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Organocatalytic Asymmetric Cycloaddition Reaction of Ketenes

Wang, Aie*

Zhang, Jinlong

(College of Chemistry and Chemical Engineering, Xiamen University, Xiamen 361005)

Abstract In this review, organocatalytic asymmetric [2+2] and [4+2] cycloaddition reactions of ketenes are summarized
with emphasis on the selectivities and mechanisms of different catalysts.
Keywords ketenes; organocatalysis; asymmetric cycloaddition reaction

AR AT BN 23 A A A o AR A TR AT 9 4R
ML AN TR IR PR ATE N, O, P, S 4%
5 O YE A Ja s ) B A
L IA0 R s el TR N NV E 1 4 1 B VA Bl o T E A
DRIV NEE= Ry AN E 3l = d B2 M NTIE G AR )
PRI ST ARIE SR, o HoAA A v, B AR R,
INBS RS A, FEBETE 24 A Rk 2 20 SO g T
A ERIIN A, Seob, BA SN T
A, R BENE SIS T N S A% H O TR R S B, 2R
AR A, I TR R G ik i C—C
gy,

K55 ] e — S E ) S NS I R R A, e AN
W A B TR AR 1Rk 2 N P RE 5 S A b K
IFTU R, FE A FR A e, Al - 1 A 77,
AT DS S W e 0UBEE (R AN SRR I g, 7= Ak —ANBA L
(0T 1m0 R T4 T A AN R 2 D 8 e 71
FEAUHE Lewis BRAA LN THEALFINRE. i+
BIEGE AL Ti 55 N, O Ji 710 TIElC A i 16 2%
G, JaE IR SR DI kR T
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PPY (4-pyrrolidinopyridine) LA & N-Z%1k F 5 (NHC) %
(Scheme 1). XL LN AT, FRLE A%
R I R, 0 I 55 05 T RSP P S A, AR
il B~ S - PRI P R A S B, ER ORI 238 B AR Dk S A%
PE, IXFEE T LME R SRR 2 5 B — R A RN,
WUARER W B R[22 21K, 45 T 5 408 2 g
DI [A 200 8% I BEAL . TR o1 4K
S WA AR I R AN SRR A 0 s 5 8 L 87 B AT
MREIOGHE, — SO BB MG T A, W g-NER. B-I
PR« 5- PN G5 M Jok 0 B 199 [2 -+ 20 R[4+ 2038 I s 7 v
AT, MDD R, 1 HAF A sk Ak, AL
ST AR B E 43 1 B S N HLER D T, A BN TR Ak
18I D180 AN S0 TR B 0 B S R AT T 2508

1 HEESTE. BR -RBREURTHELS
B A AT FR[2 + 21580 BR B iz
B- VA T g e — T A o T S 1 B A E R A

W, M0 PUE R E TR Y IR, L4
MIBETER Y, B- W BLHE /& — Tl Bl I I 22 R & A
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BHLEFE FiIRE iR
oMe OMe TR B, T ER AR S IR A 1 304, TR T
7~ = N i o
N % S % AL TR, (5 AR, R
= “N o N 2 B HEAT, 1 5 O A R A
o~ o cr
Q(1a):R=H QD (2a): R=H oo ci Path A o kq o EQ
BQ (1b): R = COPh BQD (2b): R = COPh BQ base ‘ ..
TMSQ (1c): R = TMS TMSQD (3c): R=TMS —— + PSH or BQH
1d R = COEt 2d R = COEt R”H R H R™H
Ts
b —~
@ =N ase o BQ N‘
N Path B I M
/\N Ar1>\ ~Ar2 (R=EWG) )L H COOEt
Me— & _Me Ar R™ H TS\N O
Me Me NHC 4 ‘:/f
Me N iz
3 4a: Ar' = Ph, A = Ph, R = TBS EtOOC R
4b: Ar' = Ph, Ar? = 2--PrCgH,, R = TBS o,
4c: Ar' = 3,5-(CF3),CgHs, A =Ph, R=H
4d: Ar' = Ph, Ar? = 2,4,6-Me5CgH,, R=H base = | BAH —=—- MeN” NMez
4e: Ar' = 3,5-(CF3),CgHg, Ar? = 4-MeOCgHy, R = H
! =N BF;
A1>“" N Z N\
Ar N2+ A2
RO Scheme 2

NHC precursor 5

5a: Ar' = Ph, A = Ph, R = TBS

5b: Ar' = Ph, Ar? = 2--PrCgH,, R = TBS

5¢: Ar' = 3,5-(CF3),CgHg, A2 =Ph, R=H

5d: Ar' = Ph, A = 2,4,6-Me3CgH,, R = H

5e: Ar' = 3,5-(CF3),CgHg, Ar? = 4-MeOCgHy, R = H

Scheme 1

BRI, DR - BBRA (1) A 1, el e ST AR B
B, — AR HLE AL R AL ST ST B TR
Bl 5 W g P2+ 2 e s B, B Staudinger NV, A& A
FEIX AR, A W e 20 Mt 2 B A 2 PR g k.
1.1 &BHEELIEKR

2000 4F, Lectka /MM sl O- 25 EEZE 7 (BQ,
1b) 1 oA S A% AR A4 771 I FH 37445 1 R0 e 7Y AN 6 R [2 + 2]
IRINB S N AbATT R P 5 S A S R ) R4, R A
TR FIRAPS) AL R, 5 N-Ts WHEFHEREG RN, LA
45%~65%I1 2577 3R A1 95%~99% ee [ 7= % it 16 P
132 B- W WEfZ(Eq. 1).

