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1. INTRODUCTION

Chiral molecules containing asymmetric carbon centers
bonded with nitrogen are ubiquitous in nature and also form
important structural fragments in both natural and man-made
biologically active molecules where they frequently exercise a
profound influence in determining the nature and intensity of
their bioactivities. As a result, much attention has been devoted
to the study of methods for the stereoselective generation of
nitrogen-bonded chiral centers,1 among the most thoroughly
investigated being addition reactions to CdN functionalities.
Many of these approaches make use of diastereoselective pro-
cesses involving the addition of chiral nucleophiles or chiral
CdN electrophiles to the corresponding achiral reaction
partner. While such methods constitute valuable additions to
the toolbox of the synthetic chemist, they suffer from the
obvious drawbacks that (a) stoichiometric or superstoichio-
metric quantities of the chiral source are required to complete
the reaction and (b) the chiral auxiliary component must be
removed from the final product and recycled (often with a poor
rate of recovery). In this context, catalytic enantioselective
addition reactions offer an attractive solution, because they, in
principle, permit the generation of large amounts of asymmetric
material for the investment of a small quantity of the chiral
source.

In the case of catalytic enantioselective mediation of reactions
involving aldehydes and ketones such as Diels-Alder,2
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Strecker,3 aldol, allylation, and reduction reactions, much pro-
gress has been made. However, the closely related reactions
involving CdN electrophiles such as imines, oximes, and hy-
drazones are far less well understood. This is partially due to the
relative difficulty of studying the latter reaction due to the
increased conformational flexibility of the metal-coordinated
form of imines compared with those of carbonyl compounds.
While Lewis acids coordinate to aldehydes syn to the hydrogen
atom4 (1, Figure 1) and are assumed to adopt a rigid transition
arrangement, the corresponding imines may coordinate in either
a syn 2a or anti 2b fashion by equilibration of (Z)-(E)
geometries5 thereby opening the possibility of plural reaction
manifolds and hence lowering stereoselectivities. Furthermore,
in many metal-catalyzed additions to imines, the Lewis acid may
be trapped by coordination to the basic nitrogen atom of the
starting material or the new amine formed in the reaction,
rendering it inactive.

That is not to say, however, that protocols for these reactions
have not been developed, indeed it was the emergence of just
such procedures that prompted one of us to publish a review6 of
catalytic enantioselective addition reactions to imines involving
the addition of nucleophiles to imines under the influence of
substoichiometric quantities of metal complexes and chiral
ligands almost 10 years ago. In the intervening decade, a number
of important developments in this area, most notably the rise of
organocatalytic reactions and protocols for the direct addition of
active methylene and methine nucleophiles have been revealed,
which, in our opinion, render the production of an update of our
original review both timely and desirable.

2. SCOPE OF THE CURRENT REVIEW

In dealing with a synthetic topic of the breadth and importance
of the addition reactions of CdN systems, discipline is required
in selection, and exclusion, of material in order to produce a work
that is informative to the reader but not unfathomable. In
preparing this review therefore, we have found it necessary to
impose the following restrictions. The present work covers the
period from the end of 1998, subsequent to the completion of
our previous review but prior to its publication, to the beginning
of 2009 and surveys the literature on the addition of carbon
nucleophiles to imines and hydrazones under the influence of
metallic and nonmetallic promoters and substoichiometric quan-
tities of a chiral source. By definition therefore, achiral proce-
dures and diastereoselective reactions in which one of the
reacting species bears a chiral auxiliary are necessarily excluded.
The reduction reactions of imines and hydrazones are of great
importance but have been deliberately placed outside the scope of
this review for reasons of manageability, and readers are directed to
alternative summaries available elsewhere.7 In addition, due to the

publication of the excellent review on the Strecker reaction by
Gr€oger,3 the section concerning the cyanation of imines only
covers the literature from mid-2002 to the present. For a
comprehensive treatment of asymmetric propargylation of
CdN compounds, readers should consult the review of the area
by Tomioka.8

3. ADDITION OF STABILIZED CARBON NUCLEOPHILES
(MANNICH- AND NITRO-MANNICH-TYPE REACTIONS)

3.1. The Direct and Indirect Mannich-type Reaction
The Mannich reaction between a Schiff base and a nucleo-

phile, first introduced in the early part of the 20th century,9 is one
of the most powerful reactions known to chemists for the
construction of nitrogen-containing compounds.10 In the classi-
cal intermolecular Mannich reaction (the so-called direct re-
action), three components, an aldehyde, an amine and an R-
acidic carbonyl compound, react directly to form a β-amino
carbonyl compound (Mannich base). Despite the potential of
this reaction, the relatively low acidity of aldehyde or ketones
means that harsh conditions and long reaction times are required,
which frequently leads to undesired side reactions. Additionally,
early procedures suffered from a serious limitation in that
generally only formaldehyde could be used as a nonenolizable
aldehyde precursor of the iminium ion. The development of
methods for the indirect Mannich reaction involving the synth-
esis and use of isolable and highly reactive enolate surrogates
such as silyl enol ethers and ketene silyl acetals (the so-called
Mukaiyama reagents) have obviated the problems associated
with the original procedure.11

For the purposes of this review, we use the term direct
Mannich-type reaction (DMTR)12 to describe a process in which
the parent carbonyl compound is converted into the nucleophilic
species in situ either via naturally occurring equilibrium or by
interaction with a substoichiometric amount of the reaction
promoter. Common classes of reagents meeting these criteria
include aldehydes, ketones, esters, nitroalkanes, and 1,3-combi-
nations thereof (malonates, cyanomalonates, nitromalonates, β-
ketoesters, β-diketones, etc.). By contrast, the indirect Mannich-
type reaction (IMTR) is defined as the corresponding process
utilizing an activated derivative of the carbonyl compound that is
generated stoichiometrically either in situ or by prior preparation
and isolation, which undergoes addition to the electrophile under
the influence of a substoichiometric quantity of the reaction
promoter. This definition encompasses common reagents such
as preformed boron enolates, tin enolates, or silyl enol ethers,
ketene silyl acetals, silyl nitronates, and alkali metal enolates
generated stoichiometrically by the action of a strong base on the
parent carbonyl precursor (Scheme 1).

3.2. Addition of Stabilized Carbon Nucleophiles to CdN
Catalyzed by Transition Metals
3.2.1. Metal-Catalyzed Asymmetric Direct Mannich

and aza-Henry-type Reactions. As outlined above, the so-
called direct Mannich-type reaction has many advantages over
the indirect procedure especially from the standpoint of atom
economy13-15 and the fact that the nucleophilic component can
be used in its native state without the need for prior generation,
isolation, and purification of activated derivatives. A direct
corollary to this is the generally rather low reactivity of the
would-be nucleophilic component as nucleophiles in their un-
modified state, which must be overcome before the reaction can

Figure 1. Coordination modes, selectivities, and CdN isomerization.
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proceed. Therefore, activation of the nucleophilic component is
the leading problem in the accomplishment of the DMTR.
The first example of the direct asymmetric catalytic Mannich-

Type reaction, reported in 1999 by Shibasaki and co-workers,16

involved the functionalization of propiophenone with formalde-
hyde and pyrrolidine in a three-component reaction catalyzed by
(R)-LaLi3tris(binaphthoxide) complex, 3 (Scheme 2), which had
previously been applied to good effect in the analogous direct
aldol17 and nitroaldol18 reactions. Initial trials afford the desired
adduct in low chemical yield and enantioselectivity (5% and 6%
respectively); however it was found that addition of molecular
sieves to remove water lead to a dramatic improvement in
enantioselectivity (64%).
In the same paper, the authors described the used of (R)-LLB

and (R)-AlLibis(naphthoxide) [(R)-ALB],19 4, to promote the
closely related direct Mannich-type reaction between isolated
hemiaminal ethers 5 and propiophenone. They found that
neither catalyst functioned well by itself [12% yield, 25% ee with

(R)-LLB; 6% yield, 16% ee with (R)-ALB] but that in the case of
(R)-ALB, use of M(OTf)3 3 nH2O (Ln = Sc, Yb, La) as cocatalyst
gave the desired addition product with better enantioselectivity
and in dramatically improved yield (Scheme 3). The best results
were obtained with La(OTf)3 3 nH2O although anhydrous La-
(OTf)3 did not perform well as the cocatalyst.
Shibasaki et al. reported a catalyst system formed from diethyl

zinc and (S,S)-linked BINOL ligand 8a20 for the direct addition
of R-hydroxy aromatic ketones 9 to N-diphenylphosphinoyl
imines 10. The reaction proceeded under very mild conditions
with a wide range of nonenolizable N-diphenylphosphinoyl
(Dpp) imine substrates in the presence of 1 mol % of the ligand,
to afford the corresponding N-protected R-hydroxyl-β-amino
ketones in excellent yield and enantioselectivity as almost
exclusively the anti isomer. The presence of a methoxy group
at the ortho-position of the R-hydroxyl ketone was found to be
essential for the realization of high enantioselectivities
(Scheme 4). Furthermore it was found that by raising the
temperature to 0 �C and extending the reaction time to 24 h, it
was possible to reduce the catalyst loading to 0.02 mol % with no
significant erosion of yield or enantio- and diastereoselectivity
[98% yield, 97% ee (anti), 98/2 anti/syn].21 Shortly after this, the
same authors demonstrated that the same catalyst efficiently
promoted the analogous reaction with N-tert-butoxycarbonyl
(Boc) imines 11 to give the corresponding addition product in
a highly syn-selective manner.
The influence of protecting groups on the stereochemical

course of an asymmetric catalytic reaction allowing the use of a
single catalyst to access both syn and anti diastereomers had been
noted previously by Kobayashi et al. during their studies on the
catalytic asymmetric indirectMannich reactions ofR-oxygenated
silyl ketene acetals;22 however the use of substituents on the

Scheme 2. Shibasaki’s DMTR with Rare-Earth Metal
Catalysts

Scheme 3. Use of (R)-ALB and Co-catalyst in the DMTR

Scheme 1. The Direct and Indirect Mannich and
Nitro-Mannich Reactions

Scheme 4. Highly anti- and syn-Selective Catalytic
Asymmetric Direct Mannich-type Reaction of
N-Diphenylphosphinoyl Imines and N-Boc Imines,
Respectively, Promoted by Zn/(S,S)-linked-BINOL Species
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imine nitrogen atom to exercise stereocontrol over the reaction
was unprecedented. The authors invoked the participation of a
binuclear zinc enolate 12 in the reaction. In addition, the fact that
the absolute stereochemistry [(R)] at the ketone R-carbon was
the same regardless of the nature of the group attached to the
imine nitrogen led the authors to conclude that the catalyst
exercised strong stereofacial control over the approach of the
reacting species, favoring attack on the re face, but that the exact
spacial orientation of the imine in the transition state differed
depending on the nature of the protecting group on the imine
nitrogen. The authors proposed that in the case of the N-Dpp-
imines, the reaction proceeded via transition state A, which
minimizes interactions between the ketone aromatic ring and
the bulky phosphinoyl phenyl groups delivering the (2R,3R)
addition product. ForN-Boc imines, the greater bulk of the imine
R group relative to the tert-butoxycarbonyl group of the carba-
mate protecting group was believed to force the path describe by
transition state B affording the corresponding (2R,3S) adduct
(Figure 2).
Studies of reaction kinetics revealed a complicated picture in

which both reactions were first-order with respect to the catalyst;
in the case of the N-Dpp-imines, the reaction was almost zero
order with respect to the imine and first-order in ketone, whereas
in the case of the N-Boc reactions the reverse was found to be
true, indicating that the rate-limiting step differs depending on
the imine used. The authors postulated that the catalytic species
is actually a heptanuclear Zn/linked-BINOL/ketone oligomer23

in which zinc phenoxide can serve as a Brønsted base and zinc
ions act as a Lewis acid for the activation of the imine component.
Further investigation revealed a short induction period in the
case of the reactions involving the N-Dpp-imines although
experiments ruled out a significant role for asymmetric auto-
catalysis in the reaction and high catalyst efficiency was noted for
both reactions (TON up to 4920).
Although capable of promoting the DMTR in very high yield

and with impressive levels of both enantio- and diastereocon-
trol, the systems so far described only promoted addition to
imines formed from aldehydes that are not readily enolizable.
This shortcoming in the methodology was addressed by Trost
et al. who applied the (S,S)-dinuclear zinc catalyst 15, originally
developed for the catalytic asymmetric aldol reaction24 to the
DMTRwith Dpp- andN-Boc imines.25 They demonstrated the
utility of this system in catalyzing the addition of R-hydroxy
aryl ketones to a range of Dpp-imines derived from aliphatic
aldehydes 10 to give the corresponding anti addition products
in good yield and diastereoselectivity and very good to
excellent enantioselectivity [dr up to (anti/syn) 86/14, ee up

to >99%] (Scheme 5). Use of the antipode of the catalyst
afforded the corresponding products with the reverse absolute
stereochemistry with essentially identical yield and stereose-
lectivity. Furthermore it was found that the analogous reaction
using aliphatic N-Boc imines 11 derived from both cyclic and
acyclic aliphatic aldehydes also proceeded smoothly to give
the expected syn amino alcohol products with good yield
and diastereostereoselectivity and very high enantioselectivity
along with a small quantity of the hemiaminal byproduct
(Scheme 5).
Shortly after this report, Shibasaki et al. disclosed that linked

BINOL ligands in combination with Zn(II) can also effect the
direct catalytic asymmetric addition of R-hydroxy aryl ketones to
aliphatic imines (Scheme 6).26 Although diastereoselectivities
were modest, a point ascribed to the low facial selectivity of the
catalyst for aliphatic imines, both chemical yield and ee were
good to excellent. It was found to be important to use a

Scheme 5. Trost’s Dinuclear Zinc Catalyst in the DMTR of
Alkyl Dpp- and N-Boc-Imines

Figure 2. Transition states in the Zn/linked-BINOL catalyzed DMTR.

Scheme 6. DMTR with Aliphatic Imines Promoted by Zn/
Linked-BINOL Catalysts
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NaHCO3/DCMbiphasic system for the generation of the imines
from phosphinoyl sulfonyl precursors, which procedure afforded
the imines in sufficient purity that they could be used directly in
the Mannich reaction.
In another twist to the story, Shibasaki and co-workers have

reported that an yttrium-based catalyst formed from linked
BINOL 8a catalyzes the addition of Dpp-imines to R-hydroxy
aryl ketones to give the addition product with high levels of syn
selectivity. By use of this combination, direct Mannich-type
products were obtained in good to excellent yield and enantios-
electivity although long reaction times were necessary
(Scheme 7). The authors attribute the remarkable switch in

diastereoselectivity compared with the related Zn/linked-BI-
NOL system to the higher oxophilicity of yttrium, which favors
a transition state in which the phosphonium group on the imine
nitrogen adopts an s-cis arrangement and is coordinated to the
metal center via the phosphonium oxygen atom leading to an
acyclic transition state (Figure 3), which minimizes gauche
interactions between the imine and the yttrium enolate.27

The same authors have also disclosed that a combination of
either the parent (S,S) linked-BINOL 8a or ligand 8b and
In(OiPr)3 permits the use of N-(2-hydroxyacetyl)pyrroles as
nucleophiles in the DMTR with N-o-Ts imines (Scheme 8).28

The reactions proceed smoothly at room temperature to give the
desired products in good to excellent yield and very high
enantioselectivity. Although the imines that could be used in
the reaction were limited to those derived from nonenolizable
ketones (aryl, vinyl, and cyclopropyl), the diastereochemical
course of the reaction was found to depend strongly on the
substitution pattern of the imine R substituent. Whereas vinylic
imines and those with unsubstituted or para-substituted ben-
zenes gave the syn diastereomer with high selectivity (syn/anti up
to 91/9), naphthyl and ortho-substituted aryl groups as well as
cyclopropyl favored the anti product (anti/syn up to 86/14).
Furthermore, in contrast to the DMTR involving R-hydroxy
ketones described above, in this instance, the syn or anti
diastereomers (2R,3S) or (2S,3S) were established by variation
of the asymmetric center at the keto R-carbonyl, whereas the
stereogenic center at the nitrogen ipso position was always S. The
authors ascribed the sensitivity of the diastereomeric course of
the reaction to competing steric interactions between the pyrrole
ring and the imine R group (Figure 4, TS-A) and that between
the imine nitrogen and the R-O-In group of the coordinated
N-(2-hydroxyacetyl)pyrrole (Figure 4, TS-B). They reasoned
that the former interaction (TS-A) would be less destabilizing
with R = alkenyl or unhindered aryl, favoring formation of the
syn-product in these cases. However, in the case of R = o-Ar, these
interactions would become prohibitive, forcing the reaction
down the pathway described by TS-B, affording the anti product.
The fact that both diastereomers were obtained in high enantio-
meric excess with the same absolute stereochemistry at the N-
appended stereogenic centers showed that the catalyst exerted
strong enantiofacial control over the reaction.
Although reaction times required by this protocol were rather

long and the catalyst loading a little high in comparison with
other methods, the presence of the acyl pyrrole functionality
allowed smooth conversion of the addition products into a range
of synthetically versatile derivatives by standard functional group
interconversions (Scheme 9).

Scheme 7. Syn-Selective DMTR of Dpp-Imines Catalyzed by
Y/TMS Linked-BINOL Catalyst

Scheme 8. DMTR of N-(2-Hydroxyacetyl)pyrroles Pro-
moted by In(OiPr)/Linked-BINOL Catalysts

Figure 4. Transition state for the DMTR of N-(2-hydroxyacetyl)-
pyrroles.

Figure 3. Proposed TS for syn-selective addition of Dpp-imines to
R-hydroxy ketones.
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The direct Mannich-type reaction is not limited to the
addition of R-hydroxy carbonyl nucleophiles however. The
closely related reaction of 1,1,1-trichloromethyl alkyl ketones
withN-tosyl imines under simple lithium phenoxide catalysis was
described29 and has been followed up by an asymmetric
version.30 Shibasaki and co-workers found that the reaction with
this nucleophile and Carretero-type N-thienylsulfonyl imines 25
could be promoted by La(III)-pybox catalysts affording the
corresponding β-trichloro ketones 26 in excellent yield and
stereoselectivity as predominantly the syn diastereomer
(Scheme 10). Catalyst loading was successfully reduced to

2.5 mol % in certain cases. The products of the reaction could be
readily transformed into synthetically important intermediates,
for example, hydrolysis of the trichloroketone moiety followed
by protecting group interconversion afforded R-methyl-β-amino
ester 29 in excellent yield. A vinylogousMannich-type reaction of
γ-butenolides with N-diphenylphosphinoyl imines was also
investigated. A chiral lanthanum pybox Lewis acid/Brønsted
acid/amine combination was effective in delivering the corre-
sponding dihydrofuranyl phosphinic amides in excellent yields
and enantiomeric excesses.31

TheDMTR of β,γ-unsaturated esters toN-Dpp imines catalyzed
by Ba(OiPr)2

32 and either 2,20-binaphthyl or tethered biaryl diol
ligand 32 gave the corresponding adduct in reasonable yield and
ee.33 The racemic reaction catalyzed by Ba(p-MeO-C6H4O)2
worked well, delivering the addition products in high to very high
yields with almost complete control over the geometry of the newly
formed olefin, as predominantly the R-adduct; four examples of the
asymmetric version of the reaction were reported (Scheme 11).
Despite the high regioselectivity of the reaction, yields and enantios-
electivities were modest; however this concept opens up a poten-
tially valuable and flexible route to nonracemic aza-Morita-Baylis-
Hillman-type products.
The application of alkali-earth metal salts in the DMTR has

been extended by Willis and co-workers to include Mg(II).34

Using a combination of Mg(ClO4)2 and Ph-DBFOX 33, they
achieved the condensation of isothiocyanate-substituted oxazo-
lidinone 34 with a range of N-tosyl imines derived from both
aromatic and aliphatic aldehydes to give selectively the products
of anti-Mannich addition, which spontaneously cyclized to the
corresponding thioureas 36 (Scheme 12). Their success is
particularly of note as DMTRs with carboxylic acid surrogate
nucleophiles are rare.33 Best yields and selectivities were ob-
tained with 10 mol % catalyst, reduction of loading to 5 mol %
impacting enantioselectivity. An attractive feature of the process,
in addition to mild conditions and excellent yields and enantios-
electivities, is the fact that adducts can be isolated in a protected
but reactive form, which facilitates their easy conversion to syn-
Mannich adducts 37 via transformation to the corresponding
isopropyl esters and base-catalyzed epimerization.
The catalytic asymmetric direct addition of malonates and β-

keto esters to imines have been demonstrated by Jørgensen
et al.35 Using a combination of Cu(OTf)2 and bisoxazoline
ligands 38a,b, they succeeded in promoting the reaction of a
variety of diethyl derivatives 39a-f and substituted β-keto esters
40a-l to the highly activated N-tosyl-R-imino ester 41 derived
from p-toluenesulfonamide and ethyl glyoxylate in high yield but

Scheme 10. The Catalytic Asymmetric DMTR
of 1,1,1-Trichloroketones

Scheme 9. Transformation of Addition Products from the
DMTR of N-(2-Hydroxyacetyl)pyrroles

Scheme 11. Ba-Catalyzed DMTR of β,γ-Unsaturated Esters
with N-Dpp Imines
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with very low levels of enantioselectivity. Addition of 1.5 equiv of
hexafluoroisopropanol (HFIP) was found to improve the en-
antioselectivity in the case of addition with Cu(OTf)2/(R)-Ph-
Box 38a (Scheme 9, R = EtO, R1 = H, R2 = Et; without HFIP,
yield 95%, ee 39%; with HFIP, yield 63%, ee 80%) but not in the
case of Cu(OTf)2/(S)-

tBu-Box 38b (Scheme 13). Overall, the
additions of β-keto esters using (S)-tBu-Box gave the best results
in terms of enantioselectivity.
In the case of the addition of malonates, the absolute stereo-

chemistry of the major isomer was determined as being (R,R) by
converting the adduct from the addition of diethyl malonate to
41 into N-tosyl-diethyl aspartic acid and comparison with an
authentic sample. Intriguingly, it was found that both (R)-Ph-Box
38a and (S)-tBu-Box 38b gave the addition products as the same

enantiomer despite the ligands themselves having the opposite sense
of chirality. In addition, in the β-keto ester series, changing the
nature of the ester from that derived from a primary or secondary
alcohol to a tertiary alcohol led to a reversal of stereoselectivity.
The combination of Cu(OTf)2/Box has been used to activate

pyruvate esters 43 toward direct Mannich-type reactions.36 The
reaction proceeded smoothly under mild conditions affording
the corresponding N-tosyl-R-amino esters 45 with high syn
selectivity and good to excellent enantioselectivity. In practice,
it was necessary to reduce the 2-oxo group with L-selectride and
isolate the product as lactone 46 in order to avoid epimerization
at the labile C-3 center. Exchange of protecting groups gave the
synthetically useful N-Boc-R-amino lactone 47 (Scheme 14).
Sodeoka et al. have introduced a Pd(II) dihydrate-based

catalyst system,37 which activates β-keto esters toward addition
to imines via the intermediate corresponding palladium enolate
(Figure 5).38 The catalyst promoted smooth addition of tert-
butyl cyclopentanone-2-carboxylate 48 to the imine 49 formed
from p-anisidine and ethyl glyoxylate with a range of bidentate
phosphorus ligands 50a,b and 51a,b to give the desired products
in good to excellent yield and with good to excellent diastereo-
and enantioselectivity (Scheme 15). A key feature of the catalyst
system is the simultaneous activation of the β-keto ester nucleo-
phile by the palladium Lewis acid and Brønsted acid activation of
the imine by an equivalent of triflic acid, which is liberated on
coordination of the β-keto ester by the catalyst. Use of the
catalyst formed from (R)-BINAP 50a and the dinuclear palla-
dium source 52a, which does not proceed with the formation of
triflic acid, only provided the addition product in 23% yield as
opposed to the 77% yield that was obtained using the analogous
52b/(R)-BINAP system. A survey of substrate scope in the

Scheme 13. Cu(II)-Box-Catalyzed DMTR of Malonates and
β-Keto Esters

Scheme 12. Willis’ Mg(II)-Catalyzed Enantioselective
DMTR with Isothiocyanate Oxazolidinones

Scheme 14. Direct Catalytic Asymmetric Addition
of Pyruvates to Glyoxal Imine 41

Figure 5. Sodeoka’s palladium dihydrate catalyst system for the DMTR
of β-keto esters.
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reaction revealed that the combination of 52b and ligands 50a or
51a efficiently promoted the addition of both cyclic and acyclic
β-keto esters to a range of activated imines to give the corre-
spondingR-amino esters in good to excellent yield and, except in
the case of the addition of 53a and 54b catalyzed by Pd(OH2)2-
(OTf)2/50a [dr 50/50, ee (maj/min) 99/95], with very high
diastereo- and enantioselectivity (Scheme 16).
Sodeoka and co-workers also found that their system effec-

tively facilitated the three-component DMTR of tert-butylcyclo-
pentanone-2-carboxylate and the imine formed in situ from ethyl
glyoxylate and either p-anisidine or m-chloroaniline with mod-
erate to good yield and high selectivity (Scheme 17).
Derivatization of the major product obtained from the reac-

tion between 53a and 54a and comparison with literature data

revealed the absolute and relative stereochemistry to be (R,S) syn
(55, Figure 6). This in turn led the authors to propose an open
transition state,11a in which the proton-activated imine unit
approaches from the re face of the cationic Pd-enolate with
excellent facial selectivity (Figure 6).
Sodeoka and co-workers have also shown that their catalyst

system is capable of promoting the smooth direct addition of
malonates to a wide range of dihydroisoquinolines under very
mild conditions (0 �C) in generally good to excellent yield and
with very good to excellent enantioselectivity (Scheme 18).39

Although the reaction proceeded in a range of protic and aprotic
solvents, dichloromethane was found to give the best results.
The authors noted that the order of addition in the reaction

was extremely important. Stirring a mixture of dihydroisoquino-
line 56a and diisopropyl malonate 58 in the presence of catalyst
52b in THF for 24 h did not yield any of the desired product.
However, pretreatment of the dihydroquinolone with Boc2O
followed by addition of the catalyst and 58 gave the addition
product in 94% (38% ee) in 2 h. This observation led the authors
to suggest a mechanism in which reaction of the dihydroisoqui-
nolone 56 with Boc2O occurs first to give the N-Boc-tert-
butylcarbonate 59, which, under the influence of Lewis or
Brønsted acid catalysis loses carbon dioxide generating N,O-
acetal intermediate 60. Subsequent triflic acid-catalyzed elimina-
tion of tert-butanol then gives N-Boc iminium ion 61, which
reacts with the palladium enolate of the malonate 62 and then
gives the observed addition product 57 (Scheme 19).
The utility of the reaction was further enhanced by the

discovery that tetrahydroisoquinolone 63 could be made to
undergo the corresponding catalytic asymmetric decarboxylative
addition reaction in the presence of DDQ (Scheme 20).40-42

Glycine imino alkyl esters 64 have been widely used as glycine
cation and anion synthons and have found extensive application

Scheme 15. DMTR of N-PMP Ethyl Glyoxylate Imine with
tert-Butyl Cyclopentanone-2-carboxylate

Scheme 16. Substrate Scope in the DMTR of β-Keto Esters
Catalyzed by Pd(II) Dihydrate Catalysts

Scheme 17. Three-Component DMTR of β-Keto Esters and
Imines

Figure 6. Proposed transition state.

