
Chap. 6    Formation de liaisons C=C

Formation de liaisons C=C : plusieurs méthodes

pb de stéréosélectivité

liaisons C=C : rôle majeur en chimie 

très fréquents dans produits naturels (bioactifs)
nombreuses réactions

complexification & fonctionnalisation mlc
stéréochimie & création de stéréocentres si addition



6.1 réaction de Wittig
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Wittig, G.; Geissler G. Liebigs Ann. 1953, 580, 44-57.
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Industrial preparation of Vitamin A (BASF, 1956)

Reagent control of Z/E-selectivity:

Over much of its history, the Wittig reaction has been described as a stepwise ionic process.
The hypothetical betaine intermediates were never observed, but lithium halide adducts could
be isolated in some of the early Wittig experiments. The newest hypothesis attributes
stereoselectivity to a combination of steric effects and varying degrees of rehybridization at
phosphorous in the formation of the covalent oxaphosphetane.

Dr. P. Wipf Chem 2320 2/12/2007
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c) The trans-selective planar transition state reduces the gauche interaction but
involves increased interactions with L”, the nearby phenyl substituent at the
partially rehybridized phosphorus. Again, in a later transition state when
phosphorus rehybridization from sp3 to dsp3 (trigonal bipyramidal) has
proceeded, these interactions will be reduced.

The variation in Wittig reaction stereochemistry is attributed to dominant kinetic control in
nearly all cases. Formation of cis or trans oxaphosphetanes is the decisive step, and this
occurs by an asynchronous cycloaddition. An interplay of 1,2- and 1,3-steric interactions
decides which diastereomeric oxaphosphetane will be favored. It is important to recall,
however, that oxaphosphetanes are rapidly cleaved by lithium halides to give betaine
adducts.

For theoretical calculations that are in basic agreement with this analysis, see: Yamataka, H.;
Nagase, S. J. Am. Chem. Soc. 1998, 120, 7530.

Schlosser Modification

Li+ catalyzes oxaphosphetane opening (stabilizes betaine) 
" excess salt promotes equilibration and formation of the (E)-alkene.

To avoid decrease in the (Z)-selectivity, standard Wittig reactions should be conducted with as

low salt concentration as possible.

Subsequent addition of PhLi - Schlosser modification:

Dr. P. Wipf Chem 2320 2/12/2007

M. Schlosser

Rôle du Li+

Expériences :

- Pas/peu d’effet de solvant

- Effet de sel

- Bétaïnes indétectables
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Industrial preparation of Vitamin A (BASF, 1956)

Reagent control of Z/E-selectivity:

Over much of its history, the Wittig reaction has been described as a stepwise ionic process.
The hypothetical betaine intermediates were never observed, but lithium halide adducts could
be isolated in some of the early Wittig experiments. The newest hypothesis attributes
stereoselectivity to a combination of steric effects and varying degrees of rehybridization at
phosphorous in the formation of the covalent oxaphosphetane.

Dr. P. Wipf Chem 2320 2/12/2007

- Effet des L du P

Rôle de la géom P



Alcène Z
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E. Vedejs, M. J. Peterson, Top. Stereochem. 1994, 21, 1–157
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D. Grandjean, P. Pale, J. Chuche  Tetrahedron 1991, 47, 1215 

Version E sélective : 
cf Vedejs
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F. Ramirez, N.B. Desai, N. McKelvie, J Am Chem Soc 1962, 84, 1745 
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6.2 réaction de Horner-Wadsworth-Emmons

Réaction de Wittig-Horner
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Alkylation de l’anion stabilisé par le phosphonate possible
NB: difficile avec ylures de phosphonium

Un ex :

Alcène E
T. maj



Ratio E : Z augmente :

- dans le DME vs THF, 
- à  + hautes températures, 

Nagaoka, H.; Kishi, Y. 
Tetrahedron 1981, 37, 3873

- avec M+ = Li > Na > K,
- avec la substitution en α du carbonyle (aldehyde),
- avec la substitution du phosphonate et du carboxylate

Still, W.C.; Gennari, C.
Tetrahedron Lett. 1983, 24, 4405

Version Z sélective : 
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6.3 réaction de Peterson

Peterson et al. J. Org. Chem. 1968, 33, 780–784

Stéréosélectivité fn des conditions :
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Mécanismes :

Applications :

M. Iqbal, P. Evans, Tet Lett 2003, 44, 5741



6.4  Autres réactions

M. Julia J-M. Paris
Tetrahedron Lett. 1973, 14, 4833

6.4.1 Réaction de Julia

(+)-Himbacin    Hart, D. and Kozikowski A.P. et. al. JOC 1997, 62, 5023
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Réaction de Julia-Kociensky

P. R. Blakemore, W. J. Cole, P. J. Kocieński, A. Morley
Synlett 1998, 26-28

Stéréosélectivité :
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Chem 115Myers
Second-generation Julia olefination reactions employ an one-pot procedure: use of specially 
designed heterocycles allows for in situ reductive elimination to occur, via a Smiles 
rearrangement-like mechanism.
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Mécanisme :



Takai, K.; Utimoto, K. et. al. JACS. 1987, 109, 951

Revues:
Furstner, A. Chem. Rev. 1999, 99, 991–1045.
Wessjohann, L. A.; Scheid, G. Synthesis 1999, 1–36

6.4.2 Réaction de Takai
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Méchanisme :

T. stéréosélective

T. chimiosélective



Tebbe et. al. JACS. 1978, 100, 3611-3613
Petasis, N. A.; Bzowej, E. I. J. Am. Chem. Soc. 
1990, 112, 6392

Revue : 
Kulinkovich, O. G.; de Meijere, A. Chem. Rev. 

2000, 100, 2789–2834.

6.4.3 Réaction de Tebbe
Chem 115Myers
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The Tebbe and Petasis olefinations are useful methods for the methenylation of a wide variety of 
carbonyl compounds. The active complex is a titanocene methylidene complex, which can be 
generated from either the Tebbe reagent or the Petasis reagent.
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Petasis Modification (1990):

•
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Cp2TiCH2AlCl(CH3)2
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Tebbe, F. N.; Parshall, G. W.; Reddy, G. S. J. Am. Chem. Soc. 1978, 100, 3611–3613.

• A full equivalent of the reagent is required.
• Limited to methylenation: substituted olefinations are difficult.

Cp
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R1 R2

O

titanocene methylidene

Petasis, N. A.; Bzowej, E. I. J. Am. Chem. Soc. 1990, 112, 6392-6394.

Acid halides and anhydrides:

Acid halides provide ketones rather than olefins under Tebbe or Petasis conditions. Anhydrides give 
ketones under Tebbe conditions and olefins under Petasis conditions.

R1 R2R H R1 OR R1 NR2

The Tebbe olefination reaction follows a mechanism similar to the Wittig olefination, but the 
titanocene methylidene is generally more nucleophilic and less basic than Wittig reagents.

• Reagents are relatively simple to prepare.
• Relatively bulky carbonyl groups can be olefinated.
• An alternative to the Wittig reaction, and works well on hindered carbonyls.
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Oleg G. Kulinkovich, O. G.; de Meijere, A. Chem. Rev. 2000, 100, 2789–2834.
Petasis, N. A.;Hu, Y.-H. Curr. Org. Chem. 1997, 1, 249–286.
Brown-Wensley, K. A.; Buchwald, S. L.; Cannizzo, L.; Clawson, L.; Ho, S.; Meinhardt, D.; 
Stille, J. R.; Straus, D.; Grubbs, R. H. Pure Appl. Chem. 1983, 55, 1733–1744.

Cp2TiO

Chou, T.-S.; Huang, S.-B. Tetrahedron Lett. 1983, 24, 2169 - 2170.

