
Additions of Organometallic Reagents to CdN Bonds: Reactivity and
Selectivity

Robert Bloch
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I. Introduction

As is the case for the addition reaction of carban-
ions to the carbonyl group of aldehydes and ketones,
the addition of organometallic reagents to the CdN
bonds of imines or imine derivatives (hydrazones,
oximes) is an old and well-known reaction. However,
the development of these additions has been severely
limited both by the poor electrophilicity of the azo-
methine carbon and by the tendency of enolizable

imines and imine derivatives to undergo deprotona-
tion rather than addition.
To circumvent these two problems, a variety of

methods have been developed and have greatly
improved the scope of organometallic additions to
imines or imine derivatives. The electrophilicity of
the carbon atom of the CdN bond can be increased
by N-alkylation, N-oxidation, N-acylation, or N-
sulfonylation to give reactive iminium salts, reactive
nitrones, acylimines, and sulfonimines, but this
method requires the removal of the activating groups
to generate free amines, which is not always easy.
For this reason another strategy has involved activa-
tion of the CdN bond of imines or imine derivatives
by coordination of a Lewis acid with the nitrogen lone
pair or by addition of external promoters. The use
of resonance-stabilized allyl organometallics which
are more reactive compared to ordinary organome-
tallic reagents in imine addition reactions has also
supplied a partial solution to these problems. Finally
in order to minimize the secondary reactions due to
proton abstraction, less basic reagents such as al-
lylboranes, allylboronates, allylstannanes, alkylcop-
pers or alkyl cuprates, and organocerium reagents
have been used.
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Diastereoselective addition of organometallic re-
agents to the CdN bond of chiral imines and their
derivatives and addition to nonchiral imines in the
presence of a chiral catalyst have been the subject of
considerable interest because they might provide
synthetically useful methodology for preparing enan-
tiopure amines. Optically active amines are used to
generate pharmaceutically important compounds
which are also utilized in organic syntheses as
resolving agents, as chiral auxiliaries for asymmetric
synthesis, or as useful intermediates. For all these
reasons, addition of carbanions to imines and imine
derivatives has attracted the attention of organic
chemists and is still a very active field of investiga-
tion. As testimony to this interest several excellent
reviews covering various aspects of this chemistry
have appeared.1 The present review will survey some
recent advances in the addition of various organo-
metallic reagents including allyl organometallics to
the free CdN bond of imines, hydrazones, oximes,
and nitrones. The review will not attempt to provide
exhaustive coverage of the literature but is intended
to focus on the most recent developments and will
cover published material through June 1997. How-
ever, sometimes older data will be used to provide a
good understanding of the scope of these additions.

II. Reactivity

The nucleophilic 1,2-addition of organometallic
reagents to CdN double bonds is a valuable method
for the synthesis of primary and secondary amines.
As a result a great variety of imines or imine
derivatives and of organometallic reagents as well as
numerous activating additives have been tested in
these reactions in order to improve the electrophi-
licity and the reactivity of the CdN bonds. An
overview of the influence of such factors on the
reactivity of these CdN bonds is reported in this
section.

A. Influence of the Substrate

1. Imines

Due to the poor electrophilicity of the azomethine
carbon, addition of organometallics to imines is often
plagued by competititive enolization, reduction, or
coupling reactions.
Alkyl Grignard reagents add with difficulty to

imines derived from enolizable aldehydes or ketones
and can induce their total enolization in refluxing
THF.2 In contrast, alkyl- and aryllithiums add to
enolizable aldimines3 and cyclic imines4 in fair to
moderate yields, but the reaction is not general:
lithium alkynides or (perfluoroalkyl)lithium does not
react under these conditions. To increase the scope
of organometallic addition to imines, several methods
have been explored: (i) activation of the CdN bond
either by N-substitution with an electron-withdraw-
ing group or by N-coordination to a Lewis acid, (ii)
use of less basic organometallic reagents, and (iii) use
of external ligands complexing the organometallic
reagent.

2. Activated Imines
Thomas5 has shown that the addition of 2 equiv of

magnesium bromide to dialkylcadmium or dialkyl-
zinc promotes the addition of these reagents to Schiff
bases and can also improve the yield of addition of
organomagnesium reagents: 92% yield for Et2Cd,
2MgBr2; 89% yield for EtMgBr, 2MgBr2. However,
only imines derived from aromatic aldehydes (non
enolizable) have been investigated. The use of tri-
methylsilyl triflate (TMSOTf) gave similar results
and was reported to facilitate the addition of Grig-
nard reagents to several arylaldimines.6
The mechanism proposed involved the formation

of an iminium salt (eq 1).

An important breakthrough has been made by
Akiba and collaborators7 who recommended the use
of RCu‚BF3, a reagent with low basicity, which can
activate imines by coordination and makes simulta-
neous addition possible (eq 2).

Complexation of the cuprous reagent with BF3 is
essential as shown below:

Cuprates R2CuLi in the presence of BF3 also gave
excellent results as well as organolithium reagents
complexed with BF3. Lithium acetylides alone do not
add to enolizable aldimines but give good yields of
adducts in the presence of BF3‚Et2O 8 (eq 3).
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Similar improvements have been observed for
(polyfluoroalkyl)lithiums9 or recently for aryllithium
1 during the synthesis of isoindolones 2.10

Lewis acid additions are also required for the addi-
tion of poorly reactive allylic organometallic reagents
such as allylsilanes or allylstannanes to imines or
imine derivatives. This topic will be more developed
in the part dealing with allylmetal reactivity.
Activation by N-substitution was thoroughly re-

viewed several years ago,1a and only recent examples
will be reported here. Several other examples will
be found in the section devoted to stereoselectivity.
The addition of Grignard and organolithium reagents
to N-sulfonyl aldimines 3 generated in situ from
aldehydes and N-sulfinyl sulfonamides proved to be
quite general11 (eq 4).

N-Tosyl aldimines 3 are highly electrophilic and
react with all types (alkyl, aryl, allylic, acetylenic) of
Grignard and organolithium reagents. This reaction
has however limited synthetic utility for primary am-
ine synthesis due to the harsh conditions required for
the removal of the N-protecting group. As a result the
use of N-metallo imines has been recently explored.
TheN-trimethylsilyl aldimines 4 of nonenolizable al-
dehydes treated with Grignard reagents or alkyllith-
iums followed by an aqueous workup gave primary
amines in moderate to excellent yields12,13 (eq 5).

Since the use of N-trimethylsilyl imines is gener-
ally restricted to nonenolizable aldimines, the reac-
tion of other N-metallo imines has been tested. It
has been found that enolizable as well as nonenoliz-
able N-diisobutylalumino imines 6, obtained from
nitriles 5 and diisobutylaluminum hydride,14 act as

masked imine derivatives of ammonia and react with
allylic Grignard reagents or alkyllithiums to afford
a variety of primary amines (eq 6).

Very similar results have been observed with
N-boryl imines:15 N-boryl imines 7 obtained from
partial reduction of nitriles with borane-tetrahydro-
furan have been alkylated with organolithium re-
agents to give, after hydrolysis, primary amines in
modest to excellent yields (eq 7).

Even alkylmagnesium bromides add to these N-
boryl imines, however with modest yields (34-38%).
Organocerium reagents react with nitrile or with

N-unsubstituted ketimines to give the N-metallo
imine 816 (eq 8).

Another molecule of organocerium adds to the salt
8 to afford after hydrolysis the tertiary carbinamine
9. (Organometallic reagents such as RLi or RMgX
do not add normally to N-unsubstituted ketimines.)
Finally it has been recently reported,17 that treat-

ment of tantalum-alkyne complexes with N-lithio,
N-magnesio, or N-alumino imines affords primary
(E)-allylic amines (eq 9).

The reaction may be rationalized by the mecha-
nism shown in eq 10.
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Activation of the CdN moiety of aldimines by
coordination of a Lewis acid with the nitrogen lone
pair can be complicated by the presence of other
Lewis basic centers in the imine structure. Activa-
tion of the CdN bond by addition of 1-(trimethylsilyl)-
benzotriazole (BtSiMe3), which is neither appreciably
acidic nor appreciably basic, minimizes the potential
problem associated with Lewis acids18 as illustrated
by the additions of Grignard reagents to imines
derived from furan, thiophene, .... The role of BtSiMe3
is vital, and the reaction mechanism is believed to
involve initial reversible addition of 1-(trimethylsilyl)-
benzotriazole to the imine followed by displacement
of the benzotriazolyl group by Grignard reagents.

3. Hydrazones
Organometallic reagents add to N,N-dialkylhydra-

zones derived from aldehydes to give hydrazines19
which after hydrogenolytic N-N cleavage, lead to
branched primary amines (eq 11).

Hydrazones can therefore be regarded as stable
equivalents of imines derived from ammonia. Al-
though their reactivity was not found to be better
than that of simple imines, they have often been used
for the enantioselective synthesis of primary amines,
and several interesting synthetic applications have
been described and will be reported later.

4. Oxime Ethers
Oximes and oxime ethers are in general less

electrophilic than the corresponding imines and are
also more easily R-deprotonated. Thus, the addition
of organometallics to oximes and oxime ethers is
sometimes problematic and can give rise to a variety
of products in addition to the desired hydroxy(or
alkoxy)amines.1a However, oximes and oxime ethers
seem to be attractive starting materials for the
synthesis of amino compounds since the N-O bond
of alkoxyamines is much easier to cleave20 than the

amine C-N bond or the hydrazine N-N bond which
require harsh conditions not compatible with a wide
range of functional groups.
Addition of nonstabilized organolithium reagents

to O-benzylaldoximes activated by the presence of 1
equiv of boron trifluoride etherate affords O-benzyl-
hydroxyamines in acceptable yields. In tetrahydro-
furan, addition of aryllithium, acetylenic lithium, and
vinyllithium reagents was successful while alkyl-
lithiums failed to produce the desired compound.21
Furthermore, the Z isomer of the oxime ether reacts
preferentially, and no addition products could be
detected with the E isomer. The scope of this reac-
tion is considerably increased when the reaction is
carried out in toluene.22 In these conditions, alkyl-
lithiums add with fair yields and E isomers of the
oxime ethers, although less reactive than the Z iso-
mers, react to give the expected alkoxyamines (eq 12).

5. Nitrones
Nitrones offer interesting advantages with respect

to imines, hydrazones, and other nitrogen derivatives
of carbonyl compounds in reactions with nucleophiles.
They possess the most highly polarized CdN bond,
which is responsible for their good electrophilic
reactivity, and a reactive oxygen atom, which can
give easily rigid chelates useful to control the ste-
reoselectivity of addition reactions.
Addition of organomagnesium or organolithium

reagents to aldonitrones provides N,N-disubstituted
hydroxyamines which can be reduced to secondary
amines (eq 13).1a

Recently an efficient synthesis of secondary allyl-
amines has been reported via addition of vinyl
organomagnesium bromide to a variety of alkyl or
aryl nitrones (eq 14).23

Organometallic additions to ketonitrones are in
general limited to cyclic nitrones24 and occur with
modest yields. However, it has been found that
Grignard reagents in benzene add to acyclic ketoni-
trones with good to excellent yields (eq 15).25
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B. Influence of the Organometallic Reagents
It has already been reported above that, although

the reactivity was not improved, organocopper re-
agents (RCu‚BF3 or R2CuM‚BF3), less basic than
organolithium or organomagnesium reagents, are
more efficient for addition to imines derived from
aliphatic aldehydes. Interesting results have also
been obtained by the use of organocerium reagents
and, for the synthesis of homoallylic amines, by the
use of a variety of allylic organometallic reagents.

