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Abstract: Efforts to achieve the laboratory synthesis of complex natural products have long served as a means to
advance the science of organic chemistry. Indeed, core physical organic principles, new reagents and synthetic
transformations, effective strategies for stereocontrolled synthesis, and useful pharmaceutical agents are but a
few advances that have issued from such endeavors over the course of the past century. Within this review are
recounted selected research programs from the author’s laboratory seeking to add to that repertoire of discover-
ies by targeting complex polycyclic alkaloids for synthesis. Advances resulting from these studies include new
strategies for the rapid synthesis of intricate molecular domains, reaction processes and sequences capable of
accessing a range of diversity across several alkaloid classes, examples of achieving family-level synthetic solu-
tions from common synthetic building blocks, and a unique perspective on effecting the laboratory synthesis of
dimeric materials when direct mergers fail.
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Throughout organic chemistry’s histo-
ry, naturally-derived alkaloids have played
an essential role in the progression of the
field. For example, throughout the late part
of the 19th century as well as for most of
the first half of the 20th century, efforts to
elucidate as well as synthesize the struc-
tures of complex alkaloids such as quinine
and strychnine (1 and 2, Fig. 1) served as
the means to establish much of the founda-
tion for modern heterocyclic chemistry.[1,2]
Similarly, efforts to understand and harness
their biological properties have afforded
countless therapies that have extended the
length and quality of life; vinblastine (3)
is but one example that has been essential
to the development of powerful treatments
for varied forms of cancer.[3]

Despite this rich history, numerous
opportunities for further discoveries re-
main, especially as additional, structurally
unique alkaloids are isolated from var-
ied natural sources throughout the globe.
Indeed, it is several such alkaloids that
have inspired our group to devote signifi-
cant research attention over the past sev-
eral years to try and develop strategies, tac-
tics, and methods to prepare them through
step-economic routes with transformations
of potentially broad applicability to diverse
target molecules. In this review, several
examples of these efforts are recounted
in hopes of revealing some of our global
programmatic logic as well as some areas
worthy of future investigation.

One of our first major forays in alkaloid
natural product chemistry sought to tackle
the complexity posed by the Securinega
family, select members of which (4–6) are
shown in Scheme 1.[4] Although these and
other related compounds have been the
subject of a number of successful and cre-
ative synthetic endeavors over the years,[5]
we were struck, in particular, by the gen-
eral difficulty encountered in forging the
bridging butenolide domains (highlighted
here in blue) which are a shared and sig-

nature structural element of the collection.
Indeed, for most published approaches, a
significant proportion of the total number
of synthetic operations were dedicated to
its construction. We wondered whether an
appropriate precursor along with a cas-
cade-based set of bond constructions could
more readily fashion such butenolides in
a manner that could be applicable to the
class as a whole.

Our idea, shown as a general approach
in the middle part of Scheme 1, sought to
determine whether an N-heterocyclic car-
bene (NHC)[6] derived from an appropri-
ate pre-catalyst (8) could enable a pendant
enynal such as 7 to attack the neighboring
ketone in an Umpolung fashion to generate
10.[7] This event would set the stage for a
lactonization to complete the entire bridg-
ing framework in the form of 12 and regen-
erate the NHC promoter in a single step.
While appealing on paper, we were unsure
at the outset of our studies as to just how
readily such a precursor could be forged.
We were also uncertain as to whether such
an ynal could even behave as a homoeno-
late, particularly in the presence of an eno-
lizable ketone that might readily engage in
intramolecular Michael chemistry with the
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quence and subsequent condensation with
2-iodoaniline afforded key substrate 26, in
preparation for what we hoped would be
an opportunity to develop a unique C–H
arylation reaction to generate the fused in-
dolenine system of 27.[14] Key to note is
that we had formed 26 as a batch depen-
dent mixture of imine isomers (generally
on the order of 2.4–2.8:1), not knowing
which was the major product; that factor
was important since within the substrate,
two different tertiary C–H bonds could po-
tentially participate in the reaction process,
with only one leading to the desired iso-

verse-demand partner, here combined with
a conventional electron-deficient dieno-
phile; nevertheless, this reaction proceeded
smoothly at 100 °C without degradation
of the lactone product through a potential
retro-[4+2] process expelling CO

2
. Indeed,

the facility of this reaction with the ester
group in place was of critical strategic im-
portance, in that this group aided a subse-
quent radical-based cyclization cascade of
24 (prepared from 23 in two steps) initiated
by Et

3
B and terminated by trapping with

allyltri-n-butylstannane to generate poly-
cycle 25.[13] From here, a lactamization se-

ynal rather than participating in the pro-
posed NHC-promoted reaction.

