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1. Introduction
Chiral nitrogen-containing compounds are widely

distributed in nature and include many biologically
important molecules (Chart 1). In these compounds,
the nitrogen-containing units are known to play
important roles for their bioactivities. For the syn-
thesis of these chiral nitrogen-containing building
blocks, use of imines as electrophiles is the most
promising and convenient route.1 While many ap-
proaches using chiral imines or chiral nucleophiles
have been reported,1 these diastereoselective reac-
tions have some disadvantages. First, the procedures
to introduce chiral auxiliaries to substrates and to
remove them after the diastereoselective reactions
are often tedious. Second, more than stoichiometric
amounts of chiral sources are needed to obtain chiral
compounds according to these reactions.

On the other hand, catalytic enantioselective reac-
tions provide the most efficient methods for the
synthesis of chiral compounds,2 because large quanti-
ties of chiral compounds are expected to be prepared
using small amounts of chiral sources. While much

progress has been made recently in catalytic enan-
tioselective reactions of aldehydes and ketones such
as aldol,3 allylation,4 Diels-Alder,5 cyanation reac-
tions,6 reduction,1b,2b etc., progress in catalytic enan-
tioselective reactions of imines is rather slow. There
are some difficulties in performing catalytic enantio-
selective reactions of imines. For example, in the
cases of chiral Lewis acid promoted asymmetric
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reactions, aldehydes usually coordinate the metal
centers of the Lewis acids using one of the lone pairs
of carbonyl oxygens (the same sites as aldehyde
hydrogens).7 The structures of these complexes were
confirmed by X-ray crystallographic analyses.8 In
addition, Corey et al. proposed that second interac-
tions between counteranions of Lewis acids and
formyl hydrogens made the complex rigid.9 On the
other hand, imines often exist as mixtures of geo-
metrical isomers ascribed to the C-N double bonds
or under rapid equilibrium states.10 Therefore, plural
transition states exist when Lewis acids coordinate
imines, which often decreases selectivities (Scheme
1). In addition, most Lewis acids are trapped by the

basic nitrogen atoms of the starting materials (imines
and/or products), and therefore, catalytic reactions
using imines as electrophiles and metal catalysts are
difficult to perform.

However, several excellent examples of catalytic
enantioselective reactions of imines have been re-
ported especially in the past 2 or 3 years, and these
works have impacted synthetic organic chemistry as
well as other fields of chemistry including their
potential contribution to science. This review covers
all such works as far as the authors know. It is
divided into two parts: reductive amination and
carbon-carbon bond-forming reactions (Scheme 2).
The former describes enantioselective reductions
mainly, while the latter discusses enantioselective

carbon nucleophilic attacks on imines. In principle,
asymmetric reactions using more than stoichiometric
amounts of chiral sources are not mentioned in this
review.

2. Catalytic Enantioselective Reductive Amination
via Imines

2.1 Introduction

Reductive amination via imines provides one of the
most convenient methods for the synthesis of nitrogen-
containing compounds (amines).2b,11 When imines
derived from unsymmetrical ketones are employed
in this reaction, a new chiral center is formed at the
carbon connected to the nitrogen atom. In 1973,
Kagan et al. reported the first example of catalytic
enantioselective reductions (hydrosilylation) of im-
ines, and 50% ee of the amine was obtained in the
reduction of N-(R-methylbenzylidene)benzylamine
(1).12 Since then, many chemists have made effort to
develop highly enantioselective reduction processes
(eq 1).13

2.2 Reductive Amination Using Hydride Reagents
Based on Chiral Borons

Enantioselective reductions of imines with chiral
borane-based reducing reagents were investigated
early in the 1980s.14 Itsuno et al. developed catalytic
enantioselective reductions of oxime ether 3 using
chiral borone 2, which was prepared by combining
borane and a chiral amino alcohol (Scheme 3). While
good chemical and optical yields were obtained by
using 25 mol % of the chiral source, lower enantio-
selectivities were obtained when 10 mol % of the
chiral amino alcohol was used. Successive addition
of substrate 3 realized a more effective semicatalytic
process.15

Chart 1

Scheme 1. Relationship between Selectivities and
C-N Double Bond Isomerization

Scheme 2. (a) Synthesis of Chiral
Nitrogen-Containing Compounds via Reductive
Amination; (b) Synthesis of Chiral
Nitrogen-Containing Compounds via
Carbon-Carbon Bond-Forming Reaction
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Cho et al. investigated reductions of imines using
2 (0.1 equiv); however, lower enantioselectivities were
obtained (eq 2).16

Several catalytic asymmetric hydroborations of
imines are summarized in Table 1.17 Bolm (Table 1,
entry 4)18 and Buono (Table 1, entry 5)19 et al.

independently demonstrated asymmetric reductions
of imines using chiral â-hydroxy sulfoximine 5 and
oxazaphospholidine 6 as ligands, respectively, al-
though enantioselectivites were moderate to good
when using 10 mol % of the chiral sources. Bolm et
al. also revealed that the absolute configurations of
the reduced products were determined by not only
that of the catalyst but also the geometrical structure
of the substrates.18 Namely, E-isomer of 9 (anti-9)
gave (S)-enantiomer while Z-isomer of 9 (syn-9) gave
(R)-enantiomer (Scheme 4). Fujisawa et al. showed
a highly enantioselective reduction of bisimine 7
using 50 mol % of chiral catalyst 8 with 3.0 equiv of
BH3‚THF (90% yield, chiral/meso ) 95:5, 99% ee).20

However, even in this case, the selectivity decreased
to 73% ee when 10 mol % of 8 was used (Table 1,
entry 6).

Recently, Mukaiyama et al. developed highly enan-
tioselective borohydride reductions of imines using
chiral cobalt(II) complex 10.21,22 Namely, under the

Scheme 3. Itsuno’s Catalytic and Semicatalytic
Enantioselective Reductions

Table 1. Catalytic Asymmetric Hydroborations

Scheme 4. Asymmetric Reductions of Oxime
Ethers
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influence of 1 mol % of 10, N-tosyl imines or N-
diphenylphosphinyl imines were rapidly reduced by
pre-modified sodium borohydride 11, which was
prepared from NaBH4, tetrahydrofurfuryl alcohol,
and ethanol under mild conditions. The reductions
proceeded smoothly under the conditions to afford the
corresponding amide derivatives in high yields with
high ees (Table 2). Various N-diphenylphosphinyl
imines derived from aromatic, acyclic, and cyclic
ketones were converted to the corresponding amides.
The resulting phosphinyl amides were easily hydro-
lyzed with acidic treatment (eq 3).23

2.3 Reductive Amination Using Hydride Reagents
Based on Chiral Early Transition Metals

Reductive amination via catalytic asymmetric hy-
drogenation of imines was first demonstrated by
three groups independently in 1974-1975. In 1974,
Boyle et al. performed hydrogenation of a carbon-
nitrogen double bond in folic acid using a chiral
rhodium complex (eq 4).24 In 1975, Scorrano et al.
investigated asymmetric hydrogenation of imines
using a chiral rhodium catalyst. They performed

reduction of simple imine 1 in the presence of a
catalytic amount of [Rh(nbd)(diop)]+ClO4

- (eq 5).25

Botteghi et al. demonstrated asymmetric hydrogena-
tion of a ketone oxime using a chiral ruthenium
cluster, H4Ru4(CO)8[(-)-diop]2 (eq 6).26

While the enantioselectivities according to the
above three group’s systems were not so good, some
improvements on enantioselectivities were achieved
in the middle of the 1980s. Markó27 and Bakos28 et
al. investigated asymmetric hydrogenation of imines
using a Rh-chiral diphosphine system. They tested
a variety of diphosphine ligands, and finally found
that imine 1 was reduced to afford the corresponding
amine in an 83% ee (Table 3, entry 5).28

Chiral ruthenium complexes are also recognized as
effective chiral catalysts in asymmetric reductions of
imines.29 Oppolzer et al. showed that cyclic N-
arylsulfonyl imines were hydrogenated by a Ru-
BINAP complex in good enantioselectivities (eq 7).30

James et al. investigated an improved enantio-
selective hydrogenation of imines using a catalyst
which was prepared in situ based on rhodium(I) at
the end of 1980s.31 They observed dramatic enhance-
ment of the enantioselectivity when potassium iodide
was added and the reaction was performed at -25
°C. Simple acyclic imine 12 was reduced quantita-
tively in the presence of 1 mol % of the Rh catalyst,
and the optical yield of the corresponding amine was
91% ee (Table 4, entry 4).

Several important findings were reported in 1990,
and the following mechanistic investigations were

Table 2. Mukaiyama’s Catalytic Enantioselective
Borohydride Reductions
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published in 1991.32 They suggested that chelate
formation was not essential to obtain high chemical
and optical yields. Actually, imine 11 was reduced
under the reaction conditions to afford the corre-
sponding amine in a 71% ee, while no product was
obtained in the reaction of 13 under the same
reaction conditions (Table 4, entries 2 and 5). When

a preformed catalyst was used, the reaction pro-
ceeded quantitatively, but no chiral induction was
observed (Table 4, entry 6). According to the reaction
mechanism of the Rh-mediated hydrogenation sug-
gested by Longley and Wilkinson et al., oxidative
addition of hydrogen to rhodium(I) is the first step
of the reactions.33 On the other hand, James et al.
suggested that coordination of nitrogen atoms of
imines to the rhodium center was the first step of
the reactions.32b When imine 14 was treated under
the reduction conditions, the reaction did not proceed
but complex 15, which existed as a couple of isomers
in solution state (eq 8), was isolated. Because of the

importance of the solvent system (methanol-benzene
(1:1)), they suggested the existence of five-coordinated
Rh(I) intermediate such as 16 and the following
formation of monohydride species 17 (Scheme 5).
While the role of an iodide anion was not clean, they
supposed that the iodide prevented the binding of two
imines to the metal center.

Bakos and Sinou et al. studied asymmetric hydro-
genation of imines in a two-phase system.34 They
used partially sulfonated chiral diphosphine 18b-
e(sodium salts) as a water soluble chiral ligand. They
found that enantioselectivities of reduced products
were strongly dependent on sulfonation degrees of
the diphosphine ligands. Namely, almost complete

Table 3. Improved Catalytic Enantioselective
Hydrogenation

Table 4. James’ Investigation of Rh-Catalyzed
Enantioselective Hydrogenation

Scheme 5. Proposed Mechanism of
Rh-Diphosphine Complex-Catalyzed
Enantioselective Hydrogenation
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enantioselectivity was obtained when the sulfonation
degrees were kept between 1.2 and 1.7 (Table 5). It
is remarkable that this highly enantioselective ligand
system included a mixture of epimers based on
chirality of phosphorus atoms. On the other hand, a
homochiral ligand system using a tetra-sulfonated
diphosphine ligand showed lower enantioselectivity
(58% ee). de Vries et al. tried to separate and
characterize the selective ligand components.35 Mono-
and di-sulfonated ligands were separable by column
chromatography, and they revealed that mono-sul-
fonated ligand 18b(sodium salt) consisted of equi-
molar amounts of two epimers. FAB-MS spectra
indicated that the structure of the catalyst prepared
from 18b(sodium salt) and [Rh(cod)Cl]2 was Rh(cod)-
18b in which SO3

- acted as a counteranion. This
catalyst was only soluble in organic solvents and
showed the same level of enantioselectivities in both
organic and two-phase systems.

