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The decarboxylative couplings of alkynyl carboxylic acids are an attractive area of research in organic
chemistry, because the structure of aryl alkyne is one of the important building blocks for the synthesis of
p-conjugated compounds. The use of alkynyl carboxylic acid as an alkyne source has several advantages
in handling and storage. As a catalyst, palladium, copper, nickel, and silver were employed in the
decarboxylative coupling reactions. The formations of C-C (sp®-sp, sp-sp and sp®-sp), C-N, C-P and C-S
bonds have been developed. This review aims to illustrate the development of the decarboxylative

coupling reaction of alkynyl carboxylic acids.

1 Introduction

Palladium-catalyzed cross coupling reactions are one of the most
useful tools in the synthesis of important molecules, such as
natural products, bioactive compounds, polymers, and materials."
Many types of reactions have been reported and widely used,
such as the Kumada, Negishi, Stille, Suzuki, Hiyama, Heck,
Sonogashira, and Buchwald-Hartwig coupling reactions.” The
first five of these reactions consist of the coupling reaction of aryl
halides (or pseudo halides) and organometallic compounds
bearing Mg, Al, Zn, Sn, B, and Si. These coupling partners have
to be prepared from their corresponding simple arenes starting
step processes for preparation,’ some of which may be
hydrolytically sensitive and hence a limited range of starting
materials can be used. Particularly, organometallic reagents
require multi-functional group tolerance. To overcome this
drawback, direct C-H activated coupling reactions have received
much attention. Several catalysts have been used, including
palladium, ruthenium, rhodium, copper, and others.* However,
these C-H activation methods have shown a narrow scope of
substrates, having been limited to those which bear active protons
by directing groups or low pK, values, despite the development
of new methodology to address this issue. Compared with the
traditional cross-couplings and C-H activation, decarboxylative
coupling reactions using carboxylic acid derivatives have several
advantages. Instead of metal waste from organometallic coupling
reagents, less toxic carbon dioxide is released as a byproduct after
the complete conversion, which reduces the cost of the process
for the treatment of waste. In addition, carboxylic acid derivatives
are easily available and stable for the handling and storage.
Decarboxylative coupling was first reported by Nilsson in
1966.° However, it had not been cited until early 2000s, because
it was not practical due to its low yield, limited scope, and
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45 requirement of large amounts of Cu,O. In 2002, Myers reported

on palladium-catalyzed decarboxylative Heck reactions.® Four
years later, in 2006, Goossen developed efficient palladium-
catalyzed decarboxylative coupling for the synthesis of biaryl
from aryl carboxylic acids with aryl halides.” Since then, a variety
of related methodologies have been reported.® In 2008, we first
reported the decarboxylative coupling reaction of alkynyl
carboxylic acid and aryl halides using a palladium catalyst, which
afforded an efficient tool for the synthesis of symmetric and
unsymmetric diarylalkynes.’ The use of alkynyl carboxylic acids
as terminal alkyne surrogates provides a useful method for the
handling of alkynes with a low boiling point.

Goossen™ and Liu® independently reviewed the decarboxylative
coupling reactions, including aryl carboxylic acids and some aryl
alkynyl carboxylic acids. In this review, we focus on the
decarboxylative coupling reactions of alkynyl carboxylic acid and
recent related reports.

2 Palladium Catalyzed-Decarboxylative
Couplings

2.1. Coupling reactions with aryl halides and pseudo halides

The first decarboxylative coupling of alkynyl carboxylic acids
was reported by S. Lee.® They employed propiolic acid as an
alkyne source for the coupling with aryl iodides and bromides
with palladium catalyst in the presence of tetrabutylammonium
fluoride (TBAF) (Scheme 1). While controlling the temperature,
unsymmetric diarylalkynes were successfully obtained by one-pot
reaction. However, this first report had some drawbacks, in that 6
equivalents of TBAF were required for high products yields, and

75 40 mol% Pt-Bug, which is sensitive to air and moisture, was used
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for the synthesis of symmetric diarylalkynes from aryl bromides
(Scheme 2)

o 5 mol% Pdy(dba)z )
10 mol % dppf Ar-—Br
Ar'—l + H%< Arl—=——Ar?

OH TBAF (6 equiv), NMP  gpoc, 12h
rt, 12 h

selected examples

. — S
= ’ e~ )= N/>< —J
Ph
94% 69% 61%

5
Scheme 1 Synthesis of unsymmetric diarylalkynes from propiolic
acid and aryl halides.

5 mol% Pdy(dba)z

o) 40 mol % Pt-Bug

Ar—Br + H%{ Ar=—=——Ar
OH  TBAF (2 equiv)

NMP, 90 °C, 12 h

Ar = CgHs : 95%
4-MeCgH, : 75%

Scheme 2 Synthesis of symmetric diarylalkynes from propiolic
10 acid and aryl halides.

One year later, S. Lee applied the decarboxylative coupling
reactions toward 2-octynoic acid and phenylpropiolic acid.®® A
variety of aryl bromides were coupled with alkynyl carboxylic
15 acids, which afforded the desired aryl alkynes in good yields. In
the case of 2-octynoic acid, Pd(PPhs),Cl, (1 mol%) and 1,4-
bis(diphenylphosphino)butane (dppb) (2 mol%) showed good
results in DMSO. Phenylpropiolic acid required Pd,(dba); (2.5
mol%) and Pt-Buz (10 mol%) for good yield. Aryl bromides
20 bearing ester and ketone groups and heteroaromatic halides
afforded the desired coupled products in good yields. In addition,
chloro group could survive in these conditions (Scheme 3).
However, both systems still required 2 equivalents of TBAF.

(o] condition A or B
Ar—Br + ——R Ar—=——R
HO

condition A for R = n-Pent condition B for R = Ph
1 mol% Pd(PPh3),Cl,
2 mol% dppb

TBAF (2 equiv), DMSO
110°C, 2 h

2.5 mol% Pdy(dba)s
10 mol% Pt-Bug
TBAF (2 equiv), NMP
90°C, 12 h

selected examples

0 o) g
>—©%R }—@%R (0] ——R
H,CO HaC

R = n-Pent : 73%? R = n-Pent : 85%° R = n-Pent : 82%?
Ph : 92%° Ph : 74%" Ph : 75%"

<}%R {;>%R | S\>__: R
Cl

R = n-Pent : 92%?
Ph : 92%"

R = n-Pent : 92%°
Ph : 68%"

R = n-Pent : 98%2

2 Ph : 83%°

Scheme 3 Decarboxylative coupling with aryl
aCondition A, °Condition B

bromides,

In 2009, P. H. Lee reported the decarboxylative coupling reaction
of phenylpropiolic acid with a variety of coupling partners, such
0 as aryl iodides, aryl bromides, aryl triflates, vinyl bromides, and
vinyl triflates.’* In the coupling with aryl iodides, the catalytic

system of Pd,(dba);*CHCI; (2 mol%) and PPh; (16 mol%) was
used with Ag,O (1 equiv.) and Lil (3 equiv.) in DMF. Aryl
iodides with aldehyde showed 85 % yield in the coupling reaction.
35 Sterically demanding ortho-substituted aryl iodides also provided
good yields of the products (Scheme 4). In the case of aryl and
vinyl bromides and triflates, Xantphos (8 mol%) and LiCl were
employed instead of PPh; and Lil, respectively. a- and p-bromo
styrene afforded the desired coupled product in 89 % and 92 %
a0 yields, respectively (Scheme 5).

2 mol% Pdy(dba);-CHCl3

o) 16 mol% PPhg
Ar—l + =R Ar—=——R
HO Ag,0 (1.0 equiv)
Lil (3.0 equiv)

DMF, 50-100 °C

selected examples

(0]
>—©—:—R —Ph MeOAQ%Ph
EtO
Ph

R =n-Pent : 92% 82%2 74%2

Ph:73%
0 __
}—@—:—Ph E\\/%Ph = Ph
H S OEt
o}
85%" 77%P 72%°

Scheme 4 Decarboxylative coupling with aryl iodides, *2 equiv.
of Ag,0O, 2 equiv. of phenylpropiolic acid and 6 equiv. of Lil

45 were used, °8 mol% of Xantphos as a ligand, 1.5 equiv. of Ag,0
and phenylpropiolic acid were used.

