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General Enantiospecific Route to Isochromanquinones. Synthesis of (—)-Nanaomycin D
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Summary: A general enantiospecific synthesis of isoch-
romanguinones is presented. This entails an efficient
synthesis of (3a8S, 58, 7aR)-7-bromo-3,3a,5,7a-tetrahydro-
5-methyl-2H-furo[3,2-b]lpyran-2-one (12) and ultimately
the lithium agent 15 from commercially available L-
rhamnose. Addition of 15 to the appropriate cyclobutene-
dione followed by thermolysis of the resulting cyclobuten-
one leads to the isochromanquinones 16a—c. In an
analogous fashion the naturally occurring product, (—)-
nanaomycin D, was synthesized. In addition, new meth-
odology involving the ring expansion of iminocyclobuten-
ones to aminophenols was discovered.

Reported here is a general enantiospecific synthesis of
isochromanquinones of general structure 1, some mem-
bers of which are biologically active natural products.
Syntheses of the naturally occurring (—)-nanaomycin D
(27), along with six unnatural analogs 19a—d, 23, and
24, are described as illustrative examples of this conver-
gent method.2® The generality is particularly noteworthy
since the method provides an efficient route to analogs
in which the quinone nucleus and thus the reduction
potential can be extensively varied. This is of potential
importance since the biologically active isochroman-
quinone natural products (>45 examples) have been
suggested to be bioreductive alkylating agents, and as
such are precursors to reactive o-quinone methides
formed subsequent to an in vivo reductive activation of
the quinone to the corresponding hydroquinone, e.g., 1
— 2 — 3 (Scheme 1).4

The syntheses are based upon the previously reported
thermal ring expansion of 4-alkenyl-4-hydroxycyclobuten-
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ones to hydroquinones.® This is retrosynthetically il-
lustrated in Scheme 1 as it applies to the isochroman-
quinone syntheses. Thus, the cyclobutenones 4 undergo
ring expansion upon mild thermolysis giving the cor-
responding hydroquinones, oxidation of which provides
the isochromanquinones 1. The cyclobutenones, in turn,
stem from the cyclobutenediones 5 and the equivalent
of the lithium reagent 6.6

An efficient enantiospecific synthesis of butenolide 12,
the precursor to the required alkenyllithium agent, was
accomplished as outlined in Scheme 2. It starts with
commercially available L-rhamnose which was converted
to 7 as previously reported.” Swern oxidation of 7
followed by treatment of the resulting enone 8 with
bromine and triethylamine gave 9 in 90% overall yield.
Reduction (NaBH,, CeCls) of the enone 9 to the alcohol
10 followed by direct mesylation gave 11 in 90% overall
yield. Hydrolysis of the ester using LiOH at 0 °C to give
the carboxylic acid followed by treatment with triethy-
lamine in refluxing benzene gave the desired butenolide
12 [a]*°p 16.40 (¢ = 0.25, CHCly) in 85% yield. Thus,
synthesis of 12 can be conveniently accomplished in 67%
overall yield to give enantiomerically pure product in
gram quantities.

In order to obtain a viable lithium reagent required
for the ring expansion step, 12 was converted to a 7:3
mixture of diastereomeric lactols 13 in 80% by an initial
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DIBAL reduction followed by treatment of the resulting
hemiketal with triisopropylsilyl triflate. This then led
to the vinyllithium reagent 15 upon treatment with ferz-
butyllithium in ether at —78 °C.

Examples of the utility of the above reagent for the
synthesis of isochromanquinones are outlined in Scheme
3. Specifically, treatment of dimethyl squarate (14a)
with the lithium reagent 15 in ether at —78 °C gave 16a
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as a mixture of diastereomers in 51% yield. These were
readily converted to the ring expanded hydroquinone 17a
upon thermolysis in refluxing toluene for 1 h. Finally,
treatment of 17a with HCI followed by PCC oxidation
resulted in the isochromanquinone 19a as a single
enantiomer in 75% yield (38% overall). In a similar
manner 19b, 19¢, and 19d were obtained in, respectively,
50%, 61%, and 72% overall yield from 3-methoxy-4-
phenylcyclobutenedione (14b), diisopropyl squarate (14¢),
and 4-phenyl-3-isopropoxycyclobutenedione (14d).5
New protecting group chemistry involving iminocy-
clobutenones was developed in order to prepare 23, the
regioisomer of 19d (Scheme 4).2 Specifically, the imi-
nocyclobutenedione 20 was obtained in 65% yield upon
treatment of 14¢ with phenyllithium followed by trifluo-
roacetic anhydride and aniline. Treatment of 20 with
the lithium reagent 18 gave crude iminocyclobutenone
21 which was selectively hydrolyzed with 10% oxalic acid
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in THF to give 22 in 56% isolated yield. Thermolysis of
22 in refluxing p-xylene for 4 h gave the hydroquinone
which was converted to quinone 23 (68%) upon depro-
tection and oxidation.

Additionally, 21 was thermolyzed in refluxing p-xylene
to give the corresponding aminophenol which was con-
verted to iminoquinone 24 upon deprotection and oxida-
tion (56% from 13). This is a noteworthy result since it
demonstrates the first example of the ring expansion of
iminocyclobutenones to aminophenols.

Finally, (—)-nanaomycin D (27) was prepared in similar
fashion starting with 3-methoxybenzocyclobutenedione
(Scheme 4).5 This was converted to the adduct 25 (65%)
upon treatment with the lithium reagent 15 in THF at
—78 °C followed by a trimethylsilyl chloride quench.
Thermolysis in refluxing p-xylene followed by hydrolysis
and oxidation gave 9-O-methylnanaomycin D 26 ([a.]2°p
—66.0° (¢ = 0.20, CHCly) (lit.? [@¢]*p —65° (¢ = 0.50,
CHCl3))) in 66% overall isolated yield. Demethylation
(AICl;) as reported in the literature then gave the natural
product 27.2

The significant points reported in this paper are the
following: (1) the butenolide 12 is readily available in
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enantiomerically pure form from commercially available
L-rhamnose; (2) the ring expansion methodology allows
the enantiospecific synthesis of isochromanquinones and
isochromaniminoquinones in the nanaomycin family; (3)
the natural product, (—)-nanaomycin D, was prepared in
6.5% overall yield from L-rhamnose; and (4) new meth-
odology involving the ring expansion of iminocyclobuten-
ones was discovered, and this allows further control of
the regiochemistry of these quinone syntheses.
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