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Enantioselective catalytic formation of tertiary stereogenic
centers has nowadays reached an impressive level of matu-
rity, as is reflected in the large variety of available methods
that afford high yields and high stereoselectivities. However,
the development of stereoselective approaches for the forma-
tion of quaternary stereogenic centers still represents an
enormous challenge for synthetic chemists. On the other
hand, biologically active molecules containing quaternary
stereogenic centers provide an incentive for the development

1. Introduction

The use of chirotechnology in academia and industry has
achieved the goal of successfully generating tertiary carbon
atom centers in a highly selective way, by the use of chiral
auxiliaries, ligands, or catalysts.[1] However, the preparation
of biologically active natural products and drugs bearing
quaternary stereocenters still remains a highly demanding
task.[2]

Every single new method for the construction of a fully
substituted carbon center is a great advance in this chal-
lenging field. Over the last few years, new methodologies
for the construction of quaternary stereocenters have ap-
peared in the literature. Powerful catalytic methods that en-
able the enantioselective addition of nucleophiles to the
rather unreactive ketones have been discovered. Several new
concepts such as, for example, the double activation of both
the nucleophile and the electrophile[3] have been introduced
by several groups in order to solve the problems posed in
the addition of reagents to ketones. Nowadays, the state of
the art in this field has reached a new level, and these new
methodologies have started to be incorporated in the syn-
theses of more complex structures.[4] These difficult trans-
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of new, selective, and useful processes. Over the last few
years, breakthrough work relating to the formation of fully
substituted carbon centers has appeared in the literature. In
this review we discuss recent highlights of this new direction
in catalysis research: the formation of quaternary stereogenic
centers by enantioselective catalytic methodologies.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

formations need the abilities of chemists for the develop-
ment of new ligands and new promoters, in order to expand
the scope of these new exciting reactions.

This overview is directed towards summarizing the best
catalytic enantioselective methodologies discovered for the
additions of nucleophiles to ketones, introducing some
guidelines for the development of new processes. Nucleo-
philic Michael additions to α,β-unsaturated ketones re-
sulting in the generation of quaternary stereogenic centers
are also described, as well as other enantioselective pro-
cesses. In addition, interesting new methodologies for the
formation of quaternary stereogenic centers bearing amino
groups are reported. The stereoselective formation of qua-
ternary stereogenic centers has been discussed in some ex-
cellent recent reviews.[5] However, there has been a rapid
growth of catalytic enantioselective reactions in this field
over the last three years, and these new emerging methodol-
ogies are the subject of this review.

The definition of quaternary stereocenters sometimes
gives rise to some disagreement between scientists, as qua-
ternary stereocenters are normally considered to be quater-
nary carbon atoms substituted with four carbon atoms
bearing four different substituents. However, quaternary
stereocenters also include tertiary alcohols or amines, in
which one carbon atom is replaced by a functional group
or by a heteroatom. We make a distinction between full-
carbon quaternary stereogenic centers, which are the most
difficult to synthesize, and other “quaternary” stereogenic
centers; in the last part of our review we present some stra-
tegies for the preparation of fully substituted all-carbon ste-
reogenic centers. Since a Microreview is not intended to be
comprehensive nor exhaustive, we have selected work from
different authors, and we apologize for the most relevant
omissions.
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1.1 Enantioselective Control with the Less Reactive
Ketones: Problems

The addition of nucleophiles to aldehydes is an impor-
tant and established process in organic synthesis. New ste-
reogenic centers and C–C bonds are formed in a single step.
In cases of the stereoselective catalytic version of this reac-
tion, sets of nucleophiles such as enolsilanes, allylstann-
anes, -silanes, or -boranes, and zinc reagents can be used.[6]

These nucleophiles have been extensively applied in solving
difficult problems in the synthesis of natural products, bio-
logically active products, drugs, or special materials. In the
addition of chiral or prochiral nucleophiles to achiral or
chiral aldehydes, secondary alcohols are obtained as mix-
tures of enantiomers, single enantiomers, or diastereoiso-
mers. The chemical industry has devoted much effort to the
preparation of chiral secondary alcohols by enantioselective
hydrogenation methodologies.[7] The generation of tertiary
carbon atom stereocenters can in most cases be achieved
straightforwardly by use of the appropriate method involv-
ing a chiral auxiliary, reagent, or catalyst. However, syn-
thetic access to complex, biologically active molecules con-
taining tertiary alcohols and related systems is still prob-
lematic for organic chemists. The best and direct approach
for the preparation of chiral tertiary alcohols is the enantio-
selective addition of organometallic reagents to a ketone.[8]

Through the use of chiral organometallic reagents, the dia-
stereoselective addition of the reagent to a ketone could
take place. Although there are several reported examples of
the addition of Grignard reagents[9] and organolithium[10]
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compounds to ketones, at least one equivalent of expensive
and difficult-to-prepare chiral ligand needs to be used.
Sometimes, as in the case of (–)-sparteine, the other enantio-
mer of the chiral ligand is not available.[11] Generally, chi-
ral auxiliaries are expensive and sometimes multi-step syn-
theses are required for their preparation. The reduction of
the amount of the ligand used for the enantiodiscriminating
step is essential for issues of environmental control and
cost-related problems. However, catalytic enantioselective
additions of nucleophiles to ketones are rather difficult, as
ketones are less reactive electrophiles than aldehydes, and
the additions do not take place even in the presence of pro-
moters. The higher temperatures required could be deleteri-
ous for enantioselectivity. Most of the time either the
ketone is recovered unchanged, or byproducts deriving
from its reduction, enolization, or dimerization are ob-
tained. Reactions with ketones are normally endother-
mic,[12] and an organometallic reagent or organocatalyst
needs to be able to differentiate the two enantiotopic faces
of a carbonyl group, differentiating them through the steric
and electronic properties of two quite similar flanking
groups in the case of ketones.

1.2 Diels–Alder and Hetero-Diels–Alder Reactions of
Ketones

Normally, α,β-unsaturated non-chelating ketones are dif-
ficult substrates for Diels–Alder reactions, and only recently
successful organocatalytic methodologies[13] and the use of
extremely active Lewis acids[14] have allowed their use.
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In the other case, the ketone undergoes a direct reaction
with a diene, from which two distinctive products might be
obtained. In hetero-Diels–Alder reactions of ketones, the
carbonyl reacts with a diene, forming a pyran ring. When
an electron-poor double bond is used, the pyran could be
formed in an electronically inversed Diels–Alder reaction
(Scheme 1).

Scheme 1. Hetero-Diels–Alder reactions with ketones.

The majority of recent research into hetero-Diels–Alder
reactions of activated ketones has been focussed on asym-
metric catalysis. The substrate in these reactions, such as an
α-keto ester, is set up for bidentate coordination to a chiral
Lewis acid, typically a copper bisoxazoline (CuBOX) com-
plex. The bidentate coordination of the α-keto ester to the
chiral Lewis acid activates the keto functionality for reac-
tion, and the tight coordination is more effective in dis-
criminating one of the faces of the ketone functionality.
Jørgensen has described enantioselective hetero-Diels–
Alder reactions of ketones with Danishefsky-type dienes in
the presence of chiral copper(II) complexes. The first cata-
lytic highly enantioselective version of this hetero-Diels–
Alder reaction was catalyzed by the C2 tBu-(bisox-
azoline)(BOX)-Cu(OTf)2 complex 1 (Figure 1).[15] Remarka-
bly, only 0.05 mol-% of the catalyst was necessary to
achieve good enantioselectivity.

Figure 1. Box- and BiSOX-Cu(OTf)2 complexes.

The reaction is limited to the employment of the reactive
Danishefsky diene, while a more reactive electrophilic
ketone such as a ketomalonate is necessary for reaction
with other dienes.[16] Bolm et al. have successfully applied
the chiral bis(sulfoximine) (BiSOX)-Cu(OTf)2 complex 2 as
a catalyst for the hetero-Diels–Alder reaction of ketomalon-
ate with cyclohexadiene (Figure 1). This reaction afforded
the hetero-Diels–Alder adduct in excellent yield and
enantioselectivity.[17]

Later developments by the same group led to the intro-
duction of a new class of quinoline-based C1-symmetric
monosulfoximine ligands. These new ligands, in combina-
tion with Cu(OTf)2 as the Lewis acid, also afforded hetero-
Diels–Alder adducts with high enantiocontrol. The X-ray
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structure of one of the chiral quinoline-based C1-symmetric
ligands, and a mechanistic study, have shown that C2 geom-
etry is not necessary to achieve good enantioselectivity with
distorted tetrahedral geometry of these copper com-
plexes.[18] This strategy was also pursued in other catalytic
reactions by Bolm and co-workers. Only a few other exam-
ples of enantioselective hetero-Diels–Alder reactions with
ketones have been published.[15b]

The number of hetero-Diels–Alder reactions in which the
ketone functionality is part of a heterodiene is much higher
than that of the hetero-Diels–Alder reactions of ketones
with dienes discussed above. The first catalytic inverse-elec-
tron demand enantioselective hetero-Diels–Alder reactions
were reported by Kanemasa, who used titanium deriva-
tives.[19]

In subsequent years, CuBOX complexes were applied for
the synthesis of optically active dihydropyrans. The use of
activated α,β-unsaturated acyl phosphonates was intro-
duced by Evans (Scheme 2).[20]

Scheme 2. Activated acylphosphonates in the synthesis of dihy-
dropyrans.

Evans and Jørgensen independently reported the use of
activated α,β-unsaturated α-keto esters.[21] Good levels of
diastereo- and enantioinduction can be achieved for both
substrate classes. Wada has also developed a novel catalytic
asymmetric tandem-transesterification-intramolecular het-
ero-Diels–Alder reaction.[22]

2. Asymmetric Synthesis of Tertiary Alcohols

2.1 Enantioselective Catalytic Alkylation of Ketones

In principle, a variety of organometallic reagents is avail-
able for the catalytic enantioselective transfer of alkyl
groups. Unfortunately, most of them are particularly reac-
tive, and background reactions are so fast that the design
of a catalytic process becomes quite difficult.

In contrast, while organozinc reagents are quite unreac-
tive, they can tolerate the presence of many functional
groups, and they are highly selective in nucleophilic ad-
dition reactions to carbonyl compounds. Thus, alkyl-, vinyl-,
and arylzinc reagents add to aldehydes with excellent che-
moselectivities in the presence of Lewis acid catalysts.[23] If
a chiral catalyst is used, very high enantioselectivities can
be achieved. While hundreds of ligands have been reported



P. G. Cozzi, R. Hilgraf, N. ZimmermannMICROREVIEW
for catalytic enantioselective organozinc additions to alde-
hydes, now considered a benchmark reaction for evaluating
new chiral ligands, much less work on asymmetric organo-
zinc additions to ketones has been reported.

In 1998, Ramón and Yus described the first examples
of asymmetric additions of alkyl groups to ketones:[24] the
alkylation of ketones with dialkylzinc reagents and a tita-
nium-based catalyst, employing titanium tetraisopropoxide
in combination with a camphor-based hydroxysulfonamide
ligand. To improve his results further, Yus thought of com-
bining two molecules of the catalyst in one molecule and
developed a series of C2-symmetric ligands (Scheme 3).

Scheme 3. C2-symmetric sulfonamide ligand used by Yus in the cat-
alyzed addition of Et2Zn to acetophenone.

Walsh[25] and then Yus[26] described the most successful
ligand to date for the addition of alkylzinc reagents to
ketones in the shape of the chiral sulfonamide diol 3 (Fig-
ure 2).

Figure 2. Sulfonamide ligand 3 and DAIB ligand 4.

The ligand is prepared simply from commercially avail-
able camphorsulfonyl chloride and trans-diaminocyclohex-
ane; the active ligand is the major diastereoisomer obtained
after reduction with NaBH4. Catalyst loading of 2 mol-%
was used in conjunction with Ti(OiPr)4 for catalysis of ge-
neral asymmetric additions of alkyl and functionalized
alkyl groups to ketones, with enantioselectivities of up to
99% ee being obtained in most cases. In some cases side
reactions – this is determined by the steric hindrance of the
ketone – are observed. Interestingly, the reaction is easily
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scalable, and concentrated or neat reaction conditions have
been developed, in order to reduce or eliminate the need
for solvents in these reactions.[27] Yus has also reported a
comprehensive overview of the influence of different chiral
or achiral diamines in this reaction.[28]

Another advantage of this ligand is its applicability in
consecutive, one-pot reactions. Walsh described the use of
this ligand and Ti(OiPr)4 in the catalyzed additions of
Et2Zn and Me2Zn to cyclic α,β-unsaturated ketones, ob-
taining good yields and enantioselectivities without any
traces of Michael adducts. 2-Substituted enones are good
substrates as well, and the products, obtained in enantio-
meric excesses of up to 99%, can undergo diastereoselective
epoxidation by exposure of the reaction mixture to oxygen
(1 atm). In the case of the addition of Me2Zn, it was neces-
sary to add 2 equiv. of Et2Zn before exposure to oxygen.
Functionalized zinc reagents, prepared by the procedure de-
scribed by Knochel,[23b] were used by Walsh in the synthesis
of highly functionalized tertiary alcohols, with impressive
enantiomeric excesses for the selected ketones.[29]

In general, with ketones it is necessary to overcome the
low reactivity of these substrates by use of the general con-
cept of double activation.[30] Salen metal complexes are well
suited to exhibit such behavior, thanks to their distinctive
properties (Figure 3).[31] Zn(Salen) complex 5 (Figure 3, M
= Zn) was able to activate Et2Zn in a catalytic reaction with
aldehydes.[32]

Figure 3. Zn(Salen) metal complex and its distinctive properties.

This concept of double activation was intensely elabo-
rated by Kozlowski, who developed Lewis acid–Lewis base
zinc and titanium Salen complexes for the addition of zinc
reagents to aldehydes. The addition of dialkylzinc reagents
to keto esters was also effectively catalyzed by titanium
Salen complexes, while reduction of the keto ester, a side
reaction that always accompanies this reaction, was mini-
mized.[33]

Another bifunctional catalyst for the addition of Me2Zn
to α-keto esters was developed by Shibasaki. The catalyst
was prepared in two steps from commercially available cis-
4-hydroxy--proline methyl ester;[34] the proline hydroxy
group enhances the reactivity of Me2Zn. The background
reaction is quite fast, but can be avoided by slow addition
of Me2Zn to the mixture containing the catalyst, while it is
also necessary to perform the reaction in the presence of an
additive: iPrOH used in a precise amount of 27 mol-% was
the most successful, leading to good enantioselectivities in
reactions with aromatic and heteroaromatic ketones. The
role of the iPrOH additive was analyzed by nonlinear ef-
fects studies, and it was shown that it changes the nature of
the catalyst into a monomeric form.
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Recently, another publication by Hoveyda and Snapper
also described the addition of alkylzinc species to α-keto
esters. The use of their Hoveyda–Snapper privileged cata-
lysts,[35] formed from Schiff bases combined with dipep-
tides,[36] promoted the addition of Me2Zn and Et2Zn to α-
keto esters. The reaction is performed through the use of
catalytic amounts of an aluminium complex that is pre-
pared in situ by treating the Schiff base with Al(OiPr)3, in
the presence of additives (Scheme 4). The role of the addi-
tive is to occupy a coordination site during the nucleophilic
addition, thereby enhancing steric hindrance and the face
selectivity of the process.[37]

Scheme 4. Addition of Et2Zn to keto esters promoted by a peptide-
derived ligand.

Another effective and quite simple ligand for the ad-
dition of dialkylzinc to ketones was described by Pedro,[38]

while in 1998 Fu reported the first example of a catalytic
enantioselective addition of a phenyl group to ketones,
using Noyori’s DAIB ligand 4 (Figure 2).[39] Although the
use of Ph2Zn afforded poor results, the mixed reagents
formed by the addition of MeOH improved yields and
enantioselectivities. Although good results had been ob-
tained in the addition of phenyl groups to aldehydes,[40] un-
til recently the breakthrough reported by Fu remained an
isolated example. Walsh and Yus, however, simultaneously
described the use of ligand 3 for the addition of phenyl
groups to ketones (up to 99% yield, 80–91% ee val-
ues).[24,25,41] In both examples aromatic or unsaturated
ketones are good substrates, and even dialkyl ketones gave
good yields and enantioselectivities.

