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Abstract

The advent of organic synthesis and the understanding of the molecule as they occurred in the
nineteenth century and were refined in the twentieth century constitute two of the most profound
scientific developments of all time. These discoveries set in motion a revolution that shaped the
landscape of the molecular sciences and changed the world. Organic synthesis played a major role
in this revolution through its ability to construct the molecules of the living world and others like
them whose primary element is carbon. Although the early beginnings of organic synthesis came
about serendipitously, organic chemists quickly recognized its potential and moved decisively to
advance and exploit it in myriad ways for the benefit of mankind. Indeed, from the early days of
the synthesis of urea and the construction of the first carbon-carbon bond, the art of organic
synthesis improved to impressively high levels of sophistication. Through its practice, today
chemists can synthesize organic molecules—natural and designed—of all types of structural
motifs and for all intents and purposes. The endeavor of constructing natural products—the
organic molecules of nature—is justly called both a creative art and an exact science. Often called
simply total synthesis, the replication of nature’s molecules in the laboratory reflects and
symbolizes the state of the art of synthesis in general. In the last few decades a surge in total
synthesis endeavors around the world led to a remarkable collection of achievements that covers a
wide ranging landscape of molecular complexity and diversity. In this article, we present
highlights of some of our contributions in the field of total synthesis of natural products of
biological and medicinal importance. For perspective, we also provide a listing of selected
examples of additional natural products synthesized in other laboratories around the world over
the last few years.

1. Introduction

Understanding nature at the molecular level is one of the most fundamental problems
preoccupying science today. Elucidating and synthesizing nature’s molecules provide
invaluable insights into the inner structure of the world and how it works. When it comes to
molecular architecture—its design and synthesis, nature is the undisputed master artisan.!
Man’s fascination with the structure of matter has taken us from Plato’s regular polyhedra to
Kekulé’s hexagons of benzene and Watson and Crick’s double helix of our genetic
material.2 We traveled from the atom to the molecule and then the supramolecular assembly.
Chemical synthesis, the twin sister of structural elucidation, has also followed a similarly
dramatic path in its development; from the extraction of metals from their minerals that goes
back to ancient times to the preparation of urea and, more recently, the total synthesis3-7 of
nature’s most complex and intriguing molecules®—its biopolymers and secondary
metabolites, the field has continued to blossom. The two disciplines, structural elucidation
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and chemical synthesis, are often dependent on each other. In many ways these two areas are
synergistic in their efforts to understand nature at its core, its material constitution, and the
properties of its constituents as individual molecules and combinations thereof (Figure 1).

To our senses, the beauty of nature is in its mountains and valleys, its rivers and oceans, its
skies and stars and, most dramatically, in its living creatures. While most people are only
able to admire nature’s macroscopic grandeur, chemists are privileged to be able to peek at
its microscopic landscape and experience the beauty of its architectural creations at the
molecular level (Figure 1). Nature’s molecules, particularly those made of the elements of
carbon, hydrogen, oxygen, nitrogen, and sulfur, and often a few additional elements such as
halogens, boron, and metals, are little miracles to the eyes of the synthetic chemist. They are
fascinating and inspiring, often defying our imagination and daring our synthetic acumen
with their imposing and challenging structures. Of the myriad naturally occurring
substances, the secondary metabolites, collectively called natural products, are the most
admired and sought-after targets by total synthesis connoisseurs. They pose intellectually
stimulating puzzles to the mind and challenge the experimental prowess of the practitioner.
Such molecules come in all sorts of shapes and forms. As a result, to those experienced in
these matters, they are objects of art, some to be appreciated more than others, some to be
feared more than others. Their beauty and wonder come not only from their intricate atomic
composition and bond connectivities, but also from their individual complexity and
collective diversity (Figure 1). Their size, although often impressive, does not always inspire
the same intrigue and fascination as that which we perceive in their complexity and beauty.
The practitioners of total synthesis, therefore, often find themselves in a position of having
to choose from a large pool of natural products of various characteristics. The frequently
asked question of “how do you choose a target for total synthesis” is, therefore, not
surprising. There are several criteria to consider in answering this inquiry.

The first criterion has to do with beauty, not unlike that used to select a potential partner in
human relationships. The first impression of what the structure of the molecule looks like,
which after all is its face and body, is very important. This generally results in eliciting a
closer examination, and if that more than cursory inspection confirms the worthiness sensed
from the first glance, then one may proceed to the next phase of the selection process.
Structural beauty may be found in rings and junctions, unusual bond connectivities and
functional groups, individual atoms, and the molecule as a whole. It is the fagcade and the
entire body of the molecule that attracts, and there is a scale, more or less arbitrary, by
which the individual observer can define his or her fascination with molecular architecture.
Then comes the personality and the heart of the molecule, its properties, of which the
biological activities are the most interesting and potentially useful. Is the molecule likely to
cure cancer or Alzheimer’s disease? Is it an inhibitor of a certain enzymatic machinery or a
blocker of some signal transduction pathway that is likely to assist in making important
biological discoveries or cure diseases? Most importantly, can we conceive of ways to
design and synthesize analogues of the substance by tweaking its structure in the hope of
enhancing its potency and selectivity as a biological tool or medicinal agent? Depending on
the answers to these questions, we can, again, use our personal scale to judge how important
the molecule is to biology and medicine. Not so far away from the actual biological
properties of the molecule are its mechanism of action and biosynthesis. Here, a fascinating
hypothesis or observation would add considerably to the value of the target as an
opportunity for significant research. Provided the naturally occurring substance is of
potential use in biology and medicine, its natural abundance or scarcity becomes important.
Often, an exceedingly scarce substance may offer the key to a drug discovery and
development program if only it could be made in abundance. In such a case, the molecule
receives high marks as a target for synthesis for the urgency and potential benefits can be of
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major importance and, as such, may overshadow other considerations. It is of course worth
noting that, while novelty may be objective, beauty is subjective—in the eye of the beholder.

Once a molecule scores well under such scrutiny, then comes the issue of the opportunity to
discover and invent new chemistry such as new synthetic methods, technologies, and
strategies. In order to make an evaluation of a projected program directed toward a particular
molecular target as an opportunity for discovering new reactivity, the practitioner has to
penetrate beneath the surface and start the process of analyzing the target, first
retrosynthetically,% and then synthetically (Figure 1).3- It is during this process that the
scrutiny of existing synthetic technologies begins; and it is here that new ideas can be
generated in response to the challenges posed by the structural motifs of the molecule. Some
will deliberately seek new methods in order to derive more discoveries and inventions from
the project, while others will prefer to use combinations of known methods, but in
unprecedented and novel ways: in other words, devise new synthetic strategies in the
process of constructing the molecule. Others, still, will prefer a blend of the two approaches.
Challenging synthetic targets frequently provides the ultimate test for the condition of the
state of the art of synthesis. Thus, total synthesis endeavors provide opportunities to test and
demonstrate the applicability of emerging synthetic methods and technologies in term of
their generality, scope, and practicality. The demonstration of the usefulness and value of
such innovations in academic laboratories encourages industry to adopt them as tools and
processes for their discovery efforts and manufacturing. Asymmetric catalysis, palladium-
catalyzed carbon—carbon bond forming cross couplings, and the olefin metathesis reactions
are three recent examples of this phenomenon. When limitations are encountered for the
existing tools, the molecule enforces the dictum of inventing a new method for
accomplishing the task previously considered impossible. And, not to be forgotten is
serendipity, the invisible but always watching “goddess of luck” that ushers in unexpected
discoveries. To fully exploit such occurrences the well-prepared mind converts the
unexpected observation into a rational scientific approach, one based on mechanistic
considerations that may lead to new fundamental knowledge. Stockpiling fundamental
knowledge is prudent and wise for it is such knowledge that is eventually translated into new
inventions and benefits for mankind.

Among the purposes of contemporary total synthesis must be included its original one, the
confirmation of the target’s assigned molecular structure. For even in these days of ultra-
sensitive and precise instrumentation mistakes are still being made, primarily because of
human error, which becomes more likely as the structures become more complex and the
isolated quantities smaller.10

In short, the selection of a target molecule is closely linked with the purpose of total
synthesis. These objectives are to understand how individual molecules behave, how they
interact with other molecules, and how to use the encountered chemical knowledge to
advance the art of making new molecules for all intents and purposes. As described above,
the criteria used in this selection are based on beauty and logic,3-92P the aesthetic impulses
coming from the artistic resonances between man and molecule, while the rationale has
more to do with intellectual aspects as well as justification of the endeavor in terms of
deliverable benefits to society. To be sure, few endeavors, if any, within chemistry are as
celebrated as the creative pursuit of nature’s molecules in the laboratory.8 As a consequence,
total synthesis is, and will remain for some time, an enviable discipline for its appeal and
delivery of benefits in terms of intellectual and experimental challenge, discovery,
invention, and personal satisfaction.

In practicing the art of total synthesis, and in addition to the specific merits of each such
endeavor, the practitioner should also aim at extending its reach into new domains of
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molecular complexity and diversity. In that mission we have as our best “ally’, as well as
‘foe’, the master of the art—nature itself. Nature’s molecular wealth is slowly being
unraveled in front of our eyes, much to our awe and delight, and it is ours to pursue and
exploit as a platform for discovery. Figures 2-4 shows some of nature’s most intriguing
molecules that attracted our attention over the last few decades.”8:19-12 This elite collection
includes novel carbocyclic and heterocyclic, unique and sensitive functionalities, and a
varying number and form of stereogenic elements. At the time of their selection as synthetic
targets, these molecules had yet to succumb to synthesis—and some even looked impossible
to synthesize. Most of these total syntheses enjoyed the recognition as accomplishments that
broke new ground, with some establishing new fields of investigations for us and others to
develop and enrich. A number of these total syntheses represented an expansion of the
boundaries of the science in terms of molecular complexity and landscape. Their
accomplishment required motivation and resilience by the students involved in the
campaigns leading to the final conquest. One thing is certain: courage and excitement
accompanied the beginning of each project but stamina and perseverance held the secret to
reaching the final destination, with a bit of luck added to the mix.

To experience the exhilaration of the process of synthesizing the target molecule and
learning about its chemical character as we proceeded toward our final destination in each
campaign was added the gratification of the rich bounty that we collected on the way.
Examples of this bounty included a plethora of new synthetic methods and technologies,
novel strategies for rapid construction of complex structural motifs,6.7:11:12 and a diverse
array of designed, biologically active analogues of the targeted natural products.1314

Highlighted below are the strategies employed in some of the most memorable total
syntheses completed in our laboratories. To appreciate fully the essence of the following
vignettes, one should keep in mind in glancing over the synthetic strategies both the logical
and the aesthetic, for it is the combination of the two that makes the whole of the endeavor
so appealing and rewarding. Remembering that total synthesis is being called both a precise
science and a fine art, comparisons of synthesis with art are most appropriate. The following
quote from John Pentland Mahaffy (1839-1919), an Anglo-Irish polymath, speaks to the
meaning of genius as in music, but also in synthesis:

“The first and most superficial answer is that genius is original, that it strikes out
new ideas, new solutions of problems, new lines of research, while the average man
can only learn what others have already discovered for him. But a deeper and more
careful inquiry reveals to us that absolutely new ideas are of the very rarest
occurrence; almost the whole work of human genius consists in assimilating what
others have thought, in combining what others have imagined separate, in recasting
the form of their thought, and so producing what seems a perfectly new thing, and
yet is only the old under a new aspect. No instance of this is more signal than that
of a great composer in music. The gift of original melody, as it is called, is rare and
precious. The possessor of it is justly considered a genius. But no melody could
possibly speak to us except a combination of perfectly well known elements. The
only originality is in their assimilation and reproduction.”1®

Beyond the art of total synthesis and reproduction of nature’s molecules lies the almost
infinite landscape of molecules of biological and medicinal importance that are often
inspired and synthesized through the developed technologies.
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2. Highlights of Contributions from the Author’s Laboratories

2.1. Endiandric Acids

One of the most memorable total syntheses performed in our laboratories and reported in
1982 was that of the endiandric acids (Figure 5).16 What was special about this synthesis
was that it proceeded with a rather spectacular show of synthetic “fireworks’ that had been
postulated by David St. C. Black and his collaborators as a possible biosynthetic route to
these fascinating natural products.1”-18 Found within the tree Endiandra introrsa, endemic to
Australia, the endiandric acids exhibited no optical activity despite their eight stereogenic
centers, a rare phenomenon indeed for naturally occurring substances. This observation was
in line with a non-enzymatic formation of these compounds from a prochiral precursor and
through a spontaneous chemical cascade, an intriguing hypothesis that was too beautiful to
ignore.1718 Upon devising a synthetic route to this precursor—a polyunsaturated open-chain
system containing a centrally located trans,cis,cis, trans-conjugated tetraene system
strategically flanked by a #rans, trans-conjugated diene moiety on one side two carbons away,
and a trans-a,B-unsaturated methyl ester on the other side, also two carbons away—uwe were
able to test this hypothesis. Upon generating this rather labile biomimetic precursor, it was
gratifying to observe the formation of the two architecturally different endiandric acids, A
and C, each with their four newly generated rings and eight stereogenic centers cast
stereospecifically. The geometry and positions of the double bonds within the
polyunsaturated precursor, with the carboxylate group on one end and the phenyl moiety on
the other, were translated faithfully into the precise structures of the final products by
allowing the intervening cascade sequence—a conrotatory 8 electrocyclization, a
disrotatory 6z electrocyclization and a 6 [4+2] cycloaddition—to proceed according to
plan and deliver these natural products as racemates, their naturally occurring forms. This
splendid example of biomimetic total synthesis, which also demonstrates the power of
cascade sequences and electrocyclic reactions in chemical synthesis, was not the first, for it
was preceded by the classic syntheses of the alkaloid tropinonel® in 1917 by Sir Robert
Robinson and the steroid progesterone2? by William S. Johnson (1913-1995) in 1971.
Neither would this be the last however, for the beauty and logic of cascade and biomimetic
strategies have continued to fascinate us and others since then, leading to a fashionable,
systematic and productive theme in total synthesis.2! We shall return to this topic below
with more highlights of such total syntheses featuring other types of cascade reactions.22

