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Abstract: Over the past decades, aspidosperma and
kopsia alkaloids have attracted significant interest by
the organic synthetic community owing to their
intricate fused-ring structures and broad biological
activities. Consequently, numerous strategically dis-
tinct total syntheses have been accomplished, among
which tetracyclic pyridocarbazoles have seen wide-
spread adoption as versatile building blocks. In this
review, we elaborate and discuss the synthesis of
such tetracyclic pyridocarbazoles according to the
different approaches for the establishment of the all-
carbon quaternary center at C5. This includes (1)
classic synthetic reactions (cycloaddition, Michael
addition, nucleophilic substitution, and Claisen rear-
rangement), (2) palladium-catalyzed asymmetric de-
carboxylative allylation reactions, and (3) thiourea-
catalyzed asymmetric Michael addition reactions.
Furthermore, we also describe the late-stage key
transformations in the realm of the total syntheses of
aspidosperma and kopsia alkaloids.
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1. Introduction

Aspidosperma and kopsia alkaloids are two large
families of naturally occurring and structurally related
monoterpenoid indole alkaloids, and more than 250
members have been isolated to date (Figure 1).[1] These
monoterpenoid indole alkaloids are derived from
tryptophan and secologanin by the biosynthesis
hypotheses.[2a] Many of enzymes that are responsible
for hypotheses and models of biosynthesis have been
studied in vitro with significative results.[2b–d] However,
simulation of whole-cell models of biosynthetic path-

way remains challenging. On the other hand, these
alkaloids have been extensively studied by the organic
synthetic community since 1963 owing to their
intricate structures and broad biological activities.
From a structure point of view, most of them have a
common 6/5/6/6/5-fused pentacyclic skeleton
(ABCDE-ring) containing two all-carbon quaternary
centers at C5 and C12. In particular, kopsia alkaloids
except kopsihainanine A bear caged structures that
lead to synthetic challenges. After more than half a
century of research, organic chemists have developed a
variety of elegant strategies for the total synthesis of

REVIEWS doi.org/10.1002/adsc.202200473

Adv. Synth. Catal. 2022, 364, 2479–2501 © 2022 Wiley-VCH GmbH2479

Wiley VCH Montag, 01.08.2022

2215 / 257656 [S. 2479/2501] 1

http://orcid.org/0000-0003-1690-7611
http://orcid.org/0000-0001-9138-8511
http://orcid.org/0000-0003-4483-160X
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadsc.202200473&domain=pdf&date_stamp=2022-07-14


aspidosperma and kopsia alkaloids, especially through
common intermediates, such as Fischer indolization of
tricyclic aminoketones (CDE-ring), rearrangement of
indoloquinolizidines (ABD-ring), Diels-Alder reaction
of indole derivatives, cyclization of tetracyclic indo-

lines (ABCE-ring), and indole β-alkylation of tetracy-
clic pyridocarbazoles (ABCD-ring).[3a]

Several reviews on the total synthesis of aspido-
sperma and kopsia alkaloids from different perspec-
tives have been reported.[3] However, to the best of our
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knowledge, there is no review on the total synthesis of
such alkaloids via tetracyclic pyridocarbazoles
(ABCD-ring). In addition, more than 40 original
literature examples have been published using this
elegant strategy since the pioneering synthesis of
aspidosperma alkaloid nucleus (�)-10-oxo-deethyl-
vincadifformamide ((�)-22) by Potier in 1970.[4]
Compared with other strategies, this strategy has
several advantages, such as (1) the facile construction
of quaternary carbon center at C12 by unified intra-
molecular indole β-alkylation spirocyclization of tetra-
cyclic pyridocarbazoles; (2) the facile synthesis of
tetracyclic pyridocarbazoles based on the construction
of quaternary carbon center at C5; (3) the concise total
synthesis of such alkaloids by using readily available
indole derivatives especially carbazolones as starting
materials. Consequently, a comprehensive review
summarizing recent progress in the total synthesis of
aspidosperma and kopsia alkaloids, which employed
tetracyclic pyridocarbazoles as strategic linchpins, is
timely and highly desirable. The purpose of this review
is to provide a broad picture and practical guidance of
this meaningful research field to readers, inspiring
them to further develop novel strategies to enable
concise and divergent asymmetric total synthesis of
structurally related alkaloids.

Once the aforementioned strategy was adopted,
synthetic chemists needed to think about how to obtain
tetracyclic pyridocarbazoles and subsequently com-
plete the total synthesis of aspidosperma and kopsia
alkaloids. Firstly, the synthesis of tetracyclic pyridocar-

bazoles was the primary and important task in the total
syntheses, in which the installation of the all-carbon
quaternary center at C5 was the biggest challenge.
Therefore, organic synthetic chemists have developed
numerous strategically distinct approaches to build the
C5 quaternary carbon center, including (1) classic
synthetic reactions (cycloaddition reactions,[5] Michael
addition reactions,[6] nucleophilic substitution
reactions,[7] and Claisen rearrangement reactions[8]); (2)
palladium-catalyzed asymmetric decarboxylative ally-
lation reactions;[6d,9] and (3) thiourea-catalyzed asym-
metric Michael addition reactions.[10] Subsequently, for
the late-stage key transformations starting from tetra-
cyclic pyridocarbazoles, the construction of the pyrro-
lidine ring with the C12 quaternary carbon center, or
piperidine ring was a challenging task. A series of
practical methods have been reported, such as (1) the
indole β-alkylation spirocyclization of tetracyclic pyr-
idocarbazoles; (2) the bridge cyclization of tetracyclic
pyridocarbazoles.

Subsequently, we will summarize the overview of
the formation of the pyrrolidine ring with the C12
quaternary carbon center, and piperidine ring from
tetracyclic pyridocarbazoles. More importantly, we
will highlight the total synthesis of aspidosperma and
kopsia alkaloids via tetracyclic pyridocarbazoles as
strategic linchpins according to the construction of the
quaternary carbon center at C5.

2. Overview of Formation of Pyrrolidine
Ring with C12 Quaternary Carbon Center,
and Piperidine Ring
Tetracyclic pyridocarbazoles were widely employed
since the pioneering development of indole β-alkyla-
tion spirocyclization to complete the synthesis of (�)-
22) by Potier in 1970 (Scheme 1).[4] Starting from
acrylonitrile derivative 17, reduction of C� C double
bond followed by hydration of cyano group afforded
amide 18, which underwent a hydrogenation/cycliza-
tion sequence to provide tetracyclic pyridocarbazole

Figure 1. Representative aspidosperma and kopsia alkaloids
containing the common tetracyclic pyridocarbazoles (ABCD-
ring).

Scheme 1. Total synthesis of (�)-10-oxo-deethylvincadifforma-
mide ((�)-22) by Potier and co-workers (1970).[4]
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19. Finally, the authors developed an indole β-
alkylation spirocyclization of 2-bromoacetyl gramine
21 to forge the pyrrolidine ring (E-ring). It should be
noted that although the yield of the key step was only
ca. 10%, this innovative strategy provided a direction
for the future synthetic research.

According to the above-mentioned strategy, the
pyrrolidine ring (E-ring) with the C12 quaternary
center of aspidosperma alkaloids can be constructed
via the intramolecular indole β-alkylation spiro-cycli-
zation of 21. In order to increase the yield of
pyrrolidine formation, many approaches have been
developed by synthetic chemists. They can be divided
into following four categories on the basis of the
tetracyclic precursors (Figure 2): (a) 2-haloacetyl
gramines 24 (Schemes 1, 15, 27, 28, 33,
36).[4,6b,8a,b,9b,d,e,j] In 1970, Potier and co-workers first
employed 2-bromoacetyl gramine 21 as tetracyclic
precursor.[4] However, the yield of pyrrolidine ring
formation via 2-bromoacetyl gramine was very low.
Subsequently, Heathcock and Toczko modified the
previous strategy in 2000 to substantially increase the
yield by replacing α-bromoamide with a more reactive
α-iodoamide and then using silver triflate to activate
the iodide.[6b] (b) 2-bromoethyl gramines 25
(Schemes 3, 4, 5).[5a,j,m] In 1973, Ziegler and Spitzner
originally developed 25 as a tetracyclic precursor,
although the increase in yield of pyrrolidine ring
formation was not obvious.[5a] (c) 2-
(phenylsulfinyl)ethyl gramines 26 (Schemes 6, 7,
13).[5b–i,6a] In 1982, Magnus and co-workers designed
the novel 26 as tetracyclic precursor to greatly improve
the yield of the key step.[5b] (d) 2-hydroxyethyl
gramines 27 (Schemes 5, 9, 10, 14, 17, 21, 22, 23, 24,
37, 39).[5k–°,6e,6f,7a� c,7e,9c,9i] In 1996, Rubiralta and co-
workers first employed 27 as a tetracyclic precursor to
form the pyrrolidine ring via a two-step sequence
involving the tosylation of the primary alcohol and
then spirocyclization at C3 of the indole.[7a] Then
Rawal and co-workers made a slight change by
replacing tosylation with mesylation, and Martin et al

utilized a one-pot N-deprotection/O-sulfonylation/si-
procyclization reaction to construct the pyrrolidine
ring,[11] which had been developed by Bosch and co-
workers[12] for the synthesis of other alkaloids.

