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ABSTRACT: The direct acyl Sonogashira cross-coupling of carboxylic acids with terminal alkynes has been achieved
through Pd/Cu cooperative catalysis. In this reaction, the readily available carboxylic acids act as the acyl source for the
coupling with various terminal alkynes to produce highly valuable ynones in good to high yields. The reaction features high
chemoselectivity and functional group tolerance. The reaction offers access to versatile silyl-ynones. The late-stage modifi-
cation of bioactive molecules and gram-scale experiments highlight the synthetic value of this reaction in organic synthesis.
The method enables preparation of ynones directly from carboxylic acids in the absence of C(acyl)-C(sp) decarbonylation.

Scheme 1. Selected Examples of Bioactive Molecules
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Ynones are key structural motifs commonly occurring in Carboxylic Acids and Terminal Alkynes.
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major goal in organic synthesis.# The acylation of terminal antrinflemmatory anaigesic  anticancer cytotoxic aneiogue. probes in Alzheimer's brains
alkynes is an important method for the synthesis of ynones. B. Direct synthesis of ynones from carboxylic acids and terminas alkynes ithis study)
In these reactions, the combination of aryl reagents such as o )
aryl halides,s aryl triflatesé or aryl hydrazines? with CO gas e Aon + H—=r, % R/u\
2

can act as the acyl source. However, these aryl reagents R;
must be pre-synthesized. The use of toxic CO gas leads to Fo = alkyl, alkenyl, sl &y = alkyl, sl up to 99% yiads
difficulty in operation and safety issues. Acyl halides have Q
been used as t}_le acyl source to _produce ynones, desp_lte . N e
the harsh reaction conditions using hard organometallics PP P\c P P\Pd P

o . - o + u —> o,
and severely limited substrate scope owing to loyv stablllty Y Comes % \R( &R
of the C(acyl)-X bond to acylative cross-coupling condi- Ry z ! z
tions.82 In recent years, other activated precursors have ® Bimetallic cooperative catalysis B stable acyl metals W internat & silyi-ynones
also been used in reactions with terminal alkynes to pro- O Readily avallable starting materials @ High step and atom economy
duce ynones in moderate to gOOd yields.3-10 Q High functional group tolerence  Q Scalable @ Direct modification of pharmaceutlcals

Our goal was to develop a direct and convenient method for preparing ynones from readily available carboxylic

acids. Herein, we report the first direct acyl Sonogashira
cross-coupling of carboxylic acids with a variety of termi-



nal alkynes to produce ynones through Pd/Cu cooperative
catalysis (Scheme 1B). The reaction capitalizes on the high
stability of carboxylic acids, which are tuned for acylative
cross-coupling by in situ activation to form mixed anhy-
dride. The method enables preparation of ynones directly
from carboxylic acids in the absence of C(acyl)-C(sp) de-
carbonylation. Carboxylic acids are abundant and readily
available in both nature and synthetic world. Their direct
use as the acyl source avoids pre-synthesis of starting ma-
terials, thus minimizing waste, shortening the synthetic
sequence and providing high efficiency of atom utilization.
The synthesis of ynones through direct Sonogashira cross-
coupling of carboxylic acids has never been realized.11-13

Table 1. Optimization of Reaction Conditions«
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1 Pd(dppp)Clz dppe CuCl MNaHCO; Cy 94{91)°
2 - dppe CuCl NaHCO; Cy N.D.
3 Pda(dbal; dppe CuCl NaHCOg Cy N.D.
4 Pd(PhCN);Cl; dppe CuCl NaHCO, Cy 8
5 Pd(TFA)2 dppe CuCl NaHCO; Cy 46
6 PdCl; dppe CuCl NaHCO; Cy 53
7 Pd{dpppiClz - CuCl NaHCOQ; Cy N.D.
8 Pd(dppp)Clz PPhy CuCl NaHCO; Cy N.D.
9 Pd(dppp)Clz Bretiphos CuCl NaHCO; Cy 52
10 Pd(dppp)Clz dppp CuCl NaHCOg Cy 69
11 Pd(dpppiClz doppe CuCl NaHCO; Cy 43
12 PdldppRClz xaniphos CuCl NaHCO, Cy 64
13 Pd(dppp)Clz deype Cucl NaHCO; Cy 10
14 Pd(dppp)Clz dppe - NaHCO; Cy 9
15 Pd(dppp)Clz dppe CuBr NaHCOg Cy 57
16 Pd(dppp)Clz dppe CuClz NaHCO4 Cy 60
17 Pd(dpppiClz dppe CusSO, NaHCO; Cy 53
18 Pd(dppp)Clz dppe CuCl - Cy 7
19 Pd(dpppiClz dppe CuCl MNaCOz Cy 63
20 Pd(cpppiClz dppe CuC: 'BUOK Cy N.D.
21 Pd(dppp)Cly dppe cucl Et:N Gy 41
22 Pd(dpppiClz dppe CuCl pyridine Cy 45
23 Pd(dppp)Clz dppe CuCl NaHCO; THF 41
24 PdippRICh dope cucl MaHCO;  1,4-dioxane 28
25 Pd{dppp)Clz dppe CuCl NaHCO3 toluene 18
26°  Pd{dppp)Clz dppe Cucl NaHCO; Cy 81
274 Pd(dppp)Clz dppe CuCl NaHCOq Cy 76

