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2-Octynoic acid and phenylpropiolic acid were employed for
the palladium-catalyzed decarboxylative coupling reaction
and with a variety of aryl halides. The former needed 1,4-
bis(diphenylphosphino)butane (dppb) as a ligand and the
latter tri-fert-butylphosphine (P'Bus), and both required 2
equiv of tetra-n-butylammonium fluoride (TBAF) for full
conversion. These reactions showed high reactivities and
tolerance of functional groups such as vinyl, ester, ether,
ketone, and amine.

Palladium-catalyzed carbon—carbon bond formation reactions
are very useful methods for constructing higher molecules such
as materials and drugs for modern chemical and medical
applications.' There are several types of reactions that depend
on a variety of organometallic nucleophiles, such as the Kumada,
Negishi, Stille, Suzuki, Hiyama, Sonogashira, and other related
couplings.> Among them, the Sonogashira reaction, cross
coupling of aryl halides or alkenyl halides and terminal alkynes,
has been widely used as a powerful tool for the formation of sp
carbon and sp? carbon bonds.® Arylalkynes and alkenylalkynes
are important structures in pharmaceuticals,* natural products,’
and polymers.® In particular, much attention has been given to
m-extended molecules in the electrochemical and optical fields.”
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In 1963, Castro and Stephens reported the coupling of an
alkynylcopper reagent and aryl halides to produce arylalkynes.®
Sonogashira showed the coupling of aryl halides and alkynes
without use of stoichiometric amounts of copper reagent in
1975.° The most commonly used catalytic system in the
Sonogashira reaction requires Cul as the cocatalyst with
palladium and a phosphine ligand, amines, solvent, and the
desired aryl halides and terminal alkynes.'® Similar reaction
types have been reported that used alkynyl metal reagents
containing Mg,11 7Zn,'? B,"* AL Si,'> or Sn'® as the alkyne
source instead of terminal alkynes. Among the alkynyl metals,
trimethylsilylacetylene has been widely used as one of the
protected alkynes in the synthesis of asymmetrically disubsti-
tuted arylalkynes,'” and another protected alkyne, 2-methyl-
but-3-yn-2-ol, was also used.'® However, they have some
drawbacks. When alkynyl metal reagents are used, the reactions
always produce stoichiometric amounts of metal waste, raising
environmental problems. In the case of 2-methylbut-3-yn-2-ol,
the range of usable substrates is low because a strong base is
required. In the case of terminal acetylene as the alkyne source,
the homocoupled product occurred as a byproduct in the
presence of the copper cocatalyst'® or this side product
sometimes formed from the desired product in the absence of
copper.?°

Many improved versions of the Sonogashira reactions have
been reported, including, for example, copper-free,>’ amine-

(7) (a) Boydston, A. J.; Yin, Y.; Pagenkopf, B. L. J. Am. Chem. Soc. 2004,
126, 3724-3725.

(8) Stephens, R. D.; Castro, C. E. J. Org. Chem. 1963, 28, 3313-3315.

(9) Sonogashira, K.; Tohda, Y.; Hagihara, N. Tetrahedron Lett. 1975, 16,
4467-4470.

(10) (a) Hierso, J.-c.; Fihri, A.; Amardeil, R.; Meunier, P. Org. Lett. 2004,
6, 3473-3476. (b) Adjabeng, G.; Brenstrum, T.; Frampton, C. S.; Roberson,
A. J.; Hillhouse, J.; NcNulty, J.; Capretta, A. J. Org. Chem. 2004, 69, 5082—
5086.

(11) (a) Dang, H. P.; Linstrumelle, G. Tetrahedron Lett. 1978, 19, 191-194.
(b) Kamikawa, T.; Uozumi, Y.; Hayashi, T. Tetrahedron Lett. 1996, 37, 3161—
3164.

