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Abstract
A tandem Diels-Alder/azido Schmidt reaction sequence provides rapid access to the core skeleton
shared by several Stemona alkaloids including stenine, neostenine, tuberstemonine, and
neotubererostemonine. The discovery and evolution of inter- and intramolecular variations of this
process and their applications to total syntheses of (±)–stenine and (±)–neostenine is described. The
stereochemical outcome of the reaction depends on both substrate type and reaction condition,
enabling the preparation of both (±)–stenine and (±)–neostenine from the same diene/dienophile
combination.
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Chinese and Japanese traditional medicines have for centuries utilized extracts of
stemonaceous plants as remedies for the treatment of respiratory ailments. These extracts and
the isolated Stemona alkaloids have been associated with insecticidal, anthelmintic, antitussive
and various neurochemical effects, although mechanisms have rarely been identified.1
Recently, interest in these alkaloids was further piqued by the demonstration of effective in
vivo activity of two skeletally-related Stemona alkaloids, neostenine 3 and neotuberostemonine
4, against citric acid-induced cough in guinea pig animal models.2 In addition, the Stemona
alkaloid tuberstemonine 2 has demonstrated inhibitory activity on excitatory transmission at
the crayfish neuromuscular junction.3 The Stemona alkaloids have attracted substantial interest
from synthetic chemists partly because of these links to biological activity and partly from their
challenging structural complexity. Stenine has been the focus of several successful synthetic
efforts4 and has inspired a number of synthetic approaches.5 In addition, tuberostemonine 2
was synthesized by Wipf.6 However the stenine isomer, neostenine 3, had not yet been prepared
via total synthesis at the outset of this project.7

A noteworthy challenge in any stenine synthesis is the construction of the B ring, which is
fused to three additional rings. In addition, each of its carbon atoms is a stereogenic center.
This issue was addressed using an intramolecular Diels–Alder cyclization in three out of the
four first-published syntheses of this target (Scheme 1; the stenine numbering system used
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throughout is that presented in a recent review1f). The first synthesis of stenine by Hart in 1990
not only set the precedent for utilizing a Diels–Alder approach to this target, but also established
an iodolactonization/Keck allylation sequence as a solution to the problem of stereoselective
ethyl group installation.4a,b Morimoto utilized a chiral oxazoline-based intramolecular Diels–
Alder cyclization of 5 to synthesize the naturally occurring enantiomer of stenine.4c-e Padwa
applied an impressive Diels–Alder/ring opening/1,2-methylthioshift cascade to append the B
and D rings onto an existing 7-membered C ring in a single operation.4g,h Of all the completed
syntheses to date, only the route used by Wipf does not employ a Diels–Alder approach for
the construction of the cyclohexane ring.4f These workers utilized the selective reduction of a
π-allyl palladium complex of the indolone 6, which was readily synthesized from L-tyrosine
and converted into the natural enantiomer of stenine in 22 steps.

Our own interest in Stemona alkaloid synthesis arose from the recognition that the 7-membered
C ring could arise from an intramolecular Schmidt reaction8 of an azide such as 8 (Scheme 2).
This step would also form the D ring of stenine while opening the door to constructing 8 via
an intramolecular Diels–Alder reaction similar to Hart's synthesis (and sharing the same basic
disconnection with Morimoto's route). In this full account, we describe the pursuit of this
strategy, which led to the discovery that both the Diels–Alder and the Schmidt reaction steps
could be accomplished in a single chemical operation. This not only streamlined the stenine
synthesis, but also led to the development of a general synthetic methodology based on this
tandem reaction.9 Furthermore, we describe how the reconsideration of possible Diels–Alder
routes to cis-1-decalones permitted a second generation, extremely efficient approach to
stenine and ultimately to the total synthesis of the antitussive agent neostenine.

