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The axinellamines (1,2, Figure 1), isolated by Quinn and co-
workers in 1999, are among the most complex marine natural
products isolated to date.[1] The intricate architecture of these
molecules includes a tetracyclic bisguanidine core with eight
contiguous stereocenters. The highly polar nature of the two
guanidine units present in 1 and 2 further complicate the
practical aspects of dealing with such molecules. Indeed,
together with the massadines and palau$amines (see Figure 1

in the preceeding communication for structures),[2] these
molecules represent a complexity frontier for chemical syn-
thesis. Despite extensive efforts by many groups, a solution to
this puzzle has thus far remained elusive.[3,4] Herein, we
present the first total synthesis of axinellamines A (1) and B
(2).

The preceding communication reported the synthesis of
1,9-dideoxy-pre-axinellamine (3),[2] a pivotal first step
towards empirically testing the “pre-axinellamine”-biogenet-
ic hypothesis (Path A, Figure 1) for the formation of complex
dimeric pyrrole-imidazole alkaloids (PIA).[3] During the
course of that work, it was found that the spirocyclic
guanidine unit in intermediates such as 4 (Figure 1) would
readily displace leaving groups at C-5 (axinellamine number-
ing) to form 5, thereby establishing the N-4�C-5 bond found
in the axinellamines. Although the formation of compound 5
represented a hurdle that had to be overcome during the
synthesis of 1,9-dideoxy-pre-axinellamine (3), it was recog-
nized that the facility of this ring closure provided an
opportunity to target the axinellamine family selectively via
6 (Path B, , Figure 1); by forging the N-4�C-5 connection by
way of an intermediate such as imine 7, interference by
massadine, palau$amine, or styloguanidine type ring closures
could be avoided. Elaboration of the tetracyclic core of the
axinellamines prior to attachment of the pyrrole side chains
and oxidation at C-1 proved to be a successful strategy, as
demonstrated in Scheme 1.

Accordingly, intermediate 9 (obtained from 8, see pre-
ceding communication[2]) was deprotected with TFA/DCM to
give free aminoimidazole 10 (Scheme 1). Exposure to dime-
thyldioxirane (DMDO) at 0 8C in acetone/water then
afforded diol 11 as a mixture of two major diastereomers,
along with minor amounts of closed product 12.[5] Although
other oxidants such as N-bromosuccinimide also formed 11,
the use of DMDO allowed the removal of excess reagent by
simple evaporation.[6] The crude mixture of diastereomers
was then subjected to cyclization with TFA/DCM to give two
diastereomers of 12, which possess the tetracyclic core of the
axinellamines. This reaction presumably proceeds by dehy-
dration of 11 to form imine 7, which undergoes intramolecular
attack by the spiro guanidine subunit. Although this mixture
of diastereomeric hemiaminals (11) could be separated by
preparative HPLC, it was routinely carried forward to the
next step without purification.

At this point, the stage was set for the key oxidation of the
spiro methylene unit at C-1. Although there is ample
precedent for the oxidation of amines to imines[7] and
amides to N-acylimines,[8] there are no previous reports of
similar oxidations of unactivated guanidines. Of the oxidants
evaluated for this transformation, silver(II) picolinate[9] and
K2S2O8 gave the most promising results. In the event, heating
intermediate 12 to 50 8C with silver(II) picolinate in H2O gave

Figure 1. Retrosynthetic analysis of the axinellamines A (1) and B (2)
inspired by a key observation made in reference [2].
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two diastereomers of tetracycle 6 in 40% yield from 9, along
with 28% of one recovered diastereomer of 12. Given the six
amines and the free hemiaminal in compound 12, it is rather
remarkable that this protocol could achieve the necessary
chemo- and regio- selectivity necessary to oxidize C-1 and
avoid overoxidation to an imidazolidinone. Strategically, the
success of this reaction validates the underlying logic of a
retrosynthetic plan that emphasizes a gradual linear increase
in oxidation state (as opposed to the reduction of an
imidazolidinone to set the C-1 oxida-
tion level).[10]

Completion of the total synthesis
relied on the ability to reduce the
azides present in 6 and selectively
acylate the resulting primary amines
in the presence of two unprotected
guanidines and the two potentially
sensitive hemiaminal functionalities.
Ultimately, each diastereomer of 6
was elaborated to axinellamine by
reduction of the azides with 1,3-pro-
panedithiol[11] and triethylamine fol-
lowed by acylation of the crude dia-
mine (13a,b) with trichloro ketone
14[12] and HDnig$s base in DMF, which
furnished axinellamines A (1) and B
(2) in 45 and 24% yield (both unopti-
mized), respectively, from 6. Monitor-
ing the above reactions (azide reduc-
tion and acylation) by LC-MS and
crude 1H NMR spectroscopy suggest
that they are fairly efficient (> 80%),
and the diminished overall yield for the

two-step sequence may be a result of the purification process.
The spectroscopic and physical properties of synthetic 1 and 2
were identical to those reported by Quinn and co-workers[1,13]

(for 1H NMR comparison, see Figure 2).
In conclusion, we report a concise synthesis of axinell-

amines A and B that requires only two purification events
from previously reported intermediate 9. Representing the
first total synthesis of any member of the palau$amine/
axinellamine/massadine family, this synthesis is a culmination

Scheme 1. Total synthesis of axinellamines A (1) and B (2). Reagents and conditions: a) TFA/DCM (2/1), 23 8C, 3 h, quantitative; b) DMDO
(1.4 equiv), H2O, 0 8C, 5 h; then TFA/DCM (2/1), 23 8C, 13 h; c) silver(II) picolinate (7.0 equiv), H2O, 50 8C, 19 h, 30% one diastereomer, 10%
other diastereomer (+28% RSM for minor diastereomer); d) 1,3-propanedithiol (15–20 equiv), triethylamine (11–14 equiv), methanol, 23 8C, 2 h;
then 14 (3.0 equiv), diisopropylethylamine (3.0 equiv), DMF, 45 8C, 6–11 h, 1 =45%, 2 =24%. TFA= trifluoroacetic acid, DCM=dichloromethane,
DMDO=dimethyldioxirane, DMF=N,N-dimethylformamide, RSM= recovered starting material.

Figure 2. Spectroscopic comparison of natural axinellamine A (panel A) and axinellamine B
(panel C) with synthetic versions (panels B and D respectively). See Supporting Information for a
more detailed image.
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of efforts to understand the fundamental chemical reactivity
of complex pyrrole-imidazole alkaloids, beginning with scep-
trin and ageliferin.[5,14] Of particular note in the present report
is the development of protocols with striking chemoselectivity
for the oxidation and acylation of highly complex unpro-
tected[10] polyamines and the recognition that the N-4�C-5
connection could profitably be formed in an intermediate
such as 7. Much more remains to be learned in the study of
this fascinating marine natural product family.[13]
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