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Introduction.

The synthesis of natural products provides an excellent
forum for the discovery of new and exciting chemistry,
whether by design or by serendipity. In such endeavors, it
is necessary to develop general strategies for the assem-
blage of structural subunits that are common to a variety
of complex molecules and to invent methods and reagents
for effecting specific transformations in a stereo- and
chemoselective fashion. In this context, we have exploited
alkaloids as “targets of opportunity” for the development
of new applications of intramolecular Diels-Alder and
vinylogous Mannich reactions and now wish to describe
some of our recent work using such constructions as the
key steps in formulating novel approaches to heterocyclic
natural products.

Applications of Intramolecular Diels-Alder Reactions to
Alkaloid Synthesis.

For a number of years we have been interested in alka-
loids that contain hydroisoquinoline or oxahydroisoquino-
line rings as key structural elements. For example, the
indole alkaloids reserpine (1), an alkaloid once prescribed
extensively for its antihypertensive properties, and
tetrahydroalstonine (2), which also exhibits cardiovascu-
lar activity, possess hydroisoquinoline and oxahydroiso-
quinoline rings as the DE ring subunit. More recently we
have become intrigued in the novel anticancer agent man-
zamine A (3), which contains a hydroquinoline ring as the
AB ring subunit. Given their structural complexities,
these alkaloids provide an excellent opportunity to devel-
op new strategies and methods for the synthesis of hetero-
cycles.

MeO

Our successes in the total syntheses of 1 and 2 have
already been documented in the literature {1,2] and need
not be reiterated here. Suffice it to say that the basic chal-
lenge in the syntheses of 1 and 2 was cast as a problem of
developing efficient and stereoselective means to form
substituted hydroisoquinoline and oxahydroisoquinoline
rings. Toward this end, we exploited intramolecular Diels-
Alder reactions (equations 1 and 2) as a key constructions
in the design of our synthetic strategy [3]. Although the
intramolecular Diels-Alder reaction was well known
when we first began to investigate transformations such as
those depicted in equations 1 and 2, we have tried to
examine new issues with each endeavor. For example, in
our early work, we were interested in probing the stereo-
chemical issues of those intramolecular cycloadditions
that produced simple hydroisoquinolines, as in equations
1 and 2 (X = CH,), and this work led to the total synthesis
of reserpine [1]. In our synthesis of tetrahydroalstonine
[2], we raised the new issue of whether simple o,B-unsat-
urated aldehydes could serve as dienic components in het-
ero Diels-Alder reactions with simple dienophiles as
depicted in equation 2 (X = O). The challenge of explor-
ing novel variants of related intramolecular Diels-Alder
reactions to construct the ABC ring system of manzamine
A lead to the present investigation.
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Progress Toward the Total Synthesis of Manzamine A (3).

Manzamine A (3) belongs to a novel class of B-carbo-
line alkaloids that were isolated from marine sponges of
genera Haliclona and Pellina found off the coast of
Okinawa [4]. The complex structure of this alkaloid,
which is unprecedented in nature, coupled with its antitu-
mor activity has served as an impetus for a number of
interesting synthetic investigations, most of which have
thus far been focused upon constructing the central pyrro-
lo[2,3-i]iso-quinoline tricyclic core [5]. We were also
attracted to manzamine A as an intriguing target of oppor-
tunity, and we formulated the strategy that is depicted in
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retrosynthetic format in Scheme 1 [6). Close examination
of this plan reveals a number of interesting problems, and
these will be considered in turn,

The end game of the synthesis will require the develop-
ment of tactics for constructing the macrocyclic D ring
while controlling the stereochemistry of the Z-double
bond; there is clearly the issue of timing for the formation
of the carbon-carbon and the carbon-nitrogen bonds that
join this ring to the AB ring subunit. Elaboration of the
eight-membered unsaturated E ring poses another prob-
lem; there are few methods for such constructions in the
literature. Dismantling the D and E rings thus leads to the
intermediate 4, wherein R2 is a functional group that may
be elaborated into the carboline ring system found in the
natural product. At this juncture, it seemed to us that an
intramolecular Diels-Alder reaction of a substrate such as
5 was ideally suited to the problem of constructing 4,
which bears the critical tricyclic ABC ring core of manza-
mine A. The question, however, of whether this cycload-
dition would in fact proceed naturally arose, since there is
little precedent for the participation of vinylogous imides
in Diels-Alder reactions of any type [7]. Whether such
dienophiles were electron rich or electron poor must be
evaluated in the context of varying the nature of the sub-
stituent R3 on nitrogen and the R2 group on the diene.
The assembly of 5 requires the two fragments 6 and 7.
The preparation of the dienic partner 6 is likely to require
the development of novel methods for the stereoselective
preparation of functionalized dienes in which the internal
double bond is trisubstituted, whereas the synthesis of the
dienophile 7 will require the design of procedures for
elaborating vinylogous imides and their derivatives. Thus,
it is readily apparent that the many challenges posed by
manzamine A will require the development of innovative
solutions to a number of problems that may be foreseen
as well as those that may not be anticipated but would be
encountered along the way.

