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Abstract—Methods for enantioselective C–C bond constructions via additions to imines and related compounds are reviewed, with an
emphasis on the most recent efforts involving asymmetric catalysis. Selected seminal examples are provided in order to place the recent
developments in context.
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1. Introduction

Chiral a-branched amines are common substructures within
biologically active materials and hence attract broad interest,
particularly in the areas of synthetic methodology, bioor-
ganic and medicinal chemistry, and natural product synthe-
sis. Additions of carbon fragments to C]N bonds of
imines and related compounds build up the carbon frame-
work in the same operation as asymmetric induction, so
this approach is one of the more attractive entries to chiral
amines. As with other chiral functionalities, the stereocon-
trol construction of chiral amines has evolved through the
use of chiral pool materials, substrate diastereoselectivity,
chiral auxiliary control, and more recently asymmetric catal-
ysis. Practical catalytic enantioselective additions to C]N
bonds only began to approach general application in the
last few years. In this review, we survey the most recent of
these developments, as summarized in Figure 1.

This review does not cover reductions of imines or cyclo-
additions (e.g., aza-Diels–Alder, 1,3-dipolar, or Staudinger
cycloadditions) for reasons of space. Furthermore, the
many important chiral auxiliary approaches are not included
here. Still, it is important to emphasize that the synthetic
community has a persistent reliance on chiral auxiliaries
for chiral amine synthesis for very practical reasons: First,
as noted above the generality of asymmetric catalysis
methods is still developing. Second, there is very sparse
methodology for the use of unsubstituted imines (i.e.,
C]NH) in addition reactions, and in the absence of such
methods, the vast majority of additions use C]NX accep-
tors (for example, where X is an electron-withdrawing group
such as acyl,1 sulfonyl,2 phosphoryl,3 etc.). As there is al-
ready the requirement to remove the auxiliary X, in principle
the efficiency is not further penalized by using X as a chiral
auxiliary. Third, rigorously enantiopure compounds can
often be obtained by separation prior to cleavage of the
chiral auxiliary, whereas asymmetric catalysis may require
a difficult resolution. Thus, additions using chiral auxiliaries
continue to be extensively developed to the point of truly
general practicality, and have been reviewed previously.4
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Figure 1. Summary of reviewed enantioselective additions to imino
compounds.
We focus here on the recent developments in reactions in-
volving catalytic stereocontrol, especially the literature of
2004–2006, with some earlier seminal work and benchmark
methods discussed where appropriate as contextual frame-
work for the newer methods. For more details of the earlier
work, the reader is encouraged to consult prior reviews.5

Some new examples of reagent control or racemic catalysis
are noted if there is some suggested potential for asymmetric
catalysis development.

2. Addition of organometallic nucleophiles

The earliest examples of asymmetric reagent-controlled addi-
tion of organolithium compounds to imines were registered in
1990 by Tomioka, who, in the course of studies of asymmetric
Michael additions to unsaturated imines, observed highly
enantioselective 1,2-addition in certain cases.6 The chiral
Lewis base ligand 2.1 (Scheme 1) was found to afford mod-
erate enantioselectivities of 40–64% at 30 mol % loading.7

N

R1 R2Li, –42 °C
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MeO

Me2N OMe

(30 mol%)

R1 = aryl, cinnamyl
(R2 = Me, Bu, vinyl)

9 examples
70–99%, 40–64% ee

*

2.1

Scheme 1.

Following this lead, further work by Tomioka8 and others
during the early 1990s expanded the entry to this new avenue
of research and inspired dramatic advances in catalytic
asymmetric amine synthesis. For example, Soai found that
dialkylzinc additions to diphenylphosphinoyl imines could
be controlled with outstanding enantioselectivities using
0.5 equiv of chiral amino alcohols 2.2 and 2.3 (Scheme 2),
and one example was given with 10 mol % of the chiral
amino alcohol (75% ee).9
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Denmark showed that outstanding yields and very good
enantioselectivities could be obtained by modifying organo-
lithium reagents with bisoxazoline ligand 2.4 (Scheme 3) or
(�)-sparteine; at low temperatures the reactions were very
slow in the absence of ligand.10

As seen in the seminal studies described above, it was
discovered early on that reactivity and stereoselectivity
of alkyllithium species might be controlled with Lewis
basic additives. These additives exert their effects through
alterations in aggregation and coordination of the reagent,
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so numerous studies of the nature of complexes of organo-
lithium species with Lewis basic additives and solvents in
solution and solid state have been reported.11 Significantly
altered stereoselectivity may result from modifying specia-
tion of the Li complexes in the reaction mixtures, as noted
in recent kinetic studies by Qu and Collum (Scheme 4),
who proposed alternative transition structures 2.A–2.D,
shown with estimated stereoselectivities for BuLi–TMEDA
addition to imine 2.5.12 Related studies with a chiral cyclo-
hexanediamine showed similar results,13 whereas previous
studies of simple imines showed the monomer-based path-
ways to be more important.14 Though these studies improve
the current awareness in structural features of organolithium
species and their correlations with reactivity, application in
de novo ligand design continues to present a challenge.

2.1. Organozinc reagents

2.1.1. Lewis base activation. Soai reported early examples
of the use of chiral Lewis base activation of dialkylzinc ad-
dition to imines in 1992, but since that time emphasis has
shifted to the use of chiral Lewis acid catalysis of dialkylzinc
additions (vide infra). However, there are a number of exam-
ples of enantioselective catalysis by amino alcohols.15

Cinchona alkaloids can catalyze the addition of diethyl-
zinc to benzaldehyde diphenylphosphorylimine, leading to
80% ee at room temperature with 20 mol % loading of
cinchonidine (2.6, Scheme 5).16 Excellent enantioselectivity
(78–94% ee) was observed for additions to eight other phos-
phorylimines, though stoichiometric quantities of cinchoni-
dine were used. Imines of the type N-(p-methoxyphenyl) or
N-Ts were inferior in these reactions.

Synthetic amino alcohols offer the opportunity for broader
variation and fine-tuning the selectivity. Gong et al. have
reported the full details of their efforts to screen aromatic
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N-substituents on 1,2-diphenyl-2-aminoethanol for improved
enantioselectivity, and found that mono-N-substituted cata-
lysts such as 2.7 (Scheme 5) were superior catalysts com-
pared to their N-methyl analogs or to the corresponding
aldimines.17 Additional examples using stoichiometric 2.7
were reported for dibutylzinc additions, with lower yields
but equally outstanding selectivity. Computational stereo-
control models were presented.

Gong applied asymmetric activation to enhance the stereo-
control by BINOL and its derivatives in enantioselective
additions of diethylzinc to in situ-generated N-formyl imines.
The N-formyl imine sulfinate adduct 2.8 (Scheme 6) was
treated with a ternary complex of BINOL derivative 2.9
and diimine 2.10, leading to enhancement of selectivity to
66% ee from 15% ee with 2.9 alone. Optimizing the solvent
led to a method capable of excellent enantioselectivity and
yield for additions to a range of aromatic aldimines.18 Fur-
ther improvements resulted in more consistently high selec-
tivity, as observed with imines cis-2.11 and trans-2.12 as
activators.19

2.1.2. Lewis acid activation. Tomioka reported asymmetric
Cu-catalyzed addition of diethylzinc to N-sulfonyl imines in
2000, with enantioselectivities up to 94% using phosphine
2.13 (Scheme 7).20 Screening sulfonyl groups, Cu sources,
and solvents enabled the use of catalyst loadings as low as
1 mol %, and aliphatic enolizable imines were included in
application of the optimized conditions.21 Other studies of
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Cu-catalyzed reactions with the novel monophosphine oxide
ligand 2.14 by Charette were reported shortly thereafter,22

and are notable for the use of five different dialkylzinc re-
agents including one bearing remote silyloxy substituents.
Bisoxazoline complexes were less efficient catalysts than
those of phosphines 2.13 and 2.14.23

X X
N

R1

HN

R1 R2

Cu(OTf)2 (5 mol%)

X = Ts, 5 examples
69–97%, 86–96% ee

R2
2Zn (2–5 equiv), PhMe, 0 °C

Tomioka:
(ref. 20)

Charette:
(ref. 22)

X = P(O)Ph2, 19 examples
80–98%, 89–99% ee

R2 = (CH2)6OTBS, R1 = Ph
52%, 90% ee2.14

ligand (2.13 or 2.14, 5 mol%)

P

P
O

N

t-Bu O
PPh2

Ar
Ar

2.13, Ar = mesityl

Scheme 7.

Wang et al. have reported the use of ferrocene-derived li-
gands for reaction conditions quite similar to those described
above.24 In ligand 2.15 (Scheme 8), the ferrocenyl group
gave enhanced enantioselectivity relative to other bulky
groups previously tested by Tomioka.25 Planar-chiral ligand
2.16 gave higher selectivity, though the slightly higher cata-
lyst loading makes a direct comparison less meaningful.26
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The instability of enolizable phosphorylimines was identi-
fied as a significant hindrance to further developments, and
Charette et al. circumvented this difficulty with an interest-
ing procedure to isolate the imine-sulfinate adducts 2.17
(Scheme 9), which were then converted in situ to the N-di-
phenylphosphorylimines.27 For diethylzinc, several enoliz-
able aldehydes gave outstanding selectivities for the ethyl
adducts using 2.14/Cu(OTf)2. The sulfinate adduct trick
can also be applied with glycolaldehyde derivatives, leading
to a synthesis of ethylglycine in 97% ee.28
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An efficient one-pot diethyl- and dimethylzinc addition
method was also demonstrated by Charette; diphenylphos-
phinamide and aldehydes are combined with dialkylzincs
in a ratio of 1:3:5, respectively, in the presence of
2.5 mol % of Cu catalyst 2.18 (Scheme 10). Yields for the
process ranged from 32% to 90%, with excellent enantiose-
lectivities across 10 examples including enolizable aliphatic
aldehydes.29 Charette’s methods stand as benchmarks in
scope and selectivity for organozinc additions to imines.
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Additions to ketimines have been slower to develop, in gen-
eral. Charette has designed a method for addition of diethyl-
or dimethylzinc to aryl trifluoromethyl ketimines, generated
in situ (Scheme 11).30 Exploited here were novel stable hemi-
aminals 2.19 bearing ethoxide as the leaving group, serving
the same role as the sulfinate of 2.17 (see above), and provid-
ing the acceptor for addition of dialkylzinc with excellent
enantiomeric excess.
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Dialkylzinc reagents were also examined by Hoveyda and
Snapper, exploiting Zr–dipeptide complexes as Lewis acid
activators of the imino acceptors.31 More recently, further in-
sights in these reactions were reported;32 using analogous Hf
complexes with enantiopure dipeptide 2.20 (Scheme 12),
aryl-, alkyl-, alkenyl-, and alkynyl-substituted N-arylimines
were all successful in enantioselective additions with im-
proved yield and selectivity (84–98% ee). Modifications to
the dipeptide revealed an active role for the AA2 position,
since the inverted configuration of Phe in this position led
to the enantiomeric product. A stereocontrol model 2.E in-
corporating reagent delivery by the AA2 amide carbonyl
was proposed.

