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(c) Cooperative catalysis (this work)
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Figure 1 Strategies for asymmetric organophosphine catalysis (color
online).
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Scheme 1 Cooperative catalysis by metal/phosphine-thiourea/urea
(color online).
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Table 1 Optimization of the conditions”

O,

o Cu(OAc), (2 mol%)

1a Ph 2a

DCM, RT

N /j\
\ + Ligand (5 mol%) &N N\
&N & OH

CF3

Ph,P.
L1 LU

RTONTON CF;

H H

4aR = 2-(S)-sBu
4bR = tBu

PhyP. O

BE8e
RTONTON
H H

4fR=Bu, X=S
4gR=Bn,X=S
4h R = 2-(S)-sBu, X = O

PhyP
2 JSL
N7 N
H H

4c R = 4-OMe-CgHy
4d R =Ph
4e R = 1-naphthyl

#H e L el 5 1] (h) 2 H (%) ee (%)
1 Cu(OAc), 4a DCM 8 95 19
2 Cu(OAc), 4b DCM 8 95 13
3 Cu(OAc), 4c DCM 8 95 45
4 Cu(OAc), 4d DCM 8 92 52
5 Cu(OAc), 4e DCM 8 92 89
6 Cu(OAc), 4f DCM 8 93 73
7 Cu(OAc), 4g DCM 8 93 86
8 Cu(OAc), 4h DCM 8 90 10
9 Cu(OAc), 4i DCM 8 92 -19
10 Cu(OAc) 4e DCM 6 92 73
11 Cu(OAc),’H,0 4e DCM 6 90 81
12 Cul 4e DCM 12 22 <10
13 Cu(CH;CN),BF, 4e DCM 12 trace -
14 Cu(CH;CN),PFy 4e DCM 12 trace -
15 Cu(OTY), 4e DCM 12 trace -
16 Cu(OAc), 4e Toluene 24 68 50
17 Cu(OAc), 4e CH;CN 16 62 60

a) SR 244 1a (0.2 mmol), 2a (0.24 mmol), %)@ #2(2 mol%), FLiK(5 mol%), ¥E7(2.0 mL), 5. 7B 7= Z&. (8 T [ Al i = sk

WA T E ee

BE— PR TOR B, R G2, AT LR B
7 A SR 2 FH T A0 0 F) T i i 748 ()-SR A
XIFRBN T2 IR T, i 2 F-AE TP M L AES AL ™4
6 (23). HAl, RA/DH T SeBl B - S A R 2E AU
AP LR S RIFTFIMA AR T, ATRALA R
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2 RMEREEY
Table 2 The reaction scopea)

= (0]
Cu(OAc); (2 mol%) R

R P~N o 3 OR
R3 i /j\ 4e (5 mol%) RS l;l N\
A + =z 0] = S — N
RE N2 11 4 DCM, RT b o)

R°gr2 Rt
1 3
e}
3cR=F 91%, 93% ee
- OE i
NN PR &N N\ 3dR=Cl 90%, 92% ee
N Y 3eR=Me 95%, 89% ee

3f R=0Me 93%, 80% ee
3g R = SCF3 94%, 89% ee
3h R=NO, 93%, 92% ee

0 Q -
OFt OFt
i o i 0
3 R=F 84%,92% ee

3j R=Cl 84%,88%ee R
3kR=Me 95%,86% ee
o)

3aR=Et 92%, 89% ee
3b R = Me 94%, 91% ee

3l R=F 86%, 83% ee
3mR=Cl 96%, 66% ee

OR OEt K
Ef OEt
Sy I s
N Y o) R1 N Y
R'R

! CQ
3n X = O 88%, 78% ee 3q R"=Me, R?=H 95%, 75% eel®!
3o X =S 85%, 81% ee 3p 95%, 83% ee 3rR'= H R? = Me 95%, 87% eel®

OEt
bne e b
N N o)

