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ABSTRACT: The citreamicins comprise a novel class of polycyclic xanthone natural products that have not yet yielded to total
synthesis. A concise 11-step synthesis of the pentacyclic core of citreamicin η is now reported that features the use of a general
approach for the synthesis of 1,4-dioxygenated xanthones. The synthesis also showcases improved techniques for effecting
regioselective bromination of certain substituted phenols and coupling of acetylides with hindered ketones.

The citreamicins comprise a subclass of polycyclic xanthone
natural products,1 the first member of which was isolated

from a culture of Micromonospora citrea taken from lake
Manyara in Tanzania, Africa in 1989 by Lechevalier.1a

Additional members of this family have since been isolated
and structurally characterized by Carter1b and others.1c,d

Virtually all of the citreamicins display potent inhibitory activity
against a spectrum of Gram-positive aerobic and anaerobic
bacteria, but of particular interest is their activity toward
multidrug-resistant Staphylococcus aureus (MDRSA) and
vancomycin-resistant Enterococcus faecalis (VRE).1c Citreamicin
η (1) is one of the most potent members of the family having a
MIC of 26 nM against several Gram-positive strains of bacteria
(Figure 1).1b In addition to their potent antibiotic activity,
several citreamicins exhibit cytotoxic activity against HeLa and
Hep62 cells.1e What distinguishes the citreamicins from other
polycyclic xanthone natural products such as cervinomycin A2
(2),2 IB-00208 (3),3 or kibdelone C (4)4 is the dihydrooxazolo-
[3,2-b]-isoquinolinone moiety that is embodied in the GAB
ring subunit (Figure 1). Despite the potent biological activities
of the citreamicin antibiotics, none has yet succumbed to
synthesis. In contrast, successful total syntheses of the
cervinomycins5 and kibdelones6 have been reported, and we
recently disclosed the synthesis of the aglycone of IB-00208
(3).7 Synthetic efforts directed toward a number of other
polycyclic xanthones have also been described.8

We have had an ongoing interest in developing a general
strategy for the synthesis of polycyclic xanthone natural
products, so the potent biological activity and the structural
complexity of citreamicin η (1) captured our attention.
Drawing upon our experience in inventing a novel approach
to 1,4-dioxygenated xanthones that we applied to the synthesis
of IB-00208 aglycone,7,9 we developed a plan for preparing

citreamicin η (1) that is outlined in retrosynthetic format in
Scheme 1. We envisioned final assembly of 1 by a late-stage
annelation of the G and A rings onto the hexacyclic precursor 5
by a thermodynamically controlled, diastereoselective con-
densation with (S)-α-methylserine.10 Formation of 5 from 6
requires a cross-coupling to introduce the ester group and the
introduction of an ortho-acetonyl group. Compound 6 can be
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Figure 1. Polycyclic xanthone natural products.
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formed from the quinone 7 via an oxidation/cyclization
cascade, whereas generation of 7 features a Moore rearrange-
ment of 8,11 which is the product of the union of the acetylide 9
and the naphthocyclobutenone 10. The synthesis of 10 would
then require the coupling of bromostyrene 12 with the known
vinyl squarate 11 followed by a ring closing metathesis (RCM)
that creates the arene ring.
The initial stage of the synthesis involved preparation of the

napthocyclobutenone 10. Accordingly, the C4 phenolic moiety
in 4,5-dihydroxybenzaldehyde (13) was first selectively
protected as its p-methoxybenzyl (PMB) ether,12 followed by
an amine-mediated, regioselective bromination ortho to the
phenol at the 6-position to furnish 14 in 70% overall yield
(Scheme 2).13 The bromination step proved somewhat
troublesome as use of tert-BuNH2

13b or (i-Bu)2NH
13a with a

variety of brominating agents and solvents provided mixtures of
6- and 3-brominated products. Inasmuch as a N-bromoamine is
arguably the putative brominating agent in these reactions, we
hypothesized that the identity of the amine might have a
profound effect on the selectivity of the reaction. We thus
screened a series of amines and sources of electrophilic bromine

and discovered that the combination of tetramethylguanidine
(TMG) and N-bromosuccinimide (NBS) served admirably to
furnish 14 in 84% yield with >20:1 selectivity on multigram
scale. Protection of the C5 phenolic hydroxy group as a
methoxymethyl (MOM) ether followed by a Wittig olefination
provided bromostyrene 12 in 85% yield for the two steps.14

