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Carbanion   : Outil principal de la chimie organique
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2.1. Carbanions 2-1-1 Qu’est ce qu’un carbanion ?

Carbanions: R3C
- en fait, rarement « nu », tjs lié à un métal:

Le caractère carbanionique est dû à la liaison  C-m:

- type de liaison ?

. Ionique ?     

. Covalente ?

R3C-m



différence d�électronégativité
C-Li (1,5) même que  C-F (1,5)

Liaison C-m  :   covalente � polarisée
différence d�électronégativité pas très grande (≤ C-F)

C mLnR
+ d- d

ionique seult avec m = Na, K, Cs (NR4
+)

. Ionique ?     Covalente ?



- liaison C-m covalente: 
. polarisation de la liaison
. coordinance du métal     nombre et nature des ligands

C mLnR

m Ln m Ln m Ln

liaison σ liaison π liaison δ

R3C ZnLn ZrLn CeCl2

Ag

+ d- d

- nature de la liaison covalente: fn des orbitales 
. hybridation du C et du m
. d ou non      
. « back-bonding » ou non,  

Nat. Commun. 2020, 
DOI: 10.1038/s41467-020-15197-w 

could help separate actinide from
lanthanide elements

process nuclear waste

APRIL 13, 2020   |   CEN.ACS.ORG   |   C&EN    7

Separating heavy elements from one an-
other is one of the biggest challenges of 
nuclear waste management. A new type 
of bonding between metals and ligands in 
actinide complexes opens new bonding 
possibilities that could help with these 
separations and improve nuclear waste 
processing (Nat. Commun. 2020, DOI: 
10.1038/s41467-020-15197-w).

Actinide chemist Ping Yang and col-
leagues at Los Alamos National Labora-
tory calculated delta and phi bonding in 
actinide metallacycles that can change 
the strength of metal-ligand bonds in 
ways that could allow chemists to sepa-
rate actinide elements from other heavy 
metals. Delta and phi bonds are covalent 
bonds involving four and six orbital lobes, 
respectively. They are known to occur 
between metals and ligands, but all pre-
vious examples looked very different. 
They involved either the ends of ligand p 
orbitals meeting the side of a fan-shaped 
metal f orbital, or the orbitals meeting 
end to end. In the last several years, other 
researchers synthesized thorium and ura-
nium metallacycle complexes that put the 
metal and ligand atoms in the same plane, 
allowing for the ends of metal f orbitals to 
meet the sides of ligand p orbitals, or for 
the f and p orbitals to meet side to 
side, according to Yang’s group’s 
calculations.

To understand the effect of this 
new type of bonding on these com-
pounds’ properties, Yang simulated 
the same metallacycle complexes 
with the actinide elements protac-
tinium, neptunium, and uranium. 
Because actinide atomic radii get 
smaller moving left to right across 
the periodic group, metal-ligand 
bond lengths in actinide complexes 
typically decrease with increasing 
atomic number. But the researchers 
found that these new delta and phi 
interactions reverse that trend. For 
instance, in a cyclopropene com-
plex, the distance between protac-
tinium and the closest carbon atom 
is 2.26 Å, but substitute plutonium 
and the distance increases to 2.34 Å.

Yang explains that the shorter 

or longer bond lengths indicate stronger 
or weaker metal-ligand interactions in 
the different complexes. She thinks tun-
ing these new delta and phi bonds could 
help chemists preferentially bind certain 
elements, something Yang says her group 
has been pursuing for a long time to help 
process nuclear waste. She also points out 
that because the phi and delta bonds only 
seem to be possible in 5f orbitals and not 
4f orbitals because of the 5f ’s bigger size, 
they could help separate actinide from lan-
thanide elements, which can contaminate 
nuclear material. “If we play this chem-
istry intelligently, we might design some 
ligands to improve separation in waste 
management,” Yang says.

Rebecca Abergel, a nuclear scientist 
at the University of California, Berkeley, 
and the Lawrence Berkeley National Lab-
oratory, says the research could help in 
“long-standing problematic areas includ-
ing separations, reprocessing, and waste 
management.” Her LBNL colleague, Stefan 
Minasian, says chemists might even use 
these interactions to make actinide-actinide 
bonds, which so far only exist in theory. 
Yang says she’s looking forward to seeing 
experimentalists synthesize these new del-
ta and phi bonds. —SAM LEMONICK

Phi and delta orbital interactions could 
improve nuclear waste management

New bonds predicted 
in actinide complexes
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Rarement monomère C-Li

Le plus souvent, agrégats
Tétramère, héxamère

2-1-2 structures
Lithiens

Me-Li

soluble dans hexane

nBu-Li

Cf Tab periodique:  Li 2s1, 2p      tétravalent      tétrahèdrique





Seebach et al. J. Organomet. Chem. 1985, 285, 1

Organomet. 1991, 10, 1531

Mg hexavalent, oct.

(NB: stéréogène)