With these considerations in mind, we initiated a model
study to determine the underlying viability of the key
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intramolecular Diels-Alder reaction and to define some of
the scope and limitations of the process. We first prepared
the triene 10 according to the sequence of reactions
depicted in Scheme 2; this protocol for the synthesis of
vinylogous imides appears to be general, and we have
exploited it in the syntheses of a number of dienophilic
partners. When 10 was heated in mesitylene at reflux, a
mixture (ca. 2:1) of the two cycloadducts 11, which corre-
sponds to the tricyclic ABC subunit of manzamine A 3),
and 12 was obtained (81%). The structures of 11 and 12
were initially assigned on the basis of a series of NOE
studies, but the veracity of these assignments was later
confirmed by single crystal X-ray analyses of the two
quaternary salts 13 and 14, which were prepared from 11
and 12, respectively, by sequential hydride reduction and
methylation [(1) LiAlH4/THF; A. (2) Mel/MeOH; 25°C]
[8]. This critical experiment convincingly supported the
earlier hypothesis that a vinylogous imide array could par-
ticipate as the dienophile in an intramolecular Diels-Alder
reaction with normal electron demand. More importantly
this cyclization firmly established the feasibility of the
key step 5 — 4 in our strategy for the synthesis of 3.

Scheme 2
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Having established feasibility, we then explored various
means to enhance the stereoselectivity of the intramolecu-
lar Diels-Alder reaction of 10, In the event, heating 10 in
the presence of EtAlCl, (1.5 equiv/toluene/110°C; 72
hours; 71%) provided a mixture (5.7:1) of 11 and 12. That
EtAICl, served a catalytic role was based upon the obser-
vation that the cyclization was markedly slower at this
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temperature in the absence of EtAICl,. Other Lewis acids
(TiCl4 and BF3°Et;O) were found to be less effective than
EtAICl,, but Et,AICI may also be used. Although the use
of Lewis acids to facilitate and to improve the stereose-
lectivity of Diels-Alder reactions is well documented, this
is the first time we have observed that using a Lewis acid
enhances an intramolecular Diels-Alder reaction to form a
hydroisoquinoline ring.

In order to maximize convergency in our synthesis, we
reasoned that the maximal number of substitutents should
be incorporated onto the triene prior to cyclization. In this
context, the cycloadduct 11 lacks a substituent R2 on the
double bond of the B ring that would serve as a handle for
the introduction of the carboline ring. Since the
cycloadduct 21 does possess such a substituent, we tumed
to a study of the stereoselectivity of the cyclization of the
triene 20 (Scheme 3). In order to synthesize the substitut-
ed dienic component, we developed a variant of chem-
istry previously reported by Kocienski [9]. Namely, treat-
ment of the vinyllithium reagent 16 with 15 leads via
stereoselective reorganization to the vinylcuprate 17,
which may be trapped with chloromethyl benzyl ether to
give 18, Straightforward exchange of the hydroxyl group
for an amino group followed by N-acylation of the inter-
mediate secondary amine gave the amide 20 in good
overall yield. Although heating 20 in toluene at reflux
with or without Lewis acids afforded the cycloadducts in
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very good yield, the ratio of the desired 21 to the isomeric
adduct 22 varied from 2:3 — 3:2, depending upon the
conditions. Obviously this cyclization is not suited for
application to the total synthesis of manzamine A, and we
turned to other tactics to control the stereoselectivity of
the critical intramolecular Diels-Alder reaction.

