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Abstract

Terpenoids constitute a significant fraction of molecules produced by living organisms that have
found use in medicine and other industries. Problems associated with their procurement and
adaptation for human use can be solved using chemical synthesis, which is an increasingly
economical option in the modern era of chemistry. This article documents, by way of individual
case studies, strategies for reducing the time and cost of terpene synthesis for drug discovery. A
major trend evident in recent syntheses is that complex terpenes are increasingly realistic starting
points for both medicinal chemistry campaigns and large-scale syntheses, at least in the context of
the academic laboratory, and this trend will likely penetrate the commercial sector in the near
future.

Terpenes (or terpenoids or isoprenoids) constitute a major class of organic molecules
produced by diverse organisms to perform an assortment of biological functions in varying
ecological contexts. Although all terpenes originate from the same five-carbon building
blocks (dimethylallyl pyrophosphate and isopentenyl pyrophosphate), the structures and
functions of terpenes vary widely, and are highly tailored to the requirements of the source
organism’s environmental pressures and resources. As a consequence of the biological
functions of terpenes (in humans and other organisms), these molecules have led to six
major drug classes over the last century, namely steroids, tocopherols, taxanes, artemisinins,
ingenanes and cannabinoids [1]. However, optimization of terpene structures for human use
requires economical access to not only the carbon scaffold of the terpene class, but also
embedded functional groups that allow specific modification of the molecule through a
rational medicinal chemistry campaign. Whether a campaign starts from a complex isolate
with an essentially intact scaffold (sometimes called semi-synthesis) or several smaller
fragments (sometimes called total synthesis, vide infra), this exploration can be costly and
lengthy. In this article, we document several strategies to reduce the cost and time of
developing terpene-based therapeutics.
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Identifying the problem

The biological role and medical use of terpenes must inform how the problem of chemical
synthesis is addressed. Bioactive terpenes are isolated frequently; medically relevant
terpenes less so, and distinguishing the latter is not always straightforward prior to clinical
validation. One benefit of the isolation literature is the frequent use of phenotypic assays,
rather than target-based assays, a preference that is receiving increased interest in the
pharmaceuticals industry [2] as it provides important information about potency and
selectivity in a cell, rather than on a single macromolecule. The obvious downside is that
observation of phenotypic response leaves open the question of the biomolecular basis for
that response. Thus, use of a phenotypic versus target-based assay neatly divides
medicinally relevant terpenes into two subclasses depending on whether the mechanism of
action is known or unknown.

Approximately 35,000 terpenes have been identified and the majority of possible functions
of these molecules are unknown [1]. Consequently, synthesis efforts in this ‘naive’ phase of
terpene research focus on procuring relatively small amounts of material or affinity-labeled
material for target identification. That being said, a disproportionate number of terpenes
receive attention in the synthesis literature because they possess known functions of medical
importance, which leads to a focus on either scalability of synthesis, or exploration of
analogous structures. A chemical synthesis should serve to address real problems associated
with the target structure, which are largely dependent on knowledge of the molecule’s
mechanism.

So what constitutes the best approach to small molecule synthesis [3-5]? The answer is
simple: it’s complicated. For example, a coarse articulation of the ideal synthesis is one that
creates homogeneous material in large scale at low cost, which includes low cost of labor,
reactants and reagents, solvents, purification and waste disposal. However, even this
rudimentary definition does not always hold: what if you do not know the small molecule
structure in advance? If not, then these metrics of synthesis disintegrate. In medicinal
chemistry, a synthetic route must be diversifiable and modular, and scalability is not a major
issue or even a goal. Nor is yield or purification, which can often be performed rapidly on
small scale by HPLC. Similarly, metrics that articulate the need for chemical diversity
measure diversity only, even though medicinal chemistry is not a random walk into
unknown regions of space, but rather a logical exploration of the relationship between
structure and function (SAR) [6]. All this is to say that for a given molecule, there can be
various goals of synthesis — access to bulk material (process), specific modification of
structure (optimization of properties, e.g., medicinal chemistry) or diversification of
structure (e.g., combinatorial chemistry) — all of which possess competing agendas rather
than a grand, unified vision. This means that a synthesis must be tailored to the problem it is
trying to solve, and therefore identification of the actual problem is crucial.

The one unifying feature between the three synthesis goals above (process, optimization and
diversification; Figure 1) is the primacy of step count economy [5], which has the potential
to minimize costs at multiple levels. Sometimes other features such as modularity
requirements or purification problems override the benefits of a short step-count. However,
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in general, a shorter synthesis is a better synthesis, and therefore in this article we will
highlight academic syntheses from the last 5 years where step counts are minimized relative
to either prior syntheses or syntheses of similarly complex molecules. Nevertheless, to truly
evaluate the quality of a synthesis, it is essential to identify its purpose, (i.e., the problem it
is attempting to solve).

We should briefly note that a decreasing number of syntheses are undertaken just to show
how a biologically produced molecule (natural product) might be synthesized in the
laboratory by chemical means. This is primarily due to funding pressures, despite the
inherent value of this pure science endeavor. The justifications for these syntheses are not
necessarily biological/medicinal in nature, but are structural/chemical, and often result in
innovations in reaction invention or strategies to access a general structure. This is certainly
not to say that all complex molecule syntheses are justified or contribute to progress in
chemistry. But rather, the decline of exercises in the pure science of synthesis as ends in
themselves will likely parallel a decline in organic chemistry as a whole, and negatively
impact the development of new drugs.

Below, we analyze several recent examples of terpene syntheses from the academic
literature, illustrate how they solve problems associated with the target molecule, and in
some cases discuss what problems remain to be solved. The syntheses of these terpenes are
grouped according to the primary ‘higher-level strategy’ employed, although in most cases
the syntheses utilize multiple strategies. Along the way, we discuss changes in focus that
have accrued over time within the synthesis field, and attempt to project these trends into the
future. One major trend evident in these recent efforts is that complex terpenes are
increasingly realistic starting points for both medicinal chemistry campaigns and large-scale
syntheses, at least in the context of the academic laboratory, and this trend will likely
penetrate the commercial sector in the near future. Imitation of these syntheses’ strengths
and repudiation of their weaknesses will, in a general way, reduce the cost of developing
terpene-based therapeutics.

Stereochemistry-based strategies: the power of substrate relay

One defining feature of terpenoid metabolites is their stereochemical complexity. In order to
arrive at an efficient synthesis, the number of stereogenic steps must be minimized, and the
level of stereocontrol at each of these steps must be maximized. A logical way to achieve
these goals is to prioritize retrosynthetic transforms that efficiently set multiple stereocenters
at once (see also ‘Pumilaside aglycon’ section). Furthermore, stereochemical relay from the
substrate can be an effective tool to rapidly increase complexity, as long as the appropriate
choreography of bond disconnections can be determined. Below, we document several
recent examples of terpenoid synthesis and we focus on the stereochemical decisions made
during retrosynthetic analysis. In many cases, the actual stereocontrol achieved is not
perfect, even though the logic is good and reduces the length of the route. The lessons
learned from these syntheses should inform future work in the same or related molecules.
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It is estimated that roughly 65,000 people were affected by renal cancer in 2013 and a
further 13,500 would die because of it [7]. Englerin A (1, Figure 2), a guaiane sesquiterpene,
was isolated in 2008 from the extract of Phyllanthusengleri as a result of a positive hit in an
National Cancer Institute 60-cell screen of natural product extracts that exhibit preferential
selectivity for renal tumor cells [8]. Indeed, against several renal cancer cells lines (1)
possesses nanomolar potency and in many cases, it was more potent than paclitaxel. Recent
work has shown that englerin A activates PKCO in renal cancer cells, which appears to have
a two-pronged effect [9]. First, activation of PKCO causes phosphorylation of IRS-1 and
decreases insulin receptor-mediated glucose uptake. Second, PKCH activation causes
production of HSF1, which enhances the glucose dependence of the cells. Since englerin A
decreases cellular glucose uptake while increasing cellular glucose dependence, the cancer
cell is starved of energy. With a possible mechanism of action in hand, the goal for chemists
should be to increase access to (1) within the cancer community, synthesize derivatives and
develop SARs, all of which can be facilitated by an efficient synthesis.

