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ABSTRACT

The tricyclic core of the cyclopentabenzofurans has been prepared in an efficient and stereoselective manner utilizing an intramolecular silyl
vinylketene formation/[4 + 1] annulation sequence. This novel approach affords the ABC ring system where the adjacent phenyl and aryl
substituents of the C ring have the required cis relationship.

The plant genus Aglaia, native to the tropical rain forests of
Indonesia and Malaysia, has received significant attention
in recent years as a source of densely functionalized natural
products with interesting biological activities.1 Noteworthy
among these natural products are the rocaglamides, including
the parent (1, Figure 1)2 and the dioxanyloxy-modified
derivative silvestrol (2),3 which both comprise a cyclopent-
a[b]tetrahydrobenzofuran ring system. Rocaglamide, origi-
nally isolated from Aglaia elliptifolia in 1982,2 was found
to exhibit antileukemic activity in a murine in vivo model,4

with subsequent members of this family demonstrating potent
antileukemic and anticancer activity,5 as well as NF-κB

inhibitory activity at nanomolar concentrations in T-lym-
phocytes.6 The rocaglate silvestrol 2 displays cytotoxic
activity against human cancer cells comparable to the
anticancer drug Taxol.3
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Figure 1. Representative rocaglamides.
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On the basis of their promising biological profiles and
challenging architectural features, the rocaglamide family of
compounds provides attractive targets for total synthesis.7-10

A major obstacle that has plagued efforts toward total
synthesis of rocaglamides or rocaglamide analogues, how-
ever, has been the stereocontrolled construction of the
sterically congested cyclopentane ring. Specifically, difficul-
ties encountered in the construction of the cyclopentane
moiety bearing geminal aromatic rings in a cis disposition
have either necessitated additional synthetic steps to epimer-
ize stereogenic centers,7d required the separation of diaster-
eomeric isomers,7a-c,8,10b,d,j or prevented completion of the
final target altogether.10j These problems strongly motivate
the development of more effective synthetic strategies.

Recently, we disclosed a novel route for the preparation
of silyl vinylketenes bearing unique substitution patterns
based on an arrested Dötz benzannulation reaction between
Fischer alkoxy carbene complexes and trialkylsilyl-substi-
tuted alkynes.11 Subsequently, we demonstrated that these
silyl vinylketenes could function as four-carbon units in
Danheiser’s [4 + 1] annulation13f to yield densely function-
alized cyclopentenones in an efficient and stereoselective
manner.12,13 As part of our continued efforts in this area,
we now report an intramolecular silyl vinylketene formation/
[4 + 1] annulation sequence that provides a rapid and
stereocontrolled entry to the rocaglamide core.

Our retrosynthetic analysis, as depicted in Scheme 1,
entailed formation of Fischer aryloxy carbene complex 5 via
the combination of phenol 6 and tetramethylammonium
acylate complex 7. Thermally driven intramolecular alkyne
insertion would form the B ring and yield silyl vinylketene

4, and subsequent [4 + 1] annulation with phenyldiaz-
omethane would generate the C ring and complete the
tricyclic rocaglamide skeleton 3. Since we have observed
that related [4 + 1] annulations proceed with complete cis
diastereoselectivity between aryl substituents, we anticipated
that this strategy would be ideally suited to the challenging
construction of the congested rocaglamide core.

Due to difficulties associated with the preparation of
Fischer aryloxy carbene complexes,14 we decided to first test
the viability of our approach by employing a simple aliphatic
model system (Scheme 2). The desired triisopropylsilyl

(TIPS)-substituted alkyne 8, which would serve as the
aliphatic version of phenol 6, was readily prepared in 76%
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Scheme 1. Retrosynthetic Analysis

Scheme 2. Model SVK Formation/[4 + 1] Sequence
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yield over three successive steps from commercially available
3-butyn-1-ol.15

Preparation of Fischer alkoxy carbene complex 10 (Scheme
2) began from tetramethylammonium acylate complex 9,16

which was converted to the corresponding acyloxy carbene
complex by treatment with acetyl bromide at -41 °C for
1 h. Subsequent addition of a solution of 8 in CH2Cl2 via
cannula and warming to room temperature overnight pro-
vided 10 as an orange oil. Although it was found to be
somewhat unstable under atmospheric conditions, heating a
degassed benzene solution of 10 at reflux for 18 h afforded
a yellow oil without significant decomposition. Evidence for
the desired intramolecular alkyne insertion to provide silyl
vinylketene 11 was clearly provided by IR analysis, which
showed the expected ketene stretch at 2082 cm-1. The
instability of 11 to silica gel precluded purification; however,
NMR analysis indicated essentially pure product formation
and the crude material was instead treated directly with either
trimethylsilyldiazomethane or phenyldiazomethane.17 In both
cases, the [4 + 1] annulation reaction proceeded smoothly,

providing the bicyclic cyclopentenones 12 and 13, respec-
tively. Importantly, both cyclopentenones were obtained as
single diastereoisomers. Although no effort was made to
determine which diastereoisomers had formed, a cis relation-
ship between the methyl and carbenoid substituents was
presumed in accord with our previous studies.12