2.2. Efrotomycin

In the beginning of the 1980s we became enamored with the structure of efrotomycin
(Figure 6),23 the flagship member of a family of antibiotics that also includes aurodox?* (a
close relative that lacks the terminal carbohydrate units of efrotomycin). We were
particularly intrigued and challenged by the all-c/s tetrasubstituted tetrahydrofuran ring of
the molecule whose entire size and complexity (encompassing 21 stereocenters and seven
sites of geometrical isomerism) elicited both awe and admiration. The opportunity offered
by efrotmycin, originally isolated from Nocardia lactamadurans, was well exploited: not only
was its total synthesis accomplished by a highly convergent strategy,2> but the endeavor also
resulted in certain methodological advances that still resonate today. One of them was the
original use of a diepoxide opening cascade to construct the unusual tetrahydrofuran
segment of the molecule.26 Another was the development of the chemistry of
phenylthioglycosides as glycosyl donors, either directly upon activation with A-
bromosuccinimide?’ or indirectly through their glycosyl fluoride descendants in a process
we coined the two-stage activation procedure.?8 It was rewarding to realize later how
influential both of these discoveries were; in addition to many follow-up applications in our
laboratories,2? they served as the basis for further developments in other laboratories within
the fields of polyepoxide-based cascade reactions and polysaccharide assembly,
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respectively. Indeed, one of the most practical and popular glycosidation methods today
involves Aiodosuccinimide,30 another electrophilic reagent and a mere sibling of A=
bromosuccinimide, as an activator of aryl thioglycosides, while polyepoxide openings have
been extensively applied in the construction of complex macrolide®! and polyether
molecular frameworks.32

2.3. Amphotericin B

Another antibiotic that stood defiant in the 1980s was amphotericin B (Figure 7),33 the
prominent member of the polyene macrolide antibiotic class and a long time, clinically used
antifungal agent. Isolated from Strepfomyces nodosus and boasting a 38-membered ring that
includes an all-frans conjugated heptaene system and nineteen stereogenic centers, this
defiant giant of a molecule stimulated our synthetic impulses and commanded our respect,
for it presented several challenges, not least of which were its unusually large macrocycle,
numerous hydroxyl-bearing stereocenters, and S-glycoside bond that joined the aminosugar
moiety to the mainframe of its structure. Accomplished in 1987,3 our total synthesis of
amphotericin B featured a number of new, at the time, synthetic strategies and tactics.
Following retrosynthetic analysis, the defined building blocks were constructed
enantioselectively through two distinct strategies. One route started from the two
enantiomers of xylose as the source of chirality, while the other commenced from a
prochiral allylic alcohol and introduced the chirality through a Sharpless asymmetric
epoxidation reaction. The problem of the macrocycle was solved by a remarkable
intramolecular ketophosphonate—aldehyde reaction that led to a beautifully reddish-orange
polyenone intermediate. This advanced intermediate was then reduced stereoselectively to
the required hydroxy compound in preparation for the obligatory glycosidation, a process
that was subsequently accomplished in a stereoselective manner employing a
trichloroacetimidate carbohydrate donor equipped with an azide moiety as the amino group
surrogate. It was pleasing to note that our work in the 1980s on this important molecule3*
proved inspiring, if not enabling for a number of more recent investigations,32:36

2.4. Calicheamicin y;!

One of the most intriguing natural products to be isolated in the last few decades is
calicheamicin ' (Figure 8),37 a beautifully crafted molecule whose architectural splendor
is surpassed only by its fascinating mode of biological action. Isolated from
Micromonospora chinospora ssp. calichensis and standing as the most prominent member
of a growing class of compounds collectively known as the enediyne antitumor antibiotics,38
calicheamicin ' exerts its phenomenal anticancer activity by inflicting double strand cuts
to DNA. This genetic material damage mechanism disables the replication machinery of the
cell. Although highly toxic, it was tamed by scientists at the then American Home Products
(subsequently Wyeth and now Pfizer) through conjugation to an antibody to a degree that
allowed its introduction as a clinical agent against acute myeloid leukemia (AML) under the
trade name of Mylotarg® (the drug was withdrawn in 2010 due to hepatotoxicity).

The daunting molecular architecture of calicheamicin 4! was intriguing not only due to its
startling novelty when unraveled in the late 1980s, but also because of its unimaginable
structural connectivity, severe strain, and much feared instability. In the end, the appeal was
too much to resist and so, in 1987, we embarked on a campaign to synthesize it in the
laboratory, a mission that we were not so sure we could accomplish. In addition to the
arduous road that would surely lie ahead, the entire enterprise was a gamble due to the lack
of error-proof evidence, such as X-ray crystallographic analysis, to support the molecule’s
structural assignment. As matters transpired, we were able to reach calicheamicin ;' by
total synthesis and confirm its assigned structure in 1992, five years after the initiation of the
campaign.3° The total synthesis of calicheamicin 1! was an extraordinary adventure, one
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filled with formidable barricades but also with new discoveries and inventions. To be sure, it
represented a significant milestone in our systematic journey toward building higher
molecular complexity and diversity.

Calicheamicin’s structure boasted seven rings and 19 stereocenters, an iodine residue on its
fully substituted aromatic ring, an unusual NH-O glycoside bond, a 2,5-dideoxy aminosugar,
and a demonic 10-membered conjugated enediyne system with a bridging cyclohexenone
moiety carrying a carbamate functionality, as well as an olefinic side-chain ending in a
methyl-capped trisulfide moiety. When woven together by nature, these components
resulted in an incredible molecular machine intended by its producing microorganism to kill
another, not unlike a modern man-made weapon. The conquest of this diabolical chemical
killer was accomplished through a carefully orchestrated strategy that combined
convergence with risky, but novel, techniques to construct its oligosaccharide domain and
enediyne core. Most notable among these maneuvers were an intramolecular [3+2] nitrile
oxide cycloaddition, an intramolecular acetylide-aldehyde reaction to forge the 10-
membered enediyne ring, a novel [3,3] sigmatropic rearrangement to construct the sulfur-
containing carbohydrate unit,%? a stereocontrolled Mitsunobu-type reaction to implant the
unusual NH-O functionality, and a crucial glycosidation-based coupling reaction featuring
the powerful trichloroacetimidate-based glycosidation technology to join the oligosaccharide
domain to the enediyne fragment that forged the entire ring framework of the target
molecule. Along the way we were delighted and fascinated in equal measure by the many
twists, turns, and facets of the synthesis and the technologies developed during its course.
These aspects of the project included the unusual resolution*! of the aromatic fragment of
calicheamicin ' and the use of the Ramberg-Backlund reaction for the preparation of
enediynes.*2

Most importantly, calicheamicin y4' gifted us with the opportunity to explore the chemistry
and biology of the enediynes as a tunable class of compounds that could be used to cleave
DNA and kill tumor cells. Thus, an array of such systems was designed, synthesized, and
studied.*3 These systems ranged from simple, 10-membered, conjugated enediyne
hydrocarbons to highly sophisticated enediynes equipped with DNA-binding domains and
activating devices such as those inspired by the structure and mechanism of action of
dynemicin A,** another naturally occurring member of the enediyne family. These
investigations provided the foundation for further developments to occur within a field that
continues to fascinate to this day, as evidenced from continued research activities toward the
synthesis of newer members of the enediyne class as well as of novel designed enediynes
and related compounds.*3 All in all, the total synthesis of calicheamicin 4! that started as a
questionable, if not impossible dream ended up as one of the most memorable and rewarding
campaigns in total synthesis that we ever experienced in our laboratories.*> An equally
elegant tostal synthesis of calicheamicin ! was reported from the Danishefsky laboratories
in 1994.4

2.5. Rapamycin

Despite its known and fascinating structure, rapamycin (Figure 9),%” isolated from
Streptomyces hygroscopicus, remained on the sidelines of synthesis until its biological
properties and mechanism of action as an immunosuppressant became known.#8 This
information grouped it together with cyclosporine and FK506, two pivotal natural products
that impacted decisively the advent of organ transplantation. Captivated by the impressive
biological profile and unique molecular architecture of rapamycin, we set out to construct it
in the laboratory in the early 1990s, and by 1993 had developed the first total synthesis route
to this fascinating target molecule.?® A most memorable and influential maneuver in this
total synthesis was the double-Stille stitching cyclization that knitted together a vinyl di-
stannane, carrying a two-carbon ethane unit, with an open-chain unprotected di-vinyliodide
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precursor, thus forming the 28-membered macrocyclic system of the molecule. It was
significant, and not without considerable satisfaction, that we watched this synthetic
technology become a paradigm that inspired further developments in the field of macrocycle
construction. Another interesting side investigation within this project was the design and
synthesis of a truncated version of rapamycin which, not possessing rapamycin’s FRAP-
binding domain, refrained from binding to that target and, therefore, lacked
immunosuppressive activity.>% The information thus obtained provided further support for
the proposed mechanism of action for this clinically important compound (which involves
cooperative binding to FKBP12 and FRAP). Finally, we note with contentment that
subsequent to our total synthesis of rapamycin a humber of its derivatives were developed as
clinical agents, namely Torisel® (Pfizer) and Afinitor® (Novartis) for cancer chemotherapy
and Rapamune® (Pfizer) for immunosuppression in organ transplantation patients. Since our
synthesis, a number of other elegant total syntheses of rapamycin have been reported.5!

A formidable synthetic challenge of the latter part of the twentieth century was that posed by
the much celebrated molecule of Taxol® (Figure 10). Isolated from the Pacific yew tree,
Taxus brevifolia, and structurally characterized in 1971,52 Taxol® was then hailed as a
highly promising anticancer agent, but its low abundance in nature was expected to cause
serious supply shortages in the event of its approval as a drug. In 1994, and after a thrilling
chase, our group reported the total synthesis®3:>4 of Taxol®, followed closely by a
publication from the Holton group.®® In our total synthesis,>3:>4 the two flanking rings of the
main framework of Taxol®, A and C, were cast through Diels-Alder reactions, each of
which is memorable for its own reasons. The first reaction, leading to ring A, is remarkable
for its high yield and faithful obedience to the rules, exclusively furnishing the product with
the desired regiochemistry despite the extreme steric congestion associated with its
formation. The second reaction, leading to ring C, is notable for the way it was forced to
proceed in the desired regiochemical sense through a boron tethering device that
appropriately oriented the two reaction partners in space. Subsequent steps in this highly
convergent synthesis included two other important carbon-carbon bond forming processes,
namely the Shapiro reaction (rarely used in total synthesis) and the McMurry coupling
reaction, the latter employed as the key process to form Taxol®’s most strained and
challenging domain, ring B. In addition to the total synthesis of the targeted molecule, the
Taxol® campaign led to a number of synthetic technology discoveries®® and new biological
insights.®6:57 These include: (a) the regioselective opening of cyclic carbonates to hydroxy
esters; (b) the design, synthesis, and biological investigation of several water-soluble taxoids
and other Taxol® prodrugs and analogues;>2 (c) a fascinating self-assembling designed
Taxol® that formed helices in aqueous solution;>’¢ and (d) a number of Taxol®-based
fluorescent probes for tubulin imaging studies.>8 The availability of such molecules through
chemical synthesis enabled conformational and tubulin binding investigations and led to
insights into nanostructures with remarkable physical and biological properties. Together,
Taxol® and its synthetic sibling Taxotere® became the best-selling anticancer drugs in the
world at the dawn of the twenty first century, saving and extending many lives around the
world. Despite its inability to compete with a semisynthetic approach to Taxol®, this total
synthesis and those that followed®3-5:59 served chemical synthesis well, not only because of
the methodological and biological advances that they enabled, but also because they
provided a measure of the state-of-the art of total synthesis and a symbol of its power and
sharp edge at the time.450.60

2.7. Zaragozic Acids

The zaragozic acids, also known as squalestatins, comprise a family of natural products with
unusual structural motifs and important biological properties (Figure 11).81 Isolated from

Chem Soc Rev. Author manuscript; available in PMC 2013 August 07.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Nicolaou et al.