T
Oj/C' N~ BQ (1b),10 mol% \'\‘j/
N
)‘\ toluene, -78 °C - M

R EtoOC” "H o,
MeoN  NMep EtOOC R
45% ~ 65% yields
R = Ph, Et, OPh, 7 ’
OAc, OBn (PS)  95% ~99% ee

BB Bh )RR, DA L BEE N AR,
P S A I R ) AR A 4 s e v TR A, T
Bk B TR &((Scheme 2). WigiE A Fiw, BQ FIEE&
SN SR REAN SN R e idiol AR R IR IS b R AR E T
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BE 5 Lectka 250 Lewis MR 11 In(OT), 75 4 Bh ik
51N B0 B e 14 P 0 W 5 S0 e 1D [2 + 2034 m e
N, PR EORI 45%~65%3 3] 92%~98%, i
SN P %) Tl 328 48 P AT AR AT 95%~98% ee (Scheme 3).
Lewis FRIFI5I AR T W5 k), L2 0 5
BQ BEIAL G T I I SRR T, TE AL =4, i
G T oA R BN FR A

Oj/CI BQ Ke) BQ
= Y

R R™H

‘Ts

I3+ Y 30Tf
\ _Co

N _Ts
‘ Lewis acid
EtOOC)\H cat. In(OTf)3

”,

eooC R

92% ~ 98% vyields
95% ~ 99% ee

Scheme 3

1.2 EEFH PPY (4-pyrrolidinopyridine) & 1L 5

2002 4E, Fu 250 HAT P IFPE (0 PPY Ak 7 3 13
B HURIEII R N-Ts NP IAKTFR[2 2158 I S
N, DS e R AN MR B PE TS 25 o-Z2RR 1 B-
WELHZ(Bq. 2). X TAEXIARIGIA N, & 233 cis AL
FEWN(dr=8~15 © 1). ks AH ) f A0 550 FH T R X BRI
Wi 5 N-TE W RE BRI e s N v, 13 2101 B- Py I 2 LA
trans ¥R E1(dr=5~50 : 1).
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Pg Q Pg
N‘/ ” 3 (10 mol%) N @
Ar)\H 1)L toluene or R
R CH,Cl, R2 Ar

Pg=Ts R'=R2=(CH Et 76% ~ 93% yields
9=1s (CHa)s, 81% ~ 94% ee

88% ~ 98% yields
Pg=Ts;R'=Et, iBu; RZ=Ph  89% ~ 98% ee
8:1~15:1dr

1 2 60% ~ 89% yields
Pg =Tf; R" = Ph; R = Me, Et, -Bu 3%, ~ 85% ee

5:1~50:1dr

ML SR, MAEH N-Ts WHZVE RPN, RNV
oAV WA I R, RO 467 PPY 7
SE RN WA FH TR B 1 B8 I T 5 6, 6 XV Z 10E 4726 1%
I, FEIEAFE] p-INBEIE; TSR] N-TE VI, SRk
AT PPY S E SO i, A2 ey 1 B v R4 7, 7 4
hSREARZAR T 5 A B S, e i PR AR B, TR R
B AT PPY, 58 UL TE R (Scheme 4).

0. /Tf
N

Phu...

R

Phw)\ _Tf
N‘ _Ts
)\ +cat

catalyst*
)\r Ph
cat? /?\ \ \
Ar H

(0]
[l
C
Ph R
Ar H
Scheme 4

PR R PPY LTI Fu /NI Y,
JHF IR 5 40 6 B IR G 1) [2 + 214 i e e 1.
(Eq. 3), HIRA TR S - BN, Fu S0 814K
I AL BE 55 45 B R N=Ts 0% (10 38 0 ok e I 1 (L B
(Scheme 4)ZALL, AR fH AR B 40 5 4 W 1 FH T b
BTIREEEL 6, ARG 6 S IR IR A A I V1T 2 R
1er=4.

o o
I PR o_ ,COOMe
)CL+ "\“ OMe  5mol% 3 TN 3)
MeO_ N = p N
AR MO CH,Clp, -20°C A" Tcoome
o 53% ~ 91% yields

67% ~ 96% ee

BT Fu /N SCRARATT A JR 1R A 700 P 3465 W 5
TS FEA S 012+ 20 I s i 3 Y, DA e iy 7 2
B IRORT WO FEVEAG B B- I BERE(Scheme 5). T
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PR 2 b AL, T AR T a- B IR.

FsC
o} FsC 3
I 5mol% 3 @

C + N

M N

CH,Cl,, 0 °C T
AR | Ar O

o) R
78% ~ 93% yields
__ . Ho R P 78% ~ 98% ee
Ar OH
Scheme 5

1.3 N-ZIRFE(NHC)fEL

2008 4F, MR R T —Jm A T =R
FERIA 5a, FERMIIHUG AR Cs,CO5 VERR I 41 T N
Bt 05 HEIA I 5 N-Boe MEJZ [ AXIFR Staudinger 52 WH?,
PAFEIE 99% ee NTIRIEFEME(EQ. 4). HAA%EIAA N-
AR SR IR A 5 S0 R 14 (2 210 B B (R AL ER
5 Fu 42 1 TR PPY 3 #E4LH) Staudinger 2 [V
(Scheme 4H)FEBL, MG HEEAKIY N-Cbz Fl N-Boc W %5
I A BN R, NHLC Ak 7 1 230 SO, it %1 B ke
1 N-Ts V%) Staudinger /N, 155672 VK5
NHC Jii k.

