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Reviews: Corey (ACIE, 1998); Christoffers (ACEI, 2001); Barriault (TH, 2003); Christoffers (ASC, 2005); Trost 
(Synthesis, 2006); Cozzi (EJOC, 2007); Bella (Synthesis, 2009); Alexakis (CC, 2010);  Marek (CC, 2011)�

•  Enantioselective conjugate addition�
•  Enantioselective allylic substitution�
•  Enantioselective nucleophilic allylation�
•  Enantioselective alkylation�
•  Enantioselective aldol reaction�
•  Rearrangement�

Could we consider a different approach?�

•  Creation of several carbon-carbon bonds per chemical step�
•  Creation of several stereogenic centers per chemical step�
•  Easily accessible or commercially available starting materials�
•  High diastereo- and enantiomeric ratios �

R2
R4

R3
R1�R1

R2
R4

R3
R1�

R3�

R4�R2RRR222

RRRRRRRRRRR11

R3

R4

R1

R2
R4

R3

��������	
����

R2R
XR1

OOH

R3

R2R
XR1

ONH

R3

R4

�	�
����	
����

R2

R XR1

O-M
+

R3 H

O (NR4)

For stereodefined tetrasubstituted enol ethers in non-cyclic system: Corey; Aggarwal, Tidwell, 
Prandi, Marek, Zakarian, Myers, Takeda…..�

R2
XR1

R

O

H
Me H Ar

O O

Et

+

N N

H
L/CF3COOH
(0.1 equiv)
DMSO, rt

48 h
H Ar

O

Et Me

OH

96%
62/38 dr

95.5/4.5 er (anti)
88/12 er (syn)

C. F. Barbas ACIE 2004, 43, 2420

H
Ph

H CO2Et

O
N

Me

+
L-Proline

(0.3 equivalent)
DMSO, rt H CO2Et

O

Me Ph

HNPMP
PMP

66%
85/15 dr

93/7 er (syn)
C. F. Barbas OL 2004, 6, 2507

Aldol… 

Mannich… 



See also: A. Zakarian (ACIE 2007, 46, 7466) and A. Myers (JACS 2008, 130, 13231) �

1) LiDBB
2) Cy2BBr
3) PhCHO
4) NaH, BnBrN

S

O

H

EtMe

N

O

SBn
H

Ph
Me Et

OH

80%
91/9 dr

97/3 er (syn)
J. L. Gleason OL 2004, 6, 405

1) LiDBB, THF, -78 °C, 12 h
2) PhCH=NSO2Ph
3) 1 M HCl, dioxane, 23 °C, 12 hN

S

O

O
H

Me
Et

OH
N
H

O

Ph
Et Me

NHSO2Ph

80%
92/4/3/1 drJ. L. Gleason OL 2009, 11, 1725

Aldol… 

Mannich… 

R3 CH3

OH

R1 R2

O

R3 NR2

OH

R1 R2

CH2

R2

R1

CH2M

NR2

Our first approach…. 

