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ABSTRACT
Since the emergence of routine X-ray crystallography and high-
field FT NMR in the mid-twentieth century, the importance of total
synthesis in structure elucidation has become underappreciated
by most organic chemists. However, the limitations and fallibility
of spectral methodology has recently been highlighted by the
mischaracterization of a number of complex natural products, the
correct structures of which were all ultimately assigned by total
synthesis. This Account describes how total synthesis was not only
instrumental in disproving the erroneously assigned structure of
the marine alkaloid, lepadiformine, but also was also pivotal in
establishing the correct structure and absolute configuration.

Introduction
From the earliest days of organic chemistry until the
middle of the twentieth century, chemical degradation of
natural products was of major importance not only for
its primary objective of elucidating structure, but also for
providing insight into the reactivity and chemical behavior
of various structural and functional types. For many years
the main role of total synthesis was to provide the final
and conclusive proof of structure. However, with the
advent of routine X-ray crystallography and high-field FT
NMR in the late 1960s, chemical degradation all but
disappeared, and the argument that total synthesis was a
necessary structural confirmation became much less
compelling. As synthetic chemists, we now recognize that

natural product synthesis has replaced chemical degrada-
tion as a primary platform for basic discovery in organic
chemistry. Although one certainly cannot dispute that
research in natural products synthesis has indeed been
the impetus for many fundamental discoveries (e.g., the
vitamin B12 synthesis and Woodward-Hoffmann rules),1

the ongoing importance of total synthesis in the realm of
structure elucidation is probably underappreciated by
most organic chemists today. Examples abound of the
limitations and fallibility of spectral methodology in
establishing natural product structures. Recent notable
cases where some of these shortcomings were clearly
demonstrated include the mischaracterization of the
diazonamides (an incorrect structure determination by
X-ray!),2a cylindrospermopsin,2b the sclerophytins,2c,d and
batzelladine F.2e In all of these instances, the correct
structures were ultimately determined by total synthesis.
This Account tells the story of another such case involving
the marine alkaloid lepadiformine. The research described
here shows how total synthesis was instrumental both in
disproving the initial erroneous structural assignment and
in finally establishing the actual structure and absolute
configuration of this metabolite.

Background. Several years ago we became interested
in a class of alicyclic marine alkaloids upon seeing a
publication by Biard and co-workers describing the isola-
tion and a postulated structure for a compound which
they named lepadiformine.3 This material was obtained
by HCl extraction of the methylene chloride-soluble
portion of the marine tunicate Clavelina lepadiformis
(Muller) collected in the Mediterranean off the coast of
Tunisia,3a and later from Clavelina moluccensis (Sluiter)
obtained near Djibouti.3b Lepadiformine was found to
have moderate in vitro cytotoxic activity against several
tumor cell lines,3a as well as various cardiovascular effects
in vivo and in vitro.3b On the basis of a series of proton
and carbon NMR experiments, the Biard group suggested
the tricyclic lepadiformine structure 1, which contains an
unusual zwitterionic vicinal amino alcohol moiety (Figure
1). It should be noted that the A/B ring system of 1 is a
cis-1-azadecalin, and initial NMR NOE experiments seemed
to suggest that this alkaloid had the conformation shown
in 1a. However, prior to starting the synthetic work
described here, we performed molecular mechanics cal-
culations which indicated that the 1-azadecalin prefers the
alternative chair-chair form to that postulated, with the
alkaloid conformation 1b actually being about 3 kcal/mol
more stable than 1a.

The putative structure 1 would put lepadiformine into
a small class of alkaloids known as the cylindricines. In
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the early 1990s, Blackman and co-workers reported the
isolation of several cylindricines from the marine ascidian
Clavelina cylindrica, collected at various sites off the coast
of Tasmania.4 The most abundant of these alkaloids are
cylindricines A (2) and B (8), whose structures were
established by a combination of spectroscopic methods
and X-ray crystallography of their picrate salts (Figure 2).
Interestingly, these two compounds exist in solution as a
3:2 equilibrium mixture, presumably interconverting ring
C through the aziridinium intermediate 7, a fact probably
of relevance to the biogenesis of these natural products.4a

Subsequent investigations led to the isolation of some
additional minor compounds having the cylindricine A
pyrroloquinoline framework and stereochemistry, but
differing in the functionality at C-14. These alkaloids
include cylindricines C (3), D (4), E (5), and F (7). In
addition, a few alkaloids were found which possess a butyl
chain at C-2 rather than the hexyl group [e.g., cylindricines
H (9) and I (10)]. Similarly, compounds in the cylindricine
B pyridoquinoline series exist which also have a butyl
appendage, such as cylindricine J (11). It might be noted
that X-ray crystal structure and NMR data, in addition to
molecular mechanics calculations,4c indicated that these
molecules prefer to exist in the cis-1-azadecalin confor-
mations shown, corresponding to lepadiformine con-
former 1b.