Scheme 18. Addition of Malonate Esters to
Dihydroisoquinolines
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as starting materials for the synthesis of natural and non-natural
amino acids.43 The activation of these species with transition
metal catalysts for use in the catalytic asymmetric direct addition
to imines has been realized by Jørgensen and co-workers.44 They
examined catalysts based on CuClO4, CuPF6, and AgClO4 with
ligands (S)-BINAP (S)50a, (S)-Tol-BINAP (S)-50b, and Box-
type ligands 38a and N,P-ligands 65a-g in the reaction of
glycine imino esters Ph2CdNCH2CO2R, 64, and N-p-tosyl-C-
phenyl imine, 35 (Scheme 21). A combination of CuClO4

(10 mol %), and N,P-ligand 65c in THF was found to give
optimum results. Increasing steric bulk of the ester led to
improved diastereoselectivity but at the expense of enantioselec-
tivity. The reaction was general over a range of C-alkyl and C-aryl
imines giving the 1,2-diamine addition products in very good to
excellent yield and with good to excellent stereoselectivities.
NMR spectroscopic studies indicated that, contrary to the
behavior observed in other systems,45 only the glycine-derived
component is coordinated to the catalyst and that it undergoes
deprotonation to give the Cu(I)-stabilized imino glycine alkyl
ester anion, which forms the neutral complex. Semiempirical
modeling studies suggested a tetrahedral geometry at the metal
center of the complex with the ligands directing reaction to the Si
face of the complex.
As part of their investigation of the direct catalytic asymmetric

three-component Mannich reaction, Kobayashi and co-workers
described a Cu(I)-catalyzed protocol for the addition of methyl
N-benzylidine glycinates to iminium ions formed in situ from
aldehydes46 and secondary amines (Scheme 22).47 In the
absence of a chiral catalyst, the reaction provided the addition
products in good to excellent yield and very high diastereoselectivity,

whereas the corresponding asymmetric catalytic addition pro-
ceeded in modest yield and enantioselectivity with little or no
discrimination in the formation of diastereomers.
The nitro-Mannich reaction (also known as the aza-Henry

reaction), in which nitro compounds undergo addition to CdN
functionalities, has also been the subject of scrutiny.48 The first
recorded example of a direct catalytic asymmetric nitro-Mannich
reaction was published by Shibasaki and co-workers in 1999, in
which they used a novel Yb/K heterobimetallic complex of
BINOL and [YbK(binaphthoxide)2] to promote the addi-
tion of nitromethane to N-diphenylphosphinoyl aryl imines
(Scheme 23).49 Although the substrate scope described was
limited, yields and enantioselectivities were moderate to high,
and the reaction proceeded under very mild conditions
(-40 �C). The absolute configuration of the product obtained
using the catalyst formed from (R)-BINOL was determined as
being R by conversion of one of the products (Ar = Ph) to the
double Schiff base 70.
Catalyst preparation studies indicated an optimal Yb/K/

BINOL ratio of 1/1/3, which in turn led the authors to propose
a catalyst structure in which Yb straddles 2 equiv of BINOL, one
oxygen atom of each of which is also coordinated to the
potassium ion. A third BINOL molecule is thought to hydrogen
bond to the main catalyst assembly (structure A, Figure 7) and
that this is in equilibrium with structure B. However, an
aggregated complex (structure C) could not be ruled out.

Scheme 21. Catalytic Enantioselective Addition of Glycine
Imino Ester Derivatives to N-Tosyl Imines

Scheme 19. Proposed Mechanism for the Direct
Mannich-type Addition of Malonates

Scheme 20. Dehydrogenative Direct Addition of Malonate
to Tetrahydroisoquinoline Scheme 22. Three-Component Direct Asymmetric Catalytic

Mannich Reaction
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Shibasaki et al. quickly followed up their initial report by the
first enantio- and diastereoselective catalytic nitro-Mannich
reaction, this time utilizing a combination of their (R)-AlLibis-
(naphthoxide) [(R)-ALB 4] and KOtBu (1/0.9 ratio) to effect
smooth addition of several nitro alkanes to N-diphenylpho-
sphinoyl imines 10 giving the secondary nitro addition product
71 in good to excellent yield and moderate to good enantios-
electivity with a moderate to good preference for the anti
diastereomer (Scheme 24).50 Neither (R)-ALB by itself nor
YbKH2[(R)-bisnaphthoxide]3 were effective in promoting the
reaction. The synthetic utility of both catalyst systems was
demonstrated by the authors by their subsequent use in the
preparation of the biologically important compounds ICI-
199441, 72 (using YbKH2[(R)-bisnaphthoxide]3), and CP-
99994, 73 [using (R)-ALB].51

Almost concurrent with this disclosure, Jørgensen et al. in-
dependently reported the catalytic enantio- and diastereoselec-
tive nitro-Mannich reaction of nitro alkanes with N-p-
methoxyphenyl imino ester 49, catalyzed by simple catalysts
formed from Cu(II) salts and Box-type ligands 38a, 38b, and
44.52 The procedure is operationally convenient in that it may be
carried out under ambient conditions without the need for dry
solvent. Chemical yields and enantioselectivities were generally
very good to excellent, although the dr was variable, again with a
preference for the anti-product (Scheme 25). At room tempera-
ture, the reactions were complete after 24 h; however at the lower
temperature of 0 �C needed to obtain the highest selectivities,
very long reaction times were required (5 days). Addition of
secondary or tertiary amines to the system (triethylamine was
found to give best results) led to increased yields although the
quantity of the amine and timing of addition was found to be
important.
The same group reported a mixed Lewis acid-Brønsted base

protocol for the direct aza-Henry reaction of activated
nitroalkanes.53 Using a 1:1 combination of quinine and the chiral
Lewis acid catalyst derived from Cu(OTf)2 and (S)-Ph-Box 38a,
they achieved the addition of nitroacetate 75 to N-PMP imino

ester 49 to give synthetically valuable quaternary diesters 76 in
high yield and excellent diastereo- and enantioselectivity with as
little as 5 mol % catalyst (Scheme 26). Other cinchona alkaloids
gave inferior results leading the authors to claim molecular
recognition behavior between the Brønsted base and Lewis acid
moieties.
In addition to these protocols, zinc-based systems for the

asymmetric catalytic nitro-Mannich reaction have been reported.
In the first of these, Palomo et al., following on from their work
on the catalytic asymmetric Henry reaction,54 applied the
combination of Zn(OTf)2 and (-)-N-methylephedrine to the
addition of nitromethane to a range of N-protected arylimines
(Scheme 27).55 Initial studies showed tert-butoxycarbonyl to be
the nitrogen protecting group of choice. Accordingly the authors
demonstrated that a range of N-Boc imines 11 would undergo
smooth addition with nitromethane to deliver the corresponding
(R)-β-nitro amines in good to excellent yield and enantioselec-
tivity. The absolute configuration was established by the conver-
sion of one of the products 77a (Ar = Ph) into the known
diamine 78. Subsequent to this, the groups of Trost56 and Qian57

reported that the Trost Zn/ligand system 15, developed for the
aldol, nitro aldol, and Mannich reactions (vide supra), could
also be applied to the aza-Henry reaction of N-carbamate
imines and N-sulfonyl, N-PMP, and N-DPP imines, respectively
(Scheme 28). In the first case, Trost demonstrated the addition
of nitromethane and other nitroalkanes to a range of commonN-
Boc andN-Moc imines in moderate to high yields and very good
enantiomeric excesses. Additionally, the reaction with proble-
matic R,β-unsaturated imines was shown to proceed smoothly.
In the case of addition to N-sulfonyl imines, the addition of 1
equiv (with respect to the catalyst) of triphenylphosphine oxide
was necessary for smooth reaction.

Scheme 24. Catalytic Enantio- AndDiastereoselective Direct
Nitro-Mannich Reaction

Figure 7. Proposed catalyst structures for the Yb/K/BINOL catalyst.

Scheme 25. Cu(II)-Box Catalyzed Asymmetric Direct
Nitro-Mannich Reaction

Scheme 23. The Direct Asymmetric Catalytic Nitro-Man-
nich Reaction
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In all the examples shown above, the enantioselective diaster-
eomeric version of the reaction proceeds with a strong preference
for the anti diastereomer. Shibasaki et al. have reported the
first example of a syn-selective enantioselective catalytic direct
aza-Henry reaction using a new type of Cu(II)/Sm(III)-salen-
type bimetallic catalyst system 79 (Scheme 29).58 Chemical
yields and enantioselectivities were very good to excellent, and in
all cases the diastereoselectivity was >20/1 in favor of the syn
product. The combination of metals was arrived at after extensive
optimization studies of pairings of the M2þ metal ions Cu(II),
Zn(II), Mg(II), Ni(II), and Rh(II) with a range of lanthanoid
metals. The inclusion of both Cu(II) and Sm(III), as well as the
1:1:1 ratio of metals and ligand, was vital for efficient and
selective turnover of the reaction. Addition of a hindered phenol
was found to improve the enantioselectivity of the reaction, it is
believed by stabilizing the monomeric form of the catalyst. A
barium-catalyzed sequence furnishing isomerized aza-Morita-
Baylis-Hillman-type products in up to 80% ee with biaryldiol
axially chiral ligands has also been described.33

In addition, Shibasaki has revealed a number of excellent chiral
catalytic systems for the direct Mannich-type reaction based on
lanthanide pybox,59 nickel-binaphthyl conjugates,60,61 and rare
earth chiral constructs.62 Feng and co-workers performed aza-
Henry reactions effectively catalyzed by chiral bis-N-oxide com-
plexes of copper;63,64 the same group also reported chiral bis-N-
oxide scandium complexes in related IMTR.65

3.2.2. Indirect Asymmetric Mannich and Aza-Henry-
type Reactions Catalyzed by Transition Metals. As noted
in the previous section, the most challenging point of the direct

Mannich-type reaction is the activation of the pronucleophile
species. In the indirect Mannich-type reaction, this problem is
addressed by first converting the pronucleophile into a more
active derivative, typically the corresponding silyl enol ether.
Needless to say, the disadvantages of this approach are the exact
opposites of the advantages associated with the direct Mannich-
type reaction: increase in the number of reaction, purification,
and isolation steps and poor atom efficiency due to the removal
and nonrecovery of protecting groups (normally alkyl or aryl
silanes) incorporated into the nucleophile.
At the time of publication of our previous review, the catalytic

asymmetric indirect Mannich-type reaction was emerging as an
important technique. In the intervening decade, advances in the

Scheme 27. Zn(II)/Ephedrine-Catalyzed Asymmetric
Direct Nitro-Mannich Reaction

Scheme 26. Creation of Quaternary Carbon Centers by
Aza-Henry Reaction

Scheme 28. Trost’s Binuclear Zn Catalyst System in the
Direct Nitro-Mannich reaction

Scheme 29. syn-Selective Direct Asymmetric Catalytic
Aza-Henry Reaction
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number and synthetic scope of catalysts alongwith improvements in
the understanding of catalyst structure andmechanism, including
multimetallic66 and dual activation catalyst strategies,67 mean
that the catalytic asymmetric IMTR can now be considered an
established technique in organic synthesis.
3.2.2.1. Metal-1,1-Binapthol-Derived Catalysts. Following

their earlier report of the first genuinely catalytic asymmetric
Mannich reaction, utilizing Lewis acids formed from 1:2 com-
plexes of zirconium(IV) and 2,20-binaphthyl (BINOL)-derived
ligands,68 Kobayashi and co-workers introduced a series of
improved and highly activated catalysts for the reaction. Impor-
tantly, they discovered that 2:1 combinations of 6,60-disubstitut-
ed-BINOLs and Zr(OtBu)4 act as extremely effective catalysts in
the reaction, especially in presence of stabilizing imidazole ligands
(e.g., N-methyl imidazole (NMI), 2-methyl imidazole, or 1,2-
dimethyl imidazole (DMI)). TheNMI or DMI is believed to play
an important role in stabilizing the bis-BINOL Zr monomer
relative to oligomeric forms. NMR spectroscopic studies indi-
cated that the catalyst was highly symmetrical in nature and from
this the structure of the catalyst 81 formed with NMI was
deduced to involve equatorial binding of the BINOL moieties
with NMI occupying the apical positions. The new catalyst
species readily promoted the IMTR of N-(2-hydroxy)phenyl
imines and silyl enol ethers, silyl ketene acetals, and silyl ketene
thioacetals giving the desired addition products in excellent yield
and enantioselectivities (Scheme 30). Addition of NMI or DMI
to these catalyst systems is crucial for the realization of high
selectivities: without it almost no stereoinductionwas observed.69

The hydroxy group of the imineN-substituent was found to be
essential for the realization of high enantioselectivities, which
suggested bidentate coordination of the imine to the catalyst.
The coordinated species is believed to involve the equatorial-
apical flipping of one of the BINOL moieties in the complex to

facilitate binding of the imine-generating structure 85. Attack on
the Si face of the imine affords the O-silylated N-Zr bonded
complex 86, the presence of which in the catalytic cycle was
supported by a crossover experiment. Subsequent O f N
migration of the silyl group releases the product and regenerates
the catalyst (Figure 8). In the same paper, the authors reported
an even more active catalyst constructed from the novel 6,60-
bis(trifluoromethyl)-BINOL ligand 87a and Zr(OtBu)4, which
was found to catalyze the related IMTR with high enantioselec-
tivity and very low loading (0.5 mol %) (Scheme 31). A related
catalyst prepared using 6,60-bis(pentafluoroethyl)-BINOL 87b
was used in a highly anti-selective three-component IMTR
adding propionate units to imines in good yield and excellent
selectivity.70 This technology was used in the group’s synthesis of
cytotoxic marine depsipeptide onchidin (Scheme 32)71 and has
also been extend to an equally selective hafnium variant.72

The synthetic utility of this class of catalyst was further
enhanced by the discovery that preparation of the catalyst formed
from 87b, Zr(OtBu)4, and NMI in the presence of 5 Å MS in
benzene at 80 �C followed by removal of solvent gave a chiral
ZrMS adsorbed catalyst system that could be stored almost
indefinitely in air (up to 13 weeks) without any significant loss of
activity for the Mannich-type reaction of 88 and Me2CdC-
(OMe)OSiMe3, 90, in DCM at -45 �C (yield quant, ee 90%;
after 13 week storage yield 99%, ee 90%, Table 1, entries 1,2).73

By comparison, the corresponding freshly prepared catalyst
system suffered significant deterioration in activity after storage
in air for 24 h. The catalyst system showed equivalent substrate
scope to that of the IMTR promoted by the freshly prepared

Scheme 31. IMTR Catalyzed by 6,60-Bistrifluoromethyl-BI-
NOL/Zr(IV)

Scheme 30. 6,60-Disubstituted-BINOL/Zr(IV) Catalysts in
the IMTR of Imines and Silyl Ethers

Figure 8. Intermediates in Kobayashi’s 6,60-disubstituted-BINOL/Zr-
(IV) catalyzed IMTR.

Scheme 32. Three-Component Reaction in the Synthesis of
Onchidin
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catalyst system. Addition of extra NMI was found to be crucial for
efficient reactivity in all case. Other molecular sieves (4 Å, 5 Å)
also afforded active catalysts, but enantioselectivities were max-
imized by the use of 3 Å MS. Furthermore, it was shown that the
ZrMS catalyst could be recovered and reused up to three times
with no adverse effect on yield.
In their investigation of methods for the preparation of more

stable and amenable catalysts, Kobayashi et al. discovered that
the catalyst formed from a 2:1 mixture of 87c (6,60-Br2-BINOL)
or 87b (6,60-(C2F5)2-BINOL) and Zr(O

tBu)4 could be precipi-
tated from DCM solution as a powder by the addition of hexane,
which showed high activity as a catalyst for the IMTR (Table 1,
entries 3,5). The loading could be reduced to as little as 1-2 mol
% without significant erosion of performance. Furthermore, the
catalysts retained their activity for up to 6 months even when
stored under air (Table 1, entry 6). By use ofN-benzyl imidazole
(NBI) in place of NMI and variation of the crystallization
procedure, crystals suitable for X-ray structure determination
were obtain and showed a Zr4(μ-BINOLate)6(μ3-OH)4 solid
state structure in which no NBI was incorporated. The single-
crystal catalysts also worked well in the IMTR even in the
absence of externally added NMI (Table 1, entry 4).74 An
analogous hafnium-based system has been reported by the same
authors (Table 1, entry 7,8).72 The system is similarly robust and
performs comparably to the other air-stable catalysts in the
IMTR, although reactions using the powdered form require
the external addition of 10 mol % NMI. The single crystal form
of the catalyst was found to be Hf4(μ-BINOLate)6(μ3-OH)4 in
direct analogy to the zirconium case.
Martin and co-workers used a BINOL/Ti(IV) system to catalyze

the vinylogous Mannich-type reaction.75 In their work, they dis-
covered that a simple 2:1 combination of the parent 2,20-binaphthyl
ligand87d (R=H) andTi(OiPr)4 at 20mol% loading catalyzed the
addition of siloxyfurans 91 to N-ortho-hydroxyphenyl aromatic
imines giving the corresponding β-amino lactones 92 in moderated
yield and good diastereoselectivity.
A highly efficient and practical method for catalytic asym-

metric, silver-catalyzed, vinylogous Mannich reactions was con-
ceived by Snapper and Hoveyda;76 they extended the scope to
challenging alkyl-substituted aldehydes77 and later reported

excellent reaction outcomes for vinylogous addition to R-ketoi-
mine esters with chiral silver catalysis.78

The presence of the chiral ligand also influenced the diastereo-
selection, because in the absence of BINOL, the reactions proceeded
to give close to 1:1 ratios of racemic diastereomers (Scheme 33).
A variant of the zirconium-based catalyst system has been

introduced by Wulff and co-workers. They used a 2:1:1.2
combination of (Zr(OiPr)4/

iPrOH)/(S)-VAPOL (93)/NMI
in the IMTR of 88 and 90 giving the desired adduct as the R
isomer.79 Although the reaction proceeded reasonably well
under the Kobayashi conditions (DCM, -45 �C, 10 h), the
loadings were high (20 mol %) and both yields and selectivities
were modest (Table 2, entry 1) although much better results
were obtained in toluene. In toluene, selectivities were insensitive
to temperature with high ee’s being maintained across almost a
100 �C temperature range (Table 2, entries 2-4). The higher
temperature allowed a decreased catalyst loading with the added
bonus of raising chemical yields without significantly damaging
the high levels of selectivity afforded by the catalyst. Using this
strategy, the authors found it was possible to reduce catalyst
loading to 0.5 mol % before yields became unreasonably low
(60%) although enantioselectivity was still acceptable (85% at
41 �C). Most strikingly, the authors noticed that in this case the S
isomer of the ligand afforded the R addition product in contrast
to the analogous 6,60-disubstituted BINOL catalysts where the R
catalyst delivers the R-product (vide supra).
In further investigations, the authors employed molecular

modeling to show that choice of the imine N-substituent was
crucial for superior docking into the chiral pocket of the Zr/
VAPOL catalyst. They identified imines derived from 2-amino-o,
p-dimethylphenol as being the most suitable and demonstrated
that with this system enantioselectivity could be maintained at high
levels even up to 100 �C in toluene with as little as 2 mol % catalyst
and showed that this protocol could be successfully applied to a
range of common aromatic imines giving the addition product in
high yields and enantioselectivities (Scheme 34).
The stereochemical model for the reaction using 2:1 BINOL/

metal catalysts put forward by Kobayashi assumes that equator-
ial-apical flipping within the C2-symmetric complex of BINOL
ligand A (Figure 9, Flip A) creates a chiral pocket into which the

Table 1. Comparison of Activity of Stable Chiral Zr or Hf/BINOL Catalysts

entry catalyst Ar comment additive (mol %) yield (%) ee (%)

1 87b 6,60-C2F5 ZrMS Ph freshly prepared NMI (20) quant. 90

2 87b 6,60-C2F5 ZrMS Ph 13 weeks storage NMI (20) 99 90

3 87b 6,60-C2F5 Zr powder Naph freshly prepared none quant. 89

4a 87b 6,60-C2F5 Zr crystal Naph freshly prepared none 80 85

5 87c 6,60-Br Zr powder Ph freshly prepared none 86 85

6 87c 6,60-Br Zr powder Ph 6 months storage none 92 85

7 87c 6,60-Br Hf powder Naph freshly prepared NMI (10) 93 85

8 87c 6,60-Br Hf crystal Naph freshly prepared none 67b 85
a 20 mol % catalyst was used. b 132 h.
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bidentate imine substrate can bind. The absolute stereochemistry
of the product points to subsequent si-face attack on the bound
ligand.80 An additional, nonproductive pathway involves the
flipping of BINOL B (Flip B), which generates a nonstereoselective
ligand-metal complex leading to loss of stereoinduction in the
reaction. In order to address this, Kobayashi et al. developed novel
linked bis-BINOL methane (BBM) ligands, 96,81 and tridentate

BINOL-phenol mixed ligands, 97a-k. Catalysts formed from a
1:1.5 mixture of Zr(OtBu)4/ligand functioned very efficiently as
in the IMTR of silylated nucleophiles and a range of common
imine electrophiles under very mild conditions (Scheme 35).82

The authors conducted a detailedNMR spectroscopic study of
the catalyst prepared using 97c (R1 = iPr, R2-R5 =H) and found
that at least three species were present in solution of which only
one, a monomeric 1:1 complex of Zr and the tricoordinated
ligand, is believed to be the active species in equilibrium with
bridged dimer. The relative proportions of each of these solution
complexes could be manipulated by varying the relative propor-
tions of metal source and ligand.83 The same tridentate BINOL-
based ligands were also found to form a very active catalyst when
combined with niobium(V) salts. Here again, the iPr-substituted
97c performed best, giving the desired Mannich adduct in the
reaction between imine, formed from nonenolizable aldehydes and
o-anisole, and silyl ketene acetals in comparable yield and superior
enantioselectivities compared with the analogous Zr(IV) system
(Scheme 35).84 In this case, NMR spectroscopic studies indicated
that the catalyst species is composed of a 2:2 dinuclear niobium-
ligand complex stabilized by alkoxide ligands.
Concurrent with their development of 2:1 BINOL/Zr cata-

lysts, the group of Kobayashi also introduced a catalyst system
consisting of complexes of Zr(IV) and 3,30-disubstituted BI-
NOLs 98a-d (Scheme 36).85 They found that the presence of
substituents at the 3-position allowed the formation of 1:1
ligand/metal structures and do not require the addition of NMI.
The catalyst effectively promoted the IMTR of ketene silyl

acetals and ketene silyl thioacetals with imine 88. Here again the
presence of the ortho-hydroxy group on the imine N-substituent
was found to be crucial for the realization of high selectivities

Scheme 34. IMTR of Several Imines with the Zr/VAPOL
System at High Temperatures

Scheme 33. Ti(IV)-BINOL Catalyzed Vinylogous
Mannich-type Reactions of Siloxyfurans

Figure 9. Proposed stereochemical model of the 6,60-disubstituted-
BINOL/Zr(IV) catalyzed IMTR.

Table 2. Wulff’s Zr/VAPOL-Based Catalyst System for the
IMTR
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leading the authors to conclude that the imine binds to the
catalyst in a bidentate fashion similar to that invoked for the 2:1
BINOL/metal catalysts. It was noted that the products of the
IMTR were obtained in high ee as exclusively the R enantiomer
whereas use of the same catalyst in the corresponding aldol
reaction afforded the S isomer, that is, the opposite sense

induction was imparted by the complex. Differences in binding
geometries were invoked to explain the reversal in enantioselec-
tivities of these two reactions (Figure 10).
The 3,3-disubstituted BINOL ligands can also be used to form

catalysts in combination with Fe(II) and Sm(III) (Scheme 37).
In the first case, Kobayashi et al. screened a number of (R)-3,30-
disubstituted-BINOL ligands with FeCl2 as the metal source and
found that a 1:1.1 mixture of the metal and 3,30-I2-BINOL gave
optimum results. Although yields and selectivities were moderate
compared with the analogous zirconium system, a reversal of
selectivity was observed as use of the R-ligand gave the S product
in direct contrast to the (R)-Br2-BINOL/Zr(IV) system.86

Subsequently, Collin and co-workers disclosed that a 1:1 combi-
nation of SmI3(thf)3 and (R)-1,1-binaphthol could be used to
promote the IMTR of silyl ketene acetal 90 in good to excellent
yield and up to 82% ee.87 They examined a range of amine
additives and described a rather complex reaction system in
which rates of addition of the silyl ketene acetal and catalyst
maturation effects played an important role.
TinBINOLderived catalystswere reportedby Izumiseki et al.where

an in situ generated ethoxide bromide catalyst furnished Mannich-
type adducts from alkenyl trichloroacetates in up to 98% ee.88

Scheme 36. Equimolar Zirconium/3,30-BINOL Lewis Acids
in the IMTR

Figure 10. Binding geometries in the 1:1 Zr/BINOL-catalyzed asym-
metric IMTR and aldol reaction.

