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Synthetic approaches towards cortistatins:
evolution and progress through its ages

Satrajit Indu and Krishna P. Kaliappan *

Cortistatins are a family of steroidal alkaloids with a unique pentacyclic skeleton, having immensely potent

anti-angiogenetic activities. Given the scarcity in the natural availability of these compounds, their synth-

eses became major attractions in organic chemistry. Along with total synthesis of the most potent conge-

ners in the family: cortistatins A and J, the synthesis of two other members have been successfully com-

pleted, while various other analogues have also been designed with variable degrees of biological activi-

ties. This review is an exhaustive coverage of the significant attempts towards constructing this highly

challenging molecule and also aims to highlight the deep understanding of the structure–activity relation-

ships of these compounds, which have been garnered over time.

1. Introduction

Steroidal alkaloids are the most prominent alkaloids derived
from a triterpenoid nucleus and form a class of secondary
metabolites isolated from plants, amphibians and marine

organisms.1 A lot of studies over the last three decades have
demonstrated that steroidal alkaloids and their semisynthetic
products possess a range of anti-cancer, anti-microbial and
anti-inflammatory activities, which renders them as promising
prospects in discovering new drug candidates.2 Their anti-
cancer activities have been most widely explored with respect
to various types of cancers: osteosarcoma, glioblastoma,
breast, gastric, colon, liver and lungs. Though they are most
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commonly isolated from terrestrial life forms, there are some
steroidal alkaloids isolated from marine sources (Fig. 1).3

Plakinamines A (1) and B (2), the first marine steroidal alka-
loids to be isolated showed significant antimicrobial and anti-
fungal activities against Staphylococcus aureus and Candida
albicans respectively. Soon after, Rao et al. isolated the first
member of a new class of alkaloids called zoanthamines (3).4

They were extracted from colonial zoanthid of the genus
Zoanthus originating in the Bay of Bengal and the Karachi
coast of the Arabian Sea. This was followed by the isolation of
zoanthenamine (4),5 zoanthaminone (5) 6 and other members
of the family.7 Later in 1994, two other natural products lokys-
terolamines A (6) and B (7) were isolated from the Indonesian
species Corticium and were shown to possess antimicrobial
activities against Bacillus subtilis and C. albicans.8 They also
showed cytotoxicity against several cancer cell lines such as
P-388, A-549, HT-29, and MEL-28 (IC50 values 0.5 to >2 μg
ml−1), as well as immunomodulatory activity (LcV/MLR >
187).9

After the turn of the century, during the course of their
studies on marine bioactive substances, Kobayashi and co-
workers in 2006, isolated a family of abeo-9(10-19)-androstane-
type steroidal alkaloids called cortistatins, from the
Indonesian marine sponge Corticium simplex.10–12 These com-
pounds showed highly selective anti-proliferative activity
against human umbilical vein endothelial cells (HUVECs),
which could inhibit the formation of new capillary blood
vessels from pre-existing ones-a process called angiogenesis.
While angiogenesis is an extremely important process for

embryogenesis, on the flip side, undesired neovascularization
also brings about tumour growth and metastasis; potentially
leading to diseases like obesity,13 atherosclerotic plaques,14

endometriosis15 and rheumatoid arthritis.16

Owing to this obvious threat of cancer, anti-angiogenesis
has also become a major avenue towards cancer related drug
discovery and therapeutic applications.17 Of this new family of
steroidal alkaloids, cortistatin A (8) showed anti-proliferative
activity against HUVECs in the range 100 pM to 1 µM, which
was 3000 times more selective than normal human dermal
fibroblast (NHDF) and several tumor cells (KB epidermoid car-
cinoma cells (KB3-1), human chronic myelogenous leukemia
cells (K562), and murine neuroblastoma cells (Neuro2A)).
Cortistatin A also inhibited the migration and tubular for-
mation of HUVECs induced by Vascular Endothelial Growth
Factor (VEGF) of Fibroblast Growth Factor-basic (bFGF) at 2
nM concentrations.10 Cortistatin J showed cytostatic anti-pro-
liferative activity against HUVECs (IC50 = 8 nM), with a selecti-
vity of 300–1100 times compared to NHDF and several other
tumor cell lines. Cortistatins K and L showed less selective
anti-proliferative activity against HUVECs (IC50 = 40 and 23
nM, respectively) with a selectivity index of 60–610.11 However,
cortistatins E, F, G and H showed very low anti-proliferative
activity (IC50 = 0.35–1.9 µM) against HUVECs and no selectivity
between HUVECs and other cell lines.12

An exhaustive study of the marine sponge extracts using
extensive 2D NMR along with all other spectroscopic tech-
niques and X-ray crystallographic studies helped to confirm
the relative stereochemistry of the cortistatin stereocenters.
Circular dichroism exciton chirality method has been used to
determine the absolute stereochemistry of cortistatins A and
J.11,12 The absolute stereochemistries of cortistatins E–H and
K–L were assumed to be the same as that of cortistatin A,
because of the similarity in their steroidal skeletons.11,12

Structurally all of the congeners have an unusual abeo-9
(10,19)-androstane type skeleton, with a pentacyclic core struc-
ture, with the B and C rings connected through an interesting
and characteristic oxo-bridge. A unique isoquinoline moiety
decorates the 5-membered E-ring for cortistatins A–D and J–L,
while a dimethylamine group is present on the A-ring for every
congener (Fig. 2). Structure activity relationships (SAR), includ-
ing the fact that cortistatins E–H do not show any selective
anti-proliferative activity towards HUVECs, indicate that the
isoquinoline functionality along with the 9(11), 10(19) diene
units are essential for the anti-angiogenic activities of cortista-
tins A and J. In more recent times, cortistatin A has been
reported as one of the notable small molecule inhibitors of
CDK8, which is a cyclin-dependent kinase, forming a part of a
multiprotein assembly for regulation of gene transcription.18

Structural and mechanical studies have revealed that cortista-
tin A utilizes the isoquinoline moiety to attach to the kinase
hinge segment and the steroidal core is used to attach itself to
the ATP binding cavity.19

The fascinating structural intricacies of these biologically
important steroidal alkaloids have naturally stimulated the
imaginations of synthetic chemists worldwide, resulting in aFig. 1 Steroidal alkaloids of marine origin.
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handful of total syntheses, along with quite a few formal synth-
eses. Numerous other approaches towards different fragments
of the core structure also have been reported. Given the scar-
city of reviews on cortistatins,20 this work would showcase an
exhaustive coverage of the various strategies employed to con-
struct the fundamental building blocks and gradually build
towards the echelons of the complex architecture of this family
of steroidal alkaloids.

2. Total syntheses
2.1. Baran’s total synthesis of cortistatin A21

Inspired by the rich history of steroid semisynthesis,22 gener-
ally leading to large quantities of the target molecules, Baran’s
group selected the terrestrially derived prednisone (20) as a
cheap and abundantly available starting material. Despite
looking for a redox-neutral strategy (following the “ideality”
criteria), the lack of financially affordable steroids with the
desired C19-methine oxidation state led to a minor sacrifice in
terms of redox economy. As a consequence, the C19 angular
methyl had to be oxidised to the aldehyde. It was also identi-
fied that the pentacyclic core structure of cortistatin could be
framed in the key ketonic intermediate 19, which was termed
as (+)-cortistatinone. A preliminary retrosynthetic analysis
from 19 could be traced to prednisone, via a ring expansion of

the B-ring, followed by the required functionalizations on the
A-ring (Scheme 1).

The known steroid core 21 was obtained in 2 steps from
prednisone through a side-chain cleavage and selective ketali-
zation. Nucleophilic epoxidation on 21 using DBU/t-BuOOH
was followed by conversion of the C3 ketone into the forma-
mide 22 using a modified reductive amination strategy.

The C1–C2 epoxide opening was carried out with modest
regioselectivity using n-Bu4OAc assisted by a catalytic amount
of Co(acac)2 as a Lewis acid additive. However, the moderate
yield of this transformation was later improved by the use of
Et3N/AcOH for epoxide opening and the undesired regioiso-
meric C1 acetate was converted to the desired C2 acetate (24)
by treatment with DMAP. The next requirement was introduc-
tion of the C5 tertiary alcohol with α-orientation, in order to
form the C-ring. After screening of various conditions, Co-cata-
lyzed Mukaiyama hydration of the C4–C5 double bond in 24
was employed to achieve the C5 hydroxylation with the desired
α-stereochemistry. This stereoselectivity may be attributed to
the greater stability of the radical configuration 27, as com-
pared to 26. The key “heteroadamantane” intermediate 25
paved the way for the B-ring expansion and led to the auto-
matic protection of the three heteroatoms on the A-ring
(Scheme 2).

Fig. 2 Members of the cortistatin family.

Scheme 1 Cortistatin core structure from prednisone.

Scheme 2 Baran’s design of the A-ring stereocenters.
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After obtaining the A-ring with all the required stereocenters
intact, the next task was to achieve the B-ring expansion. To this
end, the hypothetical biosynthesis of the cortistatins proposed
by Kobayashi and co-workers starting from 3,29-diaminosterol
proved to be a major bearing for designing the ring expansion
step. Starting with this precursor, C19 methyl activation fol-
lowed by cyclopropane formation and subsequent ring expan-
sion would produce the abeo-9(10,19)-diene system (31). It was
observed that a modified version of Suarez’s protocol23 for
remote activation of angular methyl group using PhI(OAc)2 and
Br2 resulted in monobromination at C19. The oxygen radical
generated on the C2 hydroxyl group, displaced the C19 bromine
and resulted in a competitive O–C bond formation in substan-
tial proportions. To prevent this problem, the oxygen radical
was trapped in situ as the corresponding TMS ether, but their
subsequent efforts to expand the cyclopropane into the seven
membered ring were met with failure (Scheme 3).

At this stage, it occurred to them that a potential dibromi-
nation on the C-19 carbon through double C–H activation
would generate the required oxidation state on the C19
centre and with this idea in mind, the dibromination was
optimized and carried out with 57% yield. Treatment with
DBU immediately generated the bromocyclopropane 33.
Treatment with SmI2 generated the C10–C19 double bond

through a radical induced ring expansion leading to extru-
sion of the bromine radical. The resulting dienolate was
quenched with 2,4,4,6-tetrabromo-2,5-dienone (TBCHD) to
obtain the C9-brominated intermediate with the correct
orientation, in order to be eliminated in the presence of
LiBr, Li2CO3, thereby producing the C10–C19, C8–C9 diene
unit (34).

At this stage, all that remained was formation of the THF
C-ring and chemoselective cleavage of the heteroadamantane
ring to complete the core structure. Treatment with AlH3 not
only reduced the heteroadamantane fragment with concomi-
tant formation of the dimethylamino-diol triad on the A-ring,
but also reduced the C11 ketone. The reaction was quenched
with methanol to remove the excess hydride and treatment
with K2CO3 hydrolyzed the C2 TMS ether. After screening
various Lewis and Brønsted acids, BiCl3 proved to be most
efficient in effecting the S′N cyclisation of the C5-hydroxyl onto
the C8 centre, thereby forming the C-ring, along with the
desired C10–C19, C9–C11 diene unit. The C17 ketal was also
hydrolyzed in the same pot, to afford the pentacyclic core
structure cortistatinone (19).

The final steps required the installation of the isoquinoline
moiety in the presence of all the other functional groups. This
was achieved through preparation of the C17 vinyl iodide
using Barton’s protocol,24 which was subsequently coupled
with 7-(trimethylstannyl)isoquinoline through a Stille coupling
(Scheme 4). Selective reduction of the double bond in the
5-membered ring using RANEY® Ni completed the first total
synthesis of cortistatin A over 15 steps with an overall yield of
1.7%. The key steps involved: (a) construction of the “hetero-
adamantane” skeleton, holding the C1, C3 and C5 stereocenters
in place until a late stage; (b) C2-hydroxyl directed geminal
dihalogenation on an unactivated methyl group; (c) reductive
fragmentation/trapping/elimination of the bromocyclopropane
33 to establish the 7-membered B-ring; (d) chemoselective
etherification to construct the C-ring via the oxo-bridge; and
(e) the highly selective C16–C17 olefin reduction using
RANEY® Ni. This short and efficient synthesis leading to
gram-scale production of cortistatin A is ideal for analogue
preparation and has also led the way towards industrial appli-
cations of the same.21

Scheme 3 Attempted cyclopropane expansion towards B-ring.