In 1995, Chan et al. reported interesting investiga-
tions on the relationship between enantioselectivities
and geometry of 1-acetonaphthone oxime 19 in the
asymmetric reduction using rhodium(I)-based hydro-
genation systems.36 It was generally recognized that
in addition reactions of imines, two geometrical
isomers based on C-N double bonds gave enantio-
meric pairs of addition products. Hence, to obtain
high enantioselectivities, it was important to employ
only single geometric isomers. On the other hand, the
authors showed that in some chiral transition-metal-
catalyzed hydrogenation systems the same sense of
chiral induction was observed by using both E- and
Z-oximes (Table 6).

Burk et al. developed highly enantioselective hy-
drogenation of N-acylhydrazone derivatives using a
cationic Rh(I)-DuPHOS complex.37 A variety of hy-
drazones derived from acetophenone or pyruvate
series with benzoylhydrazine were hydrogenated
enantioselectively up to 95% ee in the presence of 0.2
mol % of a rhodium catalyst. On the other hand,
lower selectivities and reaction rates were observed
in the reactions using acylhydrazones derived from
aliphatic ketones such as 20d and 20e (43-73% ees)
(Table 7). Assumed reaction mechanism is shown in
Scheme 6. While 22a was the major component
between two complexes, the authors expected that

Table 5. Catalytic Enantioselective Hydrogenation of
Imines in a Two-Phase System

Table 6. Chiral Transition Metal Complex Catalyzed
Hydrogenation of Oximes (Relationship between
Enantioselectivities and Geometrical Isomers)

Table 7. Burk’s Catalytic Enantioselective
Hydrogenation of Hydrazones
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enantioselection occurred at the state of π-bound
intermediate 22b. Moleculer modeling studies sug-
gested that steric repulsions between alkyl substit-
uents and the DuPHOS moiety disfavored state 22b.
Actually, a significant decrease of enantioselectivities
were observed when one of the alkyl substituents was
changed from i-Pr to t-Bu.

They also carried out deuterium incorporation
studies (Scheme 7).37b When the reduction of 20a was

carried out in methanol under D2, deuterium was
detected only at the methine carbon of 23a. In
addition, when 20a was reduced in methanol-d4
under H2, deuterium was detected at the two nitrogen
atoms of 23b. The former results indicated that the
reaction did not proceed via enamine tautomer 24.
On the other hand, it was suggested from the latter
results that the cleavage of the metal-nitrogen bond
was mainly taken place by methanol, although the
authors did not mention clearly. It is noted that these
results are consistent with the reaction course shown
in Scheme 5. It was also shown that the reductive
cleavage of the N-N bond of reduction products was
successfully carried out using samarium diiodide
(SmI2).

Osborn38 and Spindler39 et al. developed independ-
ently the enantioselective hydrogenation of imines
with chiral Ir complexes. The above two groups used
different types of catalyst precursors. Namely, the
former used [Ir(III)(P-P)HI2]2 (25) prepared from
[Ir(I)(P-P)(cod)]BF4 and LiI (Table 8, entry 1), and
the latter used an in situ prepared catalyst (Table 8,

entry 2). While both types of catalytic systems
showed reasonable catalytic activities (substrate/
catalyst ratio), moderate to good enantioselectivities
were observed. More recently, Osborn et al. synthe-
sized a new type of C2-symmetrical tridentate phos-
phine ligand (27), and they used the ligand for in situ
preparation of an Ir catalyst in asymmetric hydro-
genation of imines (Table 8, entry 3).40 In addition,
Spindler et al. applied their method to an industrial
process.41 Namely, potent herbicide (S)-Metolachlor
(32) was synthesized by means of hydrogenation of
imine 30b using a new type of ferrocenylphosphine-
bound iridium catalyst (28, Scheme 8). Up to 1 000 000

of substrate/catalyst ratio was achieved by using this
new catalyst. Achiwa et al. also developed a catalyst
system based on an Ir-diphosphine complex in
asymmetric hydrogenation of cyclic imines.42 They
showed the remarkable effect of diphosphine 29 (not

Scheme 6. Assumed Transition State of the Burk
Hydrogenation

Scheme 7. Deuterium Incorporation Studies of the
Burk Hydrogenation

Table 8. Iridium Complex-Catalyzed Enantioselective
Hydrogenation

Scheme 8. Asymmetric Synthesis of Herbicide
(S)-Metolachlor
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C2 symmetry) and also revealed that a phthalimide
was an effective cocatalyst (Table 8, entry 5).42c

Quite recently, Pfaltz et al. also investigated hy-
drogenation of imines with iridium complexes.43 They
used phosphine-oxazolidine ligand 33 as a chiral
source. N-Phenyl imine 34 was reduced to corre-
sponding aniline derivative in a 99% yield and a 89%
ee with 0.1 mol % of the catalyst (Scheme 9).

Recently, Buchwald et al. developed effective re-
ductive amination using chiral titanocen catalysts.43

The representative results of their investigations are
listed in Table 9. First, the hydrogenation reactions
were performed using catalyst 35. The active inter-
mediate in these hydrogenantions was assumed to
be titanocene(III) hydride species 36. Under hydrogen
atmosphere of 80-2000 psig, cyclic imines 14 and 38
were reduced in good to high yields with excellent
enantioselectivities (Table 9, entries 1 and 2). Even

when acyclic imine 1 was employed, the correspond-
ing amine was obtained in good enantioselectivity in
the presence of a less amount (2 mol %) of catalyst
35. It was assumed from kinetic studies that the
imines existed under equilibrium conditions in the
catalytic cycle as shown in Scheme 10, and this
caused pressure dependence of the enantiomeic ex-
cesses in these reductions. They improved these
results using fluoride 37 as a catalyst and triphenyl-
silane as a reducing reagent, and much higher
enantioselectivities and catalytic efficiency were ob-
tained. The details of their improved investigations
are mentioned in the following chapter.

2.4 Reductive Amination Using Late Transition
Metal Complexes

As mentioned in 2.1., Kagan et al. reported the first
enantioselective hydrosilylation of imines 1 in 1973
(eq 1).14,45 After nearly 10 years from their findings,
Brunner et al. reported the second example of the
Rh-catalyzed hydrosilylation of imines.46a They per-
formed reactions in the presence of 0.5 mol % of
[Rh(cod)Cl]2 as a catalyst precursor and 4 mol % of
(-)-DIOP as a chiral ligand (Scheme 11). Under these
conditions, oxime (N-hydroxylimine) 39 was reduced
by diphenylsilane. It was found from 1H NMR
spectroscopic studies that E-Z-isomerization of an

Scheme 9. Pfaltz’s Catalytic Enantioselective
Hydrogenation

Table 9. Buchwald’s Catalytic Enantioselective
Hydrogenation

Scheme 10. Assumed Catalytic Cycles of the
Buchwald System; (a) First Report; (b) Improved
Method Using a Hydrosilane; (c) Most Effective
Method of Adding a Primary Amine (EBTH )
ethylene(bis)tetrahydroindenyl)
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O-silylated oxime occurred, which decreased the
enantioselectivity. The enantioselectivity was slightly
improved when a cyclic imine was employed (Scheme
12).46b

As noticed in the last chapter, the Buchwald’s
catalytic asymmetric hydrosilylation is quite promis-
ing. Chiral titanocene fluoride 37 reacted with tri-
phenylsilane smoothly in the presence of a small
amount of pyrrolidine and methanol to produce active
titanocene(III) hydride 36. This process is more
effective than the method using 35 under hydrogen
atmosphere. An N-silylated amine was obtained first,
and the following acidic workup gave the correspond-
ing amine in a high enantioselectivity, even in the
presence of 0.02-0.1 mol % of the catalyst (Table 10,
entries 1 and 2, see also Scheme 10b).47

More recently, they revealed that the catalytic
recycle turned more efficiently when a primary amine
was added as a proton source. They used polymeth-
ylhydrosiloxane (PMHS) as a convenient and inex-
pensive hydride source (Table 10, entries 3 and 4,
see also Scheme 10c).48

2.5 Transfer Hydrogenation of Imines with
Ruthenium Catalysts

Recently, Noyori et al. made effort to develop an
effective reductive amination protocol via transfer
hydrogenation of imines using stable organic materi-
als as hydride donors.49 A variety of cyclic imines
including 14 were reduced by using a formic acid-
triethylamine mixture under mild conditions in the
presence of 0.1-1 mol % of chiral diamine-bounded
ruthenium complex 40a-c (Table 11). The sense of
chiral induction was determined based on the geom-
etry of imines. Consequently, an acyclic imine such
as 1 that is easy to isomerize geometrically showed
lower enantioselectivity.

It was reported that imine 14 was reduced even in
acetone as a solvent. This means that imines are
reduced chemoselectively in the presence of ketones
in this system.

Scheme 11. Brunner’s Catalytic Asymmetric
Hydrosilylation

Scheme 12. Brunner’s Improved Hydrosilylation
Using a Cyclic Imine

Table 10. Buchwald’s Catalytic Enantioselective
Hydrosilylation

Table 11. Noyori’s Catalytic Enantioselective Transfer
Hydrogenation
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3. Carbon−Carbon Bond-Forming Reactions of
Imines

3.1 Introduction
Compared with catalytic asymmetric reductions of

imines, reports on catalytic asymmetric carbon-
carbon bond-forming reactions of imine are few-
er.1a,50-52 This is contrast to the recent results on
catalytic enantioselective carbon-carbon bond-form-
ing reactions of carbonyl compounds.3-6 While rather
rapid progress has been made on the enantioselective
reactions of carbonyl compounds using chiral Lewis
acids (aldol reactions, allylation reactions, Diels-
Alder reactions, etc.),3-6 very few examples have been
reported for their aza analogues. Even in achiral
reactions, only a few successful examples using small
amounts of catalysts under mild conditions were
reported.53-55 The difficulty is mainly ascribed to the
existence of basic nitrogen atoms, which often pre-
vent catalytic processes. There are two typical strate-
gies to perform these types of reactions; namely,
catalytic activation of organometallic reagents with
external chiral ligands (Lewis base approach)51 and
catalytic activation of imines or related compounds
with chiral Lewis acids (Lewis acid approach). His-
torically, Lewis base approaches were investigated
relatively faster than Lewis acid approaches. This
demonstrates the difficulty to realize catalytic activa-
tions of imines with chiral Lewis acids, because most
Lewis acids are deactivated by both imines or related
compounds and products which work as Lewis bases.
In these 2 or 3 years, however, new types of Lewis
acids have been developed, and remarkable progress

has been made. In this section, recent progresses of
catalytic enantioselective carbon-carbon bond-form-
ing reactions are discussed comparing the two dif-
ferent strategies.

