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Abstract: Described herein is the development of a
palladium(II)-catalyzed two- or three-component re-
action of 2-(1-alkynyl)-2-alken-1-ones with nucleo-
philes and allylic chlorides. Various types of nucleo-
philes such as O-, N-, C-based nucleophiles and
olefin-tethered O-, N-, C-based nucleophiles were in-
vestigated. The scope, mechanism and application of
this Pd(II)-catalyzed domino reaction were studied.
In these transformations, the palladium catalyst ex-
hibits a dual role, serving simultaneously as a Lewis
acid and a transition metal. Two possible reaction
pathways (cross-coupling reaction vs. Heck reaction)
from the same intermediate furanylpalladium species
were observed. The reaction pathway is dependent
on the property of the nucleophile and the length of
the tethered chain as well. When olefin-tethered O-

based nucleophiles were used, only the cross-cou-
pling reaction pathway was observed, in contrast,
both reaction pathways were observed when olefin-
tethered C-based nucleophiles were employed. The
product ratio is dependent on the length of the teth-
ered chain. Furthermore, ring-closing metathesis
(RCM) of corresponding furans with C=C bonds
provides an easy method for the preparation of func-
tionalized oxygen-heterocycles – 3,4-fused bicyclic
furans. It is also noteworthy that allylic chloride can
be as an oxidant besides its well known function as
an alkylating reagent.

Keywords: cyclization; domino reactions; fused ring
systems; palladium; synthetic methods

Introduction

As one of the most prominent classes of heterocyclic
compounds, furans are important subunits in many
natural products, pharmaceuticals,[1,2] and organic
building blocks in organic synthesis.[3,4] It is thus not
surprising that various new synthetic methods have
been developed for the assembly of the furan ring.[5]

It is believed that transition metal-catalyzed one- or
two-component reactions are the most general and
powerful approaches, which include the cyclization of
allenyl ketones,[6] 3-alkyn-1-ones,[6k,7] 1-(1-alkynyl)-cy-
clopropyl ketones,[8] (Z)-2-en-4-yn-1-ols,[9] and/or cy-
cloisomerization of cyclopropyl ketones[10]/cyclopro-
penyl ketones.[11] In contrast to the above-mentioned

alkynyl or allenyl ketone substrates, 2-(1-alkynyl)-2-
alken-1-ones bearing carbonyl, alkynyl and alkenyl
groups were less explored despite the fact that they
are more readily accessible and more easily manipu-
lated than those alkynyl or allenyl ketones.[12]

In 2004, Larock and co-workers[13] reported the first
example of an AuCl3-catalyzed cyclization of 2-(1-al-
kynyl)-2-alken-1-ones to afford highly substituted
furans efficiently [Eq. (1)]. Soon after, Yamamoto,[14a]

Oh,[14b] and Liang[14c] developed CuBr-, PtCl2- or
Bu4NAuCl4-catalyzed versions of this transformation
independently.

Almost at the same time, Liu[15a] and Larock[15b] ob-
served that electrophiles such as I2 can induce the cyc-
lization of 2-(1-alkynyl)-2-alken-1-ones with various
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nucleophiles leading to tetrasubstituted furans in
good to excellent yields [Eq. (2)].

During our study of furan synthesis, we realized that
a route to efficiently synthesize tetrasubstituted
furans,[16] especially tetrasubstituted 3,4-fused bicyclic
furans,[17] is still a challenging topic as compared to the

synthesis of trisubstituted furans. It was then envi-
sioned that 2-(1-alknyl)-2-alken-1-ones might react
with nucleophiles and an allyl halide under the cataly-
sis of Pd(II) species, in which the Pd(II) species might
exhibit a dual role: as a Lewis acid and as a transition
metal (Scheme 1). To the best of our knowledge, there

Scheme 1. Proposed reaction pathway for the reaction, in the first step the Pd(II) serves as a Lewis acid, and in subsequent
steps Pd(II) serves as a transition metal.