2 mol% Pdy(dba)s-CHCly

FG/== [0) 8 mol% Xantphos FGr=a
< X Ph o /—:Ph
N ¥ — > —
/
“/_ HO Ag,0 (1.2 equiv) S
X = Br, OTf LiCl (3.0 equiv)

DMF, 70-80 °C
selected examples

O
——Ph ——Ph ——Ph
EtO Ph Ph /

X = Br : 96% X =Br: 89% X =Br:92%
MeO O
NC@%Ph t—Bu—O%Ph Q — o
X = Br : 86%° X = OTf : 86% X = OTf : 92%

Scheme 5 Decarboxylative coupling with aryl and vinyl bromides
so and triflates. ®Lil was used.

As shown in Scheme 6, lithium phenylacetylide afforded the

desired product in 35% vyield, and silver phenylacetylide showed

51% yield. On the basis of these results, it was suggested that

silver phenylacetylide might be involved in the transmetallation
ss Step rather than lithium phenylacetylide.

(o)
>—©—| M=
EtO

2mol% Pdy(dba)s-CHCI;
16 mol% PPh; Q .
R—mm >—< >»7 R
Lil (3.0 equiv), DMF  EtO
M =Li:35%?2
Ag : 51%, 0%

Scheme 6 Decarboxylative coupling with metal phenylacetylides.
*THF as solvent, absence of Lil.

2 | Journal Name, [year], [vol], 00-00

This journal is © The Royal Society of Chemistry [year]



Electronic Supplementary Material (ESI) for RSC Advances
This journal is © The Royal Society of Chemistry 2013

Li expanded the scope of substrates in palladium-catalyzed
decarboxylative coupling reactions.'? They developed a catalytic
system consisting of Pd(OAc), and XPhos, and ran the coupling
reaction in the presence of Cs,CO; in THF. A variety of benzyl

s chlorides, bromides, and acetate afforded the desired benzyl
alkynes in good vyields (Scheme 7). They first reported the
decarboxylative coupling with aryl chlorides, although only three
examples were shown. Chlorobenzene and 4-chloroacetophenone
were coupled with phenylpropiolic acid, giving the corresponding

10 aryl alkynes in 76 % and 75 % yields, respectively. However, 4-
chloroanisole produced the desired product in 19 % yield
(Scheme 8).

1 mol% Pd(OAc),

~ (o] 2 mol% XPhos
R™ X + = R R/\\\
HO Cs,CO3 (1.2 equiv) R'
THF, 80 °C

selected examples

O Y
X % X S
Ph o) R Ph
X=Cl:92% R=Ph:81% X=Cl:72%
Br: 88% n-Pent : 88% Br: 69%
OAc : trace CHs : 83% OAc : 80%

15 Scheme 7 Decarboxylative coupling with benzyl halides and
acetates.

1 mol% Pd(OAc),
O 2 mol% XPhos

HO Cs,CO;3 (1.2 equiv)
THF,80°C, 24 h

)
@u mco@m }—@m
HaC

76% 19% 75%

Scheme 8 Decarboxylative coupling with aryl chlorides.

S. Lee developed a catalytic system of Pd(PPhs),Cl, (5 mol%),
20 dppb (10 mol%), DBU (2 equiv), and DMSO for the synthesis of
symmetric and unsymmetric diarylalkynes in decarboxylative
coupling reactions.*® This system was an improved method meant
to solve the previous problems associated with the necessity of
excess of TBAF and air sensitive Pt-Bus. It was known that
25 symmetric diaryalkynes were obtained in high yields when 1
equivalent of propiolic acid and 2 equivalents of aryl bromides
were reacted at 80 °C in this reaction system. Similar results were
obtained when 2-butynedioic acid was reacted at 110 °C instead
of propiolic acid (Scheme 9). Diarylated alkyne was found to
% form as a major product at 80 °C, even though 1 equivalent of
phenyl bromide was reacted with 1 equivalent of propiolic acid.
However, among the monoarylated products that were formed
predominantly in the coupling reaction with aryl iodides at low
temperatures, such as 25 and 50 °C, more Sonogashira coupling
35 products (aryl alkynyl carboxylic acids) was formed than the
decarboxylative coupling products (aryl acetylenes). However,
phenyl bromide did not couple with propiolic acid at 50 °C
(Scheme 10). When phenyl iodide and p-tolyl bromide were
reacted with propiolic acid in the same reaction vessel under the
40 optimized conditions, only phenyl iodide coupled product was
formed as a major product (Scheme 11). Unsymmetric

diarylalkynes were successfully synthesized by controlling
temperature. All reagents, including aryl iodides, bromides, and
propiolic acid, were added at the beginning of the reaction. When

45 the reaction first proceeded at 50 °C for 5 h and then ran at 80 °C
for 6 h, the desired unsymmetric diarylalkynes were obtained in
good yields. However, the symmetrical diarylalkynes were
formed as byproduct in 2~8 % yields (Scheme 12).

o}
H%{ 5 mol% Pd(PPhs),Cly
OH 10 mol% dppb
Ar—X  + or Ar=——=—=Ar
o o DBU (2 equiv), DMSO
X =1, Br, OTf >%/<
HO OH

selected examples

Ph
O=) -0O—04 O—C
Ph

78%°, 85%" 97%?, 83%" 69%2, 78%"

so Scheme 9 Synthesis of symmetric diarylalkynes. ®Yield from
propiolic acid, *Yield from 2-butynedioic acid.

2.5 mol% Pd(PPhs),Cl,

o o Monoarylation
Ph—X  + p=— z 5 mol% dppb N
OH DBU(2.0 equiv) Diarylation
DMSO, 3h
X Temp(°C) Ph===—CO,H Ph=—==—Ph
| 25 25%
| 50 84%
Br 50
Br 80 92%

ss Scheme 10 Coupling of propiolic acid with phenyl iodide and
bromide.

H

o 25mol% Pd(PPhs),Cly

5 mol% dppb (o]

4%
82%

(o]
H@—@—:—{
OH

0%

OH DBU (2 equiv), DMSO
50°C,5h

O~

Scheme 11 Comparative experiment of aryl iodide and bromide
in the coupling reaction.

60

65

This journal is © The Royal Society of Chemistry [year]

Journal Name, [year], [vol], 00-00 | 3



Electronic Supplementary Material (ESI) for RSC Advances
This journal is © The Royal Society of Chemistry 2013

2.5 mol% Pd(PPh3),Cl,
Ar'—| o) 5 mol% dppb
+ H— Arl———Ar?
OH DBU (2 equiv), DMSO 80°C,6h
50°C,5h

Ar?—Br

selected examples

68%, 8% 76%, 7%° 75%, 2%

s =N /=N
O—==0 wO—C Q=
Me

73%, 3%2 81%, 4% 74%, 4%2

Scheme 12 Synthesis of unsymmetric diarylalkynes, *Yield of
s symmetric diarylalkyne.

To solve this problem, a continuous microflow reaction system
was employed in the synthesis of unsymmetrical diarylalkynes
(Scheme 13).2* The catalytic system is almost the same as that in
10 the batch reaction. However, it is most important to find a system
for all reagents to be in solution in order to apply the batch
reaction methodology to flow chemistry. Because organic
reactions that require insoluble reagents cannot be applied in flow
chemistry. The optimized condition was first investigated under
1s which all reagents exist in solution at room temperature in the
reservoir. The optimized condition found involved one reservoir
containing aryl iodide and propiolic acid in DMSO, and another
reservoir containing palladium, ligand, and DBU in DMSO.
These two reservoirs were connected to a micromixer, and all
2 reagents in two reservoirs were mixed and reacted in the
microtube at 50 °C for 4 h. Then, the resulting mixture was mixed
with aryl bromide in the second micromixer, and reacted in the
microtube at 120 °C for 4 h. This continuous flow reaction system
afforded unsymmetric diarylalkynes in high yields with a trace
s amount of symmetric diarylalkynes as byproducts, and showed
high selectivity compared to the batch reaction system.

30

35

40

Arl—|
+
P—
Pd/L reaction
Base tube 1
Ar?—Br micro-mixer <€
pump
reacfion
tube 2
Arl———ar"
product

selected examples

. . ,(o . . /(O . Q
CHs OCH;
cl

65%, 3% 61%, 2% 77%, 0%

s o =N o /=N
O—==<1 S O=pmeO—==)
\ HsC \ 7

75%, 0% 56%, 7% 85%, 0%

Scheme 13 Microflow reaction of decarboxylative coupling
reaction, ®Yield of symmetric diarylalkynes.

