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ABSTRACT

A Diels�Alder reaction, a desymmetrizing aldol reaction, and a reductive Heck cyclization are employed in a short synthesis of a tetracycle
relevant to exiguaquinol, a potential antibiotic. Ground-state energies of this advanced model system and the natural product rationalize the
incorrect hemiaminal configuration experimentally obtained and point to the importance of the sulfonate in dictating the relative configuration of
the natural product.

The structurally novel pentacyclic compound exigua-
quinol (1, Figure 1) was isolated by Quinn et al. from the
Australian sponge Neopetrosia exigua and reported in
2008.1 High-throughput screening of natural product ex-
tracts against the Helicobacter pylori MurI enzyme, a
glutamate racemase enzyme that is essential for bacterial
cell wall biosynthesis, led to the identification of 1 as the
first natural product inhibitor of this enzyme. As a result,
exiguaquinol might serve as an excellent lead compound
for the development of more potent inhibitors of MurI
and ultimately selective antibiotics againstH. pylori.1With
its complex and congested structure, the important link
of H. pylori-induced gastritis to stomach cancer,2 and the
more general implications ofMurI as a potential target for
the development of new antibiotics, a research program
aimed at the synthesis of this complex natural product was
warranted on both chemical and biological grounds.

In addition to its biological activity, exiguaquinol (1)
bears complex structural features that make it a worth-
while synthetic target. With five fused rings, four contig-
uous stereogenic centers (two vicinal quaternary), an aryl
sulfate, and a pendant sulfonate, a laboratory synthesis
of this compound presents significant difficulty. To ad-
dress the stereochemical challenges, we aimed to develop a
synthesis of the tetracyclic core (2) as a model system, with
the stipulation that any such strategy be amenable to a

Figure 1. Exiguaquinol and tetracyclicmodel systemhemiaminal
diastereomers.
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synthesis of the natural product and structural analogues.
Our retrosynthetic plan is illustrated in Scheme 1, wherein
the exiguaquinol core (2a) is derived from tetracycle 3 via
simple functional group manipulations. The C ring, with
its vicinal quaternary stereogenic centers,3 would be forged
through a reductive 5-exo cyclization of aryl halide 4. Key
fused bicyclic intermediate 5 might be formed from three
simple starting materials via a Diels�Alder reaction of 6
and 7 followed by an aldol addition or Claisen condensa-
tion, depending on the oxidation state of 8 used.
Diene6was synthesizedonamultigramscale in two steps

from divinyl glycol 9, the commercially available pinacol
coupling product of acrolein4 (Scheme 2). Bromination
of 9with allylic transposition5 afforded a dienyl dibromide
intermediate, which underwent smooth nucleophilic
displacement with sodium thiophenolate to afford 6.6

Thermal [4 þ 2] cycloaddition between diene 6 and
N-methylmaleimide afforded the Diels�Alder adduct in
high yield and subsequent reduction with PtO2 under H2

pressure led to bicyclic compound 10. Desymmetrizing

aldol addition with o-iodobenzaldehyde led to a single
diastereomer of the benzylic alcohol product, which was
silylated to afford 11 in good yield. The inclusion of LiCl7

during enolate formation was critical to reproducible
reactions, especially on a multigram scale. Oxidation of
the sulfides followed by thermal sulfoxide elimination
generated desired diene 12 without complication.
The completion of the synthesis of the tetracyclic model

system required a careful orchestration of the final steps.
Selective monoreduction of succinimide 12 with LiBH4

yielded hemiaminal 13 as a single diastereomer in high
yield. X-ray crystal structure analysis indicated that the
hemiaminal was epimeric to that found in the natural
product. Reductive Heck cyclization8 of 13 provided
tetracyclic product 14 in good yield, demonstrating the
power (and functional group compatibility) of this cataly-
tic alternative to reductive, tin-based radical cyclizations in
complex settings. Deprotection with TBAF and selective
oxidation of the benzylic alcohol in the presence of the
hemiaminal afforded indanone 15. Ozonolysis delivered
tetracyclic diketone 2b, which remained epimeric at C2 as
confirmed by X-ray crystal structure. Attempts to epimer-
ize the hemiaminal to the “natural”R-configuration under
acidic or basic conditions proved unsuccessful.9

