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ABSTRACT: An efficient Pd(II)-catalyzed difunctionalization
reaction of internal alkynes is reported. In this reaction, various
enynoates and electron-deficient alkenes were used for the
syntheses of useful highly substituted pyrone derivatives via a
6-endo cyclization and subsequent alkenylation pathway. The
corresponding products could be obtained in moderate to
good yields under very mild reaction conditions. The high
regioselectivity and wide compatibility with different functional
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groups found in the desired products demonstrate this method to be a general and useful tool for the synthesis of highly

substituted pyrone derivatives.

yrone structural subunits are widely observed in many

natural products and pharmaceutical molecules (Scheme
1)." Pyrones are also useful building blocks for the synthesis of a
variety of heterocyclic compounds.” Consequently, the con-
struction of this class of compounds has attracted much
attention. Traditional approaches and organometallic methods
to access this class of compounds have been well studied.”
However, limited substrate scope and/or harsh reaction
conditions restrict the wide application of these methods.
Therefore, more efficient and general methods to access

Scheme 1. Palladium-Catalyzed Cyclization of Enynoates for
Synthesis of Highly Substituted Pyrones
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functional pyrones deserve to be developed. Recently, methods
developed using different electrophiles such as I,, ICl, NIS,
PhSeCl mediated cyclization reactions of enynoates have been
reported by Larock,* Rossi,” Burton® et al. as useful supplements
for the synthesis of heteroatom substituted pyrone compounds.
To achieve the multicarbon-substituted pyrone fragments, these
obtained products need to be further functionalized in
subsequent steps.’” Simultaneously, transition-metal-catalyzed
cyclization reactions of enynes to prepare the pyrone derivatives
have been studied which would be more efficient and convenient
methods for the synthesis of this type of products.® However, the
high control of high S-exo or 6-endo regioselectivity of the
products and suppression of protonation side reaction are
difficult.” To the best of our knowledge, few examples of
palladium-catalyzed difunctionalization of conjugated enynes via
6-endo cyclization have been achieved.'® Inspired by the fruitful
research results of the application of vinylpalladium species
generated in situ in coupling reactions to synthesize complex
molecules,'' ™' as well as our continuous interest in developing
cross-coupling reactions between alkenes,'* we embarked on the
study of a palladium-catalyzed difunctionalization reaction of
internal alkynes'® via highly selective 6-endo cyclization and
alkenylation using easily available enynoates'® and electron-
deficient alkenes (Scheme 1).

Initially, the optimization of reaction conditions was carried
out using Z-enynoate la and methyl acrylate 2a; the summarized
results are shown in Scheme 2. After numerous attempts, it was
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Scheme 2. Optimization of Reaction Conditions for the
Cyclization and Alkenylation of Enynoate 1a with Methyl

Acrylate 22
CO,Me
. Palladium catalyst
= \ . /\COZMe oxidant
EtO.C
1a 2a
entry catalyst (10 mol %) oxidant {equiv) solvent temp (°C) time (h) yield (%)

1 Pd(OAc), BQ (1) + O, (1 atm) DMSO 32 18 52
2 Pd(OAc), BQ (1) + O, (1 atm) DMA 32 48 <5
3 Pd(OAc), BQ (1) + O, (1 atm) DMF 32 48 <5
4 Pd(OAc), BQ (1) + O, (1 atm) 1,4-Dioxane 32 48 <5
5  Pd(OAc), BQ (1) + Air (1 atm) DCE 32 48 <5
6 Pd(OAc); Oy (1 atm) DMSO 32 30 28
7 Pd(OAc), Ag20 (1) + O (1atm) DMSO 32 24 49
8  Pd(OAc) AgOAC (1) + O, {1 atm) DMSO 32 32 52
9 Pd(OAc), Cu(OAc), (1) + O, (1 atm) DMSC 32 70 7

10  Pd(OAc), K3S,0g (1) + Air (1 atm) DMSO 32 24 22
11 Pd(OAc), BUOOH (1) + Air (1 atm) DMSC 32 24 63
12 Pd(OAc), H,0, (1) + Air (1atm)  DMSO 32 29 9

13 Pd(MeCN,Cl,  'BUOOH {1} + Air {1 atm} DMSO 32 43 67
14 PA(MeCN)4(BF,), ‘BUOOH {1} + Air (1 atm} DMSO 32 67 45
15 PdCl, BUOOH (1) + Air (1 atm) DMSO 32 67 72
16 Pd(PPhy)Cl, BUOOH (1) + Air (1 atm) DMSGC 32 69 <5
17 PA(PhCN),Cl,  ‘BuOOH (1) + Air (1 atm) DMSO 32 59 84
18  PA(PhCN),Cl,  'BuOOH {1} + Air (1 atm} DMSO 50 26 74
19 Pd(PhCN),Cl, BQ(0.5)+0,(1atm} DMSO 32 26 85
20 PA(PhCN)Cl,  BQ(1)+ O, (1 atm) DMSO 32 29 79
21 Pd(PhCN),Cl, BQ(0.5)+0,(1atm)  DMSC 32 51 62

“Reaction conditions: The mixture of 1a (0.3 mmol), 2a (0.6 mmol),
oxidant in indicated solvent (1.0 mL) was stirred for corresponding
hours. “Isolated yields. °5 mol % Pd(PhCN),Cl, was used as catalyst.