45

Two different aryl bromides were employed instead of aryl
iodides and bromides for the synthesis of unsymmetric
diarylalkynes from the decarboxylative coupling of propiolic
acid.'® Goossen reported that [allylPdCl], (2.5 mol%), SPhos (7.5
so mol%), 3 equiv. of TBAF-3H,O showed good yields in the
synthesis of unsymmetric diarylalkynes. This selective reaction
was also controlled by temperature. The first step consists of a
Sonogashira coupling of the first aryl bromides with propiolic
acid to afford aryl alkynyl carboxyl acid at 50 °C. The second
ss Step was run at 80 °C after the other aryl bromide was added.
Good vyields were shown in a wide range of unsymmetric
diarylalkynes. Aryl bromides bearing hydroxyl and amine groups
afforded the desired coupled product in good yields. However,
there were no examples of one-pot reaction, in which all reagents
s0 are added at the beginning (Scheme 14).

65
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5 mol% [allylPdClI],

(o] 7.5 mol% SPhos Ar2—Br
Ar'—Br+ H— Arl———ar2
OH TBAF: 3H,0 (3 equiv) 80°C, 14 h
NMP/H0, 50 °C, 16 h
selected examples
HsCO
O—=0ro O—=
64% 34% HsCO 63%
A =) wem{ =~ o« O—)
50% 71% 55%

Scheme 14 Synthesis of unsymmetric diarylalkynes from two
s different aryl bromides.

S. Lee reported an aqueous system for the synthesis of
symmetrical diarylalkynes from palladium-catalyzed
decarboxylative coupling of propiolic acid and aryl bromides
1 (Scheme 15).%® They were focused on propiolic acid as a suitable
reagent for water-based solvent systems in the coupling reaction
of alkyne due to its good solubility in water. Pd(TPPMS),Cl,, a
water-soluble palladium source, and TPPMS, a water-soluble
ligand, showed good reactivity in the presence of octadecyl
1s trimethyl ammonium chloride (OTAC) as a phase transfer
surfactant (PTS). This method can be used under both microwave
and thermal heating conditions. The microwave system produced
the desired product in 15 min, and the thermal heating produced
the product in 3~20 h. However, they did not succeed in the
20 decarboxylative coupling with aryl iodides in the aqueous

medium.
O Pd/L
Ar—Br + H—=—A Ar—=—"Ar
OH DBU (5 equiv)
PTS (3 wt% of H,0)
H,0, 100 °C
Condition C Condition D

5 mol% Pd(PPhj3),Cl,
10 mol% dppb

2.5 mol% Pd(TPPMS),Cl,
5 mol% TPPMS

I <)\P/Ejl\soma
NMe; CI

TPPMS

OTAC

selected examples
N —N
s o) N —
= Q| [ = 8 _/ — N\ /
S (0]
84%2, 80%" 75%2, 729%" 89%?, 92%"

»s Scheme 15 Decarbxoylative couplings in aqueous condition,
aCondition C, °Condition D.

S. Lee and coworkers prepared Pd-CNT nanocomposite from a
composite of thiolated MWCNT and Na,PdCl,.'” This palladium

3 nanocomposite has an average diameter of 2.9 nm with a narrow
size distribution for the Pd-CNT. This Pd-CNT was applied as a
catalyst (5 mol% Pd) in the decarboxylative coupling of aryl
alkynyl carboxylic acid and aryl iodides. Aryl iodides bearing
cyano, bromo, and ketone groups produced the corresponding

35 products in 58%, 87%, and 92%, respectively. This reaction
system does not require an additional ligand, and showed good
activities in a variety of aryl iodides as well as aryl alkynyl
carboxylic acids (Scheme 16).

(o] cat. Pd-CNT
Ar'—l o+ ——Ar? Arl=——Ar2
HO DBU (2.0 equiv.)
DMSO, 90 °C
selected examples
O,
o =i o =) 3 O—=C)
H;C
2 58% 87% 92%

Scheme 16 Pd-CNT-catalyzed decarboxylative coupling.

Very recently, Kantam reported a phosphine-free catalytic system
for the decarboxylative coupling reaction of aryl halides.'® They
synthesized carboxyamido/carbene ligand and applied its
s palladium complex as shown in Scheme 17 in the
decarboxylative coupling reaction of alkynyl carboxylic acid and
aryl bromides. Only 0.5 mol% palladium catalyst was required
for the synthesis of aryl alkynes. However, the reaction
temperature was high, and only two examples of aryl chlorides
so Were reported.

[S)
(0]
|
N_ _Pd—N
t-Bu”p 0" 4
N=
\_/
O, 0.5 mol%
Al'-Br + —=—A¢ Arl—=—pAr?
HO Cs,CO3 (2.0 equiv)

DMF, 140°C, 1 h

selected examples

=0 O==X0 yO—=

86%2

86%2, 40%" 72%2
Scheme 17 Phophine-free decarboxylative coupling reaction,
ayjeld from ArBr , ®Yield from ArClI.

ss Wu and coworkers reported decarboxylative coupling reaction of
aryl chlorides by wusing cyclopalladated ferrocenylimine
catalyst.'® The coupling of aryl chlorides with alkynyl carboxylic
acids afforded the desired product in good yield as shown in
Scheme 18. They showed that aryl chlorides bearing electron-

s poor, electron-neutral and even inactive sterically hindered
electron-rich substituents afforded the desired decarboxylative
coupled products in good yields.

65
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1 mol% palladacycle
lo) 4 mol% Xphos
Al=Cl + P—=—Ar
HO K,CO3 (2.0 equiv)
xylene/H,0 (1/1 = viv)
120 °C, under air

Arl———Ar?

Palladacycle

= 5

Fe PI—C

Xphos

selected examples

MeAQ%R

R = n-Pent : 93%

0
§—©%R 02N4©%R
HaC

R = n-Pent : 98% R = n-Pent : 94%

Ph:92% Ph : 89% Ph :99%
-
R = n-Pent: 91% R =Me : 52% 92%
Ph:87% Ph :95%

Scheme 18  Cyclopalladated  ferrocenylimine-catalyzed
s decarboxylative couplings with aryl chlorides.

To reveal the real ligand and the role of the air, Wu and
coworkers conducted the controlling experiments as shown in

Scheme 19. They found that phosphine ligand L1 showed activity.

However, phosphine oxide L2, which is easily formed from the
oxidation of L1, did not give the coupled product. Based on these
results, they suggested that the real ligand must be the alkyl
phosphine ligand L1.

o)
MeO@CI + ) ——Ph

HO K,COj3 (2.0 equiv)
toluene, 120 °C

1

1S}

1 mol% Palladacycle
4 mol% ligand

MeO@%Ph

under N,
O 9 ligand = L1 : 94%
PCy, PCy, L2:0%
i-Pr: i-Pr i-Pr i-Pr under air?
O O ligand = L1 : 94%
L2:0%
i-Pr i-Pr

L1 L2

Scheme 19 Controlling experiments to define the real ligand

15 under air, *Toluene/H,O (1/1) as solvent.

a

S. Lee and coworkers also studied the mechanism of the
decarboxylative coupling using gas chromatography and FT-IR
spectroscopy.? They found that the decarboxylation of phenyl
propiolic acid occurred at 80 °C in the presence of DBU without
any metal. Pathways A and B were suggested (Scheme 20). In
path A, the decarboxylation step proceeds first, and then the
decarboxylated alkyne reacts with aryl palladium(ll) iodide
complex. In path B, phenylpropiolic acid reacts with aryl
palladium(ll) iodide complex to produce the phenylpropiolate
palladium complex before the decarboxylation step took place.
They found that the yield of decarboxylative coupling is higher

2

S

2

a

than that of the decarboxylation in 2 h at 80 °C. This result and
the additional experimental data suggested that path B was
suggested as the predominant pathway.

30

Ar—I

Pd(O)
Ar— F’d(ll) K
Al

e © r—Pd(Il)=—Ph
o}
oun® + Ph—=—H ph——X + DBU
lolS) OH
Ar Ar 0O
| S—=—pn
(Inpd—I (IPd—o0
- /‘ \_ co,
Pd(0)
Ar—=—ph \ Ar—Pd(ll)=—Fph
Scheme 20 Two proposed possible pathways in the

decarboxylative coupling reaction.

