4

% 4”) {t % DOI: 10.6023/cjoc202005008 SZR5iR

Chinese Journal of Organic Chemistry

REVIEW

B AR AE & BRI R A P B B R RO RS R
® Y % T mRAT BEP

(EARBITRZ5% 0 RigiOi Aot EaAsie® Ll 200237)

TE HRME AN R P 2 HOP 7 PR JH R R £ S B (X3 A ML 75 A e 436 8 RN & TR 5 M A B 2
Jiikz —. RAHRHABEACTICE LN 7 B R ) P R A i R et — 20 40 B8 A% R SRR, i L e x i Ao
TR A 7T RESR i S ML A0S ok Bk, EL A SCL 2 TR PO P IR SLAR R M S k. 358 T RS AN T
A IV <0 R W R A BRI AN X R T A S L e B g 4% R AL FRUIR SR B (T WLIEAEAL ). AR RS M4 70 A7 B0
REIR B Dy Tl oV <R ) XTI S N HEAT T AR, R AR S S (AL B K 12 AU SR A AE D 1) L R
KK JEHAT T o] H iR

KRB AXIFRUEAL; IR R BT, PRI AL

Progress in Iridium-Catalyzed Asymmetric Allylic Substitution
Reactions via Synergetic Catalysis

Tian, Fei' Zhang, Jian' Yang, Wulin* Deng, Weiping*
(School of Pharmacy and Shanghai Key Laboratory of New Drug Design, East China University of Science and
Technology, Shanghai 200237)

Abstract Iridium-catalyzed asymmetric allylic substitution reaction has become one of the most important methods for the
synthesis of chiral compounds due to its exceptional branched regioselectivity and excellent enantioselectivity. The scope of
nucleophiles will be further expanded by synergetic catalysis system of iridium and other catalysts (organocatalysts, other tran-
sition metal catalysts). Besides, it is possible to improve the enantioselectivity of the reaction and even realize the stereodiver-
gent synthesis of the products with multiple stereocenters. The progress in the field of catalytic asymmetric allylic substitutions
through synergetic iridium and organocatalysis or other transition metal catalysis is summarized. These reactions are classified
according to the types of catalysts (aminocatalyst, phase transfer catalyst, Bronsted acid, Lewis base, transition metal). Mean-
while, the mechanism of representative reactions, the existing problems and the prospects in this area are briefly described.
Keywords asymmetric catalysis; allylic substitution reaction; iridium catalyst; synergetic catalysis
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87% ~ 96% ee; 15:1 ~>19:1 dr
[in®
+ 3'_\
N
53 54 (RRR)-L3
B 15 B/ = ZUE i R EA AR FR[4 4 3104k S 2
Scheme 15  Synergetic iridium/tertiary amine catalysis for the asymmetric [4+3] annulations
e i A SRR v BB
A TR+ SR IR, SRR S 32 N SR ——
() JERADIE VS, SR EUREEL. MBH BREZES I 6E LA NS o 2 3/\% [IF/(R,R,R)-L3 (5 mol%)
.y R+ + R
LI T G 51 S5 1 5 R ABOR T AN N o, THRATE
#J(Scheme 16). 58 R 59
R3
R3
6@%&002“”9 Vs
Z N A8 (25 mol%) e / CO,Me
55 \ (1S L4 (2.6 mol%) R1:—/ o 60% ~ 94% yield
+ THF, 25 °C N\ 92% ~ 99% ee
\7/_/ 57 5
35% ~ 75% yield BocO R OBz
78% ~ 98% ee 0C ory
CO,Me DABCO (20 mol%)
> 191 dr N TN IM(S)-L4 (5 mol%) COMe
R'= (0] + —_—
\X/ N s THF, Ar, r.t. y o
Ph \ > BzO R R'
58 X~ N
N o. N>—Ph 61 62 R

SEEN o< g
~
N
A8 (S)-L4
B 16 /= JE I R BEAAXTR3 3 b s
Scheme 16 Synergetic iridium/tertiary amine catalysis for the
asymmetric [3+ 3] annulations

2020 4, [ 7R R U ORI S 4 TR K
PrRMEA SR, SEI T BELIATAE R MBH BRI IS S5 M5 T8
FRIRIEEM AR 13- MmN/ Cope EHER B, FF
PLR G 55 B RiE BPER18 — R 51 & DU EUAR
Fi IR ZE R B AR & 0(Scheme 17). b4h, 1E# it iE
FEA RIS () FHEERES AW SO R B N A 82, SE
T BRI T R (EE EIZ fR SRR LT
P AR ) S AR R B A li(Scheme 18).

R, (EE AN TREMNLEE S Bk,
DABCO FFHEE LAY 5 ik MBH Bk & i A T

3268 http://sioc-journal.cn/

© 2020 Chinese Chemical Society & SIOC, CAS

56% ~ 79% yield
95% ~ 99% ee

BX17 /=GR R AXSFR 13- N =1L/ Cope H
R ER IR S

Scheme 17 Synergetic iridium/tertiary amine catalysis: the
cascade 1,3-oxo-allylation and Cope rearrangement process

BT B R 63 F1 64, H2g @ i P Rl Ak it FE A AR
7= DX B ()0 A R e B A S ST B TR AR 65, 1% R
V) A 3E— 25 B 2R PR BRAR 17 B 1~ aE X, 1ETMIVH B DABCO
ARCT 13-EEIRE NI, RPN A AR ) AR XS
Wik e T 8508 N ok P A Cope EHEE FEE I Z-30A0 E-
PR AR 1 2E i (Scheme 19).

