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in High Yields,
How to Synthesize Any Organic Compounds

Economically,
Selectively,
Safely

Efficiently,

YES (ES) ! Green Chemistry

1. Consider all usable elements (ca. 70).

Avoid (i) radioactive, (ii) inert, and (iii) inherently toxic elements.

2. If desirable and necessary, consider their binary combinations (ca. 5,000).

3. Use metals for desirable reactivities.

4. Use transition metals mainly as catalysts.

(Two is Better than One!)a

a E. Negishi, CEJ 1999, 5, 411-420.
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Anatomy of the Periodic Table

= Radioactive elements  (26)

= Intrinsically toxic (?)  (7)

= Inert gases  (5)

= Organic elements = Main group metals

= f-Block transition metals

= d-Block transtion metals
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(12 - 1 = 11)
(27 - 6 = 21)

(24 - 1 = 23)

(15 - 1 = 14)
58 metals usable 
in Organic Synthesis
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Effects of Product Yield and Number of Steps on Overall Yield

Number of Steps 90% Ave. Yield 80% Ave. Yield 70% Ave. Yield
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Scope and Limitations of Uncatalyzed Cross‐Coupling with Grignard Reagents 
and Organoalkali Metals

Note: Cu‐promoted and Cu‐catalyzed reactions have provided some satisfactory procedures.
Conventional Wisdom: Avoid Cross‐Coupling! But, should we?

R1M  R2X R1 R2+ M X (M = Mg, Li, etc.)+
No Catalyst

R 1M
R 2X

A rM

M

M

M

M
A r

M

A lk yl M

MCN

C C O M

A rX X X X
X

A r A lk y l X R C O XX

T hese  reactions  
do  no t p roceed
excep t in  specia l 
cases .

S om e w ork bu t 
they a re  o f lim ited  
scope .

C apric ious  and  
o ften  nonse lective

S pecia l p rocedures 
a re  be tte r bu t need  
m uch  im provem en t.

S om e w ork  bu t they 
a re  o f lim ited  
scope .

L im ited  
scope

N eeds 
spec ia l 
p rocedures
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LEGO Game Approach to C―C Bond FormaƟon
via Pd‐Catalyzed Cross‐Coupling Reactions 

R1M  R2X cat. PdLn R1 R2+ M X (Thermodynamic sink!)+

R1, R2 = C group. See below. M = Mg, Zn, B, Al, In, Si, Sn, Cu, Mn, Zr, etc. X = I, Br, Cl, F, OTs, OTf, etc.
M & X = Regio- & stereo-specifiers, which permit a genuine LEGO Game avoiding addition-ELIMINATION ! ! !

R 1 M
R 2 X

A r M

M

M

M

M
A r

M

A lk y l  M

MCN

C C O M

A r X X X X
X

A r A lk y l  X R C O XX

A lk y n y l-
a lk e n y l
c o u p l in g

A lk e n y l-
a lk e n y l 
c o u p lin g

M
X

+

X
M

+

A rM +
X

M +
X

U s e  a lte rn a te  
ro u te s . F o l lo w  th e  
a r ro w

R e c e n t ly  d e v e lo p e d
S a t is fa c to ry

U s e  o f  -h a lo e n o n e s  a s  e n o la te
e q u iv a le n ts  s h o u ld  b e  c o n s id e re d

M

MA r
M

T s u j i-T ro s t
R e a c t io n

T s u ji-T ro s t
R e a c t io n

X
X

A rX

M

A r
M

M

X

A r
X

X

?
U s e  th e  a lte rn a te  ro u te s  s h o w n  
b e lo w

L it t le  k n o w n
u n t i l re c e n t ly

R e c e n t re s u lts
p ro m is in g

C o n s id e r  a ls o
u n c a ta ly z e d
a n d  C u - ,  N i- ,
o r  F e -c a ta ly z e d
p ro c e s s e s

C o n s id e r  
A lk y l M  a s  
a lte rn a t iv e s
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Why Metals?

C C

no facile reaction

HC

HB

C C

B

C C

H

2 + 2

6 e-

HC

C C

C

C C

H6 e-

H

C C

C C

H16 e- ClCp2Zr

Bottom line: M H M C

ClCp2Zr

C+ -- short-lived, uncontrolled
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∆Eint = ∆Ees + ∆Eex + ∆Epol + ∆Ect + ∆Ec + ∆Edist

Intermolecular Interaction in Donor‐Acceptor Complexes

Interaction = Electrostatic + Exchange Repulsion + Polarization 
+ Charge Transfer + Correlation + Geometry Distortion

A B+ A B
+-

A B

Mo, Y.; Song, L.; Wu, W.; Zhang, Q. J. Am. Chem. Soc. 2004, 126, 3974-3982. 10

Why d-Block Transition Metals ?

I. Simultaneous Availability of Empty and Filled Non-bonding Orbitals (LUMOs and HOMOs)

Note 1: Strong Affinity toward -Bonds Explained and Expected.

Note 2: Highly Reactive and yet Stable, and Reversible. ("Super-Carbenoidal")

Note 3: Non-bonding Orbitals can be substituted with -Orbitals ("Elemento-metalation")
(These are available to main group metals as well. The only key requirement --- an empty orbital.)

Hydrometalation Carbometalation Hetero(Metallo)metalation

M

C C

+

+

+

+ +

-

-
- - -

+
M

C C

+

+

+

+ +

-

-
- - -

+
H M

C C

+

+

+

+ +

-

-
- - -

+
C (M')X

C C
+

+

+ + -
- - -

M
+ -+

+- -
I I

H MR
Pd cat.

I
R

H

no -eliminationPdLn

Note: This has been applied to 1,5-diene synthesis as detailed later.

M. J. S. Dewar
K. Fukui
R. Hoffmann
R. B. Woodward

Two Major Reasons (#1)

The significance of concerted synergistic (HOMO-LUMO & HOMO-LUMO) bonding 
cannot be overemphasized. 11

Why d-Block Transition Metals ?

II. Ready and Reversible Reduction and Oxidation under One Set of Reaction Conditions !

Essential to REDOX Catalysis

Four Basic Processes of C-C (and C-X) Bond Formation with Transition Metals

(1) Reductive Elimination

(2) Carbometalation

(3) Migratory Insertion

(4) Nucleophilic and Electrophilic Attack on Ligands

Note: (a) Missing links must be provided for catalysis.
          (b) Main group metals also work but not catalytically.

C C
C C

R MLn

C C
C C

R MLn

R MLn

R1 R2LnMT
R1

R2
LnMT

Red. Elim.
+ (Recyclable)

(Stoichiometric)

(Stoichiometric)

LnM
R

C
X

CLnM

R

X

(Stoichiometric)

LnMN-2LnMN

RED

OX

2e-

2e-

a,b

a,b

a

Ex. Pd- or Ni-cat. cross-coupling

Ex.  Ziegler-Natta polymerization
Reppe and Wilke alkyne- and diene cyclooligomerization
Olefin metathesis

Ex. Oxo and other carbonylation reactions

Ex.  Wacker oxidation
Tsuji-Trost reaction

Two Major Reasons (#2)

(LEGO Game Approach)

Very difficult to devise REDOX Catalysis
without using transition metals.