As of this publication, there have been 13 syntheses of (=)-englerin A or its derivatives.
Christmann and co-workers recorded the first synthesis and confirmed the absolute
configuration of ent-(+)-englerin A in 2009. These authors published a follow-up synthesis
of the natural enantiomer along with several analogs in 2011 [10,11]. Bicycle 2 is
synthesized in 11 steps from (=)-nepetalactone and can be engaged in a transannular epoxide
opening to generate the bridging ether with high regioselectivity. Christmann and co-
workers prepared over 7 g of intermediate 3 and were able to make dozens of analogs,
several of which had greater potency than englerin A itself.

In 2006, Echavarren and co-workers developed a novel gold (I)-catalyzed Prins cyclization
cascade to synthesize (+)-orientalol F and other molecules that possess essentially the same
tricyclic core as englerin A [12]. In 2010, both Echavarren and Ma recognized this
relationship, targeted a similar core substructure, and independently published syntheses
using similar synthetic routes (see 4—5) [13,14]. From the cascade cyclization product 5,
several functional group interconversions are necessary to then elaborate this core
substructure to englerin A (1).

But perhaps the most elegant and efficient synthesis to date was accomplished by Chain and
co-workers in 2011 [15]. Using simple carbonyl chemistry, these authors synthesize englerin
A'in only eight linear steps. Realization that the esters of the cyclic core are nascent ketones
ina 1,4 and 1,5 relationship prompts Chain to disconnect the tricyclic core by a Michael
addition and an umpolung carbonyl-alkene radical cyclization. These disconnections are
highly simplifying because they divide the molecule into two simple cyclopentenes, and the
two targeted bonds lie between vicinal stereocenters, thus removing four chiral centers in
just two steps. The logic behind this strategy is both powerful and general.

Chain executes his strategy by first reacting the enolate of 6 with citronellal-derived enal 7.
A modest 2:1 ratio of 8 to all other isomers is obtained, but this mixture can be subjected to
samarium (1) iodide in hexamethylphosphoramide to effect carbonyl-alkene cyclization in
43% yield (maximum 66% yield based on 2:1 diastereomeric mixture of starting material).
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Keto-alcohol 9 is then elaborated to englerin A in four steps, completing a synthesis of only
eight steps from commercial materials in a remarkable 20% overall yield.

One of the more well-known and clinically validated terpenes for the treatment of an
infectious disease is artemisinin (10, Figure 3), a plant-derived antimalarial that exhibits
rapid clearance rates of Plasmodium parasites from infected patients [16]. Since malaria
affects 300-500 million people per year, primarily in low-income countries, there is an
ongoing search for means to provide bulk material at very low cost. Extraction of 10 from
Artemesia annua is a time-tested successful strategy for procuring bulk material, but the low
yield of this process and the vagaries of crop production have not allowed extraction to keep
pace with demand [17]. Efforts in selective breeding of higher yielding Artemesia plants
have not proven successful, and conversion of the more abundant metabolite artemisinic
acid (11, see Figure 4) to 10 generally suffers from poor yields [18]. The combined approach
of engineering the plant biosynthetic pathway of 11 into Saccharomyces cerevisiae followed
by semi-synthetic conversion to 10 has been pioneered by the Keasling group, and may
serve to stabilize the market price of artemisinin [19]. However, the ultimate cost of
production using this route is still an open question, although early estimates are promising
with Sanofi (Paris, France) reporting artemisinin production in 370 kg batches (60 tons
estimated for 2014) [20].

Chemical synthesis may prove an effective strategy to provide 10 in large quantity and at
low cost. A general ‘blueprint’ of a potential route to produce 10 from inexpensive building
blocks was recently developed by the Cook laboratory at Indiana University (IN, USA) [21].
Based on knowledge gleaned from the semi-synthetic conversion of 11 to 10, the Cook
group realized that three stereocenters (in green) of the stereochemically complex
artemisinin core could be immediately cleared to achiral or racemic precursor carbons
(Figure 3). Therefore, the only stereocenter necessary to control in 10 is the tert-alkyl
endoperoxide (in blue), which would be favored based on the concavity of octalin 12. This
concavity imparted by the ring-fused carbon of 12 (in blue) could be generated by a
stereocontrolled annulation of cyclohexanone 13, which in turn might be formed by vicinal
difunctionalization of the chemical feedstock, 2-cyclohexenone (14). Thus, seven
stereocenters of artemisinin 10 could be relayed from a single stereocenter derived from
asymmetric conjugate addition into 14.

Utilization of the Cook group’s previous investigations into asymmetric vicinal
difunctionalization reactions enables the synthesis of 13 in 61% yield and in very good
diastereo- and enantio-selectivity (Figure 5) [22,23]. Ketone 13 is then elaborated in three
steps to enal 15, which is engaged in a [4+2] ring annulation with a silyl ketene acetal to set
an additional nonepimerizable stereocenter. After experimentation with several Lewis acids,
dialkylaluminum chlorides were found to promote formation of adduct 12 in 95% yield and
in preference to other side reactions (aldol, Michael addition, [2+2]). It is noteworthy that
this reaction can be scaled to produce large quantities (up to 50 g) of 12, albeit as a 10:4:1:1
mixture of diastereomers. The authors suggest that the targeted diastereomer 12 is the major
component of this mixture, but a rigorous assignment of sterecisomers has not been
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published. A subsequent Wacker oxidation of 12 with catalytic palladium chloride and
aqueous hydrogen peroxide affords ketone 16 as a mixture of diastereomers in 61% yield.
To convert 16 to artemisinin, various oxidations were attempted but proved fruitless.
Eventually, it was found that generation of singlet oxygen with a molybdate catalyst and
hydrogen peroxide allows for the selective oxidation of the enol ether olefin. Previous
studies on the conversion of dihydroartemisinic acid to artemisinin have found that the
efficiency of peroxidation is dependent on the ability to populate similar enol tautomers, so
intermediate 12 may be useful for follow-up study [24]. Treatment of the mixture of
oxidized products (17) with mild acid provides artemisinin (up to 1.26 g) in 29-42% yield
after crystallization.

This proof-of-principle synthesis of artemisinin from chemical feedstocks in an academic
laboratory highlights the increasing potential of chemical synthesis to provide meaning
quantities of highly complex molecules. Key to the success of this approach is the judicious
use of a stereochemical relay in the initial retrosynthetic analysis. Further reports on the
stereochemical outcome of the key annulation reaction are crucial to evaluate the long-term
and large-scale prospects of this approach.

It should be noted that chemical synthesis has the potential to contribute in a more deep-
seated way to the artemisinin story. Unlike most small molecule therapeutics, artemisinin
does not bind to a macromolecule target, but instead reacts with heme, a byproduct of
hemoglobin metabolism in blood-stage malaria. Simple 1,2,4-trioxanes can be used to
mimic this biological reactivity of artemisinin and can be procured by synthesis quite easily
on large scale [25-27]. It will take time for these unnatural analogs to progress through the
clinic, but they appear to be viable replacements for artemisinin therapy in the future. In the
meantime, the lives saved every day by the current application of artemisinin against malaria
still justify the continued investigation of its economical production.

