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Chap. 3    Additions Nucléophile/Electrophile

3-1 Réactivité & Théories (rappels)

3-2 OF, Réactivité & Mécanismes réactionnels
3.2.1- «Théorie HSAB (acide/base dur/mou) »
3.2.2- E/Nu & Mécanismes réactionnels
3.2.3- Règles de Baldwin

3-3 Addition nucléophile
3.3.1- Mécanismes
3.3.2- AN sur carbonyles a-substitués 
(modèle Felkin-Anh & modèle chélaté)

3-4 Addition électrophile
3-4-1- Mécanismes 
3-4-2- AE sur carbonyles a-substitués 
(modèle Houk) 



3. 1     Réactivité & Théories (Rappels)

Réaction ?
- Collisions : fn de la taille des molécules, concentration et …

3,5 1028 coll/l/s  ( mlc 3,5 Å de MM 130  10-3 mol/l )

Vit moy mlc H2O à 298 K: 
645 m.s-1

2300 km/h



- Collisions : fn de la taille des molécules, de leur nombre (concentration) et … 
….de leur vitesse

énergie cinétique
=  1/2 mv2 = 3/2 kB T

Distribution  de Maxwell-Boltzmann

Points importants:   
* Aucune molecule  d� énergie nulle
* Peu molecules d� énergie élevée
* Pas maximum d�énergie, énergie moyenne



Réaction ?
- Collisions : fn de la taille des molécules, concentration et … énergie cinétique

=  1/2 mv2 = 3/2 kB T 

- Réaction faisable ( DG < 0  DG = DH – TDS )

Barrière:  DG# = DH# - TDS# Energie, Ordre ds TS

Þ Chocs avec 
la bonne orientation

Þ

A. Zewail
Egypte-USA 
Nobel 1999

kvit = A.e
DG#

RT

DG# kvit Vit réact

Arrhenius

TS

A  +  B Produit

Keq
#

Keq

DG# =  - RT.LnKeq #

NB: T      DG devient négatif
Þ réaction devient favorable

DG

Réactants

Produits

DG#

- Etat de Transition Arrhenius kvit = A . e
Ea

RT



Conséquences:

- Réactions sous  contrôle cinétique / thermodynamique

DG

Réactants

Produits 1

DG1#

ET1

Produits 2

DG2#

ET2

DG1DG2
DG2 < DG1

Þ Produits 1 +stables

DG1# > DG2#

Þ vit vers 2 +grande



Réactivité :

- Réactions sous contrôle charge / orbitale

Théorie des perturbations:  G. Klopman, L. Salem JACS 1968, 90, 223 & 543 & 553

Eq. Klopman - Salem 



réactivité :

I. Fleming  Frontier Orbitals & Organic Chemicals Reactions, 1976-2009



réactivité :

I. Fleming  Frontier Orbitals & Organic Chemicals Reactions, 1976-2009

DE HO-LUHOMO

LUMO

E

HOMO

LUMO

Interaction
HOMO-LUMO
prépondérante



réactivité : simplification  si seulement HOMO-LUMO

réactions sous  contrôle charge / contrôle orbitalaire HO-LU

I. Fleming  Frontier Orbitals & Organic Chemicals Reactions, 1976 - 2009

DE HO-LU

Eq. Klopman - Salem 

Orbitales Frontières K. Fukui
~1965

Nobel 1981



En. HOMO-LUMO mesurables:

HOMO

LUMO

E

Subst A
Subst D

Subst Conj

DE



Interaction HOMO-LUMO:  relatif mais important pour la compréhension de la réactivité

Réactif 1
Nu E

E

HOMO

LUMO

HOMO 1

LUMO 1

HOMO 2

LUMO 2

Réactif 2

Nu = espèce ayant une 
HOMO de haute énergie

E = espèce ayant une 
LUMO de basse énergie

E/Nu ?

3. 2     Réactivité & OF (Rappels)



Conséquences pour la compréhension 
des phénomènes et des réactions 

- Conformation
- «Théorie HSAB (acide/base dur/mou) »
- Mécanismes réactionnels
- Règles de Baldwin
- Base de synthèse asymétrique

Interaction HOMO-LUMO  prépondérante

Interaction HOMO-LUMO:  relatif mais important pour la compréhension de la réactivité



3.2.1- «Théorie HSAB (acide/base dur/mou) »

"Théorie" HSAB   Ralph. G. Pearson

Pearson, in 1969. NORTHWESTERN U. Photo

classification &

« Régles »:

Nu dur réagit avec E dur 
Nu mou réagit avec E mou

I. Fleming Frontier Orbitals &
Organic Chemicals Reactions, 1976

R.G. Pearson, Hard and Soft Acids and Bases,
JACS 1963, 85, 3533-3539



Réactions entre « réactifs durs » rapides 
car interactions électrostatiques

Réactions entre « réactifs mous » rapides 
car interactions orbitalaires importantes:

DEHOMO/LUMO petite, En. grande

+ coeff du site réactif dans OF grand,
+ réactif mou 

Nu dur  = HOMO basse En, charge -
Nu mou = HOMO haute En, pas/peu charge

E dur     = LUMO haute En, charge +
E mou = LUMO basse En, pas charge

Corrélation Nucléophilie / HOMO
Electrophilie / LUMO

Þ

Þ



3.2.2- Nu/E & Mécanismes réactionnels

Réactif 1
Nu E

E

HOMO

LUMO

HOMO 1

LUMO 1

HOMO 2

LUMO 2

Réactif 2

Nu = espèce ayant une 
HOMO de haute énergie

E = espèce ayant une 
LUMO de basse énergie

HOMO

LUMO

E

Subst A
Subst D Subst Conj

DE

Mécanismes dû au recouvrement OF

Barrière d�activation:  
DG# = DH# - TDS#

Energie
Ordre ds TS

Chocs avec 
la bonne orientation

Þ
DG

Réactants

Produits

DG#

Etat de Transition

Þ



X

X

AE

AN

interaction π

interaction π∗

Angles d�approche imposés

LGSN

 interaction  σ∗

Mécanismes dûs au recouvrement OF :

Nu E

180 �

60 �

109 �

Angle de Bürgi-Dunitz
En  (rad)

Réarrangements



3.2.3- «Règles » de Baldwin

Compilation & classification des réactions de cyclisation
J. E. Baldwin, Chem. Comm. 1976, 734

- Nomenclature:    N - exo/endo - tet/trig/dig

endo

exo

- ‘ Règles ’

6514 dx.doi.org/10.1021/cr200164y |Chem. Rev. 2011, 111, 6513–6556

Chemical Reviews REVIEW

but the development of more accurate theoretical models and
computational methods has led to a better understanding of
underlying stereoelectronic principles for the formation and
cleavage of chemical bonds, providing both an impetus and an
opportunity for a critical reevaluation of structural and electronic
effects involved in nucleophilic, radical, and electrophilic ring
closure processes. This review will present such reevaluation for
alkyne cyclizations. Compared to the cyclizations that proceed at
the expence of single or double bond (tet and trig cyclizations),
cyclizations of alkynes (digonal cyclizations) remain relatively under-
represented. This, at least partially,may be the result of it being easier
to manipulate the reactivity of alkenes via substitution: alkynes
simply can not bear the same number of substituents as alkenes.
Conversely, cyclizations of alkynes often reflect the fundamental
stereoelectronic factors more accurately without the camouflage of
steric or electronic effects introduced by multiple substituents.

2. BALDWIN RULES

2.1. Terminology and Classification of Cyclization Modes
2.1.1. Classification for an Isolated Reactive Center. In

his seminal publication,4 Baldwin developed a unified classification
of cyclization processes based on three factors. A cyclization is
characterized by three prefixes (e.g., 5-endo-dig, Figure 2), the first
of which provides the number of atoms in the forming ring and
can adopt any value g3. The second prefix, endo- versus exo-,

describes the position of the bond that has to be broken in the
cyclization, relative to the forming ring (or the smallest of the rings
when several rings are formed simultaneously). Exo indicates that
the breaking bond is outside of (exocyclic to) the formed ring,
while endo indicates that the breaking bond is inside of (endocyclic
to) the new ring. The last prefix, -tet, -trig, and -dig, refers to the
hybridization at the ring closure point (dot in Figure 2), -tet
(tetrahedral) for sp3, -trig (trigonal) for sp2, and -dig (digonal) for
an sp-hybridized atom.
2.1.2. Classification for Cyclizations Including Two

Orbital Arrays. Subsequently, Baldwin expanded this terminol-
ogy to include those cases where two orbital arrays need to be
aligned in the cycle-closing bond formation, such as the
cyclizations of enolates.6,7 If the enolate CdC bond is exocyclic
to the ring being formed, the cyclization was referred to as an
“enolexo” cyclization, while if the enolate is endocyclic to the
ring being formed, the process was designated “enolendo”. It is
important to note that enolate closure can occur at either the carbon
or oxygen, and the stesreoelectronic requirements are different for
each due to the in-plane lone pair of the oxygen (Figure 3).6

