Cu(l)-Catalyzed Asymmetric
Allylation of Ketones



CUuCI-TBAT (A: 2 mol %)

or OH
/IOL B,O CuF+3PPh3*2EtOH (B: 1 or 3 mol %) M
' +/\/ \ =1 =
R o THF, rt R
1 2a
entry ketone catalyst (mol %) 2a(equiv) h 3 (%)
1 R® O 4a:R'R%2R%=H A(2) 3 6 100
2 R 1b:RT=CHs B2 R3=H  B(1) 11 17 100 TBAT
i 1c:R11,R23=H, RSZ=CH3 gg; H 13 133 (tetrabutylammonium
1 1):R", R2=H, R®=CH : . : .
i R (RT=CHs difluorotriphenylsilicate)
o)
5 O 1k B (3) 1.1 3 98
J
6 4/—\>)k 1d B (3) 1.2 3 83
s 0O
7 O)J\ 11 B (3) 1.2 4 98
-
N o
8 <I§ im B (1) 1.1 17 81
o)
9 Aé 1h B (3) 1.2 3 75
o)
10 @ 1n B (3) 1.2 3 9
o)
11 10 A2 3 6 100
P NN ()
o)
PO A(2) 3 17 64
12

Wada, R.; Oisaki, K.; Kanai, M.; Shibasaki, M. J. Am. Chem. Soc. 2004, 126, 8910.



Lanthanide Effect on
Allylboration of Ketones

CuF2+2H50 (X mol %)

0 /O [ (R,R)-"Pr-DUPHOS (2x mol %) OH
M, A~ B |~ Laaddiive(15xmol%) A
Ph 0 ; Ph”. o=

1a 2a (y equiv) DMF, —40°C 3a
catalyst 2a time  yeld® eef
entry (xmol%) (yequiv) La-additive (h) (%) (%)
1 15 3 - 20 42 79
2 15 3 La(OfPr)3 35 95 77

3 3 12 La(OPr) | 1 94 82 |

B 15 3 (R)-BINOL-La(OPr); 20 52 80
5 15 3 (S)-BINOL-La(OPr); 20 48 79

Dynamic coordinating nature of lanthanide metals

Wada, R.; Oisaki, K.; Kanai, M.; Shibasaki, M. J. Am. Chem. Soc. 2004, 126, 8910.



CuF»5+2H50 (3 mol %)

0 (R.R)-'Pr-DUPHOS (6 mol %) OH
U La(O'Pr)3 (4.5 mol %)
R™ R *+ 2a R®: =
1 (1.2 equiv) DMF, -40°C,1h R 3
entry substrate yield (%)2  ee (%)?
1 g2 1a:R', R =H 94 82°
2 1b: R'=CHg, R°=H 89 84
3 g 1c:R'=H,R2=CH,; 83 83
0
4 [Ff‘\ 1d 84 85
S o
5 @é 1e 88 84°
0
6 O)k 1t 87 90
0
7 a/“\ 1g 99 91
0
8 Aé 1h 98 84
0
9 NN 1i 96 67¢

Wada, R.; Oisaki, K.; Kanai, M.; Shibasaki, M. J. Am. Chem. Soc. 2004, 126, 8910.



Catalytic Enantioselective Crotylation of
Ketones

CUF2+2H20 (3 mol %)
(R.A-Pr-DUPHOS  HO Me
(6 mol %) )Y\
\(\/ La(O’Pr)3 @s5mol%) R 4 >

R' R?

; 2b- R‘ CHg R2=H  DMR.H0°C o 0 Bl _CHa R2=H

2c:R'=H, R2=CHj4 anti R' = H, R% = CH,

crotylboronate  time yield dr ee

entry substrate (1 D equiv) (h) (%) (syn/ann) (%)

1 )OL - 2b 1 73 30/70 75/90

2 oh” Me 2¢ 5 94 84/16 87/74
0

3 1f 2b 3 80 27/73 90/93

4 Me 2¢ 4 90 38/62 90/92
0

5 P ST 2b 4 100 34/66 16/85

6 Ph Me 2¢c 4 100 36/64 21/85

No crotylation proceeded in the absence of La(OiPr)s,.

First example of a catalytic enantioselective crotylation of ketones, giving the
chiral tetrasubstituted carbons with high enantioselectivity.