Initial attempts to effect the addition of the aryllithium
reagent derived from the metal−halogen exchange of 12 to the
vinyl squarate 11 led primarily to debrominated 12. However,
performing the metal−halogen exchange in an empirically
determined mixture of Et2O and toluene (5:1), followed by
adding 11 at −78 °C and rapidly warming the reaction mixture
to −20 °C, suppressed the various side reactions and led to the
isolation of 15 in 61% yield. Although trifluoroacetic anhydride
(TFAA) or BF3·Et2O are often used to promote elimination of
the intermediate adduct to form the cyclobutenone moiety,15

the transformation of 12 to 15 required no such acidic
quenches. In analogy with a similar transformation developed
during our synthesis of IB-00208, we found that heating 15 in
degassed dichloroethane in the presence of Grubbs II catalyst
delivered the napthocyclobutenone 10 in 78% (91% BRSM)
yield.16,17

With 10 in hand, the next task was the synthesis of the
acetylene 9. In the event, 1,2,5-trimethoxybenzene (16) was
converted to the known aldehyde 17 via a literature procedure
involving Vilsmeier−Hack formylation, followed by selective O-
demethylation with BBr3 (Scheme 3).18 Addition of ethynyl

Scheme 1. Retrosynthetic Analysis of Citreamicin η Scheme 2. Synthesis of Cyclobutanone 10

Scheme 3. Synthesis of Acetylide 9
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magnesium bromide to 17 furnished the benzyl alcohol 18,
which was prone to various decomposition pathways in the
presence of acids or by heating, so it was immediately
converted to the stable cyclic silyl ether 9 in 81% yield from
16.9b

Initial attempts to couple acetylide 9 with 10 using
tetramethylpiperidine magnesium bromide (TMPMgBr) as a
base to deprotonate 9 as previously developed for our synthesis
of IB-00208 aglycone provided 8 in only 30−40% yield
(Scheme 4).7 Use of a number of other Li, Na, or K bases also

provided 8 in low yields. The cerium acetylide that was
generated from the addition of n-BuLi to a mixture of 8 and
CeCl3·2LiCl

19 reacted cleanly with 10, but adventitious proton
sources necessitated the use of excess base and 9, which
produced either the n-butyl adduct of 10 or incomplete
conversion. In part to address problematic experimental
situations such as this, we recently developed 4-(phenylazo)-
diphenylamine (PDA) (19) as a universal indicator to titrate a
variety of strong bases.20 PDA served admirably as an internal
indicator and allowed us to easily generate the cerium acetylide
of 9 stoichiometrically in situ. Indeed, using this technique to
avoid excess amounts of n-BuLi enabled us to produce 8 in 90%
yield on gram scales.21 Although conditions (p-TsOH, acetone)
we had previously used to hydrolyze the dimethyl acetal moiety
in compounds related to 8 were unsuccessful,22 we discovered
that transformation of 8 to the corresponding ketone occurred
smoothly with H3PO4-impregnated silica.23 Preliminary experi-

ments to effect the Moore rearrangement of this intermediate
naphthocyclobutenone provided mixtures (1:1) of the desired
quinone 7 and the side product 21 in low yields. Formation of
compounds such as 21 by Moore rearrangements are known,11

but we had not previously isolated such compounds in
significant quantities, so this outcome came as a surprise.
Toward enhancing the combined yield and favor 7 over 21, a
variety of solvents were screened for the Moore rearrangement,
and we found that degassed methyl tert-butylether (MTBE)
furnished a separable mixture (ca. 1.4:1) of 7 and 21 in an
average of 41% and 29% yields, respectively. Deprotection of
the cyclic silyl ether moiety of 7 with HF·pyridine buffered with
additional amounts of pyridine then provided 20 in 73% yield.
The transformation of 20 to 6 proved difficult because 20 was
unstable to acids and bases, and based upon evidence from
LCMS data, 20 seemed to oligomerize in the presence of a
variety of oxidants. We eventually discovered MnO2 that had
been “tamed” with pyridine to “poison” the active sites on the
solid MnO2 was a suitable oxidant.24 In the event, treating 20
with MnO2 in a mixture (10:1) of CH2Cl2 and pyridine
provided 6 in 44% yield, thereby completing the synthesis of
the pentacyclic core substructure of citreamicin η.
In summary, we have completed a short 11-step synthesis of

the pentacyclic core of citreamicin η. The route, which was
inspired by our previous methodological work9 and our
synthesis of the aglycone of IB-00208,7 features a novel
application of the Moore rearrangement followed by a
cyclization of the intermediate quinone to form the xanthone
ring subunit of the natural product. We again exemplified our
previous approach for the synthesis of angular naphthocyclo-
butendione derivatives by the RCM of styryl cyclobutenones
such as 15. The discovery that TMG enhances the selectivity in
the amine-promoted ortho-bromination of phenols with NBS
may prove to be generally useful. We also showed that PDA can
be exploited as an internal indicator to enable the quantitative
generation of cerium acetylides uncontaminated with excess
nucleophilic bases. Current efforts toward the annelation of the
GA rings onto 6 are underway in our laboratory and will be
reported in due course.
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