Magnésiens

molecules, neighbor Ca2 is exclusively coordinated by six
methyl groups (4× μ2 and 2× μ3) in a distorted octahedral
fashion. The outer Ca3 is coordinated again by four methyl
groups (disphenoidal fashion, 2× μ2 and 2× μ3) and two thf
molecules. Crystalline thf solvate 2 was found to rapidly lose
donor solvent at reduced pressure and even after prolonged
storing at ambient pressure, which complicated its analytical
investigation. A crystalline sample which was exposed to
vacuum (10−2 mbar) for 10 min indicated approximately 0.5 thf
molecule per CaMe2 unit. The elemental composition of a
sample of the crystalline material dried at ambient pressure
under Ar atmosphere for 5 min matched those of
[(thf)10Ca7Me14], with an additional thf molecule in the crystal
lattice as it was also found in our X-ray diffraction measure-
ments. Variable-temperature (VT) NMR spectroscopic experi-
ments using 1 in [D8]thf showed that the singlet at −1.41 ppm
found at ambient temperature splits into four signal sets at −80
°C, featuring integral ratios of about 6:6:6:3. This corroborates
that even in solution an aggregated species comparable to 2
may be present (Figures S12 and S13). The additional splitting
of three of the signals (roughly 1:1) might be ascribed to (a)
asymmetry, e.g., induced by coordination of an additional thf,
(b) the presence of an additional species similar to 2, or (c) the
presence of a species in solution which exhibits a molecular
connectivity distinct of that of the solid-state structure of 2.
Furthermore, the unsuccessful attempts to obtain satisfying
crystal data of thf solvate 2 and its unexpected proton signal
pattern in [D8]thf at low temperatures may be interrelated.
Reaction with CaI2: Toward a Heavy-Grignard

Reagent. Since iodido ligands were shown to favor less
aggregated complexes, cf., [(thf)4CaI2],

64 methyl/iodido
exchange was probed for mixtures of 1 with anhydrous CaI2.
Moreover, we were curious whether heavy-Grignard com-
pounds of the type “MeCaX” are feasible. Initially, 1 was
reacted with an equimolar amount of CaI2 in thf. Crystallization
at −35 °C repeatedly gave large crystals of [(thf)4CaI2] as
evidenced by X-ray structure analysis. It is noteworthy that the
decomposition rate (ether cleavage) of mixtures of 1 and CaI2
in thf was found to be significantly slower compared to pure 1.
More importantly, on one occasion another crystalline species
was obtained after the reaction mixture was stored for 3 weeks
at −35 °C. Indeed, X-ray structure analysis revealed the
formation of the envisaged methyl calcium iodide as dimeric
[(thf)3Ca(Me)(I)]2 (3a). Bridging methyl groups, terminal
iodido ligands, and three thf molecules accomplished 6-

coordinate calcium centers (Scheme 3, Figure 2). Even though
the crystal data of 3a seem convincing (wR2 = 0.1461), a

detailed discussion of the metrical parameters is ruled out due
to massive disorder and a possible phase transition at low
temperatures (see Supporting Information). Moreover, the
formation of inseparable mixtures of 3a and [(thf)4CaI2]
(roughly 1:5) made meaningful elemental analysis and NMR
spectroscopic characterization virtually impossible (Figure
S16).
Therefore, further experiments were conducted in tetrahy-

dropyran (thp) as a slightly weaker donor solvent compared to
thf. Again, initial reactions were performed with a 1:1 ratio of
[CaMe2]n and anhydrous CaI2. Similar to the observations in
thf, X-ray structure analyses of crystals formed at −35 °C did
not reveal putative [(thp)4Ca(Me)(I)] but rather the donor-
stabilized iodide [(thp)4CaI2], which again was obtained as the
main product.65 However, subsequent investigation of the
crystalline material morphologically distinct from [(thp)4CaI2]
allowed for the isolation and structural characterization of the
trimetallic complex [(thp)5Ca3(Me)5(I)] (3b) (Scheme 3,
Figure 3). With the composition disclosed, 3b could be
obtained in 57% crystalline yield by adjusting the stoichiometry
of [CaMe2]n and CaI2 to 5:1.
The solid-state structure of 3b revealed a triangular

arrangement of three calcium atoms capped by two methyl
groups (μ3; Ca−C 2.633(3)−2.698(4) Å) and adopting a
trigonal bipyramidal motif. Additionally, the calcium atoms are
bridged by three “equatorial” methyl groups (μ2; Ca−C
2.592(8)−2.673(9) Å), accomplishing an almost planar six-
membered ring with alternating Ca and C atoms. While both
Ca1 and Ca2 are saturated by coordination of two thp donor
solvent molecules, Ca3 is coordinated by a terminal iodido
ligand (Ca3−I1 3.106(2) Å) and one thp donor.
Interestingly, the structural motif of 3b is also found in the

connectivity of thf solvate 2, in which the iodido ligand and the
thp donor at Ca3 are replaced by two μ2-bridging methyl
groups. This may serve as an additional proof for the
connectivity of 2. The extent of aggregation found in 3b is
lower compared to 2 but higher than for 3a, which appears
plausible considering the interplay of donor strength (thf vs
thp) and the low bridging tendency of iodido ligands compared
to methyl groups.66 It is worth mentioning that only very
recently a related trinuclear iodide-neosilyl complex [(Et2O)5-

Figure 1. Connectivity of the thf adduct of dimethylcalcium,
[(thf)10Ca7(μ2-Me)10(μ3-Me)4] (2), found in the solid state. All
atoms are represented by atomic displacement ellipsoids set at 30%
probability. One molecule of lattice solvent (thf) is omitted for clarity.

Figure 2. Solid-state structure of dimeric heavy-Grignard compound
[(thf)3Ca(μ2-Me)(I)]2 (3a). All atoms are represented by atomic
displacement ellipsoids set at 50% probability. Hydrogen atoms and
the disorder of the complete molecule are omitted for clarity (cf.,
Figure S2).

Journal of the American Chemical Society Article

DOI: 10.1021/jacs.7b12984
J. Am. Chem. Soc. 2018, 140, 2373−2383

2376

[(thf)3Ca(μ2-Me)(I)]2

J. Am. Chem. Soc. 2018, 140, 2373 

EtMgBr(Et2O)2
J. Am. Chem. Soc. 1968, 90,5375 
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ring the Zn−N bond distances as well as the C−P distances and the P−N distances are
almost equal, indicates a considerable conjugation in this ring.

