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Progress in Transition Metal-Catalyzed Asymmetric Ring-Opening
Reactions of Epoxides and Aziridines

Du, Qingfeng" Zhang, Lu"™ Gao, Feng™* Wang, Le** Zhang, Wanbin”
(“School of Chemistry and Chemical Engineering, Shanghai University of Engineering Science, Shanghai 201620)
(b Shanghai Key Laboratory for Molecular Engineering and Chiral Drugs, Frontiers Science Center for Transformative
Molecules Shanghai, School of Chemistry and Chemical Engineering, Shanghai Jiao Tong University, Shanghai 200240)

Abstract Epoxides and aziridines are important three-membered cyclic compounds, which exhibit high reactivity due to their
strong strain in molecules. The asymmetric ring-opening reactions of epoxides and aziridines catalyzed by transition metals are
efficient strategies for the construction of chiral molecules containing O/N atoms. In this way, a series of chiral alcohols, chiral
amines and chiral heterocycles can be constructed. The recent progress in transition metal-catalyzed asymmetric ring-opening
reactions of epoxides and aziridines in the past two decades is reviewed with emphasis on the influence of the kinds of transi-
tion metal catalysts, nucleophiles, and ligands. Furthermore, the possible reaction mechanisms and applications for the asym-

metric ring-opening reactions are discussed, and the future development in this field is also prospected.
Keywords transition metals catalysis; epoxide; aziridine; asymmetric ring-opening reaction; nucleophilic coupling
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Scheme 1 Transition metal-catalyzed asymmetric ring-opening reactions of epoxides and aziridines and their applications
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Scheme 2 Transition metal-catalyzed asymmetric allylic alkylation of vinyl epoxides and vinyl aziridines
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Scheme 3 Pd-catalyzed asymmetric allylic alkylation of isoprene epoxides with fS-ketoesters
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Scheme 4 Pd-catalyzed asymmetric allylic alkylation of isoprene monoxide with arylacetates
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Scheme 5 Pd-catalyzed asymmetric allylic amination of vinyl three-membered heterocyclic rings with imido carboxylates
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Scheme 6 Pd-catalyzed asymmetric allylic amination of butadiene monoepoxide with sulfonyl diamine

0
1 mol% Pd,(dba)
e} 2 3 2 |
OD\/ + X )k _R? 3~ 5mol% L1 R1/X\N)k0/R 4 steps “"J\OH
R N~ o 1 equiv. TBAB s A _oH g NH
CHsCN, 0°C N

11 examples
72% ~ 91% yield
83% ~ 97% ee
BIR 7 AEMEA IR T 5 I B (1 AN X Pk 7 i e S B2

Scheme 7 Pd-catalyzed asymmetric allylic amination of butadiene monoepoxide with hydrazines or hydroxylamines
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Scheme 8 Pd-catalyzed asymmetric allylic amination of butadiene monoepoxide with succinimide

n =1, norsecurinine
n = 2, securinine
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Scheme 9 Pd-catalyzed asymmetric allylic alkylation of vinyl
aziridines with indoles or pyrroles
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Scheme 10 Pd-catalyzed intramolecular allylic amination cy-
clization of vinyl epoxides
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Scheme 11 Pd/Tunephos-catalyzed asymmetric allylic alkyla-
tion reaction of epoxybutene with amide anions
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Scheme 13 Pd-catalyzed asymmetric allylic alkylation of vinyl
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Scheme 14 Pd/NHC-catalyzed ring-opening reaction of aziri-
dines with arylboronic acids
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Scheme 15 Rh-catalyzed nucleophilic ring-opening reaction of hadroxyarenes with vinyl aziridines
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Scheme 16 Rh-catalyzed nucleophilic ring-opening reaction of aziridines with indoles

BEAh, TRk I 4 T AL R b S/ B R R T )
A IR JE A FRAB I S B, )2 HiIE. 2014 4,
Krische VRAZHPAHRIE |15 Bk AL O FIA E AL S
SR BRI ARG IS R R, R &8 4Rk T A AL
I SRS S T 0 B PR S A G T (T ) ) o — T
R, DA DXk B AN ST AR B A R T S BT
PO R A, HLEESIG R B, AT A 2
BrhEMR(E)-9, (2)-8 HIAMANEE 5 KAEEEEER-, A
T2 B RS S5 I N R R, TR IR M 26
(2)-8 "l 3° o-Jf PN &= P R IZ T AL N (E)-9 HhTa] A
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Z 5N, X WA B T ) BA B S AR Bk
PEMEI )5 K (Scheme 17).

AE, 1 UR L ZH 25V P Ok A R i ) 8 18 T 1 S A A
FIEARE(B) 5 2 M 5 BRI T BE I SLAR G B S e
JRARIBC SN, DL RIS R SR IR RV SRAT 1 S
Y. LA, AR A TR A AR — 2P XA Z AR
BT 1,3- SRR S SR PR EAT T AT LR, 1R
T S SR FE, FEAK S SN A I L T, [FFE R 345 B
A RUFAEXT Bk FVE R P2 9)(Scheme 18).
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, N gt on T !
op  (RHIrVE* (5 mol%) OH 0O é@ ; z :
K3PO, (5 mol%) - i Ir— ! e
Ny S R/Aﬁ3<i§‘ : ap. 0 §
R THF, 45 °C Me N“—OH ! 2 o | og Mé M“-OH |
9 examples ! Q o] ! 91% yield
73% ~91% yield 02N ¥ o\ 401 o
30 ~>99:1 dr (R)-Ir-IVb* : 94% ee l
of ~ 0, 1 1
91% ~ 99% ee Ar=4-MeCgHy, X=CN ! |
''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''' : OH :
OH NO Me™ o) : !
chelation diminishes R o S ' < W N \OH :
rate of reaction R/\__é ' 0 e :
Fom 2 o ve o O@CN v . s
OH P OH. _R ! 89/‘f yield H
@ L Mo _r : 60:1 dr ;
R < : 91% ee '
NO, NO, HH \ H OH i
o o NO, ! ;
CN CN Q 5 OI X :
°N CN . \ N .
P = Fo>>|r|||_ : Me “—OH :
PY @ P O« R P ! ) :
Y % C Ne) : 91% yield '
H 8 M ~Me H Y ' 30:1dr '
e OH H ! 98% ee H
“ % 0 4 | |
H ! OH :
NO, NO, %R NO, | : |
0 o) Q : NN
CN CN CN 5 Me \—OH ‘!
3 il Me Bl <Fi>"m | 85% yield E
> —Ir N 7 H \ b yie !
Cp VAI Cp ™"y oH P ; 401 dr ;
OH 9 Me ; 93% ee
\ “ H-Base | Base ' oH '
NO, _ NO, <5L\¢; 5 : 5
o) via3® 0 0 NO, ; = :
cN  s-allyl CN j/ 0 : Me \—OH ;
P—I 1l p Ir / CN E 76% yield
Cer™S) Cer ) O : 3011 dr 5
HO Base C = ge) i 99% ee '
Me T
HO
ER 17 KM IH I AN G 5B SR R 5 B IR AR IR S
Scheme 17 Ir-catalyzed redox-triggered C—C coupling reactions of vinyl epoxides with primary alcohols
y gg pling ylep p ry
Ir cat. (5 mol%) OH !
Ns = |
OH 0 : 12 examples !
M ye 0 SLBmI) . 64% ~96% yield |
R THF, 60 °C, 24 h 4:1~10:1dr i
NHNs 94% ~99% ee ! N
1 [
" Ir cat. (5 mol%) OH L 0x O\WL/Q”
0 K-PO, (5 mol% R 12 examples ¢ Ny
N+ 0 3POs Bmal¥h) . 63%~ 96% yield | ABP D
R 2-PrOH 41~91dr | OMe
THF, 60°C, 24 h NHNs  91%~99%ee | o\ OMe
1
1
NS oH OH Ir cat. (5 mol"/:) OH OH 6 examples | X = CN. Ar = Ph
s+ 2 KePO4 (Smol%) — - - 60% ~ 68% yield | Ir cat.
- THF, 80 °C, 48 h R‘/A\V/A\]:/§§ 41~71dr
1
1

