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ABSTRACT

The development of a new convertible isocyanide, indole-isocyanide , for ready access to pyroglutamic acids culminated in the formal total
synthesis of the proteasome inhibitor omuralide featuring a stereocontrolled Ugi reaction. Indole-isocyanide was named after the facilitation
of hydrolysis of the resulting 2-(2,2-dimethoxyethyl)anilide via an N-acylindole intermediate obtained by the Ugi multicomponent condensation
reaction followed by the indole formation.

Omuralide (1), derived from the natural product lactacystin
(2),1 has been shown to be a selective inhibitor of the20S
proteasome found in mammalian and bacterial cells.2 A great
deal of attention has been devoted recently to proteasome
inhibition as a novel therapeutic target in human cancer due
to the distinctly different mechanism of action from known
chemotherapeutics.3 In 2003, FDA approval of Velcade for
the treatment of multiple myeloma validated proteasome

inhibition as a novel cancer therapy.4 A structurally related
and more potent proteasome inhibitor, salinosporamide A
(3), was reported by Fenical recently.5

The combination of the unique biological profile and the
structural complexity of omuralide (1)6 and salinosporamide
A (3)7 has led to intense research efforts by synthetic
chemists. Both molecules share a fusedγ-lactam-â-lactone
core structure which could easily be obtained from a
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pyroglutamic acid derivative. We envisioned utilizing the
Ugi multicomponent condensation reaction to form the
γ-lactam ring of omuralide (1) from a densely functionalized
γ-ketoacid (Scheme 1). The challenging aspects to this
strategy are the stereoselective construction of theR-carbon
(C4 in the carbon numbering of omuralide) and selective
cleavage of the sterically more hindered C-terminal exo-
amide (C9 vs C1) of the Ugi product. Although numerous
reports of the Ugi reaction of levulinic acid (4) to prepare
pyroglutamic acid amides have been published,8 the inherent
challenges described above have prohibited its general utility
in natural product synthesis.

Armstrong developed 1-cyclohexenyl isocyanide to allow
the facile hydrolysis of the C-terminal amide via azlactone
under mild acidic conditions.9b This process is effective for
most Ugi products, except the pyroglutamic acid amide and
the related lactam amides which cannot form the activated
intermediate. Ugi’s convertible isocyanide,10 activated via

N-acyloxazolidinone, was ineffective for the hydrolysis due
to steric hindrance surrounding the resultant amide. There-
fore, design modification of the convertible isocyanide was
required for efficient access to pyroglutamic acids employing
the Ugi reaction.

We report 1-isocyano-2-(2,2-dimethoxyethyl)benzene (5)
as a convertible isocyanide which readily affords pyro-
glutamic acids via the Ugi reaction (Scheme 2).11,12The initial

Ugi product, anilide6, derived from levulinic acid (4), is
readily converted to the corresponding carboxylic acid8 via
N-acylindole7 under mild conditions. This privileged ability
of the 2-(2,2-dimethoxyethyl)anilide6, originally reported
by Fukuyama,13 has proven to be effective even with the
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Scheme 1. Overall Strategy toward the Synthesis of
Omuralide (1)

Scheme 2. Synthesis of 2-Methylpyroglutamic Acid by Ugi
Reaction with Convertible Isocyanide5
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hindered amide. To our knowledge, this is the first demon-
stration of the isocyanide in the Ugi reaction. The subsequent
selective hydrolysis of the sterically more hinderedexo-amide
proves the concept as a convertible isocyanide. With the
methodology to efficiently access pyroglutamic acid deriva-
tives, we intended to show the utility of the isocyanide5 in
the synthesis of omuralide (1) as a platform to investigate
the general applicability in natural product synthesis.

