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Allenamide-Initiated Cascade [2+2+2] Annulation Enabling the
Divergent Total Synthesis of (� )-Deoxoapodine, (� )-Kopsifoline D
and (�)-Melotenine A
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Abstract: A facile method for the construction of the
aspidosperma core from indoles functionalized with a
nonterminal N-allenamide and dimethyl meth-
ylenemalonate is described. Various polysubstituted
tetracyclic spiroindolines (27 examples) were afforded in
good yields (61–90%) with >99/1 dr and >99/1 Z/E
selectivity under mild conditions. The annulation reac-
tion provides straightforward access to the tetracyclic
spiroindoline skeleton with substituents at the C5
position occurring in many natural products. As an
application of this reaction, the total synthesis of three
important natural products, (� )-deoxoapodine, (� )-
kopsifoline D and (�)-melotenine A, was possible in
short routes from tryptamine.

Polycyclic indole frameworks, which are widely present in
natural products with important biological activities, have
attracted significant attention in the scientific community
over the past decades.[1] More than 250 natural alkaloids
share a common pentacyclic aspidosperma core.[2] For
example, deoxoapodine,[3] kopsifoline D,[4] and
melotenine A,[5] containing multiple quaternary carbon cen-
ters and tetrasubstituted olefin fragments, have aroused the
interest of both synthetic and pharmaceutical chemists
owing to the synthetic challenges in their unique polycyclic
skeleton structures, as well as the potential druggability in
their potent antitumor bioactivity (Scheme 1a).[6] In 2016, we
developed a tandem cyclization reaction of tryptamine-
derived vinyl sulfonamides with methylenemalonate,[7] pro-
viding a direct approach for the rapid construction of the
tetracyclic spiroindoline skeleton (Scheme 1b).[8] Although
the annulation has several advantages, such as straightfor-
ward scaling-up, high selectivity and high yield, it is limited

in its application to the total synthesis of the abovemen-
tioned natural products (Scheme 1): 1) the stereoconfigura-
tion of C19 is inconsistent with that of the natural products;
2) there is no substituent group at the C5 site, which usually
requires a high degree of functionalization for further
synthetic applications. To solve these problems, significant
effort to direct increase the substitution of the alkene
substrates was made but proved unsuccessful, probably
because the increased structural rigidity of the sterically
hindered olefin made the intramolecular ring closure very
difficult. In this study, we developed a new efficient way to
construct the core skeleton of such natural products through
a cascade annulation based on allenamides, allowing the
divergent total synthesis of the three important natural
products (� )-deoxoapodine, (� )-kopsifoline D, and (�)-
melotenine A, in short routes from tryptamine (Scheme 1c).

Allenamides have long been considered as powerful and
versatile building blocks in organic synthesis, favored by
synthetic chemists for their multiple functional groups with
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Scheme 1. Construction of polycyclic spiroindolines.
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abundant reaction sites.[9] We conceived to introduce an
allenamide fragment into the tryptamine derivatives, taking
advantage of the small steric resistance and useful functional
groups of the allenamide unit to solve the above-mentioned
problems. The challenges of the reaction involving non-
terminal allenamides lie not only in the reactivity, but also in
both the regio- and stereoselectivity of the reaction. In line
with our hypothesis, we were delighted to obtain the desired
[2+2+2] annulation product in 38% yield initially, accom-
panied by 22% of by-product 4a, when treating tryptamine
derived allenamide (1a) with dimethyl methylenemalonate
(2a) using Cu(OTf)2 as a catalyst in THF (Table 1, entry 1).
Dichloromethane (DCM) proved to be an optimal solvent
to diminish the formation of by-product 4a, leading to 61%
yield with excellent Z/E selectivity, but very poor diaster-
eoselectivity was achieved with only 59/41 dr (entry 3).
Unfortunately, extensive screening of metal salts, such as
CuBr2 and NiCl2, proved fruitless in affording the desired
product (entries 4 and 5), although the starting materials
were consumed very fast to generate plenty of by-products
(see the Supporting Information for details).[10] When FeCl3
was used as the catalyst, synthetically useful levels of
diastereoselectivity were observed as well as clear acceler-
ation of the reaction. The reaction was complete after 4 h,
and the 3a/3a’ ratio was improved to 75/25, but the yield
was still unsatisfying, as by-product 4a was obtained in 15%
yield (entry 6). We assumed that the Lewis acidity might
have played an important role in both reactivity and
diastereoselectivity. Thus, various strong Lewis acids, such
as InIII salts, ScIII salts, and YbIII salts, were screened (see the
Supporting Information for details). Gratifyingly, when
InCl3 was used, the desired product was obtained in 81%
yield with 83/17 dr (entry 7). Further screening of the
counterion of InIII salts led to remarkably improved diaster-
eoselectivity and gradual diminishment of the side reaction
(entries 8–10). Finally, In(OTf)3 was found to be the optimal

catalyst, delivering compound 3 from the [2+2+2] annula-
tion reaction very fast in 87% yield with >99/1 dr and >99/
1 Z/E selectivity after 1 h (entry 10). The relative config-
urations of both 3a and 3a’ were determined by single-
crystal X-ray diffraction experiments (see the Supporting
Information for details).