Results and Discussion
First Generation Approach: A Formal Synthesis of Stenine

In its original formulation, the total synthesis of stenine was built around the idea of carrying
out an intramolecular Diels–Alder reaction on a substrate like 7 (Scheme 2). Although we
considered the possibility that this step could be combined with its subsequent intramolecular
Schmidt reaction, as both reactions entailed the use of Lewis acid promotion, there was at the
time no experimental evidence that such a step would be possible. A key element of this plan
was that the intramolecular Diels–Alder reaction would occur via an endo transition state, an
outcome for which precedent existed.10

The requisite azido triene 7 was constructed using standard means. The building blocks 13 and
14 were prepared from 1,3-propanediol and 1,5-pentanediol, accordingly (Scheme 3). A
modified Julia coupling11 between sulfone 13 and aldehyde 14 afforded 15 as an inseparable
85:15 mixture of isomers at the new double bond. Although it was not possible to completely
remove the undesired cis isomer at any step prior to the Diels–Alder, we expected the E, Z
diene to be less reactive in the downstream cycloaddition reaction. Removal of the silyl
protecting group of 15, followed by Swern oxidation, gave an aldehyde that was treated with
the lithium anion of dimethyl methylphosphonate. This provided a β-hydroxyphosphonate that
was subsequently oxidized with TPAP/NMO to give the β-oxophosphonate 16. This sequence
gave better overall yields than an alternative path that entailed initial conversion to the
corresponding carboxylic ester followed by lithiomethyl dimethylphosphonate addition. The
resulting β-oxophosphonate 16 was subjected to a Horner-Wadsworth-Emmons reaction12
with 3-azidopropanal13 to afford the triene 7 in 85% yield.

Our earliest attempts to carry out a combined Diels–Alder/Schmidt reaction resulted only in
the isolation of a single product in modest yield (16–38%). Specifically, treatment of 7 with
1.5 equiv of Et2AlCl led to gas evolution upon heating the reaction to ca. 45 °C. The first
product isolated from this reaction had an absorption in the IR spectrum at 1680 cm-1 and
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a 13C NMR signal at 188 ppm, with no trace of the diagnostic azide IR absorption near 2100
cm-1. These data permitted the assignment of this material as a bridged lactam product
(compound 17, Table 1).14 Upon closer examination, the desired fused amide 9 along with a
stereoisomer 18 were also found; both of these lactams were considerably more polar than 7
and required more polar chromatography conditions for isolation. Following a series of
optimization experiments, we settled on treatment of 7 with 1 equiv of MeAlCl2 in refluxing
dichloromethane, which afforded the tricyclic lactam 9 in 43% yield and its bridged and fused
isomers 17 and 18 in a combined yield of 36% yield (Table 1). Assuming that only the major
component of the 85:15 mixture of 11,12-olefin geometry isomers of 7 reacts, this yield
corresponds to an overall conversion of the reactive trans-trans triene isomer to lactam 9 of
51% yield. Only poor yields of the desired lactam were obtained using other non-aluminum-
based Lewis acids.

The outcomes of the tandem Diels–Alder/Schmidt reaction for triene substrate 7 arise as shown
in Scheme 4. Both the desired lactam product 9 and the bridged lactam 17 are obtained from
the same Diels–Alder intermediate formed via an endo transition state.10 Following azide
addition to carbonyl and assuming antiperiplanar C→N bond migration,15 an intermediate
containing an equatorial N2

+ group would afford lactam 9, whereas an axially oriented leaving
group would give the bridged compound 17. Lactam 18 results from an exo transition state in
the Diels–Alder cyclization, followed by the D-ring-forming/C-ring-expansion process.
Interestingly, no bridged adduct is formed from the exo Diels–Alder product because the
azidohydrin intermediate bearing an axial N2

+ group is antiperiplanar to a hydroxyl group
instead of a migratable carbon.