1. Use of Organocerium Reagents
In 1984, Imamoto and collaborators26 discovered

that organocerium reagents, prepared in situ from
cerium(III) chloride and organomagnesium or orga-
nolithium reagents, smoothly add to carbonyl com-
pounds. In particular, these new reagents, less basic
than Grignard compounds, react in good yields with
carbonyl compounds prone to side reactions such as
enolization. These reagents have rapidly been used
with great success for addition to hydrazones,27 but
it was only six years later that the additions of these
useful reagents to simple imines were tested inde-
pendently by two groups. Terashima and collabora-
tors28 reported that cyclohexylmethylmagnesium bro-
mide did not add at all with the imine 10 prepared
from tartaric acid, but when this reagent was first
treated with CeCl3, the addition proceeded efficiently
to give the amine 11 in 75% yield (eq 16).

At the same time, Reetz and collaborators29 found
that organocerium reagents prepared in situ from
RLi and CeCl3 add with high yields to R-amino
aldimines 12 to give the diamines 13 (eq 17).

Since then the addition of organocerium reagents
to a variety of imines has been reported to occur
generally in high yields, and the stereoselectivity of
these reactions will be discussed later.

2. Use of Allylic Organometallic Reagents
a. Introduction. Reaction of allylic organometallic

compounds with imines provides a potentially valu-
able route to homoallylic amines which are of par-
ticular interest owing to the various possible trans-
formations of the CdC double bond of the allyl

moiety. Accordingly this reaction has attracted the
attention of a wide range of organic chemists, and
the literature before 1992 has been covered in recent
review articles.1b,c A very brief summary of the
ancient works will be given in this introduction
followed by the report of the most recent develop-
ments of these allylation reactions (eq 18).

Allylic organometallic reagents are in general more
reactive than nonstabilized organometallic com-
pounds for imine addition reactions. A greater
ionization of the carbon-metal bond, due to the
resonance stabilization of the allyl anion, has been
suggested to explain this increase of reactivity.
However, owing to R-deprotonation, reactions involv-
ing basic lithium, magnesium, and zinc allylic re-
agents are limited to imines derived from noneno-
lizable or R-alkyl-substituted aliphatic aldehydes. A
variety of metals including Mg, Li, Zn, B, Sn, Pb, Ti,
Al, and Cu were tried in such allylation reactions.
Less reactive allylsilanes as well as allylstannanes
require the use of Lewis acid additives to enhance
the electrophilicity of the imines, but in general
allylsilanes are not of great synthetic utility. The
good reactivity of allylboranes was attributed to the
Lewis acidity of boron, which improves imine elec-
trophilicity by coordinating to the nitrogen lone pair.
Furthermore, among the allylmetal reagents inves-
tigated, allylboronates or allylboranes such as allyl-
9-borabicyclo[3.3.1]nonane (allyl-9-BBN), due to their
low basicity, were found to be the reagent of choice
for allylation of imines derived from enolizable alde-
hydes.
To improve the yields and the selectivity of the

addition of allyl organometallic reagents to imine,
new reagents, new Lewis acid additives, and new
methods have been investigated during these past
few years and are outlined below.
b. Barbier-Type Allylation. The Barbier procedure

for imine allylation, involving the formation of the
allylmetal reagent in situ, has been the subject of
significant advances in recent years. Thus, cad-
mium,30 bismuth31 and tantalium 31 mediated allyl-
ation of aldimines takes place with good (Ta) to
excellent (Cd, Bi) yields in very mild conditions (eq
19). The effect of Bu4NBr, not well understood, was
found to be remarkable since no allylation occurred
when it was replaced by other salts such as NaBr,
KBr, or MgBr2.

Arylaldimines have also been allylated by the use
of a mixture of allyl bromide and indium powder32
in fair to good yields (25-91%). Some stereocontrol
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(ca. 4:1) was observed when a chiral imine derived
from (S)-1-phenylethylamine was used, but the se-
lectivity decreased when the phenyl group was
replaced by the 1-naphthyl group (2:1).
Allylic bromides add to aryl- or alkylaldimines

activated with BF3-Et2O in the presence of chro-
mium(II) chloride to give the corresponding homo-
allylamines 33 in good yields (45-75%). The reaction
can be performed in one pot starting from the
aldehyde and amine in the presence of molecular
sieves (eq 20). A very good diastereoselectivity (de
) 86%) was obtained for the allylation of the imine
derived from benzaldehyde and (S)-valine.

The samarium/allyl bromide system34 has also been
recently used for the allylation of arylimines in fair
to good yields (52-80%). More interesting was the
report of very high yield allylation of both aldimines
and ketimines under Barbier-type conditions using
allyl bromide and simple magnesium foil or zinc dust
in tetrahydrofuran (eq 21).35 However, when chiral
imines derived from (S)- or (R)-1-phenylethylamine
were used, the diastereoselectivity was not higher
(1:1 to 2.5:1) than that obtained with preformed
allylmagnesium or -zinc.

c. New Promoters. The Lewis acid promoted reac-
tion of allyltrialkylstannanes to aldehydes is now a
well-established procedure and an important syn-
thetic tool. In contrast addition reactions of allyl-
stannanes to imines are scarcely developed, but
several important improvements have been very
recently described. Allyltributylstannane reacts with
aldimines 14, promoted by chlorotrimethyl(or phen-
yl)silane 36 to give the corresponding homoallyl-
amines 15 in smooth condition and with excellent
yields (eq 22). No allylation occurred in the absence
of chlorotrimethylsilane which activated the imines
through the probable formation of iminium salts 16.
This reaction proved very efficient, but poor selec-
tivity was obtained for the addition to chiral ald-
imines.

Allylation of imines with allylstannanes can also
take place using a promoter in catalytic amount.
Lanthanide triflates are effective catalysts for this
reaction37 and gave homoallylic amines with fair to
good yields (22-73% with 0.15-0.20 equiv of Ln-
(OTf)3) (eq 23).

Very interesting results have been reported by
Yamamoto and co-workers38 related to the allylation
of imines with allylstannanes catalyzed by Pd(II) or
Pt(II) complexes. The additions of allyl-, crotyl-, and
methallyltributylstannanes to various aldimines pro-
ceed smoothly to give the corresponding homoallyl-
amines in good to excellent yields (72-98%).
Furthermore, a surprising and unprecedented

chemoselective allylation of imines in the presence
of aldehydes has been found (eq 24). The best chemo-

selectivity was obtained using π-allylpalladium chlo-
ride dimer with imines derived from methyl p-amino-
benzoate. This selectivity can be explained by the
difference of the coordination ability between N and
O atoms to the transition metal (eq 25). This reversal
of chemoselectivity observed by changing the allyla-
tion promoter can be synthetically very useful.

d. New Reagents. A new method for the construc-
tion of 2,6-disubstituted piperidines 18 has been
established, starting from the TiCl4-promoted addi-
tion of the bis-stannane 17 to imines39 followed by a
Mitsunobu cyclization, but this method suffers from
a lack of stereoselectivity (eq 26).
When γ-substituted allylic metals are added to

imines, a mixture of linear (R-adduct) and branched
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(γ-adduct) products is usually formed with predomi-
nance of the branched product. It has been found
that the addition of an excess of vinylcerium dichlo-
ride to imines leads surprisingly to the linear homo-
allylic amines 1940 with fair yields (eq 27). Two
different mechanistic pathways were proposed to
explain the formation of the homoallylic amines 19.

A very interesting regioselective allylation of ald-
imines by allylic barium reagents allows the obten-
tion of either the linear or the branched products by
a simple change of the reaction temperature41 (eq 28).

The regioselectivity is in general very high (>80%),
and the allylic barium reagents are reactive enough
to add to aliphatic aldimines. The surprising change
of regiochemistry was attributed to the reversibility
of the reaction of allylic barium reagents with ald-
imines: the γ-adduct 21 kinetically formed isomerized
to the thermodynamically stable R-adduct 20 when
the temperature increased.
The reaction of allyl(cyclopentadienyl)iron dicar-

bonyl 22 with aromatic aldimines has been investi-
gated.42 The addition was promoted by the presence
of a Lewis acid such as BF3‚Et2O and took place only
when a strong electron-withdrawing group was bound
to the imine nitrogen (eq 29). Demetalation of 23
afforded homoallylic amines with fair to good yields
(20-88%).

When allyltributylstannanes are treated with tin-
(II) chloride, Sn(IV)-Sn(II) transmetalation takes
place (eq 30), generating allylic tin(II) reagents as
novel reacting species for the allylation of arylald-
imines in excellent yields.43

It has been found that diallyltin dibromide, (allyl)2-
SnBr2, is a very efficient allylation reagent44 which
reacts with (hydroxy)arylimines without any Lewis
acid catalyst and without interference of the OH
group (eq 31).

3. Use of Activated Organometallics
The addition reaction of organolithium compounds

to imines can also be considerably accelerated by the
use of chiral ligands which modify the nature of the
organometallic reagent by complexation. For ex-
ample, the influence of bis-oxazoline 24 was evalu-
ated in the reaction of addition of MeLi to the imine
25 (eq 32). In the absence of ligand the reaction
hardly proceeded at -78 °C, affording the amine 26
in only 6% yield after 4 h. In the presence of a
stoichiometric amount of 24, the addition was ac-
celerated to afford 26 in 95% yield after 1 h.45

III. Stereoselectivity

A. Addition To Chiral Imines

1. Generality
Although organometallic additions to the carbonyl

of aldehydes and ketones possessing an R- or â-chiral
center have been extensively studied, the additions
to analogous chiral imines have only recently begun
to attract the attention of organic chemists. Chiral
imines used in these investigations have been arising
from (i) chiral aldehydes and achiral amines, (ii)
achiral aldehydes and chiral amines, and (iii) chiral
aldehydes and chiral amines; additions to achiral
imines in the presence of chiral catalysators have also
been a strategy developed during the past few years.
Models that have been utilized to explain or predict

the diastereofacial selectivity of organometallic imine
reactions are based on the models used for the
addition of organometallic reagents to carbonyl com-
pounds: Cram’s or Felkin-Ahn’s model for non-che-
lation-controlled reaction and Cram’s chelate model
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for chelation controlled addition.46 However, in
imines, the nitrogen substituent constitutes a new
factor which can influence the stereoselectivity of the
reaction. A model described by Yamamoto accounts
for the facial selectivity brought about by the chiral
nitrogen auxiliary.47

