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4.1.1- Structures des énolates

H. J. Reich et al.  J. Am. Chem. Soc. 2009, 131,  11525
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(E&)-enolate could be used to obtain the adduct in reasonable 
diastereomeric purity simply by adding less halide to the dianion. 

In summary, the dianion strategy described herein illustrates 
a practical, flexible, and efficient enantioselective carbccyclization 
process. The scope and detailed mechanism of this reaction are 
under intense investigation and will be presented in due course. 

X-ray Crystal Structure of an Unsolvated Lithium 
Enolate Anion 

Paul G. Williard* and Gene B. Carpenter 
Department of Chemistry, Brown University 

Providence. Rhode Island 0291 2 
Received December 26, 1984 

A number of studies's2 are devoted to establishing the structure 
and reactivity of lithium enolate anions because these species are 
very important reactive intermediates in synthetic organic chem- 
istry. A few recent X-ray analyses3 have just begun to unravel 
the details of the solid-state structures of these and related species 
despite the fact that lithiated ester enolates were isolated as stable 
crystalline solids over 10 years ago.4 An X-ray diffraction analysis 
of the unsolvated lithium enolate of tert-butyl methyl ketone is 
now reported. This structure determination yields a completely 

Figure 1. 
circles = lithium. 

novel structural type with useful stereochemical implications. 
Clear, prismatic crystals of the lithium enolate of pinacolone 

0 1 2 C '  
L , I l O !  

were grown from hydrocarbon solvent a t  -20 OC following a 
procedure slightly modified from that r e p ~ r t e d . ~  These crystals 
remain suitable for diffraction analysis if they are kept below -5 
"C. Upon warming to room temperature, the crystals become 
opaque within minutes and gradually crumble to a fine powder.6 

different crystals kept below -100 O C  in a stream of dry nitrogen.' 
A tangent refinement with random starting phases solved the 
crystal structure.* The crystallographic asymmetric unit consists 
of two independent half-he~amers .~ Each of these units sits on 

X-ray diffraction data was collected in two shells utilizing two 012 

0131 

Figure 2. Selected interatomic distances and anales for one hexamer: 

(1) Jackman, L. M.; Lange, B. C. Tetrahedron 1977, 33, 2737 and ref- 
erences therein. 

(2) See, e.g.: House, H. 0. "Modern Synthetic Reactions"; W. A. Ben- 
jamin: Menlo Park, CA, 1972; pp 492-733. 

(3) X-ray diffraction analyses are reported for the following enolates or 
their synthetic equivalents. (a) THF-solvated enolate anions: Amstutz, R.; 
Schweizer, W. B.; Seebach, D.; Dunitz, J. D. Helu. Chim. Acta 1981,64, 2617. 
(b) Zinc ester enolate ( i c ,  "Reformatsky reagent"): Dekker, J.; Boersma, 
J.; van der Kerk, G. J .  M. J .  Chem. Soc., Chem. Commun. 1983, 553. (c) 
6-Lithiated enamine: Polt, R. L.; Stork, G.; Carpenter, G. B.; Williard, P. 
G. J .  Am. Chem. Soc. 1984, 106, 4276. (d) Lithiated N,N-dimethyl- 
hydrazone: Collum, D. B.; Kahne, D.; Gut, S .  A.; DePue, R. T.; Mohamadi, 
F.; Wanat, R. A,; Clardy, J.; VanDuyne, G. J .  Am. Chem. Soc. 1984, 106, 
4865. (e) Lithiated bis(lactim) ether: Seebach, D.; Bauer, W.; Hansen, J.; 
Laube, T.; Schweizer, W. B.; Dunitz, J. J .  Chem. Soc., Chem. Commun. 1984, 
853. (f) Lithiated ester enolates: Seebach, D. "Proceedings of the R. A. 
Welch Foundation Conference", Houston, Nov 7-9, 1983. (g) Footnote Added 
in hoof Setzer, W. N.; Schleyer, P. v. R. Adu. Orgunomel. Chem., in press. 

(4) (a) Rathke, M. W.; Sullivan, D. F. J .  Am. Chem. Soc. 1973, 95, 3050. 
(b) Lochmann, L.; Lim, D. J .  Organomeral. Chem. 1973, 50, 9. 