2 ERESHEBELTIHEEL

TR EAL R (PTC) /& 4 AT LA Bl S M) A — A A%
% BIRENE KL RN T34 — AR, TN AR R Gt
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Ph‘\\_\ \)O\BZ Ph OBz
OBz N"ph = CO,Me
DABCO DABCO Rz
(IN(R.R.R)-L3 [Ir/(S)-L4 o
N
BocO \
o° CO,Me 62a 73%, 97% ee
0
58a

ent{I/(R.R,R)-L3

ent-60a 63%, 98% ee

B 18 PUERACH K ) DU Aol S A4 S5 K A PR R P 5 Pl

Scheme 18 Stereodivergent preparation of all stereoisomers of tetrasubstituted alkenes

Ph
\\_\ OBz
OBz \/k Ph
DABCO DABCO

ent-[Ir]/(S)-L4
ent-62a 75%, 98% ee

PR BN .

MeOzC (Z)OBZ
_ :&/
CO,Me E
6 2R)] /
BocO ™ N Oh (3R)
-~ /
-ani 66a (major)
58a DABCO
Ph. + I(RR.R}L3 63 U 64 ]
MeO,C
\ AN o \&pee
N s
\/ BzO NS
59a OBz MeO,C // Ph - (3R)
o) _
_N 66b (minor)
65 —
CO,Me
6
BocO
s DABCO
N [Ir/(S)-L4
OBz
X Ph
61a
71b (minor) 72b ent-62a 25%, 92% ee

B 19 AXFR 1,3-500 546 /Cope HHF R I S B AL BF 7

Scheme 19 Mechanism study for the cascade 1,3-oxo-allylation and Cope rearrangement process

ROEE A KREACH), HRIEL R T SRR A%

2001 4F, ZEVALIRAIZHBH Takemoto B f2H B8)5m
T 45 FH AE T PR A A TR 5 T A A B A A 7R 2L R D
R R, SEIL T H 2R TR A SR8 AN X ik Jdis TR 32 HX
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BHLKE RIRSHR
7 PTC SERA I FEA AR R, BRI )% R NBn lIrcod)Cll, 5 mol%)  R? O
AR WL RS AP R, (HEX — PP ah R R omu o (RFL5 (10 mol%) Xy oy
HIUESE 1 23 AL L T 47 1 (Scheme 20). o " BuNE (10 mol%) H2N8§

N
6Me O
Ph PTC1 ' Ph

)\\ PN t Ph “ \
Ph™ "N “CO,Bu [Ir(cod)Cl], (10 mol%) PN
73 (PhO),P (40 mol%)  Ph™ "N” ~CO,'Bu
+ 75
PTC 1, KOH
S ,
Ph” " 0x Toluene, 25 °C 15% ~ 47% yield
74 26% ~ 57% ee

X = Ac, Bz, CO,Me, CO,Ph, P(O)(OEt), 75:25 ~ 83:17 dr

B 20  BRAREERS I IRIEAL IR 2R B-HUARIR a- R IR (145 1k
Scheme 20 Synergetic It/PTC catalysis: synthesis of f-substi-
tuted a-amino acids

2013 4F, Carreira WRAUZHRTE 1 SC8EM T EE AR
Tk s ARV B SR PV R 87 b s B R B T AR v 1
DX IR R RIS ARG R, AL K S Aa e, 5
FHAE, ST O7H e H IR0 B R . AL RE (AL
7 "Buy,NHSO, 1 "Bu,NBr 1 AT Rt v 192 =
ST R A0 T e I = GRUT PR E A A ML 7R o s A T A £
1) 1] #(Scheme 21).
R3
[Ir(cod)Cl], (4 mfl%) R2 e
=7 RBJ\/BFSK ”Bu4NH80161n(;O:nﬁI)%) RJi;
HF, 1,4-dioxane, 25 °C

7
76 67% ~ 96% yield
97% ~ 99% ee

[Ir(cod)Cl], (4 mol%) R®
OH RS (S)L1(16 mol%) Il
R1J\/ +KF B/ "Bu,NBr (10 mol%) P
76 F 79 KHF,, CF3CO,H R’
1,4-dioxane, 25 °C 80

55% ~ 95% yield

95% ~ >99% ee
B 21 AR P R AEA R 2R IR DI 5 0 2 = S R
J e = S R A () AN FR AR

Scheme 21 Synergetic Ir/PTC catalysis: enantioselective sub-
stitution of allylic alcohols with potassium alkenyltrifluoroborates
and alkynyltrifluoroborates

2017 4, W 5B ORI AR AN F R W R AL A &R,
ST o MV JH R TR T R AR DA T G T 1100 AN o) o s A
WRBL. %R IS FE R, e R A T AR s (F SR
AR o), DR 0= M S AR SRS 2] 1 &
B PAHEF O a- Rk SEERATAE Y, T8I 4 L)
T2 IONERT DA {0 1K 7= W o A g T MR s B IR B A &
BEZNFHEFON o- iR RATAY)(Scheme 22).
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toluene, 25 °C  47% ~ 88% yield

then work up 82% ~ 96% ee
2:1~>20:1dr
oZP—o SEt

Cry

(R)-L5

B 22 SRAREERS R IR R o NE TR BRI ) AS X R R
(LR E TR

Scheme 22  Synergetic Ir/PTC catalysis: asymmetric umpolung
allylation of a-imino ester