3.2 Catalytic Enantioselective Alkylation of Imines
Despite the usefulness of external ligand controlled

addition of organometallic nucleophiles,56 only a
handful of reports have been known. The first report
of this type of asymmetric alkylation appeared in
1990. Several examples are summarized in Table 12.

Tomioka et al. first reported stoichiometric asym-
metric additions of organolithium reagents.57 Non-
enolizable imines such as those derived from aryl
aldehydes and R,â-unsaturated aldehydes were suc-
cessfully converted to optically active amines in high
selectivities. Their catalytic version was also re-
ported.58a In the presence of 50 mol % of chiral
tridentate amino ether 41a, the addition of methyl-
lithium to N-benzylidene p-methoxyaniline (42a)
proceeded smoothly at -43 °C in toluene to afford
the corresponding N-p-methoxyphenyl phenethyl-
amine in a 96% yield with a 62% ee (Table 12, entry
2). When 10 mol % of 41a was used in the reaction
of 42a with MeLi, lower ee was observed (Table 12,
entry 3). While imines derived from arylaldehydes
or R,â-unsaturated aldehydes were employed in these
reactions, no examples of imines derived from ali-
phatic aldehydes were reported. Since achiral reac-
tions of noncomplexed methyllithium undergo com-
petitively under the reaction conditions, the enantio-
selectivities in their first trial are low to moderate
even in stoichiometric reactions. They demonstrated

Table 12. Enantioselective Alkylations of Imines
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that the enantioselectivity was improved to 90% by
using sterically more influencable imine such as 42b
in the presence of 2.6 equiv of 41a (Table 6, entry
4).58b

Soai et al. investigated enantioselective alkylations
using dialkylzinc reagents.59a They used N-diphenyl-
phosphinyl imines as electrophiles, and under the
influence of an equimolar amount of a chiral amino
alcohol such as 41b or 41c,59 diethylzinc reacted with
imine 43 to afford the corresponding amide derivative
in a high yield with a high enantioselectivity (Table
12, entry 5). The catalytic reactions were also inves-
tigated. Namely, when 50 mol % of chiral ligand 41b
was used, the enantioselectivity was still high, but
in the case using 10 mol % ligand 41c, the enantio-
selectivity was further decreased and the chemical
yield was only 12% (Table 12, entries 6 and 7).

While the two groups’ methods still suffered from
limitation of substrates, Denmark’s method seems to
be more promising.60 They first searched reaction
conditions under which the reaction of MeLi with an
imine proceeded sluggishly in the absence of an
external ligand. Consequently, they found that at
-78 °C, a toluene solution of MeLi reacted with 42a
to afford the corresponding amine in only 6% yield
after 4 h. On the other hand, in the presence of a
stoichiometric amount of chiral bis-oxazolidine ligand
44, an enantiomerically enriched phenethylamine
derivative was obtained by addition of MeLi to imine
42a in a 95% yield with an 85% ee. When a catalytic
amount of the ligand (10 mol %) was used in this
reaction, the corresponding amine was obtained in a
68% ee. It was gratifying that an enolizable imine
such as 42c was also employed in this reaction. In
the presence of 20 mol % of bis-oxazolidine ligand
44b, imine 42c was methylated at -63 °C in an 81%
yield with an 82% ee (Table 13).

Quite recently, two independent groups investi-
gated enantioselective alkylatyion of imines in the

presence of external chiral ligands.61 In both cases,
enantioselectivities were modelate to good when
using catalytic amounts of the chiral ligands.

3.3 Catalytic Enantioselective Mannich-Type
Reactions

Asymmetric Mannich-type reactions provide useful
routes for the synthesis of optically active â-amino
ketones or esters, which are versatile chiral building
blocks in the preparation of many nitrogen-contain-
ing biologically important compounds.1a,62 While sev-
eral diastereoselective Mannich-type reactions have
already been reported,63 very little is known about
the enantioselective versions. In 1991, Corey et al.
reported the first example of the enantioselective
synthesis of â-amino acid esters using chiral boron
enolates (eq 9).64 Yamamoto et al. reported enantio-

selective reactions of imines with a ketene silyl acetal
using a stoichiometric amount of a Brønsted acid-
assisted chiral Lewis acid (eq 10).65 However, in all
cases stoichiometric amounts of chiral sources were
needed. Asymmetric Mannich-type reactions using
small amounts of chiral sources have not been
reported before 1997, as far as we know.

In 1997, we reported the first truly catalytic
enantioselective Mannich-type reactions of imines
with silyl enolates using a novel zirconium catalyst.66

Our approach is based on chiral Lewis acid-catalyzed
reactions (Lewis acid approach). Although asym-
metric reactions using chiral Lewis acids are of great
current interest as one of the most efficient methods
for the preparation of chiral compounds,2 examples
using imines as electrophiles are rare as mentioned
previously. We thought that this was due to two main
difficulties. First, many Lewis acids are deactivated

Table 13. Denmark’s Enantioselective Alkylations of
Imines
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or sometimes decomposed by the nitrogen atoms of
starting materials or products, and even when the
desired reactions proceed, more than stoichiometric
amounts of the Lewis acids are needed because the
acids are trapped by the nitrogen atoms. Second,
imine-chiral Lewis acid complexes are rather flexible
and often have several stable conformers (including
E/Z-isomers of imines),10 while aldehyde-chiral
Lewis acid complexes are believed to be rigid. There-
fore, in the additions to imines activated by chiral
Lewis acids, plural transition states would exist to
decrease selectivities. To solve these problems, vari-
ous metal salts were first screened in the achiral
reactions of imines with silylated nucleophiles. After
careful investigation of the catalytic ability of the
salts, unique characteristics in zirconium(IV) (Zr(IV))
were found and it was decided to design a chiral
Lewis acid based on Zr(IV) as a center metal.67,68 On
the other hand, as for the problem of the conforma-
tion of the imine-Lewis acid complex, utilization of
a bidentate chelation was planned (see below).

A chiral zirconium catalyst was prepared in situ
according to Scheme 13.69 In the presence of 20 mol
% of catalyst 46, imine 48c prepared from 1-naph-
thaldehyde and 2-aminophenol was treated with the
ketene silyl acetal derived from methyl isobutylate
(49) in dichloromethane at -15 °C. The reaction
proceeded smoothly to afford the corresponding ad-
duct in a quantitative yield, and the enantiomeric
excess of the product was 34% (Table 14). The ee was
improved to 70% when N-methylimidazole (NMI) was
used as an additive. Moreover, the ee was further
improved when catalyst 47 was used,70 and the
desired adduct was obtained in a 95% ee when the
reaction was carried out at -45 °C. When the imine
prepared from aniline or 2-methoxyaniline was used
under the same reaction conditions, the correspond-
ing â-amino esters were obtained in good yields but
with less than 5% ees. It should be noted that the
same high level of ee was obtained when 2 mol % of
the catalyst was employed (Table 14).

Other examples are shown in Table 15. Not only
imines derived from aromatic aldehydes but also
imines from heterocyclic aldehydes worked well in
this reaction, and good to high yields and enantio-
meric excesses were obtained. As for aliphatic alde-
hydes, while lower selectivities were obtained by
using the imines prepared from the aldehydes and
2-aminophenol, high ee was obtained by using the

imine which was prepared from the aldehydes and
2-amino-3-methylphenol. Similar high levels of ees
were also obtained when the silyl enol ether derived
from S-ethyl thioacetate (50) was used.

Scheme 13. Preparation of Chiral Zirconium
Catalyst

Table 14. Catalytic Enantioselective Mannich-Type
Reactions (1)

Table 15. Catalytic Enantioselective Mannich-Type
Reactions (2)
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The N-substituent of the product was easily re-
moved according to Scheme 14. Thus, methylation
of the phenolic OH of 51a using methyl iodide and
potassium bicarbonate and deprotection using cerium
ammonium nitrate (CAN)71 gave â-amino ester 52a.
The absolute configuration assignment was made by
comparison of the optical rotation of 52a with that
in the literature.72

The assumed catalytic cycle of this enantioselective
reaction is shown in Scheme 15. Catalyst 47 coordi-
nates imine 48a to form zirconium complex 53. A silyl
enolate attacks the imine to produce 54, whose
trimethylsilylated oxygen atom attacks the zirconium
center to afford the product along with the regenera-
tion of catalyst 47. The product was obtained as a
trimethylsilylated form (55) without the acidic work
up.

The precise role of NMI or 1,2-dimethylimidazole
(DMI) is not yet clear. White precipitates were
observed after combining Zr(O-t-Bu)4 and 6,6′-di-
bromo-1,1′-bi-2-naphthol in dichloromethane, and the
precipitates dissolved completely when NMI or DMI
was added. From these observations, it was assumed
that a monomeric catalyst would be produced by
adding NMI or DMI, while an oligomeric structure

would be formed without the ligand. It was also found
that the catalyst was obtained as a white powder
after removal of the solvent. The powder did not
contain t-BuOH and was effective in the asymmetric
Mannich-type reactions.

The present Mannich-type reactions were then
applied to the synthesis of chiral â-amino alcohols.73

â-Amino alcohol units are often observed in biologi-
cally interesting compounds,74 and several methods
for the synthesis of these units have been developed.
Among them, catalytic asymmetric processes are the
most effective and promising. Asymmetric ring open-
ing of symmetric epoxides by nitrogen nucleophiles
in the presence of a chiral Lewis acid catalyst75 and
ring opening of chiral epoxides or aziridines which
are prepared by catalytic asymmetric reactions are
useful methods.76 Recent progress has been made by
Sharpless et al. to introduce direct asymmetric ami-
nohydroxylation (AA) of alkenes.77 Sharpless’s AA
method has realized a high degree of enantioselec-
tivities to afford syn-â-amino alcohols directly. An
alternative approach for the synthesis of chiral
â-amino alcohols using catalytic diastereo- and enan-
tioselective Mannich-type reactions of R-alkoxy eno-
lates with imines has been developed (Scheme 16).78,79

The reaction of imine 48a with R-TBSO-ketene silyl
acetal 56a using 10 mol % of zirconium catalyst 47,
which was prepared from Zr(O-t-Bu)4, 2 equiv of (R)-
6,6′-dibromo-1,1′-bi-2-naphthol, and NMI, proceeded
smoothly to afford the corresponding R-alkoxy-â-
amino ester 57a+58a in a 76% yield with moderate
syn-selectivity. The enantiomeric excess of the syn-
adduct 57a was proven to be less than 10% (Table
16, entry 1). Various reaction conditions were then

Scheme 14. Removal of the N-(2-Hydroxyphenyl)
Group

Scheme 15. Assumed Catalytic Cycle of the Mannich-Type Reaction
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screened, and it was found that when DMI was used
instead of NMI, the selectivity increased dramatically
(Table 16, entry 2). Moreover, the diastereo- and
enantioselectivities were improved when the reaction
was carried out at -78 °C (Table 16, entry 3). The
O-substituents of ketene silyl acetals and solvents
also influenced the yield and selectivity, and finally

the best result (quantitative, syn/anti ) 96/4, syn )
95% ee) was obtained when the reaction was carried
out in toluene using ketene silyl acetal 56b(E) (Table
16, entry 5). It was also interesting from a mecha-
nistic point of view that geometrically isomeric ketene
silyl acetal 56b(Z) gave excellent diastereo- and
enantioselectivities (Table 16, entry 6). Other sub-
strates were tested, and the results are shown in
Table 17. In all cases, the desired adducts including
syn-â-amino alcohol units 57 were obtained in high
diastereo- and enantioselectivities.