Compared with aspidosperma alkaloids, almost all
kopsia alkaloids are more complex because at least one
bridge ring appended onto the core pentacyclic
skeleton. Several approaches have been developed to
form the pyrrolidine ring (Figure 3). During 1983–
1989, Magnus and co-workers designed the tetracyclic
pyridocarbazole 29 as a precursor to construct the
pyrrolidine ring via a Pummerer rearrangement-based
alkylation sequence.[5e–i] In 2017, Qin and co-workers
reported an intramolecular cyclopropanation to build
the all-carbon quaternary center at C12 and then
cyclopropane opening/Mannich reaction to construct
pyrrolidine ring.[9h] More recently, Ma and co-workers
developed a SmI2-mediated Dieckmann-like conden-
sation/Prins-type radical cascade cyclization and sub-
sequent semi-pinacol rearrangement to assemble the
key caged skeleton.[6g] In 2013 and 2018, Ma and co-
workers developed an oxidative cyclization[6d] and a
MnIII-mediated oxidative cyclization[6g] respectively to
forge the bridging pyrrolidine ring. In a similar
fashion, Xia and co-workers devised a visible-light-
induced photochemical spirocyclization to give the
similar caged ring system.

Kopsihainanine A (9), a specific kopsia alkaloid
without the pyrrolidine ring, contains a piperidine ring
formed by a three-carbon chain between N9 and C5.
Therefore, the formation of the fifth ring is different
from other related alkaloids (Figure 4): (a) construction
of the skeleton from ABCE-ring (Schemes 15, 31,
32),[6c,9a,b] She, Xie, and co-workers employed a N-
alkylation of tetracyclic pyridocarbazole 35 to con-
struct the fifth ring (D-ring) in 2012;[6c] (b) construc-

Figure 2. The indole β-alkylation spirocyclization of tetracyclic
precursors afforded the core pentacyclic skeleton of aspidosper-
ma alkaloids.

Figure 3. The pyrrolidine ring formation in the synthesis of
kopsia alkaloids.
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tion of the skeleton from ABCD-ring (Schemes 24, 28,
37, 38),[7d,8c,9f,i] the groups of Mukai,[9f] Jia,[7d] and
Stoltz[9i] developed oxidative cyclization, reductive
cyclization, and lactamization of tetracyclic pyridocar-
bazoles 36 to forge the fifth ring (E-ring), respectively.
Notably, the total synthesis of kopsihainanine A (9) is
convenient by using tetracyclic pyridocarbazoles as
versatile building blocks.

3. Synthesis of Tetracyclic Pyridocarbazoles
Based on the Construction of C5
Quaternary Carbon Center
3.1. Classic Synthetic Reactions
Classic synthetic reactions are ubiquitous and ex-
tremely important in organic synthesis, serving as
powerful tools for the production of novel molecules.
Especially, some classical synthetic reactions are
frequently used as key steps in the total synthesis of
natural products and drug molecules. In the following
discussions, we will focus on the establishment of the
all-carbon quaternary center at C5 by the different
types of classical synthetic reactions, including cyclo-
addition, Michael addition, nucleophilic substitution,
and Claisen rearrangement.

3.1.1. Cycloaddition Reactions
Cycloaddition reactions showcase a powerful direct
approach for the creation of cyclic compounds. In
particular, cycloaddition reactions that proceed with
formation of the all-carbon quaternary center have
attracted significant attention from synthetic chemists.
Several research groups employed cycloaddition reac-
tions, such as Diels-Alder reaction and cyclopropana-
tion, to construct cyclic scaffolds with the quaternary
carbon center at C5 in the total synthesis of aspido-
sperma alkaloids. (1) Ziegler et al.[5a] realized a [4+2]
cycloaddition of tetrahydropyridine 37a with indole
derivative 38 to form tetracyclic pyridocarbazole 39
with the all-carbon quaternary center. Whereas the
groups of Wenkert[5j] and Waser[5m,n] reported a [2+1]
cyclopropanation of tetrahydropyridines 37b and 37c
with diazoester 40 to build the all-carbon quaternary
center respectively (Scheme 2a). (2) Magnus et al.[5b–d]
and Andrade et al.[5o] utilized a [4+2] cycloaddition of

3-imine-2-methylindoles 42 to construct ABCD-ring
and ABC-ring with the all-carbon quaternary center at
C5 respectively (Scheme 2b). (3) Rawal and co-
workers.[5k,l] developed a [4+2] cycloaddition of
aminosiloxydiene 47 with 2-ethylacrolein 48 to forge
the C-ring with the all-carbon quaternary center
(Scheme 2c).

In 1973, Ziegler and Spitzner reported the total
synthesis of (�)-minovine ((�)-6) via the construction
of the advanced building block tetracyclic pyrido-
carbazole (ABCD-ring) 39 and subsequent the closure
of pyrrolidine ring (E-ring) (Scheme 3).[5a] The key
elements involved an intermolecular Diels-Alder reac-
tion for the assembly of tetracyclic intermediate 39
with the all-carbon quaternary center at C5 and a N-
alkylation/indole β-alkylation/deprotection sequential
process for the construction of E-ring. Condensation of

Figure 4. The piperidine ring formation in the synthesis of
kopsihainanine A.

Scheme 2. Cycloaddition reactions constructed rings with the
all-carbon quaternary centers.

Scheme 3. Total synthesis of (�)-minovine ((�)-6) by Ziegler
and Spitzner (1973).[5a]
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endocyclic enamine tetrahydropyridine 37a with meth-
yl 2-(1-methyl-1H-indol-2-yl)-acrylate 38 in refluxing
methanol afforded the C-ring and the all-carbon
quaternary center at C5. The alkylation of amine 50
with 1,2-dibromoethane in refluxing DMF formed 2-
bromoethylamino intermediate 51, which underwent
spirocyclization at C3 of the indole to build the E-ring,
followed by tautomerization to construct the β-amino
acrylate moiety of (�)-6 in 20% yield. Despite the
poor yield of this sequential process, the author
predicted that the achieved cyclization was based on
the favourable orbital overlap of the indole π-system
and C� Br σ*.

In 1988, Wenkert and Hudlický achieved the total
synthesis of (�)-aspidospermidine ((�)-1) employing
the above Ziegler’s bis-alkylation linchpin strategy.
(Scheme 4).[5j] The obvious difference was the installa-
tion of the quaternary center at C5 and the formation
of the C-ring. The authors used the above-mentioned
substrate analogue endocyclic enamine tetrahydropyr-
idine 37b as starting material. Tetrahydropyridine 37b
was coupled with ethyl diazoacetate 40 under the help
of copper bronze to afford cyclopropane-carboxylate
41a in 95% yield with a ca. 2:1 exo-endo ratio. This
key cyclopropanation reaction generated the all-carbon
quaternary center at C5. Ester 41a was hydrolyzed
with KOH, followed by coupling with indole in
aqueous acetic acid to afford a mixture of amino acids
52 in 78% yield over two steps. Subsequently, treat-
ment of 52 with polyphosphoric acid (PPA) at 90 °C
gave tetracyclic pyridocarbazole 53 in 94% yield
through a Friedel-Crafts acylation at C2 of the indole.
In this manner the advanced building block 53 was
smoothly constructed. Finally, the authors utilized the
same tactic as above-mentioned to construct the
pyrrolidine ring (E-ring) to deliver (�)-54, whose
treatment with LiAlH4 yielded (�)-1.