VEH SR T 40T [ R HLEE (Scheme 23): 7EE AL
BRANAH L RS AL 77 "BuyNBr /R, a-TEJER MR 81 2=
TS B 2- AT L S B . RN T S S IR I 5
G BERB AR AN R AR E] n-J7 P IEER T R 4A 86.
- T n-47 IR R K, 58 RO
P RGN AR N, 133 a1k 87, ZKAEIE13 3
oa-ZETRAIEREL Y 83. LI N ITFEr, STkt
FEHFEEAARIE S, EANEE RS IR SN 3
HENEH, DO RCRAG EER W, EE R 2-F 4k
975 PR 3 7 B T O B 3 s T S A I B RE, 3E
T4 Vol 52 [ ST AR R 436

2017 4F, Hartwig B4 HRIE T Fik] & 1K 5 F
P T A 1) 48 B 0 5 H e A A 7] 10 4 A ) AS X AR O
P FE BUAR 2 B (Scheme 24). YE# F 3 ~4 mol%
"Buy;NOBz {EMIFERAEAT, LT PR R IR 5 ik
BN B A8 5 A EUAR SORE, LA 75 WS 5 AN ST A e 6 1
BET MR BURKIRERES, FYIrE B4 4 T athE
FAONIAmE . BRIR . BUISATAEY. M, M
BMEFIIAAAE B S E T, BD AR AL R SRS 58
eiET.

2020 4F, EFITHREAPIERIE 78/ P R
PIASK R A BRI S 2-%(44-Cope  FLHFHR IR B S,
T4 P H RS AL "BuyNBr B ARAL S5 (AR AL 71,
XiF o or 2 KA B3 RS RS Ak, 192 T 54k AR X4
JEAR RAR MR PSSR, AR T — R BT v T B
I, Z4RAR SR U R AR R AN T 04 R
AR R N SR A R HARAE T B, (L SOBEX i TS
YA BURIEAARAE T Bu, H= WU 1 2 RN
W 32h T X4 J@ 4 F (Scheme 25).

FRFEFREMEALFIIIE H, (1S BR A A0 AN KRR I 7 22
BRI N A5G CATE SRS AR &R AR EA T, HESh T 4k
A Bk T R BUAR B 3E— 2 R J8. SR E AT AR S 7T
FEERFAEF MM BB AR, T ELT
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@k RN g RN R2 O
N N o. /N
Y <) NN ¢ 0By o PO SEt
R™ ~CO,'Bu R™ ~CO,'Bu N R 'S
84  2-Azaallyl anions 85 Ph)' o\ RN
PTC Catalysis 87 Transition metd 86
‘ \ catalysis
KOH RN® R O m o
NBn PTC S Metal catalysis
1 % OBu REN"oAc
R'" ~CO,/Bu HN R' 82
a-lmino esters 83
81

BIK 23 SRARFRE U R AEAL o7 R BRI 1A AN A A P 2 B PR RT R R LR

Scheme 23  Proposed mechanism of Ir/PTC synergetic catalyzed asymmetric allylation of a-imino ester

RN Yoz + 2L
88 OR

2
R"g9

1 :
s [VRRR-LE (3or4 mol%) R .l OO Ph
_~_COOR?
nBuNOBz (3 or 4 mol%) S - i o )
THF, 25 °C :
1
i

>P-N

e il'a
38% ~ >99% yield! Ph

98% ~ >99% ee | (R,R,R)-L6

BRI 24 SRAHEERS O FIREAL AR R T e Jo A4 T 200 1 PO AS X A 7 B A

Scheme 24 Synergetic Ir/PTC catalysis: enantioselective allylic substitution of silyl ketene acetals

Bu
RN )\COZMe "BuyNBr (10 mol%) NHBoc ,
Ey [Ir/(S,S,5)-L6 (3mol%)  R? xR
< KOH, CH,Cl,/H,0, 25 °C 93
R2TNTY then work u 43% ~ 88% yield
92 ocoaMe P 17% ~ > 99% ee
Bu IrL*
NS
R1/\N)9\002Me sz
Bu,N®

B 25 AR R IR R TR SES 5 KE 7

FeAb/2-% F%-Cope EHE S B
Scheme 25 Synergetic Ir/PTC catalysis: allylic alkylation/
2-aza-Cope rearrangement of azomethine ylides

FE LA 28 e (RS2 AN ERAR, 99 o A 750 ] £ - DL T
] AT SR AT R A TT.

3 &RKSHARTHIREEW

2004 4, Akiyama B84 Terada i 8405153 5
MUST AR TE T ZE Wy i SR B T 1 TR AL A SRR
Mannich M, BHIGHTT 7T MEAT B RR IR 1R A AR
SN FE ) . G, AT B ITR R A A AL SN 2 18
B A TR BGES -x) Bl S, tmT AR AR XU e
FEAGT. FYEREIRAE Ju A B IR IR 1) B A il 4, B
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ARERZ . ST RS S USRS &8
UM FRIMEALES & T PSRRI A, BRI AR
PRI N HE IR R LR AL T B & 45

2017 4, i & AR H F R A0
RV R AR R, ST 2-ZE My IR AN KRR M TR ZE B 2
75 ¥4 [ N (Scheme  26). 1% [ M LA T 18 5 15 1) S 8% 4
PN RS, ARG OSSR AR 75 A o) IR e 8 1 5 i T
—RIIFE B-ZEMRAATAY. L st R, T
LRI R NI STAR S S E B DCEEVE L, TS I IR A
B0 TR B R K CARSAR OB B 22, I HLTZE ST ARz 1) 25 38
RS BEL (P R TR B9 1 s 2 P e e e 2 ek

