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ABSTRACT: The ability to control the alkylation of organic substrates becomes ever more powerful by using metal catalysts.
Among the major benefits of metal catalysis is the possibility to perform such processes asymmetrically using only catalytic
amounts of the chiral inducing agent which is a ligand to the metal of the catalyst. A unique aspect of asymmetric metal-catalyzed
processes is the fact that many mechanisms exist for stereoinduction. Furthermore, with the use of the same catalyst system,
many types of bonds including but not limited to C−C, C−N, C−O, C−S, C−P, and C−H can be formed asymmetrically.
An overview of this process using palladium- and molybdenum-based metals being developed in my laboratories and how it
influences strategy in synthesizing bioactive molecular targets is presented.

■ INTRODUCTION
Asymmetric catalysis has truly blossomed beginning with the
pioneering work on asymmetric hydrogenation and oxida-
tion.1−3 However, the early work did not address an even
more fundamental bond-forming event in organic chemistry,
that is forming the C−C bond asymmetrically. Asymmetric
Lewis acid-catalyzed reactions constituted one of the earliest
directions1 followed by asymmetric phase transfer catalysis4 and
organocatalysis5 and more recently asymmetric Brønsted acid
catalysis.6

Among asymmetric catalytic processes, metal-catalyzed
asymmetric allylic alkylations (AAA) are unique in two
respectsfirst, they have multiple mechanisms by which
asymmetry can be introduced and second, they can form
many types of bonds among which are C−H, C−O, C−N,
C−S, C−P, and most importantly, C−C using the same catalyst
system.7 Many different metals may be used for such AAA
processes including palladium, platinum, gold, rhodium,
ruthenium, iridium, and molybdenum.8 At present, chiral
palladium complexes have proven to be the most versatile
and have the broadest scope. While the focus of this review is
enantioselectivity, the question of regioselectivity is ultimately
tied to it. Changing from Pd to other metals is one mechanism
to address this type of selectivity. In this vein, asymmetric Mo-
catalyzed reactions have been pursued as a complement for Pd,
notably with carbon-based nucleophiles. This account provides
an overview of the evolution of the development of asymmetric
allylic alkylations (AAA) in my laboratories.
General Features. Scheme 1 outlines the nature of the

problem of ligand design for Pd-catalyzed AAA. Notably, both
the Pd-assisted ionization (bond breaking) and nucleophilic
attack (bond making) occur outside the coordination sphere of
the metal and therefore distal to where the asymmetry resides,
the ligands L. The working hypothesis for achieving high
enantioselectivity came from enzymes wherein the asymmetric
induction arises from the chiral space in which the substrate
resides during reaction which, in turn, derives from the
conformational chirality of the enzyme. To create such “chiral
space” with small molecules, we envisioned the use of a
macrocyclic bidentate ligand as depicted in Figures 1 and 2.9

Images A and B of Figure 2 illustrate that the chiral space is

defined by the helical nature of the three aryl rings to the
phosphorous. Recent structural and mechanistic studies
reinforce the analogy to an active site of an enzyme in that
H-bonding interactions between the N−H of the secondary
amides in the backbone with either the leaving group when
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Scheme 1. Mechanism of Pd-catalyzed allylic alkylation

Figure 1. Typical ligands for Pd AAA.
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enantiodiscrimination occurs during ionization or the nucleo-
phile as in Figure 2C when enantiodiscrimination occurs in the
nucleophilic addition are important for the chiral recognition.10

Whereas Pd-based complexes constitute the most extensively
studied family of asymmetric catalysts in asymmetric allylic
alkylation, other metals such as Ir, Rh, Ru, Mo, W, etc. have
also been examined. These metals typically involve substrates
that require control of regioselectivity as well as enantio-
selectivity and provide a complement to Pd-catalyzed processes.
In my laboratories, we have examined Ru-,11 Mo-,12,13 and
W-13,14 based systems with the most success derived from
Mo catalysts. These complexes also give substitutions with
overall retention of configuration but via a double retention
mechanism rather than a double inversion mechanism. Since
the enantiodiscriminating event occurs within the coordination
sphere of the metal, the chiral space required for asymmetric
induction requires less steric bulk. Indeed, the typical ligands
involve rather simple pyridine coordination as shown in
Figure 3.15 Bidentate coordination with the nitrogen of the

pyridine is not required. Indeed, the monopyridine L-7 shows
even higher branch selectivity than the bis-pyridine L-5. Interest-
ingly, a C2 symmetric diamine is not required as in the case of
ligands L-8 to L-10.15b