(5 )  Lochmann, L.; De, R. L.; Trekoval, J. Orgonomet. Chem. 1978, 1j6, 
307. 

(6) This powder was shown to be pure enolate by 60-MHz IH NMR 
spectroscopy: (CDCI,, Me,Si) 6 1.12 (s, 9 H), 3.52 (s, 1 H), and 3.75 (s, 1 
H). Decomposition occurred gradually over a period of 30 min in CDCI, 
solution presumably by reaction with the solvent. 

(7) The unsolvated lithium enolate of pinacolone crystallized in the triclinic 
s ace group Pi with unit cell parameters: a = 11.686 (8) A, b = 11.822 (7) R c = 17.144 (17) A, a = 80.56 (7)", 6 = 74.08 ( S ) ' ,  and y = 66.35 ( 5 ) " .  
The unit cell contained a total of 12 C6HIIOLi units. This produces a cal- 
culated density of 1.02 g cm-l for the crystal. Approximately half of the data 
was collected over a period of 24 h on the first crystal in a shell of 3.5' 5 28 
5 35' and the second half was collected on a second crystal spanning the range 

(8) Direct methods did not solve the structure initially because of problems 
associated with scaling together two data sets. This did not become apparent 
until a later stage of refinement. The final agreement factors are R = 0.0883 
and R,  = 0.078 1 for 3491 unique observed reflections and 41 2 independent 
parameters. 

(9) See supplementary material for a depiction of the crystallographic 
asymmetric unit along with complete crystallographic parameters. 

350 5 2e 5 450. 

O(1)-Li(1) = 1.869 (9); O(l)-Li(2) = 1.976 (9)[O(l)-Li(3a) = 1.954 
(9); 0(2)-Li(2) = 1.852 (8); 0(2)-Li(3) = 1.969 (10); O(2)-Li(1a) = 
1.945 (9); 0(3)-Li(3) = 1.809 (11); O(3)-Li(1) = 1.930 (8); O(3)- 
Li(2a) = 1.953(9) A; Li(l)-O(l)-Li(2) = 111.9 (5)O; Li(l)-O(l)-Li- 
(3a) = 85.7 (4)'; Li(2)-0(1)-Li(3a) = 80.9 (5)'; Li(2-0(2)-Li(3) = 
113.7 (4)'; Li(2)-0(2)-Li(la) = 83.7 (4)'; Li(3)-0(2)-Li(la) = 83.5 
(4)'; Li(3)-0(3)-Li(l) = 117.1 (4)'; Li(3)-0(3)-Li(2a) = 85.2 (4)'; 
Li(l)-0(3)-Li(2a) = 81.5 (3)'. 

I- 

- 

v 

Figure 3. Selected interatomic distances and angles: C(l)-C(2) = 1.313 
(8); C ( 2 ) C ( 3 )  = 1.514 (8); C(2)-0(1) = 1.341 (5); C(1)-Li(2) = 2.420 
(8); C(2)-Li(2) = 2.349 (9) A; C(l)-C(2)-0(1) = 121.9 (5)'; C(1)- 
C(2)-C(3) = 123.1 (4)'; C(2)-O(l)-Li(l) = 140.0 (4)'; C(2)-O(1)- 
Li(2) = 88.0 (9)'; C(2)-0(1)-Li(3a) = 132.9 (4)'. Selected dihedral 
angles: C(l)-C(2)-O(l)-Li(l) = 166.8 (12)'; C(l)-C(2)-0(1)-Li(2) 

44.2 (8)'; C(l)-C(2)-0(l)-Li(3a) = -31.4 (7)'. 

a crystallographic inversion center so that the aggregation state 
of the pinacolone enolate is as depicted in Figure 1 ,  Le., a hexamer 
with approximate s 6  symmetry. Two such hexameric units make 
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NB : Nomenclature spécifique énolates (D. Evans)
indépendante de la nature de m
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4.1.2- Formations d�énolates

4.1.2.1- déprotonation classique

R' mLnR H R' HR mLn

B-A H B HA-

Keq = Kdeprot

Keq =
B HA-

B-A H
+ +

++

.Ka (AH/A-) Ka (B-/BH)

1=

Keq =
-pKa (AH/A-)10 .

