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ABSTRACT

The stereoselective synthesis of the tetracyclic intermediate 21 for (+)-naphthyridinomycin (1) has been accomplished. The convergent synthesis
used the Ugi 4CC reaction with the amine derivative 10. The key features of the stereoselective synthesis of 21 were the intramolecular
Mizoroki−Heck reaction, an aromatic−aldehyde cyclization, and a stereoselective hydroboration.

Naphthyridinomycin (1), an antitumor antibiotic alkaloid
isolated fromStreptomyces lusitanusby Kluepfel et al. in
1974,1 has shown potent activity against both Gram-negative
and Gram-positive bacteria.2 In addition, it has displayed
activity against a penicillin-sensitive, resistantStaphylococcus
aureusbut showed lethal toxicity against laboratory mice.
This remarkable biological activity, coupled with its highly
complex structure, has made naphthyridinomycin an attrac-
tive target for total synthesis, and several synthetic studies
on this family of compounds have been published.2 However,
only two total syntheses, by Evans3 and by our4 group in
the 1980s, of a stable derivative2, that is readily converted
to 1, have been reported to date. One of the crucial steps in

the total synthesis of1 is the construction of the highly
strained 3,8-diazabicyclo[3.2.1]octane framework in the
complex ring system of1. During the course of our total
synthesis of ecteinascidin 743 (Et 743),5 we established an
efficient synthetic strategy for tetrahydroisoquinoline alka-
loids via the Ugi four-component condensation (4-CC) and
the intramolecular Mizoroki-Heck reaction. We thought that
this protocol could be applied to the synthesis of related
natural products. Herein, we report a stereocontrolled
synthesis of the tetracyclic intermediate21 for the total
synthesis of1.

The heart of our synthetic plan is illustrated in Scheme 1.
Since the hemiaminal and the quinone moiety of1 would
be highly labile to many reaction conditions, they must be
formed in the latter stages of any total synthesis. Thus, the
tetracyclic diol3, from which the oxazolidine ring could be
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readily prepared, was designed as the key intermediate in
our total synthesis of1. The primary alcohol of3 was
expected to be constructed by a stereoselective hydroboration
of the exo-olefin of the tetracyclic intermediate after con-
struction of the B-ring from4. According to our Et 743
synthesis,5 the bicyclo[3.2.1]octane ring of the enamide4
could be formed by the intramolecular Mizoroki-Heck
reaction. We anticipated that the cyclization precursor would
be prepared by the Ugi 4-CC reaction through a diketopip-
erazine intermediate.

Synthesis of the highly functionalized (R)-arylglycinol10
was accomplished via the Mannich-type reaction of the
phenol 66 with the chiral template7, developed in our
laboratories7 (Scheme 2). Thus, coupling of the phenol6 with
the chiral iminolactone7 proceeded smoothly in high regio-
and stereoselectivity under acidic conditions to provide the
desired adduct8 as a single product.8 Protection of the phenol
of 8 with the mesyl group, reductive ring opening of the
lactone, and selective silylation of the resulting primary
alcohol provided9. Oxidative cleavage of the 1,2-amino
alcohol moiety was effected with Pb(OAc)4, and subsequent
treatment with NH2OH converted the imine to the desired
arylglycinol 10.

Segments10 and 119 were incorporated into the dike-
topiperazine 13 by means of the powerful Ugi 4-CC
reaction10 (Scheme 3). A mixture of the amine10, the
carboxylic acid 11, p-methoxyphenyl isocyanide,11 and
acetaldehyde in MeOH afforded the dipeptide12 in almost

quantitative yield. Subsequent cleavage of the Boc group
gave the primary amine, which cyclized to afford13 upon
reflux in toluene. Conversion of13 into the cyclic enamide
14 was performed by a three-step sequence involving
introduction of a Boc group onto the lactam nitrogen,12 partial
reduction of the ring carbonyl group with NaBH4, and
dehydration of the resulting hemiaminal derivative by
treatment with CSA and quinoline. With the requisite
enamide14 in hand, we then focused our attention on the
construction of the bicyclo[3.2.1]octane ring of15. Although
the construction of the bicyclo[3.3.1] ring system in Et 743
was accomplished by common Mizoroki-Heck reaction
conditions,13 such as a combination of Pd2(dba)3, P(o-tol)3,
and Et3N, unfortunately, the desired reaction of14 did not
proceed under these conditions. After an extensive search
for alternative conditions, we found that the combination of
the Pd2(dba)3 catalyst with Et3N in DMA without a phosphine
ligand was suitable for the construction of the bicyclo[3.2.1]
ring system of the enamide15. The next challenge in the
synthesis was the production of the hydroxymethyl group
of 17 with control of the stereochemistry at the C-13c
position. According to the Et 743 synthesis,5 the enamide
of 15was regioselectively oxidized with dimethyldioxirane14

in MeOH-acetone to generate an acid-sensitive epoxide,
which, without isolation, was immediately treated with CSA
to afford the methoxy alcohol16 as a single isomer. The
subsequent acyliminium ion-mediated reduction under acidic
conditions occurred from the less hinderedexo-face of the
molecule to afford the alcohol17 as a single isomer with
the correct stereochemistry.15
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Scheme 1. Structure and Synthetic Strategy of1 Scheme 2. Synthesis of the Left-Hand Segment10
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Construction of the B-ring was accomplished by the
coupling reaction between the aromatic ring and an aldehyde.
Since the reactivity of the aromatic ring was dependent on
its electron-donating nature, the protecting group of the
phenol17was changed from the mesyl to the corresponding
benzyl ether. After oxidation of the alcohol18 with the
Dess-Martin periodinane,16 treatment of the resulting alde-
hyde19with TFA allowed the desired cyclization to proceed
smoothly providing20 as a single isomer. The secondary
alcohol of 20 possessed the required oxidation state and
stereochemistry at the C-13b position for the formation of
the oxazolidine moiety. The construction of the hydroxy-
methyl group of21 from theexo-methylene20was achieved
by stereoselective hydroboration.17 Treatment of20 with 3
equiv of BH3‚SMe2 at 0 °C produced the desired reaction

with control of the stereochemistry at the C-4 position. The
excess borane reagent was destroyed by treatment with
MeOH at-50°C. Oxidative treatment with NaOH and H2O2

gave the desired diol21 without any loss of the lactam ring.
The stereochemistry at C-13b and C-4 of21 was confirmed
by a strong NOE between the H-13b and H2-5, as shown in
Scheme 3.

In summary, we have accomplished the efficient synthesis
of the tetracyclic backbone21 of (+)-naphthyridinomycin
(1) including the highly strained bicyclic[3.2.1]octane frame-
work. The present synthesis features the powerful Ugi 4-CC
reaction for a ready access to the diketopiperazine13, the
Mizoroki-Heck reaction of the cyclic enamide14 to give
the highly strained tricycle15, and the completely stereo-
selective hydroboration of20. Further conversion of21 to
(+)-naphthyridinomycin (1) is currently under investigation
in our laboratory.
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(15) Since the bicyclo[3.2.1] octane skeleton was more reactive than the
related bicyclo[3.3.1] system of Et 743, the use of the weaker formic acid
was required for the generation of the acyliminium ion from16.
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Scheme 3. Synthesis of the Tetracyclic Key Intermediate21
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