Ethyl addition to a-aldiminoesters produced ethylglycine
derivatives via a Ti-catalyzed diethylzinc addition (Scheme
13).33 This study by Kozlowski showed some good potential
of bifunctional salens; Ti(Oi-Pr)2$2.21 bearing a piperidine
substituent on the chiral ligand, along with the presence of
additives in a certain pKa range (12–14), resulted in opti-
mized selectivities in the range of 60–80%.
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PMP
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Scheme 13.

The fundamental question which remains open in most di-
organozinc additions is whether the reaction can ultimately
extend beyond the addition of simple alkyl groups; most
such studies remain limited to ethyl addition. Few other
diorganozinc reagents are commercially available. Never-
theless, this reaction class includes some of the most
thoroughly optimized conditions of any asymmetric addition
to C]N bonds, and some methods can be achieved with low
catalyst loads well below 10 mol %. As such organozinc ad-
ditions present worthwhile lessons to be considered in the
design and development of new methodology in this area.

2.2. Organolithium and Grignard reagents

Although some of the earliest catalytic asymmetric additions
to imino compounds involved strongly basic organolithium
and Grignard reagents, these have been the subject of fewer
examinations in recent years, probably due to functional
group compatibility questions and complications of metal-
loenamine formation from enolizable imino acceptors. Still,
some interesting discoveries have emerged.

Toru et al. reported reactions of a series of N-(pyridylsulfo-
nyl)imines 2.22 (Scheme 14) with Grignard reagents in the
presence of stoichiometric amounts of sparteine or bisoxazo-
line ligands.34 Prochirality at sulfur served a key role as a
chiral relay; a chelation model involving the pyridyl nitrogen
and the selective complexation of one sulfonyl oxygen was
proposed with the aid of MOPAC 93/PM3 calculations.
Using PhBOX ligand 2.23, the enantioselectivity was
good for MeMgX addition to a series of imines (76–87%
ee), but other Grignard reagents led to moderate or low
selectivity.

N

R

S N
O O

MeMgBr, 2.23 (1.5 equiv) HN

R

S N
O O

Me
6 examples
38–98%, 76–87% eeR = aryl, cinnamyl, 2-furyl

PhMe, –95 °C

2.23 = (S,S)-PhBOX
(S)-configuration
assigned for R = Ph

2.22

Scheme 14.

Using tertiary cyclohexanediamines such as 2.24 (Scheme
15) with variations to their N-substituents R1, Alexakis
found good yields for methyllithium addition across a slate
of nine aromatic imines with moderate enantioselectivity
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at 20 mol % loading.35 It was noted that pseudo-C2-symmet-
ric ligand 2.25a, derived conveniently from (1S,2S)-(+)-
pseudoephedrine, could facilitate asymmetric additions of
phenyllithium to N-PMP-imines (PMP¼p-methoxyphenyl)
with enantioselectivity similar to that obtained with the
C2-symmetric ligand 2.25b.36 The pseudosymmetric 2.26,
with a further increase of steric bulk via the N-phenethyl
substitution, was then applied in a series of additions of
methyllithium to aromatic N-PMP-imines (30–69% ee).
With the same series of additions, C2-symmetric 2.24 pro-
vided opposite product configuration (48–74% ee).
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For Ar = 2-thienyl, R = Ph
2.25a (R2 = Me): 61% ee
2.25b (R2 = Ph): 59% ee

Ph

R2 NMe2

NMe2

R1

R1

Scheme 15.

Alexakis also examined the use of aryllithium reagents with
1,2-diamine catalyst 2.24b for aryl addition to aryl and
pivalaldehyde-derived N-PMP-imines (Scheme 16).37 With
20 mol % diamine additive, selectivities were routinely in
the range of 60% ee. A study of in situ generation of
aryllithiums by metal–halogen exchange from the corre-
sponding iodides extended the generality of the reaction, al-
though stoichiometric amounts of diamine were used in most
of these examples. The use of 1-iodonaphthalene gave rou-
tinely high enantioselectivities across a series of aromatic
imine acceptors.

2.3. Other organometallic methods

Transmetallation from a variety of main group or early tran-
sition metal organometallic nucleophiles is postulated as a
key step in several asymmetric transition metal-catalyzed
additions to imino compounds. Upon transmetallation,
chiral ligands such as 2.27–2.33 (Table 1) in the transition
metal catalyst can then effect stereocontrol. A number of
interesting examples of these reactions have been reported,
including Rh-catalyzed addition of arylstannanes,38 aryl-
boroxines,39 and aryltitanium species,40 as well as a Ni-

R

N
PMP

R

HN

Ar
PhMe, –78 °C, 15 h

PMP

N

N

20 mol% 2.24b:  42–95%, 14–84% ee
2 equiv 2.24b:  45–98%, 28–90% ee

Ar–I, n-BuLi, 2.24b

R = t-Bu, aryl

2.24b

Ar = Ph, 4-ClPh, p-anisyl, 2-naphthyl, 
       1-naphthyl, 2-thienyl, 2-furyl

Scheme 16.
catalyzed three-component coupling of alkynes, organobor-
anes, and imines leading to allylic amines.41 Recent devel-
opments are compiled in Table 1.

Hayashi reported Rh-catalyzed dimethylzinc addition to
N-tosylimines in the presence of a range of chiral ligands,
finding superior results with the C2-symmetric diene ligand
2.29,42 previously found to be effective for arylboroxine ad-
dition.39 For methyl addition, the methylboronic acids were
ineffective in these reaction conditions. A methylrhodium
species was invoked as a reactive intermediate.

Hemilabile amidophosphine ligands based on a valinyl-pro-
linol dipeptide structure proved effective for Rh-catalyzed
addition of arylboroxines to aromatic N-tosylimines.43

Best enantioselectivities were observed with 2.30 for addi-
tions to imines derived from 2-trimethylsilylbenzaldehyde,
where it was further shown that the TMS substituent could
be removed or replaced with iodine.

A BINOL-derived phosphite ligand 2.31 (Table 1) proved
effective for additions of boronic acids to N-dimethylsulfo-
nylimines in a high yielding and highly selective transforma-
tion leading to sulfonamides, which were readily cleaved to
the primary amines upon treatment with 1,3-diaminopro-
pane with microwave irradiation.44

High enantioselectivities were also reported for Rh-cata-
lyzed additions of arylboronic acids by Zhou et al.45 Using
an interesting spirocyclic phosphite ligand 2.32 (Table 1),
various ortho-, meta-, and para-substituents were accommo-
dated on both the arylboronic acids and the aromatic
N-tosylimine acceptors. Reversal of configuration was ac-
complished with the same chiral ligand by switching the
aryl groups of the reagent and substrate.

A number of asymmetric amine syntheses have emerged
from Ellman’s studies of chiral N-sulfinylimines.4d These
are powerful chiral auxiliaries with a wide range of practical
applications. Recently, Ellman reported Rh-catalyzed addi-
tions to these chiral substrates, along with a few selected
examples of achiral N-phosphinoyl imine acceptors in which
it was demonstrated that asymmetric catalysis could be
achieved with DeguPHOS (2.33, Table 1) as the chiral
ligand.46

2.4. Alkynylmetal reagents

A class of addition reactions which has been quite amenable
to asymmetric catalysis involves synthesis of propargylic
amines through addition of metal alkynides to imino com-
pounds. As with allylation reactions, this operation leaves
suitable functionality for further manipulation. Early studies
by Carreira revealed excellent potential for addition of zinc
alkynides to nitrones,47 and showed the way toward asym-
metric catalysis in related additions to aldehydes.48,49 In
2002, the first catalytic asymmetric alkyne addition to imino
compounds was reported by Li, using Cu(I) and bisoxazoline
ligand 2.34, with in situ generation of the imine in water or
toluene solution (Scheme 17).50 A similar catalyst system
was effective in oxidative additions to tetrahydroisoquino-
line involving a C–H activation event.51 Li has also recently
reported an interesting Ag(I)-catalyzed addition method,
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Table 1. Rh-catalyzed additions to imino compounds

Ar1

N
X

Ar1

HN

R

XRh(acac)(C2H4)2+ RM
chiral ligand

(alternative catalysts:  Rh(acac)(coe)2 or [RhCl(C2H4)2]2)

Reference RM, X Chiral ligand Results

Hayashi (Ref. 38) Ar2SnMe3 (X¼Ts)
aryl

PPh2

2.27 (aryl = 4-methoxy-
3,5-dimethylphenyl)

7 examples, R¼aryl 69–90%, 92–96% ee

Hayashi (Ref. 40) Ar2Ti(Oi-Pr)3 (X¼triisopropyl-benzenesulfonyl)

PPh2

PPh2

O

O

O

O
2.28

11 examples, R¼aryl 86–99%, 86–96% ee

Hayashi (Ref. 39) (Ar2BO)3 (X¼Ts)

Ph

Ph

2.29

11 examples, R¼aryl 94–99%, 96–99% ee
Hayashi (Ref. 42) Me2Zn (X¼Ts) 10 examples, R¼Me 61–91%, 94–98% ee

Tomioka (Ref. 43) (Ar2BO)3 (X¼Ts)
2.30

N
O

PPh2

H
NHBoc

H

11 examples, R¼aryl 83–99%, 66–94% ee

de Vries, Feringa,
Minaard (Ref. 44)

Ar2B(OH)2 (X¼SO2NMe2)

O

O
P N

H

PMP

2.31

11 examples, R¼aryl 72–98%, 87–95% ee

Zhou (Ref. 45) Ar2B(OH)2 (X¼Ts)

O
O
P

O Ph

2.32

17 examples 56–85%, 85–96% ee

Ellman (Ref. 46) Ar2B(OH)2 (X¼P(O)Ph2) NBn
Ph2P

Ph2P 2.33

4 examples 87–97%, 88–94% ee
but enantioselectivity has not yet been disclosed for this
reaction.52

Ar1

O

Ar1

HN
Ar2CuOTf (10 mol%)

in PhMe, 35 °C:
10 examples
67–93%, 82–95% ee

2.34 (10 mol%)

H2O or PhMe

Ar2 = Ph, p-ClC6H4, p-BrC6H4, p-tolyl

+  Ar2NH2

H + Ph

Ph

in H2O, 35 °C:
10 examples
56–86%, 78–91% ee

N
N

OO
N

Ph Ph

2.34

Scheme 17.

Following the seminal Li discovery, a number of modifica-
tions of the Cu-catalyzed addition of terminal alkynes
have appeared. Use of ionic liquids enables opportunities
for more convenient separation, recovery, and reuse of
catalyst systems. The Cu(I)–pybox catalysis originally
developed by Li50 has recently been modified by Afonso; re-
placing toluene with several room temperature ionic liquids
showed that 1-n-butyl-3-methylimidazolium bis(trifluoro-
methanesulfonyl)imide [bmim][NTf2] produced yields and
selectivities that were compared favorably to the original
Li method. Furthermore, the recycled catalytic system ex-
hibited only a negligible decrease in stereoselectivity over
six cycles.53

A chiral catalyst composed of CuOTf and (R)-binaphthyl di-
amine afforded variable results in the addition of lithiated
phenylacetylene to N-phenylbenzaldehyde imine and deriv-
atives.54 Slightly higher enantioselectivities (up to 81% ee)
and a more versatile reaction involve bis-imine ligands
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2.35 (Scheme 18).55 A recent report documents very broad
study of substrate and alkyne scope. Although the enantio-
selectivity was still variable, the addition utilizing penta-
fluorophenyl-substituted bis-imine as a catalyst resulted in
98% with 81% ee for N-phenylbenzaldehyde imine.56 Func-
tionalized aryl derivatives and a range of acetylides (with
aryl, alkyl, ester, and TMS groups) were accommodated,
though electron-withdrawing substituents in any of the vari-
ables R, X, or Y appeared to be detrimental to yield or selec-
tivity or both.