35 2.2. Coupling reactions with aryl boronic acids

Loh developed the decarboxylative coupling reaction with aryl
boronic acid instead of aryl halides.”* They employed Pd(OAc),
(2 mol%) as a catalyst, Ag,O as an oxidant, and KOAc as a base.
The desired coupled product was obtained in good yields at room
0 temperature. As shown in Scheme 21, heteroaromatic boronic
acid provided good yield of the desired product. Aryl boronic
acids possessing nitro group afforded the desired coupled product
without the reduction of nitro group. With the 4-bromophenyl
boronic acid, the aromatic halide survived in this coupling
ss reaction. Alkyl alkynyl carboxylic acids showed good yields in
this coupling reaction. The following mechanism was proposed:
aryl palladium species was formed from the transmetallation of
aryl boronic acid and palladium, and alkynyl silver complex was
formed from the decarboxylation of aryl alkynyl carboxylic acid.
so The transmetallation between these two metal complexes
produced palladium complex bearing two organic ligands, aryl
and alkynyl group. Reductive elimination afforded the desired
product and palladium(0) species, which is then oxidized by
silver to regenerate the palladium(ll). It was suggested that silver
s5 oxide works as an oxidant to oxidize the palladium(0), and as a
decarboxylative agent to generate the desired alkynyl metal
species (Scheme 22).
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5 mol% Pd(OAc),
Ag,0 (1.5 equiv)

Q KOACc (1.5 equiv)
Ar—B(OH), + ——R Ar———R
HO 4 A MS, CH.Cly, 1t, 12 h
selected examples
O,N
= = o=room
0 s
CHs 76% 79% 89%
HﬁO—@%C% mCO—@%n-Pent H3004©—:—<]

50% 89% 87%

Scheme 21 Decarboxylative coupling with aryl boronic acids.

_B(OH),
trans- Ar

metalation
Ary
PdL,

Co,

Ag !
P AcO L,Pd"
decarboxy- R/
lation v L
t oxidation
o rans-
/k metalation
= 0 Ary o Ag20
R A . PdL, LoPd
Ag
anion / / .
exchange reductive
- R elimination Ar

/ R//

Scheme 22 Proposed mechanism of decarboxylative coupling
with aryl boronic acids.

R

10S. Lee and coworkers also reported decarboxylative coupling
with aryl boronic acid using palladium hydroxysalen complex as
a catalyst.?? The reaction showed good reactivity in the presence
of 1 mol% of palladium hydroxyl salene complex at room
temperature (Scheme 21). However, Loh and Lee had never

1s reported that the decarboxylative coupling with propiolic acid and
aryl boronic acid to give the corresponding aryl alkynes.

20

25

=N_ N=
/Pd\
O o
HO 1 mol% OH
Ag,0 (1.3 equiv)
0 KOACc (1.3 equiv)
Ar—B(OH), + ——R Ar———R

HO CH.Cly, rt, 12 h

selected examples
H;C

H304©—5R Hsco—Q—ER @—ER

R =Ph:98%
n-Pent : 94%

R =Ph:69%
n-Pent: 72%

R =Ph:94%
n-Pent : 92%

(0]
2
I\_R N\_R >—©T—R
— Hs;C

R =Ph:28%
n-Pent : 24%

R =Ph: trace
n-Pent : trace

R =Ph:34%
n-Pent: 31%

Scheme 23 Pd-hydroxysalen-catalyzed decarboxylative coupling
with aryl boronic acids.

2.3. Decarboxylative coupling for the synthesis of diynes

s Jiao and coworkers reported the synthesis of unsymmetrical
diynes by the copper catalyzed decarboxylative sp-sp carbon
bond formation of aryl alkynyl carboxylic acids and terminal
alkynes.?® The yields of the desired products was moderate under
air, but it was trace under N,. The optimized condition was that

40 10 mol% Cul and 10 mol% 1,10-phenanthroline was employed
with EtsN (2.0 equiv.). With the optimal condition, they showed
the broad scope of the substrates (Scheme 24). But 3-(furan-2-
yl)propiolic acid and alkyl substituted terminal alkynes showed
lower yields than those from any others.

45

10 mol% Cul
[e] 10 mol % 1,10-phenanthroline
Ar——= + H—R Ar——==—=—R
OH Et3N (2.0 equiv)
DMF, under air
120 °C

51%

@%@—OMe MeO ——
(6]

33% 32%

Scheme 24 Copper-catalyzed decarboxylative coupling with aryl
propiolic acid with terminal alkynes.

so The direct synthesis of 1,4-diarylsubstituted 1,3-diynes from aryl
iodides and propiolic acid was independently developed by S.
Lee® and Kim®. They used Pd(PPh;),Cl, and Cul as catalysts,
but different bases and solvents were employed. S. Lee used

This journal is © The Royal Society of Chemistry [year]
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DBU for the coupling reaction of propiolic acid and aryl iodides,
and used K,CO; for the homocoupling of aryl alkynyl carboxylic
acid in DMSO solvent (Scheme 25). Kim used Et;N and Ag,CO;
in DMF (Scheme 26). The major difference is that S. Lee
s conducted a one-pot reaction by controlling temperature, whereas
Kim performed two-step reactions by the sequential addition of
reagent. However, the formation of diarylalkynes as a byproduct
was inevitable in both cases.
5 mol% Pd(PPhs),Cl,

10 mol% dppb
+ 10 mol% Cul

DBU (2.4 equiv), K;CO3 (1.2 equiv)
OH  DMS0,30°C6h—80°C3h

OCH; N= N

selected examples

>0
H;CO

0 68% 60%

Scheme 25 Synthesis of diynes in the presence of K,COs.

15

5 mol % Pd(PPhy),Cl,  Ag2CO3
* o 10 mol % Cul (2.0 equiv)
Ar =—————Ar
H—=— EtsN (3.5 equi
3 .5 equiv) o
OH DME. 1, 6 h 130°C, 20 h
selected examples
PR Sy W) S o S
79% 66%

OCH, H,CO
59% 74%
Scheme 26 Synthesis of diynes in the presence of Ag,COs.

Fu reported the copper-catalyzed decarboxylative coupling

20 reaction of potassium alkynyl carboxylates with 1,1-dibromo-1-
alkenes for the synthesis of unsymmetrical diynes.?® They found
that neocuproine was the best ligand than any others phosphine
and amine based ligands (Scheme 27).

25

30

10 mol% Cul
Br O 10 mol% neocuproine
~— 4+ — R2 Rl R2
=R ————R
R'" Br ko Cs,CO;3 (3.0 equiv)

diglyme, 100 °C

selected examples

Meo::

n-BuO,C

83% 51%

Scheme 27 Synthesis of diynes from 1,1-dibromo-1-alkenes and
35 alkynyl carboxylic acids.

2.4. Decarboxylative coupling with C-H activation

Zhao reported the synthesis of C-3 alkynylated indolizines via the
C-H activation of indolizine and decarboxylation of alkynyl
carboxylic acid.”’ The palladium-catalyzed direct arylation of

a0 heteroaromatic compounds such as indolizines with aryl halides
has been studied. This C-H activation toward decarboxylative
coupling reaction was expanded. Substituted indolizines provided
C-H activated coupled products in good yields in the presence of
Pd(OACc), (5 mol%) and Ag,CO; (1.0 equiv) (Scheme 24). The

45 proposed mechanism was as follows: the palladium(ll) was
reacted with alkynylsilver, which was formed from
decarboxylation of phenyl propiolic acid, affording alkynyl
palladium complex, followed by electrophilic attack of the
generated Pd(Il) species to indolizine group to produce alkynyl

so indolizinyl palladium complex. Reductive elimination of
palladium complex releases coupled product and Pd(0) species,
which are regenerated and oxidized to Pd(Il) by silver (Scheme
25).

E 5mol% Pd(OAc), E
>+ o Ag5CO; (1.0 equiv) N ar
N + —=Ar N 7
\ HO DMSO/dioxane \

80°C,12h

selected examples

NC. NG CHs
B e
B oS
= =

EtO,C

7\
oS
=

81% 76% 75%
NC ' NG NG
/N = I\ A
— —
’ CH I N = ‘ N =
= s L ocHs U cl
83% 81% 7%

55

Scheme 28 C-H activation with decarboxylative coupling.
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Scheme 29 Proposed mechanism of C-H activation with
decarboxylative coupling.

2.5. Decarboxylative Carbonylations

Sonogashira-type decarboxylative carbonylation was first
reported by S. Lee.?® Alkynyl carboxylic acid was decarboxylated
in a carbon monoxide atmosphere, affording carbonylative

10 coupled product. 0.5 mol% Pd(PPh;),Cl, was employed without
any additional ligand. When Et3;N was used as a base instead of
DBU, the product yields showed good. Under these optimized
conditions, a variety of aryl iodides produced the desired a,B-
alkynyl aryl ketones in good yields (Scheme 30).