Quite interesting results relating to the use of α-halo
ketones in asymmetric phenylation were reported by Walsh.
Treatment with Ph2Zn, promoted by 10 mol-% of ligand
3, gave the desired products, which could subsequently be
transformed into chiral epoxides in high yields. On the basis
of his observation that 2-substituted α,β-unsaturated
ketones were good substrates for the addition of zinc rea-
gents when ligand 3 was used, Walsh investigated the ad-
dition of phenyl groups to these substrates. Enantio-
selectivities of up to 97% and excellent yields were ob-
tained. Among all the substrates investigated, 2-iodo and
2-bromo substituents gave excellent results and are useful
products for cross-coupling reaction.
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The addition of vinyl groups to aldehydes is a reaction
well known from pioneering studies by Oppolzer.[42] The
addition of vinyl groups to ketones by the Wipf protocol,[43]

which consists of hydrozirconation of alkynes with
Schwartz’s reagent, followed by transmetalation with
Me2Zn, was investigated by Walsh. Through the use of li-
gand 3 and Ti(OiPr)4 with 5–10 mol-% of catalyst loading,
a variety of alkynes and ketones were employed in a
straightforward methodology that afforded highly function-
alized tertiary alcohols in good yields and with good
enantioselectivities.[44] Again, α,β-unsaturated ketones sub-
stituted in their 2-positions gave high enantioselectivities in
this reaction. To date no other ligand superior to ligand 3
in the enantioselective transfer of alkyl groups to ketones
has been designed. Walsh also showed that a ligand derived
from trans-1,2-diaminocyclopentane afforded slightly lower
enantiomeric excesses in the same reaction, probably due
to the greater conformational freedom of the cyclopentane
ring.[45]

The addition of arylboronic acids to particularly reactive
ketones has been reported by Hayashi, who described enan-
tioselective additions of arylboronic acids to isatins pro-
moted by Rh complexes.[46]

2.2 Enantioselective Catalytic Additions of Acetylenes to
Ketones

Since ketones are less reactive electrophiles than alde-
hydes, the development of new methods for enantioselective
additions of acetylenes to ketones is more challenging.
However, the controlled synthesis of quaternary stereogenic
centers is important for the preparation of enantiomerically
pure natural products and pharmaceuticals, so there is a
clear need for such methodologies. The synthesis of such
compounds by asymmetric addition of carbon nucleophiles
to ketones has so far been met only with limited success.
One successful example is represented by the enantioselec-
tive synthesis of Efavirenz, a potent nonnucleosidal HIV
reverse transcriptase inhibitor that has been approved by
the US FDA for the treatment of AIDS (Scheme 5).

Scheme 5. Efavirenz, a potent nonnucleosidal HIV reverse tran-
scriptase inhibitor.
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Thompson and co-workers have described the addition

of lithium cyclopropylacetylide to p-methoxybenzyl-pro-
tected ketoaniline 6 in 98–99% ee values.[47,48] However, the
successful outcome of the reaction relies on the use of large
amounts of (1R,2S)-N-pyrrolydinylnorephedrine as the chi-
ral ligand, and the protection of the aniline moiety. Tan
has reported the direct alkynylation of ketoaniline 6 (up to
99.2% ee) with use of alkynyllithium or alkynylmagnesium
reagents together with stoichiometric amounts of chiral zinc
aminoalkoxides, again employing (1R,2S)-N-(pyrrolydinyl)-
norephedrine.[49] The reaction has been carried out success-
fully on a multi-kilogram scale and is probably the most
efficient synthesis of Efavirenz to date.[48]

Zinc triflate is able to activate alkynes through coordina-
tion to the triple bond. Carreira performed spectroscopic in
situ measurements to study this labile coordination, and
was able to demonstrate that in the presence of an organic
base a reversible deprotonation of the alkyne occurs, re-
sulting in the formation of a reactive zinc acetylide.[50] Car-
reira has used N-methylephedrine as a chiral base, establish-
ing a direct, straightforward procedure for the enantioselec-
tive alkynylation of aldehydes.[51] It is worth mentioning
that zinc metal is used in catalytic amounts. This reliable
procedure was also used in enantioselective syntheses of
natural products, but this methodology is not yet applicable
for less reactive ketones. Although In(OTf)3 could replace
Zn(OTf)2 for alkynylation of ketones by the use of organic
bases,[52] no enantioselective variant has yet been published.
More strongly activated ketones are reactive enough for the
Zn acetylides formed in situ by Carreira’s methodology. In
fact, Jiang used their catalyst system described above for
additions of zinc acetylides to α-keto ester derivatives.[53]

He reported that ligand 7 (Figure 4) could be used to cata-
lyze the enantioselective addition of zinc alkynylide to α-
keto esters, obtaining the desired products in 73–94% ee
values.

Figure 4. Jiang’s ligand for the catalytic addition of zinc alkynilides
to keto esters.

N-Methylephedrine was also used in one example. In this
case 22 mol-% of N-methylephedrine was used and, as re-
ported previously, higher temperatures (70 °C) were critical
to ensure high turnover numbers. Base and Zn(OTf)2 were
used in catalytic amounts. Hindered aliphatic as well as aro-
matic α-keto esters as substrates gave tertiary α-hydroxy-
β-ynyl esters with excellent enantiomeric excesses of up to
94%.

Jiang and Feng also studied the asymmetric alkynylation
of PMB-protected ketoanilines.[54] Excellent ee values of up
to 99% were obtained with lithium cyclopropylacetylide as
nucleophile and C2-symmetric diamino diols as chiral li-
gands. As alternative zinc sources, commercially available
or readily prepared solutions of Me2Zn or Et2Zn were suit-
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able for forming the active acetylides. However, Me2Zn or
Et2Zn are not capable of deprotonating phenylacetylene,
and no reaction occurs between these two reagents.[55] In
this case, an activation of the R2Zn reagents towards the
deprotonation step is necessary. Although the low reactivity
of ketones is well known, zinc acetylides formed in situ by
the reaction of phenylacetylene with Me2Zn can be used for
the direct addition of acetylides to ketones. The activation
role of Me2Zn in the subsequent deprotonation is played by
the electrophile itself, through coordination to Me2Zn. As
soon as the zinc acetylene derivatives are formed, they
quickly react with ketones through two possible transition
states.[56] Care needs to be taken to avoid low enantiomeric
excesses in the alkynylation of ketones caused by inefficient
transmission of chiral information in the enantiodetermin-
ing step due to the competing and fast noncatalyzed reac-
tion. On the other hand, if the alkynylation is performed
with solutions of Me2Zn or Et2Zn in the presence of a chi-
ral ligand, the deprotonation step is probably activated by
the chiral ligand itself, which also controls the enantiodeter-
mining step.

The first general method that allowed the enantioselec-
tive addition of acetylenes to ketones was reported by Cozzi
and is based on the Salen framework (Scheme 6 and Fig-
ure 3).[57]

Scheme 6. Addition of phenylacetylene to ketones promoted by
Zn(Salen) 5.

Salen has peculiar properties – its metal complexes are
able to act in a cooperative manner[31] and can behave as
bifunctional Lewis acid–Lewis base catalysts (Figure 3).[58]

The oxygen atoms of Salen metal complexes can coordinate
to reactive organometallic fragments.[59] Although only
moderate enantioselectivities were obtained, the use of
third-generation Salen ligands by Katsuki[60] improved
yields and enantioselectivities. Moreover, with these Salen
ligands it was possible to reduce the amount of ligands used
in the alkynylation to 8 mol-%.[61] Recently, a different
Schiff base derived from a sterically hindered amino alcohol
was used in the alkynylation of ketones. Wang showed that
only 1 mol-% of ligand 8 was sufficient to catalyze the alk-
ynylation of aliphatic and aromatic ketones in hexane
(Scheme 7).[62]

One of the best methods for the addition of alkynes to
ketones was reported by Chan.[63] This method is based on
the combination of Cu(OTf)2 with camphorsulfonamide li-
gand 9 (Scheme 8).

This reaction is probably mediated by a CuI complex
formed in situ by the reduction of CuII with Me2Zn, since
the [Cu(OTf)]benzene complex is also an effective cata-
lyst.[63b] Surprisingly, other suitable ligands for copper, such
as PyBOX,[64] were completely ineffective, and subtle
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Scheme 7. Efficient alkynylation of ketones with ligand 8.

Scheme 8. Alkynylation of ketones in high ee values with the ligand
9 developed by Chan.

changes in the steric hindrance of the camphorsulfonamide
caused the failure of the reaction. The bis-camphorsufon-
amide ligand 3 used for promoting the addition of R2Zn to
ketones is not suitable for catalyzing the addition of phenyl-
acetylene, as was recently reported by Yus.[28] The method
described by Chan is well suited for aromatic ketones, and
up to 97% ee values are obtained, but aliphatic ketones are
in general poor substrates. Several effective ligands for the
alkynylation of ketones were developed by Wang (Fig-
ure 5).[65] In some cases good enantioselectivities could be
achieved with aromatic and aliphatic ketones. These ligands
are simply prepared chiral amino alcohols derived from
phenylalanine and have previously been shown to give good
enantioselectivities in the alkynylation of both aldehydes
and imines.

Bulky groups introduced near the oxygen atom are likely
to be responsible for enhanced stereoselectivity, since they
might prevent dimerization of the zinc catalyst in solu-
tion.[66] In another example, Wang used easily accessible
and inexpensive quinine as chiral ligand for a substoi-
chiometric (80 mol-%) addition of phenylacetylene to
ketones.[67] In this case, a combination of Me2Zn and
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Figure 5. Peptide ligands introduced by Wang.

AlMe3 was used, and the asymmetric alkynylzinc addition
to unactivated aromatic ketones proceeded in 70–89% ee
values.

Cozzi[68] and Wang[69] have found that BINOL (10, Fig-
ure 6) can be used in enantioselective additions of acetyl-
enes to ketones with promising results in terms of yields
and enantiomeric excesses.

Figure 6. BINOL (10), H8-BINOL (11), and MonoThio-BINOL
(12) ligands.

The two procedures, although similar and derived from
the same chiral ligand, are based on completely different
concepts. Wang carefully examined the ratio between
BINOL and Ti(OiPr)4. Contrary to expectations, the use of
fewer equivalents of Ti(OiPr)4 was key for promoting the
BINOL-catalyzed alkynylation of ketones. This finding can
be explained by the fact that stronger Lewis acidic metal
complexes need to be used with less reactive ketones.
Through the use of 30 mol-% of BINOL, enantioselectivi-
ties of up to 92% were obtained for 3-methoxyacetophe-
none. In the case of the typically more problematic aliphatic
ketones, only inferior ee values could be achieved. In our
titanium-BINOL-catalyzed addition of phenylacetylene to
ketones, we started with the idea that titanium acetylides
are obtained by equilibrium between Ti(OiPr)4 and R2Zn,
as pointed out in careful studies by Gau[70] and Walsh.[71]

Since Me2Zn is highly flammable and expensive, the di-
rect preparation of titanium acetylide was considered. Tita-
nium acetylides were described by Seebach,[72] and are ex-
tremely reactive compounds, storable only at low tempera-
ture and stabilized by coordination with electrophiles. To
overcome the use of R2Zn in additions of acetylenes to
ketones, we have described the enantioselective catalytic ad-
dition of titanium phenylacetylene, prepared in situ, pro-
moted by catalytic amounts of BINOL. The results in terms
of yield and stereoselectivity are similar to those reported
by Wang. However, the extreme reactivity of titanium ace-
tylides makes the use of low temperature obligatory for this
method, and it is therefore not adaptable to the more reac-
tive aldehydes, which react too quickly at –78 °C.
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All methods so far described in this section can afford

good stereoselectivities but are not general for different
kinds of acetylenes. Recently, however, Trost[73] and Shiba-
saki[52] have described a more general method for the ad-
dition of different types of acetylene to aldehydes, although
the corresponding reactions with ketones were unsatisfac-
tory. In this context, the admission of additives such as
HMPA could be helpful in promoting exchange reactions
between R2Zn and functionalized alkynes[74] when the al-
kynes were less acidic then phenylacetylene or bore groups
that were unstable under the harsh reaction conditions nec-
essary for the deprotonation step.

2.3 Enantioselective Allylation of Ketones

Chiral homoallylic alcohols represent a class of com-
pounds that can be widely used in the synthesis of biolo-
gically active compounds. Many different organometallic
compounds have been shown to catalyze additions of allyl-
organometallic reagents to aldehydes, as discussed in a re-
cent review.[6] However, far fewer methods in which an or-
ganometallic reagent is used to transfer an allylic group to
a ketone have been developed. One example is the addition
of an allylsilane to a carbonyl group, known as the Sakurai–
Hosomi allylation, one of the most reliable methods for
providing access to homoallylic alcohols. Nontoxic, stable,
and inexpensive allyltrialkylsilanes and allyltrialkoxysilanes
are used as nucleophiles in this reaction. However, although
excellent examples of asymmetric Sakurai–Hosomi al-
lylations of aldehydes with these reagents have been re-
ported, only a few examples of enantioselective Sakurai–
Hosomi reactions with ketones have been described.

Yamamoto reported enantioselective additions of allyltri-
methoxysilane to ketones promoted by chiral silver com-
plexes (Scheme 9).[75]

There are several interesting features to this method: the
reaction is conducted with a complex of AgF and a chiral
phosphane in THF, and MeOH is added in order to dis-
solve the AgF in THF and to enhance the turnover of
the catalyst through protonation of the silver alkoxide

Scheme 9. Enantioselective allylation of ketones promoted by a silver DIFLUORPHOS (13) complex and by TolBINAP (14) complexes.
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intermediate. The chiral phosphane employed is (R)-
DIFLUORPHOS (13),[76] which leads to predominant for-
mation of a monomeric phosphane–AgF complex, due to
the poor electron-donation ability of its phosphorus atom.
Other phosphane ligands afford mixtures of dimeric phos-
phorus species. Shibasaki also described a catalytic enantio-
selective allylation of ketones using TolBINAP (14,
Scheme 9), with allyltrimethoxysilane as allylating rea-
gent.[77]

However, only moderate enantioselectivities of up to
61% ee could be obtained with use of 15 mol-% of TolBI-
NAP. Since allylboronates can be catalytically activated by
a Lewis acid,[78] Shibasaki performed the addition in the
presence of allylboronate. After intensive screening of chiral
ligands and optimization of catalyst preparation methods,
a combination of CuF, prepared in situ by reduction of
CuF2·2H2O (15 mol-%), and iPr-DuPHOS (15, 30 mol-%)
gave the best enantioselectivity in DMF as the reaction sol-
vent (Scheme 10).[79] Addition of 20 mol-% of La(OiPr)3

dramatically accelerated the reaction, led to increased
yields, and allowed the catalyst loading to be decreased.
The substrate generality of this reaction is broad, and enan-
tiomeric excesses of up to 91% were obtained in short reac-
tion times at –40 °C.

The same allylboronate was also used by Schaus in an
organocatalytic allylation methodology promoted by a chi-
ral Brønsted acid.[80] Although the procedure is quite sim-
ple and requires BINOL (10) derivatives, the scope of the
reaction is limited to unsaturated and aromatic ketones.

The use of allyltin derivatives in the enantioselective cata-
lytic allylation of ketones was first reported by Tagliavini,[81]

who used titanium BINOL derivatives. In order to over-
come the reduced reactivity of ketones, tetraallyltin was
used in the reactions in conjunction with 20–30 mol-% of a
(BINOLate)Ti-based catalyst. The allylation products of
the ketones were isolated with up to 65% ee values with use
of 20 mol-% BINOL and titanium tetraisopropoxide.

