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Abstract: Axinellamines A and B are broad-spectrum anti-
bacterial pyrrole—imidazole alkaloids that have a complex
polycyclic skeleton. A new asymmetric synthesis of these
marine sponge metabolites is described herein, featuring an
oxidative rearrangement and an anchimeric chlorination
reaction.

Axinellamines (1) are members of a family of dimeric
pyrrole-imidazole natural products that have attracted the
attention of synthetic chemists for decades (Figure 1).M"
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Figure 1. The structures of axinellamines (1), massadines (2),
palau’amine (3), and protected ent-10"-hydroxydibromoageliferin (4).
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Initially isolated by Quinn et al.,”) these marine alkaloids
have a densely functionalized polycyclic structure highly rich
in nitrogen and halogen atoms (C:N:X~4:2:1). Recently,
Romesberg, Baran, and co-workers have found that 1a and
1b display promising activity against both Gram-positive and
Gram-negative bacteria and 1a causes membrane destabili-
zation in Escherichia coli.’! Among several labs that study the
synthesis of dimeric pyrrole-imidazole alkaloids 1-3,57¢
Carreira et al. reported the first synthetic strategy directed
towards 11 using a Diels-Alder reaction to establish its fully
functionalized cyclopentyl core. Romo and co-workers sub-
sequently disclosed an oxidative ring-contraction approach
that was inspired by Scheuer’s biosynthetic hypothesis.":!”
This skeletal rearrangement reaction has also been studied by
Lovely et al.®! The total synthesis of 1 was accomplished by
the Baran group by using two different approaches.’™ The
group first used an intramolecular aldol reaction to construct
the cyclopentyl core of 1. This approach has enabled the
asymmetric synthesis of not only 1,/ but also massadines
(2),”) and palaw’amine (3)."”) They subsequently developed
a second-generation synthesis wherein the cyclopentyl core of
1 was assembled by a Pauson-Khand reaction.®*! This new
approach has further allowed for the gramscale synthesis of 1.
Meanwhile, Harran et al. have achieved the synthesis of 13-
dechloro-6',6"-didebromo-1 using an oxidative enolate cou-
pling strategy,"'! and Namba, Tanino, and co-workers have
reported the synthesis of 3.l We report herein a new
asymmetric synthesis of 1.

Our general synthetic strategy for 1-3 resembles the
approach of Romo etal. with a “Scheuer rearrangement”
serving as the key transformation.”*'*'" Previously, we used
the 10-hydroxy group of 4 (protected ent-10"-hydroxydi-
bromoageliferin) to set up the desired spiro-configuration of
2a through directed oxidation."™! However, we were not able
to convert this hydroxy directing group into a chloride at
a late stage to achieve the synthesis of 1. We thus switched to
developing a new route with an early introduction of the
chloride despite its reported hydrolytic instability.> 101819

Using azidoimidazole 5 (prepared in 10 steps from (S)-
Garner’s aldehyde)!"!! as the common intermediate for
1 and 2a, the synthesis of axinellamines (1) commenced with
the selective reduction of the azido group on the imidazole
ring and epimerization of the C12 stereocenter (Scheme 1).
We found that the imidazoyl azide of 5§ could be reduced
immediately upon addition of triphenylphosphine at room
temperature, whereas the alkyl azide would not react until
warming the reaction mixture to 40°C. The resulting imida-
zoyl iminophosphorane is hydrolytically stable over a range of
pH values, making it a good protected form of aminoimida-
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Scheme 1. Synthesis of axinellamines. Reaction conditions: 5—6: a) PPh,, THF, 23°C, 2 h; b) HCI, EtOAc, 23°C, 2 h; c) TBSCI, imidazole, CH,Cl,,
23°C, 2 h; d) LIOH, THF/H,0 4/1 v/v, 23°C, 48 h (49% 6 and 33 % 12-epi-6 over 4 steps). 6—7: e) LiAlH,, THF, 0°C, 1 h. 7—8: f) Ti(O'Pr),,
TBHP, 4 A molecular sieves, CH,Cl,/decane 190/1 v/v, —20—0°C, 2 h. 8 »10: g) MsCl, pyridine, THF, 0—23°C, 1 h; h) "Bu,NCl, 4 A molecular
sieves, pyridine, 70°C, 12 h (72% over 4 steps (from 6—10)). 10—12: i) Zn, NH,Cl, MeOH/H,0 10/1 v/v, 23°C, 3 h; j) TFA, CH,Cl,, 23°C,