The stereoselectivity of the addition of allylmetal
reagents to imines could be rationalized by the
general models described above. However, the very
high level of selectivity observed for the allyl-9-BBN
addition to imines containing either an R-chiral
center (Cram:anti-Cram > 95:5) or a chiral center
attached to the nitrogen atom (de > 99%) has been
explained by the cyclic chair transition states 27 and
28 or 29 and 30. The additional steric demands
created by the nonbonded 1,3-diaxial interactions
between the ligands L and the different substituents
might be responsible for the energy difference be-
tween 27 and 28 on one hand and 29 and 30 on the
other hand.1c

In the case of R-alkoxy-substituted aldimines, the
chelation product was preponderant for reactions
with allylmagnesium (chelation:nonchelation ) 80:
20) when allyl-9-BBN provided excellent Cram dia-
stereocontrol (nonchelation:chelation > 99:1). For
the addition of allylmagnesium as well as allyl-9-
BBN to imines containing two chiral centers, the
influence of the nitrogen chiral auxiliary is negligible
in the case of R-alkoxy aldimines but is found to be
preponderant for â-alkoxy aldimines.
The regioselectivity of addition of crotyl organo-

metallic reagents has been investigated, and usually
the branched homoallylamines were the major prod-

ucts formed. The diastereoselectivity of these reac-
tions (eq 33) is very dependent both on the nature of

the metal and on the structure of the imine. Crotyl-
magnesium, -lithium, or -zinc adds with very low se-
lectivity to arylaldimines. In contrast the addition
of crotyl-9-BBN to R-arylimines gave the anti product
whereas syn selectivity was obtained with R-alkyl-
imines. Boat and chair cyclic transition states have
been postulated to account for these divergent
results.1c

2. Addition to Chiral Imines Derived from Chiral
Aldehydes
Very few reports concerning stereoselective addi-

tion of nonstabilized organometallic reagents under
non-chelation-controlled conditions have been re-
ported up to now. Yamamoto48 was the first to show
that the addition of dibutyl lithiocuprate complexed
with BF3 to the chiral imine 31 (eq 34) gave with good
selectivity the anti product 32 in agreement with the
Cram (or Felkin) model.

Since then it has been confirmed that organocu-
prate or organocopper compounds complexed with
BF3 are excellent reagents for the obtention of anti
products under nonchelation control even if the
imines contain a chelating R-alkoxy group. Thus, if
organolithiums add to N-trimethylsilyl imines 34
derived from (S)-lactaldehyde to give syn-1,2 aminols
35 with excellent selectivity,49 a remarkable reversal
of diastereoselectivity in favor of the anti-1,2-aminols
36 is observed with organocopper compounds pre-
pared from Grignard reagents50 (eq 35).

Several experimental results have not been well
explained such as the anti selectivity observed for the
addition of allylmagnesium chloride (anti:syn ) 96:
4), the great variation of selectivity with the temper-
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ature or the change of solvent,51 and the poor
selectivity obtained when the copper species is com-
ing from organolithium reagents. This last observa-
tion is not consistent with the excellent selectivity
found for the addition of the same reagents to the
N-benzyl imine 37 derived from (S)-lactaldehyde.52
Effectively, the reactions with RLi, CuI, BF3, or R2-
CuLi‚BF3 lead to the anti isomers almost exclusively,
the syn isomer being formed by using the simple RLi
reagents (eq 36).

Very similar results were observed for imine de-
rived from sugar such as threose28 or galactose.53 In
these two cases, a total reversal of selectivity was
obtained, changing the reagent from organocerium
to RCu‚BF3, unique stereoisomers always being
formed (eqs 37 and 38).

In all cases, the diastereofacial selectivity of the
addition of RLi or RCeCl2 can be well explained

assuming a chelation control with the formation of
the cyclic intermediate A. The stereoselectivity of the
addition of RCu‚BF3 or R2CuLi‚BF3 can be rational-
ized either by a Cram (Felkin) model B or better by
formation, after double BF3 complexation, of the open
transition state C with rigid antiperiplanar confor-
mation due to electrostatic repulsion.

Several other reports related to the chelation-
controlled addition of organometallics to R-alkoxy or
R-amino aldimines have been recently published. The
reaction conditions as well as the nature of the
substrate seem to be very important since a few
conflicting results have been obtained.
A very interesting study has been carried out by

Jäger and collaborators54 with the imine 42 derived
from benzylamine and lactaldehyde protected as its
benzyl ether. Although this aldimine possesses an
H R to the imine groups, the addition of nonstabilized
Grignard reagents in ether led to high yields of pro-
ducts with an excellent diastereoselectivity (eq 39).

The successful outcome of all these reactions has
been attributed to prior formation of a five-membered
chelate with the 2-benzyloxy group due both to the
inductive effect and the coordinative ability of OBn55
and to the Lewis basicity of the imine nitrogen atom.
If the protections of the hydroxyl and of the imino
groups are different, the syn selectivity is preserved
but the reactivity is changed. Alkylmagnesium
compounds do not add any more to the N-metallo
imines 45, but alkyllithium compounds add to give
R-alkoxy primary amines56 with high syn selectivity
(eq 40). The addition of Lewis acids such as ZnBr2
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or BF3 does not show any effect on the reaction yield
but normally lowers the syn stereoselectivity of the
addition.
Replacement of the benzyloxy group of 42 by a

dibenzylamino group decreased considerably the
reactivity of the imines since addition of Grignard
reagents in several solvents, R2CuLi in the presence
of BF3 or of alkyllithium compounds in THF, to 48
was totally ineffective.57 On the other hand, alkyl-
lithium compounds in ether in the presence or not of
CeCl3 add with high diastereoselectivity with pre-
dominant formation of the chelation-controlled syn
adducts 49 (eq 41).

These results contrast with the addition of RLi or
RLi/CeCl3 to the corresponding R-dibenzylamino al-
dehydes which undergo 90% nonchelation-controlled
reactions58 but are in good agreement with the
chelation controlled addition of diethylzinc to the
same aldehydes.59 To reverse the diastereoselectiv-
ity, the benzyl group attached to the aldimine nitro-
gen was replaced by an electron-withdrawing tosyl
group which decreased the Lewis basicity of the
aldimine nitrogen and favored the formation of the
non-chelation-controlled adducts (eq 42).

It must be noted that the tosyl group increased the
electrophilicity of the CdN bonds and allowed excel-
lent yields for the addition of Grignard reagents.57
If the adjacent amino group is part of a chiral

aminal,60 an excellent chelation-controlled addition61
of Grignard reagents has been observed, leading to
a single diastereomer (eq 43).

When there is a competition for the chelation
between an oxygen or a sulfur, the oxygen is much
more preferred as shown by additions of various
organometallic reagents to the CdN double bond of
imines 50 bearing a 1,3-oxathiane auxiliary (eq 44).

In all cases, the syn C-O/C-N diastereomers 51
were obtained with a diastereomeric ratio higher
than 99:1.62
With R,â-dialkoxy imines two different chelated

models can be considered involving either a five-
membered or a six-membered chelate. Usually the
stereochemistry of the products formed can be ratio-
nalized by the predominant formation of a five-
membered chelate as shown by the various investi-
gations described below. One of the first examples
of such additions reports the addition of an organo-
lithium compound to the p-methoxybenzyl (PMB)
imines of (R)- or (S)-glyceraldehyde acetonide 52 to
give a single adduct63 (eq 45).

Methylmagnesium bromide in the presence or not
of CeCl3 as well as phenylmagnesium bromide adds
to the N-benzyl imine 53 derived from (2R)-2,3-di-
O-benzylglyceraldehyde to give also a single syn
diastereomer 54 corresponding to the formation of a
five-membered chelate64 (eq 46).

Other organometallic reagents such as CH3Li or
CH3Cu‚BF3 were used, but no reaction occurred.
In contrast addition of simple organolithium com-

pounds at -78 °C or Grignard reagents at 0 °C to
the N-benzyl imine 55 derived from commercially
available 2-O-benzyl-L-threitol65 afforded the threo
adducts 56 with very high selectivity (eq 47).

1416 Chemical Reviews, 1998, Vol. 98, No. 4 Bloch



Addition of the organometallic reagents on the less
hindered face of a five-membered chelate can also
account here for the stereoselectivity observed.
If only the hydroxy group adjacent to the imino

function ofN-benzylglyceraldehydimine is protected,
the alkoxide obtained by the addition of 1 equiv of
an organometallic reagent is prone to form a six-
membered chelate which could compete with the
formation of the usual five-membered one.54 Ef-
fectively the addition of Grignard reagents as well
as organolithium compounds to N,O-dibenzylglyc-
eraldimine 57 gave rise to two diastereomers with
various selectivities (eq 48).

RLi gave practically no selectivity as well as
Grignard reagents with R ) methyl, tBu, allyl, and
Bn. Only Grignard reagents with R ) iPr, iBu,
3-MeBu, CyCH2, and vinyl gave good selectivities in
favor of the syn adduct (60-90%). Remarkably or-
ganocerium reagents RMgX/CeCl3 lead to a reversal
of selectivity, giving predominantly the anti adduct
(anti:syn ) 95:5). This behavior was attributed to
the efficient formation of a cerium alkoxide coordi-
nating to the N-atom, giving rise to a six-membered
chelate with an O-‚‚‚Ce3+‚‚‚N arrangement.54
Very recently, a six-membered chelate was also

suggested64b for the addition of phenylmagnesium
bromide to the N-benzyl imine of (2R)-2,3-O-isopro-
pylidene glyceraldehyde 59 which affords the unique
anti compound 60 (eq 49). This result is totally

opposite that of the syn addition of the same reagent
to the “open chain” R,â-dibenzyloxy imine 53 (eq 46).
It must be noted that a similar effect had already
been reported for the addition of organometallic
reagents to the corresponding aldehydes66 and had
been attributed to the lack of chelate formation,
maybe as a consequence of the ring strain which
would develop in the chelated structures.
Surprising results have also been reported for the

additions of acetylides to the chiral imines 61a and
61b derived from L-serine or L-cysteine.67 In all
cases, the addition afforded only the syn product,
regardless of the acetylide metal, under both chela-
tion (M ) Li, ZnBr) and nonchelation (M ) Cu‚BF3)
conditions (eq 50).

The sense of stereoselectivity for M ) Li or ZnBr
which could be due to chelation of the metal by the
imine and the carbamate nitrogens68 is very difficult
to explain for M ) Cu‚BF3.
The addition of organometallic reagents to imines

derived from chiral transition metal complexes of
dienyl aldehydes has also been investigated.69 In the
presence of Lewis acids such as boron tribromide or
cerium(III) chloride, very high diastereoselectivity
has been observed for the addition of organometallics
to 1-imino-(E,E)-butadiene-iron tricarbonyl com-
plexes. This selectivity could be explained by attack
of the reagent from the less hindered face of the more
stable conformer 62 (eq 51).