On the other hand, it was found that anti-â-amino
alcohol derivatives 58 were obtained by the reaction
of imine 48a with R-BnO-ketene silyl acetal 56c
under the almost same reaction conditions. Namely,
in the presence of 10 mol % of the above catalyst,
imine 48a reacted with 56c smoothly to give the
corresponding adduct (57c+58c) quantitatively with
anti preference, and the enantiomeric excess of the
anti-adduct 58c was 95%. It was exciting that both
syn- and anti-amino alcohol units were prepared by
choosing the protective groups of the R-alkoxy parts
of the silyl enolates. Several imines were then tested
(Table 18). In most cases, the desired anti-adducts
were obtained in high yields with high diastereo- and
enantioselectivities. While higher diastereoselectivi-
ties were obtained using a ketene silyl acetal derived
from a p-methoxyphenyl (PMP) ester, higher enan-
tiomeric excesses were observed in the reactions
using a ketene silyl acetal derived from isopropyl or
cyclohexyl ester. In the reaction of the imine derived
from cyclohexanecarboxaldehyde, use of 2-amino-3-
methyl phenol instead of 2-aminophenol was effective
in affording the corresponding anti-adduct in high
selectivities.

These reactions provide an efficient method for the
synthesis of both syn- and anti-amino alcohol units
with high yields and high selectivities. The protocol

Scheme 16. Syntheses of syn- and anti-â-Amino
Alcohols

Table 16. Stereoselective Synthesis of â-Amino
Alcohols via Mannich-Type Reactions

Table 17. Enantioselective Synthesis of syn-â-Amino
Alcohols
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includes catalytic diastereo- and enantioselective
carbon-carbon bond-forming processes, and the syn-
and anti-selectivities were controlled by choosing the
protective groups of the R-alkoxy parts and of the
ester parts of the silyl enolates. Since both enanti-
omers of the chiral source, (R)- and (S)-6,6′-dibromo-
1,1′-bi-2-naphthol, are commercially available, all
four stereoisomers of â-amino alcohol units can be
prepared according to this method.

The utility of this protocol has been demonstrated
by the concise synthesis of (2R,3S)-3-phenylisoserine‚
hydrochloride (59), which is a precursor of the C-13
side chain of paclitaxel, known to be essential for its
biological activity.80 The catalytic asymmetric Man-
nich-type reaction of imine 48a with ketene silyl
acetal 56b(E) using the chiral zirconium catalyst
prepared using (S)-6,6′-dibromo-1,1′-bi-2-naphthol
proceeded smoothly in toluene at -78 °C to afford
the corresponding syn-adduct 57a quantitatively in
excellent diastereo- and enantioselectivities (syn/anti
) 95/5, syn ) 94% ee). Methylation (MeI, K2CO3) of
the phenolic OH of the adduct (57a) and deprotection
using cerium ammonium nitrate (CAN) gave â-amino
ester 60. Hydrolysis of the ester and deprotection of
the tert-butyldimethylsilyl (TBS) group were per-
formed using 10% HCl to afford 59 quantitatively
(Scheme 17).81

Tomioka et al. also reported catalytic asymmetric
Mannich-type reactions of lithium enolates with
imines in 1997.82 Their method is based on an
external chiral ligand accelerated reaction (Lewis-
base approach). In their report, stoichiometric reac-

tions were mainly mentioned and a few catalytic
processes were introduced. First, it was found that
the reactions of lithium enolates with imines were
accelerated by addition of external chiral ligands.
They also revealed that the reactions were acceler-
ated in most cases in the coexistence of excess
amounts of lithium amides. Actually, the reaction of
lithium ester enolate 61 with imine 42a did not take
place at -20 °C. On the other hand, in the presence
of excess of lithium amide (lithium cyclohexylisopro-
pyl amide (LICA)) and a stoichiometric amount of
chiral bidentate ether 62, the reaction took place very
smoothly at -60 °C to afford the corresponding
â-lactam 63a in 85% yield with 88% ee. They also
investigated the asymmetric version using a small
amount of a chiral source, and two examples were
reported (Table 19). When the reaction of imine 42a
with 61 was performed in the presence of 20 mol %
of 62 and an excess of LICA, the corresponding 63a
was obtained in 80% yield with 75% ee. The reaction
of imine 42c with in situ prepared lithium enolate

Table 18. Enantioselective Synthesis of anti-â-Amino
Alcohols

Scheme 17. Synthesis of
Phenylisoserine‚hydrochloride

Table 19. Tomioka’s Enantioselective Mannich-Type
Reactions
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61, an example of aliphatic imines, was also demon-
strated to afford the corresponding lactam 63c in 75%
yield with 82% ee. In both cases, although reasonable
level of enantioselectivities were attained, the selec-
tivities were decreased by reducing the amounts of
the chiral source.

Quite recently, very similar and comparable two
results were reported by Sodeoka83 and Lectka.84

Although both groups used chiral late transition
metal-phosphine complexes as catalysts, Sodeoka
proposed that their reactions underwent via chiral
palladium enolates, while Lectka proposed that their
catalyst behaved as a Lewis-acid catalyst (Scheme
18).

Sodeoka et al. first tried to use Pd(II) diaquo
complex 64a (Chart 2), which was effective for
catalytic asymmetric aldol reactions,85 but the at-
tempts at catalytic asymmetric Mannich-type reac-
tions were failed. After careful examination of reac-
tion conditions, they finally found that a new type of
Pd(II) binuclear complex 6586 was quite effective for
condensation of imine 66 derived from glyoxylate and
anisidine with silyl enol ether 67. The results are
shown in Table 20.83 The desired γ-oxo-R-amino acid
derivative (69a) was obtained in 95% with 90% ee.
In the reaction of 66 with acetone silyl enolate, both
chemical yield and selectivity slightly decreased. The
products in these reactions (alanine derivatives) are
known as potent inhibitors of kynurenine 3-hydroxyl-
ase and kynureninase and expected to be potential

drugs for the treatment of neurodegenerative disor-
ders that function by controlling the concentration
of quinolonic acid in the brain.87,88

It was shown that water played an important role
in Sodeoka’s system. Namely, water activated the
Pd(II) complex to generate a cation complex, and also
cleaved N-Pd bond of 68 to regenerate the chiral
catalyst. In these reactions, use of solvents including
a small amount of water was essential.

Lectka et al. used some water-free late transition
metal-phosphine cation complexes as Lewis acids,
and glyoxylate-tosylamine imine 70 reacted with
silyl enol ethers steroselectively.84 They proposed that
70 coordinated to the metal center such as Ag(I)
(64b), Pd(II) (64c), and Cu(I) (64d) in a bidentate
manner. The copper-based catalyst (64d) was the
most effective, and the desired product 71 was
obtained in high yields with high enantioselectivities
(Table 21). Although reaction systems and results of
these two groups are very close, it should be noted
that different types of solvents are used in these
reactions.

Quite recently, acylhydrazones were successfully
used in catalytic enantioselective Mannich-type reac-
tions. While acylhydrazones are imine equivalents,
they have some advantages over imines; for example,
most acylhydrazones including those derived from
aromatic, R,â-unsaturated, and even aliphatic alde-
hydes are stable crystals, easy to handle at room
temperature. In the presence of a catalytic amount
of a new zirconium catalyst, prepared from Zr(O-t-
Bu)4 and (R)-3,3′-dibromo-1,1′-bi-2-naphthol (3-Br-
BINOL),89 4-(trifluoromethyl)benzoylhydrazones re-
acted with silyl enolates to afford the corresponding

Scheme 18. Catalytic Enantioselective
Mannich-Type Reactions of r-Imino Esters

Chart 2

Table 20. Sodeoka’s Catalytic Enantioselective
Mannich-Type Reactions
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adducts, â-N′-acylhydrazinocarbonyl compounds, in
good yields with high enantiomeric excesses (Scheme
19).90 Reductive cleavage of the nitrogen-nitrogen
bond of the hydrazino compound using samarium
diiodide gave a chiral â-aminocarbonyl compound. In
addition, the hydrazino compound was also success-
fully converted to chiral â-lactam and pyrazolidinone
derivatives.

3.4 Catalytic Enantioselective Aza Diels−Alder
Reactions

Asymmetric aza Diels-Alder reactions provide a
useful route to optically active nitrogen-containing
heterocyclic compounds such as piperidines and
tetrahydroquinolines.50,91 Although successful ex-
amples of diastereoselective approaches using chiral
auxiliaries have been reported,92 there have been few
reports on enantioselective reactions. Yamamoto et

al. reported elegant enantioselective aza Diels-Alder
reactions of imines with Danishefsky’s diene using
chiral boron compounds (eq 11), however, stoichio-
metric amounts of chiral sources were needed.65,93 On

the other hand, it was shown that lanthanide triflates
are excellent catalysts for achiral aza Diels-Alder
reactions.68a,94 While stoichiometric amounts of Lewis
acids are required in many cases, a small amount of
the triflate effectively catalyzes the reactions. On the
basis of these findings, chiral lanthanides were used
in catalytic asymmetric aza Diels-Alder reactions.95

Chiral lanthanide Lewis acids were first developed
to realize highly enantioselective Diels-Alder reac-
tions of 2-oxazolidin-1-one with dienes.96a-c,e

The reaction of N-benzylideneaniline with cyclo-
pentadiene was performed under the influence of 20
mol % of a chiral ytterbium Lewis acid prepared from
ytterbium triflate (Yb(OTf)3),97 (R)-1,1′-bi-naphthol
(BINOL), and trimethylpiperidine (TMP). The reac-
tion proceeded smoothly at room temperature to
afford the desired tetrahydroquinoline derivative in
53% yield; however, no chiral induction was observed.
At this stage, it was indicated that bidentate coor-
dination between a substrate and a chiral Lewis acid
would be necessary for reasonable chiral induction.
Then, the reaction of N-benzylidene-2-hydroxyaniline
(48a) with cyclopentadiene (73) was examined. It was
found that the reaction proceeded smoothly to afford
the corresponding 8-hydroxyquinoline derivative (74a)7

in a high yield (Scheme 20). It is noted that some

Table 21. Lectka’s Catalytic Enantioselective
Mannich-Type Reactions

Scheme 19. A New Asymmetric Mannich-Type
Reaction Using a Hydrazone Derivative

Scheme 20. Catalytic Enantioselective Aza
Diels-Alder Reaction (1)
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interesting biological activities were reported in
8-hydroxyquinoline derivatives.98 The enantiomeric
excess of the cis-adduct in the first trial was only 6%;
however, the selectivity increased when diazabicyclo-
[5.4.0]undec-7-ene (DBU) was used instead of TMP
(Table 22). It was also indicated that the phenolic
hydrogen of 48a would interact with DBU, which
should interact with the hydrogen of (R)-BINOL,96d

to decrease the selectivity. Additives which interact
with the phenolic hydrogen of 48a were then exam-
ined. When 20 mol % of NMI was used, 91% ee of
the cis adduct was obtained, but the chemical yield
was low. It was found that the desired tetrahydro-
quinoline derivative was obtained in a 92% yield with
high selectivities (cis/trans ) >99/1, 71% ee), when
2,6-di-tert-butyl-4-methylpyridine (DTBMP, 75a) was
used.