With the viability of our intramolecular silyl vinylketene
approach secured, we set out to prepare the Fischer aryloxy
carbene complex required for an approach to the rocaglamide
core (Scheme 3). Synthesis of phenol 6 commenced with
commercially available 2-iodophenol 14. Protection of 14
as the corresponding methoxymethyl (MOM) ether 15,18

followed by Sonogashira coupling to install the triisopro-
pylsilyl alkyne, proceeded without incident. Subsequent
removal of the MOM protecting group proved somewhat
difficult, however, due to a facile cyclization process that is
common to o-hydroxy acetylenic compounds.19 Fortunately,
experimentation with several cleavage conditions revealed
that the MOM ether could readily be cleaved with 10% HCl
in acetone to provide the requisite phenol 6 in good yield.
Completion of aryloxy carbene complex 5 was then ac-
complished by combining the sodium phenolate of 6 with(15) Details for the preparation of 8 can be found in the Supporting
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Scheme 3. Formation of the Tricyclic Rocaglamide Core via an Intramolecular SVK Formation/[4 + 1] Sequence
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the acyloxy carbene complex derived from tetramethylam-
monium salt 7 according to the method described by Pulley.14

The aryloxy carbene complex 5, which was isolated in good
yield as a dark red crystalline solid, displayed very good
stability and could be stored at -20 °C for extended periods
of time with no apparent decomposition.

At this juncture, we were pleased to find that aryloxy
carbene complex 5 underwent a very clean intramolecular
alkyne insertion to afford the desired silyl vinylketene.
Specifically, treatment of a degassed solution of 5 in benzene
for 2 h at 65 °C resulted in a near-quantitative conversion
to a 2:1 isomeric mixture of 17a and 17b, which differed
only in the position of the complexed Cr(CO)3 fragment.
Although it was possible to separate 17a and 17b via flash
chromatography, we found it more convenient to directly
carry the mixture forward.20 Thus, crude reaction mixtures
of 17a/17b were dissolved in Et2O/THF and added to an
ethereal solution of phenyldiazomethane17 at 0 °C, resulting
in highly efficient [4 + 1] annulations to yield cyclopen-
tenones 18a and 18b. Finally, oxidative removal of the
Cr(CO)3 fragment with ammonium cerium(IV) nitrate in
methanol completed the synthesis of the desired tricyclic
cyclopentenone 3 as a single diastereomer in 81% yield over
the three steps from aryloxy carbene complex 5. Importantly,
isolation of 3 as a single diastereomer demonstrated that the
[4 + 1] annulation had proceeded in a stereospecific fashion
and verified that 17a/17b and 18a/18b mixtures differed only
in the position of the complexed Cr(CO)3 fragment. More-
over, X-ray analysis of 3 confirmed the anticipated cis
disposition of the adjacent phenyl and aryl substituents on
the newly generated cyclopentenone ring.21

It is noteworthy that the [4 + 1] annulations of both silyl
vinylketenes 17a and 17b exclusively generate cyclopen-
tenones bearing cis dispositions of the vicinal aryl substit-
uents, particularly in light of the enhanced steric congestion
present in the conversion of 17b to 18b due to the complexed
Cr(CO)3 fragment. Although the mechanism of the [4 + 1]
annulation remains inconclusive, these results are consistent
with a stereospecific 4π electrocyclic ring closure as sug-
gested by us12 and others.13 In this instance, even the highly
congested cis cyclopentenone 18b would be the favored
annulation product, as stereospecific conrotatory ring closure
would proceed from a sterically favored 2-oxidopentadienyl
cation intermediate.

In summary, an intramolecular silyl vinylketene formation/
[4 + 1] annulation sequence is reported as a novel approach
for the construction of the cyclopentabenzofuran core of the
rocaglamide family of natural products. Importantly, the
stereospecific nature of the [4 + 1] annulation offers an
effective means of assembling the congested tricyclic carbon
skeleton that has been problematic in some previous syn-
theses. The resultant tricyclic cyclopentenone from this
approach appears to be well suited for further elaboration,
and efforts are underway to utilize this methodology for the
synthesis of rocaglamide and other rocaglate derivatives.
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