Wada, R.; Oisaki, K.; Kanai, M.; Shibasaki, M. J. Am. Chem. Soc. 2004, 126, 8910.



11B NMR Studies

Chart 1. "B NMR Studies
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- B allylation reagents is an allylcopper

Wada, R.; Oisaki, K.; Kanai, M.; Shibasaki, M. J. Am. Chem. Soc. 2004, 126, 8910.



Rate Acceleration of Metal Alkoxide

@)

(d)

1 3and 11 10
(14.8 ppm) (4.2 ppm)

/\/Bpln CU@ 5 /\/CU-SPPha
F
. = _~BPn = .
CuF-3PPh, 4 F—BPin (3)
‘ © Cu-3PPh
1+ LIOPr+ M X‘O . /\/ 3
CUuF-3PPh, //’\/BPln = "
10: M = Li, X = O'Pr X—BPin ,
4:M=CuX=F X =F (3) or OPr (11)
@
o~ H PrO©
T Lok /\/BPm
10
> @
- ProS " PO A~ Cu:3PPh;
BPln /\/BPm .
9 .
== X—BPin
® X =F (3) or OPr (11)
L~ RO
BPln /\/BPin
~ 12

(-10.1 ppm) (-13.4 ppm)

(Eq. 1)

(Eg. 2)

(Eg. 3)

(Eq. 4)
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Kinetic studies
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the rate-determining step is the
generation of the active nucleophile
through a ligand exchange between
boron and copper atoms, and NOT
the addition to a substrate ketone

Wada, R.; Oisaki, K.; Kanai, M.; Shibasaki, M. J. Am. Chem. Soc. 2004, 126, 8910.



Proposed Catalytic Cycle

@
) > Cu F\@,O>
CUF + /\/B\O » /\/B\
1 4 0

/
accelerated by F=B, )
La(OPr),

g \C

B
0" 0 R’

R1Fi\/\ \_%
6

/
/\/B\ >
Z 07 1

\
R2
5

Kanai, M.; Wada, R.; Shibuguchi, T.; Shibasaki, M. Pure Appl. Chem. 2008, 80, 1055.



Proposed Model of Crotylation of Ketones

AL BPin K\/BPin OH OH
(E)-2 (2)-2 PN * Ph’::J\__/\
/P * /P * E ]
F-Cu ) _ F-Cu? ) syn anti
P RH/\ P (E)-2: 73 % (30/70), 75/90 % ee
o . . (2)-2: 94 % (84/16), 87/74 % ee
u
A~ Ccul ) —  p = cul )*
N~ “p \_/P K\/ P>
o o o OH | OH
- + /\)\/\
R R, R R RANR. PR e Y
syn = anti
(E)-2: 100 % (34/66), 16/85 % ee
on OH oH (2)-2: 100 % (36/64), 21/85 % ee
RLA:\/\ R_M‘H RL N \
Rs 2 Ra Ra
anti linear syn

The rate of the crotylcopper addition step to aromatic ketones might be faster than
that to aliphatic ketones.
The addition could proceed before(E)/(Z) equilibrium of crotylcopper in the case of

aromatic ketones, whereas the addition proceeded after equilibrium in the case of
aliphatic ketones.

Kanai, M.; Wada, R.; Shibuguchi, T.; Shibasaki, M. Pure Appl. Chem. 2008, 80, 1055.



Proposed Model of Crotylation of Ketones

OH OH
PR X Ph*g\_/\
syn = anti

(E)-2: 73 % (30/70), 75/90 % ee
(Z)-2: 94 % (84/16), 87/74 % ee

Ry~
OH N | OH
Ph S x F Ph/\/:g\:/\
syn :  anti
8 (E)-2: 100 % (34/66), 16/85 % ee

(2)-2: 100 % (36/64), 21/85 % ee

Kanai, M.; Wada, R.; Shibuguchi, T.; Shibasaki, M. Pure Appl. Chem. 2008, 80, 1055.



Synthesis of Modular Chiral Bisphosphine

Ph
(wing) MeO Br MeO Br
Q— HO)\:/\OH
NHQ o) Oj’Ph
S1 HO ©C $4 (chiral head)_ ©C N—
- \ 3

CC: ot
o
Br
MeO*@»Br MeO @Br
S2 (linker)

S3 s5

MeO PAr,

@)
Ph
c ° XTI
(phosphine) o) Pz

(@)

MeO PAr,
8: Ar = p-F-Ph

“ Conditions: (a) K,CO;. DMF. 80 °C. overnight: (b) AcOH/(CH,),Cl, (1/10). 4A MS. 70 °C. 30 h, 85.8%
(two steps): (¢) "BuLi, THF. —78 °C, 1 h: CIPAr,. —78 °C to rt. rt overnight, 70%.

