZN

| / \ 6]
2 1

R 70 R

10 examples
32% ~ 52% yields
HO_~

32 examples
49% ~ 92% yields 7 1

7 examples
45% ~ 78% vyields

69d, 75%

69e, 81%

69f, 66%

R 26

[3-+23 /(3,3 EHEE S B R LT L&)

Scheme 26 Construction of nine-membered N-heterocycles by [3+2] cycloaddition/[3,3]-rearrangement
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ik SR

PR, ERTEHE), B REFIFRAE R IF, N—O fiR
AR 2 FE SRR AL

2019 4F, TEASLUR AL ORI FH AR ALLAG SR m, JE Rt
N-Ji 5o B-AEFNREER 72 SiELERTS 73 KA [3+2]
IR/ (3,31 EHS B LT BRI A 75, RIETEER
(ID/AAD)-FEEA T, JLTEAAFR N—O ## AW
2, 0] Ph—4nik A ik 2 BURIL S 3R 388 &4 74 (Scheme
27). ZR PR, KR, BRI AE R
.

[EI, AE & ) A S ER 4R (11) 5 14 PyBox Fifk L8 45
A, ESEI T LR E Y 75 K130 1 E Ry, T

FeCls (20 mol%)

TCRIEIME B DI ee (A TTILF] 83%, FF/rRH SAEAT LA
157 8 (Scheme 28). 1Z 7 EX T AKFRE A 240G
PRI RS TF A B C L B et T
B L

2020 4F, TEASTIREHWIERIE T Yb(OTH; fiEfh
N-J3-ou p-AE RS 72 5 W0 F IR TR ke 76 KA 2540L
HI[3 2130 se/[3, 3] FE S 8L, e B S ot [3 42134
R R A3 3 EHER B, 15313 /13 ) B =ANAr
s HpC AR R A AR B R LT ML B T7(3R 1),
XS TG AR D e A Z T4, TR
FEYN JE BAAEAA, sk L A T A8

R3 R5

R3 RS Cu(OAc)y1,10-Phen (40 mol%)
4 © °
Ri_© 0 Et,0, 40 °C Ré_NT
JN\/\ + ~ )—EWG
N1 34 examples N
R? - RT EWG 27% ~ 85% yields Rl R?
73 - 74
. N0 S
B+2y3 R EWG  [Fey[Cu]
R4 /> R2  Control N-O cleavage
R']

B 27  BAD/AAD-FE AL IR/ [3,3 1B HE/N—O $EZ AR I S N A il 22 B L s 18R

Scheme 27
of polysubstituted pyrrolizines

Iron(III)/copper(I)-cocatalyzed cycloaddition/[3,3]-rearrangement/N—O bond cleavage cascade reaction for the synthesis

5 5
N-© R N-© R Me R®
Me—/ N\ _Ewg CUOAcLE  Me—y N\ _Ewc , /NN
T — Me EWG

y Et,0, 40 °C I, ~

Me R2 R : )
X

Ph | Ph Ph R

75 O ] N \\O> 75 74

}N N—/
Me ;*Me

Me L8 Me

\ -0 SO Me CO,E
7% \ N Me
Me COE e 1 H—copkt |
Me " : _ !
Ph
Ph Ph
75a 74a 750 " 740 Ph
22% vyield, 83% ee 55% vyields, 52% ee 24% yield, 71% ee 46% yield, 31% ee
S=8
Me COZEt

75¢ T4c
54% vyield, 37% ee 32% yield, 11% ee

S=2

75d 74d

50% yield, 52% ee 36% yield, 25% ee

S=3

BRI 28 SR ST R AN BN F A7)

Scheme 28 Copper-catalyzed kinetic resolution of nine-membered N-heterocycles
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£ 1 Yb(OTHs fEAIA I EHAL @RI LT &)

Table 1 Yb(OTf)s catalyzed cycloaddition and rearrangement to form nine-membered N-heterocycles

R3 N-©
€] 3
R“\/\ﬁ/o ) _ LCOR  ypoTh, 20mol%) R COR
TBME, rt. R4 7 R

33 examples >
40% ~ 82% yields R® 77

77e, 77%, 10:12 77f, 82%, 10:12 779, 68%, 12:12 77h, 66%, 20:12, dr =1/1

“ cis/trans ratio, as determined by '"H NMR analysis of the crude reaction mixture.