In 2010 and 2013, Waser and co-workers accom-
plished the formal synthesis of (�)-aspidospermidine
((�)-1) and first total synthesis of (�)-jerantinine E
((�)-8) respectively via the closure of the E-ring after

ABCD-ring establishment (Scheme 5).[5m,n] The key
reactions for the synthesis of tetracyclic pyridocarba-
zoles 56a and 56b involved a Cu(OTf)2-catalyzed
cyclopropanation reaction to build the all-carbon
quaternary center at C5 and a Cu(OTf)2-catalyzed
homo-Nazarov cyclization to construct the C-ring.
Similar with Wenkert and Hudlický’s strategy,[5j] the
cyclopropane 41b was obtained via the coupling
reaction of tetrahydropyridine 37c with ethyl diazo-
acetate 40 under the help of Cu(OTf)2. A four-step
sequence of 41b rendered intermediates 55a and 55b,
which were converted via a Cu(OTf)2-catalyzed homo-
Nazarov cyclization into tetracyclic pyridocarbazoles
56a and 56b respectively. Subsequently, hydrogena-
tion of 56a gave the known secondary amine 53
reported by Wenkert and Hudlický.[5j] In this manner
the formal synthesis of (�)-1 was accomplished. On
the other hand, 56b was transformed into ester 57 via
a five-step sequence including reduction, Pinner meth-
anolysis, Cbz-deprotection, and alkylation. Finally, the
closure of E-ring of 57 with the method reported by
Rawal followed by selective dimethylation furnished
(�)-jerantinine E ((�)-8) in 67% yield over three
steps.

The low yields of E-ring formation reported by the
groups of Potier[4] and Ziegler[5a] promoted Magnus to
develop a novel efficient approach. In 1982, Magnus
and co-workers disclosed the total synthesis of (�)-
aspidospermidine ((�)-1). The key features of the
strategy is the fast assembly of tetracyclic pyridocarba-
zole 44 by using a [4+2] cycloaddition and the
creation of E-ring via a novel Pummerer rearrange-
ment-based alkylation sequence (Scheme 6).[5b–d] Be-
ginning from the condensation of indole 59a with 2-

Scheme 4. Total synthesis of (�)-aspidospermidine ((�)-1) by
Wenkert and Hudlický (1988).[5j]

Scheme 5. Syntheses of (�)-aspidospermidine ((�)-1) and (�)-
jerantinine E ((�)-8) by Waser and co-workers (2010 &
2013).[5m,n]
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(phenylthio)ethylamine afforded imine 42a in quanti-
tative yield. Similar with Ziegler’s [4+2] cyclo-
addition, imine 42a was treated with mixed anhydride
43 to afford tetracyclic cis-lactam 44 in 33% yield via
a plausible intermediate 60. Oxidation of thioether 44
gave sulfoxide 61, which enabled the Pummerer
rearrangement with TFAA to produce trifluroacetate
62. Subsequently, the key reaction of the indole
dearomatization proceeded smoothly to give 64 in 81%
yield via a thionium ion 63. Finally, (�)-1 was
obtained in 44% yield by desulfurization with Raney
nickel followed by reduction with LiAlH4. It is worth
noting that the yield of E-ring formation was very
good because of the favourable orbital overlap of the
indole π-system and thionium ion π-system.

About one year after Magnus completed his elegant
total synthesis of aspidosperma alkaloid (�)-aspido-
spermidine ((�)-1), they achieved the first total
syntheses of two caged kopsia alkaloids, namely, (�)-
kopsanone ((�)-73) and (�)-5,22-dioxokopsane ((�)-
74), by using an intramolecular [4+2] cycloaddition
for construction of tetracyclic pyridocarbazole 66, a
Pummerer rearrangement-based intramolecular alkyl-
ation sequence for establishing of pyrrolidine ring with
concomitant the C12 quaternary center formation, and
an intramolecular [4+2] cycloaddition for assembly of
the caged ring system along with the C5 quaternary
center (Scheme 7).[5e,f] 3-Formyl-2-methylindole 59a
was condensed with chloroamine 65 and the resulting
imine 42c treated with Cl3CCH2OCOCl and DIPEA to
forge tetracyclic pyridocarbazole 66 via γ-deprotona-
tion/tautomerization and subsequent intramolecular [4

+2] cycloaddition. Treatment of sulfoxide 67, which
was obtained by a three-step sequence involving
deprotection, acylation, and m-CPBA oxidation, with
TFAA in DCM at 0 °C followed by HCl elimination in
PhCl at 135 °C delivered diene 69 in 78% yield.
Allylation of diene 69 followed by intramolecular
Diels-Alder reaction furnished kopsia alkaloids skel-
eton 71 in 72% yield over two steps. A four-step
sequence of reduction, oxidation, rearrangement, and
Pummerer rearrangement gave a common intermediate
72a, which was converted into (�)-kopsanone ((�)-
73) and (�)-5,22-dioxokopsane ((�)-74) over two
steps, respectively.

In order to extend their novel strategy, Magnus
et al. completed another four caged kopsia alkaloids,
namely, (� )-kopsinilam ((� )-75),[5g] (� )-kopsinine
((� )-76),[5g] (�)-kopsijasmine ((�)-77),[5h] and (�)-
kopsine ((�)-15)[5i] (Scheme 8). It is noteworthy that
kopsine (15) occupies a central position in the kopsia
alkaloids and provides a synthetic link to synthesize
another three classes of kopsia alkaloids, namely,
methyl chanofruticosinate (12), fruticosine (13), and
isokopsine (14).[5i]

In 2013, Andrade and Zhao achieved the divergent
total synthesis of (� )-vincadifformine ((� )-5), (� )-
tabersonine ((� )-7), and (� )-aspidospermidine ((� )-
1), relying on an asymmetric domino Michael/Man-
nich/N-alkylation process to construct the core frame-
work ABC-ring 46 with the all-carbon quaternary

Scheme 6. Total synthesis of (�)-aspidospermidine ((�)-1) by
Magnus and co-workers (1982).[5b–d]

Scheme 7. Total syntheses of (�)-kopsanone ((�)-73), and (�)-
5,22-dioxokopsane ((�)-74) by Magnus and co-workers
(1983).[5e,f]
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stereocenter at C5 (Scheme 9).[5o] Starting material 3-
formyl-2-methyl-indole 59b was similar to that used
by Magnus.[5b] Condensation of 59b with (R)-tert-
butylsulfinamide in the presence of Ti(OEt)4 afforded
N-sulfinylimine 42b in 97% yield. Deproton-ation of
42b with LiHMDS was followed by Michael reaction
with methyl ethacrylate 45 and then an Mannich
reaction to generate N-sulfinyl metalloamine 79. Then,
allylation with allyl bromide to furnish tricyclic
tetrahydrocarbazole 46 in 81–90% yield with 11:1 d.r..
Subsequently, the authors utilized a RCM reaction to
form the D-ring originally developed by Rawal,[5k] and

indole dearomatization to forge E-ring discovered by
Bosch,[13] Rubiralta,[7a] Rawal,[5k] and Martin.[11] Finally,
three aspidosperma alkaloids were smoothly obtained
by simple synthetic manipulations. More recently,
Andrade et al. employed the same tactic to complete
the total synthesis of (� )-16-methoxytabersonine.[5p]

In 1998, Rawal and co-workers showcased the
elegant total synthesis of (�)-tabersonine ((�)-7)
(Scheme 10).[5k] The key reactions for the creation of
tetracyclic pyridocarbazole 75 involved a [4+2] cyclo-
addition to construct C-ring with quaternary center at
C5, a ring-closing metathesis to form D-ring, and an o-
nitrophenylation-based reduction cyclization sequence
to forge B-ring. The [4+2] cycloaddition of amino-
siloxydiene 47 with 2-ethylacrolein 48 produced cyclo-
adduct (�)-49 in 97% yield with complete regioselec-
tivity and high endo selectivity. Wittig reaction of (�)-
49 followed by RCM reaction in the presence of
Schrock’s molybdenum catalyst afforded carbamate 85
in 75% yield. With 85 in hand, the authors employed
an o-nitrophenylation/reduction cyclization to con-
struct B-ring smoothly, which was previously devel-
oped for themselves for the synthesis of carbocycle-
fused indoles.[14] Subsequently, a blend of known
approaches including Natsume’s[15] and Rubiralta’s[7a]
was used to close the E-ring, affording (�)-84 in 78%
yield. Ultimately, treatment of (�)-84 with LDA and
Mander’s reagent furnished (�)-7 in excellent yields
even on gram-scale.