We briefly attempted to improve the overall conversion of triene to lactam by deliberately
carrying out the Diels–Alder and the Schmidt reactions separately (Scheme 5). The former step
could be nicely optimized, but deprotection of the hydroxy group with PPTS led to
epimerization of the cis-decalone 20 to the undesired trans isomer. This was not an issue at all
in the combined reaction, suggesting another advantage in using the domino procedure. While
this work was in progress, Jung and coworkers reported the successful synthesis of an advanced
intermediate of stenine using a similar Diels–Alder reaction to that in Scheme 4, followed by
a four-step Beckmann rearrangement/N-alkylation sequence to form the BCD ring skeleton of
stenine.5d

The formal synthesis of stenine was finished as shown in Scheme 6. Removal of the benzyl
ether from 9, oxidation of the resulting hydroxy group, and iodolactonization gave
butyrolactone 23 in 80% yield from 9. Keck allylation16 followed by methylation of the lactone
proceeded stereoselectively to provide the Hart intermediate 24 in 67% yield over two steps.
Cleanly carrying out the methylation of the lactone required a little work. Initial attempts using
up to 2 equiv of LDA to deprotonate the lactone resulted in mainly unreacted starting material.
The ability of LHMDS to deprotonate lactones is documented,17 however allowing this enolate
to react with 10 equiv of MeI for 1.5-2.0 h at -78 °C afforded predominantly the dimethylated
derivative. Finally it was determined that treatment of the lactone 23 with 1.8 equiv of LHMDS
at -78 °C, followed by the addition of 10 equiv of MeI at the same temperature for 40 min
afforded exclusively the monomethylated product 24 in 72% yield for the alkylation step and
completed the formal synthesis of stenine.18 In Hart's synthesis of stenine,4a,b 24 was carried
on to the stenine 1 in four steps and 63% yield. Overall, this first generation formal synthesis,
including the final four steps as reported by Hart,4a,b would require 21 steps from
commercially-available material and afford stenine in 7.2% overall yield. This would constitute
the highest overall yield for known syntheses at the time (range 0.9–3.0%) but the route was
longer than the shortest known route at the time (Padwa's; 16 steps4g,h).
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Second-Generation Synthesis of (±)-Stenine
Having completed this synthetic effort, our attention turned to the further development of the
tandem Diels–Alder/intramolecular Schmidt reaction. In particular, we learned that the
sequence could nicely accommodate intermolecular Diels–Alder reactions.9 Also, the 2003
report that neostenine exhibited strong antitussive activity in a guinea pig model2a provided
strong motivation to revisit the problem of Stemona alkaloid synthesis in general, with an eye
toward practical routes that would be amenable to analogue synthesis. The possibility of using
an intermolecular Diels–Alder/intramolecular Schmidt sequence was especially attractive
because it would require many fewer steps in starting material preparation than our first-
generation route. We accordingly contemplated a Diels–Alder disconnection between C-9/
C-10 and C-9a/C-1, which retrosynthetically leads to cyclohex-2-en-1-one and silyloxydiene
10 as starting materials (Scheme 2). This route would additionally allow early incorporation
of the ethyl side chain, obviating the need for a multistep removal of the terminal ethylene from
an allylated precursor (i.e., 24→1, Scheme 6).

These tenets were rapidly verified and an interesting stereochemical situation revealed through
the experiments shown in Scheme 7. Thus, the known19 Horner-Wadsworth-Emmons reagent
25 was prepared in 99% yield from commercially-available dimethyl methylphosphonate and
butyryl chloride. Olefination of 3-azidopropanal13b (available in a single step from acrolein
and HN3) afforded an enone that was readily converted to the corresponding trimethylsilyloxy
diene 10. Treatment of cyclohexenone with SnCl4 and diene 10 afforded a ca. 3:1 ratio of
Diels–Alder/Schmidt adducts 12 and 26, with the former compound – arising from an exo-
selective Diels–Alder step – predominating.

This quick success was gratifying as it permitted the preparation of a key intermediate
containing three rings and four stereocenters in the targeted compound in only four steps from
very simple starting materials. However, the stereochemical outcome of this sequence
determines which ultimate target can be obtained using it, as shown in Scheme 8. Thus, the
exo approach observed here maps the four centers obtained in compound 12 nicely onto stenine,
whereas the alternative endo reaction would find utility in a synthesis of the isomeric neostenine
3, pending a successful epimerization of the ethyl group along the way. Predominant exo
selectivity in Diels–Alder reactions of cyclic dienophiles has been previously noted by Corey
and coworkers20 and is here likely due to significant steric interactions between one of the γ
protons of the cyclohexenone with the incoming nucleophilic silyl enol ether.

