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ABSTRACT

The synthesis of the highly substituted indole portion of the complex tremorgenic natural products lolicine A and B is presented. The Diels −
Alder reaction of a quinone monoimine enables the synthesis of an appropriately substituted indole. The key step in the synthesis is a tandem
isopropenyl cuprate addition/aldol cyclocondensation which provides the necessary functionality for elaboration to the 2,2,5,5-tetramethyltet-
rahydrofuran.

Neotyphodium-type fungi contaminate many of the world’s
agriculturally important ryegrasses and are implicated in the
toxicity of such grasses.1 These toxic ryegrasses are indi-
genous to every continent with the exception of Antarctica
and contribute to a disorder known as perennial ryegrass
staggers, a neurotoxic affliction causing the grazing livestock
to exhibit tremors.2 The lolicines, lolitrems, and lolitriols
(isolated fromNeotyphodium lolii)3 and the related penitrems
(from Penicillium cyclopiumandPenicillium crustosum)4 are
known as tremorgenic indole terpenoids (Figure 1). Although
other tremorgenic indoles with similar “eastern halves” exist,
the lolicines, lolitrems, and penitrems are privileged in their
possession of a cyclohexane fused to the 4,5 position of the
indole moiety. A notable and unique feature of the lolicines
and lolitrems is the presence of a 2,2,5,5-tetramethyltetrahy-

drofuran ring cis or trans fused (C31-C35) to theR,â-
carbons of a tetralone.

These tremorgens, aside from their biological interest,
represent new, complex architectures for assembly by total
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Figure 1. Selected tremorgenic indole natural products.
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synthesis. Indeed, Smith and co-workers have been successful
in preparing the formidable penitrem D.5 Curran and co-
workers have also put forth an inventive approach to a
tricyclic substructure of the penitrems containing the cy-
clobutane moiety.6 There has only been one brief study
nominally directed toward the lolicine-type structure.7 Herein,
we report a successful construction of the western half of
the lolicines/lolitrems.

Recently, we reported that highly substituted indoles (e.g.,
8-10) could be rapidly assembled by the oxidative cleavage
of amino dihydronaphthalenes8 4-6 which are prepared via
the Diels-Alder reaction of quinoid imines1-3 (Scheme
1).9 This indole preparation strategy addresses the longstand-

ing challenge facing indole chemists, namely, a flexible
preparation of indoles bearing complex substitution on the
benzenoid portion of the molecule.

Scheme 2 shows a brief retrosynthesis of a western half
model of the lolicines. The 2,2,5,5-tetramethyltetrahydrofuran
of the target11would be prepared from12by acid-catalyzed
ring closure of a tertiary alcohol onto an isopropenyl moiety.
The tetralone system in12 would arise from an aldol-type
ring closure via13 which in turn would be prepared via
conjugate addition of an isopropenyl nucleophile to a
substrate such as14. The required 5-formyl moiety in14
would be installed via the aryl triflate in15, whereas the

Michael acceptor in14 would be available via Horner-
Emmons elaboration of the aldehyde group present in15.
The synthesis of indole15 has been reported by us7a and
arises via the strategy in Scheme 1 from dienophile17 and
trans-piperylene16.

Our synthetic efforts commenced (Scheme 3) with the

cycloaddition of quinone monoimine17 with trans-pip-
erylene to yield the expected cycloadduct which was treated
with DBU to effect aromatization (vide supra, Scheme 1).
The phenolic moiety was triflated to yield18 in 72% yield
over three steps from17. Conversion of the dihydronaph-
thalene18 to indole 15 was done in the usual manner in
74% overall yield by oxidative cleavage of the double bond
and treatment with acid. It was necessary to protect the
resulting aldehyde in15 because it interfered (in an as yet
unknown way) with upcoming cross-coupling chemistry.
Although this could be done via ketalization, reduction and
acetate formation to give19were both more convenient and
higher yielding (92%). After exhaustive attempts at direct
formylation of19, we decided to use a vinyl group as a latent
aldehyde. To this end, Stille coupling proceeded in excellent
yield (90%) to produce styrene20. Upon reflection, this was
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Scheme 1. General Synthesis of Complex Indoles

Scheme 2. Retrosynthesis for a Lolicine Western Half Model

Scheme 3. Elaboration of the Indole
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a shorter route anyway because the aldehyde from formyl-
ation would have to be protected orthogonally from the
acetaldehyde moiety at the indole 4 position. Methanolysis
of the acetate in20 and subsequent oxidation restored the
necessary aldehyde, giving21 in 75% yield. Horner-
Emmons olefination of21 smoothly produced enoate22 in
87% yield. The requisite aldehyde at the indole 5 position
was revealed by oxidative cleavage of the double bond in a
two-step dihydroxylation/periodate cleavage protocol (71%
overall). With23 in hand, the stage was set for an isopropenyl
cuprate addition and a subsequent aldol reaction.