Me3Si

Me3Si

Me3Si

Me3Si

−4LiCl
N P

PN
Ph

Ph
Li

Li

Ph

Ph
2

3 ZnCl2

N P

PN
Ph

Ph

Ph

Ph

NP

P N
Ph SiMe3

SiMe3Ph

Ph

Ph

Zn ZnZn ClCl

(51) (52)

(18)

The X-ray crystal structure determination of diphenylzinc (53) reveals a unique
structure9. It was known already that in apolar solvents like benzene and hexane Ph2Zn
exists as discrete monomeric species9,95. Therefore, it was to be expected that also in
the solid Ph2Zn would have a linear monomeric structure like dialkylzincs and other
diarylzinc compounds. It appeared, however, that in the solid state Ph2Zn exists as a dimer
comprising two PhZn units linked by two µ-bridging phenyl groups (Figure 26). Such
a structural motif, i.e. electron-deficient multi-centre bonding of alkyl or aryl groups is
quite common for other metals like Li, Mg, Cu, Ag, Au, Al, etc. but unprecedented, at the
time of its discovery, for dialkyl or diarylzinc compounds. The zinc atoms in 53 are three-
coordinate as a result of bonding to one terminal and two bridging phenyl groups. Although
the individual bond angles around zinc [C(1)−Zn(1)−C(2) 141.5(2), C(1)−Zn(1)−C(4)
115.1(2), C(2)−Zn(1)−C(4) 102.6(2)◦] deviate considerably from the ideal value of
120◦, the sum of these bond angles (359.4◦) is close to 360◦, pointing to a trigonal-
planar coordination geometry. The Zn(1)−C(1) bond distance of 1.951(5) Å between
zinc and the terminal phenyl group is in the expected range. The asymmetric bonding of
the bridging aryl groups to the two zinc atoms, with one relatively short [Zn(1)−C(2)
2.016(3) Å] and one relatively long [Zn(1)−C(4) 2.364(5) Å] bond, is remarkable. This
dimeric structure may be regarded as consisting of two associated monomeric molecules,
i.e. [C(1)Zn(1)(C2)] and [C(3)Zn(2)C(4)]. The two monomers are linked by interactions
of the aryl π-system in one of the monomeric units via its ipso-carbon atom with the zinc
atom of the other monomeric unit, i.e. C(2) with Zn(2) and C(4) with Zn(1).

The structures of dimesitylzinc (54)96, bis[2,4,6-tris(trifluoromethyl)phenyl]zinc (55)97

and bis(pentafluorophenyl)zinc (56)98 have comparable structural features. They are dis-
crete monomeric molecules with a linear C−Zn−C arrangement at zinc (Figure 27). The

C(3) C(4)

C(2)
C(1)

Zn(1)Zn(2)

FIGURE 26. Dimeric structure of Ph2Zn (53) in the solid statePh2Zn
Organomet. 1990, 9, 2243

Zinciques

etc

[MeMgCl(TMEDA)]2



Etat d�agrégation variable et modulable - selon solvant 

- selon additif TMEDA, HMPA, NMP, py, bipy, etc.

THF, Et2O, DME, ….

Li

Li
O O

O O

[nBuLi]6 [nBuLi]4 [nBuLi]2
TMEDA

Hexane THF
Et2O

nBu Li
N
N

O

nBu Li
O
O

P
O

NMe2

HMPA
[nBuLi]6 [nBuLi]4

THF

Me2N

Me2N

P

NMe2
NMe2

NMe2

P
Me2NMe2N

NMe2
NB: toxicité HMPA, NMP

3 eq.



Key enantioselective step in the synthesis of Efavirenz (anti-HIV)

Ang. Chem. Int. Ed. 2005, 44, 1448

Langer, A.W. Adv. Chem. Ser. 1974, No.130.

Li

nBuLi

nBuLi, TMEDA
N

N
S

…influe sur la réactivité



-fn structure
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Þ Réactions stéréosélectives & asymétrique

2-1-3 stabilité conformationnelle
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2.2 Formation de carbanions

2-2-1 déprotonation

2-2-2 déprotonation dirigée, orthométallation

2-2-3 passage halogène-métal et rel.

2-2-4 addition sur une insaturation



2-2-1 déprotonation

R' mLnR H R' HR mLn Keq = Kdepro t++

une des méthodes les plus utilisées

B-A H B HA- Keq  =
B HA-

B-A H+ +

Mais quelle base choisir ?

Équation:

Kdeprot = Keq [A-]



L'efficacité de la déprotonation dépend de l'acidité de l'espèce carbonée (R-H = A-H) 
et de la force de la base (R'-mLn = B-):

Keq =
B HA-

B-A H
H+

H+
B HA-

B-A H H+
H+

= .

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

1Keq =

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

-pKa (B-/B H)

1

10

Keq =
-pKa (AH/A-)10 +pKa (B-/BH)

pKa = - log Ka

Ka = 10-pKa

R' mLnR H R' HR mLn

B-A H B HA-

Keq = Kdeprot

Keq =

B-A H B HA-H+ H+
B-

A H
B H

A-

H+
H+

B HA-

B-A H

Ka (AH /A-)

1/Ka(B-/B H)

+ +

++

+ + + + +
+

pour avoir Keq  > 0, pKa (B-/B H) pKa (A H/A -)>> DpKa > 3



Types 
bases

Gamme 
de pKa

Exemples Conditions courantes

NR3 8-12
NEt3, NEtiPr2, 

DBU, DBN

(Pyridine,Collidine)

CH2Cl2 0-20�

mOR 16-20
NaOH, KOH

MeONa

tBuOK

MeOH, EtOH
MeOH,THF

tBuOH, THF

0-20�
"

"

mH 25-30 NaH, KH THF, DMF ≤0�

mNR2 30-35

LiNH2, NaNH2

K 3-Aminopropylamidure (KAPA)