15

CO (10 atm)
o) \?.5 mol% Pd(PPh3),Cl, Q\
Ar—l  + ——R C———R
HO Et3N (5 equiv), toluen;\ Ar'
100°C, 3 h co,

10 mol% Cul (for R = Alkyl)

selected examples

0\\ o\\ . o\\
C—— C——= C=———n-Pr

S § !
FsC NC
87% 53%°

42%

Scheme 30 Decarboxylative carbonylation, 10 mol% of Cul
20 were used.

Non-carbonylative coupling product was formed as a byproduct
in the presence of Cul. However, in the absence of Cul, the
desired carbonylative coupling product was formed without any
formation of non-carbonylative coupling product (Scheme 31).

25

30

(o) 0.5 mol% Pd(PPh;),Cl, Carbonylative
Ph—I + — R arylation
HO Et;N (5 equiv), toluene + )
100°C. 3 h non-Carbonylative
’ arylation
under CO (10 atm)
It
R Cul Ph=-C———R Ph=—=——R
Ph - 89% 0%
Ph 10 mol% 59% 44%
n-Pent - 38% 0%
n-Pent 10 mol% 1% 13%

Scheme 31 Copper effect in the decarboxylative carbonylation.

s As an expansion of decarboxylative carbonylation, S. Lee
reported the synthesis of aryl alkynones from the palladium-
catalyzed selective carbonylative and non-carbonylative coupling
reaction of propiolic acid.*® When aryl iodide (2 equiv.) and
propiolic acid (1 equiv.) were reacted under CO (8 atm) with

40 Pd(PPh3),Cl, (5 mol%), Cul (10 mol%), and EtzN (6 equiv.), aryl
iodide proceeded in selectively non-carbonylative and
carbonylative coupling toward propiolic acid (Scheme 32). They
found that alkynyl carboxylic acid prefers carbonylative coupling
in both the presence and absence of Cul. However, terminal

45 alkyne afforded carbonylative product in the presence of CuCl
and non-carbonylative product in the absence of CuCl.

9

c
R _Z T
A S
| R

5 mol% Pd(PPh3),Cl,
o 10 mol% CuCl

I+ H—=

OH Et;N (6 equiv), CH3CN

80°C,1h
under CO (8 atm)
selected examples
o (o]
I 1
pZ ¢ Yz ¢
Z4
= ©\ OCHj
Br H3CO
Br 8 o
62% [¢] 60%
(o] (o]

I 11

C S C
\

67% 72%°

so Scheme 32 One-pot synthesis of diaryl
Bromostyrene was used.

alkynones. -

3. Copper-Catalyzed Decarboxylative Couplings

Xue and coworkers first reported the copper-catalyzed
decarboxylative coupling of aryl alkynyl carboxylic acid with
ss aryl iodides and bromides.*® The catalytic system of Cul (10
mol%) and phenanthroline (10 mol%) afforded the desired
product in good yields in the presence of Cs,CO3. Although the
reaction temperature was high (130 °C), this reaction method
showed good tolerance toward functional groups such as alcohols,
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amines, ketones, esters, nitros, and carboxylic acids (Scheme 33).
In addition, they provided the one-pot synthesis of benzofuran
from the domino reaction of 2-iodophenyl and alkynyl carboxylic
acid (Scheme 34). Based on computational investigation, they

5 suggested that the oxidative addition of aryl iodides to copper(l)
first occurred and produced copper(lll) complex, which
subsequently reacted with alkynyl carboxylic acid to give the
desired coupled product through decarboxylation and reductive
elimination (Scheme 35).

10 mol%Cul
(0] 10 mol% Phen
Ar—X + =R Ar—=—R
HO Cs,CO3 (1.5 equiv)
" X =1 Br DMF, 130 °C, 24 h
selected examples
OCgH17
OCgH47
R =Ph:88%2 93%2 78%°
n-Bu : 84%?

Scheme 33 Decarboxylative coupling by copper catalyst. *Yield
from aryl iodide, ®Yield from aryl bromide.

15

10 mol% Cul
10 mol% Phen

I+
(6]

R =Ph:86%
n-Pent : 83%

|
@i + HO,C——R
OH

Cs,CO3 (1.5 equiv)
DMF, 130 °C, 24 h

Scheme 34 Synthesis of benzofuran from the domino reaction.

Ar—I| + Cul

Cu [11)]

Ar— Cu(III) Ar— Cu(III)

—

co,
20 R

Scheme 35 Proposed mechanism of the copper-catalyzed
decarboxylative coupling reaction.

Mao reported an improved method (lower catalyst loading) for

25 copper-catalyzed decarboxylative coupling reactions (Scheme
36).%! They used Fe(acac); as a co-catalyst and reduced the
amount of copper catalyst to 0.5 mol%. 2:1 or 1:2 Fe catalyst to
Cu catalyst ratios had better results than the 1:1 ratio. The

reaction was carried out with K;PO, at 140 °C under argon. In

3 their reaction system, the addition of palladium catalyst did not
improve the yield of product (Scheme 37). Based on this result,
contamination by residual transition metals in the catalytic system
of Cu/Fe was ruled out.

0.5 mol%Cul
O, 1 mol% Fe(acac);
Ar—X + ) — R Ar———R
HO K3PO, (2.0 equiv)
X=1,Br DMSO, 140 °C

selected examples

CI—@%R H NC O —

R = Ph : 99%?
n-Pent : 51%2

75%> 7%

35

Scheme 36 Copper-iron-catalyzed decarboxylative coupling,
3Aryl iodide was used, "Aryl bromide was used.
0.5 mol%Cul

1 mol% Fe(acac);
1 mol% Pd

(0]
H3CO@I+ )= Ph MeOAQ%Ph
HO

K3POy4 (2.0 equiv)

DMSO, 140 °C
Pd =PdCl, : 13%
Pd(OAc), : 45%
without Pd : 99%
Scheme 37 Palladium effects of copper-iron-catalyzed

a0 decarboxylative coupling.

Two years later, a catalytic system of Cul/PPh; without iron in
the decarboxylative coupling of alkynyl carboxylic acids with
aryl iodides and bromides was reported.*> Compared with the

45 previous report, the amount of copper catalyst was increased to 2
mol%, and the reaction temperature was decreased to 90 °C.
However, the reaction was still conducted under argon. Among
the phosphines and amines ligands tested, PPh; showed the best
yield (Scheme 38). This catalytic system was employed for

s0 decarboxylative coupling in water.® The reaction conditions were
almost the same as those in the previous reported system. Aryl
iodides were reacted in the presence of Cul (2 mol%), PPh; (4
mol%), and K,COj3 (3 equiv.), affording the desired product in
good yields (Scheme 39). In the case of aryl bromides, TBAB
ss (tetrabutyl ammonium bromide) as the phase transfer catalyst and
2 equiv. of Nal were required for higher yields. The suggested
mechanism was that copper(l) first reacts with alkynyl carboxylic
acid and produces the alkynyl copper complex through
decarboxylation. The alkynyl copper complex reacts with aryl

60 halides and forms aryl alkynyl copper complex, which produces
the desired product after reductive elimination. (Scheme 40).
Their suggested mechanism was opposite to the previous report
by Xue and coworker, in which the oxidative addition of aryl
halide occurred on Cu(l) before decarboxylation.
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10 mol%Cul
20 mol% L

Ph MeO@%Ph
K3POy (2.0 equiv)

DMSO, 90 °C, 24 h

[e]
MeO@—I + =
HO

PPh PPyPh P'Bu PC
8 i 3 v3 Ph,P  PPhy
75% 28% 1% 4% 3%
o LI oo S
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OH OEt
H OH L4 Nig
=
OH
13% 5% 12% 18% 15%

Scheme 38 Screening of ligands in the copper-catalyzed
decarboxylative coupling reaction.
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2 mol% Cul
(o] 4 mol% PPhg
Ar—X + J—R Ar=——R
HO K,CO3 (3.0 equiv)
X=1,Br H,0, 100 °C, 24h, Ar

selected examples

(0]
H3;C
HaCO = —
— pp ( ,)—=Ph
\ N

R =Ph:99%?
n-Pent : 99%2
CHj : 23%2

80%P 53%P
Scheme 39 Cu/PPhs-catalyzed decarboxylative coupling

reactions in water. *Aryl iodide was used, "Aryl bromide, 2 equiv.
15 of Nal and 1 equiv. of TBAB were used.

Cul
L L=pPh,
Ar———R,
L3Cul 0
R%/<
oL Base OH
R
I\ // L 9
SN LrmiCurnO
L Ar I/
-CO
L + KX L\ L 2
Cu
< \I

ArX + K,COs |‘|

Scheme 40 Proposed mechanism of the copper-catalyzed
decarboxylative coupling reaction in aqueous condition.