SEE PRSI AN SCER, MEE P T a0 AT BRI ALER
(Scheme 27): M PN BE KW 1E T PEEK 45 & W A AT BA
FRILFEMEF R, RE 0 THIK, AR n-d A SR8k )
1A 97, IS A B IDTARR R 0 25 J0 - RO AH B () SRR,
ILHIIR S ZE My R SR T AR AR, S T A
B OELRIZERY S R A 97 AR A T s Al A 98.
B J5 A 5 R SEAZ N BAS B H bR =4, [R5 25 5k 4%
H YRR 5E AL IE IR, TEXAMELIEA T, K= (]
L FE R 5 F R S AR BB 5 & T RO
S B R, 1T T 5 R I B R AT S . R T e 15 2
P05 R = B R e B, 5 FH Y8 e LA AT 2E 1 4 Ak
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AW S FYEBERR LR V) R AL AR 2R U REAS 213
TR, XTI ERES S IR I 0 ek Pk
R g fE .

! l 2,4,6-PrzCgH,

0.0
>PZ
0~ “OH
o I R
2,4,6-PryCgH
R1J\/ rac-PA se2
94

[Ir(cod)Cl], (4 mol%)
(R)-L1 (8 mol%)

R2
rac-PA (8 mol%)

OH
OO 4 AMS, CHCI5, 20 °C
R3

51% ~ 87% yield

95 79%-~ >99% ee
B 26 #/BEER B R IK R ZEMy AT AE WA TR R R B A
o BRI P 3k 22 55 M I

Scheme 26 Synergetic Ir/phosphoric catalysis: the asymmetric
allylic dearomatization of naphthols with secondary allylic alco-
hols

Cr
B R®

L, = COD + P* ligand

BRI 27 ZEIAT A= 0 D R I B AN S ks P 32 25 5 ) S
B

Scheme 27 A proposed mechanism of the asymmetric allylic
dearomatization reaction of naphthols with secondary allylic al-
cohols

4 ERKSEISATHEIBEEWL

6 5 Wl 2 45 70 R B b R IR L T S 04 Tk
JETH, EAE. R, SHss, AL RN
AEAT N R HEAT S5 A3t 02 R A il . M o B 1
TR AR A,

2003 4, Krische W4 S HRE 1) =80T FEBE1E N
44 5 e -5 Y = 2 5 Bl B 1R 4 1 11 23 7 PR A 7 R B
R B2 B 56 T I B e 5 3 U 4 ) TR AL A AR
T8, (HSCH IR W R BT FRTE F R0 5L
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4 J 5 % B W bl [) 4R A PR AS G R A A 2 AR
T 2017 SEAFFUEHRETRIE, Hh 2y Re
5 4 SR A I SEIL U R AL O B 2 el = 2% SR
IREMEALT . B AR AT LA AE S =3 e
U A AL ).

SRR T 20 W Birman #E4HP”
W&, ¥)iE A T AR A FRB) 11 2 0 )
2. 2008 4, Romo i AZH OV Yk 56 R S Ak 7
FH 0 e b 0 25w (AL R AR e, SIEEI 1 TR IR 1) AN
AT INIRE B, KR T X AL 57 N Y
Fil. 2016 4, Snaddon MARASZHL T 4 @A HEALF S
SRR AL TR B [ AR AL 1) 55 22 L BRIE AN XS B o0 (o775 2
SBT3 A I 45 8 52 S AR P[RR A 1 451
DIkiE.

2017 4E, Hartwig WA 2528l 7 &8 8k 5 e hn
R 7 Bl ] A 75 25 2L R i 1A AN 6 R S B O TR R AR
S i (Scheme 28). TERMH, 4 Rk L7 (BTM)
VM % 5 Wi -5 B8k 16 P e Ik e C A % S 0 W RUAE L, T
A UM 75 (RIS ARG R 145 31 B RS2, [ B A s o
WA SEARK Y, AT CAR S A5 B BT A SEAR R L 1) = 4).
TR IR, RRCREERE S BUT IR IR AR 1% B
(PIOCEE, HADR Y BATAEY S B R B # 2 B 3E PR
S IRV ST E S

BAIA R =R — R E B 5 WL 7], el
I NN B R B SR BT TeT5 YA s
Sl T FATN T 2 kE. HE2 B T HERRIEZ
P, A RS IS &R R e &R LA, 7
GG & R A, XM e E R
187 4R 5 R IR s b FEEAL RN R . 2016
A, WA R NCHRE TR R R N T R
TE & JB BAE AL 207 P9 AN R 0 TR 22 U s 82 HR 1) .
EF B F e X WHERATHIESE T A B R ES &K
KEWIAEAE, FFUER T HAR AT

2019 4, Glorius B HRIE T 4 B4R S R4
B W (A4 AR AN S FR A T A A 4K IR (Scheme
29), UESE T IX R AT S A M S UL R, R
1T I AR IR TG 104 A1 106 H &, S5RHEATEY K a-
SURHEE DA 75 OUSCR R ST AR R B AR 21 T 3L =9, (2
TEXS AT R B G Bl, 1EE R ILE Je Ak R AN RE
R R AT R as 8, Wit 2 F IR IE, 1S RILA
R R N2 BHFTREG R, BT RN
B 1= 0t 2R 1S 31 500 P9 B A 24 1 ) Bk e
N T FERRIX s, Ve R R R AR T A
F1% B EBR AR S, I T R R R LA (LDA) A
B = M0 (R,S)-105a, FLI)HAS 2] T B A my % Bk
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FEPER S A BE(S,9)-105a, D& A m A dE R Bk £

