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Letters
Concise synthesis of the core bicyclo[2.2.2]diazaoctane ring common
to asperparaline, paraherquamide, and stephacidin alkaloids
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Abstract—A versatile synthesis of the bicyclo[2.2.2]diazaoctane core structure of asperparaline, brevianamide, paraherquamide, and
stephacidin natural products is demonstrated. This convergent synthesis relies on an intramolecular hetero Diels–Alder reaction to
construct the key tetracycle from a diketopiperazine derived azadiene; which in turn was formed from prolinamide and a pyruvic
acid derivative. The stereochemical outcome of the Diels–Alder reaction was found to favor the brevianamide stereochemistry.
� 2004 Elsevier Ltd. All rights reserved.
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Figure 1. Structures of the bicyclo[2.2.2] indole alkaloids.
Asperparaline A (1, aspergillimide) was isolated in 1997
by Hayashi from the fungus Aspergillus japonicus JV-
23,1 which had been obtained from soil samples col-
lected in Sakai, Japan. Subsequently asperparalines B
(2) and C (3) were also isolated by the same group and
all three compounds were shown to have paralytic
activity against silkworms.2 Asperparaline A was also
isolated independently by Everett’s group,3 from
Aspergillus sp. IMI 337664. Like the structurally related
paraherquamides,4 the asperparalines display anthel-
mintic properties. Drugs developed with these charac-
teristics have found global use, as highlighted by a
World Health Organization study on the impact of
deworming on childhood anemia in Tanzania.5

Significantly, recent reports concerning the isolation and
structural elucidation of avrainvillamide 46 and stepha-
cidins A (5) and B (6),7 has exemplified alkaloids that
are structurally similar to the asperparalines and para-
herquamides (Fig. 1), but have also shown promising
anti-cancer activity. Of particular interest was the report
that stephacidin B that exhibited selective, in vitro, anti-
tumor activity against testosterone-sensitive prostrate
LNCaP cell line with an IC50 value of 0.06 lM.8

The asperparalines, brevianamides, paraherquamides,
and stephacidins are all structurally related by being
Keywords: Biosynthetic Diels–Alder reaction; Bicyclo[2.2.2]diaza-
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constituted with an unusual bicyclo[2.2.2]diazaoctane
core ring system. It has been proposed that this key
feature may have been formed biosynthetically by an
intramolecular Diels–Alder reaction.9 Our continued
interest in the biomimetic total synthesis and biosyn-
thesis of this entire family of prenylated indole alkaloids
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has led us to develop an extremely convergent synthesis
of the bicyclo-[2.2.2] core, which we would like to report
here.10

We envisioned that the unique spiro-succinimide struc-
ture of asperparaline could be derived from the func-
tionalized tetracyclic compound 9. It seemed plausible
that 9 could be constructed by an intramolecular Diels–
Alder reaction from the suitably oxidized diketopiper-
azine 10 (DKP), which in turn could be derived from
prolinamide (11) and pyruvate derivatives 12 (Scheme 1).

Since prolinamide (11) was commercially available11 we
began our synthesis by constructing pyruvic acid 12.
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Ketone 13, formed by the Barbier coupling of aceto-
nitrile with prenyl bromide in the presence of zinc–silver
couple,12;13 was treated with sodium ethoxide and di-
ethyl oxalate, yielding the desired pyruvate ester in 65%
yield after silica gel purification. Lithium hydroxide
hydrolysis of the ester proceeded smoothly to give the
diketo-acid 12 in 87% yield (Scheme 2).

Several conditions were then screened for the synthesis
of diketopiperazine 10 by coupling prolinamide 11
with pyruvic acid derivative 12. The conditions
for effecting the desired condensation are shown in
Scheme 2.14 In all cases, the coupling reactions yielded
an inseparable mixture of compounds, which were
believed to be the uncyclized amide 14 (281 [MHþ,
75%]) and the desired piperazinedione 10 (263 [MHþ,
100%]).