LiNiPr2 (LDA), 

LiNiPrcHex (LICA)

Li ou Na N(SiMe3)2 (Li-NaHMDS)

Li Tétraméthylpipéridine (LiTMP)

NH3, THF
DMSO

THF

"

"

"

≤-30�

0-20�

-78�

"

"

mCR3 35-45 MeLi, nBuLi, sBuLi, tBuLi
nBuLi-tBuOK

THF
-78�
"



O

O H

O

O-
+  H+

O H O-
+  H+

pKa = 18 pKa = 4,5

+  H+
pKa = 40-50

+  H+
pKa = 24_ _

+  H+
pKa = 40-50

+  H+
pKa = 24

_

_O O

-délocalisation

Facteurs régissant les pKa :

-hybridation H3C CH3

HH

H

HH

H

C sp3

C sp2

C sp

pKa  ~ 45

pKa  ~ 35

pKa  ~ 25

NH2
+

NH+

NH

N

pKa  11

pKa  5

mais stéréoélectronique : (NB importance hyperconjugaison)

O OH O O O O
+  H+

pKa = 14

O O
+  H+

_

pKa = 33
_

NB effet important 
de la conjugaison
(D 15-25)



-stabilisation par orbitales d
(hyperconjugaison)

Si
R

RRR
'

S
R

R'
Se
R

R'

_ _ _

-stabilisation par charges P
R

R
R

R
'

S
R

R'

_ _

R

+ +
N
R

R
R

R'

_ +

Facteurs régissant les pKa :  

-solvant & conditions : solvatation différente selon que solvant protique ou aprotique 

A H A- H++ solvant 
protique
aprotique

favorise 
acidité

défavorise

HO H / OH-

O O

EtO H / EtO-

H2O DMSO THF

pKa 18
_

Ph3CH  /  Ph3C-

pKa 15,7

pKa 20

31

30

26

31 35

-nature de mLn HR pKa  ~ 25

Li L3R

AgR

instable & réagit dans ROH

stable & formé dans MeOH/H2O



ZR
R'

H:

n
(BuLi)4-6

ZR
R'

H:

n

(LiBu)m

ZR
R'

H

Li Bu

:

n
ZR

R'

Li:

n
+  Bu-H

2-2-2 déprotonation dirigée, orthométallation

Principe:

Gilman, H.; Bebb, R. L. J. Am. Chem. Soc. 1939, 61, 109. 
Wittig, G.; Fuhrman, G. Chem. Ber. 1940, 73, 1197. anisole

OMe OMe

LinBuLi

NB : cinétique; pas diff pKa  o, m, p
Mécanisme:

Li

Li

Paul KrawczukBaran Group Meeting
Directed Metalation: A Survival Guide

Nature of the Base and Solvent

Reactivity of Metalated Arenes

Many Electrophiles react with lithiated arenes.  
Common examples:

Other Metalation Considerations

When two DMGs have a 1,3-disposition on the arene they will direct 
lithiation to the 2-position between them through a cooperative 
coordination of the alkyl-lithium:

When two DMGs are 1,4-disposed on the arene the metalation 
will be directed ortho to the DMG that is a "stronger" DMG, if 
their strengths are similar a mixture may result:

DMG

DMG

RLi

DMG

DMG

Li E+

DMG

DMG

E

DMGstronger

RLi

DMGstronger

Li E+

DMGstronger

E

DMGweaker DMGweaker DMGweaker

Benzylic positions may be metalated more rapidly even in the 
presence of a DMG:

OMe

Me n-BuLi, TMEDA

THF, 0°C

however:

E+
OMe

E

OMOM

Me n-BuLi, TMEDA

0°C

E+
OMOM

E

Typically powerful alkyl-lithium bases are needed for these metalations.  
MeLi, n-BuLi, sec-BuLi and t-BuLi are the most common.  These alkyl lithiums 
exists as various aggregates in solution and amine additives serve to break up 
these aggregates to allow accelerated reactivity due to increased basicity.  
TMEDA, a bidentate amine, is excellent as a ligand and is therefore more 
commonly employed.

Li

Li

O

O

O

O

Me
Ph

Ph

Me

Me

Ph

Ph

Me
OMe

n-BuLi

PhMe

TMEDA

N
Li

N

N
Li

N

N
Li

N

Li

OMe

N
Li

N

Li

MeO

-TMEDA

OMe

Li

ArCHO, RCHO, D2O, RX, CO2, (RS)2, TMSCl, B(OR)3, DMF, Bu3SnCl, TsN3, 
BnX, HCO2Et, RCOCl, Ac2O, RNCO, RCN, X2, terminal epoxides, S8, Se, ZnCl2

Nucleophilic attack should be faster then deprotonation in the case where
the electrophile has an acidic proton.

Transmetalation of lithiated arenes allows for transition metal catalyzed 
reactions.



(THF)3

O

O

NEt2
H
N

O
sBuLi

THF

sBuLi

THF

O

O

NEt2 N

O
Li Li

Li

(THF)2 (THF)2

V. Snieckus

Exemples: V. Snieckus  Chem. Rev. 1990, 90, 879    Heterocycles Chem. Soc. Rev. 2007, 36, 1069 & 1161

Inversion de polarité

Umpolung

O

NEt2
Br2

FeBr3
O

NEt2

Br

O

NEt2

Li
sBuLi

THF (THF)2

O

NEt2

Br
NBS

+ isomères

Intérêt :

V. Snieckus

Directed Metalation Groups (DMGs)

etc....