NHNs
BRI 18 B4 LA IE R IR A e 5 41 I B ) S0 75 3 T ok R K S 2

Scheme 18 Ir-catalyzed redox-triggered C—C coupling reactions of vinyl aziridines with primary alcohols or aldehydes

2019 47, RGP IRE T A &R
TR EAGE JF AR IR SR, 1% 77 R R BRAN 2 15 1) — ke
FAMH T 1) = oo B A A A W A A I E T
1,2,3,4- DU IR RS> 1. 7ER B, 1EEEH Zn(OTh),
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B4 Lewis BRAEALT, 70 AR R A A2 8 UBEAL,
FAERLIE 2w AEAL R BRAE [ R AR b, i (5 e A%
S IE TR AR 3 R ST TR s IS0 IR A P PR ). o] T 3
WRRYE IVE B SN R, PR Wk R BE, 1R
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FRE AT BE A2 R DN 75 B EURILE Lewis BRAEAL T 32 3]
R RN S IR B0, i SRAZ R AL S HE SO SR )
o-PL IR IR T, SBUR B A B R RO S T %
#ill(Scheme 19).

R2 2.5 mol% [I(COD)OMe],  R2
R A2 5.5 mol% Bi
H O: mol% Binap or Segphos O: 1
+
Oﬂ NH, 10 mol% Zn(OTf),
33 examples
79% ~ 96% ee
NH2
NH R2
PR T2 OH \
B a /\[ R

Zn(OTf),

ir]

QYW@L

B 19 SRAELIR AN S WUR ) LA S AR R A
(L1597

Scheme 19 Ir-catalyzed stereoconvergent redox-neutral nucle-
ophilic coupling reactions of epoxides with diamines

1.2 MR R
T A AT U 4 A SR R PR TR B AN 6 AR
[3 421 FR I S N A2 1) 3 T M AR AL S P — Fh AR

PMP~ )
.-\O ~
0 78% ~

N up to 20:1 dr

PMP,

B, 2011 4F, Jarvo UREZHP R E 1 —1F FH i
RN IR AN EY S WL A FR[3+ 2156
IO L. FEZ S S, T Pd fEAH), Dlmis
4% N WLIE B LS B T 1,3-REME ke84, fE#1E
WA AR RIS I, F1 Pd fEAF O] DU R %
SN e B, FHE NI AT AT DA ROt s2 B
Aexr ok FEPE . S NERIE, WRERIERY
AN [R] B v 2 b A ] s S PR 2 AR e % (Scheme 20).

Ph
5 mol% Pd,dbag CHCl, >\N/MS

+ Ph NG
S Josiphos, THF, rt. O _
96% yield
H3CO© cis: trans = 2:1
P 91% ee
F’/\/ 10 mol% Ni(cod), >\ Ms
10 mol% L5 N
OCH, 0.3 equiv. Ti(OIPr), \/K/
L5 TBAT 88% yield
cis: trans = >20:1
65% ee
AR 20 L LIEIEE Y-S WA X FR[3 + 2134 0k

SN
Scheme 20 Pd-catalyzed asymmetric [3+2] cycloaddition of
vinyl epoxides with imine

2012 4, FigIg R PO HRE | AL IR T A
5 HIAKS BR3 420 IS 8. A8 BRI A e 1 —
F AT VER /M 2 RA S WA TR, BEFIAR Pl 42 )
AR AR R, DLR AT B S AR L VAT 2 H bR
Y. FUEET R, ZNATRER ) T — AN BB
Peor i A2, oAb, J0 I 1% SR Be 0% S B 2 P M e
FEAT A& ii(Scheme 21).

7

9 examples
61% ~ 91% yield
96% ee

1
1
1
1
1
;
:
H E NI/S‘\O ‘
= 12 examples | ph Z
1
1
1
1
1
1
1
1

N/B 65% ~ 90% yield O
85% ~ 97% ee L6
RT\\O up to 10:1 dr

N-PMP
/
0 X Rh/L6, AgOTf
/ R‘— o) ’—g>
s 4 @Ng: EtOAc, 20 °C, 2.5 h
£ H
o PMP
N
AN | RNIL6, AGOTF
~ g EtOAC,20°C 4h
+
7 7
g PMR,
PMP\N/T) PMP\N/W

85% yleld
82% ee, 20:1 dr

88% yleld

N

75% vyield
84% ee, 20:1 dr 92% ee, 10:1dr  97% ee, 2:1 dr  89Y% ee, 1:4 dr

Q*Cp

72% yield 78% yield

B 21 SRR A T 6 5 WAL A XS FR[3+218R R L
Scheme 21 Rh/Ag-catalyzed [3+2] cycloaddition of vinyl epoxides and imines
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2016 4, BAFURAAPTE RIE 1 TR L
FIERTT, MET M5 50 KBRS G AKX FR[3 +2]
AR, %75 12 RE 8 LAE 5 A US A AN SLAR L FE A
B2 M TR Y. 1B BRI 5 b R,
FE PSR TR 1 ARUT B U Dy St 7 Ak R B A,
P ISCER AN AE X sk BEVE IS AT TR B (Scheme 22).

0]

[BU tBU 1 mol% sz(dba)3 [BU
o p 2 mol% L7
+ ”
[>~7 | hexane/toluene (V:V=11) R, ~
23°C

R
> N
Fe ¢

% PPh,0

L7

17 examples
up to 95% yield
up to 99% ee
up to >20:1 dr

B 22 AR 2R BRI 0 R FEEAR D A X TR ER

TN 8
Scheme 22 Pd-catalyzed asymmetric [3+2] cycloaddition of
para-quinone methides with vinyl epoxides

2015 4, % o RS CORE T A AL 205 SR
FIRRES a,B-AS VA AT FR[3 + 217 0 = .
TR T, FHAMEATIXS af-AEAEREHREEAT
A, DL R )R BRI 43 1 B ik PR S B T T
VUSRS AT A . AFE# RINE RN e L4 2 F
1) RY N FIEEUAET, BR A OR (2 3E s B AR T B i ¢
P, AT R R H R R S (A A2 BHAE FH, 5 S0AS T R i it
1] T A 5 — 0 i A TR B A R gk, AT 55 R A 1)
Xt R, T 43k R BB AR AR RN,

