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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
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availability of organoboronic acids, and the lack of toxic
byproducts." 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,” 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.® Generally, the reaction starts with oxidative
addition of palladium(0) to an allylic partner la to
produce a s-allylpalladium intermediate, which subse-
quently undergoes transmetalation with arylboronic acid

(3) There is only one effective example for allyl—aryl coupling
reaction of secondary allylic acetates with arylboronic acids using
heterogeneous palladium catalyst in the presence of excess base; see:
Uozumi, Y.; Danjo, H.; Hayashi, T. J. Org. Chem. 1999, 64, 3384.



Scheme 1. Allyl—Aryl Coupling vs 3-H Elimination
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to give a sr-allyl(aryl)palladium intermediate, followed by
reductive elimination to afford allyl—aryl products
(Scheme 1).%** However, the reaction generally gave
conjugated diene 5a instead of the desired coupling
products because the mw-allylpalladium intermediate un-
derwent the S-H elimination more quickly than the
transmetalation with arylboronic acid.*®> 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,®
zinc,” and aluminum® reagents. The allylic arylation with
arylboronic acid derivatives has been much less explored
because of their poor nucleophilicity.”' Most recently,
Sawamura and co-workers reported a Pd(II)-catalyzed
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y-selective allyl—aryl coupling reaction using nitrogen-based
ligands (eq 1)."! The reaction was catalyzed by cationic acetoxo-
palladium(II) to afford allyl—aryl coupling products with
o to y chirality transfer with retention of the stereochemistry.
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Herein, we disclose an effective method for the Pd-
catalyzed Suzuki—Miyaura coupling reaction of unsym-
metric 1,3-disubstituted secondary allylic carbonates'?
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 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 -H elimination product 5a
(Table 1, entry 1). Notably, water played a significant role
in the coupling reaction.'> 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

(11) (a) Makida, Y.; Ohmiya, H.; Sawamura, M. Chem.—Asian J.
2011, 6, 410. (b) Li, D.; Tanaka, T.; Ohmiya, H.; Sawamura, M. Org.
Lett. 2010, 12, 3344. (c) Ohmiya, H.; Makida, Y.; Li, D.; Tanabe, M.;
Sawamura, M. J. Am. Chem. Soc. 2010, 132, 879. (d) Ohmiya, H.;
Makida, Y.; Tanaka, T.; Sawamura, M. J. Am. Chem. Soc. 2008, 130,
17276.

(12) For Suzuki—Miyaura coupling of propargylic carbonates, see:
Moriya, T.; Miyaura, N.; Suzuki, A. Synlett 1994, 149.

(13) Other Pd(0) or Pd(II) precursors, for example, Pd,(dba)s,
Pd(PPhjs),, PdCl,, and Pd(CF;CO,),, were attempted in the coupling
reaction, but they were less effective under otherwise identical
conditions.

(14) The reaction between Pd(OAc), and arylboronic acid gave
reactive Pd(0) species, which works as a catalyst in the allyl—aryl
coupling as shown in Scheme 1; see: Moreno-Manas, M.; Pérez, M.;
Pleixats, R. J. Org. Chem. 1996, 61, 2346.

(15) The reaction was remarkably inhibited in the absence of water.
Water likely accelerates the transmetalation step as outlined in Scheme 1
to lead to allyl—aryl coupling product effectively. See ref le.
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Table 1. Pd-Catalyzed Suzuki—Miyaura Coupling of 1a with 2a
under Various Conditions”

Pd(OAC), (2 mol %) Ph

Ph
ligand (2 or 4 mol %)
OR Ph/\)\Me Ph/l\/\Me
3a 4a

PhB(OH), (2a)

PN e (1M),50°C OoH
1a H;0 (500 mol %) pr >y Ph/\)\Me
24h 5a 6a

conversion? yield of

entry R ligand (%) (3a:4a:5a:6a) 3a° (%)
1 Boc PPhs >99 (97:0:3:0) 87
2 COEt PPhy >99 (97:0:0:3) 86
3 Ac PPhs 24 (25:0:0:75) d
4 Bz PPh, 14 (12:0:0:88) d
5 Boc P(CgF'5)3 68 (97:0:0:3) 59
6 Boc PCys >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