(0] [0) Boc

Ve
I . N-B%  5a(10mol%) ]EN @
Cs,CO5 (10 mol%) = 2

c
PN
*R AT H THF, rt. A

53% ~ 78% yields
up to 99% ee

Ar‘l

JUF- RN, Smith 239 ] KHMDS 186, # F-HE
DK P T — M DU GBI I R LA 3 AR e R = v, T
RFLIGIN 55 N-Ts 75 BE D FZ T[22+ 21 e e b A, BAIR
o 107 S P SR JE A R B (<T75% ee) 32 T F
PE B-INBER%(Eq. 5).

(0] 10 mol% cat. 0
I NS 9 mol% KHMDS NS
)L )‘ Et,0, rt. P ©
Ph 2 PR R
79% ~ 96% yields
R =aryl, 2-furyl 55% ~ 75% ee
O -
=N BF, Y
Cat. = NVN\Ph or y BF;
r Nv'ﬁj
Ph Ph

2009 4, MAAESOE AL Sa N 1045 I 5 1
R RIRER AN FR[2 420 s, DA & K77 2R A
1A 91% ee N WL FENERS BB O% B- N Bk IZ (Eq. 6). 5
2% T A S A R I S N 1) s U T, R
TRIR TG I S N AR B[220 I PR, it v
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A4+2 =W ek, wTR, BELEY N LK
RIS S 7 PR D A 5 A .

o (‘302R' 5a (10 mol%) 0 N _COR’
[l Cs,CO3 (10 mol%
I N\\N 205 ( ) Ar“)tN\ 6)
‘ CH,Cly/toluene, r.t. CO,R'
Ar R

COpR (V:V=9:1,04mollL) B oo o

52% ~ 95% vyields

1.4 Hitbws

2009 4, Wilhelm /N2 OHRAE T —Ffogi 8L 10 Tk
M BRACRER A #4611 Staudinger [ V(Eq. 7). KT 8
VE R HEART, Fh N-p-Ns 758 W 1% Bg S5 MV T, LA
96% LA b [ 77 B MR I L AR E B EG3~9 1 1 dr,
83%~96% ee) £ cis FT Ky 1) B- N L%,

9 /p'NS (0] N/p-NS
¢, J 10moi%8 ﬁ
AH)LR Ar? toluene, r.t. Ar ";' n 2 (7)

96% ~ 99% vyields
83% ~ 96% ee
cis:trans = 3 ~ 9:1

DK P it A2 T2 P v ek K e B R B A R
¥, BUIAAE R N-2RIR R 12 CSy ekl &, 18
o — R V55, Wilhelm HERR T BRI HiACR R M 35
AR N-Z20 R A AU, A AT A 1% s 8 i (1) 5%
R AL A K e AR R N Bh, ' B S 0 A0 T,
RS IR, SRR, B S S AR
FLF- 1) N-p-Ns WEZAE ], 15594 j V. (Scheme 6).

p-Ns
- - _p-Ns
) g
/
AI'4> +N S)\Arf
S <
/ / [
N *N s N\ S
Lo =L~ -
N N % _ _R?
\ \ S >:C—O R ‘
R? . _
[N s~ O
\> <
N S
\
R!
R2 Ar
Scheme 6
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2 /RS BEERA A XIFR[2+2)3 00 R FR A R AY
=R

s )55 T D £1°) (2 4 20245 0 SR A T ) — 2R S, i
ARG 18 B-PIBR. - PR 7 T n DA Ay 3% 1 4 o
JC, Tz N B A AR R A T,
— TS AT LR “ORY MR EE4E & e, N T
polyketide 55 KK M I B
21 EBMEELTIERR
2.1.1 MR L BAER 64 TN AR[2 42130 Am AR,

1982 4, Wynberg A1 Staring!" 714 Vs 4 XS 4 B4 h
FERZAAL TR N T 206 AN = 5 S A KRR [2 421348 0
B, F3E] T 95%IKIr= 2 95% ee MM LI FEE
(Scheme 7). {3 B- W Bs/K Al 2 Jaml LU AL 430 LR,
AT HZE 7 T(QD, 2a)M1ZE7*(Q, 1a)fE A AL, ]
LS5 A B RSR IR (S)- 1 R A E R AR 1) (R)-F- L .

0

I o] 2 mol% 2a o]

c+ L — o:/\>..cc|3 pp—
JL W ca, PhMe, -50°C
H™ H 95% ee

95% yield
OH 0O
HO
OH

Scheme 7

B, ABATT SRS b e A 700 N FH 381 00 R0 ELA 1)
1 DL PR AN B[220 R sl P, DLsRik 95% [ 7=
HFN 98% ee [FINT ML R MELG 25 FHET 01 B-
M E(Eq. 8).