Page 9

certain species of fungi, these molecules exhibit potent cholesterol lowering activity through
squalene synthase inhibition, antifungal properties, and ras-farnesyl transferase activity, the
latter making them potential anticancer agents. Their molecular architectures include a
highly oxygenated bicyclic core carrying three carboxyl moieties and two aliphatic chains.
Our convergent total synthesis of zaragozic acid A, reported in 1994,52 employed a
conjugated diene system as an early precursor that was assembled through a Stille coupling
reaction. This prochiral precursor was then converted enantioselectively through two
consecutive dihydroxylations and further elaboration to a dithiane-containing
polyoxygenated species which was deprotected and concurrently rearranged to a more
advanced intermediate. The latter underwent an impressive, acid-catalyzed cascade
rearrangement to generate the desired zaragozic acid core from which the final product,
zaragozic acid A, emerged through a series of manipulations that culminated in the
attachment of the required side chains and final deprotection. This synthesis demonstrated
the power of a number of new synthetic technologies available at the time, including
palladium-catalyzed cross coupling reactions, asymmetric dihydroxylation, and cascade
reactions. At about the same time,533¢ a number of other elegant total syntheses of
zaragozic acids were also published.63d-m.64

2.8. Brevetoxins A and B

The stunningly beautiful and aesthetically pleasing structures of brevetoxins B5% and A6
(Figure 12) were gifted to us by the dinoflagellate Karenia brevis (previously known as
Gymnodinium breve), dense blooms of which are responsible for the “red tide” phenomena.
These highly potent neurotoxins, the main toxic principles associated with the red tides,
offered us unimaginable challenges in the 1980s and 1990s that turned into exciting
adventures and opportunities for discovery and invention. Indeed, the synthetic odyssey®’
that was initiated in 1983 toward the total synthesis of brevetoxin B was distinguished not
only by the stunning beauty and complexity of the molecular architecture of the targeted
molecule, but also by its duration, 12 years in all. Most importantly, this campaign stands
out as a highly enlightening and enriching experience in terms of new synthetic technologies
and overall impact on the art and science of total synthesis.63:67-76 With regard to synthetic
strategy, brevetoxin B proved its intransigence over and over again, forcing us back to the
drawing board several times. This process necessitated the invention and development of
numerous new synthetic methods for construction of cyclic ethers and carbon-carbon bonds
that were applied to finally reach the target. Among the most important of these technologies
were the following: (a) the regio- and stereocontrolled intramolecular epoxide openings by
an internal hydroxyl group for the synthesis of tetrahydropyrans directed by a neighboring
olefinic bond;’%"1 (b) the silver-promoted hydroxy dithioketal ring closure for the
construction of oxocene systems;’2 (c) the bridging of macrodithionolactones to form
bicyclic systems induced by electron donating reagents such as sodium naphthalenide;’3 (d)
the reductive hydroxyl ketone cyclization induced by silicon reagents to form oxepane
systems;’# (e) the photolytic bridging of dithionoesters to form, upon extrusion of sulfur,
oxepanes;’® (f) the facile addition of nucleophiles to thionolactones and elaboration of the
products as a means to convert lactones to cyclic ethers;’8 and (g) the deoxygenation of
lactones to cyclic ethers through radical-based reduction of the corresponding
thionolactones.”6P

These useful synthetic methods were supplemented with several other synthetic technologies
that emerged from the brevetoxin A campaign’’+’8 (Figure 12) and related polyether
projects. A powerful method was developed for the functionalization of lactones’® and
lactams®° to a variety of useful intermediates through palladium-catalyzed carbon-carbon
bond forming reactions between the corresponding keteneacetal phosphates and a number of
organometallic reagents such as vinylstannanes and zinc reagents. Accordingly, a variety of
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strained, medium-sized cyclic ethers,”® including the 9-membered ring of brevetoxin A,
were constituted, and an asymmetric synthesis of cyclic amino acids was developed.&0

The olefin metathesis reaction did not escape our attention as a possible means to construct
cyclic ethers, following its timely arrival in the mid-1990s. As a result of these early
investigations, a number of olefin metathesis-based strategies were designed and executed,
leading to the assembly of cyclic polyether arrays directly from olefinic esters.812 These
synthetic technologies were successfully applied to the construction of two of maitotoxin’s
(a highly complex sibling of the brevetoxins) structural domains.81P Another rewarding
experience derived from the brevetoxin project was the opportunity to synthesize the first
stable 1,2-dithietane ring system’3¢ (see Figure 12), whose X-ray crystallographic analysis
revealed its theoretically interesting structural parameters. Finally, in addition to our total
synthesis of hemibrevetoxin B,82 a truncated version of brevetoxin B lacking four of the
eleven fused rings of the natural product was designed and synthesized employing the
developed technology.83 Biological investigations with this and other brevetoxin-like
molecules shed light on the mechanism of action of this intriguing neurotoxin.84 It is with
much pleasure that we note the continued appeal of these fascinating structures and the ever-
increasing bounty that endeavors in this field bring to their still many suitors. Indeed, a
whole new field of investigation was founded on those early expeditions toward the two
beautiful sister molecules brevetoxins A and B.32:450.67.85,86

2.9. Epothilones A and B

Hailed to be superior to Taxol® as potential anticancer drugs because of their higher
potency and ability to kill Taxol®-resistant tumor cells, epothilones A and B (Figure 13)
took the scientific community by storm in the mid-1990s.87 Isolated from the
myxobacterium Sorangium cellulosum So ce90,88 their appeal was not only due to their
novel molecular architectures and potential in cancer chemotherapy, but also because of the
opportunity they presented for new discoveries and inventions in chemistry.

Our most significant contributions in the epothilone field included enabling technologies for
both chemical synthesis and chemical biology. The group also exploited the opportunity to
demonstrate, for the first time, the power of solid phase chemistry and radiofrequency
encoded combinatorial synthesis® in complex molecule synthesis and compound library
construction. Thus, we first developed the total synthesis of epothilones A and B in solution
by two different strategies, the first employing an olefin metathesis-based approach to the
macrocyclic framework,%0 and the second a macrolactonization-based®! strategy to the same
structural motif. These accomplishments were followed by a solid phase total synthesis of
epothilone A through an olefin metathesis-based strategy involving a cyclorelease step.2
The so-emerged synthetic technology was then applied, in conjunction with the previously
developed IRORI technology,8? to the combinatorial synthesis of epothilone libraries for
biological screening purposes.8%:93 These tests included tubulin polymerization, cytotoxicity
assays, and, in certain cases, animal studies. The combinatorial chemistry developed during
this program represents the first case where analogue libraries of complex natural products
were synthesized by solid phase total synthesis and a classic example of the use of IRORI
radiofrequency-based technology, which was later widely applied in combinatorial
chemistry,% both in academia and industry. The combined solution and solid phase
synthetic studies, coupled with biological screening, led to the discovery of a number of
powerful epothilones, including a highly potent series of pyridine-,952 cyclopropyl-922.€ and
thiomethyl-containing analogues.%59-f Besides ours, several other groups contributed
decisively to the emergence of the epothilone field.% Notable among them were the
Danishefsky group, whose total synthesis of epothilones was reported just before ours,®” and
the Schinzer group, whose synthesis appeared shortly after ours.?8 Collectively, these
investigations led to a comprehensive structure-activity relationship picture in the epothilone
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field and set the stage for follow-up studies® in academic and industrial laboratories that led
to major advances in the search for new chemotherapeutic agents. Indeed, we note the
introduction of a number of epothilone drug candidates, including one from our own
collection, into clinical trials as anticancer agents.%® One of these, ixabepilone (Ixempra®,
Bristol-Myers Squibb), was approved as a clinical agent for breast cancer chemotherapy in
2007.

2.10. Eleutherobin and Sarcodictyins A and B

Eleutherobinl90 and sarcodictyins A and B101 are marine natural products endowed with
novel molecular architectures and important biological properties (Figure 14). Their main
structural difference lies in the fact that the eleutherobin molecule includes a carbohydrate
tail, whereas the sarcodictyins are capped as methyl esters. All three molecules exhibit
potent cytotoxic properties exerted through a mechanism that involves tubulin
polymerization. Coupled with their scarcity, their biological activities prompted us to pursue
their syntheses, aimed at rendering them readily available for further biological
investigations. In 1997, we reported first the total synthesis of eleutherobin,102 and later the
total synthesis of its siblings eleuthosides A and B193 and sarcodictyins A and B.104 The
general synthetic strategy toward these molecules employed the naturally occurring and
readily available (+)-carvone as starting material and involved an acetylide-aldehyde
cyclization to afford the 10-membered ring of the molecule, a selective reduction of the
acetylenic unit to a c¢/s olefinic bond, lactol formation to generate the tetrasubstituted
furanoid system, and attachment of the side chains. Adaptation of the synthetic sequence to
solid phase chemistry allowed the preparation of a focused library of over 60 analogues of
these natural products.105 Chemical biology studies with these analogues led to the
discovery of several compounds possessing equal or superior potencies to the natural
products against tumor cells, underscoring the enabling nature of total synthesis for
biological investigations and drug discovery efforts.10° These endeavors also demonstrated
the power of solid phase synthesis in the construction of designed compound libraries for
biological screening purposes.106

2.11. Vancomycin

The vancomycin-producing organism (Figure 15) Actinomycete amycolatopsis orientalis
spared little imagination in designing a demonically complex molecular architecture that
was to tantalize and defy synthetic chemists for decades after its structural elucidation in
1956.107 Indeed, it was because of its daunting structure, featuring three atropisomerism
sites and three macrocyclic systems, that this glycopeptide antibiotic, often called the
antibiotic of last resort, and its aglycon resisted total synthesis until the late 1990s.108-110
Our total synthesis of the aglycon of vancomycin was accomplished in 1998,109 while the
total synthesis of vancomycin itself had to wait one more year before it would succumb to
our advances.11 Happily, the accomplished total synthesis of vancomycin was accompanied
by the development of a number of new synthetic technologies and strategies.}12 Among
them are a new method for the construction of macrocyclic bis-aryl ethers that provided the
means by which the two macrocycles of the target molecule were assembled!1220 and an
improved version of asymmetric synthesis of biphenyl-type systems, one of which is
embedded within the vancomycin structure.112d Gratifyingly, the triazene-driven, arylether-
forming method utilized to construct the bis-aryl ether domains of vancomycin has been
proven to be of general utility and applicable to both cyclic and acyclic systems as well as
cyclic thioethers.1122b |n addition to the total synthesis of the imposing vancomycin, this
campaign also led to enabling technologies for solid phase synthesis and combinatorial
chemistry. Of special interest was a new selenium-based linker that was developed in order
to allow carboxylic acids, amines, and alcohols to be attached onto a solid support for
chemical elaboration and eventual release.1132 This useful technology proved instrumental
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in loading vancomycin onto a polystyrene-type resin, degrading it to its aglycon for
reconstruction purposes, and, finally, constructing and liberating arrays of vancomycin
analogues for biological screening.113? A second combinatorial strategy based on dynamic
chemistry was developed for the synthesis of vancomycin dimers.114 Termed target-
accelerated combinatorial synthesis because it was performed in the presence of
vancomycin’s biological target (the peptide segment L-Lys-D-Ala-D-Ala), this strategy led,
through either olefin metathesis or disulfide bond formation, to the rapid identification of a
number of remarkably potent antibacterial agents effective against methicillin- and
vancomycin-resistant bacteria.114 With the fall of vancomycin,11° another domain of
nature’s molecular diversity had been conquered; it was time to move on to new territories,
of which they were many at the time.

2.12. Sanglifehrin A

Sanglifehrin A (Figure 16), a novel naturally occurring substance isolated from
Streptomyces sp. A92-309110 in the 1990s by a Novartis team of scientists,116 constituted
an unusually appealing synthetic target not only because of its unprecedented molecular
architecture, but also due to its striking immunosuppressive properties.116 Featuring a novel
spirolactam moiety linked with a long chain to a 22-membered macrocycle domain, the
molecule of sanglifehrin included two conjugated diene systems that stood out as strategic
sites for disconnection in the retrosynthetic analysis of the molecule. The challenging
structure of sanglifehrin A was reached by total synthesis in 1999 through a convergent
route that was distinguished by the swiftness of the construction of its two domains, namely
the spirolactam system as a vinylstannane, and the macrocycle precursor as a
bis(vinyliodide).117 Also remarkable was the selective manner by which the macrocycle was
formed through an intramolecular Stille coupling reaction and then connected to the
spirolactam system through a second, now intermolecular, Stille coupling to form the entire
framework of the molecule. From the latter, sanglifehrin A finally emerged upon rupture of
the internal ketal that served, up to that point, as a loyal guardian for the desired
functionality. This total synthesis serves as a reminder of the remarkable power of the
palladium-catalyzed carbon-carbon bond forming reactions, a group of processes that
revolutionized the field of chemical synthesis beginning in the 1970s and 1980s,118 early
examples of which are our total syntheses of the lipoxins and related eicosanoids. 119120

2.13. Bisorbicillinoids

The bisorbicillinoids (Figure 17) appeared on the scene from different directions, at first
camouflaging themselves behind substantially different structural motifs, but soon revealing
their isomerism and common origins through subtle structural clues. Most striking among
them are trichodimerol (isolated from 7richoderma longibrachiaturm),12
bisorbibutenolide, 122 and bisorbicillinol123 (the latter two isolated from the fermentation of
Trichoderma sp. USF-2690). These naturally occurring substances are characterized by
novel and divergent molecular structures and possess biological activities ranging from
inhibition of tumor necrosis factor a (TNF-4) production to antioxidant properties. Closer
inspection of their molecular architectures led to a hypothesis for their biosynthesis and
implicated sorbicillin, another naturally occurring substance, as their possible biogenetic
precursor. According to this idea, initial enzymatic oxidation of sorbicillin at a specific site
would produce a reactive species whose chemical reactivity would offer it the option of
entering into distinctly different cascade reactions, leading, through dimerization, to
individual bisorbicillinoids. Our proposal for a plausible biosynthetic pathway for the
generation of trichodimerol was followed by a swift execution of its biomimetic synthesis,
which also led, upon slight but crucial modification of reaction conditions, to the
construction of its sibling, bisorbicillinol, and thence to that of bisorbibutenolide.124 This
total synthesis of trichodimerol commenced with sorbicillin and featured an impressive
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double Michael reaction/acetalization sequence between an equilibrated mixture of two
isomeric quinols unleashed under certain basic conditions.124125 Equally impressive was the
diversion of this quinol mixture toward the bisorbicillinol structure under a different set of
conditions. Base-induced rearrangement of bisorbicillinol then led directly to
bisorbibutenolide through contraction of a 6-membered ring to a 5-membered ring. This
chemistry amounts to a remarkable series of biomimetic cascade reactions toward a family
of complex natural products and, along with the endiandric acid cascade® discussed earlier,
constitutes some of our most impressive signature contributions to biomimetic total
synthesis, an approach that we came to appreciate and apply whenever possible.21 A few
more ei%mples of this cascade-based strategy to molecular complexity will be highlighted
below.

