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The Definitions of
Acids and Bases.

' ’ ...It seems to me that with complete
ws, generality we may say that a basic
substance is one which has a lone pair
. of electrons which may be used to
war' complete the stable group of another
atom, and that an acid substance is
one which can employ a lone pair from
another molecule in completing the
stable group of one of its own atoms.
In other words, the basic substance
furnishes a pair of electrons
for a chemical bond, the
acid substance accepts
such a pair.
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The legacy of Gilbert Newton Lewis (1875-1946) pervades the
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become one of the most widely accepted, unifying theories of
chemical structure and reactivity."! In the place of earlier
definitions based on complex ideas about the properties of
specific species, such as the proton, electrolytes, and solvent
interactions, the Lewis definitions provide a simpler, yet all
encompassing, picture founded on the sharing of electrons.”!
Lewis envisioned all bonding phenomena as interactions
between electron-rich and electron-poor species. Simply put,
a Lewis acid is an electron-pair acceptor and a Lewis base is
an electron-pair donor.”l

Inherent to Lewis’s definition of the acid—base interaction
is the need to satisfy the octet rule and the underlying
assumption that this interaction is stabilizing, because in its
most stable state an atom should have eight valence electrons.
The clear predictive powers of this simple statement, often
one of the first concepts taught to students of chemistry, has
an impact not only on our understanding of structure, but also
of reactivity.[*

To a first approximation, if the formation of an acid-base
adduct is favorable, that is, the donor and acceptor atoms have
completed their octets through formation of a dative bond
that leads to greater thermodynamic stability, there is an

pyrophoric liquid
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phosphorus donor HsC\F?,,CH3 Hsc\F-j,CH3
8 valence electrons .. \
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Scheme 1. The octet rule and the Lewis acid—base adduct BH;-PMe;
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implication of a decreased reactivity of the acid and the base
(that is, neutralization). For example, the trimethylphos-
phane-borane complex (1) possesses little of the character-
istic chemical reactivity of either of the parent components
(Scheme 1).!

However, just as notable exceptions to Lewis’ assump-
tions about the octet rule exist, so do exceptions about this
concept of acid-base interactions as stabilizing phenomena
that lead to reduced reactivity.! A brief survey of the
literature reveals numerous examples where stable, acid—base
adducts show enhanced reactivity. For example, strongly
Lewis basic solvents and additives have found important
applications as promoters of a variety of diverse chemical
processes.’! In the chemistry of alkyllithium reagents and
lithiated amide bases, additives such as N,N,N',N'-tetrame-
thylethylenediamine (TMEDA) and hexamethylphosphoric
triamide (HMPA) exert a strong influence on the reactivity
and selectivity [Eq. (1) in Scheme 2] In the case of strong
reducing agents such as samarium diiodide, the addition of
either HMPA or N,N-dimethylpropylene urea (DMPU)™
leads to a higher oxidation potential and enhanced reactivity
[Eq. (2) in Scheme 2].” In transition-metal catalysis, the use
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Scheme 2. Influence of Lewis bases on reactivity patterns. Tf =
trifluoromethanesulfonyl, dba = trans,trans-dibenzylideneacetone.

of Lewis basic phosphanes!"”! and other ligands!"!! provides a

method for tuning the reactivity and stereoselectivity in, for
example, cross-coupling reactions [Eq. (3) in Scheme 2],['*!
and countless other transformations.!"”! Finally, the addition of
dialkylzinc reagents to aldehydes is greatly accelerated by the
addition of a coordinating bis(sulfonamide) ligand derived
from cyclohexane-1,2-diamine 2 [Eq. (4) in Scheme 2].['"

As illustrated in the preceding examples, activation by a
Lewis base can enhance the chemical reactivity in a number
of ways—from increasing nucleophilicity or electrophilicity to
modulation of electrochemical properties. When compared to
the influence of Lewis acids,!'"” Lewis bases are seen to effect a
much more diverse array of reactivity patterns. This may seem
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surprising at first glance, since both modes of activation rely
on the formation of Lewis acid-base adducts. The difference
becomes clear by recognizing that Lewis acid activation only
leads to net transfer of electron density away from the
substrate, whereas Lewis base activation leads to net transfer
of electron density toward the substrate. This most funda-
mental difference between the modes of activation has
important consequences in the way in which electron density
is distributed in the adducts (see Sections 3.1.1 and 3.1.2).

Although Lewis base activation is quite common
(although at times, however, unrecognized as such), it is less
widely employed, especially when compared to Lewis acids in
organic synthesis.'” Beyond the extensive use of Lewis basic
co-catalysts as ligands in transition-metal catalysis, the use of
nonmetallic, Lewis base catalysis remains a less thoroughly
explored phenomenon. Reasons for this imbalance include
the lack of target Lewis acidic sites in common organic
molecules and the limited number of opportunities for
valence expansion at carbon centers. However, opportunities
to apply this intriguing concept do exist, and a number of
novel and distinct catalytic processes have been developed.

One of the main goals of this Review is to provide a
conceptual framework that allows a clear formulation of what
“Lewis base catalysis” exactly constitutes. As it differs
significantly from Lewis acid catalysis, a firm grounding in
the fundamental concepts of structure and bonding and the
nature of the dative interactions is needed. These, in turn, will
explain the origins of the electronic perturbations that lead to
the disparate manifestations of Lewis base catalysis.

The Review is organized as follows. We begin by provid-
ing a concise definition of the concept and origins of Lewis
base catalysis (in the light of current theories on acid-base
interactions) and an organizational framework which will aid
in the development and identification of new examples. A
discussion of the properties of Lewis bases themselves as well
as a fundamental mechanism of activation for this class of
catalysts will then be presented. We also intend to provide a
thorough review of the current literature to highlight
established Lewis base catalyzed processes as well as to
draw attention to less well-known or even, unrecognized
examples. It is hoped that this Review will not only aid in the
understanding of this concept but also inspire discussions
about new and unprecedented opportunities for catalysis.
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2. Defining Lewis Base Catalysis

In view of the diverse uses of Lewis basic compounds in a
wide variety of reactions, it is important to have a clear
definition of Lewis base catalysis, so as not to confuse it with
the use of Lewis bases as stoichiometric reagents. When
constructing this definition, it is necessary to begin with a
clear picture of the nature of the reagents and the effects of
their presence (or absence) on a particular reaction. As Lewis
bases can influence reactivity in a variety of ways, character-
izing these interactions on the basis of their mechanisms at
this point would be restrictive and prove problematic in
formulating a broad and useful definition.

The concept of “Lewis base catalysis” can be formulated
from firmly established chemical definitions. In the most
general terms:

Lewis base catalysis is the process by which an electron-
pair donor increases the rate of a given chemical reaction by
interacting with an acceptor atom in one of the reagents or
substrates. The binding event may enhance either the electro-
philic or nucleophilic character of the bound species. Further-
more, the Lewis base should not be consumed or altered during
the course of the reaction—a hallmark of any catalytic process.!'"!

This broad definition, while accommodating the divergent
reactivity patterns induced by Lewis base catalysts, does
provide some constraints and excludes some phenomena that
could be, and often are, attributed to it. First, this definition of
Lewis base catalysis excludes reactions in which strongly
Lewis basic reagents are employed as solvents!" or as ligands
for preformed Lewis acid complexes. The distinction between
Lewis base catalysis and the use of Lewis basic catalysts in
conjunction with Lewis acids is an important one that will be
discussed in Section 8. The use of ligands in transition-metal
catalysis—one of the most thoroughly developed areas for the
application of Lewis base catalysis—is outside the scope of
this Review, although it must be made clear that these systems
do fit within the proposed definition. The use of Lewis basic
ligands in substoichiometric amounts is a powerful method
for tuning reactivity or inducing stereoselectivity in transi-
tion-metal systems, and has been extensively reviewed else-
where.”] However, the way in which these ligands promote
kinetically significant changes in the reactivity of the metal
complex occurs through fundamentally different mechanisms
from those that will be discussed here.

Although this broad, inclusive definition for Lewis base
catalysis is useful, it lacks any mechanistic insights. Therefore,
before proceeding further with a discussion of examples of
Lewis base catalyzed reactions, it is important to summarize
the mechanisms by which a Lewis base can interact with an
acceptor and clarify the electronic perturbations that are
responsible for the enhanced chemical reactivity.

3. Lewis Acid—Base Interactions

3.1. Jensen's Orbital Analysis of Molecular Adducts: Identity of
the Lewis Acid

A Lewis base catalyzed reaction is defined as one that is
accelerated by the action of an electron-pair donor (as the
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catalyst) on an electron-pair acceptor (as the substrate or a
reagent). The binding of the Lewis base to a Lewis acid will
lead to a transfer of electron density to the acceptor fragment
of a newly formed adduct. In terms of reactivity, this increase
in electron density normally translates to enhanced nucleo-
philicity of the acceptor subunit. The idea of Lewis base
catalysis simply as nucleophilic catalysis is valid, but repre-
sents only one possible effect of the binding of a Lewis base. A
much less appreciated and indeed, even counterintuitive,
consequence of the binding of a Lewis base is the ability to
enhance the electrophilic character of the acceptor. This
phenomenon seems to contradict commonly held views about
the effects of acid-base interactions on the properties of the
adduct.

In reality, Lewis base catalysis is effective in promoting
the reactions of nucleophilic, electrophilic, and ambiphilic
reagents. To understand this, more careful consideration must
be given to the structural and electronic changes induced by
ligation in each mode of activation. Regardless of the nature
of the Lewis base or acid, the acceptor fragment within the
adduct possesses increased electron density relative to the
parent Lewis acid. However, it is the distribution of this
electron density among the constituent atoms that must be
considered to rationalize the effects of adduct formation on
reactivity. To visualize this concept clearly, it is helpful to
examine the nature of the newly formed dative bond.

Jensen proposed that all Lewis acid-base interactions
could be classified in terms of the identities of the interacting
orbitals.” ' In his analysis, nine types of bonding phenomena
are possible through the combination of three kinds of
acceptor orbitals with three kinds of donor orbitals (Table 1).

Table 1: Jensen’s orbital analysis of molecular interactions.

Donor Acceptor

n* o* IT
n n-n* n—-o* n—g*
o o—n* 0—0%* o—TT*
T T—n* T—0" 7T

Although each of these combinations could represent a
productive interaction, in practice, only three of these
interactions are significant in terms of catalysis. These are:
1) interactions between nonbonding electron pairs and anti-
bonding orbitals with s character (n-mt* interactions),
2) interactions between nonbonding electron pairs and anti-
bonding orbitals with o character (n—0* interactions), and
3) interactions between nonbonding electron pairs and vacant
nonbonding orbitals (n—n* interactions). This analysis does
not exclude the existence of catalytically significant inter-
actions corresponding to the other classes of interactions.””

3.1.1. Catalysis by Nucleophilic Addition: n—* Interactions

The distinction between these classes of interactions is an
important one, not only for providing further definition to
specific examples of Lewis base catalyzed reactions, but also

for understanding the effects of the binding of the Lewis basic
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donor on the reactivity of the Lewis acidic acceptor. The
family of n—m* interactions represents the largest and most
commonly recognized form of Lewis base catalysis, and
generally—although incorrectly—termed “nucleophilic cat-
alysis” (Scheme 3).*"-*?) Here, the nonbonding electron pair of

S. E. Denmark and G. L. Beutner

acid acceptors such as boranes and other Group 13 elements.
An important requirement for these types of interactions is
that the Lewis acidic acceptor be able to expand its
coordination sphere and attain a “hypervalent” state.” The
changes in bond order induced by adduct formation allow for

the simultaneous enhancement of nucleophilic and

electrophilic character, again dependent on bond

oo NODO | s o X=LG )OL X Nu
' ‘ _ . E—
R)J\Nu . R)f\x ) R/\ X RLBT
X LB LB
9 w9 | o x=Le 9 x N
H —_ 2 —_— 3 2 u
2ﬁR752|1R ﬁR RN
N X ix7, LB, X LB 3 B Ny

polarizability as applied in the n—nt* analysis. The
j\ behavior of hypervalent species and why this often

R™ "Nu|  Jeads to novel forms of reactivity is best understood
through Gutmann’s empirical analysis of acid—base
, 1 interactions.*!
R

3.1.2.1. Gutmann Analysis

Scheme 3. Parallels between the catalyzed (right) and uncatalyzed reactions (left) of

unsaturated functional groups.

a Lewis base interacts with a t* acceptor orbital, such as those
contained in alkynes, alkenes, carbonyls, azomethines, or
other common unsaturated functional groups. These reac-
tivity patterns closely parallel those observed in the nucleo-
philic 1,2-additions to carbonyl groups (that generate alk-
oxides) and nucleophilic 1,4-additions to a,p-unsaturated
compounds (that generate a-stabilized anions). These paral-
lels with well-known reactions resulted in these processes
being the first clearly identified examples of Lewis base
catalysis. In the case of simple carbonyl groups as acceptors,
the attack of the Lewis base leads to the formation of a
zwitterionic, tetrahedral intermediate with enhanced nucleo-
philic character at the oxygen atom. If the carbonyl com-
pound in question possesses a leaving group, such as in an acid
chloride and other active carboxylic acid equivalents, this
intermediate can collapse to a new ionic species that now
possesses enhanced electrophilic character at C1. A similar
pattern of reactivity is observed in o,f-unsaturated com-
pounds. In the case of simple unsaturated carbonyl com-
pounds, conjugate addition of the Lewis base leads to
formation of a zwitterionic enolate with enhanced nucleo-
philic character at C2. However, if a suitable group is present
at C3, as would be the case in a y-alkoxy-a,p-unsaturated
carbonyl compound, this zwitterion can collapse, thereby
generating a species with enhanced electrophilic character at
C3. In both cases, proton transfer can lead to additional,
unprecedented modes of reactivity. The fact that Lewis base
activation can provide both electrophilic and nucleophilic
activation is a unique aspect of these methods, and it will be
featured prominently in subsequent discussions.

3.1.2. Catalysis by Polarization: n-o* and n-n* Interactions

The other two types of interactions, the n—0* and n-n*
interactions, are less-well known, but equally versatile path-
ways for catalysis. The use of “0*” to describe the acceptor
orbital on the Lewis acidic species is a general term, because
species that participate in these interactions include several
organometallic reagents consisting of main-group elements.
The “n*” term is representative of a specific group of Lewis

www.angewandte.org
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Gutmann recognized that formation of an acid—
base adduct leads to an overall increase in the
electron density in the acceptor fragment of the
adduct, but that the distribution of this electron
density is not equal among the constituent atoms (Scheme 4).
This redistribution of electron density has noticeable con-
sequences on the bond lengths. These observations serve as
the basis of Gutmann’s four rules of molecular adduct

L\ L\
P P
L L
L6+ 2(8)_( Lewis base Lewis base E; X ,x
N B ' 5 s
\“DB—EA\, _— 4 : + — - DS—J?\B—X
BN 1% ® X 4y fx
A : A
~FYs ' LAy
X X i X h
increased increased ; increased increased
negative positive negative positive
charge charge Group 13 Group 14 charge charge
Lewis acid Lewis acid
L x1* L x "
o—A | x D—A, | x
L‘";‘ \X L‘J VX
L L X
cationic cationic
Lewis acid Lewis acid

Scheme 4. Electronic redistribution resulting from Lewis acid-base
complexation.

formation:®! 1)the smaller the intramolecular distance
between the donor (D) and the acceptor (A), the greater
the induced lengthening of the peripheral bonds (A—X),
2) the longer the bond between D and A, the greater the
degree of polarization of electron density across that bond,
3) as the coordination number of an atom increases, so do the
lengths of all the bonds originating from that coordination
center, and 4) the bonds adjacent to D and A will either
contract or elongate to compensate for the changes in
electron density at D and A. A corollary to Gutmann’s
fourth rule deals with charge density variations, and states
that:

“although a donor-acceptor interaction will result in a net
transfer of electron density from the donor species to the

Angew. Chem. Int. Ed. 2008, 47, 1560—1638
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acceptor species, it will, in the case of polyatomic species,
actually lead to a net increase or “pileup* of electron density at
the donor atom of the donor species and to a net decrease or
“spillover of electron density at the acceptor atom of the
acceptor species. This results from the accompanying changes
in the intramolecular charge distribution induced by the
primary donor—acceptor interaction. These disperse the net
change in electron density among all the atoms and in so doing,
overcompensate for the initial changes induced at the donor
and acceptor atoms. This result is important as it contradicts the
usual assumption of the organic chemist that the net changes in
formal charges remain localized on the donor and acceptor
atoms.”!

These empirical rules regarding the structural and polar-
ization consequences of adduct formation between a Lewis
acid and a Lewis base each represent subtle differences, but
can be illustrated by examining specific examples. The effects
of the binding of a Lewis base to the Lewis acidic species
antimony pentachloride (SbCls) have been carefully exam-
ined by X-ray crystallography (Scheme 5).”!! Binding of
tetrachloroethylene carbonate to SbCls induces noticeable
changes in the bond lengths throughout the complex 3: while
some bonds are lengthened, others contract. In the (RO),C=
O-Sb-Cl subunit, the C=0 bond is lengthened, which polar-
izes it towards the antimony atom, thus leading to a “pileup”
of electron density at the carbonyl oxygen atom and a loss of
electron density at the carbonyl carbon atom. These changes
in bond lengths are a clear manifestation of both the first and
fourth rules. The polarization of the C=O bond is compen-
sated for by increased electron donation from the carbonate
oxygen atoms, which leads to contractions of the bonds
between the distal oxygen and the carbonyl carbon atoms.
This observation is also consistent with the predictions of the
fourth rule.

Bonds lengthened
by polarization

SbCl,
+2-5 pm
! cl (':lcg
¢l 00 *7pm N v 8P,
cl J— c. 020
ol (0] - pmmc|§/Yk
cl Oy~ +7pm
cl
Cl gpm

3
Bonds shortened
by polarization

Scheme 5. Differences in the bond lengths in SbCls and its complex 3.

The more interesting, and catalytically relevant, effect
occurs on the side of the Lewis acid. In response to the
binding of the Lewis base, the coordination number of the
antimony atom increases by one and the bonds around the
antimony center are lengthened, as predicted by the third and
fourth rules. This situation corresponds to the “spill-over”
effect, where the augmented electron density around the
antimony atom is distributed to the more electronegative,
peripheral atoms. A crucial consequence of the spill-over
effect is that the Lewis acidic center is often rendered more

Angew. Chem. Int. Ed. 2008, 47, 1560-1638
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electrophilic than the parent Lewis acid while its ligands are
rendered more nucleophilic.

Whereas the structural manifestations of Gutmann’s rules
can be readily confirmed by X-ray crystallographic analysis of
Lewis acid-base complexes, the electronic consequences, that
is, the actual fractional charges residing on an atom, cannot be
easily discerned without computational analysis. Fortunately,
a number of such calculations are available for adducts of
various elements.”"

Without doubt, the most extensive collection of exper-
imental and computational studies on donor—acceptor com-
plexes is found in the Group 13 elements. The “unexpected”
trend in Lewis acidity for the various boron halides (BF; <
BCl; < BBr;) has stimulated a great deal of debate and
computational analysis.””’ As part of these studies, the Lewis
base adducts of the Lewis acids are also examined and the
partial atomic charges are often calculated. For example, at
the MP2/6-311G(3df,2pd) level of theory, the NBO atomic
charges on the boron atom in BF; and H;N-BF; are + 1.590
and + 1.452, respectively, while the NBO charges on the
bpron atom in BCl; and H;N-BCl; are +0.554 and + 0.518,
respectively.”**! As part of a comprehensive computational
analysis of Lewis acid-base interactions, Frenking and co-
workers calculated the NBO atomic charges on boron in
various complexes at the MP2/6-31G(g) level of theory. All of
the complexes with nitrogen, oxygen, and carbon donors in
various hybridization states were similarly positively charged
(+1.38 to 4 1.49) as the boron atom in BF; (4-1.49).%! In
addition, two independent calculations on the structure of
Lewis base adducts of GaCl; found similar trends. By density
functional theory analysis (B3LYP) using the RHF/
LANL2DZ method, the atomic charges on GaCl,,
H;N-GaCl;, and py-GaCl; are +0.71, +0.70, and +0.71,
respectively.”"! At the RHF//6-311 4 + G** level of theory,
the Mulliken charges for GaF;, H;N-GaF;, GaCl;, and
H;N-GaCl; are +1.514, 4+ 1.531, + 0.492, and + 0.636, respec-
tively, which clearly illustrates the increase in partial positive
charge at the gallium atom upon complexation.

The trends are even more dramatic for the Group 14
elements as these Lewis acids can expand their valences twice.
For example, the series SiF,, SiFs~, and SiF¢*~ has Mulliken
charges at the silicon atom of +1.19, +1.14, and +2.125"
whereas the series SiCl,, SiCls~, and SiCl&~ has Mulliken
charges at the silicon atom of + 0.178, +0.279, and + 0.539,°™"!
respectively. These trends are truly striking as the binding
Lewis base in these cases is charged (F~ and CI7), thus
rendering the adducts formally negatively charged (and
erroneously viewed as negative at the silicon atom), yet the
acceptor silicon atom increases in its positive character!*”!

3.1.2.2. Hypervalent Bonding Analysis

An alternative picture of the electronic perturbations that
result from n—o* interactions is provided by the molecular
orbital analysis of hypervalent bonding and the formation of
three-center, four-electron hybrids. The ability of main-group
elements to form compounds which appear to break the
Langmuir-Lewis octet rule was originally explained by
invoking an availability of d orbitals (such as 3d for silicon)
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by using an analogy to transition-metal complexation.’!

However, silicon is not a transition metal, and it is now
generally accepted that the 3d orbitals on silicon are too
diffuse to engage in meaningful bonding.”! The ability of
silicon to expand its coordination sphere (to engage in
hypervalent bonding) is due to the ability of the silicon
3p orbitals to engage in electron-rich three-center four-
electron bonding.” This analysis will be illustrated for
complexes of silicon.*”

Silicon normally engages in bonding with only four other
atoms, which completes the electronic requirement for an
outer-shell octet. In SiL, compounds, the molecules have a
tetrahedral geometry, and therefore the central silicon atom
displays sp® hybridization (Figure 1). From the perspective of
valence bond theory, expansion to a pentacoordinate silicon
complex (SiLs) requires a p orbital to engage in hypervalent
three-center four-electron (3c-4e) bonding. The trigonal
bipyramidal structure of these complexes employs
sp? hybridization of the central silicon atom. Further expan-
sion of the coordination sphere to an octahedral, hexacoor-
dinate complex (SiL), requires a second p orbital to engage
in hypervalent bonding, and the silicon atom to be formally sp
hybridized (Figure 1). The formation of hypervalent p-
symmetry orbitals effectively lowers the energy of the
hybrid orbitals involved in covalent bonding by increasing
the proportion of “s character” in these orbitals.

] L ]
j— — | —gji=L —— L~gj~L
L/S’\LL =S~ =SS
L L
sp

P
sp?
— hypervalent sp? 0.0

— covalent L/

P w o 6‘

sp

p — p =
sp* = E

sp —

SiL, Sl SiL,

tetrahedral TBP octahedral

sp° hybridized sp? hydridized sp hybridized

Figure 1. Hybridization scheme and orbital picture of silicon
complexes.

The hypervalent bonds are inherently electron rich at the
surrounding ligands and electron deficient at the central
atom; the combination of three atomic orbitals (AOs) creates
three molecular orbitals (MOs)—a bonding, a nonbonding,
and an antibonding orbital (Figure 2). Mixing of the filled
o orbital of the acceptor with the filled n orbital of the donor
generates a pair of hybrid orbitals. The HOMO of this hybrid
orbital (¥?) contains a node at the central atom and localizes
the electron density at the peripheral atoms. Therefore, it is
clear how both enhanced electrophilic and nucleophilic
character can be generated at different atoms in this adduct.
As the strength of the donor increases, the polarization and
the energy gap between the ¥' and ¥ orbitals increases. In
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the extreme, this leads to ionization and generation of a
cationic species (Scheme 4). Thus, the changes in bond order
and the polarization of electron density that occur in the
formation of 3c-4e hybrids corresponds to Gutmann’s four
rules. The formal bond order of the 3c-4e hybrid in SiFs™ is
0.75 and, indeed, X-ray crystallographic data indicates a
significant difference in the bond length between the axial
and equatorial fluorine atoms in SiFs~ (F,, 1.646 A, Fe,
1579 A, F,, 1602 A).) Moreover, the polarization of
electron density from the central atom to the ligands in 3c-
4e hybrids corresponds to the predictions of Gutmann’s
fourth rule and explains the apical positioning of electro-
negative substituents.’)

antibonding () o DQ O
nonbonding (%) O . O % HOMO
bonding (') O DQ o %
Cl Si Cl

Figure 2. Molecular orbital diagram of three-center-four-electron
hybrids.

LUMO

In a general sense, the n—o* interaction exists as a
continuum between a hypervalent state and an ionized one
(Scheme 4). Just as cases of n—x* interactions find analogy
with well-known synthetic processes, it is clear how this type
of interaction relates to reactions involving the formation of a
covalent bond, such as the Sy2 displacement. The same kind
of 3c-4e bonding present in Sy2 transition structures is
observed in the highly polarized, hypervalent intermediates
formed upon the binding of a Lewis base to a Lewis acid.*
Taken together with Gutmann’s proposal, the molecular
orbital analysis of these intermediates further accentuates the
intimate relationship between hypervalent or ionized inter-
mediates in cases with n—0* interactions.

The broad, inclusive definition of Lewis base catalysis
proposed above can now be subdivided into three categories
to demarcate three significant mechanistic regimes. Each type
of interaction, n—*, n—0*, and n—n*, clearly separates the
regimes on the basis of the nature of the Lewis acid acceptor.
These modes of interaction have a similar potential to
generate nucleophilic and electrophilic character in the
adduct, albeit in different ways. It is the ability of the bonds
in the acceptor to become polarized in response to Lewis base
binding that is the hallmark of all Lewis base catalysis.

3.2. Definitions Revisited
3.2.1. Why “Lewis Base Catalysis” and Not “Nucleophilic
Catalysis”?

One of the most important consequences of the plurality
of interactions, described above, by which Lewis bases can
enhance chemical reactivity is the realization that other
definitions of catalysis with Lewis bases are at best inadequate
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or at worst misleading. The definition of Lewis base catalysis
as presented in Section 2 is unambiguous, because it is based
on the structure of the species that is added to a reaction,
which causes a rate enhancement, and is recovered
unchanged at the end. There is no implication nor require-
ment to know the effect that the catalyst exerts in increasing
the reaction rate. The terms nucleophilic and electrophilic
should be used to describe those characteristics of the reactive
species that are enhanced by the catalyst (and thus, tied to the
mechanism). The terms Lewis basic and Lewis acidic should
be reserved for the characteristics of the catalysts themselves,
that is, electron-pair donors and electron-pair acceptors,
respectively. The unique feature of Lewis base catalysis is that
it can operate by enhancing either the nucleophilic or the
electrophilic character of a reactive species. The commonly
used term “nucleophilic catalysis” is ambiguous as evidenced
by comparing the mode of activation in the reactions of 4-
(N,N-dimethylamino)pyridine ~ (DMAP) in acylation
(enhanced electrophilicity) or ketene reactions (enhanced
nucleophilicity). For these reasons, the use of this term should
be discouraged.

3.2.2. “Lewis Base Catalysis” or “Ligand-Accelerated Catalysis”?

At first glance, the definition of Lewis base catalysis
presented earlier sounds very similar and may be confused
with the term “ligand-accelerated catalysis” as defined by
Sharpless and co-workers:

“In ligand-accelerated catalysis the addition of a ligand
increases the reaction rate of an already existing catalytic
transformation. Both the ligand-accelerated and the basic
catalytic process operate simultaneously and in competition
with each other.”®

In Lewis base catalysis, the transformation being accel-
erated is not already a catalytic process. The simultaneous
process in competition is the stoichiometric reaction of all of
the components. The Lewis base accelerates the reaction by
binding to one of those components, thereby enhancing its
nucleophilic or electrophilic character toward one of the
other reactants. The Lewis base is subsequently released from
the product to reenter the catalytic cycle. In this regard,
ligand-accelerated catalysis is seen as a special case of Lewis
base catalysis when the species being bound and activated is a
catalytic rather than stoichiometric component of the reac-
tion. This form of Lewis base catalysis is vast and has already
been discussed in detail elsewhere. It will not be covered in
this Review because it would obfuscate the important,
unifying features of the more general process as it applies to
reactions of other primarily main-group elements.

3.3. Toward a Scale of Lewis Basicity: Identity of the Lewis Base

To better understand the way in which Lewis acid-Lewis
base interactions affect reactivity, Jensen’s classification
system (based on the identity of the interacting orbitals,
Table 1) provides a finer level of distinction, at least with
regard to the Lewis acidic fragment. However, this analysis
classifies all Lewis bases by the nondescript term: n-type
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donors. Considering the diversity of Lewis basic entities, this
is a gross over-simplification. Although it is true that the
Lewis bases discussed in this Review are all nonbonding
electron-pair electron donors, they possess significant struc-
tural and electronic differences. These differences are espe-
cially clear when considering the identity of the donor atom
and the kinetic and thermodynamic characteristics of their
binding to acceptors.

The issue of the identity of the donor atom is fairly
straightforward. The majority of n-type Lewis bases contain
donor atoms from Groups 15 and 16 such as nitrogen, oxygen,
phosphorus, and sulfur. Notable exceptions are nucleophilic,
transition-metal species involving cobalt and iron™ as well as
N-heterocyclic carbenes.””! The question of the energetics of
the donor interactions is more difficult to resolve. Just as the
development of a thermodynamic scale of Lewis acidity has
been a controversial and difficult task, so too has the
development of a scale of Lewis basicity. Although such a
scale would be a valuable tool for the development of Lewis
base catalyzed reactions, the validity of these measurements
are complicated by several major factors, including: 1) the
strength of the interactions must be referenced to a specific
acceptor, 2) the normalization of contributions from steric
effects, 3) the involvement of secondary solvent interactions,
and 4) the occurrence of chemical reactions between the
donor and chosen acceptor.

Several scales of Lewis basicity have been proposed,
although each has inherent assumptions regarding the choice
of the acceptor and the existence of secondary interactions
that could limit the general applicability of the scale. Despite
their inability to provide a unified and consistent quantitative
ordering, these scales do present a fairly consistent, qualita-
tive ordering of Lewis bases and provide rough guidelines for
catalyst choice and optimization.

As most common Lewis bases are also common organic
solvents, physical parameters used to classify solvents are
sometimes useful to gauge the relative donor strength of
certain compounds. Properties ranging from the Trouton
constant, a value that estimates the degree of association
between molecules, to the internal pressure (m), or the
dielectric constant (¢) have all been used as reference
points.! Although these scales are attractive because they
avoid problems associated with the choice of the reference
acid, this is also their major shortcoming. Moreover, as
demonstrated in the previous section, a consideration of the
acceptor fragment of any adduct is the major defining factor
in identifying these catalytically significant interactions.

One of the most widely used methods for judging the
relative strength of Lewis bases is, ironically, the pK, value.*”!
Although this scale is referenced against the proton, which
creates an apparent inconsistency between concepts of
Brgnsted and Lewis acidity,* it still represents the largest
body of such data. There are several major shortcomings for
this scale of Lewis basicity, the most notable being that it is
devoid of any complicating steric interactions. Hence, it is not
a good model for synthetically useful Lewis acids such as
boron trifluoride (BF;) and tin tetrachloride (SnCl,).

A more commonly used scale involving synthetically
relevant Lewis acids is the donicity number (DN) scale
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developed by Gutmann et al.?**! This scale is based on two
experimental techniques, depending on the identity of the
Lewis acid: the measured enthalpy of adduct formation
between SbCls; and a Lewis base in a dilute solution of 1,2-
dichloroethane, and the chemical shift of the “Na NMR signal
of the adduct formed between a Lewis base and NaClO,.
Although this scale has been widely used because of its
reference to synthetically relevant Lewis acids, it has been
widely criticized for several reasons. Most notable among the
problems are: 1) concerns regarding interactions between
SbCls and the solvent, 2) variations in the steric demands of
the Lewis base on the enthalpy of formation, and 3) the
observation of side reactions between certain Lewis bases and
SbCls. Still, these criticisms seem directed only at individual
values, especially for measurements of interactions between
extremely weak or strong Lewis bases, rather than the method
in general.

A second calorimetric evaluation of Lewis basicity that
has been constructed uses a similar experimental technique as
employed in the DN number scale. Maria and Gal have
developed a scale from enthalpies of complexes formed by the
interaction of a donor moiety and BF; in a dilute solution of
dichloromethane.[*”! This scale directly addresses the concerns
raised about the DN scale by comparing the values in two
very different solvents (CH,Cl, and nitrobenzene) as well as
by performing control experiments to allay concerns about
erroneous contributions from undesired side reactions. The
issue of variable steric contributions to the enthalpy of
formation remains, but as the authors note, it should be small
because of the size of this reference Lewis acid, and should
not significantly effect qualitative conclusions. Furthermore,
it should be noted that this scale still comes to the same
qualitative conclusions as the DN scale developed by
Gutmann.

Whereas the use of pK, values and specific calorimetric
data is always tied to one reference Lewis acid, the E/C scale
developed by Drago is a more general, predictive tool that
allows for a truly quantitative determination of the strength of
an acid-base interaction. The E/C scale assigns two
parameters to both the donor and the acceptor. The E term
represents the ability of the species to participate in an
electrostatic bond, whereas the C term represents the ability
of that species to participate in a covalent bond. A large
number of these values have been determined experimentally
by measuring the enthalpy of formation of a variety of acid—
base adducts. By combining these parameters in the equation
AH 5 =E,Eg + C,C;, the enthalpy of adduct formation for a
specific acid-base adduct can be determined. This method
also avoids the criticisms of other calorimetric methods
because it is not tied to a single Lewis acid acceptor but is still
subject to concerns regarding its application to ionic sys-
tems.”l Although the E/C method is a powerful tool, it has
not been widely used in synthetic organic chemistry.

Several other Lewis acid specific scales have been
developed by using such techniques as calorimetry,**!
NMR spectroscopy,“®! and ion cyclotron resonance (ICR)
spectroscopy.l*”) Although most of these scales are limited,
they are still in rough agreement with the scales discussed
above. In fact, some agreement is found among the values
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obtained from the different methods, thus demonstrating the
general applicability of these scales for most qualitative
purposes (Table 2).”"

Table 2: Comparison of scales of Lewis basicity.

Entry Base e pKg™  DNE DNE o E gl kM
1 NEt, 2.42 10.8 61.0 135.87 0.991 11.09 —
2 Et,O 4.20 —38 192 77.87 0963 325 —

3 EtOAc 6.02 ~—4 17.1 7555 0.987 233

4 CH,Cl, 8.93 - 0 - - - -
5 pyridine 12.91 521 331 12808 1.17 6.40 0.10
6 acetone 2056 —29 170 76.03 0987 233 -
7 HMPA 29.6 388 117.53 1.52  3.55 9900
8 acetonitrile 35.94 —10 14.1 60.39 0.886 1.34 -
9 DMF 3671  —12 266 11049 132 258 0.81
10  DMSO 4645 —1.8 298 10534 1.34 2385 —
1 PNO - 079 - - 134 452 66

[a] Relative permissivity (dielectric constant, 23°C).""l [b] pK, value in
water.? [c] AHq,,, with SbCls in 1,2-dichloroethane.** [d] AH,,, with BF;
in dichloromethane.””! [e] Ref. [48]. [f] Reaction rate with Me,SiOTf.!**

The strength of the Lewis base directly relates to the
facility by which an active adduct can be formed, be it through
an n—t*, n—0*, or n—n* interaction. As the formation of the
adduct represents an equilibrium process, the greater the
enthalpic advantage for the formation of the adduct, the
greater its equilibrium concentration and, hence, the greater
the effect on the observed rate of the reaction catalyzed by
the Lewis base. In the subsequent discussion, the strength of
the Lewis base will be invoked to explain many of the
observations of enhanced reactivity obtained after modifica-
tion of the catalysts.

4. Scope of the Review

Although the definition of what constitutes Lewis base
catalysis has been presented in detail above, it would none-
theless be helpful to clarify what will be covered in the
sections that follow. We have adopted the most fundamental
definition of a Lewis base as “a species that employs a doubly
occupied orbital in initiating a reaction.” In all of the
examples below, the Lewis base initiates a reaction by
combining with one of the stoichiometric reactants, facilitates
and accelerates bonding changes, and is then released to
reenter the catalytic cycle. The most important family of
Lewis base catalyzed reactions that cannot be covered are
those that fall under the heading of ligand-accelerated
catalysis for the reasons described above. Thus, no catalytic
transition-metal reactions that are carried out with basic
ligands or stoichiometric reactions of organometallic com-
pounds in the presence of coordinating ligands will be
discussed. In many of the examples below, the reason for
including certain classes of reactions (or not) will be further
explained.
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5. Examples of Lewis Base Catalysis: The n—m*
Interaction

Early examples of Lewis base catalyzed reactions are
closely related to well-established methods for the addition of
strongly basic, anionic reagents to unsaturated organic func-
tional groups. The addition of polar organometallic reagents
to carbonyl compounds or to a,-unsaturated systems directly
generates anionic intermediates which are typically proton-
ated or trapped by other electrophiles. The addition of strong,
neutral Lewis bases to these same substrates generate highly
reactive zwitterionic intermediates. These species exhibit
additional reactivity that can be harnessed for the develop-
ment of new bond-forming processes.

5.1. Electrophilic Activation through n—m* Interactions
5.1.1. Lewis Base Catalyzed Acylations

The acylation of alcohols and amines is a common
transformation that can be promoted by a wide variety of
catalysts, including enzymes, Brgnsted bases, Brgnsted acids,
and Lewis acids. One classic method for the acylation of
alcohols employs pyridine, which was originally believed to
act as a general base catalyst, and an acid chloride or
anhydride.”" Although these conditions are mild, the reaction
rates are slow, especially with hindered secondary and tertiary
alcohols.

Beginning in the mid-1960s, studies focused on the
development of more active catalysts for this transformation.
Litvinenko and Kirichenko and later Steglich and co-workers
found that donor-substituted pyridines showed greatly
enhanced rates for acylation (Table 3).’” Hammett studies
on the effect of pyridine substituents in the acylation of
anilines showed that substituents in the meta and para
positions strongly accelerated the rate of the reaction (o=
—3.74, R*=0.985). These investigations eventually led to the
identification of DMAP (5g) as a highly effective and
practical catalyst for these reactions.”” Most subsequent
developments in this area, whether on more active achiral or
chiral catalysts, have held fast to this initial design and
generally feature a 4-aminopyridine moiety."

Table 3: Rate studies on the pyridine-catalyzed acylation of anilines.
cl NH, N NEt, (o]
BzCl + + |\|A — )J\
R/f ks Ph™ °N cl
4

H
5a-g 6a-g

Entry R ks [L*mol™?s™] pK, (H,0) 1%

1 3-NO, (5a) 0.0231 0.81 0.710
2 3-Cl (5b) 0.0893 2.84 0.373
3 H (5¢) 1.80 517 0

4 2-Me (5d) 0.0987 5.97 -0.170
5 3-Me (5e) 3.80 5.68 —0.069
6 4-Me (51) 3.80 6.02 —0.170
7 4-NMe, (5g) 10.0 9.58 —0.830
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As these new catalysts appeared, so did new insights into
the mechanism of the acylation reaction. Linear relationships
were found between reaction rate, Hammett o values, and
pK, values. However, both relationships broke down in the
case of 2-substituted pyridines. The reaction rate with 2-
methylpyridine is almost 100-times slower than that with 3- or
4-methylpyridine, despite a small change in the o and
pK, values. The dramatic change in the reaction rate between
4- and 2-methylpyridine is inconsistent with simple Brgnsted
acid catalysis. Therefore, a new “consensus” mechanism that
involved Lewis base catalysis was formulated, which has
garnered support from numerous mechanistic studies over the
last 30 years (Figure 3).%%)

(@]
I+ AcOH R
Me OR' | =
N Ac,0
R | x R'E;H R ‘ X AcO~
N7 ~N__Me
T OAC L
-G Me o
I \—< I

R'OH

Figure 3. Consensus mechanism for pyridine-catalyzed acylations.

The reaction is initiated by attack of the pyridine nitrogen
atom on an acyl donor, such as acetic anhydride. This leads to
the formation of a highly electrophilic N-acylpyridinium ion L.
Support for the intermediacy of this activated species has
been found by IR and UV spectroscopic as well as crystallo-
graphic studies. The planar nature of this ion suggests an
explanation for the surprisingly low reactivity of 2-substituted
pyridine catalysts. To maximize the conjugation between the
donor substituent and the acyl group, a fully planar con-
formation must be attained. The presence of a flanking 2-
substituent creates unfavorable steric interactions and twists
the acyl group out of the plane of the molecule, thereby
destabilizing it. The importance of the stability of the N-
acylpyridinium ion I and therefore the position of this initial
equilibrium has been shown in a recent computational study
to directly affect the overall reaction rate.>™!

Once formed, this highly electrophilic intermediate is
subject to attack from the substrate, leading to the formation
of species II. Although Il is generally formulated as a classical
intermediate in acyl transfer, recent calculations suggest that
this is the rate-determining transition structure.”"! Collapse
of II by deprotonation completes the catalytic cycle by
releasing the acylated product and the catalyst. The addition
of a stoichiometric amount of an auxiliary base, such as
triethylamine, is generally required to guard against proto-
nation of the Lewis basic catalyst by the acid formed in the
rate-determining proton-transfer step.

Although the primary contribution to the catalysis of this
transformation is derived from the action of a Lewis base, an
important secondary contribution from Brgnsted base catal-
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ysis is present as well. The nonzero Brgnsted f3 values
obtained for the reactions of alcohols (By.on = 0.20) and
amines (Bophoine = 0.6) indicate the involvement of proton
transfer in the rate-determining step. Recent experimental
and computational studies have shed additional light on the
role of proton transfer in these reactions. For example,
Kattnig and Albert demonstrated that the identity of the N-
acylpyridinium counterion has a strong effect on the reaction
rate.’® More basic counterions lead to faster reactions (k,:
CN > OAc > Cl), and the auxiliary base also has a significant
effect on the acylation rate.

The identification of this acylation as a Lewis base
catalyzed reaction provided a strong foundation for the
development of a catalytic, enantioselective process. One of
the most well-known examples of an asymmetric catalyst for
the kinetic resolution of alcohols and amines by acylation is
the chiral DMAP derivative 7 developed by Fu and co-
workers (Scheme 6).°7 High levels of selectivity can be
obtained in the kinetic resolution of aryl alkyl and alkenyl
alkyl secondary alcohols in the presence of 7.

OH
}\ rac-8 H:C,
Ph tBu —_N-CH,
1mol %7 %
- 0 H ¢
tert-amyl alcohol, 0 °C ph Fepn
Ac,0, NEt, Q
Ph Ph
H,C, H,C, Ph
__N-CH, — N-CH, 5
< 5
Me-t(N O;/N
0 HE, Me H Fq
Ph Ph § Ph Ph void
ph&P>ph Ph Ph o
Ph Ph H-N-R
v m cp™
L pro-S pro-R - view along N
nonbonding
electron pair
OH (R)-8
e er. 98:2at 51% conv.
Ph tBu s=95

Scheme 6. Kinetic resolutions of alcohols catalyzed by a chiral pyridine
derivative.

The design principle behind this class of catalysts can be
understood by examining the structure of the acylated
catalyst intermediate. From a side-on perspective along the
C—N axis of the acyl group, it is clear that a nucleophile should
attack from the top face of the catalyst because the lower face
is blocked by the bulky cyclopentadienyl ring. However,
unless a single conformer of the acylated catalyst is formed,
there can be no differentiation between the two diastereo-
topic faces of the acyl group. In the case of 7, unfavorable
interactions between the substituent on the acyl group and the
ortho proton on the neighboring ring strongly disfavor the
pro-R conformer III. Therefore, reaction proceeds through
the pro-S conformer IV and high selectivity is observed. The
ability of a given complex to exist as a single conformer of this
acylated intermediate is directly tied to its success as a chiral
catalyst.

The use of this chiral Lewis base in kinetic resolutions
sparked a great deal of interest in other related catalyst
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structures (Scheme 7). A wide array of pyridine-based
catalysts that incorporate elements of “central”™ and
“axial”P’ chirality show comparable levels of selectivity
when compared to the original “planar-chiral” DMAP
derivatives. Another class of nitrogen-containing heterocycles
such as 9 developed by Birman etal. also gives high
selectivities.”! The incorporation of N-alkylimidazoles into
synthetic peptides (such as 11) by Miller and co-workers has
led to the development of a class of catalysts that can be tuned
to obtain high selectivity for a given substrate.’'! In most
cases, the structure of the acylating agent has also been
optimized to give high selectivity. This dependence has been
ascribed both to poor conformational control in the acylated
catalyst intermediate® and to competitive background
reactions when a simple acetyl donor is employed.”

OH catalyst OH
—_—
Ph}\zBu conditions Ph)\tBu
rac-8 (R)-8
: )
= O
N\) —
Ph N N/ NBu,

4 mol % 9, CHCI,, 0 °C
Na,SO,, NiPr,Et, (EtCO),0
e.r. 99:1 at 51% conv.

1 mol % 10, toluene, -95 °C
NEt,, (iPrCO),0
e.r. 95.5:4.5 at 16% conv.

s =166 =
Me s=26
N
<\ | tBuO
N
N
BocHN \)J\N/\[( \)J\Nﬁl/ \HL JJ\OMe
(0] iPr (?\II /\/Me
Me” OtBu
TrtN\/
0.5 mol % 11, toluene, -65 °C
NiPr,Et, Ac,O
e.r. >75:25 at 35% conv.
s>50

Scheme 7. Chiral catalysts for the kinetic resolution of alcohols.
Trt =triphenylmethyl.

The diversity of nitrogen-centered Lewis bases that
catalyze this reaction is reflected in the number of species
that promote this reaction through related, acylated catalyst
intermediates (Scheme 8). Cobaltate ions,® N-heterocyclic
carbenes (NHCs),™ and phosphanes®™ are all effective
catalysts for these acylations. Phosphane catalysis of the
kinetic resolution of alcohols is particularly noteworthy. In
these reactions, no auxiliary base is required to prevent
catalyst deactivation through protonation; the divergence
between Brgnsted and Lewis basicity allows for the develop-
ment of simpler synthetic procedures. The reactions are still
believed to proceed by similar mechanisms, although the N-
acylpyridinium ion discussed above has been replaced by a
different acylated catalyst intermediate. Spectroscopic studies
by Vedejs and Diver with tri-n-butylphosphane support the
conclusion that the active species in phosphane-catalyzed
acylations is an acylated phosphonium ion VIL!®! Incorpo-
ration of the Lewis basic site in a chiral environment, as in the
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catalyst 16, enables comparable levels of selectivity to be
obtained in the kinetic resolution of secondary alcohols.
Bulky acylating reagents are required to enhance the bias
between the two conformers of the acylated catalyst inter-
mediate.

OH
Q 10% Na[Co(CO)d] 0
12 OO — O—OAC
N CH4CN (OC)4Co™ "CHs
13
Ac0 v 88 % yield
-OCH= OH
o 5 mol % 15 oOCH-CH2 2
Ph”Me L —> pp” Me
rac-14 THF, -78 °C Imid ™ “CHPh, (R-14
+ er 982
. 98::
Ph,CHCO,CH=CH, vi at 32% yield
s=80
oH 2.5 mol % 16 o IPICO; o
Ph/\Me B ———— . )l\ — Ph/\ Me
rac-14 heptane, -20 °C R*3P iPr (R)14
N e.r. 96.5:3.5
(iPrC0O),0 Vil at 29% conv.

s=42

Scheme 8. Diversity of Lewis base catalysts for alcohol acylation.

Despite the broad scope of catalysts that can perform this
transformation, the line distinguishing a Brgnsted from a
Lewis base catalyzed process is a fine one, and requires some
care when a classification is made. An excellent example of
this issue comes from studies on the desymmetrization of
meso-anhydrides with cinchona alkaloids (Scheme 9). Origi-
nally investigated by Oda and others,* recent studies by
Deng and co-workers have shown this to be a highly selective
method for performing desymmetrizations with a wide variety
of anhydride structures.”” On the surface, little difference can
be seen between this transformation and the acylative kinetic
resolutions described above. However, mechanistic studies by
Oda and co-workers have shown that these reactions likely
proceed through a general base catalyzed mechanism rather
than a Lewis base catalyzed one. The observation of a large
ky/kp ratio of 2.3:1 when MeOD is used is in line with the
ku/kp value of 3:1 obtained in known, general base catalyzed
ester hydrolyses. The increased steric demand around the
quinuclidine nitrogen atom attenuates its Lewis basicity
without affecting its Brgnsted basicity. This analysis may
also bring into question the mechanism of related trans-
formations with chiral tertiary amines, from Oriyama et al.,
on the kinetic resolution of alcohols.® Oriyama et al.
speculate that the differentiation of meso-diols involves an
acylammonium salt from a proline-derived catalyst which, in
the absence of supporting spectroscopic evidence, seems
unlikely.
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Scheme 9. Catalytic desymmetrizations of meso-anhydrides.

5.1.2. Extending the Electrophilic Reactivity of Acylated Lewis
Base Catalysts

The breadth of catalysts capable of promoting the
acylation of alcohols and amines, all of which involve highly
electrophilic acylated catalysts, hinted that this particular
intermediate may have applications beyond these simple
kinetic resolutions. In recent years, numerous reports have
appeared that show the versatility of these intermediates for a
variety of new bond-forming processes (Scheme 10). Way-
mouth and co-workers have shown that transesterification
reactions catalyzed by NHCs are a powerful and useful
method for the formation of polyesters with controlled
molecular weights and low polydispersities.®”!

0o
EtoJLM?,OHw
+

CI CH,
KOtBu N O G
CF CH, —_— [ />—<7L — Et{OJ\PTO%_I
N 20 h, THF TN s(-OH A
[ 2—H 29 CH, u
+ N Vil 95 % conversion
CH;, M, 21000
3.3x10° % PDI 1.57

Scheme 10. Lewis base catalyzed polymerizations of hydroxy esters.

Carbon-carbon bonds can be formed by the attack of a
carefully chosen nucleophile on the acylated catalyst inter-
mediate (Scheme 11). Fu and co-workers have shown that the
reaction of an O-acylated azlactone 22 with a chiral DMAP
analogue 28 leads to the formation of a quaternary stereo-
center with high levels of enantiopurity.’”! Recent reports
have further expanded this method to furanones, benzofur-
anones, and oxindoles, thus making it a general method for
the generation of quaternary carbon stereocenters."’l In
related work, it was shown that silyl ketene acetals and silyl
ketene imines are also capable of intercepting N-acylpyridi-
nium ion intermediates, further highlighting the utility of
Lewis base catalysis for the generation of quaternary carbon
stereocenters.["”

Novel extensions of this general reaction class are found
with variations of the nucleophile structure (Scheme 12).
Analogous reaction processes have been found for sulfinyl-
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Scheme 11. Lewis base catalyzed acylations of carbon-centered nucleo-
philes. TBS = tert-butyldimethylsilyl

(0]
0.5 mol %11 !
Q HO proton sponge e}‘“S\O
Me>(S\CI N Me Me
Me” e O THF, - 78°C O

rac-29 30 31
e.r. >99:1
61% yield

OBn 2 mol % 34
o o4  (PhO)POCI, NEt,
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K . tol 0°C
BnO' ‘0Bn cluens,
NHTrt

33
e.r.>99:1
65% yield

MeN / HN oy

O HN 31
BocHN

tBUO ¢J\ )\WOMe

Scheme 12. Lewis base catalyzed sulfinylations and phosphorylations.
Bn = benzyl, Boc = tert-butyloxycarbonyl.

ations!””! as well as phosphorylations.”* In both cases, the
optimal catalysts for these reactions were already known to be
active and selective in simple acylations.

New reactivity patterns have also emerged from continu-
ing investigation of this class of n—n* Lewis base catalyzed
reactions (Scheme 13).! Studies with a,p-unsaturated acyl
fluorides have shown that the enhanced electrophilicity of an
N-acylpyridinium ion need not be confined to the ipso carbon
atom. In fact, in the reaction of cinnamyl fluoride (36) with
the allylic silane 35, the enhanced electrophilicity is man-
ifested at the B-carbon atom, allowing for conjugate addition
of the allylic silane in IX. The resulting enolate then collapses
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Me, _siMe, Me  siMe,F ~
O’ 10 mol % 28 O’
0 H o

Me > Me >

CH,CI,, 40 °C
35 oLl o me” \
* + h Ph
0 R*,N \ Ph
>\._\ L B 37
F Ph IX er. 89:11

dr. 121
36 60% yield

Scheme 13. Lewis base catalyzed allylation/acylation cascade.

to form a ketene, which can be trapped by the pendant olefin
to afford the tricyclic product in good yield and stereoselec-
tivity.

5.2. Nucleophilic Activation through n—m* Interactions
5.2.1. Nucleophilic Reactions of Acylated Lewis Base Catalysts

In the Lewis base catalyzed acylations described above,
the intermediate N-acylpyridinium salt serves two roles: acyl
donor and general base catalyst. The conversion of an
anhydride or acid halide into what effectively is a bifunctional
reagent is responsible for the high reactivity of this type of
catalyst system.

By analogy to this process, the addition of cyanoformates
to carbonyl groups presents an interesting, but mechanisti-
cally distinct, opportunity for Lewis base catalysis (Figure 4).
In this reaction, the attack of an amine-derived Lewis base on
the cyanoformate generates a highly reactive adduct X

NC, ,OCOR i
LRk, \R, NC” “OR
NC_ OCOR |
X s
R
o oN
.\
NC, O o JLOR
A+ X
R'” R R;N” “OR
+
_ 0 [¢]
N oL g
ROSR RN SOR R R

Xl

Figure 4. Mechanism of Lewis base catalyzed cyanoformylations.

comprised of an electrophilic N-alkoxycarbonylammonium
cation and a nucleophilic, rather than basic, cyanide anion.
Addition of this nucleophilic anion to a carbon-oxygen
double bond followed by trapping of the resulting alkoxide
with the N-alkoxycarbonylammonium cation leads to the
formation of a cyanohydrin derivative and releases the Lewis
base catalyst. As shown by Poirier and co-workers, a
secondary amine is capable of mediating the addition of a
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cyanoformate across the carbon-oxygen double bond of a
ketone.”!

The initial disclosure of this reaction suggested its use as a
protecting group, but more recent studies have revealed it to
be a method for asymmetric synthesis through the use of
cinchona alkaloids. Tian and Deng have investigated this
reaction with a wide variety of cyclic and acyclic ketones
(Scheme 14).1 The products are generally obtained in high
yields and enantioselectivities. Although a simple mechanism
for the reaction can be envisioned, the results suggest a more
complex situation because the reaction exhibits time-depen-
dent enantioselectivity. To explain this, it is proposed that the
initial cyanide addition is reversible and that carbonate
formation is the rate- and stereochemistry-determining step.
This hypothesis is intriguing because it assumes that a
dynamic kinetic resolution of the intermediate cyanohydrin
alkoxides XI is being mediated by the electrophilic, chiral N-
alkoxycarbonylammonium cation.

15 % 15%

NC_ .O,COEt DHQD,AQN 9 bHa,AQN NC, ,O,COEt
Hac@ HSC>&7 H,C—
H,C NCCOEt  h. ¢ NCCO.,Et  H,C
CHCl, CHCl,
(R)-39 24°C 4h 38 24°C 4h (S)-39
66 % yield 76 % yield
er. 98515 er. 97525

Scheme 14. Lewis base catalyzed cyanoformylation of ketones.

5.2.2. Lewis Base Catalyzed Reactions of Ketenes

The addition of a strong, neutral Lewis base to a carbonyl
group is not unique to the reactions of esters, anhydrides,
formates, and acid chlorides, but also plays an important role
in the chemistry of ketenes. Ketenes have long held strong
interest for organic chemists in view of their high reactivity
with nucleophiles and electrophiles as well as olefins in
[242] cycloadditions.” The addition of alcohols and amines
across the carbon-carbon double bond of ketenes is a well-
known reaction, and asymmetric versions have been devel-
oped.” However, there has been some debate regarding the
mechanism of these reactions, and it appears that Brgnsted
base catalysis may be operative in some cases.™ In the case of
[242] cycloadditions, studies point more conclusively toward
a Lewis base catalyzed pathway. The Lewis base is generally
proposed to lead to the formation of a zwitterionic enolate
intermediate with enhanced electrophilic character at C1 and
nucleophilic character at C2.

In a preparative sense, the use of chiral amines to promote
the [2+42] cycloadditions of ketenes with activated aldehydes
has been the subject of numerous studies over the past
50 years."!l Attempts to develop an asymmetric, Lewis base
catalyzed variant of this formal cycloaddition date back to the
pioneering studies of Prelog, Pracejus, Wegler, and Borr-
mann.*

In the early 1980s, Wynberg and Staring began a system-
atic investigation of the formal cycloaddition between ketenes
and aldehydes (Scheme 15).1"! Here, the reaction is believed
to proceed through the attack of the amine on the ketene (40),
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which leads to the formation of a highly reactive amidonium
enolate XII. This enolate then adds to an electrophilic
aldehyde to generate an alkoxide that can close onto the
acylammonium ion XIII, thereby releasing the Lewis base
catalyst and forming the f-lactone 41. In a classic series of
studies, it was shown that both enantiomers of the product
could be obtained simply through judicious choice of the
alkaloid catalyst. Subsequent analysis of the crystal and
solution structures of these compounds provides a clear
rationale for the factors influencing the stereoselectivity.*! In
the context of the Lewis base catalyzed reactions discussed so
far, it is interesting to note that enhanced nucleophilicity at
C2 played a role in the formation of the carbon—carbon bond
while enhanced electrophilicity at C1 played a role in the final
cyclization step.

L0 1mol % catalyst 0" R Cl,CCHO
L '
HC ' " eec toene N.
2, -25 °C, toluene *R/ R —¢
40 Xl

o 0
+

cgo“Mry:ﬁ

o R

Ef 4_/ Xl

—0

H

quinidine >99% yield / e.r. 99:1
quinine  >99% yield / e.r. 12:88 CkC

4 OMe
=
OH OH
LN __J\N AN
~ N

quinidine quinine

OMe

Scheme 15. Lewis base catalyzed [2+2] cycloadditions of ketenes.

Lewis base catalysis has also been applied to the develop-
ment of an asymmetric [2+42] cycloaddition of ketenes and
imines (Staudinger reaction).® Although the analogy to the
reactions of ketenes and aldehydes is clear, these studies have
led to considerable advances in the technique. Two major
strategies for this reaction have been introduced: one
involving purely Lewis base catalysis®®! and a second involv-
ing a combination of Brgnsted/Lewis base catalysis.*”! Exclu-
sive Lewis base catalysis of the reactions of preformed
ketenes with chiral DM AP analogues or a modified cinchona
alkaloid led to high enantio- and diastereoselectivities
(Scheme 16).15!

The second strategy, which avoids the use of preformed
ketenes, involves a chiral base that serves two roles: both as a
Brgnsted and as a Lewis base catalyst at different points in the

0 o PhCHO C/'O HJJ}?Ph Q NTs
= e — Et _
B, 5mol% 28 £t 10mol %28 Et Ph
Et THF, -78 °C toluene, 23 °C
44 42 as
92 % yield 83 % yield
er.955:45 er. 964

Scheme 16. Lewis base catalyzed [2+42] cycloadditions of aldehydes
and imines. Ts = toluenesulfonyl.
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ﬁ Iy i
N =
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Scheme 17. Lewis base catalyzed [2+2] cycloadditions with in situ
generated ketenes. Bz = benzoyl.

catalytic cycle (Scheme 17). In these reactions, either a
carboxylic acid or an acid chloride can be used as the
ketene source. In the case of the carboxylic acid, N-methyl-2-
chloropyridinium iodide (47)" is used to generate the
ketene. With acid chlorides, deprotonation and formation of
an amine hydrochloride leads to liberation of the ketene. This
intermediate salt then serves as a “shuttle”, transferring the
proton to a second Brgnsted base (present in stoichiometric
quantities), such as diisopropylethylamine. This process frees
the Lewis base to reenter the cycle, where it adds to the
ketene and leads to the formation of the active amidonium
enolate intermediate (similar to XII). As in earlier examples,
the use of cinchona alkaloids such as 52 or 53 as the basic
catalyst provides a well-differentiated chiral environment,
and the desired p-lactones or lactams can be formed in high
enantio- and diastereoselectivities. Both of these methods
involving the in situ generation of the ketene have allowed for
the development of highly selective, formal cycloadditions
that are complimentary to existing strategies, and allow the
use of ketenes that normally prove difficult to isolate. The
research groups of Calter and Romo have shown that
cinchona alkaloids are effective and highly selective catalysts
for the dimerization of ketenes to afford p-lactones.®!

Br Br
0 Br gr 10 mol % 53 ] lo) KJ/
+ —— > Br.,
Ph \)LC\ toluene, 24 h HJ\O
Br Br 78 —=25°C Ph Br
49 55 56
76 % yield
er.95545
0] Cl
0 Cl (0] 10 mol % 53 Cl (0] (0]
+ R
e, _ I
cl Cl iPrNEt cl 0~ TEt
Cl THF, -78 °C cl
57 58 59
91% vield
er. >99:1

Scheme 18. Lewis base catalyzed a-halogenations.
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For example, the use of insitu generated ketenes has
allowed for the development of other novel reactions. For
example, Lectka and co-workers have investigated in situ
generated ketenes and their reactions with halonium ion
equivalents for the generation of chiral, nonracemic o-halo
esters (Scheme 18).""1 Lewis base catalysis has also made
possible the first [442] cycloaddition of a ketene with an o-
quinone 58, again through the intermediacy of a similar
amidonium enolate.” Cleavage of 59 affords high yields of
enantioenriched a-hydroxycarboxylic acid derivatives.

5.2.3. The Morita—Baylis—Hillman Reaction: Lewis Base
Catalyzed Reactions of Alkenoates

The reactions of ketenes are not broadly representative of
n—t* type activation because the n—m* interaction need not
necessarily lead to both enhanced electrophilic and nucleo-
philic character of the intermediate. One reaction that is
driven solely by the enhanced nucleophilic character of a
Lewis basic adduct is the reaction of a,3-unsaturated carbonyl
compounds with aldehydes and imines, commonly known as
the Morita-Baylis—-Hillman reaction (Scheme 19).’? Strong
Lewis bases, such as trialkylphosphanes, promote the dimer-
ization of a,B-unsaturated nitriles.”” The suggestion that the
reactions proceed via the intermediacy of a highly reactive
carbanion such as XIV or XV makes clear the analogy
between this process and the conjugate addition of polar
organometallic reagents, such as organocuprates. Consider-
ation of this analogy presages the use of electrophiles, such as
aldehydes, to trap this zwitterionic species, thus allowing for a
more selective and productive process.

4% PnBus + 1
cN ————> RgF’\/\\C | chr\/CN
CHLCN, 50 °C N
XIV . 60
<10 % yield
ZCOMe g0, PCy, + 2 OH
R4P. (o}
. s |Ry X —» MeO,C
o dioxane \/j.(Me f\CHa
J\ 120°C - 1
H™ "CH, xv 85 % yield
(23 % conversion)
enhanced nucleophilic
fo) LB . ( character
—>

LB V\(Oi
R
masked electrophilic

character

Scheme 19. Lewis base catalysis in the Morita—Baylis—Hillman
reaction.

The Morita—Baylis—Hillman reaction is commonly per-
formed using highly Lewis basic phosphanes or amines, such
as 1,4-diazabicyclo[2.2.2]octane (DABCO), as catalysts.""!
Nevertheless, these reactions are notoriously slow, often
requiring days to reach useful levels of conversion. Although
physical methods, such as high pressure,””” could address this
problem, a chemical solution was lacking. Numerous mech-
anistic studies have attempted to explain the low catalytic
efficiencies observed. However, because of the complexity of
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the mechanism and its sensitivity to the reaction conditions, a
clear understanding of the Morita-Baylis—-Hillman reaction
has only recently emerged.

The catalytic cycle is initiated by the conjugate addition of
a Lewis basic catalyst, such as DABCO, to an a,-unsaturated
carbonyl compound (Figure 5). This reaction leads to the
formation of a zwitterionic enolate XVI, which possesses
enhanced nucleophilic character at C2 through the action of
the Lewis base. This species then attacks the aldehyde,
leading to formation of the zwitterionic alkoxide XVII. The
involvement of both of these species has been supported by
the isolation of key reaction intermediates™ related to XVI
and XVII as well as recent NMR""! and ESI-MS" studies. At
this point, the mechanism diverges and two distinct pathways
lead to the observed products. In the first pathway, proton
transfer in XVIII followed by elimination of the Lewis basic
catalyst completes the catalytic cycle. The second pathway
involves attack of the alkoxide XVII on a second molecule of
aldehyde which leads to the formation of the zwitterionic
hemiacetal XIX. This intermediate facilitates proton transfer
and subsequent elimination of the Lewis basic catalyst.”
Support for this second pathway is gained from the observa-
tion of dioxanone-containing products in certain Morita—
Baylis—Hillman reactions.””’

O ﬁﬁo; o
|Rj(@xw N-o 0

[N'N R1Jj)LR

@]
@]
I
T
"\
\.9
o
{

Figure 5. Mechanism of the Morita—Baylis—Hillman reaction.

Examination of these proposed intermediates gives some
clues regarding the low reaction rates encountered in these
reactions. The stability of the zwitterionic enolate XVI is one
contributor to the low observed rates. Once formed, two
reaction pathways are available to XVII: elimination of the
catalyst or nucleophilic attack on the aldehyde. In the absence
of additional interactions that stabilize this species, elimina-
tion of the catalyst is an intramolecular process and it has an
inherent kinetic advantage over intermolecular nucleophilic
attack. A low, equilibrium concentration of the active
zwitterionic enolate will translate to a low reaction rate in
the carbon-carbon bond-forming step.
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Once formed, the zwitterionic aldolate XVII has addi-
tional problems that have a further impact on the reaction
rate. Much like aldol additions, the absence of a reagent that
can trap the alkoxide XVII renders the carbon—carbon bond-
forming step a reversible process, again leading to a low
equilibrium concentration of XVII and a low rate for the
subsequent product-forming step.

The fact that there are complicating thermodynamic
issues throughout the reaction pathway helps to explain why
the Morita—Baylis—Hillman reaction has traditionally been
difficult to perform. It also helps to explain the results of
contradictory kinetic studies that show various reaction
orders in the aldehyde, although the reactions are always
first order in both the a,f-unsaturated carbonyl compound
and the catalyst.'"! Subtle variations in the electronic nature
of the aldehyde or the reaction conditions can lead to a shift in
the relative rates of the fundamental reaction steps. In fact,
recent studies have suggested that the rate-determining step
changes over the course of the reaction:['"!l At early stages of
the reaction, proton transfer in the zwitterionic alkoxide X VII
is rate-determining. However at later stages in the reaction—
as a significant concentration of the product builds up—
autocatalysis of the proton transfer occurs and the rate-
determining step shifts to the formation of the carbon—carbon
bond.