N

O

N

O

EtMgBr

MgBr

A. Meyers

THF

(THF)3

stéréosélectif

Pas limité aux lithiens :

Ph

O O

Ph

O OsBuLi

THF Li (THF)2
Tet. Lett 84, 5977

Pas limité aux Aryls :

régiosélectif 

stéréosélectivité alcène



2-2-3 passage halogène-métal

2.2.3.1- addition oxydante (magnésiens, lithiens, zinciques)

Réactifs de Grignard V. Grignard  (1871-1935; Nobel 1912)

Mg°R Hal R MgII+ Hal

Grignard, V. Compt. Rend. Acad. Sci. 1900, 130,1322

Seyfert, D. Organometallics 2009, 28, 1598

NB: umpolung

R-MgX =  Nu, Ba, ET

Eq de Schlenk

Eq. � déplacé vers R2Mg selon cond
e.g. + dioxane, MgX2 précipite 

R MgII Hal R MgII R MgHal2+

Schlenk, W.; Schlenk, W., Jr.  Ber. Dtsch. Chem. Ges. 1929, 62, 920

2

[tBu2Mg]2



2 Li°R Hal R LiI+ LiHal+2lithiens

via mécanisme SET J. Garst Acc. Chem. Res. 1991, 24, 95; 
H. M. Walborski, Tetrahedron Lett. 1989, 30, 7345

Knochel, P.   et al.
Angew. Chem., Int. Ed. 2006, 45, 6040

Zn°R Hal R ZnII+ Hal R ZnII R ZnHal2+1/2zinciques

Frankland  1849    Et-I + Zn            « Et. »  EtZnI    

(Hist)  Seyfert, D. 
Organometallics 2001, 20, 2941



Réact. Reformatsky

CH2I2
Zn°

I ZnI
OH

OH

Réact. Simmons-Smith

EtO

O
Br

Zn°
EtO

O
ZnBr EtO

OZnBr E+

EtO

O
E

carbenoïdes



Réact. Nozaki-Hiyama-Kishi

Y. Okude, S. Hirano, T. Hiyama, H. Nozaki 
JACS 1977, 99, 3179 Cl

CrCl2
DMF, rt CrCl2

PhCHO
OH

Ph

Autres métaux :
R I

CrIICl2
R CrIIICl2 I

I

Jin, H.; Uenishi, J.; Christ, W.; Kishi, Y. J. Am. Chem. Soc. 1986, 108, 5644 
Takai, K.; Tagashira, M.; Kuroda, T.; Oshima, K.; Utimoto, K.; Nozaki, H. J. Am. Chem. Soc. 1986, 108, 6048 

R-CrX2 =  bon Nu, peu Ba



Réact. Nozaki-Hiyama-Kishi

chimiosélectif H I
O

O CrCl2
DMF, rt OH

O

94 %

A. Gil, F. Albericio, M. Alvarez, Chem. Rev. 2017, 117, 8420

compatibilité

THE NOZAKI-HIYAMA-KISHI REACTION 
 

Reported by Jeffrey M. Kallemeyn December 4, 2002 
 
INTRODUCTION  

 The formation of carbon-carbon bonds is one of the most widely studied areas in organic 

synthesis.  One class of carbon-carbon bond forming reactions involves the nucleophilic addition of 

vinyl or allyl organometallics to aldehydes, yielding allylic or homoallylic alcohols.  A number of strong 

nucleophiles, such as lithium, magnesium, and copper organometallics, as well as weaker nucleophiles, 

such as silicon and boron organometallics, have been used for these bond formations.1,2,3  The poor 

chemoselectivity and stereochemical predictability of these allyl and vinyl organometallics often limit 

their use in natural products synthesis, restricting their role to early synthetic steps where functionality is 

typically limited.  It would be desirable to have a reliably predictable and highly chemoselective method 

for the formation of allyic and homoallylic alcohols that could be used in late synthetic steps.      

 Herein, organochromium-mediated allyl and vinyl additions to aldehydes are described.  These 

transformations, commonly known as the Nozaki-Hiyama-Kishi (NHK) reaction, are very mild, give 

predictable stereochemical outcomes and show exceptional chemoselectivity.  The NHK reaction is 

tolerant of functional group diversity on both the organochromium species as well as on the aldehyde, 

resulting in its wide utility in complex natural product synthesis.  One example that highlights these 

attributes is the synthesis of palytoxin (Equation 1).4,5 

 During the synthesis of the marine natural product palytoxin, Kishi and coworkers envisioned the 

formation of the trans-allylic benzoate 1 as a key intermediate.  Attempts to synthesize 1 from aldehyde 

2 via Wittig and aldol reactions were unsuccessful.  Cuprate couplings showed promise in model studies, 

but the required cuprate reagent could not be formed from the trans-iodoolefin 3. Reaction of 

components 2 and 3 via a vinyl organochromium addition allowed for the synthesis of 1 in 80% yield 

with a 1.3:1 diastereomeric ratio (Equation 1).  Compatibility of the organochromium reagent with 

ketals, ethers and silyl ethers is evident in this synthesis. 

Equation 1. 

O

BnO OBn
OBn

OO
OMe

Me

H OSi(Ph)2t-Bu

BnO
OBn

I

3 1

O

BnO OBn
OBn

OH

OSi(Ph)2t-Bu

O
OMe

Me

BnO
OBn

NiCl2 - CrCl2
DMSO, rt.
80% yield

2

 

Copyright © 2002 by Jeffrey M. Kallemeyn 107PalytoxinKishi, Y. Pure Appl. Chem. 1992, 64, 343 



2.2.3.2- échange halogène-métal

lithiens

ü

The First Lithium–Halogen Exchange Reaction

!  In 1938 Wittig  is surprised by his discovery of lithium–halogen interconversion:

!  Subsequent studies of the reactions of PhLi with fluorobenzene led to the first example of a 
     reaction proceeding via a benzyne intermediate

Wittig, G.; Pockels, U.; Dröge, H. Ber. Dtsch. Chem. Ges. 1938, 71, 1903.

