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Enantiomerically pure allylic alcohols and their derivatives are
key building blocks in numerous synthetic applications.1 Besides
a number of multistep routes, catalytic methods have been
developed involving kinetic resolution2 or enantioselective addition
of alkenyl zinc3 or boron4 reagents to carbonyl compounds. Recent
breakthroughs for the preparation of optically active allylic alcohol
derivatives are based on transition-metal catalyzed allylic substitu-
tion using oxygen nucleophiles. Most of these processes give allylic
ethers,5,6 but the use of carboxylic acids as nucleophiles in the
conversion of (Z)-allylic trichloroacetimidates provides allylic
esters.7 Although these methods rely on asymmetric C-O bond
formation, we envisioned that the construction of allylic esters
through catalytic enantioselective C-C bond formation using simple
organometallic reagents might provide a new, general and versatile
addition to the current synthetic repertoire. In this context, it should
be noted that Trost and Lee reported asymmetric Pd-catalyzed allylic
substitutions of geminal dicarboxylates using soft carbon nucleo-
philes.8 Herein we report the highly enantioselective synthesis of
optically active allylic esters via C-C bond formation in a
Cu-catalyzedhetero-allylic asymmetric alkylation (h-AAA) with
Grignard nucleophiles (Scheme 1).

We anticipated that the use of 3-bromopropenyl esters1 as
substrates inh-AAA would provide access to a wide range of
protected chiral allylic alcohols2 (Scheme 1). Recently it was
shown9,10 that Cu-catalyzed AAA with Grignard reagents can be
achieved with excellent regio- and enantioselectivities on
C-substituted allylic substrates. However as ester groups are prone
to be attacked by Grignard reagents and vinyl esters are commonly
used in acyl transfer reactions due to the excellent leaving group
ability of the enolate, a key question is if the ester moiety at the
γ-position in 1 would be tolerated in SN2′ substitutions with
organometallic reagents.

When trans-111 (R1 ) Ph), prepared in one step from benzoyl-
bromide and acrolein, was treated with 1.15 eq of MeMgBr (ca.
3M in ether), (R,S)-Taniaphos4 (6 mol %), and CuBr•Me2S (5
mol %), (S)-211 (R2 ) Me) was obtained in 85% yield and
96% ee (Table 1, entry 1). Furthermore,3 could not be detected
by 1H NMR spectroscopy (<1% by HPLC analysis). The use of
(R,S)-(-)Josiphos5 instead of ligand4 (Table 1, entry 2) gave
75% yield of regioisomers2 and 3 (ratio 92:8) where2 had
significantly lower (80%) ee. Our previous studies on copper
catalyzed asymmetric Grignard additions12 illustrate thatt-BuOMe
may often be used in place of CH2Cl2. The use oft-BuOMe in the
h-AAA of 1 (R1 ) Ph) surprisingly led to regioisomer3 (36%, 12
h, Table 1, entry 3). The use of 2 eq of MeMgBr (Table 1, entry
4) in the reaction was also tolerated, as was a lower (0.8 mol %)
catalyst loading (entry 5).

Reaction at-60 °C or even at-15 °C (Table 1, entries 6, 7)
led only to a slight decrease in ee (94% and 90%, respectively).
Curiously, at reaction temperatures lower than-80 °C (Table 1,
entries 8, 9), the regioselectivity diminished significantly. The

copper-catalyzed reaction at-85 °C favored the SN2 product3
(Table 1, entry 10).13

To investigate the steric influence of the R1 group, compounds
1a and 1b were examined (Table 2, entries 1, 2). Cinnamyl
derivative 1a readily provided 2a, with excellent regio- and
enantioselectivities (>98:2, 98% ee). It should be emphasized that
the selectivity in this catalytic conversion is remarkable. Whereas
substrate1ahasR,â-unsaturated ester, enol ester, and allyl bromide
moieties and can undergo 1,4-addition, 1,2-addition, SN2′ and SN2
substitution (among others), near-exclusive SN2′ substitution to a
single enantiomer of2a takes place. Mesityl derivative1b (Table
2, entry 2) also afforded the desired compound (91% yield, 99:1,
96% ee).

We next examined the addition of different Grignard reagents.
Higher yields were obtained when using an excess (2 eq) of
Grignard reagents. Regioisomers3 were only observed in entries
3, 9, and 10, Table 2.11 Simple primary saturated Grignard reagents
(Table 2, entries 3, 4) afforded allylic esters in excellent yields (87
and 99%) and high ee’s (98 and 97%, respectively). The formation
of a long chain allylic ester (C18H37, entry 8) was readily achieved.

Functionalized Grignard reagents were also successfully used
in the h-AAA reaction (Table 2, entries 6, 7). A limitation of the
method appears to be the addition of more sterically demanding
Grignard reagents: reaction withi-BuMgBr (Table 2, entry 5) did
not afford the desired product.11 Substrates bearing aâ-methyl
substituent also undergo Cu catalyzedh-AAA with excellent

Scheme 1. Cu-Catalyzed Hetero-Allylic Asymmetric Alkylation

Table 1. Cu-Catalyzed Hetero-Allylic Alkylation of trans-1 (R1 )
Ph) with MeMgBr

entry catalyst temp[°C] 2:3a yield[%]b ee[%]

