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ABSTRACT

A new synthesis of γ-rubromycin is presented through a new oxidative, bisbenzannulated spiroketalization as a key step which is catalyzed by an
in situ generated hypoiodite species, developed previously by our group. This key transformation has high efficiency and convenient conditions.
This is a new and efficient catalytic application for organohypoiodine reagents.

One of the challenges currently facing synthetic chemists
is the development of efficient and elegant chemical pro-
cesses that allow for the rapid synthesis of functional,
diverse, and molecularly complex bioactive compounds
from simple starting materials.1 Recently, organohyperva-
lent iodine reagents have attracted significant attention as
versatile and environmentally benignoxidants, aswell as for
their strong potential use in many applications in organic
synthesis.2 The most impressive recent achievements in the
field have included the development of new hypervalent
iodine reagents and reagent systems and the discovery of
catalytic applications for organohypoiodite compounds.2,3

Some of these applications include the hypervalent iodine
catalyticR-oxyacetylationandR-oxyalkylation4of carbonyl
compounds. Additionally, intramolecular R-oxyphenyla-
tion of carbonyl compounds has proven to be useful in the
construction of oxa-benzocycles, but there are few reports
on their application in natural product synthesis.
Rubromycins (Figure 1), isolated by Brockmann and

co-workers, are a class of antibiotics with a wide spectrum
of biological activity, which contain highly functionalized,
multiple fused-cyclic scaffolds with bisbenzannulated
spiroketal cores.5 As the typical example, γ-rubromycin
(1), traces of which can be isolated from Streptomyces
cultures, displays potent activity against human telomerase
(IC50= 3 μM)6 and inhibits mammalianDNA-polymerase
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and HIV-1 reverse transcriptase.7 Heliquinomycin (2) is a
selective inhibitor of a cellular DNA helicase that inhibits
the growth of tumor cell lines,8 and purpuromycin9 (3a) has
been considered for use as a topical agent for vaginal
infections.10

The important biological properties and interesting
structures of members of the rubromycin family have made
them attractive synthetic targets. In past decades, much
effort has been devoted to the formationof natural products
on a bisbenzannulated scaffold. Danishefsky,11 Kita,12

Brimble,13 Kozlowski,14 and Pettus15 have reported the
total synthesis of heliquinomycinone and (()-γ-rubromycin
and the formal synthesis of purpuromycin. In these studies,
compound 4 was the key intermediate for γ-rubromycin.
In past years, our investigations into the construction of

spiroketals has resulted in several new and efficient spir-
oketalizations that are convenient to use in the construc-
tion of natural product spiroketal scaffolds. Some of these

methods have included transition-metal catalyzed spiro-
ketalizations,16 hetero-Diels�Alder reactions,17 and
hypoiodite-catalyzed R-oxyphenylation.18 Among them, a
new organohypervalent iodine system,18 generated in situ
from the irradiative aerobic oxidation of tetrabutylammo-
nium iodide (TBAI), or the oxidation of peroxy acid, has
proved highly useful. In continuation of our investigations
into organohypervalent iodine and the total synthesis of
natural products, our new catalytic hyperiodite system has
been employed in the total synthesis of the rubromycins. In
this respect, an efficient synthesis of a key knownprecursor
of γ-rubromycin is described herein.

The retrosynthetic analysis outlined in Scheme1proceeds
from the hypoiodite-catalyzed spiroketalization onward
toward the synthesis of γ-rubromycin (1). The literature
reports that compound 4 is the key intermediate in the
synthesis of γ-rubromycin.12,13 Based on our previous
experience in the synthesis of bisbenzannulated spiroke-
tal cores, we hypothesized that the [5,6]-spiroketal inter-
mediate 4 could be synthesized by intramolecular
cyclization of the phenolic hydroxyl with the R-oxyphe-
nylation of carbonyl compound 5, catalyzed by TBAI in
the presence of m-chlorobenzoic acid (mCPBA) and
tetrabutylammonium fluoride (TBAF). Compound 5
could be obtained from naphthofuran 8 and isocoumar-
in precursor 7 through an aldol reaction followed by a
reduction.
The synthesis of isocoumarin precursor 7 began from

phenol 9, which was prepared in five steps from commer-
cially available guaiacol according to Brimble’s protocol
(Scheme2).13Allylationofphenol9afforded10 in analmost
quantitative yield. A Claisen rearrangement of 10 in N,
N-diethylaniline gave rise to product 11 in 95% yield, which
was protected as an ethoxymethyl ether under standard
conditions. Cleavage of the double bond by ozonolysis in
anhydrous MeOH at �78 �C provided aldehyde 7 in 92%
yield.