12



Interactions between Two Coordinatively Unsaturated Metal Species
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Genealogy of
Pd‐Catalyzed Cross‐Coupling

Several Independent Discoveries(1975‐1979)
Mg: S. I. Murahashi, N. Ishikawa, 

J. F. Fauvarque (1975 & 1976)
(Following Mg‐Ni version of 
Tamao, Kumada and Corriu, 1972)

Al, Zn, Zr: E. Negishi (1976‐1977)
B:   E. Negishi (1978)      A. Suzuki (1979)
Sn: M. Kosugi (1977)      J. K. Stille (1978)
Other metals: Li, Na, K, Cu, In, Si, Mn

cat. Ni       Pd
R1X + R2MgX                                R1R2

Murahashi[15], Fauvarque[19], Ishikawa[20]

R1X + R2 MgX
cat.   Ni

R1R2

AlX2
cat.   Pd

ZnX                                      R1R2

ZrLn
BX3
etc.                     Negishi[17, 18, 21-23, 27-30]Negishi group contributions:

1. Co-discovery of Pd-Catalyzed Cross-Coupling
2. Discovery of Al, B, Zn, Zr, etc. as Effective Metal Countercations
3. Discovery of Hydrometallation—Cross-Coupling & Carbometallation—Cross-Coupling

Tandem Reactions
4. Discovery of Double Metal Catalysis, especially with ZnX2

• Negishi, E., J. Organomet. Chem. 2002, 653, 34.
• Negishi, E., Ed., Handbook of Organopalladium Chemistry for Organic Synthesis 2002, Wiley, Part III, pp 285-1119.14

First Highly Selective and General Pd‐catalyzed 
Cross‐Coupling Route to Conjugated Dienes (1976‐1979)

• Pd was used, but no advantage over Ni 
revealed.

• First Al – Ni or Al – Pd reaction.
• First hydrometallation – cross-coupling 

tandem process.

• First highly (>98%) selective and 
general synthesis of conjugated 
1,3-dienes.

• Some distinct advantages of Pd 
over Ni in cross-coupling shown 
for the first time.

• First Zr – Ni or Zr – Pd reaction

Bottom Line: (a) Superior selectivity associated with Pd over Ni reported for the first time.
(b) Discovery of the hydrometallation–cross-coupling tandem process.

E. Negishi and S. Baba CC 1976, 596.

S. Baba and E. Negishi JACS 1976, 98, 6729.

E. Negishi and D. E. Van Horn  JACS 1977, 99, 3168.
E. Negishi et al. TL 1978, 19, 1027.

HAliBu2

PhBr
5% Ni(PPh3)4 or
5% Pd(PPh3)4

85 or 89%, 99% E
H

nBu

AliBu2

H

H

nBu

Ph

H



nBuC CH

HAliBu2

5% MLn

5% MLn

M = Ni, 70%, 95% E, E
M = Pd, 74%, 99%, E,E

M = Ni, 55%, 90% E, Z
M = Pd, 55%, 99%, E, Z

H

nPent H

H nBu

H

H

nPent H

H H

nBu

H

I

nBu

H

H

I

H

nBu

H

nPent

AliBu2

H





nPentC CH

HZrCp2Cl

cat. Cl2Pd(PPh3)2, iBu2AlH

70%, 97% E, E

H

ZrCp2ClH

THPOCH2

Me

COOMeH

Br

H

H

THPOCH2
Me

H COOMe


THPOCH2C CH
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First Systematic Screening of Metal Countercations

E. Negishi & A. O. King (1978)

Residual 
Ar‐I (%)

Product 
Yield (%)

Reaction Cond.a

8003refluxZrCp2Cl18

683622SnBu317

1475122SnBu316

94trace1refluxSiMe315

4649322AlBu214

10381refluxAlBu3Li13

804322AlBu3Li12

5921refluxBBu3Li11

7610322BBu3Li10

88trace6refluxHgCl9

92trace122HgCl8

288322ZnCl7

891122ZnCl6

33492422MgBr5

5529122MgBr4

415824refluxNa3

80302422Li2

88trace122Li1

Time (h)Temp ( oC)
M of            

n‐PentCCMEntry

Negishi Coupling

Suzuki Coupling

Stille Coupling

n-Pent M
cat. PdLn

THF
I

Me

n-Pent

Me

16



Fe
PPh2

PPh2

dppf (1)

O
Ph2P PPh2

DPEphos (2)

High Turnover Numbers Observed in the Pd‐Catalyzed Cross‐Coupling 

with Pd(dppf)Cl2 or Pd(DPEphos)Cl2 as a Catalyst

Z. Huang, M. Qian, D. T. Babinski, and E. Negishi, Organometallics 2005, 24, 475-478.

ZnBr(LiBr) MeI+
2x10-5mol% Pd(dppf)Cl2
70 oC, 10 h Me

nHex
ZnBr(LiBr)

nOct
ZnBr(LiBr)

nHex
Ph

nOctnHex
I

+

+

+

+

PhI

PhI

nHex
I

10-5mol% Pd(dppf)Cl2
70 oC, 10 h

5x10-5mol% Pd(dppf)Cl2
55 oC, 10 h

nHex ZnBr(LiBr)

Ph ZnBr(LiBr)

2x10-5mol% Pd(DPEphos)Cl2
23 oC, 15 h nHex Ph

5x10-5mol% Pd(DPEphos)Cl2
23 oC, 15 h Ph

nHex

69% (TON = 3.5x106)

65% (TON = 6.5x106)

63% (TON = 1.3x106)

75% (TON = 3.8x106)

82% (TON = 1.6x106)

nHex

Bottom Line: Use of Zn and chelating ligands can lead to very high TONs.
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How to Synthesize any Alkenes* Efficiently and Selectively
*Mostly acyclic alkenes considered.

It takes Alkynes to make a world.
ACS banner

E

R1 H(Z)

M(X)

(E)R2

R1 H(R', Z)

R(H)

R1 H(Z)

O
(R2)H

R1

YO W

H(R', Z)R1

(H)R2 R(H)

Pd-catalyzed 
cross-coupling

Alkyne
elementometalation

Alkyne elementometalation
demetalation

Carbonyl
acetylenation

Addition Elimination

R, R', R1, R2: C groups. M: Al, B, Cu, Zn, Zr, etc. W, X, Y, Z: heteroatoms.
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“Last” Synthesis of Amphotericin B C21-C37 Fragment 

19G. Wang, S. Xu, Q. Hu, F. Zeng, E. Negishi, Chem. Eur. J. 2013, 19, 12938-12942.