OMe

Bretiphos Xantphos deype

aReaction conditions: 1a (0.2 mmol, 1.0 equiv), 2a (1.2
equiv.), Pd Cat. (3 mol%), P Ligand (6 mol%), [Cu] (10
mol%), base (1.0 equiv.), Boc20 (1.5 equiv.), solvent (2 mL),
120 °C, 12 h, N2 atmosphere. Tridecane is an internal
standard. *Isolated yield. <100 °C, 4140 °C.

RESULTS and DISSCUSSION
After a mixture of benzoic acid (1a) and phenyl acety-
lene (2a) in cyclohexane (2 mL) was heated at 120 °C for

12 h in the presence of Pd(dppp)Clz (3 mol%), dppe (6
mol%), CuCl (10 mol%), NaHCOs (1.0 equiv.), (Boc)20 (1.5
equiv.), the corresponding ynone (3a) was produced in
94% yield with ca 33 TONs (Table 1, entry 1). The palladi-
um catalyst was essential to this reaction as no reaction
was observed in its absence (Table 1, entry 2). Pdz(dba)s
showed no catalytic efficiency under the reaction condi-
tions (Table 1, entry 3). Other selected Pd(II) catalysts
such as Pd(PhCN)2Clz, Pd(TFA)z and PdClz could also me-
diate the reaction, but the yield decreased greatly (Table 1,
entries 4-6). The phosphine ligand was important in this
reaction. When no external phosphine ligand or PhsP was
used, no desired product was detected (Table 1, entries 7
and 8). The yields also decreased with other phosphine
ligands such as BrettPhos, dppp, dpppe, Xantphos or dcype
were used (Table 1, entries 9-13). Copper catalyst is an-
other determining factor. In its absence, only 9% yield of
3a was detected (Table 1, entry 14). CuBr, CuClz and CuSO4
could promote this reaction, however the yield decreased
to major extent (Table 1, entries 15-17). The base also
played a pivotal role. Without base, 3a was only produced
in 7% yield (Table 1, entry 18). When Na2C0Os was used,
63% yield of 3a was obtained, while no 3a was detected
with strong base tBuOK (Table 1, entries 19 and 20). Or-
ganic base EtsN and pyridine also worked under the reac-
tion conditions (Table 1, entries 21 and 22). Solvent was
also screened with cyclohexane (Cy) being the best choice
(Table 1, entries 1, 23-25). Lowering the reaction tempera-
ture to 100 °C led to slight decrease in yield. The yield also
decreased when the reaction was conducted at 140 °C (Ta-
ble 1, entries 26 and 27). Importantly, the reaction showed
full selectivity for the acyl coupling vs. C(acyl)-C(sp) de-
carbonylation as a result of faster transmetallation than
decarbonylation after carboxylate exchange.

With the optimized reaction conditions in hand, the sub-
strate scope was subsequently investigated. As shown in
Table 2, a wide range of carboxylic acids coupled readily
with various terminal alkynes to produce the correspond-
ing ynones in good to high yields. Thus, in addition to ben-
zoic acid, high yields were also obtained from the carbox-
ylic acids bearing 4-Me, 3-Me, 2-Me, 4-:Bu, 4-Cy, 4-MeO, 4-
PhO and 4-Me:N groups at the aryl ring (3a-31i). Halogens,
F and Cl, were well compatible under the reaction condi-
tions, enabling further functionalization of the products (3j
and 3Kk). m-Extensive and heterocyclic substrates also
worked well and were converted into the desired yones in
good yields (31-30). However, when benzoic acids bearing
electron-withdrawing group like CF3 and CF30 group were
reacted with phenylacetylene, low yields (< 20% yield)
were observed due to the formation of tert-butyl esters
through esterification of the corresponding mixed anhy-
drie with t-BuOH generated in situ from thermal decompo-
sition of the Boc fragment. It is worth noting is that alkenyl
carboxylic acids as exemplified by o-phenyl cinnamic acid
also coupled smoothly with phenylacetylene by slightly
tuning the reaction conditions, generating yone 3p in 79%
yield. In particular, the aliphatic stearic acid was also
transformed into the expected coupling product 3q.