O

Q o 0
| 1~2mol% 2a
)Ck . S %RZ i R2
H S H R toluene, 25 to -50 °C A=cl (8)

R™ ¢

R'=0l, H, Me

up to 98% ee
R? = H, Me, p-CICgHg, p-NO,CgH,

up to 95% yield

Jrisk Romo /NN Wynberg #5733 7 T B,
MR 2B M RiTAA, {5 EIN(Pr-i), 745 FEL% A%
S, IXRE R T O R SRR AR, A1
EAE R R T4k, Romo S5 TNk 4 X N B A 14, 1 A Wi L5 1
() FEI[2 21 0 S W — AN SEAZ AL T AL, 405 44
T 1 2 505 0 S IS A A e 8 I B, s e T
(BN ¥4 (Scheme 8).

2004 4£, Nelson /NIPHRIE T O-TMS ZE7*(TMSQ,
1)1 Lewis 1R LiClO, H[m] A4 P Jefs fil A1 1) AN FR
2+ 2] Y, 5 e A 1A ) e Dok i AR AR 1 &
AR o- S AR S P 21 L 2475 i R 3 ) g
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Chinese Journal of Organic Chemistry

i EtNG-Pr), U 2mol%2a O

[ A
(o]

gllﬁ)L H O
R EOS( 40% ~ 85% yields

93% ~ 98% ee

toluene, —25 °C

R= Bn, CeH13, PiV-O(CHz)z, -Pr
Scheme 8

P 5 5 A I, DU v PR SR RDAR T PR ST A 2 B 15 5
3 B-WEE(Eq. 9).

o 0 10 mol% 1c

LiCIO,, EtN(i-Pr), O
R + = Y . 0 R" (9)
CI)K/ H)LR1 toluene, —25 °C %2—
R
70% ~ 85% yields

84% ~ > 99% ee
> 96% dr

Nelson S5 1% W IR LEE & 3% A2 1 44 i 76
SRR U%D Lew1s FRAE R 1 58 A2 14 S A () 4 T
B, WEESHEL - NEASEE TR AN TTIRREES
E%Efﬂmﬁk, BIE AR - BE(Scheme 9). 75JG
RIS IEETE R, AMUGEA TR, i Al 7 —4
KRNI IAEE, i3 C—C M EA RS

R =H, Me;
= Cy, BnOCHz, Ph(CH2)2, p-FC6H4,
0-ClCgHy, o-Tol

SIARIERENE.
o]
I o M
c 1 LeW|s acid 1
N Rsﬁ)\/ R Rs N)\/ R
NR; + M NR; = alkaloid R?CHO
0 o R1o 0 R1o
0 MR g2 ML
1 2 .
ROOR NRy H *NRy M
Scheme 9
2005 4 Calter /NIPURIE T 50 28 42 1 = 6 A

TR ERAE WAL F) S O-TMS 457 ] (TMSQD, 2¢0)454,
7 BAN(Pr-i), 1E4E T BEGUR 55 18 1 [2 -+ 2R N s e Y (Eq.
10). 7240 R4 B T 1 S B i BOAREE, %F T 0 s 1k
SRR S A RN 210 - B, b A S T A
FI N A YR 7= 4.

o o Cat. 2c
Cat. M(OTf)s
7B L, 0 YAr
C|)k/R + HkAr 1 equiv. EtN(i-Pr), :/\>
CH,Cl,, 0°C
O, _ .
O%}—Ar For R = alkyl, trans major (10)

For R = alkoxyl, cis major

R

Chin. J. Org. Chem. 2012, 32, 57~67
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Calter ZFi\ N, 7E Lewis MRAEM F4lHE TMSQD
ERE R & JB IR BE &, R Lewis BR TG0 1T 07 I8 s N,
HWHTREMEES: —MEREA 1M EEE TR
I, T —ME S A A4S BT AR 0]
AL XTI , SEA ) TR RS E R AL AE X
3, PRI 25 3 s R B ™ ) (Path A, Scheme 10).
MR T b B A B A B, 78 Lewis MIEH N 5
TMSQD fEHIE R & R & @ Ml 3k, 1T R BT
%EE&M‘ZEE’J*ﬁﬁf’ﬁﬂﬂfﬁﬁﬁty,ﬁfﬁ%, DAl I J
I SEAGE i) 3R A0 AE X A, 15 B0 Ay 2 4 = (1)
7=#)(Path B, Scheme 10)

Path A: alkyl-substituted acid chlorides

1
ML * o 1y
Ly . R TMSQD"
Oﬁﬁ/TMSQD R g

R! 0

=X

2
R? OML,

—
3

open transition-state
forms trans-lactone

closed transition-state
forms cis-lactone

Path B: alkoxy-substituted acid chlorides

% i *
M, Rﬁ(TMSQU
H PhO
OQ%/TMSQD+ T Qo
PhQ LM L,
\ R/O

n

anti-periplanar open transition-state ~ gauche open transiton-state
forms trans-lactone forms cis-lactone

Scheme 10

2007 4 Lin /NHPPVEE S8 A% PE K 408 gh A2 W ek
Lewis iR 45 &k, KT —E A4 7451 Salen &
HIXUE BEAHEAL 7 9 (Bq. 11), 7F M5 E A 5 2
(I 4 20 3R BN S S h 3R 45 91%K 7= LK T 99% ee
FRIRT S Pk

OMe
/

Lewis base

A

ko
(0] Lewis acid
=N. / N=
Co_
t—Bu{éio/ \o%}t-su

1mol% 9 0

ketene (5 equiv.
BnOCH,CHO ketene (5 equiv.) ? (11)
-78°C,1h

OBn
91% yield, > 99% ee
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2,12 MBAey =R &

Calter /NP FLIFSE T S0 4l A A 116 P 5945
IR TR R RN, KINZETT(QD, 2a)f1 O-TMS %7
T (TMSQD, 2¢)i W11 75(98% ee) (Scheme 11), M2+
(Q, 1a) &5 TP SRR LI 45 R (70% ee), 1HZH O-TMS
FILEP(TMSQ, 1e) 752 I H 5w IR UL PR (90% ee).
Calter 25Ny, ZET(Q, 1a)f& TS & 2L T #5431
TBIE I O- N ZE 52 (1d, 57% ee), MM I H AR K%
PEE.

