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ABSTRACT

Functionalized cyclopentenones were synthesized by a Rh-catalyzed carbonylation of 3-acyloxy-1,4-enynes, derived from alkynes and R,β-
unsaturated aldehydes. The reaction involved a Saucy�Marbet 1,3-acyloxy migration of propargyl esters and a [4 þ 1] cycloaddition of the
resulting acyloxy substituted vinylallene with CO.

The transition-metal-catalyzed cycloaddition reaction is
one of the most efficient ways to access ring systems.1

Formation of cyclopentenones via Pauson�Khand cy-
cloaddition has proven to be extremely valuable for the

synthesis of natural products and pharmaceutical agents.2

However, transition-metal-catalyzed intermolecularPauson�
Khand reactions are still challenging for the synthesis of

various monocyclic cyclopentenones. Even in the case of

intramolecular reactions, the scope of alkenes is often

limited. Efficient synthesis of cyclopentenones with diverse

substitutions and functionalities are still highly desirable and

continue to stimulate the development of novel cycloaddition

reactions.2f

We herein report an efficient synthesis of highly function-

alized cyclopentenones 4 and 5 from 3-acyloxy-1,4-enyne 3

via a Rh(I)-catalyzed carbonylation reaction (Scheme 1).

Since substrate 3 could be conveniently prepared from the

addition of terminal alkyne 1 to R,β-unsaturated aldehyde 2

followedbyesterification, this carbonylation reactionoffered

an efficient protocol to access functionalized cyclopente-

nones, which are present in many bioactive natural products

and pharmaceuticals. For examples, 5-alkylidene-cyclopent-

2-enones such as clavulones2g and punaglandins2h display

anti-inflammatory and antitumor activities respectively.
We and others have demonstrated that 3-acyloxy-1,

4-enynes with a terminal alkyne (3, R1 = H) can serve as
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a five-carbon building block for [5 þ 1]3 and [5 þ 2]4

cycloadditions with CO and alkynes respectively. Both
cycloadditions involved aRh-catalyzed 1,2-acyloxymigra-
tion of propargyl esters, a process first described by
Rautenstrauch in 1984 using a Pd(II) catalyst.5

We found that propargyl esters with an internal alkyne
underwent 1,3-acyloxy migration to form an acyloxy sub-
stituted allene intermediate in several Rh-catalyzed cas-
cade reactions.6 The 1,3-acyloxy migration of propargyl
esters was first discovered by Saucy and Marbet using a
Ag(I) catalyst.7 Trapping the resulting allene intermediate
has been realized in tandem reactions catalyzed by Ag(I),
Cu(I), Pt(II), and Au(I) complexes.8 We envisioned that a
new carbonylationmethod could be realized for the synthe-
sis of cyclopentenones if a Rh(I) complex was able to
catalyze the Saucy�Marbet rearrangement of 3-acyloxy-1,-
4-enynes with an internal alkyne (3, R1 6¼ H) and a [4 þ 1]
cycloaddition of the resulting vinylallene with CO.9

We were pleased to find that [Rh(CO)2Cl]2 was indeed
able to facilitate both the 1,3-acyloxy migration of pro-
pargyl ester 3a and [4 þ 1] cycloaddition of the resulting
vinylallene with CO (entry 1, Table 1). A mixture of
isomeric alkylidene cyclopentenones 4a and 5a was ob-
served. We then examined various other Rh(I) catalysts
(entries 2�5).A slightly better yieldwas obtained using the
[Rh(COD)Cl]2 catalyst (entry 2).Wealso tried substrate3b
bearing a pivalate group (entry 6). The combined yield and
the ratio of 4b and 5b were similar to results from acetate
shown in entry 2. Since acetate is generally easier to be
removed, we decided to focus on acetate 3a for further
optimization of the conditions. Dichloroethane (DCE)
provided the best results among solvents we screened
(entries 2 and 7�9). We then examined the effect of
temperature (entries 10�12). The best result was obtained
at 40 �C (entry 11). Product 5a could be separated from
minor isomer 4a and isolated in 70% yield.
For all entries in Table 1, the ratios of 4a/5a did not

change significantly. They ranged from 1:3 to 1:3.5. We
observed no obvious change to the ratio of 4a/5a when
the mixture of two products was treated with bases
(e.g., DBU, DBN, DMAP, DABCO, DIPEA, or Et3N).
When dppf was employed as the ligand, the ratio of
4a/5a became 1:1 after the carbonylation. Most other
ligands (e.g., dppe, dppp, and dppb) had no effect on the
ratio.

Scheme 1. Carbonylation of 3-Acyloxy-1,4-enyne for the
Synthesis of Cyclopentenones

Table 1. Screening of Catalysts and Conditions for Carbonyla-
tion of 3-Acyloxy-1,4-enynesa

entry conditions yield (4 þ 5)