2.14. Everninomicin 13,384-1

As one of the most exciting and promising oligosaccharide antibiotics (isolated from
Micromonospora carbonaceavar. africana),*2’ everninomicin 13,384-1 (Figure 18)
presented to us a highly attractive synthetic target. Its appeal was considerably enhanced by
its novel and challenging molecular architecture that included no less than thirteen rings and
35 stereocenters. Particularly daring within everninomicin’s structure were the two
orthoester linkages, not only due to their chemical sensitivity, but also because of their
specific stereochemical arrangement. The molecule of everninomicin also boasted several
other synthetically challenging structural motifs, including multiple 2-deoxy glycoside
bonds and two 1,1-disaccharide bridges linking rings F and G, and their corresponding
stereochemical requirements. In 1999, we reported the total synthesis1289- of everninomicin
13,384-1, a structure that arguably may be considered as one of the most, if not the most,
complex oligosaccharide-based molecules to be synthesized in the laboratory. Rewardingly,
the total synthesis of everninomicin 13,384-1 was marked with several new synthetic
technologies and strategies, notable among them were the selenium-based methods for

stereoselectively assembling orthoester groupings and constructing 2-deoxy glycoside
bonds.29b.128a-¢,129

2.15. CP Molecules

The CP molecules (Figure 19), originally isolated from an unidentified fungus and later also
named phomoidrides, took the chemistry community by surprise when they first made their
appearance, 130 causing feelings of awe and disbelief with regard to their molecular
connectivities. Their unprecedented and stunningly beautiful molecular structures reported
in the mid-1990s and posing as daunting synthetic challenges elicited an avalanche of
research activities around the world directed toward their synthesis. In addition to their
architectural appeal and because of their inhibitory activities against squalene synthase
(therefore acting as cholesterol-lowering agents) and farnesy| transferase (providing
potential leads for drug discovery in cancer chemotherapy), these molecules presented
opportunities for biological discoveries as well as potential medical applications. After a
relentless campaign, 1312 our group reported the first total synthesis of the CP molecules in
1999,131¢-9 an accomplishment that was followed shortly thereafter by the determination of
their hitherto unknown absolute stereochemistry231d and three other total syntheses of the
CP molecules from the Shair, Fukuyama, and Danishefsky groups.132

The CP molecule labyrinth, as we coined this project, turned out to be an amazingly
complex campaign from which emerged an aesthetically pleasing strategy, surpassed only
by the harvest of new synthetic technologies collected along the way to the target molecules.
Indeed, a plethora of cascade sequences and a series of new reactions were discovered or
invented. Among them are those leading to the maleic anhydride motif of these
molecules,133 the one-pot DMP (Dess-Martin periodinane)-induced conversion of 1,4-diols
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to the y-hydroxy lactone system,134 and the several DMP-initiated processes leading, from
aryl amides, to a variety of novel molecular architectures.13% A second, equally impressive
set of reactions based on the special reactivity of IBX, another hypervalent iodine reagent,
was discovered and developed during this program. These reactions included radical-based
ring closures to form novel heterocycles, the introduction of unsaturation adjacent to
carbonyl groups, 13 benzylic oxidations,137 and a number of mild deprotection
procedures.38 Furthermore, the CP project led to the development of a mild and effective
procedure for the synthesis of sterically hindered diazoketones from carboxylic acid
mesylates,139 a new method for the one-carbon homologation of aldehydes, 40 and several
DMP-based technologies for the preparation and redeployment of reactive species such as g
quinones and o-azaquinones.141 Additionally, solution and solid phase methods enabling the
conversion of a-sulfonated ketones to a wide range of heterocyclic compounds and useful
synthetic building blocks were developed.142 It is important to note here that, although the
initial discovery of the DMP-induced cascade leading to polycyclic systems was
serendipitous (underscoring this mode of discovery during total synthesis endeavors), it was
logic and mechanistic rationale that led to the invention and understanding of the majority of
these new chemical processes. Overall, the CP molecules program was one of the richest of
our experiences in terms of new synthetic strategies and synthetic technologies, serving in
that respect as a paradigm of how endeavors in total synthesis should be carried out,
especially when the objective is to advance the art of chemical synthesis for its own sake.143

2.16. Benzopyrans

With thousands of members, the benzopyran class of natural products (Figure 20) must be
one of nature’s favorite molecular types. This family of compounds boasts both a large
membership and an impressively diverse range of biological activities. It was, therefore,
attractive and of considerable practical interest to consider a total synthesis of these
privileged structures en masse that would lead not only to a number of such natural
products, but also to other biologically relevant compounds. As an integral part of this
program, we also set as our goal the development of new technologies for preparing the
intended compound libraries expeditiously, and in sufficient quantities and quality, for
multiple biological assays. Specifically, our intention was to synthesize a benzopyran library
consisting of approximately 10,000 compounds and with 1-4 mg per compound of relatively
high purity. For this task we needed both automation and enabling synthetic technologies.
While the automation problem had already been solved with the aforementioned IRORI
technology,? utilizing optical encoding operating NanoKans™ in conjunction with a
sophisticated robotic system,144 the problem of the required chemistry remained to be
addressed. It was to this end that we developed a new resin and a robust, yet synthetically
fertile, linker in order to exploit the benefits of solid phase chemistry.145 Thus, starting with
polystyrene, we synthesized an arylselenenyl bromide resin which rapidly absorbs suitably
substituted ortho-prenyl phenols, forming solid benzopyran scaffolds via a cyclo-loading
process. A highly branching scheme was then implemented to elaborate these resin
conjugates into a wide range of modified scaffolds, from which the designed benzopyran
compounds were released by exposure to hydrogen peroxide in a process that was
accompanied with concomitant introduction of a double bond within the pyran ring.146 The
latter functionality was then exploited to expand the library through epoxidation followed by
nucleophilic opening of the resulting epoxides, leading to a second generation library
enjoying a wide range of molecular diversity. Application of the powerful split-and-pool
strategy for combinatorial synthesis in conjuction with IRORI’s optically encoded
NanoKans™ and a multi-station robotic system allowed completion of the designed library
in short order. Biological screening of this compound library revealed a number of leads and
optimized compounds with antibacteriall4’ and antitumor properties,148 among others. One
of the most impressive discoveries of our collaborative investigations in this area was the
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identification of a potent ligand for FXR, an important nuclear receptor involved in
cholesterol processing, which allowed crystallization and X-ray structural elucidation of this
important protein as a complex with the ligand.24° As part of a separate study involving
screening against the hypoxia-inducing factor (HIF) pathway, a number of leads were
identified.150 Originally inspired by natural products chemistry, and as the first application
of optically-encoded combinatorial synthesis of drug-like, small organic molecules, this new
technology for combinatorial chemistry represented the state of the art in the field at the
time.

2.17. Colombiasin A

Isolated from the gorgonian coral Pseudopterogorgia elizabethae and fully characterized in
2000,151 colombiasin A (Figure 21) was attractive as a synthetic target not only because of
its action against the H37Rv strain of tuberculosis bacteria, but also for its unique and
challenging molecular architecture. The striking structural motifs of this tetracyclic
diterpene include six stereogenic carbons, two of which are adjacent quaternary centers, and
a periphery decorated with four methyl substituents, two carbonyl groups, two olefinic
bonds, and one hydroxyl moiety. Moreover, and despite the scholarly spectroscopic studies
which led to the elucidation of the colombiane skeleton, the absolute stereochemistry of the
natural product remained unknown at the time. In view of these conditions, a total synthesis
was clearly in order. In 2001, we reported the first such synthesis of this novel molecular
architecture.12 Our biosynthesis-inspired strategy included two Diels-Alder reactions which
served to append the three rings onto the central quinone core of the molecule. Thus, starting
from a prochiral precursor, the first Diels-Alder reaction was induced to proceed in an
asymmetric fashion through the use of the impressive Mikami—Narasaka catalyst. This
operation was followed by a subsequent novel, palladium-catalyzed allylation process that
involved two highly substituted olefinic bonds. This sequence of reactions set the stage for
the second, now intramolecular, Diels-Alder reaction, which was preceded by a cheletropic
elimination of sulfur dioxide from a 5-membered heterocycle that generated the required
diene system. In this notable cascade reaction, the complete colombiasin framework was
forged as a single endo adduct, a construction that included the installation of the two
adjacent quaternary carbons of the molecule. The substrate stereochemical control achieved
throughout the synthesis orchestrated by the lone chiral center initially cast by the first
asymmetric Diels-Alder reaction is remarkable. As a consequence of these investigations the
absolute structural assignment of colombiasin A was also accomplished.152 It was gratifying

to read about the subsequently completed total syntheses of this natural product as
well.153a-d

2.18. Hybocarpone

Hybocarpone (Figure 22), a unique, cytotoxic natural product, was isolated from mycobiant
cultures originating from the lichen Lecanora hybocarpa.>* Posturing with an aesthetically
pleasing C,-symmetric structure, this naturally occurring molecule suggested to us a
biosynthetic hypothesis whereby a precursor naphtharazin unit dimerizes to afford a
polycarbonyl framework, whose hydration would presumably furnish the final structure. Our
postulate was confirmed by experiment and led, in 2001, to an expedient total synthesis of
hybocarpone,12° but not without a painstaking campaign. After a search for the “magic”
single electron transfer (SET) reagent, it was found that cerium ammonium nitrate (CAN)
performed the best, leading, upon basic work-up, to the coveted crowded dimeric structure
through combination of two monomeric naphtharazin units. Once formed, this dimer was
pleasantly observed to undergo first hydration and then equilibration to a protected form of
the natural product. Finally, hybocarpone emerged from this last intermediate upon
demethylation with BBr3. This SET-induced dimerization cascade sequence is noteworthy,
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for it achieved, concurrently, the casting of hybocarpone’s highly hindered, central carbon—
carbon bond and the forging of all four of its stereogenic centers in a stereoselective manner.

From the steps employed to prepare the monomeric hybocarpone precursor, the most
impressive was the generation of a fleeting hydroxy-o-quinodimethane species from an
aromatic aldehyde by ultraviolent irradiation. This reactive diene was swiftly captured with
methyl-2-ethylacrylate through a Diels-Alder reaction to form the requisite bicyclic system.
This type of reaction, although previously known in its embryonic form, was developed as
part of this campaign to an advanced and highly efficient synthetic technology operating in
both its intermolecular and intramolecular versions to deliver valuable intermediates and
new chemical entities. As such it proved instrumental not only in the hybocarpone total
synthesis just outlined, but also in the total synthesis of several members of the hamigeran
family of marine natural products, 126 impressive substances in their own right by virtue of
their molecular architectures and antiviral properties. Thus, in this highly rewarding
program, one finds a blend of biosynthesis-inspired cascade reaction strategies, development
of new synthetic technologies, and synthesis of several designed molecules for biological
investigation purposes.1®’

2.19. Apoptolidin

The ever-expanding macrolide class of natural products boasts some of the most impressive
molecular architectures and medicinally useful agents of our times. Although numerous
methods have been developed over the past few decades for their chemical synthesis, one
recent isolate from Nocardiopsis sp., apoptolidin (Figure 23),158 stood out in 1997 as an
exceptionally attractive synthetic challenge. Apoptolidin was so-named for its ability to
selectively induce apoptosis in oncogenic rat glia cells, a property that elevated it to the
status of a highly promising clinical candidate for cancer chemotherapy. Its daunting
molecular architecture impressively displays no less than 30 stereogenic elements (25
stereocenters and five geometrical sites), a highly unsaturated 20-membered macrocyclic
framework, and four carbohydrate units. Heightening the synthetic challenge was
apoptolidin’s troublesome chemical sensitivity. Conditions arising from prolonged
dissolution at ambient temperature, chromatographic manipulation, or exposure to either
mild acid or mild base are sufficient cause for its transformation and destruction. Such
instability dictated special considerations not only for the final stages of the total synthesis,
but also for the manipulations of potentially labile intermediates carrying apoptolidin’s
conjugated systems, glycoside bonds, and reactive functionalities en route. Indeed, it was
after a relentless campaign full of twists and turns, frustrations, and exhilarations that we
completed, in 2001, the first total synthesis of apoptolidin.t®® Our successful strategy
featured a Stille coupling reaction and a Yamaguchi macrolactonization to assemble the
molecule’s macrocyclic core structure, and a dithiane technology-based carbon-carbon bond
forming process to append a fragment appropriately functionalized for elaboration to the
final C-ring glycoside domain. Other noteworthy features of this total synthesis were the
subtle adjustments of reaction conditions that were necessary in order to evade the noted
idiosyncrasies of the target molecule toward certain reagents and conditions, and the specific
protecting group ensembles that were properly designed and installed at key points in order
to allow selective deprotections along the way and in the end. Not to be forgotten was the
collapse of an anomeric orthoester group to the corresponding methyl glycoside during a
critical hydrozirconation step, for this event was completely unexpected and unusual. The
remarkably convergent strategy employed for the total synthesis of apoptolidin from five
building blocks of roughly equal molecular complexity allowed the generation of several
simpler analogues whose biological evaluation established informative structure-activity
relationships (SARS) within this structural type.15% It was pleasing to see the subsequent
accomplishments of the total synthesis of apoptolidin.160
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2.20. Coleophomones B and C

Isolated from certain species of fungi (e.g. Stachybothys cylindrospora), 161 coleophomones
B and C (Figure 24) exhibit impressive biological properties, including chymase inhibition
as well as antifungal and antibacterial activities. Their highly strained and rigid molecular
frameworks, characterized by an 11-membered ring carrying a Z-(coleophomone C) or an £-
(coleophomone B) olefinic bond and a unique polycarbonyl network, presented an unusual
synthetic challenge and an opportunity to test the limits of the metathesis reaction. Indeed,
all tried known methods failed to form the congested macrocyclic framework of the
coleophomones until an olefin ring closing metathesis-based strategy was designed and
applied. The total synthesis thus developed involved an initially convergent route to obtain
an advanced intermediate, followed by divergence to allow stereospecific access to both
coleophomone C and coleophomone B.162 Requiring the use of the second generation
Grubbs catalyst, this total synthesis extended the reach of the olefin metathesis reaction in
terms of the complex and challenging molecular diversity that could be reached, and opened
the way to analogue construction for biological investigations within the coleophomone
class. This is but one of a number of applications of this venerable reaction in total synthesis
emanating from our laboratories in recent years, a trend that is also reflected in the works of
other investigators around the world.163