In conclusion the stereoselectivity of the addition
of organometallic reagents to aldimines derived from
chiral aldehydes and achiral amines is characterized
with very few exceptions by some general trends. The
stereochemistry of the amino adducts can be con-
trolled easily by changing the nature of the reagents;
RMgX, RLi, and RCeCl2 give syn adducts arising
from a chelation control whereas RCu‚BF3 or R2CuLi‚
BF3 afford the opposite anti adducts. Furthermore,
due to the greater Lewis basicity of the nitrogen of
the imines compared to the oxygen of carbonyl com-
pounds, much better selectivities are usually obtained
for organometallic additions to chiral imines com-
pared to similar additions to aldehydes or ketones.

3. Addition to Chiral Imines Derived from Chiral Amines
a. Imines Derived from R-Arylethylamines. The

addition of organometallic reagents to aldimines
derived from chiral amines provides another option,
unique to imines, for controlling reaction diastereo-
facial selectivity. The reactions of methylmetal
reagents with imines 63 derived from (S)-1-phenyl-
ethylamine have been thoroughly studied by varying
several factors.70 CH3MgCl as well as copper re-
agents in the absence of BF3 is unreactive, and the
organocerium reagent CH3Li‚CeCl3 works unsatis-
factorily. In contrast CH3Li, CH3Cu‚BF3, and (CH3)2-
CuLi(MgBr)‚BF3 add in fair to good yields (38-97%)
to 63 with good to excellent diastereoselectivity in
favor of (S,S)-64 (eq 52).
The ratio S,S:R,S, which is around 70:30 for the

addition of MeLi, can reach 95:5 for the addition of
organocopper‚BF3 reagents. When the imine 63 is
able to form chelate complexes with lithium, such as
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bidentate 63 (R ) 2-pyridyl or 2-furyl), the sense of
asymmetric induction with MeLi is reversed. A
rationalization of these results has been proposed,
assuming the preliminary formation of a complex
between the imine and methyllithium. Depending
on the nature of R and the MLn groups, the com-
plexes could take different preferred conformations
such as 65 or 66 by rotation of the R-C and N-C*

bonds. This view is supported by NOE experiments
performed on several imine-Lewis acid complexes
in which different orientations of the auxiliary were
observed depending on the nature of the Lewis acid.
The reactions of methylcopper‚BF3 or dimethyl-

cuprate‚BF3 reagents take place through the pre-
liminary coordination of BF3 to the imine nitrogen
and the reagent attack from the less hindered side
of the preferred conformation 67 where the C*-H
bond is almost eclipsed with BF3.

Very similar results were obtained by addition of
RLi‚BF3 to imines 68 derived from (R)-R-naphthyl-
ethylamine71 (eq 53).

The lowest energy conformation 70 of the BF3 com-
plex was proposed according to semiempirical molec-
ular orbital calculation (MOPAC, AM1). In this con-
formation the naphthyl group (Napht) is almost per-
pendicular to the π-plane which consisted of the CdN
double bond and the phenyl (or tert-butyl) group.

A systematic study of the addition of various allyl
organometallic compounds to chiral imines 63 de-
rived from (S)-1-phenylethylamine has shown that
the sense and the degree of stereoselectivity is
dependent on the nature of both the imine and the
metal.72 In contrast with the addition of alkyl
organometallic reagents to the same imines (see
above), a reversal of selectivity was observed in the
addition of aliphatic versus aromatic aldimines.
Confirming earlier reports,47 the best selectivities
were obtained with allyl-9-BBN, and some represen-
tative results are given in eq 54. The opposite sense

of asymmetric induction was attributed to the isomer-
ization of E- to Z-aromatic imines prior to C-C bond
formation. The diastereoselectivities observed were
rationalized in terms of nine different cyclic transi-
tion states, boat or chairs, depending on the nature
of the imine and of the allylating reagents.72
New allylic titanium compounds 72 prepared by

addition of 2 equiv of isopropylmagnesium chloride to
a mixture of tetraisopropoxytitanium and allylic hal-
ides or alcohol derivatives (eq 55) have been reported

to be excellent allylation reagents adding to chiral
imines with high stereoselectivity.73 The reaction of
allyltitanium reagent 72a with the alkylimines 73
derived from (R)-1-phenylethylamine proceeds with
very high 1,3-asymmetric induction to give predomi-
nantly the amines 74. The diastereoselectivities are
at least equal to that observed by using allyl-9-BBN
(eq 56). Furthermore, the crotyltitanium reagent 72b
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adds to 73a with total 1,3-asymmetric induction and
a very high 1,2-syn diastereoselectivity (eq 57). This

is the best selectivity obtained for the moment since
crotyl-9-BBN gave the ratio syn:anti ) 75:25. These
excellent diastereoselectivities have been explained
considering the six-membered chairlike transition
state 27 proposed by Yamamoto for the allylic boron
reagents.1c
Several interesting features have been drawn from

addition of the allylic trichlorostannane 77 generated
from allyltributylstannane and SnCl4 to the imine 78
derived from butyl glyoxylate and (R)-1-phenyleth-
ylamine.74 The high stereoselectivity (93:7) of the
addition of 77 to the imine 78 is opposite the
selectivity already observed for the reaction of allyl-
9-BBN with the same imine75 (eq 58).

For the moment, no justification of this experimen-
tal result has been suggested.
b. Imines Derived from â-Hydroxy Amines. Intro-

duction of a heteroatom, which could coordinate to a
metal, into the chiral group bound to the imine
nitrogen might give rise, depending on the kind of
metal used, to different transition states and then
to different stereoselectivities. Imines derived from
valinol have been the first imines of that sort to be
reacted either with organolithium or organomagne-
sium reagents with good to excellent selectivities.1a
A recent example of addition of a Grignard reagent
to the imine 79 arising from (S)-valinol is described
in eq 59. Cyclohexylmethylmagnesium bromide was

added to an equilibrium mixture of the imine 79 and
the corresponding oxazolidine 80 (in THF the ratio

79:80 is 95:5) to give the (R,R)-amine 81 as the major
product (RR:SR ) 87:13).76
The addition of organometallic reagents to imines

derived from (R)- or (S)-phenylglycinol gives in
general a better stereoselectivity and has been the
last few years the object of numerous investigations.
Takahashi and collaborators have developed a method
for the stereoselective synthesis of both amine enan-
tiomers starting from a single enantiomeric source,
using the diastereoselective addition of organolithi-
um77 or Grignard78 reagents to the chiral arylimines
82 and the corresponding 1,3-oxazolidines 83 derived
from (R)-phenylglycinol (eq 60).

Good yields and very high stereoselectivities (de >
80%) have been observed for the addition of RLi,
RMgBr, and RCeCl2 to the imines 85, and some
selected examples are reported in Table 1.

Table 1. Diastereoselective Addition of
Organometallics to Imines 85
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Tetrahydrofuran was found to be the best solvent
for the additions to imines arising from arylaldehydes
(entries 1-14). In the last two cases (entries 15 and
16) toluene seems to give slightly better results. It
must be noted that we could not find any detailed
example involving an enolizable imine derived from
aliphatic aldehydes. The success of such a reaction
has just been, however, pointed out in a footnote of
ref 79.
The high degree of stereocontrol of these reactions

has been attributed to a highly ordered transition
state arising from chelation of the imine nitrogen to
the metal bound to the oxygen and delivery of the
organometallic reagent from the less hindered side
of the carbon-nitrogen double bond. The synthetic
potential of this strategy has been illustrated by the
asymmetric synthesis of piperidine alkaloids,84 in-
dolizidine alkaloids,85 C2-diethanolamines,80 bis(1-
arylethyl)amines,86 a protease inhibitor,87 and a
mimic of an extended dipeptide.88
c. Imines Derived from â-Alkoxy Amines. Another

very interesting approach for the synthesis of both
amine enantiomers from (R)-methoxyphenylglycinol
as a single starting material has been reported.89 This
method is based on the reversal of diastereofacial
selectivity in the addition reactions of organometallic
reagents to chiral imines 87 derived from (R)-meth-
oxyphenylglycinol: organolithium and organocerium
reagents added from the re-face of the CdN bond of
the imines while organocopper reagents in the pres-
ence of BF3 approached from the si-face (eq 61).

The stereoselection can be rationalized in terms of
either a chelation-controlled or an open-chain model.
For lithium or cerium reagents, one molecule would
be coordinated by the nitrogen and oxygen atoms of
the imine and the attack of a second molecule might
occur from the less hindered side of the chelate 89
to give the R,R isomer. On the other hand, in the
reaction with copper reagents, the simultaneous
chelation of two heteroatoms to the metal would not
occur and the reaction might proceed either through
the open-chain transition state 9047 or, after coordi-
nation of BF3 to the nitrogen atom, via an internal
alkoxy-mediated delivery of the organometallic re-
agent to the open-chain transition state 91 to afford
the R,S isomer.

The high stereoselectivity of such additions has
been confirmed by extension of the reaction to orga-
nocerium reagents prepared from Grignard reagents
with imines 87 derived from aliphatic aldehydes and
(R)-methoxyphenylglycinol90 (eq 62).

Furthermore, a very efficient synthesis of highly
enantioenriched R-amino phosphonate diesters has
been described91 by addition of lithium diethyl phos-
phite to a variety of chiral imines 87 (eq 63).

To account for the diastereofacial selectivity, for-
mation of the chelated intermediate 93was proposed,
followed by an internal delivery of the nucleophile
from the less hindered side of the chelate.

Hydrogenolysis of the chiral directing group in 92
with catalytic palladium hydroxide on carbon in
absolute ethanol afforded the amino esters in 83-
100% yields without any racemization.
Excellent levels of 1,3-asymmetric induction have

also been observed during the addition of organome-
tallic reagents to chiral imines derived from artificial
chiral auxiliaries possessing a â- or γ-alkoxy sub-
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stituent. Thus, alkyllithium adds stereoselectively
to imines 94 derived from erythro-2-amino-1,2-di-
phenylethanol92 or to imines 95 derived from 1-(2-
methoxyphenyl)ethylamine93 (eqs 64 and 65).

The diastereoselection observed was explained by
formation of the usual five-membered chelate by
coordination of 94 to the metal and of the less
common six-membered ring 96 by chelation of the
O-methoxy group and the imino group of 95 to the
lithium cation. The nucleophilic attack occurring
from the less hindered side of this chelate leads
predominantly to the anti adduct.