MeO

MeO Br

LiBrMeO

MeO Br

H2O
95%

MeO

MeO Br

PhLi

Et2O
BrMeO

Li

BrMeO C6H6

After observing lithiation of p-Bromo anisole by phenyl lithium (via Li–hydrogen exchange)

They were surprised when 1,3-dimethoxy-4,6-dibromobenzene reacted differently (ie. not by Li–hydrogen 

exchange but lithium–bromine exchange. Wittig called the reaction contrary to every chemical intuition:

" Es hat si ch al so di e fol gende, jedem chemi schen Gefuhl  wi der strebende Reackti on abgespi el t."

PhLi

Et2O

ü

The First Lithium–Halogen Exchange Reaction

!  In 1938 Wittig  is surprised by his discovery of lithium–halogen interconversion:

!  Subsequent studies of the reactions of PhLi with fluorobenzene led to the first example of a 
     reaction proceeding via a benzyne intermediate

Wittig, G.; Pockels, U.; Dröge, H. Ber. Dtsch. Chem. Ges. 1938, 71, 1903.

MeO

MeO Br

LiBrMeO

MeO Br

H2O
95%

MeO

MeO Br

PhLi

Et2O
BrMeO

Li

BrMeO C6H6

After observing lithiation of p-Bromo anisole by phenyl lithium (via Li–hydrogen exchange)

They were surprised when 1,3-dimethoxy-4,6-dibromobenzene reacted differently (ie. not by Li–hydrogen 

exchange but lithium–bromine exchange. Wittig called the reaction contrary to every chemical intuition:

" Es hat si ch al so di e fol gende, jedem chemi schen Gefuhl  wi der strebende Reackti on abgespi el t."

PhLi

Et2O

G. Wittig, G. Fuhrmann
Ber. Dtsch. Chem. Ges. 
1938, 71,1903

H. Gilman et al. JACS 1939, 61, 106

A Simultaneous Independent Discovery

!  Three months after Wittig's publication, Gilman reported an independent result
      in a carbonation reaction to form o-methoxybenzoic acid

!  By a gentleman's agreement, Wittig restricted his research to phenyllithium     
     and Gilman carried out studies with alkyllithiums*

*Wittig, G.; Fuhrmann, G. Ber. Dtsch. Chem. Ges. 1940, 73, 1197.

Gilman, H.; Langham, W.; Moore, F. W. J. Am. Chem.Soc. 1939, 61, 106.

Gilman, H.;Jones, R. G. Org. React. 1951, 6, 339.

Jones, R. G.; Gilman, H. Chem. Rev. 1954, 54, 835.

n-BuLi

Et2O
MeO

Li

MeO

Br

CO2

H+

HO2C

MeO

!  Gilman conducted broader studies of lithium–halogen exchange reactions and made some early   
     observations:

 1   aryl fluorides do not undergo exchange

 2   rates of interchange decrease from I > Br > Cl

 3   interchange is a reversible process that leads to an

      equilibrium favoring the more stable RLi



R Hal + R' Li R Li + R' Hal

Conditions:  -100� (< -80�) 
THF ou Et2O

Principe :

chimio- stéréo 
sélectivité

I > Br >> Cl

Csp-Hal = Csp2-Hal > Csp3-Hal 

Lithium-Halogen Exchange is an Equilibrium Process

!  Winkler and Winkler demonstrate interconversions are an equilibrium process

Applequist, D. E.; O'Brien, D. F. J. Am. Chem. Soc. 1962, 85, 743.

! Equilbrium is a reflective measure of relative carbanion stability (sp >> sp2 >> sp3)

BrLi LiBr

Bentry

1

2

0.6 (t0)

0.3 (teq)

0.0 (t0)

0.2 (teq)

0.6 (t0)

0.3 (teq)

0.0 (t0)

0.3 (teq)

0.0 (t0)

0.3 (teq)

0.5 (t0)

0.2 (teq)

Me Me

A

BA DC

C D Kobs

0.0(t0)

0.3 (teq)

0.5 (t0)

0.2(teq)

0.60

0.67

Kobs

I Li

Kobs
R IR Li

Li

Ph Li

Li

Me Li

Et Li

(H3C)2HC Li

t-Bu Li

Li

Li

0.004

1.0

9.5

3200

7600

4x10–4

3x10–5

1x10–6

8x10–7

36.5

37

39

42

42

42

42

43

44

Kobs Kobs Kobs pKapKapKaR R R

Winkler, H. J. S.; Winkler, H. J. Am. Chem. 1965, 88, 964.

0.6                   0.6      
0.3                   0.3                              0.3                   0.3      

0.6                   0.6      
Equilibre

Winkler, H. J. S.; Winkler, H. 
JACS 1965, 88, 964 & 969

Br Me LiC D



R Hal + R' Li R Li + R' Hal

Br

Br MeLi

THF Li

Br

-80°

Equilibre:    régit par 

- stabilité de l�organolithien  

R Hal + Li R Li + Hal Li LiHal+
2ème eq.

- astuce: déplacement de l�équilibre par élimination 

sélectif

G. Van Koten et al. J. Am. Chem. Soc. 2004, 126, 16249



Exemples : Ph

Br

Ph Br

nBuLi
THF

nBuLi

THF

Ph

Li

Ph Li

-80°

-80°

Me3SiO Br
MeLi

THF

Br

O

nBuLi

Et2O

Li

O

Me3SiO Li

-80°

-80°
stéréospécifique

chimiosélectif

Piers Synthesis 96, 502

Intérêt: Chimiosélectif,  stéréospécifique      cf exemples

OH

Me3Si I

nBuLi 2 eq.