Scheme 35. Use of BBM and Tridentate Linked BINOL
Ligands with Zr(IV) and Nb(V)

Scheme 37. The IMTR Catalyzed by Fe(II) and Sm(III)/
BINOL Catalysts
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3.2.2.2. Metal-Phosphine-Derived Catalysts. Early exam-
ples of Pd(II)-phosphine-based catalyst systems for the Mannich
reaction were described almost simultaneously by Sodeoka89 and
Lectka90 in the late 1990s. Although both methods used similar
combinations of Pd(II) with BINAP-type ligands, Lectka also
examined the use of Cu(I) and Ag(I) as the Lewis acid compo-
nent. In their original report, Lectka et al. demonstrated the addition
of Z-enol silanes to highly activatedR-imino esters in excellent yield
and selectivity. Subsequently they demonstrated that the corre-
sponding E-enolates formed from cyclic systems are also amenable
nucleophiles in the reaction promoted by Cu(I)/Tol-BINAP
catalysts (Scheme 38).91 One limitation of procedures using very
reactive R-imino esters as electrophiles is the difficulty experi-
enced in their synthesis and handling. Usefully, Lectka et al.
discovered that generation of the imines in situ from the
corresponding N,O-hemiaminals [HNX-C(OR)CO2Et], 102,
could be effected by the Cu(I)/BINAP system in the presence
of enolsilanes and that the subsequent IMTR could take place in
high yield and enantioselectivity in one-pot (Scheme 39).92

Following their early success with dimeric palladium aquo
phosphine catalysts Sodeoka and co-workers have developed a
protocol for the use of solid phase catalysts using commercially

available polymer-bound BINAP and Pd(II) (Scheme 40).93

They found it necessary to utilize a dimeric catalyst species 103
rather than the monomeric 104 because use of the latter was
unsuccessful (although catalyst 104 did promote the analogous
aldol reaction). Accordingly, the addition of enol silane 105 toR-
imino ester 106 occurred smoothly in good yield albeit it with
comparatively low enantioselectivity. The catalyst complex could
be recovered and reused although both yield and ee were
adversely affected in subsequent runs.
Hoveyda and co-workers have applied their novel mixed P-N

ligand system 107 to the IMTR catalyzed by Ag(I).94 The system
catalyzed the addition of a range of aliphatic, aromatic, and
olefinic enol silanes to o-methoxyphenyl imine giving the desired
β-amino ketones in very high yield and good enantioselectivity
(Scheme 41).
The catalyst was also effective for the three-component IMTR

between o-anisidine, aliphatic aldehydes, and acetone silyl enol
ether (yield 41-60%, ee 92-94%). Removal of the protecting
group could be effected under mild oxidizing conditions using
PhI(OAc)2 without compromising the stereochemical integrity
of the amine chiral center. Using their three-component proto-
col, the authors described a short synthesis of (-)-sedamine
(Scheme 42).
A problem frequently encountered in the development of

Mannich-type reactions is the difficulty associated with the
removal of protecting groups from the nitrogen atom in the
newly formed amine product. Although both oxidative and
reductive methods have been applied, these often require harsh
conditions, which can lead to reduced chemical and optical yields
of the free amine products. With this in mind, Carretero et al.
have developed an effective procedure for the IMTRbased on the
addition of enol silanes to N-(2-thienyl)sulfonamides catalyzed
by a complex of Cu(I) and a ferrocenyl P,S ligand system.95

Screening a number of N-sulfonyl protecting groups identified
N-2-thienyl imine 109 as giving best results when exposed to
ketene silyl thioacetals in the presence of the catalyst formed

Scheme 40. Preparation of Immobilized Pd(II) Catalysts
and Its Use in the IMTR

Scheme 38. IMTR of Silyl Enol Ethers and Imine 41
Catalyzed by Cu(I)/Tol BINAP

Scheme 39. Lectka’s One-Pot Imine Generation-IMTR
Protocol
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from the ligand 110 and CuBr in the presence of an equimolar
mixture of AgClO4 at ambient temperature (Scheme 43).96

Although yields and enantioselectivites varied considerably
between substrates, the scope of the reaction was broad and
allowed the use of imines formed from alkenyl and alkylalde-
hydes. Use of CuCl also produced a viable catalyst, but results
were poorer than for the CuBr system. An attractive feature of the
protocol is that the N-(2-thienyl)sulfonamide group can be
readily removed under very mild conditions (10 equiv of Mg,
MeOH, rt, 5 h) to afford the free aminewith high conversion and no
loss of stereochemical integrity, the same catalyst was also employed
in vinylogous asymmetric Mannich reactions with good effect.97

Yuan et al. developed a silver-catalyzed vinylogousMannich reaction
employing chiral phosphine-Schiff base ligands.98

An axially chiral phosphine oxazoline ligand was used in combi-
nationwith a silver(I) source for the highly enantioselective reaction
of aldimines with trimethylsiloxyfuran under mild conditions.99

An important development in Mannich-type reaction chem-
istry was disclosed by the group of Shibasaki where they
demonstrated a general method for the catalytic asymmetric
IMTR using N-bisarylphosphinoyl ketoimines as electro-
philes.100,101 Following on from their work on the analogous
catalytic asymmetric aldol reaction of ketones,102 they used
either CuOAc/DTBM SEGPHOS 51c or CuOAc/DUPHOS
(67b, iPr, or 67c, 4-tert-butylcyclohexyl) catalysts to effect the
addition of silyl ketene acetal 113 to a range of N-bisarylpho-
sphinoyl ketoimines 114 derived from aryl or alkenyl alkyl
ketones giving the corresponding N-protected tertiary amine
products 115 in high to very high yields and good to excellent
enantioselectivities (Scheme 44). The nature of the alkoxy silyl
fluoride additive was found to be crucial for the promotion of
rapid regeneration of the catalyst byN-silylative release of it from the
copper amide species generated in the reaction and the realization of
rapid catalyst turnover. Use of (MeO)2SiF2 as the silylating agent
gave good results; however synthesis of the (MeO)2SiF2 was
nontrivial. The readily available (EtO)2Si(OAc)2 fortunately gave
comparable performance. The authors also demonstrated that the
N-bisxylylphosphinoyl protecting group could be removed effi-
ciently to give corresponding tertiary β-amino acid after hydrolysis
in high yield (Scheme 45).
Another P-N ligand metal combination employed isopropyl

phosphinoferrocenyl oxazoline (iPr-Phosferrox103) in a highly
selective reaction of imines with protected glycine, where it was
possible to switch the diastereoselectivity of the product through
judicious ligand tuning.104

3.2.2.3. Other Metal-ligand Combination Catalysts. An-
other protocol for the IMTR of enol silanes to ketoimines has
been introduced by Jørgensen et al. In this, they used Zn/pyBOX
116 catalysts to promote addition of silylketene acetals to
tethered N-carbamoyl R-ketimino esters 117 giving the tertiary

Scheme 42. Three-component IMTR Leading to the Synth-
esis of (-)-Sedamine

Scheme 41. Hoveyda’s Peptidic P,N-Ag(I) Catalyst System
in the IMTR

Scheme 43. Use of P,S-Ligand/Cu(I) Catalyst Systems in the
IMTR
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β-amino esters 118 in high yield and excellent enantioselectivity
(Scheme 46).105

NMR spectroscopic titration experiments suggested that the
active catalyst species is a 1:1 Zn/pyBOX complex, which exists
in equilibrium with the corresponding 1:2 Zn/pyBOX dimer.
Additional support for this postulate came from the observation
of a strong nonlinear effect between ligand and product ee. The
relative amounts of these two species were found to be strongly
dependent on the metal/ligand ratio as well as the presence of
additives. Addition of 1 equiv of water with respect to zinc was
found to stabilize the monomeric form such that it persisted even
in the presence of more than 1 equiv of the ligand. These results

led the authors to conclude that the active catalyst species
consists of a monomeric ligand/zinc aquo species.
Jørgensen has reported the IMTRof cyclic Danishefsky diene 119

with N-tosyl imino ester 41 catalyzed by CuClO4/(R)-Tol-BINAP
50b giving the adduct anti-120 selectively. None of the correspond-
ing aza-Diels-Alder product was obtained (Scheme 47).45

In other work by Kobayashi et al., metal-diamine ligand
catalyst systems were developed that permit the addition of
methyl and silyl enol ethers to N-acyl glyoxylate imines 121a-c
in good yield and stereoselectivity (Scheme 48).106 In the first
case, the nature of the N-acetyl side chain dictated the nature of
the metal source and the conditions used: imines bearing methyl
and long-chain alkyl groups 121a,b required Cu(OTf)2/diamine
122a at 0 �C, whereas the more reactive N-benzoyl imine 121c
underwent smooth reaction even at -78 �C with a Cu(I)/
phosphine catalyst.107

The corresponding reaction with readily removable N-pro-
tecting groups (Boc, Cbz, and Troc) was also reported by the
same authors.108 Although formally an IMTR, the mechanism of
the reaction is thought to resemble a [4 þ 2] cycloaddition: the
Mannich adduct was not observed in the crude reaction mixture,
and instead vinyl ether 125 and an unidentified product were
detected prior to quenching the reaction. Hydrogen transfer
within 125 was postulated to lead to compound 126, which gave
the final Mannich adduct 127 on hydrolysis. The synthetic utility
of this approach was demonstrated by a short synthesis of HPA-
12, 124, and its analogues, which are thought to be involved in
specific inhibition of sphingomyelin in mammalian cells.109

The same combination of Cu(OTf)2 and diamine ligands
122a-c were used to promote the addition of enamides 128 to
several N-acyl imino esters 129 giving the corresponding β-
amino imines 130. Yields and enantioselectivities in the reaction
were generally high to excellent except in the case of piperidino
and morpholino enamines 131 and 132, which delivered only
racemic products. The resultant N-acyl imino esters could be
further transformed either by hydrolysis to the corresponding
ketones 133 or by reduction with LiAlH(OtBu)3/LiI selectively

Scheme 45. Deprotection of Tertiary β-Amino Esters

Scheme 46. Jørgensen’s Zn-pyBOX-Catalyzed IMTR of
Ketimino Esters

Scheme 44. Shibasaki’s IMTR with N-Bisxylylphosphinoyl
Ketoimines
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to the anti diamine 134 (Scheme 49).110 The flexibility and
synthetic utility of this methodology was further demonstrated
by the report of the IMTR of simple enol silanes withN-Troc-R-
iminophosphonates 135.111 A wide range of enol silanes of aryl
methyl ketone added smoothly to the electrophile in the
presence of 10 mol % of the catalyst formed from 122a and
Cu(OTf)2 to give the desired adduct in good yield and excellent
selectivity (Scheme 50). It was found that the addition of
1,1,1,3,3,3-hexafluoroisopropanol (HFIP) was important for
efficient catalyst turnover: The authors proposed a bidentate
coordination 137 of the phosphonyl imine, which undergoes
nucleophilic attack by the silyl enol ether from an open transition
state giving adduct 138 protonation/desilylation of which with
HFIP liberates the product and returns the catalyst. In the
absence of the additive, the reaction was very slow and N-
silylated adduct 139 was obtained as the major product. The
authors also described the use of their methodology to synthesize

140 and 141, phosphonyl analogues of kynurenine 3-hydroxylase
inhibitors FCE 28833, 142, and m-NBA, 143, respectively.
Shortly thereafter in related work, the same group introduced a

method for the asymmetric catalytic indirect Mannich-type
reaction of hydrazones in aqueous solvent systems.112 The
authors found that a combination of ZnF2 and diamine ligand
122b facilitated the addition of silyl enol ethers to (E)-ethyl
2-(2-(phenylcarbonyl)hydrazono)ethanoate 144 giving the de-
sired adducts in moderate to good yield and with high to very high
diastereo- and enantioselectivites. Unusually for a Lewis acid
catalyzed process, water was not only tolerated but was found to
be essential for efficient reaction. The authors also found that the
addition of a small amount of triflic acid (1 mol %) led to
dramatically improved yields. It is noteworthy that use of (E) or
(Z) enol ethers gives stereospecifically the syn or anti product,
respectively. The reaction is believed to proceed by dual Lewis acid
(Zn2þ)/Brønsted base (F-) activation in which rapid catalytic
turnover of the TMSF regenerates the ZnF2 in situ. The pathway is
not thought to involve a zinc enolate species (Scheme 51).
Acylation of the appropriate initial adduct followed by reduc-

tion and cleavage of the N-N bond with SmI2 again gave ready
access to 127.
In contrast to the direct nitro-Mannich (aza-Henry) reaction,

the corresponding indirect procedure involving the addition of
preformed nitronates to imines is much less well-known. The
first example of the catalytic asymmetric aza-Henry reaction of
nitronates that did not require the addition of external base was
described by Jørgensen in 2001.113 Using a range of BOX-type
ligands and Cu(I) or Cu(II) sources, they were able to catalyze
the addition of silyl nitronates to a range of imino esters (PMP,
Ph, Ts) in good to very high yield and up to >98% ee at-100 �C
(Scheme 52). Very low reaction temperatures were necessary
due to a rapid uncatalyzed background reaction that persisted
even down to -78 �C. Having established the absolute config-
uration of the product obtained using (R)-Ph-Box as R,R (90%
ee), the authors proposed a mechanism involving dual coordina-
tion of both the imino ester substrate and the nitronate followed
by Lewis acid catalyzed loss of TMS from the latter to give a cyclic
transition state 151 from which the addition proceeded to afford
the observed product (R)-150. Anderson and co-workers have

Scheme 49. Catalytic Asymmetric IMTR ofN-Acyl Enamines
and R-Imino Esters

Scheme 47. IMTR of with Cyclic Danishefsky Diene 119

Scheme 48. Addition of Enol Ethers to Imines with Chiral Cu
Catalysts
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also examined the reaction with N-PMP imines using a similar
but subtly different combination of (S,S)-tert-butyl-Box 38b with
Cu(OTf)2 as the Lewis acidic source.

114 Using this system, they
achieved generally very good yields and selectivities in the
reaction with aldimines, but the corresponding reaction with
ketimines proceeded hardly at all. An attractive point of this
method is the relatively low catalyst loading (10 mol %) and
more amenable temperatures (-30 �C) (Scheme 53).

3.3. Mannich and Aza-Henry-type Reactions Mediated by
Organocatalysts

The field of organocatalysis is currently one of the fastest
growing areas of organic synthesis and is one that extends its
tendrils into almost every aspect of our science.115-117 Although
dating as far back as the era of Liebig, the concept was formally
mooted in the 1920s by Langenbeck who described “organic
catalysis” and was then reintroduced under its current moniker
byMacMillan and others in 2000. For the purposes of this review,
a distinction will be drawn depending on the catalyst structure:
proline derivatives, chiral Brønsted acids, chiral thioureas, and
cinchona alkaloids.
3.3.1. Reactions Mediated by Proline Derivatives.

Although the catalysis of the direct asymmetric aldol reactions118,119

by proline was a well-established process, its use in the analogous
direct Mannich-type reaction leading to the formation of β-
amino ketones with excellent enantioselectivity was first reported
by List in the year 2000 (Scheme 54).120,121 Although yields were
only moderate and catalyst loading was high (35 mol %), the
reaction could be made to operate with both aromatic and

Scheme 52. Catalytic Asymmetric Addition of Nitronates to
Imines with Cu(I) Catalysts

Scheme 50. Catalytic Asymmetric IMTR of N-Troc
Phosphonyl Imines

Scheme 51. Addition of Enol Ethers to Hydrazones with
Metal Diamine Catalysts

Scheme 53. Catalytic Asymmetric Addition of Nitronates to
Imines with Cu(II) Catalysts
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aliphatic aldehydes and unsubstituted as well as R-hydroxy
ketones. The proposed mechanism of the reaction involved the
intermediacy of an enamine generated in equilibrium with the
iminium species formed from the condensation of the proline
with the more reactive aldehyde partner (Figure 11). Although in
the original paper, the authors proposed the interaction of a Z-
imine to explain the strong syn preference of the reaction, this was
later modified122 to the E-imine shown and contrasted with the
proposed transition state for the corresponding aldol reaction.
Although the intermediacy of the enamine 156 forms part of the
generally accepted mechanism for proline-catalyzed reactions,
this has been challenged by Seebach, who provided strong
evidence for the involvement of the oxazolidinone 157 as an
important intermediate in the reaction,123 and further computa-
tional studies, which are in agreement with some observed
results, have been reported.124

The initial report by List was followed by a flurry of publica-
tions by Barbas,125 List,115h-j,126 Jørgensen,115f,127 C�ordova,128

and Hayashi129 all of whom reported important developments in
substrate scope and catalyst structure. Given the rapidly devel-
oping nature of the field, it is unsurprising that organocatalysis
has been the subject of numerous reviews and highlight articles.
Organocatalyzed addition of nucleophiles to the CdN function-
ality has, in the years since our preceding review, been a
subject discussed within other work in 2004,130 and asymmetric
organocatalyzed Mannich reactions were summarized in a Tutor-
ial Review, which appeared in late 2007.131With Buckley132 along
with Zu and Lu133 providing preceding summaries detailing
current advances and a range of excellent examples appearing
during the preparation of this manuscript,134 the most salient and
pertinent reports are detailed to provide perspective.
As outlined above, the proline-catalyzed asymmetric DMTR is

a convenient and flexible route to a wide range of β-amino
carbonyl compounds, which are generated in good yield and
excellent enantioselectivity as overwhelmingly the syn diastereo-
mer. Although Barbas andC�ordova had previously demonstrated
that (S)-methoxymethylpyrrolidine (SMP) could be used to
obtain the relevant anti system with good diastereoselectivity
in the reaction of aldehydes with R-imino esters (Scheme 55),
yields and enantioselectivities were moderate and reliable meth-
ods for the synthesis of the corresponding anti diastereomer with
high enantioselectivity remained a problem. Elegant solutions to
this problem have been reported by the groups of Maruoka135

and Barbas.136 Employing protected prolinols as catalysts, first
reported by Karlsson and H€ogberg,137 is reasoned to inhibit the

formation of unreactive hemiaminal intermediates (discussed
later, Figure 14).
In the first of these, Maruoka and co-workers employed their

axially chiral amine system originally designed as catalysts for the
direct asymmetric aldol reaction138 in the addition of aldehydes
to preformed R-imino ester 49, 160-1 (Scheme 56). Acetalde-
hyde was utilized as a highly effective nucleophile in a closely
related reaction, catalyzed by 162b in a following report.139

The highest diastereoselectivities were obtained using tri-
fluoromethanesulfonamide catalyst 162b, which gave far bet-
ter yields than 162a and better diastereomeric ratios than
catalyst 163 [R1 = iPr, R2 = Et, 162b (anti/syn) >20/1 versus
163 (anti/syn) 1/1.1]. This was rationalized by considering
that in the case of 162b stronger H-bonding between the
imine and the trifluoromethanesulfonamide side group per-
mits only the syn-enamine arrangement leading to the gen-
eration of anti-addition products, whereas the comparatively
weaker H-bond between the imine and remote carboxylic acid
permits both the syn and anti enamine arrangements with
concomitant loss of diastereoselectivity (Figure 12).
By contrast, Barbas et al. postulated that the syn selectivity of

proline-catalyzed systems lay in the steric biasing of intermediate
enamine 156 into the S-trans conformation, leading to reaction at
the re face of the enamine giving the cis addition product, due to
interactions between the enamine hydrogen and the proline acid
group that disfavor the S-cis arrangement (Figure 13, left side).136

They reasoned that a designed catalyst giving an enamine such as
164 in which a blocking group has been introduced at the
5-position of the pyrrolidine ring and the acid group moved to

Figure 11. Proposed transition states for the organocatalytic DMTR
154 and aldol 155 reaction.

Scheme 54. Organocatalytic Asymmetric DMTR under
Proline Catalysis

Scheme 55. anti-Selective Organocatalytic Asymmetric
DMTR
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the 3-position should lead to the reaction again on the re-face of
the enamine but proceeding by a different S-trans conformation,
this time giving the anti-addition product (Figure 13, right side).
The required catalyst was synthesized in six steps from (R)-4-

hydroxyl-L-proline and used in the reaction of R-imino ester 49,
165, or 166 and unmodified aldehydes affording the required
addition products in good to excellent yield and excellent diastereo-
and enantioselectivity (Scheme 57). Computational studies carried
out to estimate the relative contributions to the anti-selectivity of the
5-methyl and 3-carboxylic acid group indicated that the methyl
group contributed about 1 kcal mol-1 toward anti-diastereoselec-
tivity. Although this route provided an ingenious solution to the
problem of anti-selectivity of reaction involving aldehyde donors,
the analogous reactions with ketones were extremely slow. This
obstacle was overcome by using the less sterically hindered
5-desmethyl derivative 168, which efficiently catalyzed the reac-
tion of R-imino esters with a range of linear and cyclic ketones in
protic solvent medium (Scheme 58).140

Proline-catalyzed Mannich reactions to N-Boc-imine electro-
philes have been exploited by a number of researchers including
Enders,141 List,142 and C�ordova,143 the latter of whom used this
methodology to synthesize the side chain of Taxotere.144 Utilization
of dihydroxyacetone derivatives as nucleophiles in proline-catalyzed
Mannich reactions facilitates highly selective delivery of a functional

C3 unit for further elaboration toward complex sugarmotifs. Among
the pioneers in this field the work of Westermann,145 Barbas,146

C�ordova,147 and Enders148 stands out; imino sugars were also dire-
ctly available.149

The theme of modifying the proline motif to provide second
generation amino-organocatalysts has been an important devel-
opment in organocatalysis. Although the original proline system
afforded addition products with excellent yields and selectivities,
the low solubility of the catalyst necessitated the use of very polar
or protic solvents such as DMSO or iPrOH, which are difficult to
remove and may be incompatible with some functionalities. A
partial solution to this was put forward by Barbas et al. who
investigated the effect of solvent on the organocatalytic DMTR
using ketone donors and found that running the reaction in an
ionic liquid ([bmim]BF4) gave improved yields with lower
(5 mol %) catalyst loadings. Furthermore in the reaction with
cyclohexanone the catalyst/ionic liquid solution could be recov-
ered and reused up to 4 times with only a small drop in yield and
no effect on selectivity (Scheme 59).150

In an effort to address this, the groups of Ley151 and Wang152

have introduced a series ofN-sulfonyl triflamides 169a-c as new
proline-derived organocatalysts with superior solubility in or-
ganic solvents for asymmetric catalytic DMTR with unmodified
ketone donors. Very high yields and stereoselectivities were
maintained across a wide range of organic solvents (DMSO,
CHCl3, DMF, THF, MeCN, EtOAc, MeNO2, dioxane) in a syn
selective reaction. These developments came hot on the heels of
5-pyrrolidin-2-yltetrazole 170 of Ley et al.,153 which was intro-
duced as a highly effective proline substitute that may be used for
organocatalytic ketone-donor DMTR in nonpolar organic sol-
vents with no loss of enantioselectivity (Scheme 60). A number

Figure 13. Conformations in the Barbas anti-selective organocatalytic
asymmetric DMTR.

Scheme 56. anti-Selective Asymmetric Organocatalyzed
DMTR

Figure 14. Formation of unreactive hemiaminal species.

Figure 12. Proposed transition state for Maruoka’s anti-selective
organocatalytic DMTR.
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of linear and cyclic ketones were tested in the reaction using
common laboratory less-polar solvents (e.g., THF, MeCN,
DCM) giving the syn-products in good yield and excellent
enantio- and diastereoselectivity. Proline was not effective under
the same conditions. The authors proposed an intimately bonded
chairlike transition state 171 to explain the observed high
enantio- and diastereoselectivities.
The Ley tetrazole has been employed in the three-component

asymmetric organocatalytic DMTR of R-amino and R-azido ke-
tones with activated imines (Scheme 61).154 The authors noted a
dependence of regiochemistry on the nature of the R-nitrogen
substituent where in the presence of 170 in DMSO, R-azido
methyl ketone 172 underwent addition on the same carbon as
the azide giving the syn-R-azido-β-amine 173, whereas the
correspondingR-phthimidoacetone reacted via themethyl group
R to the ketone giving the β-amine 174 with complete regios-
electivity. The same tetrazole was one of a number of compounds
170 and 175-177 that were examined by C�ordova et al. as
catalysts for their three-component ketone R-aminomethylation
protocol using formaldehyde as the iminium carbonyl precursor
(Scheme 62).155 In comparison to the parent proline, the derived
catalysts all performed poorly in terms of enantioselectivity
under the conditions applied, although no results of reactions
carried out in solvents known to be optimal for second genera-
tion proline catalysts were disclosed. The proline-catalyzed reac-
tion, however, displayed awide substrate scopewith both linear and
cyclic ketones undergoing the reaction smoothly to give the corres-
ponding aminomethylation products in high yield and excellent
enantiomeric excess, consistent with results obtained in their earlier
studies on the three-component cross-Mannich reaction.12,128

Mauksch et al. first commented on an intriguing phenomenon,156

which was later investigated by Amedjkouh and Brandberg wherein

an intriguing variation of the reaction that furnishes compound
168 in excellent ee and yield was investigated, providing strong
evidence for an autocatalytic process.157

The R-aminomethylation of aldehydes was independently
reported by Chi and Gellman158 and C�ordova and co-workers,159

in which chiral amine catalyzed reactions between aldehydes and a
formaldehyde-derived imine precursor proceeded with high chemo-
and enantioselectivity (up to 98% ee after in situ reduction).
Hayashi and co-workers have also studied the proline-cata-

lyzed cross-Mannich reactions of aldehydes (Scheme 63) and in
particular the observation that that the cross-Mannich of two
different aldehydes in the presence of p-anisidine proceeds at
temperatures as low as -20 �C whereas the analogous aldol
reaction requires a minimum temperature of 4 �C. Competition
experiments led the authors to conclude that aldimines are
approximately 7 times more reactive in the Mannich reaction
than aldehydes in the corresponding direct aldol reaction.160

Calculations indicated that the higher relative reactivity of
aldimines is determined by the highly asynchronous transfer of
the proline carboxylic acid proton and C-C bond formation,
which activates the electrophile more efficiently than in the aldol
reaction where proton transfer and new C-C bond formation
are almost simultaneous. The authors also noted that use of water
freezing techniques were found to permit the use of substrates
not normally applicable to the cross-Mannich reaction. The same
group also demonstrated the synthetic utility of their methodol-
ogy with formal total syntheses of nikkomycins B and Bx.