PER) SR AN BRIR A T — 2 B AR 2.
0 R?
uj\ (R)-BTM (10 mol%) R2 O
R OPhe + /  [RR,R)-L6 (2 mol%) W
99 iPl'ZNEt ; OPhF
BocO THF, 25 °C R
100 101
81% ~ >99% vyield
97% ~ >99% ee
M1 220 dr
R F
Ph F Q\N Ph
F= =~
s
F F
(R)-BTM
o @ [|‘F]*
OBoc 2~ synergistic
R catalysis R\/I\BTM*

electrophile

nucleoph;h\base

[
pheno/ate Oph 1 ®
Rz/\//\OBoc rebound F R\)J\BTm*
InJ* BTM* y
R7N"0goe U 101 Q

OPhg = OPhe
Ve :
-L7 Ef

OMe (R) BTM BTM OMe
6% y|e|d [IF/(R.R.R) 0 ['f]’ (S.8.51L7 93705)'10';

0 b yiel
>99% ee, > 20:1 dr OPh >99% ee, > 20:1 dr
\ =

<~ “OPhe o OPhe
2 (S)-BTM (R)-BTM
< (SBT™M _(RET
@ IRRRLT ¢ [II(S,S,SyLT
OMe BocO OMe
(S,R)-101 (R,S)-101
99% yield 97% yield

>99% ee, >20:1 dr >99% ee, > 20:1 dr

K= 28  #k/BTM WhIRIEAL IR R 953k ZTRIE A K FR MG
A

Scheme 28 Synergetic [/BTM catalysis: enantioselective al-
lylations of aryl acetic acid esters

TEE B TR B HLEE(Scheme 30), & ¥+
TIEEYS of- NIRRT B A I (a4, S8 5
ot B R TA(EEE oo SARES @B TR AR S A
BR). 5 B R ECRCES B R T 0 A ) A TR AR ) T
TE4 8 I HEATERR Hh, BRIR 0 55 0 R AE 4 s SR AE
IR T -0 P 2B P a0 AR (12 R D) A mT U 3t o 14
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@ [Ir(cod)CIl, (2 mol
> (2 mol%)
R17CHO ? L7 (8 mol%)
1°r2 , © N1 (10 mol%)
o CHO Et;N (30 or 200 mol%) 105
| toluene, 25 °C 36% ~ 92% yield
Cl 104 > 99% ee
103 >19:1 dr

0 0
Ph o L7 0 ent-L7 Ph/\EZfo
. N2 OJ( N2 o

(R,S)-105a © (R,R)-105a
84% vyield \ 84% yield
>99% ee, 91:9 dr + >99% ee, 76:24 dr

(e} (0]
Ph///”' ent-L7 Ph/\/CHO L7 Ph///"»
o) ent-N2 ent-N2 o)
X S
(S,R)-105a (S,S)-105a
81% yield 78% yield
>99% ee, 90:10 dr >99% ee, 75:25 dr
(b)
O
Ph/\/CHO o LDA (x equiv.) Ph—"
102a Ph -78°C, 2 h )
—_—
*o As Then
OJ< (@) \ isopropanol

trans-Lactone

O .
cis-lactone (S,5)-105a: 99% yield
\ 104 (R,S)-105a: 75% yield x=0.9,91:9 dr
>95:5 dr, >99% ee x=1.2,94:6 dr
(c) Bz
o) lll R2 [Ir(cod)Cl]; (2 mol%)
Ph Y 7 L7 (8mol%) Ph
+ _—
j\ 0 N2 (10 mol%)
G~ "CHO NMM (2.0 equiv.) 107
103a 106 toluene, 25 °C 38% ~ 63% yield
>99% ee
10:1 > 19:1 dr
{2 o
O\ Ph \>§N \>\
| N+ -
_ NNt
Ph \_/N\Mes Mes
BF,; cr
N1 N2

R 29 H/EAREBFEELER: AXFRB+H21M[4+

PRI A3 A
Scheme 29 Synergetic I/NHC catalysis: asymmetric [3+2]
and [4+2] cycloadditions

R R, HISTHERY, FERNT R . HJaR
BErpRART Si M5 n-0l P SEER T EAA R S0 TISEIL, K
A T A A U S R, AR A 225 A R A A5 217 4,
T 88 AT S8 A AL D A,

5 «R%SHMTEEBEHEEL
B 1 BRI R AR S A BN g AR R
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® ITIHC
N — NHC@ eo\/e\/‘—’ !rél//
/ﬂ)kOH ° / O//P\NQ
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R™ 109
R™ 108 \ O 110
CHO
%'N\\r o
R R—1 0©.,75j

102 NHC foooIIIIIIIIINLL L Ir o
NHC cycle - @ Si cycle O/[<

B 30 R ek AR R AL ASKAR3 42090 0 S AL
Scheme 30 Synergetic It/NHC catalysis: a proposed mechanism of asymmetric [342] cycloadditions

AR B AN O R PR AR S 24D, 4 e ik oA % 4
Ji T T P A P A %o A M A 25 AR S 7 g J LA 1 X
BTEERRE, H—MdESBENINKKTRET B
TRV B, ) B et 9 4 T P ) A B A e DA S
SEARR U A k.