(12) (a) King, A. O.; Negishi, E,-i.; Villain, F. J., Jr; Silveira, A., Jr. J. Org.
Chem. 1978, 43, 358-360. (b) Shi, J.; Zeng, X.; Negishi, E.-i. Org. Lett. 2003,
5, 1825-1828.

(13) (a) Fiirstner, A.; Seidel, G. Tetrahedron 1995, 51, 11165-11176. (b)
Castanet, A. S.; Colobert, F.; Schlama, T. Org. Lett. 2000, 2, 3559-3561. (c)
Oh, C. H.; Jung, S. H. Tetrahedron Lett. 2000, 41, 8513-8516. (d) Kabalka,
G. W.; Al-Masum, M.; Mereddy, A. R.; Dadush, E. Tetrahedron Lett. 2006, 47,
1133-1136.

(14) (a) Takai, K.; Oshima, K.; Nozaki, H. Tetrahedron Lett. 1980, 21, 2531—
2534. (b) Pérez, L.; Sestelo, J. P.; Sarandeses, L. A. J. Am. Chem. Soc. 2001,
123, 4155-4160.

(15) (a) Nishihara, Y.; Ikegashira, K.; Mori, A.; Hiyama, T. Chem. Lett. 1997,
1233-1234. (b) Chang, S.; Yang, S. H.; Lee, P. H. Tetrahedron Lett. 2001, 42,
4833-4835. (c) Chang, H.-K.; Datta, S.; Das, A.; Odedra, A.; Liu, R.-S. Angew.
Chem., Int. Ed. 2007, 46, 4744-4747.

(16) (a) Stille, J. K.; Simpson, J. H. J. Am. Chem. Soc. 1987, 109, 2138—
2152. (b) Mukai, C.; Miyakoshi, N.; Hanaoka, M. J. Org. Chem. 2001, 66, 5875—
5880.

(17) (a) Sommer, W. J.; Weck, M. Adv. Synth. Catal. 2006, 348, 2101—
2113. (b) Lo, P. K.; Li, K. F.; Wong, M. S.; Cheah, K. W. J. Org. Chem. 2007,
72, 6672-6679. (c) Li, G.; Huan, X.; Zhang, L. Angew. Chem., Int. Ed. 2008,
47, 346-349. (d) Doi, T.; Orita, A.; Matsuo, D.; Saijo, R.; Otera, J. Synlett 2008,
55-60. (e) Girrardot, C.; Lemercier, G.; Mulatier, J.-C.; Andraud, C.; Chauvin,
J.; Baldeck, P. L. Tetrahedron Lett. 2008, 49, 1753—-1758.

(18) (a) Bleicher, L.; Cosford, N. D. P. Synlett 1995, 1115-1116. (b)
Melissaris, A. P.; Litt, M. H. J. Org. Chem. 1994, 59, 5818-5821. (c) Ma, L.;
Hu, Q.-S.; Pu, L. Tetrahedron: Asymmetry 1996, 7, 3103-3106. (d) Novak, Z.;
Nemes, P.; Kotschy, A. Org. Lett. 2004, 6, 4917-4920. (e) Csekei, M.; Novak,
Z.; Kotschy, A. Tetrahedron 2008, 64, 8992-8996.

J. Org. Chem. 2009, 74, 1403-1406 1403



JOCNote

free,* and palladium-free® and applications for aryl chlorides;**
however, there is still much room for improvement in the
synthesis of arylalkynes from aryl halides.

Recently, we first reported a one-pot synthesis of unsym-
metrically diarylalkynes using cascade reactions of the Sono-
gashira and decarboxylative coupling reactions.>> In previous
work, the optimized conditions of decarboxylative coupling were
shown for only phenylpropiolic acid. In the present paper, the
scope of useful substrates was expanded for decarboxylative
couplings and applied to a variety of aryl halides, such as aryl
bromides and chlorides, with phenylpropiolic acid and 2-oc-
tynoic acid employed as the alkyne coupling source.