Enantiodiscrimination via Ionization. The simplest
illustration of enantiodiscrimination via ionization is a kinetic

resolution. While, in general, we have avoided effecting kinetic
resolutions since it limits the yield to 50%, such a strategy still
finds utility. Thus, we demonstrated that kinetic resolutions can
be performed with near-perfect selectivity as illustrated in eq 1.16

However, since the π-allylpalladium intermediate is symmetric,
if both of the enantiomers can be ionized, a kinetic resolution
can be avoided. Indeed by appropriate modification of the
leaving group, both enantiomers of the starting substrate can be
ionized with one enantiomer of the catalyst leading to a dynamic
kinetic asymmetric transformation (DYKAT) which is a
preferable strategy that we strive for (vide infra).17

Desymmetrizing meso substrates represents another type of
enantiodiscimination via ionization. 1,4-Diacyloxy-2-cycloalkenes
represent the typical case.18 Using a carbon nucleophile such
as nitromethane provides the monoalkylated product in near-
perfect ee (eq 2).19 This product can serve as a precursor to
D-nucleosides.

When a sterically crowded nitronate is employed, a strikingly
different outcome is observed as shown in eq 3 wherein O

rather than C alkylation ensues.20 The initial O-allylated
nitronate undergoes spontaneous fragmentation to generate the
ketone and an oxime. Since the nitroalkane is obtained by
oxidation of the oxime with sodium perborate, the oxidant is
simply readily recycled. This oxidative desymmetrization is a
unique and efficient strategy in giving such versatile building
blocks. On the other hand, heteroatom nucleophiles serve
equally well as illustrated in Scheme 2.21,22 The dihydrofuran
substrate is particularly illustrative of the efficacy of this strategy
since the use of enzymatic methods to desymmmetrize such
diesters is inapplicable here since the hemiacetal product of
such processes is chemically unstable and simply falls apart.
Of course, the remaining allyl ester serves as a substrate for

Figure 2. Structural representatives of active catalysts.

Figure 3. Typical Ligands for Mo AAA.
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further Pd-catalyzed allylic alkylations as illustrated in Scheme 2
in an efficient synthesis of the polyoxin−nikkomycin natural
products. Since the chirality has already been established,
achiral ligands suffice.
While the initial desymmetrization normally stops at the

stage of the monoalkylation since the second alkylation requires
a “mismatched” ionization, with certain nucleophiles and
leaving groups, a cascade process has been observed. For
example, with the bis-N-nucleophile of Scheme 3 and the more
reactive carbonate leaving group, the initial monoalkylation
product spontaneously cyclizes under the reaction conditions to
form the tricycle, an intermediate on the way to agelastatin A.23

With phenylsulfonylnitromethane as nucleophile, a similar
cascade was observed (Scheme 4).24 In this case, it is best to
add an achiral catalyst such as tetrakis(triphenylphosphine)
palladium to speed up the second stage. The resultant product
proved a useful intermediate in the asymmetric synthesis of

valienamine via the chiral cis-β-hydroxyester. The higher
intrinsic reactivity of the five-membered ring substrates leads
spontaneously to the cyclized product even with the benzoate
leaving group.25

Use of malonate-type nucleophiles led to a cascade to
provide a net asymmetric cyclopropanation or lactone
annulation.26 Using a simple malonate (path a, Scheme 5)
with the dibenzoate gave the monoalkylated product in 77%
yield and 96% ee. Resubjecting this monoalkylated product to
the palladium precatalyst and dppp initially at room temper-
ature and then raising it to reflux gave the cyclopropane in 90%
yield and 94% ee. On the other hand, using Meldrum’s acid as
the malonate derivative (path b, Scheme 5) with the dibenzoate
gave the corresponding monoalkylated product in 60% yield
and 98% ee. Resubjection of this monoalkylated product to the
palladium precatalyst and racemic ligand then effected
cyclization not to the cyclopropane but to the lactone in 75%

Scheme 2

Scheme 3

Scheme 4
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yield. Using the carbonate substrate (ROCH3) initially in the
presence of potassium carbonate and methanol in THF
followed by addition of diisopropylethyl amine gave the lactone
directly in 70% yield and 99% ee.
Azide proved to be a most interesting nitrogen nucleophile.