Table 1. Catalyst screening for the three-component Michael-addition/cycliza-
tion/cross-coupling reaction.[a]

[a] Reaction was carried out with 1a (0.5 mmol) at room temperature.
[b] Yields were determined by NMR using CH2Br2 as an internal standard,

isolated yields are shown in parentheses.
[c] K2CO3 (2.0 equiv.) was used.
[d] 10 equiv. of allyl bromide was used instead of allyl chloride .
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is only one example of PdACHTUNGTRENNUNG(OAc)2 serving as a dual cat-
alyst.[18] Now, we will report a comprehensive study of
this multicomponent reaction[19,20] including scope,
mechanism and synthetic applications, together with a
novel cascade process[21] involving Michael addition/
cyclization/Heck reaction, which produces various 3,4-
fused bicyclic furans in moderate to good yields. It is
interesting to find that allylic chloride can play a dual
role as an alkylating reagent and as an oxidant (!).

Results and Discussion

Three-Component Michael Addition/Cyclization/
Cross-Coupling Reaction of 2-(1-Alkynyl)-2-alken-1-
ones with O-, N-, C-Based Nucleophiles and Allylic
Chloride: Allylic Chloride is Serving as a Crossing-
Coupling Reagent

The exploration was carried out by using (E)-3-ben-
zylidene-5-phenylpent-4-yn-2-one 1a, methanol 2a
and allyl chloride 3a as model substrates (Table 1).
After catalyst screening, we found that the cycliza-
tion/cross-coupling reaction of 1a with MeOH 2a
(4.0 equiv.), allyl chloride 3a (4.0 equiv.) in the pres-
ence of 5 mol% of PdCl2 ACHTUNGTRENNUNG(CH3CN)2 and K2CO3

(4.0 equiv.) in CH3CN at room temperature gives the
product 4aaa in 75% isolated yield (Table 1, entry 3,
Standard Conditions). The reaction will afford the
product in a lower yield upon lowering the loading of
base, methanol or allyl chloride (Table 1, entries 4–6).
Use of the weaker Lewis acid PdBr2ACHTUNGTRENNUNG(CH3CN)2 [com-
pared to PdCl2ACHTUNGTRENNUNG(CH3CN)2], generated via addition of
1.0 equivalent of KBr or using allyl bromide as cross-
coupling reagent instead of allyl chloride, gives the
expected product in lower yield, indicating that the
PdCl2ACHTUNGTRENNUNG(CH3CN)2 indeed plays the role of a Lewis acid
(Table 1, entries 7 and 8). Other catalysts such as
PdCl2ACHTUNGTRENNUNG(PPh3)2 (generated in the reaction by adding 20
mol% of PPh3) and Pd ACHTUNGTRENNUNG(PPh3)4 showed no catalytic ac-
tivity (Table 1, entries 1 and 2). We can then conclude
that PdCl2ACHTUNGTRENNUNG(CH3CN)2 is a stronger Lewis acid than
PdBr2ACHTUNGTRENNUNG(CH3CN)2, PdCl2ACHTUNGTRENNUNG(PPh3)2 and Pd ACHTUNGTRENNUNG(PPh3)4. In addi-
tion, the allylpalladium dimer can also make this
transformation work but gives a relatively lower yield
(Table 1, entry 9). Thus, PdCl2ACHTUNGTRENNUNG(CH3CN)2 was chosen
as the catalyst for this transformation.

First, various O-, N-based nucleophiles were tested
to react with (E)-3-benzylidene-5-phenylpent-4-yn-2-
one 1a and allyl chloride 3a in the presence of a cata-
lytic amount of PdCl2ACHTUNGTRENNUNG(CH3CN)2, the results are listed
in Table 2. The scope of the O-based nucleophiles is
quite general. Besides methanol, other alcohols such
as isopropyl alcohol, benzyl alcohol, olefin-tethered
alcohols, and phenol, can act as O-based nucleophiles
to give tetrasubstituted furans in moderate to excel-
lent yields (Table 2, entries 1–7). The reaction of the

secondary alcohol i-PrOH 2b with 1a gave a relatively
lower yield (42%) and required a longer reaction
time (Table 2, entry 1). This may be due to the steric
effect of i-PrOH. Compared to other O-nucleophiles,
the reaction with 3-butene-1-ol 2f affords the corre-
sponding allyl-substituted furan 4afa in a relatively
higher yield (82%) (Table 2, entry 5), it is noteworthy
that no desired product was obtained, instead N,N-
bisallyl-p-toluenesulfonamide was isolated, when N-

Table 2. Coupling cyclization of 2-(1-alkynyl)-2-alken-1-ones
1a with O-, N-based nucleophiles 2b–2i.[a]

[a] Unless otherwise specified, reactions were run with 1a
(0.5 mmol, 1.0 equiv.), nucleophiles (1.0 mmol, 2.0 equiv.)
in CH3CN (2 mL). Reported yields are of the isolated
product.