When phenylpropiolic acid was used as decarboxylative
coupling partner, the optimized catalytic conditions previously
reported were: 1 equiv of aryl halide, 1 equiv of phenylpropiolic
acid, 2.5 mol % of Pdy(dba); (dba, dibenzylideneacetone), 10
mol % of P'Bus, and 2 equiv of TBAF at 90 °C for 12 h. It
required 6 equiv of TBAF when 1,1'-bis(diphenylphosphino)-
ferrocene (dppf) was used as the ligand. Based on these results,
the decarboxylative coupling was expanded to use alkylalkynyl
carboxylic acids such as 2-octynoic acid. Screening reactions
were performed with respect to ligand, palladium source,
solvent, and the amount of catalysts and are summarized in
Table 1. Unexpectedly, P'Bus, which was a suitable ligand for
phenylpropiolic acid, afforded the desired product in low yield
(30%) (entry 1). In addition, a variety of ligands were screened
searching for the suitable ligand for 2-octynoic acid. The
chelating ligands dppf and dppb showed good reactivities
(entries 2 and 6), and the latter was chosen here for its low
cost. Optimization with respect to the palladium source showed
that Pd(PPh;),Cl, was superior to all other choices (entry 10)
and the yield increased as the ratio of ligand to palladium
increased (entries 11 and 12). The solvent choice was the most
important factor in this transformation. When the solvent was
changed from N-methyl-2-pyrrolidone (NMP) to dimethyl
sulfoxide (DMSO), the reaction dramatically improved, generat-
ing the desired coupling product in high yield (entry 17).
Interestingly, the yield was little changed even as the amount
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TABLE 1. Screening of Palladium, Ligand, and Solvent for the
Decarboxylative Coupling of 2-Octynoic Acid”

o] cat. Pd/Ligand
Pent——=+4 + Br4< :F‘Bu Pent——— < :F’Bu
OH 2 equiv. TBAF
1 90°C, 12 h 3a
Pd/L yield”
entry palladium ligand (mol %) solvent (%)
1 Pd,(dba); P'Bus 172 (5) NMP 30
2 Pd,(dba); dppf ¢ 1/1 (5) NMP 45
3 Pd,(dba); BiphP'Bu,”  1/1 (5) NMP 23
4 Pd,(dba); Xantphos®  1/1 (5) NMP 37
5 Pd,(dba); PPh; 1/1 (5) NMP 12
6 Pd,(dba); dppb” 1/1(5) NMP 50
7 Pd(CH;CN),Cl, dppb 1/1 (5) NMP 15
8 Pd(OAc), dppb 1/1 (5) NMP 22
9 Pd(acac), dppb 1/1 (5) NMP 31
10 Pd(PPh;),Cl, dppb 1/1 (5) NMP 55
11 Pd(PPh3),Cl, dppb 1/1.5(5) NMP 56
12 Pd(PPh;),Cl, dppb 172 (5) NMP 60
13 Pd(PPhs),Cl, dppb 1/2 (5) p-xylene 56
14 Pd(PPh;),Cl, dppb 172 (5) toluene 63
15 Pd(PPh;),Cl, dppb 172 (5) 1,4-dioxane 70
16 Pd(PPh;),Cl, dppb 172 (5) DMF 66
17 Pd(PPh;),Cl, dppb 172 (5) DMSO 92
18 Pd(PPh;),Cl, dppb 172 (2) DMSO 94
19 Pd(PPh;),Cl, dppb 172 (1) DMSO 96
20 Pd(PPh;),Cl, dppb 1/2(0.1) DMSO 73

“Reaction conditions: 1.0 mmol of 2-octynoic acid, 1.0 mmol of
4-butylbromobenzene, 2.0 mmol of TBAF, 3 mL of NMP at 90 °C for
12 h. ?Yield determined by GC with an internal standard. ¢ 1,1'-Bis-
(diphenylphosphino)ferrocene. ¢ 2-(Di-tert-butylphosphino)biphenyl. ¢9,9-
Dimethyl-4,5-bis(diphenylphosphino)xanthenes. / 1,4-Bis(diphenylphos-
phino)butane.