Structure-goal strategies: the power of ‘semi-synthesis’

Historically, there have been three major terms to characterize the chemical synthesis of a
natural product: total synthesis, semi-synthesis and formal synthesis [28]. The term total
synthesis arose from early justifications for undertaking the synthesis of a natural product:
rigorous structural assignment, proof-of-concept for constructing ‘biological’ molecules by
chemical means, or understanding basic reactivity of organic compounds, all of which can
be thought of as the chemical analog of a mathematical proof. The term ‘total’ can also be
taken to mean chemical synthesis starting from molecules so simple that they can be easily
derived from the pure elements (C, H,, O,, N5 and so on), and therefore the possibility of
synthesizing the target in a general way is proven. Currently, such rationale for synthesis is
infrequently invoked: there is seldom any justification for synthesizing a complex molecule
from elemental carbon. Instead, a natural product synthesis is now usually undertaken
because of the relevance of the target molecule to biology, medicine and the drug discovery
process. Given the increased ability of organic chemistry to procure these molecules on
large scale for drug discovery or production, this justification is projected to only increase in
the future.
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The term ‘total synthesis’ is now most frequently used to connote a synthesis that begins
from commercially available materials that do not contain the full, partial or rearranged
skeleton of the target molecule (as opposed to ‘semi-synthesis’; see below) [29]. However,
commercially available materials vary widely in their cost and complexity, and often
constitute an ‘outsourcing’ of the starting materials rather than an economical basis of the
synthesis. To achieve the total synthesis of a molecule is not necessarily to produce it on a
large scale or economically. If access to bulk material is a major problem, total synthesis is
only one strategy among many.

The alternative approach to procuring a molecule chemically is semi-synthesis, where most
of the molecular skeleton of the target is already intact. This approach can occasionally limit
drug development since it inherently limits the number and diversity of analogs that can be
easily accessed. However, semi-synthesis has a proven track record within the steroid class
of terpenes, which outnumber all other terpenes among validated therapeutics. As a
testament to its power, the semi-synthesis of progesterone by Russell Marker was
responsible for reshaping all of society: it led to the development of the birth control pill,
which partly fueled the sexual revolution of the 1960s [30]. Clearly, semi-synthesis has been
the most useful means to access diverse analogs of some natural product classes for use in
drug development.

It may be prescient to consider phasing-out the terms “total’ and ‘semi-synthesis’ in the
current and future eras of chemistry, where advances in the field increasingly deal with
practicality, economy and interface with the therapeutic sciences. These authors favor
‘chemical synthesis’ as a catch-all term to describe the construction of a molecule using
largely nonenzymatic methods. The benefit of such a revision of common usage is that it
hopefully encourages practitioners of chemical synthesis to focus on solving the specific
problems possessed by a molecule, rather than becoming fixated on achieving feats of
technical success. ‘Total” synthesis does not totally solve a problem any more than ‘semi-’
synthesis partially solves it. Rather, the unique structural, biological, physical, ecological
and economical problems associated with a given molecule dictate the tools that may best be
applied, and chemists should think carefully about what approach should be taken.

Cortistatin A

The synthesis of cortistatin A by Baran and co-workers (Figure 6) is a recent example of the
power of the ‘semi-synthesis’ of steroids in a modern context [31,32]. Cortistatin A belongs
to a small family of marine-derived terpenoids that exhibit potent anti-angiogenic activity
and therefore may be useful for the treatment of cancer, macular degeneration and other
diseases [33]. The retrosynthesis was analyzed primarily from a structure-goal perspective,
with an intact steroid skeleton as the terminal goal. Secondarily, the retrosynthesis was
refined by exploring the oxidation states of carbons within the cortistatins, and these carbons
were mapped onto several commercially available steroids. Of the inexpensive steroids,
prednisone (1.2 US$/g) exhibited the closest similarity in oxidation state to the cortistatins;
the oxidation state changes separating them are highlighted in Figure 6.

The A-ring of prednisone requires the most adjustment, so Baran and co-workers first
modify the dienone into the fully stereo-defined cortistatin A-ring in five steps (two steps
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are also used to degrade the D-ring pregnane side chain). A novel geminaldi bromination
procedure is utilized to access the correct oxidation state of the C19 methyl; the adjacent
alcohol is protected in situ at low temperature as the trimethylsilyl ether to prevent backside
attack of the now electrophilic carbon. Alkylation of the proximal ketone then affords as a
single diastereomer the unusual bromocyclopropane 21, which is engaged in a ring
expansion cascade using samarium (I1) iodide and 2,4,4,6-tetrabromo-2,5-cyclohexadienone.
The resultant a-bromoketone is then eliminated using lithium bromide and lithium carbonate
to form dienone 22. Alane reduction followed by addition of potassium carbonate provides
the amino tetraol. In the initial publication, a three-step sequence was required to install the
tetrahydrofuran ring, but eventually the group found that treatment of the tetraol with
bismuth trichloride could install this moiety directly. Deketalization is also accomplished in
this step to give what is termed ‘cortistatinone’ 23, an intermediate from which arylated
analogs can be derived. Installation of the naturally occurring isoquinoline was performed in
three steps to give cortistatin A (24) in 16 steps overall. At the time of the publication of the
second-generation synthesis, there were two contract companies preparing cortistatin A
using the original synthetic route.

A similar semi-synthetic strategy was also pursued by Baran and co-workers in their
synthesis of ouabagenin (30, Figure 7), whose glycoside, ouabain, is a cardiotonic steroid
with a narrow therapeutic window that has resisted expansion despite some effort in
medicinal chemistry [34-36]. Therefore, it was envisaged that semi-synthetic conversion of
an inexpensive steroid might increase the opportunities for derivatization of the ouabain core
and potentially lead to better tolerated treatments of, for instance, congestive heart failure.

Similar to the strategy pursued in cortistatin A, a simple mapping of oxidation states
between ouabagenin and commercially available steroids identified adrenosterone 25 as a
viable precursor. This molecule contains the appropriate functionality for elaboration to
ouabagenin — as long as the appropriate transformations can be found to efficiently modify
the oxidation state of several key carbons, including the isolated C19 methyl (compare with
cortistatin strategy, above).

Like cortistatin, the synthesis of oubagenin focuses first on addressing the oxidation state
changes necessary to convert the A-ring of 25 and its angular methyl (C19) to the
polyhydroxylated ouabagenin core. Functionalization of C19 is accomplished using a solid-
state irradiation technique for a Norrish type Il reaction and allows 26 to be synthesized in
two steps from adrenosterone. These atypical conditions (suspension in water and irradiation
in a standard photoreactor) prevent Norrish type | fragmentation of the carbon skeleton.
Several more oxidation events are used to convert 26 to 27 in six steps. Formation of an
acetonide followed by reduction with lithium triethylborohydride affords the stable ethyl
boronic ester 28, which is useful as a protecting group and is carried through subsequent
steps. Installation of the butenolide and another formal C-H oxidation event (accomplished
by ketone unsaturation, isomerization and Mukaiyama hydration) occurs over seven steps.
Reduction of the final double bond and placement of the final stereochemistry of the
butenolide proved to be a difficult task. Most reducing conditions delivered hydrogen from
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the convex face and resulted in incorrect stereochemistry for the natural product. Eventually,
it was found that in situ-generated cobalt boride reduces the extended conjugated system to
give the non-conjugated tetrasubstituted olefin. Treatment with Barton’s base reforms the
butenolide and provides a 3:1 mixture favoring the correct diastereomer. Final deprotection
with acid affords ouabagenin in 20 overall steps, 0.56% yield and six net redox
manipulations. To date, over 100 mg of ouabagenin has been synthesized using this route
and the synthesis of analogs is now being investigated. Whether this route is able to address
the narrow therapeutic index of ouabain remains to be seen, but certainly a foundation has
been laid for more extensive work to address this worthy problem.