OTES

TBSO

CO2Et

37

21

OTES

HO
OH

O

OEt

(i) LDA, THF
(ii) MeI, HMPA
(iii) TESCl, TBSOTf,

2,6-lutidine

OTES

TBSO

> 98% pure

CO2Et

2
Pd(OAc)2 (10 mol%)
AgOAc (1.2 equiv)

(1) iBu2AlH
(2) MnO2

LiN(SiMe3)2

72% 86% in 2 steps

CO2Et

76% in 2 steps

OTES

O

H

(i) (Z)-2-butene, KOtBu, nBuLi;
(ii) (+)-Ipc2BOMe, BF3 OEt;
(iii) NaOH, H2O2.

d.r. = 95/5
81% 93%

OTES

TBSO

amphotericin B C21-C37 fragment

10

57% in 4 steps

27% in 8 steps from ethyl (S)-3-hydroxybutyrate

PO(OEt)2

OTES

TBSO

CHO

77%

iBu2AlH

> 98% pure

(1)

(2)

> 98% purecommercially
available
(Aldrich)

> 98% pure

"West" C32-C37 fragment

“Last” Synthesis of Amphotericin B C21-C37 Fragment 

20G. Wang, S. Xu, Q. Hu, F. Zeng, E. Negishi, Chem. Eur. J. 2013, 19, 12938-12942.



Synthesis of  Triprotected Side-Chain of Mycolactone B

G. Wang, N. Yin, E. Negishi, Chem. Eur. J. 2011, 17, 4118 - 4130.
N. Yin, G. Wang, E. Negishi, Angew. Chem. Int. Ed. 2006, 45, 2916-2920.

Total syntheses of mycolactones A and B

(3) (i) HZrCp2Cl

55% in 3 steps

(ii) I2

(1) 3 M HCl, 
(2) TBSOTf

Br

Br OMOM

TBSO OTBS

(1)BrZn SiMe3
cat. Cl2Pd(DPEphos)

(2) Me2Zn 
    cat. Pd (tBu2P)2
(3) K2CO3, MeOH

61% over three steps

OMOM

TBSO OTBS

24% over 13 steps

OTBS

TBSO OTBS
I

HO

(i) DIBAL-H
(ii) HZrCp2Cl
(iii) I2

58% in 2 steps

(i) Et2Zn
(ii) Zn
cat. Cl2Pd(DPEphos)

2

HO

(i) AlMe3, Cp2ZrCl2
(ii) I2
(i) Et2Zn
(ii) Zn

cat. Cl2Pd(DPEphos)
2

TBSO I
HO64% in 2 steps 66% in 2 steps

(i) AlMe3, Cp2ZrCl2
(ii) I2

(2) (1)

(1)

(2) TBSCl, Imid.

25% over 6 steps

(1)

(2)

(>98% isomerically pure)

(>98% isomerically pure)
(>98% E) (>98% E, E)

(>98% isomerically pure)(>98% isomerically pure)

(1) TBSOTf (1.2 eq)
     2,6-lutidine (2.5 eq)

(3) NaIO4 (1.8 eq)

(2) 1 % OsO4, NMO, 
     4:1 THF-H2O

EtO2C
OH

(1) TBSCl (1.2 eq)
      imidazole
(2) iBu2AlH (1.1 eq)

OTBS

BF3
.Et2O,

 (ii) aq. NaHCO3, H2O2

91%

(S)
-90 to 0oC OMOM

OH OTBS
5

6

98% over 3 steps OHC

OMOM

TBSO OTBS
7

82% over 2 steps

(>98% pure)

MOMO BIpc2(i)

O

H

(dr = 96/4)

PPh3 (4 eq), 
CBr4 (2 eq)
2,6-lutidine (2.5 eq)

96%

21

OO

O
OH

HO OHO

OH OH

mycolactone  B

1
168

4
14

10
7

Synthesis of  Triprotected Side-Chain of Mycolactone B

TBSO

5% Cl2Pd(DPEphos)
73%

OTBS

TBSO OTBS

(1) Dess-Martin oxid.
(2) NaClO2

77% over 2 steps

HO
OTBS

TBSO OTBSO

TBSO I

OTBS

TBSO OTBS
I

H H H H H

NOE 10% 9%

(i) tBuLi (2 equiv.)

TBAF
THF, 0

(ii) dry ZnBr2

4%

°C

82%
 (>98% isomerically pure)

(>98% isomerically pure)
Negishi Coupling

15% overall yield in the longest linear sequence (17 steps)
from ethyl (S)- 3-hydroxybutyrate

Total syntheses of mycolactones A and B

22
G. Wang, N. Yin, E. Negishi, Chem. Eur. J. 2011, 17, 4118 - 4130.
N. Yin, G. Wang, E. Negishi, Angew. Chem. Int. Ed. 2006, 45, 2916-2920.

Synthesis of  Triprotected Side-Chain of Mycolactone A

TBSO I

Br

Br

SiMe3

Me2Zn
cat. Cl2Pd(DPEphos)

70% yield

TBSO

ZnBr

cat. Cl2Pd(DPEphos)
(1)

(2) TBAF

73% yield over two steps HO

(i) AlMe3, Cp2ZrCl2
(ii) I2

(1)

(2) TBSCl, Imidazole

65% over two steps
C

30% over 8 steps from propargyl alcohol

HO

(i) nBuLi, TMSCl
(ii) HCl

HO
SiMe3

(1) Swern oxid.
(2) CBr4, PPh3, Zn

94% 96% over two steps Br

SiMe3(>98% Z)

(>98% E, Z) (>98% E, Z, E)(46% yield over 6 steps)

i-Bu2AlO ZrCp2Cl

B
O

O

HO

I2, NaOH,
THF-H2O I

HO

i) Et2Zn

HO

1% PEPPSI, THF, 23 oC

ii) (HC C)2Zn,
Pd(t-Bu3P)2 (0.5%)

77%

94%

(i) BBr3 (1.1 eq), CH2Cl2
    -78 to 23 oC, 2 h
(ii) pinacol (1.2 eq)
     -78 to 23 oC, 1 h

85%

>98% Z

B
O

O
Br

Alternative route to  C

(>98% E, Z)

(>98% E, Z)
TBSO I

(i) AlMe3, Cp2ZrCl2
(ii) I2

(1)

(2) TBSCl, Imidazole

65% over two steps
C(>98% E, Z, E)

40% over 5 steps from propyne

Total syntheses of mycolactones A and B

23
G. Wang, N. Yin, E. Negishi, Chem. Eur. J. 2011, 17, 4118 - 4130.
N. Yin, G. Wang, E. Negishi, Angew. Chem. Int. Ed. 2006, 45, 2916-2920.

