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1. Introduction

The aldol reaction, an iconic carbon–carbon bond-form-
ing process that is ubiquitous in nature and one of the oldest
in the lexicon of organic chemistry, continues to serve as
a platform for the demonstration of conceptual advances in
the field.[1] The primary reason that the aldol reaction
maintains such prominence is rooted in the numerous
selectivity challenges that it poses in the forms of site,
chemo-, enantio-, and diastereoselectivity. Because all four of
these selectivity challenges can be present in a single pair of
reactants, controlling them can be highly substrate dependent
and universally applicable solutions are rare. For this reason,
new methods or concepts that can broadly impact the ability
to control these selectivity attributes represent remarkable
accomplishments.

In this context, Professor Teruaki Mukaiyama�s discovery
of the directed aldol reaction of latent enolate equivalents is
a major milestone whose 40th anniversary is being celebrated
this year. His pioneering studies employed stable and isolable
enol ethers such as enoxyborinates[2] and enoxysilanes,[3]

whose structures can be readily controlled and manipulated.
These enolate equivalents address the issues of site and
chemoselectivity by allowing an unambiguous identification
of which carbonyl compound plays the role of the nucleophile
or electrophile in the bond-forming event.[4] Furthermore, the
unique reactivity of these two classes of compounds provides
highly effective options for control of diastereo- and enantio-
selectivity. In the case of enoxyborinates, the binding of the
aldehyde to the Lewis acidic boron atom is required for
electrophilic activation and high diastereoselectivity is ob-
served as a consequence of highly-ordered, chairlike transi-
tion structures (Scheme 1).[5] Control over enantioselectivity
in the reactions of enoxyborinates requires auxiliary based
methods and has achieved strategy-level status.[6] However, at
present no catalytic, enantioselective variant exists for this
transformation.[7]

In the case of enoxysilanes, the central silicon atom is not
sufficiently Lewis acidic to bind and activate the aldehyde,
and serve as an organizational center for a six-membered
transition structure (Scheme 2).[8] Although there are some

Since the landmark publications of the first directed aldol addition
reaction in 1973, the site, diastereo-, and enantioselective aldol reaction
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exceptions to this rule,[9] in general these reactions require
activation by an exogenous Lewis acid and proceed via open
transition structures.[10] In some cases, high levels of diaste-
reoselectivity can be attained, but not in a general or

predictable fashion. Although the open transition structure
inherent to the aldol reaction of enoxysilanes presents
challenges in terms of controlling diastereoselectivity, it does
afford a unique opportunity for control over enantioselectiv-
ity. Thus, the use of chiral Lewis acid catalysts with
enoxysilanes has been an immensely successful method for
the development of enantioselective aldol reactions,[11] as
illustrated by Mukaiyama�s work with tin(II)/diamine com-
plexes.[12]

Over the past 30 years, Mukaiyama and others have
undertaken extensive investigations on the reactivity of
enoxyborinates and enoxysilanes, thus forging them into the
predictable and versatile reagents they are today. Mukaiya-
ma�s determination to demonstrate that novel reagents can
yield solutions to synthetic challenges is an inspiration. His
continued explorations have greatly expanded the scope of
Lewis acid catalysis to many synthetic transformations. But he
has also touched upon the Lewis base catalyzed aldol
reaction, an area independently investigated in these labo-
ratories. This review will describe the development of
reagents for n–s* Lewis base catalyzed aldol reactions and
illustrate how gaining an understanding of these new reagents
can lead to unexpected advances.[13]

2. Conceptual Framework

The overarching motivation for our investigations of the
aldol reaction was to amalgamate the properties of enoxy-
borinates and enoxysilanes into a single species and thereby
capitalize on the benefits of both. Could a latent enolate
equivalent be identified, one that would be susceptible to
asymmetric catalysis (and thus control enantioselectivity) as
in the case of enoxysilanes, yet also react through a closed
transition structure (and thus control diastereoselectivity) as
in the case of enoxyborinates? To this end, we envisioned that
applying the concept of Lewis base catalysis[14] to the
activation of an enoxysilane could be a successful tactic.
The general formulation envisions an enoxysilane (A) bear-
ing a weakly Lewis acidic silicon moiety incapable of electro-
philic activation of the aldehyde partner (Figure 1). Binding
of a strong, neutral Lewis base to the silicon atom through an
n–s* type interaction generates the hypercoordinate silicate
B. Gutmann�s insightful analysis of Lewis acid/Lewis base
complexes[15] suggests that binding of the Lewis base to the
central silicon atom leads to a polarization of the Si�X bonds.
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Scheme 1. Aldol reactions with enoxyborinates.

Scheme 2. Aldol reactions with enoxysilanes. TMS= trimethylsilyl,
Tf= trifluoromethanesulfonyl.
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This redistribution of the electron density in the Si�X bonds
decreases the electron density at the central silicon atom and
increases electron density at the peripheral X groups. As this
polarization increases, the silicon atom is rendered sufficient-
ly Lewis acidic to be capable of activating the aldehyde
through a closed transition structure (C) and aldolization
would proceed only in the presence of the Lewis base! In
addition to the diastereoselectivity inherent to aldolization
through a closed transition structure, the potential for control
of enantioselectivity is introduced by the use of a chiral Lewis
base.

3. Development of Aldol Reactions of Enoxy-
trichlorosilanes

In view of the negligible Lewis acidity of trialkylsilyl enol
ethers,[16] a different class of enoxysilanes is required for n–s*
activation by a neutral Lewis base. Although some studies
have shown that a wide variety of dipolar, aprotic compounds
can promote aldol reactions of trialkylsilyl enol ethers,[17]

asymmetric variants have not been disclosed. Inspiration for
the class of enoxysilanes needed to satisfy this criterion came
from related studies on the Lewis base catalyzed allylation of
aldehydes with polyhalo allylic silanes. Following upon early
reports from Sakurai and co-workers on the use of allyltri-
fluorosilane,[18] our laboratories and those of Kobayashi
independently initiated investigations of closely related
allyltrichlorosilanes (1; Scheme 3).[19] These trihaloallyl-
silanes, which are extremely poor p nucleophiles,[20] can be
rendered highly reactive in the presence of strong, neutral
Lewis bases such as formamides and phosphoramides. In the
case of the chiral phosphoramide (R,R)-3, high levels of
diastereo- and enantioselectivity can be obtained
(Scheme 3).[21] Diastereoselectivity is rationalized through
consideration of a closed, chairlike transition structure (E).

