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Progress in Transition-Metal-Catalyzed Carbonylative Cycloadditions
Using Carbon Monoxide

Li, Chen-Long Yu, Zhi-Xiang™
(Beijing National Laboratory for Molecular Sciences, Key Laboratory of Bioorganic Chemistry and Molecular Engineering of
Ministry of Education, College of Chemistry and Molecular Engineering, Peking University, Beijing 100871)

Abstract Transition-metal-catalyzed cycloadditions have been evolved as important and efficient methods to construct cyclic
molecules. Among them, transition-metal-catalyzed cycloadditions using carbon monoxide (CO) gas as the 1C synthon provide
their unique and powerful approaches to build various cyclic molecules within a carbonyl group, which either acts as an
important functional group within the cycloadducts, or can be further elaborated to other functional groups. The tremendous

advances in this field are introduced.

Keywords cyclic molecule; carbon monoxide (CO) gas; transition metal catalysis; carbonylation; cycloaddition
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1C synthon: CO, RNC, CH,X,, R'R?CN,, ..

2C synthon: — | = =—=+—, —+=0, ©|
< . s .. © ® | \A
3C synthon: ==, N \H/ , \) , X -

O
4C synthon: 7\, D Ii'/ [><l
® OAc
\ 2
5C synthon: \/A \°%A, Co H)\\\
O
o
OH = o}
@/

S ,
o e}
AN, .
6C synthon: N , \/b @ S ~_CHO ..
7C synthon: \M Lo

8C synthon: to be discovered, ...

9C synthon: to be discovered, ...

1 SRR T A

Figure 1 Several selected carbon synthons

1 [R2+2+ 1R &

1.1 TESEELE Pauson-Khand & B &% XHY
[2+2+ 1R R

1973 4, JURE SN SRR, HkE co M
[2-+2-F 11N B 15 YR B Pauson, P. LAl Khand, 1. U.
. ZJ5, X—FRMNZHE, RN Pauson-

1) Pauson-Khand = I 7 % [F] S84k 22 11 5 1) 4 @ 4,
H32, BEFRIRN, AMTUKINZR N AEER By 82
AN (& R TR 2 o NN e Sl M b 1
Hoy Bl i B, X2R[2+2+ 1] M AT A
KAL) 3 A I Ji B N R AL &40, AR hetero Pauson-
Khand % W.(Scheme 1b)3¢381 HF B K& LR &
{41 Pauson-Khand Jz 3[3135], hetero Pauson-Khand
S SEB6381 [ AH I [2 42+ 1] [ R B3-34381 - ASOKG A FL IR
— IR 2 B St R, AR FRAT AR X G 50 Hh e —

1046 http://sioc-journal.cn/

© 2024 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

EC I R O[22+ L R B AT A 4.

(a) Pauson-Khand reaction:

/ + CcO E— | @zo
N __‘,\ -
(b) Hetero Pauson-Khand reaction:
! + CcO ' E>:O
AN -—”%X \,_,’ X
X=NorO

B 1 Pauson-Khand /< M I hetero Pauson-Khand /% W
Scheme 1 Pauson-Khand reaction and hetero Pauson-Khand
reaction

1.2 JUEEHRAR+ 2+ 1R

VERN—RE BB F, 1,3- IF &9 3
F T 4G IR s Birfr. 540, 2003 4, Wender PR
AP T - — Ik &9 1.1 7EEEMEALTT R ) Pauson-
Khand J% .(Scheme 2a). f#], fATTTTHA CO 2#4[4+2]
S R A 1.6 3R R AE[4+2F 1R, TEESER
AR A 2] T 242+ 1R B 1.2, [4+ 2] B~
Y13 FI[4-+2+ 1] NP2 1.4, Gt s 0etk, [2+2+
VIR 1.2 AT LA FE 27728, R, 242+
V]SSR A AT R F e — P 2 5/5 3L &0 J7 1.
2004 4F, AlATEONE 2 42 4 1130 0 A s N 0 i 4y T
[H] PR S B (Scheme  2b). B, A AT A 012 Jse S8 Hh 05—
THAED) 110 FEEEARIER FiREES Cco RAE[2+
2+ 1] M (Scheme 2c). Baik*F1 Wender®3 15 i 2H £ i
FEAHMINLIEBT T, ARG IR IR R D B2 FiR2+
2+ 1SN B RIE A FE[2 424 1138 JE T B 25 B i 3 v
R, BRIE S AN R AT DO AP R ERA,
MRS E I RS A, FE[442+ 118 BT bR 1 Y2
W, EHIME RIS, R, AxF4+2+11%
B, 2421 SR, X 5 SEK R B R[2
2+ 1R B2 1.2 S R —3 2006 4F, AT e
SR A B A IR S, RIMLED 112 f[2+2+
11508 A8 & 2E (Scheme 2d)44. 2022 44112023 4E, 4 &
FEUR AR FC[4 2+ 1R IRk, A5 X% s i AL B
BT TR 6.1 3643).

B IR E N T A MABAA R, Mol g AT
Pauson-Khand Jx N, 1X2K[2+2+ 1M #FRA allenic
Pauson-Khand e P51 il 4n, FF & B 06 A Btk
&%) 1.14 1] Pauson-Khand [ v, Z5FEMR . EfEE1&
BT B A 6/5 HIAEEEMI4r T 1.15 (Scheme 3a). 1E1%%
R, R e B R R AT IR, BRIk b,
76 2013 4, MO E41es AR AL R X Pauson-
Khand [ W32 T By 25774 1.17 (Scheme 3b). % F1% %
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(a) Wender's diene-yne [2+2+1] cycloaddition:

1 1 1
/—=——R"  RhCI(CO)(PPhs), R R R"
X AgSbFg .
3 — .
\_\\_< co , X . X
- R
R2 R2 RS 2 e -
1.1 1.2
X = C(COMe), 9 examples, 42% ~ 96% yields )
major products -[Rh] minor product
1 R R CO
- [Rh]
(Al [Rh] -
X T rn ad [Rh]
H & =
R2? R3 H R2 R3
1.5 16

(b) Wender's intermolecular [2+2+1] cycloaddition:

o
R 5mo% [RhCOCE ReR*

- 5

R'——R? + MRs 1.0 atm CO N-R

DCE, 60 °C R?
1.7 18 1.9

17 examples, 31% ~ 99% yields

(d) Wender's diene-allene [2+2+1] cycloaddition:
R1

(c) Wender's diene-ene [2+2+1] cycloaddition:

: 2 R!
N 5 mol% [Rh(CO),Cll, : )/'_ R ny R?
\ RS 10 atm CO ; / 0.1 ~ 2.5 mol% [Rh(CO),Cl],
] DCE, 80 °C POX 1.0 ~ 4.0 atm CO X o
R i R3 DCE or TFE, r.t.
1 \ H s
1.10 ; R
=1,2 . o i 1.12 1.13
X = G(CO,Me;, O, NTs 6 examples, 84% ~ 94% yields | x = c(CO,Me),, O, NTs 8 examples, 39% ~ 97% yields

B 2 Wender B GE R BEHEAL K224 1] B
Scheme 2 Rhodium-catalyzed [2+2- 1] reactions reported by Wender group

(a) Li and Shi's Pauson-Khand type cycloaddition:

J: =] 2 mol% [Rh(COD) 2 mol% [Rh(COD)CIL,
1 .0 atm CO (0]
\— TCE, 80 °C

(b) Shi's tandem Pauson-Khand type reaction:

1
R' 5 mol% [Rh(CO),Cll, R
AN 1.0 atm CO OH

| 2 p-xylene, 100 ~ 140 °C 0 R2
114 115 | 116 16 examples, 21% ~ 60% yield 117
X =NTs, NBs, O, CH, 13 examples ! ‘ [Rh], CO T co
90% ~ 99% yield | : ) -[Rh]
i R R 1
; R
| [Rh] SC elimination
| o — o|——
1 [Rh] [Rh] O
| R? R? R?
‘ 1.18 1.19 1.20
(c) Shi's carbonylative reaction: i (d) Shi's carbonylative skeleton rearrangement:
2 :
Ra,N’R R3 : _
2.5 mol% [Rh(CO),Cl], _— " | 5 mol% [Rh(CO),Cl],
N—-R i
N\ 1.0 atm CO = 1 AN 1.0 atm CO .
- o ! p-xylene, 100 ~ 120 °C
R 14 exarlr)'l Xlilsen1e1’°;oo 83"/ ield © A : 1 22 1.27
1.21 ples, 1o ~ea%y 1.22 i : ot
; examples
| IRn] [ R 28% ~ 46% yield
R_F R RO </ 1 )
i via
co = :
[Rh] ) - N - NRE o R
—\ [Rh] 07 N[RA] :
1 R? 1 !
1.23 1.24 1.25 ;

B3 ZREAR IR AN i SO A2 R R V) BE A4 1) Pauson-Khand Y fs B JAH 5 e B2
Scheme 3 Rhodium-catalyzed Pauson-Khand-type reactions and related ones developed by Li and Shi group
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REPIALER, AN A FEEE AL IR CO R T, TR
¥) 1.16 &5 K4 Pauson-Khand [ N =4 F[a) 4k &4
1.18; BEJ5, BEMEALAIN IR e i AT A IRk, AR ke
VYT R 1.19; BESE, 119 KA B-Brib bRk
B AR TLo A 1.20; B fm, 2004 CO A, L5
HERF AL, BRI EY) 1.17. 2014 4, filf147
FA IR Y) 116 B4 sl Y 1.21 5, F1FAR KIS
fLLF) B Bk Pauson-Khand < W(Scheme 3c). %X N4
AL WIERSEZE B E . CO 4l AFIIE BRI
BRIGHLER, 193] 7 2 HURMEMS 1.22. SRR S Al
HEHERN, RS WSIE [RAESEI T 5/5/6 Z A5
73 F & H(Scheme 3d).

BRI AN T A CO AR BBk
N, {HSE, {E 2017 4E, Ogoshi 158 ZH 149 VA FARE AL
FISEIL T 70T Hke s WiZS CO TRM2+2+ 11N
(Scheme 4a). SEHLAZ M 1) 5% B8 2 S AAR R A HEAT 3
P, DRIEE R H CO — B A TRIKREIRAS. 1E 2020 4F,
TSR T S B I L IR A4, Ogoshi BRARZHOISEEL T 1%
242+ 1B IAXFRE K, ee HIL 90%. FjE, ZIR
RRZE L) 1.28 Hh I BUSE B b 1,30, 58
T H 5 CO S A4 M) hetero Pauson-Khand /% /v (Scheme
4b).