After completing synthesis of (�)-tabersonine ((�)-
7), Rawal and co-workers accomplished the divergent
asymmetric total synthesis of several aspidosperma
alkaloids featuring a Lewis acid-catalyzed asymmetric
[4+2] cycloaddition of aminosiloxydiene 47 with 2-

Scheme 8. Total syntheses of four caged kopsia alkaloids by
Magnus and co-workers (1983–1989).[5g–i]

Scheme 9. Divergent total syntheses of (� )-vincadifformine
((� )-5), (� )-tabersonine ((� )-7), and (� )-aspidospermidine
((� )-1) by Andrade and Zhao (2013).[5o]

Scheme 10. Total synthesis of (�)-tabersonine ((�)-7) by
Rawal and co-workers (1998).[5k]
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ethylacrolein 48 (Scheme 11).[5l] The cycloadduct was
obtained in good yield with 94–96% ee. Finally, six
aspidosperma alkaloids, namely, (+)-tabersonine
((+)-7), (+)-16-methoxy- tabersonine ((+)-92),
(+)-aspidospermidine ((+)-1), (� )-quebrachamine
((� )-93), and (� )-dehydroquebra-chamine ((� )-94),
were obtained via the same or a similar synthetic route.

3.1.2. Michael Addition Reactions
Among the various carbon� carbon bond-forming re-
actions, in particular, for the installation of all-carbon
quaternary centers, Michael addition reactions play a
significant role in organic synthesis. Therefore, they
can be widely used as a key step in the synthesis of

natural products. Several research groups utilized
Michael addition to forge all-carbon quaternary center
at C5 in the total synthesis of aspidosperma and kopsia
alkaloids (Scheme 12). (1) d’Angelo et al.[6a] developed
an asymmetric Michael addition of cyclohexanone by
using (R)-1-phenylethylamine to construct quaternary
carbon stereocenter (Scheme 12a). Recently, She
et al.[6f] optimized the asymmetric Michael addition of
cyclohexanone by changing (R)-1-phenylethylamine to
(R)-1-(1-naphthyl)ethylamine (Scheme 12b). (2)
Heathcock et al.[6b] showcased an Michael addition of
cyclopentanone to build quaternary carbon center. (3)
The groups of She[6c,e] and Ma[6d,g] utilized Michael
addition of carbazolones to install the quaternary
carbon center (Scheme 12c).

In 1994, d’Angelo and Desmaële developed the
asymmetric total synthesis of (+)-aspidospermidine
((+)-1) featuring an enantioselective Michael addition
to build the quaternary carbon center, a Cu(I)-promoted
arylation to construct B-ring, an elimination/Michael
addition sequence to forge D-ring, and a Pummerer
rearrangement-based intramolecular SN2 alkylation
sequence to form E-ring (Scheme 13).[6a] The authors
installed the quaternary carbon center via the asym-
metric Michael addition of cyclohexanone 95 with (R)-
1-phenylethylamine, and then with methyl acrylate. A
seven-step sequence reaction afforded enaminone
102a, which was converted to carbazolone 103a via
the CuI-promoted indole synthesis originally reported
by Suzuki.[16] The elimination/Michael addition se-
quence of secondary alcohol 104a, which was
prepared by via a six-step sequence from 103a,

Scheme 11. Asymmetric divergent total synthesis of aspido-
sperma alkaloids by Rawal and co-workers (2002).[5l]

Scheme 12.Michael addition reactions to construct the all-
carbon quaternary center at C5.

Scheme 13. Total synthesis of (+)-aspidospermidine ((+)-1) by
d’Angelo and Desmaële (1994).[6a]
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proceeded smoothly to forge tetracyclic lactam 105a
as a single cis isomer in 94% yield. Finally, the authors
adopted the E-ring formation strategy reported by
Magnus[5b–d] to complete the synthesis of (+)-aspido-
spermidine ((+)-1). In 2015, Kotsuki and co-workers
achieved the enantioselective Michael addition reaction
of 95 with methyl acrylate by employing (R)-1-phenyl-
ethylamine as catalyst under high-pressure conditions
(1.0 GPa).[17] Thus, the authors completed the formal
synthesis of (+)-aspidospermidine ((+)-1). Subse-
quently, Cho and co-workers completed the total
synthesis of (+)-1 and (� )-tabersonine ((� )-7) by
using 96a as starting material.[18]

Recently, She and co-workers achieved the first
asymmetric total synthesis of (+)-winchinine B
((+)-108) (Scheme 14).[6f] The key step for the syn-
thesis of tetracyclic lactam 105b involved an asym-
metric Michael addition to synthesize the quaternary
carbon stereocenter at C5, an intramolecular palladi-
um-catalyzed oxidative coupling to form the B-ring
and a reduction/elimination/conjugate addition se-
quence to construct lactam ring. Compared with
d’Angelo’s method,[6a] She and co-workers utilized (R)-
1-(1-naphthyl)ethylamine as chiral auxiliary in the key
asymmetric Michael addition according to Zu’s
work,[19] and the enantioselectivity was greatly im-
proved. With tetracyclic lactam 106 in hand, a blend of
known approaches was used to close the E-ring,
affording (+)-1,2-dehydroaspidospermidine ((+)-54).
Finally, (+)-winchinine B ((+)-108) was completed by
a cyanation reaction.

In 2000, Heathcock and Toczko reported the total
synthesis of (�)-aspidospermidine ((�)-1) relying on a

Michael addition to install quaternary carbon center, an
intramolecular cascade reaction to simultaneously form
the B, C, and D rings, and an indole β-alkylation to
build the E-ring (Scheme 15).[6b] Alkylation of β-
ketoester 97 with o-azidobenzyl bromide formed azide
98, which was converted through the Michael addition
to 99. A sequential seven-step chemical trans-forma-
tion of 100 produced cyclopentene 109. Ozonolysis of
109 delivered aldehyde 110, which was transformed to
tetracyclic pyridocarbazole 112 in 53% yield over two
steps via imine 111 under the help of TFA. With 112 in
hand, the authors modified the previous strategy for
the closure of E-ring by using more reactive alkyl
iodide and then AgOTf to activate the iodide. In this
manner pentacyclic lactam 113 was obtained smoothly
in high yield (86%). Finally, reduction of the lactam
and the indolenine in 113 with LiAH4 delivered (�)-
aspidospermidine ((�)-1) in 82% yield.

In 2012, She, Xie, and co-workers accomplished
the first total synthesis of (�)-kopsihainanine A ((�)-
9) (Scheme 16).[6c] The key reaction for the creation of
tetracyclic lactam 117 involved a Michael addition to
build the quaternary carbon center at C5, and an
reduction/elimination/conjugate addition sequence to
form lactam ring. Their synthesis commenced with the
inexpensive and commercially available carbazolone
114. N-benzylation and then allylation of carbazolone
114 gave ketone 100a, which underwent the Michael
addition with acrylonitrile in the presence of t-BuOK
followed by hydrolysis with HCO2H to give amide
115. LiAlH4 selective reduction of carbonyl group in
the 115 afforded secondary alcohol 116, which was
subjected to an elimination/conjugate addition se-
quence with 2 N HCl to deliver tetracyclic lactam 117
in an excellent yield (98%) as a single diastereomer.

Scheme 14. Total synthesis of (+)-Winchinine B ((+)-108) by
She and co-workers (2019).[6f]

Scheme 15. Total synthesis of (�)-aspidospermidine ((�)-1) by
Heathcock and Toczko (2000).[6b]
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Subsequently, pentacyclic lactam 119 was established
by a three-step sequence, including hydroboration-
oxidation reaction, mesylation, and transannular N-
alkylation reaction. Ultimately, introduction hydroxyl
group at α position of the carbonyl group in the 119
with LDA/Na2SO3/O2 followed by debenzylation with
AlCl3/anisole furnished (�)-kopsihainanine A ((�)-9).

