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The Copper-Catalyzed Asymmetric
Allylic Substitution

Alexandre Alexakis®, Christophe Malan, Louise Lea, Karine Tissot-Croset, Damien Polet, and

Caroline Falciola

Abstract: This mini-review discusses the rapidly growing field of asymmetric copper-catalyzed chemistry. Alithough
the allylic substitution has been less studied than the conjugate addition, recent breakthroughs have made this
methodology a very valuable synthetic tool. Thus, a primary allylic halide or phosphate reacts with Grignard or
diorganozinc reagents to afford the S’ product (or y-product) in high regio- and enantioselectivities. Besides the
results of the authors, we present also other, different approaches to this reaction, with emphasis on the organo-
metallic and the type of chiral ligand used.
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1. Introduction

The allylic substitution reaction is one of
the fundamental transformations in organic
synthesis [1]. One of the key features of
this reaction is its regioselectivity. Direct
substitution at the carbon bearing the leav-
ing group (a-attack) results in a formal Sy2
substitution. Alternatively, the reaction may
proceed by an S’ mode (y-attack) with con-
comitant displacement of the double bond
(Scheme 1).

When a C-C bond formation is carried
out with a carbon nucleophile, it is usu-
ally promoted, or catalyzed, by a transition
metal [2]. Copper is unique in that it allows
the use of non-stabilized nucleophiles, such
as simple alkyl groups [3-5]. In addition,
it is the only metal to enable, at will, con-
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Scheme 1. Regioselectivity of the allylic substitution

trol of the regioselectivity. This control can
be easily understood through the usually
accepted reaction mechanism (Scheme 2)
[6]. Initial formation of a m-complex [7],
is followed by an oxidative addition on
the y carbon. The resulting gamma c-allyl
copper(ill) complex may suffer a rapid re-
ductive elimination to afford the y-product.
If, alternatively, this step is not fast enough,
this gamma o-allyl copper(1i1) complex can
isomerize into an alpha o-allyl copper(1ir)
complex, through a w-allyl copper(1ir) com-
plex [8]. Reductive elimination through the
less hindered alpha o-allyl copper(ii) com-
plex will afford the a-product. The control
of the regioselectivity depends on the non-
transferable group RT. A halide or cyanide
group usually allows high y selectivity,
whereas an alkyl group (as in R,CuLi) al-
lows an equilibration, thus favoring the
substitution at the least sterically hindered
carbon [8-14].

With simple substrates, such as the one
shown in Scheme 2, y-allylation generates
a new stereogenic carbon. Therefore, it was
tempting to control the reaction to make

it enantioselective [15][16]. The first suc-
cessful attempts were made with a chiral
leaving group and a stoichiometric organo-
copper reagent [17-22]. It was only in 1995
that a catalytic process was disclosed, by
Bickvall and coworkers [23], with a mod-
erate ee of 42%, later improved to 64%
with a new chiral catalyst [24] (Scheme 3).
The catalytic system involved a Grignard
reagent as primary organometallics, a chi-
ral copper thiolate, and an allylic acetate
substituted by an alkyl group. A few years
later, in 1999 [25] and 2000 [26], Dubner
and Knochel disclosed a different system,
based on dialkyl zinc reagents as primary
organometallics, an amine as chiral ligand
to copper bromide, and an allylic chloride.
The results are better when the allylic chlo-
ride is substituted by an aryl group, and
when the zinc reagent is a hindered one,
such as a neopentyl group.

These two catalytic systems are com-
plementary. The dialkylzinc system needs a
polar solvent, whereas the Grignard system
works better in the least polar solvent. With
Grignard reagents, allylic acetates afford
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Scheme 2. Mechanism of the Cu-promoted allylic substitution
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Scheme 3. First copper-catalyzed asymmetric allylic substitution
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Scheme 4. First and second generation ligands for the reaction of alkyl Grignards
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higher stereoselectivity than halides; the
reverse is true with dialkylzinc reagents.
An alkyl substituent works better than an
aryl one on the allylic substrate with Gri-
gnards. With dialkylzincs, aryl substituents
are preferred; in addition, an electron-with-
drawing group affords higher enantioselec-
tivity. With these differences in mind, we
shall see how the copper-catalyzed allylic
substitution evolved to become presently a
very efficient methodology.

