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lau’amine.[1a] Recently, we introduced the controlled re-
gioselective pyrrolic N1 or C3 intramolecular cyclization
and the possible role of oroidin as a central precursor in
similar cyclic compounds (C11N5).[19] Kitagawa et al.[20] and
Braekman et al.[21] have reported chemotaxonomic consid-
erations.

The investigation of metabolic pathways using labelled
compounds in marine sponges is still difficult: only a few
organisms are amenable to culture. A recent and first bi-
osynthetic study using a cell culture of the sponge Teichaxi-
nella morchella (Axinellidae) was reported by Kerr.[22] These
authors demonstrated by feeding studies using labelled pro-
line and histidine that these amino acids are precursors of
odiline (syn: stevensine) 8 via 3-amino-1-(2-aminoimidazo-
lyl)-prop-1-ene (6) and 4,5-dibromopyrrole-2-carboxylic
acid (7) (Scheme 2).

Scheme 2. The biogenetic precursors of stevensine/odiline from the
sponge Teichaxinella morchella

Scheme 3. Representative structural groups
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Linked to our previous work in the field of identification
and synthesis[23] of pyrrole-imidazole alkaloids, we report
here the further analysis of compounds biogenetically re-
lated to oroidin 2 and girolline 3. We propose a very likely
universal chemical pathway through simple precursors such
as 6 and 7. For this purpose, all of the known oroidin alkal-
oids have been arranged in structural groups (Scheme 3).

We have considered that each of the compounds depicted
in Scheme 3 represents one structural group. Examples of
different transformations leading to diverse groups are
given and their mechanisms are proposed. It is extremely
stimulating to find that simple chemistry can explain, in a
logical way, the biogenetic syntheses of all compounds
which share the reactive 3-amino-1-(2-aminoimidazolyl)-
prop-1-ene and four pyrrole-2-carboxylic acid building
blocks as a common origin. It is clear that enzymatic oxido-
reduction, hydrolysis, hydration and alkylation, enhance the
number of derivatives formed by this process. Being unwill-
ing to speculate too much, no attempt has been made to
discuss these additional transformations leading to various
functionalised natural derivatives.

Variation of Building Blocks by Pyrrole Bromination

Pyrrole-2-carboxylic acid and its 4- or 5-brominated de-
rivatives combined with N1 and C3 nucleophilicity allow
for eight entries (Scheme 4).
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Axinellidae

• Isolated from marine sponges 
(Phylum Porifera)

• Oroidin 
>First member of the family 
to be isolated (1971)

>Major fish feeding 
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• All members of the family can be mapped back to oroidin

• Incredible amount of molecular complexity arises from this simple core

• Biosynthetic pathway is not known

> Feeding studies are 

complicated by difficulty in 

culturing marine sponges

> Single study by Kerr

Relating All Members to Oroidin Core

Challenge Palau’amine: Current Standings Current Organic Chemistry, 2005, Vol. 9, No. 15    1553

oroidin (1) as the diene and dehydrophakellin as dienophile
(Scheme 1) [4b]. The resulting cyclohexene 9 subsequently
would undergo spiro contraction to the E/F ring system of
(–)-palau'amine (3). Stereochemical issues have not been
detailed. Dehydrophakellin (8) has not been observed as a
natural product. However, Fusetani et al. have isolated a
chlorohydrin which could be derived from the analogous
dehydroisophakellin with an inverted pyrrole ring [18].

Indeed, there is evidence that the proposed spiro
contraction has a chance to be the solution to the problem of
ring E formation. In 2001, Dilley and Romo demonstrated
that carbinol urea 14 can be obtained by treatment of the

Diels-Alder adduct 13 with dimethyldioxirane, followed by
reductive work-up (Scheme 2) [19]. Reaction of 14 with
NCS in the presence of cyclohexene provided the spirocyclic
system 15 in 75 % yield. Cyclohexene was added as an
"alkene buffer" to prevent otherwise substantial
aromatization of the starting material. The stereochemical
outcome can be explained by initial electrophilic attack of
Cl+ from the side opposite to the silyloxymethyl group,
followed by a 1,2-suprafacial alkyl shift.   

Lovely et al.  used N-phenylmaleimide (17) as a reactive
dienophile providing the Diels-Alder adduct 18 after reaction
with the 1-benzyl-4-alkenylimidazole 16 (Scheme 3) [20]. It
was possible to isolate the non-aromatized product. Backside
epoxidation of the exo methylene group with
dimethyldioxirane (DMDO) at -78 °C led to the allylic
alcohol which was silylated to provide 19. In the second step
employing additional DMDO at room temperature,
electrophilic attack of the reagent at the imidazolone double
bond preferably occurred, followed by the 1,2-suprafacial
alkyl shift already observed by Romo. Stereochemically,
spiro products 15 (Scheme 2) and 21 obtained by Romo and
Lovely agree with each other. The trans arrangement of the
alkoxyalkyl and chlorine/hydroxy substituents of the
cyclopentane reflects the stereochemistry of the dimeric
pyrrole-imidazole alkaloids massadine (5)/axinellamine A
(6). However, this is not the case for (–)-palau'amine (3) and
konbu'acidin (4).

Fig. (3). New bonds occurring in selected "dimeric" pyrrole-

imidazole alkaloids (X, Y = H, Br; R = H, pyrrolylcarbonyl). C9-

C9' is shared by all of the natural products listed.

Scheme 1. Proposal on the biosynthesis of the spirocyclic (–)-

palau'amine (3) via rearrangement of a Diels-Alder cycloadduct 9

(Scheuer et al.) [4b].

Scheme 2. Spiro contraction of the cycloaddition product 14

supporting Scheuer's proposal on the biosynthesis of (–)-

palau'amine (Romo et al.) [19].

N
H

N

NH2

RHN

N

NH

NH

N

O

NH2

H

X

Y

O

9'
10'

11'

10
9

12'

axinellamines

massadine

styloguanidine palau'amine,
konbu'acidin

all

p., k., s.

agel iferin

sceptrin
p., k., s ., m., ax.

N

N

H

NH2

H2 N

N

N

NH

N

O

NH2

N
H

N

N

NH2

H2N

N

NH

N

O

NH2

H

H

Cl

H
O

H

N

NH

N

NH2

H2 N

N

NH

N

O

NH2

H

H

Cl

OH

3:  (-)-palau'amine

7

8

9

[4+2]

E

N

N

Bn

O

Bn

HO

N

OTs

TIPSO
N

N

Bn

N
O

Ts

O

Bn

HO

TIPSO H

H

N

N

Bn

O

Bn

HO

N

O

Ts

TIPSO

H

H

N

N

Bn

O

Bn
N

O

Ts

TIPSO

H

H

HO

OTBS

N

N

Bn

O

Bn

N

O

Ts

TIPSO

H

H

Cl

O

TBSO

11

10
12 (15 %)

13 (64 %)

PhH, 2,6-lut., 

95 °C, 4 d
+

14 15

NCS, CH2Cl2 , 
cyclohexene, 

-45 °C to rt, 8 h

75 %

1) TBSCl, NEt3, 
    DMAP, CH2Cl2
2) DMDO, CH2Cl2, 
    MgSO4 , -45 °C; 
    Me2S

84 %

Road map to 
pyrrole-imidazole alkaloids

A. Al Mourabit, P. PotierSHORT COMMUNICATION

lau’amine.[1a] Recently, we introduced the controlled re-
gioselective pyrrolic N1 or C3 intramolecular cyclization
and the possible role of oroidin as a central precursor in
similar cyclic compounds (C11N5).[19] Kitagawa et al.[20] and
Braekman et al.[21] have reported chemotaxonomic consid-
erations.

The investigation of metabolic pathways using labelled
compounds in marine sponges is still difficult: only a few
organisms are amenable to culture. A recent and first bi-
osynthetic study using a cell culture of the sponge Teichaxi-
nella morchella (Axinellidae) was reported by Kerr.[22] These
authors demonstrated by feeding studies using labelled pro-
line and histidine that these amino acids are precursors of
odiline (syn: stevensine) 8 via 3-amino-1-(2-aminoimidazo-
lyl)-prop-1-ene (6) and 4,5-dibromopyrrole-2-carboxylic
acid (7) (Scheme 2).

Scheme 2. The biogenetic precursors of stevensine/odiline from the
sponge Teichaxinella morchella

Scheme 3. Representative structural groups
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Linked to our previous work in the field of identification
and synthesis[23] of pyrrole-imidazole alkaloids, we report
here the further analysis of compounds biogenetically re-
lated to oroidin 2 and girolline 3. We propose a very likely
universal chemical pathway through simple precursors such
as 6 and 7. For this purpose, all of the known oroidin alkal-
oids have been arranged in structural groups (Scheme 3).

We have considered that each of the compounds depicted
in Scheme 3 represents one structural group. Examples of
different transformations leading to diverse groups are
given and their mechanisms are proposed. It is extremely
stimulating to find that simple chemistry can explain, in a
logical way, the biogenetic syntheses of all compounds
which share the reactive 3-amino-1-(2-aminoimidazolyl)-
prop-1-ene and four pyrrole-2-carboxylic acid building
blocks as a common origin. It is clear that enzymatic oxido-
reduction, hydrolysis, hydration and alkylation, enhance the
number of derivatives formed by this process. Being unwill-
ing to speculate too much, no attempt has been made to
discuss these additional transformations leading to various
functionalised natural derivatives.

Variation of Building Blocks by Pyrrole Bromination

Pyrrole-2-carboxylic acid and its 4- or 5-brominated de-
rivatives combined with N1 and C3 nucleophilicity allow
for eight entries (Scheme 4).

Jacquot, D. E. N.; Lindel, T. Curr. Org. Chem. 2005, 9, 1551-1565
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Scheme 4. Four pyrrole building blocks and two nucleophilic posi-
tions (N1 and C3)

Reactivity Variation of 2-Aminoimidazolic Building Blocks
by Tautomeric Equilibrium

The ambivalent reactivity of the key structural feature 2-
aminoimidazole (Scheme 5) is responsible for the molecular
diversity observed in this group of alkaloids. The elec-
trophilic or nucleophilic reactivity at the same position C-
4(5) is dependent on the tautomeric isomer involved.

Scheme 5. The tautomerism and ambivalent reactivity of 2-amino-
imidazole

A similar ‘‘umpolung’’ is also exhibited by the vinylogous
natural building block 6 (Scheme 6). The generation of se-
lected tautomers 6-I, 6-II, 6-III and 6-IV by proton migra-
tion seems to be the key step of this metabolic route. The
tautomer forms and their behaviour are probably controlled
by the catalytic ability of the host enzyme to exchange pro-
tons with its substrate. The protonation-deprotonation
property of the 2-aminoimidazole ring is undoubtedly cru-
cial for this proton mediating transfer.

Scheme 6. The tautomerism and ambivalent reactivity of vinylog-
ous 2-aminoimidazole

The tautomers 6-V, 6-VI, 6-VII and 6-VIII (Scheme 7)
are also possible. This makes the intermediate 6 a very good
candidate as source of molecular diversity.

