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ABSTRACT

Allylic substitution reactions of zinc−copper organometallics on (Z)-allylic pentafluorobenzoates proceed with very high regioselectivity and
excellent anti selectivity. The high fidelity in transfer of stereochemical information allowed a short synthesis of (+)-ibuprofen (97% ee).

Absolute stereocontrol in acyclic systems is an important
synthetic problem.1 Especially useful are stereoselective
synthetic methods involving the formation of a new C-C
bond. Among various substitution reactions, palladium-
catalyzed allylic substitutions have been used with consider-
able success.2 However, the narrow range of nucleophiles
(only stabilized nucleophiles can be used) as well as the low
regioselectivity observed in nonsymmetrical allylic systems
have hampered the general use of this reaction. On the other
hand, copper-catalyzed allylic substitutions do not suffer from

these limitations.3 They proceed usually with anti SN2′
selectivity in cyclic and acyclic systems.4 The chiral informa-
tion can be contained either in the allylic electrophile5 or in
a chiral copper catalyst.6 This last approach, although the
ultimate solution, suffers also from generality since the chiral
ligand-copper complex has to be optimized for each class
of allylic substrates.6i The diastereoselective synthesis in
which a chiral allylic electrophile is used is more appealing
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and should be generally applicable since allylic alcohols can
be readily prepared in optically enriched form by several
asymmetric syntheses.1,7,8Herein, we wish to report a general
synthetic method allowing a highly diastereoselective anti
SN2′ substitution in open-chain systems using functionalized
zinc-copper reagents.9

Allylic substrates of type1 can undergo anti SN2′ substitu-
tion via two conformations (1A and 1B), either of them
allowing an anti parallel arrangement of the copper reagent
and the leaving group (Scheme 1). The substitution via

conformer1A would afford thetrans-alkene substitution;
reaction via the conformer1B would result in the formation
of cis-alkene (cis-3).

Notice that the configuration at the carbon atom C(1) is
the opposite in products trans-2 and cis-3 (Scheme 1). Allylic
substitutions with zinc-copper reagents were known with
allylic halides,9,10 but we needed to perform this study with
allylic alcohol derivatives, since these molecules can be
readily obtained in optically enriched form contrary to allylic
halides. Preliminary experiments show that zinc-copper

reagents do not react with allylic acetates or benzoates, but
a high-yield substitution is obtained with allylic pentafluo-
robenzoates that are readily prepared from the corresponding
alcohols (C6F5COCl, pyridine, DMAP, CH2Cl2, 0 °C, 1-4
h). Thus, the reaction of the (E)-allylic pentafluorobenzoate
((E)-4, >99% (E)-; 94% ee)11 with Pent2Zn and CuCN‚
2LiCl12 in a 2:1 THF/NMP mixture at-10 °C for 2.5 h
produces the expected (S)-(E)-7-methyl-5-dodecene ((E)-5)
in 83% yield with an enantiomeric excess of 90% ee as well
as ca. 9% yield of (Z)-7-methyl-5-dodecene ((Z)-5). The
absolute stereochemistry of (S)-(E)-5was established by
ozonolytic cleavage and in situ Jones oxidation providing
(S)-2-methylheptanoic acid.13

This demonstrates unambiguously that zinc-copper re-
agents react with anti selectivity. The absolute configuration
of the minor product (R)-(Z)-5was not established, but an
independent synthesis14 indicates that its structure was indeed
the (Z)-alkene-5.15 The formation of (Z)-5 results from an
anti substitution of the zinc-copper reagent via a conforma-
tion of type1B (Scheme 1). By comparing the allylic 1,3-
strain16 of the two possible conformations (1A and1B) that
can undergo an anti SN2′ substitution, we noticed a higher
allylic 1,3-strain (between H1 and R1) in conformer 1B
(Scheme 2) disfavoring the substitution reaction via this

conformer. To disfavor this conformation further, we have
envisioned using the (Z)-allylic pentafluorobenzoate (Z)-4.
With such a substrate, the disfavored conformation of type
1C will now display considerable allylic 1,3-strain.16 This
was confirmed by experiments. The allylic pentafluoroben-
zoate (Z)-4 (95% ee) reacted smoothly with Pent2Zn in the
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presence of CuCN‚2LiCl (1.2 equiv) providing only (7R,5E)-
7-methyl-5-dodecene ((R)-(E)-5) in 97% yield and 93% ee
as indicated by GC analysis.

Remarkably, this behavior is rather general and various
diorganozincs react with chiral (Z)-allylic pentafluoroben-
zoates (Z)-4and (Z)-6 furnishing the SN2′ substitution
products5 and7-12 with the (E)-stereochemistry in 89-
95% ee (Table 1).