[b] Additional PdCl2ACHTUNGTRENNUNG(CH3CN)2 (5 mol%) was added after
24 h.

[c] Used i-PrOH (6.0 equiv.) and allyl chloride (6.0 equiv.).
[d] Additional 2.0 equiv. of allyl alcohol and allyl chloride

(4.0 equiv.) were added after 24 h.
[e] The designation 4aba for the product indicates that the

reactants used were 1a, 2b, and 3a, respectively.
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allyl-p-toluenesulfonamide is used as the N-nucleo-
phile (Table 2, entry 8).

Next, we examined the reaction of a series of 2-(1-
alkynyl)-2-alken-1-ones 1 with various allyl chlorides
3 and methanol 2a under standard conditions
(Table 3). It should be highlighted that: (1) the reac-
tion of 1a with substituted allylic chlorides such as
3b–3d proceeds very well to afford the corresponding
highly functionalized furans in good yields (Table 3,
entries 1–3). (2) Many functional groups are cleanly

tolerated in the present transformation including the
ester group, which make it be a good candidate for
further organic transformations. (3) Various substitut-
ed 2-(1-alkynyl)-2-alken-1-ones 1 were examined and
most of them except 1i react well to give good to ex-
cellent yields (Table 3, entry 10). (4) We were pleased
to find that the cyclic enyne 1g can also be used as
the substrate and that this reaction affords the corre-
sponding fused bicycle furan 4gaa in 57% yield under
our conditions (Table 3, entry 9).

Table 3. Scope of 2-(1-alkynyl)-2-alken-1-ones 1 and allyl chlorides 3.[a]

[a] Unless otherwise noted, the reactions were performed under standard conditions.
[b] Another portion of PdCl2ACHTUNGTRENNUNG(CH3CN)2 (5 mol%) was added after 24 h.
[c] Reaction conditions: MeOH (8.0 equiv.), allyl chloride (8.0 equiv.), K2CO3 (6.0 equiv.),

and PdCl2ACHTUNGTRENNUNG(CH3CN)2 (10 mol%).
[d] The designation 4aab for the product indicates that the reactants used were 1a, 2a,

and 3b, respectively.
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After studying O- and N-based nucleophiles, we
turned our attention to the case of C-based nucleo-
philes such as malonates and malononitrile,[22] the re-
sults are summarized in Table 4. As expected, the re-
action occurred smoothly to give tetrasubstituted
furans with polyfunctional groups in moderate to ex-
cellent yields when dimethyl malonate 2j and substi-
tuted allyl chlorides were used, respectively (Table 4,
entries 1–5). On the other hand, the reaction with ma-
lononitrile failed to produce the corresponding cross-
coupling product (Table 4, entry 6).

Two-Component Michael Addition/Cyclization/Heck
Reaction of 2-(1-Alkynyl)-2-alken-1-ones with Olefin-
Tethered C-Based Nucleophiles: Allyl Chloride is
Serving as an Oxidant

It is surprising but also quite interesting to observe a
different reaction pattern when dimethyl 2-allylmalo-

nate 2l was used as the C-based nucleophile
(Scheme 2). The expected cross-coupling product, the
allyl-substituted furan 4ala was isolated in a trace
amount, whereas a novel 6-membered carbocycle, the
3,4-fused bicyclic furan 5al, was harvested in 50%
yield. When the reaction was performed at 45 8C with
three equivalents of allyl chloride 3a, a slightly higher
yield (63%) could be obtained. The structure of 5al
was further confirmed by single-crystal X-ray diffrac-
tion analysis (Figure l).[23] Thus, a novel palladium-
catalyzed two-component domino process involving
Michael addition/cyclization/Heck reaction was ex-
plored. In this novel cascade process, two carbon-
carbon bonds and one C�O bond are formed in a
single operative step. Furthermore, allyl chloride is
not serving as a cross-coupling reagent but, instead, as
an oxidant, since two hydrogen atoms are lacking on
comparing the starting materials 1a and 2l with the
product 5al. To evaluate the scope of this novel cata-
lytic cascade process and in order to get seven- or