Scheme 7

Eur. J. Org. Chem. 2001, 237!243 239

It is noteworthy to emphasise that the reactivity of the
different ethylenic positions depends on the considered tau-
tomer form. For example, the positions 4 and 7 are nucleo-
philic if the tautomer form 6-II (Scheme 6) is considered
but they are electrophilic in 6-III. The flexibility and versat-
ility of this system should be controlled by the coexistence
of all these tautomers in a pH-dependent equilibrium. Be-
cause of their simple structures and reactivity, we believe
that such a tautomeric equilibrium existed under prebiotic
conditions at an early stage of the bioorganic synthesis of
this class of compounds.

We suggest that these tautomers (Scheme 6), which can
exist simultaneously, give rise to polycyclic metabolites
through various combinations with pyrrolic building blocks
and diverse modes of cyclization dimerization. Each tauto-
mer engaged in this process may act as an initiator of con-
trolled chain reactions leading to various and complex com-
pounds.

The classification of these alkaloids can be made accord-
ing to different points of view. With respect to their chem-
ical arrangement, they can be divided into five groups: lin-
ear monomers, polycyclic dimers, polycyclic monomers, the
agelastatin group and the girolline group. In order to ra-
tionalise the formation of these constituents, only strategic
bond formation leading to new structural elements are
taken into account.

Simple Dimers
A simple reaction between nucleophilic C5 of 6-II and

electrophilic C4 of its tautomer 6-III (Scheme 8) affords the
mauritiamine skeleton 9.

Scheme 8. C4!C5 dimerization leading to mauritiamine derivatives

The Palau’amine Congeners
The first step involving tautomers 6-II and 6-III

(Scheme 9) seems to be the key step of the head-to-head
dimerization. The intriguing connection between the nucle-
ophilic C7 (6-II) and the electrophilic C7 (6-III) results in
the central intermediate 10, which displays the appropriate
arrangement for cyclization to the sceptrine skeleton 11
(path c). A simple tautomerism through an imine/enamine
equilibrium to 10a would lead to a second mode of cycliza-
tion and furnish the ageliferine skeleton 12 (path d). The
very reactive precursor 10 (tautomer 10b) can also undergo
a chlorohydroxylation (path e) to give the second multireac-
tive intermediate 13, which cyclizes to 14. The diastereselec-
tion of the latter cyclization is probably the key to the ori-
entation of the following reaction pathway. Ring A shows
a different stereochemistry in path f/path g leading to pa-

Oroidin-Based Pyrrole-Imidazole Alkaloids SHORT COMMUNICATION
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It is noteworthy to emphasise that the reactivity of the
different ethylenic positions depends on the considered tau-
tomer form. For example, the positions 4 and 7 are nucleo-
philic if the tautomer form 6-II (Scheme 6) is considered
but they are electrophilic in 6-III. The flexibility and versat-
ility of this system should be controlled by the coexistence
of all these tautomers in a pH-dependent equilibrium. Be-
cause of their simple structures and reactivity, we believe
that such a tautomeric equilibrium existed under prebiotic
conditions at an early stage of the bioorganic synthesis of
this class of compounds.

We suggest that these tautomers (Scheme 6), which can
exist simultaneously, give rise to polycyclic metabolites
through various combinations with pyrrolic building blocks
and diverse modes of cyclization dimerization. Each tauto-
mer engaged in this process may act as an initiator of con-
trolled chain reactions leading to various and complex com-
pounds.

The classification of these alkaloids can be made accord-
ing to different points of view. With respect to their chem-
ical arrangement, they can be divided into five groups: lin-
ear monomers, polycyclic dimers, polycyclic monomers, the
agelastatin group and the girolline group. In order to ra-
tionalise the formation of these constituents, only strategic
bond formation leading to new structural elements are
taken into account.

Simple Dimers
A simple reaction between nucleophilic C5 of 6-II and

electrophilic C4 of its tautomer 6-III (Scheme 8) affords the
mauritiamine skeleton 9.

Scheme 8. C4!C5 dimerization leading to mauritiamine derivatives

The Palau’amine Congeners
The first step involving tautomers 6-II and 6-III

(Scheme 9) seems to be the key step of the head-to-head
dimerization. The intriguing connection between the nucle-
ophilic C7 (6-II) and the electrophilic C7 (6-III) results in
the central intermediate 10, which displays the appropriate
arrangement for cyclization to the sceptrine skeleton 11
(path c). A simple tautomerism through an imine/enamine
equilibrium to 10a would lead to a second mode of cycliza-
tion and furnish the ageliferine skeleton 12 (path d). The
very reactive precursor 10 (tautomer 10b) can also undergo
a chlorohydroxylation (path e) to give the second multireac-
tive intermediate 13, which cyclizes to 14. The diastereselec-
tion of the latter cyclization is probably the key to the ori-
entation of the following reaction pathway. Ring A shows
a different stereochemistry in path f/path g leading to pa-

• How can such complexity arise from a simple building block

• Proposal by Mourabit and co-workers takes advantage of

ambivalent reactivity inherent to oroidin core

Mourabit, A. A.; Potier, P. Eur. J. Org. Chem. 2001, 237-243
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Scheme 9. A plausible universal chemical pathway leading to complex palau!amine congeners.

lau’amine/styloguanidine and path h leading to axinellam-
ine derivatives. Oxidation of 14, pyrrolic N1 (path f) or C3
(path g) cyclization and annelation would lead to palau’am-
ine 1 and styloguanidine 16, respectively. The tautomeric
form 15 of the intermediate 14 provides the appropriate dis-
position for one additional cyclization (path h) to form the
axinellamine skeleton 17 and derivatives.

The Polycyclic Monomers Group of Oroidin

The variety of modes of intramolecular cyclization exhib-
ited by the linear compounds 2, 4 and 5 is sufficient to
overcome various assemblies of the intricate polycyclic nat-
ural derivatives (Scheme 10). If we consider the interme-

Eur. J. Org. Chem. 2001, 237"243240

diate 18 (tautomer form 6-IV), four cyclization pathways
are possible: N1"Cα, N1"Cβ, C3"Cα and C3"Cβ. Τhe
chemistry involving imine/enamine tautomerism
summarised in Scheme 8 would provide the polycyclic nat-
ural metabolites 19!23 and other isolated derivatives exhib-
iting the same framework.

The Slagenin A and Mukanadin A Group

The tautomeric form corresponding to 6-III could be hy-
drated and oxidised to the common intermediate 24
(Scheme 11) which can undergo O-cyclization and dihydra-
tion to slagenin A 25 (path a), or further oxidation leading
to mukanadin A 26 (path b).

Mourabit, A. A.; Potier, P. Eur. J. Org. Chem. 2001, 237-243



Biosynthetic Hypothesis

A. Al Mourabit, P. PotierSHORT COMMUNICATION

Scheme 9. A plausible universal chemical pathway leading to complex palau!amine congeners.

lau’amine/styloguanidine and path h leading to axinellam-
ine derivatives. Oxidation of 14, pyrrolic N1 (path f) or C3
(path g) cyclization and annelation would lead to palau’am-
ine 1 and styloguanidine 16, respectively. The tautomeric
form 15 of the intermediate 14 provides the appropriate dis-
position for one additional cyclization (path h) to form the
axinellamine skeleton 17 and derivatives.

The Polycyclic Monomers Group of Oroidin

The variety of modes of intramolecular cyclization exhib-
ited by the linear compounds 2, 4 and 5 is sufficient to
overcome various assemblies of the intricate polycyclic nat-
ural derivatives (Scheme 10). If we consider the interme-

Eur. J. Org. Chem. 2001, 237"243240

diate 18 (tautomer form 6-IV), four cyclization pathways
are possible: N1"Cα, N1"Cβ, C3"Cα and C3"Cβ. Τhe
chemistry involving imine/enamine tautomerism
summarised in Scheme 8 would provide the polycyclic nat-
ural metabolites 19!23 and other isolated derivatives exhib-
iting the same framework.

The Slagenin A and Mukanadin A Group

The tautomeric form corresponding to 6-III could be hy-
drated and oxidised to the common intermediate 24
(Scheme 11) which can undergo O-cyclization and dihydra-
tion to slagenin A 25 (path a), or further oxidation leading
to mukanadin A 26 (path b).

A. Al Mourabit, P. PotierSHORT COMMUNICATION

Scheme 9. A plausible universal chemical pathway leading to complex palau!amine congeners.

lau’amine/styloguanidine and path h leading to axinellam-
ine derivatives. Oxidation of 14, pyrrolic N1 (path f) or C3
(path g) cyclization and annelation would lead to palau’am-
ine 1 and styloguanidine 16, respectively. The tautomeric
form 15 of the intermediate 14 provides the appropriate dis-
position for one additional cyclization (path h) to form the
axinellamine skeleton 17 and derivatives.

The Polycyclic Monomers Group of Oroidin

The variety of modes of intramolecular cyclization exhib-
ited by the linear compounds 2, 4 and 5 is sufficient to
overcome various assemblies of the intricate polycyclic nat-
ural derivatives (Scheme 10). If we consider the interme-

Eur. J. Org. Chem. 2001, 237"243240

diate 18 (tautomer form 6-IV), four cyclization pathways
are possible: N1"Cα, N1"Cβ, C3"Cα and C3"Cβ. Τhe
chemistry involving imine/enamine tautomerism
summarised in Scheme 8 would provide the polycyclic nat-
ural metabolites 19!23 and other isolated derivatives exhib-
iting the same framework.

The Slagenin A and Mukanadin A Group

The tautomeric form corresponding to 6-III could be hy-
drated and oxidised to the common intermediate 24
(Scheme 11) which can undergo O-cyclization and dihydra-
tion to slagenin A 25 (path a), or further oxidation leading
to mukanadin A 26 (path b).

A. Al Mourabit, P. PotierSHORT COMMUNICATION

Scheme 9. A plausible universal chemical pathway leading to complex palau!amine congeners.

lau’amine/styloguanidine and path h leading to axinellam-
ine derivatives. Oxidation of 14, pyrrolic N1 (path f) or C3
(path g) cyclization and annelation would lead to palau’am-
ine 1 and styloguanidine 16, respectively. The tautomeric
form 15 of the intermediate 14 provides the appropriate dis-
position for one additional cyclization (path h) to form the
axinellamine skeleton 17 and derivatives.

The Polycyclic Monomers Group of Oroidin

The variety of modes of intramolecular cyclization exhib-
ited by the linear compounds 2, 4 and 5 is sufficient to
overcome various assemblies of the intricate polycyclic nat-
ural derivatives (Scheme 10). If we consider the interme-

Eur. J. Org. Chem. 2001, 237"243240

diate 18 (tautomer form 6-IV), four cyclization pathways
are possible: N1"Cα, N1"Cβ, C3"Cα and C3"Cβ. Τhe
chemistry involving imine/enamine tautomerism
summarised in Scheme 8 would provide the polycyclic nat-
ural metabolites 19!23 and other isolated derivatives exhib-
iting the same framework.