2020 4, BEASLBIMHRIE T Yb(OT); AT W M N ik 5 S RN R B[4 2R U B, R
HeE AL ZEAE R, N-JgFk-o, f- /N O AR R 78 AIIND FF 3 of it 3 5 sy - AN ST AR TP 1 i B B S L
IWWEE 76 RABH2PRMA/[3,3]1EHE R B, FETS TCH WL A 79 (Scheme 29). % LA &R

« Lo e (0@

="
/W\ Eosin Y

in air, r.t.

40 examples
WG up to 82% vyield
ee up to 97%

Eosin Y, air
Ar Ar [4+2]
in situ generated oxazonine dienes

m

[3+2]/[3,3] R2

Ph  0-0 Ph 0-0 ph 0-0 Ph 0-0
79i, 69% 79j, 77% 79k, 64% 791, 74%

Bz 29  Yb(OThHs Aml OB R JLocHh Wi etk &4

Scheme 29 Yb(OTTf); and visible light relay catalyzed construction of aza-nine-membered endoperoxides

Chin. J. Org. Chem. 2023, 43, 130~155 © 2023 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences http://sioc-journal.cn/ 145



BIKE

AL RDVERE ) X Wi B R AR e, I LR
R, WITEAYIFR ) O—O 42 A LED F&<
HR PR B SR (O ATAE . BRAh, IXFRAKTFRIE 1
HE ARSI T SR AL T P I S A R A D o i
PE. AEEPENR SC IR B, B v I E R A o
SEAL Y BE AN s 2 B (LPS) Ml RAW264.7 480
FEAE—FAE(NO), B RAFIPT 4 & 1.

2021 4F, BEASTHEAWMRIE T @ RO ML T
N-Ji -0, B-AEUFIREER 72 5 F-% 3-TA IR MEME 2 -2 - 80
I3+ 2 s/ (3,31 EHE R B, AH & 28 R I i) 7= 2 )
% T 2 EA AR BUE T LT N- RIS
) 81 (Scheme 30). 1% JSL{d FH =14 IR mbf il 25 1) SR,
A T [3,3] EHEE LT AR 2, T B
N—O FEWIRIE s B 28k & b 2 A s e x ik

_AgNO3 (20 mol%)

Pk, B AT CLE LB T, DL S4% M5 RS
90% ee [T NI 2 TR i
23 HERmp/EHREATERITMCEY

2019 4F, Fartade HEIZHPOHRIE T % 5 Wi e b
fi 82 FIALFRIE 2K S 83 HEAT S e AL A4+ 2134
B BRSO, L ARIE R A R T A A S
84 (Scheme 31). ZJ7%A] T & MMM & BIBHIR R
BERAAEY), BT R EAALR,3] o i, LGS
i 28 T G B M R A B 3 A O 52 % BRI BB = B 4 i

2019 4F, Sharma PRAZLSHRIE T EAE L8 1L
T, APEEA R 85 5 4 AEERENAY) 86 il K=
AT N—H A BERELE S YrE%A4 Cope KB
HNICELIME S 87 (Scheme 32). (HAAERENIE, %
N AT AR e A 2 T AR X e

M%

DCE, -20 °C
20 examples

35% ~ 80% yields
only one diastereomer 81

81g, 54%, 33 h

81h, 62%, 48 h

81i,35%, 48 h

B 30 AgNOs AN E A & FHEIT BRI &)

Scheme 30 AgNO:s catalyzed cycloaddition/rearrangement to form chiral nine-membered N-heterocycles
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=v=0

Ar (0] Ts O
R Z N
OH H TMSOTY (2.0 equiv.) _
/\)\ *
N Me  HO CH,Cly, 0°C O
| O, 0
Ts R1 Ar
Me R!
82 83 84
15 examples
30% ~ 72% yields, dr 19:1
Ts, Q Ts, Ts O
N N N _ ‘
Ca
(6)
oo O 03,0 %/O
Ph Ph -
Me Me MeO Me CGH4Me P
84a, 58% 84b, 62% 84c, 62%