As similar stereoelectronic considerations should be applicable
to enamines and other allylic and heteroallylic systems, both
allylic and heteroallylic cyclizations will fall under this classifica-
tion (e.g., C/O/N-allyl etc., where the C, O, or N designates the
nucleophilic site). One can also extend this classification to electro-
philic cyclizations where a cationic center is stabilized by the overlap
with an adjacent lone pair, for example, oxycarbenium and iminium
ions (Y = O, N (π-vinylexo) and (π-vinylendo), Scheme 1).
Crich and Fortt have also distinguished between π-exo and

π-endo closures in their discussion of 5- and 6-membered ring
formation in the digonal cyclizations of vinyl radicals.8 Note,
however, that here the π-system is not part of the reacting orbital
array but constrained to be perpendicular to the attacking radical
center. As such, we propose to differentiate these two π-exo/endo
systems by describing the orientation of the reactive center, where
π-vinylexo/endo (D/E) refers to reactive centers incorporated

Figure 1. Number of citations for the “Rules for Ring Closure” through
May 3, 2011.

Figure 2. Patterns of ring closure for 3- to 6-membered rings (endo-tet
processes do not formally form cyclic products but are included here
because, if concerted, they should proceed through the cyclic transition
states as well). Reactions predicted to be favorable by Baldwin are boxed.
a denotes no prediction was made.

Figure 3. (top) Distinction between (C-enolexo) and (C-enolendo).
(bottom) Different stereoelectronic requirements for the C- and O-centered
cyclizations of enolates.

I. Alabugin Chem. Rev. 2011, 111, 6513

1938-2020
(from Nature 2020)



-système tétrahèdrique: 3-7-exo-tet favorisées
5-6-endo-tet défavorisées

-système trigonal: 3-7-exo-trig & 6-7-endo-trig favorisées
5-6-endo-trig défavorisées

-système digonal: 5-7-exo-dig & 3-7-endo-dig favorisées
3-4-exo-dig défavorisées

6514 dx.doi.org/10.1021/cr200164y |Chem. Rev. 2011, 111, 6513–6556

Chemical Reviews REVIEW

but the development of more accurate theoretical models and
computational methods has led to a better understanding of
underlying stereoelectronic principles for the formation and
cleavage of chemical bonds, providing both an impetus and an
opportunity for a critical reevaluation of structural and electronic
effects involved in nucleophilic, radical, and electrophilic ring
closure processes. This review will present such reevaluation for
alkyne cyclizations. Compared to the cyclizations that proceed at
the expence of single or double bond (tet and trig cyclizations),
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to manipulate the reactivity of alkenes via substitution: alkynes
simply can not bear the same number of substituents as alkenes.
Conversely, cyclizations of alkynes often reflect the fundamental
stereoelectronic factors more accurately without the camouflage of
steric or electronic effects introduced by multiple substituents.

2. BALDWIN RULES

2.1. Terminology and Classification of Cyclization Modes
2.1.1. Classification for an Isolated Reactive Center. In

his seminal publication,4 Baldwin developed a unified classification
of cyclization processes based on three factors. A cyclization is
characterized by three prefixes (e.g., 5-endo-dig, Figure 2), the first
of which provides the number of atoms in the forming ring and
can adopt any value g3. The second prefix, endo- versus exo-,

describes the position of the bond that has to be broken in the
cyclization, relative to the forming ring (or the smallest of the rings
when several rings are formed simultaneously). Exo indicates that
the breaking bond is outside of (exocyclic to) the formed ring,
while endo indicates that the breaking bond is inside of (endocyclic
to) the new ring. The last prefix, -tet, -trig, and -dig, refers to the
hybridization at the ring closure point (dot in Figure 2), -tet
(tetrahedral) for sp3, -trig (trigonal) for sp2, and -dig (digonal) for
an sp-hybridized atom.
2.1.2. Classification for Cyclizations Including Two

Orbital Arrays. Subsequently, Baldwin expanded this terminol-
ogy to include those cases where two orbital arrays need to be
aligned in the cycle-closing bond formation, such as the
cyclizations of enolates.6,7 If the enolate CdC bond is exocyclic
to the ring being formed, the cyclization was referred to as an
“enolexo” cyclization, while if the enolate is endocyclic to the
ring being formed, the process was designated “enolendo”. It is
important to note that enolate closure can occur at either the carbon
or oxygen, and the stesreoelectronic requirements are different for
each due to the in-plane lone pair of the oxygen (Figure 3).6