On the basis of these results, an extremely rare family of
reagents, enoxytrichlorosilanes, was conceived. By analogy,
these reagents were also expected to be poor nucleophiles
owing to the strongly electron-withdrawing trichlorosilyl
group, but had the important property of possessing a rela-
tively Lewis-acidic silicon atom.[22] Could a Lewis base

activate these species and allow a novel, directed aldol
process in analogy with the results of the Lewis base catalyzed
allylation? The answers to these questions were quickly
ascertained from early investigations on the reactivity of the
trichlorosilyl enol ether 4 derived from cyclohexanone
(Table 1).[23] In the absence of a Lewis base, aldolization does

proceed, thus providing the aldol product in high yield. High
levels of syn diastereoselectivity are observed, as one would
predict from a closed, boatlike transition structure. Despite
the presence of this modest background reaction, addition of
10 mol% of the chiral phosphoramide (S,S)-6 allowed a sig-
nificantly faster catalytic process to dominate. The aldoliza-
tion product is formed in high levels of diastereo- and
enantioselectivity. Remarkably, the diastereoselectivity of the
reaction can be controlled by the appropriate choice of the
phosphoramide catalyst, (S,S)-6 or (S,S)-7. Thus, either the
syn or anti diastereomer may arise through aldolization via
boat- or chairlike transition structures, respectively. The
change in configuration at the C3 center reveals a switch in
topicity at the aldehyde carbonyl group.

These initial results provided clear evidence that the
hypothesis about the potential of n–s* Lewis base catalysis

Figure 1. A general view of Lewis base catalysis with enoxysilanes.

Scheme 3. Asymmetric Lewis base catalyzed allylations.

Table 1: Lewis base catalyzed aldol reaction of trichlorosilyl enol ethers.

Catalyst
loading

T [oC] Yield [%] d.r.
syn/anti

e.r.[a]

– 0 92 98:2 n.d.
6 (10%) �78 95 <1:99 96.5:3.5 (2R,3S)
7 (10%) �78 94 99:1 76.5:23.5 (2R,3R)

[a] The configuration of C2 and C3 are given within parentheses.

.Angewandte
Minireviews

S. E. Denmark and G. L. Beutner

9088 www.angewandte.org � 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2013, 52, 9086 – 9096

http://www.angewandte.org


was valid. Further mechanistic studies revealed details on how
the phosphoramide catalyst exerts control over diastereo- and
enantioselectivity in this process (Figure 2).[24] When the
bulky phosphoramide catalyst (S,S)-7 is employed, a single
phosphoramide is bound to the trichlorosilyl moiety (first
order in catalyst). After ionization of a chloride ion, this leads
to formation of the pentacoordinate species F which binds to
the aldehyde and proceeds to product through a boatlike
transition structure. When the less bulky catalyst (S,S)-6 is
employed, two phosphoramide molecules bind to the tri-
chlorosilyl fragment to generate the cationic trigonal bipyr-
amidal species G. Subsequent binding of the aldehyde is then
followed by carbon–carbon bond formation through a chair-
like transition structure involving a cationic octahedral silicon
complex.

Similar levels of predictable diastereoselectivity are
observed in the catalytic enantioselective Lewis base cata-
lyzed aldol reactions of aldehyde-derived trichlorosilyl enol
ethers (8 ; Scheme 4).[25] This class of aldol reaction, which is

typically hampered by oligomerization processes, is possible
and highly productive here owing to the in situ protection of
the initially formed product aldehydes as the unreactive a-
chloro silyl ether H. As expected, high levels of diastereo-
selectivity, consistent with reaction through a closed, chairlike
transition structure, are obtained in the presence of the
dimeric phosphoramide catalyst (R,R)-10.

4. A Paradigm Shift

From the foregoing discussion it is clear how Mukaiya-
ma�s pioneering efforts to expand the scope of the aldol
reaction through the development of new reagent classes
served as inspiration for our work in the field of Lewis base
catalysis. Furthermore, just as Mukaiyama�s work on Lewis
acid catalysis of the aldol reaction opened the door for the
investigation of countless new Lewis acid catalyzed processes,
our work on the Lewis base catalyzed aldol reaction of
trichlorosilyl enol ethers served as an entrance into broader
investigations of Lewis base catalysis in general. One example
of this extension comes from investigations of the reactivity of
enoxytrichlorosilanes with other electrophiles, specifically
epoxides. Rather than obtaining the intended aldolization
product 13, the chlorohydrin 14 is formed (Scheme 5).[26]

Further investigations reveal that the parent chlorosilane,
silicon tetrachloride (SiCl4), is also capable of promoting the
ring-opening reaction. When the chiral phosphoramide
(R,R)-17 and SiCl4 are used in conjunction with meso-
epoxides, a highly enantioselective process occurs
(Scheme 6).[27]

The key lessons from this work, which were not fully
comprehended for several years, are that binding of the
phosphoramide to SiCl4 is quantitative and that the catalyst
resting state is in fact a chiral siliconium ion, similar in
structure to I (Figure 3).[28] In effect, the ring-opening process
is mediated by a Lewis acid which is generated in catalytic
amounts in the presence of the chiral Lewis base. Although
the active species is a Lewis acid, the reaction is not catalytic
in this species because one molecule of SiCl4 is consumed in
each turnover. Release of the phosphoramide catalyst from
the trichlorosilyl ether product L completes the catalytic cycle
and shows that only the Lewis base is truly catalytic. Hence,
this class of reaction is termed Lewis base catalyzed/Lewis
acid activated.

Figure 2. Rationale for diastereoselectivity with trichlorosilyl enol
ethers. TS = transition structure.

Scheme 4. Lewis base catalyzed aldehyde–aldehyde aldol reaction.

Scheme 5. Unexpected reaction of a trichlorosilyl enol ether with an
epoxide. HMPA= hexamethylphosphoramide.
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Subsequent studies have shown that Lewis base activation
of Lewis acids has much broader applications than the
enantioselective opening of meso-epoxides. In fact, this
application brings the story full circle as it employs the
chemistry of the enoxytrialkylsilanes originally explored by
Mukaiyama and co-workers.[3] Initial experiments combining
this SiCl4/phosphoramide catalyst system with the highly
reactive acetate-derived silyl ketene acetal 18 afforded good
yields and high levels of enantioselectivity for the desired
aldol products (Scheme 7).[29] These results demonstrated that
our in situ generated Lewis acid was capable of delivering
high levels of enantioselectivity, despite the fact that we had
presumably switched to an open transition structure more
akin to the original Mukaiyama aldol reaction.

Further evidence for the involvement of an open tran-
sition structure in this class of Lewis base catalyzed aldol
reactions was gained from the study of other silyl ketene
acetals and the attempt to establish the direction and level of
diastereoselectivity that this catalyst system could enforce. In
the case of propanoate-derived silyl ketene acetals, high levels
of anti diastereoselectivity and high enantioselectivity were

observed with the use of the sterically demanding tert-butyl-
ester-derived silyl ketene acetal 22 (Table 2). The reaction is
diastereoconvergent, a hallmark of aldol reactions that
proceed through open transition structures.[1f] Consideration
of the six possible open transition structures leads to the

conclusion that the reaction proceeds through the antiperi-
planar transition-structure M, in which steric interactions
between the a-methyl group and the bound catalyst complex
control the orientation of the approaching nucleophile to the
aldehyde/catalyst complex (Figure 4).[30] Both E- and Z-silyl
ketene acetals give high levels of anti diastereoselectivity
because of the overwhelming steric influence of the catalyst
on the position of the a-methyl group.

Scheme 6. Lewis base catalyzed epoxide opening with SiCl4.

