
Total Synthesis of Bioactive Tricyclic Marine Alkaloids, Lepadiformine

and Related Compounds

Chihiro Kibayashi,� Sakae Aoyagi, and Hideki Abe

School of Pharmacy, Tokyo University of Pharmacy and Life Science, Horinouchi, Hachioji, Tokyo 192-0392

Received July 1, 2003; E-mail: kibayasi@ps.toyaku.ac.jp

The first total synthesis of tricyclic marine alkaloids (�)-fasicularin (2) and (�)-lepadiformine (5) has been
accomplished. The key common strategic element for the synthesis is the stereocontrolled intramolecular hetero-
Diels–Alder reaction of an N-acylnitroso moiety with an exocyclic diene with or without bromine substitution to control
the syn-facial or anti-facial selectivity, respectively. This reaction leads to the trans- or cis-fused decahydroquinoline ring
systems 13 or 23 involving the simultaneous introduction of the nitrogenated quaternary center in a single step. On further
elaboration of the six-membered or five-membered ring A, the trans-fused adduct 13 provided either (�)-fasicularin (2) or
(�)-lepadiformine (5). The hydrochloride salt of synthetic (�)-5 was found to be identical with the isolated natural sam-
ple of lepadiformine, however, the tricyclic amino alcohol 4 that has the proposed structure of lepadiformine in a non-
zwitterionic form, derived from the cis-fused adduct 23, was found to be different from lepadiformine by spectral
comparison. These results thus unambiguously established the relative stereochemistry of lepadiformine, formerly as-
signed incorrectly, as shown by 5. The synthesis of natural (�)-enantiomer of lepadiformine was then undertaken using
a highly efficient protocol involving a new variant of the N-acyliminium ion-initiated intramolecular spirocyclization in
which a conjugated diene was exploited as a � nucleophile. Thus, the synthesis is accomplished in nine steps with 31.4%
overall yield, making this the most selective and shortest synthesis of lepadiformine to date. Direct comparison of chiral
HPLC analysis of synthetic (�)-lepadiformine and the natural product allowed to assign the absolute configuration of nat-
ural lepadiformine to be 3R,5S,7aR,11aR.

Tunicates (ascidians) have been proven to be a particularly
rich source of a variety of structurally fascinating and bioactive
nitrogen compounds.1 Since the first members were reported in
1993, 11 cylindricines A–K have been identified from the Tas-
manian ascidians Clavelina cylindrica as new marine alka-
loids2 with a tricyclic ring system unprecedented among natural
products, consisting of the perhydropyrrolo[2,1-j]quinoline or
the perhydropyrido[2,1-j]quinoline. Shortly after the first iso-
lation of cylindricines A (1a) and B (1b),2a Biard and co-work-
ers reported the isolation and structure elucidation of a closely
related marine alkaloid, named lepadiformine, from the marine
tunicate Clavelina lepadiformis collected in the Mediterranean
near Tunisia3a in 1994 and later from Clavelina moluccensis
found along the Djibouti coast.3b It was found to be moderately
cytotoxic toward various tumor cell lines in vitro. Moreover, a
recent study indicated that lepadiformine is very active in the
cardiovascular system in vivo and in vitro and suggested that
it has antiarrhythmic properties.3b On the basis of extensive
spectral analysis, this alkaloid was assigned the unusual zwit-
terionic structure 3. Although its specific rotation value in a
chloroform solution was reported to be zero, it is believed that
lepadiformine is not racemic (Fig. 1).

In addition to these tricyclic alkaloids, fasicularin (2) was

discovered in 1997 by Patil and co-workers4 from the Microne-
sian ascidian Nephteis fasicularis, which has selective activity
against a DNA repair-deficient organism and is cytotoxic to
Vero cells. The structure and relative stereochemistry of 2were
deduced on the basis of NMR studies, though the absolute con-
figuration is still unknown.

The novel structural features and biological significance of
these tricyclic alkaloids represent a promising new class of ni-
trogen heterocycles biosynthesized by ascidians (such as indo-
lizidines, quinolizidines, and decahydroquinolines), and have
attracted the increasing attention of organic chemists during
the past several years. Until our project that aimed at the total
synthesis of lepadiformine and related tricyclic alkaloids start-
ed in 1997, some approaches for the total syntheses of cylindri-
cines A, D, and E (1a, 1d, and 1e)5 had been developed, but no
synthetic investigations had been reported on lepadiformine or
on fasicularin.

