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Synthetic Access to the Chlorocyclopentane Cores of the Proposed
Original and Revised Structures of Palau’amine**
Michael S. Bultman, Jun Ma, and David Y. Gin*

The pyrrole-imidazole alkaloids constitute a family of more
than 100 natural products,[1,2] among which palau’amine (1,
Scheme 1) exists as one of the more structurally complex

members. This polycyclic guanidine alkaloid, which was
isolated from Stylotella aurantium, was found to possess
potent cytotoxic, antibiotic, and immunosuppressive activi-
ties.[3] Despite the fact that its acute toxicity is relatively low
(LD50 = 13 mgkg�1 in mice), palau’amine exhibited significant
cytotoxicity in a variety of cancer cell lines, including P-388
(IC50 = 0.1 mgmL�1) and A-549 (IC50 = 0.2 mgmL�1). More-
over, 1 exhibits remarkable immunosuppressive responses in
the mixed lymphocyte assay (IC50< 18 ngmL�1). Elegant
strategies for the synthesis of advanced cyclopentane frag-
ments related to 1 have been reported.[4] These include, inter
alia, a tethered Pauson–Khand approach,[5] Diels–Alder
chlorination/ring contraction,[6,7] Diels–Alder oxidative ring
contraction,[8,9] spirocyclization of alkylidene glycolamidines
and alkylidene hydantoins,[10,11] 1,3-dipolar cycloaddition of
thiosemicarbazide derivatives and alkene/enamide metathe-
sis,[12,13] Diels–Alder cyclopropane fragmentation,[14] oxida-
tive tandem radical cyclization,[15] and most recently intra-
molecular guanidine-conjugate addition[16,17] in a total syn-
thesis of the related axinellamine alkaloids. Additionally,
synthetic efforts toward the phakellin heterocyclic core of 1
have also been reported.[18–25]

The construction of the central chlorinated cyclopentane
skeleton within 1, with control over the relative stereochem-

ical configuration of all of its substituents, emerges as a
demanding challenge in this synthetic target. This synthetic
hurdle is further complicated by the recent discovery high-
lighting the stereochemical revision of palau’amine[26–29] based
on NMR spectroscopy, molecular calculations, and compar-
ison to related natural products. These data suggest that the
endo-disposed C17 chloro group and the C12 cis-fused ring
junction in the originally proposed structure 1a instead exists
as its C12,C17 diastereomeric counterpart 1b, which incor-
porates a rare trans-fused [3.3.0]-bicyclic skeleton.

In focusing on the elaborately substituted cyclopentane
scaffold 2 (Scheme 2) of 1a and 1b, retrosynthetic discon-
nection of the C18�R4 and C16�[N] substituents ([N] =

nitrogen functional group) would furnish the [2.2.1]-bicyclo
substrate 3. The resulting norbornene-like intermediate 3
would possess all of the diverse latent functionalities present
in the cyclopentane core, including the C17-chloro substitu-
ent. However, direct application of a Diels–Alder transform
to 3 is likely to be challenging. Indeed, selectively function-
alized cyclopentadienes such as 4 are not trivial to access, and
diene isomerization is virtually unavoidable if one of the
substituents at C17 is a proton, as in the natural product.

However, control over the configuration at C17, along
with that of the other substituents on the cyclopentane core,
could be established indirectly through the [3,3]-sigmatropic
rearrangement of bridged tricyclodecadienes. The classic
finding by Woodward and Katz[30] which involves the prepa-
ration of the bridged allylic alcohol 6 (Scheme 3), detailed its
susceptibility to equilibration through [3,3]-sigmatropic rear-
rangement to form homoallylic alcohol 7. Mapping the
stereochemical course of the Woodward–Katz reaction of
the C* center in 6/7 (Scheme 3) to that of C17 in 3 (Scheme 2)

Scheme 1. Originally proposed (1a) and revised (1b) structures of
palau’amine.

Scheme 2. Retrosynthetic analysis. [N]=nitrogen functional group.

Scheme 3. Tricyclodecadiene equilibration through [3,3]-sigmatropic
rearrangement.
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bodes well for the preparation of a relatively simple Diels–
Alder adduct that can be used to establish the stereochemistry
of the cyclopentane cores of 1a and 1b.

The strategy was initially validated in a sequence directed
toward the synthesis of the originally proposed structure 1a.
This synthetic sequence commenced with the dihydroquinone
8 (Scheme 4), which is readily available from the Diels–Alder

reaction of benzoquinone with cyclopentadiene. Nucleophilic
epoxidation of the electron-deficient alkene (95% yield)
allowed for ethoxide-mediated Favorskii-like rearrangement
of the resultant keto-epoxide to generate the cyclopentenone
9 (60% yield).[31] Subsequent a alkylation of the ketone
enolate of 9 with BOMCl provided the a-benzyloxymethyl
ketone 10 (53% yield),[32] which served as a versatile
intermediate with which to execute the rearrangement
strategy. Indeed, 10 underwent spontaneous [3,3]-sigmatropic
rearrangement to furnish a significant quantity of the enoate
11 in a 72:28 thermodynamic ratio (10 :11).[33] The cyclo-
pentenone group of 10 was then subjected to conjugate
addition with benzeneselenol in an endo-selective manner.[34]