1 [Rh(CO)2Cl]2 (5 mol %), DCE, 60 �C 53%

2 [Rh(COD)Cl]2 (5 mol %), DCE, 60 �C 55%

3 [Rh(CO)2(acac)] (5 mol %), DCE, 60 �C 10%

4 [Rh(PPh3)3Cl] (5 mol %), DCE, 60 �C 30%

5 [Rh(COD)2]BF4 (5 mol %), DCE, 60 �C trace

6b [Rh(COD)Cl]2 (5 mol %), DCE, 60 �C 56%

7 [Rh(COD)Cl]2 (5 mol %), toluene, 60 �C 43%

8 [Rh(COD)Cl]2 (5 mol %), dioxane, 60 �C 46%

9 [Rh(COD)Cl]2 (5 mol %), CH3CN, 60 �C 33%

10 [Rh(COD)Cl]2 (5 mol %), DCE, 80 �C 38%

11 [Rh(COD)Cl]2 (5 mol %), DCE, 40 �C 81%

(70%, Z/E = 7:1)c

12 [Rh(COD)Cl]2 (5 mol %), DCE, rt 40%

aUnless noted otherwise, substrate 3awas employed. The combined
yield and the ratio of 4a and 5awere determined by 1HNMR. The ratio
of 4a/5a ranged from 1:3 to 1:3.5. All reactions were carried out under a
CO balloon for 8 h. b Substrate 3bwas employed. The ratio of 4b/5bwas
1:3.5. c Isolated yield of 5a. The Z/E ratio was determined by 1H NMR.
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Similar results (yield of 5c and ratios of 4c/5c) were
observed for substrate 3c (Scheme 2). The conversion was
low for substrate 3dwith a phenyl substituted alkene.After
40 h, product 5d was isolated in 20% yield and 60%
starting material was recovered. The yield of product 5d
could not be improved by varying the temperature or CO
pressure.
For substrate 3e with a trisubstituted olefin, isomer 4e

became the major product (condition a, Scheme 2). The
ratio of isomers 4e/5ewas about 7:1 based on the 1HNMR
of the crude product. After purification by silica gel
column chromatography, however,we found that the ratio
of 4e/5e varied each time.We suspected that isomer 5ewith
a tetrasubstituted olefinmight becomemore stable and the
isomerization from 4e to 5e occurred during purification.
Indeed, when the crude product from the Rh-catalyzed
carbonylation was treated with 2.0 equiv of triethylamine,
isomer 4e was not detected and product 5e was isolated in
86% yield. This greatly simplified the purification and
characterization of the cyclopentenone product.

The scope of the carbonylation was examined more

extensively for substrates with a trisubstituted olefin

(Table 2). Substrates 3e�3k could be easily prepared from

the addition of various terminal alkynes to commercially

available tiglic aldehyde followed by acetylation. For

substrate 3f with a phenyl substituted alkyne, a complex

mixture was observed. Enynes 3g�3k with various alkyl

groups on the alkyne termini all participated in the tandem

reaction. The yield became lower for substrate 3k with a

siloxy group on the propargylic position.
Substrate 3lwith an n-Bu group on the alkene could also

be tolerated. Based on results for substrate 3d in Scheme 2,
it appeared that the introduction of a phenyl substituent to
the terminal position of the alkene decreased the reactivity
of the substrate significantly. We were pleased to find that
product 5m could be prepared in 51% yield under similar
conditions. The yield of this product could be further
improved to 65% with higher CO pressure. The carbony-
lation worked smoothly for substrates 3n and 3o, where
the internal position of the alkene had an ethyl or aryl
substituent.

Bicyclic products 5p, 5q, and 5r were also prepared in

good yields from the corresponding 3-acyloxy-1,4-enynes.

This provided an easy access to 5�5, 5�6, and 5�7 fused

compounds with a highly functionalized cyclopentenone.
No desired cyclopentenone product was observed for

substrates 3s and 3t. When we tried to prepare tertiary
propargyl esters with a trisubstituted alkene, they under-
went isomerization to formamixture of conjugated enynes
during the preparation.

Scheme 2. Carbonylation of 3-Acyloxy-1,4-enyne with Di- and
Trisubstituted Alkenes

Table 2. Carbonylation of 3-Acyloxy-1,4-enynesa

aConditions: [Rh(COD)Cl]2 (5 mol %), CO (1 atm), 40 �C, DCE,
8�20 h, thenEt3N (2.0 equiv). The ratios ofZ/E isomerwere determined
by 1HNMRof the crude product. b Isolated yield of theZ-isomer unless
noted otherwise. c Isolated yield of the mixture of Z- and E-isomers.
d Isolated yield of E-isomer. eThe reaction was run at 5 atm of CO.
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For many cyclopentenone products in Table 2, the
major Z-isomer was separated and isolated for clear
characterization. The combined yield of both isomers
would be slightly higher. The Z/E ratio of product 5 is
actually inconsequential after hydrolysis of the enol ester.
The mixture of carbonylation products derived from sub-
strate 3qwas then directly treatedwithK2CO3 inmethanol

(Scheme 3). Product 1,3-diketone 6q could be isolated in
68% yield after two steps. The NMR spectra of dike-
tone 6q, however, was complex due to the presence of
different enols. The 1,3-diketone was then further
alkylated with methyl acrylate.10 Bicyclic compound 7

could be isolated in high yield and clearly character-
ized. Monocyclic cyclopentenone 8 was obtained in
50% overall yield from substrate 3e.
The mechanism for the carbonylation of 3-acyloxy-1,-

4-enynes was proposed in Scheme 4. The alkenyl substituted
propargyl ester 3 could undergo a Rh-catalyzed 1,3-acy-
loxy migration to form allene intermediate 10.6 The co-
ordination of the acyloxy group to Rh may favor the
formation of metallocyclopentene intermediate 11, which
will produce the Z-isomer of cyclopentenones 4 or 5 after
CO insertion and reductive elimination.
In summary, we have developed an efficient method for

the synthesis of various highly functionalized monocyclic
and bicyclic cyclopentenones from readily available 3-acy-
loxy-1,4-enynes.The combination of the novel reactivity of
a Rh(I) catalyst for promoting 1,3-acyloxy migration of
propargyl esters and its ability to facilitate a carbonylation
reaction made this tandem transformation possible. The
acyloxy group in the propargyl ester starting material not
only eliminates the need for the preformation of allenes but
also provides a useful handle for further selective function-
alizations of the cyclopentenone products.
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Scheme 3. Functionalization of Cyclpentenones Derived Car-
bonylation of 3-Acyloxy-1,4-enynes

Scheme 4. Proposed Mechamism for the Carbonylation of
3-Acyloxy-1,4-enynes
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