2 FEEARRT MO SR E, AT EE 2 BRI S A
INERG /D 11X ML AR B 1) 22 7 (Scheme 23).

[Pd,(dba)3]CHCI3 (2.5 mol%) R NTs
/)\( k/ L8 (5 mol%) 7/
KBr (1 equiv.), THF, r.t. o

R'=H, Me, Et, iPr, Ph
R2 = aryl, alkyl

22 examples

O_Fe 72% ~ 99% yield
OH 2.1:1~30:1 dr
63% ~ 99% ee
O~p N7
oo e

B 23 WAL ORI ERA RIS a,f- A AR AT
PR3 2R 0 RS
Scheme 23 Pd-catalyzed asymmetric [3+2] cycloaddition of
vinyl aziridines and a,f-unsaturated ketones

2017 4, ZUREHPYSARIE 1 — 6 F AL AL )
MG FIEA S o, f- AU R [3 + 2050 S R
S5 JBL B AE i A 2% A TS S 3T A2 DU P P A4 A 0 ) e S
PRI G s, A A5 AN TR JEC A 5 S PR 2 I
B, 2 R BUREE B B S5 N 2E I, SOSEREAT N
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0%, A HRERL 44%MUSCRAT B2, B AR IE R
Ty BE PR R =1 7K “F-(Scheme 24).

(0]
\ 0 2.5 mol% Pd,dbaz*CHCI3 R2 R \}/R4
/O))\RZ + k/\ 3 ‘
R R4 R

5 mol% (R)-BINAP )
V&

3
dioxane, 15 °C e
12 CR2 =
R_=H,Me; R"=H,E, Bn 44% ~ 93% yield
R*® = alkyl; R* = aryl, 1-pyrrolyl, 2-furanyl 90:10 ~ 99:1 dr

>95% ee

B 24 ALK OBIERERA NS a,-AHAER AR
PR3+ 21 S i

Scheme 24 Pd-catalyzed asymmetric [3+2] cycloaddition of
vinyl epoxides and a,f-unsaturated ketones

2017 4, Wi SRR AR IE T AL 20
FEMEAN S 2-HF 8 T F R IR (B Y ) ) 25 55 R AL AN XS R
B2 L, K T —2R4 CFs/F &1 f5 1 Phox
BifA& L9 A1 Pdo(dba)s FIHEAMR R, DLEiAEXS BOEREE.

T Bt 38 436 P ) 7 T A DU A 2 P il (I ) R A 34 73 1
TERRIEE M50, (% RILZ (I R et

B, KB A8 RE DL R AT R L R AR 53 R A7 A4k i
FEIE(>20 0 1 dr, 87%~94% ee)GE=Y). MAb, 1EE
AR T W) 2-07 88 3-47 A HEHUAR I A IR ey R,
R DL R AT MR L AR 5 I S A SR B 15 31 25 95 M4k 2R
J0 =4 (Scheme 25, a).

2018 4F, XU ARIE T — 51 F 2R
R ML 3-RY R 2R EE IR A AT I 207 /AL
ASKIFR[3+ 21N B B, D SBT3 W 2R A3
AV SLARIG BN A R, VR I I VA R R 45 SR R I 4
PE, HRAE R BE IR 32245 2 3aa 724, CHE1ER
SRS AU E S F] daa PEY). HLEBF UK, OB
Jeil i R T M S TR T R - M P R A )
A 10, 7ETPE PR AT 45 ) P 2 TRl S Lok
[ AEL A7 B8 T BOR A IR R s Ak 11, 4T
—APUEIR I TR, e A5 B X D7 AL IR I B )
(Scheme 25, b).

i = LR 5 I S R T R - 2R R
W15 55 AR AR T (e - AR B B TREEE) AN
XEFRFR N () [ A2 A8 3 2 Al Z LA P I —
A RO7E, B XK i B AR T 5 AR 1)
ANK RIS s I ) A R

2021 4, kTR ERREAHBRGE 1R TR ER () A
FHERFNE B EAOAR, ERAAT A5 ERT
Pl IV fi2 5 PR AN O R [3 4 208 I RS S 2, A vy % AR o
WL PR A R T F IS &Y. fER P, fEE kAT
LI AT 2 28 T B 1 70 R0 T A e A R R R TR 2
SR IR E 2R T A AL B PR S LA R U B i, AL LA
NIRRT T — A& @t R A A2 7R IR iE
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) [ 7 Pdydbag (5 mol%) O

\R!
L9 (11 mol%) RZ‘—\ N

N X NO,
R T D—No .
L X 2k up to 93% vyield

...............................................

| O {

i Me NG N

! NP2 N
5 0 NO; O NO;

80% vyield Cl 85% yield

93% ee, >20:1 dr 92% ee, >20:1 dr |

0 95% ee Y o o
X=0,8 4 j >20:1 dr @gv/ CEW
N~
O NO, s NO
PAr, Bu 2
Ar=3 5-(CF3)2-C5H3 7% yleld 7% yield
" Lo 92% ee, >20:1 dr 79% ee, >20:1 dr
(b) Vi
o R :,/ R!
(£) [  Pdydbag (5 mol%) 0N, /
L9 (11 mol%) N o z Z
+ T R4 + O,N O,N
NO2 Z N e Br >
R TN PG ' o o)
7N 70% ~ 99% yield 75% ~ 98% yield | € N N
PG 70% ~88% ee  86% ~ 98% ee | - Boc  Boc
87:13~>955dr 78:22~93:7 dr ! 83% vyield 91% vyield

3aa (in toluene)

0
Pd"Ln 10

rd.s
path a (in toluene)

Pd'lL
on®
Crs-
o}
N
Boc

M+H]
(m/z 1116)

4aa (in MeCN)

W/\\\
[M+H ] \
(m/z 854)
PdIIL

[M+H*]
(m/z 854)

indole substrates

88% ee, >95/5 dr
3aa (in toluene)

87% ee, 92/8 dr
3aa (in toluene)

\ \
Boc Boc

90% yield 78% vyield
98% ee, 85/15 dr 96% ee, 93/7 dr
4aa (in MeCN) 4aa (in MeCN)

path b (in acetonitrile)

BX 25 SEAEL G A A5 H IR0 T BRI FR[3 + 280 B

Scheme 25 Pd-catalyzed asymmetric [3+2] cycloaddition of vinyl epoxides to benzoheterocycles

P fEH 1 S0 B W i B B AT T %
82, RITCW AW T IS 2 gt T M, #BRELL—
S B ARSI 2 DL R R SRR RS B ).
VEF BT AR RGP AT T %52, RIUEA L&
AN FVHUCAR R ) 2R 20 A SR B B R i A2 I B2, HL
Y KRy [RIRE B 0 SR B, |, 1EE e
BT RN B S0 T M EC A S T O T AR, A R
FIHEARE IR =R R — B B RC AR, Bk LR
TR A ISR BRSO . 12 s Ak 3 28 - 1 B
KA GG AL T %7 8% (Scheme 26).

B TRV B I BRI [3 23 R R s R LA, 2017
M, kR RIREAPHRGE T — Wl Rk &
W RAIN AR5 G B SEAR L — P[4+ 3130 I Al
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P AR SRR AR T, PAR G RO RGBS 3
TR A RGNS BT LU ). AL
T FMEEIIA T BRI YR H A b B
IR AN E. F4h, 1EE X RIS T — NG
ik, B, JeE AR E A RS s AL BC A 15
FIEC A 12, SAAL IR AE UG 2 (o +m)BE P R A 13, [
Jei, W EERE R IO A 13 BT T BT A L, AR
SN E TR R 14, [FIBS, BEMEAGTI R et f B R AR
P ARG, BT, IR 14 8 5 1R o HEEE
FR[4-+ 31PN, B R b kR AR R [3 2]
IR, HAE B B TR BIVE R 2 54k AH
N HIFF I =4 (Scheme 27).