161

Linear R- or β-amino acids and their derivatives have been
investigated as organocatalysts in the three-component DMTR by

Scheme 60. Organocatalytic DMTR Catalyzed by Proline
Derivatives

Scheme 57. Barbas’ anti-Selective Organocatalytic DMTR

Scheme 58. Anti-Selective Organocatalytic DMTR with
Ketone Donors

Scheme 59. Organocatalyzed DMTR in [bmim]BF4
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the groups of C�ordova and Cheng.162-165 Use of common amino
acids serine, leucine, isoleucine, phenylalanine, valine, and aspartate
in the coupling of cyclohexanone with p-nitrobenzaldehyde and
p-anisidine gave the desired S,S-syn adduct in moderate yield and
moderate to high enantio- and diastereomeric excess.
The authors found that alanine and its tetrazole derivative 179

gave best results in the three-component reaction of p-anisidine
with a wide range of ketones and aldehyde coupling partners
(Scheme 64). Although proline exhibits reactivity and generality
that has led to its being defined as a “universal catalyst” its
reliance on strong H-bonds to activate both the aldehyde
nucleophile and the electrophile,166 delivering high enantioselec-
tivities, has limited its use to those substrates capable of forming
such interactions. In an effort to overcome this problem and
broaden still further the substrate scope in the reaction,
Jørgensen and co-workers examined bulky bisphenylprolinol
derivatives167 180a-c as catalysts (Scheme 65).168 In their
studies, they opted to protect the prolinol hydroxyl group as its
TMS ether in order to shut down the formation of the unreactive
hemiaminal in the proposed catalytic cycle (Figure 14).
Of the catalysts examined, the bis-(3,5-bis(trifluoromethyl)

phenyl) substituted system gave the best results, supplying the
desired adducts in good yield and excellent enantioselectivities.
Significantly, the products were obtained preferentially as the anti

form with moderate to high diastereoselectivity and with the
opposite diastereoisomer that was obtained with simple proline.
More recently C�ordova widened the substrate scope and re-
ported improved diastereo- and enantioselectivity under slightly
modified conditions.169

Jørgensen and co-workers made use of modified proline
derivatives in carrying out the first organocatalytic asymmetric
DMTR to ketoimines 183.170 Screening of a number of promo-
ters, 181a,d in addition to proline and proline methyl ester,
identified bispyrrolidine 184 as being the catalyst of choice. A
range of substituents on the ketoimine aromatic ring were
tolerated including electron-withdrawing (p-F) and donating
groups (p-OMe), and the desired products were obtained in
excellent yield and stereoselectivity. Significantly, the reaction
with the corresponding untethered N-carbamate ketoimine 186
did not proceed under the same conditions (Scheme 66).

Scheme 64. Linear Amino Acid Derivatives As Organocata-
lysts in the DMTR

Scheme 61. Dependence of Regiochemistry on Protecting
Group in the Organocatalytic DMTR

Scheme 62. Catalysts in the R-Aminomethylation of Ketones

Scheme 63. The Proline-Catalyzed Cross-DMTR with
Aromatic and Aliphatic Aldehydes

Scheme 65. Bulky O-TMS Prolinol-Derived Organocatalysts
in the Asymmetric DMTR
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The same group also examined ligand 181a as a potential
catalyst for direct Mannich-type annulations.127 In this case
however, it was ineffective, as were a number of related pro-
line-derived species. However, structurally related C2-symmetric
systems gave good results with 2S,5S-2,5-dibenzyl pyrrolidine
187b being the catalyst of choice giving the desired annulated
product in good yield and high diastereo- and enantioselectivity.
Instability of the initial annulated product necessitated a deriva-
tization sequence that gave the corresponding trifluoroacetylated
alcohols 190, which were sufficiently stable to allow full character-
ization (Scheme 67).While the preformation of trigonally protected
imines provides access to versatile and often orthogonally protected
products their synthesis can often be nontrivial. In this connection,
Gianelli et al. found that in situ generation of the imine by an
elimination protocol was effective.171

In addition to modifications of catalyst structure, a number of
important developments in substrate scope of the organocatalytic

asymmetric DMTR have been reported. Barbas et al. demon-
strated the utility of branched aldehyde donors in the reaction
catalyzed by proline, leading to the rapid and efficient generation
of a range of molecules containing quaternary carbon centers
(Scheme 68).172

The organocatalyzed DMTR of fluoroalkyl N-PMP imines
192 with acetone, affording synthetically important R-fluori-
nated amines 193, has also been demonstrated (Scheme 69).173

Jiang et al. discovered that proline derivative catalyzed reac-
tions could be assisted by the addition of chiral Brønsted
acids .174 Other variations include choice of solvent such as ionic
liquids employed by Liu et al. with good effect.175,176

3.3.2. Catalytic Asymmetric DMTR Mediated by Chiral
Brønsted Acids. The development of chiral highly active
Brønsted acids177 is a rapidly growing area in organocatalysis.178

Some of the most effective examples are those derived from phos-
phoric acid/BINOL esters179 194a-e and 195a-c (Figure 15)
or phosphoric acid/BINAL amides 196. These possess both
Brønsted acidic and Lewis basic sites and are thought to form

Scheme 66. Organocatalytic DMTR of N-Carbamoyl
Ketoimines

Scheme 67. Organocatalyzed Asymmetric Direct
Mannich-type Annulations

Scheme 68. Organocatalytic DMTR with Branched
Aldehyde Donors

Scheme 69. Use of Fluorinated Imines in the Organocataly-
tic DMTR
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strong H-bonds with the electrophile, which serves the dual
purpose of activating the electrophile and fixing it within the
chiral pocket formed by the binaphthyl ligand.180

In this context, Terada has used highly hindered phosphoric
acids of type 194 to promote the addition of acetylacetone to
aromatic N-Boc imines, giving the β-amino diketone product
in excellent yield and enantiomeric excess (Scheme 70).181

Four chiral phosphoric acids were examined in the reaction
with best results being obtained with that bearing very bulky 4-(β-
naphthyl)phenyl side groups. The reaction could be scaled up to 1 g
and catalyst loading could be cut to 1mol % giving the product (R1

= Ph) in 94% yield although the reaction time was doubled. The
authors reported efficient recovery of the catalyst (>80%). Follow-
ing this, they described computational (B3LYP/6-31g(d,p) level)
and NMR studies aimed at elucidating the nature of the transition
state.182 The authors examined transition states for the interaction
of both cis and trans 11 (R1 = Ph) and the chiral phosphoric acid
194b (Ar = Ph). Their results indicated that the stereoselectivity of
the reaction originated from a transition state alignment in which
hydrogen bonding of the P(O)OH moiety to the imine nitrogen
holds the latter in a chiral pocket in which one face is strongly
shielded by the biphenyl side group (Figure 16). The bulk of theN-
protecting group was found to be crucial for restricting rotation
about the H-bond with nitrogen, less bulky groups than tert-butyl
giving lower selectivity. Use of related phosphorodiamidic acids
196 in the reaction gave high yields but much lower levels of
selectivity.183

The same group used this class of catalyst to promote the
Mannich-type reaction between preformed imines and enecar-
bamates in an organocatalytic process complementary to the
metal-mediated protocol introduced by Kobayashi.110,184 In this
case, the 9-anthracyl version, 194f, of the catalyst proved to be most
efficacious, delivering the desired addition products 198 of a range
ofN-carbamoyl enamines 126a-d toN-benzoyl imines 199 ,which

were subjected to hydrolysis to give the corresponding ketones 200
in 53-97% yield and excellent enantiomeric excesses (92-98%
ee) at very high S/C (substrate to catalyst) ratios (up to 2000:1)
(Scheme 71).185

Terada and co-workers reported a method for the synthesis of
enantioenriched piperidines via the chiral phosphoric acid-cata-
lyst Mannich reaction of R-unsubstituted N-Cbz enecarbamates
and N-Boc imines (Scheme 72).186 The propensity of these
systems to undergo multiple additions of the enecarbamate has
limited their use in synthesis; however by judicious choice of
catalyst (phosphoric acid 194b) and conditions, Terada effected
the addition of 2 equiv of the N-Cbz enamine 201 with excellent
stereocontrol to form tandem adduct 202, which underwent
spontaneous cyclization to the piperidine products trans-203 and
cis-203. Only two of the possible four diastereomers were
produced with the trans-isomer being strongly favored with the
ratio being decided by substrate control rather than by the
catalyst. Other related catalysts [194f, 194g (R = H), and
194h (R =m,m-Ph2C6H3)] also promoted the reaction in similar
excellent yield and enantioselectivities but with slightly inferior

Scheme 70. Terada’s Chiral Brønsted Acid Catalyzed
Asymmetric DMTR

Figure 15. Chiral phosphoric acid and phosphoramide Brønsted acid
catalysts.

Figure 16. Postulated transition state for DMTR with chiral phos-
phoric acids.

Scheme 71. Catalytic Enantioselective Mannich Addition of
Enecarbamates to Imines Promoted by Chiral Phosphoric
Acids
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diastereoselectivities. Derivatives of 201 could be used as elec-
trophile precursors (similar to asymmetric copper-catalyzed
reactions of Kobayashi and co-workers187) for reaction with
2,4-pentanedione with moderate ee.188

A related organocatalytic procedure, although not one invol-
ving phosphoric acids, has been introduced by Dixon et al. They
used simple BINOL catalysts to promote the addition of
enamines with N-carbamoyl imines 11 facilitating rapid access
to the N-protected β-amino ketones in fair to good yield and
reasonable enantioselectivity (Scheme 73). From the wide range
of catalysts surveyed, commercially available H8-BINOL 205was
found to be the most active although 20 mol % catalyst loadings
were required for efficient reaction.189

The report followed on from the same group’s discovery that
methyleneaminopyrrolidine 206 can be used as a nucleophile for
Mannich additions to N-Boc arylamines in the presence of
binaphthol-type catalysts of which 3,30-bis(diphenylmethanol)-
2,20-binaphthol (Ph2-BIMBOL) 207 was found to be the most
active. Application of this system gave the corresponding (R)-R-
amino hydrazones 208 in fair to good yield and moderate
enantioselectivities, which could be converted in one step to
the Strecker-type products 209 (Scheme 74).190

An elegant variation of the chiral phosphoric acid-catalyzed
Mannich addition has been reported by List and co-workers in
the guise of a two-component catalytic asymmetric Pictet-
Spengler reaction. They screened a range of 3,30-disubstituted
BINOL phosphoric acids 194 before selecting 194k as the
favored catalyst. Exposure of a range of substituted gem-diester
indole precursors to aliphatic and aromatic aldehydes to 20 mol
% of the catalyst under dehydrating conditions (Na2SO4)
afforded the desired tricyclic addition products in generally good
yield in up to 96% ee (Scheme 75).191

Gong et al. described a three-component catalytic asymmetric
DMTR between ketones 210, anilines, and electron-poor alde-
hydes under the influence of a range of chiral phosphoric acids
194a-e and 195a-c (Scheme 76).180 Most effective catalysis
was observed with the use of 194b and cyclohexylbiphenyl 195a
although higher loading was required in the case of the latter.
Linear aliphatic and aromatic ketones were also amenable to the
reaction, in what was the first reported organocatalytic DMTR

Scheme 72. Synthesis of Enantioenriched Piperidines by
Organocatalyzed Mannich Reaction of Primary N-Cbz En-
amide and N-Boc Imines

Scheme 73. Dixon’s H8-BINOL-Mediated Mannich
Reaction of Enamines and N-Carbamoyl Imines

Scheme 74. Mannich-type Addition of
Methyleneaminopyrrolidine to Imines

Scheme 75. Asymmetric Catalytic Pictet-Spengler Reaction
Promoted by Chiral Phosphoric Acids
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with aromatic ketone donors, although this required the use of
more forcing conditions and higher loadings.
Novel organocatalyzed approaches to the IMTR have also

been reported. Akiyama and co-workers have described a highly
stereoselective procedure for the addition of silyl ketene acetals
to N-(ortho-hydroxy)phenyl imines catalyzed by 3,30-bis(para-
nitro)phenyl-2,20-binaphthol phosphoric acid 194i. Both the
enantioselective and diastereoselective reaction proceeded in
high to quantitative yield and with high to very high selectivity
(Scheme 77).192 The presence both of the ortho-hydroxy group
on the imine nitrogen aryl substituent and theNO2 substituent in
the catalyst were required for high selectivities, leading the
authors to postulate that the stereoselection in the reaction arises

from a tight ion pair formed by protonation of the imine by the
phosphoric acid, which serves as a chiral counterion, which was
discussed in more detail in a later paper.192a Akiyama and co-
workers used the same imine in vinylogous IMTRs, although
slightly modified phosphoric acid structures were employed.193

However, Sickert and Schneider performed successful vinylo-
gous IMTRs on a PMP imine in >90% ee and proposed a catalytic
cycle.194,195

In a report by Rueping et al., addition of an achiral Brønsted
acid to a chiral phosphoric acid catalyzed reaction enabled
acetophenone to be employed as a nucleophile.196 The same
group also reported a chiral phosphoric acid catalyzed aza-Henry
reaction.197

An alternative approach to the issue of Brønsted acid catalyzed
IMTR has been taken by Yamamoto, who introduced the
concept of Brønsted acid-assisted chiral Brønsted acids (BBA)
for the addition of silyl ketene acetals toN-aryl andN-benzhydryl
imines, using chiral 2-bis(trifyl)methyl-20-hydroxy-1,10-bi-
naphthyl 212. Based on the observation that the acidity of
bis(trifyl)methane is practically the same as or higher than the
corresponding sulfonic acid, they envisaged that hydrogen
bonding between the bis(trifyl)methyl proton and the neighbor-
ing OH oxygen would lead to catalyst structural rigidity and
increases acidity for the OH proton, both of which factors would
lead to high yields and selectivities (Figure 17).198 While yields
were good to excellent in most cases, enantioselectivities were
generally on the moderate side for this type of protocol
(Scheme 78). Optimum conditions for the reaction differed
slightly depending on the nature of the imine electrophile, but
in both cases, imines derived from electron-deficient aldehydes
gave best results. Addition of a hindered alcohol (2,6-xylenol or
tert-butanol) was necessary for smooth progression of the
reaction, and the alcohol is believed to scavenge the silyl group

Scheme 76. Three-Component DMTRs Catalyzed by Chiral
Phosphoric Acids

Scheme 77. Organocatalyzed IMTR Promoted by Chiral
Phosphoric Acid 194i

Figure 17. Postulated mechanism of BBA activation.

Scheme 78. IMTR Promoted by BBA Catalysts
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liberated from the silyl ketene acetal, which otherwise acts as a
Lewis acid to catalyze a nonselective background reaction.
Johnston et al. have introduced novel chiral Brønsted acid

catalysts H,Quin-BAM 3HOTf 213 and H,Quin(
6(9Anth)2Pyr)-

BAM 3HOTf 214
199,200 for the addition of nitroacetic acid esters

toN-Boc imines (Scheme 79).201 The use of the former gave the
addition product with good to high ee’s but almost no diaster-
eoselectivity, whereas the more hindered anthryl-substituted acid
gave diastereomeric ratios as high as 11:1 in favor of the anti
product and average enantioselectivities in the 85-95% range.
The products were isolated after reduction to avoid epimeriza-
tion at the nitroester center. The anti-diastereoselection was a
result of kinetic control of addition, because submitting the anti-
nitroamine product to the catalyst at room temperature leads to
erosion of the anti/syn ratio.
In a separate report, the same authors described the analogous

aza-Henry reaction (Scheme 79)202 in which H,Quin-BAM 3HOTf
213 (10 mol %) successfully promoted the addition of nitro-
methane and nitroethane to a range of N-Boc imines to give the
β-amino nitro compounds in up to 95% ee and excellent dr.
3.3.3. Chiral Thiourea Catalysts. Thiourea-based systems

also have strong credentials as highly active and selective organo-
catalysts. The groups of Jacobsen203,204 and Takemoto205,206 and
others207,208 have reported the use of systems such as 216a,b, 217a,
b, 218a,b, 219 (Figure 18), and amino thioureas for a range of
transformations including the Mannich and the nitro-Mannich
reactions. Jacobsen and co-workers used catalyst 216a to

promote the indirect Mannich-type reaction of N-Boc imines
with silyl ketene acetals.209 The reaction proceeded under
extremely mild conditions in toluene with a range of different
imine substrates to give the corresponding β-amino esters.
Although the reaction proceeded in good yield at ambient
temperature, ee’s were only moderate. Use of lower temperature
(-40 �C) led to enhanced enantioselectivity by suppression of a
nonselective background reaction (Scheme 80). Subsequently
the same authors found thiourea 217b210 to be the most effective
catalyst for enantio- and diastereoselective direct nitro-Mannich
reactions of N-Boc imines of nonenolizable aldehydes. In these
studies, a wide range of imines underwent smooth addition with
nitroethane to give predominantly the syn-β-nitro amine in good
to excellent yield and very high stereoselectivities (Scheme 81).
At almost the same time, the group of Takemoto211 reported a
detailed study of the scope of the thiourea-catalyzed aza-Henry
reaction in which they paid particular attention to the nature of
the nitrogen protecting group on stereoselectivity (Scheme 82).
They discovered that the absolute stereochemistry of the newly
formed stereogenic center was strongly dependent on the nature
of the nitrogen protecting group; acyl or carbamate protection
gave the R enantiomer, whereas N-DPP imines gave the S
enantiomer. In further studies, tert-butoxycarbonyl was identified
as the nitrogen protecting group of choice, and it was shown that
a wide range of suitably protected aromatic imines undergo
smooth aza-Henry reaction with nitromethane in good yield and
excellent enantioselectivity.

Scheme 79. DMTR of Nitroacetic Acid Esters Using H Quin-BAM 3HOTf-type Chiral Acids
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The corresponding enantio- and diastereoselective reactions
with a variety of nitroalkanes also proceeded readily and with
good selectivity. In the same report, Takemoto et al. also
demonstrated the synthetic utility of their methodology by a

short and efficient preparation of NK-1 receptor agonist CP-
99,994. The thiourea system is believed to act via a templated
Brønsted acid effect in which the substrates are both coordinated
and activated by dual hydrogen bonding to the urea NH groups.
In considering the mechanism of the reaction, the authors
suggested two possible pathways: coordination and deprotona-
tion of the nitroalkane followed by displacement by the imine
and the C-C bond-forming step (route a) or prior coordina-
tion/activation of the imine followed by coordination/deproto-
nation of the nitro compound and the C-C bond formation
(route b Figure 19).212

Ellman and co-workers have revealed a new class of N-sulfinyl
urea catalyst 219 for nitroethane addition to N-Boc imines. The
chiral sulfinyl group serves to both activate the urea part and add
an element of stereocontrol.213 As such, aliphatic imines could be
used (>9:1 dr, 96% ee). Recently asymmetric aza-Henry reac-
tions catalyzed by functionalized thioureas have also been
reported independently by Wang,214 Zhou,215 and Chang.216

A related system, 222, introduced by Jacobsen, involving a
chiral pyrrole unit, was identified as the catalyst of choice for an
organocatalytic asymmetric acyl Pictet-Spengler reaction
(Scheme 83).217 Under influence of between 5 and 10 mol %
of the catalyst, simple precursors of type 223 underwent smooth
conversion to the tricyclic diamines 224 in good to high yield and
high enantioselectivity. This method, which preceded that of List
(vide supra),191 is an elegant alternative to themethods for synth-
esis of this class of compounds, which normally involved asym-
metric reduction of intermediate Bischler-Napieralski adducts.
Chen et al. have screened a wide range of bifunctional catalysts

for the organocatalytic direct vinylogous Mannich reaction and
identified cyclohexyl thiourea 225207b as being the best-perform-
ing promoter. Exposure of a variety ofR,R-dicyano olefins 226 to

Figure 18. Thiourea- and amide-based Brønsted acid organocatalysts.

Scheme 80. Thiourea-Catalyzed Indirect Mannich-type
Reaction with Silyl Ketene Acetals

Scheme 81. Jacobsen’s Thiourea-Catalyzed Asymmetric
Nitro-Mannich Reaction

Scheme 82. Takemoto’s Thiourea-Catalyzed Asymmetric
Nitro-Mannich Reaction
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N-Boc aldimines in the presence of as little as 0.1 mol % of the
catalyst gave the desired addition products 227 in essentially
quantitative yield with almost perfect stereoselection and com-
plete diastereocontrol (Scheme 84).218 Elaboration of one of the
adducts 227a to fused tricyclic heterocycle 234 was achieved
quickly and extremely efficiently by Hantzsch ester reduction to
give 235, which was subjected to a hydrolysis/cyclization se-
quence. Chen et al. also reported chiral thiourea-catalyzed
asymmetric Mannich-type or Mannich reactions using other
nucleophiles such as phosphorus ylides219 or 3-substituted
oxindoles.220

As nucleophiles for chiral thiourea-catalyzed asymmetric
Mannich-type or Mannich reactions, unmodified ketones221

and aldehydes222 were also utilized in combination with hydra-
zonoesters or iminoesters as electrophiles.
A subgroup of this class of catalysts is one in which the thiourea

fragment is conjugated with a cinchona alkaloid derivative, a
number of which species have been introduced as Brønsted acid-
type organocatalysts for Mannich and aza-Mannich-type reac-
tions (Figure 20).
Deng and co-workers have utilized catalysts 239, 241, and 243

for the addition of malonates and β-keto esters to N-Boc imines

giving versatile access to a range of β-amino acid precursors.223

They found m,m-bis(trifluoromethyl)phenyl-substituted cata-
lysts 239d and 241d to give best results in both reactions,
affording the corresponding products in excellent yield and
enantioselectivities. Addition products arising from the reaction
between 245 and N-Boc phenylimine were characterized after
palladium-catalyzed decarbonylation (Scheme 85).

Figure 19. Proposed transition state of thiourea-catalyzed aza-Henry
reaction.

Scheme 83. Thiourea-Catalyzed Asymmetric Pictet-
Spengler Reaction

Figure 20. Cinchona alkaloids and their thiourea-conjugated organo-
catalysts.

Scheme 84. Thiourea Promoters in the Organocatalytic
Direct Vinylogous Mannich Reaction
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In their search for a general organocatalyst for the addition of
stabilized anions to electrophiles, Schaus and co-workers224

reported a similar procedure for the addition of malonates to
carbamoyl-protected imines using hydroquinine-derived thiour-
ea conjugate 244.225 Using N-methoxycarbonyl protected none-
nolizable aldimines, they realized catalytic asymmetric Mannich
and nitro-Mannich reactions in high yield and with excellent
diastereo- and enantioselectivities (Scheme 86). A related pro-
tocol for the addition of malonate nucleophiles was also reported
by Dixon et al.226 In their case, they used thiourea 242227 to effect
the addition of a range of β-diesters to N-carbamoyl imines in
good yield and high selectivity. It is important to note that in this
case, the products were obtained with the opposite absolute
stereochemistry but comparable enantioselectivity to those de-
livered by the Schaus catalyst (Scheme 86).
In the same paper,226 the group of Dixon also demonstrated

the efficacy of their catalyst system for the addition of β-
diketones and β-ketoesters to N-carbamoyl imines. Again, yields
and both enantio- and diastereoselectivities were good to ex-
cellent, and the corresponding addition products were obtained
with the same sense of absolute chiral induction as the analogous
reaction using malonates (Scheme 87).
The cinchona-thiourea conjugative species have also been

used for the organocatalytic enantioselective aza-Henry reaction.
The group of Ricci examined simple cinchona alkaloidsQN-CD
as well as epi-quinine 236 and quinine derivatives 237, 238, and
243 as potential catalysts before settling on 239d (Figure 20) as
the promoter of choice. Addition of nitromethane to a range of
N-Boc and N-Cbz aromatic aldimines proceeded smoothly in
toluene at-24 �C to give the adducts in moderate to good yield
(50-95%) and moderate to very high enantioselectivity (44-
94%).228

3.3.4. Cinchona Alkaloids as Chiral Bases. Schaus and co-
workers introduced a subtly different protocol for the organocata-
lytic Mannich reaction of β-ketoesters in which they take advantage
of the basicity of unconjugated members of the cinchona family

rather than the Brønsted acidity of an appended thiourea side chain
(Scheme 88).229 CinchonineCNwas found to be themost effective
catalyst for the addition of linear and cyclicβ-keto esters in the direct
Mannich-type reaction with N-methoxycarbonyl imines. While
yields and enantioselectivities were high to very high in all cases,
for the reactions in which allyl acetoacetate was used as the
nucleophile diastereoselectivity was low. In contrast, use of methyl
acetoacetate gave better diastereomeric ratios (up to 20/1, major

Scheme 85. Addition of Malonates and β-Keto Esters to
N-Boc Imines Catalyzed by Cinchona Alkaloid-Thiourea
Conjugate Organocatalysts

Scheme 86. Use of Thiourea Conjugated Organocatalyst for
the Mannich Reaction of Malonates

Scheme 87. Addition of β-Diketones and β-Ketoesters to
N-Carbamoyl Imines Using Catalyst 242
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isomer 1R,2S), as well as high enantioselectivites. In the linear series,
enantiomeric excesses were determined on a suitable derivative of
the initial addition product: either by Pd(II)-catalyzed decarboxyla-
tion to give 255 (in the case of allyl ester adducts) or Yb(OTf)3-
catalyzed benzylenamine formation to give products 256 (in the
case of methyl ester adducts). Further synthetic manipulation of
selected addition products gave rapid access to useful synthetic
intermediates such as dihydropyrimidone 257 and β-amino alcohol
258 in good yield and with no loss of stereochemical integrity. The
authors also expanded the scope of the reaction to include cyclic R-
substituted β-keto esters and β-diketones. The reaction provides a
catalytic route toward the construction of R-quaternary carbon
centers with high diastereo- and enantioselectivity. The authors
proposed a catalytically active complex with the bifunctional nature
of the catalyst as a hydrogen bond donor and acceptor (Scheme 88).
In their further studies, they applied this methodology to the
synthesis of chiral dihydropyrimidones230 and enantioselective
synthesis of SNAP-7941.231

The synthesis of β-sultams 260 via a quinine-catalyzed addi-
tion of sulfonyl chlorides to N-tosyl R-trichloroimines 261 was
disclosed by Zajac and Peters. The desired products could be
generated under mild conditions and in good yields and high
selectivities with a preference for the cis form (Scheme 89).232

Treatment with a primary amine led to opening of the four-
membered ring to give β-sulfonyl amines 262. In certain cases,
these two reactions could be carried out sequentially in one pot.
The reaction is believed to proceed by the intermediacy of chiral
amine salt 263, which undergoes deprotonation with iPr2NEt
and collapses to give the sultam by a stereoselective intramole-
cular SN2-type reaction.
Using (DHQD)2PYR 264 as a catalyst, Jørgensen and co-

workers described a novel DMTR of active methine cyanoace-
tates 265 with N-Boc imines. A notable feature of this reaction is
the low catalyst loading (5 mol %), which stands out against
its contemporise where 30-50 mol % of catalyst is often em-
ployed. The authors managed to obtain excellent yields of the

Scheme 88. Cinchona Alkaloids in the Organocatalytic Direct Mannich-type Reaction
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corresponding Mannich adducts at low temperature (-78 �C)
with extremely high levels of both enantio- and diastereoselec-
tivity (Scheme 90).233

Xu showed how a formally [4þ 2] cycloaddition, catalyzed by
a cinchona alkaloid could furnish masked Mannich-type adducts
of in situ generated, enolizable imines.234

