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Synthesis of (�)-Simaomicin a**
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Simaomicin a (1) is a polycyclic xanthone natural product
with remarkable biological properties. It was isolated by
scientists from American Cyanamid Company from the
culture broth of an actinomycete, and its structure and
relative stereochemistry were established by NMR spectros-
copy and X-ray crystallography.[1] Simaomicin a originally
garnered attention for its ability to prevent coccidiosis
infection in chickens that were fed meal containing 1 mg
drug/kg feed. The isolation group noted that it was “the most
potent natural-occurring anticoccidial agent reported”.[2]

Fifteen years after its structure and anti-parasitic activity
was reported, Tomoda and co-workers revealed that simao-
micin a had little effect on Jurkat cells as a single agent at low
concentration (0.6 nm), but that it synergized with the DNA-
damaging agent bleomycin. Thus, while bleomycin caused
G2-arrest, the combination of bleomycin and simaomicin a

was cytotoxic against this T-lymphocyte cell line. Provoca-
tively, even much higher concentrations of simaomicin a

(500 nm) had little effect on a normal HUVEC cell line. The
molecular underpinnings for these effects are unknown, but
the checkpoint regulators Chk1, Chk2, ATM, ATR, and Wee1
are not inhibited.[3] The natural product was found to suppress
phosphorylation of retinoblastoma protein,[4] but a molecular
target has not been identified. The therapeutic implication of
these observations is that co-administration of a DNA-
damaging agent with a cell-cycle inhibitor could be more
efficacious than treatment with a single agent.

Given the potent biological activity and unique structure
of simaomicin a, we targeted it for total synthesis.[5] Our work
builds on the discoveries from the Kelly group, which
reported the first synthesis of a polycyclic xanthone natural
product, cervinomycin A2.

[6] Subsequently the Suzuki group
disclosed a synthesis of the FD-594 aglycon,[7] and Porco and
co-workers[8] and our group[9] independently synthesized
kibdelone C (Scheme 1, top). The latter studies were the
first to target members of this class that feature a tetrahy-
droxanthone ring system with its attendant stereogenic

centers. In all of these syntheses, formation of the B–D
biaryl bond was a critical synthetic step that allowed assembly
of the polycyclic ring system from simpler precursors. Early
approaches relied on low-yielding photocyclizations of
a diaryl olefin, while more recent work has focused on
transition metal-promoted couplings. For example, Pd-medi-
ated couplings of an aryl iodide with an aryl C�H bond was
successful for both kibdelone C[9] and FD-594 aglycon,[7]

whereas the Porco synthesis introduced a novel Pt-catalyzed
addition of a phenol to a quinone monoacetal.[8] Herein we
present an advance in the synthesis of polycyclic xanthone
natural products that involves a Pd-mediated direct dehydro-
genative coupling of two unfunctionalized aryl rings to forge
the key B–D biaryl linkage. This transformation enabled the
enantioselective synthesis of simaomicin a and the assign-
ment of its absolute stereochemistry.

Our synthetic strategy (Scheme 1, bottom) envisioned
assembling the AB-ring isoquinolinone and the DEF tetra-
hyroxanthone subunits from simpler precursors. They would
then be joined to form an advanced intermediate lacking the
central C-ring (2). This approach was designed to maximize
convergency. The C7 stereocenter (simaomicin numbering) is
remote from the C14 and C17 stereocenters within the F-ring,
so we planned to exploit asymmetric reduction technology for
its establishment. Finally, formation of the B–D biaryl bond
would form the C-ring and complete the synthesis of the
carbon skeleton of simaomicin a. A variety of options existed
for the final biaryl bond formation, but we were attracted to
the possibility of a direct dehydrogenative coupling.[10] A dual

Scheme 1. Top: polycyclic xanthone natural products. Bottom: conver-
gent synthetic approach to simaomicin a.
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C�H functionalization would allow us to avoid introducing
reactive groups such as halides or metals at C22 and C23,
thereby simplifying the synthesis.