TABLE 2. Screening of Various Amounts of TBAF, Temperature,
and Time for the Decarboxylative Coupling of 2-Octynoic Acid*

1 mol% Pd(PPhy),Cl,
0
Pent—=—4 + Br@'su Pent%@‘su
oH

2 mol% dppb

TBAF, DMSO
1 3a
entry TBAF (equiv) 7 (°C) time (h) conv (%) yield” (%)
1 3.0 90 12 100 96
2 2.0 90 12 100 96
3 1.5 90 12 80 64
4 1.0 90 12 37 25
5 2.0 70 12 47 45
6 2.0 110 2 100 96

“Reaction conditions: 1.0 mmol of 2-octynoic acid, 1.0 mmol of
4-butylbromobenzene, 1 mol % of Pd(PPh;),Cl,, 2 mol % of dppb, and
3 mL of DMSO. ? Yield determined by GC with an internal standard.

of catalyst decreased (entries 18 and 19); however, the yield
was low when 0.1 mol % of catalyst was used (entry 20), which
meant that at least 1 mol % of catalyst was required for high
yield.

In the case of phenylpropiolic acid, the chelating ligand dppf
required 6 equiv of TBAF to obtain a high yield. The effect of
the amount of TBAF in reactions involving 2-octynoic acid was
investigated by reactions with various equivalents of TBAF
(Table 2). 2-Octynoic acid needed only 2 equiv of TBAF for a
high product yield (entry 2). When the amount of TBAF was
reduced from 2 to 1 equiv, the yield was lower (entry 4). At
110 °C, the reaction reached completion in 2 h (entry 6). Based
on these results, the optimized conditions for the decarboxylative
coupling of 2-octynoic acid were as follows: 1 mol % of
Pd(PPh;),Cl,, 2 mol % of dppb, 2 equiv of TBAF, 1 equiv of
aryl bromide, and 1 equiv of 2-octynoic acid reacted in DMSO
solvent at 110 °C for 2 h.



TABLE 3. Decarboxylative Coupling of Aryl Halides and
2-Octynoic Acid”

o R 1 mol% Pd(PPh3),Cl, ||a'
=7 2 mol% dppb =7
Pent——=—A + x@  dpp Pent%@
OH 2 equiv. TBAF
1 X=1Br. Cl DMSO, 110°C, 2 h 3b-s
entry ArX yield(%)" entry ArX yield (%)°

3b X-=1, 96
3b X=Br,82

g
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o CUTY e
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T e
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3h 99 18 Meom/©/ 3qg 73
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e
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w OO 91 19 Me\(g 3r 85
O
iy 3 92 20 Sh
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“ Reaction conditions: 3.0 mmol of 2-octynoic acid and 3.0 mmol of
aryl halides in 10 mL of DMSO. ® Average of at least two runs.

Next, a variety of aryl halides for use in the palladium-
catalyzed decarboxylative coupling of 2-octynoic acid was
explored (Table 3). In all cases, the homo-decarboxylative
coupling product of 2-octynoic acid, tetradeca-6,8-diyne, was
not detected in GC analysis.

Todobenzene and bromobenzene afforded the desired product
in high yield; however, chlorobenzene was not a suitable
substrate for this transformation (entries 1—3). Monoalkyl-
substituted bromobenzenes produced high yields (entry 4);
however, multisubstituted bromobenzenes, such as the sterically
bulky bromomesitylene, showed slightly lower yields (entry 5).
All of the bromoanisole series, bromobiphenyl derivatives, and
bromonaphthalene derivatives had high product yields (entries
6—12). Heteroaromatic bromides reacted with 2-octynoic acid
resulted in the desired products in moderate to good yields
(entries 13—15). In the case of 1-bromo-3-chlorobenzene, only
bromide was reacted in this coupling reaction (entry 16),
demonstrating that selectivity in coupling could be achieved
between chloride and bromide. This decarboxylative coupling
has a tolerance for functional groups, such as vinyls, esters,
ketones, and ethers, and showed moderate to high yields (entries
17-20).