Scheme 4 Baran’s total synthesis of cortistatin A.
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2.2. Nicolaou’s total synthesis of cortistatin A25

Shortly afterwards, Nicolaou’s group reported the second total
synthesis of cortistatin A starting from the known enantio-
enriched enone 36. A stereoselective dihydroxylation followed
by protection of the diol produced the acetonide 37 in good
yield. A 5-step protocol was then employed to convert the
ketone to the corresponding 1,3-dithiane 40. Use of BF3·OEt2
during the dithiane formation generated back the diol where
the primary alcohol was selectively oxidised using Parikh–
Doering oxidation, followed by subsequent homologation into
the alkyne 41 via Bestmann Ohira method (Scheme 5).

The terminal alkyne was then subjected to a Sonogashira
coupling with the freshly prepared enol triflate 42 to obtain
the enynone 43 in 85% yield. Hydrolysis of dithiane and selec-
tive reduction of the triple bond over the conjugated double
bonds afforded the precursor 44 for the key tandem reaction.
Treatment with K2CO3 in dioxane at 125 °C triggered off the
cascade transformation, starting with the intramolecular oxa-
Michael addition of the tertiary alcohol on the enone, followed
by an intramolecular aldol condensation to complete the B
and C-rings in a single remarkable step (Scheme 6).

All that remained at this stage was to functionalize the
A-ring and forge the biologically relevant isoquinoline moiety
to the E-ring. The C1 ketone was protected as a cyclic ketal and
the C17 TBS ether was cleaved and the resulting hydroxyl
group was oxidised to compound 46. Introduction of the iso-

quinoline fragment was achieved through a Suzuki–Miyaura
coupling of the pinacol boronate 47 and the enol triflate gener-
ated from 46. Hydrolysis of the cyclic ketal at C1 followed by
chemo- and stereoselective reduction of the C16–C17 double
bond using H2/Pd–C afforded 49 in moderate yield. The final
introduction of the A-ring substituents was planned through
the manipulation of the C2–C3 epoxide. To this end, the
dienone 49 was converted to its corresponding TMS-enol
ether, which was subsequently reacted with IBX and 4-methoxy-
pyridine-N-oxide (MPO) to furnish the trienone 50. Treatment
of 50 with t-BuOOH and DBU yielded the epoxide, which was
reduced with NaBH4, CeCl3 to generate the hydroxy epoxide
51, along with its C1 epimer. The C1 epimer (52) could be
chromatographically separated and was recycled through an
oxidation–reduction sequence to improve the overall conver-
sion. Finally, the epoxide was opened with dimethylamine, in
the presence of Ti(OiPr)4 to obtain cortistatin A in 45% yield
(Scheme 7). This completed Nicolaou’s total synthesis of cor-
tistatin A over a sequence of 25 steps with an overall yield of
0.02%, starting from the known enantioenriched enone 36.

The key steps of Nicolaou’s synthetic route could be summar-
ized as: (a) early generation of the C8 stereocenter through a dihy-
droxylation; (b) Sonogashira coupling to introduce the A-ring; (c)
intramolecular cascade oxa-Michael addition followed by aldol con-
densation to construct the B- and C-rings in one-pot; (d) epoxide
mediated late-stage incorporation of the A-ring functionalities.

Having completed the total synthesis of cortistatin A, the
previously undesired C1-epimer among the diastereomeric
hydroxy epoxides (52) was utilized by treatment with Ti(OiPr)4
and Me2NH to obtain the dimethylamino diol 53. The diol was
subjected to thiocarbonate formation and the same was
cleaved in P(OEt)3 to obtain cortistatin J with 40% yield
(Scheme 8). The total synthesis of cortistatin J was completed
with an overall yield of 0.004% over a linear sequence of 27
steps from the known enone 36.25b

2.3. Shair’s total synthesis of cortistatin A26

The final report on cortistatins in the year 2008 appeared in
the form of a total synthesis of cortistatin A, from Shair and
co-workers. The key step in this strategy is the formation of A
and C-rings via an iminium ion triggered aza-Prins cyclisation
followed by a transannular cyclisation. The known enone 55,
derived from Hajos–Parrish ketone, was converted in to its
thermodynamic dienolate, alkylated with the dioxolane of
4-bromo-2-butanone, and TBSOTf and 2,6-lutidine to afford
the silyloxydiene 56. A highly chemo and diastereoselective
hydrogenation followed by Rubottom oxidation and sub-
sequent protection of C8 tertiary hydroxyl group as a MEM
ether led to the formation of 57. Hydrolysis of the ketal, fol-
lowed by an intramolecular aldol reaction and subsequent
treatment with phenyl triflimide generated the enol triflate 58.
The enol triflate was subjected to Pd(0)-catalyzed coupling to
generate the allylsilane 59. In order to pursue a ring expan-
sion, the allylsilane was regio- and diastereoselectively con-
verted to the corresponding dibromocyclopropane 60
(Scheme 9).

Scheme 5 Nicolaou’s synthesis of alkyne 41.

Scheme 6 Cascade transformation to construct the pentacyclic core.
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Treatment of the dibromocyclopropane with TASF yielded
the brominated cycloheptadiene intermediate, which under-
went a Suzuki coupling to form the tetraene 61. The use of the
disiloxane group in 60 was essential to promote the fluoride
mediated silicate elimination to obtain the bromo cyclohepta-
diene intermediate. Previous reports on catalytic enantio-
selective dihydroxylation indicated that the 1,2-disbustituted
olefin would get dihydroxylated first.27 As predicted, this par-
ticular double bond was dihydroxylated with 10 : 1 diastereo-
selectivity, installing the C1–C2 diol system. The diol was acy-
lated and subsequent cleavage of the primary TES ether and
oxidation of the resulting allylic alcohol furnished the precur-
sor aldehyde 62 (Scheme 9), required for the key aza-Prins
cyclisation as planned earlier.

The all important key step was performed by treating the
above mentioned aldehyde 62 with ZnBr2 (1.5 eq.) and Me2NH
(3 eq.) in MeCN, to obtain the desired product with 65% yield
over the last 3 steps. Mechanistically the reaction proceeded
via iminium ion formation, followed by transannular etherifi-
cation and cascade aza-Prinz cyclisation, ultimately ending
with concomitant MEM deprotection to release the incumbent
oxonium ion. This highly challenging and novel transform-
ation to assemble the ABC-ring framework of cortistatin A has
indeed been a landmark in the history of cortistatin synthesis.
The excellent diastereoselectivity of the aza-Prins cyclisation
has been explained through calculations, which suggested that
the cyclisation would occur through a 6-membered boat-like
transition state, where the C2–OAc hinders attack on the
iminium ion from the Re-face (β-face). So the relay nucleophilic
attack takes place from the less hindered Si-face (α-face),
which dictates the high degree of selectivity (Scheme 10).

With the key reaction successfully achieved, all that
remained now was to attach the isoquinoline moiety on the
E-ring. With this in mind, the TBS ether in 65 was cleaved and
the resulting alcohol was oxidised to the ketone and the C2,
C3 acetates were hydrolyzed to obtain compound 66. After
this, Baran’s route was followed, by hydrazone formation, con-
version to the corresponding vinyl iodide and Stille coupling
with 7-trimethylstannyl isoquinoline to obtain the compound
67. After testing a large number of reducing agents for the
final olefin reduction, it was observed that hydrazine, derived

Scheme 7 Nicolaou’s total synthesis of cortistatin A.

Scheme 8 Nicolaou’s total synthesis of cortistatin J.

Scheme 9 Shair’s synthesis of aza-Prins cyclisation precursor.
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in situ from 2,4,6-triisopropylsulfonyl hydrazide, could gene-
rate the natural product in 20% yield (Scheme 11). This con-
cluded Shair’s synthesis of cortistatin A with an overall yield of
0.14% over 25 steps, starting from the chiral enone 55.26

2.4. Myers’ unified approach towards cortistatins A, J, K
and L28

In 2010, Myers and co-workers very elegantly designed a diver-
gent synthetic strategy of four different members of the cortis-
tatin family from a common intermediate 74. The synthetic
journey started with the known chiral α-methylene ketone
36,29 which could be obtained from Hajos–Parrish ketone.
This was converted into the dienol TES ether 68 in 2 steps
through a phosphoniosilylation process, which was then con-
verted to the enol triflate by treatment with PhNTf2. Negishi
coupling of this enol triflate with the organozinc reagent 69
was successfully carried out to furnish 70 in 70% yield. Ring
closing metathesis of 70 with G-II catalyst followed by a regio-
and stereoselective epoxidation of the tetrasubstituted olefin
gave the epoxide 71 much alike Sarpong’s synthesis of a
similar intermediate (discussed in section 3.1).30 Reduction of
the double bond with Wilkinson’s catalyst and opening of the
epoxide with lithium diethyl amide generated the allylic ter-
tiary alcohol 72 in 50% yield over the previous 4 steps. The key
oxidative dearomatization of the A-ring with concomitant cycli-
sation formed the tetrahydrofuran C-ring in moderate yield.
The dienone 73 was regioselectively reduced with Wilkinson’s
catalyst and triethylsilane and the resulting enolate was sub-
sequently quenched with NBS to obtain the α-brominated
ketone. The bromide was displaced with TMG azide followed
by CBS reduction of the ketone to obtain the key azido alcohol
74 (Scheme 12).

The azido alcohol 74 was subjected to a 4-step reaction
sequence to obtain the ketone 75, which upon treatment with
NBS in methanol and acetonitrile afforded the bromide 76.
Substitution of the bromide was achieved with potassium
superoxide followed by elimination of the angular methoxy
group to obtain the conjugated diene system 77 across the B
and D-rings. Reductive dimethylation of the azide in the pres-

Scheme 11 Shair’s total synthesis of cortistatin A.

Scheme 10 Cascade Prins-cyclisation/etherification reaction.

Scheme 12 Myers’ total synthesis of cortistatin A.
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ence of PMe3, formalin and NaBH3CN generated the desired
dimethylamino group on the A-ring and the two alcohols were
later protected as TES ethers to generate the intermediate 78.
Addition of 7-lithioisoquinoline 79 to the E-ring ketone gener-
ated the tertiary alcohol 80 in 62% yield. The tertiary alcohol
was eliminated and then the resulting olefin was reduced in
the presence of Bu3SnH and AIBN to obtain the required
β-isoquinoline group. Finally the TES ethers were cleaved to
furnish the natural product in 61% yield over the final 3 steps
(Scheme 12). This completed one of the most strategically
elegant total syntheses of cortistatin A with an overall yield of
∼0.36% across a longest linear sequence of 25 steps starting
from the chiral enone 36.

As part of this unified approach towards the total synthesis
of a variety of cortistatin family congeners, Myers and co-
workers then elaborated the common azido alcohol intermedi-
ate 74 to accomplish the total synthesis of cortistatin J, K and
L. Reductive amination of the azide 74 followed by dehydration
with concomitant cleavage of TBS ether and oxidation of the
resultant alcohol gave the desired triene 81 across the A, B and
D-rings. Addition of 7-lithio isoquinoline (79) to 81 provided
the tertiary alcohol 82 in 60% yield. Finally the tertiary alcohol
was removed by converting it to a trifluoroacetyl ester and
treatment with AIBN, Bu3SnH to obtain cortistatin J with 65%
yield over the 2 steps. The total synthesis of cortistatin J was
thus accomplished with an overall yield of ∼1.8% over a
longest linear sequence of 18 steps starting from the known
α-methylene ketone 36 (Scheme 13).

In order to functionalize the A-ring for cortistatin K, the
azide 74 was reductively aminated and the secondary alcohol
was acetylated to afford the intermediate 83. Reductive
removal of the acetate was carried out by employing LiBH4,
RANEY® Ni and Pd(PPh3)4 to obtain 90% of the intermediate
diene. Removal of the TBS group followed by oxidation of the
secondary alcohol led to the corresponding ketone 84. The iso-
quinoline was then introduced following the same protocol as
earlier and finally the resulting secondary alcohol was removed
to obtain cortistatin K with an overall yield of ∼1.2% over 20
steps starting from the known exocyclic enone 36 (Scheme 14).