2 [2+2+1+11F[2+2+2+H 115N R 2

STEARY2H1H1R N

ELEE BT, PR LS W4+
CO KA. 1998 4, FIF%E {17, Mitsudo
PRRRAH 520 RS2 B T g 2.0, FEUKIE 2.2 54T
CO fH[24+2+ 1411/ M (Scheme 5a). Sz E R KA

21

(a) Ni-catalyzed [2+2+1] reaction of imine, alkene and CO:

NR2

(1) 1 mol% Ni(COD),/PCy;
rt., 10 min

without stirring

PR TR A A AL R 2R Ry 2.3, A, R AR
TR VR e B % I S LB AT TR, A
IR B AT 2424+ 1+ 1M, FRUK A 45 B e
2 FIAIH Pauson-Khand W 52 bR 1 it BUA 32 (4147 FH.
BB RER, AR TR . B W R T SR A A R A T
AR R B B R AR AL R B, PR AR 2K T 2.4
(Scheme 5a). %4, Mitsudo BRAEZH A B : IR T4 46 i
2.5 fl CO EATIEAL T, &R+2+ 1+ 1Mt A K —
B 431 2.6 (Scheme 5b). @it BCARIC L, AbAl]
W FEE RTINS TC3, H 2.5 BitER CO T = AE 1)
PR —5rF CO & “ 8" Moy, HAMIST Co N
&R Ay
2.2 SEMBR2H1HRE

2007 4F, 45K ORI s AL, SEEL T
P TR 2.2 50T CO A Ao 8 i 2.13 F12.13"
HI[2+2+ 1+ 1] M(Scheme 6). 7Ei%R B F, —7TH
JEFIH 731 CO 1 56 5 B AT T BURE 2 24 I T H 1)
1 2.14; BEJE, B0 FHEEAN, FEAR A 2.5 F
215" fJa, A, 2.5 F1 2154 B &6
TR 213 A1 213",
2.3 fERBR4242+H1RE

2000 4F PAK, Ojima BRI TE | If- — b &
P12.16 {EREMEALTT T 55 CO fI[2+2+2+ 1]/ (Scheme
7a). TSR 2,16, 7EFHEALT] Rh(acac)(CO),
A INE B/ RE SR S e 3 o =h ) A = X (RN R BT RCS
24242+ 1123 P I 2.075758 mxd T & A4k
SERA 2,16, SN AIAE[RR(CO)Cl]; BX[Rh(COD)CI], 1F
FFALLE RS CO WA BRIABE IR 2.18, NG
FRERE M AN, ABATIE R BL: 4R I e 5 ik

ool
0 : o /—Me

R2

H N 1 N
0 X - i O/P_N
(2)0.5atm CO,80°C,6h R-— 5 ; O‘ >—Me
Z M, R3 1 R
toluene n ;

1.29 R = 1-naphthyl
16 examples Asymmetric version
76 ~ 99% yields 15 examples

(b) Ni-catalyzed [2+2+1] reaction of imine, alkyne and CO:

76% ~ 99% yields, 40% ~ 90% ee

NTs H s o
\ 10 mol% Ni(CO)sPCys N
N R2 + cO T —
R F cyclopentyl methyl ether R P R2
0.5 atm 80~100°C,6h
1.30 without stirring 1.31

8 examples, 48% ~ 78% yields

AR 4 COZH5MBRAMLM2+2+ 1R
Scheme 4 Nickel-catalyzed [2+2-+ 1] reactions involving CO
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(a) [2+2+1+1] cycloaddition of alkynes, alkenes and CO:
OH

3
R 2 mol% Ru3(CO)1,
60 atm CO
4

+22 R N-methylpiperidine, 140 °C

R! 6 examples, 65% ~ 98% vyields
R2
+ 3 mol% [Cp*RuCly],
2.1 & 20 atm CO
EWG DMF, 140 °C

9 examples, 42% ~ 79% yields

(b) Formal [2+2+1+1] cycloaddition of cyclopropenones and CO:

o) 3.3 mol% RU3(CO)12
10 mol% NEt;

R1

R3

R4

OH R
23 via ‘}
R?
OH

EWG
OH
24

A,

15 atm CO, THF, 140 °C

R R = Et, "Pr, nBU, -(CHz)e-
[Ru] 2.5 4 examples, 70% ~ 87% yields
co /
o [Ru] 0
3 0
R R
27 K R
21
2.5\ R R R R /
0 N—R (@) X

[Ru] g o [Ru -
0 (0]
j N // ﬁ ﬁ(&o

R R R

2.8

R R R

2.10

B 5 AR+ 2+ 1+ 1%
Scheme 5 Ruthenium-catalyzed [2+2+ 1+ 1] reactions

R' 2.5 mol% [Rh(CO),Cl], R
DCE, reflux
H COINy (V:V=1:1, bubbhng
R2 1.5~ 2.0 mL/min
18 examples
212 28% ~ 96% yields 2 13 2 13
Rh
‘ E:o] - [Rh]
, O
R [Rh] [Rh]
| [RN] R' + R2
" / /
(0]
214 2 15'

B 6 EEIR+2+1+1]RM
Scheme 6 Rhodium-catalyzed [2+24 1+ 1] reactions
LIS, AL [2 +2 2+ 1 BT R AT DA A0, i
J&, Ojima PRS2 T = Hib 54 2.19 5 CO f
FEMEAL A BRI 2,20 F9[2 42424 1]/ R (Scheme
7b).
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BT, Blond A1 Suffert 2510304 FEE (AL [2+2+
2+ 1R, =Rtk 2.21 FLCO Hi %, AT BA
BRI 2 IR A1) 2.22 (Scheme 7¢). A2 5
Ojima HI LAEAE, 2.21 FRIH KA BASEN “ =
T” 4552 I IR L.

3 [3+11ERINAR & B

BT ERIK I AAE, =nElU eI thEE S CO K
A3 1B 4+ 1A IR L, A2 B TG RS &
Y)(Scheme 8). UL, FIPAHHER. 5. Bk, . .
S BRI BT REX KRR
N R £ N T 14150501 AR S AN A X SR =T
U ITCEA S H5I[3+ 1], [4-+ 1 AN, T RA4A
W =TCI S5 IR .

31 sHENMBHIIRM
£ 2005 4, de Meijere BRAATOVRIL: {8 FH )\ B
THEME AT, RIS 3.0 TTLUR AR
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(a) Ojima's [2+2+2+1] cycloaddition of ene-diynes with CO:

o R=H /—:—R R# H
1 mol% Rh(acac)(CO), X 5 mol% [Rh(CO),Cl],
0.5 equiv. PhMe,SiH \%\ or [Rh(COD)Cl],
1.0 atm CO 4Y 1.0 atm CO
THF, 22 °C /2NN DCE or TFE, 22 °C
217 216 218
19 examples X, Y = NTs, NBoc, O, CH,, C(CO,Et),, C(CH,R), 25 examples
50% ~ 89% yields R = OMe, OBn, OAc, OH, OC(CHj),CO 44% ~ 93% yields

(b) Gjima's [2+2+2+1] cycloaddition of triynes with CO: (c) Blond and Suffert's [2+2+2+1] cycloaddition of triynes with CO:

X/t—R . E X/—:—R1 0
— N 5 mol% [Rh(CO),Cl] ! L 0
ﬂ;-f s [Rh(COD)Cf]Z 2 | N——— 5 mol% [Rh(CO),Cl],
/—Y ! 1.0 ~ 2.0 atm CO E R 2.0 ~10 atm COO
DCE or toluene, 50 ~ 80 °C PR DCE, rt. ~84°C X —Y" R3
Ré = 1
219 2.20 E 2.21 2.22
n=0,1,2 25 examples | n=0,1 28 examples
X, Y =NTs, NBoc, O, CHy, C(CO,Et), 13% ~ 99% yields 1 X, Y =NTs, O, CH,, C(CO,Et), 14% ~ 68% yields
B 7 s+ 2+2+ 1M
Scheme 7 Rhodium-catalyzed [2+2+2+ 1] reactions
o LS T PR T MR T 3.7 I (Scheme 10b). £
X M \ N - , N - N
Ly o+ o ML X 5ot 5 I W 4 B RV E, S 4R TR 1 3.8
R n n NN Il . N \
n=12 R BN SR EAOE I r 1) B [ 4.
X=0,N,S
(a) Uchida's work:

BR 8 =JcEIYICAIF S CO HI[3+ 1184+ 1 3R In s B cat. [Rh(CO),Cll; P o)
Scheme 8 [3-+1] or [4+1] cycloadditions of 3- or 4-membered D 5 MPa CO if[Rh] E'//
heterocycles and CO PhH, 160 °C

N o g N . 3.3 3.4 3.5
Joe P 00 T gk £ B 2 O ‘CO REZE[3 A 1150l 2 (b) Li's [3+1] reaction:

(Scheme 9). X 2-HUAREL 2,3-BUAC AL FH B3R T e, R3 xR 5mol% Rh(COD),BF, R?
TAFAE A BR TR BE TR T B8, T2 S P o X3 5 mol% dppm Ojt(LXR
YE A 1.0 atm CO
HRIR G 3.2 A0 3.2 RT SR toluene, 80°C N
R6 R6 o R3 o 13.62 3.7
o R', R = Ar, alkyl 22 examples
RO R" 5mol% Co,(CO)g Ej . E: R3=H, alkyl; X= N, O 58% ~ 93% yields
R R2  1.0atmCO s N R s N R s
R3 THF, rt. ~100°c R L RY L R
: R R o [Rnl
3.1 3.2 3.2 via XR
11 examples —
5% ~ 90% yields R" R?
3.8
Bz 9 de Meijere VAL HE AL AL I3+ 1]
Scheme 9 Cobalt-catalyzed [3-+1] reactions reported by de B 10 EEAIEB+H1RM
Meijere group Scheme 10 Rhodium-catalyzed [3-+ 1] reactions
3.2 SEUMEBHIIRKE 4 [3+2+11FA[3+1+2)FR IR R Sz Bz

JEBRTISE 33 R SRR Uchida ¥ 41 sTpa- L2t IR
FRALTIT 1980 S5 (Scheme 100). FEAELADY Rh- DUREREUAR OB 4.1 ap-FHLRTEH 4.2 /1 CO A

AN BRI 160 3 3
g;ﬁﬁﬂ; Efg‘g x ngj'; g 01 &ET 15];/1;; HC? #4950k}, Fukuyama FI Ryu ST HRE T — i A& LAY
SAFTF, bt 3.3 & S FRIB2+ 1R RE K a- MR A 4.3 1) 772

3.5, DU SR IR, R, 2K R i ~
N O N =ik T4 KA N,

1050 http://sioc-journal.cn/ ~ © 2024 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences Chin. J. Org. Chem. 2024, 44, 1045~1068
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a MBRIRTAEN T “ =T Hot.

o)
SiMe; o) 6 mol% Ruz(CO)12  Me,Si
20 mol% Et,MeN-HI 0
|- R? P
| 20 atm CO R’ RS
R! R? toluene, 160 °C )
41 42 a3 R

12 examples
15% ~ 66% yields

B 11 Fukuyama 1 Ryu & sEHL AT AL O[3 +2+ 1] 8L
Scheme 11 Ruthenium-catalyzed [3+2-+1] reactions realized
by Fukuyama and Ryu group

42 SENRBH2+HIIRM

1999 4, Narasaka BEZHUTHRIE T & 1 B 1L 130
AkE BRIEA CO KI[3+24 11340 Wi (Scheme 12a).
R ECATT R, FEE 160 CHIE A 4.0 atm CO
A7, R, S 4.5 BCRHEE, U8 30%~
60%, SRNMAFAEILERIY). 48 2010 4, REFERS
HUMEH MG BE 4.6, KIE T — BRI 4
fEALII[3+2+ 1]/ Bi(Scheme 12b). £l Z TG L,
I BEAE AL R R AEDTIE, IF S e alifite i
BL, A AW LR E Y 4.7. S4F, R
Z B (DFT)THE, MU 78 1 i S S LEE, JF
HIRIUEY) 4.6 TFEE A () 2 R M bR BT Je F) i
N, TS BUR N RGBS A S Bk 4. 72 5/6 FF3E
VG (=1), RBHLI MR [3 424 178
12, BIMEALTINS AP B R N I e bR AR N
CO HhAN B JF BRI AASS He; SR, 1E 6/6 I &
VI & B (n=2), KMALERNAZ 34 1+2]864%, AP
AL T PR GRS IR CO HlN . Mk Bl et
AR BR AT BC A S e, AT REHEAL I3 +2+ 1] M,
AR EREH I SEIL T (£)-a-Agarofuran), (4)-Ga-
lanthaminel’””!, (& )-Lycoraminel’’l, (% )-Gracilaminel”®!
FI(—)-Clovan-2,9-dione! ™3] & k. 2020 4F, KH[3+
2+ LIA DN RSORT S A A S, 7R 86 PR 2 B 73 1) 572
BT R AR P2 (£ )-12-0x0-9,11-dehydrokaurene . (+)-
12a-hydroxy-9,11-dehydrokaurene F1( £ )-ent-1a-hydroxy-
kauran-12-one FJ & k. [FIAETE 2010 6, F Sy iR RZH 52
M FE T RIS 5 B A R [3+ 2+ 1] ) ¥ (Scheme
12¢). EHIEE T BEY) 4.1 75 RBR A Ja # A8 i
ORI 4.13; BIGIURIISRIRY) 402 Z[3+2+1]%
J82 10— A A A R 4.14.