N NH

R

CuOTf, 2.35 (10 mol%)
R

X X

YY

PhMe

23 examples
25–98%, 15–81% ee
(ineffective for 
X = 2,6-diCl)N

N

2.35 (Ar = Ph or C6F5)

Ar

Ar

R = aryl, alkyl, CO2Me, TMS

Scheme 18.

Knochel showed that a catalyst composed of CuBr and (S)-
Quinap (2.36) promoted the asymmetric addition of trime-
thylsilylacetylene to enolizable dibenzyliminium ions with
excellent yield and selectivity up to 98% ee (Scheme
19).57 Replacement of one N-benzyl substituent with mesi-
tylmethyl led to further improvement.58 Knochel’s group
has also demonstrated access to chiral aminoalkyl-1,2-3-tri-
azoles from the propargylic amine adducts via Cu-catalyzed
cycloaddition with azide functionality.59 Extensive expan-
sion of the scope of this reaction has recently appeared,
with application to a total of 45 discrete examples, including
disclosure of some limitations of the reaction in a few
cases.60 Several points of additional interest emerged, in-
cluding the observation of a nonlinear effect (ligand of 5%
ee gives 50% ee in the product), and an example of Kagan’s
‘reservoir effect’ based on the correlation of catalyst enan-
tiopurity with observed reaction rates.

R1 R2CHO+
CuBr (5 mol%)

R2

R1

NR3
2

N

PPh2
(S)-Quinap(2.36)

2.36 (5.5 mol%)
PhMe, 4Å MS

38 examples
42–99%, 60–98% ee

7 examples of limitations:
R1 = TIPS: 4% ee
R2 = o-aryl: 25–32% ee
R2 = 3-pyridyl: 44% ee
R2 = 2-naphthyl: 54% ee
Diynes: dr 1:1

R1 = aryl, alkenyl, alkyl, TMS
R2 = aryl, alkyl, heteroaryl
R3 = allyl, benzyl

+ H2NR3
2

Scheme 19.

The modified pybox ligand 2.37 (Scheme 20) was exploited
by Singh for an asymmetric three-component coupling of al-
kynes, benzaldehydes, and anilines with impressive scope.61

A broad selection of aromatic functionality was tolerated,
as were aryl and alkyl substituents on the terminal alkyne
component. An interesting model for the activated imine
complex was proposed to involve stabilization by the gem-
diphenyl substituents through edge-to-face and p-stacking
interactions with the aromatic ring of the aldehyde compo-
nent (Ar2).

R

Ar2CHO+
2.37•CuPF6 (5–10 mol%)

Ar2

R

NHAr1

Ar1NH2

33 examples
67–98%, 
80–99% ee

R = aryl, n-Bu,
 PhCH2CH2

CHCl3

N
N

OO
N

Ph Ph

Ph
Ph

Ph
Ph

2.37

Scheme 20.

2.5. Allylmetal reagents

Addition of allyl groups to imines can achieve asymmetric
amine synthesis, leaving a versatile alkene functional group
for further synthetic elaboration. General reviews can be
consulted for the early developments in the synthesis and
chemistry of homoallylic amines.62 Not surprisingly, exten-
sive effort has been devoted to stereocontrol of this pro-
cess.63 Reagent control in a stoichiometric fashion has
been effectively achieved, for example, using an allylzinc re-
agent by Hanessian,64 chiral allylic silanes introduced by
Panek65 and Leighton,66 Sato’s chiral g-alkoxyallyltitanium
(i.e., homoenolate) reagents,67 chiral allylstannanes by Mar-
shall68 and Thomas,69 and allylboron reagents by Itsuno,70

Ramachandran,71 and others.72 Activation of allyltrichloro-
silane with stoichiometric amounts of chiral nucleophiles
was recently developed by Kobayashi for additions to
C]N acceptors.73 In contrast to these extensive studies of
the stoichiometric reactions, only a few notable successes
have been achieved in asymmetric catalysis of allyl addition
to C]N bonds.

Yamamoto has reported a series of studies exploiting palla-
dium p-allyl complexes 2.38 (Scheme 21) derived from b-
(�)-pinene as effective ligands for the catalytic asymmetric
allyltributylstannane addition to imines.74 Less toxic allylsi-
lane reagents could be substituted in the presence of TBAF
(up to 94% ee for aromatic aldehyde imines).75 With an N-
allyl imine, this allylation reaction (83%, 84% ee) gave mul-
tifunctional amine product, which could be functionalized
on two separate alkene groups. Notably, alkylimines pro-
duced lower selectivity (52% ee) compared to arylimines
(up to 94% ee).

Ph

N

Ph

HN

83%, 84% ee

TBAF (25 mol%), MeOH

Si
4

Pd-Cl

2.38 (dimer)

2.38 (5 mol%)

Scheme 21.

Asymmetric allylsilane and stannane additions to a-imino
esters have been developed independently by Lectka76 and
Jørgensen,77 wherein Cu(I) and tolBINAP (2.39) are
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exploited for effective enantioselection (Scheme 22). Both
exploited glyoxylate N-tosylimines, and Lectka has also
demonstrated good stereocontrol with the use of a modified
N-sulfonyl group bearing CH2CH2SiMe3 to facilitate or-
thogonal deprotection.

EtO2C

HN

OH

SO2R SiMe3

CuI(2.39)(ClO4) (6 mol%) EtO2C

HN
SO2R

P(p-tolyl)2
P(p-tolyl)2

R = p-tolyl: 81%, 76% ee
R = CH2CH2TMS:  75%, 70% ee

2.39 (tolBINAP)

EtO2C

N

CuPF6, 2.39 (10 mol%) EtO2C

NHTs
SnMe3

H

95%, dr 2:1
98% ee (minor)
71% ee (major)

H

Ts

Lectka (ref. 76):

JØrgensen (ref. 77):

Scheme 22.

A ZnF2 catalyst system incorporating chiral diamine 2.40
(Scheme 23) has been reported by Kobayashi, with good
stereoselectivity (up to 86% ee) for addition to acylhydr-
azono esters in aqueous THF.78

N

RO2C H

NHCOAr

H2O/THF (1:9)

HN

RO2C

NHCOAr

NH HN OMeMeO

PhPh

Si(OMe)3

ZnF2 (20 mol%)
2.40 (10 mol%)

4 examples
61–92%, 65–86% ee

2.40

Scheme 23.

A novel indirect asymmetric catalytic process accomplished
by Morken involved Pd-catalyzed asymmetric allene dibora-
tion with chiral phosphite ligand 2.41 (Scheme 24), followed
by use of this in situ-generated chiral borane reagent for
enantioselective addition to N-silyl- or N-H-aldimines.79

Acetamide formation and oxidative workup afforded b-ami-
doketones with moderate to high conversions (30–70%) and
excellent stereoselectivity (87–97% ee).

R

O

O O
P

O
ArAr

Ar Ar

NMe2

R

B(pin)
B(pin)

HN

R1

Ac

R
O

2.41 (Ar = m-xylyl)

Pd2(dba)3 (2.5 mol%)
B2(pin)2, 2.41 (6 mol%)

PhMe

9 examples
46–70%, 87–97% ee

R1

N

H

TMS

1)
2) Ac2O, H2O2

Scheme 24.
Catalytic asymmetric allylindium addition to N-acylhydra-
zones has been accomplished by Cook (Scheme 25).80

With BINOL-derived ligand 2.42, high selectivities and
good yields were obtained in addition to non-enolizable hy-
drazones.

OH
OH

CF3

CF3

R

HN
N

OO

R

N
N

OO

I+
In(0), 2.42 (10 mol%)

4Å MS, THF

R = aryl, alkenyl 10 examples
40–79%, 70–92% ee

2.42

Scheme 25.

The first catalytic asymmetric allylation of ketimines was re-
cently reported by Shibasaki. This reaction utilizes an allyl-
copper reagent, generated in situ from pinacol allylboronate
and CuF, and modified by the chiral ligand DuPHOS (2.43,
Scheme 26).81 The key to the catalytic system involves acti-
vation of the B to Cu transmetallation by an alkoxide addi-
tive, facilitating catalyst turnover. Enantioselectivity was
high (up to 93%) with methylarylketimines, but drastically
decreased (23% ee) with a dialkylketimine.

N
Bn

Ar

B O
O

CuF-2.43 (10 mol%)

PP

RR

RR

HN
Bn

Ar

2.43 (R = c-pentyl)

7 examples
76–97%, 81–93% ee

LiOi-Pr (30 mol%)
t-BuOH (1 eq), PhMe

Scheme 26.

Other catalytic allyl addition reactions seemingly offer po-
tential for asymmetric modifications, including Tunge’s
recent report of Pd-catalyzed decarboxylative allyl trans-
fer,82 Tamaru’s Pd-catalyzed additions using allylic alco-
hols,83 and Kobayashi’s intriguing recent development of
asymmetric transfer allylation (Scheme 27).84 The latter re-
action, which occurs with excellent enantioselectivity and
functional group tolerance in the absence of main group
or transition metals, is worth noting in more detail here.
The camphorquinone derivative 2.44 was employed by

O

NH2

O

N
R

H

+
CSA

RCHO +
R

N=X

2.45 (X = camphor-
       quinylidene)
2.46 (X = H,H)

NH2OH•HOAc
R = aryl, heteroaryl, alkyl, 
       alkoxyalkyl, alkenylalkyl

2.44

14 examples
57–92%, 92–98% ee

Scheme 27.
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Kobayashi as an allyl carbanion equivalent, which trans-
ferred its allyl group via aza-Cope rearrangement of an inter-
mediate iminium ion to furnish imine 2.45. The primary
amine 2.46 was easily released upon treatment with hydr-
oxylamine. Although this stereocontrol required a stoichio-
metric source of asymmetry, the interesting mode of
reactivity should surely attract further asymmetric catalysis
studies. The fundamentally simple allyl addition reaction
continues to bear fruit.

3. Mannich reactions

Structures incorporating b-aminocarbonyl compounds, par-
ticularly b-lactams and b-amino acids, are prevalent in
many natural products of biological importance, and are fun-
damental building blocks for medicinal chemistry. The Man-
nich reaction provides a powerful and direct access to these
important difunctional compounds. Extensive development
of Mannich reactions has been thoroughly discussed in
a number of prior reviews.85

In the late 1990s, a series of independent studies paved the
way for the current developments of catalytic asymmetric
Mannich reactions to be discussed in this review, so an over-
view of these seminal efforts is provided. These key seminal
efforts included work with preformed enolates and imines,
such as in Tomioka’s discovery of activation of Li-enolate
addition to imines through the intermediacy of a ternary
complex involving catalytic amounts of chiral ether 3.1
(Scheme 28).86

N

R1

OLi
R2

R3
O

PhMe, –78 °C

OMe

+ (20 mol%)

Ph Ph

MeO OMe
N

R1 R3

R2

PMP O

R1 = aromatic, CH=CHPh, CH2CH2Ph
R2, R3 = H or alkyl

7 examples
40–85%, 
70–90% ee

3.1

Scheme 28.