In 1997, a congeneric tricyclic compound, fasicularin,
was isolated from the ascidian Neptheis fasicularis col-
lected in Pohnpei, Micronesia.3 NMR and NOE experi-
ments led to the assignment of the structure and relative
stereochemistry of fasicularin as depicted in 12. Therefore,
the alkaloid belongs to the cylindricine B pyridoquinoline
series but is epimeric at the C-10 quaternary center,
thereby giving it a trans-1-azadecalin A/B ring fusion. This
compound, like lepadiformine, lacks the C-4 oxygenation

found in the cylindricine series. Fasicularin was also of
considerable interest in view of its biological activity
against a DNA repair-deficient strain of yeast, as well as
its cytotoxicity against Vero cells.

Disproof of the Biard Lepadiformine Structure via
Synthesis. In 1996, prompted by the novel structures of
these marine metabolites along with their interesting
biological activity, we became involved in a program
directed toward a stereoselective total synthesis of the
proposed structure for lepadiformine, 1.6,7 We entered this
arena with some trepidation, since there were concerns
about the validity of the structural assignment. However,
we believed that we could develop general methodology
which would also be applicable to preparation of the
cylindricines, whose constitutions were more firmly
grounded. We thus chose to adopt a strategy which would
lead initially to an A/C spirocycle like 13, containing both
the C-10 quaternary center and a manipulable substituent
at C-5, which would provide a handle for construction of
the remaining B ring with the requisite stereochemistry
to generate a cis-1-azadecalin (Scheme 1). The key step
in this process was to be an intramolecular nitrone/diene
dipolar cycloaddition.8

The required nitrone 15 was easily prepared by acid-
promoted cyclization of hydroxylamine ketal 14, which
was in turn synthesized in eight straightforward steps from
acetone oxime (Scheme 2).7 We were pleased to find that
heating 15 in DMSO at 195 °C led to a single [3+2]-
cycloadduct 16 as the only isolable product. This reaction
presumably occurs via a conformation like that shown in
structure 15, thereby providing bicyclic adduct 16 which
contains the quaternary C-10 center and the appropriate
stereochemistry at C-5 for construction of the cis-1-
azadecalin system of 1.

To continue the synthesis, cleavage of the N-O bond
of this isoxazolidine could be effected cleanly with Zn/
HOAc to give the corresponding amino alcohol, and
subsequent oxidation with Dess-Martin reagent led di-
rectly to ketone 19, presumably via the enone intermedi-
ate 17. Tricycle 19 was a single stereoisomer whose
configuration and conformation were assigned as shown
based upon 2D NMR experiments (NOESY, HMQC, and
13C Inadequate), along with the results of subsequent
transformations (vide infra). The formation of the C-2 axial
epimer here was not surprising, since stereoelectronic
considerations dictate that the conjugate addition of the
amino group to the enone in 17 must occur through a
transition state leading initially to a boat B-ring ketone
18, which then ring flips to the tricycle 19.

Surprisingly, Clemmensen reduction of 19 provided a
mixture of the desired deoxygenated tricyclic amine 21
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(6%), along with the alkene 20 as the major product (51%)
(Scheme 3). It was possible, however, to stereoselectively
hydrogenate the olefin moiety of 20 to produce the
requisite saturated intermediate 21. To confirm the struc-
ture and stereochemistry of compound 21, a single-crystal
X-ray analysis was performed on its picrate salt. Interest-
ingly, in the crystal, tricycle 21 has a conformation like
that shown in 1b, as was predicted by molecular modeling.
Finally, the phenyl protecting group of 21 was removed
by a Birch reduction/acid hydrolysis, providing racemic
tricyclic amino alcohol 22. At this point it became clear
via a direct comparison of the proton and carbon NMR
spectra of this material, as well as its hydrochloride salt,
with those of the natural product kindly supplied by
Professor Biard, that the compounds were in fact different.
Moreover, there was no indication that our synthetic

tricycle 22 tends to exist in the zwitterionic form proposed
by the Biard group for lepadiformine (cf. 1). It should also
be noted that shortly after our work appeared, the
Kibayashi group described a total synthesis of structure 1
using an intramolecular acylnitroso Diels-Alder reaction
as the key step and confirmed that it was not identical to
lepadiformine.10a