Cyclopamine

Another recent example of steroid semi-synthesis applied to a molecule of significant
medical importance appeared when Giannis published his approach to the plant alkaloid
cyclopamine (36, Figure 8) [37]. This remarkable compound antagonizes a G-protein-
coupled receptor called Smoothened, an integral component of the Hedgehog (Hh) signaling
pathway, which is overactive in basal cell carcinoma and other cancers [38— 40]. Numerous
small molecule therapeutics are currently in development to target this pathway, including
derivatives of cyclopamine itself, which was the first identified Hh signaling inhibitor.
Unfortunately, (36) is metabolically unstable, as a consequence of the acid-labile allylic tert-
alkyl ether functionality, which is readily cleaved via tetrahydrofuran ring-opening to yield a
mixture of inactive compounds. Giannis anticipated that chemical synthesis of cyclopamine
might allow identification of potent but metabolically stable derivatives.

Since 36 is a rearranged steroidal alkaloid, an inexpensive steroid skeleton was
retrosynthetically targeted as a viable starting point, in the anticipation that a method could
be developed to allow migration of the C-D ring-fusion bond to provide C-nor-D-homo
skeleton of cyclopamine.

Starting from a commercially available steroid, dehydro-epi-androsterone (31), Giannis and
co-workers access the 2-picolylimine derivative 32 in two steps. This directing group, in
concert with tetrakis(acetonitrilo)copper (1) hexafluorophosphate and molecular oxygen,
effects a C-H oxidation with excellent regio- and diastereostereo-selectivity. Installation of
this oxidation state at C12 is critical to enable skeletal rearrangement of the C-D bond later
in the sequence. The spirolactone of cyclopamine is installed over nine steps to give 34. The
alcohol of 34 is then triflated, and under these conditions a Wagner—Meerwein shift occurs
to give the rearranged product, 35, in high yield and with reasonable selectivity for the exo-
alkene. Although the endo-alkene is the desired isomer in the final product, it was
determined that the exo-alkene could be isomerized later on in the sequence with little
difficulty. Giannis and co-workers were able to elaborate 36 to cyclopamine in eleven steps
(20 steps overall, 1% overall yield).

Although this synthesis was an excellent proof of concept for chemical access to
cyclopamine, the real fruit of this project was reported 2 years later. By conversion of the
major exo-alkene isomer 35 to exo-cyclopamine (37, see Figure 9), Giannis was able to
compare the activity of this close analog with cyclopamine itself, and found that the potency

Future Med Chem. Author manuscript; available in PMC 2015 April 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Jansen and Shenvi

Page 10

of 37 against Hh-signaling is tenfold greater than that of 36 [41,42]. Even more remarkably,
37 is stable over 24 h at pH 1.5, whereas cyclopamine degrades rapidly under the same
conditions. The acid stability of 37 versus 36 is easy to rationalize on the basis of either
decreased Kinetic basicity of 37 (assuming protonation is the rate-determining step), or the
greater stability of the carbenium ion derived from ionization of the C-O bond in
cyclopamine 36 (assuming a late transition state and that ionization is the rate-determining
step). Most importantly, 37 represents an important lead in developing systemically viable
and potent cyclopamine-derived Hh-signaling inhibitors.

Transform-based strategies: the power of the ‘key step’

Analysis of a target structure occasionally identifies a key retrosynthetic transform (Tf. — the
exact reverse of a synthetic reaction) that has the potential to dramatically simplify the
synthesis of a complex scaffold. Determination of the best point within the retrosynthesis to
apply this Tf. then allows a bidirectional search to connect the intermediates with the final
target and with possible starting materials. In this section, we will discuss recent syntheses
of bioactive terpenoids in which a key reaction enables a rapid build-up in structural
complexity and leads to a highly efficient chemical synthesis.

Neothiobinupharidine

The Nuphar alkaloids are fresh water plant metabolites that exhibit promising antimetastatic
activity both in vitro and in mouse studies [43,44]. Although recent biological work has
shown promise for these compounds as therapeutic agents, these studies relied on impure
plant extracts due to the limited availability of the pure alkaloids [45]. Current biological
work has focused on determination of the discrete mechanism of action associated with the
Nuphar dimers, which may involve inhibition of NF«xB signaling. An insightful proposal by
LalLonde suggested that these dimers might arise in nature by a sulfurizing dimerization of
quinolizidine monomers [46]. Realization of such a dimerization in the laboratory would
vastly simplify the synthesis of these compounds. However, while the biosynthetic proposal
was a useful guide, it is important to note that this dimerization pathway was not expected to
be selective for the formation of a naturally occurring stereoisomer; in fact, conformational
analysis predicts the formation of the only stereoisomer never isolated. Nevertheless, the
level of simplification provided by the dimerization Tf. prompted the authors of this review
to explore the corresponding transformation in the laboratory [47].

Chirality can be introduced in the synthesis (Figure 10), with high enantioselectivity using
Buchwald’s conditions for asymmetric enone reduction of 38, followed by palladium-
catalyzed allylation [48]. It should be noted that this in-house procedure for reductive
allylation of cyclopentenones is the only reaction that cleanly provides 39 in reasonable
yield. Lactam 40 is synthesized in three more steps, and is primed for ring-closing
metathesis followed by in situ protodesilylation in the manner of Vanderwal to give the
bicyclic lactam 41 [49]. Installation of the furan using a modification of Fowler’s procedure
and N-oxidation provides amine-oxide 42 [50]. Treatment of 42 with trifluoroacetic
anhydride effects a highly regioselective Polonovski elimination at only one of three
possible positions, and subsequent addition of sodium tetrasulfide in DMSO vyields dimeric
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intermediate 43. This intermediate proved difficult to isolate and purify, but in situ reduction
with sodium borohydride provided neothiobinupharidine 44 in good yield and high
stereoselectivity in preference to three other possible stereoisomers. The solvent for
dimerization proved vital to good diastereo selection, which could be roughly correlated to
the solvent’s dispersion force component of its Hansen parameters [51]. Subsequently, 43
has been isolated in pure form, which sets the stage for exploration of its biological
mechanism of action.

Hyperforin (52, Figure 11) is a terpenoid plant metabolite believed to be responsible for the
antidepressant activity ascribed to St John’s Wort (HypericumperforatumL.) [52]
Unfortunately, its off-target effects and inherent instability limit its immediate application as
a small molecule therapeutic. Therefore, Shair and co-workers targeted a modular synthetic
sequence with the aim of improving the biological properties of 52 [53]. If a single, key
insight can be attributed to both the success and efficiency of the synthesis, it is probably the
realization of latent symmetry within phloroglucinol core, which might be accessed by
relaying the stereochemistry of a chiral sidechain into a symmetrical cyclohexane (red box,
Figure 11). The implementation of this approach is shown below.

Starting from the inexpensive polyprenolgeraniol, Shair and co-workers are able to
synthesize epoxide 45 in five steps. The anion derived from prenylcyclohexadiene 46
displaces the alkyl bromide of 45 and sets the stage for the key desymmetrization reaction.
Exposure of 47 to trimethylsilyltriflate and 2,6-lutidine cleanly inverts the epoxide
stereochemistry (as observed in related terpenoid systems [54]) and yields 48 as the only
isolable product. It is noteworthy that two chiral all-carbon quaternary stereocenters are
formed in this step, and the scalability of this sequence is demonstrated by the preparation of
60 g of 48. Thionocarbonate 49 is then prepared in four steps, and allows for installation of
the allyl group using Keck allylation followed by olefin cross-metathesis with isobutene
[55,56]. Shair and co-workers then install another two prenyl units over the next five steps to
afford hyperforin in a longest linear sequence of 18 steps. Over 40 mg of hyperforin had
been prepared at the time of their publication.