After preliminary studies,14 it was realized thatγ-ketoacid
13 would be a key precursor of a stereocontrolled Ugi
reaction to reach Corey’s intermediate176h,15 for the formal
total synthesis of omuralide (1) (Scheme 3). We then
embarked on the investigation of an efficient enantioselective
synthesis of chiral ketoacid13. Because of the mild condi-
tions of the Evansanti-selective aldol reaction of acyl-
oxazolidinone9,16 we believed it possible to useR-(hy-
droxymethyl)cinnamaldehyde1017 directly in the aldol
reaction without protection of the primary alcohol in advance.

By modifying the original reaction conditions to include an
extra equivalent of TMSCl and Et3N to protect the free
alcohol in situ, as well as including an additional equivalent
of MgCl2, the aldol reaction proceeded smoothly to afford
the resulting 1,3-diol adduct in 78% yield as a 10:1
diastereomixture. The diol was protected as the acetonide
to give 11 isolated as a single diastereomer. It was unam-
biguously assigned as the requiredanti-aldol product by
X-ray crystallography,18 which is consistent with the litera-
ture.16 Lithium peroxide mediated hydrolysis of the chiral
auxiliary and benzyl protection of the resultant carboxylic
acid gave12 in 91% yield. Ozonolysis of theexo-olefin
followed by hydrogenolysis of the benzyl ester provided the
Ugi precursor ketoacid13, which was then subjected to the
Ugi reaction with the isocyanide5 without purification. It
should be noted that ketoacid13 exists as a single diaste-
reomer of a hemiketal at C4 (13a). The13C NMR chemical
shift of C4 clearly indicated the hemiketal carbon instead of
an intact carbonyl group (Figure 1).19

Much to our delight, the Ugi reaction of ketoacid13 with
isocyanide5 andp-methoxybenzylamine in 2,2,2-trifluoro-
ethanol furnishedγ-lactam 14 in 78% yield as a single
diastereomer. The relative stereochemistry of the resulting
stereocenter C4 of the Ugi product14 was unambiguously
assigned by X-ray crystallography.20 At this time we believe
the diastereoselectivity arises due to the preference of small
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Scheme 3. Formal Total Synthesis of Omuralide (1) Featuring Stereoselective Ugi Reaction with Convertible Isocyanide5
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nucleophiles to approach the carbonyl group of 1,3-dioxan-
4-ones exclusively from the axial direction.21

To circumvent certain undesired side reactions,22 we
decided to selectively remove the acetonide protecting group
before forming the indole. The treatment of the Ugi product
14with catalytic CSA in MeOH furnished the corresponding
diol without formation ofN-acylindole. The resulting diol
was protected as a diacetate, which was stable under the acid-
catalyzed indole formation conditions that afforded the
desiredN-acylindole15. Direct conversion to the methyl ester
diol 16 occurred in 87% yield by stirring in a 10:1 MeOH/
Et3N mixture overnight at room temperature. The following
sequence led to the completion of the formal total synthesis
of omuralide: selective pivaloate formation of the primary
alcohol of16, subsequent TBS protection of the remaining

secondary alcohol, and NaOMe-mediated removal of the
pivaloate. The conversion of17 to omuralide (1) was reported
by Corey.6h

In this paper, we introduced the isocyanide5 as a
convertible isocyanide. To our knowledge, this is the first
demonstration of the isocyanide in the Ugi reaction. The
resulting anilide is amenable to facile hydrolysis to yield a
free pyroglutamic acid viaN-acylindole. The feasibility and
applicability of this methodology were proven by its use in
the stereocontrolled formal total synthesis of omuralide (1).
This Ugi strategy with the isocyanide for the synthesis of
pyroglutamic acids would be applicable to the synthesis of
a structurally related natural product, salinosporamide A (3),
as well as others containing a pyroglutamic acid moiety. We
propose to name this convertible isocyanide asindole-
isocyanideafter the facilitation of hydrolysis of the resulting
anilide viaN-acylindole intermediate.23
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Figure 1. Observed structure ofγ-ketoacid13.
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