1,2-Addition of organocerium reagents to the chiral
R,â-unsaturated aldehyde imines 97 derived from
(S,S)-2,2-dimethyl-4-phenyl-1,3-dioxan-5-amine af-
ford allyl- and propargylamines in high enantiomeric
purity94 (eq 66) but the method suffered from the poor
yields of amine regeneration.

d. Imines Derived from R-Amino Esters. The ad-
dition of allylic metal compounds to chiral imines
derived from methyl (S)-valinate had been investi-
gated in a few cases by several research groups.31,33,37,95
Then a systematic and well-documented survey of the
enantioselective synthesis of homoallylic amines by
addition of allylmetal reagents to imines derived from
(S)-valine esters appeared recently in the literature.96
A great variety of reagents have been prepared and
tested: (a) preformed allylmetal species (allyl)mMXn

with M ) Pb, Bi, Cu, Al, Zn; (b) allylmetal reagents
formed in situ using either the usual Barbier proce-
dure (M ) Zn, Al, In) or a modified procedure in
which the active metal M (M ) Pb, Ti, Bi, In, Sn) is
formed in situ by reduction of its salt MXn with
aluminum. Most of these reagents proved to give
good to excellent yields with high stereoselectivity (eq
67). In all cases the major stereoisomers 100 come

from an attack of the si-face of the imine 99, and this
selectivity has been rationalized by different stereo-
chemical models.96 The zinc-mediated, CeCl3‚7H2O-
catalyzed Barbier reaction of the imines 99 with allyl
bromide in THF was particularly convenient, effici-
ent, and selective, providing the homoallylamines 100
in quantitative yields with excellent to perfect diaste-
reoselectivity (diastereomeric ratios 98:2 to 100:0).
A plausible mechanism for this reaction is depicted
in eq 68. The addition of the allylzinc bromide‚CeCl3

complex to 99 or the addition of allylzinc bromide to
the complex 99‚CeCl3 would give the threecomponent
complex 101 which will deliver the allyl group on the
less hindered side of a cyclic six-membered transition
state.96b When the same reagent was added to the
imine 102 derived from 2-pyridinecarboxaldehyde
and methyl (S)-valinate, the stereoselectivity was
decreased,97 due to the possibility of formation of
bidentate or tridentate chelates (eq 69).
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In agreement with the addition of allyl SnCl3 to
the imine 78 derived from methyl glyoxylate,74 the
opposite sense of asymmetric induction was observed
for the reaction of imine 102 with allyltin trihalides
(allyl SnCl3, allyl SnICl2). The lack of coordination
between the oxygen of the ester group and the metal
might be responsible for this inversion of selectiv-
ity.97
Very recently it has been reported that excellent

diastereoselectivities (de > 98%) are obtained by
reaction of alkyl- or arylimines 99 with allylindium
prepared separately from indium and allyl bromide
in dimethylformamide.98
Functionalized allylzinc reagent 103 derived from

2-(bromomethyl)acrylate adds with perfect diaste-
reoselectivity (only one diastereomer formed) to chiral
imines derived from alanine or phenylglycine.99a
Interestingly after cyclization, R-methylene γ-lactams
104 are obtained in high yields (eq 70). Furthermore

when the crotyl reagent 105 is reacted with chiral
imines derived from (R)- or (S)-phenylglycine, a
remarkable and complete stereocontrol is observed,99b
giving the unique trans diastereomer 106 (eq 71).

The selectivity and the versatility of these allyla-
tion reactions demonstrate the usefulness of the
valine esters as chiral auxiliaries in the addition of
allylmetal reagents to chiral imines. Therefore, it
should be of interest to develop efficient procedures
for the addition of other organometallic species (alkyl,
vinyl, aryl, ...) to the same imines. The problem is
here to conciliate reactivity and chemoselectivity. If
methylcopper and dimethyl cuprate in the presence
of BF3 are unreactive, it has been reported very
recently that triorganozincates react with the valine-
derived imine 107 in the absence of BF3 to afford the
amines 108 with good to excellent diastereoselectiv-
ity100 (eq 72).

However, this reaction is not general and must be
improved in order to offer a large synthetic utility.
e. Imines Derived fromMiscelleanous Chiral Amines.

Addition of allyltrimethylsilane in the presence of
SnCl4 to imines 109, arising from aromatic aldehydes
and 2,3,4,6-tetra-O-pivaloyl-â-D-galactopyranosyl-
amine, takes place with high diastereoselectivity and
without any anomerization (eq 73).101

Allylation of imines derived from the same amine
and aliphatic aldehydes is more problematic and
needs the use of allyltributylstannane instead of the
silane. In these conditions a mixture of R- and
â-anomers is formed.
An interesting development of the additions of

organometallics to chiral imines would be the attach-
ment on the imine nitrogen of an easily removable
chiral auxiliary which could both activate the CdN
double bond and control the stereofacial selectivity
of the alkylation. Following these considerations
different approaches have been reported in the
literature. Limited success due to poor stereoselec-
tivity has been obtained for the addition of alkyl-
lithiums to the chiral boryl imine 111102 prepared in
situ by reduction of benzonitrile with diisopinocam-
pheylborane, (Ipc)2BH (eq 74).

The use of recyclable mercapto chiral auxiliaries
derived from camphor103 proved to be more attractive
as shown in eq 75.

The diastereoselectivity in favor of amines 113 has
been rationalized assuming that the imines adopt the
preferred conformation 115. The si-face of this
conformation is more prone to attack by the organo-
metallic reagent, due either to chelation between the
sulfinyl oxygen and the metal or to the shielding of
the re-face by the camphor skeleton.
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It has also been reported that chiral imines 116
derived from a simple chiral, nonracemic, p-toluene-
sulfinamide and aromatic ketones or aldehydes react
with allylmagnesium bromide104 or benzylmagnesium
chloride105 to afford stereoselectively the sulfinamides
117 (eq 76). Unfortunately addition reactions with
other organometallic reagents (MeMgBr, vinyl-MgBr,
n-BuLi) were unsuccessful.

f. Conclusion. The additions of organometallic rea-
gents to chiral imines derived from 1-arylethylamines
are often highly stereoselective. However, the sense
of selection, directly related to the structure of both
the imine and the reagent, is sometimes difficult to
predict. Imines arising from amino acids or deriva-
tives give in general excellent results regarding yields
and diastereoselectivities. Valinol and phenylglycinol
are very effective auxiliaries for the addition of var-
ious organometallics (RMgX, RLi, RCeCl2) to aroma-
tic aldimines. Methoxyphenylglycinol leads to excel-
lent yields for aliphatic aldimines and allows the sense
of induction to be chosen by changing the reagent (or-
ganocerium or organocopper reagent). Finally valine
methyl ester is a choice auxiliary for the synthesis
of homoallylamines via the addition of a variety of
allylmetals to either aliphatic or aromatic aldimines.

B. Addition To Chiral Imine Derivatives
1. Hydrazones
Organometallic reagents add to N,N-dialkylhydra-

zones derived from aldehydes to give hydrazines19
which, after hydrogenolytic N-N cleavage, lead to
substituted amines. This methodology has been ap-
plied to the stereo- and enantioselective syntheses
of amines, starting from chiral hydrazones derived
either from chiral aldehydes or from chiral hydra-
zines and, in a few cases, from both chiral aldehydes
and chiral hydrazines. Several interesting synthetic
applications have been described and will be reported
in this section.
a. Addition to Chiral Hydrazones Derived from

Chiral Aldehydes. A highly diastereoselective addi-
tion of organolithium reagents to R-alkoxy N,N-di-
methylhydrazones 118, reported by Claremon and
collaborators 10 years ago106 provides an attractive
route to syn-2-amino alcohols 119 (eq 77).

The syn selectivity is well explained assuming a
Cram chelation model: effectively if the chelating
effect of the oxygen atom is decreased by the presence
of a bulky group (R ) trityl), the anti diastereomer
formed through a Felkin-Anh model is predominant
(anti:syn ) 10:1).
Grignard reagents are sluggish in this reaction but

can give however useful results:107 the addition of
isobutylmagnesium bromide with the N,N-dimethyl-
hydrazone 120 derived from (S)-ethyl lactate gave
rise after hydrogenolysis to the syn-amino alcohol 121
without epimerization (eq 78).

The stereoselectivity of the addition of organolith-
ium reagents depends on the nature of the reagents
as shown by the results obtained with the dimethyl-
hydrazone of (R)-glyceraldehyde acetonide (eq 79).

Extension of this organolithium addition method
to bis-hydrazones gave excellent results.108 Treat-
ment of the bis-hydrazone 122 with benzyllithium
give a single bis-hydrazine stereomer which was
transformed to the diol 123 corresponding to a double
chelation-controlled addition (eq 80).
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The diastereoselective addition of organolithium
compounds to hydrazones 124 vicinal to chiral cyclic
acetals derived from glyoxal shows that the chelating
oxygen can be part of an acetal (eq 81). The best
stereoselectivities were reported when R was steri-
cally demanding.110 This observation accounts for a
chelation-controlled intermediate in which only the
acetalic oxygen far from the bulky CH2OR substitu-
ent is involved.

It has been observed that an electron-attracting
group bound to the sp3 nitrogen can modify the
chelation process and reverse the stereoselectivity:
111 the hydrazone 126 undergoes addition with CH3-
MgBr without any selectivity and with CH3MgBr‚
CeCl3 to give preferentially the anti stereomer 127
which has been transformed into (S)-hydrazinopro-
panoic acid (eq 82).

Very interesting results were reported for the
addition of organometallics to chiral hydrazones 128
derived from glyoxal where the acetal group has been
replaced by an aminal protection (eq 83).61,112

Primary, secondary, and tertiary alkyl- as well as
phenyl- and alkenyllithium reagents in THF give the
single diastereomers 129 (de > 99%). In contrast,
alkyl and phenyl Grignard reagents in toluene afford
the opposite diastereomers 130 but still with an
excellent diastereoselectivity (de > 99%). The ob-
served selectivities have been assigned either to a
steric control (RLi) or to a chelation control (RMgX).
In the case of organolithium reagents in a strongly
coordinating solvent such as THF, an approach of the
nucleophile from the re-face (for an (S,S)-diamine)

will be prevented by the sterically demanding pseu-
doequatorial NCH3 substituent. In the case of Grig-
nard reagents in a noncoordinating solvent such as
toluene, a chelate could be formed involving one
nitrogen of the imidazoline ring and one nitrogen of
the hydrazine group. Due to this chelation the
hydrazone group will adopt a different conformation
and the pseudoequatorial NCH3 substituent will
mask in this case the si-face of the hydrazone moiety,
giving rise to the opposite diasteromer.

The hydrolysis of aminals occurs under very mild
acidic conditions, preventing epimerization, so that
this method is an excellent one for the synthesis of
enantiomerically pure R-amino aldehydes.
b. Addition to Chiral Hydrazones Derived from Chi-

ral Hydrazines. The first examples of addition of
organometallic reagents to chiral hydrazones derived
from chiral amines have been studied by Takahashi
and collaborators.113 The addition of alkyl Grignard
reagents to hydrazones 131 and 132 derived respec-
tively from arylaldehydes and either N-aminoephe-
drine or (S)-valinol proved to be highly stereoselec-
tive, leading after hydrogenolysis to (R)- or (S)-R-
arylalkylamines (eqs 84 and 85).

These reactions were assumed to proceed via
chelated six-membered ring intermediates, but the
sense of stereoselectivity was not well understood.
Furthermore, this method was limited to aryl alde-
hydes and gave good selectivities only with alkyl
Grignard reagents.
More general and efficient routes to enantiomeri-

cally pure amines have been described by nucleo-
philic addition of organolithium114 or organocerium115

reagents to SAM or RAMP hydrazones ((S)- or (R)-
1-amino-2-(methoxymethyl)pyrrolidine hydrazones)
(eqs 86 and 87).
As for the addition to imines, the less basic orga-

nocerium reagents gave excellent results even with
enolizable hydrazones. The mechanistic details of
these additions are still unknown, but the absolute
stereochemistry of the products suggests that the RLi
or “RCeCl2” reagents are coordinated to the meth-
oxymethyl group and deliver R to the re-face of the
CdN bond.
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To improve the selectivity, several other proline-
derived hydrazines have been prepared, and the
reaction of their corresponding hydrazones with
organocerium reagents have been tested.116 The (S)-
1-amino-2-((2-(methoxyethoxy)methyl)pyrrolidine
(SAMEMP) hydrazones 133 gave the highest selec-
tivities but only slightly higher than the selectivities
observed with the SAMP hydrazones.