Figure 3. Catalytic cycle for Lewis base catalyzed epoxide openings.

Scheme 7. Lewis base catalyzed aldol reaction of silyl ketene acetals.

Table 2: Lewis base catalyzed aldol reaction of silyl ketene acetals.

E/Z (22) Yield [%] e.r. (23) d.r. (23)

95:5 93 >99:1 99:1
12:88 73 >99:1 99:1

Figure 4. Stereochemical analysis of diastereoselectivity. TBS = tert-
butyldimethylsilyl.
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The high levels of enantio- and diastereoselectivity
observed in these initial studies came at the beginning of
a broad investigation of Lewis base catalyzed/Lewis acid
activated aldol reactions with a wide variety of enoxysilanes
derived from esters,[30] ketones,[31] aldehydes.[32] and a,b-
unsaturated carbonyl compounds[33] with aldehydes which
uniformly gave high levels of site, diastereo-, and enantio-
selectivity (Scheme 8). By considering the selectivity trends

observed within this diverse class of p nucleophiles, combined
with mechanistic studies,[34] a unified mechanism emerged and
helped rationalize the large body of data. In addition, this
mechanistic understanding also provided confidence to ex-
tend this novel mode of catalysis to reactions outside of the
typical scope of Lewis acid catalyzed processes, as is nicely
illustrated in the case of the Lewis base catalyzed Passerini
reaction of isonitriles.[35]

The highly diastereoconvergent anti selectivity of these
processes, a quality which is rare among Mukaiyama aldol
reactions,[1f, 4] prompted the application of this unique reac-
tion manifold to novel substrate classes and refractory
selectivity challenges for the aldol reaction in general.
Moreover, the possibility of introducing further control over
diastereoselectivity to gain access to a syn-selective process
appeared equally intriguing. The solutions to these challenges
were revealed by more recent investigations into the chemis-
try of silyl ketene imines and glycolate-derived silyl ketene
acetals.

The formation of quaternary stereocenters is a formidable
challenge, particularly in the context of the Mukaiyama aldol
reaction.[36] Extensive study of reactivity and diastereoselec-
tivity with a,a-disubstituted silyl ketene acetals and this
phosphoramide/SiCl4 system led to disappointing results,
mostly because of the poor reactivity of these sterically
demanding nucleophiles. Nevertheless, if a sufficiently reac-
tive a,a-disubstituted nucleophile could be found, this
catalyst system could still provide high levels of diastereo-

selectivity and a pathway to selective formation of quaternary
stereocenters. The answer presented itself in the form of silyl
ketene imines, a little-investigated class of p nucleophiles.[37]

Silyl ketene imines contain an sp-hybridized carbon atom
adjacent to the reactive center and thus are sterically compact
and obviate the E/Z selectivity issues which plague other
ketene acetal derivatives. Orienting experiments with the silyl
ketene imines 24a–f provided surprisingly high levels of
enantio- as well as diastereoselectivity (Table 3).[38] In line
with the anti diastereoselectivity observed with a-substituted
nucleophiles, the relative disposition of the hydroxy group
and the larger substituent R1 in the b-hydroxy nitrile product
are anti.[30]

The vinylogous extension of the addition of silyl ketene
imines to aldehydes has been successfully developed. These
interesting nucleophiles (26) display significantly enhanced
reactivity (likely because of the greatly reduced steric
hindrance at the g-carbon atom). All additions gave the g-
addition product 27 exclusively with aliphatic, olefinic, and
aromatic aldehydes. The results with selected aliphatic
aldehydes are illustrated in Scheme 9.

The use of silyl ketene imines derived from cyanohydrins
allows the construction of highly functionalized b-hydroxy
cyanohydrins, whose diverse functional transformations can
be employed for the synthesis of many classes of natural
products (Scheme 10).[39]

The consistent preference for the formation of the anti
diastereomer, regardless of the structure of the participating
p nucleophile provides compelling support for the stereo-
chemical model. It was of interest to determine if this
overwhelming bias, which arises from the dominant influence
of the catalyst, could be conscripted to afford either syn or
anti diastereomers by manipulating the relative size of the
substituents on the nucleophile. A new family of p nucleo-
philes, the glycolate-derived silyl ketene acetals provided the
ideal opportunity to probe this question.[40]

Scheme 8. Lewis acid mediated/Lewis base catalyzed reactions.
a) 84% yield, 97:3 e.r.; b) 97 % yield, 98:2 e.r.; c) 91% yield, 24:1
anti/syn ; d) 98% yield, >99:1 g/a, 97:3 e.r., 88:12 e.r. ; e) 96% yield,
>99:1 e.r. .

Table 3: Lewis base catalyzed reactions of silyl ketene imines.

R1 R2 Yield [%] d.r.
anti/syn

e.r.

Ph Me 87 (25a) 95:5 98.5:1.5
Ph Et 78 (25b) 97:3 92.7:7.3
Ph iBu 90 (25c) 99:1 99.6:0.4
Ph iPr 73 (25d) 61:39 78.9:21.1
iPr Me 92 (25e) 60:40 92.1:7.9
�(CH2)5� 85 (25 f) n.a.[a] 91.2:8.8

[a] Not applicable.
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By considering the disposition of the silyl group and the
ester group, an orientation enforced by the geometry of the
double bond,[41] a strategy can be envisioned for selecting
combinations which will favor either the syn or the anti
product. By modulating the steric demand of the a-alkoxy
substituent together with the ester substituent, either diaste-
reomer can be obtained with uniformly high levels of
enantioselectivity (Table 4). As observed for 30 a–c, by
increasing the size of the a substituent and employing
a compact ester substituent, the syn diastereomer is obtained

in high levels of selectivity. Contrariwise, the anti isomer can
be obtained by increasing the bulk of the ester substituent as
in 30 d–f while simultaneously employing a compact a-alkoxy
substituent. These changes in selectivity can again be
rationalized through consideration of open transition struc-
tures, similar to those shown above (see Figure 4). The anti
diastereoselectivity observed with silyl ketene acetals such as
30 f is clearly understood through consideration of the
antiperiplanar transition-structure O wherein the primary
contribution to the observed selectivity is the minimization of
steric repulsion between the a substituent and the bound
catalyst complex in the upper right sector (Figure 5). The syn

diastereoselectivity of the silyl ketene acetal 30 c cannot be
explained through this analysis because it would require
placing the bulky alkoxy group close to the bound catalyst
complex, thus engendering an unfavorable steric interaction
with the catalyst backbone. To avoid this unfavorable
interaction, the nucleophile approach shifts to a (+)-synclinal
pathway (P). Here, the bulky a substituent can reside in the
open, lower sector while the masked ester group, bearing less
sterically demanding TMS and methoxy groups is disposed
away from the bound catalyst complex.