In all cases, no products derived from SN2 substitutions
could be detected and pure (E)-substitution products of type
2 were obtained (E:Z > 99:1). Various diorganozincs
undergo the allylic substitution. Dicyclohexylzinc17 leads to
the desired product (E)-7 in 79% yield and 95% ee within
12 h of reaction time (entry 1 of Table 1). Functionalized
diorganozincs such as (EtO2C(CH2)3)2Zn and (AcO(CH2)4)2-
Zn furnish the functionalized products in 68 and 71% yields

and 95% ee (entries 2 and 3). Dimyrtanylzinc obtained after
hydroboration of (-)-â-pinene17 reacts somewhat slower (21
h) and leads to the substitution product ((E)-10) in 80% yield
and 92% ee (entry 4). Dibenzylzinc18 in toluene leads, after
reaction for 17 h at-10 °C, to the substitution product (E)-
11 in 83% yield and 95% ee. Diphenylzinc obtained by
transmetalation from PhLi with ZnBr2 reacts also with high
anti SN2′ selectivity leading to the chiral product (E)-12 in
74% yield and 93% ee. Finally, the use of (Z)-5-pentafluo-
robenzoate-6-dodecene ((Z)-6) demonstrates the versatility
of this method, since its reaction with Me2Zn and CuCN‚
2LiCl provides the alkene (S)-(E)-5in 90% yield and 89%
ee (compare entry 7 of Table 1 with Scheme 2). Thus, the
two enantiomeric products are available either by changing
the substituent stereochemistry of the double bond or by
changing the configuration of the allylic alcohol.

The asymmetric preparation of quarternary centers is an
important synthetic problem,19 and this copper-mediated
allylic substitution reaction provides a solution in the case
of cinnamic alcohol derivatives. The (E)- and (Z)- penta-
fluorobenzoates ((E)- and (Z)-13) were prepared in 98% ee
(see Supporting Information) and reacted with Pent2Zn and
CuCN‚2LiCl in THF at-10 °C for 16 h (Scheme 3). The

two enantiomeric alkenes (S)- and (R)-14were obtained in
84-92% yield and 94% ee, showing the high synthetic
potential of this method for the construction of quaternary
centers otherwise difficult to prepare with high enantio-
selectivity.19

Interestingly, the olefin (R)-14can be converted by
ozonolysis (reductive conditions: (1) O3, -78 °C, CH2Cl2;
(2) PPh3, -78 °C to room temperature, 2 h) to the chiral
aldehyde (S)-15 in 71% yield and 94% ee. As an application
of this method, we have prepared (+)-ibuprofen (16), an

(17) Langer, F.; Schwink, L.; Devasagayaraj, A.; Chavant, P.-Y.;
Knochel, P.J. Org. Chem.1996,61, 8229.
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Chem.2000,112, 2006;Angew. Chem., Int. Ed.2000,39, 1930.

Table 1. Allylic Substitution Products (E)-5 and (E)-7-12
Obtained by the Reaction of (Z)-Allylic Pentafluorobenzoates
((Z)-4 and (Z)-6) with Polyfunctional Diorganozinc Reagents

a Enantiomeric excess of (Z)-4 was 98%.b Enantiomeric excess of (Z)-4
was 95% in this case.c Enantiomeric excess of (Z)-6was 90%.d Reaction
was carried out in THF/NMP (N-methylpyrrolidinone)/toluene 2:1:1.e Yield
of analytically pure products.f Enantiomeric excess was determined using
GC or HPLC analysis. In each case, the racemic product was prepared for
calibration.
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important antiinflammatory agent.20 The reaction of aryl
iodide 17 (1 equiv) with t-BuLi (2 equiv) followed by the
transmetalation with ZnBr2 (0.5 equiv) generates an inter-
mediate zinc reagent that, in the presence of CuCN‚2LiCl
(0.25 equiv), reacts in THF with (S)-(Z)-4 (99.3% ee)21 to
provide the allylic substitution product18 in 91% yield and
97.2% ee. Ozonolysis followed by Jones oxidation gives (+)-
ibuprofen (16) in 80% yield and 97.2% ee (Scheme 4).

In summary, we have demonstrated that various function-
alized zinc-copper reagents react with high anti SN2′

selectivity with (Z)-allylic pentafluorobenzoates allowing
excellent stereocontrol for the synthesis of acyclic molecules.
Quaternary centers can be created by this method with
excellent transfer of the stereochemical information. Further
applications of this method for the synthesis of natural
products are currently underway.22
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mL, 0.6 mmol) and cooled to-30 °C under an argon atmosphere. NMP
was added as a cosolvent (overall ratio of THF/NMP) 2:1). Pent2Zn (5.1
M solution in THF, 0.24 mL, 1.2 mmol) was added dropwise, and the
resulting mixture was stirred for 0.5 h at-30 °C. Then, the pentafluo-
robenzoate ester ((R)-(Z)-4) (160 mg, 0.5 mmol, 95%ee) was added
dropwise as a solution in THF (0.8 mL), and the reaction mixture was
allowed to warm to-10 °C and stirred for 2.5 h. Water (20 mL) was added
followed by 25% aqueous ammonia solution (2 mL); then, the reaction
mixture was stirred at 25°C until the copper salts had dissolved. The mixture
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alkene (R)-(E)-5as a colorless liquid (88 mg, 97%, 93% ee).
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