A study related to the effects of reagent stoichi-
ometry on the efficiency and the selectivity of orga-
nocerium additions to SAMEMP hydrazones shows
that at least 2 equiv of the reagent is required to
obtain acceptable yields.117 This suggests that the
chelating side chain coordinates to the first equiva-
lent of organometallic reagent and makes it unavail-
able for nucleophilic addition. Furthermore, the
results of this study show that a 1:1 RLi/CeCl3
reagent stoichiometry affords the best yields and
stereoselectivies. Combined with new efficient N-N
bond cleavage protocols,118 the addition of orga-
nocerium reagents to SAMP (RAMP) hydrazones
provides an efficient method for the obtention of
enantiomerically enriched amino compounds, and
some applications of this reaction are reported be-
low.
The synthesis of simple R-branched amines has

been illustrated by the highly enantioselective (ee >
97%) synthesis of the ladybug defense alkaloid 134
termed harmonine.119

Additions of organocerium reagents to chiral R,R-
dialkoxy acetaldehyde SAMP hydrazones proceed
with high enantioselectivity and lead after further
transformations to enantiomerically enriched R-ami-
no acetals 135120 (eq 88) or N-protected R-amino
aldehydes 136121 (eq 89).
A novel synthesis of N-protected â-amino acetals

(easily transformed into â-amino acids) have been
established via the addition of organocerium reagents

to 3,3-(ethylenedioxy)propanal SAMP hydrazone 122a

(eq 90).

In some cases, replacement of cerium by ytterbium
leads to better yields and higher selectivities, and the
1,2-addition of organoytterbium reagents RLi/YbCl3
(3:1) to aldehyde SAMP hydrazones was the key step
of new enantioselective syntheses of both enanti-
omers of coniine.122b
Simple organolithium reagents add to ferrocen-

ecarboxaldehyde SAMP hydrazone to give the corre-
sponding hydrazines in almost quantitative yields
and with virtually complete asymmetric induction.123
Subsequent hydrogenolysis (H2, Ra-Ni) affords 1-fer-
rocenylalkylamines with however partial racemiza-
tion (eq 91).
On the basis of the same method, a double addition

of alkylithium reagents to the CdN bonds of fer-
rocene-1,1′-dicarbaldehyde bis-SAMP hydrazone fol-
lowed by reductive N-N bond cleavage leads to the
corresponding 1,1′-bis(1-aminoalkyl)ferrocenes with
high enantiomeric excesses (ee ) 90-98%) and dl:
meso ratios up to 95:5.124 Similar results are ob-
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tained125 by two successive 1,2-additions of organo-
cerium reagents to bis-SAMP hydrazones 137 derived
from 1,n-dialdehydes (eq 92). Allylcerium reagents

in THF as well as allylic Grignard reagents in toluene
add stereoselectively to aldehyde SAMP/RAMP hy-
drazones to give protected homoallylamines in good
yields and high enantiomeric excesses (ee ) 90-
98%).126 Prenyl baryum reagent adds also with good
stereoselectivity to the SAMP hydrazone of benzalde-
hyde but with different regioselectivity depending on
the reaction temperature (eq 93) as was already ob-
served for the addition of the same reagent to imines.41

Removal of the chiral auxiliary by cleavage of the
N-N bond is sometimes difficult and leads to partial
racemization. It has been recently reported that ad-
ditions of organolithium reagents to (S)-1-amino-2-
(methoxymethyl)indoline (SAMI) hydrazones afford
the corresponding chiral hydrazines with excellent
stereoselectivity127 and that the N-N bond cleavage
required only mild conditions (H2, Pd(OH)2, rt) (eq
94).

2. Oxime Ethers
It has been reported in the first section of this

review that organolithium compounds in the presence
of BF3‚Et2O add with fair to excellent yields to (E)-
and (Z)-oxime ethers provided that toluene is used
as the solvent.
This reaction has been applied to the enantiose-

lective synthesis of amines by addition of organo-
lithium reagents to chiral oxime ethers derived from
chiral amines. A first report128 describes the addition
of alkyllithium reagents to the chiral oxime ethers
138 derived from ephedrine (eq 95).

It appears that the addition reaction of organo-
lithium reagents with these chiral oxime ethers is
highly stereospecific, with the diastereoselectivity
reflecting the ratio of E to Z isomers undergoing the
reaction. The configuration of the stereogenic center
created in the reaction has been explained by the
formation of a complex such as 140 in which the axial
methyl substituent of the N,N-dimethyl group con-
trols the facial selectivity.

The addition of organolithium reagents as well as
allyl Grignard to O-(1-phenylethyl)aldoximes 141
gave similar results,129 the alkoxyamines 142 being
formed in reasonable yields with diastereoselectivi-
ties controlled in part by the E:Z ratios of 141 (eq
96).

The two models 143 and 144 have been proposed
for the BF3-complexed oxime ethers, and the config-
uration of the newly formed sp3-center is explained
by an approach of the organometallic on the less
hindered re-face of the CdN bond.
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To improve the level of diastereoselectivity of this
reaction, a series of oxime ethers containing different
chiral auxiliaries were tested.130 On the basis of
models 143 and 144, it was thought that increasing
the size of the aryl or alkyl group would increase the
stereoselectivity. When the phenyl is replaced by the
bulkier naphthyl group, the diastereoselectivity of the
addition is in fact decreased (55% de compared to 71%
de). In contrast, increasing the size of the alkyl group
improves significantly the selectivity as shown in
Table 2.

Since 1-phenylbutanol required for the formation
of oxime ether 145c is easily available in both enan-
tiomeric forms, the auxiliaries derived from this
alcohol, (S)- or (R)-O-(1-phenylbutyl)hydroxyamines
(SOPhy or ROPhy), were selected for further applica-
tions. This method has been successfully applied to
the synthesis of (-)-coniine starting from the SOPhy
oxime of butyraldehyde131 and to the obtention of
R-amino acids132 starting from the ROPhy oxime of
cinnamaldehyde 147 (eq 97).

Intriguing results have been reported133 for the
addition of allyl reagents to the chiral alkoxymethyl
O-benzyloximes 148 (eq 98).
No selectivity was observed starting from the (Z)-

oxime ether 148, but good to excellent stereoselec-
tivity was found for the addition to the (E)-oxime

ether 148. Furthermore, the selectivity depends on
the nature of the metal: de(149:150) ) 42:58 for M
) MgBr, 86:14 for M ) MgBr‚CeCl3, and 9:92 for M
) Li or Li‚CeCl3. The authors assumed that the
simultaneous coordination to metal of the three
heteroatoms (only possible with the E isomer of 148)
is necessary for diastereofacial discrimination.

The sense of the stereochemical course of the
addition is related to the coordination ability of the
metal used.
The diastereoselective addition of organometallics

to glyoxylic acid oxime ether derivatives could provide
another convenient and efficient route to R-amino
acids. The reaction of alkyllithium reagents with the
chiral oxime ethers 151 and 152 of either glyoxylic
acid or glyoxylic acid amide takes place with modest
stereoselection (de ) 30-40%) and is not really
useful.134

Allylic zinc reagents gave much better selectivities.
The addition of such reagents to the 8-(-)-phenyl-
menthyl ester of O-methyl glyoxylic acid oxime 153
gave the methoxyamino esters 154 with good to
excellent diastereoselectivity (eq 99).75

This selectivity is rationalized by metal chelation
of the syn form of 153 followed by an attack of the
less-hindered si-face of the complex 155 formed.

Table 2. Diastereoselective Addition of n-BuLi to
(E)-Oxime Ethers 145

R (E)-oxime ether product yield (%) de (%)

Me 145a 146a 64 71
Et 145b 146b 91 93
nPr 145c 146c 87 90
iPr 145d 146d 74 >95
nBu 145e 146e 80 90
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Enantiomerically enriched allylglycine and ana-
logues have been synthesized through the reaction
of Oppolzer’s camphor sultam derivative of O-benzyl
glyoxylic acid oxime 156 with allylic bromides in the
presence of powdered zinc in aqueous ammonium
chloride (eq 100).135

It must be noted that a very high degree of
stereocontrol (de ) 92% to >95%) has very recently
been achieved for the addition of aliphatic radicals
to the same sultam derivative 156, allowing the
synthesis of enantiomerically pure alkyl R-amino
acids.136

3. Nitrones
a. Addition to Nitrones Bearing Stereogenic N-Sub-

stituents. The diastereoselective additions of Grig-
nard reagents to nitrones bearing R-stereogenic
center have been published by Coates and collabora-
tors.137 Practically no selectivity is observed with
nitrones bearing stereogenic R-arylethyl groups on
nitrogen. However, high diastereoselectivity is ob-
tained in the addition of Grignard reagent to nitrones
bearing on nitrogen potentially chelating stereogenic
groups such as alkoxy groups derived from phenylg-
lycinol or valinol (eq 101).

The major stereomers formed can be rationalized
in terms of the chelated transition state model 157.
An approach of the Grignard reagent from the less
hindered side (anti to the phenyl or the isopropyl
group) of the six-membered magnesium chelate 157
accounts for the stereochemistry of the major isomer
obtained.

The N-chiral substituent can also be a carbohy-
drate derivative, and a series of papers describing

the addition of lithium dialkyl phosphites to N-
glycosyl nitrones (eq 102) have been published.138

The diastereoselectivity observed has been ex-
plained on the basis of a stereoelectronic effect
controlling the conformation of the starting nitrone
followed by a steric effect responsible of the direction
of nucleophilic attack. This reaction has been applied
to the synthesis of either enantiomer of zileuton 158,
an inhibitor of mammalian 5-lipoxygenase constitut-
ing a new class of therapeutic agents in asthma.

The key steps of the described synthesis rely on
the diastereoselective additions of Grignard reagents
to mannose-derived N-glycosyl nitrones.139,140
b. Addition to Nitrones Derived from Chiral Alde-

hydes. Dondoni and collaborators have devised a
very interesting method for the homologation of
aldehydes to enantiomerically enriched R-amino al-
dehydes (aminohomologation) via the diastereoselec-
tive addition of 2-lithiothiazole to N-benzyl nitrones
derived from chiral nonracemic aldehydes. Treat-
ment of the readily available nitrone 159 derived
from D-glyceraldehyde acetonide with 2-lithiothiazole
affords with high stereoselectivity (de ) 84%) the syn
diastereomer 160 (eq 103), which after deoxygen-
ation, debenzylation, and thiazole to formyl trans-
formation gives the N-Boc protected amino aldehyde
161.141

When the nitrone is precomplexed with the Lewis
acid Et2AlCl, a remarkable reversal of diastereose-
lectivity in favor of the anti diastereomer is achieved
(eq 104).141,142
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The same trend of facial stereodifferentiation with-
out any additive or in the presence of the Lewis acid
Et2AlCl has been observed for the addition of lithio-
thiazole to the various nitrones 162-166.143

The level of stereoselectivity is dependent on the
structure of the nitrones used: the best results (de-
(syn) ) 80%; de(anti) ) 80-90%) are obtained with
the nitrones 164a-c whereas no selectivity is ob-
served with nitrone 163 in the same conditions.
In the absence of complexing agents, the observed

syn selectivity has been best rationalized by the
transition state model 167 similar to the model
developed by Houk144 for nucleophilic additions to
alkenes. However, when R is sterically demanding,
the proposed transition state 168 accounts for the
lower syn selectivity.