Tetracycle 2b, with its close structural relationship to
exiguaquinol, does not offer any obvious rationale for the
difference in configuration at a center that seemed certain
to be under thermodynamic control. This quandary led us
to consideration of a number of hypotheses, including the
remote possibility of a misassignment of relative config-
uration in the natural product.However, the spectroscopic
data were fully consistent with the proposed structure;
therefore, we considered the possibility that the absence of
the sulfonate in simplified system 2bmight lead it to adopt
a different thermodynamic hemiaminal configuration.
It seemed prudent to computationally model all of the
different hydrogen-bonding options in both the model
system and the natural product.
Gas-phase ground-state calculations on both epimeric

forms of tetracycle 2 (Figure 2) revealed that the observed
S-epimer of the core 2b is thermodynamically more stable
by 4.6 kcal/mol than that with the configuration corre-
sponding to the natural product (2a). The lowest energy
conformationof the experimentally observedS-configured
epimer 2b benefits from hydrogen bonding of the hemi-
aminal hydroxyl group with the C9 indanone carbonyl;
a conformation wherein it is hydrogen bonded to the C4
ketone (not shown) is of significantly higher energy. The
lowest energy conformation of R-configured epimer 2a is
also shown; in this configuration, the hemiaminal hydroxyl
group is only able to hydrogen bond to the C4 ketone.
Not surprisingly, calculations of the exiguaquinol hemi-

aminal epimers suggest that the lowest energy conforma-
tion of the natural R-epimer (1) is thermodynamically
preferred by 2.3 kcal/mol over the most stable conformer

Scheme 1. Synthesis Plan ToAccess Tetracycle 2aBearingAll of
the Stereochemical Complexity of Exiguaquinol
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of the S-isomer (16). As we had predicted, the sulfonate
appears tobe the root cause of the difference between2 and
exiguaquinol because it is apparently involved in hydrogen
bonding with the hemiaminal in the lowest energy con-
formations of both epimers, with the natural configura-
tion’s conformation preferred by 2.3 kcal/mol. It is
plausible that anomeric stabilization (good overlap of
amide π system with C�O σ* orbital) contributes to the
preference for the natural configuration; this arrangement

is not observed in 16. For both epimers of exiguaquinol,
the other hydrogen-bonded possibilities were also evalu-
ated (for the R-epimer with the C4 carbonyl and for the
S-epimer with both the C4 and C9 carbonyls); each of
these was at least 7.5 kcal/mol higher in energy than the
sulfonate�hemiaminal hydrogen-bonded conformer of
the natural product.10 That all of the calculations were

Scheme 2. Synthesis of the Tetracyclic “Core” of Exiguaquinol, Epimeric at C2

Figure 2. Computed relative free energies of the hemiaminal epimers of the tetracyclic “core” (2a and 2b) and exiguaquinol (1 and 16).
Calculations performed at the B3LYP/6-31G(d) level of theory in the gas phase.

(10) See the Supporting Information for details.
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performed in the gas phase does leave the possibility that
solvation could lead to a different outcome; however,
X-ray crystallography, solution NMR (CDCl3), and com-
putation all demonstrate that the S-configuration of the
tetracyclic core is preferred, with the crystal structure
revealing the same hydrogen bond to the indanone carbo-
nyl. Also, in NMR studies of exiguaquinol performed in
DMSO by the Quinn group, theR-configured hemiaminal
was the only one observed.1

We did not anticipate the stability of conformations
involvinghydrogenbondingbetween the hemiaminal and the
sulfonate via eight-membered rings, particularly relative to
the six-membered arrangement involving the C4 ketone
favoredby2b.Thisphenomenon likely results fromtheability
of the hydrogen bond to partially offset some of the discrete
charge of the sulfonate. Regardless of its physical basis, this
bonding pattern might play a key role in determining the
active configuration and conformation of exiguaquinol.
Via a short sequence of 13 steps, we have accessed a

tetracycle bearing many of the features of exiguaquinol.
In particular, this approach addresses the stereocontrolled
introduction of three contiguous stereogenic centers, in-
cluding two adjacent quaternary centers. The fourth asym-
metric center, the hemiaminal C2, is generated with the
unnaturalS-configuration; however, computation strongly
suggests that our synthesis plan will deliver the desired
R-configured hemiaminal when applied to fully elaborated
substrates. Interesting hydrogen-bonding effects between
the two epimers in the model series as well as the natural
product appear to define the thermodynamic preference at
this center and point to the complexity of potential inter-
actions of exiguaquinol’s array of polar groups.

A triply convergent approach featuring a Diels�Alder
cycloaddition and an aldol reaction, followed by a reduc-
tive Heck cyclization, rapidly assembles the tetracyclic
core with high diastereocontrol, but in a racemic manner.
This modular strategy will allow for the convenient
introduction of the extended aromatic and taurine (2-
aminoethylsulfonic acid) moieties of the natural product,
and chiral base technology11,12 will facilitate access to
optically active material by enantioselective desymmetriz-
ing aldol additions. Efforts to apply this route to enan-
tioenriched exiguaquinol and analogues are underway
to permit identification of a more potent inhibitor of the
H. pyloriMurI enzyme.
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