
Regioselective Nucleophilic Additions to
Cross-Conjugated Dienone System
Bearing â-Fluorine: A Versatile
Approach to Highly Substituted
2-Cyclopentenones
Junji Ichikawa,*,† Masaki Fujiwara,† Shinji Miyazaki,‡ Masahiro Ikemoto,‡
Tatsuo Okauchi,‡ and Toru Minami‡

Department of Chemistry, Graduate School of Science, The UniVersity of Tokyo,
Hongo, Bunkyo-ku, Tokyo 113-0033, Japan, and Department of Applied Chemistry,
Kyushu Institute of Technology, Sensui-cho, Tobata, Kitakyushu 804-8550, Japan

junji@chem.s.u-tokyo.ac.jp

Received May 21, 2001

ABSTRACT

3-Fluoro-5-methylene-2-cyclopentenone is treated with appropriate nucleophiles and Lewis acids to undergo regioselective 1,2-addition, exocyclic
1,4-addition, and endocyclic 1,4-addition, leading to 3-substituted 4-methylene-2-cyclopentenones, 5-substituted 3-fluoro-2-cyclopentenones,
and 3-substituted 5-methylene-2-cyclopentenones in good yields, respectively.

The cyclopentenone structure occurs in a number of biologi-
cally active compounds such as prostaglandins, pyrethroids,
and steroids. Therefore, the preparation of related substruc-
tures is an area of considerable interest in synthetic organic
chemistry.1 Recently, we reported a facile synthesis of
5-alkylidene-3-fluoro-2-cyclopentenones viafluorine-directed
Nazarov cyclizations of 2,2-difluorovinyl vinyl ketones,
which are readily prepared from 2,2,2-trifluoroethylp-
toluenesulfonate.2 One of the products,R-methylene cyclo-
pentenone1, is an attractive synthetic intermediate for the
preparation of cyclopentenone derivatives because of their
highly functionalized structure, a cross-conjugated dienone

system with a vinylic fluorine. There are three reaction sites
to be attacked by nucleophiles in 1,2-addition, exocyclic 1,4-
addition, and endocyclic 1,4-addition fashions in1 (Scheme
1, pathsa-c) which would allow their transformations into
a variety of substituted 2-cyclopentenones. These consider-
ations prompted us to investigate the regioselective additions
of carbon and heteroatom nucleophiles to1.

While regioselective reactions ofR,â-unsaturated carbonyl
compounds with nucleophiles have been well investigated,3

few examples of the selective additions to cross-conjugated
dienones have been reported.4 Herein we report that com-
pound 1 selectively undergoes three types of addition
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reactions: (1) 1,2-addition accompanied by spontaneous 1,3-
carbonyl transposition (patha), (2) exocyclic 1,4-addition
in the presence of a Lewis acid (pathb), and (3) endocyclic
1,4-addition followed by elimination of a fluoride ion in the
presence of a bulky Lewis acid or a protic acid (pathc).
These reactions provide a versatile approach to several types
of substituted 2-cyclopentenones, including antibiotic me-
thylenomycin B analogues.5

First, we examined the 1,2-addition reaction of1 with
alkylmetals (patha). Treatment of1awith MeMgBr or MeLi
at -78 °C gave 2-butyl-3-methyl-4-methylene-2-cyclopen-
tenone2a (R ) Me)6 in 31% and 61% yields, respectively
(Scheme 2, Table 1, entries 1 and 2). These results show

that1a reacted with the nucleophile in 1,2-fashion to afford
alcohol3, followed by rearrangement of the hydroxy group
and successive elimination of hydrogen fluoride, which

