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ABSTRACT

Alkynyl carboxylic acids reacted with aryl iodides under a CO atmosphere in the presence of a palladium catalyst to produce R,β-alkynyl aryl
ketones in good yields. The maximum turnover number was 16 800. The desired carbonylative coupling was formed from phenyl propiolic acid
without any formation of a noncarbonylative coupling product in the absence of CuI. However, the reaction with alkyl-substituted alkynyl
carboxylic acids required CuI as a cocatalyst for high yield.

The palladium-catalyzed carbonylation of aryl halides
to give carboxylic acidderivatives hasbeenwidelyusedas a
valuable tool in organic synthesis.1 These reactions share
the incorporation of carbon monoxide into aryl halides in
the presence of a variety of nucleophiles. Since Heck first
reported palladium-catalyzed aminocarbonylation and
alkoxycarbonylation in 1974,2 a number of related reaction
methods have been developed. As a nucleophile, amines,
alcohols, hydrogen, aryl metal reagents, and alkynes have
been employed in the palladium-catalyzed carbonylation.
However, the carbonylative Sonogashira reaction,which is
the carbonylative three-component cross coupling of aryl
halides with a terminal alkyne, has received little attention
even though its product, which is an R,β-alkynyl ketone, is

a crucial moiety in many biologically active molecules,3

natural products,4 and pharmaceutical materials.5

A traditional route to synthesize the R,β-alkynyl ketone
involves the coupling reaction of alkynyl organometallic
reagents and acid chlorides.6However, thesemethodshave
the drawbackof needing tobe handled indry solvent under
an inert atmosphere.7

To solve this problem, the palladium-catalyzed coupling
reactions of aryl halides and alkyne source in the presence
of carbon monoxide have been used as an alternative
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approach. However, they also suffer two disadvantages:

the metalated alkynes such as alkynylstannanes8 or

alkynylsilanes9 have a waste problem due to the metal salts,

and the terminal alkyne requires a high reaction tempera-

ture and high carbon monoxide pressure.10 An alternative

pathway for the synthesis of R,β-alkynyl ketone is the

palladium-catalyzed carbonylative coupling reaction of

terminal alkynes with aryl iodides. Since Mori reported

the carbonylative Sonogashira coupling reaction under

mild conditions,11 a variety of reaction methods have been

developed, including copper-free, water solvent, ionic

liquids, microflow, and recyclable catalytic systems.12 In

addition, a copper-catalyzed, palladium-free carbonylative

Sonogashira coupling reaction has also been reported.13

However, they suffer the following drawbacks: long reac-

tion time, high catalytic loading, high carbon monoxide

pressure, and the formation of noncarbonylative Sonoga-

shira product as a byproduct.
Due to their environmental friendliness as a leaving

group, carboxylic acids have recently been considered

candidates for the coupling partner in the transitionmetal-

catalyzed coupling reactions.14 Since we first reported the

palladium-catalyzed decarboxylative coupling of the alky-

nyl carboxylic acid,15 several other groups have employed

the alkynyl carboxylic acid as the coupling substrate in a

variety of coupling reactions.16

Palladium-catalyzed decarboxylative carbonylations
have been reported.17However, in the absence of any report
on the use of alkynyl carboxylic acid in the carbonylation

reaction, we investigated the decarboxylative carbonyla-
tion of alkynyl carboxylic acid and aryl iodide.
We studied the optimized conditions for the carbonyla-

tion of decarboxylative coupling with phenyl iodide and
phenyl propiolic acid as the substrate (Table 1).
First, the reaction was carried out in the presence of