Cortistatin L was also successfully synthesized through a
similar sequence of reactions, starting with the controlled
removal of the C17–TBS ether, followed by selective protection
of the C1–hydroxyl group. Then the azide was reductively ami-
nated and converted to the –NMe2 group and the E-ring
alcohol was oxidised to the ketone 87. Finally, like in the other
congeners, the isoquinoline moiety was introduced and the
resulting tertiary alcohol 88 was reductively eliminated to
obtain cortistatin L with an overall yield of ∼1.6% over a
sequence of 20 steps starting from the same α-methylene
ketone 36 (Scheme 15).

This completed Myers’ significant efforts to achieve the
total synthesis of four different members of the cortistatin
family involving a unified approach, from a common late stage
intermediate. The scope for diversity from the common penta-
cyclic intermediate 74 was the hallmark of Myers’ synthetic
route and this strategy opened the door for a wide range of

Scheme 15 Myers’ total synthesis of cortistatin L.

Scheme 14 Myers’ total synthesis of cortistatin K.

Scheme 13 Myers’ total synthesis of cortistatin J.
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functional as well as stereochemical diversification, which can
lead to a range of structure activity relationship studies.28

2.5. Hirama’s total synthesis of cortistatins A and J31

In 2011, Hirama’s group extended their formal synthesis
reported earlier,32 to the total synthesis of cortistatins A and J.
Hajos–Parrish ketone (89) was once again chosen as the start-
ing material and the TBS ether 55 was generated in good quan-
tities over a 2-step sequence. Then the 2-carbon unit was intro-
duced using Molander’s protocol33 to obtain the α-substituted
enone 90 in 53% yield. Stereoselective reduction of the enone
was achieved through NaBH4 reduction in presence of
NiCl2·6H2O to obtain the desired trans-ring junction.
Treatment of the ketone 91 with HMDS and TMSCl generated
the TMS enol ether, which was subjected to Saegusa oxidation
conditions to obtain the conjugated enone 92 in 90% over 2
steps. The ketone was then converted to the enol triflate fol-

lowed by a Pd-catalyzed methoxycarbonylation to obtain the
dienyl ester 93. The newly formed ester was reduced to the
aldehyde 94 and subjected to Knoevenagel condensation with
cyclohexan-1,3-dione to obtain the key tetracyclic intermediate
95 with 87% yield and a diastereoselectivity of up to 5.3 : 1
with respect to the ring junction stereocenter (Scheme 16).

The primary TBS ether was removed and the resulting
alcohol was converted into the corresponding iodo-compound,
which was treated with Et3B and tris-(trimethylsilyl)silane to
complete the 5-exo-trig radical cyclisation and isomerization to
form the C-ring with 78% yield. This completed the core struc-
ture of cortistatins and these results were published by
Hirama’s group in 2008.34 Protection of the ketone followed by
removal of the TBS group and oxidization led to the corres-
ponding ketone 46. Addition of 1-chloro-7-lithioisoquinoline
to ketone 46 generates the tertiary alcohol 97 in quantitative
yield. The tertiary alcohol 97 was deoxygenated via its thiocar-
bamate and subsequent treatment with AIBN and Bu3SnH.
During this reaction, the chloride in the isoquinoline nucleus
also was removed to obtain the E-ring isoquinoline unit with
the desired configuration. The ketone 49 was oxidised into the
conjugated enone 50 following Mukaiyama’s protocol in 80%
yield. The resulting enone 50 was stereoselectively epoxidised
and the ketone was reduced under Luche conditions to obtain
51% of the desired α-alcohol (51) along with 37% of the
β-alcohol (99). These two diastereomers were separated and
the required α-hydroxylated epoxide (51) was opened with di-
methylamine in the presence of Yb(OTf)3 to obtain cortistatin
A (8) in 48% yield along with 21% of the regioisomeric ring
opened product (Scheme 17).

After completing the total synthesis of cortistatin A, they
also extrapolated their strategy to achieve the total synthesis of
cortistatin J by late stage functional group manipulations on
the A-ring enone intermediate 50. A 3-step sequence was
employed starting with 1,4-addition of dimethylamine fol-
lowed by reduction of the resulting ketone to generate an inter-
mediate secondary alcohol on the A-ring.Scheme 16 Hirama’s synthesis of the tetracyclic intermediate 95.

Scheme 17 Hirama’s total synthesis of cortistatin A.
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This was finally functionalized into a mesylate and elimi-
nated by treatment with DBU to obtain the natural product in
42% yield (Scheme 18).31 Hirama’s total synthesis of cortistatin
J was hence completed with an overall yield of ∼1.1% over a
linear sequence of 25 steps starting from Hajos–Parrish ketone
89.

2.6. Funk’s total synthesis of cortistatin J35

In 2011 Funk and co-workers reported the total synthesis of
cortistatin J, by employing their own method of [4 + 3] cyclo-
addition of (Z)-2-(silyloxy)-2-enals as the key step in completing
the [3.2.1] BC-ring system of cortistatin. The synthesis of cortis-
tatin J was in line with the fact that after cortistatin A, it was
the most biologically active congener in the family with
respect to their selectivity towards the HUVECs and there had
not been too many synthetic approaches towards the same.

Funk’s racemic synthesis commenced with the 2-substi-
tuted furan derivative 100 which was substituted with the
5-membered cyclic enone 101 in the presence of AlMe3 and

TMSOTf. The resulting vinyl ether 102 was quenched with
methyl iodoacetate to obtain the ester 103 in 75% yield over 2
steps. The ketone was converted to the corresponding enol tri-
flate, while the ester was reduced and converted into the side
chain iodide 104. The freshly generated iodide was then substi-
tuted with the aza-enolate of the dimethyl hydrazone 105 to
generate the alkylated hydrazone intermediate, which was
hydrolyzed during the work-up to afford the ketone 106 in
75% yield. Treatment with NaHMDS and TESCl generated the
kinetic TES enol ether of the dioxanone 106 which underwent
a retro cycloaddition type transformation to generate the key
(Z)-2-(triethylsilyloxy)-2-enal 107 when refluxed in toluene.
After substantial optimization, treatment with triflic acid and
pyridine at −78 °C generated the [4 + 3]-cycloadduct 108 in
79% yield with the endo-adduct as the sole diastereomer pro-
duced in the reaction. Stille coupling of the enol triflate 108
with 7-(trimethylstannyl) isoquinoline (109) followed by
diimide reduction of the resulting double bond furnished the
intermediate 110 (Scheme 19).

Now the stage was set for constructing the A-ring which was
initiated through Swern oxidation of the secondary alcohol and con-
version of the other ketone into the corresponding enol triflate 111.
The newly generated triflate was hydrogenated by Pd-catalysis and
further treatment with LiHMDS and PhNTf2 generated the dienol tri-
flate 112, which was isolated after subsequent treatment with 6 N
HCl to hydrolyze the TIPS ether in the side chain. Suzuki–Miyaura
coupling of the freshly generated dienol triflate 112 and the known
trifluoroborate reagent 113 36 using Molander’s conditions37 resulted
in the formation of the silylated diene unit. Parikh–Doering oxidation
of the side chain primary alcohol generated the aldehyde precursor
114 for the natural product in 75% yield. Treatment of this aldehyde
114 with excess of dimethylamine hydrochloride in acetonitrile at
60 °C generated the natural product as a single diastereomer in 90%
yield (Scheme 20).

This completed Funk’s total synthesis of racemic cortistatin
J where the key steps involved the first application of their own
[4 + 3] cyclisation between (Z)-2-(silyloxy)-2-enal and a 2,5-di-
substituted furan appended in the same molecule. This was
followed by a final step Overman type (Z)-vinylsilane/iminium
ion cyclisation to construct the A-ring. The total synthesis was
completed in 19 steps starting from the 2-substituted furan
100 with an overall yield of ∼3.4% and remains the last com-
pleted total synthesis of any of the members from the cortista-
tin family.35

3. Formal syntheses
3.1. Sarpong’s formal synthesis of cortistatin A30

Divergent synthesis of various members of the same family of
natural products from a common intermediate has always
been a highly sought-after exercise because of the obvious
advantages of such strategies. Indeed, it was the search for
such a common and flexible intermediate, which formed the
lynchpin for Sarpong’s strategy towards the pentacyclic core
structure of cortistatins. Their synthetic route commenced

Scheme 18 Hirama’s total synthesis of cortistatin J.

Scheme 19 Funk’s synthesis of the key pentacyclic framework.
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with the racemic compound 116, obtained from a known start-
ing material in only 4 steps. An intermolecular aldol conden-
sation of the same with the known indanone 115 afforded the
enone 117 as a single diastereomer.

Consecutive treatments with K-Selectride and NaBH4 com-
pletely reduced the enone 117 to the indanone, which was de-
hydrated in the presence of KHSO4 in warm toluene to gene-
rate the indene 118 with 67% yield over the 3-step sequence.
Treatment of 118 with a catalytic amount of PtCl2 in benzene
resulted in the planned cycloisomerization product 119 in
82% yield, without the formation of any other by-products.
Chemoselective reduction of the less substituted double bond
by in situ generated diimide and subsequent removal of the
benzyl group afforded 120 in good yield. Reprotection of the
phenol as a TES ether followed by stereoselective epoxidation
with m-CPBA afforded the epoxide 121. After several exper-
imentations, regioselective opening of the epoxide was suc-
cessfully achieved with n-BuLi, which also removed the TES
group under the reaction conditions. Now the stage was set up
for the formation of the oxa-bridge by the key oxidative dearo-
matization of the aromatic residue. Treatment of 121 with PhI
(OAc)2 in a non-nucleophilic protic solvent like TFE/i-PrOH
provided the oxo-bridge and completed the pentacyclic core
structure 122 of cortistatins (Scheme 21).38

In a subsequent communication in 2010, Sarpong’s group
elaborated the functionalities on the A-ring to match those of
the natural product. The trienone 122 was epoxidised with
m-CPBA at 0 °C followed by opening of the same using CSA/
MeOH. The resulting tertiary alcohol was then dehydrated to
obtain the dimethoxy diene 123 in 58% yield over the 3-step

sequence (Scheme 21). Luche reduction of the A-ring enone
resulted in the secondary alcohol, which was then protected as
the Boc-carbonate 124. After extensive studies, treatment of the
Boc-carbonate with Pd(dppf)Cl2 and ammonium formate pro-
duced a methoxy diene intermediate, which upon reduction
using Wilkinson’s catalyst and hydrolysis of enol ether furn-
ished the ketone 45 in 77% yield over 3 steps (Scheme 22).
This ketone was in fact identical to that of Nicolaou’s syn-
thesis, from which cortistatin A could be achieved in 12 steps.

This completed a formal synthesis from Sarpong’s group
with an overall yield of ∼3.07% over a linear sequence of 19
steps, starting from the indanone 115 and aldehyde 116. This
second generation synthesis marked an improvement in the
overall yield, compared to their earlier synthetic route from the
same starting fragments.38

3.2. Yang’s formal synthesis of cortistatins39

In late 2008, Yang reported a first generation approach towards
the oxa-pentacyclic core structure of cortistatins, through a

Scheme 21 Sarpong’s synthesis of the pentacyclic intermediate.

Scheme 22 Sarpong’s formal synthesis of cortistatin A.

Scheme 20 Funk’s total synthesis of (±)-cortistatin J.
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furan based intramolecular Diels–Alder approach.40 The
known chiral bicyclic ketone 125 41 was converted to its kinetic
enol-TMS ether, which was quenched with trimethyl orthofor-
mate to obtain the dimethoxy acetal 126. Addition of lithiated
furan 127 to the ketone 126 generated the required C8 tertiary
alcohol 128 in 56% yield. Hydrolysis of the acetal generated
the key aldehyde 129, which was treated with Me3Al in THF to
form a chelate along with the C8 alcohol. The formation of the
chelate 130 ensures addition of the lithiated alkyne from the
less hindered face to provide only a single diastereomer of the
propargylic alcohol 131. However this substrate failed to
deliver the IMDA adduct under any of the conditions which
were attempted. But when the alcohol was oxidised with DMP,
the IMDA reaction worked spontaneously to afford the pro-
ducts 132 and 133 in the ratio 3 : 1, with excellent overall yield
of the process (Scheme 23).

Having assembled the [6.7.6.5] core structure, formation of
the [3.2.1]-oxabicyclo system was attempted under the influ-
ence of a variety of Lewis acids. But probably due to the steri-
cally hindered nature of the C8 tertiary alcohol, it failed to
cyclize on to the A-ring. During one of these attempts however,
it was observed that BF3·OEt2 could easily aromatize the
A-ring, which could then be treated with hypervalent iodine
reagents to execute the cyclic etherification. To this end the
phenol derivative 134 was treated with PhI(OCOCF3)2 to obtain
the desired [3.2.1]-oxabicyclo system 135 as part of the penta-
cyclic framework of cortistatins. This final transformation was
observed to be highly solvent specific, with the 60% yield
being obtained in highly anhydrous grades of nitromethane
(Scheme 24).