Acidic hydrolysis�
Nucleophilic allylation �

of R3CHO�

One-carbon�
homologation�

R1 NR2

Carbometalation�

disconnection�

disconnection�

disconnection�

R2

R1

M

NR2

ON

O

CH2Ph

R1

R2MgBr + CuBr

R2Cu
Et2O

-30 °C, 3 h

ON

O

R2

Cu

R1

CH2Ph

THF
-30 °C to rt

12 h

ZnBr2
R3CHO
Et2Zn
CH2I2

R3 N

O

R1 R2

CH2

O
O

CH2Ph
RZn

R3CHO

R3 N

R3SiO

R1 R2

CH2

O
O

CH2Ph

R3SiCl

Zn
O

R2

R1

H RN

O
O

Ph

R3

ON

O
R2

H2C
Zn
R

R1

CH2Ph

Et2Zn + 2 CH2I2

ICH2ZnCH2I

p-MeOC6H4 C
H

Et

CH2O

C

Hex

N O

O

Ph

PhMe2Si
70%

dr 90/10/0/0

p-MeC6H4 C
H

Et

CH2O

C

Hex

N O

O

Ph

Me3Si
62%

dr 89/11/0/0

p-MeOC6H4 C
H

Bu

CH2O

C

Hex

N O

O

Ph

Me3Si
66%

dr 92/08/0/0

p-MeOC6H4 C
H

Hex

CH2O

C

Bu

N O

O

Ph

Me3Si
62%

dr 91/09/0/0

H5C6 C
H

Et

CH2O

C

Hex

N O

O

Ph

Me3Si
61%

dr 89/11/0/0

p-MeOC6H4 C
H

Me

CH2O

C

Bu

N O

O

Ph

Me3Si
62%

dr 91/09/0/0

C
H

Et

CH2O

C

Hex

N O

O

Ph

Me3Si
60%

dr 90/10/0/0

O C
H

Et

CH2O

C

Hex

N O

O

Ph

PhMe2Si
58%

dr 89/11/0/0

p-MeOC6H4 C
H

Ph

CH2O

C

Hex

N O

O

Ph

Me3Si
53%

dr 98/02/0/0

Nature Chem. 2009, 128�



Selected examples�

20% KOH solution
in MeOH/H2O

60 °C

R3 N
OH

O

R2R1

CH3
R4

3Si Ph

Oxalic acid
H2O/Et2O

R3

C
H

R2

OO

C

R1

R4
3Si

CH3

Quantitative
dr > 98/2
er>98/2

R3

C
H

R2

CH2O

C

R1

N O

O

Ph

R4
3Si

1 diastereoisomer

p-MeOC6H4 C
H

Bu

OO

C

Hex

t-BuMe2Si

CH3 p-MeOC6H4 C
H

Hex

OO

C

Bu

t-BuMe2Si

CH3
C

H

Et

OO

C

Hex

t-BuMe2Si

CH3C6H5

dr > 98/2
er >98/2

dr > 98/2
er >98/2

dr > 98/2
er >98/2

Nature Chem. 2009, 128�

NR1 O

O

Ph

R3

C
H

R2

CH2O

C
R1

N O

O

Ph

1)

2) R3CHO

THF, 5h, RT
then H3O+

R2Cu

R43SiCl

R4
3Si

 Et2Zn
 CH2I2

1) 20% KOH / MeOH / 60 °C

Oxalic acid/H2O/Et2O2)

R3
C

H

R2

OO

C
R1

R4
3Si

CH3

60-70%
dr 90/10

quantitative
dr >98/2
er>98/2

Nature Chem. 2009, 128 (highlighted Daniel Werz, ACIE 2009, 48, 7971)   �

Our second (and more appealing/promising) approach…. 

Aldol reaction�
with R3CHO�

One-oxyggen�
insertion (oxidation)�

Carbometalation�disconnection�

disconnection�

disconnection�

R3 XR

OH

R1 R2

O

R2

R1

O-M

XR

XR

O
R2

R1

Unselective enolization�

R2

R1

M

XR

R1 XR

One-oxyggen�
insertion (oxidation)�

?�

Yury Minko, Morgane Pasco, unpublished results

Bu N O

O

Ph

MeCu•Me2S

MeLi + CuBr•Me2S

Et2O
- 20 to 0 °C, 3 h

Me Cu•L

Bu N
O

O

Ph

1.2 equiv
t-BuOOLi

-78 °C, 90 min
THF

Me Cu•L

Bu N
O

O

Ph

O
O
Bu-t

Li+
Me O

Bu N
O

O

Ph

Cu
OBu-t

1,2-metallate 
rearrangement

i-PrOH
-78 °C

 30 min

Bu
N

O

O

O

Bn
Me

65%
86:14 dr

H
-78 °C

 30 min

Bu
N

O

O

O

Bn
Me

63%
92:8 dr

H

EtNH
OH

Me
N

OSiEt3

Bu
OO

Bn

Et3SiCl
-45 oCt-BuOOH + n-BuLi

-78 °C

t-BuOOLi

-78 °C
30 min

Our second approach…. 

Single isomer
Stable at rt



R1 N O

O

Ph

Me2CuLi•Me2S

2 MeLi + CuBr•Me2S

Et2O
- 40 °C, 3 h

Me Cu•L

R1 N
O

O

Me

Ph

Li+

1 equiv
t-BuOOH

-78 °C, 30 min

Me Cu

R1 N
O

O

Ph

O
O
Bu-t

+ Me-H
Me O

R1 N
O

O

Ph

Cu
OBu-t

-78 °C
 30 min

R1
N

O

O

O

Bn
Me H

EtNH
OH

N

O

O

O

Bn
Me

51%
90:10 dr

H

O

O
N

O

O

O

Bn
Me

58%
94:6 dr

H
TIPSO

Yury Minko, Morgane Pasco, Accepted for publication

Bu
N

O

O

O

Bn
Me

64%
93:7 dr

H

Hex
N

O

O

O

Bn
Me

55%
90:10 dr

H
N

O

O

O

Bn
Me

51%
93:7 dr

H
O

O

Ad

Aldol reaction….�

Yury Minko, Morgane Pasco, Luckas Lercher, Accepted for publication�

R1 N O

O

Ph

 Me2CuLi (1.2 equiv)
Et2O

- 40 °C, 3 h

Me Cu

R1 N
O

O

Me

Bn

2 MeLi + CuBr•Me2S

t-BuOOH
(1.2 equiv)

