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ABSTRACT

The Pd-catalyzed Suzuki�Miyaura coupling reaction of unsymmetric 1,3-disubstituted secondary allylic carbonates with arylboronic acids has
been developed in a wet solvent under a base-free system to afford allyl�aryl coupling products in a high level of isolated yields with complete
regio- and E/Z-selectivities with good to excellent chemoselectivities. The coupling reaction of optically active allyl carbonates gave allyl�aryl
coupling products with excellent enantioselectivities with inversion of the stereochemistry. This coupling method was successfully applied to the
synthesis of (S)-naproxen.

The Pd-catalyzed Suzuki�Miyaura coupling reaction is
one of the most powerful methods for C�C bond forma-
tion because of the broad functional group tolerance, the

availability of organoboronic acids, and the lack of toxic
byproducts.1 A broad range of electrophiles undergo
cross-couplings with organoboronic acids, including
alkyl, aryl, akenyl, and alkynyl groups. However, the
coupling reaction with allylic derivatives has been rarely
reported,2 and in most of the reports, the allylic partners
have been confined to primary allylic halides or alcohol
derivatives. The allyl�aryl coupling reaction of unsym-
metric 1,3-disubstituted secondary allylic alcohol deriva-
tives with arylboronic acids remains a significant
challenge.3 Generally, the reaction starts with oxidative
addition of palladium(0) to an allylic partner 1a to
produce a π-allylpalladium intermediate, which subse-
quently undergoes transmetalation with arylboronic acid
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to give a π-allyl(aryl)palladium intermediate, followed by
reductive elimination to afford allyl�aryl products
(Scheme 1).2a,4 However, the reaction generally gave
conjugated diene 5a instead of the desired coupling
products because the π-allylpalladium intermediate un-
derwent the β-H elimination more quickly than the
transmetalation with arylboronic acid.2a,5 This phenom-
enon might be one explanation for the limited develop-
ment of Suzuki�Miyaura coupling with secondary allylic
fragments.
Although transition-metal-catalyzed allylic arylation

with arylmetallic reagents is another powerful approach
for allyl�aryl coupling, the reactions have not been well
exploited, and the arylmetallic reagents have mostly been
limited to highly reactive ones, such as aryl Grignard,6

zinc,7 and aluminum8 reagents. The allylic arylation with
arylboronic acid derivatives has been much less explored
because of their poor nucleophilicity.9,10 Most recently,
Sawamura and co-workers reported a Pd(II)-catalyzed

γ-selective allyl�aryl coupling reaction using nitrogen-based
ligands (eq1).11The reactionwas catalyzedbycationic acetoxo-
palladium(II) to afford allyl�aryl coupling products with
R toγ chirality transferwith retention of the stereochemistry.

Herein, we disclose an effective method for the Pd-
catalyzed Suzuki�Miyaura coupling reaction of unsym-
metric 1,3-disubstituted secondary allylic carbonates12

with arylboronic acids (eq 2). The reaction afforded the
allyl�aryl coupling products in a high level of isolated
yields with excellent chemo- and regioselectivity. The
reaction of optically active allylic carbonates furnished
allyl�aryl coupling products with excellent enantioselec-
tivities with inversion of the absolute configuration. The
methodology provides a simple and practical protocol
that allows rapid access to allyl�aryl coupling products
using in-situ-generated palladium�phosphine complex
as a catalyst and a wet solvent under a base-free system.
Preliminary studies demonstrated that the in-situ-gen-

erated palladium complex from Pd(OAc)2
13,14 (2 mol %)

and triphenylphosphine (4 mol %) was found to catalyze
the coupling of allylic carbonate 1a with phenylboronic
acid (2a) in THF in the presence of water (500 mol %) at
50 �C, affording allyl�aryl coupling product 3a in 87%
isolated yield with complete regio- and E/Z-selectivities
with a trace amount of β-H elimination product 5a

(Table 1, entry 1). Notably, water played a significant role
in the coupling reaction.15 The coupling reaction can
tolerate different allylic carbonate to give allyl�aryl cou-
pling product with the same efficiency (Table 1, entry 2).
Under identical reaction conditions, however, the reac-
tions of allylic acetate and benzoylate gave comparatively
poor results (Table 1, entries 3 and 4). The reaction
efficiency was also sensitive to the nature of the phosphine

Scheme 1. Allyl�Aryl Coupling vs β-H Elimination
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ligand.When replacement of PPh3with electronic deficient
phosphine ligand, P(C6F5)3, the reaction still performed
well to afford coupling product 3a as a single product, but
the reaction did not completewithin 24h (68%conversion,
Table 1, entry 5). However, the reaction with σ-donating
tricyclohexylphosphine gave elimination product 5a as a
major product (3a:5a = 26:74, Table 1, entry 6). Bispho-
sphine ligand, rac-BINAP, promoted the reaction with
good selectivity in 81% yield (Table 1, entry 7), but the
reactions with DPPF and xantphos resulted in a loss of
selectivity (Table 1, entries 8 and 9).
To evaluate the scope of this process, the reaction

conditionswere applied to various combinations of allylic
carbonates 1 and arylboronic acids 2. As illustrated in
Table 2, a wide range of unsymmetric 1,3-disubstituted
secondary allylic carbonates 1 and arylboronic acids 2

were tolerated in this coupling reaction to give allyl�aryl
coupling products 3 in a high level of isolated yields with
good to excellent selectivities. The coupling reactions of
1a with various substituted arylboronic acids 2 with
different electronic or steric natures proceeded to the
corresponding allyl�aryl products 3 in a high level of
yields with excellent selectivities (Table 2, entries 1�7).
When 1-phenyl-2-butenyl carbonate 1b as a regioisomer
of 1a was used, the coupling reaction occurred to furnish

single regioisomeric product 3a in 82% yield (Table 2,

entry 8). This result supports the possible mechanism

outlined in Scheme 1, in which the reductive elimination

takes place at the less hindered site of theπ-allylpalladium
complex, yielding the coupling product regioselectively.