The first highly enantioselective catalyst for the asym-
metric allylation of ketones was reported by Maruoka and
co-workers.[82] The catalyst, based on titanium tetraisoprop-
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Scheme 10. The pioneering studies of allylation of ketones performed by Shibasaki’s group.

oxide (60 mol-%), BINOL (60 mol-%), and a diamine li-
gand (30 mol-%), gave 90 and 92% ee values with acetophe-
none and 2-acetonaphthone, respectively. Unfortunately,
the substrate scope of this catalyst was limited, and the au-
thors speculated that the role of the bridging ligand is to
form an active bimetallic catalyst, positioning the titanium
centers such that they can both activate the substrate and
nucleophile simultaneously.

Walsh was able to improve the system described by Tag-
liavini with his observation that iPrOH liberated in the reac-
tion had a beneficial impact on the enantioselectivity of the
catalyst.[83] Therefore the catalyst was synthesized with ad-
ditional propan-2-ol, considerably improving the enantio-
selectivity (up to 95% ee). The scope for the use of different
allyltin reagents is limited: Walsh reported that tetramethal-
lyltin gave only low enantioselectivity in the same protocol
as used for tetraallyltin. He also found, however, that the
reaction conducted in CH3CN in the presence of H8-BI-
NOL (11, Figure 6) afforded a 25% increase in enantio-
selectivity, opening the window for further improvements to
reduce the catalyst loading and to increase the scope of the
reaction.[84] If the addition of tetraallyltin is performed with
α,β-unsaturated ketones, the derived tertiary alcohols are
useful intermediates for further chemical transformations.
Walsh used these intermediates with the same titanium cat-
alyst as employed in the asymmetric allylation to conduct
a diastereoselective epoxidation reaction. Thus, after ketone
allylation, one equivalent of anhydrous tert-butyl hydroper-
oxide (TBHP) was added to the reaction mixture to afford
the syn epoxy alcohols 16 in good yields (Scheme 11), with
the epoxidation reaction readily proceeding at room tem-
perature.

Scheme 11. Multistep transformations accomplished in the pres-
ence of BINOL and Ti(OiPr)4.

The reactions between tetraallyltin reagent and ketones
can be catalyzed only by a tin complex formed in the pres-
ence of catalytic amounts of water. Woodward has proposed
the formation of a bimetallic tin complex, in which the two
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tin atoms are linked together by an oxygen atom. One of
the tin atoms is Lewis acidic, while the other one delivers
the allyl moiety.[85] The advantage of this reaction is that no
titanium catalyst is required, and treatment of SnCl4 with
Sn(CH2CH=CH2)4 in the presence of water and mono-
thiobinaphthol 12 allows the formation of a selective cata-
lyst for the allylation of ketones (up to 94% ee values).

The use of indium complexes in the allylation reaction
of ketones was described by Loh, in a reaction promoted
by BINOL and InBr3 in the presence of molecular sieves.
It is worth noting that the catalytic allylation of ketones
with this chiral indium complex can be accomplished sim-
ply by using allyltributylstannane, unlike most of the other
asymmetric catalytic systems which require tetraallylstann-
anes.[86] Enantiomeric excesses of up to 92% were obtained,
with the reaction showing a broad scope.

2.4 Addition of Enolates to Ketones

The catalytic addition of silyl enolates to ketones was
reported by Evans[87] and Jørgensen.[88] Different substi-
tuted pyruvates reacted with silyl enolates derived from
thioacetate with good enantioselectivities. The chelating
ketone was coordinated to a BOX copper complex to yield
high levels of facial stereoselectivity. Copper PyBOX com-
plexes were effective in aldol reactions with opportune
choice of counterion.[89] Contrary to expectation, the best
solvent for this catalyzed transformation is THF, but other
solvents are also suitable. The copper complexes employed
can readily coordinate water, and this changes the geometry
of the complex, eroding the stereoselectivity. The color of
the copper complex is characteristic, and the presence or
absence of coordinated water can be monitored by its color.
Catalyst loadings can be as low as 1 mol-%. In addition,
non-C2-symmetric ligands have been employed in the ad-
dition of silyl enolates to ketones.[90] Although excellent
enantioselectivities can be achieved with these methods they
are only suitable for chelating ketones. Catalytic enantiose-
lective aldol reactions with simple ketones are among the
most synthetically useful reactions for the formation of chi-
ral tertiary alcohols, but the inherent features of this type
of reaction make its development rather difficult, in com-
parison with the catalytic enantioselective aldol reactions of
aldehydes. The low reactivities of ketones, relative to alde-
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hydes, and retro-aldol reactions usually lead to low levels
of conversion. The discrimination of the two enantiofaces
is also very difficult with ketones, due to the similar elec-
tronic/steric natures of the two substituents linked to the
carbonyl group. Therefore, it is not surprising that only a
few reports of such reactions have been published. For non-
activated ketone acceptors, this problem was partially
solved by a diastereoselective addition using chiral auxilia-
ries attached to both reaction partners.[91] Denmark devel-
oped an asymmetric aldol addition reaction through the ap-
plication of Lewis basic catalysis.[92] The formation of a
Lewis acidic enolate, able to coordinate to chiral bases, was
extensively used (Scheme 12).

Scheme 12. A breakthrough in the addition of enolates to ketones
described by Denmark.

As an acidic enolate, a silyl enolate bearing an electron-
withdrawing group was the most suitable. However, al-
though ketone- and aldehyde-derived enoxytrichlorosilanes
do not react with ketones, the trichlorosilyl ketene acetal of
methyl acetate was shown to be sufficiently reactive and was
used in an enantioselectivity study. This enolate is sensitive
to hydrolysis, but is readily prepared by transmetalation re-
action from the corresponding tributyltin enolate. Of all
bases screened, pyridine N-oxides such as 17 were found to
be superior, and the enantioselective variant of this reaction
was developed. Chiral 2,2�-pyridyl bis-N-oxides bearing
various substituents at their 3,3�- and 6,6�-positions also
provided excellent yields of the aldol products, but with
variable enantioselectivities ranging from 89% ee for aro-
matic ketones to almost racemic products for aliphatic
ketones. From a crystal structure it was shown that one
ligand coordinates to SiCl4, and with the aid of extensive
computational analysis, Denmark was able to propose a
clear rationale for the observed trends in enantioselectivi-
ties. The bidentate chiral pyridine N-oxide ligands used in
these studies are able to bind the electron-poor silyl enolate,
as the origin of Lewis base catalysis in this type of aldol
reaction comes from ionization of a chloride and reaction
via a penta- or hexacoordinate siliconium ion. A stereo-
chemical model has been proposed, in which the aldol ad-
dition proceeds through a cyclic, six-membered, boat-like
transition state organized around a cationic silicon center.
This pioneering work was limited to the highly reactive
trichlorosilyl enolate of methyl acetate.
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Another concept for aldol reactions of ketones was de-
veloped by Carreira.[93] His basic idea was to use the labile
fluoride counterion in a soft metal chiral fluoride complex
(AgI, CuII, or NiII) to effect desilylation of an enol silane
with concomitant generation of the corresponding chiral
enolate. Initial difficulties in the development of such a
method were the lack of simple preparative methods for the
synthesis of metal fluorides and their limited solubilities in
commonly employed organic solvents. Carreira successfully
overcame these problems by using TolBINAP-CuF2 com-
plexes, and thereby introduced the use of copper in aldol
additions.[94]

On the basis of the CuCl-TBAT (tetrabutylammoni-
umtriphenyl-difluorosilicate) catalyzed additions of allyltri-
methoxysilane to aldehydes, ketones, and imines, Shibasaki
proposed that the formation of an active copper fluoride
complex is a key requirement for generating a highly active
nucleophile. To guarantee a high turnover of the catalyst,
the reaction was carried out with 120 mol-% of (EtO)3-
SiF.[95] An interesting feature of this catalytic system is the
employment of the CuF(PPh3)3·2EtOH complex as copper
source, as this complex is air-stable and of simple prepara-
tion. A preliminary result for a catalytic enantioselective
version of this reaction was disclosed in the same paper. A
general application of these concepts in catalytic effective
aldol reactions to ketones was presented recently by Shiba-
saki, who used TaniaPhos 18 as chiral ligand
(Scheme 13).[96]

Scheme 13. TaniaPHOS–copper-catalyzed additions of silyl enol-
ates to ketones.

In order to develop a general enantioselective CuI-fluo-
ride-catalyzed addition, the new TaniaPhos ligand 18 was
prepared and, more importantly, PhBF3K was used as addi-
tive to overcome the tendency of ketones to give undesired
side reactions (i.e., formation of silylenol ethers). This
method afforded enantioselectivities of 77–92% and good
yields with both aliphatic and aromatic ketones as sub-
strates.[79] Campagne used tol-BINAP (14) to develop a
catalytic vinylogous Mukaiyama reaction with ketones (17–
81% yield, 24–93% ee), and applied this reaction for the
synthesis of a key intermediate in the total synthesis of tau-
rosponin A.[97] One interesting feature of this work is the
simple preparation of the active CuI complex by use of Cu-
(OTf)2, which is reduced to copper(I) by a silyl group or
a phosphane.[98] The intermediate of asymmetric conjugate
reductions of α,β-unsaturated esters or ketones is a chiral
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copper enolate,[99] and could therefore be used in enantiose-
lective aldol reaction to ketones.

The advantage of using this methodology is that it is a
one-pot sequential reductive method that does not require
the activation and formation of a silylenolate. Shibasaki de-
scribed catalytic intermolecular reductive aldol reactions to
ketones,[100] while an intramolecular process was reported
by Lam.[101] Riant described further enantio- and diastereo-
selective reductive aldol reactions using TaniaPhos 19 as
chiral ligand and PhSiH3 as hydride source for reactions of
aromatic and heteroaromatic ketones (31–98% yields, 82–
95% ee values).[102] In all cases the anti diastereoisomers
were obtained as major products.

Chiral amino alcohol additives were used by Soai in a
Reformatsky reaction.[103] Ojida and co-workers discovered
through extensive ligand screening that cinchonine is highly
effective in controlling the stereochemical outcome of Re-
formatsky-type reactions with some heteroaromatic
ketones.[104] In both examples stoichiometric amounts of
chiral ligands were employed.

Recently the first catalytic enantioselective version of a
Reformatsky-type reaction with ketones was reported by
Cozzi.[105] A controlled and mild formation of the zinc rea-
gent, using the less reactive Me2Zn in the presence of a
chiral zinc metal complex, produced the first catalytic ver-
sion of the Reformatsky reaction. The concepts used in this
approach are the homogeneous version of the Reformatsky
reaction, in which Me2Zn is the zinc source, coupled with
a system able to accelerate the exchange between an iodoes-
ter and Me2Zn. The exchange reaction was catalyzed by
Salen ligands and is probably due to the Lewis base–Lewis
acid nature of the metal Salen complex. Among the Salen
complexes tested, surprisingly ClMn(Salen)[31] (Figure 3, M
= ClMn) emerged as the most effective catalyst, with the
reaction showing good enantioselectivity with aromatic and
hindered aliphatic ketones in the presence of 4-phenylpyr-
idine-N-oxide as additive. Although no radical mechanism
is involved in this process, a zinc enolate could also be gen-
erated through a radical mechanism, and the catalytic enan-
tioselective addition of these enolates might open a new ave-
nue for catalytic enantioselective Reformatsky reactions.[106]

Organocatalytic methodologies have been successfully
applied in the formation of tertiary alcohol derivatives. The
addition of acetone to isatin was the first example of an
organocatalytic reaction carried out with an activated
ketone.[107] In addition, other diketones and keto esters have
been shown to react in the addition of acetone promoted
by proline or proline derivatives.[108]

2.5 Enantioselective Additions of CN to Ketones

In his recent review of the synthesis and application of
cyanohydrins[109] North pointed out the difficulties in de-
veloping a highly successful methodology for additions of
Me3SiCN to ketones. Belokon reported the best result so
far, using Ti(Salen) oxo derivatives (Figure 3, M = TiO) to
obtain up to 72% ee values in the case of aryl methyl
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ketones.[110] However, this catalyst gave reduced enantio-
meric excesses for ethyl ketones (30% ee values) and effec-
tively did not work for aliphatic ketones. Shibasaki explored
the application of bifunctional ligands to enhance enantio-
selectivities in this reaction further. First he described a new
design of the ligand that was able to enhance the reactivity
of ketones through bifunctional behavior.

The catalyst prepared in situ in the presence of Ti(OiPr)4

was able to control the addition of TMSCN to ketones.[111]

The ligand design was simplified and ameliorated very re-
cently.[112] Moreover, the use of other metals was considered
with the same ligands, and lanthanide salts were used for
solving a key step problem in a total synthesis of a natural
product. Deng reported an organocatalytic approach for
the first highly enantioselective cyanosilylation of ketones
catalyzed by a chiral Lewis base. The advantage of this
methodology is the employment of a recyclable modified
cinchona alkaloid, but the reaction is quite limited, to ace-
tal ketones.[113] In spite of these important advances, several
problems remain unresolved. Among these are the relatively
low levels of enantioselectivity obtained with acyclic ali-
phatic ketones, and the long routes required for the synthe-
sis of some of the more effective chiral ligands (up to thir-
teen linear steps).

Hoveyda has reported a new Al-catalyzed asymmetric
cyanation of ketones that utilizes a peptidic chiral ligand
and delivers high enantioselectivity with both aromatic and
aliphatic ketones. The peptide ligand was identified by a
systematic screening study, taking advantage of the modu-
larity of peptide-based chiral ligands. The treatment of ace-
tophenone with TMSCN in the presence of a dipeptide
Schiff base ligand (20 mol-%), Al(OiPr)3 (20 mol-%), and
as additives MeOH (20 mol-%), and 3 Å molecular sieves
(2 equiv.) afforded the desired products in good yield and
enantioselectivity.[114]

Acyclic aliphatic and unsaturated ketones can also be
used in these Al-catalyzed additions, from which the corre-
sponding cyanohydrins are isolated with high enantio-
selectivities. Most of the recent advances in this reaction
have been published by Feng.[115] Firstly, he studied the em-
ployment of chiral pyrrolidine N-oxides derived from pro-
line in this reaction.[116] He then investigated the cyanosi-
lylation of ketones using N-oxides in three different ways:
in a catalytic double activation method, as additives in the
reaction, and as bifunctional catalysts (Scheme 14).

An efficient method for the enantioselective cyanosi-
lylation of ketones by a double activation method was also
described by Feng. A Ti(Salen) complex prepared with li-
gand 20 was combined with a Lewis base in a one-pot fash-
ion, and these activated the electrophile and the nucleo-
phile, respectively. A series of Ti(Salen) complexes was
evaluated, together with different achiral N-oxides.[117] Cya-
nohydrins were obtained in the range from 59 to 86% ee
and in high yields. The authors have recently started to con-
sider other Salen metal complexes and have described the
same reaction with use of chiral Salen aluminium com-
plexes and N-oxides for the enantioselective cyanosilylation
of ketones.[118] Different substituted salicylaldehydes were
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Scheme 14. Addition of Me3SiCN to ketones promoted by a Ti-
(Salen) complex.

evaluated in the process, and the best catalyst derived from
5�-bromo-substituted salicylaldehyde exhibited the highest
enantioselectivity (93% ee) in the presence of an N-oxide
derived from 3,5-di-tert-butylaminophenol. This catalyst
system is remarkably active, as only 0.5 mol-% of the cata-
lyst in the presence of 0.25 mol-% of the N-oxide are used.
In addition, excellent yields (80–99%) and enantioselectivi-
ties (79–94% ee values) were recorded with a broad range
of ketones.

The use of phenolic N-oxides and titanium catalysts has
also been described in additional publications by Feng,[119]

who has reported the use of a multifunctional catalyst con-
taining a Lewis acid moiety, capable of activating an elec-
trophile, and a Lewis base moiety, able to activate the nu-
cleophile. The ligand was prepared in a few, simple steps
from commercially available diphenylprolinol, Corey’s cata-
lyst for CBS reductions, the N-oxides being introduced on
the alkylated nitrogen. However, the enantiomeric excesses
obtained were strongly dependent on the ketones used.[120]

Two remarkable results were published in 2005. Firstly,
Corey reported that the oxazaborolidinium salt 21
(Scheme 15) is a good catalyst for the cyanosilylation of
methyl ketones in the presence of phosphane oxides as co-
reactants, providing good yields and high enantioselectivi-
ties (up to 95% ee values).[121]

Scheme 15. Corey’s proline ligands applied in the addition of Me3-
SiCN to ketones.