Shi, S.-L.; Xu, L.-W.; Oisaki,K.; Kanai,M.; Shibasaki, M. J. Am. Chem. Soc. 2010, 132, ASAP.



Effects of Chiral Head Structure

CuOAc (5 mol %)

Q ligand (7.5 mol %)
jj)\ ['3 La(O'Pr); (7.5 mol %) HO@\
P CHy T 2O -  Ph N
1 3 2a: (1 . THF, —20 °C, 16 h o
a a: (1.5 equiv) Jield >85% R

R' of ligand ee of (R)-3a (%) . ee of (S)-3a (%)

_ Ph (5) 65 64
4-MeS-CgH, (11) 61
/ cyclo-Hex (6) 9
PPh, Ph(CH,), (12) 3

Shi, S.-L.; Xu, L.-W.; Oisaki,K.; Kanai,M.; Shibasaki, M. J. Am. Chem. Soc. 2010, 132, ASAP.



Effects of Wing Structure

CuOAc (5 mol %)

®) ligand (7.5 mol %)
j\ B La(O'Pr); (7.5 mol %) HO@\
P CH, * A O > Ph N
3 ) THF, —20°C, 16 h
1a 2a: (1.5 equiv) (R)-3a

Shi, S.-L.; Xu, L.-W.; Oisaki,K.

yield >95%

—PPh,

| (ir pp RZofligand  ee of (R)-3a (%)
N—/ MeO (5) 65

. O/" H (13) 34

: iPrO (14) 59
—PPh,

: Kanai,M.; Shibasaki, M. J. Am. Chem. Soc. 2010, 132, ASAP.



Effects of Linker Structure

O ?
B-
Ph)J\CH3 G
1a 2a: (1.5 equiv)
MeO: PPh,

CuOAc (5 mol %)
ligand (7.5 mol %)
La(O'Pr); (7.5 mol %)

THF, —20 °C, 16 h
yield >95%

ee of (R)-3a (%)

(i7,Ph R3 of ligand
N—L H (5)

MeO (15)

65
33

HO, ,CHs
- ph N
(R)-3a

MeO PPh,
NG O._Ph eeof (R)-3a (%)
[ N—, 16 17
. 70 O/‘
MeO PPh,

Shi, S.-L.; Xu, L.-W.; Oisaki,K.; Kanai,M.; Shibasaki, M. J. Am. Chem. Soc. 2010, 132, ASAP.



Effects of Phosphine Part

CuOAc (10 mol %)
(@) 0O ligand (12 mol %)

| eV . HO,,’ CH3
Ph)J\CH3 ¢ B LiO'Pr (0.5 equiv) PhM
. CH,Cl,, —40 °C, 16 h
1a 2a: (1.5 equiv) (R)-3a
R of phosphine yield of (R)-3a (%) ee of (R)-3a (%)
Ph (5) >99 76
p-MeO-CgH, (17) >99 76
0-MeO-CgH, (18) 5 53
c-Hex (19) 60 0
p-F-CgH, (8) >99 81
p-Cl-CgH,4 (20) 99 80
p-CF3-CgH,4 (21) >99 78
3,5-(CF3),-CgH3 (22) 46 27

Shi, S.-L.; Xu, L.-W.; Oisaki,K.; Kanai,M.; Shibasaki, M. J. Am. Chem. Soc. 2010, 132, ASAP.



