January 2002

Review

Chem. Pharm. Bull. 50(1) 1—14 (2002) 1

Pd Asymmetric Allylic Alkylation (AAA).
A Powerful Synthetic Tool

Barry M. Trost

Department of Chemistry, Stanford University, Stanford, C4A 94305-5080, U.S.A.
Received August 30, 2001

Palladium catalyzed asymmetric allylic alkylations represent a challenging problem because the mechanism
of the reaction places the chiral environment distal to the bond breaking or making events responsible for the
asymmetric induction. Furthermore, unlike virtually every other asymmetric process, many strategies can be
employed for introduction of asymmetry and many different types of bonds can be formed. While over 100 dif-
ferent ligands have been designed, a family of ligands derived from 2-diphenylphosphinobenzoic or 1-naphthoic
acid and chiral scalemic diamines have been successful in inducing excellent enantioselectivity by five different
enantiodiscriminating events. These methods have already provided practical strategies towards numerous bio-
logical targets—some of which are adenosine and its enantiomer, aflatoxin B, aristeromycin, calanolide A and B,
carbovir, cyclophellitol, ethambutol, galanthamine, mannostatin, neplanocin, phyllanthocin, sphingofungins E

and F, tetraponaines, vigabatrin, and valienamine.
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Chiral compounds have many applications. None are more
important than those related to biological targets. The chiral
nature of biological receptors make chiral ligands common
objectives as pharmaceuticals and agrichemicals. Thus, de-
veloping efficient synthetic methods to such compounds rep-
resents an important challenge. In spite of great advances,
resolution methods still frequently represent the most eco-
nomical method for commercial production in spite of the
fact that the theoretical yield of the single desired enantiomer
cannot exceed 50% unless the opposite enantiomer can be
converted to the desired one. Using starting materials from
the chiral pool also constitutes a common strategy. More re-
cently, attention has shifted to inducing chirality into achiral
precursors. Two tacts have been explored. In one, chiral aux-
iliaries, normally emanating from the chiral pool, are cova-
lently attached to prochiral substrates.” The advantage of this
approach is the high degree of success in transmitting chiral
information in this more controlled strategy. However, it suf-
fers from numerous drawbacks. First, it requires stoichiomet-
ric amounts of the chiral auxiliary which ultimately is not
part of the final product. It also requires additional steps to
add and subsequently remove the chiral auxiliary. Clearly, the
conceptually most attractive strategy is employing asymmet-
ric catalytic reactions.”

Some of these have achieved great success. Two of the
most successful have been asymmetric catalytic hydrogena-
tion and asymmetric catalytic oxidation of alkenes, notably
epoxidation. These two reactions, in addition to virtually
every other asymmetric catalytic reaction, share a common
feature— the enantiodiscriminating event involves recogniz-
ing the enantiotopic faces of a prochiral w-unsaturation such
as a carbonyl group or a double bond. Furthermore, each of
these reactions also involve formation of just one bond
type—a C—H bond in the case of hydrogenation and a C-O
bond in the case of oxidation.

Catalytic asymmetric allylic alkylation differs from virtu-
ally all other catalytic processes in two important ways. In
the first, there are many enantiodiscriminating mechanisms,
not just one. As shown in Fig. 1, there are at least five such
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mechanisms. As in most other catalytic asymmetric reac-
tions, differentiating the enantiotopic faces of a m-unsatura-
tion is one mechanism (Fig. 1, A). A second mechanism is
differentiating enantiopic leaving groups (Fig. 1, B). Mecha-
nism C involves differentiating enantiotopic termini of a 7-
allylmetal intermediate. Since this intermediate derives from
a chiral racemic precursor in which the chirality of the sub-
strate is lost, this deracemization constitutes a dynamic ki-
netic asymmetric transformation (DYKAT). Mechanism D is
a varient of mechanism A wherein the 7-allylmetal interme-
diates interconvert faster than they are attacked by a nucle-
ophile and asymmetric induction derives from differential
rates of reaction of the two diastereomeric intermediates.
This mechanism allows employment of either an achiral pre-
cursor or a racemic chiral precursor—the latter then corre-
sponding to a DYKAT. All of the foregoing involves creation
of chirality at the m-allyl fragment. Mechanism E involves
discriminating between the enantiotopic faces of the nucle-
ophile.