-pKa (B-/BH)

1

10

Keq =
-pKa (AH/A-)10 +pKa (B-/BH)pour avoir Keq  > 0, pKa (B-/B H) pKa (A H/A -)>>

mH pKa 25-30

mNR2 pKa 30-35

NaH, KH

LiNH2, NaNH2

LiNiPr2 (LDA), 
LiNiPrcHex (LICA)

Na N(SiMe3)2 (NaHMDS)
Li Tétraméthylpipéridine (LiTMP)

O O
+  H pKa 20-25

O O

B: B-H

pKa B > pKacétone



P.G. Williard, J.M. Salvino 
J. Org. Chem. 1993, 58, 1-3

Stéréochimie ?
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X = OMe           5              95
X = OtBu           5              95 

X = NEt2 100                0 

X = Et 23 77
X = iPr             60              40
X = tBu          100                0 



Base

Cétone

xs base Þ déprotonation Þ Conditions cinétiques

Base

Cétone

O O mLn

OO mLn

xs cétone

Þ Équilibration possible

Þ Conditions 
thermodynamiques



4.1.2.2- déprotonation assistée par Ac Lewis

pKa 20-25 pKa 10-15

B simples
pKa 12-18

NEt3, NEtiPr2, py

Stéréochimie ?
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D. Evans
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4.2 Aldolisations

Charles Wurtz
1817-1884
Strasbourg

1839 « chef de travaux »
faculté de Strasbourg

1843 docteur

Aldol et condensation 1861-72

Alexandre Borodine
1833-1887

St-Petersbourg
1846 concerto

1856 Prof chimie
1858 Dr médecine

C. A. Wurtz 
Bull. Soc. Chim. Fr. 1872, 17, 436-442 

NB: Réaction ne porte pas leurs noms
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Ph

O H+ O

Ph

OH H+ O

Ph

OH

Ph

OH H+ O

Ph Ph
HO-

MeO-

ou

OH O

H+ RO-

Aldolisations classiques :

Intérêt : - formation liaison C-C 
- système fonctionnalisé

Pb :   - conditions pas compatibles avec bcp fn
- pas contrôle stéréochimie 



R1

O
mLn

R2 H

O

R1

O OH

R2

Mécanisme :

Intérêt : - formation liaison C-C 
- création de 1 ou 2 stéréocentres
- système fonctionnalisé

ß
ß

Contôle de la stéréochimie ?

synthèse mlc + complexes 
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Stéréochimie ?
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État de transition
à 6 centres 6 électrons

NB: 
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relatives

ß Conformation
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O 1) LDA

THF, - 78 °
15 mn

O 2) PhCHO

Et2O, - 70 °
5 s

O

Ph

OHLi

O O 2) PhCHO

Et2O, - 70 °

O

Ph

OH
nBu2BOTf

CH2Cl2 , 0 °
NEtiPr2

BBu2
D. Evans
1983

C. Heathcock

Z Diastéréosélectivité 100%

82%

Diastéréosélectivité 99%

78%

Ph

O Br

COOMe

Zn
PhH OMe
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Ph

OH

H2O

OMe

O
ZnBr

O ZnBr

O

OMe

H
Ph

H
O ZnBr
O

OMe

H
Ph

H

Zn

S. N. Reformatsky
1887



4.2 Aldolisation de Mukaiyama

Éthers d�enol silylés

- relativement stables
- isolables
- régio- et stéréoisomères 
séparables

R1

O

1) LDA

THF, - 78 °

R1

O
SiR3

CH2Cl2

2) R3SiCl

R3SiCl
R3SiOTf

NEt3

ou

R1

O
SiR3

R2 R1

O
SiR3

R2

=  enolates silylés

=  enolates stables

Y. Ishihara Teruaki Mukaiyama - ����� Baran Lab Group Meeting

Prof. Teruaki Mukaiyama

Bibliography:
 - Jan 5 1927: Born in Nagano, Japan
 - 1948: B.Sc., Tokyo Institute of Technology
 - 1953: Assistant Professor, Gakushuin University
 - 1957: Ph.D., University of Tokyo
 - 1958: Assistant Professor, Tokyo Institute of Technology
 - 1963: Full Professor, Tokyo Institute of Technology
 - 1973: Full Professor, University of Tokyo
 - 1987: Completed his term at the University of Tokyo; 
             move to Tokyo University of Science (formerly 
             Science University of Tokyo)
 - 1991: President of the Research Institute, Tokyo 
             University of Science
 - 1992: Distinguished Professor, Tokyo University of 
             Science
 - 2002: Move to Kitasato University