5. Aldol Reactions Catalyzed by Anionic Lewis Bases

The foregoing studies on the Lewis base catalyzed aldol
reaction, while unique in exploiting the peculiar properties of
trichlorosilyl derivatives, are not the sole examples of Lewis
base catalyzed aldol reactions. In fact, they are not unique
even when one considers n–s* Lewis base catalyzed reactions
of enoxysilanes. Early studies by Noyori and Kuwajima
demonstrated that fluoride ions were capable of catalyzing
the aldol reaction of trialkylsilyl enol ethers through the
intermediacy of highly reactive ammonium or sulfonium
enolates.[42] Subsequent work by Hosomi and co-workers
shows that chloride and bromide ions can also promote this
reaction in dipolar aprotic solvents, irrespective of their
counterion.[43]

Mukaiyama has also made extensive contributions to this
area. In a series of studies starting in 2002, it was shown that
a diverse range of anionic Lewis bases are capable of
catalyzing the aldolization of trialkylsilyl enol ethers (Ta-

Scheme 9. Vinylogous aldol additions of N-silyl vinyl ketene imine.
TIPS= triisopropylsilyl.

Scheme 10. Lewis base catalyzed reactions of N-silyl oxyketene imines.
DIPEA = diisopropylethylamine.

Table 4: Lewis base catalyzed aldol reactions of glycolate silyl ketene
acetals.

R1 R2 SiR3 Yield [%] syn/anti e.r.
(syn)

e.r.
(anti)

Me (30a) Me TMS 98 (31 a) 57:43 74:26 82:19
tBu (30 b) Me TMS 93 (31 b) 99:1 93:7 n.d.[a]

PhMe2C (30c) Me TMS 98 (31 c) 99:1 96:4 n.d.[a]

Me (30d) tBu TMS 93 (31 d) 4:96 90:10 81:19
Me (30e) tBu TBS 92 (31 e) 1:99 n.d.[a] 92:8
Me (30 f) Et2MeC TBS 92 (31 f) 1:99 n.d.[a] 94:6

[a] Not determined.

Figure 5. Stereochemical analysis of diastereoselectivity.
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ble 5).[44] Whereas the initial studies focus on the use of
strongly Brønsted basic species, such as lithium diphenyla-
mide, subsequent work demonstrates that both nitrogen- and
oxygen-based anions spanning a wide range of pKa values are
capable of promoting the reaction with similar facility.[45]

Indeed, such weakly basic species as lithium acetate can
afford high yields with short reaction times at sub-ambient
temperatures in polar aprotic solvents such as DMF.[46]

The scope of the reaction with respect to the aldehyde is
notable as aldehydes bearing Lewis basic or even protic
functional groups (which could inhibit a Lewis acid catalyzed
process) proceed smoothly (Scheme 11).[47] The scope with

respect to the trialkylsilyl enol ether is equally broad
(Scheme 12). Ketone-, thioester-, and ester-derived enol
silanes all react rapidly under surprisingly mild reaction
conditions. These reactions presumably procceed through
open transition structures, and therefore, it is not surprising
that diastereoselectivity is only moderate. Some influence of
enol silane geometry is observed, but selectivity uniformly
favors the syn diastereomer.

When a new mode of catalysis is identified and its
usefulness demonstrated, the next stage of development is to
establish if the discovery can be parlayed into a new catalytic,
enantioselective method. The evolution of this n–s* Lewis
base catalyzed aldol reaction into an asymmetric method,
a journey well known to Mukaiyama from his work on Lewis
acid catalyzed aldol reactions, required careful consideration
of the mechanism. Although these reactions can be termed
Lewis base catalyzed processes, the identity of the Lewis base
catalyst is uncertain (Figure 6). Because a wide variety of
anionic Lewis bases promote the reaction, including the
aldolate products, it is conceivable that the initially added
catalyst may be only an initiator. In studies using the lithium
aldolate product S, Mukaiyama showed that this species is in
fact a competent catalyst.[44] Even though silylation of this
intermediate aldolate is feasible and observed under these
reaction conditions, the possibility that both reactions mani-
folds may be operative cannot be excluded. Therefore, to
render this particular Lewis base catalyzed reaction asym-
metric, the employment of a chiral, anionic Lewis base may be
ill-advised.

Figure 6. Mechanism of anionic Lewis base catalyzed aldol reactions.

Table 5: Directed aldol reactions with anionic Lewis bases.[a]

Catalyst (mol%) pKa T [oC] t [h] Yield [%]

LiNPh2 (20) 22.4 0 1 84
LiOtBu (5) 19.2 �45 2 96
Li 2-pyrrolidinone (10) ca. 15 �45 2 95
LiOPh (5) 10 �45 2 97
LiOAc (10) 4.8 �45 1 83
LiOBz (10) 4.2 �45 3 98

[a] DMF= N,N’-dimethylfromamide.

Scheme 11. LiOAc catalyzed aldol reactions of silyl ketene acetals with
aldehydes. THF = tetrahydrofuran.

Scheme 12. LiOAc catalyzed aldol reactions of silyl ketene acetals.
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Consideration of these mechanistic insights reveals that,
regardless of the identity of the chain-carrying species, one
component of the reaction is truly catalytic and could provide
a source for asymmetric induction. In each cycle, the cationic
portion of the anionic Lewis base (M+, Figure 6) is conserved.
Recognizing this subtlety, Mukaiyama and co-workers chose
to investigate the use of anionic Lewis bases bearing
ammonium counterions (Table 6).[48] High levels of syn

diastereoselectivity were observed in the formation of 42
with an ammonium phenoxide. In the case of ammonium
phenoxides, the reactions are run in a less polar solvent,
namely THF, presumably to allow better ion pairing between
the chiral ammonium salt and the in situ generated enolate.
Making the transition to the chiral ammonium phenoxide 45
renders these anionic Lewis base catalyzed reactions asym-
metric, as can clearly be seen in the high levels of enantio-
selectivity obtained from the aldol reaction shown in
Scheme 13.[49]

In the same way that Mukaiyama�s original disclosure of
the Lewis acid catalyzed aldol reaction of enoxysilanes
opened new possibilities in the area of Lewis acid catalysis,
his work with anionic Lewis bases has also proven fruitful and
finds applications in a variety of carbon–carbon bond-forming
processes. For example, Mannich,[50] Michael,[51] Strecker,[52]

and Diels–Alder[53] reactions as well as [2,3] Wittig rearrange-
ments,[54] cyanomethylation,[55] dithiane additions,[56] and per-
fluoroalkylations,[57] among others, have all succumbed to
n–s* catalysis using Lewis bases.

8. Summary and Outlook

The evolution and development of catalytic enantioselec-
tive (and diastereoselective) aldol addition reactions repre-
sents the apotheosis of organic synthesis methodology. The
generality, versatility, and selectivity associated with this
process is among the most extensively investigated of all
synthetic reactions. Stimulated by the challenges posed by
nature, generations of synthetic organic chemists have con-
structed an impressive edifice of knowledge which constitutes
insightful, elegant, and practical solutions to the structural
and stereochemical problems presented by polypropionate-
derived natural products. Beyond its obvious utility for the
synthesis of natural and non-natural compounds bearing the
signature b-hydroxy carbonyl subunit, the asymmetric aldol
addition reaction has been both an engine and a proving
ground for new methodological advances. For example, the
study of the structure and reactivity of metal enolates, the
design and development of chiral Lewis acids based on nearly
every element in the periodic table, and the most recent
frenzy of disclosures on direct aldolization by enamine
catalysis amply illustrate this point.