R1 R2

O

R1 R2

Ti
Cl

Al
CH3

CH3
Ti

CH3

CH3
or

Generalized Reaction:

Stereoselective Olefination Reactions: Tebbe, Petasis Olefinations

•

•

•

Alpay Dermenci

(Tebbe Reagent) (Petasis Reagent)

This is a milder version of the Tebbe reagent, which avoids generation of the Lewis acidic aluminum 
intermediate.

• This reagent is also effective for olefination of silyl esters and acylsilanes.
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Hughes, D. L. et. al. Organometallics 1996, 63, 2689

Chem 115Myers

Ti CH2

Mechanism:

Ti
Cl

Al
CH3

CH3

LB

Ti CH2

O

Ti CH2

R2
R1

R1

O

R2

Order of Reactivity:

R

O

H
>

R1

O

OR R1

O

NR2

> >

The Tebbe and Petasis olefinations are useful methods for the methenylation of a wide variety of 
carbonyl compounds. The active complex is a titanocene methylidene complex, which can be 
generated from either the Tebbe reagent or the Petasis reagent.

Ti
Cl

Al
CH3

CH3

Tebbe reagent (1978):

Ti
Cl

Cl

Petasis Modification (1990):

•

Tebbe reagent

2 Al(CH3)3

Al(CH3)2Cl,
CH4

Lewis base

Al(CH3)2Cl

Ti CH2

titanocene methylidene

Ti
CH3

CH3

Ti
Cl

Cl

MeLi or

MeMgBr

Petasis reagent

Ti CH2

O
Cp2TiCH2AlCl(CH3)2

!15 ºC, 65%

Tebbe, F. N.; Parshall, G. W.; Reddy, G. S. J. Am. Chem. Soc. 1978, 100, 3611–3613.

• A full equivalent of the reagent is required.
• Limited to methylenation: substituted olefinations are difficult.

Cp
Cp

R1 R2

O

titanocene methylidene

Petasis, N. A.; Bzowej, E. I. J. Am. Chem. Soc. 1990, 112, 6392-6394.

Acid halides and anhydrides:

Acid halides provide ketones rather than olefins under Tebbe or Petasis conditions. Anhydrides give 
ketones under Tebbe conditions and olefins under Petasis conditions.

R1 R2R H R1 OR R1 NR2

The Tebbe olefination reaction follows a mechanism similar to the Wittig olefination, but the 
titanocene methylidene is generally more nucleophilic and less basic than Wittig reagents.

• Reagents are relatively simple to prepare.
• Relatively bulky carbonyl groups can be olefinated.
• An alternative to the Wittig reaction, and works well on hindered carbonyls.

R1 R2

Reviews:

"-elimination

R

O

Cl R

O

CH3
or

R

O

O

O

R R

O
Cp2Ti

Cl– or AcO–

H+

#

Cp2TiCH2AlCl(CH3)2

R

O

O

O

R

Cp2Ti(CH3)2

R O

O

R

Advantages:

Disdvantages:

Oleg G. Kulinkovich, O. G.; de Meijere, A. Chem. Rev. 2000, 100, 2789–2834.
Petasis, N. A.;Hu, Y.-H. Curr. Org. Chem. 1997, 1, 249–286.
Brown-Wensley, K. A.; Buchwald, S. L.; Cannizzo, L.; Clawson, L.; Ho, S.; Meinhardt, D.; 
Stille, J. R.; Straus, D.; Grubbs, R. H. Pure Appl. Chem. 1983, 55, 1733–1744.

Cp2TiO

Chou, T.-S.; Huang, S.-B. Tetrahedron Lett. 1983, 24, 2169 - 2170.

R1 R2

O

R1 R2

Ti
Cl

Al
CH3

CH3
Ti

CH3

CH3
or
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Stereoselective Olefination Reactions: Tebbe, Petasis Olefinations

•

•

•

Alpay Dermenci

(Tebbe Reagent) (Petasis Reagent)

This is a milder version of the Tebbe reagent, which avoids generation of the Lewis acidic aluminum 
intermediate.

• This reagent is also effective for olefination of silyl esters and acylsilanes.
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Méchanisme :

Chem 115Myers

Petasis, N. A.; Bzowej, E. I. J. Am. Chem. Soc. 1990, 112, 6392-6394.
Petasis, N. A.; Lu, S.-P. Tetrahedron Lett. 1995, 36, 2393 - 2396.

O
43

H

O

PhPh PhPh
90

O
60

O

OCH3

O

OCH3

O
60

O

O

O

Ph Ph

41

Ph OSi(CH3)2t-Bu

O

Ph OSi(CH3)2t-Bu

N

O

O

CH3 N

O

CH3 N CH3

1 0

1 20

1.5 equiv

4.0 equiv

toluene, 75 oC
75%

Selective mono- or bis-methylenation of dicarbonyls can be achieved by varying the equivalents of 
reagent.

70

O

OCH3Ph OMePh
67

O

OEt
Ph

OEt
Ph

65

O

O

O THF, 65 oC
70%

Ti
CH3

CH3

Ti
CH3

CH3

O

O

O

10 1

2 1

1.0 equiv

2.0 equiv

0 14.0 equiv

5470

70

65

65

Ph N(CH3)2

O

Ph N(CH3)2

SPh

O
H3C

CH3

SPh
H3C

CH3

75 70

H3C

O

O

CH3

CH3

CH3
HO

O CH3

CH3

CH3
HO

76%

Tebbe reagent
(1.5 equiv)

THF, –78 oC

Ireland, R. E.; Thaisrivongs, S.; Dussault, P. H. J. Am. Chem. Soc. 1988, 110, 5768 - 5779.

• Hindered carbonyls:

HH3C

Colson, P.-J.; Hegedus, L. S. J. Org. Chem. 1993, 58, 5918 - 5924.

NO

O

Ph

O

OH3CO

H3C

Cp2TiMe2 (2.5 equiv)

NO

O

Ph

OH3CO

CH3

52%

Site-Selective Olefination:

R1

O

R2

60–65

Substrate Product Temp. (oC) Yield (%)

R1 R2

Petasis reagent

toluene or THF

60–65

60–65

60–65

60–65

Alpay Dermenci

Stereoselective Olefination Reactions: Tebbe, Petasis Olefinations

65 oC, 8 h
THF

•

•

:

:

:

:

:

(n equiv)

(n equiv)

H
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+ réactif, - basique que r. Wittig :

Réaction de Tebbe efficace sur esters, amides, chlorures ou anhydride d’acide :

Pine, S. H.; Shen, G. S., Hoang, H.
Synthesis, 1991, 165

Winterfeldt, E. et. al. 
JCS. Pekin Trans I 1994, 3525

Didemnenones

Chem 115Myers

Petasis, N. A.; Bzowej, E. I. J. Am. Chem. Soc. 1990, 112, 6392-6394.
Petasis, N. A.; Lu, S.-P. Tetrahedron Lett. 1995, 36, 2393 - 2396.
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• Hindered carbonyls:

HH3C

Colson, P.-J.; Hegedus, L. S. J. Org. Chem. 1993, 58, 5918 - 5924.