Besides the multitude of mechanisms for asymmetric in-
duction, another major benefit is the diversity of bond types
that potentially can be formed. In addition to formation of
C-H and C-O bonds, C—N, C-S, C-P and, most importantly,
C—C bonds, all can be formed.”

A major stumbling block in this approach arises because
of the mechanism of the catalysis.” In catalytic hydrogena-
tion and oxidation, the substrates are coordinated to the
metal. The bond forming events between the prochiral 7z-sys-
tem and hydrogen or oxygen occur within the coordination
sphere of the metal. The situation in metal catalyzed allylic
alkylation is quite different as revealed in Fig. 1. Both the
ionization® and nucleophilic addition® events involve bond
cleavage and formation, respectively, that occur outside the
coordination sphere of the metal and thus distal to the chiral
ligands. Thus, chiral information must be transmitted from
one face of the substrates to that on the side opposite to the
metal. In types A and B, the metal induced ionization of the
leaving group represents the enantiodiscriminating step;
whereas, in types C and D, nucleophilic addition constitutes

© 2002 Pharmaceutical Society of Japan
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Fig. 1. Various Enantiodiscriminating Events in AAA

the enantiodiscriminating step. Type C involves a chiral pre-
cursor and type D may involve one. When chiral substrates
have the potential of being completely converted into a single
enantiomer of the product, the process should be referred to
as a DYKAT. An interesting aspect would be the ability of
the chiral inducing element to extend beyond the m-allyl
moiety and influence the induction of chirality at the nucle-
ophile.”® The remoteness of the chiral inducing ligands with
respect to the nucleophile make such a process even more
challenging.

In order to induce asymmetry through such distances, a
number of models can be envisioned.” An electronic model
for type C discrimination is depicted in 1. In this approach,
two different types of atoms that can serve as coordinating
groups to the metal are employed. A chiral environment can
be created in the scaffold connecting the two binding atoms
or at one or both of the coordinating atoms. The difference in
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reactivity of the resultant diastereomeric complexes or in
their concentration then accounts for the asymmetric induc-
tion. Two examples of this approach include a PN (e.g.,
2)!12 and a P,S (e.g., 3)'® system. An alternative strategy
invokes steric effects. A biomimetic approach envisions the
creation of chiral space in analogy to the active site of an en-
zyme in which the ability of the substrate to fit and move
within the chiral space of the active site accounts for the abil-
ity of the chiral space to influence enantioselectivity.

In designing complexes to function as catalysts via this lat-
ter mechanism, a large bite angle 0 (e.g., 4) was envisioned
to help extend the chiral space to more effectively embrace
the substrate.'¥ Increasing the chain length of the tether may
have such an effect. Support for this interpretation came
from comparing BINAP (5) and BINAPO (6) in a type C
process as illustrated in Eq. 1, a reaction that subsequently
became the standard reaction for testing new ligands.'*” The

-
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ee of 7 increased from 50% with 5 to 68% with BINAPO
(6a). Even better results are obtained with cyclic systems
wherein a further enhancement occurred with a 3,5-disubsti-
tuted analog 6b. Recent work that built from these observa-
tions demonstrates the utility of this ligand for 2-substituted-
3-acyloxycyclohexenes as has been shown in a synthesis di-
rected towards the Strychnos indole alkaloid (—)-tubifoline
(Eq. 2)."?

Creation of chiral space can borrow the basic principles
from nature’s prime catalysts, the enzymes, wherein primary
chirality is transformed into conformational chirality that
creates the catalytic active site. The ability of the substrate to
fit and move within the chiral space of the active site imprints
its chirality on the product. A modular design that mimics
these basic principles was envisioned to derive from di-
amides generated from chiral diamines and 2-diphenylphos-
phinobenzoic'® or naphthoic acid'” (8).'® The long, rather
rigid tether connecting the two metal binding posts was envi-
sioned to impose a larger than normal bite angle (i.e., >90°).
This proposal has been verified in the “invertomer” series
wherein the amide is simply inverted—i.e., the ligands derive

{-}-tubifoline

from a chiral dicarboxylic acid and 2-diphenylphosphinoani-
line.!"” The primary chirality of the diamine scaffold would
be translated into the conformational chirality of the bis-
triarylphosphino moieties.®” These moieties create chiral
grooves similar to those of propeller. A cartoon depicting the
chiral space associated with a complex derived from ligand
11 is depicted in Fig. 2. The walls and flaps lining the chiral
space are formed by the aryl rings on the phosphorus and the
roof is defined by the chiral scaffold. This model serves as a
valuable guide in understanding and predicting the reactivity
of this chiral system.