(0] Q. OH O
1) Zn (0] LiAIH
Me%Br ) 1AM, UK/ Me
2)cat. 2 Me | THE 2
Br Me' € Me

up to 98% ee
20% yield

Scheme 11
Jriok Calter Z5PYNGIE T ) #4310 75 3%, RA—I
Z ARSI T I 2 WERTTER . aldol 46— R AN
1k (Scheme 12), k22 58 AR R AT A= W0 1K) AN X PR 55 I
PRt T — T A R AR

(0] M
) 0 \c\) 0.3 mol% 2c ° 0
~ . 0
o>\ 500~550°C | Il : i\/
-78 °C S M
} \ Me e
[o) Me Me H e
99% ee
0 Li 10 mmol/h
M i
\l\‘j/ O O OH
O OLi MeO :
Me |Meo RCHO N g S R
e oo LI e T
= Me Me Me
| We
Me syn,syn : anti,;syn =8 ~19: 1
yield for syn,syn : 48% ~ 52%
Scheme 12

2003 4 Calter /N1 Vi FH RS A AR B A AT AK, 7F
A TH & BIN(Pr-i), FMEL T O-TMS 25 7*(TMSQ, 1¢)
FEAET, DU e 1877 S 050 326 436 P 15 380 45 ol g s 4 ]
(1) 2= #)(Scheme 13).

_OMe
5mol% 1 HN
o) mol 1c O ‘ 0 o
Yoy _ENGPR, R Me M@\N%
Cl R CH,Cl,, r.t. cat. pyridone ‘
Zv2 R R CH,Cly, it Me R R

58% ~ 88% vyields
91% ~ 96% ee

R = Me, Et, i-Pr, t-Bu, TIPSOCH,, MeO,CCH,

Scheme 13

HIEF IR I, BRSNS HCL TE B I 2 28 I v
(1 e A B 111 51 A% A 7015 0 T o ol 2 G 4 1
55— T 4% i (path A)BE % 1 5 (path B) (Scheme

62 http://sioc-journal.cn/
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14) S B e s 25— 28 S NI AL AR A7 JE 182 R A
B U (R A A ISV D A, 2R BN AT L% R A%
A [R5 AT, kAR B R LSO i A
FJHE. Cater S5Ke 5 FftfhE A7) 2031 192 P 280 46 e 1) 0 A
B A e v, AR HEAGTRIAE TR 250 T e
AR AL AR EREE, BIIE Cater 51NN, JoiRAIHHI
B U 1R S IR S DA AR, i — 2R A% A2 A [
Ji kAT

O

o)
EtN(-Pr), ‘C‘

Cl R slow

catalyst

, Q.
EtN(-Pr)
+ Me 43 0
cat \_Me

cr Me Me
Scheme 14

2.2 N-ZIR-EE(NHC)fEHLF

2008 FEMAAHIE T N-Z4I8- R =ML 2-BE R S
975 W 1100 A S 0% B 0 e s I 2O, g P At AT R 4 e 1)
MR da AENMEAT, BPRE T A I AN 5 R
A e S 2- I R A2 N, DA v R AR XS e M R
1A 99% ee MWL RENERS 25 A7 AHARZ= Dk LRI
LR B-NBE(Eq. 12). X Fid bl 2-mE R 1) 3
W5, A-FORHEE, (EARTRIZRAE N S0 I A s
1.

o o)
¢, 7 CIPARD
)CL " HHA"Z 4a (10 ~ 12 mol%) At L L=H (2
Ar' R o THF, r.t. R O/:\Arz

73% ~ 99% vyields
up to 99% ee
Bt i A 25 7SR 12 2 A e ) I ) 380 e 5 366 04
B =R WA BRI R N, BAEE 96% dr 1)
EXT WL RENEFT 99% ee MIXTMLERENES 2] T SH WA
FHARZE= R 0 ) B- I BE(Eq. 13).
O o)
¢ i 5b (12 mol%) i?\
+ _ VTR L At [ WCF
M AR Co 00, (tomo) N2 (1)
toluene, ~40°C 509, ~ 99% yields
up to 96% dr, 99% ee

B, PR VR P SR A At AT e = 4

Ar'
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R AR N IO A 5 g R T R £ B
SN, e S AR T R b A B R BRSO A - 8- 1A T AL
S YI(Eq. 14).

o)
I 5b (12 mol%) QAR
o+ ¢ —— > ., Ar
N ){ Cs,CO3 (10 mol%) =0 (14)
\R' Ar R toluene, — 40 °C or r.t. N
R'=Me, Cbz, Bn 40% ~ 99% yields

trans/cis: up to 20: 1
up to 99% ee

AR b A T TR B2 A PR ) — M 5 4 A D S A A
PR BT I T e 5 366 0 ] ) AN S R 5 S 1 1291
LU 97% ee X MUE BB &1 o-TF- 1RV B-
WEE(Eq. 15). FHd i 55 0 e A e i 18 S N AN [m] 7 2, 3%
AR5 A B R R 1) = e s LU AT N (R R . TMS
I TBS PR AR I B i 5 SRR, Ho e
171 4e [Ar'=3,5-(CF5),CsHs, Ar*=4-MeOCH /1351
MRk f . — 7T, Ar' b CFs 95 NS T BRI
AR RE ), (EREA RIS SR i m, i —J7
I, 76 A 5 NA T OCH; \—EFEE e T

N-Z AR =R, DN I A i PR A v k.