Recently, we achieved the first total synthesis of racemic fa-
sicularin and lepadiformine, the latter of which led to a revision
of the proposed structure 3 of lepadiformine to 5.6 We wish to
describe some of the details of our recent investigations in this
area. The enantioselective synthesis of (�)-lepadiformine7 that
allowed the establishment of the absolute configuration of the
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natural lepadiformine will also be outlined.

1. Synthetic Design

At the outset of our project, since the above arguments per-
taining to the lepadiformine structure had not been published,
we planned to synthesize lepadiformine based on 4 having
the stereochemistry originally assigned. Also, we became in-
terested in fasicularin (2) as a target for synthesis. Since these
compounds 2 and 4 comprise a perhydroquinoline ring system,
which is a common core unit present in this class of alkaloids,
with trans and cis ring fusions, respectively, it presented an op-
portunity for the diastereoselective construction of the perhy-
droquinoline skeleton. Accordingly, the route for the synthesis
of 2 and 4 we envisaged is shown in Scheme 1. Conceptually,
this approach involves as the key feature an intramolecular het-
ero-Diels–Alder reaction using an N-acylnitroso compound 7,
generated from a hydroxamic acid 6, wherein anti and syn-fa-
cial additions are formally possible through endo transition
states 7a and 7b to form B/C trans- and B/C cis-fused cyclo-
adducts 8a and 8b, respectively, which correspond to fasicular-
in (2) and compound 4.

The hetero-Diels–Alder reaction of N-acylnitroso com-
pounds has been widely investigated and has been proved to
be useful for natural products synthesis because of its potential
for further structural elaboration.8,9 However, there was only

one example of the use of an exocyclic diene as a diene compo-
nent in the intramolecular acylnitroso-Diels–Alder reaction for
the formation of a fused 7/6 ring system.10 In this case, syn-fa-
cial stereochemistry was predominant as a result of the ap-
proach of the acylnitroso moiety to the exocyclic diene moiety
from the same face to the anchor position of the tether, albeit in
low selectivity. These findings suggest that the nitroso–diene
intermediate generated from 6 prefers a syn-facial approach
via 7b to form the B/C cis-fused adduct 8b rather than the
B/C trans-fused adduct 8a. Inspection of molecular models,
however, suggests that the anti-facial transition state conforma-
tion 7a leading to trans selectivity is the energetically most fa-
vorable among the possible conformations (vide infra).

2. Diastereofacial Intramolecular Hetero-Diels–Alder
Reaction of Acylnitroso Compounds

We thus began our synthetic method by examining the cyclo-
addition of the acylnitroso compound 12 (Scheme 2). Upon ox-
idation of the hydroxamic acid 11, prepared from the 2-substi-
tuted cyclohexanone 9 in 10 steps, with Pr4NIO4 under the con-
ventional nonaqueous conditions using CHCl3 at 0 �C, the in
situ generated acylnitroso compound 12 was subjected to intra-
molecular [4þ 2] cycloaddition to yield the B/C trans-fused
and cis-fused tricyclic lactams, 13 and 14, with low diastereo-
selection of 2.1:1 in 58% combined yield (see Table 1, entry 1).

Fig. 1.
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The use of water as the solvent for Diels–Alder reaction im-
proves rate, yield, and selectivity owing to hydrophobic effect
on a reactant encapsulated in a cavity surrounded by a hydro-
gen-bonding network of water molecules.11 Indeed, our previ-
ous studies revealed that the use of aqueous conditions for in-
tramolecular acylnitroso-Diels–Alder reaction effects signifi-
cant enhancement of the diastereoselectivity due to the hydro-
phobic effect.12 Accordingly, the cycloaddition of 11 was
carried out in aqueous media; the results obtained are collected
in Table 1 (entries 2–5). As can be seen, employing these aque-
ous conditions significantly enhanced the desired trans selectiv-
ity (4.5:1–4.8:1) as well as the yields (75–84%).