The Slagenin A and Mukanadin A Group

The tautomeric form corresponding to 6-III could be hy-
drated and oxidised to the common intermediate 24
(Scheme 11) which can undergo O-cyclization and dihydra-
tion to slagenin A 25 (path a), or further oxidation leading
to mukanadin A 26 (path b).

Mourabit, A. A.; Potier, P. Eur. J. Org. Chem. 2001, 237-243



Biosynthetic Hypothesis

A. Al Mourabit, P. PotierSHORT COMMUNICATION

Scheme 12. A common chemical pathway leading to girolline and pyraxinine

Scheme 13. A chemical pathway leading to agelastatin derivatives

Scheme 14. A plausible mechanistic consideration on the enzymatic production of transient tautomers; XH and YH are proton donors
(CO2H, OH, NH or SH); X! and Y! are proton acceptors

The Girolline and Pyraxinine Group
Girolline and pyraxinine are both isolated from the same

sponge Cymbastela cantharella. Biogenetically, pyraxinine
may be considered as being derived from the same interme-
diate as girolline. The chlorohydroxylation of the tautomers
6-II (Scheme 12) provides a common chlorinated interme-
diate 27 which would result directly in the formation of the
girolline 28 (path a). Cyclization and aromatization would
occur to afford pyraxinine 29 (path b). This is presumed to
be a minor process, since girolline is accompanied by only
small amounts of pyraxinine. To the best of our knowledge,

Eur. J. Org. Chem. 2001, 237!243242

this has been the first isolation of a pyridine alkaloid with
a guanidine unit at C-3.

The Agelastatin Group
The agelastatins are the only examples to date of pyrrole

imidazole alkaloids with C8!C5 and N1!C7 bonds. In the
intramolecular cyclization pattern of agelastatin, the oxida-
tion of tautomer form VIII (Scheme 7) 30 seems to be the
key step (Scheme 13). After the first C8!C5 cyclisation, the
resulting product 31 allows the unusual pyrrolic N1!C7
connection followed by further transformation to agelasta-

• Potential role of enzymes

> Controlling tautomeric forms by position

of specific amino acid side chains

Mourabit, A. A.; Potier, P. Eur. J. Org. Chem. 2001, 237-243



Synthesis of Pyrrole-Imidazole Alkaloids

• Simple biosynthetic pathways have been proposed

• Different story for synthesis in the laboratory

REVIEW Synthesis of the Pyrrole-Imidazole Alkaloids 1755
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Figure 4 The regioisomeric pyrrole-imidazole alkaloids palau’ami-

ne (12) and styloguanidine (13) differ by the orientation of the pyrrole

ring. Absolute stereochemistries are unknown. 

The currently known pyrrole-imidazole alkaloids repre-
sent only a limited number of all possible derivatives that
are theoretically accessible from the key building block 1
(see chapter 6). 

1.2 Biosynthesis 

Bromination of marine alkaloids is frequently observed.
Catalyzed by haloperoxidases, halogenide anions from
sea-water are oxidized. Halogenation itself can occur via
specific halogenases.23 

The only experiment on the biosynthesis of the pyrrole-
imidazole alkaloids published thus far has been reported
by Kerr et al. who observed low incorporation (0.022–
0.026%) of the amino acids [U-14C]proline, [U-14C]histi-
dine, and [C5-

14C]ornithine into stevensine (190, hyme-
nialdisine mode).24 When a cell culture of the marine
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Mode Isolated 

Compounds 

Publ. on Total 
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non-cyclized 18 15

hymenialdisine 12 9

cyclooroidin 1 0

agelastatin 4 3
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agelaspongin 1 0
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mauritiamine 1 1

sceptrin 9 0

ageliferin 10 0b

axinellamine 4 0
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styloguanidine 3 0

partial structures 18 9

total 93 40

a Enantiomer: cantharelline. 
b A total synthesis of a closely related derivative has been reported. 

Figure 3 Modes of intermolecular reaction of two non-cyclized

C11N4 key building blocks (bold) to the natural products 8–11. The

absolute stereochemistry of 10 and 11 is unknown. 
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Figure 4 The regioisomeric pyrrole-imidazole alkaloids palau’ami-

ne (12) and styloguanidine (13) differ by the orientation of the pyrrole

ring. Absolute stereochemistries are unknown. 

The currently known pyrrole-imidazole alkaloids repre-
sent only a limited number of all possible derivatives that
are theoretically accessible from the key building block 1
(see chapter 6). 

1.2 Biosynthesis 

Bromination of marine alkaloids is frequently observed.
Catalyzed by haloperoxidases, halogenide anions from
sea-water are oxidized. Halogenation itself can occur via
specific halogenases.23 

The only experiment on the biosynthesis of the pyrrole-
imidazole alkaloids published thus far has been reported
by Kerr et al. who observed low incorporation (0.022–
0.026%) of the amino acids [U-14C]proline, [U-14C]histi-
dine, and [C5-

14C]ornithine into stevensine (190, hyme-
nialdisine mode).24 When a cell culture of the marine
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• Since 2003 review by Lindel

> Baran published syntheses of 

sceptrin (2004), ageliferin (2004) 

and axinellamine (2008) 

> Birman published on sceptrin 

(2004)

esis. The corrected structure of palau!amine (25) brings a
pleasing symmetry to the family that will hopefully translate
to future total syntheses. Thus, it should be possible to design
a synthetic pathway that will not only access the palau!amines
(25–27) but also the axinellamines (14–17), the styloguani-
dines (19–22), massadine (18), and even the daunting
stylissadines (28 and 29).

5. Conclusion

With their unusually high nitrogen content (N/C! 1:2),
exotic molecular architectures, and unusually oxidized skel-
etons, the dimeric pyrrole–imidazole alkaloids challenge the
state-of-the-art methods in both isolation and synthetic
chemistry. As a result of the scholarly studies of isolation
chemists, the chemical structures of the palau!amines (25–27)
and related family members (such as the konbu!acidins and
styloguanidines) has now been revised. As a result of the
difficulty in crystallizing these natural products, conclusive
revision required the extensive use of both quantitative NMR
experiments and computation.

These structural revisions make it possible to propose a
unifying hypothesis for the biosynthesis that not only aids in
the chemical rationalization of their structure but also may
facilitate efforts towards their total synthesis. Indeed, we have
recently isolated the elusive massadine chloride (33) and
provided indirect evidence for the fleeting existence of
“massadine aziridine” (34).[30]

The riveting story of the pyrrole–imidazole alkaloids
continues to be expanded and has been enriched by the recent
structural revision of some family members. The continued
pursuit of palau!amine (25) and its relatives from isolation,
biosynthetic, and synthetic angles holds promise for even
more exciting discoveries, surprises, and inventions.

P.S.B. and I.B.S. would like to thank the NIH for funding (GM-
073949).

Received: April 24, 2007

[1] W. Fenical, Chem. Rev. 1993, 93, 1673 – 1683.
[2] For isolation, see: a) Y.-Y. Lin, M. Risk, S. M. Ray, D.

Van Engen, J. Clardy, J. Golik, J. C. James, K. Nakanishi, J.
Am. Chem. Soc. 1981, 103, 6773 – 6775; b) J. Golik, J. C. James,
K. Nakanishi, Y.-Y Lin, Tetrahedron Lett. 1982, 23, 2535 – 2538;
c) Y. Shimizu, H. N. Chou, H. Bando, G. Van Duyne, J. Clardy, J.
Am. Chem. Soc. 1986, 108, 514 – 515; for total synthesis, see:
d) K. C. Nicolaou, E. A. Theodorakis, F. P. J. T. Rutjes, J. Tiebes,
M. Sato, E. Untersteller, X.-YXiao, J. Am. Chem. Soc. 1995, 117,
1171 – 1172; e) K. C. Nicolaou, F. P. J. T. Rutjes, E. A. Theodor-
akis, J. Tiebes, M. Sato, E. Untersteller, J. Am. Chem. Soc. 1995,
117, 1173 – 1174; f) K. C. Nicolaou, Z. Yang, G.-Q Shi, J. L.
Gunzner, K. A. Agrios, P. Gartner, Nature 1998, 392, 264 – 269;
g) G. Matsuo, K. Kawamura, N. Hori, H. Matsukura, T. Nakata,
J. Am. Chem. Soc. 2004, 126, 14374 – 14376; h) I. Kadota, H.
Takamura, H. Nishii, Y. Yamamoto, J. Am. Chem. Soc. 2005, 127,
9246 – 9250; for a review on brevetoxin B, see: i) K. C. Nicolaou,
E. J. Sorensen, Classics in Total Synthesis (Ed.: R. Schmidt-
Radde), Wiley-VCH, Weinheim, 1996, pp. 731 – 786.

Scheme 5. Three hypotheses for the origin of “pre-axinellamine” (31).

Scheme 6. Previous synthetic approaches to the cyclized pyrrole–
imidazole alkaloids.

M. K!ck, P. S. Baran et al.Minireviews

6592 www.angewandte.org ! 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2007, 46, 6586 – 6594
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reports on core strategies

Core strategies:
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Palau’amine Structure and Features

Structural Features

- Strained trans-azabicyclo[3.3.0] 

octane fragment

- 6 rings

- Bis-guanidines, including 

spirocyclic guanidine

- Fully substituted stereogenic 

cyclopentane core

- 8 contiguous stereogenic 

carbons

- Low C/N ratio (1.9)

- Absolute stereochemistry is 

unknown



3316 J. Am. Chem. SOC. 1993, 115, 3376-3377 

Palau'amine: A Cytotoxic and Immunosuppressive 
Hexacyclic Bisguanidine Antibiotic from the Sponge 
Stylotella agmina tal 

Robin B. Kinnel,2 Henning-Peter Gehrken, and 
Paul J. Scheuer' 

Department of Chemistry 
University of Hawaii at Manoa 

2545 The Mall 
Honolulu, Hawaii 96822 

Received January 28, 1993 

Guanidine is a familiar structural feature in marine natural 
products. Examples range from simple arginine derivatives to 
complex polycycles as, e.g., saxitoxin and te t rodot~xin .~ ,~  We 
now report the isolation and structure determination of a 
hexacyclic bisguanidine, palau'amine (1)s from a sponge, Sty- 
lotella agminata, collected in the Western Caroline Islands. 
Aqueous extracts of the sponge, first collected in 1977 and 
recollected in November, 1991, a t  a depth of -5 to -50 m near 
Wonder Channel and Rock Islands, Republic of Belau,6 had 
substantial activity against gram-negative and gram-positive 
organisms and showed remarkable resistance to fungal growth 
on prolonged storage. 