Understanding the vital importance of proton transfer in
XVII has greatly aided the design of catalytic systems for the
Morita—Baylis—Hillman reaction. One strategy for the devel-
opment of rapid, high-yielding reactions still focuses on the
use of simple Lewis basic catalysts in alcoholic solvents.
Studies have shown dramatic rate accelerations in alcoholic
solvents, even when compared to traditional polar sol-
vents.'””! A second strategy involves Lewis basic catalysts
that incorporate Brgnsted acidic groups. The discussion of
these reactions will be divided between two sections and only
examples involving simple Lewis basic catalysts will be
discussed here. Methods that employ hydrogen-bonding
groups which have been specifically engineered into the
catalyst structure will be discussed in Section 8.4.

One way of approaching the rate problems inherent to the
Morita—Baylis—Hillman reaction is through the use of more
basic catalysts. As the basicity of the catalyst increases, the
initial equilibrium between the a,B-unsaturated carbonyl
compound and the initially formed zwitterionic enolate will
shift to the right. An increase in the equilibrium concentration
of this species, other factors aside, should translate to an
increased reaction rate. Recent studies by Aggarwal et al.
have shown that there is a direct relationship between the
pK, value and the overall reaction rate within a group of
structurally related amines (Table 4).') The authors were
clear to point out that earlier studies that concluded that no
relationship existed between the pK, value and the rate were
not applicable to their particular system since they used
pK, values obtained in water.'"" Having obtained pK, values
in DMSO, a common organic solvent used for these trans-
formations, a clear relationship was apparent.

A similar trend often appears in studies of phosphane-
catalyzed Morita-Baylis—-Hillman reactions.!'"”” Strongly basic
alkyl phosphanes, such as tri-n-butylphosphane (pK,(H,0) =

www.angewandte.org

Chemie

1575


http://www.angewandte.org

Reviews

1576

Table 4: Relationship between basicity and reaction rate in the Morita—
Baylis—Hillman reaction.

OH
CHO 5 mol % catalyst
B + A coMe N CO,Me
~N neat | _N
Catalyst Rate [% min~"] pK, ke
(H0)

quinuclidine 1.8 1.3 9.0
3-hydroxyquinuclidine 8.8x107" 9.9 43
3-acetoxyquinuclidine 3.1x107? 9.3 0.15
DABCO 2.1x107" 8.7 1

8.43) and diphenylmethylphosphane (pK,(H,O)=6.50), are
typically more effective than aryl phosphanes, such as
triphenylphosphane (pK,(H,0)=2.73).'""l However, some
cases have been documented wherein triphenylphosphane is
superior, although the reasons for this may have to do with
other changes in the reaction conditions.'""’! This insight into
the role of catalyst basicity has inspired the design of new
catalysts. The use of the ferrocenylphosphane 63, without the
addition of any Brgnsted acid co-catalyst, provides high yields
in short reaction times for the addition products of acrylates
with a wide range of aromatic and aliphatic aldehydes
(Scheme 20).01%

OH
(@] 0,
/©/CHO . 15 mol % catalyst CO,Bn
- =
ON ﬁOB" 1h, THF, 23°C
O,N 62
= P
PPh, PCy, Fe
24% conv. 63

0% conv.

8% vyield 100% conv.

98% vyield

Scheme 20. Phosphane-catalyzed Morita-Baylis—Hillman reactions.

Although major advances in the asymmetric Morita—
Baylis—Hillman reaction have come through the use of
bifunctional catalysts, some novel synthetic methods have
been developed which rely solely upon Lewis base cataly-
sis.'” The study of intramolecular Morita-Baylis—Hillman
reactions, known as Rahut—Currier cyclizations, has received
increasing attention in recent years. In the intramolecular
system, many of the problems associated with the traditional
reaction are avoided and simple Lewis base catalysts prove
remarkably effective. In these Rahut—Currier cyclizations, the
site selectivity for ring closure can be understood in terms of
the relative reactivity of the two a,B-unsaturated systems
(Scheme 21).'""1 This method allows for ring closures to
provide highly functionalized cycloalkenes.'"!l A variety of
Michael acceptors have been examined, including esters,
ketones, and sulfones. In some cases, subsequent enolization
and aldol reaction can lead to the formation of bicyclic
systems.'""?! In the case of diketone 68, the initially formed
zwitterionic enolate is thought to serve as a general base
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Scheme 21. Lewis base catalyzed Rahut—Currier cyclizations.

catalyst for the enolization.'"®! The selectivity of the enoliza-
tion is enhanced by the (3-phosphonium group through the
formation of an oxaphospholidine XX.

Another interesting class of substrates for these reactions
are divinyl ketones (Scheme 22).""“ When 70 is employed, the
simple Morita—Baylis—Hillman product is obtained because
intramolecular proton transfer in XXI is facile and leads to
elimination of the catalyst. A different result is obtained when
no acidic proton is present at C2: In the case of 72, the
zwitterionic enolate XXII undergoes an intramolecular con-
jugate addition at position a followed by proton transfer and
olefination. This sequence eventually leads to the formation
of the bicyclo[3.2.1]octenone 73 in good yield.

PPh,
—_—
‘ ‘ THF
Ph
70 L
1 PEt; Ph
2
Me
| CH,Cl,
Ph pyridine
72
- XX - 73
76 % yield

Scheme 22. Lewis base catalyzed reactions of divinyl ketones.

A straightforward extension of the Morita—Baylis—Hill-
man reaction comes through variation in the structure of the
o,pB-unsaturated carbonyl compound. The use of an allenoate
forms a slightly different enolate intermediate with similar
reactivity. Miller and co-workers have shown that these
conjugate additions are promoted by amine catalysts such as
quinuclidine (Scheme 23).'"™ Furthermore, the addition of an
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aldehyde to this reaction mixture allows for the formation of
highly functionalized dioxanone derivatives such as 75. Shi
and co-workers have extended this method to include ortho-
hydroxy benzaldehydes and imines.!"'*]

10 mol % quinuclidine
toluene wj\
O Il
)H b yield CH,

O
OEt PhCH,CH,CHO Ph O OEt
20 mol % quinuclidine K | . C
w Y
CH,CN PR
86 % yield Ph
75

Scheme 23. Lewis base catalyzed reactions of allenoates.

Much as the highly electrophilic N-acylpyridinium ions
involved in DM AP-catalyzed acylations have found applica-
tion outside the boundaries of those reactions, so too have the
highly nucleophilic, zwitterionic enolates which are key to
these Lewis base catalyzed Morita—Baylis—Hillman reactions
(Scheme 24). In this context, Krische and co-workers have
shown that m-allylpalladium species are effective electro-
philes, which lead to the formation of cyclic 1,4-dienes from
acyclic precursors."'®! Phosphane catalysis has also allowed
for reactions with C(sp?) electrophiles, such as aryl bis-
muth(V) compounds."'”! Clearly, the combination of mild
reaction conditions and high reactivity makes these phos-
phane-catalyzed reactions of a,f3-unsaturated carbonyl com-
pounds a versatile synthetic method.

o OCOMe 1 equiv PBu, o] Pd'L, o \
1 mol % [Pd(PPhy),] K
o | N Gl =TGN - Ph
{BUOH
600 PhP;
76 poll] 77
92% yield
o] 20 mol % PBu;, 0~ 0
Ar,BICl, Ph
- —»
iProEtN PBu,
CH,CI, / tBUOH +
20°C XXIV 78
93% yield

Scheme 24. Lewis base catalyzed reactions of a,f-unsaturated ketones.

5.3. Nucleophilic and Electrophilic Activation through n-m*
Interactions
5.3.1. Beyond the Morita—Baylis—Hillman Reaction: Lewis Base
Catalyzed Reactions of Alkynoates

In the preceding examples of n-m*-type Lewis base
activation of o,f-unsaturated carbonyl compounds, the high
nucleophilicity of the zwitterionic enolate intermediates such
as XVIis harnessed for the formation of a new carbon—carbon
bond. In intramolecular reactions, such as the Rahut-Currier

Angew. Chem. Int. Ed. 2008, 47, 1560-1638

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte

cyclization, this desired bond formation process effectively
competes with the unproductive collapse of the initially
formed zwitterionic enolate and release of the catalyst
(Scheme 22). Therefore, good yields and selectivities can be
obtained. In the case of intermolecular Morita—Baylis—Hill-
man reactions, the situation is less favorable and the
experimental conditions must be carefully controlled to
obtain a synthetically useful carbonyl addition process.

In the absence of a productive reaction pathway, such as
that provided by the nucleophilic attack on an aldehyde,
highly reactive zwitterions such as XVI are prone to seek out
alternative pathways for further reaction. This was clearly
illustrated above by the uncontrolled formation of oligomers
in the attempted dimerization of acrylonitrile catalyzed by
phosphanes. With simple substrates such as acrylonitrile,
oligomerization occurs through attack of XIV on another
molecule of acrylonitrile or on the desired product 60
(Scheme 19).

The use of alkynoates rather than alkenoates provides
several new productive reaction pathways. Upon conjugate
addition of the Lewis base, the initially formed vinyl anion
XXV can undergo rapid intramolecular proton transfer from
C4, thereby leading to the formation of a new zwitterionic
species XXVI and shifting the site of nucleophilic character
away from C2 (Scheme 25). If a pathway for intermolecular
proton transfer is available, it can further diversify the
number of synthetic intermediates. Protonation transforms
the nucleophilic species XXV into a vinyl phosphonium salt
XXVII with enhanced electrophilic character. Rapid equili-
bration between a number of these zwitterionic species allows
for the identification of a low-energy reaction pathway that
can lead to a product instead of regeneration of the starting
material. This rapid rate of equilibration between the diverse
reactive intermediates generated by Lewis base catalysts has
led to a number of unprecedented phosphane-catalyzed
reactions."'™

o
R2 & OR'
“ PR,
_ _ _ _ _ .M
eet 0 X RPT 0O RP™ O
3 RZ. ko RA_AF |
R2 NOR‘ OR
MOR“ H OH - H
XXV HX I 1
. x- RsP RPT O
f 1 R SeoR! RS |
2 OR
RO i oY -
o)
XXVII XXV XXVI

Scheme 25. Proton transfer equilibria in the conjugate additions of
Lewis bases.

The possibilities for phosphane-catalyzed reactions can
clearly be seen in the simple case of the Lewis base catalyzed
isomerization of alkynoates to dienoates. Trost and Kazmaier
have observed that in the absence of an electrophile or
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external nucleophile, alkynoates can be isomerized to dien-
oates in the presence of triphenylphosphane (Scheme 26).11*
It is proposed that, in the absence of an external proton
source that can protonate the zwitterion XXIX, intramolec-
ular proton transfer from the vy position becomes kinetically
significant. Transposition of the double bond in XXIX can
then occur to yield the extended dienolate XXX. Elimination
of the catalyst from XXX then generates the allenone XXXI
that is subject to further isomerization through intramolecular
proton transfer to eventually form the observed product 80.
Further investigations of these isomerizations have expanded
the scope of this interesting reaction to include more highly
functionalized alkynoates as well as the isomerization of
enynes to trienes and diynes to tetraenes.""”! Recognition of
the diverse structures present in this reaction mixture
heralded the numerous possibilities for the use of external
reagents and the development of novel bond-forming pro-
cesses.

o 10 mol % PPh, o
Ph” _——— )]\M/CHa
)J\/VCHa toluene, 4 h, 80 °C Ph
83%
79 80
!  en
o 'pen o ‘peh
3 3 Ph
M\A )\)\/\ \H/\C\/\C H.
Ph >~ C,Hs Ph 2Hs
XXIX XXX PPh, XXXI

Scheme 26. Lewis base catalyzed isomerization of alkynoates.

In this section, triphenylphosphane will play a prominent
role as a Lewis base catalyst. Although triphenylphosphane is
a weakly basic phosphane (pK,(H,0) =2.73), it often proves
superior to more basic trialkylphosphanes. In fact, the use of
tri-n-butylphosphane (pK,(H,0)=28.43) is detrimental and
leads to the formation of undesired oligomers. The use of
strongly basic amines is not effective in these reactions,
although it does not exclude the involvement of basic amines
in related processes (Section 5.3.2).

If the addition of a phosphane to an alkynoate is
performed in the presence of protic pronucleophile, such as
an alcohol, amine, or a compound with an acidic carbon atom,
a “catalytic” conjugate addition process can be envisioned.
Numerous examples of these processes have been reported,
although the true role of the phosphane in these reactions is
debatable."™"! A careful distinction must be made between the
phosphane-catalyzed processes that occur with alkynoates,
and the phosphane-initiated processes that occur with alke-
noates (Scheme 27). The differences between these two
processes becomes clear upon consideration of the inter-
mediates involved. Deprotonation of a protic substrate by the
initially formed zwitterion (XXXII or XXYV) leads to the
generation of a B-phosphonium ion pair (XXXII or XX VII).
In the case of the alkenoate, the intermediate XXXII does not
possess significantly enhanced electrophilicity at C3 relative
to that of the starting material. The alkoxide will then
undergo conjugate addition to another molecule of alkenoate.
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H H H H
XXX XXX
not a Michael acceptor
. -
3 + RO
o RZ& ROH RPT O
2
. o "L O
RZ/ oR H H HOH
o]
XXV XXVII

a Michael acceptor

Scheme 27. Phosphane-initiated versus phosphane-catalyzed reactions.

The resulting enolate then acts as a Brgnsted base and
deprotonates a second molecule of alcohol, thus completing
the catalytic cycle. Therefore, it is believed that conjugate
additions to alkenoates are only initiated by phosphanes.
Strong support for the phosphane-initiation hypothesis has
been derived from labeling experiments performed by Berg-
man and co-workers.[""’]

On the other hand, the B-phosphonium species XXVII
formed by the addition of a phosphane to an alkynoate does
possess enhanced electrophilicity at C3 and it can react with
nucleophiles. Therefore, it appears that these reactions are
phosphane-catalyzed. The addition of malonates, alcohols,
and thiols to alkynoates has been demonstrated using
substoichiometric amounts of phosphanes (Scheme 28).['*!]
The method has been extended to an anionic group transfer
polymerization strategy that has allowed for the synthesis of
complex polymers with low polydispersity indexes.!*!

As access to unique reactive intermediates, such as the
vinylphosphonium species XXVII involved in these catalytic
conjugate additions is controlled by the relative rates of
proton transfer and intermolecular reaction, modulation of
experimental conditions can alter the partitioning of these
intermediates and allow for access to additional reaction
pathways. Under mildly acidic or buffered reaction condi-

»
@

BnO~
10 % nBu,P

CH3CN Me

10 min

nBus, P

> 98 % yield

XXXIV EIZ 99:1

: OH
HO

20 % nBu,P, THF, 3 h

N
H.C CH3

83
94 % yield
M, = 13000
PDI =184

Scheme 28. Phosphane-catalyzed conjugate additions.
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tions, wherein the rates of further proton transfers compete
with intermolecular nucleophilic attack, the vinylphospho-
nium ion XXVII is in equilibrium with the species XXVIII
(Scheme 25). This isomer has a unique pattern of umpolung
reactivity because of the location of the vinylphosphonium
moiety. The nucleophilic attack by an external reagent at the
v position of XXVIII is an interesting possibility because it
represents a* umpolung reactivity of the starting alky-
noate.'”! In the case of alcohols,* amines,'®! carboxylic
acids,['"*! malonates,'?” glycine imines, and nitroalkanes,'*"l
v addition to XXXV or XXXVI occurs to give products 84 or
85, respectively (Scheme 29).'"! The v addition of bifunc-
tional reagents such as diols, diamines, and amino thiols leads
to novel methods for the phosphane-catalyzed synthesis of
thiazoles, dihydrofurans, and a variety of other heterocy-
cles.3]

o _ _
A e 4 i
H,CO mol ¥ P,
X T by Meozc\/\OMe o HCOT N
3 HOAc/NaOAc
.
toluene, 80°C | Y COMe MeQ,C™ "COMe
MeO,C._ CO,Me " PPh, J 84
. . XXxv 59 % yield
10 mol % PPh, TsHN™
MeO \\ [ —_— X COMe
. CH, HOAc/NaOAc CoMe NHTs
toluene, 110°C | + PPh
TsNH, L ’ J 85
XXXVI 72 % yield

Scheme 29. Phosphane-catalyzed umpolung y additions.

In another example of how the relative rates of proton
transfer and intermolecular nucleophilic attack can be bal-
anced to generate novel forms of reactivity, a change of the
reaction conditions can lead to a switch from a* to a’
umpolung reactivity (Scheme 30)."*!! The a-addition products
86 can generally be obtained in high selectivity with amines
and malonates through addition at C2 to the 3-phosphonium
ion similar to XXVIL. However, to obtain the o-addition
products, substrates are commonly employed in which
reaction is only possible at C2.

/Coﬂ‘ie TeNH toluene NHTs .
nBu ? nBu A CoMe NN come
86 87
10 mol % Ph;P + HOAc / NaOAc 86/87 12:88 92% yield
10 mol % dppp + HOAC 86/87 100:0 45% yield

Scheme 30. Phosphane-catalyzed umpolung a-additions. dppp = 1,3-
bis (diphenylphosphanyl)propane.

The remarkable ability of these rapid proton-transfer
equilibria to access a wide range of reactive intermediates
with novel reactivity patterns is beautifully illustrated in the
cascade cyclization of alkynoates recently demonstrated by
Tomita and co-workers (Scheme 31).*1 Initial conjugate
addition of tri-n-butylphosphane to 88 followed by proton
transfer leads to the formation of the zwitterionic enolate

Angew. Chem. Int. Ed. 2008, 47, 1560-1638

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte

H
Ph o] 20 mol % PBu, Ph fo)
A —
H THF, RT
0 50% yield g
88 89

_~H
' ("

Ph > Ph

=N =
t _ + H
PR; O PR; O
XXXV XXXV

Scheme 31. Phosphane-catalyzed cascade cyclization.

XXXVII, which can then undergo a facile, aldol cyclization.
Subsequent a addition of the alkoxide group of XXXVIII to
the pB-phosphonium ion closes the bicyclic structure. After
elimination of the catalyst, the highly functionalized bicyclic
ketone 89 is produced in good yield and diastereoselectivity.

5.3.2. Phosphane-Catalyzed Cycloadditions

Phosphane catalysis also plays an important role in
catalytic cycloadditions. The same zwitterionic intermediates
discussed in the preceding section undergo formal
[342] cycloadditions ~ with  imines,™!  o,B-unsaturated
ketones,™! o,B-unsaturated nitriles,"* and thioamides!*"!
(Scheme 32). These intermediates can be accessed either

CO,Et Ts Ts
nBu/ a0 PBu, ( - N\\‘.Ph P, N o
+ —_— e — =~
NTs bené_tla_ne, nPr %COZH Co,t
Ph™ "H XXXIX 90
63% yield
20 mol % PBu; [ _ Ar

benzene, 23 °C

Y7 cos . O)\O
PBu, «CHO Ar)\)\pCOZEt

(2)-XL !

N_ - 91
_C7 ™ CO,Et 74 % yield
H,C ElZ 8:1
_ COHt PhCHO  ph.__0O._O
\/ - . U
10 mol % PCyp, + =
CHCI,, 60 °C PCyp, 92
(E}-XL 60 % yield

Scheme 32. Phosphane-catalyzed [342] cycloadditions. Cyp = cyclopen-
tyl. Ar = 4-pyridyl.

through reaction of an alkynoate or allenoate. The research
groups of Zhang and Fu have extended this method by using
chiral phosphanes that can induce high regio- and enantio-
selectivities in these cycloaddition reactions."* This strategy
has been successfully applied to the total syntheses of
hirsutene!™*” and hinesol.!"**

Interestingly, Kwon and co-workers showed that the
phosphane-catalyzed reaction of allenoates and aldehydes
does not give the expected formal [342]cycloaddition
products, 2,5-dihydrofurans. Depending on the catalyst struc-
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ture and reaction conditions, 1,3-dioxan-4-ylidenes 911" or 2-
pyrones 92" can be prepared with high selectivity
(Scheme 32). This change in the reaction pathway is traced
to the fate of the intermediate zwitterion XL. In the presence
of a nonsterically demanding phosphane catalyst, such as
tributylphosphane, (Z)-XL is favored for electrostatic rea-
sons. The reaction of (Z)-XL with an aldehyde generates an
alkoxide which then undergoes an Evans-Tischenko-type
process prior to closure onto the phosphonium ion to form 91.
When a more sterically demanding phosphane catalyst, such
as tricyclopentylphosphane, is employed, the E isomer of the
intermediate zwitterion XL is preferred. The reaction of the
aldehyde with (E)-XL generates an alkoxide which is in
proximity to the ester group. Transesterification occurs which,
after elimination of the phosphane catalyst, leads to the
formation of the 2-pyrone 92. Computational studies suggest
that the dramatic differences between the reactivity of the
zwitterion XL with aldehydes and imines (y versus o addition,
respectively) could be attributed to differences in the nature
of stabilizing interactions engendered between the phospho-
nium group and the partial negative charge on the aldehyde
or imine in the carbon--carbon bond-forming transition
structure.!'*!]

In another reaction that attests to the subtleties of
phosphane catalysis, Kwon and co-workers have shown that
a unique class of formal [4+2] cycloadditions with imines can
also be accessed through Lewis base catalysis (Scheme 33).[14!

CH, r b

Ts
)\ (- Ts
3 20% PBu, | Pho N ¥
horC COEL ORPBL PN o Ph._N
+ R nan —
=
NTs CH:Clp, RT CO,Et >
CO,Et
Ph H PBuy
= - 93
COE B XLl B 98% yield
2 T
5 mol % 94 | Ph st\?:o Et Ts
oS~ Ok Smol ot \"WE([ = Ph _N_COEt
2 +
CH,Cl, RT T P
2
NTs + PBU, CO,Et
Ph™ T H - - 95
XL 93% yield
cis/trans 91:9
| er. 99:1
PtBu 94

Scheme 33. Phosphane-catalyzed [4+42] cycloadditions.

The initial step resembles that involved in the aforementioned
[3+42] processes. However, the presence of acidic protons on
the C2 substituent of the allenoate results in proton transfer in
XLI being facile, and isomerization leads to formation of a
vinylphosphonium species that can undergo intramolecular
ring closure. This sequence represents a powerful method for
the synthesis of highly substituted piperidines, and has
recently been employed in the total syntheses of the alkaloids
alstonerine and macroline."**! Wurz and Fu have extended the
method by demonstrating that the chiral phosphepine 94 is
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also an effective enantioselective catalyst for these [442]
cycloadditions.!*/

The ability of zwitterions such as XLI or XLII to act as
partners in cycloadditions is not limited to common reaction
manifolds such as the [34+2] or [442] combinations. Lu and co-
workers have demonstrated that [6+3] cycloadditions are also
possible by Lewis base catalysis (Scheme 34).['* The zwitter-
ion XLIII, generated from the allylic halide 96 under basic
conditions, undergoes the [6+3] cycloaddition with tropone to
provide 97 in good yield. This result is noteworthy because
other cycloaddition pathways are generally favored over the
[6+3] cycloaddition pathway with tropone.!'*!

0
PPh, -
N e+ —— | PR —»COzEt
CO,Et KoCOs * CO,Et
toluene
9% XL 97

84 % yield

Scheme 34. Phosphane-catalyzed [6+3] cycloadditions.

It is interesting to note that all the Lewis base catalyzed
reactions discussed in the preceding section employed
phosphanes. In contrast to the Morita—Baylis—-Hillman reac-
tion, which proceeds equally well with nitrogen and phos-
phorus Lewis base catalysts, these reactions appear to be
uniquely susceptible to phosphane catalysis. In their studies
on the a addition of malonates to alkynoates, Taran and co-
workers showed that from a large number of amine and
phosphane bases, only a limited number of phosphanes were
effective catalysts.['!)

Therefore, the recent observations by Zhao and Shi of
amine catalysis in a variety of Lewis base catalyzed reactions
between allenoates and imines are particularly noteworthy
(Scheme 35).1 By changing the catalyst from DABCO to

H
Et0,C._H .C7 " CO,Et
‘ 10 % DABCO H:C 10 % DMAP - COEt
- + — ﬁ
NTs benzene, 4-AM.S. NTs CH,Cl, Ph ¥S Ph
Ph 82 % yield Ph” "H 60 % yield
98 99

Scheme 35. Amine-catalyzed cycloadditions of allenoates.

DMAP, different reactivity patterns can be accessed, allowing
for the formation of both classes of products from the same
starting materials. Clearly, the ability of nitrogen-centered
Lewis bases to promote these reactions opens new oppor-
tunities for reaction development within this interesting class
of Lewis base catalyzed reactions.

5.3.3. “Organocatalysis”: n-w* Lewis Base Catalysis with Amines
The role of proton transfer, either in the generation or
stabilization of new reactive intermediates, is an important

component to several Lewis base catalyzed reactions. In the
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preceding sections, this aspect was clearly illustrated in the
examples of Lewis base catalyzed acylations, Morita—Baylis—
Hillman reactions and the numerous reactions grouped under
“phosphane catalysis”. Despite the vital contributions of
hydrogen bonding and proton transfer to these processes, the
primary contribution to catalysis is still the action of the Lewis
base. In all cases, it is the highly reactive Lewis acid-base
adduct that is the active catalytic intermediate.

The addition of Lewis bases to unsaturated functional
groups typically leads to the formation of charged intermedi-
ates such as the zwitterionic enolate XVI or the N-acylpyr-
idinium ion I In the case of ion I, this species is not the direct
product resulting from the attack of the Lewis base, but rather
a more stable species formed after collapse of a tetrahedral
intermediate. In the case of the attack of a Lewis base on an
acid chloride, the formation of a tetrahedral intermediate and
subsequent collapse of this species with loss of chloride
generates an N-acylammonium ion [Eq. (1) in Scheme 36]. If
no easily ionized group is present, as is the case in the
reactions of aldehydes and ketones, this mode of catalysis is
not viable due to the reversible formation of the tetrahedral
intermediate. However, this does not mean that Lewis base
catalyzed reactions of these carbonyl compounds are not
possible.

(0] NR'; (on o c¢r
P Cl )
RS = [rA X
NR! R”ONR),
} + H ,

O Hnr,| O NR;, © NR;
e *HT%H @
R 2 R R

H,0

Scheme 36. The fate of Lewis base adducts of various carbonyl
compounds.

In the preceding examples of Lewis base catalysis with
acid chlorides, anhydrides, and o,fB-unsaturated carbonyl
compounds, tertiary amines were often employed as catalysts.
If a secondary amine is used instead, intramolecular proton
transfer could lead to the formation of a neutral, resonance-
stabilized amide and a loss of subsequent reactivity. Although
this is a limitation with those substrates, it provides new
opportunities for Lewis base catalysis with aldehydes and
ketones that possess no leaving group in the absence of proton
transfer. Attack of a secondary amine on an aldehyde or
ketone generates a tetrahedral intermediate with an alter-
native pathway for collapse. After proton transfer and loss of
water, an iminium ion is formed that possesses enhanced
electrophilicity [Eq. (2) in Scheme 36]. Proton abstraction
from the a-carbon atom can then lead to the formation of an
enamine possessing enhanced nucleophilicity. Hence, the
analogy between this and other types of n—m* catalysis is
clear, and the dependence on the formation of a highly
reactive tetrahedral intermediate is established for both. Just
as in the case of the phosphane-catalyzed reactions, it is the
intervention of additional proton-transfer steps after attack of
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the Lewis base that leads to new reactive intermediates with
distinct reactivity patterns.

The highly reactive iminium ions and enamines have often
been exploited as stoichiometric reagents. For example,
Mannich reactions!*! as well as acyliminium ion cycliza-
tions!"* have been used time and again as powerful trans-
formations for synthesis. In addition, the utility of enamines as
nucleophilic double bonds in alkylation and cycloaddition
reactions is well documented.®” In enzymatic catalysis, the
formation of iminium ions, such as with tetrahydrofolate-
dependent enzymes, has been recognized,"”"! as has the role of
enamines in Type I aldolases.'”! Despite this, the develop-
ment of small-molecule catalysts that employ either iminium
ions or enamines as intermediates has occurred only recently.
In pioneering reports by Hajos and Parrish as well as Eder,
Sauer, and Wiechert on the proline-catalyzed Robinson
annulation of diketones it was demonstrated that high yields
and selectivities could be obtained in the formation of a
variety of bicyclic diketones.['” The formation of an enamine
intermediate similar to XLIV is key to this catalytic trans-
formation.>*11 Above and beyond the direct application of
this process, this study firmly established the possibility of
generating these highly reactive intermediates catalytically
and under mild conditions (Scheme 37).

(e}
CH; o
(o}

3 % proline (101) &co H CH, 2
DMF N ;

3

/\/%O m
B — —-
23°C, 20 h 0
o OH
100 XLIV 102

> 99 % yield
er. 96.5:3.5

Scheme 37. Proline-catalyzed Robinson annulations.

Remarkably, these observations lay more or less dormant
until the turn of the 21st century, when a renaissance in the
use of both iminium ion and enamine catalysis took place.>’!
This field has increased dramatically in recent years and is still
very much in the process of defining itself. Nevertheless, there
are a number of very important processes that are now
grouped under the rubric of “organocatalysis” that are in fact
manifestations of both n—n* Lewis base catalysis as well as
bifunctional catalysis.

Beginning in 2000, studies by MacMillan and co-workers
revisited the area of iminium ion catalysis and greatly
expanded its application to a number of well known synthetic
transformations.'*® In the following years, interest in the use
of chiral amines such as imidazolidinones and amino acids to
promote carbon—carbon and carbon-heteroatom bond-form-
ing reactions has grown exponentially and has led to the
development of a structurally diverse group of catalysts
(Figure 6). Careful consideration of this family of reactions
reveals that they can be divided into two groups, much like the
Morita—Baylis—Hillman reactions discussed previously. Reac-
tions involving imidazolidinone catalysts and other catalysts
devoid of additional Brgnsted acidic sites are examples of
simple n—mt* Lewis base catalysis. Other reactions involving
amino acid derived catalysts, such as the aldol and Mannich
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Figure 6. Secondary amine catalysts for n—m* Lewis base catalyzed
reactions.

reactions, have a vital Brgnsted acid component that enhan-
ces the reactivity and selectivity. The reactions of these
bifunctional catalysts will be discussed in Section 8. The
decision whether or not to classify a particular amine-
catalyzed reaction as simple n—-m* or bifunctional catalysis
can generally be made from the presence or absence of a
Brgnsted acidic site in the catalyst structure. In some cases,
however, a product-based analysis proposed by Marigo and
Jgrgensen which is rooted in the relationship between catalyst
structure and product stereochemistry can shed light on the
operative mode of catalysis in a particular amine-catalyzed
reaction."*’

The initial report from MacMillan and co-workers in this
expanding class of Lewis base catalyzed reactions with amines
was the Diels—Alder reaction. In contrast to traditional modes
of thermal or Lewis acid activation, these Lewis base
catalyzed Diels—Alder reactions are driven by the formation
of an iminium ion intermediate. With a chiral imidazolidinone
salt, the reaction can be performed at room temperature, even
with simple dienes, with good yields and enantioselectivities
despite variable levels of diastereoselectivity [Eq. (1) in
Scheme 38]. This initial report on the cycloaddition of

N
Me™ S0 5 1m0 9 108
+ —_— 7 lcHo + 7 ! Me 1)
@ MeOH/H,0 Me CHO
23°C 75 % yield 117
dr. 1:1
exoeur. 937
Et endo e.r. 95:5
AN
Me O 20 mol % 105 89 %yield 118
+ —_— Me endolexo 2511 @)
D H,0, 0°C EtAO er. 955

CHO

Me:
Ph 76 % yield 120
endo/exo >20:11 (3
er.97:3

&o/ 20 mol % 104
—_—
P CH,CN, 23°C

119

Scheme 38. Amine-catalyzed [4+2] cycloadditions.
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simple dienes and aldehydes was followed by additional
studies, some of which addressed several long-standing
challenges in the area of asymmetric Diels—-Alder reac-
tions.'"™ For example, it was shown that unsaturated ketones
could can be used as dienophiles in a high-yielding and highly
selective reaction [Eq. (2) in Scheme 38]. Whereas achieving
high selectivity in [442] cycloadditions of ketones with chiral
Lewis acids is complicated by the unselective formation of
two Lewis acid-ketone adducts, good control over the
iminium ion geometry is obtained with the imidazolidinone
105, which directly translates to high enantioselectivity in the
subsequent cycloaddition.'®¢! In addition, the use of imida-
zolidinone catalysts leads to highly selective Type I and
Type II intramolecular Diels-Alder reactions, even in cases
where all-carbon quaternary centers are formed, as in 120
[Eq. (3) in Scheme 38].[16%!

The source of the dramatic rate enhancements in these
Lewis base catalyzed Diels—Alder reactions is derived from
the formation of a highly electrophilic o,p-unsaturated
iminium ion. This process leads to a lowering of the LUMO
of the dienophile and favors a normal electron demand Diels—
Alder reaction. In fact, computational studies by Gordillo and
Houk have shown that the activation energies for these Lewis
base catalyzed Diels—Alder reactions are between 11-13 kcal
mol~' lower than those for the corresponding thermal
reactions.*"16

Much like many other Lewis base catalyzed processes, the
enhanced electrophilicity observed in these Lewis base
catalyzed Diels—Alder reactions is complemented by closely
related processes where enhanced nucleophilicity plays a
significant role. If an a,f-unsaturated ketone is exposed to a
secondary amine, the initially formed iminium ion has the
potential to be transformed by proton transfer into a
conjugated enamine XLV which can participate as a diene
in Diels-Alder reactions [Eq. (1) in Scheme 39].'! In this
case, it is the enhanced nucleophilicity of the intermediate
XLV that accelerates the formation of 121. The generation of
enamines from aldehydes also allows for Lewis base cata-
lyzed, inverse electron demand Diels—Alder reactions
[Eq. (2) in Scheme 39]. Under amine catalysis, the hetero-
Diels-Alder reactions of p,y-unsaturated a-keto esters,*!
imines,'® and nitroso alkenes!" have all been realized.
The combination of this kind of Diels—Alder reactivity with
the Knoevenagel condensation allows for an equally efficient

o) o)
,@ N
— +
AT Ph AT Ph
NO, NO.

R :N
—_—
THF, 23°C }\l
Z Ph

.
[¢]
Hst\/\Ph 2 2
XLV 121
37 % yield
H CH, dr. 21
O)\)\CH 10 mol % 113 D
, RN HO., O._COMe
. Si0,, CH,Cl, ‘ 2
_ > —
HTX H,;C
0 -15>23°C : @
Ph&\){{(orwe H,C” O CH, CH, Ph
[e) XLVI 122
93 % yield
er. 94555

Scheme 39. Amine-catalyzed [4-+2] cycloadditions. Ar = 4-MeOGCgH,.
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three-component reaction between aldehydes, malonates, and
a,B-unsaturated enones.!”)

The Diels—Alder reaction is not the only cycloaddition
that is amenable to this form of Lewis base catalysis. The
electrophilic activation provided by the formation of an
iminium ion intermediate plays a key role in the [3+2]
cycloaddition of nitrones!"® as well as the [44-3] cycloaddition
of furans!'®! (Scheme 40).

N
Me” SN0 20moi %104 | o M Ph. o
+ R j: Me |—» T\emMe o
H CH,NO,/H,0
. 3! 2o 7 Bn N . Me Ph
~*_Ph 20°C CHO
PN H
o- 123
Me Clo,~ 98 % yield
XLVI _ e.r.94.6
OTMS Me |
/\/\CHO 20 mol % 108 Oy-N Q. CH:cHO
- 5 —tBu| : @)
+ 20mol % TFA | BT N+ Me
Me. o Me
CH.CI,,-60°C | TMS H
Ve vl
o 124
CF,CO, 64 % yield
| er.93.56.5
XLVl

Scheme 40. Amine-catalyzed [34-2] and [4+43] cycloadditions. TFA =
trifluoroacetic acid.

Since the initial report of the catalytic Diels-Alder
reaction by MacMillan and co-workers, there has been an
avalanche of publications in this area. New catalyst architec-
tures and new reactions have been identified. The iminium
and enamine intermediates formed through the action of
chiral amine catalysts have found extensive application in a
wide variety of carbon—carbon and carbon-heteroatom bond-
forming processes. The formation of an iminium ion plays a
key role in Lewis base catalyzed asymmetric Friedel-Crafts,
Michael, and conjugate reduction reactions. Initially reported
by Paras and MacMillan in 2001, the application of Lewis base
catalysis to asymmetric Friedel-Crafts reactions has led to a
considerable expansion in the scope of this process [Eq. (1) in
Scheme 41]. A wide variety of electron-rich aromatic com-
pounds, including pyrroles,”” indoles,"”"! furans, thiophenes,
oxazoles, and substituted anilines,!'’” all lead to the formation
of the desired Friedel-Crafts reaction products in good yields
and enantioselectivities. By this method, quaternary centers
can be formed with good levels of diastereo- and enantiose-
lectivity. Recent computational studies have confirmed that
this reaction proceeds by a mechanism related to other Lewis
base catalyzed reactions within this class.!"”!

The enhanced electrophilicity exhibited in these asym-
metric Friedel-Crafts reactions has played a major role in the
development of a wide variety of Lewis base catalyzed
Michael additions. The attack of malonates,!'’* coumarins,!"””
nitroalkanes, "’ siloxyfurans,'”” sulfides,"”® and amines!
on chiral iminium ions allows for high levels of enantiose-
lectivity to be obtained [Eq. (2) in Scheme 41]. These Lewis
base catalyzed Michael additions also play a key role as the
first step in a variety of Lewis base catalyzed cascade
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CH, 20 mol % 104
PhMO + N B — J\ _0 (1)
“/\/) THF /H,0 (l\:lH
-30°C, 42 h 3 Ph
125
87 % yield / e.r. 96.5:3.5
CO,Bn
Me 5mol % 110  BnO,C
AL+ Bno,c T coB —————> @)
Ph o neat, 23 °C Ph o]
Me
126
CHO 86 % vield / e.r. > 99 :1
X Me H H
MeO,C CO,Me 10 mol % 109 OHC
(©)]
: [ ] R
Me N~ "Me dioxane, 13 °C Ar” - "Me
N A
NO, 129
from (E)-127 83 % yield / e.r. 97:3
127 128 from (2)-127 80 % yield / e.r. 97:3

from 1:1 (E/Z)-127 81 % yield / e.r. 97:3

Scheme 41. Electrophilic activation in amine-catalyzed reactions. Ar =
4-NO,C,H,.

reactions, such as aldol-aldol,*"! Michael-Darzens,'*! cyclo-

propanation,'® and epoxidation*¥! processes.

Asymmetric conjugate reductions of carbonyl com-
pounds, a challenging area for traditional catalysis, has also
benefited from developments in this area of Lewis base
catalysis. The attack of an organic hydride donor 128 on the
intermediate iminium ion allows for high levels of enantio-
selectivity to be obtained in the conjugate reduction of a,f3-
unsaturated carbonyl compounds [Eq. (3) in Scheme 41].['
It is interesting to note that these reactions are not sensitive to
the alkene geometry in the substrate, a major challenge facing
some transition-metal-catalyzed reductions.®! Isomerization
of the intermediate iminium ion allows for the reduction to
proceed solely through a single isomer, thereby leading to
consistently high levels of selectivity regardless of the
substrate geometry or geometric purity.

The diversity of amine-catalyzed reactions that fall under
the heading of n-—m* catalysis (that is, not bifunctional
catalysis with amino acids) encompasses numerous examples
of nucleophilic activation. Through the intermediacy of a
chiral enamine, Lewis base catalyzed Michael and aldol
reactions as well as a-carbonyl functionalizations have been
developed. The inter- and intramolecular Michael addition of
aldehydes and ketones has been demonstrated, and occurs
presumably through the attack of a highly nucleophilic, chiral
enamine on a suitable acceptor [Eq. (1) in Scheme 42].11%!
Aldol reactions between two aldehydes, a challenging process
in the context of Lewis acid catalysis, has been performed

0._Ph 1%
10 mol % 104 991;3;i9|d
{J
R ;
OHC = — OHC,, Ph ntitsyn 24:1 (D
130 s er 98515

10 mol % 108

o o amberlyst OMe OH 132
+ Me 4 > S Me 80 %yvield @
H H ELO 4 °C- MeO antilsyn 5:1
2 ' er. 95545
Ph Me  inen MeOH PhT Me

Scheme 42. Nucleophilic activation in amine-catalyzed reactions.
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using chiral imidazolidinones as [Eq. (2) in
Scheme 42].11%7]

Although high yields as well as high diastereo- and
enantioselectivities are obtained in these studies, imidazoli-
dinones are not commonly used in amine-catalyzed aldol
reactions. Proline is a much more versatile catalyst for these
n—mt* Lewis base catalyzed aldol reactions because of the vital
influence of hydrogen-bonding interactions with the carbox-
ylic acid moiety (see Section 8 on bifunctional catalysis).
Lewis base catalysis of the Mannich reaction with chiral
amines has also been explored, although again, the vast
majority of examples employ bifunctional catalysts such as
proline (Scheme 43). Notable exceptions involving the use of
2-methoxymethylpyrrolidine and the diaryl prolinol 112 have
shown that high levels of enantio- and anti-diastereoselectiv-
ity can be obtained.™ The diastereoselectivity of these Lewis
base catalyzed Mannich reactions is particularly noteworthy
because most proline-catalyzed reactions yield the syn

product (Section 8.5).
conditions o}

MeO
9 Me \©\ NHPMP
+ N B — :

HMMe ! HJH/\

CO,Et

catalysts

H)\COzEt b
133
{ M ove [en
N 52 % yield N 56 % yield
H antilsyn 10:1 H  OTMS  antiisyn >19:1
er.91:9 er. 96:4

20 mol % 111
dioxane, RT

10 mol % 112
CHCl,, RT

Scheme 43. Nucleophilic activation in amine-catalyzed reactions.

A similar situation exists in a-carbonyl functionalizations
in the presence of amine catalysts. A wide variety of carbon—
heteroatom bond-forming processes have been investigated;
some require bifunctional catalysts such as proline for high
reactivity and selectivity while others do not. Amination
reactions with azodicarboxylates and oxidation reactions with
singlet oxygen have primarily been investigated with amino
acid catalysts, but some excellent examples exist which fall
under the heading of pure n—m* catalysis (Scheme 44)."* Just
as in the cases of the aldol and Mannich reactions, a highly

O%-0
10 mol % 114 NaBH, YJ
EtOZC\N/N

CH,Cl,, 23°C  MeOH, 0°C H ;\Me
Etozc’N“N’Co2Et Me
134
88 % yield
er. 98515
" 20 mol % 112 NaBH, Hoj/\Ph
o)\/\Ph 0, 1mol % TPP MeOH, 0°C HO

0°C 135

70 % yield

er. 93.56.5

Scheme 44. Amine-catalyzed o aminations and oxidations. TPP =
tetraphenylporphine.
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nucleophilic enamine is invoked in the carbon-heteroatom
bond-forming step. Therefore, it is not surprising that
alkylations can also be performed under amine catalysis
(Scheme 45).""! Intramolecular reactions lead to the forma-
tion of three- and five-membered rings with high levels of
selectivity. Intermolecular alkylations have been achieved in
combination with palladium catalysis.

OHC | 10 mol % 115 OHC,,
_— ’ 92 % yield
EtO,C™ NEt,, CHCI, EtO,C™ er 97525
HEt -30°C CO,Et
136 137
H 5 mol % [Pd(PPh,),]
mol % 3)4.
oé\/\ph - -, Ph OH 75 % yield
+ 10 mol % pyrrolidene |
DMSO, 23 °C;
OA X ’
AAAC then NaBH, 138

Scheme 45. Amine-catalyzed o alkylations.

In contrast to these carbon—nitrogen and carbon-oxygen
bond-forming processes, a fluorinations,'”!! chlorinations,"”!
brominations,!"”” iodinations, sulfenylations,"* and selenyla-
tions!"*! are all mediated through n—m* catalysis without the
need for additional Brgnsted acid catalysis (Scheme 46). High

1 mol % 114 cHex
OHC._.cHex + (PhSO,),NF —> HO Y
MTBE, 23 °C; E
then NaBH, 139
o 69 % yield / e.r. 98:2
cl .
o cl 5 mol % 104 OHC._cHex
OHC._ cHex + — ;
Cl Cl acetone, - 30 °C Cl
cl 141
140 87 % yield / e.r. 97:3

20 mol % 116

0]
20 mol % PhCO,H ;
Bu tBu 2 iPr
OHC._iPr  + —— HOT Y
CH,Cl,/pentane 1:1 Br
Br’ Br -24°C;
142

143
then NaBH. o7 o, vield / er. 98:2

N,SB” 10 mol % 114 Pr
OHC._Pr  + [y —— HOTY
N7 toluene, 23 °C; SBn
then NaBH,
144 145

81 % yield / e.r. 99:1

Scheme 46. Amine-catalyzed o functionalizations.

levels of enantioselectivity can be obtained with chiral
imidazolidinones and silylated diaryl prolinols. The sense of
the absolute asymmetric induction in these reactions is easily
rationalized through consideration of a common enamine
intermediate.

These examples show that a wide variety of organic
reactions involving carbonyl compounds, some of which are
typically catalyzed by chiral Lewis acids, can instead be
promoted by chiral amine catalysts. The degree to which these
catalysts are able to enhance the electrophilic character is
truly remarkable considering their compatibility with a wide
range of functional groups and solvents. Typically, the use of
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such strongly electrophilic Lewis acid catalysts would place
severe limitations on the reaction scope and available
experimental conditions.

Before leaving the section on n—xt* activation, a comment
is in order regarding the classification of these Lewis base
catalyzed reactions involving iminium ion and enamine
intermediates under the larger heading of “organocatalytic”
processes. Comparison of the Lewis base catalyzed reactions
discussed in this section with other “organocatalytic” pro-
cesses, such as ketone-catalyzed epoxidations or phase-trans-
fer-catalyzed alkylations,!'” reveals that a great diversity of
reaction types have been grouped under this single, broad
heading. The lack of specificity associated with this term
persists whether one considers catalyst structure or even
reaction mechanism. A higher level of precision is required in
defining and applying such terms to aid in clearly classifying
reactions. The current definition of “organocatalysis” is based
on a lack of a certain structural component (a metal) with no
overarching mechanistic continuity. Such a vague definition is
too broad to be useful. On the other hand, the definition of
Lewis base catalysis is based on a specific structural attribute
of the catalyst (following Jensen, a nonbonding electron pair)
and a specific mode of interaction of the catalyst with the
substrate.

6. The n—o* Interaction: Lewis Base Catalysis with
Polarized and lonized Intermediates

As demonstrated in the examples in Section 5, n—m*
catalysis is representative of the chemistry of unsaturated,
carbon-centered Lewis acidic functional groups. The higher
stability of tetracoordinate carbon atoms compared to their
tri- and pentacoordinate congeners, as well as the low
polarizability of carbon—carbon o bonds, limits the application
of Lewis base catalysis to the chemistry of saturated, carbon-
centered functional groups. The interaction of Lewis bases
with more commonly recognized Lewis acids, such as
transition-metal and electron-deficient main-group organo-
metallic reagents, is representative of a fundamentally differ-
ent class of catalysis: the n-o* interaction. As in the n-mt*
Lewis base catalysis, the binding of the Lewis base to the
Lewis acid induces a re-distribution of electron density in the
newly formed adduct (Scheme 47). In the proposed model of
the n—o* interaction, this binding leads to a polarization of the
adjacent bonds, thereby decreasing the electron density at the
central atom and increasing the electron density at the

enhanced
electrophilic character
¥ YY

'-\ I‘\Iﬁ L\ ’-fﬁr 5 L\D JY

|_\DQ + Y. ‘Jx L\._‘D—l\,‘nf)( —_— L“,l l"Y
i Y Y { Y
L L

14 "

Lewis base Igwil;pacid enhanced hyperreactive

nucleophilic character electrophile

hypervalency to

Scheme 47. Reactivity continuum in n—o* Lewis base catalysis.
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peripheral atoms. Thus, a hypervalent species is created with
unique patterns of reactivity, where both the electrophilicity
and nucleophilicity of the adduct are enhanced. Other cases
exist where the binding of the Lewis base(s) generates such a
strong polarization of the adjacent bonds that ionization
occurs, thereby yielding an ion pair. In this ion pair, both the
electrophilicity of the M center, and the nucleophilicity of the
X unit are highly amplified, with attendant kinetic and
stereochemical consequences.

Examples of both families of species (hypervalent inter-
mediates and ion pairs) that exhibit both electrophilic and
nucleophilic activation are well known. An excellent illus-
tration of the enhanced electrophilic reactivity of a hyper-
valent intermediate comes from the work of Nelson et al. on

tetracoordinate aluminum complexes (Scheme 48).1°°1 In
~_.CHO
Ph smol %147 Oy Bn
* —_— R\ IPF—(\'II/B ---- iPr
o iPENEL, CH,CI, N-AI-N
H,C” “Br -78°C Ph ™ G
146
89% yield 147
er 97525

Scheme 48. Aluminum-catalyzed asymmetric [242] cycloadditions.

studies of [2+2] cycloadditions, it was found that neutral
tetracoordinate chiral aluminum complexes such as 147
mediate reactions that had earlier been performed with the
highly electrophilic aluminum species Al(SbF4); with com-
parable levels of activity.'”” Tllustrations of the enhanced
nucleophilic reactivity of hypervalent species are found in the
formation of silicates from trialkylsilyl reagents that lead to
myriad carbon-carbon bond-forming reactions (see the next
section).

Examples of ion pairs that manifest hyperreactive cationic
or anionic intermediates are also known, mostly for organo-
silicon compounds. In this family, the primarily structural
feature that distinguishes whether electrophilic or nucleo-
philic activation will be expressed is the nature of the
spectator ligands on the silicon atom. Under Lewis base
activation, trialkylsilanes exhibit enhanced nucleophilic char-
acter, whereas trihalosilanes exhibit enhanced nucleophilic
and/or electrophilic character. This division will constitute the
major organizational rubric for the next section.

6.1. Nucleophilic Activation through n-o*
Interactions: Trialkylsilanes and -stannanes
6.1.1. Activation by Fluoride lons: Lewis Base
Catalysis or Anionic Initiation?
& The earliest examples of Lewis base cata-
lyzed reactions of the n—-o* type were found in
the chemistry of silanes."**! The ability of silicon
to attain stable, hypervalent states has long been
known and has attracted a great deal of
attention, especially in the context of studies
on the stereochemical course of nucleophilic

hyperreactive
nucleophile
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displacement at the silicon atom."””) However, it was not until
the mid-1970s that the unique reactivity of these structurally
intriguing species was exploited in organic synthesis.”™ A
crucial advance in the field, attributable to Corriu and co-
workers, was the introduction of fluoride ions to promote the
formation of a reactive, hypervalent silicate. The extremely
high enthalpy of the silicon—fluorine bond (135 kcal mol )Pl
explains why fluoride is an effective promoter of a wide
variety of silicon-based, carbon-hydrogen and carbon—carbon
bond-forming reactions. Whereas Corriu and co-workers
focused on the use of insoluble fluoride activators for a
wide range of reactions,”! it was the introduction of soluble
fluoride sources, such as tetra-n-butylammonium fluoride
(TBAF), that captivated the interest of the broader chemical
community in using these transformations.”"”’

A wide range of trialkylsilanes participate in fluoride-
promoted processes including hydridosilanes for functional-
group reductions, allylic and acetylenic silanes and a number
of silylated pronucleophiles such as TMSCN, TMSN;, and
TMSCEF; for carbonyl addition reactions, and various enoxy-
silanes for aldol and Michael addition reactions,. The
preparative utility of these processes has raised interesting
mechanistic questions about the nature of the fluoride
activation and the actual involvement of hypervalent fluo-
rosilicates. These issues are more than mechanistic curiosities,
because the development of catalytic, enantioselective pro-
cesses requires that the mechanism be clarified.

At its most basic level, the limiting scenarios for activation
of trialkylsilyl species by fluoride ions are: 1) the intermedi-
acy of a hypervalent fluorosilicate intermediate that combines
with the substrate or 2) cleavage of a Si—X bond that leads to
the formation of a reactive ion pair. To understand the
circumstances that lead to either of these limiting cases (and
the attendant stereochemical consequences), requires con-
sideration of the identity of the silane and in particular its
transferable ligand (Scheme 47). The intermediacy of hyper-
valent fluorosilicates is favored for bulkier trialkylsilanes
bearing less electronegative or poorly delocalizing substitu-
ents that can stabilize the fluorosilicates. On the other hand,
smaller trialkylsilanes bearing highly electronegative or
strongly delocalizing substituents tend to be ionized to form
a new ion pair. In this case, the hypervalent fluorosilicate is
only a transition structure en route to the formation of the
active, ionized species. Consideration of the identity of the
transferable ligand is an important part in fitting the
chemistry of trialkylsilanes into the picture of n-o* Lewis
base catalysis as developed by Gutmann and discussed in
general terms in Section 3.1.2.

6.1.1.1. Allylation

The first example of the use of homogeneous fluoride ion
sources in carbon—carbon bond formation came from Sakurai
and co-workers in 1978 with the report that TBAF induces the
addition of allylic silanes to aldehydes (Scheme 49).*”*! Along
with the transfer of simple allyl units, 2-butenylsilanes can
also be employed, and produce homoallylic alcohols with a
high degree of syn diastereoconvergence. To rationalize this
selectivity pattern, the original mechanistic proposal by
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5 mol % TBAF AN OH
+ o _— — x
THF, 4 h nBu,N*
WH XLIX 148
86 % yield

Scheme 49. Fluoride ion initiated allylation with allyltrimethylsilane.

Sakurai and co-workers invoked a tetra-n-butylammonium
ion pair as the active species.”™ It was clear that an open
transition structure was operative, since a stereodivergent
reaction would be expected if a closed, six-membered
transition structure were involved.”! This original proposal
of a carbanion intermediate XLIX did not receive widespread
support, primarily because of concerns regarding the high
Brgnsted basicity of such a carbanion intermediate.”"
However, recent studies by Biddle and Reich provide
compelling evidence that an intermediate such as XLIX is
active in this and other fluoride-initiated processes.”””! By
examining the regio- and diastereoselectivity of reactions of
well-defined allylic lithium ion pairs with those of allylic
silanes in the presence of fluoride ions, conclusions can be
drawn regarding the structure of the reactive intermediates.
The fact that the selectivity observed in the fluoride-initiated
reactions resembles that of solvent-separated lithium ion
pairs strongly supports the intermediacy of a carbanion such
as XLIX. Additional studies show that the structure of the
silane moiety has little effect on the selectivity, and further
support this conclusion. Nevertheless, some caution must be
taken when considering the generality of these observations.
The pK, value of the conjugate acid of the nucleofuge will
have a strong effect on the partitioning of the reactive
intermediate between a carbanion and a hypervalent silicate
pathway. Whereas less basic species, such as those derived
from acetylenic silanes,”™! certainly proceed through the
carbanion mechanism, the situation may be different for more
basic species.

It should be noted that care has been taken to differ-
entiate whether a reaction is “initiated” or “catalyzed” by
fluoride ions. The vital role of fluoride ions in forming active
hypervalent fluorosilicates and ammonium ions is not in
dispute, but the question of whether the reactions are truly
catalytic in fluoride ions remains open.”” In the critical
turnover step, the product alkoxide must be silylated to
release fluoride ions and regenerate the catalyst. In view of
the strength of the silicon—fluorine bond,”! some authors
have disputed the role of TMSF as the active silylating agent.
Corriu and co-workers suggest that trimethyldifluorosilicate
(TMSF,") is the active silylating agent rather than TMSF, but
maintain that the processes are catalyzed by fluoride ions.”'"

Instead of invoking cleavage of the strong silicon—fluorine
bond of either TMSF or TMSF,™ as being integral to the
turnover step in the catalyst cycle, other pathways for
activation have been proposed (Scheme 50). One pathway,
originally suggested by Kuwajima and co-workers in their
studies of the transsilylation of a-silyl esters, is a silicon-
transfer pathway, wherein the anion formed after initial
nucleophilic attack of a fluoride ion reacts directly with
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another silylated nucleophile, thereby completing the “cata-
lytic” cycle.”'l Therefore, it is the enolate anion, or in this
case the alkoxide anion, that is the true chain-carrying species.

_A~SR} + RZCHO

_~_-SiR} OSiR}
=
+ R? A
R2CHO MF
\/_\ RZCHO
OSiR% ° M auto R} .
fluoride . Si
R? = catalysis RZJ\/\ catalysis o "X
+ + RZ N
MF FSiR}
o1
RISiF SRy

Scheme 50. Fluoride ion initiated versus catalyzed processes.

This kind of autocatalytic behavior is supported by the
observation of an induction period in the reaction-rate
profile. Thus, a slower initial phase of the reaction is
promoted by fluoride ions while the faster, later phase is
promoted by some other in situ generated anion. Studies by
Hou and co-workers have shown that the ammonium
alkoxides such as 149 that are produced in allylations with
allyltrimethylsilane ~ and  tris(dimethylamino)sulfonium
difluorotrimethylsilicate (TASF) are in fact active catalysts
for subsequent allylations (Scheme 51).2'? In addition,
numerous examples of nucleophilic activation in the reaction
of silyl nucleophiles with alkoxides exist, thus lending further
support to the kinetic competence of this pathway. In-depth
kinetic studies similar to those performed by Kuwajima and
co-workers”!!! are clearly warranted to establish the role of
fluoride ions in the aldol and allylation reactions. However,
this cannot alter the view that some form of Lewis base
promotion leads to the pattern of nucleophilic reactivity

observed in the fluoride-promoted reactions.*'>?
o MBuN* THF, 1 day
+ Et8iIF ——————————  noreaction
Ph ~
149
- nBusN* THF OH

/\/SiRg + PhCHO + _— =
Ph)\/\

PhM
149 (10 mol %) 150

76 % yield

Scheme 51. Reactivity of ammonium alkoxides.

6.1.1.2. Aldol Addition
The impact of the silane structure on the mechanism and
stereochemical outcome of fluoride-promoted reactions

becomes more clear when considering silyl enol ethers and
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silyl ketene acetals. Initial studies by Kuwajima and Naka-
mura demonstrated that silyl enol ethers could be alkylated in
the presence of benzyltrimethylammonium fluoride.*'!! These
authors proposed that the active species was an ammonium
enolate. This proposal is consistent with a mechanism where a
hypervalent fluorosilane is likely a transition structure. The
preceding analysis suggests that facile ionization is reasonable
because of the lower Brgnsted basicity of ketone-derived
enolates. Later studies described below would lend further
support to this proposal. Still, this work did provide proof of
principle for later studies on related aldol processes with
carbonyl electrophiles.

The application of fluoride ions to promote aldol reac-
tions was reduced to practice by Heathcock and co-workers
several years later.”””! The use of stoichiometric amounts of a
fluoride source allowed for highly anti-diastereoselective
reactions between ketone-derived silyl enol ethers and
aldehydes. It was only later, in a collaborative effort between
the Kuwajima and Noyori research groups, that earlier
observations were combined in the demonstration that only
substoichiometric amounts of soluble fluoride sources were
required to provide rapid and high yielding, syn-diastereose-
lective aldol reactions [Egs. (1) and (2) in Scheme 52].[*'¢
Again, the intermediacy of a “naked” ammonium enolate
such as 153 rather than a hypervalent fluorosilicate is invoked
in this process [Eq. (3) in Scheme 52].

oTMS 10 mol % TASF O OH
H.C s _CH. * PhCHO — H,C (1)
3 8 10 equiv TMSF
(2151 -78°C, THF, 2 h CH,
152
89 % vyield
syn/anti 86:14
OTMS 10 mol % TASF O OH
H.C + PhCHO ————— > HC @)
? = 7 equiv TMSF
CH, -78°C, THF, 2 h CH,
(E)-151 152
84 % yield
synlanti 63:37
o on PhCHO
5 equiv TMSF O TAS* PhCHO o o
H,C B S — - - .
< L 78°C, THF 1 \/I\CH3 78°c, THF  "eaction
152 153
65 % yield

Scheme 52. Fluoride ion catalyzed aldol reactions of enoxysilanes.

This mechanism has gained support from studies on the
reactivity of isolated ammonium enolates.”'®" Initial experi-
ments demonstrated that despite their high reactivity, these
species cannot undergo productive aldol reactions. The
addition of a silylating reagent is required for high conver-
sions. Although this may cast some doubt on the proposed
mechanism, it must be remembered that under the actual
reaction conditions described by Noyori and co-workers, the
generation of the ammonium enolate would lead to the
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formation of trimethylsilyl fluoride (TMSF), which could
potentially act as a silylating reagent.

The requirement for an additional silylating reagent in the
reactions of isolated ammonium enolates is readily explained
by the established reversibility of the carbon—carbon bond-
formation step in aldol reactions.””? The ammonium aldolate
must be trapped by a silylating agent to render the overall
reaction thermodynamically favorable. In the reactions of an
isolated tris(dimethylamino)sulfonium enolate 153, the addi-
tion of five equivalents of TMSF to the reaction allows for
high conversions [Eq. (3) in Scheme 52].*'! The release of a
fluoride ion upon silylation of the aldolate can then complete
the fluoride-catalyzed reaction. However, the possibility of
fluoride ion initiation and enolate catalysis cannot be ruled
out. In fact, Biddle and Reich have suggested that both may
be operative in these aldol reactions.”

6.1.1.3. Group-Transfer Polymerization and Michael Additions

The relatively low basicity of ketone-derived enolates
allows for the facile ionization of silyl enol ethers by fluoride
ions through the intermediacy of a hypervalent fluorosilicate.
Therefore, if more basic enolates, such as ester- or amide-
derived enolates, are employed, a change in the mechanism to
one involving a hypervalent fluorosilicate and a different
pattern of reactivity might be observed.’™ Although no
demonstration of fluoride-catalyzed aldol reactions of silyl
ketene acetals is on record, convincing evidence for the
involvement of hypervalent fluorosilicates is found in studies
of the fluoride-catalyzed silicon-group-transfer polymeri-
zation of silyl ketene acetals and o,f-unsaturated esters
[Eq. (1) in Scheme 53].”"! This method provides access to a
variety of acrylate polymers with low polydispersity indexes.
This finding suggests a “living” polymerization in which
chain-transfer processes are disfavored. The low polydisperi-
sities observed in these reactions are proposed to arise from a
closed, eight-membered-ring transition structure, L. The
formation of highly reactive ammonium enolates in this
process would lead to lower selectivities that could not
generate the narrow ranges of molecular weights common to
“living” polymers of this type.

RajanBabu has expanded the use of TASF in group-
transfer polymerization for Michael additions of silyl ketene

OTMS
TMSO.__OMe
HiC - o
= 1 mol % F +
oM LS, HC..g; CHs TAS Me y |
CH 2 »Si
g HC™ "0 OMe | MO < n~ Me
154 e | HC_ O e MecogcH,
+ 0°C :*( CH, 155
0 HC  OMe M. = 10200
%ome L PDI = 1.17
CH,
o OSiMe,
OTMS 4 mol % TASF @
+ 2 OMe THF,—78°C
CO,Me
CH, 91% yield nd
d.r. 111 3
(E)-156 157

Scheme 53. Fluoride ion catalyzed reactions of silyl ketene acetals
(group-transfer polymerization and Michael addition).
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acetals to enones [Eq. (2) in Scheme 53].%*") The reactions
proceed rapidly at room temperature to afford silyl enol
ethers such as 157, which can be further manipulated.
Unfortunately, diastereoselectivities were poor and the
mechanism of the silicon-group transfer could not be
elucidated."!

The plurality of mechanisms available in fluoride-pro-
moted reactions of trialkylsilyl enol ethers and allylic silanes
presents a serious challenge to the development of a catalytic
enantioselective process. Some methods have been developed
that employ chiral ammonium salts, but synthetically useful
selectivities remain elusive.’”! Yamamoto and co-workers
have had some success with a combined chiral Lewis acid/
fluoride ion catalyst strategy which will be discussed in a
subsequent section on bifunctional catalysis (see Section 8.3).

6.1.1.4. Trifluoromethylation with
Trifluoromethyltrimethylsilane®™!

The development of the Ruppert-Prakash reagent
(Me;SiCF;) has revolutionized the nucleophilic introduction
of trifluoromethyl groups into organic molecules.”* In
combination with a fluoride activator, usually TBAF, this
reagent can efficiently add a trifluoromethyl group to myriad
reactive functional groups including aldehydes, ketones,
esters, amides, various azomethines, and other heteroatomic
groups.’> Other anionic activators include KF??»*! CsF,?>"!
nBu,N*Ph,SnF,~,?>  nBu,N*Ph,SiF,”,? and alkox-
ides.”™ Although no detailed mechanistic or kinetic studies
are on record, the reaction (with carbonyl compounds) is
believed to be a fluoride-initiated/alkoxide-catalyzed process
(Scheme 54).1%4

The nature of the interaction between fluoride ions and
TMSCEF; has been investigated by NMR spectroscopy.”** Two
species are detected upon mixing TMSCF; and Me,N'F~ in
different ratios at —60°C (Scheme 55). Species 158 is seen
when TMSCEF; is in excess and 159 is seen when Me,N*F~ is in
excess. In fact, the related compound 160 has been isolated

initiation .
nBu,N* solvent Me,SiF
+
nBu,N‘F- (FF3M or H,0 HCF,
. 4! _ai+Me
Me;SiCF, Me S\I'Me —1 0
R‘J\RQ nBu,N*
unstable /(i_ ,
FCRR
catalytic cycle
O™ nBu,N"
OSiMe, CR?
IR2 F,C R
FiC™ *xi
Me,SiCF,
nBu,N"
CF. -
i ‘-.\SIVIe
R1J\R2 Me=Sirve
o
\IR2
FscAR'S

Scheme 54. Catalytic cycle for nucleophilic trifluoromethylation with
TMSCF,.
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and crystallographically characterized as the [(Me,N);S]*
salt.”*®! These highly reactive compounds are known to be
effective trifluoromethylating agents, but their role in the
additions to carbonyl compounds under catalytic conditions
has not been established.

THF CFs  |Me,N*
Me,SICF, + Me,N'F- Me— s. :Me
“Me
-90 — —60 °C
excess - n:;|:3 158
Me,N*F~ + Me;SiCF;
THF CFs  IMe,N*
Me,SICF, + Me,N'F- Me— s. :Me
excess -90 - -60°C “Me
159
CF,
THF Me R
Me;SiCF, + [(Me,N).S]* Me,SiF,~ Me— s| e | [MeN);S]
~78 — 50 °C CF,
160

Scheme 55. Hypervalent silicon intermediates from TMSCF;.

