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ABSTRACT

We have discovered a new method employing Pd-catalyzed cycloreduction of conjugated enynals 1 bearing an alkyne unit leading to the
corresponding 2-(2-methylenecycloalkyl)-furans 2a −j and a related compound 7 in good to excellent yields.

Pd-catalyzed cycloreduction of enynes and enediynes gives
various polycyclic compounds in a very convenient single
step.1 A few years ago, we reported Pd-catalyzed cyclo-
reductions of enediynes leading to [m,5,n]-tricyclic com-
pounds2 and we could synthesize (()-ceratopicanol by using
this method as a key step.3 This reaction proceeded with high
levels of stereoselectivities leading to concave-shaped
triquinane skeletons accompanying a significant increase in
structural complexity. Extension of this method to 1,n-diynes
could provide a successful formation of 1,2-bismethylene-
cycloalkane derivatives which are the same compounds from
Pd-catalyzed cycloisomerization of the corresponding enynes.
A major advantage in diyne cycloreduction is in the
formation of a stable alkenylpalladium intermediate, and
enyne cycloisomerization forms the alkylpalladiums labile

for â-elimination. Such an increase in stability of the
alkenylpalladiums could prompt us to further explore new
reactions.4 Herein, we report functionalized and stereo-
controlled syntheses of 2-(2-methylenecyclopentyl)-furans by
a Pd-catalyzed cycloreduction method. Furans have attracted
increasing attention as synthetic target compounds due to
their widespread occurrence in nature and due to the wide
range of biological activities.5

We assumed that the alkenylpalladium species could have
oxophilicity for the carbonyl oxygen in an appropriate
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position similar to carbopalladation (Scheme 1). Terminal
or activated triple bonds are known to undergo facile
hydropalladation with a HPdOCOH species, generated in situ
by mixing Pd compounds with formic acid, to form the
vinylpalladium species which undergoes carbopalladation
with the alkyne unit to form the intermediateA.6 The
carbonyl oxygen could attack the palladium nucleus to
release CO2 and subsequently to transfer hydride to the
indicated carbon inB from the sterically less-hindered face.7

Electron delocalization toC followed by reductive elimina-
tion could result in the formation of the furan2b and PdLn
for the next catalytic cycle.

Our preliminary results are summarized in Table 1.
Initially, we attempted Pd-catalyzed cycloisomerizations of
1b in the presence of acetic acid and triethylsilane as an
initiator and a reductant, respectively, but this resulted in
decomposition (entry 1). When 1.5 equiv of formic acid was

employed with palladium catalysts,1b was cleanly converted
into 2b as a major route (entries 2-4).

Even with a catalytic amount of acetic acid, the furan
derivative3b was isolated in moderate yield when Pd(PPh3)4

was employed as a catalyst in dioxane (entry 5).8 This
reaction was less efficient in toluene and did not occur in
1,2-dichloroethane (EDC) (entries 6 and 7). Mechanistically,
the intermediateA (R ) CH3) might undergo cyclization to
the oxypalladacycleD, releasing an acetate anion, and
deprotonation ofD to E by an acetate anion followed by
reductive elimination to the product3b. Attempting selective
hydrogenation of3b toward the conditions in entry 2 failed.
Even in a gram-scale reaction, we could convert1b to the
2-(2-methylenecyclopentyl)-furan derivative2b in 90% yield.