Kobayashi reported the first asymmetric Lewis acid-cata-
lyzed Mannich-type reactions, which involved the use of
Zr(IV)–BINOL species 3.2 (Scheme 29) to activate the imi-
no acceptor for addition of Si enolates, and a silyl transfer to
the nitrogen proposed to facilitate catalyst turnover.87 The
reaction was also adapted to glycolate-derived enolates,
leading to syn- or anti-amino alcohols.88

N

R1

HO
OSiMe3

R2

R3
OR4

O

O O

O
Zr

L

L

catalyst 3.2

(10 mol%)

CH2Cl2, –78 °C
HN

R1

HO

R3 R2

CO2R

R1 = aromatic, cyclohexyl
R2/R3 = Me/Me, H/OTBS, OBn/H

Br Br

BrBr

3.2 (L = 1,2-dimethylimidazole)

+

20 examples
41–100%, 
76–98% ee

Scheme 29.
Two closely related studies of metal-catalyzed Mannich
reactions of glyoxylate imines were reported shortly there-
after. Sodeoka reported catalysis by a novel binuclear
Pd(II) complex 3.3 prepared with tolBINAP chiral ligands
(Scheme 30),89 and a Pd-enolate complex was proposed as
a key intermediate with stabilization by intramolecular h2-
coordination to the second palladium atom.90

N

i-PrO2C

PMP
OSiMe3

R

P

P O
H

H
O

Pd

catalyst 3.3

(10 mol%)
CH2Cl2, –78 °C

NH

i-PrO2C

R = aromatic, methyl

3.3 (Ar = p-tolyl)

+

6 examples
62–95%, 53–90% ee

ArAr

ArAr
P

P
Pd

ArAr

ArAr
++

2 BF4
–

PMP
O

R

Scheme 30.

Lectka reported concurrent studies of the use of tolBINAP
(2.39) to modify a series of late transition metal Lewis acids,
finding optimal behavior with Cu(I) for catalysis of Mannich
additions to ethyl glyoxylate N-tosylimine (Scheme 31).91

Outstanding selectivity was obtained under these conditions.

N

EtO2C

Ts
OSiMe3

R

CuClO4•2.39

(2–10 mol%)
THF, 0 °C

NH

EtO2C

R = aromatic, t-butyl

+

8 examples
65–92%, 
89–98% ee

Ts
O

R

Scheme 31.

Following this series of seminal reports involving preformed
enolates, the first catalytic asymmetric Mannich reaction in-
volving unmodified ketones (i.e., enolization in situ) and
aluminate 3.4 was reported by Shibasaki in 1999 (Scheme
32).92 This anomalous example does not concern asymmet-
ric induction at the C]N bond, but it is cited here because
this so-called ‘direct’ Mannich reaction ushered in a wave
of studies of related processes involving in situ enolization
and imine formation.

Ar

O

O

O O

O
Al

Li

Ar

O

NEt2

5 examples
61–76%, 34–44% ee

PhMe, MS 3Å, 50 °C
La(OTf)3•nH2O (30 mol%)

3.4 (30 mol%)
MeOCH2NEt2

3.4

Scheme 32.

List reported the first organocatalytic direct asymmetric
Mannich reactions.93 Using proline, the reaction produced
1,2-amino alcohols with high diastereo- and enantiomeric
purity from a range of aliphatic and aromatic aldehydes
(Scheme 33). Acetone, hydroxyacetone, and methoxyace-
tone served as the nucleophilic component in this provocative
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study. A series of related amino acid-catalyzed Mannich
reactions followed from Barbas94 and Cordova.95 These
developments have helped inspire the launch of numerous
organocatalytic methodology studies, which continue to
draw increasing attention.

X

N OH
O

MeO

N

R

O

OH

proline (20–35 mol%)
p-anisidine

O

R H + R

ArHN

OH

O

18 examples
35–96%, 
61–99% ee

R = alkyl, aryl

DMSO, rt

Scheme 33.

A newer class of metal-free catalytic process involves the
use of chiral Brønsted acids. The pioneering efforts in this
area by Akiyama96 and Terada97 include Mannich reactions
of aldimines catalyzed by BINOL-derived phosphoric acids
3.5a and 3.5b (Scheme 34), which were postulated to offer
a bifunctional activity involving not only the protonation
and H-bonding of the imine but also participation by the
Lewis basic oxygen of the P]O bond. Either O-silyl ketene
acetals or acetylacetone could be used as the nucleophilic
component, with the latter involving in situ enolization.
The design and application of chiral Brønsted acids is a
burgeoning area of new catalyst development,98 and further
examples will appear elsewhere in this review.

O

O
P OH

O

Ar

Ar

3.5a, Ar = p-(NO2)C6H4

Akiyama (ref 96):

Terada (ref 97):

3.5b, Ar = p-( -naphthyl)C6H4

N

R

X

R = aryl, 
alkenyl

O O

R1
OTMS

OMe
R2

(with catalyst 3.5b, X = Boc)

(with catalyst 3.5a,
X = o-(OH)C6H4)

HN

R

X

R1 R2

O

R3

3.5a (10 mol%)
+  Nu

Nu =

Nu =

15 examples
65–100%,
80–96% ee

7 examples
93–99%, 
90–98% ee

or 3.5b (2 mol%)

Scheme 34.

With this brief overview in place, the sections to follow will
focus on the most recent developments, which have ap-
peared since the prior reviews on this topic.

3.1. Additions of metal enolates

The use of metal enolates is a viable approach to highly
enantioselective Mannich reactions. Though less popular
for development than the methods involving silyl enol ethers
or enamines, there are excellent methods for achieving this
transformation. These include direct methods involving
generation of the metal enolate in situ, and some new vari-
ants, which have been unveiled recently.

Shibasaki has extensively developed the use of metal
enolates in conjunction with BINOL ligands,99 and has re-
cently examined the use of chiral yttrium- and zinc-BINOL
species as catalysts for Mannich reaction between N-diphe-
nylphosphinyl imines and a-hydroxyketones. The use of
Y[N(SiMe3)2]3 with (S,S)-BINOL formed the b-amino-a-
hydroxyketone adducts in a highly syn-selective fashion
with excellent enantioselectivity.100 However, enolizable
imines proved problematic. On the other hand, the Zn/BI-
NOL system (with an in situ generation of N-diphenylphos-
phinoyl imines from a-amino sulfones) allowed for aliphatic
N-phosphinoyl imines to be successfully employed (Table
2).101 Mixtures of syn and anti adducts were obtained, and
both diastereomers exhibited very high enantiomeric purity.

Typical Mannich reactions of a-hydroxyketone nucleophiles
furnish syn products or diastereomeric mixtures. Trost102 has
exploited dinuclear Zn catalysts 3.7 (Scheme 35) to develop
a method for control of both diastereo- and enantioselectiv-
ity based on simply switching the N-substituent between
N-phosphinyl and N-Boc. The use of the phosphinoyl imine
was essential for anti-selectivity; the N-Boc imine produced
syn as the major product. For cyclohexanecarboxaldehyde
imino acceptors, anti:syn selectivity with N-phosphinoyl
was 5:1 (86%, 94% ee), whereas the N-Boc reversed the
selectivity to afford a 1:5 anti:syn ratio (77%, 94% ee).

Table 2

N

R

P
O

Ph
Ph

OMeO

OH

cat. Et2Zn, 3.6

Ar

O

OH

NH

R

PPh
Ph

O

Ar

O

OH

NH

R

PPh
Ph

O

THF, 3Å MS
+

R Yield (%) dr (syn:anti) %ee syn/%ee anti

89 76/24 96/97

85 56/44 95/98

79 65/35 >99/99

89 52/48 97/94

77 55/45 90/99

88 35/65 96/99

OH
OH

O

HO
HO

3.6
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O NN

O O
Zn Zn

Et
PhPh

Ph Ph

Ar
OH

O HN
X

R
OH

Ar

O

Ar = Ph, 2-furyl, o-tolyl, 
1-naphthyl, 2-naphthyl

4Å MS, THF

3.7

for X = P(O)Ph2:
11 examples
anti/syn 3–6:1
70–86%
83–99% ee

HN

R
OH

Ar

O

for X = Boc:
2 examples
syn/anti 5:1, 3:1
70, 77%
94, 90% ee

+

X
3.7 (3–5 mol%)

RCH=NX

Scheme 35.

3.2. Lewis acid-catalyzed additions of enol ethers

Since Kobayashi’s seminal asymmetric Mukaiyama–Man-
nich reactions, numerous approaches using silyl enol ethers
(or silyl ketene acetals) have been explored.103 A highlight is
the widely applicable Ag-catalyzed process reported by
Josephson et al.104 A catalyst prepared from AgOAc and an
isoleucine-derived phosphine ligand 3.8 (Scheme 36) af-
forded excellent yield and selectivity for o-anisidine imines
bearing aryl, alkenyl, and phenylethynyl groups at the imino
carbon. Though yields were somewhat lower with aliphatic
imines (41–60%), selectivities remained high in these cases.

N

R1

MeO

OSiMe3

R2

AgOAc (1–5 mol%)
3.8 (1–5 mol%) ArHN

R1

R1 = aryl, alkenyl, PhC C, alkyl
R2 = Ph, Me

+

27 examples
41–98%, 
80–98% ee

i-PrOH (1 equiv)
THF, in air

O

R2

PPh2

N
H
N

Et

O
OMe

3.8

Scheme 36.

The continued investigations of chiral Lewis acids derived
from Zr(IV) and BINOL derivatives have now led to the
Kobayashi’s very practical development of an air-stable,
storable powdered form of the catalyst, prepared from a
BINOL derivative and Zr-alkoxide in the presence of N-
methyl- or N-benzylimidazole (Scheme 37).105 This catalyst
was active in Mannich reactions of silyl enol ethers with
N-(2-hydroxyphenyl)imines (e.g., Scheme 29); excellent
enantioselectivities (81–95%) were obtained in several ex-
amples at 10 mol % loading. The catalyst can be recovered
and reused for three consecutive cycles, and can be stored

Br

Br

1) Zr(Ot-Bu)4

2) precipitation

CH2Cl2

(hexane)

N-alkylimidazole
powdered
catalyst
(active)

Zr4(µ-BINOLate)6(µ3-OH)4
(active)

recryst-
allization

OH
OH

Scheme 37.
for at least six months in powdered form, each without det-
riment to yield or selectivity.

Mukaiyama–Mannich reactions can be carried out in
aqueous media using a catalytic chiral diamine–ZnF2 combi-
nation and hydrolysis-resistant hydrazones as imino accep-
tors (Scheme 38), as has been shown by Kobayashi;106

more complete details of these studies have now been dis-
closed.107 The proposed catalytic cycle, supported by a
number of elegant control experiments, invokes transfer of
fluoride from Me3SiF to a ZnF(OH) intermediate to regener-
ate the active ZnF2 species, which is presumed to activate
both components simultaneously (dual activation).108 The
result is a highly diastereo- and enantioselective addition
of a variety of silyl enol ethers, silyl ketene acetals, and silyl
ketene thioacetals to glyoxylate-derived N-benzoylhydr-
azones. Stereospecificity was observed with respect to the
E/Z geometry of the enol ether.