In a similar fashion, She and co-workers achieved
the total synthesis of (�)-aspidospermidine ((�)-1) in
2015 via a Michael addition to build the quaternary
carbon center at C5, an reduction/elimination/conju-
gate addition sequence to construct D-ring, and an
indole β-alkylation to form the E-ring (Scheme 17).[6e]

In 2013, Ma and co-workers achieved the first total
synthesis of (�)-methyl N-decarbomethoxy-chanofruti-
cosinate ((�)-10), and the key features of the strategy
were a Michael addition to install the quaternary
carbon center at C5, a SmI2-mediated intramolecular
cyclization to construct the seven-membered ring, and
a late-stage intramolecular iodine-promoted oxidative
coupling to forge the caged and strained ring system
along with the C12 quaternary carbon center
(Scheme 18).[6d] Beginning from the commercially
available carbazolone 114, N-benzyl protection with
BnBr/NaH and then alkylation with ICH2CH2OTBS
delivered ketone 100c in 54% over two steps. The
Michael addition of ketone 100c with acrylonitrile
provided the nitrile 101c in 70% yield. In this manner
the all-carbon quaternary center at C5 was installed
smoothly. Reductive cyclization of 101c, followed by
imine hydrogenation afforded the tetracyclic pyridocar-
bazole 124 via trans-CD-ring formation. A three-step
sequence involving acylation, silyl ether cleavage, and
Ley oxidation gave cyclization precursor 125, which

underwent SmI2-mediated intramolecular Reformat-
sky-type reaction to provide β-hydroxy lactam 126 as a
mixture of two diastereomers. After a three-step
sequence, the key intramolecular oxidative coupling
was performed by enolization of 30 with LiHMDS
followed by coupling of the resulting enolates with I2
to form imine 127. Ultimately, (�)-methyl N-
decarbomethoxychanofruticosinate ((�)-10) was ob-
tained from imine 127 via a three-step sequence of
nucleophilic addition, hydrolysis, and methanolysis.

Kopsinitarine E (16) bears a complex octacyclic
caged and strained skeleton with a unique cyclic

Scheme 16. Total synthesis of (�)-kopsihainanine A ((�)-9) by
She, Xie, and co-workers (2012).[6c]

Scheme 17. Total synthesis of (�)-aspidospermidine ((�)-1) by
She and co-workers (2015).[6e]

Scheme 18. Total synthesis of (�)-methyl N-decarbometh-
oxychanofruticosinate ((�)-10) by Ma and co-workers
(2013).[6d]
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hemiaminal bridge, which leads to significant synthetic
challenges. More recently, Ma and co-workers accom-
plished the first total synthesis of (�)-kopsinitarine E
((�)-16)[6g] (Scheme 19) of several kopsia
alkaloids.[6d,10] The key elements for the synthetic
strategy involved an SmI2-mediated Dieckmann-like
condensation/Prins-type radical cascade cyclization
and subsequent semi-pinacol rearrangement to assem-
ble the key cyclic skeleton 132, a silane-mediated
chemoselective amide reduction to construct the
unique cyclic hemiaminal ether bridge, and an intra-
molecular Mannich cyclization to forge the octacyclic
caged and strained ring system. The authors obtained
tetracyclic pyridocarbazole 129 and cyclization precur-
sor 34 smoothly. The SmI2-mediated Dickman-like
condensation/Prins-type radical cascade cyclization of
34 was carried out in the presence of SmI2 to afford
ketol 130 in 64% yield. Exposure of 130 with LDA
and then quenching the generated lactam enolate
intermediate with iodine produced iodide 131, which
was subjected to the semi-pinacol rearrangement to
arrive at diketone 132. In this manner the key cyclic
skeleton containing the quaternary center at C5 and
C12 were successfully established. A four-step se-
quence including ketal protection, desilylation, oxida-
tion, and reduction gave cyclization precursor 133 in
47% overall yield. Treatment of 133 with Ti(Oi-Pr)4
and Ph2SiH2 proceeded reduction and subsequent
cyclization to give the hemiaminal 134 in 92% yield.

Finally, ketone 135, which was derived from hemi-
aminal 134 via a three-step sequence, was transformed
via intramolecular Mannich cyclization and then meth-
oxycarbonylation into (�)-kopsinitarine E ((�)-16) in
64% yield.

3.1.3. Nucleophilic Substitution Reactions
Nucleophilic substitution reactions are a class of
reactions in which an electron-rich nucleophile attacks
an electron-deficient electrophile to replace a leaving
functional group. They are frequently employed for the
establishment of all-carbon quaternary centers in the
total synthesis of natural products. For the synthesis of
aspidosperma alkaloids, several research groups of
Rubiralta,[7a] Bach,[7b] Miranda,[7e] Lu,[7c] and Jia[7d]
utilized nucleophilic substitution of cyclohexanamides,
nitrile, or ester as a key step to install the all-carbon
quaternary centers (Scheme 20).

Different from the previous strategy reported by the
groups of Potier,[4] Ziegler,[5a] Magnus,[5b–d] Natsume,[15]
and Bosch,[13] Rubiralta and co-workers in 1996
developed a novel method for the construction of E-
ring in the total synthesis of (�)-aspidospermidine
((�)-1) (Scheme 21).[7a] The authors employed an

Scheme 19. Total synthesis of (�)-kopsinitarine E ((+)-16) by
Ma and co-workers (2020).[6g]

Scheme 20. Nucleophilic substitution reactions constructed the
all-carbon quaternary center at C5.
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nucleophilic substitution to install a quaternary carbon
center, followed by a and a novel indole β-alkylation
spirocyclization and rearrangement to form the E-ring.
Treatment of 136 with n-BuLi and followed by
conjugate addition with 137 in the presence of HMPA
afforded dithianylindole dianion 138, which underwent
selective alkylation with iodoethane to furnish the
lactam 139 in 52% yield. Isomerization of naphthyr-
idoindole 156, which was obtained by treating lactam
139 with DIBAL� H, then aqueous AcOH to produce
tetracyclic pyridocarbazole 157 in 90% yield. Sub-
sequently, debenzylation of 157 with BF3� Et2O/Me2S
gave primary alcohol 158 in 86% yield. Treatment of
158 TsCl/t-BuOK afforded pentacyclic imine 159 in
77% yield. Finally, reduction of 159 with W-2 Raney
Ni produced a 1.2:1 mixture of (�)-54 and (�)-
aspidospermidine ((�)-1) in total 65% yield.

In 2012, Bach and co-workers developed a palla-
dium-catalyzed direct alkylation reaction of free N-H
indoles at C2, which was applied in the total synthesis
of (�)-aspidospermidine ((�)-1) (Scheme 22).[7b]
Based on a norbornene-mediated regioselective cas-
cade C� H activation, the authors employed free N-H
indole 160 as starting material which was coupled with
bromide 161 under palladium catalysis of
PdCl2(MeCN)2 to afford 2-alkylindole 140. Exposure
of 140 to LiHMDS and then quenching the generated
lactam enolate intermediate with allyl bromide pro-
duced lactam 142 in 87% yield. Hydroboration-
oxidation sequence of terminal olefin 142 with 9-BBN
and then H2O2/NaOH, followed by oxidation with
DMP gave aldehyde 162 in 84% yield over two steps.
Reductive amination of aldehyde group in the 162 with
ethanolamine and NaBH4 and subsequent reduction of
lactam group with DIBAL� H generated aza-hemiacetal

163, which was converted via an acid-catalyzed
rearrangement C-ring formation into the known tetra-
cyclic pyridocarbazole 123 in 79% over three steps.
Finally, the tetracyclic pyrido-carbazole 123 was trans-
formed into (�)-aspido-spermidine ((�)-1) by a known
two-step sequence of indole β-alkylation and a reduc-
tion.

In 2018, Miranda and Mijangos reported the
divergent total synthesis of several aspidosperma
alkaloids (Scheme 23).[7e] Treatment of cyclohexan-
amide 143 with n-BuLi and subsequent quenching the
generated lactam enolate intermediate with iodoethane,

Scheme 21. Total synthesis of (�)-aspidospermidine ((�)-1) by
Rubiralta and co-workers (1996).[7a] Scheme 22. Total synthesis of (�)-aspidospermidine ((�)-1) by

Bach and co-workers (2012).[7b]

Scheme 23. Divergent total synthesis of aspidosperma alkaloids
by Miranda and Mijangos (2018).[7e]
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followed by proceeding nucleophilic substitution with
allyl bromide afforded lactam 144. After a four-step
sequence, aromatic amine 145 was synthesized in 45%
overall yield. Subsequently, the B-ring was constructed
efficiently by a key zinc iodide-catalyzed alkyne
hydroamination of 145. Debenzylation of 145 and Boc
protection gave compound 166, which was converted
into the known tetracyclic pyridocarbazole 123 as a
single diastereoisomer. Finally, 123 was transformed
into (�)-aspidospermidine ((�)-1), (�)-dehydroaspi-
dospermidine ((�)-54), and (�)-vincadifformine ((�)-
5) by the known methods.