NO

O

Ph

O

OH3CO

H3C

Cp2TiMe2 (2.5 equiv)

NO

O

Ph

OH3CO

CH3

52%

Site-Selective Olefination:

R1

O

R2

60–65

Substrate Product Temp. (oC) Yield (%)

R1 R2

Petasis reagent

toluene or THF

60–65

60–65

60–65

60–65

Alpay Dermenci

Stereoselective Olefination Reactions: Tebbe, Petasis Olefinations

65 oC, 8 h
THF

•

•

:

:

:

:

:

(n equiv)

(n equiv)

H
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Ireland, R. E. et al. 
J. Am. Chem. Soc. 1988, 110, 5768



6.5 synthèse d�alcènes par métathèse

Pétrochimie  & Polymérisation des alcènes & alcynes
Mo, W, Ru, Re…

Études mécanistiques 1971 Y. Chauvin, IFP Lyon

1956, Herbert S. Eleuterio, Du Pont's petrochemicals,  polymérisation du  norbornène

1966 G. Natta (Nobel 1963) polym & disproportionation des alcènes

R. Schrock, MIT
R. Grubbs, CalTech

Études & extension

6.5.1 Historique



The metathesis reactions: from a historical perspective to recent developments
D. Astruc New J. Chem. 2005, 29, 42 - 56

Nobel 2005 Y. Chauvin, R. Schrock, R. Grubbs

NB : idem pour alcynes

R1 R1

R2 R2

R1 R1

R2 R2

Cat.

Principe : recombinaison d’alcènes 

A. Mortreux Chem. Comm. 1974, 19, 786



6.5.2 plusieurs versions



6.5.3 Mécanisme de la métathèse d’alcène

Y. Chauvin, IFP Lyon 1970 1980, R. R. Schrock, M.I.T    M=CH2 ou M=CHR

A. Fürstner



Y. Chauvin, IFP Lyon
Macromol. Chem. 1971, 141, 161

Ini(a(on:

Catalytic Cycle:

1980, R. R. Schrock, M.I.T    M=CH2 ou M=CHR

RuCl
Cl

L

L'

Ar RuCl
Cl

L

Ar

R1

RuCl
Cl

L

Ar

R1

RuCl
Cl

L

Ar
RuCl

Cl

L

R1

Ar
[2+2]M

Espèce 
active



(cross-metathesis)

W. V. Murray    Johnson & Johnson, NJ 
J. Org. Chem. 2005, 70, 9636

24 hours at rt, CH2Cl2
2 hours in refluxing CH2Cl2. 
15 minutes, microwave irradiation

6.5.4 Synthèse d’alcène par Métathèse croisée

B. R. Galan, K. P. Kalbarczyk, S. Szczepankiewicz, J. B. Keister, S. T. Diver, Org. Lett., 2007, 9, 1203



macrolide RK-397, Frank McDonald et al. J. Am. Chem. Soc. 2004, 126, 2495

cat.



(ring closing metathesis -RCM)

6.5.4 Synthèse d’alcène par Métathèse cyclisante
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Ring-closing olefin metathesis
Ring-Closing Metathesis (RCM): is a powerful method for forming carbon-carbon double bonds 
and for macrocyclizations.

A RCM) allows synthesis of 5- to 30-membered cyclic alkenes. The E/Z-selectivity depends on 
the ring strain. 
A The reaction can be driven to the right by the loss of ethylene.
A Ru-catalysts tolerate a variety of functional groups. The second generation Grubb's catalysts 
(containing NHC) are more versatile.

Conrad et al, Org. Lett., 2002, 4, 1359. 

Cat

H2C CH2

OO

OH
HO

OO

OH
HO

Ru
Cl
Cl

C

PCy3

Ph

NNMes Mes

2 mol%

CH2Cl2, reflux

Org. Lett. 2002, 4, 1359



NH

O

NH2

O

OH

NB:  stratégie complètement différente vers les hétérocycles   

synthesis of (-)-cy/sine
G. Lesma, A. Silvani,  U. Milan Org. Le(. 2004, 6, 493

RCM of Medium Rings: Acyclic Conformational Control

!  Use of gauche effect of 1,2-dioxygen substituents to facilitate ring closure

O
dimers and oligomers

catalyst

O

OAc OAc

O

OAc

OAc
94%
yield

H

RO
OAc

OAc

H

O

O

N O

O

BnO

H

Bn

O

O

N O

O

BnO

H

Bn

[(Cy3P)2Cl2Ru=CHPh]

CH2Cl2, 40oC

94% yield

(+)-laurencin

Use of acyclic conformational control: synthesis of laurencin

Crimmins, M.T.; Choy, A.L. J. Am. Chem. Soc. 1999, 121, 5653

Crimmins, M.T.; Emmitte, K.A. Org. Lett. 1999, 1, 2029

[(Cy3P)2Cl2Ru=CHPh]

CH2Cl2, 40o, 1-2h

RCM: Macrocyclizations

!  Formation of cis and trans isomers in the formation of large rings

!  Experimental Considerations:

1. Rate of oligimerization can be slowed by diluting the reaction or adding the diene slowly 

2. Higher temperatures generally required

3. Higher catalyst loadings

!  Dienes devoid of any conformational predisposition towards ring closure can be good RCM substrates

!  Substrate considerations

1. Presence of a polar functional group (ester, amide, ketone, ether, sulfonamide, urethane)

O

O

[(Cy3P)2Cl2Ru=CHPh]
O

O

high dilution 

79%

4 mol%

[(Cy3P)2Cl2Ru=CHPh]

high dilution

4 mol%

oligomers

M

L
L

O

O

Crimmins, M.T.; Emmitte, K.A. Org. Lett. 1999, 1, 2029

NH

O



Furstner, A. Top. Organomet. Chem. 1998, 1, 37

RCM: Macrocyclizations

2. Site of ring close is a key issue

O

O

N
R

[(Cy3P)2Cl2Ru=CHPh]

5 mol%
no reaction

O

O

N
R

[(Cy3P)2Cl2Ru=CHPh]

5 mol% 

84% yield

O

O

N
R

M O

R

M
O

R

stable 
intermediates

3. Steric Hinderance close to the double bonds significantly lowers yield

OO OO

R

[(Cy3P)2Cl2Ru=CHPh]

4 mol% 

high dilution

R

R = H      (52%)

R = Me   (10%)

Due to bulky nature of metal ligands, bulky substituents close to olefins to be metathesized  

will have adverse effect on the cyclization

Furstner, A. Top. Organomet. Chem. 1998, 1, 37.

Macrocyclizations using RCM: Alkyne Metathesis

!  Alkyne Metathesis: viable solution to lack of E/Z control in alkene RCM macrocyclizations

R2

R1

R1

R2

Lindlar

hydrogenation

hydroboration/

protonation

cis 
alkene

trans 
alkene

alkyne 

metathesis
+

Chauvin-type mechanism:

[M] R2

R1R1

[M]

R2

R1R1

[M]

R2

R1R1

M

R1

R2

R2

+
+

Katz, J.; McGinnis, J. J. Am. Chem. Soc. 1975, 97, 1592
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Furstner, et al. JACS. 1999, 121, 11108



Arenastatin A 8 , 
Gunda G.     U. Kansas

Tetrahedron Lett. 2004, 45, 5309

endophytic fungal strain Cladosporium tenuissimum; 
induce systematic defense responses in plants
P. Radha Krishna, R. Srinivas Tetrahedron: Asymmetry 
2008, 19, 1153



Chap. 7    Réactions de couplage

Formation de liaisons C-C, C-O, C-N  sur  Csp2, Csp :

LG Nu Nu
cat. mT

SN2 pas possible

SN1 ne marche pas

? 



Basé sur les propriétés des mT :

- Dissociation de ligand

- Addition oxydante

- Elimination réductrice



couplages catalysés par mT :

LG Nu Nu
cat. mT

Nu = m

m

m OR

m NR2

LG = Hal

m CN

OSO2CF3
OPO(OR)2

- Très nombreuses applications en synthèse, en industrie   

fungicide boscalid plant (São Paulo, Brazil)
LUMATION* 
Light-Emitting Polymers

Þ

J-L Parrain, P. Pale 
Pour la Science 2011 Dossier 73, 58-63

Nobel Prize in Chemistry 2010
"for palladium-catalyzed cross 
couplings in organic synthesis".Nicolaou et al.