N

EtO2C

NHBz
OSiMe3

R2 H2O/THF 
or H2O

NH

EtO2C

R1 = Me, Et
R2 = aryl, St-Bu, i-Pr

+

in H2O/THF (1:9):
10 examples
22–98%, 85–92% ee

in H2O:
13 examples
60–94%, 91–98% ee

O

R2R1

R1

HNNH

Ph Ph

Ar Ar

3.9 (Ar = 2-MeOC6H4)

ZnF2
3.9 (10 mol%)

BzHN

Scheme 38.

Chiral ferrocene-derived ligands were used to modify Cu(I)
catalysts for addition of silyl enol ethers to N-(thienyl)sul-
fonyl aldimines by Carretero.109 The copper(I)/Fesulphos
Lewis acid 3.10 (Scheme 39) was successful with several
substituted imines, including aryl, alkenyl, and one example
of an alkyl group (cyclohexyl). High enantioselectivities
were observed in most cases (>71% ee) though the presence
of furyl groups led to diminished stereocontrol. Cleavage of
the sulfonyl group was accomplished readily by Mg/MeOH.

N

R

S
S OTBS

X+

Fe PAr2

S-t-Bu

R

NH O

X

17 examples
40–91%, 49–93% ee

R = aryl, alkenyl, c-C6H11
X = St-Bu, OMe, aryl

3.10 (Ar = 1-naphthyl)

3.10•CuBr (5 mol%)
AgClO4 (10 mol%)

CH2Cl2

OO
ArSO2

Scheme 39.

3.3. Organocatalytic Mannich reactions

Catalysts derived from L-proline have been synthesized and
screened in organocatalytic Mannich reactions by Ley.110

Catalysts 3.11, 3.12, and 3.13 (Scheme 40) are prepared
from N-Cbz-proline in three or four steps, and these were ap-
plied to syn-selective additions of carbonyl compounds to
glyoxylate N-(p-methoxyphenyl)imine with excellent enan-
tioselectivities (94–99% ee), with the exception of fluoro-
acetone (14% ee).
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HN N
N

NN
H

R1

R2

O

R1

R2

O

CO2Et

NHPMP

7 examples
syn/anti >19:1
59–99%, 94–99% ee

H CO2Et

PMPN
+

catalyst
(see below)

CH2Cl2

3.11 (5 mol%)

N
H

O

NHSO2R3

3.12 (R3 = Me, 20 mol%)
3.13 (R3 = Ph, 20 mol%)

4 examples
syn/anti >19:1
55–82%, 96–99% ee

Scheme 40.

Direct organocatalytic aldol additions of hydroxycarbonyl
compounds is well suited for application to de novo carbohy-
drate synthesis,111 and the related Mannich additions have
recently been developed for access to unusual aminosugars.
Enders has found that proline and hydroxyproline 3.14
(Scheme 41) can be effective catalysts for the asymmetric
Mannich addition of dihydroxyacetone acetonide to a broad
range of aldimines formed in situ from difunctional alde-
hydes.112 Westermann published a closely related series of
reactions of dihydroxyacetone acetonide with glyoxylate
N-(p-methoxyphenyl)imine catalyzed by L-proline; two
related catalysts were less effective.113

O

O

O

O

R

NHPMP

9 examples
syn/anti 4:1–99:1
57–94%, 51–98% ee

H R

PMPN
+

catalyst
(see below)

CH2Cl2

L-proline (10–30 mol%)

CO2HN
H

3.14 (20 mol%) 6 examples
syn/anti 8:1–99:1
70–98%, 81–96% ee

TBSO

O

Enders (ref 112):

Westermann (ref 113):

O

L-proline (30 mol%) R = CO2Et
97:3, 72%, 99% ee

R = CO2Et, CH(OMe)2,
CH2OBn, o-ClC6H4, 2-pyridyl, O O

BocN
O CbzN

Scheme 41.

This aminosugar synthesis was effectively applied to total
synthesis of polyoxamic acid (3.15, Scheme 42), using a
furyl group as a latent carboxylate functionality. In this
instance, a N-Boc-imine was used as the imino acceptor
in the L-proline-catalyzed addition of dihydroxyacetone
acetonide.114

O

O NHBoc

O

O 1) L-Selectride
2) O3, MeOH
3) TFA, H2O OH

OH

CO2H

NH2

OH
3.15, 54% (3 steps)

Scheme 42.

Similar approaches to carbohydrate building blocks have
been reported by C�ordova et al. (Scheme 43), using L-proline
to catalyze cross-Mannich reactions in DMF,115 including
preparation of ketoses by proline-catalyzed reaction of dihy-
droxyacetone acetonide.116 Additional amino acids and acy-
clic chiral amines were tested, and alanine-derived tetrazole
3.16 emerged as an efficient catalyst to provide syn ad-
ducts.117

H

N

EtO2C

O O

H
OBn

EtO2C

NH
PMP

OBn

PMP

+

89%, 19:1 dr (98% ee)

O

H CO2Et

O
+

O

CO2Et

NHPMP

71%, 16:1 dr (>99% ee)

O O

O

H

O

+
O O

O NHPMP

55%, >19:1 dr (98% ee)

O
O

O
O

H

DMF
L-proline (30 mol%)

DMSO
p-anisidine

DMF
L-proline (30 mol%)

p-anisidine

H2N
HN N

N
N

3.16

Scheme 43.

A biomimetic aerobic oxidation was reported by Backvall
and C�ordova to operate in tandem with the previously
described proline-catalyzed Mannich reactions.118 The
Ru/Co catalyst system allowed for the aerobic oxidation of
arylmethyl and (alkoxycarbonyl)methyl amines forming
N-PMP-imines (Scheme 44). Proline-catalyzed Mannich
reactions then ensued in the usual way.

NHAr

OH

>19:1 dr
>95%, >97% ee

NHAr

2) EtCHO, L-proline (30 mol%)
3) NaBH4

1) O2, Ru/Co (4 mol%)
2,5-dimethoxyquinone
(20 mol%)

Scheme 44.

Another use of proline-catalyzed Mannich reactions is the
formation of fluorinated b-amino alcohols.119 Trifluoroace-
taldehyde N-PMP-imine (Scheme 45) was coupled with sev-
eral aldehydes in moderate yields (31–41%) and with high
stereocontrol (up to >99:1 dr, and 99% ee). Interestingly,
other proline derivatives failed to produce Mannich products
in this fashion.

H
N

F3C

O

OH
R

F3C

NHPMP

R

PMP

+

R = Me
       Et
       Bn
       CH2CHCH2

50%, 96:4 dr (99% ee)
31%, >99:1 dr (99% ee)
35%, >99:1 dr (99% ee)
40%, 96:4 dr (99% ee)

2) NaBH4

1) L-proline
(20 mol%)

Scheme 45.

Barbas reported a regioselective synthesis of 1,2- or 1,4-di-
amines through a Mannich reaction pathway.120 Protected
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a-phthalimido ketones furnished 1,4-diamines through
selective enamine formation via catalysis with L-proline-
derived tetrazole 3.17 (Scheme 46). In contrast, a-azido
ketones produced the complementary regioisomer.

X

O

N3

O

CO2Et

NHPMP

For X = N3:
dr 91:9
96%, 99% ee

O

CO2Et

NHPMP

For X = NPhthal:
86%, 64% ee

DMSO
p-anisidine

NPhthal

or
3.17 (30 mol%)
EtO2CCHO

N
H N N

N

H
N

3.17

Scheme 46.

In contrast to L-proline, which provided syn adducts, the
closely related catalyst (3R,5R)-5-methyl-3-pyrrolidinecar-
boxylic acid (3.18, Scheme 47) was reported by Barbas to
produce the anti-Mannich product selectively.121 With the
carboxylic acid in the pyrrolidine 3-position and the methyl
steric directing group at the 5-position, control of the en-
amine C–N rotamer in the transition state was proposed to
have a dihedral angle 180� from that the corresponding tran-
sition state with proline, thus reversing the stereocontrol.
Use of several alkyl aldehydes with N-PMP-protected a-imino
esters produced diastereomeric ratio of 94:6 and higher. An
analogous reaction with ketones was much slower, and this
was corrected by simply dispensing with the extra methyl
substituent to arrive at catalyst 3.19.122 Only the C–N rotamer
shown was hypothesized to be capable of the required
hydrogen bond with the 3-carboxylate. Consistent with this
scenario, ketones gave enhanced reactivity using 3.19, while
maintaining excellent anti-selectivity and control of absolute
configuration.

Another anti-selective Mannich reaction was achieved by
C�ordova with the use of pyrrolidine catalyst 3.20 (Scheme
48), which lacks the H-bond donor functionality of pro-
line.123 Several substituted aldehydes were tested with
N-PMP-protected a-imino esters producing high diastereo-
selectivities (14:1 to >19:1) with moderate yields and
outstanding enantiocontrol.

H

N

EtO2C

O O

H
R

EtO2C

NH
PMP

R

N
H OTMS

PMP

+

R = i-Pr, n-pentyl, Me,
      CH2OBn, CH2Ph

Ph
Ph 5 examples

anti/syn 14–19:1
45–75%, 97–99% ee

3.20 (10 mol%)

3.20

CHCl3

Scheme 48.

Cinchona alkaloids and their thiourea conjugates have been
introduced as organocatalysts for the Mannich reaction.124

Deng found that the quinidine-derived bifunctional H-
bonding catalyst 3.21 (Scheme 49) delivered malonates to
N-Boc protected aromatic imines with outstanding stereo-
control.124c Aliphatic imines gave lower yields, yet enantio-
selectivity remained quite high. Decarboxylation produced
N-Boc protected b-amino acids.
R

NMe

R

R(H)

N OH
OPMP

N

CO2R

proline: syn-selective

PMP
N

CO2R

O
H

O

3.18: anti-selective
(aldehydes)

R

NPMP
N

CO2R

O
H

O

3.19: anti-selective
(ketones)

R

R(H)

N CO2H
NMe

CO2H

N

CO2H

R R R
R

R(H)R

NHPMP

R

O

RH

NHPMP

R

O

RR

NHPMP

R

O

15 examples
anti/syn 10:1–99:1
68–96%, 82–99% ee

(H)R
R1

O

H CO2R2

N
+ (H)R

R1

O

CO2R2

NHPMPPMP

DMSO
(20 mol%)

R = H or alkyl, R1 = alkyl, R2 = alkyl

9 examples
anti/syn 16:1–49:1
54–92%, 97–99% ee

N
H

CO2H

R3 3.18 (R3 = Me)
3.19 (R3 = H)

Alternative transition states for syn- or anti-selective amine-catalyzed Mannich reactions:

Scheme 47.



2555G. K. Friestad, A. K. Mathies / Tetrahedron 63 (2007) 2541–2569
NBoc

HR OBn

O

BnO

O NHBoc

R
CO2Bn

CO2Bn+

for R = aryl:
15 examples
81–99%, 96–99% ee

3.21 

(20 mol%)

N

H
N

MeO

3.21

for R = alkyl:
3 examples
55–64%, 88–92% ee

N H
N

S

CF3

CF3

H

Scheme 49.