2.21. Diazonamide A

From the myriad of marine natural products isolated thus far, only a few stood out as defiant
as diazonamide A164 (Figure 25), whose diabolically complex molecular architecture had to
be revised65 to an even more complex and synthetically puzzling array of rings before it
would be finally conquered. Isolated from the colonial ascidian Diazona angulata in the
early 1990s, this marine natural product possesses potent antitumor activity'64 and tantalized
and defied the synthetic chemistry community for at least a decade before it was constructed
in the laboratory by total synthesis.168 The first two total syntheses of the true structure of
diazonamide A emerged from our laboratories in 2002167 and 2003.168 The first onel6”
(Strategy A, Figure 25) employed a photoinduced ring closure, a novel process that was
elegantly applied in the molecule’s structural revision by Harran.165 Our second total
synthesis (Strategy B, Figure 25)168 featured a cascade involving: a) a hetero-pinacol
reaction induced by samarium diiodide complexed to N, A~dimethylacetamide; b) in situ N-
O bond cleavage to generate an amino alcohol; and c¢) a peptide coupling that created the
molecule’s most intransigent ring (that defined by ten atoms) and concurrently installed the
required elements for the casting of the second oxazole ring onto the newly-formed
macrocycle. In addition to the two distinctly different total syntheses that proved beyond
doubt the revised structure of diazonamide A, the diazonamide campaign in our laboratories
was marked with a rich bounty of new synthetic technologies. Most prominent among them
were a series of new designed reactions of Burgess-type reagents which provided entries
into several new chemical entities of medicinal interest, particularly of the sulfamidel6® and
sulfamidate types.170 These studies also allowed us to carry out chemical biology and
structure-activity relationship (SAR) studies through analogue construction.166¢.d A number
of other elegant syntheses of diazonamide A have been described.1’1

2.22. 1-O-Methyllateriflorone

Among the many secondary metabolides isolated from the Garcinia species, lateriflorone
(Figure 26),172 isolated from the stem bark of Garcinia lateriflora Bl (Guttiferag), is
architecturally the most complex and attractive. The reason for the distinction lies in the fact
that, in addition to the signature motif of this class of natural products (the cage-like 4-
oxatricyclo [4.3.1.0]decan-2-one framework), lateriflorone contains a spiroxalactone moiety
whose construction presents an additional hurdle within the overall synthetic challenge. The
molecule’s intriguing structural connectivity coupled with its potent antitumor activity
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elevated lateriflorone to a status of considerable interest as a synthetic target. Our
biomimetic strategy toward this 1- O-methyllateriflorone first called upon a tandem sequence
of reactions that would deploy, starting from a prochiral substrate, a Claisen rearrangement
in order to set the stage for an intramolecular Diels-Alder reaction that was destined to cast
the molecule’s cage-type structural unit.1’3 Following accomplishment of this task, the
spiroxalactone motif was secured after an initial ester-based union of the two domains of the
molecule through a delicate series of steps that included activation of a phenolic substrate
with phenyliodonium bis-trifluoroacetate in methanol, an oxidative process that left a
superfluous methoxy group within the product. This undesired moiety was concurrently
removed under the acidic conditions subsequently employed to induce the formation of the
required spirocyclization. The final steps leading to the methyl derivative of lateriflorone
were not unlike a walk on a tight rope over the abyss, and yet they were delicately (and
nervously!) carried out with success. Thus, aqueous acid conditions were required to
hydrolyze the remaining methyl enol ether in a process that, distressfully, ruptured the
prefabricated and obligatory ester bond, leaving the entire scaffold literally hanging by a
thread, a mere oxygen atom bridge. Delightfully, the spirolactone structural motif was
reconstructed in a subsequent move that entailed the mildest of acid conditions and strictly
excluded moisture. This remarkable pathway, avoiding as it did the various landmines
lurking in the wings, cast all the stereocenters of the lateriflorone scaffold in their correct
configuration. With this region of molecular diversity landscape conquered, new pastures of
molecular complexity were sought as opportunities for discovery and invention.

2.23. Thiostrepton

Thiostrepton, a naturally occurring antibiotic used in veterinary medicine, belongs to the
thiopeptide class of natural products. Its action against bacteria is exerted through binding to
the ribosome leading to inhibition of bacterial protein biosynthesis. I1t’s impressive
biological actions include, in addition to antibacterial properties, cytotoxic, antimalarial, and
immunosuppressive activities. Originally isolated from Streptomyces azureus, and
subsequently from Streptomyces hawaiiensis and Streptomyces laurentii,* thiostrepton
enjoys flagship status within its class. As such, and because of its important biological and
medicinal properties and challenging structure, it became a prime synthetic target in our
laboratory. Figure 27 highlights our total synthesis1’® of thiostrepton, which was based
partly on its reported biosynthesis.1”6 Decorated with a number of novel and sensitive
structural motifs that included a dehydropiperidine, a thiazoline, and several thiazole and
dehydroanaline moieties as well as numerous elements of stereochemistry, thiostrepton
posed a formidable synthetic task. Crucial to the accomplishment of this task was the
biomimetic hetero Diels-Alder dimerization of an azadiene system generated from a
thiazolidine precursor through the action of silver. Fine-tuning of this reaction led to an
efficient synthesis of the dehydropiperidine domain of the molecule that served as the
scaffold onto which thiostrepton was crafted. The target molecule was reached through a
convergent strategy, but not before several thorny obstacles were overcome. Among them
were the unexpected side reactions of the dehydroalanine structural motifs, including their
propensity to undergo reduction under palladium-catalysis conditions, fragmentation in
basic media, and conjugate addition in the presence of nucleophiles. These difficulties were
evaded by masking these reactive moieties with phenylselenenyl groups, a tactic that
allowed the intermediates to pass through the treacherous landscape of reactions until the
second to last step, at which time the desired dehydroalanine moieties were generated
through oxidation and syr+elimination of the selenium masking groups. The last step,
involving fluoride-induced desilylation of all silicon-protected hydroxyl groups, had the
benefit of also generating the desired olefinic bond conjugated to the thiazoline moiety in its
correct geometrical configuration.
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Proving itself to be highly rewarding in terms of synthetic strategies and tactics, the
thiostrepton campaign also served as a prelude to the total synthesis of other members of the
thiopeptide class of antibiotics, such as siomycinl?” and antibiotics GE2270A,178:179
GE2270T178 and GE 2270C,178 as well as amythiamicins A-C.180 Amythiamicin D was first
synthesized in 2004 by the Moody group.181

2.24. Azaspiracid-1

Few campaigns provided as much drama as that directed toward the total synthesis of the
mussel toxin azaspiracid-1 (Figure 28), a substance isolated in minute quantities from the
mussel Mytilus edulis.182 Causing periodic food poisoning in humans, this marine
neurotoxin was first isolated in the 1990s, and a structure was assigned to it in 1998 on the
basis of NMR spectroscopic and mass spectrometric evidence alone, as it was not possible to
obtain a crystalline sample for X-ray crystallographic analysis. Its fascinating molecular
architecture featuring nine rings and 19 stereogenic centers was characterized by three
spiroketals, a spiroaminal, and a lactol, among several other reactive structural motifs.
Coupled with this unique molecular framework was azaspiracid’s natural scarcity and need
for larger quantities in order to be used as a tool for the device of suitable tests to detect and
measure the toxin. These considerations dictated a total synthesis, a task that we undertook
in the early part of the year 2000. Three years later we completed the first total synthesis of
the originally proposed structure of azaspiracid-1, only to discover that it was wrongly
assigned.183 Instead of ending the campaign, this unfortunate circumstance strengthened our
resolve to demystify the newly precipitated conundrum. The heightened campaign now
required the determination of the molecule’s true structure as well as its total synthesis.

It proved to take one more year for us to reach this dual goal, through a climactic chemical
detective adventure. The revised structure of azaspiracid-1 differed considerably from the
original one in that the configurations of seven stereocenters had to be inverted and a double
bond had to be shifted by one position.184 Most importantly, the total synthesis of
azaspiracid-1 substantially enriched its world supply and opened the way for analytical
method development and biological investigations to determine the toxin’s mode of action.
The convergent strategy employed for the total synthesis of azaspiracid-1 required three key
building blocks, which had to be constructed in both of their enantiomeric forms —for it was
not known at the outset which one was needed, and their joining together through a dithiane-
based reaction and a Stille-type coupling to form the entire carbon backbone of the target
molecule. Further manipulation of the carefully installed functionalities led to synthetic
azaspiracid-1, which proved identical to the naturally occurring substance, thus ending the
second phase of the campaign. This signaled the beginning of a third phase of the project
that dealt with further analytical, biological, and chemical investigations of azaspiracid-1
and its siblings. These investigations culminated in second and improved generation total
syntheses of azaspiracid-1, -2, and -3,18° and several insights regarding the chemical biology
and mode of action of this class of marine neurotoxins.186 The total synthesis of ent-
azaspiracid-1 has also been achieved.187

The fascinating chases of azaspiracid-1 and diazonamide A by chemical synthesis, resulting,
as they did, in the revision of their originally assigned structures, provide classic examples
of how total synthesis endeavors contribute, still, to the science of structural elucidation of
natural products.10

2.25. 2,2|-epi-Cytoskyrin A, Rugulosin, and the Alleged Structure of Rugulin

2,2|-epi-Cytoskyrin A, cytoskyrin A,188 rugulosin,189 and rugulin1® are naturally occurring
substances with striking molecular architectures (Figure 29). The latter in particular
possesses a unique cage-like structural motif made of twelve carbon atoms arranged in a
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twisted hexagonal cylinder whose walls feature four fused 5-membered rings. These
intriguing compounds belong to a large family of natural products comprised of a variety of
structures featuring modified bisanthraquinone systems of differing degrees of complexity.
Isolated from certain species of fungi and lichen, these compounds possess an array of
biological properties, including cytotoxic, antibiotic, and anti-HIV activities. The appeal of
the structural and biological features of these molecules prompted us to undertake their total
synthesis utilizing a series of cascade reactions that, in fact, may be involved in their
biosynthesis.189:191¢ During the years 2005-2007, we reported our investigations that
culminated in expedient syntheses191 of several natural and designed members of this class,
including 2,2|-epi-cytoskyrin, rugulosin, and the alleged structure of rugulin. These
syntheses demonstrated the power of cascade reactions in total synthesis and proved that
rugulin’s originally assigned structure was incorrect.191¢ The success of the employed
cascade sequences clearly demonstrate the impact of such strategies on the art of total
synthesis in terms of efficiency and elegance. It is also striking that, in this instance, these
cascade reactions were initiated and sustained with the simplest of reagents (e.g. MnO,,
Et3N, CSA) and conditions (thermal, 25-45 °C).

2.26. Abyssomycin C and atrop-Abyssomycin C

Abyssomycin C and its subsequently discovered sibling, atrgp-abyssomycin C, are isomeric
forms of a newly discovered antibiotic found in the marine actinomycete strain
Verrocosispora AB18-032 (Figure 30).192 The originally isolated abyssomycin C inhibited
the growth of methycillin-resistant Staphylococcus aureus (MRSA) at MIC = 4 ug mL™1
and vancomycin-resistant S. aureus (VRSA) at MIC = 13 pg mL™L, Its mechanism of action
was shown to involve inhibition of 4-amino-4-deoxychorismate (ADC) synthase or lyase,
two essential enzymes for the conversion of chorismate to p-aminobenzoic acid (PABA) in
bacteria, giving the distinction to abyssomycin C as the first natural product to exhibit this
activity.192 The lure of abyssomycin C’s novel structural motifs and its important biological
activity prompted us and several other groups to embark on its total synthesis. In addition to
rendering the originally isolated abyssomycin C readily available, our total
synthesis,19reported in 2006, unearthed atrop-abyssomycin C, which proved to be an even
more potent antibiotic than its originally discovered isomer. Interestingly, atrop-
abyssomycin C was later isolated as a naturally occurring substance.1? The synthetic
strategies and tactics employed in this adventurous campaign enriched the art of synthesis in
ways that included improvement in the Diels-Alder reaction (Lewis acid-templated),
expansion of the scope of the ring closing metathesis reaction, insights into the phenomenon
of atropisomerism in natural products chemistry, and mechanistic understanding of the
chemical reactivity of the unusual structural motifs found in the molecular architectures of
the abyssomycins. In addition, this program provided, through chemical biology studies, a
number of structure-activity relationships (SARs) within this structural class.192 That total
synthesis sometimes leads to a natural product prior to its isolation from nature was once
again highlighted in this program, as it was in the endiandric acid campaign conducted
earlier in our laboratories.16 This scenario most likely will be encountered again in future
endeavors of this kind. We note with pleasure the elegant contributions in the abyssomycin
field by Sorensenl® and others.19

2.27. Marinomycins A-C

Reported in 2006, marinomycins A—C are marine-derived natural products isolated from an
actinomycete Marinispora strain that possess striking molecular structures and biological
properties (Figure 31).197 The most abundant of the three, marinomycin A features a C-
symmetric 44-membered macrodiolide structure with extended all-#rans conjugated systems,
while its siblings, marinomycins B and C, are geometrical isomers at one or both of the
olefinic sites adjacent to the aromatic rings, respectively. Marinomycin A is converted to
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marinomycins B and C under the influence of light. Most importantly, this compound
exhibits potent antibacterial, antifungal, and cytotoxic activities. Its scarcity and unusual
molecular architecture coupled with its important biological properties made it and its
siblings, marinomycins B and C, attractive synthetic targets. In 2007, we reported the total
synthesis of marinomycins A—-C and their monomeric versions, monomarinomycin A and
isomonomarinomycin A.198 The total synthesis featured a ketophosphonate-aldehyde
coupling and a hydroxyl-directed carbonyl reduction to generate the C-12 to C-27 fragment,
which was coupled with the C-1 to C-11 fragment through a Mitsunobu esterification [(D]
(which was accompanied by configurational inversion of the participating hydroxyl group).
These operations were followed by hydroboration [@] and Suzuki coupling [Q] to afford
the required monomeric unit of the molecule. Reiteration of these processes ([@], [B)],
[®1]) ended with the challenging macrocyclization from which emerged, through an
intramolecular Suzuki coupling and deprotection, marinomycin A. It is rather interesting to
note that, despite its Co-symmetric nature, marinomycin A resisted a direct dimerization
approach (through Suzuki, Stille, and Heck reactions), forcing us to employ a stepwise
strategy. All direct dimerization attempts employing the Suzuki reaction led to a monomeric
macrolide species which, upon deprotection with TBAF, furnished a mixture at C-25 and
C-27 monomeric lactones, named monomarinomycin A and isomonomarinomycin A.198.199
Both monomeric marinomycins were found to be devoid of the biological properties of the
naturally occurring marinomycin A, underscoring the strict structural requirements of the
latter for biological activity. The synthetic challenge posed by marinomycins A-C provided
us with the opportunity to explore and compare the scope of a number of popular carbon-
carbon bond forming reactions such as the Suzuki, Stille, and Heck cross coupling
reactions1® as well as the olefin metathesis reaction.163 In this particular instance it was the
Suzuki reaction that proved the most valuable, and that success was realized only when a
stepwise synthetic strategy was adopted.