The mebutate ester of ingenol was recently approved by the US FDA for topical treatment of
actinic keratosis, and clinical trials are in progress for treatment of basal cell carcinoma [57].
Ingenol itself (59, Figure 12) is a diterpenoid that was first isolated from Euphorbia ingens
in 1968 [58]. The limited quantities of 59 available from plant extraction (390 mg, 59, from
2 kg dried seeds) [59] and the diverse phenotypic responses of cells to ingenol analogs
indicate that the development a practical, diversifiable synthetic route to this metabolite
might enable significant contributions to medicine and biology [59]. Three previous total
syntheses of ingenol have been published, all requiring between 37 and 45 steps [60-63].
Although these exercises have made important contributions to understanding the reactivity
of ingenanes, they are impractical for analog exploration or large-scale production. Part of
the difficulty of synthesizing ingenol is developing a strategy to create its unique ‘in, out’
[4.4.1] bicycloundecane architecture. This unusual scaffold arises in nature via a 1,2-
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pinacol-type shift from a related (tigliane) [5.4.0] bicycloundecane skeleton [57], which was
demonstrated by Cha to be easily reproduced by chemical methods [64]. Embedding this
transform into a retrosynthetic analysis allows a bidirectional search for routes to synthesize
the tigliane skeleton, and strategies to convert the pinacol product to ingenol. This strategy
formed the basis of a remarkably concise synthesis of ingenol from the Baran laboratory.

Starting from the inexpensive monoterpene(+)-carene (53), Baran and co-workers install the
requisite functionality for a Pauson—-Khand cyclization, and use Brummond’s conditions to
effect the intramolecular variant of this reaction, producing dienone 56 [65]. Functional
group interconversions over the next three steps provide 57, which is ready for skeletal
rearrangement to install the “in, out’ [4.4.1] bicycloundecane framework. Initial attempts
with various Lewis acid catalysts failed, but rigorous control of temperature (—78 to —40°C)
during treatment with boron trifluoride etherate allows the desired vinylogous pinacol
rearrangement to occur to provide ingenane 58. Over the next four steps, 58 is converted to
ingenol 59, which ultimately arrives in only 14 steps from 53 and 1.4% overall yield.

FG-based strategy: the power of new methods

Retrosynthetic analysis of a complex structure will identify multiple reasonable pathways
that may lead to a viable laboratory synthesis. Choice of the ‘best’ pathway can be assisted
by identifying the problem to be addressed (scalability, modularity and predictability; see
above) and eliminating the routes that would not fulfill the correct criteria. Among the
remaining routes, some stand out as more concise and elegant than others, usually as a result
of judicious application of Tf.s) that efficiently remove complexity from the target molecule
[66]. Occasionally, these Tf.s are purely theoretical, and correspond to chemical reactions
that, while probable, have not been previously reported. In this section, we will highlight
syntheses where new reactions are invented to ‘jump the gaps’ in the retrosynthetic logic.
We will also cover syntheses that take advantage of newly invented methods that
dramatically simplify the construction of complex terpenes.

Amphilectene & the isocyanoterpenes

Resistance to the front-line medication artemisinin (see above) has recently been reported in
Southeast Asia, and therefore the search for new antimalarials is of utmost importance [67].
Over the last 40 years, a large family of marine terpenes has accrued in the literature, and
has received attention for its unusual biosynthetic incorporation of nitrogen atoms derived
from cyanide [68]. These secondary metabolites have also shown potent and selective
activity against Plasmodium parasites (the causative agents of malaria) and due to the
presence of one or more isonitrile functions in the molecules, it has been theorized that these
compounds may disrupt heme detoxification in blood stage parasites (see also ‘Artemisinin’
section above) [69]. Unfortunately, the mechanism of action of these compounds is
unknown, and in vitro experiments to support heme binding do not account for the efficacy
of related terpenes that contain formamide instead of isonitrile groups.

Our group undertook the synthesis of the most potent member of the amphilectene isocyano
terpenes (64, Figure 13) in order to access both bulk material and eventually photoaffinity-
labeled analogs to discover the antimalarial mechanism of action of this class [70,71]. There
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were no efficient methods reported to install the key C-N bond, which clued us in to the
potential for the development of a new method. Additionally, there were no efficient
approaches to the carbon skeleton of the amphilectenes and related terpenes. To solve these
problems, we invented a new type of linear polyene, which we termed a ‘Danishef-
skydendralene,” that is capable of undergoing iterative cycloadditions with high levels of
regio- and stereo-selectivity [72]. To address the C-N bond, we recognized stereoinversion
of a tertiary alcohol to be the shortest route to install the isonitrile pharmacophore, but no
method existed for such a reaction. Therefore, we designed a Lewis-acid catalyzed
solvolysis reaction to invert the stereochemistry of a chiral alcohol and simultaneously
install the tert-alkyl isonitrile. The combined results of these methodological advances are
illustrated in the synthesis of amphilectene 64 in Figure 13.

In the first two steps of the synthesis, our designed polyene, the parent [3]-Danishefsky-
dendralene 60 reacts with double-dienophile 61 to provide the full amphilectene core 62 as
the major stereoisomer. Four steps are required to elaborate this tricycle to the penultimate
intermediate 63, which when subjected to our stereoinversion reaction provides the targeted
molecule 64 with high diastereoselectivity. This final step likely proceeds via contact ion
pair inversion (see 66), and can be used to install multiple nitrogenous functional groups
since the isonitrile is easily degraded to the parent amine (see 67—68) [73]. This reaction
can be extended to more challenging substrates that illustrate its potential to convert
abundant terrestrial terpenes (bisabolol, 69) to scarce marine terpenes (70), or to selectively
modify tertiary alcohols in the presence of secondary and primary alcohols — a selectivity
which is orthogonal to standard Sy2 reactions. It is anticipated that these conditions for
Lewis-acid catalyzed solvolysis may lead to a small arsenal of stereoinversion reactions for
tertiary alcohols.

Pumilaside aglycon

Oxygenated terpenoids are usually biosynthesized by two main reaction pathways: capture
of water to terminate cationic polycyclizations, and oxidation of terpenecarbocycles by
cytochrome P450 enzymes [1] In the laboratory, chemical mimicry of either of these
enzyme-mediated steps is possible, but far from general. Instead, use of the innate reactivity
and/or “charge affinity pattern’ of an oxygenated carbocycle [74] can be used to easily
dissect the molecule using the chemistry of carbonyls: aldol, Michael and Mannich
transforms, among others. If the functional groups do not signal these facile maneuvers (the
groups are ‘dissonant,” to use Evans’ terminology [74]), then dissection of the scaffold
becomes more challenging and less uniform, which usually corresponds to more functional
group interconversions and a longer step count.

With these challenges in mind, the Morken group sought to explore the application of their
recently developed asymmetric diborylation technology (74—75, Figure 14) to the synthesis
of complex oxygenated metabolites [75-77]. Remarkably, addition of a 1,4-dicarbonyl to
the reaction mixture containing a chiral diboryl alkene results in tandem diallylation of the
dicarbonyl to produce cyclic structures (76) containing four new stereocenters with high
diastereo-and enantio-selectivity. These structures map well onto several known terpenoids,
including pumilaside aglycon (80) [78]. The Morken group synthesizes this complex tricycle
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in only six steps first by diborylation of neryl-derived triene 77 followed by addition of 4-
oxopentanal to provide cyclohexanediol 79 as the major sterecisomer. Elaboration of 79 to
the target molecule requires only five steps of simple functional group interconversions, and
more importantly, this method provides access to highly complex building blocks for
terpene synthesis.

