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ABSTRACT

A general procedure for the synthesis of both 12,6- and 12,8-eudesmanolides has been developed. The key step is the titanocene-catalyzed
radical cyclization of accessible epoxygermacrolides. The novel reagent 2,4,6-trimethyl-1-trimethylsilylpyridinium chloride, both compatible
with oxiranes and capable of regenerating Cp2TiCl2 from Cp2Ti(Cl)H and Cp2Ti(Cl)OAc, played an important role in the catalytic cycle leading
to exocyclic alkenes.

General methods for the synthesis of large families of natural
products might be more productive than specific procedures
restricted to the preparation of just one or a few compounds.
Eudesmanolides constitute one of the main groups of natural
sesquiterpenoids, with more than 500 members described to
date.1 These compounds have been classified into two
subfamilies: 12,6-eudesmanolides such as (+)-tuberiferine
(1) and 12,8-eudesmanolides such as (+)-â-cyclopyrethrosin
(2).1 Their pharmacological properties include antifungal,
antiinflammatory, and antitumoral activities and the capacity
to inhibit human topoisomerase II, among others.2 Neverthe-
less, many of them are scarce in nature and so chemists have

developed several synthetic processes.3 The methods de-
scribed to date, however, are specific for a few products,
require numerous steps, and generally provide low overall
yields. A general procedure for the effective synthesis of
eudesmanolides therefore seemed desirable.

As germacrolides are the biogenetic precursors of
eudesmanolides,1a and some of them such as (+)-dihydro-
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costunolide (3), (+)-costunolide (4), (+)-stenophyllolide (5),
and (+)-salonitenolide (6) are accessible in (multi)gram
quantities,4 we planned to employ these raw materials in a
biomimetic synthesis of eudesmanolides. The results obtained
using carbocationic chemistry, however, were quite discour-
aging because of product mixtures, and only poor yields were
obtained;4b,5 therefore, we assayed free-radical chemistry.6

Thus, we achieved the synthesis of some eudesmanolides
applying the stoichiometric version of the method reported
by RajanBabu and Nugent,7 but we required considerable
amounts of Cp2TiCl2 to obtain acceptable yields.4b These
observations prompted us to develop a novel procedure for
the synthesis of eudesmanolides catalyzed by titanocene.

Our initial hypothesis was based on the assumption that a
single electron transfer between Cp2TiIIICl generated in situ8

and an epoxygermacrolide such as7 should promote a
rearrangement process giving tertiary radical8 (Scheme 1).

Subsequent C-Ti coupling between8 and a second Cp2-
TiIIICl species would lead to the alkyl-TiIV complex 9,
which, after hydrolysis, would provide10 and Cp2Ti(Cl)-

OH. So far, only two types of reagents have been described
to regenerate Cp2TiCl2 from species of oxygen-bonded
titanium: chlorosilanes and protic compounds closely related
with collidine hydrochloride (15).9 The former are strong
Lewis acids incompatible with oxiranes, while the weak acid
15 is not suitable for regenerating Cp2TiCl2 from acetoxy-
titanium derivatives. Acidic reagents, moreover, easily
promote the carbocationic rearrangement of epoxygermac-
rolides, giving rise to undesirable byproducts and a con-
comitant decrease in the yield from the radical process.4b

Fortunately, the acid-promoted rearrangement of epoxyger-
macrolides can be prevented by adding pyridine or related
bases,5a and therefore we chose the combination of15 plus
collidine used by Gansa¨uer et al. to regenerate Cp2TiCl2.9b

Finally, Cp2TiCl2 should be transformed back into Cp2TiCl
by the surplus of Mn in the medium, and thus the catalytic
cycle would be completed. To check our hypothesis, we
stirred7, prepared from3,4b with a substoichiometric quantity
of Cp2TiCl2 (20 mol %), Mn dust, H2O, 15, and collidine
for 7 h at 25°C. In this manner, we obtained the desired
eudesmanolide11 (only the (4S)-epimer11a4b) accompanied
by a small amount of1210 but no detectable carbocationic
rearrangement products (e.g.,13 and14) (Table 1, entry 1).

Flash chromatography provided11a(72% yield) supporting
the concepts outlined in Scheme 1.
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Scheme 1. Hypothetical Catalytic Cycle in Aqueous Medium;
Base: 2,4,6-Collidine

Table 1. Relative Proportionsa (%) of Compounds Obtained
via Cyclization of 7b

entry Cp2TiCl2
c additives (equiv) 11a 12 13 14

1 20 H2O (5), 15 (5), col.d (5) 82 18
2 20 15 (5), col. (5) 60 40
3 20 Me3SiCl (4), col. (7) 18 74 8
4 10 H2O (5), 15 (5), col. (5) 80 20
5 5 H2O (5), 15 (5), col. (5) 50 27 23
6 H2O (5), 15 (5), col. (5) 34 31 35

a Determined by1H NMR spectroscopy.b Cyclizations performed by
stirring7 with or without Cp2TiCl2, Mn dust (excess), and different additives
in THF at 25°C. c Proportions in mol %.d Col. ) 2,4,6-collidine.
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The stereoselectivity observed might well be ascribed to
equatorial attack by the bulky Cp2TiCl species against8 to
give9a (Scheme 2). The intermediate9ashould then undergo

hydrolysis to produce10a, which would in turn give11a
after acidic quenching. The alkyl-TiIV complex9a could
also account for the minor quantity of alkene12derived from
a relatively slowâ-hydrogen elimination or any other process
generating Cp2Ti(Cl)H.11 This possibility led us to take
advantage of this process to synthesize eudesmanolides with
an exocyclic∆4,15 double bond.12 Treatment of7 in the
absence of water, however, gave a mixture containing a
relatively high proportion (60%) of the reduction product
11a (Table 1, entry 2), presumably due to the protonolysis
of the C-Ti bond of9aby the hydrochloride15employed.13

Therefore, we assayed a novel reagent, the aprotic derivative
16 (prepared in situ by mixing collidine and Me3SiCl), to
regenerate Cp2TiCl2 and prevent protonolysis.