Another use of b-dicarbonyl derivatives resulted in highly
enantio- and diastereoselective Mannich reactions of a-
substituted a-cyanoacetates, in which Sharpless AD ligand
(DHQD)2PYR (3.22, Scheme 50) was employed as a base
catalyst.125 Diastereomer ratios were modest (ca. 5:1), but
excellent enantioselectivity was observed for a series of aro-
matic precursors in addition to glyoxylate N-(Boc)imine.

CN

CO2BnAr
3.22 (5 mol%)

CH2Cl2, –78 °C Ar
CO2R

NHBoc

CO2BnNC

8 examples
dr 4:1–49:1
89–99%, 
91–98% eeN N

ORRO
Ph

Ph

N

N

Et

MeO

H

(DHQD)2PYR (3.22), R =

CO2R

NBoc
+

Scheme 50.

Terada has expanded the Brønsted acid catalyzed direct
asymmetric Mannich reaction to a wider range of b-dicar-
bonyl compounds.126 These reactions accommodated
b-diketones, b-ketoesters, a b-ketoamide, and dimethyl
malonate in a racemic version. Chiral phosphorodiamidic
acid catalysts 3.23 (Scheme 51) derived from binaphthyl
diamine led to addition of acetylacetone with modest
enantioselectivity.

Ph H

N
X

OO
+

N

N
P

OH
O

3.23 (2 mol%)

Ph

HN
X

O

OR

R

PhMe

3.23a (R = 2-naphthylsulfonyl)

3.23b (R = p-tosyl)

42%, 56% ee 
(X = Bz)
97%, 19% ee 
(X = Boc)

Scheme 51.

3.4. Aza-Henry reactions

Nitroalkyl anions can serve as the nucleophilic component in
addition to imino compounds, and these nitro-Mannich (or
aza-Henry) reactions afford adducts with orthogonal nitro-
gen functionality on neighboring carbons for some interest-
ing synthetic utility.127 Asymmetric modifications of this
reaction were initiated by Shibasaki128 and Jørgensen,129

and their ground-breaking discoveries (Scheme 52) have en-
ticed a surge in activity in this area. Anderson has extended
the versatility of the Jørgensen method, finding conditions,
which were suitable for aromatic and aliphatic aldimines
with 10 mol % catalyst loading, and using only 1.5 equiv
of nitropropane, as a preformed silyl nitronate.130

N

Ar

P
O

Ph
Ph

PhMe/THF (7:1)
–40 °C, 2.5–7 d

HN

Ar

PPh2

O

5 examples
41–93%, 69–91% ee

Yb(Oi-Pr)3, KOt-Bu, BINOL 
(1:1:3, 20 mol%)

+  CH3NO2
NO2

N

R1

PMP

CH2Cl2, 0 °C–rt

HN

R1

PMP

7 examples
syn-selective
38–81%, 
74–99% ee

Cu(II)•3.24 or Cu(II)•3.25

NO2R2

NO2+

N N

OO

Ph Ph

Ph Ph

3.24

R2

JØrgensen (ref 129)
R1 = CO2Et 
R2 = alkyl, aryl

9 examples
anti-selective
79–91%, 
73–94% ee

Anderson (ref 130)
R1 = aryl, alkyl 
R2 = Et N N

OO

Ph Ph
3.25

Scheme 52.

Johnston reported additions of nitromethane and nitroethane
to N-Boc protected imines in the presence of chiral
pyridinium salt 3.26 (Scheme 53) in an early example of
asymmetric catalysis with chiral Brønsted acids.131 Dia-
stereoselective for the syn product, this reaction was success-
ful for nitromethane and nitroethane in addition to aromatic
aldimines in moderate yields.

Ar H

N
Boc

R

NO2+
3.26 (10 mol%)

Ar

HN
Boc

NO2

R

N

N N

N
H

H

H

+ –OTf 10 examples
dr 7:1 to 19:1
50–69%, 59–95% ee

3.26

–20 °C

H

H

Scheme 53.

In some very impressive expansion of asymmetric aza-
Henry reactions, Takemoto has introduced a bifunctional-
thiourea catalyst 3.27 (Scheme 54), which incorporates
both a thiourea H-bond donor and a basic nitrogen.132 This
construct was hypothesized to not only activate the acceptor
for addition, but act as the base to produce the nitroalkyl nu-
cleophile. The reactions were tested with a wide range of ac-
ceptors, with N-(Boc)imines showing optimal yields and
selectivities, and the optimized conditions were applied in
additions of nitromethane to a series of aromatic aldimines.
The mild conditions enabled the reaction to tolerate addi-
tional electrophilic sites in the nitroalkane precursor, includ-
ing, remarkably, mesylate, triflate, and acrylate functionality
(3.28–3.30). Jacobsen and Yoon reported application of thio-
urea catalyst 3.31 to aza-Henry reactions of four different
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nitroalkyl components and several aromatic N-(Boc)aldi-
mines.133

N

Ar

Boc

H
N

H
N

S

F3C

CF3

NMe2

3.27 or 3.31 (10 mol%)

3.27

For R1 = H:
9 examples
71–90%, 
83–98% ee

O2N CO2Me
O2N

OSO2R2
3.28 (R2 = CH3)
3.29 (R2 = CF3)
3.30

NO2

R2R1

HN

Ar

Boc

NO2

R1 R2

+

14 examples
dr 4:1–7:1
75–99%, 
92–97% ee

Me2N N
H

N
HO

t-Bu S

NHAc3. 31

Takemoto (ref. 132)

Jacobsen (ref. 133)

difunctional nitroalkanes: For R1 = alkyl
15 examples
dr 75:25–97:3
75–94%, 
89–99% ee

Scheme 54.

A number of reports outline the utility of phase transfer
catalysis for aza-Henry reactions. A catalyst incorporating
a quininium salt was examined by Herrera and Bernardi
for addition to in situ-generated N-Boc or N-Cbz protected
imines (Scheme 55).134 Phase transfer of the nitronate–
quininium ion pair from the KOH solid phase to toluene
was critical for the asymmetric induction. Concurrently, the
same approach was reported by Palomo,135 in this case with
the use of CsOH as a base; nitroethane was also found to be a
suitable nucleophilic component.

HN

R1

Boc
HN

R1

Boc

NO2SO2Ar

N

HO N+

MeO

H
Cl–

R1 = aryl, alkyl, R2 = H
12 examples
53–96%, 73–98% ee

3.32 (10 mol%)

3.32

Herrera/Bernardi (ref. 134):

R2

R1 = aryl, alkyl, R2 = H, Me
19 examples
72–88%, 80–98% ee

Palomo (ref. 135):

KOH or CsOH
PhMe

NO2

R2
+

Scheme 55.

Ricci reported a survey of a range of modified cinchona al-
kaloids as organocatalysts for the aza-Henry reaction, culmi-
nating in an optimal structure 3.33 (Scheme 56) bearing

N

N N

O

HN
S

CF3

F3C

H
H

3.33

9 examples
50–95%, 
63–94% ee

N

Ar

PG
HN

Ar

PG

NO2toluene, –24 °C
+   CH3NO2

3.33 (20 mol%)

Scheme 56.
thiourea functionality, which produced a highly effective
catalyst.136

A zinc-catalyzed aza-Henry reaction of nitromethane was
reported by Palomo.137 This system utilizes 0.5 equiv of
(�)-N-methylephedrine (NME) and nitromethane as sol-
vent, producing high yields and selectivities of a variety of
N-Boc aryl aldimines (Scheme 57).

N

Ar

Boc
HN

Ar

Boc

NO2

13 examples
59–98%, 87–99% ee

+   CH3NO2

Ph

HO NMe2

(–)-NME

i-Pr2EtN (30 mol%)
4Å MS

(–)-NME (45 mol%)
Zn(OTf)2 (30 mol%)

Scheme 57.

An interesting cooperative effect of quinine and chiral Lewis
acid catalysts was discovered by Jørgensen. In the reaction
of tert-butyl 2-nitropropionate with glyoxylate N-(PMP)-
imine, the diastereoselectivity was poor despite useful enan-
tioselection with Cu(II) and bisoxazoline ligand 3.34
(Scheme 58). Screening cinchona alkaloids as additives re-
vealed that quinine could control the diastereoselectivity in
this reaction, but only in the presence of Cu(II) cocata-
lysts.138

N

EtO2C

PMP
HN

EtO2C

PMP

NO2
+

CO2t-Bu

N N

OO

Ph Ph

NO2

CO2t-Bu CH2Cl2

N

HO N

MeO

H

3.353.34

3.34•Cu(OTf)2 (5 mol%)
3.35 (5 mol%)

•without quinine: 
   dr 2:1, 82%ee
•without Cu(II)Box: 
   dr 1:1, racemic
•quinine + achiral Cu:
   dr 8:1, racemic

dr 14:1, 85%, 98% ee

Control experiments

Scheme 58.

3.5. Other Mannich-like reactions

A Mannich-like aza-ene-type reaction was reported by
Terada,139 involving enamide addition to an N-acylimine
acceptor using a chiral Brønsted acid 3.36 (Scheme 59).
This chiral acid was presumed to hydrogen bond with the
imine acceptor (by donating the activating proton), and to
the hydrogen of the enamide nucleophile. Yield and selectiv-
ity with a methyl carbamate enamide was high using just

HN

Ph

O

OMe N

Ph

O

OMe

Ph

NH

O

Ph

89%, 95% ee

PhMe, rt

O

O
P

O

OH

9-phenanthryl

9-phenanthryl

3.36

3.36 (0.1 mol%)
PhC=NBz

Scheme 59.
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2 mol % of the chiral Brønsted acid, and remained high even
to a mere 0.05 mol % catalyst loading (85%, 93% ee).

Jørgensen recently published an interesting variation on
the amine-catalyzed asymmetric Mannich reaction in a
stereoselective annulation (Scheme 60).140 Intramolecular
addition of an aldehyde functionality to various aromatic
iminium ions resulted in two new stereogenic centers with
stereocontrol derived from the C2-symmetric (2S,5S)-2,5-di-
benzylpyrrolidine catalyst 3.37.

N

N H

O

I

N

CF3O

dr 15:1 (trans:cis)
41%, 92% ee

dr >98:2 (trans:cis)
73%, 96% ee

N
N

dr 15:1 (trans:cis)
41%, 92% ee

N

HO

HO HO HO

(TFA installed 

after cyclization)
N
H

Ph Ph

1) 3.37 (10 mol%)

2) NaBH4

Et3N, CH2Cl2

3.37

Scheme 60.

4. Strecker reactions

The a-amino nitrile products of cyanide addition to C]N
bonds (Strecker reactions) offer a broad range of synthetic
applications through hydrolysis, reduction or alkylation re-
actions of the nitrile functionality.141 Intense investigation
of the asymmetric Strecker-type reaction has continued
over many years due to the importance of a-amino acid
building blocks in medicinal chemistry.142 These studies
have led to efficient enantioselective metal Lewis acid-cata-
lyzed processes143 as well as a number of successful asym-
metric organocatalytic approaches.144 These asymmetric
catalytic reactions have developed to the point of ready
application in natural product synthesis.145

Recently, Berkessel utilized a chiral oxazaborolidine catalyst
4.1 (Scheme 61) for asymmetric induction, with moderate
enantioselectivity.146 Interestingly, the protonated catalyst
(4.2) inverted the stereocontrol, although with much lower
enantioselectivity.
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Scheme 61.
Maruoka reported phase transfer catalysis of the Strecker
reaction with 4.3 (Scheme 62) using linked biaryls to further
extend the effects of axial chirality in the core binaphthyl-
based quaternary ammonium salt.147
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Scheme 62.