Extraction of the lyophilized sponge' (600 g) with MeOH (6 
L) and dissolution of the water-soluble residue after evaporation 
yielded 900 mL of aqueous extract. Ion-exchange chromatog- 
raphy of a portion (2/9) on Cellex C M  with stepwise increasing 
concentrations of NaCl resulted inelutionoftheantibiotic activity* 
in the0.5 M and, toa lesser extent, in the 1 .OM fractions. Repeated 
LH-20 chromatography (MeOH) of the 0.5 M fraction, after 
desalting by dissolving in EtOH, furnished essentially pure 
palau'amine, presumably as the hydrochloride (14 mg, 0.01% 
dry weight), as an optically active, off-white amorphous powder 
that decomposed prior to melting. Further purification of 1 could 
be effected by HPLC (YMC aqueous C18, H20/MeCN (90: 
lO),O.l%TFA). Although 1 isquitestableinacid,it decomposes 
rapidly >pH 6.5, so the free base could not be prepared. 

5 

19 

1 

Monoprotonated palau'amine has composition C I ~H22ClN902, 
which is based on high-resolution mass spectral data (HRFABMS 

( I )  A preliminary account of this work was presented at the Seventh 
International Symposium on Marine Natural Products, Capri, Italy, July 
5-10, 1992, Abstract C7. 

(2) On leave from Hamilton College, Clinton, NY 13323. 
(3)Chevolof L. In Marine Natural Products; Scheuer, P. J., Ed.; 

Academic: New York, 1981; Vol. 4, pp 53-91. 
(4) Kobayashi, J.; lshibashi, M. In The Alkaloids; Brossi. A,, Cordell, G. 

A., Eds., Academic: San Diego, 1992; Vol. 41, pp 41-124. 
(5) In addition to Palau, the geographical origin of the sponge, one meaning 

of the Hawaiian word palau is war club, which is an apt description of the 
characteristic shape of the spicules of Sfylofella spp. 

(6) Madepossiblethroughcooperation with theUniversityofGuam Marine 
Laboratory personnel. 

Table I. IH and I3C N M R  Data for Palau'amine (1) in D20 

carbon IT, ppm' multiplicity IH, ppmb multiplicity 

2 122.5 
3 115.6 
4 113.8 
5 125.2 
6 69.0 
8 159.5 
IO 80.8 
I 1  56.3 
12 41.8 
13 46.1 

15 157.8 
16 72.1 
17 74.0 
18 48.6 
19 41.9 

20 83.7 
22 157.9 

S 

d 
d 
d 
d 
S 

S 

d 
d 
t 

S 

S 

d 
d 
t 

d 
S 

6.85 
6.35 
6.99 
6.33 

3.08 
2.52 
3.96 
3.28 

4.35 
2.47 
3.32 
3.24 
5.96 

dd, J = 3.9, 1.5 
dd, J = 3.9,2.8 
dd, J = 2.8, 1.5 
S 

d ,  J = 14.1 
dddd 
dd, J = 7.3, 10.4 
dd, J = 10.3, 10.4 

d, J = 7.9 
dddd 
dd, J = 13.2, 7.0 
dd,  J = 13.2, 7.0 
S 

At  125 M H z  referred to  external dioxane. A t  500 MHz,  H D O  
signal a t  4.63 ppm. 

420.1669 [MH+]; A 0.6 mmu), on the isotopic cluster charac- 
teristicofonechlorinesubstituent, andon the I3C NMRspectrum. 
The IR spectrum showed 0-H and N-H bands (3350 cm-I, 
broad), an amide (1658 cm-I), and an absorption at  1700 cm-' 
characteristic of a guanidine hydrochl~ride.~ UV'O and IH N M R  
data resembled those reported for phakellin (2, R I  = R2 = H)." 

2 A 

Full N M R  data (Table I) revealed its characteristic guanidino 
pyrrolopyrazinone. Distinctly new features included a C6Hs 
portion (A), confirmed by COSY and decoupling experiments, 
a guanidine carbon (159.9 ppm, C22), a methine (83.5 ppm, 
C20), and a quaternary carbon (72.1 ppm, C16). 

Fragment A replaces the trimethylene unit in phakellin. The 
C13 methylene is attached to the amide nitrogen (win A). The 
chemical shifts of the methylene carbon and protons, which show 
HMBC contours to C10 and C15, are analogous to those in the 
phakellins. Terminus z is ClO; correlations are observed from 
H11 to C10 and C6. 

The correct regiochemistry of the remaining hetero functions 
was ascertained next. The carbon (74.0 ppm) and proton (4.35 
ppm) shifts for C17 indicate that y is oxygen or chlorine. The 
shifts were unaffected by acetylation; nor was there any substantial 
change in that proton resonance when the IH N M R  spectrum 
was determined in trifluoroacetic acid. Thus, y must be chlorine, 
and, since H17 is a doublet, C16 must be a quaternary carbon. 

(7) Thedust from the lyophilized spongecauseda powerful allergic reaction, 
which entailed severe shortness of breath for about 4 h; the effect largely 
disappeared within 24 h. 

(8) Monitored by microbial assay against Staphylococcus aureus. 
(9) Goto, T.; Nakanishi, K.; Ohashi, M. Bull. Chem. Soc. Jpn. 1957, 30 

(IO) UV (MeOH) A,,, 272 ( e  7900), 224 nm (7800). 
( 1  1) Sharma, G.; Magdoff-Fairchild, 8. J .  Org. Chem. 1977, 42, 4118- 

4124. Sharma, G. M.; Burkholder, P. R. J .  Chem. Soc., Chem. Commun. 
1971, 151-152. I t  is noteworthy that only brominated phakellins (2, R I  = 
R? = H or Br) have been isolated to date; phakellin itself was produced by 
hydrogenation of the brominated derivatives. 

723-725. 

OOO2-7863/93/1515-3376$04.00/0 0 1993 American Chemical Society 

Palau’amine Elucidation of Cis-Sturucture

“This coupling constant seems large, but 

comparable values are observed in similarly 

rigid, spiroannulated five-membered rings. 

See, for example: Lowry, J. B.; Riggs, N. V. 

Tetrahedron Lett. 1964, 2911-2914.”

MS Data:

- HRFABMS: found 420.166 calc. for 

C17H22ClN9O2 [MH+]

-Isotopic cluster indicates one Cl

IR Data:

O-H (3350), N-H(3350), guanidine 

hydrochloride (1700), and amide (1658)

NMR Data:

-Strong ROESY and NOE for H11/H6

-ROESY correlation for H17/H12, H17/

H19, and a weak correlation for H17/H11
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Relative stereochemistry:

Cis-fusion of rings d/e assigned by coupling

constant of H11 (J = 14.1 Hz)

Kinnel, R. B.; Gehrken, H. P.; Scherer, P. J.; J. Am. Chem. Soc. 1993, 3376-3377



Palau’amine Elucidation of Cis-Structure

1920 J. Chem. SOC. (C), 1966 

similar chemical environments.' The vvalues for the The protons of lactone ring B give rise to an AB 
protons situated on the two lactone rings do, however, system with a vicinal coupling constant of -8.5 c./sec., 
deviate considerably from the values expected from the in good agreement with the couplings observed in py-di- 
y-butyrolactone spectrum allowing for the appropriate carboxy-y-butyrolactone.10 In the spectrum of leuco- 

Assignment 

Aromatic protons 

Lactone ring A 

CH-CH, 

Lactone ring B 

Ar-OMe 

CO, Me 

CH-CH 

TABLE 2 

N.m.r. data on derivatives of norleucodrinic acid aryl methyl ether (V) 

Spectral 
type (V; R = Me, R' = H) * (V; R = Et, R' = H) (V; R = Me, R = Ac) 

A2Ba t Obscured by solvent TA - 3.0 : 'TA N 3.0 : 
TB N 2.6 TB N 2.7 

ABC TA 5.15, "JAB 13.0 TA 5.60, 3 J ~ ~  13.6 'TA 6-77, ' JAB  13.5 
T B  6.48, 3 J ~ c  8.7 
TG 6-96, ' J B O  - 17-4 

TB 6.71, 3 J ~ c  8.2 
70 7.03, 2 J ~ c  -17.4 

'ig 6.72, 'JAG 8.6 
r c  7.13, 2 J ~ c  -17.6 

AB TA 4.64, ' JAB 8.6 TA 5.06, 3 J ~ ~  8.8 'TA 4.09, ' JAB 8.7 
TB 5.56 TB 6.00 'TB 6.04 

Singlet T 6-30 T 6.16 T 6.17 

Singlet T 6.40 - 'T 6.23 

(V; R = Et, R' = Ac) 
TA N 3.0 
TB N 2.7 

TA 5.77, ' JAB 13.3 
7~ 6.71, ' J A G  8.8 

70 7-13, ' J B O  -17.3 

T A  4.06, 'J-qz 8.6 
'TB 6.08 

T 6-16 

C02Et - 

OAc Singlet - T 7.68 T 7-67 

N.m.r. data on derivatives of m-chloro-norleucodrinic acid aryl methyl ether (IX) 

Assignment 

Aromatic protons 

Lactone ring A 

CH-CH, 

Lactone ring B 

Ar-OMe 

C02Me 

C02Et 

CH-CH 

OAc 

Spectral 

type 
ABC 

ABC 

AB 

Singlet 

Singlet 

Singlet 

( IX;  R = Me, R' = H) * 
Obscured by solvent 

'TA 5.14, 'JAB 12.8 
'TB 6.44, 8.3 
TC 6.85, ' JBC - 17.4 

7 A  4.60, 'JAB 8.7 
7% 5.47 

T 6.24 

T 6.39 

(IX; R = Et, R' = H) * 
Obscured by solvent 

N.m.r. data on leucodrin tetra-acetate 

Assignment 

Aromatic protons 

Lactone ring A 

CH-CH, 

Lactone ring B 

CH-CH 

Side-chain 
CH,-CH 

Spectral type Tetra-acetate of compound (I) 
A2B2 'TA N 2.8 $ 

TB N 2.6 

ABC 'TA 5.80, ' J A B  12.4 
TB 6.72, 3 J ~ c  7.8 
' ~ ~ 7 . 1 3 ,  2Jnc -17.2 

AB TA 4.18, 3 J ~ ~  8.3 
TB 6.23 

Proton B is further split by proton X 
in the side-chain; ~JJSX 2.4 

TA 5.95, ' J A X  6.4 
TX 4.90 

AZX 

(IX; R = Me, R' = Ac) 
TA - 3.0 
TB -2.7 
TC -2.6 

7-4 5.80, ' J A B  13.2 
TB 6.74, 'JAO 8.2 
TC 7.10, J B C  - 17.3 

TA 4.08, ' J A B  8.4 
7B 5-99 

T 6.06 

T 6.21 

z 7.66 

OAc Singlet T~ 7-71 (2 OAC), T, 7.89, T~ 8.06 

* Solution in pyridine. -f Nomenclature according to  Pople, Schneider, and Bernstein, " Hiqh-resolution Nuclear Magnetic 
Resonance," McGraw-Hill, London, 1959, ch. 5.2. 1 -Indicates less accurate values (f0-1 p.p.m.). 

substituent eff ects.9 These protons experience unusual 
shielding-deshielding effects due to  the variety of 
centres of magnetic anisotropy present (phenyl, carb- 
oxyl, carbonyl groups) and to the rigid and compact 
nature of the molecule. 

