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Abstract

A practical and efficient palladium-catalyzed carbonylative Sonogashira cross-coupling reaction for the synthesis of alkynones
from aryl iodides, alkynes, and formic acid as the CO source has been described. Under the assistance of PPhs/I,, formic
acid can be used as the CO source for synthesis of alkynones in moderate—good yields. Furthermore, it is also successfully
applied for the modification of natural products, such as vindoline and tabersonin, to obtain the corresponding products.
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Introduction

Alkynones are not only indispensable building blocks for
constructing biologically active molecules [1, 2], natural
products (e.g., anthrapyran metabolites, azaspiracid, and
calystegine B,) [3-5], agrochemicals and pharmaceutical
materials [6], but also serve as versatile synthetic intermedi-
ates in the preparations of heterocycles such as pyrimidines
[2, 7], quinolones [8], furans [9], pyrazoles [10, 11], pyrroles
[12, 13], flavones [14], and benzodiazepines [15]. Hence,
the synthesis of alkynones has gained considerable attention
because of their wide application.

The classical preparative approach of alkynones relies on
cross-coupling reactions of carboxylic acid chlorides with
terminal alkynes or alkynyl organometallic reagents in the
presence of transition metal catalysts [16-20]. However, the
stability and functional group tolerance of the acid chlorides
have hindered extended applications of this methodology.
Since Kobayashi first reported palladium-catalyzed Sonoga-
shira-type carbonylation in 1981 [21], many enhancements
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and various modifications of this transformation have been
established [21-34], which can directly convert aryl halides
and terminal alkynes into alkynones in the presence of CO
atmosphere. However, these procedures suffer from the limi-
tations with regard to high pressure and toxicity of CO.

Consequently, great attention has been paid to develop
CO surrogates. In our previous work, we applied CHCI,4
as CO precursor in the presence of CsOH-H,O to pro-
duce alkynones in good yields [35]. Additionally, other
CO surrogates, such as methyldiphenylsilane-carboxylic
acid [36, 37], phenyl formate [38], 9-methyl-9H-fluorene-
9-carbonyl chloride [39, 40], formamides [41-44], and
formic acid [45-59], have been explored in this transfor-
mation as well. However, they also have some drawbacks
such as high costs, low yields and harsh reaction condi-
tions. Therefore, it is necessary to search for an efficient,
mild and non-toxic agent as the CO surrogate. Herein, we
developed a palladium—catalyzed carbonylative Sonoga-
shira cross—coupling reaction of aryl iodide, alkynes, and
formic acid as the CO source under the assistance of PPh,/
I,. The results revealed that formic acid could release CO
quickly and efficiently in the presence of PPhs/I, under
mild conditions.

Table 1 Optimization of the reaction conditions

Results and discussion

Initially, we carried out the reaction of iodobenzene (1a),
phenyl acetylene (2a), formic acid, PPh4/I,, Pd(OAc), as cat-
alyst, and Et;N as base in toluene. The mixture was stirred
at 60 °C for 8 h, and the desired product 3aa was formed in
68% yield determined by LC-MS. Encouraged by this result,
we carried out a series of optimization experiments with
model reaction and the results are summarized in Table 1.

First, we carried out the model reaction at different tem-
peratures, finding that temperature had a significant impact
on the yields of 3aa. As shown in Table 1, 3aa was obtained
without significant difference of the yields (65-68%) when
the temperature ranged from 40 to 60 °C (Table 1, entries
3-5). Further increasing the temperature lowers the yields
(Table 1, entries 1-2). The main reason for this phenomenon
was that the main byproduct benzaldehyde 3a was formed.
The results also revealed that 3a could not be formed if
the reaction temperature was not higher than 40 °C. The
desired product 3aa could be obtained in good yields at
40 °C (Table 1, entry 9). Therefore, 40 °C was chosen as
the optimal reaction temperature for all further reactions.
Furthermore, screening of reaction time showed that 4 h was
superior to the others at which 3aa could be obtained in 80%
yield (Table 1, entries 7-11).