The allylic carbonates 1c�1i were employed successfully

in the coupling reaction to afford corresponding allyl�
aryl coupling products in a high level of isolated yields

with complete rigio- and E/Z-selectivities and good to

excellent chemoselectivies (Table 2, entries 9�15).
The ability to obtain excellent chemo- and regioselec-

tivity prompted the examination of the coupling reaction
of enantiomerically enriched allylic carbonate (R)-1a16

with aryl boronic acids to determine the stereochemical

Table 1. Pd-Catalyzed Suzuki�Miyaura Coupling of 1awith 2a

under Various Conditionsa

entry R ligand

conversionb

(%) (3a:4a:5a:6a)

yield of

3ac (%)

1 Boc PPh3 >99 (97:0:3:0) 87

2 CO2Et PPh3 >99 (97:0:0:3) 86

3 Ac PPh3 24 (25:0:0:75) d

4 Bz PPh3 14 (12:0:0:88) d

5 Boc P(C6F5)3 68 (97:0:0:3) 59

6 Boc PCy3 >99 (26:0:74:0) 20

7 Boc rac-BINAP >99 (90:0:0:10) 81

8 Boc DPPF >99 (63:0:12:25) 54

9 Boc Xantphos >99 (45:0:12:43) 40

aConditions: Pd(OAc)2 (2 mol %), ligand (4 mol % for monophos-
phines; 2 mol % for bisphosphines), 1a (0.50 mmol), 2a (0.75 mmol),
water (500 mol %), THF (0.5 mL), 50 �C, 24 h. bDetermined by
1HNMRof the crude reactionmixture. cYields are of isolatedmaterial.
dNot determined. Cy: cyclohexyl.

Table 2. Scope of Pd-Catalyzed Suzuki�Miyaura Coupling of
Allyl Carbonates 1 with Arylboronic Acids 2a

aConditions: Pd(OAc)2 (2 mol %), PPh3 (4 mol %), 1 (0.50 mmol),
2 (0.75 mmol), water (500 mol %), THF (0.5 mL), 50 �C, 24 h. bYields
are of isolated material. cDetermined by 1HNMR of the crude reaction
mixture. All of the reactions gave coupling products with complete
regio- and E/Z-selectivities.
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Sohr€oder, G.; Sharpless, K. B. J. Am. Chem. Soc. 1988, 110, 2978.
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course of this coupling reaction. The reaction of (R)-1a
(94% ee) with arylboronic acids, 2a, 2c, and 2e with the
palladium complex in-situ-generated from Pd(OAc)2 and
racemic BINAP17 furnished allyl�aryl coupling products
(S)-3a (94% ee), (S)-3c (93% ee), and (S)-3e (94% ee) in
high yields with inversion of absolute configurations18

(Scheme 2). These results demonstrate that the reaction
proceeds with inversion of stereochemistry in the step of
oxidative addition to form π-allylpalladium complex

stereospecifically, after which subsequently takes place
transmetalation and reductive elimination as illustrated
in Scheme 1 to afford inversed allyl�aryl coupling pro-
ducts. This Suzuki�Miyaura coupling method was suc-
cessfully applied to the synthesis of (S)- naproxen19 as an
antiinflammatory drug. The coupling reaction of (S)-1a16

(95% ee, 3 mmol scale) with arylboronic acid 1i gave
allyl�aryl coupling product (R)-3o18 in 82% yield with
95% ee (Scheme 3). Oxidation20 of (R)-3o furnished
(S)-naproxen in 78% yield with >99% ee after one
recrystallization.
In conclusion, we have described an effective method

for Pd-catalyzed Suzuki�Miyaura coupling reaction of
unsymmetric 1,3-disubstituted secondary allylic carbo-
nates with arylboronic acids under mild conditions. The
reaction has been developed in awet solvent under a base-
free system to afford allyl�aryl coupling products in a
high level of isolated yields with complete regio- andE/Z-
selectivities and with good to excellent chemoselectivities.
In the stereochemical course of the coupling reaction, it
has been demonstrated that the reaction of optically
active allylic carbonates gave allyl�aryl coupling products
with excellent enantioselectivities with inversion of the
stereochemistry. This coupling method was successfully
applied to the synthesis of (S)-naproxen. Further studies
will focus on the development of an asymmetric version of
this important coupling reaction.
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Scheme 2. Stereospecific Allyl�Aryl Coupling

Scheme 3. Synthesis of (S)-Naproxen

(17) When using PPh3 as a ligand for the reaction of (R)-1a with 2a,
the reaction partially racemized to afford product (S)-3a with 50% ee.

(18) The absolute configurations were determined by comparing the
sign of the optical rotation with that reported in ref 6c.
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