Chin. J. Org. Chem. 2022, 42, 3240~3262



Chinese Journal of Organic Chemistry

=v=0

nucleophillic dipoles

B Cu ] :
1 / '
R\r/N R'I /NI \O 5
xfCOZEt D=< - :
X :
OEt | (S,S)
X=CH, O, S Cu cat. ! ! 86% yield
| 15:1 dr, >99% ee
+ M cat. :
0 M o 5
A4S M=Pd I "0 :
R 56 examples |
_ R up to 19:1 dr |
R=H, Ar — — up to >99% ee
Oxy m-allyl metallic dipoles E 75(075?) i
; b yie
! 19:1 dr, >99% ee
.0 B(OH)2  [Rh(CH,CH,),Cll, (2 mol%)
N (S,R)-L (5 mol%)
N +
7 KF (1.5 mol/L), toluene
CO,Et Omte 80 °C, 16 h
83% vyield, 76% ee
o B(OH), [Rh(CH,CHo),Cll, (2 mol%) g

(S,R)-L (5 mol%)

O~ hm

Ph rt, 48h 70% yield, 75% ee
B(OH),
o [RR(CHoCH,),Cll» (2 mol%) Ph
)j\ﬂ/Ph + (S,R)-L (5 mol%) Hi?—@om
Ph KF (1.5 mol/L), toluene o]
0 OMe rt, 24 h Ph

85% vyield, 91% ee

K3PO4 (0.5 equiv.), dioxane/H,0O

B 26  XJm b A AL ZIA BRI EAC 5 SR AR AR T B AR AR [3 210 I S

(S.S)
90% vyield
16:1 dr, >99% ee

(S,R)-L
76% vyield
12:1 dr, >99% ee

Scheme 26 Dual-metal-catalyzed asymmetric [3+2] cycladdition of vinyl epoxides with nucleophilic dipoles

R3
R! ~ [{Rh(NBD)CI},] (5 mol%) ]
\ OSi o R27~
N R AgCIOy4 (10 mol%) 3 osi
Lo R
) R DCE, 0 °C Q
R N R4
/
R1
21 examples
up to 90% vyield, up to 99% ee
Lt oxidative
s /Rh(l) addition
R _\\_/__%/NW
1 R H
R\N o 12
P
2
R™ RNl
R3 R4
Sio
2
R~/ Rz _ patha R* \b A \R
N HN RS
/
R R'

B 27 EL OB ELFE NGRS 1,3- T M-S YRS FR[3 + 230 I pl = vz

Scheme 27 Rh-catalyzed asymmetric [3+2] cycloaddition of vinyl aziridines with 1,3-butadienes
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2 FEIESBECHATIRAMRR R 10 mol% Salen-Co(ll)
/& 8 mol% amine E OH
ST =, ZRWRAILE SR, 8. . A RTR T zeamrcor T
A — B P R BTN 4% o 6 s e

PE DL R R IR I RC A P SR 1, TR RN RS 5 R T
RAEEAINER. 8, MR R R A T
AR, A SR R A X R i BR
TR, RN ESEEZHINELL, XA
TR 446 SR B DA S AL T VR 3 A vT R0, i 284,
FEdE S BRI AN FREN . AT C—H
TE AR SN BV T R IE, AR BT IR L 4
BT Er- & B E A/ R =0 A YA TR T I
FOE SO BRI S N A 2 s I FRIAF 7 33t g

21 FRZBBRRN

2,11 ZRRFFHIAA

FM Salen-& B A2 — 2858 K BT MM
LHEA LSRR NS R FE SR, §eE U
VBRI T 5 4% 7 20 A% R A 2 5 e B v T
IR R0 rh R i = T 2 B A Y B T R )
INE A % PN Y THE = 0 21 B 1R 25 06 B A s 2 S RIE T 3 T
.

FLELEE, Jacobsen HRAIZMIZEF14 Salen-Co(Cr)
HE A7) 8 A AR i A S8 A B B0 70 2 8 o I SR A T
—ZAACR. WA, T Salen 4@ Mk MHEAL E/ & A
WA KL BN 71585 50 IR T2 T F 1 = Jn R MR
TV B AL AL &Y B R 2921 BT I 4 A T A
CLEA A H9N, X B AN FEAT PE4H ) A

I FHFE Salen {4071 A PV e 2/ B A R Ie 5
FAZARA B E X FRAARIR R B, & — M S Tk
P\ %5 TSR . 2010 4, Doyle @A S HRIE T — 4
I F-1 Salen-Co FHIZ [ XU AL A4 R S meso- M AL
B DRI Bty PR B AL A B0 R B TR R . 1% R REATE
FAZE LG AE AR, (—)-Tetramisole 18U T AR
B Salen-Co(IN1E AXUEAA R, DL R EF AT FN
F A WO B 2 % p- AR &Y. TR xR
Wi 2 B2 B, meso- IR SE A e FE FR 1) K/ DL
e BRI R 20T s B FRIVAC 23 AHdE B M Sz i /DN, 320
BUR BT A R, TR AR 25 R B R —
SEFE I T B, 0 e 35 MG A8 B 2 19 42 /51 (Scheme
28).

2013 4F, ZREHP N HRE R HF Salen-Co f#
FIFIHETF14: Lewis BRI K RIEIL meso- B AR
Bt [0 20 FRAG AL SR, DA R B B s PR 2 1
PE BB ARIEEAL G Y. WP LI SE560IE B 1% R R4S g
TN E R FEEAERE, JEFER TIAV)TE Lewis
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55% ~ 88% yield
58% ~ 95% ee
5 mol% Salen-Co(ll)

o} 4 mol% amine F, OH o
(] 2 ( + /-
R 1 equiv. PhCOF R R
2 equiv. HFIP 3 examples

Et,O,rt, 10~30h  36% ~ 44% yield

88% ~ 99% ee

~

amine
(—)-Tetramisole

e
B

Salen-Co(ll

N e
/CO\
o o Bu
Bu Bu
(I

B 28 Salen-Co/ XA A R EALIR AL AP0 I ASXT TR IR
AR

Scheme 28 Salen-Co/amine dual-catalyzed asymmetric fluori-
nation of epoxides

PG A EURY, AL R (144 15, F-PE Salen-Co @it 2K
FF B R0FD /S 980 P I (HFTP) JE Ji%. Salen-CoHFH Y a] {4
16, WA Lewis BRIGALIIF A4 15, RAER IR
2, M43 2] T 5 AL 7 P)(Scheme 29).