Other substrates were tested, and the results are
summarized in Table 23. Vinyl ethers (76a-c) also
worked well to afford the corresponding tetrahydro-
quinoline derivatives (77a-c) in good to high yields
with good to excellent diastereo- and enantioselec-
tivities (Table 23, entries 1-9). Use of 10 mol % of
the chiral catalyst also gave the adduct in high yields
and selectivities (Table 23, entries 2 and 6). As for
additives, 2,6-di-tert-butylpyridine (DTBP, 75b) gave
the best result in the reaction of 48a with ethyl vinyl
ether (76a), while higher selectivities were obtained
when DTBMP (75a) or 2,6-diphenylpyridine (DPP,
75c) was used in the reaction of 48c with 76a. This
could be explained by the slight difference in the
asymmetric environment created by Yb(OTf)3, (R)-
BINOL, DBU, and the additive. While use of butyl
vinyl ether (76b) decreased the selectivities (Table
23, entry 7), dihydrofurane (76c) reacted smoothly
to achieve high levels of selectivity (Table 23, entries
8 and 9). It was found that imine 48f prepared from
cyclohexanecarboxaldehyde and 2-hydroxyaniline was
unstable and difficult to purify. The asymmetric aza
Diels-Alder reaction was successfully carried out
using the three-component coupling procedure (suc-
cessively adding the aldehyde, the amine, and cyclo-
pentadiene) in the presence of Sc(OTf)3

96e,97a (instead
of Yb(OTf)3), (R)-BINOL, DBU, and DTBMP (75a)
(Table 23, entry 10).

The assumed transition state of this reaction is
shown in Scheme 21. Yb(OTf)3, (R)-(+)-BINOL, and
DBU form a complex with two hydrogen bonds, and
the axial chirality of (R)-(+)-BINOL is transferred via
the hydrogen bonds to the amine parts. The additive
would interact with the phenolic hydrogen of the
imine, which is fixed by bidentate coordination to
Yb(III). Since the top face of the imine is shielded by
the amine, the dienophiles approach from the bottom
face to achieve high levels of selectivity.

Characteristic points of this reaction are as fol-
lows: (i) Asymmetric aza Diels-Alder reactions
between achiral azadienes and dienophiles have been
achieved using a catalytic amount of a chiral source.
(ii) The unique reaction pathway in which the chiral

Table 22. Effect of Additives in Asymmetric Aza
Diels-Alder Reaction

Table 23. Catalytic Enantioselective Aza Diels-Alder
Reactions Using Azadienes
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Lewis acid activates not dienophiles but dienes, is
revealed. In most asymmetric Diels-Alder reactions
reported using chiral Lewis acids, the Lewis acids
activate dienophiles.1,11 (iii) A unique lanthanide
complex including an azadiene and an additive,
which is quite different from the conventional chiral
Lewis acids, has been developed.

While the above results have demonstrated the
catalytic enantioselective aza Diels-Alder reactions
of azadienes, the catalytic enantioselective aza Diels-
Alder reactions of azadienophiles were reported using
a chiral zirconium compound.99

Chiral zirconium compound 4766,73 was prepared
from Zr(O-t-Bu)4, 2 equiv of (R)-6,6′-bromo-1,1′-bi-
naphthol ((R)-Br-BINOL), and 2-3 equiv of a ligand,
and the model reaction of the imine 48c with Dan-
ishefsky’s diene (78a) was investigated. It was found
that ligands and solvents influenced the yields and
enantioselectivities strongly (Table 24). The impor-
tance of the free hydroxyl group of the imine for the
selectivity was already found.66,73,95 Actually, when
the imine prepared from aniline or 2-methoxyaniline
was used under the same reaction conditions, the
corresponding pyridone derivatives were obtained in
good yields but low ees (aniline, 68% yield, 4% ee;
2-methoxyaniline, 74% yield, 25% ee). For ligands,
NMI gave the best result. When the chiral catalyst
(10 mol %) was prepared in dichloromethane, the
desired aza Diels-Alder reaction of 48c with diene
(78a) proceeded smoothly, but the enantiomeric
excess of the adduct was only 40%. On the other
hand, the enantioselectivity was improved to 61% ee
when the catalyst was prepared in benzene by
stirring for 1 h at room temperature, the mixture was
evaporated to remove benzene and t-BuOH under
reduced pressure, and the reaction was then car-
ried out in dichloromethane. While use of a bulky
diene (4-tert-butoxy-2-(trimethylsiloxy)-1,3-butadi-
ene, (78b))100c decreased the selectivity in this case,
a higher enantiomeric excess was obtained when the
catalyst was prepared in toluene. The best result was
finally obtained when the preparation of the catalyst
and the successive reaction was carried out in toluene
(without removing the solvent).101

The effect of the metals used was shown in Table
25. The group 4 metals titanium, zirconium, and
hafnium were screened, and it was found that a

chiral hafnium catalyst gave high yields and enan-
tioselectivities in the model reaction of 48c with
Danishefsky’s diene (78a), while lower yields and
enantiomeric excesses were obtained using a chiral
titanium catalyst.102

Several examples of the catalytic aza Diels-Alder
reactions using the chiral zirconium catalyst are
shown in Table 26. In most cases, high chemical

Scheme 21. Assumed Transition Statea Table 24. Catalytic Enantioselective Aza Diels-Alder
Reactions Using Imino Dienophile (1)

Table 25. Effect of Metals
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yields and good to high levels of enantioselectivities
were obtained in the presence of 5-20 mol % of the
chiral catalyst 47. 4-Methoxyl-3-methyl-2-(trimeth-
ylsiloxy)-1,3-butadiene (78c)103 also worked well un-
der standard conditions, and the desired 2,3-dihydro-
4-pyridone derivatives were obtained in high yields
with high enantioselectivities. As for the R1 group in
Table 26, ortho-substituted aromatics gave higher
selectivities. For example, while the imine 48a
reacted with 78c to afford the corresponding adduct
in a 65% ee, a 74% ee of the pyridone derivative was
obtained in the reaction of the imine derived from
o-tolualdehyde (48g) with 78c under the same reac-
tion conditions. The imine derived from 2-thiophene-
carboxaldehyde (48h) reacted with 78a smoothly to
give the corresponding pyridone derivative in a high
yield with a good enantiomeric excess. In the reaction
of the imine derived from cyclohexanecarboxaldehyde
(48f) with 78c, a low enantiomeric excess of the
adduct was observed under standard reaction condi-
tions. It was assumed that the low selectivity was
ascribed to the isomerization of the cis and trans
conformations of the imine. To prevent the isomer-
ization, the imine 48e, derived from cyclohexanecar-
boxaldehyde and 2-amino-3-methylphenol, was used.
As expected, the enantiomeric excess of the corre-
sponding pyridone derivative was improved to 86%
ee.

3.5 Catalytic Enantioselective Cyanation of
Imines

Asymmetric cyanation of imines provides one of the
most important tools for construction of small and
functionalized nitrogen-containing molecules. The
two-step protocol for R-amino acid synthesis via
condensation of aldehydes, amines (ammonia), and
cyanides is so-called “Strecker synthesis” including
acidic hydrolysis of nitrile groups to carboxylic ac-
ids.54,104,105 “Strecker reaction”, cyanation of imines,
is also well recognized.88,106 These asymmetric ver-
sions give optically active R-amino nitriles which are
key intermediates for syntheses of natural and un-
natural R-amino acids. Although there have been
many reports on these types of diastereoselective
reactions,107-109 examples of catalytic enantioselective
cyanation of imines are limited.

In 1996, Lipton et al. reported the first catalytic
asymmetric synthesis of R-amino nitriles by means
of external chiral ligand-controlled additions of hy-
drogen cyanide to imines.110 Although hydrogen
cyanide is highly toxic, it is inexpensive and suitable
for industrial use. They exemplified several imines
derived from aldehydes and benzhydrylamine and
revealed that imines of aromatic aldehydes except for
those bearing electron-deficient groups were suitable
for their reaction system. Namely, in the presence of
2 mol % of chiral ligand 80, imine 81a and 81b
reacted with hydrogen cyanide in MeOH to afford the
corresponding amino nitriles 82a and 82b in 97 and
90% yields with >99 and 96% ees, respectively.
However, the reactions of imine 81c and 81d were
nonselective (Table 27).

Recently, Jacobsen et al. investigated to search for
more effective ligands using combinatorial tech-
niques.111 Combinatorial chemistry is now recognized
as a potentially powerful tool for discovery and
optimization of chiral ligands for asymmetric syn-
thesis.112,113 They prepared three parallel libraries
individually (Chart 3). Library 1 consisted of 12
different metal ions; however, no metal ion gave the
best result (up to 19% ee). Library 2 and Library 3

Table 26. Catalytic Enantioselective Aza Diels-Alder
Reactions Using Imino Dienophiles (2)

Table 27. Lipton’s Catalytic Enantioselective
Strecker-Type Reactions
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consisted of 48 and 132 different ligands, respectively,
and it was shown that the structurally different
Library 3 was more effective. Namely, direct attach-
ment of amino acid components to polystyrene matrix
gave more enantiomerically enriched products, and
replacement of an urea-type linker to a thiourea-type
linker improved the selectivity. Finally, the most
effective catalyst 84 (t-Leu-CH-OMe type) for the
reaction of imine 85a with hydrogen cyanide was
determined.

On the basis of these preliminary studies, they
performed solution-phase asymmetric reactions (Table
28). A variety of imines derived from aromatic and
aliphatic aldehydes reacted with HCN to give the
corresponding amino nitriles 87a-e under the influ-
ence of 2 mol % of 86 in satisfactory yields and
selectivities.