Treatment of the mixture of 10 and 14 with an excess of
Boc2O and 1.1 equiv of DMAP in CH2Cl2 at room
temperature gave the bis-O-Boc-protected enol 15
(Scheme 3). Similar azadienes have been reported to
undergo intermolecular Diels–Alder reactions under
Brønsted or Lewis acidic conditions.15 Thus, we treated
15 with 5 equiv of AlCl3 in refluxing EtOAc, which gave
the cycloadduct 9 as a single diastereomer in excellent
yield.

Given the success of the Lewis acid-catalyzed intra-
molecular Diels–Alder reaction with the preformed
azadiene 15, we were then interested to see if similar
results could be achieved directly with the diketopiper-
azine 10. Reaction of the mixture of 10 and 14 with a
solution of 4M HCl in dioxane gave the intramolecular
Diels–Alder product 9 in 45% yield (Scheme 3).16 The
remaining products identified were pyruvic acid deriva-
tive 12 and prolinamide 11, therefore indicating that the
starting mixture had contained uncyclized enol–amide
14 whose peptide bond had apparently been cleaved
under these conditions. Once again the tetracyclic
compound 9 had been formed as a single diastereomer
and was identified by 1H NMR to be the same as the
AlCl3 reaction product. Presumably both intramolecular
Diels–Alder reactions go via the same intermediate (A;
Scheme 3).
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In order to determine, which diastereomer had been
formed, that is, the relative configuration at C20, it was
necessary to functionalize 9 by methylation of the
nitrogen of the secondary amide. The pentamethylated
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compound 16 was smoothly synthesized from 9, using
excess sodium hydride and methyl iodide. 1H NMR
NOE experiments identified the diastereomer from the
Diels–Alder reaction as that depicted in Scheme 3,
where the C20 proton is syn to the proline ring and the
cyclopentanone ring is anti. This is the opposite con-
figuration at C20 in the asperparaline, paraherquamide,
and stephacidin class of alkaloids, but is the same rela-
tive configuration as that found in the brevianamides
(Fig. 1).

These experimental results support the findings of our
previously reported theoretical studies on the intramo-
lecular Diels–Alder cycloaddition as related to the bio-
synthesis of the brevianamides,17 paraherquamide A and
VM99955 (Fig. 2).18 Formation of the anti-spiro-5 sys-
tems (19, Fig. 2) was calculated to be favored by �4–7
kcal/mol whereas the spiro-6 systems (22) were found to
favor formation of the syn-spiro ring systems by �1–2
kcal/mol.19 Therefore, these constraints applied to the
intramolecular cycloaddition reaction directed toward
five-membered rings were found to be responsible for
the observed large anti selectivity in the biosynthesis of
brevianamides and hence can explain the observed anti
selectivity at C20 of the Diels–Alder product 9, from our
results. It is interesting to note that we have experi-
mentally observed a 2� 2.5:1 syn:anti ratio of products
(22b:21b) in the intramolecular Diels–Alder reactions of
18b (and the corresponding b-methylproline-containing
substrate) where a spiro-six-membered ring was con-
structed as directed toward the total synthesis of
VM55599 and brevianamide B.19–21
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These results suggest both a reasonable synthetic
approach to the asperparalines and stephacidins as well
as a possible biogenetic construction as shown in Scheme
4. Thus, oxidative deamination of tryptophan or a
reverse-prenylated tryptophan derivative by (for exam-
ple) a PLP-dependent deaminase yields a-ketoacid 25.
Condensation with the appropriate proline amide
derivative would result in a potentially spontaneous
cascade of cyclodehydration, tautomerization and
IMDA to afford the key hexacyclic substances 30.
Downstream oxidations, prenylations and final fash-
ioning of each natural product’s functional group con-
figurations would lead to the paraherquamides,
asperparalines, and stephacidins (through avrainvilla-
mide).

We have demonstrated a very concise and convergent
synthesis of a functionalized bicyclo[2.2.2]diazaoctane
ring system. Current efforts in our group are concen-
trated on applying this synthetic strategy to the spiro-six
system 10, where n ¼ 2. Both theoretical as well as
experimental data support the notion that these IMDA
cycloadditions should be syn-selective. Efforts to deploy
this strategy to the total synthesis of the asperparalines
and stephacidins, as well as related members of the
paraherquamide family are under study in these labo-
ratories.
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