In 2014, Lu, Han, and co-workers developed a
palladium(II)-catalyzed tandem cyclization reaction,
which was applied to the formal synthesis of (�)-
aspidospermidine ((�)-1) (Scheme 24).[7c] Different
from the above three examples, the authors employed
double α-alkylation of the cyano group of butyronitrile
147 to build the all-carbon quaternary center at C5,
yielding alkyne 150. Sonogashira coupling of alkyne
150 with 2-iodoaniline afforded intermediate 167,
which underwent the palladium (II)-catalyzed tandem
cyclization reaction to construct carbazolone 168 in
89% yield on multi-gram scale. Reduction of inter-
mediate 169, generated in situ from carbazolone 168
via a reductive amination, with LiAlH4 followed by
removal of Ts group with KOH and then working up
with AcOH/H2O afforded the known tetracyclic pyr-
idocarbazole 123 in 65% yield over three steps.
Ultimately, the transformation of intermediate 123 can
be converted into (�)-aspidospermidine ((�)-1) via 2-
step sequence as reported by Bach.[7b]

In a subsequent study, Jia and co-workers reported
the formal synthesis of (+)-kopsihainanine A ((�)-9)
(Scheme 25).[7d] The key steps for the assembly of
tetracyclic pyridocarbazole 175 involved a chiral pool
approach to prepare the all-carbon quaternary stereo-
enter, a trifluoromethane-sulfonic anhydride mediated
cyclization reaction and stereoselective reduction to
construct trans CD-ring. Commercially available dieth-
yl L-malate 151 was converted into compound 155 in
40% yield with >95% de via double α-alkylation of
the ester group.[20] After a three-step sequence, com-
pound 155 was transformed to vinyl iodide 170, which
underwent a Suzuki-Miyaura coupling with the known
N-Boc indole 2-boronic acid 171 to deliver compound
172. The trans CD-ring was synthesized via a
sequential reaction involving the formation of iminium
ion intermediate 174 with Tf2O and 2-Cl-pyridine and
then stereoselective reduction with NaBH4. With
tetracyclic pyridocarbazole 175 in hand, the authors
employed a seven-step transformation to afford the
known intermediate 176 reported by Zhu and co-
workers.[21]

3.1.4. Claisen Rearrangement Reactions
The Claisen rearrangement reactions are a powerful
carbon� carbon bond-forming chemical reactions, espe-
cially suitable for the establishment of all-carbon
quaternary centers. Claisen rearrangement reactions
are required very high temperature if uncatalyzed.
Eschenmoser-Claisen rearrangement, Ireland-Claisen
rearrangement, and Johnson-Claisen Rearrangement
have been developed by replacing the structure of
vinyl ether moieties with different electron withdraw-

Scheme 24. Formal synthesis of (�)-aspidospermidine ((�)-1)
by Lu, Han, and co-workers (2014).[7c]

Scheme 25. Formal synthesis of (+)-kopsihainanine A ((+)-9)
by Jia and co-workers (2015).[7d]
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ing groups. The Claisen rearrangement reactions are
used for the construction of quaternary carbon center
in the total synthesis of aspidosperma alkaloids by the
groups of Banwell and Lupton,[8a] Banwell,[8b,c] Xia[8d]
(Scheme 26).

In 2005, Banwell and Lupton reported the total
synthesis of (�)-aspidospermidine ((�)-1)
(Scheme 27).[8a] Commercially available 3-eth-
oxycyclohexen-one 177 was converted to allylic

acetate 178 via a four-step sequence in 45% overall
yield. Exposure of allylic acetate 178 with LDA and
then reaction with TBSCl afforded ketene acetal
intermediate, which underwent an Ireland-Claisen
rearrangement reaction to give cyclohexene acetic acid
179 in 62% yield. In this manner the all-carbon
quaternary center of the natural product was installed.
Through an eight-step transformation, acid 179 was
converted to α-iodoenone 187, underwent an Ullmann
cross-coupling with o-iodo-nitrobenzene to form com-
pound 188 in 75% yield. From 188, azide was installed
in 3-step sequence in 87% yield. Subsequently, heating
of azide 189 in benzene afforded ring-fused aziridine
190 in 72% yield. Regioselective cleavage of aziridine
190 with an ether solution of HCl generated an
unstable α-chloroketone 191, which was inter-medi-
ately treated with TiCl3 ·3THF in the presence of
NH4OAc to form the known tetracyclic pyridocarba-
zole 192. Finally, 192 could be converted into (�)-
aspidospermidine ((�)-1) via a two-step method
reported by Wenkert and Hudlicky. However, the
authors employed a slightly longer but higher yielding
approach developed by Heathcock and Toczko[6b] to
compete the synthesis of (�)-aspidospermidine.

In a similar fashion, Banwell and co-workers
accomplished the total synthesis of (�)-limasper-
midine ((�)-3) and (�)-1-acetylaspidoalbidine ((�)-
198) in 2012, relying on a Eschenmoser-Claisen
rearrangement of 2-cyclohexen-1-ol 182 to build the
all-carbon quaternary center at C5, a Pd(0)-catalyzed
Ullmann cross-coupling of α-iodoenone 194 with o-
iodonitrobenzene to introduce the A-ring, and a Raney-
cobalt-mediated tandem reductive cyclization of nitrile
195 to give the tetracyclic pyridocarbazole 196a via
B- and D-ring formation (Scheme 28).[8b] With the key
tetracyclic pyridocarbazole 196a in hand, the authors
utilized the indole spirocyclization protocol to con-
struct E-ring disclosed by Heathcock and Toczko.[6b]

Applying their established strategy, Banwell and
co-workers reported the formal total synthesis of (�)-
kopsihainanine A ((�)-9) starting from the tetracyclic
pyridocarbazole 196b (Scheme 29).[8c] This route
relied on the conversion of cis-ring-fused tetracyclic
pyridocarbazole 201 into the known trans-ring-fused
tetracyclic pyridocarbazole 202 described by Mukai
and co-workers in the total synthesis of (+)-kopsihai-
nanine A ((+)-9).[9f] Oxidation of 201 with PhIO
followed by reduction with NaBH4 afforded 202 in
68% yield over two steps.

Xia and co-workers recently achieved the first total
synthesis of (+)-flavisiamine F ((+)-11) featuring a
TMS-promoted ketal Claisen rearrangement for instal-
ling of the all-carbon quaternary stereocenter at C5, an
intramolecular Mannich reaction for assembly of
seven-member ring, a ring-closing metathesis for
formation of D-ring, and a visible-light-induced photo-
chemical spirocyclization for construction of E-ring

Scheme 26. Claisen rearrangement reactions constructed the
all-carbon quaternary center at C5.

Scheme 27. Total synthesis of (�)-aspidospermidine ((�)-1) by
Banwell and Lupton (2005).[8a]
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along with the all-carbon quaternary stereocenter at
C12. (Scheme 30).[8d] Beginning with protected carba-
zolone 203, which was transformed into trichloroaceta-
mide 185 via a five-step sequence including a key
room-temperature Overman rearrangement for intro-
ducing the chiral amine at C19. Interestingly, selective
ring opening of the ketal moiety in 185 with TMSOTf/
DIPEA generated the corresponding enol ether, which
underwent a classic Claisen rearrangement in refluxing
PhCl to deliver ketone 186. In this manner the all-
carbon quaternary stereocenter at C5 was installed.
The seven-member ring in diene 205 was constructed
by the intramolecular Mannich reaction from amine
204, which was derived from ketone 186 via a four-
step transformation. Subsequently, the ring-closing
metathesis of diene 205 was carried out in toluene at
80 °C using Grubbs II catalyst with p-TsOH to forge
advanced intermediate 206, which underwent α-iodina-

tion to afford radical cyclization precursor 33. With 33
in hand, the authors focused on the spirocyclization to
construct E-ring. After screening several conditions, α-
iodoketone 33 was converted to caged compound 207
in 77% yield in the presence of [Ir(dF(CF3)ppy)2(d-
(CF3)bpy)]PF6 and Et3N under irradiation with Blue
LEDs. Ultimately, (+)-flavisiamine F ((+)-11) was
obtained by a three-step sequence of nucleophilic
addition, hydrolysis, and methanolysis.