Feng then reported a straightforward approach for the
enantioselective cyanosilylation of ketones, showing that
simple amino acid salts, in the presence of iPrOH as an
additive, can promote additions of TMSCN to ketones with
up to 92% ee values.[122] Other authors have explored the
properties of different Salen metal complexes in cyanosi-
lylation reactions, and ClMn(Salen) can afford up to
85% ee values in the presence of Ph3PO as additive.[123]
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2.6 Recent Miscellaneous Methodologies

An organometallic methodology for the alkylation of
ketone enolates was described by Jacobsen. Tributyl ester
enolates were alkylated with a range of reactive primary
halides through the employment of catalytic quantities of
ClCr(Salen) (Figure 3, M = CrCl). The reaction is a re-
markable example of transition metal-catalyzed α-alky-
lation of carbonyl compounds with electrophiles, providing
access to quaternary stereogenic centers with high selectivi-
ties.[124] This new reaction affords functionalized, optically
active compounds bearing quaternary stereocenters with
high enantioselectivities, in excellent yields, and with high
atom economy, using simple operations and mild and envi-
ronmentally benign reaction conditions.

The first example of a Mo-catalyzed asymmetric alky-
lation used for the generation of quaternary stereocenters
was reported recently,[125] while a highly efficient catalytic
enantioselective fluorination of oxindole derivatives (such
as aryl- and alkyloxindoles) was achieved with use of cata-
lytic amounts of a chiral Pd complex (2.5 mol-%, 96% ee).
In addition, when the aryl substituent was Ph, enantioselec-
tive fluorination followed by solvolysis gave a monofluorin-
ated ester with 93% ee.[126]

3. Total Syntheses of Natural Products through
Enantioselective Catalytic Additions to Ketones

Catalytic methodologies have been applied for the forma-
tion of quaternary stereogenic centers to overcome difficult
synthetic steps in total synthesis. Selected examples of re-
cent literature are presented in this section. Trost’s group
has demonstrated that the Pd-catalyzed asymmetric allylic
alkylations (AAA reaction) of prochiral nucleophiles can be
used as an effective strategy for the construction of quater-
nary stereocenters, giving excellent yields and enantio-
selectivities for β-keto esters, ketones, and 3-arylox-
indoles.[127] This methodology could not be successfully ap-
plied to 3-alkyloxindoles. As the mechanism of the Mo-cat-
alyzed AAA reaction involves nucleophiles precoordinating
to the metal followed by reductive elimination, this system
was applied to generate quaternary stereocenters, and the
formal synthesis of physostigmine (22, Figure 7) was ac-
complished.[128]

Figure 7. Physostigmine (22).

The first example of the use of an organocatalytically
mediated Diels–Alder reaction in total synthesis, including
the formation of a quaternary center, was presented by
Kerr.[129] The total synthesis of (+)-hapalindole Q has been
achieved; MacMillan’s organocatalyst was used in a key
step in a Diels–Alder reaction to provide the desired inter-
mediate with high enantioselectivity (93% ee).
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Overman used a catalytic enantioselective Heck reaction
in his total synthesis of trispyrrolidinoindoline alkaloids
such as idiospermuline.[130] The first enantioselective total
syntheses of bisorbicillinolid, bisorbicillinol, and bisorbibu-
tenolide were accomplished by Deng and co-worker in 10/
11 steps and 12–19% overall yields, by use of a modified
cinchona alkaloid-catalyzed cyanosilylation as the stereo-
chemistry-defining step.[131] Romo has used a catalytic
enantioselective CuBOX-mediated reaction in his studies
directed towards the total synthesis of the marine toxin
(–)-gymnodimine.[132] Recently, Denmark has reported the
application of a catalytic enantioselective allylation cata-
lyzed by a chiral phosphoramide in the asymmetric synthe-
sis of serotonin antagonist LY426965 (23, Figure 8).

Figure 8. Serotonin antagonist LY426965 23.

These syntheses demonstrated not only the efficiency of
these allylation methods in the generation of quaternary
centers but also the versatile functionality provided in such
allylation adducts. The challenges posed in performing such
a reaction are the following: a) the synthesis of geometri-
cally pure 3,3-disubstituted allylmetal reagents, b) corre-
lation of the geometrical purity of allylmetal reagents to the
diastereomeric composition of the product, and c) control
of asymmetric induction with external chiral catalysts.[133]

Catalytic asymmetric synthesis of the natural antibiotic fos-
triecin (CI-920) and its analogue 8-epifostriecin was de-
scribed by Shibasaki, who used four catalytic asymmetric
reactions to construct all of the stereogenic centers of fos-
triecin and 8-epi-fostriecin. In particular, a catalytic enan-
tioselective cyanosilylation of a ketone produced the chiral
tetrasubstituted carbon center. The enantiomers of the cya-
nohydrin product were obtained with high enantio-
selectivity by using the catalyst 24 and switching the coordi-
nated metal of the catalyst from titanium to gadolinium
(Figure 9).[134]

Shibasaki has also described the enantioselective con-
struction of a quaternary stereocenter through a Reissert-
type reaction. This new reaction should allow for the ef-
ficient synthesis of many intermediates. He demonstrated
the utility of this reaction through an efficient catalytic
enantioselective synthesis of MK801, the anticonvulsant
phenytoin, and of a biosynthetic intermediate of the dop-
amine-derived alkaloid salsolinol.[135] Shibasaki has also re-
ported the catalytic enantioselective synthesis of a key inter-
mediate for the (20S)-camptothecin family. One interesting
feature of this work was the switching of enantiofacial selec-
tivities while using only one chiral source. In the key step
the enantioselective catalytic cyanosilylation of a ketone
was used.[136]
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Figure 9. Switching the coordinated metal of the catalyst from tita-
nium to gadolinium.

A short-step synthesis of versatile chiral building blocks
for triazole antifungal agents such as ZD0870 and
Sch45450 with catalytic enantioselective cyanosilylation of
electron-deficient ketones as the key step has been devel-
oped. High enantioselectivity was achieved by use of a cata-
lyst prepared from Gd(HMDS)3 and ligand in a 2:3 ratio.
This new catalyst preparation method was superior to the
previous method that had used Gd(OiPr)3 as a metal
source.[137] A new method for the catalytic enantioselective
Diels–Alder reaction using polysubstituted silyl enol ethers
as dienes has been described. High enantioselectivity (up to
92% ee) was achieved with a catalyst generated from FeBr3

and AgSbF6 in a 1:2 ratio and aryl-PyBOX (aryl = Ph or
p-ethoxyphenyl). This reaction should facilitate the enantio-
selective synthesis of polycyclic acylphloroglucinols such as
hyperforin or garsubellin A.[138]

4. Asymmetric Synthesis of Tertiary Amines

4.1 Enantioselective Metal-Catalyzed Additions to
Ketoimines

The classical Strecker reaction (cyanation of imines) is
one of the most convenient methods for the preparation of
α-amino acids. Catalytic enantioselective Strecker reactions
using ketoimines as substrates provide easy access to chiral
α-disubstituted amino acids. Vallée reported the first exam-
ples of metal-catalyzed asymmetric additions of TMSCN
or HCN to N-benzyl-phenylmethylimine, catalyzed either
by titanium-based complexes[139] or, more successfully,
with chiral heterobimetallic complex Sc(BINOL)2Li 25,
which affords enantiomeric excesses of up to 95%
(Scheme 16).[140]

In a series of publications, Shibasaki describes the use of
chiral gadolinium complexes for the enantioselective
Strecker reaction of ketimines.[141] The active catalyst is pre-
pared from Gd(OiPr)3 and -glucose-derived ligand 26[142]

in a 1:2 ratio, the preferred protecting group on the imine
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Scheme 16. Addition of TMSCN to ketimines.

N-atom being a diphenylphosphanylyl group (Scheme 17).
Enantioselectivities of up to 99% ee can be achieved for
additions of TMSCN to acetophenone-derived ketoimines
with use of 10 mol-% of Gd(OiPr)3 and 20 mol-% of 26
(Method A).[143] A significant improvement in substrate
generality and catalyst activity can be achieved by per-
forming the reaction in the presence of 2,6-dimethylphenol
(DMP) as an additive: the catalyst loading can be lowered
to 1–2.5 mol-% Gd(OiPr)3 and 2–5 mol-% of 26, and high
enantioselectivity for heteroaromatic and cyclic ketoimines
can be achieved (Method B).[144] This improved method has
been successfully applied for the catalytic, asymmetric syn-
thesis of sorbinil (27), a therapeutic agent developed by
Pfizer for the treatment of chronic complications of diabetes
mellitus, and for the synthesis of the proteasome inhibitor
(+)-lactacystin (28).[145] ESI-MS studies revealed that the
beneficial role of the protic additive DMP stems from the
generation of a proton-containing active catalyst species.

The same active catalyst can also be generated by using
stoichiometric HCN as an additive, only catalytic amounts
of TMSCN being necessary in this case (Method C).[146]

Scheme 17. Addition of TMSCN to ketoimines promoted by Gd complexes of ligand 26.
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Catalyst amounts can be lowered to as little as 0.1 mol-
% while high enantioselectivity is maintained. In a recent
publication, Shibasaki investigated the higher-order modu-
lar assembly of these Gd complexes with three-dimensional
structure elucidation, and found that the enantioselectivity
of an artificial asymmetric catalyst is tunable, depending on
the assembly mode of the chiral modules.[147]

The Mannich reaction is an important C–C bond-form-
ing reaction in which enols or enolates react with imines to
form β-aminoesters or ketones. In 2003, Jørgensen reported
the first catalytic enantioselective Mannich reaction of silyl-
ketene acetals with ketimines possessing intrinsic anchoring
protective groups (Scheme 18).[148]

Complex 29, consisting of Zn(OTf)2 and (R,R)-Ph-py-
box, catalyzes the formation of the corresponding chiral
quaternary α-amino acid derivatives in up to 95% ee values.
In addition, Jørgensen and co-workers developed the first
direct asymmetric Mannich reactions of β-keto esters with
activated N-tosyl-α-imino esters catalyzed by chiral (R)-Ph-
bisoxazoline/Cu(OTf)2 complex 30.[149] The best results in
terms of yield and diastereo- and enantioselectivities are
obtained when tert-butyl esters of β-keto esters are used as
the substrates. The same catalyst system can also be suc-
cessfully applied for the addition of β-ketophosphonates to
activated N-tosyl-α-imino esters.[150] In a recent publication,
Jørgensen describes the combined use of complex 30 with
the cinchona alkaloid quinine for the formation of quater-
nary centers through aza-Henry reactions. This represents
a new approach in asymmetric synthesis, using dual chiral
activation based on molecular recognition by a chiral or-
ganocatalyst and a chiral Lewis acid. The enantioselectivity
of the aza-Henry reaction is controlled by the chiral Lewis
acid and the diastereoselectivity by the cinchona alka-
loid.[151] In a recent publication, Shibasaki reported the first
catalytic enantioselective Mannich reactions of simple ket-
imines through the use of a CuOAc–DTBM–SEGPHOS
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Scheme 18. Jørgensen’s reported Mannich reaction with silyl enolates.

(or DuPHOS) system and a silicon trapping reagent.[152]

Sodeoka’s chiral Pd aqua complexes 45 catalyze not only
Michael reactions (see Scheme 26) but also Mannich-type
reactions of β-keto esters with various imines, including not
only imino esters but also other imines derived from simple
aldehydes, with high enantioselectivities.[153] Another fea-
ture of these complexes is that they are tolerant to water,
so that reactions can be conducted without the exclusion
of air and moisture. Moreover, three-component coupling
reactions between aldehydes, amines, and β-keto esters are
possible, in which stoichiometric amounts of water mole-
cules are generated during the in situ imine formation. Silyl
ketene imines react with anhydrides through a chiral-nu-

Scheme 19. Silyl ketene imines react with anhydrides in the pres-
ence of the chiral nucleophilic catalyst 31.
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cleophile-catalyzed pathway in the presence of Fu’s 4-(pyr-
rolidino)pyridine derivative 31 (Scheme 19).[154] This
method has been applied for the enantioselective synthesis
of the drug verapamil (32), a calcium channel blocker used
for the treatment of hypertension and angina.

4.2 Enantioselective Organocatalytic Additions to Imines

Schiff base 33 is a remarkably general catalyst for the
hydrocyanation of ketimines, producing Strecker adducts in
�90% ee values for a variety of substrates (Scheme 20).[155]

Scheme 20. Strecker reaction performed in the presence of the thio-
urea catalyst 33b.
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Scheme 21. Organocatalytic additions of aldehydes and cyanoesters to imines.

A parallel library synthesis and screening approach led to
the discovery and optimization of resin-bound catalyst 33a,
which can be recycled repeatedly. Slightly higher enantio-
selectivities and reactivities can be achieved with its soluble
analogue 33b.[156] The resulting α-aminonitrile adducts can
be converted into the corresponding α-quaternary α-amino
acids by a formylation/hydrolysis sequence. Detailed NMR
studies and computational modeling provided more struc-
tural and mechanistic insight into the role of the catalyst in
this reaction and allowed for the rational design of a second
generation of Schiff bases with a broader substrate
scope.[157]

Chiral amine bases are efficient catalysts for Mannich-
type reactions: Jørgensen and co-workers reported the first
organocatalytic direct Mannich reaction of ketimines and
unmodified aldehydes based on the concept of intrinsic pro-
tecting group anchoring (Scheme 21).[158]

-Proline-derived diamine 34 is the catalyst of choice, af-
fording optically active quaternary α-amino acid derivatives
in high yields and with excellent diastereo- and enantio-
selectivities. Depending on the choice of catalyst, either dia-
stereomer of the Mannich adduct can be prepared: reac-
tions occur at the si face of the imine and the si face of the
enamine formed in situ with diamine 34, whereas use of -
proline (35) results in reaction at the si face of the imine
and the re face of the enamine. Barbas et al. demonstrated
that -proline (35) also catalyzes direct Mannich reactions
of N-PMP-protected α-imino ethyl glyoxylates with various
α,α-disubstituted aldehydes containing alkyl, aryl, benzyl,
and heteroaryl substituents.[159] The resulting β-formyl α-
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amino acid derivatives are formed with high syn diastereo-
selectivities and enantioselectivities of up to 99% ee. These
Mannich adducts can be further oxidized, providing a
straightforward asymmetric route to quaternary α- and β-
amino acids and β-lactams. It is noteworthy that these reac-
tions can be performed without the requirement for an inert
atmosphere or anhydrous solvents. Cinchona alkaloid
(DHQD)2PYR (36) is an efficient organocatalyst for the ad-
dition of α-substituted cyanoacetates and a β-keto ester to
N-Boc-protected imines, generated in situ by dehydrobromi-
nation of Boc-protected α-bromoglycine esters.[160] The na-
tures of the cyanoester groups are critical for the stereo-
chemical outcomes of the reactions, with the benzyl group
giving optimal results. Cinchona alkaloids have also been
reported to be excellent bifunctional catalysts for asymmet-
ric Mannich reactions of cyclic 1,3-dicarbonyl compounds
with acyl imines[161] and of 2-substituted malonate esters
with N-Boc and N-Cbz aldimines.[162] Feng described enan-
tioselective Strecker reactions of N-diphosphanylyl keto-
imines by use of a chiral N,N�-dioxide catalyst prepared in
situ and derived from -piperidinamide and m-CPBA.[163]

5. Synthesis of Quaternary All-Carbon Centers

5.1 Enantioselective Metal-Catalyzed Michael Reactions

Over the last decade, the asymmetric Michael reaction
catalyzed by chiral metal complexes has been established as
one of the most efficient methods for enantioselective car-
bon–carbon bond formation. Most research in this area has
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focused on the construction of tertiary carbon centers, but
much progress in the construction of all-carbon quaternary
stereogenic centers has recently been achieved.