Ligand stereochemistry correlates with product stereo-
chemistry in a predictable fashion as summarized in Fig. 3.
The ligands can be defined as clockwise (cw) or counter-
clockwise (ccw) type which characterizes the orientation of
the two phosphines with respect to each other in an extended
Newman-type projection. In an ionization, the movement of
the metal with respect to the substrate in going from 17> to 1°
coordination is a cw type. The products then derive from a
kinetic capture of the diastereomeric m-allyl complexes. In
looking at the cartoons of Fig. 2, this motion corresponds to

NH H s, :
Sy NH H
PP Phy
PPh, Phy

9 henzaic 11 n=0

10 naphthoic 12 n=1
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Fig. 3. Correlation of Ligand and Product Stereochemistry

the leaving group departing in the sterically most unencum-
bered region of space—i.e., under the flap rather than
through the wall. The nucleophilic addition is the micro-
scopic reverse of the ionization—i.e., a ccw motion between
the metal and the allyl fragment is preferred. According to
the cartoon, addition of the nucleophile via the sterically
least encumbered area proximal to the flap occurs. The ccw
ligands invoke the mirror image motions as depicted.

Type A Enantiodiscrimination

Because type A enantiodiscrimination involves both regio-
and enantioselectivity, overcoming the intrinsic bias for nu-
cleophiles to attack at the least hindered terminus led to fo-
cussing on intramolecular processes. Simply exposing 13 to
the chiral catalyst generated from ligand 9 produced the
vinylpyrrolidine and piperidine in very good yields and enan-
tioselectivities (Eq. 3).2" On the other hand, the chiral
racemic substrates 15a, b gave the same cyclized product
with only 4—6% ee. This difference between the achiral and
chiral precursors supports the interpretation that the enan-
tiodiscrimination is the ionization event. Furthermore, the
absolute configuration is predicted by the model of Fig. 2
wherein a syn complex is generated and captured by the
amine prior to any equilibration.

A synthesis of the chromane core of vitamin E takes ad-
vantage of this phenomenon.?” As shown in Eq. 4, the cy-
clization of achiral carbonate 16 proceeded in excellent yield
and very good ee in the presence of either base (triethy-
lamine) or acid (acetic acid) to form chromane 17. That the
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enantiodiscrimination likely stemmed from the ionization
step derived from the observations that 1) the chiral racemic
substrate 18 produced racemic product and 2) introducing
additives to speed up equilibration of m-allyl intermediates
lowers the ee. The absolute configuration of the chromane
obtained with ligand 9 is enantiomeric to the natural vitamin.
The stereochemistry of the chromane stereogenic center is
the most important of the natural vitamin for highest biologi-
cal activity.®

The reaction showed a dependence on the geometry of the
starting alkene. As illustrated in Eq. 5, the Z-alkene 19 gave
significantly higher ee than the E-alkene 20.>* Examination
of the cartoons of Fig. 2 suggests that large anti substituents
are better accommodated by these ligands than large syn sub-
stituents. Thus, the Z-alkene 20 better fits into the chiral
space.

Type B Enantiodiscrimination

The desymmetrization of meso-diols represents an excel-
lent strategy for asymmetric induction. The cyclization of the
dicarbamate 21, generated in situ from the diol and p-tolue-
nesulfonyl isocyanate, gave the oxazolidin-2-one 22 in excel-
lent yield and enantioselectivity (Eq. 6).!%® The compound
served as a key intermediate in the synthesis of the glucosi-
dase inhibitor mannostatin A.?%

Nitrogen nucleophiles also serve in intermolecular reac-
tions. A sulfonamide 24 reacted with the bis-carbonate 23 to
provide the product 25 of 99% ee (if isolated 89% yield) (Eq.
7). This compound need not be isolated but can undergo a
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second regio- and diastereoselective palladium catalyzed
alkylation in the same pot to provide the bis-substituted com-
pound 26. Metathesis sets the stage for a facile synthesis of
the poisonous constituents of the venom of the New Guinean
ant.