Our initial experiments to install an isopropenyl moiety
via cuprate addition were unsuccessful and resulted in a
complex mixture, yielding24 in small amounts (via nucleo-
philic addition to the aldehyde, Scheme 4). We then turned

to a strategy which would see the benzofused ring in11
formed prior to the installation of the isopropenyl group,
ideally furnishing a compound such as26 which would act
as a Michael acceptor for an isopropenyl cuprate. To this
end,23 was treated with trimethylphosphine in acetonitrile
to effect a Morita-Baylis-Hillman-type ring closure.10 This
proceeded in excellent yield; however, subsequent dehydra-
tion could not be avoided and the aromatized compound25
was formed as the sole identifiable product. Other Morita-
Baylis-Hillman conditions led to no appreciable reaction.
Next, we turned to a strategy which would see cyclization
via an extended enolate. Deprotonation of23with NaHMDS
led to the relatively clean formation of the same product25.

At this stage, we reexamined the cuprate addition to a
substrate such as27. It was felt that a better Michael acceptor
may avoid the domination of 1,2-addition. To this end,
aldehyde21 was treated with a ketophosphonate to give
enone27 in 88% yield (Scheme 5). Selective dihydroxylation
of the styrenyl moiety followed by oxidative cleavage gave
a 50% yield of the aldehyde28. The modest yield of28
arises from the formation of a side product where the

benzylic hydroxyl group of the diol (en route to28) adds in
a conjugate fashion to the enone. Careful control of the
reaction conditions avoided this as a major difficulty.11

Gratifyingly, cuprate addition to enone28not only installed
the requisite isopropenyl moiety but also resulted in the
addition of the intermediate enolate to the aldehyde in a
tandem fashion.12 The net result was the formation of29
(58% overall as a 1:1 mixture, epimeric at the hydroxyl
group) with a benzofused ring and suitable functionality for
elaboration of the tetrahydrofuran ring. The 1:1 epimeric
mixture of benzylic alcohols was inconsequential because
that stereocenter would ultimately be a carbonyl group.

Protection of the benzylic hydroxyl group in29 as a
triethylsilyl ether yielded30 in 70% yield which in turn was
subjected to treatment with methyllithium, desilylation, and
oxidation with IBX to give hydroxyl ketone31 in 65%
overall yield. All attempts to effect tetrahydrofuran formation
with protic or Lewis acids led to dehydration via elimination
of the hydroxyl group, sometimes with subsequent aroma-
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Scheme 5. Successful Synthesis of the Western Half of
Lolicine A

Scheme 4. Attempted Ring Closures

Org. Lett., Vol. 8, No. 11, 2006 2211



tization of the tetralone. The required ring closure, however,
was effected with a selenoetherification protocol13 to give
selenide32 in 80% yield which was reductively deselenated
with Raney nickel to produce the target molecule11 in 80%
yield.

The fact that the trans stereochemistry in11was obtained
was confirmed by comparison to the NMR data for the
natural products. Both cis and trans relative stereochemistries
at C31-C35 are found in nature, and the vicinal coupling
constants between these two methines are, as expected, quite
different. Figure 2 shows representations of lolicine A 11-

O-propionate and lolitrem N 10-O-propionate as well as of
our synthetic model11. The proton chemical shift at the C31
methine for lolicine A is 2.77 ppm and has a 14.1 Hz

coupling to the C35 methine proton (2.68 ppm). The C31-
C35 trans compound lolitrem N on the other hand has a
proton chemical shift at C31 of 3.35 ppm and has a much
smaller 7.3 Hz vicinal coupling to the C35 methine proton
(2.68 ppm). Our compound11 has a chemical shift for the
C31 methine (lolicine numbering) of 2.72 ppm and has a
14.6 Hz vicinal coupling to the C35 methine proton (2.61-
2.56 ppm). These values are very close to those for lolicine
A 11-O-propionate, and therefore we are reasonably well
assured that we have a trans relative stereochemistry at what
would be the C31-C35 ring junction.

We were subsequently able to prepare crystals of11 of a
sufficient quality for X-ray analysis to confirm the relative
trans stereochemistry of the C31-C35 ring fusion.14 Far from
being redundant, the X-ray analysis in concert with the NMR
analysis acts as fairly conclusive evidence that lolicine A
and related compounds have, in fact, the trans stereochem-
istry at C31-C35. To date, X-ray analysis of the natural
products has not been possible.

In conclusion, we have developed an efficient synthesis
of the western half of lolicine A and related compounds. A
Diels-Alder/Plieninger indolization allows for the prepara-
tion of a suitably substituted indole which in turn sets the
stage for the key tandem conjugate addition/aldol cyclization.
This step sets the relative stereochemistry at the tetrahydro-
furan in the trans relationship found in the natural product.
We intend to use this synthetic sequence in our efforts to
prepare lolicine A.
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Figure 2. X-ray structure of11 and comparison of NMR data to
the natural products.
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