2.28. Platensimycin

Platensimycin was reported in 2006290 by a Merck group who discovered it from a strain of
Streptomyeces platensis by means of a new screening technique specifically tailored to detect
inhibitors of the FabH and FabF condensing enzymes of the fatty acid synthesis pathway in
bacteria (Figure 32). Acting through inhibition at FabF, a mechanism not shared by any
clinically used antibiotic, platensimycin was hailed initially as a highly promising compound
for development as a potential antibacterial agent, particularly since it showed no cross
resistance and was found to be active against a broad range of Gram-positive bacteria. The
excitement generated by the potential of platensimycin as a new antibiotic, coupled with its
novel molecular structure, proved irresistible to many groups of synthetic organic chemists
around the world, including ours. Among the several syntheses of this molecule from our
laboratories,201:202 highlighted here is the asymmetric version of our original approach
which utilized a spiro bis-enone aldehyde as a key intermediate obtained through an
enantioselective rhodium-catalyzed cycloisomerization of a prochiral enyne bis-enone.201¢.f
This enantiopure compound was converted to the tetracyclic ketolide core of the target
molecule through a samarium diiodide-induced ring closure followed by an acid-facilitated
cyclic ether formation. The latter was elaborated to the required carboxylic acid through a
sequence involving alkylation and olefin cross metathesis. This fragment was then coupled
to the polar domain of the molecule featuring an aromatic amine through amide bond
formation. This and the other strategies developed in this research program served admirably
well to prepare several other natural and designed members of the platensimycin family for
biological studies,29% which established useful structure-activity relationships (SARs) within
this structural type. Among the most interesting and potent platensimycin analogues
synthesized in this campaign were adamantaplatensimycin?032 and carbaplatensimycin,2030
both of which exhibited comparable activities to the natural product despite the lack of the
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ether oxygen atom in their polycyclic core. In addition to these chemical biology studies,
this program provided the opportunity to discover and develop several synthetic methods,
among which the rhodium-catalyzed asymmetric cycloisomerization of enynes201d:€ proved
to be the most useful. Numerous other syntheses of platensimycin have been
achieved.202,204

2.29. Kinamycins C, Fand J

Boasting the unique diazofluorene structural motif, the kinamycins discovery in 197020
challenged structural and synthetic organic chemists alike for decades before yielding to
their advances (Figure 33). Their appeal derives not only from their novel tetracyclic
structures but also from their potent biological activities as antibiotics and antitumor agents.
Our enantioselective and convergent total synthesis of kinamycins, as reported in 2007,206
included a number of interesting strategies and tactics such as an Ullmann coupling of an
aryl bromide and a vinyl iodide under improved conditions that required Pd,(dba)s (cat.),
Cul (cat.) and Cu metal, an organocatalytic benzoin-type ring closure to forge the 5-
membered ring of the molecule, a samarium diiodide-induced deoxygenation, and a
stereoselective selenium dioxide mediated hydroxylation to afford an advanced fluorenone
intermediate. Elaboration of the latter through its tosyl hydrazone led to kinamycin C. The
efficiency and flexibility of the developed route allowed the synthesis of other members of
this class of compounds, including kinamycins F and J. A number of other syntheses of
members of the kinamycin family have also been reported.297

2.30. Uncialamycin

Isolated from a marine species related to Streptomyces cyanogenus, uncialamycin was
reported in 2005 and assigned a structure that placed it in the enediyne class (Figure 34).208
The extremely limited amounts isolated from nature, however, prevented its full structural
elucidation and biological evaluation. The latter was as important as the former, for initial
results indicated highly potent DNA cleavage and phenomenal antibacterial properties
against, for example, Staphylococcus aureus (MIC = 0.0000064 wg mL 1), Burkholderia
cepacia(MIC = 0.001 ng mL 1Y), and Escherichia coli (MIC = 0.002 g mL 11).208 |_yred by
the opportunities presented by uncialamycin for chemical synthesis and chemical biology
studies, we initiated a program directed at its total synthesis, full structural characterization,
and biological investigation. In 2007, we reported the first total synthesis and relative
configuration assignment of racemic uncialamycin.2% In 2008, we completed an
enantioselective total synthesis of the molecule that delivered its naturally occurring
antipode in multimilligram quantities that allowed its extensive biological investigation.210
The enantioselective total synthesis of uncialamycin featured a catalytic asymmetric Noyori
reduction to install the first chiral center, an acetylide-aldehyde ring closure to forge the 10-
membered enediyne ring, and a Hauser annulation to complete the anthraquinone system of
the molecule. This chemistry was reminiscent of our previous enediyne model studies in the
dynemicin area3843ii and the total synthesis of dynemicin itself by the groups of Myers?11
and Danishefsky.212 The ample supplies of synthetic uncialamycin allowed us to
demonstrate its Bergman cycloaromatization-based mechanism of action, its ability to inflict
double strand DNA cuts, and its potent antibacterial and cytotoxic activities.?10 Based on the
latter results, uncialamycin was selected for further study by the National Cancer Institute
(NCI, USA) in their 60 human tumor cell line panel, an evaluation that revealed its lethal
and selective potencies against melanoma (M14, LCsq = 9 nM; compare Taxol®: LCsq = 80
M, epothilone B: LCsy = 80 M), breast cancer (MDA-MB-468, LCsg = 8 nM), lung
cancer (NCI-H226, LCgq = 20 nM), and central nervous system cancer (SF-295, LCgy =6
nM) cells.210 The uncialamycin campaign demonstrated several important aspects of the art
of total synthesis, including its value in structural elucidation and biological investigation of
scarce natural products. The latter endeavors are becoming increasingly more common as
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isolation chemists spread their nets wider and deeper into the oceans to discover exotic and
rare bioactive molecules.

2.31. Biyouyanagins A and B

Biyouyanagins A212 and B,214 isolated from Hypericum chinense, provided fascination and
intrigue because of their novel molecular structures and important biological properties,
including anti-HIV activity and lipopolysaccharide (LPS)-induced cytokine production
inihibition (Figure 35). First to be reported from nature was biyouyanagin A, whose
originally assigned all-c/s stereochemical arrangements around the cyclobutane ring seemed
unorthodox, if not impossible. Our attempts to synthesize it through a biomimetic [2+2]
photocycloaddition reaction from its perceived components, a zingiberene and
hyperolactone C, led to both its total synthesis and structural revision to a cis, trans, cis,
trans configuration around the cyclobutane system.215 Equally satisfying to the
photoinduced fusion of the two domains of the molecule into its final form were the
cascade-based constructions of the various isomeric zingiberenes and hyperolactones
employed in this synthesis and the subsequent studies. Following our total synthesis and
structural revision of biyouyanagin A,21? its sibling, biyouyanagin B, was reported as a
natural product isolated from the same plant species. The originally assigned structure of
this new biyouyanagin had the same overall pentacyclic framework and functionalities as
our revised biyouyanagin A structure, but the opposite configurations at C-4, C-22, and
C-24.216 However, our synthetic investigations proved that the new structure was also in
error and revealed its true structural identity as that shown in Figure 35.216 In addition to the
chemical synthesis and structural elucidation advances made in this program, the modular
synthetic strategy developed toward the biyouyanagin molecular scaffold allowed us to
make significant contributions to the chemical biology of these molecules.?1” Thus, a series
of designed biyouyanagin analogues were designed, synthesized, and evaluated in a number
of biological assays leading to the discovery of promising anti-HIV and anti-arenavirus
agents, as well as a number of selective inhibitors of lipopolysaccharide (LPS)-induced
cytokine production. These biological studies underscored, once again, the importance of
natural products as lead compounds for chemical biology and drug discovery research
efforts, and of total synthesis as a tool for implementing such studies.?18

2.32. Platencin

A relative of platensimycin, platencin (Figure 36) was isolated by Merck scientists from
Streptomyces platensis MA7339219 and exhibited the same mechanism of action and
comparable in vitro and in vivo antibiotic activites against Gram-positive bacteria, including
methycillin-resistant Staphylococcus aureus (MRSA) and vancomycin-resistant S. aureus
(VRSA),219 to those of its earlier isolated sibling.2%% The two antibiotics contain the same
aromatic moiety but differ in their ketolide domain, with platencin possessing a wholly
carbocyclic core comprised of three rings in contrast to platensimycin whose core structure
includes a tetracyclic framework with an oxygen atom knitted within as an ether moiety. In
view of the potential importance of platencin to medicine and its significant structural
differences from platensimycin, this newly discovered antibiotic was deemed a worthy
synthetic target. In 2008, we reported the first asymmetric total synthesis of platencin in its
natural enantiomeric form.220 Notable highlights of this synthesis include a Rawal catalytic
asymmetric Diels-Alder reaction, a gold-catalyzed cyclization, a homoallylic radical
rearrangement to form the [2.2.2] carbocyclic system, an intramolecular Aldol reaction, and
an amide bond-forming coupling reaction that joined together the two domains of the
molecule. Several other syntheses of platencin have been published subsequently.22!

Chem Soc Rev. Author manuscript; available in PMC 2013 August 07.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Nicolaou et al.

Page 24

2.33. Cortistatin A

Cortistatin A is a member of a new marine-derived family of natural products with novel
molecular structures and exceptional biological properties (Figure 37).222 Isolated from the
sponge Corticium simplex, this natural product boasts an unusual heptacyclic framework
featuring the unique abeo-9(10-19)-androstane-type steroidal system with substituents on
rings A and E, the latter carrying an isoquinoline structural motif.222 Its biological activities
include selective antiproliferative properties against human umbilical vein endothelial cells
(HUVECS, IC5q = 1.8 nM) with a selectivity index of more than 3000 in comparison to its
action against normal human dermal fibroblast (NHDF) and several other tumor cells
(KB3-1, K562, Neuro2A). The exciting biological profile and promising potential for
medical applications of cortistatin A and its congeners was only tempered by their natural
scarcity, which prevented full biological investigations and structure-activity relationship
(SAR) studies. Urgently fulfilling the criteria of an attractive synthetic target, cortistatin A
became the object of our investigations aiming at its total synthesis and biological
evaluation. Carried out in our Singapore laboratories (ICES, A*STAR) in association with
D. Y.-K. Chen, the total synthesis of cortistatin A featured a number of cascade reactions,
most notable of which was a sequence involving a 1,4-addition of an alkoxide to an enone
followed by dehydration of the resulting aldol to afford the molecule’s oxabicyclo
system.223 Other worthy reactions employed in this endeavor were a palladium-catalyzed
Suzuki-Miyaura coupling to attach the isoquinoline fragment onto the main domain and the
Hajos-Parrish reaction224 that provided the starting bicyclic building block?2® for the
construction of the ABCDE steroidal framework of the molecule.

In addition to the synthesis of cortistatin A, this campaign also delivered cortistatin J and an
array of analogues that served well in establishing a number of structure-activity
relationships.223° Important insights gained from these chemical biology studies were the
recognition that considerably simpler structures resembling the parent structure are capable
of exhibiting comparable activities and potencies to those of the natural cortistatins.223?
Significantly, studies in collaboration with an Amgen team revealed clues about the
mechanism of action of the cortistatins and the nature of their biological receptor.226 We
were pleased to see the many other important contributions to the cortistatin field from
various other laboratories.227-230

2.34. Hopeanol and Hopeahainol A

Isolated from the plants Hopea exalata and Hopea hainanensis, hopeanol was reported as a
cytotoxic agent.23L Its sibling, hopeahainol A, was also discovered in the latter plant species
and found to exhibit acetylcholinesterase inhibitory properties, establishing it as a lead
compound for discovery programs in the field of Alzheimer’s disease.232 Possessing novel
molecular architectures, hopeanol and hopeahainol A belong to the polyphenol class of
natural products (Figure 38). Their unusual structural motifs and similarities, together with
their reported biological profiles, prompted us to embark on their total synthesis, a task that
was accomplished in our Singapore laboratory (ICES, A*STAR) in collaboration with D.

Y .-K. Chen in 2009233 and reported in full detail in 2010.234 The enantioselective synthesis
of these molecules involved a number of interesting intramolecular reactions and cascade
sequences, including: a) an intramolecular Friedel-Crafts type reaction to set the C7
quaternary center; b) a Grob-type fragmentation to rupture a -y-lactone and generate the
required olefinic bond in the growing molecule; ¢) epoxidation of the newly generated
olefinic bond followed by a second intramolecular Friedel-Crafts reaction to forge the 7-
membered ring; d) a cascade reaction that involved global demethylation and oxidation to
the p-quinodimethane structural motif, leading to hopeahainol A; and e) base-induced
rearrangement of hopeahainol A to hopeanol that involved ring opening methanolysis of the
y-lactone and ring closure to form the complete ring framework of the latter. The successful
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conversion of hopeahainol A to hopeanol allowed us to propose a hypothesis for the
biosynthesis of the latter natural product from the former, whereas our inability to carry out
the reverse transformation cast doubts over the previously proposed biosynthesis.232 In
addition, our synthetic endeavors rendered both natural products and some of their isomers
readily available for biological studies. These studies confirmed?3* the reported
acetylcholinesterase inhibitory activity of natural hopeahainol A, but failed to confirm the
reported cytotoxic activities of hopeanol.231 Overall, this project contributed to our growing
knowledge of the polyphenols and other resveratrol-related secondary metabolites?3° and
enriched our repertoire of cascade reactions.21:236

2.35. Bisanthraquinone Antibiotic BE-43472B

Isolated from certain species of Streptomyces,?3" bisanthraquinone antibiotic BE-43472B
(Figure 39) exhibited antitumor23” and antibiotic properties,238 including bactericidal
activity against clinical bacterial isolates of the Gram-positive pathogens methycillin-
susceptible Staphylococcus aureus (MSSA), methycillin-resistant S. aureus (MRSA),
vancomycin-resistant Enterococcus faecalis (VRE), and tetracyclic-resistant S. aureus
(TRSA).238 The appeal of its unique molecular architecture coupled with its promising
antibacterial properties led us to initiate a program directed toward its total synthesis. In
2009,239 we reported the first total synthesis and absolute configuration of antibiotic
BE-43472B featuring a number of striking reactions. One of the most impressive features of
this enantioselective synthesis239:240 js the cascade sequence initiated by a thermally-
facilitated intermolecular Diels-Alder process that led, upon two additional ring closures, to
the formation of the entire octacyclic framework of the target molecule. Another important
finding of the endeavor was and the photochemically-induced a.,3-epoxyketone
rearrangement to afford the molecule’s conjugated ketoenol structural motif. Demonstrating
the power of cascade reactions in the synthesis of complex molecules,?! the developed
strategy also emphasized the importance of the use of light and heat as means of achieving
green chemistry in chemical synthesis. The synthetic technologies developed also delivered,
in addition to the natural antibiotic BE-43472B, its enantiomer (that, interestingly, exhibited
comparable antibacterial properties) and a number of analogues for biological evaluation.
The latter investigations240 led to a set of useful structure-activity relationships (SARs),
opening the way for further chemical biology and medicinal chemistry efforts.