3.3.5. Catalytic Asymmetric DMTR Mediated by Phase-
Transfer Catalysts. Asymmetric phase transfer catalysis is an
important and growing field in organic synthesis.235 Although the
technique has witnessed development in a number of areas, its
application in the asymmetric catalytic Mannich reaction has
been somewhat limited. Maruoka et al., following up on their
earlierwork onphase transfer catalyzed asymmetric aldol reactions,236

described a protocol for the direct addition of glycine ester benzyli-
dines 267 to activated imine 49 using heavily hindered chiral
ammonium salts 268a-c (Scheme 91).237 Best resultswere obtained
at-20 �C because at higher temperatures imine decomposition was
found to be problematic. The product of the reaction, 3-aminoas-
partate, a differentially protected nitrogen analogue of tartrate diester
269 was obtained preferentially as the syn diastereomer in moderate
to good yield and with moderate to good enantio- and diastereos-
electivity. The product was subsequently elaborated into a precursor
of streptolidine lactam, a core subunit of the streptothricine family of

antibiotics. Ooi and co-workers further investigated onium catalysts
and developed ammonium betaines238 and tetraaminophosphonium
carboxylate239 as chiral catalysts for asymmetric Mannich reactions.
In a related example, Shibasaki and co-workers have used

chiral bisammonium salts (S,S)-TaDiAS 270240 to catalyze the
direct addition of the same imino glycine ester to a range of N-
protected aryl imines (Scheme 92).241 Among the N-protecting
groups investigated (Dpp, CHPh2, Bn, Boc, Ts), tert-butoxycar-
bonyl was found to be give best yields and stereoselectivity, and
p-F-C6H4 (S,S)-TaDiAS 270g was determined to be the most
efficacious catalyst using fluorobenzene. A broad range of N-Boc
imines derived from nonenolizable aldehydes were effective in the
reaction giving the (R,R)-syn diamine product 271 in excellent yield
and dr but with moderate to good enantioselectivity.
It was shown that the rate-determining step is the deprotona-

tion of the Schiff base by Cs2CO3 and does not involve the phase
transfer catalyst. Based on these findings, the authors proposed a
mechanism in which deprotonation of the Schiff base followed by
cation exchange between Csþ and TaDiAS to generate a chiral
ion pair provides an asymmetric manifold in which the addition
to the imine can take place (Figure 21).
Jørgensen reported the catalytic asymmetric vinylogous

DMTR of 1,1-dicyanoalkylidene nucleophile 272a with imines
generated in situ from R-amido sulfones of nonenolizable
aldehydes promoted by a range of chiral PT catalysts
(Scheme 93).242 Although those PT catalysts derived from
cinchona alkaloids 274a-c delivered the desired anti products
273, only low to good enantioselectivity was achieved. However,
a range of biphenyl catalysts 275-277 developed by Lygo243

gave much higher ee’s but of the opposite enantiomer. Screening
of solvent, concentration, and base revealed that the combination
of toluene and K3PO4 at low concentration (0.04 M) was most
effective. Application of these conditions to a range of 1,1-
dicyanoalkylidene nucleophiles 272b-i and R-amido sulfones
gave good to excellent yields of the addition products 273b-i
with good to excellent enantioselectivity as essentially a single
diastereomer in almost all cases.
In a closely related reaction Herrera and co-workers used

commercially available N-benzyl quininium chloride 272d to
promote the direct catalytic aza-Henry reaction between nitro-
methane and in situ-generated N-carbamoyl imines derived from
both aromatic and aliphatic aldimines giving the R adducts in
good to excellent yield and ee (Scheme 94).244 Barbas applied
the conditions to the organocatalytic Mannich reaction of a
trifluoroethyl thioester245 and Bernardi and Ricci reported
asymmetric Mannich reactions of N-Boc and N-Cbz protected
R-amido sulfones with malonates and β-ketoesters using similar
cinchona alkaloid-derived phase-transfer catalysts.246 Shibata and
Toru developed catalytic enantioselective monofluoromethyla-
tion of in situ generated imines in a similar phase-transfer
system,247 whereas Palomo performed an experimental and
theoretical study for catalytic asymmetric aza-Henry reactions
under phase-transfer conditions.248

4. AZA-FRIEDEL-CRAFTS REACTIONS

4.1. Aza-Friedel-Crafts Reactions Mediated by Transition
Metal Catalysts

The Friedel-Crafts reaction is of great importance in synth-
esis both in academic and industrial settings.249 The asymmetric
version of this reaction provides rapid access to an array of
synthetically important products in enantioenriched form.250

Scheme 89. Catalytic Enantioselective Synthesis of Sultams

Scheme 90. Catalytic Enantioselective Mannich Reaction
with Cyanoacetates
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The analogous catalytic asymmetric aza-Friedel-Crafts reaction
where an aromatic system adds to imine electrophiles has been
demonstrated by Johannsen.251 In a seminal publication he
demonstrated the addition of 5-substituted indoles to highly
activated N-tosyl imino ester 41 promoted by relatively low
loadings of a simple Cu(I)-phosphine catalyst under mild con-
ditions. Yields and enantioselectivities were high to very high,
although only a limited range of substrates were examined.
Electron-donating groups at the 5-position of the indole gave
best results, those bearing electron-withdrawing groups requiring
more elevated temperatures (Scheme 95). In the same paper, an
analogous reaction using pyrroles was described. In the case of

N-methylated pyrrole, regioselectivity was poor in the reaction
with the parent heterocycle, although the addition product was

Scheme 91. Asymmetric Catalytic DMTR Mediated by Chiral PT Catalysts

Figure 21. Proposed transition state.

Scheme 92. Catalytic Asymmetric DTMR Promoted by
TaDiAS

Scheme 93. Catalytic Asymmetric Vinylogous DMTR with
PT Catalysts
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obtained in good overall yield and in respectable enantiomeric
excess. In contrast, 2-acetyl pyrrole gave exclusively the 4-sub-
stitution product with excellent enantioselectivity.

Shortly after this report, Jørgensen and co-workers described a
similar procedure for reactions usingN-carbamoyl protected imines
as substrates and a range of heteroaromatic nucleophiles
(Scheme 96).252 Intriguingly, the absolute stereochemistry of
the product was found to depend strongly on the nature of the
nitrogen protecting group, with methyl, ethyl, and benzyl
carbamates giving the R isomer (with R-Tol-BINAP) and the
Boc and N-tosyl derivatives giving the S enantiomer of the
product.

Furthermore, when N-Boc imines were used as substrates,
switching the solvent and reaction temperature from DCE at room
temperature to THF at-50 �C led to a change in enantioselectivity

from 64% (S) f 14% (R). This data indicates a mode of
coordination of the imine that is inordinately sensitive to solvation
factors. The reaction was found to operate effectively for a number
of aromatic tertiary amines (Figure 22). It was subsequently
demonstrated that the reaction also tolerated furans, thiophenes,
and pyrroles 286-288 as substrates (Scheme 97). Here again the

Scheme 94. PTC-Mediated Aza-Henry Reaction Catalyzed
by N-Benzyl Quininium Chloride

Scheme 95. CuPF6-Tol-BINAP Catalyzed Asymmetric
Aza-Friedel-Crafts Reaction of Indoles and Pyrroles with
Activated Imines

Scheme 96. Cu/TolBINAP-Catalyzed Asymmetric
Aza-Friedel-Crafts Reaction

Figure 22. Substrate scope of the Cu/Tol-BINAP catalyzed asymmetric
aza-Friedel-Crafts reaction (position of reaction shown by arrow).

Scheme 97. Catalytic Asymmetric Aza-Friedel-Crafts
Reactions of Furans, Thiophenes, and Pyrroles
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issue of absolute stereochemistry was found to be a complex one,
although the authors were able to rationalize the experimental
observations, with help of DFT calculations, as arising from a
transition state involving five-membered coordination of the imine.
A byproduct, 289, formed in the reaction of 286a (X = O, R1 = Bn,
R2 = H) was instrumental in the investigation of the stereochemical
outcome of the reaction.253

The transition metal-catalyzed asymmetric aza-Friedel-
Crafts reaction of indoles has been expanded by the addition
of a procedure permitting the use of N-sulfonyl imines derived
from aromatic aldehydes.254 After screening a range of combina-
tion of Box-type ligands and metal triflates, the group of Zhou
utilized a combination of benzyl Box ligand 38c with Cu(OTf)2
in a 3:2 ratio to effect the addition of indole to a range of N-
sulfonyl imines in good to excellent yield and enantioselectivity.
Conveniently, while electron-poor N-tosyl imines were found to
be themost reactive toward indole under the conditions, a simple
change of the nitrogen protecting group to nosyl permitted
the use of electron-rich imines giving the corresponding N-Ns
imino indoles in similarly good yield and enantioselectivity
(Scheme 98). The absolute stereochemistry was determined as
being S by X-ray crystallographic analysis on a representative
product (R1 = p-Br, R2 = Ts). To explain this stereoselectivity,
the authors proposed an unusual 1,3-coordinated transition state
with approach of the indole from the Re face. They also noted
that use of N-(4-nitrobenzylidene)aniline (which cannot coor-
dinate to the catalyst by a 1,3-interaction) gave racemic products
in the addition reaction, whereas the corresponding N-tosyl
analogue underwent the analogous transformation within 95%
ee (Figure 23).

4.2. Aza-Friedel-Crafts Reactions Mediated by Organoca-
talysts

The asymmetric catalytic Friedel-Crafts reaction is not
limited to promotion by transition metal catalysts but also
proceeds under the influence of organocatalysts. Although most

of the organocatalytic methods reported to date have been
concerned with additions to CdC255 or CdO, a number of
protocols for the analogous aza-Friedel-Crafts reaction have
been reported. In an early example, Terada et al. demonstrated

Figure 23. Proposed 1,3-coordinated transition state.

Scheme 98. N-Sulfonyl Aromatic Imines in the Catalytic
Asymmetric Friedel-Crafts Reaction

Scheme 99. Organocatalytic Asymmetric Aza-Friedel-Crafts Alkylation of Furan Ethers
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the efficacy of their phosphoric acid methodology by using 194k
to catalyze the addition of 2-methoxyfuran to a range of N-Boc
imines giving the corresponding (R)-furan-2-ylamines 294 in
good to excellent yield and very high ee (up to 97%)
(Scheme 99).256 Although the reaction was tolerant of most
common solvents, halogenated solvents, in particular, 1,2-di-
chloroethane, were found to give best results. The addition
products obtained were converted smoothly via an aza-Achma-
towicz reaction into γ-butenolide 295 in good yield and with no
loss of stereochemical integrity.

In a subsequent paper, the same authors reported the addition
of R-diazoesters to N-acylimines promoted by a highly hindered
chiral phosphoric acid 194l.257 Screening of a large number of
protecting groups for the imine nitrogen revealed p-Me2NC6H4-

CO to be the most efficacious. Accordingly the scope was
examined with a range of N-p-(N,N-dimethylamino)benzoate
imines 296 and tert-butyl diazoacetate leading to the generation
of the corresponding β-amino-R-diazoesters 297 in moderate to
high yield and preferentially as the S enantiomer in excellent
enantioselectivity irrespective of the nature of the imine R group
(Scheme 100). The diazomethane addition products could be
converted, with no loss of ee, into β-amino esters or R-oxo-β-
amino esters using standard methodology. The authors envi-
saged a reaction pathway involving a dual Brønsted acid/Lewis
base role for the phosphoric acid (Figure 24). The corresponding
aziridine arising from a Darzen’s closure of intermediate 298 was

not observed, possibly due to the electrowithdrawing substituent
on the imine nitrogen, which rendered it too unreactive to
displace the diazo functionality.

Maruoka and Hashimoto reported that bulky 2,20-binaphthyl
carboxylic acids themselves are sufficiently acidic to promote the
Friedel-Crafts-type reaction of N-Boc imines and diazoesters 299
and diazophosphonates 300.258 The highly hindered 3,30-bis(o,o-
dimethyl-p-tert-butylphenyl)-BINOLcarboxylic acid301a delivered
the best overall results with DCM as solvent and 4 ÅMSwith yields
of 302 on average to the higher end of the range 38-89% and very
high selectivity (Scheme 101). A particularly valuable aspect of this
protocol is that it can be used to promote the previously unreported
addition of dimethyl diazophosphonate toN-Boc imines giving 303
in very high enantiomeric excess although in this case extended
reaction times (up to 85 h) were necessary for the realization of
good yields.

Indoles have also been successfully exploited as nucleophiles
in the organocatalytic asymmetric aza-Friedel-Crafts reaction.

Scheme 100. The Aza-Friedel-Crafts Reaction of Diazoacetates Catalyzed by Chiral Brønsted Acid

Figure 24. Proposed reaction pathway for the Friedel-Crafts reaction
of diazoesters.
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In 2006, Deng et al. reported the first example of this transforma-
tion where they employed a range of catalysts based on O-
protected cinchona alkaloids 304a-c and thioureas derivatives
242, 305, and 306 (Figure 25).259 Optimum results were
obtained using the thiourea catalysts 305 and 306 (10 mol %)
in ethyl acetate at 50 �C. Remarkably, the reaction was not
sensitive to the electronic nature of the substituents on the indole
ring, electron-donating and -withdrawing substituents giving
similar results (Scheme 102). Analysis of a representative exam-
ple of the product (307, R = H, R1 = p-CF3, R

2 = Ts) obtained
using catalyst H revealed the absolute stereochemistry to be S.
The reaction could also be applied to a range of aliphatic imines
giving the required adducts in excellent yield and stereoselectivity
for both enantiomers (catalyst 305f R, 306f S). Removal of the
N-Ts group of the product could be accomplished in excellent yield
without compromising the stereochemical integrity of the stereo-
genic center. Subsequently the group of You described the addition

of a range of substituted indoles toN-Ts andN-Bs aromatic imines
using chiral phosphoric acids 194b,d,g,i,m,n.260

Both yields and enantioselectivities were generally very good to
excellent; in order to achieve optimum results it was necessary to use
an excess (5 equiv) of the indole and 5-10 mol % of the catalysts
(Scheme 103). The 1-naphthyl-substituted catalyst 194n was
significantly more potent in the reaction, taking only between 15
min and 5 h to go to completion at -60 �C. On the other hand,
reactions using the m,m-(CF3)2C6H3 substituted phosphoric acid
194d required longer reaction times (14-24 h). The reaction gave
predominantly theR enantiomer andwas general for indoles bearing
both electron-donating and electron-withdrawing groups, which is
in marked contrast to the analogous copper-catalyzed transforma-
tion.254 Use of aliphatic imine 308 gave the respective product in
much lower yield and enantioselectivity.

After this Antilla et al. disclosed a related procedure for the
Friedel-Crafts-type addition of N-benzyl indoles to N-acyl
imines, using chiral phosphoric acid 309, derived from the
VAPOL ligand, or acid 194m (R = SiPh3).

261 Ultimately,
194m was chosen as the catalyst for further substrate scope
studies. It was found to be necessary to protect the indole
nitrogen to attain high enantioselectivities, with benzyl being

Scheme 101. Aza-Friedel-Crafts Reaction of Diazo Esters
and Phosphonates Catalyzed by BINOL Carboxylic Acids

Figure 25. Cinchona alkaloid organocatalysts for the asymmetric
catalytic Friedel-Crafts reaction.

Scheme 102. Asymmetric Catalytic Aza-Friedel-Crafts
Reactions of Indoles

Scheme 103. Catalytic Enantioselective Aza-Friedel-Crafts
Reactions of N-Tosyl Imines Catalyzed by Chiral Phosphoric
Acids
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the protecting group of choice. In the addition reaction, various
aromatic imine substrates were found to give the corresponding
products with indoles bearing a range of functionalities in very
high to excellent yield and generally very high enantioselectivity
(Scheme 104). The absolute stereochemistry of a representative
example (310 R = H, R1 = p-Cl) was determined as being R by
X-ray crystallographic analysis.

As a variant to this reaction, the groups of Terada,262 and
Zhou263 reported, in quick succession, the use of enamides or
encarbamates as masked imines in the organocatalytic aza-
Friedel-Crafts reaction with indole. Both groups employed
the highly hindered chiral Brønsted acid 194k (Ar = 2,4,6-
(i-Pr)3C6H2) to promote the reaction of indole to unsubstituted
and aromatic enamides (Scheme 105). Terada employed the R-
form of the catalyst with R-unsubstituted N-Boc enecarbamates
giving a range of the corresponding secondary (S)-N-Boc amine
products 311 in very good yield and excellent ee. On the other
hand, Zhou opted to use the S-form of the catalyst with R-arylN-

Ac enamides leading to the formation of the amide 312 incor-
porating a quaternary stereogenic carbon center, in almost
quantitative yield with high ee. The absolute stereochemistry
of this product was also determined as being S. In both
procedures, the choice of solvent was found to be critical for
the attainment of high ee. Terada noticed that the (Z) imine
isomer showed higher reactivity than (E) although the sense and
level of enantioselectivity was the same regardless of which
isomer was used. Both groups proposed a similar transition state
for the reaction in which the enamide or the encarbamate is
converted in situ to the imine and the indole reacts through an
H-bonded arrangement adjacent to the imine (Figure 26).
Weight was given to this postulate by Zhou et al., who also
noted that use ofN-methyl indole led to no reaction, presumably
due to its inability to hydrogen bond to the catalyst.

5. AZA-MORITA-BAYLIS-HILLMAN (AMBH)
REACTIONS

The Morita-Baylis-Hillman reaction, reported initially by
the group of Morita264 and re-reported later by Baylis and
Hillman,265 is an extremely powerful reaction for the formation
of compounds of high functional density.266 The AMBH reaction
between methyl acrylate and imines was first reported in 1984;
however, until some years later, the only asymmetric versions of
the reaction required stoichiometric quantities of the chirality
transfer agent.267 A number of important advances in this
direction have been made since then.268

Much of the running in the field has been made by Shi and co-
workers. They introduced a protocol for the AMBH reaction of
simple acceptors using 4-(3-ethyl-4-oxa-1-azatricyclo[4,4,0,03,8]
dec-5-yl)quinolin-6-ol (TQO 313).269 Solvent effects were
found to be extremely important in the reaction, and extensive
optimization studies, which allowed the development of condi-
tions that facilitated the addition of MVK and EVK to a range of
N-tosyl imines in good yield with a high preference for the R-
isomer (Scheme 106), were conducted.270 Significantly, neither
(þ)-quinidine, (-)-quinine, nor O-methylated TQO were
effective in the reaction, indicating that the OH group on the
quinoline core is important for effective catalysis. The difference in
enantioselection was ascribed by the authors to the relative differ-
ence in sizes between the methyl or ethyl group in MVK and EVK
compared with OMe or OPh in the acrylates (Figure 27). The
reactions of other N-sulfonyl imines (Ms, Ns, SES) with MVK and
methyl acrylate were also reported (yield 58-72%, ee 77-89%) as
was the corresponding reaction with acrylonitrile, which proceeded
in low yield and moderate ee in both DCM and THF. The use of
phenyl vinyl ketone (PVK) in the reaction with DABCO as base
gave the double AMBH product as the sole product, although the
corresponding chiral version of the reaction promoted by TQO

Scheme 104. Catalytic Enantioselective Aza-Friedel-Crafts
Reactions of N-Acyl Imines and Indoles

Scheme 105. Enamides or Encarbamates As Imine
Surrogates in the Organocatalytic Aza-Friedel-Crafts
Reaction

Figure 26. Proposed transition state for the aza-Friedel-Crafts
reaction of enamides (Zhou).
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afforded the double addition product with very low stereoinduction
(Scheme 107).271

In a related report, Hatakeyama272 and co-workers used TQO
313 as well as Me-TQO 317 and QN to catalyze the addition of
highly fluorinated acrylic ester 1,1,1,3,3,3-hexafluoroisopropyl
acrylate (HFIPA 318) to a range of differentially N-functiona-
lized imines derived from aromatic aldehydes giving products 319
(Scheme 108). It was found that the reaction proceeded to some
extent with imines having a wide variety of different N-substituents
includingN-benzoyl,N-sulfonyl, andN-phosphonyl. The S-isomer
of the respective additions was obtained regardless of the nature
of the substitutent on the imine nitrogen. N-DPP imines were
found to be the best electrophiles, undergoing addition with up
to 97% yield and 73% ee. Treatment with dilute mineral acid led
to removal of theN-protecting group and concomitant hydrolysis
to give the corresponding R,β-unsaturated β-amino acid that
could be cyclized to β-lactam 320. The TQO system has been
applied to the demanding AMBH reaction of 3,4-diene-2-ones.273

Unfortunately only moderate yields and low selectivities were
obtained when 10 mol % of the catalyst was used in the reaction
with N-naphthylsulfonyl imines in DMSO (Scheme 109).

A three-component system for the condensation of aryl alde-
hydes, tosylamide, and methyl- or tert-butyl acrylate using TQO
as the chiral source (15 mol %) and Ti(OiPr)4 (2 mol %) as
cocatalyst giving the addition products in high yield and mod-
erate enantioselectivity (yield up to 95%, ee up to 74%) has also
been reported.274 One example of the addition to acrylonitrile,
using benzaldehyde and tosylamide, was also described (yield
45%, ee 53%).

A mixed chiral phosphine/naphthol Lewis base catalyst sys-
tem has also been developed for the reaction. Shi and co-workers
used 321 to catalyze the addition of MVK, acrolein, and phenyl
acrylate to N-sulfonyl imines providing moderate to high yields
of the addition product in high stereoselectivity as the S-isomer
regardless of the substrate (Scheme 110).275 As is often the case
with multiequilibrium step reactions, pronounced solvent and
temperature effects were evident. For example, when phenyl
acrylate was employed as the nucleophile precursor, reaction

Figure 27. Rationalization of stereochemical outcome of the AMBH
reaction catalyzed by TQO.

Scheme 107. Double AMBH Reaction Catalyzed by TQO

Scheme 106. Catalytic Asymmetric AMBH Reaction
vsPromoted by TQO
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temperatures above ambient were required for efficient reaction,
whereas in the case of acrolein, the optimum temperature was
room temperature with lower temperatures actually affording the
desired products with lower enantioselectivities. In the same
paper, the authors also reported that N-sulfonyl groups other
than tosyl could function in the reaction with p-Cl-C6H4 imine
(N-Ms, yield 94%, ee 82%; N-p-ClC6H4SO2, yield 94%, ee 89%;
N-SES, yield 53%, ee 89%). However, both 1- and 2-naphthyl
acrylates gave only low yields and selectivities in the reaction with
N-Ts phenyl imine (1-naphthyl, yield 49%, ee 58%; 2-naphthyl,
yield 57%, ee 53%). A closely related monophosphine/BINOL
catalyst 322 has been found to promote the closely related
AMBH reaction of N-tosyl aromatic imines with cyclic enones
giving the corresponding adducts in good yield but moderate
enantioselectivity (with cyclopentenone, yield 70-93%, ee 30-
64%; with cyclohexenone, yield 66-90%, ee 14-23%),276 a
slightmodification of the substituent on phosphorus from phenyl
to alkyl was found to improve the reaction rate.277

In these reactions, the hydroxyl group on the naphthyl ring of the
catalyst was found to be essential; the use of structural analogues either
having no hydrogen bond donor group (323-325) or one with a
different pKa (326) either did not promote the reaction or gave low
yields and ee of the R enantiomer. Further modification of binapthyl
monophosphines having aromatic hydroxyl groups yielded alternative
catalysts 327-330 that delivered similar or even slightly superior
performance to the parent system (Scheme 111). The authors rationa-
lized the selectivity using the transition state models shown in Figure 28.

Shi and co-workers also reported the use of linked-type
phosphine/BINOLs 332-334 and dihydroxylated monopho-
sphine/naphthol 335. They demonstrated that in the reaction
between MVK and p-chloroimine 35a all the catalysts delivered

the desired adducts in impressive yield and selectivity
(Scheme 112).278 Catalyst 332 also showed excellent activity
in the corresponding reaction with EVK and acrolein. The group
of Ito have also introduced tridentate catalyst 336 as a related
highly active catalyst for the reaction. Impressively, this system
delivers the AMBH adducts in almost quantitative yield and up to
96% ee with as little as 1 mol % loading.279

In related work, Shi et al. introduced a range of catalysts 337
and 338 bearing highly fluorinated “ponytails”. These systems
displayed a similar level of activity as the linked-type monopho-
sphine/BINOL catalysts, delivering the desired AMBH adducts
in high to excellent yields and selectivities.280 Shi also synthesized
a dendritic chiral phosphine catalyst and applied it to the same
AMBH reaction.281 Other bifunctional chiral organocatalysts such
as thiourea-phosphine and phosphine-amide for the asymmetric
AMBH reactions were reported by the same group.282,283

Scheme 108. Catalytic Asymmetric Aza-MBH Reaction of
HFIPA and N-DPP Imines

Scheme 109. Catalytic Asymmetric AMBH Reaction of
Allenyl Ketone Acceptors

Scheme 110. AMBH Reaction Catalyzed by Chiral Phos-
phorous Lewis Bases 321 and 322
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Sasai et al. have extended the scope of the reaction by introducing
a number of novel nitrogen-284 and phosphorus-centered285 hybrid
Lewis base-Brønsted acid catalysts 339a and 340a for the AMBH
reaction. Both catalyst types displayed high activity in the rather
exotic solvent system of toluene/cyclopentyl methyl ether or the
more usual tert-butyl methyl ether with a wide variety of none-
nolizable imines (Scheme 113). The authors postulated a bifunc-
tional mode of action for the catalyst in which the heteroatom in the
side chain acts first as a Lewis base in attacking the R,β-unsaturated
carbonyl component to form an anionic intermediate, which is
stabilized by hydrogen bonding to the Brønsted acidic naphthol
hydroxyl group and which subsequently goes on to attack the imine
partner in aMannich-type interaction. Evidence for this mechanism
was found in the observation that analogous catalysts 339b-d,
340b-d, and 341a-c, which have structural features that would
impede this process, either did not promote the reaction or afforded
lower yields of products in lower selectivities.

A novel dual activation Lewis base-Brønsted acid protocol
consisting of a symbiotic combination of DABCO and thiourea

216c has been introduced for the reaction between N-nosyl imines
342 and methyl acrylate by Jacobsen and co-workers.286 Although
yields of 343 were only low to moderate, enantioselectivities were
extremely high. It should be noted that modest yields are a
characteristic of most other competing protocols that make use of
N-nosyl imines due to the rapid decomposition in solution of the
imine component (Scheme 114).

The authors described the results of detailed kinetic studies,
which suggested the existence of two competing pathways between
344a formed in high ee and more hindered 344b formed in low ee,
having different ultimate fates in the reaction. The latter species was
found either to precipitate from the reaction or to undergo retro-
Michael addition to give 345, which could then be funnelled down
the route of 344a thereby raising the ee of the reaction but
decreasing yield. On the other hand, 344a is soluble in the reaction
medium and undergoes rate-limiting internal deprotonation/elim-
ination to give the AMBH adduct. In contrast to the conventional
Morita-Baylis-Hillman reaction, the imine had no influence on
the internal elimination step (Figure 29).