carbon monoxide according to our previously reported

optimization conditions for the decarboxylative coupling

of phenyl iodide and phenyl propiolic acid. Unfortunately,

the desired carbonylative productwas obtained in only 5%

yield, and a noncarbonylative decarboxylative coupling

product was formed in 22% yield (entry 1). However,

following the addition of CuI as a cocatalyst, only non-

carbonylative coupling product 4aa was produced in 98%

yield (entry 2). Using toluene and acetonitrile instead of

DMSO solvent, toluene gave the desired product 3aa in

23% yield but acetonitrile showed only a 6% yield of

product (entries 3 and 4). In toluene solvent, a variety of

bases were tested. In the case of organic bases, only Et3N

afforded the desired carbonylative product 3aa in 54%

yield (entry 5), whereas the other tertiary amines did not

produce any coupling products (entries 6-9). Among the

tested inorganic bases, Cs2CO3 resulted in a 42% yield of

product (entry 12). In the presence of Et3N as a base, a

variety of solvents were tested. Although most solvents

Table 1. Optimization of the Bases and the Solvents for the
Carbonylationa

yield (%)b

entry base solvent conv (%)b 3aa 4aa

1 DBU DMSO 100 5 22

2c DBU DMSO 100 0 98

3 DBU Toluene 52 23 8

4 DBU CH3CN 23 6 5

5 Et3N Toluene 68 54 1

6 Pyridine Toluene 3 0 0

7 PhN(Et)2 Toluene 0 0 0

8 (n-Pr)3N Toluene 2 0 0

9 N(i-Pr)2Et Toluene 10 0 0

10 Na2CO3 Toluene 0 0 0

11 K2CO3 Toluene 0 0 0

12 Cs2CO3 Toluene 59 42 4

13 Et3N Xylene 59 52 5

14 Et3N DMSO 99 46 44

15 Et3N DMF 68 49 2

16 Et3N Dioxane 70 52 3

17 Et3N H2O 0 0 0

aReaction conditions: 1a (0.3 mmol), 2a (0.3 mmol), Pd (0.015
mmol), dppb (0.03 mmol), base (1.5 mmol), DMSO (1.0 mL), CO
(5 atm) at 80 �C for 3 h. bYield was determined by GC. c In the presence
of CuI (0.03 mmol).
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showed similar product yields, DMSO afforded almost

equal amounts of3aa and 4aa (entry 14).Water,whichwas

a good solvent in the case of terminal acetylene, did not

show any coupled product (entry 17). Toluene was the

most suitable solvent due to its high selectivity for the

carbonylation.
Next, we tested other conditions such as a variety of

ligands, palladium sources, carbon monoxide pressures,
reaction temperatures, and amounts of catalyst as shown
in Table 2.
In the presence of chelating phosphine ligands, the yield

was not improved (entries 1-4). Interestingly, Pd(PPh3)2-

Cl2 resulted in an 82%yield of 3aa and a 5%yield of 4aa in

the absence of any additional ligand (entry 5). However,

other palladium sources bearing nonphosphine ligands

such as Pd(OAc)2 and Pd(dba)2 produced low yields

(entries 6 and 7). With a decreasing palladium amount,

the product yield was increased to 86%; however, the yield

of byproduct was not decreased (entry 8). When the

carbon monoxide pressure and reaction temperature

were increased to 10 atm and 100 �C, respectively, only 3aa
was obtained without any 4aa being formed (entry 9).

Finally, 0.5 mol % of Pd(PPh3)2Cl2 afforded a 91%

yield of 3aa under 10 atm and 100 �C. When the

catalyst amount was decreased to 0.05 mol %, the

conversion was not completed (entry 11). At a catalyst

loading of 0.005 mol % catalyst, the turnover number

was 16 800 (entry 12).

We intended to expand the scope of aryl iodide and
propiolic acid derivatives for the palladium-catalyzed car-

bonylation of decarboxylative coupling. The results are

summarized in Table 3. Iodobenzene afforded the desired

product in 89% isolated yield (entry 1), while ortho-,meta-

and para-iodotoluene produced the corresponding carbo-

nylative coupling products in 83%, 84%, and 65% yields,

respectively (entries 2-4). All iodoanisoles showed good

yields (entries 5-7). 1-Iodonaphthalene (1h) afforded the

desired product in 78% yield (entry 8).

Table 2. Effects of Ligands, Temperature, Amount of Catalyst,
and Pressure of Carbon Monoxidea

yield (%)b

entry

Pd

(mol %) ligand

CO

(atm)

temp

(�C)
conv

(%)b 3aa 4aa

1 5 Dppm 5 80 46 43 6

2 5 Dppe 5 80 60 50 5

3 5 Dppbze 5 80 48 23 5

4 5 Xantphosf 5 80 69 38 4

5 5 - 5 80 99 82 5

6c 5 - 5 80 40 33 0

7d 5 - 5 80 44 25 0

8 1 - 5 80 99 86 5

9 1 - 10 100 100 89 0

10 0.5 - 10 100 100 91 0

11 0.05 - 10 100 91 87 0

12 0.005 - 10 100 87 84 0

aReaction conditions: 1a (0.3 mmol), 2a (0.3 mmol), Pd(PPh3)2Cl2
(0.015 - 0.003 mmol), ligand (0.03 mmol), Et3N (1.5 mmol), DMSO
(1.0 mL), CO (5-10 atm) at 80-100 �C for 3 h. bYield was determined
by GC. cPd(OAc)2 was employed. dPd(dba)2 was employed. e 1,2-Bis-
(diphenylphosphino)benzene. f4,5-Bis(diphenylphosphino)-9,9-dimethyl-
xanthene