Muthusubramanian reported the copper-catalyzed synthesis of

2 2-arylindoles from domino decarboxylative coupling and
cyclization.** They prepared aryl alkynyl carboxylic acids from
the coupling reaction of aryl iodides and propiolic acid in the
presence of Pd(PPh;),Cl, (2 mol%), Cul (4 mol%), and iPr,NH
(2.5 equiv.). When 2-iodotrifluoroacetanilide and aryl alkynyl

25 carboxylic acids were reacted with CuBr (5 mol%), L-proline (15
mol%), and K,CO; (2 equiv.), the desired 2-arylindole was
formed in good vyields (Scheme 41). When 2-iodobenzoic acid
and phenyl propiolic acid were reacted under the same conditions
in DMF, a mixture of isocoumarin and phthalide was formed in

30 equal amounts with an overall yield of 52 % (Scheme 42).

R
Ty~
selected examples
(o] NC
O
N OH N
H H N

70%

5 mol% CuBr
15 mol% L-proline

IZ_ .,

HO K,COj3 (2equiv), DMSO
100°C, 3 h

79% 78%

Scheme 41 Synthesis of 2-arylindoles.

[0}
OH 5 mol% CuBr 0, o
[e) 15 mol% L-proline o o
|+ =—Ph )P+
HO K,COj3 (2equiv), DMSO AN
100°C, 15 h Ph
35 52% (50 : 50)

Scheme 42 Synthesis of isocoumarin and phthalide.

Jiao and coworkers reported the coupling reaction of aryl

boronic acids instead of aryl halides by the copper catalyst.®
40 When benzoquinone, Et;N and pyridine (2 equivalents) and under

an air atmosphere with CuCl,2H,0 showed good catalytic

activity for the coupling reaction. However, the usage of the

electron deficient aryl boronic acids or alkyl alkyne carboxylic

acid for the reaction resulted in the low yields of the coupled
45 products (Scheme 43).

5 mol% CuCl,- 2H,0

BQ (2.0 equiv)
Et3N (2.0 equiv)

pyridine (2.0 equiv)
Ar—B(OH), + ——R Ar———R
HO CICH,CH,CI, rt
under air

selected examples

wol J=+C) =0 «O—=<)
CH3

84% 77% 53%
A e & iy P W
[e]
H
32% 40% 37%

Scheme 43 Copper-catalyzed decarboxylative coupling of aryl
boronic acids.
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4. Nickel-Catalyzed Coupling Reaction

Nickel-catalyzed decarboxylative coupling reaction of alkynyl
carboxylic acids were first reported by S. Lee®® Allyl acetate was
s employed as a coupling partner. Ni(OAc),-4H,0 (10 mol%) and
dppb (12 mol%) were used as a catalyst and ligand, respectively
(Scheme 44). 10 mol% AgOAc and 1 equivalent of Zn were

respectively employed as an additive and reducing agent of Ni(ll).

The reactions were carried out at 100 °C for 0.5 h. A variety of

10 the substituted aryl alkynylic carboxylic acid was coupled with
allyl acetate, affording the desired products in good yields.
Interestingly, the allenes were obtained in the presence of bases
such as Cs,CO; and DBU (Scheme 45).

10 mol% Ni(OAc),-4H,0
12 mol% dppb
O, 10 mol% AgOAc
RTX"0Ac +

HO

7

Zn (1.0 equiv) Ar
DMSO, 100 °C, 0.5 h

selected examples

A A
\/\@\ A Ph/\/\©
tBu OCHj;
(@]

15 95% 62% 71%

Scheme 44 Nickel-catalyzed decarboxylative coupling.

10 mol% Ni(OAc),-4H,0
12 mol% dppb
10 mol% AgOAc

: R
R =H:62%2 69%°
CHj : 65%"

Zn (1.0 equiv)
Base (1.0 equiv)
DMSO, 100 °C, 2 h

Scheme 45 Synthesis of allenes, ®Cs,CO; was used, "DBU was
used.

20
5. Silver Catalyzed-Coupling Reaction

The decarboxylative addition of aryl propiolic acid and NaN;
was reported by Choi and S. Lee® Silver-decorated graphene
oxide catalyst (GOSH-Ag) was prepared by depositing silver

25 nanoparticles on thiolated grapheme oxide (GOSH) surfaces.
When 1 mol% of GOSH-Ag was used in the reaction of phenyl
propiolic acid and NaN3, the desired 1,2,3-triazole was formed in
good yields (Scheme 46). This catalyst could easily be separated
and recovered from the reaction mixture and reused several times.

HN
S
N=y

o) GOSH-Ag

NaN; +

HO KoCO3 (2.0 equiv)

DMSO, 80 °C, 12 h

N\N N:N

57%

30
selected examples

(0]
HN\
N=N C CH,

55% 50%

Scheme 46 Silver-catalyzed decarboxylative cyclization reactions
leading to triazoles.
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6. Synthesis of Aryl Alkynyl Carboxylic Acids

With increasing attention being paid to the decarboxylative
coupling of alkynyl carboxylic acid, a variety of synthetic
methods have been developed for their synthesis. There are a
number of methods to synthesize alkynecarboxylic acids,

including the hydrolysis of alkynyl carboxylates,®® the
elimination of bromo-substituted carboxylic acids, 3" the
oxidation of alkynyl alcohols and aldehydes,®* and the

carboxylation of alkynes.® %% Among these, C-H carboxylation
of terminal alkynes with carbon dioxide has been studied more
often and more widely used. However, this approach has several
drawbacks, such as the preparation of the terminal alkyne as a
starting material from the Sonogashira coupling, and the
employment of carbon dioxide, which necessitates special
equipment. To overcome these problems, the direct synthesis of
aryl alkynyl carboxylic acid from the site-selective Sonogashira
coupling reaction of propiolic acid and aryl halides has been
developed.

The Sonogashira coupling reaction of propioic acid and aryl
bromides was first reported by Buchwald® The reaction was
carried out with Pd(CH3CN),Cl, and sulfonated XPhos, a water-
soluble phosphine ligand (Scheme 47). The reaction was
conducted in a mixture solvent of water and CH;CN. However,
the desired product aryl alkynyl carboxylic acid was converted to
methyl ester using trimethylsilyldiazomethane to ease purification.
For this reaction to proceed the reaction temperature was set at 60
°C, and the ligand has to be prepared (Scheme 48).

PCY2 1) H,SO, (20% SOg) PCy2
i-Pr O iPr CH,Cl,, 0°C - RT -PT O i-Pr
2) NaOH, H,0, 0 °C
i-Pr SO3Na
93%
Scheme 47 Preparation of sulfonated XPhos.
Ar—Br 2.5 mol% Pd(CH;CN),Cl,
. 7.5 mol% ligand TMS—N, o]
o Ar=——
H%-/( Cs,CO; (4.0 -5.0 equiv) CH3OH/Et,0 OCHj,
OH  H0/CH,CN, 60 °C
(1.3 equiv)

examples of products

o} o}
: OCHj3 : OCHj3
MeO HO,C

70% 69%

Scheme 48 Coupling reaction of propiolic acid and aryl bromides.
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S. Lee developed the direct synthesis of aryl alkynyl carboxylic
acid from the site-selective reaction of propiolic acid with aryl
iodides.*® The reaction was carried out with Pd(PPh;),Cl, (2.5
mol%), dppb (5 mol%), and DBU (2 equiv.) at 50 °C. When
Cu(acac), was added to the reaction mixture, the desired aryl
alkynyl carboxylic acid was formed at 25 °C, and the resulting

mixture afforded decarboxylated product, aryl acetylene, at 60 °C.

This reaction method provided a simple and efficient tool for the
synthesis of aryl alkyne carboxylic acid and aryl acetylene from
aryl iodides. Under these reaction conditions, only aryl iodides
coupled with propiolic acid, and produced the corresponding aryl
alkynyl carboxylic acid and terminal alkynes (Scheme 49).

2.5 mol% Pd(PPhs),Cl,

(0] 5.0 mol% dppb O
Ar—l + H%< Ar=—— \
OH DBU (5 equiv) OH

DMSO, 50 °C, 5 h

2.5 mol% Pd(PPh3),Cl,
5.0 mol% dppb

e) 10 mol% Cu(acac),
Ar—l + H%< Ar=——=—H
OH DBU (5 equiv), DMSO

25°C,5h—>60°C,6h
selected examples

o) o)
HaCO C OH

CHs
48%

OCHs

42% 42%

Scheme 49 Synthesis of aryl alkynyl carboxylic acids and aryl
alkynes.