While our research described above was ongoing, the
Pearson group was also involved in studies on the
synthesis of the proposed lepadiformine structure 1. The
basic strategy to be used in their approach involved
construction of an A/C-ring spirocycle via an intermo-
lecular [3+2]-cycloaddition of a 2-azaallyl anion that had
been pioneered in the Pearson labs.9 Thus, imine stannane
23 was prepared and was subsequently treated with
n-butyllithium in the presence of phenyl vinyl sulfide to
afford adduct 24 as a single stereo- and regioisomer in
69% yield (Scheme 4). Unfortunately, spirocycle 24 had
the incorrect C-10/C-13 relative stereochemistry to pre-
pare the Biard structure 1. It was possible, however, to
convert intermediate 24 to the bis-epi-diastereomer 25,
as well as stereoisomers 26 and 27. Significantly, none of
these compounds, nor their hydrochlorides, was identical
to the natural alkaloid. Thus, Pearson firmly established
by synthesis that lepadiformine is not a stereoisomer of 1
at either C-2 or C-13.

At this point we were left with several alternatives with
regard to the possible structure of lepadiformine. One was
that its atomic connectivity is quite different than that of
1. Another was that lepadiformine is actually epimeric to
1 at the quaternary carbon (C-10), thereby putting it into
the same trans-1-azadecalin stereochemical series as
fasicularin (12), but having the C-ring contracted to form
a pyrroloquinoline skeleton (cf. 2 and 8). Should this latter
possibility in fact be the case, the question then still
remained as to the configuration at C-2 and C-13. Since
we felt there were too many unanswered questions about
the alkaloid to proceed, synthetic work in this area was
temporarily suspended.

Scheme 2

Scheme 3

Scheme 4
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Determination of the Correct Structure of Lepadi-
formine by Kibayashi via Total Synthesis. In 2000,
Kibayashi and co-workers used their intramolecular acylni-
troso Diels-Alder strategy, which had previously been
applied to prepare the Biard lepadiformine structure 1
(vide supra), to achieve the first total synthesis of fasicu-
larin (12).10b,11 In the course of these studies, some C-2/
C-13 stereoisomeric C-ring contracted analogues of 12
which have the trans-1-azadecalin A/B-ring substructure
were synthesized, with the intent of possibly unravelling
the constitution of lepadiformine. Thus, acylnitroso diene
28, generated by oxidation of the corresponding hydrox-
amic acid, was found to undergo a stereoselective cyclo-
addition via the preferred conformation shown to afford
a 4.8:1 mixture of tricycles 29 and 30 (Scheme 5). The
major cycloadduct 29 could be converted in several steps
to amino alcohol 31 and was then stereoselectively cy-
clized to eventually produce racemic compound 32. Com-
parison of the hydrochloride salt of tricyclic amine 32 with
natural lepadiformine showed them to be identical. In
addition, X-ray analysis of synthetic 32 hydrochloride
indicated that the B-ring of the alkaloid exists in a twist
boat conformation! Natural lepadiformine is therefore
simply the hydrochloride salt of structure 32, not a
zwitterion as first postulated by the Biard group. In retro-
spect, this result is not at all surprising since lepadifor-
mine was reportedly isolated via evaporation of an HCl
extract.3a Interestingly, the HCl salt of synthetic racemic
32 is crystalline, whereas natural lepadiformine (also the
hydrochloride) is an oil.