As matters transpired, such enynals
could be prepared, albeit under carefully
orchestrated conditions, and we found
that the desired cyclization cascade could
be conducted effectively only under a
very narrow range of conditions using
a large amount of NHC pre-catalyst 14
(40 mol %)[8] in the presence of a stoi-
chiometric amount (2.0 equiv.) of a Lewis
acid promoter in the form of Ti(Oi-Pr)

4
.[9]

Other NHC mediators, at least in model
studies, failed to provide any improved
throughput, and other Lewis acid additives
proved entirely ineffective; slow addition
of the substrate into the NHC/Lewis acid
mixture was also critical for success. As
shown for the substrates probed (13, 16,
and 18), yields were variable depending
on their overall complexity (31% to 91%).
Nevertheless, three different frameworks
pertinent to the class could be accessed
in a single pot through the developed cas-
cade. Of these, compound 20 is perhaps
the most significant from the standpoint of
comparison to past approaches, in that it
was obtained in nine steps overall; a lon-
ger sequence was recently described for a
synthesis of its hydroxylated counterpart,
secu’amamine A (6).[5r]

In a similar spirit of seeking to achieve
the rapid construction of a complex frame-
work, as well as explore additional oppor-
tunities to develop new chemistry, we were
also attracted to the molecular framework
of scholarisine A (29, Scheme 2).[10] This
unique member of the Akuammiline fam-
ily of alkaloids[11] possesses an indolenine
fused onto a strained carbocyclic cage in
a final structure that contains a total of six
chiral centers, two of which are quaternary.
Our plan[12] was to identify an efficient ap-
proach to prepare that novel carbocyclic
core, and then find a means to fuse the in-
dolenine ring onto it, potentially through
a unique, late-stage operation as opposed
to more conventional heterocycle-forming
reactions such as the Fischer indole syn-
thesis which has long been a mainstay in
the preparation of diverse indole alkaloids.

The key processes we developed to
achieve these goals are delineated in
Scheme 2, starting with a Diels–Alder re-
action between dienophile 21 and pyrone
22 to deliver bicyclic lactone 23. As long
as there was a cyclic protecting group en-
gaging the amine and alcohol of the serine-
derived precursor (as in 21), the cycloaddi-
tion proceeded with a reasonable degree of
diastereoselectivity, here in an ~3:1 ratio
to afford the desired product along with its
separable diastereomer in 83% combined
yield. It is noteworthy, though, that this
process proceeded so effectively, in that the
ester appended to the pyrone diene system
would appear to render this material an in-

N

O
H

O

4: securinine

N

O

H
HO

O

6: secu'amamine A

N

O
H

O

5: norsecurinine

N

O
O

7 N

O
NRX

N
R

N

O
Y

O

N

O

O

Y = NHC system

N

O

OY

12 11

9

10

PG

PG PG PG

PG

X
O

N
Boc

O
O

N
Boc

O

O

N

O

O

14,
Ti(Oi-Pr)4

1) DIAB;
NaBO3

(+)-20(+)-19(+)-18

H2) MsCl;
TFA

N
Boc

O

O

N
Boc

O

O14,
Ti(Oi-Pr)4

BocN

O
O

16 17 17

N
Boc

O

O

(+)-15

N
Boc

O
O

Ti(Oi-Pr)4 (2 equiv),toluene, slow addition,
23 °C

N N
N

Ph
Cl

14 (40 mol %)

(+)-13

NRX

N
R

+

8: NHC

General approach:

(31%)

(47%)

(66%
overall)

(91%)

Scheme 1.
Development of an
approach for the
rapid assembly of
the bridging buteno-
lide domains of the
Securinega alkaloids.



804 CHIMIA 2017, 71, No. 12 Natural Products: source of INNovatIoN

hand, when amines containing pendant al-
kenes were used instead, the opportunity to
generate hydroindoline products resulted.
As illustrated using compound 36, the al-
kene substitution pattern ensured that fol-

pattern difficult to access through other ap-
proaches;[22] indeed, many of the formed
materials constitute previously unknown
chemical entities in either their synthe-
sized or free amine forms. On the other

mer. In the event, use of a structural deriva-
tive of AIBN (i.e. ACHN) and n-Bu

3
SnH

afforded 27 with 3:1 selectivity over its al-
ternate tertiary C–H functionalized isomer,
delivering the desired compound in 18%
overall yield for this critical step as well as
the two preceding operations.