Using the benzoate substrate provided the expected alkyl azide
(path a, Scheme 6) in excellent yield and ee. An advantage of
the azide is its excellent nucleophilicity and ease of reduction.
Thus, exposing the azido benzoate to trimethylphosphine
followed by di-tert-butyldicarbonate provides the Boc protected
amine directly which led to a facile synthesis of (−)-epibatidine
(Scheme 6, path a).27 Interestingly, the much more heavily
substituted substrate where X,X = OC(CH3)2O also reacts
quite efficiently to produce the desired alkyl azide which was a
key intermediate towards the antitumor agent pancratistatin
(Scheme 6, path b).28 Thus, the acetonide did not hinder the
approach of the palladium to the double bond even though
the palladium must approach the same face of the double
bond proximal to the acetonide. Subjecting the initial azide to
base hydrolysis in hot methanol led to isolation of the
rearranged azide (path c, Scheme 6) which could be isolated
in 70% overall yield from the starting dicarbonate.29 While
such a 3,3-sigmatropic rearrangement can be the result of a
thermal process, there is evidence that it also may be promoted
by palladium catalysis. In any event, both the 1,4- and 1,2-
disubstituted amino alcohols can be accessed.
A second class of substrates for desymetrization of leaving

groups is the gem-dicarboxylates (eq 4).30 Thus, the desym-
metrical product is produced in high yield and ee.
A third type of meso substrate derives from the meso

diastereomer of 3,4-dihydroxyhexa-1,5-diene (Scheme 7a).
The cyclic carbonate gives the monoalkylated product
using phthalimide as the nucleophile in perfect regio- and
enantioselectivity.31 Surprisingly, the racemic D,L-cyclic carbo-
nate undergoes a clean kinetic resolution, giving the same

enantiomer also with perfect selectivity. Thus, using a mixture
of both the meso and D,L-diastereomers, only a single phthalimide
enantiomer results, precluding the need to separate the com-
mercially available mixture of diols. This product proved to be a
useful chiral ligand for Rh-catalyzed asymmetric conjugate
additions.32 It also served as a key intermediate for the synthesis
of the pyrrolizidine alkaloid australine and an analogue of the
antitumor agent FR900482 which is epimeric at one center but of
comparable biopotency.

Enantiodiscrimination by Deracemization of 1,3-
Disubstituted Allyl Substrate. As pointed out in eq 1, the
racemic tetraester can undergo a nearly perfect kinetic
resolution; however, the yield is limited to 50%. Interestingly,
examining the structure of the π-allyl-palladium intermediate
ignoring any asymmetry associated with the ligands reveals that
it has a plane of symmetry (Scheme 8). Thus, the stereo-
chemistry of the product is solely determined by the
enantiodiscrimination in the nucleophilic addition. If the rate
difference for the two enantiomers of the substrate in the initial
ionization can be overcome, going through the identical inter-
mediate both enantiomers of the starting material will lead to
the same enantiomeric product. By using a trichloroethox-
ycarbonyl (Troc) leaving group, the rate of the mismatched
ionization now becomes fast enough that both enantiomers do
react to form mainly a single enantiomer of the product.33 In
the case of phenylsulfonylnitromethane as the pronucleophile,

Scheme 6

Scheme 5
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the resultant product, an intermediate on the way to
(−)-cyclophellitol, is formed in 81% yield and 88% ee.
A noncyclic allyl substrate also performs quite well. The side

chain of amphidimolide A was constructed using a 1,3-
dimethylallyl system (eq 5), a particularly challenging substrate,

in 90% ee.34 The same allyl system also works well with an
oxygen nucleophile. In the case of a “diosphenol” (a cyclic α-
diketone), a good catalyst-controlled diastereoselectivity was
observed as shown in eq 6 on the way to a total synthesis of
terpestacin.35

Phenol nucleophiles have functioned well. A particularly
intriguing illustration is shown with ester substituted allyl
substrate shown in eq 7.36 Interestingly, the stilbene diamine
chiral scaffold proved most effective for the highly chemo-
selective allylation. The resultant product proved to be a
common intermediate towards galanthamine, an inhibitor of
AChE for treatment of Alzheimer’s, and morphine, one of the
most important analgesics.