Ts\

N

-
OO

Ts, O
N

Ts, Q
N
g 20 20
oo oo
Me MeO

Ar Ar
mé Meo Me MeO
Ar= p—MeC6H4 Ar = 3,5-M62C5H3 Ar= p-MeOC6H4
84d, 63% 84e, 61% 84f, 72%
ER 31 A S A4 215 B LT R AR AT

Scheme 31 Hydroalkoxylation and [4+2] cycloaddition to construct nine-membered N-heterocycles

I |
= = | A g2 . N
N _R!
N R%0” S0

85

86

Rhy(OAc), (1 mol%)

toluene, reflux

9 examples
56% ~ 83% yields

0
cl,c—/

87d, 80% 87e, 74% 87f, 83%
BR 32 FEHAA Cope EHAE SLICR LML EY)

Scheme 32

E# P T AT REHLIE (Scheme 33). B%t, LJGHRE
B 86 SEEMEALFIL A 2B Ak, %Ak 54k
AW 85 Zid A SRR BRI I N—H # N DU A
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Insertion of carbene and Cope rearrangement to synthesize nine-membered N-heterocycles
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2
\ oy R
Z /
Rh,L, RIC \ or?
) / |
=

L4Rh2

B 33 REMHAM Cope HEHMEILITALAULEDIN R
SALEE

Scheme 33 Mechanism for the carbene insertion and Cope
rearrangement to construct nine-membered N-heterocycles

24 HESRBRBUBESIXNATIAMUEEY
2015 4F, Beller UE@UZHP2HRIE T DAL 514

T, BERRmEEE 1,2,3- =M 88 5 1,3,5-=MEk¢ 89 it 15
ICAE i — WEMR B JL GRS 90 (Scheme 34). HAok
BOPIRE 1,3,5- =R E AECRIZIAR S Bk O
R ) A S ST P B 12 S S AR A R, R R
i, DA &R RAF iU s 20 B AR =4,

2016 4F, Shioji BRANA3 J& 1 AT 1 05 a4
91, KUK 92 FF5MEE 93 (=40 BBk N, BEAT 20T
T AN, LA R 72 R R I R T Lo
FIFMEAY) 94 (Eq. 10).

2016 4, Paixdo /NHPHRIE T 30 T 45 1% 95,
TIEIR 96 FIFHE AW 97 KA Ugi 241 5 [ W Ae 2 E
A=AV F LRI AR EY) 99 (Scheme 35).
FL AR PR IR Y 45 1 2 30 I K i 2 2 TS 0 B b SR BE
JRE a,f-ANEREE SRR, %71 R IE A HUEALE e
15 bl 5 1 2 H o AT AR S5 A B4t T T R 7).

2017 4F, R EFHFIRBLSHRIE T 7E RhIDFE A
TRFIAE TS, KB 100 AP G BEE 101 5B S 458
102 1) C—H IS IR B, 80—t A IR 1)
JUTTRZIME A 103/104 (Scheme 36). %53 B A 5
MR TE5E, IRYVEET, Eﬁ%l%%@ré Eﬁ%ﬂtﬁ.

,N\ R2 O/\o
N™ "N~ 0" 0 [Rhy(Piv)g] (1.0 mol%) ( )
o CHCl5, 40 °C O N
16 examples
8 89 39% ~ 80% yields R' 90
O/\o
- o —~5 (() 3

(()o o3 ( \
Ph7j ~SO,Me

90a, 72% 90b, 61%

O o ~
g z Ms
PI?ﬁ ~S0,Pr Ve

o) N
Y= "80z8n
Ph

90c, 40% 90d, 74%

o/\o

- ul S

BU g0e, 64% 90f, 48%

90g, 80% MeO  90h, 39%

B 34 RIS RN R LTS )

Scheme 34 Coupling cascade reaction to construct nine-membered N-heterocycles

™S Ar,

H
OTf I\Vle

91 92 93
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I\Ille
CsF/18-C-6 N
_btsk/ie-btb | (10)
THF, reflux, 15 h o
Ar
94
5 examples