Pd in Total Synthesis Angew. Chem. Int. Ed. 2005, 44, 4442 



7.1 Les réactions de couplage catalysées par Pd°

Plusieurs mécanismes selon type de couplages

- début, fin ~ toujours identique (addition oxydante, élimination réductrice)
- varie selon l�étape intermédiaire ( transmétallation ou autres )

3 types de couplage

Pd(PPh3)4

R2

X
R3

R4

R2

R1
R3

R4

L2
Pd

R3

R4

R3

R1

R4

R2

Pd
R3

L
X

L

Pd0(PPh3)2

ad.ox

el.red

transmet.



NB : espèce active toujours Pd�L2 (mieux pour addition oxydante)

Pd°(PPh3)4
O2 +    2 PPh3O2Pd(PPh3)2

PdII(OAc)2 Pd°(PPh3)2

PPh3

NR3

nBuLi

PdIICl2 Pd°(PPh3)2
PPh3

HAliBu2

PdIICl2(PPh3)2

Þ pas stable à l�air

…mais souvent formé in situ par transmétallation et élimination réductrice

…et large gamme de phosphines

commerciaux
Pd°(PPh3)4
Pd°(dba)2 Pd2(dba)3.CHCl3



MR1

M, X

Kumada: -MgX
Negishi:   -ZnX
Stille:       -SnR3
Suzuki:   -BR2

Pd(PPh3)4

R2

X
R3

R4

R2

R1
R3

R4

L2
Pd

R3

R4

R3

R1

R4

R2

Pd
R3

L
X

L

Pd0(PPh3)2

7.2.1 couplage avec organométalliques préformés

Couplage : transmétallation avec organométalliques déjà formés 

LG = Hal
OSO2CF3
OPO(OR)2 NB: addition oxydante suit force liaison Þ OTf  ≈ I > Br >> Cl

LG cat. mT
m

m

ou ou



- couplage de Corriu-Kumada   R-MgX

Cl
C5H11

OTBS

MgClPh Ph
C5H11

OTBS
PdCl2(PPh3)2  

5 mol%
THF, rt

NEt3  8 eq.

76%

Ramasiandra, P.; Bréhon, B.; Thivet, A.; Alami, M.; Cahiez, G. Tetrahedron Lett. 1997, 38,
2447

Tamao, K.; Sumitani, K.; Kumada, M. J. Am. Chem. Soc. 1972, 94, 4374; 
Corriu, R. J. P.; Masse, J. P.; J. Chem. Soc. Chem. Commun. 1972, 144
Yamamura, M.; Moritani, I.; Murahashi, S-i J. Organomet. Chem. 1975, 91, C39; 
Fauvarque, J. F.; Jutand, A. Bull. Soc. Chim. Fr. 1976, 765

R1
I

MgBrR2

R1 I
Pd(PPh3)4

R1 R2

R2
R1

THF-PhH

or or 80-83%



- couplage de Negishi    R-ZnX
King, A.O.; Okukado, N.; Negishi, E-i. J. Chem. Soc. Chem. Commun. 1977, 683-684;
Fauvarque, J. F.; Jutand, A. Bull. Soc. Chim. Fr. 1976, 765

cat (PPh3)2PdCl2
ZnBr

2 cat DIBAH
O

O

Br
2 O

O

62 %
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nane (2) was substantially faster than that of 1b (Table 1,
entries 3 and 8). Even with a catalyst loading of almost
10%, no full conversions were obtained within 24 h for sub-

strates 1a and 1b. These results were quite unexpected,
since aryl iodides are known to be more reactive than aryl
chlorides in Pd-catalyzed reactions.[11] The determination of
the rate constants of the oxidative addition of 1a and 1b
(first step of the catalytic cycle) to [Pd0ACHTUNGTRENNUNG(PPh3)4] ([Pd0ACHTUNGTRENNUNG(PPh3)2]
as the reactive species) by
means of electrochemical tech-
niques[12] revealed that, as ex-
pected, the oxidative addition
of 1b was considerably faster
than 1a by a factor 3!104 at
25 8C in THF. Consequently, the
origin of the inversion of reac-
tivity in the catalytic reactions
must be found in the steps that
follow the oxidative addition.
Therefore, kinetic studies were
undertaken on the influence of
the concentration of 2 on the
rate of formation of the cou-
pling product 3. The kobsd values
revealed that the transmetalla-
tion is the rate-limiting step of
the catalytic cycle (first-order
reaction for 2). The only differ-
ence in the Stille reactions
starting from 1a and 1b with 2
is the halide. There seems to be
a serious difference in transme-
tallation rate between [PdIICl-ACHTUNGTRENNUNG(2-Py) ACHTUNGTRENNUNG(PPh3)2] (4a) and [PdIII-ACHTUNGTRENNUNG(2-Py) ACHTUNGTRENNUNG(PPh3)2] (4b). Next, we

tested if the transmetallation rate of chloride complex 4a is
indeed higher than that of the corresponding iodide complex
4b. Therefore we added 29 equivalents of 2 to a solution of
the complexes 4 in a 1:1 mixture of CDCl3 and THF and fol-
lowed the disappearance as a function of time at 50 8C with
31P NMR spectroscopy. For 4a a substantially faster trans-
metallation rate was observed than for 4b, supporting our
hypothesis (Figure S2 in the Supporting Information).[14]

The similar behavior of phenyl complexes [PdIIX(Ph)-ACHTUNGTRENNUNG(PPh3)2] (6a : X=Cl; 6b : X= I)[15] (6a more reactive than
6b, see Figure S4 in the Supporting Information) confirm
that [PdCl(Ar) ACHTUNGTRENNUNG(PPh3)2] are generally more reactive than
[PdIII(Ar) ACHTUNGTRENNUNG(PPh3)2] complexes. Our observations are in agree-
ment with the transmetallation rates of (CH2=CH)SnBu3

with [PdIIX ACHTUNGTRENNUNG(F3Cl2Ph) ACHTUNGTRENNUNG(AsPh3)2] (X=Cl, Br, I) studied by Es-
pinet[5a] and DFT calculations on the transmetallation pro-
cess of the same organostannane with [PdIIX(Ph) ACHTUNGTRENNUNG(PH3)2]
(X=Cl, Br, I) published by Fairlamb.[16] We wondered if it
would be feasible to perform an in situ halide metathesis
with chloride ions, thus transforming 4b into the more reac-
tive 4a (Scheme 1). Halide metathesis is a well-known pro-
cess for the synthesis of Pd complexes, but it has, to the best
of our knowledge, never been considered to play a role in
Pd-catalyzed cross-coupling reactions with organometallic
species.[17]

We therefore performed the coupling of 1b with 2 in the
presence of LiCl. Gratifyingly, we found a serious increase
in reaction rate (Table 1, compare entries 8 and 9). When
we added LiCl (32 equiv) to a solution of 4b or 6b in THF
at 30 8C in an NMR tube, we gratifyingly observed the for-

Table 1. Conversions for the Stille reaction of 1 with 2 in the absence
and presence of additives.[a]

Entry 1 2 [m] Additive [m] kobsd
[b] Reaction time [min]

(% conversion to 3)

1 1a 0.583 – – 480 (24), 1440 (36)
2 1a 0.875 – 4.3 480 (38), 1440 (48)
3 1a 1.166 – 6.7 1440 (75), 2880 (97)
4 1a 0.583 LiCl (1.275) 4.9 60 (36), 480 (93)
5 1a 0.875 LiCl (1.275) 9.7 60 (45), 480 (100)
6 1a 0.875 LiI (1.275) 3.1 480 (60),1440 (97)
7 1b 0.583 – – 480 (7), 1440 (13)
8 1b 1.166 – – 480 (21), 1440 (36)
9 1b 1.166 LiCl (1.275) 4.6 480 (56), 1440 (100)

10 1b 1.166 LiI (1.275) 3.6 480 (73), 1440 (100)

[a] 1a (0.425m), 2, [PdIICl2ACHTUNGTRENNUNG(PPh3)2] (9.4 mol%), dry THF (6 mL), reflux.
[b] kobsd values[13] are given in 10!3 min!1.