Chung PREH VL IAEREREALTIAAAERT, — IR M
&Y 415 W LAY CO RAE[3+2+ 11X M (Scheme 13).
AR, A BAE RN =7 ArmEE 0
e . ARAIER A AR B RATE B B 2R 3 T b
AR 407 R4 pEIHERR, P AEE A BE  B

R' = Ar; R?, R® = alkyl
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(a) Narasaka

,— R 10 mol% [Rh(CO)Cl,],
X
\_Q 1.0 ~4.0 atm CO

1,2-dichlorobenzene, 160 °C

44
X = C(CO,Et), 5 examples
0, 0, 1
(b) Yu 30% ~ 60% ylelds
o — R 5 mol% [Rh(CO)Clyl,

0.2 atm CO
toluene, 80 °C

E\
9 examples, 50% ~ 92% vyields

4.6 4.7
X = NTs, O, C(CO,Me),

| Rny R
R
y ) co_
v /R ‘ n i
X \Z X i i
4.8 4.9
(c) Wang )
R3 RS R
X~ N7 RS x)x R3 5 mol% [Rh(CO)Cl,l,
4 or R1
R CO balloon
DCE, 80 °C
R1 R2 R1
4.1 412
X =NTs, O, CH,
R3 R4 RCR® R? R?
(0] OH
X or x
B 2 1
H Z, R R
R R?
413 4.14
8 examples 7 examples
36% ~ 76% yields 55% ~ 90% vyields

B 12 ARSI NN “ =7 A0S 5L
[34+2+1]1% M

Scheme 12 Rhodium-catalyzed [3+2+ 1] reactions involving
cyclopropanes or cyclopropenes as 3C synthons

R']
H 1
/ 3 mol% Rhy(CO)1z CHoR
X
X R? 1.0 atm CO, toluene, 130 °C o
\_ﬂ\_ , X = 0, NTs, C(CO,EY), R? s
41F5{ R',R% R =H, Me 4.16
) 7 examples, 41% ~ 88% vyields '
| RA ' co
R'] R1 B [Rh]
A= 7/ N CH,R'
H H /i XN 2
. / — X Rh
X [Rh] X [Rh]
[Rh]H R2L.
R2 3 R2 R
R R3
417 4.18 4.19

B3 13 Chung BRI K R AVEEMEALII[3+2+ 1]/ M
Scheme 13 Rhodium-catalyzed [3+2+1] reactions developed
by Chung group
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Bl
()44 4.18; B )5, 4.18 KA HE N AE O 144 4.19; AT 2 AR 4.22.
J&i, 4.19 £& CO i NFIE JFIH bR T G CU A5 4.16. S AL, BRI AT DAEN “ =5K”
M- A 4.20 A1 CO HK, TR KRS My S 5321 INBUR . MR AR R &
BN T ZIREUR IR 2T 4.21 B8 280E U(Scheme P BEIRA E azevi (B B BT 2, KB 4.25 TEEREME
14). MANBBEAAE, apf-DEMEEHFBREES o A thF5 Cco KRAEB+2+ 11N (Scheme 15a). 2012 4E,
FRBAE N “ =87 5y, [R5 —nFHER Co K45 Evans 1 Baik SO J& T M- H AR St 427 5
FHHIBH2+H1IRM. F5b, WA RN 45 W fE AT CO HIFRINAL N (Scheme 15b). fE#EAT DFT &0 5t
A mCPBA, AT AT LUK 4.21 o R IR IR TR, Ji, AATTIA A SR A B o . FR 366 3 R o DS S e e

R1__O o R0 o]
{7\ 5 mol% [Rh(COD)CIL =" "X (1)5 mol% [Rh(COD)CI],
) 1.0 atm CO, DCE, 60 °C R ‘ 1.0 atm CO, DCE, 60 °C R3
R 12 examples //
3

; R2 (2) 1.5 equiv. mCPBA, r.t. o X
g s 81% ~ 96% yields R 11 examples s
54% ~ 79% yields R
4.21 4.20 4.22
X =C(CO,Me),, NTs
CO
-[Rh] l [Rh]
1 0O
R \ oxidative 0 /\‘///\X
X cyclometalation R? i
2 — Cl R,
R /) /
[Rh] R2 /
R3 R®
4.24 4.23

B 14 5kiR RIREASIRIB+2+ 1R
Scheme 14 [3-+2+ 1] reactions realized by Zhang group

(a) Shi L (b)E
Me o | B 2
Me— — | s K 10 mol% Rh(PPhy);Cl 3R
R 5 mol% [Rh(COD)CI], ' /M 15 mol% AgCO,CF; 0
| X X
X R3 1.0 atm CO | \% 1.0 atm CO
LQ\_ DCE, 80 °C i R \th. p-xylene, 120 °C R’ Me
R? |
4.25 4.26 : 4.27 . 4.28 |
- o ~ 78% Vi 1 X=C(COyMe),, NTs, O examples
2
R’ ' 3R
| R
N\ R! ! 0
! via | x
via [Rh] i ;
X R3 i R
\_Q\_RZ i
(c) Evans and Chung i (d) Evans
- 10 mol% Rh(CO)(PPhs),Cl (Evans) R L =R R
/S or 10 mol% Rh(PPhz)sCl (Chung) o X Me 5 r;l05|% ﬁg(ioénggzcl o
X 15 mol% AgCO,CF, « | < .5 mol% AgCO,CF4
L\> 1.0 atm CO, p-xylene, 120 °C i R3 1.0 atm CO, p-xylene, 120 °C Ve
X = C(CO;Me),, NTs, O Me i g2 RZR
Evans: 13 examples, 49% ~ 84% vyields 1
4.29 4.30
Chung: 14 examples, 14% ~ 91% yields i 4.31 4.32
i X =C(CO;Me),, NTs, O R! 12 examples
R | o 30% ~ 96% yields
(0] ! )
via | x | via [X
H ! Me ||
' RYR®

AR 15 THERFERESSH[B3+H2+ 1R

Scheme 15 [3+2-+1] reactions involving methylenecyclopropanes
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BREAIRIT B3R, 2 )5, Evanst® A1 Chung!®®[] i
RO T BEMEA bR FE SR TR A 4.29 5 CO HI[3+2+
11 ¥i(Scheme 15¢). Jo il s FH o B8 i A 71 3 2 BH 25
TR, R IR LR A, Y- F R IR P e
4.31 TR VUEURIS, Evans 15 R0 ZH B F SE 4 Ak 77 58
T HE CO M[3+2+ 11K M (Scheme 15d). 44thAITH
4.31 1B MR AT, T M S B P R R BELAS T D5 4
th, S NAFRN =) FR-2,5- 38 C B 4.32, AN
S Z BT R I B A 54 4.30.

4.3 S#EXHEB+H1+2)RE

H 2013 S, Bower WAL T — R 51 628
1 10 3R T 255 I i 5 B 0 B0 O D 96 B R I R B
(Scheme 16). 1X—FRFIRFH, FEEM IR HEIEFEZ L
B UHRESEBECAERN T H BRI A1)
Whkse; [FBT, ©5&RMAHTIERREL® S, DR
WEJG SR E R B R 5 & R LA ST B dm . b,
AT RSB RAE N T 1A B ], e T BRI [3+142]
JZ ¥ (Scheme 16a)1%0).  FH T 2 I H B (R A 715 24 TR o 28
s, JekE CO Tl AT A IR I H Ak, 7
KA TR AdEN, BRIABATRR Z N3+ 1+ 2] .
b5, AT AR IAE RN AR, R Bk R o] DA
95 1 (Scheme  16b)°Y. 5tk [EF, A A1 & B AR
Ee TR, PH S FREE AL A3+ 1+ 2] RV
HEEE NG TR IR, R R, R
=02, 2016 4F, TN LT 4.40 Z 513+ 1421 B
L Bower BRAHZISLI(Scheme 16¢). HH, &JET
PRI IRE TR Y T AR, 2 5, ATRE
TR —FIR B 4.42 25 RN N (Scheme
16d)°4. EHAFERERZ, &Y 4.42 15 A 3ERIFRAER
T RR TR S, MENNE o 7 ERERE. %
S, RIS IECE N endo TS r) 5w AN - 1k 1K 4
(S)-SITCP, Bower @S ISLHL 740 &4 4.44 [H) CO 1)
B ARG [3 4 1+ 2130 0 2 B (Scheme  16¢).
TEAZR R, PP AR 4.45 1 ee {HRIA 90%.

5 [4+1]FA[4+3)/[4+ 1R AR R

51 SELME+H1IRRE

1992 4F, Eaton iFAHZHOHRIE 1 55— 6 I 4 8 2k
AL [44 1152 M (Scheme 17a). TE Fe(CO)s IEAL T,
FLHEIE 0 5.1 F1 CO K AEFR N S A A M i 5.2
(Scheme 17a). fERE 5 HI3) /358 50, AT T A IR
N FRIE S Fe(CO)s 5 5.1 FAASZHMLFE. A,
Eaton U ZH 08 LK 12 5 07 F F2 1) 6 A 2k 1% sl BE6 A 2 Il
5.3 b, WRIERTS T AN EE =4 5.4 J s 5746 4
5.4' (Scheme 17b). Fi ZEHE, X — RN 248 H
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(a) [3+1+2] cycloaddition of cyclopropylamides with alkynes:

— 3.75 mol% [Rh(COD)Cl], R
R2 { * 15 mol% P(30,5-(CF3)2C6H3)3 e}
N%/L 20 mol% NaySOy4 R2 |
o 3 1.0 atm CO
H
NMe, R PhCN, 130 °C O:<NMe R
o 7a0) 2
433 11 examples, 30% ~ 71% vyields 434
[Rh] -[Rh
|5 -
1
M92 //R1 R
N ==
- ~[Rh]
o= [Rrn ol — R2~ Rl | Rz—/Nj.\);:o
SEare :
R 3 O:< R3
R3 Me,N R NMe,

4.35 4.36 4.37

(b) [3+1+2] cycloaddition of cyclopropylamides with alkenes:
7.5 mol% [Rh(COD),]OTf
R2 y 22.5 mol% P(3,5-(CF3),CeHa)s
1 equiv. 'Pr(CO)NH,
R1>2—/ 50 mol% dimethyl fumarate R!