Publications: Close to 1000 to date.
 - Science                       ...1 (Perspective)
 - Angewandte CIEE      ...5 (4 Reviews)
 - JACS                           ...22
 - JOC                             ...22
 - Tetrahedron Lett.       ...26
 - Tetrahedron                ...11
 - Tetrahedron: Asym.   ...1
 - Minor/inaccessible papers/abstracts   <100

Chemistry Letters        ...632
Bull. Chem. Soc. Jpn   ...165

Chemistry Letters, founded 
in 1972 by Mukaiyama.

Mukaiyama Award: 
 - Administered by the Society of Synthetic Organic Chemistry, Japan (SSOCJ).
 - The award was established in 2005 by SSOCJ to celebrate the 77th birthday of 
   Professor Teruaki Mukaiyama, who received the Order of Culture in 1977 from 
   Japanese government for his outstanding contributions to synthetic organic 
   chemistry and to commemorate his election in 2004 to the National Academy of 
   Science, USA, as a foreign associate.
 - The award shall be granted to an individual of 45 years old or younger without 
   regard to nationality for their outstanding contributions to synthetic organic 
   chemistry. 
 - Nature: The award consists of $5,000, a medallion, and a certificate. The recipient 
   shall deliver an award lecture at the Seminar on Synthetic Organic Chemistry. 
 - A nomination form can be downloaded from http://wwwsoc.nii.ac.jp/ssocj/
 - Selection: The award committee selects two award recipients, one from the non-
   Japanese nominees and the other from the Japanese nominees.

An excerpt from Mukaiyama's publication list, published in Heterocycles 2000, 52, 13-66.

Notable chemists originating from the Mukaiyama Group:
Isao Kuwajima, formerly at Tokyo Institute of Technology; Eiichi Nakamura, 
University of Tokyo; Koichi Narasaka, University of Tokyo; Shuu Kobayashi, 
University of Tokyo; Masahiro Murakami, Kyoto University; Yujiro Hayashi, Tokyo 
University of Science; Kenso Soai, Tokyo University of Science; the late professor 
Oyo Mitsunobu, formerly at Aoyama Gakuin University.

1

 

T. Mukaiyama
1927-

PhD 1957
Tokyo University of Science

Chem. Lett. 1973, 1011
J. Am. Chem. Soc. 1974, 96, 7503



Formation d�aldols

Aldolisation :

R1

O

CH2Cl2, - 70 °
L.A. R1

O

R2

OHSiR3
R2CHO

- formation liaison C-C 
- création de 1 ou 2 stéréocentres
- système fonctionnalisé

Aldolisation de Mukaiyama

* *

R3R3

T. Mukaiyama, K. Narasaka, K. Banno
Chem. Lett. 1973, 2, 1011. 



Mécanisme :

E
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Stéréochimie ?
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Stéréochimie ?
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H
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O

H
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Ph
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O
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R R R

Stéréochimie ?

AN AE

O Ph
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SiR3

R1
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RE

O Ph
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R1RE
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R1 OSiR3
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Stéréochimie fn de celle du silyl énol éther ?

silyl énol éther E silyl énol éther Z

O Ph
H

L.A.

SiR3

R1
OH

RE

O Ph
H

L.A.

O
R1RE

H

SiR3

<

O
PhH

SiR3

R1
ORE

H

Ph R1

OH

RE

O

O Ph
H

L.A.

SiR3

R1
ORz

H

O Ph
H

L.A.

