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ABSTRACT

The enantioselective total synthesis of natural enantiomers of clavilactones A and B has been achieved. A key feature of the synthesis is the use of
a ring-opening/ring-closing metathesis, which allows the one-pot transformation of a strained cyclobutenecarboxylate into a γ-butenolide.

Clavilactones A 1, B 2, and C were originally isolated
from cultures of the fungusClitocybe clavipes as antifungal
and antibacterial compounds by Arnone and co-workers
in 1994 (Figure 1).1 Their structures and relative config-
urations were determined by NMR studies and single-
crystal X-ray diffraction analysis of the dimethyl ether
derivative of 1. The clavilactones contain a conformation-
ally rigid 10-membered carbocycle connected to a hydro-
quinone or benzoquinone and an R,β-epoxy-γ-lactone.
Later, clavilactones D 3 and E were also isolated from
the same fungus by using different culture conditions.2

Clavilactones A 1, B 2, and D 3 show potent inhibitory
activity against epidermal growth factor receptor tyrosine
kinases.3 These findings indicate that the clavilactones
represent a novel class of tyrosine kinase inhibitor. Because
they show promise as lead compounds for antitumor
agents, the clavilactones have attracted attention from

synthetic chemists.4,5 In 2006, Barrett and co-workers
reported an elegant total synthesis of (þ)-clavilactone B
(the antipode of 2), thereby establishing the absolute
configuration of natural clavilactone.6 Here we describe
the first total synthesis of the natural enantiomers of clavi-
lactones A 1 and B 2 by a conceptually novel method that
relies on ring-opening/ring-closingmetathesis (ROM/RCM).
Olefin metathesis is a powerful synthetic tool in modern

organic chemistry.7 Recently, new methods have been
developed by combining several metathesis steps into a
domino process. For example, ring-rearrangement metathesis
is a highly efficient method for forming carbocycles and
heterocycles.8 A representative ring-rearrangement metathesis
reaction is ROM/RCM, which involves intramolecular
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metathesis reactions of alkenyl-substituted carbocyclic
alkenes. These one-pot reactions allow the rapid transfor-
mation of strained carbocyclic alkenes into new carbo-
cycles or heterocycles, resulting in a rearranged ring system
in the product. Previously, we reported theROM/RCMof
cyclobutenecarboxylate derivatives as a novel method for
concise access to γ-butenolides (Scheme 1).4,9 The exoalk-
ene in substrate (()-4 is thought to react first with the
Grubbs catalyst to form ruthenium carbene complex I,
which is converted to complex III via metallacyclobutane
II. In this transformation, the cyclobutene ring is opened
and the new γ-butenolide ring is formed concomitantly.
Another molecule of substrate (()-4 reacts with complex
III to produce γ-butenolide (()-5 and complex I, which

undergoes the second catalytic cycle. However, product
(()-5 was obtained in low yield under these conditions,
because complex III also reacts with the terminal alkene in
(()-5 which produces a significant amount of the dimer-
ized product ((()-6). We have now greatly improved the
reaction conditions for the synthesis of 5 and applied this
method to the total synthesis of the clavilactones.
Our retrosynthetic analysis of (þ)-clavilactone A 1 is

shown inScheme 2.We envisioned the formation of the 10-
membered carbocycle byRCMofdiene7. The preparation
of 7 would be achieved by epoxidation and a cross-
coupling reaction from γ-butenolide 5. We intended to
construct the γ-butenolide by ROM/RCM of cyclobute-
necarboxylate 4. Substrate 4 for ROM/RCM would be
obtained by condensation of allylic alcohol 8 and cyclobu-
tenecarboxylic acid (9). Acid 9 is a known compound that
can be easily prepared from commercially available cyclo-
butanecarboxylic acid according to a literature procedure.10

At the outset, we investigated the asymmetric synthesis
of allylic alcohol 8, using the enantioselective alkynylation
(Scheme 3). The substrate for alkynylation, aldehyde 11,

was prepared from 2-bromo-3,6-dihydroxybenzaldehyde
(10)11 bydimethyl etherification.12 Several enantioselective
alkynylations of 2,6-disubstituted benzaldehydes have been
reported,13 and the reactionof11with trimethylsilylacetylene
underYou’s conditions (BINOL/Et2Zn/N-methylimidazole/
Ti(OiPr)4)

14 resulted in a good yield and enantioselectivity

Scheme 1. ROM/RCM of Cyclobutenecarboxylate (()-4

Figure 1. Structures of clavilactones A 1, B 2, and D 3.