Table 4. Carbon-based nucleophiles 2j and 2k were examined under standard condi-
tions.[a]

[a] Unless otherwise specified, reactions were carried out under standard conditions.
[b] Another 0.5 equiv. of dimethyl malonate was added after 12 h.
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eight-membered carbocyclic 3,4-fused bicyclic furans,
another two 2-substituted malonate derivatives with
longer tether chains, dimethyl 2-(but-3-enyl)malonate
2m and dimethyl 2-(pent-4-enyl)malonate 2n were
prepared according to known procedures,[24] and sub-
sequently subjected to the optimized reaction condi-
tions, respectively. The results show that the selectivi-
ty depends much on the length of the tethered chain.
When 2l was employed, the two-component domino
reaction ran prior to the three-component process to
give the 3,4-fused bicyclic 5al as the major product. In
contrast, in the case of dimethyl 2-(pent-4-enyl)malo-
nate 2n with a longer chain, the three-component
cross-coupling reaction is predominant to yield 4ana
(46%) as the major product. Moreover, the reaction
gave the two-component product 5am as the major
product (56%) and the three-component cross-cou-
pling product 4ama (12%) as minor product in the
case of 2m.

It is obvious that a better yield of the two-compo-
nent product 5al will be formed if the competitive
three-component reaction can be suppressed, in

which allyl chloride serves as a cross-coupling reagent.
Thus, if we can find an oxidant to replace the allyl
chloride which plays as the oxidant role, the reaction
will become much cleaner and give a higher yield of
5al. Thus, (E)-3-benzylidene-5-phenylpent-4-yn-2-one
1a and dimethyl 2-allylmalonate 2l were selected as
representative substrates for optimization of reaction
conditions (Table 5). In this domino process, the key
problem that needs to be solved is to find an appro-
priate oxidant that enables the conversion of Pd(0)
into Pd(II) and thus accomplishes the catalytic cycle.
To increase the yield, many oft-used oxidants such as
O2,

[25] benzoquinone/MnO2,
[26] the a-halocarbonyl

compound desyl chloride,[27] and CuCl2 were tested.[28]

Unfortunately, all of these oxidants as well as addi-
tives such as LiCl, (n-Bu)4NCl [could stabilize the
Pd(0) complex and not convert it into Pd black[29]]
were not suitable for the present transformation.
Among these oxidants, allyl chloride is the only work-
ing oxidant for this transformation (Table 5, entries 1
and 2). The desired product 5al was obtained in 63%
isolated yield when the reaction was carried out in
CH3CN at 45 8C for 36 h with allyl chloride
(3.0 equiv.) and K2CO3(4.0 equiv.). Other changes,
such as lowering the amount of the base or use of dif-
ferent solvent or base, lead to a lower yield or no
product at all (Table 5, entries 1–18).

To further explore the scope of this transformation,
a variety of 2-(1-alkynyl)-2-alken-1-ones 1 were exam-
ined and the results are listed in Table 6. It is shown
that: (1) alkynes containing aryl groups afford rela-
tively higher yields than those with alkyl groups
(Table 6, compare entries 1–4 with entry 5); (2) the
reaction of those substrates with alkynes bearing an
electron-rich aryl ring requires a longer reaction time
and gives relatively lower yields (Table 6, compare en-
tries 1 and 2 with entries 3 and 4); (3) it is surprising
that the reaction mixture became very complicated
and no product was isolated when cyclic substrate 1g
was treated with 2l (Table 6, entry 6).

Scheme 2. Coupling cyclization reaction of 1a with olefin-tethered C-based nucleophiles.