N.M.R. Spectra Catalogue, Varian Associates, Palo Alto, 
California. 

8 Ref. 7, spectrum No. 63. 

drin tetra-acetate, proton B is further split by a spin- 
spin interaction with a side-chain proton. The down- 
field shift of proton A on acetylation ( T C ~ ~ H ,  5.06 to 
~ c H 0 - 4 ~ ~  4.06) observed for the ethyl ester of compound 

9 L. M. Jackman, " Applications of Nuclear Magnetic 
Resonance Spectroscopy in Organic Chemistry," Pergamon 
Press, Oxford, 1959. 

10 Ref. 7, spectrum No. 456. 

“On this basis we assign the 

methylene proton exhibiting the larger 

vicinal coupling (B) to the proton trans 

to the methine proton A.”

From: 

Perold, G.W.; Pachler, G.R. J. Chem. 
Soc. C, 1966, 1918-1923

Fact: (x-ray):

-Lactone ring B: JAB = 8.3 Hz (trans) 

Assumption:

-Lactone ring A: JAC = 7.8 Hz

is similar in magnitude to trans coupling 

cst. in ring B and therefore must also be 

trans. This leaves JAB = 12.4 as cis 

coupling constant. 

-J11,12 = 14.1 Hz in Palau!amine (cis?)

• What assumptions may have been 

made in assigning 12.4 Hz as a cis-

coupling cst in leucodrin?

• Alternatively,

O
O
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AcO H
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Palau’amine Elucidation of Cis-Structure

• Leucrodrine is a poor  model for palau!amine 

- Structural features

- 2 Hz difference in relative J-values

• Other plausable reasons for adopting cis structure

- Thermodynamics:

      > Cis is energetically favored by as 

      much as 27.3 kcal/mole (DFT B3 LYP, 

      6-31G(d) basis-set)   

- Trans-fused azabicyclo[3.3.0]octanes are 

   rare, but not unknown

has led to revised structures for all of the palau!amine
congeners (19–27).[16a] Two other research groups have also
arrived at similar conclusions.[15b,16b] Thus, the structural
assignment from 1993 with the relative configuration of 6R,
10S, 11R, 12S, 16S, 17S, 18R, 20R can now be stated as 6R, 10S,
11R, 12R, 16S, 17R, 18R, 20R.[27] It should be noted that the
absolute configurations of many of the complex pyrrole–
imidazole alkaloids are not known. Fusetani and co-workers

used CD spectroscopy to tentatively assign the absolute
configuration of massadine (18),[12] and the absolute config-
urations of sceptrin (2) and ageliferin (8), and these config-
urations have already been confirmed (the former by X-ray
crystallography[6] and the latter by synthesis[28]).

3. Biosynthesis of the Pyrrole–Imidazole Alkaloids

The corrected structure of palau!amine has important
implications for the presumed biogenesis of cyclized dimeric
pyrrole–imidazole alkaloids. As illustrated in Scheme 4, the
proposition can be made that all of the members of the family
come from a single precursor. This proposal bears resem-
blance to that of Al Mourabit and Potier[29] with the notable
exception that the current hypothesis explains the conserved
stereochemical relationships within the family. The hypo-
thetical central intermediates, dubbed the “pre-axinella-
mines” (31 and 32) here for clarity, may follow one of four
reaction pathways.

In reaction path A, closure of the spiro aminoimidazoline
nitrogen atom onto the imine-containing amino imidazole
leads to the axinellamines (14–17). Since the C5 and C9 atoms
are part of an aminal and/or a hemiaminal, and have similar
energies by molecular modeling, both syn diastereomers are
observed. The reaction paths B and C describe straightfor-
ward closures of the neighboring pyrrole onto the oxidized,
electrophilic aminoimidazole ring. The attack by the carbon
or nitrogen atom of the pyrrole furnishes the phakellin
framework of the styloguanidines (19–22) or the isophakellin
framework that are found in the konbu!acidins (23 and 24)
and the palau!amines (25–27), respectively.

The final reaction path D involves the formation of
massadine chloride (33) by closure of the oxygen atom of
the hemiaminal onto the adjacent aminoimidazole ring.
Molecular models suggest that this alkyl chloride might be
susceptible to an internal displacement to form “massadine
aziridine” (34), which is poised to generate massadine (18)
and the remarkable tetrameric stylissadines (28 and 29) by
either opening by H2O (leading to 18) or by massadine itself
(leading to 28). Recently, we have isolated and characterized
33 and provided compelling indirect evidence for the
existence of the fleeting aziridine 34.[30]

Scheme 5 depicts three possible biosynthetic pathways to
“preaxinellamine” (31). In the first proposal (linear), oroidin-
like molecules 35 undergo an enantio- and diastereocontrol-
led dimerization to form 36.[29] A hydration, reaction with an
electrophilic chlorine source, and a cyclization lead via 39 to
42. After tautomerization and oxidation of the remaining
aminoimidazole, “preaxinellamine” (31) is formed.

An alternative proposal was recently put forth which
involves a ring expansion of the cyclobutane nucleus of
sceptrin (2).[31] The proposition that 2 is a biosynthetic
precursor of the other more-complex members of the family
is supported by the extremely high concentrations of 2 found
in many of the organisms that produce ageliferin (8)[8e,32]

(compound 2 has also been isolated from the same organism
as palau!amine (25)[7b]). Cation-initiated expansions of cyclo-
butanes to cyclopentanes have good precedent,[33] and have

Figure 4. Comparison of the 1,3-interproton distances of tetrabromos-
tyloguanidine (22) for both relative configurations (palau’amine struc-
tures from 1993 and 2007); black bars: the original proposed config-
uration; white bars: the revised configuration; gray bars: the exper-
imental values.

Figure 5. Structural conformations of the central 3-azabicyclo-
[3.3.0]undecane moiety in the original palau’amine configuration (left)
and revised configuration (right).

Table 1: Comparison of the possible 1,3-interproton distances [!] for
tetrabromostyloguanidine (22).

Proton pair 22
(relative configuration of
palau’amine from 1993)

22 Expectation without
conformational change

H11/H17 4.11 3.73 change expected
H11/H18 3.32 2.44 no change expected
H12/H17 4.13 2.41 no change expected
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like molecules 35 undergo an enantio- and diastereocontrol-
led dimerization to form 36.[29] A hydration, reaction with an
electrophilic chlorine source, and a cyclization lead via 39 to
42. After tautomerization and oxidation of the remaining
aminoimidazole, “preaxinellamine” (31) is formed.

An alternative proposal was recently put forth which
involves a ring expansion of the cyclobutane nucleus of
sceptrin (2).[31] The proposition that 2 is a biosynthetic
precursor of the other more-complex members of the family
is supported by the extremely high concentrations of 2 found
in many of the organisms that produce ageliferin (8)[8e,32]

(compound 2 has also been isolated from the same organism
as palau!amine (25)[7b]). Cation-initiated expansions of cyclo-
butanes to cyclopentanes have good precedent,[33] and have
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Figure 5. Structural conformations of the central 3-azabicyclo-
[3.3.0]undecane moiety in the original palau’amine configuration (left)
and revised configuration (right).

Table 1: Comparison of the possible 1,3-interproton distances [!] for
tetrabromostyloguanidine (22).

Proton pair 22
(relative configuration of
palau’amine from 1993)

22 Expectation without
conformational change

H11/H17 4.11 3.73 change expected
H11/H18 3.32 2.44 no change expected
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in the new relative configuration adopts an envelope con-
formation whereas in the old relative configuration is twisted
(Figure 5). This explains the differences in the expected
against the actual values of the 1,3 distances (Table 1). For the
pair H12/H17 in which the configurations of both centers are
changed, no difference in the interproton distance would be
expected between the two relative configurations only if the
conformation of the central cyclopentane ring remains the
same. In reality the difference between the two relative
configurations is about 1.70!.

Of the studies dealing with this issue,[15b,16] only that of
tetrabromostyloguanidine (22)[16a] presented a quantitative

analysis of the ROESY spectra. Using the interproton
distances in unison with computation, the results clearly
confirm the new relative configuration.

Finally, there has been some disagreement with regards to
the stereochemistry of the C20-hemiaminal center. The
relative configuration of this center in the palau"amine
congeners differs within the first four reports.[7,13,14] In the
original studies of palau"amine (1, 1993), styloguanidine (19,
1995), and konbu"acidin A (23, 1997) the configuration at C20
was assigned as R (reference center C6 was R configured). In
the second study on palau"amine (1, 1998) the configuration
at C20 was inverted. The justification for this curious
inversion of configuration was solely based on a small NOE
effects.[26] The use of quantitative NMR spectroscopy and
computation clearly indicates that the first assignment of C20
was correct.[16a]

In summary, a reexamination of the palau"amine structure
prompted by the isolation of tetrabromostyloguanidine (22)

Scheme 3. Leucodrine (30) which served as a reference for the
coupling constants between the two bridgehead protons H11 and H12
in the original palau’amine study.[7a] The coupling constants reported
for leucodrine are 8.3 Hz for H8/H9, and 12.4 and 7.8 Hz for H4/
H3+H3’.

Figure 3. Dependence of the H11/H12-coupling constant on the
dihedral angle of tetrabromostyloguanidine (22). The dihedral angle
(H11-C11-C12-H12) was rotated in 58 increments from !1808 to
+1808 and the subsequent coupling constant was calculated accord-
ing to the empirical equation from Ref. [23].

Figure 1. Parameters for the crystal structures of bicyclo[3.3.0]octanes
(top) and 3-azabicyclo[3.3.0]octanes (bottom).[21] The graphs show the
distance (!) versus the dihedral angle between the two bridgehead
protons (H11/H12 in the case of tetrabromostyloguanidine (22)).

Figure 2. Graphical representation of (1R*,4S*,8R*,11S*)-3-(p-nitro-
benzenesulfonyl)-3-azatricyclo[6.2.1.04,11]undecan-9-one, the only com-
pound in the Cambridge Structural Database (CSD) with a trans-fused
3-azabicyclo[3.3.0]octane substructure.
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 Structural Revision of Palau’amine

2c isolated from Stylissa caribica match with those pub-
lished,[12] which indicates an identical relative configuration.
Next, the 13C chemical shifts of 2c in [D6]DMSO were
compared to those of 1 (Figure 2). The shifts at C10, C11, C12,

C16, C17, C18, and C20 were of nearly identical values in both
spectra, whereas the difference for C6 can be explained by the
change of a phakellin to an isophakellin moiety. The high
degree of similarity between the chemical shifts of the
stereogenic centers in the 13C NMR spectra strongly hinted
that tetrabromostyloguanidine (1) and dibromopalau!amine
(2c) possess the same relative configuration.