Shibasaki’s bifunctional La-Na-BINOL complex 37
(LSB) affords high enantiocontrol in additions of acyclic
and cyclic β-keto esters to methyl vinyl ketone (MVK), of
up to 93% ee (Scheme 22).[164] Slow addition of β-keto ester
and the use of dichloromethane as solvent are crucial to
achieving high enantiomeric excesses in the Michael ad-
ducts. In search for a stable and reusable non-polymer-sup-
ported catalyst for this reaction, Shibasaki developed alkali-
metal free La-linked-BINOL complex 38, in which lantha-
num metal acts as Lewis acid and the lanthanum naphth-
oxide moiety acts as Brønsted base.[165]

Scheme 22. Shibasaki’s bifunctional La-Na-BINOL complexes 37
(LSB) and 38 in the addition of acyclic and cyclic β-keto esters to
methyl vinyl ketone.

In contrast to other Lewis acid catalysts, complex 38 is
air- and moisture-stable and can be stored at ambient tem-
perature for several weeks. There is a slight decrease in en-
antiocontrol in the reaction of β-keto ester 39 with MVK
catalyzed by complex 38 in comparison with LSB 37
(75% ee vs. 93% ee, respectively). In a recent publication,
Shibasaki reports the construction of vicinal quaternary
and tertiary carbon centers through catalytic Michael ad-
ditions of α-substituted β-keto esters to cyclic enones.[166]

In this case, NR-linked-BINOL ligand 40 is the catalyst of
choice, and tuning of the linker length and the N-substitu-
ent was critical to achieve high reactivities and good stereo-
selectivities (Scheme 23).

Scheme 23. Linked BINOL in Michael reactions.
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In addition, a new and more convenient method for the
preparation of La complexes, in which air- and moisture-
stable La(OTf)3 and Huenig-base (iPr2NEt) are used, was
described. Shibasaki’s LSB and linked BINOL complexes
are also efficient catalysts for asymmetric Michael additions
of thiols to α,β-unsaturated carbonyl compounds[167] and
for direct Zn-catalyzed Michael reactions of hydroxy
ketones.[168]

Feringa and co-workers reported the first examples of
metal-mediated enantioselective Michael additions of α-
nitroesters to β-unsubstituted enones through the use of
chiral “Al-Li-BINOL” complex 41 as a heterobimetallic cat-
alyst (Scheme 24).[169]

Scheme 24. Al- and Ca-BINOL complexes for Michael additions
to MVK.

The catalyst is prepared in situ from LiAlH4 and
2.45 equiv. (R,R�)-BINOL, and consists of a mixture of dif-
ferent aluminium complexes in solution, as shown by 27Al
NMR studies. The enantioselectivity of the Michael ad-
dition is extremely temperature-dependent: Michael adduct
42 shows 7% ee when the reaction is performed at room
temp. whereas 72% ee of the opposite enantiomer is found
when the 1,4-addition is performed at –23 °C. Interestingly,
no enantioselectivity is found either with the La-Li-BINOL
complex or with the alkali metal-free La-BINOL complex.
More recently, Kumaraswamy showed that monometallic
enantio-enriched calcium-octahydro-BINOL (H8-BINOL)
complex 43 can also function as a bifunctional catalyst:
treatment of methyl 1-oxoindan-2-carboxylate with MVK
in the presence of 10 mol-% of catalyst 43 in toluene at
–40 °C afforded up to 72% ee values with good yields
(Scheme 24).[170] A further expansion of the scope of the
asymmetric Michael reaction is the addition of trisubsti-
tuted cyanoacetate derivatives to acyclic α,β-unsaturated
imides catalyzed by Jacobsen’s chiral (Salen)-aluminium
complex 44 (Figure 3, M = Al–O–Al; Scheme 25).[171] High
diastereo- and enantioselectivities can be achieved with
aryl, heteroaryl, and unbranched alkyl cyanoacetates.

In a recent communication, Jacobsen reported the total
synthesis of the proteasome inhibitor (+)-lactacystin
through the use of an Al-Salen-catalyzed conjugate ad-
dition of an aminocyanoacetate derivative to a β-silyl imide
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Scheme 25. Al(Salen) complex for the addition of trisubstituted cy-
anoacetates to α,β-unsaturated imides.

substrate as the key step.[172] The same catalyst system can
also be applied for conjugate additions of cyanoacetates to
acyclic α,β-unsaturated ketones.[173] In one example a qua-
ternary stereocenter was formed by addition of methyl
phenylcyanoacetate to hept-3-en-2-one with high diastereo-
and enantiocontrol (89% ee, �30:1 dr).

A chiral N,N�-dioxide/scandium trifluoromethanesulfon-
ate complex developed by Nakajima et al. catalyzes Michael
additions of β-keto esters to MVK and acrolein.[174] High
enantioselectivities can only be achieved with 1-oxoindan-2-
carboxylic esters as Michael donors, and enantioselectivities
increase with the bulkiness of the ester substituent. The best
result was obtained with a tert-butyl ester, which afforded
84% ee in the addition to MVK. A transition state model
shown in Figure 10, in which the scandium trifluorome-
thanesulfonate forms a complex with the N-oxide ligand
and the β-keto ester, might explain the importance of the
indan-2-carboxylate skeleton in directing the enantiocon-
trol, as well as the beneficial effect of bulkier ester substitu-
ents: the bulky tert-butyl ester moiety is located on the si-
face of the keto ester plane in order to avoid steric repulsion
with the quinoline moiety, which causes MVK to attack
the re-face preferentially. This model is consistent with the
predominant formation of the (R)-configured product.

Figure 10. Transition state of Sc-promoted Michael reactions.

Sodeoka and co-workers developed chiral Pd(BINAP)-
and Pd(tol-BINAP)-aqua complexes 45a and 45b, which are
highly enantioselective and general catalysts for Michael re-
actions of a variety of Michael donors with vinyl ketones
(Scheme 26).[175]

These Pd complexes function as acid–base catalysts to
activate both Michael donors and acceptors: chiral palla-
dium enolates are generated as key intermediates that are
inherently basic and act cooperatively with a strong protic
acid (TfOH) to activate the Michael acceptors for pro-
motion of the carbon–carbon bond-forming reaction;
Scheme 26 shows the proposed catalytic cycle. The substrate
scope of this catalyst system ranges from various β-keto
esters to β-substituted enones for the formation of vicinal
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Scheme 26. Sodeoka’s palladium-catalyzed Michael reactions.

tertiary and quaternary centers, and from 1,3-diketones to
α,β-unsaturated aldehydes as Michael donors. These Pd
complexes can also be immobilized by use of ionic liquids
while affording results comparable to those obtained in or-
ganic solvents, and the catalyst can be reused up to five
times.[176]

Another example of the use of a palladium catalyst in
asymmetric Michael reactions is that of Uozomi’s chiral
Pincer Pd complex, bearing two hexahydro-1H-pyrrolo[1,2-
c]imidazolone groups 46 (Scheme 27).[177] Enantioselectivit-
ies of up to 83% ee can be achieved in the addition of α-
cyanocarboxylates to vinyl ketones.

Scheme 27. Pincer palladium complex in Michael reactions.

Molecular modeling studies indicate that the hydroxy
substituents on the pyrrole rings might play an essential role
in asymmetric induction. As can be seen in Scheme 27, the
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hydroxy substituents are situated in close proximity to the
metal center in the regions of the second and fourth quad-
rants (from the viewpoint of the metal side) to provide ef-
fective chiral surroundings. Chemical yields are strongly af-
fected by the anionic ligand of the pincer complex, with
triflate being preferred.

Rhodium complexes represent another class of efficient
catalysts for the construction of quaternary centers through
Michael reactions. The first example of a Rh-catalyzed
Michael addition was reported by Ito and co-workers. α-
Methyl-substituted cyanoacetates and their corresponding
Weinreb amides react with vinyl ketones or acrolein in the
presence of 0.1–1 mol-% of Rh catalyst 47 with high enan-
tiomeric excesses of up to 94% and in high yields (Fig-
ure 11).[178] Rh catalyst 47 is prepared in situ from
Rh(acac)(CO)2 and a trans-chelating chiral diphosphane li-
gand (PhTRAP). The same catalyst system can also be ap-
plied for the synthesis of optically active phosphonic acid
derivatives containing a phosphorus-substituted quaternary
asymmetric carbon center.[179] Takaya et al. developed Rh-
catalyst 48, which also contains a trans-chelating chiral di-
phosphane ligand system. Enantioselectivities of up to
73% ee can be achieved in the addition of α-substituted cy-
anoacetates to MVK and methyl acrylate.[180]

Figure 11. Chiral rhodium complexes employed in Michael reac-
tions.

Rh-catalyst 49 containing a Pincer-type ligand (Phebox)
was reported by Motoyama and Nishiyama to afford high
enantiomeric excesses in Michael additions of α-substituted
cyanoacetates to acrolein.[181] The active catalyst is a chiral
RhIII complex [(Phebox)RhIII(SnMe3)Cl], generated in situ
by oxidative addition of [{RhCl(c-octene)2}2] to the stannyl
compound [(Phebox)SnMe3].

The nitrile group of the Michael donor is necessary for
the Michael addition to proceed and is believed to coordi-
nate to the Rh metal: no product is obtained on treatment
of β-keto esters and α-nitro compounds with acrolein. Chi-
ral diamine-based Rh complex 50 catalyzes Michael ad-
ditions of β-keto esters and MVK in up to 75% ee val-
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ues.[182] Carretero described Rh-catalyzed, Chiraphos-medi-
ated conjugate additions of alkenylboronic acids to β,β-di-
substituted α,β-unsaturated 2-pyridylsulfones with ee values
of up to 99%.[183] Recently, Hayashi reported Rh-catalyzed
asymmetric 1,4-additions of arylboronic acids to 3-substi-
tuted maleimides, furnishing 3,3-disubstituted succinimides
with high regio- and enantioselectivities.[184]

The scope of Cu-catalyzed asymmetric conjugate ad-
ditions of alkylmetals to Michael acceptors has been sub-
stantially extended over the last two years, providing access
to quaternary carbon centers. The groups of both Alexakis
and Hoveyda have developed catalyst systems that tolerate
substrates known for their low reactivity in these reactions,
such as β-trisubstituted enones. Alexakis and co-workers
demonstrated that trialkylaluminium reagents can be added
to 3-substituted cyclohexenones through the use of 2 mol-
% of copper thiophenecarboxylate (CuTC) and 4 mol-% of
biphenol-based phosphoramidite ligand 51 in up to
96.6% ee values (Scheme 28).[185] Another example of the
use of chiral phosphoramidite ligands in Cu-catalyzed
asymmetric conjugate additions, in which dialkylzinc rea-
gents react with acyclic aryl-substituted alkylidine β-keto
esters derived from Meldrum’s acid, was reported by Fil-
lion.[186] In a recent communication, Alexakis demonstrated
a novel approach for asymmetric conjugate additions to tri-
substituted enones, in which Grignard reagents associated

Scheme 28. Copper-catalyzed Michael additions.
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with a copper catalyst and a chiral diaminocarbene ligand
are used.[187]

Enantioselectivities are moderate at this point, but might
be improved with second-generation ligands. Clear advan-
tages of the use of these more reactive Grignard reagents
are increased reaction scope, due to their easy or commer-
cial availability, and the lack of any requirement to use spe-
cially activated enones. Hoveyda et al. screened ca. 90 chiral
amino acid-based ligands and identified ligand 52, which
promotes the addition of dialkylzinc reagents to both five-
and six-membered tetrasubstituted enones in the presence
of catalytic copper cyanide, with excellent enantioselectivit-
ies of up to 98%.[188] It is noteworthy that both Cu salt and
ligand are air-stable, and that reactions can be carried out
on the benchtop with undistilled toluene. Structurally re-
lated phosphane-based ligands such as ligand 53, developed
by Hoveyda’s group, are efficient catalysts for asymmetric
conjugate additions of dialkylzinc reagents to nitroalkenes.
In the presence of 4 mol-% 53 and 2 mol-% (CuOTf)2·C6H6,
enantiomeric excesses of up to 98% can be achieved
(Scheme 28). Recently, Hoveyda reported examples of Cu-
catalyzed asymmetric conjugate additions of alkyl- and ar-
ylzinc reagents to simple unactivated β-substituted cyclic
enones by use of chiral bidentate N-heterocyclic carbene li-
gands.[189] Cyclic ketones with all-carbon quaternary stereo-
genic centers can be obtained in excellent yields and with
54–97% ee values.

5.2 Enantioselective Organocatalytic Michael Reactions

Chiral bifunctional organocatalysts have become attract-
ive alternatives to metal catalysts for enantioselective
Michael reactions over the last few years. Deng and co-
workers identified cinchona alkaloids as effective catalysts
for enantioselective conjugate additions of trisubstituted
Michael donors to nitroalkenes, constructing adjacent qua-
ternary and tertiary stereocenters (Scheme 29).[190]

Excellent diastereoselectivity and enantioselectivity can
be obtained with various cyclic and acyclic β-keto esters
and β-dicarbonyl compounds. In addition to the wide scope
for Michael donors, cinchona catalysts such as 54a also tol-
erate a wide range of nitroalkenes as Michael acceptors
bearing aryl, heteroaryl, or alkyl groups with varying elec-
tronic and steric properties. Deng reported the successful
application of the same organocatalyst system for the ad-
dition of α-aryl- and α-alkyl-α-cyanoacetates to vinyl sul-
fones.[191] Catalyst 54b afforded up to 97% ee values in this
reaction, and the products could easily be converted into
optically active α,α-disubstituted amino acids. More re-
cently, Deng successfully applied his cinchona alkaloid or-
ganocatalysts for conjugate additions of α-substituted β-
keto esters to α,β-unsaturated ketones.[192] A wide range of
substrates that include cyclic and acyclic β-keto esters as
donors and vinyl ketones bearing alkyl and aryl substitu-
ents of varying steric and electronic properties as acceptors
afforded excellent yields and enantioselectivities. High dia-
stereo- and enantioselectivities can also be achieved in the
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Scheme 29. Organocatalytic Michael reactions.

challenging conjugate additions of keto esters to β-substi-
tuted enones, successfully creating adjacent all-carbon qua-
ternary and tertiary stereocenters.

Bella and Jørgensen developed the first cinchona alka-
loid-catalyzed organocatalytic enantioselective conjugate
additions of β-dicarbonyl compounds to alkynones.[193] The
best results were obtained with [DHQ]2PHAL 55 as catalyst
for both aromatic and aliphatic alkynones, giving high
yields and good to high enantioselectivities. A one-pot pro-
cedure using catalytic tributylphosphane allows for the
isomerization of the initial E/Z product mixture to the more
stable (E) isomers while maintaining the enantiomeric ex-
cesses of the addition products. In another publication,
Jørgensen described organocatalytic allylic C–C bond-
forming additions of activated alkylidenes to acrolein with
good yields and enantioselectivities.[194] Chiral tertiary
amines in the form of cinchona alkaloid catalysts were used
to give allyl intermediates that exhibit unusual α-selectivity
in the C–C bond-forming step. There are several recent re-
ports on the use of polymer-supported cinchona alkaloid
catalysts for asymmetric Michael reactions.[195]

Direct asymmetric Michael reactions of α,α-disubstituted
aldehydes with (E)-β-nitrostyrenes can be performed by
using the chiral diamine 1-(2-pyrrolidinylmethyl)pyrrolidine
56 in combination with TFA as a bifunctional catalyst.[196]

Figure 12 illustrates the proposed transition state, in which
the diamine/TFA complex catalyzes a si-facial attack on the
β-nitrostyrenes via an enamine intermediate. The α,α-di-
alkyl-γ-nitroaldehyde Michael products can be obtained in
up to 96% yields with up to 91% ee values and are useful
precursors for the synthesis of γ-aminobutyric acid neuro-
transmitters[197] and unusual γ-amino acids. Similarly to
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Barbas’ findings above, Alexakis reported direct Michael
additions of aldehydes to vinyl sulfones catalyzed by the
chiral diamine N-iPr-2,2�-bipyrrolidine (iPBP).[198] How-
ever, reactions with α,α-disubstituted aldehydes used for the
construction of quaternary centers afford only low enantio-
selectivities (up to 12% ee values). Another example of chi-
ral bifunctional organocatalysts is provided by amine thio-
urea catalysts in which a thiourea moiety is linked to an
amino group on a chiral scaffold.