resulted in 1,3-carbonyl transposition leading toâ-methylene
cyclopentenone2a.7,8 The rearrangement readily proceeded
during workup due to theR-cation-stabilizing effect of
fluorine9,10on the intermediary allylic cation. After screening
of additives, cuprous iodide and cerium trichloride11 were
found to be effective for selective promotion of the 1,2-
addition, raising the yield of2a up to 87% and 74%,
respectively (entries 3 and 4). The reactions of1awith other
alkyl and aryl anions were also conducted to afford2b,c (R
) n-Bu, Ph)6 in good yields (entries 5 and 7). Dienyl ketone
2 obtained above further underwent a regioselective 1,6-
addition with nucleophiles in the presence of a Lewis acid.
Treatment of2a with BF3‚OEt2 and Me2CuLi gave 2,3,4-
trisubstituted 2-cyclopentenone46 in 79% yield (Scheme
3).3,4c,12Thus, the reaction sequence from1 to 4 via 2 allows

the synthesis of 2,3,4-trisubstituted 2-cyclopentenones with
a variety of substitution patterns.
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Scheme 1. Three Reaction Pathways of Nucleophilic Attack
to 1

Scheme 2. 1,2-Addition to1a Followed by 1,3-Carbonyl
Transposition

Table 1. Synthesis of 2,3-Disubstituted
4-Methylene-2-cyclopentenones2

entry additive (equiv) RM (equiv) % yield

1a s MeMgBr (7) 31 (2a)
2 s MeLi (2) 61 (2a)
3 CuI (1) MeLi (2) 87 (2a)
4 CeCl3 (2) MeLi (2) 74 (2a)
5 CeCl3 (2) n-BuLi (2) 76 (2b)
6 CuI (1) PhLi (2) 59 (2c)
7 CeCl3 (2) PhLi (2) 79 (2c)

a The reaction was conducted for 1.3 h.

Scheme 3. 1,6-Addition to2a
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Next, we attempted exocyclic 1,4-addition of1 (pathb).
Whereas no reaction was observed on treatment of1a with
Me2CuLi (Scheme 4, Table 2, entry 1), the addition of a

Lewis acid such as trimethylsilyl trifluoromethanesulfonate
(TMSOTf) or boron trifluoride etherate (BF3‚OEt2) success-
fully promoted the desired reaction to give 2-butyl-5-ethyl-
3-fluoro-2-cyclopentenone5a (R ) Me)6 (entries 3 and
4).3,4c,12Employing 2 equiv of the Lewis acid provided much
better results than the use of 1 equiv (entries 2 and 3). Among
the cuprates examined, higher order thiocyanocuprate cleanly
promoted the reaction in the presence of BF3‚OEt2 to afford
5a-c (R ) Me, n-Bu, Ph)6 in high yields (entries 5, 6, and
7). In all of these cases, the exocyclic 1,4-adducts5 were
obtained without contamination of endocyclic 1,4-addition
products, presumably due to the high reactivity of the less
hinderedexo-methylene carbon in1a compared to that of
the endocyclicâ-carbon despite activation by the fluorine.4,13

Thus obtained exocyclic 1,4-adducts5 were further
transformed to 2,3,4-trisubstituted 2-cyclopentenones as
shown in Scheme 5. On treatment of5a with MeLi and
cuprous iodide, trisubstituted cyclopentenone4 was obtained
again in 98% yield through a similar reaction sequence to
that from 1 to 2, 1,2-addition followed by 1,3-carbonyl
transposition.

Finally, we sought to effect the third pathway, the
endocyclic 1,4-addition to1 resulting in the construction of

a methylenomycin B framework.5,8 For this purpose theendo-
type addition should be promoted in preference to the
sterically favored exocyclic addition mentioned above.
Aluminum tris(2,6-diphenylphenoxide) (ATPH), a bulky
Lewis acid developed by Yamamoto and Maruoka,14 was
expected to prevent nucleophiles from attacking at the
exocyclicâ-carbon as well as at the carbonyl carbon of1.
Eventually the substitution for the fluorine on the endocyclic
â-carbon would proceed via an addition-elimination pro-
cess.13 Treatment of1a with ATPH in CH2Cl2, followed by
addition of organolithium reagents at-78 °C, gave as
expected 2,3-disubstituted 5-methylene-2-cyclopentenones
6a,b (Nu ) Me, Ph)6 in moderate yields along with noexo-
1,4- or 1,2-addition products (Scheme 6, Table 3, entries 1
and 2).