The trans facial preference observed in the cycloaddition of

11 can be rationalized in terms of endo transition states 12. The
syn-facial transition state conformer 12B leading to the cis-
fused adduct 14 would produce repulsive interactions between
the ring methylene group at C3 and the nitroso-containing teth-
ering side chain and also between the C5-methylene group and
the nitrogen atom (Chart 1). The other possible syn-facial con-
former 12C leading to the cis-fused adduct 14 would be dis-
favored due to the tethering side chain placed into an axial
position. Thus, avoidance of these unfavorable steric interac-
tions should lead to the most favored anti-facial conformer
12A, in which the tethering side chain is equatorially disposed,
affording the trans-fused adduct 13. The hydrophobic effect in
this case may have contributed to stabilizing the more compact
endo transition state conformer 12A rather than 12B and 12C,
on enhancement of the trans selectivity as well as the yield.

To the best of our knowledge, the predominant formation of
the trans-adduct via such an anti-facial transition state with the
dienophile approaching from the face opposite to the anchor
position of the tether has not been previously recognized in
an intramolecular Diels–Alder reaction.13

From these results, we expected that the cycloaddition using
the nitroso–diene compound with bromine substitution at the
diene tether would lead to the preferential formation of the
B/C cis-fused adduct 16a, since a syn-facial transition state
15A with the tethering 2-alkyl side chain adopting an axial po-
sition to avoid the 1,3-allylic strain14 with the bromine atom is
predicted to be energetically more favorable than an anti-facial
one 15B leading to the B/C trans-fused adduct 16b (Chart 2).
We thus next turned our attention to the cycloaddition using
the bromine-substituted nitroso–diene compound.

The ketone 17 underwent Horner–Emmons olefination fol-
lowed by DIBALH reduction to give the unsaturated aldehyde
18, which was subjected to anti-addition of bromine followed
by base-induced dehydrobromination to form the (Z)-exocyclic
olefin and converted to the bromo diene 19 (Scheme 3). After
transformation of 19 to the ester 20 in 5 steps, treatment with
hydroxylamine provided the hydroxamic acid 21.

Exposure of 21 to Pr4NIO4 in a CHCl3 solution at room tem-
perature allowed the acylnitroso–diene 22 generated in situ to
undergo intramolecular cycloaddition; however, although the
TLC analysis revealed that the starting material disappeared
within 20 min, the reaction produced only a poor yield (8%)
of the cycloadducts 23 and 24 in a 2.6:1 ratio, though the de-
sired cis-fused cycloadduct 23 was predominantly formed as
expected. Neither prolonging the reaction time at room temper-
ature nor heating at reflux temperature improved the yield of
the cycloadducts; in the latter case, rapid decomposition of
the substrate resulted. The poor yield in this cyclization would

Table 1. Intramolecular Diels–Alder Reaction of the N-Acyl Nitroso CompoundaÞ

Entry Periodate Solvent 13:14bÞ Yield/%cÞ

1 Pr4NIO4 CHCl3 2.1:1 58
2 Pr4NIO4 H2O–MeOH (5:1) 4.5:1 80
3 Bu4NIO4 H2O–MeOH (5:1) 4.5:1 84
4 Bu4NIO4 H2O–DMF (5:1) 4.7:1 75
5 Bu4NIO4 H2O–DMSO (5:1) 4.8:1 77

a) All reactions were carried out by treatment of the hydroxamic acid 11 with the periodate at 0 �C
for 30–45 min. b) The ratios were determined by HPLC analysis. c) Isolated combined yields.

Scheme 1.
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Scheme 2.

Chart 1.
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be attributed to a significant decrease of the reactivity of the
acylnitroso compound 22 due to the attachment of an elec-
tron-withdrawing bromine atom to the diene moiety, which
would lead to decomposition of the in situ generated 22 with
properties associated with the RCO–N=O species, namely,
they are extremely labile and short-lived.9a To overcome these
problems including the inherent disadvantage of the acylnitroso
compound, we sought to utilize the 9,10-dimethylanthracene

adduct 25, which was considered to be a stable acylnitroso
equivalent.15 Thus, upon exposure of 21 to the same oxidation
conditions (Pr4NIO4, CHCl3, room temperature) in the pres-
ence of 9,10-dimethylanthracene, intermolecular cycloaddition
reaction smoothly proceeded to form the adduct 25 in 84%
yield (Scheme 4). Thermolysis of 25 in refluxing benzene
caused a retro Diels–Alder reaction to regenerate the intermedi-
ate acylnitroso–diene 22, which immediately underwent intra-

Scheme 3.