The qualitative interpretation of the ROESY spectra of 1
revealed a weak signal for H11/H17 and a strong signal for
H12/H17. This result along with the large 1H,1H coupling
constant for the cis-fused five-membered rings (Table 1) was
the first clue to tetrabromostyloguanidine (1) having a
different relative configuration than the currently accepted
structure of dibromostyloguanidine (3c).[10] To examine this
difference a quantitative ROESYanalysis was performed and
the distances between the protons obtained from the ROESY

spectra with different mixing times (100, 150, and 200 ms) of 1
were used for the configurational assignment.[15]

A computational approach was chosen since eight stereo-
genic centers needed to be determined. A combination of
distance geometry (DG)[16] and distance-bounds-driven
dynamics (DDD)[17] calculations using NOE-derived distance
restraints (r) has previously been successfully applied in
assigning the relative configuration of organic molecules.[18]

For these calculations, the floating-chirality (fc) approach can
be adopted, in which the change in the configuration of the
stereogenic centers during the simulation is allowed.[19, 20] In
principle, the DG/DDD approach can calculate all the 256
possible stereoisomers for 1. Since NMR cannot distinguish
between the enantiomers, the stereogenic center at C6 was set
as a reference and thus leaves the possibility to calculate 128
diastereomers.[21,22]

An fc-rDG/DDD calculation with 27 interproton distan-
ces (without H11/H12) used as distance restraints[23] delivered
three structural families (I, II, and III) according to their total
errors (Figure 3).[24] Family I (structures 1–67) exhibited the
lowest total errors with values between 5.50 and 6.62. All 67
structures in this family have the same relative configuration
as shown for 1 (Figure 4). Family II (structures 68–87)

Figure 1. d(13C) values of the eight stereogenic centers of 1 (black
circles), 3c (red squares), and 4(green triangles) in [D6]DMSO.
Alkaloid 4 differs from 1 and 3c in the orientation of the pyrrole
moiety.[14]

Figure 2. d(13C) values of the eight stereogenic centers of 1 (black
circles) with those in 2c (gray squares) in [D6]DMSO. Alkaloids 2c and
1 differ in their orientation of the pyridine moiety.[14]

Table 1: 1H,1H coupling constants [Hz] for 1 and 2c.[a]

Proton 1 2c

H11 H12 14.4 14.5
H12 H13 7.6 7.6
H12 H13’ 10.6 10.3
H12 H18 10.1[b] –
H17 H18 9.9 8.4
H18 H19 4.1[b] –
H18 H19’ 6.5[b] –

[a] 1D 1H spectrum measured in [D6]DMSO (400 MHz). [b] From
homodecoupling (HD) spectra (see the Supporting Information); the
value obtained for H12/H13’ from the HD spectrum is 10.1 Hz.

Figure 3. Result of the fc-rDG/DDD calculations for 1. The 98 gener-
ated structures are ordered according to their total error and are
clustered in three families: I (hollow squares), II (gray squares), and
III (black squares).
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• Isolation/characterization of two new family members

• Differ structurally by disposition of pyyrole

 

• ROESY of 2 showed a weak signal for 

H11/H17 and strong signal for H12/H17

• Comparison of 13C data suggests an 

identical relative configuration 
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 Structural Revision of Palau’amine

• Calculated interproton distances via quantitative ROESY Exp.

• Used fc-rDG/DDD with 27 interproton distances (no restraint on 

H11/H12) to calculate relative configuration.
fc = floating chirality
r = NOE-derived distance restraint
DG = distance geometry
DDG = Distance-bounds-driven-dynamics

-8 stereocenters = 256 stereoisomers

-set C6 and thus maximum is 128

-Computation generated 5 of the 128 

exhibited total errors with values from 9.09 to 16.4. All these
structures have the same relative configuration as 1 but differ
in the assignment of the two diastereotopic protons of both of
the methylene groups (C13 and C19).[25] The last 11 structures
(88–98, family III) exhibited high total errors with values
from 42.1 to 67.4. The reason for this result is that 2 or 3
stereogenic centers are inverted in comparison with 1.
Altogether, only 5 out of the 128 possible diastereomers are
generated by the fc-DG/DDD calculation using the exper-
imental restraints. The 87 structures with lowest total errors
all have the same relative configuration as given for 1.

To achieve greater certainty about the results from the fc-
rDG/DDD analysis, the calculations were also carried out
with fixed chiral centers (rDG/DDD) for several selected
relative configurations (Table 2). The hypothetical structure 5
represents tetrabromostyloguanidine (1) in the relative con-
figuration that has been published for palau!amine (2a), in

which the configuration at C12 and C17 is inverted (indicated
by gray circles). This approach represents a parametrized fit
of minimized errors. As soon as the trans-fused five-mem-
bered rings are changed to cis in the starting structure, the
total error increases dramatically. The results become even
more pronounced when the total errors of the four diaste-
reomers (C11 and C12) are compared: for the relative
configuration of 1, a value of 2.3 is obtained, whereas for
the cis diastereomers (in which the configuration of C11 or
C12 is inverted) values of approximately 60 are obtained. For
the second trans diastereomer (inversion at C11 and C12), the
total error reaches a value of 113. These results also clearly
indicate that the configuration of 1 best matches the available
spectroscopic data.

Since this relative configuration of tetrabromostylogua-
nidine (1) is in contradiction with the configurations pub-
lished for compounds 2a, 3c, and 4 (different at positions C12
and C17 in the cyclopentane ring), a detailed discussion of the
results from the ROESY spectroscopy combined with the
coupling constants must be carried out. The published
configurations for 2a, 3c, and 4 show the protons H11, H12,
H17, and H18 of the cyclopentane ring to be aligned to one
side of the molecular plane,[10–12] which result in short
distances between these four protons. However, Kinnel
et al. reported a weak ROESY correlation from H11 to
H17.[12]

In compound 1, the interproton distance H11/H17 is large
(330 pm), whereas H12/H17 is short (240 pm). This observa-
tion is not in accordance with the published configurations at
centers C11, C12, C17, and C18 of 2a, 3c, and 4. The
interproton distances H11/H18 (235 pm) and H17/H18
(280 pm) further support a different relative configuration.
Kinnel et al. proposed that the aza-bicyclo[3.3.0]octane ring
system is cis fused,[12] which was concluded from the coupling
constant of 14.1 Hz between H11 and H12. Although, a
coupling constant of this magnitude does not preclude a cis
ring fusion, it is more consistent with a trans junction.[27] For 1,
we have observed a similar coupling constant (14.4 Hz), but
all coupling constants measured for 1 (Table 1) in combina-
tion with the results from the ROESY experiments favor a
trans-fused azabicyclo[3.3.0]octane (inversion at C12) along
with an inverted configuration at C17. This proposal differs
from the previously reported structures of compounds 2, 3,
and 4. There are only a few examples of trans-fused bicyclo-
[3.3.0]octane compounds that have been reported, which
suggests that although these structures are not common, they
exist and are stable under standard conditions.[27a,28]

It should be noted that calculation of the distances
between the H11 and H12 atoms would offer a more direct
method for assigning a cis or trans configuration to the
azabicyclo[3.3.0]octane moiety. The cross-peak in the
ROESY spectrum would exist regardless of the relative
configuration of the bicycle (as observed for 4),[9] but a
quantitative analysis should yield an interproton distance in
the range of 220–240 pm for a cis-fused system or 280–300 pm
for a trans-fused system. Unfortunately, the cross-peak
between H11 and H12 could not be quantified in our
investigation of 1 because of an overlap of a TOCSY artifact
with the actual peak. In spite of the apparent disadvantage of

Table 2: Results of the rDG/DDD calculations for 1 and 5.[a]

Configuration Total error Configuration Total error

H11,H12 trans H11,H12 cis
1 2.3 5 55.8
11-epi-1 + 12-epi-1 113.0 11-epi-5 + 12-epi-5 64.2
17-epi-1 15.2 17-epi-5 50.7
20-epi-1 14.9 18-epi-5 55.8
17-epi-1 + 20-epi-1 21.6 17-epi-5 + 18-epi-5 50.7

[a] The calculations were carried out using 27 experimental ROEs
obtained for tetrabromostyloguanidine (1).

Figure 4. Representation of the 67 superimposed structures of family I
from the fc-rDG/DDD calculation of 1. The structures only differ in the
orientation of the bromopyrrole side chain. Atom labels: C black, H
white, O red, N blue, Br pink, Cl green.[26]
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• Evidence for revised structure via chemical synthesis

• Overman and co-workers previously report nice route to cis-fused core
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Structural Revision: Overman Synthesis
• Creating the 3-azabicyclo[3.3.0] core

Katz, J. D.; Overman, L. E. Tetrahedron, 2004, 60, 9559-9568
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Structural Revision: Overman Synthesis
• Creating the 3-azabicyclo[3.3.0] core
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Katz, J. D.; Overman, L. E. J. Am. Chem. Soc., 2007, 129, 12896-12900



Structural Revision: Overman Synthesis

1. EDCI, 4
2. Pg-Change
2. NaBH4, MeOH
3. Ac2O, Pyr
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(63%)
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(51%)

(2/1 ratio of epimers)

• Building in piperdine and bis-guanidines

Katz, J. D.; Overman, L. E. J. Am. Chem. Soc., 2007, 129, 12896-12900



Structural Revision: Overman Synthesis
• Results of spectroscopic comparison

• Largest J-value is still 2 Hz 

lower than palau!amine

• NOE Correlation: 

> 3/4 show strong 

correlation for H11/H12

(NOE correlation not 

mentioned in isolation)

• Chemical synthesis also

supports revised structure 

tances.16 Data gathered from these experiments were evaluated

by comparison to the corresponding distances obtained from in

silico geometry optimization and to values published for

tetrabromostyloguanidine (5).4c Geometry optimizations per-

formed using the molecular modeling packages Maestro 5.0.019

with the AMBER* forcefield including solvation (H2O) and

Spartan 04 (B3LYP 6-31G*) returned consistent results.17

A selected set of diagnostic interproton distances obtained

from NOESY experiments and the corresponding calculated

values are given in Table 2 (for further details see the Supporting

Information).