3.2. Palladium-Catalyzed Asymmetric Decarboxy-
Lative Allylation Reactions
In addition to the classic synthetic reactions to build
all-carbon quaternary centers, several catalytic trans-
formations have been developed and employed to
synthesize the complex alkaloids by chemists. Notably,
palladium-catalyzed asymmetric decarboxylative ally-
lation reactions represent a distinctive tool for the
synthesis of all-carbon quaternary centers.[16b] For the
syntheses of aspidosperma and kopsia alkaloids,
several research groups employed such reactions as
strategic linchpins (Scheme 31): (1) decarboxylative
allylation of carbazolones by the groups of Lupton,[9a]
Shao,[9b,d,e] Ma,[6d] Qin,[9h] and Chang;[9j] (2) decarbox-
ylative allylation of cyclohexanone by the group of
Qiu’s;[9c] (3) decarboxylative allylation of cyclohexana-
mides by the groups of Mukai,[9f] and Stoltz.[9g,i]

3.2.1. Decarboxylative Allylation of Carbazolones
In 2013, Lupton and Gartshore developed a palladium-
catalyzed enantioselective decarboxylative allylation of

Scheme 28. Total synthesis of (�)-limaspermidine ((�)-3) and
(�)-1-acetylaspidoalbidine ((�)-198) by Banwell and co-work-
ers (2012).[8b]

Scheme 29. Formal synthesis of (�)-kopsihainanine A ((�)-9)
by Banwell and co-workers (2016).[8c]

Scheme 30. Total synthesis of (+)-flavisiamine F ((+)-11) by
Xia and co-workers (2019).[8d]
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N-Boc carbazolones to construct the all-carbon quater-
nary stereocenter at C5 (Scheme 32).[9a] The key
enantionselective decarboxylative allylation reaction
was performed using Pd2(dba)3 and (S)-t-BuPHOX in

toluene at 50 °C to give α-quaternary product 209a in
90% yield with 94% ee. Hydrolysis of nitrile occurred
with formic acid with concomitant Boc group removal,
followed by protection of N-H with BnBr/K2CO3
afforded the known N-benzyl carbazolone 102a, which
completed to the formal synthesis of (+)-kopsihaina-
nine A ((+)-9) following She’s synthetic procedure.[6c]

In the same year as Lupton’s work, Shao and co-
workers showcased a palladium-catalyzed enantio-
selective decarboxylative allylation of N-Bn carba-
zolones to install the all-carbon quaternary stereocenter
at C5, completing their total synthesis of (� )-
aspidospermidine ((� )-1) and (+)-kopsihainanine A
((+)-9). (Scheme 33).[9b] The key enantionselective
decarboxylative allylation reaction of carbazolone
208b produced α-quaternary product 209b in 93%
yield with 92% ee. Hydrolysis of the nitrile group in
209b with HCO2H followed by selective reduction of
carbonyl group afforded secondary alcohol inter-
mediate, which underwent an elimination/conjugate
addition sequence using 2 N HCl to deliver tetracyclic
lactam 117 in an excellent yield (87%) without loss of
enantiomeric purity (91% ee). After a five-step
sequence, tetracyclic lactam 117 was transformed into
tetracyclic amine 192 via the formation of ethyl side
chain and reduction of lactam group. Finally, the
authors completed the synthesis of (� )-1 by using the

Scheme 31. Palladium-catalyzed decarboxylative allylation re-
actions used to construct the all-carbon quaternary center at C5.

Scheme 32. Formal total synthesis of (+)-kopsihainanine A
((+)-9) by Lupton and Gartshore (2013).[9a]

Scheme 33. Divergent total synthesis of aspidosperma and
kopsia alkaloids by Shao and co-workers (2013 & 2014).[9b,d,e]
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procedure developed by Heathcock and Toczko.[6b] On
the other hand, (+)-kopsihainanine A ((+)-9) was first
synthesized following She’s protocol for the synthesis
of (�)-kopsihainanine A ((�)-9).[6c] Subsequently, the
Shao group further extended their key decarboxylative
allylation reaction to accomplish the synthesis of
several aspidosperma alkaloids, namely, (� )-limasper-
midine ((� )-3), (� )-N-acetylcylindrocarpinol ((� )-
218), (+)-aspidospermine ((+)-2), (+)-cylindrocarpi-
dine ((+)-219), and (+)-10-oxo-cylindrocarpidine
((+)-220), starting from the 209c.[9d,e]

Inspired by the groups of Lupton’s and Shao’s
enantioselective approaches, Ma and co-workers com-
pleted the asymmetric total synthesis of (+)-methyl N-

decarbomethoxychanofruticosinate ((+)-10) on the
basis of their synthesis of ((�)-10) (Scheme 34).[6d]
According to Lupton’s method, the known carbazolone
209a was prepared from commercially available
1,2,3,4-tetrahydro-4-oxocarbazole 114 in four steps in
48% overall yield with 94% ee. Similar to their
racemic synthetic route (Scheme 18), the authors
achieved the asymmetric total synthesis of (+)-10 in
19 linear steps.

In 2017, Qin, Song, and co-workers developed an
efficient collective synthetic strategy to achieve the
divergent total synthesis of five complex caged kopsia
alkaloids, including, (� )-isokopsine ((� )-14), (� )-
methyl chanofruticosinate ((� )-12), (� )-kopsine ((� )-
15), (� )-kopsanone ((� )-73), and (� )-fruticosine ((� )-
13), (Scheme 35).[9h] The key reactions for assembly of
the common advanced intermediate 228 involved a
palladium-catalyzed enantioselective decarboxylative
allylation of N-Boc carbazolones 208d to install the
quaternary carbon center at C5, an aza-Wittig reaction/
stereoselective borohydride reduction sequence of
azide 224 to construct trans-fused hydroquinine 225,
an intramolecular cyclopropanation of diazo 31 to
build the all-carbon quaternary stereocenter at C12,
and a SmI2-promoted acyloin condensation of 227 to
establish the isokopsine core 228. With 228 in hand,
the authors accessed four types of structurally diverse
kopsia alkaloids through several late-stage skeletal
rearrangements. It is worth noting that the establish-
ment of the quaternary carbon center at C12 is
different from the previous strategies and provided a
valuable guidance for accessing members of this
family alkaloids.

Recently, Chang, Song, and co-workers reported
the total synthesis of (+)-aspidospermidine ((+)-1)
featuring a palladium-catalyzed decarboxylative allyla-
tion to install the all-carbon quaternary stereocenter at
C5, and a reductive amination/carbonyl reduction/
dehydration/conjugate addition to construct the D-ring
(Scheme 36).[9j] Under Pd catalysis using a PHOX
ligand, carbazolone 208e, which was obtained from
the commercially available tetrahydro-4-oxocarbazole

Scheme 34. Total synthesis of (+)-methyl N-decarbometh-
oxychanofruticosinate ((+)-10) by Ma and co-workers
(2013).[6d]

Scheme 35. Divergent total synthesis of kopsia alkaloids by
Qin, Song, and co-workers (2017).[9h]

Scheme 36. Total synthesis of (+)-aspidospermidine ((+)-1) by
Chang, Song, and co-workers (2019).[9j]
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in three steps in 74% yield, was heated in toluene at
70 °C to afford allyl carbazolone 209e in 82% yield
with 82% ee. Hydroboration/oxidation of the alkenyl
group 209e followed by oxidation of newly formed
hydroxyl group gave keto-aldehyde 229 in 84% yield
over two steps. With 229 in hand, the authors expected
to use a novel cascade reaction for the construction of
the D-ring. After a series of screening a number of
conditions, the key tetracyclic pyridocarbazole 192
was successfully obtained. Finally, the authors com-
pleted the synthesis of (+)-1 according to the
procedure developed by Heathcock and Toczko.[6b]

3.2.2. Decarboxylative Allylation of Cyclohexanone
Different from the above-mentioned decarboxylative
allylation, Qiu and co-workers demonstrated a palla-
dium-catalyzed enantioselective decarboxylative ally-
lation of cyclohexenone 210 by using Trost ligand
210a to install the all-carbon quaternary stereocenter
at C5, which advanced to (� )-aspidophytine ((� )-4)
(Scheme 37).[9c] Vinylogous thioester 211 was obtained
in 70% yield with 85% ee from cyclohexenone 210
through the key palladium-catalyzed enantioselective
decarboxylative allylation reaction using catalytic

[Pd2(dba)3] ·CHCl3 and (S,S)-Trost ligand 210a.
Through a three-step transformation reaction, 211 was
converted to vinylogous amide 230, which was
enriched to 97% ee through recrystallization. An
intramolecular Heck-type coupling reaction of 230 in
the presence of Pd(OAc)2/Cu(OAc)2/K2CO3 gave car-
bazolone 231, which could be converted to azide 232
through tosylation, hydroboration, mesylation, and
azidation. Subsequently, selective reduction of ketone
in the 232 followed by hydrogenation of the azido
group generated primary amine intermediate, which
was protected with CbzCl and the resulting compound
was treated with TFA to afford tetracyclic pyridocarba-
zole 233. Another a three-step sequence, gave 234 in
36% overall yield. Pyrrolidine ring in the known
intermediate 235 reported by Fukuyama[22] was con-
structed via the indole β-alkylation spiro-cyclization
and then the α,β-unsaturated imine moiety was formed
via selenoxide elimination. Ultimately, the authors
completed the synthesis of (� )-aspidophytine ((� )-4)
from 235 following Fukuyama’s protocol.