Figure 1. ORTEP depiction of compound 5al.
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Mechanism Insights

In order to clarify where allyl chloride goes after the
reaction, a 2-substituted allyl chloride, 1-[2-(chloro-
methyl)allyl]naphthalene 6, was prepared from the
commercially available 1-bromethylnaphthalene and
prop-2-yn-1-ol in two steps according to known proce-

dures.[30] Then, we examined the reaction of 1a with
dimethyl 2-allylmalonate 2l under standard conditions
using 2-(naphthalen-1-y1-methyl)allyl chloride 6 in-
stead of allyl chloride as oxidant reagent [Eq. (3)].
We were pleased to find that the reaction proceeds
smoothly under standard conditions to afford the de-
sired product, the 3,4-fused bicyclic furan 5al in 69%
yield along with 2-methylallylnaphthalene 7 derived
from 6 in 76% isolated yield.

According to the above control experiment result,
two plausible mechanisms, a Pd(II) (Scheme 3) and a
Pd(0) [Pd(II) as the precursor] catalytic cycle
(Scheme 4), are proposed, respectively. In the Pd(II)
catalytic cycle (Scheme 3), the Pd(II) catalyst plays a
dual role as a Lewis acid and transition metal to facil-
itate the nucleophilic addition step and the subse-
quent cyclization step[18,20] to afford a key intermedi-
ate, the furanyl-palladium 8, which would undergo
two possible pathways. One is the intermolecular
cross-coupling reaction with allyl chloride via regio-
selctive insertion of the double bond of allyl chloride
into the C�Pd bond of intermediate 8, followed by b-
halide elimination to afford the allyl-substituted tetra-

Table 6. Cascade two-component reaction of 1 with dimethyl
2-allylmalonate 2l under the standard conditions[a]

[a] Reactions were carried out with 1 (0.25 mmol) under
standard conditions.

[b] Isolated yield.

Table 5. Screening reaction conditions for Pd(II)-catalyzed
double cyclization of 1a with 2l.[a]

Entry Different from standard conditions Yield[b]

1 r.t. 50%
2 K2CO3 (2 equiv.) 40%
3 no base 0
4 under O2 protection 0
5 same as entry 4, LiCl (1.0 equiv.) 0
6 same as entry 4, (n-Bu)4NCl (1.0 equiv.) 0
7 1,4-benzoquinone (1.0 equiv.) 0
8 1,4-benzoquinone (0.1equiv.), MnO2

(1.0 equiv.)
0

9 CuCl2 (1.1 equiv.) 0
10 2-chloro-1,2-diphenylethanone 0
11 K3PO4·3 H2O was used instead of K2CO3 0
12 K2HPO4 was used instead of K2CO3 0
13 Cs2CO3 was used instead of K2CO3 28%
14 Na2CO3 was used instead of K2CO3 0
15[c] NMP was used instead of CH3CN 0
16 DMF was used instead of CH3CN 8%
17 Pd ACHTUNGTRENNUNG(OAc)2 was used instead of PdCl2ACHTUNGTRENNUNG(CH3CN)2

0

18 Pd ACHTUNGTRENNUNG(dba)2 was used instead of PdCl2ACHTUNGTRENNUNG(CH3CN)2

0

[a] Unless otherwise stated, reaction were carried out with
1a (0.5 mmol), 2l (1.0 mmol), base (2.0 mmol), catalyst (5
mol%), oxidant and additives in solvent (2 mL) at room
temperature for 36 h.

[b] Yield of the isolated product.
[c] NMP= 1-methyl-2-pyrrolidinone.
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substituted furan 4[31] and regenerate PdCl2 (path a).
The other one is the intramolecular Heck reaction via
the intramolecular regioselective insertion of the
double bond followed by b-H elimination to afford
tetrasubstitued furan 5 and generate an allyl chloride-
coordinated intermediate (CH2CHCH2Cl)HPdCl in
the presence of excess allylic chloride. The
(CH2CHCH2Cl)HPdCl intermediate would not under-
go reductive elimination to generate Pd(0) under the
basic conditions,[32] instead, a regioselective addition
reaction followed by b-halide elimination to regener-
ate PdCl2 (path b) occurs.

In the Pd(0)-catalyzed cycle (Scheme 4),[20] Pd(0)
could be generated from Pd(II) in the presence of
base and nucleophiles.[33] The oxidative addition of
allyl chloride with Pd(0) generates allylpalladium
chloride 11 which may also facilitate both the nucleo-
philic addition step and the cyclization step to afford
a furanyl allyl-palladium intermediate 12, which could
also undergo subsequently two possible pathways.
One is the direct reductive elimination to give the
cross-coupling product 4 and regenerate Pd(0). The
other is the intramolecular Heck reaction via the in-
tramolecular regioselective insertion of the double

bond followed by b-H elimination to afford furan 5
and generate 14. Subsequent reductive elimination
would regenerate Pd(0).