-80 °C, 30 min

Me O

R1 N
O

O

Bn

Cu
OBu-t

+   Me-H

R2CHO (1.2 equiv)
R2 N

HO

R1 Me

O

O

O

Bn

THF, -80 °C, 2 hO
O

Cu
R2

N
R1

Me

O

H
R

OBn

50%
dr 93:2:4:1

Ph N

HO

BuMe

O

O

O

Bn

pBrC6H4 N

HO

BuMe

O

O

O

Bn

pMeC6H4 N

HO

BuMe

O

O

O

Bn52%
dr 90:2:5:3

54%
dr 90:1:4:5

54%
dr 94:1:2:3

Ph N

HO

HexMe

O

O

O

Bn

pMeOCOC6H4 N

HO

BuMe

O

O

O

Bn
50%

dr 93:3:1:3

2-Naphthyl N

HO

BuMe

O

O

O

Bn62%
dr 95:2:2:1

Yury Minko, Morgane Pasco, Luckas Lercher, Accepted for Publication�



Mannich reaction….�

R1 N O

O

Ph

 Me2CuLi (1.2 equiv)
Et2O

- 40 °C, 3 h

Me Cu

R1 N
O

O

Me

Bn

2 MeLi + CuBr•Me2S

t-BuOOH
(1.2 equiv)

-80 °C, 30 min

Me O

R1 N
O

O

Bn

Cu
OBu-t

+   Me-H

MeR1
N

O

OO

BnTsHN

R3
TsN=CHR3 (1.2 equiv)

-80 °C, 2 h then H3O+O
Cu

N

R1

Me

O

R
O Bn

N
SPh

H

O

O p-Tol

Yury Minko, Morgane Pasco, Luckas Lercher, Accepted for publication�

MeBu
N

O

OO

BnTsHN

Ph

50%
dr 93:5:2:0

MeBu
N

O

OO

BnTsHN

pMeC6H4

58%
dr 94:3:2:1

MeBu
N

O

OO

BnTsHN

pBrC6H4

45%
dr 94:5:1:0

Men-Bu
N

O

O
O

BnOH

Ph

1) (MeO)2CH2, P2O5, 
    CHCl3, 15 min (93%)
2) LiBH4, MeOH,
    Et2O, r.t., 1 h (90%)
3) Dess-Martin periodinane
    CH2Cl2, H2O (cat.), 
    r.t. 30 min, (96%)

Men-Bu
H

OO

Ph

MeO

d.r. > 99:1
e.r. > 99:1

Cleavage oxazolidinone (a selected example)….

Mannich adducts….�

Carbon-Carbon Bond Activation�

Reviews �
Crabtree, CR 1985; Jones, Nature 1993; Johnson, CR 1994; Brandi, CR 1998; Milstein, ACIE 1999; de 
Meijere, TCC 2000; Kondo, Synlett 2001; Yamamoto, ASC 2002; Milstein, CR 2003; Uemura, Synlett 
2004; Jun, CSR 2004; Murakami, BCSJ 2006; Kotora, COC 2007; Gevorgyan, CR 2007; Shi, COC 2007; 
Marek, ACIE 2007; Cramer, OBC, 2009; Pelissier, ASC 2010; Marek, CEJ 2010; Murakami, CC 2011; 
Aissa, Synthesis 2011; Ruhland, EJOC, 2012. �

C2 C1 M+ C2 M C1

Selectivity in Carbon-Carbon Bond Activation�

and/or�
1

3

2
"M" M

Proximal bond�
C1-C2�

M

Distal bond�
C2-C3�

and/or�RMLn�

and/or�

RLnM

MLn

R

LnM

R

LnM

R

See also P. Wender and K. Houk, JACS 2012



How to have a selective insertion?�

R2

R1 3

2

1

"M" M

R2 R1

Proximal insertion�
C1-C2�

versus�

M

R2

R1
Proximal insertion�

C1-C3�

M

R1R2

Distal insertion�
C2-C3�

R2

R5

MLn

R5MLn

R1

R2

R1
LnM R5

R5

LnM
R1 R2

C1-C2 �
bond cleavage�

C1-C3 �
bond cleavage�

R5

LnM

R1R2
and/or�

Selectivity in Carbon-Carbon Bond Activation�

but also�

Selectivity in the reaction with electrophiles�

R2

R1 3

2

1

"M" M

R2 R1

C1 and C2 should react differently�
with electrophiles�

With N. Chinkov, A. Levin, JACS 2002, 124, 10282; JACS 2003, 125, 13258; ACIE 2006, 45, 465 