2016 4F, sk xR AL s T AEIR A EF,
/e W& R ML) a-FRFEBIN o070 TR A0 &N
(Scheme 31). AT A= T~ MV 538 Pk e 150 A 1 14 S 2% 5 0
FME Zn-Pro ZKByZSAVIMYREIVER, 1N AR
RN T RN 75 P e ek 3k R Aot ik 8 1, s 2 1) %
BRSO S o-FR IR CEATE R o A
12 J52 IO 3 3 A [) ¢ ok ¥4 7R AR 1) 4 R DAAS 3 DY el S7
SRR, SEEST AR R EHE A R

2017 4F, 5K 77 xR ZH N SR i R B A4 2R SR
THERRY 1) o R FE BTN o-Jf TN 2540 B (Scheme 32).
ZRPBTEIR T a-FR B [ N 8%« SEARALRH AT
P A R X S5 PR 3, FESR AN T =, LA R
13 B BA &S = U DY HURF O BIRAR o-FR Rl
FRATAD, FERIHSEEL T Fe P Sr A R B B k.

2018 4, sk I & T A T AR R B
PEG B R /A 4 P R A AR &, R A T4ER
IR a-FIEFR N ST IR BEME G R, % B R IE T
V2, — ZR I TR e JEC A A S NI e T 8 T LUR F Ti%
A R, TS T R FINCR XA TS PR Wk B A EE
TG SENE. BEAL, BRI E i T B ) AR T A T
RAEGDRBMAD ISR G R, TN —F S AR
G AR AL i FEPEBA W7 7] (Scheme 33a). {HAFVEE )
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EtyZn (5 mol%)

M
(R,R-L8 (6 mol%s) R R’
_ =

o)
OH
R1J\/OH + [Ir(cod)Cl]; (2 mol%)
113 OCO,Me (R’Rf’z)"-s (4 mol%) 679 ~ 95% yield
114 4 AMS, THF 93% ~ > 99% ee
25°C 3:1~>20:1dr
. Ph Ph
o Ph/\fQ oH °N” "CPh
- Zn~0OH o HO H
/ r
O~ R2NE
R1
synergistic
Ir/Zn catalysis (R,R)-L8

X 0o A o]
Ph pn (RR1L8 Ph\ﬁ (RR)-L8 _ Ph™ Ph

(RR.R)-L6 (SSS)Le OH

(R.S)- 115a 96% yield (S,S)-115a 91% yield
> 99% ee, 15:1 dr > 99% ee, 6:1 dr

ph, | ocoae M
S,S-L8 -
(S.9) /[/ (SSHB  ppr >~ “ph

- H
o (SS5)L6 (RR,R)-L6 OH
HO Ph (R,R)-115a 91% yield
Ph >99% ee, 6:1 dr
(S,R)-115a 96% yield
98% ee, 14:1 dr

B 31 BV R AL o3RI AN SRR PR 40 SR
Scheme 31 Synergetic Ir/Zn catalysis: asymmetric allylation
a-allylation of a-hydroxyketones
A&, JUT RN, AR R IE T AL B4
IR 1 i (Scheme 33b), I FLH Hesli LLAR 75 i
ANSLAREBEVER B T AR AU B IR AT A, A TEI
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OH
o ) Et,Zn (10 mol%)
n R2
FARA (S,S)-L8 (5 mol%)
7 N\ oo, Ml (eod)CI2 (2 mol%)
-|= 2Y%(R R,R)-L6 (4 moI%)
R! 4 AMS, THF, r.t.
116 117
he12 70% ~ 94% yield
’ 87% ~>99% ee
2:1~12:1dr
\\ Ph
e OH

(S,5)-L8
<\S:SH8
(RRR)L3

o)
(sss )-L3 @é((

(R,S)-118a 94% yield
94% ee, 2:1 dr

@iif
SSS -L3

(RR )-L8
(S,S)-118a 92% yield
97% ee, 5:1 dr

(R,R)-118a 93% yield
97% ee, 5:1 dr

\\ Ph

e OH Ph

' (RR)-L8

(RR,R)-L3
MeOZCO

(0]

(S,R)-118a 92% yield
94% ee, 2:1 dr

B3R 32 BK/AEE DR F AL o F 5 BN R AN 0T R T 64 e S8
Scheme 32 Synergetic Ir/Zn catalysis: asymmetric allylation
a-allylation of a-hydroxy indanones

@M%%ﬁém%u%%%%%%ﬂﬂﬁj%%ﬁ%
Ak, PR R S P R A [F I N [R]— 25 28, %M
FFHRAMRE] TSR, PRSI AT DU
“GlEMAAE ST TP, i T EED R

14, 5 7 1A 2 O] R A AL g /4 v 1) Ak
R, HE— DS T R R TS 0 A R A R I 1 AN X AR
HUAR R B (Scheme 34). % Ridt— 046 & 1 1 B8 1)
JaEE, AR T A AR B RRATAE Y, I R S
A FRED RIS BUA LY. Ak, BoAR AR $RA5 DY Fh Sz A4
SRR B A TE L AR IE P 15 DAAAR I

2018 4F, Hartwig {820 R IE T 4%/4R by I HE AL )
BAR TS 5= W I A X FR I A 2 HUAR S 82 (Scheme 35),
@&f%%??ﬁﬁﬁ%ﬁ%%%%%i%ﬁﬂfﬁ
B, HORON B B et B B R AR ek e, %
FRETMEmE RS ZRIFMEME L . JRIFIEMR L | mEE L Ak
FERN S m bk I 1) 5005 ik SR IR AR I T R A R M.