Second Generation Syntheses of Lepadiformine. Funk
Approach. Shortly after the appearance of the Kibayashi
paper with the revised lepadiformine structure, the Funk
group here at Penn State began to investigate an approach
to 32 using their novel amidoacrolein-based cycloaddition
methodology as a pivotal step.12 Their synthesis com-
menced with easily prepared sulfonamido dioxin 33,
which upon thermolysis in refluxing toluene undergoes a
facile retro hetero-Diels-Alder reaction to afford ami-
doacrolein 34 (Scheme 6). This compound was then
induced to react with 1,3-diene acetal 35 under high
pressure to afford exclusively the endo Diels-Alder adduct
36 in high overall yield. This key reaction serves to set
the C-5/C-10 stereochemistry of the alkaloid. Compound

36 was then converted in a few steps to aldehyde 37. After
some experimentation, it was found that hexylmagnesium
bromide could be added to this aldehyde stereoselectively
in the presence of stoichiometric amounts of ytterbium
triflate to afford a 10.9:1 mixture of the desired alcohol
38 along with its epimer. This stereochemical result was
rationalized via a chelation-control model involving the
sulfonamide, aldehyde, and Grignard reagent. Mitsunobu
closure of sulfonamide alcohol 38 with inversion, followed
by removal of the sulfonamide moiety then provided
tricycle 39. Annulation of the remaining C-ring could be
achieved stereoselectively simply by treating amino alkene
39 first with iodine to probably form aziridinium inter-
mediate 40 and then with base which led directly to
racemic lepadiformine (32). Interestingly, the regioiso-
meric ring opening product which would be the result of
nucleophilic attack at the more substituted carbon of the
aziridinium compound was not produced (cf. cylindricine
A/B equilibrium). Thus, this elegant, highly stereoselective
total synthesis was achieved in about a dozen steps from
readily available dioxin 33.

Weinreb Synthesis. We also began to investigate a new
approach to racemic lepadiformine (32) soon after the
Kibayashi structure appeared. The plan was to develop a
novel stereoselective intramolecular allylsilane/N-acylimin-
ium ion spirocyclization strategy for A/C-ring construc-
tion, along with the application of our radical-transloca-
tion methodology for generation of N-acylimines by
remote amide oxidation.13,14 Our synthesis commenced
with commercially available 2-methyl-1-pyrroline (41),
which was metalated and then C-alkylated with iodide 42
(Scheme 7). The crude product of this reaction was
N-acylated with o-nitrobenzoyl chloride to afford a mix-
ture of regioisomeric enamides 43, which without separa-
tion was subsequently treated with trifluoroacetic acid. We
were quite gratified to find that the desired spirocycle 45
was produced as a single isomer with the requisite C-5/
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C-10 stereochemistry for lepadiformine. The structure of
this cyclization product was firmly established by X-ray
crystallography. We believe the spirocycle 45 forms via
the preferred N-acyliminium ion allylsilane conformation
44. Alternative conformer 46, which would afford the
isomeric spirocycle 47, is probably destabilized relative
to 44 because of an unfavorable steric interaction between
the N-o-nitrobenzoyl group and the allylsilane moiety.

Using our methodology, we next turned to function-
alization of compound 45 at C-13 in order to provide a
handle for introducing the hydroxymethyl group of the
alkaloid. To effect this transformation, the nitro function-
ality of 45 was first reduced to the o-aminobenzamide 48,
which was then subjected to the general conditions we
developed several years ago for conversion of such
functionality to an R-methoxybenzamide (NaNO2, HCl, dry
MeOH, cat. CuCl) to cleanly produce 49 (Scheme 8).10 It
was then possible to alkylate the acyliminium ion 51,
derived from R-methoxybenzamide 49, with the cuprate
from (allyldimethylsilyl)methylmagnesium bromide (50)
to afford an 87% yield of a 7:1 mixture of epimeric
products, with the desired silane 52 being the major
stereoisomer. This transformation presumably occurs via
the preferential attack of the cuprate from the least
hindered face of the N-acyliminium salt 51. A Tamao

oxidation then allowed us to convert silane 52 to the key
C-13 hydroxymethyl compound 53.

The next phase of the synthesis involved construction
of the lepadiformine B-ring, along with introduction of
the C-2 hexyl chain. Thus, terminal alkene 53 was first
hydroformylated to produce an aldehyde which was
converted to the dimethyl acetal 54 (Scheme 9). Basic
hydrolysis of the benzoyl group of 54 then provided the
corresponding amino alcohol, which was converted to the
corresponding amine benzyl ether and then treated with
acid to afford the unstable tricyclic enamine 55. This
enamine could be converted to the R-amino nitrile, to
which we tentatively assigned the stereostructure 56 which
contains a twist boat B-ring.