This operation served to avoid premature sigmatropic rear-
rangement through selective disruption of the 1,5-diene
system in 10 through “protection” of the alkene moiety, and
it capitalized on a Curtin–Hammett energy profile to obviate
the production of enoate 11. This conjugate addition allowed
for subsequent introduction of the C17-chloro substituent
through an initial exo-selective hydride addition to the
C17 ketone (70% yield), followed by activation of the alcohol
and displacement with inversion using a chloride nucleophile,
to afford the exo-chloride substituent at C17 (12 ; 82% yield).
Selenide oxidation and elimination regenerated the 1,5-diene
system (13), which spontaneously underwent [3,3]-sigma-
tropic rearrangement to form the 1,5-diene isomer 14 (92%

yield). This product incorporates the chloro substituent at
C17 in an orientation proximal to the norbornene p function-
ality, and was unambiguously verified by NOE signals
between the C17 hydrogen and the C12 angular proton.

The stereoselective synthesis of tricyclo[5.2.1.0]decadiene
14 establishes the C17-chloro relative stereochemical config-
uration in the originally proposed structure of palauFamine
1a, together with all of the remaining substituents on the
central cyclopentane core in latent form. Advancement of the
enoate 14 (Scheme 5) involved installation of the nitrogen

functionality at the C16 quaternary carbon center; this
process was initially envisioned to proceed through oxidative
cleavage of the enoate group. However, the steric demands
associated with such a reaction with 14 proved insurmount-
able, and led to the implementation of a Beckmann ring
expansion strategy. Accordingly, hydrolysis of the ethyl ester
in 14 allowed for subsequent acyl azide formation and Curtius
rearrangement to afford ketone 15 (87% yield, over 3 steps)
following hydrolysis under acidic conditions. After conversion
of the ketone into the corresponding oxime (91% yield) by
condensation with hydroxylamine,[35] thionyl-chloride-medi-
ated Beckmann rearrangement ensued (54% yield).[36] The
process was completely regioselective, effecting the net
insertion of a nitrogen atom at C16 to form 16, as was
verified by a significant NOE signal between its lactam NH
group and the C20 methylene protons. Functional group
manipulation of the cyclopentene substructure within 16 was
then initiated by alkene ozonolysis followed by a reductive

Scheme 4. Reagents and conditions: a) H2O2, Na2CO3, EtOH, 0 8C,
95%; b) NaOH, EtOH, 23 8C, 60%; c) LiN(TMS)2, �78 8C, THF;
BOMCl, �78 8C!�20 8C, 53%; d) PhSeH, AcOH, EtOH, 0 8C; NaBH4,
0 8C, 70%; e) PBu3, CCl4, 90 8C, 82%; f)mCPBA, �20 8C, CH2Cl2; Et3N,
90 8C, 92%. BOMCl=benzyl chloromethyl ether, Bn=benzyl,
mCPBA= meta-chloroperbenzoic acid, TMS= trimethylsilyl.

Scheme 5. Reagents and conditions: a) NaOH, EtOH, 23 8C, 97%;
b) (PhO)2P(O)N3, Et3N, 23 8C, toluene; MeOH, 80 8C; c) 12n HCl,
MeOH, 23 8C, 90% (2 steps); d) HONH2·HCl, pyridine, EtOH, H2O,
90 8C, 91%; e) SOCl2, Et2O, 23 8C, 54%; f) O3, MeOH, CH2Cl2, �78 8C;
NaBH4; g) Ac2O, pyridine, 23 8C; 77% (over 2 steps); h) Boc2O,
DMAP, THF, 23 8C!85 8C, 99%; i) K2CO3, MeOH, H2O, 23 8C;
j) TsOH, CH2Cl2, 23 8C, 96% (over 2 steps). Boc= tert-butoxycarbonyl,
DMAP=4-dimethylaminopyridine, Ts= para-toluenesulfonyl.
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work up (NaBH4)
[11] to afford the corresponding diol.

Protection of the hydroxy groups provided the bis(acetate
ester) 17 (77% yield, over 2 steps), thus allowing for
N acylation of the lactam with Boc2O to furnish the bicyclic
imide 18 (99% yield). Further elaboration to a less-strained
advanced cyclopentane intermediate, with differentiation of
C13 and C6 oxygen functionalities, can also be accomplished
by saponification of both acetate esters, which is accompanied
by hydrolysis of the cyclic imide. Treatment of the resultant
diol carboxylic acid under acidic conditions effected an
intramolecular ester formation to afford lactone 19 (96%
yield, over 2 steps). The structure of 19 was verified by
extensive NOE analysis, from which the relative stereochem-
ical arrangement of its synthetic precursors could also be
inferred with confidence. Both the bridged (i.e., 18) and non-
bridged (i.e., 19) cyclopentane cores map directly onto the
originally proposed structure of palau’amine (1a). Indeed,
both have the potential to serve as useful advanced precursors
for future elaboration of the nitrogen-rich periphery of 1a.