C�ordova and co-workers reported that combination of proline
and DABCO was effective for asymmetric aza-Morita-Baylis-
Hillman-type reaction between N-Boc imines and unmodified
R,β-unsaturated aldehydes.287

6. ASYMMETRIC CATALYTIC ADDITION OF
NONSTABILIZED ORGANOMETALLIC NUCLEOPHILES

The addition of organometallic reagents to CdN represents an
important and attractive area of organic synthesis because it permits
rapid entry to a range of chiral building blocks useful for the
synthesis of pharmaceutical compounds. Since the publication of

Figure 28. Transition state models for the phosphorus Lewis base-
catalyzed AMBH reaction.

Scheme 112. AMBH with Linked-type and Fluorinated
Monophosphine Catalysts

Scheme 111. Other Phosphorous-Based Catalysts for the
Catalytic Aza MBH Reaction
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our original article a good deal of progress has been made in this
area, which for the purposes of the current review will be subdivided
into arylation of imines using aryl metal nucleophiles, additions of
alkali and alkali-earth organometallics, and additions of alkyl zinc
reagents and alkynyl metal reagents, and allylation reactions.

6.1. TransitionMetal-CatalyzedArylation of ImineswithAryl
Metal Nucleophiles

Although noncatalytic methods for the asymmetric addition of
aryl metal nucleophiles to imines or their surrogates were

established some time ago,288 it is only comparatively recently
that progress on the catalytic asymmetric addition of aryl metals
to imines mediated by transition metals and a wide range of
ligands (Figure 30) has been made. The most common catalysts
in this area are based on Rh(I) complexes; however a rather wider
variety of aryl metal nucleophiles has been studied. The sub-
strates of choice for these reactions are N-sulfonyl imine, and
they have been smoothly condensed with aryl stannanes289 using
Rh(acac)(C2H4)2 with (R)-MOP 346, (R)-Ar-MOP 347, or less
successfully with BINAP 50a, with aryl titanium isopropoxides290

using [RhCl(C2H4)2]2 and (S)-SEGPHOS 51a, and with aryl
boronic acids291 catalyzed by a combination of Rh(acac)
(CH2Cl2)2 and (S)-ShiP 349 (Scheme 115). In all cases,
chemical yields were good to very good, and enantioselectivities
were excellent. Judicious choice of the imine and aryl metal
allowed the synthesis of the both enantiomers of selected diaryl
amines.

6.2. Addition of Alkali and Alkali-Earth Metal Nucleophiles
to Imines

The condensation of alkali and alkali-earth metal organome-
tallics with CdN is an established protocol that has been the
subject of detailed reviews.292 Following on from the first reports

Scheme 114. Jacobsen’s DABCO/Thiourea-Catalyzed
AMBH Reaction

Figure 29. Proposed reaction intermediates in the DABCO/thiourea-
catalyzed AMBH reaction.

Figure 30. Ligands used in the arylation of imines with aryl metals.

Scheme 113. Sasai’s Bifunctional Catalysts for the
Asymmetric AMBH Reaction
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by Tomioka,293 a spate of activity in the field saw and continues
to see rapid advances. The most common nucleophiles used in
the reaction are allyl and aryl lithiums, and a number of chiral
amine ligand systems have been developed as chiral mediators for
the catalytic asymmetric addition (Figure 31). Among these, (-)-
sparteine 350 has been widely exploited from the very beginning.
Generally speaking, while chemical yields in the reaction are

good to excellent, synthetically meaningful levels of enantios-
electivity are only achievedwith stoichiometric or superstoichiometric
quantities of the ligand. In a typical example, Lete and co-workers
could only obtain ee’s of 11-25% in the addition of MeLi and
nBuLi to simple N-PMP imines (Scheme 116, entries 1 and 2)
with 50-60 mol % of sparteine.294

Box-ligand 351b and related species 38a and 38b were among
those examined as chiral promoters of the key addition step in the
first asymmetric synthesis of (R)-desmethylsibutramine 352.295

A combination of iBuLi and chiral ligand (20 mol %) gave the
product in 95% yield but only 40% ee. Better results were
obtained by the group of Alexakis who used a range of chiral
1,2-diamines 353a-d and 354a,b to mediate the addition of
phenyl lithium to 2-thienyl-N-PMP imine (Scheme 116, entries
3-9).296 They identified 353a as the ligand of choice and
demonstrated the addition of phenyllithium to a range of
aromatic N-PMP imines obtaining the diaryl amines in 14-
74% yield and 55-68% ee. The same group also investigated the
addition of alkyl and aryllithiums to quinoline297 and
isoquinoline.298 In the former case, the group focused on the
use of chiral DME ligand 355 and Box-type ligands 351a-c as
well as (-)-sparteine 350 and successfully added MeLi, nBuLi,
PhLi, and NaphthLi to the parent quinoline, trapping the N-Li
intermediate with methyl chloroformate. While the chemical
yields of these reaction were good to excellent, once more
enantioselectivities were low to moderate (Scheme 117). A clear
influence of temperature and solvent were noted, and only
diethyl ether or toluene gave any chiral induction. The same
paper also discussed the addition of Grignard, AlMe3, andMe2Zn
reagents to the same substrate.

In the addition of organolithium reagents to isoquinoline, the
reaction was complicated by competing mono- and diaddition of

Figure 31. Ligands used in the asymmetric catalytic addition of
organolithiums to imines.

Scheme 116. Asymmetric Addition of Organolithium
Reagents to N-p-Methoxyphenyl Imines

Scheme 115. Addition of Aryl Metal Reagents to N-Sulfonyl
Imines Promoted by Rh(I)
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methyl chloroformate of the N-Li intermediate giving com-
pounds 357 and 358, respectively, in ratios between 61/39 and
70/30. High ligand loadings were typically required (up to 50
mol %), and enantioselectivities were again low to moderate
(Scheme 118).

Denmark and co-workers have conducted a systematic in-
vestigation into the effect of bite angle in tethered BOX-type
ligands 359 (Figure 32) on the enantioselectivity of addition of
MeLi to N-PMP imines derived from benzaldehyde, cinnamal-
dehyde, and 3-phenylpropanal.299 High yields and enantioselec-
tivities (up to 91% ee) were realized, although a stoichiometric
amount of the chiral ligand was required in every case.

6.3. Addition of Alkyl and Aryl Zinc Reagents to Imines
Promoted by Transition Metals

The catalytic asymmetric addition of organozinc reagents to
carbonyl compounds is a well-established process in synthesis

and a large number of protocols for the same have been
reported.300 In contrast, the analogous reaction with CdN
compounds has been less extensively explored. While methods
for the asymmetric organozincation of imines have been estab-
lished, they generally require the use of stoichiometric chiral
agents and are limited in their scope because commonly used
nonactivated imines (N-aryl, N-benzyl, N-silyl, etc.) are not
reactive toward addition. Pioneering work by Soai and co-
workers301 introduced N-diphenylphosphinoyl (N-DPP) imines
as viable substrates, and these, along with N-sulfonyl and N-acyl
imines, are the substrates of choice in the reaction.

Following on from this early work, while a number of groups
have introduced catalyst systems for the asymmetric addition of
alkyl zinc reagents to N-DPP imines using stoichiometric quan-
tities of the chiral source,302 the corresponding version of the
reaction using substoichiometric amounts is less well-repre-
sented. Chan has reported an isolated example of the addition
of diethyl zinc to simple N-DPP imine 10a using chiral ethanol-
amine 360 in moderate yield and high ee.303 While the level of
asymmetric induction was impressive, it should be noted that 50
mol % of the chiral entity was required. Beresford304 has
conducted a more systematic investigation of the same reaction
with cinchona alkaloids as the chiral source, in which he found

Scheme 117. Addition of Alkyl and Aryllithiums to
Quinoline in the Presence of Chiral Ligands

Scheme 118. Addition of Alkyl and Aryllithiums to
Isoquinoline in the Presence of Chiral Ligands

Figure 32. Tethered BOX-type ligand.

Scheme 119. Asymmetric Catalytic Addition of Et2Zn to
N-DDP Imines with Cinchonidine
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that moderate to good yields of the desired product could be
obtained with 20 mol % cinchonidine CD at room temperature
(Scheme 119, entry 2). Interestingly higher or lower tempera-
tures delivered inferior results (entries 4,5).

The efficiency of the reaction was found to be strongly
dependent on the effect of additives, with the addition of 2 equiv
of methanol to the system giving the same levels of yield and
enantioselectivity at 20 mol % catalyst loading as had been
observed for the reaction in the presence of a stoichiometric
amount of the promoter.

More success for the addition to N-DPP imines has been
realized by the use of catalytic copper-based catalyst systems.8,305

The group of Charette used a simple combination of Cu(OTf)2
(10 mol %) and phosphine ligand (R,R)-Me-DUPHOS 67a to
add Et2Zn to a wide range of N-DPP imines derived from
aromatic aldehydes in good yield and with moderate to high
enantioselectivity (Scheme 120).306 The protocol could be ex-
tended to the addition of dimethyl zinc and dibutyl zinc giving
the corresponding amines in moderate yield but high enantiomeric
excess as the S -isomer. Optimization experiments showed that

an excess of the Lewis acid relative to the chiral ligand was
important for the realization of high yields and enantioselectivities
because near equimolar complexes of the copper source and
chiral ligand at lower ligand loadings (5 mol % Cu/5.5 mol %
ligand) gave inferior results, although this could be ameliorated
by the addition of 5 mol % Zn(OTf)2 as a cocatalyst. Shortly
after this, the same group introduced the hemilabile bidentate
system BozPHOS 361 as a ligand for the copper-catalyzed
addition.307 Their choice was based on the observation that
monodentate phosphines as well as bidentate phosphines
function as efficient ligands for the reaction and that use of
>2 equiv of Me-DUPHOS completely inhibited the reaction.
The new system permitted the use of even lower catalyst
loadings (down to 6 mol % Cu/3 mol % ligand) and slightly
shorter reaction times under the same mild conditions. The
substrate scope in the reaction of N-DPP imines was expanded,
and diethyl, dimethyl, bi-n-butyl, and di-isopropyl zinc reagents
were used as nucleophiles giving the corresponding S amines in
excellent yield and enantioselectivity. The addition of long
chain functionalized organozinc reagents was also effectively
mediated by the BozPHOS system in the presence of Cu(I) as
demonstrated by the synthesis of 362 (Scheme 121).

Furthermore, it was found that the BozPHOS/Cu system
permitted the generation of the imine in situ from the corre-
sponding N-phosphinoylamine precursor 363. This opened the
door to the use of imines derived from aliphatic aldehydes whose
limited stability normally precludes their use as electrophiles.
Application of the BozPHOS/Cu(OTf)2 system with a number
of aliphatic N-DPP imines gave the desired addition products in
excellent yields and enantioselectivities (Scheme 122).308

The authors noted that in contrast to the Me-DUPHOS
system, the BozPHOS system was not sensitive to the order of
addition of reagents. It is known that in the case of Me-
DUPHOS, yields and selectivities of the addition reaction are
dramatically dependent on the order of mixing of the reagents.
Premixing of the copper source and ligand followed by addition
of the zinc reagent and substrates gives the addition product in
high yields and enantioselectivities; whereas changing the order
of addition such that the copper and organozinc species are
brought together prior to the addition of the ligand leads to
sharply reduced yields and almost no stereoselection. Investiga-
tion of this phenomenon led the authors to conclude that in
effect the Cu/Me-DUPHOS is only a precatalyst and the actual
active species in these catalyst systems in fact consists of a
bisphosphine monoxide species. In the case of BozPHOS, this
moiety is inherent in the ligand, but with the analogous Me-
DUPHOS system, the oxidation occurs during catalyst prepara-
tion, a process which is suppressed if the copper catalyst and zinc
reagent are premixed before the addition of the ligand.309

The group of Shi have introduced an alternative catalyst
system for the addition of diethyl zinc based on complexes of
copper salts and binaphthylthiophosphoramides.310 An attractive
feature of this system is that it may be applied to a wide range of

Scheme 120. Cu(OTf)2 Catalysts for the Catalytic
Asymmetric Addition of Et2Zn to N-DPP Imines

Scheme 121. Synthesis of Long-Chain Compound 362
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both N-DPP imines and N-sulfonyl imines (Scheme 123).
Screening of a large number of ligand structural analogues and
Cu(I) sources identified complexes of the chiral binaphthylthio-
phosphoramides 364a311 or 364b312 with Cu(OTf)2 as the best
catalyst systems for the addition of Et2Zn toN-DDP imines. Both
combinations delivered the expected R ethylamine products in
moderate to good yield although the use of more bulky aryl
phosphoramide ligand 364b gave superior enantioselectivites. In
theN-sulfonylimine series, the dimethyl phosphoramide 364c313

and CuBF4 was found to be the most efficacious combination for
the addition to N-Ts, N-Ms, and N-SES imines, delivering the
required products in very high yield and good to excellent ee as
predominantly the S isomer. One example of addition to an imine
derived from an aliphatic aldehyde (isovaleraldehyde) was
reported. The closely related aliphatic C1-symmetric ligand
365was also identified via a ligand screen and used as its CuClO4

complex to catalyze the same reaction with a similar range of
N-Ts imine substrates to give the S product.314 While yields were
still very good to excellent, selectivities were modest in this case.
It was found in all cases that the presence in the ligand of the PdS
linkage was essential for high catalyst activity. When the analo-
gous PdO containing ligands 366were used, little or none of the
desired products were obtained; instead low yields of the primary
amine 367 arising from direct reduction of the starting material
was observed.

Another copper-catalyzed system that can be used for the
addition of organozincs to both N-DPP and N-sulfonyl imines
has been reported by Wang et al. They used a ferrocenyl-based
ligand 369315 and Cu(OTf)2 as the catalyst system for the
reaction between N-DPP imines316 or N-tosyl imines317 and
diethylzinc, and although in their case slightly higher catalyst
loadings were necessary than those reported by Charette, their
systems gave comparably high yields and enantioselectivities
(Scheme 124). Again an excess of the metal with respect to the
ligand was important for the realization of high yields and
stereoselectivities. Liao has also reported asimilar copper/
N-DPP imines system using chiral tert-butanesulfinylphosphine
ligand.318

Prior to these disclosures by Wang et al., a similar amidopho-
sphine ligand system for the addition of organozinc reagents to
N-sulfonyl imines was introduced by the group of Tomioka.
They demonstrated that proline-derived P,N ligands319 bearing
bulky geminal side groups could form highly active and selective
catalysts with a range of both Cu(I) and Cu(II) salts. Optimiza-
tion studies320 identified gem-dibenzyl amidophosphine 370 and
gem-di(mesitylenemethyl) amidophosphine 371 as the best
ligands in the reaction. Cu(OTf)2 was selected as the copper
source of choice because it afforded the products in all-round best
yields and selectivities; although CuOTf 3 PhMe gave a more
active catalyst in terms of shortened reaction times [0.5 h versus 5
h using Cu(OTf)2], selectivities and yields were inferior.

The Cu(OTf)2-370 system promoted the addition of diethyl-
zinc toN-Ts,N-Ms, andN-SES imines in good to excellent yields
and high stereoselectivities.321 Importantly, the use of the gem-
di(mesitylenemethyl)-substituted ligand 371 permitted the use of
N-tosyl imines derived from aliphatic imines 372 in the reaction
with diethyl zinc, opening a route to valuable N-tosyl aliphatic
imines 373 in high yield and selectivity (Scheme 125).322

The group of Gong and Mi investigated chiral oxazolines 38
and 374-377 as ligands in the Cu(II)-catalyzed reaction

Scheme 122. Catalytic Asymmetric Addition of Et2Zn to
Aliphatic N-DPP Imines

Scheme 123. Chiral Binaphthylthiophosphoramide
Cu(I)-Catalyzed Addition of Et2Zn to Imines
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(Scheme 126).323 A survey of a large number of candidates
identified pyBOX-type ligand 374 as optimum ligand with Cu-
(OTf) 2 as the copper source. However, even with this combina-
tion, yields of the addition products were low to moderate and
enantioselectivities struggled to exceed 80%.

The activating group on the nitrogen of the imine in the
reaction is not limited to phosphinoyl or sulfonyl groups. Br€ase
et al.324 have reported that a combination of ZnPh2 and ZnEt2 with
either ferrocenyl ligands 378 and 379, disubstituted η5-cyclopenta-
dienyl rhenium tricarbonyl complex 380 or S paracyclophane
ligands 381a,b and 382a,b permits the addition of Ph2Zn to N-
formylimines 383 generated in situ from the toluenesulfonyl
precursor 384 giving adducts 385 (Scheme 127). Initial screening
established paracyclophane 381b as the ligand of choice. Using
between 1 and 10 mol % of the chiral source, the reaction was
found to proceed under exceptionally mild conditions in uni-
formly excellent yield and with enantioselectivities ranging
from 69% to 97%. Use of diphenyl zinc alone led to lower ee’s
presumably due to a fast uncatalyzed back reaction under these
conditions. It should be noted that although this reaction
requires 1.5 equiv of the metal catalyst, the chiral source is used
in less than stoichiometric quantities. The same group
have extended the methodology to the efficient functionalization
of N-carbamoyl, N-acyl, and N-formyl aromatic imines with
diethylzinc.325 Once again they generated the imine substrates
by elimination of toluene sulfinic acid from suitable precursors
in situ and achieved near quantitative yields and very high levels of
enantioselection in the addition reaction (Scheme 128).

The authors noted that the sense of enantioselection (R) was
opposite to that observed for the analogous addition of Et2Zn to
aldehydes, which taken in tandem with the higher ee’s obtained
for the imine addition led them to speculate that in this case the
mechanism of the reaction involved the bidentate coordination
of the imine to the active zinc species. This methodology, in

Scheme 124. Catalytic Asymmetric Addition of Et2Zn to
N-DPP and N-Tosyl Imines Mediated by Cu(II)/369

Scheme 125. Tomioka’s Chiral Amidophosphine-Cu
Catalyzed Ethylzincation of N-Sulfonyl Imines

Scheme 126. Addition of Diethylzinc to N-Tosylimines
Promoted by Cu(II)-Oxazoline Catalysts
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contrast to other protocols, it does not involve the use of any
metal promoter, other than zinc itself, in the reaction.

An alternative method has been introduced by Gong and co-
workers whomade used of a double ligand system inspired by the
asymmetric activation concept pioneered by Mikami.326 They
screened combinations of homochiral imines and substituted
BINOLs as potential catalysts for zincation of imines and showed
that a 1:1 mixture of chiral imine 387 and 3,30-di(3,5-bis-
(trifluoromethyl)phenyl)-2,20-binaphthyl 388a in the presence
of diethyl zinc (Figure 33) formed the optimum catalyst for the
addition of diethylzinc to a variety of N-formyl imines generated
in situ (Scheme 129).327 Although toluene, the conventional

solvent for diethylzinc additions, gave best results at 0 �C and
above, lower temperatures (-25 �C) favored DCM or 1,2-DCE,
the latter being chosen as the optimummedium for the reaction.
Under these conditions, diethylzinc could be added smoothly to
a broad range of imines giving the expected products as the R-
isomer in good to very good yield and up to 94% ee.

The authors later discovered that comparable results could be
achieved using achiral, racemic, ormeso-diimino coligands390-394
(Figure 34) with chiral BINOL as the source of asymmetry. Best
results were obtained with a combination of 388a [Ar = m,
m-(CF3)2C6H3] and racemic auxiliary ligand 393 (R = 2-naphthyl),
which catalyzed the addition of Et3N to a range of in situ-generated
aromaticN-formyl imines in good to excellent yield (71-96%) and
very high enantioselectivity (92-97% ee).328

Scheme 127. Asymmetric Addition of ZnPh2/ZnEt2
Reagents with N-Formyl Imines

Scheme 128. Br€ase’s Paracyclophane-ZnEt2 Protocol for
the Ethylzincation of N-Formyl Imines

Figure 33. Asymmetric activated chiral catalysts for the addition of
Et2Zn to imines.

Scheme 129. Addition of Et2Zn to in situ Generated Imines
Promoted by Catalyst 389

Figure 34. Achiral, racemic, or meso-diimino coligands 390-394.
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Less activated imines have also been successfully utilized in the
reaction. Hoveyda and Snapper have introduced an elegant
method for the transformation using a catalyst formed from a
variant of their N,P-oligopeptidic ligand systems (vide supra) and
zirconium(IV) salts in the addition of organozincs to N-ortho-
methoxyphenyl (OMP) imines. They selected imino peptide
395 as ligand candidate by combinatorial screening and demon-
strated its efficacy in the Zr(OiPr)4 catalyzed addition of Et2Zn to
a range of aromatic imines (Scheme 130). Both yields and
enantioselectivities in this procedure were very good to excellent
in the presence of as little as 0.1 mol % of the chiral source.
Furthermore, the closely related amino ligands 396 and 397
proved very effective in the addition of other organozinc reagents
(Me2Zn and Oct2Zn) to representative aromaticN-OMP imines
in similarly high yields and selectivities.329 The catalyst incorpor-
ating ligand 397 also functioned effectively in the three-compo-
nent ethyl zincation of aliphatic330 and alkynic331 imines
(Scheme 131). In the case of additions to alkynic imines, the
nature of the ortho substituent on the imine N-aryl group was
found to play an important role in obtaining high yields and
stereoselectivities; optimization studies determined ortho-phe-
noxy as the substituent of choice. In addition, the oxygen atom in
the side group of the imine N-aryl ring was found to be essential
for smooth reaction.

In two cases of the addition reaction of Et2Zn to alkynyl
imines, closely related ligands 397 and 398a were found to give
superior results. The flexibility of the systemwas nicely illustrated
by the discovery that the Zr(OiPr)4-397 catalyst can also
promote the addition of mixed alkynyl zinc reagents generated
from zinc acetylides and bis(trimethylsilyl)methyl zinc332 to

isolated N-OMP imines in good yield and reasonable selectivity.
Best results were obtained for silyl acetylenes, the analogous alkyl
and aryl acetylene reagents giving lower ee’s. Facile deprotection
of the adducts 400 obtained from the reaction gave an efficient
route to homochiral propargylamines 401 (Scheme 132).333

It was found that the system can catalyze double organozinca-
tions in a novel three-component reaction involving dialdehydes.
In this case, 398a was found to be the ligand of choice, and this
combination delivered synthetically C2-symmetric diamines
402a-c in high yield and almost perfect stereoselectivity
(Scheme 133).334 Furthermore, in the same report the authors
disclosed that the corresponding hafnium-based catalyst
system formed from 397 and the appropriate metal functions
effectively in the three-component addition of diethylzinc to
aliphatic imines (Scheme 134). The authors reasoned that
the lower Lewis acidity of Hf(OiPr)4 should lessen the likelihood
of adventitious decomposition of the imine in situ. Happily this
was found generally to be the case because the Hf system
delivered superior yields of the addition products with compar-
able enantioselectivity to that obtained using the parent Zr
catalyst.

The transition state for addition of the organozinc species to the
imine is proposed to involve bidentate coordination of the imine to
the catalystmetal center adjacent to the docking position of the zinc
reagent, which is believed to be held in the correct orientation by

Scheme 130. Hoveyda’s Peptidic/Zr Catalyst System for
Addition of Alkyzincs to Imines

Scheme 131. Three-Component Addition of Alkyl Zincs to
Alkyl and Alkynyl N-Aryl Imines
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coordination to the oxygen atom of the terminal amide residue
(Figure 35a). Alternative bindingmodes for internal delivery of the
ethyl group with opposite enantiofacial selection are sterically
disfavored (Figure 35b, left) or lack of proximity between the
reacting centers (Figure 35b, right). The use of the ligand
incorporating R-Phe at the terminal position (Figure 35c) allowed
access to one of the alternative binding modes and facilitated
delivery of the organozinc reagent to the opposite face of the imine
CdN bond leading to reversed enantiofacial selectivity (70%
conversion, 80% ee (R) compared with >98% conversion, 94%
ee (S) for the ligand with S-Phe in the terminal position).

In their further studies, Snapper and Hoveyda expanded
the reaction system to the reaction of ketoimines. Catalytic
enantioselective alkylations of aryl-, alkyl-, and trifluoroalkyl-
substituted ketoimine esters with dialkylzinc proceeded to afford
R-quaternary amino esters with high enantioselectivities.335

Recently a number of variations of this type of reaction have
Guijarro and Yus reported that β-amino alcohols with the prolinol

skeleton catalyzed enantioselective addition of dialkylzinc reagents
to N-(diphenylphosphinoyl)imines.337 Shortly afterward Minnaard
and Feringa reported a copper/chiral phosphoramidite catalyst
system for addition of organozinc and organoaluminum reagents
toN-formylimines,338while Alexakis also developed a closely related
system independently and applied it to the addition of diethylzinc to
Boc-protected imines.339 Pedro developed enantioselective alkyny-
lation ofN-sulfonyl aldimines catalyzed by a Zn/BINOL system.340

Whiting has also applied Zn/BINOL catalyst system to formal aza-
Diels-Alder reactions ofN-arylimines with Danishefsky’s diene.341

Scheme 132. Addition of Alkynylzinc Regents to N-OMP
Imines Promoted by Zr(OiPr)4-397

Scheme 133. Double Addition of Et2Zn Giving
C2-Symmetric Diamines

Scheme 134. Use of Hf-397 Catalysts in the Addition of
Diethylzinc to Aliphatic N-OMP Generated Imines

Figure 35. Assumed intermediate configurations for the addition of
Et2Zn to N-OMP imines.
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6.4. Catalytic Asymmetric Allylation of Imines and
Hydrazones

The allylation of imines and hydrazones is a reaction of
fundamental importance in organic synthesis.292b,342 Although
a substantial body of work on the racemic and diastereoselective
allylation reaction has been presented, it is really only in the past
decade that substantial advances in the catalytic asymmetric
version of the reaction have been made. The first example of
the transformation was reported in 1998 by Yamamoto in which
he demonstrated the addition of allyltributyl stannate to a series
of unactivated aromatic imines to give the corresponding homo-
allylic secondary amines catalyzed by 5 mol % of {Pd-η3-[β-(-)-
amino esters 405 in moderate to good yield and with good to high
enantioselectivities.345

The authors proposed the catalytic cycle shown in Figure 36,
in which transmetalation of the stannane to palladium gives the
chiral allyl transfer agent 406, which binds the imine giving
intermediate 407. Allylation via a six-membered cyclic transition
state is postulated to occur to give the palladium-bound chiral
secondary amine 408, which subsequently undergoes reaction
with another equivalent of the allylstannane to reform the allyl
transfer agent with concomitant release of the aminostannane
409. Hydrolysis of the latter then affords the desired homoallylic
amine product. The efficiency of the transmetalation Sn f Pd
step proved to be an important factor for reproducibility of the
achievement of high yields. The authors noted that addition of 1
equiv of water to the reaction boosted yields and improved
reproducibility. This, combined with diligent preparation of the
catalyst to afford high regioisomeric purity (Z/E 400:1), posi-
tively affected both yields and ee (28 examples, up to 94% yields,
up to 91% ee).346 Use of other protic additives such as MeOH,
PrOH, or AcOH also raised ee’s to a certain degree. The role of
water is believed to involve formation of a pentacoordinate
allylstannane intermediate, thereby accelerating the Sn f Pd
transmetalation. The utility of this catalyst system has been
further enhanced by the discovery that estrone-derived η3-allyl
Pd complex 410, immobilized on Merrifield resin promoted the
addition of allylstannanes to imines (Scheme 136). Although
extended reaction times were required and yields and selectivities

were low tomoderate, the catalyst could be recovered and reused
up to 4 times without loss of yield or selectivity.347

Although the above protocols broke new ground and repre-
sent an important addition to the arsenal of synthetic techniques,
the toxicity of allylstannanes carries serious implications for
safety and green chemistry credentials of the process. In an effort
to address these issues, Yamamoto et al. have developed a related
procedure utilizing the more environmentally benign allylsilanes
as nucleophiles in the reaction (Scheme 137). It is known that
these species are considerably less reactive than their tin counter-
parts, but the authors discovered that the addition reaction
proceeded smoothly with 2 equiv of trimethylallyl silane 411a in
the presence of 0.5 equiv of TBAF and 5 mol % of catalyst 403 to
give good to very good yields of the desired addition product in up
to 84% ee.348 Furthermore, it was discovered that use of tetraallyl
silane 411b in the presence of 0.25 equiv of TBAF and 1 equiv of
MeOHgave the addition products with increased substrate scope in
improved yields and with better enantioselectivity.349 In both
reactions, the TBAF is believed to assist the transfer of allyl from

Figure 36. Postulated catalytic cycle for the catalytic asymmetric allyla-
tion of imines.

