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Abstract: An intriguing, facile, and efficient oxidation and cycliza-
tion of alkynes catalyzed by Pd(OAc), in a fluorous biphasic system
of N,N-dimethylacetamide (DMA) and perfluorodecalin directly
with molecular oxygen is described, which opens an efficient access
to tetrasubstituted furans. Under the optimized conditions, intermo-
lecular reaction between diverse alkynes provides the correspond-
ing mixture of regioisomers with appreciable selectivity.
Intramolecular oxidation and cyclization of alkynes are also suc-
cessfully demonstrated. The reaction proceeds efficiently under
mild conditions with atmospheric oxygen as the sole oxidant.
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Functionalized furans play important roles in organic
chemistry not only due to their presence as key structural
units in many natural products and important pharmaceu-
ticals,! but they can also serve as important intermediates
for many organic transformations.? Therefore, the synthe-
ses of polysubstituted furans continue to attract the inter-
est of many synthetic chemists.?

Classical methods for the preparation of substituted furans
have been based on direct functionalization of existing
furans or cyclization of acyclic substrates.* Among differ-
ent protocols for achieving this goal, transition-metal-
catalyzed cycloisomerization of unsaturated acyclic pre-
cursors to prepare multiple substituted furans has attracted
much attention. However, these known synthetic methods
have several drawbacks, for example, insufficient yields
of the desired compounds, harsh conditions, and/or the ab-
sence of an efficient and general procedure for the prepa-
ration of the rather advanced starting materials. There is
still a need for new improved routes, which should be suit-
able for constructing molecular materials and avoid the
use of stoichiometric reagents.

Palladium-mediated organic transformations continue to
be a fascinating area in organic synthesis as well as orga-
nometallic chemistry due to their versatility and ability to
give unexpected outcomes.’ In a preliminary communica-
tion, we have reported the utility of a catalytic amount
Pd(OAc),, and Zn(OTY), efficiently catalyzed the oxida-
tion and cyclization of aromatic alkynes with molecular
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oxygen as the oxidant to afford tetrasubstituted furans.®
However, the method has problems including drastic reac-
tion conditions, narrow substrate scope, and low yield.
Therefore, development of a mild and practical synthetic
method is more attractive.

Perfluorinated hydrocarbons, which can fully solubilize a
range of gases,” were used firstly for synthetic applica-
tions by Horvath and Rabai. They showed that perfluori-
nated hydrocarbons are ideal solvents for organic
reactions, in which gases serve as one reactant, particular-
ly suited for oxidation reactions.® Indeed, a variety of
common organic reactions have achieved in fluorous me-
dia.’

In this manuscript, we report on using fluorous solvents
which can be potentially reused for further reaction runs
as medium to synthesize tetrasubstituted furans by
Pd(OAc),-catalyzed oxidation and inter- and intramolec-
ular alkyne—alkyne cyclization with atmospheric oxygen
as the sole oxidant under very mild conditions. Reaction
of diverse alkynes is also successfully demonstrated. This
should significantly expand the range of suitable starting
materials for the synthesis of tetrasubstituted furans.

Catalyzed oxidation and cyclization of 1,2-diphenyl-
ethyne in perfluorodecalin (C,yF,, cis and trans mixture)
was selected as a model reaction for studying the effect of
co-solvent and Lewis acid. As shown in Table 1, the reac-
tion did not proceed without Lewis acid (Table 1, entry 1).
To our delight, we found that the reaction performed with
addition of ZnCl, (Table 1, entry 2). The reaction showed
strong co-solvent dependence. Among the co-solvents
used, DMF, 1,4-dioxane, and DMA were proved appro-
priate (Table 1, entries 2-7). A variety of Lewis acids
were tried (Table 1, entries 8—10), and the results showed
that when ZnCl, was employed the reaction could afford
2ain good yields. The lower product yield of 40% was ob-
tained when decreasing the catalyst amount from 10
mol% to 2 mol% (Table 1, entry 11). Moreover, the yield
of tetrasubstituted furans decreased dramatically in the
absence of perfluorodecalin after 24 hours (Table 1, entry
12). It is noteworthy that the reaction proceeded badly un-
der air atmosphere (Table 1, entry 13). The optimized
reaction conditions are as following: 1la (1.0 mmol),
Pd(OAc), (10 mol%) with Lewis acid (20 mol%) and co-
solvent (0.5 mL), perfluorodecalin(C,(F,g, cis and trans
mixture, 0.5 mL) at 60 °C for 24 hours (Table 1, entry 7).
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Table 1 Optimization of Reaction Conditions for the Synthesis of Tetrasubstituted Furans®

0.