A similar allylating agent was employed in an intramolecular
version using a nitrogen nucleophile (eq 8).37 The problem
with this substrate was its propensity to undergo a background
reaction. With our typical ligands, L-1−L-4, the sluggishness
of the catalyzed processes required elevated temperatures
(∼100 °C) for reaction to occur and thus led to ee’s between 0
and 23%. However, by reducing the steric demand and
increasing the donor property of the ligand by modifying the
ligand as in L-5 (eq 8) allowed reaction to proceed at 0 °C
which gave satisfactory results and led to a facile synthesis of
anatoxin-a, a compound known as “very fast death factor”
because of its potency in inducing respiratory paralysis.
The use of a lactone as the allylating agent in Scheme 9 raised

a most unusual issue. Using phthalimide as the pro-nucleophile
led to no reaction, either with or without base. The intermediate
for path a requires a negatively charged nucleophile to come
within close proximity to the carboxylate anion. The resultant
charge−charge repulsion makes such a scenario unlikely. On the

Scheme 8

Scheme 7
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other hand, use of N-trimethylsilylphthalimide as the substrate
in path b allows silyl transfer to neutralize the carboxylate anion
and eliminate such charge−charge repulsion. Indeed, the
reaction now proceeds quite well to give the desired alkylated
phthalimide in 98% ee, a key intermediate for a very short
synthesis of the antiviral agent tamiflu.38

Phthalimide also served as an excellent nucleophile for
acyclic 1,3-disubstituted cases (typically >95% ee). A
particularly intriguing example involved the use of epoxide of
eq 9, available in two steps from cyclopentadiene and singlet
oxygen, which led to a synthesis of (+)-polyoxamic acid.39

Enantioselectivity with 1-Substituted or 1,1-Disub-
stituted Allyl Systems. On the basis of the general notion that
Pd-catalyzed allylic alkylations normally lead to nucleophilic

attack at the unsubstituted terminus of terminally mono-
substituted allyl systems, focus for such substrates was
concentrated on the use of Mo catalysis. As shown in eq 10,

good yields of branched products of high ee are obtained
wherein the R substituent is an aryl, vinyl, or alkynyl group.15,40

While the Mo precatalysts were typically the (tris-propionitrile)-
or cycloheptatriene-molybdenum tricarbonyl (eq 10), on large
scale (2 kg) the more conveniently available Mo(CO)6 proved
satisfactory (eq 11) in a synthesis of the CCR5 antagonist.41,42

Interestingly, a particularly sterically hindered 2,4,6-trisubstituted
aryl ring used for a synthesis of (−)-tetrahydrocannabinol did not
diminish the regioselectivity (eq 12).43 The chemoselectivity of
the reaction is nicely highlighted in its success in a synthesis of
the protease inhibitor tipranavir (eq 13).44 Running this reaction
in a microwave at 180 °C with either L-5 or L-6 gave the same
yields and ee within a half hour compared to the 24 h for
the reaction at 67 °C. Remarkably, the ee was invariant with
temperature up to 180 °C!
The inability to use heteroatom nucleophiles with Mo

catalysts led us to reconsider the question of regioselectivity

Scheme 9
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with Pd catalysts. In contrast to the general wisdom, obtention
of branched products could be accomplished. The most direct
way to achieve such a regioselectivity is to tether the
nucleophile. Indeed cyclization of the phenol of Scheme 10
to form the chromanes gave attack at the more substituted
tertiary terminus.45,46 Interestingly, the Z-olefin substrate gave
higher ee than the corresponding E-olefin isomer. With such
sterically small nucleophiles, use of bulky, large bite-angle
ligands can direct the nucleophile to the more substituted
terminus even in an intermolecular process as shown in the
alkylation of eq 14 directed to a synthesis of calanolide B.47,48

Vinyl epoxides and aziridines have proven to be particularly
useful in providing attack at the more substituted terminus.
Thus, both nitrogen and oxygen nucleophiles can provide
high selectivity in either monosubstituted (eq 1549 and 1650) or

1,1-disubstituted allyl systems (eq 17).51 In the case of simple
alcohols as the nucleophilic partner, triethylboron is employed
as a cocatalyst to improve reactivity and regioselectivity.