2. Cu-Catalyzed Reactions of
Grignard Reagents

When we started this project, we had
first to find the best conditions for an ef-
ficient catalytic system in terms of regio-
selectivity. It appeared that RMgBr and
RMgClreagents were better than RMglI, that
CuCN was the best salt (at 1% loading), that
a mixture of CH,Cl, and Et,O was the best
choice of solvent, and that a phosphorous li-
gand, such as P(OEt), had a strong acceler-
ating effect. The screening of three dozens
of chiral phosphorus ligands showed that
L1 (Scheme 4) was the best one, with 63%
ee and a y/a ratio of 94/6 [27]. The enanti-
oselectivity could be increased to 73% by
slow addition of the Grignard reagent. The
best ratio of Cu to ligand was 1:1, at a 1%
catalyst loading. Although L1 could be con-
sidered as a bidentate P,N ligand, we found
that phosphoramidite L2, a typical mono-
dentate ligand, could afford similar levels
of enantioselectivity [28] (Scheme 4). The
major difference of this second generation
system was the replacement of CuCN by
Cu-thiophene carboxylate (CuTC) as the
copper source. It is striking to note that in
the absence of ligand, CuTC gave essen-
tially the a-product, whereas CuCN gave
the y-product with or without ligand. It may
be concluded that the ligand had a strong
accelerating effect on the reductive elimina-
tion step of the mechanism (Scheme 2).

Ligand L2 was even better than L1 for
the reaction of iPrMgCl, with 83% ee (in-
stead of 46%) [28]. The reaction was tested
with several cinnamyl-type substrates bear-
ing electron-withdrawing as well as elec-
tron-donating groups. In contrast to the
dialkylzinc system, which works better
with electron-withdrawing groups, they all
afford the same level of enantioselectivity
(77-86%) (Scheme 5). In addition, the re-
placement of phenyl group by an alkyl one
(cyclohexyl) is still efficient, with 68% ee
(Scheme 5).

Very recently, a third generation chiral
ligand L3 was disclosed with outstanding
results, both in terms of regio- and enantio-
selectivity [29][30]. It is a bidentate P,O
ligand of phosphoramidite type, made of a
matched combination of a binaphthol and
an amine part (Scheme 6). All the enantiose-
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Scheme 6. Third generation ligand for the reaction of alkyl Grignards
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lectivities are >91% and the regioselectivi-
ties >97/3. It works with several Grignard
reagents and with variously substituted al-
lylic chlorides. It should also be noted that
this ligand also afforded excellent results
in the iridium-catalyzed allylic substitution
[29][31-33].

Of particular synthetic interest is the
introduction of the methyl group. The
catalyst loading had to be increased to 3%
(instead of 1%) for optimal results [34].
Under these conditions, several cinnamyl-
type substrates were reacted, again with
high enantio- and regioselectivities (ee 91—
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96%). The reaction was applied to a short
synthesis of the precursor of (+)-Naproxen,
a well known non-steroidal anti-inflamma-
tory drug (Scheme 7).

The products resulting from the allylic
substitution can be transformed into other,
more valuable, synthons. Thus, apart from
the cleavage of the double bond (as done
for (+)-Naproxen), we have studied the
possibility offered by the metathesis reac-
tion. Both the cross- and the ring-closing
metathesis can be envisioned. It turns out
that both reactions are easy to perform,
with respectively the second and the first
generation Grubbs catalyst [35], and that
there is no racemization during that process
[28]. Since the metathesis reaction is usu-
ally done in CH,Cl, solvent, the same as
the allylic substitution, it was tempting to
see if both reactions can be run in a tandem
way, in a one-pot procedure. This is indeed
the case, despite the 20% excess of the
Grignard reagent and the copper catalyst.
After completion of the allylic substitution,
ethyl acrylate could be added, along with
the second generation Grubbs catalyst, and
after increasing the temperature, the prod-
uct of the cross metathesis was directly ob-
tained (Scheme 8). Similarly, addition of a
Grignard reagent bearing a remote double
bond, followed by addition of a first genera-
tion Grubbs catalyst, allow the direct obten-
tion ring-closed product [29][30].