Scheme 1. General mechanism of the Stille reaction taking into account in situ halide metathesis and catalyst
stabilization by LiY.
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Transmetalation of Alkylboranes to Palladium in the Suzuki
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Deuter ium-labeling exper iments demonst ra te tha t the t ransmeta la t ion step of the Suzuki coupling
react ion of a lkylboranes and R-iodoenones proceeds with reten t ion of stereochemist ry.

The pa lladium-ca ta lyzed cross-coupling of organo-
boranes and alkenyl or aryl halides (the Suzuki react ion)
has achieved prominence as one of the most impor tan t
meta l-ca ta lyzed carbon-carbon bond-forming react ions
in organic synthesis.1 The mechanism of th is t ransfor -
mat ion is believed to involve oxida t ive addit ion of the
elect rophilic ha lide to a Pd(0) in termedia te followed by
t ransmeta la t ion of the carbon subst ituen t from boron to
the resu lt ing Pd(II) complex and fina lly reduct ive elimi-
na t ion to provide the coupled product .1 The Suzuki
react ion is a par t icu la r ly powerfu l t ransformat ion be-
cause it permits the coupling of primary alkylboranes and
alkenyl or aryl halides, a process that can be used to great
synthet ic advantage.2 In cont rast to stereochemica l
invest iga t ions of the rela ted cross-couplings involving
silanes3 and stannanes,4-6 the stereochemist ry of the
t ransmeta la t ion of a lkylboranes to pa lladium (either
retent ion or inversion of configura t ion) has received lit t le
a t t en t ion .7,8 We provide evidence tha t pr imary a lkyl-
boranes undergo t ransmeta la t ion to pa lladium with
reten t ion of configura t ion .9
The stereochemist ry of the coupling react ion was

determined by hydrobora t ion of diastereomer ic dideute-
r ioa lkenes cis-2 and trans-5 followed by coupling of the
diastereomer ic boranes to R-iodocyclohexenone and ex-
amina t ion of the spect ra l proper t ies of the resu lt ing
cyclohexenones (eqs 3 and 4). These par t icu la r der iva-
t ives were chosen because they displayed well-resolved

signa ls in their 1H NMR spect ra a t the stereocenter of
in terest , permit t ing facile determina t ion of coupling
constan ts between the protons of the CHD unit s.10 The
deutera ted a lkenes were prepared as shown in eqs 1 and
2. Because of the vola t ility of the tert-butyldimethylsilyl

ethers 1 and cis-2, the tert-bu tyldiphenylsilyl ether was
chosen for the longer sequence leading to trans-5. The
enones syn -7 and anti-8 were obta ined by hydrobora t ion
of the respect ive alkenes with 9-BBN followed by addit ion
of 2-iodocyclohexenone,11 palladium catalyst , and aqueous
sodium hydroxide (eqs 3 and 4, the react ion condit ions
were not opt imized).1
The stereochemist r ies of the enones syn -7 and anti-8

were assigned by ana lysis of their 1H NMR spect ra .

(1) Miyaura , N.; Suzuki, A. Chem . Rev. 1995, 95, 2457-2483.
(2) See, for example: J ohnson , C. R.; Braun , M. P. J . Am . Chem .

S oc. 1993, 115, 11014-11015.
(3) Hatanaka , Y.; Hiyama, T. J . Am . Chem . S oc. 1990, 112, 7793-

7794.
(4) Labadie, J . W.; St ille, J . K. J . Am . Chem . S oc. 1983, 105, 6129-

6137.
(5) Ye, J .; Bha t t , R. K.; Fa lck, J . R. J . Am . Chem . S oc. 1994, 116,

1-5.
(6) Fa lck, J . R.; Bhat t , R. K.; Ye, J . J . Am . Chem . S oc. 1995, 117,

5973-5982.
(7) Cyclopropylboranes with a lkyl subst ituen ts t rans to the boron

undergo coupling to provide t rans products. This observat ion indica tes
tha t t ransmeta la t ion may occur with reten t ion of configura t ion ,
a lthough coupling with cis-subst itu ted cyclopropylboranes was not
invest igated: (a) Wang, X.-Z.; Deng, M.-Z. J . Chem . S oc., Perkin Trans.
1 1996, 2663-2664. (b) Hildebrand, J . P .; Marsden, S. P . S ynlett 1996,
893-894. (c) Charet te, A. B.; De Freitas-Gil, R. P . Tetrahedron Lett.
1997, 38, 2809-2812.
(8) Knochel has recent ly demonst ra ted tha t t ransmeta la t ion of a

secondary a lkyl group from boron to zinc occurs with reten t ion of
configura t ion : Micouin , L.; Oest reich , M.; Knochel, P . Angew. Chem .,
In t. Ed . Engl. 1997, 36, 245-246.
(9) Soderquist has recent ly presented a simila r st ra tegy to the one

repor ted here and has ar r ived a t the same conclusion : Soderquist , J .
A.; Rane, A.; Matos, K. Presented a t the 213th Nat iona l Meet ing of
the Amer ican Chemica l Society, San Francisco, CA, Apr il 1997; paper
ORGN 582. Matos, K.; Soderquist , J . A. J . Org. Chem . 1997, 63, 461-
470.

(10) Whitesides pioneered the use of similar ly deutera ted substra tes
to evaluate the stereochemical course of react ions involving alkylmeta l
compounds: Bock, P . L.; Boschet to, D. M.; Rasmussen , J . R.; Demers,
J . P .; Whitesides, G. M. J . Am . Chem . S oc. 1974, 96, 2814-2825.
(11) J ohnson , C. R.; Adams, J . P .; Braun , M. P.; Senanayake, C. B.

W.; Wovkulich , P . M.; Uskakovic, M. R. Tetrahedron Lett. 1992, 33,
917-918.
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The related kinetic laws are given in Equations (3) and
(4). The theoretical evolution of kobs versus OH! concentra-
tion [Eq. (4)] exhibits a maximum in agreement with the ex-
perimental kinetic curves (Figure 3).

rate ¼ kobs½PdII$total ð3Þ

kobs ¼ ktmbC0

!
1

1þKOH½OH!$

"!
KX½OH!$

½X!$ þKX½OH!$

"
ð4Þ

The mechanism of the Suzuki–Miyaura reaction is pre-
sented in Scheme 7, including the three antagonistic kinetic
roles of the hydroxides: 1) formation of the reactive trans-
[Pd(Ar)(L)2(OH)] in the rds transmetallation with
Ar’B(OH)2 the rate of which is controlled by the ratio:
[OH!]/ACHTUNGTRENNUNG[Ar’B(OH)2], 2) catalysis of the reductive elimination
from trans-[Pd(Ar)ACHTUNGTRENNUNG(Ar’)(L)2], and 3) formation of unreac-
tive Ar’B(OH)3!. The hydroxide ions do not play the role of
a base but are ligands of aryl–PdII complexes.