Synthesis of  Triprotected Side-Chain of Mycolactone A

16% overall yield in the longest linear sequence (17 steps)

from ethyl (S)- 3-hydroxybutyrate

TBSO I

TBSO

MOMO

OTBS
OTBS

H

H

H
H

H NOE(8%)
(NOE 6%)

H
NOE (3%)

(1) TBAF
(2) Dess-Martin oxid.
(3) NaClO2
64% over three steps

(>98% isomerically pure)

5% Cl2Pd(DPEphos)
71%

OMOM

TBSO OTBS
I

(i) tBuLi (2 equiv.)
(ii) dry ZnBr2

Negishi Coupling

HO

MOMO

OTBS
OTBS

O

1

13
15

12

Negishi Coulping

Total syntheses of mycolactones A and B

OO

OH OH

mycolactone A (1A)

O

HO

OH
OH

O

24
G. Wang, N. Yin, E. Negishi, Chem. Eur. J. 2011, 17, 4118 - 4130.
N. Yin, G. Wang, E. Negishi, Angew. Chem. Int. Ed. 2006, 45, 2916-2920.



Synthesis of the Core of Mycolactones A and B

EtO

OHO

1) TBSCl; 2) iBu2AlH
3) Crotylboration
4) TBSCl, Im.

OZZO

1) OsO4, NMO; NaIO4
2) Peterson (Corey)
3) NaBH4

.

1st-4th 
80% over 4 steps

5th-7th 
81% over 3 steps OZZOOH

CBr4, PPh3

8th, 92%

OZZOBr

X

Pd2(dba)3, TFP

OTHP

9th, 83% OZOZ
OTHP

10th-13th
39% over 4 steps

1) MgBr2
2) Sharpless AE
3) LiBH4, BF3 OEt2
4) MsCl; K2CO3, MeOH

OZZO
O

Z=TBS; Sharpless AE = tBuOOH, (-)-DET, Ti(OiPr)4; Peterson (Corey) = sBuLi, CH3CH(Et3Si)CH=NCy, TFA, H2O 
Crotylboraton = (Z)-2-butene, KOtBu, nBuLi, (+)-Ipc2BOMe,  BF3 OEt2; H2O2, NaOH

HO OH

1) TBSCl, Im.
2) Swern oxid.
3) Crotylboration
4) TBSCl, Im.

1st - 4th
66% over 4 steps OTBS

TBSO
5th-8th

49% over 4 steps

TBSO

OTBS

1) BH3, H2O2
2) Swern oxid.
3) Corey-Fuchs
4) nBuLi

.

(I)

OH

i) LiAlH4, NaOMe;
ii) I2 I OH

1st 76%

DHP, PPTS

2nd 83%
I OTHP

purity > 98% purity > 98%

purity > 98%

purity > 98% purity > 98% E/Z selectivity > 98%

purity > 98%  > 98% isomerically pure

(II)

X=Br (II)
X=ZnBr

(i) tBuLi
(ii) ZnBr2

(III)

Total syntheses of mycolactones A and B

25G. Wang, N. Yin, E. Negishi, Chem. Eur. J. 2011, 17, 4118 - 4130.

ZO

OZ

(i) Me3Al, ZrCp2Cl2, H2O;
(ii) nBuLi

14th, 73%

OZZO

OHZO

OZ

1) TBAF
2) TEMPO, BAIB
3) NaClO2

15th - 17th
59% over 3 steps

OZZO

OHHO2C

OZ

Yamaguchi

18th, 64%

OZZO

OO

OZ

OHHO

OO

OH

HF
19th, 75%

Z = TBS; TEMPO = 2,2,6,6-tetramethyl-1-piperidinyloxy
Yamaguchi = 2,4,6-trichlorobenzoyl chloride, DMAP, Et3N

OZZO
O

19 longest linear steps,
4% over 19 steps

(iii)

purity >98%
(I)

(III)

83% 73%

50%

60%

purity >98% purity >98%
(IV)

Present Work.

Kishi route 
via Negishi
isobutyl-alkenyl
coupling

(83x73=61%)

(50x60=30%)

Synthesis of the Core of Mycolactones A and B
Total syntheses of mycolactones A and B

26G. Wang, N. Yin, E. Negishi, Chem. Eur. J. 2011, 17, 4118 - 4130.

Final Assembly of Mycolactones A and B

OO

OH OH

OH

MeO OMe

PPTS (0.2 eq)
OO

O O

OH

80%

>98% isomerically pure

Cl3C6H2COCl,
DMAP, iPr2NEt

73%

67%
17 19

1
5

10
Side-Chain A

Side-Chain B

TBSO

OTBS
OTBS

O

OO

O O

O

OTBS

TBSO OTBSO

OO

O O

O

TBAF, rt, 1 h

HO

OH
OH

O

OO

O O

O

4'Z:4'E = 1:0.23

partially isomerized

70%

OH

HO OHO

OO

HO OH

O

4'Z:4'E = 1:0.75

AcOH/H2O/THF
rt, 12 h, 59%

4'
4'

4'Z:4'E = 0.42:1

OH

HO OHO

OO

O O

O 4'
OH

HO OHO

OO

HO OH

O

4'Z:4'E = 1:0.82

4'

TBAF, rt, 1 h

partially isomerized

71%
AcOH/H2O/THF
rt, 12 h, 64%

Fully protected 
mycolactone A
>98% isomerically pure

Fully protected mycolactone B
>98% isomerically pure

Fully protected mycolactone B
>98% isomerically pure

Fully protected mycolactone A
>98% isomerically pure

Total syntheses of mycolactones A and B

27G. Wang, N. Yin, E. Negishi, Chem. Eur. J. 2011, 17, 4118 - 4130.

Highly (≥98%) Selective Synthesis of All Stereosiomers of 2,4-Dienoic Esters
Alkyne Elementometalation–Pd‐Catalyzed Negishi Coupling Tandem Processes.

G. Wang, S. Mohan, E. Negishi. Proc. Natl. Acad. Sci. USA, 2011, 108, 11344-11349.

Hex

Bu2AlH-ZrCp2Cl2

ZrCp2Cl
Hex

Cond. I: 1% PEPPSI, THF, 23 oC, 12 h

2 (11)

(12)

Hex
CO2Et

7 (90%, >98% 2E,4E)

Hex
8 (85%, >98% 2Z,4E)

CO2Et
2

H
(i) Hex2CuLi
(ii) I2

14 (85%, >98% Z)

H

Hex I

(Eq. 1)

(Eq. 2)
13

Cond. I

Cond. I

(i) BuLi (2 eq)
(ii) ZnBr2 (0.7 eq)

2 (11)

(12)

CO2Et
9 (90%, >98% 2E,4Z)

10 (85%, >98% 2Z,4Z)

CO2Et

2

(Eq. 3)

(Eq. 4)

Cond. I

Cond. I

Hex

Hex

N N

Pd

iPr

iPr iPr

iPr

ClCl
N

Cl

PEPPSI (15):

28



Highly (≥98%) Selective Synthesis of All Stereosiomers of 2,4,6-Trienoic Esters
Alkyne Elementometalation–Pd‐Catalyzed Negishi Coupling Tandem Processes.