Despite the lack of mechanistic insight and the possibility
that these reactions are catalyzed by the alkoxide product and
not the fluoride ion, enantioselective trifluoromethylation has
been achieved with chiral ammonium fluorides. Iseki et al.
described the use of a modified cinchoninium fluoride and
found high yields but modest enantioselectivities in the
trifluoromethylation of aromatic aldehydes to form the
products 161 and 162 (Scheme 56).”7% This research group
also reported the preparation and survey of a family of
chirally modified triaminosulfonium difluorotriphenylstan-
nates as catalysts for enantioselective trifluoromethyla-
tion.””! The 3,4-diphenylpyrrolidino catalyst 165 is the
most selective, and affords an enentiomeric ratio of 76:24
with benzaldehyde. The best catalyst for this process is the
cinchoninium salt 166 reported by Caron etal. who also
carried out an extensive optimization of solvent, temperature,

H CF CH,
HO Z.cF, HO S H HO. ZCF,
9200
OMe
161 162 163
10 mol % 164 10 mol % 165 4 mol % 166
98% yield 96% vyield 97% yield
er. 725275 er. 76.0:24.0 er. 96.0.4.0

[PhasnFQ]

o) %,

CFsy 165

164

Scheme 56. Catalytic enantioselective trifluoromethylation.
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and N substituent.”” This research group targeted the
ketone-derived product 163, and although the catalyst is not
selective for other ketones, its efficiency and selectivity are
still remarkable. These results encourage further exploration
into a more detailed understanding of the actual intermedi-
ates in the reaction and the nature of the stereodetermining
event.

Although the trifluoromethyl anion is inherently unstable,
it is still a very good leaving group and as such can be
generated by the breakdown of electron-rich species. Langlois
and co-workers have developed a number of reagents 167-169
that carry a “CF; reservoir” in the form of hemiaminals,
trifluoroacetyl derivatives, and trifluorosulfinamides.***!
These reagents can release the trifluoromethyl anion under
both stoichiometric activation by bases, and also by the
catalytic action of a fluoride ion on the silylated precursors
(Scheme 57). The delivery of the trifluoromethyl group is
fairly efficient, but unfortunately this process also most likely
involves a fluoride-initiated, alkoxide-catalyzed mechanism
with no opportunity for asymmetric induction, even with
chiral reagents.

X R® R* R® R4
[Nj TMSO  N-Me TMSO  N-Me
PN o] o-S
F,C” ~OTMS CF, CF,
167 ‘ 168 ‘ 169 OTMS
% CsF R?
R1J\ , (10mol %)‘ J j FC7 R
[Xj R3 R4 R3 R4
J‘; oWrN‘Me O\S'N‘Me
A
H” ™0 o]

Scheme 57. Reagents for catalytic nucleophilic trifluoromethylation.

6.1.1.5. Reduction of Carbonyl Compounds with Silyl Hydrides

The activation of hydridosilanes to function as reducing
agents can be effected by Lewis bases, Lewis acids, and
transition-metal species.””! Although least common among
the methods of activation, fluoride ions (as well as alkoxides)
do offer unique chemical and stereoselectivity features. Initial
reports showed that soluble fluoride sources such as TBAF
could promote the reduction of a variety of carbonyl
compounds with Ph,MeSiH (Scheme 58).%*" The active
reagent, initially thought to be the fluorosilicate LI, showed
excellent anti diastereoselectivity in the reductions of ketones
bearing a-stereogenic centers, such as o-substituted f-keto
amides. The selective formation of either the syn or anti
reduction product could be achieved by adjusting the reaction
conditions. This pattern of selectivity was rationalized
through a change between an open, bimolecular transition
structure and a closed, unimolecular assembly.

At an early stage in these studies, Fujita and Hiyama
found that the addition of strongly Lewis basic cosolvents
such as HMPA or DMPU also facilitated the reaction.”**!
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PhMe,SiH
oH O PivesH ¢ 9 TASF oH Q
Ph)\'/KNEtZ -~ PhMNEtQ EE—— PhAl)J\NEtZ
CH, TFA CH, DMPU CH,
171 170 171
98 % yield 98 % yield
syn/anti > 99:1 anti/syn > 99:1
LB + TASF PhMe,SiH
R,HCOSiPhMe, Y
F
Me:. & \Ph . -
LB'é‘Me | \Ph
Me—Si!
| Rey me |
R H
H
F /\ LB
Me.. & \Ph
LB”1 “Me
1 "
R™ R L

Scheme 58. Fluoride ion catalyzed reductions with silanes. DMPU =
N,N’-dimethylpropylene urea.

Kinetic studies on the reduction revealed a first order
dependence on the concentration of the cosolvent, which
suggests that these polar solvents play a role beyond simple
solvation in the overall reaction. Accordingly, a revised
mechanism involving a hexacoordinate silicate LII, bonded
by both a fluoride ion and the neutral Lewis base, was
proposed.”*!]

Shibata and Baba have shown that the normal, radical-
type reduction of organic functional groups with nBu;SnH
can be altered to an ionic pathway in the presence of many
different kinds of Lewis bases.”? Specifically, TBAF was
shown to give clean reduction of a-alkoxy ketones with high
syn-diastereoselectivity arising from Felkin—Ahn-controlled
addition.”! Although a pentacoordinate fluorostannate was
hypothesized as the intermediate, it could not be identified
spectroscopically.”*®! As was also the case in the fluoride-
activation of silanes, Shibata and Baba found that strong,
neutral Lewis bases could play a similar role to that of anionic
Lewis bases. However, with stannanes, neutral Lewis bases
were highly effective in the absence of fluoride ions. The
realization that neutral Lewis bases could activate silanes and
stannanes generated new possibilities for mild catalytic
methods (see the next section).]

6.1.2. Nucleophilic Activation with Other Lewis Bases

The development and impact of organosilicon chemistry
in synthesis is historically tied to the use of fluoride ions as a
Lewis base activator. Although catalysis with Lewis acids
eventually superceded activation with fluoride ions, partic-
ularly for catalytic enantioselective variants, there are still
many illustrations of non-fluoride Lewis bases (both anionic
and neutral) that function in a variety of transformations that
offer preparatively useful advances and mechanistically
intriguing insights. These will be discussed below within the
context of each chemical transformation.
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6.1.2.1. Aldol Addition
6.1.2.1.1. Anionic Lewis Bases

The high binding affinity of anionic Lewis bases for
organosilicon moieties is not limited to fluoride ions.”""
Conjugate bases of various oxygen- and nitrogen-based
functional groups also associate with organosilicon pronu-
cleophiles such as enoxysilanes and can promote additions to
carbonyl groups. However, as was the case with activation by
fluoride ions, there is a mechanistic ambiguity as to the actual
role of the added agent—either as an initiator or as a catalytic
species.

A closely related aldol process promoted by chloride ions
has been reported for dimethylsilyl enol ethers such as 172
and 173.%! A broad survey of metal halide salts as promoters
of the aldol addition of 172 and 173 with benzaldehyde in
DMF at 30°C for 1 h produced the following trend in yields:
CaCl, 95 %, LiC1 98 %, nBu,N* Cl~ 67 %, CaBr, 54 %, MgBr,
54%, LiBr 52 %, nBu,N*Br~ 67 %, Cal, 32 %, Lil 34 %, Nal
35%, KI 34%, nBu,N*I~ 40%. On the basis of the weak
Lewis acidity of CaCl, and the promoting effect of tetrabu-
tylammonium salts, the authors conclude that there is no
contribution from the electrophilic activation of the aldehyde.
Unfortunately, the reactions are completely unselective
(Scheme 59).

OSiHMe, 1. CaCl,

j\ . DMF, 30 °C OH O
R™H 2. 1N HCI R)\é
172 R = Ph: 82%
R = cinnamyl: 79%
OSiHMe, R = hydrocinnamyl: 65%
syn/anti = 50:50
HC s 79-85% yield 4
173

Scheme 59. Calcium chloride catalyzed aldol addition of dimethylsilyl
enol ethers.

In an extensive series of studies, Mukaiyama et al. have
described the ability of both lithium diphenylamide
(20 mol %) and lithium 2-pyrrolidinone (10 mol%) to pro-
mote the addition of TMS ketene acetals such as 154 to
aldehydes [Eq. (1) in Scheme 60].%*! The reactions give high
yields (most by NMR integration) in either DMF of pyridine.
As a consequence of a strong solvent effect, the authors
invoke a hexacoordinate adduct of the silyl ketene acetal
bound to the anionic Lewis base and a solvent molecule,
although this is most likely not the mechanism (see Sec-
tion 6.1.1). The reactions of propanoate silyl ketene acetals
(E)- and (Z)-156 are diastereoconvergent and not selective,
and therefore suggestive of an open transition structure
[Eq. (2) in Scheme 60].

Mukaiyama and co-workers have also shown that alkali-
metal carboxylates are effective catalysts for a similar range
of enoxysilane nucleophiles and aldehyde electrophiles.” A
broad survey of carboxylic acid, metal counterion, and solvent
led to the finding that lithium acetate (10 mol%) in DMF,
DMF/water (50:1), or pyridine serves most generally for this
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o OSiMe; 1. activator OH
)I\ + HC solvent, T
Z > 0OCH, )yCOZCHB Q)]
R™ H CH 2.1NHCI R 7.
3 H,C CH,
188 PRNL o NLE R -yl 60-98%
(20 mol %) (10 mol %) R = alkyl: 55-60%
DMF (—45 °C) or
pyridine (0 °C)
OSiMe, OH OSiMe,
Z OCH, > ph)\(CO2CH3 HC .~ oCH, )
CH, CH,
(E)-156 174 (2)-156
41% yield ; 79% yield
syn/anti 66:34 PhNLi syn/anti 73:27
50% yield 95% vyield
syn/anti 62:38 @O syn/anti 71:29
Li

Scheme Go. Amide-catalyzed aldol reactions of silyl ketene acetals.

transformation. Many aromatic and heteroaromatic alde-
hydes participate in high-yielding additions of silyl ketene
acetals and ketene thio acetals (Scheme 61). Here again, the
reactions of propanoate silyl ketene acetals are diastereocon-
vergent and not selective.

1. LiOAc (10 mol %)

o o OSIM63 DMF (_45 oc) or OH
e %ocm pyridine (70 °C) _CO,CH,
CH; 2.1 NHCI H,C CH,
154 R = aryl: 67-97%
R = alkyl: 84%
OSiMe, OSiMe, OSiMe;,
SEt Z > SEt HC~ StBu
CH, CH,
175 (2176 177

91%  83% (d.r. 63:37) 86%

Scheme 61. Lithium acetate catalyzed aldol reactions of silyl ketene
acetals.

The authors suggest a similar mechanism as that for the
amide-promoted reactions, with a minor modification to
account for the formation of a small amount of a double
adduct. In addition, they demonstrated that the intermediate
aldolate (independently generated) can be silylated by both
the TMS carboxylate and the N-TMS-2-pyrrolidinone, thus
supporting (but not proving) the suggested catalyst turnover
step (Scheme 62).

1. silylating agent OTMS
oLi PhCHO
0y
or CO,CH, DMF, —45°C,1h OTMSCO o s Ph (0] cocH
HC ’/'CH3 2. NaHCO; (aq) Ph el Ph A
3 H,C CH; H;C CH,
178 179 180
CH,CO,TMS 80 : 20
&o 100 : 0

N

SiMe,
Scheme 62. Demonstration of the turnover step for carboxylate- and
amide-catalyzed aldol reactions.
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Continuing this line of investigation, Mukaiyama and co-
workers next evaluated the potential for alkali-metal alk-
oxides and phenoxides to promote the aldol additions shown
previously.”! Conjugate bases of nearly every alcohol inves-
tigated were effective at low loadings in DMF at —45°C
(Scheme 63). Lithium benzyloxide was selected and showed

OSiMe;, 1. activator
2 . he DMF, —45 °C OH
PN NP TOCH; —————» CO,CH,
ROH cH 2. 1NHCI R
3 H,C CH;,
154 LIOCH,Ph R = aryl: 74-97%
R = alkyl: 65%
OLi
CO,CH, R=aryl: 32-100%
R 7. R = alkyl:70%
H,C' CH;,

Scheme 63. Product-catalyzed aldol addition initiated by lithium
benzyloxide.

good generality for aldehydes. Closer examination of this
reaction reveals that it operates by the Lewis base initiated,
product-catalyzed pathway discussed for fluoride-activated
reactions (Section 6.1.1.1). This behavior is not surprising
considering the greater basicity of alkoxides and the fact that
the product aldolates themselves are alkoxides. Moreover, in
contrast to silyl carboxylates and N-silyl-2-pyrrolidinone,
TMS benzyloxide does not silylate the aldolate product,
thereby precluding this as a catalyst turnover step.
Tetraalkylammonium phenoxides have also served as
activators to promote a syn-diastereoselective addition of
propiophenone silyl enol ether and propanoate-derived thio
ketene acetals. These reactions most certainly also proceed
via open transition structures and the diastereoselectivity is
likely an artifact of the specific enol silane structure.**!

6.1.2.1.2. Neutral Lewis Bases

The ability of neutral Lewis bases to interact with
electrophilic trialkylsilyl species (triflates, perchlorates, hal-
ides) has been carefully studied by Bassindale and Stout in the
context of the mechanism of nucleophilic substitution at a
tetracoordinate silicon atom.* From the changes in the *Si
NMR chemical shifts and dissociation equilibrium constants,
the following order of relative Lewis basicity was established:
N-methylimidazole > DMAP > HMPA > dimethylimidazo-
lone > N-methylpyridone > pyridine-N-oxide > triphenyl-
phosphane oxide > DMPU > DMF > pyridine > triethyl-
amine. Accordingly, it is not surprising that some of these
and related Lewis bases have been tested for their ability to
promote the aldol addition of enoxysilane species. Insofar as
some of these species are (and have been used as) solvents for
the addition reactions, they will be discussed as discrete
additives first and then as bulk solvents second.

In 2000, Imamoto and co-workers surveyed a number of
Lewis bases as promoters of the aldol addition of silyl ketene
acetals (Scheme 64).**1 Among the Lewis bases surveyed
(including phosphanes, phosphane oxides, and DMAP), the
electron-rich triarylphosphane 182 affords the highest yields.
The reaction with propanoate-derived silyl ketene acetals is
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o OSiMe; 1. activator (20 mol %) OH
+ HC THF,RT, 3 h
P Z 0CH, ————— 7 CO,CH,4
Ph” H oH 2. 1N HCI Ph" 7.
3 H,C CHs
154 181

TTMPP > Ph,P > Cy,P > nBu,P > dppe > HMPA > DMAP > Cy,P=0 > Et,;N

OMe R = aryl: 68-93%
R = alkyl: 50%
TTMPP = |MeO P 182

OMe 3

OSiMe; 1) 156 0SiMe, (2)-156

200 60% yield HC. 67% yield
o * syn/anti 67:33 ¢ OCH;  syn/anti 67:33
3

Scheme 64. Phosphane-catalyzed aldol reactions of silyl ketene acetals.
dppe = 1,2-bis(diphenylphosphanyl)ethane.

unselective, leading the authors to propose an open transition
structure involving an enolate as the nucleophile.

A similar study with pyridine-N-oxide (10 mol% in
conjunction with 20 mol% of lithium chloride) in DMF
shows good catalytic activity for the addition to aromatic,
olefinic, and aliphatic aldehydes (44-91 % yield).”"*l Here as
well, the addition of propanoate-derived silyl ketene acetals is
not diastereoselective, again suggesting an open transition
structure. Finally, as would be predicted from the Lewis
basicity scale established by Bassindale and Stout,*! N-
methylimidazole shows excellent catalytic activity (again in
the presence of 20 mol % of lithium chloride).**'! Yields for
the addition to a wide range of aldehydes are good (44-94 % ).
Under microwave heating to 90°C, the TMS enol ether of
acetophenone undergoes addition to a selection of aldehydes,
although (as discussed below) the role of the solvent as a
promoter at these temperatures cannot be ruled out.

The catalytic activity of DMF as a solvent!"s! was first
mentioned in a 1988 report from Kita et al. in which the
addition of both acetate-derived and isobutyrate-derived silyl
ketene acetals to isopropylidene glyceraldehydes was accom-
plished by heating in DMF at 70°C for 48 h.**!! These authors
previously described a “noncatalyzed” Michael addition
under similar conditions (Section 6.1.2.4.2) and were thus
motivated to try the aldol addition. Subsequently, Hosomi
and co-workers also investigated the “noncatalyzed” aldol
addition of enoxydimethylsilanes in DMF at 50°C. These
reactions give good yields for aromatic, olefinic, and aliphatic
aldehydes (24-79%), however with no diastereoselectiv-
ity.?*! Interestingly, the C-bound nucleophile ethyl dimethyl-
silylacetate also underwent addition to aldehydes under these
conditions (39-93 % yield). It was surprising that the reactions
were not diastereoselective given the expectation that the
silicon atom would serve as an organizational center.

Finally, Génisson and Gornichon studied the effect of a
number of dipolar aprotic solvents to effect the “noncata-
lyzed” aldol addition of silyl ketene acetals at room temper-
ature.”*! They found that DMF, DMA, NMP, DMSO,
sulfolane, and nitromethane all give aldolization products
after 24 h, but that DMSO has the greatest ability to promote
the reaction in the presence of 4-A molecular sieves.”*! Only
aromatic and olefinic aldehydes work well here, but again
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with no diastereoselectivity for propanoate-derived silyl
ketene acetals.

The significance of all these experiments needs to be
interpreted in the light of studies by Helmchen on the
importance of solvent purities in reproducing the “catalytic
effect” of the DMF in the Michael addition, and raises
concerns regarding the role of the Lewis base in these
reactions (Section 6.1.2.4.2).

6.1.2.2. Cyanomethylation with Trimethylsilylacetonitrile

The addition of nitrile-stabilized anions to carbonyl
compounds can afford both -hydroxy- or unsaturated nitriles
depending on the counterion and temperature.”*! In 1989,
Palomo etal. found that under the influence of TBATF,
trimethylsilylacetonitrile (TMSCH,CN) could add smoothly
to a variety of aldehydes*” Interestingly, these authors
speculate that the reaction is fluoride ion initiated and
product-catalyzed. The successful initiation of the reaction
with potassium fert-butoxide supported their proposal.

Mukaiyama and co-workers have extended the use of
Lewis base activation to the cyanomethylation of both
aldehydes and imines, both in the presence of lithium acetate
(10 mol % ).”**! The addition to a range of aromatic, hetero-
aromatic, olefinic, and aliphatic aldehydes takes place in
DMF at 0°C in good yields (42-98%). Substituted nitriles
could also be employed, however, in these cases, cesium
acetate (10 mol %) is required.

Shibasaki has also applied the CuF/(EtO);SiF/Ph;P
system developed for catalytic aldol additions to the cyano-
methylation of aldehydes and ketones with TMSCH,CN,
however this reaction will be discussed in the section on
bifunctional catalysis (see Section 8.3).

6.1.2.3. Mannich Reaction

Although the first illustration of a Lewis base activated
Mannich reaction was described by Hosomi and co-workers
as part of their investigation of enoxydimethylsilanes,” the
majority of the work in this area comes from Mukaiyama and
co-workers, who extended the evaluation of amides, carbox-
ylates, and alkoxides as promoters for the addition of silyl
ketene acetals and enol ethers to tosylaldimines
(Scheme 65).2*1 The additions are limited to aromatic
aldimines, but still give excellent yields in DMF or DMF/
water (50:1). As was found for the aldol additions, the
Mannich reactions are also not diastereoselective with
propanoate-derived silyl ketene acetals such as 156, although
a highly anti-selective addition was developed for other
nucleophiles (see Section 8.5). The authors draw the same
mechanisms as for the aldol addition, but change the nature of
the intermediate, depending upon the Lewis base activator.
Moreover, the reaction promoted by lithium benzyloxide was
shown to be product-catalyzed.”! When N-phenylaldimines
are employed under catalysis with lithium acetate, the
immediate adduct cyclizes to a f-lactam in very good
yield.*

Interestingly, the use of silyl enol ethers and ketene thio
acetals under catalysis with tetraalkylammonium carboxy-
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Scheme 65. Amide- and carboxylate-catalyzed Mannich reactions.

lates affords Mannich addition products such as 184, 186, and
188 with extremely high anti diastereoselectivity
(Scheme 66).2*!l However, this outcome is likely the result
of a highly biased, open transition structure as the anti
selectivity is stereoconvergent. This process has also been
modified to produce B-lactams with high trans selectivity.***!

_Ts 0OSiMe 1. nBuyN* BzO™ (10 mol %)
N : THF, —45°C NHTs
Ph)LH P sBu F'h)\/coch-q3
2. 1NHCI H
CHs &H,
183 (EY176 184
98%, anti/syn 90:10
N/Ts OSiMes 1. nBuyN* BzO™ (10 mol %) TS\NH o
L+ H \)\ DMF, —45°C
3C s >
Ph” “H Ph 5 1 N HCI Ph” > “Ph
’ CHs
183 (2)-185 186
100%, anti/syn 96:4
_Ts - 1. nBuyN* BzO™ (10 mol %) Ts.
OsiMe
)NL . : DMF, 20°C N0
PR™ H 2.1 NHCI Ph
183 187 188

100%, anti/syn >99:1

Scheme 66. Tetraalkylammonium benzoate catalyzed anti-selective
Mannich reactions.

p-Tolylsufinimines are useful substrates for highly selec-
tive additions of myriad nucleophiles to prepare enantiomer-
ically enriched amines.*” Mukaiyama and co-workers have
taken advantage of the strong diastereoface-directing effect
of the sulfur group to produce pB-sulfinamido esters with high
diastereoselectivity with tetrabutylammonium acetate as the
catalyst (Scheme 67).>*1

6.1.2.4. Michael Addition
6.1.2.4.1. Anionic Lewis Bases

The ability to build rings, set multiple stereocenters, and
engage a wide range of substrates has elevated the Michael
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$
N"">p-Tol 0
1. nBUN* AcO™ (10 mol %) .8
Ph” “H 18 4 ~p
° THF, ~78°C, 12-24 h HN™"p-Tol
. > i__CO,CH,
A Ph”
OSiMe, 2. 1NHCI H,C CH,
AL ome 190
CH, 154 98% yield

d.r. (SIR) 96:4

Scheme 67. Diastereoselective Mannich reaction of p-tolylsufinimines.

addition to one of the most synthetically useful carbon-
carbon bond-forming reactions.”!! The Michael addition can
be performed using both preformed enolates and masked
enolates, under catalysis by Brgnsted acids and bases as well
as Lewis acids. Curiously, the use of Lewis bases has been the
slowest to emerge.”

The first report employed the reaction of the TMS enol
ether of acetophenone under typical phase-transfer condi-
tions (50 % NaOH/CH,Cl,/nBu,N*Br") to afford a 77 % yield
of the Michael addition product.’™ Of perhaps greater
synthetic utility is the use of nBu,N*(PhCO,),H™ for the
addition of silyl ketene acetals to cyclic and acyclic enones.
Sivaram and co-workers capitalized on the use of these
unusual catalysts that were extensively developed in the
context of group-transfer polymerization.>" The catalyst
provides high yields (87-95 %) at room temperature and only
0.1 mol % loading.

Mukaiyama and co-workers have applied the now-famil-
iar amides, carboxylates, and alkoxides to the Michael
addition of silyl ketene acetals and silyl enol ethers to cyclic
and acyclic ketones [Eq. (1) in Scheme 68].! Yields are
generally good except with B-disubstituted acceptors. As in all
previous cases, the reactions show poor and convergent
diastereoselectivity [Eq. (2) in Scheme 68]. In what must be a
product-catalyzed reaction promoted by lithium benzyloxide,

Chemie

o
R Pz R OSiMe, 1.active|1:;c'\3/:F(1(7]_mol %) 0O R?
or + HSC%\OCW — H’CI R1MYCOZCH3 ™)
1N ‘.
o CH; fe) H,C CH,
154 PhCONHLi Rz arl 68-95%
@H ) AcOLi QNL' ary °
2/n-5
O 9
(o] Ph (0] nP[ent
Ph)J\/S{COZCW " CJ\/YCOZCF“ COLCH.
HC CHs HC CHs H,C CH,
191 192 193
—45°C, 92% 0°C, 75% —45°C, 94%
o)
OsiMe, OSiMe,
2
%ocm;’ COCH, - Hac\/\OCHs @)
CH, CH,
-156 64% yield R 89% yield 7)-156
E synianti 55:45 104 synlanti 59:41 )
75% yield  ppeONHLI 72% yield

synlanti 52:48 synianti 64:36

Scheme 68. Amide- and carboxylate-catalyzed Michael additions.
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syn diastereoselectivity could be achieved for the silyl enol
ethers of propiophenone. ">l

A mechanistically distinct and intriguing process involv-
ing the activation of enoxytributylstannanes has been devel-
oped and carefully investigated by Baba and co-workers
(Scheme 69).*”) From earlier NMR investigations on the
nature of the interaction of both anionic (nBu,N*Br~) and
neutral (HMPA) Lewis bases with tin enolates, Baba and co-
workers determined that pentacoordinate species are formed
and that they express an enhanced nucleophilicity toward
various electrophiles.”’* The data show a clear shift in the
equilibrium composition of the stannane in the presence of
HMPA toward the pentacoordinate species. A more system-
atic study shows the change in the equilibrium population (as
reflected in the change in '*Sn NMR chemical shift and '/,
coupling constant) for both HMPA and nBu,N*Br~.>"!

o O,SnBu3 O,SnBu3L
L
RWJK(RZ R1J\MR2 R1J\‘JR2
SnBuj,
keto form enol form pentacoordinate

enol form
(in benzene): R' = Me, R? = H: k/e/p, 92:8:0
(1.5 equiv HMPA): R' = Me, R? = H: kle/p, 79:0:21

(in benzene): R', R? = (CH,),: k/e/p, 0:100:0
(1.5 equiv HMPA): R" = Me, R? = H: k/e/p, 0:0:100

Scheme 69. Equilibrium composition of tin enolates.

The enhanced nucleophilicity of the tin enolate in the
presence of either HMPA or nBu,N*Br~ is manifest in the
ability to effect Michael additions to unsaturated ketones,
esters, and amides to form 1,5-dicarbonyl compounds such as
194-197 (Scheme 70).*7% For example, no reaction takes
place between the tin enolate of acetophenone and methyl
acrylate in refluxing THF for 12 h. However, in the presence
of 10 mol % nBu,N*Br~, the adduct is isolated in 64 % yield
after 12 h at room temperature. The reaction proceeds well
for unsubstituted acrylates, f-substituted ketones, and nitro-
alkenes.”"!

Ab initio calculations aided in the understanding of the
accelerating effect of nBu,N*Br~ and also of the ability of the

OSnBu Bu,N*Br (10 mol %) R
5 R - X nBu,N'Br mol % R! X
~ R * \/\I.r M
R1J\/
0 THF, reflux, ¢ 0O R O
Me
P A O PhMOMe
o] o) o) o]
194 195
12 h, 99% 12 h, 86%

PhM NMe, OMe
o} o] 0 0
196 197
12 h, 86% 14 h (RT), 99%

Scheme jo. Tetrabutylammonium bromide catalyzed Michael addition
of tin enolates.
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salt to act as a catalyst.””) A comparison of the ground-state

structures of the free tin enolate and the pentacoordinate
bromide adduct show: 1) the HOMO energy is raised 3.3 eV,
2)the Sn—O bond is lengthened by 0.167 A, and 3) the
activation energy for the addition is lowered by 7 kcalmol .
Most importantly, however, the immediate Michael addition
product, which is also a stannyl ketene acetal, is unstable to
isomerization to the o-stannyl ketone (by 5.3 kcalmol™),
which had no affinity for the bromide ion and thus effects
catalyst turnover. These characteristics will be revisited in the
analysis of an alkylation of the tin enolate in Section 6.1.2.5.

6.1.2.4.2. Neutral Lewis Bases

Apart from the acceleration of the Michael addition of tin
enolates by HMPA noted above, there are several reports of
“uncatalyzed” Michael additions of silyl ketene acetals in
highly dipolar aprotic solvents. In 1982, Tamura and co-
workers reported the ability to effect the Michael addition of
silyl ketene acetals to cyclic enones to form silyl enol ethers
such as 198, 199, and 157 by heating in acetonitrile at 55°C for
2 h (Scheme 71).* Shortly thereafter, RajanBabu reported
that similar additions proceeded even at room temperature in
nitromethane.”™ In this study, a crossover experiment
revealed full scrambling of the silyl substituents as part of
the addition reaction.

2 OSIR3 o
¥ R1\H\I ° solvent, T, ¢
—_—
= 4
Ins e OR R*0,C Ins
R? R
oTMS oTMS TMSO
CH;, CH, H,C
198 199 157
CH;CN, 55 °C, CH,CN (CaH,), 55°C,  CH;NO, RT,
2 h (87%) 8 h (36%) 3-4 h (82%)
CH,CN (P,0), 55 °C,
10 min (86%)

Scheme 71. Purported “uncatalyzed” Michael additions of silyl ketene
acetals.

Although these results are intriguing, they have been
called into question by Helmchen and co-workers, who
reported that the original conditions described by Tamura
and co-workers did not reproducibly lead to the adducts.**!
Helmchen and co-workers discovered that the method used
for the purification of the acetonitrile solvent was crucial. In
acetonitrile distilled from calcium hydride, the reaction was
extremely sluggish, whereas the addition reaction in acetoni-
trile distilled from phosphorus pentoxide was even faster than
that reported by the research group of Tamura. Helmchen
and co-workers also showed that the reactivity in acetonitrile
distilled over calcium hydride could be restored by adding
small amounts of phosphorus pentoxide to the reaction
mixture. It should be noted that RajanBabu describes
purifying the solvents used in his study by distillation from
phosphorus pentoxide! Thus, unless further clarification is
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forthcoming, reports of solvent-assisted or uncatalyzed
Michael, aldol, and other reactions such as those from the
Kita,”” Hosomi® and Génisson*! research groups should
be viewed with caution.

6.1.2.5. Alkylation of Enolates

As part of their extensive and thorough investigations on
the nucleophilic activation of organotin compounds, the
Shibata/Baba research groups discovered a striking depend-
ence of the chemical reactivity of tin(IV) enolates on the
additive. The uncatalyzed aldol addition and alkylation of
tin(IV) enolates had been described and used in various
synthetic endeavors.””! However, in studying the reaction of
tin(IV) enolates with a-bromo ketones, Baba and co-workers
discovered that the chemical selectivity of the addition could
be altered by changing the reaction conditions. For example,
the thermal reaction of tin(IV) enolate 200 with bromoace-
tophenone affords exclusively the epoxy ketone 202 (Darzens
reaction), whereas in the presence of 1.5 equivalents of
HMPA (or triphenylphosphine oxide), the 1,4-diketone 203
(alkylation reaction) is the predominant product isolated
[Eq. (1) in Scheme 72].*7* A later competition experiment
between the stannyl enol ether 204 and either an allylic
bromide or a ketone showed the dramatic effect of added
nBu,N*Br~ on the chemoselectivity [Eq. (2) in Scheme 72].

Preparatively, the alkylations only work well for activated
halides (allyl halides, halo ketones, halo imines). On the basis
of their previous spectroscopic studies (Scheme 69) that
revealed a strong variation in the enolate structure in the
presence of both HMPA and nBu,N*Br~, the authors
suggested that the aldol addition requires vacant coordination
sites on the tin center that are occupied in the presence of
added ligands, thus disfavoring that pathway.**"!

6.1.2.6. Silylcyanation with Trimethylsilyl Cyanide (TMSCN)?®'!
6.1.2.6.1. Anionic Lewis Bases

Already in 1973, the Evans and Truesdale research groups
described the potential for catalysis of the silylcyanation of
ketones with TMSCN and cyanide ions.”®”! Remarkably, this

OSnBu3 conditions

» O Ph (o)
& /\H/Ph - e J\/B + M(Ph
HsC HsC o H,C X

200 201
benzene, 80°C,3 h 90% 0%
benzene/HMPA (1.5 equiv), 12% 73%
25°C,1h
Ph o~ Br
/(i]Bus . 1.0 additive m )j\/\/\ @
P <:>:o THF 60°C, 3 h
204 206
1.2 equiv 1.0
none 40% >99:1
HMPA (1.8) 80 11:89
nBuyN*CI~ (1.8) 21% <1:99
nBugN*Br(1.8) 72% <1:99

Scheme 72. The effect of additives in the alkylation of tin(IV) enolates.
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report lay dormant for decades before other anionic activa-
tors were investigated for this transformation.

For example, only in 2001 did Senanayake and co-workers
report the potential of various lithiated heteroatom nucleo-
philes (LiOMe, LiOnBu, LiNEt,, LiPPh,, LiSPh) for the
catalytic, diastereoselective silylcyanation (with both TMSCN
and TBSCN) of bicyclic ketones such as camphor, fenchone,
and nopinone.”! Although the catalytic efficiencies vary (4—
24 h to completion), the similarity of the diastereoselectivities
for a given ketone suggest that these catalysts are simply
generating a common reactive species, which the authors
propose is the hypercoordinate Me;Si(CN),™ ion.

Kagan and co-workers have extended the use of chiral
anionic nucleophiles (previously employed for enantioselec-
tive reduction) for the enantioselective catalysis of silylcya-
nation.’® Monolithiated (S)-binolate 207 catalyzes the for-
mation of silyl cyanohydrins of aromatic aldehydes with only
modest selectivity (e.r.<79.5:20.5), whereas the monolithi-
ated (R,R)-salen 208 generally affords higher, albeit rather
variable, selectivities with aromatic aldehydes (Scheme 73).
The dilithio derivatives are efficient catalysts, but are much
less enantioselective.

o) Me,SiCN OSiMe,
—_— H
Ar)J\H activator A CN
0'— tBu‘Q:OLl HO%}
207 (1 mol %) 208 (1 mol %)
Ar=4-MeCgH, Ar =4-MeCg¢H,
95% yield 96% yield
e.r. 79.5:20.5 (S) er. 96.5:3.5 (R)

Scheme 73. Chiral alkoxide catalyzed silylcyanation.

The enantioselective silylcyanation of ketones has been
accomplished by the use of a-amino acid salts.*®! Although
many o-amino acid salts are effective catalysts, sodium
phenylglycinate is the most enantioselective
(Scheme 74). Despite the high catalyst loading
(30 mol%), the yields and selectivities for a
number of aryl methyl ketones are high. Given
the simplicity and ready availability of the catalyst,
this method should find application in synthesis.

6.1.2.6.2. Neutral Lewis Bases

The report of catalysis of a silylcyanation
reaction with a phosphane by Evans and Wong in
1977 did not stimulate additional development for
many years.”***) However, in 1991, Mukaiyama and
co-workers re-investigated this reaction, and exam-
ined the use of amines and phosphanes as catalysts
(Scheme 75).2%267) With a stannylated cinchonine
catalyst 214, good yields and enantioselectivities are
obtained, albeit with a rather high loading of the
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i Me,SiCN Me,Si0 N
—_— *
Ar” “CH, CO,Na Ar” “CH,
\v'H (30 mol %)
Ph \H,

209 210 211
Ar=4-MeCH,  Ar=4-MeOC¢H, Ar=C,H,CH,CH,
96% yield 81% yield 97% yield
er.97.030(R) er 96.040(R) er 90595(R)

Scheme 74. Silylcyanation of ketones catalyzed by sodium L-phenyl-
gylcinate.

catalyst (30 mol % ).?*°®) More recently, Deng and co-workers
have employed Sharpless’s dimeric cinchona alkaloids to
effect a highly selective cyanosilylation.”® However, the
method is currently limited to the use of a,o-dialkoxy
ketones. The mechanism of the reaction has yet to be
clarified, but the intermediacy of either a hypervalent silicate
or an ionized silyl cation-cyanide anion ion pair can be
proposed.

O 30 mol % 214 OoTMS
H3C%H + Me,SICN 4[’» H,C CN
CH, CH.CI,, -78 °C CH,

212
67 % yield
er 97525
9 (DHQ),AQN (20 mol %) TMSO_ CN
H,C OEt 4+ Me,SIiCN H.C OEt
CH, OEt CHCL,, -78°C CH, OEt
213
81 % yield
er 97.03.0
z
TFOSNO
| = » N
N~
214 (DHQ),AQN

Scheme 75. Cinchona alkaloid catalyzed asymmetric silylcyanations.

Among the most extensively investigated activators of
silylcyanation in recent years are the phosphine oxides and
amine N-oxides. These species have been employed as
additives with chiral Lewis acidic complexes and have been
incorporated into chiral ligands for binding to Lewis acids.
These latter strategies fall under the aegis of multidentate
“bifunctional catalysis” and are discussed separately in
Section 7. However, amine N-oxides have been used by
themselves as nucleophilic catalysts for silylcyanation.*
Feng and co-workers developed a series of tethered, dimeric
bis(proline amide N-oxide)s for this purpose (Scheme 76).
The most selective catalysts 215 and 216 are connected by a
trimethylene tether and bear cyclohexyamide units. Under
optimized conditions, the yields are good, but the selectivities
are modest for a series of aromatic aldehydes.

Other highly nucleophilic Lewis bases such as Verkade’s
phosphatrane!”” and N-heterocyclic carbenes™! have been
assayed for their ability to promote silylcyanation, thus far
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only with achiral catalysts.”’” Tmidazol-2-ylidene derivatives
bearing bulky substituents on the nitrogen atoms (fert-butyl,
mesityl, adamantyl) are highly effective catalysts, less than
1 mol% is needed to convert both aldehydes and ketones
rapidly into the TMS-cyanohydrins at room temperature.”””!

The high Brgnsted basicity of guanidines makes them
useful catalysts for a number of reactions, including asym-
metric Strecker reactions.”’ Among a number of chirally
modified guanidine derivatives, 217 displays the highest,
albeit modest, selectivity for the silylcyanation of aliphatic
aldehydes (Scheme 76).7%)

(¢] Me;SiCN 0OSiMe,
_— >
R™ H activator R”+"CN
Ph
CONHc-H P
CONHc-Hex C-Hex \
o 0 ?_ o § CONHc-Hex )—N
ng N D HN._~pp
CONHc—Hex I:Dh
215 (5 mol %) 216 (2.5 mol %) 217 (10 mol %)
R =CgHs R =4-MeCgH, R = cyclohexyl
94% yield 69% yield 93% yield
e.r. 70.0:30.0 (R) er 845155 (R) er. 85.0:15.0 (S)

Scheme 76. Silylcyanation catalyzed by chiral amine N-oxides and
guanidine 217.

In 2006, our research group reported a direct kinetic
comparison of the effectiveness of a variety of Lewis basic
catalysts for the silylcyanation of four different classes of
aldehydes in a number of different solvents.”””! Of all the
Lewis bases surveyed, the following trend is seen: nBu;P >
DMAP > Et;N > NMI > HMPA (DMF, DMSO, pyridine-N-
oxide, Ph;P=0, tetramethylurea were much less effective).
Among the phosphorus derivates, the order of reactivity is
nBu;P ~ HMPT > Ph;P =~ (MeO);P. With Et;N as the catalyst,
the reactions were fastest in acetonitrile by a wide margin
over dichloromethane and other solvents. Chiral amines and
phosphorus derivatives gave only poor enantioselectivity. The
reaction shows first order behavior in the aldehyde and Et;N,
and zeroth order in TMSCN, which is consistent with two
limiting mechanistic scenarios (Figure 7). Catalytic cycle A
involves the activation of the aldehyde by a hypervalent
complex of the Lewis base and TMSCN. The observation of a
zeroth order dependence on TMSCN means that species LIV
is formed irreversibly or that the Lewis base catalyst is
saturated. In this cycle, binding of the aldehyde must be

OSiMe,
Ph TMSCN

cycle A // cycle B\\
\Me /7

/LB o , "LB-SiMe
N 03 e M938| LB CN s 0
\, |[|[Me

NC”
Ph”™ "H ]
H

Ph

osuvle3

Ph

LVI

Figure 7. Catalytic cycles for silylcyanation.
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turnover-limiting to see first order dependence in both the
aldehyde and Lewis base. In catalytic cycle B, the ion pair LIV
serves as a cyanide source and must be formed under the same
circumstances as in catalytic cycle A. However, in this cycle,
the addition of the cyanide ion must be turnover-limiting to
observe first order behavior in the aldehyde. Although the
kinetic analysis of other Lewis base catalyzed silylcyanations
has not been reported, catalytic cycle A seems much more
likely given the proximity of the substrate to the chiral
activator.

Clearly the nature of the adduct between the Lewis base
and TMSCN will be very dependent on the structure of the
Lewis base and the solvent. The operation of two pathways
might explain the variable enantioselectivity observed in
these reactions with small changes in the nucleophile
structure or solvent.

6.1.2.7. Strecker Reaction with TMSCN

The hydrocyanation of imines is one of the oldest carbon—
carbon bond-forming reactions (Strecker amino nitrile syn-
thesis).”®! Remarkably, despite its importance as a method
for the synthesis of a-amino acids, the first example of a
catalytic enantioselective Strecker reaction was not reported
until 1996.7”"1 Since then, however, an extraordinary effort
has been expended for the development of various catalytic
methods, most of them employing chiral Brgnsted bases,
Lewis acids, or metal complexes. Aside from these traditional
catalytic systems, there are a few reports of Lewis base
catalysis of the Strecker reaction, one using a chiral N-
oxide,””® the others using achiral Lewis bases and a chirally
modified sulfinylimine.”” In the former case, (R) 3,3'-
dimethyl-2,2’-biquinoline N,N'-dioxide is used in stoichiomet-
ric quantities to promote the addition of TMSCN to N-
benzhydrylimines of aromatic aldehydes. Even with this
loading of catalyst, the reactions required 1-4 days. The
yields ranged from 67-96 % and selectivities were in general
good (e.r. 75.0-97.5:25.0-2.5).2"!

Hou and co-workers employed CsF to promote the
addition of TMSCN to enolizable, aliphatic sulfinamines
(aromatic sulfinamines fragment to 4-TolSCN).”* The yields
are excellent and diastereoselectivities generally high,
although the scope is still rather limited at this time
(Scheme 77). In this case the induced selectivity is Sg—Sc.

Interestingly, Mukaiyama and co-workers described the
use of alkali-metal and tetraalkylammonium carboxylate salts
to effect the same transformation on similar substrates and
with similar selectivities, however with the opposite sense of
induction (Ss—R¢).”” No explanation is provided by the

(¢] (0]
{ Me,SiCN A
N""p-Tol catalyst HN™">p-Tol
Alkyl” H then NH,CI (aq) Alkyl)\CN

catalyst = CsF (105%)
Alkyl = cyclohexyl
99% yield
d.r. >99:1 (S)

catalyst = nBu,N*OAc™ (10%)
Alkyl = cyclohexyl
94% vyield
d.r. 91:9 (R)

Scheme 77. Diastereoselective silylcyanation of p-tolylsufinimines.
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authors, but the outcome is reminiscent of the divergent,
counterion-dependent behavior of the fluoride activation of
silyl enol ethers observed by Chuit and Corriu (see Sec-
tion 6.1.1.1.7'")

6.1.2.8. Trifluoromethylation with TMSCF,
6.1.2.8.1. Anionic Lewis Bases

Following their development of anionic Lewis base
activators for aldol, Michael, and Mannich reactions (Sec-
tion 5.2), Mukaiyama and co-workers have applied alkali-
metal and tetraalkylammonium carboxylates for the trifluoro-
methylation of aldehydes and ketones in high yield and good
substrate scope.™ Diastereoselective trifluoromethylation
of chirally modified phenyl glyoxylates with lithium phenox-
ide afforded good selectivities (90:10) for the generation of
Mosher acid analogues.*™ Moreover, as was already de-
scribed in the silylcyanation of p-tolylsulfinamines, these
same carboxylate salts effect nucleophilic trifluoromethyl-
ation with TMSCEF; in excellent yields and diastereoselectiv-
ities. The sense of asymmetric induction is the same as was
observed with TMSCN. %]

6.1.2.8.2. Neutral Lewis Bases

Neutral Lewis bases are also effective in promoting the
trifluoromethylation of carbonyl compounds. The effective-
ness of a series of pnictogen-centered Lewis bases was
surveyed in DMF with TMSCF; and benzaldehyde.”'! A
rough trend emerged as follows: amines > phosphanes >
arsines ~ stibines. Within the amine class the order:
TMEDA > Et;N ~nBu,NH > pyridine was found. With tri-
ethylamine (20 mol % ), a selection of aromatic and aliphatic
aldehydes and ketones underwent trifluoromethylation in
modest yield. Attempts to effect catalytic enantioselective
trifluoromethylation with chiral amines (alkaloids, amino
acids) and chiral phosphanes were largely unsuccessful (e.r.
< 55:45).

Prakash et al. described a survey of amine N-oxides for
nucleophilic activation of TMSCF; and found that trimethyl-
amine N-oxide could be used albeit in 50 mol % loading with
aromatic, olefinic, and aliphatic aldehydes.®! More recently,
Song et al. reported that 1,3-diadamantylimidazol-2-ylidene is
a highly effective catalyst (0.5-1.0 mol % ) for the addition of
TMSCEF; to a wide range of aldehydes and ketones at room
temperature in very good yield.***"!

6.1.2.9. Reduction of Carbonyl Compounds with Tin Hydrides

The Baba and Shibata research groups have extensively
explored the modulation of the reducing properties of various
tin(TV) hydrides by the addition of Lewis bases (as stoichio-
metric agents), including halides, HMPA, tripiperidinophos-
phoric amide (TPPA), and some phosphane oxides.”* Three
different types of reagents have been developed (Scheme 78).
The first, nBu;SnH/TBAF (or TBACI or TBACN), which
works well for the chemo- and diastereoselective reduction of
ketones, has already been discussed in Section 6.1.1.5.7%% The
second, nBu;SnH/HMPA (or TPPA), is suitable for the
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Bu;SnH / HMPA

_ Me)\( Me

Bu,SnH / AIBN
- Me

Me

o
Me)K/Me

THF, 0°C s THF, 0°C &
79% (GC) 78% (GC) synlanti 73:37
Bu,SnFH o Bu,SnFH OH
HMPA _ Pho<TPh  hvpa _ Ph A _Ph
z o :
THF, RT oH THF, 700 C oM
Ph\(@R e 218
0 BuSIH 0, BuSH OH o
TBACN \|/<l/ TBACN \I)\/
THF, RT THF, 70 °C
Bu,SniH | THF, 0 °C OH 83% H
HMPA | 46% 219
Ph Me
O oH 220

Scheme 78. Chemical selectivities and stereoselectivities in reductions
with tin(1V) hydrides and HMPA. AIBN = azoisobutyronitrile.

reduction of aldehydes, and also for the chemoselective
reduction of a-halo aldehydes and ketones (at the carbonyl
group).?***! The third, nBu,SnXH/HMPA (where X =F, Cl,
I), is useful for various reductions depending upon the
identity of the X atom. For example, nBu,SnFH/HMPA is
useful for the diastereoselective reduction of epoxy ketones
to give anti-epoxy alcohol products,”! whereas nBu,SnIH/
HMPA is useful for the reductive opening of epoxides and
epoxy ketones to give B-hydroxy ketones such as 220.7*! On
the other hand, Bu,SnCIH/HMPA is useful for the reduction
of imines®™ ¥ and the reductive amination of ketones and
aldehydes.***!

Spectroscopic studies show that Lewis bases interact
differently with all of these tin(IV) hydrides. No change in the
19Sn NMR chemical shift is seen for nBu;SnH or nBu,SnH, in
the presence of HMPA. On the other hand, mixing nBu;SnH
and TBAF led to a disappearance of the signal for nBu,SnH
(6=-90.3 ppm) and the appearance of signals for (nBu;Sn),
and nBu;SnF, ™, no evidence for the adduct nBu;SnHF ™~ could
be obtained. However, the association of nBu,SnFH and
nBu,SnIH with HMPA are evident in the '"Sn NMR,
YFNMR, and IR spectra.**! The authors speculate that
the Lewis bases play a role in enhancing the reducing ability
of the hydrides in the complexes and altering the normal
radical-based reduction pathways associated with this class of
agents.

6.1.2.10. [2,3] Wittig Rearrangement

Enol derivates of a-allyloxy carbonyl compounds are
known to undergo two competitive sigmatropic rearrange-
ments; [3,3] Claisen and [2,3] Wittig rearrangements.
Whereas silyl enol derivates undergo the (thermal) [3,3] rear-
rangement, metalloenolates undergo the (anionic) [2,3] rear-
rangement.” Mukaiyama and co-workers have shown that
in the presence of lithio amides, ammonium carboxylates, or
lithio alkoxides, the [2,3] rearrangement pathway predomi-
nates.”®! Thus far, the substrate scope is limited to 2-allyloxy-
1-tetralones and allyloxy acetates.
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6.1.3. Ligand-Accelerated Catalysis with Trialkyltin(IV) Halides

Although this form of Lewis base catalysis was intention-
ally excluded from coverage in this Review, there is one
example that merits an exception because it represents a
unique case of ligand-accelerated catalysis with main-group
species.

The ability of main-group halides to open epoxides is one
of their most defining characteristics,** and Lewis base
catalyzed, enantioselective processes have been developed
(Section 6.4). However, an intriguing process which is cata-
lytic in both the metal halide and the Lewis base has been
developed by the Nomura, Baba, and Shibata research
groups.”*”!

The insertion of carbon dioxide and isocyanides into
oxiranes is a very well known process and is susceptible to
catalysis by a number of different methods.”®! In an early
study, Ratzenhofer and Kisch reported the accelerating effect
of Lewis bases (Ph;P and Et;N) in combination with relatively
hard Lewis acids (for example, AICl;, TiCl,, and MoCl;) to
effect the insertion of carbon dioxide into propylene oxide at
room temperature and pressure.”®! Following the lead from
this study, Nomura et al. showed the high catalytic effect of
many main-group Lewis acids (Ph;SnX, Ph;GeX, Ph;SbBr,,
MeTeX,) in combination with Et;N, pyridine, and Ph;P for the
formation of cyclic carbonates.”™*" After considerable
optimization, they settled on the combination of nBu;Snl
and HMPA or triphenylphosphine oxide for the insertion of
isocyanates, isothiocyanates, and carbodiimides into propyl-
ene oxide. These authors suggest a catalytic cycle on the basis
of several lines of evidence (Scheme 79). The initial inter-
action between the Lewis base and the tin(IV) halide leads to
an activation of the halide. From the Gutmann analysis or
hypervalency analysis (Section 3.1.2), the polarization of
nBu;Snl should simultaneously enhance the electrophilicity
of the tin(IV) center and the nucleophilicity of the iodide ion:
exactly what is needed to accelerate the epoxide opening. The
insertion of a Sn—O bond into the heterocumulene is well
documented and constitutes the next step.”””) The nucleophi-
licity of the tin carboxylate, carbamate, or isourea LIX is
enhanced by coordination of the Lewis base and therefore can

nBu,Snl
X
. + LB (HMPA, Ph,PO)
oY
— o
H,C

H,C

nBusSnl-LB \&

O/&Y O,SnnBual-LB
Hac)\) He ™

LB-nBuSSn\X

| LIX Lvi
LBenBu;Sn_
k o
Hsc)\
Y=C=X

Y
X

O, RN
O.RN, 8 I
Lvii
Scheme 79. Catalytic cycle for the insertion of heterocumulenes into
epoxides.
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suffer internal displacement of the iodide, thereby forming
the cyclic product and thus regenerating the nBu;Snl.

6.2. Electrophilic and Dual Activation through n-o*
Interactions: Polyhalosilanes
6.2.1. Initial Studies

Whereas the preceding section focused on the chemistry
of alkylsilanes, another class of organosilicon species that
have demonstrated the potential for Lewis base catalysis
through the n—o* interaction are polyhalosilanes. The incor-
poration of electronegative substituents leads to a dramatic
change in the chemistry of the silicon species. The use of
strong, neutral Lewis bases in conjunction with these electro-
philic silanes provides a preparatively useful and mechanis-
tically novel alternative for the catalytic, asymmetric modi-
fication of the silicon reagents. Strong Lewis bases such as
DMF and HMPA are capable of generating neutral hyper-
valent silanes that possess enhanced nucleophilicity at the
peripheral groups (a consequence of the changes in the
electron distribution caused by the formation of hypervalent
bonds) and thus provide opportunities for the development of
new reactions.

In the mid-1980s there was a growing interest in poly-
halosilanes. The substitution of halogen atoms for alkyl and
aryl substituents in allylic silanes renders these species much
less nucleophilic. The dramatic effect of halogen substitution
on the reaction rate was quantified by Mayr and et al. as part
of their ongoing studies of & nucleophilicity (Scheme 80).*!]
In the reaction of allylic silanes with diarylcarbenium ions
such as 221, replacement of a single methyl group by chloride
renders allylchlorodimethylsilane 1000 times less nucleophilic
than allyltrimethylsilane. Allyltrichlorosilane is so unreactive
that its nucleophilicity could not be measured accurately by
using this technique.

BCl,” H
o ‘ + CH,CL, H P
\/\SiMenC|a.n + —_— PHH ==
MeO MeO
221 222

n=3 k=187 x102L mol's™"

n=2 k=276x10"Lmol's™"

n=0 no reaction

Scheme 8o. Nucleophilicity of allylic silanes on the Mayr scale.

From the kinetic analysis of the reactions of polyhalosi-
lanes with diarylcarbenium ions, it is expected that they would
be poor substrates for any allylation reaction. However, these
reagents are not simple m nucleophiles like the related
trialkylsilanes. Lewis base activation of these highly electro-
philic silanes can lead to both enhanced nucleophilicity of the
allyl fragment as well as enhanced electrophilicity at the
silicon atom. Binding of the aldehyde to the electron-deficient
silicon atom now transmits the decreased electron density at
the silicon atom to the bound carbonyl group. Therefore,
reaction through a closed transition structure provides a
potent form of dual activation for both substrates. The
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enhanced reactivity of these bimolecular, hypervalent inter-
mediates is in line with Gutmann’s conclusions about the
polarization of the peripheral bonds in a Lewis acidic
acceptor upon formation of an adduct with a Lewis base
(see Section 3.1.2.1).

Allyltrifluorosilane, which should be completely unreac-
tive towards aldehydes in light of the analysis by Mayr et al.,
provides a dramatic illustration of the power of Lewis base
activation (Scheme 81). Sakurai and co-workers have shown

CsF OH
HC ~_S8iF; + PhCHO ————> X
THF, 0 °C :
CH,
EIZ 99:1 anti-223
92 % yield
antilsyn 99:1
OH
_~_SiF; CsF
AR T s
CH, ’ CH,
ZIE 99:1 syn-223
96 % yield
EF synlanti 99:1
H \S.—‘,F
RSO
pr O
RZ
LX

Scheme 81. Fluoride ion catalyzed allylations with fluorosilanes.

that, in the presence of cesium fluoride, a rapid reaction
between allyltrifluorosilane and a wide range of aromatic,
olefinic, and aliphatic aldehydes takes place.”” In addition to
the reactivity differences associated with dual activation, the
stereochemical outcomes of two processes involving open and
closed transition structures are different. The strict correla-
tion of the silane geometry with the product configuration
(diastereodivergent, E—anti, Z—syn) indicates that the
reaction proceeds through a cyclic, chairlike transition
structure (LX) organized around a hypervalent silicon atom.
This stands in contrast to the syn stereoconvergence seen in
the fluoride activation of allylic trialkylsilanes (see Sec-
tion 6.1.1.1).

Computational studies on the electronic structure of a
series of fluorosilanes and silicates provide a quantitative
picture of how fluoride activation can enhance both the
nucleophilic and electrophilic character in allyltrifluorosilane
(Figure 8).’ Whereas the degree of induced polarization,
evidenced by increased electron density at C, (¢(C,)) and
decreased electron density at the silicon atom (g(Si)), is small
in changing from the tetracoordinate ground state to the

F I F el
8 SI é F F/.S‘] WF

i [ T
ZAF =/ 7F J £l

F =

tetracoordinate silane pentacoordinate silicate  hexacoordinate silicate

q(Si)=1.37 q(Si)=1.35 q(Si)=1.51
Si-C=1.85A Si-C=1.90A Si-C=199A
q(C,)=-0.26 q(C,)=-0.31 q(C,)=-0.38

Figure 8. Charge distribution in hypervalent fluorosilanes and silicates.
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pentacoordinate intermediate (Aq(C,=-0.05, Aq(Si)=
—0.02), the change upon binding of a second fluoride ion is
dramatic (Ag(C,))=—0.07, Aq(Si)=+0.14). Although an
allylpentafluorosilicate is probably not the active species in
these reactions, it can be imagined that the binding of the
aldehyde to the pentacoordinate silicate to a form a hex-
acoordinate, aldehyde-substituted tetrafluorosilicate may
have a similar effect on the redistribution of electron density
in the adduct and lead to a similar dual activation of both the
aldehyde and allyl fragments of the complex.

Kobayashi and Nishio provided an important preparative
advance by demonstrating that highly Lewis basic solvents
such as N,N-dimethylformamide (DMF) could promote the
allylation of aromatic, olefinic and aliphatic aldehydes with
allyltrichlorosilane in a manner analogous to the activation by
fluoride ions (Scheme 82).7*!! The diastereodivergent behav-
ior observed in the addition of 2-butenylsilanes is consistent
with the intermediacy of cyclic, chairlike transition structures
LXI and LXII. Organization of the allylic fragment and the
aldehyde around a formamide-bound, hypervalent silane
finds support from the observation of the hexacoordinate
silicon species (DMF),SiCl;(CH,CH=CH,) at 6 = —170 ppm
in the *Si NMR spectrum upon mixing allyltrichlorosilane
and DMF. This signal falls squarely in the chemical shift range
established for other, known hexacoordinate silicates.™

(HC)N
HC SOl e Y OH

(E/Z97:3) s|—C| Y
+ 30\/\ )Qo cl CH,
PhCHO
LXI - anti-223
89% yield
sicl r (HCWN. _H T anti/syn 97:3
|
(\/ 3 3% )2 \”/ OH
CH, DMF o Cl
H ‘Si‘—Cl = Ph X
(Z/E >99:1) 75!
R/ al CH
+ pH O s
PhCHO Lowe ] oyn223
92% yield

synlanti 99:1

Scheme 82. Lewis base promotion of allylations with allyltrichloro-
silane.

6.2.2. Lewis Base Catalyzed Allylation with Polyhalosilanes:
Chiral Lewis Bases

Although these allylation reactions are promoted by
Lewis bases and represent important conceptual advances in
the development of the field, the first neutral Lewis base
catalyzed allylation did not appear until 1994. Our research
group reported that the addition of a substoichiometric
amount of a Lewis base catalyzed the allylation of aromatic
and olefinic aldehydes with allyltrichlorosilane in the non-
polar solvent dichloromethane (Scheme 83).**! Aliphatic
aldehydes proved unreactive, despite their higher reactivity
than conjugated aldehydes in other carbonyl addition pro-
cesses.”’”) An initial survey of Lewis bases (for example,
DMF, DMSO, pyridine N-oxide) revealed that HMPA was the
most effective promoter. In fact, no reaction was observed in
the absence of a Lewis basic promoter. The addition was
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found to be diastereodivergent, consistent with the involve-
ment of a cyclic, chairlike transition structure organized
around a hypervalent silicon atom as suggested by Sakurai
and co-workers.

LB OH
A~SiCk + PhCHO ——> ©/\/\
150
CH, Ph, CH,
Ph, N O —N O
J K |4
Ph N NMe, §:N\ NMe,
CH, Ph  CH,
224 225
6h,-78°C, CH,Cl,  6h, -78°C, CH,Cl,
1 equiv 1 equiv

er. 66.5:33.5 (R)

CH3
CHS O

er.70.5:29.5 (R)
q\)ﬁ
N—%—N

"o

226 227
6 h, -78 °C, CH,Cl, 168 h, -78 °C, THF
0.1 equiv 0.1 equiv
40 % yield 67 % yield
er. 76.523.5 (R) er 92575 (R)

Scheme 83. Chiral phosphoramide catalyzed asymmetric allylations.

These patterns of reactivity and diastereoselectivity
strengthened the analogy of these reactions to the fluoride-
promoted reactions of allylic trifluorosilanes. It was only
when the issue of enantioselectivity was assessed using a
chiral Lewis base that the direct analogy between fluoride-
and phosphoramide-promoted processes began to break
down, thus suggesting the Lewis base may exert its influence
by a unique mechanism. Using a structurally diverse group of
C,-symmetric and asymmetric phosphoramides 224-227, our
research group showed that moderate enantioselectivities
could be achieved in the allylation.”””) However, a weak
loading dependence on the enantioselectivity was observed in
which lower loadings led to lower selectivities (Table 5).
Considering the lack of a kinetically competent achiral
background reaction, these results represented the first
suggestion that there were two distinct pathways involving

Table 5: Loading dependence on phosphoramide-catalyzed allylations.

cH,
T
Pl
N h@ OH
226 CH; B
_~_SiCl; + PACHO ——————» X
CH,Cl,, 78 °C
150
Entry Catalyst t [h] Yield [%] er.
[equiv]
1 1.0 6 81 80.0:20.0
2 0.5 24 78 78.5:21.5
3 0.25 24 74 79.5:20.5
4 0.1 24 40 76.5:23.5
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the chiral phosphoramide with different levels of enantiose-
lectivity.

Subsequent kinetic studies showed a non-integral order
dependence of 1.77 on the phosphoramide catalyst 226.!
This outcome can explain the loading dependence of enan-
tioselectivity, and suggests that both a one- (LXIII) and a two-
phosphoramide (LXIV) pathway are operating (Scheme 84).
These results raised questions regarding the similarities
between these reactions involving allyltrichlorosilane and
earlier work by Sakurai and co-workers involving allyltri-
fluorosilane. The consideration of a closed transition structure
where the allyl fragment, aldehyde, and three chloride ligands
must be bound to the silicon atom, along with two molecules
of phosphoramide catalyst, leads to the unlikely conclusion
that a seven-coordinate silane must be involved.

t
OH
OP(NRy), PR, :
— — > e X
f )\ el ©/\/\
: X 150
%\/SICE one phosphoramide o
+ — pathway low selectivity
PhCHO
T
a 0-FP(NRe); OH
OP(NR;); a H
 — /\\/SI Cl N
0 Os
P(NR;);
LXIV 150
two phosphoramide high selectivity
pathway

Scheme 84. Divergent mechanistic pathways in reactions of allyltri-
chlorosilane.

In the previous discussion of fluoride-promoted reactions
of trialkylsilanes, it was noted that when the silicon atom bore
highly electronegative ligands, ionization to form a hyper-
valent, cationic silicate was possible. Although this is not the
case in Lewis base catalyzed reactions involving trifluorosi-
lanes, Berrisford and co-workers have suggested that ioniza-
tion of the chloride ion from allyltrichlorosilane is possible in
the presence of neutral Lewis bases”” This ionization
implies that the reaction proceeding through a two-phosphor-
amide pathway involves a six-coordinate, hypervalent cation-
ic siliconium ion. This kind of transition structure still
provides nucleophilic activation in the allyl fragment because
of the hypervalent nature of the silicon complex. However,
the cationic silicate also provides potent electrophilic activa-
tion for the bound aldehyde, thus helping to rationalize the
dramatic rate enhancement observed in these neutral Lewis
base catalyzed processes. The ionization of chloride is an
important factor that must be considered when rationalizing
the low reactivity of aliphatic aldehydes under these con-
ditions. An equilibrium exists between an ionic complex of
the aldehyde with the cationic silicate and a neutral silylated
chlorohydrin. The neutral chlorohydrin is clearly more
favorable in the nonpolar environment provided by the
solvent of choice for these reactions, dichloromethane.

Subsequent studies have shown that the generation of a
cationic silicon species is an integral part of phosphoramide-
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catalyzed allylations that proceed through either a one- or a
two-phosphoramide pathway.*” The observation that high
catalyst loadings and catalyst structures that favor the two-
phosphoramide pathway are more enantioselective provided
inspiration for the development of linked, dimeric phosphor-
amide catalysts (Table 6).°"! The use of a dimeric Lewis base
catalyst has several advantages; it disfavors the less selective
one-phosphoramide pathway and aids in overcoming the
entropic disadvantage for the formation of the termolecular
transition structure containing two Lewis bases. A survey of
several linked catalyst structures revealed that there was a
significant advantage in terms of reactivity and selectivity for
a dimeric catalyst linked through a pentamethylene chain.
Further optimization to incorporate the novel 2,2"-bispyrro-
lidine backbonel™ led to the development of a highly
selective, dimeric allylation catalyst 231b for allyltrichlorosi-
lane. Unsubstituted and vy-substituted silanes could be
employed in these reactions, and provided the products in
good yields as well as high diastereo- and enantioselectivities.
Moreover, the use of unsymmetrical vy,y-disubstituted silanes
was viable, and quaternary stereogenic centers could be
formed with high selectivity.

Table 6: Dimeric phosphoramide catalyzed allylations with allyltrichlo-
rosilane.

sicl PhGHO catalyst oH
P A
= CH,Cly, -78°C ©)\/\
150
CHy CH, CH,
N O N O O N
OTNP\N/(CHZ)‘ICHS O:N,P\N/(CHz)nN,P\NIj
CH, CHs CH,CHa  CHsch,
228 229
@‘P//O @ /o O\\ l'\?
N . L
NN NP N (CHZ)HN N,
N NS CHy  CHiL/
231a-c
Entry Catalyst n Equiv Yield [%)] e.r. (config.)
1 228 - 1.0 73 75.5:24.5 (R)
2 229 5 0.1 54 86.0:14.0 (R)
3 230 - 005 56 78.0:22.0 (S)
4 231a 4 0.05 54 59.0:41.0(S)
5 231b 5 0.05 85 93.5:6.5 (S)
6 231c 6 005 58 83.5:16.5 ()

The success of chiral phosphoramide catalysis with
allyltrichlorosilanes has prompted the search for other
active and selective Lewis base catalysts.”" Iseki et al. have
also studied a number of chiral phosphoramides. However,
selectivities with these catalysts remain low when compared
to the dimeric phosphoramide 231b.r"”! Furthermore, publi-
cations on the use of chiral formamides,”*”! N-oxides,?*!
amines,”™ and ureas®™™ have demonstrated that a wide
variety of chiral, neutral Lewis bases are effective catalysts for
this reaction (Scheme 85).
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CH; CH,
Ph” N" “Ph
o O)\H OH
' 232 (20 mol %)
~SiCly + H h
5 eci CH3CH,CN
-5 equiv 100 equiv /Pr,NEt 233
-78°C 65% yield
er. 96.04.0 (R)

Scheme 85. Formamide-catalyzed asymmetric allylations with allyltri-
chlorosilane.

However, of all of the catalyst structures that have been
examined, only allylations promoted by N-oxides 234-236
(Scheme 86) have provided comparable levels of selectivity
compared to phosphoramides such as 231. The Nakajimal®**!
and Hayashi®""¥ research groups have both investigated the
use of chiral 2,2"-bipyridyl bis-N-oxides in allylation. The
strong basicity of the N-oxide oxygen atom along with their
rigid, structures makes them extremely effective activators.[*"]
The observed enantioselectivities are high, although the scope
of the reaction is limited to conjugated aldehydes. As in
reactions catalyzed by phosphoramides, this process appears
to involve an ionized, hexacoordinate siliconate. Kocovsky
and co-workers have examined the use of chiral bis-N-oxides
and mixed quinoline/isoquinoline N-oxides.***'¢!l The yields
and selectivities are comparable to those obtained in other
catalyst systems. The use of catalyst 236 is intriguing because
it promotes synthetically useful reactivity with aliphatic
aldehydes. As expected, the reactions with (E)- and (Z)-2-
butenylsilanes give excellent diastereoselectivity, but the
yields are much attenuated (27-37 %) and the enantioselec-
tivities are diminished (e.r. 86:14-88:12).