However, the recent evidence supporting a revised
structural assignment for palauFamine (1b) challenged the
utility of this route in its ability to access the redefined target
structure. Nevertheless, the above-described Diels–Alder/
[3,3]-rearrangement strategy could also be conveniently
modified to accommodate the stereochemical inversions at
C12 and C17. This effort revisits the common early-stage
enone intermediate 10 (Scheme 4), which was found to exist
in a 72:28 isomeric ratio with its enoate counterpart 11. This
dynamic 10/11 mixture was subjected to selective Meerwein–
Verley–Pondorf reduction of the bridging ketone group in 11,
giving the secondary alcohol 20 in high yield (> 97%;
Scheme 6). This process again capitalizes on the Curtin–

Hammett energy profile of the system, only this time in the
opposite direction to advance 10 through sigmatropic rear-
rangement and reduction. The hydroxy group in 20 under-
went substitution with chloride resulting in net retention of
configuration at C17, presumably as a result of p-bond
anchimeric assistance,[37] to afford the chloride 21 (97% yield,
over 2 steps), which constitutes the C17 epimer of 14 (see
Scheme 4).

Further derivatization of the tricyclo[5.2.1.0]decadiene 21
(Scheme 7) followed a similar strategy to that of its
C17 epimer. Removal of the ester carbon moiety was
accomplished through ester hydrolysis and Curtius rearrange-
ment to afford ketone 22 (92% yield, over 3 steps). The C16-
nitrogen functionality was introduced, as before (see
Scheme 5), by regioselective Beckmann rearrangement fol-

lowed by Boc protection of the resultant lactam to obtain
imide 23 (53% yield, over 3 steps). Upon cleavage of the
alkene in 23 by Lemieux–Johnson oxidation (Scheme 7) and
exposure to silica gel and Et3N, C12 epimerization ensued to
provide the di-aldehyde 24 (86% yield) as the thermodynami-
cally favored diastereomer. The successful preparation of 24
constitutes a near-functional equivalent to the bridged
chlorocyclopentane 18 (see Scheme 5), with the key stereo-
chemical differences residing at C12 and C17. Moreover, an
alternate sequence by which to prepare an appropriately
functionalized non-bridging form of the chlorocyclopentane
core of 1b can be accomplished by direct ozonolysis of the
cyclopentene in 23 (Scheme 7), followed by reduction with
NaBH4 and exposure to TsOH. This process led to sponta-
neous intramolecular alcoholysis of the imide to form the
C13–C19 lactone, whose C6 hydroxy group was protected as
the silyl ether 25 (91% yield, over 2 steps). Removal of the
C20 benzyl ether and tethering of the resultant hydroxy group
with the C16 carbamate (26 ; 62% yield, over 2 steps)
precluded unproductive aziridine formation at this junc-
ture.[38,39] This strategy allowed for sequential lactone hydro-
lysis, methyl ester formation, and C12 oxidation/epimeriza-
tion to afford aldehyde 27 (90% yield, over 3 steps), which is a
near-functional equivalent of the C12,C17 diastereomeric
counterpart to the chlorocyclopentane 19 (see Scheme 5).
Thus, stereoselective access to the advanced intermediates 24

Scheme 6. Reagents and conditions: a) Al(OiPr)3, iPrOH, reflux;
b) SOCl2, CH2Cl2, 45 8C, 97% (over 2 steps).

Scheme 7. Reagents and conditions: a) NaOH, EtOH, 23 8C, 98%;
b) (PhO)2P(O)N3, Et3N, toluene, 23 8C; EtOH, 80 8C; c) HCl, EtOH,
94% (over 2 steps); d) HONH2·HCl, pyridine, EtOH, H2O, 95 8C, 96%;
e) SOCl2, Et2O, 23 8C, 59%; f) Boc2O, Et3N, DMAP, THF, reflux, 94%;
g) OsO4, NaIO4, THF, H2O, 23 8C; SiO2, Et3N, EtOAc, 23 8C, 86%;
h) O3, MeOH, CH2Cl2 �78 8C; NaBH4, 23 8C; i) TsOH·H2O, CH2Cl2,
23 8C; TIPSCl, imidazole, 23 8C, 91% (over 2 steps); j) Pd(OH)2/C, H2,
THF, 23 8C; k) TsOH·H2O, PhCH(OMe)2, toluene, 23 8C, 62% (over 2
steps); l) NaOH, MeOH, 23 8C; m) TMSCHN2, benzene, MeOH,
23 8C; n) Dess–Martin periodinane, CH2Cl2, 23 8C; SiO2, Et3N, CH2Cl2,
23 8C; 90% (over 3 steps). TIPS= triisopropylsilyl.
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and 27 provides promising avenues towards preparation of
the revised palau’amine structure 1b.

In summary, the syntheses of the functionalized chloro-
cyclopentane cores of both the proposed original and revised
structures of palau’amine have been accomplished. The
essential features of the syntheses include a Diels–Alder/-
[3,3]-sigmatropic rearrangement sequence and Beckmann
rearrangement, allowing for construction of the highly con-
gested central cyclopentane with high stereocontrol.
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