However, while attempting to extrapolate the core structure
towards the total synthesis of cortistatin J, the C1 carboxylate
group proved difficult to remove and hence this strategy had to
be abandoned. So in a newly developed second generation
strategy, Yang and co-workers resorted to an intramolecular

oxa-Michael addition in order to forge the pentacyclic core,
which could then be elaborated towards the total synthesis.
The new strategy also had to be equipped in such a way that
the core structure would be incorporated with suitable func-
tionalities to be extrapolated towards total synthesis.

To this end, Yang’s second generation strategy commenced
with the same chiral pool 55 as utilized by Nicolaou,
Danishefsky and Shair previously. The bicyclic enone 55 and
the furan based alkyl iodide were coupled using NaH in DMSO
to obtain compound 136. The corresponding dienol triflate
was prepared and subsequently made to undergo Pd-catalyzed
methoxycarbonylation to obtain the ester 137. A reduction, oxi-
dation sequence generated the aldehyde 138, which was
treated with lithiated TMS acetylene to obtain the propargylic
alcohol 139. This diastereomeric mixture of alcohols was oxi-
dised with MnO2 to obtain the key IMDA precursor 140
(Scheme 25).

After encountering failure to achieve the IMDA reaction in
the presence of a variety of Lewis acids like TiCl4, BF3·OEt2,
TMSOTf and Zn(OTf)2, it was hypothesized that Al-based Lewis
acids might help in catalyzing the IMDA transformation
better, because of their higher oxygenophilicity. With this idea
in mind, EtAlCl2 was employed for this purpose and at −78 °C,

Scheme 23 Yang’s synthesis of the key intermediate.

Scheme 24 Yang’s first generation synthesis of core structure.

Scheme 25 Yang’s synthesis of the IMDA precursor.
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the IMDA adduct was obtained, accompanied by concomitant
aromatization and removal of TMS group to furnish the
desired tetracyclic product 141 in 51% yield. It was also
observed that the presence of the TMS group was beneficial for
carrying out the Diels–Alder reaction, as compared to starting
with a free terminal alkyne. The C14–C15 olefin was hydrogen-
ated with high facial selectivity, which could be attributed to
the steric effects of the angular methyl group and the high
stability of the resulting 6,5-trans-ring junction in 142. With
the construction of the tetracyclic framework established, the
next job was to attempt the intramolecular oxa-Michael
addition in order to construct the characteristic oxo-bridge.

For introduction of the key C5 tertiary alcohol, it was pro-
posed that oxidative dearomatization of the A-ring by employ-
ing water as a nucleophile could generate the desired C5-
hydroxyl group. So the phenol derivative 142 when treated with
BAIB in a solvent combination of acetonitrile and water under-
went oxidative dearomatization followed by nucleophilic attack
with water at C5 during the course of the reaction. This furn-
ished an epimeric mixture of C5-tertiary alcohols with a 1.5 :
1 majority of the desired α-epimer 143. The undesired β-C5-
alcohol 144 could be converted back to the aromatic com-
pound 142 by treatment with Zn, py/H2O and thereby be
recycled (Scheme 26).

After installing the C5-alcohol with correct stereochemistry,
transannular oxa-Michael addition was attempted with NaOAc
in ethanol to afford the annulated product 145 with 70% yield
to complete the formation of the pentacyclic skeleton. In order
to incorporate the B-ring double bond, the C19 ketone was
reduced with LiBHEt3 and the resulting olefin was dehydrated
via its mesylate and then treated with LiBr and Li2CO3 at high
temperatures to obtain the required olefin 146. Wilkinson’s
catalyst regioselectively reduced the C3–C4 double bond and
the dienone 147 was converted to its TMS enol ether, followed
by treatment with NBS to obtain Myers’ key intermediate 148
in regio and stereoselective fashion. Finally the bromine was
displaced in SN2 fashion by treatment with gaseous dimethyl
amine in solution and the C2 ketone was reduced stereoselec-
tively using LiBHEt3, though the configuration of the resulting
C2–hydroxyl was found to be opposite to that of the natural

product. This may also be a pathway to synthesize the 2-epi-
cortistatin analogues (Scheme 27).

In conclusion, Yang and co-workers introduced yet another
new avenue towards the construction of the oxabicyclo-[3.2.1]-
heptane core using a furan based intramolecular Diels–Alder
reaction and an intramolecular oxa-Michael addition as the
key steps. Myers’ key intermediate 148 was synthesized, which
may be extended to the total synthesis of cortistatins A, J, K
and L. In addition, Yang’s group also paved the way for a poss-
ible extrapolation of the compound 148 to synthesize (C2)-epi-
cortistatins, leading to unexplored stereochemical analogues
of the natural products.39

3.3. Chiu’s formal total synthesis of cortistatins A and J42

In 2011, Chiu and co-workers reported an intramolecular [4 +
3]-cycloaddition strategy to access the bicyclo-[3.2.1]-octane
ring system of cortistatins. A substituted furan would serve as
the diene and the 5-membered E-ring tethered to the furan
would serve as an intramolecular dienophile. Employing this
strategy as the key step, the core structure of cortistatins was
constructed.43 Later in 2015, the first generation synthetic
route was simplified and by using a similar protocol to con-
struct the key bicyclo-BC-ring framework, Chiu and co-workers
completed the formal total synthesis of cortistatins A and J.

Their synthetic journey commenced with the desymmetriza-
tion of the commercially available cyclopentanedione 152 by
asymmetric transfer hydrogenation using the Ru-based (R,R)-
Ts-DENEB catalyst (153).44 This proved to the most robust cata-
lyst for scale-up purposes, as compared to other methods
including CBS-reduction which was employed in their first
generation synthesis.43 So the pure enantiomer of the alcohol
154 was synthesized with excellent enantioselectivity and
acceptable diastereoselectivity. The newly generated alcohol
was protected as a TBS ether followed by generation of the
enol triflate on the remaining ketone. The enol triflate was
then subjected to Pd-catalyzed Stille coupling with the furan-2-
yl stannane 155 to obtain 93% of the cross-coupled product
156. The terminal olefin was made to undergo cross meta-Scheme 26 Yang’s construction of the pentacyclic intermediate.

Scheme 27 Yang’s formal synthesis of cortistatin A.
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thesis with methyl vinyl ketone in the presence of Grubbs–
Hoveyda 2nd generation catalyst. The newly generated enone
157 was epoxidised using Deng’s cinchona derived catalyst 158
and the epoxy ketone 159 was obtained as a single diastereo-
mer in 96% yield. The methyl ketone was converted to the
corresponding TES ether 150 and now the stage was set for
exploring the key [4 + 3]-cycloaddition to construct the BC-ring
framework of cortistatins (Scheme 29).

It was ascertained through computational studies that the
[4 + 3]-cycloaddition does not take place via the putative oxy-
allyl carbocation, but it was the activated form of the epoxide
itself, which was acting as a masked “dienophile”. This fact
made the stereochemistry of the epoxide crucial for achieving
the correct diastereoselectivity during the key cycloaddition
process, as the “backside attack” on the epoxide by the diene
would be directly translated to the chirality obtained in the
cycloaddition product (Scheme 28).

Among other reagents screened for this purpose, TESOTf
proved to be the most versatile and tolerant towards all the
functional groups present in the molecule, as the [4 + 3]-cyclo-
adduct was obtained with 87% yield as a single diastereomer
(Scheme 28). With the tetracyclic framework 160 in hand, the
next task was to construct the A-ring and organize the other
required functional groups in the natural product.
Hydrogenation of the D-ring double bond afforded the unde-
sired cis ring junction at the C13–C14 fusion. In order to
ensure trans ring junction at the C13–C14 positions, the C17-
TBS ether had to be removed. With this in mind, the com-
pound 160 was dehydrated by Florisil and the C17–TBS ether
was removed in the presence of CSA to obtain the intermediate
161. Hydrogenation in the presence of Crabtree’s catalyst
yielded the reduced product with excellent yield and chemo-
selectivity. Bis-oxidation using DMP afforded the intermediate
keto aldehyde, which concomitantly cyclised during silica gel
column chromatography via an intramolecular aldol conden-
sation to afford the intermediate 162, having the complete
pentacyclic framework of cortistatins. The stereochemistry of
the intramolecular aldol reaction could be explained via the
formation of a six-membered transition state 169 (Scheme 30).

The C19 ketone in 162 was reduced by employing tetra-
methylammonium triacetoxyborohydride in a hydroxy-directed
chemo-as well as stereoselective fashion over the C17 ketone.
Di-TES protection was achieved using TESCl to obtain the key
intermediate 163 with 97% yield. The C17 ketone was then
enolized and the resulting enol triflate was then coupled with

Scheme 28 Mode of chirality transfer in [4 + 3]-cycloaddition.

Scheme 29 Chiu’s formal total syntheses of cortistatins A and J.
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isoqinolinyl pinacol boronate 164 to obtain the compound 165
with 85% yield. Chemo- and stereoselective hydrogenation of
the C16–C17 double bond was followed by chemoselective de-
protection of the less hindered C1–TES ether and subsequent
oxidation of the resulting secondary alcohol to obtain the C1
ketone 166. Finally Mukaiyama oxidation protocol was fol-
lowed according to the Hirama synthesis,31 to generate the
A-ring enone. Subsequent treatment with TFA in refluxing
dichloroethane resulted in the TES removal and subsequent
dehydration of the resulting C19–hydroxyl to obtain the trien-
one 50 with 79% yield (Scheme 29).

The trienone 50 has been converted independently to cor-
tistatin A and J by Hirama and co-workers over 3 additional
steps each.31 Thus the Chiu group established a formal total
synthesis of cortistatins A and J, by constructing Hirama’s
intermediate 50 over 21 linear steps and an overall yield of
7.7% from the commercially available 1,3-cyclopentanedione
152. The salient features of the Chiu route involved: (a)
implementation of asymmetric transfer hydrogenation to
obtain the chiral D-ring skeleton on a multigram scale and (b)
execution of the substrate controlled diastereoselective intra-
molecular [4 + 3]-cycloaddition on the optically pure epoxy
enolsilane 150 with a tethered furan moiety to construct the B
and C-ring system of cortistatins in a single step. Indeed such
an ingenious [4 + 3]-cycloaddition transformation laid the
foundation to explore the construction of a variety of other
chiral polycyclic scaffolds.

3.4. Yang’s 2nd generation formal synthesis45

In 2015, Yang’s group reported an alternative route to Myer’s
common intermediate 148 via a novel Au-catalyzed annulation as
the key step. Hajos–Parrish ketone was converted to the tricyclic
intermediate 170 following a modified version of Shair’s protocol
as mentioned earlier (Scheme 9). Then the angular hydroxyl
group was functionalized as the methyl ether following a ketali-
zation, methylation, deketalization sequence to obtain 171.

Addition of ethynyl magnesium bromide to the C10 ketone
resulted in 75% formation of the desired propargyl alcohol,
along with 20% formation of its undesired C10-epimer. This
was followed by bromination of the terminal alkyne using
AgNO3 and NBS to obtain the brominated alkyne 172. Now the
stage was set for attempting the Au-catalyzed cascade cyclisa-

tion method developed by the same group, which was achieved
by treatment with Ph3PAuNTf2 in DCM to obtain the desired
tetracyclic framework 175 with 81% yield. The alkyl bromide
was then displaced by treatment with allyltributyltin in the
presence of AIBN, followed by Wacker oxidation of the result-
ing terminal alkene to obtain the methyl ketone 176. Reaction
with NaOMe in MeOH resulted in an intramolecular aldol con-
densation to obtain the 6-membered A-ring, which was sub-
sequently brominated at the α-position to obtain Myer’s inter-
mediate 148, which could be extrapolated towards the total
synthesis of cortistatins A, J, K and L to complete the formal
synthesis of these four congeners of the cortistatin family
(Scheme 31).45

4. Synthetic approaches
4.1. Gung’s approach towards the ABCD core structure of
cortistatins46

Shortly after Baran’s total synthesis was published, Gung and
co-workers reported their efforts towards construction of the
ABCD core structure of cortistatin A. The central 7-membered
ring of the cortistatin family was constructed via a highly inno-
vative transannular [4 + 3]-cycloaddition. A suitably placed furan
and an allenyl carbocation were conceived to be the appropriate
partners for the transannular [4 + 3]-cycloaddition. In this
regard, the macrocyclic allene 181 in the presence of a tran-
sition metal was identified as an allenyl carbocation equivalent.