80 min; k) 4,5-dibromo-2-(trichloroacetyl)pyrrole, NEt;, DMF, 50°C, 12 h; |) TBAF, THF, 23°C, 48 h (30% over 4 steps). 12—13: m) IBX, DMSO,
40°C, 15 h; n) TFA, H,0, CH,Cl,, 23°C, 2 h; o) NH,CN, MeOH, H,0, 50°C, 2 h; p) TFA, CH,Cl,, 23°C, 2 h (42% over 4 steps). 13—1b: q) BCl;,
CH,Cl,, 0°C, 15 min (64%); r) NH,OH, H,O, CH;CN, 0°C, 2 h (for chloromethyl iminohydantoin only); then HCl, THF, 45°C, 12 h (81%); s) AD-
mix-a, MeSO,NH,, ‘BuOH-H,0, 0°C, 50 min (55%, d.r.=2:1-3:1); t) Sml,, H,0, THF, 23°C, 2 h, (67 %); u) N-bromosuccinimide (NBS), CH,;CN,

0°C, 24 h (53%). 13—16: v) Sml,, H,0, THF, —40—23°C, 1 h (<47%). 16—17: w) AD-mix-0,, MeSO,NH,, ‘BuOH-H,0, 0°C, 20 min (35%,
d.r.>10:1). BOM = benzyloxymethyl; Boc = tert-butoxycarbonyl; IBX=2-iodooxybenzoic acid.

zole.'*! Epimerization of the C12 stereocenter was achieved
after converting the acetonide group into the bulky silyl
protecting group TBS (fert-butyldimethylsilyl). In contrast to
5 that strongly favors a cis-11,12-configuration,'*! 12-epi-6
slowly epimerized under basic conditions to provide a 3:2
mixture of 6 and 12-epi-6 (82% combined yield over four
steps).

To establish the central cyclopentyl ring of 1, the ketone
group of 6 was first reduced to create a directing group for the
Scheuer rearrangement. Substituting the previously used
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lithium triethylborohydride!" with lithium aluminum hydride

eliminated issues associated with the formation of a borane
complex of 7. Treatment of 7 with titanium tetraisopropoxide
and tert-butyl hydroperoxide (TBHP) induced the Scheuer
rearrangement to afford axinellamine core 8 with the desired
spiro-configuration.™”!

We next set out to develop a method for introducing the
Cl13-positioned chlorine atom. Romo et al. reported that
stereoretentive displacement of the C13 chloride could be
achieved by anchimeric assistance of the neighboring nitrogen
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atom and proposed that massadine (2a) was produced by
hydrolysis of the then elusive massadine chloride (2b)."
Meanwhile, Kock, Baran, and co-workers successfully iso-
lated 2b from pyrrole-imidazole alkaloid-producing sponges
and demonstrated that 2b could be hydrolyzed to 2a.'® The
Kock group has further delineated the antiparallel alignment
of the leaving group with the neighboring nitrogen atom as
a requirement for facile displacement. However, Capon et al.
reported that 14-O-sulfate massadine (2¢) does not hydrolyze
to 2a over a range of pH values."”! Thus, proper alignment is
not sufficient for anchimeric displacement and there is no
direct relationship between the hydrolysis rate and the
pK, value of the leaving group.””

We envisioned that chlorination of 8 would be a viable
approach for the synthesis of 1 according to the principle of
microscopic reversibility. Indeed, Namba, Tanino, et al. have
recently succeeded in using this strategy to synthesize 3.1l We
found that reaction of 8 with mesyl chloride (MsCl) gave
a mesylate that smoothly reacted with tetrabutylammonium
chloride to give 10 through phosphonium aziridine 9 (72 %
yield over four steps).