2019 4, FFITIRMA N AR/ D R AR 2R,
A TET B 7 15 P T NIV T R s e 58 s A 5 Tk PR Tl 1 & A4
BT EAZ TR ORI E-y-HRWMATEY. B RN
I G117 S VS B N g ] P TN B S VA T 2y Ak N
{F1SAL 4L 1 Feringa 2RI FCAR(L3 L6 25) AN REES R 4T
IG5, T R Ak e () I Bk e AR L3,
T H SIS 7E 23 [ EAAET, vl A AL BRI
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(a) Zhang's work
R1
ph N)\n/x Cu(OTf), (4 mol%)
119 (0] (S,S)—Lg (4 mol%) R2 N X
¥ [Ir(cod)Cl], (2 mol%) R 'NH,
Rz/\/\OCOZMe (R,R,R)-L6 (4 mol%) 121
120 Cs2COs, THF 61% ~ 93% yield
25°C 96% ~ >99% ee
X = OMe, OBn, a-AA etc. 10:1 ~>20:1 dr
(b) Wang's work
(i) Cu(MeCN),BF, (5 mol%)
(R,R)-L10 (5 mol%)
[Ir(cod)Cl], (2 mol%)
Ar: R*

ﬁl (S,S,5)-L6 (4 mol%) R
N_ R® /% Cs,C03, CHoCly, 15°C R3__A L~
. .
(if)

MeO,C NHCH,Ar

ii) NaBH;CN
MeOC  \1e0,c0 124
122 123 60% ~ 96% yield
Ar = p-CI-CgH
r=p-t-tety 94% ~ > 99% ee
7:1~>20:1dr
’ Ar. I
Ph
Ph,, (R,R)-L10 E/ (,5)-L10 j:l
' NHCH,Ar (5,5,5)-L6 Y(R,R,R)-LG Py NHCH,Ar
CO,Me MeO,C (S RM24 ;?/ZM.eI .
) . \R)-124a 81% yie
(R S)124a B4k vield . > 99% ee, > 20:1 dr
ocoMe o |
oh | (S,5)-L10 (R,R)-L10
u, - e ee————
(S,S,5)-L6 [~ (R,R,R)-L6 NHCH,Ar
TWNHCH,Ar Ph CO,Me
CO,Me (R,R)-124a 86% yield

(S,S)-124a 87% yield 99% ee, > 20:1 dr

98% ee, > 20:1 dr

SHE I gN

PPh2 o
(S,S) L9 (R.R)-L10

B 33 A EIHAL: AL XIS B R I S R B R
Scheme 33  Synergetic I1/Cu catalysis: stereodivergent synthesis
of a,a-disubstituted a-amino acids

@,/4 j’”Bu

Ph PPh2
Ph/k\N/\ Co,Bu @ (5,911 N o
[Ir(cod)Cl], (2 mol%) t
125 (R,R,R)-L6 (4 mol%) citric acid R O'Bu
+ NH,
Cu(OTf), (5 mol%)
R 0C0,Me(S,S)-L11 (5 mol%) 127
126 CSZCO:;, THF, 30 OC 70% ~ 93% yleld

91% ~ > 99% ee
7:1~>20:1dr

BRI 34 HR/AR D FIHELG: H 2R TR AN R4 T 2 AL

Scheme 34 Synergetic Ir/Cu catalysis: asymmetric allylation of
the glycine-based ketimine esters
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PPh,
_P(3,5-di-CF3-Ph),
Fe :
= (RR)L12
Ar ,\ll o Ar N O
, [CU(CHACN)IPFg (2 mol%) |
R' (RR)L12 (2.2 mol%) P
R 128 [IF/(R,R,R)-L6 (1 mol%) s
+
\ DBU, THF 130
25°C, 10 h 72% ~ >99% yield
OCO,Me 96% ~ >99% ee

129 6:1~>20:1dr

Br,

(RRR)-L6 ~N (S,S,5)-Lé

<\—,‘ RR-LI12 X RR)L12\©/iL/
{ l NM92

__NMe, (R.R)-130a 84% yield

>99% ee, > 20:1dr
(R.S)-130a 97% yield NMe; ’

>99%ee >20:1dr

Br. +
Ph Br ~ N o
- S,S)-L12
O (S,S)-L12 / (SS)S 2 e NMe,
pho-{ e, RRRILE ) (SSS) P
— MeO,CO

(S,R)-130a 99% yield

|- 0, i
(S,S)-130a 88% yield ~'90% 6, > 2011 dr

>099% ee, >20:1dr

BR 35 SRATE R B T7 3 SRS RR A I 3L
Scheme 35 Synergetic Ir/Cu catalysis: asymmetric allylation of
azaaryl acetamides

JEAN A R N R B T T R ST AR e R s 45 R
AR RS T DY S -p- R WRAT A2 M I ST AR R RS R, T8
T R RO A AL B AT DURAR DY RO i ). AR
P SRR S, N AR RHIAR A PR 2 B e B AT s AR
(ISEARE —E iso-Pictet-Spengler 34 s B A 3F
1T B LB (Scheme 36).

AT R AT IR Bl ) A 5 Rk ) A 6] R
95 TR S AR s 82 PRIt 76 PR R B, I P g v 7 e A s TR
Ak S R 7 ) B A R 1 0 TR i — G e TR i 5
T35 0 b 3 3ok 386 KW R g S8 o A BUAR SR F A BH, S
Hh (] I L HE R NAS B T AR 1 s TR AT AR,
PRI S T AN FR I B EUAUR B S 2-5 % -Cope T
HE R B R B (Scheme  37), BADL TS 1 7 A4k £ 4 Ffi
HIRMG T — R 1L3-A LA-BUR G A AL 4.