With this in mind, a rapid entry to the allenyl furan 181
was developed. The known monoalkylated furan (177)47 was

Scheme 30 Stereodynamics of the intramolecular aldol reaction.

Scheme 31 Yang’s 2nd generation formal synthesis of cortistatins.
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lithiated and alkylated to obtain the di-THP ether 178, which
upon removal of THP groups followed by treatment with Ph3P
and CBr4 furnished the dibromide 179. Upon further treat-
ment with allenyl lithium, the bromides were displaced to
generate the diallene 180. Inspired by Janssen and Krause’s
work on allene RCM reactions,48 the diallene 180 was then
treated with G–I catalyst to construct the 14-membered macro-
cycle 181 (Scheme 32).

Treatment of the macrocycle with DMDO or PtCl2 failed to
generate the required [4 + 3]-adduct. Finally according to a
report by Backvall and co-workers,49 treatment with Pd(OAc)2
generated the allene–Pd complex, which equilibrated to the π–
allyl complex 185. The π–allyl complex acts as an allenyl carbo-
cation equivalent, which is encapsulated in the form of a
compact endo-tethered transition state 186, to generate the cat-
ionic intermediate 187. Elimination of a proton furnished the
key tetracyclic [4 + 3]-adduct 182 with 37% yield (Scheme 33).
The stereochemistry of the oxo-bridge was driven by the
compact π-transition state with endo tether and it was unequi-
vocally confirmed through an X-ray crystal structure. Finally,
the tetracyclic compound 182 was treated with H2, Pd/C to
selectively reduce the dihydrofuran double bond, while treat-
ment with LiAlH4 displaced the bromine to generate the
ABCD-ring core structure of cortistatins (Scheme 32).

This report from Gung’s group illuminated the power of a
unique transannular [4 + 3] cycloaddition, utilized towards the
construction of a natural product skeleton. This ingenious
transformation showcased that a Pd–π–allyl complex could act

as a three carbon component for a [4 + 3]-cycloaddition, en
route to the formation of as many as four rings from one
single macrocycle in one operation. The remarkable stereo-
selectivity of this transformation paved the way for a novel
entry to the ABCD core of the cortistatin family, albeit compro-
mising on the scope for further diversification.

4.2. Danishefsky’s approaches towards the cortistatin core50

In accordance with most other synthetic strategies,
Danishefsky and co-workers also designed a route towards the
pentacyclic core structure of cortistatins with an idea to extra-
polate the same to various other members of the family and
towards other analogues. A few months after Baran’s first total
synthesis of cortistatin A, Danishefsky’s group devised an
elegant approach towards the construction of the pentacyclic
core structure of cortistatins.50a They envisioned the construc-
tion of the complex tetracyclic architecture by employing the
Snieckus cascade protocol,51 followed by a Masamune type
alkylative dearomatization.52

Their synthetic journey commenced with a model study in
order to ascertain the feasibility of the cascade transformation.
The aromatic bromide 188 was lithiated with t-BuLi and added
to the α,β-unsaturated aldehyde 189 to generate the alkoxide
intermediate 190. Intramolecular carbamate transfer followed
by elimination afforded the quinomethide 192. Upon warming
to room temperature, the quinomethide underwent
6π-electrocyclisation to complete the tricyclic intermediate
193, with a very moderate yield of 33%. The primary TBS-ether
was selectively cleaved and the resulting hydroxyl group was
converted to the mesylate 195. TBAF removed the remaining
TBS group and the resulting phenoxide upon heating to
130 °C afforded the desired tetracyclic product 196
(Scheme 34).

Scheme 32 Gung’s synthesis of the ABCD core of cortistatins.

Scheme 34 Model study towards the tetracyclic framework.Scheme 33 Mechanism of transnnular [4 + 3] cycloaddition.
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Buoyed by the success of the above model study, the actual
synthesis was carried forward, starting with the synthesis of
the chiral aldehyde 201. The ketal 197 derived from Hajos–
Parrish ketone was alkylated to obtain compound 198, which
was converted to the thermodynamic dienol triflate, by treat-
ment with 2,6-di-tert-butyl-4-methylpyridine (199) and Tf2O.
Pd-Catalyzed methoxycarbonylation of the crude triflate
yielded the corresponding methyl ester, which was later
reduced to the primary alcohol 200. Oxidation of 200 with IBX
furnished the required aldehyde 201 in 90% yield (Scheme 35).

Having established the feasibility of the Snieckus’ cascade
protocol for the formation of the core structure, the same aro-
matic bromide 188 was lithiated with t-BuLi and added to the
freshly generated aldehyde 201. The intermediate 1,2-adduct
was heated at 80 °C overnight to trigger the intramolecular car-
bamate transfer and subsequent 6π-electrocyclic ring closure.
Though the reaction proceeded smoothly, undesired configur-
ation at the C8 stereocenter (as confirmed by single crystal
XRD analysis) coupled with poor yield (44%) forced them to
heat the C8-α-isomer in THF at 130 °C to epimerize the center
through a (i) retro-6π-electrocyclisation and (ii)
6π-electrocyclisation sequence to obtain the desired isomer
203. Selective removal of the primary TBS-ether followed by
mesylation of the resulting hydroxyl group afforded compound
204. Finally, TBAF mediated removal of the phenolic-TBS-
group followed by heating to 130 °C provided the pentacyclic
core structure 205 of the cortistatin family (Scheme 36).50a

This short and novel route to the cortistatin core structure
was established over 9 steps starting from the bromide 188
and demonstrated the power of the Snieckus’ cascade protocol
in assembling a complex structure from simple starting
materials. The alkylative dearomatization provided a definitive
route to similar analogues for carrying out SAR studies.

In a subsequent publication, Danishefsky and co-workers
published an alternative nitrone–aryne [3 + 2]-cycloaddition
strategy towards the formation of compound 212. This route
was in tune with the previously illustrated 6π-electrocyclisation
to complete the tricyclic framework and also employed a
similar alkylative dearomatization as the key final step
(Scheme 37).

The aldehyde 206 was converted to the corresponding
nitrone 207, and subsequently treated with the in situ gener-
ated benzyne from o-bromophenyl triflate 208 to afford the
[3 + 2]-adduct in good yield after extensive optimization.
Reductive N–O cleavage was pursued with Zn/AcOH and
further heating to 170 °C in toluene resulted in elimination of
t-BuNH2 and subsequent 6π-electrocyclisation to obtain the tri-
cyclic intermediate 210 (Scheme 38). Removal of the PMB-
ether followed by bromination yielded the precursor for the

Scheme 37 Nitrone–aryne [3 + 2]-cycloaddition strategy.

Scheme 38 Mechanistic route to cortistatin core structure.

Scheme 36 Danishefsky’s synthesis of the pentacyclic core.

Scheme 35 Synthesis of aldehyde 201.
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final alkylative dearomatization. Treatment with TBAF followed
by warming to 50 °C formed the tetracyclic intermediate 212
with 52% yield (Scheme 37).50b

The design of these two very short routes to the core struc-
ture of the cortistatin family was an effort to focus on the
approach, rather than completion of the total synthesis of any
of the family members. With two such robust strategies,
Danishefsky and his group sought to open the avenues for a
generalized synthetic approach towards these steroidal alka-
loids and their analogues.

4.3. Magnus’ approach53

In 2009, Magnus and co-workers explored an innovative cyclo-
propene-furan [4 + 2]-cycloaddition route to the BCDE-ring
core structure of cortistatins. Literature precedence of similar
transformations indicated that out of 4 possible diastereo-
mers, only the exo-products were formed during such cyclo-
addition reactions.54 2-Methylfuran (215) upon treatment with
2-methylcyclopentenone in the presence of BF3·OEt2 afforded
217 as a mixture of diastereomers. Alkylation with methyl bro-
moacetate obtained 75% of the ketoester 218 as a single dia-
stereomer. Diastereoselective reduction of the ketone, followed
by TBS protection of the resulting secondary alcohol yielded
the TBS ether 219. The ester was then converted to the alde-
hyde 220 followed by addition of cyclopropenyl lithium
reagent (221) at −50 °C and warming to room temperature
furnished the two separable diastereomeric [4 + 2]-adducts 223
and 224 in equal proportions (Scheme 39).

The final part of the strategy involved a cyclopropylcarbinol
rearrangement, which may reasonably be considered to be a
key part of the biosynthesis of the BC ring fragment of cortista-
tins. To this end, the mixture of the two diastereomeric alco-
hols 225 was hydrogenated over Adam’s catalyst to obtain an
inseparable mixture of cyclopropyl alcohols (226). In an
attempt to achieve the cyclopropylcarbinol rearrangement, the

mixture 226 was treated with Me2AlCl at −20 °C and slowly
brought to room temperature. It was observed that the C11-
β-epimer, where the hydroxyl group was in the axial position,
underwent the rearrangement to the BC-ring diene 228
accompanied by C17 desilylation. On the other hand, the C11-
α-epimer with equatorially oriented hydroxyl group did not
undergo the rearrangement and produced only desilylated car-
binol 229. In order to circumvent this problem, the mixture
226 was treated with triflic anhydride and 2,6-di-tert-butyl-4-
methylpyridine (DTBMP) which provided a better yield of the
product 227 with the TBS ether intact. Obviously both the
isomers of the cyclopropyl carbinol participated in the reac-
tion, which led to a much improved yield of 70% (Scheme 40).

Magnus’ effort towards construction of the BCDE-ring
system of cortistatins was accomplished over 9 steps, starting
from two commercially available starting materials with a good
overall yield of 30%.53

4.4. Sorensen’s approach55

In 2009, Sorensen and co-workers added a new dimension
towards approaching the construction of the pentacyclic core
structure of cortistatins, by utilizing two [3 + 2]-dipolar
cycloadditions. Their synthetic route began with Hajos–Parrish
ketone, which was converted to the bicyclic enone 36. The exo-
cyclic double bond would act as the dipolarophile for the first
[3 + 2]-cycloaddition with the nitrone 230. Combination of the
two species in toluene at 110 °C obtained the cycloaddition
product with complete regio- and diastereoselectivity to
furnish the isoxazolidine 231 in 54% yield. The diastereo-
selectivity could be attributed to the disposition of the angular
methyl group and the orientation of the trans-ring junction.
With the C8 tertiary oxygen installed with the required stereo-
chemistry, the next task at hand was to elaborate towards the B
and C-rings. The C9 ketone was enolized with KHMDS and
Comins reagent, followed by Pd-catalyzed carbonylative ester
formation to obtain the methyl ester 232. The isoxazolidine
nitrogen was quantitatively methylated followed by cleavage of
the N–O bond to obtain an intermediate dimethylamine.

This was oxidised using m-CPBA, which upon heating to
65 °C underwent Cope elimination to furnish the styrene
derivative 233. The newly generated double bond was hydro-Scheme 39 Magnus’ cyclopropene-furan [2 + 4]-cycloaddition.

Scheme 40 Cyclopropylcarbinyl rearrangement.
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genated, the methyl ester was reduced and the phenolic TBS
ether was selectively cleaved to obtain the triol 234. Parikh–
Doering oxidation of the allylic primary alcohol generated the
aldehyde which was quantitatively converted into the corres-
ponding oxime 235. Inspired by a report from Ciufolini’s
group which demonstrated that aldoximes could be oxidised
to nitrile oxides in tandem with oxidative dearomatization in
the presence of bis(acetoxy)-iodobenzene in trifluoroethanol,56

the oxime was treated with BAIB. The multiple processes were
achieved with great success, as the product 237 was isolated as
a single diastereomer with 80% yield (Scheme 41).

This interesting transformation comprised of the following
steps: (a) cyclic ether formation with the C8 tertiary alcohol;
(b) oxidation of the aldoxime to an intermediate nitrile oxide
(236); (c) [3 + 2]-diploar cycloaddition to form the hexacyclic
product 237. The construction of such a complicated structure
in one pot, involving the formation of 3 rings at such a late
stage was the first approach of its kind to synthesize the core
structure of cortistatins.55

4.5. Stoltz’s approach57

In 2010, Stoltz and co-workers reported their approach towards
the cortistatins core structure and their emphasis, much like
Danishefsky earlier,50a lay on devising a general route for a
rapid entry to the pentacyclic core structure of cortistatins. In
this regard, the cornerstone of their strategy was laid through
an intramolecular domino enyne-ene metathesis to frame the
[6,7,6,5]-tetracyclic backbone.

