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ABSTRACT

An enantioselective total synthesis of ( −)-cylindricine C is described, featuring a diastereoselective intramolecular aza-[3 + 3] annulation
strategy and an interesting halohydrin formation of the C4 −5 olefin for construction of C4-ketone. This work provides a unique approach to
this family of natural products.

Isolations of cylindricines A-K, from the marine ascidian
ClaVelina cylindrica collected in Tasmania, were first
reported by Blackman in 1993.1 Cylindricines A (1) and
cylindricine B (7) exist as a 3:2 equilibrium mixture
presumably via the aziridinium intermediate6.1a Two related
marine alkaloids, lepadiformine8b and fasicularin9, were
isolated from the marine ascidianClaVelina lepadiformis2

and the Micronesian ascidianNephteis fasicularis,3 respec-
tively. While 8b possesses moderate cytotoxicity toward
tumor cell lines in vitro,2 9 shows cytotoxicity to Vero cells
with IC50 of 14µg/mL.3 The correct structure of lepadiformine
was established to be8b independently by Weinreb,4

Pearson,5 and Kibayashi.6 Given their unique tricyclic struc-

tural motif, biological activity, and low natural abundance,
lepadiformine8b,4-7 fasicularin9,8 and the cylindricines9-11
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have attracted much effort from many synthetic groups.

We envisioned an application of the aza-[3+ 3] annulation
reaction12-16 [vinylogous amides10 + vinyl iminium ions
11 f 12 in Scheme 1] in the synthesis of cylindricines.

Specifically, we intended to utilize an intramolecular aza-[3
+ 3] annulation16 strategy (13 f 14) that could be suited

for a wide range of nitrogen heterocycles(15a-e) including
the motif found in lepadiformine or cylindricines15e. We
report here the total synthesis of (-)-cylindricine C featuring
a stereoselective intramolecular aza-[3+ 3] annulation
strategy.

Our plan is outlined in Scheme 2.Tricycle16, a key
versatile intermediate leading to the cylindricines, can be
produced via an intramolecular aza-[3+ 3] formal cycload-
dition of chiral vinylogous amides17 that is tethered to the
vinyl iminium ion. A range of vinylogous amides17 could
be prepared from chiral amine18, which can be prepared
from the known vinyloxazoline19.17 For the end game of
the total synthesis, we intend to access the C4-carbonyl group
via a sequence that would feature a halohydrin formation of
the C4-5 olefin.

As shown in Scheme 3, our total synthesis commenced
with hydroboration of vinyl oxazoline19 (five steps from
L-serine in 60% yield overall17) with 9-BBN followed by a
Suzuki-Miyaura18 coupling with vinyl triflate 20 to give
ester21.19 Subsequent removal of the acetonide group using
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Scheme 1. Aza-[3 + 3] Annulation Strategy

Scheme 2. Retrosynthetic Analysis

Scheme 3. Synthesis of the Protected Allyl Alcohol23
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PPTS gave the Boc-protected amino alcohol22 in 75% yield
over two steps. The free primary alcohol22was capped with
a TBDPS group followed by a Dibal-H reduction of the ester
intermediate to afford allyl alcohol23 in 81% yield over
two steps.

Protection of23 using Ac2O followed by removal of the
Boc group using TFA led to chiral amine18 (Scheme 4).

The access to chiral amine18 provides a significant
flexibility in choosing an appropriate vinylogous amide (see
17 in Scheme 2). We elected to use bromopyrone24because
we had already developed a protocol for reductive ring-
opening ofR-pyrones.15c Accordingly, condensation of amine

18with 6-n-butyl-4-bromo-2-pyrone2419 was pursued to give
amino pyrone25 in 61% yield. Deacylation and Ley-
Griffith’s oxidation20 provided enal26 in 85% yield over
two steps.

With the annulation precursor enal26 in hand, the key
intramolecularaza-[3 + 3] annulation was found to proceed
smoothly in toluene with 0.5 equiv of piperidinium acetate
as the catalyst for vinyliminium ion formation. After the
mixtre was heated at 150°C for 12 h, tetracyclic annulation
product 27 was obtained in 68% yield as two separable
diastereomers in a ratio of 9:1 over several runs favoring of
the desired isomer as shown. The relative stereochemistry
of the major isomer was assigned rigorously using X-ray at
a later stage (see Scheme 5).

Success in this key intramolecular aza-[3+ 3] annulation
reaction provided us with an opportunity to complete our
total synthesis of (-)-cylindricine C. The remaining goal is
to install the desired ketone functionality at C4. However,
this proved to be the most challenging facet of this endeavor.
We ultimately were able to employ an interesting sequence
that entails a halohydrin formation specifically using NCS
in t-BuOH/H2O (Scheme 5). This led to the chlorohydrin
28 in 76% yields as a single diastereomer.21 TPAP-oxida-
tion20 followed by a reductive removal of the tertiary Cl
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at C4 and C5, we believed that NCS should have approached from the less
hindered bottom face as observed in the hydrogenation of27 that gavei in
90% yield as a single diastereomer. The relative stereochemistry C4 and
C5 is unambiguous on the basis of coupling constants obtained for H4a
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Scheme 4. Key Intramolecular Aza-[3+ 3] Annulation

Scheme 5. Installation of the C4-Carbonyl Group
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group using Zn and HOAc afforded ketone29 as a single
diastereomer. NOE was suggestive, but an X-ray structure
of 29 was obtained, thereby removing any doubts in the
structural and stereochemical assignments.

With ketone29 in hand, we were poised to execute a
reductive ring opening ofR-pyrones that we had developed
using LAH and 4 atm of H2 (Scheme 6).15c However, this

was completely unsuccessful using ketone29. Alternatively,
we carried out a stepwise sequence: (1) Hydrogenation with
60 psi of H2 gave dihydropyrone31, which was not very
stable, as a 2:1 isomeric mixture. (2) Without purification,
an ensuing NaCNBH3 reduction was carried out with HCl
(or HOAc). This led to dihydro-4-pyridone32 in 92% overall
yield, and a subsequent desilylation gave alcohol33 in 93%
yield.22

This reductive decarboxylation of theR-pyrone ring had
likely proceeded through decarboxylation of intermediate34
after a selective reduction ring opening of the lactone (solid
arrow in31 in the brackets) despite three other possibilities
for reductions (dotted arrows).23 Over-reduction did occur
at C2 (solid arrow in34) when the reaction time was
prolonged.

To complete the total synthesis, a Stork-Crabtree-directed
hydrogenation24,25of dihydro-4-pyridone33was carried out
(entry i in Scheme 7). Instead of what we had hoped, we

obtained (-)-2-epi-cylindricine C3526 in 54% yield (33was
recovered in 35% yield). On the other hand, a remote
hydroxyl-directed reduction using Na(OAc)BH3

10b gave (-)-
cylindricine2 in 83% yield (entryii). While 35 spectroscopi-
cally matched those reported by Weinreb4b and Ciufolini,10b

(-)-cylindricine 2 matched Molander’s report.10a

We have described here an enantioselective total synthesis
of (-)-cylindricine C, featuring the first application of a
stereoselective intramolecular aza-[3+ 3] annulation strategy
with an overall yield of 7.4% in 17 steps (from19, or 4.5%
overall yield in 22 steps fromL-serine), and an interesting
halohydrin formation for the construction of the C4-carbonyl
group. This work provides a novel approach to this family
of alkaloids.
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(22) The deprotection was carried out earlier than expected because we
could not do anything with33 in completing the total synthesis.
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Scheme 6. Reductive Decarboxylation of theR-Prone Ring

Scheme 7. Completion of the Total Synthesis
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