I
nHex

BrZn

nHex

31 (88%, >98% E)

(ii) CO2EtBr (11)
(i) HZrCp2Cl

(ii) (12)

(i) HZrCp2Cl

nHex
CO2Et

23 (89%, >98% 2E,4E,6E)

nHex

24 (85%, >98% 2Z,4E,6E)

CO2EtBr CO2Et

14

32 (73%, >98% Z)

(ii) CO2EtBr (11)
(i) HZrCp2Cl

(ii) (12)

(i) HZrCp2Cl 25 (87%, >98% 2E,4E,6Z)

26 (85%, >98% 2Z,4E,6Z)

Br CO2Et

nHex I

nHex

nHex

CO2Et

nHex CO2Et

(Eq. 1)

(Eq. 2)

(Eq. 3)

(Eq. 4)

Cond. II
Cond. I

BrZn
Cond. II

Cond. I

Cond. I

Cond. I

Cond. II: 5% Pd(DPEphos)Cl2, THF, 23 oC, 12 h
Cond. I: 1% PEPPSI,THF, 23 oC, 12 h

29G. Wang, S. Mohan, E. Negishi. Proc. Natl. Acad. Sci. USA, 2011, 108, 11344-11349.

Highly (≥98%) Selective Synthesis of All Stereosiomers of 2,4,6-Trienoic Esters
Alkyne Elementometalation–Pd‐Catalyzed Negishi Coupling Tandem Processes.

30G. Wang, S. Mohan, E. Negishi. Proc. Natl. Acad. Sci. USA, 2011, 108, 11344-11349.

Highly (≥98%) Selective Synthesis of All Stereosiomers of 2,4,6-Trienoic Esters
Alkyne Elementometalation–Pd‐Catalyzed Negishi Coupling Tandem Processes.

31G. Wang, S. Mohan, E. Negishi. Proc. Natl. Acad. Sci. USA, 2011, 108, 11344-11349.

R1M
R2X

ArM

M

M

M

M
Ar

M

Alkyl M

MCN

C C OM

ArX X X X
X

Ar Alkyl X RCOXX

Alkynyl-
alkenyl
coupling

Alkenyl-
alkenyl 
coupling

M
X

+

X
M

+

ArM +
X

M +
X

Use alternate 
routes. Follow the 
arrow

Recently developed
Satisfactory

Use of-haloenones as enolate
equivalents should be considered

M

MAr
M

Tsuji-Trost
Reaction

Tsuji-Trost
Reaction

X
X

ArX

M

Ar
M

M

X

Ar
X

X

?
Use the alternate routes shown 
below

Little known
until recently

Recent results
promising

Consider also
uncatalyzed
and Cu-, Ni-,
or Fe-catalyzed
processes

Consider 
AlkylM as 
alternatives

OH
Me3Al
cat. Cl2ZrCp2

OAlMe2
Me2Al

MeAl
O

1) I2
2) I2, PPh3
    imidazole

1) I2
2) I2, PPh3
    imidazole

I
I

I

Me3Si
ZnBr

2% Cl2Pd(dppf)
Me3Si

>99% E

98% Z

1) 2 tBuLi then ZnBr2

I
I2)
2% Cl2Pd(dppf)

81%, 98% Z,E

Me3Si

1) 2 tBuLi, then ZnBr2

2)
I ,

2.5 % Pd2(dba)3
10% TFP

Me3Si
67%, 98% Z,E

1) TBAF
2) Me3Al, Cl2ZrCp2
3) evaporation then nBuLi
4) (CH2O)n HO
73%, 98% 2E,6Z,10E

(2E,6Z,10E)-geranylgeraniol

I

I

I
I

I

77% overall

60% overall

84%

S. Ma, E. Negishi, JOC 1997, 62, 784
G, Wang, E. Negishi, EJOC 2009, 11, 1679
E. Negishi, S. Y. Liou, C. Xu, S. Huo, Org. Lett. 2002, 4, 261

33% in 5 steps

Pd-cat. C.-C.

ZMA

Me3Si
ZnBr I I I

A B CI I D

LEGO Game Route to 1,5-Diene-Containing Terpenoids

AlCl3 (2 equiv.)
50°C, 6h

A

(C)

A + C

(B)

A + C + B
A + C + B + D

Avoid Allyl-Allyl Coupling !

Two is better than one !

32



ALKYNE   ZMAPd-CATALYZED   ALKYLALKENYL   COUPLING:

LEGO   GAME  ROUTE   TO   CO Q10

S.-Y. Liou, C. Xu, S. Huo & EN. OL, 2002, 261
B. Lipshutz, G. Bulow, F. Fernandez-Lazaro, S.-K. Kim, R. Lowe, P. Mollard, K. Stevens. J. Am. Chem. Soc. 1999, 11664

O

O

MeO

MeO
Cl

D

Me3Si
ZnBr

I I I

A B C

1st Cond I

Me3Si I
A + B

(i)  Cond II
(ii) B, Cond I

2nd
Me3Si I

(i)  Cond II
(ii) B, Cond I

3rd
Me3Si I

2
A + 2B A + 3B

Me3Si I2
A + 3B

(i)  Cond II

(ii) I (C)
Cond I

4th
Me3Si

A + 3B + C

Cond II 5th & 6th
(1)  Bu4NF
(2)  ZMA then I2, THF

Cond II

Me3Si
2A + 6B + C

8th & 9th
(1) KOH, MeOH, 40° C, 2h
(2) ZMA then Cl2Ni(PPh3)2 + 2PPh3, THF, 23°C

(2A + 6B + C + D)

O

O

MeO

MeO Co Q10

Note:  All                           is > 98% E

Cond I:   cat. Cl2Pd(dppf), 23 °C
Cond II:  2 tBuLi, -78° C then dry 
               ZnBr2, -78 to 23 ° C
     ZMA:  2 Me3Al, cat. ZrCp2Cl2

7th

R2R1

33 34

CAN  WE  POSSIBLY  SYNTHESIZE  THESE  NATURAL 
POLYOLEFINS  BY  THE  ZIEGLER-NATTA  POLYMERIZATION?