Et2O
-80°

OLi

SiMe3

Li



Magnésiens
Grignard R Hal + R' MgX R MgX+ R' Hal

I

O

EtO MgBr
THF
-20 °

MgBr

O

EtO IP. Knochel

Myers

• Analogous to lithium-halogen exchange.  The position of the equilibrium varies with the   

  stabilities of the carbanion intermediates involved (sp >> sp2
 >> sp3).

• Although the first example was reported in 1931 (above), the preparation of Grignard 
  reagents via metal-halogen exchange has not been widely used until recently.  Knochel and
  coworkers have demonstrated the functional-group tolerance of magnesium-halogen 
  exchange, which is now the method of choice for the preparation of highly functionalized 
  organomagnesium reagents.

Magnesium-Halogen Exchange Chem 215

Jason Brubaker

Review:

Knochel, P.; Dohle, W.; Gommermann, N.; Kneisel, F. F.; Kopp, F.; Korn, T.; Sapountzis, I.;
Ahn Vu, V. Angew. Chem., Int. Ed. Engl. 2003, 42, 4302.

General References on the Preparation and Reactions of Grignard Reagents:

Main Group Metals in Organic Synthesis, Yamamoto, H., Oshima, K., Eds.; John Wiley and
Sons: New York, 2004. 

Handbook of Grignard Reagents, Silverman, G. S., Rakita, P. E., Eds.; Marcel Dekker: 
New York, 1996.

Organomagnesium Methods in Organic Synthesis, Wakefield, B. J.; Academic Press:
San Diego, 1995.

Development and General Aspects:

RX   +   R'MgX'                   RMgX'   +    R'X

Br + EtMgBr
Et2O

20 °C, 12 h

MgBr + EtBr

Prévost, C. Bull. Soc. Chim. Fr. 1931, 49, 1372.

• i-PrMgCl or i-PrMgBr are the most common reagents.  In most cases, these reagents can be
  used interchangeably.  i-PrMgBr is made by the Grignard reaction of isopropyl bromide 
  and magnesium turnings. It is less soluble than the chloride (solutions are ~0.8 M), and the
  titre must be checked more often.   i-PrMgCl is commercially available as a 2.0 M solution 
  in THF or diethyl ether.

• The reactivity of Grignard reagents is highly temperature dependant.  Only highly reactive 
  electrophiles such as aldehydes and ketones react at significant rates below 0 °C.  This
  allows for the preparation of organomagnesium reagents containing cyano, nitro, ester, 
  and imine functional groups, provided that the rate of the exchange reaction is fast enough
  to allow for exchange at temperatures below 0 °C.

• Unlike many lithium-halogen exchange protocols, only one equivalent of i-PrMgX is used 
  in typical experimental procedures.

I

OCH3

i-PrMgBr

THF, 25 °C, 1 h

MgBr

OCH3

I

CO2CH3

i-PrMgBr

THF, –20 °C, 30 min

MgBr

CO2CH3

Jensen, A. E.; Dohle, W.; Sapountzis, I.; Lindsay, D. M.; Ahn Vu, V.; Knochel, P. 
Synthesis 2002, 565.

Cali, P.; Begtrup, M. Synthesis 2002, 63.

• Solutions of i-PrMgX are titrated by the method of Paquette (Lin, H.-S.; Paquette, L. A. Synth.
  Commun. 1994, 24, 2503.)  According to this procedure, a flame-dried flask is charged with
  menthol (a non-hygroscopic solid), 1,10-phenanthroline (indicator) and THF.  The Grignard 
  reagent is then added until a distinct violet or burgundy color persists.

• The rate of magnesium-halogen exchange is accelerated by electron-withdrawing groups
  on the aromatic ring, and is slowed by electron-donating groups:

• THF is the most common solvent.  Ethyl ether has been employed as a solvent for
  selective exchange of geminal dihalides to generate magnesium carbenoids.

I

NO2

NO2

MgCl

NO2

NO2

PhMgCl

THF, –40 °C, 30 s

Sapountzis, I.; Knochel, P. Angew. Chem., Int. Ed. Engl. 2002, 41, 1610.

C. Prévost
Bull. Soc. Chim. Fr. 1931, 49, 1372



zinciques ZnEt2I I I ZnEt EtI

cf Simmons-Smith

Furukawa

I. Marek, P. Knochel

RO

O
I

RO

O
ZnEt

ZnEt2 EtI

OSO2Ar
I

OSO2Ar
ZnR

OSO2Ar
MgCl iPrMgCl

stable rtinstable > - 20°
réagit à - 78°

FG FG

stéréocontrolé



2-2-4 Addition sur une insaturation
2.2.4.1- addition sur une énone ou équiv.

Principe :

= Add Michael
A

A = COR, CN, SO2R...R mLn
AR

mLn

AR
E

E+

Exemples :

nBu2CuLi
THF,  - 78°

O O
m

nBu

régio- & stéréo sélectifAN-1,4

Réaction Baylis-Hillman
PPh3
NR3

RCHO

O O

R

OH



O

GPO

O-m

GPO
C5H11

OGP'

COOR
I

C5H11m

OGP'

O

HO

COOH

O

GPO
C5H11

OGP'

COOR

OH

R. Noyori
Nobel 2001

E.J. Corey
Nobel 2009



E. Weiss et al. Angew. Chem. Int. Ed. 1990, 29, 300 

CuCH2SiMe31972  Lappert

E. I Nakamura et al. Angew. Chem. Int. Ed. 2000, 39, 3750 

H3C Cu

Li

H3C
Cu

CH3

Li

CH3

O

H3C Cu

Li

H3C
Cu

CH3

Li

CH3 H3C Cu

Li

H3C
Cu

CH3

Li

CH3

OSS S S

Cu O
Li

CH3

H3C
Cu O

LiH3C H3C

Li
O

H3C

Cu

H3C

Mécanisme :



