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ABSTRACT
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. R? = CO,Et, regioselectivity = 13:1 - 63:1, E:Z >16:1
, R? = Ph or CO,'Bu, 48-99 % vield,
, R? = DAc, regioselectivity = 8:1 - 29:1

A versatile palladium catalyst system was developed to effect the decarboxylative Heck coupling of a variety of arenecarboxylic acids with a
wide range of olefins. The key to obtaining the efficient catalyst system is the use of 1-adamatanecarboxylic acid as additive. Alkyl-substituted
olefins with coordinating groups were observed to provide significantly improved regioselectivity compared with other alkyl-substituted olefins
lacking coordinating groups, and the acetate group of allylic ester was also tolerated in this reaction.

Palladium-catalyzed arylation or ol€efination of olefins by aryl
or vinyl halides, namely, the Heck reaction, is an important
C—C hond-forming approach that has found wide applica-
tions in natural product synthesis, material science, and
bioorganic chemistry.>? The more than 30 year development
of effective catalyst systems for the Heck reaction enables
the use of a broad scope of arylating reagents ranging from
deactivated aryl chlorides® and tosylates® to alkyl chlorides®
and to arene.® With respect to olefin, the other coupling
partner, most of the reported Heck reactions deal with styrene
and electron-deficient o, 5-unsaturated carbonyls. Recently,
afew strategies have been developed to accomplish highly
regioselective Heck reactions of election-rich olefins such
as vinyl ethers and enamides.” However, to date, only afew
examples of the intermolecular Heck reaction with alkyl-
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substituted olefin have been reported,?#°328 due in part to

low reactivity and poor regioselectivity associated with this
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type of olefins in the Heck reaction. In this regard, very
recently, White and co-workers™ have reported the regiose-
lective Heck-type reaction of alkyl-substituted ol efins bearing
auxiliary coordinating groups with aryl boronic acids as
arylating reagents, and Jiao and co-workers™ have described
highly selective Heck coupling reaction of allylic esterswith
aryl iodides. Despite these advances in the Heck reaction of
alkyl-substituted ol€efins, in view of its applicationsin organic
synthesis, efficient Heck reactions of a wide scope of alkyl-
substituted olefins with various arylating reagents, particu-
larly those that are easily available and inexpensive, remains
highly demanded.

Trangition-metal-catalyzed decarboxylative cross-coupling
reactions of arenecarboxylic acids or arenecarboxylates have
emerged over the past few years'®*® This approach is
particularly attractive due to the high availability and the
low price of arenecarboxylic acids. Myers,™ in his pioneering
work, disclosed an efficient method for palladium-catalyzed
decarboxylative Heck-type reaction of arenecarboxylic acids
with styrene and a,3-unsaturated carbonyls. This work
represents a milestone in the development of palladium-
catalyzed decarboxylative cross-coupling reactions.** Nev-
ertheless, significant room remains for improvement in view
of high loadings of silver and palladium that were required
in this process as well as the limiting olefin scope of this
process. Herein, we report an efficient palladium-catalyzed
decarboxylative Heck-type cross-coupling reaction of an
array of arenecarboxylic acids with a broad spectrum of
olefins including unactivated alkyl-substituted terminal ole-
fins, wherein an inexpensive 1,4-benzoquinone (BQ) was
used as an oxidant.

The model reaction of 2,4-dimethoxybenzoic acid with 2.0
equiv of 1-octene was examined with a variety of palladium
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Table 1. Selected Screening Results for the Palladium-Catalyzed
Decarboxylative Heck Coupling of 2,4-Dimethoxybenzoic Acid
with 1-Octene®

OMe Ar Ar
COOH 10 mol % Pd(Q;CCF3)s L
N /\/CsHﬂ oxidant, additive + | * eH )LA
N 6M13 r
MeO 2 equiv 5‘1)2’;210(01'1'125 M) CsHyy “CsHyy
1a