S. Lee and coworkers reported the synthesis of aryl alkynyl
carboxylic acid from the Sonogashira coupling of propiolic acid
and aryl bromides or aryl triflates using Pd(PPhs),.** The reaction
temperature was 25 °C for aryl bromides bearing electron
withdrawing groups, and 35 °C for those bearing electron
donating groups. Their method showed good tolerance toward
functional groups such as alkoxy, ketone, ester, aldehydes, cyano,
nitro, and hydroxyl (Scheme 50). In addition, they found that
propiolic acid showed higher reactivity than other terminal
alkynes. Among terminal alkynes, only propiolic acid coupled
with 4-tert-butylbromobenzene to produce the desired product in
83% vyield (Scheme 51). They found that the oxidative adduct
palladium complex reacted with propiolic acid to produce the
coupled product, even in the presence of phenyl acetylene
(Scheme 52). Based on mechanistic studies using
chronoamperometric analysis,** it was suggested that the key
reaction step for the high reactivity of propiolic acid might be
ligand exchange between the acetylide and bromide at palladium,
and/or reductive elimination, but not the oxidative addition step.

40

45

50

55

60

0 5 mol% Pd(PPhs), o)

Ar—X + H%< Ar

OH DBU (2 equiv), DMSO
25-35°C, 24h

\
OH
X =Br, OTf

selected examples
[e) o) O O 0]
HaCO C ~ OHHO : OH H : OH

87% 93% 93%

H;CO
(o] (o] o)
OH OH OH
H3CO
85%

83% 74%

Scheme 50 Synthesis of aryl alkynyl carboxylic acids from aryl
bromides.

t-Bu@—Br + H—=R

5 mol% Pd(PPhs),

BU‘@%R

R =CO,H : 83%
CO,Me : 0%
Ph : trace
SiMe; : 0%
C(Me),0OH : 0%

t_
DBU (2.0 equiv), DMSO
35°C, 24h

Scheme 51 Sonogashira reaction with terminal alkynes.
H—

o 0
NC —
PPh; ~OH <:> ZOH
NC‘@*F’:d-Br . (20 equiv)
PPhy _ DMSO, 25°C
H—=—Ph NC@%Ph

(20 equiv) 4%

DBU (40 equiv)

R

Scheme 52 Comparative coupling reaction of phenyl acetylene
and propiolic acid.

7. Decarboxylation

Kolarovic first reported the copper-catalyzed decarboxylation of
alkynyl carboxylic acids.*? The catalytic systems of Pd(OH),/C
did not give satisfactory results in the decarboxylations (Scheme
53). The best result was obtained when CuCl (5 mol%) was
employed in CH;CN at 60 °C. It was found that the presence of 3
equivalents of Et;N accelerated the reaction rate in some cases
(Scheme 54).

HO O 5mol% Pd(OH),/C  HO
— ——H
R OH CH4CN, 60 °C R
HO HO HO HO
S — — -
——H S =
N\ / Cl N\ / H3CO
cl Br H,cd  ocH,  © y

57% 54% 35% 40%

Scheme 53 Decarboxylation using by Pd(OH),/C.
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5 mol% CuCl

O Et;N (3.0 equiv)
R— R——=—H

OH  MeCN, 60 °C

selected examples

OH OH OH
N X ™
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HC ~Z b NC

HoC- S
CHs 96% 88% 92%
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OH P H
R s Ph(t-Bu)Si< 2
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86% 83%, 90%* 86%°
Scheme 54 Copper-catalyzed decarboxylation.?EtsN 3.0 equiv.

5 was used.

8. Coupling reactions for the formation of C-N / C-P / C-S
bonds

Decarboxylative carbon-nitrogen bond formation was reported
by Jiao* The coupling reaction of alkynyl carboxylic acids and
10 amides afforded the desired ynamides via copper-catalyzed
oxidative amidation. The optimized conditions involved
CuCl,-2H,0 (10 mol%) as a catalyst and Na,CO; as a base. In
addition, air was needed as an oxidant to complete the catalytic
cycle. A variety of substituted aryl alkynyl carboxylic acids
15 showed good yields, but only secondary amines bearing electron
withdrawing groups such as carbonyl and sulfonyl produced the
desired C-N bonded products. Tolerance toward functional
groups such as ester, aldehyde, and sulfone was demonstrated
(Scheme 55). The mechanism shown in Scheme 56 was
20 suggested showing that alkynyl copper(ll) was formed via the
decarboxylation of copper(ll) intermediate. Nucleophilic attack
by the amide compound affords the Cu(ll)(alkynyl)(amidate)
intermediate, followed by reductive elimination leading to the
desired product. Cu(0) was reoxidized by air to fulfill the
25 catalytic cycle (Scheme 56).

10 mol% CuCl,-2H,0

EWG o NapCO; (2.0 equiv)  EWG
/NH + ——R' ,N ——R'
R HO toluene, 100 °C R
under air
selected examples
o o o
o//< _HiCOT N\= H _
k/N ——R N=———R N=—=—=—Ph
R=Ph:83% R =Ph:68% 39%
n-Hep : 65% n-Hep : 75%
o
(0] 0o
\
H3C@\S\/ O/[<N = ph
N—=—Ph N—=—pn L

HaC \©

33% 32% 68%

Scheme 55 Decarboxylative C-N bond formation.

R
Z

o BH'X"
OH base
2 base R

HZO R Cu'X, 0/
- b

1R2 I
RZRN SBHY XCu
1/2 O, ! CO,
XCu
R N
A
/ \R
"RZRN~ (i base \\/
BH'X" H-NR'R?

30

Scheme 56 Proposed mechanism of decarboxlative C-N bond
formation.

Yang and coworkers have developed the C-P bond formation

s of aryl alkynyl carboxylic acids with HP(O)R, through the

catalytic combined efforts of both palladium and copper (Scheme

57).* The usage of 1,10-phenanthroline and PPh; as ligands, and

AgOACc as oxidant in NMP provided good yields of the coupling
reaction products.

40
5 mol% Cu,0

10 mol% 1,10-phenanthroline
5 mol% Pd(acac),

9 o 10 mol% PPhy 9
R- ?H + > — Ar . R,FI’ ——Ar
g HO AgOAc (3.0 equiv) R'

NMP, 120 °C
selected examples

? C e C 2 C
Ph/'la — OCHs EtO’E’ — OCHj EtO’ﬁ’ — OCHj

Ph Ph OEt
80% 58% 49%

Scheme 57 Decarboxylative C-P bond formation.

s Liu reported copper-catalyzed decarboxylative C-S cross-
coupling.”® When alkynyl carboxylic acid and thiol were reacted
in the presence of Cul (4 mol%) and Cs,CO; (1.2 equiv), vinyl
sulfides were formed, not the alkynyl sulfides. All thiols afforded
anti-Markovnikov coupling products in good to excellent yields

so with high stereoselectivity for Z-isomers. Importantly, this
method was tolerant of a broad range of functional groups,
including amines, alcohols, halides, and nitrogen-containing
heterocycles. The tolerance of halides enables further
derivatization through cross-coupling reactions (Scheme 58).
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4.0 mol% Cul
O Cs,CO;3 (1.2 equiv) —
R-SH + ) —Ar R-S
HO NMP, 90 °C, 24 h
Z-selective

CO,
selected examples

QLoD o

81%(92:8=Z:FE) 80% (85:15=Z:FE) 81% (94:6=Z:E)

Br

Br H3;CO
94% (68:32=2Z:E) 89% (70:30=2Z:E)

-
90% (30:70=Z: E)

s Scheme 58 Decarboxylative C-S bond formation.

9. Multicomponent Coupling Reactions

Van der Eycken and coworkers reported the synthesis of 1,4-
diamino-2-butynes using copper-catalyzed one-pot coupling
1 reaction of propiolic acid, aldehyde, and amine.”® Symmetrical
substituted diamino alkynes were obtained when the reaction was
conducted under microwave conditions. Alkyl aldehydes showed
good vyields, but benzaldehyde gave only 28% vyield. Only
secondary amines afforded the desired product. The primary
1s amine produced only trace amounts of the desired product

(Scheme 59).
R'\N,R" R _R" 30mol% Cul R" R\
O N toluene R'—N N-R'
H + H%< + H " >—E—<
R No OH R o MW, 100°C R R
30 min
selected examples
:\—N: iN—/: Q ,n-Bu n-Bu Q

__ Br N N Br

Et Et _

Et Et
CHs  HsC CHa  HsC
58% 89%

28% trace

20 Scheme 59 Synthesis of 1,4-diamino-2-butynes from three-
component reaction.

Three-component click-chemistry  coupling reaction was
reported by Kolarovic*’ Aryl iodides, NaNs, and alkynyl
25 carboxylic acid were reacted in the presence of CuSO,-5H,0 (10
mol%), sodium ascorbate (20 mol%), L-proline (20 mol%), and

K,CO;3 (1.2 equiv) to afford the desired 1,2,3-triazoles in good
yields. This method avoids the usage of volatile low-molecular-
weight terminal alkynes, reduces the handling of potentially
30 unstable and explosive azides, and provides the desired product
with good purity without any additional purification steps. In
addition, alternative reaction conditions were provided to allow
for both non-decarboxyliative and decarboxylative coupling
product (Scheme 60). Similar decarboxylative click-chemistry
s reaction was reported by Schoffstall®® They employed alpha-
bromoacetophenone instead of aryl halides (Scheme 61).