The completion of the synthesis is shown in Scheme 9. All of the additional stereocenters were
generated by highly selective substrate-directed reactions: axially directed alkylation and
reduction reactions on purified 12 afforded compounds 27 and 28, respectively. An X-ray
crystal structure of lactone 28 verified the stereostructure shown (see Supporting Information).
The installation of the final methyl group and removal of the lactam carbonyl were carried out
as previously established. Thus, alkylation of the lactone 28 proceeded smoothly to give the
known oxostenine 29; reduction via the thiolactam as reported by others afforded stenine 1.
4a,b,f-h,6 The spectrum of the natural product thus prepared fully matched those of the
literature values. Overall, the total synthesis was accomplished in nine steps from
commercially-available reagents and 14% overall yield.21

Stereochemical Divergence of the Diels–Alder/Schmidt Reaction: Syntheses of Neostenine
and 13-Epineostenine

The analysis in Scheme 8 indicated that modification of the stereochemical outcome of the
Diels–Alder/Schmidt reaction from exo to endo selectivity could lead to a viable neostenine
intermediate. Accordingly, we investigated the effect of changing diene structure and Lewis
acid on the stereochemistry of the key step (Table 2). As used above, SnCl4 gave the best
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overall result, yielding Diels–Alder/Schmidt product in 70% yield as a 3:1 mixture of exo and
endo isomers. Predominant endo stereochemistry could be obtained in two ways. First, the use
of a less strongly coordinating Lewis acid such as BF3•OEt2 gave exclusively endo Diels–
Alder product in modest yield, albeit as a mixture of isomers at the ethyl group (resulting from
partial epimerization). Alternatively, the silyloxy diene 30, lacking the ethyl side chain, also
afforded predominantly the endo lactam 32.

It is likely that the removal of the ethyl group from the diene affords predominantly endo
product due to the easing of steric interactions between the diene and the cyclohexenone (eq
1). A dependence of stereochemistry on diene substitution was previously registered by Corey
and coworkers, who analyzed it in the context of changes in diene size and conformation.20
The reason for the switch in stereochemistry due to the use of BF3•OEt2 is less clear, although
it could be due to a lengthening of the bond forming between the β carbon of the enone and
the silyl enol ether in the transition state leading to 26.

(1)

The endo-selective tandem Diels–Alder/Schmidt reaction was scaled up as shown in Scheme
10. Addition of 1.5 equiv of silyloxy diene 10 to a mixture of cyclohex-2-en-1-one and 1 equiv
BF3•OEt2 at -78 °C, followed by the further addition of 1.5 equiv of BF3•OEt2 after warming
to ca. -30 °C provided the tricyclic lactams 26a,b as a mixture of ethyl epimers in 43% yield,
the major component being the expected isomer 26a (Scheme 7, α ethyl isomer). Under these
conditions, we also isolated an azide-containing mixture to which we assigned structure 33 as
the major component, based mainly on the 13C NMR spectrum of the mixture (diagnostic
ketone peaks at 212.1 and 213.0 ppm). Treatment of a CH2Cl2 solution of this mixture with
TiCl4 afforded an additional quantity (12% yield based on 10) of the tricyclic lactams 26a,b.
Attempts to improve the one-pot yield of 26a,b through longer reaction times, heating of the
reaction to reflux or the addition of one equivalent of TiCl4 to the reaction mixture after
allowing to stir at room temperature all gave lower isolated yields of 26a,b. MM2 calculations
suggested that 26a, containing a pseudoaxial methyl group, would be 4.4 kcal/mol higher in
energy relative to the desired, equatorial isomer 26b. Thus, the keto lactam mixture readily
converged onto 26b upon base treatment.
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Ketone 26b was regio- and stereospecifically alkylated with ethyl bromoacetate to give
ketoester 34 (Scheme 11). Initial attempts to reduce 34 with NaBH4 gave an inseparable
mixture of lactone products in 54% yield (35a and 35b, ratios not rigorously determined). A
screen of reducing reagents revealed that the combination of CeCl3 and L-Selectride gave a
complex mixture of products that contained a pair of chemical shifts in the 13C NMR spectrum
at 97.7 and 98.4 ppm. Based on these downfield signals we proposed that the mixture contained
the diastereomeric lactols 36 shown in Scheme 11. This was confirmed by TPAP oxidation of
the mixture, which led smoothly to a single lactone 35a.