%
N \
N ’ p—
(0} X l 5 mol% (R,R)-SalenCo o}
! 10 mol% Ti(NMe ), FE NH
AN 2 equiv. PhCOF
R R 4 equiv. HFIP R R
TBME, 23 °C, 24 ~ 96 h 9 examples
27% ~ 93% yield
12% ~ 84% ee
X
FHF LA
N
O CFs S
J | R R
Ph” YO~ “CF; L 15
> 16
PhCOF, HFIP
F
LA PG
! F. NHPG Rx“’?‘
R R R
B 29 Salen-Co/EkMUEAY, meso-F 2R P F5e A SRR GRAN
J= i

Scheme 29 Salen-Co/Ti dual-catalyzed asymmetric fluorination
of meso-aziridines

2018 4F, 7 PP IR ) 2l 7 R X e )
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F: Salen-Co AT meso-E ALY 5 =5 F 3
F5 FEE PR £ (TEMS) Y 2 X FRAL AR BB S 2, 4 N 1 & 1)
JE, B LLAT% IR AN 12% ) ee (E15-3) T =40 FP & 3
AR MR RIS, B 6 LA 40% ISR AN 87% 1) ee fE 15 E
T RAFTEER=H). AR, WA 5T A
B FE N RSB R A, HA B T ekt
F, BT =5 R A S AR 2 (R AEAE 23 B 5 77, ML
LIRS NP N oRs S ARVA L N vivk o i N 5 G e s =)
FERUAR =) B0 B ase 7 1 4% % (Scheme 30).

B 7 FE Salen- < J& fH 44 5 i b 2 4b, 2009 4
Nishibayashi PREEZHEOHRAE | — 1518 fEE Ak £ H R 3R 46 AL
B 5 R SE AR AN K FRAB e S N . AE TR S A
(R)-2,2"- X[ —(3,5- U T -4- A BE 2K ) g )-6,6- — H
A FE-1,1-B 2K [(R)-DTBM-MeO-BIPHEP] 1 & 5 T, DL
WA B A S O R B A R T R R R A

R 38 HE D s 87 rh 5 M A AX 71 2 45 20 SR R A T oG
WL N G R G2 5 R M. X 7T
GRSt — P48 1A R B (Scheme 31).

2015 4, Yamamoto BR#IZHAHRIE T 8 #1L 3,4-38
AT R AN AR e S 2, DA vy DX IR i 0 e 387 5
TE2FFE p- -0 B RNEY. TR, R
JE A 328 Ui 1Y) F2 B AR R 5 1) i 4] 25 5 1 4 e I ) X0
Bk, MHRESER R B I C@)fr, FIRTERS
(S)-1,1'-16-2-Z5 e A4 2H B R A A S AR 10 T 05
FR 3,4-I AR P WL BEVE G AR, 153 B A SO g
FEPER HFR¥)(Scheme 32).

2018 4F, S el PR 2 SHRIE | 1AL U IR TR b
i AN X AR AR I S B2, SEIR T B ARFR R bE 5 05 7 %
R 7 e (1) PR SR e I L. B T T 07 M A Jie B
FAVBRR P RO, X e L PR A B S AR e 3 M ) 4 il e
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ON ,/O
S\
"MeCN, 24 h OCF3
47% yield 40% yield
12% ee 87% ee
t )J\(\/)/U\
DNP
Catalyst Ill
B 30 “Lxt)E M4z )& Salen-Co HEAL meso-S8 A% H I (M AN X FRIT BRI S B2
Scheme 30 "Head-to-tail" bimetallic Salen-Co-catalyzed asymmetric ring-opening coupling reaction of meso-epoxides

|

’ ®
|

2 mol% Cu(OTf),, 5 mol% L10 o = X MeO PAr;
o R 10 mol% 'Pr,NEt ' MeO PAr,
[M_—_ + RZRNH R" NRZR®
== acetone, -20 °C X
up to 98% yield !
up to 94% ee ' Ar=3,5-Buy-4-MeOCgH,
f L10
B 31 AL Z IR R A A R AL s 8
Scheme 31 Cu-catalyzed asymmetric amination of ethynyl epoxides
y 5 mol% Ni(ClO4),*6H,0
0 6 mol% L11
+ /N mol7o ! H
R*MOH R R? CHCls, rt., 16 h | NH,
16 examples = 1-Naphthvl
up to 98% yield R L1fp thy

up to 94% ee
B 32 R 3,4- 0SB I AN e e S 82

Scheme 32 Ni-catalyzed asymmetric amination of 3,4-epoxy alcohols
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RHRMIPRAR. 2R Rk 7 ER MR, PLsieER
A B B AT T AR R &, NiZkTF
GG AR T — AT BRI R, Hsh, 1EH
P ] R0 A AR 2R BT B B & HL T (OR) 05 e 2R AR
TR R, [FAEEAS AN EE 2R, DUOL 7 i oGt ik
PEVESRAT T T 2-(30) 5 B K LB AP (Scheme
33).

2.5 mol% [(CHsCN),CulPFg A

Ts
N H 3 mol% (S)-BINAP
+ s
AN RT “R? toluene (0.05 molL) RN HN-Ts
Ar 45 °C R2
(%) 9 examples

82% ~ 98% yield
81% ~91% ee

2.5 mol% [(CHsCN),Cu]PFg

N (Heteroh 3 mol% (S)-BINAP Ar
+ (Hetero)Arene _Ts
toluene (0.05 mol/L) N
AAr 230 (Hetero)Ar H
() 9 examples

73% ~ 95% yield
up tp 93% ee

B 33 H AL AR FR I B AN R IT A s B
Scheme 33 Cu-catalyzed asymmetric ring-opening coupling
reactions of aziridines
212 BEFHIRF
2121 FAFHRA

2016 4, B CEE PR IOHRIE | — B4R 0 05 B
IR IR TR BE RIS DR T AN FR Friedel-Crafts 2854 g B, 1E
FIRFMT, %M LA Cu(CH3;CN)4BE, F1(S)-Segphos ]
Fe &AL, AR ERROR AR S 207 AR
I RARIR TR ot R AR AR BR SR AZ AR IR S . 8 3 3l 7 4
SRR TR RN ik B ) AT AR
Y. XS IR I S B, 2 AR RE ETIAR ) S
HPIbE, PIREIRAT A 2 R AT MR DAS AL e ) X 3zt
PEVERTNT L IEFE P (Scheme 34).

+ L
N\
Ar Allyl

2.2 equiv. 1.0 equiv.
Ar,

10 mol% Cu(CH3CN)4BF,
12 mol% Segphos

Toluene, r.t.

NHPG
X
R—- N
Z N
“Allyl
65% ~ 89% yield
80% ~ 99% ee

B34 WAL 2-07 - N-TE IR E AR IR A e -5 15 Wk PR AN 6 R
Friedel-Crafts J5&3& 44 [ N

Scheme 34 Cu-catalyzed asymmetric Friedel-Crafts alkylation
of indoles with 2-Aryl-N-sulfonylaziridines
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2.1.2.2 A& AL F AR

Fred S E R A SR TR, BAWE &)E
M LS B TR AS B8 LARCE Z I &S AR 4k, il
FAE B 2R I B A B R AR 35

2015 4, Weix BREHPMRIE T IEF AT AR
AR TFRIME A 0 5 s 10 0 5 30 1AL & Y B AN X BRI 30 1
WS NG, 30 3ok 12 7 9 AT DA v ke e R MR R J X B- 0
FEIRGERE A B, VB GRS B 8RB, PRk
NATAT Sy F AR R 1R 05 B AR A, 3B RE DL R AF R DA
SO RIGFENEAS B ). AR R R ST R — A 3
RV, 26, 1% R AR 5 FPE[ TN ik
PEEAE U I Bk % 1 ek R ()44 17, BEJS
FrE R 17 BB INGC) S 75 25 s A A A in s I [N
Yo 18, AE RN A A 19, [Ni"]H R 4R 19 4T iE
JiR 9 B K i A FR AR B B R, R RO
[Ti'V], &%) P34 s fE A R 7E 38 i 5 #6387 (5] 2001 46 4
&, 251~ TENIEH(Scheme 35).