Azides are an interesting class of nitrogen nucleophiles.?®
As illustrated in Eq. 8, the initial allylic azide 27 can be iso-
lated in excellent yield and enantioselectivity.”® This azide
served as a key intermediate in an efficient synthesis of the
antitumor agent pancratistatin. A similar reaction also led to
a concise synthesis of the powerful analgesic (—)-epibati-
dine.*® On the other hand, simple hydrolysis of the initial
adduct at temperatures slightly elevated above room tempera-
ture gave the [3.3] sigmatropic rearrangement azidoalcohol
29 in excellent yield and enantioselectivity.*"’ This sequence
led to the aminocyclohexitol portion of hygromycin A, an ef-
fective agent for control of swine dysentery (Eq. 8).%
Purines and pyrimidines have also been successfully em-
ployed and has led to the synthesis of numerous carbanucleo-
sides including carbovir, aristeromycin, and neplanocin
A3 In work directed towards the synthesis of prostacyclin
analogs, oxygen nucleophiles (phenols) have been success-
fully employed.>®

Carbon nucleophiles work equally well.***” For example,
nitroalkanes participated well in such reactions (Eq. 9)
wherein the monoalkylation product 30 was produced virtu-
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ally enantiomerically pure (99% ee).*® Subsequent palladium
catalyzed regio- and diastereoselective substitution using a
purine base gave the carbonucleoside intermediate 31 which
would lead to ent-aristereomycin. A sulfonylnitroalkane
proved to be a quite interesting nucleophile and may lead to
double substitution*® (Eq. 10).>” The enantiomerically pure
novel heterocycle 32 was isolated in 87% yield and >99%
ee. This compound was utilized in an asymmetric synthesis
of valienamine, a component of novel glycosidase inhibitors,
one of which is useful in the treatment of diabetes. It should
be noted that use of enzymes in desymmetrization of six-
membered ring meso-diols is generally a poor reaction.*” In
contrast, the palladium catalyzed reaction is useful indepen-
dent of ring size.

The heterocyclic meso diester 33 cannot be desym-
metrized by enzymatic methods since the hydrolysis product
is chemically unstable. On the other hand, there is no prob-
lem in performing the normal asymmetric allylic alkylation
(AAA) with this heterocycle*? which is available in one step
from furan. Heterocycles like the typical pyrimidines and
purines of the nucleosides participated well as illustrated by
4-chloropurine. A second regio- and diastereoselective palla-
dium catalyzed reaction introduces a carbon side chain which
ultimately could be converted by standard methods to both a
carboxylic acid as well as a hydroxymethyl side chain. A
major advantage of this approach is equivalently facile ac-
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Chart 1. A Non-Carbohydrate Nucleoside Synthesis

cess to either p- or L-nucleosides by simple choice of the chi-
ral ligand.

A reverse strategy wherein the carbon side chain is intro-
duced prior to the heterocyclic substituent can also be em-
ployed. This strategy was applied to a synthesis of 2-epi-hy-
gromycin A as outlined in Eq. 11.*? In this case, the glycosy-
lation step involved a phenol as a nucleophile. Thus, the abil-
ity to desymmetrize dibenzoate 33 provides a very concise
route to the tetrahydrofuran moiety. The AAA also provided
the aminocyclohexitol (see Eq. 8) which was directly coupled
with the acid to give 2-epihygromycin A. Thus, all the chiral-
ity derived from palladium AAA.