Further work on the mechanism of the ligand-less
Suzuki–Miyaura also stressed on the nonreactivity of aryltri-
hydroxyborates.[18]

Fourth antagonistic kinetic role
due to the countercation of hy-
droxide : The countercation of
hydroxide investigated in
Scheme 7 was the innocent
nBu4N+ .[8] However, some

countercations, such as Ag+ or Tl+ , were reported to accel-
erate Suzuki–Miyaura reactions performed in THF, as was
pioneered by Kishi et al.[19] This is now rationalized by a
shift of the equilibrium trans-[Pd(Ar)(L)2X]/trans-[Pd(Ar)-
(L)2(OH)] by quenching the halide ion to form insoluble
AgX or TlX in THF. As a result, the concentration of trans-
[Pd(Ar)(L)2(OH)] should increase, making the transmetalla-
tion faster. It was thus of interest to investigate the effect of
countercations that do not have any affinity for halide ions
(m+ =Na+ , Cs+ , K+) in a polar solvent, such as DMF.[9]

The observed rate constant kobs of the reaction in
Scheme 8 was determined in the presence of mOH
(a equiv).

Whatever the countercations, the variation of kobs versus
OH! concentration always resulted in a bell-shaped curve
(Figure 6a), which confirmed the kinetically antagonistic
effect of hydroxide ions. However, a decelerating effect of
the cations was observed relative to nBu4N+ (Figure 6a)
since the maximum value of kobs decreased in the order:[9]

nBu4N
+ >K+ >Cs+>Na+

The decelerating effect of the countercations was con-
firmed in reactions performed in the presence of nBu4NOH
(15 equiv) and increasing amounts of KBF4 or NaBF4. There
is indeed an inverse relationship between kobs and the con-
centration of the countercation (Figure 6b): 1/kobs=a+
b[m+].

After having checked by conductivity measurements that
all mOH and mBr were fully dissociated in DMF,[9] a com-
plexation of the cation m+ with the OH group of trans-
[Pd(Ar)(OH) ACHTUNGTRENNUNG(PPh3)2] (Ar=Ph) was evidenced by 1H and
31P NMR spectra.[9] Through this complexation, the concen-

Scheme 5.

Scheme 6.

Scheme 7. Mechanism of the Suzuki–Miyaura reaction when the base is
nBu4NOH.[8]

Scheme 8.
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3). This impur ity notwithstanding, the fact tha t even
t race amounts of 3e in 3t would be observable in the
CHD(t-Bu) region of it s NMR spect rum (Figure 2) pro-
vides compelling evidence tha t the t ransmeta la t ion of
a lkyl groups occurs with complete reten t ion of configu-
ra t ion . The reten t ion process suggested a four -centered

hydroxo µ2-br idged transit ion sta te model (9) (Scheme 2).
This t ransit ion sta te could ar ise from the collapse of an
intermedia te, 8, which could or iginate from either (a) the
react ion of hydroxybora te (i.e., (HOBR3)-1) with Pd(II)
(e.g., R!L2PdBr) or (b) from the react ion of BR3 with
R!L2PdOH. The collapse of 9 would be expected to facili-
ta te th is a lkyl group t ransfer through an Se2 (coord)1
process. This model a lso suggested tha t either 8 or 9
should be more accessible for organoboranes tha t have a
higher Lewis acidity. We submit ted th is hypothesis to
test .
Competitive Rate Studie s for Tria lkylboranes

versusAlkylborinates. Both B-alkyl-9-BBN derivat ives
(10) and the cor responding 9-oxa-10-borabicyclo[3.3.2]-
decanes (OBBD, 11), un like a lkylborona tes (RB(OR!)2),
provide effect ive coupling par tners under the standard
condit ions (Pd(PPh3)4, NaOH, THF, reflux). We felt tha t
a direct comparison of their rela t ive coupling ra tes would
be informat ive because the 9-BBN der iva t ives are much
more Lewis acidic than are their OBBD counterpar t s.
The remarkably robust bor ina te der iva t ives (11) were
readily prepared through the select ive oxida t ion of 10
with anhydrous t r imethylamine N -oxide (TMANO) for
both the n -bu tyl (b) and n -hexyl (h ) ser ies.14 All combi-
na t ions of these boranes, 10b , 10h , 11b , and 11h , were
submit ted in pa ir s to the coupling condit ions employing
1.0 equiv of each borane with 0.80 equiv of PhBr and 2.0
equiv of base (eq 3). The resu lt s of these compet it ive

studies are summarized in Table 1. It can be noted tha t ,
as expected, lit t le difference is observed in Bu versus Hx
couplings (cf. Table 1, en t r ies 1 and 4). However , when
10/11 pairs are compared (Tables 1, entr ies 3 and 4), only
the 9-BBN derivatives (10) undergo coupling. Th is
remarkable and previously unknown fea ture of the
Suzuki-Miyaura react ion clear ly has potent ia l synthet ic
impor tance for select ive couplings.15 To bet ter under -

(14) (a) Soderquist , J . A.; Najafi, M. R. J . Org. Chem . 1986, 51, 1330.
(b) Soderquist , J . A.; Sant iago, B. Tetrahedron Lett. 1990, 31, 5541.
(15) Select ive couplings employing the elect rophilic par tner have

demonst ra ted va lue. See: (a ) Roush , W. R.; Mor ia r ty, K. J .; Brown, B.
B. Tetrahedron Lett. 1990, 31, 6509. (b) Rivera , I.; Colberg, J . C.;
Soderquist , J . A. Tetrahedron Lett. 1992, 33, 6915.

Scheme 1a

a Key: (i) (9-BBN-D)2; (ii) CD3COOD; (iii) (9-BBN-H2; (iv) PhBr/
NaOH/Pd(PPh3)4.

Figure 2. 2H-decoupled 500 MHz 1H NMR of the CHDPh
(left ) and CHD(t-Bu) (r igh t ) region for 3t (above) and 3e
(below). Both conta in PhCHDCH2(t-Bu) whose signa ls a re
visible in the downfield por t ion of each set of doublet s.

Scheme 2

Alkylboranes in the Suzuki-Miyaura Coupling J . Org. Chem ., Vol. 63, No. 3, 1998 463
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•  Some highly sensitive compounds do not tolerate the basic conditions of the Suzuki reaction.
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7.2.2 couplage avec organométalliques formés in situ

R1 H
R3N

R3NH, XR1 M

M, X

Cycle II
M = Cu, Ag (Au)Cycle I ?

Sonogashira, 
Tetrahedron Lett. 
1975, 16, 4467

Cacchi
Synthesis 1986, 320

Linstrumelle
Tetrahedron Lett.

1993, 34, 6403

Pale
J. Organomet. Chem.

1998, 567, 173

LG cat. mT
R

R
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- couplage de Cacchi

- couplage de Linstrumelle
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- couplages
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7.2.3 couplages avec insertion 

couplages où étape supplémentaire d� insertion 

- CO 

- alcènes



- couplages avec insertion de CO (carbonylation)
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- couplages avec insertion de CO (carbonylation)
Rev.:  C. Barnard (Johnson Matthey) Organomet. 2008, 27, 5402;  S.T. Gadge, B. M. Bhanage, RSC Adv. 2014, 4, 10367
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isopropylidene-3-O-methoxymethyl, 4,6-O-isopropylid-
ene-3-O-tri(isopropyl) and 3-O-[(t-butyl)dimethylsilyl]-
tinglucal) than 7 also undergo carbonylative Stille
couplings with triflate 10 under our optimal conditions,
but with lower yields. Moreover, the subsequent conver-
sions of the corresponding cross-conjugated dienones
were lower yielded than those described here.