Finally, the optimized conditions, reported in the previous
paper,? were applied to the decarboxylative coupling with the
phenylpropiolic acid and aryl halides and the resulting yields
summarized in Table 4. Electron-neutral, -withdrawing, and
-donating substituted aryl halides were tested for their yield in
decarboxylative coupling reactions. As expected, the reaction
yields of the decarboxylative coupling of phenylpropiolic acid
and aryl halides were higher than those from the one-pot reaction
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TABLE 4. Decarboxylative Coupling of Aryl Halides and
Phenylpropiolic Acid”
2.5 mol% Pdy(dba)s

0 X 10 mol% P'Bug K
Ph—<: + Br Ph%@
OH \_/ 2 equiv. TBAF \_/
2 NMP, 90°C, 12 h 4a-n
entry ArBr yield(%)® entry ArBr yield (%)°
Br Br
1 /@ 4a 88 8 cr 4h 92
Me' N

Br = Br
2 ©[ 4 78 9 Chf 4 63
OMe =
Br s
3 Q 4c 68 10 (\_/7/3’ 4 83
OMe
Br Br
4 Meo@ 4d 64 11 Me%(@ 4k 92
o

Me Br
5 @[B’ 4e 84 12 Me\n/g 41 74
e

M Me o]
Br, Q/Br
6 4af 94 13 4m 68

o) Br
7 4g T8 14 <°Ij 4n 75

“Reaction conditions: 3.0 mmol of phenylpropiolic acid and 3.0
mmol of aryl halides in 10 mL of NMP. ® Average of at least two runs.

TABLE S. Decarboxylative Coupling of 2-Bromobiphenyl and
Alkynoic Acids

Ph
Ph
o) condition Aor B —
R—(: " + Br R— p

0O
5 6
entry R condition” product yield” (%)
1 CH; 5a A 6a 82
2 2-CH;3CeHy4 5b B 6b 88

“ Reaction condition A: 1.0 mol % of Pd(PPh;),Cl,, 2.0 mol % of
dppb, 2 equiv of TBAF, DMSO, 110 °C, 2 h. Reaction condition B: 2.5
mol % of Pdy(dba);, 10 mol % of PtBus, 2 equiv of TBAF, NMP, 90
°C, 12 h.? Average of at least two runs.

of propiolic acid, and all aryl halides showed similar reactivities
to phenylpropiolic acid as to 2-octynoic acid. However, the
product yields from phenylpropiolic acid were generally lower
than those from 2-octynoic acid. When the reaction of phenyl-
propiolic acid and 4-tert-butylbromobenzene was carried out
under the conditions optimized for 2-octynoic acid, the desired
product was obtained in 68% yield.

As shown in Table 5, alkynoic acids such as 2-butynoic acid
and o-tolylpropynoic acid were coupled with 2-bromobiphenyl.
2-Butynoic acid (5a) showed 82% yield (entry 1). 3-Aryla-
lkynoic acids such as o-tolypropynoic acid (Sb) gave desired
products in 88% yield (entry 2).

In conclusion, effective decarboxylative coupling of aryl- and
aryl-substituted alkynyl carboxylic acids with aryl halides was
accomplished and it was found that dppb was a suitable ligand
for the decarboxylative coupling of 2-octynoic acid, whereas
P'Bu; afforded the decarboxylative product of phenylpropiolic
acid in high yield. 2-Octynoic acid showed better reactivities
than phenylpropiolic acid, with the former requiring 1 mol %
of catalytic loading and the latter 5 mol%. In addition, the
solvent proved an important factor in these reactions, with
DMSO effective for 2-octynoic acid and NMP for phenylpro-
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piolic acid. This catalytic system is more tolerant, versatile, and
environmentally friendly than the coupling reactions utilizing
metal alkynes. Moreover, this method does not produce side
products, such as homocoupling of the alkynes and over-reacted
compound.