Effects of Solvent, Co-catalyst, and

Temperature
X 0 Somony _ HOuOHs
P CHs /\/B\O _ co-catalyst, solvent,> PhM
1a 2a: (1.5 equiv) temperature, 16 h (R)-3a
entry co-catalyst (eq.) solvent temp. (°C) yield(%) ee (%)

1 La(O'Pr); 0.15 THF -20 >99 65
2 La(O'Pr); 0.15 DMF -20 70 63
3 La(O'Pr); 0.15 toluene -20 >99 64
4 La(O'Pr); 0.15 CH,Cl, -20 >99 71
5 LiO'Pr 0.5 CH,Cl, -20 >99 72
6 LiO'Pr 0.5 CH,Cl, —40 >99 76
7 LiOMe 1.0 CH,Cl, —40 57 76
8 LiOBu 0.5 CH,Cl —40 99 76
9 Mg(O'Pr), 0.5 CH,Cl, —40 77 77
10 Ba(O'Pr), 0.5 CH,Cl, —40 99 77
11 Ca(O'Pr), 0.5 CH,Cl, —40 38 77

Shi, S.-L.; Xu, L.-W.; Oisaki,K.; Kanai,M.; Shibasaki, M. J. Am. Chem. Soc. 2010, 132, ASAP.



Effects of Protic Addictive

CuOAc (2 mol %)

o) 0 8-(2/'-4 mol %). HO  CH
Ph)J\CH:, . /\/é\o LiO'Pr (X. .equw) _ Phx/?»\
1a 2a: (1.5 equiv) CH,Ch, fgg'ﬂée 1620 h (R)-3a
entry LiOPr (X equiv) additive (1 equiv) yield (%) ee (%)
1 2 - 99 89
2 0.5 — 47 84
3 0.5 "PrOH 99 89
4 0.5 MeOH 24 78
5 0.5 ‘BuOH 46 83

Shi, S.-L.; Xu, L.-W.; Oisaki,K.; Kanai,M.; Shibasaki, M. J. Am. Chem. Soc. 2010, 132, ASAP.



Catalytic Asymmetric Allylation of Ketones

CuOAc (2 mol %)
0 0 8 (2.4 mol %) HO, R?
)k Rwé‘o LIO'Pr (05 eQUiV) R1&\
R 2a: R = H 'PrOH (1 equiv), CH,Cl,
R 75°C X

1 2b: R = (E)-Me; 2¢: R = (Z)-Me 3

HO CH} HO ‘.\\/

. : o /
I =
~ KO

3e
90%, 90% ee

99%, 89% ee: R* = H (3a)*
98%, 92% ee: R? = p-CH, (3b)
90%, 92% ee: R3 = p-OCHj, (3¢)

99%, 87% ee: R? = m-CH; (3d)
HO, CH3 CHs

® s 3 (TQ\
93%, 92% e 94%, 93% ee
HO, CH3 3m: f-CHy, 3n: a-CHy
Ph S

HO, ,CHa

91%, 90% ee

99%, 98% ee: X = CH,, n =1 (3h)*
85%, 95% ee: 3h (0.1 mol % cat)®®
83%, 85% ee: X = CH,, n = 2 (3i)
86%, 94% ee: X =0, n=1 (3j)

HO, ,CHa
. k S

3k 3l
88%, 83% ee®

using 2b: 80% (3m : 3n = 93 : 7), 90% ee (3m), 90% ee (3n)¢

CH;  using 2¢: 76% (3m : 3n = 8 : 91), 90% ee (3m), 90% ee (3n)°

Shi, S.-L.; Xu, L.-W.; Oisaki,K.; Kanai,M.; Shibasaki, M. J. Am. Chem. Soc. 2010, 132, ASAP.



New Ligand vs iPr-DuPHOS

‘Pr-DuPHOS °

product

"Pr-DuPHOS®

product 8¢
HO 99%
B
89% ee
HO 99%
A
87% ee
HO 94%
74 f X
s 93% ee
e 91%
AN
90% ee

94%

82% ee
3%

83% ee

84%

85% ee

87%
90% ee

98%
92% ee
99%
98% ee

(E)-crotylboronate
anti :syn=93:7
80%

90% ee : 90% ee
(£)-crotylboronate
anti :syn=9:91
76%

90% ee : 90% ee

89%

84% ee

88%

84% ee

(E)-crotylboronate

anti > syn=70: 30
70%

90% ee : 75% ee
(£)-crotylboronate
anti : syn=16: 84

94%
74% ee : 87% ee

Shi, S.-L.; Xu, L.-W.; Oisaki,K.; Kanai,M.; Shibasaki, M. J. Am. Chem. Soc. 2010, 132, ASAP.