Table 2. Acyl Sonogashira Alkynylation of Carboxylic Acids with Terminal Alkynes®
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aReaction conditions: 1 (0.2 mmol, 1.0 equiv), 2 (1.2 equiv.), Pd(dppp)Clz (3 mol%), dppe (6 mol%), CuCl (10 mol%), Na-
HCOs3 (1.0 equiv.), (Boc)20 (1.5 equiv.), Cy (2 mL), 120 °C, 12 h, N2 atmosphere. GC yields using tridecane as an internal
standard (the data in bracket are isolated yields). 2Pd(dppp)Clz (5 mol%), dppe (10 mol%). <100 °C. 4dCuCl (40 mol%), 6 h.

To our delight, the alkyne scope was general under the
reaction conditions. Both aromatic and aliphatic terminal
alkynes coupled readily with benzoic acids to produce the
expected ynones in good to excellent yields. Thus, phenyla-
cetylenes with 4-Me, 3-Me, 2-Me, 4-tBu, and 4-MeO at the
aryl ring worked well (3r-3v). The n-extensive substrates
gave the expected products in high yields (3w and 3x).
Halogens, such as fluoro group, were well tolerated (3y).

The electron-deficient 4-trifluoromethyl phenylacetylene
served as efficient substrates (3z). The N-heterocyclic ter-
minal alkynes also worked well (3aa). It is worth noting
that alkenyl and alkyl acetylenes were also converted into
the corresponding ynones in high yields by this strategy
(3ab and 3ac). Notably, silylacetylenes could couple with
benzoic acid to give 3ad in almost quantitative yield under
the reaction conditions. It is known that silyl alkynes can



easily couple with a nucleophile to produce a new internal
alkyne.14 The silyl group can also be easily removed to give
a new terminal alkyne.15 These specific properties indicate
that the resulting internal silyl alkynes can be further func-
tionalized to give further high value molecules through
cross coupling and other transformations. Considering the
synthetic utility of silyl-ynones, the carboxylic acid scope
was re-investigated with silylacetylene. Similarly broad
substrate scope was found (3ad-3ar). In particular, alt-
hough the electron-deficient carboxylic acids could not
react efficiently with phenylacetylene, these substrates
coupled smoothly with silylacetylene to give the expected
ynones in high yields in the current catalytic system (3aj
and 3ak). The resulting internal silyl alkynes can be con-
veniently exploited in C-Si functionalization, being well
complementary to the method with terminal alkynes.

Scheme 2. Gram-Scale Experiments, Synthesis of Drugs
and Further Derivatization of Ynones

(A} Scale-up experiments
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This reaction is applicable to the direct modification of
bioactive carboxylic acids as outlined in Table 2. For ex-
ample, adapalene is a dermatological drug for clinical skin
treatment of acne vulgaries with acne, papules and pus-
tules.16 This drug could react readily with both phenyla-
cetylene and silylacetylene to produce the corresponding
ynones 3as and 3at in 70% and 83% yields, respectively.
The bioactive carboxylic acids such as piperonylic acid,
trimethylgallic acid and nicotinic acid could be applied,
furnishing the expected coupling products in high yields
(3au-3aw). Probenecid is clinically used for reducing joint
damage by alleviating the formation of urate nodules.1”

Despite the electron-deficient property, it also coupled
with silylacetylene under the reaction conditions to pro-
duce the desired ynone 3ax.

Scheme 3. Control Experiments, KIE Experiment,
Hammett Analysis and Proposed Mechanism
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Moreover, this reaction is scalable. As shown in Scheme 2A,
benzoic acid (1 mmol) coupled smoothly with silylacetylene
(1.2 equiv) under the reaction conditions. After isolation and



purification through chromatography, 98% yield of 3ac (0.28
g) was obtained. Similar high yields were also obtained at 2
mmol and 5 mmol scale. Importantly, this reaction was appli-
cable to the synthesis of drugs (Scheme 2B). For example, the
anti-inflammatory analgesic 3az was easily synthesized in
74% total yield by coupling 4-F benzoic acid with (4-
ethynylphenyl)(methyl)sulfane under the reaction conditions
followed by simple oxidation. Practically, product ynones can
be easily further functionalized (Scheme 2C). In the presence
of 1 equiv KOH, ynone 3a can react readily with 2-methyl-
1H-benzo[d]imidazole 4a to produce a six-membered fused
pyridine Saa in 80% yield. The seven-membered benzofused
oxacycle Sab was also readily obtained in 73% yield from the
reaction of ynone 3a and 2-phenylacetonitrile 4b in the pres-
ence of ‘BuOLi. Overall, the late-stage modification of phar-
maceuticals, scalability and derivatization well demonstrate
the practical value of this new reaction in organic synthesis.