Scheme 3. Different Enynoates were Tested for Palladium-
Catalyzed Cyclization and Alkenylation Reactions
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found that the system of the Pd(II) catalyst with an oxidant could
favor the product’s formation. The use of dimethyl sulfoxide
(DMSO) as solvent in the reaction could greatly improve the
product’s yield as compared to other tested solvents. Moreover,
the combined oxidant systems such as BQ with oxygen, silver salt
with oxygen, or tert-butylhydroperoxide in air could afford the
desired product in reasonable yield, while the use of only oxygen,
copper(II) acetate with oxygen, or hydrogen peroxide in air were
found to be completely inefficient. Next, various Pd(II) catalysts
were screened; except for Pd(PPh,),CL, other Pd(II) species
could all afford the desired product in acceptable yields.
Especially, a high yield of product could be obtained when
Pd(PhCN),Cl, was applied in this reaction. Further detailed
studies using Pd(PhCN),Cl, as the catalyst showed that
elevating the temperature to 50 °C would shorten the reaction
time significantly with a slightly decreased product yield.
Furthermore, it was observed that replacing the oxidant system
with BQ and an oxygen atmosphere would favor the product’s
formation, while a high loading of BQ_or low loading of the
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Scheme 4. Pd(II)-Catalyzed 6-Endo Cyclization and
Alkenylation of 1 with Methyl Acrylate™?
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“Reaction conditions: The reactions were carried out under the
standard reaction conditions: 1 (0.3 mmol), 2a (0.6 mmol, 2 equiv),
Pd(PhCN),Cl, (0.03 mmol, 0.1 equiv), BQ (0.5 equiv), and O, (1
atm) in 1.0 mL of DMSO were stirred at 32 °C for corresponding
hours shown in parentheses. “Isolated yields. “The reactions were
carried out at 60 °C.

palladium catalyst would diminish the yield of product 3a
(Scheme 2, entries 20 and 21 respectively).

Furthermore, enynes with different ester groups were
investigated to react with methyl acrylate respectively under
the optimized reaction conditions. It was noticed that the ethyl-
group-substituted compound 1a is the best choice in terms of
yield and reaction duration (Scheme 3).

Therefore, the generality of the cascade reactions between
ethyl-group-substituted enynoates and methyl acrylate was
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Scheme 5. Pd(II)-Catalyzed Cyclization and Alkenylation of
1a with Different Electron-Deficient Alkenes 2"
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“Reaction conditions: The reactions were conducted under the
standard reaction conditions: 1a (0.3 mmol), 2 (0.6 mmol, 2 equiv),
Pd(PhCN),Cl, (0.03 mmol, 0.1 equiv), BQ (0.5 equiv) in 1.0 mL of
DMSO under an oxygen atmosphere (1 atm) were stirred at 32 °C for
24 h. Isolated yields.

Scheme 6. Proposed Possible Mechanism for the Pd(II)-
Catalyzed 6-Endo Cyclization and Olefination Reactions of
Enynoates
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evaluated (Scheme 4). The substrates with electron-donating or
-withdrawing group on the phenyl ring all could afford the
desired products in moderate to excellent yields. However, the
presence of a methyl substituent at the ortho-position of the
phenyl ring will prolong the reaction time greatly due to possible
steric hindrance. Additionally, the cyclohexenyl as well as the
aliphatic group substituted enynoates could also be employed in
the cascade reactions. The tolerance of various functional groups
such as halide, ether, and ester in products allows them to be
further functionalized in subsequent steps. When thioenyl- or
indole-substitued enynoate was used to react with methyl
acrylate, the desired products 3p and 3q could be generated in
62% and 72% yields respectively by prolonging the reaction
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duration. Finally, excellent yields could also be obtained for the
substrates with a f-substituent (Scheme 4, 3r and 3s).

Next, various electron-deficient alkenes were tested as the
coupling partners (Scheme S). The corresponding products
could be smoothly obtained in high yields when different
acrylates (Scheme 4, 3a, 4a—4d) as well as the acrylamide
(Scheme S, 4f) were used in the reaction. However, only low
yields of the products 4e and 4h were found when acrolein and
styrene were used as the coupling partners, respectively.

A plausible reaction pathway for the Pd(II)-catalyzed 6-endo
cyclization and alkenylation reactions of enynoates was proposed
as shown in Scheme 6.7 First, a 6-endo cyclization of the
enynoate will occur which was activated by the alkyne Pd(II) ion.
Therefore, an active vinylpalladium species B will be generated to
react with methyl acrylate and afford the intermediate C via
migratory insertion. The desired product 3a could be formed
after reductive elimination and followed by the reoxidation of
Pd(0) species into the next catalytic cycle by benzoquinone
(BQ).

In conclusion, Pd(II)-catalyzed highly regioselective 6-endo
cyclization and alkenylation reactions have been developed.
Various multifunctionalized pyrones could be obtained in good
yields under mild reaction conditions in a one-pot manner.
Further studies on the application of this method for the
synthesis of natural products are in progress.
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