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Abstract: The total synthesis of haliclonin A was accom-
plished. Starting from 3,5-dimethoxybenzoic acid, a function-
alized cyclohexanone fused to a 17-membered ring was
prepared through a Birch reduction/alkylation sequence,
ring-closing metathesis, intramolecular cyclopropanation, and
stereoselective 1,4-addition of an organocopper reagent to an
enone moiety. Reductive C—N bond formation via an N,O-
acetal forged the 3-azabicyclo[3.3.1]nonane core. The allyl
alcohol moiety was constructed by a sequence involving
stereoselective a-selenylation of an aldehyde via an enamine,
syn-elimination of a selenoxide, and allylation of the aldehyde
with an allylboronate. Formation of the 15-membered ring
containing a skipped diene was achieved by ring-closing
metathesis, and final transformations led to the synthesis of
haliclonin A.

Introduction

A variety of natural products that contain a nitrogen-
containing polycyclic core fused to macrocyclic rings, have
been isolated from sponges.!'! These characteristic structures
of the natural products have attracted the attention of
chemists and spurred the proposal of elegant biosynthetic
pathways that can explain the relationship between each
structure.” Haliclonin A (1), one of the natural products, was
isolated from Haliclona sp. in 2009 (Figure 1).P! The core

haliclonin A (1)

Figure 1. Structure of haliclonin A.
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structure is a 3-azabicyclo[3.3.1]nonan-2,7-dione that is fused
to 17- and 15-membered rings. The 17-membered ring has
a formamide moiety and shares a quaternary carbon with the
bicyclic core. The 15-membered ring contains a skipped diene
and an allyl alcohol moiety. Huang and co-workers reported
the first total synthesis of haliclonin A in 2016." The synthesis
featured an asymmetric conjugate addition of nitromethane
to construct the quaternary carbon, a palladium-mediated
carbonyl-enone coupling to form the 3-azabicyclo-
[3.3.1]nonane core, and an alkyne metathesis to form the
15-membered ring. Recently, Ishihara and co-workers report-
ed a formal synthesis of haliclonin A that features a tandem
radical reaction of a selenocarbamate to form the 3-
azabicyclo[3.3.1]nonane core and to install a carbon unit for
the 17-membered ring.”! We also reported our synthetic
studies toward haliclonin A in 2018.! In that report, we
succeeded in constructing the 3-azabicyclo[3.3.1]nonane core
via an unexpected 1,5-hydride shift. However, there were
challenges in forming the 15-membered ring. After continu-
ous efforts, we completed the synthesis of haliclonin A not via
the 1,5-hydride shift to form the 3-azabicyclo[3.3.1]nonane
core and with successfully constructing the allyl alcohol
moiety, as well as the skipped diene, in the 15-membered ring.
Herein we disclose our total synthesis of haliclonin A.

Results and Discussion

Our synthesis commenced with Birch reduction of 3,5-
dimethoxybenzoic acid (2) followed by alkylation with 6-
bromo-1-hexene (A, Scheme 1).1°! The resultant carboxylic
acid 3 was treated with 2.05 equivalents of n-butyllithium to
generate a dianion, which stereoselectively reacted with alkyl
bromide B to afford 4 as the sole isomer.["! After methylation
with iodomethane, the resulting methyl ester 5 was reduced
with lithium aluminum hydride to afford alcohol 6. Ring-
closing metathesis with the Grubbs second-generation cata-
lyst,® followed by hydrogenation, furnished 7.

The next task was introduction of a carbon unit on C1. We
found that installation of a carbon unit on C1 was problematic
after construction of the 3-azabicyclo[3.3.1]nonane core,
consistent with a published report.*”l The problem was
partially attributed to the steric hindrance of the quaternary
carbon adjacent to Cl. To address this issue, we chose to
conduct an intramolecular cyclopropanation at this stage to
deliver the carbon unit. Alcohol 7 was converted into
diazoacetate 8.) Upon treatment with a catalytic amount of
copper complex, 8 underwent an intramolecular cyclopropa-
nation to afford tetracyclic lactone 9, thereby generating
the C1-C10 bond.
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Scheme 1. Synthesis of 9 via Birch reduction, ring closing metathesis,
and intramolecular cyclopropanation.