The intramolecular [4+2] cycloadditions of trienes in
which the internal double bond is Z are more stereoselec-
tive than the cyclizations of the corresponding trienes
having an E internal double bond [10]. We thus set to the
task of preparing 24 by straightforward modification of
the procedures developed previously for the synthesis of
10. In the event, the unsaturated amine 23 [3a] was treat-
ed with the acid chloride 9 to furnish 24 (Scheme 4).
When 24 was heated in refluxing toluene in the presence
of EtAICl, (1.5 equivalents, 100 hours), a mixture (ca.
8:1) of the cycloadducts 11 and 12 was obtained in 70%
yield; the formation of 12 was completely unexpected.
The cyclization of 24 could be induced thermally (180°C,
20 hours), but a mixture of 11, 12, and two isomers (ca.
3:1) of the cycloadduct 25 was obtained; the adduct 11
was isolated in only about 25-30% yield.

Scheme 4
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Based upon our previous work [3a], we anticipated the
possible formation of cycloadducts 25, which arise from
the cyclization of the isomeric triene 26 — the product of a
1,5-hydrogen shift of 24 (Scheme 5). However, we did
not predict the formation of 12, since Z-dienes are not
geometrically disposed to give such adducts. We tenta-
tively speculate that those quantities of 12 that were pro-
duced upon thermolysis of 24 arose from the cyclization
of 10 that is formed under the reaction conditions by iso-
merization of 24. Presumably 24 undergoes acid-cat-
alyzed cyclization to an intermediate of type 27 (A =
Lewis acid or H); rotation about the C(7)-C(8) bond of
the trienic array then leads to 10. In support of this
hypothesis, we found that 24 does undergo partial equili-
bration to 10 in the presence of catalytic amounts of
EtAICl, (toluene, 72 hours, 40°C; ca. 30% conversion) or
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In a parallel series of reactions, we examined the
cyclization of the substituted triene 32 (Scheme 6).
Synthesis of the requisite diene 31 commenced with a
deprotonation of 28 followed by phenylselenylation of the
intermediate enolate; oxidation and elimination gave 29
in 30-40% overall yield. This conversion is noteworthy
since the intermediate enolate did not suffer complete
fragmentation by B-elimination of benzyloxide to give the
a-methylene lactone. The conversion of 29 into 31 fol-
lows from previous work in our laboratory [3a], N-acyla-
tion of 31 as before furnished 32. Unfortunately, heating
32 at 200°C gave 35 as the major product (80% yield).
Although heating 32 in toluene at reflux in the presence
of EtAICl, did give 33 as the only isolable product, the
yield was only about 15%, and substantial quantities (ca

Scheme 6
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60%) of starting material were recovered. Thus, the added
substituent on the double bond of the diene moiety of 32
adversely affected its cyclization by an intramolecular
Diels-Alder reaction relative to 24.
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To this point we have considered only those Diels-
Alder reactions that are of the “normal” electron demand
type, and it was now appropriate to evaluate some of the
electronic features of the Diels-Alder reactions of vinylo-
gous imides. If the vinylogous imide array functioned as
an electron rich dienophile, then an inverse electron
demand Diels-Alder reaction was indicated. Toward this
end, we prepared the dienic partner 38 exploiting a highly
stereoselective Wittig reaction involving the aldehyde
derived from 36 followed by a Stille coupling reaction;
subsequent reaction of 38 with 9 gave the cyclization sub-
strate 39 in excellent overall yield (Scheme 7). When 39
was heated at 150°C in toluene, 40 was obtained as the
only cycloadduct in 92% yield; the reaction also proceeds
at 110°C, albeit more slowly. The structure of 40, whose
relative configuration at each stereogenic center corre-
sponds that in manzamine A, was verified by an X-ray
analysis of a derivative. Thus, the stereochemistry of the
internal carbon-carbon double bond of the diene
combined with activation of the diene using an electron
withdrawing group resulted in a highly efficient and
stereoselective intramolecular Diels-Alder reaction.