2017 4, Yamamoto ¥R @IZHPIHIE T F B
3 4- AR5 07 FEAL Y PE BT M R B, R
T —ZE NiCl* DME 1 Cy X % 1 T W na pf P A4 e £
R, BT %R S IE BV IR B, AT
W, RIS N G A 2 A SRR E B
1E 3,4- B CDRAEFFIR R, Jo 4T MR
2, DAAR S 00 DX B S A xof e B 19 3 4,4- 205
RERERNEY. AR FAEH T F 2 AR
W, AR — AT B SRS TR 4,4- 07 AL
& %)(Scheme 36).

[{4E, Sigman BEIZLAN Doyle A BAE1E, FFk
T =28 Ni(IDFIFHERUERE R AL 7R L13 FfELIR R, &
DS T R H B A PR T ot 5 05 R B 0 1 A 3o R 5 L
IR SN, PATRSIE 94% Xt it ik £ 1 AN e B 43R 1A
Bt RS 0T R BRI 2-05 HOR 2. AEX R AT %
S, RIS K Z BRI Re DA 55 48 R A7 R B &
BT RO BOEBEVEAS B H AR ). (EE 2R iR
BH, A R EUAR I [ 0 AR A (B Ak 26 AN [ ) 25 52 T e 7
FIXF MR REEPE, MR R 7 OX FhoOUBE MR EC AR FE Ni i
A FRR i £ I R LA (Scheme 37).

2021 4F, Doyle B NARIE T — 6 F LA
PRI JE A A D7 FE R B 5 7 255 Ak 0 IR X BRI B4
RS, T TR TR EFEE RN 2,2
PR RNAEY). (LRSS, AN P H
X RE ) S M 3R, I 2 2R R AR A Sy R B L T
DA RS (= ibu Rz aaw . ives e i a1 W@ SA AL}
Xof B IE FEE S FOAR R L N D%, 5 FETRE T SR I
Fic A BE WS PR AL B 4 O I B 1, RZ MR, B R fE#E
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10 mol% [Ti]*, 10 mol% NiCl,(dme) HO,,

10 mol% bpy )
OCX + ArBr - /E:X
2 equiv. Mn Ar

1 equiv. EtzN=HCI

27 examples
up to 99% yield
up to 95% ee

[Ti]*:

5 HO;C HO,, HO,, HO
: Tfo4: >—< :
! Ph Ph Ph o

91% vyield 67% yield 99% yield 91% yield
. 95%ee 91% ee 93% ee 94% ee
X
N.,.  aBr Ve O/I\/>(
Ar—Br (N\\-Nl:A [tivio Q
r
18 H
/ 17

N, T

(N\\.iNiO X [m]
[Ti'V]O“"Q . NI

Mn2* (Nn.: i/ r

" N )
19 INi']

T'IV

Mn® My / M

Ni
N Br N., X Ar
< [INi—Br . XG’
‘>T/ N [TI IV]O\\ . ) on
[Tilll] [TIIV] Ar H

B 35 B/ meso- PR AN 5 57 BIRAL KA FRIT I AR S b

Scheme 35 Ni/Ti dual-catalyzed asymmetric ring-opening coupling reactions of meso-epoxides with aryl bromides

CO,Et

20 mol% NiCl,*DME

0 I o
- oH /@/ 25 mol% L12
3 EtO,C

X o] 0

, 27— j

| TBSO\):N N—,_~OSBT
! L12

C(4):C(3)>99:1

up to 66% yield

up to 99.9% ee
up to 95:5 dr

B 36 B 3,4-20 50 5 57 S AR IT PR B IR S B

Scheme 36 Ni-catalyzed asymmetric ring-opening coupling reaction of 3,4-epoxy alcohols with aryl iodides

45% ~ 88% yield
75% ~ 94% ee

1
Ts 10 mol% NiBryglyme A : o o
| 0, A [
N+ Ad 12 mol% L13 o : J:N/>_<\Nj~,
Ph Nal (2 equiv.), Mn (3 equiv.) Ph ! R R
TMSCI (20 mol%), DMA (0.1 mol/L) o1 | : L13
@) 23°C,16h oxampies : R = 4-Heptyl
1

BRI 37 SRR RO PR T4 Joe R0 e 26 42800 58 AR BER e

Scheme 37 Ni-catalyzed enantioselective reductive cross-coupling of aziridines
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£k SR

T s AL S 0 AT B0 B 6 RN AL B S T —
NG, IR E e bl JE A A ) HX SR T
IR, AR AR P R A 20, B 5@ TR I R AR
BB E S R A AR 21, H TR AR 21 W] CUE X
Ni(0)5 75 & s Ak P A A I S A B N R (Rl 22, T2
B Ni(IID) R4 23, 85 J5 30 9 k15 210 48 506 7= 42
Ni(), Ni(1)7E 6 Ak 751 1 B B 73 J A B R 5508 [ 2]
Ni(0), 5~ —4 7163, RN, %2 KIS (DFT)
THEER A, SO A J i e 3o A2 T A A2 R S S5 56 L i

PR 1) S D IR (Scheme 38).
Q/Rz
4
Ar” X

10 mol% NiBryediglyme
10 mol% L14
3 mol% 4CzIPN

25 mol% MgCl,

A O i
+ \ —R
Ar | =

5 equiv. Et3N
THF, 24 h 24 examples
Photoreactor up to 70% yield

up to 93% ee

Ts Ac
/A + standard conditions
Ph | [BU
48% vyield
0,
): />_<\ . 83% ee
iPr N N "/iPr
L14
[NF] Ar—I
\tﬁT\\mj\\\\Q\\\
&
3 [Ni
J Ar
22
X SET
OH OH
HAA R/g\/
20 21
|
IN" —R
Ar
23

B 38 HBLO6XUHEAL A/ BRI e 5 57 FERE R AN XT AR
TFIAME IR S B

Scheme 38 Ni/PC dual-catalyzed asymmetric ring-opening
coupling reactions of epoxides(aziridines) with aryl iodides
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2.1.2.3 A AU FEAZIKF

AU 3IUE A WL 4 a0 0 8 AR 52 2
TR, BARRRERBIARA M. BURAIEEE.
o M DA S 5 A R A A, B D IR P T 45 ol ) s e ik
AR R R

TE=F 7= 4 i A B0 AN RRAR I S R Hh, 5k T
SRR AT T — RV R G TAE. 7£2019 4, Zif
SHISARTE T RR A Ak A0 Y e MR PR A S 5| R I -5 07 0 R
AT PEVE R IR BB S M. (Scheme  39). 1% SR & 7E IR AN
S AT I AR BB AR R AE AT, ISR T () 4R ER
PRGSO A, I IR R, m R
LI B M A % T 2 Z R S A R B R 0 TR IS
WEW. A XA R R E T 5, KR
IR HIZRIA L TE 8 A2 W 7 U R 8 2 45 ' T HUAR
%,%%uﬁ%m&zﬂﬁﬁﬁ%ﬁﬁﬁﬁﬁﬁw 54
Je, VEEMRYE B i 23R S5 DL K B )y seas (45 4R,
W NIZ IR NS — Aﬁﬂ%m&ﬁﬁ¢$mﬁ%ﬂ
Tk ) E 2 R AP B FE TR R LB, DT S TR iz 4%