(@]

)Lz A,
" T
N

o)

O:<N j 1.0 atm CO Az,
R3 _di - [ R
OBn R* 1,2-dichlorobenzene, 100 ~ 130 °C OBn
4.38 4.39
16 examples

31% ~ 80% yields
(c) [3+1+2] cycloaddition of aminomethylcyclopropanes:

3.75 mol% [Rh(COD)CI],

R’ / R4 7.5 mol% AsPhj R! H R4
>J 1.0 atm CO, mesitylene, 140 °C 0
DG—N -a or DG—-N
R; J 5 mol% [Rh(CO),Cl]» A
R2 30 mol% 1,4-oxathiane R R2
4.40 20 mol% Na,SO, 4.41
DG=Cbz, Ts 1.0 atm CO, mesitylene, 140 °C > 20 examples

46% ~ 88% yields
(d) [3+1+2] cycloaddition of cyclopropylamides with alkenes:

R 3 4
R R3 5 mol% [Rh(COE),Cl], R'g2R R
7 7.5 mol% As(2-MeOCgHy)s o
PG-N

PG-N R2

1.0 atm CO
mesitylene, 150 ~ 155 °C

(@)
I

o
4.42 4.43
> 20 examples
26% ~ 81% yields

(e) Enantioselective [3+1+2] cycloadditions of aminocyclopropanes:

oR? 7 0 Rz R
Y .5 mol% [Rh(COD),]OTf R2
=R 15 mol% (S)-SITCP o
o 0
N% 1.0 atm CO, 1,2-DCB, 110 °C N
R3 12 examples 3 H
4.44 52% ~ 88% yields, 72% ~ 90% ee 4.45

(S)-SITCP

B3R 16 Bower HELH L M3+ 12Nk S B
Scheme 16 [3+142] cycloadditions developed by Bower
group
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B 350 nm WOGRHTIEST. 582003 7750 S AR
él&li@ﬁl""’li%ﬂﬂ' SBE LS AR 2 Fe(CO)s 55—
5 FIE R AR S 4 J5 T ) Fe(solvent)(CO)s; 1M
YLig 0 N & Fe(solvent)(CO)s R VA 4 T il &5 1L 72
i, 28 e AL R[4+ 1R IR S B, BB 5 T i
5.5 F1 CO ] DL B4 40 AN AN Y IR AK 540 5.6 B3

SR 5.6" (Scheme 17¢)!1%0),

(a) [4+1] cycloadditions of conjugated diallenes and CO:

7\ 10 mol% Fe(CO)s; R%R4
e =~
R1—</ SR 47 nmoliL co 2 L3
R? R® THF, 50 °C o
5.1 52

4 examples
72% ~ 81% yields

(b) [4+1] cycloadditions of allenyl ketones and aldehydes with CO:

R® 10 mol% Fe(CO)s R3

//—\< hv (350 nm) 7/§<o . Rz/q

R1_</ O TeanmoLco
THF, 50 °C
6 examples 54% ~ 89% yields

5.3

(c) [4+1] cycloadditions of allenyl imines and CO:

//—\\ ~ 310 mol% Fe(CO)5
N hv (350 nm) N- 3, N<p3
R1_</ R R
R2 80 nmol/L CO R2
THF, 50 °C

5.5
5 examples 62% ~ 72% y|e|ds

B3 17  Eaton WEAH LI B M4+ 11
Scheme 17 Iron-catalyzed [4-+1] reactions realized by Eaton

group
52 FTEMUHIE+H1IRE

ffFH Rus(CO) 12 AHEALH], Murai BRAEHIOVTERY, 1
o f-ANEFNRZ 5.7 5 CO W[4+ 1138 0= B (Scheme
18). 5 B 4a I, %R R A AT B AR
Jle, [ RLDAZILE 180 CHIMERAN 10 atm CO [/ & A RE
BT, P RZHEIRY), AR 2R AR A4+
1758 a - AR A LR 5.8; TRHT &80 (b in R
A R2 B HER), WA ok R AR R A 1) IR [4+

174 5.8".
RZ R® 2mol% Ru3 (CO),
N-< N-
R'—/ “N-tg, 10atmCO By ° Bu
toluene, 180 °C
5.7

9 examples 70% ~ 96% ylelds

B 18 Murai PRI KSR A4+ 1 8
Scheme 18 [4+ 1] cycloadditions developed by Murai group

53 $MEAELM4+H1RE

£ 1976 4, Hogeveen PREZH 2R E 158 — {41 B4k
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PRI A+ LRI AR S S R A R IR 5K T 1 =0
BURER 5.9, AT A RR T ORI 5T LA 5.10
(Scheme 19a). 2007 £E, Murakami #fEFZH 1031 J2 T £ {k
TR ILE 5.1 5 CO PRI M (Scheme 19b).
MHLERANR: 755G, SR 500 FER P M R
BREEEAT S AN, TR IR T e ik 5.13; K%
#, 513 K4 CO WAL A 5.14; BifE, £1T p-
WM bR E, Tk 5.5 7R B, 5.5 #HATIEJEHER,
PR AL TRIAN R [a] =), 22 S AN G AR RO B i
5.12. 5, Matsuda BREZHIONF] F 431 P ik e 5 [ )
SAER, SEILT BT IR T o Hr B BB 1) B
N fi(Scheme 19¢). KBS, [4+ 11724 5.17 LHIEE
RAEFENL IR G EE 50745 245 3. AATE R 4
1 F 22 SRS S0k CO I, % Mt RE R A

(a) Hogeveen

Me Me
Me 5 mol% [Rh(CO),Cll, Me
40 atm CO o X
PhH, 20 ~ 40 °C Me
X Me Me ’ Me
5.9 5.10

X = CHj, 90% vyield
X =0, 88% yield
(b) Murakami

R3 5 mol% [Rh(COD)Cl] R R?

}T } 10 mol% dppp
R2

1.0 atm CO
R’ p-xylene, 130 °C 0
511 10 examples, 37% ~ 84% yields 5.12
l [RA] |- 1Rn)
R3 R3 BC R R? R3
CcO Rh1| elimination
2>Cth1 — QM = 4:2[!%]
R L1 R o) S
513 5.14 515

(c) Matsuda

“ 2.5 mol% [Rh(CO),Cl],
X 5 mol% dppbz
‘ N or 5 mol% Rh(acac)(CO),
CO (balloon)
p-xylene, 150 °C
R'R?
5.16

5.17 517"
17 examples, 35% ~ 82% yields

B 19 EArEd-+1RM
Scheme 19 Rhodium-catalyzed [4+ 1] reactions
1996 FELLSK, Murakami 1 Tto Z5E105-10013 i T &2 it
I IR IR 5.18 5 CO H[44 1]/ % (Scheme 20a).
TEA#EALFFI[Rh(COD),|PFe ¥EFIF R MR 80 CHI
1.0 atm CO JE /1120, 5.18 1] DLLA R 640 30
AR 5,19 K H Bk 519" 2 )5, {EIMNEEE (L
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(a) [4+1] cycloaddition of vinylallenes with CO:
R3
ﬁ«_ 2 ~ 10 mol% [Rh(COD),]PFg
/ \ R4

R2_</ 1.0 atm CO
R! toluene, 80 °C
5.18

R® R

R! + R?
— R4 — R4
1

o R0
5.19 519"

> 20 examples, 78% ~ 99% yields
(b) Asymmetric [4+1] cycloaddition of vinylallenes with CO:

(R,R)-Me-DuPHOS

I
R? 5 mol% [Rh{(R,R)-Me-DuPHOS}(COD)]PFg R2 i Me Me,,
or 5 mol% [Pt(COD),]-(R,R)-Me-DuPHOS !
/ \ R3 R’I * ! P P
R1_</ 5.0 atm CO, DME, 55 ~ 60 °C = R® :
R ! Me Me
R' [Rh]: (S)-5.21, 10 examples o !
5.20 45% ~ 99% yields, 11% ~ 95% ee 5.21 !
1
I
1

[Pt]: (R)-5.21, 8 examples

68% ~ 99% yields, 64% ~ 79% ee

BR 20 SEMEIELR ZHERIG S CO M[4+1]R M
Scheme 20 Rhodium- and platinum-catalyzed [4+ 1] reactions of vinylallenes and CO

FIFI(R,R)-Me-DuPHOS A4 J&, A TR X — S B4 ik
ASHEFR A (Scheme 20b)107-1081 70 f) /2, 245 FH R 14
TR BT LLIRTS(S)-5.21; HAZ, 4fF AL IR 15 21
FISE(R)-5.21. JE 4[] DFT H500-10R B &8 H .0 i)
AN A AR 2 5 3= W ST AR e B R AR AR SRR

BIE, REFFFEHMRI: EREATIERT,
WSE A SEHE 4 5.24 A1 CO R[4+ 1R INARAS BES2IN,;
ER, U FH PR TR Bt i i — 0 5.22 VR RIERW, FHM)
(44 13RI RS S B2 ) AT ASEFL(Scheme 21). B 5 36
THRBEF R, X —[4+ 1R RES KA T RETE T,
RTR e dat o () SRS 5.22 T Y FREIR P e A B R
Bk 77, %A 5K 10 AR A AR AT R S BRI
DA BRAR 5 23 i S 08 R B JEAS W RE . 1T 7 SR A
1) 1,3-T ZMsh/bIx — Iy 50K 5h 77, S [4+ 1130
S5 AR ME A

R® 0

3
5 mol% [Rh(COD)CI], R
_ + CO (1 atm)
R! R toluene, 30°C R
R2 R2 R®
5.22 5.23
18 examples
30% ~ 90% yields
0
\ /
cat. [Rh(COD)CI],, CO Q
not observed O
Bu )
5.24 Bu 525

BX 21 FPUkEE I A A CO [[4-+ 13RIk
Scheme 21 [4+ 1] cycloadditions of cyclopropyl-capped dienes
and CO

FRAR R EZH 2V I fE[Rh(CO),Cl], AT AL
1,2- R OKEEFIEMET, &9 5.26 W] LLLLE XI5
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I PRV ST AR BRI 10 R 2 AR PR IR 5.27 (Scheme
22a). A 1HE PR BHLER AN R AR AL BT e IR T b
IIRBRA R SR I AR, A R BE 3R T e (a4 5.28; B,
5.28 KA ISR AL A R IR A8 25 20 T v ) 4
5.29; CO i NJ&, mILAZRTS Ak 5.30; &), 5.30 KB
SR A & W) 5.27. 2011 4F, A AT TP R4 2 %€
F BB e A B, SEPL T SRR I R[4+ 1]

(a) [4+1] reaction of 1-(1-alkynyl)-cyclopropyl ketones with CO:

R3 R®
R“"(f _ 5 mol% [Rh(CO),Cll, R4, 0
: 1.0 atm CO, DCE, 70 °C
R™N% 20 examples, 10% ~ 94% yields R o\ R2
5.26 507
‘[Rh] G0
R3 R® R3
RNEI—_-[Rh]é r2| — | R R | SO (R NS
R/\\OJ R’ /o\ R? R /o\ R?
5.28 5.29 5.30

(b) [4+1] reaction of 1-(1-alkynyl)oxiranyl ketones with CO:
2

R? 5 mol% [Rh(COD)CI],
5 mol% SPhos (0]
ng . Q
; \ 1.0 atm CO I\
R o 1 3
o DCE, 70 °C R R
5.31 5.32
O 16 examples
PCy, 58% ~ 98% yields
MeO l OMe
SPhos

B 22 5kfR R UBREAUR R[4+ 13RI R
Scheme 22 [4+ 1] cycloadditions developed by Zhang group

http://sioc-journal.cn/ 1055



BIKE

S Ni(Scheme 22b). 52 ATANEIMI 2, [T ELEMA
SPhos At A4 5 A4 e KA.