Peyssonol A

In contrast to terrestrial terpenes, marine terpenes are frequently subject to oxidative
modification by halogenating enzymes that add bromine and chlorine atoms to their
substrates. Given the abundance of halide anions in seawater, these halonium biosynthetic
pathways are perhaps not surprising [79,80]. However, regio- and stereo-selective
incorporation of halogens into terpenes scaffolds using chemical methods is by no means
straightforward, and is the subject of considerable current research.

Peyssonol A (83, Figure 15) is a secondary metabolite isolated from Red Sea alga
(Peyssonnelia sp.) and is likely biosynthesized via halonium-mediated polycyclization of a
farnesyl chain [81]. This metabolite possesses allosteric inhibitory activity for HIV reverse
transcriptase, paralleling the activity of related sesquiterpenes and avaroland avarone, which
have been shown to inhibit HIV-1 transcriptase at concentrations as low as 300 nM [82].
Nevertheless, many compounds from this family suffer from high cytotoxicity. While the
pharmaceutical relevance of this family of compounds remains uncertain, generation of
analogs is crucial for understanding SAR and reducing the cytotoxicity of these molecules.

When replicating halonium cyclizations in the laboratory, a confounding feature is the
ability of the counter anion to pre-emptively terminate the cyclization process [83].
Nevertheless, these polycyclization cascades can be vastly simplifying for the synthesis of
polycyclic terpenoids because of the commercial availability of linear precursors derived
from geraniol, nerol and farnesol. Snyder and co-workers developed bromo diethyl
sulfonium bromo pentachloro antimonate (V) (BDSB) as a novel reagent for halonium ion
promoted cyclizations [84,85]. This reagent benefits from its non-nucleophilic antimonate
counter anion that does not interrupt the cation cyclization. Reactions are typically
completed in less than 10 min and provide acceptable yields when using farnesyl-based
substrates.

For the synthesis of peyssonol A, Snyder and co-workers subjected 2Z,6E-farnesyl
carbonate 81 to BDSB, which causes efficient halonium-induced cyclization to provide
tricycle 82. This intermediate is carried forward six steps to 83, which matches the
spectroscopic data from the isolation literature and revises the original assignment of a cis-
decalin topology of the natural product. Snyder and co-workers disclosed in follow-up work
that they were able to use this technology to generate several simple analogs possessing
antiviral activity against HIV in the low micromolar to high nanomolar range while having
good therapeutic indices (>20), an excellent proof of principle for translating
methodological innovation into synthetic application and on to medicinal chemistry
exploration [86].
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Bioassay-guided fractionation of the marine sponge Dysidea frondosa identified frondosin B
(91, Figure 16) and several of its family members as potential anti-inflamatory compounds
[87]. Initial work showed that frondosin B had micromolar inhibitory activity against
IL-8Raq, IL-8RpB and PKC-a. The authors suggested that the inhibitory activity of the
frondosin family members might be a result of general reactivity of the compounds rather
than true agonist/antagonist activity. A second report also suggested that other members of
the frondosin family might have moderate, but variable, anti-HIV activity [88]. During the
isolation process it was noted that several of the compounds have opposite optical rotation
values and consequently they are thought to occur in nature as scalemic mixtures.

Frondosin B is characterized by a benzofuran ring system attached to a norsesquiterpenoid
framework that contains a single stereogenic methyl group. Despite the seemingly simple
framework, efforts to install the lone benzylic stereocenter have proved difficult, as
evidenced by lengthy asymmetric syntheses. The first asymmetric synthesis of natural (+)-
frondosin B was published by Danishefsky in 2001 and suffered from high step count and a
low overall yield of 0.7% [89]. In 2002, Trauner published the synthesis ent-(-)-frondosin B
and called into question the absolute configuration of the natural product. Trauner’s
synthesis also suffered from high step count, but a more reasonable overall yield of 7.3%
was obtained [90,91]. More recently, Ovaska published an eight-step racemic synthesis of
frondosin B in 2007 and followed up with a ten-step asymmetric synthesis of (-)-frondosin B
in 2009 [92,93] .

MacMilllan and co-workers published a synthesis of (+)-frondosin B in 2010 [94], which
relies on the laboratory’s previous work in asymmetric catalysis [95]. The MacMillan
laboratory previously reported the conjugate addition of aryltrifluoroborate potassium salts
to chiral iminium ions generated by the condensation of aldehydes with amino acid-derived
catalysts. These reactions provide chiral B-disubstituted aldehydes in good yield and
excellent enantioselectivity. Application to the synthesis of 91 entailed reaction of
commercially available boronic acid 87 with crotonaldehyde in the presence of catalyst 84
and hydrofluoric acid in ethyl acetate, to provide 88 in high yield and enantioselectivity.
When 88 is treated with the alkenyl lithium reagent derived from the Shapiro reaction of 89
and t-BuL.i, 90 is produced in good yield as an inconsequential mixture of diastereomers. A
two-step process involving a molybdenum catalyst and BBr3 was initially used to synthesize
(+)-frondosin B, but upon further experimentation it was discovered that treatment of 90
with BBrj causes formation of the final seven-membered, demethylationthe phenoxy ether,
and isomerization of the olefin to the desired endocyclic isomer, supplying (+)-frondosin B
in only three steps (from 87) and an outstanding 50% overall yield.

Conclusion

Terpenoids provide an excellent foundation for the development of new small molecule
therapeutics. The increasing focus in academia on generating concise and scalable routes to
these molecules should allow a much broader range of terpene scaffolds to be considered
viable foundations for medicinal chemistry campaigns. Similarly, the economical production
of complex terpenes on multikilogram scale through chemical synthesis is increasingly
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possible as a less-expensive alternative to isolation from living organisms (this has been true
of the monoterpene menthol for several years). Key to the development of a chemical
solution to a given terpenoid structure is identification of the most important problem to be
addressed by synthesis — diverse analog production, large-scale production, increased
chemical/metabolic stability and generation of mechanistic probes, among others. In support
of any of these goals, the development of a concise synthetic route that minimizes the
number of steps is an additional, crucial agenda. The strategies listed above to minimize
synthetic operations should provide a general approach to reduce the costs of terpene
synthesis at multiple levels. It is anticipated that the brevity, practicality and favorable
economies of modern chemical synthesis will reinvigorate the use of terpenes in the drug
discovery process. Investment in the right scaffolds, synthesis strategies and methodological
advances are likely to yield a high return for any drug discovery team.

Future perspective

Chemical synthesis — a central, foundational industry in society — is not anticipated to recede
in the next decade. Instead, molecules of increasing complexity, including terpenes, will be
increasingly accessible through synthesis and ever more applied to fields that interface with
chemistry, especially medicine. A focus on simplicity of synthesis through the invention of
operationally straightforward, predictable and air/water/cell-tolerant reactions will
predominate. Most importantly, application of both new reactions and new molecules to
modulate biological function will increase in power, breadth and predictability. The
artificial, conceptual barrier separating ‘natural product-like’ from “drug-like” molecules is
likely to fall, as drugs become more complex, and intersperse more stereocenters, rotatable
bonds and common metabolite motifs such as polyketide chains. Similarly, research in
chemical synthesis will become equally liberated to address problems at the interface of
other diverse fields, rather than remaining insular and self-serving. The prospects for
discovery in organic chemistry are therefore both exciting and limitless.
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Key terms

Terpenes Organic molecules composed of repeating units of isoprene, occasionally
rearranged, that are biosynthesized from polyisoprenyldiphosphates.

Semi- Possibly outdated term that involves the use of a ‘complex’ starting

synthesis material (in terms of skeletal arrangement, number of atoms and number
of stereocenters, among others) to synthesize a structurally related
complex molecule.