Some further control experiments were then per-
formed in order to find out which mechanism is more
reasonable. The coupling cyclization reaction of 1a
with dimethyl butene-3-yl-1-malonate 2m under dif-
ferent concentrations of allyl chloride catalyzed by
PdCl2ACHTUNGTRENNUNG(CH3CN)2 was investigated in detail (Scheme 5).

Scheme 3. Proposed Pd(II) catalytic cycle.

Scheme 4. Proposed Pd(0) catalytic cycle.

Scheme 5. Coupling cyclization reaction of 1a with 2m under
different concentration of allyl chloride 3a.
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The results showed that with the increasing concen-
tration of allyl chloride, the ratio of 5am/4ama is be-
coming lower. However, treatment of 1a and dimethyl
2-allylmalonate 2l with a stoichiometric amount of al-
lylpalladium chloride dimer under the basic condi-
tions makes the reaction very complicated to give the
desired 5al in only 5% isolated yield (caculated based
on 1a), the main isolated product was dimethyl 2,2-di-
allylmalonate 16 in 52% yield {calculated based on 2l
[Eq. (4)]}. Although these results cannot exclude the
Pd(0) catalytic cycle exclusively, we prefer the Pd(II)
catalytic cycle (Scheme 3) as the more reasonable
possible mechanism for this cascade transformation.

Synthetic Application in Syntheses of 3,4-Fused
Bicyclic Furans via Ring-Closing Metathesis of
Three-Component Products

Ring-closing metathesis (RCM), one of the most pow-
erful methods for the construction of a wide variety
of complex molecules with multiple functional groups,
has emerged as an effective strategy in organic syn-
thesis.[34] It occurred to us that the two terminal ole-
fins of the obtained allyl-substituted furans (4aea–
4aha, 4ama, 4ana) might undergo a ring-closing
metathesis ACHTUNGTRENNUNG(RCM) reaction to construct a new ring. To
the best of our knowledge, only few reports concern-
ing the synthesis of 3,4-fused fully substituted furans
have been published.[17] It is well documented that
seven-, eight-, and nine-membered heterocyclic ring
systems are characteristic structural frameworks of
various natural products.[35] To demonstrate the syn-
thetic utility of the obtained allyl-substituted furans,
we examined their RCM reaction catalyzed by the
commercially available second generation Grubbs cat-
alyst. The results are summarized in Table 7. Initially,
allyl-substituted furan 4afa was chosen as model sub-
strate for screening the RCM reaction conditions. It
was pleasing to find that the RCM reaction of allyl-
substituted furan 4afa under highly diluted concentra-
tion proceeds smoothly in refluxing DCE to afford
the corresponding 9-membered oxygen fused furan
15afa in 70% yield (Table 7, entry 2). The reaction
proceeds very slowly and 4afa could not be consumed
completely after 72 h at room temperature. Similar re-
sults were obtained when Grubbs catalyst (II) (5
mol%) was employed even if the reaction was carried
out in refluxing DCE. Under these conditions, the
RCM reactions of other allyl-substituted furans 4aea,

4aga and 4aha give the corresponding 8-, 10- and 11-
membered oxygen fused furans 15aea, 15aga and
15aha in moderate to good yields, respectively

Table 7. Ring-closing metathesis of allyl-substituted furans
catalyzed by Grubbs� catalyst (II).[a]

[a] Reactions run with 4 (0.25 mmol scale) in ClCH2CH2Cl
(40 mL).

[b] Isolated yield.
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(Table 7, entries 1, 3, and 4). With respect to the en-
larged 11-membered oxygen heterocyclic fused furan
15aha, the reaction affords a mixture of two insepara-
ble E/Z isomers (Table 7, entry 4). Interestingly, the
RCM reactions of the corresponding allyl substituted
furans 4ama, 4ana derived from carbon-based nucleo-
philes failed to yield the desired bicyclic products.
Only decomposed products were obtained according
to 1 H NMR spectroscopy.