Figure 12. Proposed transition states in two different organocata-
lytic Michael reactions.

The first example of such a catalyst was reported by Tak-
emoto.[199] Thiourea 57, bearing 3,5-bis(trifluoromethyl)-
benzene and dimethylamino groups, catalyzed Michael ad-
ditions of a number of five- to seven-membered, as well as
bicyclic α-substituted, β-keto esters to differently substi-
tuted β-nitrostyrenes with high enantio- and diastereoselec-
tivities. Chen and co-workers demonstrated that the
Michael additions of α-substituted cyanoacetates and vinyl
sulfones could be promoted by bifunctional thiourea/terti-
ary amine organocatalysts.[200] Excellent enantioselectivities

Scheme 30. C2-symmetric chiral quaternary ammonium salts for Michael additions of β-keto esters to acrolein and MVK.
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(72–96% ee values) could be achieved, and biologically im-
portant β2,2-amino acids could be easily prepared from the
addition products. Jacobsen identified primary amino thio-
urea derivatives as effective and general catalysts for en-
antio- and diastereoselective conjugate additions of α,α-di-
substituted aldehydes and nitroalkenes, providing an at-
tractive solution to the challenging problem of generating
chiral building blocks with contiguous quaternary and terti-
ary stereogenic centers.[201]

Chiral phase-transfer catalysts represent another success-
ful organocatalyst class for Michael reactions. Maruoka de-
veloped N-spiro C2-symmetric chiral quaternary ammo-
nium salt 58a, which catalyzes Michael additions of β-keto
esters both to acrolein and to MVK with high enantio-
control under solid–liquid phase-transfer conditions
(Scheme 30).[202] Park and Jew applied catalyst 58b for the
synthesis of (2S)-α-(hydroxymethyl)-glutamic acid (HMG,
59), a potent antagonist of metabotrobic glutamate receptor
mGluR2.[203] The Michael reaction was carried out with use
of 2.5 mol-% 58b and 5 equiv. phosphazene base BEMP in
CH2Cl2 at –60 °C, and the Michael adduct was converted
into HMG (59) by acid hydrolysis. In a recent publication,
Maruoka described a second-generation chiral phase-trans-
fer catalyst that catalyzed asymmetric conjugate additions
of various α-substituted α-cyanoacetates to acetylenic es-
ters.[204]

Iminium organocatalysis with chiral imidazolidinone 60
was reported by MacMillan as the first enantioselective
Mukaiyama–Michael reaction (Scheme 31).[205]

Addition of silyloxy furans to simple α,β-unsaturated al-
dehydes provides a new synthetic strategy directed towards
chiral γ-butenolides. The synthetic utility of this new
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Scheme 31. Application of MacMillan’s catalyst 60 in Michael reactions.

method was demonstrated by the synthesis of the biosur-
factant spiculisporic acid (61). The Mukaiyama–Michael
adduct was obtained in 89% ee and with 11:1 syn/anti selec-
tivity, and could be elaborated to spiculisporic acid in a
three-step procedure. Imidazolidinone 60 also catalyzed
cascade Michael addition-cyclization reactions between
tryptamines and α,β-unsaturated aldehydes.[206] This
method provided easy access to the pyrroloindoline scaf-
fold, an alkaloid structural motif, and has successfully been
applied for the enantioselective synthesis of the marine al-
kaloid (–)-flustramine B (62). Bartoli and Melchiorre have
reported interesting additions of 1,3-dicarbonyl compounds
to maleimides. The enantioselectivities of these reactions
are the highest reported to date for this class of Michael
acceptors.[207]

5.3 Miscellaneous Reactions for the Catalytic Formation of
Quaternary all-Carbon Centers

The first examples of asymmetric Tsuji allyl enol carbon-
ate and silyl enol ether allylations, which provide unprece-
dented access to important cyclohexanone derivatives in a
highly enantioenriched form, was reported by Stoltz.[208]

Both P,O- and P,P-ligands showed good reactivities but low
enantioselectivities in these transformations. The ligands of
choice are P,N-ligands, specifically phosphanyloxazolines
(PHOX): enol carbonate 63 could be transformed into cy-
clohexanone 64 in 96% yield and with 88% ee by use of
(S)-tBu-PHOX ligand 65 and Pd2(dba)3 (Scheme 32). Sim-
ple enol ethers could also be used as the nucleophilic com-
ponents for this reaction. In addition, Stoltz and co-
workers have successfully applied this new methodology for
an enantioconvergent decarboxylative allylation of racemic
β-keto esters.[208b]
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Scheme 32. Enantioselective Tsuji allylation by Stoltz and stereose-
lective Conia-Ene reaction by Toste.

The thermal cyclization of ketones into alkynes (Conia-
Ene reaction) provides access to α-vinylated ketones. In the
case of ε-acetylenic carbonyl compounds, the Conia-Ene re-
action provides easy and atom-economical access to meth-
ylenecyclopentanes. Toste and co-workers reported the first
example of a transition metal-catalyzed version for this re-
action, employing phosphanegold(I) complexes as cata-
lysts.[209] However, probably because of the linear geometry
of gold(I) complexes and thereby poor transmission of li-
gand chirality, no enantioselectivity was observed for this
catalyst system. By switching to the dual PdII/YbIII–
DTBM-SEGPHOS catalyst 66, high enantiocontrol of
89% ee could be achieved in 89% yield in the synthesis of
Conia-Ene adduct 67 (Scheme 32).[210]
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6. Conclusion and Outlook
In conclusion, we present an updated overview of cata-

lytic methodologies applied to the formation of quaternary
stereogenic centers. In most of the cases reported, the re-
sults obtained are far from optimal, and more efficient li-
gands and/or catalytic systems still need to be discovered in
the future. Additions of nucleophiles to ketones remain a
fascinating and highly challenging area of asymmetric catal-
ysis.[211] The results obtained are often good, in terms of
enantioselection, but poor in terms of catalytic efficiencies.
Recent reports have shown that the design of new chiral
catalysts has become more tailored toward ketonic sub-
strates.[212] In this review we present both metal-mediated
and organocatalytic reactions. A future challenge for chem-
ists will be taking the advantages of the opportunities and
potential offered by both of these two quite different areas,
and combining organocatalytic reactions with organometal-
lic transformations, with the aim of achieving low-cost and
environmentally friendly multiple sequential transforma-
tions.

Acknowledgments

P. G. C. would like to thank all his past and present co-workers
for their enthusiasm and skills, and for their practical efforts and
contributions in developing new asymmetric catalytic processes. He
is also grateful for financial support of his research from the Euro-
pean Commission (network projects “LigBank” and “Integrated
Biomimetic Approach to Asymmetric Catalysis”, IBAAC). The fin-
ancial support for this research from M.I.U.R. (Rome) (Progetto
Nazionale: Sintesi e Stereocontrollo di Molecole Organiche per lo
Sviluppo di Metodologie Innovative di Interesse Applicativo) and
from Bologna University is acknowledged.

[1] V. Farina, J. T. Reeves, C. H. Senanayake, J. J. Song, Chem. Rev.
2006, 106, 2734–2793.

[2] Quaternary Stereocenters. Challenges and Solutions in Organic
Synthesis (Eds.: J. Christoffers, A. Baro), Wiley, 2006.

[3] S. Kanemasa, K. Ito, Eur. J. Org. Chem. 2004, 4741–4753.
[4] M. Butters, D. Catterick, A. Craig, A. Curzons, D. Dale, A.

Gillmore, S. P. Green, I. Marziano, J.-P. Sherlock, W. White,
Chem. Rev. 2006, 106, 3002–3027.

[5] a) S. F. Martin, Tetrahedron 1980, 36, 419–460; b) K. Fuji,
Chem. Rev. 1993, 93, 2037–2066; c) E. J. Corey, A. Guzman-
Perez, Angew. Chem. 1998, 110, 402–415; Angew. Chem. Int.
Ed. 1998, 37, 388–401; d) J. Christoffers, A. Mann, Angew.
Chem. 2001, 113, 4725–4732; Angew. Chem. Int. Ed. 2001, 40,
4591–4597; I. Denissova, L. Barriault, Tetrahedron 2003, 59,
10105–10146.

[6] S. Denmark, J. Fu, Chem. Rev. 2003, 103, 2763–2794.
[7] C. Jakel, R. Paciello, Chem. Rev. 2006, 106, 2912–2942.
[8] A. Mengel, O. Reiser, Chem. Rev. 1999, 99, 1191–1224.
[9] A. Krasovskiy, F. Kopp, P. Knochel, Angew. Chem. 2006, 118,

511–515; Angew. Chem. Int. Ed. 2006, 45, 497–550; and ref.
therein.

[10] G. Wu, M. Huang, Chem. Rev. 2006, 106, 2596–2616.
[11] For catalytic approach and the use of sparteine surrogates, see:

M. J. McGrath, P. O’Brien, J. Am. Chem. Soc. 2005, 127,
16378–16379.

[12] For a discussion of this problem in general, see: C. H
Heathcock, in Comprehensive Organic Synthesis: Additions to
C–X σ-Bonds Part 2, Pergamon Press, Oxford, 1991, chap-
ter 1.5.

Eur. J. Org. Chem. 2007, 5969–5994 © 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjoc.org 5991

[13] A. B. Northrup, D. W. C. MacMillan, J. Am. Chem. Soc. 2002,
124, 2458–2460.

[14] D. Nakashima, H. Yamamoto, J. Am. Chem. Soc. 2006, 128,
9626–9627.

[15] a) M. Johannsen, S. Yao, H. Audrian, R. G. Hazell, K. A.
Jørgensen, J. Am. Chem. Soc. 1998, 120, 8599; b) For an excel-
lent review, see: K. A. Jørgensen, Eur. J. Org. Chem. 2004,
2093–2102.

[16] S. Yao, M. Roberson, F. Reichel, R. G. Hazell, K. A.
Jørgensen, J. Org. Chem. 1999, 64, 6677.

[17] C. Bolm, O. Simic, J. Am. Chem. Soc. 2001, 123, 3830.
[18] C. Bolm, M. Verrucci, A. Simic, P. G. Cozzi, G. Rabe, H. Oka-

mura, Chem. Commun. 2003, 2816–2817.
[19] a) E. Wada, S. Kanemasa, O. Tsuge, Chem. Lett. 1989, 675–

676; b) E. Wada, H. Yasuoka, S. Kanemasa, Chem. Lett. 1994,
145–146; c) E. Wada, H. Yasuoka, S. Kanemasa, Chem. Lett.
1994, 1637–1638; d) E. Wada, W. Pei, H. Yasuoka, S. Kanem-
asa, Tetrahedron 1996, 52, 1205–1208.

[20] a) D. A. Evans, J. S. Johnson, J. Am. Chem. Soc. 1998, 120,
4895–4896; b) D. A. Evans, E. J. Olhava, J. S. Johnson, J. M.
Janey, Angew. Chem. 1998, 110, 5553–5557; Angew. Chem. Int.
Ed. 1998, 37, 3372; c) D. A. Evans, J. S. Johnson, C. S. Burgy,
K. R. Campos, Tetrahedron Lett. 1999, 40, 2879–2882; d) D. A.
Evans, J. S. Johnson, E. J. Olhava, J. Am. Chem. Soc. 2000, 122,
1635–1649.

[21] J. Thorhauge, M. Johannsen, K. A. Jørgensen, Angew. Chem.
1998, 110, 2543–2546; Angew. Chem. Int. Ed. 1998, 37, 2404–
2407.

[22] a) E. Wada, G. Kumaran, S. Kanamasa, Tetrahedron Lett.
2000, 41, 73–76; b) E. Wada, H. Koga, G. Kumaran, Tetrahe-
dron Lett. 2002, 43, 9397–9400; c) H. Koga, E. Wada, Tetrahe-
dron Lett. 2003, 44, 715–718.

[23] For reviews on the preparation of functionalized organozinc
reagents and their uses in synthesis see: a) P. Knochel, J. J. Al-
mena Perea, P. Jones, Tetrahedron 1998, 54, 8275–8319; b) P.
Knochel, in Science of Synthesis, vol. 32 (Ed.: I. A. O’Neil),
Thieme, Stuttgart, 2003, pp. 5–90; c) A. B. Charette, A. A. Boe-
zio, A. Cote, E. Moreau, J. Pytkowicz, J.-N. Desrosiers, C. Le-
gault, Pure Appl. Chem. 2005, 77, 1259–1267; d) P. Knochel,
H. Leuser, L.-Z. Gong, S. Perrone, F. K. Kneisel, in Handbook
of Functionalized, Organometallics: Applications in Synthesis,
vol. 1 (Ed.: P. Knochel), Wiley-VCH, Weinheim, 2005, pp. 251–
346. For enantioselective addition of organozinc reagents, see:
e) L. Pu, H.-B. Yu, Chem. Rev. 2001, 101, 757–824; f) D. J.
Ramon, M. Yus, Angew. Chem. 2004, 116, 286–289; Angew.
Chem. Int. Ed. 2004, 43, 284–287.

[24] a) D. J. Ramon, M. Yus, Tetrahedron Lett. 1998, 39, 1239–1242;
b) D. J. Ramon, M. Yus, Tetrahedron 1998, 54, 5651–5666.

[25] García, L. K. LaRochelle, P. J. Walsh, J. Am. Chem. Soc. 2002,
124, 10970–10971.

[26] M. Yus, D. J. Ramon, O. Prieto, Tetrahedron: Asymmetry 2002,
13, 2291–2293.

[27] S.-J. Jeon, H. Li, P. J. Walsh, J. Am. Chem. Soc. 2005, 127,
16416–16425.

[28] V. J. Forrat, O. Pietro, D. Ramon, M. Yus, Chem. Eur. J. 2006,
12, 4431–4445.

[29] S.-J. Jeon, H. Li, C. García, L. K. LaRochelle, P. J. Walsh, J.
Org. Chem. 2005, 70, 448–455.

[30] For a review, see: M. Shibasaki, M. Kanai, K. Funabashi,
Chem. Commun. 2002, 1989–2183.

[31] P. G. Cozzi, Chem. Soc. Rev. 2004, 33, 410–421.
[32] P. G. Cozzi, A. Papa, A. Umani-Ronchi, Tetrahedron Lett.

1996, 37, 4613–4616.
[33] a) E. F. DiMauro, M. C. Kozlowski, J. Am. Chem. Soc. 2002,

124, 12668–12669; b) E. F. DiMauro, M. C. Kozlowski, Org.
Lett. 2002, 4, 3781–3784.

[34] K. Funabashi, M. Jachmann, M. Kanai, M. Shibasaki, Angew.
Chem. 2003, 115, 5747–5750; Angew. Chem. Int. Ed. 2003, 42,
5489–5492.



P. G. Cozzi, R. Hilgraf, N. ZimmermannMICROREVIEW
[35] For a definition of privileged ligands, see: T. P. Yoon, E. N.

Jacobsen, Science 2003, 299, 1691–1693.
[36] B. M. Cole, K. D. Shimizu, C. A. Krueger, J. P. Harrity, M. L.

Snapper, A. H. Hoveyda, Angew. Chem. 1996, 108, 1176–1779;
Angew. Chem. Int. Ed. Engl. 1996, 35, 1668–1671.

[37] L. C. Wieland, H. Deng, M. L. Snapper, A. H. Hoveyda, J.
Am. Chem. Soc. 2005, 127, 15453–15456.