Chart 2.
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molecular cycloaddition under the reaction conditions. It af-
forded the cycloadducts 23 and 24 in 75% yield and in a
5.5:1 ratio favoring the B/C cis-fused adduct 23 in contrast
to the facial selectivity (anti) observed in the cycloaddition with
the non-brominated acylnitroso–diene 12 described above.

3. Synthesis of (�)-Fasicularin

Having obtained the desired trans-fused cycloadduct 13
through the face-selective anti-addition described above, we
initially focused our efforts on the total synthesis of fasicularin
(2). After catalytic hydrogenation of the double bond of 13,
the hydroxy-protecting group was changed from MOM to ben-
zyl to give 27, which was subjected to N–O bond cleavage by
treatment with sodium amalgam and converted to the tosylate
28 (Scheme 5). Cyclization of 28 to the tricyclic lactam 29
was accomplished using sodium hydride in THF at reflux to
give an essentially quantitative yield. Since attempts to intro-
duce the hexyl side chain into the lactam ring in 29 were unsuc-
cessful, ring-opening of the lactone ring was deemed necessary
for the attachment of the hexyl side chain. Thus, 29 was ex-
posed to LiNH2BH3, prepared from BH3�NH3 and BuLi,16

leading to reductive ring-opening,17 and it underwent subse-

quent N-protection to yield the alcohol 30. Swern oxidation
of 30 followed by sequential addition of the hexyl Grignard re-
agent and PCC oxidation provided the ketone 31.

Palladium-catalyzed hydrogenation of 31 resulted in ring
closing via hydrogenolytic cleavage of the Cbz group followed
by hydrogenation of the in situ generated iminium ion 32 to
form the tricyclic products 33 and 34 in slight preference for
the undesired isomer 33 (1.3:1, 86% combined yield) with
the configuration at the hexyl group inconsistent with that of fa-
sicularin (Scheme 6).

The formation of the desired isomer 34 was thus found to be
less favored probably due to the steric hindrance in an interme-
diary iminium ion 32 that disturbs hydrogen delivery from the
sterically congested � face. To circumvent this problem asso-
ciated with the face selectivity of the hydrogenation, we envis-
aged the use of a substrate bearing a hydroxy group to be bound
to the catalytic surface during hydrogenation so as to enforce
the addition of hydrogen from the sterically hindered �
face.18 For this purpose, the silyl protecting group in 31 was
removed and subsequent inversion of configuration at the sec-
ondary alcohol center in 35 using the Mitsunobu procedure19

led to the epimerized alcohol 36 (Scheme 7). We first exam-

Scheme 4.
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ined the reductive cyclization of 36 in ethanol, which proceed-
ed under the hydrogenolytic conditions with palladium on car-
bon to provide a 1:1.7 mixture of the tricyclic products 38 and
39 in 63% combined yield favoring the undesired 6�-hexyl iso-
mer 39 (Table 2, entry 1). The use of ethyl acetate as a solvent
resulted in the preferential formation of 38 as well with a slight

decrease of the 38/39 ratio (1:1.3) (entry 2). The results indi-
cate that the use of a polar solvent does not lead to the face se-
lectivity of the hydrogenation in the desired sense, presumably
due to the competitive association of the solvent molecule with
the metal surface, which diminishes the directing effect of the
hydroxy group in the iminium intermediate 37. We envisaged

Scheme 5.

Scheme 6.
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the hydrocarbons as nonpolar solvents, which do not compete
for binding sites of the catalytic surface, thus enforcing the hy-
droxy group–catalyst association and thereby favoring forma-
tion of the desired 6�-hexyl isomer 38.20 Therefore, the cata-
lytic hydrogenation of 36was carried out using benzene and cy-
clohexane, whereby the stereochemical outcome of the cycliza-
tion was found to be reversed as expected, affording the desired
6�-hexyl isomer 38 that predominated with ratios of 3.4:1 and
5.2:1, respectively, over its 6-epi isomer 39 (entries 3, 4).

The 6�-hexyl side chain occupying the equatorial position
postulated for 38 was irrevocably confirmed by the X-ray crys-
tal structure analysis (Fig. 2). We expected that the 6�-hexyl
isomer 39 would adopt the conformation 39a in a twist-boat

form for ring B leaving the hexyl group in the equatorial posi-
tion to avoid severe steric interaction between the �-hexyl
group and ring A bearing the �-hydroxy group present in the
chair conformation 39b. This is in agreement with molecular
mechanics (MM3) calculations (Molecular Mechanics, Version
4.0, CAChe system, Oxford Molecular Group, Inc.), which
show that the twist-boat conformation 39a is ca. 2.0 kcal/mol
more stable than the chair conformation 39b.