OH

catalyst, additive
/\/Si(.‘,l3 + PhCHO —mMm™Mm A
solvent

234 (10 mol %) 235 (0.1 mol %) 236 (7 mol %)
5 equiv /Pr,NEt 3 equiv iPr,NEt 1 equiv nBu,N*I-
CH,Cl,, -78 °C CH,CN, -45 °C CH,Cl,, -60 °C
85% vyield 95% yield 72% yield
er. 94.06.0 (R) e.r. 92.0:8.0 (S) er.99.0:1.0 (S)

Scheme 86. N-Oxide-catalyzed asymmetric allylation with allyltrichlo-
rosilane.

The study of the addition reactions of allylic trichlorosi-
lanes has revealed a new class of Lewis base catalyzed
processes. The involvement of two Lewis bases and the
intermediacy of a hexacoordinate siliconium ion provides for
an efficient and selective process. The involvement of a closed
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transition structure demonstrates how, in this case, the Lewis
base is doing more than simply enhancing the nucleophilicity.
Although the polarized bonds of the hypervalent silicate
impart a larger degree of partial negative charge on the allyl
fragment, the association of the aldehyde to the electron-
deficient silicon atom also provides strong electrophilic
activation for the carbonyl group. Hence, in these cases, it is
clear that the n—o* interaction provides a unique type of dual
activation that includes both the electrophilic and nucleo-
philic components of the allylating reagent.

6.2.3. Lewis Base Catalyzed Allylation of Hydrazones

In an extension of these ideas, Kobayashi and co-workers
have reported selective allylations and crotylations of ben-
zoylhydrazones.””) As was the case in aldehyde allylation,
these investigators first established the suitability of highly
Lewis basic solvents such as DMF or HMPA to effect the
addition of allyl- and 2-butenyltrichlorosilane to aromatic and
aliphatic aldohydrazones®™ as well as aromatic ketohydra-
zones.""’l The additions take place in good yield and high
diastereoselectivity, but in this case, the correlation of silane
geometry and product configuration is reversed from that of
aldehydes, namely E—syn, Z—anti. This correlation is
interpreted in terms of a chairlike transition structure with a
pseudoaxially oriented substituent on the azomethine carbon
atom.

The first successful enantioselective additions to benzoyl-
hydrazones employed chiral sulfoxides as the promoters in
excess amounts (3 equiv 237/hydrazone).”™ Here again, the
additions are high yielding and diastereo- and enantioselec-
tive (Table 7). For the addition to a-hydrazono esters
(glyoxalate derivatives), Kobayashi and co-workers found
that 4-Tol-binap(O), 238 gives the highest yields and selec-
tivities, again when used in excess amounts (2 equiv/hydra-
zone).P0%!

6.2.4. Lewis Base Catalyzed Propargylation and Allenylation of
Aldehydes

Other interesting extensions of this method are the
reactions of allenyl- and propargyltrichlorosilanes with alde-
hydes and hydrazones (Scheme 87).°"! The ratio of the
trichlorosilane isomers 244 and 245 is directly controlled by
the choice of catalyst in the reaction of propargyl chloride.*"!
Propargylic silane 244 leads exclusively to allenyl alcohol 246
while allenic silane 245 leads to the corresponding propargyl
alcohol 247. Similarly, allenylation and propargylations of
benzoylhydrazones have also been reported.*"”"!

6.2.5. Lewis Base Catalyzed Reduction of Carbonyl Compounds
and Imines with Silanes

Hydrosilanes are well known reducing agents, primarily
for ionic hydrogenation or in transition-metal-catalyzed
hydrosilylation. However, as first demonstrated by Corriu
and co-workers,’'”l reductions by hydrosilanes are susceptible
to catalysis, particularly by fluoride ions. More recently,
trialkoxy- and trichlorosilanes along with  poly-
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Table 7: Allylation and crotylation of benzoylhydrazones with a chiral o) (MeO),SiH OH
sulfoxide and phosphine oxide. e A “Me activator
N,NHBZ additive HN
il . Rfﬁ/\/sml3 Tr R r—— RJY\ OO
R H ) CH,Cl,, ~78°C RS R, o
2 Ph OLi .
o 239-243 NHLI O‘ OLi
T o, |OO 9
me~S P(4-Tol),
P(4-Tol), 248 (4 mol %) 207 (5 mol %)
6 Ar=Ph Ar = mesityl
Me 62% yield 57% yield
237 238 er. 885115 (R) er. 95050 (R)
Entry R' R R, Catalyst Yield [%] d.r. e.rl!
(equiv) (syn/anti) %
1 PhCH,CH, H H 237 73 (239) - 96.5:3.5 MOU
(3.0) NLi  NH,
2 iPr H H 237 80 (240) - 99.0:1.0
(3.0) 249 (10 mol %) 250 (5 mol %)
3 PhCH,CH, H Me 237 60 (241) <1/>99 95.5:45 Ar = 4-anisyl Ar = Ph
3.0 89% vyield 94% vyield
(3.0) er. 85.0:15.0 (S) er. 755245 (R)
4 PhCH,CH, Me H 237 58 (241) >99/<1 94.5:55
(3.0) Scheme 88. Reduction of ketones with trimethoxysilane.
5 EtO,C H H 238 91 (242) - 99.0:1.0"
(2.0)
6 EtO,C H Me 238 92 (243) 98/2 >99:11 In recent years, the use of trichlorosilane in combination
(2.0) ) with Lewis basic activators has gained in popularity, partic-
7 HOC Me H 23% 9 (243) <1/>99 98.0:2.0" ylarly for the reduction of ketones and imines.”™ In 1996
(2.0)

Kobayashi et al. first demonstrated the ability of trichlorosi-
[a] Enantiomeric ratio for the major product. [b] The major product from  lane to reduce aldehydes and ketones in DMF; this reaction is
(5)-238 is enantiomeric to that shown. analogous to the allylation with allyltrichlorosilane.*'*!
Naturally, this observation led to the development of chiral
formamide-based activators that could be used in substoi-
chiometric quantities. Unfortunately, only modest enantiose-

HsiCl, SiCl, ‘ ]/S|C|3 PhCHO ‘/k lectivities were obtained with N-formyl derivatives of proline

CuCl, iPr,EtN + e P amides (e.r. <71:29).F"! Only slightly better results (e.r.
Et,0 | TovE y shghtly

: CHz < 83:17) are obtained in the reduction of N-phenylketimi-

cl 244 245 nes.”'* However, very recently, N-formyl derivatives of

m 99:1 92>°/§’3i;| g pipecolinic acid and piperizine-2-carboxylic acid 251 and

oH 252 have shown synthetically useful enantioselectivities in

HSiCl, SiCly H/Sic'ﬁ PhCHO ‘)\ reductions of arylalkyl imines (Scheme 89).'**< Finally, in an

[Ni(acac),], iPrEtN * P+ Ph exhaustive survey of amino acid derived bisamides, the

Il i y
B0 CH, H, I Malkov and Kocovsky research groups have identified a

244 245 246 247 number of important structural features that lead to high
199 90>"/;]):3i?el g conversions and high enantioselectivities.”'*"! The superior
catalyst structure is an N-formyl,N-methylvalineamide 253

Scheme 8. Lewis base promoted allenylations and propargylations. derived from a bulky aniline

methylhydridosilane (PMHS)""! have been employed partic- P LSk NHPh
ularly because of their propensity to form hypercoordinate - .

silicate complexes which possess enhanced reducing capabil- Art Me activator At Me

ities. For example, trimethoxysilane can be activated by a

variety of anionic chiral catalysts®'” to effect the enantiose- 802(4 BuCeHy) e
lective reduction of acetophenones (Scheme 88). H [

A conceptually distinct approach (which will be featured %Nrph j’ NH Me
frequently in this section) is the use of chirally modified H/&o O 5 pn H
fluoride sources such as the N-benzylquininium fluoride 250 Ac
(Scheme 88).%1 At 10 mol % loading, this catalyst effected 221 Sg_;‘?'s;/l“) ;“:rsi g?\lgfcl:ﬁi ifig_%?;éﬁz
the selective reduction of a series of aryl ketones with 95% yield 99% yield 86% yield
respectable selectivity using (MeO),SiH. The hydroxide salt is er. 96.5:3.5 er. 95.0:5.0 er 9458.5(3)
also effective. Scheme 89. Reductions of imines with trichlorosilane.
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6.2.6. Lewis Base Catalyzed Aldolization with Enoxytrichloro-
silanes

In retrospect, the clear structural analogy between allylic
silanes and silyl enol ethers made the extension of fluoride ion
promotion from the original reports of Sakurai and co-
workers to the later studies of the Noyori research group a
logical one. The ability of the Lewis base to promote the
formation of a hypervalent species in which the electron
density at the peripheral ligands is increased provides an easy
method for enhancing the nucleophilicity of the allyl or
enolate fragment. In the case of polyhalosilanes, there is an
added advantage of a closed transition structure involving a
cationic siliconium ion that provides powerful electrophilic
activation for the carbonyl substrate and a reliable pathway
for control over the diastereoselectivity in the subsequent
addition. This high level of preorganization proved important
in our studies of allylations with v,y-disubstituted trichloro-
silanes.[***!

As control over enantio- as well as diastereoselectivity has
always been a major concern in asymmetric aldol reactions, it
was also logical to wonder what advantages a Lewis base
catalyzed reaction with trichlorosilyl enol ethers might
provide. In recent years, studies have demonstrated that
similar mechanistic and stereochemical analyses can be
employed for the phosphoramide-catalyzed allylations as
well as for the aldol reactions.”™”) However, the aldol reaction
has several unique facets that add a level of mechanistic detail
to the picture of Lewis base catalysis with polyhalosilanes.

The first report of a Lewis base catalyzed aldol addition
with an enoxytrichlorosilane described the reactions of an
acetate-derived trichlorosilyl ketene acetal 254 (Table 8).'°
Unlike allylic trichlorosilanes, these enol ethers possessed
sufficient nucleophilicity to undergo rapid, uncatalyzed
addition reactions with aromatic, olefinic, and aliphatic
aldehydes as well as ketones. The binding of the weakly
Lewis basic aldehyde provided sufficient activation for the
aldol reaction. The addition of a chiral phosphoramide

Table 8: Phosphoramide-catalyzed asymmetric aldol reactions of tri-
chlorosilyl ketene acetals.

Qg
osicl, o) OH O N_ 0

N

+ o
Sali sl ceyte
CH,
254 255-257
258
Entry R R" Catalyst T[°C] Yield [%] e.r. (config)
(mol %)
1 Ph H - 0 98 (255) -
2 (E)~cin- H - 0 89 (256) -
namyl
3 tert-butyl H - 20 99 (257) -
Ph Me HMPA (10) 20 97 (255) -
5 Ph H 258 (10) —78 91 (255) 61.5:38.5
(5)
6 tBu H 258 (10) —78 75 (257) 74.5:25.5

(5)
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catalyst 258 did provide moderate levels of asymmetric
induction with a limited number of substrates, but not at
synthetically useful levels.

The reactions of ketone-derived trichlorosilyl enol ethers
showed considerably more promise (Table 9).F'"*'* In the

Table 9: Phosphoramide-catalyzed asymmetric aldol reactions of tri-

chlorosilyl enol ethers.
R

. Ph., N O
OSiClj o CH,Cly O OH )i F’Z
+ [N R N N
o (Y|
I 224R' = Me
259 260a-b 261 R' = Ph
Entry R Catalyst T Yield d.r. e.r. (config.)
(mol%) [°C] [%] (syn/anti)
1 Ph - 0 92 (260a) 98:2 -
2 e - 0 92 (260b) 50:50 -
C6H'|1
3 Ph 224 (10) —78 95 (260a) < 1:99 96.5:3.5 (R,S)
Ph 261 (10) —78 94 (260a) 99:1 76.5:23.5 (R,R)
5 c- 224 (10) —78 - - -
C6H11

uncatalyzed reaction, the diastereoselectivity indicated that it
proceeds via a closed, boatlike transition structure. Both
conjugated aromatic and olefinic aldehydes as well as non-
conjugated aliphatic aldehydes were reactive, indicating the
involvement of a hypervalent silane that is not ionized.
Although a significant background reaction was still observed
in the case of these less nucleophilic enol ethers, it was not
competitive with the catalyzed process. In the presence of
10 mol % of the chiral phosphoramide 224, good yields and
enantioselectivities could be obtained. In analogy to catalyzed
reactions with allylic trichlorosilanes, these results support a
cationic siliconium ion and help to rationalize the dramatic
rate enhancement. However, the situation was not so simple
when the diastereoselectivity of the reaction was considered.
It was shown that the catalyzed reaction can provide either
the product expected from a closed, chairlike transition
structure or a closed, boatlike transition structure, solely
depending on the catalyst structure. When the phosphor-
amide derived from N,N’-dimethylstilbene-1,2-diamine 224
was employed, the E-enol ether gave high anti selectivities
and hence, a chairlike transition structure appeared to be
operative. When the phosphoramide derived from N,N'-
diphenylstilbene-1,2-diamine 261 was employed, the Z-enol
ether gave high anti selectivities, thus suggesting a boatlike
transition structure was operative.

The high levels of enantioselectivity observed in the
reactions catalyzed by 224 and 261 leave no doubt that the
phosphoramide is involved in both processes. However, the
dramatic difference between the observed diastereoselectiv-
ities indicates that they must participate in different man-
ners.’"”! Common ion effect studies, as well as the observed
patterns of reactivity with aliphatic aldehydes, lead to the
conclusion that, in both cases, an ionized cationic silicate was
involved. Therefore, it was not surprising when Kkinetic
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studies”’'” conducted with both 224 and 261 revealed a similar
mechanistic rationale as was observed in the phosphoramide-
catalyzed reactions of allyltrichlorosilane.””®! A first order
dependence on the larger, more sterically demanding catalyst
261 was observed in the reaction of benzaldehyde and the
cyclohexanone-derived trichlorosilyl ether 259. This finding

Angewandte
Chemie

suggests the presence of a pentacoordinate, cationic silico- QSiC , @ 262(10mol%) B Me“?H i
nium ion in the carbon-carbon bond-forming transition OMe  Ph™ "CH, CH,Cl,, -20 °C Ph OMe
structure LXVI. A second-order dependence on the smaller 254 % ;‘;os;el :
catalyst 224 was observed for the same process. As in earlier er 91.2:8.8

proposals, this finding suggests the presence of a hexacoordi-
nate, cationic silicate in the carbon-carbon bond-forming
transition structure LXV. On the basis of these observations, a
revised catalytic cycle could be proposed for this Lewis base
catalyzed process involving two mechanistically and kineti-
cally distinct pathways (Figure 9). The high molecularity of
the transition structures for these two processes is further
supported by the large, negative entropies of activation
observed for reactions catalyzed by both 224 and 261.

The ability to select for a reaction through either a one- or
a two-phosphoramide pathway with distinct stereochemical
consequences through a simple change in the catalyst
structure is noteworthy and demonstrates the level of control
that can be exerted through the use of these in situ generated
catalyst complexes. The unique nature of these Lewis basic
catalysts not only has consequences on the stereochemical
course of the reaction,*™! but also for the reactivity and the
scope of existing asymmetric aldol methods.

Recent studies revisiting the chemistry of trichlorosilyl
ketene acetals revealed that a high yielding and highly
selective aldol reaction with ketones could be performed
(Scheme 90).2! The use of chiral phosphoramides gives poor
selectivity when compared to bis-N-oxide catalysts such as
262. Clearly, balancing the higher reactivity of the trichloro-
silyl ketene acetal 254 with the lower reactivity of ketones
toward nucleophilic addition allows the chiral catalyst to

Scheme go. N-Oxide-catalyzed asymmetric aldol reactions of trichloro-
silyl ketene acetals with ketones.

make a kinetically significant contribution to a selective
catalytic process.

Another important advance provided by the use of
trichlorosilyl enol ethers is the aldol reaction between two
aldehydes. Typically, aldol reactions between two aldehydes
are problematic since the product of the first aldol reaction is
a viable substrate for further nucleophilic additions, thereby
leading to unproductive oligomerization. However, in this
case the aldehyde product is effectively protected through
in situ formation of an inactive chlorohydrin such as LXVIL
This process provides a serendipitous solution to the problem
of the development of a catalytic, asymmetric aldol reaction
between two aldehydes by capitalizing on the troublesome
formation of chlorohydrins. In 2001, our research group
reported that the use of aldehyde-derived trichlorosilyl enol
ethers such as 264 allowed for a high yielding, highly enantio-
and diastereoselective aldol process (Scheme 91).°?) Again,
the diastereoselectivity of the reaction together with detailed
mechanistic studies support the hypothesis that the reaction
proceeds through a closed, chairlike transition structure.*>!

6.3. Lewis Base Catalyzed

Me
Ph. N O an NR. % Epoxide Opening: The
P< 2N NR . . . .
Ph):N/ N P(NR,), paiie o osicl, Trichlorosilyl Cation
Me d -+ PhCHO ? “ph
- OnfoCl | ——— » .
224 _&-O=P(NRy), Si, The foregoing example
two-phosphoramide RN o I L .
pathway ‘—7~© e aldolization H Cl anti of aldol reactions between
cr XV two aldehydes demonstrates
2N )= cationic octahedron a € presence O e
2 (RN)P=0 t tahed that th f th
. chair chloride ion, which is
OSiCl, coordination of
phosphoramide | o\ o_, formed as a consequence of
dc?%?ifﬁ? o Lewis base activation of the
+ NR, |1 trichlorosilane, can also
Ry
- RN LZNR, serve as a potent nucleo-
(ReN)sP=0 PNR,), f :
& o o oscl phile. In an early study on
. + I .. .
one-phosphoramide  f| b= T PhCHO | . ®  the reactivity of trichloro-
pathway _Si g O—S8i Ph . .
0" % o —t silyl enol ethers with other
Ph aldolization . .
Ph., N O electrophiles, it was
Ph)iN’P\N o observed that epoxides
Ph cationic tbp react with trichlorosilyl enol
261 boat

Figure 9. Divergent m
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echanistic pathways in reactions of trichlorosilyl enol ethers. L = phosphoramide.

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

ethers to yield vicinal chloro-
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OH OMe
OSiC135 o cl. cl Ph OMe
-C.H mol % i
1-Coon H (rRR)-265 O‘SLO MeOH n-CsHe
CHCI, /™ > *
264 N Ph Cl
CH,Cl, H OH OMe
* o n-CsHy
rec Ph OMe
PhCHO :
LXVII i,
266
(2)-264 92 % yield ; syn/anti 99:1; er. 95.0:5.0

(E)-264

CH3 H3C
CH3 CH,H,C H3C

(R,R)-265

91 % yield ; syn/anti 3: 97 er. 91090

Scheme 91. Phosphoramide-catalyzed asymmetric aldol reactions
between aldehydes.

desired y-hydroxy ketones.**" This result suggested that the
use of the parent halosilane, silicon tetrachloride (SiCl,), may
allow for the development of an effective method for an
asymmetric epoxide opening catalyzed by chiral phosphor-
amides (Scheme 92). Although this was not a well-known
method for chlorohydrin formation, studies conducted by
Andrews et al. had already shown that triphenylphosphane
was an active catalyst for the formation of chlorohydrins from
epoxides and trimethylsilyl chloride (TMSCI).F*! We have
shown that meso-epoxides are rapidly opened to the enan-
tiomerically enriched vicinal chlorohydrins in good yields and
selectivities in the presence of SiCl, and a substoichiometric
amount of a chiral phosphoramide.

+CI-
(RaN)sPs
o 5%258 | (r.N), P:O;SI;Cl HO  Ph
/\_ + sicly, — amyTe =
Ph Ph CH,Cl, Ph Cl
-78°C

Ph Ph 267
LXVII 94% yield
er. 94.6

Scheme 92. Phosphoramide-catalyzed desymmetrization of cis-stilbene
oxide.

A similar catalytic cycle to those proposed for the
reactions of allylic trichlorosilanes and trichlorosilyl enol
ethers was envisioned, involving the intermediacy of an
ionized chlorosilane. However, careful consideration of the
catalytic cycle revealed a significant difference. In this case,
the turnover-limiting step does not involve an intramolecular
process. As the chloride ion is the active nucleophile, bond
formation must be considered an intermolecular process
between a trichlorosilyl cation bound electrophile and an
exogenous nucleophile (as in LXVII).P* This realization
served as a starting point for the development of other Lewis
base catalyzed processes as well as a significant expansion of
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the scope of these reactions (Section 6.4). After the nucleo-
philic attack, the catalyst then dissociates from the resulting
trichlorosilyl ether to complete the catalytic cycle. Therefore,
each molecule of SiCl, (the source of the active Lewis acid in
these reactions) that enters the catalytic cycle is incorporated
into the product. Although it might appear so, this process
cannot constitute ligand-accelerated catalysis, because SiCl, is
a stoichiometric reactant. It is purely an example of Lewis
base catalysis because only the Lewis base can participate in
subsequent turnovers. Since the catalytically active species is
a powerful Lewis acid generated by the action of a Lewis base,
the process is most clearly described as “Lewis acid mediated
and Lewis base catalyzed”.

Other, structurally distinct Lewis bases are also useful in
this reaction. The research groups of both Nakajima and Fu
have employed chiral N-oxides to promote the opening of
meso-epoxides in  good yields and selectivities
(Scheme 93).5%1 In the case of the planar-chiral N-oxide
268, initial kinetic studies demonstrate that the reaction is
second order in the catalyst and zeroth order in SiCl, and
therefore suggests a stoichiometric complexation of the
catalyst and formation of the active intermediate. This
result is particularly interesting as it demonstrates the
subtle, often contradictory difference between the thermody-
namic stability of Lewis base—acid adducts and their high
reactivity.

0 iProNEt Ph
/_\ + 8icl, ——————— }—(
Ph Ph CH,Cl,
267
- o6
=N ZN.
A Fe 0
r Ar 0
Ar Ar 7N
Ar X
268 269

Ar = 3,56-(CH,),CsH, 10 mol %, -78 °C

5 mol %, -85 °C 95 % vyield
88 % yield er. 95.0:5.0
er. 97.0:3.0

Scheme 93. N-Oxide-catalyzed desymmetrizations of cis-stilbene oxide.

Although the desymmetrization of epoxides is a well-
studied reaction and a number of nucleophiles such as halides,
alcohols, carboxylates, and cyanide ions have been
employed,’™ the use of carbon-centered nucleophiles
remains an underdeveloped area.*”’)

6.4. Lewis Base Catalyzed, Lewis Acid Mediated Reactions

The demonstration that a phosphoramide-modified tri-
chlorosilyl cation is an effective chiral Lewis acid is intriguing
and further investigations with other electrophiles allowed for
the development of novel Lewis base catalyzed processes. The
combination of silicon tetrachloride and a chiral phosphor-
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amide catalyst to generate a strong, chiral *cr
Lewis acid is distinct from the vast majority of RZN‘P'N,FSZRZ aldehyde binding
Lewis acid catalyzed processes used in asym- é?‘:'j”js basg o ) and activation
tric aldol and allylation methodologi onizgtion c-giig] rene
metric aldol and allylation methodologies. ionization Cl
. o]
Instead of the formation of a covalent RN-F
. . Y
adduct between the chiral ligand and the RN NR,
. . . *cr
Lewis acid prec.ursor (which oftenileads to _ RN NR, LXX RN NR, RN, NR,
decreased reactivity for the resulting com- Sicl, PNR, P-NR, P-NR,
plex), Lewis base complexation activates the o N+P—O Chgi-‘c' Clid. \O:P:’;‘\‘RRZ —_— ClIrSi;o:P\:NRRZ
Lewis acid. This strategy avoids competition ~ (FeNsP= &c C"é\'c' NR, © 75 R,
from achiral background reactions. H R C|H
. R
Studies by our research group have shown LSO RN NR, LXIX LXXI
. 5 . 30l0 R,N-P NR
that an insitu generated, phosphoramide- N 2N ’/,',\,ﬁmz _~_-SnnBu;
bound trichlorosilyl cation is, in fact, capable gl';s'iggl NR,
of catalyzing a wide variety of reactions.**"! 0 omal
€ K . H externa
When combined with an aldehyde and a main- catalyst Sicl, R nucleophilic
group organometallic reagent, this species fumover Ll aftack

promotes rapid carbon—carbon bond forma-
tion. A variety of structurally diverse nucleo-
philes can be used, ranging from allylic
stannanes to a variety of enol ethers and even isocyanides.
In a broad sense, the relative reactivity of these species is well
understood in terms of the scale of m nucleophilicity devel-
oped by Mayr et al.®'"

The first example of this catalyst system for the delivery of
an external nucleophile was the addition of allyl tri-n-
butylstannane to aldehydes (Scheme 94).5* The reactions
were complete in several hours, and good yields and
enantioselectivities could be obtained. However, only aro-
matic and olefinic aldehydes were reactive, again suggesting
the involvement of an ionized siliconium species such as
LXIX.

5 mol % +CI-
_~_-SnBu; (R,R)-265 (RZN)3P\\?
SiCl, -0...L..Cl OH
* — | RNPLSNG | A
o) CH,Cl,, -78 °C N R =~
6h )—H
H™ R R
LXIX
OH OH OH
150 270 148
91% yield 91% yield no reaction
er. 97:3 er. 83:17

Scheme 94. SiCl,-mediated/phosphoramide-catalyzed allylations with
stannanes.

A general catalytic cycle analogous to that proposed for
the epoxide opening is applicable to the addition reactions of
stannanes (Figure 10). The cycle is initiated by the binding of
the phosphoramide to the weakly Lewis acidic SiCl,. In line
with Gutmann’s analysis, binding leads to a polarization of the
silicon—chlorine bond and eventually ionization to form the
active catalyst species, the chiral trichlorosilyl cation LXX.
This species can then bind the aldehyde to form LXIX and
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Figure 10. Catalytic cycle for SiCl,-mediated/phosphoramide-catalyzed reactions.

proceed through an intermolecular carbon-carbon bond-
formation step. The product is formed as a trichlorosilyl ether
LXXII and release of the catalyst completes the cycle. The
lack of reaction with aliphatic aldehydes is explained through
the unproductive equilibrium between LXIX and the unreac-
tive chlorohydrin LXXI. With aliphatic aldehydes, this
equilibrium lies far to the side of the chlorohydrin LXXILF!
Weak nucleophiles, such as allylic stannanes, are unable to
intercept the small equilibrium amount of LXIX present.
More reactive nucleophiles, such as silyl ketene acetals and
isocyanides can intercept this species, and thus both aromatic
and aliphatic aldehydes are rendered reactive.

The use of a slightly more powerful nucleophile, such as
the ketone-derived silyl enol ether 271, provides both higher
reactivity and enantioselectivity (Scheme 95). Methyl ketone-
derived silyl enol ethers are reactive under these conditions,
and give good yields of products with good levels of
enantioselection.”" The influence of resident stereocenters
on these aldol reactions has also been investigated
(Scheme 96)."! Tf the observed diastereoselectivities with
these trimethylsilyl enol ethers are compared to those of the
corresponding trichlorosilyl enol ethers,”'®*'! the opposite
sense of diastereoselection is observed, thus making this a

5 mol % +CI-
OTMS
}\ (R R)-265 (RQN)GP\\O
nBu SiCl, -0, L. Cl
R,N);P=>"_Sij OH O
m = | "ot |— 1
+ CH,Cl,, -78°C =N R nBu
6h )—H
O R
HJ\R LXIX
OH O OH O OH O
©/\)J\n8u ©/\V\)J\HBU W"Bu
272 273 274
81 % yield 98% yield no reaction
er. 99:1 er. 99505

Scheme 95. SiCl,-mediated/phosphoramide-catalyzed asymmetric aldol
reactions of silyl enol ethers.
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TBSO OTMS HgOAC, TBSO  OSiCl,
am—
CH, SiCl, CH,
275 276
5 mol % (S, S)-265 5 mol % (R,R)-224
sicl, sicl,
PhCHO PhCHO
CH,Cl,, -78°C CH,Cl,, -78 °C
TBSO QO  OH TBSO O OH
Ph Ph
CH, CH,
277 277
94 % yield 80 % yield
anti/syn 98:2 syn/anti 95:5

Scheme 96. Double diastereodifferentiation in SiCl,-mediated/phos-
phoramide-catalyzed aldol reactions.

complementary method and allowing easy access to both
diastereomers starting from the same synthetic precursor.
However, despite the high utility and excellent selectivity
observed with these systems, they are still limited to reactions
of aromatic and other conjugated aldehydes.**

Silyl ketene acetals are a much more reactive class of
nt nucleophiles and consequentially show good reactivity
under Lewis base catalysis, even with aliphatic aldehydes.”’']
The reactions of acetate-derived silyl ketene acetals are
extremely rapid and high yielding, and afford the products
from addition to aromatic, olefinic, and aliphatic aldehydes
with good enantioselectivities [Eq. (1) in Scheme 97].F"]
Reactions performed with a-substituted silyl ketene acetals,
such as the propanoate-derived species 281, also provide high
yields and enantioselectivities for a wide variety of aldehyde
structures [Eq. (2) in Scheme 97]. However, in this class of
nucleophiles, there is a unique advantage to the use of

5.0 mol %
OTBS 0 (RR)-265 OH O
+ )]\ + sicl, ——— > : (1
OMe R H CH,Cl,, -78°C R OMe
278
OH O OH O OH O
Ph/\)kOMe PthMe PhMOMe
255 279 280
97% yield 95% vyield 72% yield
er. 96535 er 97:3 e.r.90.5:9.5
1.0-5.0 mol %
OTBS o) (R.R)-265 OH O
+ + Sicl, ————»
%OR' RJ\H ) cHCl -78°c N or @
CH, e CH,
281
OH O OH O OH O
Ph/\|)J\0tBu Ph/\/\l/u\OtBu Ph/\/\l)J\OEt
CH, CH, CH,
282 283 284
97% yield 98% yield 71% yield

d.r.99:1/er. >99:1 d.r.>99:1/er. >99:1 d.r.91:.9/er 94:6

(with 10 mol % nBu,NI)

Scheme 97. SiCl,-mediated/phosphoramide-catalyzed asymmetric aldol
reactions of silyl ketene acetals
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phosphoramide catalysis over other methods. A high level of
anti diastereoconvergence is observed, which is indicative of
an open transition structure, wherein the silyl ketene acetal
attacks the trichlorosilyl cation bound aldehyde.

Extension of the scope of the nucleophile to include the
additions of silyl dienol ethers has revealed that this catalyst
system can mediate a highly y-site-selective vinylogous aldol
process.* These versatile reactions are general with respect
to the nucleophile (ketene acetals and NV,0-ketene acetals) as
well as the aldehyde (aromatic, unsaturated, and aliphatic).
The nucleophilicity of the N,O-ketene acetals has allowed for
a general addition to aliphatic aldehydes with high selectivity

using the silicon tetrachloride—phosphoramide system.
(Scheme 98).[304<]
1 mol %
o R® OTBS (RR)-265 OH R®* O
+ SiCl, + — Y o
R1/U\H 4 /L\"“/J\ORZ cH.Cl RWWORz
™12
R* -78°C R*
HC._CH, oH o
OH o OH 00 S
Ph/:\/\)J\OEt Ph/:\MO Ph OtBu
CH,
285 286 287
89% yield 92% yield 92% yield / y/o. >99:1

Yoo >99:1/er. 99.0:1.0 v/a>99:1/er. 87:13 dr.>99:1/er. 94555

1-5 mol %
R® OTBS (R,R)-265 OH R® O

o]
+ SiCl, + —_— )
r P ' MN CH,CI R'W”ﬁ
2 272 2
R K/O -78 °C R K/O

OH (0] OH o

Ph/wl\ /\/\/\HL

N Ph = N
Lo ©OH Q CH, (/\‘o
288 nCH,; SN 290
80% yield l_o 66% yield
ylo>99:1/er. 99.0:1.0 289 ylo.>99:1/ e.r. 97.0:3.0
79% vyield
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Scheme 98. SiCl,-mediated/phosphoramide-catalyzed asymmetric
aldol reactions of silyl dienol ethers.

The development of the first catalytic, enantioselective
Passerini reaction highlights the unique advantages of the
silicon tetrachloride—phosphoramide catalyst system.[**" Ear-
lier attempts using chiral metal species as Lewis acid catalysts
were hampered by the inherent Lewis basicity of the
isocyanide.™ However, under the standard reaction condi-
tions developed for the SiCl,-mediated reactions of enoxy-
silanes, an isocyanide can add to aromatic, olefinic, and
aliphatic aldehydes in high yields and high enantioselectivities
(Table 10). After hydrolysis, either the amide or the ester
product can be obtained selectively. The high reactivity of
aliphatic aldehydes in these systems is thought to be a
consequence of the unique nature of the isocyanide carbon—
nitrogen bond. After the formation of the carbon-carbon
bond, a nitrilium ion is generated. This highly electrophilic
species can serve as a competitive trap for the ionized chloride
ion, thereby forming the intermediate LXXIII and disfavor-
ing formation of inactive chlorohydrins.
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Table 10: SiCl,-mediated/phosphoramide-catalyzed
Passerini-type reactions.

asymmetric

OH
A OM
MeOH /NaHCO, 4 R™ 7
c 5 mol % o)
N’ (RR)-265 )
B sio, c5>s|C|:\‘
Z “tBu
Cl
LXXII
NaHCO, OH s
R/\ﬂ/ tBu
(0]
Entry R Quench Product  Yield [%] e
1 Ph NaHCO, 291 96 >99:1
2 Ph MeOH 292 97 >99:1
3 (E)-PhCH=CH NaHCO, 293 81 98:2
4 (E)-PhCH=CH MeOH 294 71 98:2
5 PhCH,CH, NaHCO, 295 92 82:18
6 PhCH,CH, MeOH 296 88 82:18

7. Lewis Base Catalysis Beyond Silicon: Novel
Reactivity

Interest in the fundamental stereochemical and kinetic
reactivity patterns of tetracoordinate silicon species led to the
identification of the unique properties of hypervalent silicates
that have served as an excellent testing ground for the novel
concept of n—o*-type Lewis base catalysis. However, now that
this concept has been established and some understanding of
its origin has been obtained, the search for Lewis base
catalyzed reactions involving other elements has begun.
Although very little research has been directed to this end,
some notable examples exist that may represent the starting
points for the development of novel Lewis base catalyzed
processes.

7.1. Lewis Base Catalysis with Boron: An Example of the n—n*
Interaction

The inherent Lewis acidity of trivalent boron compounds
leads to the ready formation of Lewis acid-Lewis base
adducts with many classes of donors. The parent compound in
this family, borane, is generally employed in the form of a
Lewis base adduct, thus making it an easily handled reagent.
The identity of the Lewis base influences the reactivity of the
borane adduct, and in some cases the choice of the
appropriate Lewis base adduct can allow for highly selective
reductions of functional groups.”™ The substitution of a
strongly basic chiral species for one of the weakly Lewis basic
additives may provide an attractive target for the develop-
ment of a catalytic asymmetric process.

The addition of substoichiometric amounts of strong
Lewis bases to borane reductions and hydroborations have
been reported,”*” but it was only recently that chiral Lewis
base catalysts were employed. In the early 1990s, Buono and
co-workers found that borane complexes of chiral 1,3,2-
oxazaphosphorinanes 298 and 299 derived from proline
functioned effectively as catalysts for the reduction of ketones
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i + BH, THF toluene, 110%C oH
Ph” Me catalyst Ph" " Me
297
H C'E'ihph
</\’\’I\A»P/‘C)BH N\f)/‘OBH
PR e PR e
298 (2 mol %) 299 (2 mol %)

75% yield / e.r. 66.5:33.5 76% yield / e.r. 55.0:45.0

298 (100 mol %)
74 % yield / e.r. >99:1

299 (100 mol %)
76 % yield / e.r. >99:1

Scheme 99. Borane reduction of ketones catalyzed by chiral 1,3,2-
oxazaphosphorinanes.

with borane (Scheme 99).°*! The characteristics of these
reductions and the catalysts are remarkable: 1) the enantio-
selectivity increases with temperature (the best results are
obtained at 110°C!); 2) the enantioselectivity also increases
with catalyst loading (the highest selectivities are obtained
with 1.0 equiv of the complex); 3) the borane complex alone
does not reduce ketones; 4) reduction of acetophenone with a
stoichiometric amount of the BD; complex in the presence of
1.0 equivalent of BH;THF gives enantiopure (R)-1-*H-1-
phenylethanol 297 quantitatively; 5) the reduction of aceto-
phenone with 1.0 equivalent of the complex and 2.0 equiv-
alents of BH;'THF leads to a 20:80 mixture of enantiopure
(R)-1-H-1-phenylethanol/(R)-1-phenylethanol; and 6) the
labeled complexes 298 and 299 do not undergo isotopic
exchange under the reaction conditions. No clear mechanistic
picture has been formulated to account for these facts, but it is
clear that the Lewis basic properties of the phosphorus donor
enhance the reducing ability of the bound borane. However,
the site of binding and the mechanism of the overall reaction
remains obscure.

In studies on the chemistry of chiral phosphorus amides,
Wills et al. found that phosphinamides, phosphonamides, and
phosphoramides could promote an efficient and moderately
selective reduction of ketones with borane (Scheme 100).5
A dramatic rate enhancement is observed in the presence of
only a small amount of this highly basic catalyst. The structure

(e} THF OH
+ BHyDMS ——> PR
Ph™ "Me catalyst Ph™ "Me
297
CH; O CH; O

1 1
N,PPhZ N,Pth
H CH,

300 (2 mol %) 301 (10 mol %)

t>60 min t> 600 min
82% yield 90% yield
er.63.5:36.5 e.r. 55:45

I H (O
N P\'"Ph (:r p\/
'l' CeFs “'N Ph

H

302 (10 mol %) 303 (10 mol %)
t> 300 min t=180 min
92% yield 81% yield
er. 51:.49 er. 52:48

Scheme 100. Borane reduction of ketones catalyzed by chiral phos-
phoramides. DMS = dimethyl sulfide.
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of the phosphorus amide has a strong, but not clearly
understood, influence over its catalytic activity. The acyclic,
monoamino compound 300 is the most effective catalyst.
Although a Hammett-type study of the electronic influence of
the aryl groups is consistent with the catalytic activity of these
species being dependent on the Lewis basicity of the
phosphoryl oxygen atom, the results obtained with the
different phosphoramide structures present conflicting
results. The use of a more basic cyclohexanediamine-derived
phosphoramide 303, which possesses two amine ligands rather
than one, shows lower reactivity and selectivity. The proposed
mechanism involving combined Lewis base/Brgnsted acid
catalysis in these systems remains unclear and further
mechanistic studies are warranted.™!

0] BH. - THF solvent, T OH
crt s — > _ _A_J¢C
Ph)l\/ catalyst Ph”

304

Ph
j S

Clp o

:~0 S0 4an|syI’P\

Ph Ph 4-anisyl

305 (2 mol %)
toluene, 60 °C
92% yield / e.r. 97:3

306 (10 mol %)
THF, 20 °C
95% yield / e.r. >99:1

307 (10 mol %)
toluene, 110 °C
91% yield / e.r. 97:3

Scheme 101. Borane reduction of ketones catalyzed by chiral phos-
phorus (V) derivatives.

Following the inspiration from this
class of catalysts, Buono and co-workers
investigated the phosphorus(V) versions
of 298 and 299 in the reduction of ketones
(Scheme 101).°* This class of Lewis basic
species show similar behavior, but are 2H2
more effective catalysts that do not
require stoichiometric loadings for good
selectivity. Variations on this theme have
been reported by Peper and Martens**!*!
and Wills and co-workers,>**! with little
improvement on the yields and selectiv-
ities. A large survey of structural permu-
tations did not lead to improved selectivities. These catalysts
are believed to act by a pathway mechanistically related to
300-303, though no definitive studies are on record.

A more clearly defined example of a catalyst that
effectively combines n—n*-type Lewis base and Lewis acid
activation is provided by the catalytic enantioselective
reduction of ketones by borane in the presence of chiral
oxazaborolidine catalysts. The use of chiral amino alcohols in
combination with boron- and aluminum-based hydride reduc-
ing agents has long been known as an effective method for
stoichiometric asymmetric reductions.**! However, building
on the initial observation of Itsuno and co-workers, Corey and
Helal have developed a well-defined catalyst system that
functions with broad generality, high reaction rates, and
enantioselectivities (Scheme 102).°*! Extensive variation of
the amino alcohol structure and substituents led to a dazzling
array of compounds, very few of which are superior to
diphenylprolinol, except for specific substrate classes. The

substituent.
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Ph

o Ph\\‘Ph </\'/R.Ph y
+ BH,- THF+ - o |—
R )J\R : R~ Rs

L
LXXIII
CH,B(OH),
2 HPh o
o L e
H N B stable catalyst

Yo}

/\
Ph HB CH,
297
95% yield
er. 99.4:0.6 oH on "9
oH : Br -
: / Me \O N
Bu” Me iPr;Si NHCbz
o)
309 310 311 312
>95% yield 100% yield 99% vield 60% yield
er. 98.6:1.4 ér.97.525 er. 98.02.0  dr >97.525

Scheme 102. Chiral oxazaborolidine catalyzed reductions of ketones.
Cbz = benzyloxycarbonyl.

boron substituent plays a role in the stability and to a lesser
extent the selectivity of the catalyst. The borane complex of
the B-methyloxazaborolidine 308 is a stable, isolable, free-
flowing solid that functions both as a catalyst and stoichio-
metric reducing agent.’*!

In a careful study of the reaction and the role of each of
the reagents, it is observed that the combination of the amino
alcohol with borane leads to the evolution of two equivalents
of hydrogen gas (Scheme 103).”*! Examination of the

Ph Ph
Ph -0
ph BH; CH(Ph N -0 BH3 R)LRL Sy
0O = H_H . { R
O N-g' B N B Ph ‘\3\ OS( s
d HB H 2 H---
H p 3 H H R
313
LXXIV (LXXIV), Lewis acidic LXxv
)2 Lewis base binding site
activated

reducing agent

Scheme 103. Mechanism of the oxazaborolidine reductions. Rs=small substituent, R, =large

'BNMR spectrum of this newly formed species suggests
the existence of the oxazaborolidine LXXIV. By itself, the
oxazaborolidine is not active in the reduction of ketones, but
the addition of another equivalent of borane allows the
reduction to proceed. Again, examination of the "B NMR
spectrum of this mixture shows the presence of a new boron
species. The signal is assigned as the borane complex of the
oxazaborolidine 313. A mechanism wherein the N,O-substi-
tuted boron atom acts as a Lewis acid and the neighboring
nitrogen atom serves as a Lewis base for the binding and
activation of a second molecule of borane—the true hydride
donor—has been suggested (LXXYV). The proposal of a
catalytically active tetracoordinate borane with highly polar-
ized boron-hydrogen bonds clearly illustrates the concepts
first outlined by Gutmann and then exemplified in the
discussions of n—-m* and n-o* catalysis. The activation of
both the electrophile and nucleophile by the oxazaborolidine
has been examined intensively by using computational
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methods and is clearly consistent with the observed sense of
asymmetric induction obtained in these reactions.**) Further
examples of these kinds of “bifunctional” catalysis will be
discussed in Section 8.

7.2. Lewis Base Catalysis with Cobalt

As outlined earlier, transition-metal catalysis has inten-
tionally not been considered in this Review. However, there is
one group of transition-metal species that does merit some
discussion in terms of Lewis base catalysis. The use of
nucleophilic metal fragments, such as carbonylferrates and
cobalt(I) complexes, has long been recognized as a unique
method for nucleophilic substitutions. In organic chemistry,
the use of cobalt complexes is primarily linked to the
chemistry of the relatively unreactive dimetallic species,
cobalt octacarbonyl [Co,(CO)g]. This compound is used for
carbonylative reactions such as the Pauson—-Khand reaction
and hydroformylation.’* Interestingly, the rate of several
reactions catalyzed by cobalt octacarbonyl is greatly accel-
erated by the addition of strong Lewis bases.**”! For example,
early studies by Heck demonstrated that sodium tetracarbo-
nylcobaltate catalyzes a facile carbonylative ring opening of
epoxides to generate either a polyester such as 314 or a (3-
hydroxy ester such as 315 in good yield (Scheme 104).5%1 A
1994 patent reported the dramatic rate enhancement of the
[Co,(CO)g]-catalyzed carbonylation in the presence of 3-
hydroxypyridine (Scheme 105).°*! Careful control of the
reaction conditions can allow for the formation of the (-
lactone or polymerization to form polyesters. Jacobsen and

Na[Co(CO),]
MeOH, CO

Na[Co(CO),]

Et,0, CO
M - - ?>

o
MeO)J\/\OH

2000 psi, 65 °C

315
55 % yield
Scheme 104. Cobalt-catalyzed carbonylation of epoxides.
(¢]
HiC [Co(CO)] CHa O Hscﬁ
+ B — o+
; (¢] O ¢]
e OH  diglyme, CO n 0
| P> 316 317
N 75 % yield 15 % yield
0 0
[Co,(CO);] (5 mol %) OH O
H,C CO (600 psi), 65 °C
* T o T HC OCH,
CH,OH @ 318
NG 92% yield
(10 mol %) er. >99:1
O 0,
H3C/<I [C%écg)a]t (2)-55%13'0/0) OH O OH 0
am
' N
+ — > HC N/\ + H3C)\/ \)
o 67% yield _o
[ ] 319 87:13 320
N
SiMe,

Scheme 105. Lewis base catalyzed/cobalt-mediated carbonylative
opening of epoxides.
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co-workers have reported the use of this catalyzed carbon-
ylation process as a useful adjunct to the hydrolytic kinetic
resolution of epoxides. They demonstrated the ability to
prepare -hydroxy methyl esters such as 318 and morpholine
amides such as 319 from enantiopure epoxides with the help
of the 3-hydroxypyridine catalyst and TMS-morpholine,
respectively (Scheme 105).5%)

From studies of the mechanism of disproportionation of
Co,(CO)y in the presence of Lewis bases, it is known that
amines and phosphanes cleave this compound into homonu-
clear ion pairs (HNIPs) of the general formulation
[Co(CO)5(LB),]" [Co(CO),]” LXXVL It is thought that this
reaction proceeds through the binding of at least two
molecules of a Lewis base to one cobalt center followed by
heterolytic cleavage of the cobalt—cobalt bond, thereby
generating the homonuclear ion pair LXXVI (Figure 11).5*

[Co,(CO)s]
)\/U\ +21B o}
e
[Co(CO)(LB),I'[Co(CO),I-
CO + NuH
LXXV
.
(COL(LB)Co. S CoCONLE
<
aC)\)J\Co(CO)a HC LXXVI
LXXVIII \ (COM(LB),
He /K/Co (CO), o _
o(CO),]

LXXVII

Figure 11. Catalytic cycle for Lewis base catalyzed carbonylation of
epoxides.

Binding of the Lewis bases polarizes the cobalt-cobalt bond,
which is consistent with the Gutmann analysis. If the donor
capacity of these ligands is sufficient, ionization can occur.
Just as in the chemistry of SiCl,, the newly generated ion pair
possesses both Lewis acidic and Lewis basic fragments.
Activation of the epoxide by the Lewis acidic cobalt(41)
fragment facilitates attack of the Lewis basic cobalt(—1)
fragment to form LXXVIL. Carbon monoxide insertion
followed by capture of the acylcobalt species with an added
nucleophile leads to the formation of the desired product and
release of the catalytically active species. Recent theoretical
and experimental studies have supported this mechanism,
thus demonstrating the importance of both Lewis acid and
base activation in the epoxide opening reaction.!!

Alper and co-workers have extended this method through
the combination of organic-soluble cobaltate salts and Lewis
acids (LA), such as BF;Et,0.7 Coates and co-workers have
introduced a new class of catalysts of the general formula
[LA]"[Co(CO),]” where [LA]" is an aluminum(III)-salen,
Cptitanium(III), or chromium(II)porphyrinate species.’™
The complex 321 shows excellent catalytic activity and site
selectivity in the opening of epoxides, aziridines, and oxetanes
(Scheme 106). This species, because of its dual properties as a
Lewis acid and nucleophilic activator, should also be consid-
ered in the next section on bifunctional catalysis.
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o)
HC o 321 (1 mol %) o)
H,C
H CO (880 psi), 50 °C b
317
95% vyield
N
— N,
[00(00)4]‘
(thf
321

Scheme 106. Ring-opening reactions of epoxides with mixed-metal
catalysts.

8. Bifunctional Catal s:s. Engineering
Stereocartography”

Lewis base catalysis provides a unique form of catalytic
“dual activation” wherein both the nucleophilic and electro-
philic characteristics of a single species can be enhanced,
either through polarization of bonds within the reagent or by
ionization to form a highly active cationic species.

It is important to distinguish the kind of “dual activation”
observed in Lewis base catalyzed processes from similar
concepts that have been developed for other catalysts. One
such important distinction is between what this Review has
termed “dual activation” and what Itoh and Kanemasa has
termed “catalytic double activation”.”! In a study of the
Henry reaction between nitromethane and an o,f-unsatu-
rated pyrazolyl amide catalyzed by a chiral nickel(II) com-
plex, it was observed that addition of a basic amine co-catalyst
was required for the reaction to proceed (Scheme 107). The

10 mol % 324

H H
f(c ¢ 10 mol % TMP /4:(0 ¢
N CH > N CH
HC N Y TS cNo, THF, 2000 HCTN 71/\[: s
o] o]
NO,
322 (R)-323
97% yield
er 97525

324

Scheme 107. Catalytic double activation in the Henry reaction.
TMP=2,2,6,6-tetramethylpiperidine.

nickel species alone could not promote the reaction. Here the
separate roles of the chiral Lewis acid catalyst 324 and an
achiral Brgnsted base (tetramethylpiperidine, TMP) are clear
in promoting an efficient conjugate addition.

As Itoh and Kanemasa point out, “catalytic double
activation” presents a major challenge. If the acid and base
promoters can form a stable, inactive adduct, the opportunity
for catalysis will be lost. In the nickel system, the steric
demands of tetramethylpiperidine and the high lability of
ligands at the nickel(II) center most likely preclude catalyst
inhibition. An alternative solution to this problem is to
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constrain the Lewis basic and Lewis acidic sites within a single
molecule. By attaching these mutually incompatible func-
tional groups to a single catalyst scaffold, their geometry can
be controlled and their orientations fixed in space. These
molecules are intramolecular versions of systems exhibiting
“catalytic double activation” and are true bifunctional
catalysts.[¥37]

The analogy between such bifunctional catalysts and
enzymes has been posited.” Just as enzymes employ
entropic and enthalpic control to properly orient incoming
reagents and catalytic residues in ideal geometries, the
combination of basic and acidic sites within a small molecule
could provide a similar benefit.”>" These bifunctional cata-
lysts may represent the synthetic chemists’ solution to the
development of chemical catalysts with enzyme-like reactiv-
ities and selectivities. The power of using two modes of
catalysis to promote a single reaction is clear when consid-
ering the enhanced reactivity of 3-hydroxyquinuclidine versus
quinuclidine in the context of the Morita—Baylis—Hillman
reaction (see Section 5.2.3).'" An additional example of a
bifunctional catalyst that combines Lewis base and Lewis acid
catalysis in a single, small-molecule catalyst is the chiral
oxazaborolidine used for the asymmetric reduction of ketones
with borane (see Section 7.1). In view of certain limitations of
enzymatic catalysis in organic reactions,*™! the development
of small-molecule-based, bifunctional catalyst systems con-
tinues to attract a great deal of attention.

8.1. Asymmetric Alkylations with Diethylzinc: n—o* Lewis Base—
Lewis Acid Catalysis

When comparing the proposed mechanism of action of
Lewis base catalyzed reactions exhibiting dual activation with
bifunctional catalysis, it is immediately clear that they have
similar effects: to simultaneously enhance the nucleophilic
and electrophilic character of a reagent in the bond-forming
transition structure. When seen in this light, it may be difficult
to understand the need for a distinction between these two
categories. However, it is important to remember that simply
enhancing reactivity through changes in hybridization and
bond polarity does not imply that the reacting groups are able
to attain the geometry required by the transition structure. In
the cases of the Lewis base catalyzed reactions of allylic
polyhalosilanes, the six-membered-ring transition structure
provides the perfect manifold to transmit both characteristics
of the cationic silicate (Scheme 84). The electron-deficient,
hypervalent silicon atom activates the aldehyde electrophili-
cally. The increased electron density at the a-carbon atom is
then transmitted through the conjugated system to the y-
carbon atom. The distal end of the allyl fragment is then able
to attain the correct geometry for nucleophilic attack.

Gutmann’s analysis of a Lewis base-Lewis acid adduct
predicts that a decrease in electron density at one atom must
be accompanied by a corresponding increase in electron
density at neighboring atoms. Therefore, it may seem
surprising that more cases of Lewis base induced, dual
activation have not been found. Again, the constraints of the
transition-structure geometry may provide sufficient grounds
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for eliminating many candidates. Bifunctional catalysis avoids
this problem because it separates the Lewis acidic and Lewis
basic functionalities in a catalyst. The two moieties can then
better position themselves in space, thereby allowing for this
intermolecular “dual activation”.

An excellent example of how bifunctional catalysis allows
chemists to capitalize on Lewis base induced dual activation,
even when the geometrical requirements of the reaction
prevent it, is the amino alcohol catalyzed addition of
dialkylzinc compounds to aldehydes.*®!! Diethylzinc, by
itself, is a relatively unreactive species toward carbonyl
electrophiles. As a result of the low polarity of the sp-
hybridized zinc—carbon bonds, these organometallic species
are poor nucleophiles.”* In fact, no reaction can be observed
between benzaldehyde and diethylzinc under a variety of
conditions.*!

Reaction of a Lewis base such as dimethylaminoethanol
with diethylzinc leads to the formation of a nonlinear,
trimeric, trivalent zinc species 325, in which the hybridization
state of the zinc—carbon bonds is changed from sp to sp?
(Scheme 108).°%! The electron density in the bond is now
polarized toward the carbon atom because of its higher
degree of pcharacter. The presence of the more electro-
negative oxygen ligand also enhances the Lewis acidity of the
zinc atom, as seen in the development of a LUMO on the zinc
atom.”*! This simultaneously renders the zinc atom more
electrophilic and the ethyl group more nucleophilic, which is
consistent with the Gutmann analysis.

NMe,
180° [ Me, Me
V2R OH ~J20°
C,Hs—Zn-C,H, [ Zn! C,H;
o’
325
C,Hs

sp-hybridized
non-Lewis acidic
non-nucleophilic

sp?-hybridized
Lewis acidic
nucleophilic

Scheme 108. Effects of Lewis base binding to diethylzinc.

To capitalize on this redistribution of electron density,
Noyori etal. employed the chiral, vicinal amino alcohol
dimethylaminoisoborneol (DAIB, 326) and diethylzinc to
form a new trivalent complex LXXX in which the electro-
philic and nucleophilic characters of the alkylzinc complex
are enhanced in an asymmetric environment (Scheme 109).
This in situ generated complex is an effective catalyst for the

O

HyC —~CHs
H
3& s e
OH N\ Me

H,C

326 il Tz
(2 mol %) Li(xx \ ZnEt, OH
ZnEt, —————————>
? toluene )\
0°C

H,C— CHs Me JOL R™Et
N-Me R™H
i O,\*Z\n-Et 60-97% yields
| “ond | er. 90.5:9.5 to >99:1
(LXXX),

Scheme 109. DAIB-catalyzed additions of diethylzinc to aldehydes.
DAIB = dimethylaminoisoborneol.
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highly selective addition of diethylzinc to a variety of
aldehydes, to afford the corresponding secondary alcohols
(Scheme 109).%! The use of nonpolar solvents is essential to
high reaction rates, presumably because more basic solvents
such as tetrahydrofuran may interfere with the binding and
electrophilic activation of the aldehyde.

On the basis of the preceding analysis of the trivalent
complex 325, one could propose that LXXX could activate
the aldehyde and deliver the ethyl group through a four-
membered-ring transition structure. Yet experiments per-
formed with a stoichiometric amount of preformed complex
LXXX did not lead to the formation of secondary alcohol
products.* The addition of a second equivalent of dieth-
ylzinc to the catalyst was required for high conversions. This
finding suggests that although it seems possible for LXXX to
complete the reaction, the required transition-structure
geometry disfavors reaction through this bimolecular mani-
fold. Further support for this conclusion was gained from
matrix-isolation studies on the reaction conducted by Itsuno
and Frechét.%]

A mechanism has been proposed that involves a bifunc-
tional n—0* Lewis base—Lewis acid activation rather than dual
activation of a single alkylzinc molecule (Figure 12).°%¢ In
this mechanism, the aldehyde is activated by the complexed
zinc atom (Zn,), but the ethyl group is delivered from a
second molecule of diethylzinc which is complexed to the
vicinal ethereal oxygen atom (O,). Complexation between
O, and the second molecule of diethylzinc (Zng), reminiscent
of the activation of a second molecule of borane in the Corey—
Itsuno catalyst (Section 7.1), accelerates nucleophilic addition
through rehybridization. Complexation may also contribute
to the higher electrophilicity of the complexed zinc atom
(Zn,) by removing electron density provided by the vicinal
lone pair of electrons on the oxygen atom (O,). The reaction
finally proceeds through a closed, six-membered-ring tran-

CH

H.C 3
NMe,
OH
HC 326

ZnEt, t
HyC—CHa e H:C—~CHs e
U I
N\‘ Me N\‘ Me
O~2zn, O-~Zn

H.C %rLo' Et H,C Bt
o]
OH (LXXIX) LXXIX o
R)\Et RJ\H
ZnEt,
H,C— O e H,C~ M e
N Me N Me
OA Zn’Et O~ Zn’Et
H,C lan\ O _H H,C O R
Bt Y
o R XXX H

ZnEt,

Figure 12. Proposed mechanism for diethylzinc additions to aldehydes.
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sition structure to complete the reaction. Catalyst turnover is
facilitated by transmetalation with another molecule of
diethylzinc.

The proposed catalytic cycle for these reactions includes
several features that highlight the bifunctional nature of these
catalysts. The complex LXXX is believed to exist as part of an
equilibrium between an unreactive dimer (LXXX), and a
reactive monomer LXXX on the basis of a strong ML,-type
nonlinear effect.”®! The intermolecular interaction between
the two units of LXXX occurs precisely in the same manner as
in the alkylation transition structure discussed above.

This catalyst system, much like the oxazaborolidine
developed by Corey and co-workers, separates the nucleo-
philic and electrophilic functionalities in a single reagent and
gives those two roles to closely placed functional groups in the
complex. This juxtaposition allows the polarized nature of the
Lewis base adduct to be exploited, despite restrictive geo-
metrical requirements. A similar concept has been applied in
the design of a binol-based ligand for the addition of
diethylzinc to aldehydes by Ishihara and co-workers
(Scheme 110).°%! The phenolic oxygen atom serves a similar
role to that of the alcohol in 326 while the nearby phosphine
oxide mimics the role of the dimethylamino group in 326. The
high selectivity observed in the reactions discussed in this
section is likely due to the constrained conformation of the
complex and bound substrates. However, as will be seen in the
following example, greater separations between the two,
activating functional groups are also possible and can provide
for highly tunable catalysts.

le) 3-5 mol% 327 OH
)J\ + ZnEt, ————— : CH
R™H toluene/THF RS
23°C

70-98% vyield
er. 88.5:11.5 to 99:1

POR}
‘ ‘ OH
OH
g g POR}

327

R'= Ar, OR, NR,

Scheme 110. Alternative Lewis base catalysts for diethylzinc addition to
aldehydes.

8.2. Silylcyanation Revisited: n—0* Lewis Base—Lewis Acid
Catalysis

The ability to engineer a catalyst that will simultaneously
provide both nucleophilic and electrophilic activation of a
single reagent, despite the constraints imposed by the
transition-structure geometry, is represented in the asymmet-
ric additions of diethylzinc to aldehydes discussed above. The
design of a system that exhibits simultaneous activation of two
separate reagents has found another solution through catalyst
design. Shibasaki and co-workers have investigated the use of
carefully designed bifunctional catalysts containing Lewis
acidic metal sites in proximity to Lewis basic, phosphine oxide
moieties. The position of the groups in space could be
optimized to obtain high stereoselectivity, but also to prevent
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catalyst inactivation. Their initial report on this design
strategy described the addition of TMSCN to aldehydes.
High yields and selectivities could be obtained in the
silylcyanation of a wide variety of aldehyde substrates
(Table 11).F*) A comparison of the two catalysts 330 and
331 with differing linker lengths between the aluminum
center and the pendant phosphane oxide illustrates how
careful conformational control is key to the success of a
bifunctional catalyst which is prone to self-inactivation.

Table 11: Bifunctional catalysis in the silylcyanation of aldehydes.
o 9 mol % catalyst
40 mol % nBusPO HO_ CN

N
Ny H
HC— | - = N
s CH, TMSCN HC— | \CH H
S 3

328 CH,Cl,, -40 °C
X 329
OO o}
Al-Cl
L
X
330
Entry Catalyst X Yield [%)] e.r. (R/S)
1 330 CH,POPh, 91 98.5:1.5
2 331 CH,CH,POPh, 4 n.d.l
3 332 CHPh, 50 44:56

[a] Not determined.

The mechanism formulated by Shibasaki and co-workers
suggests that the aluminum atom binds the aldehyde,
activating it electrophilically, while the phosphane oxide
binds the TMSCN, activating it nucleophilically through an n—
o*-type Lewis base interaction (Figure 13). A transition
structure  LXXXIII was proposed that rationalized the
observed sense of asymmetric induction in these addition
reactions and combined both of these interactions.

Figure 13. Proposed transition structure for silylcyanation of aldehydes.

The unprecedented nature of this mode of catalysis has
resulted in additional studies having been undertaken to
support the involvement of both Lewis acid and base catalysis.
Several interesting observations suggest that these systems
truly function as n—-o* Lewis base-Lewis acid catalysts. In
control experiments, it was shown that under the optimal
reaction conditions neither the parent complex formed from
binol and EtAlCl,, not tri-n-butylphosphane by itself was able
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to promote the cyanation. Enhancing the Lewis basicity of the
phosphane oxide moiety by exchange of the phenoxy groups
for more electron donating p-(Me,N)C¢H, groups leads to an
observable rate enhancement, in agreement with the idea that
these Lewis basic moieties are intimately involved in cata-
lysis.[**]

Additional support is garnered by comparing catalysts 330
and 332. In the reaction of TMSCN with aldehyde 328, the
optimal catalyst leads to the formation of (R)-329, while the
diphenylmethyl-substituted catalyst 332 leads to the forma-
tion of (5)-329 (Table 11, entry 3). This reversal in the sense of
asymmetric induction suggests that steric shielding provided
by the 3,3 substituents should favor attack on the pro-S face
of the complexed aldehyde. The formation of the (R)-329 with
the phosphine oxide containing catalyst 330 supports the
formation of a catalyst-TMSCN complex and the n-o* Lewis
base interaction proposed by Shibasaki and co-workers in
their stereochemical analysis.**"!

Recent in situ IR studies of this catalyst system have lent
additional support to the existence of this n—-o* interaction
between the catalyst and TMSCN.F”"! The combination of
either the catalyst 330 or tributylphosphine oxide with
TMSCN led to the appearance of a new band in the IR
spectrum that was tentatively assigned as either a cyanide ion
or a trimethylsilyl isocyanide. The equilibrium between silyl
cyanides and isocyanides is known to be sensitive to the
addition of Lewis acids and the nature of the silyl substitu-
ents,””" but studies on the influence of Lewis bases on this
equilibrium have not been conducted. The interaction of the
TMSCN with the aluminum center was precluded through
in situ IR studies of a binol complex of Et,AICl. All these
observations support the bifunctional nature of these catalysts
and the role that the phosphine oxide moiety plays in 330 in
the n—o* type Lewis base activation of the TMSCN.

This bifunctional catalyst has also found application in
two other, closely related cyanation reactions: the Strecker
and Reissert reactions.”’”! Shibasaki and co-workers have
demonstrated that the addition of TMSCN to fluorenylimines
can be effected in the presence of catalyst 330 (Table 12).7!
However, these reactions were extremely sluggish, requiring
days to reach high conversion (entry 1). The addition of a
substoichiometric amount of an alcohol (entry 2) or HCN
(entry 3) provided for a considerable rate enhancement. This
finding suggests that the proton source increases the reaction
rate by facilitating catalyst turnover. This discovery led to the

Table 12: Bifunctional catalysis in the Strecker reaction.

Angewandte

development of an efficient and highly selective catalytic
system that employs a substoichiometric amount of TMSCN
and a stoichiometric amount of HCN. Although the addition
of HCN would appear to open a competitive pathway for
cyanation, control experiments have demonstrated that the
reaction with TMSCN is considerably faster. Therefore, the
Strecker reaction proceeds through a Lewis acid—-Lewis base
rather than a Lewis acid-Brgnsted base assisted mechanism.

The Reissert reaction of isoquinolines and pyridines is
another reaction that can be promoted by a bifunctional,
Lewis base-Lewis acid catalyst. Shibasaki and co-workers
have shown that in the presence of a stoichiometric amount of
an acid chloride, 330 promotes the addition of TMSCN to
isoquinolines in high yields and selectivities (Scheme 111).
In the case of pyridines, higher selectivities are obtained with
the sulfoxide-containing catalyst 339.°™! Despite these
changes, it still appears that the same kind of Lewis acid-
Lewis base catalysis discussed in the case of the silylcyanation
of aldehydes is applicable to these reactions.

9 mol % 330
2-furylCOCI, TMSCN  MeO
B J@O
CH,CI, / toluene
40°C
335 336
74 % yield / e.r. 94.5:5.5
10 mol % 339 -
@\W 10 mol % EL,AICI R
N__~ NiPr, ——————— N~ N/Pr,
wucH,0coc BT Y
0 TMSCN, CH,Cl, 0
337 -60 °C 338
98 % yield / e.r. 96.5:3.5
:.Ph
$
o}
OH 339

Scheme 111. Bifunctional catalysis for cyanide addition to isoquinolines
and pyridines.

In 2002, Saa and co-workers disclosed their studies on a
catalyst related to 330 that incorporates tertiary amines as the
Lewis basic moieties (Table 13). Although this catalyst
promotes silylcyanations with similar levels of reactivity and
selectivity, careful mechanistic studies revealed that the

Table 13: Lewis acid-Brensted base catalysis in silylcyanations.