Experimental Section

General Procedure for the Decarboxylative Coupling of
2-Octynoic Acid. Pd(PPh;),Cl, (21.1 mg, 0.03 mmol), 1,4-
bis(diphenylphosphino)butane (25.6 mg, 0.06 mmol), aryl halide
(3.0 mmol), and 2-octynoic acid (420.5 mg, 3.0 mmol) were
combined with TBAF (6.0 mL of 1 M solution in THF, 6.0 mmol)
in DMSO (10.0 mL). The resulting mixture was placed in an oil
bath at 110 °C for 2 h. The reaction was poured into 20 mL of
saturated aqueous ammonium chloride and extracted with (3 x 20
mL) with Et,O. The combined ether extracts were washed with
brine (60 mL), dried over MgSOy,, and filtered. The solvent was
removed under vacuum.

Compound 3a. 4-tert-Buylbromobenzene (639 mg, 3.0 mmol)
was used as aryl halide. Purification by flash chromatography
(hexane) afforded 3a as a yellow oil (658 mg, 96%): Ry = 0.4
(hexane); IR (KBr, cm™") 3033, 2958, 2931, 2861, 2221, 1508,
1463; '"H NMR (300 MHz, CDCl;) 6 7.34—7.27 (m, 4H), 2.38 (ddd,
J=12,7.0,6.9 Hz, 2H), 1.60 (quintet, J = 6.9 Hz, 2H), 1.45—1.31
(m, 4H), 1.29 (s, 9H), 0.92 (t, J = 6.9 Hz, 3H); '3*C NMR (75
MHz, CDCl3) 6 150.6, 131.2, 125.1, 121.1, 89.6, 80.5, 34.6, 31.2,
31.1, 28.5, 22.2, 19.4, 14.0; MS (EI) m/z (relative intensity) 228
(M, 25), 213 (100), 171 (15), 141 (25), 129 (31), 115 (25), 91
(14), 67 (61). Anal. Calcd for Ci7Ho4: C, 89.41; H, 10.59. Found:
C, 89.02; H, 10.37.
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General Procedure for the Decarboxylative Coupling of
Phenylpropiolic Acid. Pd,(dba); (68.7 mg, 0.075 mmol), tri-tert-
butylphosphine (0.6 mL of 0.5 M solution in THF, 0.3 mmol), aryl
halide (3.0 mmol), and phenylpropiolic acid (438.5 mg, 3.0 mmol)
were combined with TBAF (6.0 mL of 1 M solution in THF, 6.0
mmol) in N-methylpyrrolidone (10.0 mL). The resulting mixture
was placed in an oil bath at 90 °C for 12 h. The reaction was poured
into 20 mL of saturated aqueous ammonium chloride and extracted
with (3 x 20 mL) with Et,O. The combined ether extracts were
washed with brine (60 mL), dried over MgSOy, and filtered. The
solvent was removed under vacuum.

Compound 4a. 4-Bromotoluene (510 mg, 3.0 mmol) was used
as aryl halide. Purification by flash chromatography (10% ethyl
acetate in hexane) afforded 4a as a white solid (550 mg, 88%): mp
72=73 °C; Ry= 0.5 (10% ethyl acetate in hexane); IR (KBr, cm™")
3046, 2962, 2216, 1510, 1440; '"H NMR (300 MHz, CDCl;) 6 7.51
(m, 2H), 7.41 (d, J = 8.0 Hz, 2H), 7.34—7.31 (m, 3H), 7.13 (d, J
= 7.9 Hz, 2H), 2.37 (s, 3H); '*C NMR (75 MHz, CDCl;) 6 138.4,
131.5, 131.5, 129.1, 128.3, 128.1, 123.5, 120.2, 88.5, 88.7, 21.5.
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