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Abstract: Aspidophylline A belongs to the akuammiline
alkaloid family, the members of which possess intriguing
cagelike structures and diverse biological activities. Herein we
report a 15-step synthesis of this alkaloid from conveniently
available starting materials. The key elements of the synthesis
include an intramolecular oxidative coupling to create the
tetracyclic furoindoline motif of the natural product and
a [Ni(cod)2]-mediated cyclization to install its piperidine ring.

Since akuammiline (1, Scheme 1) was characterized in
1932,[1] more than 100 akuammiline monoterpenoid indole
alkaloids have been discovered from different medicinal
plants.[2–5] Preliminary studies have indicated that these

natural products possess a wide range of biological activity,
such as the reversal of drug resistance in drug-resistant KB
cells by aspidophylline A (2),[3] the in vivo antiinflammatory
and analgesic activity exhibited by pseudoakuammigine (3),[6]

and the mixed type of competitive and noncompetitive
antagonism displayed by corymine (4) at the glycine recep-
tor.[7] In the past decades, considerable efforts have been
directed toward synthetic studies of these alkaloids.[8–11] These

studies have resulted in three total syntheses of vincorine
(5),[9] two total syntheses of scholarisine A (6),[10] and a total
synthesis of aspidophylline A in 2011 by the Garg research
group.[11]

In pursuit of a general strategy for assembling akuammi-
line alkaloids, we recently completed the enantioselective
total synthesis of vincorine[9b] by using an intramolecular
oxidative coupling[8i,k 12,13] between indole and malonate
moieties as the key step. This success prompted us to explore
whether a similar strategy could be applied to the total
synthesis of other akuammiline alkaloids. Herein, we report
the development of a 15-step synthesis of aspidophylline A
from known 3-(2-(tert-butyldimethylsilyloxy)ethyl)-1-tosyl-
1H-indole (10)[14] and dimethyl 2-(3-oxopropyl)malonate
(11)[15] (Scheme 2) in which a [Ni(cod)2]-mediated cyclization

of vinyl iodide 7 was employed to install the bridged
piperidine ring, and an intramolecular oxidative coupling of
azide 9 was used to construct the required tetracyclic
intermediate 8.

As outlined in Scheme 3, we started our total synthesis
with the condensation of the protected indole 10 and
aldehyde 11. This reaction proceeded smoothly at �78 8C to
afford the desired alcohol 12 in 55 % yield. After removal of
the tosyl protecting group in 12, a Mitsunobu reaction of the
resultant alcohol with diphenyl phosphorazidate and DBU
led to the formation of azide 9a,[16] which was treated with
pyridine hydrofluoride in THF to provide alcohol 9b. The
protection of 9b with MOMCl then gave rise to 9c.

Scheme 1. Structures of some akuammiline alkaloids.

Scheme 2. Retrosynthetic analysis of aspidophylline A (2). Ts =p-tolue-
nesulfonyl.
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With the 2,3-disubstituted indoles 9 in hand, we attempted
the crucial intramolecular oxidative-coupling reaction. Sur-
prisingly, under our previously described typical conditions
for oxidative coupling,[9b] the reaction of the silyl ether 9a
afforded the tricyclic compound 14a as the major product
(Table 1, entry 1). The formation of 14a might result from the
oxidative coupling of a nitrogen anion and a carbanion. Zhu
and co-workers observed similar C�N bond formation in their
recent attempt to synthesize strictamine through an oxidative-
coupling approach.[8k] They assumed that the preference for
C�N bond formation over the desired C�C bond formation
was caused by unfavorable geometric constraints in their

tricyclic substrate. Since it was not apparent that there should
be a similar problem with our substrates, we attempted to
obtain the desired tetracyclic product 8 by changing the
oxidation conditions and the substrates. When HMPA was
added, the yield of 14 a increased to 73 %, but still no product
of C�C bond formation was detected (Table 1, entry 2). A
similar result was observed when the MOM-protected
substrate 9c was employed (Table 1, entry 3). However,
when substrate 9b with a free hydroxy group was subjected
to oxidative coupling, the desired tetracycle 8 was isolated
together with its diastereomer 13 in a 2:1 ratio under the same
reaction conditions (Table 1, entry 4). Interestingly, in the
presence of HMPA, the formation of 8 and 13 was inhibited,
and the tricyclic product 14b was isolated as the major
product (Table 1, entry 5).

We propose the following mechanism to rationalize the
above oxidative-coupling results (Scheme 4). We believe that
for substrate 9b, deprotonation of the free hydroxy group
occurs rapidly to form a chelated intermediate A. This

chelation might stabilize the intermediate anion and thus
favor C�C bond formation to produce 8. The addition of
HMPA would suppress chelation and potentially enable the
reaction proceed via the more favorable conformer B to
deliver the product of C�N bond formation, 14b. The present
analysis suggests that the similar binding provided through
deprotonation of a secondary carbamate moiety might be
essential for the corresponding C�C bond formation in our
total synthesis of vincorine,[9b] and the lack of an acidic
hydrogen atom in the side chain of 14 a and 14c might be
responsible for exclusive C�N bond formation.