9 mol % 330 1 mol % 340 NEt
. B .O PRCHO 40 % Ph,pO TMSO_ CN OO 0, ’
)’1 O TMSCN NC, NH v %0 Acl
B CHCL 40°C 5 A wsen | AAMS. S
toluene NEt
333 334 -20°C :
340
Entry TMSCN  Additive (equiv)  t[h]  Yield[%] e
[Equiv] Entry  Catalyst Additive (equiv) t[h] Yield [%] e.r.
1 2.0 192 94 87.5:12.5 1 340 - 6 99 >99:1
2 2.0 PhOH (0.2) 44 97 89:11 2 (R)-binol-AlCl - 24 9 -
3 0.2 HCN (1.2) 36 98 88.5:11.5 3 (R)-binol-AICI  NEt, (0.2) 9 99 40:60
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reaction did not proceed by a similar mechanism.®! Instead,

silylcyanations with this catalyst appear to proceed through a
Lewis acid-Brgnsted base assisted mechanism. Trace
amounts of HCN contained in the TMSCN are needed in
the initiation step. Whereas the parent binol-aluminum
complex could not promote the reaction by itself, the addition
of triethylamine recovered the cyanosilylation activity. How-
ever, the sense of asymmetric induction with 340 and (R)-
binol was reversed, similar to what had been observed by
Shibasaki and co-workers when investigating catalysts 330
and 332 (Table 11). Furthermore, substrates containing basic
nitrogen substituents, such as 3-pyridylcarboxaldehyde, gave
racemic products as a result of the introduction of compet-
itive, achiral Brgnsted basic site. The involvement of Lewis
acid-Brgnsted base catalysis in cyanoformylations and cya-
nophosphorylations with catalyst 340 has also been demon-
strated.”””!

The significant change in mechanism caused by exchang-
ing the phosphine oxide moiety contained in 330 for the
tertiary amine moiety contained in 340 demonstrates the
difficulty associated with correctly identifying Lewis base
catalyzed reactions. Just as in the case of the fluoride-initiated
reactions of silanes discussed in Section 6.1.1, mechanistic
studies are required to accurately identify Lewis base
catalyzed reactions. Therefore, care must be taken when
discussing other related bifunctional catalyst systems for
silylcyanation, especially when the mechanism is not yet
clearly defined. Several examples of such catalyst systems
have recently appeared. The Gd and Ti complexes of 341
developed by Shibasaki and co-workers for silylcyanation of
aldehydes and imines and opening of aziridines seem a clear
choice for this category when one considers the structure of
the ligand. However, the lack of a detailed solution structure
of these catalysts complicates a straightforward analysis
[Eq. (1) in Scheme 112].°78! A number of other closely related

o)
Ph)LMe 1OTm(Ool'ol-"A’)341 TMSO, ,CN
i(OiPr)4 ),
P )
THE Ph” “Me
TMSCN
85 % yield / e.r. 96:4
o
e
Ph.Pxq OH OH
341
bheHo 1 mol % 342
10%Ph,PO  TMsO, CN
+ EE—— > 2)
Ph” TH
TMSCN CH292 )
-50°C 94 % yield / er. 93:7
HQ‘H
—N N—
Al
tBu O/ | \O tBu
Cl
{Bu tBu
342

Scheme 112. Potential bifunctional catalysts for silylcyanation with
aldehydes.
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systems that contain both Lewis acidic and Lewis basic
species have been reported for the asymmetric silylcyanation
of aldehydes, but their mechanisms have not yet been
investigated [Eq. (2) in Scheme 112].F"]

8.3. Bifunctional Catalysis with Fluoride Sources: Combined
n—o* Lewis Base and Lewis Acid Catalysis

The development of asymmetric fluoride-catalyzed reac-
tions of silylated pronucleophiles has proven to be a
significant challenge. Despite the high activity of fluoride
salts as catalysts for carbon—-carbon bond-forming processes,
the peculiarities of the mechanisms of fluoride-catalyzed
reactions have thwarted the most direct approaches. The issue
of whether a particular reaction is fluoride-initiated or
fluoride-catalyzed presents a separate challenge in addition
to the problem of how one might create a “chiral fluoride
ion”. As it is impossible to covalently attach a chiral ligand to
a fluoride ion, chiral ammonium and sulfonium fluoride salts
have been developed with some success.??>227¢>:314]

An alternative strategy for developing an asymmetric,
fluoride-catalyzed reaction of silylated pronucleophiles would
be to combine the achiral, n—o* catalysis provided by fluoride
ions with traditional chiral Lewis acid catalysis. This strategy
has been reduced to practice in aldol reactions,** allyla-
tions,™ cyanomethylations,**? vinylations, and phenyla-
tions®®™ with silylated pronucleophiles. The most thoroughly
investigated examples in this class of reactions are silver(I)
fluoride and copper(I) fluoride catalyzed aldol reactions.
Studies by Yamamoto and co-workers with the p-Tol-binap-
AgF complex 346 showed high levels of enantioselectivity in
the addition of trialkoxysilyl enol ethers to aromatic and a.,3-
unsaturated aldehydes when the reaction was performed in a
protic solvent such as methanol (Scheme 113).°°!) Yamagishi
and co-workers had shown other silver salts, including
acetates and tertafluoroborates, did yield the desired aldol
products, but with lower levels of enantioselectivity.**!
These reactions of 343 and 344 showed a high degree of syn
diastereoconvergence. Yamamoto and co-workers suggest a
closed, six-membered-ring transition structure with an addi-
tional intramolecular silicon—fluoride interaction. A flip
between a boat and chair transition structure is proposed to
account for the observed diastereoconvergence.

OSi(OMe);  10% (R)-Tol-binap-AgF (346) O OH
(T -
MeOH, -78 °C
343
+ 260a
PhCHO 78 % yield
syn/anti 84:16 / e.r. 93.5:6.5
)oj(/orme)3 10% 346 9 OH
X Me J\I/L
B Ph
Bu MeOH, -78 °C Y !
344 e
+ 345
345
PhCHO 84 % yield

syn/anti >99:1 / e.r. 98.5:1.5

Scheme 113. Bifunctional catalysis in the aldol reaction.
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Although this conformational flip does rationalize the
observed result, a simpler explanation may come through a
mechanism that involves an open transition structure. In
detailed studies that probed the mechanism of these aldol
reactions catalyzed by a silver—diphosphane complex, Yama-
gishi and co-workers found that mixing binap—AgOAc with a
silyl ketene acetal does not lead to the formation of a silver
enolate, although changes in the '"H NMR spectrum of the
silyl enol ether do occur.”®! Therefore, the authors propose
the formation of a hypervalent silicate LXXXIV that may or
may not remain associated with the silver complex
(Figure 14). This complex then undergoes an aldol reaction
through an open transition structure to give the observed
aldol products. Yamagishi and co-workers also show that the
nature of the anionic ligand in the silver complex has a strong
impact on the reaction. Coordinating anions, such as acetate
and chloride, behave similarly while weakly coordinating
anions, such as tetrafluoroborate, show different reactivity
patterns. Even though Yamagishi and co-workers did not
investigate the silver(I) fluoride complex employed by
Yamamoto and co-workers, a similar mechanism involving
an open transition structure seems likely.

R,SI0 O OS|R3
Ph R AgF
( P
Ag
R OS|R -
M + R,SIF Ag*
P
LXXXV LXXXIV

PhCHO

Figure 14. Proposed catalytic cycle for silver(l)-catalyzed aldol
reactions. PP = p-Tol-binap.

Additional studies by Yamamoto and co-workers further
support the notion that these silver fluoride catalyzed aldol
reactions proceed through an open transition structure.
Attempts to find an alternative catalyst system that would
allow the reaction to proceed in aprotic solvents led to the
examination of a binap/AgOT{/KF/[18]crown-6 catalyst mix-
ture. This reaction can be performed in THF, rather than
methanol, with equally high levels of enantioselectivity
(Scheme 114).°%! Unlike the reactions of the silver fluoride
catalyst 346, the scope of this reaction now includes both
aromatic and aliphatic aldehydes. Furthermore, the reaction
is shown to be diastereodivergent. This is suggestive of a
closed, chairlike, six-membered-ring transition structure and
a switch in the mechanism of the reaction from that catalyzed
by 346. Fluoride most likely still plays a role in activating the
trialkoxysilyl enol ether, but the nature of that interaction has
changed.

Although these studies with silver(I) catalysts established
the separate roles played by the Lewis basic and Lewis acidic
portions of these catalyst systems, the question of whether the
reactions were fluoride-initiated or fluoride-catalyzed was not
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6% (R)-binap

O/OSi(OMe)3 10% AgOTf, 5% KF ij:/l\
<" Ph

5% [18]crown-6
343

THF, -20 °C
+ 260a
PhCHO 78 % yield
antilsyn 91:9/ e.r. 96.5:3.5
) 6% (R)-binap
OSi(OMe); 109 AOTY, 5% KF O OH
{Bu - Me tBu Ph
5% [18]crown-6 Me
344 THF, -20 °C
+ 345
51 % yield
PhCHO syn/anti >99:1/ e.r. 95:5

Scheme 114. Silver(l)-catalyzed asymmetric aldol reactions.

addressed. In their extension of these reactions to copper(I)
fluoride-phosphine catalysts, Shibasaki and co-workers begin
to address this issue and provide support for the conclusion
that these are truly fluoride-catalyzed reactions. With cop-
per(I) fluoride, triphenyl phosphane, and ethanol as the
catalyst, the addition of silyl ketene acetals to ketones can be
accomplished in good yield (Scheme 115).%*I The use of the

1. 2.5% [CUuF(PPh,),]-2 EtOH

OSiMe, o 4% 348, EtO,SiF, PhBF K )OE)OJ\
Meo Sy, M Ph=>"0Me
Ph” “Me o Me ©
Me DME, 23 °C Ve
2. Et;NHF 347
(E)-158 96 % yield

anti/syn 80:20 / e.r. 95.5:4.5
1. 2.5% [CUF(PPh,),]-2 EtOH

:ﬁi";ﬁe . j 4 % 348, EtO,SiF, PhBF,K OH O
MeO Ph” “Me Ph==">0Me
DME, 23 °C Mo e
(2)-156 2. Et,;NHF 347
58 % yield
BN PCy, anti/syn 86:14 / e.r. 97:3
F:e PCy,
= 348

Scheme 115. Copper(l)-catalyzed asymmetric aldol reactions.

chiral bisphosphane 348 allows for high levels of enantiose-
lectivity. When a-substituted silyl ketene acetals are
employed, moderate levels of diastereoselectivity are
obtained and, similar to Yamamoto and co-workers studies
of the binap/AgOT{/KF/[18]crown-6 system for aldol reac-
tions, these reactions are also diastereoconvergent.

Although the separate roles of the fluoride and copper
ions are not disputed in these reports, the question of whether
the reactions are fluoride-initiated or -catalyzed remains.
Carreira and co-workers have shown in a closely related
catalyst system that the reactions are merely fluoride-
initiated."™ To address the issue with this system, Shibasaki
and co-workers investigated the catalytic activity of a
copper(I) alkoxide in the aldol reaction. These alkoxide
species, which were meant to mimic the copper aldolates
LXXXIX formed in the aldol addition, are not effective
catalysts (Figure 15).
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(Et0)35|0 o) [CuF(PPh, )3] + (EtO),SiF  OSi(OEt),
OMe
[Cu(PPh3)3] (EtO),SiF,”
2 (EtO),SiF TMSF
LXXXVI
(PPh,,),,Cuo OSi(OEt);F
PN - CuEPny
OMe
LXXXIX LXXXVII
OCu PPh,).
PhCHO (EtO),SiF
LXXXVII

Figure 15. Proposed mechanism of copper(l)-catalyzed aldol reactions.

Since autocatalysis by the copper(I) alkoxide is not
operative, the role of the fluoride ions was investigated
more thoroughly. In analogy to the beneficial effect provided
by the addition of TMSF in the fluoride-catalyzed aldol
reaction,”'® the addition of triethoxysilyl fluoride is also
observed to accelerate this aldol reaction. Since transmeta-
lation of LXXXIX with this silylating reagent releases
fluoride ions, the role of the fluoride ions in the initial steps
of the catalytic cycle seems consistent with this analysis. The
use of a more electrophilic difluoride such as dimethoxydi-
fluorosilane provides further rate enhancements. Taken
together, these observations strongly suggest that fluoride is
the true chain-carrying species. As such, these reactions
should be categorized as examples of bifunctional catalysis.

The exact mechanism, and therefore the involvement of
combined n—-o* Lewis base/chiral Lewis acid catalysis, is less
clear in the case of asymmetric allylations with allyl trialkoxy-
silanes promoted by silver(I) and copper(I) fluorides 346.
However, the close mechanistic similarity between these
systems warrants further discussion. Enantioselective allyla-
tion with a silver(I) fluoride catalyst was first reported by
Yamamoto and co-workers in 1999 (Table 14).°%< In the
presence the p-Tol-binap—AgF complex 346, high levels of
enantioselectivity are obtained in the addition of trialkox-
ysilanes to aromatic and o,f-unsaturated aldehydes. Allyla-
tions with 2-butenylsilanes give high syn diastereo- and
enantioselectivity, regardless of the geometry of the allylic
silane. Little mechanistic information was provided at this
point, other than the observation by "H NMR spectroscopy
that the combination of 346 with the 2-butenyltrimethoxysi-
lane in [D,;]DMF/CD;0OD leads to the disappearance of the

Table 14: Bifunctional catalysis in allylations of aldehydes.
. 6% (R)-binap
Me .. -SIOMes 1094 AgF, MeOH OH

+ —_— Ph/\lA\

PhCHO -20 5 23°C Me
349

Entry E/Z Yield [%] d.r. e.r. (anti)

1 83:17 77 92:8 98:2

2 <1:99 82 94:6 97:3

3 45:55 99 93:7 97:3
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signals corresponding to the silane. The authors propose the
intermediacy of an allylsilver(I) complex. The diastereocon-
vergence of the reaction is rationalized through the assump-
tion that isomerization of the allylic silver species is faster
than allylation. No studies on whether or not the fluoride ions
act as an initiator were presented.

Shibasaki and co-workers have extended bifunctional
catalysis of allylation by using a copper(I) fluoride catalyst,
and in doing so provided additional insights into the
mechanism of the reaction which support the hypothesis
that these are truly n-o* Lewis base/chiral Lewis acid
catalyzed reactions.**"*312° The exchange of copper(I) for
silver(I) allowed for a significant expansion in the scope of
this method to include the allylation of ketones and imi-
nes.™™® A high degree of syn diastereoconvergence is
observed in the reactions of (E)- and (Z)-2-butenylsilanes
[Eq. (1) and (2) in Scheme 116]. It was also demonstrated that
the reaction could be rendered enantioselective through the
use of the chiral phosphine (R)-Tol-binap [Eq. (3)
Scheme 116]. The mechanism of the reaction was not
explicitly investigated, but the diastereoconvergence of the
reaction, in conjunction with the observation that additional
triethoxysilyl fluoride accelerates the reaction, suggests a
mechanistic analogy between these reactions and the aldol
reactions described previously. Still, further investigations are
warranted because some evidence of fluoride initiation has
been reported in related reactions with N-benzoylhydra-
zones.”"]

Me._A~_SiOMe; 1. 15% CuCl, 15% TBAT, THF OH
+ > P ()
PhCHO 2.H Me
349
79% vyield
sioM dr.27:1
iOMe,
e 1.15% CuCl, 15% TBAT, THF OH

Me . ph/\l/\ (2)
Me

PhCHO 2.H
349
99% vyield
1.15% CuCl - (R)-Tol-bi dr.264
) . 15% CuCl - (R)-Tol-binap
A SIOMEs 50, TRAT, THF OH
. T NG
o 2. H* Me
P 350
Ph™ Me 65% yield
er. 80.5:19.5

Scheme 116. Copper(l)-catalyzed asymmetric allylations of ketones.
TBAT = tetrabutylammonium triphenyldifluorosilicate.

8.4. Bifunctional Catalysis in the Morita—Baylis—Hillman
Reaction: n—-m* Lewis Base and Bronsted Acid Catalysis

Bifunctional catalysis can provide for a novel and
effective method to introduce a chiral environment into an
existing Lewis base catalyzed process. The additional activa-
tion by a Lewis acid can provide important contributions to
reactivity and selectivity. However, Brgnsted acid catalysis
can also play an important role in bifunctional catalysis. Major
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advances in the development of enantioselective Morita—
Baylis—Hillman reactions (Section 5.2.3), originally classified
as an example of n—m* Lewis base catalysis, have come
through the application of bifunctional catalysts which
combines Lewis basic and Brgnsted acidic sites in a single
structure. As proton transfer in the zwitterionic aldolate
intermediate XVI makes a significant contribution to the
overall reaction rate (Figure 5),”>'"1%? the addition of
hydrogen-bonding substituents to a specific catalyst provides
a novel opportunity to influence the rate and selectivity of this
important carbon—carbon bond-forming reaction. Inspired by
the effect of protic solvents on the rate of the reaction, several
researchers have devised catalysts that include both Lewis
basic and Brgnsted acidic moieties. Some systems combine a
Brgnsted acidic site with a chiral Lewis basic site in the same
molecule. Others employ a chiral Brgnsted acid with an
achiral Lewis base as separate entities.

The first major breakthrough in the enantioselective
Morita-Baylis—Hillman reaction came from Hatakeyama
and co-workers in 1999 (Scheme 117).F% The use of B-
isocuperidine (353) as a catalyst for the reactions of hexa-
fluoroisopropyl acrylates gives good yields and selectivities,
despite the fact that previous studies had shown a variety of
cinchona alkaloids to be ineffective catalysts for these
reactions.”™ The product is generally formed as a mixture
of the desired p-hydroxy ester 351 along with small amounts
of the dioxanone 352. The observation of dioxanone-contain-
ing products is supportive of the mechanism proposed by
McQuade and co-workers involving a hemiacetal intermedi-
ate in the crucial proton-transfer step.””” The research groups
of Hatakeyama and Shi have employed this and other closely
related catalysts for the reactions of numerous aldehydes and
imines as well as to the total synthesis of several natural
products.*"!

OH O CF,
O CF
e o/l\CF3
| 0~ "CF,
10 mol % catalyst ON 351
+ _— +
o DMF, -55 °C Ar

353 354

58% yield 351 (e.r. 95.5:4.5)
11% yield 352 (e.r. 55.5:44.5)

74% yield 351 (e.r. 55:45)
7% yield 352 (e.r. not determined)

Scheme 117. Centrally chiral, bifunctional catalysis in the Morita—
Baylis—Hillman reaction. Ar = 4-NO,C¢H,.

This system incorporates two interesting features: 1) the
use of a highly electrophilic acrylate and 2) a remote phenol
group. The fluorinated ester is essential for rapid rates in the
carbon—carbon bond formation.’”! Other fluorinated esters,
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such as trifluoroethyl acrylate and hexafluoro-n-propyl acry-
late, showed dramatically decreased reaction rates when
compared to the hexafluoroisopropyl acrylate. In line with the
observation that Brgnsted acids are crucial to obtaining high
yields, Hatakeyama and co-workers have shown that the
remote phenolic oxygen atom plays a significant role in
obtaining high levels of selectivity. Analogous catalysts that
contain methylated phenols (such as 354) perform poorly
when compared to 353.°%

In addition to the use of cinchona alkaloids as scaffolds for
bifunctional Brgnsted acid/Lewis base catalysts, several
different catalysts have been built around the axial chirality
present in conformational restricted binaphthyl derivatives
(Scheme 118). Using a modified binol derivative, Sasai and
co-workers found that the pyridine-containing Lewis base 358
performed well in the reaction of methyl vinyl ketone with
imines.”””! Wang et al. also investigated an N,N-dialkylaniline-
containing Lewis base 359 that incorporates a thiourea as a
Brgnsted acid co-catalyst. This catalyst performed well in the
reaction of 2-cyclohexenone with a variety of aldehydes.[*”!

e NTs 10 mol % 358 O NHTs
¥ - 355
CH )J\ H,C Ph 8
||)k ° Ph™ "H  cPME/toluene 9:1 3 93";03yé§(|5d5
-15°C e.r. 95.9.0.
2 10mol %359 O OH
+ ~_CHO ——— : 356
ij o CH,CN PR 80% yield
0°C er. 91585
Q NTs 10 mol % 360 O  NHTs w5
+ —_—
OPh PhO Ph .
H)j\ Ph™ "H  CH,Cl, 4-AMS. 833,1%??5
40 °C e.r. .00,

~ 00 0, 0
N
SR X
oH N"N CF, OH
Jooo™ SOl

358 359 360

Scheme 118. Axially chiral, bifunctional catalysis in the Morita—Baylis—
Hillman reaction. CPME = cyclopentyl methyl ether.

Bifunctional catalysts based on phosphanes have also
been developed for the enantioselective Morita—Baylis—Hill-
man reaction. The first successfully employed asymmetric
phosphane catalyst is the commonly available dimeric Lewis
base binap.** Although selectivities are not high, subsequent
publications from the research groups of Shi and Sasai
demonstrated that selectivity can be greatly enhanced by
replacing one of the phosphane units with a hydroxy group, as
in 360.°” Other phosphane-based chiral catalysts have also
benefited from the introduction of hydrogen-bonding sub-
stituents.*”!

The combination of Lewis basic and Brgnsted acidic sites
in a single chiral scaffold is clearly a successful strategy for
obtaining high reactivity and selectivity. Still, it is not the only
strategy that has proven successful. Two catalyst systems, both
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of which employ an achiral Lewis base and a chiral Brgnsted
acid, have further expanded the scope of this important
reaction (Scheme 119). During studies of Lewis acid/Lewis
base co-catalyzed Morita—Baylis—-Hillman reactions with
lanthanide-binol complexes, Schaus and co-workers recog-
nized that binol by itself was an effective Brgnsted acid co-
catalyst for the reaction with o,p-unsaturated ketones.*”’]
Further examinations of catalyst structure led to the identifi-
cation of 361 as an optimal catalyst. Unlike the examples of
chiral Lewis bases discussed above, the chiral axis in the
Brgnsted acid catalyst is proximal to and can influence the
formation of the new stereocenter by hydrogen bonding
during the crucial proton-transfer step.

10 mol % 361

1 equiv PEt, G OH
—_— ~
+ Ph/\/CHO Ph
THF 256
0°C 88% yield
er. 955
10 mol % 362
o NTs 1 equiv DABCO (. LIE
. T .
ru\OMe Ph)LH MeO Ph
| xylenes, 3-AM.S.
4°C 357
49% yield
er.97.525

e tgu

S
N J Q
SONTN
B § H OH N
362 Bu B
Scheme 119. Binary, bifunctional catalysis in the Morita—Baylis—Hillman
reaction.

u

A similar strategy involving separate Brgnsted acid and
Lewis base co-catalysts has recently appeared. Thioureas are
effective catalysts for several enantioselective carbonyl and
imine addition reactions.’” Therefore, it is not surprising that
catalyst 362 could also provide high levels of selectivity in the
enantioselective Morita—Baylis—Hillman reactions with a
wide variety of aldehydes and N-nosylimines.””! A similar
role for the Brgnsted acid co-catalyst is proposed, wherein it
likely plays a role in the final, proton-transfer step from the
zwitterionic alkoxide XVII (Figure 5).

8.5. Bifunctional Catalysis with Amino Acids: Combined n—m*
Lewis Base and Brgnsted Acid Catalysis

The resurgence of interest in secondary amines as Lewis
base catalysts for the reactions of aldehydes and ketones has
led to a variety of new methods for performing cycloadditions,
Friedel-Crafts reactions, and a-functionalizations as well as
Michael, Mannich, and aldol additions (Section 5.3.3). These
methods provide a practical alternative to reactions which
would typically be conducted using Lewis acid catalysts. The
examples discussed in Section 5.3.3 employed imidazolidi-
none- and pyrrolidine-derived catalysts such as 104 and 116
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that exert their catalytic effect through an n—m* interaction.
Although these catalysts provide high selectivities, benefits
can still be gained from the use of related catalysts that
incorporate a Brgnsted acidic site. Proline (101) is an
excellent example of such a bifunctional secondary amine
catalyst. It was the original catalyst employed by Hajos and
Parrish as well as Eder, Sauer, and Wiechert in their
pioneering studies on the Robinson annulation
(Scheme 37),l% and it remains broadly applicable in a wide
variety of other transformations. The formation of the
enamine XLIV is central to the success of these reactions,
and hydrogen bonding between the carboxylic acid and the
electrophile provides additional activation and control over
the relative geometry of the reactants in transition structure
XC (Scheme 120).15+1¢1

X *
H,C~ “CH o .l \
T 0%101] Sy o oH
T oeyNo -, Ck/'\(CHa ™
0 DMSO Hg/@ : n
HJ\(CHs 23°C H iPr B
XC 363
CH ' .
3 97 % yield / er. 98:2
H 2 10 mol % 101 OH CH,
oA CH, + HJK(CHs T . oHC o @
o, c 3
CH, DMF, 4 °C CH,
364
88 % yield

anti/syn 3:1 /e.r. 98.5:1.5

Scheme 120. Proline-catalyzed aldol reactions.

The application of combined n-m* Lewis Base and
Brgnsted acid catalysis to the aldol reaction has had a
significant impact on the scope of this important carbon-
carbon bond-forming process.*! The interaction of the
secondary amine catalyst with either an aldehyde or a
ketone leads to the formation of an iminium ion intermediate
which is rapidly transformed into a nucleophilic enamine. This
species is the true active intermediate in these Lewis base
catalyzed aldol reactions."**"**! Highly functionalized ketones
and aldehydes, both of which are difficult substrates for Lewis
acid catalyzed reactions, have been used as substrates in these
reactions. Initial studies focused on the use of acetone as a
nucleophile [Eq. (1) in Scheme 120],“""! but the scope soon
expanded to other substrates. Dimerization of aldehydes as
well as crossed aldehyde—-aldehyde aldol reactions*”” can be
performed with equal facility, comparable yields, and selec-
tivities [Eq. (2) in Scheme 120].

In the case of the aldol reaction, similar diastereo- and
enantioselectivities can be obtained with both simple n-mt*
and bifunctional catalysts (Scheme 121). The catalyst 108
leads to the formation of (2R,3R)-365 through steric shielding
of the Si face of the enamine by the bulky benzyl and tert-
butyl substituents on the catalyst.'s”] In contrast, the use of
proline (101) leads to the formation of (25,35)-366 through
hydrogen bonding of the aldehyde to the carboxylic acid
moiety of the E enamine.*””! This comparison also makes
clear that larger, higher molecular weight catalysts such as 104
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OH 10 mol % OMe OH
proline H 10 mol % 108 H
oc A _oen T OB MeO)Y\/OBn
OBn DMF, Et,0,4°C OBh
23°C Amberlyst
366 MeOH 365
73 % yield 64 % yield

antilsyn 4:1/ e.r. 99:1 antilsyn 4:1/ e.r. 96:4

Scheme 121. Comparison of n—m* and bifunctional catalysis with
secondary amines.

or even 114 must be employed if stereocontrol is to be
maintained in the absence of the coordinative interactions
provided by simpler bifunctional catalysts such as 101.

The intramolecular aldol reaction initially investigated by
Hajos and Parrish as well as Eder, Sauer, and Wiechert has
also been further investigated and shown to provide highly
functionalized five- and six-membered rings."*! The mecha-
nism of these reactions has been studied extensively by using
both experimental and computational methods. Despite early
studies that suggested two catalyst molecules were involved in
the carbon—carbon bond-forming step,/*””! subsequent inves-
tigations have ruled out this possibility in favor of a simple
enamine mechanism."* These results also lend support to the
importance of the carboxylic acid/aldehyde hydrogen bond in
determining the stereochemistry of the product.“”! The anti
diastereoselectivity of these aldol reactions is a result of the
selective formation of the £ enamine and the formation of a
hydrogen bond anti to the aldehyde substituent.

High yields and selectivities can be obtained, even when
highly functionalized substrates are employed
(Scheme 122).%! Stereogenic quaternary centers can be
formed through the use of unsymmetrically a,a-disubstituted
aldehydes such as 370.*””) Simple substrates such as formal-
dehyde even perform well under these conditions.[*!”) These
highly functionalized products have attracted a great deal of
synthetic interest since they can be easily transformed into a
variety of carbohydrates.!"l Tt has also been shown that a
wide variety of amino acids are capable of promoting these
reactions with high selectivities, including simple amino acids
(such as alanine) as well as dipeptides.!*'” Some authors have

O OH

0

HH OHC\(\O 30 % 101
+

! 07/—CH3

DMSO / H,0 O7LCH3
H3C><CH3 23°C Hy C CH3 H,C
367 368 369
74 % yield
CH;, anti/syn >19:1 / e.r. >99:1
OHC 10 % 106 OH
10 % CFSCO H  oHc
He
DMSO 23°C 3 |
Ar NO,
H,C
CH3 371.
91 % yield
370 anti/syn 85:15 / e.r. 98:2
©¢0 JOL 10 % 101 ©¢0
+ _—
H H DMSO,23°C " _OH

372
45 % yield / e.r. >99:1

Scheme 122. Bifunctional catalysis in the aldol reaction.
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suggested that this facile synthesis of carbohydrates in the
presence of amino acids may provide clues to gluconeogenesis
and the origins of biomolecular homochirality.[**!

The success of these bifunctional catalysts in the aldol
reaction is mirrored in the closely related Mannich reaction of
imines (Scheme 123).1"""! Again, a wide variety of amino acid
derived catalysts can be used to effect this transformation
with high yields and selectivities, although proline remains the
most common choice as the catalyst."'”) These secondary
amine catalysts exert their effect through the formation of a
nucleophilic enamine that participates in the carbon—carbon
bond-forming process. Both aldehydes and ketones can be
used as donors in these reactions with a wide variety of imine
substrates.['! Depending on the structures of the reacting
partners, the reaction can be performed with preformed
imines or as a direct, three-component reaction where the
imine is formed in situ. Quaternary centers can be formed
with high levels of selectivity in the reactions of a-ketimino
esters as well as in the reactions of o,a-disubstituted
aldehydes.*"! Amino methylations can even be performed
in a direct Mannich reaction using formaldehyde and an
aniline.[*'*!

H
GHO N, 0O NHPMP
[o) 35 % 101 B
)k + + —— > HC
H,C” “CH, DMSO0, 23°C
NO oM NO,
2 e
excess 373
50 % yield / e.r. 97:3
)0]\ NPMPOEt 20 % 101 (0] NHPMP
+ H
HJH( .
H,C” “CH, T 239C Hacj\ﬂcoza
solvent 374

86 % vyield / e.r. >99:1

Scheme 123. Bifunctional catalysis in the Mannich reaction. PMP = 4-
methoxyphenyl.

Unlike the related aldol reaction, the syn diastereomer is
generally obtained in these Lewis base catalyzed Mannich
reactions [Eq. (1) in Scheme 124]. Computational modeling
studies suggest that this relative stereochemistry arises from
attack of the E enamine on the E imine (as shown in XCT).[*!

+
D NPMP 20 % 101 PMP\ NHPMP
+ CO Et (1)
ij HJ\COZET DMISO % ,
23°C 375
81 % yield
syn/anti > 19:1 / e.r. >99:1
co *
o] NPMP  10% 107 e Sy © O NHPMP
+ —>| PMP-—N--H > COEt (2
H™ "COEt  jpron
23°C CO,Et 375
Xcll 96 % yield

syn/anti > 99:1 / e.r. 98:2

Scheme 124. Control over diastereoselectivity in the Mannich reaction.
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Access to the anti diastereomer can be achieved through
careful design of the Lewis base catalyst. Barbas and co-
workers have shown that shifting the position of the
carboxylic acid group from the 2- to the 3-position of the
pyrrolidine leads to a dramatic shift in the diastereoselectivity
of the reaction [Eq. (2) in Scheme 124].1*"! High levels of anti
diastereoselectivity can be obtained in the reactions of
aldehydes and ketones with imino glyoxylates when 107 is
employed as a catalyst.

The role of the hydrogen bond between the carboxylic
acid moiety and the electrophilic aldehyde or imine in aldol
and Mannich reactions primarily controls which of the
enantiotopic faces of the reaction partners will combine in
the carbon-carbon bond-forming step. However, this hydro-
gen-bonding interaction can also play an important role in
determining the site selectivity of the reaction. In the
o functionalization of aldehydes and ketones with nitro-
sobenzene, the formation of a hydrogen bond between the
lone pair of electrons on the nitrogen atom of nitrosobenzene
and the carboxylic acid contained in the enamine intermedi-
ate provides high levels of constitutional- and enantioselec-
tivity for the o-oxygenation product [Eq.(1) in
Scheme 125].?!" The higher basicity of the nitrogen atom

0
o .l \
HJ\/’PF 20 % 101 YSNT ph

ONHPh
— “HiN y |—— HO ~_-CH; (1)
* DMSO H NaBH, V\C(H
PANO  23°C Pr 376
Xci 82 % yield / e.r. >99:1
o)
0 20 mol % 101 Ph o
H,C + PANO ——— H¢ 2)
vy MeCN, 4 °C L
377

64 % yield / e.r. >99:1

Scheme 125. Bifunctional catalysis in o oxygenations.

favors its protonation and leads to a transition structure
resembling XCITL!**?! The use of o,3-unsaturated ketones as
substrates led to the identification of a [4+2] cycloaddition
process which yields the bicyclic compounds 377 with high
levels of enantioselectivity [Eq. (2) in Scheme 125].4% A
formal [442] cycloaddition process can also be performed by
linking a-aminooxylation with a Wittig rearrangement in a
one-pot process.'***!

The use of bifunctional catalysts, such a proline, for
o functionalization has allowed for the development of highly
selective o oxygenations with other reagents as well. The
addition of singlet oxygen, iodosobenzene, and oxaziridines
can also be performed using these bifunctional catalysts.*>’]
Extension to other heteroatom additions is also possible
under proline catalysis. The reaction of aldehydes and
ketones with diazodicarboxylates leads to the formation of
o-amination products in high yields and selectivities
(Scheme 126).1*! Tertiary centers can be formed with high
levels of selectivity when o,a-disubstituted aldehydes are
employed.”*””! Studies on the mechanism of this o amination
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Q (0]
i N
Hk/lPr 20%101 | )N _COLE o NHCO,Et
Eewall IR WU bl g O
+ H v jPr
DMSO NaBH, o\)
_N: .COEt 23°C EtO,C" |
EtO,C" NTT? = Pr 134
XCIv 83 % yield / er. 96.5:3.5

Scheme 126. Bifunctional catalysis in o aminations.

have revealed interesting autocatalytic effects, similar to
those observed in o aminooxylations catalyzed by proline.[**!
Subsequent transformation of these products to amino
alcohols and a-amino acids demonstrates the potential of
bifunctional catalysis. However, it should be remembered that
despite the importance of hydrogen bonding in the mecha-
nisms of these reactions (cf. XCIV), all the reactions discussed
in this section are still driven by the formation of reactive
enamine intermediates accessed through the same kind of
n—t* Lewis base catalysis (see Section 5).

9. Carbenes: Lewis Base Catalysis with Dual
Activation

As mentioned in preceding sections, the use of Lewis
bases can open up possibilities for novel modes of catalysis,
either through dual activation or through bifunctional catal-
ysis. In both cases, simple Lewis bases are involved which act
as solely electron-pair donors. The existence of another class
of Lewis bases that combines x acidity with the o basicity of
more common Lewis bases such as amines and phosphanes
has long been known. Carbonyl, nitrosyl, and N-heterocyclic
carbene ligands (NHCs), play an important role in inorganic
coordination chemistry.[**’! Such species are still Lewis bases,
despite these additional characteristics. Recently, the use of
NHCs as simple n—-rt* and n—o* catalysts has been demon-
strated in acylations (Section 5.1.1) as well as silylcyanations
and trifluoromethylations (Section 6.5.1-6.5.2).

NHC catalysis of these reactions, although noteworthy,
only capitalizes on the o-donor properties of the NHCs.
Application to reactions in which the both the o-donor and -
acceptor properties of the NHC are involved has opened Gp
the possibility for the development of a distinct class of
catalytic processes. The great structural diversity of NHCs has
allowed for the extension of these reactions into the realm of
asymmetric synthesis (Figure 16).1" The earliest application
of this particular kind of Lewis base catalysis to an organic
reaction came in pioneering studies of the benzoin reaction
(Figure 17).*!) Whereas early methods for this umpolung
reaction of a d' synthon employed cyanide ions as a catalyst,
thiazolium ions were also recognized as effective catalysts for
this carbon—carbon bond-forming reaction.*” The elucida-
tion of the special role of the thiazolium ion in the benzoin
reaction by Breslow was an important step, not only for
understanding the mode of action of a large family of
enzymes, but also for the development of new catalytic
processes.

The mechanism of this reaction is well established and
supported by isotopic labeling, kinetic isotope effect studies,
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Figure 16. Structurally diverse NHCs for Lewis base catalysis.
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Figure 17. Proposed mechanism of the benzoin reaction.

and computational analysis.**”! In the thiazolium ion cata-
lyzed benzoin reaction, the active intermediate XCV is easily
formed from a thiazole because of the low pK, value of the C2
proton. The newly formed, neutral species XCV is actually a
stable NHC, as a result of m donation from the neighboring
nitrogen atom. Although this species is a potent o donor that
can participate in subsequent steps as a strong Lewis base, it is
also a m acid. It is exactly this unique kind of dual activation
that makes thiazolium ions so effective in this particular
carbon-carbon bond-forming reaction. Attack of the thiazo-
lidine carbene on an aldehyde leads to the formation of an
alkoxide XCVI, which after proton transfer, can be converted
into a heteroatom-substituted enol XCVII. This species now
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possesses d' umpolung reactivity!'” derived from the latent
enamine formed after proton transfer. Attack on a second
molecule of aldehyde followed by release of the catalyst
generates the observed product.

The success of thiazolium ions as catalysts for the benzoin
reaction heralded the development of an NHC-catalyzed,
enantioselective benzoin reaction (Table 15).[% Initial stud-

Table 15: NHCs in the enantioselective benzoin reaction.

o o)
conditions
PhCHO ——> Ph)K/F’h
OH
H.C
(o] - O
Br H3C*J clo, &7=N\
o] SN i\lvNPh
o+ N tBu BF,-
P Lpn ‘
378 379 380
Entry Catalyst [%)] Solvent Base Yield [%] er.
1 378 (10) MeOH NEt, 6 76:24
379 (1.25) THF K,COs 66 12.5:87.5
3 380 (10) THF KOtBu 83 95:5

ies by Sheehan et al. and others focused on chiral thiazolium
ions such as 378 but were unable to provide high levels of
selectivity.l**! Still, the observation of even moderate levels of
enantioselectivity indicated the potential of this strategy.
Improvements in selectivity only came after the recognition
that thiazolidine carbenes are not unique in their ability to
promote the benzoin reaction. Studies by Miyashita et al.
demonstrated that imidazolium and benzimidazolium ions
such as 386 and 387 could be used as catalysts for the benzoin
reaction, although an asymmetric version of this reaction was
not investigated."*® Enders et al. finally succeeded in the
development of an asymmetric NHC-catalyzed benzoin
reaction by employing chiral triazolium ions such as 379 and
380.17) Good yields and enantioselectivities are obtained in
the homobenzoin reaction of aromatic aldehydes. The
mechanism of the reaction has been probed computationally
and a model has been constructed which correctly predicts the
absolute configuration of the benzoin products.“**! Aldehyde-
ketone crossed benzoin reactions have also been accom-
plished using chiral triazolium salts.[**”!

The ability of NHCs to generate d' umpolung reactivity
has found applications beyond the well-known benzoin
reaction of aldehydes. The d'addition of aldehydes to
in situ generated imines has been investigated, with both
achiral and chiral thiazolium ions (Scheme 127).1!

The d' addition of aldehydes to o,B-unsaturated carbonyl
compounds (Stetter reaction)*!! is another area which has
expanded greatly because of the advent of NHC catalysis. The
fundamental mechanism of the reaction is the same as was
discussed in the benzoin reaction, although the nature of the
electrophile has changed. Chiral triazolium ion catalysts are
the most general asymmetric catalysts for this process,
although some examples of chiral thiazolium ion catalysis
have appeared.**?! Rovis and co-workers have shown that
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Tol0,S O 10 % 381 oy cl O Ph
PhCHO + —_— Ph N OfBu 30 mol % 386
PN OBu NEG Ph O </N N+ pncHo c N
CH,Cl, P NaH, DMF J
391 392 gh 23°C llglh N
75% yield
Tol0,8 O 15 % 382 oy . 89% yield
+ N.__Ph 0
P ONTPh PEMP  POICHH hig 34 mol % 386
N CH,Cl, Ph O + PhCHO o Ph (2)
393 394 .
>99% yield / .r. 88.0:12.0 NO, 150°C  ON
401
Scheme 127. NHC-catalyzed umpolung additions of aldehydes to 57% yield

ketones. PEMP = 1,2,2,6,6-pentamethylpiperidine.

five- and six-membered rings can be formed
in good yields and enantioselectivities

Scheme 129. NHC-catalyzed umpolung additions to aromatic

electrophiles.

NMe.

(Scheme 128). Quaternary centers can be : OH  Me O | Me |- o]
. 5 mol % 387 N N
formed as well, although a specific geometry  phcHO + Ph — Ph7 F . OMe
of the a,B-unsaturated ester is essential to MeOH, DBU )‘“@ J‘“@
.. . ) NO 65 °C Me Me
obtaining high selectivity. 2 % vi
72% vyield
402 XCIX c

The NHC-catalyzed umpolung reactions
of aldehydes have also been extended beyond
carbonyl electrophiles. Miyashita et al. have
performed extensive studies on the umpolung

Scheme 130. NHC-catalyzed aldehyde oxidations with nitro compounds. DBU = 1,8-
diazabicyclo[5.4.0Jundec-7-ene.

Several other, NHC-catalyzed oxidation reactions have been

©iCHO 20 % 383 — disclosed which do not rely on the addition of external
0P co,e m COEt oxidants and avoid this complication. Internal redox process-
xylene, 23°C o es are possible when the aldehyde substrate bears a suitable

395 396 leaving group adjacent to the carbonyl group. The reaction of

94% vyield / er. 97:3

©iCHO 20 % 384 2 e Ve
—_— N
O/Wo

NEt, o
Ph Me toluene, 23°C Y
397

398
55% yield / e.r. >99:1

Scheme 128. NHC-catalyzed enantioselective Stetter reaction. KHDMS
= potassium hexamethyldisilazide.

addition of aldehydes to a wide variety of aromatic and
heteroaromatic compounds. In the presence of either 386 or
387 as the catalyst, quinoxalines, quinazolines, phthalazines,
cinnolines, and several fused pyrimidines can all be acylated
with aromatic aldehydes in good yield under mild conditions
[Eq. (1) in Scheme 129].**! Nucleophilic aromatic substitu-
tions with electron-deficient aryl fluorides are also possible,
although yields are only moderate
Scheme 129].14%]

In a completely different kind of reaction, it has been
shown that the highly nucleophilic heteroatom-substituted
enol formed upon addition of an NHC to an aldehyde can be
oxidized in the presence of nitro aromatic compounds and
flavins. In the presence of a nitro compound such as 402, the
heteroatom-substituted enol XCIX is transformed to the
activated acyl compound C. In the presence of an alcohol,
acylation occurs leading to the formation of the esters in
moderate yields (Scheme 130).1°!

Although this NHC-catalyzed oxidation is a unique
method for the oxidation of an aldehyde, it produces large
quantities of by-products derived from the nitroaniline 402.

www.angewandte.org

NHC 388 with a-halo and a,B-epoxy aldehydes leads to the
formation of the ester products in good yield [Egs. (1) and (2)
in Scheme 131].1"/ In these cases, the oxidation is effected by
displacement of the a substituent with concomitant formation
of an enolate. Proton transfer then generates an active
acylating agent that reacts with an alcohol to yield the
product. In the case of substituted o,B-epoxy aldehydes, high
levels of diastereoselectivity are obtained in the formation of
the anti-pB-hydroxy ester. When o,a-dichloroaldehydes such as
407 are employed, high levels of enantioselectivity are seen in
the formation of the a-chloro ester 408 with triazolium
catalyst 384 [Eq. (3) in Scheme 131].1#

0 20 mol % 389 /\)OI\
—_—
Ph%” NEt, MeOH " OMe (1)
i Br toluene, 23°C
[Eq. (2) in 108 404
78% yield
O  10mol % 388 OH O
g8, o X, @
Ph H ' /Pr,NEt, BnOH H n
Me CH,Cl,, 23°C e
405 406
89% vield
anti/syn >10:1
o  10mol % 384 o]
. 3)
Ph/CXILH KH, [18]crown-6 ' " OMe
PhOH, toluene cl
407 23°C 408
79% yield
er. 96.5:3.5

Scheme 131. NHC-catalyzed aldehyde oxidations.
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The high reactivity of heteroatom-substituted enol inter-
mediates in these NHC catalyzed reactions is not limited to a
d! umpolung. When a,f-unsaturated aldehydes are employed
as substrates, the nucleophilic reactivity of the latent enamine
can be transferred through the conjugated system to give CI,
thereby generating a new form of d* umpolung activity. The
research groups of Bode and Glorius have shown that a wide
variety of aldehydes and o,fB-unsaturated aldehydes react
under NHC catalysis to give the substituted lactones in good
yields and diastereoselectivities (Scheme 132).**! Imines and
trifluoromethyl ketones have also been shown to undergo this
reaction.[*"! The use of chiral triazolium ions as catalysts for
this reaction gave low levels of enantioselectivity.

. CHO - — o
PR
8 % IMes-HCI OH  Mes
+ . N 0
X —_—
cho THF/@uoH | 71 J Ph
DBU, 23°C N C
Mes sH,Br
Br - cl N 409
79% vield
syn/anti 4:1
/\/CHO [ 7 o)
PR 5 % IMes-HCI OH  Mes
+ X N —
o KOtBu, THF F’hw W Lfo
Py 23°C " N Ph Ph”lCF3
es
Ph” “CF, L ]
cl 410
84% yield
syn/anti 2:1

Scheme 132. NHC-catalyzed lactone and lactam formations.

Additional forms of reactivity can be coaxed from highly
reactive Lewis base adducts such as CI under the appropriate
reaction conditions. Both Bode and Sohn as well as Scheidt
and Cahn have shown that changes in the amine base and
structure of the alcohol leads to the formation of esters
(Scheme 133).1 Under these conditions, protonation of the
intermediate CI again leads to the formation of an enol CII
which can be trapped by an alcohol to form an ester. Bode and
co-workers have also shown that this enol intermediate can be
trapped by electrophiles.”*” If a sulfonylimine is added to the
reaction mixture in place of a proton donor, the potential for
the intermediate CIII to form is present. A subsequent Diels—
Alder reaction through an endo transition structure leads to
formation of the observed product 412. High yields as well as
high diastereo- and enantioselectivities can be obtained using
the chiral triazolium catalyst 385.

H
9
pp~X-CHO 10% 387 )\)\/ — /\)OL
phenol Ph OFt
(2 equiv) )
EtOH, DBU 72% yield
toluene
- CO,Et o
OHC™ 2 159, 385 y
* _N _» PhO,SN CO,Et
10% PrEN | 0 — x
NSO,Ph b iPr) A= P -
= toluene/THF
A Prooasc cim ) 412
411 90% vield / e.r. >99:1

Scheme 133. NHC-catalyzed oxidation and formal cycloaddition.
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Much as in the case of the n—m* phosphane-catalyzed
reactions discussed in Section 4.3.1, control over the relative
rate of the proton transfer in these systems opens up new
synthetic possibilities. Fu and co-workers recently demon-
strated a new form of d® umpolung activity mediated by
NHCs."*! When a,B-unsaturated esters with pendant alkyl
halides were mixed with imidazolium carbenes under basic
conditions, five- and six- membered ring exomethylene
compounds were obtained (Scheme 134). The authors pro-
pose a mechanism which begins with the conjugate addition of
the NHC to 413. The intermediate enolate CIV then under-
goes intramolecular proton transfer to generate the ylide CV.
Nucleophilic attack then closes the ring and elimination of
390 generates the observed product 414.

Ph Ph
CO,Et *N + ‘
7 10%a%0 ArN _NAr ArN COQEt
— 4>
K,PO, CO, Et CO,Et
Br glyme
80 °C 414
413 94% yield

Scheme 134. NHC-catalyzed carbocyclizations through ylides.

10. Lewis Base Catalysis: Quo Vadis?

The continuing quest for more efficient and selective
catalytic processes calls for the development of reactions that
operate with greater atom economy, under milder reaction
conditions, and without highly sensitive and often toxic
reagents. The chemical literature is replete with studies that
focus on modifying or adapting existing methods to fulfill
these demanding criteria. However, in our view, a more
central focus must be the development of fundamentally new
mechanisms for catalysis. Beyond the search for solutions to
the inherent problems of existing methods of catalysis, the
discovery and invention of fundamentally new avenues
constitutes an attractive solution. The primary objective of
this Review is to provide a conceptual foundation for new
opportunities presented by recognizing the unique character-
istics of Lewis base catalysis. A secondary objective is to
illustrate how these characteristics have already been man-
ifest in ways that have not been fully recognized with the hope
that additional insights will emerge.

The fact that still in 2007, G. N. Lewis’s landmark insights
continue to stimulate those in search of new avenues of
chemical reactivity and new opportunities for inventing
catalytic processes is fitting testimony to the enduring
legacy of this giant of research.**) Through careful analysis
of the chemical consequences of donor—acceptor interactions,
it can be seen that Lewis base catalysis, either through n—m*,
n—-o*, or n-n* interactions is a much more pervasive
phenomenon than commonly thought. In contrast to the
more familiar paradigm of Lewis acid catalysis, Lewis base
catalysis can provide enhancements in nucleophilic and/or
electrophilic character. This versatility has made it applicable
to a wider range of reactions, from simple esterifications to
carbonylations, and even a variety of cycloadditions.
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Future applications of this novel form of catalysis are
clearly promising. Considering the different ways in which
electron-pair donors can enhance chemical reactivity through
various mechanisms, the opportunities for invention seem
limitless. Most importantly, the unifying ideas that form the
basis for Lewis’s theory of donor-acceptor interactions
provide a foundation for the development of catalytic
processes for chemical transformations heretofore inaccessi-
ble in the current paradigms. Chemical catalysis is indeed a
perpetual frontier.[*>!

We are grateful to the National Science Foundation (NSF
CHE-0414440 and CHE-0717989) for generous financial
support. We also thank Dr. Robert A. Stavenger for his help
with earlier versions of this Review.

Received: December 7, 2006
Published online: January 31, 2008

[1] G. N. Lewis, Valence and The Structure of Atoms and Molecules,
Chemical Catalog, New York, 1923.

[2] For an excellent historical account of the evolution of acid-base
theories, see a) W. B. Jensen, The Lewis Acid-Base Concepts,
Wiley-Interscience, New York, 1980; b) W. B. Jensen, Chem.
Rev. 1978, 78, 1.

[3] In 1923 Lewis stated that “... with complete generality we may
say that a basic substance is one which has a lone pair of
electrons which may be used to complete the stable group of
another atom and that an acid substance is one which can
employ a lone pair from another molecule in completing the
stable group of one of its own atoms. In other words, the basic
substance furnishes a pair of electrons for a chemical bond; the
acid substance accepts such a pair.” G. N. Lewis, Valence and
The Structure of Atoms and Molecules, Chemical Catalog, New
York, 1923, pp. 141-142.

[4] When translated into the idiom of molecular orbital theory, the
Lewis definition makes the following statement about chemical
reactions; “A base is a species which employs a doubly
occupied orbital in initiating a reaction. An acid is a species
which employs an empty orbital in initiating a reaction.” W. B.
Jensen, Chem. Rev. 1978, 78, 1.

[5] a) F. Hewitt, A. K. Holliday, J. Chem. Soc. 1953, 530; b) D. C.
Mente, J. L. Mills, Inorg. Chem. 1975, 14, 1862.

[6] D.J. Berrisford, C. Bolm, K. B. Sharpless, Angew. Chem. 1995,
107, 1159; Angew. Chem. Int. Ed. Engl. 1995, 34, 1059.

[7] a) D. Seebach, A. K. Beck, A. Studer, Mod. Synth. Methods
1995, 7,1, b) D. Seebach, A. K. Beck, A. Heckel, Angew. Chem.
2001, 713, 96; Angew. Chem. Int. Ed. 2001, 40, 92.

[8] D.B. Collum, Acc. Chem. Res. 1992, 25, 448.

[9] a) Lanthanides: Chemistry and Use in Organic Synthesis (Ed.:
S. Kobayashi) Springer, New York, 1999; b) M. Shabangi, J. M.
Sealy, J. R. Fuchs, R. A. Flowers, Tetrahedron Lett. 1998, 39,
4429.

[10] W. Tang, X. Zhang, Chem. Rev. 2003, 103, 3029.

[11] H. Brunner, W. Zettlmeyer, Handbook of Enantioselective
Catalysts, Wiley-VCH, Weinheim, 1993.

[12] V. Farina, B. Krishnan, J. Am. Chem. Soc. 1991, 113, 9585.

[13] a) P. W.N. M. van Leeuwen, P. C.J. Kamer, J. N. H. Reek, P.
Dierkes, Chem. Rev. 2000, 100, 2741; b) C. A. Tolman, Chem.
Rev. 1977, 77, 313.

[14] H. Takahashi, T. Kawakita, M. Ohno, M. Yoshioka, S.
Kobayashi, Tetrahedron 1992, 48, 5691.

[15] M. Santelli, J. M. Pons, Lewis Acids and Selectivity in Organic
Synthesis, CRC Press, Boca Raton, FL, 1996.

www.angewandte.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

S. E. Denmark and G. L. Beutner

[16] Lewis Acids in Organic Synthesis (Ed.: H. Yamamoto) Wiley-
VCH, Weinheim, 2000.

[17] For a number of different definitions of catalysts, see
a) IUPAC: http://www.chem.qmul.ac.uk/iupac/gtpoc/CaCl.
html#15; b) R. Noyori, Asymmetric Catalysis in Organic Syn-
thesis, Wiley-Interscience, 1994, p. 4; c¢) H. Kagan in Compre-
hensive Asymmetric Catalysis, Vol. I (Eds.: E. N. Jacobsen, A.
Pfaltz, H. Yamamoto), Springer, Heidelberg, 1999, pp. 9-10;
d) B. C. Gates, Catalytic Chemistry, Wiley, New York, 1992,
p. 2; e) G. Parshall, Homogeneous Catalysis, Wiley, New York,
1980, p. 17; f) one of the clearest definitions of a catalyst is “a
species that appears in the rate equation, but not the balance
equation of a given reaction.” The authors thank Prof. Peter
Beak, University of Illinois for making this suggestion.

[18] Although solvent effects are not normally characterized as
“catalytic”, no definition of catalysis rule them out as being
considered as such. Of course, all measures of catalytic
efficiency (TOF, TON) are lost.

[19] W. Linert in Facets of Coordination Chemistry (Eds.: B. V.
Agarwala, K. N. Munshi) World Scientific, Singapore, 1993,
chap. 7, p. 81.

[20] For example, the interaction of m-type Lewis bases with Lewis
acids is a well known phenomenon. Although the m—cation
interaction provides exciting new possibilities for the develop-
ment of catalytic processes, its applications in organic synthesis
remain rare: a) J. C. Ma, D. A. Dougherty, Chem. Rev. 1997, 97,
1303; b) A. McCurdy, L. Jimenez, D. A. Stauffer, D. A.
Dougherty, J. Am. Chem. Soc. 1992, 114, 10314.

[21] For clarification of this terminology see Section 3.2.1.

[22] a) S. France, D. J. Guerin, S.J. Miller, T. Lectka, Chem. Rev.
2003, 103, 2985; b) G. C. Fu, Acc. Chem. Res. 2000, 33, 412;
¢) G.G. Furin, O.A. Vyazankina, B. A. Gostevsky, N.S.
Vyazankin, Tetrahedron 1988, 44, 2675.

[23] a) J. I. Musher, Angew. Chem. 1969, 81, 68; Angew. Chem. Int.
Ed. Engl. 1969, 8, 54; b) O. J. Curnow, J. Chem. Educ. 1998, 75,
910.

[24] a) V. Gutmann, The Donor-Acceptor Approach to Molecular
Interactions, Plenum, New York, 1978; b) V. Gutmann, Coord.
Chem. Rev. 1975, 15, 207.

[25] a) W. B. Jensen, The Lewis Acid-Base Concepts, Wiley-Inter-
science, New York, 1980, pp. 135-142; b) V. Gutmann, The
Donor-Acceptor Approach to Molecular Interactions, Plenum,
New York, 1978, chap. 1.

[26] Gutmann supported his analysis with SCF calculations on
adducts of relatively simple species (water-chlorine, formalde-
hyde-chlorine, water-fluorine) which are of both lower quality
than modern calculations and on less relevant species.

[27] For a recent analysis of this phenomenon, see F. Bessac, G.
Frenking, Inorg. Chem. 2003, 42, 7990.

[28] a) T. Brinck, J. S. Murray, P. Politzer, Inorg. Chem. 1993, 32,
2622; b) H. Hirao, K. Omoto, H. Fujimoto, J. Phys. Chem. A
1999, 103, 5807; c) V. Jonas, G. Frenking, M. T. Reetz, J. Am.
Chem. Soc. 1994, 116, 8741.

[29] The earlier calculations in Ref. [28a] were repeated at a higher
level of theory to produce the comparison values quoted. These
additional calculations were kindly provided by Prof. Peter
Politzer, University of New Orleans, to whom we are grateful.

[30] a) A.Y. Timoshkin, A. V. Suvorov, H. F. Shaefer III, Russ. J.
Gen. Chem. 1999, 69, 1204; b) A. Ogawa, H. Fujimoto, Inorg.
Chem. 2002, 41, 4888.

[31] a) M. S. Gordon, M. T. Carroll, L. P. Davis, L. W. Burggraf, J.
Phys. Chem. 1990, 94, 8125; b) M. S. Gordon, private commu-
nication.

[32] Although, not highly relevant from the perspective of synthesis,
the powerful Lewis acidity of beryllium dichloride has recently
been the subject of both experimental and computational study.
The surprising residual Lewis acidity in BeCl;~ has been

Angew. Chem. Int. Ed. 2008, 47, 1560—1638


http://dx.doi.org/10.1021/cr60311a002
http://dx.doi.org/10.1021/cr60311a002
http://dx.doi.org/10.1021/cr60311a002
http://dx.doi.org/10.1039/jr9530000530
http://dx.doi.org/10.1021/ic50150a026
http://dx.doi.org/10.1002/ange.19951071004
http://dx.doi.org/10.1002/ange.19951071004
http://dx.doi.org/10.1002/anie.199510591
http://dx.doi.org/10.1002/1521-3757(20010105)113:1%3C96::AID-ANGE96%3E3.0.CO;2-B
http://dx.doi.org/10.1002/1521-3757(20010105)113:1%3C96::AID-ANGE96%3E3.0.CO;2-B
http://dx.doi.org/10.1002/1521-3773(20010105)40:1%3C92::AID-ANIE92%3E3.0.CO;2-K
http://dx.doi.org/10.1021/ar00022a003
http://dx.doi.org/10.1016/S0040-4039(98)00839-9
http://dx.doi.org/10.1016/S0040-4039(98)00839-9
http://dx.doi.org/10.1021/cr020049i
http://dx.doi.org/10.1021/ja00025a025
http://dx.doi.org/10.1021/cr60307a002
http://dx.doi.org/10.1021/cr60307a002
http://dx.doi.org/10.1021/cr9603744
http://dx.doi.org/10.1021/cr9603744
http://dx.doi.org/10.1021/ja00052a031
http://dx.doi.org/10.1021/cr020061a
http://dx.doi.org/10.1021/cr020061a
http://dx.doi.org/10.1021/ar990077w
http://dx.doi.org/10.1016/S0040-4020(88)90008-7
http://dx.doi.org/10.1002/ange.19690810204
http://dx.doi.org/10.1002/anie.196900541
http://dx.doi.org/10.1002/anie.196900541
http://dx.doi.org/10.1016/S0010-8545(00)80274-X
http://dx.doi.org/10.1016/S0010-8545(00)80274-X
http://dx.doi.org/10.1021/ic034141o
http://dx.doi.org/10.1021/ic00064a008
http://dx.doi.org/10.1021/ic00064a008
http://dx.doi.org/10.1021/jp9908303
http://dx.doi.org/10.1021/jp9908303
http://dx.doi.org/10.1021/ja00098a037
http://dx.doi.org/10.1021/ja00098a037
http://dx.doi.org/10.1021/ic020268m
http://dx.doi.org/10.1021/ic020268m
http://dx.doi.org/10.1021/j100384a027
http://dx.doi.org/10.1021/j100384a027
http://www.angewandte.org

Lewis Base Catalysis

demonstrated in the isolation and characterization of (Ph,P)-
[BeCl;(Py)] and (Ph,P),[(BeCly),(tmeda)] (Py=pyridine) by
Dehnicke along with the computational analysis of the pyridine
and ammonia complexes of BeCl;~ by Frenking: a) B. Neu-
miiller, K. Dehnicke, Z. Anorg. Allg. Chem. 2003, 629, 2529;
b) S. Metz, M. C. Holthausen, G. Frenking, Z. Anorg. Allg.
Chem. 2006, 632, 814.

[33] H. Kwart, K. G. King, d-Orbitals in the Chemistry of Silicon,
Phosphorus and Sulfur, Berlin, Springer, 1977, chap. SE.

[34] S.N. Tandura, M. G. Voronkov, N. V. Alekseev, Top. Curr.
Chem. 1986, 131, 99.

[35] a) R.J. P. Corriu, J. Organomet. Chem. 1990, 400, 81; b) C.
Chuit, R. J. P. Corriu, C. Reye, J. C. Young, Chem. Rev. 1993, 93,
1371; ¢) R. R. Holmes, Chem. Rev. 1996, 96, 927.

[36] D. Schomburg, R. Krebs, Inorg. Chem. 1984, 23, 1378.

[37] a) S. Trippett, Phosphorus Sulfur Relat. Elem. 1976, 1, 89; b) S.
Matsukawa, K. Kajiyama, S. Kojima, S.-y. Furuta, Y. Yama-
moto, K.-y. Akiba, Angew. Chem. 2002, 114, 4912; Angew.
Chem. Int. Ed. 2002, 41, 4718.

[38] “Qualitative Valence-Bond Descriptions of Electron-Rich
Molecules: Pauling ‘3-Electron Bonds’ and ‘Increased-Valence’
Theory”: R. D. Harcourt in Lecture Notes in Chemistry, Vol. 30
(Eds.: G. Berthier, M. J. S. Dewar, H. Fischer, K. Fukui, G. G.
Hall, H. Hartmann, H. H. Jaffe, J. Jortner, W. Kutzelnigg, K.
Ruedenberg, E. Scrocco), Springer, Berlin, 1982, chap. 2, p. 15.

[39] A.J. Pearson, Iron Compounds in Organic Synthesis in Best
Synthetic Methods, Academic Press, London, 1994, chap. 1, p. 1.

[40] D. Enders, T. Balensiefer, Acc. Chem. Res. 2004, 37, 534.

[41] C. Reichardt, Solvents and Solvent Effects in Organic Chemis-
try, Wiley-VCH, Weinheim, 1988, chap. 3, p. 51.

[42] a) “Organic Chemistry: A Series of Monographs”: R. Stewart,
The Proton: Applications to Organic Chemistry, Vol. 46,
Academic Press, Orlando, 1985; b)H. Reich, http:/
www.chem.wisc.edu/areas/reich/pkatable/.

[43] Some have pointed out the redundant nature of separate
definitions for Brgnsted bases and Lewis bases since all Lewis
bases can be viewed as proton acceptors.

[44] V. Gutmann, A. Steininger, E. Wychera, Monatsh. Chem. 1966,
97, 460.

[45] P. C. Maria, J. F. Gal, J. Phys. Chem. 1985, 89, 1296.

[46] a) R. S. Drago, Coord. Chem. Rev. 1980, 33,251;b) R. S. Drago,
Pure Appl. Chem. 1980, 52, 2261.

[47] A.P. Marks, R. S. Drago, Inorg. Chem. 1976, 15, 1800.

[48] A.R. Bassindale, T. Stout, Tetrahedron Lett. 1985, 26, 3403.

[49] J. W. Larson, T. B. McMahon, J. Am. Chem. Soc. 1985, 107, 766.

[50] Most of the scales in Table 2 are thermodynamic properties.
The kinetic manifestation of Lewis basicity (nucleophilicity) is
much more complex and represents a major chapter in the
history of physical organic chemistry; see a) Nucleophilicity
(Eds.: J.M. Harris, S.P. McManus) American Chemical
Society, Washington, DC, 1987; b) C. G. Swain, C. B. Scott, J.
Am. Chem. Soc. 1953, 75, 141.

[51] A. Einhorn, F. Hollandt, Justus Liebigs Ann. Chem. 1898, 301,
95.

[52] L. M. Litvinenko, A.I. Kirichenko, Dokl. Akad. Nauk. SSSR
Ser. Chem. 1967, 176, 197.

[53] a) E. F. V. Scriven, Chem. Soc. Rev. 1983, 12, 129; b) G. Holfe,
W. Steglich, H. Vorbriiggen, Angew. Chem. 1978, 90, 602;
Angew. Chem. Int. Ed. Engl. 1978, 17, 569; c) G. Hofle, W.
Steglich, Synthesis 1972, 619; d) W. Steglich, G. Holfe, Tetrahe-
dron Lett. 1970, 11, 4727; ¢) W. Steglich, G. Holfe, Angew.
Chem. 1969, 81, 1001; Angew. Chem. Int. Ed. Engl. 1969, 8, 981.

[54] M. R. Heinrich, H. S. Klisa, H. Mayr, W. Steglich, H. Zipse,
Angew. Chem. 2003, 115,4975; Angew. Chem. Int. Ed. 2003, 42,
4826.

[55] a) C. B. Fischer, S. Xu, H. Zipse, Chem. Eur. J. 2006, 12, 5779;
b) S. Xu, I. Held, B. Kempf, H. Mayr, W. Steglich, H. Zipse,

Angew. Chem. Int. Ed. 2008, 47, 1560-1638

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte

Chem. Eur. J. 2005, 11, 4751; c) 1. Held, A. Villinger, H. Zipse,
Synthesis 2005, 1425; d) A. C. Spivey, S. Arseniyadis, Angew.
Chem. 2004, 116, 5552; Angew. Chem. Int. Ed. 2004, 43, 5436;
e) A. R. Fersht, W. P. Jencks, J. Am. Chem. Soc. 1970, 92, 5442
f) A. R. Fersht, W. P. Jencks, J. Am. Chem. Soc. 1970, 92, 5432;
g) A. R. Butler, V, Gold, J. Chem. Soc. 1961, 4362; h) W. v. E.
Doering, W. E. McEwen, J. Am. Chem. Soc. 1951, 73, 2104.

[56] a) E. Kattnig, M. Albert, Org. Lett. 2004, 6, 945; b) T.
Kurahashi, T. Mizutani, J.-i. Yoshida, J. Chem. Soc. Perkin
Trans. 1 1999, 465.

[57] a) S. Arai, S. Bellemin-Laponnaz, G.C. Fu, Angew. Chem.
2001, 713, 240; Angew. Chem. Int. Ed. 2001, 40, 234; b) S.
Bellemin-Laponnaz, J. Tweddell, J. C. Ruble, F. M. Breitling,
G. C. Fu, Chem. Commun. 2000, 1009; ¢) Y. Ie, G. C. Fu, Chem.
Commun. 2000, 119; d) J. C. Ruble, J. Tweddell, G. C. Fu, J.
Org. Chem. 1998, 63,2794; ¢) J. C. Ruble, H. A. Latham, G. C.
Fu, J. Am. Chem. Soc. 1997, 119, 1492; f) J. C. Ruble, G. C. Fu,
J. Org. Chem. 1996, 61, 7230.