H 0

c (0]
A 4—e> Arin,
A~ >R THF,rt. RS N\ Ar (15)

R
46% ~ 99% vyields, up to 97% ee

HRA S A NHC 8 A6 1 M i — 2% i AL 3
(Scheme 15): NHC 5 54 A S A% 1 Ak BUI: M A= s A
Mg =Mk 9, MAWEER 9 X I3 — 73 7 [ R N B i 1)
410, ik 10 77 LLESY O-S %R & A2 40 1 I 2%
B SN 2E 1% p- A G 11 (path a), BT LIE R C-35#%R
FILE R B-——1 12 (path b). TJBEH T C-SEAZ A FIFN =k

2 AT 75 TRV A, B ) —
P 12 1R 2B .
i g s
N N~
% R A lRA
P N A

R
11 (path a)
O:N + 0. Ar

< N oN—pp R
So T :
N__N- Ar NP '

g NP LT R R ©
“Ar o 12 (path b)
HO (not observed)
R (0] Ar
[l 10
9 (e}
Ar)LR
Scheme 15
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2.3 Hfthfiks

2004 4 Ful M Al AT /N gL o J () AT S 1o T 1)
PPY HEALF 3 I F 21 e A W A0 % 1 19 [2 421 54 ke
SN (Bq. 16), LUy 177 6 R0 ik F v 45 81 5 A7
TR B-AURR ) -V G, (LS P Ak a6
AIEAR .

0 o)
[] 0

3 (5 mol% IO
C 4 )k , ( 0) R [.R® (16)
1* 2 H® "R THF, -78 °C
R” 'R R2 H
R'= Me, Et, i-Pr, (CH,)e, cyclopentyl
48% ~ 92% yiel
R2 = Me, Et 8% ~ 92% yields

cis:trans=4.2~4.6:1
R3= Ph, 2- -naphthyl, 4-(CF3)CgHys, 76% ~ 91% ee

4-(MeCO)CgHg4, 4-MeCgHy
BT Kerrigan /NP — R FVEBEIE J A% 1
AT FH 21 AR A7 W R0 e S 14D [2 + 2034 0 B S B H
(Eq. 17), AT EA HF1E BINAPHANE KM
HT5, K2 H ke 75 50 W A% W AE LA T O, fig
DAAR e 10 A S0 e 8 R ) e s B P45 21 B- P .

i 7
c R2 (17

51% ~ 99% (14 examples)
dr>90 :10 for 9 examples
ee > 90% for 7 examples

R)-BINAPHANE

2009 4F Kerrigan /NP4 T (R)-BINAPHANE f
AR R BE LR AR FR — 2 SN, Bh 80% ee TR
WOkPEPEAR ] T -, X2 T O E R %
HEAL A AR ] 2R S N b (1) . FH (Eq. 18).

. i (R)-BINAPHANE (0.1 equiv.)
)LRZ H™ O R3 CH,Cl,, ~78 °C

R1

O,

@ (R)-BINAPHANE (0.1 equiv.) 0
Ph)kEt CH,Cly, 78 °C Ph \_pn (1®
Et
65% yield, 80% ee
Z:E>39:1

Jr R BB, A ST FE Y Josiphos S —
KA ILTS B — R SRAR AT, — R Y0y He
P e A I S o TE(&%FH{EmE’Jrﬂéﬁéﬂg
Tr=W, RN PRI BV R IA 96% ee (Eq. 19).

3 BEBYAXFFR[4+ 23R 00 K B 2

55075 W B2 A 215 0 e A BE, 45 B B AN X6 FR[44-21]
IR A AR e 2, Horp 3 R o i 5 40 K B AT
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BHlLE

O

O
[l 0
C Josiphos (0.1 equiv.) 1
R, 19
RJKRg CH,Cl,, —25 °C 4N R! (19)
R

R2

R' = Ph, 4-tolyl, 2-tolyl, 4-CICgHj,
2-CICgHg, 3-thienyl, c-hexyl, Me

R? = Me, Et, n-Bu

45% ~ 99% yields
up to 96% ee

(c-hexyl)oR

Arsz Ar =Phor 3,5-(CF3)2C6H3
Fe
=

Josiphos

AR INIRIT ST, A B AR . SBAR RV fi LA A AR
P NP G A 17 SN S D AT TR RSV N R Y I &)
Y B A AR L ) ag. T i 5 A0 R R e e A
) 1A-RIFREVRER, BAT 2 Hria AL OR3P in MR e i
FERIVER, AR A s PEGSA BRTCAAE VR 2 MR 25 ) L KR
SRPEAIIHR. T 408 TR R T Ve s I 45 28] 1 s
Wi, BABURER . PUEE Rl P 0E s — Ry
YriE L.
3.1 EBPWEELEKR

2006 4F Lectka /INZHPHRAE T 40 4B fHE L. (1475 T
L SBARBR AR R[4+ 2030 k. R O-FH 27T
(BQD, 2b) kS RZ AT, Wk R Il A4, 742t
HENG-Pr), (IAFAE T, — RAIBESE S DUSUAR IR S v, LA
58%~90% 117 ZF1 90%~99% ee 1) e} WAL 7 14 73 E)
WINEG=Y). i r-a i wob i A, wr LU R &
BT o-F2 18 AT A W) (Scheme 16).