The anti selectivity observed after precomplexation
of the nitrones with Et2AlCl can be explained by the
formation of the six-membered chelate 169 followed
by an approach of the reagent from the less hindered
side of this chelate.

These diastereoselective additions are not limited
to 2-lithiothiazole: 2-lithiofuran adds to R-alkoxy
nitrones with similar selectivities so that after oxida-
tion of the furan ring, either diastereomer of R-amino
acids can be formed.145 An application of this latter
reaction to the elegant and efficient synthesis of (+)-
polyoxin J, one component of a class of nucleoside
antibiotics, has been recently reported.146

The addition of vinyl and ethynyl organometallic
reagents to the nitrone 159 derived from D-glyceral-
dehyde gives with good to excellent selectivies syn-
or anti-allyl- and -propargylhydroxyamines which are
easily converted into the corresponding allylamines.147
One illustration of these reactions is given in eq 105.

Benzylmagnesium chloride adds with high stereo-
selectivity148 to â-amino, R-hydroxy nitrones to afford
dibenzyl-1,3-diamino-2-propanols, the key core units
of potent and selective inhibitors of HIV-1 protease
(eq 106).

The scope of this methodology has been extended
to the stereoselective nucleophilic addition of a vari-
ety of Grignard reagents to R,â-dialkoxy nitrones,149
to R-amino nitrones,150 and to protected nitrones
derived from L-serine,151 allowing the synthesis of
enantiomerically enriched 3-amino-1,2-diols, 1,2-di-
amines, and 2,3-diaminobutanoic acids, respectively.
c. Addition to Chiral Cyclic Nitrones. The stereo-

selective additions of Grignard reagents to the cyclic
nitrones 170, derived from L-tartaric acid, constitute
the key steps of the synthesis of the antibiotic (-)-
anisomycin152 or of the glycosidase inhibitor (+)-
lentiginosine.153 Thus, the addition of (4-methoxy-
benzyl)magnesium chloride or of (4-(benzyloxy)-
butyl)magnesium bromide in THF to the nitrone 170
affords, respectively, with poor (de ) 20%) or high
(de ) 90%) selectivity a mixture of stereomers in
which the 2,3-trans isomers predominate (eq 107).
A reversal of selectivity in favor of the 2,3-cis

isomer 171 is observed when the nitrone 170 is
precomplexed with MgBr2. These different levels of
selectivity are not well understood. Standard trans-
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formations allow the synthesis of (-)-anisomycin
from 171 and (+)-lentiginosine from 172.

C. Addition of Chiral Organometallic Reagents to
Imines and Imine Derivatives
The addition of chiral, nonracemic, organometallic

reagents to prochiral imines or imine derivatives
constitutes a methodology for the synthesis of enan-
tiomerically enriched amines, which has received
only limited attention.
Tsuchihashi and collaborators154 were the first to

report that the addition of (R)-(+)-methyl p-tolyl sulf-
oxide 173 to N-benzylideneaniline was a highly dia-
stereoselective reaction. The generality of this ad-
dition has been shown for imines derived either from
aromatic155 or from aliphatic156 aldehydes (eq 108).

The addition of racemic lithiated methyl phenyl
sulfoxide to various nitrones157 appears to be fairly
stereoselective (de ) 0-72%), the highest product
diastereoselection being observed with the cyclic
isoquinoline nitrone 174b. However, the addition of
(R)-methyl p-tolyl sulfoxide anion to the same com-
pound without additive gives a quite low diastereo-
meric ratio (de ) 28% only).158 Addition of 1 equiv
of the lithium salt of quinidine improves the diaster-
eomeric ratio dramatically: de ) 76-88% for the
various 3,4-dihydroisoquinolineN-oxides 174a-e (eq
109). The high diastereoselectivity may be explained

by formation of a “facial discriminating reagent
derived from quinidine and R-sulfinyl carbanion and
its enantioselective addition to nitrones”.
Although a number of chiral allylic boron reagents

have been developed for enantioselective addition to
aldehydes, they have scarcely been used for addition
to the carbon-nitrogen double bond. The first report
of this kind of reaction159 described the additions of
dialkyl-2-allyl-1,3,2-dioxaborolane-4,5-dicarboxyl-
ates 175 and of B-allyldiisopinocampheylborane 176

to the N-(trimethylsilyl) imine 177 derived from
benzaldehyde. After hydrolysis the homoallyl pri-
mary amine was obtained in good yields (54-90%)
with enantioselectivities up to 73% (eq 110).

Arylaldimines, sulfeneimines, and oxime ethers
were also asymmetrically allylated with 176, but
their reactivity was found to be much lower. N-
(Trimethylsilyl) imines were then chosen for further
investigations of enantioselective allylation with
chiral allylboron reagents prepared from triallylbo-
rane and an appropriate chiral modifier. A variety
of chiral modifiers were tested160 including chiral
diols, hydroxy acids,N-sulfonylated amino acids, and
N-sulfonyl amino alcohols. The best results were
obtained with B-allyloxazaborolidine 179 derived
from (-)-norephedrine (eq 111).

The chiral N-tosyl amino alcohols 180 and 181
were also found to be very efficient ligands for boron,
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leading, respectively, to homoallylamines of S or R
absolute configuration.
Still more interesting was the recent report161 on

the use of polymer-supported chiral allylating re-
agents 182 and 183 derived from 180 and 181.

N-(Trimethylsilyl)benzaldehyde imine 177 reacts
with the polymeric chiral reagents to afford the
corresponding primary homoallylamines in high yields
(89-94%) and very good enantioselectivities (ee )
75-90%). Furthermore, under the same reaction
conditions, enantioselectivities obtained from polymer-
supported reagents are superior to those obtained
from nonpolymerized reagents in solution. This
methodology seems quite interesting and deserves
further investigation.
A synthesis of R-amino acids or R-amino aldehydes

which involves the stereoselective addition of the
chiral vinyllithium reagent 185 to prochiral mesityl-
sulfonyl imines 184 has been newly disclosed.162 This
reaction works with excellent stereoselectivities in all
the cases examined but gives only poor yields for
imines derived from aliphatic aldehydes (eq 112).

Chiral, nonracemic organometallic reagents can
also be generated “in situ” by the addition of a
homochiral ligand to an achiral reagent, and this
methodology will be described in the next paragraph.

D. Addition in the Presence of an External
Homochiral Auxiliary
The asymmetric addition of organometallic re-

agents to the CdN bonds of imines or imine deriva-
tives in the presence of a stoichiometric or catalytic
amount of a chiral ligand has been neglected for a
long time but is now an active field of investigation.
An excellent feature article reviewing the state of art
of this reaction has been very recently published,1e
and we will concentrate on the reports concerning the
last developments of this new method of stereoselec-
tive synthesis of amino compounds.

1. Organolithium Reagents
Tomioka and co-workers163 were the first to report

the addition of organolithium reagents to N-aryl
imines in the presence of homochiral catalysts. A
systematic survey of the reaction conditions showed
that the chiral amino ether 187 was an excellent
asymmetric controller164 which can be used in sub-
stoichiometric amounts.165 Some representative re-
sults166 concerning imines 186 derived from arylalde-
hydes and 2-methylanisidine are given in eq 113. If
excellent results have been obtained for the stoichio-
metric reaction, the level of enantioselectivity re-
ported for the catalytic reaction remained moderate.

The enantioselective addition of organolithium
compounds to N-silyl imines, N-alumino imines, and
N-boryl imines in the presence of different chiral
promoters such as alcohols, diols, amino alcohol, and
diamines was reported by Itsuno and co-work-
ers.167,168 All the reactions are described in the
presence of stoichiometric amounts of the chiral
ligand, and the best results were obtained by addition
of the preformed (-)-sparteine-BuLi complex to
benzaldehyde N-diisobutylalumino imine in pentane
at -78 °C (80% yield, 74% ee) (eq 114). The use of
polymer-supported promoters allows the asymmetric
alkylation of an N-boryl imine to give the primary
amine with 44% ee.

(-)-Sparteine had been used with success for the
first time in such reactions by Denmark and co-
workers.45 Excellent results have been obtained for
addition of organolithium compounds RLi (R ) Me,
nBu, Ph, vinyl) to imines derived from aryl- as well
as alkylaldehydes in the presence of (-)-sparteine or
chiral bis-oxazolines 189. The chiral ligand was used
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in stoichiometric or catalytic amounts. Some repre-
sentative results are given in eq 115. High enantio-
selectivities were observed even when the chiral
promoter (189 or (-)-sparteine) was used in catalytic
amounts.
The (S)-proline-derived chiral ligand 191, similar

to the amino ether 187 used by Tomioka, catalyzes
the asymmetric addition of organolithium compounds
to arylimines 190 with relatively low enantioselec-
tivity (1.5-21% ee) but produced the (S)-enantiomer
192 of the resulting chiral amine (eq 116). The
reason for the opposite sense of asymmetric induction
exerted by catalysts 187 and 191 is not yet clear.169

During the search of new catalysts for the additions
of alkyllithium to imines, it has been reported170 that
lithium alkoxide of quinine can be used as a stoichio-
metric chiral ligand to carry out highly asymmetric
addition of lithium acetylide to cyclic N-acyl imines
193 (eq 117).

Finally a preliminary account of the use of chiral
aziridines such as 195 has been recently published
by Tanner171 for the addition of MeLi to the imine
194 (eq 118).

2. Organozinc Reagents
Although the catalytic enantioselective addition of

organozinc reagents to carbonyl compounds has
proved very efficient, these reagents failed to react
with nonactivatedN-silyl,167N-phenyl, orN-benzyl172
imines even in the presence of chiral diols or amino
alcohols. The use of activated N-acyl or N-phosphi-
noyl imines has been necessary to observe enanti-
oselective alkylation promoted by chiral amino alco-
hols of carbon-nitrogen double bonds with dialkylzinc
compounds. A recent report of Katritzky and co-
workers173 described the enantioselective addition of
diethylzinc to N-(amidobenzyl)benzotriazoles 197
acting as masked N-acyl imines. This reaction
catalyzed by 1 equiv of the chiral amino alcoholN,N-
dibutylnorephedrine (DBNE) afforded chiral N-(1-
phenylpropyl)amides 198 with up to 76% enantio-
meric excess (eq 119).