For the final thiocyanation step, we expected to introduce the
thiocyanato groupwith the correct stereochemistry via a nucleo-
philic displacement reaction of the mesylate of 38 in an SN2

Table 2. Cyclization of 36 via Intramolecular Reductive
Amination

Entry Solvent 38:39aÞ Yield/%bÞ

1 EtOH 1:1.7 63
2 AcOEt 1:1.3 66
3 benzene 3.4:1 65
4 cyclohexane 5.2:1 62

a) The ratios were based on the isolated products. b) Isolated
combined yield.

Fig. 2. The X-ray structure (Chem3D representation) of 38�HCl.

Scheme 7.
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fashion. However, all attempts using KSCN under various con-
ditions gave only elimination and decomposition products. To
circumvent this problem in this thiocyanation strategy, an alter-
native route to convert 38 directly into (�)-fasicularin (2) was
next sought. Treatment of 38 with the isothiocyanatophospho-
nium salt21 resulted in no reaction (at �45 �C to room temper-
ature) or in formation of a small amount of the isothiocyanate
(at 60 �C); however, a Mitsunobu condensation (Ph3P, DEAD,
benzene)22 with thiocyanic acid proceeded with complete in-
version of configuration at the reaction center to provide (�)-
fasicularin (2), albeit in low yield (20%) and with concomitant
formation of an elimination product (54%) and an isothiocya-
nate (2%). The synthetic material of (�)-2 so obtained showed
1H and 13CNMR spectra in full agreement with those of natural
fasicularin, which verified the structure and relative stereo-
chemistry proposed in the literature4 for the natural product.

4. Synthesis of the Putative Structure of Lepadiformine

The next object of our research was the synthesis of the pu-
tative structure 4 of lepadiformine in the nonzwitterionic form
utilizing the above-described B/C cis-fused cycloadduct 23 in-
cluding a small amount of the trans-fused isomer 24, which
were obtained as an inseparable 5.5:1 diastereomeric mixture.
Reduction of the double bond, debenzylation, and debromina-
tion of this mixture were accomplished by hydrogenation over
palladium on carbon in the presence of Et3N in a single opera-
tion, affording the cis-fused isomer after chromatographic
separation. Subsequent reductive N–O bond cleavage using so-
dium amalgam gave the 1,2-diol 40, which was converted to the
epoxide 41 via selective mesylation of the primary alcohol
function followed by alkaline treatment (Scheme 8). Treatment
of 41 with sodium hydride in refluxing THF caused selective
intramolecular 5-exo-epoxy ring-opening to form the tricyclic
lactam in preference to the 6-endo-epoxy ring-opening. After
protection of the hydroxy group as the MOM ether, reductive
lactam ring-opening of 42 was effected using LiNH2BH3, lead-
ing to the azaspiro alcohol which underwent N-protection to
give 43. Swern oxidation of 43 and subsequent addition of hex-
ylmagnesium bromide followed by PCC oxidation afforded the
ketone 44. Cyclization of 44 could be successfully performed
via intramolecular reductive amination under catalytic hydro-
genation conditions to produce 46 as a single isomer. The pref-
erential formation of this diastereomer can be explained by in-
voking an iminium intermediate 45 in which hydrogenation
should occur on the less hindered � face.

Finally, removal of the MOM protecting group from 46 un-
der methanolic HCl conditions and subsequent saturated
Na2CO3 workup provided the tricyclic amino alcohol 4. It
possessed the stereostructure proposed for lepadiformine,
which was found to exist in a non-zwitterionic form as shown
rather than the proposed zwitterionic structure 3. The spectral
properties (1H and 13CNMR) for both the free base and the hy-
drochloride salt of the synthetic material, however, were clearly
different from those reported3a for natural lepadiformine.