As similar stereoelectronic considerations should be applicable
to enamines and other allylic and heteroallylic systems, both
allylic and heteroallylic cyclizations will fall under this classifica-
tion (e.g., C/O/N-allyl etc., where the C, O, or N designates the
nucleophilic site). One can also extend this classification to electro-
philic cyclizations where a cationic center is stabilized by the overlap
with an adjacent lone pair, for example, oxycarbenium and iminium
ions (Y = O, N (π-vinylexo) and (π-vinylendo), Scheme 1).
Crich and Fortt have also distinguished between π-exo and

π-endo closures in their discussion of 5- and 6-membered ring
formation in the digonal cyclizations of vinyl radicals.8 Note,
however, that here the π-system is not part of the reacting orbital
array but constrained to be perpendicular to the attacking radical
center. As such, we propose to differentiate these two π-exo/endo
systems by describing the orientation of the reactive center, where
π-vinylexo/endo (D/E) refers to reactive centers incorporated
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qq exemples

O

H

R
NC

H

CN

HO

RLDA

THF, -78°

O O

H

ArSO2

LDA

THF, -78°
O

OH

SO2Ar

Cyclisation anionique

The Hexenyl Radical Cyclization

A. L. J. Beckwith, C. H. Schiesser, Tetrahedron 1985, 41,3925; D. C. Spellmeyer, K. N. Houk, J. Org. Chem. 1987, 52, 959.

Backwith (1985) and Houk (1987): MM2 force-field based model for the prediction of the 
selectivity in radical cyclizations.

Premise:
- Early TS: forming bond fixed at 2.27 Å.
- Angle attack similar as in nucleophilic reactions.
- Reaction through a chair-like TS.

R
R

R

R

R
R

R

107°
2.27 Å

+

98%
5-exo

2%
6-endo

k1,5/k1,6 = 50

Cyclisation radicalaire

Model and Experimental Results

D. C. Spellmeyer, K. N. Houk, J. Org. Chem. 1987, 52, 959; A. L. J. Beckwith, C. H. Schiesser, Tetrahedron 1985, 41, 3925.

exo product endo product

2

13
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5

6

91 9

98 2

+

calc.
expt.

1

7

100 0

89 11

calc.

expt.

+

1

8

14 86
0 100

calc.
expt.

+

O
O O

100 0
100 0

+

calc.
expt.

5

46 54

40 60

+

calc.
expt.

‘Modèle’ de Beckwith

Chair or Boat?

A. L. J. Beckwith, C. H. Schiesser, Tetrahedron 1985, 41, 3925; D. C. Spellmeyer, K. N. Houk, J. Org. Chem. 1987, 52, 959; T. V. RajanBabu, 
Acc. Chem. Res. 1991, 24, 139.

Possible contribution of the “boat” TS in the 5-exo cyclization (Houk)

+ 1 kcal/mol

2
1

3

4
5

6

chair-like TS boat-like TS

HH3C
H

H

HH3C

H
H+ 0.5-1 

kcal/mol

skew butene gauche butene

H

H

H

H

H

H
H

H

HH

H H

HHA. L. J. Beckwith, C. H. Schiesser, 
Tetrahedron 1985, 41, 3925 

Stereoselectivities in Cyclization from Cyclic Precursors

More predictable and often higher level of selectivity compared to acyclic precursors.

D. P. Curran, C. M. Rakiewicz, J. Am. Chem. Soc. 1985, 107, 1448.

Rule of thumb: 
Radical cyclizations forming a ring fusion bond between two small ring (fewer than 6 atoms) 
give predominantely or exclusively the cis product.

I CH3

CH3

CH3

H H

H

H H

H CH3

H

H

CH3

H

Bu3SnH

5-exo

cis 

fusion

5-exo

cis 

fusion

Hirsutene (53%)

H

H

D. P. Curran, C. M. Rakiewicz, 
J. Am. Chem. Soc. 1985, 107, 1448 



3-3 Addition nucléophile

Mécanisme ?

Stéréosélectivité ?

O

O

Bürgi, H. B.; Dunitz, J. D.; Shefter, E.  J. Am. Chem. Soc. 1973, 95, 5065
"Geometrical Reaction Coordinates. II. Nucleophilic Addition to a Carbonyl Group". 
Bürgi, H.B.; Lehn, J-M.; Wipff, G. J. Am. Chem. Soc. 1974, 96, 1956
"An ab Initio Study of Nucleophilic Addition to a Carbonyl Group.”