Treatment of the mixture of 8 and 13 with (Boc)2O in the
presence of DMAP produced a separable mixture of diaste-
reomers, and the pure carbamate 15 was isolated in 60% yield
(Scheme 5). Decarboalkoxylation by the heating of 15 in
a solution of lithium chloride in DMF provided monoester 16
as a diastereomeric mixture, which was treated sequentially
with LDA/PhSeBr and peroxide to deliver the a,b-unsatu-

Scheme 3. Reagents and conditions: a) nBuLi, THF, �78 8C, then
aldehyde 11, 55%; b) sodium naphthalenide, DME, �80 8C, 83 %;
c) DPPA, DBU, toluene, 0 8C!RT, 60%; d) pyridine hydrofluoride,
THF, 0 8C!RT, 84 %; e) iPrNEt2, MOMCl, CH2Cl2, 0 8C!RT, 63%.
DBU= 1,8-diazabicyclo[5.4.0]undec-7-ene, DME= dimethoxyethane,
DPPA = diphenyl phosphorazidate, MOM=methoxymethyl.

Table 1: Intramolecular oxidative coupling of 9.[a]

Entry R Conditions Product
(yield [%])[b]

1 TBS LiHMDS, THF, �40 8C,
then I2, �40!0 8C

14 a (38)

2 TBS LiHMDS, THF, HMPA, �40 8C,
then I2, �40!0 8C

14 a (73)

3 MOM LiHMDS, THF, �40 8C,
then I2, �40!0 8C

14 c (40)

4 H LiHMDS, THF, �40 8C,
then I2, �40!0 8C

8/13 (2:1, 54)

5 H LiHMDS, THF, HMPA, �40 8C,
then I2, �40!0 8C

14 b (36)

[a] General reaction conditions: azide 9 (0.043 mmol), base
(0.11 mmol), iodine (0.043 mmol), THF (1.7 mL), HMPA (0 or 0.17 mL).
[b] Yield of the isolated product. HMDS=hexamethyldisilazide,
HMPA= hexamethylphosphoramide.

Scheme 4. Possible reaction course for the intramolecular oxidative
coupling of 9b.
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rated ester 17.[17] After reduction of the azide moiety in 17 to
give an amine, allylation with (Z)-1-bromo-2-iodobut-2-ene
afforded the secondary amine 18. Next, formylation of the
amine 18 with formic acid/DIC furnished amide 7.

The formation of the piperidine ring of aspidophylline A
through metal-mediated cyclization of the vinyl iodide 7
proved to be another challenging step in our total synthesis
(Scheme 6). Initially, we attempted the [Ni(cod)2]-mediated
cyclization under the typical reaction conditions ([Ni(cod)2],
Et3N, MeCN, BHT, RT)[18] and found that the desired
cyclization product 19 could be obtained, but the yield was
only 19 %. After some experimentation, we were pleased to
discover that the use of a mixture of MeCN and DMF as the

reaction medium dramatically improved the cyclization
reaction and led to the formation of the pentacyclic product
19 in 58 % yield, together with its C16 epimer in 23 % yield.
Finally, deprotection of 19 with TMSOTf delivered aspido-
phylline A (2) in 95 % yield, the structure of which was
confirmed by X-ray crystallographic analysis.[17] Notably, the
[Ni(cod)2]-mediated cyclization of secondary amine 18 gave
the deiodination product 20 as the major product, thus
indicating that amine protection was essential for [Ni(cod)2]-
mediated cyclization. Additionally, a palladium-catalyzed
reductive Heck reaction[19] of 18 produced pyrrole 21 in
48% yield. Although the detailed mechanism for the
formation of 21 awaits investigation, we assume that this
transformation might involve a direct C�H bond functional-
ization/isomerization/oxidation process.

In conclusion, we have developed a 15-step total synthesis
of aspidophylline A from conveniently available starting
materials. The key elements in the synthesis include an
intramolecular oxidative coupling to create the tetracyclic
furoindoline motif and a [Ni(cod)2]-mediated cyclization to
install the bridged piperidine ring. This study further demon-
strates that intramolecular oxidative coupling is a reliable
strategy for assembling akuammiline alkaloids. The present
results for oxidative coupling between indole and malonate
moieties should shed light on further synthetic applications of
this method and related mechanistic studies. The extension of
this strategy to the total synthesis of other members of the
akuammiline family of alkaloids and their analogues for
structure–activity-relationship studies is being actively pur-
sued in our laboratory.

Received: December 17, 2013
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