Deracemization of 1,3-Disubstituted Systems. The
ability to perform dynamic kinetic asymmetric transformations
(DYKAT) requires a mechanism for interconversion of the
facial complexation of the metal to the π-allyl unit. Butenolides

Scheme 10
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provide such a mechanism via a π−σ−π interconversion
through σ-binding to the carbonyl oxygen. This enantiodiscri-
minating mechanism is illustrated in the asymmetric inducing
event in the synthesis of (−)-alfatoxin B (eq 18).52 The

addition of a soluble chloride ion source as a cocatalyst
facilitates the conversion of the π- to σ-allyl complexes and thus
the rate of racemization of the intermediate allyl complex.
Enantioselectivity of Prochiral Nucleophiles. Inducing

stereochemistry at the prochiral nucleophiles is an even more
daunting challenge, considering the mechanism of this process
which places the incoming nucleophile very distant to the location
of the chiral ligands and therefore the chiral space for the Pd-
catalyzed process. Remarkably, this mechanism for enantiodiscri-
mination can work quite well. In the first instance, β-ketoesters
were employed as prochiral nucleophiles with surprisingly high ee
which led to a synthesis of the alkaloid nitramine (eq 19).53

With substituted allyl systems, the reaction can become
ligand controlled for both enantio- and regioselectivity. A
particularly impressive example is the creation of two adjacent
quaternary centers in a synthesis of the interesting flustramine
alkaloids (eq 20).54

The asymmetric ligands impart increased scope of the type of
nucleophiles that can be employed in addition to inducing
asymmetry as exemplified by the use of ketone enolates. Thus,
the 2-methylcyclopentanone derivative shown in Scheme 11
undergoes asymmetric allylation in excellent ee.55−57 One of the
advantages of asymmetric chemical catalysis is the availability of
both enantiomers by simply changing the enantiomer of the
chiral ligand. In the example of Scheme 11, use of the R,R ligand
provides access to hamigeran B, whereas the synthesis of
allocyathin B2 requires the enantiomeric allylic cyclopentanone
which is equally easily available.
A particularly effective procedure for asymmetric ketone

alkylations is the use of a decarboxylative asymmetric allylic
alkylation (DAAA).58 Simply subjecting the enol allyl carbonate
to Pd(0) effects loss of CO2 and formation of the allylated
product in near quantitative yields and in excellent enantio-
selectivities under totally neutral conditions (eq 21).59 In the
illustrated example, both the allyl and nucleophile are prochiral,
and only one diastereomer results, obviously controlled by the
catalyst.

Scheme 11
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The fact that Mo-catalyzed reactions are inner sphere
processes make them even more likely catalysts for induction
of stereochemistry at prochiral nucleophiles. Thus, simple
asymmetric allylation of the oxindole in eq 22 proceeds in high

yield and ee and led to a synthesis of physostigmine, a potent
inhibitor of acetyl cholinesterase.60 Performing this asymmetric
allylation with Pd catalysts gave the product in a maximum of
70% ee. Use of a substituted allyl generates the product wherein
two stereocenters are created in the Mo AAA. As shown in eq
23, excellent control at both asymmetric centers is observed,
even in sterically congested systems.61

■ CONCLUSION

The Pd and Mo AAA reactions constitute powerful tools for
enantioselective synthesis. This power derives from the ability
to form almost any kind of bond (C−C, C−O, C−N, C−F,
C−P, etc.) and to invoke a broad range of enantiodiscriminat-
ing mechanisms. The reactions achieve excellent selectivities
under practical conditions of temperature, typically rt for Pd
and 60−80 °C for Mo. The ligands are typically commercially

available in one step from inexpensive commercially available
materials. The processes also scale up well, having been run on
multikilo scales without problems. The reactions show excellent
chemoselectivity. As illustrated by the examples herein, a broad
diversity of structures of particular relevance with respect to
biological properties are readily accessed, wherein the AAA
reaction played a key role in facilitating enhanced efficiency in
the strategic approach.
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