3.2.3. Decarboxylative Allylation of Cyclohexan-
Amides

In 2014, Mukai and co-workers described the total
synthesis of (+)-kopsihainanine A ((+)-9) using a
palladium-catalyzed enantioselective decarboxylative
allylation of cyclohexanamide 212 for the establish-
ment of the all-carbon quaternary stereocenter at C5
and a Bischler-Napieralski reaction for the creation of
the C-ring (Scheme 38).[9f] The key decarboxylative
allylation of cyclohexanamide 212 was carried out in
the presence of Pd2(dba)3 and (S)-(CF3)2-t-Bu-PHOX
in TBME at 40 °C to obtain decarboxylated product

Scheme 37. Asymmetric total synthesis of (� )-aspidophytine
((� )-4) by Qiu and co-workers (2013).[9c]

Scheme 38. Total synthesis of (+)-kopsihainanine A ((+)-9) by
Mukai and co-workers (2014).[9f]
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213 in 82% yield and 98% ee. Removal of Bz and Boc
group in the 213 with KOH gave lactam 236, which
underwent the Bischler-Napieralski reaction with
POCl3 followed by stereoselective reduction with
NaBH4 to deliver tetracyclic pyridocarbazole 202.
After a four-step transformation, 202 was transformed
into diol 238, which underwent oxidation reaction
under the help of IBX to afford pentacyclic compound
239. Finally, (+)-kopsihainanine A ((+)-9) was accom-
plished from 239 by reduction of the carbonyl group
and subsequent removal of the Boc group in 38% yield
over two steps.

In a subsequent study, Stoltz and co-workers
disclosed a palladium-catalyzed enantioselective decar-
boxylative allylation of indole fused-cyclohexan-amide
214 to install the quaternary carbon stereocenter at C5,
in the total synthesis of several indole alkaloids
including a formal total synthesis of aspiodspermidine
(Scheme 39a).[9g] The racemic compound 215a was the
known intermediate reported by Bach,[7b] and thus the
authors completed the enantioselective formal syn-
thesis of (+)-aspidospermidine ((+)-1). The following
year, the authors extended their key method and
achieved the divergent asymmetric total synthesis of

aspidosperma alkaloid (+)-limaspermidine ((+)-3) and
kopsia alkaloid (+)-kopsihainanine A ((+)-9)
(Scheme 39b).[9i] Starting from the decarboxylative
products 215b and 215c, cis-CD-ring tetracyclic
pyridocarbazole 241 and trans-CD-ring tetracyclic
pyridocarbazole 246 were constructed by a hydro-
amination/reduction/Pictet-Spenger sequence and a
Bischler-Napieralski cyclization, respectively. With
242 in hand, the authors employed the indole β-
alkylation spirocyclization reported by Rawal and co-
workers[5k] to forge E-ring, yielding pentacyclic com-
pound 243. Subsequently, Reduction of 243 with
NaBH4 followed by debenzylation with BF3 ·Et2O in
ethanethiol to furnish (+)-limaspermidine ((+)-3). On
the other hand, treatment of 246 with 1,5,7-
triazabicyclo[4.4.0]dec-5-ene (TBD) gave pentacyclic
compound 176, which was transformed into (+)-kop-
sihainanine A ((+)-9) through a stereoselective α-
hydroxylation of the amide developed by Zhu and co-
workers.[21]

3.3. Thiourea-Catalyzed Asymmetric Michael Addi-
tion Reactions
Organocatalysis as a powerful tool for the construction
of molecules in modern organic chemistry.[23] In
particular, more and more organocatalysis was used as
key step in the total synthesis of natural products.[24]

In 2018, Ma and co-workers accomplished the
divergent enantioselective total syntheses of three
kopsia alkaloids, namely, (+)-5,22-dioxokopsane
((+)-74), (� )-demethoxycarbonylkopsine ((� )-255),
and (+)-kopsinidine C ((+)-256) (Scheme 40).[10] Piv-
otal to their synthetic strategy an thiourea-catalyzed
asymmetric Michael addition was used to install the
C5 quaternary carbon center, a SmI2-mediated reduc-
tive coupling to construct seven-member ring, and an
MnIII-mediated oxidative cyclization to forge the caged
ring system along with the C12 stereocenter. The key
asymmetric Michael addition of β-ketoamide 247 with
chloroacrylonitrile under thioamide catalysis of thiour-
ea 248 followed by a zinc reduction to give adduct 249
in excellent yield (95%) and enantioselectivity (97%).
Raney nickel-mediated reductive cyclization of 249
afforded tetracyclic imine 245, which was converted to
aldehyde 251 via a six-step sequence. Subsequently,
the SmI2-mediated Reformatsky-type cylization of 251
followed by Dess-Martin oxidation gave key cyclic
precursor 32 in 53% yield over two steps. The MnIII-
mediated oxidative cyclization of 32 was treated with
Mn(OAc)3/Cu(OAc)2 in MeOH to forge two cycliza-
tion products 252 and 253 in 76% and 10% yield,
respectively. Furthermore, 252 could be readily trans-
formed into 253 in 94% yield with 1 N HCl. In this
manner, the caged ring system along with concomitant
the C12 stereocenter were constructed in a single step.

Scheme 39. Total synthesis of (+)-limaspermidine ((+)-3) and
(+)-kopsihainanine A ((+)-9) by Stoltz and co-workers (2016
& 2017).[9g,i]

REVIEWS asc.wiley-vch.de

Adv. Synth. Catal. 2022, 364, 2479–2501 © 2022 Wiley-VCH GmbH2498

Wiley VCH Montag, 01.08.2022

2215 / 257656 [S. 2498/2501] 1

http://asc.wiley-vch.de


Finally, three kopsia alkaloids were obtained from 252
and 253 in 4–6 steps.

4. Conclusions and Perspectives
In summary, we have discussed the total synthesis of
aspidosperma and kopsia alkaloids using tetracyclic
pyridocarbazoles as versatile building blocks, in partic-
ular, highlighted the key steps to construct the all-
carbon quaternary center at C5, pyrrolidine ring with
concomitant C12 quaternary center, and piperidine ring
(Table 1).

For the installation of the all-carbon quaternary
stereocenter at C5: (1) classic synthetic reactions
(cycloaddition, Michael addition, nucleophilic sub-
stitution, and Claisen rearrangement); (2) palladium-
catalyzed asymmetric decarboxylative allylation; and
(3) thiourea-catalyzed asymmetric Michael additions
have been used. For construction of pyrrolidine ring
along with all-carbon quaternary center at C12: (1)
Pummerer rearrangement-based alkylation sequence;
(2) oxidative cyclization and MnIII-mediated oxidative
cyclization; (3) visible-light-induced photochemical
spirocyclizat ion; (4) cyclopropanation and then cyclo-

propane opening/Mannich reactions were successfully
used. (5) SmI2-mediated Dieckmann-like condensation/
Prins-type radical cascade cyclization and subsequent
semi-pinacol rearrangement. For establishment of
piperidine ring in the kopsihainanine A: several differ-
ent cyclization reactions, including N-alkylation cycli-
zation, oxidative cyclization, reductive cyclization, and
lactamization, have been employed.

As we know, a number of synthetic strategies have
been reported for the synthesis of aspidosperma and
kopsia alkaloids. However, divergent asymmetric syn-
thesis still remains a challenge for this class of
alkaloids, especially for differently substituted aro-
matic ring alkaloids. In addition, more concise asym-
metric total synthesis of complex polycyclic caged
kopsia alkaloids is highly desirable.

We hope that this review will provide an overview
to readers whose are interested in employing tetracy-
clic pyridocarbazoles as versatile building blocks in
the realm of total synthesis of aspidosperma and
kopsia alkaloids. More importantly, we hope that
recent advance will expire readers to develop versatile
strategies to accomplish concise and divergent asym-
metric total synthesis of structurally related alkaloids.
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