O
R1H

Rz

SiR3

>

O
PhH

SiR3

R1
ORz

H

Ph R1

OH

RZ

O

syn
NB: 

stéréochimies
relatives



Chap. 5    Allylations

5-1 Principe

5-2 Allyl métaux h1
5.2.1- métaux coordinants
5.2.2- métaux non-coordinants

5-3 Allylation assistée par le palladium
5-3-1 
5-3-2 d
5-3-3 p



5-1 Principe

mLn mLnLnm mLn

Allyl métaux

h1 h3

º º

Carbanions Allyliques

º

ENu

ß
Fait des A.Nu

º

ß
Subit des A.Nu

m



5-2 Allyl métaux h1

mLn

Nu

mLn

R H

O

R

OH
ß - Alkylations

- AN sur carbonyle  

Intérêt :

- formation liaison C-C 
- création de 1 ou 2 stéréocentres
- système fonctionnalisé ß

ß
Contôle de la stéréochimie ?

Autres réactions, 
synthèse mlc + complexes 

*



Mécanismes :  fonction de la nature du métal

Métal : Li, Mg, B, Al, mT

ß
Coordinant

chelation

Métal : Si, Sn

ß
Non-coordinant

mLn

R H

O

R

OH



5.2.1- allyl métaux h1 coordinants

Mécanisme 

État de transition
à 6 centres 6 électrons

NB : similaire aux aldolisations

R1

O
mLn

R2 H

O

R1

O
m

H R2

O

Ln-2

mLn R H

O
m

H R

O
m

O
Ln-2

Ln-2

RH

H3O+ OH

RH

X = CHR, O, NR, etc

Mécanisme
général X

mLn R H

O

X
m

H R

O
m

X O
Ln-2

Ln-2

RH

H3O+ X OH

RH



Régio- & Stéréochimie : idem aldolisations

Régio

PhCHO
Ti(OiPr)3

CH2Cl2, - 70 ° Ph

OH

Tjs    g

Qq exceptions : a

Li, Mg, B, mT , Ln  

Ba, Sm 

mLn R2 H

O
m

H R2

O
m

O
Ln-2

Ln-2

R2H

H3O+ OH

R2H
R1 R1 R1 R1

Stéréochimie ?



Régio- & Stéréochimie : idem aldolisations

État de transition
à 6 centres 6 électrons

Stéréo
PhCHO

Ti(OiPr)3

CH2Cl2, - 70 ° Ph

OH

O TiL3

H

Ph O TiL3

H

Ph

PhCHO
B(OR)2

CH2Cl2, - 70 ° Ph

OH

O B(OR)2
H

Ph O B(OR)2
H

Ph

ß Conformation
pseudo-chaise

NB: 
stéréochimies

relatives

Z

E



Régio- & Stéréochimie : idem aldolisations État de transition
à 6 centres 6 électrons

Aldolisation

Allylation

NB: 
stéréochimies

relatives

mLn R2 H

O
H3O+

RE

RZ O m

Rz

RE
Ln-2
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Ln-2 RZ
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RE

mLn
R2 H

O

R1
RZ
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R2 H

O

Ln-2

R1

RZ

OOH
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RE



5.2.1- allyl métaux h1 non-coordinants

L.A.
R

OH
SiR3R

O

H

SnR3

R1

O

CH2Cl2, - 70 °
L.A. R1
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Þ Même mécanisme



Ph

O

H

L.A.

Ph

O

H

L.A. SiMe3

Ph

O

Ph

OH

mécanisme

O Ph
HL.A.

SiR3

R1

Nu

E



Allyl Si chiraux : démonstration de stéréoch anti add
Kumada et al.  JACS 1982, 104, 4962
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5-3 Allylation assistée par le palladium
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J. Tsuji et al
B. Trost et al.
1980-85

Réaction de Tsuji - Trost

Via 2 SN�2 et allyl-palladium :
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C-Glycosylation 3.8 803

⊡ Scheme 65

⊡ Scheme 66

⊡ Scheme 67

Palladium-catalyzed arylation and vinylation of alkene is referred to as the Mizoroki–Heck
reaction and is one of the most widely used Pd(0)-catalyzed C–C bond formations in organic
synthesis. However, the reaction has not been extensively employed for C-glycosylation [96].
The example shown in > Scheme 67 outlines the reaction of iodopyridine and furanose gly-
cal for the synthesis of C-nucleoside [97]. The mechanism began with the oxidative addition
of iodopyridine to Pd(0) catalyst, and the resulting organo-palladium species was inserted by
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