Scheme 7
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In order to complete the assembly of an ABC ring core
that could realistically be elaborated into manzamine A, it
remained to incorporate substitution that would provide
for the introduction of the eight-membered E ring; an
asymmetric synthesis would further necessitate the prepa-
ration of this intermediate in optically pure form. Toward
this end the dienophilic partner 44 was produced in good
overall yield from methyl pyro-D-glutamate (41) by a
straightforward sequence of reactions that follow the tac-
tics previously outlined for the synthesis of 9 (Scheme 8).
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Coupling 44 with the dienic partner 38 gave 45, which
underwent a facile intramolecular Diels-Alder reaction to
give 46 as the only isolated product. That the cyclization
proceeded as expected from the less hindered face of the
dienophile was supported by NOE experiments. With the
preparation of 46, a fully competent synthetic intermedi-
ate is in hand.
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It is now necessary to address the issue of constructing
the eight-membered ring. Although the numerous possi-
bilities include an intramolecular Wittig or reductive cou-
pling reaction, we were attracted to a recent report of
Grubbs who described a novel route to monocyclic
amines and lactams via an olefin metathesis reaction [11].
In order to ascertain whether such a tactic could be
employed to form the E-ring of manzamine A, we con-
ducted a simple model study in which 47 was converted
into 48, albeit in modest yield. We have not optimized
this reaction, but it clearly establishes the potential of an
olefin metathesis for the elaboration of the ABCE ring
subunit of manzamine A.

Scheme 9
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Novel Applications of Vinylogous Mannich Reactions.

Several years ago we noted the presence of a 5-amino-
alkyl butenolide or butyrolactone ring as a key skeletal
feature in a number of alkaloids. For example, in
croomine (49) [12,13], which is a representative member
of the Stemona family of alkaloids, the C and D rings are
y-butyrolactones that bear an aminoalkyl group alpha to
the ring oxygen. Furthermore, the Ergot alkaloids rugulo-
vasines A and B (50a,b) [14,15] possess a spirocyclic CD
ring array in which there is an alkyl amino substituent on
a butenolide ring. A general entry to these and other alka-
loids might be developed if a simple means of construct-
ing such finctionalized heterocyclic arrays were in hand.

Toward this end, we queried whether a vinylogous
Mannich reaction of the 2-alkoxy furans 52 with the acyli-
minium ions 51 would give adducts 53 and/or 54 accord-
ing to Scheme 10. In addition to constructing the targeted
S-aminoalkyl butenolide motif, we recognized that subse-
quent elaboration of these adducts could then lead to the
functionalized piperidone 55; such intermediates could
also be widely exploited in alkaloid synthesis. A prelimi-
nary examination of the literature provided a measure of
confidence that the addition reaction of 52 to 51 itself was
feasible, since the acid-catalyzed reactions of furans 52
with aldehydes was already well established [16,17].

Scheme 10
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Model Studies of Nucleophilic Additions of Furans to
Acyliminium Salts.

To address the key issue of whether vinylogous
Mannich reactions of the general type depicted in Scheme
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10 might be implemented in a synthesis of croomine, it
was first necessary to confirm our hypothesis that the
reaction would proceed. Having answered this question, it
would remain to elucidate the stereochemical outcome of
the reaction by determining the relative configuration at
the two newly constructed stereogenic centers. Toward
these objectives, we embarked on several simple model
studies as outlined in Schemes 11 and 12. We first found
that the addition of the furan 58 to the iminium ion 57
gave a mixture (1.6:1) of the threo and erythro-adducts 59
and 60, respectively. Although this experiment confirmed
that the key addition occurred, the stereoselectivity of the
process was not encouraging.

In a parallel series of experiments, we studied the addi-
tions of substituted furans to the N-acyliminium salt
derived from 61 (Scheme 12) [18]. These reactions pro-
ceeded with significantly higher stereoselectivity; the
addition of 58 to 62 gave a mixture (8.5:1) of the threo-
and erythro-adducts 64 and 65, respectively, whereas the
addition of 63 to 62 gave a mixture (6:1) of the corre-
sponding adducts 66 and 67 in good yields. The stereo-
chemical outcome of the reaction of 58 and 62 was veri-
fied by the X-ray analysis of 68, which was readily
derived from 64 by reduction and N-tosylation.

Scheme 11
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Significantly, the relative stereochemistry at the new
stereogenic centers of the major adducts 64 and 66 corre-
spond to that found in croomine (49) thereby establishing
the viability of using vinylogous Mannich reactions as a
key construction in formulating a strategy for the total
synthesis. We are presently working toward that goal and
probing such additions in more highly substituted sys-
tems.

Total Synthesis of Rugulovasines A and B (50a,b).