Our conditions were tested for several substrates prepared
by using known methods (Figure 1 and Table 2).9 Overall,

all substrates1a-j were successfully transformed to the
corresponding furan derivatives2a-j in high to excellent
yields. Looking closely, the substrate1c bearing a seven-
membered ring tether was superior to1b bearing a six-
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Scheme 1

Table 1. Cyclizations of1b under Various Conditions

catalysts
(3 mol %)

additive
(equiv)

solvent, temp (°C),
time (h)

products
(% yield)

1 Pd(PPh3)4 AcOH (0.1)
Et3SiH (1.5)

dioxane, 80, 4 dec

2 Pd(PPh3)4 HCOOH (1.5) dioxane, 80, 4 2b (90)
3 Pd(OAc)2/PPh3 HCOOH (1.5) dioxane, 80, 4 2b (68)
4 PdCl2(PPh3)2 HCOOH (1.5) dioxane, 80, 4 2b (36)
5 Pd(PPh3)4 AcOH (0.1) dioxane, 80, 4 3b (45)
6 Pd(PPh3)4 AcOH (0.1) toluene, 80, 4 3b (26)
7 Pd(PPh3)4 AcOH (0.1) EDC, 80, 4 nr

Figure 1. Structures of enediynals and their cycloreduction
products.
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membered ring. The substrate1awith a five-membered ring
also afforded the corresponding furan2a along with a small
amount of uncharacterized byproducts. A substrate1d
bearing a nitrogen tether underwent this cycloreduction to
2d without any problem. This implied that the present
reaction could apply to the substrates without possessing
gem-dialkyl groups. Thus, two substrates,1e and 1f, with
nogem-diesters were converted into the corresponding furan
derivatives2e and2f.

Note that the present method exhibited excellent stereo-
selectivity depending on the size of the protecting groups.
Although a benzyl-protected substrate1g afforded the furan
derivative2g (cis/trans) 3:1) in 67% yield, TBS-protected
1h afforded the furan2h in 68% yield with only the cis
configuration without any detectable amount of trans isomer
in its crude NMR spectrum.10 Introduction of an ethoxy-
carbonyl group at the terminal alkyne is interesting because
it might show better reactivity toward Pd catalysts, and the
resultant products could be converted into other valuable
compounds. Two substrates,1i and1j, under our conditions
were cycloreduced into2i and2j in 40% and 54% yields,
respectively.

To gain more mechanistic insight, we carried out two
experiments (Scheme 2). First,1f was cyclized under Pd-

AcOH catalytic conditions to3f nicely, but reduction of3f
to 2f, upon exposure of3f to the present conditions, did not
occur. Second, when deuterated formic acid was employed

under our conditions, deuterated product2f-d2 was isolated
in 66% yield, although the deuterium position at the
methylene was mixed.11 These two experiments strongly
support our proposed mechanism in Scheme 1.

Finally, we tried to apply our method to4 tethered to an
aromatic aldehyde (Scheme 3). This reaction worked suc-

cessfully to afford the corresponding isobenzofuran5, but
isolation was unsuccessful due to its instability.12 The isolated
product from this reaction was the diene6 which was formed
presumably by acid-catalyzed decomposition of5 upon
exposure to silica gel.13 Evidence of formation of the
isobenzofuran5 was found by a trapping experiment done
by reacting with diethyl acetylene dicarboxylate to produce
7 in 45% yield.14

In conclusion, we have discovered a new method employ-
ing Pd-catalyzed cycloreduction of conjugated enynals1
bearing an alkyne unit leading to the corresponding 2-(2-
methylenecycloalkyl)-furans2a-j in good to excellent
yields, respectively. Because of the broad application of
furans in medicinal, synthetic, and material chemistry fields,
a convenient and atom-economical method for their synthesis
should generate great interest from organic synthetic chem-
ists.
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(10) A NOE experiment of2h clearly indicated two protons in the
cyclopentane ring in a cis relationship. See Supporting Information.
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Table 2. Cycloreductions of1 to Furans2 under Pd Catalysis

entry compd n temp (°C) time (h) % yield

1 1a 1 70 0.5 77
2 1b 2 80 0.5 90
3 1c 3 70 0.5 96
4 1d 80 2.0 83
5 1e 1 80 1.0 66
6 1f 2 80 1.0 61
7 1g 80 0.5 67
8 1h 80 1.0 68
9 1i 1 70 2.0 40

10 1j 2 70 3.0 54

Scheme 2

Scheme 3
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