Pd(OAc),, Lewis acid Q \ / O
. perfluorodecalin, co-solvent

2 - 05 (1atm), 60 °C O O

1a
2a
Entry Lewis acid Co-solvent Yield (%)°
1 - DMA 0
2 ZnCl, MeCN 3
3 ZnCl, EtOH 14
4 ZnCl, DMF 87
5 ZnCl, 1,4-dioxane 81
6 ZnCl, DMSO 57
7 ZnCl, DMA 94 (90)
8 ZnCl,-H,O DMA trace
9 Zn(0TY), DMA 5
10 CuCl, DMA 0
11¢ ZnCl, DMA 40
12¢ ZnCl, DMA 8
13¢ ZnCl, DMA trace

2 Reaction conditions: 1,2-Diphenylacetylene (1.0 mmol), Pd(OAc), (10 mol%), Lewis acid (20 mol%), co-solvent (0.5 mL), and perfluoro-
decalin (C,yF3, cis and trans mixture, 0.5 mL), 60 °C, O, (1 atm), 24 h.

® Determined by GC. Number in parentheses was isolated yield.

¢ Pd(OAc), (2 mol%).

4DMA (1.0 mL), perfluorodecalin (0 mL).

¢ Air (1 atm).

With the optimized reaction conditions in hand (Table 1,
entry 7), we began to explore the scope and limitations of
this method. As shown in Table 2, this transformation was
highly efficient for a broad scope of substrates, wherein
various functional groups, including halide, methoxy,
alkyl, and trifluoromethyl could be tolerated, and product
2g was structurally characterized by X-ray diffraction
measurement (Figure 1). Suitable alkyne substrates were
easily prepared by Sonogashira reaction, and the oxida-
tion cyclization reaction proceeded smoothly to give the
tetrasubstituted furans 2a—k in good to excellent yields.

It was found that alkynes containing a substituent at the 2-
position generally resulted in lower yields than alkynes
containing substituent at the 3- or 4-position (Table 2, en- 7 X3
tries 8—10). This may be attributed to steric effects. Other-
wise, 1,2-di-p-tolylethyne (1b), 1,2-bis(4-butylphenyl)-
ethyne (1c), 1,2-bis(4-methoxyphenyl)ethyne (1d), and
1,2-di-m-tolylethyne (le) possessing electron-donating
groups on the aromatic ring afforded the product 2b, 2c,
2d, and 2e in 90%, 89%, 80%, and 65% isolated yields, re- ~ Figure1 X-ray crystal structure of compound 2g
spectively (Table 2, entries 1-4). In comparison, reaction

of 1,2-bis(3-chlorophenyl)ethyne (1f), 1,2-bis[4-(trifluo-
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romethyl)phenyl]ethyne (1g), and 1,2-bis(4-bromophe-
nyl)ethyne (1h) substituted with electron-withdrawing
groups took place in higher yield to give products 2f, 2g,
and 2h in 74%, 95%, and 86% (Table 2, entries 5-7).
Noteworthy, the tetrasubstituted furan formation that tol-
erates aryl bromides offers potential for further function-
alization of furans by, for example, catalytic cross-
coupling reactions.

R! R2

O O Pd(OAc),, ZnCl,

perfluorodecalin,DMA
O, (1atm), 60 °C

O O )

R! R2
R
1a:R'=H 1c: R?2= n-Bu 2a, 2b, 2g
1b: R' = Me
1g: R'= CF3

Next, the practical utility of this oxidation and cyclization
process between diverse alkynes under typical conditions
was evaluated. The reactions of 1,2-diphenylethyne (1a),
1,2-bis(4-(trifluoromethyl)phen yl)ethyne (1g), or 1,2-di-
p-tolylethyne (1b) with 1,2-bis(4-butylphenyl)ethyne (1c¢)
were investigated briefly and resulted in statistical distri-
bution of symmetric tetrasubstituted furans along with the
dissymmetric product (Scheme 1).