52% ~ 69% yields
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o 3

R Rs_ﬁ: L HO ' H

OzNU . /Fﬁ o7 o 02N NH
o s

H,N™ "CO,H TFE, 24 h, rt. \ 2

o o ¢ 2 R N o R
R o3 o)
95 96 98 99
up to 77% yield
1:1:0.5:0.5 dr
OAc
AcO
H CO,Me
B K N o ° 706 bac
u -
N Ph, N/\\< —Ph
H g H (e} Ph,_' ”
O2N NH
NH OzN NH
oj«\Me 6}
O
e}
© o
99a, 60% 99b, 57% 99c, 64% 99d, 67% 99e, 34%
dr1:1:0.5:0.1 dr1:0.5:0.52:0.2 dr1:0.3:0.2:0.2 dr1:1:0.5:0.2 dr1:1:1:.0.2

B 35 Ugi A0 REMESTRRIMLED)

Scheme 35 Ugi multicomponent reaction to construct nine-membered N-heterocycles

(0]
= | N/OMe
AN H o
H (Cp*RhCly), (5 mol%)
100
+ CsOAc (100 mol%) 17 examples
(0] TFT, 70 °C 50% ~ 93% yields
(e}
Ar _OMe MeO OMe
\fLH 102 _ome
H
101 X =(MeO),C
104 O
4 examples

43% ~ 63% yields

_OMe Me

MeO

O
103d, 88%

0O

@) 0]
1039, 91% 103h, 78% 104a, 63% 104b, 65% 104c, 56% 104d, 43%

B 36 C—HEMEITRRIMMLEY)
Scheme 36 C—H activation for the construction of nine-membered N-heterocycles
21107 A B R bERE R 106 /£ EE R AEZ M S (Scheme 37). MZH T [3+2P3A MM LS T
Ho) | WA T g S R T 108 1) U715, AR A TE X F R R PR MG BRI SONE, TR LTS IME &, (B3 — 321
R A AR R AR B T L i I ISR AT A 109 &, BELLA) N HURIEAE A A ) S S AR ke S B .
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o
BiliLE
2 =—-CO,R? -
2
COaR _pTSOH R?0,C
COH CHCI3 rt. RUL N COZR2
9 examples
NH 41% ~ 80% yields
105
N
MeO,C—// Me0;C / MeO,C / MeOC /
I MeO
CO,Me Cone COzMe COZCH3
N
H
109a, 75% 109b, 80% 109c, 77% 109d. 62%
N N N
MeO,C—(/ ) MeO,C—/ ) MeO,C—// ) EtOzc /
ci
CO,Me CO,Me CO,Me COzEt
N 0o Cl N o Br \ o
H H H
109e, 65% 109f, 53% 109g, 60% 109h 69%

BR 37 ZASHEITTREED)
Scheme 37 Multi-component construction of nine-membered N-heterocycles

RN BB T2 BRI E AR R 110. 505 111, B 112, B8 113 2504 5y — 4R gk
N, P T 2R ILTIA M A 115 (Scheme 38). 1%

TS AL
2020 4, Al-Tel /NAPHRIE T Sc(OTH); AL T H g J7 B TEYVEEE KRR ik B m A B T R i
NH
\4/ N-N NH Y
R | /
ﬁ < :
0 Ny
111 07N N7 NP N
110 Couple H H AN
+ —_ N — wl N )
~NH NN \K y o R
R2 2 J|\O\>——>:O OO 0 "
112
R? HO K/\R ns COMe
113 114 13 examples
31% ~ 50% yields
NH NH NH
Y Y Y
o 0 0
><N’/’/ o ><NJ,/ ) ><NJ/ o
R WY -
d . 0)\©\ <O)\Ph O)\Ph
(0] ! CF 0 ! (0] !
COMe 2 MeO C‘Ione Br CO,Me
115a, 47% 115b, 41% 115¢, 40%
NH MeO
Y

X P ¢,

Q( T, e

CONHR2 Ts CONHR2
115d, 48% 115e, 33%

B 38 LA R IBR MR LT RIS

Scheme 38 Multi-component cascade construction of nine-membered diazoheterocycles
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R AL X ORI R I S B R A L SR L AR I
B [3H21F M. 1,3-BHE. Michael JIAI Pictet-
Spengler INEE. 1ZAk G B ZER I H A ST e i AR
WAL — 2 IR,
25 HFERMURMEEZALTEAZIFMUED

2017 4, Unsworth BREZHSIHRIE T FL IR 116 5
P S 117 7E MgCL/MERE 56441 T K A= C-BiAb [ B, SR 5 K
A 25 5 B AR B (Fmoo) 2R AL i P B4 (8~ 12 JG) N I i
118 (Scheme 39). %7 VAR B RMVE R, F o
IR0 9 Bt B Ak 5 B SR AR ) Rl — 2% T A
.