Apart from phosphorus ligands, Oka-
moto and coworkers introduced the use
of chiral diaminocarbenes in this reaction
[36][37]. The best one bears two 1-naphthyl
moieties, and was also very efficient in the
conjugate addition reaction [38]. The best
substrates were difunctionalized ones, with
a Z double bond stereochemistry (Scheme
9). It should be pointed out that the E iso-
mer afforded the opposite enantiomer, al-
beit with a lower enantioselectivity (60%
instead of 70%).

3. Cu-Catalyzed Reactions of
Dialkylzinc Reagents

In the first reported dialkylzinc sys-
tem [25][26], the chiral ligand was a chiral
amine (at 10% loading). Alkylzinc halides
are not suitable. The best copper salt was
CuBr.Me,S, at 1% loading. Allylic chlo-
rides were the best substrates, and afforded
high ee’s (44%—-98%) with the best chiral
amine. The best enantioselectivities were
obtained with dinoepentylzinc (ee 96%
with cinnamyl chloride), while diethylzinc
affords only 44% ee. An electron-with-
drawing group allows an increase of ee to
98%. A cyclohexyl group on the allylic sub-
strate is also possible with a lower ee (90%)
(Scheme 10).

Chiral amines were also found to be
good ligands by Woodward and coworkers
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(neopentyl),Zn >k
10% L*, 1% CuBr.Me,S H
R/\/\CI H
THF, -30°C, 3 h RN
R= Ph Y = 82%, y/o. 98/2 (ee 96%)
p-CF3-CeHy Y = 85%, y/o. 98/2 (ee 98%)
2-Thienyl Y = 80%, vlo 97/3 (ee 77%)
1-Naphthyl Y = 72%, ylo. 98/2 (ee 86%)
c-Hex Y = 84%, y/o. 99/1 (ee 90%)

Scheme 10. Allylic substitution with dineopentylzinc

cl Et,Zn / MAO
COOMe o/ TG, 10% L* j/COOMe
DME, -40 °C /©/\N
Ar Ar “Et H
MeO OMe

Ar= Ph Y =92%, ee 87%
p-MeO-CgHy Y = 80%, ee 90% L4

1-Naphthyl Y = 53%, ee 86%

p-CF3-CgHy Y =93%, ee 83%

p-NO,-CgH, Y = 95%, ee 76%

Scheme 11. Allylic substitution on Baylis-Hillman derived substrate

CHIMIA 2006, 60, No. 3

[39]. The Baylis-Hillman derived allylic
chloride reacted with diethyl zinc to afford
the y-product only with moderate enantiose-
lectivities (up to 64%) with a chiral biphenol
ligand [40]. However, during their investi-
gations with phosphoramidite ligands, they
found that the true ligand was the chiral
amine impurity. Screening of various C2
symmetrical amines allowed them to iden-
tify L4 as the best amine ligand. They also
found that the enantioselectivity was higher
at the beginning of the reaction. The forma-
tion of ZnCl, during the reaction, shifted the
Schlenk equilibrium towards EtZnCl, a non-
selective reagent. The solution to this prob-
lem was to add polymeric methylaluminox-
ide MAO ([-Al(Me)O],)) which shifted back
the Schlenk equilibrium to Et,Zn. Under
these conditions they were able to obtain
high enantioselectivities (Scheme 11), more
so with electron-donating groups than elec-
tron-withdrawing ones [39].

Feringa and coworkers used binaph-
thol-based phosphoramidite ligands. Cin-
namyl bromide was the best substrate, the
corresponding chloride being too sluggish.
The first ligand L5 [41] was later modified
to its H8 analog L6 [42] (2% loading) to
improve the results. The reaction is run
in THF, with CuOTf (1%), and gave bet-
ter ee’s on cinnamyl-type substrates bear-
ing electron-withdrawing substituents (up
to 82% ee). With a cyclohexyl group, the
ee drops to 53% (Scheme 12). Diisopro-
pylzinc reacts faster and affords higher ee
(88%). In all cases, the regioselectivity re-
mains high. The same reaction was reported
by Alexakis and coworkers [29], with the
phosphoramidite ligand L3 which provided
higher ee (91%). On the other hand, Zhou
and coworkers described a new phosphora-
midite ligand L7 based on a spiro diol [43].
However, the enantioselectivity was moder-
ate (71%) (Scheme 12).