2.36. Sporolide B

Sporolide B24! js thought to be one of two chemical metabolites of the yet to be isolated
natural product named presporolide (a 9-membered ring enediyne whose spontaneous
Bergman cycloaromatization is expected to give sporolide B and its p-chlororegioisomer,
Figure 40).241 The unprecedented molecular architecture of this substance (isolated from the
marine Actinomycetes Salinospora tropica) and the mystique surrounding its origin
prompted us to undertake the ambitious task of its total synthesis. In 2009, we reported the
total synthesis of sporolide B242 and in the following year we published the full details of
our investigation.243 These included the synthesis of 9-epi-sporolide B and the exploration
of the hetero [4+2] cycloaddition reaction of o-quinones with indene-type dienophile
partners. Central to the synthetic strategy employed in this construction are a) the
ruthenium-catalyzed [2+2+2] cycloaddition reaction between a propargylic alcohol and a
chloroacetylenic cyclopentene to fashion the chloroindene domain, and b) the
intramolecular, thermally-induced [4+2] cycloaddition process to forge, concurrently, the
[1,4]-dioxane and the 13-membered macrocycle structural motifs of the molecule. The
exquisite performance of the intramolecular [4+2] cycloaddition process in selectively
forming the desired product became possible only after inversion of the C-9 substituent in
the precursor, a condition that was reversed in a subsequent step through a 1,3-directed
reduction of a carbonyl group to a hydroxyl moiety with the correct configuration. This
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rewarding campaign enriched our knowledge of o-quinones as partners in [4+2]
cycloadditions and demonstrated the power of this reaction in complex molecule
construction. It also expanded the scope of the ruthenium-catalyzed [2+2+2] cycloadditions
of chloroacetylenic substrates and highlighted their importance in reaching molecular
complexity of previously unknown type.

2.37. Vannusals A and B

One of the most puzzling structural problems we had the opportunity to solve in our group
through total synthesis was that of the vannusals. Isolated from the marine ciliate Euplotes
vannus, vannusals A and B were reported in 1999 (Figure 41).244 Their unique hexacyclic
molecular architectures, displaying 13 asymmetric centers, provided a formidable synthetic
challenge that lured us into a most adventurous campaign directed toward their total
synthesis. Indeed, the undertaken synthetic endeavor led to a successful synthesis of the
originally assigned vannusal B structure, but only to prove that it was incorrect.24® This
initially disappointing event precipitated a new campaign directed at the equally challenging
task of determining the true structures of vannusals A and B. It was after considerable effort,
and not before synthesizing eight vannusal isomers (of the 213 = 8192 possible
stereoisomers of the originally assigned structures), that we finally triumphed over this
structural conundrum.246 To be sure, it was because of this unexpected additional structural
challenge that, in the end, the vannusal project proved so enriching and rewarding, for it was
full of adventure and intrigue not to mention serendipity, defeat, triumph, and excitement.

Chemical highlights of the vannusal total synthesis endeavor include: a) admirable and well-
serving convergency as expressed in the lithium-mediated coupling of the AB domain (as a
vinyl lithium species) with the DE domain (as an aldehyde); b) a samarium diiodide-
mediated Sn2|-type cyclization to forge the final ring (C) of the molecule’s polycyclic
framework; and ¢) a number of stereoselective reactions that transformed the synthetic
strategy into a highly flexible route delivering an array of vannusal sterecisomers. In
addition to the prowess of the art of total synthesis, credit for the successful conclusion of
this project should be given to the students for their astuteness to employ enantiopure AB
fragment in combination with racemic DE fragment, a particularly fortunate event in this
case, for it eventually led to the realization that the required DE domain was the antipode of
that embedded in the originally assigned structure.244 This recognition was indeed the key to
solving the puzzle of the true structures of the vannusals, which turned out to require
inversion at eight stereogenic centers of the originally assigned structure. In concluding this
vignette, we should mention that the vannusal endeavor also included the development of a
rhodium enolate-based catalytic asymmetric reaction to form carbon-carbon bonds,24” the
expansion of the scope of samarium diiodide-based reactions in chemical synthesis,248 the
opportunity to test and demonstrate the power of computational methods to predict
structures,?49 and the rendering of these scarce marine natural products and their analogues
readily available for biological investigations.

2.38. Hirsutellone B

Isolated from a species of fungi, hirsutellone B and its congeners exhibited promising
properties against Mycobacterium tuberculosis, the causative pathogen of tuberculosis
(Figure 42).2%0 Its novel molecular architecture includes a fused [6,5,6]-tricyclic core, a y-
lactam, and a 13-membered p-cyclophane structural motif that possesses an ether linkage, a
ketone group, and a tertiary hydroxyl moiety. All in all, the hirsutellone B molecule includes
five rings and 10 stereogenic centers and presents a formidable and thorny synthetic
problem. Its major synthetic challenge derives from its rather strained p-cyclophane ring. Its
total synthesis?®1 featured an aesthetically pleasing diethylaluminium chloride-induced
cascade sequence that started from a polyunsaturated epoxide and proceeded through a

Chem Soc Rev. Author manuscript; available in PMC 2013 August 07.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Nicolaou et al.

Page 27

regio- and stereoselective epoxide opening and an intramolecular Diels-Alder reaction to
generate the molecule’s tricyclic core. Equally satisfying was a transannular Ramberg-
Béacklund reaction that formed the macrocyclic structural motif from a macrocyclic sulfone
one size larger than the rather intransigent 13-membered p-cyclophane system of the target
molecule. The developed synthetic route was also diverted from a key intermediate to
deliver, through a number of bioinspired steps, hirsutellones A and C,252 two of hirsutellone
B’s siblings as well as a number of analogues for biological investigations. A second total
synthesis of hirsutellone B was recently reported.253

2.39. Aspidophytine and Haplophytine

Haplophytine is the active insecticidal principle of the wild flower Haplophyton cimicidum,
valued for eons in Central America for its beauty and insecticidal properties (Figure 43).
Isolated in 1952254 and structurally elucidated in 1973,2%° this highly complex and
challenging natural product resisted the advances of synthetic organic chemists for almost
four decades?°® before it was conquered in 2009 by two groups, those of Fukuyama—
Tokuyama2>’ and ours (Nicolaou-Chen).2%8 In contrast, multiple syntheses of its smaller
relative (and one that represents its entire right wing where the crowded bridging C-C bond
is replaced with a hydrogen atom), aspidophytine, have been reported during the decade
ending in 2008,2%9 beginning with Corey’s unsurpassed cascade synthesis in 1999.259 The
last of these total syntheses of aspidophytine,25%f emanating from our laboratories, also
served to prepare the ground for our eventual total synthesis of the long sought-after
haplophytine.258

This strategy toward aspidophytine entailed rapid annulation of the D ring onto the indole
structural motif and a radical-based cyclization to forge the E ring of the molecule, allowing
for sufficient flexibility to accommaodate the more complex haplophytine intermediates that
were eventually grown into the target molecule. The final assembly of haplophytine was
achieved in an enantioselective manner and involved construction of the left wing of the
molecule with an indoline domain already installed, followed by conversion of the latter to
the requisite indole boronic acid derivative that allowed the incorporation of the D ring
through a palladium-catalyzed cross coupling reaction and sequential forging of the
remaining rings through a radical cyclization and an oxidative lactonization. Relying heavily
on powerful synthetic strategies and technologies, the total synthesis of haplophytine reflects
and symbolizes the sharp state of the art of chemical synthesis as it stands today.

2.40. Epicoccin G

Epicoccin G is a member of a large family of natural products characterized by their
conspicuous diketopiperazine structural motif which carries either a bis-methylthio moiety
or an epidithio system (Figure 44). Indeed, it is this unique structural domain that
distinguishes this class of compounds from any other and endows them with an array of
biological activities which include antiviral and cytotoxic properties. Isolated from the
endophytic fungus Epicoccum nigrum, epicoccin G exhibits anti-HIV activity in infected
C8166 cells with an 1Cs value of 13.5 £tM.260 Its C»-symmetric architecture displays, in
addition to the central bis-methylthio diketopiperazine system, two flanking bicyclic
frameworks, each carrying a 1,4-hydroxyketone moiety onto the outer, 6-membered
carbocyclic ring. Amenable to a bis-directional synthetic strategy, the structure of epicoccin
G pointed to a concise approach that utilized N-boc-tyrosine as a starting material, and
employed a stepwise dimerization process to construct a Co-symmetric bis-diene
diketopiperazine intermediate that served as the key template onto which the required
functionalities were crafted regio- and stereoselectively. These delicate operations were
carried out through a series of reactions— some of the cascade type—that are notable for
their aesthetic appeal and overall efficiency. These reactions included sulfenylation followed
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by sodium borohydride reduction of the resulting polysulfide species and in situ
methylation, singlet oxygen bis-[4+2] cycloaddition to furnish the two plannedendoperoxide
units, and regioselective Kornblum-DeLaMare rearrangement2%1 to afford the corresponding
bis-hydroxy enone, whose smooth hydrogenation in the presence of palladium hydroxide
catalyst gave the targeted natural product epicoccin G.262 Employing the same bis-diene
intermediate through a slightly modified sequence, 8,8 -epi-ent-rostratin B,263 a relative to
epicoccin G featuring an epidithiodiketopiperazine structural motif, was also synthesized,262
demonstrating the scope of the developed synthetic strategies and technologies. Among the
latter, the improved sulfenylation procedure?64 involving in situ generation of reactive sulfur
species by reacting Sg and NaHMDS followed by addition of the diketopiperazine substrate,
and the rarely used Kornblum-DeLaMare rearrangement, 261 are particularly notable.
Furthermore, this endeavor led to an array of rather exotic compounds carrying the special
epidithioketopiperazine and endoperoxide moieties that may reveal interesting chemical and
biological properties.

The above examples from our laboratories provide a demonstration of the newly acquired
power of total synthesis to reach higher levels of molecular complexity and a wider range of
structural diversity. Of particular significance in most of these projects was the broadening
of the total synthesis endeavor to include in its scope the discovery and development of new
synthetic strategies and technologies as well as the design, synthesis, and biological
investigation of novel analogues of the target molecules. Figure 45 summarizes the
inspirational features of nature’s molecules for total synthesis and the discoveries and
inventions often derived from such challenging but rewarding endeavors. Not to be forgotten
or underestimated are the unique educational and training opportunities provided to students
through such demanding research programs.

3. Contributions from Other Laboratories

The enterprise of the total synthesis of natural products and their derivatives of biological
and medical significance has seen a major surge that resulted in impressive strides in the last
few decades. These developments occurred primarily because of the abundance of enabling
new synthetic methods and strategies that emerged during this period, including asymmetric
catalysis, metal catalysis, the olefin metathesis reactions, organocatalysis, and cascade
sequences, among others. The achievements in total synthesis in recent decades from the
many laboratories practicing the art around the world are far too many to present here in any
detail due to space limitations. It suffices to say, however, collectively these
accomplishments provide a testament to the remarkable level of sophistication of the art of
total synthesis, its ability to replicate nature’s molecules in the laboratory, and it’s potential
to make important contributions to biology and medicine.

Figures 46-50 depicts a collection of selected natural products synthesized, together with the
principal investigators from whose laboratories these remarkable syntheses emanated26°-358
since 1999, when we last reviewed the art and science of total synthesis.® In that review, we
provided collections of some of the most intriguing molecules constructed in the laboratory
through total synthesis from 1828 when Friedrich Wa&hler synthesized urea to the end of the
twentieth century. As a new generation of synthetic organic chemists takes over the
trajectory of the art and science of total synthesis, we will, for sure, witness new leaps
forward in terms of efficiency, practicality, and biomedical applications.

4. Conclusion and Future Perspectives

As highlighted above, the state of the art of total synthesis continues its ascent through
innovative approaches and support from new methodological and conceptual advances.
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These improvements are manifested in higher efficiencies, shorter processes, greener
chemistry, elegant strategies and new synthetic technologies. In addition, and most
significantly, the science of total synthesis has moved beyond the molecule and into the
domain of its biological function and potential in medicine. Thus, endeavors in total
synthesis are often the prelude of further investigations directed toward the design,
synthesis, and biological evaluation of analogues. Frequently, such studies lead to useful
biological tools and drug candidates, thereby resulting in much added value to the endeavor.
Another recent phenomenon within the realm of total synthesis is the increase in
interdisciplinary collaborations of its practitioners with biologists and scientists from the
pharmaceutical and biotechnology industries. These efforts should strengthen and accelerate
translational research, which is destined to yield new biomedical breakthroughs and cures
for disease. Indeed, the road from nature to the laboratories of chemistry and biology and
into the clinic has seen many glorious achievements in the past.1:14 With the newer trends in
total synthesis, this road can only get smoother and more effective in delivering benefits to
society.
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Figure 3.