Nature does it, but……

ZO
SEt

O
ZO

SEt

O

7

19 steps
8%

Key reagents: MeMgBr, 1% Josiphos-CuBr
For a recent synthesis of phthioceranic acid (1), see:
ter Horst, B.; Feringa, B. L.; Minnaard, A. J. OL, 2007, 9, 3013

C16H33
-nHO2C

phthioceranic acid (1)

35

Zr-Catalyzed  Asymmetric Carboalumination of Alkenes 
(ZACA Discovery)

• Kondakov, D. Y.; Negishi, E., 1995 JACS 10771, 1996 JACS 1577. • Erker, G. et al. 1993 JACS 4590

• Huo, S.; Negishi, E., 2001 OL 3253. • Wipf, P.; Ribe, S. 2000 OL 1713

• Huo, S.; Shi, J.; Negishi, E., 2002 ACIE 2141.

Early Contributions Contributions by Others

36Kondakov, D. Y.; Negishi, E. J. Am. Chem. Soc. 1996, 118, 1577-1578.

Zr-Catalyzed  Asymmetric Carboalumination of Alkenes
(Solvent Effect)

2

22
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WHAT CAN HAPPEN IN THE FOLLOWING REACTIONS?

Bottom Line (No. 1):  Avoid  (i)  H-transfer hydrometallation
(ii) Polymerization
(iii) Cyclic carbozirconation

Et3Al + cat. Cl2Zr(NMI)2

AlEt2Cl
(NMI)2Zr

Bimetallic Cyclic
Carbometallation

EtMgBr + cat. Cl2ZrCp2

ZrCp2

Monometallic Cyclic
Carbometallation

(Dzhemilev reaction)

AlEt
R

D. Y. Kondakov and E. Negishi
JACS 1996, 118, 1577.

ZrCp2

R

EtMgBr
R MgBr

Et
+ ZrCp2

Mechanism by T. Takahashi, E. Negishi, et al.
JACS 1991, 113, 6266.

*

* * *

Acyclic

Cyclic

Applications to asymmetric
 
J. Whitby, M. Mori, and others
synthesis by A. Hoveyda, R.

R

Bimetallic Acyclic
Carbometallation

Me3Al
cat. Cl2Zr(NMI)2

R

Me
H

MLm

D. Y. Kondakov and E. Negishi
JACS 1995, 117, 10771.

Desired!

H-Transfer
Hydrometallation

Polymerization via Isoalkylmetallation
(Kaminsky version of Ziegler-Natta polymerization)

R

R

H
MLm+R

Me

MAO, etc.
R

MLm

Me

R p

R

E. Negishi and T. Yoshida
Tetrahedron 1980, 1501.

R + R1 MXm + Cl2ZrCp2
* ?

The Importance of Organometallic Functionality

 Catalytic asymmetric C–C bond formation
 One-point-binding without requiring any other functional groups
 Organometallic functionality with many potential transformations 38

39

Bottom Line (No. 2): (a) 3 discrete protocols are available.
(b) Minimize methylalumination.

THREE PROTOCOLS FOR ENANTIOSELECTIVE
SYNTHESIS OF METHYL-SUBSTITUTED 1-ALKANOLS

I. R1 + Me AlR2
cat. ZrL*

n
AlR2

R1

Me

OH
R1

Me

Yields: Good to excellent
ee: 70-90%

R1 AlR2 +
cat. ZrL*

n
OZ

R1
OH

R1

Me

Yields: Good to excellent
ee: 90-95%

OZ
m m = 1, 2, 3 etc

II. R1 AlR2
Me

+ cat. ZrL*
n

AlR2
R1

Me

OH
R1

Me

Yields: Modest to good
(need improvement)

ee: 85-95%

III.

O2

O2

H3O+

*

*

*

*

*

*

m m

R2Al

40

OH

1. Et3Al (2.5 eq)
IBAO (1 eq)
5% (-)-(NMI)2ZrCl2

2. H3O+

1. nPr3Al (2.5 eq)
IBAO (1 eq)
5% (-)-(NMI)2ZrCl2

2. H3O+

1. nPr3Al (2.5 eq)
IBAO (1 eq)
5% (+)-(NMI)2ZrCl2

2. H3O+

OH
(R)-8, (92%, 90% ee)

OH
(R)-9 (88%, 91% ee)

OH
(S)-9, (88%, 90% ee)

One Pot!

SYNTHESIS OF 3-METHYL-1-ALKANOLS VIA
Zr-CATALYZED ASYMMETRIC CARBOALUMINATION OF 

3-BUTEN-1-OL

Negishi, E.; Tan, Z.; Liang, B.; Novak, T. Proc. Natl. Acad. Sci. 2004, 5782-5787.
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STATISTICAL  ENANTIOMERIC  AMPLIFICATION

Ex.    I (kR/kS)= 90/10   +   II (kR/kS) = 90/10

kR

faster
 90% (R)

SM

kS

slower
10% (S)

faster

slower
kS

kR 90% (R) x 90% (R) 81% (R, R)

9% (R, S)x 10% (S)90% (R)

Overall ee for I + II  = 
81-1
81+1 x  100 = 80

82
x 100  =  97.6%

99.7%Note: If another round III is added the overall ee will be

kinetic resolution

 
 
 
 
 
 
 

 
 
 

 

10% (S) x 10% (S) 1% (S, S)

9% (S, R)x 90% (R)10% (S)
kR

kS
slower

faster
diasteromer

enantiomer

Statistical Enantiomeric Amplication Kinetic Resolution

Mass Action Law

Bottom Line (No. 3): (a) Cleverly exploit the statistical enantiomeric amplication principle.

9% (S, R)

1% (S, S)

It's mathematical (or statistical)

If each step is 80%ee (90/10),

( 9R + 1S ) ( 9R + 1S) = 81R,R + 18 R,S (S,R) +  1S,S

Enantiomers

Diastereomers

R,R
S,S

=
81
1

Enantiomeric Excess =
811
81+1

80
82

= 0.976 98%ee

( 9R + 1S )n
9n x Rn +

=

= (All Cross Terms) + 1n x Sn

Diastereomers

n ee (%)
1
2
3
4
5

80
98 ( = 97.6 )
99.7
99.97
99.997

~~
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SYNTHESIS OF 2,4-DIMETHYL-1-ALKANOLS VIA
Zr-CATALYZED ASYMMETRIC CARBOALUMINATION

Negishi, E.; Tan, Z.; Liang, B.; Novak, T. Proc. Natl. Acad. Sci. 2004, 5782-5787
For use of MAO, see Wipf, P.; Ribe, S. Org. Lett. 2000, 2, 1713.