If one views the genesis of these spectacular accomplish-
ments through the lenses of history, it is easily seen that the
confluence of the challenges posed by acyclic stereocontrol
and the development of the directed aldol reaction in the
early 1970s provided the inspiration and fuel for decades of
fruitful investigation. In that context, the landmark papers of
Professor Teruaki Mukaiyama are seen as truly transforma-
tive in a way that could not be appreciated at the time.

Whether the aldol reaction continues to provide inspira-
tion for newer and better methods of bond construction and
stereochemical control is impossible to know. However, the
lesson of how the aldol reaction evolved to be a major
component of the edifice of synthetic organic chemistry is its
everlasting legacy.
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National Science Foundation for generous financial support).

Received: March 12, 2013
Published online: July 10, 2013

[1] a) D. A. Evans, J. V. Nelson, T. R. Taber, Top. Stereochem. 1982,
13, 1 – 116; b) C. H. Heathcock in Asymmetric Synthesis, Vol. 3
(Ed.: J. D. Morrison), Academic Press, New York, 1984, Chap. 2,
pp. 111 – 212; c) M. Braun, Angew. Chem. 1987, 99, 24 – 37;
Angew. Chem. Int. Ed. Engl. 1987, 26, 24 – 37; d) B. M. Kim, S. F.
Williams, S. Masamune, Comprehensive Organic Synthesis :
Additions to C-X p-Bonds Part 2 (Ed.: C. H. Heathcock),
Pergamon, Oxford, 1991, Chap. 1.7, pp. 239 – 276; e) I. Paterson
in Comprehensive Organic Synthesis : Additions to C-X p-Bonds
Part 2 (Ed.: C. H. Heathcock), Pergamon, Oxford, 1991,

Table 6: Survey of anionic Lewis bases for catalytic aldol reactions.

Catalyst Solvent T [oC] t [h] Yield [%] syn/anti

LiOAc DMF 0–23 6 87 63:37
LiOPh DMF �45 5 98 75:25
Bu4N

+OPh� THF �78 3 79 94:6

Scheme 13. Aldol reaction with a chiral ammonium phenoxide.

.Angewandte
Minireviews

S. E. Denmark and G. L. Beutner

9094 www.angewandte.org � 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2013, 52, 9086 – 9096

http://dx.doi.org/10.1002/9780470147221.ch1
http://dx.doi.org/10.1002/9780470147221.ch1
http://dx.doi.org/10.1002/ange.19870990106
http://dx.doi.org/10.1002/anie.198700241
http://www.angewandte.org


Chap. 1.9, pp. 301 – 320; f) C. Gennari in Comprehensive Organ-
ic Synthesis : Additions to C-X p-Bonds Part 2 (Ed.: C. H.
Heathcock), Pergamon, Oxford, 1991, Chap. 2.4, pp. 629 – 660;
g) M. Braun in Stereoselective Synthesis Methods of Organic
Chemistry (Houben-Weyl), Edition E21, Vol. 3 (Eds.: G. Helm-
chen, R. Hoffman, J. Mulzer, E. Schaumann), Thieme, Stuttgart,
1996, pp. 1603 – 1666.

[2] T. Mukaiyama, K. Inomata, M. Muraki, J. Am. Chem. Soc. 1973,
95, 967 – 968.

[3] T. Mukaiyama, K. Narasaka, K. Banno, Chem. Lett. 1973, 1011 –
1014.

[4] T. Mukaiyama, Org. React. 1982, 28, 203 – 331.
[5] D. A. Evans, J. V. Nelson, E. Vogel, T. R. Taber, J. Am. Chem.

Soc. 1981, 103, 3099 – 3111.
[6] a) A. Abiko, Acc. Chem. Res. 2004, 37, 387 – 395; b) C. J.

Cowden, I. Paterson, Org. React. 1997, 51, 1 – 85; c) L. Deloux,
M. Srebnik, Chem. Rev. 1993, 93, 763 – 784.

[7] A recent publication on catalytic asymmetric allylation with
boronates demonstrates that this transformation is feasible, but
it has not been reduced to practice: U. Schneider, Y.-Y. Huang,
A. Chakrabarti, H. T. Dao, N. Morita, S. Kobayashi, Pure. Appl.
Chem. 2012, 84, 2417 – 2430.

[8] a) C. H. Heathcock, K. T. Hug, L. A. Flippin, Tetrahedron Lett.
1984, 25, 5973 – 5976; b) T. Mukaiyama, N. Iwasawa, Chem. Lett.
1987, 463 – 466.

[9] a) S. E. Denmark, B. D. Griedel, J. Org. Chem. 1994, 59, 5136 –
5138; b) A. G. Myers, S. E. Kephart, H. Chen, J. Am. Chem. Soc.
1992, 114, 7922 – 7923.

[10] a) J. M. Lee, P. Helquist, O. Wiest, J. Am. Chem. Soc. 2012, 134,
14973 – 14981; b) S. E. Denmark, W. Lee, Chem. Asian J. 2008, 3,
327 – 341; c) C. H. Heathcock, S. Davidsen, K. Hug, L. A.
Flippin, J. Org. Chem. 1986, 51, 3027 – 3037.

[11] a) E. M. Carreira, A. Fettes, C. Marti, Org. React. 2006, 67, 1 –
216; b) T. Mukaiyama, J. Matsuo, Modern Aldol Reactions,
Vol. 1 (Ed.: R. Mahrwald), Wiley-VCH, Weinheim, 2004,
Chapt. 3; c) E. M. Carreira in Comprehensive Asymmetric
Catalysis, Vol. III (Eds.: E. N. Jacobsen, A. Pfaltz, H. Yamamo-
to), Springer, Heidelberg, 1999, Chapt. 29.

[12] a) S. Kobayashi, Y. Fujishita, T. Mukaiyama, Chem. Lett. 1990,
1455 – 1458; b) T. Mukaiyama, S. Kobayashi, Org. React. 1994,
46, 1 – 103.

[13] a) G. L. Beutner, S. E. Denmark, Top. Organomet. Chem. 2013,
44, 55 – 89; b) S. E. Denmark, S. Fujimori, Modern Aldol
Reactions, Vol. 2 (Ed. R. Mahrwald), Wiley-VCH, Weinheim,
2004, Chapt. 7; c) S. E. Denmark, R. A. Stavenger, Acc. Chem.
Res. 2000, 33, 432 – 440.

[14] S. E. Denmark, G. L. Beutner, Angew. Chem. 2008, 120, 1584 –
1663; Angew. Chem. Int. Ed. 2008, 47, 1560 – 1638.

[15] V. Gutmann, The Donor-Acceptor Approach to Molecular
Interactions, Plenum, New York, 1978, Chapt. 1.

[16] S. E. Denmark, B. D. Griedel, D. M. Coe, M. E. Schnute, J. Am.
Chem. Soc. 1994, 116, 7026 – 7043.