Scheme 2. Retrosynthetic Analysis of (þ)-Clavilactone A 1
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(77%, ee = 85%).15 After recrystallization, almost enan-
tiomerically pure alkynylated product 12 was obtained
(ee = >99%). Removal of the trimethylsilyl group from
12 and subsequent Lindlar hydrogenation of the resulting
alkyne 13 provided allylic alcohol 8. The absolute config-
uration of 8 was determined from the Δδ values of the
R-methoxy-R-(trifluoromethyl)phenylacetic acid (MTPA)
ester 14 derived from 8 in their 1H NMR spectra.16

Treatment of alcohol 8 with LDA and acid anhydride
15, prepared from acid 9 with triphosgene,17 gave cyclo-
butenecarboxylate 4 (Scheme 4). Preliminary studies of the
ROM/RCM of 4 indicated that a large amount of dimer-
ized side product 6 was formed as shown in Scheme 1. To
suppress the dimerization, ROM/RCM of 4 was per-
formed at a much lower concentration (0.001 M) using
the first-generation Grubbs catalyst.18 However, the yield
of γ-butenolide 5 was only 28% and dimer 6 was still
obtained in significant yield. The second-generation
Grubbs catalyst or Hoveyda�Grubbs catalyst also gave
unsatisfactory results. However, the one-pot ROM/RCM
of 4 in toluene (0.01 M) using the first-generation Grubbs
catalyst (10mol%), followed by treatment of the resulting
mixture with ethylene (1 atm) and the second-generation
Grubbs catalyst (5mol%), produced the desired product 5
in good yield (76%). The treatment with ethylene led to
ethenolysis of dimer 6 to product 5. Furthermore, the slow

addition of the first-generation Grubbs catalyst improved
the conversion rate, and the addition of benzoquinone 1619

prevented isomerization of the terminal alkene in 5.

Having established the method for constructing the
γ-butenolide, we turned our attention to forming the
epoxide. However, despite extensive efforts, the corre-
sponding R,β-epoxy-γ-lactone could not be obtained from
γ-butenolide 5.20 To circumvent this problem, γ-buteno-
lide 5 was temporarily reduced with excess DIBALH to
diol 17, which was somewhat unstable, and immediately
protected as silylene acetal 18 (Scheme 5).21 The epoxida-
tion of 18 with m-CPBA proceeded chemo- and stereo-
selectively, giving epoxide 19 as the major product.
With epoxide 19 in hand, we next focused on construct-

ing the 10-membered carbocycle. Stille coupling of 19 and
allylstannane 2022 using CuCl as a promoter provided
diene 21.23 RCM of diene 21 using the second-generation
Grubbs catalyst (20 mol %) initially produced the dimer,
which was slowly converted into cyclized product 22.24 In
this reaction, it was necessary to prolong the reaction time

Scheme 3. Synthesis of Allylic Alcohol 8

Scheme 4. Synthesis of γ-Butenolide 5
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by slow addition of the catalyst. Heating a mixture of 21
and the catalyst (20mol%) gave only the dimer. 1HNMR
analysis, including NOE experiments, of 22 indicated that
the stereochemistry and conformation were similar to the
natural product 1.25

The final stage of the synthesis required reconstructing
the γ-lactone. Removal of the silylene acetal from 22
provided diol 23, which was oxidized with tetra-n-propy-
lammonium perruthenate (TPAP) and NMO to γ-lactone
24 (Scheme6).26Theproduct, compound 24, was identical to
the dimethyl ether derived from natural clavilactone A 1.1,6

Treatment of 24withCANprovided (�)-clavilactoneB 2.6

The reduction of the quinone withNaBH4 finally afforded
(þ)-clavilactone A 1.1 The properties of products 1 and 2
were identical in all respects to those reported for natural
clavilactones A and B.1

In summary, we have achieved the first total synthesis of
the natural enantiomers of clavilactones A 1 and B 2 (1; in
15 steps with 1.6% yield). The key features of the synthesis
are two successful olefinmetathesis reactions. First, anROM/
RCM sequence allowed the one-pot transformation of cyclo-
butenecarboxylate 4 into γ-butenolide 5. Second, the forma-
tion of a 10-membered carbocycle was achieved by RCM of
silylene acetal derivative 21. Furthermore, the three contigu-
ous stereocenters were derived from a single benzylic alcohol,
which was generated asymmetrically through a Ti/BINOL
alkynylation. Extension of this ROM/RCM strategy to the
synthesis of other γ-lactone natural products is underway.
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