R OHBottom Line (No.4): Can be readily purifiable by a single round of 
chromatography (Silica gel, EtOAc-hexanes). 44

13C NMR SPECTRUM OF 
(2R,4R)-2,4-DIMETHYL-1-HEPTANOL
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OPTIMALIZATION OF THE ONE-POT 
CARBOALUMINATION—CROSS-COUPLING  

TANDEM PROCESS 
 

 

Hex
CH2Cl2

nHex

Me
AlMe2

Br

nHex

Me
(i) Me3Al (1.5 eq)

(-)-(NMI)2ZrCl2
, 16 h, 23 oC

2 mmol

(ii) Additive
     Solvent (3 mL)
     Temperature, 2 h
(iii) Catalyst 
      generated in THF

16 h, 23 oC
(3 eq)

(3 mol%)

 

Transmetallation Conditions Cross-Coupling Conditions  

Additive (eq) Solvent Temp., oC Catalyst Yield, % 

ZnBr2 (1) THF 60 Pd(PPh3)4 (5%) 14 

ZnBr2 (1) DMF 120 Cl2Pd(DPEphos) (5%) + DIBAL-H (10%) 36 

ZnBr2 (3) DMA 120 Cl2Pd(DPEphos) (5%) + DIBAL-H (10%) 12 

ZnBr2 (3) NMP 120 Cl2Pd(DPEphos) (5%) + DIBAL-H (10%) 36 

ZnBr2 (3) DMSO 120 Cl2Pd(DPEphos) (5%) + DIBAL-H (10%) 30 

ZnBr2 (3) DMF 120 Cl2Pd(DPEphos) (5%) + DIBAL-H (10%) 63 

Zn(OTf)2 (1) DMF 70 Cl2Pd(DPEphos) (3%) + DIBAL-H (6%) 71 
 

 
 

T. Novak, Z. Tan, B. Liang, E. Negishi, J. Am. Chem. Soc. 2005, 127, 2838.
Bottom Line (No. 5): One-pot homologation by one propylene unit. 46

ZACA REACTION OF ALLYL ALCOHOL 
AND ITS SI-PROTECTED DERIVATIVES AS 

WELL AS 1,4-PENTADIENE

HO

(+)-ZACA
I , THF
TBSCl, DMA TBSO I

(91% S)

Pd-cat.
vinylation TBSO

(91% R)
83% 88%,

73% from
allyl alcohol

(1)

(-)-ZACA
AlMe

Me Al

AlMe HO
O (2)

ZO

(1) Me Al (5 equiv.)
5% (+) (NMI) ZrCl
H O (1 equiv.)

ZO OH

80% (0% ee)

CH Cl , 0 C
(2) O

(3)

Z Yield (%) ee(%)

(i)
(ii)
(iii)

TBS 65 74
TBDPS 83 75

ca. $1/mol

B. Liang, T. Novak, Z. Tan, E. Negishi, J. Am. Chem. Soc. , 2006. 128, 2770-2771.

47

Pd-Catalyzed Cross-Coupling Reaction of  TBSO I

B. Liang, T. Novak, Z. Tan, E. Negishi, J. Am. Chem. Soc. , 2006. 128, 2770-2771. 48

OH

OTBSI

OTBS

2

(+)-ZACA
Pd-cat.vinylation
(+)-ZACA
Pd-cat.vinylation
(+)-ZACA
O2

(1) (i)
     (ii)
(2) (i)
     (ii)
(3) (i)
     (ii) OTBS

8 (29% from 2, dr = 9/1/1/1/1; 
    20% after purification, dr = 12/1.3/1)

HO

(1) TsCl, Py
(2) MeLi, CuI
(3) TBAF

OH

9 (86% from 8, dr = 12/1.3/1;
    59% after purification, dr   50/1)

10 steps
12%

Synthesis of (2R,4R,6R,8R)-2,4,6,8-Tetramethyldecanoic Acid, 
The Acid Component of Preen-Gland Wax of Graylag Goose, 

Anser Anser

Py = pyridine; TBAF = nBu4NF.

MS4   = molecular sieves, 4  ; TsCl = Tosyl chloride;Å Å

TPAP = tetrapropylammonium perruthenate; 
NMO = 4-methylmorpholine N-oxide;

B. Liang, T. Novak, Z. Tan, E. Negishi, J. Am. Chem. Soc. 2006, 128, 2770 – 2771.

COOH(R) (R) (R) (R)

(1) TPAP, NMO, MS4
(2) NaClO2

7 (96% from 9, dr    50/1)

Å



NH

OR

O

NH

OR

O

NH

OR

O

NH2

OR

O

OH

: (R = H, fluvirucinine A1)
(R =

O

OH
NH2OH

~ , fluvirucin A1)

Route I

HO
1. TBSCl
2. (-)-ZACA

82% (2 steps)
90% ee

TBSO OH

(R)-

1. Swern
2. Ph3P=CH2
3. TBAF
76% (3 steps)

HO

1. MsCl
2. NaN3
3. LiAlH4

H2N

38% in 8 steps
from 4-penten-1-ol

Route II

HO TBSO
OH

(R)- HO

1. TBSCl
2. (-)-ZACA

84% (2 steps)
90% ee >98% ee, 80% recovery

after lipase-cat. acetyl.

1. Swern
2. Ph3P=CH2
3. TBAF
76% (3 steps)

1. MsCl
2. KCN
3. LiAlH4 44% in 8 steps

from 3-buten-1-ol

>98% ee, 75% recovery
after lipase-cat. acetyl.

49

Total Synthesis of Fluvirucinine A1

Part I

Liang, B.; Negishi, E. Org. Lett. 2008, 10, 193-195.

ee

S)

4

2 7 1a

3 4

S) 50

Total Synthesis of Fluvirucinine A1

Liang, B.; Negishi, E. Org. Lett. 2008, 10, 193-195.

Part II

Part III

LEGO Game Route to Yellow Scale Pheromone

Z. Xu, E. Negishi, Org. Lett. 2008, 10, 4311-4314.
51 52

Lipase-Catalyzed Kinetic Resolution of Enantiomeric Mixtures
Me

R
OH OAc , lipase

Me

R
OH

Me

R
OAc +

racemic mainly Rmainly S
(R)(S)

hydrolysis
Me

R
OH

(S)

Huang, Z.; Tan, Z.; Novak, T.; Zhu, G.; Negishi, E., Adv. Synth. Catal. 2007, 349, 539-545.
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E Factors

OHR

OHI E = 33

OHPh

OH

OH

OHnPent

OHMe

E = 42

E = 13

E = 22

E = 6

E < 6

nPent

nHex

E (enantiomeric ratio): E =
In(A/A )

In(B/B )
=

V /K

V /K

(adopted from C. J. Sih's paper: JACS, 1982, 104, 7294)

= ln [(1-C)(1-ee)] / ln [(1-C)(1+ee)]

C = conversion
ee = ee of the unreacted alcohol

E Factors:

proximal hetereoatoms
(halogen, oxygen, etc.)

proximal -bonds
(aromatic groups, double bonds, etc.)

alkyl groups
(increasing the difference of R and Me)

Huang, Z.; Tan, Z.; Novak, T.; Zhu, G.; Negishi, E., Adv. Synth. Catal. 2007, 349, 539-545. 54