(e}
R3
[0}
10 COR? CI)K’\/\NHFmoc R1k /\/Ra

R N

\\5/ 2 117 0N H
(i) MgCl,, pyridine, CH,Cly, r.t. o
16 (ii) piperdine, CH,Cls, r.t. CO,R2

118
4 examples
41% ~ 80% yields

o] 0 o) h 0
N N N N ©
H H H H
] 6] o CO,Et
CO,Et CO,Et CO,Et
118a,67%  118b,80%  118c, 57% 118d, 41%

B 39 BRI LML &Y
Scheme 39 Acylation/cleavage to construct nine-membered N-
heterocycles

2018 4, XCryCif A SHRIE T AL T, W5
TIRABM 5~8 JUIEH 119 13 2R EE 121, FRAETEH
FHIE (%) 75 B e #, MBI Lo () 7 & A
WAL &) 122 (Scheme 40). %77 V5 [ S 210, i
YIREE, B REHIm 2 RAF, WTH TSR 8~11 Ju
IR P9 R A 1) 5 1l A Rk — 25 e k.

fEZ S T AT e i S B2 T L EE (Scheme 41). %%
N JE it BI-OAc ¥ )6 ¥ & 1 Ru(bpy)s® " LA
Ru(bpy)s®", AR Ble H HHEFF AN KA 121 5 BIe
NAAEIE mEPEA V. B BE VRS TN
R, FEHR AR W R RGHT I C—N 4, Bl 5 & AR IR B
) C—C #2445 2R [ HH2E X, Ru(bpy)s® X X 5L H
TEAAAF BN LT B 122, HFAEBGH Ru-
(bpy)s*".

2021 4F, ZEFFEURMYLCORIE 7 —Fp 2-Fh Ik A
R 123 S51A8% 124125 HIEE RS 5 FIBIAE I,
RV B A 2 Tl S | PR S e ORI R | T AE A 126
2 N TR G A A TR AL TR, SO R L, RVE
BT3P~ 9 Al LEE LIAIHL/AICL I8 J5 R 340 % 127,
SR HATE R 2R, DUR TS e itk Lo
ZeIME A W) 128 (Scheme 42).

3 ARBRFLEMERRTME B IR

JLICRIA G L&) IZ A AE T R A
AEVNENE LT UT R E R B AR A

O \

e} )J\N,AI' Ar A |

H HO NH Ru(bpy)3Cl,*6H,0 (1.5 mol%) N o |

120 BI-OAc (1.5 equiv.) :

@ base ‘ 0 DCE, rt., 5h '.
blue LED :

1" !

|

122

26 examples
up to 89% yield

9 9 9 9
Y N Y T OO
e} Q/ o FsC (e} e}
122a, 83% F 122b, 87% 122c, 82% 122d, 85% 122e, 42%
Me Me
Br Me N
9 9 9 N 9
FsC N o FC N o € N o T N o
0P T IO O
122f, 75% 122g, 70% 122h, 44% 122i, 78%

R 40 Dt B TR IUTRRIMEEY)

Scheme 40 Photocatalytic radical shift to construct nine-membered N-heterocycles
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BT

¥£ 130 (Scheme 43). LMLAY 130 FFunEHT 5 2:541k,
@‘ o A] LA 5 SEBL(—)-indolaction V, (—)-pendolmycin, (—)-
Ar/H OH @ N lyngbyatoxin A, (—)-teleocidin A-2 =& K. ZTIEAN
o) A O ASCRT A SI 30 DG Fof s g A T frdg A Pk 100 o e B, T L

121 OAc 122 AT Ry HAR S 2% 1 A= e 4 R PRI A i X
0-IC6H,COH @ Bl u'! \ 2015 4, Sarpong /NHITEHEAT A1 KA HE ) B9 serratine
— H AR, R B A M Heathcock B “6-5-97 =34
N HEIROILTC R AR ] 14 132 (Scheme 44), #2835 20