R R
O R O 10mo%2b R o. O
( + i
=Y Cl R o  Hunig's base i
R THF,-78°c R 0" R!
R
R

OH HO,
NH T R’ oAN_ " /<°
R o-ﬂ(N” R' Nu
R ol
8
o

N+

Scheme 16

)ﬁﬁj\cr
K

H 20
=Y

Ao

Hinig's base

Pd
PhsP” |
Cl

= C
. aj\% o

KT P VI TE, Lectka 25 Lewis MR
Zn(OTf),, Sc(OTH);, In(OTh); ZAF h AL 5 I 2
P 1408 2 TR T[4~ 20 0 e S B HY -8R T I 6 S 4 2 1)
Lewis MRIFANAEISLALIRER. &, AEARRFHINER
PER) d® 204 0 4 )& £ 40 (PPhs),PdCl,, (PPh;),NiCl,,
(PPhs),PtCly, HIBEINP S N (RS, B i n ™= 4 A AH
N o-FRIEFRAT AN =5, o k1) (PhyP),PACI, £
M NT. B L hh. RO 5T L DFT
TR, &8 Pd A LM I 548 R BRI 1,
A 0 I 5 B b 2 A i AR e v, S A I R Ik
FEBEIm, AT AR S S FE (1) (Scheme 17).

K O-2K k25 T (BQD, 2b)1EMAL T, ABAHE
P fle s n DL I SR A A B R AR [4+ 2138 I e = Y,
PL 61%~77%IH1 7 45 2] Lo 622 246(>99% ee)F1T-1%
1,4-2K FFWERE IO 0 1 187 e 4k, 38 AT LA 26 i A
AU 1,4- 2K IR RIS -2 K8 (147 42 ) (Scheme
18). DA b A0S K Ik MV e 5 06 I [ 4~ 20 AN X Bk A8 Jom e e
A LME N — AMEBOR £ 62 40 a- 28 55 AT AR
Y.

BB ST W, Lewis MRWT LAE b BhiEAL 7
I B Js N A AR R R i, 3 v A 00l S B (14 77
K. Lectka 25K I, £ Sc(OTH; M O-ZKHEZE 5 |
(BQD, 2b)ILRMEAL T, = SUAR KB W % 55 6 T 1) s 1
TREEINTR, 0= PIIH RERR S5 A3 B o- ISR AT AED 1)
PR AR, RN ST AAE PR A SRR FELE 99%
ee Ul _I(Eq. 20).

(1) 10 mol% 2b cl

10 mol% Sc(OTf)3

Oxy~CeHa-p-NO, Hinig's base  HO cl
o] 0
cl N /< THF, -78 °C Q
HC  cl (2)Me
Cl (0] p'NOZCGH4

H3C o

91% vyield, > 99% ee

70 -5 IR UL P (KT A B B B 7 A Lewis

Cl Cl
| «PPhy cl o

Cl @)

Scheme 17
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3
o , R Hiinig's base
¢ . R j@o THF, 78 °C
R’ Cl RS SN cat. 2b
k2
CsH4 p-NO,

OYCGH“ p—N02

R1j\/:[Nj‘\\R3 BH3;-SMe, R!

R3
R® l\‘l R!

61% ~ 77% yields, >99% ee

HO R! Q
NuH o G CAN >\—NH o)

N o] p-NOzCeH4 N
> < 3
p-NOzCGH4 R u
R3 Nu
Scheme 18

RN G S AL [FIVEF R A g5 Y. R Zn(OTH), 1
AR, O-ZK 2R T T/(BQD, 2b) K A% AL 71,
kS IR RTAK, 76 EING-PrL. fE4E R, SRk T LA
XU V. Jig e S8 A RS v M (Bq. 21). N ™ 3R
(69%~93%) H BA AEH 58 L MR BB B (>99% ee).
K O-ZK % T (BQ, 2a) Lewis MREE &, W LIS H
TG A o — SR B =),

Os_Ph
]! T\l/ 10 mol% 2b
& 10 mol% Zn( OTf
R3
szi/\[ * \ACI Hinig's base j 21
)\ THF, -78°C
O~ "Ph
=Cl, CF3, COPh 69% ~ 93% vyields
R2 ClL,H > 99% ee

Lectka W\ R iZ N R T —AN 5 1 N LEE, B
I A XS B AE N i A A R P A SR, XY
TV b Lewis 764k, ML N LIRSl igan, 75523
AT R P SRAZ B, A B v TR AR J 3R 73 28] A e ]
(Scheme 19). XF-FIEXSFRIEET f, P94~ N (125 L
ANTA], A R 5 5 B R R S N, BRI W
HA XL 1.