The authors also reported another approach for
catalytic enantioselective cyanation of imines (Table
29).114 They evaluated the reaction of a series of imine
85 with hydrogen cyanide in the presence of 5 mol %
of chiral salen-bounded aluminum catalyst 88. While
imines derived from aliphatic aldehydes did not give
enough selectivities, the selectivities were slightly
improvement when imine 89 was used instead of 85e.

The zirconium catalyst 47, which was effective in
the catalytic enantioselective Mannich-type reac-

tions66,73 and aza Diels-Alder reactions,99 was used
in asymmetric Strecker-type reactions. In the pres-
ence of 10 mol % of zirconium catalyst 47, imine 48a
was treated with Bu3SnCN115 in dichloromethane at

Chart 3. Ligand Library for Catalytic
Enantioselective Strecker-Type Reactions

Table 28. Jacobsen’s Catalytic Enantioselective
Strecker-Type Reactions (1)

Table 29. Jacobsen’s Catalytic Enantioselective
Strecker-Type Reactions (2)
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-45 °C. The reaction proceeded smoothly to afford
the corresponding R-amino nitrile in a 70% yield, but
the enantioselectivity was moderate (55% ee). After
several reaction conditions were examined, the best
results (92% yield, 91% ee) were obtained when the
reaction was carried out in benzene-toluene (1:1)
using a chiral zirconium catalyst, prepared from 1
equiv of Zr(O-t-Bu)4, 1 equiv of (R)-6-Br-BINOL
and (R)-3,3′-dibromo-1,1′-bi-2-naphthol ((R)-3-Br-
BINOL),89 and 3 equiv of NMI (Table 30). The free
hydroxyl group of the imine 48a was important in
obtaining both high yield and high selectivity in this
case. When the imine prepared from aniline or
2-methoxyaniline was used under the same reaction
conditions, the corresponding R-amino nitrile deriva-
tives were obtained in much lower yields and lower
ees (aniline, 29% yield, 1% ee; 2-methoxyaniline, 45%
yield, 5% ee).

It was very interesting to find that use of a mixture
of (R)-6-Br-BINOL and (R)-3-Br-BINOL gave the
best results. The structure of the zirconium catalyst
was carefully examined, and it was indicated from
NMR studies that a zirconium binuclear complex 91
was formed under the conditions used (Scheme 22).
The binuclear complex consists of 2 equiv of zirco-
nium, (R)-6-Br-BINOL, and NMI, and 1 equiv of (R)-
3-Br-BINOL. The structure was indicated to be very
stable and very likely because the complex was
formed even when different molar ratios of Zr(O-t-
Bu)4, (R)-6-Br-BINOL, (R)-3-Br-BINOL, and NMI
were combined. Actually, formation of 88 was con-
firmed by 1H and 13C NMR spectra when 1 equiv of
Zr(O-t-Bu)4 and (R)-6-Br-BINOL, 0.5-1 equiv of

(R)-3-Br-BINOL, and 2-3 equiv of NMI were com-
bined.116

Several examples of the Strecker-type reactions are
summarized in Table 31. Imines derived from

Table 30. Chiral Zirconium-Catalyzed
Enantioselective Strecker-Type Reactions (1)

Scheme 22. Preparation of a Chiral Zirconium
Binuclear Complex

Table 31. Chiral Zirconium-Catalyzed
Enantioselective Strecker-Type Reactions (2)

1090 Chemical Reviews, 1999, Vol. 99, No. 5 Kobayashi and Ishitani



various aromatic aldehydes as well as aliphatic and
heterocyclicaldehydesreactedwithBu3SnCNsmoothly
to afford the corresponding R-amino nitrile deriva-
tives in high yields with high enantiomeric excesses.
Since both enantiomers of the chiral sources (6-Br-
BINOL and 3-Br-BINOL) are readily available, both
enatiomers of R-amino nitrile derivatives can be
easily prepared according to this protocol. In addition,
it is noteworthy that Bu3SnCN has been successfully
used as a safe cyanide source. Bu3SnCN is stable in
water, and no HCN is produced. This is in contrast
to trimethylsilyl cyanide (TMSCN) that easily hy-
drolyzes to form HCN even in the presence of a small
amount of water.117 After the reaction was completed,
all tin sources were quantitatively recovered as bis-
(tributyltin) oxide, which was already reported to be
converted to tributyltin chloride118 and then to
Bu3SnCN.119

R-Amino nitrile 92 was easily converted to leucin-
amide according to Scheme 23. Thus, after methyl-

ation of the phenolic OH of 92 using methyl iodide
and potassium bicarbonate, the nitrile group was
converted to an amide moiety.120 Treatment of 93
with cerium ammonium nitrate (CAN) gave leucin-
amide 94. The absolute configuration assignment (R)
was made by comparison of its hydrochloride with
the authentic sample.121

3.6 Miscellaneous

Hydrophosphonylation of imines provides an useful
route for synthesis of biologically interesting R-amino
phosphonates.122 Despite the importance of these
compounds, there have been few reports focused on
catalytic enantioselective reactions. Shibasaki et al.
developed the first practical method to synthesize
R-amino phosphonates by using a chiral rare earth
catalyst.123 In the presence of 5-20 mol % of chiral
catalyst 99,124 the reaction of acyclic or cyclic imines
(95a-c, 97) with dimethyl phosphite proceeded
smoothly to afford the corresponding R-amino phos-
phonates (96a-c, 98) in high yields with high enan-
tioselectivities (Table 32).

Quite recently, Yamamoto et al. reported catalytic
enantioselective allylation of imines with allyltri-
butylstannane in the presence of a chiral Pd(II)-η3-
π-allyl complex (100).125 They proposed that the
chiral Pd(II) catalyst reacted first with allyltributyl-
stannane to afford nucleophillic bis-π-palladium spe-
cies 101 (Table 33).55d

4. Conclusions
Catalytic enantioselective reactions of imines have

been surveyed. The challenges to establish highly
efficient catalytic enantioselective processes for the
synthesis of chiral nitrogen-containing compounds
have just begun. Several methodologies seem to be

Scheme 23. Preparation of (R)-Leucinamide

Table 32. Shibasaki’s Catalytic Enantioselective
Hydrophosphonylation of Imines

Table 33. Yamamoto’s Catalytic Enantioselective
Allylation of Imines
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promising; however, there are a number of problems
which must be overcome. For instance, substrate
limitation is still problems in most reductive amina-
tion. In carbon-carbon bond-forming reactions, sub-
strates are limited to aldimines at present. Instability
of imines, especially the imines having R-protons, are
still common problems to perform reactions effi-
ciently. Development of reactions which proceed
under mild conditions and more stable imine equiva-
lents is strongly in demand. As mentioned in this
review, several efforts have supplied important in-
formation how to overcome these problems, and the
authors hope that it will not need long time before
establishing really practical ways to obtain optically
pure nitrogen-containing compounds.
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Krüger, C.; Pfaltz, A. Chem. Eur. J. 1997, 3, 887.

(44) (a) Willoughby, C. A.; Buchwald, S. L. J. Am. Chem. Soc. 1992,
114, 7562. (b) Willoughby, C. A.; Buchwald, S. L. J. Am. Chem.
Soc. 1994, 116, 8952. (c) Willoughby, C. A.; Buchwald, S. L. J.
Am. Chem. Soc. 1994, 116, 11703.

(45) Kagan, H. B.; Langlois, N.; Dang, T.-P. J. Organomet. Chem.
1975, 90, 353.

(46) (a) Brunner, H.; Becker, R. Angew. Chem., Int. Ed. Engl. 1984,
23, 222. (b) Becker, R.; Brunner, H.; Mahboobi, S.; Wiegrebe,
W. Angew. Chem., Int. Ed. Engl. 1985, 24, 995.

(47) Verdaguer, X.; Lange, U. E. W.; Reding, M. T.; Buchwald, S. L.
J. Am. Chem. Soc. 1996, 118, 6784.

(48) Verdaguer, X.; Lange, U. E. W.; Buchwald, S. L. Angew. Chem.,
Int. Ed. Engl. 1998, 37, 1103.

(49) (a) Uematsu, N.; Fujii, A.; Hashiguchi, S.; Ikariya, T.; Noyori,
R. J. Am. Chem. Soc. 1996, 118, 4916. (b) Noyori, R.; Hashiguchi,
S. Acc. Chem. Res. 1997, 30, 97.

(50) For example, see: Waldmann, H. Synthesis 1994, 535.
(51) Denmark, S. E.; Nicaise, O. J.-C. J. Chem. Soc., Chem. Commun.

1996, 999.

1092 Chemical Reviews, 1999, Vol. 99, No. 5 Kobayashi and Ishitani



(52) Nitrones have sometimes been used as azomethin fuctions in
asymmetric syntheses of nitrogen-containing compounds. For
example: Ukaji, Y.; Shimizu, Y.; Kenmoku, Y.; Ahmed, A.;
Inomata, K. Chem. Lett. 1997, 59.

(53) (a) Ikeda, K.; Achiwa, K.; Sekiya, M. Tetrahedron Lett. 1983,
24, 4707. (b) Mukaiyama, T.; Kashiwagi, K.; Matsui, S. Chem.
Lett. 1989, 1397. (c) Mukaiyama, T.; Akamatsu, H.; Han, J. S.
Chem. Lett. 1990, 889. (d) Onaka, M.; Ohno, R.; Yanagiya, N.;
Izumi, Y. Synlett 1993, 141. (e) Dubois, J.-E.; Axiotis, G.
Tetrahedron Lett. 1984, 25, 2143. (f) Colvin, E. W.; McGarry, D.
G. J. Chem. Soc., Chem. Commun. 1985, 539. (g) Shimada, S.;
Saigo, K.; Abe, M.; Sudo, A.; Hasegawa, M. Chem. Lett. 1992,
1445.

(54) Ojima, I.; Inaba, S.; Nakatsugawa, K. Chem. Lett. 1975, 331.
(55) (a) Kobayashi, S.; Nagayama, S. J. Am. Chem. Soc. 1997, 119,

10049. (b) Kobayashi, S.; Iwamoto, S.; Nagayama, S. Synlett
1997, 1099. (c) Kobayashi, S.; Busujima, T.; Nagayama, S. J.
Chem. Soc., Chem. Commun. 1998, 19. (d) Nakamura, H.;
Iwama, H.; Yamamoto, Y. J. Am. Chem. Soc. 1996, 118, 6641.
(e) Akiyama, T.; Iwai, J. Synlett 1998, 273.

(56) (a) Bloch, R. Chem. Rev. 1998, 98, 1407. (b) Bosnich, B.
Asymmetric Catalysis; Martinus Nijhoff Publishers: Dordrecht,
The Netherlands, 1986. (c) Tomioka, K. Synthesis 1990, 541. (d)
Blaser, H.-U. Chem. Rev. 1992, 92, 935.

(57) Tomioka, K.; Inoue, I.; Shindo, M.; Koga, K. Tetrahedron Lett.
1990, 31, 6681.