Compound 8, the substrate for the cyclopropanation, is
symmetric, and therefore cyclopropanation employing chiral
catalysts would afford enantioenriched cyclopropane 9.!'"! We
screened catalysts for asymmetric cyclopropanation (Table 1).
Reactions with the oxazoline ligands L1-3 gave almost
racemic products in low yields (entries 1-3)."”) Reactions
with the binaphthyl ligand L4 slightly induced enantioselec-
tivity (entry 4).”y Employing M1-3 as a catalyst improved the
enantioselectivity, and a reaction of 8 in the presence of M3
produced 9 in 45% yield with an enantiomer ratio of 21:79.1'/
These results showed the possibility of the asymmetric
synthesis, and development of novel ligands or catalysts will
lead to high yield and enantioselectivity; however, we decided
to proceed our synthesis in racemic form.!"!

Attempted acidic treatment of 9 produced an inseparable
mixture of 10 and 11 (Scheme 2). Acidic hydrolysis of the enol
ether and the subsequent cleavage of the cyclopropane ring
between C2 and C10 would produce 10, whereas cleavage of
the cyclopropane ring prior to the hydrolysis of the enol ether
would produce 11. To control the reaction sequence, we
attempted to open the lactone ring to reduce the ring strain of
the cyclopropane. Thus, 9 was treated with sodium hydroxide
to give carboxylic acid 12, which was treated with 10-
camphorsulfonic acid (CSA) in dichloromethane, resulting
in selective formation of 10 in 92 % yield over 2 steps.""!
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Table 1: Asymmetric cyclopropanation.

catalyst
(20 mol%)
e
toluene
temperature
Entry Catalyst T Yield [%] Enantiomer ratio
1 L1, Cu(OTf) rt 6 52:48
2 L2, Cu(OTf) rt 3 48:52
3 L3, Cu(OTf) rt 2 45:55
48 L4, Cu(OTf) rt 27 60:40
5 M1 75°C 34 35:65
6 M2 75°C 32 34:66
7 M3 75°C 45 21:79

[a] Instead of toluene, dichloromethane was used as a solvent.
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Scheme 2. Hydrolysis of the enol ether and cleavage of the cyclo-
propane ring.

One of the factors affecting the selective transformation
of 9 into 10 was the decrease in the ring strain of the
cyclopropane by the lactone opening.'””? More importantly,
the carboxy group in 12 worked as both an acid and
a nucleophile. The proximity of the carboxy group would
promote protonation of the enol ether moiety in 12, and the
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cleavage of the
cyclopropane ring

Scheme 3. Proposed mechanism for the selective formation of 10.

resultant oxocarbenium ion would be attacked by the carboxy
group (Scheme 3). Indeed, upon standing in CDCI; at room
temperature, carboxylic acid 12 was slowly converted into
lactone 14 even without external acid. By adding an acid, the
lactone formation occurred more smoothly, and the primary
hydroxy group in 15 subsequently attacked the lactone
intramolecularly to liberate a ketone moiety with elimination
of methanol. The resultant lactone 16, which restored the
strained ring system, underwent cleavage of the cyclopropane
ring to give 10. Intermediates 14 and 16 could be isolated and
be converted into compound 10 in 85% and 92% yields,
respectively. The reaction sequence shown in Scheme 3 could
also be detected by a reaction conducted in a NMR tube
(Figure 2).

The vinylogous ester and lactone moieties in 10 were
simultaneously reduced with diisobutylaluminum hydride
(DIBAL) to give, after acidic hydrolysis, enone 17
(Scheme 4). The hemiacetal moiety in 17 was then converted
into cyclic enol ether 18 by treatment with methanesulfonyl
chloride and triethylamine. Upon treatment of 18 with
vinylmagnesium chloride in the presence of copper(I) iodide,
the 1,4-addition of a vinyl group to the enone moiety and
protonation of the resultant enolate on workup occurred
stereoselectively from the less hindered side, the side opposite
to the bridge of the 17-membered ring, to furnish 19 in 61 %
yield as the sole isomer. The conversion of the hemiacetal
moiety in 17 into the cyclic enol ether was essential for the 1,4-
addition. Indeed, when 20 or 21 was used as a substrate, the
1,4-addition did not proceed, or provided the corresponding
product only in low yield with poor reproducibility. Being flat,
the cyclic enol ether might decrease the steric hindrance
during the 1,4-addition.