Table 3. Carbonylation of Alkynyl Carboxylic Acids with Aryl
Iodidesa

aReaction conditions: 1 (2.0 mmol), 2 (2.0 mmol), Pd(PPh3)2Cl2
(0.015 mmol), Et3N (10.0 mmol), solvent (5.0 mL), CO (10 atm) at
100 �C for 3 h. b Isolated yields. cThe reaction was carried out in the
presence of 10 mol % CuI.
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Aryl iodides bearing electron-withdrawing groups such
as trifluoromethyl, chloro, nitrile, methyl ester, and acetyl
afforded the corresponding carbonylative coupling pro-
ducts in 87%, 87%, 42%, 52%, and 78% yields, respec-
tively (entries 9-13). 2,4-Dimethyliodobenzene (1n)
resulted in a 58% yield (entry 14). Heteroaromatic aryl
iodides such as 2-iodothiophene and 3-iodopyridine
afforded the desired product in 53% and 63% yields,
respectively (entries 15 and 16). Although the alkyl-sub-
stituted alkynyl carboxylic acids such as 2b and 2c pro-
duced low yields, the yields were increased when the
reaction was carried out in the presence of 10 mol % CuI
(entries 17-22).
The aryl iodides showed similar reactivities in the car-

bonylation of decarboxylative coupling independent of the
substituted group’s electronic properties. However, in the
competition reaction, when equal amounts of 4-trifluoro-
methyliodobenzne and 4-iodoanisole were treated with
phenyl propiolic acid under carbonylation coupling con-
ditions, a 4-trifluoromethyliodobenzene-coupled product
was obtained as a major product (3ga/3ia=18%/70%).18

In addition, when equal amounts of phenyl propiolic acid
(2a) and octynoic acid (2b) were reacted with iodobenzene
in the absenceofCuI,moreproductwas formed fromphenyl
propiolic acid than from octynoic acid.19 The reactivity of
octynoicacidwas less than thatofphenylpropiolic acid in the
carbonylative decarboxylative coupling reaction.
A copper cocatalyst is known to accelerate the carbo-

nylative and noncarbonylative Sonogashira reactions of
terminal alkynes.11 We found that CuI afforded a non-
carbonylative coupling product dominantly as shown in
entry 2ofTable 1.Basedon this result, we studied the effect
of CuI under our optimized conditions (Scheme 1).

In the case of the phenyl propiolic acid 2a, the carbony-
lative product 4aa was dominant in the absence of CuI,

whereas the noncarbonylative coupling product 3aa was

also produced in a 44% yield in the presence of CuI. Our

results indicated that the rate of the transmetalation of

phenyl propiolic acid toward arylpalladium iodide com-

plex I was slower than that of the insertion of carbon

monoxide toward arylpalladium iodide complex I in the

absence ofCuI, which preferentially supports the formation

of carbonylative coupling product 4aa (path A<path B).

However, in the presence of CuI, the yields of both

products were similar due to the similarity in their rates

(path A e path B). In the case of octynoic acid 2b, the

formation of the carbonylative product 4ab was predomi-

nant both with and without CuI, even though its yield was

low in the absence of CuI. We suggested two possible

pathways for the decarboxylation to form the alkynyl

acylpalladium complex III as shown in Scheme 2. One is

the initial reactionwithalkynyl carboxylic acid andalkynyl

carboxylic acid, followed by decarboxylation (path D).

The other is the decarboxylation induced first by base and

thermal heating, followed by reaction with an acylpalla-

dium complex (path E). The mechanism of this reaction

has not been fully elucidated, and further mechanistic

studies are needed.
In conclusion, we employed alkynyl carboxylic acid deri-

vatives as substrates in the palladium-catalyzed carbonyla-
tion of aryl iodide. The decarboxylation occurred even under
high carbon monoxide pressure. The desired carbonylative
couplingwas formed fromphenyl propiolic acidwithout any
formation of a noncarbonylative coupling product in the
absence of CuI. However, in the case of alkyl-substituted
alkynyl carboxylic acids, CuI was required as a cocatalyst to
ensure a high yield of the desired carbonylative product, as
this was formed in low yield in the absence of CuI.
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Scheme 1. Effect of CuI in the Carbonylation Scheme 2. Proposed Mechanism
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