Intermolecular competition experiments were conducted to
probe the selectivity of this reaction. When benzoic acid 1a
was allowed to react with phenyl acetylene and 1-heptyne
under the reaction conditions, 3a was obtained in 68% yield,
while 3aw was only produced in 17% yield, indicating that
aromatic terminal alkynes show higher reactivity in this reac-
tion (Scheme 3, eq 1). Similar result was also obtained from
the intermolecular competition experiment of benzoic acid 1a
with phenyl acetylene and silyl acetylene (Scheme 3, eq 2).
When electron-rich 4-methoxyl benzoic acid and electron-
deficient 4-trifluoromethyl benzoic acid was reacted with silyl
acetylene, 3ae was produced in 41% yield as well as 3aj in
74% yield (Scheme 3, eq 3). The result implied that this reac-
tion favors electron-deficient benzoic acids. Steric hindrance
also seems to affect the reaction. For instance, when 2-
phenyl benzoic acid and 4-phenyl benzoic acid compete to
couple with silyl acetylene under the reaction conditions,
3am was obtained in 35% yield, while 3ak was generated
in 50% yield, suggesting that carboxylic acids with smaller
steric hindrance react preferentially (Scheme 3, eq 4).

To gain more information on the mechanism, the kinetic
isotope experiments (KIE) were subsequently conducted.
A kinetic isotope effect (ku/ko = 1.0) was obtained from the
parallel experiments by using 2-naphthyl acetylene 2a and
deuterated 2-naphthyl acetylene 2a-D (Scheme 3, eq 5),
indicating that C-H cleavage is not the rate-determining
step in this reaction. Hammett analysis was also performed
(Scheme 3C). A positive slope (p = +1.13) was observed for
the reaction of para-substitutied benzoic acids with silyl
alkyne. This large positive p value indicates that the oxida-
tive addition would be the rate-determining step in this
reaction. Those experimental results was also well consist-
ed with intermolecular competition experiments. Finally,
the mercury poisoning experiments were conducted. It
was found that ynone could still be produced from the re-
action of benzoic acid with silyl acetylene by adding exces-
sive mercury, despite the fact that the yield decreased to
some extent (For experimental data, see S2.7 in SI). There-
fore, We think the active catalyst would be molecular Pd(0)
species in this reaction.

On the basis of experimental results and previous stud-
ies,1318-22 3 plausible mechanism is proposed. As shown in
Scheme 3D, the carboxylic acid is first in situ activated by

Bocz20 to produce a mixed anhydride B, followed by oxida-
tive addition with the active Pd(0) complex20 generated in
situ to give intermediate C. Meanwhile, terminal alkyne is
activated by copper and base to yield intermediate F.21
Transmetallation between the resulting complex C and
acetylene copper F takes place to give species G,22 which
undergoes reductive elimination to produce the target
product ynone 3 and re-generates the active Pd(0) catalyst.

CONCLUSION

In summary, we have disclosed the first direct acyl So-
nogashira cross-coupling of carboxylic acids for the syn-
thesis of ynones through Pd/Cu bimetallic catalysis. This
reaction uses abundant and readily available carboxylic
acids as the acyl source, greatly improving operational
simplicity, shortening the synthetic sequence and improv-
ing the overall atom utilization efficiency. The substrate
scope is extensively broad, enabling electron-rich and elec-
tron-deficient aromatic carboxylic acids, even the aliphatic
carboxylic acids to couple with both aromatic and aliphatic
terminal alkynes. Importantly, the reaction proceeds selec-
tively in the absence of C(acyl)-C(sp) decarbonylation.
Further, the method offers access to versatile silyl-ynones.
The advantages of this new reaction are well demonstrated
by the late modification of bioactive carboxylic acids,
scalability and functionalization of the ynone products. The
method establishes access to multifaceted ynones, and
greatly expands the application scope of carboxylic acids in
chemical synthesis and catalysis.
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