Scheme 135. Asymmetric Catalytic Allylstannylation of
Imines

Scheme 136. Catalytic Asymmetric Allylation of Imines
Using Immobilized η3-Allyl Pd Complexes
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Sif Pd by formation of the corresponding ate-complex with the
allyl silicon reagent.

The copper-catalyzed allylation of imines with both allylstan-
nanes and allylsilanes has been reported independently by the
groups of Jørgensen and Lectka. In the first case, a catalyst
formed from CuPF6 and (S)-Tol BINAP 50b was used to effect
the addition of a range of different allylating reagents 412-418
to the N-tosyl imino ester 41 giving the desired adducts 419 in
moderate yield and enantioselectivity (Scheme 138).350 Use of
crotyl reagents in toluene or THF gave relatively high yields of
the R-amino-β-methyl ester with relatively good syn/anti dia-
stereoselectivity (7:1) and good ee’s. The cyclic allylstannane
420 gave an excellent yield of the addition product 421 in modest
diastereoselectivity (syn/anti not assigned) but relatively high
enantioselectivities.

Lectka and co-workers used a very similar system to catalyze
the addition of trialkylallylsilanes to the same N-tosyl imino-
ester.91b,92 They studied a wide selection of silanes achieving
comparable yields and slightly improved selectivities to those
reported by Jørgensen. Both protocols are assumed to proceed
via ene-like open transition state addition of the nucleophile to
the imine, which binds to the Cu(I) through both the imine
nitrogen and ester oxygen atoms in bidentate fashion.

Prior to this, the two groups reported the simple ene reaction
of nonmetallic allylic systems using the same Cu(I)/(S)-Tol-
BINAP catalyst system almost simultaneously. Lectka’s group again
opted to useCuClO4 as the copper source to effect the addition of a
range of 1,1-disubstituted alkenes to 41 in very high yield and
excellent enantiomeric excess (Scheme 139).351 Jørgensen re-
ported comparable yields and high ee’s with low loading (0.1-
1 mol %) of a catalyst formed from 50b and CuPF6.

352,353

Jørgensen also noted that the analogous reaction of 1,3-buta-
diene with 41 proceeds preferentially via the aza-Diels-Alder
manifold and not the ene route (9:1) although the latter product
was obtained inmuch better ee than the heterocycle (Scheme140).

An unusual footnote to the Cu-catalyzed ene allylation of
imines was provided by Hutchings and Page. They used

immobilized catalyst formed from CuH-exchanged zeolite Y
modified with bisoxazoline ligands 38a and 38b to mediate the
addition ofR-methyl styrene to imino ester 426 and imine 427 in
good yields and ee (Scheme 141).354

The group of Kobayashi has described a protocol for the
crotylation of aromatic N-ortho-hydroxy imines using complexes
generated from 3,30-halogenated-BINOLs and Zr(OtBu)4.

355

They found that a combination of either 3,30-Cl2-BINOL/Zr-
(OtBu)4 98b or 3,30-Br2-BINOL/Zr(O

tBu)4 98c gave best
results with oxygenated allylstannanes 428a,b, affording the
product in up to 85% yield and 99% ee (Scheme 142).

The hydroxyl group on the allyl stannane was found to be
essential for the realization of high yields and selectivities. When the
TBS-protected analogue or the hydrocarbon analogue in which the
CH2OH group was replaced by methyl was used, yields and
selectivities were dramatically reduced. This led the authors to
suggest a mechanism involving species 430 in which the both the
imine and the stannane are bound to the zirconium center.

Kobayashi and co-workers have also reported the asymmetric
allylation of benzoyl hydrazones 431 with allyltrimethoxysilanes
432 catalyzed by complexes of ZnF2 and chiral diamines 122d,e.
The reaction proceeded with a number of different hydrazones
and allyltrimethoxysilanes to afford the desired homoallylic

Scheme 137. Asymmetric Catalytic Reaction of Imines and
Allylsilanes

Scheme 138. Cu(I)-Catalyzed Asymmetric Allylation on
N-Tosyl Imino Esters
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hydrazines in moderate to high yields and with good stereo-
selectivities (Scheme 143).356 A number of other diamines were
examined in the reaction giving products in 19-99% yield and
31-83% ee. The authors proposed a Lewis acid/Brønsted base
double activation pathway for the reaction (Figure 37) in which
the allylzinc amide and (MeO)3SiF are first generated by SifZn
metathesis from 433, and the allylation step subsequently occurs
to produce the bound homoallylic hydrazine 434. Hydrolysis of
this gives Zn(OH)F species 435, which interacts with (MeO)3-
SiF to reproduce the catalyst, with the concomitant generation of
(MeO)3SiOH.

Kobayashi et al. have also described a protocol for the addition
of allyltrichlorosilanes to glyoxylate hydrazones 144 using neu-
tral-coordinate organocatalyst (NCO) (S)-BINAP oxide 436.
Although an excess (2 equiv) of the NCO was required for high
yields and enantioselectivities (up to 96% and 98%, respectively),
use of 40 mol % of the catalyst did afford the chiral product 437,
albeit in low yield and only moderate enantioselectivity

(Scheme 144).357 C2-Symmetric disulfoxides as organocatalysts
for allylation of benzoylhydrazones were reported by Fernandez
and Khiar.358 Asymmetric allylation of N-ortho-hydroxyphenyli-
mines using superstoichiometric quantities of NCOs has also been
reported.359

Scheme 139. Cu(I)-Catalyzed Nonmetallic Ene Allylations
of N-Tosyl Imino Esters

Scheme 140. Ene Reaction with 1,3-Butadiene

Scheme 141. CuH Zeolite Y/Bisoxazoline Immobilized
Catalyzed Asymmetric Ene Addition to Imines

Scheme 142. Catalytic Asymmetric Allylstannylation of
Imines Promoted by Zr-BINOL Complexes

Scheme 143. Catalytic Asymmetric Allylation of Hydrazones
with Allyltrimethoxylsilanes and ZnF2
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Cook and Lloyd-Jones et al. have introduced an elegant indium
metal-based methodology for the allylation of acylhydrazones
(Scheme 145). The source of chirality in these reactions is
derived from 3,30-disubstituted BINOL ligands bearing strongly
electron-withdrawing groups. The authors developed a modular
route to the synthesis of electron-poor BINOLs; after extensive
screening, the most effective ligands were identified as 388b (R =
CF3)

360 and 388c (R = SO2CF3).
361 In both cases, excess

quantities of the allylic halide (X = Br, I) and indium metal were
required for efficient reaction, and the addition of 4 Å MS was
essential for the realization of high selectivities. Overall superior
yields and enantioselectivities were realized with ligand 388c and
allyl bromide as the allylic component.

While superficially similar, the protocol differs fundamentally
from the related indium-mediated asymmetric allylation metho-
dology introduced by Jacobsen and co-workers. In the latter case,
chiral urea organocatalyst 440 is used in conjunction with a
standard achiral allylic indium reagent generated in situ from allyl
bromide and In(0) to afford the homoallylic hydrazines 441
(Scheme 146).362 In this case, the chirality results from the
environment generated by H-bonding of the catalyst to the
hydrazone rather than the generation of an asymmetrically
ligated indium allyl species. High yields and selectivities were

obtained in the case of N-benzoyl hydrazones of aromatic
aldehydes, whereas the single example of addition to an aliphatic
N-benzoyl hydrazone (R = iPr) gave inferior results (yield 55%,
ee 80%). The corresponding crotylation reaction proceeded in
moderate yield with good regioselectivity (γ/R addition) and
with good to high enantioselectivities.

Shibasaki et al. have realized an important advance with the
discovery of an efficient protocol for the asymmetric catalytic
allylation of ketoimines. They employed a catalyst formed from

Figure 37. Proposed catalytic cycle for the allylation with allyltri-
methoxylsilane.

Scheme 144. NCO-Catalyzed Allylation of Hydrazones with
Allyltrichlorosilane

Scheme 145. Indium-BINOL-Promoted Catalytic Asym-
metric Allylation of Hydrazones

Scheme 146. Catalytic Asymmetric Allylindination of
Hydrazones Promoted by a Chiral Urea
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CuF and novel (R,R)-biscyclopentyl-DUPHOS 67d and pina-
colallyl borane in toluene at 0 �C to promote the allylation of a
range of arylmethyl ketones 443 in good to excellent yield and up
to 93% ee (Scheme 147).363 The copper reagent was actually
added as CuF2 and was then subsequently reduced in situ to the
Cu(I) salt by 1 equiv of the ligand (2 equiv of ligand with respect
to metal source were added).364 The authors also found that the
addition of LiOiPr and tBuOHwas essential for smooth reaction.
NMR spectroscopic studies led them to conclude that the role of
the former is to assist in the initial allyltransmetalation from Bf
Cu to form allyl cuprate 445, which undergoes reaction with the
substrate to form copper amido species 446. Protonolysis of the
Cu-N bond by tBuOH liberates the product and returns the
catalyst, which re-enters the cycle upon reaction with another
equivalent of the allylborane to give copper alkoxyborane 447,
which acts as the main allylation reagent (Figure 38). The
protocol provides a first solution to the thorny problem of
ketoimine reactivity that has limited the application of this
transformation in organic synthesis.

6.5. Strecker Reactions
The Strecker addition reaction of cyanide nucleophiles with

imines, discovered in 1850 is the oldest and still one of the most
efficient methods for the synthesis of R-amino acids.365 In its
most fundamental form, it involves the hydrocyanation of the
imine formed by in situ condensation of an aldehyde or ketone
and a primary amine or ammonia to afford an aza cyanohydrin
448, which can subsequently be hydrolyzed to the corresponding

amino acid (Figure 39, path a). A more modern variant involves
the use of preformed imines 449, which can then be made to
undergo hydrocyanation and hydrolysis to give the desired R-
amino acid product 450 (Figure 39, path b).

In view of the synthetic importance of the reaction, it is not
surprising that a great deal of attention has been paid to the
development of versatile methods, in particular catalytic asym-
metric protocols for its realization.3,366 As a result, a wide variety
of metal-based catalysts367 and organocatalyst systems368 have
been developed, and research into the field continues unabated.

The main development in Strecker methodology involving
metal-based systems has been the emergence of efficient catalysts
for the hydrocyanation of ketoimines.203b,c,369,370 In an impor-
tant series of papers, Shibasaki and co-workers reported highly
active catalysts fromGd(OiPr)3 and glucose-derived chiral ligand
451a,b,d371 for the enantioselective addition reaction. Exposure
of a range of methyl and ethyl aromatic and aliphatic ketoimines
to TMSCN in the presence of between 2.5 and 10 mol % of the
catalyst in propionitrile gave moderate to very high yields of the
desired amine, although extended reaction times (typically 24-
72 h) were generally required. The best yields and selectivities
were obtained with the acetophenone derivative but long chain
aliphatic methyl ketoimines also gave respectable yields of the
addition product in up to 89% ee (Scheme 148). Most notably,
under these conditions the previously unreported Strecker
reaction of R,β-unsaturated ketoimines proceeded smoothly.

The group subsequently extended the substrate scope of this
protocol to include cyclic and heteroaromatic ketoimines. Using
a combination of 2-5 mol % of the 451b-Gd(OiPr)3 catalyst
with 150 mol % TMSCN and 100 mol % 2,6-dimethylphenol
(2,6-DMP) as a protic additive, they were able not only to effect
the Strecker reaction of a wide range of previously unreactive
substrates such as 452-457 but to improve the yields and
selectivities of previously utilized substrates while dramatically
reducing reaction times.372 Subsequently they were able to show
that use of a catalytic amount of TMSCN (2.5-5 mol %) in
conjunction with stoichiometric quantities of HCN allowed the
catalyst loading to be reduced to as little as 0.1 mol % while
maintaining high yields and selectivities (up to yield 99%, ee 93%
with 0.1 mol % catalyst) (Scheme 149).373

NMR spectroscopic studies of the catalyst species indicated
that in the absence of 2,6-DMP the active species is a 3:2 ligand-
metal complex 458 of moderate reactivity in equilibriumwith the
more active catalyst species 459 (Figure 40). It is believed that

Scheme 147. Catalytic Asymmetric Allylboration of
Ketoimines

Figure 38. Proposed catalytic cycle for the catalytic asymmetric allyla-
tion of ketoimines.

Figure 39. The classic and modified Strecker reactions.
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addition of 2,6-DMP leads to the generation of 459 with the
concomitant release of 2 equiv of O-silylated 2,6-DMP and the
liberation of 1 equiv of HCN (path a, Figure 40). A similar effect
can be realized by the addition of stoichiometric HCN (path b,
Figure 40), which strips off the TMS from the phenolic oxygens
of the catalyst to generate 459 and recycle the TMSCN. In
either case, the presence in the system of large amounts of
TMSCN would tend to favor the formation of the less-reactive
458 at the expense of 459, which explains the large observed
difference in efficiency of the stoichiometric TMSCN/2,6-
DMP and the much more reactive revised catalytic TMSCN/
stoichiometric HCN system. The binuclear catalyst is believed
to function in a bifunctional manner with one of the Gd centers
acting as a Lewis acid to complex the imine and the other acting
to deliver the cyanide. The synthetic utility of this catalyst
system was demonstrated in a short synthesis of (S)-sorbinil, a
therapeutic agent for complications arising from diabetes
mellitus (Scheme 150).

In another development, Shibasaki et al. discovered that
preparing the complex from Gd(HMDS)3 (HMDS = hexam-
ethyldisilazane) and 451b resulted in the formation of 2:3
complex, which afforded the Strecker product in even better
enantioselectivity and yields.374 The improved procedure was
utilized in as the key transformation in the group’s synthesis of
lactacystin.375 The authors discovered that attempted crystal-
lization of the active species from a 2:3 mixture of Gd(OiPr)3 and
ligand 451c (X = Cl) afforded a 4:5 complex of Gd and 451c
(Figure 41), which persisted in solution. Although approximately
5-50 times less reactive than the in situ formed catalyst, the
Strecker reaction using the crystallized catalyst proceeded
smoothly to afford the opposite enantiomer of the adduct with
the same or even improved levels of selectivity (Scheme 151).376

Further investigations of the catalyst structure using the analo-
gous system prepared with La(OiPr)3 and 451a led to the
isolation of a C2-symmetric 6:8 La-451a complex that persisted
in solution. The complex was formed of two domains: a 4:5 La-

Scheme 148. Gd(OiPr)3-451 Catalyzed Asymmetric Strecker
Reaction of Ketoimines

Scheme 149. Asymmetric Catalytic Strecker Reaction of
Heteroaromatic and Cyclic Ketoimines

Figure 40. Proposed catalyst structures for the Gd catalyst in the
presence of (a) stoichiometric TMSCN/2,6-DMP and (b) catalytic
TMSCN/stoichiometric HCN.
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451a domain and a 2:3 La-451a domain, the latter part being
similar in structure to the postulated active species obtained with
the in situ formed catalyst.

Use of this second isolated species in the Strecker reaction
however gave the product in only 26% ee as the S enantiomer.
While the variation of function with higher order structural
organization is a well-known concept in biological systems,377

the same effect in artificially assembled catalyst systems is rare.
The Lewis acid catalyzed Strecker reaction with aldimines has

also been witness to a number of developments. The group of
Vilaivan have described a new versatile catalyst system based on
Ti(IV)369,378 complexes of modified amino alcohols. After
extensive screening, they alighted on ligand 463 derived from
phenyl alaninol and used it to effect the Strecker reaction of
TMSCN to a range of aromatic N-benzyl and N-benzhydryl
imines 464 (Scheme 152).379 In common with many Strecker-
type reactions, the addition of a protic additive was found to be
important for smooth reaction and high yields and enantioselec-
tivities. The role of the additive is believed to involve generation
of HCN from the TMSCN in situ, which then acts as the real
cyanating agent.

North et al. reported three metal-salen-based catalyst sys-
tems for the Strecker reaction of N-benzyl imines.380 Although

Ti(IV)-centered complexes 468 and 469381 were largely ineffec-
tive in the reaction, better results were obtained with the V(V)
system 470 (Scheme 153). Accordingly, treatment of a range of
N-benzyl aldimines with TMSCN in toluene with 10 mol %
catalyst led to the isolation of the desired adduct in moderate to
high yield with up to 75% enantioselectivity. One example each
of the reaction of TMSCN with an aliphatic aldimine (Me3CCH
dNBz) and a ketimine [PhC(Me)dNBz] were reported and
although in both cases high yields were obtained, enantioselec-
tivities were poor. A key contribution in this area, where a

Scheme 150. Short Synthesis of (S)-Sorbinil

Figure 41. Structural formula of active species Gd(OiPr)3-451c.

Scheme 151. Comparison of Results Obtained with Isolated
and in situ Prepared Gd(OiPr)3 Catalysts

Scheme 152. Ti(IV)-Catalyzed Asymmetric Strecker
Reaction
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titanium complex delivered an important chiral intermediate in
the complex synthesis of chloropeptin I as a result of a highly
selective Strecker reaction, exemplifies this reaction strategy as
truly useful.382

A reversal of enantioselectivity by protonation of chiral
oxazaborolidine catalysts in the Strecker reaction has been
reported by the group of Berkessel.383 They applied catalysts
471a-c384 (20 mol %) to the addition of HCN to N-benzyl-
phenylimine obtaining the aza cyanohydrin in 94% yield and 71%
ee as the S isomer (Scheme 154). It is known that protonation of
such oxazaborolidine leads to an increase in reactivity,385 and
thus the authors used the related tosic acid salts 472a-c in an
attempt to obtain higher selectivities. While application of the
protonated catalyst did not lead to the desired increase in ee, the
reaction proceeded at lower temperature in a shorter reaction
time with lower catalyst loading (10 mol %). The authors noted
that the product was obtained as the opposite, R, enantiomer
albeit with lower overall selectivity (ee 10-42%).

Although significant advances in the metal-catalyzed asym-
metric Strecker reactions have been realized, perhaps the greatest
developments have been made in the development of organo-
catalyzed procedures. List and co-workers used Jacobsen’s
thiourea catalyst 216b to perform the catalytic acylcyanation of
a range of aromatic and aliphatic imines with acetyl cyanide 473 to
afford theN-acetylated aza cyanohydrins 474 in good yield andwith

excellent enantioselectivity (Scheme 155).386 Standard manipula-
tion of the cyanated products gave ready access to non-natural R-
amino acids such as 475. This report represents the first example of
the application of acetyl cyanide as a nonvolatile cyanide source in an
asymmetric catalytic Strecker reaction although its use in the
synthesis of cyanohydrin esters has been documented.387 Shortly
thereafter, the same group reported a three-component variant of
the reaction, which affords the products in essentially the same yields
and enantioselectivities as the original procedure. They also re-
ported one example of the reaction using hexanylcyanide in place of
acetyl cyanide (Scheme 156).388

A related urea catalyst 477 derived from glucosamine
(Figure 42) has also been used to catalyze the asymmetric
Strecker reaction of N-allyl imines, this time using TMSCN as
the cyanide source.389 Yields were good to excellent and up to
86% ee was achieved at only 2 mol % loading. Better results were
obtained by Corey and Huang for the same reaction with N-allyl
aldimines using HCN as the cyanide source and TFA salt of
cinchona alkaloid derivative alkene dihydroxylation catalyst390

478. Use of 10 mol % of the same gave high yields of the product,
which was isolated as the corresponding N-trifluoroacetate in up
to >99% ee.391

Feng et al. tested a wide range of axially chiral N,N-isoquino-
line dioxides in the Strecker reaction of TMSCN and N-
benzhydryl aldimines.392 Best results were obtained using cata-
lyst 479, which gave the desired products in up 95% ee. The same
group reported the use of aliphatic N,N-dioxide 480 to promote
the asymmetric cyanation of N-tosyl ketoimines with TMSCN.393

Almost quantitative yields and moderate to very high enantios-
electivity were obtained with 5 mol % of the catalyst and 2,5-di-
(1-adamantyl)hydroquinone (DAHQ) as additive (Scheme 157). As
we have already seen, the presence of hindered protic additives
in the reaction mixture is often required for high yields
and selectivities, when TMSCN is used as the cyanide source.

Scheme 153. Ti(salen)- and V(salen)-Catalyzed Asymmetric
Strecker Reaction

Scheme 154. Reversal of Stereoinduction in the Catalytic
Asymmetric Strecker Reaction Using Chiral
Oxazaborolidines by Protonation of the Catalyst
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The additive is typically thought to play a role in assisting the
in situ generation of HCN from TMSCN, the former being the
real cyanide source in the reaction.

In this case however, the authors found that the N-tosyl imines
were inert to HCN and postulated a transition state (Figure 43) in
which the DAHQ stabilizes the hypervalent silicon/ligand/imine
complex by hydrogen bonding, which then undergoes attack at the
Re face.

Chiral phosphoric acids have not been ignored in the search
for ever more active and selective Strecker catalysts. Rueping and
co-workers screened a number of highly hindered BINOL-
derived chiral phosphoric acids in the reaction, finally selecting
194m (Ar = 9-phenanthryl) for further studies. Using HCN as
the cyanide source in toluene at-40 �C, they were able to realize
high yields of the corresponding aza cyanohydrins in up to 99%
ee with 10 mol % of the catalyst. One drawback of the system was
the extended reaction times: up to 3 days were required in some
cases for high yields (Scheme 158).394 Rueping et al. subse-
quently applied the same catalyst to the Strecker reaction of
ketoimines, and while yields were still reasonable, levels of

enantioselectivity were much reduced.395 In the same paper,
the authors disclosed the use of TADDOL 483 as an organoca-
talyst for the Strecker reaction of N-benzyl aldimines giving the
corresponding adducts in moderate yield and enantioselectivity
(10 mol % catalyst, 4 examples, yield 69-93%, ee 22-56%).

The asymmetric catalytic Strecker reaction has also been
successfully carried out using solid KCN as the cyanide source
under chiral phase transfer conditions. In a very elegant contribution,

Scheme 155. The Catalytic Asymmetric Acylcyanation of
Imines

Figure 42. Organocatalysts for the Strecker reaction with aldimines.

Scheme 157. Asymmetric Strecker Addition to N-Tosyl
Ketoimines Catalyzed by N,N-Dioxide 480

Scheme 156. Three-Component Catalytic Asymmetric
Acylcyanation Reaction

Figure 43. Proposed transition state for the asymmetric Strecker
reaction catalyzed by chiral N,N-dioxide 480.
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Maruoka and co-workers used novel catalysts 484a-c derived from
their trademark chiral ammonium salts396 to effect the first efficient
Strecker reaction of a range of aliphaticN-mesitylsulfonyl imines 485
under PT catalysis. Of the catalysts surveyed, 484c bearing very
electron-withdrawing substituents provided the best results in terms
of yield and selectivity, although the other examples also displayed
high activity and selectivity (in the reaction of cHexCHdSO2Mes,
484a yield 83%, ee 89%; 484b yield 90%, ee 90%; cf. 484c yield 89%,
ee 95%) (Scheme 159).397

Shortly after this, the related procedure using acetone cyano-
hydrin 487 as the cyanide source in the reactionwith in situ generated
alkyl N-carbamoyl imines under chiral phase transfer conditions was
reported.398 Ricci and co-workers used N-(2-trifluoromethyl)benzyl
quinine bromide 488a as the chiral agent in a two-phase
system to liberate both the imine and the cyanide source
accomplishing the condensation of the two reagents giving

the N-carbamoyl products 489 in high yield and up to 88% ee
(Scheme 160).

The authors also disclosed the results of trials with other cyanide
sources under the same conditions, and while conversions were still
very good (>95%), enantioselectivities were highly compromised
(KCN, ee 54%; TMSCN, ee 52%).

6.6. Formation of Aziridines
Aziridines are extremely versatile intermediates in organic

synthesis due to the ease with which they may be transformed
into other compounds by stereoselective and regioselective ring-
opening with nucleophiles. Two main methods for the synthesis
of these species involve (a) the metal-catalyzed addition of
nitrenes to olefins399 and (b) the addition of carbenes to CdN
bonds.79b,400 In addition to these works, the area was the subject
of an excellent review by M€uller and Fruit;401 as a result, only
reports appearing in the literature since 2003 will be presented
here. While a number of methods for the generation of aziridines
via the diastereoselective addition of carbenoid to imines402 or
Darzens-type methods have been reported,403 few reports of
the catalytic asymmetric addition generation of aziridines from
imines have appeared in the time period under consideration.
Aggarwal and co-workers reported the synthesis of Taxol side
chain 490 using their sulfur ylide/Rh carbene catalytic meth-
odology (Scheme 161).404 Accordingly, treatment of furyl
imine 491 with the carbene generated from tosyl hydrazone
salt 492405 in the presence of dirhodium tetraacetate and 20
mol % of chiral sulfide 493406 gave the desired aziridine 494
with excellent enantio- and diastereoselectivity. Manipulation
of this product via standard techniques afforded the Taxol side
chain in six steps.