The A-ring fragment was synthesized starting from cyclo-
hexanone, which was treated with PBr3 and DMF, followed by
reduction of the resulting aldehyde to provide the allylic
alcohol 239. PMB protection of the same followed by Stille
coupling with vinyl stannane furnished the diene 242. Finally
the terminal alkene was hydrated via hydroboration–oxidation
and the resulting primary alcohol was converted into the
iodide 243 under Appel conditions (Scheme 42).

The synthesis of the D-ring was started with an enzymatic
reduction of dione 244 to 245 as the major diastereomer. The
mesylate 248 of the major isomer on treatment with KCN in
DMSO gave the nitrile 249 with the retention of configuration.
Protection of the ketone followed by conversion of the nitrile
250 to 251 was done in 3 steps as shown in Scheme 43.

Now with the A-ring fragment and the epi-D-ring fragment
in hand, the stage was set for coupling the two fragments
together. To this end, the iodide 243 was lithiated using t-BuLi
and the resulting species was added to the ketone 251. The
addition occurred with a diastereomeric selectivity of 2.2 : 1 at
the C8 center, in favour of the desired Felkin–Anh adduct.
Treatment with TBAF generated a mixture of tertiary pro-
pargylic alcohols 252, retaining the same diastereomeric ratio
as earlier. The desired isomer was separated through column
chromatography and the PMB ether was cleaved and the result-
ing hydroxyl group was acylated in 94% yield.

Treatment of the acetate 253 with MgBr2·OEt2 and 2,6-di-
tert-butylphenol in a mixture of toluene and acetonitrile at

Scheme 41 Sorensen’s approach to the pentacyclic core.

Scheme 42 Stoltz’s synthesis of the A-ring fragment.

Scheme 43 Stoltz’s synthesis of enyne 251.
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80 °C produced an inseparable mixture of the tetrahydrofuran
compounds 254 and 255. Finally this mixture was subjected to
treatment with Grubbs’ 2nd generation catalyst in DCM to
obtain the desired enyne–ene metathesis product (256) and
the enyne metathesis product (257) (Scheme 44).

In order to confirm the absolute stereochemistry of the pen-
tacyclic [6,7,6,5] structure, all attempts towards crystallising
the compound 256 or 257 were unsuccessful. So instead, the
undesired diastereomer of the propargylic alcohol 252, which
was earlier separated out, was converted to its corresponding
pentacyclic framework using an identical reaction sequence as
before. This new pentacyclic compound was further deriva-
tised and studied through X-ray crystallography to confirm the
absolute stereochemistry of the [6,7,6,5] structure. Stoltz’s
strategy towards the core structure of cortistatin was the first
one to explore the formation of the pentacyclic skeleton by
employing domino metathesis as the key step. A novel enyne–
ene metathesis led to the swift formation of a highly complex
pentacyclic framework from a relatively simpler structure 254
in a single step.57

4.6. Zhai’s approach58

Zhai and co-workers reported the second route to the pentacyc-
lic core structure of cortistatins using a [4 + 3]-cycloaddition
approach following Gung’s earlier work. This route also com-
menced with furan as the starting material, but in contrast to
Gung’s strategy, Zhai’s group employed an intermolecular
cycloaddition to construct the [3.2.1]-bicyclo skeleton.

Furan was lithiated with n-BuLi and the resulting species
was added to 5-bromo-1-pentene to obtain the known inter-
mediate 259.59 Now, the C5-proton of the furan ring was
lithiated and the resulting anion was quenched with the
enone 260 followed by acidic hydrolysis to obtain compound
261 in 85% yield over 2 steps. The enone 261 was first reduced
under Birch conditions followed by generation of the thermo-
dynamic enolate and stereoselective allylation gave the ketone
262 with the desired quarternary center. Protection of the

ketone was done with ethylene glycol in 86% yield
(Scheme 45).

With the key intermediate 263 in hand, the key inter-
molecular [4 + 3]-cycloaddition was pursued and after detailed
optimization, the best possible results were observed when
1,1,3-trichloroacetone (5 eq.) and triethylamine (10 eq.) in
HFIP were used followed by reductive dihalogenation using
Zn–Cu couple. Although accompanied by an almost equal pro-
portion of the undesired diastereomer (β-oxo bridge), the
required isomer was obtained in 46% yield over 2 steps. The
terminal olefins were dihydroxylated, the internal olefin was
hydrogenated and finally the 1,2-diol systems were cleaved
under oxidative conditions to obtain the keto-dialdehyde 265.

Careful optimization of the reaction time, solvent, substrate
concentration and the base led to the formation of the penta-
cyclic product 266 in 82% yield by treatment with K2CO3 in
MeOH while maintaining a substrate concentration of 0.02 M
to prevent in situ elimination of the C1 hydroxyl group. The
structure of 266 was unambiguously proved through X-ray
studies later (Scheme 46). This completed a well-directed syn-
thesis of the core structure of the cortistatin family in 11 steps
from furan and had every scope of being extrapolated to a total
synthesis in future.58

4.7. Kobayashi’s approach towards the core structure60

After isolation of all the congeners of the cortistatin family,
Kobayashi’s group reported an approach towards the construc-
tion of the CD-ring system of cortistatins, by employing a 1,3-
chirality transfer and a late stage Michael addition/double

Scheme 45 Zhai’s synthesis of intermediate 263.

Scheme 44 Stoltz’s construction of the core structure.

Scheme 46 Zhai’s [4 + 3]-cycloaddition.
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cyclisation as the key steps.61 Later, they also reported a stereo-
selective synthesis of the core structure of cortistatin A with an
intramolecular Heck reaction as the key step.60

The A-ring fragment was synthesized from the known
enone 267, derived from 2-cyclohexenone. CBS reduction of
the ketone afforded the allylic alcohol 268 with up to 90% ee
(as confirmed from the corresponding (+) and (−)-MTPA
esters). Subsequent Vanadium mediated epoxidation followed
by Swern oxidation produced the chiral epoxy ketone 269.
t-BuOAc was lithiated with LDA and the resulting enolate was
added on to the epoxy ketone 269 in the presence of CeF3. The
resulting tertiary alcohol was protected as a MOM ether 270.
Reduction of the ester 270 and the resultant alcohol was con-
verted into the corresponding iodo-compound 271 with 73%
yield (Scheme 47).

The DE-ring fragment 272, derived from Hajos–Parrish
ketone, was treated with NaH, followed by addition to the iodo
compound 271 furnished the adduct 273 in 61% yield.
Generation of the thermodynamic dienol–TBS ether was fol-
lowed by diastereoselective reduction of the C14–C15 olefin.
The TBS enol ether along with the primary TBS ether were
removed with TBAF and the resulting primary alcohol was con-
verted to the iodide 274 in 92% yield. Treatment with Zn dust
in MeOH resulted in the reductive opening of the epoxide to
generate the exocyclic olefin, while the resulting secondary
alcohol was protected as a TBDPS ether. The C9–ketone was
hydroxylated at its α-position using Rubottom oxidation to
obtain the mixture of C11-epimers 276. Formation of 1,2-di-
ketone using Cu(OAc)2, followed by enol triflate generation
produced the compound 277. The C11–ketone was diastereose-
lectively reduced and acylated to obtain the precursor for Heck
coupling 278. Finally to investigate the steric effects of substi-
tuents on the tertiary alcohol, the C8–TMS ether 279 was also
synthesized through a 2-step protocol (Scheme 48).

With the two coupling precursors 278 and 279 in hand, the
key Heck coupling reaction was attempted. After thorough
screening of several reaction conditions, it was observed that
the addition of tetra-n-butylammonium acetate resulted in the
formation of the desired 7-endo-cyclisation product exclusively
280 in 56% yield. With the tetracyclic framework in hand, the
next objective was to accomplish the cyclic etherification to
complete the C-ring formation. Selective removal of TMS fol-
lowed by reduction of the C11–acetate and subsequent oxi-
dation furnished the C11–ketone 281, The key oxa-Michael

addition of 281 was not successful with bases like K2CO3 and
Et3N and finally, CSA in THF provided the pentacyclic inter-
mediate 282 in 60% yield. Reduction of the C11–ketone fol-
lowed by dehydration using Burgess’ reagent produced the
pentacyclic core structure of cortistatin A (Scheme 49).60

4.8. Danishefsky’s 2nd generation approach towards cortista-
tin A62

In continuation of their earlier strategy based on a Snieckus
type cascade cyclisation to achieve the pentacyclic core struc-
ture (as described in Scheme 36), Danishefsky and co-workers
forged the two required fragments 284 and 285 in the presence
of t-BuLi. Lithium halogen exchange of 284 followed by
addition of the lithiated species on to the aldehyde 285 was
followed by the cascade cyclisation at elevated temperatures to
obtain the complex tetracyclic framework of cortistatins inScheme 47 Kobayashi’s synthesis of the A-ring fragment.

Scheme 48 Synthesis of the Heck coupling precursor.

Scheme 49 Kobayashi’s synthesis of the pentacyclic skeleton.
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50% yield. The C8 center formed a 10 : 1 (α-side chain major)
diastereomeric mixture 286 under the cascade reaction con-
ditions, which could be inverted via reversible electrocyclisa-
tion to a 2.3 : 1 ratio (β-side chain major) of the thermo-
dynamically stable product 287 by heating at above 190 °C.
These inseparable diastereomers were subjected to iodine
mediated selective desilylation of the primary TBS ether to
obtain the respective primary alcohols, which could be separ-
ate at this stage. The desired alcohol was then tosylated and
subsequent treatment with TBAF accomplished the desired
alkylative dearomatization with 94% yield.

With the pentacyclic core structure in hand, the stage was
set for incorporating the A-ring functionalities. Among these,
the C1, C2 and C3 functionalities (OH, OH and NMe2 respect-
ively) all occupied equatorial position on the 6-membered
ring. So it was postulated that each of these could be obtained
from reduction of ketones or imines. To this end, the enone
289 was treated with L-Selectride followed by addition of the
electrophilic brominating agent 290. This afforded the C3–
bromo intermediate, which was displaced with tetra-n-butyl-
ammonium azide and the resulting enamine was then stereo-
selectively reduced with Na(CN)BH3 to obtain the free amine.
The air sensitive α-aminoketone was immediately reduced
under Luche conditions to obtain the C2–alcohol 292, also in
diastereoselective manner. The amine was then protected in
the form of an Fmoc–carbamate 293 while the C2–alcohol was
functionalized as the corresponding acetate 294 (Scheme 50).

Removal of MOM under standard conditions was not suc-
cessful due to the labile trienone system. In this regard, it was
envisaged that if a suitable electrophile could attack the C12-
terminus of the trienone unit, then the MOM deprotection
could be facilitated. With this idea in mind, the compound
294 was treated with Br2 and the resulting C12–Br species was

debrominated using AIBN and n-Bu3SnH to obtain the
required dienone 296, but with a very low yield of only 10%
over the last 2 steps. The C1–ketone was reduced under Luche
conditions and the resulting alcohol was converted to the
corresponding acetate 297 (Scheme 51). Subsequent Fmoc
removal followed by reductive methylation would have gener-
ated Shair’s intermediate 65, which could have completed the
formal total synthesis of cortistatin A. But unfortunately at this
stage, very scarce quantities of material were left over and the
synthesis had to be abandoned.62

While the Snieckus-type cascade protocol worked quite well
to kick-start the synthetic strategy and the A-ring functionaliza-
tions were achieved successfully, Danishefsky’s attempt
towards the formal total synthesis of cortistatin A ended a few
steps short due to the low yields obtained in few of the late
stage reactions.

4.9. Micalizio’s approach63

In 2016, Micalizio’s group reported their efforts towards the
construction of the pentacyclic framework of cortistatins.
Their synthetic route was based on the central idea of a metal-
lacycle-based annulative cross coupling to generate most of the
molecular complexity in a single step.

