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Abstract

The addition of vinyl, aryl and alkynyl Grignard reagents to propargyl alcohols for the direct synthesis of dihydroxydienes (7), furans (9),
butenolides (10) and enediyne alcohols (11) from a one-pot reaction involving a putative magnesium chelate intermediate (3) is described.
Treatment of 5-bromo-1,3-pentadiene with indium metal in the presence of carbonyl compounds resulted in g-pentadienylation to generate
1,4-dienes (30). Dehydration afforded cross-conjugated trienes (31) for tandem Diels–Alder reactions, while the alcohol product (34) from
an unsaturated aldehyde after oxy-Cope rearrangement afforded the 1,4-diene product (35) and ultimately hydrindane (36). q2000
Elsevier Science Ltd All rights reserved.
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Scheme 1. Compounds from carbometallation of compound 1.

Table 1
Synthesis of dihydroxydienes (7)

Entry Substrate Reactant Yield (%)

C6H12 THF

a 12, RsMe PhCHO 80 50
b 12, RsMe a PhCHO 68 44
c 12, RsMe b PhCHO 100
d 13, RsTMS PhCHO 78 94
e 14, RsCH2OTBS PhCHO 0 0

a 2.1 equiv. CH2_CHMgCl.
b 0.5 equiv. MeCCCH2OH plus PhCHOHCH_CH2.

Our interest in the synthesis of taxoids required the devel-
opment of diverse organometallic reagents and protocols for
the preparation of key intermediates and building blocks [1–
3]. This included routes to stereodefined dienes by the direct
addition of vinyl Grignard reagents to propargyl alcohols (1)
[4–14]. Thus generation of the magnesium chelate (3) (or
a closely related species) provides a direct synthesis of the
family illustrated in Scheme 1. This includes the halodienes
(3, 4) [15], plus diene-diols (7), furans (9), 2(5H)-fura-
nones (butenolides) (10) and enediynes (11) [16,17].

Direct condensation of the diene unit with carbonyl com-
pounds was more efficient in cyclohexane due to the
increased nucleophilicity of the Grignard complex in a less
polar solvent. Table 1 lists representative examples for the
preparation of compound 7. It is of interest that the presence
of the silyl ether is sufficient to inhibit the reaction of com-
pound 14 (Table 1, entry e).

Furans comprise an important class of oxygen heterocycles
for which new preparative routes continue to be developed
[18–21]. Following the protocol developed above, substi-
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tuted furans (9) can be synthesized directly upon reaction of
(3) with dimethylformamide (DMF) followed by acidifi-
cation. Alternatively, reaction with aryl nitriles provides C-2
substitution. The vinyl furan systems contain useful func-
tionality for the construction of more complex skeletons
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Scheme 4. Pentadienyl indium addition and [4q2] cycloadditions.

Scheme 3. Butenolide products.

Scheme 2. Synthesis of furans.

via a double Diels–Alder strategy and also may be used as
monomers. The versatility and scope of this furan synthesis
was extended by in situ generation of the intermediate chelate
compound 3 via lithium–magnesium transmetallation, as
illustrated in Scheme 2. Thus, modification of the standard
protocol permitted the control of the substitution pattern at
all the ring positions. Various examples are listed, including
the bis-furanyl system (23). Thus, depending upon the sub-
strate–reagent–reactant combination selected, a large number
of substituted furans can be prepared in a straightforward
manner.

The study and synthesis of enyne and enediyne chromo-
phores are of current interest because of their challenging
structures and biological activity as antibiotics and antitumor
agents [22–24]. An additional application of the synthetic
utility of this carbometallation method is the facile prepara-
tion of these building blocks [25–28]. Thus the enediyne
alcohol (11) [29] was prepared easily with trimethylsilyl-
acetylene magnesium chloride.

Early examples of dialkyl butenolides from the conden-
sation of species related to compound 3 with carbon dioxide
have been reported [30,31], and other methods are available
[32,33]. However, there is medicinal interest in preparing
3,4-diaryl-2(5H)-furanones. Thus, phenylpropargyl alcohol
plus phenylmagnesium chloride or 4-thiomethylphenylmag-
nesium chloride followed by carbon dioxide afforded lac-
tones 25 and 26 (Scheme 3). Oxidation of the sulfide with
m-chloroperoxybenzoic acid gave the new Merck anti-
inflammatory drug Vioxxw (27) in quantitative yield.

Li and Chan [34] have demonstrated the utility of allylin-
dium species for addition to carbonyl compounds where the
tin and zinc reagents failed [35–37]. For many metal pen-
tadienyl systems condensation is not regioselective, and the
delocalized anion may react at either the a or g position
(Scheme 4). However, the reagent generated from 5-bromo-
1,3-pentadiene [38] and indium metal adds in a regioselec-
tive manner to give non-conjugated compounds of type 30
[39]. During our investigations, Araki and co-workers [40]
reported related studies. Recently, Chan and Yang [41] have
established that allylindium additions to ketones proceed via

the formation of an indium(I) species rather than
indium(III). A parallel process involving metal surface-
mediated allyl radical anions is also possible. In view of the
close structural similarity between pentadienyl and allylin-
dium species, the mechanisms are probably closely related.

Dehydration of these diene products (30) under Mitsu-
nobu-type conditions (Ph3P, diethylazodicarboxylate
(DEAD), C6H6, 808C) generated the corresponding trienes
(31). These trienes facilitate diene-transmissive tandem
Diels–Alder reactions [42] such as the reaction with com-
pound 32 to give compound 33. The alcohol product (34)
from an unsaturated aldehyde is a surrogate for the Michael
addition product. Thus oxy-Cope rearrangement afforded the
1,4-diene product (35). Subsequent cycloaddition with the
Oppolzer chiral auxiliary [43,44] completed an enantiose-
lective route to the hydrindane (36) [45].

In summary, the carbometallation protocols described
above provide direct access to a number of useful unsaturated
systems that can be employed for a variety of synthetic objec-
tives. In addition, the organoindium reagent derived from 5-
bromo-1,3-pentadiene and indium metal reacts with excellent
regioselectivity and after further manipulation affords rapid
entry to complex multicyclic skeletons from various [4q2]
cycloadditions.
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