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Metal-promoted asymmetric catalysis has proven to be an
efficient method in carbon–carbon bond-forming reactions to
obtain optically enriched compounds. Allylic substitution has
attracted much attention and great effort has been put into
controlling the chemo-, regio-, and enantioselective outcome
of the reaction.[1] Extensive accounts report a wide variety of
metals that use soft nucleophiles for the reaction (Pd, Ir, Mo,
Rh, Ru).[2] In contrast, copper allows the use of hard,
nonstabilized nucleophiles, such as small alkyl groups in the
form of organometallic species.[3] Among the broad range of
reagents available, the use of Grignard reagents in the
catalyzed asymmetric allylic substitution reaction was first
reported by B,ckvall et al. ,[4] with chiral copper thiolates
yielding moderate ee values. This pioneering work was soon
followed by a report from D0bner and Knochel,[5] who
disclosed a different system based on diorganozinc reagents.
Other ligands have been introduced for the stereoselective
allylic addition of organomagnesium reagents, such as chiral
diaminocarbenes by Okamoto et al.,[6] and more recently
ferrocenic bidentate phosphines by Feringa et al.[7]

In the past few years, our group has reported highly regio-
and enantioselective Cu-phosphoramidite catalytic reactions
for the substitution of allylic chlorides by organomagnesium
reagents.[8] This methodology was applied, in particular, to the
formal synthesis of profen molecules by the highly efficient
and valuable stereoselective allylic addition of MeMgBr with
ee values up to 96%.[9] Subsequently, we focused on the
application of our procedure to diverse substrates, and report
herein the unprecedented Cu-catalyzed asymmetric allylic
alkylation of b-disubstituted allylic halides.

The Cu-catalyzed asymmetric SN2’ reaction has mostly
been limited to disubstituted olefinic systems.[10, 11] Type A
substrates (Scheme 1) that lead to chiral quaternary centers
through catalytic allylic alkylation are scarcely documented,
with the exception of reports from Hoveyda and co-workers
who reached excellent enantioselectivities on g-disubstituted

allylic phosphates.[12, 13] Other than the results reported by
Woodward and co-workers on the stereoselective addition to
Baylis–Hillman-derived allylic electrophiles,[14] copper-cata-
lyzed asymmetric allylic alkylation on type B substrates, the
b-disubstituted olefinic system, has not previously been
described.

Preliminary experiments for this study started with a short
screening of biphenol-[15] and binaphthol-based[8b,16] phos-
phoramidite ligands (Scheme 2) on trans-(3-chloro-2-methyl-

prop-1-enyl)benzene (1), the b-methylcinnamyl chloride
(Scheme 3). The results are summarized in Table 1. The
allylic substitution of 1 by the slow addition of ethylmagne-
sium bromide, catalyzed by copper thiophene carboxylate
(CuTC; 1 mol%) and different phosphoramidite ligands
(1.1 mol%), gave adducts with poor-to-good g/a ratios and
provided high enantiomeric excess up to 96% ee with ligand
L6 (Table 1, entry 6).

Interestingly, the biphenol ligands L1 and L4 did not give
product 2a with the same absolute configuration, which is in
accordance with our previous studies.[8a–c] Although we had

Scheme 1. Asymmetric allylic alkylation of g- and b-disubstituted allylic
substrates. LG= leaving group, Nu=nucleophile.

Scheme 2. Chiral phosphoramidite ligands applied in the Cu-catalyzed
asymmetric substitution.