After determining the optimal reaction conditions, we
explored the generality and practicality of this method with
respect to a variety of indole derivatives (Table 2). The
reactions of 2a with a series of indole allenamides bearing
halogen substituents at different positions of the indole
proceeded smoothly to afford the corresponding products
3b–3 l in 71–90% yield with excellent stereoselectivity (>99/
1 dr and >99/1 Z/E). Electron-donating methyl and meth-
oxy substituents at the 5- and 7-position were also tolerated,
giving the corresponding products 3m–3p in 76–87% yield
with >99/1 dr and >99/1 Z/E selectivity. Upon replacement
of the N-p-methoxybenzyl (PMB) group with an N-benzyl
(Bn) group, both the yield and the stereoselectivity of the
reaction remained satisfactory.

Next, we evaluated the scope of the reaction with respect
to the allenamide substrate. Diverse functional groups, such
as alkyl, aryl, carbocyclic, and heterocyclic groups, were
well-tolerated, highlighting the broad scope of this cascade
[2+2+2] annulation reaction. When the methyl substituent
of the allenamide was changed to a H atom, the reaction
proceeded slightly slower than the Me-allenamide substrate,
and the desired product 3r was obtained in 83% yield after
5 h, without disturbing the diastereoselectivity of the reac-
tion. Single substituents on allenamide substrates, such as a
cyclopropyl group and a phenyl group, provided the desired
products 3s and 3t smoothly in 90% yield and 61% yield
with excellent stereoselectivity (>99/1 dr and >99/1 Z/E),
respectively. Disubstituted allenamides, such as dimethyl
and cyclopentanyl substrates, efficiently delivered the de-
sired products in good yields (products 3u and 3v, >99/1

Table 1: Condition optimization for the cascade [2+2+2] annulation.

Entry[a] Metal salt Solvent t Yield [%][b] dr[b] Z/E[b]

[h] 4a 3a+3a’ (3a/3a’)

1 Cu(OTf)2 THF 24 22 38 74/26 >99/1
2 Cu(OTf)2 CH3CN 24 0 <5 – –
3 Cu(OTf)2 DCM 24 0 61 59/41 >99/1
4 CuBr2 DCM 24 96(94) 0 – –
5 NiCl2 DCM 24 0 0 – –
6 FeCl3 DCM 4 15 41 75/25 >99/1
7 InCl3 DCM 24 10 81 83/17 >99/1
8 InBr3 DCM 2 11 78 >99/1 >99/1
9 In(NTf2)3 DCM 1 6 84 >99/1 >99/1
10 In(OTf)3 DCM 1 0 89(87) >99/1 >99/1

[a] Reaction conditions: 1a (0.2 mmol), 2a (0.3 mmol), Lewis acid (0.01 mmol), 3 Å molecular sieves (MS) (50 mgmL� 1), solvent (3.0 mL), room
temperature. [b] The yield of 3a+3a’, the yield of 4a, the diastereomeric ratio 3a/3a’, and the Z/E ratio were determined by 1H NMR spectroscopy
of the crude material; yields in parentheses are for the isolated product.
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Table 2: Scope of the cascade [2+2+2] annulation.[a]

[a] Unless noted otherwise, reactions were performed with 1 (0.2 mmol), 2a (0.3 mmol), In(OTf)3 (0.01 mmol) and 3 Å MS (50 mgmL� 1) in DCM
(3.0 mL ) at room temperature; yields are for the isolated product; the diastereomeric ratio and Z/E ratio were determined by 1H NMR
spectroscopy of the crude material. [b] Scale-up with 25.0 mmol 1a. [c] Scale-up with 10.0 mmol 1q. [d] Performed with 1r (10.0 mmol), 2a
(15.0 mmol), InBr3 (1.0 mmol) and 3 Å MS (50 mgmL� 1) in DCM (150.0 mL) at room temperature.
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dr). Increasing the ring size, as well as installing a
heteroatom at the para position, led to products 3w–3y in
67–79% yield with excellent diastereoselectivity (>99/1 dr).
These examples illustrate the viability of accessing tetracy-
clic indoline building blocks with various substituted alkene
functional groups for further elaboration. The synthetic
utility of the reaction was further demonstrated by the
success of scale-up experiments on products 3a (12.90 g), 3q
(5.16 g) and 3r (5.14 g). The gram-scale synthesis as well as
the mild reaction conditions makes this cascade [2+2+2]
annulation reaction highly practical for application to the
synthesis of structurally complex molecules.