3ac, 3bc, 3gc

D &

2a 2c
26% 24%

n-Bu

20%

3ac
50%

O O OO
0 QO BYRS

3bc
52%

3gc

290/0 1 7Q/° 540/0
Scheme 1 Pd(OAc),/ZnCl,-catalyzed oxidation cyclization of diverse alkynes to afford tetrasubstituted furans. Reactions were carried out

using diverse alkynes (0.5 + 0.5 mmol), Pd(OAc), (10 mol%), Lewis acid (20 mol%), DMA (0.5 mL), and perfluorodecalin (C,yF,s, cis and
trans mixture, 0.5 mL), 60 °C, O, (1 atm), 24 h. Isolated yields are given.
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Table2 Pd(OAc),/ZnCl,-Catalyzed Oxidation Cyclization of Vari-
ous Alkynes to Afford Tetrasubstituted Furans®

Pd(OAc),, ZnCl, A 0 A
perfluorodecalin, DMA r r
2 Ar—=——Aar \
0O, (1atm), 60 °C
1 Ar’ Ar
2

Entry  Ar Product Yield (%)®
1 4©7é 2b 90

1b
2 n—Bu4©7§ 2¢ 89

1c
3 MeOQ§ 2d 80

1d
4 é 2e 65

le

Cl
5 @% 2f 74

1f
6 F304©7§ 2 95

1g
7 Br4©7§ 2h 86

1h
8 F@? 2i 83

1i

F
2N I

1j
10 :\< § 2k 46

F
1k

* Reactions were carried out using alkyne (1 mmol), Pd(OAc), (10
mol%), Lewis acid (20 mol%), DMA (0.5 mL), and perfluorodecalin
(C,oF,s, cis and trans mixture, 0.5 mL), 60 °C, O, (1 atm), 24 h.

® Isolated yields.

To further extend the scope of the reaction, we have ex-
plored the utility of internal alkynes. Unfortunately, the
yields were low under the optimized conditions.
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- O Pd(OAc), (10 mol%) O o) O
ZnCl, (20 mol%) \ /

— perfluorodecalin, DMA

== O 0, (1atm), 60 °C

21, 32%

1,7-diphenylhepta-1,6-diyne

Scheme 2 Pd(OAc),/ZnCl,-catalyzed oxidation—cyclization of in-
ternal alkynes

In summary, we have developed a highly efficient method
for palladium-catalyzed oxidation—cyclization reaction of
alkynes to synthesize tetrasubstituted furans with an
atmospheric oxygen as the sole oxidant in a fluorous bi-
phasic system of N,N-dimethylacetamide and perfluoro-
decalin at 60 °C (Scheme 2). The presented results clearly
demonstrate that Pd(IT) acted as a one-pot catalyst to cat-
alyze the oxidation of alkynes followed by an efficient cy-
clization reaction, which resulted in a direct conversion of
alkynes into tetrasubstituted furans. It is also indicated
that not only intermolecular but also intramolecular
alkyne—alkyne coupling, oxidation, and cyclization can
complete under similar reaction conditions. The utiliza-
tion of perfluorocarbon should significantly expand the
range of suitable starting materials for the oxidation of
alkynes. As the reaction tolerates aryl halides, it could po-
tentially provide access to a variety of molecular materi-
als, as well as mixed arylfuran polymers from aromatic
diynes. This novel oxidation methodology should find
widespread use in organic synthesis. Further synthetic ap-
plications and studies of the reaction mechanism are in
progress.

Typical Procedure for the Preparation of the Tetrasubstituted
Furans

Alkyne (1 mmol), Pd(OAc), (10 mol%), and ZnCl, (20 mol%) were
added to an oven-dried Schlenck tube under air. The septum-sealed
tube was evacuated and refilled with O, thrice. DMA (0.5 mL) and
perfluorodecalin (0.5 mL) were added via syringe. The reaction
mixture was heated in an oil bath at 60 °C for 24 h. After the reac-
tion completed, the product was obtained by silica gel chromatog-
raphy with light PE-CH,Cl, as eluent.

Supporting Information for this article is available online at
http://www .thieme-connect.com/ejournals/toc/synlett.
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