Total Possibly outdated term that refers to the synthesis of a complex molecule

synthesis from “simple’ chemicals (chemical feedstock).
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Chemical Use of one or more chemical reactions to make a molecule.
synthesis
Higher-level Overarching strategy apparent from the application of a series of
strategy transforms used to synthesize a discrete chemical compound.
Formal Chemical synthesis of an intermediate that was previously synthesized
synthesis and elaborated to a target molecule.
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Executive summary
Background

e Terpenes are successful therapeutics, yet challenging starting points rational
medicinal chemistry using chemical synthesis.

Identifying the problem

e A chemical synthesis must be tailored to the problem it is trying to solve, and
therefore identification of the actual problem is crucial. The problem often
dictates choice of higher-level strategy employed.

Stereochemistry-based strategies: the power of substrate relay

»  Stereochemical relay from the substrate can be an effective tool to rapidly
increase complexity, as long as the appropriate choreography of bond
disconnections can be determined.

Structure-goal strategies: the power of ‘semi-synthesis’

« ‘Total’ synthesis does not totally solve a problem any more than ‘semi-’
synthesis partially solves it. Rather, the unique structural, biological, physical,
ecological and economical problems associated with a given molecule dictate
the tools that may best be applied.

Transofrm-based strategies: the power of the ‘key step’

» Analysis of a target structure occasionally identifies a key retrosynthetic
transform that has the potential to radically simplify the synthesis of a complex
scaffold.

FG-based strategy: the power of new methods

« Retrosyntheses occasionally identify excellent transforms that are purely
theoretical, and therefore new reactions must be invented to ‘jump the gaps’ in
the retrosynthetic logic.

Conclusion

»  Application of both new reactions and new molecules to modulate biological
function will increase in power, breadth, and predictability.
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(A targeted synthesis — one structure
total synthesis @
(from fragments) ‘

inexpensive
materials semi syntheSIS
(from skeleton) @ @

(e

modular synthesis — one general structure

chemistry
sl (O)

optimization of
@ structure
according

to bio assay

(© combinatorial chemistry / Iibrary synthesis — no structure

Figure 1. Various goals of chemical synthesis
(A) Targeted synthesis: a single structure is desired. Accessed through “total’ or ‘semi’-

synthesis.

(B) Modular synthesis: a general structure or scaffold is desired. Accessed by assembling
easily diversifiable building blocks. Further optimization of structure is guided by functional
assay results. (C) Combinatorial chemistry/library synthesis: no well-defined starting or
ending structure. Simple building blocks are assembled in large number. Bioassays are used
to determine which compounds provide an initial hit and will be explored further.
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FG: Functional group.
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Englerin A (Christmann) - Angew. Chem. Int. Ed. 2011, 50, 3998.

1. m-CPBA
CH,Cl,, 0 °C 4 steps
_— e
2. A, CHCI3
prepared in 11 steps 3 (7.8 g prepared) englerin A (1)
from (-)-nepetalactone and analogs

Englerin A (Echavarren and Ma) - Angew. Chem. Int. Ed. 2010, 49, 3517.; Angew. Chem. Int. Ed. 2010, 49, 3513.

Ph
AulL* 7-9 steps
—_— —_—
CH,Cl,
4 5 englerin A (1)
prepared in 6-8 steps Bonds formed during
Ma, X=H; R=TES Au cat. cyclization
Echavarren, X=0OTES; R=H
Englerin A (Chain) - J. Am. Chem. Soc. 2011, 133, 6553. & Eh
(o] o i
H 4 steps
o o o
_>
I : i-Pr+
irr” O Me 0 ]
6 Me H

prepared in englerin A (1)

2 steps (75%, 2:1 d.r.)

Stereochemical strategies: Efficiency parallels the choice to divide a skeleton between stereocenters.

Figure 2. Syntheses of englerin A by Christmann [11], Echavarren [13], Ma [14], and Chain [15]
cat.: Catalytic; d.r.: Diastereomeric ratio; HMPA: Hexamethylphosphoramide; LDA:

Lithium diisopropylamide; m-CPBA: meta-Chloroperoxybenzoic acid; THF:
Tetrahydrofuran.
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Artemisinin (Cook) Retrosynthetic Analysis

Me Asymmetric

5 Me Vicinal
Difunction-

Me™ ° [4+2] Me alization

o o
Me
o
MeO OTIPS
artemisinin (10) 12 13 14
Stereochemical strategy: @ Requisite stereocenter Controlled stereocenter @) Epimerizable stereocenter

Figure 3. Retrosynthetic analysis of artemisinin [21]
OTIPS: Triisopropylsiloxy; Ox: Retrosynthetic oxidation transform.
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Me

HOOC

artemisinic acid (11)

Figure 4. Artemisinic acid
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Artemisinin (Cook) — J. Am. Chem. Soc. 2012, 134, 13577.

Page 28

(CH3)22Zn (1 eq.), i Me
Cu(OTf), (1 mol%), e
L* (2 mol %) K Me0 A
PhCHg3, -30°C; Me 3 steps
Q I i, 3 e oTIPS
—»
then 1.1 eq. 72%
o Se. q (72%) Et,AICI, CH,Cly,
Me” XN, -78°Ctort
78°C tort © (Bak)
14 - 13 15 10:4:1:1 dor. TIP
(61%), 7:1 d.r. eSSl QIES
91% ee 12 (up to 50 g)
PdCl, (5 mol%)
H,0, (excess) (61%)
Ph
O p-TsOH (NH4)2MOO4,
o\ >---1Et Me === (10 mol%) H,0, (excess)
P—N B -
DCM, rt t-BuOH, rt,
¢ &t 3 days 3 days
Ph
_ MeO OTIPS
18 = L* artemisinin (10) 17 16

1.26 g, 29% yield

Figure 5. Synthesis of artemisinin by Zhu and Cook [21]
DCM: Dichloromethane; d.r.: Diastereomeric ratio; ee: Enantiomeric excess; eq.:

Equivalent; OTIPS: Triisopropylsiloxy; rt: Room temperature.
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Cortistatin A (Baran) — J. Am. Chem. Soc. 2011, 133, 8014.

1. Phl(OAc),,
Bry, hv;
TMSCI, Im.

2. DBU, LiCl
(48%)

1. AlHz, THF
-
2. BiCl3, MeCN
(62%)

MezN~ cortistatin A (24) "cortistatinone" (23)

Structure-goal strategy: @ increase [O] state from SM decrease [Q] state from SM

Figure 6. Synthesis of cortistatin A by Baran [31,32]
DBU: 1,8-diazabicyclo[5.4.0]undec-7-ene; Im: Imidazole; SM: Starting m

2,4,4,6-tetrabromo-2,5-cyclohexadienone; THF: Tetrahydrofuran; TMSCI
chloride.
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Oubagenin (Baran) — Science 2013, 339, 59.

1. p-TsOH, PhMe
reflux

OH
H o/\/

2. hv, aqueous
suspension
(58%)

2. LiBEtzH, THF
(63%)

1. [Co,B], EtOH

>
2. Me;N
NtBu
Me,N
3. HCI
(63%) ouabagenin (30)

Structure-goal strategy:{) increase [O] state from SM @) no change in [O] state
decrease [Q] state from SM

Figure 7. Synthesis of ouabagenin by Baran [34]
PPTS: Pyridinium para-toluene sulfonate; SM: Starting material; THF: Tetrahydrofuran.
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Cyclopamine (Giannis) — Angew. Chem. Int. Edit. 2009, 48, 7911. 7N

12 Me

[Cu(MeCN)4]PFg,
Me,CO; Oy;
—)
then NH4OH,
HOAc, MeOH
(48%)  Bno

HO

dehydro-epi-androsterone
31)

Tf20, Py.
-
(94%)

7:3 exo:endo
alkene

BnO

cyclopamine (36) 35 34

Structure-goal strategy: Requires shift of C-D ring-fusion bond (—) and installation of fused tetrahydrofuran-piperidine motif.