I, (1.3 equiv)
PPh; (1.3 equiv) o
Pd(OAC), (5 mol%)
Ph—| + =——Ph + HCOOH Ph)\ + Ph—CHO
Et;N (6 equiv) A Ph
Toluene
1a 2a 3aa 3a

Entry T/ °C Time/h Yield/%*

3aa 3a
1 80 8 5 55
2 70 8 48 37
3 60 8 68 7
4 50 8 67 3
5 40 8 65 0
6 30 8 33 0
7 40 6 70 0
8 40 5 72 0
9 40 4 80 0
10 40 3 73 0
11 40 2 61 0

Reaction conditions: 1a (1 mmol), 2a (1.5 mmol, 1.5 equiv), HCOOH (2 mmol, 2 equiv), I, (1.3 mmol, 1.3 equiv), PPh; (1.3 mmol, 1.3 equiv),

Pd(OAc), (5 mol%), Et;N (6 mmol, 6 equiv), 4 cm’ toluene
*Yields were determined by LC-MS
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Table 2 Substrate scope of aryl

I> (1.3 equiv)

iodides PPh3 (1.3 equiv)
Pd(OAc), (3 mol%)
Ar—| + ==—Ph + HCOOH )\
EtsN (5 equiv)
Toluene, 40 °C, 4 h
1a-10 2a 3aa-3oa
3aa (80%) 3ba (73%) 3ca (82%)
3da (81%) 3ea (83% 3fa (68%
3ga (73%) 3ha (58%) 3ia (50%
(0]
Cl
X
Ph Ph cl
3ja (78%) 3ka (91%) 3la (82%

S

3ma (75%)

(@]
F
A
PhF

3na (85%) 30a (82%)

Reaction conditions: 1a (1 mmol), 2a (1.5 mmol, 1.5 equiv), HCOOH (2 mmol, 2 equiv), I,
(1.3 mmol, 1.3 equiv), PPh; (1.3 mmol, 1.3 equiv), Pd(OAc), (3 mol%), Et;N (5 mmol, 5 equiv),
4 cm? toluene, 40 °C, 4 h; isolated yields

In addition, the other factors, such as amount of HCOOH,
base, solvents, Pd cat, amount of I, and PPh;, were also
screened, and the results are provided in the Supplemen-
tary Material. After extensive experimentation, the optimal
condition was established as HCOOH (2 equiv), Pd(OAc),
(3 mol%), I, (1.3 equiv), PPh; (1.3 equiv), Et;N (5 equiv) in
toluene at 40 °C for 4 h. Furthermore, we also tried differ-
ent leaving groups in place of I-, such as Br-, Cl-, TsO-, and
TfO-. However, the desired 3aa was not observed in these
cases (See the Supplementary Material, Table S8).

Under the optimized reaction conditions, the substrate
scope of various aryl iodides and terminal alkynes were
explored. As shown in Table 2, a series of aryl iodides was
applied for this palladium-catalyzed carbonylative Sonoga-
shira cross-coupling reaction. First, to examine the steric
hindrance, ortho, meta, and para substituted substrates were
selected for this cross-coupling reaction. The results showed
that all the substrates reacted smoothly to obtain the desired
products in moderated to good yields (50-85%). The yields
ranged from 68 to 78% when the substrates contained ortho
groups (Me™, NH,™, NO,™, C17, and Br™). These results
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Table 3 Substrate scope of

I, (1.3 equiv)

alkynes PPhs (1.3 equiv)
Pd(OAc), (3 mol%)
Ph—I + R + HCOOH )\
Et;N (5 equiv)
Toluene, 40 °C, 4 h
1a 2a-2k 3aa-3ak
3aa (80%) 3ab (72%) 3ac (81%)
O O
Ph
Ph)\©/Me )\O\ )\Q\K
3ad (82%) 3ae (84%) 3af (85%)

N e,

3ag (75%)

3ah (80%) 3ai (88%)

s

3aj (83%)

3ak (72%)!

Reaction conditions: 1a (I mmol), 2 (1.5 mmol, 1.5 equiv), HCOOH (2 mmol, 2 equiv), I,
(1.3 mmol, 1.3 equiv), PPh; (1.3 mmol, 1.3 equiv), Pd(OAc), (3 mol%), Et;N (5 mmol, 5 equiv),
4 ¢cm? toluene, 40 °C, 4 h; isolated yields

#This reaction proceeded for 8 h

clearly indicated that the steric hindrance of aryl iodides is
without significant effect on this carbonylative Sonogashira
coupling reaction. Moreover, the reaction also showed that
aryl iodides including electron-donating or electron-with-
drawing group could proceed smoothly to form the desired
products. It should be noted that para-nitro and para-cyano
iodobenzenes gave relatively lower yields than other sub-
strates (Table 2, 3ha and 3ia). The main reason for these
results was that aryl iodides with strong electron-withdraw-
ing group were prone to form deiodination products under
these reaction conditions.