Gem-diacetates 34 readily available by the Lewis acid cat-
alyzed addition of acetic anhydride to an aldehyde constitute
an unusual type of substrate for desymmetrization. The two
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acetates are prochiral (see Eq. 12). Substitution of either one
selectively then is equivalent to nucleophilic asymmetric ad-
dition to one of the prochiral faces of the aldehyde. Since
symmetric additions of stabilized nucleophiles of the type
utilized in AAA are not possible directly, this strategy be-
comes an important new way to achieve this result.**)

As shown in Eq. 13, the gem diacetate 35 underwent
smooth alkylation to give malonate 36 of high ee. As with all
the other meso diesters, the product is still an allyl ester capa-
ble of undergoing a second palladium catalyzed allylic alky-
lation. Steric factors dictate the second alkylation proceeds in
a net S,2" mode and with 100% chirality transfer. Here too,
enzymatic desymmetrization fails since the product of enzy-
matic hydrolysis, a hemiacetal, spontaneously collapses to a
carbonyl partner.
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Beyond the examples wherein enzymatic desymmetriza-
tion fails, the palladium catalyzed AAA has other advantages
over the enzymatic strategy. Production of either enantiomer
is simpler since both enantiomeric ligands are equally acces-
sible—a situation clearly not the case with enzymes. The
desymmetrization step is not an extra step in a synthetic se-
quence in an AAA. The synthetic step of alkylation is inte-
grated with the desymmetrization. In the case of the enzy-
matic desymmetrization, the alkylation event is an extra step
(or more) subsequent to the desymmetrization.

Type C Enantiodiscrimination

The classical AAA involves the conversion of racemic al-
lylic esters like 37 into chiral products like 38 at 100% con-
version. In constrast to most asymmetric ligands used for
asymmetric induction, this reaction, utilizing ligands of type
9 and its relatives, does not proceed well for bulky R groups
like phenyl but, very significantly, proceeds extremely well
for small substituents like methyl which normally do not give
good ee’s with other ligands. This behavior is easily under-
stood by the cartoons of Fig. 2. Thus, alkylated malonate 38
(R=CH;) of 92% ee was obtained in 98% yield.*” Since
both enantiomers of the starting material are converted to the
same product, the reaction constitutes a DYKAT. An unusual
example is illustrated in Eq. 15. The epoxide 39 derived from
cyclopentadiene in two steps—singlet oxygen oxidation fol-
lowed by sodium borohydride reduction.*” Using relatively
standard conditions, the phthalimide 40 was obtained in ex-
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cellent yield and ee. It served as a precursor to polyoxamic
acid, the novel amino acid moiety of the polyoxine and
nikkomycin antifungal agents. After conversion of the ph-
thalimide to a Boc, it also constitutes a formal asymmetric
synthesis of kainic acid.*®

Cyclic substrates are generally excellent with broad ranges
of nucleophiles including carbon, sulfur, nitrogen, and oxy-
gen.*” Tllustrative of carbon nucleophiles is the DYKAT of 3-
acyloxycycloheptene with malonate (Eq. 16, path a)*” and
nitroalkanes (Eq. 16, path b).*® Racemic conduritol B (41a)
was easily accessed in three steps from benzoquinone.*®
A DYKAT of the tetraester 41b with phenylsulfonylni-
tromethane gave an 81% yield of 42 which, in four steps, was
converted to the glycosidase anti-human immunodeficiency
virus (HIV) agent (—)-cyclophellitol, the enantiomer of the
natural product.*” The natural enantiomer can easily be ac-
cessed by simply switching the ligand. Using an oxygen nu-
cleophile, an asymmetric synthesis of p-myo-inositol 1,4,5-
triphosphate was performed.*”

These reactions require ionization of both enantiomers of
the substrate with an enantiomerically pure catalyst. By defi-
nition, the substrate enantiomers will react at different rates.
Thus, a kinetic resolution or a kinetic asymmetric transfor-
mation (KAT) is also possible. In fact, the tetraacetate 41c
underwent a nearly perfect kinetic resolution or KAT using
pivalic acid as the nucleophile (Eq. 18).°" The KAT product
43 was transformed into the natural enantiomer of (+)-cy-
clophellitol.