Cp2ZrCl2/ 2 n-BuLi
35 °C, 30 minH17C8 OH

H17C8 [ZrX]

Cp2ZrCl2 + 2 n-BuLi Cp2ZrBu2
−78 °C

solvent
−78 to 0 °C Zr

Cp

Cp HBu
Cp2Zr

Et

≡

Et

Cp2Zr

n-C4H8ZrCp2OH
R OZrCp2L

R

Zr
H Allylic C-H 

bond activation

OZrCp2L
R

Zr
H

OZrCp2L
R

H

Zr
R

H

ZrCp2L

R

H

ZrCp2L
JACS 2002, 124, 10282; JACS 2003, 125, 13258; ACIE 2006, 45, 465.  �

Mechanistic hypothesis�



Coming back to carbon carbon bond activation….�

CH2CH2Ph
Me

Et

Cp2Zr

Et

D
CHCH2Ph

Me Et

D

91%
E/Z >99/1

Cp2Zr

Et

CHCH2Ph

Me

Et

"Zr"H

Allylic C,H-activation�

D3O+�

Me

Et CH
"Zr"

H

CH2Ph

ZrCp2

H

Ph

Me

Et

ZrCp2
Et

Me

H

Ph

Selectivity in the �
carbon-carbon �

bond activation ?�

CH-CH2Ph
Me

Et

ZrCp2

H

Hanzawa, Taguchi, JOC 1997, 62, 3994; Whitby, JCSCC, 1994, 2323. �

R2

R1

R3

Cp2ZrCl2/ 2 n-BuLi
-78 °C to rt, Et2O, 13 h

then H3O+ H3C R3

R2R1

H3C Me

EtBu

H3C Me

CH2PhMe

H3C Bu

EtMe

H3C (CH2)2Ph

BuMe

H3C (CH2)2Ph

EtMe

H3C (CH2)2Ph

PhMe

H3C (CH2)2Ph

PhBu

H3C (CH2)2Ph

HMe

H3C Me

EtPh

84%
E/Z 100/0

85%
E/Z 93/7

86%
E/Z 100/0

92%
E/Z 100/0

91%
E/Z 100/0

93%
E/Z 96/4

91%
E/Z 99/1

80%
E/Z 99/1

80%
E/Z 90/10

A. Masarwa, Unpublished results 

Zirconocene-mediated selective carbon-carbon bond cleavage�

R2

R1

Cp2ZrCl2/ 2 n-BuLi
-78 °C to rt
Et2O, 13 h ZrCp2

R2

R1

H

R3

R3

E:Z > 98:2�

E1-X
XCp2Zr E1

R1 R2

R3

E2 E1

R1 R2

R3
E2-X

HH2C

H3C CH3

PhCH2

OH

CH3
CH3

93%

DH2C

H3C CH3

PhCH2

OH

CH3
CH3

93%

ClH2C

H3C CH3

PhCH2

OH

CH3
CH3

70%

HH2C

Ph Ph

Me

OH

CH3
CH3

73%

HH2C

Bu CH3

iPrCH

OH

Ph
Ph

75%

HH2C

Ph Et

Me

OH

CH3
CH3

61%
dr 3:1

THF�

60 °C, 5 h�

Selectivity in the reaction �
with different electrophiles ?�

HH2C

Ph Et

Me

OH

CH3
CH3

61%
dr 97:3

HH2C

Ph Bu

iPrCH

OH

CH3
CH3

60%
dr 93:7

HH2C

Ph Pr

Me

OH

CH3
CH3

70%
dr 97:3

I-H2C

Ph Pr

Me

OH

CH3
CH3

68%
dr 90:10

HH2C

Ph Pr

Me
OH

64%
dr 98:2

Equilibration?�

A. Masarwa, Unpublished results 

Unknown configuration�

Cp2ZrCl2 / 2 n-BuLi�
35 °C, 30 min�R

OH

R2

R1

R3
R2

R1

R3

[Zr]Cp2ZrCl2 / 2 n-BuLi�
-78 °C to rt�
Et2O, 13 h�

Cp2ZrCl2/ 2 n-BuLi
-78 °C to rt
Et2O, 13 h

?�
Isomerization + selective C-C activation�

+ selective reactions�

R2

R1

R4

R3

R2

R1

R4

R3 [Zr]