Scheme 3. Asymmetric SN2’ reaction on b-methylcinnamyl chloride.
L*=L1–L6.
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shown that L3 was the best ligand in different reactions with
copper or iridium catalysis,[8a,b] we observed a lower enantio-
selective outcome of the substitution, with 80% ee (Table 1,
entry 3). The hypothetically coordinating ortho-methoxy
substituents seem to play a detrimental role.[17] An optimal
amount (3 mol%) of CuTC/L6 resulted in improved selectiv-
ities of 92% in favor of the g product and 98% ee (Table 1,
entry 7). By accelerating the reaction and thus preventing the
formation of a dialkyl–cuprate complex in the reaction
medium, the catalyst loading is an important parameter that
favors the formation of the branched product (2a).[2,9, 18]

To broaden the scope of the reaction, other Grignard
reagents were tested and gave equally good asymmetric
results (Table 2). Nonetheless, not being satisfied with the
preliminary regioselectivity of 2d and 2e (Table 2, entries 3

and 6), we performed a slower addition of the Grignard
reagents (Table 2, entries 4 and 7) and found a desirable
improvement in regioselectivity (to 89 and 87% g selectivity
for 2d and 2e, respectively), while slightly raising the
enantiomeric excess. By analogy to our previous finding,
one-pot ring-closing metathesis with the Grubbs second-
generation catalyst proceeded quantitatively on 2d and 2e
without any loss of enantioselectivity in products 4d and 4e
(with regard to open-chain intermediates; Table 2, entries 5
and 8).[19]

In addition, we proceeded by functionalizing the aryl
moiety of the allylic substrate and varied the b substituent
(Scheme 4). The enantioselectivities are within the excellent
results obtained previously, between 92 and 96% ee. The
para-chloro electron-withdrawing group (5a) does not influ-
ence the regioselective outcome of the allylic alkylation.
However, the para-methyl substituent (5b) penalizes the
reaction and the branched product 6b is obtained with 84%
selectivity.

To confirm the efficiency of the copper-catalyzed proce-
dure with the phosphoramidite ligand L6, we examined
another very interesting class of b-disubstituted allylic
substrates, the aliphatic endocyclic allylic chlorides 7a,b
(Scheme 5). Some years ago, Gais and co-workers reported
the diastereoselective addition of various organocuprates and
organocopper reagents to optically active endocyclic allylic
sulfoximines, and they obtained SN2’ rearrangement products
with low-to-high enantioselectivities (36–90% ee).[20] Other

Table 1: Screening of phosphoramidite ligands in the asymmetric CuTC-
catalyzed allylic alkylation with EtMgBr (Scheme 3; L*=L1–L6).

Entry[a] Ligand Conv. [%][b] 2a/3a[c] ee [%][d]

1 L1 (S,S) >99 89:11 81(�)
2 L2 (R,SS) >99 73:27 61(�)
3 L3 (S,SS) >99 87:13 80(�)
4 L4 (S,S) >99 65:35 53(+)
5 L5 (R,SS) >99 30:70 27(�)
6 L6 (S,SS) >99 87:13 96(+)
7[e] L6 (S,SS) >99 (87) 92:8 98(+)

[a] Conditions: 1 (1 mmol), CuTC (1 mol%), and L* (1.1 mol%) in
CH2Cl2 (2 mL) at�78 8Cwith addition of EtMgBr in Et2O (1.2 equiv) over
1 h. [b] Conversion determined by GC–MS (in parentheses, yield of
isolated product after purification by column chromatography on silica
gel). [c] Ratio determined by GC–MS and 1H NMR spectroscopy.
[d] Enantiomeric excess determined by chiral GC. [e] 3 mol% of CuTC
and 3.3 mol% of L*.

Table 2: Enantioselective Cu-catalyzed allylic alkylation on 1 with RMgX.

Entry[a] RMgX Yield [%][b] Product SN2’/SN2
[c] ee [%][d]

1 n-propyl-MgBr 85 2b 84:16 97(+)
2 n-pentyl-MgBr 83 2c 83:17 96(+)
3 3-butenyl-MgBr 84 2d 79:21 95(+)
4[e] 3-butenyl-MgBr 84 2d 89:11 97(+)
5[f ] – 69 4d 89:11 97(+)
6 4-pentenyl-MgBr 87 2e 82:18 93(+)
7[e] 4-pentenyl-MgBr 87 2e 87:13 96(+)
8[f ] – 68 4e 87:13 96(+)

[a] Conditions: 1 (1 mmol), CuTC (3 mol%), and L6 (3.3 mol%) in
CH2Cl2 (2 mL) at �78 8C with addition of RMgBr in Et2O (1.2 equiv) over
1 h. [b] Yields of isolated products of the mixture of regioisomers after
purification by column chromatography on silica gel. [c] Ratio deter-
mined by GC–MS and 1H NMR spectroscopy. [d] Enantiomeric excess
determined by chiral GC. [e] Addition of RMgBr over 4 h. [f ] After
completion of the SN2’ reaction, addition of the Grubbs second-
generation catalyst (6 mol%) at room temperature.