The successful application of chiral phosphate-derived
Brønsted acids to catalysis of theStrecker reactionofN-benzyl-
imines was reported by Rueping.148 Using phenanthryl-
substituted binaphthyl framework of 3.36 yielded the highest
selectivities for addition of HCN (Scheme 63), and this cat-
alyst was subsequently applied for additions to a range of
aromatic and heteroaromatic N-benzylimines with excellent
enantioselectivities.
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Scheme 63.

Building from earlier findings of Jacobsen,143a,143b vana-
dium- and titanium-catalyzed Strecker reactions with asym-
metric induction through a salen complexes of the type 4.4
have been reported by North and Crampton (Scheme 64).149

Beneficial presence of moisture suggested the addition was
of HCN, generated in situ from TMSCN. With pivalalde-
hyde-derived imine (R¼t-Bu), the reaction was efficient but
with only 16% ee, and the imine from acetophenone showed
some potential for application to ketimines.
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Scheme 64.

Very intriguing complexes of glucose-derived ligand 4.5
(Scheme 65) with La(III) and Gd(III) have been examined
by Shibasaki with the aid of crystallography and ESI-MS,
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which have suggested that the catalytic activity of previous
studies150 may be dramatically altered by the different as-
sembly modes of the complexes from the same building
blocks.151 Crystalline Gd2L3 gave reversed enantioselection
compared to the catalyst prepared in solution in the same ra-
tio. Although the latter could not be crystallized, based on
crystallography of a related complex of La(III), the authors
proposed an alternative assembly to explain the reversed
enantioselection. The highly enantioselective catalytic sys-
tem, active for additions to ketimines, has been exploited
in a synthesis of lactacystin.152 The nitrile functionality of
ketimine Strecker adduct 4.6 was ultimately converted to
the thioester of lactacystin.

N

R1

PPh2

R1 = aryl, alkyl, alkenyl
R2 = alkyl

Gd2(4.5)3 (2.5–10 mol%)
TMSCN

R1 R2

Ref 150a: 11 examples
58–94%, 51–95%ee

Ref. 151: 5 examples
91–99%, 74–98% ee

O

O
O

P
O

Ph
Ph

X

XHO

H

O

R2

NHNC
P(O)Ph2

N
PPh2

O
Gd(HMDS)3•4.5

(2:3, 2.5 mol%)

TMSCN (2 equiv)

2,6-dimethylphenol

4.5a (X = Cl)
4.5b (X = F)

lactacystin

2,6-dimethylphenol
EtCN, –40 °C

NC NH
P(O)Ph2

4.6 (99%, 98% ee)

OH

NH
S

O
O

OH

HO2C

AcHN

Scheme 65.

Through calculations, hexavalent Si was found to be a rele-
vant intermediate for the TMSCN additions to imines cata-
lyzed by chiral N-oxide Lewis bases.153 The transition
states proposed involve a five-membered ring, with or with-
out prior isomerization of the Si–cyanide linkage to its iso-
cyanide congener.

Thioureas have received significant attention as potential
H-bond donors for asymmetric catalysis over the last few
years.154 Several examples of such catalysts are highlighted
elsewhere in this review. Already, Jacobsen has beautifully
applied the thiourea catalysis concept to the Strecker reac-
tion in one of the finest of the asymmetric catalytic Strecker
methods.144c Another bifunctional thiourea catalyst for the
asymmetric Strecker reaction was recently explored by
Tsogoeva,155 showing beneficial effects on catalytic
activity of an imidazolyl group attached to the thiourea nitro-
gen. New thiourea catalysts have served central roles in
the development of related cyanide additions to carbonyl
compounds,156 and these catalysts may offer lessons to in-
spire new applications of thioureas to Strecker and related
reactions.
Another new application of molecular recognition in cataly-
sis of the Strecker reaction utilizes b-cyclodextrin to enable
a Strecker reaction in water.157 Though this is not yet an
asymmetric process, it offers an intriguing new perspective
to consider in future catalyst design.

5. Radical additions

Radical reactions (Scheme 66) complement the nucleophilic
reactions discussed above. Although nucleophilic additions
are often limited to aromatic (or other non-enolizable) aldi-
mines, radical additions avoid problematic aza-enolizations
due to their nonpolar nature. The complementary reactivity
is such that radical additions to imino compounds can be ac-
commodated in highly functionalized structures, even those
bearing protic or electrophilic functionality.158 Despite these
features, asymmetric catalysis of radical addition has seen
much less development, and the vast majority of that work
has been with alkenes as radical acceptors.159 However, imi-
no compounds are also effective radical acceptors,160 and
this offers the opportunity for new reaction development.
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Scheme 66.

Naito reported the first asymmetric radical additions to
C]N bonds using chiral auxiliary stereocontrol, mostly
with simple alkyl radicals (Scheme 67).161 These reactions,
using glyoxylate imine acceptors, proved to be amenable to
stereocontrol with Lewis acids bearing chiral bisoxazoline
ligand 3.34, with enantioselectivity up to 52% ee at stoichio-
metric loading.162 Jørgensen published an alternative ap-
proach, using a catalytic system of Cu(I) and tolBINAP
(2.39) for stereocontrol.163 Unfortunately this process was
of very low yield and enantioselectivity.
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97%, 52% ee
MgBr2 (1 equiv)
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Ph Ph
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3.34
2.39

catalyst (below)

Scheme 67.

In 2003, we published the first (and only example to date) of
catalyst turnover in an asymmetric radical addition to imino
acceptors.164 The reactions exploited Cu(I)-catalyzed addi-
tion to valerolactam-derived N-acylhydrazones 5.1 (Scheme
68). Aromatic aldimines were found to be suitable acceptors
for several alkyl radicals, with high enantioselectivity, using
the catalyst 5.2 prepared from Cu(OTf)2 and tert-butylbis-
oxazoline. This enantioselectivity was diminished at lower
catalyst loading, suggesting that further work to enhance
catalyst turnover will be required. Recently, Tomioka has
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discovered related conditions, which offer improved reactiv-
ity with 10 mol % loading of Cu(I) catalysts, although the
stereocontrol has not yet been discussed.165
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N N
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5.2 = Cu(OTf)2  +

5.1

Scheme 68.

6. Imine aziridination

Considerable effort has been devoted to asymmetric synthe-
sis of aziridines due to their importance as strain-activated
electrophilic precursors of chiral amines.166 Two types of
two-bond disconnections are possible (Scheme 69); trans-
form A suggests alkene and nitrene as reactants, while trans-
form B suggests imine and carbene precursors. For the
purposes of this review, the recent developments in the con-
text of transform B will be considered, though asymmetric
variants of both approaches are available.167
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:
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Scheme 69.

Early asymmetric C–C bond construction methods date back
to the 1970s, when Johnson employed a metalated chiral sul-
foximine as an alkylidene transfer agent.168 Baret reported
aziridination of imines with ethyl diazoacetate in 1972.169

Fruitful efforts to design asymmetric imine aziridination
processes can be summarized by three main mechanistic
types, with a diversity of modes of asymmetric induction
(Scheme 70). First, a metal carbenoid species 6.1 may react
at the nitrogen of the imine, generating a metal-associated
azomethine ylide 6.2. Chiral ligands (L*) on the metal
then exert stereocontrol in an enantioselective ring closure.
Second, the imine may be activated as an electrophile
through entry to the coordination sphere of a chiral Lewis
acid. Addition of diazo compounds may then occur selec-
tively on one face of the imine. Finally, the asymmetric
induction may emerge from various substituents on either
a chiral imine or a chiral nucleophile 6.3 (bromoenolate,
diazo compound, or sulfur ylide). Aside from control of the
absolute configuration, the diastereoselectivity may vary
among these processes, favoring either cis-aziridine or
trans-aziridine.

6.1. Catalysis via chiral metal carbenoids

The first asymmetric catalysis of carbenoid transfer to imines
was reported by Jacobsen in 1995 using ethyl diazoacetate
in the presence of 10 mol % of a Cu(I)bisoxazoline catalyst
(Scheme 71), though the yields and enantioselectivities
(22–67% ee) were modest.170 The presence of dimethyl fu-
marate led to pyrrolidine 6.4, allowing a mechanism to be
proposed in which the C–N bond forms first; the intermediate
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azomethine ylide could cyclize to the aziridine or dissociate
from the metal and be trapped by the dienophile.

There has been only meager progress in asymmetric cata-
lytic variants of this reaction. A related metal-carbenoid pro-
cess involving a Ru(II)-porphyrin catalyst has been reported,
and a mechanistic proposal similar to Jacobsen’s has been
advanced for those reactions, but they are yet to be rendered
enantioselective.171 Similarly, Bergman and Tilley found
that monomeric chiral Rh(II) catalysts bearing homologated
chiral phebox ligands were capable of catalyzing asymmet-
ric cyclopropanation of alkenes with ethyl diazoacetate, but
enantioselectivities for the corresponding additions to im-
ines were poor (<11%).172

6.2. Chiral Lewis acid-catalyzed additions of diazo
compounds

Jørgensen examined Cu(I)-catalyzed reactions of trimethyl-
silyldiazomethane with imines, leading to silyl-substituted
aziridines (Scheme 72). Avariety of chiral ligands, including
tolBINAP (2.39) and bisoxazoline 3.34 were screened for
asymmetric induction; enantioselectivities were promising
for this process, up to 72% using a Cu(I)$2.39 catalyst
(10 mol %).173 Either cis or trans-aziridine could be ob-
tained with high ee by varying the conditions, though trans-
selective reactions gave low enantioselectivity for the
trans-aziridine. The failure to observe pyrrolidines charac-
terizes these reactions as mechanistically distinct from
Jacobsen’s azomethine ylide mechanism, and led to the pro-
posed mechanism involving initial C–C bond construction
by nucleophilic attack of the diazo compound on a Lewis
acid-activated imine. The reactivity of the silyl aziridines
has been further explored.174
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Wulff reported perhaps the most successful asymmetric cat-
alytic aziridination method thus far, finding that chiral boron
catalysts derived from vaulted biaryl ligands (S)-VAPOL
and (S)-VANOL (Scheme 73) can achieve outstanding enan-
tioselectivities in the Lewis acid-mediated aziridinations of
numerous imines with ethyl diazoacetate.175 Both aromatic
and aliphatic imines can be accommodated, with very high
cis-selectivity, yields in the 50–80% range and uniformly
outstanding 91–99% ee. Since the seminal report in 1999,
the methodology has been improved upon recognition that
the BH3$THF can be replaced with borate esters to result in
a much more reliable catalyst preparation. The improved
method using triphenylborate shows broader applicability,
including high-yielding aziridination of some imines, which
were previously unreactive.176
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Synthetic utility has been showcased for Wulff’s VAPOL-
borate catalysis method in routes to access to a biologically
active targets bearing chiral amine functionality. A synthesis
of (�)-chloramphenicol served as a platform for further
comparisons of a number of chiral ligands based on the
BINOL and VAPOL motifs in the Wulff aziridination.177

The catalysts derived from VAPOL or VANOL gave superior
enantiocontrol than those from 6,60-diphenylVAPOL,
BINOL, or BANOL. Recently, the asymmetric aziridination
was used in sequence with diastereoselective alkylations of
the aziridine-2-carboxylate adducts with numerous electro-
philes including alkyl halides, aldehydes, Bu3SnCl, and
MOMCl.178 Together with reductive aziridine ring opening,
the sequence affords efficient access to tert-alkylamine
stereocenters as shown in the enantioselective synthesis of
LFA-1 antagonist BIRT-377.