5. Total Synthesis of (�)-Lepadiformine

While our work was in progress, Weinreb et al.23 reported
the synthesis of the putative structure 4 of lepadiformine and
found their synthetic material to be different from natural

lepadiformine. At the same time, Pearson et al.24 described
the synthesis of a series of the tricyclic amino alcohols 47–49
constituting the cis-perhydroquinoline ring system which corre-
sponds to three of the four possible diastereoisomers of 4 at C3
and C5 (Fig. 3); however, none of these compounds was found
to be compatible with lepadiformine. These results called into
question the validity of the published structure of lepadiformine
and also ruled out the possibility that lepadiformine consists of
the cis-perhydroquinoline ring system, suggesting that it must
constitute the trans-fused perhydroquinoline ring system as in
fasicularin. Furthermore, the cis relationship between the
C3-hydroxymethyl group and the C11 methylene group has
previously been defined by NOESY correlation.3a Considering
these findings and the NMR spectral evidence, two structures
50 and 5 both including the trans-fused decahydroquinoline
framework can be reasonably proposed for lepadiformine
(Fig. 4).

It was envisioned that these compounds 50 and 5 could be
constructed by utilizing the above-described tricyclic lactam
26, the intermediate for the synthesis of fasicularin, as the start-
ing material having the trans-fused octahydroquinolinone unit.
To investigate this approach, 26 was subjected to reductive
cleavage of the N–O bond followed by mesylation to give the
mesylate 52, which upon treatment with t-BuOK furnished
the tricyclic lactam 53 (Scheme 9). Reductive lactam ring-
opening of 53 using LiNH2BH3 followed by N-protection

Fig. 3. The cis-perhydroquinoline series of the tricyclic
amino alcohols.

Fig. 4. The trans-perhydroquinoline series of the tricyclic
amino alcohols with the C3-hydroxymethyl and the C11-
ring methylene groups in the cis relationship.
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and Swern oxidation provided the azaspirocyclic aldehyde 54.
Addition of the hexyl Grignard reagent to 54 afforded the epi-
meric secondary alcohols 55 and 56 with a 2.0:1 ratio favoring
the �-isomer 55 in 84% combined yield. The minor �-isomer
56 could be converted to the �-isomer 55 by inversion of the
hydroxy configuration using the Mitsunobu procedure in 90%
yield; thus, the total yield of 55 from the aldehyde 54 was 81%.

After PCC oxidation of the 2.0:1 epimeric mixture of the al-
cohols 55 and 56 described above, the resulting ketone 57 un-
derwent ring closure upon catalytic hydrogenation to form the

tricyclic compound. Subsequent removal of the MOM protect-
ing group under the standard acidic conditions afforded the tri-
cyclic amino alcohol 50 (Scheme 10). The spectra (1H and
13CNMR) of both the free base and the hydrochloride salt of
50 were found to be different from those reported3 for natural
lepadiformine.

Our next concern was the synthesis of another target 5 by uti-
lizing the �-alcohol 55. Thus, after hydrogenolytic removal of
the Cbz group, the resulting amino alcohol 58 was exposed to
CBr4 and Ph3P. This led to smooth dehydrocyclization25 with

Scheme 8.
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complete inversion of the configuration at C30 to form 59
(Scheme 11). Deprotection of the MOM protecting group with
concentrated HCl in methanol and subsequent basic treatment
provided (�)-5 as an oil. Further treatment of this material with
methanolic HCl, followed by evaporation of the solvent, result-
ed in the hydrochloride salt of (�)-5 as a solid. This provided
single crystals from recrystallization in ether, thus allowing
structural assignment to be unambiguously secured by X-ray
analysis, which revealed the stereochemistry of (�)-5�HCl

with the B ring in a somewhat unusual boat (twist-boat) form
with the preferred adoption of an equatorial orientation of hexyl
side chain (Fig. 5). Although both 1H and 13CNMR spectral
data for synthetic (�)-5 as the free base were distinctly differ-
ent from those published3a for natural lepadiformine, measure-
ment of the 1H and 13CNMR spectra of the synthetic hydro-
chloride salt (�)-5�HCl allowed direct comparison with the
spectra on natural lepadiformine kindly provided by Professor
Biard, revealing an exact match. This finding strongly implies
that the structure of natural lepadiformine reported in the liter-
ature3a was actually that of the hydrochloride salt; this is under-
standable because the isolation of the natural alkaloid was
made by evaporation of an acidic solution (MeOH–1 M HCl,

Scheme 9.

Fig. 5. The X-ray structure (Chem3D representation) of
synthetic (�)-lepadiformine hydrochloride [(�)-5�HCl].

Scheme 10.
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99:1) of the chromatography fraction. These results therefore
clearly indicate that structural formula 3 involving the zwitter-
ionic structure originally assigned to natural lepadiformine
should be revised to 5 as shown.