Wulff and co-workers have demonstrated the use of their
borate-VAPOL/VANOL methodology79b,c,407 in the cataly-
tic aziridination of N-dianisylmethyl (DAM)-protected imine
495 with ethyldiazo acetate (Scheme 162).408 They noted that
both catalysts prepared from borate and either ligand had
similar reactivity profiles in the reaction although the effect of
solvent was more marked with CCl4 giving the aziridine

Scheme 158. Asymmetric Strecker Reaction Catalyzed by
Chiral Phosphoric Acids

Scheme 159. Asymmetric Catalytic Strecker Reaction Using
KCN under Chiral PT Conditions

Scheme 160. Asymmetric Strecker Reaction with Acetone
Cyanohydrin As the Cyanide Source under Chiral PT
Conditions
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product 496 with demonstrably better diastereoselectivities and
higher average yields and enantioselectivities. In all cases, the
elimination product 497was isolated as amixture of regioisomers
in 2-5% yield.

Subsequent competition studies suggested that the reaction
in the presence of the VANOL-derived catalyst proceeds at
about twice the speed of that catalyzed by the VAPOL analogue
93. The rate of the reaction was also found to be dependent on
the nature of the N-protecting group. The aziridination of
N-DAM imines catalyzed by the VAPOL-derived catalyst 93
was found to be 3.8 times faster than that of the analogous
N-benzhydryl imine, and that with the VANOL catalyst was
found to be 3.0 times faster. Although routine investigations
were carried out at 10 mol % loading, this could be reduced to
as little as 0.5 mol % for the VAPOL catalyst and 0.25 mol % for
the VANOL catalyst with no significant erosion of stereoselectiv-
ity [R = Ph; VAPOL (10 mol %) yield 91%, ee 96%; (0.5 mol %)
yield 82%, ee 95%; VANOL (10mol %) yield 92%, ee 95%; (0.25
mol %) yield 89%, ee 90%]. Removal of the N-DAM protect-
ing group could be effected smoothly and in good yield with
5 equiv of TfOH and the free amine reprotected with a range of
N-carbamates.

Two other attempted methods for the asymmetric catalytic
generation of aziridines have been reported. The first of these
involved the asymmetric synthesis of a series of previously unre-
ported heavily hindered N-Ts cis-phenyl-anthryl, cis-phenanthryl-
phenyl, cis-naphthyl-phenyl, cis-tert-butyl-phenyl, and cis-cyclohexyl-
phenyl aziridines using the Eliel oxathane 499 (Figure 44).409

Although the desired cis products were generated in moderate to
good yields (60-88%) and very high enantioselectivity (>99% ee),
the reaction required stoichiometric quantities of the chiral
source. In the second method, η3-allyl molybdenum complex
500 (Figure 44) was used effectively as a catalyst (1 mol %) for
the racemic generation of aziridines fromN-phenyl benzaldimine
and ethyl diazoacetate.410

Maruoka has also reported chiral dicarboxylic acid-catalyzed
asymmetric aziridination of diazoacetamides and N-Boc imines.
trans-Aziridines were obtained in very high enantioselectivites in
the presence of 5 mol % catalyst.411

7. CYCLOADDITION REACTIONS OF IMINES AND
HYDRAZONES

7.1. Diels-Alder Reactions
Catalytic asymmetric Diels-Alder reactions utilizing a CdN

double bond functionality offer a powerful route to the synthesis of a
variety of nitrogen-containing structures of synthetic and biological
importance, especially piperidines and tetrahydroquinolones. While
the diastereoselective version of the reaction has been known for
some time,412 the development of the catalytic asymmetric version
has been much less well explored. A principal reason for this is the
tendency for the amine product generated in the reaction (which is
more basic than the imine starting material) to coordinate to the
catalyst thus retarding catalyst turnover and reducing the efficiency
of the reaction. Yamamoto reported an early example of an aza-
Diels-Alder reaction promoted by stoichiometric quantities of a
chiral boron compound,413 whichwas followed by the discovery of a
chiral ytterbium414 Lewis acid catalyst for the reaction of azadienes
and zirconium catalysts for the reaction of carbodienes.415 Kobaya-
shi et al. described the reaction of imine501 andDanishefsky’s diene
502a in the presence of (R)-6,60-Br2-BINOL 87c to give the
Diels-Alder product 503 in 83% yield and 82% ee as the S-isomer.
They later disclosed catalysts formed from Zr(IV), and either (R)-
3,30-disubstituted BINOL ligands 504a or 504b gave the related
Diels-Alder products but as the R-isomer (Scheme 163).416 A
range of substrates underwent the reaction giving the desired
heterocycles in good yields and ee. Spectroscopic studies sug-
gested structure 505 as being the active catalytic species with
NMI occupying the apical positions of an octahedral-like metal
geometry, a very similar structure to that established for the 2:1
ligand/metal catalyst 81 (Figure 45).

Subsequently, the same group reported the successful
immobilization of this type of catalyst on a polymer support.
A 3,30-diaryl BINOL derivative could be attached to Merri-
field resin at the 6-position of one of the naphthol fragments
and used to generate catalysts of type 506, which were used of
in the reaction of 501 and 502a to give the desired product in

Scheme 161. Catalytic Asymmetric Aziridination of Imines
in the Synthesis of the Taxol Side Chain

Scheme 162. VANOL or VAPOL/Borate Catalyzed
Asymmetric Aziridination Reactions

Figure 44
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up to 92% yield and 83% ee.417 In the same paper, they
reported an optimized catalyst species for the solution phase
reaction, 507, which gave good yields and enantioselectivities
when used in the reaction of various aldimines and 502a,b.
Slow addition of a mixture of both components was found to
be advantageous, and the catalyst loading could be reduced to
as little as 1 mol % (Figure 46).

The analogous aza-Diels-Alder reaction between N-PMP
imino ester 49 and Danishefsky’s diene 502a (R2 = H) has
been investigated by the group of Whiting.418 They examined
a very wide variety of metal/ligand complexes for the reaction
giving the desired product in moderate yield and good ee. In
the case of Et2Zn/BINOL (Scheme 164, entry 1), ee’s of up to
84% were achieved, although use of lower temperatures
resulted in lower ee’s. This led the authors to suggest the
presence of temperature-dependent multiple catalyst species
(dimeric or oligomeric) or the existence of an achiral back-
ground reaction that persists at lower temperatures. Use of
other metals such as MgI2 or FeCl3 afforded the adduct in
>90% yields; however, it should be noted that the reprodu-
cibility of these results has been questioned.419

Hoveyda and co-workers have applied their N,P-oligopep-
tide-Ag(I) catalyst system 10794 to the aza-Diels-Alder

reaction ofN-ortho-methoxyphenyl imines of aromatic aldehydes
with Danishefsky’s diene 502a. As little as 1 mol % of the catalyst
afforded the adduct 509 in up to >98% yield and 95% ee, but this
could be reduced to 0.5 mol % with no significant erosion of yield
or selectivity, and 0.1 mol % afforded the adduct in 78% yield and
88% ee (Ar = Ph) (Scheme 165).420 The authors noted that the
presence of the ortho-methoxy substituent on the aryl group of
the nitrogen substituent was important for selectivity but not
yield and that the addition of 1 equiv of iPrOHwas important for
smooth and selective reactions. The authors showed that the
reaction proceeded efficiently even under an aerobic atmosphere
and in undistilled THF (Ar = 2-naphthyl, yield 82%, ee 94%
versus yield >98%, ee 95% under anhydrous conditions). They
also described a polymer-immobilized version of the catalyst,
510, that at 5 mol % loading delivered the desired adduct in high
yield and selectivity under ambient conditions and could be
recycled and reused up to 5 times.

The cycloaddition of highly activated N-tosyl imino ester 41
with substituted Danishefsky’s dienes has been examined by
Jørgensen et al. using a very wide range of metal sources
[CuClO4 3 4MeCN, CuOTf 3

1/2C6H6, Cu(OTf)2, AgSbF6,
AgOTf, AgClO4, Pd(SbF6)2, Pd(ClO4)2, Pd(OTf)2, RuSbF6,
and Zn(OTf)2] and ligands (Figure 47).

350,421 Of these, CuClO4

was found to produce the best results with the parent diene

Figure 45. Proposed catalyst structures for the Zr-BINOL catalyzed
aza-Diels-Alder reaction.

Figure 46. Optimized Zr-BINOL catalysts for solid- and solution-
phase aza-Diels-Alder reactions.

Scheme 164. Aza-Diels-Alder Reaction of N-PMP Imino
Esters and Danishefsky’s Diene

Scheme 163. Reversal of Enantioselectivity in the
Zr-BINOL Catalyzed Aza-Diels-Alder Reaction
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(affording the adduct in up to 87% ee (ligand 65f or 65m) in
THF although both average yields and selectivities were better in
DCM). In the case of 502c, the reaction proceeded in a highly
diastereoselective manner with the trans adduct being signifi-
cantly favored over cis. Yields and enantioselectivities of the trans
isomer were marginally improved over those obtained with 502a,
whereas the cis adduct was generated in low ee (Scheme 166).45

In the same paper, the authors reported the aza-Diels-Alder of
41 with unactivated cyclic 1,3-dienes such as cyclopentadiene
and 1,3-cyclohexadiene (Scheme 167). In both cases, the reac-
tion proceeded in moderate to good yield with high enantio- and
diastereoselectivity.

Wulff and co-workers have introduced an updated version of
Yamamoto’s original borate/BINOL reaction413 using a mixture of
5-10mol % (S)-VAPOL 93 and 100mol % of B(OPh)3 with both
aryl and aliphatic imines, N-benzhydryl imines 464 (R1 = Ph).422

High yields and selectivities were obtained in the reaction
producing the S-isomer in up to 93% ee (Scheme 168). The
result was particularly noteworthy because in the related process
stoichiometric quantities of the borate/BINOL catalyst were
required for high enantioselectivities, whereas up to 500mol % of
the achiral B(OPh)3 could be used with 10 mol % of the (S)-
VAPOL with no adverse impact on the enantioselectivity of the
reaction. The authors ascribed this behavior to both higher
reactivity of the imine with the cyclic VAPOL/B(OPh)3 species
versus uncomplexed B(OPh)3 and the excess borate binding to
the product more strongly than the catalyst and aiding the
recycling of the catalytic species. They estimated the difference
in the rates of catalyzed and uncatalyzed reaction to be approxi-
mately 100 times.

Figure 47. Ligands for the aza-Diels-Alder reaction of N-tosyl imino
ester 41.

Scheme 167. Catalytic Asymmetric Aza-Diels-Alder
Reaction of Unactivated 1,3-Dienes

Scheme 168. VAPOL/B(OPh)3 Catalyst in the
Aza-Diels-Alder Reaction

Scheme 165. Hoveyda’s Ag(I)/Peptide Catalyst in the
Aza-Diels-Alder Reaction

Scheme 166. Aza-Diels-Alder Reaction of N-Tosyl Imino
Ester 41 with Substituted Danishefsky’s Dienes
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Carretero and co-workers have used P,S-ferrocenyl-Cu(I) cata-
lysts to promote the asymmetric aza-Diels-Alder of Danishefsky
dienes 502a and 502b with N-sulfonyl aromatic imines.423 A
range of P-substituted catalyst systems were investigated for the
benchmark reaction of PhCHdNTs with 502a, and 517f was
shown to be optimum. The reaction was found not to be concerted
because the main product was the intermediate Mannich adduct,
which was cyclized upon treatment with TFA. Application of these
conditions to reactions of a range of aryl imines gave good yields of
the R-adducts in up to 94% ee (Scheme 169). The same class of
ligand was also exploited in vinylogous indirect Mannich-type
reactions by the same group.424

The corresponding aza-Diels-Alder reaction using hydra-
zone as the dienophile has been reported by Kobayashi et al. A
catalyst formed from Zr(OPr)4 3 PrOH and 3,30,6,60-I4-BI-
NOL 518 promoted the cycloaddition of a range ofN-benzoyl
aliphatic hydrazones with Danishefsky dienes 502d to give the
desired heterocyclic products 519 in moderate yield and high
enantiomeric excess (Scheme 170).425 An attractive aspect of
this protocol is the robust nature of the reactions with

aliphatic hydrazones as opposed to those with the analogous
imines. The authors were able to successfully cleave the N-N
bond in their adducts and elaborate one of them (519 R = nPr)
to N-Boc-(S)-(þ)-coniine 520.

The low reactivity of 1-azadienes has prevented their
widespread use in synthesis,426 but Carretero et al. have
described a catalytic asymmetric reverse electron demand
aza-Diels-Alder of N-sulfonyl-1-aza-1,3-dienes using a catalyst
formed from Ni(II) and DBFOX 33.427 Following a screening of
metal sources [Cu(OTf)2, Mg(ClO4)2 3 6H2O, Zn(ClO4) 3 6H2O,
Ni(ClO4)2 3 6H2O] and N-sulfonyl groups, they settled on a
combination of Ni(ClO4)2 3 6H2O and aza-dienes 521 bearing
the highly electron-withdrawing SO2-(8-quinolyl). Under these
conditions, a wide variety of chalcones and related systems
underwent the cycloaddition giving the desired adducts 522
with extremely high endo/exo ratios (up to 98:2) and good to
high enantioselectivity (up to 92% ee) (Scheme 171). The N-
sulfonyl substituents could be used to good effect following
completion of the reaction because they could be converted into
CNS disorder drug candidate [1,2,4]benzothiadiazine-5,5-diox-
ide derivatives 523a-c following a BF3 3OEt2-mediated cycliza-
tion followed by reduction or addition of RMgX.

The analogous asymmetric aza-Diels-Alder reaction with
2-azadienes has been described by Sundararajan and co-workers.
In their case, they used N-benzylideneaniline 523 as the diene
component in which one of the CdC of the system is implicit in
the aromatic substituent on the nitrogen atom. Activation of this
with 20mol % of a catalyst formed fromTiCl2 and chiral diol 524
in the presence of enol ethers or cyclopentadiene gave moderate
conversions to the expected tricyclic adducts 525 with moderate
diastereoselectivity in the case of DHP and DHF as dienophile
and as a single (syn) diastereomer when cyclopentadiene was
used (Scheme 172).428 Enantioselectivities were generally good
in the case of the syn form.

Scheme 169. Catalytic Asymmetric Aza-Diels-Alder
Reaction of N-Sulfonyl Aryl Imines

Scheme 170. Catalytic Asymmetric Aza-Diels-Alder
Reaction of Hydrazones

Scheme 171. Inverse Electron-Demand Aza-Diels-Alder
Reaction of 1-Azadienes
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The aza-Diels-Alder reaction of a true 2-azadiene has been
reported by Jnoff and Ghosez.429 The instability of these dienes in
the presence of common Lewis acid systems has limited their
applicability in synthesis, but the authors discovered that a simple
combination of Cu(OTf)2 and S,S-tBu-Box 38b promoted the
reaction of a range of 2-azadienes 527 with carbamate dieneophiles
528 in good to very good yield and excellent stereoselectivity
(exo/endo > 99:1, up to 98% ee) (Scheme 173). The reaction is
believed to proceed via a square planar complex formed by
coordination of the metal-ligand complex to the imide group of
the dienophile (Figure 48). This binding mode not only creates
the required chiral manifold for the reaction but is also thought to
limit decomposition of the diene.

In view of the fact that research into reactions promoted by
organocatalysts has been a very active field since around 2000, it
is perhaps surprising that investigation of the organocatalytic aza-
Diels-Alder reaction commenced only in 2005. In the first
reported example of the transformation, C�ordova and co-work-
ers used (S)-proline in DMSO to promote the three-component
coupling of cyclic enones 530, formaldehyde, and a variety of
anilines to give the corresponding bicyclic amines 531
(Scheme 174).430 As expected enantioselectivites were excellent
in all cases although yields were only low to moderate,

particularly in the case of anilines bearing electron-withdraw-
ing substituents. One example of the addition using the N-
PMP imine derived from ethyl glyoxylate was reported (yield
25%, ee 96%). The authors invoked a reaction mechanism in
which the enamine 532 derived from the cyclic enone and
proline reacts with the imine 533 formed from formaldehyde
and the aniline in a Mannich-type fashion to give iminium ion
intermediate 534, which undergoes intramolecular Michael
reaction to give the corresponding bicyclic adduct 535. Hydro-
lysis of this liberates the product and returns the catalyst to the
system (Figure 49).

Gong et al. disclosed a protocol for the closely related reaction
between cyclohexanone and a series of preformed N-PMP
aldimines, catalyzed by chiral phosphoric acid 536 (Figure 50
and Scheme 175).431 A wide range of common aromatic
aldimines functioned in the reaction giving good yields of the
bicyclic adducts with moderate to high enantioselectivity as
predominantly the endo form at 5 mol % catalyst loading. The
authors also reported the corresponding three-component reac-
tion, which gave the desired adducts in almost the same yield and
enantioselectivity as the procedure using preformed imines with
slightly improved endo/exo selectivity.

Chiral phosphoric acids have also been used to catalyze the
aza-Diels-Alder reaction of imines with electron-rich dienes.
In this regard, Akiyama has reported the successful union of

Scheme 172. Ti(II)-Catalyzed Enantioselective
Aza-Diels-Alder Reaction

Scheme 173. Asymmetric Aza-Diels-Alder Reaction of
2-Azadienes Promoted by Cu-Box Catalysts

Figure 48. Proposed transition state for the aza-Diels-Alder of
2-azadienes.

Scheme 174. Direct Catalytic Enantioselective
Aza-Diels-Alder Reaction Promoted by (S)-Proline



2693 dx.doi.org/10.1021/cr100204f |Chem. Rev. 2011, 111, 2626–2704

Chemical Reviews REVIEW

N-ortho-hydroxyphenyl imines 540 with Danishefsky’s diene
502a using the highly hindered phosphoric acid 194k in up to
quantitative yields and high ee (Scheme 176). The stereo-
selectivity of the reaction was found to be dependent on the
nature of additives in the reaction: Addition of a slight excess
of an alcohol improved the ee, while carboxylic acids such as
benzoic and acetic acid gave even better selectivities. The use
of stronger acids such as PhSO3H led to a dominant achiral

background reaction.432 The more acid-sensitive Brassards
diene 539 decomposed in the presence of unattenuated
phosphoric acids such as 194k, so the authors employed
the corresponding pyridinium salt 537 in the reaction. Under
these conditions, 539 underwent smooth Diels-Alder addi-
tion with a series of imines derived from 2-amino-para-cresol
540 in good yield and excellent ee in the presence of 1 equiv
of benzoic acid.433 The reaction was successfully scaled up to
afford the product on gram scale with no loss of yield or
enantioselectivity (Ar = Ph).

The same group have reported a highly efficient catalytic
asymmetric inverse electron demand aza-Diels-Alder reaction of
N-orthohydroxy azadienes 88 with enol ethers catalyzed by chiral
phosphoric acid 194l.434 Using 10 mol % catalyst, the authors
obtained adducts 543 in good yield, excellent enantioselectivity,
and near-perfect cis/trans selectivity (Scheme 177). The ortho-
hydroxy group on the imine nitrogen substituent was found to be
essential for high selectivity, leading the authors to propose a
9-membered transition state in which the imine is bound to the

Figure 49. Proposed catalytic cycle for the organocatalytic aza-Diels-
Alder reaction.

Figure 50. Chiral phosphoric acids and their pyridine salts used in the
organocatalytic asymmetric aza-Diels-Alder reaction.

Scheme 175. Asymmetric Catalytic Aza-Diels-Alder
Reaction Mediated by Chiral Phosphoric Acids

Scheme 176. Organocatalytic Asymmetric Aza-Diels-Alder
Reaction with Danishefsky’s and Brassard’s Dienes

Scheme 177. Catalytic Asymmetric Inverse Electron
Demand Aza-Diels-Alder Reaction of Azadienes
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catalyst in bidentate fashion by H-bonds between the phosphate
and both the imine nitrogen and N-hydroxyl group.

In an early example of an organocatalyzed aza-Diels-Alder
reaction of azadienes, Bode described an elegant protocol
using chiral N-heterocyclic carbene 544 to promote the
addition of N-sulfonyl azadienes 545 to a range of R,β-
unsaturated-δ-dicarbonyl compounds 546 giving the desired
unsaturated lactam adducts 547 as preferentially the syn
diastereomer in moderate to good yield and excellent en-
antioselectivity (Scheme 178).435 The reaction is believed to
proceed via the interaction of the azadiene and enolate 548,
which arises from proton transfer to the homoenolate reso-
nance form 549 of the Breslow intermediate 550 generated by
attack of the nucleophilic carbene on the aldehyde starting
material (Figure 51). The high syn selectivity of the reaction is
determined by the Z-geometry of the enolate 548, and the
reaction proceeds under remarkably mild conditions. The
reaction showed broad substrate scope with both aromatic
and aliphatic azadienes being amenable, and both δ-ester
aldehyde and δ-keto aldehyde dieneophiles underwent

smooth conversion. The requirement for the incorporation
of an ester group into the dienophile component is believed
to be due purely to the higher reaction of a more electron-
poor dienophile, rather than any mechanistic reasons requir-
ing extended conjugate systems such as would be afforded by
the enolization of the ester functional group. The aldehyde
group however was found to be necessary for efficient reac-
tion because use of fumarates or corresponding structures
lacking the aldehyde function were unsuccessful.

7.2. Formal [2 þ 2] Aza Cycloaddition Processes
The formal [2 þ 2] cycloaddition reaction of imines is a

potentially extremely useful procedure, particularly if the
cyclization partner is a ketene, because this would afford
access to β-lactam derivatives. Most of the methodology for
their asymmetric synthesis to date has been reagent-based and
relies on the noncatalyzed reaction of an imine with a
ketene.436 Efforts to develop an efficient catalytic asymmetric
approach to the reaction have been led by Lectka, and in this
context, the benzoyl quinine (BQ)-catalyzed formal [2 þ 2]
addition of highly activated N-Ts imino ester 41 with a range
of ketenes 551 giving the desired β-lactam products 552 with
almost perfect enantioselectivity and as essentially only the cis
isomer (Scheme 179) was reported.437,438 The ketene was
generated in situ by elimination of HCl from the correspond-
ing acyl chloride using a “shuttle-base” technique in which the
non-nucleophilic strong base proton sponge 553 is used
stoichiometrically in conjunction with the BQ which plays a
dual role both as base and as nucleophilic catalyst. Dehydro-
halogenation of the acyl chloride by the BQ affords the ketene
and BQ hydrochloride, which, if not removed, can catalyze a
low ee background reaction. Sequestration of the HCl by
proton sponge returns the free BQ, which then goes on to

Figure 51. Postulated reaction mechanism and stereochemical ratio-
nale for the reaction.

Scheme 179. Catalytic Enantioselective Formal [2 þ 2]
Cycloaddition of Imines and Ketenes

Scheme 178. Catalytic Asymmetric Aza-Diels-Alder
Reactions Promoted by N-Heterocyclic Carbenes
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catalyze the reaction stereoselectively. Other bases can be
used in combination with BQ including NaH/15-crown-5,439

K2CO3, and BEMP giving the cis-β-lactam 554 in very similar yields
and enantioselectivities. Subsequent treatment of the addition
products with either methanol or a primary amine gave β-aspartic
acid derivatives or R,β-amino acids, respectively.440

The practicality of this reaction was increased by the discovery
that the sequence can be carried out on solid phase using a
sequence of immobilized reagents (Scheme 180).441 Addition of
a solution of the acid chloride over BEMP resin cooled to-78 �C
produced a stream of the ketene, which was then exposed to the
immobilized chiral catalyst and the imine at -43 �C. Final
treatment with a scavenger resin removed unreacted ketene
and byproduct to give the desired cis-β-lactams in virtually
identical yields and enantioselectivities. The high cost of BEMP
resin prompted the authors to develop an alternative system in
which a mixture of the acid chloride and imine was passed over
the supported quinine catalyst at -43 �C to give the product
(R = Ph) in 61% yield and 91% ee as a 7:1 cis/trans mixture.442

Addition of an inorganic base such as K2CO3 impeded reaction
and led to lower selectivities. Both protocols could be operated
smoothly on a gram scale, and the resins could be recovered and
regenerated (up to 60 times). In view of the uncertainty in
determining loading of catalyst onto the resin, the effective
quantity of catalyst required for the reaction is difficult to

estimate. Other factors such as flow rate and possible leaching
of the asymmetric catalyst from the resin must be acknowledged
as potential drawbacks to the system.

Although this method represented an interesting technical
advance and presented a route to biologically important mole-
cules with exceptional selectivity, the relatively low yields (40-
65%) of the process limit its synthetic utility. In an attempt to
obviate this, Lectka and co-workers have developed a bifunc-
tional catalyst system involving BQ and a metallic cocatalyst.
After screening a number of metals [Mg(II), Cu(I), Yb(III),
La(III), Ag(I), Al(III), Sc(III), Zn(II), and In(III)], they identi-
fied an optimum catalyst system consisting of a 1:1 complex of BQ
and In(OTf)3. Application of this in the reaction of imine 41 with a
range of ketenes (551, R = Ph, Bn, CH2OPh, OPh, OAc, or OBn)
gave the desired products in greatly improved yields (92-98%
versus 45-65% with the simple BQ system) and excellent selectiv-
ities of 96-98% ee and up to 60/1 syn/anti diastereoselectivity.443

8. CONCLUSION

The addition reactions of CdN systems, particularly imine
and hydrazones, remains a field of very great importance in
organic synthesis and is still the focus of Herculean efforts on the
part of a large number of research groups as they respond to the
demand for ever more efficient and selective catalysts.

Although significant advances have been made in Lewis acid
based systems, it is the explosive growth of research into
organocatalysts in the last 10 years that has made the greatest
impact. The almost quantitative yields and very high enantios-
electivites, routinely in the realm of >95%, coupled with their
robust nature and, certainly in the case of proline-derived
catalytic systems, their simplicity, ensures that they will be the
focus of intensive research efforts for some time to come.
Principal problems that will require attention will surely include
reduction of catalyst loading and substrate scope. In these areas,
Lewis acid catalysts still display superior performance. The exact
nature of the real catalytic species in these systems is still in many
cases amystery, and the subtle effects of additives and solvents on
catalyst structure and the consequent implications for enantios-
electivity ensure a steady supply of discoveries and elucidations
for the foreseeable future.
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