It was found that we could introduce the C-2 hexyl
chain by simply treating the crude amino nitrile 56 with
commercially available hexylmagnesium bromide in the
presence of boron trifluoride etherate in THF which
produced a 3:1 mixture of the desired C-alkylation product
59 along with its C-2 epimer 61 (Scheme 10). Stereoelec-
tronic principles nicely summarized by Stevens many
years ago can be used to rationalize the results of this
reaction.15 Thus, anti-periplanar addition of the Grignard
reagent to the derived iminium salt 57 from the preferred
“axial” direction (path A) would generate an initial chair
B-ring as in 58, and this compound would then undergo
conformational inversion to the more stable lepadiformine
twist boat conformation 59. Nucleophilic attack on the
iminium species 57 from the opposite face (path B),
however, will initially produce an unfavorable B-ring boat

Scheme 7

Scheme 8 Scheme 9
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60, which ring flips to the more stable chair conformer
61 now having an equatorial C-2 hexyl group. In simple
systems, path A is ordinarily preferred to a substantial
degree over path B.27,28 However, in the case of iminium
ion 57, perhaps a developing severe 1,3-diaxial interaction
between the incoming nucleophile and the bridge carbon
(C-11) is responsible for the lower stereoselectivity. To
complete the total synthesis, reductive cleavage of the
benzyl ether group from compound 59 afforded racemic
lepadiformine (32). In summary, we were able to achieve
a total synthesis of racemic lepadiformine in about fifteen
steps starting from commercially available imine 41.

Assignment of the Absolute Configuration of Lepadi-
formine by Synthesis. Despite the fact that a considerable
amount of work had been done on the cylindricine/
lepadiformine/fasicularin group of alkaloids, the absolute
configuration of these compounds was not known.16

Originally, Biard had found that lepadiformine had a
sodium D-line rotation of zero, but upon later reexamina-
tion a small positive rotation [([R]D +4.6 (c 1.28, CHCl3)]
was observed.17 Although it seemed rather unlikely that
lepadiformine was racemic, we felt that the very small
optical rotation, combined with the errors inherent in
these measurements, made this at least a possibility. It
was decided that the best way to answer the question as
to the absolute configuration of the metabolite was by
total synthesis of one of the two possible enantiomers of
32. Our plan was to appropriately modify the spirocy-
clization strategy used in the racemic series and apply it
in a chiral system. We also decided to use a sterically bulky
group to block one face of the system in this key cycliza-
tion step (vide infra). We chose as a starting material
N-Cbz lactam 62 which contains a large silylmethyl
substituent, which can be easily prepared from S-pyro-
glutamic acid (Scheme 11). Addition of lithium reagent
63 to compound 62 and immediate treatment of unstable
intermediate 64 with boron trifluoride acetic acid complex
gave spirocycle 66 as a single stereoisomer. This cycliza-
tion probably occurs via an N-acyliminium ion that has a
conformation like that shown in 65 (cf. Scheme 7), where
attack by the allylsilane occurs on the face opposite the
silylmethyl group. Compound 66 was then converted to
lepadiformine using methodology which we developed in

the racemic series. Our synthetic alkaloid had a small
positive rotation ([R]D +2.5 (c 0.51, CHCl3)) similar to that
of the natural product. To make a more definitive com-
parison, however, natural lepadiformine supplied by
Professor Biard, our synthetic enantiomerically pure le-
padiformine, and racemic synthetic material were all
converted to the corresponding Mosher esters and ana-
lyzed by NMR. It was clear from these results that the
natural alkaloid is indeed enantiomerically pure and that
it corresponds to the totally synthetic lepadiformine which
was prepared from S-pyroglutamic acid. Thus, natural
lepadiformine has the 2(R), 5(S), 10(S), 13(S) configuration.
It will be interesting to see if the cylindricines and
fasicularin also fall into this same enantiomeric series.

Conclusion
Undoubtedly in the future, the total synthesis of natural
products will continue to play a pivotal role in basic
discovery in organic chemistry. Furthermore, as high-
lighted in this Account, total synthesis will also maintain
its importance in structure elucidation because, although
powerful, physical methods of structure determination do
have shortcomings. Not only have frequent misassign-
ments of structure been made, certain stereochemical
issues are often difficult or impossible to evaluate by
spectral methodology alone.18 This is not to say that total
synthesis should be an obligatory confirmation of struc-
ture, but in those cases where a synthesis has been
achieved, side-by-side comparison with naturally derived
material should be done, if at all possible. This type of
review should not only catch errors, but will also provide
useful feedback to those doing natural product structure
elucidation, thereby making physical methodology even
more reliable.

Scheme 10 Scheme 11
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