6. Total Synthesis of (�)-Lepadiformine

After the above establishment of the relative stereochemistry
of lepadiformine, two syntheses of racemic lepadiformine were
reported by Weinreb26 and Funk27 based on spirocyclization of
an allylsilane–N-acyliminium ion and amidoacrolein-derived
Diels–Alder reaction, respectively. However, because the nat-
ural product is not crystalline and its crystalline derivatives
could not be prepared, efforts to obtain an X-ray structure of
natural lepadiformine for the determination of the absolute con-
figuration have so far been unsuccessful.28 This prompted us to
undertake the enantioselective synthesis of lepadiformine and
to determine the absolute configuration of the natural product.

A crucial element in our approach to the target compound
was the N-acyliminium ion-initiated olefin cyclization to elab-
orate the azaspirocyclic core of lepadiformine (5). Such cycli-
zations, which lead to spirocyclic compounds, were initially de-
veloped by Speckamp et al.29 and Evans et al,30 and were re-

cently applied successfully in Weinreb’s synthesis26 of (�)-5.
Described herein is a new variant of the N-acyliminium-ion-ini-
tiated intramolecular spirocyclization in which a conjugated
diene was exploited as a � nucleophile; the method has been
proved to be quite effective for the highly stereoselective and
extremely short approach to 5.

Our synthesis commenced with the known (S)-N-Boc-2-pyr-
rolidinone 6031 which upon treatment with the (5E,7E)-tetrade-
ca-5,7-dienyl Grignard reagent 61 underwent selective attack at
the endocyclic (ring) carbonyl group32 to yield the ketone 62
(Scheme 12). When a solution of 62 in toluene–THF (95:5)
was treated with formic acid at 0 �C for 2 h and then neutralized
with aqueous NH3, in situ generation of the N-acyliminium ion
followed by spirocyclization proceeded with synchronous for-
mation of the new C–O bond at C30 to furnish the 1-azaspiro-
cyclic formate ester 63 in 88% yield. Notably, the spirocycli-
zation of the N-acyliminium ion generated from 62, which
bears a conjugated diene, proceeded quite smoothly and was
completed in a short time, in marked contrast to the case with
the reported spirocyclization of N-acyliminium ions that bear
nonconjugated olefins which requires a long reaction time.29,30

The 6-exo-trig ring closure31 gave 63 with complete regio-

Scheme 12.

Scheme 11.
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control, as predicted by considering the initially formed carbo-
cation, which is stabilized through resonance with the olefin �-
bond in the alkene side chain. In this manner, the nucleophilic
attack of the olefin moiety occurred exclusively at the sterically
less hindered � face (opposite the 5-benzyloxymethyl group) of
the 1-pyrroline ring, with exclusive introduction of the desired
(6S)-chirality. The concomitant formate substitution at C30 oc-
curred with low diastereoselectivity (1.6:1 favoring the 30�-for-
mate) as determined by HPLC analysis (vide infra).

Exclusive preferential formation of the (6S)-isomer 63 can
be understood by comparison of the stabilities of the configura-
tion of the six-membered chairlike �-complexes A–D, which
arise from the in situ generation of the N-acyliminium ion 64
as shown in Scheme 13. In the transition states C and D, which
lead to the (6R)-isomer 66, the N-Boc group displays unfavor-
able nonbonded interactions with the axially oriented diene
moiety and the 1,3-diaxial hydrogens of the newly formed cy-
clohexane ring, respectively. The latter steric interaction be-

Scheme 14.

Scheme 13.
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tween the N-Boc group and the 1,3-diaxial hydrogens is also
present in the transition state B, which leads to the (6S)-isomer
63. Neither of these interactions is present in the transition state
A; therefore, of the four possible chairlike transition states A–
D,A is the least disfavored and leads to the observed (6S)-prod-
uct 63.