Neostenine was prepared by the methylenation/hydrogenation sequence shown in Scheme 12.
Greene and coworkers have developed a two-step sequence for the methylenation of esters and
lactones involving initial formation of an α-carboxylic acid followed by condensation with
formaldehyde and subsequent decarboxylation.22 We found that this sequence gave better
overall yields to the more common Eschenmosher salt alkylation method.23 The α-carboxylic
acid intermediate was not purified, but used directly in the condensation/decarboxylation
sequence to provide methylene lactone 37 in 49% isolated yield. Hydrogenation over Adams
catalyst in methanol/acetic acid (1:1 mixture) gave a single methylated lactone 38 in 91% yield,
while hydrogenation over palladium on carbon produced a mixture containing traces of the
epimeric methyl isomer (compound 39; see Scheme 13). Selective thioamide formation was
achieved using a P2S10 method developed by Curphy,24 which gave a more easily-purified
reaction mixture than Lawesson's reagent. Reduction of the thioamide with Raney nickel
proceeded smoothly to give racemic neostenine 3 in 93% yield. Spectral comparison of the
synthetic material to reported values confirmed its identity.25 X-ray crystallography of our
synthetic material unambiguously showed it to be identical to the reported structure of the
natural product. Overall, the total synthesis was accomplished in thirteen steps from
commercially-available reagents and 10% overall yield.

Since one goal of our global program is the preparation of stenine analogues for biological
screening, lactone 35a was converted to the methyl epimer of neostenine via the three-step
sequence shown in Scheme 13. Alkylation with LiHMDS and methyl iodide provided the single
methyl lactone 39 in 89% yield. As expected, this alkylation provided the C-13 epimer of
neostenine due to approach of the alkylating agent form the convex face formed by the cis-
fused AB ring junction. Compound 39 was converted to 13-epineostenine 40 analogous to the
method used above24 for the reduction of the lactam carbonyl to a tertiary amine. The high-
resolution mass spectrum of 40 and its 1H and 13C NMR spectra were consistent with a
stereoisomer of the natural product, which we have assigned as the previously unknown 13-
epineostenine.

Conclusion
The productive relationship between synthetic methodology development and the total
synthesis of natural products has been much discussed and is well illustrated in the work
described in this paper. The first-generation total synthesis of stenine demonstrated the first
combination of an intramolecular Diels–Alder reaction and an intramolecular Schmidt
reaction. This discovery spurred on additional development of this useful synthetic method,
described elsewhere,9 which in turn led us to unusually efficient syntheses of two natural
products (stenine and neostenine) and one novel analogue (13-epineostenine). Although not
discussed here at all, even an unanticipated side-product of the main reaction, bridged bicyclic
lactam 17, led to a separate research project directed toward the understanding of the unusual
chemical properties of this previously unknown class of “twisted amides”.26

These projects required the optimization of different stereochemical outcomes of the
intermolecular Diels–Alder/intramolecular Schmidt domino reaction, a very useful aspect of
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the sequence that we are currently using in a broader program to discover fully synthetic
analogues of these alkaloids. In addition, the brevity of these routes have provided sufficient
quantities of stenine congeners that will be used to investigate the as yet unknown mode of
action of the observed antitussive activity of some of these alkaloids. This work will be
published in due course.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Selected Stemona alkaloids.
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Scheme 1.
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Table 2
Stereochemical studies of the Diels–Alder/Schmidt sequence.

entry diene Lewis acid product(s) yield (exo/endo ratio)

1 10 SnCl4 12, 26 70% (3:1)

2 10 BF3•OEt2 26 55% (endo only; mixture
of ethyl epimers)

3 30 SnCl4 31, 32 82% (1:3.4)
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