[17] a) Y. G�nnison, L. Gorrichon, Tetrahedron Lett. 2000, 41, 4881 –
4884; b) S. Matsukawa, N. Okano, T. Imamoto, Tetrahedron Lett.
2000, 41, 103 – 107; c) For a critical perspective, see: V. Berl, G.
Helmchen, S. Preston, Tetrahedron Lett. 1994, 35, 233 – 236.

[18] M. Kira, M. Kobayashi, H. Sakurai, Tetrahedron Lett. 1987, 28,
4081 – 4084.

[19] a) S. E. Denmark, D. M. Coe, N. E. Pratt, B. D. Griedel, J. Org.
Chem. 1994, 59, 6161 – 6163; b) S. Kobayashi, K. Nishio,
Tetrahedron Lett. 1993, 34, 3453 – 3456.

[20] H. Mayr, B. Kempf, A. R. Ofial, Acc. Chem. Res. 2003, 36, 66 –
77.

[21] a) S. E. Denmark, J. Fu, J. Am. Chem. Soc. 2001, 123, 9488 –
9489; b) S. E. Denmark, J. Fu, M. J. Lawler, J. Org. Chem. 2006,
71, 1523 – 1536; c) S. E. Denmark, J. Fu, D. M. Coe, X. Su, N. E.
Pratt, B. D. Griedel, J. Org. Chem. 2006, 71, 1513 – 1522.

[22] M. S. Gordon, M. T. Carroll, L. P. Davis, L. W. Burggraf, J. Phys.
Chem. 1990, 94, 8125 – 8128.

[23] S. E. Denmark, R. A. Stavenger, K.-T. Wong, X. Su, J. Am.
Chem. Soc. 1999, 121, 4982 – 4991.

[24] S. E. Denmark, S. M. Pham, R. A. Stavenger, X. Su, K.-T. Wong,
Y. Nishigaichi, J. Org. Chem. 2006, 71, 3904 – 3922.

[25] S. E. Denmark, S. K. Ghosh, Angew. Chem. 2001, 113, 4895 –
4898; Angew. Chem. Int. Ed. 2001, 40, 4759 – 4762.

[26] Unpublished result, K.-T. Wong, 1998, Post-doctoral report.
University of Illinois, Urbana-Champaign.

[27] a) S. E. Denmark, P. A. Barsanti, K.-T. Wong, R. A. Stavenger, J.
Org. Chem. 1998, 63, 2428 – 2429; b) S. E. Denmark, P. A.
Barsanti, G. L. Beutner, T. W. Wilson, Adv. Synth. Catal. 2007,
349, 567 – 582.

[28] S. E. Denmark, B. M. Eklov, P. J. Yao, M. D. Eastgate, J. Am.
Chem. Soc. 2009, 131, 11770 – 11787.

[29] S. E. Denmark, T. Wynn, G. L. Beutner, J. Am. Chem. Soc. 2002,
124, 13405 – 13407.

[30] S. E. Denmark, G. L. Beutner, T. Wynn, M. D. Eastgate, J. Am.
Chem. Soc. 2005, 127, 3774 – 3789.

[31] a) S. E. Denmark, S. Fujimori, S. M. Pham, J. Org. Chem. 2005,
70, 10823 – 10840; b) S. E. Denmark, J. R. Heemstra, Org. Lett.
2003, 5, 2303 – 2306.

[32] S. E. Denmark, T. Bui, J. Org. Chem. 2005, 70, 10190 – 10193.
[33] a) S. E. Denmark, J. R. Heemstra, J. Org. Chem. 2007, 72, 5668 –

5688; b) S. E. Denmark, J. R. Heemstra, J. Am. Chem. Soc. 2006,
128, 1038 – 1039; c) S. E. Denmark, J. R. Heemstra, Synlett 2004,
2411 – 2416; d) S. E. Denmark, G. L. Beutner, J. Am. Chem. Soc.
2003, 125, 7800 – 7801.

[34] S. E. Denmark, B. J. Williams, B. M. Eklov, S. M. Pham, G. L.
Beutner, J. Org. Chem. 2010, 75, 5558 – 5572.

[35] a) S. E. Denmark, Y. Fan, J. Org. Chem. 2005, 70, 9667 – 9676;
b) S. E. Denmark, Y. Fan, J. Am. Chem. Soc. 2003, 125, 7825 –
7827.

[36] a) I. Denissova, L. Barriault, Tetrahedron 2003, 59, 10105 –
10146; b) C. J. Douglas, L. E. Overman, Proc. Natl. Acad. Sci.
USA 2004, 101, 5363 – 5367; c) B. M. Trost, J. Chunhui, Synthesis
2006, 369 – 396; d) Quaternary Stereocenters : Challenges and
Solutions for Organic Synthesis (Eds.: J. Christoffers, A. Baro),
Wiley-VCH, Weinheim, 2005, Chapt. 3; e) J. P. Das, H. Chechik,
I. Marek, Nat. Chem. 2009, 1, 128 – 132.

[37] a) S. E. Denmark, T. W. Wilson, Angew. Chem. 2012, 124,
10120 – 10132; Angew. Chem. Int. Ed. 2012, 51, 9980 – 9992;
b) P. Lu, Y. Wang, Chem. Soc. Rev. 2012, 41, 5687 – 5705.

[38] S. E. Denmark, T. W. Wilson, M. T. Burk, J. R. Heemstra, J. Am.
Chem. Soc. 2007, 129, 14864 – 14865.

[39] S. E. Denmark, T. W. Wilson, Nat. Chem. 2010, 2, 937 – 943.
[40] a) S. E. Denmark, W.-J. Chung, J. Org. Chem. 2008, 73, 4582 –

4595; b) S. E. Denmark, W.-J. Chung, Angew. Chem. 2008, 120,
1916 – 1918; Angew. Chem. Int. Ed. 2008, 47, 1890 – 1892.

[41] C. S. Wilcox, R. E. Babston, J. Org. Chem. 1984, 49, 1451 – 1453.
[42] R. Noyori, K. Yokoyama, J. Sakata, I. Kuwajima, E. Nakamura,

M. Shimizu, J. Am. Chem. Soc. 1977, 99, 1265 – 1267.
[43] K. Miura, T. Nakagawa, A. Hosomi, J. Am. Chem. Soc. 2002, 124,

536 – 537.
[44] a) H. Fujisawa, T. Nakagawa, T. Mukaiyama, Adv. Synth. Catal.

2004, 346, 1241 – 1246; b) H. Fujisawa, T. Mukaiyama, Chem.
Lett. 2002, 182 – 183.

[45] T. Mukaiyama, H. Fujisawa, T. Nakagawa, Helv. Chim. Acta
2002, 85, 4518 – 4531.

[46] T. Nakagawa, H. Fujisawa, T. Mukaiyama, Chem. Lett. 2003, 32,
462 – 463.

[47] a) T. Nakagawa, H. Fujisawa, T. Mukaiyama, Chem. Lett. 2004,
33, 92 – 93; b) T. Nakagawa, H. Fujisawa, T. Mukaiyama, Chem.
Lett. 2003, 32, 696 – 697.