The completion of the synthesis then
required the excision of an extra carbon
atom from the previously installed allyl
group and reduction of the lactam within
27 in the presence of a more accessible
and reactive lactone. Following much ef-
fort, we identified the sequence shown,
in which we believe the primary alcohol
formed following exposure of 27 to O

3
and

NaBH
4
was able to direct Lawesson’s re-

agent to form the thioimidate ring of 28; in
the absence of that alcohol, the lactam was
untouched by this reagent even under forc-
ing conditions. Two final steps (reductive
removal of the bridging sulfur atom and in-
doline re-oxidation) completed what was a
15-step preparation of the target molecule
from commercial materials. Overall, this
route compares favorably to the only other
completed sequence published to date.[15]
Of greater importance is that these efforts
have also inspired a number of additional
alkaloid-based explorations by our group,
both target- and method-driven.

The first of these sought to evalu-
ate the potential for pyrone Diels–Alder
chemistry[16] to deliver indoline and hy-
droindoline systems pertinent to a range
of molecules,[17] including pharmaceutical
agents such as CEPC (30, Scheme 3) as
well as natural products like mesembrine
(31)[18] and the more recently isolated
gracilamine (32).[19] Although these rep-
resentative structures are quite different
within just this key heterocyclic domain,
possessing distinct oxidation states for
their shared atoms colored in blue, we
wondered whether it would be possible
to develop a short, modular sequence that
could deliver these, as well as other, related
materials in a modicum of steps. Our ap-
proach[20] began from 4,6-dichloropyrone
(33),[21] a molecule that can be readily
prepared in three steps on multigram scale
but whose chemistry has not been exten-
sively explored. What we found was that
the two chlorine atoms within this starting
material could be differentiated, allowing
for the chemoselective replacement of one
with amine-containing nucleophiles to af-
ford substrates poised for intramolecular
Diels–Alder reactions when appropriate
dienophiles were built into the amine part-
ner. For example, following acetylation of
the nitrogen atom to deliver 34 bearing a
pendant alkyne, subsequent Diels–Alder
and retro-[4+2] reactions occurred upon
heating at 140 °C with microwave irra-
diation in toluene to afford a variety of
indoline frameworks with a substitution
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substrate at the native oxidation state of the
target (with the secondary amine masked as
a protonated ammonium cation);[28] indeed,
another team led by Fujii and Ohno used a
similar 6-endo-dig process as part of their
reported solution to strictamine,[25c] though
varied protecting group and oxidation state
changes required several additional steps to
channel their version of the process towards
45. Overall, we were able to access interme-
diate 44 on scale in just five steps, allowing
for a formal seven-step asymmetric synthe-
sis to be achieved based on this same ma-
terial being a late-stage intermediate in the
Zhu route.[25b] Importantly, we believe that
the developed asymmetric imine propar-
gylation process should have applicabil-
ity to a number of additional problems of
significance. For example, we have already
used it to achieve the first catalytic asym-
metric preparation of (S)-(–)-decarbometh-
oxydihydrogambirtannine (46).[29]

Our finalmajor program in alkaloid syn-
thesis, one that has been pursued for several
years now, is focused on a unique set of de-
fensive compounds produced by a variety
of ladybug species throughout the world.
Known as the Coccinellid alkaloids,[30]
these materials exist in two main forms.[31]
The first are ‘monomeric’ tricyclic materi-
als, of which precoccinelline (47, Scheme
5), hippocasine (48), propyleine (50), and
isopropyleine (57) are representative ex-
amples.[32] These materials differ in terms
of some of their stereochemical elements
and alkene placements which, although
seemingly minor alterations in the context
of two-dimensional drawings, confer sub-
stantial three-dimensional differences. The
second are ‘dimeric’ materials, of which
chilocorine B (49), psylloborine A (55),
and isopsylloborine A (56) are represen-
tative; here the terminology of dimeric as
used by many of the isolation teams could
be potentially confusing from the perspec-
tive that the two halves of chilocorine B
(49) are comprised of two rather differ-
ent parts. Similarly, no clear biosynthetic
hypothesis for dimerization of monomeric
materials has been advanced in the cases
of 55 and 56, even though they might more
reasonably appear to arise from structurally
similar starting materials.