R~ - o} HO
P N NiBryeglyme ~
\BOM (S) MeO-Biphep
+ 7100 mol% CaH
) MeCN, 30 °C, 24 h

40 examples
80% ~ 95% ee

\
BOM BOM
Ph
HO),BO -
(HO). /J . L

(0]
o BOH), (
BOM
25
B 39 FHALMRIREA S| DR -5 4 LI ER X AN % R 2R 45

R 8
Scheme 39 Ni-catalyzed asymmetric ring-opening coupling
reactions of spiro-epoxyoxindoles with alkenylboronic acids
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REVIEW

PRI e, I JEAN AT AR S BR IR P S 0]
RAERRL, BHRE—AHBF, FREIBEEEE b g
24, HERIRS S bkt B B ARG A R A T e ]
25, PR HRAE AT G, P25 5
A B e A e & SR A A R IR 26, d 4408 SR R
B, FHRE R VIAGIE AN 7 B AR, 3ENTR
— AL IEH(Scheme 39).

2020 4, 5K 7 e VR 4 SSVET IR R M A BA A g Wk
] (14) F A ARG B R S B0 1 25 2Rk S A v 1) T 1 M e
F 25> TR, A RIRAE A T /Box & RAE N HEALF,
E A 26 AT TN AL R PR A S8 05| e B 5 0 7 258 B X )
ARG R FEAG SR, BTk T AR G E A& 5
RAEBN PRI I . VR385 Se Xt Box BCHE AT 1K
T, BRI L15 58 LA 1) 7= 28 A0 Wik £
PEAEA B SE. B 5 LE 0 SR i M5 2], R R IR
FURID IR AR TC 1R 2 T U R it i 7
HUARTE A BE LA R AT AW DL B b 4 22 R 47 B0 iz 64
B, B E, HRYE B R S0 A ST AR AL 22 SR
SR, EEWPPHENRNE T T —MEN Lewis BRTE
IR Sakurai 5 P9 5EAY [ SIS F#(Scheme 40).
2.2 IMRRR R

TR IR R S A PR G 4 — SR AR S B R IR A 1,
T AR PR A b 5 51 H A A T IO AN XS R [3 421 I RS B
MR FHREAAT AN EE TR —. /N8

(a) 10 mol% Ni(ClO4),*6H,0

O_ COR? =z 11 mol% L16

2
COR PMP 15 mol% LiNT¥,
20 mg 4 A MS, CzH2C|2

R1

AR B EIRK NN- "SI S Ni 25T
FUEMEACT], 2B T 2 BRI T 2 M
PEWR IR AT A4,

(0]
A
R o BocO ﬁ
Z~N 10 mol% Co(ClO,)*6H,0 \
\ 12 mol% L15
+ Me i R1% (0]
BE.K 500 mol% Boc,0 Z N
o \
NP3 Toluene, 70 °C, 72 h BOM
Et Et 16 examples
O O up to 90% yield
Ph""</{\l '\}\g‘Ph up to 78% ee
PR Ph

L15

B 40 Bl ALIRIR IR NG IR -5 475 7 S B0 30 A X AT 4041
RS 7

Scheme 40 Co-catalyzed asymmetric ring opening reactions of
spiro-epoxyoxindoles with allylboron

2014 4, {E/NHIERRA ORI NN- A E AR
5 Ni WM& E ke 5B ARRFR[3+2138
INER N, 12 NAE IR AN A 2E T BADE 5 R0 e 458 2 s
LT FYERRI A SR . X S e i) &
PERIE 2R, RN EE AR AR IR 1 fL T RS 20
PSR — e sg i, A IR AR RIS B A R, Bl
JE VB BRI FN RN T 5%, S REAT BIRLT
FIWCR RN X i $% 1 (Scheme 41, a). 2015 4E, 1%

R20C

COR?
o (
R O NJ\...N e}
21 examples = 67 S
up to 98% yield, up to 95% ee N . o _N
- H H™ “Ar

10 mol% Ni(ClO,4),*6H,0

O_ COPh 11 mol% L16

/
J=<copn + e
Ph

15 mol% LiNTf,
20 mg 4 A MS, C,H,Cly

(b)

96% vyield, 82% ee, 93:7 dr

10 mol% NI(C|O4)2'6H20
O _ COMe X A\ 11 mol% L16
Scome +RIC )
Ar AN 15 mol% LiNTF,

\ 20mg4 AMS, C,H,Cl,

(c)
10 mol% Ni(BF4),*6H,0

O _ COMe 11 mol% L17

+
RwJ/\(CO’V'e X 10 mol% LiNTF,

R? 20 mg 4 AMS, C,H,Cly

R

up to 98% yield, up to 91% ee

27 examples, up to 99% vyield
up to 99% ee, up to 91:9 dr

2, .
R7OC coRr2 L16: Ar = 2,4,6-PrsCeHy, n = 1
o<«

R

R

'
'
'
'
'
'
'
'
'
'
'
' Ar
'
'
'
'
'
'
'
'
'
'

Ar

£

o
COMe
Z =N * COMe
\

X

15 examples @ +
; o= NJ\[\%‘;%,O
Y 4
N< Osy-N
Ar H “Ar

L17: Ar = 2,6-Pr,CgHs

R20C

COR?
o<« R?
* X
RT

B 41 B EA OIS W TSR TR+ 21N B R K TRk A &4

Scheme 41 Ni-catalyzed asymmetric [3-+2] cycloaddition of epoxides with electron-rich compounds: construction of chiral furan de-

rivative
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AT R A AR FR S T IR A 5 051 kR [3 2]
MBS L, VLE T AT A 1 T s B 1 ke
NG| A A HT AW (Scheme 41, b). 2016 4F, Z U @4 158
MM R AR R, FRSEI T I E G S 2RE T
EUAR M i R AE AN RR 3+ 203 I s Bz, LA S i R
XF Ok R R SR EIL T T A U S A 5 ) A
(Scheme 41, c).

AR, 2017 kR B EREZHMRGE T80 M e
BRIt 5 B I ASKERR[3 4+ 20 I BSCS RE. 12% s BEAE
TR 25 A e 7 SR DU R R AR, DA v AR I R
g 7 — H5) 2 BT IERE RGeS &), A 2 HE
JS W] BE P B — A i S AR v R ) TP AR iR AT
(Scheme 42).

CO,R!