[48] H. Fujisawa, Y. Nagata, Y. Sato, T. Mukaiyama, Chem. Lett.
2005, 34, 842 – 843.

Mukaiyama Aldol Reaction
Angewandte

Chemie

9095Angew. Chem. Int. Ed. 2013, 52, 9086 – 9096 � 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://dx.doi.org/10.1021/ja00784a079
http://dx.doi.org/10.1021/ja00784a079
http://dx.doi.org/10.1246/cl.1973.1011
http://dx.doi.org/10.1246/cl.1973.1011
http://dx.doi.org/10.1021/ja00401a031
http://dx.doi.org/10.1021/ja00401a031
http://dx.doi.org/10.1021/ar030249w
http://dx.doi.org/10.1021/cr00018a007
http://dx.doi.org/10.1351/PAC-CON-12-05-01
http://dx.doi.org/10.1351/PAC-CON-12-05-01
http://dx.doi.org/10.1016/S0040-4039(01)81736-6
http://dx.doi.org/10.1016/S0040-4039(01)81736-6
http://dx.doi.org/10.1021/jo00097a010
http://dx.doi.org/10.1021/jo00097a010
http://dx.doi.org/10.1021/ja00046a054
http://dx.doi.org/10.1021/ja00046a054
http://dx.doi.org/10.1021/ja3052975
http://dx.doi.org/10.1021/ja3052975
http://dx.doi.org/10.1002/asia.200700300
http://dx.doi.org/10.1002/asia.200700300
http://dx.doi.org/10.1021/jo00365a033
http://dx.doi.org/10.1246/cl.1990.1455
http://dx.doi.org/10.1246/cl.1990.1455
http://dx.doi.org/10.1021/ar960027g
http://dx.doi.org/10.1021/ar960027g
http://dx.doi.org/10.1002/ange.200604943
http://dx.doi.org/10.1002/ange.200604943
http://dx.doi.org/10.1002/anie.200604943
http://dx.doi.org/10.1021/ja00095a004
http://dx.doi.org/10.1021/ja00095a004
http://dx.doi.org/10.1016/S0040-4039(99)02014-6
http://dx.doi.org/10.1016/S0040-4039(99)02014-6
http://dx.doi.org/10.1016/S0040-4039(00)76519-1
http://dx.doi.org/10.1016/S0040-4039(01)83867-3
http://dx.doi.org/10.1016/S0040-4039(01)83867-3
http://dx.doi.org/10.1021/jo00100a013
http://dx.doi.org/10.1021/jo00100a013
http://dx.doi.org/10.1016/S0040-4039(00)79181-7
http://dx.doi.org/10.1021/ar020094c
http://dx.doi.org/10.1021/ar020094c
http://dx.doi.org/10.1021/ja016552e
http://dx.doi.org/10.1021/ja016552e
http://dx.doi.org/10.1021/jo052203h
http://dx.doi.org/10.1021/jo052203h
http://dx.doi.org/10.1021/jo052202p
http://dx.doi.org/10.1021/j100384a027
http://dx.doi.org/10.1021/j100384a027
http://dx.doi.org/10.1021/ja984123j
http://dx.doi.org/10.1021/ja984123j
http://dx.doi.org/10.1021/jo060243v
http://dx.doi.org/10.1002/1521-3757(20011217)113:24%3C4895::AID-ANGE4895%3E3.0.CO;2-1
http://dx.doi.org/10.1002/1521-3757(20011217)113:24%3C4895::AID-ANGE4895%3E3.0.CO;2-1
http://dx.doi.org/10.1002/1521-3773(20011217)40:24%3C4759::AID-ANIE4759%3E3.0.CO;2-G
http://dx.doi.org/10.1021/jo9801420
http://dx.doi.org/10.1021/jo9801420
http://dx.doi.org/10.1002/adsc.200600551
http://dx.doi.org/10.1002/adsc.200600551
http://dx.doi.org/10.1021/ja902474j
http://dx.doi.org/10.1021/ja902474j
http://dx.doi.org/10.1021/ja0282947
http://dx.doi.org/10.1021/ja0282947
http://dx.doi.org/10.1021/ja047339w
http://dx.doi.org/10.1021/ja047339w
http://dx.doi.org/10.1021/jo051930+
http://dx.doi.org/10.1021/jo051930+
http://dx.doi.org/10.1021/ol034641l
http://dx.doi.org/10.1021/ol034641l
http://dx.doi.org/10.1021/jo0517500
http://dx.doi.org/10.1021/jo070638u
http://dx.doi.org/10.1021/jo070638u
http://dx.doi.org/10.1021/ja056747c
http://dx.doi.org/10.1021/ja056747c
http://dx.doi.org/10.1055/s-2004-834789
http://dx.doi.org/10.1055/s-2004-834789
http://dx.doi.org/10.1021/ja035448p
http://dx.doi.org/10.1021/ja035448p
http://dx.doi.org/10.1021/jo100837a
http://dx.doi.org/10.1021/jo050549m
http://dx.doi.org/10.1021/ja035410c
http://dx.doi.org/10.1021/ja035410c
http://dx.doi.org/10.1016/j.tet.2003.10.039
http://dx.doi.org/10.1016/j.tet.2003.10.039
http://dx.doi.org/10.1073/pnas.0307113101
http://dx.doi.org/10.1073/pnas.0307113101
http://dx.doi.org/10.1055/s-2006-926302
http://dx.doi.org/10.1055/s-2006-926302
http://dx.doi.org/10.1038/nchem.131
http://dx.doi.org/10.1002/ange.201202139
http://dx.doi.org/10.1002/ange.201202139
http://dx.doi.org/10.1002/anie.201202139
http://dx.doi.org/10.1039/c2cs35159e
http://dx.doi.org/10.1021/ja077134y
http://dx.doi.org/10.1021/ja077134y
http://dx.doi.org/10.1038/nchem.857
http://dx.doi.org/10.1021/jo8006539
http://dx.doi.org/10.1021/jo8006539
http://dx.doi.org/10.1002/ange.200705499
http://dx.doi.org/10.1002/ange.200705499
http://dx.doi.org/10.1002/anie.200705499
http://dx.doi.org/10.1021/jo00182a031
http://dx.doi.org/10.1021/ja00446a049
http://dx.doi.org/10.1021/ja017218l
http://dx.doi.org/10.1021/ja017218l
http://dx.doi.org/10.1002/adsc.200404084
http://dx.doi.org/10.1002/adsc.200404084
http://dx.doi.org/10.1246/cl.2002.182
http://dx.doi.org/10.1246/cl.2002.182
http://dx.doi.org/10.1002/hlca.200290025
http://dx.doi.org/10.1002/hlca.200290025
http://dx.doi.org/10.1246/cl.2003.462
http://dx.doi.org/10.1246/cl.2003.462
http://dx.doi.org/10.1246/cl.2004.92
http://dx.doi.org/10.1246/cl.2004.92
http://dx.doi.org/10.1246/cl.2003.696
http://dx.doi.org/10.1246/cl.2003.696
http://dx.doi.org/10.1246/cl.2005.842
http://dx.doi.org/10.1246/cl.2005.842
http://www.angewandte.org