To this end, the coupling partners for this key step were
sought to be the hydroxy enyne 299 and the alkyne 301. To
this end, the TBS protected homopropargylic alcohol 298 was
lithiated and treated with racemic epichlorohydrin in the pres-
ence of BF3·OEt2 to obtain the corresponding chlorohydrins.
This was then treated with KOtBu to form an intermediate
epoxide, which was finally opened with isopropenyl mag-
nesium bromide to obtain the enyne 299 with 65% yield over
the 3 steps. For the alkyne partner, commercially available
3-hydroxybenzaldehyde was subjected to PMB protection, fol-
lowed by reduction of the aldehyde, conversion of the resulting
benzylic alcohol to the corresponding mesylate and finally sub-
stitution with TMS–acetylide. This 4-step sequence was carried
out with an overall yield of 60% (Scheme 52).

With both the desired coupling partners ready, the key
annulative cyclisation was attempted. The alkyne 301 was
treated with Ti(OiPr)4 and n-BuLi, warmed to 50 °C and this
was followed by the addition of the Li–alkoxide of enyne 299 to
trigger the hydroxy-directed alkyne–alkyne coupling to form
the metalla-cyclopentadiene intermediate 302.64 This was fol-
lowed by stereoselective intramolecular [4 + 2]-cycloaddition
followed by chelotropic extrusion of Ti to obtain the hydrin-Scheme 50 Danishefsky’s functionalization of the A-ring.

Scheme 51 Danishefsky’s attempted formal synthesis.
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dane 304 with 64% yield. This key annulation was achieved
with excellent regio- and stereoselectivity to establish the C13
quarternary centre anti to the C16 alcohol. It is striking that
this racemic synthesis could easily be extrapolated to an enan-
tiospecific version, by starting with optically pure epichlorohy-
drin in the synthesis of the enyne 299.

Global desilylation was achieved by treatment with HCl in
THF to obtain the diene 305. Hydroboration of the diene
system proceeded with excellent regio- and stereoselectivity to
afford the dihydroxylated intermediate, which was converted
to the tri-TBS ether 306 with 61% yield over the 2-step
sequence. This hydroboration sequence helped to incorporate
the desired trans-ring junction at the DE-ring fusion and also
established the correct stereochemistry of the C8-tertiary
alcohol. The PMB group was cleaved via hydrogenolysis, which
also resulted in cleavage of the primary TBS ether to provide
84% of the trihyrdoxy compound 307. Phenolic oxidation
using BAIB, followed by treatment with PPTS in refluxing
benzene furnished the bicyclic acetal with an overall yield of
56%.

In order to convert this bicyclic acetal to the desired penta-
cyclic cortistatin scaffold, the C2–ketone was reduced with

NaBH4, which gave a pair of intermediate diastereomeric
allylic alcohols. This mixture was transformed into the desired
phenolic ether 309 during purification with 87% yield. Finally
the compound 309 was advanced to the cortistatin skeleton
using a simple 4-step sequence. Both free hydroxyl groups
were protected as TBS ethers followed by selective removal of
the primary TBS ether. The free primary alcohol was then tosy-
lated followed by selective removal of the phenolic TBS ether
over the secondary TBS ether to achieve the alkylative cyclisa-
tion and complete the formation of the C-ring, in a way similar
to Danishefsky’s route (Scheme 53).50a The synthetic efforts of
Micalizio’s group focused on the assembly of a highly functio-
nalized trans-fused hyrdindane nucleus in a regio- and stereo-
selective manner. The use of a Ti-mediated annulative alkyne–
alkyne cross coupling strategy was showcased with remarkable
regio- and stereocontrol and this may create yet another new
entry towards such polycyclic scaffolds with high degree of
selectivity. Additionally, the robust nature of the starting
materials used leaves a viable scope for extrapolation towards
an enantiospecific synthesis of the same.

4.10. Kaliappan’s approaches65

Despite the numerous synthetic routes described so far, the
scope for developing a robust, divergent synthetic strategy
towards the cortistatin family and indeed towards its ana-
logues was still worth pursuing. Inspired by the increasing
diversity of the above-mentioned approaches and driven on by
the long-standing interest of our group in the synthesis of
natural products and natural product like molecules,66 our
group also designed a possible route for construction of this
unique class of steroidal alkaloids. Like most other groups
earlier, it was realized that construction of the pentacyclic core
structure would provide an entry towards multiple members of
the family and indeed provide a pathway towards other ana-
logues. Incorporation of the key isoquinoline moiety on the

Scheme 52 Synthesis of coupling partners.

Scheme 53 Micalizio’s synthesis of the pentacyclic core structure of cortistatins.
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E-ring was planned through a late stage coupling with
7-bromoisoquinoline.

Contrary to any of the earlier methods, the B-ring could be
forged through an intramolecular Heck coupling between the
exocyclic double bond in 313 and the corresponding enol tri-
flate, derived from the ketone present on the D-ring. The C8
tertiary alcohol could be utilized for an oxa-Michael addition
on to the enone in the A-ring to construct the tetrahydrofuran
C-ring. The key step of the route was fashioned to be an intra-
molecular radical cyclisation of the terminal alkyne 315 in con-
jugate fashion with the enone, followed by oxidation to gene-
rate back the C4–C5 double bond in compound 313. The
alkyne 315 could be generated from a cross metathesis of the
olefin fragments 316 and 317, derived from D-glucose and
Hajos–Parrish ketone respectively. The bulky TMS protection
on the terminal alkyne was designed to prevent any inter-
ference from its part during the key cross metathesis. Finally,
the epoxide 318 could be allylated to generate the alkene 317
(Scheme 54).

To this end, the exocyclic enone 36 was prepared starting
from Hajos–Parrish ketone, which would serve as the DE-ring
fragment for our synthesis. But to our disappointment, nucleo-
philic epoxidation conditions remained unsuccessful and we
had to switch to electrophilic epoxidation on the allylic TBS
ether 320, which was obtained upon reduction of the enone
with DIBAL-H followed by TBS protection of the resulting sec-
ondary alcohol. This di-TBS ether was epoxidised using
m-CPBA to obtain the diastereomeric mixture of epoxides 321
(Scheme 55). In order to overcome the lack of diastereo-
selectivity during epoxide formation, the known diketone 322
was also prepared67 and to our pleasant surprise, global
reduction of the diketone 322 with DIBAL-H yielded a single
diastereomer of the diol 323 in good yield. After conversion to
the corresponding di-TBS ether, the double bond was epoxi-
dised to obtain a single diastereomer of the epoxide 325 in

63% yield (Scheme 55). To confirm the epoxide stereo-
chemistry, global TBS deprotection was carried out and the bis
(4-bromobenzoyl) ester 327 of the resulting diol was crystal-
lized and studied by single crystal XRD. Pleasingly, the epoxide
stereochemistry was observed to be the desired one, which
paves a new way for future access towards the CDE ring system
of cortistatins with the correct stereochemistry. However, to
our disappointment, all efforts aimed towards opening of the
epoxide were met with failed results as the epoxide proved to
be surprisingly reluctant towards opening. A closer look at the
crystal structure of the diester 327 suggested that the angular
methyl group clearly hinders any nucleophilic attack on the
“backside” of the target C–O bond of the epoxide and this was
a major contributing factor for this observation (Scheme 55).

For the synthesis of the enyne fragment, we started with the
D-glucose derived aldehyde 328, which was generated from
D-glucose diacetonide over a 3-step sequence. Wittig homologa-
tion of the aldehyde was followed by acidic hydrolysis of the
secondary acetonide to afford the anomeric mixture of methyl-
ated lactols 332 in good yield. The newly generated free sec-
ondary alcohol was subsequently protected as the (2-naphthyl)
methyl ether in compound 334. The methylated lactol in 334
was hydrolyzed using HCl in dioxane and the free lactol 336
was then homologated using Ramirez’s salt68 to obtain the
dibromoalkene 338 with 63% yield. Treatment with n-BuLi and
subsequent quenching of the reaction with excess TMSCl pro-Scheme 54 Radical cyclisation strategy towards cortistatin A.

Scheme 55 Diastereoselective epoxidation of enone.
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vided the TMS ether 340, with the free terminal alkyne.
Deprotonation of the terminal alkyne was carried out with
n-BuLi and the resulting acetylide was quenched with TIPSOTf
to obtain the enyne 342 in 58% yield (Scheme 56).

The free alcohols in the sugar moiety were protected as
(2-naphthyl)methyl ethers (or benzyl ethers for practicability of
scale-up purposes), because they could be removed as a late
stage in the presence of other functional groups present in the
molecule. It is important to note that the enyne fragments 342
and 343 are actually enantiomeric to the enyne 316 and would
end up affording a diastereomer of the natural product, with
respect to the stereocenters on the A-ring. However, this would
provide a valuable opportunity to study the feasibility of our
synthetic plan, with a gateway to novel analogues of cortista-
tins, which is always a welcome prospect.

Having the enyne fragments (342 and 343) in hand, our
attention shifted to a model study of the key cross metathesis
step. To this end, 4-pentenyl acetate (344) and the enyne 343
were exposed to a number of Ru-based metathesis catalysts,
but to our disappointment, even at high temperatures and pro-
longed reaction times afforded only the self metathesis
product of 4-pentenyl acetate was obtained, with no trace of
our desired compound 349. This model substrate 349, if
formed, could be used for the radical cyclization as planned,
followed by the intramolecular oxa-Michael addition in order
to synthesize the A–C spiro ring junction. It was postulated
that the allylic TMS ether might have been hindering the
coordination of the Ru-catalysts on to the double bond and to
address this issue, selective TMS removal was attempted. But

unfortunately the alkyne–TIPS linkage proved to be too labile,
and selective TMS removal has remained unsuccessful.
Predictably when 350 was treated with 4-pentenyl acetate, any
chance of a cross metathesis was overruled by a highly facile
intramolecular enyne metathesis to generate the diene 351
(Scheme 57).69

In an independent and alternative cross enyne metathesis
strategy towards the assembly of the same core structure 311,
the key intermediate would once again be the ketone 313,
which is in perfect orientation for intramolecular Heck coup-
ling with a suitable derivative of the exocyclic double bond on
the A-ring. The C-ring formation was once again planned
through a conjugate oxa-Michael addition with the C8 tertiary
alcohol. The key step of this route would be opening of the
epoxide 318 (derived from the earlier strategy) with a suitable
organometallic reagent of the allylic bromide 352, which could
be made from D-glucose (Scheme 58).

Our synthetic journey towards this alternate scheme began
with the D-glucose derived aldehyde 353, which was treated
with Ohira–Bestmann reagent (354) to obtain the terminal
alkyne 355. Following this route, the C1*, C2* and C3* stereo-
centers of the glucose moiety would appear as the C1, C2 and

Scheme 56 Synthesis of D-glucose derived A-ring fragment.

Scheme 57 Attempted cross metathesis model study.

Scheme 58 Our cross enyne metathesis based approach.
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C3 centers of the A-ring of cortistatin A (8) respectively.
Treatment of the alcohol 355 with PMB-trichloroacetimidate
(240) under mild acidic conditions afforded very good conver-
sion to the corresponding PMB ether 357. The terminal alkyne
was lithiated and quenched with paraformaldehyde to obtain
the propargylic alcohol 358. Cross enyne metathesis with ethyl-
ene afforded the diene 360 following which the allylic alcohol
was substituted with the bromide 362 in good yield. Acidic
hydrolysis of the secondary acetonide 362 led to very poor con-
version, or in some cases, deprotection of the PMB ether.
Unavoidable deprotection of the PMB group led to the belief
that PMB was probably not the right choice for protecting
these two alcohols and a similar route using benzyl protection
was carried out later. Subjecting the crude mixture of lactols
364 for Wittig reaction was unsuccessful and led to complete
decomposition of the starting material. Further work is under-
way in order to convert this bromo intermediate into the
A-ring derivative (Scheme 59).

Unable to hydrolyze the secondary acetonide, the feasibility
of epoxide opening with allylic bromide 362 was also investi-
gated. The allylic bromide 362 could serve as an appropriate
model for the bromide 367, which would have the A-ring
appropriately designed. But even after employing a range of
organometallic reagents derived from the allyl bromide 362,
the epoxide 318 proved to be extremely inert.