Treatment of7 under these new conditions (entry 3) gave
a substantially increased proportion of the exocyclic alkene
12 (74%) and a significant decrease (down to 18%) in the
hydrolysis product11a (which might derive from adventi-
tious water). The regeneration of the catalyst might be
rationalized by reaction between16 and theâ-elimination
product Cp2Ti(Cl)H, giving Cp2TiCl2 together with collidine
and gaseous Me3SiH, but in the absence of experimental
evidence, alternative explanations cannot be discarded. In

any case, the minor amount of1314 obtained (8%) indicated
that the participation of a carbocationic process was con-
siderably restricted.15 Thus, 16 becomes the first example
of a new type of reagent that is both compatible with
epoxides and capable of regenerating Cp2TiCl2 from Cp2-
Ti(Cl)H and (as we will see later) acetoxy-titanium deriva-
tives. The above results reveal the versatile nature of the
catalytic procedure, which can be controlled to afford either
reduction products or alkenes by adding or excluding water
and using the additives15 or 16, respectively. We subse-
quently diminished the catalyst proportions to determine the
minimum required to guarantee the radical nature of the
process. With 0.05 equiv (entry 5),11a was still the main
product, while in the complete absence of Cp2TiCl2 (entry
6), the mixture containing diol1414 obtained was character-
istic of a purely carbocationic process, confirming the crucial
role played by the titanium catalyst.

To explore the synthetic usefulness of the method, we
chose as targets two eudesmanolides belonging to different
subfamilies: (+)-9â-hydroxyreynosin (17) and (+)-â-cy-
clopyrethrosin (2). 12,6-Eudesmanolide17and its derivative
19were isolated fromInula heterolepisandArtemisia herba-
alba, respectively, and their structures were established by
spectroscopic techniques.16 We started their synthesis with
5, which, after selective hydrogenation and treatment with
MCPBA, afforded oxirane18 (Scheme 3). Subsequent

titanocene-catalyzed cyclization of18gave alkene19. In this
case, theâ-elimination of the C-15 hydroxyl group was much
faster thanâ-hydrogen elimination from9a, and neither
anhydrous conditions nor16 were required. Finally, the
conjugated double bond was restored in a single-pot reaction
applying a slight modification of Grieco’s method.17 Thus,
we obtained17 in four steps at an overall yield of 31%. The
spectroscopic properties of synthetic compounds17 and19
were in agreement with those of the natural products.16

The 12,8-eudesmanolide2 was isolated from pyrethrum
flowers, and its structure was established by spectroscopic

(9) (a) Fürstner, A.; Hupperts, A.J. Am. Chem. Soc.1995, 117, 4468-
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Ti(Cl)H, see: Sakai, S.J. Mol. Struct.:THEOCHEM 2001, 540, 157-
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(16) (a) Bohlmann, F.; Ates, N.; Grenz, M.Phytochemistry1982, 21,
1166-1168. (b) Ahmed, A. A.; Abou-El-Ela, M.; Jakupovic, J.; Seif-El-
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Scheme 2. Proposed Mechanism for the Formation of10a and
12a

a R ) OTi(Cl)Cp2; (a) hydrolysis, (b)â-hydrogen elimination.

Scheme 3. Biomimetic Synthesis of17 and19
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methods and some chemical correlations.18 We began its
synthesis with6, which, after alkaline isomerization, provided
the 12,8-germacrolide20 (Scheme 4). Selective epoxidation

of 20 followed by the titanocene-catalyzed cyclization of21
gave eudesmanolide2, thus obtained in four steps in an
overall yield of 13%. The spectroscopic data for synthetic
2, including optical rotation, were in agreement with those
of (+)-â-cyclopyrethrosin,18 confirming the structure and
absolute stereochemistry of the natural product.19 In this case,
we used the novel additive16, confirming the utility of this
reagent for regenerating Cp2TiCl2 from Cp2Ti(Cl)OAc.

The synthesis of eudesmanolides2, 17, and19proved the
utility of our method. It also occurred to us that in addition
to this, the synthetics2, 11a, 17, and19 could well be used
as raw materials for the enantiospecific synthesis of many
other eudesmanolides.20 To test our idea, we set about (+)-
tuberiferine (1), one of the most significant examples of
bioactive eudesmanolides. Tuberiferine, found inSonchus
tuberifer SVent,21 has been synthesized by various groups22

and has been shown to inhibit cell growth, regulate plant
development, and help control crop diseases.22c The most
recent synthesis of1 started from (-)-R-santonin (22) and
was achieved in nine steps, an improvement over previous
procedures.22c When we started its synthesis with11a, we
obtained1 after only six steps (see Supporting Information).
Along the same line, compounds2, 17, and 19 might be
employed to obtain other natural eudesmanolides with
practically every functionality pattern.

In summary, here we describe a novel method for the
synthesis of both 12,6- and 12,8-eudesmanolides via free-
radical chemistry by combining titanocene catalysis with a
biomimetic strategy starting from accessible germacrolides.
This procedure uses inexpensive reagents, works at room
temperature under mild conditions compatible with several
functional groups, and employs titanium quantities an order
of magnitude lower than those required for the stoichiometric
version. At the moment, we are applying this method to
obtain potent antifungal eudesmanolides and more complex
terpenoids.
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Scheme 4. Biomimetic Synthesis of2
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