2a 3a 4a 5a
Ar = 2,4-dimethoxyphenyl|

isolated
additive yield®
solvent (v:v) (%)

DMSO/DMF (1:20) 10
DMSO/DMF (1:20) 26
DMSO/DMF (1:20) 38
DMSO/DMF (1:20) 50

oxidant

entry (equiv) (eqiuv)

1 BQ1.2)

2  BQ(1.2) EtCO.H (4)

3 BQ(.2 ‘BuCO.H (4)

4 BQ(2) 1-AdCO.H® (4)

57  purified 1-AdCO.H (4) DMSO/DMF (1:20) 70
BQ (1.2)

6  purified 1-AdCO.H (4) DMSO/DMF/ 79
BQ (1.2) dioxane (1:15:5)

7 purified 1-AdCO.H (4) DMF 41
BQ (1.2) 3-nitropyridine

(0.2)
8  purified 1-AdCO.H (4) DMF 39

BQ (1.2) THTO* (4.4)
9 BQ@1.2) MeCO.H (4) DMSO/DMF (1:20) trace
10 BQ(1.2) CF3;COzH (4) DMSO/DMF (1:20) trace
11 BQ(1.2) p-Me-C¢H4SOsH (4) DMSO/DMF (1:20) trace
127 purified 1-AdCO.H (4) DMSO/DMF (1:20) 0

DD@®
13" 0O, 31

2 Reaction conditions: la (0.25 mmol), 1-octene (0.50 mmol),

Pd(O,CCF3), (0.025 mmal), 1,4-benzoquinone = BQ (0.30 mmol), car-
boxylic acid (1.0 mmol), solvent (2.1 mL). ® Average of two runs.
¢ 1-Adamatanecarboxylic acid = 1-AdCO,H. ng was purified by
sublimation. € Tetrahydrothiophene 1-oxide = THTO. ' Rection wasrunin
the absence of Pd(O,CCFy),. 9 2,3-Dichloro-5,6-dicyano-1,4-benzoquinone
= DDQ. " Reaction was run for 13 h.

sources, solvents, additives, and oxidants (Table 1). Initidly,
using 1.2 equiv of BQ as the oxidant and 10 mol % of
Pd(O,CCFs), as the catalyst provided the desired products
in about 10% yield (entry 1). Because the acidic condition
can enhance the ability of BQ to oxidize Pd(0) to Pd(I1)*®
and prevent the possible catalyst poisoning caused by the
coordinating species,*'° the introduction of carboxylic acid
to the reaction system brought about a beneficia effect
(entries 2—4). Screening acids and their |oadings established
that 4 equivalents of bulky 1-adamantanecarboxylic acid
maximized the beneficial effect from acids (entry 4).
However, strong acids such as trifluoroacetic acid and
p-toluenesulfonic acid and even acetic acid abolished this
reaction (entries 9—11). The use of BQ purified by sublima-
tion significantly improved the reaction with 70% vyield
obtained (entry 5). Further optimization showed that the
reaction in DM SO/DMF/dioxane (1:15:5) furnished the best
yield (entry 6). Interestingly, substituting DMSO for 0.2
equiv of 3-nitropyridine and 0.1 mL of tetrahydrothiophene-
1-oxide provided products in 41% and 39% yields (entries

(14) Baudoin, O. Angew. Chem., Int. Ed. 2007, 46, 1373.
(15) Connelly, N. G.; Geiger, W. E. Chem. Rev. 1996, 96, 877.
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7 and 8), respectively. Other palladium sources such as
Pd(OAC)z, PdC'z, Pd(CH3CN)2C|2, and sz(dba)3 were inef-
fective. The reaction conducted with purified DDQ as an
oxidant in the absence of Pd(O,CCF;), did not generate the
desired products in appreciable amounts, which ruled out
the possibility that this reaction proceeds through a radical
pathway initiated by oxidation of arene carboxylate(entry 12).
In the presence of oxygen as the sole oxidant, the reaction
run for 13 h provided 31% yield (entry 13).%6