Overall, experimentally determined interproton distances were

in good agreement with results obtained from molecular

modeling. The similar distances between H11 and H20 for 3

and tetrabromostyloguanidine (5) (270 and 271 pm) and the

respective shorter distance seen in hemiaminal epimer 4

(208 pm), support a relative configuration at C20 of palau’amine

identical to that of analogue 3 and tetrabromostyloguanidine

(5). As expected for the cis-fusion of the five-membered rings,

short distances were obtained between the angular protons H11

and H12 (221 and 228 pm for 3 and 4, respectively). The

corresponding distance in the trans-fused ring system, which is

predicted by molecular modeling to be considerably larger

(304 pm), unfortunately could not be quantified in the investiga-

tion of tetrabromostyloguanidine (5).4c More diagnostic informa-

tion was obtained from the examination of 1,3-interrelated

proton pairs H11/H13!, H11/H18, and H13!/18, situated on
the same side of the molecular plane. In accordance with the

molecular model of cis-configured structure 1, all of these

distances were found to be large (g334 pm) for 3 and 4, whereas
significantly shorter interproton distances (e260 pm) were
reported for tetrabromostyloguanidine (5) and calculated for 2

and hypothetical trans-configured diastereoisomers trans-3 and

trans-4. In particular, the distance between H11 and H13!,
which could be experimentally quantified in all cases, was found

to be 85 pm larger for cis-fused 3 and 4 (335 and 334 pm) than

for tetrabromostyloguanidine (5) (250 pm). No NOE correlations

were observed for proton pairs H11/H18 and H13!/18 in the
case of 3 and 4, whereas the corresponding distances for 5 were

experimentally determined to be short (233 and 260 pm,

respectively). In addition, the close proximity of H12 and H18

(249 and 227 pm) and a NOE correlation between H13R and
H18 (313 and 292 pm), observed in the case of 3 and 4, were

not mentioned in the quantitative analysis of tetrabromosty-

loguanidine (5). As highlighted by Grube and Köck,4c this

discrepancy is best explained by assuming a trans fusion of the

central azabicyclic fragment of palau’amine and congeners.

Conclusions

In summary, the first synthesis of hexacyclic palau’amine

congeners that incorporate both guanidine functional groups has

been accomplished. These palau’amine analogues, 3 and 4, have

the cis configuration of their azabicyclo[3.3.0]octane cores.

Synthetic access to these analogues allowed the first direct

comparison of NMR data for hexacyclic diguanidine structures

having the originally proposed cis-azabicyclo[3.3.0]octane frag-

(16) Interproton distances were obtained from NOESY spectra with different
mixing times (100, 150, and 200 ms). Intensity data from volume integration
of NOESY crosspeaks were calibrated using the geminal proton pair at
C13 (178 pm). Each NOESY spectrum was analyzed separately (linear
approximation, verified by a linear relationship between volume integrals
for different mixing times).

(17) In all cases conformational searches were carried out to determine global
minima. Only minima lacking intramolecular H-bonds were considered for
calculations using Spartan 04. These results are given in the Supporting
Information.

Table 1. 1H and 13C NMR Data for Palau’amine,2b 3, and 4 in D2O

palau’amine 3 4

carbon

13C,
ppm 1H, ppm (mult, J [Hz])

13C,
ppm 1H, ppm (mult, J [Hz])

13C,
ppm 1H, ppm (mult, J [Hz])

2 122.5 120.5 120.3

3 115.6 6.85, (dd, J ) 3.9, 1.5) 115.0 6.97, (dd, J ) 4.0, 1.3) 115.0 6.97, (dd, J ) 4.0, 1.3)

4 113.8 6.35, (dd, J ) 3.9, 2.8) 113.0 6.47, (dd, J ) 4.0, 2.7) 113.2 6.47, (dd, J ) 4.0, 2.7)

5 125.2 6.99, (dd, J ) 2.8, 1.5) 124.7 7.13, (dd, J ) 2.7, 1.3) 124.5 7.10, (dd, J ) 2.7, 1.3)

6 69.0 6.33, (s) 68.1 6.36, (s) 68.7 6.24, (s)

8 157.8 156.9 156.7

10 80.8 82.0 81.8

11 56.3 3.08, (d, J ) 14.1) 53.1 3.82, (d, J ) 12.0) 59.9 3.35, (d, J ) 10.7)

12 41.8 2.52, (dddd) 45.3 3.07, (dddd, J ) 12.0, 10.1, 6.1, 4.1) 44.2 3.15, (dddd, J ) 10.7, 9.9, 5.1, 4.6)

13 46.1 3.96, (dd, J ) 10.4, 7.3) 42.2 4.16, (!) (dd, J ) 12.3, 10.1) 42.7 4.07, (!) (dd, J ) 12.3, 9.9)

3.28, (dd, J ) 10.3, 10.4) 3.65, (R) (dd, J ) 12.3, 6.1) 3.72, (R) (dd, J ) 12.3, 4.6)

15 159.5 157.4 157.4

16 72.1 71.9 70.7

17 74.0 4.35, (d, J ) 7.9) 49.9 2.35, (!) (dd, J ) 14.3, 3.7) 41.2 2.79, (!) (dd, J ) 15.4, 5.1)

2.16, (R) (d, J ) 14.3) 2.02, (R) (dd, J ) 15.4, 2.5)

18 48.6 2.47, (dddd) 70.1 4.34, (m) 69.2 4.34, (m)

19 41.9 3.32, (dd, J ) 13.2, 7.0)

3.24, (dd, J ) 13.2, 7.0)

20 83.7 5.96, (s) 85.8 5.34, (s) 87.9 5.19, (s)

22 157.9 158.7 158.7

Table 2. Selected Experimental and Calculated Interproton
Distancesa

protons 3b 3c 4b 4c 1c trans!3c,d trans!4c,d 5e 5c 2c

11/12 221 221 228 224 226 304 304 304 303

11/13! 335 342 334 343 407 268 267 250 270 263

11/18 n.o. 405 n.o. 407 327 253 258 233 253 277

11/20 270 317 208 221 311 322 264 271 332 334

12/18 249 240 227 240 221 305 305 303 303

13R/18 313 299 292 297 381 346 345 343 334

13!/18 n.o. 349 n.o. 348 359 251 249 260 247 252

a For a more comprehensive dataset see the Supporting Information.
Distances given in pm. b Average distances from NOESY spectra recorded
at 100, 150, and 200 ms mixing times; n.o. ) not observed. c Distances
obtained from molecular modeling using the software package Maestro
5.0.019 with the AMBER* forcefield including solvation (H2O). Global
minima identified by conformational searches were evaluated. d trans-3 and
trans-4 denote structures corresponding to 3 and 4 having trans-configured
azabicyclo[3.3.0]octane ring systems. e Data from ref 4c.

Structure of Palau’amine A R T I C L E S

J. AM. CHEM. SOC. 9 VOL. 129, NO. 42, 2007 12899

Interproton Distance:

b: experimentally determined from NOE

c: calculated distances from computational modeling
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Synthesis of Sceptrin

• First isolated and characterized by Faulkner in 1981

• Formally could arise from a [2+2] of monobromooroidin

• Isolated at ocean depths where photochemistry is unlikely
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Baran Synthesis of (+/-)-Sceptrin

Mechanism?

Baran, P. S.; Zografos, L.; O’Malley, D. P.; J. Am. Chem. Soc., 2004, 126, 3726-3727



Baran Synthesis of (+/-)-Sceptrin
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• 2HCl
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• 1st Reported synthesis of Sceptrin

• No chromatography, 24% yield from DMAD

• Later that year a second synthesis was reported by Birman 

which utilized a [2+2] photocycloaddition 

(see Birman, V. B.; Jiang, X-T. Org. Lett. 2004, 6, 2369-2371

Baran, P. S.; Zografos, L.; O’Malley, D. P.; J. Am. Chem. Soc., 2004, 126, 3726-3727



Sceptrin Relation to Ageliferin

(+/-)-Sceptrin
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Ageliferin

Vinyl Cyclobutane Rearragnement

• Can Ageliferin be obtained from Sceptrin?



FMO-Analysis for [1,3]-Rearrangents
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Antarafacial migration with retention (C*)

Suprafacial migation with inversion (C*)

Rearragements of vinyl-cyclobutenes

Antrafacial allowed for thermal [1,3]-hydride shift, but very rare

-Not likely with hydrogen because p-orbitals are too high in energy

I. Fleming, Frontier Orbitals and Organic Chemical Reactions, John Wiley & Sons, New York, 1978 



(+/-)-Sceptrin
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Synthesis of Ageliferin

• Experimental Test

• First synthesis of Ageliferin

• Observe retention of configuration at migrating carbon suggests 

radical pathway (also, computational study w/Houk) 

• What implications does this have on biosynthesis
Baran, P. S. O’Malley, D. P.; Zografos, A. L..; Angew. Chem. Int. Ed., 2004, 43, 2674-2677



Baran’s Biosynthetic Hypothesis

natural product research as these compounds have extraordi-
nary biological activity and stunning molecular architec-
tures.[2] Indeed, they have inspired a flurry of research in
chemistry.[2] Recently, the long-standing synthetic challenge
posed by sceptrin (1) was solved with a concise sequence that
proceeds in approximately 24% overall yield, can be con-
ducted on a preparative scale, and does not necessitate
chromatography.[3]

Ageliferin (2),[4] isolated in 1986 from Agelas conifera by
Rinehart, is an antiviral agent[4b] and may be a useful
chemical tool for mechanistic studies of actin–myosin
contractile systems.[4c] It has been the subject of
numerous synthetic efforts,[5] all of which are based
upon a widely accepted biosynthetic hypothesis[6]

wherein 2 is derived from two molecules of hymenidin
(debromooroidin, 3) by an enzymatic “Diels–Alderase”
(Scheme 1). We were compelled to question this pro-
posal upon noticing that in every instance in which 2was
isolated, 1 was by far the major constituent (see Figure 1
for an example).[7] We reasoned that if 1 and 2 were
derived from 3 by a divergent pathway (as is pro-
posed[6]), then the observed ratio of 1 and 2 after
isolation should be reversed, solely on thermodynamic
grounds. Thus, to explain this apparent discrepancy, we

envisioned an alternative scenario wherein 1 rearranges to
form 2. Although such a rearrangement should not proceed
thermally in a concerted fashion (see below), it would
constitute an “allowed” event if the reaction proceeded in a
stepwise fashion (radical or ionic processes) or through
photochemical means.[8, 9]

Herein, we report the remarkable thermal conversion of
sceptrin (1) into ageliferin (2). We also present an alternative
biogenetic hypothesis commencing from 1 rather than 3 for
other complex dimeric pyrrole-imidazole alkaloids, including
the axinellamines[10] and palau'amines.[11]

Our explorations began with several unsuccessful
attempts to effect photochemical [1,3] sigmatropic rearrange-
ment of 1. Thus, exposure of 1 to a 450-W Hanovia lamp
(quartz or pyrex filter) for several days led only to gradual
decomposition. Similarly, decomposition was observed when
sceptrin (1) was heated in methanol at temperatures as high as
150 8C in a microwave. We also found the free base of 1 to be
extremely unstable and to decompose into a variety of
products which have not been fully characterized. However,
when 1 was dissolved in water and heated to 195 8C for
1 minute by using microwave irradiation (Scheme 2), we
obtained ageliferin ((! )-2) in 40% yield and identical in all
respects to a natural sample, along with recovered (! )-1
(52%). An NMR spectroscopic comparison of synthetic 1,
synthetic 2, natural 2, and the products of this reaction is

Scheme 1. Structures of ageliferin (2), sceptrin (1), and debromooroi-
din (3) as well as retrosynthetic analysis of 1 and 2.

Figure 1. HPLC chromatogram from the extracts of Agelas coni-
fera. Reproduced from Ref. [7].