Lipase-Catalyzed Kinetic Resolution of ZACA Products

R
AlMe3, cat.(-)-(NMI)2ZrCl2

R

Me
OH

Initial Yield Initial ee

Enzyme, vinyl acetate
Solvent, Temp. R

Me
OH

R
OAc

Me
+

Final ee

Yield (%) ee (%) Enzyme Solvent Temp.(oC)
Conversion Recovery

 ee (%)R
Initial Intial Final

Ph 85 89 Amano PS THF/H2O 23 22 68 93

Amano PS THF/H2O 23 50 43 96

PPL THF/H2O 23 31 62 99

PhCH2 85 76 PPL THF/H2O 23 48 51 77
Amano PS THF/H2O 23 40 59 99

Ph(CH2)2 84 76 PPL THF/H2O 23 30 64 99

Amano PS THF/H2O 23 38 56 99

nHex 71 72 Amano PS CH2Cl2 0 44 52 98

NA 82 Amano PS CH2Cl2 0 19 76 98

(%) (%)

CH2=CHCH2

Huang, Z.; Tan, Z.; Novak, T.; Zhu, G.; Negishi, E., Adv. Synth. Catal. 2007, 349, 539-545.
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Enantiomeric  Purification of (R) and (S) Isomers of 2-Methyl-1-alkanols  

Huang, Z.; Tan, Z.; Novak, T.; Zhu, G.; Negishi, E., Adv. Synth. Catal. 2007, 349, 539-545.

OH

OH
OAc

OH

IHO IAcO
 I2 (2.5 eq.)

IHO

Amano PS

THF-H2O, 23 oC, 4.5 h
68% recovery, 98% ee

IHO

74% recovery, 98% ee

80% , 82% ee

80% , 82% ee

78% recovery, 98% ee

PPL
1. (-)-ZACA

2. O2
(R)

85%, 89% ee

CH2=CHOAc OH
(R)

THF-H2O, 23 oC, 6.5 h,
14% conversion

1. (+)-ZACA

2. O2

(S)

85%, 89% ee

PPL
CH2=CHOAc

THF-H2O, 23 oC, 4 h,

72% recovery, 98% ee

1. (-)-ZACA

2.

1. (+)-ZACA

2. I2 (2.5 eq.)

CH2=CHOAc

69% conversion

(S)

80% conversion

Amano PS lipase

THF-H2O, 23 oC, 8.5 h

CH2=CHOAc

24% conversion

(R) (R)

(S) (S)

( 66%  yield from styrene )

( 61% yield from styrene )

( 54% yield from allyl alcohol )

( 59% yield from allyl alcohol )
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How to Prepare Feebly Chiral Compounds of 99% ee

Two very similar groups 
of low chirality

Isotopomers:
Ultimately feeble chirality!
[α]D

23 ≈ 0o
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General Strategy for Synthesis of Feebly Chiral 
2-Alkyl-1-Alkanols of 99% ee

58

Asymmetric synthesis of (R)- and (S)-3-iodo-2-alkyl-1- alkanols 1

Cl

Zr

Cl

(-)-(NMI)2ZrCl2
or (+)-(NMI)2ZrCl2

Xu, S.; Lee, CT.; Wang, G.; Negishi, E., Chem. Asian J. 2013, 8, 1829–1835.

ZACA Reaction of Allyl Alcohol

59

S 1 S 1 R 2

1a 1b n 1c Major Minor

S 1 S 1 ee

Rhizomucor Miehei

Candida rugosa

58 >99Amano AK

S 1 ee

S 1c
S 1c

S 1c

S 1c

S 1c

S 1c

S 1b

Amano AK 60 >99
S 1b
S 1b

S 1a Amano PS 63 >99

Lipase-Catalyzed Acetylation of (S)-3-Iodo-2-Alkyl-1-Alkanols

Xu, S.; Lee, CT.; Wang, G.; Negishi, E., Chem. Asian J. 2013, 8, 1829–1835. 60

Lipase-Catalyzed Acetylation of (R)-3-Iodo-2-Alkyl-1-Alkanols

Xu, S.; Lee, CT.; Wang, G.; Negishi, E., Chem. Asian J. 2013, 8, 1829–1835.
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Synthesis of Feebly Chiral 2-Alkyl-1-alkanols 

Xu, S.; Lee, CT.; Wang, G.; Negishi, E., Chem. Asian J. 2013, 8, 1829–1835. 62

Synthesis of Feebly Chiral 2-Alkyl-1-alkanols 

Xu, S.; Lee, CT.; Wang, G.; Negishi, E., Chem. Asian J. 2013, 8, 1829–1835.
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Synthesis of Feebly Chiral 2-Alkyl-1-alkanols 

Xu, S.; Lee, CT.; Wang, G.; Negishi, E., Chem. Asian J. 2013, 8, 1829–1835. 64

(S)-9
99.5% ee

OH
Pr
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R2 OH

or , > 99%ee

R1

CHOR2

or , > 99%ee

R1

COOHR2

or , > 99%ee

R1
*

*

*

NaClO2, NaClO (cat.),
TEMPO(cat.)

nPr
OH

nPr
OH

O

nPr
OH

nPr
OH

O

( )-arundic acid, >99% ee

( )-arundic acid, >99% ee

( )- , >99% ee

( )- , >99% ee

98%

98%

(25% yield overall 5 steps from allyl alcohol)

(28% yield overall 5 steps from allyl alcohol)

Anti-Alzheimer drug candidate

NaClO2, NaClO (cat.),
TEMPO(cat.)

Synthesis of (R)- and (S)-Arundic Acids

Xu, S.; Lee, CT.; Wang, G.; Negishi, E., Chem. Asian J. 2013, 8, 1829–1835 66

General Strategy for the Synthesis of Remotely Chiral 
(n+1)-alkyl-1-alkanols of 99% ee,  where n ≥ 2

67Xu, S.; Oda, A.; Kamada, H.; Negishi, E., Proc. Natl. Acad. Sci. USA, 2014, 111, 8368-8373.

Synthesis of Feebly Chiral 3-Alkyl-1-alkanols 

68

Synthesis of Feebly Chiral 4-Alkyl-1-alkanols 

Xu, S.; Oda, A.; Kamada, H.; Negishi, E., Proc. Natl. Acad. Sci. USA, 2014, 111, 8368-8373.
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Synthesis of Feebly Chiral 4-Alkyl-1-alkanols 

Xu, S.; Oda, A.; Kamada, H.; Negishi, E., Proc. Natl. Acad. Sci. USA, 2014, 111, 8368-8373. 70

Synthesis of Feebly Chiral 5-Alkyl-1-alkanols 

Xu, S.; Oda, A.; Kamada, H.; Negishi, E., Proc. Natl. Acad. Sci. USA, 2014, 111, 8368-8373.

71

a) A. Ichikawa, Chirality, 1999, 11,70–74; b) N. Harada, etal, Tetrahedron: Asymmetry, 2000, 11, 1249–1253. 

Determination of ee by MαNP ester 