It was also possible to couple triflate 10 with stannylated
galactal 16. This galactal was synthesized starting from
fully acetylated galactal 13. Methanolysis (MeONa/
MeOH) of 13 followed by silylation with (i-Pr)3SiCl/
imidazole in DMF provided the silylated ether 14. The
sterically hindered HO–C(2) moiety was then protected
as a methoxymethyl ether with MeOCH2Cl/Hünig!s
base under heating. Finally, 15 was stannylated by treat-
ment with t-BuLi and subsequent reaction with SnBu3Cl
(Scheme 5). The tin-galactal 16 has been cross-coupled
with CO and triflate 10 giving 12 in 73% yield. The yield
of this coupling is somewhat lower than for the reaction
7+10+CO!11 (79%), perhaps because of greater steric
hindrance with 16 than with 7. With these new condi-
tions for the Stille coupling we examined whether it
could be applied to the carbonylative cross-coupling of
two glucal derivatives, a logical approach for the prepa-
ration of C(1!1)-linked disaccharide precursors.13

Thus, the iodinated glucal derivative 17 was made by
iodination of the tinglucal 7. Reaction of 17+CO+7
under our optimized conditions (Table 1) led to dienone
19 that was isolated in 81% yield (Scheme 6). This is a
significant improvement compared to our preliminary
work.13 Also cross-coupling of 7+18+CO under the
same conditions led to dienone 20 in 79%. To our
surprise however, when tin-galactal derivative 16 was
combined with the corresponding iodogalactal 18 and
CO, no product of cross-coupling could be detected.
This failure is probably due to the greater bulk of 20
and its iodo-analog than in the glucal derivatives 7
and 17 (Scheme 6).

The cross-conjugated dienone 11 has been converted
into a C(1!4)-linked disaccharide glycosyl donor
(Scheme 7). Which combines b-DD-glucopyranosyl unit
with a 3-deoxy-DD-ribo-hexopyranosyl moiety through a

(S)-hydroxymethano linker. Probably because of the
ring-strain of the 1,6-anhydrohexose unit of 11 its
C(2,3)-double bond is more reactive than the double
bond of the glucal moiety. For instance, chemo- and
stereoselective hydrogenation of the bicyclic alkene
could be carried with PhSiH3 in the presence of
Mo(CO)6 as catalyst, giving enone 21 in 55% yield.
The structure of 21 was deduced from its 1H NMR
(3J3a,4 = 1.2, 3J3b,4 = 6.7, and 3J4,5 = 0.6) and 2D-NOE-
SY-1H NMR spectrum. Reduction of 21 with (i-
Bu)2AlH gave a 2:1 mixture of allylic alcohol 22 and
its diastereomer in 85% yield. With K-Selectride only
22 was formed and isolated in 75% yield. Hydroboration
(BH3ÆTHF) of 22 gave diol 23 (65%) with high diastereo-
selectivity, probably because the a-face of the glucal
alkene moiety is less sterically hindered then its b-face.
The b-C-DD-glucopyranosyl configuration was confirmed
by the vicinal coupling constants 3J2 0,3 0 = 10.4 and
3J3 0,4 0 = 9.2 Hz and by the 2D-NOESY-1H NMR spec-
trum of 23. Protection of diol 23 as an acetonide under
standard conditions (Me2C(OMe)2, p-TsOH) produced
24 (73%). Its 1H NMR spectrum displays typical cou-
pling constants for proton pairs H-4/H-5 (1.2 Hz), H-
2 0/H-3 0 (9.2 Hz), H-3 0/H-4 0 (9.2 Hz). The (1 0S)-configu-
ration was indicated by 3J1 0,20 = 6.7 Hz and confirmed
by the 13C NMR spectrum: dC (Me2C) = 25.3 and
23.2 ppm.18 Although the 1,6-anhydrohexose 24 is a
potential glycosyl donor, we converted it into the thio-
glycoside 25, another potential glycosyl donor. Thus
treatment of 24 with Me3SiSPh and ZnI2 provided 25
in 75% yield, after work up with K2CO3/MeOH. The
1H NMR spectrum of 25 proved its structure, in partic-
ular 3J1,2 = 4.9 Hz, indicated a-thioglycosylation, and
3J1 0,2 0 = 6.7, 3J2 0,30 = 9.4, and 3J3 0,40 = 7.6 Hz proved the
b-glucopyranosyl structure. The (1 0S)-configuration
was confirmed by the 13C NMR spectrum18 which
showed dC (Me2C) = 25.9 and 23.7 Hz (Scheme 7).

3. Conclusion

Since our first report on the application of the carbonyl-
ative Stille cross-coupling reaction generating C(1!1)-
disaccharide precursors, better conditions have been
developed that allow one to create readily advanced
precursors for C(1!4)-disaccharides. The method
condenses adequately protected tinglucal derivatives
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80-97 %

Green production of CO from HCOOH
Pale & coll. Adv. Synth. Catal. 2015, 357, 2931
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- couplages avec insertion d�alcène (Réaction de Heck)
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- couplages avec insertion d�alcène (Réaction de Heck)
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Overman’s group [67] enlisted an intramolecular Heck reaction to form a quaternary
center in their synthesis of gelsemine. When the cyclization precursor 68 was subjected
to “ligandless” conditions [Pd2(dba)3, Et3N] in the weakly coordinating solvent toluene,
the quaternary center was formed with ~9:1 diastereoselectivity (70:69 = 89:11). In con-
trast, use of the coordinating solvent THF and a stoichiometric amount of an added silver
salt completely reversed the sense of asymmetric induction in the cyclization reaction
(70:69 = 3:97).

There has also been considerable interest and progress in the development of asymmetric
Heck reactions (AHR) [68]. This methodology allows for the preparation of enantiomerically
enriched products from achiral substrates using a catalytic amount of a chiral palladium
complex, making the process practical and economical. For example, treatment of 
triflate 71 with catalytic Pd(OAc)2/(R)-BINAP provided oxindole 72 in 96% yield and
88% ee [69].

One class of transformations that illustrate the striking difference in reactivity between
heteroarenes and carbocyclic arenes is the heteroaryl Heck reaction, in which an aryl or
heteroaryl halide is coupled directly with a heteroaromatic compound to afford a biaryl
product (formally a CiH bond functionalization process). Intermolecular Heck reactions
involving the functionalization of aromatic carbocycles with aryl/heteroaryl halides are rare
[70], whereas heterocycles including thiophenes, furans, thiazoles, oxazoles, imidazoles,
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and -β-hydride elimination are thermodynamically controlled and reversible, the thermody-
namically more stable E-olefin 58 is ultimately generated, and hydridopalladium(II) chloride
(63) is released. With the aid of a base, reductive elimination of HCl then takes place, regen-
erating Pd(0) to close the catalytic cycle [63].

The rate of the alkene insertion step is quite sensitive to steric effects, and intermolecular
reactions are generally limited to mono- and disubstituted alkenes. However, intramolecular
reactions of tri- and tetra-substituted olefins are well precedented [61b].

In 1984, Jeffery discovered that under “ligand-free” conditions, Pd-catalyzed vinylation
of organic halides proceeds at or near room temperature, whereas normal Heck reactions
require higher temperatures [64]. Jeffery’s “ligand-free” conditions have been broadly
applied to a variety of Heck arylations that were not feasible using more standard 
reaction conditions. For example, efforts to use classical Heck-reaction conditions for 
the conversion of N-allyl-N-benzyl(3-bromoquinoxalin-2-yl)amine (64) to 1-benzyl-3-
methylpyrrolo[2,3-b]quinoxaline (65), resulted in slow reactions and low yields [65],
which may be attributed to the poisoning of the palladium catalyst via complexation to
the aminoquinoxalines. In contrast, the Jeffery conditions afforded the desired product in
83% yield. The enhanced reactivity and yield under Jeffery’s “ligand-free” conditions
may be due to the coordination/solvation of the palladium intermediates by bromide ions
present in the reaction mixture, which presumably prevents the precipitation of Pd(0).