The model reaction produced three isomers (a styrenyl
internal olefin 3a, an dlylic internal olefin 4a, and a terminal
olefin 5a) as major products along with minor double-bond
migrating isomers, and the selectivity of this reaction seems
to be insengitive to these reaction conditions examined, which
presumably stems from the intrinsic attributes of thisreaction,
for example, nonselective olefin insertion and nonselective
B-hydride elimination.®* However, we achieved good regi-
oselectivity in the decarboxylative Heck reaction of akyl-
substituted olefins by employing olefin substrates bearing
auxiliary coordinating groups (see Table 2).

The decarboxylative Heck-type coupling reaction of are-
necarboxylic acids with various akyl-substituted olefins was
examined under the condition of entry 6 in Table 1. As
shown in Table 2, these reactions occurred in moderate-to-
excellent isolated yields. The reaction condition was compat-
ible with ester, amino, chloro, bromo, and keto substituents.
Some heterocyclic carboxylic acids were effective substrates
(entries 12—14). The use of olefin substrates with coordinat-
ing acetate groups led to good regioselectivities (entries 1,
2, 4,7, and 11), as observed by White.** Vinylcyclohexane
provided the improved selectivity with styrenyl olefin as a
major product (entries 6, 8, 9, 10, and 13), compared with
linear olefins, suggesting that steric factors of substrates, to
some extent, influenced the regiochemistry®’ in these reac-
tions. The reaction of allylanisole predominately generated
alylic olefin (entry 3), whose structure was also confirmed
by X-ray diffraction analysis. For carvone, reactions took
place exclusively at terminal double bonds (entry 5), yielding
styrenyl and allylic olefins as well as arylated carvacrol
generated from double-bond migration followed by structural
rearrangement. The reaction of 4-amino-5-chloro-2-meth-
oxybenzoic acid conducted with 5 mol % of Pd(O,CCFz),
in absence of adamantine-1-carboxylic acid led to enhance-
ment of selectivity and alittle decrease in the yield compared
with the reaction under standard conditions (entry 10 vs entry
9). 2-Methoxy-4-methylbenzoic acid that is less electron rich
than 2,4-dimethoxybenzoic acid also participated in this
reaction, although the diminished yield was obtained (entry
15). In this case, oxidative dehydrogenation of alkyl-
substituted olefin occurred presumbly due to slow decar-
boxylation of 2-methoxy-4-methylbenzoic acid. In contrast,
4-methoxy-2-methylbenzoic acid, a positional isomer of
2-methoxy-4-methylbenzoic acid, was completely inert under
the current reaction conditions (entry 16), suggesting that at

(16) In the presence of oxygen as the oxidant, Pd-catalyzed decarboxy-
lative Heck coupling of benzoic acids with acrylates have been established,
see: Fu, z.; Huang, S.; Su, W.; Hong, M. Manuscript in preparation.

(17) For the theoretical studies on the electronic and steric control of
the regiochemistry in the Heck reaction, see ref 7d.
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Table 2. Palladium-Catalyzed Decarboxylative Coupling of
Arenecarboxylic Acids with Alkyl-Substituted Olefins®

i mel s J"/%“/\R . aNFNg
mol
Ar=COOH - @i D R U0 1 4
1-AdCOOH (4 equiv)
BQ (1.2 equiv) R » ulherduubl&bqnd
DMSO/DMF/Dioxane
120°C, 1h a
yield® (%)
entry  product3 product 4 product5  regioselectivity®
(3:4:5:6)
S OMey CODE!
= CODE! T2(67)°
1 il -/\,\éooa LV'VL COOEt 13:0:1:0
MeQ 3b MeO ' 5p
OMe OMe OM
A COOEL A P 71
2 ® f “]/\Arcml f “LLCOQE' 20:1.2:1:1.4
MeO ™ 3o MeD = d¢ MeQ”~~ 5S¢
OMe
3 - 70
|t,v\@ 0:70:0:0
= OMegy OMe
OMe o COOEL
" I_,.».:MDDOE L DR 85 (80)*
L COOE! | 83:0:-1:0
OMesq OMe 58 3
EZ=17:1