2.2.4.2- addition sur un alcène ou alcyne: hydrométallation

Principe :

Chimiosélectif     Très régiosélectif Très stéréosélectif
(coté plus dégagé)          (syn addition)

BH
2 O

BH
O

AlH
2

hydrostannation   nBu3SnH (+ cat Pd�)

hydrosilylation   Me3SiH (+ cat PtII)

hydroboration

hydroalumination

hydrozirconation Zr H
Cl

R
H mLn R

H mLn

E+ R

H E



Exemples :

Tet. Lett 90, 4309

O
O

BH
O O

B
O I OH

OH
PhH Δ cat. Pd(PPPh3)4

NaOEt,  PhH Analogues
Vitamine A

H

N
OOHC

Ph
C13H27

AlH
2 Al

2

C13H27
N

O

Ph

C13H27

OH

Toluène CH2Cl2
Toluène

Cérébrosides
H

hydroboration

hydroalumination



Exemples :

TBDPSO
2) ZnEt2

1) HZrCp2(Cl)

O

TBDPSO OH

TBDPSO
OH

O
AgClO4

BIpc2

TBDPSO ZrCp2(Cl)

 HZrCp2 (Cl)

TBDPSO

CH2Cl2
3)

1) t-BuNC
2) 3M HCl
3)

OMe

OSiiPr3

OMe

OSiiPr3

Br1) nBuLi THF; CH3I

Zr H
Cl

2)

OMe

OSiiPr3

Cp2Zr
Cl

NBS immuno-
suppresseur
FK 506

H

hydrozirconation



2.2.4.3- addition sur un alcène ou alcyne: carbométallation

Principe :

Exemples :

Chimiosélectif
Très régiosélectif (coté + dégagé)
Très stéréosélectif (syn addition)

R mLn
R mLn

R mLn
R mLn

x
R mLn

x

Polymèrisation anionique

Polymère « vivant »

Ph
nBuLi

Li

Ph

Ph
Li

Ph
n

n

Mem

Ph
n

Me

Li

m

etc

K. Ziegler, K. Bähr
Ber. Dtsch. Chem. Ges. 1928, 61, 253

Carbolithiation



Régio- & stéréosélectif
(syn addition)

Carbolithiation :

intermoléculaire
Ph OH BuLi Ph

Bu

Li O Li

Beilstein J. Org. Chem. 2013, 9, 313

intramoléculaire

Okujima et al. 
Heterocycles 2014, 88, 417

Ph

Li

Ph

I

BuLi

Et2O

Ph

Li

Klein, I. Marek, J. F. Normant
J. Org. Chem. 1994, 59, 2925



Carbomagnesiation

Murakami, Yorimitsu
Beilstein J. Org. Chem. 2013, 9, 278

Régiosel.
chelation

nC5H11 nC5H11
PhMgBr

Tol Ph

nC5H11 nC5H11

MgBr

Hoveyda, A. H.; Morken, J. P.
JOC 1993, 58, 4237



Carbozincation

Régiosel.
Stéréosel.

Lorthiois, I. Marek, J. F. Normant
J. Org. Chem. 1998, 63, 2442



Réact. Normant-Alexakis

R Cu
R Cu R E

E+
R
'

R' R'

Arome Poire Williams
4 t/an

NB si 0,5 % (E,E)
odeur différente

Arome Peche

A. Alexakis

(C5H11)2Cu Li C5H11 Cu Li

COOEt

O
COOEt

C5H11
COOEt

C5H11
O O

2
2

Et2Cu Li Cu Li

I
OAc

OAc
2

2

10

J. F. Normant, A. Alexakis, Synthesis 1981, 841

Régio- & stéréosélectif 
(syn addition)

Carbocupration

Carbo M etc …



R m1Ln + m2Xm R m2Ln ' + m1Xm'Principe :

2.3 Transmétallation

Intérêt:    - polarisation de la liaison C-m,

-� basique

- agrégats différents (coordinance du métal)

- orbitales d

modulation de la réactivité

Equilibre: régit par    -stabilité de l�organométallique et du sel formés  

Li-L3

liaison σ

+ mTXn mT Ln

liaisons  σ + π

+

+ ionique

Li+ X-

solvant



Echanges métal-métal Intérêt: chimiosélectif,  stéréospécifique

Processus analogue aux échanges Hal-m

Echange bore-zinc 

I HBEt2
I

BEt2
ZnEt2

I

Zn
2

R1 R2

OSiMe3
MeLi

THF
-80 °

Me I

R1 R2

OLi

Échange silyl-lithium 



J. Clayden

N

tBu SnBu3 nBuLi

40:60
Et2O-THF-d8

-80 °

N

tBu Li
+   SnBu4

énantiospécifique

Chambournier, G.; Gawley, R. E.
Org. Lett. 2000, 2, 1561

tBuPh2SiO
HO SnBu3

2 eq nBuLi

THF, - 35°

tBuPh2SiO

Li
O Li O

OH

O

O

tBuPh2SiO

OH cat TsOH
CH2Cl2

tBuPh2SiO

O

HO

OH

A. Barrett et al. 
J. Org. Chem. 1989, 54, 4247

Echange étain-lithium

stéréospécifique



- pour améliorer  la réactivité:
CHO

O2N

MeMgI

O2N

OH

MeTi(OiPr)3

nombreux 
produits dont
UN seul 
produit

Intérêts :    

NB: Pb réactivité des lithiens, magnésiens:

- nucléophiles

- bases

- réducteurs

- radicaux



O2N

OOH

O2N

OO

Zr
CH3

L4
HO NO2

H O

MeZr(OtBu)3
HO NO2

H
OH

- pour améliorer  la stéréosélectivité:


