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1. Introduction

Born in the now occupied part of Cyprus, I was not exactly
poised for an academic career in chemistry, certainly not
one that would bring my pen to these pages. Rather, the
privilege of writing this essay is due overwhelmingly to my
good fortune of encountering so many resplendent people.
These individuals opened paths and helped me travel a
personal odyssey which led me westwards where I found a
new home in California, not so different in landscape and
beauty from the one I lost in Cyprus. It is, therefore, with
great pleasure that I accepted the invitation from Professor
Stephen Martin to write this essay in the tradition set by Sir
Derek Barton. Through my words I would like to pay tribute
both to my teachers, who kindled my interest in chemistry
and shaped my philosophy, and to my students, who
participated in the science that I am about to briefly
describe. But, first, the beginning…

Growing up in the panoramic village of Karavas on the
northern coast of Cyprus was an incredibly enriching
experience, despite the absence of material goods other than
those provided by nature. With the Mediterranean Sea
defining the idyllic coast on one side, and the sharply
ascending pine-covered mountains on the other, the village
was buried in lemon groves, thereby earning its epithet as
the ‘Lemon Capital’ of Cyprus, if not the whole of Europe.
The cold spring waters gushing from the picturesque
mountains ensured a year-round verdant canopy and an
abundance of fruits and vegetables to accompany the fish

and game which provided nourishment for the village
inhabitants.

My father could only become a builder, having received
schooling no further than the third grade, not an architect, a
profession that he respected enormously—and one that he
wanted me to enter. Yet, I must have found this idea too
‘earthy’, for I remember being much more interested in the
ethereal and I was leaning towards the study of astronomy
instead. While my father was concerned with my future, my
mother was more interested in the immediate needs of the
family, which included keeping me, my younger brother and
four younger sisters fed, warm and well brought up. Being
the eldest sibling, I had to contribute to the family’s income
and thus my first job begun in these early years; indeed, my
opening assignment came at the age of seven and was to
deliver milk to the wealthy locals on a secondhand bicycle
my father had bought for me, and that made me the envy of
my peers. Rising early, I collected the bottles filled with
milk from our sole cow, another shrewd purchase of my
father’s, and set off precariously to undertake the task before
the school-day commenced. Having spent my first 13 years
in this humble environment beside the Mediterranean Sea
attending primary school, farming in the fields and
delivering goods, and playing in the most natural and placid
surroundings, I was then sent to Nicosia, the capital of
Cyprus, to attend the Pancyprian Gymnasium, a most
prestigious and highly disciplined high school. My Uncle
John provided me not only with a warm place to stay, but
also with my first ‘laboratory’ where I could practice
making cakes in his confectionary shop. There I quickly
learned the art of making pastry, and I developed a love for
it and a taste for the ‘synthesized’ products. In fact, I was
flattered by several local professionals who thought that I
was so creative at making pastries and birthday cakes that
upon completion of high school I should stay in Cyprus
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where “I had a great future ahead of me practicing the art”.
Needless to say, I turned down the offer and traveled abroad
to further my studies.

However, it was at that high school in Nicosia where I had
the good fortune to encounter my first chemistry teacher,
Dr Telemachos Charalambous, who immediately and
decisively inspired me and instilled in me the passion for
chemistry. For his guidance and enthusiasm and for showing
me the way, I will be eternally grateful.

My journey west began upon graduation from the
Pancyprian Gymnasium when, at the age of 18, I traveled
to England where I intended to pursue studies in chemistry.
Before entering University, however, I had to first learn
English and then pass the required entrance examinations. I
did both while undertaking a number of eclectic jobs, which
included working in a rubber factory and a sausage
establishment, but most frequently in ‘fish and chip’
shops. The latter endeavor once again brought me much
‘fame’ and my many admirers made me offers to go into
partnerships with them for they saw ‘a great future for me’
in this sort of business as well. For a second time, I defied
my aficionados and pushed forward with my original plan to
study chemistry.

I entered Bedford College, London in 1966, where I studied
chemistry under the watchful eyes of Drs Margaret Harris,
Muriel Hall and Roger Bolton, among others, and by the
summer of 1969 I had offers from both Sir Derek Barton and
Franz Sondheimer to do my PhD under their tutelage. My
intention was to visit their respective laboratories before
making a final decision, yet I only partially executed this

plan. My first visit was with Franz Sondheimer at University
College, London (UCL), who introduced me to Peter
Garratt, his protégé. I was so utterly mesmerized and
fascinated by both men and their annulene and related
chemistry that I accepted immediately, skipping the trip to
Imperial College, London to meet Barton. I joined the
Sondheimer–Garratt group in September of 1969 only to
learn a month later that Derek Barton was the Nobel Prize
winner in chemistry for that year. I could not help but
wonder at the time whether I made a mistake in not choosing
Barton over the UCL group; in retrospect, I think not.
Indeed, that would have been a different pathway, whose
richness I will never know. What I do know, however, is that
the road I chose at that crucial fork led me towards an
unimaginable adventure full of excitement and rewards, and
I am grateful to both Peter and Franz for their caring
mentorship.

My 3 years at University College were highly enjoyable and
most fulfilling. In the group I met people like Andy
B. Holmes, Brian Metcalf and K. C. P. Vollhardt, and
worked on some captivating molecules of theoretical
interest (see Fig. 1†),1 – 6 apparently making enough of an
impression on my mentors to be sent still further west, this
time across the Atlantic to America where I would join the
group of Thomas J. Katz at Columbia University. The
sequence of events that led to my association with Tom Katz
may also be of some anecdotal amusement. From London, I

Figure 1. PhD studies at University College, London with Peter J. Garratt and Franz Sondheimer: cyclic allenes, cumulenes and an early asymmetric induction
with sparteine.

† The figurines at the top left (foot race) and right (torch relay race) corners
of each figure depict scenes from the Olympic Games in ancient Greece,
symbolizing the competitive struggle of man to reach new heights and the
passing of the torch of knowledge to the new generation.
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had written to E. J. Corey, Ronald Breslow and Tom Katz
for a possible postdoctoral stint. E. J. was the first to reply
with a succinct and polite no. Tom Katz, who happened to
be Peter Garratt’s PhD mentor, responded that he would
love to have me, but unfortunately his NSF grant was in
jeopardy, so he sent his regrets with apologies. That left
Breslow, whom, in the meantime, I had the pleasure of
meeting at University College where he had been invited to
lecture. He was both charming and forthcoming with an
offer which had settled the matter for me quite nicely until a
few weeks before my departure for New York. Katz had
dispatched a letter to us in London happily announcing that
his grant had come through and that, if I was still interested,
I could join his group. In an accompanying letter from
Breslow, he explained that this would be okay with him and
it was really up to me. I chose Katz in whose group I spent
the first few months attempting, unsuccessfully I must
admit, to synthesize tetrahedrane. But I did succeed in
convincing Tom to let me move into another project
involving the chemistry of benzvalene (see Fig. 2)7 where I
initially used some mercury compounds as reagents. That
led, within days, to a euphoric excitement at Columbia
where the Nakanishi group claimed to have isolated the
‘first mercury-containing natural product’. Needless to say,
however, this euphoria was soon dispelled and replaced by
depression for them and total embarrassment for me, for it
was my sample which had contaminated the mass spec,
misleading the Nakanishi camp into their wishful thinking
that they had landed a ‘coup’ in natural product chemistry.
The success of my second project prompted a concerned
inquiry from Tom as to what I wanted to do the following
year, to which I replied: “Oh, maybe I will just go back to
England for an industrial job somewhere”. “Why?” he said;
“don’t you want to stay for another year?” “No”, I replied,
“Not unless I had the chance to work with somebody like

Woodward or Corey”. “Well”, he said, “I know them both;
do you want me to arrange a position with either of them?”
“Maybe not…I am not sure. Really?” I said, “I will let you
know tomorrow…” A strong force was pulling me back to
England at the time so I had to deliberate, check,
negotiate… The next morning as soon as Tom came in, I
was in his office with a firm, “Yes!” Within a week I had two
offers, one from Woodward and one from Corey… What to
do was the next dilemma. Brief discussions with Katz,
Breslow and Stork, among others, and my own gut feeling,
led me to choose the younger man, of the two; so, a few
months later, I arrived with my lovely newlywed bride,
Georgette, at Harvard to work in E. J. Corey’s laboratory—
most likely it was unbeknown to him that I was the very
same postdoctoral candidate whom he had turned down
eighteen months earlier!

The Harvard years were delightful both scientifically and
socially. Corey was a marvelous teacher–mentor and I
learned from his incredible genius, methodical approach to
science, and admirable discipline. And this is where I
met people like Larry Blaszczak, Mark Bock,
S. Chandrasekaran, Dale Boger, Robert H.-K. Chen, Rick
Danheiser, Jean-Bernard Ducep, Dieter Enders, Harry
Ensley, Camille Falk, Mike Fitzpatrick, Tapio Hase,
Marty Haslanger, Paul Helquist, Peter Johnson, Sunggak
Kim, Robert Lett, Yoshimasa Machida, Larry Melvin,
Johhan Mulzer, Koichi Narasaka, Homer Pierce, Rama Rao,
Peter Sheldrake, Masakatsu Shibasaki, Takeshi Toru,
Eugene Trybulski, Skip Volante, and David Williams,
among many other highly talented individuals, whose
science has become legendary and continues to shape the
world of chemical synthesis and medicinal chemistry to this
day. My work in the Corey group took me from
prostaglandins to macrolides (see Fig. 3). The ‘Greek

Figure 2. Postdoctoral studies at Columbia with Thomas J. Katz: experimenting with benzvalene after giving up attempts to synthesize tetrahedrane.
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Gods’ and good luck must have been with me, for my efforts
were met with considerable success in the form of 14
publications8 – 21 which accumulated within a short period of
time. But despite this impressive record and E. J.’s strong
support, I was turned down for an academic position by
several schools—both in Canada and the US. The
University of Pennsylvania (Penn), however, came up
trumps thanks to people like Mike Cava, Madeleine Joullié,
Charles Price, Bryan Roberts, Amos Smith, and Ed
Thornton, to all of whom I will be forever grateful for
giving me a chance. I had arrived in Cambridge with one
girl and I left with two: Colette, our daughter, was born on
17 June, 1976, at the Brigham and Women’s Hospital. But,
eventually, our family would be further blessed with three
sons, Alexander, Christopher and P. J. Two months later we
arrived in Philadelphia where I would begin my independent
career at the University of Pennsylvania. It was Katz who
initiated a crucial turning point in my career and Corey who
launched me into it full throttle; to both I owe much…

My arrival at Penn in August 1976 was met most warmly by
my organic chemistry colleagues in the department, but
most notably by Madeleine M. Joullié. Indeed, it was with
her generous and enthusiastic support that I began in earnest
to set up a laboratory and to assemble a group of students to
assist me as I embarked on my academic career as a
teacher–scholar.

2. A total synthesis that went astray, new synthetic
technologies, and chemical biology

One of the first projects initiated at Penn in 1976 was that
which was directed towards the total synthesis of brefeldin
A, a fungal metabolite with striking biological activity

against the Golgi apparatus. The strategy went astray
quickly, but a discovery was made along the way that would
decisively shape things to come. Failing to cyclize a
sensitive unsaturated carboxylic acid by the classical
halolactonization reaction, we were lured by PhSeBr and
related selenium reagents as potential initiators for ring
closure such as the one we had failed to perform with
bromine or iodine. It was thus that the phenylseleno-
lactonization22 and -etherification23 reactions were devel-
oped. At precisely this time the structure of prostacyclin, the
powerful vasodilator and antithrombotic agent, was dis-
closed by Sir John Vane, an event that would significantly
influence our future research. Enticed by the remarkable
biological activity of this arachidonic acid metabolite and in
making the connection between its structure and the
potential of our selenium-based synthetic technologies to
construct analogs for biological studies we were afforded
with a good reason to abandon the total synthesis of
brefeldin A in favor of a program directed at the chemical
synthesis and chemical biology explorations of the newly
discovered prostacyclin and its related eicosanoid, throm-
boxane A2, discovered earlier by Bengt Samuelsson. Thus
was born the passion for defining research programs around
biologically active natural products that would include, in
addition to the main objective of total synthesis, the
discovery and invention of new synthetic technologies and
chemical biology studies. This early foray into such
thematic endeavors led to the design and chemical synthesis
of several novel prostacyclins and thromboxanes such as
isoprostacyclins,24,25 carboprostacyclin,26 pinane throm-
boxanes A2,27 and carbocyclic thromboxane A2,28 com-
pounds which greatly facilitated biological investigations
in the eicosanoid field (see Fig. 4).29 This investigative
approach of weaving together total synthesis endeavors with
the discovery and development of new synthetic methods

Figure 3. Postdoctoral studies at Harvard with E. J. Corey: targeting prostaglandins and macrolides and learning the art of major league synthesis.
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and technologies, and with explorations in chemical biology
served us well as it did the fields of chemistry, biology and
medicine in the intervening 25 years. A glimpse at some
exemplars at this stage may be instructive, serving to place
in better perspective the highlights that will follow.

In the 1980s, the group continued to make important
contributions to the fields of total synthesis, new synthetic
technologies, and chemical biology. Thus a series of total
syntheses were accomplished, including those of the smooth
muscle constricting substance zoapatanol, the first total
synthesis to be accomplished in our laboratories, various
leukotrienes, hydroxyarachidonic acids and lipoxins, carbo-
mycin and leucomycin-related targets, antibiotic X14547A,
forskolin, aurodox and efrotomycin, endiandric acids A–G,
and amphotericin B (vide infra). It was also during the early
1980s that the group recognized the importance of
carbohydrates in natural products chemistry and the
synthetic deficiencies for their installation into complex
molecular frameworks, and ventured into the carbohydrate
field. Thus, as a part of the program directed towards the
synthesis of O-mycinosyl tylonolide A4, a new method for
the attachment of the sugar to the aglycon was sought and
found through the use of phenylthioglycosides as glycosyl
donors under the activating influence of the electrophilic
reagent N-bromosuccinimide (NBS). This discovery served
as the cornerstone to the bridge between pre-existing
knowledge on thioglycosides and one of today’s most
powerful glycosidation methods employing electrophilic
reagents as activators. We were also able to elucidate the
important connection between the stable thioglycosides and
the highly reactive glycosyl fluorides by enlisting the action
of the fluorinating agent DAST. Thus, the two-stage
activation protocol for a reiterative glycosidation procedure

for the synthesis of complex oligosaccharides was born.
First applied in the total synthesis of efrotomycin (vide
infra), this method found many subsequent applications.
It was also during this period that our explorations in
carbohydrate chemistry led to the discovery of the
stereospecific and highly useful 1,2-phenylsulfenyl
migrations within carbohydrate frameworks. Starting with
2-hydroxy phenylthioglycosides, these migrations allowed
the development of efficient and stereocontrolled methods
for the synthesis of a- and b-2-deoxyglycosides. In further
forays, these reactions were extended to include migrations
of methoxy, acetoxy and azido groups, with the latter
opening an expedient entry into the important class of amino
sugars. As a direct consequence of these breakthroughs in
methodology, the total synthesis of a number of highly
complex and biologically important oligosaccharides
became possible. These included the biologically important
rhynosporosides and globo- and lysoglobotriasylceramide
(Gb3, LysGb3) (vide infra). Most significantly, the pre-
conditions for new knowledge in chemistry and biology
became a standard requirement for most of our future total
synthesis projects.

The 1990s saw a notable surge in the research activities of
the group in total synthesis, new synthetic technologies, and
chemical biology, coinciding with our move to The Scripps
Research Institute and the University of California, San
Diego. During this ‘Golden Age’, these three lines of
investigation were even more intimately and cohesively
interwoven productively and in harmony within several
projects, including those centered around the molecules of
calicheamicin g1

I , rapamycin, Taxole, zaragozic acid,
balanol, brevetoxins A and B, epothilones, eleutherobins
and sarcodictyins, vancomycin, the CP-molecules,

Figure 4. The first discoveries and inventions at Penn: plunging into the ocean of independent research with a total synthesis that never finished, but which led,
nevertheless, to rewarding discoveries and inventions in new synthetic technologies, molecular design, and chemical biology studies.
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everninomicin, the bisorbicillinoids, the benzopyran natural
products, and psammaplin A, amongst others.

At the dawn of the 21st century, and with fidelity to the
original theme of the art and science of total synthesis, the
group continued in the pursuit of basic knowledge with
new targets such as colombiasin A, hybocarpone, the
hamigerans, apoptolidin, 1-O-methylforbesione, the coleo-
phomones, and diazonamide A.

In order to appreciate the important developments in
chemical synthesis and chemical biology derived from
such total synthesis endeavors, a number of these projects
are separately highlighted below.

3. Total syntheses

3.1. Estra-1,3,5(10)-trien-17-one

Despite the large body of synthetic work directed toward
their structures, the steroid hormones have continued to
serve as appealing targets to test the power of new synthetic
strategies and technologies. In the late 1970s, we were
intrigued by the possibility of producing such structures by
the simple method of generating an o-quinodimethane
through the cheletropic elimination of SO2, and trapping
it via an intramolecular Diels – Alder reaction. This
proposition worked admirably well, requiring construction
of two building blocks, coupling them to afford the
precursor sulfone, and thermolysing the latter to give the
targeted estra-1,3,5(10)-trien-17-one (see Fig. 5)30 in an
efficient and stereoselective manner.

3.2. Zoapatanol

Zoapatanol was the first natural product to succumb to total
synthesis in our laboratories at Penn, and, as such,
commands special status in our history. Isolated from the
leaves of zaopatle (Montanoa tomentosa, a plant used by
the Aztecs for centuries to induce both labor and abortion),
this naturally occurring substance was constructed via a
route that featured a chelation-controlled addition of a
Grignard reagent to establish the tertiary center and a
regioselective epoxide opening by an internal hydroxyl
group to form the oxepane system of the target molecule in
an efficient manner (see Fig. 6).31 This initial accomplish-
ment, modest as it was by today’s standards, provided the
group with the courage and confidence to undertake more
daring projects with considerable success, as we shall see
below.

3.3. Antibiotic X-14547A

The unusual structure and powerful biological activity of
antibiotic X-14547A (later named indanamycin) provided
enough enticement for the group to initiate a program
directed toward its total synthesis. To be sure the
challenging structure of this product raised the bar higher
for us, testing our ability to tackle increasingly demanding
levels of molecular complexity. An asymmetric installation
of the first chiral center was followed by construction of a
geometrically appropriate triene system and an intra-
molecular Diels–Alder reaction to furnish the indane
segment of the target molecule, with its four chiral centers
in their proper stereochemical arrangement. Coupling of this
fragment with the tetrahydropyran segment through a Julia
reaction and subsequent further elaboration allowed the

Figure 5. Expedient entry to the steroid nucleus via the intramolecular Diels–Alder reaction of an o-quinodimethane, generated by cheletropic elimination of
SO2.

K. C. Nicolaou / Tetrahedron 59 (2003) 6683–67386688



attachment of the ketopyrrole side-chain, a task facilitated
by a new method specifically developed for this project (see
Fig. 7).32

3.4. Mycinosyl tylonolide

The value of carbohydrates as building blocks for total

synthesis did not escape our attention, as it did not a number
of other practitioners of the art. Following the ‘chiral pool’
approach in the early 1980s, we initiated programs directed
toward the 16-membered ring macrolide antibiotics, a
subclass of the polyene macrolide antibiotics which had
stood for a long time as bastions of resistance to total
synthesis. The deadlock was overcome when our efforts

Figure 6. Zoapatanol: the first total synthesis of the group.

Figure 7. An intramolecular Diels–Alder reaction facilitates the stereocontrolled total synthesis of architecturally novel ionophone antibiotic X-14547A
(Indanamycin).
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culminated, in 1982, in the total synthesis of mycinosyl
tylonolide (see Fig. 8).33 Among the groundbreaking
discoveries and inventions made during this program were
the demonstration of the use of carbohydrates as building
blocks for the construction of complex natural products, the

discovery of the NBS-thioglycoside glycosidation method34

and the establishment of the intramolecular ketophospho-
nate–aldehyde coupling reaction as a powerful means to
forge the macrocyclic rings of the polyene macrolides.
These early technologies and successes enabled subsequent

Figure 8. Carbohydrates in total synthesis: ketophosphonate-aldehyde condensations in the synthesis of polyene and related macrolide antibiotics, and
thioglycosides as glycosyl donors are the signature new synthetic technologies developed in this early total synthesis endeavor by the group.

Figure 9. Involving a remarkable series of electrocyclization reactions, the ‘biomimetic’ total synthesis of endiandric acids furnished, simultaneously and in a
stereospecific manner, two complex natural products, each containing four rings and eight stereogenic centers, from prochiral, polyunsaturated precursors.
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developments in the field and pointed the way to further
refinements leading to the current thioglycoside glycosida-
tion methods.

3.5. Endiandric acids

Following the report of the isolation and possible biogenetic
origins of the endiandric acids A, B and C, by St. Black et al.
in 1980, we became fascinated by the possibility of
producing these compounds in the laboratory by mimicking
Nature’s supposed route. Indeed, the group developed both
stepwise and ‘biomimetic’ total syntheses to these and
related compounds, some of which were later found to be
naturally occurring as well (see Fig. 9).35 Based on a
splendid cascade of elecrocyclization reactions
(a conrotatory 8p electrocyclization, a disrotatory 6p
electrocyclization and an intamolecular [4þ2] cycloaddition),
the biomimetic strategy involved the construction of poly-
unsaturated, prochiral precursors containing at least seven
sites of unsaturation, whose geometry was designed so as to
allow the initiation of the sequence (cis, cis for the internal
double bonds of the conjugated tetraene), and to ensure the
stereospecific formation of all eight stereogenic centers
present in each of the two types of natural products. This
highly pleasing exploit stands as a classic example
of biomimetic total synthesis and cascade reactions in organic
synthesis alongside Sir Robert Robinson’s tropinone synthesis
and W. S. Johnson’s cationic synthesis of steroids.

3.6. Linear eicosanoids: leukotrienes, dihydroxy
arachidonic acids, and lipoxins

The discovery of several linear bioactive eicosanoids such
as the leukotrienes, dihydroxy arachidonic acids, and

lipoxins in the late 1970s and 1980s stimulated considerable
interest in these human hormones. Chemical synthesis
proved to be crucial to both their characterization and
biological investigation.36 – 38 In addition to aiding bio-
logical studies, our syntheses of these scarce, but valuable,
substances exploited and decisively demonstrated the power
of palladium-catalyzed coupling reactions in total synthesis
(see Fig. 10);39 much was to follow in this area of chemical
synthesis. Thus, by verifying the applicability of palladium-
catalyzed cross-coupling reactions in complex molecule
construction and by enabling biological investigations,
these early successes played a role in advancing the fields
of both organic synthesis and chemical biology.

3.7. Efrotomycin

The complex structure of the antibiotic efrotomycin,
containing an all-cis tetrasubstituted tetrahydrofuran
moiety, three carbohydrate units and 28 sites of isomerism
(21 stereocenters and 7 olefinic bonds), presented a
formidable synthetic challenge in the early 1980s and
certainly a higher level of complexity for the group. Several
new and long-lasting synthetic technologies were developed
during this project (see Fig. 11).40 Thus, a solution for the
construction of the unusually substituted tetrahydrofuran
system was derived from an original study on intra-
molecular oligoepoxide openings, while the oligosaccharide
segment of the molecule required the development of the
two-stage activation procedure for oligosaccharide syn-
thesis via phenylthioglycosides and glycosyl fluorides,
eluded to above. It was rewarding to realize, in retrospect,
that beyond the total synthesis of efrotomycin (and its
naturally occurring sibling, aurodox), both these new
synthetic techniques found extensive applications elsewhere

Figure 10. Representing some of the earliest applications of palladium-catalyzed coupling reactions in total synthesis, the chemical synthesis of leukotrienes,
dihydroxy arachidonic acids and lipoxins facilitated chemical biology studies in the eicosanoid field.
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and led to several modifications in subsequent studies in
many other laboratories.

3.8. Rhynchosporosides

As part of our vision for advancing carbohydrate chemistry,

we considered the rhynchosporosides as important targets
for chemical synthesis. Isolated from rhynchosporium
secalis, these pentasaccharides were shown to cause scald
disease in barley. Their structures provided a challenge to
our thioglycoside-based two-stage activation procedure for
oligosaccharide synthesis,41 a task that was accomplished

Figure 11. The total synthesis of efrotomycin introduced, for the first time, polyepoxide cyclization to form the all-cis tetrahydrofuran ring system of the target
molecule, and the two-stage activation procedure for the construction of the oligosaccharide domain employing thioglycosides and glycosyl fluorides.

Figure 12. The total synthesis of the rhynchosporosides was a convincing demonstration of the power of the two-stage activation procedure in the synthesis of
complex oligosaccharides.
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stereoselectively and efficiently in 1985 through application
of the method (see Fig. 12).42 This achievement would lay
the foundation for our future successes in synthesizing
oligosaccharides of higher complexity, as we shall discuss
below.

3.9. Amphotericin B

In our quest to advance the field of total synthesis to new
heights, the group searched for an even more complex target
molecule to tackle. As a representative of the polyene class
of macrolide antibiotics and a clinically used antifungal
agent, amphotericin B represented an attractive, albeit
highly complex, synthetic target in the 1980s. Besides
providing a measure of the state of the art at the time, the
total synthesis of this molecule,43 accomplished by the
group in 1987, had a number of impressive features
associated with it (see Fig. 13). For example, it demon-
strated the power of the intramolecular ketophosphonate–
aldehyde condensation44 in forming highly complex and
sensitive macrocycles; in this instance, the record (for the
time) 36-membered ring of the target molecule was attained.
This mild and efficient method has since been called upon to
solve numerous other challenging problems connected with
macrocyclic ring construction. In addition, the designed
strategy focused on a number of subtle symmetry elements
in the structure of the target molecule, recognition of which
allowed the utilization of a series of aesthetically pleasing
maneuvers in the synthesis. Thus, the ‘left’ and the ‘right’
segments were both obtained from the same tartaric acid-
derived epoxide, while the ‘top’ polyol system was
constructed from either of the two enantiomeric xyloses,
or the same allylic alcohol via asymmetric epoxidation

employing the two enantiomers of diethyl tartrate to induce
chirality transfer. The special strategies developed for the
removal45 and attachment of the target’s rather unique
amino sugar moiety are also worthy of note.

3.10. Tumor-associated Lex glycosphingolipids

The Lex family of tumor-associated glycosphingolipids
includes several antigens of which trimeric Lex is the most
prominently complex. In an effort to demonstrate the power
of our two-stage activation procedure41 and in order to
render these marker molecules available for chemical
biology studies we initiated, in the 1980s, a program
directed towards their chemical synthesis. These studies
culminated in the construction of several members of the
class as exemplified by the total synthesis of the
undecasaccharide trimeric Lex, which was accomplished
in 1990 (see Fig. 14).46 Special protecting groups and
reaction conditions were employed in these syntheses; their
reliance on the two-stage activation procedure was pivotal,
leading to highly stereocontrolled and efficient chemical
routes to these important glycoconjugates.

3.11. NodRm-IV factors

Isolated from Rhizobium melitoti, the NodRm-IV factors
were found to affect organogenesis and root morphology of
the grasses alfalfa and vetch. Their tetracyclic structures
carrying an unsaturated chain, an amide bond and a sulfate
group provided an interesting challenge to chemical
synthesis. This demand was met in our laboratories in
1992 through the application of the glycosyl fluoride
technology (see Fig. 15),47 an achievement that

Figure 13. The total synthesis of amphotericin B featured both the chiral pool and asymmetric reactions to secure the molecule’s multiple stereogenic centers.
Characterized by a remarkable macrocyclization process involving a ketophosphonate-aldehyde condensation to form the 36-membered ring, this synthesis
featured a number of novel synthetic maneuvers for the oxidative removal and stereocontrolled installation of the amino sugar moiety.
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enabled their further biological investigation as nodulation
signals.

3.12. Sialic Lex and dimeric sialyl Lex

The sialic Lex ligand and related oligosaccharides moved to

center stage in the early 1990s due to their binding affinities
to ELAM-1 and other selectins implicated in inflammation
processes. Their natural scarcity dictated the necessity for a
chemical synthesis, a call that was answered by a number of
groups, including ours.48,49 The total synthesis49 of dimeric
sialyl Lex, the most complex member of this family of

Figure 14. The total synthesis of complex tumor-associated antigens such as the trimeric Lex, accomplished in 1990, demonstrated the power of chemical
synthesis in rendering these naturally occurring, but scarce, substances readily available.

Figure 15. The total synthesis of the NodRm-IV factors demonstrated the power and enabling nature of chemical synthesis for chemical biology studies in
plant morphology.

K. C. Nicolaou / Tetrahedron 59 (2003) 6683–67386694



oligosaccharides, accomplished in 1992, is exemplary of the
group’s work in this field (see Fig. 16). A site-selective,
sulfur-directed glycosidation with a sialic acid derivative
followed by a second regioselective coupling allowed
incorporation of the seven carbohydrate units exhibited
within this challenging structure. Once again, these
syntheses enabled useful biological investigations and
extended the reach of chemical synthesis into new realms
of molecular complexity.

3.13. Calicheamicin and the enediynes

Rarely before had a project in total synthesis yielded as
much information and knowledge in the fields of new
synthetic technologies and strategies, physical organic
chemistry, and chemical biology as the enediyne program
did in our laboratories (see Fig. 17). Not only did the group
carry out the first systematic study of the chemical
properties of cyclic enediynes50 and report the first synthetic
enediyne to cleave DNA,51 but also it was the first to
achieve the total synthesis52 of calicheamicin g1

I itself, the
flagship of this fascinating family of antitumor antibiotics.
Completed in 1992, the total synthesis of calicheamicin
represented a new standard for us in terms of novelty and
complexity of molecular architecture and importance of
biological activity, and set an exciting pace for what was to
follow in our laboratories for the rest of the decade.

The total synthesis itself constituted a rewarding combi-
nation of convergency and daring maneuvers to construct
the enediyne core and the oligosaccharide domain of the
structure. Notable features of this synthesis include an
intramolecular [3þ2] nitrile oxide cycloaddition, an intra-
molecular acetylide–aldehyde coupling reaction to form the

10-membered enediyne ring, a unique [3,3] sigmatropic
rearrangement to construct the sulfur-containing sugar
moiety, a stereoselective Mitsunobu-type reaction to install
the unusual O–NH bond, and a key glycosidation procedure
that forged the complete framework of the target molecule.

Most significantly, the total synthesis of calicheamicin was
accompanied by myriad new designs and discoveries in the
fields of chemical synthesis and chemical biology. Thus,
numerous enediynes were designed, and routes for their
construction were developed. These designed enediynes
ranged in molecular structure from very simple cyclic
hydrocarbons to highly sophisticated systems equipped with
triggering devices activated by light, pH changes, or other
chemical means to induce Bergman cycloaromatization,
leading to damaging benzenoid diradicals. The extensive
chemical and biological studies of these synthetic enediynes
defined parameters for the stability, activation and bio-
logical action of such systems, which set the stage for the
evolution of the enediyne field, an area that continues to
attract many investigators from chemistry, biology and
medicine to this day. In addition to the enediynes, this
project led to the discovery of the DNA-cleaving and
cytotoxic properties of propargylic and allenic sulfones and
to a new body of knowledge regarding DNA–oligosac-
charide interactions. Indeed, it was the ability to synthesize
several calicheamicin-type oligosaccharides—some with
varied substituents on the aromatic ring (replacing iodide),
and some tethered together as dimers and trimers—which
allowed their interactions with duplex DNA to be studied by
NMR spectroscopy as well as by DNA cleavage and
electrophoresis techniques. Among the many impressive
accomplishments of the group in this area, three stand out.
The first is the construction of a head-to-tail calicheamicin

Figure 16. The total synthesis of sialic Lex, sulfated sialic Lex, dimeric sialyl Lex, and related compounds enabled chemical biology studies in the area of
inflammation.
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oligosaccharide dimer that was found to exhibit subnano-
molar affinity and high sequence specificity for certain
duplex DNA strands,53 and which also exhibited the ability
to inhibit transcription factor binding to DNA. The second
discovery came with the chemical synthesis of calicheami-
cin u1 (SAc instead of SSSMe) which proved to be more
potent than the naturally occurring compound both in terms
of cleaving DNA and killing tumor cells by initiating
apoptosis.54 The third notable development in the field was
the design, synthesis and study of stable, but easily
activated, enediynes55 inspired by the structure of
dynemicin, another naturally occurring enediyne antitumor
antibiotic. Some of these in vivo activated compounds
exhibited potencies against tumor cells at picomolar
concentrations. Incidentally, calicheamicin g1

I conjugated
to a recombinant human antibody has recently been
approved by the FDA for the treatment of certain types of
leukemia (Mylotarge, American Home Products).56

3.14. Rapamycin

The field of immunosuppression and organ transplantation
had taken a new life with the advent of cyclosporin,
FK506 and rapamycin in the 1980s and 1990s. The
latter compound, currently in clinical use (Rapamunee,
American Home Products), became a ‘hot’ target for total
synthesis in the early 1990s due to its recognized
relationship to FK506, its fascinating mode of action
involving binding to two proteins (FKBP-12 and FRAP),
and because of its potential as an immunosuppressant and
anticancer agent. The group was the first to accomplish the
total synthesis of rapamycin in 1993 (see Fig. 18).57 More

importantly, this synthesis was accompanied by a number of
interesting developments in the fields of synthetic tech-
nologies and chemical biology. Most remarkable, among
the former was a rather spectacular and unprecedented
maneuver involving a double Stille-stitching cyclization
process to form the macrocycle of the molecule, a strategy
that was subsequently followed by other investigators in
their macrocycle-forming endeavors. Another important
observation made during this project was the discovery that
a designed rapamycin analog58 possessing only the FKBP-
12 binding domain of the molecule lacked biological
activity despite its ability to bind to FKBP-12, a property
that was in line with rapamycin’s mechanism of action.

3.15. Taxole

A daunting synthetic challenge of the 1980s and 1990s was
that posed by the molecule of Taxole. In 1994, the group
was the first to report the total synthesis of Taxole in the
journal Nature.59 In this highly cited synthesis, the two
flanking rings of the main framework of Taxole, rings A
and C, were constructed via Diels–Alder reactions, each of
which is admirable for different reasons (see Fig. 19). Thus,
while the first Diels–Alder reaction leading to ring A is
remarkable in its exclusive regiochemistry despite the
appearance of prohibiting steric congestion, the second
cycloaddition leading to ring C is notable for the way it was
coaxed to deliver the desired regiochemical result via boron
tethering to appropriately orient the two reaction partners.
Subsequent steps in this convergent synthesis included two
important coupling processes, namely the rarely used in
total synthesis Shapiro reaction, and the McMurry reaction

Figure 17. The enediyne program resulted in the first total synthesis of calicheamicin and the development of both new synthetic technologies and strategies for
the construction of cyclic enediyne systems. The developed synthetic technology allowed the synthesis of designed enediynes with triggering devices and the
elucidation of the physical, chemical and biological properties of these novel molecular entities. In addition to furnishing the first synthetic enediynes with
DNA-cleaving properties, these studies also led to a number of extremely potent cytotoxic agents and shed considerable light on carbohydrate–DNA
interactions.
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which was employed as the key process to form Taxole’s
most challenging domain, ring B. Most significant were the
chemical biology studies that accompanied this project.
These included the design, synthesis and biological

investigation of several water-soluble taxoids and prodrugs,
a self-assembling Taxole derivative that formed helices in
aqueous media,60 and a number of fluorescent probes.61 The
availability of such molecules via chemical synthesis

Figure 18. A most striking feature of the total synthesis of rapamycin was the palladium-catalyzed, double Stille ‘stitching cyclization’ procedure utilizing an
acyclic divinyl iodide precursor and a trans-vinyldistannane to form the target molecule in a single step and without protecting groups. The developed
technology enabled the construction of a designed rapamycin analog containing only the FKBP-12-binding domain which, despite its affinity for FKBP-12,
exhibited no rapamycin-type biological activity since it lacked the ability to sequester FRAP.

Figure 19. The highly convergent total synthesis of Taxole involved two remarkable and regio-controlled Diels–Alder reactions to construct rings A and C, a
Shapiro coupling to join the two fragments, and an intramolecular McMurry-type reaction to form the strained, 8-membered ring of the molecule. Final
elaboration included installation of the oxetane ring, attachment of the side-chain, and deprotection.
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facilitated conformational studies by NMR spectroscopy
and tubulin binding investigations, and led to the identifi-
cation of taxoid nanostructures with remarkable physical
and biological properties. It is worth noting that Taxole has
since become a best-selling anticancer agent used to treat
cancer patients around the world. Taxoteree, a Taxole
analog, is also in clinical use as an anticancer agent.62

3.16. Balanol

The enticement provided by balanol’s novel molecular
architecture was enhanced considerably by its high potency
as an inhibitor of protein kinase C, a widely studied
phosphorylation enzyme implicated in a variety of physio-
logical states, including cardiovascular disorders and
inflammation. The total synthesis of balanol was accom-
plished by a convergent strategy that involved construction
and coupling of its two structural domains (see Fig. 20).63

Most significantly, the developed synthetic technology was
utilized to synthesize a series of designed balanol analogs
that facilitated biological investigations within this family
of enzymes.64

3.17. Zaragozic acid

The lure of the zaragozic acids, a class of substances
isolated from extracts of certain fungal species, had its
origins in both architectural and biological features.
Amongst the members of this family of secondary
metabolites, zaragozic acid A, due to its complexity and
potent biological activity, commanded our primary atten-
tion. Its bicyclic ketal core was unprecedented while its
inhibitory activity against squalene synthase was impressive
as it led to dramatic cholesterol-lowering effects. Zaragozic

acid A’s unique structure was reached, in its enantio-
merically pure form, by asymmetrically modifying a
prochiral precursor to an advanced key intermediate which
upon acid-induced rearrangement led, through a designed
cascade sequence, to the molecule’s highly oxygenated core
(see Fig. 21).65,66

3.18. Brevetoxins A and B

The brevetoxin projects (A and B) began in the 1980s and
were completed in the 1990s after long, but highly
rewarding campaigns (see Fig. 22). The synthetic odyssey67

directed towards the total synthesis of brevetoxin B is
distinguished not only by the delivery of the most complex
natural product targeted by the group, but also by its
duration—12 years in all. Significantly, this project also
distinguished itself as one of the most enriching in terms of
new synthetic technologies and overall impact on the art and
science of total synthesis. Thus, not only did the successful
completion of the synthesis require redesigning the overall
strategy several times, but also it necessitated the invention
and development of numerous new synthetic methods for
the construction of the cyclic ethers and carbon–carbon
bonds associated with this structure. Among the most
prominent of these methods are the following: (a) the regio-
and stereocontrolled hydroxyepoxide openings for the
synthesis of tetrahydropyrans effected by placing an olefinic
moiety adjacent to the remote C–O bond of the epoxide
group;68 (b) the silver-promoted hydroxydithioketal cycli-
zation for the construction of oxocene systems;69 (c) the
bridging of macrodithionolactones to form bicyclic systems
induced by electron donating reagents such as sodium
naphthalenide;70 (d) the hydroxyketone cyclization induced
by silicon reagents to form oxepane systems;71 (e) the

Figure 20. The total synthesis of balanol featured a convergent strategy and employed a facile rearrangement of an aryllithium ester to form the bis-aryl system
of the molecule. Synthesized analogs facilitated studies in the protein kinase C and related fields.
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Figure 21. The total synthesis of zaragozic acid A served as a powerful demonstration of asymmetric synthesis techniques and featured a remarkable
rearrangement brought about by an acid-induced cascade sequence.

Figure 22. The total synthesis of brevetoxins A and B was a relentless campaign of discovery and invention of new synthetic technologies to solve the
formidable challenges posed by the multiple rings contained within the structures of these target molecules. Among the most useful and intriguing methods for
constructing medium-sized rings developed during this program were the hydroxydithioketal cyclization to form oxocenes, the palladium-catalyzed couplings
of vinylketeneacetal phosphates with vinyl stannanes, and the bridging of macrodithionolactones to form bicycles of the type found in these polyether marine
natural products. In addition to accomplishing the total syntheses of these highly complex and architecturally beautiful molecules and the plethora of new
synthetic technologies arising during this synthetic odyssey, a number of theoretically interesting molecules, including a stable and crystalline 1,2-dithietane,
were synthesized and studied for the first time.
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photolytic bridging of dithionoesters to form oxepanes upon
extrusion of sulfur;72 (f) the addition of nucleophiles to
thionolactones as a means to convert lactones to cyclic
ethers;73 and (g) the deoxygenation method for converting
lactones to cyclic ethers involving radical-based reduction
of the corresponding thionolactones.74

These methods were supplemented with several other
synthetic technologies emerging from the brevetoxin A
project75 (Fig. 22) and work related to other complex
polyether natural products. Thus, a powerful method was
developed for functionalizing lactones76 and lactams77 to
various intermediates by palladium-catalyzed carbon–
carbon bond formation between the corresponding ketene-
acetal phosphates and a number of organometallic reagents
such as vinylstannanes and zinc reagents. As such, a variety
of strained, medium-sized cyclic ethers, including the
9-membered ring of brevetoxin A, were synthesized and
an asymmetric synthesis of cyclic amino acids was
developed. In addition to this methodology, a number of
olefin metathesis-based technologies were designed
specifically for the construction of cyclic polyether systems
directly from olefinic esters, and were successfully applied
to the construction of several of maitotoxin’s (a highly
complex relative of the brevetoxins) structural domains.78

Further benefits from the brevetoxin projects included the
synthesis of the first stable 1,2-dithietane ring system79 (see
Fig. 22), whose X-ray crystallographic analysis revealed its
theoretically interesting structural parameters. Finally, a
truncated brevetoxin B, containing only seven of the natural
product’s rings, was constructed for chemical biology
studies shedding light on the mechanism of action of this
neurotoxin.80

It is pleasing to note that the chemistry of marine polyether-
based neurotoxins and related bioactive compounds con-
tinues to this day to be vigorous and vibrant, especially from
the synthetic point of view.

3.19. Swinholide A

Isolated from the sponge Theonella swinhoei, this marine
natural product was traced to symbiotic heterotrophic
unicellular bacteria. Swinholide A possesses potent anti-
fungal and antitumor activities and its challenging structure
is characterized by C2 symmetry, a 40-membered macrolide
ring, two conjugated diene systems, two trisubstituted pyran
systems, two disubstituted dihydropyran rings, and 30
stereogenic centers. The scarcity and important biological
properties of this molecule prompted us to embark on its
total synthesis, a task that was accomplished in our
laboratories in 1996 (Fig. 23).81 The synthesis featured a
number of new synthetic reactions, including a novel
cyclization to form the dihydropyran systems and a coupling
reaction based on a nucleophilic opening of a cyclic sulfate
as well as a Yamaguchi macrolactonization to forge the
molecule’s large ring. Extensions of the developed
technology included construction of swinholide A’s
relatives, preswinholide A and its methyl ester, and
hemiswinholide A.

3.20. Epothilones and radiofrequency encoded
combinatorial chemistry

Hailed to be superior to Taxole as potential anticancer
agents because of their ability to kill taxol-resistant tumor
cells, the epothilones rose to high priority status as synthetic
targets in the mid 1990s. The attraction was not only due to

Figure 23. The stereocontrolled total synthesis of swinholide A utilized a number of novel synthetic reactions for carbon–carbon and carbon–oxygen bond
formation, including a Yamaguchi-type macrocyclization.
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their novel molecular architecture, but also because of the
opportunity they presented for the development of new and
enabling synthetic technologies for chemical biology
studies and their promise as novel chemotherapeutic agents.
The group’s endeavors in this area contributed significantly
to both the fields of total synthesis and chemical biology
(see Fig. 24).82 Importantly, the group also exploited the
opportunity to demonstrate, for the first time, the power of
solid phase chemistry and radiofrequency encoded combi-
natorial synthesis83 in complex molecule construction.
Thus, having accomplished the total synthesis of epothi-
lones A and B in solution by two distinctly different
strategies using either olefin metathesis84 or macrolactoni-
zation85 as key ring-forming reactions, the group moved to
design and execute a solid phase total synthesis of
epothilone A by an olefin metathesis-based strategy
involving a cyclorelease step.86 The developed synthetic
technology was then applied in conjunction with the
previously developed IRORI technology to the combinator-
ial synthesis of compound libraries for biological screen-
ing.87 The latter included tubulin polymerization and in
vitro cytotoxicity assays and, in certain cases, in vivo
studies. The combinatorial chemistry developed in this
project represents the first example where analog libraries of
complex natural products were synthesized by solid phase
total synthesis and a classic example of the use of the IRORI
radiofrequency-based technology. The combined solution
and solid phase synthetic studies, together with the
indispensable biological investigations, led to the discovery
of a number of highly potent epothilones, including a series
of pyridine-, cyclopropyl- and thiomethyl-containing ana-
logs.88 Most significantly, these studies led to a compre-

hensive structure–activity relationship picture in the
epothilone field and set the stage for follow-up studies in
academic and industrial laboratories. A number of epothi-
lones including one from this group, are currently in clinical
trials as anticancer agents.

3.21. Eleutherobins and sarcodictyins

Related to Taxole and epothilones A and B by a common
mechanism of action, the eleutherobins and sarcodictyins
are potent antitumor agents exerting their cytotoxicity via
tubulin polymerization and microtubule stabilization. Their
scarce natural abundance as marine natural products elicited
the group’s interest in their total synthesis, a task that was
accomplished in 199789 (see Fig. 25). Starting with the
abundantly available (þ)-carvone, these targets were
synthesized by a route which involved an intramolecular
acetylide–aldehyde coupling reaction to form the molecule’s
10-membered ring. This was followed by further elabora-
tion, a second ring closure of the tertiary alcohol, appro-
priately positioned by the adjacent cis double bond, onto a
carbonyl group to secure the 5-membered ring system, and
final manipulation of the side-chains and protecting groups.
A solid phase synthesis of these molecules was also
developed and applied to the construction of combinatorial
analog libraries for biological investigations.90 In addition to
allowing assignment of the absolute stereochemistry and
providing the naturally occurring substances in quantity for
in vivo studies, the endeavor resulted in new synthetic
technologies, both for solution and solid phase chemistry,
and in the discovery of a number of potent cytotoxic agents,
some more active than the natural products.

Figure 24. In addition to the total syntheses of several naturally occurring epothilones, the epothilone project resulted in a multitude of new and enabling
synthetic technologies and chemical biology discoveries. Among them are the solid phase cyclorelease-based strategy for combinatorial synthesis involving
olefin metathesis and using IRORI Microkanse, as well as the design, synthesis and biological investigation of highly active antitumor agents such as a series
of cyclopropane and pyridine analogs.
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3.22. Solution and solid phase synthesis of complex
oligosaccharides

The field of solid phase oligosaccharide synthesis is

currently assuming center stage due to the potential
importance of these molecules in glycobiology and
medicine. The group has made a number of early and
influential contributions to this field. These investigations

Figure 25. Starting with (þ)-carvone, the eleutherobin and sarcodictyin total syntheses involved two novel ring closures and aspects of solid phase chemistry,
thereby enabling the assignment of absolute stereochemistry and the construction of analog libraries. Chemical biology studies facilitated by these chemical
syntheses allowed extensive investigations of these scarce natural products and identification of a number of potent tubulin binding analogs with promising
antitumor properties.

Figure 26. The development of a photolabile linker for solid phase chemistry allowed the rapid construction of a heptasaccharide phytoalexin elicitor,
demonstrating the power of thioglycoside activation in complex oligosaccharide synthesis.
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began with the discovery that electrophilic reagents such as
NBS could be used to activate the stable and readily
available thioglycosides for glycosidation reactions with
stoichiometric amounts of glycosyl acceptors34 as already
mentioned above. Reported in 1982, this development was
the basis for the two-stage activation glycosidation
procedure41 involving thioglycosides and glycosyl fluor-
ides, and served as a precursor to several other newer
technologies employing related electrophilic reagents such
as DMTST and NIS. In a climactic campaign to synthesize
complex oligosaccharides with important biological activi-
ties, the group applied such technologies to the construction
of the tumor-associated Lex-type antigens (1990, see Fig.
14),46 the binding ligands to ELAM-1, sialyl Lex and
dimeric sialyl Lex (1992, see Fig. 16),48,49 the Rhizobium
nodulation signals NodRm-IV factors (1992, see Fig. 15)
and the sulfated E-selectin ligands Lex and Lea (1993).91 In
1997 and 1998, the group utilized similar thioglycoside-
based chemistry in combination with a block-type strategy
to develop a practical solid phase synthesis of several
additional complex oligosaccharides. Thus, a naturally
occurring heptasaccharide (HPE) (1997, see Fig. 26)92 and
a designed dodecasaccharide (1998, see Fig. 27)93 were
constructed on polystyrene-derived resins. Highlights of the
latter technology included the design and incorporation of a
photo-labile linker, which was also susceptible to cleavage
by base or sulfur-nucleophiles, leading to various anomeric
derivatives. Of particular interest in this approach are the so
derived thioglycosides, which are ready for incorporation
into the growing oligosaccharide chain, allowing for an
iterative and convergent strategy for solid phase chemistry
amenable to combinatorial synthesis and automation (see
Fig. 27). We were pleased to see how these original

contributions have subsequently impacted favorably the
oligosaccharide field.

3.23. Alkannin and shikonin

The enantiomerically related natural products alkannin and
shikonin isolated from European and Oriental plants,
respectively, were intriguing to us not only due to their
fascinating structures, but also because of their unique
biological activities.94 Their total synthesis95 featured a
divergent approach leading, from a common prochiral
precursor, to the two required enantiomeric alcohols via
asymmetric reductions and a final anodic oxidation-
deprotection protocol which delivered each natural product
selectively and efficiently through an electronically-driven
tautomerization event (see Fig. 28).

3.24. Vancomycin

Due to its highly complex molecular architecture, vanco-
mycin, the antibiotic of last resort, resisted total synthesis
until the late 1990s.96 The group was among the first to
report the total synthesis of the aglycon portion of
vancomycin in 1998,97 and the first to accomplish the
total synthesis of the entire structure (1999, see Fig. 29).98

Most importantly, the accomplished synthesis was
accompanied by the development of new synthetic tech-
nologies such as the method utilized to construct the two
macrocyclic bis-arylethers of the target natural product.99

The developed triazene-driven, arylether-forming reaction
has been proven to be highly general and is applicable to
both cyclic and acyclic systems as well as extendable to the
formation of thioethers. Another notable development in

Figure 27. The solid phase synthesis of complex oligosaccharides involving a doubly cleavable linker proceeded through a block-type, reiterative strategy
which capitalized on the ease with which thioglycosides can be prepared and their ability to serve as glycosyl donors upon electrophilic activation. Amenable to
automation, this highly efficient strategy has been employed to synthesize an array of complex oligosaccharides, including a naturally occurring
heptasaccharide and a designed dodecasaccharide.
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this program was the asymmetric synthesis of enantiomeri-
cally enriched atropisomers of biphenyl-type molecules.98

The vancomycin project also led to new enabling tech-
nologies for solid phase synthesis and combinatorial

chemistry. Thus, a new selenium-based linker was devel-
oped through which carboxylic acids, amines and alcohols
could be attached to a solid support for elaboration and final
cleavage, leading to easily removable Alloc-protected

Figure 28. The expedient total syntheses of the enantiomeric wound-healing natural products alkannin and shikonin relied on a subtle, electronically driven
tautomerization of the quinone–dihydroquinone system.

Figure 29. In addition to culminating in the first total synthesis of the natural product, the vancomycin program included aspects of new synthetic technologies
such as the triazene-driven cyclization to form macrocyclic bis-aryl ethers, solid phase and combinatorial chemistry such as the design of novel linkers and the
target-accelerated combinatorial synthesis strategy that facilitated the discovery of a series of highly potent antibacterial agents active against vancomycin-
resistant bacteria.
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systems. This technology was instrumental in loading
vancomycin onto a polystyrene-type resin and degrading it
to its aglycon for re-construction and generation of analogs
to produce combinatorial libraries for biological screen-
ing.100 A second combinatorial strategy was developed for
the synthesis of vancomycin dimers. Termed target-
accelerated combinatorial synthesis because it was carried
out in the presence of vancomycin’s biological target,
L-Lys-D-Ala-D-Ala, this strategy was rationally designed101

using previously delineated dynamic library construction
principles and the knowledge that vancomycin dimers were
known to exhibit higher affinities for the antibiotic’s
biological target. By utilizing either olefin metathesis or
disulfide bond formation, this combinatorial approach
enabled the rapid identification of a number of extremely
potent antibiotics effective against methicillin- and vanco-
mycin-resistant bacteria (most potent compounds reported
to date, MIC,0.25 mg/mL).102 Overall, this highly reward-
ing program in total synthesis led to contributions in several
areas, including methodology, solid phase synthesis,
combinatorial chemistry, and chemical biology. In light of
the fact that the last line of defense provided by vancomycin
has recently been broken by some vancomycin-resistant
bacteria, the discovery of new vancomycin-based anti-
biotics active against these strains is highly significant.103

3.25. Sanglifehrin

Sanglifehrin, a compound isolated from Streptomyces sp.
A92-309110 by Novartis scientists, provided a particularly
appealing synthetic target due to its unusual structure and
potent immunosuppressive properties. A research program
in our group culminated, in 1999, in the first total synthesis
of this novel naturally occurring substance (see Fig. 30).104

The cornerstone reaction of the developed stereocontrolled
strategy was the palladium-catalyzed Stille coupling which
was utilized twice and in a chemoselective manner in this
synthesis, first to construct the macrocycle and second to
effect the union of the two major domains of the molecule.
Other highlights in this endeavor included the use of the
Paterson aldol protocol to construct the spirolactam
fragment and carbodiimide-based methodology to assemble
the rather unusual peptide backbone.

3.26. Bisorbicillinoids

The bisorbicillinoids are a fascinating group of naturally
occurring substances, most of which are related by
isomerism, though not necessarily by molecular architecture
(see Fig. 31). Most prominent among them are tricho-
dimerol, bisorbibutenolide, and bisorbicillinol. These sub-
stances are characterized by novel and seemingly unrelated
molecular structures and possess biological activities
ranging from inhibition of tumor necrosis factor a
(TNF-a) production to antioxidant properties. A close
inspection of the structures of these molecules led to a
hypothesis for their biosynthesis pointing to sorbicillin, a
natural product itself, as a possible biogenetic precursor.
Thus, initial enzymatic oxidation of sorbicillin at a specific
site was envisioned to trigger two distinctly different
cascade sequences leading to the bisorbicillinoids. The
group was the first to propose a plausible biosynthetic
pathway for the generation of trichodimerol105 and among
the first to execute,106 in the laboratory, biomimetic total
syntheses of all three natural products mentioned above.
The biomimetic total synthesis of trichodimerol (also
reported by E. J. Corey)107 commenced from sorbicillin
by lead tetraacetate oxidation followed by an admirable

Figure 30. The total synthesis of sanglifehrin featured a novel spirolactamization reaction and a double Stille coupling reaction to assemble the macrocycle and
the diene moiety bridging the two domains of the molecule.
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double Michael reaction/ketalization sequence between an
equilibrated mixture of two quinols which proceeded under
certain, carefully controlled conditions. Equally impressive
was the coaxing of this quinol mixture towards the
bisorbicillinol structure under a different set of conditions.
Subsequent base-induced rearrangement of bisorbicillinol
led directly to bisorbutenolide. These investigations pro-
vided a highly pleasing set of biomimetic strategies toward
natural products and, together with the endiandric acid
cascades discussed above, stand as signature contributions
in biomimetic total synthesis, a theme which has constantly
been a part of the group’s endeavors.

3.27. Everninomicin

As one of the most promising antibiotics, everninomicin
13,384-1 presented an attractive synthetic target in the mid-
1990s. The synthetic appeal of this molecule was enhanced
by its novel and challenging molecular architecture that
included no less than 13 rings and 35 stereocenters.
Particularly challenging within everninomicin’s structure
were the two orthoester linkages, not only because of their
lability, but also due to their stereochemical arrangement
(see Fig. 32). In addition, the molecule boasted several other
synthetically challenging features, including multiple
2-deoxy glycoside bonds and the 1,10-disaccharide bridges
linking rings F and G, and their corresponding stereo-
chemical requirements. In 1999, the group reported the total
synthesis of everninomicin,108 representing, perhaps, the
most complex oligosaccharide-based molecule to be
synthesized in the laboratory to date. Most significantly,
this accomplishment was marked with numerous new
synthetic technologies, among which the most prominent

being the selenium-based stereoselective method for the
construction of orthoester moieties and 2-deoxy glycoside
bonds.109 Involving a 1,2-phenylseleno-migration, this
sequence proceeds in a highly efficient and stereocontrolled
manner both in solution and on solid phase, and comp-
lements the group’s previously developed phenylsulfeno-
migrations which have found several applications in
carbohydrate chemistry.110 Other synthetic technologies
developed during the everninomicin program included a
stereoselective tin acetal-based method109,111 for the
synthesis of 1,10-disaccharides and 10,10,100-trisaccharides
and various new approaches to carbohydrate-based mol-
ecular diversity.109

3.28. CP-molecules

The unprecedented structures of the CP-molecules, reported
in the mid-1990s, and the formidable challenge they posed
to synthetic chemistry elicited considerable research
activities directed towards their total synthesis around the
world. In addition, due to their inhibitory activities against
squalene synthase (lowering cholesterol levels) and farnesyl
transferase (pointing to potential leads to cancer chemo-
therapy), these molecules offered opportunities for bio-
logical explorations and potential medical applications. In
1999, the group accomplished the first total synthesis112 of
the CP-molecules and shortly thereafter determined their
hitherto unknown absolute stereochemistry113 (see Fig. 33).
The aesthetic appeal of the delicately crafted strategy for the
total synthesis of these molecules was only surpassed by the
bounty of new synthetic technologies garnered during this
campaign.114 Thus, a series of cascade sequences and a
number of new reactions were discovered or invented.

Figure 31. The biomimetic total syntheses of the bisorbicillinoids trichodimerol, bisorbibutenolide and bisorbicillinol involved two distinctly different
cascades, one proceeding through two Michael reactions and two ketalizations, and the other through a Diels–Alder reaction, both initiated by dimerization of
an oxidized form of sorbicillin.
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Figure 32. The total synthesis of everninomicin followed a delicate and convergent strategy and required the development of several new synthetic
technologies and strategies. Among them are the tin acetal-based method for the stereoselective construction of 1,10-disaccharide linkages and the
1,2-phenylseleno-migration reaction which allowed the stereocontrolled synthesis of the highly sensitive orthoesters.

Figure 33. With their novel molecular architectures and challenging structural features, the CP-molecules offered a unique opportunity for total synthesis and
the discovery of new synthetic technologies. Among the most mechanistically intriguing and synthetically useful reactions discovered during this program
were those facilitated by DMP and IBX. The numerous cascade reactions discovered and developed during this campaign added significantly to the overall
contributions of the project.
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Among the most impressive cascade sequences are those
leading to the maleic anhydride moiety of these molecules,
the one-pot DMP-induced conversion of 1,4-diol systems to
the lactonol ring, and the several DMP-initiated processes
opening entries into a wide range of molecular diversity
from aryl amides. A separate, but equally useful, set of
reactions based on the special reactivity of IBX were
discovered and developed during this program. These
reactions included radical-based ring closures to form
novel heterocycles, the introduction of unsaturation adja-
cent to carbonyl functions, benzylic oxidations, and a
number of mild deprotection procedures. In addition to
these methods, the CP project led to the development of a
mild and effective procedure for the generation of sterically
hindered diazoketones based on the chemistry of acyl
mesylates, a new protocol for the one-carbon homologation
of aldehydes, and several DMP-based technologies for
the synthesis and exploitation of reactive species such as
p-quinones and o-azaquinones. In parallel, solution and
solid phase methods for the utilization of a-sulfonated
ketones to construct arrays of heterocyclic systems and
other synthetic building blocks were developed.115

Although the initial discovery of the DMP-induced cascade
leading to polycyclic systems was serendipitous—under-
scoring this mode of discovery during total synthesis
endeavors—it was clearly the mechanistic investigations
and insights that led to the rational design and invention of
the majority of these new chemical processes. Overall, the
CP program was proven to be one of the most fertile in terms
of generating new synthetic strategies and enabling
technologies serving, in that respect, as a paradigm of

how endeavors in total synthesis should be carried out these
days.116

3.29. Benzopyran natural products and libraries thereof
and optically encoded combinatorial chemistry

With over 4000 naturally occurring benzopyran-type
substances possessing a diverse range of biological
activities, a large benzopyran compound library containing
not only such natural products, but also other biologically
and medicinally relevant compounds appeared attractive
(see Fig. 34). In order to prepare such libraries expeditiously
and in sufficient quantities for multiple biological assays,
suitable synthetic methodology and automation was needed.
While the automation issue had already been solved with the
IRORI technology utilizing optical encoding operating in
conjunction with a sophisticated robotic system, the
problem of the required chemistry was addressed by way
of developing a new resin and a robust, yet synthetically
fertile, linker. Specifically, the group synthesized, starting
with polystyrene, an arylselenenyl bromide resin which
rapidly absorbs suitably substituted ortho-prenyl phenols
forming benzopyran scaffolds via a cyclo-loading pro-
cess.117,118 A highly branching scheme was then
implemented to elaborate these scaffolds into a variety of
products which were oxidatively released by simple
exposure to hydrogen peroxide, furnishing the desired
benzopyran compounds with concomitant introduction of a
double bond in the pyran ring. The latter functionality was
then utilized to expand the library via epoxidation, followed
by nucleophilic lysis leading to a second generation library

Figure 34. The abundance of benzopyran-type natural products and their wide-ranging biological activities prompted a combinatorial approach toward their
total synthesis and analog libraries thereof. Among the new synthetic technologies developed in this program were a number of selenium-based resins which
facilitated cyclo-loading of certain substrates and provided a robust linker for further elaboration, with final cleavage under mild conditions producing discrete
compounds of high purity. Libraries of over 10000 compounds were synthesized expeditiously using the split-and-pool strategy, facilitated by optically
encoded IRORI NanoKanse and robotic systems. Subsequent biological screening of these libraries led to the discovery of several important lead compounds
and potential drug candidates.
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enjoying a wide range of diversity. The elegant split-and-
pool strategy for combinatorial synthesis was employed in
conjunction with IRORI’s optically encoded119 Nano-
Kanse and a multi-station robotic system, allowing
completion of the library in short order. Biological screen-
ing of this library of over 10000 compounds is still ongoing
in various laboratories, but investigations120 so far have
already revealed a number of leads and optimized
compounds with antibacterial, antitumor, and antiviral
properties as well as enzyme inhibitors and receptor
agonists and antagonists. Inspired by natural product
chemistry, and being the first application of optically
encoded combinatorial synthesis of drug-like small organic
molecules, this new technology for combinatorial chemistry
may well represent the state of the art in the field at the dawn
of the 21st century.

3.30. Psammaplin and combinatorial scrambling
strategy for discovering new antibiotics

Inspired by the structure of the marine natural product
psammaplin A, the group developed a general combinatorial
strategy for the generation of disulfide heterodimers (see
Fig. 35).121 A symmetrically arranged disulfide (homo-
dimer), psammaplin A is an antibiotic effective against
methicillin-resistant bacteria with MIC value of 6 mg/mL.
The developed method for combinatorial synthesis of
heterodimer libraries, termed combinatorial scrambling
strategy, involves initial parallel synthesis of a number of
homodimeric disulfides which are then combined, two at a
time, in wells in DMSO–H2O pH 8.3 buffer solutions. Each
combination is then treated with catalytic amounts of
dithiothreitol, leading rapidly and cleanly to an equilibrium

mixture of the two original homodimers plus the corre-
sponding heterodimer. The total number of heterodimers
(N) is given by the formula N¼[n(n21)]/2 where n¼number
of homodimers employed. Thus, from 88 homodimers, a
library of 3828 heterodimeric disulfides was generated and
tested, resulting in the discovery of a number of lead
compounds which were rapidly optimized, furnishing new
antibacterial agents with activities down to 0.1 mg/mL,
which rival vancomycin at least in vitro.

This combinatorial scrambling technology can be general-
ized, in principle, to include all kinds of building blocks and
an array of biological assays. Furthermore, once a lead
compound is found, the disulfide linkage may be replaced
(to improve metabolic stability if necessary) by a more
robust functionality. The concept, which may also be
extended to other equilibrating processes such as the olefin
metathesis reaction, is expected to facilitate chemical
genomics studies and drug discovery efforts.

3.31. Colombiasin A

Isolated and characterized on the basis of potential
biological activity against the H37Rv strain of tuberculosis
bacteria, the diterpene colombiasin A offers a unique and
challenging molecular architecture for the synthetic chemist
(see Fig. 36). Key structural elements of this tetracyclic
natural product include six stereogenic carbons, two of
which are adjacent quaternary centers, as well as a periphery
decorated with four methyl groups, two carbonyl functions,
two olefins, and one hydroxyl group. Additionally,
despite elegant spectroscopic studies which led to the full
elucidation of the colombiane skeleton, the absolute

Figure 35. Psammaplin A, a marine natural product with antibacterial properties and a symmetrically arranged disulfide structure provided the opportunity for
the development of a rapid combinatorial strategy to synthesize heterodimeric disulfide-type compounds. Termed ‘combinatorial scrambling,’ this strategy
allowed the construction of thousands of compounds, screening of which led to the discovery of a number of highly potent antibacterial agents.
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stereochemistry of the natural product was unknown. In
2001, the group was the first to achieve a total synthesis of
this challenging natural product.122 The biosynthetically-
inspired synthesis included an iterative set of Diels–Alder
reactions to append the three rings onto the central quinone
core of the molecule, and served to assign its absolute
configuration.123 Starting from an initial asymmetric Diels–
Alder reaction induced by the Mikami–Narasaka catalyst, a
subsequent novel palladium-catalyzed allylation involving
highly substituted olefins set the stage for the second
intramolecular Diels–Alder cycloaddition. In this instance,
cheletropic elimination of SO2 from a masked diene system
completed the colombiasin framework as a single endo
adduct. Although this approach is certainly impressive
based on the efficient construction of the complete
tetracyclic skeleton of the molecule, including the two
adjacent quaternary carbons, perhaps even more striking is
the stereochemical control achieved throughout the syn-
thesis based on the installation of a lone chiral center during
the initial asymmetric Diels–Alder reaction. As such, these
investigations enabled a full structural assignment of
colombiasin A, as well as produced numerous analogs of
the natural product which may facilitate future chemical
biology studies with this new class of compounds.

3.32. Hybocarpone and the hamigerans

The unique and cytotoxic natural product, hybocarpone,
was isolated from mycobiant cultures derived from the
lichen Lecanora hybocarpa (see Fig. 37). Possessing an
aesthetically pleasing C2-symmetric structure, this naturally
occurring substance appears to render itself to a biosynthetic

hypothesis whereby a precursor naphthazarin moiety
dimerizes to afford a polycarbonyl system whose hydration
leads to the final structure. This hypothesis was confirmed
by the group in 2001 with an expedient total synthesis
of hybocarpone124 which utilized this analysis. After an
exhaustive search of suitable single electron transfer (SET)
reagents, it was discovered which use of cerium ammonium
nitrate (CAN), followed by a basic work-up, led to the
desired parent structure in protected form that was readily
converted to the natural product upon treatment with BBr3.
This SET-initiated dimerization cascade sequence is
particularly remarkable, as it enabled concomitant forma-
tion of a highly hindered carbon–carbon bond and selective
installation of four stereogenic centers.

Among the steps employed to prepare the dimerization
precursor, one crucial transformation of note was the
generation of an intermediate hydroxy-o-quinodimethane
from an aromatic aldehyde using ultraviolent irradiation,
which successfully engaged methyl-2-ethylacrylate in a
Diels–Alder cycloaddition to form the requisite bicyclic
system. Although scant reports of this process with simple
precursors had been reported in the chemical literature,
the process was virtually unexplored in total synthesis
endeavors. As such, this particular example in the context of
hybocarpone represents one of the most complex achieved
to date. Based on the numerous benzannulated natural
products which potentially could be accessed by this type of
reaction, the group pursued and achieved the optimization
of this technology for both intra- and intermolecular
cycloadditions using numerous and chemically diverse
aryl aldehydes and dienes.

Figure 36. The marine terpenoid colombiasin A was synthesized based on a putative biosynthetic pathway, employing an iterative Diels–Alder strategy to
append three rings onto a quinone core. Thus, the complete tetracyclic framework of the target molecule, including its two adjacent and seemingly formidable
quaternary centers, was efficiently constructed. An asymmetric version of the total synthesis led to the assignment of the absolute configuration of the natural
product.
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Having clearly defined the methodological parameters
necessary for successful reaction,125 this transformation
was then swiftly applied in the total syntheses of several
members of the hamigeran class of marine natural
products,126 where hydroxy-o-quinodimethane generation
followed by an intramolecular Diels–Alder reaction with an

appropriately functionalized tethered diene smoothly
resulted in the formation of the requisite [4.3.0] carbocyclic
system of the target molecules (see Fig. 38). A series of well
designed steps, including further cascade reactions, allowed
the group to reach the hamigerans and a number of their
analogs in an expeditious way.

Figure 37. The total synthesis of hybocarpone featured the photo-induced generation and trapping of an hydroxy-o-quinodimethane in a Diels–Alder reaction
and a radical-initiated cascade dimerization–hydration reaction.

Figure 38. Intramolecular capture of photo-generated hydroxy-o-quinodimethanes allowed entry into tricyclic skeletons that served as precursors to the
hamigeran family of natural products. The strategy towards these molecules also featured a number of other unique cascade reactions.
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3.33. Apoptolidin

Although numerous methods have been developed over the
past several years to efficiently and stereoselectively
synthesize members of the macrolide class of natural
products, one recent isolate from Nocardiopsis sp.,
apoptolidin, stood out as a target which certainly challenged
and potentially defied existing synthetic methodology.
Named for its unique biological activity, the selective
induction of apoptosis in oncogenic rat glia cells in the
presence of normal cells, apoptolidin has a daunting
molecular framework which includes no less than 30
stereogenic elements (25 stereocenters and 5 geometrical
sites), a highly unsaturated 20-membered macrocyclic
system, and four carbohydrate units (see Fig. 39). To
heighten the challenge, apoptolidin also possesses unique
chemical sensitivity as prolonged dissolution at ambient
temperature, chromatographic manipulation, or exposure to
either acid or base leads to numerous conjugates and by-
products of the natural product. Although this knowledge
has implications for the final steps of any total synthesis
endeavor, the perceived lability of apoptolidin’s conjugated
systems, glycoside bonds, lactol moiety, and macrocyclic
ring could likely lead to unforeseen as well as undesired
events during all stages of the synthetic journey. In 2001,
these issues were successfully addressed by the group with
the first total synthesis of this natural product127 via a
strategy which featured a Stille coupling reaction and a
Yamaguchi macrolactonization to prepare the molecule’s
macrocyclic core, as well as a dithiane-based addition to
append a fragment suitable for elaboration to the final
C-ring glysocide. Of particular importance in this synthesis
are the subtle modifications of reaction protocols to

overcome the noted idiosyncrasies of the target molecule
toward numerous reagents and conditions, the specific
protecting group ensembles which were carefully orches-
trated for selective deprotection at key junctures, and the
collapse of the anomeric orthoester to the corresponding
methyl glycoside during a critical hydrozirconation step.
Additionally, the highly convergent nature of the synthesis,
using five key building blocks of roughly equal stereo-
chemical complexity, should provide considerable flexi-
bility for the construction of simpler analogs to explore
more fully the chemical and biological profile of this
important substance.

3.34. 1-O-Methylforbesione

In a novel demonstration of the power of tandem
biomimetic schemes for the rapid construction of complex
molecular architectures, the group achieved the first total
synthesis of 1-O-methylforbesione in 2001 (Fig. 40).128 The
synthetic challenge of the unusual 4-oxatricyclo [4.3.1.0]
decan-2-one system characterizing an expanding class of
natural products was met by a biomimetic cascade strategy
in which a Claisen rearrangement was followed by an
intramolecular Diels–Alder reaction and a second Claisen
rearrangement to complete the targeted framework. Appli-
cation of this synthetic technology toward the construction
of other members of this class, some of which possess
cytotoxic properties, and to combinatorial compound
libraries may be anticipated.

3.35. Coleophomones B and C

Coleophomones B and C were discovered in certain species

Figure 39. The total synthesis of apoptolidin involved a highly convergent strategy and featured a number of modern coupling reactions and unexpected
observations. The synthetic technology developed was applied to the construction of designed analogs, biological evaluation of which shed light on structure
activity relationships within the apoptolidin class.
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of fungi and shown to possess impressive biological
properties including inhibition of chymase, antifungal and
antibacterial activities. Their highly strained and rigid
molecular structures characterized by an 11-membered
ring carrying either a Z- or an E-double bond, respectively,
and a labile polycarbonyl system presented a taxing

synthetic challenge that was successfully addressed by an
olefin metathesis-based strategy. The total synthesis129

developed involved an initially convergent route to obtain
an advanced intermediate, followed by divergence to allow
stereospecific access to both coleophomones C (Z-isomer)
and B (E-isomer) (see Fig. 41). Requiring the use of the

Figure 40. The total synthesis of 1-O-methyiforbesione involved a cascade sequence featuring two Claisen rearrangements and an intramolecular Diels–Alder
reaction to convert a ‘flat’ precursor to the desired cage-like framework of the target molecule.

Figure 41. Coleophomones B and C provided a most stringent test for the olefin metathesis reaction, a challenge that was admirably met through a unique
strategy that delivered both natural products in a stereoselective manner.
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second generation Grubb’s catalyst, this total synthesis
extended the reach of this process in terms of the complex
and challenging molecular diversity that could be accessed
by the olefin metathesis reaction and opened the way to
analog construction for biological investigations within the
coleophomone class.

3.36. Diazonamide A

The marine natural product diazonamide A, isolated from
the colonial ascidian diazona angulata and possessing
impressive antitumor activity captured our interest not only
due to its biological activity and natural scarcity, but also
because of its highly unusual molecular architecture. To
make the project more tantalizing, the structure of this
challenging natural product was proven to be wrongly
assigned,130 an error that came to light131 in the midst of our
campaign to synthesize it, dictating an obligatory change of
synthetic plan.

Even more complex than the originally proposed structure,
the revised diazonamide A structure demanded a unique
strategy for the construction of its crowded quaternary
center and extremely strained polycyclic framework which
was comprised of no less than ten rings (see Fig. 42). In
addition to finally settling this structural puzzle, this first
total synthesis132 of diazonamide A resulted in the
development of several new synthetic technologies and
rendered this valuable naturally occurring substance
available for biological investigations, thereby facilitating
extensive chemical biology studies through analog
construction.

4. Summary and future perspectives

With only one carbon atom, urea’s molecule seemed like an
appropriate start for the first synthetic organic chemist. That
the total synthesis of this naturally occurring substance took
only one step simplifies the exercise even more. However,
this seemingly trivial step towards a small molecule,
performed by accident by Wöhler in 1828, turned out to
be a giant step for science. To be sure, Wöhler’s discovery
marked the beginning of both organic chemistry and natural
products total synthesis, two interwoven disciplines whose
advancement and applications have contributed enormously
to mankind. Wöhler’s landmark synthesis of urea was
followed by H. Kolbe’s synthesis of acetic acid (1845),
E. Fischer’s total synthesis of glucose (1890), R. Robinson’s
synthesis of tropinone (1917), and H. Fischer’s total
synthesis of haemin (1929), among a few other landmark
accomplishments. These advancements in total synthesis
were followed by unprecedented new strides after World
War II as led by practitioners such as R. B. Woodward and
E. J. Corey.133

As the 20th century was coming to an end, a new avalanche
of natural products with amazing structures and biological
activities were discovered from plants, microorganisms and
marine creatures. These stunningly diverse, challenging,
and unprecedented molecular architectures with enticing
and potentially useful biological profiles greatly invigorated
the field of total synthesis134 by providing unique oppor-
tunities for discovery and invention. Particularly attractive
to us were the endeavors of total synthesis directed towards
a selected group of these molecules. We saw within their

Figure 42. The diazonamide A adventure resulted in several new synthetic technologies and strategies, and enabled chemical biology studies by rendering both
the natural product and certain designed analogs available for investigation.
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structures the opportunity to design and discover new
chemistry and the inspiration to synthesize structural
analogs of them endowed with powerful properties that
could be tamed to probe biology and serve medicine. In
selecting our targets for total synthesis, we applied several
criteria, primary amongst which were the novelty of
molecular architecture, the importance of biological activity
posed by the target, and the fascination of its mechanism of
action. Thus, the inspirational value of Nature’s most
complex and intriguing molecules was found not necess-
arily in their size, but rather in their bond connectivities,
ring frameworks and sensitive functionalities from which
their properties emerge. Attempting the total synthesis of a
new structural type where unprecedented structural features
would require new synthetic strategies and methods was
more important than synthesizing yet another member of the
same class. We considered that in judging the harvest of a
total synthesis we would have to evaluate the discoveries
and inventions that accompanied the endeavor, in addition
to its aesthetic appeal. Such developments included
biomimetic strategies, cascade reactions, solid phase
synthesis, combinatorial chemistry and myriad of designed
biologically active molecules (see Fig. 43). It would be
enormously pleasing if this philosophy of research (Fig. 44),
which has been embraced by many other laboratories
around the world, has pushed the state of the art of total
synthesis forward and expanded considerably its scope.135

Nowadays the bar sits very high for endeavors in total
synthesis, for the expectations include both beauty as well as
discoveries and inventions in chemistry, biology and
medicine. To be sure this trend will continue, for it will
be further fueled by Nature’s as yet unrevealed secrets and
humanity’s needs and demands.

What does the future hold for this field? After all, some will
say, the power of chemical synthesis is so awesome that one
can synthesize any molecule no matter what its size or
complexity, given enough manpower and money. And
therefore, they conclude, the end of the field is here! But
how can we be so arrogant about our newly acquired ability
to synthesize in front of Nature’s truly magical power to
construct molecular complexity? While the statement above
may be true, the question is not whether we can make a
complex molecule, but how and with what didactic
remunerations and advances for chemistry. If we judge the
state of our science by these strict criteria and compare its
present power with that of Nature, then we will understand
that, despite its glorious past and proud lineage, the art and
science of chemical synthesis is still in its youth and in
need of much improvement and advancement for its own
sake.

In concluding this essay, I hope that the case has been
convincingly made that with their complexity and diversity,
Nature’s most intriguing molecules are indispensable sources
of light, guiding science into new realms of knowledge with
enormous dividends to mankind.136,137 The challenge they
provide for total synthesis often forces the practitioner to
create and invent new science in chemistry and biology,
which is often translated into far-reaching applications
in medicine. While one should refrain from making
predictions, I dare say that the field will continue to
blossom as we strive to mimic Nature in her exquisite
elegance and efficiency in constructing her molecules.
Progress will be measured not only by higher efficiencies
and fewer numbers of steps but also in terms of environ-
mentally clean chemistry and overall cost. Biomimetic and

Figure 43. Breaking new ground in total synthesis often requires the selection of targets which combine novel molecular architectures, important biological
activities and interesting mechanisms of action. Discoveries and inventions made along the contours of such endeavors sharpen the tools of chemical synthesis
and advance the drug discovery and development process.
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cascade synthetic strategies138,139 are sure to play a major
role in the future, just as new reactions, reagents and
catalysts will, as we move into new vistas of molecular
complexity and diversity whose constitutions are still held
secret by their living hosts.
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Kranich, R. Chem. Eur. J. 2001, 7, 5359–5371.

124. Nicolaou, K. C.; Gray, D. Angew. Chem. Int. Ed. 2001, 40,

761–763.

125. Nicolaou, K. C.; Gray, D.; Tae, J. Angew. Chem. Int. Ed.

2001, 40, 3675–3678.

126. Nicolaou, K. C.; Gray, D.; Tae, J. Angew. Chem. Int. Ed.

2001, 40, 3679–3683.

127. Nicolaou, K. C.; Li, Y.; Fylaktakidou, K. C.; Mitchell, H. J.;

Wei, H.-X.; Weyershausen, B. Angew. Chem. Int. Ed. 2001,

40, 3849–3854. Nicolaou, K. C.; Li, Y.; Fylaktakidou, K. C.;

Mitchell, H. J.; Sugita, K. Angew. Chem. Int. Ed. 2001, 40,

3854–3857.

128. Nicolaou, K. C.; Li, J. Angew. Chem. Int. Ed. 2001, 40,

4264–4268.

129. Nicolaou, K. C.; Vassilikogiannakis, G.; Montagnon, T.

Angew. Chem. Int. Ed. 2002, 41, 3276–3281.

130. Lindquist, N.; Fenical, W.; Van Duyne, G. D.; Clardy, J.

J. Am. Chem. Soc. 1991, 113, 2303–2304.

131. Li, J.; Jeong, S.; Esser, L.; Harran, P. G. Angew. Chem. Int.

Ed. 2001, 40, 4765–4770. Li, J.; Burgett, A. W. G.; Esser, L.;

Amezcua, C.; Harran, P. G. Angew. Chem. Int. Ed. 2001, 40,

4770–4773.

132. Nicolaou, K. C.; Bella, M.; Chen, D. Y-K.; Huang, X.; Ling,

T.; Snyder, S. A. Angew. Chem. Int. Ed. 2002, 41, 3495–

3499. See also: Nicolaou, K. C.; Rao, P. B.; Hao, J.; Reddy,

M. V.; Rassias, G.; Huang, X.; Chen, D. Y.-K.; Snyder, S. A.

Angew. Chem. Int. Ed. 2003, 42, 1753–1758.

133. Nicolaou, K. C.; Sorensen, E. J. Classics in Total Synthesis;

VCH: Weinheim, 1996.

134. Nicolaou, K. C.; Snyder, S. A. Classics in Total Synthesis II;

Wiley-VCH: Weinheim, 2003.

135. Nicolaou, K. C.; Vourloumis, D.; Winssinger, N.; Baran, P. S.

Angew. Chem. Int. Ed. 2000, 39, 44–122.

136. Nicolaou, K. C.; Guy, R. K.; Gunzner, J. L. Med. Chem. News

1997, 7, 12–18.

137. Nicolaou, K. C.; Sorensen, E. J.; Winssinger, N. J. Chem. Ed.

1998, 75, 1225–1258.

138. Nicolaou, K. C.; Snyder, S. A.; Montagnon, T.;

Vassilikogiannakis, G. E. Angew. Chem. Int. Ed. 2002, 41,

1668–1698.

139. Nicolaou, K. C.; Montagnon, T.; Snyder, S. A. Chem.

Commun. 2003, 551–564.

Publication List of Professor K. C. Nicolaou

1. Nicolaou, K. C.; Petasis, N. A. Selenium in Natural Products

Synthesis; CIS: Philadelphia, 1984.

2. Nicolaou, K. C.; Sorensen, E. J. Classics in Total Synthesis;

VCH: Weinheim, 1996.

3. Handbook of Combinatorial Chemistry; Nicolaou, K. C.,

Hanko, R., Hartwig, W., Eds.; Wiley-VCH: Weinheim, 2001;

Vols. 1 and 2.

4. Nicolaou, K. C.; Snyder, S. A. Classics in Total Synthesis II;

Wiley-VCH: Weinheim, 2003.

5. Nicolaou, K. C.; Garratt, P. J.; Sondheimer, F. Diastereo-

meric monocyclic diallenes. The synthesis of cyclododeca-3,

4,9,10-tetraene-1,7-dione. J. Chem. Soc., Chem. Commun.

1970, 1219–1220.

6. Nicolaou, K. C.; Garratt, P. J.; Sondheimer, F. Synthesis of

cyclotetradeca-3,4,5,10,11,12-hexaene-1,8-dione, a mono-

cyclic dicumulenedione. J. Chem. Soc., Chem. Commun.

1971, 1018–1019.

7. Nicolaou, K. C.; Garratt, P. J.; Sondheimer, F. Diastereo-

meric monocyclic diallenes. The stereochemistry of forma-

tion of racemic and meso-3,4,9,10-cyclododecatetraene-1,7-

dione. Tetrahedron Lett. 1972, 3425–3428.

8. Nicolaou, K. C.; Garratt, P. J.; Sondheimer, F. Diastereo-

meric monocyclic diallenes. The synthesis and properties of

the diastereomeric 3,4,9,10-cyclodecatetraene-1,7-diones

and 3,4,10,11-cyclotetradecatetraene-1,8-diones. J. Am.

Chem. Soc. 1973, 95, 4582–4592.

9. Nicolaou, K. C.; Garratt, P. J.; Sondheimer, F. Monocyclic

allenes. The synthesis of 3,8,9-cycloundecatriene-1,6-dione

and 12-oxabicyclo[7.2.1]dodeca-5,6,9,11-tetraene-3-one, a

furanophane containing an allene group. J. Org. Chem.

1973, 38, 864–868.

10. Nicolaou, K. C.; Garratt, P. J.; Sondheimer, F. The synthesis

of 3,4,5,10,11,12-cyclotetradecahexaene-1,8-dione, a mono-

cyclic dicumulene dione. J. Org. Chem. 1973, 38,

2715–2717.

11. Nicolaou, K. C.; Katz, T. Additions of chlorosulfonyl

K. C. Nicolaou / Tetrahedron 59 (2003) 6683–67386720



isocyanate and sulfenyl halides to benzvalene. J. Am. Chem.

Soc. 1974, 96, 1948–1949.

12. Corey, E. J.; Nicolaou, K. C.; Beames, D. J. A short synthetic

route to prostaglandins utilizing position-selective epoxide

opening by the vinyl Gilman reagent. Tetrahedron Lett. 1974,

2439–2440.

13. Corey, E. J.; Nicolaou, K. C. An efficient and mild

lactonization method for the synthesis of macrolides. J. Am.

Chem. Soc. 1974, 96, 5614–5616.

14. Corey, E. J.; Nicolaou, K. C.; Melvin, L. S. Synthesis of

novel macrocyclic lactones in the prostaglandin and poly-

ether antibiotic series. J. Am. Chem. Soc. 1975, 97, 653–654.

15. Corey, E. J.; Nicolaou, K. C.; Melvin, L. S. Synthesis of

brefeldin A, carpaine, vertaline, and erythronolide B from

nonmacrocyclic precursors. J. Am. Chem. Soc. 1975, 97,

654–655.

16. Corey, E. J.; Nicolaou, K. C.; Toru, T. Total synthesis of

(^)-vermiculine. J. Am. Chem. Soc. 1975, 97, 2287.

17. Corey, E. J.; Nicolaou, K. C.; Shibasaki, M.; Machida, Y.;

Shiner, C. S. Superoxide ion as a synthetically useful oxygen

nucleophile. Tetrahedron Lett. 1975, 3183–3186.

18. Corey, E. J.; Nicolaou, K. C.; Shibasaki, M.; Machida, Y.;

Shiner, C. S. A useful method for the conversion of azides to

amines. Synthesis 1975, 590–591.

19. Corey, E. J.; Nicolaou, K. C.; Machida, Y.; Malmsten, C. L.;

Samuelsson, B. Synthesis and biological properties of a

9,11-azo-prostanoid. A highly active biochemical mimic of

prostaglandin endoperoxides. Proc. Natl Acad. Sci. USA

1975, 72, 3355–3358.

20. Corey, E. J.; Nicolaou, K. C.; Shibasaki, M. Simple

stereospecific routes to 9-epi-prostaglandin F2 (PGF2) and

11-epi-prostaglandin F2. J. Chem. Soc., Chem. Commun.

1975, 658–659.

21. Corey, E. J.; Shibasaki, M.; Nicolaou, K. C.; Malmsten, C. L.;

Samuelsson, B. A simple, stereocontrolled total synthesis of a

biologically active analog of prostaglandin endoperoxides

(PGH2, PGG2). Tetrahedron Lett. 1976, 737–740.

22. Weber, P. C.; Larsson, C.; Anggard, E.; Hamberg, M.; Corey,

E. J.; Nicolaou, K. C.; Samuelsson, B. Stimulation of renin

release from rabbit renal cortex by arachidonic acid and

prostaglandin endoperoxides. Circulation Res. 1976, 39,

868–874.

23. Corey, E. J.; Brunelle, D. J.; Nicolaou, K. C. A translacto-

nization route to macrocyclic lactones. J. Am. Chem. Soc.

1977, 99, 7359–7360.

24. Nicolaou, K. C. Synthesis of macrolides. Tetrahedron 1977,

33, 683.

25. Nicolaou, K. C.; Lysenko, Z. Phenylselenolactonization. An

extremely mild and synthetically useful cyclization process.

J. Am. Chem. Soc. 1977, 99, 3185–3187.

26. Nicolaou, K. C.; Lysenko, Z. Phenylsulfenylactonization: an

easy and synthetically useful lactonization procedure.

J. Chem. Soc., Chem. Commun. 1977, 293–294.

27. Nicolaou, K. C.; Lysenko, Z. The use of PhSeCl in the

synthesis of cyclic ethers. Tetrahedron Lett. 1977,

1257–1260.

28. Nicolaou, K. C.; Barnette, W. E. Synthesis of (4E)-deoxy-6,

9-epoxy-4-PGF1, a prostacyclin (PGX) isomer. J. Chem.

Soc., Chem. Commun. 1977, 331–332.

29. Nicolaou, K. C.; Barnette, W. E.; Gasic, G. P.; Magolda,

R. L.; Sipio, W. J. Simple efficient synthesis of prostacyclin

(PGI2). J. Chem. Soc., Chem. Commun. 1977, 630–631.

30. Nicolaou, K. C.; Barnette, W. E.; Gasic, G. P.; Magolda, R. L.

6,9-Thiaprostacyclin. A stable and potent biological analog

of prostacyclin (PGI2). J. Am. Chem. Soc. 1977, 99,

7736–7738.

31. Corey, E. J.; Trybulski, E. J.; Melvin L. J., Jr.; Nicolaou,

K. C.; Secrist, J. A.; Lett, R.; Sheldrake, P. W.; Falck, J. R.;

Brunelle, D. J.; Haslanger, M. F.; Kim, S.; Yoo, S. Total

synthesis of erythromycins (part III). Stereoselective routes

to intermediates corresponding to C(1) to C(9) and C(10) to

C(13) fragments of erythronolide B. J. Am. Chem. Soc. 1978,

100, 4618–4620.

32. Corey, E. J.; Kim, S.; Yoo, S.; Nicolaou, K. C.; Melvin L. J.,

Jr.; Brunelle, D. J.; Falck, J. R.; Trybulski, E. J.; Lett, R.;

Sheldrake, P. W. Total synthesis of erythromycins (part IV).

Total synthesis of erythromolide B. J. Am. Chem. Soc. 1978,

100, 4620–4622.

33. Nicolaou, K. C.; Gasic, G. P.; Barnette, W. E. Synthesis and

biological properties of prostaglandin endoperoxides, throm-

boxanes and prostacyclins. Angew. Chem., Int. Ed. Engl.

1978, 17, 293–312.

34. Nicolaou, K. C.; Barnette, W. E.; Magolda, R. L. Organo-

selenium-induced ring closures. Sulfur-containing prosta-

cyclins. Stereoselective synthesis of cyclic, a,b-unsaturated

sulfoxides, sulfones and sulfides and synthesis of 6,9-sulfoxa-

5(E)-and 5(Z)-prostacyclin, and 6,9-sulfo-5(E)- and 5(Z)-

prostacyclin, 6,9-sulfo-6a- and 6b-4(E)-isoprostacyclin and

6,9-thiaprostacyclin. J. Am. Chem. Soc. 1978, 100,

2567–2570.

35. Nicolaou, K. C.; Magolda, R. L.; Barnette, W. E. Synthesis of

sulfur-containing prostacyclin PGI1 analogues. 6,9-Epithio-

PGI1, its S-oxide stereoisomers and its SS-dioxide. J. Chem.

Soc., Chem. Commun. 1978, 375–377.

36. Grieco, P. A.; Yokoyama, Y.; Nicolaou, K. C.; Barnette,

W. E.; Smith, J. B.; Ogletree, M.; Lefer, A. M. Total

synthesis of 14-fluoroprostaglandin F2a and 14-fluoroprosta-

cyclin. Chem. Lett. 1978, 1001–1004.

37. Nicolaou, K. C.; Barnette, W. E.; Magolda, R. L.; Grieco,

P. A.; Owens, W.; Wang, C.-L. J.; Smith, J. B.; Ogletree, M.;

Lefer, A. M. Synthesis and biological properties of

12-fluoroprostacyclin. Prostaglandins 1978, 16, 789–794.

38. Nicolaou, K. C.; Barnette, W. E.; Magolda, R. L. Synthesis of

prostaglandin H2 (PGH2) and prostacyclin (PGI2) analogs:

tetrathia-PGH2 and PGI2-ketal methyl ester. Prostaglandins

Med. 1978, 1, 96–97.

39. Nicolaou, K. C.; Sipio, W. J.; Magolda, R. L.; Seitz, S.;

Barnette, W. E. Total synthesis of carboprostacyclin, a stable

and biologically active analog of prostacyclin (PGI2).

J. Chem. Soc., Chem. Commun. 1978, 1067–1068.

40. Lefer, A. M.; Ogletree, M. L.; Smith, J. B.; Silver, M. J.;

Gasic, G. P.; Barnette, W. E.; Nicolaou, K. C. Prostacyclin: a

potentially valuable agent for preserving myocardial tissue in

acute myocardial ischemia. Science 1978, 200, 52–54.

41. Komoriya, K.; Ohmori, J.; Azuma, A.; Kurozumi, S.;

Hashimoto, Y.; Nicolaou, K. C.; Barnette, W. E.; Magolda,

R. L. Prostaglandin I2 as a potentiator of acute inflammation

in rats. Prostaglandins 1978, 15, 557–564.

42. Needleman, P.; Bronson, S. D.; Wyche, A.; Nicolaou, K. C.;

Sivakoff, M. Cardiac and renal prostaglandin I2: biosynthesis

and biological effects in isolated perfused rabbit tissues.

J. Clin. Invest. 1978, 61, 839–849.

43. Karmazyn, M.; Horrobin, D. F.; Manku, M. S.; Cunnane,

S. C.; Karmali, R. A.; Ally, A. I.; Morgan, R. O.; Nicolaou,

K. C. Effects of prostacyclin on perfusion pressure, electrical

K. C. Nicolaou / Tetrahedron 59 (2003) 6683–6738 6721



activity rate and force of contraction in isolated rat and rabbit

hearts. Life Sci. 1978, 22, 2079–2086.

44. Smith, J. B.; Ogletree, M.; Lefer, A. M.; Nicolaou, K. C.

Antibodies which antagonize the effects of prostacyclin.

Nature 1978, 274, 64–65.

45. Manku, M. S.; Horrobin, D. F.; Cunnane, S. C.; Ally, A. I.;

Karmazyn, M.; Karmali, R. A.; Morgan, R. O.; Nicolaou,

K. C.; Barnette, W. E. Prostaglandins E1, E2 and I2: evidence

for three district actions in vascular smooth muscle. Biochem.

Biophys. Res. Commun. 1978, 83, 295–299.

46. Pace-Asciak, C. R.; Carrera, M. C.; Nicolaou, K. C.

Prostaglandin I2 has more potent hypotensive properties

than prostaglandin E2 in the normal spontaneously hyper-

tensive rat. Prostaglandins 1978, 15, 999–1003.

47. Pace-Asciak, C. R.; Carrera, M. C.; Rangaraj, G.; Nicolaou,

K. C. Enhanced formation of PGI2, a potent hypotensive

substance by aortic rings and homogenates of the spon-

taneously hypertensive rat. Prostaglandins 1978, 15,

1005–1012.

48. Gryglewski, R. J.; Nicolaou, K. C. A triple test for screening

biological activity of prostacyclin analogs. Experientia 1978,

34, 1336–1338.

49. Hawkins, H. J.; Smith, J. B.; Nicolaou, K. C.; Eling, T. E.

Studies of the mechanism involved in the fate of prostacyclin

(PGI2) and 6-keto-PGF2a in the pulmonary circulation.

Prostaglandins 1978, 16, 871.

50. Nicolaou, K. C.; Barnette, W. E.; Magolda, R. L. Synthesis

and chemistry of prostacyclin (PGI2). J. Chem. Res. (M)

1979, 2437–2445.

51. Nicolaou, K. C.; Barnette, W. E.; Magolda, R. L. Synthesis

and Biological Properties of Prostacyclins and Prostaglandin

Endoperoxide Analogs. In Chemistry, Biochemistry and

Pharmacological Properties of Prostanoids; Roberts, S. M.,

Scheinmann, F., Eds.; Pergamon: New York, 1979; pp

286–315.

52. Nicolaou, K. C.; Magolda, R. L.; Barnette, W. E. 6,9-

Pyridazaprostacyclin and derivatives. The first ‘aromatic’

prostacyclins. J. Am. Chem. Soc. 1979, 101, 766–768.

53. Nicolaou, K. C.; Sipio, W. J.; Claremon, D. A.; Magolda,

R. L. Reversal of the phenylseleno- and phenylsulpheno-

cyclizations. Synthesis of olefins from phenylseleno-lac-

tones, phenylseleno-ethers and a-hydroxyselenides. J. Chem.

Soc., Chem. Commun. 1979, 83–85.

54. Nicolaou, K. C.; Magolda, R. L.; Sipio, W. J. Reaction of

phenylselenenyl chloride with enol ethers and 1,2-ethanediol

acetals. Synthesis of a-phenylseleno-aldehydes and

a-phenylseleno-acetals. Synthesis 1979, 982–984.

55. Nicolaou, K. C.; Seitz, S.; Sipio, W. J.; Blount, J. F.

Phenylseleno- and phenylsulfenolactonizations. Two, highly

efficient and synthetically useful cyclization procedures.

J. Am. Chem. Soc. 1979, 101, 3884–3893.

56. Scarborough R. M., Jr.; Smith, A. B., III.; Barnette, W. E.;

Nicolaou, K. C. Organoselenium-induced ring closures.

Cyclization of dienes with ‘PhSeOH’ to form cyclic ethers.

J. Org. Chem. 1979, 44, 1742–1744.

57. Nicolaou, K. C.; Claremon, D. A.; Barnette, W. E.; Seitz, S. P.

N-Phenylselenophthalimide (N-PSP) and N-phenylseleno-

succinimide (N-PSS). Two versatile carriers of the phenyl-

seleno group. Oxyselenation of olefins and a selenium-based

macrolide synthesis. J. Am. Chem. Soc. 1979, 101,

3704–3706.

58. Nicolaou, K. C.; Magolda, R. L.; Smith, J. B.; Aharony, D.;

Smith, E. F.; Lefer, A. M. Synthesis and biological properties

of pinane-thromboxane A2 (PTA2). A selective inhibitor of

coronary artery constriction, platelet aggregation and throm-

boxane formation. Proc. Natl Acad. Sci. USA 1979, 76,

2566–2570.

59. Nicolaou, K. C.; Pavia, M. R.; Seitz, S. P. Synthesis of

16-membered ring macrolide antibiotics I. Stereoselective

construction of the ‘right wing’ of the carbomycins and

leucomycins from D-glucose. Tetrahedron Lett. 1979,

2327–2330.

60. Nicolaou, K. C.; Seitz, S. P.; Pavia, M. R.; Petasis, N.

Synthesis of macrocycles by intramolecular ketophosphonate

reactions. Stereoselective construction of the ‘left wing’ of

carbomycin B and a synthesis of dl-muscone from oleic acid.

J. Org. Chem. 1979, 44, 4011–4013.

61. Nicolaou, K. C.; Barnette, W. E. Total synthesis of oestra-1,

3,5(10)-trien-17-one. J. Chem. Soc., Chem. Commun. 1979,

1119–1120.

62. Ogletree, M. L.; Lefer, A. M.; Smith, J. B.; Nicolaou, K. C.

Studies on the protective effect of prostacyclin on acute

myocardial ischemia. Eur. J. Pharmacol. 1979, 56, 95–103.

63. Komoriya, K.; Ohmori, H.; Azuma, A.; Kurozumi, S.;

Hashimoto, Y.; Nicolaou, K. C. Effect of 6,9-thia prosta-

cyclin I2 (a stable PGI2 analogue) on passive cutaneous

anaphylaxis (PCA) in rats. Jpn. J. Pharmacol. 1979, 29,

811–813.

64. Nicolaou, K. C.; Smith, J. B. Prostacyclin, Thromboxanes

and the Arachidonic Acid Cascade; Annual Reports in

Medicinal Chemistry; Academic: New York, 1979; Vol. 14.

Chapter 17; pp 178–180.

65. Single, A. M.; Smith, J. B.; Silver, M. J.; Nicolaou, K. C.;

Ahern, D. Selective binding site for 3H-prostaglandin I2 on

platelets. J. Clin. Invest. 1979, 63, 215–220.

66. Raisz, L. G.; Vanderhoek, J. Y.; Simmons, H. A.; Kream,

B. E.; Nicolaou, K. C. Prostaglandin synthesis by fetal rat

bone in vitro: evidence for a role of prostacyclin. Prosta-

glandins 1979, 17, 905–914.

67. Ohtsu, A.; Hoshina, K.; Kurozumi, S.; Hashimoto, Y.;

Noguchi, T.; Nicolaou, K. C. Effects of PGI2 on platelet

aggregation induced by various stimulants. Acta. Haem. Jpn

1979, 42, 659–666.

68. Addonizio V. P., Jr.; Macarak, E. J.; Nicolaou, K. C.;

Edmunds, L. H.; Colman, R. W. Effects of prostactyclin and

albumin on platelet loss during in vitro simulation of

extracorporeal circulation. Blood 1979, 53, 1033–1042.

69. Lefer, A. M.; Araki, H.; Smith, J. B.; Nicolaou, K. C.;

Magolda, R. L. Protective effects of a novel thromboxane

analog in lethal traumatic shock. Prostaglandins Med. 1979,

3, 139–146.

70. Lefer, A. M.; Trachte, G. J.; Smith, J. B.; Barnette, W. E.;

Nicolaou, K. C. Circulatory and platelet actions of 6,9-thia-

prostacyclin in the cat. Life Sci. 1979, 25, 259–264.

71. Nicolaou, K. C.; Magolda, R. L.; Sipio, W. J.; Barnette,
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Bräse, S.; Rübsam, F.; Boddy, C. N. C. New synthetic

technology for the construction of vancomycin-type biaryl

ring systems. Angew. Chem., Int. Ed. Engl. 1997, 36,

1539–1540.

382. Nicolaou, K. C.; He, Y.; Vourloumis, D.; Vallberg, H.;

Roschangar, F.; Sarabia, F.; Ninkovic, S.; Yang, Z.; Trujillo,

J. I. The olefin metathesis approach to epothilone A and its

analogs. J. Am. Chem. Soc. 1997, 119, 7960–7973.

383. Nicolaou, K. C.; Ninkovic, S.; Sarabia, F.; Vourloumis, D.;

He, Y.; Vallberg, H.; Finlay, M. R. V.; Yang, Z. Total

syntheses of epothilones A and B via a macrolactonization

based strategy. J. Am. Chem. Soc. 1997, 119, 7974–7991.

384. Nicolaou, K. C.; Yang, Z.; Ouellette, M.; Shi, G.-Q.; Gärtner,
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Li, H.; Boddy, C. N. C.; Rübsam, F. A Suzuki-coupling

macrolactamization approach to the AB-COD bicyclic

system of vancomycin. Chem. Commun. 1997, 1899–1900.

389. Nicolaou, K. C.; Xu, J.-Y.; Kim, S.; Ohshima, T.; Hosokawa,

S.; Pfefferkorn, J. Synthesis of the tricyclic core of

eleutherobin and sarcodictyins and total synthesis of

sarcodictyin A. J. Am. Chem. Soc. 1997, 119, 11353–11354.

390. Nicolaou, K. C.; van Delft, F.; Ohshima, T.; Vourloumis, D.;

Xu, J.; Hosokawa, S.; Pfefferkorn, J.; Kim, S.; Li, T. Total

synthesis of eluetherobin. Angew. Chem., Int. Ed. Engl. 1997,

36, 2520–2524.

391. Nicolaou, K. C.; Ninkovic, S.; Finlay, M. R. V.; Sarabia, F.

Total synthesis of 26-hydroxyepothilone B and related

analogs. Chem. Commun. 1997, 2343–2344.

392. Nicolaou, K. C.; Vallberg, H.; King, N. P.; Roschangar, F.;

He, Y.; Vourloumis, D.; Nicolaou, C. G. Total synthesis of

oxazole- and cyclopropane-containing epothilone A ana-

logues by the olefin metathesis approach. Chem. Eur. J. 1997,

3, 1957–1970.

393. Nicolaou, K. C.; Sarabia, F.; Finlay, M. R. V.; Ninkovic, S.;

King, N. P.; Vourloumis, D.; He, Y. Total synthesis of

oxazole- and cyclopropane-containing epothilone B ana-

logues by the macrolactonization approach. Chem. Eur. J.

1997, 3, 1971–1986.

394. Nicolaou, K. C.; Postema, M. H. D.; Miller, N. D.; Yang, G.

A novel approach to the CP-225,917 and CP-263,114 core.

Angew. Chem., Int. Ed. Engl. 1997, 36, 2821–2823.

395. Enders, D.; Baus, U.; Müller, P.; Nicolaou, K. C.; Jandeleit,

B. Asymmetric synthesis of 3-substituted 4-oxoesters using

the SAMP-/RAMP-hydrazone method. Mol. Online 1998, 2,

15–21.

396. LaMarr, W. A.; Yu, L.; Nicolaou, K. C.; Dedon, P. C.

Supercoiling affects the accessibility of glutathione to

DNA-bound molecules: positive supercoiling inhibits cali-

cheamicin-induced DNA damage. Proc. Natl Acad. Sci. USA

1998, 95, 102–107.

397. Nicolaou, K. C.; Sarabia, F.; Ninkovic, S.; Finlay, M. R. V.;

Boddy, C. N. C. Probing the ring size of epothilones. Total

synthesis of [14]-, [15]-, [17]-, and [18]-epothilones A.

Angew. Chem. Int. Ed. 1998, 37, 81–84.

398. Nicolaou, K. C.; He, Y.; Roschangar, F.; King, N. P.;

Vourloumis, D.; Li, T. Total synthesis of epothilone E and

side-chain epothilone analogs via the Stille coupling reaction.

Angew. Chem. Int. Ed. 1998, 37, 84–87.

399. Nicolaou, K. C.; Postema, M. H. D.; Miller, N. D. Recent

Advances in the Synthesis of Cyclic Polymer Marine Natural

Products. In Carbohydrate Mimics; Chapleur, Y., Ed.; Wiley-

VCH: Weinheim, 1998; pp 1–18, Chapter 1.

400. Nicolaou, K. C.; Yang, Z.; Shi, G.-Q.; Gunzner, J. L.; Agrios,
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Gärtner, P.; Yang, Z. Total synthesis of brevetoxin A. 4. Final

stages and completion. Chem. Eur. J. 1999, 5, 646–658.

431. Nicolaou, K. C.; Baran, P. S.; Jautelat, R.; He, Y.; Fong,

K. C.; Choi, H.-S.; Yoon, W. H.; Zhong, Y.-L. A novel route

to the fused maleic anhydride moiety of CP molecules.

Angew. Chem. Int. Ed. 1999, 38, 549–552.

432. Weinstein, D. A.; Nicolaou, K. C. Synthesis of namenamicin

A-C disaccharide: towards the total synthesis of name-

namicin. J. Chem. Soc., Perkin Trans. 1 1999, 545–558.

433. Narayana, N.; Diller, T. C.; Koide, K.; Bunnage, M. E.;

Nicolaou, K. C.; Brunton, L. L.; Xuong, N.-H.; Ten Eyck,

L. F.; Taylor, S. S. Crystal structure of the potent natural

product inhibitor balanol in complex with the catalytic

subunit of cAMP-dependent protein kinase. Biochemistry

1999, 38, 2367–2376.

434. Demont-Caulet, N.; Maillet, F.; Tailler, D.; Jacquinet, J.-C.;
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Bräse, S. Total synthesis of vancomycin: part 2. Retro-

synthetic analysis, synthesis of amino acid building blocks

and strategy evaluations. Chem. Eur. J. 1999, 5, 2602–2621.

449. Nicolaou, K. C.; Koumbis, A. E.; Takayanagi, M.; Natarajan,

S.; Jain, N. F.; Bando, T.; Li, H.; Hughes, R. Total synthesis

of vancomycin: part 3. Synthesis of the aglycon. Chem. Eur.

J. 1999, 5, 2622–2647.

450. Nicolaou, K. C.; Mitchell, H. J.; Jain, N. F.; Hughes, R.;

Winssinger, N.; Natarajan, S.; Koumbis, A. E. Total

synthesis of vancomycin: part 4. Attachment of the sugar

moieties and completion of the synthesis. Chem. Eur. J.

1999, 5, 2648–2667.

451. Nicolaou, K. C.; Mitchell, H. J.; Suzuki, H.; Rodrı́guez,

R. M.; Baudoin, O.; Fylaktakidou, K. C. Total synthesis of

everninomicin 13,384-1. Part 1. Synthesis of the A1B(A)C

fragment. Angew. Chem. Int. Ed. 1999, 38, 3334–3339.

452. Nicolaou, K. C.; Rodrı́guez, R. M.; Fylaktakidou, K. C.;

Suzuki, H.; Mitchell, H. J. Total synthesis of everninomicin

13,384-1. Part 2. Synthesis of the FGHA2 fragment. Angew.

Chem. Int. Ed. 1999, 38, 3340–3345.

453. Nicolaou, K. C.; Mitchell, H. J.; Rodrı́guez, R. M.;

Fylaktakidou, K. C.; Suzuki, H. Total synthesis of ever-

ninomicin 13,384-1. Part 3. Synthesis of the DE fragment

and completion of the total synthesis. Angew. Chem. Int. Ed.

1999, 38, 3345–3350.

454. Nicolaou, K. C.; Pfefferkorn, J.; Xu, J.; Winssinger, N.;

Ohshima, T.; Kim, S.; Hosokawa, S.; Vourloumis, D.; van

Delft, F.; Li, T. Total synthesis and chemical biology of the

sarcodictyins. Chem. Pharm. Bull. 1999, 47, 1199–1213.

455. Nicolaou, K. C.; Vassilikogiannakis, G.; Simonsen, K. B.;

Baran, P. S.; Zhong, Y.-L.; Vidali, V. P.; Pitsinos, E. N.;

Couladouros, E. A. Biomimetic explorations towards the

bisorbicillinoids: total synthesis of bisorbicillinol, bisorbi-

butenolide, and trichodimerol. Angew. Chem. Int. Ed. 1999,

38, 3555–3559.

456. Nicolaou, K. C.; Jautelat, R.; Vassilikogiannakis, G.; Baran,

P. S.; Simonsen, K. Studies towards trichodimerol: novel

cascade reactions and polycyclic frameworks. Chem. Eur. J.

1999, 5, 3651–3665.

457. Nicolaou, K. C.; Hepworth, D.; King, N. P.; Finlay, M. R. V.

Chemistry, biology and medicine of selected tubulin

polymerizing agents. Pure Appl. Chem. 1999, 71, 989–997.

458. Setyawan, J.; Koide, K.; Diller, T. C.; Taylor, S. S.; Nicolaou,

K. C.; Brunton, L. L. Inhibition of protein kinases by balanol:

specificity within the serine/threonine protein kinase sub-

family. Mol. Pharmacol. 1999, 56, 370–376.

459. Nicolaou, K. C.; Vourloumis, D.; Winssinger, N.; Baran, P. S.

The art and science of total synthesis at the dawn of the

twenty-first century. Angew. Chem. Int. Ed. 2000, 39,

44–122.

460. Xiao, X.-Y.; Li, R.; Zhuang, H.; Ewing, B.; Karunaratne, K.;

Lillig, J.; Brown, R.; Nicolaou, K. C. Solid-phase combina-

torial synthesis using microkan reactors, Rf tagging, and

directed sorting. Biotechnol. Bioengng (Comb. Chem.) 2000,

71, 44–50.

461. Nicolaou, K. C.; Zhong, Y.-L.; Baran, P. S. New synthetic

technology for the rapid construction of novel heterocycles.

1. The reaction of Dess–Martin periodinane with anilides

and related compounds. Angew. Chem. Int. Ed. 2000, 39,

622–625.

462. Nicolaou, K. C.; Zhong, Y.-L.; Baran, P. S. New synthetic

technology for the rapid construction of novel heterocycles.

2. The reaction of IBX with anilides and related compounds.

Angew. Chem. Int. Ed. 2000, 39, 625–628.

463. Nicolaou, K. C.; Pfefferkorn, J. A.; Cao, G.-Q. Selenium-

based solid-phase synthesis of benzopyrans I: applications to

combinatorial synthesis of natural products. Angew. Chem.

Int. Ed. 2000, 39, 734–739.

464. Nicolaou, K. C.; Pfefferkorn, J. A.; Cao, G.-Q. Selenium-

based solid-phase synthesis of benzopyrans II: applications to

combinatorial synthesis of medicinally relevant small

organic molecules. Angew. Chem. Int. Ed. 2000, 39,

739–743.

465. Nicolaou, K. C.; Li, Y.; Weyerhausen, B.; Wei, H. Synthesis

of the macrocyclic core of apoptolidin. Chem. Commun.

2000, 307–308.

466. Nicolaou, K. C.; Winssinger, N.; Hughes, R.; Smethurst, C.;

Cho, S. Y. New selenium-based safety-catch linkers. Solid-

phase semisynthesis of vancomycin. Angew. Chem. Int. Ed.

2000, 39, 1084–1088.

467. Nicolaou, K. C.; Mitchell, H. J.; Fylaktakidou, K. C.; Suzuki,

H.; Rodriguez, R. 1,2-Seleno migrations in carbohydrate

chemistry: solution and solid-phase synthesis of 2-deoxy

glycosides, orthoesters, and allyl orthoesters. Angew. Chem.

Int. Ed. 2000, 39, 1089–1093.

468. Nicolaou, K. C.; Snyder, S. A.; Bigot, A.; Pfefferkorn, J.

Solution and solid-phase synthesis of functionalized 3-aryl-

benzofurans by a novel cyclofragmentation—release path-

way. Angew. Chem. Int. Ed. 2000, 39, 1093–1096.

469. Giannakakou, P.; Gussio, R.; Nogales, E.; Downing, K. H.;

Zaharevitz, D.; Bollbuck, B.; Poy, G.; Sackett, D.; Nicolaou,

K. C.; Fojo, T. A Common pharmacophore for epothilones

and taxol: molecular basis for drug resistance-conferred by

tubulin mutations in human cancer cells. Proc. Natl Acad.

Sci. USA 2000, 97, 2904–2909.

470. Nicolaou, K. C.; Roecker, A. J.; Pfefferkorn, J. A.; Cao, G.-Q.

A novel strategy for the solid phase synthesis of substituted

indolines. J. Am. Chem. Soc. 2000, 122, 2966–2967.

471. Nicolaou, K. C.; Vassilikogiannakis, G.; Simonsen, K. B.;

Baran, P. S.; Zhong, Y.-L.; Vidali, V. P.; Pitsinos, E. N.;

Couladouros, E. A. Biomimetic total synthesis of bis-

orbicillinol, bisorbitutenolide, trichodimerol, and designed

analogues of the bisorbicillinoids. J. Am. Chem. Soc. 2000,

122, 3071–3079.

472. Nicolaou, K. C.; Murphy, F.; Barluenga, S.; Ohshima, T.;

Wei, H.; Xu, J.; Gray, D. L. F.; Baudoin, O. Total synthesis of

the immunosuppressant sanglifehrin A. J. Am. Chem. Soc.

2000, 122, 3830–3838.

473. Nicolaou, K. C.; Jung, J.-K.; Yoon, W. H.; He, Y.; Zhong,

Y.-L.; Baran, P. S. The absolute configuration and asym-

metric total synthesis of the CP molecules (CP-263,114 and

CP-225,917, phomoidrides B and A). Angew. Chem. Int. Ed.

2000, 39, 1829–1832.

474. Nicolaou, K. C.; Vassilikogiannakis, G.; Kranich, R.; Baran,

K. C. Nicolaou / Tetrahedron 59 (2003) 6683–6738 6735



P. S.; Zhong, Y.-L.; Natarajan, S. New synthetic technology

for the mild and selective one-carbon homologation of

hindered aldehydes in the presence of ketones. Org. Lett.

2000, 2, 1895–1898.

475. Xiao, X.-Y.; Nicolaou, K. C. High throughput combinatorial

synthesis of discrete compounds in multimilligram quantity:

non-chemical encoding and directed sorting. In

Combinatorial Chemistry—A Practical Approach; Fenniri,

H., Ed.; Oxford University: New York, 2000; pp 75–93.

476. Nicolaou, K. C.; Baran, P. S.; Zhong, Y.-L.; Vega, J. A.

Novel IBX-mediated processes for the synthesis of amino

sugars and libraries thereof. Angew. Chem. Int. Ed. 2000, 39,

2525–2529.

477. Nicolaou, K. C.; Koumbis, A. E.; Snyder, S. A.; Simonsen,

K. B. Novel reactions initiated by titanocene methylidenes:

deoxygenation of sulfoxides, N-oxides, and selenoxides.

Angew. Chem. Int. Ed. 2000, 39, 2529–2533.

478. Nicolaou, K. C.; Hepworth, D.; King, N. P.; Finlay, M. R. V.;

Scarpelli, R.; Pereira, M. M. A.; Bollbuck, B.; Bigot, A.;

Werschkun, B.; Winssinger, N. Total synthesis of 16-des-

methylepothilone B, epothilone B10, epothilone F, and

related side chain modified epothilone B analogues. Chem.

Eur. J. 2000, 6, 2783–2800.

479. Nicolaou, K. C.; Zhong, Y.-L.; Baran, P. S. A new method for

the one-step synthesis of a,b-unsaturated carbonyl systems

from saturated alcohols and carbonyl compounds. J. Am.

Chem. Soc. 2000, 122, 7596–7597.

480. Nicolaou, K. C.; Scarpelli, R.; Bollbuck, B.; Werschkun, B.;

Pereira, M. M. A.; Wartmann, M.; Altmann, K.-H.;

Zaharevitz, D.; Gussio, R.; Giannakakou, P. Chemical

synthesis and biological properties of pyridine epothilones.

Chem. Biol. 2000, 7, 593–599.

481. Nicolaou, K. C.; Rodrı́guez, R. M.; Mitchell, H. J.; Suzuki,

H.; Fylaktakidou, K. C.; Baudoin, O.; van Delft, F. L. Total

synthesis of everninomicin 13,384-1. Part 1: retrosynthetic

analysis and synthesis of the A1B(A)C fragment. Chem. Eur.

J. 2000, 6, 3095–3115.

482. Nicolaou, K. C.; Mitchell, H. J.; Fylaktakidou, K. C.;

Rodrı́guez, R. M.; Suzuki, H. Total synthesis of ever-

ninomicin 13,384-1. Part 2: synthesis of the FGHA2

fragment. Chem. Eur. J. 2000, 6, 3116–3148.

483. Nicolaou, K. C.; Mitchell, H. J.; Rodrı́guez, R. M.;

Fylaktakidou, K. C.; Suzuki, H.; Conley, S. R. Total

synthesis of everninomicin 13,384-1. Part 3: synthesis of

the DE fragment and completion of the total synthesis. Chem.

Eur. J. 2000, 6, 3149–3165.

484. Nicolaou, K. C.; Fylaktakidou, K. C.; Mitchell, H. J.; van

Delft, F. L.; Rodrı́guez, R. M.; Conley, S. R.; Jin, Z. Total

synthesis of everninomicin 13,384-1. Part 4: explorations

of methodology. Stereocontrolled synthesis of 1,10-disac-

charides, 1,2-seleno migrations in carbohydrates, and

solution and solid phase synthesis of 2-deoxy glycosides

and orthoesters. Chem. Eur. J. 2000, 6, 3166–3185.

485. Nicolaou, K. C.; Li, J.; Zenke, G. Total synthesis and

biological evaluation of glycolipids plakosides A, B and their

analogs. Helv. Chim. Acta 2000, 83, 1977–2006.

486. Nicolaou, K. C.; Snyder, S. A.; Simonsen, K. B.; Koumbis,

K. E. Model studies towards diazonamide A: synthesis of

the heterocyclic core. Angew. Chem. Int. Ed. 2000, 39,

3473–3478.

487. Nicolaou, K. C.; Pfefferkorn, J. A.; Cao, G.-Q.; Roecker,

A. J.; Barluenga, S.; Mitchell, H. J. Natural product-like

combinatorial libraries based on privileged structures I:

general principles and solid-phase synthesis of benzopyrans.

J. Am. Chem. Soc. 2000, 122, 9939–9953.

488. Nicolaou, K. C.; Pfefferkorn, J. A.; Mitchell, H. J.; Roecker,

A. J.; Barluenga, S.; Cao, G.-Q.; Affleck, R. L.; Lillig, J. E.

Natural product-like combinatorial libraries based on privi-

leged structures II: construction of a 10,000-membered

benzopyran library by directed split-and-pool chemistry

using nanokans and optical encoding. J. Am. Chem. Soc.

2000, 122, 9954–9967.

489. Nicolaou, K. C.; Pfefferkorn, J. A.; Barluenga, S.; Mitchell,

H. J.; Roecker, A. J.; Cao, G.-Q. Natural product-like

combinatorial libraries based on privileged structures III: the

‘libraries from libraries’ principle for diversity enhancement

of benzopyran libraries. J. Am. Chem. Soc. 2000, 122,

9968–9976.

490. Nicolaou, K. C.; Baran, P. S.; Zhong, Y.-L. Novel solution-

and solid-phase chemistry of a-sulfonated ketones applicable

to combinatorial chemistry. J. Am. Chem. Soc. 2000, 122,

10246–10248.

491. Nicolaou, K. C.; Hughes, R.; Cho, S.-Y.; Winssinger, N.;

Smethurst, C.; Labischinski, H.; Endermann, R. Target-

accelerated combinatorial synthesis and discovery of highly

potent antibiotics effective against vancomycin-resistant

bacteria. Angew. Chem. Int. Ed. 2000, 39, 3823–3828.

492. Nicolaou, K. C.; Yue, E. W. New Roads to Molecular

Complexity. In The New Chemistry; Hall, N., Ed.; Cambridge

University: Cambridge, UK, 2000; pp 168–198, Chapter 8.

493. Nicolaou, K. C.; Pfefferkorn, J. A.; Schuler, F.; Roecker,

A. J.; Cao, G.-Q.; Casida, J. E. Combinatorial synthesis and

biological evaluation of new inhibitors of NADH: ubiqui-

none oxidoreductase. Chem. Biol. 2000, 7, 979–992.

494. Nicolaou, K. C.; Namoto, K.; Li, J.; Ritzén, A.; Ulven, T.;

Shoji, M.; Zaharevitz, D.; Gussio, R.; Sackett, D. L.; Ward,

R. D.; Hensler, A.; Fojo, T.; Giannakakou, P. The synthesis

and biological evaluation of 12,13-cyclopropyl and 12,13-

cyclobutyl epothilones. ChemBioChem 2001, 2, 69–75.

495. Nicolaou, K. C.; Baran, P. S.; Kranich, R.; Zhong, Y.-L.;

Sugita, K.; Zou, N. Mechanistic studies of periodinane-

mediated reactions of anilides and related systems. Angew.

Chem. Int. Ed. 2001, 40, 202–206.

496. Nicolaou, K. C.; Sugita, K.; Baran, P. S.; Zhong, Y.-L. New

synthetic technology for the construction of N-containing

quinones and derivatives thereof. Total synthesis of epoxy-

quinomycin B. Angew. Chem. Int. Ed. 2001, 40, 207–210.

497. Li, R.; Xiao, X.-Y.; Nicolaou, K. C. High-output Solid Phase

Synthesis of Discrete Compounds Using Directed Split-and-

Pool Strategy. In High-throughput Synthesis; 1st ed.

Sucholeiki, I., Ed.; Marcel Dekke: New York, 2001; pp

207–213, Chapter 6-4.

498. Nicolaou, K. C.; Boddy, C. N. C.; Siegel, J. S. Does CIP

nomenclature adequately handle molecules with multiple

stereoelements?A case study of vancomycin and cognates.

Angew. Chem. Int. Ed. 2001, 40, 701–704.

499. Nicolaou, K. C.; Gray, D. Total synthesis of hybocarpone.

Angew. Chem. Int. Ed. 2001, 40, 761–763.

500. Nicolaou, K. C.; Pihko, P. M.; Diedrichs, N.; Zou, N.; Bernal,

F. Synthesis of the FGHI ring system of azaspiracid. Angew

Chem. Int. Ed. 2001, 40, 1262–1265.

501. Nicolaou, K. C.; Baran, P. S.; Zhong, Y.-L. Selective

oxidation at carbon adjacent to aromatic systems with IBX.

J. Am. Chem. Soc. 2001, 123, 3183–3185.

502. Nicolaou, K. C.; Boddy, C. N. C. Behind enemy lines. Sci.

Am. 2001, 284, 46–53.

K. C. Nicolaou / Tetrahedron 59 (2003) 6683–67386736



503. Nicolaou, K. C.; Mitchell, H. J. Adventures in carbohydrate

chemistry: new synthetic technologies, chemical synthesis,

molecular design and chemical biology. Angew. Chem. Int.

Ed. 2001, 40, 1576–1624.

504. Nicolaou, K. C.; Safina, B. S.; Winssinger, N. A new

photolabile linker for the photoactivation of carboxyl groups.

Synlett 2001, 900–903.

505. Nicolaou, K. C.; Zhong, Y.-L.; Baran, P. S.; Sugita, K. Rapid

access to complex molecular architectures via a-azaqui-

nones. Angew Chem. Int. Ed. 2001, 40, 2145–2149.

506. Nicolaou, K. C.; Roecker, A. J.; Barluenga, S. B.;

Pfefferkorn, J. A.; Cao, G.-Q. Discovery of novel antibacter-

ial agents active against methicillin-resistant Staphylococcus

aureus (MRSA) from combinatorial benzopyran libraries.

ChemBioChem 2001, 2, 460–465.

507. Pihko, A. J.; Nicolaou, K. C.; Koskinen, A. M. P. An

expedient synthesis to D-callipeltose. Tetrahedron: Asym-

metry 2001, 937–942.

508. Nicolaou, K. C.; Vassilikogiannakis, G.; Mägerlein, W.;
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