OMe, D\‘e

OMC"
r‘.Uo o = .
e = -
L | & | AT
MeO™ " MeO™ ™7 MeD” 4
Lo % 0 59 20:1:4:1.3
OMa ) clnm COOE!
7 !/:%McOOE‘I u/ "COOEL 30
MeO ™ gy COOEt MeO™ Y g Lttt
Br
OMe OMe
a I/;r\/() A, AyE ] ]JO 43
R § Lo OMe 74116
Br 3 B 4
r}rw OMe
" A 72
¥ N.|'ﬁ,_,j s 15:1:4:2
ol
10¢ B4
3y 4 20:1:2.4:2.4
OMe OMU
X COOE ]JL/“ooo
P Et 61
" [ 013
H;N"“x_o*r:/\éc"’sl M | g 13:0:1:0
cl
\| ’\__Mcmgl/ v‘\ ( OOEL 53
e (L '_f—f 761470
i J_O P 4, 57
L,I’O ~ .;\‘J._Om 43:0:10
e o, o ol e
i cooEt | “;,\/aa)*coom { 4
=g O™ g 65:4.3:10
5 cookt
D‘ e
OMey CODE
15 I COODE! ’J*J\/Lma 24(24)
OOEL i 26:0:1:0
30 = Bg
Ez =16:1 o
Me
in AN COOEt 0
MeO ~* 3p COOEL

2 Reactions were run under the conditions of entry 6in Table 1. ® Isolated
yields (average of two runs). © The ratio of E/Z > 20:1, as determined by
H NMR, unless otherwise indicated. ¢ Reaction was run for 3 h with 5
mol % of Pd(O,CCF3), in the absence of 1-AdCO,H. ¢ Value in parentheses
refers to the yield from reaction on a 1 mmol scale.

least one methoxy group ortho to carboxyl on aromatic ring
of benzoic acid is necessary for this reaction to occur. The
observation that benzoic acid bearing both an o-methoxy
group and another electron-withdrawing group such as
3-fluoro-2-methoxybenzoic acid did not react under the
current conditions indicated that this method requires suf-
ficiently electron-rich benzoic acids.

The reaction scope was further investigated with respect
to olefins under the conditions established for alkyl-
substituted olefins (Table 3). Styrene proved to be a highly
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Table 3. Palladium-Catalyzed Decarboxylative Coupling of
Arenecarboxylic Acids with a Variety of Olefins®

10 mol % Pd(O,CCF
Ar-COOH+ AR (0:CCF ) gl o J§
1-AdCOOH (4 equiv) AR
BQ (1.2 equiv) 3 5
DMSO/DMF/Dioxane
120°C,1h
entry product yield regioselectivity
(%)° (3:5)°
OMe
1 [..--';b.\\ ™ 99
)
L o 3
o L
2 e 81
I J 3r
-
3 NS 48
L
i \OMe 3s
Br
4 OMe . 74
_L_~_co0Bu
3t
Meo.z"\.__-_ =
OMe
5d __..---;r;\_/«\VCOO’Bu 61
A 3u
HN™ Y EZ=13:11
Cl
OMe fl\ OMe
6 A il O. 53 8:1
e O = 3
_.;]/V\‘.’.v l'~, 5v ?)I/
MeO” ™~ .7 _1%.q MeO ™
OMe g OMe
A . o]
7 i *Mo’kg )I\’ Wé/ 80 (80)° 29:1
\"“’//."OME 3w "»._‘;-:'--‘nOMG
E:Z =11:1 f