The intramolecular version of the Heck reaction has been particularly useful, enabling
elegant syntheses of many complex molecules [61b]. For example, Rawal and Iwasa carried
out an intramolecular Heck cyclization of pentacyclic lactam 66 with a pendant vinyl
iodide moiety using Jeffery’s “ligand-free” conditions to afford hexacyclic strychnan
alkaloid precursor 67 with complete stereochemical control [66]. The Mori–Ban indole
synthesis (Section 1.10, see below) is another good example of the utility of this process.
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Overman’s group [67] enlisted an intramolecular Heck reaction to form a quaternary
center in their synthesis of gelsemine. When the cyclization precursor 68 was subjected
to “ligandless” conditions [Pd2(dba)3, Et3N] in the weakly coordinating solvent toluene,
the quaternary center was formed with ~9:1 diastereoselectivity (70:69 = 89:11). In con-
trast, use of the coordinating solvent THF and a stoichiometric amount of an added silver
salt completely reversed the sense of asymmetric induction in the cyclization reaction
(70:69 = 3:97).

There has also been considerable interest and progress in the development of asymmetric
Heck reactions (AHR) [68]. This methodology allows for the preparation of enantiomerically
enriched products from achiral substrates using a catalytic amount of a chiral palladium
complex, making the process practical and economical. For example, treatment of 
triflate 71 with catalytic Pd(OAc)2/(R)-BINAP provided oxindole 72 in 96% yield and
88% ee [69].

One class of transformations that illustrate the striking difference in reactivity between
heteroarenes and carbocyclic arenes is the heteroaryl Heck reaction, in which an aryl or
heteroaryl halide is coupled directly with a heteroaromatic compound to afford a biaryl
product (formally a CiH bond functionalization process). Intermolecular Heck reactions
involving the functionalization of aromatic carbocycles with aryl/heteroaryl halides are rare
[70], whereas heterocycles including thiophenes, furans, thiazoles, oxazoles, imidazoles,
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7.2.4 autres couplages

couplages où formation de liaisons C-N, C-O, etc…

Buchwald-Hartwig

shown to dramatically affect the reactivity of associated Pd
complexes (e.g., biarylPCy2 vs biarylPhP(t-Bu)2).12 Such dif-
ferences in reactivity would be entirely overlooked using
approximations as described above. Thus, we recommend that
an all-atom DFT or an ONIOM13 approach be taken when
optimizing structures and calculating thermodynamic and kinetic
parameters with (biaryl)phosphine ligands.
Oxidative Addition Complexes. Having explored Pd(0)

complexes with 1 as the supporting ligand, the next logical step
was to investigate ligated Pd(II) complexes such as oxidative
addition species. Despite numerous attempts employing various
conditions, we have not been able to obtain structural informa-
tion on a dialkyl(biaryl)phosphine-Pd oxidative addition com-
plex by X-ray crystallography.3 Thus, we again turned to DFT
calculations in order to gather insight into the structural
framework of oxidative addition complexes based upon 1‚Pd.
In this case, we located eight possible complexes by performing
ground-state energy optimizations on the oxidative addition
product of 1‚Pd and chlorobenzene (Figure 4). Two of the eight
structures place the Pd center above the ipso carbon of the non-
phosphine-containing ring of the ligand and two structures
position the Pd away from the non-phosphine-containing ring
of the ligand, while the remaining four structures position the
Pd near the oxygen atom of the methoxy group. Two of the
structures, 16 and 23, are clearly favored over the others and
are identical in energy when using the B3LYP/6-311++G(2d,-
2p)/LANL2DZ+ECP level of theory. Complex 16 possesses a
Pd-arene interaction with the ipso carbon of the non-phosphine-
containing ring of the ligand (2.86 Å), while 23 possesses a
Pd-O interaction with an oxygen atom of the methoxy group
on the non-phosphine-containing ring of the ligand (2.30 Å).
Both of these structures have the chloride atom trans to the
phosphine atom. When the chloride and phenyl groups of 16
are interchanged, the resulting structure, 17, is 9.7 kcal/mol
higher in energy, although a shorter Pd-arene interaction is
present (2.52 Å). This large increase in energy most likely
results from the large trans influence of the phosphine.14
The trans orientation of the phosphine and halide are
consistent with X-ray crystal structures of various monoligated

Pd(aryl)X species.3,15 Two other local mimima composed of
1‚Pd(Ph)Cl, 18 and 19, were located in which the Pd center
points away from the non-phosphine-containing ring of the
ligand. Structure 18, with the chloride atom trans to the
phosphorus center, is 6.7 kcal/mol higher in energy than 16 and
23, while structure 19, with the chloride cis to the phosphorus,
is 16.8 kcal/mol higher in energy than 16 and 23. Again, this
difference in energy likely arises from the trans influence, which
favors the positioning of the chloride atom trans to the
phosphorus atom. The final three structures, 20-22, have the
Pd center in close proximity to the oxygen atom of the methoxy
group on the non-phosphine-containing ring of the ligand.
Complexes 21 and 22 possess a Pd-O interaction (2.33, and
2.22 Å, respectively), although 22 is very disfavored (by 12.8
kcal/mol) since the chloride is cis to the phosphorus, while 21
is only 3.2 kcal/mol higher in energy than 16 and 23. Similarly,
complex 20 is only 2.9 kcal/mol higher in energy than 16 and
23, although the Pd-O interaction does not exist in this structure
(Pd-O distance 3.20 Å).
It is clear from the relative energies of the various isomers

1‚Pd(Ph)Cl that the chloride trans to the phosphorus center rather
than cis is much more favored in all complexes. Hence, while
examining possible isomers of 2‚Pd(Ph)Cl, we did not attempt
to optimize any structures with the chloride cis to the phosphorus
center. However, we were able to locate four distinct local
minima for 2‚Pd(Ph)Cl (Figure 5). The lowest energy isomer,
24, is that with the Pd center directly above the non-phosphine-
containing ring of the ligand (Pd-C(ipso) distance of 2.88 Å).
Rotation of the phosphorus center yields complex 25, which is
6.9 kcal/mol higher in energy than 24. This complex is similar
in geometry to 21 above but lacks the Pd-oxygen interaction.
Further rotation of the phosphorus center leads to complex 26,
which is analogous to 19, and is disfavored by 8.3 kcal/mol.
Finally, the last complex located, 27, positions the Pd center
distal from the non-phosphine-containing ring of the ligand and
is energetically similar to 26 (8.2 kcal/mol less favored than
24). It is clear from the relative energies of the depicted local
minima that 2‚Pd(Ph)Cl will mainly exist in a geometry
exemplified by complex 24 during a cross-coupling reaction.
The solvation energies of 2‚Pd(Ph)Cl are similar to those of

1‚Pd(Ph)Cl. The isomers without any Pd-arene interactions are
most affected by inclusion of PhMe (∆Gsolv ) -4.0 to -4.2
kcal/mol), while complex 24 gains 3.3 kcal/mol from the

(12) Strieter, E. R.; Blackmond, D. G.; Buchwald, S. L. J. Am. Chem.
Soc. 2003, 125, 13978-13980.
(13) Maseras, F.; Morokuma, K. J. Comput. Chem. 1995, 16, 1170-

1179.
(14) Appleton, T. G.; Clark, H. C.; Manzer, L. E. Coord. Chem. ReV.

1973, 10, 335-422.
(15) Stambuli, J. P.; Incarvito, C. D.; Buhl, M.; Hartwig. J. F. J. Am.

Chem. Soc. 2004, 126, 1184-1194.

Figure 3. Structures of 1‚Pd and 2‚Pd replacing the cyclohexyl groups on the phosphorus center with hydrogen atoms.
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