[58] a) T. Kawabata, R. Stragies, T. Fukaya, Y. Nagaoka, H. Schedel,
K. Fuji, Tetrahedron Lett. 2003, 44, 1545; b) T. Kawabata, R.
Stragies, T. Fukaya, K. Fuji, Chirality 2003, 15, 71; c)T.
Kawabata, K. Yamamoto, Y. Momose, H. Yoshida, Y. Nagaoka,
K. Fuji, Chem. Commun. 2001, 2700; d) T. Kawabata, M.
Nagato, K. Takasu, K. Fuji, J. Am. Chem. Soc. 1997, 119, 3169.

[59] a) A. C. Spivey, S. Arseniyadis, T. Fekner, A. Maddaford, D. P.
Leese, Tetrahedron 2006, 62,295;b) A. C. Spivey, D. P. Leese, F.
Zhu, S. G. Davey, R. L. Jarvest, Tetrahedron 2004, 60, 4513;
c) A.C. Spivey, F. Zhu, M. B. Mitchell, S. G. Davey, R. L.
Jarvest, J. Org. Chem. 2003, 68, 7379; d) A.C. Spivey, A.
Maddaford, D. P. Leese, A.J. Redgrave, J. Chem. Soc. Perkin
Trans. 1 2001, 1785; ¢) A. C. Spivey, A. Maddaford, T. Fekner,
A.J. Redgrave, C. S. Frampton, J. Chem. Soc. Perkin Trans. 1
2000, 3460.

[60] a) V. B. Birman, H. Jiang, X. Li, L. Guo, E. W. Uffman, J. Am.
Chem. Soc. 2006, 128, 6536; b) V. B. Birman, X. Li, Org. Lett.
2006, 8, 1351; c¢) V. B. Birman, X. Li, H. Jiang, E. W. Uffman,
Tetrahedron 2006, 62, 285; d) V. B. Birman, H. Jiang, Org. Lett.
2005, 7, 3445; ) V. B. Birman, E. W. Uffman, H. Jiang, X. Li,
C.J. Kilbane, J. Am. Chem. Soc. 2004, 126, 12226.

[61] a) S.J. Miller, Acc. Chem. Res. 2004, 37, 601; b) M. C. Angione,
S. J. Miller, Tetrahedron 2006, 62, 5254; c) C. A. Lewis, B. R.
Sculimbrene, Y. Xu, S.J. Miller, Org. Lett. 2005, 7, 3021;
d) M. B. Fierman, D. J. O’Leary, W. E. Steinmetz, S. J. Miller, J.
Am. Chem. Soc. 2004, 126, 6967; ¢) E. R. Jarvo, M. M. Vas-
binder, S. J. Miller, Tetrahedron 2000, 56, 9773; f) E. R. Jarvo,
G.T. Copeland, N. Papaioannou, P.J. Bonitatebus, Jr., S.J.
Miller, J. Am. Chem. Soc. 1999, 121, 11638.

[62] H. Wack, W.J. Drury III, A. E. Taggi, D. Ferraris, T. Lectka,
Org. Lett. 1999, 1, 1985.

[63] a) T. Kano, K. Sasaki, K. Maruoka, Org. Lett. 2005, 7, 1347,
b) R. Singh, R. M. Kissling, M.-A. Letellier, S. P. Nolan, J. Org.
Chem. 2004, 69, 209; c) G. A. Grasa, T. Giiveli, R. Singh, S. P.
Nolan, J. Org. Chem. 2003, 68, 2812; d) G. A. Grasa, R. M.
Kissling, S. P. Nolan, Org. Lett. 2002, 4, 3583.

[64] a)J. A. MacKay, E. Vedejs, J. Org. Chem. 2006, 71,498, b) J. A.
MacKay, E. Vedejs, J. Org. Chem. 2004, 69, 6934; c) E. Vedejs,
O. Daugulis, N. Tuttle, J. Org. Chem. 2004, 69, 1389; d) E.
Vedejs, O. Daugulis, L. A. Harper, J. A. MacKay, D. R. Powell,
J. Org. Chem. 2003, 68, 5020; e) E. Vedejs, O. Daugulis, J. Am.
Chem. Soc. 2003, 125, 4166; f) E. Vedejs, O. Daugulis, J. A.
MacKay, E. Rozners, Synlett 2001, 1499; g) E. Vedejs, O.
Daugulis, /. Am. Chem. Soc. 1999, 121, 5813; h) E. Vedejs, O.
Daugulis, S. T. Diver, J. Org. Chem. 1996, 61, 430; i) E. Vedejs,
N. S. Bennett, L. M. Conn, S. T. Diver, M. Gingras, S. Lin, P. A.
Oliver, M. J. Peterson, J. Org. Chem. 1993, 58, 7286.

[65] E. Vedejs, S. T. Diver, J. Am. Chem. Soc. 1993, 115, 3358.

www.angewandte.org

Chemie

1627


http://dx.doi.org/10.1002/zaac.200300295
http://dx.doi.org/10.1002/zaac.200500438
http://dx.doi.org/10.1002/zaac.200500438
http://dx.doi.org/10.1016/0022-328X(90)83007-7
http://dx.doi.org/10.1021/cr00020a003
http://dx.doi.org/10.1021/cr00020a003
http://dx.doi.org/10.1021/cr950243n
http://dx.doi.org/10.1021/ic00178a016
http://dx.doi.org/10.1080/03086647608070718
http://dx.doi.org/10.1002/ange.200290026
http://dx.doi.org/10.1002/anie.200290027
http://dx.doi.org/10.1002/anie.200290027
http://dx.doi.org/10.1021/ar030050j
http://dx.doi.org/10.1021/j100253a048
http://dx.doi.org/10.1016/S0010-8545(00)80456-7
http://dx.doi.org/10.1351/pac198052102261
http://dx.doi.org/10.1021/ic50162a013
http://dx.doi.org/10.1016/S0040-4039(00)98309-6
http://dx.doi.org/10.1021/ja00290a005
http://dx.doi.org/10.1021/ja01097a041
http://dx.doi.org/10.1021/ja01097a041
http://dx.doi.org/10.1002/jlac.18983010111
http://dx.doi.org/10.1002/jlac.18983010111
http://dx.doi.org/10.1039/cs9831200129
http://dx.doi.org/10.1016/S0040-4039(00)89379-X
http://dx.doi.org/10.1016/S0040-4039(00)89379-X
http://dx.doi.org/10.1002/ange.19690812313
http://dx.doi.org/10.1002/ange.19690812313
http://dx.doi.org/10.1002/anie.196909811
http://dx.doi.org/10.1002/ange.200352289
http://dx.doi.org/10.1002/anie.200352289
http://dx.doi.org/10.1002/anie.200352289
http://dx.doi.org/10.1002/chem.200600280
http://dx.doi.org/10.1002/chem.200500398
http://dx.doi.org/10.1002/ange.200460373
http://dx.doi.org/10.1002/ange.200460373
http://dx.doi.org/10.1002/anie.200460373
http://dx.doi.org/10.1021/ja00721a024
http://dx.doi.org/10.1021/ja00721a023
http://dx.doi.org/10.1039/jr9610004362
http://dx.doi.org/10.1021/ja01149a058
http://dx.doi.org/10.1021/ol0364935
http://dx.doi.org/10.1039/a808798i
http://dx.doi.org/10.1039/a808798i
http://dx.doi.org/10.1002/1521-3757(20010105)113:1%3C240::AID-ANGE240%3E3.0.CO;2-E
http://dx.doi.org/10.1002/1521-3757(20010105)113:1%3C240::AID-ANGE240%3E3.0.CO;2-E
http://dx.doi.org/10.1002/1521-3773(20010105)40:1%3C234::AID-ANIE234%3E3.0.CO;2-K
http://dx.doi.org/10.1039/b002041i
http://dx.doi.org/10.1039/a908625k
http://dx.doi.org/10.1039/a908625k
http://dx.doi.org/10.1021/jo980183w
http://dx.doi.org/10.1021/jo980183w
http://dx.doi.org/10.1021/ja963835b
http://dx.doi.org/10.1021/jo961433g
http://dx.doi.org/10.1016/S0040-4039(03)00021-2
http://dx.doi.org/10.1002/chir.10166
http://dx.doi.org/10.1039/b108753c
http://dx.doi.org/10.1021/ja963275g
http://dx.doi.org/10.1016/j.tet.2005.08.124
http://dx.doi.org/10.1016/j.tet.2004.01.098
http://dx.doi.org/10.1021/jo034603f
http://dx.doi.org/10.1039/b103385a
http://dx.doi.org/10.1039/b103385a
http://dx.doi.org/10.1039/b004704j
http://dx.doi.org/10.1039/b004704j
http://dx.doi.org/10.1021/ja061560m
http://dx.doi.org/10.1021/ja061560m
http://dx.doi.org/10.1021/ol060065s
http://dx.doi.org/10.1021/ol060065s
http://dx.doi.org/10.1016/j.tet.2005.08.119
http://dx.doi.org/10.1021/ol051063v
http://dx.doi.org/10.1021/ol051063v
http://dx.doi.org/10.1021/ja0491477
http://dx.doi.org/10.1021/ar030061c
http://dx.doi.org/10.1016/j.tet.2006.01.104
http://dx.doi.org/10.1021/ol051061a
http://dx.doi.org/10.1021/ja049661c
http://dx.doi.org/10.1021/ja049661c
http://dx.doi.org/10.1016/S0040-4020(00)00884-X
http://dx.doi.org/10.1021/ja9931776
http://dx.doi.org/10.1021/ol9903234
http://dx.doi.org/10.1021/ol050174r
http://dx.doi.org/10.1021/jo035431p
http://dx.doi.org/10.1021/jo035431p
http://dx.doi.org/10.1021/jo0267551
http://dx.doi.org/10.1021/ol0264760
http://dx.doi.org/10.1021/jo0519155
http://dx.doi.org/10.1021/jo049112p
http://dx.doi.org/10.1021/jo030279c
http://dx.doi.org/10.1021/jo030007+
http://dx.doi.org/10.1021/ja021224f
http://dx.doi.org/10.1021/ja021224f
http://dx.doi.org/10.1055/s-2001-17436
http://dx.doi.org/10.1021/ja990133o
http://dx.doi.org/10.1021/jo951661v
http://dx.doi.org/10.1021/jo00077a064
http://dx.doi.org/10.1021/ja00061a056
http://www.angewandte.org

Reviews

[66] a) R. A. Aitken, J. Gopal, J. A. Hirst, J. Chem. Soc. Chem.
Commun. 1988, 632; b) J. Hiratake, M. Inagaki, Y. Yamamoto,
J. Oda, J. Chem. Soc. Perkin Trans. 1 1987, 1053; c) J. Hiratake,
M. Inagaki, Y. Yamamoto, J. Oda, J. Chem. Soc. Chem.
Commun. 1985, 1717.

[67] Y. Chen, S.-K. Tian, L. Deng, J. Am. Chem. Soc. 2000, 122,9542.

[68] a) T. Oriyama, K. Imai, T. Sano, T. Hosoya, Tetrahedron Lett.
1998, 39, 3529; b) T. Oriyama, K. Imai, T. Hosoya, T. Sano,
Tetrahedron Lett. 1998, 39, 397.

[69] a) O. Coulembier, L. Mespouille, J. L. Hedrick, R. M. Way-
mouth, P. Dubois, Macromolecules 2006, 39, 4001; b)S.
Csihony, T. T. Beaudette, A. C. Sentman, G. W. Nyce, R. M.
Waymouth, J. L. Hedrick, Adv. Synth. Catal. 2004, 346, 1081;
¢) G. W. Nyce, T. Glauser, E.F. Connor, A. Mock, R. M.
Waymouth, J. L. Hedrick, J. Am. Chem. Soc. 2003, 125, 3046;
d) G. W. Nyce, J. A. Lamboy, E. F. Connor, R. M. Waymouth,
J. L. Hedrick, Org. Lett. 2002, 4, 3587; ¢) E. F. Connor, G. W.
Nyce, J. A. Lamboy, A. Mock, J. L. Hedrick, J. Am. Chem. Soc.
2002, 124, 914.

[70] a) J. C. Ruble, G. C. Fu, J. Am. Chem. Soc. 1998, 120, 11532;
b) J. Liang, J. C. Ruble, G. C. Fu, J. Org. Chem. 1998, 63, 3154;
see also: ¢) S. A. Shaw, P. Aleman, E. Vedejs, J. Am. Chem. Soc.
2003, 125, 13368.

[71] a) S. A. Shaw, P. Aleman, J. Christy, J. W. Kampf, P. Va, E.
Vedejs, J. Am. Chem. Soc. 2006, 128, 925; b) I. D. Hills, G. C.
Fu, Angew. Chem. 2003, 115, 4051; Angew. Chem. Int. Ed. 2003,
42, 3921.

[72] a) A.H. Mermerian, G. C. Fu, J. Am. Chem. Soc. 2005, 127,
5604; b) A. H. Mermerian, G. C. Fu, Angew. Chem. 2005, 117,
971; Angew. Chem. Int. Ed. 2005, 44, 949; c) A. H. Mermerian,
G. C. Fu, J. Am. Chem. Soc. 2003, 125, 4050.

[73] J. W. Evans, M. B. Fierman, S. J. Miller, J. A. Ellman, J. Am.
Chem. Soc. 2004, 126, 8134.

[74] a) B.R. Sculimbrene, Y. Xu, S.J. Miller, J. Am. Chem. Soc.
2004, 7126, 13182; b) B.R. Sculimbrene, A.J. Morgan, S.J.
Miller, J. Am. Chem. Soc. 2002, 124, 11653; c) B. R. Sculim-
brene, S. J. Miller, J. Am. Chem. Soc. 2001, 123, 10125.

[75] E. Bappert, P. Miiller, G. C. Fu, Chem. Commun. 2006, 2604.

[76] a) D. Berthiaume, D. Poirier, Tetrahedron 2000, 56, 5995; b) D.
Poirier, D. Berthiaume, R. P. Boivin, Synlett 1999, 1423.

[77] S.-K. Tian, L. Deng, J. Am. Chem. Soc. 2001, 123, 6195.

[78] a) T. T. Tidwell, Eur. J. Org. Chem. 2006, 563; b) R. K. Orr,
M. A. Calter, Tetrahedron 2003, 59, 3545; c) J. A. Hyatt, P. W.
Raynolds, Org. React. 1994, 45, 159; d) T. T. Tidwell, Ketenes,
2nd ed., Wiley, Hoboken, 2006.

[79] a) R. D. Larsen, E. G. Corley, P. Davis, P.J. Reider, E. J. I.
Grabowski, J. Am. Chem. Soc. 1989, 111,7650;b) H. R. Seikaly,
T. Tidwell, Tetrahedron 1986, 42, 2587.

[80] a) S. L. Wiskur, G. C. Fu, J. Am. Chem. Soc. 2005, 127, 6176;
b) C. Schaefer, G. C. Fu, Angew. Chem. 2005, 117, 4682; Angew.
Chem. Int. Ed. 2005, 44, 4606; c) B. L. Hodous, G. C. Fu, J. Am.
Chem. Soc. 2002, 124, 10006; d) C. E. Cannizzaro, T. Strassner,
K.N. Houk, J. Am. Chem. Soc. 2001, 123, 2668; ¢) B. L.
Hodous, J. C. Ruble. G. C. Fu, J. Am. Chem. Soc. 1999, 121,
2637; f) J. Andraos, A. J. Kresge, J. Am. Chem. Soc. 1992, 114,
5643.

[81] H. Wynberg in Topics in Stereochemistry, Vol. 16 (Eds.: E. L.
Eliel, N. L. Allinger), Wiley-Interscience, New York, 1986,
p- 87.

[82] a) V. Prelog, M. Wilhelm, Helv. Chim. Acta 1954, 37, 1634;
b) H. Pracejus, Justus Liebigs Ann. Chem. 1960, 634, 9; c) H.
Pracejus, Justus Liebigs Ann. Chem. 1960, 634, 23; d)D.
Borrmann, R. Wegler, Chem. Ber. 1966, 99, 1245; e)D.
Borrmann, R. Wegler, Chem. Ber. 1967, 100, 1575.

[83] a) H. Wynberg, E. G.J. Staring, J. Org. Chem. 1985, 50, 1977,
b) H. Wynberg, E. G. J. Staring, J. Am. Chem. Soc. 1982, 104,
166.

www.angewandte.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

S. E. Denmark and G. L. Beutner

[84] G. D. H. Dijkstra, R. M. Kellogg, H. Wynberg, J. S. Svendsen, 1.
Marko, K. B. Sharpless, J. Am. Chem. Soc. 1989, 111, 8069.

[85] a) S. France, A. Weatherwax, A.E. Taggi, T. Lectka, Acc.
Chem. Res. 2004, 37, 592; b) C. Palomo, J. M. Aizpurua, I.
Ganboa, M. Oiarbide, Eur. J. Org. Chem. 1999, 3223.

[86] a) E. C. Lee, B. L. Hodous, E. Bergin, C. Shih, G. C. Fu, J. Am.
Chem. Soc. 2005, 127, 11586; b) J. E. Wilson, G. C. Fu, Angew.
Chem. 2004, 116, 6518; Angew. Chem. Int. Ed. 2004, 43, 6358;
¢) B. L. Hodous, G. C. Fu, J. Am. Chem. Soc. 2002, 124, 1578;
d) G. S. Cortez, R. L. Tennyson, D. Romo, J. Am. Chem. Soc.
2001, 123, 7945.

[87] a) A. Weatherwax, C.J. Abraham, T. Lectka, Org. Lett. 2005, 7,
3461; b) A. E. Taggi, A.M. Hafez, H. Wack, B. Young, D.
Ferraris, T. Lectka, J. Am. Chem. Soc. 2002, 124, 6626; c) A. E.
Taggi, A. M. Hafez, H. Wack, B. Young, W.J. Drury III, T.
Lectka, J. Am. Chem. Soc. 2000, 122, 7831; d) R. Tennyson, D.
Romo, J. Org. Chem. 2000, 65, 7248.

[88] a) R. L. Funk, M. M. Abelman, K. M. Jellison, Synletr 1989, 36;
b) T. Mukaiyama, M. Usui, K. Saigo, Chem. Lett. 1976, 49.

[89] a) V. C. Purohit, R. D. Richardson, J. W. Smith, D. Romo, J.
Org. Chem. 2006, 71,4549;b) M. A. Calter, W. Song, J. Zhou, J.
Org. Chem. 2004, 69, 1270; c) M. A. Calter, R. K. Orr, W. Song,
Org. Lett. 2003, 5,4745;d) M. A. Calter, J. Org. Chem. 1996, 61,
8006.

[90] a) D. Bernstein, S. France, J. Wolfer, T. Lectka, Tetrahedron:
Asymmetry 2005, 16, 3481; b)S. France, D. Bernstein, A.
Weatherwax, T. Lectka, Org. Lett. 2005, 7, 3009; c) A. M.
Hafez, A. E. Taggi, H. Wack, J. Esterbrook, T. Lectka, Org.
Lett. 2001, 3,2049; d) H. Wack, A. E. Taggi, A. M. Hafez, W. J.
Drury III, T. Lectka, J. Am. Chem. Soc. 2001, 123, 1531.

[91] T. Bekele, M. H. Shah, J. Wolfer, C.J. Abraham, A. Weath-
erwax, T. Lectka, J. Am. Chem. Soc. 2006, 128, 1810.

[92] a) D. Basavaiah, A. J. Rao, T. Satyanarayana, Chem. Rev. 2003,
103, 811; b) E. Ciganek, Org. React. 1997, 51, 201; c)D.
Basavaiah, P. D. Rao, R. S. Hyma, Tetrahedron 1996, 52, 8001;
d) S. E. Drewes, G. H. P. Roos, Tetrahedron 1988, 44, 4653.

[93] a) J. D. McClure, J. Org. Chem. 1970, 35,3045; b) M. M. Baizer,
J. D. Anderson, J. Org. Chem. 1965, 30, 1357.

[94] a) Y.-M. Xu, M. Shi, J. Org. Chem. 2004, 69, 417; b) M. Shi, Y.-
M. Xu, G.-L. Zhao, X.-F. Wu, Eur. J. Org. Chem. 2002, 3666;
c) V.K. Aggarwal, A. Mereu, Chem. Commun. 1999, 2311;d) S.
Rafel, J. W. Leahy, J. Org. Chem. 1997, 62,1521; ¢) A. B. Baylis,
M. E. D. Hillman, Ger. Offen. 2,155,113, 1972; f) K.-I. Morita,
Z. Suzuki, H. Hirose, Bull. Chem. Soc. Jpn. 1968, 41, 2815.

[95] a) I. E. Marko, P. R. Giles, N. J. Hindley, Tetrahedron 1997, 53,
1015; b) T. Asano, W.J. Le Noble, Chem. Rev. 1978, 78, 407.

[96] M. E. Krafft, T. F. N. Haxell, K. A. Seibert, K. A. Abboud, J.
Am. Chem. Soc. 2006, 128, 4174.

[97] M. Shi, L.-H. Chen. C.-Q. Li, J. Am. Chem. Soc. 2005, 127, 3790.

[98] L.S. Santos, C. H. Pavam, W. P. Almeida, F. Coehlo, M. N.
Eberlin, Angew. Chem. 2004, 116, 4430; Angew. Chem. Int. Ed.
2004, 43, 4330.

[99] a) K. E. Price, S. J. Broadwater, B. J. Walker, D. T. McQuade, J.
Org. Chem. 2005, 70, 3980; b) K. E. Price, S.J. Broadwater,
H. M. Jung, D. T. McQuade, Org. Lett. 2005, 7, 147.

[100] a) P. Buskens, J. Klankermayer, W. Leitner, J. Am. Chem. Soc.
2005, 127, 16762; b) M. L. Bode, P. T. Kaye, Tetrahedron Lett.
1991, 32, 5611; ¢) J. S. Hill, N. S. Isaacs, J. Phys. Org. Chem.
1990, 3, 285.

[101] V. K. Aggarwal, S.Y. Fulford, G.C. Lloyd-Jones, Angew.
Chem. 2005, 117, 1734; Angew. Chem. Int. Ed. 2005, 44, 1706.

[102] a) V. K. Aggarwal, D. K. Dean, A. Mereu, R. Williams, J. Org.
Chem. 2002, 67,510;b) V. K. Aggarwal, A. Mereu, G. J. Tarver,
R. McCague, J. Org. Chem. 1998, 63, 7183; c) F. Ameer, S. E.
Drewes, S. Freese, P. T. Kaye, Synth. Commun. 1988, 18, 495.

[103] V. K. Aggarwal, I. Emme, S. Y. Fulford, J. Org. Chem. 2003, 68,
692.

Angew. Chem. Int. Ed. 2008, 47, 1560—1638


http://dx.doi.org/10.1039/c39880000632
http://dx.doi.org/10.1039/c39880000632
http://dx.doi.org/10.1039/p19870001053
http://dx.doi.org/10.1039/c39850001717
http://dx.doi.org/10.1039/c39850001717
http://dx.doi.org/10.1021/ja001765+
http://dx.doi.org/10.1016/S0040-4039(98)00523-1
http://dx.doi.org/10.1016/S0040-4039(98)00523-1
http://dx.doi.org/10.1016/S0040-4039(97)10558-5
http://dx.doi.org/10.1021/ma060552n
http://dx.doi.org/10.1002/adsc.200404097
http://dx.doi.org/10.1021/ja021084+
http://dx.doi.org/10.1021/ol0267228
http://dx.doi.org/10.1021/ja0173324
http://dx.doi.org/10.1021/ja0173324
http://dx.doi.org/10.1021/ja982890c
http://dx.doi.org/10.1021/jo9803380
http://dx.doi.org/10.1021/ja037223k
http://dx.doi.org/10.1021/ja037223k
http://dx.doi.org/10.1021/ja056150x
http://dx.doi.org/10.1002/ange.200351666
http://dx.doi.org/10.1002/anie.200351666
http://dx.doi.org/10.1002/anie.200351666
http://dx.doi.org/10.1021/ja043832w
http://dx.doi.org/10.1021/ja043832w
http://dx.doi.org/10.1002/ange.200461886
http://dx.doi.org/10.1002/ange.200461886
http://dx.doi.org/10.1002/anie.200461886
http://dx.doi.org/10.1021/ja028554k
http://dx.doi.org/10.1021/ja047845l
http://dx.doi.org/10.1021/ja047845l
http://dx.doi.org/10.1021/ja0466098
http://dx.doi.org/10.1021/ja0466098
http://dx.doi.org/10.1021/ja027402m
http://dx.doi.org/10.1021/ja016779+
http://dx.doi.org/10.1039/b603172b
http://dx.doi.org/10.1016/S0040-4020(00)00535-4
http://dx.doi.org/10.1055/s-1999-2859
http://dx.doi.org/10.1021/ja010690m
http://dx.doi.org/10.1002/ejoc.200500452
http://dx.doi.org/10.1016/S0040-4020(03)00491-5
http://dx.doi.org/10.1021/ja00201a075
http://dx.doi.org/10.1016/S0040-4020(01)90545-9
http://dx.doi.org/10.1021/ja0506152
http://dx.doi.org/10.1002/ange.200501434
http://dx.doi.org/10.1002/anie.200501434
http://dx.doi.org/10.1002/anie.200501434
http://dx.doi.org/10.1021/ja027466x
http://dx.doi.org/10.1021/ja027466x
http://dx.doi.org/10.1021/ja002576u
http://dx.doi.org/10.1021/ja984021t
http://dx.doi.org/10.1021/ja984021t
http://dx.doi.org/10.1021/ja00040a025
http://dx.doi.org/10.1021/ja00040a025
http://dx.doi.org/10.1002/hlca.19540370608
http://dx.doi.org/10.1002/jlac.19606340103
http://dx.doi.org/10.1002/jlac.19606340104
http://dx.doi.org/10.1002/cber.19660990427
http://dx.doi.org/10.1002/cber.19671000524
http://dx.doi.org/10.1021/jo00211a039
http://dx.doi.org/10.1021/ja00365a030
http://dx.doi.org/10.1021/ja00365a030
http://dx.doi.org/10.1021/ja00203a001
http://dx.doi.org/10.1021/ar030055g
http://dx.doi.org/10.1021/ar030055g
http://dx.doi.org/10.1002/(SICI)1099-0690(199912)1999:12%3C3223::AID-EJOC3223%3E3.0.CO;2-1
http://dx.doi.org/10.1021/ja052058p
http://dx.doi.org/10.1021/ja052058p
http://dx.doi.org/10.1002/ange.200460698
http://dx.doi.org/10.1002/ange.200460698
http://dx.doi.org/10.1002/anie.200460698
http://dx.doi.org/10.1021/ja012427r
http://dx.doi.org/10.1021/ja016134+
http://dx.doi.org/10.1021/ja016134+
http://dx.doi.org/10.1021/ol0511070
http://dx.doi.org/10.1021/ol0511070
http://dx.doi.org/10.1021/ja0258226
http://dx.doi.org/10.1021/ja001754g
http://dx.doi.org/10.1021/jo001010l
http://dx.doi.org/10.1246/cl.1976.49
http://dx.doi.org/10.1021/jo060392d
http://dx.doi.org/10.1021/jo060392d
http://dx.doi.org/10.1021/jo035668l
http://dx.doi.org/10.1021/jo035668l
http://dx.doi.org/10.1021/ol0359517
http://dx.doi.org/10.1021/jo961721c
http://dx.doi.org/10.1021/jo961721c
http://dx.doi.org/10.1016/j.tetasy.2005.09.014
http://dx.doi.org/10.1016/j.tetasy.2005.09.014
http://dx.doi.org/10.1021/ol050980y
http://dx.doi.org/10.1021/ol0160147
http://dx.doi.org/10.1021/ol0160147
http://dx.doi.org/10.1021/ja005791j
http://dx.doi.org/10.1021/ja058077g
http://dx.doi.org/10.1021/cr010043d
http://dx.doi.org/10.1021/cr010043d
http://dx.doi.org/10.1016/0040-4020(96)00154-8
http://dx.doi.org/10.1016/S0040-4020(01)86168-8
http://dx.doi.org/10.1021/jo00834a039
http://dx.doi.org/10.1021/jo01016a004
http://dx.doi.org/10.1021/jo035103p
http://dx.doi.org/10.1002/1099-0690(200211)2002:21%3C3666::AID-EJOC3666%3E3.0.CO;2-9
http://dx.doi.org/10.1039/a907754e
http://dx.doi.org/10.1021/jo961224w
http://dx.doi.org/10.1246/bcsj.41.2815
http://dx.doi.org/10.1016/S0040-4020(96)01001-0
http://dx.doi.org/10.1016/S0040-4020(96)01001-0
http://dx.doi.org/10.1021/cr60314a004
http://dx.doi.org/10.1021/ja057595o
http://dx.doi.org/10.1021/ja057595o
http://dx.doi.org/10.1021/ja0447255
http://dx.doi.org/10.1002/ange.200460059
http://dx.doi.org/10.1002/anie.200460059
http://dx.doi.org/10.1002/anie.200460059
http://dx.doi.org/10.1021/jo050202j
http://dx.doi.org/10.1021/jo050202j
http://dx.doi.org/10.1021/ol047739o
http://dx.doi.org/10.1021/ja0550024
http://dx.doi.org/10.1021/ja0550024
http://dx.doi.org/10.1016/0040-4039(91)80098-Q
http://dx.doi.org/10.1016/0040-4039(91)80098-Q
http://dx.doi.org/10.1002/poc.610030503
http://dx.doi.org/10.1002/poc.610030503
http://dx.doi.org/10.1002/ange.200462462
http://dx.doi.org/10.1002/ange.200462462
http://dx.doi.org/10.1002/anie.200462462
http://dx.doi.org/10.1021/jo016073y
http://dx.doi.org/10.1021/jo016073y
http://dx.doi.org/10.1021/jo980421n
http://dx.doi.org/10.1080/00397918808060742
http://dx.doi.org/10.1021/jo026671s
http://dx.doi.org/10.1021/jo026671s
http://www.angewandte.org

Lewis Base Catalysis

[104] a) M. Bailey, 1. E. Marké, W.D. Ollis, P.R. Rasmussen,
Tetrahedron Lett. 1990, 31, 4509; b) F. Ameer, S. E. Drewes,
S. Freese, P. T. Kaye, Synth. Commun. 1988, 18, 495.

[105] Y.-L. Shi, M. Shi, Tetrahedron 2006, 62, 461.

[106] C. A. Streuli, Anal. Chem. 1960, 32, 985.

[107] a) Y.-L. Shi, Y.-M. Xu, M. Shi, Adv. Synth. Catal. 2004, 346,
1220; b) M. Shi, G.-L. Zhao, Adv. Synth. Catal. 2004, 346, 1205.

[108] S.1. Pereira, J. Adrio, A. M. S. Silva, J. C. Carretero, J. Org.
Chem. 2005, 70, 10175.

[109] Y. Fort, M. C. Berthe, P. Caubere, Tetrahedron 1992, 48, 6371.

[110] a) W. D. Teng, R. Huang, C. K.-W. Kwong, M. Shi, P. H. Toy, J.
Org. Chem. 2006, 71,368;b) A. L. Luis, M. J. Krische, Synthesis
2004, 2579; c) L.-C. Wang, A. L. Luis, K. Agapiou, H.-Y. Jang,
M. J. Krische, J. Am. Chem. Soc. 2002, 124,2402; d) S. A. Frank,
D. J. Mergott, W. R. Roush, J. Am. Chem. Soc. 2002, 124, 2404;
e) P. M. Brown, N. Képpel, P. J. Murphy, Tetrahedron Lett. 2002,
43, 8707.

[111] a) J. L. Methot, W. R. Roush, Org. Lert. 2003, 5, 4223; b) K.
Agapiou, M.J. Krische, Org. Lett. 2003, 5, 1737; c)D.J.
Mergott, S. A. Frank, W. R. Roush, Org. Lett. 2002, 4, 3157.

[112] a) R. K. Thalji, W. R. Roush, J. Am. Chem. Soc. 2005, 127,
16778; b) M. Couturier, F. Menard, J. A. Ragan, M. Riou, E.
Dauphin, B. M. Andresen, A. Ghosh, K. Dupont-Gaudet, M.
Girardin, Org. Lett. 2004, 6, 1857.

[113] I. C. Stewart, R. G. Bergman, F. D. Toste, J. Am. Chem. Soc.
2003, 125, 8696.

[114] N. T. McDougal, S. E. Schaus, Angew. Chem. 2006, 118, 3189;
Angew. Chem. Int. Ed. 2006, 45, 3117.

[115] a) C. A. Evans, B. J. Cowen, S. J. Miller, Tetrahedron 2005, 61,
6309; b) G.-L. Zhao, Y.-L. Shi, M. Shi, Org. Lett. 2005, 7, 5427,
¢) Y.-L. Shi, M. Shi, Org. Lett. 2005, 7,3057; d) C. A. Evans, S. J.
Miller, J. Am. Chem. Soc. 2003, 125, 12394.

[116] B. G. Jellerichs, J.-R. Kong, M. J. Krische, J. Am. Chem. Soc.
2003, 125, 7758.

[117] P. K. Koech, M. J. Krische, J. Am. Chem. Soc. 2004, 126, 5350.

[118] a) X. Lu, Y. Du, C. Lu, Pure Appl. Chem. 2005, 77, 1985;
b) D. H. Valentine Jr, J. H. Millhouse, Synthesis 2003, 317; c) X.
Lu, C. Zhang, Z. Xu, Acc. Chem. Res. 2001, 34, 535.

[119] a) S. D. Rychnovsky, J. Kim, J. Org. Chem. 1994, 59,2659; b) C.
Guo, X. Lu, J. Chem. Soc. Perkin Trans. 1 1993, 1921; c) B. M.
Trost, U. Kazmaier, J. Am. Chem. Soc. 1992, 114, 7933.

[120] a) C. Gimbert, M. Lumbierres, C. Marchi, M. Moreno-Maiias,
R. M. Sebastidn, A. Vallribera, Tetrahedron 2005, 61, 8598;
b) C. Lu, X. Lu, Tetrahedron 2004, 60, 6575; c) D. Bhuniya, S.
Mohan, S. Narayanan, Synthesis 2003, 1018; d) D. A. White,
M. M. Baizer, Tetrahedron Lett. 1973, 14, 3597.

[121] a) S. Xue, Q.-F. Zhou, L.-Z. Li, Q.-X. Guo, Synlett 2005, 2990;
b) K. Nozaki, N. Sato, K. Ikeda, H. Takaya, J. Org. Chem. 1996,
61, 4516; c) H. Kuroda, 1. Tomita, T. Endo, Synth. Commun.
1996, 26, 1539; d) J. Inanaga, Y. Baba, T. Hanamoto, Chem.
Lett. 1993, 241.

[122] a) H. Kuroda, I. Tomita, T. Endo, Polymer 1997, 38, 6049; b) H.
Kuroda, 1. Tomita, T. Endo, Polymer 1997, 38, 3655; c) H.
Kuroda, I. Tomita, T. Endo, Macromolecules 1995, 28, 6020;
d) H. Kuroda, I. Tomita, T. Endo, Macromolecules 1995, 28,
433.

[123] D. Seebach, Angew. Chem. 1979, 91, 259; Angew. Chem. Int.
Ed. Engl. 1979, 18, 239.

[124] B. M. Trost, C.-J. Li, J. Am. Chem. Soc. 1994, 116, 10819.

[125] B. M. Trost, G. R. Dake, J. Am. Chem. Soc. 1997, 119, 7595.

[126] C. Alvarez-Ibarra, A. G. Csdky, C. G. de la Oliva, Tetrahedron
Lett. 1999, 40, 8465.

[127] a) C. Lu, X. Lu, Org. Lett. 2002, 4, 4677; b) C. Zhang, X. Lu,
Synlett 1995, 645; c) B. M. Trost, C.-J. Li, J. Am. Chem. Soc.
1994, 116, 3167.

[128] C. Alvarez-Ibarra, A. G. Cséky, C. G. de la Oliva, J. Org. Chem.
2000, 65, 3544.

Angew. Chem. Int. Ed. 2008, 47, 1560-1638

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte

[129] B. M. Trost, G. R. Dake, J. Org. Chem. 1997, 62, 5670.

[130] B. Liu, R. Davis, B. Joshi, D. W. Reynolds, J. Org. Chem. 2002,
67, 4595.

[131] a) M. Hanédanian, O. Loreau, M. Sawicki, F. Taran, Tetrahe-
dron 2005, 61, 2287; b) M. Hanédanian, O. Loreau, F. Taran, C.
Mioskowski, Tetrahedron Lett. 2004, 45, 7035.

[132] H. Kuroda, I. Tomita, T. Endo, Org. Lett. 2003, 5, 129.

[133] a) L.Jean, A. Marinetti, Tetrahedron Lett. 2006, 47,2141;b) X.-
F. Zhu, C. E. Henry, O. Kwon, Tetrahedron 2005, 61, 6276; c) Z.
Xu, X. Lu, Tetrahedron Lett. 1999, 40, 549; d) Z. Xu, X. Lu, J.
Org. Chem. 1998, 63, 5031; e) Z. Xu, X. Lu, Tetrahedron Lett.
1997, 38, 3461; f) C. Zhang, X. Lu, J. Org. Chem. 1995, 60, 2906.

[134] a) Y. Du, X. Lu, C. Zhang, Angew. Chem. 2003, 115, 1065;
Angew. Chem. Int. Ed. 2003, 42,1035;b) Y. Du, X. Lu, Y. Yu, J.
Org. Chem. 2002, 67, 8901.

[135] X. Lu, Z. Lu, X. Zhang, Tetrahedron 2006, 62, 457.

[136] a)J. E. Wilson, G.C. Fu, Angew. Chem. 2006, 118, 1454;
Angew. Chem. Int. Ed. 2006, 45, 1426; b) G. Zhu, Z. Chen, Q.
Jiang, D. Xiao, P. Cao, X. Zhang, J. Am. Chem. Soc. 1997, 119,
3836.

[137] J.-C. Wang, M.J. Krische, Angew. Chem. 2003, 115, 6035;
Angew. Chem. Int. Ed. 2003, 42, 5855.

[138] Y. Du, X. Lu, J. Org. Chem. 2003, 68, 6463.

[139] X.-F. Zhu, C. E. Henry, J. Wang, T. Dudding, O. Kwon, Org.
Lett. 2005, 7, 1387.

[140] X.-F. Zhu, A.-P. Schaffner, R. C. Li, O. Kwon, Org. Lett. 2005, 7,
2977.

[141] T. Dudding, O Kwon, E. Mercier, Org. Lett. 2006, 8, 3643.

[142] X.-F. Zhu, J. Lan, O. Kwon, J. Am. Chem. Soc. 2003, 125, 4716.

[143] Y. S. Tran, O. Kwon, Org. Lett. 2005, 7, 4289.

[144] R.P. Wurz, G. C. Fu, J. Am. Chem. Soc. 2005, 127, 12234.

[145] Y. Du, J. Feng, X. Lu, Org. Lett. 2005, 7, 1987.

[146] a) K. Kumar, A. Kupar, M. P. S. Ishar, Org. Lett. 2000, 2, 787,
b) B. M. Trost, P. R. Seoane, J. Am. Chem. Soc. 1987, 109, 615.

[147] a) G.-L. Zhao, M. Shi, J. Org. Chem. 2005, 70, 9975; b) G.-L.
Zhao, M. Shi, Org. Biomol. Chem. 2005, 3, 3686.

[148] a) A. Cérdova, Acc. Chem. Res. 2004, 37, 102; b) M. Arend, B.
Westermann, N. Risch, Angew. Chem. 1998, 110, 1096; Angew.
Chem. Int. Ed. 1998, 37, 1044; c) J. H. Brewster, E. L. Eliel,
Org. React. 1953, 7, 99.

[149] B. E. Maryanoff, H.-C. Zhang, J. H. Cohen, 1. J. Turchi, C. A.
Maryanoff, Chem. Rev. 2004, 104, 1431.

[150] Enamines (Ed.: A. G. Cook), Dekker, New York, 1988.

[151] R.B. Silverman, The Organic Chemistry of Enzyme Catalyzed
Reactions Academic Press, San Diego, 2000, chap. 12, p. 479
and references cited therein.

[152] M. G. Silvestri, G. Desantis, M. Mitchell, C.-H. Wong, Top.
Stereochem. 2002, 23, 267.

[153] a) Z. G. Hajos, D. R. Parrish, J. Org. Chem. 1974, 39, 1615;
b) U. Eder, G. Sauer, R. Wiechert, Angew. Chem. 1971, 83, 492;
Angew. Chem. Int. Ed. Engl. 1971, 10, 496.

[154] a) C. Allemann, R. Gordillo, F. R. Clemente, P. H.-Y. Cheong,
K. N. Houk, Acc. Chem. Res. 2004, 37, 558; b) S. Bahmanyar,
K. N. Houk, H. J. Martin, B. List, J. Am. Chem. Soc. 2003, 125,
2475; c) L. Hoang, S. Bahmanyar, K. N. Houk, B. List, J. Am.
Chem. Soc. 2003, 125, 16; d) S. Bahmanyar, K. N. Houk, J. Am.
Chem. Soc. 2001, 123, 12911.

[155] For early structural studies on the role of enamine geometry in
rationalizing the stereochemical outcome of the aldolization
reaction, see K. L. Brown, L. Damm, J. D. Dunitz, A. Eschen-
moser, R. Hobi, C. Kratky, Helv. Chim. Acta 1978, 61, 3108.

[156] For a fascinating recent account on the mechanism of proline
catalysis, see D. Seebach, A.K. Beck, D. M. Badine, M.
Limbach, A. Eschenmoser, A. M. Treasurywala, R. Hobi, W.
Prikoszovich, B. Linder, Helv. Chim. Acta 2007, 90, 425.

[157] a) A. Berkessel, H. Groger, Asymmetric Organocatalysis,
Wiley-VCH, Weinheim, 2005; b)P.I. Dalko, L. Moisan,

www.angewandte.org

Chemie

1629


http://dx.doi.org/10.1016/S0040-4039(00)97662-7
http://dx.doi.org/10.1080/00397918808060742
http://dx.doi.org/10.1016/j.tet.2005.09.058
http://dx.doi.org/10.1021/ac60164a027
http://dx.doi.org/10.1002/adsc.200404045
http://dx.doi.org/10.1002/adsc.200404045
http://dx.doi.org/10.1002/adsc.200404081
http://dx.doi.org/10.1021/jo051701n
http://dx.doi.org/10.1021/jo051701n
http://dx.doi.org/10.1016/S0040-4020(01)88227-2
http://dx.doi.org/10.1021/jo051802l
http://dx.doi.org/10.1021/jo051802l
http://dx.doi.org/10.1021/ja0121686
http://dx.doi.org/10.1021/ja017123j
http://dx.doi.org/10.1016/S0040-4039(02)02142-1
http://dx.doi.org/10.1016/S0040-4039(02)02142-1
http://dx.doi.org/10.1021/ol0357550
http://dx.doi.org/10.1021/ol030035e
http://dx.doi.org/10.1021/ol026540d
http://dx.doi.org/10.1021/ja054085l
http://dx.doi.org/10.1021/ja054085l
http://dx.doi.org/10.1021/ol049392v
http://dx.doi.org/10.1021/ja035232n
http://dx.doi.org/10.1021/ja035232n
http://dx.doi.org/10.1002/ange.200600126
http://dx.doi.org/10.1002/anie.200600126
http://dx.doi.org/10.1016/j.tet.2005.03.106
http://dx.doi.org/10.1016/j.tet.2005.03.106
http://dx.doi.org/10.1021/ol051044l
http://dx.doi.org/10.1021/ja0377798
http://dx.doi.org/10.1021/ja0301469
http://dx.doi.org/10.1021/ja0301469
http://dx.doi.org/10.1021/ja048987i
http://dx.doi.org/10.1351/pac200577121985
http://dx.doi.org/10.1021/ar000253x
http://dx.doi.org/10.1021/jo00088a067
http://dx.doi.org/10.1039/p19930001921
http://dx.doi.org/10.1021/ja00046a062
http://dx.doi.org/10.1016/j.tet.2005.07.005
http://dx.doi.org/10.1016/j.tet.2004.06.081
http://dx.doi.org/10.1055/s-2003-39162
http://dx.doi.org/10.1016/S0040-4039(01)86980-X
http://dx.doi.org/10.1055/s-2005-918955
http://dx.doi.org/10.1021/jo951828k
http://dx.doi.org/10.1021/jo951828k
http://dx.doi.org/10.1080/00397919608003520
http://dx.doi.org/10.1080/00397919608003520
http://dx.doi.org/10.1246/cl.1993.241
http://dx.doi.org/10.1246/cl.1993.241
http://dx.doi.org/10.1016/S0032-3861(97)00152-3
http://dx.doi.org/10.1016/S0032-3861(96)00901-9
http://dx.doi.org/10.1021/ma00122a006
http://dx.doi.org/10.1021/ma00106a005
http://dx.doi.org/10.1021/ma00106a005
http://dx.doi.org/10.1002/ange.19790910404
http://dx.doi.org/10.1002/anie.197902393
http://dx.doi.org/10.1002/anie.197902393
http://dx.doi.org/10.1021/ja00102a071
http://dx.doi.org/10.1021/ja971238z
http://dx.doi.org/10.1016/S0040-4039(99)01775-X
http://dx.doi.org/10.1016/S0040-4039(99)01775-X
http://dx.doi.org/10.1021/ol0270733
http://dx.doi.org/10.1055/s-1995-5042
http://dx.doi.org/10.1021/ja00086a074
http://dx.doi.org/10.1021/ja00086a074
http://dx.doi.org/10.1021/jo9918192
http://dx.doi.org/10.1021/jo9918192
http://dx.doi.org/10.1021/jo970848e
http://dx.doi.org/10.1021/jo016154u
http://dx.doi.org/10.1021/jo016154u
http://dx.doi.org/10.1021/ol020198n
http://dx.doi.org/10.1016/j.tetlet.2006.01.122
http://dx.doi.org/10.1016/j.tet.2005.03.104
http://dx.doi.org/10.1016/S0040-4039(98)02405-8
http://dx.doi.org/10.1021/jo9723063
http://dx.doi.org/10.1021/jo9723063
http://dx.doi.org/10.1016/S0040-4039(97)00656-4
http://dx.doi.org/10.1016/S0040-4039(97)00656-4
http://dx.doi.org/10.1021/jo00114a048
http://dx.doi.org/10.1002/ange.200390241
http://dx.doi.org/10.1002/anie.200390266
http://dx.doi.org/10.1021/jo026111t
http://dx.doi.org/10.1021/jo026111t
http://dx.doi.org/10.1016/j.tet.2005.09.100
http://dx.doi.org/10.1002/ange.200503312
http://dx.doi.org/10.1002/anie.200503312
http://dx.doi.org/10.1021/ja9644687
http://dx.doi.org/10.1021/ja9644687
http://dx.doi.org/10.1002/ange.200352218
http://dx.doi.org/10.1002/anie.200352218
http://dx.doi.org/10.1021/jo034281f
http://dx.doi.org/10.1021/ol050203y
http://dx.doi.org/10.1021/ol050203y
http://dx.doi.org/10.1021/ol050946j
http://dx.doi.org/10.1021/ol050946j
http://dx.doi.org/10.1021/ol061095y
http://dx.doi.org/10.1021/ja0344009
http://dx.doi.org/10.1021/ol051799s
http://dx.doi.org/10.1021/ja053277d
http://dx.doi.org/10.1021/ol050443d
http://dx.doi.org/10.1021/ol000007l
http://dx.doi.org/10.1021/ja00236a068
http://dx.doi.org/10.1021/jo051763d
http://dx.doi.org/10.1039/b510572b
http://dx.doi.org/10.1002/(SICI)1521-3757(19980420)110:8%3C1096::AID-ANGE1096%3E3.0.CO;2-Z
http://dx.doi.org/10.1002/(SICI)1521-3773(19980504)37:8%3C1044::AID-ANIE1044%3E3.0.CO;2-E
http://dx.doi.org/10.1002/(SICI)1521-3773(19980504)37:8%3C1044::AID-ANIE1044%3E3.0.CO;2-E
http://dx.doi.org/10.1021/cr0306182
http://dx.doi.org/10.1002/0471224499.ch5
http://dx.doi.org/10.1002/0471224499.ch5
http://dx.doi.org/10.1021/jo00925a003
http://dx.doi.org/10.1002/ange.19710831307
http://dx.doi.org/10.1002/anie.197104961
http://dx.doi.org/10.1021/ar0300524
http://dx.doi.org/10.1021/ja028812d
http://dx.doi.org/10.1021/ja028812d
http://dx.doi.org/10.1021/ja028634o
http://dx.doi.org/10.1021/ja028634o
http://dx.doi.org/10.1021/ja011714s
http://dx.doi.org/10.1021/ja011714s
http://dx.doi.org/10.1002/hlca.19780610839
http://dx.doi.org/10.1002/hlca.200790050
http://www.angewandte.org

Reviews

1630

Angew. Chem. 2004, 116, 5248; Angew. Chem. Int. Ed. 2004, 43,
5138.

[158] K. A. Ahrendt, C.J. Borths, D. W. C. MacMillan, J. Am. Chem.
Soc. 2000, 122, 4243.

[159] M. Marigo, K. A. Jgrgensen, Chem. Commun. 2006, 2001.

[160] a) T. Kano, Y. Tanaka, K. Maruoka, Org. Lett. 2006, 8, 2687,
b) R. M. Wilson, W. S. Jen, D. W. C. MacMillan, J. Am. Chem.
Soc. 2005, 127, 11616; c) K. Ishihara, K. Nakano, J. Am. Chem.
Soc. 2005, 127, 10504; d) M. Lemay, W. W. Ogilvie, Org. Lett.
2005, 7, 4141; e) S. A. Selkild, A. M. P. Koskinen, Eur. J. Org.
Chem. 2005, 1620; f) A. C. Kinsman, M. A. Kerr, J. Am. Chem.
Soc. 2003, 125,14120; g) A. B. Northrup, D. W. C. MacMillan, J.
Am. Chem. Soc. 2002, 124, 2458; h) S. A. Selkild, J. Tois, P. M.
Pihko, A. M. P. Koskinen, Adv. Synth. Catal. 2002, 344, 941.

[161] R. Gordillo, K. N. Houk, J. Am. Chem. Soc. 2006, 128, 3543.

[162] Houk’s studies echo the empirical observations of Viehe and
Jung who first showed the accelerating effect of iminium
species in Diels—Alder reactions: a) J. S. Baum, H. G. Viehe, J.
Org. Chem. 1976, 41, 183; b) M. E. Jung, W. D. Vaccaro, K. R.
Buszek, Tetrahedron Lett. 1989, 30, 1893.

[163] a) D. B. Ramachary, N. S. Chowdari, C. F. Barbas 111, Tetrahe-
dron Lett. 2002, 43, 6743; b) R. Thayumanavan, B. Dhevala-
pally, K. Sakthivel, F. Tanaka, C. F. Barbas III, Tetrahedron
Lett. 2002, 43, 3817.

[164] K. Juhl, K. A. Jgrgensen, Angew. Chem. 2003, 115, 1536;
Angew. Chem. Int. Ed. 2003, 42, 1498.

[165] H. Sundén, I. Ibrahem, L. Eriksson, A. Cérdova, Angew. Chem.
2005, 117, 4955; Angew. Chem. Int. Ed. 2005, 44, 4877.

[166] T. C. Wabnitz, S. Saaby, K. A. Jgrgensen, Org. Biomol. Chem.
2004, 2, 828.

[167] a) D. B. Ramachary, K. Anebouselvy, N.S. Chowdari, C. F.
Barbas 111, J. Org. Chem. 2004, 69, 5838; b) D. B. Ramachary,
Chem. Eur. J. 2004, 10, 5323; c)D.B. Ramachary, N.S.
Chowdari, C.F. Barbas III, Angew. Chem. 2003, 115, 4365;
Angew. Chem. Int. Ed. 2003, 42,4233; d) D. B. Ramachary, N. S.
Chowdari, C. F. Barbas III, Synlett 2003, 1910.

[168] a) S. Karlsson, H.-E. Hogberg, Eur. J. Org. Chem. 2003, 2782;
b) S. Karlsson, H.-E. Hogberg, Tetrahedron: Asymmetry 2002,
13, 923; c) W.S. Jen, J.J. M. Wiener, D. W. C. MacMillan, J.
Am. Chem. Soc. 2000, 122, 9874.

[169] M. Harmata, S.K. Ghosh, X. Hong, S. Wacharasindhu, P.
Kirchhoefer, J. Am. Chem. Soc. 2003, 125, 2058.

[170] N. A. Paras, D. W. C. MacMillan, J. Am. Chem. Soc. 2001, 123,
4370.

[171] a) Y. Huang, A. M. Walji, C. H. Larsen, D. W. C. MacMillan, J.
Am. Chem. Soc. 2005, 127, 15051; b) H. D. King, Z. Meng, D.
Denhart, R. Mattson, R. Kimura, D. Wu, Q. Gao, J. E. Macor,
Org. Lett. 2005, 7,3437; c) J. F. Austin, S.-G. Kim, C. J. Sinz, W.-
J. Xiao, D. W. C. MacMillan, Proc. Natl. Acad. Sci. USA 2004,
101, 5482; d) J. F. Austin, D. W. C. MacMillan, J. Am. Chem.
Soc. 2002, 124, 1172.

[172] a) S.-G. Kim, J. Kim, H. Jung, Tetrahedron Lett. 2005, 46, 2437,
b) N. A. Paras, D. W. C. MacMillan, J. Am. Chem. Soc. 2002,
124, 7894.

[173] R. Gordillo, J. Carter, K. N. Houk, Adv. Synth. Catal. 2004, 346,
1175.

[174] a) K. R. Knudsen, C. E. T. Mitchell, S. V. Ley, Chem. Commun.
2006, 66; b) S. Brandau, A. Landa, J. Franzén, M. Marigo, K. A.
Jgrgensen, Angew. Chem. 2006, 118, 4411; Angew. Chem. Int.
Ed. 2006, 45,4305; c) N. Halland, P. S. Aburel, K. A. Jgrgensen,
Angew. Chem. 2003, 115, 685; Angew. Chem. Int. Ed. 2003, 42,
661.

[175] N. Halland, T. Hansen, K. A. Jgrgensen, Angew. Chem. 2003,
115, 5105; Angew. Chem. Int. Ed. 2003, 42, 4955.

[176] a) A. Prieto, N. Halland, K. A. Jgrgensen, Org. Lett. 2005, 7,
3897; b) N. Halland, R. G. Hazell, K. A. Jgrgensen, J. Org.

www.angewandte.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

S. E. Denmark and G. L. Beutner

Chem. 2002, 67, 8331; c) S. Hanessian, V. Pham, Org. Lett. 2000,
2, 2975.

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

[178] M. Marigo, T. Schulte, J. Franzén, K. A. Jgrgensen, J. Am.
Chem. Soc. 2005, 127, 15710.

[179] Y. K. Chen, M. Yoshida, D. W. C. MacMillan, J. Am. Chem.
Soc. 2006, 128, 9328.

[180] a) D. Gryko, Tetrahedron: Asymmetry 2005, 16, 1377; b) N.
Halland, P. S. Aburel, K. A. Jgrgensen, Angew. Chem. 2004,
116, 1292; Angew. Chem. Int. Ed. 2004, 43, 1272; c)l.
Pulkkinen, P.S. Aburel, N. Halland, K. A. Jgrgensen, Adv.
Synth. Catal. 2004, 346, 1077.

[181] M. Marigo, S. Bertelsen, A. Landa, K. A. Jgrgensen, J. Am.
Chem. Soc. 2006, 128, 5475.

[182] R. K. Kunz, D. W. C. MacMillan, J. Am. Chem. Soc. 2005, 127,
3240.

[183] a) H. Sundén, I. Ibrahem, A. Cérdova, Tetrahedron Lett. 2006,
47, 99; b) M. Marigo, J. Franzén, T. B. Poulsen, W. Zhuang,
K. A. Jgrgensen, J. Am. Chem. Soc. 2005, 127, 6964; c) W.
Zhuang, M. Marigo, K. A. Jgrgensen, Org. Biomol. Chem.
2005, 3, 3883.

[184] a) J. W. Yang, M. T. Hechavarria Fonseca, B. List, J. Am. Chem.
Soc. 2005, 127, 15036; b) J. W. Yang, M. T. Hechavarria Fon-
seca, N. Vignola, B. List, Angew. Chem. 2005, 117, 110; Angew.
Chem. Int. Ed. 2005, 44, 108; ¢) S. G. Ouellet, J. B. Tuttle,
D. W. C. MacMillan, J. Am. Chem. Soc. 2005, 127,32; d) J. W.
Yang, M. T. Hechavarria Fonseca, B. List, Angew. Chem. 2004,
116, 6829; Angew. Chem. Int. Ed. 2004, 43, 6660.

[185] B. Lipschutz in Modern Organocopper Chemistry (Ed.: N.
Krause), Wiley-VCH, Weinheim, 2002, chap. 5.

[186] a) Y. Xu, W. Zou, H. Sundén, I. Ibrahem, A. Cérdova, Adv.
Synth. Catal. 2006, 348, 418; b) M. T. Hechavarria Fonseca, B.
List, Angew. Chem. 2004, 116, 4048; Angew. Chem. Int. Ed.
2004, 43, 3958; c) N. Mase, R. Thayumanavan, F. Tanaka, C. F.
Barbas III, Org. Lett. 2004, 6, 2527; d)J. M. Betancort, K.
Sakthivel, R. Thayumanavan, F. Tanaka, C.F. Barbas III,
Synthesis 2004, 1509; e) O. Andrey, A. Alexakis, A. Tomassini,
G. Bernardinelli, Adv. Synth. Catal. 2004, 346, 1147; f)P.
Melchiorre, K. A. Jgrgensen, J. Org. Chem. 2003, 68, 4151;
¢) K. Sakthivel, W. Notz, T. Bui, C. F. Barbas I11, J. Am. Chem.
Soc. 2001, 123, 5260; h)J. M. Betancort, K. Sakthivel, R.
Thayumanavan, C. F. Barbas III, Tetrahedron Lett. 2001, 42,
4441; i) J. M. Betancort, C. F. Barbas III, Org. Lett. 2001, 3,
3737.

[187] 1. K. Mangion, A. B. Northrup, D. W. C. MacMillan, Angew.
Chem. 2004, 116, 6890; Angew. Chem. Int. Ed. 2004, 43, 6722.

[188] a) I. Ibrahem, A. Cérdova, Chem. Commun. 2006, 1760; b) A.
Cérdova, C. F. Barbas 111, Tetrahedron Lett. 2002, 43, 7749.

[189] Diazodicarboxylate: J. Franzén, M. Marigo, D. Fielenbach,
T. C. Wabnitz, A. Kjersgaard, K. A. Jgrgensen, J. Am. Chem.
Soc. 2005, 127, 18296; singlet oxygen: 1. Ibrahem, G.-L. Zhao,
H. Sundén, A. Cérdova, Tetrahedron Lett. 2006, 47, 4659.

[190] a) I. Ibrahem, A. Cérdova, Angew. Chem. 2006, 118, 1986;
Angew. Chem. Int. Ed. 2006, 45, 1952; b) A. Fu, B. List, W.
Thiel, J. Org. Chem. 2006, 71,320; c) N. Vignola, B. List, J. Am.
Chem. Soc. 2004, 126, 450.

[191] a) T. D. Beeson, D. W. C. MacMillan, J. Am. Chem. Soc. 2005,
127, 8826; b) D. D. Steiner, N. Mase, C. F. Barbas III, Angew.
Chem. 2005, 117, 3772; Angew. Chem. Int. Ed. 2005, 44, 3706;
¢) M. Marigo, D. Fielenbach, A. Brauton, A. Kjersgaard, K. A.
Jorgensen, Angew. Chem. 2005, 117, 3769; Angew. Chem. Int.
Ed. 2005, 44, 3703; d) D. Enders, M. R. M. Hiittl, Synlett 2005,
991.

[192] a) N. Halland, M. A. Lie, A. Kjersgaard, M. Marigo, B. Schigtt,
K. A. Jgrgensen, Chem. Eur. J. 2005, 11, 7083; b) M. Marigo, S.
Bachmann, N. Halland, K. A. Jgrgensen, Angew. Chem. 2004,

Angew. Chem. Int. Ed. 2008, 47, 1560—1638


http://dx.doi.org/10.1002/ange.200400650
http://dx.doi.org/10.1002/anie.200400650
http://dx.doi.org/10.1002/anie.200400650
http://dx.doi.org/10.1021/ja000092s
http://dx.doi.org/10.1021/ja000092s
http://dx.doi.org/10.1039/b517090g
http://dx.doi.org/10.1021/ol060621i
http://dx.doi.org/10.1021/ja054008q
http://dx.doi.org/10.1021/ja054008q
http://dx.doi.org/10.1021/ja053368a
http://dx.doi.org/10.1021/ja053368a
http://dx.doi.org/10.1021/ol051476w
http://dx.doi.org/10.1021/ol051476w
http://dx.doi.org/10.1002/ejoc.200400802
http://dx.doi.org/10.1002/ejoc.200400802
http://dx.doi.org/10.1021/ja036191y
http://dx.doi.org/10.1021/ja036191y
http://dx.doi.org/10.1021/ja017641u
http://dx.doi.org/10.1021/ja017641u
http://dx.doi.org/10.1002/1615-4169(200210)344:9%3C941::AID-ADSC941%3E3.0.CO;2-M
http://dx.doi.org/10.1021/ja0525859
http://dx.doi.org/10.1021/jo00864a001
http://dx.doi.org/10.1021/jo00864a001
http://dx.doi.org/10.1016/S0040-4039(00)99606-0
http://dx.doi.org/10.1016/S0040-4039(02)01500-9
http://dx.doi.org/10.1016/S0040-4039(02)01500-9
http://dx.doi.org/10.1016/S0040-4039(02)00686-X
http://dx.doi.org/10.1016/S0040-4039(02)00686-X
http://dx.doi.org/10.1002/ange.200250652
http://dx.doi.org/10.1002/anie.200250652
http://dx.doi.org/10.1039/b316518c
http://dx.doi.org/10.1039/b316518c
http://dx.doi.org/10.1021/jo049581r
http://dx.doi.org/10.1002/chem.200400597
http://dx.doi.org/10.1002/ange.200351916
http://dx.doi.org/10.1002/anie.200351916
http://dx.doi.org/10.1002/ejoc.200300172
http://dx.doi.org/10.1016/S0957-4166(02)00231-8
http://dx.doi.org/10.1016/S0957-4166(02)00231-8
http://dx.doi.org/10.1021/ja005517p
http://dx.doi.org/10.1021/ja005517p
http://dx.doi.org/10.1021/ja029058z
http://dx.doi.org/10.1021/ja015717g
http://dx.doi.org/10.1021/ja015717g
http://dx.doi.org/10.1021/ja055545d
http://dx.doi.org/10.1021/ja055545d
http://dx.doi.org/10.1021/ol051000c
http://dx.doi.org/10.1073/pnas.0308177101
http://dx.doi.org/10.1073/pnas.0308177101
http://dx.doi.org/10.1021/ja017255c
http://dx.doi.org/10.1021/ja017255c
http://dx.doi.org/10.1016/j.tetlet.2005.02.047
http://dx.doi.org/10.1021/ja025981p
http://dx.doi.org/10.1021/ja025981p
http://dx.doi.org/10.1002/adsc.200404107
http://dx.doi.org/10.1002/adsc.200404107
http://dx.doi.org/10.1039/b514636d
http://dx.doi.org/10.1039/b514636d
http://dx.doi.org/10.1002/ange.200601025
http://dx.doi.org/10.1002/anie.200601025
http://dx.doi.org/10.1002/anie.200601025
http://dx.doi.org/10.1002/ange.200390150
http://dx.doi.org/10.1002/anie.200390182
http://dx.doi.org/10.1002/anie.200390182
http://dx.doi.org/10.1002/ange.200352136
http://dx.doi.org/10.1002/ange.200352136
http://dx.doi.org/10.1002/anie.200352136
http://dx.doi.org/10.1021/ol051301m
http://dx.doi.org/10.1021/ol051301m
http://dx.doi.org/10.1021/jo0261449
http://dx.doi.org/10.1021/jo0261449
http://dx.doi.org/10.1021/ol000170g
http://dx.doi.org/10.1021/ol000170g
http://dx.doi.org/10.1021/ja029095q
http://dx.doi.org/10.1021/ja029095q
http://dx.doi.org/10.1021/ja055291w
http://dx.doi.org/10.1021/ja055291w
http://dx.doi.org/10.1021/ja063267s
http://dx.doi.org/10.1021/ja063267s
http://dx.doi.org/10.1016/j.tetasy.2005.02.005
http://dx.doi.org/10.1002/adsc.200404115
http://dx.doi.org/10.1002/adsc.200404115
http://dx.doi.org/10.1021/ja058490o
http://dx.doi.org/10.1021/ja058490o
http://dx.doi.org/10.1021/ja042774b
http://dx.doi.org/10.1021/ja042774b
http://dx.doi.org/10.1021/ja051808s
http://dx.doi.org/10.1039/b512542a
http://dx.doi.org/10.1039/b512542a
http://dx.doi.org/10.1021/ja055735o
http://dx.doi.org/10.1021/ja055735o
http://dx.doi.org/10.1002/ange.200462432
http://dx.doi.org/10.1002/anie.200462432
http://dx.doi.org/10.1002/anie.200462432
http://dx.doi.org/10.1021/ja043834g
http://dx.doi.org/10.1002/ange.200461816
http://dx.doi.org/10.1002/ange.200461816
http://dx.doi.org/10.1002/anie.200461816
http://dx.doi.org/10.1002/adsc.200505373
http://dx.doi.org/10.1002/adsc.200505373
http://dx.doi.org/10.1002/ange.200460578
http://dx.doi.org/10.1002/anie.200460578
http://dx.doi.org/10.1002/anie.200460578
http://dx.doi.org/10.1021/ol049196o
http://dx.doi.org/10.1002/adsc.200404037
http://dx.doi.org/10.1021/jo026837p
http://dx.doi.org/10.1021/ja010037z
http://dx.doi.org/10.1021/ja010037z
http://dx.doi.org/10.1016/S0040-4039(01)00793-6
http://dx.doi.org/10.1016/S0040-4039(01)00793-6
http://dx.doi.org/10.1021/ol0167006
http://dx.doi.org/10.1021/ol0167006
http://dx.doi.org/10.1002/ange.200461851
http://dx.doi.org/10.1002/ange.200461851
http://dx.doi.org/10.1002/anie.200461851
http://dx.doi.org/10.1039/b602221a
http://dx.doi.org/10.1016/j.tetlet.2006.04.133
http://dx.doi.org/10.1002/ange.200504021
http://dx.doi.org/10.1002/anie.200504021
http://dx.doi.org/10.1021/jo052088a
http://dx.doi.org/10.1021/ja0392566
http://dx.doi.org/10.1021/ja0392566
http://dx.doi.org/10.1021/ja051805f
http://dx.doi.org/10.1021/ja051805f
http://dx.doi.org/10.1002/ange.200500571
http://dx.doi.org/10.1002/ange.200500571
http://dx.doi.org/10.1002/anie.200500571
http://dx.doi.org/10.1002/ange.200500395
http://dx.doi.org/10.1002/anie.200500395
http://dx.doi.org/10.1002/anie.200500395
http://dx.doi.org/10.1002/chem.200500776
http://dx.doi.org/10.1002/ange.200460462
http://www.angewandte.org

Lewis Base Catalysis

116, 5623; Angew. Chem. Int. Ed. 2004, 43, 5507; c¢) N. Halland,
A. Brauton, S. Bachmann, M. Marigo, K. A. Jgrgensen, J. Am.
Chem. Soc. 2004, 126, 4790; d) M. P. Brochu, S.P. Brown,
D. W. C. MacMillan, J. Am. Chem. Soc. 2004, 126, 4108.