RCO,H + BIOAc h ,

2 Ru" = RU" S SRS FARH) serratine [ 415 K. iZE%i)%EI"J%“ﬁ

7& 731 [] Diels-Alder ¥ I S5 W AT BRI B 6-5 304k
Wit — R, At 2 5 IR %%1%&1&
ALY IR, TR Heathcock Y “6-5-9” —IR&EMI1) L
TERAMEEY).
2016 4, Billingsley /NHSILL 43505k 133 KL,
MR 5 P NG RN A AL S ) 134, FERLTE SR
B 41 OB A BT BMERAIIEHEIILE 70 e Ty B 134 % 42 50 I SRR LR
Scheme 41 Reaction mechanism of photocatalytic radical shift I PRI FLTEFR 135, 2 7 o 7 LU A g e 2

to construct nine-membered N-heterocycles
G RER =) (—)-indolactam V (Scheme 45).
LY, 5)%—‘_‘ A b 5 S > _‘/:: = )
XRRIRF WG e B s 2 —, T2 BRI LT A Voituriez HEALSIZE 2017 44 EWI(—)-Rhazi-

SR RILANI G AR A s R e s 1 A

FEPLURERPARARROEL. 8 s DEREEHE IR 137, BT
2014 4F, Garg /NS W A LI A P Biodt AT 4 5 R B P AL, R S L T T (— -

R, AR 12 55, FRSGR zr fit

U 129 5 T 15 SEHE AT K HI Y S AR 1T |

/ @ LiAlH,4 (4.0 equiv.)

p-TSA (0.2 equiv.) R2 AlICl3 (4.0 equiv.)

R 1 OH or toluene reflux, 12 h O N THF, 30 °C, 12 h
A\
N

0]
H 126
- 0
@ method a: Ac,0, reflux, 3 h
method b: CICO,Me, toluene R3
reflux, 12 h

5 examples
72% ~ 94% yields

Me0’§ MeO’Q

128a, 94% 128b, 75% 128¢c, 79% 128d, 92% 128e, 72%

BX 42 LemPIAL SN TR E D)

Scheme 42 Metal-free cascade cyclization for the construction of nine-membered N-heterocycles
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Me Me

M s
°~N

indolactam V
LiBH4
THF, 0—=23 °C
1 steps
Me Me 0 Me Me

M s N
€ T&OMe Me\N

zrcl,

AN —_—
CH,Cl,

N 34°°C N
129 90% yleld 130 H

(-)-lyngbyatoxin A

BT 43 70 A IAGLENG] e P P fre A Pl 4 o ) 2
Scheme 43 Application of intramolecular cyclization in the
total synthesis of indole lactam alkaloids

TBSO
KH 5 steps
THF, rt., 2h
90%
NH
Boc
OH H
Me,, ] :
)
HO; |\/Ni\
serratine

B 44 70T WA SORIAE A Y)BR serratine 425 i H R B2 H
Scheme 44 Application of intermolecular amination reaction in
the total synthesis of serratine alkaloid

Br N _coMe
5 steps >N 2
\ zicl,
N — @ CH,Cly, 34 °C
N
H

77% yield

135 (-)-indolactam V
B 45 4>T W Michael I SAE A 488 (—)-indolactam V
& R R

Scheme 45 Application of intramolecular Michael addition
reaction in the total synthesis of natural product (—)-indolatam V
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/N

=

N 7 steps =
Q/ /J\/ PS 1N EDC, HOB, EtN

2 steps
s
COH
136 137

138
(-)-rhazinilam

B 46 73T NS48 (—)-Rhazinilam 455 5% AN
A

Scheme 46 Application of intramolecular condensation in total
synthesis of alkaloid (—)-rhazinilam

2018 4, Hsieh VRBIHRIE 1 %5 A48 £ )-Iso-
palhinine A, (+)-Palhinine A, (+)-Palhinine D f{] 4= .
Horp R CH ) — P R s &Y 139 T TN
Sx2 FAL I B A L e BRI E ) 140 (Scheme
47), LMEEY) 140 JHERIEAT 5 2R3 A, AT LAy ) SR
(*)-Isopalhinine A, (*)-Palhinine A, (+)-Palhinine D ]
Eoacyi's