[38] G. Bilay, I. Fernández, A. Marco-Aleixandre, J. R. Pedro, Org.
Lett. 2006, 8, 1287–1290.

[39] P. I. Dosa, G. C. Fu, J. Am. Chem. Soc. 1998, 120, 445–446.
[40] F. Schmidt, R. T. Stemmler, J. Rudolph, C. Bolm, Chem. Soc.

Rev. 2006, 35, 454–470.
[41] H. Li, C. Garcia, P. J. Walsh, Proc. Natl. Acad. Sci. 2004, 101,

5425–5427.
[42] W. Oppolzer, R. N. Radinov, Helv. Chim. Acta 1992, 75, 170–

173.
[43] P. Wipf, S. Ribe, J. Org. Chem. 1998, 63, 6454–6455.
[44] H. Li, P. J. Walsh, J. Am. Chem. Soc. 2005, 127, 8355–8361.
[45] C. A. de Parrodi, P. J. Walsh, Synlett 2004, 2417–2420.
[46] R. Shintani, M. Inoue, T. Hayashi, Angew. Chem. 2006, 118,

3441–3444; Angew. Chem. Int. Ed. 2006, 45, 3353–3356.
[47] A. S. Thompson, E. G. Corley, M. F. Huntington, E. J. J. Gra-

bowski, Tetrahedron Lett. 1995, 36, 8937–8940.
[48] M. E. Pierce, R. L. Parsons Jr, L. A. Radesca, Y. S. Lo, S. Sil-

verman, J. R. Moore, Q. Islam, A. Choudhury, J. M. D. Fortu-
nak, D. Nguyen, C. Luo, S. J. Morgan, W. P. Davis, P. N. Con-
falone, C.-y. Chen, R. D. Tillyer, L. Frey, L. Tan, F. Xu, D.
Zhao, A. S. Thompson, E. G. Corley, E. J. J. Grabowski, R.
Reamer, P. J. Reider, J. Org. Chem. 1998, 63, 8536–8543.

[49] L. Tan, C.-y. Chen, R. D. Tillyer, E. J. J. Grabowski, P. J. Re-
ider, Angew. Chem. 1999, 111, 724–727; Angew. Chem. Int. Ed.
1999, 38, 711–713.

[50] R. Fassler, C. S. Tomooka, D. E. Frantz, E. Carreira, Proc.
Natl. Acad. Sci. USA 2004, 101, 5843–5845.

[51] N. K. Anand, E. M. Carreira, J. Am. Chem. Soc. 2001, 123,
9687–9688.

[52] R. Takita, Y. Fukuta, R. Tsuji, T. Ohshima, M. Shibasaki, Org.
Lett. 2005, 7, 1363–1366.

[53] B. Jiang, Z. Chen, X. Tang, Org. Lett. 2002, 4, 3451–3453.
[54] B. Jiang, Y. Feng, Tetrahedron Lett. 2002, 43, 2975–2977.
[55] Z. Li, V. Upadhyay, A. E. DeCamp, L. DiMichele, P. J. Reider,

Synthesis 1999, 1453–1456.
[56] P. G. Cozzi, J. Rudolph, C. Bolm, P.-O. Norrby, C. Tomasini,

J. Org. Chem. 2005, 70, 5733–5736.
[57] P. G. Cozzi, Angew. Chem. 2003, 115, 3001–3004; Angew.

Chem. Int. Ed. 2003, 42, 2895–2898.
[58] Salen metal complexes can coordinate different metals through

the oxygen atom. See: D. Cunningham, O. McArdle, M. Mitch-
ell, N. Ni Chonchubhair, M. O’Gara, F. Franceschi, C. Flori-
ani, Inorg. Chem. 2000, 39, 1639–1649; and ref. cited therein.

[59] For a crystal structure of Et2Zn coordinated by the oxygen of
Ni(Salen), see: S. J. Dzugan, V. L. Goedken, J. Organomet.
Chem. 1988, 356, 249–258.

[60] For review, see: T. Katsuki, Synlett 2003, 281–297.
[61] S. Bunnai, T. Katsuki, Synlett 2004, 1557–1560.
[62] Q. Wang, B. Zhang, G. Hu, C. Chen, Q. Zhao, R. Wang, Org.

Biomol. Chem. 2007, 5, 1161–1163.
[63] a) G. Lu, X. Li, X. Jia, W. L. Chan, A. S. C. Chan, Angew.

Chem. 2003, 115, 5211–5212; Angew. Chem. Int. Ed. 2003, 42,
5057–5058; b) G. Lu, X. Li, Y.-M. Li, F. Y. Kwong, A. S. C.
Chan, Adv. Synth. Catal. 2006, 348, 1926–1933.

[64] G. Desimoni, G. Faita, P. Quadrelli, Chem. Rev. 2003, 103,
3119–3154.

[65] L. Liu, Y.-f. Kang, R. Wang, Y.-f. Zhou, C. Chen, M. Ni, M.-
z. Gong, Tetrahedron: Asymmetry 2004, 15, 3757–3761.

[66] J. C. Ianni, V. Annamalai, P.-W. Phuan, M. Panda, M. C.
Kozlowski, Angew. Chem. 2006, 118, 5628–5631; Angew. Chem.
Int. Ed. 2006, 45, 5502–5505.

www.eurjoc.org © 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Org. Chem. 2007, 5969–59945992

[67] L. Liu, R. Wang, Y.-F. Kang, C. Chen, Z.-Q. Xu, Y.-F. Zhou,
M. Ni, H.-Q. Cai, M.-Z. Gong, J. Org. Chem. 2005, 70, 1084–
1086.

[68] P. G. Cozzi, S. Alesi, Chem. Commun. 2004, 2448–2449.
[69] Y. Zhou, R. Wang, Z. Xu, W. Yan, L. Liu, Y. Kang, Z. Han,

Org. Lett. 2004, 6, 4147–4149.
[70] K.-H. Wu, H.-M. Gau, Organometallics 2004, 23, 580–588.
[71] J. Balsells, T. J. Davis, P. Carroll, P. J. Walsh, J. Am. Chem. Soc.

2002, 124, 10336–10348.
[72] N. Krause, D. Seebach, Chem. Ber. 1987, 120, 1845–1893.
[73] B. M. Trost, A. H. Weiss, A. J. von Wangelin, J. Am. Chem.

Soc. 2006, 128, 8–9.
[74] G. Gao, R.-G. Xie, L. Pu, Proc. Natl. Acad. Sci. USA 2004,

101, 5417–5420.
[75] M. Wadamoto, H. Yamamoto, J. Am. Chem. Soc. 2005, 127,

14556–14557.
[76] S. Jeulin, S. de Paule Duprat, V. Ratovelomanana-Vidal, J.-P.

Genet, N. Champion, P. Dellis, Angew. Chem. 2004, 116, 324–
329; Angew. Chem. Int. Ed. 2004, 43, 320–325.

[77] S. Yamasaki, K. Fujii, R. Wada, M. Kanai, M. Shibasaki, J.
Am. Chem. Soc. 2002, 124, 6536–6537.

[78] V. Rauniyar, D. G. Hall, J. Am. Chem. Soc. 2004, 126, 4518–
4519.

[79] For the use of DuPHOS ligand in this reaction, see: K. Oisaki,
D. Zhao, Y. Suto, M. Kanai, M. Shibasaki, Tetrahedron Lett.
2005, 46, 4325–4329.

[80] S. Lou, P. N. Moquist, S. E. Schaus, J. Am. Chem. Soc. 2006,
128, 12660–12661.

[81] S. Casolari, D. D’Addario, E. Tagliavini, Org. Lett. 1999, 1,
1061–1063.

[82] K. Satoshi, K. Maruoka, Chirality 2003, 15, 68–70.
[83] K. M. Waltz, J. Gavenonis, P. J. Walsh, Angew. Chem. 2002,

114, 3849–3852; Angew. Chem. Int. Ed. 2002, 41, 3697–3699.
[84] J. G. Kim, E. H. Camp, P. J. Walsh, Org. Lett. 2006, 8, 4413–

4416.
[85] O. Prieto, S. Woodward, J. Organomet. Chem. 2006, 691, 1515–

1519.
[86] Y.-C. Teo, J.-D. Goh, T.-P. Loh, Org. Lett. 2005, 7, 2743–2745.
[87] T. Rovis, D. A. Evans, Prog. Inorg. Chem. 2001, 50, 1–150.
[88] K. A. Jørgensen, M. Johannsen, S. Yao, H. Audrain, J. Thor-

hauge, Acc. Chem. Res. 1999, 32, 605–613.
[89] D. A. Evans, C. S. Burgey, M. C. Kozlowski, S. W. Tregay, J.

Am. Chem. Soc. 1999, 121, 686–699.
[90] P. Remy, M. Langner, C. Bolm, Org. Lett. 2006, 8, 1209–1211.
[91] For additions of achiral enolates to ketones with chiral auxilia-

ries, see: a) J. L. G. Ruano, D. Barros, M. C. Maestro, A. M. Z.
Slawin, P. C. Bulman, J. Org. Chem. 2000, 65, 6027–6034; b)
C. Mioskowski, G. Solladie, Tetrahedron 1980, 36, 227–237; c)
I. Ojima, K. Yoshida, S.-i. Inaba, Chem. Lett. 1977, 429–432;
d) T. Akiyama, K. Ishikawa, S. Ozaki, Synlett 1994, 275–276;
e) Y. Sakito, M. Asami, T. Mukaiyama, Chem. Lett. 1980, 455–
457; f) M. T. Reetz, M. Hullmann, J. Chem. Soc. Chem. Com-
mun. 1986, 1600–1602; g) G. Guanti, R. Riva, Tetrahedron
Lett. 1995, 36, 3933–3936. For additions of chiral enolates to
ketones, see: h) J. Bartroli, E. Turmo, J. Belloc, J. Forn, J. Org.
Chem. 1995, 60, 3000–3012; i) R. Takagi, J. Kimura, Y. Shino-
hara, Y. Ohba, K. Takezono, Y. Hiraga, S. Kojima, K. Ohkata,
J. Chem. Soc. Perkin Trans. 1 1998, 689–699; j) I. C. Jacobson,
G. P. Reddy, Tetrahedron Lett. 1996, 37, 8263–8267; k) D. Basa-
vaiah, T. K. Bharathi, Tetrahedron Lett. 1991, 32, 3417–3420;
l) V. A. Soloshonok, D. V. Avilov, V. P. Kukhar, Tetrahedron
1996, 52, 12433–12442.

[92] S. E. Denmark, Y. Fan, M. D. Eastgate, J. Org. Chem. 2005,
70, 5235–5248.

[93] J. Kruger, E. M. Carreira, J. Am. Chem. Soc. 1998, 120, 837–
838.

[94] B. L. Pagenkopf, J. Kruger, A. Stojanovic, E. M. Carreira, An-
gew. Chem. 1998, 110, 3312–3314; Angew. Chem. Int. Ed. 1998,
37, 3124–3126.



Quaternary Stereogenic Centers

[95] S. Yamasaki, K. Fujii, R. Wada, M. Kanai, M. Shibasaki, J.
Am. Chem. Soc. 2002, 124, 6536–6537.

[96] K. Oisaki, D. Zhao, M. Kanai, M. Shibasaki, J. Am. Chem.
Soc. 2006, 128, 7164–7165.

[97] X. Moreau, B. Bazan-Tejeda, J.-M. Campagne, J. Am. Chem.
Soc. 2005, 127, 7288–7289.

[98] A. Côté, A. A. Boezio, A. B. Charetté, Angew. Chem. 2004,
116, 6687–6690; Angew. Chem. Int. Ed. 2004, 43, 6525–6528.

[99] a) G. Hughes, M. Kimura, S. L. Buchwald, J. Am. Chem. Soc.
2003, 125, 11253–11258; b) B. H. Lipschutz, B. A. Frieman,
Angew. Chem. 2005, 117, 6503–6506; Angew. Chem. Int. Ed.
2005, 44, 6345–6348.

[100] a) D. Zhao, K. Oisaki, M. Kanai, M. Shibasaki, Tetrahedron
Lett. 2006, 47, 1403–1407; b) D. Zhao, K. Oisaki, M. Kanai,
M. Shibasaki, J. Am. Chem. Soc. 2006, 128, 14440–14441.

[101] H. W. Lam, P. M. Joensuu, Org. Lett. 2005, 19, 4225–4228.
[102] J. Deschamp, O. Chuzel, J. Hannedouche, O. Riant, Angew.

Chem. 2006, 118, 1314–1319; Angew. Chem. Int. Ed. 2006, 45,
1292–1294.

[103] K. Soai, A. Oshio, T. Saito, J. Chem. Soc. Chem. Commun.
1993, 811–812.

[104] A. Ojida, T. Yamano, N. Taya, A. Tasaka, Org. Lett. 2002, 4,
3051–3054.

[105] a) P. G. Cozzi, Angew. Chem. 2006, 118, 3017–3020; Angew.
Chem. Int. Ed. 2006, 45, 2951–2954; b) P. G. Cozzi, A. Mig-
nogna, L. Zoli, Synthesis 2007, in press.

[106] a) P. G. Cozzi, Adv. Synth. Catal. 2006, 386, 2071–2075; b)
P. G. Cozzi, Angew. Chem. 2007, 119, 2620–2663; Angew.
Chem. Int. Ed. 2007, 46, 2568–2570.

[107] G. Luppi, P. G. Cozzi, M. Monari, B. Kaptein, Q. B. Broxter-
man, C. Tomasini, J. Org. Chem. 2005, 70, 7418–7421.

[108] S. Samanta, C.-G. Zhao, Tetrahedron Lett. 2006, 47, 3383–
3386.

[109] M. North, Tetrahedron: Asymmetry 2003, 14, 147–176.
[110] Y. N. Belokon, B. Green, N. S. Ikonnikov, M. North, T. Par-

sons, V. I. Tararov, Tetrahedron 2001, 57, 771–779.
[111] Y. Yamashita, M. Kanai, M. Shibasaki, J. Am. Chem. Soc.

2000, 122, 7412–7413.
[112] a) Y. Hamashima, M. Kanai, M. Shibasaki, Tetrahedron Lett.

2001, 42, 691–694; b) S. Matsumotu, M. Suzuki, M. Kanai,
M. Shibasaki, Tetrahedron Lett. 2002, 43, 8647–8651.

[113] S.-K. Tain, L. Deng, J. Am. Chem. Soc. 2003, 125, 9900–9901.
[114] H. Deng, M. P. Isler, M. L. Snapper, A. H. Hoveyda, Angew.

Chem. 2002, 114, 1051–1054; Angew. Chem. Int. Ed. 2002, 41,
1009–1012.

[115] For recent work, see: a) S. Gou, X. Chen, Y. Xiong, X. Feng,
J. Org. Chem. 2006, 71, 5732–5736; b) Y. Li, B. He, B. Qin,
X. Feng, G. Zhang, J. Org. Chem. 2004, 69, 7910–7913.

[116] Y. Shen, X. Feng, G. Zhang, Y. Jang, Synlett 2002, 1353–
1355.

[117] a) F.-X. Chen, B. Qin, X. Feng, G. Zhang, Y. Jiang, Org. Lett.
2003, 5, 949–952; b) F. Chen, B. Qin, X. Feng, G. Zhang, Y.
Jiang, Tetrahedron 2004, 60, 10449–10460.

[118] F.-X. Chen, H. Zhou, X. Liu, B. Qin, X. Feng, G. Zhang, Y.
Jiang, Chem. Eur. J. 2004, 10, 4790–4797; see also: S. S. Kim,
J. M. Kwak, Tetrahedron 2006, 62, 49–53.

[119] a) B. He, F.-X. Chen, Y. Li, X. Feng, G. Zhang, Tetrahedron
Lett. 2004, 45, 5465–5467; b) B. He, F.-X. Chen, Y. Li, X.
Feng, G. Zhang, Eur. J. Org. Chem. 2004, 4657–4666.

[120] Y. Shen, X. Feng, Y. Li, G. Zhang, Y. Jiang, Eur. J. Org.
Chem. 2004, 129–137.