Fukuyama. Ryu. Fensterbank #1 Malacria 554}
FEEMEALTISLBL T Il 5.33 5 CO M4+ 1130z
J¥(Scheme 23a). 24 5.33 H[) R' @LEFEmy, KMNEH
1,3-Wt S BT B A4+ 1R BLAE A TR 5.34; (HZ,
X RUGEEN, 533 B4 12-BiEIETE. [S+H1RM
i, A2 AR 5.35. 40 DFT 7t
Tiiziin B HISR B FE[44+ 11F[S + 1A v A,
T AT Y s or; B 1, 2-BhE TR 1,31t
AR ERG), (HREE R W LIRE 1,3-F AT
PR, FE4+ 1R RA. 20124, 4R
R MOV H Z R AL B9 5.41 5ERE T 28U B
AL II[44 11 M (Scheme 23b). Z )5, RFH. THMKFI
FA I S LTS Y 4 i Ak - s ) P J b 5.43 AT CO,
RIET —FHmas 13-TARITB MM ILr4+1]
S Ni(Scheme 23¢). KT R NIEFE, MATTAA: fEREMEM
T, BREIEERE T AN CIERBGR] CO RAE[4+1]
PRI RS
54 SEELRI443)[4+H1RE

I, A BRI N AR T R I AE R AL
TERS, 2@ CIRHEA B 5.45 A LR A[4+3150 0
R, FEEALR 5/7 H IR 5.46 (Scheme 24). HRigiHH
INAZN AT endo BB LB B-BRIH IR I6

(a) Fukuyama, Ryu, Fensterbank and Malacria

KRN B-EIERR . B JE T R RS e, [RIEE, A
WL E: 5.45 1 CO "] LUK AE[A+H3Y[4+ 11, ERE
LAY 5.47 (Scheme 24)1120) % Jz b 5[4+ 313 0k,
AR Z AT, B afk 5.52 ¥ K4 CO HhiN. ik
SR BRAFIRCARAS 4, BAREUH =) 547, FHASE B-
ST BRI 5 B R G AR A 4 e AL R[4+ 313 0 L)
5.46.

6 [4+2+1]F0[4+4+11EFFRINRR & B2

FREXNEA+2H1R K

52 b, 24 Wender VR U2 PO 77 52840 1Y Pauson-
Khand KR, C4MEER T [442+ 1] RS9
(Scheme 2a). {Hs&, tHLLT Pauson-Khand M, 1%[4+
2+ 1R PCNEIR N, B AR R R s —FP 5155, 2018
0, REFEREAMRR LAY 6.1 KA 1,3-BHEILT
R JEAL A G RIS 6.2, SR e K LN T4 AL
fI[4+2+ 1] S F(Scheme 25a). XJ&EHIKH CO =
RN =R o IS B R[4+ 2 H 1R IR
N E AR E2 AR T[22+ 1 RI[4+
2+ 1AM BRI, N 6.2 HIBE)R Fr Bt 2 T
FLEBEMER; TER2+2+ 118 T, BT B B AE
S PRI TV B 20 B R T 2 1 AR A A 5 O SR AR AL
BIECAL, Zad FE AR, AHEE T[22+ 118 ST B
T C(sp?)—C(sp?) e, [4-+2+ 11H4A =41

6.1

R' = alkyl [5+1]
1=
R3 R [4+1] OCOR? R =H R? OCOR?
_ 5 mol% [Rh(COD)CI], R3 2.5 ~ 5 mol% [Rh(CO),Cl],
R4 OCOR? 60 atm CO I X . 50 ~ 80 atm CO R* H
0 DCM, 80 °C R4 DCM, 80 °C OH
5.34 12 examples, 38% ~ 84% yields 239 13 examples, 37% ~ 76% yields 5.35
’ co J [Rh] ’
-[Rh] R2 R2
OCOR? + co 3 2
RS » . . o= | S0 | R& -~ 0cOR
“N— | g3 — | R o | ||
R Z R IO R* H
R¢ ~[Rh] OCOR? | R SRyl R ] | O//
- [Rh] R R [Rh]
5.38 5.37 5.36 5.39 5.40
(b) Tang !
Rl OAc ! (c) Yu, Pu and Zhao o o
OAc | R? R2
P p— 5 mol% [Rh(COD)Cl], | 1 AcQ 10 mol% [Rh(CO),Cl];
— o ! — \ RZ = + RS
TN, 1.0 atm CO ! R' R2 1.0 atm CO
R® R DCE, 40 °C R R DCE, reflux AcO AcO
5.41 R OAc 5.42 | 5.43 5.44 5.44'
| 203/07:3222/1’):/?;%: 25 examples, 61% ~ 96% yields
via i
\ RN .
R® R2?
B 23 WK 13- BEEEB N4+ 1] RN
Scheme 23 Rhodium-catalyzed [4+ 1] reactions involving 1,3-acyloxy migration
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H R1 R2 R2 /

g 10 mol% [Rh(CO),Cl]» / R - g—& 10 mol% [Rh(CO),Cl],
X toluene, 90 °C X - 4~ /=  10amCO,dioxane, 80~ 100 °C

‘\ 10 examples, 42% ~ 79% yields \—Q \/g 11 examples, 48% ~ 92% yields

[4+3] cycloaddition X = O, NTs, NBs, NNs, C(CO,Me), [4+3]/[4+1] cycloaddition
5.46 5.45 5.47
R reductive
elimination
7 N\

ng
5.48 / .
\catalyst 4+3] pathwa .
transfer [4+3lp y B-H
/ elimination
R R
reductive elimination sub
[Rh] and catalyst transfer X a coO X a
\—K/ CO insertion H

[Rh(CO):Cl],

[Rh] [RA]

5.55 () 5.52

[4+3])/[4+1] pathway

endo-oxidative alkene insertion

cyclometalation

I
H [R”h] -_—
5.50 B-C elimination

B 24 SEAEALI[4+3)/ 4+ 11300
Scheme 24 Rhodium-catalyzed [4+3]/[4+ 1] cycloadditions

(a) [4+2+1] cycloaddition of in situ generated ene/yne-ene-allenes and CO:

4
R4 R o
1 1,3-acylox
. Va R c2 migra’;iony /\/ )\ 5 mol% [Rh(COD)CI], R
AN = OAc [Rh] \,w"\ 1.0 atm CO X R2
DCE, 40 °C
3 3 OA ) 3 OAc
R o1 R 62 13 examples, 40% ~ 88% yields R
X =NTs, O, C(CO,Me), \ Rh]
R4
/\///
X wra [
— X
_ R2
R® OAc
6.4
+2+1] cycloaddition of two vinylallenes an :
(b) [4+2+1] cycloaddition of inylall d CO
R? OR3
1
R>:.7 5 mol% [Rh(CO),Cl], RITN Y
R? 13: 1.0 atm CO, DCM, 0 °C Ff
R 15 examples, 21% ~ 74% yields R
6.6 R'67

B 25 REFERBAUZEI[4+2+ 1]
Scheme 25 [4+2+ 1] reactions developed by Yu group
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C(sp?)—C(sp?) 8, B LA N3 AH B7 3 Jo v B [Tkt
[4+2+ 1777 P e & M SEAR 2 gt 2 2 ok, TAS &
24241174, LA, A EFRREL 0P 205 T B
6.6 5 CO MI[4-+2-+ 13RIk R 2] T 4118 1) s B
(Scheme 25b). fEIZJ i, &Y 6.6 £ “IYHK” 457,
B SER 7 Ao 5 —0 TIRY 6.6 LLEAER“—
W” 501 CO RAEFIMBUR B, A2 R[4 +2+11mEd)
6.7.

BRI, REFFRGHYR R T — Pt 9k ) B s
H 42+ 1P IR L. PR FIVE T, 2
B E s SRR RS R CO KA RN, BEIEE 5/7
XA GER AR FZE 43 F 6.9 (Scheme 26). {H7F 421
A&, TR IR TR S T DA — AT AR AL, AT SE B
5/7/5+ 5/7/6 Al 5/7/7 =IRGERIIRIEE. B TF B TR
Bl RSN R SR e BEER A KZ) 50
kJ/mol [RI5K 71, B AT PAFE[44-2 4 11587 3 JR i B el
AR R, MR T[4+ 2+ 1A N s e
2, LI TR BRI 22+ 1 RS FI[4+ 2+ 1] RN )
AR,

|
/€—R1 R 0
X 5 mol% [Rh(CO),Cl];
\ ) *Co(Oatm——————"== x
Toluene, 40 °C
R2 RS R2 R
6.8 6.9

X = NTs, O, C(CO,Me),

1
R )n
X n=01,2
R3

R2
B 26 15k PR 1 9 [4 42+ TR0 S b
Scheme 26 Strain-release-controlled [4+2- 1] cycloadditions

6.2 BEMM[A+AHIRE

1998 4, Murakami A1 Ito Z50"251ii Ff| Pd(PPhs), 1E{#
13, BT ORI 6.10 5 CO M B R LT R
&9 6.11 (Scheme 27). IX—[4-+4-+ 11 M ISR
A, fEANEEE 30 CHRFEPAIRAE. iR B, 40
TR 6.10 SHUEATIR AR SR, E Rk T
TR 6.12; B, 6.12 55 —4rF 6.10 BLAL I T Ak
TR, PeAEdaA 6.14; & CO 4N FE JH I 4,
6.14 LA AL =) 6.11.

7 [5+11F[5+1)[2+2+11EF AR & B2

71 SHEAHBEHIRKN

(ISR PIRE 7.1 A Cox(CO)s J, Twasuwa
PRAZH 026271 D) Fh &5 B AR S IR R AT T SR BR AT AN

16 examples
42% ~ 97% yields
Further
CP Chem
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FIRSiRE
R'I
R R2™N\
m 5 mol% Pd(PPhs),
/ 1.0 atm CO 20
=2 THF, 20 ~ 30 °C R 1
R = Ph, vinyl; R2 = H, Me R
6.10 3 examples, 61% ~ 87% yields 6.1
co
\ [Pd] -[Pd]
1
R1 R « R1
— 2
— 6.10 w RO
— o - a2 [Pzd]\ ‘\>7 ; - [Pd]\
R2 [ ] R \ R R2 7 N\
RN -
6.12 6.13 6.14

B 27 AEARIA+4+ 1B
Scheme 27 Palladium-catalyzed [4+4+ 1] reactions

(Scheme 28a). £ ZRIFAI = ZFEALEE, Fla = A ik
R AT DL A AL 2K T 7.2, )R Cox(CO)s
RIAER LI 2.2 equiv.E 2 E 0.26 equiv. L=
2005 4, de Meijere PRI & T —11 Cox(CO)s AL
M CIGEER R 7.3 5 CO MI[5+ 1] M (Scheme 28b).
AR R S HLER G R 7.3 R B e S R A
FIECAL EAIR & B G A R A T e fh 7.6 Bifi
J&, IR 7.6 AR EHEE UL A3 O TR AR 7.7, B
J&, 7.7 347 CO i AFIL G TH B, F= B3 CUAEE 7.4, [F)
i, AbAIT3E & B [Rh(CO)Cl], o BEME AL [F] — [ b & 2
M E e B e & B AR, gk, Tl
PRHEZ[S+ 1 B R A 029 B F R[5+ 13RI Ak
AR N, X B A RN,