The use of carboxylates as nucleophiles constitute a most
interesting reaction that can be likened to a deracemiza-
tion.’” Thus, both enantiomers of 44 react with a carboxylic
acid to regenerate an ester 45 which is now virtually enan-
tiomerically pure (Eq. 19). This product was the key building
block for the synthesis of the antitumor agent phyllan-
thocin.>®
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Phenols are especially interesting nucleophiles.’ Thus,
the ester 46 reacted with phenol 47 to provide the allyl
phenyl ether 48 in good yield and ee (Eq. 20).> This is one
of the very rare examples where the mnemonic fails to pre-
dict the observed absolute configuration which derived from
the presence of the ester substituent on the central carbon of
the allyl unit. The resultant product 48 served as a useful pre-
cursor of galanthamine, an agent under development for the
treatment of Alzheimer’s disease.

The asymmetric creation of the allyl phenyl ether sets the
stage for the Claisen rearrangement to create the equivalent
of an asymmetric ortho alkylation of phenols.*” Equation 21
illustrates this aspect as well as an alternative approach to
benzofurans of the type found in galanthamine. A lanthanide
was employed to catalyze the Claisen rearrangement with
complete chirality transfer (ct). A palladium catalyzed allylic
oxidation completes the sequence.’®

Nitrogen nucleophiles also have found useful applications.
Simple amines function well as do hydroxamic acids, imides,
and sulfonamides.*’>” Substrate 49 is quite significant since
it requires the palladium to approach the face of the alkene

) - Do

[n*

A0,
c:ocha

5% (ga% e

(dba);Pd+CHCI,
CH,Cly, Tk,

70%

9
HOL_
QAc ! OH
/ﬁ sleps o
- Ty
+GHy" o Che ""OH (18)
DAc CH

43
44% (97% ee)

{+)-cyclophellitel

eg

galanthamine

igarnd &

88%

@n
DMSQ
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proximal to the acetonide.”® Nevertheless, racemic 49 re-
acted well to give a 93% yield of enantiomerically pure 50, a
building block for the indolizidine alkaloids.’”

In these reactions, the m-allylpalladium intermediate is
generated by the ionization of an allylic leaving group. An
alternative strategy to the same type of intermediate employs
a hydropalladation of a diene. Indeed, asymmetric hydroami-
nation of cyclohexa-1,3-diene occurred with the naphtho lig-
and 10 (Eq. 23).%?

CHy0,CO0,, Q

" NHNg
C><O ligand 9
=
{dba)ePd#CHC
49 (CaHg)sN, THF Ne..
83%
d" =<
CHA0,C0" 50
ent-49 >99.5% se
ligand 19
¢ HePACH, H
PhCHy, .t - N_Q*COZCE"%
2t @‘-H (23)
8a%

95% e
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Type D Enantiodiscrimination

In this type of enantiodiscrimination, both regio- and
enantioselectivity issues arise. To minimize problems of re-
gioselectivity, vinylepoxides like epoxybutadiene (EpB) were
employed to help direct nucleophilic attack to the internal
carbon by coordination to oxygen.®” Indeed, phthalimide un-
derwent smooth addition to EpB with excellent regio- and
enantioselectivity using the naphtho ligand 10 (Eq. 24).!”
The obtained vinylglycinol served as a pivotal intermediate
towards the anti-epileptic vigabatrin, the tuberculostatic
agent ethambutol, and the amino acid serine.®” Since both
enantiomers are converted to the same enantiomeric product,
this reaction is a DYKAT.

With boron co-catalysts, primary alcohols serve as excel-
lent nucleophiles with racemic epoxides. Even the forma-
tion of a quaternary center occurred with excellent regio- and
enantioselectivity (Eq. 25). The adduct in this case served as
a precursor of the antibiotic malyngolide.®” Using carbonic
acid salts (carbonate and bicarbonate) under similar condi-
tions provided vinylglycidols.®>