2016 4E, FHRSCERAZLN T LLBK AR 7] (R A Ak R 5
BT A B LR SR s, B B AR
SIARIEREMEHLGINT “CH,B(OR),” ZE[, 1XFhHEmg %
KoE RN T EME TR B A EA TR ORI S,
A 0 e A PR BT R R Y R B T — &
B1) 37 e i A TN SRR BE (Scheme  38). {HAFE H A2, &1
WA FE R, A1 7 A RS2 ) T A,
RO RIS AL BHEAEE [ ) A, e 1R K
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: | R)-L13
[CUl/(S, S)-L10 (5 mol%)
/ l N [I7/(R.R)-L13 (3 mol%)
DIPEA or Cs,CO;5
co M
2\ CH,Cl,, 25 °C
GP 0CO,Me

132
R3 \COZMe
\ X \ R2
Z N
133

5% 98% yield
99% ee; 11:1 ~>20:1 dr

Ph Ph

(RRMLI0 ] (SS)HL10.

(S8,5)-L13 /"L (RRML13
MeOZC

Me0200

(S,R,S)-133a
98% vyield
99% ee, > 20:1 dr

(R,S,R)-133a
99% yield
99% ee, >20:1 dr
= CO,Me

ZT

«COsMe - Ph Y,
- IS.SrL10 (R,R)-L10
<o)t 10

(S,S)-L13 (RR)-L13 N

Phu,,

(S,S,5)-133a
94% yield
99% ee, 17:1 dr

(R,R,R)-133a
96% yield
99% ee, 15:1 dr

MeO,C

Ph Ph

X —N
Ph” N7 COMe  [Cul/(S,S)-L10 (5 mol%)
131a [IrJ(R,R)-L13 (3 mol%) N~
A 2.0 equiv. Cs,CO3
0CO,Me
©j>_\_/ CH,Cly, 25°C (R.S}134
\ 132a 96% yield

>20:1 dr, 99% ee

B 36 B/ B FEMEAL: DU -p-FRIRAT A 5 R
Scheme 36 Synergetic Ir/Cu catalysis: synthesis of tetrahy-
dro-y-carboline derivatives

AR BC 74 L13 AR T L6 thaR B T e A 34
Xt R AR, fHH] T Carreira BRAEAL K AT -
IR TIBEAR. 1% NEEAT B AR B R R e
LA F5 0 ik 2 4.

6 IL.\-—I:I %Eé

LR LR, JE U R R AR 5 H AR AL TR B R i
A EIANKE R A PR 2 A S N, L A 1 S B g, v [A)
AL SRS ) SN — 2D 5 T2 B R R A 2K
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X 0
R1&N*002Me PPh; |, PPhz
135 [CuL14(5Emol%)  gocun R
X ='Bu, Ph [Ir)/(S,S,S)-L6 (3 mol%) R
+ Cs,CO; R
RZNy"0COMe  CHClp, 25°C 137
RS then work up 51% ~ 94% yield
136 88% ~ 97% ee
R3
R2 4T
o Lx
RN >CoMe

B 37 sk EME L T2 SRS R TR 2- A
%%-Cope FEHER M

Scheme 37 Synergetic Ir/Cu catalysis:: allylic alkylation/2-aza-
Cope rearrangement of azomethine ylides

3 mol% [Ir(cod)Cl],
6 mol% (R,R,R)-L6 or (R,R)-L13
1.7 mol% AgzPO4

RN 0Boc L

iO'Bu, 1,4-dioxane BPin
139 50 °C 7
PinB.__BP R
MEABFN + 3 mol% [Ir(cod)Cll, 141
138 OB 6 mol% (R)-L1 64% ~ 99% yield
)\‘i 5 mol% AgOTf 86% ~ 98% ee
RN LiOBu, 1,4-dioxane
140 25°C
O 8 0,
O. SP-N |
P—N -
O/ O (3
(RR)-L13 (R)-L1

B 38 SRR B FIfEAL: g B A TR N A HUII R I
K

Scheme 38 Synergetic Ir/Ag catalysis: synthesis of chiral
f-substituted allylic organoboronic esters

BANEERA G o-FRIEER . IR IR %), SeHl
T2 AR SR AL AR T X DL S BRSNS B A Y
R R, B A, G I A [R] 48 060 e 2 ) -4k
AL 2 & REWS SE B H AR 20 7 T A SLAK S A R ) K
HIUHE & . BhAh, %A BRI T B AR S S 7E A°-te-
trahydrocannabinols. (—)-actinophyllic acid. (—)-alsto-
scholarine. heliannuols C (E)#! heliespirones A (C)%5 % fi
RARF WA GLANAR 257000 %7 P4 T AR FR A il e 3
L HEE N HME. RAE W, BReRKS AU
AR R I BON AT 2 Ak, &R S AR AL 1)

At BITRR TR % S e H At e 96 < 0 P TR A A 2R
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WA FRMRIE, TR eEKS 5K R P F A
AR AN EE W, BRAh, H AT R
G 1 W R 1A 2R AE B AN RO 7R 22 BB S B
FRNE PR, Bt T A i T AN o s 7 2 BUAR PR 8 R
M SEBIAAR = M BT AT SLAR S AR BRI 5k, o
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