Ts Ts. !
w ) Ni(ClO,),"6H,0/L18 N CozzR
N co,R' + RCHO ————= R

ArACOZW 4 AMS, toluene a” O
24 examples
Oj><(0 up to 99% yield
| |\> up to 99% ee
N N/ >20:1 dr
Bn L18 Bn

Bz 42 B ERIR IR AR FR[3 + 2130 s 2
Scheme 42 Ni-catalyzed asymmetric [3+2] cycloaddition of
aziridines

2018 4, SEE IR USHRIE 140 AL SN E 2-(%)
77 -N-RE IR AR AT be S L el — 2SR R AR
FIASKERR[3 + 20 RSSO BE . FE AT %A T 2 S8 A g
W AR R BB FEE R T — REA I E RS
BT 7. WAL IESELS, fEE 4R T AME e
BRI TREM 1 BUZNZAZ) ) A AR FREAH LR, BISMA
Ji@ G4k T DA o 0o WA P A L 2 A 3 5 7 A PR Y
17 PR AR X Bk A TR ) — A7) B T R SRR, SR A%
Bt bh Sn2 A5 ABEBA RURY) 157 H B
% J5i-F(Scheme 43).
23 EHRN

F RGN E A Meinwald HHER B
T B R 7 AT A A BRI S Y R E
BIERMS. FIFZORNE, A R A7 A Bl s TSR R,
A] 5 B A R AE AN FRAB IR SN, AT A4 — 2R 1
ARG ) T B R B ).

2021 4F, JH/NB PRSI IOURTE T NN A -Se
BC A YE T Lewis BRIEALTI AL MBI AL G S
AN FLAG S P A KRR Meinwald B HF 4 I pl
[i(Scheme 44). 1ERMH, SR EAY) Meinwald
FHEAR o-BUR By- BB B S — R A
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Ts [(CH3CN),CulPFg (2.5 mol%) Ar
N CHO  (S)-BINAP (3 mol%) O
A R " R=~
Ar toluene (0.05 mol/L), 23 °C /N
R = indolyl, phenyl, pyrrolyl, Ts
furanyl, styryl 18 examples
84% ~ 98% yield
74% ~ 93% ee
R3 R3
e [(CH3CN),CulPFg (2.5 mol%) R2 A1
N (S)-BINAP (3 mol%)
JUAN * toluene (0.05 mol/L) NN
Ar _ 23°C \
RN g2 O ©

9 examples
92% ~ 99% vyield
90% ~ 96% ee

B 43 AL AR BE A FR 3 + 21 I 5
Scheme 43 Cu-catalyzed asymmetric [3+2] cycloaddition of
aziridines
PRIEA SRS IR N, BAs I DA = AL
U PEE SR GG RII E  — RINEA 3-F2dk-
3-HUARHG DR 22 HOATEE A MR B 0G| i 1 2 1) T 2 1.
VRS B S FIBELLAE il 3244, EREZL730 LI 5. 6.
7 ALGI NIRRT B R R T B RE I, N RE
EAHEAT, PAR S ORI WOk AR B -4k
P AR TR IR R A AL BEAE L, R IERURE 2
IFEIA AN SEELL RN, PRICRE R 36%. %
THELLI SRS, VR IERT o, -/ VLA e 01475 JEE P R
BEIEOR HURMIEAT T %%, R 5 A5 Re R I
RIS R EE, T LA B AR ik 454 B ) ke
VRS B E A0 ). BJa, AR P ) S i
Mz Sy epsEgn g R, o RS LS T — AN S E AR
B A, TYEUREBC A S e #h IR G PR R <6
JRIECE AL A [Sel*. EHEAFIERT, MAEEIR A E
BTG YER) a-BUAR By-ANEFIEE 27, HAEBRPET INFIRI1E
MR, TERuEiE ek 28. [N, ST RF[Sc]* 5
N PR P A P 2, ) e 791 R e 445 ) Az BEL 5 i M e
WAIRIR K Re T, A5 s 2 IF) 4 28 DRG] Wk B I 15 1)
B-Si THE TS-1. B35 B TS-2 KA SRR 7
T I R A 2 72 P (Scheme 44).

2022 4F, XS PP IRACHRIE T EBIA A Se/lr XU
BB MR R IR EEA E S IE IR Meinwald
HE— AN O BRSO MR LA
Meinwald EHFJE AL A B MG REAE R 2 5 2
WA N, BRI — 1y A RNESEENE, LA
Mo B R R SLAR G BEMEAS B) 1 — R4 BB REAL I
THEEERATEY). f)a, /FE%5% 7R E T,
RIEFER . ZRURRILIG IR . A IR I LS e
R J7 EEBUR AR I A 2 e B e H Tz O,
BRELLmcEe ., o WO S AR B S 2 AR T
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=v=0

0O
N Sc(OTf)3/L20
1 . 0,
o R R3f o (1:1,2.5~10 mol%)
/ + ! Pz
a4 N THF, 50 °C
R2

11 examples
36% ~ 99% yield
75% ~ 98% ee

m
0 Sc(OT)z/L19 0 R? O ﬁ‘/\ 7
]
o R X Ny (1:1.2, 10 mol%) MN 13 examples O N wN 0]
[/ +R \ ——= H ST ) 39% ~ 93% yield S 5 6
P 3-chlorobenzoic acid R R% ) 759 ~ 94% ee LN =N
R2  THF, 10°C R~ H H N,
L19: R = 2,6-Et,CgHg, m = 1
R R! L20: R = 2,4,6-cyclohexyl-CgHy, m = 1
/ Sc(OTf)3/L19 HO 23 examples
o R ol N (1:1.2, 10 mol%) N 4 43% — 94% vield
M*’R‘i 0 3 OR b ~ 94% yie
Z N 3-chlorobenzoic acid - N 90; 95'19 ~5dr
\R2 THF, 10 °C \ , 66% ~ 98% ee
R
. OH /\ 0
= Ph
W *Seo - Ph *Sc. _\)\//r o /
OH pn Ph OW O AF b
g yprod
Ph + byprod. H o
0 rate-limiting step !/;; Y,
Ph HO2C’Ar \ OQE/ D
byprod. / Ph [ScI* ?‘2;"!‘(
\ 27 f N
o---H Prod. \\
7 H__o' SC(OTf)3 + L-PrEt2
(6]
Ph F
\ Ar Bu0,C
tBUOzC /
y/ (0]
| e
-0 \
N
OH \
A/
Ph enantioselectivity-determining step
2 B D=
- O
C i Ph
0 Si-face allm
‘ v .
/\) E ?"#SHV» —
tBuO,C” N
Ph 5 N\ vinylogous adduct
T '_O TS-1

B 44 HrfiEfe LImFEIA AN 5 A AR AL SV AR TR Meinwald 5 HE-F 47 18 82

Scheme 44 Sc-catalyzed asymmetric Meinwald rearrangement-vinylogous addition reactions of vinyl epoxides with unsaturated elec-

trophilic compounds

WAL SR, )5, 1R S i SEe A DFT i
AR, HE— DX RNHINLERSE T T A BRI, o,
AR A o 1 BB A 7055 0 T S A A RS S 29, A
Lewis BRUTHIMEHEE T T, BCAEY) 29 S AN AR A Ut T
FEAR A R 30, [, G2 RRYIAE Lewis BRETHIE
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HT&TH. 1,2-50L 8 UL R B S HIERE, R&5
BE B R AR A 31, VRN, BT aA
30 1 Si g BERR, B LAHR 144 31 SE A5 T M (Al 30
M) Re T HE XL, AT o AT WO £ 1043 21 B AR =), &J5
PRI & JE MEALTIEE N T — 23 F 9635 (Scheme 45).
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