The formate ester 63, which is epimeric at C30, thus obtained
underwent basic hydrolysis and then MnO2 oxidation to form
the �,�-conjugated ketone 67 (Scheme 14). Reduction of 67
to the corresponding alcohol with BH3�THF (THF, 0 �C) was
almost nonstereoselective (68/C30-epimer 1.15:1). (S)-BI-
NAL-H diastereoselective reduction32 provided the (30S)-alco-
hol 68 in 92% yield with 97% de, which then underwent hydro-
genation over PtO2 in ethyl acetate followed by removal of the
Boc protecting group. The resultant amino alcohol 69 was sub-
jected to cyclodehydration using CBr4 and PPh3 with complete
inversion of the configuration at C30 and then hydrogenolytic
removal of the benzyl protecting group to furnish lepadifor-
mine (5), whose spectral properties were identical in all re-
spects with those of an authentic sample of racemic lepadifor-
mine (�)-5 previously prepared by us. The optical rotation of
synthetic alkaloid 5 was measured: ½��D28 �15:0 (c 0.37,
MeOH) for the free base (oil) and ½��D26 þ2:6 (c 0.54, CHCl3)
for the hydrochloride salt (colorless gum). However, it was not
possible to determine the absolute stereochemistry of natural
lepadiformine by comparison of the optical rotations, since,
as described above, the natural product (actually the hydrochlo-
ride salt) had been reported to have no optical rotation in
chloroform.

The absolute stereochemistry was assigned successfully by
comparison of synthetic and natural lepadiformine on a chiral
HPLC column. In the chiral HPLC analysis, the authentic sam-
ple of racemic lepadiformine (�)-5 gave peaks at different re-
tention times [(þ)-5, 45 min; (�)-5, 48 min] (Fig. 6). Compar-
ison of retention time and co-injection revealed that the syn-
thetic (�)-enantiomer corresponds to the natural product, thus
allowing the absolute stereostructure of natural lepadiformine
to be assigned as 3S,5R,7aS,11aS.

7. Conclusion

The first total synthesis of tricyclic marine alkaloids, (�)-fa-
sicularin (2) and (�)-lepadiformine (5), has been achieved.
The key common strategic element for the synthesis is the ster-
eocontrolled intramolecular hetero-Diels–Alder reaction of an
N-acylnitroso moiety with an exocyclic diene with or without
bromine substitution to control the syn-facial or anti-facial se-
lectivity, respectively, thereby leading to the trans- or cis-fused
decahydroquinoline ring systems 13 or 23 involving the simul-
taneous introduction of the nitrogenated quaternary center in a
single step. On further elaboration of the six-membered or five-
membered ring A, the trans-fused adduct 13 provided either
(�)-fasicularin (2) or (�)-lepadiformine (5). The hydrochlo-
ride salt of synthetic (�)-5 was found to be identical with the
isolated natural sample of lepadiformine; however, the tricyclic
amino alcohol 4 having the proposed structure of lepadiformine
in a non-zwitterionic form, derived from the cis-fused adduct
23, was found to be different from lepadiformine by spectral
comparison. These results thus unambiguously established
the relative stereochemistry of lepadiformine, formerly as-

signed incorrectly, as shown by 5.
Having thus established the relative stereochemistry of lepa-

diformine, we next extended our study to the enantioselective
synthesis of lepadiformine and to the determination of the ab-
solute configuration of the natural product. Accordingly, cycli-
zation of the keto amide 62 bearing the conjugated diene was
performed using formic acid as the key step; here an intramo-
lecular conjugated diene cyclization of the in situ generated
N-acyliminium ion 64 proceeded very efficiently to form the
1-azaspiro formate ester 63 in a single step. The total synthesis
of lepadiformine (5) was accomplished as the natural (�)-enan-
tiomer with a high degree of stereoselectivity in nine steps, with
an overall yield of 31.4%, starting from the (S)-N-Boc-pyrroli-

Fig. 6. HPLC chromatogram of lepadiformine on a Daicel
Chiralpak OD: a) racemate; b) mixture of racemate and
natural; c) mixture of synthetic (�)-enantiomer and
natural. Conditions: mobile phase, hexane–2-propanol–
Et2NH (500:10:1); flow rate, 0.1 mLmin�1; detection, RI
(refractive index).
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done 60; this constitutes the shortest route and the highest over-
all yield in the lepadiformine synthesis to date.33 The present
synthesis thus allowed the absolute configuration of natural lep-
adiformine to be assigned as 3R,5S,7aR,11aR.
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and Dr. K. Yoza (Bruker Japan Co., Ltd.) for X-ray crystallo-
graphic analysis of synthetic (�)-lepadiformine hydrochloride
salt. This work was supported in part by a Grant for Private
Universities provided by the Ministry of Education, Culture,
Sports, Science and Technology, and the Promotion and Mutual
Aid Corporation for Private School of Japan.
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