With a practical method in hand, we turned to explore
the total synthesis of deoxoapodine and kopsifoline D
(Scheme 2). Compound 5, derived in two steps (92% yield)
from commercially available tryptamine, was readily con-
verted into the corresponding propargyl sulfonamide 7 with
a tert-butyl dimethylsiloxy (OTBS) functional group in 94%
yield. Next, a one-pot protocol generated an allenamide in
situ, and the subsequent cascade [2+2+2] annulation
sequence furnished the tetracyclic indoline 3z in 72% yield
(8.21 g) with excellent stereoselectivity. One of the ester
groups was then decarboxylated with LiCl/dimethyl
sulfoxide (DMSO), followed by the removing of the TBS
group and the PMB group to give 8 in 90% yield for the two
steps. Compound 8 was oxidized with dichlorodicyanoben-
zoquinone (DDQ) to form the precursor 9 for a Claisen
rearrangement. The Claisen rearrangement[11] was con-
ducted at 200 °C with trimethyl orthoacetate as the solvent
and hydroquinone as the catalyst, yielding the product 10 in
88% yield as a single diastereomer, thus creating the crucial
quaternary carbon center in high efficiency. The N-tosyl (N-
Ts) group was then removed, followed by a N-allylation to
furnished 11, which subsequently underwent a ring-closing
metathesis (RCM) reaction in the presence of the Hoveyda–
Grubbs II (H� G II) catalyst[12] to afford the key framework
of deoxoapodine and kopsifoline D (12) in 81% yield on a
gram scale (1.43 g). Enantiomeric resolution of 12 by means
of preparative high-performance liquid chromatography
(HPLC) gave (� )-12 and (+)-12, respectively. Common
intermediates (� )-13 and (+)-13 were synthesized by
selective reduction of the ester group with diisobutylalumi-
num hydride (DIBAL-H). Finally, the total synthesis of (� )-
deoxoapodine was completed in 14 steps and 10.3% overall
yield from commercially available tryptamine, while the
enantiomer of the natural product [(+)-deoxoapodine] was
obtained in 14 steps and 10.6% overall yield from
commercially available tryptamine, both by the closure of
the tetrahydrofuran ring through gold(I)-catalyzed addition
of the alcohol to the alkene.[13] Meanwhile, the total
synthesis of (� )-kopsifoline D was completed in 14 steps
and 6.6% overall yield from commercially available trypt-
amine, while the enantiomer of the natural product
[(+)-kopsifoline D] was obtained in 14 steps and 5.7%
overall yield from commercially available tryptamine, both
by the construction of the seven-membered ring through
nucleophilic substitution in the presence of KOtBu and tosyl
chloride (TsCl).

Melotenine A was isolated from Melodinus tenuicauda-
tus by Luo and co-workers in 2010.[5] Its potent biological
activity in inhibition against human cancer cell lines, as well
as the synthetic challenge originating from the unique
skeleton with a 6/5/5/6/7 pentacyclic ring system, stimulated
us to apply the cascade [2+2+2] annulation reaction to the
total synthesis of this molecule (Scheme 3). First, a new
substrate, the disubstituted allenamide 1aa, was designed,
which provided the corresponding [2+2+2] annulation
product 3aa in the presence of In(NTf2)3 as the catalyst in
85% yield (7.76 g) with >99/1 dr and 2.3/1 Z/E selectivity.
The dramatic decrease in the Z/E selectivity might be
attributable to the poor discrimination of the two allenamide
substituents in the conjugated addition of the allenamide to
the methylenemalonate (see the Supporting Information for
details). The current method enables efficient construction
of the tetrasubstituted olefin in a highly crowded polycyclic
system. Compound 3aa was converted into 15 by a
decarboxylation protocol, followed by removal of the PMB
group by hydrogenation over Pd/C and construction of the
C� C double bond by oxidation with DDQ to give 16 in 58%
yield over two steps. The structure of 16 was confirmed by
an X-ray diffraction experiment on the single crystal of
18,[10] obtained by removing the tert-butyldiphenylsilyl
(TBDPS) group with tetrabutylammonium fluoride
(TBAF). In a one-pot strategy, 16 was treated with a Na/
naphthalene system to remove the Ts group, then in a
sequence of N-allylation without purification, followed by in
situ addition of TBAF, compound 17 was formed. Com-
pound 17 underwent an Appel reaction to give the
corresponding homoallylic bromide, then elimination under
basic conditions to furnish the RCM precursor smoothly.
Without purification, the unique dihydroazepine ring was
constructed in the presence of the Hoveyda–Grubbs II
catalyst[12] to complete the total synthesis of (�)-meloteni-
ne A in 12 steps and 7.3% overall yield from commercially
available tryptamine.

In conclusion, we have developed a facile method to
construct hexahydrocarbazoles with three contiguous stereo-
centers. In the presence of an indium (III) catalyst, the
cascade [2+2+2] annulations of tryptamine-derived allena-
mides with dimethyl methylenemalonate proceeded
smoothly under mild conditions to afford various tetracyclic
indolines bearing spiro quaternary stereocenters (27 exam-
ples) in good to high yields (61–90%) and excellent stereo-
selectivities (>99/1 dr, >99/1 Z/E). The current reaction
provides efficient one-step access to the tetracyclic aspido-
sperma core with a functionalized C5 site, allowing various
synthetic transformations. The reaction is very practical and
could be conducted on a gram scale, which enabled the
divergent total synthesis of (� )-deoxoapodine, (+)-deoxoa-
podine, (� )-kopsifoline D, (+)-kopsifoline D and (�)-melo-
tenine A in 14/12 steps from tryptamine.
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Scheme 2. Total synthesis of deoxoapodine and kopsifoline D.
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