Finally, as per our retrosynthetic analysis, the isoquinoline
moiety which is a unique functionality on the E-ring of many
congeners of the cortistatin family, was sought to be intro-
duced through a coupling reaction. To this end, 7-bromoiso-
quinoline was prepared by following Baran’s 5-step protocol
starting from tetrahydroisoquinoline.21b

With the three major fragments in hand, efforts are under-
way in our laboratory to forge the three fragments together and
build towards the pentacyclic core structure of cortistatins and
extrapolate the same to newer and simpler steroidal analogues,
which have formed the crux of recent biological studies
dealing with inhibition of HUVECs and CDK8.19b

5. Syntheses of cortistatin analogues
5.1. Corey’s approach towards cortistatin analogues and
related biological studies70

Following the series of innovative efforts towards the total syn-
thesis of cortistatin family members and related SAR studies,
it was soon evident that the biological activities of cortistatins
could be attributed to certain structural features of these ster-
oidal alkaloids. In 2008 Kiyota had reported that the estrone–
isoquinoline hybrid (EI-Hybrid A) was a promising candidate
for anti-angiogenesis, due to its inhibitory activities against
proliferation and migration of endothelial HUVEC cells.71

In 2009, Corey’s group laid down the following conclusions
based on the earlier reported biological assays of all cortistatin
family members: (a) the C3–dimethylamino group and the
C17–isoquinoline moiety play vital roles, as they are present in
the more active family members (cortistatins A and J); (b)
despite the absence of the C1 and C2 hydroxyl groups, cortista-
tin J showed strong activity, thereby indicating that this diol
unit was perhaps not essential; (c) the significant reduction in
activity shown by cortistatins B and D proved that substitutions
at the C16 and C17 centres were not tolerated; (d) replacement
of the isoquinoline fragment with other heterocycles reduces
the activities significantly. The need for diversity based ana-
logue synthesis on the above mentioned fundamental obser-
vations led Corey and his group to design some pertinent ana-
logues of similar structures and study the relevant properties
of the same.70b They focused on maintaining a similar dis-
tance between the all-important dimethylamino group and the
isoquinoline moiety, which made steroidal structures the
easiest to explore. Steroidal backbones are highly practical for
therapeutic purposes, because of the ease of their availability
and synthesis.

In this regard, Corey’s group started from the C17 ketal of
3-O-methyl estrone (368) and subjected it to Birch reduction,
followed by acidic hydrolysis of the resulting enol ether and
base mediated isomerization of the final double bond. The
intermediate enone was finally reduced with Li/NH3 once
again to obtain the ketone 369 in 71% yield. Reductive amin-
ation of the C3–ketone yielded a diastereomeric mixture of the
dimethylamine 370 with poor selectivity, so a 4-step sequence
had to be pursued for the introduction of the 3-NMe2 group.
The ketone was diastereoselectively reduced with K-Selectride
followed by inversion to the corresponding azide. The azide
was reduced and methylated to obtain the desired dimethyl-
amino group and finally the C17 ketal was hydrolyzed with
PTSA to obtain the compound 370 with 96% yield over the
final 2 steps. The newly obtained C17 ketone was converted toScheme 59 Attempted synthesis of the alternative A-ring precursor.
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the enol triflate, which was coupled with 7-tributylstannyl iso-
quinoline to obtain the analogue 372 (Scheme 60).

The other diastereomer with the opposite configuration of
the dimethylamino group was also sought for studies and for
this purpose, the enone 373 was reduced with Li/NH3 to
obtain the thermodynamically favoured C3-β-alcohol, which
was inverted to the corresponding azide. The azide was
reduced, methylated and finally the C17–ketal was hydrolyzed
to obtain the compound 374. The newly obtained C17–ketone
was converted to the corresponding enol triflate, which was
then coupled with 7-tributylstannyl isoquinoline to obtain the
analogue 375 (Scheme 60).

Detailed biological evaluation showed that compound 372
was more active than 375 and hence all further analogues were
synthesized with the 3-β-series of dimethylamino derivatives.
Intermediate 370 allowed the introduction of various groups at
the C17 position, which resulted in the synthesis of com-
pounds 376–379. The 19-norsteroid derivatives were also made
in the form of compounds 380, while the 3-β-dimethylamino
group was replaced with 3-β-pyrolidino (381) or 3-
β-morpholino (382) groups for further diversity (Fig. 3).

These compounds were found to inhibit angiogenic effects
of VEFG and some members also inhibited cell sensitivity to
multiple angiogenic factors. Comparative studies of the syn-
thetic compounds 379A, 379C and 379D with the published
data for cortistatin A proved that these 3 compounds inhibited
the VEFG-induced cell migration of HUVECs more strongly
than cortistatin A. 379A proved to be the most active analogue,
with very efficient anti-angiogenic activity at very low nano-
molar concentrations in in vitro assays. Apart from this, locally
administered picomolar quantities of compound 379A inhib-
ited retinal vessel formation in P6 mice, a recognized animal
model for ocular wet macular degeneration. This indicated
that such compounds could be utilized at very low concen-

trations, in the treatment of ocular wet macular degeneration,
which is a major cause for blindness. These results were quite
significant, as these analogues were much easier to obtain
than the natural product itself and a few of them proved to be
more potent in their biological activities.

5.2. Kobayashi’s synthesis of cortistatin analogues72–74

After reporting their own their Heck coupling based strategy
towards designing the core structure of cortistatins, Kobayashi
and co-workers set about synthesizing other simplified ana-
logues of this class of steroidal alkaloids. The architectural
designs of these analogues were based on the conclusions
drawn from structure–activity relationship studies carried out
earlier on the full family of cortistatins. Based on the struc-
tures elucidated by X-ray studies, two analogues were designed,
having an anthracene-like planar ABC-ring system. The CD-
ring system would possess the all-important isoquinoline
moiety, while the A-ring having a dimethylamino group was
connected through a single sp2-carbon linker. This was done
to keep the relative positions of the isoquinoline fragment and
the NMe2 group in correct order.

The synthesis of the analogue 388 commenced with the
diastereoselective conjugate addition of Hajos–Parrish ketone
using t-BuMgCl, DIBAL-H and CuI to generate the trans-
hydrindanedione 383 according to literature protocols. This
was followed by protection of the less hindered ketone as a
cyclic ketal, followed by conversion of the other ketone into
the corresponding enol triflate 384. Suzuki–Miyaura coupling

Scheme 60 Corey’s synthesis of steroidal analogues 372 and 375.

Fig. 3 Analogues made by Corey for SAR studies.
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was employed by using the isoqinolinyl pinacol boronate 47 to
functionalize the enol triflate. Then the 6-membered ketal was
hydrolyzed and the C16–C17 double bond was hydrogenated
stereoselectively with 92% yield. This was followed by Wittig
olefination using (bromomethyl)triphenylphosphonium
bromide to obtain the vinyl bromide 386 as a 1 : 1 mixture of
E : Z isomers. Finally the A-ring fragment was forged through a
Suzuki–Miyaura coupling with the boronic acid 387 to obtain a
1 : 1 mixture of the two isomeric target analogues, which were
separated through reverse-phase HPLC (Scheme 61).

The intermediate 385 was further treated with HMDS, NaI
and TMSCl to generate the kinetic enolate, which was oxidised
using IBX to obtain the enone 389 with 71% yield over 2 steps.
Generation of the dienolate was followed by Pd-catalyzed
carboxymethylation to obtain the methyl ester 390. The ester
was converted to the aldehyde 391, followed by treatment with
1,3-cyclohexanedione in the presence of ethylene diamine to
undergo Knoevenagel condensation followed by concomitant
electrocyclisation to obtain the desired tetracyclic analogue 395
(Scheme 62). The intermediate ester 390 was also made to
undergo selective diimide reduction of the disubstituted C11–
C12 olefin to obtain the conjugated ester 393. A further 3-step
protocol, ending with a similar type of Knovenagel condensation
as above provided the 11,12-dihydro analogue 394 (Scheme 62).

When studied for their anti-proliferative activities against
HUVEC, the 11,12-dehydro analogue 394 proved to be compar-
able in activity as compared to cortistatin A with IC50 value of
0.035 µM and a very high selectivity (>100-fold) over KB3-1
cells (IC50 = 10.5 µM each). This proved the hypothesis that the
tetracyclic core of these steroidal alkaloids was essential for
their potent biological activities. Evaluation of in vivo activity
of analogue 394 on the formation of new blood vessels by
matrigel plug assay,75 indicated that analogue 394 also inhib-
ited in vivo angiogenesis. In addition to these properties, this
simplified analogue also exhibited anti-tumor activities result-
ing in a weight reduction of ∼90% of tumors.72

In a subsequent report in 2013, Kobayashi’s group reported
a synthesis of the same analogue 393 starting from a vitamin-
D2 degradation product (396). The C17 ketone was converted
to the corresponding enol triflate,76 followed by coupling of
the same with isoqinolinyl pinacol boronate (47) and sub-
sequent hydrogenation of the C16–C17 olefin to obtain the
intermediate 398. The TBS ether was cleaved and the resulting
secondary alcohol was oxidised to obtain the ketone 399.
Generation of the enolate using LiHMDS was followed by
quenching of the same using Mander’s reagent to obtain the
β-ketoester 400. Finally the ketone was converted to its enol tri-
flate and made to undergo Pd-catalyzed reduction to obtain
the ester 393 with an overall yield of 19% from the known enol
triflate 397 over 7 steps (Scheme 63). This ester could be con-

Scheme 61 Kobayashi’s synthesis of cortistatin analogue 388.

Scheme 62 Kobayashi’s synthesis of analogues 394 and 395.

Scheme 63 Kobayashi’s synthesis of precursor of analogue 393 from
vitamin D2 degradation product 396.
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verted to the desired cortistatin analogue 394 by employing
the same 3-step protocol as mentioned in the previous
report.72 No isomerization to the thermodynamically stable cis-
fused hydrindane was observed over the course of this route
and this was an obvious advantage of this second generation
strategy over the earlier one.73

In order to further stem down the number of steps by redu-
cing the iterative oxidation–reduction sequences, Kobayashi’s
group developed yet another route to the potent cortistatin
analogue 394. To this end, the bromo compound 401, which
could be prepared from Hajos–Parrish ketone in bulk scales,
was treated with Ohira–Bestmann reagent (354) in the pres-
ence of K2CO3 and methanol to provide the dimethyl acetal
402 in 81% yield.

This was a serendipitous result, which afforded the desired
transformation around the ketone in a single step. The five-
membered ring ketone was then converted to the corres-
ponding enol triflate, coupled using isoqinolinyl pinacol boro-
nate (47) and finally the C16–C17 double bond was hydrogen-
ated as before to obtain the intermediate 403. The dimethyl
acetal was hydrolyzed and the resulting aldehyde was con-
densed with 1,3-cyclohexanedione to obtain the tetracyclic
scaffold 394 (Scheme 64).

Contrary to the earlier routes, this strategy introduces the
isoquinoline fragment at a late stage, which helps in diversifi-
cation. This was used to synthesize three other analogues (404,
405 and 406) of the same tetracyclic framework, by coupling
other heterocyclic fragments (Scheme 64). The novel com-
pound 406 with an acetamide side chain on the A-ring showed

very promising anti-angiogenesis activity.74 Since their iso-
lation of this group of highly complex steroidal alkaloids,
Kobayashi’s research group have thoroughly studied the intri-
cacies of this unique steroidal alkaloid backbone and paved
the way for the synthesis of a large variety of biologically
potent analogues of this family.77

6. Conclusions

In summary, the cortistatins form a unique class of steroidal
alkaloids having immense potential as anti-angiogenic agents.
Ever since their isolation in 2006, a multitude of synthetic
efforts have been devoted towards the construction of various
members of this family of natural products. Not only have the
molecules been synthesized to various degrees of complexity
by different groups, but there has also been a thorough screen-
ing of their biological activities. Novel analogues based on pre-
viously established structure–activity relationships have been
designed and synthesized, often showcasing remarkable
potency comparable even to the most illustrious member of
the family: cortistatin A. Given that the cortistatins are a very
young family of natural products in terms of their isolation
dates, it is really amazing to note the deep level of understand-
ing that has already been mustered about even the smallest
structural fragments of the molecule and how each of them
contributes toward their significant properties.

This review was an attempt to put together as much of an
exhaustive compilation as possible of the various synthetic
approaches designed and developed since the isolation of the
cortistatin family. Focus has been laid to illuminate each and
every synthetic strategy employed to construct this unique pen-
tacyclic framework, either in an attempt towards total syn-
thesis, or towards the construction of structurally viable ana-
logues. Given the enormous potential of structural diversity in
cortistatins, we hope this review provides a base for future
attempts from the scientific community to explore newer strat-
egies to construct analogous compounds.
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