[49] H. Nagao, Y. Yamane, T. Mukaiyama, Chem. Lett. 2007, 36, 8 – 9.
[50] a) H. Fujisawa, E. Takahashi, T. Mukaiyama, Chem. Eur. J. 2006,

12, 5082 – 5093; b) E. Takahashi, H. Fujisawa, T. Yanai, T.
Mukaiyama, Chem. Lett. 2005, 34, 468 – 469; c) E. Takahashi, H.
Fujisawa, T. Yanai, T. Mukaiyama, Chem. Lett. 2005, 34, 216 –
217; d) E. Takahashi, H. Fujisawa, T. Mukaiyama, Chem. Lett.
2005, 34, 84 – 85; e) E. Takahashi, H. Fujisawa, T. Mukaiyama,
Chem. Lett. 2004, 33, 1426 – 1427; f) H. Fujisawa, E. Takahashi,
T. Nakagawa, T. Mukaiyama, Chem. Lett. 2003, 32, 1036 – 1037.

[51] a) T. Nakagawa, H. Fujisawa, Y. Nagata, T. Mukaiyama, Bull.
Chem. Soc. Jpn. 2005, 78, 236 – 246; b) T. Tozawa, H. Fujisawa, T.
Mukaiyama, Chem. Lett. 2004, 33, 1454 – 1455; c) T. Mukaiyama,
T. Tozawa, H. Fujisawa, Chem. Lett. 2004, 33, 1410 – 1411; d) T.
Nakagawa, H. Fujisawa, Y. Nagata, T. Mukaiyama, Chem. Lett.
2004, 33, 1016 – 1017; e) T. Mukaiyama, T. Nakagawa, H.
Fujisawa, Chem. Lett. 2003, 32, 56 – 57.

[52] a) E. Takahashi, H. Fujisawa, T. Yanai, T. Mukaiyama, Chem.
Lett. 2005, 34, 604 – 605; b) E. Takahashi, H. Fujisawa, T. Yanai,
T. Mukaiyama, Chem. Lett. 2005, 34, 318 – 319.

[53] a) T. Kitazawa, Y. Maruyama, T. Mukaiyama, Heterocycles 2007,
73, 255 – 261; b) T. Kitzawa, T. Mukaiyama, Heterocycles 2006,

69, 417 – 427; c) T. Mukaiyama, T. Kitazawa, H. Fujisawa, Chem.
Lett. 2006, 35, 328 – 329.

[54] a) Y. Sato, H. Fujisawa, T. Mukaiyama, Bull. Chem. Soc. Jpn.
2006, 79, 1275 – 1278; b) Y. Sato, H. Fujisawa, T. Mukaiyama,
Chem. Lett. 2006, 35, 124 – 125; c) Y. Sato, H. Fujisawa, T.
Mukaiyama, Chem. Lett. 2005, 34, 1188 – 1189; d) Y. Sato, H.
Fujisawa, T. Mukaiyama, Chem. Lett. 2005, 34, 588 – 589.

[55] a) T. Mukaiyama, M. Michida, Chem. Lett. 2007, 36, 1244 – 1245;
b) Y. Kawano, N. Kaneko, T. Mukaiyama, Chem. Lett. 2005, 34,
1508 – 1509; c) Y. Kawano, H. Fujisawa, T. Mukaiyama, Chem.
Lett. 2005, 34, 1134 – 1135.

[56] a) M. Michida, T. Mukaiyama, Chem. Asian J. 2008, 3, 1592 –
1600; b) M. Michida, T. Mukaiyama, Chem. Lett. 2008, 37, 26 –
27.

[57] a) H. Nagao, Y. Kawano, T. Mukaiyama, Bull. Chem. Soc. Jpn.
2007, 80, 2406 – 2412; b) Y. Kawano, N. Kaneko, T. Mukaiyama,
Bull. Chem. Soc. Jpn. 2006, 79, 1133 – 1145; c) H. Nagao, Y.
Yamane, T. Mukaiyama, Chem. Lett. 2007, 36, 666 – 667; d) Y.
Kawano, H. Fujisawa, T. Mukaiyama, Chem. Lett. 2005, 34, 422 –
423.

.Angewandte
Minireviews

S. E. Denmark and G. L. Beutner

9096 www.angewandte.org � 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2013, 52, 9086 – 9096

http://dx.doi.org/10.1246/cl.2007.8
http://dx.doi.org/10.1002/chem.200500821
http://dx.doi.org/10.1002/chem.200500821
http://dx.doi.org/10.1246/cl.2005.468
http://dx.doi.org/10.1246/cl.2005.216
http://dx.doi.org/10.1246/cl.2005.216
http://dx.doi.org/10.1246/cl.2005.84
http://dx.doi.org/10.1246/cl.2005.84
http://dx.doi.org/10.1246/cl.2004.1426
http://dx.doi.org/10.1246/cl.2003.1036
http://dx.doi.org/10.1246/bcsj.78.236
http://dx.doi.org/10.1246/bcsj.78.236
http://dx.doi.org/10.1246/cl.2004.1454
http://dx.doi.org/10.1246/cl.2004.1410
http://dx.doi.org/10.1246/cl.2004.1016
http://dx.doi.org/10.1246/cl.2004.1016
http://dx.doi.org/10.1246/cl.2003.56
http://dx.doi.org/10.1246/cl.2005.604
http://dx.doi.org/10.1246/cl.2005.604
http://dx.doi.org/10.1246/cl.2005.318
http://dx.doi.org/10.3987/COM-07-S(U)65
http://dx.doi.org/10.3987/COM-07-S(U)65
http://dx.doi.org/10.1246/cl.2006.328
http://dx.doi.org/10.1246/cl.2006.328
http://dx.doi.org/10.1246/bcsj.79.1275
http://dx.doi.org/10.1246/bcsj.79.1275
http://dx.doi.org/10.1246/cl.2006.124
http://dx.doi.org/10.1246/cl.2005.1188
http://dx.doi.org/10.1246/cl.2005.588
http://dx.doi.org/10.1246/cl.2007.1244
http://dx.doi.org/10.1246/cl.2005.1508
http://dx.doi.org/10.1246/cl.2005.1508
http://dx.doi.org/10.1246/cl.2005.1134
http://dx.doi.org/10.1246/cl.2005.1134
http://dx.doi.org/10.1002/asia.200800091
http://dx.doi.org/10.1002/asia.200800091
http://dx.doi.org/10.1246/cl.2008.26
http://dx.doi.org/10.1246/cl.2008.26
http://dx.doi.org/10.1246/bcsj.80.2406
http://dx.doi.org/10.1246/bcsj.80.2406
http://dx.doi.org/10.1246/bcsj.79.1133
http://dx.doi.org/10.1246/cl.2007.666
http://dx.doi.org/10.1246/cl.2005.422
http://dx.doi.org/10.1246/cl.2005.422
http://www.angewandte.org