(a) lwasuwa
OAc
R! (1) 0.26 ~ 2.2 equiv. Cox(CO)g R
HO ~R? _ THF or AcOEt, 0°C ~rt.
—
(2) A0, EtsN R?
o OAc
741 . 7.2
) 6 examples
via R2 51% ~ 90% yields
0
(b) de Meijere o
RS 5 mol% Co,(CO)g R
. RS or 2.5 mol% [Rh(CO),Cll, R2
—( R* CO (balloon), THF, 60 °C R3 5R6
R2 RS 9 examples, 12% ~ 75% yields Ré R
7.3 7.4
co
\ [Co] ‘ 1ol
5 5 R1
1ol Re L 2 1Cl
R': R'[Co rearrangement
y; R4 R4 R3 \ ERS
R2 R3 R2 R3 R R
7.5 7.6 7.7

B 28 L[S+ 1M
Scheme 28 Cobalt-catalyzed [5+ 1] reactions
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72 STEUHBEHIIRKM

2000 4F, Murai B8 U3ORGE T £T (AL IR A T 21
[l 7.8 5 CO FIFR N W (Scheme 29). 24)EY) 7.8 H4
JE T U BT REAPR OO, [ A g DA
(77 2 AL BN T AN AT A BEZ 7.9. de Meijere BREEZH 28]

EHTAERH SR THNEBZLEYM CO 1E
Cox(CO)s AL T IS+ 1B, AHRAA — AN B SEH.
RS R?
R3 R2 2 ~ 5 mol% Ru3(CO), _
NR' 2.0atm CO QNR1
toluene, 160 °C o)
7.8 7.9
R'=1Bu, Cy; R? = H, Me, Ph, 2-thienyl, 8 examples

4-methoxyphenyl; R® = H, Me 57 ~ 76% yields

B 29 AR+ 1M

Scheme 29 Ruthenium-catalyzed [5+ 1] reactions

7.3 LS+ 1)/[2+2+H 1R M

R EEE R 7.10 (X=0)HI[5+ 11340 A s 3 i
Liebeskind i Mﬁ[mlﬁﬁﬁ%T’E%?‘Jmﬁk(Scheme 30). %
NPEY) o-MEIER 700 BETS 5 51 B 25%~89% ISR 3k

(a) [6+1] cycloaddition of vinylcyclopropanes and CO: (o)

3. BRULZ A, MATEM SR fEMF RN FET, &
WA NG 710 (X=CHRHYWFERAE[S+ 11, ALL
HRE A R EY) 712,

0
;
2mol% [Rh(CO)Cll T O
1.0 atm CO RZ TR
R PhH, 80 °C 7.11
X X=0 13 examples
25% ~ 89% yields
2 R3
R OH
7.10 2 mol% [Rh(CO),Cll, R! R*
1.0 atm CO R2 R3
PhH, 80 °C 712
X = CHR* 4 examples
31% ~ 82% yields

B 30 Liebeskind B4R B RIS+ 1] M
Scheme 30 [5+ 1] reactions developed by Liebeskind group
2012 4, FIFIBEMEALI) L@ EE3A PIE 7.13 5 CO [
[S+H1RRE, REFERGEHIASLIL T By-Fh CIGEE 7.14
1 o, B-F5 CLUGTH 7.15 (¥ % (Scheme 31a). 7E[S+ 1]/
Ja, AIMAAHU 1,8- &2 —IR[5.4.0]+—BK-7-4f

‘ (b) [5+1] cycloaddition of allenylcyclopropanes and CO:

10 mol% [Rh(dppp)]OTF R* ‘
4A MS, DCE, 85 °C ! R3 R R" O
, Conditions A R! R3 | rt )= =< 5 mol% [Rh(CO),Cll, R2X s
2 ! —R
" LS R ! R® 1.0aimCO,DME,60°C A
o (1)10 mol% Rhidppp)isoFy T i e 12 examples, 56% ~ 94% yields e
3 ' ’ i
R 0.2 atm (2) DBU, rit. R4 : 7.16 717
713 i
Conditions B i
R R3 |
19 examples, 25% ~ 85% yields R2 i
7.15
(c) An enyne cycloisomerization/[5+1] reaction sequence:
R R = R’
. = { 5 mol% Au(JohnPhos)SbFg TN — A 10 mol% [Rh(dppp)ISbFsg TsN 2
DCE, 30 °C 0.2 atm CO
2 , 2 3
s R , R 4AMS, DCE, 90 °C Y%
R 13 examples, 26% ~ 84% vyields
7.18 7.19 7.20
(d) [6+1]/[2+2+1] cycloaddition of 1-ynevinylcyclopropanes and two CO:
—=—R! R
X 5 mol% [Rh(CO),Cl],

X

0.2 ~ 1.0 atm CO, DCE, 80 °C
18 examples, 31% ~

R2
X =NTs, O, C(CO,Me),
/) 7.21
X/ Rh-co
U
R2 CI
7.23
N X
R2 CI R2 CI
7.24 7.25
&= 31

91% yields

/RZ ‘\

7. 22
X T= o
ORh*CO
2

R’ 727
/ \
Rh CcO —' Rh co  ~
B Rh CO

RERR B R R R IS+ R[S+ 1)/[2 2+ 1]
Scheme 31 Rhodium-catalyzed [5+ 1] and [5+1]/[2+2+ 1] reactions developed by Yu group

Chin. J. Org. Chem. 2024, 44, 1045~1068 © 2024 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences http://sioc-journal.cn/ 1059



BIKE

iR SR

(DBU), B,y-h CUAHER 7.14 # LA =943 2, i
DBU, VA ap-3F CKsHER 7.15 #15r B 5. 2016 42, A
BRS 1RSI T RIRF=H)(—)-Mesembrine [ JU2
AR, BEE, AR BRI 7.16 F1 CO
58 R AE A I IR N AR B (Scheme 31b)U134; 1% J 87 A]
# HF(—)-Galanthamine (LA K. 2017 4F, fBATH
G A P M R A/ S K A B R R B AR AR T [S + 1] RO
G, MR IR A 718 AR A T SR
7.20 (Scheme 31¢)133). 54b, 2011 4, AR EHE PR3
ERIE T — B A R[S+ 1Y[2+ 2+ 113 0k
(Scheme 31d). %M A REEFRWIR: Bk, BEHEN
FUXE 1-FRIE LM BE 7.21 IR & R B A b & 2E
EAb gk, BRIk 7.23; BEJE, RAEMEEN R
HE R 7.24; 'BEEE, CO N F sp? BREEHEZ (R R
[Pk 7.25; i B s N B SE st it s, =B 2
AN FITH R AR 7.26; 55, 7.26 KA A CO 70+
NIRRT R, TERREH 5/5/6 =FEHE T4
7.22.

H Fukuyama. Ryu.Fensterbank A1 Malacria 5!14137]
I T # S TR Al S5 CO II[S+ 13RIk
S ¥i(Scheme 23a)id, JE4EFIRBAIKIE | — K55
EIEERRA RIS 1B, Horh, PR T U 2 [138-139)
ERIE T %5 i Malacria AU TAE, X BEAFH
2H. 2011 48, FIA 1,3-B AT B AN AL S+ 1%
L, REYEP RO IR SR bR A e 7,28 ARG R T
B BEBL PR TSR 7.29 (Scheme 32a). [ it 2,
7.28 Eoid 1,3-BEE TR A BRECIA IR N T, B S
RAESHIPRIRR L, — 5, AT BE A R 3 2 58
W5 gz 0], ST AL &% A (Scheme  32b)141,
b5, AATCABIE SRR I e 7.32 AT CO IS+ 1R N
K, M T RIRF=Y) Welwitindolinones )5 4245
#J(Scheme 32¢)!'*2). 2016 4, FIFBEEIEEAF[S+1]
L, AATTCA S A 05 & A R B 7.34 50k, IR
133 7 05|k K AH L) A4 FR P2 ) 7.35 (Scheme 32d)H43).
B, A% B — RS R IR 45 1
(I RIRF=W 50 T 1 A IR XA b U4, 55 4b, ik
eI TEREEAFITER T, 1G9 7.36 AT LASEME &
— TR, FERAES COMISH 1IN, P2
BA Z UKL G4 7.37 (Scheme 32¢)!145-146],
74 HEEXMBH1IREE

2010 4, Aggarwal UREHIITERF T L )f R A4
T 7.38 I MRS, RIEAEAMEALTI R RES CO KA
IR NN i (Scheme  33). JERW H I 32 i 1 = FR Sk At S
SIS+ 1] S RE 08 SEHLI OCHE, 75 MRk & AR AR IR TN
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© 2024 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

(a) A tandem 1,3-acyloxy migration [5+1] cycloaddition:

1 R2
OR! 5 mol% [Rh(CO),Cl], OR" R
R4—>—:—QR2 I RS
R3 1.0 atm CO R4-—
toluene, 60 °C (e}
7.28 7.29
19 examples
RO R2 81% ~ 95% vyields
via _7 3
[Rh]
R4

(b) Another tandem 1,3-acyloxy migration [5+1] cycloaddition:

3 2
R® OR? 5 mol% [Rh(CO),Cll, R® OR
= = R?
A/V)X 1.0 atm CO Fyt_i/\gk
R R toluene, 60 °C 0
7.30 7.31
8 examples

52% ~ 91% yields
(c) [6+1] cycloaddition of an allenylcyclopropane with CO:

Me, Cl Me

Me 10 mol% [Rh(COD)CI]

2 atm CO, toluene, 85 °C
60% vyield

7.33
(d) Benzannulation of heteroaryl propargylic esters:

R3
R® OR? 3 ~5mol% [Rh(CO),Cll, Re OR2
R?, X
@E)X 1.0atm CO < 1
X R’ DCM, rt. R
OH
7.34 7.35
X =NTs, NBoc, O 27 examples

36% ~ 88% vyields
(e) Tandem annulation and [5+1] cycloaddition:

\ OH _/Rz :, | '_/R
= \ /) 5mol%[Rh(COxCl, N\ /
l 1.0 atm CO HO N

NHE \
R DCE, r.t. ~60 °C R! E
7.36 7.37
E = SO,Ar, Boc > 20 examples
36% ~ 86% vyields
— R?
\ )
via - | \
[Rh] N
R1 E

B 32 AP IR R RIS+ 1R
Scheme 32 [5+ 1] reactions developed by Tang group
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T 5 mol% Pd,(dba);CHCI, o)
N 0.6 equiv. PPh3 TN
S
/u'u,/\ 1 bar CO, toluene
Ph ™S 61% yield ph F
7.38 7.39

B 33 RIS+ 1R
Scheme 33  Palladium-catalyzed [5+ 1] reactions

FE Ml CO M3+ 11
7.5 $KELHIBH1REN

ERABAL B BRI FE 3R A 5t 7.40 AT CO O[S+ 1]
Murakami F1 Ito Z5' 81 1% (Scheme 34), {H/&, KM ATHE
130 °C i A=W 43 25 BT 7 1 ) 2% 2 2 (e, (R
H TSR NN, 2 )5, FEMESET,
LGN RI G, A AT AR 206 B IS + 1]

5

R3 R* |_R® R® R4
M 5 mol% trans-IrCI(CO)(PPhs), R’ RS
- _/( 5.0 atm CO R2 R
R2 p-xylene, 130 °C lo)
7.40 7.41
R',R? =H, Me, CgHs 5 examples