Isomerization�

Selective carbon-carbon activation�



R2

R1 ZrCp2
R2

R1

Cp2ZrCl2/ 2 n-BuLi
-78 °C to rt
Et2O, 13 h

n
CH3

H3O+ Me

R2R1
n

Me
PhPh

Et
PhPh

n =1�
74%�

E:Z >99:1�

Pr
PhPh

n = 2�
55%�

E:Z >99:1�

n = 6�
66%�

E:Z >99:1�

PhPh MePh

n = 3�
61%�

E:Z >99:1�

n = 1�
85%�

E:Z >99:1�

BuEt

n = 1�
55%�

E:Z >99:1�

HPh

+ Ph
n = 1�
78%�

E:Z >99:1�1.7� 1�

R2

R1 ZrCp2
R2

R1

Cp2ZrCl2/ 2 n-BuLi
-78 °C to rt
Et2O, 13 h E1-X

R2R1
XCp2Zr

E1

R2R1
E2

E1

E2-X

D-H2C

Me Ph

D

Me
H3C

Me Ph

Me

OH

Ph
Ph

I-H2C

Ph Ph

Me

OH

CH3
CH3

E1X = PhCOPh�
E2X = H2O�

50%�

E1X = D2O�
E2X = D2O�

88%�

E1X = MeCOMe�
E2X = I2�

86%�

A. Masarwa, T. Zabrodski Unpublished results 

Extension of our “Zr walk” to enantiomerically enriched dienes….�

R2

R1

OMe

C,H-allylic activation�

R2

R1

OMe

Zr
Cp2ZrCl2/ 2 n-BuLi

-78 °C to rt, 8 h

Selective ring-opening�

Selective hydrolysis�

CH3

R1 R2

ZrCp2OMe
rt, 2 h

CH3

R1 R2

AcOH, 
-78 °C to rt

Corey, Davis, Zhang, Katsuki, Doyle, Muller, Pfaltz   

Dr. Dorian Didier, Unpublished results�

CH3

Hex Me

74%
E/Z >19/1

CH3

Pr Me

66%
E/Z 19/1

CH3

Et Me

71%
E/Z >19/1

CH3

Hex Ph

78%
E/Z 7/1

CH3

PhCH2O(CH2)2 Me

76%
E/Z 19/1

H3C Pr

EtBu

Simplest enantiomerically pure saturated hydrocarbon….�

Applications……�

Wynberg, JOC 1980; Harada, TL 2007; Grimme, Chirality 2008; Cramer, JACS 2010 �



Et

Bu
Me

Cp2ZrCl2/ 2 n-BuLi
-78 °C to rt, Et2O, 13 h

then H3O+ H3C Me

EtBu
E/Z 98:2
er 98:2

84%
E/Z 100/0
er 98:2

H2, Pd/C H3C Pr

EtBu
95%

er 98:2

Simplest enantiomerically pure �
saturated hydrocarbon…..�

P. Knochel, ACIE 2005, 44, 4627 

Ozonolysis 

DH2C CHD2

CD3H3C

Enantiomerically pure deuterated neopentane….

For determination of absolute configuration, see:�
Haesler, Schindeholz, Riguet, Bochet, Hug, Nature, 2007, 446, 526�

Application to the synthesis of an even more  
beautiful molecule……(top-model) 

D3C

H3C
CH2CH2Ph

E/Z 98:2
er 98:2

Cp2Zr

Et

then D3O+
DH2C CHCH2Ph

CD3
H3C

D

91%
er >98:2

Enantiomerically pure deuterated neopentane….�

A. Masarwa, Unpublished work 

O3, Me2S

then LiAlD4

DH2C
OH

CD3
H3C

D
MesCl, Et3N DH2C

OMs
CD3

H3C

89%

D
LiAlD4

THF
DH2C CHD2

CD3
H3C

R3

H

R2R1

H2N

dr >99/1
er >98/2

HO

R1

CH2H

R2

R3 E

dr >99/1
er >98/2

N

O

R2

O
R1

Bn

O MR3

H

R2

OO

R1

R4
3Si

CH3

dr > 98/2
er>98/2

R1 R

R3

OCb

R1

OH

R2

R3OCO

R1

JACS 2003, 125, 11776  
JACS 2006, 128, 4642�
CC 2007, 1683�
CEJ 2008, 14, 7460 
Dr. Genia Sklute�

ACIE 2007, 46, 9291�

Goren Kolodney�
JACS 2010, 132, 5588�

Noga Gilboa�
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