OTBS
BocHN
MsO
y OMe
139 OTBS
NaH, THF, reflux o/
then MeOH quenched 63% yield
OTBS
BocN 10 steps
H
(%)-palhinine D TBSO OMe (%)-isopalhinine A
140
li 11 steps
HO,
o}
NMe
(0]

(%)-palhinine A

B 47 5T NI YL )-Isopalhinine A, (£)-Pal-
hinine A, (%)-Palhinine D 4= & i+ ) i H]
Scheme 47 Application of intramolecular cyclization in the
total synthesis of (= )-Isopalhinine A, (& )-Palhinine A, and
(#£)-Palhinine D

2022 4, Ishikawa PR @O RS T huperzine H
FIAKIFR A A B, T ERI(+)-pulegone 141 &3t 7 2
SN, BL12%0a 77 238453 B OGS YEK . huperzine H
146 (Scheme 48). XA BRI B AP PR AL 47 A7 Rk AT e Tk

http://sioc-journal.cn/ 153



BIKE

ik SR

L S F1) v B S B e 642 (] Mukaiyama-Michael J11 A
T SN2 IME R, DL AR I A e L TG ER )
A BRI

(f '
Me"" o A\ I

(+)-pulegone TBSO N
141 Boc HN
known OAc 143
47%
(4 steps) (1) Me,AICI o)
(2) K,CO3, MeOH
(3) I, PPhg, imid.
Me" 0 66% (3 steps) Me"
142
|
KHMDS 0
18-crown-6 (1) Pd/C, Hy, EtzN, EtOH
toluene (2) TBAF, THF
90°C,6h _
SN2 : E2 =3:1 Me"
53%  Me" OTBS 146
145 huperzine H

BRI 48 77 IR HURIMEAE A M huperzine H 4= & R
I

Scheme 48 Application of intramolecular nucleophilic cycliza-
tion in the total synthesis of huperzine H

4 GRSRE

ML ER e S & Rt R A, B 20
20 80 ERES, L HEMRR SR, &
ZBARZ IR, X TRKITH ST E RH
W, AERDTWIME TR BN WER
o = TS s e Al TEZ ) 112 AN 2 ) 1157 62 N 50 PN
ZATEEL TS, DU, R fEihsE
SRS AR AT R T R, A LoeH B SR L
JWLHIRZ SR, B TLTCH B A & R R I R AR
W4 B DA RS S A R 14 E — 28 T RN L R
HEE L

BIITTH DN E RIS ]S TR K I fE,
R —ANTEHE T B A RTVE AT L, (ERRA S
I REAEL AR NI FE. W ()R SR IU T 2R 2 AR 15
) A, L S A P 2 0D SO A R A SRR, RN
{6750 2 15 (0 R E I s b A R SE I 2 RE I S i, e
JR P25, () LoeHh B 2R AN FRE B R R, Rl A2
Z BURFLIC I BB AR AR & o 2 58 2 — A3k
RPN ST, ARG IUTTIA T R TS T
%, s M I EHESE, A TR
PP RELBITCIA I TR, RS TP
WERE R Z R BT, RA0EJLBIR LT e
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VNI TR G O ERGE, 328 e AL
A FRUEACSEELI. )W R R TTERERL T T-6 R AR
PN T TR Y, R T H AT R
(1175 2 P43 2 JLT L & P I B RE R 3 i 1k B2
PR, AR e 5 WAT A AR & ORI s 2 oy 1
ARARAZMT TN 1 EE I SR DU A7 TR AR (1)4k%:
REHTI & B A 7 1%, SEBULTCR AN = &
J5. QYR T, KIS LT RIS
AXFRE R GRS MER, aoefEl. Rl
PUROe g &4, SEBULTRARIA IS O E . (4LLR
IR TN ARSI, DR RO, HE
BB LF 106 55, ATTTRESEBLR SR AN 254 73
THIEG . WAOVAE, DR ZRIAKS 7, L
TEIMEE P B BRI RS — 58 2 IAOHT ) R JE.
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