(58) (a) Tomioka, K.; Inoue, I.; Shindo, M.; Koga, K. Tetrahedron Lett.
1991, 32, 3095. (b) Inoue, I.; Shindo, M.; Koga, K.; Tomioka, K.
Tetrahedron: Asymmetry 1993, 4, 1603. (c) Inoue, I.; Shindo,
M.; Koga, K.; Tomioka, K. Tetrahedron 1994, 50, 4429. (d) Inoue,
I.; Shindo, M.; Koga, K.; Kanai, M.; Tomioka, K. Tetrahedron:
Asymmetry 1995, 6, 2527. (e) Shindo, M.; Koga, K.; Tomioka, K.
J. Am. Chem. Soc. 1992, 114, 8732.

(59) (a) Soai, K.; Hatanaka, T.; Miyazawa, T. J. Chem. Soc., Chem.
Commun. 1992, 1097. (b) Soai, K.; Ookawa, A.; Ogawa, K.; Kaba,
T. J. Chem. Soc., Chem. Commun. 1987, 467. (c) Soai, K.;
Yokoyama, S.; Ebihara, K.; Hayasaka, T. J. Chem. Soc., Chem.
Commun. 1987, 1690. (d) Soai, K.; Ookawa, A.; Kaba, T.; Ogawa,
K. J. Am. Chem. Soc. 1987, 109, 7111. (e) Soai, K.; Yokoyama,
S.; Hayasaka, T. J. Org. Chem. 1991, 56, 4264. (f) Soai, K.;
Hayasaka, T.; Ugajin, S. J. Chem. Soc., Chem. Commun. 1989,
561. (g) Soai, K.; Okubo, M.; Okamoto, M. Tetrahedron Lett.
1991, 32, 95.

(60) Denmark, S. E.; Nakajima, N.; Nicaise, O. J.-C. J. Am. Chem.
Soc. 1994, 116, 8797.

(61) (a) Gittins née Jones, C. A.; North, M. Tetrahedron: Asymmetry
1997, 8, 3789. (b) Guijarro, D.; Pinho, P.; Andersson, P. G. J.
Org. Chem. 1998, 63, 3, 2530.

(62) (a) Enantioselective Synthesis of â-Amino Acids; Juaristi, E., Ed.;
VCH: Weinheim, 1997. (b) Arend, M.; Westermann, B.; Risch,
N. Angew. Chem., Int. Ed. Engl. 1998, 37, 1044. (c) Hart, D. J.;
Ha, D.-C. Chem. Rev. 1989, 89, 1447.

(63) For example: (a) Fujisawa, T.; Kooriyama, Y.; Shimizu, M.
Tetrahedron Lett. 1996, 37, 3881. (b) Arend, M. Risch, N. Angew.
Chem., Int. Ed. Engl. 1995, 34, 2861. (c) Matsumura, Y. Tomita,
T. Tetrahedron Lett. 1994, 35, 3737. (d) Page, P. C. B.; Allin, S.
M.; Collington, E. W.; Carr, R. A. E. J. Org. Chem. 1993, 58,
6902. (e) Frauenrath, H.; Arenz, T.; Raabe, G.; Zorn, M. Angew.
Chem., Int. Ed. Engl. 1993, 32, 83. (f) Nolen, E. G.; Aliocco, A.;
Broody, M.; Zuppa, A. Tetrahedron Lett. 1991, 32, 73. (g) Evans,
D. A.; Urpi, F.; Somers, T. C.; Clark, J. S.; Bilodeau, M. T. J.
Am. Chem. Soc. 1990, 112, 8215. (h) Katritzky, A. R.; Harris, P.
A. Tetrahedron 1990, 46, 987. (i) Kunz, H.; Pfrengle, W. Angew.
Chem., Int. Ed. Engl. 1989, 28, 1067. (j) Oppolzer, W.; Moretti,
R.; Thomi, S. Tetrahedron Lett. 1989, 30, 5603. (k) Gennari, C.;
Venturini, I.; Gislon, G.; Schimperna, G. Tetrahedron Lett. 1987,
28, 227. (l) Broadley, K.; Davies, S. G. Tetrahedron Lett. 1984,
25, 1743. (m) Seebach, D.; Betschart, C.; Schiess, M. Helv. Chim.
Acta 1984, 67, 1593.

(64) Corey, E. J.; Decicco, C. P.; Newbold, R. C. Tetrahedron Lett.
1991, 39, 5287.

(65) Ishihara, K.; Miyata, M.; Hattori, K.; Tada, T.; Yamamoto, H.
J. Am. Chem. Soc. 1994, 116, 10520.

(66) Ishitani, H.; Ueno, M.; Kobayashi, S. J. Am. Chem. Soc. 1997,
119, 7153.

(67) Different types of chiral zirconium catalysts, which are effective
in ring opening reactions of epoxides, Diels-Alder reactions, and
polymerization, etc., were reported. (a) Nugent, W. A. J. Am.
Chem. Soc. 1992, 114, 2768. (b) Bedeschi, P.; Casolari, S.; Costa,
A. L.; Tagliavini, E.; Umani-Ronchi, A. Tetrahedron Lett. 1995,
36, 7897. (c) Hoveyda, A. H.; Morken, J. P. Angew. Chem., Int.
Ed. Engl. 1996, 35, 1262, and references therein.

(68) Rare earths are also promising candidates for the catalytic
activation of aldimines: (a) Kobayashi, S.; Araki, M.; Ishitani,
H.; Nagayama, S.; Hachiya, I. Synlett 1995, 233. (b)Kobayashi,
S.; Araki, M.; Yasuda, M. Tetrahedron Lett. 1995, 36, 5773.

(69) Chiral titanium-BINOL complexes were prepared by similar
procedure. For example, see ref 4b.

(70) For the use of 6,6′-dibromo-1,1′-bi-2-naphthol, see: (a) Terada,
M.; Motoyama, Y.; Mikami, K. Tetrahedron Lett. 1994, 35, 6693.
(b) Sasai, H.; Tokunaga, T.; Watanabe, S.; Suzuki, T.; Itoh, N.;
Shibasaki, M. J. Org. Chem. 1995, 60, 7388.

(71) Kronenthal, D. R.; Han, C. Y.; Taylor, M. K. J. Org. Chem. 1982,
47, 2765.

(72) Kunz, H.; Schanzenbach, D. Angew. Chem., Int. Ed. Engl. 1989,
28, 1068.

(73) Kobayashi, S.; Ishitani, H.; Ueno, M. J. Am. Chem. Soc. 1998,
120, 431.

(74) (a) Shioiri, T.; Hamada, Y. Heterocycles 1988, 27, 1035. (b)
Barlow, C. B.; Bukhari, S. T.; Guthrie, R. D.; Prior, A. M.
Asymmetry in Carbohydrates; Dekker: New York, 1979; p 81.

(75) (a) Yamashita, H. Bull. Chem. Soc. Jpn. 1988, 61, 1213. For
stoichiometric use of chiral source, see: (b) Emziane, M.;
Sotowardoyo, K. I.; Sinou, D. J. Organomet. Chem. 1988, 346,
C7. (c) Hayashi, M.; Kohmura, K.; Oguni, N. Synlett 1991, 774.

(76) (a) Martı́nez, L. E.; Leinghton, J. L.; Carsten, D. H.; Jacobsen,
E. N. J. Am. Chem. Soc. 1995, 117, 5897. (b) Leinghton, J. L.;
Jacobsen, E. N. J. Org. Chem. 1996, 61, 389. (c) Larrow, J. F.;
Schaus, S. E.; Jacobsen, E. N. J. Am. Chem. Soc. 1996, 118, 7420.
(d) Evans, D. A.; Faul, M. M.; Bilodeau, M. T.; Anderson, B. A.;
Barnes, D. M. J. Am. Chem. Soc. 1993, 115, 5328.

(77) (a) Li, G.; Chang, H.-T.; Sharpless, K. B. Angew. Chem., Int. Ed.
Engl. 1996, 35, 451. (b) Li, G.; Sharpless, K. B. Acta Chem.
Scand. 1996, 50, 649. (c) Sharpless, K. B.; Rudolph, J.; Senn-
henn, P. C.; Vlaar, C. P. Angew. Chem., Int. Ed. Engl. 1996, 35,
2810. (d) Li, G.; Angert, H. H.; Sharpless, K. B. Angew. Chem.,
Int. Ed. Engl. 1996, 35, 2813. (e) Bruncko, M.; Schlingloff, G.;
Sharpless, K. B. Angew. Chem., Int. Ed. Engl. 1997, 36, 1483.

(78) Hattori, K.; Yamamoto, H. Tetrahedron 1994, 50, 2785.
(79) (a) Trost, B. M.; Sudhakar, A. R. J. Am. Chem. Soc. 1987, 109,

3792. (b) Ito, H.; Taguchi, T.; Hanzawa, Y. Tetrahedron Lett.
1992, 33, 4469. (c) Barrett, A. G. M.; Seefeld, M. A.; White, A.
J. P.; Williams, D. J. J. Org. Chem. 1996, 61, 2677.

(80) (a) Escalante, J.; Juaristi, E. Tetrahedron Lett. 1995, 36, 4397.
(b) Wang, Z.-M.; Kolb, H. C.; Sharpless, K. B. J. Org. Chem.
1994, 59, 5104. (c) Deng, L.; Jacobsen, E. N. J. Org. Chem. 1992,
57, 4320. (d) Georg, G. I.; Mashava, P. M.; Akgun, E.; Milstead,
M. W. Tetrahedron Lett. 1991, 32, 3151. (e) Denis, J.-N.; Correa,
A. E.; Greene, A. E. J. Org. Chem. 1990, 55, 1957. (f) Nicolaou,
K. C.; Dai, W.-M.; Guy, R. K. Angew, Chem., Int. Ed. Engl. 1994,
33, 15. See also, refs 77b and e.

(81) Ojima, I.; Habus, I.; Zhao, M.; Zucco, M.; Park, Y. H.; Sun, C.
M.; Brigaud, T. Tetrahedron 1992, 48, 6985.

(82) Fujieda, H.; Kanai, M.; Kambara, T.; Iida, A.; Tomioka, K. J.
Am. Chem. Soc. 1997, 119, 2060.

(83) Hagiwara, E.; Fujii, A.; Sodeoka, M. J. Am. Chem. Soc. 1998,
120, 2474.

(84) Ferraris, D.; Young, B.; Dudding, T.; Lectka, T. J. Am. Chem.
Soc. 1998, 120, 4548.

(85) (a) Sodeoka, M.; Ohrai, K.; Shibasaki, M. J. Org. Chem. 1995,
60, 2648. (b) Sodeoka, M.; Tokunoh, R.; Miyazaki, F.; Hagiwara,
E.; Shibasaki, M. Synlett 1997, 463.

(86) (a) Pisano, C.; Consiglio, G.; Sironi, A.; Moret, M. J. J. Chem.
Soc., Chem. Commun. 1991, 421. (b) Longato, B.; Pilloni, G.;
Valle, G.; Corain, B. Inorg. Chem. 1988, 27, 956.