To install the dibromopyrrole and aminoimidazole groups,
we reduced the azido group of 10 and selectively removed the
less hindered carbamate protecting group using trifluoro-
acetic acid (TFA) to generate diamine 11. The dibromopyr-
role groups were then introduced and the silyl protecting
group removed using tetrabutylammonium fluoride (TBAF)
to provide alcohol 12 (30% yield over four steps). The
construction of the second aminoimidazole group started with
oxidation of the hydroxy group and removal of the carbamate
group to give a metastable amino aldehyde that presumably
existed as a hydrate according to LCMS analyses. Subsequent
condensation with cyanamide!™!*?! afforded the desired
aminoimidazole 13 (42 % yield over four steps). The cycliza-
tion step could be accelerated by treating the initial con-
densation product with trifluoroacetic acid. In contrast to
Baran’s system,” our iminohydantoin-bearing chlorides are
relatively stable. Hydrolysis only occurred partially with 13
when carrying out the condensation at elevated temperatures
and with extended reaction times. Additionally, there is no
epimerization of the Cl4-spiro-quaternary center, as was
observed by Harran and co-workers.””!

To complete the synthesis of 1, we first adjusted the C1-
oxidation state of 13. During the synthesis of 2a, we found
that the C13-hydroxy analogue of 13 could be reduced easily
under a variety of conditions.'”) However, similar treatment
of 13 with calcium borohydride or lithium aluminum hydride
resulted in complete decomposition. Attempts to reduce 13
with sodium borohydride in methanol™* at elevated temper-
atures led to the formation of methoxide 14. We suspected
that, in the synthesis of 2a, the C13-hydroxy group formed
a complex with the reducing agent and facilitated C1 reduc-
tion. Therefore, a more nucleophilic hydride is needed to
reduce the iminohydantoin group of 13. Indeed, lithium
triethylborohydride effectively reduced the Cl-carbonyl
group of 13, however, with C13 dechlorination to give 15.

Eventually, we found that C1 reduction could be accom-
plished without dechlorination by treating 13 with samarium
diiodide™! to give aminal 16 with concomitant 6',6”-di-
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debromination and hydrolysis of the iminophosphorane
group. Subsequent oxidation of the aminoimidazole group
with AD-mix-a established the N4-CS5 linkage and provided
the complete axinellamine B skeleton (d.r.>10:1). Notably,
the oxidative cyclization induced by dioxirane!”! or oxazir-
idine!™" favors the formation of the alternative axinellami-
ne A stereochemistry.

Although the synthesis of 1b was achieved by bromina-
tion and deprotection of 17 initially, we were not able to
obtain a consistent yield of 16 as a result of multiple
competing reactions. We thus altered the reaction sequence
to establish a robust synthetic route. Treatment of 13 with
boron trichloride gave a mixture of hydroxymethyl and
chloromethyl iminohydantoins that could be hydrolyzed
together with the iminophosphorane group (52 % yield over
two steps). The following oxidative cyclization provided the
axinellamine skeletons (55% yield), however, with dimin-
ished stereochemical preference (d.r.=2:1-3:1). Both AD-
mix-a and AD-mix-3 gave the same diastereoselectivity.
Subsequent C1 reduction proceeded smoothly (67 % yield) to
give 1b from the major diastereomer after reinstallation of
the 6" and 6”-bromine atoms (53 % yield). Reduction of the
minor diastereomer followed by bromination provided 1a.
The CD spectra of our synthetic 1 match those of the natural
products.[*1]

In summary, the asymmetric synthesis of axinellamines A
and B (1) was achieved in 31 steps from (S)-Garner’s
aldehyde (0.01% and 0.04% overall yield, respectively).
The core structure of 1 was established by directed Scheuer
rearrangement and the hydroxy directing group was con-
verted into chloride by anchimeric displacement. Although
literature reports suggest that the reverse reaction, namely,
the hydrolysis of chloride, is highly favored, we found that the
hydrolytic stability of the chloride could be improved by
modulating the electronic properties of the adjacent spiro-
heterocycle. Application of this approach to the synthesis of
other chlorine-containing pyrrole-imidazole dimers is
underway.
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