“Conditions: Pd(OAc), (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. ® Determined by
"H NMR of the crude reaction mixture. ¢ Yields are of isolated material.
4Not determined. Cy: cyclohexyl.

ligand. When replacement of PPh; with electronic deficient
phosphine ligand, P(C¢F5)s, the reaction still performed
well to afford coupling product 3a as a single product, but
the reaction did not complete within 24 h (68 % conversion,
Table 1, entry 5). However, the reaction with o-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
conditions were 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
la 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 the zz-allylpalladium
complex, yielding the coupling product regioselectively.
The allylic carbonates 1e—1i were employed successfully

392

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

entry  allylic carbonate boronic acid product yield (%) (3:5+6)¢
Boc Ph
1 Ph/\ﬁMe PhB(OH), NN 87 (>20:1)
1a 2a 3a
Me
2 1a B(OH), Me\ 89 (>20:1)
Ph Me
2b 2
MeO.
Me
3 1a bB(OH)z \ 89 (>20:1)
2 PR Me
Me
4 1a MeOOB(OH); 91 (>20:1)
2d N
PhT 5 Me
00Me
5 o weooos )rsom, j? o4 (161
2e S
PR Me
= OO
6 1a _ 86 (>20:1)
b PR Me
B(OH)» O
7 1a 85 (14:1)
2h Ph \39 Me
8 P “
2 (9:1
Ph™ 2 Me 2a PRy Me 82(9:1)
Boc Ph
e R
M
° Q/Vi e a N
MeO
MeO 1c Boc © 3h Ph
. .
ON 1d O:N 3i
PR "0Boc 2a PR pn 86 (>20:1)
" 1e 3
Boc Ph
12 S Me 2a Ph/\)\/\/Me 89 (>20:1)
1§ 3K
Boc Ph
1B S Ph 2a ph/WPh 94 (>20:1)
19 31
Boc Ph
14 Ph&i/\ro 2a Ph/\vk/\(f) 95 (>20:1)
1h OJ 3m o
Boc

Ph
R \
M Me
15 OAJi e 2a w 78 (5:1)
1i

“Conditions: Pd(OAc), (2 mol %), PPhs (4 mol %), 1 (0.50 mmol),
2 (0.75 mmol), water (500 mol %), THF (0.5 mL), 50 °C, 24 h. ® Yields
are of isolated material. “ Determined by "H NMR of the crude reaction
mixture. All of the reactions gave coupling products with complete
regio- and E/Z-selectivities.

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)-1a'®
with aryl boronic acids to determine the stereochemical

(16) Enantioenriched allylic alcohol precursor was synthesized using
Sharpless kinetic resolution; see: Carlier, P. R.; Mungall, W. S
Sohroder, G.; Sharpless, K. B. J. Am. Chem. Soc. 1988, 110, 2978.

Org. Lett,, Vol. 14, No. 1, 2012



Scheme 2. Stereospecific Allyl—Aryl Coupling
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Scheme 3. Synthesis of (S)-Naproxen
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course of this coupling reaction. The reaction of (R)-1a
(94% ee) with arylboronic acids, 2a, 2¢, and 2e with the
palladium complex in-situ-generated from Pd(OAc), and
racemic BINAP'” furnished allyl—aryl coupling products
(S)-3a (94% ee), (S)-3¢ (93% ee), and (S)-3e (94% ee) in
high yields with inversion of absolute configurations'®
(Scheme 2). These results demonstrate that the reaction
proceeds with inversion of stereochemistry in the step of
oxidative addition to form m-allylpalladium complex

(17) When using PPhj; 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¢.

(19) For a review, see: Harrington, P. J.; Lodewijk, E. Org. Process
Res. Dev. 1997, 1, 72.

(20) (a) Smith, C. R.; RajanBabu, T. V. J. Org. Chem. 2009, 74, 3066.
(b) Hirama, T.; Inoue, M. Synthesis 1986, 689.
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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)- naproxen'® as an
antiinflammatory drug. The coupling reaction of (S)-1a'®
(95% ee, 3 mmol scale) with arylboronic acid 1i gave
allyl—aryl coupling product (R)-30'® in 82% vyield with
95% ee (Scheme 3). Oxidation®® of (R)-30 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 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 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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