[193] S. Bertelsen, N. Halland, S. Bachmann, M. Marigo, A. Brauton,
K. A. Jgrgensen, Chem. Commun. 2005, 4821.

[194] M. Marigo, T. C. Wabnitz, D. Fielenbach, K. A. Jgrgensen,
Angew. Chem. 2005, 117, 804; Angew. Chem. Int. Ed. 2005, 44,
794.

[195] J. Wang, H. Li, Y. Mei, B. Lou, D. Xu, D. Xie, H. Guo, W. Wang,
J. Org. Chem. 2005, 70, 5678.

[196] a) S. G. Nelson, C. Zhu, X. Shen, J. Am. Chem. Soc. 2004, 126,
14;b) S. G. Nelson, B.-K. Kim, T. J. Peelen, J. Am. Chem. Soc.
2000, 722, 9318; ¢) S. G. Nelson, Z, Wan, Org. Lett. 2000, 2,
1883; d) S. G. Nelson, T. J. Peelen, Z. Wan, J. Am. Chem. Soc.
1999, 121, 9742.

[197] a) S. G. Nelson, T. J. Peelen, Z. Wan, Tetrahedron Lett. 1999, 40,
6541; b) S. G. Nelson, Z. Wan, T.J. Peelen, K. L. Spencer,
Tetrahedron Lett. 1999, 40, 6535.

[198] For a comprehensive review of reactions of organosilicon
compounds under nucleophilic catalysis, see G. G. Furin, G. A.
Vyazankina, B. A. Gostevsky, N. S. Vyanzankin, Tetrahedron
1988, 44, 2675.

[199] a) C. Chuit, R. J. P. Corriu, C. Reye, J. C. Young, Chem. Rev.
1993, 93, 1371; b) R. J. P. Corriu, C. Guérin, Tetrahedron 1981,
37, 2467; ¢) R.J. P. Corriu, C. Guérin, J. Organomet. Chem.
1980, 798, 231; d) R.J. P. Corriu, C. Guérin, J. Organomet.
Chem. 1978, 144, 165; e) R.J.P. Corriu, B.J. L. Henner, J.
Organomet. Chem. 1975, 102, 407.

[200] For recent reviews on Lewis base catalysis of reactions of
organofunctional silanes via hypervalent intermediates, see
a) Y. Orito, N. Nakajima, Synthesis 2006, 1391; b) S. Rendler,
M. Oestreich, Synthesis 2005, 1727.

[201] a) R. Walsh, Acc. Chem. Res. 1981, 14, 246; b) M. K. Murphy,
J. L. Beauchamp, J. Am. Chem. Soc. 1977, 99, 4992.

[202] R.J. P. Corriu, R. Perz, C. Reye, Tetrahedron 1983, 39, 999.
[203] a) A. Hosomi, Acc. Chem. Res. 1988, 21,200; b) A. Hosomi, A.
Shirahata, H. Sakurai, Tetrahedron Lett. 1978, 19, 3043.

[204] A similar loss in both site and diastereoselectivity is seen in the
allylation promoted by highly nucleophilic phosphatranes.
These catalysts are also believed to promote the cleavage of
the silicon—carbon bond to form reactive ion pairs: Z. Wang, P.
Kisanga, J. G. Verkade, J. Org. Chem. 1999, 64, 6459.

[205] S. E. Denmark, N. G. Almstead, J. Org. Chem. 1994, 59, 5130.

[206] G. Majetich, A. Casares, D. Chapman, M. Behnke, J. Org.
Chem. 1986, 51, 1745.

[207] M. M. Biddle, H. J. Reich, J. Org. Chem. 2006, 71, 4031.

[208] a) E. Nakamura, I. Kuwajima, Angew. Chem. 1976, 88, 539;
Angew. Chem. Int. Ed. Engl. 1976, 15, 498; b) 1. Kuwajima, E.
Nakamura, K. Hashimoto, Tetrahedron 1983, 39, 975; c) A.
Bohsako, C. Asakura, T. Shioiri, Synlert 1995, 1033; d) E.
Abele, K. Rubina, R. Abele, J. Popelis, I. Mazeika, E. Lukevics,
J. Organomet. Chem. 1999, 586, 184.

[209] This question echoes the debate surrounding the role of
phosphanes in the n-m* Lewis base catalyzed reactions of
o,f-unsaturated carbonyl compounds, see Section 4.2.2.2.

[210] C. Chuit, R.J. P. Corriu, C. Reye, J. Organomet. Chem. 1988,
358, 57.

[211] a) E. Nakamura, K. Hashimoto, I. Kuwajima, Bull. Chem. Soc.
Jpn. 1981, 54, 805; b) E. Nakamura, M. Shimizu, I. Kuwajima,
Tetrahedron Lett. 1976, 17, 1699.

[212] D.-K. Wang, Y.-G. Zhou, Y. Tang, X.-L. Hou, L.-X. Dai, J. Org.
Chem. 1999, 64, 4233.

[213] For similar fluoride-activated allylation of imines, see a) A. S.
Pilcher, P. DeShong, J. Org. Chem. 1996, 61, 6901; b)S.
Yamasaki, K. Fujii, R. Wada, M. Kanai, M. Shibasaki, J. Am.
Chem. Soc. 2002, 124, 6536.

Angew. Chem. Int. Ed. 2008, 47, 1560-1638

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte

[214] 1. Kuwajima, E. Nakamura, J. Am. Chem. Soc. 1975, 97, 3257.

[215] W. A. Kleschick, C. T. Buse, C. H. Heathcock, J. Am. Chem.
Soc. 1977, 99, 247.

[216] a) E. Nakamura, M. Shimizu, I. Kuwajima, J. Sakata, K.
Yokoyama, R. Noyori, J. Org. Chem. 1983, 48, 932; b) R.
Noyori, I. Nishida, J. Sakata, J. Am. Chem. Soc. 1983, 105, 1598;
¢) R. Noyori, I. Nishida, J. Sakata, M. Nishizawa, J. Am. Chem.
Soc. 1980, 102, 1223; d) R. Noyori, K. Yokoyama, J. Sakata, I.
Kuwajima, E. Nakamura, M. Shimizu, J. Am. Chem. Soc. 1977,
99, 1265.

[217] J. P. Guthrie, Can. J. Chem. 1978, 56, 962.

[218] For fluoride-promoted, aldol-type additions of TMSCH,CN,
see a) C. Palomo, J. M. Aizpurua, M. C. Lépez, B. Lecea, J.
Chem. Soc. Perkin Trans. 1 1989, 1692; b) Y. Suto, N. Kumagai,
S. Matsunaga, M. Kanai, M. Shibasaki, Org. Lett. 2003, 5, 3147.

[219] a) D. Y. Sogah, W. B. Farnham in Organosilicon and Bioorga-
nosilicon Chemistry (Ed.: H. Sakurai), Wiley, New York, 1985,
chap. 20, p. 219; b) O. W. Webster, W. R. Hertler, D. Y. Sogah,
W. B. Farnham, T. V. RajanBabu, J. Am. Chem. Soc. 1983, 105,
5706.

[220] T. V. RajanBabu, J. Org. Chem. 1984, 49, 2083.

[221] Other fluoride-activated, direct Michael additions have been
described that employ cesium fluoride in combination with
tetramethylorthosilicate. The intermediates and mechanism of
these reactions are ambiguous: a) J. Boyer, R. J. P. Corriu, R.
Perz, Tetrahedron 1983, 39, 117; b) C. Chuit, R. J. P. Corriu, R.
Perz, C. Reye, Tetrahedron 1986, 42, 2293.

[222] a) T. Ooi, K. Doda, K. Maruoka, J. Am. Chem. Soc. 2003, 125,
2054; b) G. Bluet, J.-M. Campagne, J. Org. Chem. 2001, 66,
4293; ¢) T. Ooi, K. Doda, K. Maruoka, Org. Lett. 2001, 3, 1273;
d) A. Ando, T. Miura, T. Tatematsu, T. Shioiri, Tetrahedron
Lett. 1993, 34, 1507.

[223] For reviews, see a) M. A. McClinton, D. A. McClinton, Tetra-
hedron 1992, 48, 6555; b) G. K. S. Prakash, A. K. Yudin, Chem.
Rev. 1997, 97, 757; ¢) R. P. Singh, J. M. Shreeve, Tetrahedron
2000, 56, 7613; d) J.-A. Ma, D. Cahard, Chem. Rev. 2004, 104,
6119.

[224] G.K.S. Prakash, R. Krishnamurti, G. A. Olah, J. Am. Chem.
Soc. 1989, 111, 393.

[225] a) D.J. Adams, J. H. Clark, P. A. Heath, L. B. Hansen, V. C.
Sanders, S. J. Tavener, J. Fluorine Chem. 2000, 101,187;b) R. P.
Singh, G. Cao, R. L. Kirchmeier, J. M. Shreeve, J. Org. Chem.
1999, 64, 2873; c¢) O. Lefebvre, T. Brigaud, C. Portella,
Tetrahedron 1998, 54, 5939; d) A. S. Pilcher, H. L. Ammon, P.
DeShong, J. Am. Chem. Soc. 1995, 117, 5166.

[226] a) N. Maggiarosa, W. Tyrra, D. Naumann, N. V. Kirij, Y. L.
Yagupolskii, Angew. Chem. 1999, 111, 2392; Angew. Chem. Int.
Ed. 1999, 38, 2252; b) A. Kolomeitsev, G. Bissky, E. Lork, V.
Movchun, E. Rusanov, P. Kirsch, G.-V. Roschenthaler, Chem.
Commun. 1999, 1017.

[227] a) K. Iseki, T. Nagai, Y. Kobayashi, Tetrahedron Lett. 1994, 35,
3137; b) Y. Kuroki, K. Iseki, Tetrahedron Lett. 1999, 40, 8231;
¢) S. Caron, H. M. Do, P. Arpin, A. Larivee, Synthesis 2003,
1693.

[228] a)J. Joubert, S. Roussel, C. Christophe, T. Billard, B.R.
Langlois, T. Vidal, Angew. Chem. 2003, 115, 3241; Angew.
Chem. Int. Ed. 2003, 42, 3133; b) B. R. Langlois, T. Billard,
Synthesis 2003, 185; c) S. Roussel, T. Billard, B. R. Langlois, L.
Saint-James, Chem. Eur. J. 2005, 11, 939; d) B. R. Langlois, T.
Billard, S. Roussel, J. Fluorine Chem. 2005, 126, 173.

[229] J. Pietruszka, Sci. Synth. 2002, 4, 159.

[230] a) M. Fujita, T. Hiyama, Org. Synth. 1990, 69, 44; b) M. Fujita,
T. Hiyama, J. Org. Chem. 1988, 53, 5405; c) M. Fujita, T.
Hiyama, Tetrahedron Lett. 1987, 28, 2263; d) M. Fujita, T.
Hiyama, J. Am. Chem. Soc. 1985, 107, 8294; e¢) M. Fujita, T.
Hiyama, J. Am. Chem. Soc. 1984, 106, 4629.

www.angewandte.org

Chemie

1631


http://dx.doi.org/10.1002/ange.200460462
http://dx.doi.org/10.1002/anie.200460462
http://dx.doi.org/10.1021/ja049231m
http://dx.doi.org/10.1021/ja049231m
http://dx.doi.org/10.1021/ja049562z
http://dx.doi.org/10.1039/b509366j
http://dx.doi.org/10.1002/ange.200462101
http://dx.doi.org/10.1002/anie.200462101
http://dx.doi.org/10.1002/anie.200462101
http://dx.doi.org/10.1021/jo0506940
http://dx.doi.org/10.1021/ja0391208
http://dx.doi.org/10.1021/ja0391208
http://dx.doi.org/10.1021/ja002415q
http://dx.doi.org/10.1021/ja002415q
http://dx.doi.org/10.1021/ol005968e
http://dx.doi.org/10.1021/ol005968e
http://dx.doi.org/10.1021/ja992369y
http://dx.doi.org/10.1021/ja992369y
http://dx.doi.org/10.1016/S0040-4039(99)01309-X
http://dx.doi.org/10.1016/S0040-4039(99)01309-X
http://dx.doi.org/10.1016/S0040-4039(99)01308-8
http://dx.doi.org/10.1016/S0040-4020(88)90008-7
http://dx.doi.org/10.1016/S0040-4020(88)90008-7
http://dx.doi.org/10.1021/cr00020a003
http://dx.doi.org/10.1021/cr00020a003
http://dx.doi.org/10.1016/S0040-4020(01)88903-1
http://dx.doi.org/10.1016/S0040-4020(01)88903-1
http://dx.doi.org/10.1016/S0022-328X(00)92857-2
http://dx.doi.org/10.1016/S0022-328X(00)92857-2
http://dx.doi.org/10.1016/S0022-328X(00)84159-5
http://dx.doi.org/10.1016/S0022-328X(00)84159-5
http://dx.doi.org/10.1016/S0022-328X(00)89384-5
http://dx.doi.org/10.1016/S0022-328X(00)89384-5
http://dx.doi.org/10.1021/ar00068a004
http://dx.doi.org/10.1021/ja00457a017
http://dx.doi.org/10.1016/S0040-4020(01)88599-9
http://dx.doi.org/10.1021/ar00149a004
http://dx.doi.org/10.1016/S0040-4039(01)94934-2
http://dx.doi.org/10.1021/jo990225w
http://dx.doi.org/10.1021/jo00097a008
http://dx.doi.org/10.1021/jo00360a021
http://dx.doi.org/10.1021/jo00360a021
http://dx.doi.org/10.1021/jo0522409
http://dx.doi.org/10.1002/ange.19760881608
http://dx.doi.org/10.1002/anie.197604982
http://dx.doi.org/10.1016/S0040-4020(01)88596-3
http://dx.doi.org/10.1055/s-1995-5186
http://dx.doi.org/10.1016/S0022-328X(99)00262-4
http://dx.doi.org/10.1016/0022-328X(88)87070-0
http://dx.doi.org/10.1016/0022-328X(88)87070-0
http://dx.doi.org/10.1246/bcsj.54.805
http://dx.doi.org/10.1246/bcsj.54.805
http://dx.doi.org/10.1016/S0040-4039(00)92927-7
http://dx.doi.org/10.1021/jo980767y
http://dx.doi.org/10.1021/jo980767y
http://dx.doi.org/10.1021/jo960922d
http://dx.doi.org/10.1021/ja0262582
http://dx.doi.org/10.1021/ja0262582
http://dx.doi.org/10.1021/ja00844a076
http://dx.doi.org/10.1021/ja00443a046
http://dx.doi.org/10.1021/ja00443a046
http://dx.doi.org/10.1021/jo00155a003
http://dx.doi.org/10.1021/ja00344a030
http://dx.doi.org/10.1021/ja00523a082
http://dx.doi.org/10.1021/ja00523a082
http://dx.doi.org/10.1021/ja00446a049
http://dx.doi.org/10.1021/ja00446a049
http://dx.doi.org/10.1139/v78-162
http://dx.doi.org/10.1039/p19890001692
http://dx.doi.org/10.1039/p19890001692
http://dx.doi.org/10.1021/ol035206u
http://dx.doi.org/10.1021/ja00355a039
http://dx.doi.org/10.1021/ja00355a039
http://dx.doi.org/10.1021/jo00186a001
http://dx.doi.org/10.1016/S0040-4020(01)97636-7
http://dx.doi.org/10.1016/S0040-4020(01)90609-X
http://dx.doi.org/10.1021/ja029660p
http://dx.doi.org/10.1021/ja029660p
http://dx.doi.org/10.1021/jo015567s
http://dx.doi.org/10.1021/jo015567s
http://dx.doi.org/10.1021/ol000382d
http://dx.doi.org/10.1016/S0040-4039(00)60331-3
http://dx.doi.org/10.1016/S0040-4039(00)60331-3
http://dx.doi.org/10.1016/S0040-4020(01)80011-9
http://dx.doi.org/10.1016/S0040-4020(01)80011-9
http://dx.doi.org/10.1021/cr9408991
http://dx.doi.org/10.1021/cr9408991
http://dx.doi.org/10.1016/S0040-4020(00)00550-0
http://dx.doi.org/10.1016/S0040-4020(00)00550-0
http://dx.doi.org/10.1021/cr030143e
http://dx.doi.org/10.1021/cr030143e
http://dx.doi.org/10.1021/ja00183a073
http://dx.doi.org/10.1021/ja00183a073
http://dx.doi.org/10.1016/S0022-1139(99)00157-8
http://dx.doi.org/10.1021/jo982494c
http://dx.doi.org/10.1021/jo982494c
http://dx.doi.org/10.1016/S0040-4020(98)00224-5
http://dx.doi.org/10.1021/ja00123a025
http://dx.doi.org/10.1002/(SICI)1521-3757(19990802)111:15%3C2392::AID-ANGE2392%3E3.0.CO;2-1
http://dx.doi.org/10.1002/(SICI)1521-3773(19990802)38:15%3C2252::AID-ANIE2252%3E3.0.CO;2-Z
http://dx.doi.org/10.1002/(SICI)1521-3773(19990802)38:15%3C2252::AID-ANIE2252%3E3.0.CO;2-Z
http://dx.doi.org/10.1039/a901953g
http://dx.doi.org/10.1039/a901953g
http://dx.doi.org/10.1016/S0040-4039(00)76850-X
http://dx.doi.org/10.1016/S0040-4039(00)76850-X
http://dx.doi.org/10.1016/S0040-4039(99)01724-4
http://dx.doi.org/10.1055/s-2003-40889
http://dx.doi.org/10.1055/s-2003-40889
http://dx.doi.org/10.1002/ange.200351301
http://dx.doi.org/10.1002/anie.200351301
http://dx.doi.org/10.1002/anie.200351301
http://dx.doi.org/10.1002/chem.200400777
http://dx.doi.org/10.1016/j.jfluchem.2004.11.007
http://dx.doi.org/10.1021/jo00258a003
http://dx.doi.org/10.1016/S0040-4039(00)96096-9
http://dx.doi.org/10.1021/ja00312a098
http://dx.doi.org/10.1021/ja00328a062
http://www.angewandte.org

Reviews

1632

[231] For evidence suggesting the involvement of a competitive SET
pathway, see D. Yang, D. D. Tanner, J. Org. Chem. 1986, 51,
2267.

[232] 1. Shibata, A. Baba, Curr. Org. Chem. 2002, 6, 665.

[233] a) I. Shibata, T. Yoshida, A. Baba, H. Matsuda, Chem. Lett.
1991, 307; b) 1. Shibata, T. Yoshida, T. Kawakami, A. Baba, H.
Matsuda, J. Org. Chem. 1992, 57, 4049; c) T. Kawakami, I.
Shibata, A. Baba, J. Org. Chem. 1996, 61, 82.

[234] Verkade’s phosphatrane will also catalyze the reduction of
aldehydes to alcohols in the presence of polymethylhydrosilox-
ane: Z. Wang, A. E. Wroblewski, J. G. Verkade, J. Org. Chem.
1999, 64, 8021.

[235] K. Miura, T. Nakagawa, A. Hosomi, J. Am. Chem. Soc. 2002,
124, 536.

[236] T. Mukaiyama, H. Fujisawa, T. Nakagawa, Helv. Chim. Acta
2002, 85, 4518, and references therein.

[237] a) T. Nakagawa, H. Fujisawa, Y. Nagata, T. Mukaiyama, Bull.
Chem. Soc. Jpn. 2004, 77, 1555, and references therein; b) Y.
Kawano, H. Fujisawa, T. Mukaiyama, Chem. Lett. 2005, 34, 614.

[238] a) H. Fujisawa, T. Nakagawa, T. Mukaiyama, Adv. Synth. Catal.
2004, 346, 1241, b) for lithium methoxide promoted addition of
Danishefsky’s diene to aldehydes, see T. Mukaiyama, T.
Kitazawa, H. Fujisawa, Chem. Lett. 20006, 35, 328.

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

[240] S. Matsukawa, N. Okano, T. Imamoto, Tetrahedron Lett. 2000,
41, 103.

[241] a) H. Hagiwara, H. Inoguchi, M. Fukushima, T. Hoshi, T.
Suzuki, Synlett 2005, 2388; b) H. Hagiwara, H. Inoguchi, M.
Fukushima, T. Hoshi, T. Suzuki, Tetrahedron Lett. 2006, 47,
5371.

[242] Y. Kita, O. Tamura, F. Itoh, H. Yasuda, H. Kishino, Y. Y. Ke, Y.
Tamura, J. Org. Chem. 1988, 53, 554.

[243] K. Miura, H. Sato, K. Tamaki, H. Ito, A. Hosomi, Tetrahedron
Lert. 1998, 39, 2585.

[244] Y. Génisson, L. Gorrichon, Tetrahedron Lett. 2000, 41, 4881.

[245] This result should be contrasted to the conditions reported for
the neat thermal reaction of these components (150°C, 18 h): P.
Creger, Tetrahedron Lett. 1972, 13, 79.

[246] S. Arseniyadis, K. S. Kyler, D. S. Watt, Org. React. 1984, 31, 1.

[247] C. Palomo, J. M. Aizpurua, M. C. Lépez, B. Lecea, J. Chem.
Soc. Perkin Trans. 1 1989, 1692.

[248] a) Y. Kawano, N. Kaneko, T. Mukaiyama, Chem. Lett. 2005, 34,
1508; b) Y. Kawano, H. Fujisawa, T. Muyaiyama, Chem. Lett.
2005, 34, 1134.

[249] a) H. Fujisawa, E. Takahashi, T. Mukaiyama, Chem. Eur. J.
2006, 12, 5082; b) E. Takahashi, H. Fujisawa, T. Mukaiyama,
Chem. Lett. 2004, 33, 1426; c) E. Takahashi, H. Fujisawa, T.
Yanai, T. Mukaiyama, Chem. Lett. 2005, 34, 216; d)E.
Takahashi, H. Fujisawa, T. Mukaiyama, Chem. Lett. 2005, 34,
84; e) E. Takahashi, H. Fujisawa, T. Yanai, T. Mukaiyama,
Chem. Lett. 2005, 34, 994; f) E. Takahashi, H. Fujisawa, T.
Yanai, T. Mukaiyama, Chem. Lett. 2005, 34, 468.

[250] J. A. Ellman, T. D. Owens, T. P. Tang, Acc. Chem. Res. 2002, 35,
984.

[251] For general reviews, see a) T. Mukaiyama, S. Kobayashi, Org.
React. 1994, 46, 1; b) R. D. Little, Org. React. 1995, 47, 315;
¢) D. Oare, C. H. Heathcock, Top. Stereochem. 1989, 19, 227,
d) D. Oare, C. H. Heathcock, Top. Stereochem. 1991, 20, 87,
e) K. Koga in Asymmetric Synthesis, Vol. 2 (Ed.: J. D. Morri-
son), Academic Press, New York, 1983, chap. 7; f) M. Yama-
guchi in Comprehensive Asymmetric Catalysis, Vol. I1l (Eds.:
E. N. Jacobsen, A. Pfaltz, H. Yamamoto), Springer, Heidelberg,
1999, chap. 31.2.

[252] Probably the first illustrations of Lewis base catalysis in
Michael addition reactions come in the form of group transfer
polymerization of methacrylates. For an extensive survey of

www.angewandte.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

S. E. Denmark and G. L. Beutner

oxyanionic catalysts for this process, see 1. B. Dicker, G. M.
Cohen, W.B. Farnham, W. R. Hertler, E. D. Laganis, D.Y.
Sogah, Macromolecules 1990, 23, 4034.

[253] V.M. Swamy, A. Sarkar, Tetrahedron Lett. 1998, 39, 1261.

[254] R. Gnaneshwar, P.P. Wadgaonkar, S. Sivaram, Tetrahedron
Lett. 2003, 44, 6047.

[255] a) T. Nakagawa, H. Fujisawa, Y. Nagata, T. Mukaiyama, Bull.
Chem. Soc. Jpn. 2005, 78, 236, and references therein; b) T.
Mukaiyama, T. Tozawa, H. Fujisawa, Chem. Lett. 2004, 33,
1410.

[256] Hosomi and co-workers have reported a Michael addition of
their enoxydimethylsilanes under catalysis by metal halide salts.
However, the failure of tetrabutylammonium chloride to
promote this addition, suggests that these may well be Lewis
acid catalyzed reactions: K. Miura, T. Nakagawa, A. Hosomi,
Synlett 2003, 2068.

[257] a) M. Yasuda, K. Chiba, N. Ohigashi, Y. Katoh, A. Baba, J. Am.
Chem. Soc. 2003, 125, 7291; b) M. Yasuda, N. Ohigashi, A.
Baba, Chem. Lett. 2000, 1266; c) M. Yasuda, Y. Katoh, I.
Shibata, A. Baba, H. Matsuda, N. Sonoda, J. Org. Chem. 1994,
59, 4386; d) M. Yasuda, K. Hayashi, Y. Katoh, I. Shibata, A.
Baba, J. Am. Chem. Soc. 1998, 120, 715; e¢) M. Yasuda, T. Oh-
hata, I. Shibata, A. Baba, H. Matsuda, J. Chem. Soc. Perkin
Trans. 1 1993, 859.

[258] a) Y. Kita, J. Segawa, J. Haruta, H. Yasuda, Y. Tamura, J. Chem.
Soc. Perkin Trans. 1 1982, 1099; b) V. Berl, G. Helmchen, S.
Preston, Tetrahedron Lett. 1994, 35, 233.

[259] a) M. Pereyre, J.-P. Quintard, A. Rahm, Tin in Organic
Synthesis, Butterworths, London, 1987, chap. 12; b) S. S. Lab-
adie, J. K. Stille, Tetrahedron 1984, 40, 2329.

[260] This explanation is not very satisfying because the tin(IV)
center is only pentacoordinate. Contol experiments show that
the alkylation is independently activated by additives, but they
did not examine the aldol addition with and without additives.
The aldol addition pathway can be accelerated by the addition
of zinc halides, see M. Yasuda, S. Tsuji, Y. Shigeyoshi, A. Baba,
J. Am. Chem. Soc. 2002, 124, 7440.

[261] For reviews on cyanohydrin synthesis and chemistry, see a) M.
North, Synlett 1993, 807; b) M. North, Tetrahedron: Asymmetry
2003, 14, 147-176; c) “Synthesis and application of non-
racemic cyanohydrins and a-amino nitriles”, Tetrahedron
2004, 60, 10383 (Tetrahedron Symposium-in-Print, Ed.: M.
North); d) J.-M. Brunel, I. P. Holmes, Angew. Chem. 2004, 116,
2810; Angew. Chem. Int. Ed. 2004,43,2752;¢) R. J. H. Gregory,
Chem. Rev. 1999, 99, 3649.

[262] a) D. A. Evans, L. K. Truesdale, Tetrahedron Lett. 1973, 14,
4929; b) D. A. Evans, R. Y. Wong, J. Org. Chem. 1977, 42, 350;
for the use of cesium fluoride as a catalyst, see S. S. Kim, G.
Rajagopal, D. H. Song, J. Organomet. Chem. 2004, 689, 1734;
for cyanide ion catalysis of phenylthiosilylation of aldehydes
and enones, see ¢) D. A. Evans, K. G. Grimm, L. K. Truesdale,
J. Am. Chem. Soc. 1975, 97, 3229.

[263] H.S. Wilkinson, P.T. Grover, C.P. Vandenbossche, R.P.
Bakale, N. N. Bhongle, S. A. Wald, C. H. Senanayake, Org.
Lett. 2001, 3, 553.

[264] a) 1. P. Holmes, H. B. Kagan, Tetrahedron Lett. 2000, 41, 7453
b) I. P. Holmes, H. B. Kagan, Tetrahedron Lett. 2000, 41, 7457.

[265] X. Liu, B. Qin, X. Zhou, B. He, X. Feng, J. Am. Chem. Soc.
2005, 127, 12224.

[266] a) S. Kobayashi, Y. Tsuchiya, T. Mukaiyama, Chem. Lett. 1991,
537; b) S. Kobayashi, Y. Tsuchiya, T. Mukaiyama, Chem. Lett.
1991, 541.

[267] For a study on the site selectivity of the cyanosilylation of
enones under amine catalysis, see a) I. I. Gerus, 1. S. Kruchok,
V. P. Kuhkar, Tetrahedron Lett. 1999, 40, 5923; b) 1. S. Kruchok,
1. I. Gerus, V. P. Kukhar, Tetrahedron 2000, 56, 6533.

Angew. Chem. Int. Ed. 2008, 47, 1560—1638


http://dx.doi.org/10.1021/jo00362a019
http://dx.doi.org/10.1021/jo00362a019
http://dx.doi.org/10.2174/1385272023374003
http://dx.doi.org/10.1246/cl.1991.307
http://dx.doi.org/10.1246/cl.1991.307
http://dx.doi.org/10.1021/jo00040a066
http://dx.doi.org/10.1021/jo9512416
http://dx.doi.org/10.1021/jo990624r
http://dx.doi.org/10.1021/jo990624r
http://dx.doi.org/10.1021/ja017218l
http://dx.doi.org/10.1021/ja017218l
http://dx.doi.org/10.1002/hlca.200290025
http://dx.doi.org/10.1002/hlca.200290025
http://dx.doi.org/10.1246/bcsj.77.1555
http://dx.doi.org/10.1246/bcsj.77.1555
http://dx.doi.org/10.1246/cl.2005.614
http://dx.doi.org/10.1002/adsc.200404084
http://dx.doi.org/10.1002/adsc.200404084
http://dx.doi.org/10.1246/cl.2006.328
http://dx.doi.org/10.1246/cl.2005.842
http://dx.doi.org/10.1246/cl.2005.842
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/10.1055/s-2005-872664
http://dx.doi.org/10.1016/j.tetlet.2006.05.074
http://dx.doi.org/10.1016/j.tetlet.2006.05.074
http://dx.doi.org/10.1021/jo00238a015
http://dx.doi.org/10.1016/S0040-4039(98)00275-5
http://dx.doi.org/10.1016/S0040-4039(98)00275-5
http://dx.doi.org/10.1016/S0040-4039(01)84244-1
http://dx.doi.org/10.1039/p19890001692
http://dx.doi.org/10.1039/p19890001692
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/chem.200500821
http://dx.doi.org/10.1002/chem.200500821
http://dx.doi.org/10.1246/cl.2004.1426
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.2005.994
http://dx.doi.org/10.1246/cl.2005.468
http://dx.doi.org/10.1021/ar020066u
http://dx.doi.org/10.1021/ar020066u
http://dx.doi.org/10.1002/9780470147283.ch5
http://dx.doi.org/10.1002/9780470147290.ch2
http://dx.doi.org/10.1021/ma00220a002
http://dx.doi.org/10.1016/S0040-4039(97)10771-7
http://dx.doi.org/10.1016/S0040-4039(03)01511-9
http://dx.doi.org/10.1016/S0040-4039(03)01511-9
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.2004.1410
http://dx.doi.org/10.1246/cl.2004.1410
http://dx.doi.org/10.1055/s-2003-41467
http://dx.doi.org/10.1021/ja028853+
http://dx.doi.org/10.1021/ja028853+
http://dx.doi.org/10.1246/cl.2000.1266
http://dx.doi.org/10.1021/jo00095a011
http://dx.doi.org/10.1021/jo00095a011
http://dx.doi.org/10.1021/ja972190s
http://dx.doi.org/10.1039/p19930000859
http://dx.doi.org/10.1039/p19930000859
http://dx.doi.org/10.1039/p19820001099
http://dx.doi.org/10.1039/p19820001099
http://dx.doi.org/10.1016/S0040-4039(00)76519-1
http://dx.doi.org/10.1016/0040-4020(84)80016-2
http://dx.doi.org/10.1021/ja0258172
http://dx.doi.org/10.1055/s-1993-22618
http://dx.doi.org/10.1016/S0957-4166(02)00825-X
http://dx.doi.org/10.1016/S0957-4166(02)00825-X
http://dx.doi.org/10.1002/ange.200300604
http://dx.doi.org/10.1002/ange.200300604
http://dx.doi.org/10.1002/anie.200300604
http://dx.doi.org/10.1021/cr9902906
http://dx.doi.org/10.1016/S0040-4039(01)87375-5
http://dx.doi.org/10.1016/S0040-4039(01)87375-5
http://dx.doi.org/10.1021/jo00422a041
http://dx.doi.org/10.1016/j.jorganchem.2004.01.025
http://dx.doi.org/10.1021/ja00844a058
http://dx.doi.org/10.1021/ol0069608
http://dx.doi.org/10.1021/ol0069608
http://dx.doi.org/10.1016/S0040-4039(00)01275-2
http://dx.doi.org/10.1016/S0040-4039(00)01276-4
http://dx.doi.org/10.1021/ja052629d
http://dx.doi.org/10.1021/ja052629d
http://dx.doi.org/10.1246/cl.1991.541
http://dx.doi.org/10.1246/cl.1991.541
http://dx.doi.org/10.1016/S0040-4039(99)01174-0
http://dx.doi.org/10.1016/S0040-4020(00)00603-7
http://www.angewandte.org

Lewis Base Catalysis

[268] S.-K. Tian, R. Hong, L. Deng, J. Am. Chem. Soc. 2003, 125,
9900.

[269] a) Y. Li, B. He, X. Feng, G. Zhang, Synlert 2004, 1598; b) Y.
Wen, X. Huang, J. Huang, Y. Xiong, B. Qin, X. Feng, Synlett
2005, 2445.

[270] Z. Wang, B. Fetterly, J. G. Verkade, J. Organomet. Chem. 2002,
646, 161.

[271] a) J. J. Song, F. Gallou, J. T. Reeves, Z. Tan, N. K. Yee, C. H.
Senanayake, J. Org. Chem. 2006, 71, 1273; b) T. Kano, K.
Sasaki, T. Konishi, H. Mii, K. Maruoka, Tetrahedron Lett. 2006,
47, 4615; c) Y. Fukuda, Y. Maeda, S. Ishii, K. Kondo, T.
Aoyama, Synthesis 2006, 589.

[272] For a recent review of chiral N-heterocyclic carbenes, see M. C.
Perry, K. Burgess, Tetrahedron: Asymmetry 2003, 14, 951.

[273] Imidazolinium carbodithiolates (adducts of NHCs and carbon
disulfide) have also been employed as catalysts for silylcyana-
tion: A. Blanrue, R. Wilhelm, Synlett 2004, 2621.

[274] a) T. Ishikawa, T. Isobe, Chem. Eur. J. 2002, 8,552; b) Y. Kitani,
T. Kumamoto, T. Isobe, K. Fukuda, T. Ishikawa, Adv. Synth.
Catal. 2005, 347, 1653; c) E. J. Corey, M. J. Grogan, Org. Lett.
1999, 1, 157.

[275] S. E. Denmark, W.-j. Chung, J. Org. Chem. 2006, 71, 4002.

[276] a) H. Groger, Chem. Rev. 2003, 103, 2795; b) L. Yet in Organic
Synthesis Highlights V (Eds.: H.-G. Schmalz, T. Wirth), Wiley-
VCH, Weinheim, 2003, pp. 187-193.

[277] M. S. Iyer, K. M. Gigstad, N. D. Namdev, M. Lipton, J. Am.
Chem. Soc. 1996, 118, 4910.

[278] Z.Jiao, X. Feng, B. Liu, F. Chen, G. Zhang, Y. Jiang, Eur. J. Org.
Chem. 2003, 3818.

[279] a) B.-F.Li, K. Yuan, M.-J. Zhang, H. Wu, L.-X. Dai Q. R. Wang,
X.-L. Hou, J. Org. Chem. 2003, 68, 6264; b) E. Takahashi, H.
Fujisawa, T. Yanai, T. Mukaiyama, Chem. Lett. 2005, 34, 318;
c) E. Takahashi, H. Fujisawa, T. Yanai, T. Mukaiyama, Chem.
Lett. 2005, 34, 604.

[280] a) T. Mukaiyama, Y. Kawano, H. Fujisawa, Chem. Lett. 2005,
34, 88; b) Y. Kawano, N Kaneko, T. Mukaiyama, Chem. Lett.
2006, 35,304; c) Y. Kawano, H. Fujisawa, T. Mukaiyama, Chem.
Lett. 2005, 34, 422; d) Y. Kawano, T. Mukaiyama, Chem. Lett.
2005, 34, 894.

[281] T. Hagiwara, T. Kobayashi, T. Fuchikami, Nippon Kagaku
Kaishi 1997, 12, 869.

[282] a) G. K. S. Prakash, M. Mandal, C. Panja, T. Mathew, G. A.
Olah, J. Fluorine Chem. 2003, 123, 61;b) J. J. Song, Z. Tan, J. T.
Reeves, F. Gallou, N. K. Yee, C. H. Senanayake, Org. Lett.
2005, 7, 2193.

[283] a) I. Shibata, T. Suzuki, A. Baba, H. Matsuda, J. Chem. Soc.
Chem. Commun. 1988, 882; b) L. Shibata, T. Yoshida, A. Baba,
H. Matsuda, Chem. Lett. 1989, 619; c¢) T. Kawakami, 1. Shibata,
A. Baba, H. Matsuda, J. Org. Chem. 1993, 58, 7608; d) L.
Shibata, T. Moriuchi-Kawakami, D. Tanizawa, T. Suwa, E.
Sugiyama, H. Matsuda, A. Baba, J. Org. Chem. 1998, 63, 383;
e) T. Suwa, E. Sugiyama, 1. Shibata, A. Baba, Synthesis 2000,
789.

[284] M. Koreeda, J. I. Luengo, J. Am. Chem. Soc. 1985, 107, 5572.

[285] a) Y. Sato, H. Fujisawa, T. Mukaiyama, Chem. Lett. 2005, 34,
558;b) Y. Sato, H. Fujisawa, T. Mukaiyama, Chem. Lett. 2005,
34, 1188; c) Y. Sato, H. Fujisawa, T. Mukaiyama, Chem. Lett.
2006, 35, 124.

[286] a) A.S. Rao, S. K. Paknikar, J. G. Kirtane, Tetrahedron 1983,
39, 2323.

[287] a) R. Nomura, A. Ninagawa, H. Matsuda, J. Org. Chem. 1980,
45,3735; b) R. Nomura, M. Kimura, S. Teshima, A. Ninagawa,
H. Matusda, Bull. Chem. Soc. Jpn. 1982, 55, 3200; c) L. Shibata,
A. Baba, H. Iwasaki, H. Matsuda, J. Org. Chem. 1986, 51, 2177,
d) A. Baba, H. Kashiwagi, H. Matsuda, Organometallics 1987,
6, 137.

[288] M. E. Dyen, D. Swern, Chem. Rev. 1967, 67, 197.

Angew. Chem. Int. Ed. 2008, 47, 1560-1638

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte

[289] Remarkably, this group reports preliminary experiments with
chiral Lewis bases that were unsuccessful and, apparently,
never pursued further: M. Ratzenhofer, H. Kisch, Angew.
Chem. 1980, 92, 303; Angew. Chem. Int. Ed. Engl. 1980, 19, 317.

[290] A.J.Bloodworth, A. G. Davies, S. C. Vasishtha, J. Chem. Soc. C
1967, 1309.

[291] a) H. Mayr, B. Kempf, A. R. Ofial, Acc. Chem. Res. 2003, 36,
66; b) H. Mayr, T. Bug, M. F. Gotta, N. Hering, B. Irrang, B.
Janker, B. Kempf, R. Loos, A. R. Ofial, G. Remennikov, H.
Schimmel, J. Am. Chem. Soc. 2001, 123, 9500; c) J. Burfeindt,
M. Patz, M. Miiller, H. Mayr, J. Am. Chem. Soc. 1998, 120,
3629; d) G. Hagen, H. Mayr, J. Am. Chem. Soc. 1991, 113, 4954.

[292] a) M. Kira, T. Hino, H. Sakurai, Chem. Lett. 1991, 277; b) M.
Kira, T. Hino, H. Sakurai, Tetrahedron Lett. 1989, 30, 1099;
c) M. Kira, M. Kobayashi, H. Sakurai, Tetrahedron Lett. 1987,
28, 4081.

[293] M. Kira, K. Sato, H. Sakurai, M. Hada, M. Izawa, J. Ushio,
Chem. Lett. 1991, 387.

[294] a) S. Kobayashi, K. Nishio, J. Org. Chem. 1994, 59, 6620; b) S.
Kobayashi, K. Nishio, Tetrahedron Lett. 1993, 34, 3453.

[295] J. D. Kennedy, W. McFarlane, Multinuclear NMR (Ed.: J.
Mason), Plenum, New York, 1987, chap. 11, p. 305.

[296] S. E. Denmark, D. M. Coe, N. E. Pratt, B. D. Griedel, J. Org.
Chem. 1994, 59, 6161.

[297] S. E. Denmark, X. Su, Y. Nishigaichi, D. M. Coe, K.-T. Wong,
S. B. D. Winter, J.-Y. Choi, J. Org. Chem. 1999, 64, 1958.

[298] a) S. E. Denmark, J. Fu, D. M. Coe, X. Su, N. E. Pratt, B. D.
Griedel, J. Org. Chem. 2006, 71, 1513; b) S. E. Denmark J. Fu,
M. J. Lawler, J. Org. Chem. 2006, 71, 1523; c) S. E. Denmark, J.
Fu, J. Am. Chem. Soc. 2000, 122, 12021.

[299] J. D. Short, S. Attenoux, D.J. Berrisford, Tetrahedron Lett.
1997, 38, 2351.

[300] a) S. E. Denmark, J. Fu, J. Am. Chem. Soc. 2003, 125, 2208;
b) S. E. Denmark, J. Fu, Org. Lent. 2002, 4, 1951; c¢)S. E.
Denmark, J. Fu, J. Am. Chem. Soc. 2001, 123, 9488.

[301] S. E. Denmark, J. Fu, Chem. Commun. 2003, 167.

[302] a) K. Iseki, Y. Kuroki, M. Takahashi, S. Kishimoto, Y.
Kobayashi, Tetrahedron 1997, 53, 3513; b) K. Iseki, Y. Kuroki,
M. Takahashi, Y. Kobayashi, Tetrahedron Lett. 1996, 37, 5149.

[303] a) K. Iseki, S. Mizuno, Y. Kuroki, Y. Kobayashi, Tetrahedron
1999, 55, 977; b) K. Iseki, S. Mizuno, Y. Kuroki, Y. Kobayashi,
Tetrahedron Lett. 1998, 39, 2767.

[304] a) L. Pignataro, M. Benaglia, R. Annunziata, M. Cinquini, F.
Cozzi, G. Celentano, J. Org. Chem. 2006, 71, 1458; b) J. F.
Traverse, Y. Zhao, A. H. Hoveyda, M. L. Snapper, Org. Lett.
2005, 7, 3151; c) L. Pignataro, M. Benaglia, M. Cinquini, F.
Cozzi, G. Celentano, Chirality 2005, 17, 396; d) C. A Miiller, T.
Hoffart, M. Holbach, M. Reggelin, Macromolecules 2005, 38,
5375; e) M. Nakajima, S. Kotani, T. Ishizuka, S. Hashimoto,
Tetrahedron Lett. 2005, 46,157; f) A. V. Malkov, L. Dufkova, L.
Farrugia, P. Kocovsky, Angew. Chem. 2003, 115, 3802; Angew.
Chem. Int. Ed. 2003, 42, 3674; g) A. V. Malkov, M. Bell, M.
Vassieu, V. Bugatti, P. Kocovsky, J. Mol. Catal. A 2003, 196, 179;
h) T. Shimada, A. Kina, T. Hayashi, J. Org. Chem. 2003, 68,
6329; 1) T. Shimada, A. Kina, S. Ikeda, T. Hayashi, Org. Lett.
2002, 4, 2799; j) A. V. Malkov, M. Orsini, D. Pernazza, K. W.
Muir, V. Langer, P. Meghani, P. Kocovsky, Org. Lett. 2002, 4,
1047; k) M. Nakajima, M. Saito, S. Hashimoto, Chem. Pharm.
Bull. 2000, 48, 306; 1) M. Nakajima, M. Saito, M. Shiro, S.
Hashimoto, J. Am. Chem. Soc. 1998, 120, 6419.

[305] R. M. Angell, A. G. M. Barrett, D. C. Braddock, S. Swallow,
B. D. Vickery, Chem. Commun. 1997, 919.

[306] I. Chataigner, U. Piarulli, C. Gennari, Tetrahedron Lett. 1999,
40, 3633.

[307] a) M. Sugiura, S. Kobayashi, Angew. Chem. 2005, 117, 5306;
Angew. Chem. Int. Ed. 2005, 44, 5176; b) S. Kobayashi, M.
Sugiura, C. Ogawa, Adv. Synth. Catal. 2004, 346, 1023; c) R.

www.angewandte.org

Chemie

1633


http://dx.doi.org/10.1021/ja036222p
http://dx.doi.org/10.1021/ja036222p
http://dx.doi.org/10.1016/S0022-328X(01)01436-X
http://dx.doi.org/10.1016/S0022-328X(01)01436-X
http://dx.doi.org/10.1021/jo052206u
http://dx.doi.org/10.1016/j.tetlet.2006.04.141
http://dx.doi.org/10.1016/j.tetlet.2006.04.141
http://dx.doi.org/10.1016/S0957-4166(03)00037-5
http://dx.doi.org/10.1002/1521-3765(20020201)8:3%3C552::AID-CHEM552%3E3.0.CO;2-T
http://dx.doi.org/10.1002/adsc.200505161
http://dx.doi.org/10.1002/adsc.200505161
http://dx.doi.org/10.1021/ol990623l
http://dx.doi.org/10.1021/ol990623l
http://dx.doi.org/10.1021/jo060153q
http://dx.doi.org/10.1021/ja952686e
http://dx.doi.org/10.1021/ja952686e
http://dx.doi.org/10.1002/ejoc.200300319
http://dx.doi.org/10.1002/ejoc.200300319
http://dx.doi.org/10.1021/jo034477f
http://dx.doi.org/10.1246/cl.2005.318
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.2005.88
http://dx.doi.org/10.1246/cl.2005.88
http://dx.doi.org/10.1246/cl.2006.304
http://dx.doi.org/10.1246/cl.2006.304
http://dx.doi.org/10.1246/cl.2005.422
http://dx.doi.org/10.1246/cl.2005.422
http://dx.doi.org/10.1246/cl.2005.894
http://dx.doi.org/10.1246/cl.2005.894
http://dx.doi.org/10.1016/S0022-1139(03)00104-0
http://dx.doi.org/10.1021/ol050568i
http://dx.doi.org/10.1021/ol050568i
http://dx.doi.org/10.1039/c39880000882
http://dx.doi.org/10.1039/c39880000882
http://dx.doi.org/10.1246/cl.1989.619
http://dx.doi.org/10.1021/jo00078a054
http://dx.doi.org/10.1021/jo971358p
http://dx.doi.org/10.1055/s-2000-6273
http://dx.doi.org/10.1055/s-2000-6273
http://dx.doi.org/10.1021/ja00305a066
http://dx.doi.org/10.1246/cl.2005.1188
http://dx.doi.org/10.1246/cl.2005.1188
http://dx.doi.org/10.1246/cl.2006.124
http://dx.doi.org/10.1246/cl.2006.124
http://dx.doi.org/10.1016/S0040-4020(01)91961-1
http://dx.doi.org/10.1016/S0040-4020(01)91961-1
http://dx.doi.org/10.1021/jo01307a002
http://dx.doi.org/10.1021/jo01307a002
http://dx.doi.org/10.1246/bcsj.55.3200
http://dx.doi.org/10.1021/jo00362a005
http://dx.doi.org/10.1021/om00144a024
http://dx.doi.org/10.1021/om00144a024
http://dx.doi.org/10.1021/cr60246a003
http://dx.doi.org/10.1002/ange.19800920409
http://dx.doi.org/10.1002/ange.19800920409
http://dx.doi.org/10.1002/anie.198003171
http://dx.doi.org/10.1039/j39670001309
http://dx.doi.org/10.1039/j39670001309
http://dx.doi.org/10.1021/ar020094c
http://dx.doi.org/10.1021/ar020094c
http://dx.doi.org/10.1021/ja010890y
http://dx.doi.org/10.1021/ja974003w
http://dx.doi.org/10.1021/ja974003w
http://dx.doi.org/10.1021/ja00013a035
http://dx.doi.org/10.1246/cl.1991.277
http://dx.doi.org/10.1016/S0040-4039(01)80370-1
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/10.1246/cl.1991.387
http://dx.doi.org/10.1021/jo00101a021
http://dx.doi.org/10.1016/S0040-4039(00)79181-7
http://dx.doi.org/10.1021/jo00100a013
http://dx.doi.org/10.1021/jo00100a013
http://dx.doi.org/10.1021/jo9820723
http://dx.doi.org/10.1021/jo052202p
http://dx.doi.org/10.1021/jo052203h
http://dx.doi.org/10.1021/ja002060a
http://dx.doi.org/10.1016/S0040-4039(97)00312-2
http://dx.doi.org/10.1016/S0040-4039(97)00312-2
http://dx.doi.org/10.1021/ja021280g
http://dx.doi.org/10.1021/ol025971t
http://dx.doi.org/10.1021/ja016552e
http://dx.doi.org/10.1039/b208065f
http://dx.doi.org/10.1016/S0040-4020(97)00084-7
http://dx.doi.org/10.1016/0040-4039(96)01040-4
http://dx.doi.org/10.1016/S0040-4020(98)01097-7
http://dx.doi.org/10.1016/S0040-4020(98)01097-7
http://dx.doi.org/10.1016/S0040-4039(98)00334-7
http://dx.doi.org/10.1021/jo052132m
http://dx.doi.org/10.1021/ol050814q
http://dx.doi.org/10.1021/ol050814q
http://dx.doi.org/10.1002/chir.20180
http://dx.doi.org/10.1016/j.tetlet.2004.10.168
http://dx.doi.org/10.1002/ange.200351737
http://dx.doi.org/10.1002/anie.200351737
http://dx.doi.org/10.1002/anie.200351737
http://dx.doi.org/10.1016/S1381-1169(02)00649-0
http://dx.doi.org/10.1021/jo0300800
http://dx.doi.org/10.1021/jo0300800
http://dx.doi.org/10.1021/ol026376u
http://dx.doi.org/10.1021/ol026376u
http://dx.doi.org/10.1021/ol025654m
http://dx.doi.org/10.1021/ol025654m
http://dx.doi.org/10.1021/ja981091r
http://dx.doi.org/10.1016/S0040-4039(99)00493-1
http://dx.doi.org/10.1016/S0040-4039(99)00493-1
http://dx.doi.org/10.1002/ange.200500691
http://dx.doi.org/10.1002/anie.200500691
http://dx.doi.org/10.1002/adsc.200404101
http://www.angewandte.org

Reviews

1634

Hirabayashi, C. Ogawa, M. Sugiura, S. Kobayashi, J. Am.
Chem. Soc. 2001, 123, 9493; d) C. Ogawa, M. Sugiura, S.
Kobayashi, J. Org. Chem. 2002, 67, 5359.

[308] a) S. Kobayashi, C. Ogawa, H. Konishi, M. Sugiura, J. Am.
Chem. Soc. 2003, 125, 6610; b) C. Ogawa, M. Sugiura, S.
Kobayashi, Angew. Chem. 2004, 116, 6653; Angew. Chem. Int.
Ed. 2004, 43, 6491.

[309] a) U. Schneider, M. Sugiura, S. Kobayashi, Tetrahedron 2006,
62,496; b) U. Schneider, M. Sugiura, S. Kobayashi, Adv. Synth.
Catal. 2006, 348, 323; c) S. Kobayashi, K. Nishio, J. Am. Chem.
Soc. 1995, 117, 6392.

[310] J. Boyer, R. J. P. Corriu, R. Perz, C. Reye, Tetrahedron 1981, 37,
2165.

[311] Y. Kobayashi, E. Takahisa, M. Nakano, K. Watatani, Tetrahe-
dron 1997, 53, 1627.

[312] a) S. Kohra, H. Hayashida, Y. Tominaga, A. Hosomi, Tetrahe-
dron Lertt. 1988, 29, 89; b) R. Schiffers, H. B. Kagan, Synlett
1997, 1175; c) F. J. LaRonde, M. A. Brook, Tetrahedron Lett.
1999, 40, 3507.

[313] M. D. Drew, N. J. Lawrence, W. Watson, S. A. Bowles, Tetrahe-
dron Lett. 1997, 38, 5857.

[314] a) F. Iwasaki, O. Onomura, K. Mishima, T. Kanematsu, T. Maki,
Y. Matsumura, Tetrahedron Lett. 2001, 42, 2525; b) F. Iwasaki,
O. Onomura, K. Mishima, T. Maki, Y. Matsumura, Tetrahedron
Lett. 1999, 40, 7507, c) S. Kobayashi, M. Yasuda, I. Hachiya,
Chem. Lett. 1996, 407; d) Z. Wang, X. Ye, S. Wei, P. Wu, A.
Zhang, J. Sun, Org. Lett. 2006, 8,999; ¢) Z. Wang, M. Cheng, P.
Wu, S. Wei, J. Sun, Org. Lett. 2006, 8, 3045; f) A. V. Malkov, S.
Stoncius, K. N. MacDougall, A. Mariani, G. D. McGeoch, P.
Kocovsky, Tetrahedron 2006, 62, 264.

[315] a) S. E. Denmark, S. Fujimori in Modern Aldol Reactions,
Vol.2 (Ed.: R. Mahrwald) Wiley-VCH, Weinheim, 2004.
chap. 7; b) S. E. Denmark, R. A. Stavenger, Acc. Chem. Res.
2000, 33, 432.

[316] S. E. Denmark, S.B.D. Winter, X. Su, K.-T. Wong, J. Am.
Chem. Soc. 1996, 118, 7404.

[317] a) S. E. Denmark, S. M. Pham, J. Org. Chem. 2003, 68, 5045;
b) S. E. Denmark, R. A. Stavenger, J. Am. Chem. Soc. 2000,
122, 8837; c) S. E. Denmark, R. A. Stavenger, K.-T. Wong, X.
Su,J. Am. Chem. Soc. 1999, 121, 4982; d) S. E. Denmark, R. A.
Stavenger, K.-T. Wong, Tetrahedron 1998, 54, 10389; e) S. E.
Denmark, R. A. Stavenger, K.-T. Wong, J. Org. Chem. 1998, 63,
918; f) S. E. Denmark, K.-T. Wong, R. A. Stavenger, J. Am.
Chem. Soc. 1997, 119, 2333.

[318] S. E. Denmark, S. Fujimori, S. M. Pham, J. Org. Chem. 2005, 70,
10823.

[319] a) S. E. Denmark, S. M. Pham, R. A. Stavenger, X. Su, K.-T.
Wong, Y. Nishigaichi, J. Org. Chem. 2006, 71, 3904; b) S. E.
Denmark, S. M. Pham, Helv. Chim. Acta 2000, 83,1846;c) S. E.
Denmark, X. Su, Tetrahedron 1999, 55, 8727, d) S. E. Denmark,
X. Su, Y. Nishigaichi, J. Am. Chem. Soc. 1998, 120, 12990.

[320] a) S. E. Denmark, S. Fujimori, Org. Lert. 2002, 4, 3477;b) S. E.
Denmark, S. Fujimori, Org. Lett. 2002, 4, 3473; ¢) S. E. Den-
mark, S. Fujimori, Synlert 2001, 1024; d) S. E. Denmark, S. M.
Pham, Org. Lett. 2001, 3, 2201; e)S. E. Denmark, R. A.
Stavenger, J. Org. Chem. 1998, 63, 9524.

[321] a) S. E. Denmark, Y. Fan, M. D. Eastgate, J. Org. Chem. 2005,
70, 5235; b) S. E. Denmark, Y. Fan, J. Am. Chem. Soc. 2002,
124, 4233.

[322] S. E. Denmark, S. K. Ghosh, Angew. Chem. 2001, 113, 4895;
Angew. Chem. Int. Ed. 2001, 40, 4759.

[323] a) S. E. Denmark, T. Bui, J. Org. Chem. 2005, 70,10393;b) S. E.
Denmark, T. Bui, J. Org. Chem. 2005, 70, 10190; c) S. E.
Denmark, T. Bui, Proc. Natl. Acad. Sci. USA 2004, 101, 5439.

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

www.angewandte.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

S. E. Denmark and G. L. Beutner

[325] G. C. Andrews, T. C. Crawford, L. G. Contillo, Jr., Tetrahedron
Lert. 1981, 22, 3803.

[326] This nucleophile is most likely not a free chloride ion, but some
form of chlorosilicate as was shown spectroscopically in the
combination of silicon tetrachloride and HMPA, see
Ref. [330f].

[327] a) M. Nakajima, M. Saito, M. Uemura, S. Hashimoto, Tetrahe-
dron Lett. 2002, 43, 8327; b) B. Tao, M. M.-C. Lo, G. C. Fu, J.
Am. Chem. Soc. 2001, 123, 353.

[328] a) E.N. Jacobsen, Acc. Chem. Res. 2000, 33, 421; b) E.N.
Jacobsen, M. H. Wu in Comprehensive Asymmetric Catalysis,
Vol. III (Eds.: E.N. Jacobsen, A. Pfaltz, H. Yamamoto),
Springer, Heidelberg, 1999, chap. 35.1.

[329] For notable exceptions, see a) S. E. Schaus, E. N. Jacobsen, Org.
Lett. 2000, 2, 1001; b) N. Oguni, Y. Miyagi, K. Itoh, Tetrahedron
Lett. 1998, 39, 9023; c) P. Crotti, V. DiBussolo, L. Favero, F.
Macchia, M. Pineschi, Gazz. Chim. Ital. 1997, 127,273; d) B. M.
Cole, K.D. Shimizu, C. A. Krueger, J. P. A. Harrity, M. L.
Snapper, A.H. Hoveyda, Angew. Chem. 1996, 108, 1776;
Angew. Chem. Int. Ed. Engl. 1996, 35, 1668; ¢) M. Hayashi, M.
Tamura, N. Oguni, Synlett 1992, 663.

[330] a) S. E. Denmark, T. Wynn, J. Am. Chem. Soc. 2001, 123, 6199;
b) S. E. Denmark, T. Wynn, G. L. Beutner, J. Am. Chem. Soc.
2002, 124, 13405; ¢) S. E. Denmark, J. R. Heemstra, Jr., Org.
Lett. 2003, 5, 2303; d) S. E. Denmark, G. L. Beutner, J. Am.
Chem. Soc. 2003, 125, 7800; e) S. E. Denmark, J. R. Heem-
stra, Jr., J. Am. Chem. Soc. 2006, 128, 1038; f) S. E. Denmark
G. L. Beutner, T. Wynn, M. D. Eastgate, J. Am. Chem. Soc.
2005, 127, 3774.

[331] a) J. P. Guthrie, Can. J. Chem. 1978, 56, 962; b) E. G. Sander,
W. P. Jencks, J. Am. Chem. Soc. 1968, 90, 6154.

[332] For the use of binap phosphane oxide as a catalyst for this
transformation, see S. Kotani, S. Hashimoto, M. Nakajima,
Synlett 2006, 1116.

[333] a) S. E. Denmark, J. R. Heemstra, Jr., G. L. Beutner, Angew.
Chem. 2005, 117, 4760; Angew. Chem. Int. Ed. 2005, 44, 4682;
b) M. Kalesse, Top. Curr. Chem. 2005, 244, 43.

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

[335] a) Q. Xia, B. Ganem, Org. Lett. 2002, 4, 1631; b) T. Carofiglio,
P. G. Cozzi, C. Floriani, A. Chiesi-Villa, C. Rizzoli, Organo-
metallics 1993, 12, 2726; c¢) D. Seebach, G. Adam, T. Gees, M.
Schiess, W. Weigand, Chem. Ber. 1988, 121, 507; d) M. Schiess,
D. Seebach, Helv. Chim. Acta 1983, 66, 1618; ¢) T. Saegusa, N.
Taka-Ishi, H. Fujii, Tetrahedron 1968, 24, 3795; f) E. Miiller, B.
Zeeh, R. Heischkeil, Justus Liebigs Ann. Chem. 1964, 677, 47;
¢) E. Miiller, B. Zeeh, Justus Liebigs Ann. Chem. 1966, 696, 72.

[336] a) A. Pelter, K. Smith, H. C. Brown, Borane Reagents, Aca-
demic Press, San Diego, 1988, pp.410-437; b) C.F. Lane,
Aldrichimica Acta 1973, 6, 21; c) J. V. B. Kanth, Aldrichimica
Acta 2002, 35, 57.

[337] C.E. Garrett, G. C. Fu, J. Org. Chem. 1996, 61, 3224.

[338] Review: a) J. M. Brunel, G. Buono, Top. Curr. Chem. 2002, 220,
79; b) J.-M. Brunel, O. Pardigon, B. Faure, G. Buono, J. Chem.
Soc. Chem. Commun. 1992, 287; c) J.-M. Brunel, O. Chiodi, B.
Faure, F. Fotiadu, G. Buono, J. Organomet. Chem. 1997, 529,
285.

[339] a) M. Wills, M. Gamble, M. Palmer, A. Smith, J. Studley, J.
Kenny, J. Mol. Catal. A 1999, 146, 139; b) R. Hulst, H. Heres,
C. M. W. Peper, R. M. Kellogg, Tetrahedron: Asymmetry 1996,
7,1373; ¢) B. Burns, N. P. King, J. R. Studley, H. Tye, M. Wills,
Tetrahedron: Asymmetry 1994, 5,801; d) B. Burns, J. R. Studley,
M. Wills, Tetrahedron Lett. 1993, 34, 7105; ¢) M. P. Gamble,
J. R. Studley, M. Wills, Tetrahedron Lett. 1996, 37, 2853.

[340] O. Chiodi, F. Fotiadu, M. Sylvestre, G. Buono, Tetrahedron Lett.
1996, 37, 39.

Angew. Chem. Int. Ed. 2008, 47, 1560—1638


http://dx.doi.org/10.1021/ja011125m
http://dx.doi.org/10.1021/ja011125m
http://dx.doi.org/10.1021/jo0258599
http://dx.doi.org/10.1021/ja035061m
http://dx.doi.org/10.1021/ja035061m
http://dx.doi.org/10.1002/ange.200461312
http://dx.doi.org/10.1002/anie.200461312
http://dx.doi.org/10.1002/anie.200461312
http://dx.doi.org/10.1016/j.tet.2005.08.114
http://dx.doi.org/10.1016/j.tet.2005.08.114
http://dx.doi.org/10.1002/adsc.200505379
http://dx.doi.org/10.1002/adsc.200505379
http://dx.doi.org/10.1021/ja00128a043
http://dx.doi.org/10.1021/ja00128a043
http://dx.doi.org/10.1016/S0040-4020(01)97975-X
http://dx.doi.org/10.1016/S0040-4020(01)97975-X
http://dx.doi.org/10.1016/S0040-4020(96)01092-7
http://dx.doi.org/10.1016/S0040-4020(96)01092-7
http://dx.doi.org/10.1016/0040-4039(88)80024-8
http://dx.doi.org/10.1016/0040-4039(88)80024-8
http://dx.doi.org/10.1055/s-1997-982
http://dx.doi.org/10.1055/s-1997-982
http://dx.doi.org/10.1016/S0040-4039(99)00543-2
http://dx.doi.org/10.1016/S0040-4039(99)00543-2
http://dx.doi.org/10.1016/S0040-4039(97)01445-7
http://dx.doi.org/10.1016/S0040-4039(97)01445-7
http://dx.doi.org/10.1016/S0040-4039(01)00219-2
http://dx.doi.org/10.1016/S0040-4039(99)01554-3
http://dx.doi.org/10.1016/S0040-4039(99)01554-3
http://dx.doi.org/10.1246/cl.1996.407
http://dx.doi.org/10.1021/ol060112g
http://dx.doi.org/10.1021/ol060984i
http://dx.doi.org/10.1016/j.tet.2005.08.117
http://dx.doi.org/10.1021/ar960027g
http://dx.doi.org/10.1021/ar960027g
http://dx.doi.org/10.1021/ja9606539
http://dx.doi.org/10.1021/ja9606539
http://dx.doi.org/10.1021/jo034092x
http://dx.doi.org/10.1021/ja001023g
http://dx.doi.org/10.1021/ja001023g
http://dx.doi.org/10.1021/ja984123j
http://dx.doi.org/10.1016/S0040-4020(98)00493-1
http://dx.doi.org/10.1021/jo972168h
http://dx.doi.org/10.1021/jo972168h
http://dx.doi.org/10.1021/ja9636698
http://dx.doi.org/10.1021/ja9636698
http://dx.doi.org/10.1021/jo051930+
http://dx.doi.org/10.1021/jo051930+
http://dx.doi.org/10.1021/jo060243v
http://dx.doi.org/10.1002/1522-2675(20000809)83:8%3C1846::AID-HLCA1846%3E3.0.CO;2-V
http://dx.doi.org/10.1016/S0040-4020(99)00439-1
http://dx.doi.org/10.1021/ja982993v
http://dx.doi.org/10.1021/ol026594n
http://dx.doi.org/10.1021/ol026593v
http://dx.doi.org/10.1055/s-2001-14652
http://dx.doi.org/10.1021/ol0160497
http://dx.doi.org/10.1021/jo981739i
http://dx.doi.org/10.1021/jo0506276
http://dx.doi.org/10.1021/jo0506276
http://dx.doi.org/10.1021/ja025670e
http://dx.doi.org/10.1021/ja025670e
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/jo051680x
http://dx.doi.org/10.1021/jo0517500
http://dx.doi.org/10.1073/pnas.0307212101
http://dx.doi.org/10.1021/jo9801420
http://dx.doi.org/10.1002/adsc.200600551
http://dx.doi.org/10.1016/S0040-4039(01)91312-7
http://dx.doi.org/10.1016/S0040-4039(01)91312-7
http://dx.doi.org/10.1016/S0040-4039(02)02229-3
http://dx.doi.org/10.1016/S0040-4039(02)02229-3
http://dx.doi.org/10.1021/ja003573k
http://dx.doi.org/10.1021/ja003573k
http://dx.doi.org/10.1021/ar960061v
http://dx.doi.org/10.1021/ol005721h
http://dx.doi.org/10.1021/ol005721h
http://dx.doi.org/10.1016/S0040-4039(98)02024-3
http://dx.doi.org/10.1016/S0040-4039(98)02024-3
http://dx.doi.org/10.1002/ange.19961081509
http://dx.doi.org/10.1002/anie.199616681
http://dx.doi.org/10.1055/s-1992-21450
http://dx.doi.org/10.1021/ja016017e
http://dx.doi.org/10.1021/ja0282947
http://dx.doi.org/10.1021/ja0282947
http://dx.doi.org/10.1021/ol034641l
http://dx.doi.org/10.1021/ol034641l
http://dx.doi.org/10.1021/ja035448p
http://dx.doi.org/10.1021/ja035448p
http://dx.doi.org/10.1021/ja056747c
http://dx.doi.org/10.1021/ja047339w
http://dx.doi.org/10.1021/ja047339w
http://dx.doi.org/10.1139/v78-162
http://dx.doi.org/10.1021/ja01024a038
http://dx.doi.org/10.1002/ange.200462338
http://dx.doi.org/10.1002/ange.200462338
http://dx.doi.org/10.1002/anie.200462338
http://dx.doi.org/10.1021/jo050549m
http://dx.doi.org/10.1021/ja035410c
http://dx.doi.org/10.1021/ol025877c
http://dx.doi.org/10.1021/om00031a047
http://dx.doi.org/10.1021/om00031a047
http://dx.doi.org/10.1002/cber.19881210319
http://dx.doi.org/10.1002/hlca.19830660531
http://dx.doi.org/10.1016/S0040-4020(01)92587-6
http://dx.doi.org/10.1002/jlac.19646770107
http://dx.doi.org/10.1002/jlac.19666960108
http://dx.doi.org/10.1021/jo960386p
http://dx.doi.org/10.1039/c39920000287
http://dx.doi.org/10.1039/c39920000287
http://dx.doi.org/10.1016/S0022-328X(96)06614-4
http://dx.doi.org/10.1016/S0022-328X(96)06614-4
http://dx.doi.org/10.1016/S1381-1169(99)00062-X
http://dx.doi.org/10.1016/0957-4166(96)00154-1
http://dx.doi.org/10.1016/0957-4166(96)00154-1
http://dx.doi.org/10.1016/S0957-4166(00)86231-X
http://dx.doi.org/10.1016/S0040-4039(00)61610-6
http://dx.doi.org/10.1016/0040-4039(96)00404-2
http://dx.doi.org/10.1016/0040-4039(95)02078-0
http://dx.doi.org/10.1016/0040-4039(95)02078-0
http://www.angewandte.org

Lewis Base Catalysis

[341] a) V. Peper, J. Martens, Tetrahedron Lett. 1996, 37, 8351; b) B.
Burns, N. P. King, H. Tye, J. R. Studley, M. Gamble, M. Wills, J.
Chem. Soc. Perkin Trans. 1 1998, 1027; c) M. P. Gamble,
A. R. C. Smith, M. Wills, J. Org. Chem. 1998, 63, 6068.