X
3s X = CH, 83%, 83% eeld Me 3v R = Me 95%, 80% ee
3w R = Ph 96%, 83% ee

3t X = NBn 90%, 75% eel®  3u 89%, 49% eel’l

a) M ZA%: 1 (0.2 mmol), 2 (0.24 mmol), Cu(OAc), (2 mol%),
4e (5 mol%), CH,Cl, (2.0 mL), =i M8 h. /=3 iy Bk 543+t
S TR M S OB A B RS S ATl EeefE. b) 24h. c)
12h. d) 10 h
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IR IG fie S7 8 VR A R A ('H NMR) SE5%:
BN, TR JEECARE IR 2 I H . H2F0 L f i a7 4
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I A7 4 T fE a8 I AR R 2 P OB A T A O =
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R T, BRIRVEAL T e S
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3 DR

Table 3 Kinetic resolution via asymmetric (3+2) cycloadditiona)

o)
N O Cu(OAc), (4 mol%)
’|\1+ +//I\OE1 4e (10 mol%) :?—«
E L DCM, RT
R’ R!
(%)-5 2 (S) or (R) -5
o)

(o] (o]
[o] O
NN NN
N OEt N Ot
Ph Ph
Cl F

6a 42%, 86% ee, 6b 44%, 82% ee, 6¢c 42%, 84% ee,

>20:1dr >20:1 dr >20:1dr
(S)-5a 41%, 84% ee (S)-5b 40%, 83% ee (S)-5¢ 40%, 84% ee
s=35 s=26 s=30

B AL

6d 44%, 82% ee, 6e 43%, 9% ee, 6f 43%, 82% ee,

>20:1dr >20:1 dr 12:1dr
(S)-5d 30%, 83% ee (S)-5e 40%, 78% ee (R)-5f 45%, 70% ee
s=26 s=20 s=21
a) R Z&AF: 5(0.4 mmol), 2(0.22 mmol), Cu(OAc), (4 mol%),
4e (10 mol%), CH,C1,(4.0 mL), Z iR J38~12 h. =% H L6 8L5 1T
S P T I A A 7 R B R S T SE eefE. s=In[(1-C)(1
—ee)))/In[(1-C)(1+ee,)], L Z: C=ee /(ee, +ee,)

WIS T H4b 5 Cu(OAC), T A K 5 A W i) B
O EBa). [ERERNE, X2 H R B HRIE H R
IR -1 2 S ) s AR G ), ke T AE T R AT R oW
SLR A R WO B, B R 43 BT IR A M SR B 5 A
i JR 1B 5 A R AL A, X ONBR IR 5 Cu(D) I BC A7 32
BT HEGEYR, R T Z R 8) 25 SOk R s A
DFTH 5 F g B0 80 1303e] - ma SRt ) i i 44
SR T BRAR S SR R IEDY, 5T R A B B T £
FHEG, B B T OO FT BB 42 1R %o g % 1
WL AN, BEEH TR, UEIR-A LB A
Cu(OAc),45 &, TERCu()-&&Y), IESE T Seii i
BE, B SR il i SR % Cu(D)- Z. e et e, 2
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(a) Control experiments
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NN S B BN
H H Me R gl

4e R = 1-naphthyl 92%, 89% ee
4j R = 1-anthracen 90%, 88% ee

41 R = 1-naphthyl 90%, -28% ee

4k R = 2-naphthyl 94%, 58% ee CFa OAc
(b) "H NMR studies in CD,Cl,
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4e 1 o
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Sch.eme 2 Control experiments and '"H NMR studies in CD,Cl, (color TREE 3 A5 SR BE 1 &8 R (M 2305
online). 2
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Scheme 3 The crystal structure and the proposed mechanism (color
online).
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Phosphine-thiourea as ligand for copper-catalyzed asymmetric (3+2)
cycloaddition and Kinetic resolution
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Abstract: Over the last decade, phosphine-(thio)ureas have been extensively used as bifunctional catalysts in a variety

of asymmetric reactions via organophosphine or dual-reagent catalysis. By combination of phosphine-thioureas and

copper salts in this article, we developed asymmetric cooperative catalysis which served as an efficient strategy for

asymmetric (3+2) cycloaddition and kinetic resolutions. The reactions gave the pyrazolone scaffolds with high yields

and good enantioselectivities. Broad substrate scope was demonstrated. Notably, the crystal structure of the active Cu(I)-

species was obtained, providing valuable insight into the interaction of copper and phosphine-thioureas.
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