Our interest in the collection has been
focused principally on the ‘dimeric’ ma-
terials, given their overall uniqueness and
global synthetic challenge especially in
light of their numerous quaternary and
aza-quaternary chiral centers,[33] as well
as potential oxidative instability. Scheme
5 outlines one of our initial synthetic ap-
proaches in which we attempted to identify
and experimentally explore a potential bio-
mimetic synthesis for both 55 and 56 to de-
termine if they might truly be derived from
a common monomeric unit.[34] This route
was predicated on the idea that an oxida-

recently developed the means to access it
in both racemic and asymmetric formats
through both total and formal total syn-
theses.[25] Prior to the publication of our
work, the shortest asymmetric synthesis
had been achieved by the Garg group (at
24 steps)[25a] while the most concise ra-
cemic solution was developed by the Zhu
group (at 14 steps).[15b] Our approach,
highlighted in Scheme 4, sought to develop
two key reactions to achieve an even more
expeditious solution.[26] Those operations
were an asymmetric propargylation of
3,4-dihydro-β-carboline (39) and a metal-
mediated 6-endo-dig cyclization to gener-
ate the majority of the core. As denoted,
both of those operations could ultimately
be achieved. The first required significant
screening of both ligands and optimization
of reaction parameters to realize that (R)-
DTBM-SEGPHOS (40) was the ideal li-
gand for Cu(I),[27] allowing the asymmetric
addition of an allenyl boronate as a conve-
nient source of the needed carbon atoms to
the imine of 39. Key to the second reaction
was identifying conditions with a mixture
of catalytic Ph

3
PAuCl and stoichiometric

AgSbF
6
that enabled the cyclization to pro-

ceed with an electron-deficient alkyne on a

lowing the key Diels–Alder/retro-[4+2]
sequence a non-aromatic product would
result, here in the form of dienamine 37.
Pleasingly, its vinyl chloride could be hy-
drolyzed simply upon stirring with silica
gel for several hours to afford the vinylo-
gous amide of 38. Such chemistry not only
afforded a concise solution in a formal to-
tal synthesis sense to gracilamine (32),[19b]
a unique Amaryllidaceae alkaloid which
was isolated in 2005[23] and has been the
subject of several recent syntheses,[19] but
also simpler targets such as mesembrine
(31);[18] neither of these architectures, in
our opinion, are readily traced to Diels–
Alder reactions as a potential key bond-
forming process. Essential to all of the
chemistry, though, is the presence of an
electron-withdrawing group on the nitro-
gen atom; in its absence, the Diels–Alder
sequence does not proceed in any format
explored to date.

As a second offshoot of our scholari-
sine A work, we were inspired to target
other Akuammiline alkaloids with dis-
tinct structures, such as strictamine (45,
Scheme 4).[24] Although this natural prod-
uct had long been devoid of any success-
ful synthetic solutions, several teams have
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tive product of molecules like propyleine
(50), potentially iminium species 51, could
serve as an active electrophile to enable a
merger with another natural product start-
ing material. As indicated by our proposal,
that process would be an initial vinylogous
Mannich reaction between the enamine of
50 and reactive intermediate 51 to afford
52. This event would then set the stage for
a second C–C bond forming event, again
through Mannich chemistry but this time
intramolecularly, that could occur follow
ing a proton transfer to establish a new
set of nucleophile/electrophile partners.
A final loss of proton from 54 to restore
charge neutrality would then afford psyllo-
borineA (55) and/or isopsylloborineA (56).
A key assumption of this overall proposal,
outside of the feasibility of the bond forma-
tions themselves, is that pre-existing chiral-
ity within both 50 and 51 would dictate the
formation of the additional stereocenters in
the cascade sequence since no other chiral
element would be present.