R3=H, CgHs; R* = H, EtO
R® R®=H, CgHs

28% ~ 83% yields

B 34 AR+ 1M

Scheme 34 Iridium-catalyzed [5+ 1] reactions

8 [5+2+11F[5+1+2+11FFmmA K &

8.1 RMEMM[B+2H1RE

2002 7, Wender WA WRIE T 55— BIEEMEALH
[5+2+1]/ M (Scheme 35a). 7£_EIRIFINE N, AT
R G FE IR I 8.1, B FHUE 8.2 A1 CO A
AR Y. BRI, [5+2-+F LSO BP0 3 R
BIAR); AR, HR SR A EE R aldol B FE )
8.3 B I, 2005 4, fEfELEH T, MRA1E R 8.4
TER “Zm” AnBURHuE, IR T5+2+11774
8.5 LI IFMLF=Y) 8.6 [MI-EH)(Scheme 35b)!10). [H]HT,
AT RIR: F CO HJIM 1.0 atm $2TH 2 2.0 atm, NI
KHEM 62%TH = 2 88%, H[5+2+11774) 8.5 MW 1K)
BEHHIGEMN 122 EFFE 113,

ZJa, REEREGDSOTE T — REEERALI
T 5+ 2+ 11 Mi(Scheme 36). Gl SAL AR &
LR BT, AL T ORI NS AT CO
IS+2+ 1M, BRT H 5/8 5k 6/8 FEIRLEI 73+
8.8 (Scheme 36a)l'>V). 4G HLGE AN 77243 M Al =ik o
it 5, ARATE X Z]S + 24 11300 B S S L EE 33 4T
T YHEHLA 7R 1521 2008 AF, ARATTRE[S 2+ 1] RO A
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(a) [5+2+1] cycloaddition including electron-deficient alkynes:

I\ R’ 2.5 mol% [Rh(CO),Cl], QH
0] OMe . ‘ ‘ 1.0 ~ 2.0 atm CO, dioxane, 60 °C R
then H3O*
A R2 ° OH R2
8.1 8.2 8.3
9 examples
RO R 48% ~ 97% yields
via \Q:Rz
(e}

R= (CHz)ZOMe
(b) [5+2+1] cycloaddition including the ene-allene:

Me Me
/\ 2 mol% [Rh(CO),Cl],
O OMe . :

| 1.0 ~ 2.0 atm CO, dioxane, 60 °C
a—\\ ‘\ then H3O*

TMS

A

8 8.4
——TMS T™MS
Me —
Me / (0] /
0 4
+ J—
OH
O MeMe
8.5 8.6
1 atm CO, 62% vyields, 8.5:8.6 = 1:2.2
2 atm CO, 88% yields, 8.5:8.6 = 1:1.3

B 35 Wender SR ERI[S+H2+1] =M
Scheme 35 [5+2-+1] reactions developed by Wender group
aldol JRPZERER, SEAL 14 =& LK1 8.10 i
(Scheme 36b)!'33L [AIW}, AR 1% 77 ¥ H T (£)-Hirsu-
tenel!31, (Z)-1-Desoxyhypnophilin'>3l, (£)-Hirsutic Acid
CU34, (+)-Hirsutenel! 331361, (4-)-Pentalenene!*® (£)-As-
terisca-3(15),6-diene! SOV fll (+)-Asteriscanolide!' > 581 &
B 2010 4, M EA TP b 8.11 2
S5M5+2+ 18, AT RLE R Bk £ 115015 1 O
—IMEAY) 8.2 (Scheme 36¢)'). T, iZH Ene &
N PR LA E AL B BRI S RS T B, R EFER
LD D[S+ 2+ 1A AR 8.14 i — 2D 564k

B B A Z IR AW 8.15 AR SR = 4)(Scheme 36d).
8.2 fREMMB+H1+2+1IRE

2005 4F, A G R H) OIREEA AR 8.16. Bk
8.17 1M 731 CO, Wender PRI SHRIE | —Hl ¥ fELL
FI[54+ 142+ 1] ¥ (Scheme 37). fE ML FEF, 55
IS+ 142+ 1 B4 8.19 KA kAL Ak 8.20; BE
JG, 8.20 KA on HIFME A 8.21; HeJE, LT BRI M
i) LASR S 22 BUAR EffH 8.18. 2017 4F, Ylijoki 4 @ZH1%)
X% LHEAT TR, A SRR RE T I ),
HeH KA PRI — 501 CO Huketi i3 —7>
¥ CO.
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a) [5+2+1] cycloaddition of ene-vinylcyclopropanes and CO: 2
@I Tey vieycloprop OMe 2.5~ 10 mol% [Rh(CO),Cll, R R s
R 1 O O/ R 4 w 1.0 atm CO, dioxane/decane, 60 °C R
( /’M 5 mol% [Rh(CO),Cl], ﬁ R4 then H;0* OH
4 ~ )
X\ﬂ\ 0.2 atm CO X R \ R3 18 examples, 42% ~ 92% yields 18
R2 RS dioxane, 80 ~ 90 °C R? 3 8.16 8.17 8.18
8.7 8.8 J ’ -ROH
X =C(CO,Me),, NTs, O 12 examples
n=1,2 29% ~ 92% yields RO R? RO R? R R?
R! R3 R! R3 RO R3
(b) [5+2+1] cycloaddition/Aldol reaction: - - .
(o) OH
~F 5~ 11 mol% [Rh(CO),Cll, ) ) 4 .M
X 0.2 atm CO, dioxane, 80 °C © R o R R
\/\rrﬂ 8.19 8.20 8.21
& OTBS then HCI-H,0 R = (CH,),0Me
8.9 8.10

X = C(CO,Et),, CMe;, CH, NTs 7 examples

26% ~ 67% yields

(c) Approach to 5/8/5 ring via [5+2+1] cycloaddition:

LS
0
R2

8.11 8.12

X = C(CO,Me)y, NTs, O 9 examples
30% ~ 79% yields

10 mol% [Rh(CO),Cl],

0.2 atm CO
dioxane, 80 °C

(d) Synthesis of polycyclic skeletons using [5+2+1] cycloaddition:
O

5 ~ 10 mol% [Rh(CO),Cl],

XM 0.2 atm CO X
g R3 dioxane, 80 ~ 90 °C

R R2 R R2 R3

8.13 8.14
X= C(COzMe)z, C(COQEt)Q
C(Me),, NTs, O

7 OR
cat. [In] or [Sm] or oxidant/[Ti] R -
ene reaction or X A
transannular cyclization or 1 R 2
A K o R R
epoxidation/radical cyclization
>20 examples 8.15

up to 99% vyields

B 36 REHRBA KRS +2+ 1R H G 84
Scheme 36 [5+2-+1] reactions developed by Yu group and
their further transformations

9 [6-+11F[7+1EF Ak BL

9.1 HEUMEHIIRN

TEREMEALFNERT, R IR EIA T BE 9.1 W] LA
5 CO KRAE[6+ 1ML, A B BEs B (Scheme
38). Wender ZEUCVRIL: X T80 ZBURKIA TEE, &
AT PRI ET Be B bR BEWT A B, [RIUE, 1% B 275 3
PR X IRk B [6+ 11724 9.2 1 9.2".

M IR HEEIBACHI AR K 5> 5 9.3 #11 9.8, Chung

1062 http://sioc-journal.cn/
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B 37 Wender B L RIS +1+2+1] M

Scheme 37 [5+1-+2+41] reactions developed by Wender
group
= 2 ~ 10 mol% [Rh(CO),Cl],
(" yTOR! 1.0 atm CO
k*(v)’ R2 toluene or m-xylene, 80 ~ 95 °C
n
9.1
n=0,1

R1 TBS, CH,CH,CH;
= H, CH,OBn, OBn

Seses

8 examples, 54% ~ 93% ylelds
1.0~3:4

Bl 38 Wender B2 5E RLI[6 1+ 1] R
Scheme 38 [6- 1] reactions accomplished by Wender group

ST% IO 5E )T AR AL [6+ 1] % (Scheme 39).
SR Chung 4 B N[3+3+ 11N, (HAMRYEA ST
[m+n+olfE X, FATEM TR 6+ 1. 7
X — R R, AR R BT 78 A 77 S ARt
AL XTFAEY 9.3, RNAYBETE H A A7) T 52
B, 40 [Rh(COD)CI], 1EAMEAT; T A BH & 2 A
LB Rh(PPhs)(CO)Cl F1 AgSbFe], Al 113545
V9.4, 5 FIRARMAE, thEY 9.8 NAEIAHE 748
BALFG, A R4 R[6+ 11724 9.9.

2016 4, Bower M EZLISIFI ] “ % 3K (Capture)”
“FLf#(Collapse)” HIHERE, KR THAEENK 9.10 1 CO
HITE R [6+ 13RI (Scheme 40a). %N REMTR: B
Je, YENFZER], 9.10 FHIIREE FEEMALTIXER ALt
FFIRHFERR COMEN, ML Tu9.12; BHEH, 1
LR AR “FIR7 b0 E, TERCR R 9.13;
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= 10 mol% [Rh(COD)CI], X

1.0 atm CO, toluene, 100 °C R'
R' 10 examples, 44% ~ 98% yields R2 o

9.3 R'=H, Me; R% = H, Me, CgHs 9.4

X =0, NTs, NMts, NSO,Ph, NNaph
[Rh] -[Rh]

- X = co
’ L o CZ/Q %
R o IRh] R [Rh] R? RN
0

R2
9.5 9.6 9.
5 mol% [Rh(CO),Cl],
=\ R3 20 mol% P(4-FCgHy)3
X 12 mol% AgSbFg X
1.0 atm CO

acetone/DCE, 80 °C
9.8 9.9

R3 = Me, Et; X = NTs, N-o0-Ts,
NMts, NSO,Ph, NNaph

R3O

6 examples, 44% ~ 79% yields

B 39  Chung PRAEALE ] SEAE LTI SE IR [6+ 1]/
Scheme 39 Rhodium-catalyzed [6-+ 1] reactions achieved by Chung group

(a) Formal [6+1] cycloaddition of cyclopropylureas and CO:

o 5 mol% [Rh(COD),]BARF 0 0
A\ J gz 10mol% PPh, 10 mol% PhCOoH I Rr2 R JL R2
N”ONR HN” N N~ N
mi H 1.0 atm CO, 1,2-DCB, 90 °C wo UO
7 examples, 53% ~ 72% yields
9.10 9.11 911", R"#H
[Rh]j R'=H Collapse[ - IRh
co H [Rh]
(e} Capture [O R2 o R
[Rh]"'O -H [Rh]-N’ J R
— HN™ N
NJ\N’RZ N/&O Rh /K_/Eo
HoH N (Rh)
9.12 9.13 9.14

(b) Formal [6+1] cycloaddition and alkyne insertion:

O -
/\ 7.5 mol% [Rh(COD),]OTf ; RR2 O
RI N’QU\NEHex 15 mol% PPh; N Hex fing contraction L cHex
N~ N
\(‘ On:— ot 15 mol% 4-| NM9206H4COZH M 6 examp|e.s ,,,’ /K—#
RoR2 O P 1.0atm CO,1,2-DCB, 130°C R 54% ~ 77% yields [R] o)

41% ~ 64% yields

Capture / -(/ \I?G [Rh]
N, ‘Rh] | oM @ N
~ /N/,. [Rh] R1
‘ /i/E 2 /E/go
o
9

.20 9.21 9.22

re-

9.15 9.16
(c) Formal [6+1] cycloaddition of N-aryl aminocyclopropanes and CO:
R 7.5 mol% [Rh(COD),]OTf -~ DG :
r’ ‘D 15 mol% P(4-CF3CGH4)3 or P(CGF5)3 ! I{l : 7.5 mol% [Rh(COD)2]OTf Cbz
30 mol% Na,SO, @ ! (Ilbz 15 mol% F;(4—CF306H4)3 N
ff 1.0 atm CO, PhCN, 130 ~ 140 °C Rk NW 30 mol% NapS0s R \
100 Mol% 2-NO,CgH4CO,H or 3-CNCgH,CO,H L ! kj/ 1.0atm CO,PhCN  Xop
9.18 DG = Cbz, Fmoc, carbonyl 9.19 : R 110 ~ 140 °C, 50 mol% acld O
J - 15 examples, 40% ~ 82% yields Collapse Rl i 9.23 9.24
b o | ! X =0, CH, 5 examples
- s
|
|
|
|
|
|
|
|
|

Bz 40  Bower PR K FEHI[6-+ 1A o
Scheme 40 [6-+ 1] cycloadditions developed by Bower group

Chin. J. Org. Chem. 2024, 44, 1045~1068 © 2024 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences http://sioc-journal.cn/ 1063



BIKE

R SR

b5, 913 KAE R BR =R K 9.14; ), Slike
BT, RRB T Lo 9.1, 1EAE AR
Y 9.10 H, RV EERILAUNE; B, AT seR 8 B A
JwIE A BURAL &9 9.1, R [AIA 9.14 K AE - TH BT
AR T R, 12 J5 I TAEUOIR . Bower PRI
B T R EPGHREMIIFNER 9.15, B KA
[6+ 1134 I s 5 5 BR R 46 N R B, FETE RG24 9.16
(Scheme 40b). A, 9.15 1] LA 1 PR TR B i A S U R i
o C—Haik” R A, T RS RN (AW
&, MT NIRRT, 9.16 S&IgEE ik —2 15
FERES A B N EERZ 9.17. 2018 4E, I 144 55 1wl e 4h
J&h “AFIR” HEH, SEEL T R EM A 9.18 5L 9.23 5
CO M7 [6+ 1]/ M(Scheme 40c).