Furthermore, to achieve the endocyclic 1,4-addition we
tried another device based on an electronic effect of
fluorine: the reactions of1a with heteroatom nucleophiles
such as alcohols and thiols in the presence of a protic acid.
In contrast to the above-mentioned exocyclic 1,4-addition
(Scheme 4, Table 2), the attack of nucleophiles would
regioselectively occur on the fluorine-bearing carbon in the
intermediary pentadienylic cation7 (Figure 1) generated via
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Table 2. Synthesis of 2,5-Disubstituted
3-Fluoro-2-cyclopentenones5

entry additive (equiv) RM (1 equiv) conditions % yield

1 - Me2CuLi -78 °C, 1.5 h
2 TMSOTf (1) Me2CuLi -78 °C, 0.3 h 15 (5a)
3 TMSOTf (2) Me2CuLi -78 °C, 0.2 h 83 (5a)
4 BF3‚OEt2 (2) Me2CuLi -45 °C, 0.3 h 85 (5a)
5 BF3‚OEt2 (2) Me2Cu(SCN)Li2 -45 °C, 0.3 h 91 (5a)
6 BF3‚OEt2 (2) n-Bu2Cu(SCN)Li2 -45 °C, 0.3 h 83 (5b)
7 BF3‚OEt2 (2) Ph2Cu(SCN)Li2 -45 °C, 0.3 h 69 (5c)

Scheme 5. 1,2-Addition to5a Followed by 1,3-Carbonyl
Transposition

Table 3. Synthesis of 2,3-Disubstituted
5-Methylene-2-cyclopentenones6

entry additive (equiv) NuM (equiv) conditions % yield

1 ATPH (1.5) MeLi (2) -78 °C, 2 h 39 (6a)
2 ATPH (1.5) PhLi (2) -78 °C, 2 h 43 (6b)
3 TfOH (1) MeOH (1) rt, 0.1 h 82 (6c)
4 TfOH (1) c-HexOH (1) rt, 0.1 h 79 (6d)
5 TfOH (1) HCtCCH2OH (1) rt, 0.1 h 85 (6e)
6 TfOH (1) EtSH (1) rt, 0.1 h 42 (6f)
7a TfOH (1) EtSH (1) rt, 0.1 h 84 (6f)
8a TfOH (2) PhSH (1) rt, 0.1 h 85 (6g)

a CH2Cl2-HFIP (1:1) was used as a solvent.

Scheme 4. Exocyclic 1,4-Addition to1a

Scheme 6. Endocyclic 1,4-Addition to1a Followed by
Elimination
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protonation of1a, due to theR-cation-stabilizing effect of
fluorine.9,10 In the reaction of1a with alcohols, replacement
of the fluorine was readily induced by TfOH at room
temperature to afford 3-alkoxy-5-methylene-2-cyclopenten-
ones6c-e (Nu ) OMe, Oc-Hex,ÃCΗ2CtCΗ)6 in high
yields (entries 3-5). Thiols also brought about a similar
substitution successfully to give6f,g (Nu ) SEt, SPh)6 by
the use of 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) as a

cosolvent, presumably due to its high ionizing power, which
facilitates the generation of carbocations (entries 7 and 8).2,15

In conclusion, we have accomplished 1,2-addition, exo-
cyclic 1,4-addition, and endocyclic 1,4-addition to1a, 1,6-
addition to2a, and 1,2-addition to5a with strict regioselec-
tivity, leading to methylene cyclopentenones2 and 6 and
substituted cyclopentenones4 and5. Thus, the combination
of fluorine-directedNazarov cyclizations2 and the following
transformations presented here furnishes an efficient route
to a variety of highly substituted cyclopentenones, including
cyclopentanoid antibiotic methylenomycin B analogues.
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Figure 1. Pentadienylic cation stabilized byR-fluorine.
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