H. B. Bürgi, J. D. Dunitz, J-M. Lehn, G. Wipff, Tetrahedron 1974, 30, 1563.
"Stereochemistry of reaction paths at carbonyl centres”

Angle de Burgi-Dunitz
(»105 � 5 �)

3.3.1- Addition d’organométalliques

Reaction of Lithium Alkyls with Aldehydes and Ketones. A General Study
J. D. Buhler J. Org. Chem. 1973, 38, 904-

X

X

AE

AN

interaction π

interaction π∗



Mécanisme R

R
O

Me mLn Me

R
R

O
mLn

?

Schoen et al. J. Am. Chem. Soc. 1983, 105, 31 & 1987, 109, 6299

R

H
O

R' mLn Me

R
R

O
mLn1,1 eq.

ou

+ 0,1 eq. mX
R' mLn1,0 eq.

m
R'

O
m

X
Ln ≠

+  mX

R'
O m2

Xm1R

H

Bases de la 
Synthèse asymétrique



PhH

Me

H O
Ph

H

Me
H O

Ph

HMe
H O

Ph H

Me
H O

H O
H

Ph Me
H O

HPh

Me
H O

H

Ph

Me

3.2.2- AN sur carbonyles a-substitués (modèle Felkin-Anh & modèle chélaté)

º

Ph

H Me
H

O
Ph H

O Ph

H Me
H O

Nu

Nu

Nu

Nu

Ph

H Me
H O

Nu

- pas d�hétéroatome en a Þ Etat de transition :  effets stériques

Ph

H Me
H O

Ph

HMe
H O

2 rotamères en solution

+ Angle de Burgi-Dunitz

modèle Felkin

L

s m
H O

Nu



Ph H

O Ph

H Me
H O

Nu

Ph

H Me

Nu

OHHNu

Ph

H Me
Nu

OHH
= = Ph

OH

Nu

Ph H

O Ph

Me H
O H

Nu

Nu

Ph

Me H

Nu

HHO

Ph

Me H
Nu

HHO
= = Ph

OH

Nu

Nu = EtMgBr
= nBuMgBr

3 - 1
7 - 1

syn majoritaire

NB : stéréochimie relative (pas absolue)



L

s
m

H O
π*

A

s
m

H O

Nu

π*

σ*

modèle Felkin-Anh

- hétéroatome en a Þ Etat de transition :  1- effets électroniques 

OSitBuMe2

O

OSitBuMe2

OH

Nu
OSitBuMe2

OH

Nu
Nu

OSitBuMe2

cHex
O H

Nu
H

5 - 95



- hétéroatome en a Þ Etat de transition :  2- effet dû à la chelation 

R H

O

OPG
Nu

OPG

H R
H O

Nu

OPG

H R

Nu

OHH

OPG

H R
Nu

OHH
= =

R
OH

OPG
Nu

R O

H

PGO mLn

mLn+2

anti majoritaire

Þ Inversion de la stéréosélectivité

OPGH

R

Nu

H OH
R

OH

OPG
Nu=

syn majoritaire

= R O

H

PGO mLn

=
OH

R

H O

PG

mLn

Nu

modèle chélaté

OH

R

H O

PG

mLn

Nu



3-3 Addition électrophile

X

X

AE

AN

interaction π

interaction π∗

3.3.1- Mécanisme

Angle (»70-100 �)

- bromation d�alcènes
- hydroboration d�alcènes
- époxydation d�alcènes
- alkylation d�enolates
- réactions des allyl silanes/stannanes
- etc 

HOMO

LUMO

E

E

DE

Br2 Br

Br



- pas d�hétéroatome en a Þ Etat de transition :  effets stériques

mêmes phénomènes 
mais angle d�approche ≠

modèle Houk

3.3.2- AE sur carbonyles a-substitués (modèle Houk)

Houk et al.
Science 1986, 231, 1108

L

m
s

H CR2

E

π

- hétéroatome en a Þ Etat de transition :  effets électroniques 

Phénomènes similaires 
mais transfert d�électron ≠

π

σ
D

m
s

H CR2

E



PGO
HBL2

2) HOO-

1)
PGO OH

+   dia

Bu

PGO H

Me

EtH

=

C. Still et al.
JACS 1983, 105, 2487

Bu

PGO H
Me

BL2

Bu

PGO HMe

Bu

PGO H

Me
=

Et
H

H H

Et
H

BL2
Et
H

BL2
H

86 - 14

Me3SiO
PhN2   BF4

OSiMe3

N

PGO O

OEt +   diaOEt

N
Ph

G. Guanti, L. Banfi, E. Narisano
Tetrahedron 1988, 44, 5553

Me

PGO H
H

Me

PGO HH

Me

PGO H

H
=

OEt
OSiMe3

N2Ph

O
COOEt

N2Ph

OEt

PhN2