A convergent synthesis of the AB–DEF ring system of
simaomicin a is shown in Scheme 2. The absolute stereo-
chemistry of the natural product was established with
hydroxyenone 3, the product of an enzymatic resolution
(> 95% ee).[11] Benzylation, iodination, and Luche reduction
provided the vinyl iodide 4 as an inconsequential mixture of
diasteromers. Methyllithium deprotonated the alcohol in 4,
and tert-BuLi induced metal–halogen exchange to generate
a vinyl anion, which added cleanly to the o,o’-disubstituted
aldehyde 6 to link the D and F-rings. The resulting mixture of
diastereomers was oxidized to an enedione, which was stable
to aqueous work-up, but not purification. Accordingly, the
crude diketone was exposed to perchloric acid at elevated
temperatures to effect removal of the MOM protecting group,
cyclocondensation with the C13 ketone, and addition of water
to C17 to yield the DEF-ring tetrahydroxanthone 8 (d.r.
1:1).[12] The pure trans diastereomer of the tetrahydroxan-
thone (10) could be obtained following an oxidation/Noyori
transfer hydrogenation sequence.[13] Alternatively, the mix-
ture of C17 diastereomers could be separated chromato-
graphically after introduction of a benzyloxymethyl (BOM)
group. Completion of the DEF-ring fragment involved
allylation and oxidative cleavage to form aldehyde 11. In

the latter transformation, performing the dihydroxylation and
periodate cleavage separately proved to be critical; using
conditions that combine OsO4 and NaIO4 led to the excision
of two carbon atoms and the isolation of the corresponding
substituted benzaldehyde.

We planned to join all of the carbon atoms of simaomi-
cin a by coupling aldehyde 11 with an appropriate isoquino-
linone. To that end, the AB-ring subunit 15 was prepared in
good yield through a sequence that involved amidation of N-
methyl glycinol[14] with carboxylic acid 12 and subsequent
oxidation to aldehyde 14.[15] Treatment with BCl3 promoted
cyclization and selective removal of one O-methyl group.
Dehydration with p-toluenesulfonic acid and silylation of the
phenol then yielded the requisite heterocycle (15).[16]

Nucleophilic addition to aldehyde 11 proved challenging.
The C8 methylene is acidified by the adjacent aldehyde and
electron deficient aryl ring. For this reason, the lithium
reagent derived from aryl bromide 15 simply deprotonated
aldehyde 11. Likewise, transmetalation with MgBr2, ZnCl2,
Ti(OiPr)4, and even CeCl3 proved ineffective, as enolization
dominated the reaction. Remarkably, inclusion of LiCl along
with CeCl3, or, optimally, LaCl3, facilitated nucleophilic
addition to join the two heterocyclic ring systems. The utility
of LaCl3·2 LiCl, first reported by Knochel and co-workers, is
largely due to the enhanced solubility of this reagent
compared to LaCl3 or CeCl3.

[17]

Scheme 2. Enantioselective convergent synthesis of the AB-DEF ring system of simaomicin a.
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Completion of the full carbon skeleton of simaomicin a

required adjustment of the stereochemistry at C7 and
incorporation of the methylene acetal. To this end, a C7
ketone was reduced with Noyori�s catalyst,[13] and the B-ring
silyl and methyl groups were removed. The resulting triol was
alkylated with CH2ICl in the presence of Cs2CO3, forming the
dioxane 2 in good yield. Surprisingly, this transformation
required extensive optimization, with other bases and dihalo-
methanes resulting in substantially lower yields. We speculate
that the reaction involves initial alkylation of the C5 phenol
followed by cyclization by the C7 alcohol. Weaker bases or
poorer electrophiles (for example, CH2Br2) led to low
conversion, while reagents with two good leaving groups
(for example, CH2I2) appeared to promote polymerization.

We next targeted formation of B-D biaryl bond to forge
the C-ring and construct the carbon skeleton of simaomicin a.
In the course of our synthetic studies on kibdelone C we had
prepared model system 18 (Scheme 3). Exposure to Pd-

(OAc)2 in DMSO at elevated temperatures effected a direct
dehydrogenative coupling in modest yield, albeit cleanly
[Eq. (1)].[11] Unfortunately, as is common with model systems,
this one led us astray: we were unable to achieve the
analogous transformation in the context of the entire skeleton
of kibdelone C. In particular, the tetrahydroxanthone 20
failed to cyclize under a variety of conditions featuring PdII,
CuII, FeIII, or IIII [Eq. (2)]. We ascribed the failure of the more

advanced substrate (20) to cyclize to the presence of an
electron-withdrawing carbonyl at C8 (kibdelone C number-
ing). Presumably the ketone deactivates the D-ring such that
it is unable to participate in an electrophilic palladation.
Eventually we solved the problem by introducing an iodide at
C4 and decorating the C3 phenol with a Boc group. A
subsequent Pd-mediated dehydrohalogenative coupling
formed the key biaryl bond and enabled a synthesis of
kibdelone C.[9]