1 (-)4 -68 99:1 85 (+)96
2 (-)5 -75 92:8 75 (+)80
3c (-)4 -73 8:92 36d n.d.
4e (-)4 -74 99:1 85 (+)98
5e (-)4f -74 99:1 83 (+)96
6 (-)4 -15 99:1 76 (+)90
7 (-)4 -60 99:1 77 (+)94
8 (+)4 -80 99:1 78 (-)96
9 (+)4 -82 79:21 67 (-)94
10 (-)4 -85 37:63 76 n.d
11g (-)4 -74 n.a. <5h n.d

a Regioselectivity determined by HPLC or1H NMR spectroscopy.
b Isolated yield.c t-BuOMe as solvent.d Conversion by1H NMR. e Two
equivalents of MeMgBr.f With 0.8 mol % catalyst.g Reaction without
copper.h Not isolated.
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enantioselectivity (Table 2, entries 9, 10), albeit with a phospor-
amidite14 as the optimal chiral ligand.11 A notable feature of this
method is the practical synthesis of the simplest optically active
allylic alcohols, such as 1-buten-3-ol (Table 1, entry 4).15

We illustrate the synthetic utility of this newh-AAA in
combination with RCM in the synthesis of two valuable chiral
nonracemic building blocks: natural occurring butenolide (S)-616

and cyclopentenyl ester (S)-711 (Scheme 2). The addition of EtMgBr
to 1a provided2k with excellent chemo-, regio-, and enantiose-
lectivity (80% yield, 98% ee), despite the possibility of several
competing reactions. This reaction was also run with 0.05 mol %
catalyst loading with equal enantioselectivity. Subsequent RCM of
2k to (S)-611 (78% yield, 98% ee) was accomplished by heating
2k to reflux in CH2Cl2 in the presence of Hoveyda-Grubbs II
catalyst17 to produce butenolide6. When2f was subjected to RCM
conditions with Grubbs II catalyst,18 carbocycle (S)-711 was obtained
in 85% yield and excellent ee (97%).

In conclusion, a practical catalytic route to optically active allylic
esters with excellent stereocontrol based on asymmetric allylic
alkylation with Grignard reagents has been found.

Acknowledgment. We thank the Netherlands Research School
on Catalysis (NRSC-C) for financial support. S.P.F. thanks the
Natural Sciences and Engineering Research Council of Canada
(NSERC) for a Postdoctoral Fellowship. A. W. van Zijl and Dr. E.
Casas Arce are thanked for technical assistance. A gift of chiral
ligands from Solvias (Basel) is gratefully acknowledged.

Supporting Information Available: Detailed experimental pro-
cedures and characterization and1H and 13C NMR spectra of all
products2. This material is available free of charge via the Internet at
http://www.pubs.acs.org.

References

(1) Cha, J. K.; Kim, N.-S.Chem. ReV. 1995, 95, 1761-1795.
(2) For example, see: (a) Carrea, G.; Riva, S.Angew. Chem., Int. Ed.2000,

39, 2226-2254. (b) Johnson, R. A.; Sharpless, K. B. InCatalytic
Asymmetric Synthesis, 2nd ed.; Wiley-VHC: New York, 2000; Chapter
6. (c) Fischer, C.; Defieber, C.; Suzuki, T.; Carreira, E. M.J. Am. Chem.
Soc.2004, 126, 1628-1629.

(3) (a) Oppolzer, W.; Radinov, R. N.HelV. Chim. Acta.1992, 75, 170-173.
(b) Li, H.; Walsh, P. J.J. Am. Chem. Soc.2005, 127, 8355-8361. (c)
For a general review, see Pu, L.; Yu, H.-B.Chem. ReV. 2001, 101, 757-
824.

(4) Tomita, D.; Kanai, M.; Shibasaki, M.Chem. Asian J. 2006, 1-2, 161-
166.

(5) (a) Trost, B. M.; Aponick, A.J. Am. Chem. Soc.2006, 128, 3931-3933.
(b) Trost, B. M.; Machacek, M. R.; Faulk, B. D.J. Am. Chem. Soc.2006,
128, 6745-6754. (c) Trost, B. M.; Tsui, H.-C.; Toste, F. D.J. Am. Chem.
Soc.2000, 122, 3534-3535. (d) Trost, B. M.; Toste, F. D.J. Am. Chem.
Soc.1999, 121, 4545-4554. (e) Trost, B. M.; McEachern, E. J.; Toste,
F. D. J. Am. Chem. Soc.1998, 120, 12702-12703.

(6) (a) Shu, C.; Hartwig, J. F.Angew. Chem. Int. Ed.2004, 43, 4794-4797.
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Table 2. Use of Different Grignard Reagents and Ester Groups in
the h-AAA Reaction

* Unless otherwise noted.a Isolated yields.b Trace amount of regioisomer
was detected by1H NMR spectroscopy.c Ligand used: (S,R)-(+)-Tania-
phos.d Based on optical rotation of the corresponding alcohol.e Ee deter-
mination by1H and19F NMR analysis of the Mosher ester of the alcohol
derived from2h. f Ligand: O, O′-(R)-(1,1′-dinaphthyl)-2,2′-diyl)-di-(R,R)-
1-phenyl-ethylphosphoramidite, Metal: CuTC.11 g A mixture of regioiso-
mers2i + 3i (2.5:1) and2j + 3j (2:1) in favor of2 was isolated.

Scheme 2. Synthesis of (S)-5-ethyl-2(5H)-furanone 6 and
(S)-benzoic Acid-cyclopent-2-enyl Ester 7
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