2 Reactions were run under the conditions of entry 6in Table 1. ® Isolated
yields (average of two runs). © The ratio of E/Z > 20:1, as determined by
IH NMR, unless otherwise indicated. ¢ Reaction was performed for 3 h
with 5 mol % of Pd(O,CCF3), in the absence of 1-AdCO,H. ¢Value in
parentheses refers to the yield from reaction on a 1 mmol scale.

reactive coupling partner and smoothly coupled carboxylic
acids with good to excellent yields (entries 1—-3). It is
noteworthy that allylic ester also underwent decarboxylative
Heck coupling to generate arylated allylic esters with good
to excellent regioselectivity and with retention of acetate
group (entries 6 and 7). Reactions of arenecarboxylic acids
with electron-deficient methyl acrylate also provided good
yields (entries 4 and 5).

This method is not limited to the small-scale reaction as
described above (e.g., 0.2 mmoal); the reactions performed
on a 1 mmol scale gave yields comparable to those on a
small scale (entries 1, 4, 6, and 15 in Table 2, and entry 7 in
Table 3). The reaction of 2,4-dimethoxybenzoic acid with
1-octene on a gram scale provided 81% yield.

As shown in Tables 2 and 3, the reactivity of benzoic acids
was observed to strongly rely on the electron density on their
aromatic rings, as illustrated by the difference in reactivity
between 2,4-dimethoxybenzoic acid and 2-methoxy-4-methyl-
benzoic acid. Generaly, electron-rich benzoic acids are more
reactive than less electron-rich benzoic acids, which is likely
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associated with decarboxylation step. Myers, on the basis of
the mechanistic investigation,™ proposed that the decarboxy-
lation step involves the coordination of the electron-deficient
palladium(ll) center to the ipso-carbon of the aromatic ring. In
light of this proposal, the sufficient affinity of eectron-rich
benzoic acid for electron-deficient palladium center would be
required for the decarboxylation process. In our reaction system,
it is possible that because coordination of BQ to the pala
dium(ll) center reduces the eetrophilicity of paladium(ll)
center, more eectron-rich benzoic acid is required to form an
efficient coordinating bond between palladium(ll) center and
ipso-carbon of the aromatic ring for decarboxylation process.
This possibility could serve to explain why our protocal is
restricted to electron-rich benzoic acid. The observation that
an excessive amount of BQ dowed the desired reaction is
consistent with the idea that coordination of BQ to the
palladium(l1) center influences the activity of paladium catdyst
in this reaction, although we cannot rule out the possibility that
competition between BQ and the olefin substrate for coordina-
tion to the palladium center retards this reaction. The difference
in reactivity between 4-methoxy-2-methylbenzoic acid and
2-methoxy-4-methylbenzoic acid highlights the essentia role
of the o-methoxy group in the decarboxylative Heck coupling
reaction. The fact that decarboxylation of 4-methoxy-2-meth-
ylbenzoic acid occurred at higher temperature with no Heck-
type product formed suggests that the o-methoxy group possibly
exerts an poditive effect on the late stage of decarboxylative
Heck coupling. Presumably, by weakly coordinating to pal-
ladium center, the o-methoxy group facilitates formation of
mr-olefinpalladium complex.

In summary, we have developed a versatile catalyst system
for the decarboxylative Heck reaction of arenecarboxylic
acids with an array of olefins, including unactivated alkyl-
substituted olefins, electron-deficient olefin, and styrene.
Introducing carboxylic acids to the reaction system was
crucia to obtaining the efficient catalyst. Employing sub-
strates with coordinating groups provided good selectivity
for reactions of the alkyl-substituted olefins. This positive
effect of coordinating groups contained in olefin on the
regioselectivity was further illustrated by the reaction of
allylic ester that dominantly generated linearly arylated alylic
ester without elimination of an acetate group. Studies are
underway to determine the origin of the beneficial effect of
bulky carboxylic acid in this reaction and develop aligand-
assisted palladium-catalyzed, highly regioselective decar-
boxylative Heck reaction with wide substrate scope.
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