Scheme 2. Remarkable conversion of sceptrin (1) into ageliferin (2) and mechanistic
analysis.

Angewandte
Chemie

2675Angew. Chem. Int. Ed. 2004, 43, 2674 –2677 www.angewandte.org ! 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

(1) Baran and co-worker!s proposes that sceptrin is the biosynthetic 

precursor of ageliferin via [1,3]-rearrangement

(2) Previous hypothesis proposes ageliferin is derived from 

debromrooroidin via a [4+2]

natural product research as these compounds have extraordi-
nary biological activity and stunning molecular architec-
tures.[2] Indeed, they have inspired a flurry of research in
chemistry.[2] Recently, the long-standing synthetic challenge
posed by sceptrin (1) was solved with a concise sequence that
proceeds in approximately 24% overall yield, can be con-
ducted on a preparative scale, and does not necessitate
chromatography.[3]

Ageliferin (2),[4] isolated in 1986 from Agelas conifera by
Rinehart, is an antiviral agent[4b] and may be a useful
chemical tool for mechanistic studies of actin–myosin
contractile systems.[4c] It has been the subject of
numerous synthetic efforts,[5] all of which are based
upon a widely accepted biosynthetic hypothesis[6]

wherein 2 is derived from two molecules of hymenidin
(debromooroidin, 3) by an enzymatic “Diels–Alderase”
(Scheme 1). We were compelled to question this pro-
posal upon noticing that in every instance in which 2was
isolated, 1 was by far the major constituent (see Figure 1
for an example).[7] We reasoned that if 1 and 2 were
derived from 3 by a divergent pathway (as is pro-
posed[6]), then the observed ratio of 1 and 2 after
isolation should be reversed, solely on thermodynamic
grounds. Thus, to explain this apparent discrepancy, we

envisioned an alternative scenario wherein 1 rearranges to
form 2. Although such a rearrangement should not proceed
thermally in a concerted fashion (see below), it would
constitute an “allowed” event if the reaction proceeded in a
stepwise fashion (radical or ionic processes) or through
photochemical means.[8, 9]

Herein, we report the remarkable thermal conversion of
sceptrin (1) into ageliferin (2). We also present an alternative
biogenetic hypothesis commencing from 1 rather than 3 for
other complex dimeric pyrrole-imidazole alkaloids, including
the axinellamines[10] and palau'amines.[11]

Our explorations began with several unsuccessful
attempts to effect photochemical [1,3] sigmatropic rearrange-
ment of 1. Thus, exposure of 1 to a 450-W Hanovia lamp
(quartz or pyrex filter) for several days led only to gradual
decomposition. Similarly, decomposition was observed when
sceptrin (1) was heated in methanol at temperatures as high as
150 8C in a microwave. We also found the free base of 1 to be
extremely unstable and to decompose into a variety of
products which have not been fully characterized. However,
when 1 was dissolved in water and heated to 195 8C for
1 minute by using microwave irradiation (Scheme 2), we
obtained ageliferin ((! )-2) in 40% yield and identical in all
respects to a natural sample, along with recovered (! )-1
(52%). An NMR spectroscopic comparison of synthetic 1,
synthetic 2, natural 2, and the products of this reaction is

Scheme 1. Structures of ageliferin (2), sceptrin (1), and debromooroi-
din (3) as well as retrosynthetic analysis of 1 and 2.

Figure 1. HPLC chromatogram from the extracts of Agelas coni-
fera. Reproduced from Ref. [7].

Scheme 2. Remarkable conversion of sceptrin (1) into ageliferin (2) and mechanistic
analysis.
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Thermodynamic Argument of 

Baran and co-workers:

Proposal (2) is not consistent

w/isolation abundance

of 1 compared to 2

• Harsh conditions needed, could an enzyme overcome high activation 

barrier?

•  Biological systems do not always give thermodynamic product (e.g. 

trans-azabicyclo[3.3.0]cyclooctane of Palau!amine)

Baran, P. S. O’Malley, D. P.; Zografos, A. L..; Angew. Chem. Int. Ed., 2004, 43, 2674-2677
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Synthesis of Axenellamine
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Axinellamine

• 1st isolated and characterized in 1999

• Tetracycle with 8 contiguous stereocenters

• Major challenges

> Accessing the fully substituted cyclopentane core

> Introduction of correct oxidation around periphery 



Carreira Synthesis of Axinellamine Core
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Ledford, B. E.; Carreira, E. M.; J. Am. Chem. Soc. 2000, 117, 11811-11812



Carreira Synthesis of Axinellamine Core
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• Racemic -> Meso -> Desymmetrization

Ledford, B. E.; Carreira, E. M.; J. Am. Chem. Soc. 2000, 117, 11811-11812



Carreira Synthesis of Axinellamine Core
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Baran Synthesis of (+/-)-Axinellamine

• Synthesis of cyclopentane core

Yamaguchi, J. Seiple, I. B. Young, I. S.; O’Malley, D. P.; Maue, M.; Baran, P. S. Angew. Chem. Int. Ed. 2008, 47,3578-3580 
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• Installation of bis-guanidines

Yamaguchi, J. Seiple, I. B. Young, I. S.; O’Malley, D. P.; Maue, M.; Baran, P. S. Angew. Chem. Int. Ed. 2008, 47,3578-3580 
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Baran Synthesis of (+/-)-Axinellamine

• Completion of Synthesis

• Overall yield is 0.004 %

• Most complicated pyrrole-imidazole alkaloid synthesized to date
O’Malley, D. P; Yamaguchi, J;. Young, I. S.; Seiple, I. S.; Baran, P. S. Angew. Chem. Int. Ed. 2008, 47,3581-3583 



Conclusions
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• Nature has designed a simple building block able to access extremely 

complex architectures 

• Important lessons to be learned from biosynthesis in regards to future 

synthetic efforts

• Structure elucidation of palau!amine

> Large structural implications

for switching configuration at C12

> Original isolation and characterization

was very close (cis may have originally been 

favored b/c trans is so strained)

> Always double check the data

> Will this pave the road to new 

syntheses? 
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Table I. Reductive Oxygenation of Organic Halides" 

' C6H5MBr - C6Hs'OH + C6H5 L 
80% 14% 

Scheme I 

1 
Bu3Sn' 

-Bu3SnBr 
R-Br - 
l : R = P h  2 

Bu3SnH Bu3SnH OH 

R ~ O O H  - R- OH R b  
- 
-Bu3Sn' 

3 4 (80%) 5 (1 4%) 

Scheme 11 

IB1 X = O , C H 2  
D 

permits a new oxygenative radical cyclization of an olefinic iodide 
(Scheme 11) with incorporation of a hydroxy group at  the cy- 
clization terminus. 

Aerobic conversion of (E)-cinnamyl bromide (1) to cinnamyl 
alcohol (4) illustrates the simplicity and effectiveness of the re- 
action. Dry air was bubbled (1 20 mL/min) at 0 O C  into a solution 
of 1 (1.97 g, 10.0 mmol) in  43 mL of toluene, to which Bu3SnH 
(6.1 1 g, 2 1 .O mmol) was added dropwise. After air was bubbled 
in at 15-20 O C  for 24 h, 0.1 g of NaBH4 in 1 mL of ethanol was 
added (to ensure reduction of 3). Purification of the crude 
productS on silica gel yielded cinnamyl alcohol (4, 1.075 g, 80%) 
and its regioisomer 5 (0.18 g, 14%). Less than 1% of simple 
reduction products (phenylpropenes) was detected in the crude 
mixture. 

Detailed studies of the reaction for 1 and some representative 
substrates provided the following generalizations. (1) A small 
amount of the hydroperoxide 3 may be formed as a side product. 
The use of less than the stoichiometric 2 equiv of Bu3SnH increases 
3, indicating the peroxy radical 26 as an intermediate.' These 
observations coupled with the observed cyclization (Scheme 11) 
indicate that the reaction involves an oxygen-initiated* radical 
chain, shown in Scheme I. (2) Under the present conditions, 
simple reduction products barely form from allylic bromides and 
form in IO-30% yield from alkyl  iodide^.^ (3) With reactive 
halides, the tin hydride is selectively consumed by the halide- 
to-alcohol conversion rather than by molecular oxygen.I0 The 
halide/oxygen selectivity erodes with less reactive alkyl and aryl 
halides." (4) In line with our previous observations,I2 ultrasound 

(4) Hutchings, R. 0.; Taffer, 1. M. J. Org. Chem. 1983, 48, 1360 and 
references therein. 

( 5 )  Curran, D. P.; Chang, C.-T. J. Org. Chem. 1989, 54, 3140. See the 
supplementary material. 

(6) Cf.: Porter, N. A. Arc. Chem. Res. 1986, 19, 262. Boyd, S.; Boyd, 
R. J.; Barclay, L. R. J .  Am. Chem. SOC. 1990,112, 5124, 

(7) Cf.: Porter. N. A.; Wujek, J. S. J .  Org. Chem. 1987, 52, 5085 and 
references therein. 

(8) Under nitrogen, virtually no reaction takes place below room temper- 
ature. 

(9) Recovery and reduction account for the material balance. Slow me- 
chanical addition of the hydride improves the oxygenation/reduction ratio. 

( I O )  The solubility of oxygen in toluene is very low (8.3 X M at 20 
"C) (Battino, R.; Rettich, T.  R.; Tominaga, T.  J .  Phys. Chem. Ref D m  
1983, 12. 163), while the reaction of Bu,Sn' with molecular oxygen is very 
rapid (Maillard, B.; Ingold, K. U.; Scaiano, J. C. J. Am. Chem. SOC. 1983, 
105, 5095). 

( I  1) Bu,Sn' reacts with an alkyl bromide more than an order of magnitude 
more slowly than with an iodide: Ingold, K. U.; Lusztyk, J.; Scaiano, J .  C. 
J. Am. Chem. SOC. 1984. 106, 343. 
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"The  reactions were carried out  in toluene a t  0-20 OC with 2.1-2.5 
equiv of Bu,SnH. Yield (except for entry 2, GC and NMR) are  based 
on pure isolated material. See Table 1 in supplement material for de- 
tails. 

C6H.5 -Br 

94% ' 81% 81 O/O 

55% (GC) 89% 

BocNH 

""COOC H, OSi'BuMe, 

58% 9 1 Yo 65% 

Figure 1. Reductive oxygenation of organic halides. The numbers below 
the structures refer to the isolated yield (except as  otherwise noted) of 
the corresponding alcohol. See the supplement material for detailed data. 

irradiation was found to be beneficial for reactions of allylic 
halides. 

Table I illustrates representative examples of the halide-to- 
alcohol conversions (with 0.2-1 M halide at  0-20 " C ) ,  which 
provided further generalizations. ( I )  Though the stereoselectivity 

(12) Nakamura, E.; Machii, D.; Inubushi, T. J .  Am. Chem. SOC. 1989, 
iii,6a49. 

Nakuamura E. et. al. J. Am. Chem. Soc. 1991, 113, 8980