Catalytic Asymmetric Propargylation of
Ketones

& oj§< CuOAc (2 mol %), 8 (2.4 mol %) )
/u\ HLCs ' LiO'Pr (0.5 equiv) HO, R ~
Col-B-0 ~

R DSR2 * v M
1 'PrOH (1 equiv), CH,Cl,, -75°C R
OA/ “/«f ©f>
R? 10h
93%, 95% ee: R? = Me, R? = H (10a) 93% ee®  849%, 98% 83%, 95% ee

85%, 90° ee: R? = Me, R? = Br (10b) HO, ,CH,
a4%, 93% ee: R? = Me, R? = Me (10c) 0. ¢ M2 Z
82%, 93% ee: R? = Me, R® = OMe (10d)®  Ph™" 10

I

94%, 42% ee: R? = Et, R® = H (10e) 10k
90%, 86% ee 0, 94% ee
CH-
w ) c HO, CH3/ HO, CH3/ HO, ,CH /
3
O/ 10j 10| 10n
67%, 86% ee 85%, 88% ee” 65%. 81% ee? 72%. 72% ee®

Shi, S.-L.; Xu, L.-W.; Oisaki,K.; Kanai,M.; Shibasaki, M. J. Am. Chem. Soc. 2010, 132, ASAP.



Utility of Homopropargyl Alcohols

HO 1) TBSOTT, 2,6-Lutidine, DCM, 95%
P >
ph/<// 2) PdCl,/PPh; (1:8, Pd= 10 mol %), ArBr(1.5 eq.)

10a (95% oe) piperidine, 80 °C, 12h. 72% 23 (95% ee)
3) TBAF, THF, 85% without any racemization
CuOAc (5 mol %) Ph

0 8 (6 mol %) cinnamyl azide (2.0 eq.) -
)J\ allenylboronate (1.5 eq.)  ~ sodium ascorbate (50 mol%) HCM\
Ph LiO'Pr (0.5 eq.) DMF/H,0 (4:1) ~ Ph N

'PrOH (1.0 eq.) microwave (150 °C, 50 min) N=N
CH5Cly, =75 °C, 19 h
then evaporation one pot procedure 24 (81%, 93% ee)

Shi, S.-L.; Xu, L.-W.; Oisaki,K.; Kanai,M.; Shibasaki, M. J. Am. Chem. Soc. 2010, 132, ASAP.



A: CuOAc + ‘Pr-DuPHOS (1:1)

RIET & orlughos-CuOAS
FIHNE(] A 002 050)
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X Qmm
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B: CuOAc + Xantphos (1:1)
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show-CullAc
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| L+cu®] monomer
| Lx2 + CuoAc + Cu® | dimer
/
.
il - lLI 1[

/ PCuP =90.2°
(By DFT calculation)

allylation : 4%, 83% ee
propargylation: no reaction

O PPh
N

@) CuOAc

s

/. PCuP = 115,2°
(By DFT calculation)

N

allylation : 2%
propargylation: <2%



Catalyst Activity Rationale

C: CuOAc + 8 (1:1)

/_ [ L+Cu ® | monomer

8 (Ar = p-F-Ph)

/ PCuP = 137.8° (By X-ray crystal structure)
/. PCuP = 134.2° (By DFT calculation)

very weak peak
‘ | LX2 + CuOAc + Cu® dimer

— allylation : 99%, 89% ee
- propargylation: 93%, 95% ee

The monomer is the catalytically active species.
The wider bite angle of 8 than 'Pr-DuPHOS and Xantophos, leading to
the stablization of the monomeric complex.

Shi, S.-L.; Xu, L.-W.; Oisaki,K.; Kanai,M.; Shibasaki, M. J. Am. Chem. Soc. 2010, 132, ASAP.



X-ray Crystal Structure

X-ray structure of CuOAc-8

H-Bond H+~0A) C+0(A) «CHOE) C-H(A)

typical <2.7 3.3-3.8  90-180.0 1.1
C-HyO (caled)  2.375 3.298 141.4 1.090
C-HyoO (obsd)  2.538 3.443 150.2 1.001
C-Hys O (caled)  2.364 3.384 154.1 1.097
C-HysO (obsd)  2.531 3.486 159.8 1.000

Shi, S.-L.; Xu, L.-W.; Oisaki,K.; Kanai,M.; Shibasaki, M. J. Am. Chem. Soc. 2010, 132, ASAP.



Proposed Transition State

Shi, S.-L.; Xu, L.-W.; Oisaki,K.; Kanai,M.; Shibasaki, M. J. Am. Chem. Soc. 2010, 132, ASAP.