Gennari and coworkers tested a combi-
natorial library of 125 chiral sulfonamide
ligands. Diethylzinc was reacted, in THF,
with cinnamyl diethylphosphate, as sub-
strate. However, even with the best copper
salt (CuOTY) only 30% ee was attained [44].
The same screening with a five-membered
cyclic meso-type diphosphate was much
more successful (Scheme 13). The reaction
proceeded in an anti fashion, affording only
the S’ adduct, with high enantioselectiv-
ity (88%). Dimethylzinc gave even better
selectivity (94% ee), albeit in moderate
yield (40%). Even phenylation was possi-
ble, using a mixture of Ph,Zn and Me,Zn,
but with lower ee (68%) [45][46]. This is
the only report on an efficient transfer of
a phenyl group. The reaction with the six-
membered analog was much less selective.
Diethyzinc gave only 56% ee. However, by
changing to phosphoramidite ligand L5, the
enantioselectivity jumped to 94% [46][47].
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The reaction was less anti selective (85/15),
but the scope could be extended to seven-
membered ring and more functionalized
substrates.

Hoveyda and coworkers also used a
combinatorial approach for selecting the
most appropriate ligand. These ligands are
di- or tripeptides, bearing a hydroxynaphth-
imine core. They do not incorporate a phos-
phorus atom (except for the first disclosed
ligand). The reaction of dialkylzinc reagent
istun at—15° to—50°C, in THF, with CuOTf
(at 10% loading) and a 1:1 ratio of copper
salt to ligand. The allylic substrate has a di-
ethylphosphate as leaving group. Chlorides
are not reactive enough or do not deliver
high enantioselectivities. Excellent results
have been obtained with aryl, alkyl and
vinyl substituted allylic systems (ee’s 89—
97%) [48][49] (Scheme 14). The reaction
has also been extended to functionalized
substrates, bearing an ester group [50][51].
Dimethylzinc reacts with the same degree
of enantioselectivity, but six equivalents are
needed to obtain complete conversion. The
stereocontrol was suggested to occur on the
transition state depicted in Scheme 14 [49].
The phenolic function is acidic enough to
be deprotonated by diethylzinc, giving rise
to some kind of mixed zinc copper hetero-
cuprate, which also forms a w-complex with
the double bond. On the other hand, zinc
is coordinated to the phosphate moiety and
the terminal amide of the ligand, thus main-
taining the rigidity of the transition state.

One of the most attractive features of
this work is the possibility to form chiral
quaternary centers by reaction with sub-
strates having a trisubstituted double bond
[48-51]. Despite the steric hindrance, ex-
cellent levels of regiocontrol could be at-
tained (>95%) in most cases. The combi-
natorial approach of designing ligands al-
lowed Hoveyda and coworkers to find the
best suitable ligand for each kind of sub-
strates (Scheme 15).

These methodologies were applied to the
short synthesis of natural products (Scheme
16) [48][50][51]. They clearly illustrate the
versatility of the copper-catalyzed allylic
substitution.

Besides the oligopetide ligands, Hov-
eyda and coworkers also disclosed some
diaminocarbene ligands that efficiently
promote the above-mentioned allylic sub-
stitutions (Fig.). The first ligand L10 [52]
is based on the chirality provided by a bi-
naphthalene core. The X-ray of the carbene-
copper complex shows a dimeric structure,
and these crystals were catalytically active.
Again, a copper phenate is involved. The
enantioselectivities are slightly below the
best ones shown above, but remain very
high (>80 in most cases). Both function-
alized and non-functionalized substrates,
with di- or trisubstituted double bond, react
under similar reaction conditions. Very re-
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— Besides alkyl groups, is it possible
to transfer vinyl, or aryl, or alkynyl
groups?

— On the allylic substrate, what other
structures are allowed?

— What is the functional compatibility
(chemoselectivity) of the reaction?

— Is there a kinetic resolution with chiral
substrate?

It is clear that further studies are needed
to obtain more information about the reac-
tion mechanism and the enantiodiscriminat-
ing steps. And we can be sure that several
synthetic applications will soon appear.
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