In practice, however, we were never
able to realize this plan in terms of a com-
pleted synthesis of 55 and/or 56. Instead,
what we observed was that following the
in situ formation of 51, we could only ef-
fect its merger in a laboratory flask with
the enamine isomer of propyleine, a mol-
ecule known as isopropyleine (57) that ex-
ists in solution as its equilibrium partner.
This reaction process generated what we
have assigned as the non-natural dimer 58
in 21% yield.While we do not fully under-
stand the basis for this observed process
in terms of not producing any 55 and/or
56, the failure to effect the desired dimer-
ization nevertheless forced us to consider
alternatives in order to achieve our goal of
forming the desired products. The ultimate
result was the approach shown in Scheme
6 in which, instead of bringing together
two advanced, fully cyclized monomeric
compounds to generate a dimer in the final
step, we linked two linear precursors for
each half together into a single molecule
through the bond colored in red in 59. This
particular bond was the one whose forma-
tion could not be effected with the proper
regiocontrol through the intermolecu-
lar processes defined in Scheme 5. From
here, we then executed two cascade-based
operations using enamine formations,
Michael additions, and Mannich chemis-
try to generate the additional rings of the
target by forming a series of five bonds in
total; we term this approach as an ‘intra-
molecular dimerization’ based on the idea
that since appropriate regiocontrol could
not be achieved in an intermolecular sense
based on unfavorable kinetic and/or ther-
modynamic factors, tackling the problem
in an intramolecular way might be the key
to a solution, just as it has been historically
in other non-dimerization contexts.[35]

Essential to the success of this alternate
approach in terms of the cascade chemis-
try was the use of an appended 3,5-bis-
trifluoromethylphenylsulfone as the elec-
tron-withdrawing group on the left-hand
portion of the molecules as drawn within
the intermediates. It enabled the final se-
quence converting 62 into 64 to proceed
via the shown Michael closure followed
byMannich attack; a simple phenylsulfone
afforded material (not drawn) with an ini-
tial Mannich closure from 62 without the
ability to then effect the Michael reaction.
In addition to providing appropriate elec-
tronic tuning of the process, this group was
also the easiest of those probed to remove,
allowing for completion of psylloborine A
(55) in 46% yield upon exposure of 64 to

Na/Hg amalgam. We also discovered that
this natural product could be converted
into isopsylloborine A (56) following
its treatment with stoichiometric TFA in
1,2-dichloroethane at 70 °C.And, although
not shown within the confines of these two
schemes, it isworth noting thatwe used one
key intermediate both to prepare a precur-
sor to 59 as well as eight other monomeric
natural products through formal and total
syntheses, thereby affording a potentially
global solution to this family; identifying
such building blocks has long been a part
of our global synthetic planning, including
non-alkaloid-based targets.[36]

In more recent endeavors, we have
sought to extend some of the key ideas
from the developed chemistry in this pro-
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gram, particularly elements of the ‘in-
tramolecular dimerization’ approach, to
other alkaloid targets. For example, there
are other cases where two monomers
have been unable to be converted into a
dimeric target with appropriate regiocon-
trol despite the existence of reasonable
mechanistic proposals to do so. The myr-
micarin family of defensive alkaloids[37] is
a salient example, where many efforts to
convert myrmicarin 215A/B (65, Scheme
7) into myrmicarin 430A (66) have been
met with failure, affording alternate stereo-
and regioisomers such as 67.[38]We believe
that an initial linking approach of acyclic
precursors, followed by condensations to
generate the respective polycyclic ring
systems, could potentially succeed here
as well. And, in a more recent synthesis
of the heterodimeric Coccinellid alkaloid
dimer exochomine (72),[39,40] we found

that it was essential in our efforts to merge
two advanced fragments together through
aldol chemistry that one of the pieces (68)
have one of its final rings unforged.[41]This
design was based on the idea of adding ad-
ditional structural flexibility to its reactive
domain, reflecting a tenet of an ‘intramo-
lecular dimerization’ strategy in its broad
terms. No other approach or intermediate
probed was successful in enabling the two
halves of this unique natural product to be
brought together as effectively.

In conclusion, alkaloid natural products
continue to afford immense opportunities
for discovery, whether in the form of new
reactions, distinct strategies, and/or novel
tactics. From our perspective, the works
recounted in this review were critical in in-
spiring several advances along these lines.
These include an NHC-mediated cascade
to forge bridging butenolides, several

unique radical reaction cascades to gener-
ate polycyclic and heterocyclic domains,
distinct applications of pyroneDiels–Alder
chemistry to generate diverse frameworks,
complex cascades that can generate multi-
ple bonds, rings, and stereocenters rapidly,
and thoughts on how to achieve dimeriza-
tions when direct couplings fail. Current
work is seeking to extend these findings,
as well as uncover new opportunities for
discovery as additional alkaloid classes are
probed. If past history is any guide, many
exciting findings await.
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