Scheme 1. Retrosynthetic Analysis

Figure 1. Selected members of the rubromycin family.
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Due to its highly functionalized structure, the synthesis
of precursor 8 remained a challenge. Our synthetic route to
8 utilized the Dieckmann condensation as a key step and
began from readily prepared Kozlowski’s ortho-quinone
13 (Scheme3).19First, 13was reducedunder the conditions
described by Kozlowski,19 and the formed naphthodiol
was reacted with methyl bromoacetate in the presence of
potassium bicarbonate and DMF, to generate 14 in
82% yield. Methylation of 14 and hydrolysis using 10%
aqueous potassium hydroxide formed the diacid 16. A
Dieckmann condensation of 16, carried out in the presence
of acetic anhydride, fused sodium acetate, and boiling
acetic acid, gave 17 in 85% yield.20 Subsequent conversion
to ketone 8was accomplished by boiling 17 in 1N aqueous
HCl in MeOH.

With the two key precursors in hand, a trial condensa-
tion and cyclization was tried using compound 8 and 18 as
substrates (Scheme 4). Under neutral Al2O3 conditions, 8
condensed with 18 and formed 19 in 62% yield. This was
followed by Pd�C catalyzed hydrogenation that yielded
compound 20 quantitively. After the removal of the

tert-butyldimethylsilyl (TBDMS) protecting group with
TBAF in tetrahydrofuran (THF), the key precursor 21was
formed in 96% yield. Using our previously reported
conditions,18 compound 21 was treated with TBAI and
mCPBA, in the presence of TBAF, to produce the desired
spiroketal 22 in 82% yield.
The final phase of our formal synthesis involved the

synthesis of compound 4 (Scheme 5). The synthesis of 6
revealed that the condensations of 7with 17 and of 7with 8
were efficient. In the presence of lithium diisopropylamide
(LDA), the aldol condensation of 7 and 17 provided 6 in
85% yield. By using lithium hexamethyldisilylamide
(LHMDS) instead of LDA as a base, the reaction of 7
and 8 produced 6 in 82% yield. Removal of the hydroxyl
group was attempted under various conditions, including
acid-promoted dehydration, Al2O3-mediated elimination,
mesylation�reduction, and so on.21 Finally, dehydration
succeeded with methanesulfonyl chloride and triethyla-
mine; it produced olefin 23 with high efficiency in 86%
yield. Olefin 23 was then hydrogenated to afford 24 in
almost quantitative yield. After removal of the ethoxy-
methyl (EOM) group with trifluoroacetic acid, compound
5 was formed, allowing the key spirocylization step to be
attempted. Effective cyclization of 5 was accomplished
with TBAI as the catalyst, mCPBA as the oxidant, TBAF
as the additive, and THF as the solvent. At room tempera-
ture, bisbenzannulated spiroketal 25was generated in 88%
yield after 1 h. The last stepwas reduction of the ketone. In
the presence of sodiumborohydride, spiroketal 25was first
reduced to the alcohol 26, which was further reduced with
trifluoroacetic acid and triethylsilane at 50 �C, forming the
known advanced intermediate 4 in 81% yield. Compound
4 can be converted to the target natural product easily
according to Kita’s12 and Brimble’s13 procedure. It will be
noted that the structures of intermediates 5, 6, 25, and 26
are related to those of heliquinomycin (2) and griseorhodin
(3b). Therefore, they are potentially useful in the total
synthesis of these natural products.
In summary, a formal synthesis of γ-rubromycin has

been achieved with a longest linear sequence of only 12

Scheme 2. Synthesis of Isocoumarin Precursor 7

Scheme 3. Synthesis of Naphthofuran Ketone 8

Scheme 4. Model Synthesis of the Scaffold
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steps and 24% overall yield, using in situ generated
hypoiodite-catalytic cycloetherification as a key step. The
synthesis gave a good overall yield, and all the reactions
were not overly difficult to execute. This work presents a
novel catalytic application of hypoiodite reagents, which
represents a substantial achievement in the field of orga-
nohypervalent iodine chemistry. These results provide a
new and efficient approach to synthesizing γ-rubromycin,
as well as possible intermediates for other natural pro-
ducts. Further investigations in this field are underway.
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