(87) Giordani, A.; Corti, L.; Cini, M.; Brometti, R.; Marconi, M.;
Veneroni, O.; Speciale, C.; Varasi, M. Recent Advances in
Tryptophan Research; Plenum Press: New York, 1996; p 531.

(88) Wlliams, R. M. Synthesis of Optically Active R-Amino Acids;
Pergamon Press: New York, 1989.

(89) Cox, P. J.; Wang, W.; Snieckus, V. Tetrahedron Lett. 1992, 33,
2253.

(90) Kobayashi, S.; Hasegawa, Y.; Ishitani, H. Chem. Lett. 1998, 1131.
(91) (a) Organic Synthesis Highlight II; Waldmann, H., Ed.; VCH:

Weinheim, 1995; p 37. (b) Tietze, L. F.; Kettschau, G. Top. Curr.
Chem. 1997, 189, 1. (c) Weinreb, S. M. In Comprehensive Organic
Synthesis, Trost, B. M., Fleming, I., Semmelhock, M. F., Eds.;
Pergamon Press: Oxford, 1991; Vol. 5, Chapter 4, p 401. (d)
Boger, D. L.; Weinreb, S. M. Hetero Diels-Alder Methodology
in Organic Synthesis; Academic Press: San Diego, CA, 1987;
Chapters 2 and 9.

(92) (a) Borrione, E.; Prato, M.; Scorrano, G.; Stiranello, M. J. Chem.
Soc., Perkin Trans. 1 1989, 2245. (b) Waldmann, H.; Braun, M.;
Drager, M. Angew. Chem., Int. Ed. Engl. 1990, 29, 1468. (c)
Bailey, P. D.; Londesbrough, D. J.; Hanoox, T. C.; Heffernan, J.
D.; Holmes, A. B. J. Chem. Soc., Chem. Commun. 1994, 2543.
(d) McFarlane, A. K.; Thomas, G.; Whiting, A. J. Chem. Soc.,
Perkin Trans. 1 1995, 2803. (e) Kündig, E. P.; Xu, L. H.;
Romanens, P.; Bernardinelli, G. Synlett 1996, 270.

(93) (a) Hattori, K.; Yamamoto, H. J. Org. Chem. 1992, 57, 3264. (b)
Hattori, K.; Yamamoto, H. Tetrahedron 1993, 49, 1749.

(94) (a)Kobayashi, S.; Ishitani, H.; Nagayama. S. Synthesis 1995,
1195. (b) Kobayashi, S.; Ishitani, H.; Nagayama, S. Chem. Lett.
1995, 423.

(95) Ishitani, H.; Kobayashi, S. Tetrahedron Lett. 1996, 37, 7357.
(96) (a) Kobayashi, S.; Hachiya, I.; Ishitani, H.; Araki, M. Tetrahedron

Lett. 1993, 34, 4535. (b) Kobayashi, S.; Ishitani, H. J. Am. Chem.

Enantioselective Addition to Imines Chemical Reviews, 1999, Vol. 99, No. 5 1093



Soc. 1994, 116, 4083. (c) Kobayashi, S.; Ishitani, H.; Hachiya,
I.; Araki, M. Tetrahedron 1994, 50, 11623. (d) Kobayashi, S.;
Ishitani, H.; Araki, M.; Hachiya, I. Tetrahedron Lett. 1994, 35,
6325. (e) Kobayashi, S.; Araki, M.; Hachiya, I. J. Org. Chem.
1994, 59, 9. 3758.

(97) (a) Thom, K. F. US Patent 3615169 1971; Chem. Abstr. 1972,
76, 5436a. (b) Forsberg, J. H.; Spaziano, V. T.; Balasubramanian,
T. M.; Liu, G. K.; Kinsley, S. A.; Duckworth, C. A.; Poteruca, J.
J.; Brown, P. S.; Miller, J. L. J. Org. Chem. 1987, 52, 1017. (c)
Kobayashi, S. Synlett 1994, 689.

(98) (a) Rauckman, B. S.; Tidwell, M. Y.; Johnson, J. V.; Roth, B. J.
Med. Chem. 1989, 32, 1927. (b) Johnson, J. V.; Rauckman, B.
S.; Baccanari, D. P.; Roth, B. J. Med. Chem. 1989, 32, 1942. (c)
Ife, R. J.; Brown, T. H.; Keeling, D. J.; Leach, C. A.; Meeson, M.
L.; Parsons, M. E.; Reavill, D. R.; Theobald, C. J.; Wiggall, K. J.
J. Med. Chem. 1992, 35, 3413. (d) Sarges, R.; Gallagher, A.;
Chambers, T. J.; Yeh, L.-A. J. Med. Chem. 1993, 36, 2828. (e)
Mongin, F.; Fourquez, J.-M.; Rault, S.; Levacher, V.; Godard,
A.; Trecourt, F.; Queguiner, G. Tetrahedron Lett. 1995, 36, 8415.

(99) Kobayashi, S.; Komiyama, S.; Ishitani, H. Angew, Chem., Int.
Ed. Engl. 1998, 37, 979.

(100) (a) Danishefsky, S.; Kitahara, T. J. Am. Chem. Soc. 1974, 96,
7807. (b) Kerwin Jr., J. F.; Danishefsky, S. Tetrahedron Lett.
1982, 23, 3739. (c) Danishefsky, S.; Bednarski, M.; Izawa, T.;
Maring, C. J. Org. Chem. 1984, 49, 2290.

(101) The solvents may influence the structure of the catalyst. See
also, Tietze, L. F.; Saling, P. Chirality 1993, 5, 329.

(102) Titanium(IV)-1,1′-bi-2-naphthol complexes derived from Ti(O-
i-Pr)4 were used in some asymmetric reactions. For example,
see refs 4a-d.

(103) (a) Clive, D. L. J.; Bergstra, R. J. J. Org. Chem. 1991, 56, 4976.
(b) Sugawara, S.; Yamada, M.; Nakanishi, M. J. Pharm. Soc.
Jpn. 1951, 71, 1345.

(104) (a) Strecker, A. Ann. Chem. Pharm. 1850, 75, 27. (b) Shafran,
Y. M.; Bakulev, V. A.; Mokrushin, V. S. Russ. Chem. Rev. 1989,
58, 148.

(105) (a) Mai, K.; Patil, G. Tetrahedron Lett. 1984, 25, 4585. (b)
Chakraborty, T. K.; Reddy, G. V.; Hussain, K. A. Tetrahedron
Lett. 1991, 32, 7597. (c) Leblanc, J.; Gibson, H. W. Tetrahedron
Lett. 1992, 33, 6295. (d) Kobayashi, S.; Ishitani, H.; Ueno, M.
Synlett 1997, 115.

(106) For recent reviews on this subject, see: (a) Williams, R. M.;
Hendrix, J. A. Chem. Rev. 1992, 92, 889. (b) Duthaler, R. O.
Tetrahedron 1994, 50, 1539.

(107) (a) Harada, K. Nature 1963, 200, 1201. (b) Harada, K.; Fox, S.;
Naturwissenschaften 1964, 51, 106. (c) Harada, K.; Okawara,
T. J. Org. Chem. 1973, 38, 707. (d) Patel, M. S.; Worsely, M.
Can. J. Chem. 1970, 48, 1881. (e) Weinges, K.; Gries, K.;
Stemmle, B.; Schrank, W. Chem. Ber. 1977, 110, 2098. (f) Stout,
D. M.; Black, L. A.; Matier, W. L. J. Org. chem. 1983, 48, 5369.
(g) Phadtare, S. K.; Kamat, S. K.; Panse, G. T. Ind. J. Chem.
1985, 24B, 811. (h) Subramanian, P. K.; Woodard, R. W. Synth.
Commun. 1986, 16, 337. (i) Saito, K.; Harada, K. Tetrahedron
Lett. 1989, 30, 4535. (j) Speelman, J. C.; Talma, A. G.; Kellog,
R. M. J. Org. Chemm. 1989, 54, 1055. (k) Herranz, R.; Suárez-
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Schneider-Mergener, J. Am. Chem. Soc. 1995, 117, 11821. (d)
Hall, D. G.; Schultz, P. G. Tetrahedron Lett. 1997, 38, 7825. (e)
Shibata, N.; Baldwin, J. E.; Wood, M. E. Biorg. Med. Chem. Lett.
1997, 7, 413.

(114) Sigman, M. S.; Jacobsen, E. N. J. Am. Chem. Soc. 1998, 120,
5315.

(115) Commercially available (Aldrich, etc.). See also: (a) Luijten, J.
G. A.; van der Kerk, G. J. M. Investigations in the Field of
Organotin Chemistry; Tin Research Institute: Greenford, 1995;
p 106. (b) Tanaka, M. Tetrahedron Lett. 1980, 21, 2959. (c)
Harusawa, S.; Yoneda, R.; Omori, Y.; Kurihara, T. Tetrahedron
Lett. 1987, 28, 4189.

(116) This could be partially due to the lower reactivity of (R)-3-Br-
BINOL compared to (R)-6-Br-BINOL and equilibrium of the
coordination of NMI to the zirconium center. After careful
examination, the best results and reproducibility were obtained
when the catalyst was prepared by combining 1 equiv of Zr(O-
t-Bu)4, 1 equiv of (R)-6-Br-BINOL and (R)-3,3′-dibromo-1,1′-bi-
2-naphthol ((R)-3-Br-BINOL), and 3 equiv of NMI.

(117) When TMSCN was used in this system, moderate yields and
moderate enantiomeric excesses were observed. The reaction of
imine 48c with TMSCN, 33% yield, 63% ee; with triethylsilyl
cyanide, 65% yield, 63% ee (not optimized).

(118) (a) Brown, J. M.; Chapman, A. C.; Harper, R.; Mowthorpe, D.
J.; Davies, A. G.; Smith, P. J. J. Chem. Soc., Dalton. 1972, 338.
(b) Davies, A. G.; Kleinschmidt, D. C.; Palan, P. R.; Vasishtha,
S. C. J. Chem. Soc. C. 1971, 3972.

(119) Complete recovery of tin compounds has been achieved: Koba-
yashi, S.; Busujima, T.; Nagayama, S. J. Chem. Soc., Chem.
Commun. 1998, 981.

(120) Cacchi, S.; Misiti, D.; Torre, F. L. Synthesis 1980, 243.
(121) Beil. 4 (3), 1414.
(122) (a) Kafarski, P.; Lejczak, B., Phosphorus, Sulfer Silicon Relat.

Elem. 1991, 63, 193. (b) Bartlett, P. A.; Marlowe, C. K.;
Giannousis, P. P.; Hanson, J. E. Cold Spring Harbor Symp.
Quantum Biol. 1987, LII, 83.

(123) (a) Sasai, H.; Arai, S.; Tahara, Y.; Shibasaki, M. J. Org. Chem.
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