10 mol% CuS0O4-5H,0
20 mol% sodium ascorbate

o) 20 mol% L-Proline R
O - -0
HO i N=N

NaNj3; (1.5 equiv)
K2CO3 (1.2 equiv)
DMSO/H,0, 65 °C

R=H:61%
CH3 : 95%
Et: 97%
n-Pr : 96%
n-Pent : 95%

5 mol% CuS0Oy4-5H,0 o)
10 mol% sodium ascorbate
20 mol% L-Proline

O
OH

40 Scheme 60 Synthesis of 1,2,3,-triazole from alkynyl carboxylic
acid.

K,COj3 (1.2 equiv)
t-BuOH/H,0, rt
o >99%

sodium ascorbate

0 ) CusO, o NN
Br+ ) ——Ph N/ —Ph
Ph)l\/ HG NaN5 (3.0 equiv) Ph)\’
t-BUOH/H,0 86%
80°C

45

Scheme 61 Three-component reaction for the synthesis of 1,2,3-
triazole.

S. Lee reported the copper-catalyzed one-pot synthesis of
imidazo[1,2-a]pyridines from the three-component reaction of 2-
aminopyridine, aldehyde, and alkynyl carboxylic acids.*® The
catalysts of Cul and Cu(OTf), afforded the desired imidazo[1,2-
a]pyridines in good vyields. Good yields were obtained with
propiolic acid (Scheme 62). Aryl alkynyl carboxylic acids were
prepared in situ, and used for the coupling reaction with 2-
aminopyridine and benzaldehyde. Based on this concept, S. Lee
also reported the four-component reactions of 2-aminopyridine,
aldehyde, aryl iodide and propiolic acid to produce the desired
imidazo[1,2-a]pyridine in good yields. (Scheme 63). In the
reaction with propiolic acid, two pathways were proposed to form
3-methyl-2-phenylimidazo[1,2-a]pyridine: path A, in which the
decarboxylative coupling reaction occurs first, and path B, in
which the reaction at the terminal alkynyl carbon occurs first.
Deuterium exchange experiments showed that dideuterated
product was formed much more than trideuterated product. This
result suggested that two alternative pathways, C and D, are both
involved in the reaction, but that path C dominates over path D
(Scheme 64).

5

=)

o
@

6

S

6!

@

This journal is © The Royal Society of Chemistry [year]

Journal Name, [year], [vol], 00-00 | 15



Electronic Supplementary Material (ESI) for RSC Advances
This journal is © The Royal Society of Chemistry 2013

10 mol% Cul

10 mol% Cu(OTf), %R

R NH.
AR 2 o o]
A N
Z DMSO, 110 °C
R"

selected examples

AN=N =N =N

-0 C-0 TR0
n-Bu

() o

Cl

71% 61% 56%?

HO
NN HsC A~ _N NN
CHs CH, CHy

55%P 69%° 70%°
Scheme 62 Three-component reaction for the synthesis of
s imidazo[1,2-a]pyridines. ®2-Pentynoic acid was used, °Propiolic

acid was used.

5 mol% Pd(PPh;),Cl,

O 10 mol% Cul (o]
Ar—I| + H—4: Ar——é:
OH DBU (2 equiv) { OH
DMSO, 25 °C
Z Nz +
Ph N
SN/ H™ "Ph
10 mol% Cu(OTf),
Ar 110°C

selected examples

//NPh //Nph//NPh/,N
S NZ SN S NZ \N/F'h

e}

75% 45% 64% 57%

10 Scheme 63 Four-component reaction for the synthesis of
imidazo[1,2-a]pyridines.
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[Cu] o
0 N Ph o
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H N .
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XN — ~ pn
X e Crpe O
H
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s Scheme 64 Proposed mechanism of the decarboxylative coupling
reaction in the synthesis of imidazo[1,2-a]pyridines.

10. Applications

T. C. Lin and coworkers synthesized a series of star-shaped

s multipolar chromophores containing functionalized quinoxaline
and quinoxalinoid units that showed two-photon absorption
properties, both in the femtosecond and the nanosecond time
domain.® For the synthesis of diaryl alkyne precursor, 2-
butynedioic acid was employed as an alkyne source, which was

ss developed by S. Lee, instead of using their previous
methodology.® The desired diaryl alkyne was successfully
obtained in 85% vyield from the coupling reaction of aryl
bromides and 2-butynedioic acid (Scheme 65).

}%/{
n Hexy\

" Hexyl 0.5 mol% Pd(PPhs),Cl, PHOV  n-Hexyl
_ 10mol%dppb _ O
SRS O TRD—0
DBU, DMSO O
110°C, 8 h, Ar Ho

n-Hexyl @
85%

Dendritic Chromophores

20 Scheme 65 Synthesis of star-shaped multipolar chromophores.
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Loye synthesized unsymmetrically substituted heterocyclic
alkyne 5-(pyrdin-3-ylethynyl) picolinonitrile via one-pot
Sonogashira and decarboxylative coupling reaction, which was
developed in 2008 by S. Lee.® 3-lodopyridine was employed for
the Sonogashira coupling with propiolic acid, and 5-bromo-2-
cyanopyridine was employed for the decarboxylatvie coupling.®
The coupled product was transformed into the corresponding acid
and employed as a ligand for the construction of two-dimensional
lead(Il) coordination polymer (Scheme 66).

3}

CN COOH
B o
2.5 mol% Pd(dba), = l >~
— 10 mol% dppf NaOH
N/ enr woeam I I
N TBAF (4.0 equiv) 90 °C, 12h 7:3 EtOH/H,0
NMP rt, 21 h 90 °C, 4h
= | ! =
N N
(one-pot)
10 (not isolated) 43% 64%

Scheme 66 Synthesis of unsymmetrically substituted heterocyclic
alkyne.

Skrydstrup reported the synthesis of two isotopically labeled
15 variants of the g-amyloid binding compound FSB.> In the course
of the synthesis of the final products, one-pot Sonogashira and
decarboxylative coupling reaction were used instead of the
previous three-step synthetic procedure which was Sonogahira
coupling, deprotection and another Sonogashira coupling. The
20 desired coupled product was obtained in 43% yield from 1,4-
dibromo-2-fluorobenzene, 2-chloro-4-iodoaniline, and propiolic
acid under a catalytic system of Pd(PPhs),Cl, and dppf. The yield
of this reaction is an impressive 81% per C-C bond formation for
the four generated C-C bonds. Aryl bromide was used as the first
25 substrate, and aryl iodide was used as the second substrate, which
was opposite to the method® ** employed by S. Lee (Scheme 67).

H%«
OH cl
(2.0 equiv)
I OCH;
F 10 mol% Pd(PPhs),Cly F cl
20 mol% dppf (2.0 equiv) i /N [
Br Br H3CO = = = // OCHg
DBU (4.0 equiv) 80°C, 7h
DMSO, 50 °C, 21 h cl 43%

FSBC*='2C,R=H
[13CJFSBC*="3C,R=H
[13CJFSB-d; C*="°C,R=D

Scheme 67 Synthesis of the fibril binding compound FSB.

Conclusion

30 Over the past five years, great advances have been made in the
decarboxylative coupling reaction of alkynyl carboxylic acids by
transition-metal  catalysts. Despite the many significant
developments in this field, there remain a number of unsolved
problems. Until now, only one example of C-H activation has

35 been reported. In addition, no coupling with alkyl group has been
developed. Therefore, further studies are needed to achieve high
activity and versatility in these areas. It has been known that the
decarboxylation of alkynyl carboxylic acid occurs in the absence
of transition-metal catalyst.’ Based on this concept, it is expected

that transition-metal-free decarboxylative coupling reactions will

be developed.
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