Selected natural products synthesized in the author’s laboratories (selected references given
in the text).
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Selected natural products synthesized in the author’s laboratories (selected references given

in the text).
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Biomimetic Total Synthesis of Endiandric Acids A-G

H Endiandric acid C
® Isolated from

Endiandra introrsa

Electrocyclization
. . i " "
Electrocyclization Conformational “wem. "Electrocyclization
—T
switch

*® The Diels—Alder reaction *® The Woodward-Hoffmann rules *® Cascade reactions

Figurebs.
Highlights of the biomimetic total synthesis of endiandric acids (1982).
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Total Synthesis of Efrotomycin
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Figure6.
Highlights of the total synthesis of efrotomycin (1984).
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Total Synthesis of Amphotericin B
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Figure7.
Highlights of the total synthesis of amphotericin B (1987).

Chem Soc Rev. Author manuscript; available in PMC 2013 August 07.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Nicolaou et al.

Total Synthesis of Calicheamiciny,
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Figure8.
Highlights of the total synthesis of calicheamicin y1' (1992).
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Total Synthesis of Rapamycin
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Figure9.
Highlights of the total synthesis of rapamycin (1993).
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®Water soluble
pro-drugs

Figure 10.

Total Synthesis of Taxol®
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Highlights of the total synthesis of Taxol® (1994).
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Total Synthesis of Zaragozic Acid A
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Figure11.
Highlights of the total synthesis of zaragozic acid A (1994).
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Total Synthesis of Brevetoxins A and B
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Figure 12.
Highlights of the total synthesis of brevetoxins A and B (1983-1998).
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Chemical Synthesis and Biology of Epothilones
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Figure 13.
Highlights of the total synthesis of epothilones (1996-2006).
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Total Synthesis of Eleutherobin and Sarcodictyins
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Figure 14.

Highlights of the total synthesis of eleutherobin and sarcodictyins A and B (1997).
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Total Synthesis and Chemical Biology of Vancomycin
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Figure15.
Highlights of the total synthesis of vancomycin (1998-2002).
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Total Synthesis of Sanglifehrin A
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Figure 16.
Highlights of the total synthesis of sanglifehrin A (1999).
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Biomimetic Total Synthesis of Bisorbicillinoids
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Figure17.
Highlights of the total synthesis of bisorbicillinoids trichodimerol, bisorbibutenolide and
bisorbicillinol (1999).
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Total Synthesis of Everninomicin
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Figure 18.
Highlights of the total synthesis of everninomicin 13,384-1 (1999).
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Total Synthesis of CP Molecules
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Figure19.
Highlights of the total synthesis of CP molecules (1999).
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Optically Encoded Combinatorial Chemistry: Benzopyrans
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Figure 20.
Highlights of the solid phase combinatorial synthesis of benzopyran natural and designed
molecules (2000).
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Total Synthesis of Colombiasin A
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Figure 21.
Highlights of the total synthesis of colombiasin A (2001).
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Total Synthesis of Hybocarpone
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Figure 22.
Highlights of the total synthesis of hybocarpone (2001).
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Total Synthesis of Apoptolidin
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Figure 23.
Highlights of the total synthesis of apoptolidin (2001).
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Total Synthesis of Coleophomones B and C
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Figure 24.
Highlights of the total synthesis of coleophomones B and C (2002).
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Total Synthesis of Diazonamide A
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Figure 25.
Highlights of the total synthesis of diazonamide A (2002-2003).
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Figure 26.

Highlights of the total synthesis of 1- O-methyllateriflorone (2003-2004).
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Total Synthesis of Thiostrepton
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Figure27.
Highlights of the total synthesis of thiostrepton (2004).
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Figure 28.

Highlights of the total synthesis and structural revision of azaspiracid-1, -2, and -3

(2004-2006).
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The Cytoskyrin A Cascade: 2,2"-epi-Cytoskyrin A,
Rugulosin, and Alleged Structure of Rugulin
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Page 80

Highlights of the total synthesis of 2,2|-epf-cytoskyrin A, rugulosin and alleged structure of

rugulin (2005-2007).
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Page 81

Total Synthesis of Abyssomycin C and atrop-Abyssomycin C
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Highlights of the total synthesis of abyssomycin C and atrgp-abyssomycin C (2006-2007).
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Total Synthesis of Marinomycins A-C
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Figure 31.
Highlights of the total synthesis of marinomycins A, B and C (2006-2007).
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Total Synthesis of Platensimycin
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Figure 32.
Highlights of the total synthesis of platensimycin (2007-2010).
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Total Synthesis of Kinamycins C, F and J
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Br 0 Me
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1. H,, PdIC; TBSCI
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® Debenzylation Rovis catalyst
\Hy(.:lraz.one forr'natio.n Kinamycin c . . .
® Oxidation; desilylation  ® Antibjotic and antitumoga@ent Benzoin-type coupling

1.Ac,0
2.Sml,; Et,N

E 3.8e0,

4. aq. HF; Ac,0

® Acetylation ® Hydroxylation

® Deoxygenation ® Deprotection BnO OMe ©

® Conjugation ® Acetylation [Conjugate addition in
absence of acetonide]

Figure 33.
Highlights of the total synthesis of kinamycin C, F and J (2007).
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Total Synthesis of Uncialamycin
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structure
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®benzenoid Z
diradical I« Lme| ODMB
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(IC4, 9x10°° M), breast (IC,; 8x10~°
M), lung (IC,, 2x10-° M) and CNS
(IC4, 6x107° M) tumor cells and
several bacterial strains l

1. Phi(OAc),, AllocN
MeOH

CeCly
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2. Pd(PPhy),Cl,,
n-BuzSnH

Figure 34.
Highlights of the total synthesis, structural elucidation, and biological evaluation of

uncialamycin (2007-2010).
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Total Synthesis of Biyouyanagins A and B
H H
/\—»:H)\r%me Etozc—dwu ¥
[cat] [co-cat]
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® Organocatalytic cascade h

Me
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configuration around cyclobutane
H
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® Structural revision

& o
H (o) g
Biyouyapagin A pe”” % ® Regioisomer :H

(51%) -‘§ Biyouyanagin C T\/Ie M E
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» [2+2] Photocycloaddition } | (3%)

Phl, CO, CO,, Et,N
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ent-zingiberene
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®Transition - a
state Pd-catalyzed cascade

Figure 35.
Highlights of the total synthesis and structural revision of biyouyanagins A and B
(2007-2011).
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Total Synthesis of Platencin
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Figure 36.
Highlights of the total synthesis of platencin (2008-2010).
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Total Synthesis of Cortistatin A

® 1,4-Addition/Aldol/dehydration

cascade

® Cortistatin J
also synthesized

Me,NH,

Ti(0i-Pr), | ®Epoxide

Figure 37.

[o]

H,0
e
H
l ®Elaboration

OTBS l -

A Heptacyclic structure
Sisoquinoline moiety

M
Cortistatin A © ot

Mlsolated from Corticium simplex
MAnti-angiogenic properties

Pd(PPh,),
(cat.)

®Palladium-catalyzed Suzuki-Miyaura coupling

Highlights of the total synthesis of cortistatin A (2008-2009).
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Total Synthesis of Hopeanol and Hopeahainol A

Hopeahainol A_2H

Misolated from Hopea
hainanensis

®Reported as an inhibitor of
acetylcholinesterase

(X=0HorBr)

Figure 38.

Highlights of the total synthesis of polyphenols hopeanol and hopeahainol A (2009).

® Lactone opening
»C-C Bond formation

Hopeanol

Misolated from Hopea hainanensis
and Hopea exalata
® Reported as a cytotoxic agent

® Novel molecular structures

®Racemic and enantioselective
total syntheses

® Cascade reactions

1.1BX MeQ
2. NaHCO,

AcO
®Oxidation
®Deacetylation
®Demethylation

®Epoxidation <
™ Cyclization [Friedel-Crafts]
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Total Synthesis of Bisanthraquinone Antibiotic BE-43472B

OTBS

cascade
® Photoinduced ketoepoxide rearrangement
® Diels—Alder initiated cascade to cast octacyclic framework
hv

m——
cascade
Antibiotic
BE-43472B

®Isolated from certain species of Actinomycetes 0
® Active against MSSA, MRSA, TRSA and VRE
™ Possesses antibactericidal activity (99.9% kill)

Figure 39.

Page 90

Highlights of the total synthesis of bisanthraquinone antibiotic BE-43472B (2009-2010).
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Total Synthesis of Sporolide B
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» Novel molecular
presporolide architecture
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BnO OMe .
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* Single regioisomer

Highlighfs of the total synthesis of sporolide B and 9-ep/-sporolide B (2009-2010).
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®Enantiopure

® Structural revision

Vannusal B
[originally
assigned] ljh

Figure41l.

8 o

Total Synthesis of Vannusal A and B

® [plus diastereomer, ca. 1:1]

MCyclization
precursor

Sml,,

OAc
VannuSal B
[revised]

»lsolated from ciliate Euplotes vannus
" 6 rings, 13 stereocenters

» Rhodium-catalyzed 3-component
asymmetric conjugate addition/

» Enzymatic resolution \[
aldol cascade reaction OBOM

W

» Sml,-induced cyclization ®Vannusal A also synthesized

Page 92

Highlights of the total synthesis and structural revision of vannusals A and B (2009-2010).
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Total Synthesis of Hirsutellone B

endo transition state

@/
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Me"’ ) ) 2 R
R R ACY
SN s " Polyolefin epoxide cyclization/Diels—-Alder cascade

® Isolated from Hirsutella nivea

» Active against Mycobacterium
tuberculosis

» [6.5.6] Tricyclic core, y-lactam,
13-membered p-cyclophane

NH,, MeOH
H,0, 120 °C

® Cascade

1. KOH/ALLO,
CF,Br,

2. LIHMDS,
NCCO,Me

Figure 42.
Highlights of the total synthesis of hirsutellone B (2009).
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Total Synthesis of Haplophytine

®Hypervalent iodine-
mediated coupling _ ®Phl(CF,CO),

Eactamization
Misolated from
0 Haplophyton cimicidum
®Vilsmeier-Haack ;o @ o ::’gtgnt insecticide
cyclization rings
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® Oxidative lactonization

N
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rearrangement

[Suzuki coupling 3
\ and selective N\ 0" \"Me
OMe H carbamate cleavage] OMe COMe Me

Me \
O Mo Commm OMe CO,M:
g i e 2Me

Figure 43.
Highlights of the total synthesis of haplophytine (2009).
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Total Synthesis of Epicoccin G

S,, NaHMDS

™ Bismethylthio-
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1. Sg, NaHMDS; o H H e hV_, o,
2. NaBH,; Kl [Singlet oxygen
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lS
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(©)
™ Bisendoperoxide . .
Epldlsulf‘ ide epidithiodiketopiperazine ™ Bisendoperoxide

Figure 44.

Highlights of the total synthesis of dithioketopiperazines epicoccin G and 8,8|-ep/r-ent

rostratin (2011).
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Advancing the Art and Science of Total Synthesis

© New Levels of Molecular Complexity and Diversity
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Figure 45.
Advancing the art and science of total synthesis through inspirations from nature (1976-

2001).
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Figure 46.
Selected natural products synthesized in various laboratories since 2000.
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Selected natural products synthesized in various laboratories since 2000.

Chem Soc Rev. Author manuscript; available in PMC 2013 August 07.

Page 98



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Nicolaou et al.

Me:

Lyconadin A
[Smith 111, 2007]2%%2
[Sarpong, 200829

Lyconadin B
[Smith I1l, 2007]2%%a

[Fukuyama, 2011]29%¢

Mersicarpine
[Kerr, 2008]3022
[Fukuyama, 2010]302°

Me

Maduropeptin chromophore
[Sato, Hirama, 2009]°%%

Pauciflorol F 11,11"-Dideoxyverticillin A
[Snyder, 20093098 [Movassaghi, 2009310
[Sarpong, 2009]30% &l
[Yang, 2011)30% °
[Heo, 20111%%¢ 05 ot
ca o c
Me- S %
Cl CI  CI Hexachlorosulfolipid

e

0" M on N

3 ;ﬁﬂﬁrﬂﬁo

N

M
@ .5
:Pr!\(/fu
s

M

| o
s N i s
<> N L

[Ma, 2008]22

Tubulysin B

e M
a0,
M
Cyanthiwigin F
[Stoltz, 2008]3%0

0

Rubioncolin B
[Trauner, 2008]3°"

Spirangien A
[Paterson, 2008204

0 E
O HO™ meOH

HN
O A_O.
Yj’\ WONT ome
N 0 L
Meo™N e e om Me\v L e e e MMNO
o Hiot': o Y Y Y AR
HrN K Me

N / OH OH
me " On A Me
1 Saliniketal A (R = H)
I and B (R = OH)
N [Paterson, 2008

OH  Minfiensine [De Brabander, 2009]38®

[Overman, 2005]%072
[Qin, 2008]%70

COH [MacMillan, 2009]%07¢
[Padwa, 2011]307¢
[Zhang, Qiu, 2011]%07

[Wessjohann, 2009]°%8 NH

[Carreira, 2009]13
[Yoshimitsu, 2010313

Micrococcin P1
[Ciufolini, 2009]3'5

Figure 48.

€ C C Danicalipin A

H
Ho, HO [ Me
T
Ve
N\
Me,
U HY

Psychotrimine
[Takayama, 2008]31225
Chaetocin - [Baran, 2008]312¢
[Sodeoka, 2010]

(€]
0805 cl cl °
0805

[Vanderwal, 2009!3‘3c
[Umezawa, 2011]313d

Vincorine
[Yoshimitsu, 2011]313¢

[Qin, 2009314 Me

—,
Me

Vinigrol
[Baran, 2009)*'®

Gymnodimine Me
[Romo, 2009317

Selected natural products synthesized in various laboratories since 2000.
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Selected natural products synthesized in various laboratories since 2000.
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