We next constructed the 3-azabicyclo[3.3.1]nonane skel-
eton (Scheme 5). Ketone 19 was stereoselectively reduced
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Figure 2. "H NMR spectra in CDCl,. Conversion of 14 into 10 via
intermediate 16 by treatment with 0.1 equivalent of CSA.
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Scheme 4. Stereoselective 1,4-addition of a vinyl group.
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Scheme 5. Construction of the 3-azabicyclo[3.3.1]nonane skeleton.

with DIBAL, and the resultant secondary alcohol was
protected with an acetyl group. After acidic hydrolysis of
cyclic enol ether 22, the resultant hemiacetal 23 was
reductively cleaved with sodium borohydride to afford diol
24, and both hydroxy groups were protected with TBS groups.
Ozonolysis of the vinyl group in 25 followed by oxidation with
sodium chlorite™ produced carboxylic acid 26, which was
condensed with amine 27.1" Removal of the TBS groups
under acidic conditions was followed by Swern oxidation to
afford dialdehyde 30.%” Attempted isolation of the dialde-
hyde with silica gel resulted in low yield because of its
instability. Therefore, the crude mixture was immediately
treated with pyridinium p-toluenesulfonate (PPTS) in reflux-
ing dichloromethane. Under these conditions, sequential
formation of a hemiaminal and a hemiacetal occurred,
leading to construction of the 3-azabicyclo[3.3.1]nonane
system fused to a cyclic hemiacetal. Product 31 was stable
enough to be purified with silica gel and was isolated in 90 %
yield over 2 steps. Reduction of 31 with sodium cyanobor-
ohydride in the presence of chlorotrimethylsilane as an acid
afforded 32.”

The remaining task was construction of the allyl alcohol
moiety and the macrocyclic ring containing a skipped diene.
Dess—Martin oxidation of alcohol 32 afforded aldehyde 33,
which was converted into enamine 34 by a reaction with
piperidine (Scheme 6). The E configuration of the enamine
was confirmed by 'HNMR, which showed the coupling
constant to be 13.7 Hz. Reaction of the enamine with
phenylselenyl chloride, followed by oxidation with hydrogen
peroxide afforded the desired (E)-enal 37, the configuration
of which was confirmed by the NOESY spectrum. The
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stereochemical outcome of 37 can be explained by consider-
ing the following factors: (a) enamine 34 has a conformation
in which the allylic strain is minimized; (b) the reaction of the
enamine with phenylselenyl chloride occurs from the less-
hindered side that is opposite to the quaternary carbon; and
(c) syn-elimination of the selenoxide occurs. Subsequent
allylation of the enal with alylboronic acid pinacol ester
occurred via a chair-like transition state 39, in which the enal
assumed the s-trans conformation to avoid steric repulsion
with the quaternary carbon at C6 and the allylboronate
approached from the opposite side of the bridge to give
secondary alcohol 40 in 71 % yield with a diastereoselectivity
of 7.9:1. After protection of the hydroxy group with a TBS
group, ring-closing metathesis was conducted with the Grubbs
first generation catalyst to afford an E,Z-mixture of product
42 in 56% yield.” The geometrical isomer were separable
after removal of the acetyl group. The tosyl group of Z-isomer
43 was cleaved with sodium naphthalenide, and a formyl
group was installed on the resultant secondary amine 44.
Oxidation of the secondary alcohol moiety in 46 followed by
cleavage of the TBS group with TASF afforded haliclonin A

1@).

Conclusion

We have achieved the total synthesis of haliclonin A
starting from 3,5-dimethoxybenzoic acid. A Birch reduction/
alkylation sequence and ring-closing metathesis were used to
construct a cyclohexane ring fused to a 17-membered ring.
Intramolecular cyclopropanation formed a C—C bond at
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Scheme 6. Completion of the synthesis.

a sterically congested position adjacent to a quaternary
carbon. 1,4-addition of an organocopper reagent to an enone
moiety introduced a carbon unit, with the stereochemistry
completely controlled by a bridge in the 17-membered ring.
Reductive C—N bond formation via an N,0-acetal construct-
ed the 3-azabicyclo[3.3.1]nonane core. The allyl alcohol
moiety was introduced by a sequence involving the stereose-
lective a-selenylation of an aldehyde via an enamine, syn-
elimination of a selenoxide, and allylation of the aldehyde
with an allylboronate. The stereochemistry of the allylation
was also controlled by the bridge fused to the cyclohexane,
leading to the stereoselective formation of the allyl alcohol.
The 15-membered ring containing a skipped diene was
constructed via ring-closing metathesis, and five more steps
completed the synthesis.
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