[342] a) E. R. Grandbois, S. I. Howard, J. D. Morrison, in Asymmetric
Synthesis, Vol. 2 (Ed.: J. D. Morrison) Academic Press, New
York, 1983, chap. 3; b) J. Seyden-Penne, Chiral Auxiliaries and
Ligands in Asymmetric Synthesis, Wiley-Interscience, New
York, 1995, pp. 88-97.

[343] a) S. Itsuno in Comprehensive Asymmetric Catalysis, Vol. I
(Eds.: E.N. Jacobsen, A. Pflatz, H. Yamamoto), Springer,
Heidelberg, 1999, chap. 6.4; b) E. J. Corey, C. J. Helal, Angew.
Chem. 1998, 110, 2092; Angew. Chem. Int. Ed. 1998, 37, 1986.

[344] a) D. J. Mathre, A. S. Thompson, A. W. Douglas, K. Hoogsteen,
J.D. Carroll, E. G. Corley, E. J.J. Grabowski, J. Org. Chem.
1993, 58, 2880; b) A. W. Douglas, D.M. Tschaen, R.A.
Reamer, Y.-J. Shi, Tetrahedron: Asymmetry 1996, 7, 1303.

[345] a) D. K. Jones, D. C. Liotta, I. Shinkai, D.J. Mathre, J. Org.
Chem. 1993, 58,799;b) L. P. Linney, C. R. Self, I. H. Williams, J.
Chem. Soc. Chem. Commun. 1994, 1651; ¢) G. J. Quallich, J. F.
Blake, T. M. Woodall, J. Am. Chem. Soc. 1994, 116, 8516; d) G.
Alagona, C. Ghio, M. Persico, S. Tomasi, J. Am. Chem. Soc.
2003, 125, 10027.

[346] 1. Ojima, Chem. Rev. 1988, 88, 1011.

[347] a) A. Sisak, L. Marko, J. Organomet. Chem. 1987, 330, 201,
b) G. Fachinetti, G. Fochi, T. Funaioli, J. Organomet. Chem.
1986, 301, 91; c) S. Sisak, L. Marko, Acta Chim. Hung. 1985,
119, 115; d) G. Fachinetti, F. Del Cima, J. Organomet. Chem.
1985, 287, C23; e) A. Sisak, F. Ungarvy, L. Marko, Organo-
metallics 1983, 2, 1244; f) J. Liu, J. Chen, C. Xia, J. Mol. Catal. A
2006, 250, 232.

[348] a) R.F. Heck, J. Am. Chem. Soc. 1963, 85, 1460; b)J. L.
Eisenmann, R. L. Yamartino, J. F. Howard, Jr., J. Org. Chem.
1961, 26, 2102.

[349] a) E. Drent, E. Kragtwijk (Appl. Shell Internationale Research
Maatschappij, B.V., Netherlands), Eur. Pat. Application
EP577206 [Chem. Abstr. 1994, 120, 191517]; b) J. Liu, J. Chen,
C. Xia, J. Mol. Catal. A 2006, 250, 232.

[350] a) K. Hinterding, E. N. Jacobsen, J. Org. Chem. 1999, 64, 2164,
b) S. N. Goodman, E.N. Jacobsen, Angew. Chem. 2002, 114,
4897; Angew. Chem. Int. Ed. 2002, 41,4703; for the formation of
B-hydroxy acetals, see c) K. Nakano, M. Katayama, S. Ishihara,
T. Hiyama, K. Nozaki, Synlett 2004, 1367.

[351] a) F. Molnar, G. A. Luinstra, Chem. Eur. J. 2003, 9, 1273; b) M.
Allmendinger, F. Molnar, M. Zintl, G. A. Luinstra, P. Preis-
huber-Pfliigl, B. Rieger, Chem. Eur. J. 2005, 11, 5327.

[352] a) K. Khumtaveeporn, H. Alper, Acc. Chem. Res. 1995, 28, 414;
b)J. T. Lee, P.J. Thomas, H. Alper, J. Org. Chem. 2001, 66,
5424.

[353] a) Y. D. Y. L. Getzler, V. Mahadevan, E. B. Lobkovsky, G. W.
Coates, J. Am. Chem. Soc. 2002, 124, 1174; b) V. Mahadevan,
Y.D. Y. L. Getzler, G. W. Coates, Angew. Chem. 2002, 114,
2905; Angew. Chem. Int. Ed. 2002, 41,2781; c) J. A. R. Schmidt,
V. Mahadevan, Y.D. Y. L. Getzler, G. W. Coates, Org. Lett.
2004, 6, 373; d)J. A.R. Schmidt, E.B. Lobkovsky, G. W.
Coates, J. Am. Chem. Soc. 2005, 127, 11426; ¢) T. L. Church,
Y.D.Y.L. Getzler, C.M. Byrne, G.W. Coates, Chem.
Commun. 2007, 657.

[354] K. B. Lipkowitz, C. A. D’Hue, T. Sakamoto, J. N. Stack, J. Am.
Chem. Soc. 2002, 124, 14255.

[355] K. Itoh, S. Kanemasa, J. Am. Chem. Soc. 2002, 124, 13394.

[356] TUPAC definition of “bifunctional catalysis”: “Catalysis by a
bifunctional chemical species involving a mechanism in which
both functional groups are implicated in the rate-controlling
step, so that the corresponding catalytic coefficient is larger
than that expected for catalysis by chemical species containing
only one of these functional groups. The term should not be

Angew. Chem. Int. Ed. 2008, 47, 1560-1638

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte

used to describe the concerted action of two different catalysts.”
Pure Appl. Chem. 1994, 66, 1089.

[357] For the first illustration of this concept, see a) C. G. Swain, J. F.
Brown, Jr., J. Am. Chem. Soc. 1952, 74, 2538; b)J. P. Li,
Aldrichimica Acta 1972, 5, 5; c) R. Breslow, in Chemical
Synthesis (Eds.: C. Chatgilialoglu, V. Snieckus), NATO ASI
Series, Kluwer, Dodrecht, 1996, p. 113.

[358] E. . Corey, C.-P. Chen, G. A. Reichard, Tetrahedron Lett. 1989,
30, 5547.

[359] F. M. Menger, Acc. Chem. Res. 1993, 26, 206.

[360] a) A. M. Thayer, Chem. Eng. News 2006, 84,15;b) C.-H. Wong,
G. M. Whitesides, Enzymes in Organic Synthesis, Pergamon,
Oxford, 1994.

[361] a) L. Pu, H.-B. Yu, Chem. Rev. 2001, 101, 757; b) K. Soai, T.
Shibata in Comprehensive Asymmetric Catalysis, Vol. III (Eds.:
E. N. Jacobsen, A. Pflatz, H. Yamamoto), Springer, Heidelberg,
1999, chap. 26.1; c¢) K. Soai, S. Niwa, Chem. Rev. 1992, 92, 833;
d) R. Noyori, M. Kitamura, Angew. Chem. 1991, 103, 34;
Angew. Chem. Int. Ed. Engl. 1991, 30, 49.

[362] J. Boersma in Comprehensive Organometallic Chemistry, Vol. 2
(Eds.: G. Wilkinson, F. G. A. Stone, E. W. Abel), Pergamon,
New York, 1982, p. 823.

[363] a) G. E. Coates, D. Ridley, J. Chem. Soc. 1966, 1064; b) P. R.
Markies, G. Schat, O. S. Akkerman, F. Bickelhaupt, A. L. Spek,
J. Organomet. Chem. 1992, 430, 1.

[364] M. Yamakawa, R. Noyori, J. Am. Chem. Soc. 1995, 117, 6327.

[365] a) R. Noyori, S. Suga, K. Kawai, S. Okada, M. Kitamura, N.
Oguni, M. Hayashi, T. Kaneko, Y. Matsuda, J. Organomet.
Chem. 1990, 382, 19; b) M. Kitamura, S. Suga, K. Kawai, R.
Noyori, J. Am. Chem. Soc. 1986, 108, 6071; c) M. Kitamura, S.
Okada, S. Suga, R. Noyori, J. Am. Chem. Soc. 1989, 111, 4028.

[366] S. Itsuno, J. M. J. Fréchet, J. Org. Chem. 1987, 52, 4140.

[367] a) E. Buono, P.J. Walsh, D. G. Blackmond, J. Am. Chem. Soc.
2002, 124,13652; b) T. Rosner, P. J. Sears, W. A. Nugent, D. G.
Blackmond, Org. Lett. 2000, 2, 2511; c) M. Kitamura, S. Suga,
H. Oka, R. Noyori, J. Am. Chem. Soc. 1998, 120, 9800; d) R.
Noyori, S. Suga, H. Oka, M. Kitamura, Chem. Rec. 2001, 1, 85;
e) M. Kitamura, S. Suga, M. Niwa, R. Noyori, Z.-X. Zhai, H.
Suga, J. Phys. Chem. 1994, 98, 12776.

[368] M. Hatano, T. Miyamoto, K. Ishihara, J. Org. Chem. 2006, 71,
6474.

[369] a) Y. Hamashima, D. Sawada, H. Nogami, M. Kanai, M.
Shibasaki, Tetrahedron 2001, 57, 805; b) Y. Hamashima, D.
Sawada, M. Kanai, M. Shibasaki, J. Am. Chem. Soc. 1999, 121,
2641.

[370] M. Shibasaki, M. Kanai, K. Funabashi, Chem. Commun. 2002,
1989.

[371] a) M. T. Reetz, 1. Chatziiosifidis, H. Kiinzer, H. Miiller-Starke,
Tetrahedron 1983, 39, 961; b) J. A. Seckar, J. S. Thayer, Inorg.
Chem. 1976, 15, 501.

[372] M. Kanai, N. Kato, E. Ichikawa, M. Shibasaki, Pure Appl.
Chem. 2005, 77, 2047.

[373] a) M. Tamamura, Y. Hamashima, H. Usada, M. Kanai, M.
Shibasaki, Chem. Pharm. Bull. 2000, 48, 1586; b) M. Takamura,
Y. Hamashima, H. Usada, M. Kanai, M. Shibasaki, Angew.
Chem. 2000, 112, 1716; Angew. Chem. Int. Ed. 2000, 39, 1650.

[374] a) K. Funabashi, H. Ratni, M. Kanai, M. Shibasaki, J. Am.
Chem. Soc. 2001, 123, 10784; b) M. Takamura, K. Funabashi,
M. Kanai, M. Shibasaki, J. Am. Chem. Soc. 2000, 122, 6327.

[375] E. Ichikawa, M. Suzuki, K. Yabu, M. Albert, M. Kanai, M.
Shibasaki, J. Am. Chem. Soc. 2004, 126, 11808.

[376] a)J. Casas, C. Ndjera, J. M. Sansano, J. M. Sad, Tetrahderon
2004, 60, 10487, b) J. Casas, C. Ndjera, J. M. Sansano, J. M. Sad,
Org. Lett. 2002, 4, 2589.

[377] a) A.Baeza,J. Casas, C. Ndjera, J. M. Sansano, J. M. Sad, Eur. J.
Org. Chem. 2006, 1949; b) A. Baeza, C. Ngjera, J. M. Sansano,
J. M. Sad, Chem. Eur. J. 2005, 11,3849; c) A. Baeza, J. Casas, C.

www.angewandte.org

Chemie

1635


http://dx.doi.org/10.1016/0040-4039(96)01928-4
http://dx.doi.org/10.1039/a709174e
http://dx.doi.org/10.1039/a709174e
http://dx.doi.org/10.1021/jo980674g
http://dx.doi.org/10.1002/(SICI)1521-3757(19980803)110:15%3C2092::AID-ANGE2092%3E3.0.CO;2-M
http://dx.doi.org/10.1002/(SICI)1521-3757(19980803)110:15%3C2092::AID-ANGE2092%3E3.0.CO;2-M
http://dx.doi.org/10.1002/(SICI)1521-3773(19980817)37:15%3C1986::AID-ANIE1986%3E3.0.CO;2-Z
http://dx.doi.org/10.1021/jo00062a037
http://dx.doi.org/10.1021/jo00062a037
http://dx.doi.org/10.1016/0957-4166(96)00147-4
http://dx.doi.org/10.1021/jo00056a001
http://dx.doi.org/10.1021/jo00056a001
http://dx.doi.org/10.1039/c39940001651
http://dx.doi.org/10.1039/c39940001651
http://dx.doi.org/10.1021/ja00098a012
http://dx.doi.org/10.1021/ja034928d
http://dx.doi.org/10.1021/ja034928d
http://dx.doi.org/10.1021/cr00089a002
http://dx.doi.org/10.1016/0022-328X(87)80288-7
http://dx.doi.org/10.1016/0022-328X(86)82058-7
http://dx.doi.org/10.1016/0022-328X(86)82058-7
http://dx.doi.org/10.1021/om50003a029
http://dx.doi.org/10.1021/om50003a029
http://dx.doi.org/10.1016/j.molcata.2006.01.047
http://dx.doi.org/10.1016/j.molcata.2006.01.047
http://dx.doi.org/10.1021/ja00893a017
http://dx.doi.org/10.1021/jo01065a605
http://dx.doi.org/10.1021/jo01065a605
http://dx.doi.org/10.1016/j.molcata.2006.01.047
http://dx.doi.org/10.1021/jo982336l
http://dx.doi.org/10.1002/ange.200290021
http://dx.doi.org/10.1002/ange.200290021
http://dx.doi.org/10.1002/anie.200290022
http://dx.doi.org/10.1002/chem.200390144
http://dx.doi.org/10.1002/chem.200401077
http://dx.doi.org/10.1021/ar00058a003
http://dx.doi.org/10.1021/jo010295e
http://dx.doi.org/10.1021/jo010295e
http://dx.doi.org/10.1021/ja017434u
http://dx.doi.org/10.1002/1521-3757(20020802)114:15%3C2905::AID-ANGE2905%3E3.0.CO;2-C
http://dx.doi.org/10.1002/1521-3757(20020802)114:15%3C2905::AID-ANGE2905%3E3.0.CO;2-C
http://dx.doi.org/10.1002/1521-3773(20020802)41:15%3C2781::AID-ANIE2781%3E3.0.CO;2-S
http://dx.doi.org/10.1021/ol036244g
http://dx.doi.org/10.1021/ol036244g
http://dx.doi.org/10.1021/ja051874u
http://dx.doi.org/10.1039/b613476a
http://dx.doi.org/10.1039/b613476a
http://dx.doi.org/10.1021/ja0207192
http://dx.doi.org/10.1021/ja0207192
http://dx.doi.org/10.1021/ja027313+
http://dx.doi.org/10.1021/ja01130a024
http://dx.doi.org/10.1016/S0040-4039(01)93796-7
http://dx.doi.org/10.1016/S0040-4039(01)93796-7
http://dx.doi.org/10.1021/ar00028a011
http://dx.doi.org/10.1021/cr000411y
http://dx.doi.org/10.1021/cr00013a004
http://dx.doi.org/10.1002/ange.19911030106
http://dx.doi.org/10.1002/anie.199100491
http://dx.doi.org/10.1016/0022-328X(92)80090-K
http://dx.doi.org/10.1021/ja00128a023
http://dx.doi.org/10.1016/0022-328X(90)85212-H
http://dx.doi.org/10.1016/0022-328X(90)85212-H
http://dx.doi.org/10.1021/ja00279a083
http://dx.doi.org/10.1021/ja00193a040
http://dx.doi.org/10.1021/jo00227a043
http://dx.doi.org/10.1021/ja027406r
http://dx.doi.org/10.1021/ja027406r
http://dx.doi.org/10.1021/ol006181r
http://dx.doi.org/10.1021/ja981740z
http://dx.doi.org/10.1002/tcr.1
http://dx.doi.org/10.1021/j100099a048
http://dx.doi.org/10.1021/jo060908t
http://dx.doi.org/10.1021/jo060908t
http://dx.doi.org/10.1016/S0040-4020(00)01039-5
http://dx.doi.org/10.1021/ja983895c
http://dx.doi.org/10.1021/ja983895c
http://dx.doi.org/10.1039/b203495f
http://dx.doi.org/10.1039/b203495f
http://dx.doi.org/10.1016/S0040-4020(01)88594-X
http://dx.doi.org/10.1021/ic50157a001
http://dx.doi.org/10.1021/ic50157a001
http://dx.doi.org/10.1351/pac200577122047
http://dx.doi.org/10.1351/pac200577122047
http://dx.doi.org/10.1002/(SICI)1521-3757(20000502)112:9%3C1716::AID-ANGE1716%3E3.0.CO;2-D
http://dx.doi.org/10.1002/(SICI)1521-3757(20000502)112:9%3C1716::AID-ANGE1716%3E3.0.CO;2-D
http://dx.doi.org/10.1002/(SICI)1521-3773(20000502)39:9%3C1650::AID-ANIE1650%3E3.0.CO;2-P
http://dx.doi.org/10.1021/ja016935c
http://dx.doi.org/10.1021/ja016935c
http://dx.doi.org/10.1021/ja0010352
http://dx.doi.org/10.1021/ja045966f
http://dx.doi.org/10.1016/j.tet.2004.06.137
http://dx.doi.org/10.1016/j.tet.2004.06.137
http://dx.doi.org/10.1021/ol0262338
http://dx.doi.org/10.1002/ejoc.200500939
http://dx.doi.org/10.1002/ejoc.200500939
http://dx.doi.org/10.1002/chem.200401290
http://www.angewandte.org

Reviews

N4jera, J. M. Sansano, J. M. Sad, Angew. Chem. 2003, 115, 3251;
Angew. Chem. Int. Ed. 2003, 42, 3143; d) J. Casas, A. Baeza,
J. M. Sansano, C. Néjera, J. M. Sad, Tetrahedron: Asymmetry
2003, 74, 197.

[378] a) I. Fujimori, T. Mita, K. Maki, M. Shiro, A. Sato, S. Furusho,
M. Kanai, M. Shibasaki, J. Am. Chem. Soc. 2006, 128, 16438;
b) T. Mita, K. Sasaki, M. Kanai, M. Shibasaki, J. Am. Chem.
Soc. 2005, 127, 514; c¢) S. Masumoto, M. Suzuki, M. Kanai, M.
Shibasaki, Tetrahedron 2004, 60, 10497; d) S. Masumoto, H.
Usada, M. Suzuki, M. Kanai, M. Shibasaki, J. Am. Chem. Soc.
2003, 125, 5634; e) K. Fujii, K. Maki, M. Kanai, M. Shibasaki,
Org. Lett. 2003, 5, 733; f) M. Takamura, K. Yabu, T. Nishi, H.
Yanagisawa, M. Kanai, M. Shibasaki, Synletr 2003, 353; g) S.
Masumoto, K. Yabu, M. Kanai, M. Shibasaki, Tetrahedron Lett.
2002, 43, 2919; h) K. Yabu, S. Masumoto, S. Yamasaki, Y.
Hamashima, M. Kanai, W. Du, D. P. Curran, M. Shibasaki, J.
Am. Chem. Soc. 2001, 123, 9908; i) Y. Hamashima, M. Kanai,
M. Shibasaki, J. Am. Chem. Soc. 2000, 122,7412; ) M. Kanali, Y.
Hamashima, M. Shibasaki, Tetrahedron Lett. 2000, 41, 2405.

[379] a) S.S. Kim, D. H. Song, Eur. J. Org. Chem. 2005, 1777;b) S. S.
Kim, S. H. Lee, Synth. Commun. 2005, 35, 751; c¢) K. He, Z.
Zhou, L. Wang, K. Li, G. Zhou, Q. Zhou, C. Tang, Tetrahedron
2004, 60, 10505; d) Z. Yang, Z. Zhou, K. He, L. Wang, G. Zhao,
Q. Zhou, C. Tang, Tetrahedron: Asymmetry 2003, 14, 3937.

[380] Copper: a) K. Oisaki, D. Zhao, M. Kanai, M. Shibasaki, J. Am.
Chem. Soc. 2006, 128, 7164; b) K. Oisaki, D. Zhao, Y. Suto, M.
Kanai, M. Shibasaki, Tetrahedron Lett. 2005, 46, 4325; c) K.
Oisaki, Y. Suto, M. Kanai, M. Shibasaski, J. Am. Chem. Soc.
2003, 125, 5644; silver: d) A. Yanagisawa, Y. Nakatsuka, K.
Asakawa, H. Kageyama, H. Yamamoto, Synlett 2001, 69; ¢) A.
Yanagisawa, Y. Nakatsuka, K. Asakawa, M. Wadamoto, H.
Kageyama, H. Yamamoto, Bull. Chem. Soc. Jpn. 2001, 74, 1477,
f) M. Ohkouchi, M. Yamaguchi, T. Yamagishi, Enantiomer
2000, 5, 71.

[381] Copper: a) R. Wada, K. Oisaki, M. Kanai, M. Shibasaki, J. Am.
Chem. Soc. 2004, 126, 8910; b) S. Yamasaki, K. Fujii, R. Wada,
M. Kanai, M. Shibasaki, J. Am. Chem. Soc. 2002, 124, 6536;
Silver: c) A. Yanagisawa, H. Kageyama, Y. Nakatsuka, K.
Asakawa, Y. Matsumoto, H. Yamamoto, Angew. Chem. 1999,
111, 3916; Angew. Chem. Int. Ed. 1999, 38, 3701.

[382] Y. Suto, N. Kumagai, S. Matsunaga, M. Kanai, M. Shibasaki,
Org. Lett. 2003, 5, 3147.

[383] D. Tomita, R. Wada, M. Kanai, M. Shibasaki, J. Am. Chem. Soc.
2005, 127, 4138.

[384] M. Ohkouchi, D. Masui, M. Yamaguchi, Y. Yamagishi, J. Mol.
Catal. A 2001, 170, 1.

[385] M. Wadamoto, N. Ozasa, A. Yanagisawa, H. Yamamoto, J. Org.
Chem. 2003, 68, 5593.

[386] B.L. Pagenkopf, J. Kriiger, A. Stojanovic, E. M. Carreira,
Angew. Chem. 1998, 110, 3312; Angew. Chem. Int. Ed. 1998, 37,
3124.

[387] H. Ding, G. K. Friestad, Synthesis 2004, 2216.

[388] Y. Iwabuchi, M. Nakatani, N. Yokoyama, S. Hatakeyama, J.
Am. Chem. Soc. 1999, 121, 10219.

[389] a) C. M. Mocquet, S. L. Warriner, Synlett 2004, 356; b) T. Oishi,
H. Oguri, M. Hirama, Tetrahedron: Asymmetry 1995, 6, 1241,
¢) A. Gilbert, T. W. Heritage, N. S. Isaacs, Tetrahedron: Asym-
metry 1991, 2, 969.

[390] a) A. Nakano, S. Kawahara, S. Akamatsu, K. Morokuma, M.
Nakatani, Y. Iwabuchi, K. Takahashi, J. Ishihara, S. Hata-
keyama, Tetrahedron 2006, 62, 381; b) M. Shi, Y.-M. Xu, Y.-L.
Shi, Chem. Eur. J. 2005, 11, 1794; c) A. Nakano, M. Ushiyama,
Y. Iwabuchi, S. Hatakeyama, Adv. Synth. Catal. 2005, 347, 1790;
d) S. Kawahara, A. Nakano, T. Esumi, Y. Iwabuchi, S.
Hatakeyama, Org. Lett. 2003, 5, 3103; ¢) M. Shi, J.-K. Jiang,
Tetrahedron: Asymmetry 2002, 13, 1941; f) M. Shi, Y.-M. Xu,
Angew. Chem. 2002, 114, 4689; Angew. Chem. Int. Ed. 2002, 41,

www.angewandte.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

S. E. Denmark and G. L. Beutner

4507; g) Y. Iwabuchi, T. Sugihara, T. Esumi, S. Hatakeyama,
Tetrahedron Lett. 2001, 42,7867; h) Y. Iwabuchi, M. Fukukawa,
T. Esumi, S. Hatakeyama, Chem. Commun. 2001, 2030.

[391] Y.Iwabuchi, S. Hatakeyama, J. Synth. Org. Chem. Jpn. 2001, 60,
2.

[392] a) K. Matsui, K. Tanaka, A. Horii, S. Takizawa, H. Sasai,
Tetrahedron: Asymmetry 2006, 17, 578; b) K. Matsui, S.
Takizawa, H. Sasai, J. Am. Chem. Soc. 2005, 127, 3680.

[393] J. Wang, H. Li, X. Yu, L. Zu, W. Wang, Org. Lett. 2005, 7, 4293.

[394] T. Hayase, T. Shibata, K. Soai, Y. Wakatsuki, Chem. Commun.
1998, 1271.

[395] a) M. Shi, L.-H. Chen, Pure Appl. Chem. 2005, 77, 2105; b) M.
Shi, L.-H. Chen, Chem. Commun. 2003, 1310.

[396] a) M. Shi, W. Zhang, Tetrahedron 2005, 61, 11887; b) M. Shi, C.-
Q. Li, Tetrahedron: Asymmetry 2005, 16,1385; ¢) Y.-H. Liu, L.-
H. Chen. M. Shi, Adv. Synth. Catal. 2006, 348, 973; d) W. Li, Z.
Zhang, D. Xiao, X. Zhang, J. Org. Chem. 2000, 65, 3489.

[397] a) S. A. Rodgen, S. E. Schaus, Angew. Chem. 2006, 118, 5051;
Angew. Chem. Int. Ed. 2006, 45,4929;b) N. T. McDougal, W. L.
Trevellini, S. A. Rodgen, L. T. Kliman, S. E. Schaus, Adv. Synth.
Catal. 2004, 346, 1231; c) N. T. McDougal, S. E. Schaus, J. Am.
Chem. Soc. 2003, 125, 12094.

[398] a) S.J. Connon, Chem. Eur. J. 2006, 12, 5418; b) M. S. Taylor,
E. N. Jacobsen, Angew. Chem. 2006, 118, 1550; Angew. Chem.
Int. Ed. 2000, 45, 1520.

[399] a) I. T. Raheem, E. N. Jacobsen, Adv. Synth. Catal. 2005, 347,
1701; b) Y. Sohtome, A. Tanatani, Y. Hashimoto, K. Nagasawa,
Tetrahedron Lett. 2004, 45, 5589.

[400] a) A. Berkessel, H. Groger, Asymmetric Organocatalysis,
Wiley-VCH, Weinheim, 2005, chap. 6; b) B. List in Modern
Aldol Reactions, Vol.1 (Ed.: R. Mahrwald) Wiley-VCH,
Weinheim, 2004, chap. 4.

[401] a) K. Sakthivel, W. Notz, T. Bui, C. F. Barbas III, J. Am. Chem.
Soc. 2001, 123, 5260; b) B. List, R. A. Lerner, C. F. Barbas 111, J.
Am. Chem. Soc. 2000, 122, 2395.

[402] a) A.B. Northrup, D. W. C. MacMillan, J. Am. Chem. Soc.
2002, 124, 6798; b) A. Bggevig, N. Kumaragurubaran, K. A.
Jgrgensen, Chem. Commun. 2002, 620.

[403] A. B.Northrup, I. K. Mangion, F. Hettche, D. W. C. MacMillan,
Angew. Chem. 2004, 116,2204; Angew. Chem. Int. Ed. 2004, 43,
2152.

[404] a) H. Shigehisa, T. Mizutani, S.-Y. Tosaki, T. Ohshima, M.
Shibasaki, Tetrahedron 2005, 61,5057;b) P. H.-Y. Cheong, K. N.
Houk, J. S. Warrier, S. Hanessian, Adv. Synth. Catal. 2004, 346,
1111; c) C. Pidathala, L. Hoang, N. Vignola, B. List, Angew.
Chem. 2003, 115, 2891; Angew. Chem. Int. Ed. 2003, 42, 2785;
d) T. Bui, C. F. Barbas III, Tetrahedron Lett. 2000, 41, 6951.

[405] a) C. Agami, Bull. Soc. Chim. Fr. 1988, 3, 499; b) C. Puchot, O.
Samuel, E. Dunach, S. Zhao, C. Agami, H. B. Kagan, J. Am.
Chem. Soc. 1986, 108, 2353; c) C. Agami, C. Puchot, H.
Sevestre, Tetrahedron Lett. 1986, 27, 1501; d) C. Agami, C.
Puchot, J. Mol. Catal. 1986, 38, 341; ¢) C. Agami, F. Meynier, C.
Puchot, J. Guilhem, C. Pascard, Tetrahedron 1984, 40, 1031.

[406] L. Hoang, S. Bahmanyar, K. N. Houk, B. List, J. Am. Chem.
Soc. 2003, 125, 169.

[407] a) C. Allemann, R. Gordillo, F. R. Clemente, P. H.-Y. Cheong,
K. N. Houk, Acc. Chem. Res. 2004, 37, 558; b) S. Bahmanyar,
K. N. Houk, H. J. Martin, B. List, J. Am. Chem. Soc. 2003, 125,
2475; ¢) S. Bahmanyar, K. N. Houk, J. Am. Chem. Soc. 2001,
123, 12911.

[408] a) R. L. Storer, D. W. C. MacMillan, Tetrahedron 2004, 60, 7705;
b) G. Zhong, J. Fan, C. F. Barbas III, Tetrahedron Lett. 2004, 45,
5681; c¢) R. Thayumanavan, F. Tanaka, C. F. Barbas I1I, Org.
Lett. 2004, 6, 3541; d) W. Notz, B. List, J. Am. Chem. Soc. 2000,
122, 7386.

[409] N. Mase, F. Tanaka, C. F. Barbas III, Angew. Chem. 2004, 116,
2474; Angew. Chem. Int. Ed. 2004, 43, 2420.

Angew. Chem. Int. Ed. 2008, 47, 1560—1638


http://dx.doi.org/10.1002/ange.200351552
http://dx.doi.org/10.1002/anie.200351552
http://dx.doi.org/10.1016/S0957-4166(02)00824-8
http://dx.doi.org/10.1016/S0957-4166(02)00824-8
http://dx.doi.org/10.1021/ja067003h
http://dx.doi.org/10.1021/ja043424s
http://dx.doi.org/10.1021/ja043424s
http://dx.doi.org/10.1016/j.tet.2004.08.081
http://dx.doi.org/10.1021/ja034980+
http://dx.doi.org/10.1021/ja034980+
http://dx.doi.org/10.1021/ol027528o
http://dx.doi.org/10.1016/S0040-4039(02)00450-1
http://dx.doi.org/10.1016/S0040-4039(02)00450-1
http://dx.doi.org/10.1021/ja016682n
http://dx.doi.org/10.1021/ja016682n
http://dx.doi.org/10.1021/ja001643h
http://dx.doi.org/10.1016/S0040-4039(00)00174-X
http://dx.doi.org/10.1002/ejoc.200400721
http://dx.doi.org/10.1081/SCC-200050390
http://dx.doi.org/10.1016/j.tet.2004.08.082
http://dx.doi.org/10.1016/j.tet.2004.08.082
http://dx.doi.org/10.1016/j.tetasy.2003.09.032
http://dx.doi.org/10.1021/ja061815w
http://dx.doi.org/10.1021/ja061815w
http://dx.doi.org/10.1021/ja034993n
http://dx.doi.org/10.1021/ja034993n
http://dx.doi.org/10.1246/bcsj.74.1477
http://dx.doi.org/10.1021/ja047200l
http://dx.doi.org/10.1021/ja047200l
http://dx.doi.org/10.1021/ja0262582
http://dx.doi.org/10.1002/(SICI)1521-3757(19991216)111:24%3C3916::AID-ANGE3916%3E3.0.CO;2-V
http://dx.doi.org/10.1002/(SICI)1521-3757(19991216)111:24%3C3916::AID-ANGE3916%3E3.0.CO;2-V
http://dx.doi.org/10.1002/(SICI)1521-3773(19991216)38:24%3C3701::AID-ANIE3701%3E3.0.CO;2-D
http://dx.doi.org/10.1021/ol035206u
http://dx.doi.org/10.1021/ja0507362
http://dx.doi.org/10.1021/ja0507362
http://dx.doi.org/10.1016/S1381-1169(01)00049-8
http://dx.doi.org/10.1016/S1381-1169(01)00049-8
http://dx.doi.org/10.1021/jo020691c
http://dx.doi.org/10.1021/jo020691c
http://dx.doi.org/10.1002/(SICI)1521-3757(19981116)110:22%3C3312::AID-ANGE3312%3E3.0.CO;2-S
http://dx.doi.org/10.1002/(SICI)1521-3773(19981204)37:22%3C3124::AID-ANIE3124%3E3.0.CO;2-1
http://dx.doi.org/10.1002/(SICI)1521-3773(19981204)37:22%3C3124::AID-ANIE3124%3E3.0.CO;2-1
http://dx.doi.org/10.1021/ja992655+
http://dx.doi.org/10.1021/ja992655+
http://dx.doi.org/10.1016/0957-4166(95)00153-G
http://dx.doi.org/10.1016/S0957-4166(00)86138-8
http://dx.doi.org/10.1016/S0957-4166(00)86138-8
http://dx.doi.org/10.1016/j.tet.2005.09.072
http://dx.doi.org/10.1002/chem.200400872
http://dx.doi.org/10.1002/adsc.200505138
http://dx.doi.org/10.1021/ol035102j
http://dx.doi.org/10.1016/S0957-4166(02)00485-8
http://dx.doi.org/10.1002/1521-3757(20021202)114:23%3C4689::AID-ANGE4689%3E3.0.CO;2-2
http://dx.doi.org/10.1002/1521-3773(20021202)41:23%3C4507::AID-ANIE4507%3E3.0.CO;2-I
http://dx.doi.org/10.1002/1521-3773(20021202)41:23%3C4507::AID-ANIE4507%3E3.0.CO;2-I
http://dx.doi.org/10.1016/S0040-4039(01)01676-8
http://dx.doi.org/10.1039/b106471c
http://dx.doi.org/10.1016/j.tetasy.2006.01.007
http://dx.doi.org/10.1021/ja0500254
http://dx.doi.org/10.1021/ol051822+
http://dx.doi.org/10.1039/a802594k
http://dx.doi.org/10.1039/a802594k
http://dx.doi.org/10.1351/pac200577122105
http://dx.doi.org/10.1039/b301863f
http://dx.doi.org/10.1016/j.tet.2005.09.067
http://dx.doi.org/10.1016/j.tetasy.2005.02.018
http://dx.doi.org/10.1002/adsc.200505476
http://dx.doi.org/10.1021/jo000066c
http://dx.doi.org/10.1002/ange.200601076
http://dx.doi.org/10.1002/anie.200601076
http://dx.doi.org/10.1002/adsc.200404122
http://dx.doi.org/10.1002/adsc.200404122
http://dx.doi.org/10.1021/ja037705w
http://dx.doi.org/10.1021/ja037705w
http://dx.doi.org/10.1002/chem.200501076
http://dx.doi.org/10.1002/ange.200503132
http://dx.doi.org/10.1002/anie.200503132
http://dx.doi.org/10.1002/anie.200503132
http://dx.doi.org/10.1002/adsc.200505230
http://dx.doi.org/10.1002/adsc.200505230
http://dx.doi.org/10.1016/j.tetlet.2004.05.137
http://dx.doi.org/10.1021/ja010037z
http://dx.doi.org/10.1021/ja010037z
http://dx.doi.org/10.1021/ja994280y
http://dx.doi.org/10.1021/ja994280y
http://dx.doi.org/10.1021/ja0262378
http://dx.doi.org/10.1021/ja0262378
http://dx.doi.org/10.1002/ange.200453716
http://dx.doi.org/10.1002/anie.200453716
http://dx.doi.org/10.1002/anie.200453716
http://dx.doi.org/10.1016/j.tet.2005.03.038
http://dx.doi.org/10.1002/adsc.200404127
http://dx.doi.org/10.1002/adsc.200404127
http://dx.doi.org/10.1002/ange.200351266
http://dx.doi.org/10.1002/ange.200351266
http://dx.doi.org/10.1002/anie.200351266
http://dx.doi.org/10.1016/S0040-4039(00)01180-1
http://dx.doi.org/10.1021/ja00269a036
http://dx.doi.org/10.1021/ja00269a036
http://dx.doi.org/10.1016/S0040-4039(00)84297-5
http://dx.doi.org/10.1016/S0040-4020(01)91242-6
http://dx.doi.org/10.1021/ja028634o
http://dx.doi.org/10.1021/ja028634o
http://dx.doi.org/10.1021/ar0300524
http://dx.doi.org/10.1021/ja028812d
http://dx.doi.org/10.1021/ja028812d
http://dx.doi.org/10.1021/ja011714s
http://dx.doi.org/10.1021/ja011714s
http://dx.doi.org/10.1016/j.tetlet.2004.05.107
http://dx.doi.org/10.1016/j.tetlet.2004.05.107
http://dx.doi.org/10.1021/ol0485417
http://dx.doi.org/10.1021/ol0485417
http://dx.doi.org/10.1021/ja001460v
http://dx.doi.org/10.1021/ja001460v
http://dx.doi.org/10.1002/ange.200353546
http://dx.doi.org/10.1002/ange.200353546
http://dx.doi.org/10.1002/anie.200353546
http://www.angewandte.org

Lewis Base Catalysis

[410] J. Casas, H. Sundén, A. Cérdova, Tetrahedron Lett. 2004, 45,
6117.

[411] a) E. Reyes, A. Cérdova, Tetrahedron Lett. 2005, 46, 6605; b) J.
Casas, M. Engqvist, I. Ibrahem, B. Kaynak, A. Cérdova, Angew.
Chem. 2005, 117, 1367; Angew. Chem. Int. Ed. 2005, 44, 1343;
¢) N. S. Chowdari, D. B. Ramachary, A. Cérdova, C. F. Bar-
bas III, Tetrahedron Lett. 2002, 43, 9591; d)J. T. Suri, D. B.
Ramachary, C.F. BarbasIll, Org. Lett. 2005, 7, 1383; e) L.
Ibrahem, W. Zhao, Y. Xu, A. Cérdova, Adv. Synth. Catal. 2006,
348, 211.

[412] a) P. Dziedzic, W. Zou, I. Ibrahem, H. Sundén, A. Cérdova,
Tetrahedron Lett. 2006, 47, 6657; b) A. Cérdova, W. Zou, P.
Dziedzic, 1. Ibrahem, E. Reyes, Y. Xu, Chem. Eur. J. 2006, 12,
5383; c¢) P. Dziedzic, W. Zou, J. Hafren, A Cdrdova, Org.
Biomol. Chem. 2000, 4, 38; d) A. Bassan, W. Zou, E. Reyes, F.
Himo, A. Cérdova, Angew. Chem. 2005, 117, 7190; Angew.
Chem. Int. Ed. 2005, 44, 7028; ¢) W. Zou, 1. Ibrahem, P.
Dziedzic, H. Sundén, A. Cérdova, Chem. Commun. 2005, 4946,
f) A. Cérdova, W. Zou, I. Ibrahem, E. Reyes, M. Engqvist, W.-
W. Liao, Chem. Commun. 2005, 3586.

[413] A. Cérdova, H. Sundén, Y. Xu, 1. Ibrahem, W. Zou, M.
Engqvist, Chem. Eur. J. 2006, 12, 5446.

[414] A. Cérdova, Acc. Chem. Res. 2004, 37, 102.

[415] I. Ibrahem, W. Zou, M. Enqvist, Y. Xu, A Cérdova, Chem. Eur.
J. 2005, 11, 7024.

[416] a) N. S. Chowdari, M. Ahmad, K. Albertshofer, F. Tanaka, C. F.
Barbas III, Org. Lett. 2006, 8, 2839; b) W.-W. Liao, I. Ibrahem,
A. Cérdova, Chem. Commun. 2006, 674; c) 1. Ibrahem, A
Cordova, Tetrahedron Lett. 2005, 46, 2839; d) A. Coérdova,
Chem. Eur. J. 2004, 10, 1987; ¢) W. Notz, S. Watanabe, N. S.
Chowdari, G. Zhong, J.M. Betancourt, F. Tanaka, C.F.
Barbas III, Adv. Synth. Catal. 2004, 346, 1131; f) W. Notz, F.
Tanaka, S. Watanabe, N. S. Chowdari, J. M. Turner, R. Thayu-
manavan, C. F. Barbas III, J. Org. Chem. 2003, 68, 9624; g) P.
Pojarliev, W. T. Biller, H. J. Martin, B. List, Synlett 2003, 1903;
h) A. Cérdova, Synlett 2003, 1651; i) A. Cérdova, W. Notz, G.
Zhong, J. M. Betancort, C. F. Barbas III, J. Am. Chem. Soc.
2002, 124,1842;)) B. List, P. Pojarliev, W. T. Biller, H. J. Martin,
J. Am. Chem. Soc. 2002, 124, 827; k) W. Notz, K. Sakthivel, T.
Bui, G. Zhong, C. F. Barbas 111, Tetrahedron Lett. 2001, 42, 199;
1) B. List, J. Am. Chem. Soc. 2000, 122, 9336.

[417] a) W. Zhuang, S. Saaby, K. A. Jgrgensen, Angew. Chem. 2004,
116, 4576; Angew. Chem. Int. Ed. 2004, 43, 4476; b) N.S.
Chowdari, J. T. Suri, C. F. Barbas III, Org. Lett. 2004, 6, 2507.

[418] a) H. Sundén, 1. Ibrahem, L. Eriksson, A. Cérdova, Angew.
Chem. 2005, 117, 4955; Angew. Chem. Int. Ed. 2005, 44, 4877,
b) I. Ibrahem, W. Zou, J. Casas, H. Sundén, A. Cérdova,
Tetrahedron 2006, 62, 357; c) 1. Ibrahem, J. Casas, A. Cérdova,
Angew. Chem. 2004, 116, 6690; Angew. Chem. Int. Ed. 2004, 43,
6528.

[419] S. Bahmanyar, K. N. Houk, Org. Lett. 2003, 5, 1249.

[420] a) H. Zhang, M. Mifsud, F. Tanaka, C. F. Barbas IIL, J. Am.
Chem. Soc. 2006, 128,9630; b) S. Mitsumori, H. Zhang, P. H.-Y.
Cheong, K. N. Houk, F. Tanaka, C. F. Barbas 111, J. Am. Chem.
Soc. 2006, 128, 1040.

[421] Aldehydes and ketones: a) H. Sundén, N. Dahlin, I. Ibrahem,
H. Adolfsson, A. Cérdova, Tetrahedron Lett. 2005, 46, 3385;
b) Y. Hayashi, J. Yamaguchi, T. Sumiya, K. Hibino, M. Shoji, J.
Org. Chem. 2004, 69, 5966; c) A. Cérdova, H. Sundén, A.
Bggevig, M. Johansson, F. Himo, Chem. Eur. J. 2004, 10, 3673;
aldehydes: d) N. Momiyama, H. Torii, S. Saito, H. Yamamoto,
Proc. Natl. Acad. Sci. USA 2004, 101,5374;¢) S. P. Brown, M. P.
Brochu, C. J. Sinz, D. W. C. MacMillan, J. Am. Chem. Soc. 2003,
125, 10808; f) Y. Hayashi, J. Yamaguchi, K. Hibino, M. Shoji,
Tetrahedron Lett. 2003, 44, 8293; g) G. Zhong, Angew. Chem.
2003, 115, 4379; Angew. Chem. Int. Ed. 2003, 42, 4247; ketones:
h) D. B. Ramachary, C. F. Barbas III, Org. Lett. 2005, 7, 1577,

Angew. Chem. Int. Ed. 2008, 47, 1560-1638

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte

i) Y. Hayashi, J. Yamaguchi, T. Sumiya, M. Shoji, Angew. Chem.
2004, 716, 1132; Angew. Chem. Int. Ed. 2004, 43, 1112; j) A.
Bggevig, H. Sundén, A. Cérdova, Angew. Chem. 2004, 116,
1129; Angew. Chem. Int. Ed. 2004, 43, 1109.

[422] a) P. H.-Y. Cheong, K. N. Houk, J. Am. Chem. Soc. 2004, 126,
13912; b) S. P. Mathew, H. Iwamura, D. G. Blackmond, Angew.
Chem. 2004, 116, 3379; Angew. Chem. Int. Ed. 2004, 43, 3317.

[423] Y. Yamamoto, N. Momiyama, H. Yamamoto, J. Am. Chem. Soc.
2004, 126, 5962.

[424] S. Kumarn, D. M. Shaw, D. A. Longbottom, S. V. Ley, Org. Lett.
2005, 7, 4189.

[425] Singlet oxygen: a) A. Cérdova, H. Sundén, M. Engqvist, L.
Ibrahem, J. Casas, J. Am. Chem. Soc. 2004, 126, 8914; b) H.
Sundén, M. Engqyvist, J. Casas, I. Ibrahem, A. Cérdova, Angew.
Chem. 2004, 116, 6694; Angew. Chem. Int. Ed. 2004, 43, 6532;
iodosobenzene: ¢) M. Engqvist, J. Casas, H. Sundén, 1. Ibra-
hem, A. Cérdova, Tetrahedron Lett. 2005, 46, 2053.

[426] Aldehydes: a) B. List, J. Am. Chem. Soc. 2002, 124, 5656; b) A.
Bggevig, K. Juhl, N. Kumaragurubaran, W. Zhuang, K. A.
Jorgensen, Angew. Chem. 2002, 114, 1868; Angew. Chem. Int.
Ed. 2002, 41, 1790; Ketones: c) N. S. Chowdari, D. B. Ram-
achary, C.F. BarbasIlIl, Org Lett. 2003, 5, 1685; d)N.
Kumaragurubaran, K. Juhl, W. Zhuang, A. Bggevig, K. A.
Jgrgensen, J. Am. Chem. Soc. 2002, 124, 6254.

[427] a) J. T. Suri, D. D. Steiner, C. F. Barbas 111, Org. Lett. 2005, 7,
3885;b) N. S. Chowdari, C. F. Barbas 111, Org. Lett. 2005, 7, 867,
c) H. Vogt, S. Vanderheiden, S. Brise, Chem. Commun. 2003,
2448.

[428] a) H. Iwamura, D. H. Wells, Jr., S. P. Mathew, M. Klussman, A.
Armstrong, D. G. Blackmond, J. Am. Chem. Soc. 2004, 126,
16312; b) H. Iwamura, S. P. Mathew, D. G. Blackmond, J. Am.
Chem. Soc. 2004, 126, 11770.

[429] W. A. Herrmann, Angew. Chem. 2002, 114, 1342; Angew.
Chem. Int. Ed. 2002, 41, 1290.

[430] a) K. Zeitler, Angew. Chem. 2005, 117,7674; Angew. Chem. Int.
Ed. 2005, 44, 7506; b) V. César, S. Bellemin-Laponnaz, L. H.
Gade, Chem. Soc. Rev. 2004, 33, 619.

[431] W.S. Ide, J. S. Buck, Org. React. 1949, 4, 269.

[432] a) Y. Hachisu, J. W. Bode, K. Suzuki, Adv. Synth. Catal. 2004,
346, 1097; b) Y. Hachisu, J. W. Bode, K. Suzuki, J. Am. Chem.
Soc. 2003, 125, 8432; c) R. Breslow, J. Am. Chem. Soc. 1958, 80,
3719.

[433] a) R. Breslow, C. Schmuck, Tetrahedron Lett. 1996, 37, 8241;
b) R. Breslow, R. Kim, Tetrahedron Lett. 1994, 35, 699; c) H. J.
van den Berg, G. Challa, U. K. Pundit, J. Mol. Catal. 1989, 51, 1.

[434] a) D. Enders, T. Balensiefer, Acc. Chem. Res. 2004, 37, 534,
b) D. Enders, K. Breuer in Comprehensive Asymmetric Catal-
ysis, Vol. 3, Springer, Heidelberg, 1999, pp. 1093.

[435] a) C. A. Dvorak, V. H. Rawal, Tetrahedron Lett. 1998, 39, 2925;
b) R. L. Knight, F. J. Leeper, J. Chem. Soc. Perkin Trans. 1 1998,
1891; c) A. U. Gerhard, F. J. Leeper, Tetrahedron Lett. 1997, 38,
3615; d) R. L. Knight, F. J. Leeper, Tetrahedron Lett. 1997, 38,
3611; e) J. Marti, J. Castells, F. Lépez Calahorra, Tetrahedron
Lett. 1993, 34, 521; f) C. Zhao, S. Chen, P. Wu, Z. Wen, Huaxue
Xuebao 1988, 46, 784; g) W. Tagaki, Y. Tamura, Y. Yano, Bull.
Chem. Soc. Jpn. 1980, 53, 478; h) J. Sheehan, T. Hara, J. Org.
Chem. 1974, 39, 1196; i) J. Sheehan, D. H. Hunneman, J. Am.
Chem. Soc. 1966, 88, 3666.

[436] a) A. Miyashita, Y. Suzuki, K. Iwamoto, T. Higashino, Chem.
Pharm. Bull. 1996, 44, 252; b) A. Miyashita, Y. Suzuki, K.
Iwamoto, T. Higashino, Chem. Pharm. Bull. 1994, 42, 2633.

[437] a) D. Enders, U. Kallfass, Angew. Chem. 2002, 114, 1822;
Angew. Chem. Int. Ed. 2002, 41, 1743; b) D. Enders, K. Breuer,
J. H. Teles, Helv. Chim. Acta 1996, 79, 1217.

[438] T. Dudding, K. N. Houk, Proc. Natl. Acad. Sci. USA 2004, 101,
5770.

www.angewandte.org

Chemie

1637


http://dx.doi.org/10.1016/j.tetlet.2004.06.062
http://dx.doi.org/10.1016/j.tetlet.2004.06.062
http://dx.doi.org/10.1016/j.tetlet.2005.08.001
http://dx.doi.org/10.1002/ange.200461400
http://dx.doi.org/10.1002/ange.200461400
http://dx.doi.org/10.1002/anie.200461400
http://dx.doi.org/10.1016/S0040-4039(02)02412-7
http://dx.doi.org/10.1021/ol0502533
http://dx.doi.org/10.1002/adsc.200505323
http://dx.doi.org/10.1002/adsc.200505323
http://dx.doi.org/10.1016/j.tetlet.2006.06.167
http://dx.doi.org/10.1039/b515880j
http://dx.doi.org/10.1039/b515880j
http://dx.doi.org/10.1002/ange.200502388
http://dx.doi.org/10.1002/anie.200502388
http://dx.doi.org/10.1002/anie.200502388
http://dx.doi.org/10.1039/b509920j
http://dx.doi.org/10.1002/chem.200500746
http://dx.doi.org/10.1002/chem.200500746
http://dx.doi.org/10.1021/ol060980d
http://dx.doi.org/10.1039/b516352h
http://dx.doi.org/10.1016/j.tetlet.2005.02.116
http://dx.doi.org/10.1002/adsc.200404114
http://dx.doi.org/10.1021/jo0347359
http://dx.doi.org/10.1021/ja0174231
http://dx.doi.org/10.1016/S0040-4039(00)01908-0
http://dx.doi.org/10.1021/ja001923x
http://dx.doi.org/10.1002/ange.200460158
http://dx.doi.org/10.1002/ange.200460158
http://dx.doi.org/10.1002/anie.200460158
http://dx.doi.org/10.1021/ol049248+
http://dx.doi.org/10.1016/j.tet.2005.08.113
http://dx.doi.org/10.1002/ange.200460678
http://dx.doi.org/10.1002/anie.200460678
http://dx.doi.org/10.1002/anie.200460678
http://dx.doi.org/10.1021/ol034198e
http://dx.doi.org/10.1021/ja062950b
http://dx.doi.org/10.1021/ja062950b
http://dx.doi.org/10.1021/ja056984f
http://dx.doi.org/10.1021/ja056984f
http://dx.doi.org/10.1021/jo049338s
http://dx.doi.org/10.1021/jo049338s
http://dx.doi.org/10.1021/ja037096s
http://dx.doi.org/10.1021/ja037096s
http://dx.doi.org/10.1016/j.tetlet.2003.09.057
http://dx.doi.org/10.1002/ange.200352097
http://dx.doi.org/10.1002/ange.200352097
http://dx.doi.org/10.1002/anie.200352097
http://dx.doi.org/10.1021/ol050246e
http://dx.doi.org/10.1002/ange.200353085
http://dx.doi.org/10.1002/ange.200353085
http://dx.doi.org/10.1002/anie.200353085
http://dx.doi.org/10.1021/ja0464746
http://dx.doi.org/10.1021/ja0464746
http://dx.doi.org/10.1002/ange.200453997
http://dx.doi.org/10.1002/ange.200453997
http://dx.doi.org/10.1002/anie.200453997
http://dx.doi.org/10.1021/ja049741g
http://dx.doi.org/10.1021/ja049741g
http://dx.doi.org/10.1021/ol051577u
http://dx.doi.org/10.1021/ol051577u
http://dx.doi.org/10.1016/j.tetlet.2005.01.167
http://dx.doi.org/10.1021/ja0261325
http://dx.doi.org/10.1021/ol034333n
http://dx.doi.org/10.1021/ja026412k
http://dx.doi.org/10.1021/ol0512942
http://dx.doi.org/10.1021/ol0512942
http://dx.doi.org/10.1021/ol047368b
http://dx.doi.org/10.1039/b305465a
http://dx.doi.org/10.1039/b305465a
http://dx.doi.org/10.1021/ja0444177
http://dx.doi.org/10.1021/ja0444177
http://dx.doi.org/10.1021/ja046258x
http://dx.doi.org/10.1021/ja046258x
http://dx.doi.org/10.1002/1521-3757(20020415)114:8%3C1342::AID-ANGE1342%3E3.0.CO;2-A
http://dx.doi.org/10.1002/1521-3773(20020415)41:8%3C1290::AID-ANIE1290%3E3.0.CO;2-Y
http://dx.doi.org/10.1002/1521-3773(20020415)41:8%3C1290::AID-ANIE1290%3E3.0.CO;2-Y
http://dx.doi.org/10.1002/ange.200502617
http://dx.doi.org/10.1002/anie.200502617
http://dx.doi.org/10.1002/anie.200502617
http://dx.doi.org/10.1002/adsc.200404092
http://dx.doi.org/10.1002/adsc.200404092
http://dx.doi.org/10.1021/ja035308f
http://dx.doi.org/10.1021/ja035308f
http://dx.doi.org/10.1021/ja01547a064
http://dx.doi.org/10.1021/ja01547a064
http://dx.doi.org/10.1016/0040-4039(96)01878-3
http://dx.doi.org/10.1016/S0040-4039(00)75794-7
http://dx.doi.org/10.1021/ar030050j
http://dx.doi.org/10.1016/S0040-4039(98)00439-0
http://dx.doi.org/10.1039/a803635g
http://dx.doi.org/10.1039/a803635g
http://dx.doi.org/10.1016/S0040-4039(97)00682-5
http://dx.doi.org/10.1016/S0040-4039(97)00682-5
http://dx.doi.org/10.1016/S0040-4039(97)00681-3
http://dx.doi.org/10.1016/S0040-4039(97)00681-3
http://dx.doi.org/10.1246/bcsj.53.478
http://dx.doi.org/10.1246/bcsj.53.478
http://dx.doi.org/10.1021/jo00923a006
http://dx.doi.org/10.1021/jo00923a006
http://dx.doi.org/10.1021/ja00967a049
http://dx.doi.org/10.1021/ja00967a049
http://dx.doi.org/10.1002/1521-3757(20020517)114:10%3C1822::AID-ANGE1822%3E3.0.CO;2-W
http://dx.doi.org/10.1002/1521-3773(20020517)41:10%3C1743::AID-ANIE1743%3E3.0.CO;2-Q
http://dx.doi.org/10.1002/hlca.19960790427
http://dx.doi.org/10.1073/pnas.0307256101
http://dx.doi.org/10.1073/pnas.0307256101
http://www.angewandte.org

Reviews

1638

[439] a) H. Takikawa, Y. Hachisu, J. W. Bode, K. Suzuki, Angew.
Chem. 2006, 118, 3572; Angew. Chem. Int. Ed. 2006, 45, 3492;
b) D. Enders, O. Niemeier, T. Balensiefer, Angew. Chem. 2006,
118, 1491; Angew. Chem. Int. Ed. 2006, 45, 1463; c) D. Enders,
O. Niemeier, Synlett 2004, 2111.

[440] a) S. M. Mennen, J. D. Gipson, Y. R. Kim, S.J. Miller, J. Am.
Chem. Soc. 2005, 127, 1654; b) D. E. Frantz, L. Morency, A.
Soheili, J. A. Murry, E. J. J. Grabowski, R. D. Tillyer, Org. Lett.
2004, 6, 843; c) J. A. Murry, D. E. Frantz, A. Soheili, R. Tillyer,
E. J. J. Grabowski, P.J. Reider, . Am. Chem. Soc. 2001, 123,
9696.

[441] a) H. Stetter, H. Kuhlmann, Org. React. 1991, 40, 407; b) H.
Stetter, Angew. Chem. 1976, 88, 695; Angew. Chem. Int. Ed.
Engl. 1976, 15, 639.

[442] Triazolium ions: a) J. Read de Alaniz, T. Rovis, J. Am. Chem.
Soc. 2005, 127, 6284; b) M. S. Kerr, T. Rovis, Synlett 2003, 1934;
c) M. S. Kerr, J. Read de Alaniz, T. Rovis, J. Am. Chem. Soc.
2002, 724, 10298; d) D. Enders, K. Breuer, J. Runsink, J. H.
Teles, Helv. Chim. Acta 1996, 79, 1899; thiazolium ions: e) S. M.
Mennen, J. T. Blank, M. B. Tran-Dube, J. E. Imbriglio, S.J.
Miller, Chem. Commun. 2005, 195.

[443] a) Q. Liu, T. Rovis, J. Am. Chem. Soc. 2006, 128, 2552;b) M. S.
Kerr, T. Rovis, J. Am. Chem. Soc. 2004, 126, 8876.

[444] Quinazolines: a) A. Miyashita, H. Matsuda, Y. Matsuoka, K.
Iwamoto, T. Higashino, Heterocycles 1995, 40, 653; b) A.
Miyashita, H. Matsuda, Y. Suzuki, K. Iwamoto, T. Higashino,
Chem. Pharm. Bull. 1994, 42, 2017; c) A. Miyashita, H.
Matsuda, C. lijima, T. Higashino, Chem. Pharm. Bull. 1992,
40, 43; Phthalazines and cinnolines: d) A. Miyashita, Y. Suzuki,
K. Iwamoto, E. Oishi, T. Higashino, Heterocycles 1998, 49, 405;
Fused pyridimines: e) A. Miyashita, Y. Suzuki, K. Iwamoto, T.
Higashino, Chem. Pharm. Bull. 1998, 46, 390; f) A. Miyashita,
K. Obae, Y. Suzuki, E. Oishi, K. Iwamoto, T. Higashino,
Heterocycles 1997, 45, 2159; g) A. Miyashita, H. Matsuda, C.
Iijima, T. Higashino, Chem. Pharm. Bull. 1990, 38, 1147.

[445] Y. Suzuki, T. Toyota, F. Imada, M. Sato, A. Miyashita, Chem.
Commun. 2003, 1314.

[446] a) A. Miyashita, Y. Suzuki, 1. Nagasaki, C. Ishiguro, K.
Iwamoto, T. Higashino, Chem. Pharm. Bull. 1997, 45, 1254;
b) J. Castells, F. Pujol, H. Llitjés, M. Moreno-Maiias, Tetrahe-

S. E. Denmark and G. L. Beutner

dron 1982, 38, 337; c) J. Castells, H. Llitj6s, M. Moreno-Manas,
Tetrahedron Lett. 1977, 18, 205.

[447] a) N. T. Reynolds, J. Read de Alaniz, T. Rovis, J. Am. Chem.
Soc. 2004, 126, 9518; b) K. Y.-K. Chow, J. W. Bode, J. Am.
Chem. Soc. 2004, 126, 8126.

[448] N.T. Reynolds, T. Rovis, J. Am. Chem. Soc. 2005, 127, 16406.

[449] a) S. S. Sohn, E. L. Rosen, J. W. Bode, J. Am. Chem. Soc. 2004,
126,14370; b) C. Burstein, F. Glorius, Angew. Chem. 2004, 116,
6331; Angew. Chem. Int. Ed. 2004, 43, 6205.

[450] M. He, J. W. Bode, Org. Lett. 2005, 7, 3131.

[451] a) S.S. Sohn, J. W. Bode, Org. Lett. 2005, 7, 3873; b) A. Chan,
K. A. Scheidt, Org. Lett. 2005, 7, 905.

[452] M. He, J. R. Struble, J. W. Bode, J. Am. Chem. Soc. 2006, 128,
8418.

[453] C. Fischer, S. W. Smith, D. A. Powell, G. C. Fu, J. Am. Chem.
Soc. 2006, 128, 1472.

[454] Indeed, a special issue of the Journal of Computational
Chemistry was dedicated to chemical bonding in honor of the
landmark contributrions of Gilbert Newton Lewis: J. Comput.
Chem. 2007, 28(1), 1 -466.

[455] As an epilogue, it should be mentioned that Lewis, a giant of
physical chemistry, recognized the importance of asymmetric
catalysis, particularly in the context biomolecular homochir-
ality. In 1926 he made this prophetic statement: “It has long
been known that chemical processes are sometimes enormously
accelerated by minute traces of foreign substances. Such
remarkable action is named catalysis, but this, as Poincaré
would say, ’is not to solve the difficulty, but only to baptize it.’
Nevertheless, giving a name to a phenomenon does indicate
that we have recognized its existence and its generality, and
when we state a problem clearly we are already part way
toward its solution. Now one of the most interesting kinds of
catalysis is the one in which a reaction is accelerated by one of
its own products, so that a long time may elapse before anything
happens, but if that product begins to form, or is introduced
from without, the reaction goes faster and faster. This
autocatalysis had not long been known, but we already realize
that it is of extremely frequent occurrence, and doubtless we
shall know much more about it in the near future.” G. N. Lewis,
The Anatomy of Science, Yale University Press, New Haven,
1926, p. 181.

www.angewandte.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angew. Chem. Int. Ed. 2008, 47, 1560—1638


http://dx.doi.org/10.1002/ange.200600268
http://dx.doi.org/10.1002/ange.200600268
http://dx.doi.org/10.1002/anie.200600268
http://dx.doi.org/10.1002/ange.200503885
http://dx.doi.org/10.1002/ange.200503885
http://dx.doi.org/10.1002/anie.200503885
http://dx.doi.org/10.1055/s-2004-831306
http://dx.doi.org/10.1021/ja042650z
http://dx.doi.org/10.1021/ja042650z
http://dx.doi.org/10.1021/ol0498803
http://dx.doi.org/10.1021/ol0498803
http://dx.doi.org/10.1021/ja0165943
http://dx.doi.org/10.1021/ja0165943
http://dx.doi.org/10.1002/ange.19760882103
http://dx.doi.org/10.1002/anie.197606391
http://dx.doi.org/10.1002/anie.197606391
http://dx.doi.org/10.1021/ja027411v
http://dx.doi.org/10.1021/ja027411v
http://dx.doi.org/10.1002/hlca.19960790712
http://dx.doi.org/10.1039/b414574g
http://dx.doi.org/10.1021/ja058337u
http://dx.doi.org/10.1021/ja047644h
http://dx.doi.org/10.1039/b302062b
http://dx.doi.org/10.1039/b302062b
http://dx.doi.org/10.1016/0040-4020(82)80170-1
http://dx.doi.org/10.1016/0040-4020(82)80170-1
http://dx.doi.org/10.1016/S0040-4039(01)92589-4
http://dx.doi.org/10.1021/ja046991o
http://dx.doi.org/10.1021/ja046991o
http://dx.doi.org/10.1021/ja047407e
http://dx.doi.org/10.1021/ja047407e
http://dx.doi.org/10.1021/ja055918a
http://dx.doi.org/10.1021/ja044714b
http://dx.doi.org/10.1021/ja044714b
http://dx.doi.org/10.1002/ange.200461572
http://dx.doi.org/10.1002/ange.200461572
http://dx.doi.org/10.1002/anie.200461572
http://dx.doi.org/10.1021/ol051234w
http://dx.doi.org/10.1021/ol051269w
http://dx.doi.org/10.1021/ol050100f
http://dx.doi.org/10.1021/ja062707c
http://dx.doi.org/10.1021/ja062707c
http://dx.doi.org/10.1021/ja058222q
http://dx.doi.org/10.1021/ja058222q
http://www.angewandte.org