The success of vinylepoxides in a DYKAT depends upon a
mechanism for rapid equilibration of the intermediate di-
astereomeric complexes. This equilibration is possible by a
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well-known dynamic property of m-allylmetal complexes in-
volving an 1’ to n' equilibrium. A quite different class of
substrates, the butenolides 51, requires an almost unknown
equilibration mechanism depicted in Eq. 26. This process re-
quires the normal r-allylpalladium complexes 52 and ent-52
ultimately to pass through the sigma complex 53 in order to
provide access to either enantiomer of the product.®® Thus, a
Curtin—Hammett situation must prevail—i.e., the enantiodis-
crimination will depend upon the magnitude of the differ-
ences in the relative rates of &, to k, of Eq. 26. The issue of
regioselectivity is resolved by the electronics of the system—
the presence of the carbonyl group strongly favors nucle-
ophilic addition at the y-position. As shown in Eq. 27, addi-
tion of chloride or fluoride ion to speed upon conversion of
the 1n°-complexes 52 to the n'-complex 53 accomplishes this
task well.’” By deracemizing the butenolide to form the
product with high enantiomeric purity, the stage is set for
elaboration of the double bond diastereoselectively. The ex-
ample of Eq. 27 optimized the use of the DYKAT and sets
the stage for an efficient synthesis of aflatoxin wherein the
AAA is coupled with a reductive Heck cyclization to form
the core furanofuran moiety.

The case of a non-biased unsymmetrical 7-allyl system

@
3 steps . CO;
P ®FH
HaN
R-vigabatrin
ligand 9
A~ %G HsPACI Ay on AN o
© NayCOs, GH,Cly "H H NH
N e —_—
. o (24)
HN, H
Hob\/
Hi
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° \——.-
GHQOQC?(\OH
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{doa)sPAACHCI
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o~ CoHyg, QFMB £y
CH,Clz L. gHig, steps "
+ — H e —_— (25)
74% HOw ot
CyH
HOPMB 99% ga v
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— Ky —
—_— —-
>, 5 o: o N(Q:}D

51
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with respect to regioselectivity is intrinsically much more
difficult. Nevertheless, the cartoons of Fig. 2 make a case
that in any unasymmetrical 7-allyl system involving attack at
either a secondary or even tertiary center vs. a primary one,
the former should be intrinsically preferred because of the
nature of the chiral pocket.®**” Indeed, even with crotyl car-
bonate, a 98 : 2 ratio favoring attack at the secondary carbon
with p-methoxyphenol is preferred and the product can be
obtained having about 90% ee.®® This process allowed the
development of a practical approach to the non-nucleoside
reverse transcriptase inhibitor calanolide system (Eq. 28).”"
While the synthesis of the enantiomer of the natural product
is being depicted, it should be apparent that simply switching
the enantiomer of the ligand in the AAA generates the nat-
ural enantiomer since all of the remaining stereogenic centers
derive from the first one.

A novel application of this process is the deracemization
of Baylis—Hillman adducts (Eq. 25) which occurs with excel-
lent regio- and enantioselectivity.”” Use of p-methoxyphenol
as the nucleophile allowed its oxidative removal to regenerate
the free OH of the Baylis—Hillman adduct—a sequence that
effects the true deracemization. An alternative shown in Eq.

11

steps
I ! (27
CHaf c/Q*o
95% ee [--aflaloxin B
(28)
= O
9B% B {-+-Calanaiida &
10% [CH,CN1LPACH,
Q,@ (CaHIN
HCO H
/\">\”_¢ —_— y 29)
CH,

B5% ce

29 makes use of the phenol nucleophile to achieve an asym-
metric synthesis of dihydrobenzofurans, a key structural unit
of numerous bioactive natural products such as the fu-
raquinocins.

Enantiodiscrimination of Type E

All of the preceding sections deal with induction of asym-
metry at the allyl fragment itself—the most practical ap-
proach to use metal catalyzed allylic alkylations for asym-
metric since it is most intimately associated with the metal
and thus the chiral ligands. Given the mechanism of the
process wherein the nucleophile attacks on the face of the 7-
allyl unit opposite that of the metal, induction of asymmetry
by differentiation of the prochiral faces of a nucleophile ap-
pears quite remote.”>’® In spite of the demands, excellent
enantioselectivity can be observed with fB-keto esters.” In
the simplest case (Eq. 30) using allyl acetate, an 86% ee in
the alkylation was achieved. The product served as a precur-
sor to the spiroalkaloid (—)nitramine. Using a more substi-
tuted allylating agent, the ee rose to as high as 99% (cf. Eq.
31).