HO
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N
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Cl
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O
chloramphenicol BIRT-377

Avariety of other transition metals have been tested as Lewis
acid catalysts for aziridination of N-benzylideneaniline with
varying degrees of success. Iron catalysts using chiral pybox
ligands, generated in situ by reaction of FeCl2(pybox) with
Ag(I) salts, have offered moderate asymmetric induction
(up to 49% ee at 5% catalyst load).179 Chiral cationic molyb-
denum complexes catalyzed aziridination, but did not afford
any observable enantioselection.180 Efficient catalysis of a
three-component coupling of an aldehyde, amine, and diazo-
ester has been demonstrated with 5 mol % [IrCl(cod)]2 lead-
ing to excellent yields of aziridine, but tests of asymmetric
induction have not been reported for this reaction.181
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6.3. Asymmetric aza-Darzens and related reactions

The aza-Darzens reaction involves generation of carbanion
reactivity at a site bearing a leaving group, circumstances
generally achieved through enolization of a-halocarbonyl
compounds. Prior to the first reports of enantioselective
carbenoid additions, effective asymmetric syntheses of a
wide range of substituted aziridine-2-carboxylates were
developed by Davis using aza-Darzens additions to chiral
N-sulfinimines,182 and by Sweeney using chiral camphorsul-
tam a-bromoenolates (Scheme 74).183 A related vinylogous
aza-Darzens reaction of a chiral phosphonamide anion has
been applied by Hanessian, affording access to enantiopure
vinyl-substituted N-alkoxyaziridines.184 Numerous applica-
tions of this very versatile aziridine synthesis include synthe-
ses of a-amino acids, a- and b-substituted a-amino acids,
thiamphenicol, b-hydroxyamino acids, sphingosines, and
2H-azirine carboxylates.185 The extension to tert-alkyl-
amines through subsequent alkylations and aziridine ring
opening is noteworthy.186 Related chemistry of a-chloro-
phosphonates, which give lower syn/anti selectivities in
the addition, has been exploited to access a-aminophospho-
nates, 2H-azirine phosphonates, and piperidine phospho-
nates.187 Though not catalytic in the source of asymmetry,
these remain among the most practical methods for access
to enantiopure aziridines.
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Sulfide-mediated reactions have mechanistic similarities to
aza-Darzens reactions, in that the carbanionic character of
a sulfur ylide is accompanied by a sulfide leaving group at
the same carbon. Should the sulfide be recycled to form
another ylide, one could accomplish a catalytic process. In the
mid-1990s, Aggarwal reported the first of a series of papers,
which unveiled a novel catalytic aziridination reaction using
a chiral sulfide as a substoichiometric source of asymme-
try.188 This reaction involves the carbenoid relay from phe-
nyldiazomethane to Rh2(OAc)4, then to chiral sulfide 6.5
(Scheme 75); this latter step results in a sulfur ylide, which
finally transfers the carbenoid to sulfonylimines with moder-
ate trans/cis diastereoselectivity (3:1) and good yield. With
6.5 at 20 mol % loading, enantioselectivities were worthy
of note, ranging from 85% to 90% ee for three imines derived
from substituted benzaldehydes, although the yield was
moderate (44–62%).

Subsequently, the scope and stereocontrol of this reaction
was discussed in detail.189 Interesting crossover experiments
led to the conclusion that the reactions with phenyldiazome-
thane involved stereocontrol in an irreversible addition to the
imine, while the additions of acyl-stabilized ylides were
reversible and the diastereoselectivity was controlled during
ring closure of the zwitterionic adduct.190 Deprotonated to-
sylhydrazones may be used to generate the diazo compounds
in situ for this transformation, avoiding the need for handling
potentially hazardous precursors.191

Dai reported related reactions in 1996,192 and extended
this to an asymmetric version shortly thereafter.193 Here
the camphor-derived chiral sulfides 6.6 were used in
stoichiometric amounts, but provided very high yields
and exclusively the cis-aziridines, with enantiomeric
excesses ranging from 41% to 85%. Mechanistic evidence
suggested an initial reversible addition of the sulfur ylide,
followed by ring closure. In light of this, the diastereo-
selectivity was suggested to be subject to selection of the
reactive partners; more reactive imine/ylide combinations
favored cis-aziridines, while less reactive pairs were trans-
selective.194 Recently, calculations have supported this
general scenario, in which reactions of semistabilized
ylides were controlled during an irreversible addition,
whereas the reversibility of additions of stabilized ylides
makes the ring closure the stereocontrolling step in these
cases.195

Further studies of the sulfur ylide-mediated aziridination
have examined the use of chiral sulfides 6.7196 and 6.8
(Fig. 2)197 in stoichiometric reactions, leading to very high
enantioselectivities. Related chalcogenides such as seleno-
nium198 and telluronium199 salts also show some promise
in these reactions. In the latter case, chiral N-sulfinimines
have been exploited in a chiral auxiliary approach with
excellent diastereoselectivity.200

Two new modes of catalysis have recently been reported,
offering potential for development of asymmetric variants.
Johnston has developed Brønsted acid catalysis of aza-Dar-
zens reactions using diazoesters.201 The avoidance of side
reactions expected to result upon protonation of the diazo-
ester are key to the success of this reaction. Ma has reported
an interesting nucleophilic catalysis procedure for addition
of cyclopropene to N-tosylimines results in vinylaziridines
using NaI as the catalyst.202 Though not yet rendered enan-
tioselective, these interesting approaches promise to offer
some fertile ground for new metal-free catalytic reaction
development.
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7. Friedel–Crafts additions to imines

Recently, Friedel–Crafts reactions of electron-rich aromatics
have been extended to include imino compounds as electro-
philes.203 The first example of catalytic enantioselective
Friedel–Crafts reactions using chiral Cu(I)-tolBINAP (2.39)
catalysts was reported in 1999 by Johannsen, where a N-
(tosyl)iminoester served as the electrophile for electrophilic
aromatic substitution at C3 of several substituted indoles
(Scheme 76).204
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Scheme 76.

Shortly thereafter, Jørgensen reported a similar strategy
employing a broad range of aromatic and heteroaromatic
compounds including furans, thiophenes, and pyrroles in cou-
pling with N-methoxycarbonyl imino esters (Scheme 77).205

The N-Boc analogs gave inferior selectivity. With support
from crystallography and calculations, a stereocontrol model
was proposed with two-point binding of the imino ester
independent of the methoxycarbonyl group. In the calculated
structure of the Cu-complexed Boc analog, a gearing effect
with the larger Boc group placed one tolyl group of the chiral
ligand (tolBINAP, 2.39) into the preferred approach trajectory,
offering an explanation for the diminished enantioselection.
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Scheme 77.

In 2004, Terada et al. recorded an example of organocataly-
tic asymmetric aza-Friedel–Crafts alkylation of 2-methoxy-
furan using Brønsted acid 7.1 (Scheme 78) as the catalyst.206

The reaction was extended to 13 examples, all aromatic
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Figure 2. Sulfide catalysts for asymmetric imine aziridination.
aldimines, with excellent efficiency (80–96% yield, 86–
97% ee).
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In 2006, a number of noteworthy findings have been reported
with relevance to development of catalytic Friedel–Crafts
reactions of imino electrophiles. A highly efficient gold/sil-
ver-catalyzed addition of arenes to imines in racemic fashion
has been reported; these conditions enable the use of less
activated aromatic systems but have not yet been rendered
enantioselective.207 In additions of indoles, catalysis by
Cu(II) in conjunction with N-(2-pyridyl)sulfonyl aldimines
demonstrates controlled synthesis of either unsymmetrical
diaryl- or triaryl methanes.208 Related copper(II)-catalyzed
aza-Friedel–Crafts reaction of indoles to aromatic N-sul-
fonyl aldimines afforded a simple approach to 3-indolyl-
methanamine derivatives with high enantioselectivity across
17 examples (47–91% yield, 81–96% ee).209 Catalysis via a
four-membered Cu(II)-chelate 7.2 (Scheme 79) was pro-
posed to account for the observation that N-phenylimines
gave poor stereocontrol.
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Cinchona alkaloids continue their legacy of important con-
tributions to asymmetric catalysis with Deng’s discovery
of their utility in asymmetric Friedel–Crafts reactions of in-
doles.210 Catalysts 7.3 and 7.4 (Scheme 80) combining qui-
nine or quinidine with a thiourea hydrogen bonding motif
has led to remarkable versatility in additions of a range of in-
doles—bearing substituents with either donor or acceptor
properties—to N-sulfonyl imines. The imino electrophile
also supported variations in electronic properties, and a sur-
vey of aliphatic aldimines showed good reactivity, though
yields were slightly diminished.

Pictet–Spengler reactions are the intramolecular cousins of
aza-Friedel–Crafts addition to imines, and first succumbed
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to catalytic asymmetric induction as reported in 2004 by
Jacobsen and Taylor using N-acyliminium intermediates
and a thiourea catalyst 7.5 (Scheme 81).211 An unusual as-
pect of this work is the asymmetric activation of weakly
Lewis basic N-acyliminium ions, a rare discovery with po-
tentially broad utility.212 The catalyst was acylated at higher
temperatures needed for cyclization of aromatic aldimines,
so the enantioselectivity in the sequence was limited to the
use of aliphatic aldehyde precursors (65–81% yield, 95–
95% ee).
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More recently, List reported the application of Brønsted
acid catalysis with chiral phosphoric acid 7.6 (Scheme 82)
in asymmetric Pictet–Spengler reactions of tryptamines,
with scope including different substitution patterns in the
tryptamine precursor as well as aliphatic and aromatic alde-
hydes.213 There were 18 examples, with yields in the range
of 40–98% (62–96% ee). This reaction requires a gem-dies-
ter (i.e., a-carbalkoxytryptamines), but the diester can be re-
duced to the monoester in group-selective fashion with high
diastereoselectivity for subsequent synthetic application.
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Enantioselective Friedel–Crafts alkylations with benzoyl-
hydrazones activated by stoichiometric amounts of strained
chiral silacycle 7.7 proved to be effective with a variety
of anilines (Scheme 83), nitroindole, N-benzylpyrrole, and
2-methoxythiophene.214 Proton transfer from the benzoyl-
hydrazone to the enantiopure silacycle and bidentate interac-
tion with pentavalent (Lewis acidic) silicon activates the
imine for approach to the front (si) face.
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8. Concluding remarks

From the early efforts with asymmetric addition of organo-
lithium and enolate species, to the more recent organocata-
lytic and Brønsted acid-catalyzed additions to imino
compounds, an ever-widening range of strategies has been
applied to asymmetric catalysis in synthesis of chiral amines.
The frontiers in these areas continue to be pushed back,
though challenges remain in developing C–C bond construc-
tion methods which can accommodate a broad spectrum of
functionality within each of the coupling components. Reac-
tions discussed herein offer exciting prospects for future
development, and it is hoped that this review will inspire
creative new contributions.
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