The first publication of Soai and collaborators
reporting the use of N-diphenylphosphinoyl imines
appeared at the same time.172 In this paper the
reactivity of three N-diphenylphosphinoyl imines
199a-cwas examined in the presence of dialkylzincs
and a stoichiometric or catalytic amount of chiral
ligand 200 (eq 120).

With a stoichiometric amount of 200, the reaction
of imines 199 with Et2Zn gave the corresponding (S)-
phosphinamide with excellent yields (75-84%) and
enantioselectivity (90-91%). Equivalent results were
obtained by methylation or n-butylation of 199a with
dimethyl- or dibutylzinc (85-87% ee). When only 0.5
equiv of the chiral amino alcohol 200 was used, good
levels of enantioselectivity were preserved (85-87%
ee), but a drop in the chemical yields was observed
(57-69%) for the addition of Et2Zn to 199a-c.
Enantiomerically enriched primary amines 201 were
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easily obtained without racemization by acid hy-
drolysis of the phosphinamides.
Better enantioselectivities were recently observed

in the presence of the chiral ligands 202174a or 203.174b

For example, when the N-methyl-N-vinylbenzyl-
norephedrine (1R,2S)-202b was used stoichiometric-
ally, the reaction of imine 199a with Et2Zn afforded
the corresponding (R)-phosphinamide in 81% yield
and 95% ee. The same (R)-phosphinamide was
obtained in 63% yield and 94% ee in the presence of
a stoichiometric amount of 203.
Very interesting results have also been obtained

using heterogeneous chiral ligands which can facili-
tate separation processes of the product from the
chiral ligand. It has been shown that diethylzinc
adds highly enantioselectively to theN-diphenylphos-
phinoyl imine 199a in the presence either of (1R,2S)-
ephedrine supported on polystyrene 204175 or of
copolymers ofN-alkyl-N-vinylbenzylnorephedrine with
styrene and divinylbenzene 205.174a When solvents
possessing aliphatic and aromatic moieties in the
same molecule such as alkylbenzenes (toluene, xy-
lenes) were used, fair yields (30-56%) and high levels
of enantioselectivity (64 to 88% ee) were observed.

Ferrocenyl diphenylphophinyl imine 206 has also
been found to be an excellent substrate for enanti-
oselective alkylation with dialkylzincs176 in the pres-
ence of chiral ligands (eq 121). When the reaction

was performed at room temperature with Et2Zn in
the presence of 200, the (+)-N-(diphenylphosphinyl)-
ferrocenylamine 207 was obtained in 67% yield with
88% ee. When the ratio of 200 against the imine was
decreased from 1 to 0.5, the yield was reduced (34%)
but almost no decrease of the ee was observed (86%
ee). This proves that only R2Zn coordinated with the
chiral ligand is effective in the reaction.

Nakamura177 has also observed an enantioselective
allylzincation of cyclic aldimines in the presence of
lithiated bis-oxazoline ligands 210.

The best results were obtained with a ligand derived
from (S)-valine (R ) iPr), and very high enantiose-
lectivities (77-99% ee) were observed in the allyla-
tion of various cyclic imines:

A similar bis-oxazoline ligand has been used for the
asymmetric allylation of glyoxylate-derived oxime
ethers with various allylic zinc reagents.178 The best
yields and selectivities were obtained with the re-
agent 211 possessing two phenyl substituents (eq
122).

3. Organomagnesium Reagents
Nitrones possess an electronegative oxygen which

could strongly coordinate to metals. If the metal is
already coordinated to a chiral external auxiliary,
tight aggregates (nitrone-metal-chiral auxiliary)
could be formed and entail enantiofacial differentia-
tion in the nucleophilic addition of organometallic
reagents. On the basis of this concept, Ukaji and
collaborators179 have examined the addition of mag-
nesium and zinc reagents to 3,4-dihydroisoquinoline
N-oxide 174b in the presence of stoichiometric
amounts of the magnesium alkoxide derived from
(2S,3R)-4-(dimethylamino)-1,2-diphenyl-3-methyl-2-
butanol 212 (Chirald).
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Grignard reagents (MeMgBr or EtMgBr) in the
presence of 1 equiv of MgBr2 as a second additive give
rise to (S)-213 in modest yields but with enantiomeric
excess up to 90% (eq 123).

Dialkylzinc reagents lead to the opposite enanti-
omer (R)-213 in better yields but with lower enan-
tioselectivities (ee ) 57-66%). The stereochemical
course of the organomagnesium addition might be
rationalized by the formation of rigid aggregates
involving the Grignard reagents which forced the
reagent to attack the si-face of the nitrone. In
contrast, dialkylzinc could not participate in the
formation of aggregates and approach the nitrone
from the less hindered re-face.
If the chiral auxiliary 212 is used in catalytic

amount (0.2 equiv) in the addition of dialkylzinc
reagents to the nitrone 174b, the enantiomeric excess
is considerably lowered (33% ee compared to 65% ee
with 1 equiv of 212). However, further addition of
0.3 equiv of an achiral auxiliary such as bromomag-
nesium triphenylmethoxide restores the enantiose-
lectivity.180 This catalytic reaction has been extended
with success to different cyclic nitrones.
On the basis of a similar approach, the addition of

Grignard reagents toN-benzyl R-(2-thiazolyl) nitrone
214 in the presence of various chiral auxiliaries
(alcohols, amines, diols, amino alcohols) has been
recently reported181 (eq 124). The highest selectivity

in the addition of phenylmagnesium bromide to the
nitrone 214 was obtained with the use of 0.5 equiv
of D-glucose diacetonide 215 and 0.5 equiv of ZnBr2
(74% ee). In the same conditions methyl-, ethyl-, and

benzylmagnesium bromides add to the nitrone 214
to give the corresponding hydroxyamines in good
yields (66-74%) but modest ee values (41-67%). The
effect of ZnBr2 can be rationalized by assuming its
active participation in the formation of aggregates.

E. Double Induction
Not much attention had been paid till now to

double induction, using imines (or imine derivatives)

derived from both chiral amines and chiral alde-
hydes. The pioneering work of Kagan and Fiaud182
showed that the diastereoselectivity of the addition
of CH3MgI or organocadmium compounds to imines
216 derived from (-)-menthyl glyoxylate and differ-
ent amines is practically independent of the config-
uration of the amine used (eq 125).

However, a few years later Yamamoto and col-
laborators183 found that the concept of double stereo-
differentiation could be applied to the reaction be-
tween achiral allylmagnesium chloride and imines
derived from â-alkoxy aldehydes and R-methylben-
zylamine (eq 126). The R,S combination was a
matched pair for the chelation product.

In contrast, it has been shown in the same work
that the chirality of the nitrogen substituent has no
effect on the addition of allylmagnesium chloride to
R-alkoxy imines. In agreement with this finding it
has also been reported184 that the stereoselectivity
of the addition of Grignard compounds to imines of
2-O-benzyllactaldehyde is only slightly changed when
(R)- or (S)-1-phenylethyl replaces the N-benzyl sub-
stituent of the imine. Thus, in these last two cases
auxiliary control does not override substrate induc-
tion.
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An interesting case of double stereodifferentiation
has been very recently described by Jäeger et al.185
for the addition of stabilized Grignard reagents to the
imines 218 of 2-O-benzylglyceraldehyde (eq 127), and
some representative results are given below.

To explain these results, two competing intermedi-
ate chelates have been proposed: a five-membered
chelate 220 operating from (R)-(1-phenylethyl) imine
and favoring the syn-amine, and a six-membered
chelate 221 from (S)-(1-phenylethyl) imine and favor-
ing the formation of the anti product.

The approach of the reagent to these chelates is
controlled by the conformation of the 1-phenylethyl
group depicted in the drawing as the one known to
be preferred in related systems (minimization of
allylic A1,3 strain186).
Excellent diastereoselectivities have been observed

for the addition of either allyl187 or non stabilized188
Grignard reagents to chiral bis-imines (eq 128). The

stereoselectivity of the first addition of the phenyl-
magnesium chloride can be rationalized through a
control of theN-substituent: approach of the reagent
from the least hindered face of the more stable
conformer involved by Yamamoto75 for such reactions.

In the second addition, the stereoselectivity was
mainly controlled by chelation with the R-amino
group created in the first reaction (eq 129). This
selectivity could also be reinforced by a 1,3 effect of
the chiral N-imine substituent. However, such a
double stereodifferentiation has still not been proved.

In the course of the diastereo- and enantioselective
synthesis of syn-1,2-amino alcohols, it has been
reported that Grignard reagents add to chiral hy-
drazones derived from both chiral aldehydes and
hydrazines with a very high facial diastereoselectiv-
ity189 (eq 130).

The excellent stereoselectivity can be explained by
a double stereodifferentiation: in addition to the
directing effect of the chiral hydrazone function, the
R-benzyloxy group should favor the same configura-
tion according to the chelation model.
Such a double induction has been very recently

confirmed by the addition of methyllithium to the
SAMP and RAMP hydrazones of (R)-glyceraldehyde
acetonide (eq 131). The addition to the SAMP

hydrazone corresponds to a matched process, and the
addition to the RAMP hydrazone represents a “mis-
matched” one. Furthermore, the stereochemistry
induced by the nitrogen chiral substituent overrides
the substrate induction due to chelation.
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To our knowledge, only one example of double
stereodifferentiation involving a chiral substrate and
a chiral reagent has been reported until now74 and
involves the addition of the tin reagents 226 and 227
to the imine 78. The stereochemistry of reactions

between the allyltin trichloride 226 and the imine
78 or its enantiomer ent-78 was found to be entirely
controlled by the stannane, giving predominantly the
1,5-anti stereomer. In contrast double stereodiffer-
entiation was operating with the allyl reagent 227,
the observed stereoselectivities being due to the
superimposition of the intrinsic facial selectivity of
the imine and the 1,5-stereoselectivity of the stan-
nane: the matched reaction between 227 and 78 gave
highly stereoselectively the compound 228 since the
mismatched reaction between 227 and ent-78was not
selective at all (eq 132).

IV. Concluding Remarks

The selectivity and the efficiency of nucleophilic
additions of organometallic reagents to the CdN
bonds of imines and imine derivatives have been
considerably improved during the past few years. In
particular the use of organocerium and organocopper
reagents has greatly increased the scope and the
interest of such reactions. Several methods of ob-
tention of enantiomerically enriched amines and
amino derivatives are now well defined by addition
of organometallic reagents either to chiral nonrace-
mic imines (or imine derivatives) or to achiral imines
(or imine derivatives) in the presence of a stoichio-
metric amount of an external chiral auxiliary. The
stereochemical course of such reactions is not always
well understood. A better comprehension of the
factors controlling the level and the sense of stereo-
selectivity of these additions would allow the adjust-
ment of new reactions and in particular the use of
external chiral auxiliaries in catalytic amounts.
Furthermore, very few examples of addition of orga-
nometallic reagents to imines (or imine derivatives)
derived from ketones have been reported. These
reactions, which could give access to interesting
amino derivatives bearing a quaternary asymmetric
center, deserve more attention from organic chemists.
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