R2

R DCE, 30 °C
N\

IR, AR EREEEH TR F S A IR e A A
IR BL, R 7RI CMERN “ONBR” 0 1 LR I8 K
%t 9.26 (Scheme 41). TERMEALFIERT, % “/Nik” 4
5 CO @AM p-IkiEFR. CO FLALIR AL 7
R, BAPEAN[6+ 113804 9.27.

9.2 $#EXM[7THIIRN

2011 4, REFEGEAHISEI T 1,3-T IR
Wkt 9.30 5 CO TEEEMHEALF N II[7+ 1] M. (Scheme
42a). X — X NONRE )\ TEH AR T — R R A
WA 7. VU a, MR TR R AR B 2R 38 T I I
9.32 F1 CO ik, AAINT3UE FEEMEAL [ 7 + 1] A A%
T I EIEER 9.33 (Scheme 42b). AT N: &R

R2 R2

X _R1 \/\l . 5 mol% Au(JohnPhos)SbFg ¥ - ~_R® 10 mol% [Rh(dppp)IBArF, ¥ _ R3
R R3 0.2 atm CO R3
1V

11 examples, 46% ~ 90% yields
9.25
X =NTs, NNs, NBs, NSO,Ph

4AMS, DCE, 90 °C R o
7 examples, 24% ~ 80% yields

9.26 9.27
CO
‘ [Rh] CIRH]
RZ RZ

X = ~ R® /-C elimination X TN R3
S oOR| T 1 R®
R [Rh]
Rh]
R’ [

9.28 9.29

B 41 AL MR e S CO M6+ 11k
Scheme 41 Rhodium-catalyzed [6+ 1] cycloadditions of vinylspiropentanes and CO

(a) [7+1] Cycloaddition of buta-1,3-dienylcyclopropanes
and CO:

i (b) Benzo/[7+1] cycloaddition of cyclopropyl-benzocyclobutenes and CO:

[Si]O

| o ~R?
0o : \[SIIO O R 2.5 ~ 5 mol% [Rh(CO),Cl], N ;
PJLR1 10 mol% [Rh(CO),Cl], PR g 10atm CO R T
| 1.0 atm CO ;| & p-xylene, 140 °C
R? dioxane, 85 ~ 95 °C RU [Si] = TMS, TBS 10 examples, 50% ~ 84% yields o
R? ! 9.32 9.33
9.30 9.31 : J ] .
10 examples E - [Rh]
12% ~ 85% yields E S0 . :,' . R? [Silo __Rz
| NN R [Rh] [Si]O - . NN
LR - “ | R1,—/
\ \ LI
| N R [Rh] i
i 9.34 9.35 9.36

(c) Ring-fused [7+1] cycloaddition of exocyclic-1,3-dienylcyclopropanes and CO:

o)
5 mol% [Rh(CO),Cl], .
- NS =
" 1.0 atm CO, DCE, 80 ~ 120 °C .
. C 14 examples, 18% ~ 74% yields ’ n
9.37 n=01237 9.38

B 42 SEMEALII[7 1]
Scheme 42 Rhodium-catalyzed [7+ 1] reactions
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REVIEW

T, 9.32 HRL I RN A R AR 9.34; Fifi)E, 9.34
RASMWIAEEMT= A Ak 9.35; B35, 9.35 AT
B-HEBR A R AR 9.36; e, 4id CO HhARIL )R
HER, A7 9.33. i, REFFRBAIRE
(74 1A IR J& B HE 2R I OB 9.37 h, SEIL 7 &)\
TUHRIA S5 R 11 22 SR AL A4 9.38 1114/ (Scheme 42¢).
2015 4F, FIFH N-AANEEA GBI 9.39 25 1) EE M
TRHI[7 4115, Bower BRAZHNTSIE i T 044 34 2 S
9.40 (Scheme 43a). fBAI1IN NBILE SN N E,
KA CO M Fr BadioN; r= A2 v FR i )4 9.42
T S-S BRI JE T Bk 5 AR B G 2. S SR S
FLUTOFR T AR 2V A B S 80T SR b
A7 BH B K AR B B v A, AT 7+ 1 OB A
e XL FEE. 2019 4, RSERIA] “ {73k (Capture)”

(a) [7+1] cycloaddition of N-cyclopropylacrylamides and CO:

10 mol% [Rh(COD),]OTf
20 mol% P(3,5-(CF3),CgHs)3

F“FLfE(Collapse)” IR, ABAT IR T %4 )\t
AL A1) 9.45 F1 9.47 (Scheme 43b). 1% B A LIKE A
AR T 7 IR PR R L L 9.44 1 9.46, [F] CO HITE K
7+ 10k, B s, 38 e PR a5 16 25 0% A Ak
N RIS ARV 1,3-FE 80 44 A\ S, Bower PR
HUBIE R T — RYVEA Z SR IFEY) 9.49.
9.51 Fl1 9.53 (Scheme 43c).

10 REg5RE

LAk, BHEFFIM CO AUATERN “—ik” Hor
KR T B AL I R AL RIS N, JFRE
AT FAE A b, 3K s AN AT DA SR A 2 22 FEA
ARG, AR RIR Y R EZ T E. A,
FEA BRIZX LIy T, EATA AR T3 2 5 R

i (b) Formal [7+1] cycloaddition of aminocyclopropanes and CO:

o or 10 mol% [Rh(COD),]BARF o R R2  3.75mol% [Rh(COD)OMe], R2
Bn. s 10 mol% P(4-CNCgHy)s Bn- ! <r 22.5 mol% P(4-FCgHy)3 o
NT NFOR N ! 150 mol% 2-NO,CgH4CO,H
R2 1.0 atm CO, PhCN, 150 °C N i =
‘ N—B o =
A”\ 1 21 examples, 10% ~ 74% yields Ot ” M N 1.0atm CO, PhCN, 140°C 1. 7N, Neg,
R R’ ' ~ ¥ X =NH, O, S, NMe A X 0
9.39 9.40 0 16 examples, 24% ~77% yields
Rh 9.44 9.45
J [co] -[Rh]
R o0 R w2 g,  375mol% [Rh(COD)OMel, Bn
Bno | alkene | s [RhJH N 22.5 mol% P(4-FCeHy)s 0w N
N 70 | insertion |BM~n R®| elimination |Bn~ R | | v 150 mol% 2-NO,CgH4CO,H
[Rh] [Rh] o N 5 . B 1.0atm CO, PhCN, 130°C 1.~ 7\
X X=NH,0,S o)
R'" O R ! 5 examples, 51% ~ 72% yields
9.41 9.42 9.43 9.46 9.47
(c) Formal [7+1] cycloaddition/dearomatization or alkyne or diene insertion:
7.5 mol% [Rh(COD),JOTf o r o)
R1 ~ | N\ 30 mol% 4-NMe,CeH,COH R \ R A\
~ 100 mol% Na,SO, A N
N P”IR3 N ) 1IR3 via 3
N 1.0 atm CO, DCB, 130 °C Ju N OZ\N R
0 o 17 examples, 21% ~ 83% yields d N\Rz g2 [Rh]
9.48 9.49 -
O —
7.5 mol% [Rh(COD),]OTf @ o) P
@ 15 mol% P-ligand
15 or 100 mol% acid o
)\ /A N via le}
O~ 'N R DCB or PhCN N
M 1.0 atm CO, 110 ~ 150 °C N [Rh]
’ 15 examples, 39% ~ 82% yields R L =——R
9.50 .51
9 /e
NH 7.5 mol% [Rh(COD),JOTF /i
i 15 mol% P(3,5-(CH3),CeHs)s 7
7 20 mol% 4-NO,CgH4CO,H
/A via |O
1.0 atm CO, PhCN, 130 °C N
O N ‘ Rh
W 36% yields, > 15:1 d.r. [Rh]
L\
9.53
B 43 Bower WEH K R IEEMEALIN[7+ 1] R B
Scheme 43 Rhodium-catalyzed [7+ 1] reactions developed by Bower group
Chin. J. Org. Chem. 2024, 44, 1045~1068 © 2024 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences http://sioc-journal.cn/ 1065



BIKE

ik SR

BEHIESRE. BRALER BT EE” BB, A
R N T AT k. /R X R — SRR
RIETT 1.

B, AR L, Ak R E 2 AR
S R MR R, gk, i E ), &
A FIAEAL G AN TE T T B S N R B < e 4
wn, BREE SR ANN I 5+ 1+ 18, e
TR HRIA N SR S R e b SR TR K (Scheme 44).

2.5 mol% NiBr,"DME

HoN
CN R
5 mol% Ligand
=
'/ + 27> znx @ o
1.0 atm CO, DMA, 40 °C

R! gl Me
24 examples
30% ~ 71% yields

B 44 BEATER[S 1+ 1R
Scheme 44 Nickel-catalyzed formal [5+ 14 1] reactions

B, TR EHE S G RT. B, B 1 A
TG RCT, BT E 2 W LR AT,
FHLREN X T CO SRR T E 25T
PUERR “HEBIALE ", AR B 22 3T A A ok
SR

=, RIS EFEE M AN RSN, AR
IR B, BT CO RS AL BE JI 58— A A RC A 52,
DR AP AR ) P A T s SR A 4 B A0 00 s B2 FR) ST 4
W, BIE AL, R ARE D AR RR A IR 4 B¢
H:jjﬂEE&E[3I-38,50,86,95,107—110]. ﬂiﬂ%’ *4%%%%’%2%%H:
CO MChLAE /s iR TR A, 4 A il RER e A S h
2 BT AT R A R SR A0 A S M.

S0, U A Ak 2 5 D S R SRR AR BRI N AR
2. TEEOR H AL SRS IBLE S Y SR SIS 5 22 9 e,
) 2 A T B I A X R i M e ] 4 B A ¥ A= 1 T
ENTT R G BE B IS, A A Lefe 3
R BT BRI NS, K2 2 U — Bk
ik
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