Encouraged by the above successful results, this ex-
pedient access to nine-membered oxygen fused furans
via a two-step operation was examined with respect
to other substrates. First, we evaluated the scope of
the coupling cyclization of 1 with 3-butene-1-ol 2f
under the standard conditions, subsequently, the
RCM reaction of the resulting allyl-substituted furans
4 was executed to afford nine-membered oxygen-het-
erocyclic fused furans 15. As shown in Table 8, this
easy access to nine-membered fused furans can be
successfully extended to a variety of 2-(1-alkynyl)-2-
alken-1-ones 1. Both the three-component Michael
addition/cyclization/cross-coupling reaction and the
subsequent ring-closing metathesis reaction proceed-
ed uneventfully to furnish the desired product under
standard conditions. The results in Table 7 and
Table 8 show that this new strategy provides an easy
access to functionalized fused bicyclic furans contain-

ing nine- to eleven-membered rings in moderate to
good yields.

Conclusions

In summary, we have developed a Pd(II)-catalyzed
domino reaction of 2-(1-alkynyl)-2-alken-1-ones with
nucleophiles for the preparation of tetrasubstituted
furans. Its advantage is clear in some aspects: (1) it
provides an efficient route to cyclic 3,4-fused tetrasub-
stituted furans via a two-component cascade double
cyclization and tetrasubstituted furans via a three-
component cascade reaction; the type of nucleophiles
and the length of the tethered chain affect the effi-
ciency of two-component reaction. (2) It is easy to in-
troduce various substituents to the furan ring by the
appropriate choice of 2-(1-alkynyl)-2-alken-1-ones,
nucleophiles and chlorides. (3) Ring-closing metathe-
sis reactions of allyl-substituted tetrasubstituted
furans provide an efficient route to synthesize 3,4-
fused bicyclic furans; (4) Some control reactions for
mechanistic studies showed that this domino reaction
proceeds via a Pd(II) catalytic cycle. (5) Allyl chloride
can act as an oxidant besides its well known behav-
iour as an alkylating reagent.

Table 8. Synthesis of [5,9]-bicycles via a two-step strategy.[a,b]

[a] The first step was run with 1a (0.5 mmol scale) in CH3CN (2.0 mL).
[b] The second step was run with 4 (0.25 mmol) in ClCH2CH2Cl (40 mL).
[c] Isolated yields.
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Experimental Section

The starting materials, 2-(1-alkynyl)-alken-1-ones 1, were
prepared according to known procedures.[13,15b] For prepara-
tive procedures and spectroscopic data for all new com-
pounds, see the Supporting Information.

General Procedure for the Pd(II)-Catalyzed Domino
Reaction of 2-(1-Alkynyl)-alken-1-ones 1 with
Nucleophiles using Allyl Chloride as Oxidant or
Cross-Coupling Reagent

PdCl2ACHTUNGTRENNUNG(CH3CN)2 (6.0 mg, 0.025 mmol) was added to a mix-
ture of 1 (0.5 mmol), nucleophile (1.0 mmol, 2.0 equiv.), allyl
chloride (1.5–2.0 mmol, 3.0–4.0 equiv.) in CH3CN (2.0–
4.0 mL) followed by addition of solid K2CO3(2.0 mmol,
4.0 equiv.) as the base. The reaction mixture was stirred at
room temperature or 45 8C until 1 was consumed completely
as determined by TLC analysis. The reaction mixture was
filtered and the filtrate was concentrated under vacuum.
The residue was purified by column chromatography on
silica gel (petroleum ether/Et2O= 10:1–100:1) to give de-
sired product 4 or 5.

General Procedure for Ring-Closing Metathesis
Reaction of Allyl-Substituted Furans 4 Catalyzed by
Second Generation Grubbs� Catalyst

To a solution of allyl-substituted furan 4(0.25 mmol) in dry
CH2ClCH2Cl (40 mL), second generation Grubbs� catalyst
(21.2 mg, 10 mol%) was added at room temperature under
N2 protection, the mixture was then stirred at reflux. After 4
was consumed completely as determined by TLC analysis.
The reaction mixture was concentrated under vacuum and
the residue was purified by column chromatography on
silica gel (petroleum ether/Et2O= 10:1–100:1) to give the
desired product 15.
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