Figure 8. Synthesis of cyclopamine by Giannis [37]
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exo-cyclopamine (37)

Figure 9. exo-cyclopamine[41,42]
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Neothiobinupharidine (Shenvi and Jansen) — J. Am. Chem. Soc. 2013, 135, 1209.

Ph,SiH,, CuCl, Me Me
Me NaOt-Bu e /4 " .~  2%Grubbs]l, H
(R)-(p-tolyl),BINAP; ) 3 steps PhMe, 80 °C;
> - E— N
MeLi; Pdy(dba)s, then TFA N
S Y X (98%)

N"ocome o ™S o

38 39 40 41

H ! | H
(CF3C0)20;

-— N
then NaySy, 1y
DMSO DE

stereoselective| O
dimerization 42

neothiobinupharidine (44)

Dimerization Tf.-Based Strategy: Biomimetic sulfurizing dimerization dramatically simplifies the synthesis of 44.

Figure 10. Synthesis of neothiobinupharidine by Shenvi [47]
d.r.: Diastereomeric ratio; Tf.: Transform; TFA: Trifluoroacetic acid.
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Hyperforin (Shair) — J. Am. Chem. Soc. 2013, 135, 644 TESo, Me
OMe
Me OTES s-BuLi, THF TMSOTf
—_— B
Me
B :
' o Me OMe  meo N\ OTES ring
P desymmetrization
& Me
Mo Me (79%)
S _Me 47 60g prepared
4 steps

TESO

hyperforin (52) 51
Desymmetrization Tf. Strategy: A short synthesis enabled by cation-olefin cyclization with concomitant desymmetrization.

) Requisite stereocenter Controlled stereocenter 50: Grubbs-Hoveyda 2"¢ Generation Catalyst

Stereochemical strategy

Figure 11. Synthesis of hyperforin by Shair [53]
TES: Triethylsilyl; THF: Tetrahydrofuran; TMSOTT: Trimethylsilyl triflate.
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Ingenol (Baran) — Science 2013, 341, 878.

Me 5 steps

—»
Me H

(+)-carene (53) Me

"OTBS

[RhCI(CO)2la,
CO, p-xylene

—>

140 °C
(72%)

BF3eEt,0,

CH2C|2, -78 °C;
-

MeOH, EtsN
(80%)

ingenol (59) 58

vinylogous
pinacol
rearrangement

Pinacol Tf.-Based Strategy: A short synthesis empowered by a biomimetic ri

Figure 12. Synthesis of Ingenolby Baran [57]
TBS: tert-Butyldimethylsiloxy; TMS: Trimethylsiloxy.
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(%)-7-Isocyano-11(20),14-epiamphilectadiene (Shenvi) — J. Am. Chem. Soc. 2012, 134, 19604.

oTBS [ wMe 20 mol%
1. Yb(OTf);, PhMe o Sc(0Tf);
A B
| 2. TMSCN
OMe o = (49%, 7:1 d.r.)
N :YOTFA
MeO,C 61 Me
&0 DCB, 210°C 62 63
7 o- s °C;
Propaea ™ (56%, >10:1 dr.)
Tertiary alcohol inversion (Shenvi) — Nature 2013, 501, 195.
CF;
up to 93%
OTFA 3 mol% Sc(OTf); 7 - SChn iﬁvers/o,‘,’ R R? s H* or E* o R? s
1A RS _— @ R —_— \{"R e \f-‘R
R™ &2 TMSCN R=X 2 NC X
L.——NCTMS 68:
X =NH,, NCO,
65 66 o7 NHCHO, NCS
Application to challenging problems
H e OH
P TFAA, Py.; TFAA, Py.;
then then
_— » —_—
Me 3 mol % Sc(OTf); Me 3 mol %
| TMSCN, 3 °C; Sc(OTf),
Me” “Me 0.1 MHCI; Me TMSCN; £
then KOH MeOH, Et3N Me
(94%, 6:1d.r.) (69%, 10:1 d.r.)
69 70 71 72

FG-based Strategy: Concise syntheses of marine isonitriles are enabled by the development of a new isocyanation reaction.

Figure 13. Synthesis of an amphilectene by Shenvivia tertiary alcohol inversion [71,73]
d.r.: Diastereomeric ratio; e.r.: Enantiomeric ratio; o-DCB: ortho-Dichlorobenzene; TBS:

tert-Butyldimethylsilyl; TFAA: Trifluoroacetic anhydride; TMSCN: Trimethylsilyl cyanide.
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Pumilaside aglycon (Morken) — J. Am. Chem. Soc. 2013, 135, 2501.
Me Me o

R3
0% Pt(dba)s, Rirgom P2 ”\n/‘//u\ R*

R
6‘7 L*, 12
Bz(pln) up to 20:1 dr, "

B(ni up to 97:3 er RS

R (nip) up to 77 % yield * OH I
Ph

L*=73 74 75 76

Heteroatoms separated by an even number of carbons are dissonant, and not easily disconnected with carbonyl chemistry.

Pt(dba)s (1 mol%), H

L* 1.2 mol%), : Me
BQPInz J
(68%) - Xy Me

5:1dr, 96:4 er Me™ "

OH Me

79 pumilaside
aglycon (80)

.

FG-based Strategy: Highly stereoselective diborylation enables the efficient construction of dissonant frameworks.

Figure 14. Synthesis of pumilaside aglycon by Morken via asymmetric diborylation [77]
d.r.: Diastereomeric ratio; e.r.: Enantiomeric ratio; FG: Functional group.
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Peyssonol (Snyder) — J. Am. Chem. Soc. 2010, 132, 14303.

/Et

[2) Br—S\@

BocO SbCIsBr Et
(BDSB)

Me Z _—

7 ’ MeNO-
-25°C
Me Me Me (56%)

2Z, 6E-O-Boc-farnesol (81)

Page 38
HO: : :CHO
OH

(+)-peyssonol A (83)

FG-based Strategy: A new reagent (BDSB) provides efficient access to brominated terpene scaffolds.

Figure 15. Synthesis of peyssonol A by Snyder viabromonium ion induced polycyclization [84—

86]

BDSB: Bromo diethyl sulfonium pentachloro antimonite (V); FG: Functional group.
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Frondosin B (MacMillan) - Chem. Sci. 2010, 1, 37.

o
_Me
N
{ B M P
t-Bu
I
Bn 84 (crotonaldehyde)
B(OH),
g 20 mol% /0
0 83+DCA
—_— MeO
HF, EtOAc N
oMMe o Me
MeO
87 (84%, 93% ee)
88

20 mol%
84+HCI

ArBF3K, DME
-78 °C

- NHTrisyl
Me
Me

89

—»

t-BuLi, THF

Ar | )(e
I
85

920
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© @
Ar-BF3; K Me_~~°
—_— 2
(70-97%, Ar
87-97% ee)
86

BBI’3

CH,Cl,

-78t0 0°C
(88%)  HO
3.6:1

alkene isomers

(+)-frondosin B (91)

FG-based Strategy: Highly stereoselective conjugate arylation of crotonaldehyde enables a very concise synthesis of (+)-frondosin B (91).

Figure 16. Synthesis of frondosin B by MacMillan via asymmetric Friedel-Crafts alkylation [94] .
ee: Eenantiomeric excess; DCA: Dichloroacetic acid; DME: 1,2-dimethoxyethane; THF:

Tetrahydrofuran.
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