Scheme 4. Enantioselective Cu-catalyzed allylic alkylation on 5a–c with
EtMgBr.

Scheme 5. Formation of a-substituted chiral exo-methylenic cyclic com-
pounds.
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than these results, there are no accounts of copper-catalyzed
asymmetric SN2’ alkylation with chiral external ligands on
such allylic derivatives.

We were gratified to see that the addition of different
Grignard reagents with 3 mol% of the copper catalyst
proceeded highly selectively toward the g substitution and
delivered adducts 8 and 9 with excellent enantiomeric excess
up to > 99%. Here again, a small panel of phosphoramidite
ligands were tested for their asymmetric induction of the
allylic substitution, but it was clear from Table 3 that ligand
L6 (S,SS) once more was the most successful. As concerns the
five-membered-ring substrate 7a, constant ee values of 98%
were obtained, independent of the organomagnesium reagent
used (Table 3, entries 2–5). In the larger-scale synthesis of the
chiral adduct 8c (Table 3, entry 4) and allowing a slower
addition time of the Grignard reagent (to prevent the reaction
temperature from rising), we obtained excellent matching
selectivities toward the g product (98:2) and the enantiomeric
excess (98%). The six-membered-ring allylic chloride 7b
afforded equally good ee values and g selectivities according
to the RMgX. The highest noteworthy enantioselectivity for
such a reaction was recorded for the addition of 3-butenyl-
magnesium bromide on 7b with 3 mol%CuTC/L6 loading, to
afford 9b with 99.2% ee and a 97:3 branched-to-linear ratio
(Table 3, entry 10). All the products obtained in this series are
valuable starting materials for more elaborate chiral synthons.
For example, the n-hexyl adduct (Table 3, entry 4) is a
precursor for the formal asymmetric synthesis of lepadifor-
mine.[21, 22] Other useful transformations can be envisioned on
the exocyclic double bond, such as oxidation to a ketone or
selective epoxidation.

In conclusion, we have demonstrated that the asymmetric
methodology developed previously by our group can be
efficiently applied on more substituted allylic patterns with
phosphoramidite ligand L6 (S,SS) and a copper-catalyst
loading as low as 3 mol%. Two different classes of b-

disubstituted substrates, cinnamyl
derivatives and aliphatic endocyclic
allylic chlorides, afforded both
excellent regio- and enantioselec-
tivities. Ee values of up to 98 and
> 99%, respectively, were obtained
in both applications.

Experimental Section
CuTC (3 mol%) and chiral ligand
(3.3 mol%) were charged in a dried
Schlenk tube under inert gas and sus-
pended in CH2Cl2 (2 mL). The mixture
was stirred at room temperature for
30 min, followed by addition of the
allylic chloride (1 mmol) at room tem-
perature before cooling the mixture to
�78 8C in an ethanol–dry ice bath. The
Grignard reagent (3m in diethyl ether,
1.2 equiv) diluted in CH2Cl2 (0.6 mL)
was added over 60 min with a syringe
pump. Upon completion of the addition,
the reaction mixture was left a further
4 h at �78 8C. The reaction was

quenched by the addition of aqueous HCl (1n, 2 mL) and then
Et2O (10 mL). The aqueous phase was separated and further
extracted with Et2O (3G 3 mL). The combined organic fractions
were washed with brine (5 mL), dried over anhydrous sodium sulfate,
filtered, and concentrated in a vacuum. The oily residue was purified
by flash column chromatography. Gas chromatography on a chiral
stationary phase showed the enantiomeric excess of the SN2’ product.
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