Rugulovasines A and B (50a,b) were isolated together
and in racemic form; moreover, they interconvert upon
heating [14]. To account for these facts, the mechanism
depicted in Scheme 13 was proposed in which 50a and
50b underwent interconversion via the achiral intermedi-
ate 69. That this hypothesis was indeed feasible was con-
vincingly demonstrated by Rebek, who completed the
first and only total synthesis of rugulovasine A (50a) and
then studied its equilibration to form a mixture of 50a and
50b [15].

Scheme 13

OR
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> HMe

HN

69

50b

The conversion of 69 into 50a and 50b is an example
of a vinylogous Mannich reaction, and a biomimetic
approach to the rugulovasines A and B might then be
envisioned as proceeding via the intermediacy of 69 — a
possibility we are currently exploring. We have also
devised an alternate approach to these and related Ergot
alkaloids that features an intermolecular addition of the 2-
alkoxyfuran 52 to the iminium ion 71 to give the 5-
aminoalkyl butenolide 70, cyclization of which via a pho-
tostimulated SgN1 reaction {19] would deliver the natural
products 50a,b (Scheme 14).

The first step of the synthesis involved the introduction
of a functionalized side chain onto the 3-position of com-
mercially available 4-bromoindole 72 by classical meth-
ods to give the 3-indolylacetonitrile derivative 73 in 71%
overall yield (Scheme 15) [20]. After converting 73 into
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Scheme 14
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its derived tert-butyl carbamate, the nitrile function was
reduced with diisobutylaluminum hydride to give the
aldehyde 74, which was used in subsequent steps without
purification. If the indole N-H was not protected prior to
reduction, the resultant aldehyde was too unstable [21]
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and could not be efficiently elaborated further.
Condensation of 74 with methylamine followed by expo-
sure of the intermediate imine to the silyloxyfuran 63 in
the presence of acids under a variety of conditions afford-
ed no detectable quantities of the desired adduct.
However, the reaction of crude 74 with N-benzyl-N-
methylamine in the presence of the the silyloxyfuran 63
and camphorsulphonic acid in refluxing benzene provided
a mixture (1:2) of diastereomeric adducts 76 in 40-45%
overall yield from 73.

The stage was now set to explore cyclization of 76 by
an intramolecular Sgy1 reaction to create the spirocyclic
lactone moiety and complete the skeletal construction of
the rugulovasines. Although such processes have experi-
enced only limited application in the synthesis of natural
products [22], irradiation of 76 in refluxing aminonia in
the presence of sublimed potassium fers-butoxide pro-
ceeded smoothly to deliver an inseparable mixture (1:2)
of the protected rugulovasines 77 in 51% yield; the
desired cyclization proceeded with concomitant removal
of the fert-butyl carbamate group thereby obviating the
need for a separate deprotection step. Debenzylation of 77
proceeded smoothly by hydrogenolysis of the hydrochlo-
ride salt of 77 over Pearlman’s catalyst to give a mixture
(1:2) of the rugulovasines A and B (50a,b), whose spec-
tral characteristics correspond to those of an authentic
sample [23], in 74% yield.

Conclusions.

We have shown that intramolecular Diels-Alder reac-
tions and bimolecular, vinylogous Mannich reactions may
be exploited for the assembly of heterocyclic subunits
that are common to a variety of alkaloid natural products.
The ABC ring tricyclic core of manzamine A (3) has been
constructed in optically pure form as evidenced by the
synthesis of 46. Significantly, 46 is endowed with func-
tionality that is well suited for subsequent elaboration.
During the course of this work, we have elucidated some
of the electronic features of the Diels-Alder reactions of
vinylogous imides and have developed some useful meth-
ods for the stereoselective synthesis of dienes bearing
trisubstituted internal double bonds. Moreover, we have
identified a novel plan for the elaboration of the E ring of
3 that entails an olefin metathesis reaction. It now
remains to develop a tactic to introduce the 14-membered
ring and complete the total synthesis.

On another front, we have begun to investigate the
stereochemical control elements in the additions of 2-
alkoxy furans to N-acyliminium salts, but more work
needs to be done before making any generalizations.
Since such reactions proceed preferentially to give the
relative stereochemistry present in the Stemona alkaloid
croomine (49), these preliminary experiments verify the
key step in our strategy for the total synthesis of this alka-
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loid. Finally, we have completed a concise total synthesis
of the Ergot alkaloids rugulovasines A and B (50a,b)
exploiting a vinylogous Mannich reaction in tandem with
an intramolecular Syg 1 reaction.
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