[121] D. H. Ryu, E. J. Corey, J. Am. Chem. Soc. 2005, 127, 5384–
5387.

[122] X. Liu, B. Q. Xin Zhou, B. He, X. Feng, J. Am. Chem. Soc.
2005, 127, 12224–12225.

[123] S. S. Kim, S. H. Lee, J. M. Kwak, Tetrahedron: Asymmetry
2006, 17, 1165–1169.

[124] A. Doyle, E. N. Jacobsen, J. Am. Chem. Soc. 2005, 127, 62–
63.

[125] B. Trost, Y. Zhang, J. Am. Chem. Soc. 2006, 128, 4590–4591.

Eur. J. Org. Chem. 2007, 5969–5994 © 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjoc.org 5993

[126] Y. Hamashima, T. Suzuki, H. Takano, Y. Shimura, M. Sod-
eoka, J. Am. Chem. Soc. 2005, 127, 10164–10165.

[127] B. M. Trost, M. U. Frederiksen, Angew. Chem. 2004, 116,
312–314; Angew. Chem. Int. Ed. 2004, 44, 308–310.

[128] B. M. Trost, Y. Zhang, J. Am. Chem. Soc. 2006, 128, 4590–
4591.

[129] A. C. Kinsman, M. A. Kerr, J. Am. Chem. Soc. 2003, 125,
14120–14125.

[130] L. E. Overman, E. A. Peterson, Angew. Chem. 2003, 115,
2029–2032; Angew. Chem. Int. Ed. 2003, 42, 2525–2528.

[131] R. Hong, Y. Chen, L. Deng, Angew. Chem. 2006, 117, 3544–
3547; Angew. Chem. Int. Ed. 2005, 44, 3478–3481.

[132] K. Kong, Z. Moussa, D. Romo, Org. Lett. 2005, 7, 5127–
5130.

[133] S. E. Denmark, J. Fu, Org. Lett. 2002, 4, 1951–1953.
[134] K. Maki, R. Motoki, K. Fujii, M. Kanai, T. Kobayashi, S.

Tamura, M. Shibasaki, J. Am. Chem. Soc. 2005, 127, 17111–
17117.

[135] K. Funabashi, H. Ratni, M. Kanai, M. Shibasaki, J. Am.
Chem. Soc. 2001, 123, 10784–10785.

[136] K. Yabu, S. Masumoto, S. Yamasaki, Y. Hamashima, M.
Kanai, W. Du, D. P. Curran, M. Shibasaki, J. Am. Chem. Soc.
2001, 123, 9908–9909.

[137] M. Suzuki, N. Kato, M. Kanai, M. Shibasaki, Org. Lett.
2005, 7, 2527–2530.

[138] H. Usuda, A. Kuramochi, M. Kanai, M. Shibasaki, Org.
Lett. 2004, 6, 4387–4390.

[139] J. J. Byrne, M. Chavarot, P. Y. Chavant, Y. Vallée, Tetrahedron
Lett. 2000, 41, 873–876.

[140] M. Chavarot, J. J. Byrne, P. Y. Chavant, Y. Vallée, Tetrahe-
dron: Asymmetry 2001, 12, 1147–1150.

[141] Review article: M. Kanai, N. Kato, E. Ichikawa, M. Shiba-
saki, Synlett 2005, 10, 1491–1508.

[142] N. Kato, D. Tomita, K. Maki, M. Kanai, M. Shibasaki, J.
Org. Chem. 2004, 69, 6128–6130.

[143] S. Masumoto, H. Usuda, M. Suzuki, M. Kanai, M. Shiba-
saki, J. Am. Chem. Soc. 2003, 125, 5634–5635.

[144] N. Kato, M. Suzuki, M. Kanai, M. Shibasaki, Tetrahedron
Lett. 2004, 45, 3147–3151.

[145] N. Fukuda, K. Sasaki, T. V. R. S. Sastry, M. Kanai, M. Shib-
asaki, J. Org. Chem. 2006, 71, 1220–1225.

[146] N. Kato, M. Suzuki, M. Kanai, M. Shibasaki, Tetrahedron
Lett. 2004, 45, 3153–3155.

[147] N. Kato, T. Mita, M. Kanai, B. Therrien, M. Kawano, K.
Yamaguchi, H. Danjo, Y. Sei, A. Sato, S. Furusho, M. Shiba-
saki, J. Am. Chem. Soc. 2006, 128, 6768–6769.

[148] S. Saaby, K. Nakama, M. A. Lie, R. G. Hazell, K. A.
Jørgensen, Chem. Eur. J. 2003, 9, 6145–6154.

[149] M. Marigo, A. Kjærsgaard, K. Juhl, N. Gathergood, K. A.
Jørgensen, Chem. Eur. J. 2003, 9, 2359–2367.

[150] A. Kjærsgaard, K. A. Jørgensen, Org. Biomol. Chem. 2005,
3, 804–808.

[151] K. R. Knudsen, K. A. Jørgensen, Org. Biomol. Chem. 2005,
3, 1362–1364.

[152] Y. Suto, M. Kanai, M. Shibasaki, J. Am. Chem. Soc. 2007,
129, 500–501.

[153] Y. Hamashima, N. Sasamoto, D. Hotta, H. Somei, N. Ume-
bayashi, M. Sodeoka, Angew. Chem. 2005, 117, 1549–1553;
Angew. Chem. Int. Ed. 2005, 44, 1525–1529.

[154] A. H. Mermerian, G. C. Fu, Angew. Chem. 2005, 117, 971–
974; Angew. Chem. Int. Ed. 2005, 44, 949–952.

[155] P. Vachal, E. N. Jacobsen, Org. Lett. 2000, 2, 867–870.
[156] For an improved synthesis of catalyst 37b, see: J. T. Su, P.

Vachal, E. N. Jacobsen, Adv. Synth. Catal. 2001, 343, 197–
200.

[157] P. Vachal, E. N. Jacobsen, J. Am. Chem. Soc. 2002, 124,
10012–10014.

[158] W. Zhuang, S. Saaby, K. A. Jørgensen, Angew. Chem. 2004,
116, 4280–4282; Angew. Chem. Int. Ed. 2004, 43, 4476–4478.



P. G. Cozzi, R. Hilgraf, N. ZimmermannMICROREVIEW
[159] N. Chowdari, J. T. Suri, C. F. Barbas III, Org. Lett. 2004, 6,

2507–2510.
[160] T. B. Poulsen, C. Alemparte, S. Saaby, M. Bella, K. A.

Jørgensen, Angew. Chem. 2005, 117, 1165–1169; Angew.
Chem. Int. Ed. 2005, 44, 2896–2899.

[161] A. Ting, S. Lou, S. E. Schaus, Org. Lett. 2006, 8, 2003–2006.
[162] A. L. Tillman, J. Ye, D. J. Dixon, Chem. Commun. 2006,

1191–1193.
[163] J. Huang, X. Liu, Y. Wen, B. Qin, X. Feng, J. Org. Chem.

2007, 72, 204–208.
[164] a) H. Sasai, E. Emori, T. Arai, M. Shibasaki, Tetrahedron

Lett. 1996, 37, 5561–5564; b) M. Shibasaki, H. Sasai, Pure
Appl. Chem. 1996, 68, 523–530.

[165] Y. S. Kim, S. Matsunaga, J. Das, A. Sekine, T. Ohshima, M.
Shibasaki, J. Am. Chem. Soc. 2000, 122, 6506–6507.

[166] K. Majima, S. Tosaki, T. Ohshima, M. Shibasaki, Tetrahedron
Lett. 2005, 46, 5377–5381.

[167] E. Emori, T. Arai, H. Sasai, M. Shibasaki, J. Am. Chem. Soc.
1998, 120, 4043–4044.

[168] S. Harada, N. Kumagai, T. Kinoshita, S. Matsunaga, M. Shi-
basaki, J. Am. Chem. Soc. 2003, 125, 2582–2590.

[169] E. Keller, N. Veldman, A. L. Spek, B. L. Feringa, Tetrahe-
dron: Asymmetry 1997, 8, 3403–3413.

[170] G. Kumaraswamy, N. Jena, M. N. V. Sastry, M. Padmaja, B.
Markondaiah, Adv. Synth. Catal. 2005, 347, 867–871.

[171] M. S. Taylor, E. N. Jacobsen, J. Am. Chem. Soc. 2003, 125,
11204–11205.

[172] E. P. Balskus, E. N. Jacobsen, J. Am. Chem. Soc. 2006, 128,
6810–6812.

[173] M. S. Taylor, D. N. Zalatan, A. M. Lercher, E. N. Jacobsen,
J. Am. Chem. Soc. 2005, 127, 1313–1317.

[174] a) M. Nakajima, Y. Yamaguchi, S. Hashimoto, Chem. Com-
mun. 2001, 1596–1597; b) M. Nakajima, S. Yamamoto, Y.
Yamaguchi, S. Nakamura, S. Hashimoto, Tetrahedron 2003,
59, 7307–7313.

[175] a) Y. Hamashima, D. Hotta, M. Sodeoka, J. Am. Chem. Soc.
2002, 124, 11240–11241; b) Y. Hamashima, M. Sodeoka,
Chem. Rec. 2004, 4, 231–242; c) Y. Hamashima, D. Hotta, N.
Umebayashi, Y. Tsuchiya, T. Suzuki, M. Sodeoka, Adv.
Synth. Catal. 2005, 347, 1576–1586.

[176] Y. Hamashima, H. Takano, D. Hotta, M. Sodeoka, Org. Lett.
2003, 5, 3225–3228.

[177] a) K. Takenaka, Y. Uozumi, Org. Lett. 2004, 6, 1833–1835;
b) K. Takenaka, M. Minakawa, Y. Uozomi, J. Am. Chem.
Soc. 2005, 127, 12273–12281.

[178] M. Sawamura, H. Hamashima, H. Shinoto, Y. Ito, Tetrahe-
dron Lett. 1995, 36, 6479–6482.

[179] M. Sawamura, H. Hamashima, Y. Ito, Bull. Chem. Soc. Jpn.
2000, 73, 2559–2562.

[180] K. Inagaki, K. Nozaki, H. Takaya, Synlett 1997, 119–120.
[181] Y. Motoyama, Y. Koga, K. Kobayashi, K. Aoki, H. Nishi-

yama, Chem. Eur. J. 2002, 8, 2968–2975.
[182] T. Suzuki, T. Torii, Tetrahedron: Asymmetry 2001, 12, 1077–

1081.
[183] P. Mauleón, J. C. Carretero, Chem. Commun. 2005, 4961–

4963.
[184] R. Shintani, W.-L. Duan, T. Hayashi, J. Am. Chem. Soc. 2006,

128, 5628–5629.
[185] M. d’Augustin, L. Palais, A. Alexakis, Angew. Chem. 2005,

117, 1400–1402; Angew. Chem. Int. Ed. 2005, 44, 1376–1378.
[186] E. Fillion, A. Wilsily, J. Am. Chem. Soc. 2006, 128, 2774–

2775.

www.eurjoc.org © 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Org. Chem. 2007, 5969–59945994

[187] D. Martin, S. Kehrli, M. d’Augustin, H. Clavier, M. Mauduit,
A. Alexakis, J. Am. Chem. Soc. 2006, 128, 8416–8417.

[188] J. Wu, D. M. Mampreian, A. H. Hoveyda, J. Am. Chem. Soc.
2005, 127, 4584–4585.

[189] K.-S. Lee, M. K. Brown, A. W. Hird, A. H. Hoveyda, J. Am.
Chem. Soc. 2006, 128, 7182–7184.

[190] H. Li, Y. Wang, L. Tang, F. Wu, X. Liu, C. Guo, B. M. Fox-
man, L. Deng, Angew. Chem. 2005, 117, 107–110; Angew.
Chem. Int. Ed. 2005, 44, 105–108.

[191] H. Li, J. Son, X. Liu, L. Deng, J. Am. Chem. Soc. 2005, 127,
8948–8949.

[192] F. Wu, H. Li, R. Hong, L. Deng, Angew. Chem. Int. Ed. 2006,
45, 947–950.

[193] M. Bella, K. A. Jørgensen, J. Am. Chem. Soc. 2004, 126,
5672–5673.

[194] M. Bella, K. Frisch, K. A. Jørgensen, J. Org. Chem. 2006, 71,
5407–5410.

[195] a) R. Alvarez, M.-A. Hourdin, C. Cave, J. d’Angelo, P. Cham-
inade, Tetrahedron Lett. 1999, 40, 7091–7094; b) K. Onimura,
K. Matsuzaki, Y.-K. Lee, H. Tsutsumi, T. Oishi, Polym. J.
2004, 36, 190–197.

[196] N. Mase, R. Thayumanavan, F. Tanaka, C. F. Barbas III,
Org. Lett. 2004, 6, 2527–2530.

[197] Z. Nie, P. Schweitzer, A. J. Roberts, S. G. Madamba, S. D.
Moore, G. R. Siggins, Science 2004, 303, 1512–1514.

[198] S. Mossé, A. Alexakis, Org. Lett. 2005, 7, 4361–4364.
[199] T. Okino, Y. Hoashi, T. Furukawa, X. Xu, Y. Takemoto, J.

Am. Chem. Soc. 2005, 127, 119–125.
[200] T.-Y. Liu, J. Long, B.-J. Li, L. Jiang, R. Li, Y. Wong, L.-S.

Ding, Y.-C. Chen, Org. Biomol. Chem. 2006, 4, 2097–2099.
[201] M. P. Lalonde, Y. Chen, E. N. Jacobsen, Angew. Chem. Int.

Ed. 2006, 45, 6366–6370.
[202] T. Ooi, T. Miki, M. Taniguchi, M. Shiraishi, M. Takeuchi, K.

Maruoka, Angew. Chem. 2005, 117, 3926–3928; Angew.
Chem. Int. Ed. 2003, 42, 3796–3798.

[203] Y.-J. Lee, J. Lee, M.-J. Kim, B.-S. Jeong, J.-H. Lee, T.-S. Kim,
J. Lee, J.-M. Ku, S.-s. Jew, H.-g. Park, Org. Lett. 2005, 7,
3207–3209.

[204] X. Wang, M. Kitamura, K. Maruoka, J. Am. Chem. Soc.
2007, 129, 1038–1039.

[205] S. P. Brown, N. C. Goodwin, D. W. C. MacMillan, J. Am.
Chem. Soc. 2003, 125, 1192–1194.

[206] J. F. Austin, S.-G. Kim, C. J. Sinz, W.-J. Xiao, D. W. C. Mac-
Millan, Proc. Natl. Acad. Sci. USA 2004, 101, 5482–5487.

[207] G. Bartoli, M. Bosco, A. Carlone, A. Cavalli, E. Locatelli, A.
Mazzanti, P. Ricci, L. Sambri, P. Melchiorre, Angew. Chem.
2006, 118, 5088–5092; Angew. Chem. Int. Ed. 2006, 45, 4966–
4970.

[208] a) D. C. Behenna, M. Stoltz, J. Am. Chem. Soc. 2004, 126,
15044–15045; b) J. T. Mohr, D. C. Behenna, A. M. Harned,
B. Stoltz, Angew. Chem. 2005, 117, 7084–7087; Angew. Chem.
Int. Ed. 2005, 44, 6924–6927.

[209] a) J. J. Kennedy-Smith, S. T. Staben, F. D. Toste, J. Am. Chem.
Soc. 2004, 126, 4526–4527; b) S. T. Staben, J. J. Kennedy-
Smith, F. D. Toste, Angew. Chem. 2004, 116, 5464–5466; An-
gew. Chem. Int. Ed. 2004, 43, 5350–5352.

[210] B. K. Corkey, F. D. Toste, J. Am. Chem. Soc. 2005, 127,
17168–17169.

[211] O. Riant, J. Annedouche, Org. Biomol. Chem. 2007, 873–888.
[212] J. J. Miller, M. Sigman, J. Am. Chem. Soc. 2007, 129, 2752–

2753.
Received: April 10, 2007

Published Online: October 29, 2007