@ Springer

Then, we turned our attention to test the generality of
the alkyne coupling partner with various substituted ter-
minal alkynes. As shown in Table 3, all of the substrates
selected could react smoothly with the yields 72—-88%.
Moreover, the aliphatic alkyne was successively trans-
formed into the desired product in good yield (3ak, 72%).

To further investigate the application of the Sonogashira
cross-coupling reaction, two alkaloid natural products
(vindoline and tabersonin) were examined (Scheme 1).
The iodo-vindoline (4) and iodo-tabersonin (5) were syn-
thesized according to the reported methods [60, 61]. Then,
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Scheme 1

I, (1.3 equiv)
PPh; (1.3 equiv) |
Pd(OAc), (3 mol%)
HCOOH (2.0 equiv)

Et3N (5 equiv)
Toluene, 40 °C, 4 h

the reaction of 4 or 5 with phenylacetylene was carried
out under standard conditions for 4 h. The corresponding
products 15-alkynone-vindoline 6 and 10-alkynone-taber-
sonin 7 were obtained in 60% and 45% yields, respectively.

Based on the experimental results and previous reports, a
plausible reaction mechanism is proposed (Scheme 2) [62].
Initially, I, and PPh; formed complex A, which promoted the
release of CO from formic acid. Pd" was reduced by PPh; to
form Pd® complex B [62]. Through a oxidative addition pro-
cess of aryl iodide to Pd° to form Pd" complex C. Then, CO
was captured by C to form D. After CO insertion, the benz-
oylpalladium halide D converted into arylpalladium alkyne
complex E and released HI simultaneously under the action
of base. Final reductive elimination is furnished to regen-
erate product alkynone and Pd’ complex B that launched
another catalytic cycle.

Conclusion

In conclusion, we have established a convenient and efficient
palladium-catalyzed carbonylative Sonogashira cross-cou-
pling reaction by employing formic acid as the CO source.
The mild reaction conditions, short reaction times, good
yields of the products, ease of work-up, and compatibility

with various functional groups will make the present method
a useful and important addition to the present methodologies
for the synthesis of alkynones.

Experimental

Reactions were performed in flame-dried glassware using
sealed tube. Liquids and solutions were transferred with
syringes. All solvents and chemical reagents were obtained
from commercial sources and used without further puri-
fications. 'H and '*C NMR spectra were recorded with
tetramethylsilane as an internal reference at 400 MHz and
101 MHz, respectively. Spectra were referenced to the resid-
ual solvent peak of CDCl; or DMSO-d, unless otherwise
noted. High-resolution mass spectra (HRMS) were measured
on a Micromass Q-Tof Global mass spectrometer and LCMS
was run on Waters LCMS/SQD + UPLC H-class spectrom-
eter. Flash column chromatography on silica gel (200-300
mesh) was used for the routine purification of reaction prod-
ucts. The column output was monitored by analytical thin-
layer chromatography (TLC) on silica gel (100-200 mesh)
precoated on glass plates (15X 50 mm), and spots were
visualized by ultraviolet light at 254 or 365 nm. Melting
points were recorded on a WRS-1B melting point apparatus.
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Scheme 2
Pd"(OAc), + 4 PPh,
0
Ar)\ )
Ny PhsP._ /OAzl
0
product Pd
Ph3P PPh3
PPhs
o //
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X|_2
E
NEt;-HI
N
+ NEtg F|>d”
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D

X: ACOe L: PPh3

Commercially available chemicals were obtained from
Acros Organics, Strem Chemicals, Alfa Aesar, Adamas-beta,
J&K, and TCI.

General procedure for the synthesis of compounds
3,6,and 7

PPh; (1.3 mmol, 1.3 equiv), I, (1.3 mmol, 1.3 equiv) and
4 cm® toluene were added to a 20 cm? test tube equipped with
a stir bar, which was stirred for 10 min at room temperature.
Then, aryl iodide 1, 4, or § (1 mmol), alkyne 2 (1.5 mmol,
1.5 equiv), Pd(OAc), (3 mol%), and Et;N (5 mmol, 5 equiv)
were added into the solution. At last, HCOOH (2 mmol, 2
equiv) was added, and the tube was immediately sealed and
stirred at 40 °C for 4 h. After completion of the reaction,
mixture was cooled to room temperature, filtered, and con-
centrated under reduced pressure. The obtained residue was
purified by flash column chromatography on silica gel to
provide the corresponding products 3, 6, or 7.
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