Cognizant of the failure of direct dehydrogenative cou-
pling in the synthesis of kibdelone C, we were intrigued by the
rapid and high-yielding cyclization of simaomicin model
system 22 [Eq. (3)]. Specifically, while the kibdelone model 18
cyclized slowly (ca. 50 % conversion after 2 d), the presence of
the methylene acetal in substrate 22 led to complete
conversion in 12 h.[18] We attribute the improvement offered
by the 1,3-dioxane ring to a conformational bias in which the
rigidity imparted by the extra ring brings C22 and C23
(simaomicin numbering) into closer proximity.[19] With this
result as encouragement, we then examined the reactivity of
the more elaborate substrate 2. Gratifyingly, heating a solu-
tion of the free phenol and Pd(OAc)2 in DMSO resulted in
a dehydrogenative coupling of the B and D-rings to form the
C-ring and the full skeleton of the natural product. Finally,
removal of the benzyl and BOM groups provided optically
active simaomicin a. The latter transformation required care-
fully controlled reaction parameters, with only failure meet-
ing a variety of alternative conditions including hydrogena-
tion, dissolving metal and other Lewis acids. Generally,
removal of the D-ring benzyl group occurred rapidly, but
the remaining ethers showed significant stubbornness. The
optimized conditions featured a large excess of BCl3 at low
temperatures. Ultimately, the natural product was isolated in
high yield and purity, with 1H and 13C NMR spectroscopy and
mass spectrometry data consistent with the reported values.
Only the optical rotation value differed from the isolation
report, as it was similar in magnitude but opposite in sign
(�759 (synthetic, c = 0.06, DMF) vs. + 836 (natural, c = 0.3,
DMF)].[20] We therefore conclude that the natural product is
in fact enantiomeric to the structures shown herein. The
natural enantiomer of simaomicin a should be easily acces-
sible from ent-3, which can be obtained from the same
enzymatic resolution that is used to generate 3, and by using
(S,S)-Ru-9 for hydrogenation.

Simaomicin a is reported to synergize with the DNA-
damaging agent bleomycin at sub-nanomolar concentrations,
and arrest cells in the G1 phase at low nanomolar concen-
trations as a single agent.[3] Moreover, it reduced cell
proliferation by 50% (IC50) at concentrations between 0.3
and 19 nm for a range of breast adenocarcinoma, cervical
carcinoma, gastric adenocarcinoma, esophageal carcinoma,
and colon cancer cell lines. Growth inhibition appears to
result from both G1 arrest and apoptosis.[4] No molecular
target has been identified for simaomicin a or other polycyc-
lic xanthone natural products. In this context, we tested the
cytotoxicity of synthetic ent-simaomicin a against a colon
cancer cell line (HCT116) and two non-small-cell lung cancer
lines (H460, H1819). We found IC50 values of 21, 13, and
87 nm, the first of which is equivalent to the value reported for

Scheme 3. Synthesis of simaomicin a via dehydrogenative coupling.

.Angewandte
Communications

10798 www.angewandte.org � 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2013, 52, 10796 –10799

http://www.angewandte.org


nat-simaomicin a against HCT116 cells (11.0 nm ; H2122 and
H460 were not reported). At concentrations over 1 mm,
complete cell death was observed. Moreover, ent-simaomi-
cin a proved to be toxic to Bacillus subtilis with a minimum
inhibitory concentration (MIC) of 280 nm, which is similar to
that reported for nat-simaomicin a against B. cereus (�
110 mm).[21] Taken together, the toxicity data suggests that
the two enantiomers of simaomicin a possess similar biolog-
ical activity, a surprising result, but one with precedent within
the class of type-II polyketides.[21]

In conclusion, we report the first total synthesis of
simaomicin a, and establish its absolute stereochemistry.
Noteworthy features of the synthesis include its convergent
nature, the use of LaCl3·2 LiCl in a late-stage fragment union,
and a direct dehydrogenative coupling to complete the carbon
skeleton of the natural product. Initial biological profiling
revealed that (+)- and (�)-simaomicin a display similar
biological activity. Ongoing experiments aim to identify
a binding partner for this natural product and understand its
mode of toxicity.
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