Os__Ph
Ph 3 o
o) /—R\ H ) TH
‘ . Ph \ R .
\Zn2+ o+ BQD___ BQD
O)\Ph 2 0Tf gyI Ph
O<_Ph
T ; o OYPh
O L
BQD
NS0 N
Y
O%\Ph 'O)LPh
Scheme 19
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2007 4F, Nelson ZFPHRIE T LiClO, Al TMSQ(ik
TMSQD) L [l fHEAK [ 45 i A1 N- Ik Ve 1) AN % R [44-2]
N mi(Scheme 20). 7E e H, il R fide 2 AEARPE 4%
PEF, 23 EHIBESURT -2 45 18 I 3% A ). Nelson S5A
M, N- ).L@?ﬁmﬁué—txﬁéﬂ]ﬁ{ﬁ%ﬂ’]ﬁ%@? i, W5 4)R
Li FeA7, JERCER R A, P2 s B AT 1R
TS ARERETE(>95 15 dr, >95% ee).

SR
o SR SAN
S%\N/H 20 mol% 1c (or 2c)
Cl + _— O//LYKRZ
R p—Ts)\Rz LiCIO,, EtN(-Pr), [
>95% ee
(cis:trans > 95 : 5)
I
O RS
SR 2 %
i s
S N - —_I°N Li
1 2
R H H)K/R L O
Scheme 20
3.2 N-ZUFEENHC)EMLEKR

SR PH s 5 O, e oy e At A R R 4 ) = e
R EEAE A SEAZ A A TR FH 3045 1 5 R ) AN FR[4+-2]
e, BLENE 96% ee (% ik B ME £ 203K I ke
YI(Eq. 22).

‘c _4c(10mol%) © 2
)L o toluene, 0 toluene, 0 °C or rt. V'R
Ar

FHRS T4 T 5 S8 IR BT =D (K [4 200 0 R, 5 i
L5 AR T PR AN BRI A AT LU AR S 7 e 1
o-WlE, BATPUE . PR PUGHEAPUR KT TE, 2VF
2 RIRT IR LD IENE S 1 IR Lo .
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AL ik it R
2008 fEFASELRIE T 86 N-Z4tb R etk 5a (10 mol%)

SR o B~/ () AN S R[4 +-20 98 . A P A A { “%ﬁ%1mm%< ° %@@

VRILALR FREH = M SR AT, 45 B0 HEA W ]C; A o O ) o ar

595 SRR R A R N, BRI 39 0 1 dr R9ERY PMP

W FEHER 92% ee IR BUAFEPER B 64 a-ZTtt o major

A1 -0 0 () [ 3K 6- N B (Eq. 23).

o] OxAr? 2
a N 5a (10 mol%), THF ~ © O‘ A
A )LR 7 Cs,CO3 (10 mol%) Ar'r, (23)
CO,Et

R
57% ~ 93% yields CO,Et
up to 99:1 dr

up to 92% ee (trans, major)

I A A5 ST s i 0488 R 28 e 00 0 S D S5 Ak
TSI, RIS G ) R A 2
P T A% A 2R H A B S 0T, gl ] LA S 5 045 i 11
ANKEFR[4+ 20 I e Js v .l ik 25078 NHC 4k 571 _E 1
AR, T DLIRASAH SR L (R R I0 = P (Eq. 24).

0 O R? Oy O-_R? 0. _0O__R?
NS VTG o S g o

* _N _N N (24)
AR ’]‘/ R '\\‘1 A

1 R R!

R 13 ent-13

NHC 4a: 13 up to 96% ee

NHC 4d: ent-13 up to —-97% ee

MRASEIAA, A8 H] 4a A HEAL IR, NHC 5 %6 6
Y RGPV T 3 L A FR IBEA SeA 5 0) SS IE I, R 1 T

HPEPER A, B NHC 15 N AHERZRIN . IR
IR A IR —F 1 i A 4d AL, NHC 5
] 11 13T S P s I R FH 2 L R S B, B NHC
5 NAHIER) 2,4,6- = FEEAIERAREAS 5 — M
(Scheme 21).

Perpendicular TS B

Coplanar TS A

Scheme 21

B i P s 25 S T oK s SIS A A7) 49 S 1 F 3 44
i 5 40 W0 FF R 2 R UPVRIE 3= SI1 R SR R 31 0 B o
BV, R A R A T R AT IR AU e £
R RIS (Eqs. 25 A1 26).
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up to 9:1 dr, 99% ee

EtO,C. X
X / o  5¢ (10 mol%) BOL -
[l Cs,CO3 (10 mol%) G
0+C | Ar(26)
N J_ pomrt
| AR /N o~ o
Bz Bz
88% ~ 99% yields
up to 10:1 dr, 90% ee
4 R4

grEPTIR, SXSAAEIR . & RS T
PPY (4-pyrrolidinopyridine) LA & N-Z%fb 4~ 52 CAF =38
e R R IR R SEAZ AT WL/ AR, el N T4
A PR AN RS R [2 4 2 R[4 2050 0 e B S o i =k A
R BRI SEAZ AR, S5edr AR 4 I ) — 2R s 1 A
I W 5 T ) (2 210 NS S . ) i S A 0 T 1) 3
LIRS N AT TE SR IR 0k, FFa rTRFSE R R
() s AR A B Al 25 R EESR, IR N AE LR B- P I
B-WERSE, V2 AR =i P g5k e, ]
DAAE Ay SR B v i) 4k 3 -1 5 AT AR v P ) R B8 7=
HPHIE R, AR RN AT S, RESA. ik
FRVE & HE V2 I8 B AR 7R 23X A 78 Stek
I PR B ik
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