Azlactones provide access for an asymmetric synthesis of

H
OhCoHy ligand T steps

v osSOAe T COCH, — 30
0 TMG, PhCHj, 20° 8] H G0

86% B6% ee ; }

{-)-nitramine
ligand 9
OglaH, )\,0 n® CaH PdCl,

(€29

TMG, PhGH,, 0°
B1%

5% ee
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monosilyl ether of 2-butyn-1,4-diol followed by a ferric chlo-

H 3 steps E 0O.H
SV N ——  HOLT Y. Y
67% N=f NH; €I
\j\ 19and 98% ee o
f’ PhCHa, 1. ’ (32)
o (CeHg)aN
54 \ 75%
o . 2 steps ACO-H
P S oS Hozo’\’ 2
PH N 0nc ] th NH; G
90% ee
ligand 9 compounds like myriocin and mycestericin.”””® The gem-di-
[n*CaHsPdCI h acetate 55, available in a two step atom economical sequence
Q . /I\y/f NaH. rt. S (33)  involving a ruthenium catalyzed redox isomerization™ of the
OCO,CHy

N{..(J

Ph

w
Ph
99% e

.

OMLY DIASTEREOMER

unusual amino acids.”® Thus, quaternary amino acids, which
cannot be accessed by catalytic hydrogenation, are readily
accessed by this methodology. Among the applications of the
allylated amino acids is the oxidative cleavage of the alkene.
This represents the shortest synthesis of a-methylaspartic
acid. Remarkably, either enantiomer is available from the
same enantiomer of the ligand by simply changing the allylat-
ing agent from prenyl to cinnamyl acetate. Although such un-
expected behavior can be rationalized by models derived
from the cartoons, it would have been quite difficult to pre-
dict it in advance. Using allyl systems that also develop stere-
ogenic centers in the product can lead to high de as well as ee
(Eq. 33).

An interesting prochiral allyl partner is the gem-dicar-
boxylates. They participate quite well to generate novel ser-
ine analogues as shown in Eq. 34.7” The crude product had a
dr of 15:1 from which the major diastereomer was isolated
in 75% yield and had a 99% ee. This reaction formed the
basis of a general strategy to the sphingofungins and related

ride catalyzed addition of acetic anhydride to the resultant
aldehyde, produced a 11:1 dr of alkylated products with
azlactone 54 from which the major diastereomer 56 of 89%
ee was isolated in 70% yield. Chemoselective methanolysis
of the azlactone produced the amido ester 57 which culmi-
nated in a synthesis of sphingofungin F. The efficiency of this
synthesis is highlighted by the fact it required only fifteen
steps from commercially available materials and proceeded
in 17% overall yield. Increasing the steric bulk of the azlac-
tone substituent increased the ee. Thus, the sphingofungin E
precursor 59 of 96% ee was isolated in similar yield although
the diastereoselectivity using azlactone 58 was only 2.4: 1.
Nevertheless, the total synthesis still only required seventeen
steps and proceeded in 5% overall yield.

The stabilized nucleophiles utilized so far are typical for
palladium catalyzed allylic alkylation. On the other hand,
simple ketone enolates are not generally satisfactory partners
in such processes. Interestingly, with catalysts derived from
the chiral ligands under development, the scope of the reac-
tion has expanded to include this heretofore unsatisfactory
partner (Eq. 36).508D
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Conclusion

Metal catalyzed asymmetric allylic alkylations is a vibrant
area of investigation. The enormity of the oppotunity man-
dates development of this fruitful bond forming process. The
ability of the catalyst by choice of both metal and ligand to
imprint the chemo-, regio-, diastereo-, and enantioselectivity
on formation of so many different bond types is the reward.
This article focused on just one ligand design out of over one
hundred. With this ligand system, all five types of enantiodis-
crimination have been realized. While kinetic resolutions
have normally been avoided due to their intrinsic limitation,
they can also be performed if desired. The utility of this
methodology for the synthesis of a diverse array of molecular
targets of biological relevance have already been demon-
strated. In implementing these syntheses, the advent of this
new methodology to provide new synthetic strategies, that
previously did not exist have led to enhanced efficiencies. In
spite of the advances to date, these must be considered only
the beginning of what ultimately may be possible.
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